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EYXAPIZTIEZ

To MeYOAUTEPO KOMMATI TOU TTEIPAMATIKOU MPEPOUG TNG TTapouoag
EPEUVNTIKAG gpyaciag TrpayuartoTroinenke oto Epyaotripio Mayvntikwyv YAIKwv &
MayvnTtiopou Tou IvoTmitoutou HAektpovikg AouAg kai Aéigep (IHAA) Tou
IdpupaTtog Texvoloyiag kal ‘Epeuvag (ITE) oto HpdkAsio Kpntng, utd Tnv
etmiBAewn Tou Epeuvnti A’ Ap. AAéEavdpou AATTTTa, Tov oTToio Kal Ba rBeAa va
EUXAPIOTACW YIO TO YEYOVOG OTI HOU EPTTIOTEUTNKE TO €PEUVNTIKO AUTO £pyo Kal
onuIolpynoe TIG TIPOUTTOBECEIC yia TNV TIApAywyr] ATTOTEAECHATWY UWNARG
emoTnuoVvikKAg agiag. EuxapioTw etmiong 1o ITE yia Tnv @iAo&evia, TNV OIKOVOUIKA
oTAPIEN Kal TNV TTapaxwpenon Twv £yKATAOTACEWY Kal UTTOBOMWY TOU, KaBWG
@uoikd kal 1o MavemoTAuio Kptng kai 1o TuAua Xnueiag kal IDIaTéEpwg Ta YEAN
NG ZUupPouleuTikig Emtpotmig, Kalnyntég lMavreAry TpikaAitn kair ewpylo
Ppouddkn yia TNV OTAPIEN Kal TNV EUTTIOTOOUVN TTOU £€0€1gav €EQpPXNG OTnNV
EPEUVNTIKNA 10€0 TTOU TOUG TTAPOUCIACAUE, OGAAG Kal OAa Ta UTTOAOITTA UEAN TNG

€CETAOTIKNG ETTITPOTING YIA TA OXOAIQ TOUG KAl TV Bepun OTAPIEN.

H ekmévnon upiag d18akToplkAg dlatpIfng cival éva Tagidl OUOKOAO Kai
ATTAITNTIKO, ME AyXn, AUTTEG, atroyonTeloelg, aAAd kal xapég, evbouolaouod Kai
uttepn@aveia otav €pBouv o1 emITUXieg. ATTQITEl TTPOOAAWGT, UTTOPOVH KOl
TTPOOWTTIKEG Buaieg. Katd Tn didpkela AOITTOV TG KABNUEPIVIG TTAPOUTIag JOU OTO
ITE ko oTa TTAQiCIO TNG ETTITTOVNG QUTAG €PEUVNTIKAG €pyaciag, KaBopIOTIKNAG
ongaciag Atav n oTAPIEN Twv OUVadéAQWV MPou - Kol TTAéov  QiAwv -
METAOIOOKTOPIKWY EPEUVNTWY, UTTOWNQIWV OIBAKTOPWY KAl TEXVIKWY, OTOUG
OTTOIoUG €XW TNV avaykn va KAavw pia 101aitepn avagopd. Apxikd otnv Ap.
ABavacia KwoTtotrouAou, n oTroia PE €I0Nyaye OTIG OPXEG TNG KOAAOEIDOUG
oUvBeoNG VaVOKPUOTAAAWY Kal e KOBOdrynoe OoTa TTPWTA POU BrpaTa. ZT1ov Ap.
KwvoTavtivo MTTpividkn yia tnv BonBeid Tou ouvoAikd Kal 1I81aITEpws yia TO

YEYOVOG OTI PJOU METEOWOE TIG TTOAUTIMEG YVWOEIG KAl TNV EUTTEIPIA TOU OTNV



MikpookoTria TEM kai pe oTApIEE wWoTou TEAIKA va yivw KI eyw aveEdpTnTog
XPAOTNG TOU NAEKTPOVIKOU pikpookoTriou TEM. 21nv Ap. EAévn AlG pe Tnv otroia
TTEPACAUE ATEAEIWTEG WPES TTAPAAANANG £pyaoTnPIOKAG BOUAEIRG. 2Tov Kupidko
Moupdtn kai otov Ap. Antonio Fernandez Martinez. OAol o1 TTapaTTAVW,
OoUAeUOVTaG O KABEVAG LEXWPIOTA OTO QVTIKEIMEVO TOU Kal AveCApTnTa ATIO TNV
otrola BonBeia o€ TEXVIKA Kal €TMOTNUOVIKA Béuarta Trapeixav yevvaiddwpa,
utTAPgav ouvodoITTopol o€ auTd To Tagidl, KABWG Kal UTTOBEIYHATIKOI GUVADEAPOI
Kal VOMICw TTwg N NOIKA OTAPIEN TOUG ATAV aUTA TTOU €iXE TEAIKA TNV PEYAAUTEPN
agia. Niwbw akdua TNV avaykn va euxXapioTiow YIa TNV KaBnuepivr) Toug Bonbeia
OAoug Toug epyalopévoug Tou ITE oe diagopa éoTa, atrd Tn ypauuarteia uEXpl 1o
Mnxavoupyeio, Pe 1IB1aiTepn avagopd oTtov MNwpyo lMNatmaddkn, yia TNV TEXVIKA
UTTOOTAPIEN TTOU Pag TTapeixe kal Tov MavwAn Kapydkn, yia Tnv KaBopIoTIKAG
onpaciag Bonbeid Tou oTNV KABNUEPIVI AgIToupyia Tou gpyacTnpiou. Euxapiotw
TTOAU eTTiong Tov Ap. Mewpyio Kevavdakn, €ToTnUovIKO utteUBuvo, yia Tnv BorBeid

TOoU uE TNV aouatookoTria FT-IR, aAAd kal Tov Ap. KwvoTavTtivo BaolAdTTouAo.

2Ta TTAQIOIO TWV CUVEPYEIWV TTOU QvATITUXONKAvV yia TNV €TTTEUEN TWV
EPEUVNTIKWY OTOXWYV, OUVEPYOOTAKAME PE ETTIOTAPOVEG €KTOG ITE, otnv EAAGDQ Kai
TO £CWTEPIKO, XApn OTN CUUPBOAR TWV OTToIWV TTapHXONoav APTIEG ETTIOTNUOVIKEG
OOUAEIEG, OTTWG TTICTOTTOIEITAI KAl ATTO TIG OXETIKEG dnuooievoels. [diaTépwg Ba
avapepbw oTIg Ap. KaA\iotrn Tpoyidou kai Ap. Mapiavva Baoihakdkn atré Tov
AnuokpITo, TTOU hE TNV BoABEId TOUG OTO KOPMATI TNG BEWPNTIKNAG OOUAEIAG KOl TOUG
UTTOAOYIOUOUG PE TNV PEBodo Monte Carlo, utrootpigav 1a TTEIPAPATIKG UAG
atmroteAéopaTa Kal empBeRaiwoav Ta e¢axBévia ouptrepdopara. Etriong otov Dr.
Milinda Abeykoon, etmike@aAng emoThpova oto National Synchrotron Light Source
Tou Brookhaven National Laboratory yia tnv kaBoploTiki BorBeid Tou oTnv
EKTEAEON TWV TTEIPANATWY OKEdAONG UE akTIVOBOAia ouyxpoTpou. O@eiAw akdua
Mia 1d1aitepn avagopd otov Dr. Emil Bozin, emoTAuova Je KaBoPIOTIKA CUUBOAR
otnv avarmTuén kai diddoon TG HEBOGdou Pair Distribution Function, ye Tov o1T0i0
gixa Tnv TUXN VO OUVEPYOOTW OTEVA KATA TNV €TTECEPYQTia TWV TTEIPANATIKWV
oedopévwy. H Babid Tou yvwon Tévw OTO AVTIKEIMEVO, GAAG Kal N €IAIKPIVIG TOU

0140eon va PETAdWOEI AUTAV TNV yVworn, Je BoABnoav eaIPETIKA Kal aduvaTw va



@avVTaoTW TIWG Ba eixa kKata@épel pia €1¢ PABOC avaAuon Twv TTEIPAUATIKWY

ATTOTEAEOUATWY TNG EPYATIAG HOU XWPIG auTOV.

Na 1o TEAOG Ba aPriow £va PeyAAO EUXapPIOTW OTOUG YOVEIC HOoU, TNV INTEPQ
Mou Baailhikr) kal Tov Tatépa pou Aewvida, o otroiog dev £€CnoeE yia va d€l TV
OAOKAAPWON QUTAG TNG TTOPEIAG, TTOU Jou £dwaoav Ta £QAOdIa yIa VA KATOKTAOW Ta

AVWTEPA ETTITTEDA TNG AKAONUAIKNAG HOPPWONG.






BIOTPA®IKO SHMEIOMA

TFEQPT'IOX ANTONAPOIIOYAOY, XHMIKOX

AIAAKTOPIKEZX XIIOYAEX | 2013-2021 | TMHMA XHMEIAX - [TIANENNIXTHMIO KPHTHX

. 2013-2017: Adaktopikdg epeuvn i, IvetitovTo HAgkTpoviki)g Aoung kat Aéwlep (IHAA) - 'I8pupa
Texvoloyiag kat 'Epevvag (ITE)

o 2016-2017: Emikovpiko Exmaidevutikd ‘Epyo, Epyactiplo M'eviknig Xnueiag, Tuqua Xnueiag, [Mavemiotiuio
Kprmg

XTPATIQTIKH OHTEIA |2017-2018 | IOAEMIKO NAYTIKO

o Epyaoctiplo Turpatog MowotikoV EAEyxovu, AtevBuvon Kavoipwv, Nabotaduog Zoadapivag

METAINITYXIAKO AIIIAQMA EIAIKEYXHX | 2013 | EGNIKO METXO0BIO [IOAYTEXNEIO

Alemopovikd - Alatpnpatiko Ipoypappa Metamtuylakowv Imovdwv «Emotiun kat Teyvoloyia
YAtkdhv», ETiote0Sovoa ZxoAn: ExoAn Xnukwv Mnyavikwv

o Metamtuxiaxkn Epyacio: «MeAétn Sudxvong 0§uyovou o€ HOVOKPUGTAAALKO TTUPLTIKO UTTPLO»

o TemtéuBplog 2012 - degfpouvaplog 2013: MeTamtuylakos epeuvntig - vLTOTPo@og Erasmus:
MMoAvteyveio Clausthal - Ivetitovto Metaddovpyeiag kat Energy Research Center of Lower
Saxony (EFZN),

IITYXIO XHMEIAX | 2011 | TMHMA XHMEIAX - EONIKO & KAIIOAIZXTPIAKO ITANEIIXTHMIO AGHNQN

o [Ttuxlaxn Epyacia: «IIpocdloplopos Ztabepdag Zvvdeons touv cupmiokov [ReO(Cl)sdppz] oto DNA pe
dOoplopopetpia kat PacpATOPWTOUETPIA 0PATOV / VTIEPLOEOUG»
o 2011: Mpaktikny aoknon, AIR LIQUIDE HELLAS, Epyactpto EAéyyov Iowdtntag, Aotpomupyog

AIIOAYTHPIO AYKEIOY & ABITUR | 2004 | TEPMANIKH XXOAH AOGHNQN

Anpooievoeig
- Antonaropoulos, G.; Vasilakaki, M.; Trohidou, K.; lannotti, V.; Ausanio, G.; Abeykoon, M.; Bozin, E. S,;

Lappas, A. Tailoring Defects and Nanocrystal Transformation for Optimal Heating Power in
Bimagnetic CoyFe1.,0@CoxFe3.x04 Particles, Nanoscale 2022, 14, 382.

- Mourdikoudis, S.; Antonaropoulos, G.; Antonatos, N.; Rosado, M.; Storozhuk, L., Takahashi, M.
Maenosono, S.; Luxa, |.; Sofer, Z.; Ballesteros, B.; Thanh, N. T. K.; Lappas, A. Heat-Up Colloidal Synthesis
of Shape-Controlled Cu-Se-S Nanostructures - Role of Precursor and Surfactant Reactivity and
Performance in N; Electroreduction, Nanomaterials 2021, 11 (12), 3369

- A. Lappas, G. Antonaropoulos, K. Brintakis, M. Vasilakaki, K. N. Trohidou, V. [annotti, G. Ausanio, A.
Kostopoulou, M. Abeykoon, I. K. Robinson and E. S. Bozin, Vacancy-Driven Noncubic Local Structure
and Magnetic Anisotropy Tailoring in Fe 0-Fes.;04 Nanocrystals, Phys. Rev. X 9, 041044, 27
November 20109.

- Argirusis, C., Antonaropoulos G., Sourkouni G., Jomard Francois, Oxygen tracer diffusion in single
crystalline yttrium silicate. Solid State lon. 2014, 262, 548-550

Bpafeia kat Siakpicelg

o 2015: Atdxplon otov 3° [TaveAAnvio Alaywvioud E@appoopévng ‘Epsuvag kat Kawotopiag «H EAAGSa
Kawotopei», ws pédog tov Epyaotnpiov Aettovpykwv NavokpuotdAlwy kat KBavtiko Mayvntiopov
tou IHAA. Zuppetoxn pe v mpotacn « EEutvo oklaypa@iko ya Stdyvwon kot Oepameioar.



CURICULUM VITAE

GEORGE ANTONAROPOULOS, CHEMIST

DOCTORAL STUDIES | 2013-2021 | DEPARTMENT OF CHEMISTRY - UNIVERSITY OF CRETE

2013-2017: PhD researcher, Institute of Electronic Structure and Laser (IESL) - Foundation for
Research and Technology - Hellas (FORTH)

2016-2017: Teaching assistant, General Chemistry Laboratory, Department of Chemistry, University of
Crete

MILITARY SERVICE| 2017-2018 | HELLENIC NAVY

Quality Control Laboratory, Fuel Supply Administration, Salamis Naval Base

MASTER’S DEGREE | 2013 | NATIONAL TECHNICAL UNIVERSITY OF ATHENS

Interdisciplinary - interdepartmental postgraduate program «Material Science and Engineering»,
Coordinator: School of Chemical Engineering

Master Thesis: «Study of oxygen diffusion in single-crystalline Yttrium Silicate»
September 2012 - February 2013: MSc researcher - Erasmus scholarship: TU Clausthal - Institute of
Metallurgy and Energy Research Center of Lower Saxony (EFZN),

CHEMISTRY DEGREE | 2011 | DEPARTMENT OF CHEMISTRY - NATIONAL AND KAPODISTRIAN

UNIVERSITY OF ATHENS

Thesis: “Determination of the binding constant for DNA - [ReO(Cl)sdppz] complex, by fluorescence and
UV/Vis spectrophotometry”
2011: Internship, AIR LIQUIDE HELLAS, Quality Control Laboratory, Aspropyrgos

HIGH SCHOOL DIPLOMA & ABITUR | 2004 | GERMAN SCHOOL OF ATHENS

Publications

Antonaropoulos, G.; Vasilakaki, M.; Trohidou, K.; Iannotti, V.; Ausanio, G.; Abeykoon, M.; Bozin, E. S;
Lappas, A. Tailoring Defects and Nanocrystal Transformation for Optimal Heating Power in
Bimagnetic CoyFe1.,0@CoxFe3.x04 Particles, Nanoscale 2022, 14, 382.

Mourdikoudis, S.; Antonaropoulos, G.; Antonatos, N.; Rosado, M.; Storozhuk, L., Takahashi, M,
Maenosono, S.; Luxa, |.; Sofer, Z.; Ballesteros, B.; Thanh, N. T. K.; Lappas, A. Heat-Up Colloidal Synthesis
of Shape-Controlled Cu-Se-S Nanostructures - Role of Precursor and Surfactant Reactivity and
Performance in N; Electroreduction, Nanomaterials 2021, 11 (12), 3369

A. Lappas, G. Antonaropoulos, K. Brintakis, M. Vasilakaki, K. N. Trohidou, V. lannotti, G. Ausanio, A.
Kostopoulou, M. Abeykoon, I. K. Robinson and E. S. Bozin, Vacancy-Driven Noncubic Local Structure
and Magnetic Anisotropy Tailoring in Fe 0-Fe3.;04 Nanocrystals, Phys. Rev. X 9, 041044, 27
November 2019.

Argirusis, C., Antonaropoulos G., Sourkouni G., Jomard Francois, Oxygen tracer diffusion in single
crystalline yttrium silicate. Solid State lon. 2014, 262, 548-550

Awards and distinctions

2015: Award in the 3rd Panhellenic Applied Research and Innovation Competition “Greece Innovates”, as
a member of Functional Nanocrystals and Quantum Magnetism Laboratory of IESL. Participation entitled
“Smart contrast agent for diagnosis and treatment”.



NEPIAHWH

NMEPIAHWH

NEgeig kKAe1di14:

NavokpUoTaAAoI TTUPAVA-KEAUQPOUG, KOAAOEION PayvnTIKA vavoowuaTidla, ogeidia
Tou OI0fipou, OTTIVEAID, QePPITEG KOPBaATiou, dlaTapaxés KPuoTaAANIKAG OoUAG,
QTEAEIEG, PAYVNTIKA AvICOTPOTTiA, TTOAWON aviaAAayng, PayvnTiky uttepBepuia,

avaAuon Pair Distribution Function (PDF)

H trapouoca diatpifr emmixeIpei pia digpeuvnon Twv duvaToTHTWV OUVOEONG,
MOP@OTIOINONG KOl  XNMIKAG TPOTTOTIOINONG  KOAAOEIdWY  VAVOKPUOTAAAIKWY
owpaTIdiwy o&ediwv Tou OI1dAPoU, MeYEBOUG HIKPpOTEPOU Twv 20 nm, TToU
UIOBETOUV TNV XOPAKTNPIOTIKA doun TTupriva KeAU@oug (core-shell), aAAd Kupiwg
MEAETA O€ BABOG TN oMM TWV TTAPAYOUEVWY VAVOKPUOTAAAWY Kal TN OUVOEDT TWV
MOP@OAOYIKWYV KAl QOUIKWY XAPAKTNPIOTIKWY TOUG KE TNV JAYVNTIKA) CUPTTEPIPOPA
autwyv. Ta cwyatidla autd atmroTeAolvTal AT €vav avTioldnpouayvnTiko (AFM)
TTUPVA KPUGTAAAIKNG SOUNAG TUTTOU OPUKTOU GAQTOG Kal éva a1dnpigayvnTiko (FiM)
KEAUQOG douNng oTmivediou. H ouvltrapén auth o€ pia payvnTikr) eTepodoun gival
OKOTTIUN, KABWG n aAAnAettidopacn PETACU Twv payvnTiKwy @doewv AFM-FiM,
MEOW @aivouévwy ouleuéng-aviaAAayng Twv oTTiv oTn SIETTIPAVEID Twv OUOo
KPUOTOANOYPOQPIKWY QACEWV 00nyei o€ €va  TEXVOAOYIKA EKMETAAAEUCIUO
QAIVOUEVO, YVWOTO WG «TTOAwOoN aviaAAayno» f «exchange bias». MeTtagu dAAwv,
aglohoyeitar n duvardtnTa XpAoNG TETOIWV ouoTnUdTwy OTa TTAaiola  piag
ONMAVTIKAG BIOIATPIKAG EQAPPOYNG, TN MAYVNTIKNG UTTEPBEPUIAG, TTOU ATTOTEAEI ia
TTOAAG UTTOOXOMEVN BEPATTEUTIKI) TTPOCEYYION VIO TV QVTIMETWTTION KOPKIVIKWYV
Oykwv. MNapouoidleTal n ocuoTNUATIKr TTPOCTIABEIO TTOU £€yIVE va KatavonBouv ol
MNXOVIOPOi YE TOUG OTTOIOUG PTTOPEI VO EAEYXOEi N payvnTIKG eTTayopevn BepuIKni
QTTOKPION TWV VAVOKPUOTAAWYV, puBuidoviag 10 oxAMa, Tn doun Kal TN XNUIKA
ouoTaor) Toug. MNa va eTTTeUXBEi N BEATIOTN ATTOKPION, ATTAITEITAI VO ETTITEUXOET pia
AETTTA 1I00pPOTTIa HETAEU PAYVATIONG KAl JAyvNTIKAG avicoTpoTTiag. H avicoTpoTria

MTTOPEl va €l0axBei 0TO OUOTNUA WG AVICOTPOTTIA OXNUATOG KAl ETTIPAVEIAG,
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aviooTpoTtria aviaAAayng (AOyw @aivopévwy avtaAAayng o€ SIETIPAVEIEG) KAl WG
MayvNTOKPUOTAAAIKR) aviooTpoTria. [Nivetal 1d1aitepn ava@opd oTov TPOTIO PE TOV
OTTOIO Ol OTOMIKEG KPUOTAAAIKEG DOUIKEG ATEAEIEG UTTOPOUV VA AEITOUPYAOOUV WG
KEVTPA AKIVNTOTTOINONG OTTIV, AOyw dnUIoupyiag un avTioTABUIOPEVWY JayVNTIKWV
oTpPoPopPwV. O1 SONIKEG ATEAEIEG O€ AUTA TA CUCTHHOTA CUVAVTWVTAI KUPIWG HE
TNV MOP®PN KEVWV TTAEYUOTIKWY BE0EwV PETAANIKWY 16VTWY, TOOO OTOV TTUPRVA,
000 Kal 0TO KEAUPOG (OKTOEDPIKA A TETPAEOPIKA DIATETAYUEVEG BECEIC WG TTPOG TA
YEITOVIKA ATOPO 0EUYOVOU OTO OTTIVEAIO) KAl TTOIKIAOUV avAAoya PE TO OXAUA Kal TO
MEyEBOG TOU owuaTidiou. AuTd Ta KEVTPA PTTOPOUV VO CUVEICPEPOUV TTEPAITEPW
OTNV QVICOTPOTTIO AvTAAAQYNG TTOU TTPOKUTITEI OTTO TNV OJIETTIPAVEIA KAl Eival
EVTUTTWOIOKSG OTI aKOPA KAl 0 VAVOKPUOTAAAOUG piag payvnTikAg @dong (FiM
OTTIvVEAIOU) METPABNKE TTEIPOUATIKA afloonueiwTtn TOAwon avraAlayig. H
EVOWNATWON OTO KPUOTAAAIKO TTAEYMA EVOG IOVTOG UTTOKATACTAONG (16VTA 0181 pou
UTTOKOTAOTABNKAV aTTO 1I6VTa KOBaATIOU o€ did@opa TTO000TA) AVEDEIEE, EKTOC ATTO
TNV OoXedIafOUEVN evioxuon TNG JAyVNTOKPUOTAAAIKAG QVIOOTPOTTIOG, €vav dpouo
yla TNV puBuion TNG OOPAG TOU CUCTAMATOG, CUYKEKPIMEVA TOU OXETIKOU AGyou
TTUPNVA-KEAUQOUG, TOU TIANBOUG TWwV KEVWV TIAEYMOTIKWY BE0eEwv Kal NG
OlaoTTOPAC aQUTWY O€ Trupnva Kal KEAu@og. TlMa Ttnv peAETn TNG OOWAG
XPNOIUOTTOINONKE éva 10XUPO €PYOAEIO, N KAIVOTOUO TEXVIKA TNG avaAuong
TTEIPAPATIKWY BEBOUEVWY TTOU EANPBNCav atrd okEdaon akTivwy X PE akTIVOBOAIa
ouyxpoTpou pe TV ouvaptnon Pair Distribution Function (PDF). EAfRe6noav
UTTOWN TTPOCOMOIWCEIG UE TNV HEB0DO Monte Carlo Trou BacioTnkav og BewpnTIKA
MOVTEAQ QVTIOTOIXWV VAVOKPUOTAAAIKWY CUOTNPATWY, WOTE O€ CUVOUAONO UE TA
TTEIPAPATIKG aTToTEAéoPATa va KaTtavonBei TTARpwG n emidpacn Tmou €xel N doun
TWV owuaTIdiwv OToV PayvnTIono. H €TakpIBAG yvwon TwWV PNXOVICPWY TTou
eEUTTAéKOVTAI OtV pUBPION  TNG  MayvnTIKAG  aTTrOKPIoNG  QUTWV  TWV
VOVOKPUOTAAAWY, avoiyel TO OpOUOo yIa Trn oXediaon TTapOUoIWV CUCTNUATWY HE
puBuICduevn AciToupyikOTNTa. MNa TNV TTEPITITWON TNG PAYVNTIKAG UTTEPBEPUIag
OUYKEKPIPEVA, TTPOTEIVETAI £va VAVOKPUOTAAAIKS oUOTNUA TTOU O€ auTO TO €UPOG

MEYEBWV avauéveTal va €xel TNV BEATIOTN PayvNTIKA ETTAYOUEVN BEPUIKT ATTOdOON.
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Keywords:
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exchange bias, magnetic hyperthermia, Pair Distribution Function (PDF) analysis

The present thesis explores the possibilities for synthesis, shaping and
chemical modification of colloidal, core-shell, iron oxide nanocrystals, in the sub-
20 nm size range. It is mainly an in-depth study of the structure of the fabricated
nanocrystals and the correlation between their morphological and structural
characteristics and their magnetic behavior. The studied particles consist of an
antiferromagnetic (AFM) core, adopting a rock-salt crystal structure and a
ferrimagnetic (FiM) shell of spinel structure. This coexistence in a magnetic
heterostructure is intentional, since the macroscopic interaction between the two
magnetic phases (AFM-FiM) via exchange spin interactions at the interface of the
two distinct crystallographic structures, leads to a technologically exploitable
phenomenon, known as exchange bias. The potential use of such systems as heat
mediators in an important biomedical application, magnetic hyperthermia, is being
evaluated among others. Magnetic hyperthermia is a promising therapeutic
approach for treatment of cancer tumors. A systematic effort was made to
understand the mechanisms by which the magnetically induced thermal response
can be controlled, mainly by adjusting the nanocrystal shape, structure and
chemical composition. In order to optimize this response, careful and fine tuning
of magnetization and magnetic anisototropy has to be achieved. Anisotropy could
be introduced in the system, in the form of shape and surface anisotropy,
exchange anisotropy, due to exchange interactions at interfaces and
magnetocrystalline anisotropy. The way in which atomic, crystal structural defects
act as spin pinning centers due to uncompensated spins, is being studied in detail.
Structural defects in these systems are mainly related to vacant crystallographic

metal sites in the core and the shell (octahedrally or tetrahedrally coordinated

\
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metal ion sites in the spinel shell) and their populations vary depending on the
particle size and shape. These pinning centers introduce additional exchange
anisotropy in the system and surprisingly, even in hanocrystal particles of a single
magnetic phase (FiM spinel), a considerable exchange bias field has been
measured experimentally. The substitution of cobalt for iron (at different
substitution rates), apart from the expected increase of the magnetocrystalline
anisotropy, highlighted a possible pathway for controlling the nanocrystal structure,
more specifically the core to shell volumetric ratio, the population of vacant
crystallographic sites and their distribution in the core and shell crystallographic
phases. A powerful tool has been used for this structural study, namely the novel
Pair Distribution Function (PDF) analysis of experimental data acquired from
synchrotron-based X-ray total scattering. Monte Carlo simulations based on
theoretical models, combined with the experimentally observed trends, were also
considered, to fully understand how the nanocrystalline structure affects the
particles’ magnetic behavior. Deep understanding of the mechanisms involved in
the effort to tune the magnetic response of such nanocrystals, paves the way for
designing similar nanocrystalline systems with controlled functionalities. Motivated
especially by the potential use of these particles as magnetic hyperthermia agents,
the desirable morphological and structural characteristics of such nanocrystalline
core-shell systems, with optimized magnetically-mediated heat performance, are

being reported as well.
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KE®.1 - EISACOMH

Eicaywyn

2T0 KEQAAaIO auTd Ba eTTIXEIPNOE Pia ETTIOKOTTNON TNG YEVIKNAG KATNYOPIag
UAIKWV TTOU OVORAZoUPE VAVOUAIKA, TWV IBIOTATWY AUTWY TWV UAIKWV Kal TWV
IDIAITEPWY XAPAKTNPIOTIKWY TTOU EUPAVICOUV O OXEON UE T HEYAAUTEPOU OYKOU,
KAaoik& ouptrayy UAIK& (bulk). ©a yivel yia ogUvToun I0TOPIKA avadpour, Ba
ava@epbouV  XapakTnPIOTIKA Trapadeiyuata vavoUAIKWY Kal Ol QVTIOTOIXEG
EQPAPMOYEG, KOBWGS Kal péBodOI TTOPOOKEUNRG, €V Ba TTAPOUCIOCTOUV Kal Ol
OUYXPOVEG TAOEIG, OE PIa TTPOOTTABEIa va e10ax0ei opaAd oTa KEPAAala TTou Ba
aKOAOUBNOOUV aKOPA KOl O avayVWOTNG TToU OEV £XEI TIG YVWOEIG 1) TNV OXETIKNA
euTTEIpia TTAVW O€ aUTA TNV Katnyopia UAIKwv. Idiaitepn avagopd Ba yivel ota
MayvnTikd vavoowpatidla, aAAd kai o€ uBpidikd vavoowuaTidia, OT1Tou
OUVUTTAPYXOUV OUO A TTEPICTOTEPES PATEIG, OTTWG AOyoU XApn Ta vavoowuaTidla
TUTTOU  TTUPrva-KeEAUQoUG (core-shell), katnyopieg OTIC OTI0IEG AVAKOUV TA
VOVOKPUOTOAAIKG OCwaTidIa TTOU  TTAPOOKEUAOTNKAV Kol PEAETABNKAvV OTnV
Tapouca daTpIB. Oa yivel pdMioTa oto TEAOG avagopd ot  Bépata
ETTIKIVOUVOTNTAG TTOU TTPOKUTITOUV KATA TO XEIPIOPWO vavOUAIKwy, T60O0 yia TO

mepIBAANOV 600 Kal yia Tov AvBpwTro, KABWG Kal pia cUVTOun TTapouciaon

1
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YEVIKWYV KAVOVWV ac@aAgiag TTou TTPETTEI va akoAouBouvTal Kal epapudoTnKayv Kal

oTnV TTaPOoUCa Epyaaia.

1.1. NavoUAikd

Otav pIAGpe yia vavoUAIKd, ava@epOuaoTe o€ UAIKA Ta OTToia atroTeAOUVTAI
a1TO OOMIKEG HOVADEG (TT.X. VAVOOWATIOIA) TTOU €X0UV dIAOTACEIG TAENG JEYEBOUG
vavopéTpou, dnA. evdg dloegkatouuuplooTol Tou HETpou (10° m). Eivar pia
KaTnyopia UAIKWYV TTou £XEl TUXEI I01AITEPNG TTPOCOXNG Ta TEAEUTAIO Xpovia, XAapn
OTIG MOVOOJIKEG I0I0TNTEG TTOU AUTA ETTIOEIKVUOUV KAl OTO OAOEVA OIEUPUVONEVO
edio epappoywy. YTrdpxel AoV TTANBWPA EUTTOPIKA SIABECIUWY TTPOIOVTWY,
atrd TTOAU TTponypéva Kal akpIBA PEXP!I OOPUIG TTIO OIKOVOUIKA TTPOIOVTA EUPEIQg
EQApPMOYAG, TTou TrepiExouv 1 Baacifovtal o€ katolo Babud oe vavoUAikd. To
YEYovog OTI BewpouvTal KaTd Kavéva TTponyuéva UAIKA, €xel dnuIoupynRoEl Wia
EUTTOPIKN TAOTN, CUP@WVO HE TNV OTToId CUXVA ava@épovtal wg TTpoidvTa
vavoTeXvoAoyiag, TTpoidvTa TTou Bacifovtal o€ UANIKA PE DOUIKEG JOVADEG PEPIKWV
EKATOVTAdWYV N Kal XIAIGdWV vavouETpwy, UAIKG dnAadr Ta OTToia ouciaoTIKA
BpiokovTal oTNV PIKPO-KAipaka. AuTo yivetal yia dla@nuIoTIKOUG OKOTTOUG Kal Yia
VaO TTPOKAAECEI TO €VOIAQEPOV TOU AYOPAOTIKOU KOIVOU, OAAG iCWwG epelyel atrd
QUTO TTOU N ETTICTNUOVIKH KOIVOTNTA aTTOdEXETAI WG VaVOUAIKG. Eival yeyovog Ol
TTOANEG ATTO TIG 1IDIAITEPEG 1IDIOTNTEG TTOU TTAPOUCIACOUV Ta VAVOUAIKA gp@avidovTal
o¢ peyédn < 1000 nm (1 pm). Auto, MIOG Kal Oev UTTAPXEl AKOUA OOQUG
KaBopIoUEVOG OPICHOG yIa TO TI gival TEAIKA VAVOUAIKO, €€l 0dnNyAoEl SIAQOPETIKOUG
ETTIOTAOVEG OTO VA ETTIKAAOUVTAI BIAPOPETIKA 0PN OIOCTACEWY YIA VA KATATAEOUV
éva UANKO wg vavoUAikd. Karroiol, oUpwva PeE T TTAPATTAVW, KAAOUV
VavVOOWMaTidIo éva owpaTidlo pe péyeBog 1 - 1000 nm, evw MPIAGvE yia
MIKpoowuaTidla 6tav autd Eemrepvolv Ta 1000 nm.! ‘Evag YEVIKWS OTTOdEKTOC
OpIoUOG, TTOU UIoBETEITAI KAl OoTnNV TTapouca diaTpiRry, utrayopelel OTI vVaVOUAIKO
Bewpeital £éva UAIKO TTOU aTToTEAEITAI ATTO CWPATIOIO PJE Pia TOUAdYIoTOV diIdoTaon

METAEU 1 kal 100 nm.? AuTd eival GAAWOTE Kal To €UPOG PeYEBOUC TTOU aTTOdEXETAI



KE®.1 - EISACOMH

EMONUWS N EupwTraikr ‘Evwon wg «vavokAipaka». Mo ouykekpipyéva, oTig 18
OkTwppiou 2011, n EupwTraikr EmTpoTt uioBéTnoe Tov akdAoubo opiouo:

«NavoUAIKG voeital Eva QUOIKO, TUXQIO | KOTAOOKEUAOPEVO UAIKO TTOU TTEPIEXEI
OwMaTidla o€ PN decPEUPEVN HOPYPN 1) CUCCWHATWHATA AQUTWY, OTTOU CUUPWVA
ME TNV KaTaVOMN TwV PeyeBwVY TouAdxioTov 10 50% Tou TTANBUCUOU TOoUug £X0UV Wia
| TTEPIOOOTEPES EEWTEPIKES DIAOTACEIC ETAU 1 nm kai 100 nm».2 MapdAa auTd,
TO OeUTEPO KOPMATI TOU OPIoHOU, autd TToUu agopd OnAadry To TTOCOOTO TWwV
OwHAaTIdIWV TTOU TTPETTEI VA BpioKovTal O€ AuTH TNV KAigaka pey£Boug gival akopa
QVvOIKTO Kal UTro diepelvnan, 10T Eival AUECA CUVUPACHUEVO PE BEpaTa BIoAoyIKWY
- TTEPIBAANOVTIKWYV KIVOUVWYV KATT. AuTé onuaivel 0TI WS vavVOOWUATIOIO UTTOPOUE
va Bewpriooupe Adyou xdpn Eva o@aIpIKO CWHATIOI0 PE DIGUETPO MIKPOTEPN TWV
100 nm, éva KuBIKG cwuaTidlo Ye akun KUBou pikpdTepn Twyv 100 nm, aAA& Kal
évav PJovo@AoIikd KUAIVOPO ypa®itn pE BIAPETPO 3 NM Kal PAKOG 50 pm (BA.
vavoowAnves avBpaka — carbon nanotubes?). e kGBe TePITTTWON, N SUVAUIKN
QUTAG TNG TAENS UAIKWV @aiveTal atrd TO YEYOVOG OTI N TTayKOouia BIBAIoypagia €xeEl
KaTtakAuoTeEl atmmd €vvoleg PeE TTPWTO OUVOETIKO Tnv AéEN -nano: nanocrystal,

nanoelectronics, nanofibers, nanomagnet, nanoporous, nanotechnology K.a@.

1.2. Tati «vavo-» ;

To epwTNUA TTOU TTPOKUTITEI, €ival TTOU o@eilovTal TEAIKA QUTEG Ol HOVODIKEG
1I010TNTEG TWV VAVOOOUWY, Ol OTToiEG £XOUV dWOEI aUTH TV WONoN Ta TEAEUTAIa
XPOVIQ OTIG OXETIKEG £peuveG. O KABOPIOTIKOG TTapAyovTag QUOIKA gival TO UEYEDOG.
Ag TTGpoupEe TNV TEPITTITWON €vog vavoowuaTidiou. Adyw Tou 181aiTEpA PIKPOU
MEYEBOUG, TO vVaVOOWPATIOIO EP@AViCel augnuévn €1I0IKN ETTIPAVEIA O OXEON PE EVa
XNUIKA OJ0I0 UAIKO PEYAAUTEPOU OYKOU (TA UAIKGA QUTA avagEPovTal OuvhBwg wg
«bulk» otn di1eBv BIBAIOypaia, yia va Eexwpioouv atrd Ta AvTiOTOIXO «Nanoy).
2TNV TTEPITITWOoN AOITTOV TOU VaVOOWPATIOIoU éva JEYAAO PHEPOG TWV ATOUWY TTOU
TO aTTOoTEAOUV, OUXVA aKOMUA Kal TO JEYAAUTEPO, BPioKETAI TTAVW 1 TTOAU KOVTA OTNV
EM@AvEId Tou. AuTO €xel oav €TTakOAouBo Tnv dpauaTikr avénon TG XNMIKAG

OpPAOCTIKOTNTAG, YEYOVOS TTOAU XPNOIUO O€ KATAAUTIKEG EQAPHOYEG VIO TTAPAdEIYUA.
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O AOYyOG TNG mIPAVEIAS TTPOS TOV OYKO AOITTOV, QUEAVEI ONPAVTIKA Kal N auénuévn
OpaoTIKOTNTA O€ OUVOUAOUO UE PEIWON Tou BAPOUG gival TTOU KAVEI auTd Ta UAIKA
IDIATEPWG EAKUCTIKA WG TTPOG TIG TEXVOAOYIKEG TOUG €QAPUOYEG iVOVTAG TOUG
OOQEG TTAEOVEKTNMA OTNV €COIKOVOUNON TTOPWYV Kal evépyelag. To 1o TTavw
XOPAKTNPIOTIKO 0drynoe O€ £vav TTIO0 YEVIKO Kal AlyOTEPO auoTnPO OPICHO TTEPI
vavotexvoAoyiag, mTou d60nke atmd pia opdda epyaciag Tng «EA European

Academy of Technology and Innovation Assessment» cUJ@WVA E TOV OTTOIO:

«Nanotechnology is dealing with functional systems based on the use of sub-
units with specific size dependent properties of the individual sub-units or of a
system of those»>,
Aol
«H vavorexvoAoyia acxoAgital ue Asiroupyika ouoThuara Baciouéva otn
XPNON UTTO-UOVABdWV UE OUYKEKPIUEVES EEQPTWHEVES ATTO TO UEYEBOC 1010TNTEC

TWV UELOVWEVWYV UTTO-LIOVABWYV 1) EVOS TUCTNIIATOS QUTWV»

AUTOG 0 oplopdg dev AauBavel kav uttown 1o PEYEBOG, AANG ETTIKEVTPWVETAI OTIG
I010TNTEC TTOU TTPOKUTITOUV aTTd TNV JEiWON Tou PeyEBoud.

‘Evag AGAAOG TTapdyovTag TToU KAVEI TA VAVOUAIKA va CUUTTEPIPEPOVTAI
onuavTika diapopeTikd atrd Ta avrioToixa «bulky gival Ta KBavTiKa @aivoueva TTou
guavifovral Aoyw Tou KBavTikoU TrepiopiopoU (quantum confinement).® Me Aiya
AOyIa, 6Tav TO PHEYEBOG EVOG OCWMATIOIOU €ival TOOO PIKPO WOTE VA YiVEI CUYKPIOIYO
ME TO PAKOG KUPATOG TOU NAEKTPOVIOU, N Kivnon Tou TEAEUTaioU TTEPIOPICETAl O€
OUYKEKPIPEVA  evepyelokG eTTiTTeda, Ta oTtroia TeAIK& yivovtal OIaKPITA, ME
aTmOTEAEOUA va augdvel To evepyelokd XAopa Kal va gu@avidovral dIEyEPOEIG
NAEKTpoOViwy TOU Kavovikd Oev Ba AduBavav xwpa o710 idlo UAIKGO OTOoV
MakpOkoouo. To @aivopevo autd TTapouciAdel TEXVOAOYIKO €vOIQPEPOV KAl

MEAETATAI O€ UNIKA YVWOTA w¢ KBAVTIKES TeAgieg (quantum dots).’
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1.3. A6 Tov Feynman oTIG AEITOUPYIKEG VOVOKPUOTAAAIKEG ETEPOOOMES

O1wg yivetalr @avepd atmmd TOUG TTAPATTIAVW OPICHOUG, OTTOIOBATTOTE UAIKO
aTTOTEAEITAI ATTO CWHATIOIA PE ECWTEPIKEG BIAOTACEIC OTNV VAVOKAIMAKA, KAAEITAI
VaVOUAIKO. YTTapyouv di1d@opol TUTTOI VOVOUAIKWY, QUOIKA 1 TeXVNTA. [MoAAG
BloAoyIkd cuoTAPATA ATTOTEAOUV ) EUTTEPIEXOUV QPUOIKA, AEITOUPYIKA VAVOUAIKA.
EvOeIKTIKA avag@épovTal TO TTPWTEIVIKO TTEPIBANUA (Kawidio) Twv 1wV, N oTTabida
oTa TTOdIa TNG 0aUPAS YKEKO (gecko), @UOIKA KOANOEISH OTTwG To YAAa Kail TO dija.
Ymapyxouv BERaia kal avopyava QUOIKA vavoUAiKd, yia TTapadelyua ol dpyiAol
EMQaVICOUV OUUTTAOKEG vaVOOOMEG, evw eival 101aiTEpa  evdlapépov OTI Ol
avBpwTrol, €v ayvoia TOug, XPNOIMOTTOIOUV QIWVEG Twpa VAvoUuAikd. [a
TTAPABEIYUA TA XPWHATIOTA YUOAIG TTOU XPNOIKJOTToIoUVTAY aT1ro dIAQopous Aaoug
yla Ol0KOOMUNTIKOUG OKOTTOUG, OUXVA OQEIAOUV TO XPWHA TOUG O€ TTPOOCHIEEIS
VaVOOWHATIOIWV 0&EIBiWV 1 HETAAWY. Ta BepéNIa wg TTPOG TNV CUVEIDNT XNUIKNA
ouvBeon vavoowpaTidiwy 1€0nkav pdaAlov kaTtd To 19° aiwva, Pe onueio oTabuod
10 1861, oréTE KOI 0 Graham €kave AOYO yia «KOAAOEIDA». TO AKPWVUMIO «-VAVO»
BéRala ékave TNV eu@Avior Tou poAic To 1960 oe ouvédpio ato Mapiol.® A’ otav
BEBaia 0 AvBpwWTTOG KaTAVONOE TOUG UNXAVIOUOUG Kal QVTIAAQONKE TIG TTPOOTTITIKEG
TNG VAVOTEXVOAOYIAG, £XEI avaTITULEl Pia EupEia YKAPNA oUVOETWY VaVOUAIKWY OTa
oTroia puBuilel TIG 1I810TNTES KaTA BoUANnGCN, avaAloya pe 1o TTedio epapuoyns. Autod
€yIve TTOAU TTpOo@aTa, KUpiwg TTpog Ta TEAN Tou 20°Y aiwva. MoAAoi Bewpouv 611 0
@uoIkOG Richard Feynman pe tn didonun opiAia Tou «There’s plenty of room at the
Bottom» 10 1959 oTnVv emoia ouvodo TG «American Physical Society» oT0
Texvoloyikd Ivomitouto TG Kahipopvia (Caltech) Bepediwoe 10 €vvoloAoyIKO
TTAQiOI0 géOa OTO OTT0I0 KIVAONKE €vag KAA®OG TNG ETTIOTAUNG TTOU £UEAAE va Yivel
YVWOTOC Ta €TMOPEVA Xpovia we «NavoTexvohoyia».®10 YTrapxouv evoTaoeis wg
TPOoG TO Katd Tooov o0 Feynman ptropei va BewpnBei o0 «mmatépag» NG
vavoTeXvoAoyiag, gival TTAVTwG YEYovog TTwg ATav atrd Toug TTPWTOUG, av OxI O
TPWTOG, TTOU OPOUATIOTAKE Tn duvaTOTNTA TOU XEIPIOMOU TNG UANG atrd Tov
AavBpwTro o€ atopikd emiTedo, BAETTOVTAC WG TTIBAVOTEPO TTEDIO £QAPUOYNS TOV

TOMEA TNG MIKPONAEKTPOVIKAG KAl TNG MIKPOOKOTTIOG.
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1.3.1. Eidn NavoowpaTidiwv

Katd 1o deUTePO MICO AoITTOV Tou 20°Y aiwva avatrTuxbnke pia eupeia ykaua
vavoowpatidiwyv, avadloya pe TIG €mMBUUNTES 1010TNTEG Kal TO eKAOTOTE TTEdIO
€QapPoyAG. AuTA pTTopEl va eival duop@a, aAAd kal KpuoTaAAikd. Ta deuTepa
MTTOPOUV va ATTOTEAOUVTAl ATTO TTEPICOOTEPOUG TOU €VOG KOKKOUG OIAPOPETIKA
TTPOCAVATOAIOPEVOUG, OAV TUTTIKA TTOAUKPUOTOAAIKA UAIKG, i va gival TO0O HIKPa
TTOU OUCIACTIKA VA €ival VAVOOKOTTIKOI JOVOKPUOTAAAOIL. YTTAPXOUV VAVOOWHATIOI
avopyava, Pe BAaon Tr.X. TO TTUPITIO, AAAG Kal opyavikd, OTTwG TT.X. Ta QOUAEPEVIA
Kl Ol VaAVOOWAAVESG AvOpaKa. >UvavToUdE vavoowuaTidla HETAAAWY, NUIaYWYwWV
1 0&e10iwv HETAAWYV. EKTOG at1Td TN XNMIKA 0UOTAoH Kal TO JEYEBOG, TO OXNUA TwV
VOVOOWMATIOIWV dIAQOPOTIOIEI ETTIONG TIG 1IDIOTNTEG TOUG, Ol OTTOIEG PTTOPOUV VA
pubuiIoTOUV péoa atrd OIAPOPETIKEG OUVOETIKEG TTpooeyyioels. 'ETol €xoupe
VOVOOWMATIOIO avOUoIONOoP®a, TToUu Oev €VIAOOOVTAl O€ KATTOI0O OUYKEKPIUEVO
YEWMETPIKO oXAMaA 1) vavoowuaTidia o@aipikd, KUBIKA, TTUPAUIOIKA, CWANVWTA, O€
oXNUa aoTePIOU, TIPIOUOTIKA 1) Kal GAAa. Me KATAAANAEG TEXVIKEC PTTOPOUV Va
TIPOKUWOUV TTI0 TTOAUTTAOKEG DOUEG, TT.X. KOUQIEG VAVOOQAIPES | va OuvOUaOoTOUV
KAl va TTPOKUWOUV €TEPOOOWEG, OTTOU OUO BIAPOPETIKA cwuaTidla épxovTal O€
ETTAPN Kal TTPOCKOAAATAI TO €va TTAVW OTO AAAO PE NAEKTPOOTATIKEG 1 AAAEG
oaAnAemdpdoeig, 1 éva ocwaTidIo avaTITUOOETAl ETMITAEIOKA TTAVW OE KATTOI0
GAAo. M1TopoUv AoITTév va TTpokUWouv UBPISIKG vavoowuaTidia étrou Adyou Xdpn
OUVUTTAPXElI Mia opyavikh PeE dia avopyavn @Aaon r; avopyavol vavokpUOoTaAAol
ATTOTEAOUNEVOI ATTO DIAYOPETIKEG XNUIKEG QATEIC. TETOIEG ETEPODOUEG, avAAoya HE
TNV CUPUETPIO TOUG UTTOPEI VA €ival KEVTPOOUPUETPIKEG, OTNV TIEPITITWON TTOU Ol
OIAPOPETIKEG QACEIS AVATITUOOOVTAI CUMMETPIKA YUPW a0 KATTOI0 KEVTPO
OupueTpiag (T1.X. vavoowpartidla TUTTOU TTuprva-keAU@oug 1 core-shell émmwg
avagépovtal atn BiIBAIoypa@ia) 1 PN KEVIPOOUUMETPIKES OTTWG TT.X. ETEPODOUEG
TUTTOU OATRpa. AvAAoya pe T ocUOTACH TOUG T VOVOOWPATIOIA PTTOPOUV va
TTOPOUCIACOUV TTOAAEG OIAPOPETIKEG 10I0TNTEG, UNXAVIKEG, OTITIKEG, NAEKTPIKEG,
KATAAUTIKEG, MAYVNTIKEG 1 KAl OUuvOUAOPOUG auTwv. Ta owparidla TTou
TTOPACKEUAOTNKAV Kal JEAETHONKAV OTNV TTapouca dIaTpIPr}, avKouv OTIG OJAdES

TWV PayvnTIKWV, TUTTOU TTUPHVA-KEAUQOUG CWUATIOIWY, OTTOTE O€ QUTEG TIG OUO
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UTTOKOTNYOPiEG Ba  yivel ekTevéaTeEPn ava@opd oOTa UTTOKEPAAala TTou Ba

aKoAouBroouv.

1.3.2. MéEBodoI TTOPACKEUNG

Ta TTepIocdTEPA PaAyvNTIKA UAIKG €ival €ite kaBapd pETaAAa, e€ite oggidia
METAAAWV Kal N oUvBeon) Toug 6oov agopd Tnv TTapadooiakr (bulk) popen civai
TIAOV JIa OXETIKA aTTAR uTTOBeon. H peiwon Ouwg Tou pey€Boug aTnv vavokAipaka
KAVEl TO €yXEipnua TTI0 TTEPITTAOKO KAl €10AYAYEl VEEC TTIPOKANOEIS. H TTapaoKeun
MayVNTIKWV 1 KAl YEVIKOTEPA JETAANIKWY VavoowlaTIdiwv BacifeTal o€ peBddoug
T600 TNG avopyavng XNUEIag oTePEAg KATAoTaong, 600 Kal TNG «Uyprg» Kal Trio
OUYKEKPIMEVA TNG KOAANOEIDOUG XNUEIQG.

2€ MIO aTTAn TTPOCEYYIoN, VavoowuaTidla o&eidiwv PETAANWY PTTOpOUV va
TTapaxBOouv Erreira atmmd pnxavikr dAeon (ball milling) Tou apyikoUu cupTtrayoug
oceidiou. 2e pia ammd TIC TIPWTEG OXETIKEG €QAPUOYEG Ogidia TOu O10rPOoU
aAéBovTav TTapouadia KatdAAnAou eTTIQAVEIOPACTIKOU Kal VOGS UdPOYyovavBPaKIKOU
JIOAUTN yia va dwoouv Ta Asyoueva «aidnpopeuatd» (ferrofluids).'? Auth gival pia
XOPAKTNPIOTIKA «top-down» TTpocéyyion, OSnNAadn pia TTpoctyyion KAatd Tnv otroia
éva PEYOAUTEPOU OYKOoU UAIKO KaTepydleTal oTadlakd (kKoBetal, xapdooetal A
aA€BeTal), WOTTOU VA TTPOKUWOUV TUANATA TOU apXIKOU UAIKOU UE dIOOTACEIG OTNV
vavokAipaka. H yéBodog autr| ival apkeTd aTTAr) Kal OXETIKA EUKOAO va eAeyxOEi,
aAAd N Xprnon TN TTEPIOPICETAI KUPIWG OTA OEEIBIA TWV HETAAAWY KOl OE EQAPPOYEG
OTTOU N Hop@oAoyia Twv CwuaTIdiwv Kal n kaBapdtnta TG @daong eival
deuTepeUouoag onuaciag. Mia dIaQopETIKA TTPooEyyion gival n Aeyouevn «bottom
up», Katd Tnv otroia ol OOMIKEG JOVADEG TOU UAIKOU, ATOA, HOpIa 1) TIPOOPOMES
EVWOEIG TIOU ATTOTEAOUV TOUG TIUPAVEG Yyia T ouvéxion Tng O1adikaaoiag,
OUYKEVTPWVOVTAI PE EAEYXOMEVO TPOTTO OE VAVOOOUNUEVES BIATALEIG, OTTWG OTNV
TTEQITITWON TWV TEXVIKWV «ETTITALIACY. Z€ AUTH TNV TTEPITITWON O €AEYXOG TWV
ouvOnkwv €ival dUOKOAOTEPOG, OTav OpwG emmITEUXOEi, divel TEANIKA TTpoIdvVTa

UWPNANG KaBapdTnTag ME MOPQPOAOYIKA XOPAKTNPIOTIKA TTOU  JTTOpoUvV  va
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eAeyxBouv. ‘Exoupe yia mmapdadeiypa T ueBddoug NG XNMIKASG (CVD) 11 QUOIKAG
(PVD) evatréBeong aTuwy, HYE TIG OTTOIEG ETTITUYXAVOUUE KaBapOTEPES PATEIS, HUE
TO €emTAOV  TTIAEOVEKTNUA TNG €UKOANG KAl OUOIOPOP®NG  AVATITUENG
TTOAUCTPWUATIKWY  ETTIQAVEIWY, UCTEPOUV OUWG KAl QUTEG OTnV  a1rédoon
OWHATIOIWV PE OUYKEKPIMEVA HOPPOAOYIKA XAPOAKTNPIOTIKA Kal opolohop@ia. Ta
O1dpopa UAIKA TTOU XPNOIYOTTOIOUVTAl OTNV vavoTeExVoAoyia, Ta emOuunTd
XOPAKTNPIOTIKA TOU TEAIKOU TTPOIGVTOG, OAAG Kal O EKACTOTE TTAPAYOVTEG, OTTWG TO
KOOTOG TTAPAYyWYNG, O XPOvog, n 0108eciudTNTa UAIKWY, PJECWV KAl UTTOOOUWV
€xouv oUUBAAAel oTnv avaTTugn TTANBWPAG AAAWV CUVOETIKWYV TEXVIKWY, OTTWG N
XNUIKA ouykataBuBion (chemical coprecipitation), n péBodog AUPATOC — TINKTAG
(sol — gel technique), n udpPOBepIKN cUVBEeoN Kal n TTupdAucn. ETTeidr dpwg TToAU
ouxva TTAéov atTaITouvTal VavOoUAIKG PE OJOIOPOPYPIa WG TTPOG TO OXAMA KAl OTEVEG
KATOVOPEG HEYEBWY Kal OEOOPEVOU OTI QUTA PTTOPOUV va €TMITEUXOOUV POVO O€
dlaAupara, ol Trpooeyyioelg TTou PBacifovral oe HeBOGdOUC UYPAGS XNMEiag eivail
QUTEG TTOU €XOUV ETTIKPATAOEL. AUTO TTOU £XOUV KOIVO OAEG OI CUVBETIKEG TEXVIKEG,
gival n avAaykn oTaBepOTToiNONG TWV TTAPAYOUEVWY VOVOOWMPATIOIWY aTTévavTl
oTnv TAon TNG CUCOWHATWONG, KATI TTOU ATTOTEAEI AVTIKEIUEVO TNG KOAAOEIDOUG
xnueiag. I’ autd TeAeutaia TO €vOIQQEPOV TNG ETTIOTNMOVIKAG KOIVOTNTAG EXEI
€0TIOOTEI OTNV TTAPACKEUN VAVOOWMATIDiwV ag KOAAoeIOr dlaAUpaTa.t3 Mevikd
uTTdpxel TTANBwpa apBpwv oTtnv diebvr) BIBAIOYpaAPia ava@opIKa PE TIG OUVOETIKEG
TEXVIKEG VOVOOWUATIDIWY YEVIKA KAl HAYVNTIKWY VavoowuaTISiwy e1dikoTepa 1516,
aAAG Kal TOUG TPOTTOUG ME TOUG OTTOIOUG UTTOPOUME va TIPOOTATEUOOUME TA
TTAPAYOUEVA OwWHATIOIA ] VO TOUG TTPOCOWOOUNE OUYKEKPIMEVEG AEITOUPYIES
(functionalization) avadAoya pe TIG €TMOUUNTEG €@apUoyEG. TMa TIC avAyKeS TNG
TTapoUCag epyaciag Ba yivel hia CUVOTITIKA ava@opd OTIG YEVIKEG TEXVIKEG TNG
KOAOEIOOUG YNUEIOG KAl TwV TTapayovIwyv TIOU ETTNPEACOUV €V YEVEL TNV
HMop@oAoyia Tou TTapayOuEVoU TTPOoIOVTOG. To OeUTEPO AUTO KOPUATI Ba avaTTTuxBei
TTEPAITEPW OTA UTTOKEPAAQIO  TTOU QQOPOUV CUYKEKPINEVO OTn OoUVOEOn Twv

owpaTIdiwV TTou JEAETABNKAV oTa TTAQICIO AUTAG TNG dIOTPIRAG.
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1.3.3. KoAAo£181 g Xnueia Kal vavoKpUoTaAAol

1.3.3.1. Ti gival «KOANOEIBEGY;

To KOANOe€IOEG eival pIa POP® MEIYMATOSG, ATTOTEAOUUEVOU ATTO €va PECO
d1a0TTOPdAG Kal TNV dIAoTTEIPOUEVN ouaia, PeE pEyeBog ocwpaTIdiwy (ovoudlovTal Kal
MIKUANIQ) ouvBwg petagu 1 nm kar 1000 nm. Av kal dev UTTAPXEl CaQng
OIAXWPIOPOG PETAEU POPIOKWY DICAUPATWY Kal KOAAOEIdWY pE BAon TO PEyeBOG
Twv cwuandiwy, n diagopd evrtoTrieTal oTo €€AC: Evy oTa diaAuuara, dlaAuTNG
Kal OlaAUPEVN ouaia ATToTEAOUV [ia @AoT), OTA KOAAOEION UTTAPXOUV dUO OIOKPITEG
QAOCEIG, Ol OTTOIEG UTTO OUVONKEG PTTOPOUV Va dlaxwpIoTouv. KoAAogIdry uttopouv
VO OXNUATioouv OAEG OI KATAOTACEIG TNG UANG (OTEPEd, uypd, agpia) Kal OAol Ol
OUVOUOOMOI aUTWYV, €KTOG aTTd Tov ouvduaoud aéplo-aéplo. ‘ETol, otav agéplo
dlaoTrEipeTal 0€ UYPO N OTEPED, MIAAUE YIa aPPO, OTaV UYyPO ) oTEPES dIAOTIEIpETAI
o€ aéplo, MIAGPE yia agpdAupa (aerosol), étav uypd diaoTreipeTal o€ uypo, yia
YOAGKTWHA (emulsion), evw OTav oTeEPEO dlacTreEipeTal o€ uypod, yia Auua (sol).
TéNog, émeira amd dlooTTopd uypoU o€ OTEPED TTaipvoupe TTNKTH (gel) kal oTnv
TTEPITITWON OTEPEOU OE OTEPED, EXOUME TO Aeyouevo oTeped AUpa (solid sol). Ta
KOAAO€ION diakpivovTal o€ AudgpoBa (udpopofa otav péco dlaoTTopdg eival To
VEPOD) av OEV UTTAPXEI CUYYEVEIQ DIECTTAPPEVNG PAONG KAl HECoOU dIOTTOPAG KAl O€
AUG@IAa (UdPOYIAG OTav TO NECO DIOOTTOPAG €ival TO VEPD) OTNV TTEPITITWON TTOU
UTTAPXEI CUYYEVEIQ JETAEU TOUG. 2€ QUTH TNV TTEPITITWON TTEPIEPXOVTAI EUKOAQ OTNV
KOAAOEION KATAoTaon Kal TNV eykKaTtaAeitrouv dUOKOAA. Ta KOAAOEIO cuoTAPATA
dIa0TTOPAG BPioKOVTAl KATA KATTOIOV TPOTTO METAEU AlWPNUATWY KAl OIOAUPATWV.
‘ET01, £X0UV PHEYEBOG CWHATIBIWY PIKPOTEPO ATTO AUTO TWV AIWPNUATWY (ICNHATWY)
Kal Oev UTTOPOUV Va KaTakpaTnBoUv atrd Ta Koiva QiATpa (dev SiEpXovTal ONWG aTTO
uTTEPNOMOUG), aAAG ouvnBwg TO PEYEBOC TwV CwHATIdIWY TOUG Eival ONUAVTIKA
MEYOAUTEPO O€ oxéon ME AUTO TWV dIOAUMEVWY CWHATIOIWY oTa dlaAupaTta. Ta
KOANOE€ION BpiokovTal o€ ouvexr], ATakTn Kivnon (kivnon Brown), evw ouvhBwg

ep@avidovral BoAd, Adyw okédaong Tou ewTog (Qaivopevo Tyndall).
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Ta koAAog1dn) €ival ev yével oTaBepd Kal TTAPAUEVOUV BIACKOPTTIONEVA KAl
alwpouueva, dev KaBiI{avouyv TTapacupdpeva ato Tn BapuTtnta. H kataBubion Twyv
MIKUAAiwvV, TTou AéyeTal Kpokidwarn, ouvhBwg atro@euyeTal XApn OTa €YYEVH TOUG
XOPOAKTNPIOTIKA, CUYKEKPIMEVA TO OPWVUHPO QPOPTIO TTOU oUVBwG auTd diatnpouy,
OUVETTEIO TOU OTTOIOU dNPIOUPYOUVTAI ATTWOTIKEG OUVANEIG Kal N Kivnon Brown og
oUVOUAOUO PE TO MIKPO TOUC HEYEBOC.Y e KATTOIEC TTEPITITWOEIC, €IDIKA KaTd TN
ouvBeon vavoowuaTidiwy, atraITeiTal N Awn eTTITTAEOV HETPWYV YIA VA OTTOPEUXOEI
N OUCOWMPATWON. AG TTAPOUPE yIa TTAPAdEIYMO TNV TIEPITITWON HAYVNTIKWV
vavoKpuoTAAAwWYV 0&e1diwv Tou a1drpou, TToU apopd Tnv TrTapouca diatpifr). AuToi
0l KPUOTAAAOI, AOyw Kal TOU hJayvNTIOPOU TOUG, KATAPEPVOUV VA UTTEPKEPACOUV TIG
OTTOIEG ATTWOTIKEG OUVAMEIC KAl va cucowuatwBouv. 'Evag 1pdT1og yia va
dlaTnpnBouv oTaBepd  KOAAOEION evalwpruaTa  vavoowpatidiwy, Egivalr n
TPOTTIOTIOINGN TNG ETTQPAVEIAC TOUG HE ETIQAVEIODPATTIKEG ouaieg,'® oTTwg
ava@épeTal oto  uttoke@AAalo 1.3.3.2. H em@avelakry autry TPOTTIOTToinon
(functionalization) pTTOpEi va yivel atrAwg yia Adyoug ouvBeong Kal oTaBepdTNTAG
Twv TTapayOuevwy vavoowpaTidiwy, aAAG uTtropei va oToxeUel Kal OTO VA
TTPOCOWOElI KATTOIA  AEITOUPYIKOTATA OTO VAVOOWWATIOIO YIO OUYKEKPIUEVEG
epappoyéc. Ta popia TTOU OuvABWG XpPnoiyoTrolouvTal aTroTeAoUVTal OTTO
udpoyavaveipakIKEG aAUCIOEG OXETIKA PEYAAOU UAKOUG TTOU OTO €va AKPO TOUG
€XOUV MIa oudda TTou TTaPOUCIAdel KATTOIA CUYYEVEIA TTPOG TNV ETTIPAVEIA TOU
owpaTIdiou, Evw n UTTOAOITTN aAucida Kal TO GANO GKPO TNG TTAPOUCIAloUV XNMIKN
ouyyévela Pe Tov OIGAUTN (MEoo OlaoTTopdas). TO AKPO TTOU EVWVETAI HPE TA
vVavOoWMaTidla PETAAWY 1 OXETIKWV OE&EIdiwY, €Xouv ouvriBws ONAdES TTOU
ep@avifouv KATTOI0 POPTIO (apvnTIKG OE AUTH TNV TTEPITITWON) ASyw d1aPOoPAg -+,
ouduyiag, @QAIVOUEVWY OUVTOVIOMOU KATT. H emi@avelak TpoTrotroinon Eival
ePYaAgio TTou BIEUPUVEI ONUAVTIKA TIG dUVATOTNTES XPAONG KAl TO TTEQIO EQAPPOYWV

TWV VavoowudaTidiwy. 1°
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1.3.3.2. KoAAo<€I18ig oUvOeo VAVOKPUOTAAAWYV

Ta BepéNia TNG XNUIKAG ouvBeong HETAAAIKWY KOAAOEIdDWY CWHATIdIWV Kal TNG
MEAETNC Baoikwyv IBI0TATWY, TéBnKav To 1857 atod Tov Faraday??, av kai o 6pog
«KOAAOEIDEGY OTTWG €idape, ava@epOnke Aiya xpovia apyotepa. O Faraday
TEPIYPAPEI TN OUVOEDN KAl PEAETN METAAAIKWYV (Vavo-)owuaTIdiwv Xpuoou Kal
AWV PETAAAWYV aTTO TNV avaywyr avtioToixwv aAdTwy.? OTwg TTpoava@épOnkKe,
0 BaCIKOG OTOXOG, TTOU ETTITUYXAVETAI EUKOAOTEPQ AV TTPOCEYYIOOUNE TO BEUA pE
TIG TEXVIKEG TNG KOAAOEIDOUG XNUEIag, ival n xNUIKA KaBapdTnTa Kal o EAeyX0G TNG
Hop@oAoyiag. EISIKA TO BEUTEPO ETTITUYXAVETAI HECW TOU EAEYXOU TNG KIVNTIKAG TWV
0Uo PaolKwv OTadiwv TNG AVATITUENG TwV  KPUOTAAAwv, dnAadry g
Tupnvotroinong 1 Tuprivwong (nucleation) kai TG peyéBuvong  (growth),
TTOPEUTTOBICOVTAG 1] EUVOWVTAG YE KATTOIOV TPOTTO TNV MEYEBUVON TOU KPUOTAAAOU
TTPOG OUYKEKPIMEVEG KPUOTOAAOYPAQIKEG KaTeuBbuvoelg. H mTupAvwon eival pia
Bepuoduvapiki dladikaaia KATA TNV OTToia £XOUME TNV EUPAVION PIOG HETAOTABOUG
TPOdpoung @aong, Tou TTupAva (nucleus). H kAaoik Bewpia TG dnuioupyiag
TTUPAVWYV WG TTPOUTTO0ECN yIa TNV avATITUEN VOGS KPUOTAANOU TTEPIYPAPNKE ATTO
Toug Becker kai Doring Tn OekaegTia Tou 1930.%2 Xipgwva e auth, éva
BeppodUVONIKO oUOTNUA TEIVEI VO EAAXIOTOTTOINCEI TNV €AEUBEPN evEPYEIQ KATA
Gibbs kai va auffoel TN OuvoAIKr evTpotria Tou cuaTtiuatos. Ooov agopd Tmo
OUYKEKPIMEVA OTA VAVOOWHMATIOIA, TO TTAEOV ATTODEKTO JOVTEAO YIO TNV TTAPACKEUN
VOVOKPUOTAAAWV TTpoTdBnke atré Toug LaMer kai Dinegar?324 kai oUPNQWVa e
QUTO, YIA TNV AVATITUEN VAVOKPUOTAAWY aTTaITeiTal Katé Tn IGPKEIQ TNG ouvBeong
éva Baciké oT1ddio avaTTuéng MIKPWY OOJIKWY MovAadwv, OnAadr HIKpwVY
TUNMATWY TTOU BIaBETOUV 0€ KATTOI0 BaBuO TNV KPUOTAAAIKF) dour Tou TEAIKOU
TIPOIOVTOG Kal £XOUV NON apxioel va KAAUTITOVTAI ATTO ETTIPAVEIODPACTIKEG OUCIEG
(BA. TTapakdaTw), T OTTOIO KAAOUVTAI TTUPAVES. ZUNQWVA WE TO yovTéAo La Mer, o€
autd 1O OTAdIO Ceotrdel aubBdpunTa pia paydaia autd-TTupnvoTtToinon. Eivai
OUCIOOTIKA TO OTAdIO KATA TO OTTOI0 ATTIO Wid OJOYEVA KATAOTAON Miog ¢paong,
TEPVAPE O KATAOTAON OUO OIOKPITWY @AcEwyV, OnAadrn TrepvApe amd Tnv
KaraoTtaon OlaAUuaTtog o€ KataoTtaon KoAAogidoug. Or1 dOMIKEG POVADEG TTOU

ATTAITOUVTAI VIO TO OXNMATIOKO TTUPAVWY, T AEYOUEVA HOVOUEPH, Eival OPAOTIKEG
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OUUTTAOKEG EVWOEIG METAANOU-ETTIQAVEIOOPAOTIKWY, TIOU TIPOKUTITOUV ATTO TN
d1GdAuon kdtrolag TTpddpouns Evwong (ouvrBws CUUTTAOKO METAAAIKOU KEVTPOU ME
OPYQVIKOUG  UTTOKOTAOTATEG), Trapoucia  Tou  KAaTdAAnAou  dloAUTn  Kal
ETTIPAVEIODPACTIKWY. [a va EeKIVAOEl 0 oXNUATIONOG TTUPAVWY TIPETTEL va
EeTepaaTEi N evépyela evePyoTTOiNONG, TTOU QVTIOTOIXEI OTO ONUEIO OTO OTTOIO TO
d1dAupa yivetal kopeouévo oe povopepn (Eikdova 1. 1). O1 oxnuati{OUEVEG QUTEG
TTPOOPOUES EVWOEIG BPOUV OV TTUPHVES KPUOTAAAWGNG, TTOU OTO ETTOPEVO OTADIO,
TO O0TAdIO TNG PeyEBuUvoNg, Ba evwBouv pe dlIaBéaipya povopepn atrd To dIGAUNA yIa
va au¢Aoouv TO PEYEBOG TOUC WOTTOU VA OXNUATIOOUV TOV TEAIKO VaVOKPUOTAAAO.
H 6An autr} diadikagia aTToTUTTWVETAI OTO OXETIKO didypaupa (Eikéva 1. 1) wg
ouvdapTnNon TNG CUYKEVTPWONG TWV HMOVOUEPWY Kal Tou XpOvou. YTTApXOouv Kal

GAAEG OUO UTTOTTEPITITWOEIG TTOU QaivovTal OTO OIAYPOAUNA WG OUO EEXWPIOTEG
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Eikéva 1. 1 Mnxaviouég oxnuaTiIoOgou vavokpuoTdAAwv o€ SloAuparta. 210
didypapua @aivovtal 3 dIaPOPETIKEG KAWTTUAEG TTOU AQOPOUV O€ 3 DIAPOPETIKES
OUVOETIKEG TTOpEieS. KapTTuAn I: atrAf TTuprivwon Baon povréAou LaMer. KapTruAn
[I: Muprvwaon, avaTTuén Kal cuooOWUATWON MIKPOTEPWY UTTOMOVAdWY. KauTTuAn

[11: MoAAaTTAN TTUPAVWON Kal peyEBuvon péow pnxaviopou «Ostwald ripening».
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KAUTTUAEG. ZTnNV TTpWTN, Mia €muAKuvon Tou oTadiou Tng peyEBuvong PTTopEi va
00NYNOoE€l 0€ CUVEVWOT HEMOVWHEVWY VAVOKPUCTAAAWY TTOU TTapAXOnoav Pe Tov
pMnxaviouo La Mer kal va 0dnyho€l o€ JEYAAUTEPA CUCOWHOTWHATA. 2TNV OEUTEPN,
€va EKTEVEOTEPO OTADIO TTUPHVWONG MTTOPEI va 0dNYNOEl 0€ TTOAAATTAG TTEPIOTATIKG
TupAvwong (kar oyl éva paydaio OTTwg TPoPAéTTel 0 La Mer) kai pe €vav
unxaviopud Tou Teplypdenke ammd Tov Ostwald 2526 va odnyAoel TEAIKWS o€
VOVOOWMATIOIO JE avouolopop@ia Kal TTOIKIAIa peyeBwyv, pe Eva peydAo dnAadn
€UPOG KATAVOWPNG MEYEBWV. AUTO TO HOVTEAO ovouddeTal wpipgavon katda Ostwald
(Ostwald ripening) kai Baciletal 010 Beppoduvapikd @aivouevo, oUPPWVaA JE TO
OTTOI0 T PEYOAUTEPO CWHMATIOIO, WG TTIO OTABEPA evepyeEloKA AOyw HIKPOTEPOU
Aoyou em@dveiag/dykou, €Xouv Tnv TAon va ATTOPPOPHCOUV-EVOWHUATWOOUV TA
MIKPOTEPA Kal aoTaBéoTepa (UE MEYAAn evépyela) cwpuaTidla. Autd €xel oav
aTroTEAEOUA KATTOIO owaTidla va PeyeBuvovTal avegEAEYKTa O0€ BAPOG KATTOIOV
AAAWV, JE ATTOTEAECUA TNV AVOPOIOPOP@Ia TOU TEAIKOU TTPOIOVTOG.

O1 avTIdPAOCEIG QUTEG TTPAYHATOTTOIOUVTAI O€ KATTOIOV OPpYaVIKG SIAAUTR uwnAou
onpeiou €oewg, TTAPOUCTia KATTOIOU ETTIPAVEIODPACTIKOU, OTTWG TTPOAVAPEPONKE.
O poAOG TwV ETIPAVEIODPACTIKWY TToU oTnv PIBAIoypagia avag@épovtal wg
«surfactants» r «ligands» r; «capping agents», €ival TOOO OUCIACTIKOG Kal
TTEPITTAOKOG  TAUTOXPOVA, TTOU OUXVA OTTO POVA TOUG QTTOTEAOUV QVTIKEIUEVO
MEAETNC.2"28 Tuxvd pAANIOTa O PNXOVIOPOS dpdong Toug Oev eival aTrOAUTA
Kartavontog. H emmAoyr) Tou KatdAAnAou €mmipaveiodpacTIKoU gival KaBopIoTIKAG
onpaciag yia Tov EAeyXo Tou OXHMATOG TOU VOVOKPUOTAAAOU, aAAG Kal TRG idlag
TNG avTidpaong apou PTToPEi TauTOXPOovVa va Traifel Tov pOAO Tou JIOAUTN ) Kal
o&eidoavaywyikou TrapdyovTa. Egicou onuavTikn gival kal n emAoyr Tou dIaAUTn
(OTNV TTEPITITWON TTOU AUTOG BIAPOPOTIOIEITAI ATTO TO ETTIPAVEIOOPATTIKO), KABWG
MTTOPEI KOl QUTOG va ETTNPEACEl TV XNUEIQ TNG avTidpaong Kal TNV HEYIOTN
Bepuokpaaoia TTou pTTopE va emTeuxBei (kaBopileTal ammd 1o onueio (EoEwg TOu).

Aev gival oTTavia n TEPITITWON OTTOU OEV Eival EPIKTOG TEXVIKA O EAEYXOG TNG
Bepuokpaciag TnNG avtidpaong kKal €101 auTdg yiveTal pe €TTIAOy KaTAAAnAou
OIaAUTN i peiypaTtog OloAuTwy. Taviwg n duvatdtnTa aKpPIBOUSG €AEyXOU TNG

Bepuokpaciag katé Tn dIGPKEIQ TNG AVTIOPACNG ETTITPETTEI TOV oAl dlIaxwpPIoUO
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Twv oTadiwv TTUPAVWONGS Kal JEYEBUVONG Twv KPUOTAAAWY, PE ATTOTEAECUA TNV
TTaPAYWYr VOVOKPUOTAAAWY PE OTEVA KATAVOMN uEyeOwV. AuTté cuuBaivel yiaTi ol

OUo auTég dladikaoieg AauBdavouv Xwpa o€ dIAPOPETIKEG BEPPOKPATIEG.
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Eikéva 1. 2 Zxnuatiky  atmmAotroinuévn  avamapdoTaon  o@AIpIKoU  Vavo-

OWMATIOIOU ETTIKAAUMMEVOU JE EAATKO OEU WG ETTIPAVEIODPATTIKO

H oAokArjpwaon Tng avTidpaong onuatodoTEiTal e TNV YUEN TOU PEIYUATOS TNG
avTidpaong kal akoAouBei n diadikacia kaBapiopou. Katd tn diadikacia autry 6Aa
Ta mMOavda TTapatTpoidvTa, KaTAAoITTa, avTidpwvTa TTou TTBavwg dev €Xouv
avTidpdoel, Kabwg kal o OIaAUTNG OTTOPOKPUVOVTAl Kal TTapaAaufavovral T1a
VaVOowaTidla.

Av Kail 0 €Aeyx0G TOU PEYEBOUG eTTIXEIPEITAI KATA TN DIAPKEIQ TNG avTidpaong, TO
MOAVOTEPO Eival VO CUVUTTAPXOUV Kal KATTOIO CWHATIOIO Un TTIBUPNTOU ueyéBoug,
TTou eival mBavoe va atmopakpuvBouv katd 1n dldpkela Tou kabBapiopou. O
KaBaplopdg ekTeAsiTal pe pia oelipd atmd OlI0dOXIKEG KATAPBUBIOEIG, €KTTAUCEIG,
(PUYOKEVTPNOEIG KAl ETTAVADIOOTIOPEG TWV CWHATIOIWY O€ KATAAANAQ pEoQ
(S10AUTEG), eV N ETITUXNAG PUBUION TNG TaXUTNTOG TWV QUYOKEVTPHOEWV UTTOPEI
va Bondnoel otov €AeyXo TOU PEYEBOUG TWV TTAPAAANPBAVOUEVWY CWUATIOIWV.
Ortav mAéov TTapaAn@Bei To kabapd Tpoidv, SnAadnh n okévn TWV VavOCoWHATIOIWY,
QuTO BIAOTTEIPETAI OTO EMOUUNTO PECO BIAOTIOPAG KAl PUAGCCETAI WG KOANOEIDES

d1dAupa oe ouvOnkeg @UAagNG Tou kabopiovTtal atrd TN UON Tou UAIKOU. Av n
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TTpoava@epOuevn Ol1adIKaoia yivel ATToTEAEOUATIKA, Ta KOAAOEION auTd diaAuuaTa
gival OxeTiIkG oT0oBepd oe PABog xpodvou, ONAadr Ta EMEAVEIOOPACTIKA
QATTOTPETTOUV TO OXNMATIONO CUCCWHOTWHUATWY, TTPAYUA TTOU TTICTOTTOIEITal aTTd
TNV UN KataBuBion auTwv TToU gival opaTh ME TO MPATI KAl TO vavoowuaTidla

dIaTnNPOoUV TIG IBIOTNTEG TOUG.

1.4. MayvnTiIOpnOG Kal HOYVNTIKA VAVOOWHMATISIO

1.4.1. Tevikd TrepPi payvnTiocuou

O payvnTIohOg gival éva @aivopevo KaTd TO OTToio UAIKG aoKouv eTTidpacn
TTAVW 0€ AAAA UAIKG JEOW QTTWOTIKWY 1 EAKTIKWYV QUVAHEWYV Kal €ival yVwOoTOG 1on
atrd TNV apxaloTnTa. 2xed6v 0Aol ol oTToudaiol TTOMITIOPOI TwV APXAiWV XPOVWV
gixav €1iyvwon Twv JayvnTIKWYV QaIvOPEVWYV Kal £iXav KATaQEPEI O€ KATTOI0 Babuod
va Ta eKPETOAAEUTOUV TIPOG OPeANGG Toug (TT.X. MayvnTikh Tuéida). Puoikoi
MOYVATEG QTTAVTWVTAlI 0TV QUON WG OPUKTA, PE TTIO ONPAVTIKO TOV PAyvNTiTN
(Fes0as). H poviun payvATtion Tou  gu@avifouv kKAtmola UAIKA 1 YeVIKA n
OUUTTEPIPOPA TWV UANIKWV EVTOC MPayvNTIKWV TTEdiWV  OQEINOVTAl OE EYYEVN
XAPOKTAPIOTIKA TWV UAIKWYV, TTIO CUYKEKPIMEVA KUPIWG OTAV NAEKTPOVIOKK dOUN
TWV atOPWV Kal 0TV KPUOTOAAIKA dopr) Tou UAIKOU A yevikd Tnv didTagn Kai
aAAnAetTidpaon atopwv Kal popiwv. Ta nAekTpdvIa, WG KIVOUPEVA QOPTId,
EM@AViICOUV payvnTIKY POTTH TTOU OQEIAETAI TOOO OTNV IDIOTTEPIOTPOPI) TOUG (Spin),
000 Kal OTNV TPOXIAKI OTPOPOPN]. 2& KABE ATOPO OI TTEPIOTOTEPEG OTPOPOPUES
OTTIV aAAQ Kal 01 TPOXIAKEG OTPOYOPUES TWV NAEKTPOVIWwY AAANAoeEOUDETE pLIVOVTAI
ava Ceuyn. O1 payvnTiKEG POTTEG TOU OTIIV PTTOPOUV va  KaTaAdpouv duo
KATOOTAOEIG, €ITE Pia «TTPOG TA TTAVW» €ITE Pia avTITTapAAANAN «TTPOG Ta KATWY»
KATeUBuvOorn, TToU €XOUV va KAVOUV HE TO AV TO NAEKTPOVIO TTEPIOTPEPETAI
aploTepOaTpoPa 1 de€lvoTpoPa. Av Twpa Eva NAEKTPOVIO eival o€ KATAoTAON ME
OTTIV «TTAVW», TOTE N JAYVNTIKA TOU POTIr Ba £EOUBETEPWOEI AUTH VOGS KOVTIVOU
TOU NAEKTPOVIOU TTOU €ival UE OTTIV «KATW». TO idI0 cupPaivel Kal yia TIG TPOXIOKES

OTPOPOPMEG TWV NAEKTPOVIWV. H OUVOAIK payvnTIKA pOTTH TTOU eP@avilel AoITTov
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éva ATopo, TTPOKUTITEI aTTO TO ABPOICHUA TWV PAYVNTIKWY POTTWY TwV NAEKTPOVIWV
TOU, TTOU TTPOKUTITOUV TOOO ATTO POTTEG AOYW IDIOTTEPIOTPOPAG OO Kal Adyw
TPOXIOKNG OTPOQOPUNG, AapBdvoviag utmown Kal Tnv €EoudeTépwon OTTwG
TTpoava@EPONnKe. YAIKG Twv OTToiwV Ta ATOUA dIABETOUV TTARPWS CUUTTANPWHUEVEG
NAekTpoVIOKEG OTOIBGOEG (OTTwG Ta adpavh aépia), €u@aviouv HIa OUVOAIKA
AKUPWON TWV PAYVNTIKWY POTTWYV Kal gival aduvaTto va yayvnTioTouv poviua. ‘ETol
AoITTéV Ta ATOPA TOU EKACTOTE UAIKOU PTTOPOUV VA AVTIMETWTTIOTOUV WG JayvnTIKG
QiTToAa, Ta oTT0Ia AAANAETTIOPOUV PETALU TOUG AAAG KAl E TO TTIBAVO £QAPPOLOPEVO
MayvnTikd Tedi0. O1 AETTTOUEPEIEG KOl OI OXETIKOI unxaviouoi Bacifovral petagu
GAAWV Kal 0€ KATTWG TTIO TTOAUTTAOKEG KBAVTOUNXAVIKEG £VVOIEG Kal HAAAOV
gepelyouv atmd Toug OKOTTOUG TnG Trapoucag diatpIfrg. Autd TTou XpeladeTal
TTAVTWG va onuelwBei, givar 611 6Tav dtoua TTou TTAPOUCIAfouV PayVNTIKEG POTTEG
TTANCIAC0UV TO £va PE To AAAO Kal OTav auTd BPEBOUV eVTOG EEWTEPIKOU PJAyvVNTIKOU
mediou, TOTE TEIVOUV va TTPOCAVATOAICOUV avAAoya TIG HAYVNTIKEG TOUG POTTEG, HE
yvwuova Travia tnv eAaxIoToTroinon TG OUVOAIKAG EOWTEPIKAG EVEPYEIAG TOU
ouoTthpatog. ‘ETol Ta UAIKG, avdAoya pE TNV HPAYVNTIKA CUUTTEPIPOPA TOUG,
MTTOPOUV  va  KATnyoploTroinBouv  w¢  diapayvnTikg,  TTapapayvnTika — Kal
oIdNPOMAYVNTIKA, HE IDIAITEPEG UTTOKATNYOPIEC TA AVTIOIONEOMUAYVNTIKA Kal

o1dnpIyayvnTIka.?®
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Eikéva 1. 3 Zxnuartikr avammapdotacn Twy dia@opwy €1I0WV hayvnTIKAS TAENS
KAl TNG CUMTTEPIPOPAG TOUG EVTOG EEWTEPIKA eQapuolduEvoU TTEDIOU

TNV TTEPITITWOoN Tou diagayvnTiopou (diamagnetism), Ta droua dev £Xouv
MayvnTik pot). Otav Bpebouv eviog eEwTEPIKOU payvnTIKOU Trediou, TOTE
ETTAYETAI O QUTA Mia PHayvnTIKR POTTA ME €CAIPETIKA MIKPO PETPO Kal KATEUOUVON
avTiBeTn eKeivng Tou €@apuolouevou TTediou. AuTd o@eileTal TNV UETABOAR TNG
TPOXIOKNG Kivnong Twv nAekTpoviwy egaitiag Tou e@apuolouevou Trediou.
AlgpayvnTiKl CUPTTEPIQPOPA  €TMIOEIKVUOUV OAa T UAIKA, auti n popon
MayvnTiIopou gival OuwG TOOO a0BeviG TTOU ETTIKOAUTITETAI aTTd TOUuG AAAOUG
TUTTOUG payvnTIOPoU, OTav auToi UTTAPXOUV Kal dev €XEl TTPAKTIKA onuaoia. Ta
TTapapayvnTiKa (paramagnetic) uhikd atroteAouvTtal Ao aTtopa 1Tou dIaBEéTouv
Mia péviun SITToAIKA poTrh) e€autiag NUITEAOUG €EOUBETEPWONG TWV ETTINEPOUG
NAEKTOVIOKWY HAYVNTIKWY POTTWV. ATToudia eEwTEPIKOU PAyvNTIKOU TTEQIOU Ol
MayVNTIKEG POTTEG TOUG Eival TuXaia TTPOCAVATONOPEVEG, WOTE TO UAIKO va pnv
EMPaviel JOKPOOKOTTIKA payvATion. ETeid Spwg o1 eTIPEPOUG HaYVNTIKEG POTTEG
gival EAeUBepeC va oTpéPovTal, OTav EQapPUOCTEi TTEDIO, auTEC TTpocavaTtoAiovTal
oUU@WVA WE TO TTEDIO KAl OPOUV EVIOXUOVTAG TO.

Téoo T1a diapayvnTikd, 600 Kal Ta TrapapayvnTikd UAIKdA, BewpouvTal un
MayvnTIKG, €TTeIdr payvnridovral yévo Trapoudia eEwTepIKOU TTediou. YTTAPYXOUV

OMWG KATToIa HETAAAIKA UAIKA TTOU €M@AVICOUV PJOVIUN JAYVNTIKA POTTH) aKOua Kal
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amoucia  €EWTEPIKOU  payvnTikou  Trediou.  Autd  civalr  Ta Aeyoueva
o1dnpopayvnTikda (FM - ferromagnetic) uNikd Kai opgilouv TNV poTTA TOUG OTNV
TTOPOUCIA PN EEOUBETEPWHEVWV ETTINEPOUG POTTWYV (ACUCEUKTA NAEKTPOVIA) KUPIWG
AOYW OTPOYOPMNG OTTIV KAl AlyOTEPO AOYW TPOXIOKAG OTPOPOPMNG. AOYyw
aAANAemdpdoewyv ouleuéng PETALU TwV ETTIMEPOUG ATOUWY, Ol JOYVNTIKEG POTTEG
TEAIKG TTpocavaToAifovTal OAEG TTPOG TNV idla KaTeUBuvon akoua Kai arrouaia
Tediou. Ze oplopéva UAIKA, TO QaIvVOUEVO TNG OUCEUENG TWV HAYVATIKWY POTTWV
eM@avieTal Pe TNV avTiTtTapdAAnAn dIEuBETNON TWV PAYVATIKWY POTTWV PECT OTO
KPUOTOAAIKO — TTAéypa.  O1  payvnmikéG  poTrég  eival dnAadry  evaAAGg
TTPOCAVATOANICPEVEG TTPOG TNV Wia 1) TRV aKPIBWS avTiBeTn kateuBbuvaon, WoTe TEAIKA
OTO oUvoAo va efoudetepwvovTal. Ta UAIKG autd av Kal €XOouv ETTIMEPOUG
MOYVNTIKEG ~ POTTEG, dev  gp@avifouv MayvATIon Kal  ovopadovTal
avtioidnpopayvnTik@ (AFM - antiferromagnetic). TéAog uTtdpxel kair n
TEPITTTWON Twv o1dnpigayvnTiIkwy (FiM - ferrimagnetic) uAikwy, OTTOU Kal O€
QUTA UTTAPXEl avTITTAPAAANAN BIEUBETNON TWV PAYVNTIKWY POTTWYV, KATTOIEG OUWG
UTTEPTEPOUV aPIBUNTIKA €vavTl Twv GAAwvV, Adyw TNG KPUOTOAAIKAG OOUAG TOu
UAIKOU (XOpaKTNPIOTIKO TTOPADEIYUA Ol PEPPITEG, N OOMN TWV OTToIWV Ba avaAuBEei
apyoTepa) €101 TO UAIKO gu@avifel OUVOAIKG POTTH TTPOG TAV Mia i Tnv aAAn
KareuBuvorn.

Ta payvnTiK& XAapaKTNEIOTIKA Twv UAIKWY, OTTWG autd  TTepIEypd@nKav  TTIO
TAvw, eTnpeddovTal Kal atrd Tn Bepuokpaacia. O ATOUIKEG HAYVNTIKEG POTTEG ival
€EAEUBEPEG va TTEPIOTPEPOVTAI, CUVETTWG KABWG n aug¢non Tng Bepuokpaaciog
augavel TIGC BepIKEG DOVAOEIC TWV ATOMWY, Ol OTOMIKEG UAYVNTIKEG POTTEC TTOU
OIaQOPETIKA Ba ATavV TTPOCAVOTOMICUEVEG, TEIVOUV VO  QATTOKTAOOUV Tuxaia
dievBuvon. ‘ET1ol og évav o1dnpo- i o1IdNPIYAYVATN Ol PAYVNTIKEG POTTEG Eival
TIPOCAVATONIOPEVEG KOl TO UAIKO gp@avifel payvATion ot XAPNAOTEPES
BepuoKpaaieg, ME TO PEYIOTO TNG PayvATIoONG va eu@aviletal otoug 0 K. Oco n
Bepuokpacia augavel, ol JayvnTIKEG POTTEG XAvouv oTadIOKA TOV TTPOCAVATOAIOHUO
TOUG AOYyw BEPNIKWV KIVACEWVY JE CUVETTEIQ TNV JEIWON TNG JayvATIoNG. H peiwon
QUTH ouvexiCeTal HEXPI MIO  XOPAKTNPIOTIK Begppokpacia, Tnv  Aeyopevn

Beppokpacia Kioupi (Tc — Curie temperature), 6TTou TTAEOV OI HAYVNTIKEG POTTEG
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gival OAeG Tuxaia TTPOCAVATOAICHEVEG KOl UTTOPOUV va TTPOCAVATOAIOTOUV ME
EQapPOYA €EWTEPIKOU PayvNTIKOU TTediou, OTTOTE TO UAIKO CUMTTEPIQPEPETAI WG
TTapapayvnTikd. H avTtiotoixn Beppokpacia yia Ta avTioIdneopayvnTIKA UAIK&

KaAeital Beppokpacia Ne€A (Tn - Néel temperature).

1.4.2. MayvnTik voTépnon

H emoTtAun Twv UNIKWV €0TIAZEI TO EVOIAQEPOV TNG OTA CIBNPOUAYVNTIKA UAIKA
Kal OTnV EYYEVA MAYVATION TIOU auTA ETTIOEIKVUOUV, QAIVOUEVO TO OTI0IO
EKMETAAAEUOUOOTE TTPOG OPENOG PAG O€ OIAPOPES TEXVOAOYIKEG €Qappoyég. H
MOYVATION TWV UAIKWV QUTWV KAl YEVIKA N CUUTTEPIPOPA TOUG EVTOG HAYVNTIKWV
mediwv ouvodeleTal TTAVTA ATTO éva QAIVOPEVO YVWOTO wW¢ uoTtépnon. O épog
uaTépnon €ionxen yia TPwTtn @opd 1o 1881 amd Tov J.A. Ewing,*® yia va
TTEPIYPAWEI OUCIOOTIKA HIa JAAAOV PN QVOUEVOUEVN CUUTTEPIPOPA OTNV TTOAWON
Kal Ta €TTAyOUEVA PEUPATA O PMETAAAIKOUG aywyous KaTd TNV oTpEWn TOUG UECT
oe payvntiké medio. O Ewing o€ gpyacieg Tou Tou akoAouBnoav, aoXoARonke o
OUYKEKPIMEVA PE TNV MEAETN TWV HAYVNTIKWY QAIVOUEVWYV Kal TNV €TTiIOpACN TNG
uaTEPNONG OTIC KAUTTUAEC payvATIONS delyudaTwy o1drpou kail xaAuBa.3:32 Otav ot
é€va a1dnpopayvnTIKG UAIKO EQapuooTei payvnTiké 1edio, TOTE auTd Ba payvnTIoTEl,
Qa@OU Ol ETTINEPOUG MAYVNTIKEG POTTEG TOU Ba euBUYPAPUIOTOUV PE TO TTEDIO. AV TO
eQappolOpEVO TTEDIO €ival APKETA PEYAAO, TO UAIKO Ba egp@avioel Tnv PEyIoTn
MayVATION TTOU PTTOPE va eu@avioel yia Tn 0edouévn Bepuokpaaia, TNV Aeyopevn
MayvATIon KOpou (saturation magnetization — Ms). EIdIka &€ oTnv TTEPITITWOTN TTOU
TO UAIKO avhkel ota Aeyopeva oKANPEd payvntika UAIKG, TOTE aKOua Kal OoThv
TTEPITITWON TTOU ATTONOKPUVOEI TO TTEdiO, TO UAIKO Ba TTapapEivel uayvnTIOPEVO.
EvdexopEvwg N JayviTIor TOU PE TNV ATTOJAKPUVON TOoU TTEDIOU va gival EAAPPWG
XAMNAGTEPN KAl VA QVTIOTOIXEI O€ WIA TIMA YVWOTH WG TTAPAPEVOUCA HaAyVhTION
(remanent magnetization - My). Na va eTavéABel TO UNIKO O€ pia un JayvnTiopévn
KATtaoTaon, pia Katdotaon MpndEVIKAG MayvATIong, Ba TTPETTEl va €QAPUOOTEI
eEwTePIkO TTedio avTiBeTng KaTeUBuUvong e évraon Hc (coercive field — ouvekTIKO

medio), yiaTi TO UAIKO QvTIOTEKETQI OTNV METAPBOAAR TNG KATAOTOONG TOU,
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eKONAWVOVTAG TO QaIVOUEVO TNG UOTEPNONG. Av ouveyxioel va augdvel n évracon Tou
avTifeTou e@apuolouevou Trediou, TEAIKG To UAIKO Ba @TACEl O€ pia KATaoTaon
MayvATiIong Képou (-Ms), OTTou OAEG O1 E€TTINEPOUG HAYVNTIKEG POTTEG Ba eival
TTPOCAVATOANIOPEVEG AVTITTAPAAANAQ WG TTPOG TNV TTPONYOUUEVN KATAoTaor. Av
emavaAneBei n diadikacia e@apuolovTag Kal TTAAI JayvnTIKO TTeEdio avTiBeTng
KaTeUBuUvVONG oUTWGS WOTE TO UAIKO VA ATTOKTHAOEI KAl TTAAI TNV JayvATIoN KOpou Ms,
TOTE Ba €£x€I OAOKANPpwWOEi évag Bpdxog, TTou av atroTuTTWBEl WG ouvapTnon Tou
eCWTEPIKOU e@apuolouevou TTediou H kal TNG payvATiIong M Tou UAIKOU, KaAgiTal
Bpoxog uoTtépnong (hysteresis loop).

(a) Neploxn Weiss (B)

M |----mmmmmeeaes —
M,
Mg
EB field
S s ==
§ § =
[ E | |
< < . \
3 2 He| || |+He
S (=] | |
S S
_MR
e T T T oo T oo o L S En -MS

Evraon payvntikou nebiou, H

Eikéva 1. 4 a) Zuutrepipopd M vs H yia o1dnpo- f o1dnpipgayvnTIKO TTOAUKPUOTAAAIKSG UAIKO,
apxiKG pn payvnmiopévo. [lMapouoidletal n €€EANIEN Twv  PAYVNTIKWY  TTEPIOXWV KOl
emonuaivovTtal Ta 6pId Toug (Treploxég Weiss). B) Edv 10 idlo UNKO uTTooTEl évav KUKAO
EUBEWV Kal aVTIOTPOPWV KOPETHWYV PayvATIoONG, Ba AngBei o Aeyopevog BPOX0G uaTEPNONG.
Edv 10 UAIKO TTOpOUCIAlel KATTOIOU €i0OUG avICOTPOTTIA avTaAAayng, TI.X. OIETTIQAVEIEG
OIAPOPETIKWVY HAYVNTIKWY QACEWY, TOTE n OpICOVTIO HPETATOTTION TOU BPOXOU OTTOTEAEI
€vdeItn utTapgng tmediou TTOAwonNG-avtaAAayng (Hes — Exchange Bias)
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O1mrwg Tpoava@Epbnke AoITToOv, ava@épouue ws OKANPA payvnTiKA UAIKA, autd
Ta otroia epbéoov Bpebouv og Tedio H = Ms, atmokTouv Tnv payviTion Kképou, Tnv
oTroia diaTnEoUV Kal PETA TNV atmopdkpuvon Tou Trediou. AuTd Ta UAIKA eival
KATAAANAQ yia €QapuOoyEG TTOU aTTAITOUV POVIMOUG payvnTeS. Epgavifouv padhioTa
Qapdeig, TETpAywVIOPEVOUG BpOXoug uoTépnong, ot avTtiBeon pe Ta POAAOKA
MayvnTIK& UAIKA. Ta paAakd UAIKG €xouv TTOAU OTeEVOUG PPOXOUG uoTéEPNONG,
ATTOTEAOUV TTPOCWPIVOUG JAYVATES KAl XAVOUV TNV JAYVATIOT TOUG OXETIKA EUKOAQ
1 MOAIG TO €CWTEPIKO TTEDIO ATTOPAKPUVOEL. 'Eva UNIKO PTTOPET va XAPOKTNPIOTET WG
MO JAAOKO A TTI0 OKANPO hJAYVNTIKA, CUYKPIVOUEVO PE KATTOIO AAAO. TTOAAEG pOopEG
OKOUQ Kal JEoA OTO id10 TO UAIKG, AOYyw KPUOTAAAIKNG QVIOOTPOTTIOG, N HAyVATION
KATA MRKOG £VOG KPUOTAAAOYPOQPIKOU AEova gival EUKOAOTEPN O€ OXEOT ME KATTOIOV
GAAO. To UAIKS epgaviCel dBnAadr) Toug AeyOuevoug eUKOAOUG Kal DUOKOAOUG AEOVEG
jayvATiong (easy/ hard axis), éva @QQIVOUEVO YVWOTO WG MAYVNTOKPUOTAAAIKA
avIoOTPOTTIA.

Etreidr) 6pwg otnv Tpdén otraviwg JEAETAUE HOVOKPUOTAAAIKA JayvnTIKA UAIKA
(Me €Eaipeon iOWG  KATTOIOUG  TTOAU  MIKPOUG  VOVOKPUOTAAAOUG  TTOU
OUMTTEPIPEPOVTAl WG POVOKPUOTAAAOI) Kal dedopévou OTI Ta UAIKA KAatd Kavova
arroreAouvtal at1rd  OIAPOPESG KPUOTAAAIKEG TTEPIOXEG (KOKKOUG) OIaQOPETIKA
TTPOCAVATOANIOPEVEG HETAEU TOUG, O KABE KOKKOG ATTOTEAE Wia auTOvoun payvnTiKA
mepioxr). Evidg Twv TTEPIOXWV auTWwy, OI JayvnTIKEG OITTOAIKEG POTTEG Eival
eUBuypapuIopéveG oTnV idIa KaTeuBuvon. AUTEG O TTEPIOXEG Eival YVWOTEG WG
«magnetic domains» 1 «1TepIoxEG Weiss» kal ol d10dIKaoieg TTou ava@éponkav
MO TTAVW KaTd TNV TTEPIYPAP Tou Bpdxou uoTEPNONG, OUCIOOTIKA aPOPOUV GTNV
MayVvATION Kal Tov OTadiako TTPocavATOAICNO OAWV QUTWV TWV HAyVNTIKWV
TepIoXwy. MNa va gipaoTe Aoimtdv akpIBEoTeEPOI, N EKOHAWON TOU QAIVOUEVOU TNG
uoTéPnong ouviABws a@opd OTOV TTPOCAVATOAICHO TWV PAYVNTIKWY TTEPIOXWV,
TTaPd OTOV TTPOCAVATOANICUO HEPOVWHEVWY HAYVNTIKWY POTTWV. AKOUA KOl 0 KABE
KPUOTAAANIKOG KOKKOG PTTOPEI VA ATTOTEAEITAI ATTO DIOPOPETIKES TTEPIOXEG, Ol OTTOIEG,
€I0IKA OTNV TTEPITITWON TTOU TO UNIKO Bev €XEl payvnTioTEl aTtrd eEWTEPIKS TTEDIO,
MTTOpOUV va  TTpocavaTtoAifovral Katd TETOIOV  TPOTTO KAl akoAouBwvTag

OUYKEKPIPEVA POTIRA, oUTwS WOoTe v TEAEI va axnuUaTi(ouv KAEIOTOUG PJayvNTIKOUG
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Bpbxoug aAAnAoECOUdETEPWVOVTAG TNV PAYVATION TOUG KAl EAAXIOTOTTOIWVTAG TNV
evépyeld Toug. O1 TTEPIOXEG QUTEG YwpiovTal atmd payvnTiKa ToixwuaTta. Ta
MayvnTIKG Toixwpuata €ivar dnAadn Ta Opia YETAEU TTEPIOXWYV HE OIAPOPETIKO
TTPOCAVATOANIOPO  PAYVNTIKWY  POTTWV. ZUVABWG TO payvnTIKO ToiXwua Ogv
EM@aviCeTal JE aKaplaia avTioTPo@n Twv payvnTikwy OImmoAwyv. ‘Eva payvnrikd
TOIXWHA PTTOPEI VO EKTEIVETAI O€ €va €UPOG APKETWYV PEMOVWHEVWY PAYVNTIKWY
poOTTWYV, OTToU auTéG OTadIaKA aAAdlouv Tn Ol1EUBUvVOR} TOug aTO TNV Hia
KateuBuvon otnv GAAn, kavovtag Tnv aAAayry autry otadlokr, TTIO OJAAR Kal
evepyelakd euvoouuevn. Otav 10 UAIKO Bpebei evtog tmediou, TOTE Ta PayvnTiKA
TOIXWMOTA TTOU TUXaiVEl va gival dN TTPOCAVATOAICUEVA CUPPWVA UE TO EEWTEPIKO
1edio, apxifouv va HeyaAwvouV e Evav unxavioud TTou TTepIAaUBAvEl TN OTAdIOKN
TTEPIOTPOPH HAYVNTIKWY POTTWV CUPQWVA ME Ta 6ca Trpoava@épdnkav. Av
MTTOpOUCANE va dOUPE AUTH TNV METAROAN) HAKPOOKOTIIKA, Ba éuolade he Kivnon
TWV PAyVATIKWV TOIXWHATWY OUTWG WOTE va euvonBei TeAIKA évag kal Povo
TTPOCAVATOAIOHOG POTTWY, AUTOG TTOU CUMQWVEI JE TO ETTIBAAAOUEVO TTEDIO. MEvIKG
TA POYVNTIKA QAIVOUEVA TTOU gu@avifovtal oTa Opla (ETTIPAVEIEG, OIETTIPAVEIEG,
MayVNTIKA TOIXWHATA), £XOUV OPKETO €VOIAQPEPOV KOl ONUAVTIKEG TEXVOAOYIKEG

EQPAPMOYEG, OTTWGS Ba doUuE OTO KEQPAAQIO TTOU OKOAOUOBEI.

1.4.3. Aieme@aveieg, @aivopeva ouleung — avraAAayng Kal EQAapHUOYES

Ta @aivoueva TToU £XOUV TTEPIYPAPET JEXPI OTIYHMAG KAl N MayvNnTIKA TAgn TTou
TTPOKUTITEI OTOUG CIBNPEOUAYVATEG KAl AVTICIONPOUAYVITEG, €iVal ATTOTEAEOUA TWV
aAANAemOpdoewy oUleuéng — avioAAayng MPETALU payvnTikwy potrwv. Ol
AAANAETTIOPACEIG AUTEG TTPOKUTITOUV OUCIACTIKA atTO AAANAETTIOPAOEIG KOUASUTT
(Coulomp) pETALU NAEKTPOVIWV YEITOVIKWY ATOPWY KAl UTTOKOUV OTOUG VOUOUG TNG
KBavTouNXavIKAG Kal TNV aTTayopEUTIKY apxr Tou Pauli, TTou atrokAgigl Tnv Utrapén
OUO nAekTpoviwv oTnv idia KBavTIK Katdotaon. Av TTAPOUKE TO ATTAOUCTEPO KAl

KAQOIKO TTapAdEIyUa €VOG OUOTAUATOG 2 NAEKTPOViWv, TOu popiou H2 kal

22



KE®.1 - EISACOMH

EQAPUOCOUE TIC EEICWOEIC TN KBAVTOUNXAVIKAG,32 KATOAYyOUHE O€ pIa evépyela
AvTaAAQYNG, TTOU EKPPACETAl WG
e= -2(/h*) 51" 5, (1)

OTr0U S1,S2 TA OV TWV OUO NAEKTPOViIWV Kal J TO OAOKARpwa aviaAAaynig. MNa
TTOAAATTIAG QTOMIKA OTTIV NAEKTpoviwy S1 kal Sy Kal av 10 h? evowpatwesi otnv
oTaBepd avrallayng J, o Heisenberg e¢€@paoe TNV yevikeupévn XauIATwviavr) Tou
wg

H= -2J5;-5, (2)

Otrou §4, S,, adidoTtarol TeAeoTéC ommiv. H oT1aBepd aviaAhayAg J €xXel HOVADEG
EVEPYEIOG Kal ouxva ekppdletal oe KEABIv, diaipoUuuevn WE TNV OTABEPA TOU
MTtoAT¢pav ke. J > 0, uttodeikvuel o1dnpopayvnTiky aAAnAetidpaon, evw J < 0
avTiodnpopayvnTikr. Av BéAoupe va eKQPAcOUPE TNV XaUIATWVIavVE yia €va TTIo
EKTETAUEVO  TTAEyua, AauBdavovtag uttown MOvo TIG OAANAEMOPAOEIS TWV
TIANCIECTEPWYV YEITOVWY, TOTE EXOUME

H= -2 Zjl-,-si -8 3)

i>)

‘Eva agloonueiwTo QAIVOUEVO HUE ONPAVTIKO TEXVOAOYIKO €evlIa@épov Eival TO
@aIvopevo TNG TTOAWOoNG AOyw avTaAAayig, yvwoTd oTnv ETTICTNHOVIKA KOIvOTNTA
w¢g «Exchange bias». To OUYKEKPIUEVO QPAIVOUEVO QVAQEPETAI OTNV AYKIOTPWON
€EVOC AETITOU OTPWHATOG HAYVNTIKWY POTTIWV MECO O€ HIa aidnpouayvntikn (n
o1dnNEIJayvNTIKA) @Aaon TTPog évav TTPooavaToAiopo, Adyw aAAnAeTTidpaon g Toug
ME YEITOVIKA avTiodnpopayvnTiKA @don. Baoiki TpoUTTd0eon yia TV EPPAvion Tou
QaivopEvou gival n yerrviaon dUo Acewy O1dNPEOUAYVATN - avTICIdONPOPAYVATN, N
utrapgn dnAadr oxeTIknG diemipavelag. O avTiodnpopayviTng Adyw TNG OUVOAIKAG
MNOEVIKAG TOUu payvATIONG, e€TTnpeddetal  eAdxioTa amd  €va  €CWTEPIKO
eQappolOpevo TTEDIO Kal £TO1 Ol JAYVNTIKEG TOU POTTEG TTAPAUEVOUV OXEDOV WG
éxouv. Méoa otnv yeimovik o1dnpo- (i o1dnpl-) payvnriky @Acn, Kovid oTnv

OIETTIPAVEIA TWV dUO PACEWY, OXNUATICETAI Eva AETTTO UPEVIO POYVNTIKWY POTTWV
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TTou €ival TTPooavaToNIoPEéVEG (OUCEUYMEVEG) OUMQWVA MWE TIGC POTTEC TOU
avTiodnpopayvAtn Adyw @aivopévwy avtaAdayng. Av utrtoBécoupe OTI Kal Ol
UTTONOITTEG  PAYVNTIKEG  POTTEG  TOU  OIdONPOMAYVATN  €XOUV  apXIK&  OuoIo
TTPOCAVATOANIONO, PE AUTO TWV OCUCEUYMEVWVY POTTWV TNG JIETTIPAVEIAG, TOTE O€
TEQITITWON TIOU  ETTIXEIPACOUUYE vaA  TIG TIPOCAVATOAIOOUME  avTITTapAAAnAa
QVTIOTPEPOVTAG TO £QapUOolOuevo TTEDIO, auTd Ba £xel éva €TTITTAEOV EVEPYEIAKO
KOOTOG YIO TO OXNUATIOMOU HAyvNTIKOU TOIXWHOTOG, aPOU Ol POTTEG TTOU Eival
OUCEUYMEVEG UE QUTEG TOU QVTIOIONPOMAYVATN QVTIOTEKOVTAI EVIOVOTEPA OTNV
aAAayn TnG dieUBUVONG Toug. Eival ouoiaoTikG oav va UTTApXEl OTO ECWTEPIKO TOU
OuoTAMATOG £va eTTITTAEOV TTEDIO, £va DUVANIKO TTOAWONG, TTOU TTEIPAPATIKA YiVETAI
QVTIANTITO HECW TNG METATOTTIONG TOU BPOXOU UCTEPNONG KATA PIKOG Tou dgova X
(dEovag Tou TrEdiou H). To @aivépevo TTapatnpABnKe apXIKA OE MPEPIKWG

ofeidwuéva owuaTidia KoBaATiou To 1956.34

1.4.4. Mayvnrikoi NavokpuoTaAAol

210 oupTtrayn UAIKA (bulk), To oxnua kai To péyebBog oudoAwG eTTnpedlouy oTnV
TTPAEN TNV YAyVNTIKI TOUG CUMTTEPIPOPA. O1 payvnTikES TOug IB1IOTNTES (Ms, He, Tc)
OIAPOPPWVOVTAI OTTOKAEIOTIKA PE BACN TN XNMIKN KAl KPUOTAAAIKF) dour TOUG Kal
TNV UTTopgn arteAsiwv o€ autd. Ta payvnmikad VavoUAIKG at1rd Tnv  GAAn
KUPIAPXOUVTaI aTTO QAIVOUEVA TTETTEPOACHEVOU UEYEBOUG KOl PAIVOUEVA ETTIPAVEIWV
(finite size - surface effects) kai SdlaoWPATIOIOKEG AAANAETIOPAOEIC, €VW N
MayVNTIKA CUUTTEPIPOPA TOUG CUXVA BIAQOPOTTOIEITAl ATTO AUTH TWV AVTIOTOIXWV
bulk UAikWV.3® ETTiong n payvnTIKA ) CUPTTEPIPOPA TWV VAVOKPUCTAAAWY UTTOPET VO
puBuIoTEi pE TN dnIoupyia oUVBETWY UBPIDIKWY oUWV, OTTWG VIO TTAPAdEIYUA O
owpaTidla  TUTTOU  TTUPAVO-KEAUQOUG, KaBwG  €Tmiong Kol PEOw  Twv
OAANAETTIOPACEWY PEPMOVWHEVWY CWHATIOIWY O CUUTTAEYUATA KAl QVTIOTOIXEG
vavodouéc.38:37:38 Ogov agopd Tnv £TTidpaacn Tou PeyEBOUG OTOV PAYVNTIOUO, QUTH
oQeileTal  KUpiwg oOTov KBAVTIKO TTEPIOPIOPO  TWV  NAeKTpoviwv (quantum

confinement), evw 6cov a@opd Ta £TMIQAVEIOKA QAIVOPEVA, auTd eEnyouvTal aTrd
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TNV diatdpa&n NG KPUoTaAAIKNG douAg (symmetry breaking) kovrd oTta opia Tou
owpaTidiou, AauBdvovtag utrown OTI OTA VOVOOWMATIOIa éva PEYAAO TTOCOOTO
aTtOPwyV BpiokeTal Kovtd oTta opia (emm@aveia). ‘Evag aAAog TTOAU onuavTikog
TTOPAYOVTOG OUWG OTNV TTEPITITWON TWV VOVOKPUOTAAAWY gival Kal TO OXANA TOU
owpatidiou. H diagopoTroinon oTo oXAua CuvapTATal CUVABWG PE TNV ETTIKPATNON
Miag kpuoTaAloypa@ikng KateuBuvong évavtl Twv GAAwv (euvoeital dnAadn n
QVATITUEN TOU KPUOTAAAOU TTPOG Wia OUYKEKPIMEVN KATEUBUVON), KATI TTOU YTTOPEI
va  €l0aydyel  JayvnToKpuoTaAAIKA  aviooTpoTria oTo oucoTtnua. ETmiong n
TPOTTOTTOINON TOU OXNMATOG dUvATAl VA TPOTTOTIOINCEI TO TTWG dlaTAdcoovTal Ta
OTIIV OTNV ETTIPAVEIQ TOU CWHPATIOIOU KAl £TCI PUTTOPEI VA £XOUUE VIO TTAPAOEIY U
MEiwon TNG payvATIoNg AOyw KekAIévwy oTTiv (canted spins), dnAadr oTTiv TToU
AOYW ETTIPAVEIAKWY ATEAEIWV, AUON TNG CUMMETPIAG, OKPWY, YWVIWV KATT Ogv
TpoocavaTtoAi¢ovTtal atroAuTa ot d1EUBUVOTN Tou TTEDIOU.

‘Evag payvnTikdG vavokKpUOTOAAOG HE OXETIKA PeyAAo uéyeBog, uTtropei va
BewpnOei WG UAIKG pE TTOAAEG HayVNTIKEG TTEPIOXEG, DIOXWPIOPEVES PE PAYVNTIKA
TOIXWHOTA, OTTWG AKPIBWGS KAl OTNV TTEPITITWON TWV JAKPOOKOTTIKWY UAIKWV. OTav
OMWG TO MEYEBOG TOU MEIWOEI aPKETA Kal TTEPIOPIOOE KATW aTTé éva KpPIioINo
MéyeBog, Tou eival OIaQOPETIKO ava TrepioTacn, TOTE O VAVOKPUOTAAAOG
OUMTTEPIPEPETAI OaV va gival Miag POvVO TTEPIOXNG. 2&€ TTOAU HIKPG uEyEDN
(ehaxioTwyv vavopétpwy) T FM 1 FIM ouoTthuaTta €xouv Tnv Agyopevn
uTTEPTTapapayvNnTIKA (SPM - superparamagnetic)3® ouptrepipopd, Kabwg n Yeiwan
TOU MEYEBOUG OUVETTAYETAI KAl PEIWON TNG AVIOOTPOTTIAG TOU KPUOTAAAou. ‘ETol
edeavifouv Tuxaia aAAayry dielbuvong TNG PAyVATIONG, ME Tnv €mmidpacn Tng
BepuoKpaaiag Kal Vo, XwpPig EQappoyrh CwTEPIKOU TTEdIOU.

NAauBdavovtag uttéwn Ta didgopa €idn PayvnTikKAG avioOTPOTTIAG TTOU €XOUV
TTpoavaQePBei (aviooTPOTTIO KPUOTAAAIKA, OXAMOTOG, avTaAAayrnig) MTTOPOUNE va

EKQPACOUNE TNV EVEPYEIQ JAYVNTIKAS AVICOTPOTTIOG

E(8) = K,s;Vsin? (4)
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O1ou Keff N 0T0Bepd avicoTpoTriag, V 0 OyKog Tou vavokpuoTaAAou kal 6 n ywvia
TTOU oxnuatifel n PayvATion YE Tov dfova €UKOANG payvhATiIong (easy axis). Av
aug¢noouue Tn BepuoKpacia Tou CUCTAPATOS Kal N Beppikn evépyela keT TEAIKG
uTTEPPE TO evePYEIOKO PPAYHA KerfV,TOTE N JayvATION aAAGZEl EUKOAO KaTEUBUVON
(flipping) kai €xoupe TTAAI TTEPITITWON TTAPANAYVNTIKOU (UTTEPTTAPANAYVNTIKOU)
ouoThpartog. H Beppokpacia otnv otroia yiveralr autr n JETABOAR, n Bepuokpaacia
TTOU QVTIOTOIXEI OTnNV UTTEPTTAONON TOU E€VEPYEIOKOU auToU @payuol Adyw
MayvnNTOKPUOTAAAIKAG avioTpoTriag dnAadr|, KaAgital evépyela PTTAokapiopatos (Te

— blocking temperature) kai divetal atro Tn oxéon:

_ KegpV (5)
B 30k,

Otou Keft N 0T0BEPA avicoTpoTriag, V 0 OyKOog Tou vavokpuoTadAAou Kal kg n
otaBepd Boltzmann. H Beppokpacia autr) e€aptdral ammd ToV TTEIPAPATIKO TPOTTO
METPNONG (EQapuolOuevo payvnTiKO TTEdIO, XPOVOG PETPNONG) Kal OEV ATTOTEAEI
eyyevy 1010TNTA  TwV  vOvOOWUATIOiwV.  2uvhBwg METPATAI N HAYVNTIKA
EMOEKTIKOTNTA OEiYMATOC KATA Tn B€pPavaon, TO OTT0I0 OPWS TTPWTA €XEl WUXOEI
XWpic 1edio Kal oTn ouvéxela utrd Tredio. ATTEIKOVICETAl WG £va PEYIOTO TNG
KAWTTUANG payvATIONG CUVOPTAOEI TNG BEpUOKPATiag.

2€ UWPNAEG Beppokpaaies, eIBIKA OTaV aUTEG €ival apKETA uWPNAOTEPES aTTd
TNV T 01 GAANAETTIOPACEIG PETAEU TWV PEPOVWUEVWY OCWUATIdiwY dev TTaifouv
1I010iTEPO POAO. Z€ XAUNAOTEPEG OPWG BepuoKpacieg auTéS ol aAANAemIdpdoEIg
QTTOKTOUV MIA TTIO OUCIAOTIKA CUVEICQOPA. 2Ta MayvnTIK& VOvOOouoTAUOTA Ol
ONMAVTIKOTEPEG TETOIOU €i0OUG OAANAETTIOPACEIC €ival O AeyOUEVEG OITTONIKEG
aAnAemdpdoeig (dipole-dipole interactions). Autég ol aAAnAemdpdoelg €ival
TTapoUCEG o€ OAa Ta PayvnTiK& ouoThuaTta Kai €ival AANOTE aoBevEOTEPES Kal
AGANOTE 10XUPOTEPEG. 2€ OUOTAMATO OTTOU TA VAVOOWHMOTIOIO €ival OXETIKA
QATTOPAKPUOPEVA 1 Kal EAEUBEPA KIVOUUEVA (TT.X. MayVNTIKA uypd - ferrofluids KATT)
ol OITTOAIKEG OAANAeTIOpAcEIg gival HAAAOV apeAnTéeg. ATTO Tnv GAAn, Otav Ta

vavoowuaTidla gival ayKupwpéva o€ oTaBEPEC DOUES KAl EPXOVTAI EV YEVEI OE TTIO
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oTevr] TTAQN, OI AAANAETTIOPACEIG €ival ONUAVTIKEG KAl JTTOPOUV VA EUPAVIOTOUV

AAANAETTIOPAOEIG AVTAAAQYNG VIO TIG OTTOIEG £XEI NON YiVEl AOYOG TTPONYOUNEVWIG.

1.5. AouAegUovTag Je VaVOUAIKA: UYIEIVH Kal ao@AAEia

2€ AUTO TO onueio gival PAANov XPAOIPO va yivel pia avagopd ota BEuara
QOQAAEIAG TTOU TTPOKUTITOUV ATTO TNV €PYACia PE vAVOOWMATIOIO Kal TN XPHon
TEAIKWV TTPOIOVTWYV TTOU TTEPIEXOUV VAVOOWHATIOIA. Ta vavoowuaTidla £X0UV UTTEI
OXETIKA TTPOC@aTa oTn (wr pag, OmoTe Ol CUVETTEIEG aTTd Tnv €KBeon Tou
opyaviopoU Kal Tou TTEPIBAAANOVTOG O€ auTd dev £Xouv PEAETNOET akOua TTANPWG.
MNa autd 1oV AGYO, Ol EQAPPOLOPEVOI KAVOVIOUOI TO AVTIMETWTTICOUV OUXVA WG £V
ouvauel PAaBepd, akdua kal av Oev UTTAPXOUV ETTOPKN OToIXEIQ TTou va
UTTOOTNPICOUV KATI TETOIO. 2TNV TTEPITITWON TWV KAAOIKWY UAIKWV 1] XNUIKWYV
OUCIWV, N Tagivounon Toug yivetal he Bdaon 1ig mOavES TIRAABEIC OUVETTEIEG TTOU
€Xouv yia 1O TTEPIBAAAOV Kal Tov AvBpwTTO Kal Pe BAOn TOUG QUOIKOXNMIKOUG
KIVOUVOUG TTOU TTPOKUTITOUV KOT& T Xprion Toug, dnAadr Kivouvog @QwrTidg,
€KpPNENG, €KAuong TogIKWV agpiwv KATT. Q¢ TTpOg Toug KIVOUVOUG yia To TTEPIBAAAOV
Kal Toug {wvTtavoug opyavioPoUs, QUTOI EKTINWVTAI OUVABWG ETTEITA OTTO PEAETEG
TOEIKOTNTAG KAl TN OUVOAIKK yvWwaon TTou gival d1aBéaiun ETeima atmo xpoévia Xprong
KATTOIWV UAIKWV Kal EVOEXONEVWG aTUXAUATA A ETTIKIVOUVA TTEPICTATIKA TTOU £XOUV
AGBel xwpa Katd 10 TTAPEABOV. MNa va ekTiunBei n €mmKIVOUVOTNTA PIAG OUCiag
AapBdavovtar uttdwn o1 €yyeveig Kivduvol TNG OUyKeKpIYEvNG ouaiag (yia
TTOPAdEIYUO HIO OUCia PTTOPEI va €ival KATAYEYPAPMEVN WG KAPKIVOYOVOG), O
QVOUEVOUEVOG XPOVOG £KBEONG O€ AUTH, N TTooOTNTA £€KBEONG, AAAG Kal 0 TPOTTOG
€KOEONG TTOU OUCIOOTIKA ava@EépeTal OTO TTWG Ba €I0€ABeI AuTry N oudia oTov
avOPWITIVO opyaviouod (EI0TTVON OTUWY, £i0000¢ HETW TWV BAEVVOYOVWY KATT).40:41
OAa autd £xouv wg atroTéAeoua va kaBopifovTal Katrola 6pia ac@aAcgiag, avaloya
ME TOV TUTTO €KkBeong o€ €vav MOavwg BAATITIKO TTapdyovTa.

Ooov agopd Ta vavoowuatidla, TTPOooEeyYi(oOUPE Ta {NTAUATA ao@AAEiag aTro
OUo TTAeUpEéG. MpwTov, EKTINWVTAG TOUG EYYEVEIG KIVOUVOUG TNG EKACTOTE OUTIAG,

TNV TOEIKN, dNANTNEIWAN 1 £peBIOTIKN dpdon KATT TTou £XEI MIQ ouaia, avecdpTnTa
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av autl douAevletal o eTTiredo vavokAipakag 1 bulk uAikou. Aegutepov, Ta
VaVOOWMATIOIa €XOUV TO XAPOKTNEIOTIKO TOu 18IAITEPA MIKPOU MeyEBOUG. AuTo
onpaivel 0TI UTTAPYXOUV 000i €10600U EVOG VAVOOWHATIOIOU OTO WA, TTOU OTNV
TTEPITITWON MEYAAUTEPWY UAIKWV dev ugioTavTal. Mia xnuikf évwon mmou wg bulk
UNIKO dev TTapouaidadel 1d1aitepn emmikivouvoTnTa, d10TI dev EKAUEI TOEIKOUG OTUOUG,
gival oTaBepn) oTig ouvnBeIg TTEPIBAANOVTIKEG OUVOAKEG Kal av TN XEIPIOTEI KAVEIQ
ME TOUG OTOIXEIWDEIG KAVOVEG AC@AAEIAg, TIPAKTIKA OV PTTOPEI VO TTPOCRAAAEI TOV
OPYQVIOMO, €ival TBAVOV va £YKUPOVEI duvNTIKOUG KIVOUVOUG OTAV £TTECEPYATOEi
ot emiTTedo vavokAipakag, agou aAAdlouv ol TpoTTol MBavAg TTPooROARS.4? Mevika
€VTOG TNG EupwTraikng ‘Evwong, n mapaywyr, S1a8ean Kal XpAon XNMIKWY oUWV
diEeTal amod dUo Kupiwg kavoviopoug, Tov REACH (Registration, Evaluation,
Authorization and Restriction of Chemicals — Kataxwpion, AgioAdéynon,
Ad€1000TNON Kai [Meplopiopoi Xnuikwyv TTpoidvTwy) kal Ttov CLP (Classification,
Labelling and Packaging — Ta&ivéunon, Emonuavon kai Zuokeuacia). O
Kavoviouog REACH trapéxel Eva TAaiolo Kavovwy d1ac@ali(ovTag Hag atro Toug
MOavoUug KIvOUVOUG TTOU TTPOKUTITOUV aTTd TNV TTapaywyr Kal XpAon 6Awv Twv
XNUIKWV OUCIWV TTOU XPNOIJOTToIouvTal TOOO O€ BIounxavikr) KAipaka 600 Kal atro
Tov TEAIKO XprjoTn, avaBétovrag Ouws 1o BAPOS TNG €uBUVNG OTIC ETTIXEIPATEIC.
Mépog Tou Kavoviouou REACH eival n €kBeon xnuIKAG aoc@dAesiag (CSR —
Chemical Safety Report) TTou kataypd@el Kai agloAoyei Toug Oavoug KIivOUvoug
ME BAon Ta oevapla €KBeoNG (exposure scenario) o€ XNUIKES ouaies. O KavovIoPog
CLP Aaupavel ouclaoTIKG uTtTOWn TNV UQICTAUEVN YVWOT VIO TNV EKAOTOTE OUTia
Kal puBuilel TOUG KAVOVEG OUAvVONG TwV TTPOIOVTWY, WOTE 0 XPAOTNG VO UTTOPEI
€UKOAQ va avayvwpioel evoeXOPEVOUG KIVOUVOUG Kal va TTPoRei oTa KATtaAAnAa
METPpa TTpooTaciag. ‘ETol TTPOKUTITOUV Ta yVWOTA TTIKTOYPAPUATA, Ol €IKOVEG
OnAadr TTou cuvodeUouv TA TTPOIOVTA KAl OTTOTEAOUV PEPOG TNG CUOKEUATIOG
QUTWYV, TTaPEXOVTAG  TTANPOQYOPIEC yia TNV TOEIKOTNTA, E€UPAEKTIKOTNTA,
epeBIOTIKOTNTA KATT. a Ta vavoUAIKA &ev uTTdpxouv pnTéG ATTAITACEIS TTOU va
TTPOKUTITOUV ATTO QUTOUG TOUG KAVOVIOPOUG Kal ouviBws auTd TagivououvTal Kal
onpaivovtal ue BAcn Tov opIoUO TNG AVTIOTOIXNG OUTIAG, AV AUTH AVOQEPETAI OTOUG

OXETIKOUG Kavoviouougs. Etriong ouxva n diakivouuevn TTooo0TNTA €ival HIKPOTEPN
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aTTd TNV ATTAITOUMEVN YIa TNV évTagn o€ auTd Ta puBpIoTIKA TTAaioia. H EupwTraikn
‘Evwon, AapBdvovtag uttéyn TIG EUTTOPIKEG TTPOOTITIKEG TWV VAVOUAIKWY, EXEI
AvVayvWEIoEl TNV avaykn agloAdynong Twv KIVOUVwWY atro Tn Xpron VavoUAIKWY Kal
MEOW TNG apuodIag eUpWTTAIKNG apxng yia T1a xnuikd (ECHA — European
Chemicals Agency) éxel kivnrotroin®ei ndn woTte va atmokTnOei €TapPKAG
ETTIOTNMOVIKA KAl TEXVIKI YVWOonN oUTWGS WOTE VA TTopolV va Tagivoundouv ocwoTd
Ol VEEC AUTEC HOPPEC UNIKWV OTa TTAQioIa Twv Kavoviouwyv REACH CLP.* lMNa Tov
OKOTTO auTo €X0ouv XpnuatodoTnBei oxeTika épya, 0TTwg T0 NANOREG (€Ange Tov
PeBpoudpio Tou 2017) kai To NanoSafety Cluster (TTou Bdaoel oxediaouou Ba

ouvexile ue EupwTraikn xpnuatodoTnon TouAdxioTov péxpl 1o 2020).

1.5.1. ZWwOTEG EPYAOTNPIOKEG TTIPAKTIKES

Otmrwg mTpoava@épBnKe, O KAVOVIOTIKEG PUBUICEIS yia TNV ao@AA&ia Twv
VOVOUAIKWV  gival €ANITTEIG, €V KAl O MPIKPEG TTOOOTNTEG VAVOUAIKWY TTOU
TIPOKUTITOUV ATTO €PYACTNPIOKAS KAIMOKAG Trapaywyrp oUutws 1 AAAwg dev
EVTAOCOVTAl OTA TTAPATTAVW PUBNICTIKA TTAaioIa. @a yivel AoIrdv edw pia guvToun
ava@opd OTIC EPYOOTNPIOKES TTPAKTIKEG TTOU akoAouBnBnkav katd Tn SlIGpKEIa
EKTEAEONG TWV TTEIPAUATWY TIG TTApoUcag OIaTPIBAG Kal TTou Bewpeital KaAd ev
YEVEI VO TNPOUVTAI KATA TOV XEIPIOHWO VAVOOWUATIOIWY O £pyacTnpIako eTTiTTedo,
QaPOU QUOIKA TNPOUVTAI Ol KAVOVEG KOl OXETIKEG DIATAEEIG TNG VOPOBETiag, OTTou Kal
OTAV UTTAPYOUV.

H mrapaokeur Twv vavoowuaTtidiwv £yive pe neBGdoug uypng Xnueiag oe
KAEloT ypauun Schlenk. MapoAa autd AapBdvovrav OAa Ta atmmapaitnta PyEoa
TPOOTACIAG IO TNV TTPOPUAALN OTTO EKTIVACOOUEVA OTAYOVIdIA O€ TTEPITITWON
KOKOU XEIPIOPOU, ATTOTONNG METAROANG BEpPOKPATIiag TOU WiyHATOG, ATTOTOUNG
METABOARG TTieong KATT. AuTtd onuaivel 0TI n ouvBeon AGuBave xwpa TTavra YEoa
o€ ammaywyd ME KAEIOTO TOV PTTPOOCTIVO TTPOCTATEUTIKO uaAoTTivaka, otav dev
yIvOTaV KATTOI0G XEIPIOPOG OTN YPAUUN, O€ ONUEIO TTOU va dIac@aAICETAI ETTAPKNAG
por) aépa ato Tov TTEPIBAAAOVTA XWPO TTPOG Tov atraywyo (10 - 15 cm TrepitTrou

aTTo TO €TTITTESO TOU £pyacTnpPIakoU TTaykou). MNavta Katd 10 XEIPIoPO TS YPAMMKAS
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oUvBeoNG 1} TOU TTAPAYOUEVOU TTPOIOGVTOG XPNOIKOTTOIOUVTAV EpYAaTNPIOKA YUaAId
TpooTaciag. OAeg ol diadikaaoieg yivovTav QopwvTag TTPOCTATEUTIKA YAVTIO Wiag
XPAOoNG, Kard Trpotiunon vitpiAiou r BivUAiou Kal PE TTIOCTOTTOINCN TOUAAYXIOTOV
EN374-3, EN374-2. Xg Tepimmtwon XEIPIOMOU OKOVNG  vAvOOoWHATIOIwY,
XPNnoigoTToliouTav JAoKa avatrvong (1I6avika TTPETTEN va XPNOIMOTIOIEITAl JAOKO PE
moToTroinon FFP3). Mpétrel va TovIoTEN 0TI 01 CUVABEIS TTPOCTATEUTIKEG OUOKEUEG
€ival TTPOOPICUEVEG va  TIPOOTATEUOUV aTTd CwpaTidla TG  KAIMOKOG TOu
MIKPOUETPOU Kal OxI vavoowpaTidla. Eival onuavtiké va yivel katavonto o1 autd
Ta MEOA TTPOOTACIAG OTTOTEAOUV ATTAG €vav €MITTAéOV @PAYMO KOl O KaWia
TTEPITITWON OEV UTTOPOUV VA AVTIKATAOTACOUV TIC OWOTEG TEXVIKEG KAl TTPAKTIKEG
yla TV KaTté 10 duvaTdv eAaxioToTroinon Tng ékBeong. Mpétmel va avTikabioTavTal
ouxva Kal o€ KABe TrepITTTwon av €pBouv O APEON €TTAPR ME TOV €V OUVAMEI
ETTIKIVOUVO TTAPAYOVTa, TIPETTEI va ATTOPPITITOVTAI AUECO AKOAOUBWVTAG TOUG
Kavoveg diaxeipiong eTmKivouvwy atmoBARTwy. Av yia TTapddeiyua éva yavTi diag
XPAong €pBel oe TTAQ@R UE UypN 1N OTEPEN QACHN TTOU TTEPIEXEI VAVOOWMATIOIA,
eMPBAAETQI N AUECN ATTOPPIYR) TOU Kal TO OXOAACTIKO TTAUCIUNO Tou Xeplou. H
XPNOon EpyacTnpPIaknig TTodIdg BewpeiTal auTovonTn, YE TNV ETTICAPAVON OTI TTPETTE
va ETMIAEYOVTAl EPYAOCTNPIOKESG TTOOIEC MIKTAG UQAvoNG, KATAAANAEG yia XnuIKO
EPYAOTNPIO Kal OxI yia Tapddelypa PauBakepég TTou €xouv Tnv Tdon va
QATTOPPOPOUV Ta UYPA KaI TTAPEXOUV XANNAOU £TTITTEOOU QPAYHO EVAVTIA O€ XNUIKEG
ouaoieg. Eival ouoiwdeg n epyacTtnpiaki TTodId KaBwg Kal 0 AoITTOG TTPOCTATEUTIKOG
€COTTANIOPOG VO PNV XPNOIYOTIOIEITAI EKTOG TOU XNMIKOU €pyaocTnpiou yia Tnv
artropuyny  dIaOTIOPAG  ETTIKIVOUVWY  TTAPAYOVTWY. 2ZUVIOTATAI 1 ATTOQUYN
TTAUCIPATOG TNG EpyaoTnPIOKAS TTOdIAG O€ OIKIOKO TTAUVTRPIO, evw OTav £pBel n
WPA VA AVTIKATAOTAOEI 1} 0€ TTEPITITWOEIG TUXAIOG EKTETAPEVNG DINCTTOPAG XNMIKWV
OUCIWV TTAVW TNV TTOdIA, AUTH VA AVTIMETWTTICETAI WG TOLIKOG TTAPAyovVTaG Kal va
MNV attoppitrteTal yadi Ye Ta cupuBaTika atrépAnTa.

OAa 1ta TTapatrpoidévTta TTou TTPOEKUWAV ATTO TNV OUYKEKPIPEVN €pyacia
aTmmoppPieONKav wg XNMIKA/TOEIKG atmmoBAnTa pe KATAAANAN onuavon kal peE
dIaXWPEICHO auTwV OTTOU ATAV ATTAPAITATO (TT.X. AAOYOVWHEVA — PN aAoyovwvEua

TTPOIGVTA) Kal ETTEITA ATTO ouvevvonon Ke TNV eTaipia diaxeipiong amoBAnTwy. Qg
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TTaPATTPOIOVTA vooUvTal TOOO Ta TTAPATTPOIOVTA TG oUVBEoNG, OGO Kal dIaAUTES
TTOU XPNOIJOTTOINONKAV yia eKTTAUCEIS 1] KaBapioud okeuwyv. piv To TTAUCIUO
UOAIKWV Kal AOITTWV OKEUWV, Ol EVATTOUEIVAOEG OUCIEG ATTOUAKPUVOVTAV ME
KATAAANAO SIOAUTN TTOU QTTOPPITITOTAV WG ETTIKIVOUVOG Kal ETTEITA TTAEVOTAV TO
OKEUOG HE vEPO KAl OATTOUVI OE VEPOXUTN OUVOEDEPEVO HPE TO KOIVO diKTUO
ammoxéteuong. Q¢ emikivbuva ammoBAnTa atmoppitrtoviav kKal 6Aa Ta uttOAoITTa
OKeUn Miag xpnong mou xpnoigotroinénkav, 6mmwg BeEAOVES, oUpIyyeS, OINBNTIKA
XOPTIA, aVAAWOIUA CUYIONG KATT.

ISiaitepn TTPOCOXN XpPEIGdeTal KATA TNV OUAAOYR Kal Tov KaBapiouo
TTOOOTATWY VAVOOWMPATIOIWY TTOU €XOUV TTPOKUWElI aTTOd dIappoEC Kal AoiTd
MIKPOATUXAMOATA. TNV TTEPITITWON UYPWYV XPNOIUOTTOIEITAI ATTOPPOPNTIKO XAPTI, TO
OTTOIO0 ETTEITA ATTOPPITITETAI € KADO ETTIKIVOUVWYV aTTORBAATWY. AQoU CUAAEXBEI OAN
n TTooOTNTA, XPNOIKMOTTOIEITAI KAl TTAAI XOPTi ELRATITIONEVO O€ KATAAANAO dIOAUTN,
yla TO TEAIKO OTAdIO TOU KOBAPIOUOU Kal £TTEITA QTTOPPITITETAI KAl AQUTO OTa
EMKivOuva ammoBAnTa. 2TnVv TTEPITITWON OTEPEWV aTmoBANTWY (TT.X. OKOVNG
VOVOOWMATIOIWYV) O€ Kapia TTePITITwon Oev TTPETTEI AUTA VO OKOUTTIOTOUV 1] va
ATTOMOKPUVOOUV g OTTOIOVONTTOTE AAAOV TPOTTO, TTAPA MOVO Kal TTAAI uE KATAAANAO
VWTTO TTAVi.

Ta oTeped 1 uypd atméBAnTa Tou egpyacTnpiou ev yével, diaxwpioviav
oUPQWVa HE TIG EKAOTOTE 00nyieg, onuaivovTav KatdAAnAa kalr QuAdooovTtav o€
oQPAYICUEVA DOXEIN, O OUVONKEG ETTAPKOUG AEPIOPOU, UEXPI TNV ATTOUAKPUVON
TOUG aTTO €TAIPEIa dlaXEipIoNG PME TNV KATAAANAN TEXVOYVWOia Kal TIoTOTToinon yia
TOV XEIPIOMO TOEIKWV Kal ETTIKIVOUVWY aTTOBAATWY. Z€ OOEC TTEPITITWOEIS UTTAPXE N
duvatétnta va atmoppipBolv Ta amopAnTa, AauBdvoviag TIGC KATAAANAEG
TTPOQUAGEEIG, PEOW Twv oupBartikwy odwv, autd yivotav oUlTwG WwoTeE va
TEPIOPIOTEL O OYKOG Twv TOGIKWY atmmoBAnTwy. Ta  Tapddelyya  OTTOTE
XpnoiJotroiNdnkav  1IoxXupd avopyava oféa, BewprBnke TTPOTINOTEPO AUTA va
€€oudeTEPWOOUV TTANPWGS ME MayeIpIK) 00da Kal £TTeITa amd éAeyxo pH kai

apaiwon Pe vepod va atmoppIPpOoUV OTO ATTOXETEUTIKO oUCTNMA.
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1.6. E@apuoy£ég Kal TTPOOTITIKEG HAYVNTIKWY VAVOKPUOTAAAWYV — KivnTpo

SlarpIBig

1.6.1. E@apHoyéG HAYVNTIKWYV VAVOKPUOTAAAWYV

Omwg avagépbnke oOTa  TTPONYOUMEVA  UTTOKEQAAQId TO HEYEBOG Twv
VOVOKPUOTAAAWY KOl OUVETTWG O AOYOG E€TIQPAVEIQG TTPOG OYKO WTTOPEI va
OIAPOPOTIOINTEI TIG HAYVNTIKEG TOUG IDIOTNTEG O OXEON YE TA AVTIOTOIXO CUMPBATIKA
MayvNTIKA UAIKA, aAAG Kal va dIEupUVEl TO TTEDIO XProNG TOUG O€ EQAPUOYEG TTOU
MTTOPOUV VA EKPETAAAEUTOUV TIG MIKPEG TOUG DIOOTACEIG, OTTWG OTNV NAEKTPOVIKH,
MIKPONAEKTPOVIKH, TIG GUYXPOVEG TEXVOAOYIEG YEVIKA KAl OE BIOAOYIKEG EQAPUOYEG.
H eAeubepia otov oxedlaopd kar avatTuén TToIKIAwWY  AEITOUPYIKWY  OoPwv/
ETEPOOOUWY, HEOW TWV BIABECINWY EPYACTNPIAKWY TEXVIKWYV, HAG ETTITPETTOUV TNV
Kard BouAnon TpPOTTOTToIiNCN 1 evioxuon Twv IBIOTATWY  TOUG, TTPAYHA TTOAU
ONPAvTIKG. H 8¢ gAeyxouevn dIEUBETNON TOUG O€ DIOTETAYUEVEG OONEG MIKPOTEPNG
N MEYAAUTEPNG KAIMOKOG UTTOPEI VO 0dNynoEl OTNV €vioxuon QaivOPEVWY PEOW
MayvnNTIKAG SlacwPaTIOIaKAS Kal SIETTIPAVEIAKNS oUleuénc.

Ta vavoowpuaTidla  Kal  €I0IKOTEPA N UTTOKATNYOPIO  TWV  HAyVNTIKWV
VOVOOWHATIOIWV €XOUV WEAETNOEI APKETA WG TTPOG TN XPHON TOUG O€ KAIVIKEG
EQPAPMOYEG, KUPIWG WG ATTEIKOVIOTIKA JECO OTnNV payvnTikr Togoypagia (MRI —
Magnetic Resonance Imaging), aAAd kai oe GAAeg Texvikéc*. Mia onuavTiki
€QapUOyn TToU QUTA TN oTIyun BpiokeTal oTn @Aon TwV KAIVIKWV SOKIPNWY apopd
TNV Agyduevn «MayvnTik YTrepBepuian. 424647 KAIVIKEC OOKIPEC PE TPAIPIKOUG
VOVOKPUOTAAAOUG OEEIdiwV TOU OI0MNPOU Kal VOAPPUVTIKA aTTOTEAEOUATA £XOUV
YiVEl PEXPI OTIYUAG O€ TIEPITITWOEIG KOPKIVOU OTOV €YKEQOAO (TTOAUPOPYO
yAoioBAdoTwua)*84° kal otov TTpooTdTn®. H utrepBeppia ev yével eival éva €idog
MN ETTEUPATIKAG KAl OXETIKA ATTIAG BepaTTeiag, OTTOU OUYKEKPINEVOS 1I0TOG R KAl
OAGKANPO TO cwua KTIBETAI o€ UWPNARA Bepuokpacia (Beppokpaaia uwnAdTEPN TNG
QUOIOAOYIKNG, OUVABWG 40-43°C) pe OKOTTO TNV QVTIUETWITION KATTOIOG A0BEVEIQG,
T.X. TOU Kapkivou. H utrepBepuia  péow  akTivoBoAiag  (MIKpokUpaTa,

PadIooUXVOTNTEG, UTTEPNXOI, UTTEPUBPO) gival pia TEXVIKN TTou AdN £XEl EQapuoyn
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oTn Bepatreiac TOU  KAPKIVOU, KUPIWG OCUUTTANPWUATIKA HE TIG KAQOIKEG
XNUEIODEPATTEUTIKEG/  AKTIVODEPATTEUTIKEG  TTPOCEYYIOEIC.  2TNV  JAYVNTIKN
uTTEPBEPUIa, auTd yivetal e Tn Bonbeia payvnTikwy cwuaTidiwyv. Ta cwuaTidia
auTtd (VavokpUOTOAAOI C@AIPIKOU OXNUATOG €XOUV HWEAETNOEI KUPIWG) gyxEovTal
OTOV 10TO-0TOXO0 Kal UTTOBAAAovTal o€ eVOAAQOCOUEVO payvnTIKO Tedio. Kabwg
digyeipovTtal atrd To HayvnTIKO TTEdio, JETABAAAOUV TOV TTPOCAVATOAICHO TWV OTTIV
ME Bdon 1o €&wTePIKO TTEdIO Kal atrodidouv Bepudtnta, BAcn Tou Pnxaviouou
xaAdpwong Neéel-Brown. H kavotnta autry kaBopidetal atmd TNV 10XU Kal TN
ouxvoTnTa Tou Tediou, TO UAIKO Tou owuaTidiou, To pNEyeBog, aAAd kal TO oXnua
Tou. H xprion vavokpuoTAAAWYV yia auTd TO OKOTIO £XEl oa@r TTAEOVEKTAMATA,%?
a@OU TO HIKPS TOUG PEYEBOG TOUG ETTITPETTEI VA EI0XWPOUV EUKOAO OTOUG IOTOUG KAl
iCwg va dIaTTePVoUV TOUG QUOIKOUG BIOAOYIKOUG @PAYHOUG, €VW) UEIWVEL ] Kal
eCaleipel TuxOv TTapevépyeleg. ‘ETOI utTopouv va eyyxéovTal KOVTA OTOV KAPKIVIKO
I0TO Kal va BepUaivouv TOTTIKA KOl OTOXEUMEVA, ME EAAXIOTEC OUVETTEIEG VIO TOUG
UYIEIG 10TOUG, KATI TTOU €ival BUOKOAO VIO TIG TEXVIKES UTTEPOEPUiag TTou BaaifovTal
o€ akTIvOoPBoAia. Akéua, TO WIKPO Toug HEYEBOG, TOUG ETITPETTEI VO EETTEPVOUV
OXETIKA €UKOAA TOV EKACTOTE €VEPYEIOKO @PAYMO TTOU  €PTTOdICEI  TOV
ETTAVATTPOCAVATOAICUO TWV HAYVNTIKWY POTIWV TOUG CUPQPWVA HE TO EEWTEPIKA
eQappolopevo Tedio. H uttd PEAETN BepaTTeuTIKA TTPOCEYYION €XEI OTOXO TNV
OTTOTEAEOUATIKI] KATOTTOAEUNON KOPKIVIKWY KUTTApWY XApn OTnv aug¢non Tng
BepUOKPATIag aUTWYV TOTTIKA, TTOU Odnyei 0TV AQUTOAUCN TWV KUTTAPWYV Kal TNV
aduvayia TTOAATTAQCIOOPOU, O€ 1I0TOUG JAAIOTA TTOU €ival BUOKOAN £wg aduvarn
Mia TTapadooiakn ETTEURATIK 1) AKOPA KAl AKTIVOAOYIKI TTPOCEYYION. ©a uTTopouce
duvnTikA va xpnolgoTroinBei TTapdAANAa Pe TIG YVWOTES Kal ON UTTAPXOUCES [N
ETTEUPOATIKEG  TEXVIKEG, OTWG n  akTivoBepatreia/  padloBepatreia  kal N
XNUEIOBEPATTEIO i KAI VA TIG AVTIKATAOTACEI TTAAPWG, aPOoU AUTEG TTAPOUCIAlOUV
ONUAVTIKEG TTOPEVEPYEIEG, MEILWVOVTAG £TOI OTO €AAXIOTO TNV TTPOKAAOUMEVN
duoopia oTo BEPATTEUOPEVO ATOUO. ZNUAVTIKO TTAEOVEKTNMO ATTOTEAEI TO YEYOVOG
OTI Ta €V Adyw payvnTIK& vavoowpaTiola dlaoTrwvTal Kal atroBAdAAovTal OXETIKA
€UKOAQ KAl XWPIGC TTAPEVEPYEIEG ATTO TOV OPYAVIOUO, WONIG ETTITEAéCOUV TNV

AeIToupyia Toug, OTTWG £XEI QAVEI ATTO TIGC HEXPI TWPA MEAETEC KAl TNV TTEPITITWON

33



KE®.1 - EISACOMH

TTou Baaciovtal o evwoelig O1dApou (N ouvnBEaTepn TTEPITITWON) TOTE Ta 1IOVTA
O10rPouU PTTOPOUV va odnynBouv Petd Tn didoTracn OTIC atmoBnikeg o1dApou Tou
opyaviopou.>? H amodoon TnG OepaTreuTIKNG TTPOCEYYIONG eKQPAlETAl PE TOV
ociktn SAR (Specific Absorption Rate), fitol Tov puBud €I0IKAG atroppoPnong
AT /At, dnAhadry Tov pubud atoppodenong BepudTnTag e€autiag €kBeong o€
NAEKTPOUAYVNTIKI]  OKTIVOBOAIO KAl TTNIO  OUYKEKPIMEVA 1 a1mddoon  Twv
VOVOOWMATIOIWV WG TIPOG TNV  PAYVNTIKA €TTAYOUEVN TTapaywyr BOepuIKAG
evépyelag perpeitar ye Tov SLP (Specific Loss Power), Atol Tov O€iKTn €10IKWV
ammwAEIWY, OUO0 TTOOOTNTEG TIOU E€LAPTWVTAI QTG TA XAPOKTNPIOTIKA TOU
eQappolOpevoU TTEdIOU Kal auTd TwV XPNOIMOTTOIOUPEVWY VAVOKPUOTAAAWY,
dnAadn ouotaaon, péyebog, oxrnua KAT, aAAd kal Tou yéoou diaoTropdg.>® 'ETol,
MeEAeTWVTAl Ola@épwy €IdWV vavoowuaTidla, woTte va PBpebBouv Ta BEATIOTA
XOPOAKTNPIOTIKA WS TTPOG TN XNMIK ouoTtacn, To hNéyeBOG Kal TO oxXAua, TTou va
EViIOXUouv ev  TéA&l Tnv  OepuIKh  TOUG OTTOKPION KOl OUVETTWG TNV
QATTOTEAEOUATIKOTNTA TOUG. H Oeppikr) TOUG ATTOKPION €XEl va KAVEI PE TOUG
MNXAVIOWOUG PETATPOTIAG TNG HAYVNTIKAG TOUG EVEPYEIAG?, TTOU OTNV TIEPITITWON
MOVOKPUOTAAAIKWV VOVOOWHMATIOIWY TTOU CUUTTEPIPEPOVTAI WG TTAPANAYVATIKA
ekppadovTal Kupiwg pe TNV XaAdpwaon Néel (Néel relaxation)®® kai Brown (Brown
relaxation).®® H yaAdpwon Néel agopd TOV £TTAVATIPOCAVATOAMIOUO TOU
dIavUOoUATOG TNG HAYVNTIKAG POTIAG Tou cwpaTidiou. Otav 10 vavoowuartidlo gival
MOVOKPUOTOAAIKO,  €d@avifel  gId  OUVIOTAPEVN — POYVNTIK  POTTH, O
TTPOCAVATONIOUOG TNG OTT0IAG KAl O EVEPYEIAKOG PPAYHOG TTOU QTTAITEITAI VA
CeTTEPAOTEN YI' AUTH TNV evépyeEla CapTaTal évo atrd T @UON ToUu KPUOTAAAOU Tou
MayVvNTIKOU UAIKOU. 2UVvhBwg UTTAPXEI EVaG AEovag EUKOANG payvhTiong (easy axis)
TTou KaBopieTal atmd TIG IOITEPOTNTEG TOU KPUOTOAAIKOU TTAEYMATOG Kal N
MayvnTIKA poTT TTpocavatoAifeTal TTapAAANAa f avTITTapdAANAQ w¢ TTPOG AUuTO TOV
agova. H evalhayy petalu Twv OUO KaTeubBuvoewv TreEplopifeTal atrd évav
EVEPYEIOKO PPayUO TTOU UTTAYOPEUETAI OTTO TO KPUOTAAAIKO TTAEyua. H xaAdpwaon
Brown a@opd tnv Tuxaia, BEpUIKN, TTEPICTPOYIKN Kivnon Kal didxuon OAOKANpou
TOU owuaTIdiou HEoa oToV POPEA, OTO PMECO dIACTIOPAS TWV CWHATIOIWY dnAadn

Kal e€apTaTal atrd Tov popéa auTo, To HEyEBOC Kal To axua Tou owuaTidiou.®” MNa
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TIG BIOAOYIKEG EQapuoyES TTou oulnTaue €dw, 0 YopEag ival idlog (UBATIKAG BAong
KUpiwg, avBpwTITIvol I10TOI, aiga KATT) Kal av Bewpriooupe OTI HEAETAUE owuaTidla
o€ €va OTEVO KAl KABOPIOUEVO €UPOG PEYEBWY, OAAG KOl OUYKEKPIYEVA OXAMOTA,
yiveTar avTIANTITO 0TI UTTOPOUMPE Vva  ETTNPEACOUME TNV BepUIK  aTTOKpPIon

emeURaivovTag KUpiwg 0To KPUOTAAAIKS TTAEYUa TOU UAIKOU Kal Tn XaAdpwaon Néel.

T Ty | Tp  ToeKV/ksT T 3pv (6)

1 1 1 1 kgT
n B

H egiowon (6) divel Tov OUVOAIKO Xpovo xaAdpwong TTou TrepIAapBaver duo
OUVIOTWOEG, TOV XPOVo XaAdpwong PeE Pnxaviopod Néel (ty) kar tov xpovo
XaAdpwaong pe pnxavioud Brown (tg). T, €ival 0 HEOOG XPOVOS XaAdpwong wg
aTTOKpIoN o€ KATToIa BepuIKA dlakuuavon, K n oTadepd aviooTpoTriag kg €ival n
otabepd Boltzman, T n Bgpuokpacia, V o udpoduvauikdg OykKog Tou owpuaTidiou
Kal 7 0 GUVTEAEDTAG duvapikoU 1EWB0UC.%85° O puBudc IBIKAG aTToppdPnong SLP
EVOG CWHATIOIOU TTOU TTPOKUTITEI WG ATTOTEAECUA TOU PNXAVIOUOU XOAdPWOonG TTou
TTEPIYPAPNKE TTIO TTAVW (Kupiwg atrd Tnv cuvioTwoa Néel) Tapouaia e¢wTepIKOU

evaAhaooobpuevou tTediou diveTal aTTo TNV O0XEON

.uOHACMS (I.)ZT (7)
= BoACTS ) ——
2p 1+ (w1)?

SLP

OT110U p N TTUKVOTNTA TOU UAIKOU TOU CWHATIOIOU, Hy: N £VTOON TOU EEWTEPIKOU
MayvnTIKOU TTEdioU TToUu QEXETAI TO OWMATIOIO, Mg n HAYVATION KOPECHOU TOU
owpaTIdiou, gy N MAayvNTIKN dIATTELATOTATA TOU KEVOU, w €ival N YWVIOKH ouxvoTnTa
TTOU TTPOKUTITEI ATTO TNV OUXVOTNTA f TOU EVAAAQOCOUEVOU payvnTIKoU TTEdiou, T O
XPOVOG XaAdpwong TTou agopd Tov pnxaviouod Néel kai L(x) mTapdyoviag Trou
OXETICETAI JE TNV HAYVNTIKN ETTIOEKTIKOTNTA KOI TA JOPPOAOYIKA XAPOAKTNPIOTIKA TOU
owHaTIdiou.8%° Xwpic va utreioéANBoupe o€ ATITOPEPEIEC TTOU Ee@EUyOUV aTrd TOV
OKOTTO TNG dIaTPIPRG, YIVETAl €UPAVEG ATTO TOUG TTAPATTAVW TUTTOUG OTI VIO

0edouéva  XapPAKTNPIOTIKA cwuaTidiou (Hop@oloyia-péyeBog, ocuoTaon KAT)
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MTTOpOUNE va au¢fooupe To SLP auavovtag tnv payvhTion Tou €Av gival EQIKTO
(yia dedopéva pop@oAoyIK& XapaKTNPIOTIKA owPaTIdiou dev UTTAPYXOUV HeyAAa
TePIBWPIa PeATiwoNG) 11 eTTeuPaivoviag OTov PNXaviopo XaAdpwong Néel,

QUEAVOVTOG TNV AVICOTPOTTIA TOU OTTWG Ba OOUUE KAl OTN CUVEXEIQ.

NavokpuoTtaAAol TTou Bacgifovral 010 Cidnpo (METAAAIKOG aidnpog, oteidia
o10ripou, 0&eidla o1 pou Kal AAAWV OTOIXEIWV PETATITWOEWS) €ival auTtd TTOU
TIPOCEAKUOUV TO EVOIOQPEPOV XAPN OTIG HAYVNTIKES IDIOTNTEG TOU 0101 POoU. [ToAAEG
MEAETEG €xOuv avadeifel Toug vavokpuoTAAAoug O16Apou KUBIKOU OXAUATOS WG
TOUG KOAUTEPOUG UTTOWN®IoUG, XApn OTNV MEIWMEVN ETTIQAVEIAKT QVICOTPOTTIO
60,61,62.63 gg BaBUO OUWG TToU KaBopileTal aTTd TN oUCTACT Kal T dour Toug. 'ETol
eEM@aviCouv UWPNAOTEPEG TIMEG MAYVATIONG yia Tov D10 Oyko UAIKoU. O1 TIuéG
SAR/SLP utropouv va evioxuBouv pe Tn dnuioupyia SIETTIPAVEIWY O€ OwUaTidIa
TUTTOU  TTUPAVO-KEAUQOUG.  [evikd, yivovial  Kupiwg  TTpOoCTTABeIEC  yia
VOVOKPUOTAANOUG pE peyEOn €wg 20 nm pe oTdXEUON TNV Evioxuon Twv
@aivopévwy avraldayng (Exchange bias), akoua kai ge tn dnuioupyia eTAAANAwWY
SIETTIPAVEIWV,®* yIa va QTTOKTAOOUV TNV ATTAITOUMEVN PAYVNTIKN OTTOKPION, WOTE
va €ivar KatadAAnAa yia  €QApUOYEC UTTEPBEPMIaG. 2TV TTAPOUCa HEAETN
AvadEIKVUETAI N IKAVOTATA TWV OPAIPIKWY VAVOKPUOTAAAWY va dWOOUV UWPNAEG
TIWEG SAR Xdpn Kal OTIG QUENUEVEG OOMIKEG ATEAEIEG TTOU TTPOKUTITOUV PECA ATTO
OUYKEKPIPEVA TTPWTOKOANG ouvBeong Kal digpeuvaTal dIECOOIKA O UNXAVIOUOG
ONUIoUPYIOG Kal EAEYXOU QUTWYV TWV OTEAEIWV. AUTEG Ol OTEAEIEG UTTOPOUV va
Opdoouv pe TPOTTO TTAPOUOIO HE QUTOV TTOU OPOoUV Ol DIETTIPAVEIEG KAl VA

evioxuoouv 1o TTedio Exchange Bias kal cuveTTwg TIG TIWEGC SAR/SLP.

Ta vavokpuoTOAAIKA auTd cwpatidla £Xouv KEpOIoEl TIPOCPATA TO EVOIAPEPOV
w¢ Méoa Tautdxpovng Oidayvwong kKal Bepatreiag, évag KAGdOG TnG vavo-
BiotexvoAloyiag Tmou avagEpetal TTAéov WG «Theranostics», amd Tov cuvduaouod
Twv Aé€ewv «Therapy» (Bepatreia) kair «Diagnostics» (n €@appoyr TEXVIKWV
didyvwong). Mtmropei n 10€a va pnv gival evieAwg Kaivoupida, n Xpnon opwg

VOVOOWMATIOIWY  YIO auTO TOV OKOTTO TNV KAvEl ApKETA OeAeaoTikr). Ta
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VOVOOWMATIOIO TTOU TTPOOPICOVTAI YIO TETOIEG EQAPUOYEG Eival KUPIWG PayvnTIKA
Kal TTPETTEl va €xouv Tn OuvatotnTa ATTEIKOVIONG, TTAPAdEIYMATOG XAPN €VOG
KAPKIVIKOU OYKOU KOl TAUTOXPOVA VA JITTOPOoUV va 0dnynBouv oToxXEUPEVA JOVO O€
QUTOV TOV OYKO Kal OxI O€ UYIEIG 1I0TOUG, VIO VA TOV KATAOTPEWOUV, YIa TTApAdEIyUa
MEOW MayvNTIKAG UTTEPBEPMIag f Kal EAEyXOUEVNG ATTODETUEUONG QAPUAKWY.5
AUTA n TEAEUTAIO EQAPUOYH TTOU OUCIAOTIKA PETATPETTEI VAVOOWUATIOIO OE QPOPEIG
QAPPOKEUTIKWY ouciwv (drug delivery) utropei va emmituyxaveral Adyw Tng UoNg
TOU vavoowuaTIdiou, yia TTapddelyua Kou@ia o@aIpiKd vavoowuaTidla TTou
METAQPEPOUV OTO EO0WTEPIKO TOUG TA QATTAITOUPEVA POPIA-QAPPOKA KAl T OTToix
dlaAuovTal uTTd TTPOUTTOBECEIC, ATTOKPIVOUEVA OTNV JETABOAR TWV QUOIKOXNUIKWV
ouvOnNKwv, WOoTE va Ta ammodeopeloouv. MTTopei OUWG va aTTaITel Kal KATTolou
€idOUG TPOTTOTTOINCN TNG EMQAVEIAG TOU OwUATIdioU PEOW KATTOIAG XNMIKAG
diepyaoiag (functionalization). Me avTioToixn €TTIQYAVEIAKT) TPOTTOTTOINGT, YTTOPOUV
va TTpoodeBolvV  OTnVv  ETMIPAVEID  KATTOIWY  VAVOOWHATI®IWV  OUYKEKPIMEVA
KATOAUTIKA EVEPYA HOPIA, WOTE VA XPNOILOTTOINGEI £TTEITA AUTO TO CUCTNMA VIO TOV
OlaXWPIOUO  KOTOAUTWY, TIPWTEIVWYV 1 KUTTAPWY, EVW  MTTOpoUvV  va
XPNOIMOTTOINBOUV KAl WG OOUIKA OTOIXEIQ | POPEIG DOPIKWY POVAdWYV YIa TNV
avamTugn didpopwyv GAAwv douwv.1® Evdiagpépov éxouv Kal ol JayvnTiIK& evepyoi
QWTOVIKOi  KPUOTOAAOI,  payvnTIKoi  vavokpuoTaAAol  dnAadry, o1 oTroiol
xapakTtnpifovtal ammd evaAllayég Tou deikTn SIABAAONS TOU GWTOS KAl TWV OTTTIKWVY
TOUG IBIOTATWY HE TNV EQapUOYN eEWTEPIKOU payvnTIKoU TTediou. 66

TéNOG, 0¢ €vav KOOPO PE ONOEVA QUEAVOPEVO OYKO WNQIaKWY OEOONEVWY,
MEYAAO gival TO evOIQPEPOV VIO TIG TEXVOAOYIKEG EQPAPHOYEG TTOU AQOPOUV TNV
MayvnTIKA atrobrikeuon dedouévwy (HayvnTikéG Taivieg, okAnpoi diokol - HDD,
Movadeg atrobrikeuong oTaBepric katdotaong — SSD kKal PVAPEG Tuxaiog
mpooTtréAacng - MRAM). H avicotpoTria avraAAayAg kal To gaivépevo « Exchange
bias» eivai 1diaiTepa XproINa 0€ EQAPPOYES HAYVNTIKAG OTTOBAKEUONG BEBOUEVWV.
MTropouv va a&lotroin@ouv atmoé Tnv pia oTo payvnTike HECO aTTobrkeuong, agou
€lI0AYOVTAG QVICOTPOTTIA AVTOAAQYNG UTTOPOUNE VA PETATPEWOUNE €va PAAAKO
MayvnTIKG UAIKO O€ «uOvIMO» PayvAThn, TTou Ba diatnpei TNV payvnTIK Tou

KATaoTaon Kal CUVETTWG TNV a1roBnkeupévn TTAnpo@opia, aAAd Ba utropei va tnv

37



KE®.1 - EISACOMH

METABAAEI OXETIKA EUKOAQ UE TNV EQAPPOYH MIKPOU OXETIKA EEWTEPIKOU PAyVNTIKOU
mediou. ATTé TNV GAAN UTTOPOUV Va XPNOIWOTTOINBOUV Kal 0TNV KEQAAR avayvwaong,
a@oU a1d TNV avakdAuywn Tou @aivopévou To 198867:68 (BpaBeio NouTtreA 2007)%°
Kal TNV TEPIypa@n TNG apXng Aeimoupyiog 1o 199370 éxouv TrpotaBei TTOAAG
OUCTHPATA TTOU KAVOUV XPran ToU @aivOPEVOU TNG YIYAVTIAIOG HayvnToavTioTaong
(GMR) kai atroteAoUVv oucoIaoTIKA TTOAUCTPWHATIKA OUleuypéva PE QaIVOPEVA
avtaAAaynig cuoThpaTta TTou KahouvTal BaABideg oTiv (spin valves). Autd Adyw Tng
augnuévng euaiocbnoiag Toug o€ oxXEon PE TA KAAOIKA CUCTHUATA AVIOCOTPOTTIKNG
payvnroavtiotaong (AMR), @avnke atré Tnv apxn o011 €ival TTOAG uTTooXOpEVA VIO
TNV €QAPPOYH TOUG WG aioBnTApeg TTediou OTIC KEPAAEG avAyvwong Twv
MayVvNTIKWV TAIVIWV (TTou ATav akOPa S1adedOoEVES eKEivn TNV €TTOXH OAAG TTAEOV
ATTOTEAOUV CETTEPACUEVN TEXVOAOYIQ), AAAG Kal 0TOUG OKANPoUg OICKOUG Kal TIG
puvAdec MRAM.! ZAuepa Tou n Tdon eival n amobrikeuon 6co To duvaTov
MEYOAUTEPOU OYKOU OEOONEVWIV HE TAUTOXPOVN MEIWTN TWV QUOIKWYV dIACTACEWV
TWV OUCKEUWYV, Ol VaVOOONEG TTOU TMIBAVWGS Va gu@avidouv Ta TTpoava@epBEvTa
@aivopeva atmokTouv EeXxwpIoTA onuacia. ETTi Tou TTapovTog, gival TEXVIKA EQIKTA,
MéOoQ payvnTIKAG aT1ToBnKeuonG HE OIAUETPO KOKKOU (MAyVvNTIKNAG TTEPIOXNG)
TrepiTTou 8nm Kai avTioToixia 6-10 kOkkoug avda bit TTAnpogopiag. O1 TTpocTTadeIeg
TToU KaTaBdaAAovTal gival TTpog TV Kateubuvon TG PeEiwong Tou Jéoou peyEBoug
KOKKOU, TTPAYHQ TTOU onpaivel OTi TTPETTEI va ETTITEUXOOUV UAIKA € KOKKOUG OPKETA
MIKPOUG aAAG Kal BepuoduVaUIKA oTaBEpOoUg TaUuTOXPOoVa. AUTO €XEl OTPEWEL TIG
EPEUVNTIKEG OPADEG TTPOG TNV AVATITUEN VAVOKPUOTAANIKWY CWHATIOIWV ECAIPETIKA
MIKPNG SIOUETPOU Kal TTOAU OTEVIG KATAVONNAS HEYEBWY, OUTWG WOTE VO PTTOPOUV
va opyavwBouv o vavodouEG TTOU OVORAZoVTal UTTEPTTAEYUATA. 2Z€ EPEUVNTIKO
TOUAAYIOTOV €TTITTEDO £XOUV ETITEUXOEI TETOIEC VOVODOUEG vavoowuaTidiwy FePt.’?
O Aoyog 1ng €mAoyng Tou FePt wg UAIKoU, gival OTI autd atroteAei pdAAov Tov
KOAUTEPO UTTOWR®IO YIa MIa VvEQ TexvoAoyia, Tnv Bepuikd utrofonboupevn
payvnTikA eyypaer (HAMR — Heat Assisted Magnetic Recording), mou BaagileTai
oTnv oTiydiaia (o€ etTiredo nanosecond 1 kal Ailydtepo) BEpuavon Tou KOKKOU O€
T>Tc, TV e€yypa@r Tng TANpo®opiag JE e@appoyr Trediou Kal  ETTEITA

oTabepoTroinon TNG VvEAC MAyvNTIKAG KATAOTAONG AOyw Wugng tTnG e&v Adyw
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TEPIOXNG. H TEXVIKA auTr utTdéoXeTal aunon TNG TTUKVOTNTAG TTANPOPOpIag Kal
oTtabgpotroinon  TNG  PAyvNTIKAG  KATAOTOONG  OTIC  OUVABEIC  OUVONKEG
Aeimoupyiag.”7 Eival duwg dUoKoAa epapudoIun o€ vavodouEG UTTEPTTAEYHATWY
OTTWG aUTA TToU TTpoavaPEPBNKE, BIOTI KATA TNV BEpuavon ot OXETIKA UWNAEG
Beppokpacieg (yia 1o FePt Tc = 750 K) kataoTtpé@eTal n doun. O1 HeYAAES eTaIPIES
KATOOKEUAG NECWYV PayVvNTIKAG atroBrikeuong die¢dyouv €peuva TTAVW € AUTH TNV
TEXVOAOYIQ Kal VW OPXIKA €iXe MIKPATACEI N avTiAnwn Twg 170 2016 - 2017 Ba
BAETTOUE Ta TTPWTA EUTTOPIKA dlaBEoiya TTPoIdvTa, autd avaBewpndnke, WE
TIPOOTITIKI] va OUpBei KATola oTiyu peETd 10 2020, KOBWG O TTPOCTTABEIESG
ouveyxiCovral oUTWG WOTE VA KATOOTE TTO ATTOdOTIKN atrd TNV UuTTdpyouod

TeXvoAoyia.”®

1.6.2. TlpooOTITIKEG KAl KivnTPO TNG Trapoucag diatpifig

Baoikr) otéxeuon Aoimrdv yia TIG €QAPUOYEG TTOU TTpoava@épOnkav, €ival n
KaBiEpwaon TTPWTOKOAAWYV TTOU va TTapAyouV agloTnoTa Kal ETTAVAARYING, UWPNANG
TTOIOTNTAG VAVOKPUOTAAAOUG PE akpIBry EAEyXO TWV HOPPOAOYIKWYV Kal SOPIKWV
TOUG XapakTnploTikwy. O1 KkpuoTaAlol auToi Ba TTPETTEl va PpiokovTal OE pia
TTEPIOXT MEYEBWV OTTOU 10aVIKG Ba EUPAVICOUV UTTEPTTAPANAYVNTIKA CUUTTEPIPOPA
(< 20 nm), evw Ba gp@avifouv Kal ETITTAEOV TTAEOVEKTAUATA OTNV OGAANAETTIOpACT
TOUG ME PBIOAOYIKOUG 10TOUG, av TTPOKEITAI Yia BIOAOYIKEG EQAPMOYEG A TT.X OTNV
TTUKVOTNTA  POYVNTIKA  €yyeypapuévng  TTAnpogopiag, €Av  TTPOKEITAl  yid
TEXVOAOYIKEG EQAPUOYEG. TO MIKPO PEYEBOG OPWGS dnUIoUPYET TTPOKAACEIG, OTTWG
TNV XANNAOTEPN HayvATION AOYW MIKPOU HayvNTIKOU OYKOU (MIKPOTEPEG TIUEG
MayVATIONG KOPEOWOU) Kal TNV OUOKOAIG TOU «TTayWHATOG» TNG MAYVATIONG O€
OUYKEKPIMEVN KOTAOTAON 1 TNV XaunArQ ammédoon payvnTika  eTTayouevng
BepudTNTAG, AKPIBWS ECAITIOC TNG MIKPAG MAYVATIONG, TNG UTTEPTTAPAPAYVNTIKAG
OUMTTEPIPOPAG KAl TNG EUKOAIAG ETTAVATIPOCAVATOMICHOU TwV OTTIV. To deUTEPO
MTTOPEI va AUBEi pe elcaywyn JayvnTIKAG avICOTPOTTIAG 0TO OUCTNUA, TTOU YTTOPEI

vVa €ival avioOTPOTTIa OXAMATOG, ETTIPAVEIOKT], KOUOTAAAIKI) dAAd Kal aviocoTpoTTia
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TTPOEPXOPEVN ATTO OIETTIPAVEIEG OE HAYVNTIKEG ETEPOOOUEG. 2ZUXVA OPWGS N
€100YWYIN aviooTPOTTIOG AEITOUPYEI TTPOG TNV AVTIBETN KaTEUBUVON aTTO AUTAV TNG
augnong NG HayvATiong. '’ auto aTTaITEITal TTIPOCEKTIKA pUBUION TWV TTAPAYOVTWY
TTOU ETTNPEACOUV TNV PAYVATIKH OTTOKPION £VOG CUCTHUATOG, WOTE VA ETTITEUXOEI
MIa AeTTTH) 100ppoTTia TTou Ba odnyei TautdXpova oOTnv BEATIOTN payvATION
KOPEOUOU Kal oTnv BEATIOTN PayvnTIKA AvIOCOTPOTTiA, TTou TTiIoTeUETal OTI Ba
EVIOXUOEI TEXVOAOYIKA eKPETAAAEUOIUA @QaIvOoueva, OTTwg n Uttapgn Trediou
ouleugng-avtallaynig (exchange bias) kal Ba Owoel  AVIAYWVIOTIKA
TTAEOVEKTAUATA O€ TETOIO VOVOUAIKA, OTTWG T1.X. N augnon Tou SAR yia eQapuoyES
UTTEPOEPUIOC KATT.

AauBdavovtag uttéywn Ta 6ca TTpoava@EPBNKAV TTEPI PaAyVvNTIKAG £YYPAPNG,
YiVETQI TTPOQAVIG N AVAYKN YIO TV avATITUEN UAIKWY OTNV VAVOKAIPJOKA, TTOU Va
MTTOPOUV va QUuEAOOUV TNV TIUKVOTNTA TNG MAYVNTIKAG €yypagrng Kal va
dlac@aAlicouv TNV aKePAIOTNTA TNG EYYEYPAMMPEVNG TTAnpogopiag. Autd Ba
MTTOpOUOE va Yivel EVOAAQKTIKA TTpog TRV HAMR pe vavodou€g TTou TTapoucialouv
QVICOTPOTTIA avTaAAaynG Kal yiaTi Oxl va @TACOUNE KATTOTE KAl OTO ONUEio OTTOU
éva bit TAnpo@opiag Ba eyypd@etal o€ €va HEMOVWHPEVO vavoowuaTidlo. AuTA n
1I0aVIKA TTEPITITWON deV Eival iICWG TOOO PAKPIVA, XPEIAZETAI OUWS OKOUA OPKETH
OOoUAEId, €IDIKA OTIG AYVNTIKEG KEQPAAEG EyypaPrg/avayvwaong yia va @TACouUV OTO
ONMEIO va PTTOPOUV vVa eyypAawouv Kail va diaBdcouv TTAnpogopia agidTmoTa atrod
MEpOVwUEVa  vavoowuartidla.  Emiong  Tmpémel va  avadntnBouv kKAl va
TUTTOTTOINBOUV 01 BEATIOTEG TEXVIKEG OUVOEONG TTOU TTAPAYOUV VAVOKPUOTAAAIKA
owpaTidia Pe uwnAd BaBuod opoIoPOPYIas WG TTPOG TO OXAMA Kal TO JEYEBOG, EIBIKA
av B€éAoupe autd va XpNOIKOTTOINBoUV WG OOMIKEG POVADES yIa TNV avATTTUEN
EKTETAOMEVWY  UTTEPOOPWY  (Superstructures) Tou  Ba  amroteAouvtal  atrd
OIATETAYUEVOUG PEMOVWHEVOUG VAVOKPUOTAAAOUG. ETTITTAEOV, QUTEG OI TEXVIKEG,
TTPETTEN Va gival 600 To duvaToV TTI0 QIAIKEC TTPOG TO TTEPIBAAAOV Kal Tov AvBpwTTO,
va unv £xouv dnAadn wg avTidpwvTa ) TTapatrpoidvta eTIRBAABEIS Kal ETTIKIVOUVEG
OUCIEG 1 TOUAAXIOTOV va TIG €AAXIOTOTTOIOUV KATA TO Ouvartov. [lpétrel va
XapakTNpPifovTal atrd OXETIKI EUKOAIQ Kal va AapBdavouyv uttown Kal 1o KOO Tog, dIOTI

o€ pia mOavr) EUTTOPIKN) EQAPPOYR KATI TETOIO €ival TTOAU onuavTiko. TEAOG,
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aTraITEITal va dlakpivovTal atmd KAAy €mavaAnyigotnta Kol va PTropouv va
TTaPAYOoUV PE QgIOTTIOTIa TO TTPOIGV CUPPWVA PE TO OXEDIAOUO.

Ooov agopd TO KOUUATI TWV EQAPPOYWY VAVORIOTEXVOAOYIOG, N TTapouca
dIaTPIPr) KIVABNKE PE yvwuova TNV BEATIOTOTTOINCN TNG PAYVNTIKAG ATTOKPIONG
VAVOKPUOTOAAIKWYV €TEPOBOUWY, O€ €va €Upog ueyeBwv TTou dev Eetrepva Ta 20
nm, yia Toug AGyoug TTou TTpoava@épinkav Kai Kupiwg yia va €xouv Tn duvatotnta
€UKOANG avTIOTPOPNG TNG CUVOAIKAG TOUG OTPOYOPUNG OTTIV OTav UTTORBAGAAOVTAI O€
eCWTEPIKO evalhaoodpevo payvnTikG Tedio ouxvotntag f, wote péow Twv
pMNxaviopwy xaAdpwong Néel-Brown va u1ropouv va atroduwo0ouV ATTOTEAECUATIKA
MayvnTIKG eTTayopevn Bepuikn evépyela. Me Tov yevikd 6po payvnTiKh attokpion,
EVVOOUNE TO OUVOAO TWV HAYVNTIKWY TTOCOTHTWY TTOU UTTOPOUV va HETPNBouv
TEIPAMATIKG, OTTWG N MAYVATION, N HOYVNTOKPUOTOAAIKF) QVICOTPOTTIQ TTOU
ouvrBwg TTOCCOTIKOTIOIEITAl OTTO TO OUVEKTIKO TTEdi0 Hc Kal n aviooTpoTTia
avtaAAayAg TTou eu@avifetal he TNV PETPAOIUN TTO0O0TNTA TOou Trediou Hes (H
Exchange Bias). Otmwg mTpoava@EpObnKe, auTéG OI TTOOOTNTEG CUXVA £EAPTWVTAI
ME BIAPOPETIKO TPOTTO ATTO TIG TTAPAUETPOUG TOU CUCTHHATOG TTOU UTTOPOUNE va
EAEYEOUME KAl KIVOUVTAI EVOEXOMEVWG TTPOG avTiBeTeG KaTEUBUVOEIG. O 0TOXOG
Aoty fTav va KatavonBouv o1 uNXaviouoi Je BACT TOUG OTTOIOUG T LOPPOAOYIKG
11 DOMIKA XAPAKTNPIOTIKA TETOIWV VAVOKPUOTAAAWYV £TTIOPOUV OTOV PAyVNTIOKO KAl
va TTpoTabei €dv gival duvatd éva ouoTnua Ot autd TO €UPOG PeEYEBWV HE Ta
EMOUPNTA XOPAKTNPIOTIKA KAl KAAEG TTPOOTITIKEG TEXVOAOYIKAG aglotroinong. O
BEATIOTOG OUVOUAOPOG TWV TTOOOTATWY Ms, He Kal Hes Bewpeital 611 0dnyei kal o€
uwnAoug pubuolg €1BIkAG atroppopnons (SAR) kdmi TTou emmixelpribnke va
emPBeBaiwOei e agloAdynon BewpnTIKWY UTTOAOYIOHUWV.

O1 o1éx0!I TG KABIEPWONG Kal A&loAOYNONG ATTOTEAECUATIKWY TTPWTOKOAAWV
ouvBeong Kal TNG dlEpeUlvnoNng Tou pOAoU Tou PEYEBOUG, TNG HOPPOAOYIaG KAl TWV
OOUIKWYV ATEAEIWV ETTIXEIPHONKE va €MITEUXOOUV OTO TIPWTO OKEAOG TNG TTAPOUCAG
dIaTPIPrG, TTOU ACXOANBNKE PE TNV TTAPOOKEUN VAVOKPUOTAAAIKWY ETEPODOUWV
TUTTOU TTUprva-kKeEAU@oug, FeO-Fe3O0s. Kabwg autd dev eivalr éva Kaivouplo
ouoTNUa, BacikOG oTOX0G ATAV N BIEPEUVNON TWV CUVOETIKWY TTAPAUETPWY TTOU

EMOPOUV OTNV HOopPoAoyia Twv owaTIdiwy, oUTWG WOTE va €ival €QIKTOG O
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oXeOI00UOG Kal N TTAPACKEU CWHATIOIWY TTOIKIAWY PEYEBWYV, KUPIWG OTO €UPOG
MEYEBWYV TTOU evOIO@EPOUYV YIa TIG TTpoavapepBeioes e@apuoyés (8 — 20 nm) Kkai
OIaPOPETIKWV OXNUATWV. IdiaiTepn PEPIMVA EANPON WOTE va XpnoiuoTToinéouyv ol
TAéoV QINIKEG TTPOG TO TrEPIBAANOV pEBOdOI Kal ETTIXEIPNONKE N KaABIEpwon
OUVOETIKWV TTPWTOKOAAWYV TTOU va TTapdayouv Ta €mMOuunTd cwpaTidla ye uynAd
Babuod aglotmoTiag Kal eTTavaAnwiuéTnTaG.

‘Eva GANO OKEANOG, TTOU EEPEUYEI aTTO TNV ETTIOTNHOVIKE YVWON TToU €ival HEXPI
OTIyuAG OIaBE0IUN yIa Autd TO CUCTNUA KAl ETTIXEIPEI va Tnv Trdel éva BrAua
TTapatrépa, €ival n evOEAEXNG MEAETN TNG OOMPNG TOU CUCTANATOG autou WE éva
ouvouaouo cupBaTiKwy TEXVIKWY (TEM, XRD, gayvnTIKEG HETPNOEIG) KAl TTOAU TTIO
TTponyuévwy (X-PDF). H yvwon TTou TTpoékuwe Ba PTTopoUcaUE va TTOUPE OTI
MTTOPEl va €gnynoel o€ €va Babuo Ta TTOAEG QOpPEC avTIPATIKA dedopéva TToU
TIPOKUTITOUV OXETIKA ME TNV HAYVNTIKA CUMNTTEPIPOPA TETOIWV CWUATIOIWY Kal
MTTOPEl va BonBroel otov oxedIaoud TETOIWV CUCTNMATWY MPE TIG ETTIBUUNTEC
IB10TNTEG, WOTE VA EEUTTNPETOUV TIG TEXVOAOYIKEG AVAYKEG.

2 éva OeUTEPO OKENOG, OTaV TTALOV Eixav KOBIEpWOEI Ta OXETIKA TTPWTOKOAAQ
Kal €ixe OlgpeuvnBei n ouveiIopopd TNG Mop@oloyiag kal TNG OOUNG OToV
MayvnNTIONO, MEAETABNKE €va TPOTTOTTOINUEVO CUCTAMO TTUPAVA-KEAUPOUG, OTO
oT1Toio €10 XBnoav 16vTa KoBaATiou, o€ pia diadikacia Baoidéuevn oTnv AoyiKn TNG
XNMIKAG UTTOKATAOTAONG KOl OXNMOTIOTNKAV EVTEAEI Ol avTioTolXol eppiTeg CoyFes-
yO-CoxFesxOs4. AuTO €yive yia va digpeuvnBei n duvatdtnTa evioxuong Tng
MayVNTOKPUOTAAAIKAG QAVIOOTPOTTIOG TOU OuoThuaTog. Evdiagépov trapouciddel
OTI, 0€ QUTH TNV TTEPITITWON, TO TPOTTOTTOINUEVO OUVOETIKO TTPWTOKOAAO TTOU TEAIKG
TTPOTEIVETAI, TTPOEKUYE WG ATTOTEAECHA CUVOUAOHOU SIOPOPETIKWY TTPWTOKOAAWY
NG BIBAIOYpaiag kal KATAAANAWY aAAaywyV, WOTE va gival EUKOAO OTNV EQAPUOYN
TOU KOl YEVIKA va TTANPOI TIG TTPOUTTOBECEIG TTOU TTEPIYPAPNKAV TTIO TTAVW, EVW
a1TOdEiIXBNKE ECAIPETIKA ATTOTEAECUATIKO OTO OXEDIAOMO Kal TOV aKpIBA €AeyX0 TNG
OTOIXEIOMETPIOG TOU TTAPAYOPEVOU @QEPPITN KAl TIPOEKUWAV  KATTOIEG [N
QAVOUEVOUEVEG dUVATOTNTEG PUBPIONG TNG BOUAG PE TNV EvOowpdaTwaon Tou Co.

Xwpog yia eTTTAEOV €pEUvVa QUOIKA Kal UTTAPXEI, N PBACIKN OPwG TTPOKANCN

gival n augnon TG TTapaywylIkng IKAvOTNTAG TWV TTPWTOKOAAWY TTOU TTpOTEIVOVTAI
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ammd €pyacTnPIaKr KAiyaka, o€ PeEYaAUuTeEpn, av OxI Blounxavikh, d1aTnPWVTag
TauTtOxpPOova ToV idlI0 aTToTEAEOUATIKO €AEyXO Twv ouvBnkwv (scaling up). Auto
OUOTUXWG OUXVA €ival OapkeTd OUOKOAO Kal OTTWG €O0€IEE N ePTTEIpIA, OTNV
TTEPITITWON TWV VAVOOWUATIOIWY €ival AKOUA BUOKOAOTEPO, KABWG o1 dI0dIKATIES
gival TTOAU euaioBNTEG KAl AKOPA Kal PIKPEG OAAQYEG OTIG TTAPAPETPOUG MTTOPOUV
va aAAGEouV KaBoPIOTIKA T ATTOTEAETUA.
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EpyaoTnpIiakEG Kal AVOAUTIKES

TEXVIKEG

IMOoAAEG €ival o1 EpyaoTnEIOKES TEXVIKEG TTOU JTTOPOUV Va XPNOIPOoTToINBoUV yia
TNV TTAPOOKEUN, OAAG KAl TOV XOPAKTNPIOWO TOou HeEYEBoUG, TNG OOUAG Kal TIG
oloTooNnNg Twv vavodouwv.! ZTo ke@AAalo autd Ba SoBei To aATTAITOUPEVO
uTTORaBPO YIa TIG TEXVIKEG TTOU €QAPUOCTNKAV OTO EPYOOTAPIO, TOOO KATA TNV
TTAOPAOKEUN TWV VAVOKPUOTAAAWY 1] TWV ATTAITOUUEVWY TTPOOPOUWY EVWOEWV,
000 Kal KATd TNV TTPOETOINOCIA  OEIYMATWY VIO TIG ATTAITOUNEVEG QUOIKOXNUIKEG
METPAOEIG KOl TOV XAPAKTNPIOKO TOUG. Oa TTEPIypa@ouV ol apxEG AEIToupyiag Kai ol
IOIITEPOTNTEG TWV AVAAUTIKWYV TEXVIKWY TTOU EQAPUOCTNKAV Kal Boriénoav atnv
eCaywyn Twv atToTEAEOPATWY KOl CUPTTEPOACHATWY TNG TTAPOUCAS EPEUVNTIKAG
OOUA£IGG Kal Ba yivel avag@opd oTa TEXVIKA XOPAKTNPIOTIKA TWV CUOKEUWV KOl

OpYAVWYV TTOU XPNOIYOTToINONKav.
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2.1. XZuvBeon vavokpuoTaAAwv

2.1.1. Glovebox

To Glovebox gival évag epyaoTnpiakdg BAAapog avagpdpiwv ouvonkwy, uéoa
OTOV OTT0i0 atrofnkeuovTal XNMIKEG OuCieg €uaioBnTeg OTO Oguydvo Kal TNV
Uypaacia TTOU CUVETTWG ATTAITOUV avagpOpIEG CUVONKES yia Tn dlaTrpnor Toug i
yivovTal OXETIKOI XEIPIOUOI PE Ouaieg TTOU aTTaITOUV TETOIEG OUVONKES. MNa TIg
TTEIPANATIKEG AVAYKES QUTNG TNG Epyaaiag xpnoiuoTtroindnke Glovebox UNILab tng
etaipeiac MBRAUN. To OuykekpIEVO POVTEAO €Ea0@alidel auoTnpd avaepoBIeg
ouvOnkeg, agou diatnpei otaBepd emmireda oguyovou O2 < 1 ppm Kal uypaciag
H20 < 1 ppm. lNa tnv 1TapaokoAouBbnon Twv emmmédwyv oguydvou, uypaciag
uTTdpxouv KatAAANAoOI QVIXVEUTEC Kal Ol TINEG QTTOTUTTWVOVTAI O 0Bdvn yia
evnuépwaon Tou Xpnotn. H mAfpwon Tou Kevou Xwpou evog Glovebox yivetal pe
KATToI10 adpavég aéplo, ouxvoTepa N2 Kal o€ 0 aTTaITnTIKEG OUVOAKESG Arz | Hea.
2Tn OIKN Jag TTEPITITWON XpnoidoTroleital Arz. To aéplo TTAfpwong Tou Glovebox
avalwOoyoVEITal OCUVEXWG KE TNV KUKAOQYOPIQ TOU PHECW KATOAUTIKWY QiATpwyv Cu
Kal CeoAiBwv yia TNV OTTOPAKPUVON TwV IXVWV 0EUyOvoUu Kal uypaciag. ZTo
MTTPOCTIVO HEPOG UTTAPXEI OIAPAVO TTAVEA KOl AQUTITAPAG QWTICKOU TTOU ETTITPETTEI
TNV AVEUTTOdIOTN BEa 0TO EOWTEPIKO TOU BaAduou. € dUO OTTEG AUTOU TOU TTAVEA
TTPOCAPUOLOVTal YAVTIA BOUTUAIOU HECW TWV OTTOIWYV O XEIPIOTHG UTTOPEI va BAAEI
Ta Xépia Tou péoca oTov BAAAPO Kal va epyaoTEl. € KATAOTOON AVOUOVAG, TO
Glovebox diatnpei BeTIKA TTiEon agpiou, dNAAdK HIa EAAPPWS HEYAAUTEPN (~ 2 - 6
mbar) Tricon ammd Tov TEPIBAAAOVTA XWPO yIa VA ATTOPEUXBOEI N QUOIOAOYIK)
dIduon 0EUYOVOU KOl Uypaciag HEOW TWV YavTIWV A GAAWV guaicOnTwyV TUNUATWY
Kal ouvdEéoEwy Kal va TTpoAneBolv trpoBARuata amd mlaveéG aoToxieg, OTTwG
OXIOMEG AOYW @Bopdg oTa yavria KAT. [a Tnv €ioaywyr Kal egaywyn
avTidpaoTnpiwy, opydvwy f eCapTnUaTwy péoa otov BdAapo uttdpyouv OUO

MIKPOTEPOI KUAIVOpPIKOI BdAapol oTto TTAdive Toixwua Tou Glovebox. Autoi ol
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BaAapol oppayifouv oTeyava e KAtaAANAOUG uNXaviououg Kal aTrd TIG OUO UEPIEC.
‘ETol 6tav BéAoupe va €I0AyoudEe KATI OTAV TTPOCTATEUPEVN OTUOO®AIPA TOU
Glovebox, diatnpoupe KAEIoTd TO dvolypa TTou odnyei amrd Tov TTPoBAAapo oTo
Glovebox, eicdyoupe TO QVTIKEINEVO ATTO TO AAAO AVOIyUA KAl aPOoU CPPAYICOUNE
KAl auTtd, akoAouBouv KAaTTolol KUKAOI dvTAnong yia va dnuioupynBei kevd oTov
TTPOBAAQUO Kal ETTAVATTANPWONG PE Arz, WOTTOU va BeBaiwBoupe 6Tl N aTudo@alpa
Tou TTPoBaAduou éxel kaBapioel TTARPWGS. OTtav €¢iIcwBoUV o1 TECEIG ETTEITA ATTO
TOV TEAEUTAIO KUKAO, TOTE N evOIAUEON TTOPTA UTTOPEI va AVOIgel Kal va 10axBouv

ME QOQAAEIO Ta QvTIKEiUEVO pEoa OTov PeyGAo BdAauo epyaciag xwpic va

OlaKIVOUVEUOUNE ETTIMOAUVOT] TOU.

Eikéva 2. 1 a) To Glovebox t0mmou LABmaster 130 tng etaipiog¢ MBRAUN T1T0U
XPNOILOTTOINONKE YIa TIG TTAPACKEUEG. B) ZXNMUATIKA avaTTapdoTacn TUTTWY QIGAWY
Schlenk yia Tnv PETOPOPA XNUIKWYVY OUCIWV UTTO TTPOCTATEUOMEVN ATUOC@AIPA.
(Mnyn en.wikipedia.org, n €iIkéva dev UTTOKEITAI OE TTVEUNATIKG SIKAIWPATA)

2€ KATTOIEG OUVBEODEIG, TA XPNOIUOTTOIOUPEVA QvTIOPACTHPIa ETTPETTE VA
atroBnkevovTal y€oa oTIC avagpdpieg ouvonkes Tou Glovebox kai n TTposToipgacia
TOU MiypaTtog TnG avTidpaong va yivetal yéoa o€ autd. Auto, OTTOTE ATTaITAONKE,
€yive pe Tn Pondeia giaAwyv Schlenk. (BA. 2.1.2, I'pauun Schlenk). ®iGAn Schlenk

KaAgital pia @IdAn, ouviBwe o@aipikA i KUAIVOPIKK], TTou dIaBETEl KATA Kavova dUo
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OTTEG, €K TWV OTTOIWV N Mia XPENOIMOTIOIEITAl VIO TNV €l0aywyr oTn QIAAn Twv
ATTAITOUPEVWY avTIOpaoTNPiwy Kal SIaAUTWY, evwy n OtuTepn dlaBéTel oTaBEPn
BaABida, yudAivn 3 kair Teflon A katdAAnAo oTrEipwpa yia va TTPOCOPHOOCTEI
BaABida.

KAeivovtag mn BaABida kai TIG UTTOAOITTEG OTTEG PE TTWHATA Septa, N @IGAn
MTTOpEl va peTa@epBei ue ao@dAeia ekTO0¢ Tou Glovebox diatnpwvrtag Tnv
TIPOCTATEUNEVN ATHOC@AIPA OTO ECWTEPIKO TNG KAl ETTEITA VO oUVOEDBEI HEOW TNG
BaABidag oe ypauun Schlenk (BA. TTapakATW) XWPEIG va EKTEDEI OTOV ATHOCPAIPIKO
aépa. ‘Etol diaoc@aAidovtar avaepofieg ouvBnkeg kaBoAa Ta oTddia TG

TIPOETOINOCIAC Kal TNG idlag TNG ouvBeong.

2.1.2. Tpappni Schlenk

H ypapu Schlenk aTtroteAeital katd Paon amd pia yudAivn TTOAAATTAR,
OuVOEDEUEVN ME PIANEG agpiwv KAl avTAiEG KeEvoU, TTAVW OTNV OTToia PUTTOPOoUV va
ouvOeBoUv KATAAANAEC @IGAEG, MPEOA  OTIC OTIOIEG  TTPAYUOTOTTOIOUVTAl Ol
QUOIKOXNMIKEG Olepyacoieg kal avTidpaoelg, pubuiovrag kard PouAnon TO
mepIBGANOV TNG avTidpaong. MTtropei dnAadn va €QapUOOCTEi €iTE KEVO, E€iTE N
emMBuUUNTA atudéoc@aipa Pe dioxéTeuon agpiou. H ypapun Schlenk 1mpe 10 dvoud
NG atro Tov Meppavo xnuikd Wilhelm Schlenk,? o o1roiog yia Tnv €EUTINPETNON TWV
EPEUVNTIKWYV TOU QAVAYKWYV QVETITUEE OUOKEUEG Kal OIATAEEIC OTTWG O QIAAEG
Schlenk kai n ypaupn Schlenk, TTou emMTPETTOUV TOV XEIPIOKO OUCIWV €UAICOBNTWV
atmévavTtl oTIG TTEPIBAAAOVTIKEG OUVONKeS, dNAad KUPiwg TO Oguydvo Kal Tnv
uypacia. Mia ypapuny Schlenk atroteAeital ouvABwg atmd dUo KUPIoUG YUAAIVOUG
KUAIVOPIKOUG OWANVEG, TOTTOBETNUEVOUG TTAPAAANAQ PETOEU TOUG Kal WG TTPOG TO
eTTiredo Tou TTaykou epyaaiag. O1 dUo auToi KUAIVOPOI evwvovTal JETAEU TOUG UE
KAVOUAEG, ouxVva TECOEPIG, Ol OTTOIEG £XOUV Kal Jia aTTOANEN OTnV OTToia PITTOPEI va
ouvOeBei HEow AANoU €CapTANOTOG (EAAOTIKOG CWANVAG, OTAHAN avappong KATT) n
oQaIpIKA QIAAN oTnv oTroia AapBavel xwpa n diepyaoia. O KAVOUAEG auTEG, XAapn

OTIC AOEEC BIODOUG TTOU €XOUV OTO ECHUPIOUEVO TTEPIOTPEPOUEVO TUNPA TOUG,
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EMTPETTOUV TNV €TTIAOYN PETAEU TOU OTTIOBIoU Kal Tou EPTTPOOOIoOU KUAIVOPIKOU
OwANva, atopovwvovTag TARPWS Tov €vav f Tov aAAo. O otioBiog cwAnvag
ouviBwg cival 0 ocwAnvag kevou. lMNa va emTeuxBei autd, oTo éva AKPO TOU
ouvOEeTal KATAAANAN avTAia Kevou, evw TTapePBAAAeTal Kal TTayida agpiwv n oTroia
KAt TN AsIToupyia TNG Ypapung eppatrtideTal o€ uypd ACwTo Kal £XEI WG OTOXO TNV
KATOKPATNON aTtuwy dIaAuTwV TTou Ba diaguyouv atré Tnv @IGAn avtidpaong WoTe
QUTOI va PNV TTEpAcouV péoa oTnVv avTAia Kevou. € OAEG TIGC CUVOETEIG TIG YPAPUAG,
TA ECPUPIOUEVA TTWHPOTA KAl TIG KAVOUAEG, XPNOIMOTTOIEITAl AITTAVTIKY ouaia

KAatdAANAn yia xpron o€ epapuoyég uwnAou kevou (high vacuum grease).

Eikéva 2. 2 a) H ypaupry Schlenk otnv otroia €yivav OAeg oI TTAOPACKEUESG [B)
AetrTopépeia TG OIGTAENG OTTOU BIaKPivOVTAl KOAUTEPO O WNQIOKOI EAEYKTEG
Bepuokpaciag  y) AETTTOMEPEID TOU OUCTAPATOS QIAANG-BeppavTikoU pavoua-
OTAANG avappong, OTo apIoTEPO TTWHA diakpiveTal BuBiopuévo To Bepuolelyog TTou
ouvOEéeTal ME TOV Wnolokd €Aeykt) &) o wn@iakog Cuyodg akpiBeiag TTou
XPNOIKMOTTOINONKE yIa OAEG TIG aTTapaiTnTeS CUYIioEIg
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O gutpdoBiog cwARvVag gival cuvoedEUEVOS E PIGAN TTETTIECPEVOU QEPIOU Kal
@povTiCel yia Tn dnuioupyia TNG €TMOUUNTAG TTPOCTATEUTIKAG ATHOO@AIPAS YUPW
atro To piypa TnG avridpaons. Katd kavova xpnoigoTtrolouvTal adpavr agpia (Arz,
N2) i Kal piyparta, avaAloya pe 1o €mOuUPNTO ammoTéAecpa. To XpNOIUOTTIOINUEVO
aéplo dloxeTeveTal Katd Tnv £€€000 Tou HEOw @iaAidiou @uoaAidwv (bubbler)
TTANPWHEVO PeE AGDI TTapa@ivng 1 avTioTolxn ouadia, €101 WOTE va UTTAPXEl HIa
OTITIKN £VOEIEN VIO va TTIBERAIVETAI KAI VO EAEYXETAI N por) agpiou. [Na Tov EAeyxo
TNG PONG ouvdEETAI 0T QIAAN O ATTAITOUMEVOG PUBUIOTAG YE HaVOUETPO, OAAA gival
OKOTTIYO va TTapePPAAAeTal Kal BaABida pikpo-pUBPIoNng yia TTio akpiBA éAgyxo. MNa
TIG ATTAITOUUEVEG OUVOEDEIG XPNOIKMOTTOINBNKAV TTAACTIKOI CWAARVES Kal OUVOETHOI
NG eTaipiog Swagelok. H atmaitoupevn B€ppavon Twv OQAIPIKWY  QIOAWY
ETTITUYXAVETAI JE BEPPAIVOUEVOUG HAVOUEG TNG eTAIPEIag Horst, KATAAANAOUG yia TO
ekdoToTe pEyEBOG @IAANG. O pavduag kai n @IGAn Tatolv TTdvw O TTAGKQ
MayvnTIKAG avdadeuong, evw PECA OTn QIAAN TOTTOBETEITAI TTAVTA PAYVATNG, WOTE
VO ETMTUYXAVETAI OUVEXAG avadeuon Tou piydaTtog. To 6Ao cuotnua (TTAdKa
avadeuong, pavouag, @IAAn) utrooTnpifeTal atmo pubuIfopevn KaT UWog Baon. MNa
TNV €TMAOYN Kal TOV €AEYXO0 TNG Bepuokpaaiag eixaue otn dIGBETT) JAG NAEKTPOVIKO
eAeykTh akpiBeiag Horst HTMC1. Méow auTtou gixape tn duvatdtnTa £MAOYAGS TNG
€MOUPNTAG BepUOKPaTiag Kal Tou pubpou avodou Tng Beppokpaaciag. O pavdlag
Bépuavong Tpo@odoToUTAV ATTEUBEIAG ATTO TOV €AEYKTH, O OTTOIOG PUBMICE TNV
TTOPOXN NAEKTPIKOU PEUUATOG TTPOG TOV Pavdoua Katd 1o dokouv. KatdAAnAo
Bepuolelyog Nrav Bubiopévo OTO Miyda TNG avTidpaong Kai €DIVE OUVEXWG
TTANPOPOpPIa OTOV EAEYKTA YIa TNV TIPAYUATIK Ogppokpacia Tng avridpaong.
YTmpxe MAAMOTa n duvatdtnTa TTPO-pUBPIONG KAl  TTPOYPOUMATIONOU  TOu
€mMBOuUPNTOU TTPOPIA Béppavong (Bepuokpacieg, puBuoi BEpuavong, diaoTApaTa
TTOPANOVAG), AuTO OPWGS PTTOPOUCE va Yivel Kal XelpokivnTa Katd Tn SIdpKeia TNG
avtidpaong. Omwg avaeépbnke, n ypaupn Schlenk xpnoiyotroigital 6tav
QTTAITEITAI VA YiVOUV aVvTIOPACEIG EUQIOOBNTWY TTPOG TNV 0EEIdWON CUCTATIKWY KAl
emeId ouvnBwg pia TéTola ypauur OI00ETEl TTEPICOOTEPEG ATTO Hia OIOBECIPES

BéoeIg epyaaiag, YE TTPOCOXN Kal Toug KATAAANAOUG XEIPIOPOUG MTTOpOoUV va
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TTPayMATOTTOINBOUV TAUTOXPOVA TTEPICCOTEPEG aTTO Hia diEpyaadies 1 avTIOPAoEIG.
XpNOIJOTToIoUVTal KATA KOPOV TTWPATA Septa yia TNV o@pAyIon TwV QVOIKTWV
OTTWV TWV @IOAWV avTidpaong, OI0TI autd e¢ac@aliouv uywnAou Pabuou
oteyavotroinon, aANd kal T duvaTtdTnTa XEIPIOPWY KaTtd Tn OIAPKEIA TNG
avTidpaong, yia TTapdadelyua TTPooOAKNG HE OUPIYYA QVTIOPACTNEIWY OTO Hiyha TNG
avTidpaong, Xwpeic va avoixTei To oUoTNUA Kal va ekTeBei oTnv atpoc@aipa. Ol
Kivduvol TTou cuvdéovTal Pe TN XpPnRon g ypapung Schlenk oxetiCovral pe tnv
mOavr) €KPNKTIK Opaucn TUNUATWY TNG YPOUMNAS AOyw uwnAng Trieong N
UTTOTTIEONG 1} aTTOTOUN €KTOEEUOTN TTOOOTNTAG TOU MiyHATOG avTidpaong Adyw
SlIaPOPWV OTNV TTIECN KOl ECPAAPEVWV XEIPIOUWY KAl CUVETTWG ATTAITEITAI TTPOCOXI)

WG TTPOG AUTO TO KOPMATI.

2.2.  XnUIKA/OTOIXEIOK OVAAUCTN KOl XOPOKTNPICHOG TIPOIOVIWV UE

OUMBOTIKEG TEXVIKEG

H emTuyia A yn piag ouveEeTIKAG TTPOOTIABEI0G ETTPETTE va dIaTTIOTWOEI dueca
Kal a&IOTmoTa, WOoTE va yivouv ol KATAAANAEG TPOTTOTTOINOEIG Kal SI0pOWOEIG OTIG
akoAouBoupueveg Oladikaoieg Kal Ta TTPWTOKOAAQ, TTou Ba e€Eac@alicouv TO
emMOuUPNTS amotéAeopa. MNa Tov OKOTIO AUTO XPNOIUOTTOINONKAV TEXVIKEG KAl
€COTTAIONOG TTOU ATAV AuEca dIABECIUOG, UE KUPIO OTOXO TOV XOPAKTNPIOHUO TWV
TTOPAYOUEVWY VAVOOWMATIOIWY WG TTPOG TNV JOoPp@OAoyia, Tn XNUIKA ouoTaon Kal
TNV KPUOTOAAIKI SOMN, EVW O€ KATTOIEG TTEPITITWOEIC ATTAITHONKE XAPAKTNPIOHOS
Kal  AOITTWV  eVOIAUECOWYV TTPOIOVTWY, OTTWG Ol TIPODPOUES EVWOEIS TTOU
TTOPOOKEUAOTNKAY OTO €PYAOTAPIO Kal XpnoldoTromnénkav yia Tn ouveeon

VOVOOWHATIOIWV.

2.2.1. HAexktpovik MikpookoTria Aiepxouevng Aéoung (TEM)

H nAektpovikfy MikpookoTtria Aigpxopevng Aéoung r o atrAd HAEKTPOVIK)
MikpookoTria AlEAeuong, Baciletal oTnv aAAnAeTTidpacn piag 6£0uNG NAEKTPOViIwV

ME TNV UAN WOTE va TTapayayel EIKOVES UWnANG HEYEBUVONG Kal EUKPIVEIAG, TUTTIKA
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o€ KAigaka vavouETpou, TTOU UTTOPET va @BAoEl akOPa Kal o€ aTouIKO eTTiTredo. To
Ociypya UTTOPEi va €ival €iTe evalwpnua TToU evaTtroTiBeTal o€ KATAAANAO TTAEypa
OIapéTpou ~ 3 mm atrd XaAKO rj GAAa HETOAAQ, €iTe AeTTTH TOMN (< 100 nm) oTePEOU.
AgiyhgaTa yia TNV OUYKEKPIYEVN TEXVIKI) MTTOPOUV va An@Bouv atrd 1TAnBwpa
UNIKWV, aKOua Kal BIOAOYIKWYV 10TWYV, OTTOTE KOl PEIWVETAI N €vTaon TG déoung,
WOTE VA PNV KATAOTPAPET TO UTTO PEAETN Beiyua. TO JIKPOOKOTTIO ATTOTEAEITAI ATTO
Mia oTAAn uwnAou Kevou, OTO QVWTEPO TUAMA TNG OTToiag TTapdyetal n d€oun
NAeKTpoviwv atrd KatdAAnAo viua. Mepittou 010 Péoov BpioKeTal TO UTTO PEAETN
Ociypa, ev) OTO KATWTEPO TUAMA aUTAG PBpiokovtal n amaitouuevn diaTagn
TTAPATAPNONG KAl Ol OXETIKEG KAUEPES YIA TNV ATTEIKOVION. H déoun nAeKTpoviwv
ETMTAXUVETAI PE TNV €QApUoyr Ol1aOoPAS SUVAMIKOU Kal TTEQPVWVTAG PECA OTTd
KATAAANAOUG NAEKTpOUAYVNTIKOUG QOKOUG, EKTPOTTEIS KAl dla@PAyuaTa CTIACETAI
TAvw OTo Ociyha, DIEPXETAI HEOA ATTO QUTO, TTEPVA ATTO HIa OLIPA QAKOUG Kal
dlappayparta kal TaAl, woTe TEAIKG va peyeBuvel Kal va e0TIACEN TRV EIKOVA TTAVW
oe Mo @BopiCouca 006vn. H euBuypduuion Twv OTITIKWV OTOIXEIWV TOU
MIKPOOKOTTIOU KQI N €0Tiaon TNG OEOMUNG YIVETAI PE MIA CEIPA XEIPIOPWY TWV
NAEKTPOVIKWY PAKWYV Kal dlIa@PayudTwy Kal €ival Kpiolun yia va atmmo@euxOei n
TTapapoOpPwaon NG eikévac.® O xelploTAg péoa ammd didTITpa cival o Béon va
BAETTEl peyeBupévn TNV €IkKdvVa TToU oxnuatifeTal TTdvw oTnv TTAAKA, EVW HPE TOUG
QVTIOTOIXOUG TTEPIOTPOPIKOUG OIAKOTITEG WTTOPEI va XEIPIOTEI TOUG QAKOUG Kal
OlappAyhaTa TOU MIKPOOKOTTIOU yia va €oTidoel Tnv €ikova. OAa Tta ouyxpova
MIKPOOKOTTIO AgiIToupyouv o€ €va TTEPIBAAAOV  dlaoUvVOEONG HE NAEKTPOVIKO
UTTOAOYIOTH a1’ OTTOU PTTOPOUV va Yivouv TTOANOI XEIpIoOoi, aAAG Kal n ouAAoyh
Kal hEPIKN eTTeCEpyaoia Twy eikOvVwy. OTtav n @Bopifouca TTAGKA TTapaTipnong
AVOONKWOEI e KATAAANAO UnNXaviouo, N 0€0UN TTPOCTTITITEI OTIG YNPIOKES KAUEPEG
TOU WIKPOOKOTTiIOU TIou PpiokovTtal KATw aTrd auTh, Ol OTI0IEG OUCIAoTIKA
WYNQIOTTOIOUV TNV €IKOVA Kal TNV ATTOOTEAAOUV OTOV NAEKTPOVIKO UTTOAOYIOTH. To
ociypa TomroBeTeiTal 0T OTAAN KAl agaipeital amd auth Pe TN Bonbeia
OelypaToQopEa, HEOW EVOG UNXAVIOWOU TTou ¢ac@alilel OTi Oev Ba ekTeBEei N OTAAN
oTnv atpoéoeaipa. H diathpnon uwnAou Kevou aTn oTAAN gival TTOAU GnNUAVTIKL VIO

TNV oTaBEPN AEITOUPYia TOU PMIKPOOKOTTIOU, yia va e€ac@alioel TNV atrouadia UANG,

58



KE®. 2 — EPTASTHPIAKES & ANAAYTIKES TEXNIKESY

EKTOG TOU OtiyhaTog, ME TNV otroia Ba utropoucav va aAAnAemdpdoouv Ta
NAEKTPOVIA. ‘ETOI TO KEVO dIaTnPEITAl CUVEXWG, AKOPA KAl OTAV TO PJIKPOOKOTTIO OEV
xpnoigotroigital. YIrapxel n duvatotnTa PeTaKivnong Tou Og€iyuaTtog Katd Toug
AgoVEG X, Y WOoTe va Bpebei To dciypya oTnv TTopeia TNG OE0UNG Kal va €TTIAEYED N
€mOuuNTH TTEPIOXN TTAPATAPNONG, AAAG Kal KOTA TOV KATAKOPUPO Ggova waoTE va
eEmMTEUXOEI OwWOTH €oTiaon. Na OUYKEKPIUMEVEG €E€QAPUOYEG ATTAITEITAI KAl N
epappoynl  KAiong, Tou e€Caoc@aAieTal Kal QUTH ATTO  TOUG  QVTIOTOIXOUG
MNXaVIoPOoUG.

To €idwAo TTou oxnuaTiCeTal, €ite oTnv POopifouca 0Bdvn, ite oTNV 006VN TOU
UTTOAOYIOTH, aTTOTEAEI ATTOTEAETHA TNG AAANAETTIOPAONG TWV NAEKTPOVIWV PE TNV
UAn. Otav n Oéoun TIPOCTTTITEl OTO OcEiyda, €va HEPOG TwV NAEKTPOViwV
avakAwvTal atrd TV €mE@Aaveld Tou Kal €va AAAo PEPOG TO BIATTEPVOUV. 2TV
MikpookoTria TEM, pag evdiagépel To uépog TNG OE0UNG TTou dIATTEPVA TO OEiyua.
ATI6 auTtd, €va péPog Twv NAekTpoviwy dev Ba aAAnAemdpdaoel pPe TNV UAN kal Ba
OIEABEI aveTTnpéacTo, evw €va AANO pEpog Ba dlaBAaoTel AOyw €AQOTIKWYV Kal
aveAaoTIKwWV oAAnAemdpdoewyv. Otav TO MIKPOOKOTTIO €ival o€  AsiToupyia
atreikéviong, €XOouhe dUo emIAoyEG. Eite emAEyoupe pe KATGAAANAQ @iATpa Ta
eAeuBepa digpxOpEVa NAEKTPOVIO OTTOPOVWVOVTAG QUTA TTou €Xouv OIaBAaOTE,
OTTOTE TTAIPVOUE TIG AeyOuEveG €IKOVES pwTeIvoU TTeEdiou (bright field images), eite
KAvovtag TO akpIBwg avTiBeTo, €emAéyoude Ta NAEKTPOVIA TTOU  €XOUV
aAANAeTIOPAOoEl Kal £XOUV OAAGEEI TNV TTOPEIA TOUG, ATTOPOVWVOVTOG T EAEUBEPQ
OIEPXOMEVA, OTTOTE TTAIPVOUNE TIG AeyOUEVEG €IKOVEG oKoTelvou TTediou (dark field
images). ZTnv TTpwWTn TTEPITITWON, TTOU €ival Kal TTI0 cuvnBIouEvn, Eu@avifovTal TTo
QWTEIVEG OI TTEPIOXEG OTIGC OTToieG dev UTTAPXEI UAN Kal Ta NAEKTPOVIA TTEPVOUV
eANEUBEPA, EVW TTIO OKOTEIVEG Ol TTEPIOXEG OTTOU UTTAPXEI UAN Kal €XEI AVAKOWEI N
aAAGgel TV TTopeia Twv nAekTpoviwv. Ooo 1Mo TTukvr) N UAN (TT.X. TTI0 TTUKVO
KPUOTAAAIKO TTAEYPA) TOOO TTIO OKOTEIVEG EUQPAVICOVTAI Ol AVTIOTOIXEG TTEPIOXEG.
2Tnv OeUTEPN TTEPITITWON QVTIOETWG, €U@AvI(OVTaAl OKOTEIVEG Ol TTEPIOXEG OTTOU
ATTOUCIACEl N UAN KAl QWTEIVEG AUTEG TTOU £XOUV AAANAETTIOPACEI PE TA NAEKTPOVIO
NG O0éoung. To piIkpookdTo TEM Opwg €xel Kal pia deUTePn AgiToupyia, TNV

Aeiroupyia repiBAaong. Ze auth, TTPORAAAETaI TNV 086vn TO PoTIRo TTEPIBAaoNG
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TTOU TTPOKUTITEI ATTO TNV TTEPIBAACN TWV NAEKTPOVIWV ATTO ETTIAEYMEVN TTEPIOXT) TOU
ociypatog. Na POVOKPUOTAAAIKEG TTEPIOXEC QUTA Ta MOTIRa eugavifovial wg
QWTEIVEG KOUKIOEG OTOV QVTIOTPOPO XWPEO TTOU AVTIOTOIXOUV OTA KPUOTOAAIKA
ETTITTEDA TOU UAIKOU, €VW YIA TIG TTOAUKPUOTOAAIKEG TTEPIOXEG EP@AviIovVTal WG
ETTAANNAEG KOUKIOEG TTOU TEAIKA OXNMATICOUV TOUG XOAPOKTNPIOTIKOUG dAKTUAIOUG
mepiBAaong. AuTh eival pia Xprioiun Asitoupyia yia Tov TTPOCdIoPICHO TNG
KPUOTAAAIKAG dOUNAG Tou UTTO PEAETN OeiyuaTog.

Eikéva 2. 3 To nAeKTPOVIKO WIKPOOKOTIIO TTOU PBPIOKETAI OTOUG XWPOUG TOU
TAMaTog BioAoyiag Tou MavemmoTtnuiou KpAtng XpnoIMOTIOINONKE yIa TIG AVAYKES
NG Trapoucag dIBaKTopIKAG OdlaTpIBNG. Paivetal n OTAAN TOU HIKPOOKOTTIOU,
EKATEPWOEV AUTNG TA XEIPIOTAPIA PE TA OTTOIA KAVEI TIG PUBUICEIG O XPAOTNG KAl Ol
0806veg Twv UTTOAOYIOTWV €AEyXOU AciToupyiag (S€EIA) Kal XEIPIOUOU TWV WNOIOKWY
Kapepwy (apiotepd).

To WIKPOOKOTTIO TTOU XPNOIMOTTOINONKE yIa TIC AVAYKEG TIG TTapoucag
dIaTpIBAG, NTAV TO WIKPOOKOTIIO TTOU BPIOKETAI €YKATEOTNUEVO OTO TuRua
BioAoyiag tou MavemoTtnuiou KpATNG, éva pikpookotrio JEOL 2100, TTou dIaBETel
VAMO HPOVOKPUOTAAAOU LaBes w¢ TNy nAekTpoviwv kal Téon €mMTaxuvong

nAekTpoviwv 200 kV.
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Eikéva 2. 4 Topn TG oTANG Tou pikpookoTriou JEOL 2100

H uikpookotria TEM eival kaBopioTIKAG onuaciag KaTtd Tnv €pyacia ME

vavoowpaTidla, €I0IKA OTav 0 €AEYX0G TNG HMOPQPOAOYIOG AUTWYV €XEI ONUAVTIKO

POAO, OTTWG OE AUTH TNV TTEPITITWOTN. ZUXVA ATAV N TEXVIKA TTOU XPNOIKOTToIoUTAV

TTPWTN, AUECWGS UETA T oUVOEON Kal TTIOTOTTOIOUCE TNV ETTITUXIA TNG OUVOETIKAG

oladikaoiag evw KaBo6pile T ETTOPEVA  PBAPOTA TOU XOPOKTNPIOHOU TwV

vavoowpaTidiwv. H cupBatiki NAEKTPOVIKA HIKpOoKOTTia SIEAEUCNG O€ GUVOUAOHO

ME TTIO TTPONYMEVEG TEXVIKEG MIKPOOKOTTIAG 1] AAAEG CUNTTANPWHATIKEG AVOAUTIKEG

MEBODOUG, OTwg EDS, EELS, atrotedouv éva amd 1a Mo duvaTtd OTTAa OTn

«QAPETPA» TOU ETTIOTAPOVA TTOU OOXOAEITAI PME VAVOUAIKA, KOBWG PEOW AUTWV

MTTOpOUV va dlgpeuvnBolv €KTOC aTTd TN Mop@oAoyia, o TOavES aTEAEIEC, N
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OTOIXEIOK) oUCTAOT KAl VO XapToypa®nBei n atopikn Katavoun.* H katavonon Twyv
apxwyv Asitoupyiag Tou TEM, TnG aAANAETTIOpaONG TV NAEKTPOVIWV PUE TV UAN Kal
TWV TPOTTWYV TTOU UTTOPOUHE VA EAEYEOUUE QUTA TA QUOIKA QAIVOPEVA TTPOG OPEAOG
MOG, ME OTOXO TNV TAPOywyr E€KOVWY UWnAng avaAuong Kal TIOIOTIKNAG
TTANPOQOPIaG, aTTAITEl APKETH) PEAETN KOl TTPAKTIKN) €£A0KNON a1md PEPOUG TOU
xpAoTtn.> H pétpnon Twv dlaoTdoewyv €vOG OTATIOTIKA OTTODEKTOU OEiyuaTOg

owuaTBiwv atod eikdveg TEM £yive pe To Aoyiopikd Imaged.s7?

2.2.2. MepiBAaon AkTivwyv X (XRD)

H trepiBAaon akTivwv X avhKel OTIG TEXVIKEG ATOMIKNG QOCUATOPETPIOG KAl
XPNOIYOTTIOIEITAI KATA KOPOV YIO TOV TTPOCDIOPICHO TNG ATOMIKNAG KAl POPIAKAG
OOoUNG €vOG KpuoTAAAoU. BaaileTal aTo QAIVOUEVO TNG OKEDAONG TTPOCTIITITOUCAG
0éoung okTivwy X atmd pia KPUuoTAAAIKT) Oourl Of OIAPOPEG OUYKEKPIMEVES
KATEUBUVOEIG, EVW 01 YWVIES KAl Ol EVTACEIG TWV OKEDACOPEVWV DECUWY EEAPTWVTAI
Kal kaBopidovTal atrd TNV TTUKVOTNTA TWV NAEKTPOVIWV KAl CUVETTWG T B€on Twv
ATOMWYV PEOA OTOV KPUOTOAAO. 'EXEI Eupeia epapuoyr 0TV MEAETN TWV UAIKWYV Kal
OTIC €MOTAMES TNG XNMEIOG, QUOIKNAG, PBloAoyiag, yewAoyiag kar Ox1 povo. H
ETTIOTNPOVIKA YVWOon TTou €XEl TTapayxBei o€ autd Ta edia atmod TIG apxEG Tou 200U
aAIWVA Kal ETTEITA, OQEIAETAI 0€ HEYAAO BABUO O0€ QUTA TNV TEXVIKHA KAl EVOEIKTIKO TNG
onpaciag TG €ival OTI O OXETIKEG €PYATieg €xouv Bpafeubei pye agloonueiwTo
apIBuo BpaBeiwv NOuTTeA, TO0O auTég TTou £€Becav TIG BACEIG TNG TEXVIKAG 600 Kal
QUTEG TTOU €Kavav XPHon auTtrig yia onUavTikéG avakaAuwelig (17 BpaBeia
ouvoAikd). Or1 akTtiveg X €ival nAeKTpouayvnTIKr OKTIVOBOAIA WIKPOU MIAKOUG
KUPATOG TTOU TTAPAYETAl ATTIO TIG NAEKTPOVIOKEG METATITWOEIG OTIG ECWTEPIKEG
OTIBAJEG TwV ATOPWYV A aTTd TNV €MPPAdUVON NAEKTPOVIWY UYPNAAG EVEPYEIAG Kal
OTO QACHA TNG NAEKTPOMAYVNTIKAG OKTIVOBOAIGG KaTaAapBAvel Tnv TTePIOXN atro
105 éwg 100 A av kal cuvABWC Ol TTEIPAPATIKES TEXVIKEC PACUATOPETPIAS AKTIVWV
X mepiopifovral otnv Tepioxr 0.1 - 25 A. O1 akTiveg TTOU XpPNOIPOTIOIOUVTAI Yia
QVOAUTIKOUG OKOTTOUG O€ €PYOOTNPIAKO ETTITTEdO TTAPAyovTal OUVABWG ME

BouPBapdiousd evog PETAAANIKOU OTOXOU PE BECUN NAEKTPOVIWY UYWNANG evEPYEIQs A
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a1Td aKTIVOPBOAIG GUYXPOTPOU O€ AiyEG EYKATAOTACEIS AvA TOV KOOUO, TTOU £X0OUV
TNV ATTAITOUPEVN UTTOOOMN. Ta QACHOTA EKTTOUTING MUTTOPEI va €ival ouvexn n
YPOUMWTA. H akTIvOBoAia ouveXxoUg @AOHUOTOG OVOPACZeTal ASUK aKTIVOBOAIa R
Bremsstrahlung. HAekTpOvia TTou TTapdayovTal atrd Tn Beppaivopuevn KaBodo evog
owAfva (4 aAAIwg piag Auxviag) akTivwy X, emTaxuvovTal Je dUVANIKG APKETWV
0ekadwyv KV (11.X. 100 KkV) 1Tp0o¢ éva o1dx0 HETAAAIKNG avodou OTTou dlEyEipouv Ta
NAEKTPOVIO TWV ECWTEPIKWY OTOIRABWY TOU, KEVO TTOU KAAUTITETAI ATTO NAEKTPOVIO
UWPNAOTEPWY  EVEPYEIOKA ECWTEPIKWY OTOIBAdWY HE TAUTOXPOVN  EKTTOMTIN
@wrToviou (akTiveg X). Mépog AOITTOV TNG EVEPYEIAG TTOU ATTEAEUBEPWVETAI KOTA TN
oUyKpouOon METATPETTETAI O QKTiVEG X. TO OUuveEXEC QACHUQ TTOU TTPOKUTITEI
XapakTnpifetal amd éva €AAXIOTO PAKOG KUPATOG Ao Kal €g¢aptartal amd Tnv
emTayxUvouoa Taon Kal 01 atrd Tov JETAAANIKO 0TOXO0. AgiCel €dW va OnUEIWBE OTI
ol akTiveg X TTaprnxénoav kai avixveudnkav yia mpwTtn gopd ato tov [epuavo
pNxaviké kai puaikd Wilhelm Conrad Réntgen oTig 8 Nogpupiou 1895, avakaAuwn
TTOU TOU XAploe To TIpWTO BpaBeio NouTtéA QUOIKAG,® eV TTPOC TIUNAV TOU O OKTIVEG
X avagEépovTal Kal W akTiveg Rontgen. EKTOG atrd Tnv Auxvia TTapaywynig akTiviwv
X, Ta épyava TTOU XPNOIYOTTOIOUVTAl OTIG AVOAUTIKEG TEXVIKEG DINBETOUV Kal AAAQ
TMAMOTA, AVTIOTOIXA JUE EKEIVA TWV OTITIKWYV OPYAVWY, OTTWGS QIATPA ATTOTEAOUNEVA
ouvnRBwg atrd AeTTTEG PETAAAIKEG AWPIBES yIa TOV TTEPIOPICUO TOU EUPOUG TINWV
MAKOUG KUUATOG, MOVOXPWHATOPEG aTTOTEAOUPEVOUG ATTO  HOVOKPUOTAAAOUG
TTPOCAPUOCUEVOUG TTAVW CE€ PIA TTEPIOTPOPIKA TPATTECA YIa TOV EAEYXO TNG YwVidg
TPOOTITWONG TNG O£0UNG Kal TNG OIACTIOPAG QUTHG, OAAG KAl PETOAAGKTEG
ONMATOG, EVIOXUTEG KAl ETTEEEPYACTESG CHMATOC VIO TNV AViXvEUON Kal HETPNON TNG
okedalduevng akTivoBoAiag.®

Ommwg kar pe OAOUG TOUG TUTTOUG NAEKTPOMAYVNTIKAG AKTIVOBOAIAG, n
aAAnAetridpaon Tng OéoPnG ME TNV UAN TTPOKaAEl okEdAon, e€vw ETTi TOU
TTpoKeINévou OTav o1 akTiveg X okeddlovTal 01O opyavwuévo TTePIBAANoV evog
KPUOTAAAOU OTTOU Ol ATTOOTACEIS TWV ATOMIKWY ETTITTEOWYV €ival TTAPATTARCOIoU
MEYEBOUG PE TO PAKOG KUPOTOG TNG TTPOOCTIITITOUCAS OKTIVOBOAIQG, TTPOKUTITE
EVIOXUTIKNA | KATOOTPETTTIKI OUUPBOAR TwV OKEBACOUEVWY OKTIVWYV. TO KABE ATOuO

TOU KPUOTAAAOU Opa w¢ OKEDAOTAG Kal TTAPAYEI DEUTEPOYEVI) CQAIPIKA KUUATQ,
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TTOU OQEiAovTal OE UEPIKNA ETTAVEKTTOUTTH) AKTIVOBOAIAg ue TPOTTO TTou Bupilel Tnv
avakAaon otnv omrmikn (BA. Eikdva 2. 5). MNepiBAaon €xoupe dtav Ta deUTEPOYEVA
KUpata TTpooTifevtal abpoloTIKG Ot Aiyeg €I0IKEG KATEUBUVOEIG Ol OTTOIEG
eMpavifovtal wg onueia oTo PoTifo TTepiBAaong, TTou ovouddovTal avakAdoelg. To
QAIVOUEVO QUTO TTOU EKMETOAAEUETAI N OXETIKN AVAAUTIKI) TEXVIKN TTEPIYPAPNKE
Katapyxdg amod Tov [epuavd @QuOikd kal voutreAiota Max Theodor Felix von
Lauel®l, €€oU kal o 6pog TepiBAacn Laue, diETTETal OUWS aTrd £vav VOUO TToU
éyive gupUTepa yvwoTOg xdpn oTtov Bpetavd @uoikd Lawrence Bragg.'? lMoio
avaAuTIKd, n TTEPiIBAaon atrd KpUOTAAAO gival éva QAIVOPEVO TTOU TTEPIYPAPETAI

OXNMATIKA JE TOV TPOTTO TTOU QaiveTal oTnv Eikéva 2. 5.

Eikéva 2. 5 Zxnuatikr avatmapdoTtacn Tng TrepiBAaocng akTivwy X atmmod évav
KpUoTaAAo. EikOva atré Tnv oxeTIKr avapopd.®

Ortav pia d€oun TTPOoKPOUEl 0TNV ETTIPAVEIQ EVOS KPUOTAAAOU, £va TUARUA
TNG OKeDAZETAI OTTO TO EMPAVEIAKO OTPWHPA Kal TO PN oKedACOPEVO TUNAPA TNG
cI0épxeTal  oTto  OeUTEPO  OTpwua Omou n  Oladikacia TG  OKEDAONG
eTavaAaupaveral diadoxIkd. Me Tnv TTpoUTTé0eon OTI Ta KEVTPA OKEDAONG, dNAAdN
Ta aTopa 1 HopIa dieuBeTOUVTAI HECA OTO UAIKO JE GUYKEKPIPEVO TPOTTO KAl UYPNAR
KavovikoTnTa (€xouue dnAadry KPUoTaAAIKr) dour) Kal n amoéoTacn HETAEU TwvV
OTPWHATWY OKEDAONG €ival OUYKPIOIJOU HEYEBOUG PE TO MPAKOG KUPOTOG TNG

OKTIVOBOAIaG, £€xoupue €va aBpOoIOTIKO ATTOTEAECHA TWV ETTIMEPOUG OKEDACEWY OTA
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d1dpopa oTpwHATA TTOU dNUIOUPYEI TO QaIvOuEVO TNG TTEPIBAaoNns. Me pia aTrAn
YEWMETPIKN avAAuon Twv EMPEPOUS EUBUYPOUUWY TUNUATWY TOU TTAPATTAVW
OXAMOTOG TTPOKUTITEI N BePeAIIONG PABNUATIKA £KQPACT TOU VOUOU, YVWOTH WG

e€iowon Bragg:

nl = 2d sinf (1)

TTOU n aKEPAIOG apIBUAG, A TO HAKOG KUPATOG TNG oKedAldueEVNS akTIVOBOAIQG, d n
atrdéoTacn PETAEU Twv ETTIMTTEdWYV (OTPWHATWY OKEDAONG) TOU KPUOTAAAOU Kal 6 n
ywvia JeTagu TnG EMQAVEIOG OKEDAONG KAl TG TTPOCTTITITOUCAS OE0UNG. AUTOG O
MNXQVIOPOG TTapoucidoTnke 1o 1912 amd tov W. L. Bragg, o otroiog €tmiong
TIuARBNKe 10 1915 padi e Tov Tatépa Tou W. H. Bragg pe 1o NouTTéA QUOIKAG.13

H onuaoia g 1epiBAaong akTivwyv X w¢ avaAuTIKNG TEXVIKNG, £YKEITAI OTNV
Movadiki TNG duvaTtoTNTA VA TTAPEXEl TTOIOTIKEG KAl TTOOOTIKEG TTANPOPOPIES WG
TIPOG TO €i00C TWV KPUOTOAAIKWY EVWOEWV TTOU UTTAPXOUV Ot €va Oeiyua, OIoTI
OIaKPIVEl TIC KPUOTAAAIKEG OONES KAl OXI HOVO TA ATOMA I] IOVTA ATTO TA OTTOIA AUTEG
atroteAouvTal, o€ avtiBeon Pe AAAEG TEXVIKEG OTOIXEIOKNG avaAuong. To didypapua
TePiBAaong akTivwy X gival povadiko yia KdBe kpuaTaAAIKR ouaia. ETTopévwg ival
€UKOAN Kal BEBain n XNMIKN TAUTOTTOINON AYyVWOTOU KPUOTAAAIKOU O€iyuaTOog av
OuYKpIBEi TO diIdypauua TTEPIBAACNS TOU YE auTd TTPOTUTTNG OUCIAG, TTOU UTTOPE va
avalntnBei oTig d1008€01ueg BAcEIG OEDOPEVWV.

To deiypa TotroBeTeiTal £VOIAUECA TNG TTNYAG KAl TOU QVIXVEUTH, N OEouN
TIPOOTTITITEl TTAVW OTNV ETMPAVEIA TOU OLIYMATOG UTTO yWwvVia KAl O QVIXVEUTNG
QavIXVeUel TIG avakAwpeveg Oéopec. H OAn didtagn, yia tnv okpifeia o
OEIYHATOPOPENG KAl O AVIXVEUTHG, £XEI TN BUVATOTNTA EKTEAEONG KIVACEWY WG TTPOG
évav acova, woTe va PETARBAAAETAI N ywvia TTPOCTITWONG TNG déounG. To €Upog
METPOUMEVWV YWVIWVY, TO Briua Kivnong Kal o XpOvog PETPNONG O€ KABE ywvia
puBuifovtal kKatd PouAnon. To amoTéAeoua TNG METPNONG ATTOTUTTWVETAl WG
éviaon TnG avakAwPevNG 0€0UNG O€ ouvapPTNON WE TN ywvia 6 1) 26 Kal aTToTeAE]
10 diaypapua TepiBAaong (diffraction pattern) Tou dciyuarog. H Tautotroinon piag

KPUOTAAAIKAG BOPNAG yiveTal atrd Tov TTPOCdIoPIoHO TNG B€0NG Twv avakAdoewy,
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TToU eP@avifovTal WG KOPUQEG, aTov Aova Twv ywviwy, KaBws n ywvia
TePIBAaong 26 6TTwg cidape eEapTdTal atmd TNV améoTaon d Twy ETITTEOWV TOU
KpuoTaAAou. Me p€Tpnon TNG €viaong TwV KOPUPWYV Kal oUYKPIon PE TTPOTUTTEG
OUOTIEG, €ival EQIKTH KAl N TTOOOTIKN avAAuon. EUEIC XpnNOIUOTIOINCAUE TN OXETIKA
EVIOON TWV XOPOKTNPIOTIKWY KOPUPWV TwV OUO KPUOTOAAIKWV QACEWV TTOU
OuVvUTIHpXaVv OTa OEiyMaTd POG, WOTE va TTAPOUME MIa EVOEIEN yIa TN OXETIKA
avaloyia Twv dUo @aoewv. To eUPOG TWV KOPUPWYV OXETICETAI UE TO PEYEBOG TWV
KPUOTOANITWVY Kal pe pia YéBodo Trou PBaciletal otnv egiowon Tou Scherrerl4
MTTOPEI va UTTOAOYIOTEI aTTO TIG KOPUPEG TO PETO PEYEDOG TWV KPUOTAANITWY, OTNV

TTEPITITWON MAG TO PECO PEYEBOG TWV KPUOTAAAIKWY vavVOowHaTISiwV:

L = KA/Bcosb (2)

OT1r0u L 10 H€OO €UPOG TWV KPUOTAANITWY, A TO HAKOG KUPATOG TNG OKTIVOBOAIOG
O€ VAVOUETPA, B TO EUPOG TNG KOPUPNG 0To Héoov TG évraong (FWHM) oe radians
Kal K pia otaBepd TTOU OXETICETAI PE TO OXAMA TWV KPUOTAANITWV Kal OTnV
TEPITITWON pag €xel ouvABwg TNV TR 0.9. H pébodog dev divel TTOAU peyaAn
OKPIBEIO CUYKPITIKA PE TNV PETPNON KAl TN OTATIOTIKA avdAuon atmé 1o TEM, aAAd
o€ KABe TrepiTTwon divel pia EvOeign.

MNa TIC avaykeg TNG ETMOTAPNG TWV UAIKWY, Ta Ogiypuata TTou avaAuovTal
ouvnRBwg ival deiypata okodvng. H TTpoeToIpgaaia Tou dEiyaToC aTTaITEl OXOAATTIKI)
A€loTpifIon, WOTE 01 ATTEIPOI PIKPOKPUOTAAAITEG va TTPOCAVATOAIOTOUV TTPOG KABE
duvartni kateuBbuvon, e€ac@alifovTag Tnv IKAvoTToinon TnG ouvlnikng Tou Bragg,
otav n déopn d1EABeI atrd auTd. Katrolol uttodoxeic delyuaTwy £xouv Tn duvatdTnTa
Va TTEPIOTPEPOVTAI YIA VA TTETUXOUV TO id10 atToTéEAeOUa. Ta dgiyuaTa YTTopouV va
TOTTOBETNOOUV O€ TPIXOEIOEIC UAGAIVOUG OCwANVioKoug, va avauixbouv pe un
KPUOTAAAIKO OUVOETIKO UAIKO WOTE va TTPOOKOAANBoUV o€ KatdAANAo uttéoTpwua
N va evatroteBouv o€ KATAAANAA SIAUOPPWHEVO DEIYUATOPOPED O OTTOIOG UTTOPEI
va Ta ouykpatei. H OIKA pag Tepimmtwon €ival Aiyo dIAQOPETIKA wg TTPOG TNV
TTpoETOINOCIa, Adyw TNG PUONG TwV vavoowuaTidiwv. To otddio Tng AsioTpifiong

oev amaiTeital, KABwWG Ta vavoowuaTidla atToTEAOUV OUCIACTIKA PEUOVWHEVOUG
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VOVOKPUOTOAAITEG Tuxaia TTpooavaToAiouévous. Kabwg autd @uAdooovTal wg
evalwpnuarta o€ €€Avio, XPNOIMOTTIOIOUNE WG BEIYHATOPOPED VA KOUMATI aTTd UaAO
MIKPOOKOTTIOU, TO OTroio peE Tawvia OITTAAG dyng TTpocapTaTal O€ PETAAAIKN
OTPOYYUAN TpAtTeda n OToid PE TR CEIPA TNG OTEPEWVETAI PAyVATIKA OTnNV
KatdAANAn 8¢éon tou opydvou. Mavw otnv UOAO PIKPOOKOTTIOU EvATTOTIOEVTAI PE
TITTETA 1] OTAYOVOUETPO UEPIKEG OTAYOVES EVAIWPAMUATOG OEIYMATOG, APAVETAl O€
NEEPia HEPIKA OEUTEPOAETITA WOTTOU VA £EATUIOTEI 0 DIOAUTNG Kal ETTAvVAAAUBAVETAI
n O10dIKaoia £€wWG OTOU OXNUATIOTEI OTO KEVTPO TOU OEIYHATOPOPED €va AETTTO
UMEVIO OKOVNG VAVOOWMATIOIWY, KAAUTITOVTAG TTANPWG TNV Uaho. H diadikaacia
gival amraiTnTIKA, yiaTi dev gival TTAvTa EUKOAO va eAeyXOei N evattoBeon 010 oneio
TOU OEIYUATOPOPEA TTOU ETTIBUPOUNE, VW av n KAAuwn dev ival KaAr, epgaviceTal
O€ MIKPEG TINEG YWVIWV Wia eKTEVAG (wvn avAOKAACEWY TTOU OQEIAETAI O G TTOU
Aaupaveral atrdé 10 UTTORABPO, aTTO TOV YUdAIvo delyuaTto@opéa dnAadn. Auto
BéBaia eutuxwg dev pag TTNEEACE], KOBWG Ol HEAETOUPEVEG KPUOTAAAIKEG OO EC
EM@AVICOUV TIG AVAKAACEIG TOUG O€ YWVIiEG HEYAAUTEPEG ATTO AUTEG TOU APOPPOU
TMAMaTog. OAol auToi o1 XEIPIoUOoi yivovTal auéowg TIpIV TNV PETPNON, Yia va
€COOQANIOTE OTI TN OTIYPN TNG HETPNONG TA VAVOOWHATIOIO dEV £XOUV TTPOAAREI va
0&eidwbouv. Mia GAAn 18iopop@ia Twv vavoKpuoTAAAwv eival OTI gugavifouv
OaQWGS XauNAOGTEPNG £vTaonG avakAAoEIg, KATI TTOU avTINETWTTICETAlI augavovTag
eEAAPPUWG TOV XPOVO HETPNONG O€ KABE Priua TOU YWVIOUETPOU O€ OXEON ME TA
Ociyparta cupTraywv UAIKWY. AuTtd augdvel Tov GUVOAIKO XpOvo PETPNONG, TTOU yia
TIG METPNOEIG TTOU £YIVAV OTN CUYKEKPIYEVN BIATPIRN ATAV TTEPITIOU 2 WPEG, AAAG
Oivel TEAIKG €va didypaupa TTepIBAAcNS PE AIOTTOINCIYO ONPa Kal OIAKPITES
avakAdoelg. EIIKG otnv TTEPITITWON TwV VAVOKPUCTAAAWY uag, n TrepiBAacn
OKTiVWwV X UTTOPEI va BewpnOEi KATAOTPETTTIKA TEXVIKI, AQOU N EKTEVAG EKBECN OTNV
aThoo@aIpa KAl N okTivoBOANnon ogeidwvel Kal aAAOIWVEL €V YEVEL TOUG
KPUOTAAAOUG, €V O TPOTTOG OTTOBECNG AUTWY COTOV BEIYHNATOPOPED TOUG KaBIOTA
M avakTAOIPoUG.

MNa 11 avAykeg auTAG TNG €PyaOiag XpnolIPoTroinenke 1o TTEPIBAQCIPETPO
akTivwyv X TTou BpiokeTal eykateoTnuévo oTo IvoTitouto HAekTpovIKAG AOUNG Kal

NéiCep ToU 1dpUpaTog Texvoloyiag kal ‘Epeuvag. Mpokerral yia To D/MAX-2000H

67



KE®. 2 — EPTASTHPIAKES & ANAAYTIKES TEXNIKESY

NG etaipeiag Rigaku, pe TTEPIOTPEPOUEVN Gvodo, akTivoBoAia Cu-Ko Kai
OEUTEPOYEVH HOVOXPWHATOPA ypa®iTn. H déoun emtaxuvoTav atrd taon 40 KV kai
pelpa 82 mA. e éva TUTTIKO TTEIpAPA PE OKOVN VAVOKPUOTAAAWV Kal yia TIG
QAVOKAGOEIG TTOU POg eVOIEQEPaY, N odpwaon yIvoTav o€ éva eupog 28 = 10° - 90°

TepiTrou, pe Bripa 0.02°/ 3 sec.

2.2.3. ®aoparookoTria YrepuBpou pe Meraoxnopoé Fourier (FTIR)

Otav pIANGPE yia Tnv uTTéEPUBPN TTEPIOXH TOU QACUATOG, AVOPEPOUOOTE OE
OKTIVOBOAIEC PE KUPOTAPIBUOUC TTou Kupaivovtal ammd 12800 éwg 10 cm™. H
TTEPIOXN QUTA XwpileTal ue BAon TIC EQAPUOYES Kal TN OXETIKA opyavoAoyia o€
EyylUg IR (12800 — 4000 cm?), Méoo IR (4000 - 200 cm?), Amw IR (200 — 10
cm?). Emi Tng mapouong, n Teploxn evila@épovTiog eival aut Tou Méoou
UTTEPUBPOU QAoHaTOC WE TIG €EEANICEIC OTN OXETIKA opyavoAoyia va gival TToAU
ONMAVTIKEG TIG TEAEUTAIEG DEKAETIEG KAI TNV TTAEIOVOTNTA TWV OpYAVWY va BaacileTal
OAUEPA OTOV PeTAOXNMOTIONO Fourier.’® Ta dlaypduuaTta TTOU ATTOTUTTWVOUV
@aopata FTIR gugavifouv Katd Kavova oTov AEova TwV TETAYUEVWYV TN YPAUMIKA
€€APTNON WG TTPOG TN dIATTELATOTNTA KaI OTOV AEOVA TWV TETUNUEVWY TN YPOUMIKA
€€APTNON WG TTPOG TOUG KUPATAPIBPOUG. H xprion TNG KAIMOKOG KUPOTApPIOUwWY
TTPOTINATAI, AOYW TNG YPAPMIKAG 0XE0NG QUTAG TNG MovAdAg YE TNV EVEPYEIQ Kal
TNV HOPIOKHA ouxXvoTnTa dOVNONG OTNV OTToia OPEiAeTal N atToppdPnon. H evépyeia
NG UTTEPUBPNG OKTIVOBOAIAG €ival ApPKETH yIa va TTPOKAAECEl PIKPEG EVEPYEIOKEG
METATITWOEIG HETAEU Twv  OIAQOPETIKWYV  OOVNTIKWY KAl  TTEPIOTPOPIKWV
KATOOTACEWV TWV HOPiIWV, TToOU OPEIAOVTal OTIG DIOPOPETIKEG DITTOANIKEG POTTEG WG
ATTOTEAEOUA TWV OOVNTIKWYV 1 TTEPIOTPOPIKWY QUTWYV KIVACEWV. O1 eVEPYEIOKEG
KATOOTACEIG KAl OTIG OUO TIEPITITWOEIG €ival KPBavTiopéves. H evépyeia TTou
ATTAITEITAI YIA TIG TTEPIOTPOPIKEG METATITWOEIG Eival MIKPR KOl QVTIOTOIXEI O€
OKTIVOBOAIa Tou ATTW UTTEPUBPOU QACHATOG, EVW YIA TIG BOVNTIKEG PETATITWOEIG
avTioToIxei Katd kavéva otnv péon uttéEpuBpn TTEPIOXN. Alakpivovtal dUo
OIAQOPETIKA €idn OovAoewv, Ol dOVNOEIG EKTAONG TTOU YapakTtnpifovral atrd

METABOAR TNG atméoTaoNG PETAEU ATOUWY KATA PNAKOG Tou d&ova Tou deCOoU TOUG

68



KE®. 2 — EPTASTHPIAKES & ANAAYTIKES TEXNIKESY

Kail ol SovAOEIS KAPWNGS TTou agopoUlv ag alAayr] TS ywviag HeTagl dUo deauwy. e
H ouyxvéTtnta kai Ta Aoitrd xapaktnpioTiké Tng dévnong o€ éva uodpio kabopifovTal
atmmo Ta AdN Twv OECUWYV , Ta ATOUA TTOU CUMPMETEXOUV Kal TO TTEPIBAAAOV TTOU
KaBopileTal ammd Ta YeITovIKA popia. ‘ETol XapakTnpioTIKEG  OPAdEG aTOPWY N
OEOOI O OUYKEKPIUEVO XNUIKO TTEPIBAAAOV EPPaVICOUV XOPAKTNPIOTIKES KOl EVIOTE
MOVaOIKEG ouxvoTnTEG OOVNONG KAl OUVETTWG atroppo®nong oto IR, woTe va
MTTOPOUV va TauToTroiNBouV péow autwyv. O1 atToppoPnoEIS auTéG eugavidovTal
WG KOPUPESG OTO GAC A ATTOPPOPNONG, AANOTE gival SIOKPITES KAl OTEVEG KAl AAAOTE
TTEPIOOOTEPO EUPEIES, EVWD OUXVA PTAVOUV O€ ONEio va KataAapBavouv oAOKANPES
(wveg oTo paopa IR.

Evw 10 QOOUATOPETPA XPNOIKMOTTOIOUV CUVHBWS HOVOXPWHATWPES A QIATPA
yla Tnv ammoudvwon Kal €AoYy TG akTivoBoAiag pétpnong , Ta opyava FTIR
avrKouv KaTd BAon TNV KATNYopia TwV TTOAUTTAEKTIKWY OpYAvVWYV, TTOU CUAAEYOUV
N QACMATIKA TTANpoopia Xwpeic avdAuon f QIATpApIoHa TNG akTivoBoAiag. Ta
opyava autd TTAPOUCIAloUV ONUAVTIKA TTAEOVEKTAUATA, OTTWG N IKAvoTtnTa
METPNONG a0BevwyV ONUATWY, KOBWGS N aTTOUCia OXICHWY, QIATPWY Kal €V YEVEI
TTOAWV OTITIKWYV OTOIXEiWV Oev £€a0Bevei TN OE0UN, N UWNAR JIAKPITIKN IKAVOTNTA
Kal €mavoAnyigoéTnTa  TToUu KaBIoTouv €UKOAN Tnv avAAucn TTOAUTTAOKWY
QPACPATWY Kal n TaxutnTa TNG METPNONG, AAAG Kal O UYPNAGG AGYOG ONUATOG TTPOG
B6pufo. Ta oOpyava yia Tnv pETpnon amoppd®nong utmépubpng akTIVOBOAIaG
dIaBETOUV WG KUPIa TUAMATA Wia TTNYR OUVEXOUG UTTEPUBPNG aKTIVOBOAIAG Kal Evav
METAAAGKTN UTTEPUBPOU WG avixveuTr). H TNy artroteAgital amd éva adpavég
oTEPEd owua TTou BeppaiveTal NAeKTpIKG ot Bepuokpacia 1500 — 2200 K pe
QTTOTEAECOHUA TNV EKTTOPTTH OUvVEXOUG aKTIVOBOAiaG. Q¢ TInyég MPTTOpOUV va
XpnoigotroinBouv TTupakTwkTES Nernst, TTnyEg Globar, TTupakTwpéva oupuata Ni-
Cr, 16¢a udpapyupou, vipaTa BoAgpapiou kal Aéilep diogeIdiou Tou AvBpaka. ZTa
opyava JETAoXNMUATIONOU Fourier , wg QVIXVEUTEG XPNOIMOTTOIOUVTAI KUPIWG
TTUPONAEKTPIKOI UETAAAGKTEG  (ME KUPIO UAIKO OUVABWG Tnv BeiKh TpIyAuKivn
(NH2CH2COOH)3.H2S04) 1 @wToaywylhol  PETOANAKTEG atmmoé  TeAAoupidIa
udpapyupou/kaduiou (HgTe/CdTe).l” Zta TTOAUTIAEKTIKG Opyava uTrepUBpou

ouvavToUe Kupiwg dUo £idn, TO QACUOTOPETPA YETAOXNUATIOMoU Hadamard,®
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TToU OEV XPNOIMOTTOIOUVTAl O€ €UPEia KAIJOKO Kal autd OTTOU N KwOIKOTToinoN
emTUYXAveTal he dlauoipacud TNG akTivoBoAiag Tng TTnyng o€ dUo OECUEG, TWV
OTTOIWV TO UAKOG UETABAAAETAI TTEPIODIKA KAl OTN CUVEXEID N ETTECEPYOTIA TWV
0edOMEVWY  TTPAYUATOTTOIEITAI YE PETaoXNMaTIONO Fourier.  Ta TTEPICOOTEPA
EUTTOPIKG Opyava FTIR Baoiovral oto cupBoAdueTpo Michelson kai gival 6pyava
MOVAG OEOUNG, TTOU XPNOIMOTIOIOUV OlauoIpacTEG BEOUNG. ApPXIKA AauBaveTal
@Aopua Tou UAIKOU ava@opdg (ouvnBwg aépag) Kal ETTEITA TO Ao Tou OEiyuaTog,
0 AOYOG TTOU TTPOKUTITEI OE ATTO TA PACHATIKA dedopéva dEiyuaTog Kal avapopag
TTAPEXEI TO PACHA dIATTEPATOTNTAG.

Ta @doupata FTIR eAqepBnoav pe @aopatoueTpo Bruker Vertex 70v Tou
IvoTitouTou HAekTpoviknG Aopng kar Aéifep Tou IdpupaTog TexvoAloyiag Kal
‘Epeuvag, e duvatotnTa AYPEWS QAoUATWY o€ éva eUPOG, TToU EEPeuye atmo 1o IR,
ouykekpiyéva 24000 — 10 cm™.

270 Opyavo TIOU £yIvav Ol ATTAITOUMEVES YI' AQUTA TNV €pyacia avaAuoelg,
TTapEXovrav OUO OuvaToOTNTEG  OXETIKA HE TOUG OelyuatoPopeic. To Oceiyua
MTTOpOUCE €iTe va evowpatwOei oe pATpa KBr oxnuatiloviag oucolaoTIKA Wia
TTaoTiAla Kal €TTEITa va ToTTo0eTNOei 0TV KATAAANAN B€on Tou opydvou yia va
METPNOEI (evdeikvuTal yia deiyuata o€ oKOvn) €iTe va XPNOIUOTTOINGET KOPTEAQ UE
OTTA OTO KEVTPO, KAAUUMEVN atrd AeTTTo, dlatrepaTtd @UAAO teflon , oTo oTToiO KA
ammAWVOTaV AETTTA OTPpWON Tou OEiyuaTOG. 2TNV TTEPITITWON MAG TTPOTIMABNKE N

deUTEPN ETTIAOYN.

2.2.4. HAektpoviki MikpookoTria Zapwong (SEM)

H apxn Aeimoupyiag evOog OOpwTIKOU NAEKTPOVIOKOU MIKPOOKOTTIOU gival
TTOPOUOIO PE QUTH €VOG NAEKTPOVIOKOU WIKpookoTTiou OléAeuong. O1 opoIdTNTEG
QaPOPOUV KUpiwg Tn dnuioupyia piag 8€0ung NAeKTpoviwy aTrd BepPaIvOUEVO vijua
N GAAn didraén péoa o KAatdAANAn oTAAn Kevou kKal kaBodryynon auTthg HEow
NAEKTPOUAYVNTIKWY QOKWY TTAVW OTNV €MQAVEIQ TOU UTTO PeEAETN OgiypaTog. H
evepyela TnNG d€oung utropei va givar arro JoAIg 100 eV pExpr kai 30 keV, avaAdywg

TNV €@apuoyn. H Baoiki dlagopd agopd TO €id0C TwV NAEKTPOVIWV TTOU
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EKMETAAAEUOUOAOTE yIa TOV OXNUATIONO TNG EIKOVOG. 2€ AUTA TNV TTEPITITWON N
TEXVIKA adI0QOPEi yIa T DIEPXOPEVA NAEKTPOVIA KAl ETTIKEVTPWVETAI O€ OUO €idn
KUpiwg, Ta oTroBookedalOueva Kal Ta OEUTEPOYEVH, TTOU TTPOKUTITOUV aTTd
eAaoTIKEC KOl aveAdOTIKEG  aAAnAemidpdoeic.l’® Ta omoBookedaloueva
TIPOEPXOVTAI ATTO KIVOUPEVA NAEKTPOVIA TTAVW OTNV ETTIPAVEIA TOU OEIYUATOG, EVW
Ta deuTEpPOyEVR dnuioupyouvTal o€ PABog péxpl 50 nm atmd TNV EMIPAVEIQ. ZTNV
MIKpooKoTTia SEM dev atraiTeital N XpAon UTTEPAETTTWY OEIYHATWY, OTTWG 0To TEM,
OI16TI €dw MEAETATAI KUPIWG N emQAvela Tou Otiypuatos. To SEM ouoiaoTiké
EKMETAAAEUETAI Ta NAEKTPOVIA yIa TR dnMIoUPYia EIKOVAG, OTTWG KAVEI TO OTITIKO
MIKPOOKOTTIO ME TO QwG. To ammoTéAeopa eival yeyéBuvaon €iIKOvag TTOANEG TAEEIG
MEyEBOUG uwnAOTEPN o€ oxéon PE TO ATTAG HIKPOOKOTTIO (>100,000x%) Kal KAAUTEPO
Babog Trediou. H emipdveia Tou deiyuaTtog AOITTOV capwveTal TTAAIVOPOUIKA aTTd

OEo N NAEKTPOVIWV UWNAAG EVEPYEIQG.

omo0ookedalopeva e-

deuTepoyevi) e-

pwréovia

akTivoBolia X

[pwToyeVhg 60N e

AEITMA
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Eikéva 2. 6 AtroteAéopara TNG aAANAETTIOpaONG TTPWTOYEVOUG BETUNG € uWnAng
evépyelag pe Ociypa. Ze autég TIGC aAAnAemdpdoelg BaacifovTal n HIKPOOKOTTIA
TEM/SEM, aAAd Kal GUPTTANPWHATIKES TOUG TEXVIKES, OTTwG EELS, EDS.
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Amé autl Tn odpwon AauBdavovtalr Kal GAAa  oApOTa  EKTOG  ATTO
otmioBookedaloueva Kal OeuTEPOYEV) NAEKTPOVIA, OTTWG nAekTpdVIa  Auger,
PWTOVIA YOBOPICHOU OKTIVWY X KAl QuTOVIA dIAQOPpWYV EVEPYEIWY, AAAG KAl OKTIVEG
X, TTOU £TTIONG XPNOIUOTTOIOUVTAl O€ OIAPOPES AVAAUTIKEG TEXVIKEG.

H Asimoupyia evog pikpookotriou SEM dev atraitei T000 uwnAd Kevo 600 auto
Tou TEM ka1 yevika xapaktnpidetal atrd atrAoUOTEPOUG XEIPIOUOUG OE OXEON UE TO
TEM. O1 BdAauor deiyparog oxedialovTal €101, WOTE VA ETTITPETTOUV TNV TAXEIQ
aAayn Oeiyudtwyv. H tmpdoPBacn oto BadAauo oOtrou TotroBeTeiTal To Ogiyua
ouvNBWG YiveTal AUETa, XwpPig TN XpHon KatadAAnAou delyuato@opéa Kal apKei pia
AavtAnon Aiywv OeUTEPOAETITWYV yIa va ETTITEUXOEI KEVO IKAVOTTOINTIKG yia TN
Aeitoupyia Tou (10 torr § xapnAdTepa). Eikovec upnAdTEPNS avaAuong amaitody
Kevo ammd 10° - 107. To £dpavo OTO OToi0 TOTTOBeTOUVTAl TO deiyyara oTa
TTEPIOCOOTEPA OPYAVA UTTOPEI VA PIAOLEVAOEI OEIYUATA APKETWV EKATOOTWYV, AAAG
Kal TTEPICOOTEPA TOU £VOG OEiyhaTa TauTOXpova. To £dpavo PETAKIVEITAI KATA TOUG
ACOVEG X,y KaI TTEPIOTPEPETAI, WOTE VA €ival DUVATA N TTAPATAPENCN O€ OTTOI0ONTTOTE
onueio. Ta ommoBookedaldueva 1 OeuTePOYEVH] NAEKTPOVIO  CUAAEyovTal,
METATPETTOVTAI O€ NAEKTPIKO CANA KAl EvioXUovTal a1rd KATAAANAOUG PETAAAAKTEG
KAl EVIOXUTEG ONUATOG KAl N EIKOVA TNG ETTIPAVEIOG TOU OEiYNATOG dnUIoUpyEiTal
oTnv 084vn Tou NAEKTPOVIKOU UTTOAOYIOTH TOU XEIPIOTH. H QwTEIVOTNTA TNG €IKOVOG
OoXeTiCeTal pe TNV Eviaon Tov nAekTpoviwyv. MNa Tnv emTuxh €€ETAON BEIYUATWY,
QATTAITEITAI QUTA VA €ival NAEKTPIKWG AYWYIKA, WOTE Ta NAEKTPOVIA va PEOUV TTPOG
TN YE€iwoN Kal va PNV CUCOWPEUETAl NAEKTPIKO QOPTIO OTNV ETTIPAVEIQ TOU
ociypatog TTOoU uTroBadpiler Tnv TTapartipenon. Otav Ta dciypata dev  gival
NAEKTPIKWG AYWYIMA, OTTWGS TA BIOAOYIKA, QUTA ETTIKAAUTITOVTAI JE AETTTO UPEVIO
METAAAOU pE ETTINETAAAWON 1 UE €EAXVWON TOU JETAANOU UTTO KeVO. AuTd ouvriBwg
augavel kal TN BepuikA aywyiudtnTa Twv OEIYUATWY, WOTE VO MEIWVETAI N
mOavOTNTA BEPUIKNAS aTTOoOUVOEONG.2° 1A HIKPOOKOTTIO 0Apwang UTTAPXEl GUXVA
EYKATEOTNUEVOG KOl QVIXVEUTAG OKTiVWV X, TIOU ETMTPETTEI TV TAUTOXPOVN
oToixelak avaAuon Tou dgiyuaTog e TNV TeXVIKY EDS, 61TTwg Ba TTepiypagei ev

OUVTOMIO OTN CUVEXEIQ.
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2.2.4.1. ®aopatooKkoTria akTivwv-X Je diaxwpioud evépyelag - EDS

H Ttexvikl Energy-dispersive X-ray spectroscopy (EDS 14 aA\Aiwg
EDX,EDXS,XEDS), €ival pia avaAuTIKf TEXVIKI) TTOU TTAPEXEI TNV duvatoTnTa
€UKOANG Kal TaxUTATNG OTOIXEIOKNG avAAuong OciydaTwy. Baciletal otnv
aAAnAeTTidpaon kaTTolag TTNYNGS OIEYEPONG KAl OEYUATOG, TTOU £XEI OAV ATTOTEAECUA
TNV TTapaywyr akTivoBoAiag X atro 1o deiyha. Zuxva XpnoIKOTIoIEITAl OUVOUAOTIKA
ME TEXVIKEC MIKpooKoTriag 6mw¢ SEM kai TEM.2Y Ze aut) TNV TIEPITITWON N
dI€yepon TTPOKAAEITAI ATTO TNV TTPOCTITWON TNG 0€0UNG NAEKTPOViwY TTAvw OTO
ociypa. Mpiv TNV aAAnAeTTidpacn, Ta ATOPA TOU BEIYHATOG £XOUV TA Un dIEYEPUEVA
TOUG nNAEKTPOVIa OTIG TIPORAETTOUEVEG OIOKPITEG EVEPYEIOKEG OTABPEG. H
TIPOCTTITITOUCA OECTUN NAEKTPOVIWV PTTOPEI va DieyEipel Eva NAEKTPOVIO EOCWTEPIKAG
oTOIBAdAG, TO OTTOI0 EYKATAAELITTEI TN OTOIBAdA APAVOVTAG Wia OTTA NAEKTPOViou.
Me Baon Tn YeVIKA apxn TTapaywyng akTivwv X, éva nAEKTpOVIO €CWTEPIKNAG
oTOIBAdAG UYNAOTEPNG EVEPYEIAG METATTITITEI OTNV EOCWTEPIKA YIA VA KOAUWEI TO
ENAEIUPO QOPTIOU TTOU £XEI TIPOKUWEI EKTTEUTTOVTAG £va KBAVTIOPEVO QWTOVIO OTO
@daoua TnNG akTivoBoAia X, he evEPYEIQ QVTIOTOIXN TTPOG TNV EVEPYEIAKR dlapopd
Twv OUO oToIBAdwWV. O1 evépyEIEG QUTEG €ival XAPAKTNPIOTIKEG TWV OTOPWV,
OUVETTWG O QVIXVEUTAG €vOG @aopatouéTpou EDS ptropei va OUAANECEl Tnv
EKTTEUTTOPEVN OKTIVOBOAIQ, dlaxwpilovTag TIG KATAYPAPOUEVES EVEPYEIES, DiVOVTAG
TTOIOTIKI) TTANPOPOPIa WG TTPOG Ta XNUIKA OTOIXEIA, a@ou KaBe oToixeio divel £va
Movadikd @Aoua EKTTOUTIAG, AAAG Kal TTOOOTIKH TTANPO®OpPIa TTOU TTPOKUTITEI ATTO
TN OUXVOTNTA KOTAYPAPNG TWV CUYKEKPIMEVWV EVEPYEIWV. H CUYKEKPIPEVN TEXVIKNA
EXEl XauNAR OI0KPITIKA IKAVOTNTA KAl O€ OPICPEVEG TTEPITITWOEIS TTAPOUCIALE!
aduvayia dIAKPIoONG ATOPWV AOYWw AAANAETTIKAAUWNG KOPUPWV KOl OXETIKA uPnAd
OpIo avixveuong, €ival OPWGE TOOO EUKOAN Kal TTAPEXEI TN dUVATOTNTA TAUTOXPOVNG
METPNONG OTOIXEIWV, TTOU TTOAAG NAEKTPOVIKA PIKPOOKOTTIO (0dpwaong 1 diEAeuong)
€ival EQOdIACUEVA PE TOUG AVTIOTOIXOUG QVIXVEUTEG KOl TO KATAAANAO AOYIOUIKO,
divovTag OTO XEIPIOTH TN duvaTOTNTA TAUTOXPOVA WE TNV TTapaTtipnon tng doung
KAl TNG Jop@oAoyiag Tou OgiyhaTog, va TTPAYHATOTIONCE! Jia TaXUTATN KAl AQPKETA
aglomoTn XNMIkn/oToixelak avdaAuorn. [diaitepo evdiagépov €xouv UAANIOTA Ol

epapuoyég  elemental mapping, Otou  yivetal  OnAadry  MIO  OTOIXEIAKA
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XapToypAaenon Tou OciyuaTtog OEiXvovTag HE KATAAANAO XPWHATIKO KWwOIKA TN
dIacTTopd TWV dIaPOPwWYV ATOPWV/I6VTWY 0TO dEiyua.

MNa TG avayKkeg TNG TTAPOUCAG £pyaciag £yIve XpAON Tou UIKpooKoTriou SEM
JEOL JSM-6390VL 110U AciToupyei ota 20 KV kal gival €QodIacPEVO PE QVIXVEUTR
EDS INCA PentaFET-x3 ¢ Oxford Instruments. H &idragn Ppioketal
gykareoTnuévn oT1o TUAPA BioAoyiag Tou MavemoTnuiou KPATNG, Kal TTAPEIXE PIa
AuEON Kal EUKOAN €KTiUNON TwWV ATTOTEAECUATWY TWV CUVBECEWV TOU OEUTEPOU

OKEANOUG TNG €pyaciag, OTTOU ATTAITEITO N EKTIUNON TNG OXETIKNG avaAoyiag Fe/Co.

2.3.  MayvnTIKOG XOpPAKTNPICHOG VAVOCWHATISIWV

2.3.1. Mayvnrtéperpo SQUID (Superconducting Quantum Interference

Device)

To payvntéuetpo SQUID Bewpeital 0 O €uaioBNTOC avVIXVEUTAS PayvnTIKOU
ediou. ATToTeAeiTal aTTd UTTEPAYWYIMA TTRvia Kal eTTa@éG Josephson (ETTaQEg
TUTTOU sandwich OTTou éva AETITO OTPWHA [N UTTEPAYWYIMOU UAIKOU-POVWTH
TOTTOBETEITAI AvAPETQ O€ U0 UTTEPAYWYOUG), TToU Tou divouv TEAIKA Tn duvaTtoTnTa
va aviXVeUel IBITEPWGS XaunAd TTedia. Avixveutég SQUID €xouv avixveuoel TTedia
€wg ka1 5x1018 T g dlaoTnuIKES epapuoy£C.2223 [Na va AsIToupynoel 0 aiodNTAPAS
SQUID TrpéTtTel va TTEPACEI OTNV UTTEPAYWYIKN KATAOTACN KAl CUVETTWG VO WUXOEI.
" autd TO OKOTTO XPNOIYOTIOIEITAI KPUOYEVIKO uypo (uypd Ao r uypd alwTto
avaloya pe Tov aioBnThipa),?* evwd TO KPUOYEVIKO pag Oivel Tn duvatdtnta
METPACEWY O€ éva eUPOG BEPUOKPATIWY TTOU TTEPIAAUBAVOUV Kali TIG TTOAU XOUNAEG
Bepuokpacieg. To deiypa TOTTOBETEITAI AVAPECSA OTA TINVIA KAl n MIKPH KABETN
Kivnon/TaAavtwon auTtou eTTayel CUPQWVA JE TO VOO Tou Faraday pIKpAg EvTaong
peUpaTa TToU gival duvaTtdv va avixveuToUv.?® To Opyavo TToU XPNOIUOTIOIONKE
gival To MPMS®-XL5 1n¢ etaipgiag Quantum Design. To deiyua ToTrobeTeital atnv
akpn KatdAAnAng pdpdou, n otroia PBuBifeTalr oTov OWANVoEIdr; BAAAUO ToOu
ociypatog vyia va Bpebei oTov TTPOPRAETTONEVO XWPO. ZTNV TIEPITITWON TWV

vavoowpaTidiwy, Ta dgiyuata gival ouvBwg o€ okdvr. Mia BoAIKN TTPOKTIKY €ival
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va guTToTiCETal €va TTPOCUYIOHEVO KOUMATI BAUBOKOC ME TTOCOTNTA EVAIWPAUATOG
VavVOoWMaTIOiwyY, WoTe HETA TNV €EATUION TOU BIAAUTN VO TTPOKUTITEl yVwoTh Yala
OKOVNG VOVOOWPATIOIWV OUOIOPOP®a dIacKoPTTIouEVN TTAvw oTov BaupBaka. To
Ociypa ToTToBETEITAI HEOA O€ PN PayvnTiKA KAwouAa {eAaTivng Kal auTh YE TN o€Ipd
TNG OTEPEWVETAI O AETITO CWANVIOKO Kal autdg KaTOTTIV 0TV dkpn g papdou-
ociypatopopéa. O BAAapog avTAsiTal yia va Ammouakpuvlel TO aATHOOQAIPIKO
o&uyovo evw e@apudleTal kKal TTedio atrd KUAIVOPIKO UTTEPAYWYIMO payvAtn 7 T
TToU TTEPIBAAAEI TOV BAAapo. H 6An diaTagn BpiokeTal yéoa o€ BEPUIKA JOVWUEVO
ME KEVO a€POG, aAAd Kal Bwpakiopévo attd akTivoBoAieg kal ouata doxeio uypou
nAiou, evw uTTGpyxouV Kal BepuavTikG oToixeia Ye Ta avriotoixa Bepuolelyn oTOV
XWpPo 1o Ociyuatog yia Tn Bépuavon kal Tov éAeyxo Beppokpaciag. To SQUID
ekTeAEl peTpnoelg oe Asitoupyia DC, otTou 10 deiypa payvnrigetal uttd oTabepd
MayvnTIKO TTedio, aAAG kal AC, 6t1Tou T0 deiyua UTTOKEITAl 0€ EVOAANAOOOUEVO TTEDIO,
KATI TTOU ETTITPETTEI TNV METPNON XWPIS TOAAVTWON Tou deiypartog. ETTAEyovTag Tnv
KAatadAAnAn ouxvotnta tou AC Trediou, PTTOpoUV va HEAETNBOUV duVAUIKA
@aivopeva TToU ge@elyouv OPwG atmod Tnv TTapouca epyacia. H peTpoupevn
TTO0OTNTA EiVAI N JAYVNTIKA ETMOEKTIKOTNTA TOU deiypaTtog y (emu/g) KAl n YETPNON
MTTOpPEI va yivel o€ €va eUpog Bepuokpaciwy atrod 2 - 800 K xdpn oTtnv didtagn tmou
TTEPIYPAPNKE TTIO TTAVW KAl PJE EQAPPOYH TOU €TIOUPNTOU TTEdiOU KOTA TTEQITITWON.

To 6pyavo Tng Quantum Design TTou BpioKeTAI EYKATEOTNNEVO OTO EpyaoTriplo
KBavtikwv YAIkwv kal MayvnTiopoU Tou lvoTitoutou HAEKTPOVIKAG AOMNAG Kail
Né1lep Tou 16pUpaTtog TexvoAloyiag kal ‘Epeuvag (IHAA / ITE), xpnoigoTroinénke o€
TTPOKATAPKTIKEG PEAETEG TTOU £yIvav o€ eTTIAEYPEVA OEiyuaTa yia TNV TTIOTOTTOINON
NG UTTAPENG TwV EMOUUNTWY PAyVNTIKWY @aivopévwy. [payuaroTroiménkav
KUPIWG PETPAOEIS PayvATIONG ouvapThoel Tng Bepuokpaaciag M(T) uttd medio,
Emeira atmd Wwuén amouaia tediou (ZFC) ) woén utrd medio (FC), og €va eupog

Bepuokpaciwy atrd ~ 400 K éwg ~ 5 K.
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2.3.2. Mayvnrtéperpo VSM (Vibrating Sample Magnetometer)

To payvntopeTpo VSM egival kal auto £va Opyavo yia TRV HETPNON JayvNTIKWVY
1I010TATWYV, TToU BacileTal 6TTwg kal To SQUID oTtov véuo Ttou Faraday, ocupgwva
ME TOV OTTOIO TO PMETPO TNG NAEKTPEYEPTIKAG dUVAUNG TTOU ETTAYETAI OE VA KUKAWMO
IooUTal JE TO pUBPOG PETABOANG TNG HAYVATIKAG PONG TTOU dIATTEPVA TO KUKAWMPA O€
oxéon ME TO XPOVO, EXEl OUWG XAUNAOTEPN OIOKPITIKA IKAVOTNTA OTTO TOUG
avixveutég SQUID. H 1rpwtn avagopd yia éva epyacTnpiokd KOTOOKEUAOHEVO
VSM éyive 10 1959 26, agou cixe TTpwTa £@eupedei To 1956 amd Tov Simon Foner
o1o MIT. To deiypa UTTOKEITAI GE HAYVATION ATTO VA OJOYEVEG ECWTEPIKO PayvNTIKO
TedI0  TTPOEPYXOUEVO ATTO  NAEKTPOUAYVATN KOl OOVEITAI NUITOVOEIDWS aTTO
KataAAnAo KivnTApa eykapola Tpog Tn O1elBuvon Tou payvnTikou Trediou.
ApioTepd kal Oe€id Tou deiyuaTOg UTTAPXOUV  WIKPOTEPQ TTnVvia atroAaBnig (pickup
coils), ota otroia dnuioupyeital To NAEKTPIKO onua e Bdon Tov vouo Tou Faraday
atro TNV TAAAVTWOoT. H nAekTpokivnTIKr) dUVAUN TTOU ETTAYETAI OTA TTNVia atToAaBAg
gival avaloyn TnG payvnTIKAG POTING TOU dEiyuaTog, aAAG Kal Tou TTAATOUG Kal TNG
ouxvoTnTag TaAavtwaong. O1 yayvnTiKEG HETPROEIG OTA BEIYHATA VAVOOWUATIOIWY
ylo TO OToia YiveTal €KTEVIAG OUCATNON OTn OUVEXEID, €ylvav HE XPnon
hayvnTopétpou VSM Maglab 9 T tng etaipgiag Oxford Instruments oto TuAPa
duoikig “E. Pancini” Tou Mavemotnuiou Federico Il Tng NatmoAng, o€ ouvepyaaia
ME TO epeuvnTIKO IVOTITOUTO CNR-SPIN. H ouyxvotnTa dévnong Tou opyavou Arav
55 Hz. MpayuatoTroinénkav YETPAOEIS JAYVATIONSG CUVAPTAOEI TNG BEpUOKPaTiag
M(T) utté tedio 50 Oe éteiTa atmd Yuen atroucia tediou (ZFC) A wugn utod medio
(FC), o€ €va eupog Bepuokpaoiwy 300 — 5 K. Bpoxor uotépnong M(H) eAngénoav
o€ Beppokpacia dwuartiou kal otoug 5 K pe adpwon rediou amod +50 kOe o€ -50
kOe kai TTaAI o€ +50 kOe, émeira amd wugn Tou dciyuatog atrd Toug 300 K oToug

5 K, €ite ammouaoia tediou (ZFC), cite uttd medio 0 < Heool < 50 kOe (FC) .
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onua avadopag
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Eikéva 2. 7 Zxnuatiki avatrapdoTtacn yiag didragng payvntouétpou VSM
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2.4. Texvikég BepuIkAg avaAuong

Me TIg TeEXVIKEG Oepuikng avdaAuong (Thermal Analysis TA) peAetdral n
OUMTTEPIPOPA €VOG deiyuatog ouvapTtioel TG Beppokpaciag. O 6pog BepuikA
avaAuon TrepIAaUBAvEl PIa OPAda TEXVIKWY Ol OTTOIEG OIOPEPOUV PETALU TOUG WG
TTPOG TIG METPOUMEVEG TTAPAMETPOUG KAl TOV TPOTTO TTPOYPAPUATIONOU TNG
BepUOKPATiag. ZUPPWVA PE Evav YEVIKA aTTODEKTO OPICHO TNG BEPUIKAG avaAuong,
0 OPOG AUTOG AVOPEPETAl OE £VA OUVOAO TEXVIKWY ME TIG OTTOIEG PMETPEITAI KATTOIA
QuOIKA 1810TNTO JI0G oudiag wg ouvdpTnon Tng Oeppokpaciag, n  oTroia
METORAAAETAI KATA £vav TIPOYPAUMOTIONEVO TPOTT0.2” KATIoIEG TEXVIKEC TTOU
QVAKOUV O€ AUTH TNV KATNyopia Kal £X0UV IDIAITEPO EVOIAPEPOV VIO TNV ETTIOTAMN
Twv UAIKWV gival n Alagopikry @epuiky Avaluon (Differential Thermal Analysis,
DTA), n Ailagopikr) Oepuidopetpia Zdpwong (Differential Scanning Calorimetry,
DSC), n OepuooTtabuikry AvdAuon (Thermogravimetry, TG), n OepuounXavikh
AvaAuon (Thermomechanical Analysis, TMA), kai n Auvauikry ©gpUOPNXAVIK)
AvaAuon (Dynamical Thermomechanical Analysis, DTMA i Dynamic Mechanical
Analysis, DMA).?22 O1 3 mpwteg (DTA, DSC, TG) amoteAolv icwg TIC TTIO
O1a0eDOPEVEG TEXVIKEG. TN BeppooTABUIKA avaAuon KaTaypA@ETal CUVEXWGS N
Mala Tou deiyNaTOg OUVAPTAOEl TNG BEpUOKpaTiag f) Tou Xpovou. H Beppokpaaia
ouvRBwg augdveral YPAPUIKA PE TO XPOVO GUPQWVA PE €va KaBOoPIoUEVO TTAGVO
Béppavong. Me auTh Tnv TEXVIKI UTTOPOUV VO KATAYPAPOUV UOVO UETAROAEG TTOU
TTPoKaAoOUV aAAayéc otnv pAda Tou UTtd PEAETN deiypaTtog, dnA. dIaoTTACEIG,
0&EIDWOEIG, KAl QUOIKEG DIEPYOTIES OTTWG €EATUION, £§axvwon A ekpdenon. Katd
TN OIGpKeEIa TNG METPNONG TO Otiyua PBpPIOKETAl KATA KAVOVA O€ €AEYXOPEVN
argoo@aipa, Pe OloxETeuon KAtdAAnAou aepiou. H atmaitoupevn opyavoAoyia
mepIAauBavel évav @oupvo yia Tn Béppavon, évav euaiodnTo avaAuTiké Cuyd o€
ouvdeon ME TOV OEIYMATOPOPED O OTToIoG PBpiokeTal HECA OTO QOUPVO, €va
ouoTtnua dlaBiBaong agpiou yia TN dnioupyia eEAEYXOUEVNG ATHOOQPAIPAG KAl VAV
MIKPOUTTOAOYIOTH)/ MIKPOETTEEEPYADTH VyIa TOV €AEyxO, Tn OUAAoyRl Kal Tnv
Kataypa®n Twv dedopévwy. H diagopikr) Bepuikr) avaAuon pag Sivel TTEPICCOTEPES
TTANpoYopieg o€ oxéon ue TNV TG, KaBwg YETPA TN dlagopd oTn BepPoKpaTia Tou

MEAETWUEVOU BeiyuaTog o€ oxéon ME €va UAIKO avagopdg, OTav kKal Ta duo
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UTTOKEIVTAI TAUTOXPOVA O€ TTPOYPANUATIONEVN METABOAR Bepuokpaaiag. AuTo divel
TN duvaTéTNTA AVIXVEUONG QUOIKOXNUIKWY METABOAWV TToU Ogv OUVOBEUOVTAI
ammapaitnTa amd PETABOAR TNG MACOG, OTTWG YIa TTAPAdEIYUA TO QAIVOUEVO TNG
uoAwdoug peTapaong (glass transition), TTou a@opd Kupiwg Ta TToAuuepn. H
opyavoAoyia O€ auTr) TNV TTEPITITWON €ival KATIWG TTI0 TTEPITTAOKN, apoU ATTAITEI
TNV UTTapén dUo delyuaTtoQopEwy, VoG yia TO HETPOUPEVO deiyua Kal VoS yia TO
dciypa avagopdg, Pe Ta avTtioToixa Bepuolelyn yia Tov okpIfry €Aeyxo Tng
BepuoKpaaiag Tou Goupvou, aAAd Kal TV KaTtaypa®r TnG diapopdg Beppokpaciag
METOEU OeiypaTog Kal UAIKOU ava@opds. Katd avadAoyo TpOTTo aTnv TpIiTn TEXVIKN,
TN S10QOPIKN BEPUIBOPETPIO OAPWONG, METPEITAI N dlAaPopPa PORS BEpudTNTAG TTPOG
TO YETPOUPEVO deiyua 0 oxéon WE MIa oudia avagopds, o€ ouvdpTnon PE TV
Bepuokpacia kal  akoAouBwvTtag Kal TTAANI  €va eAeyxOueEvo  TTPOYPAPUA
Bepuokpaciag. Auti n TEXVIKN Olo@épel o€ oxéon ME TNV OIAQOPIKA BEPUIKA
avaAuon Kupiwg wg TTPOog To yeyovog o1l n DSC atroTeAei pia BepuIOOUETPIKN
MEBODBO, OTTOU YivETal KATAYPA®H TWV dlAPOopwWwyV OTNnV evépyela. 'ETol, eV YeEVIKA
Ta TTpoypduuaTa Bépuavong TTou akoAouBouvTal gival TTapdpola Kail yia TiIig dUo
TEXVIKEG, OTNV TIEPITITWON TNG OIOPOPIKAG BEPPIOOUETPIAC OAPWONG UTTOPOUV
emmAéov va Trpaypartotroinfolv Kai 1000gppa Telpduata.?® 10 EpyaoTrpio
KBavTikwv YAkwv kai Mayvntiopou tou IHAA-ITE étrou €yivav Ta Treipduara,
uTTdpxel 1o Opyavo Beppikng avaluong Simultaneous DSC-TGA Q600 tng TA
Instruments, T0 OTTOI0 OTTWG UTTOONAWVEI N OVOUACIA TOU TTAPEXEI TO TTAEOVEKTNUA
NG TAUTOXPOVNG DIEVEPYEIOG TTEIPAUATWY BepUoOoTaBUIKNG avaAuong (TGA) kal
dlapopikng Bepuidouetpiac odpwong (DSC). To ouykekpiyévo Opyavo
XPNOIMOTTOINONKE KATA KUPIO AGYO yIa TNV EKTIUNON TOU TTOCOOTOU TWV OPYAVIKAG
QuUOoNG ETMQAVEIODPACTIKWY OTO OUVOAO TNG HALOG Twv  TTAPAYOUEVWV
VOVOOWMATIOIWY, TTOU ETTETEUXON pE BEpUavOoN dEiYNATOG O€ BEPUOKPATIEG OTTOU
Ta EMQEAVEIOOPAOTIKA KaiyovTal Kal €§axvwvovTal, UTTO por] agpiou alwTou, ME

TauTtOxPOVN KATaypan TG Jeiwaong Tou Bapoug (BepuoaTabuikh avadAuon).
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Eikéva 2. 8 To 6pyavo Beppikng avdAuong TTou PPIOKETAI EYKATEOTAPEVO OTO
Epyaotipio KBavtikwv YAkwv kai Mayvnriopou Ttou IHAA oto ITE éxel n
duvaToTNTa TAUTOXPOVNG BIEVEPYEIQG BEPUOOTABUIKNAG avaAuong Kal SlIaPOpPIKAG
BeppIdoUETPIag 0APWONG.
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2.5. Zkédaon aktivwv X pe aktivoBoAia ZUyxpotpou — AvdAuon Pair

Distribution Function

Eikéva 2. 9 AgpoowTtoypagia atmd Tn Popeia TAeupd Tou ouyxpoTpou National
Synchrotron Light Source Il (NSLS-II) Tou Brookhaven National Laboratory (BNL) oT0
Upton ¢ Néag YoOpkng, 1o otroio Té€0nke o€ Aeiroupyia 1o 2014 kai d10déx0Onke To NSLS
TToU AcIToupyouoe atrd 10 1982 éwg 10 2014. H eikdva eival TrveupaTikr 181okTnoia Tou BNL
Kal avatrapdyeral autouola atmd Tov 10ToToTTo hitps://www.flickr.com/ pe Baon Tnv adcia

xprong Creative Commons CC BY-NC-ND 2.0 (https://creativecommons.org/licenses/by-
nc-nd/2.0/legalcode)
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To ouyxpotpo (synchrotron) ival évag TUTTOG KUKAIKOU ETTITAXUVTH CWHATIOIWY,
oTovV OTT0i0 N déoun (OE€0UN NAEKTPOVIWV ETTi TOU TTPOKEINEVOU) OIOTPEXEI Mia
oTaBepn KAEIOTA TPOXIA, KATEUBUVOUEVN aTTO ayvnTIKA TTedia. H eTiTdyxuvon Kal n
€0Tiaon TNG OETUNG YivETAI ETTIONG ATTO HAyVNTIKA TTEDIA, JE KATAAANAOUG HAYVITEG
o€ OIAPOPETIKA anueia TNG TPOXIAG TNG. Ta NAeKTPOVIA ETTITAXUVOVTAI JEOA O€ Evav
BAaAapo KeVOU TTOU €XEl TO OXAMA TOPOoU (OCWANVOEIBOUG dakTUAIoU) Kal ¢Bdavouv
TaXUTNTEG TTOU TTANCIAdouv auThv Tn QwTog. OTav atmokTouv TnV TEAIKA TOUG
TaxuTNTa ouvexiCouv pia oTabepr) Kivnon o€ KUKAIKA TPoXIG Yéoa oTov TOPO, TTOU
KaAegital kal SakTUAIoG atroBrikeuong (storage ring). H déoun eival iIdiaitepa PIKPAG
d1aTouAg Kal uwnAng Aaptpdtntag. Otav Eva KIVOUPEVO NAEKTPOVIO ETTITAXUVETA,
€ITE YPAPUIKA €iTE aAAGCOVTAG KATEUBUVON EVW KIVEITAI JE OTABEPH TaXUTATA (OTTWG
oTnNV TTEPITITWOTN TOU OUYXPOTPOU), TOTE eKTTEUTTEI evépyeld. OTav To NAEKTPOVIO
KIVEITAI JE TIGC UWPNAEG TaXUTNTEG TTOU QVOTITUOOOVTAI O€ £va OUYXPOTPO, TOTE N
EKTTEUTTOMEVN EVEPYEIQ UTTOPEI VA KAAUTITEI £va €UPU EVEPYEIOKO QACUA, OTTO TO
UTTEPUBPO PEXPI KAI TIG OKTIVEG Y. H HEyaAUTEPN EVEPYEIQ TOU QACHATOG TTOU UTTOPEI
va emMTEUXOEi O Eva oUyXPOTPO KAAgiTal evEpyela aTToKOTTAG (cut-off energy). To
oUYXPOTPO WTTOPEI va diaTtnpei TNV 1I81aITEPA UWNAAG evEPyEIag OETUN HECA OTOV
TOPO, OUVEXOUEVA Kal yIa peyaAa diaothuata. H ektrepttépevn akTivoBoAia Trou
TTapdyeTal Katd TNV KAPWn Tng O€0uNnG KaTeuBuUveTal Kal €CEPYXETAlI ATTO TOV
OOKTUAIO €QATITOPEVIKA TIPOG TNV TPOXIA TNG OPXIKNG OE0UNG KOl WTTOPEI va
XpnolygotroinBei yia TV TTpayparorroinon meipaudtwy. MNa v akpiBeia, oTta
didpopa ouyxpoTpa uTTdpxouv TTOAAOI TETOlOI TTAEUpPIKOi OTOBUOI pETPNONG
(beamlines) TTOou OUAAEYOUV TNV EKTTEUTTOPEVN OKTIVOBOAIQ UTTO Tn HOPOR
YPOUMIKWY EQATITOPEVIKWYV TTPOG TOV OAKTUAIO OECUWYV KAl EKTEAOUV TTEIPANATA JE
O1Gpopeg TEXVIKEG. Me KATAAANAN emmAoyrf TnG evépyelag, ol didgopol oTabuoi
MTTOPOUV va SOUAEWOUV OTnV ETTIOUPNTA TTEPIOXN TOU €EVEPYEIAKOU (PACUATOG.
KaBwg 1o cUyXpoTpo BeV UTTOPEI va eMITAXUVEI CWHATIOIO aTTd PNdEVIKA TaxUTNTA,
n Oéoun TTOU TraPAyeTal 0€ KATAAANAN TNy OCWHOTIOIWY, TTPO-ETITAXUVETAI
ouviBwg aTo Evav ypauuikéd emtayxuvth (Linac) oe ouvduaoud Kail ge KATTola GAAN

oopn TpowdNTA (booster), OTTWG T1.X. MIKPOTPO 1 AAAO PIKPOTEPO CUYXPOTPO KAl
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OTn Ouvéxela TpoodoTei Tov dakTUAIO atrobrkeuons (BA. Eikéva 2. 10). H
TPOPOdOTNON auUTA WTTOPEI va yiveTal avd TakTd dIaoTAuATa yia va KPaTtd Tnv

eVEPYEIQ TNG OECUNG OTOV DAKTUAIO OTABEPH.
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Eikéva 2. 10 Aidypauua Twv TIEIPAPOTIKWY OTaBuwyv Tou NSLS-Il. Z1nv
BopeloavatoAik TTAeupd (TTavw Be€Id) BpiokeTal o UTTOOTABUOG 28-ID, £podIacuévog
ME TNV aTTapaitnTn UTTodoun Yia Tn dievépyela TTeipapdtwy PDF atré akTiveg-X. H eikdva
gival Tveupartiky) 1dloktnoiac Tou BNL kal eéA@dn amd Tov 10TOTOTTO  TOU,
https://www.bnl.gov/nsls2/beamlines/map.php
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H peAétn NG SOMNG TwV UAIKWYV JUE KPUOTAAAIKA TAEN o€ ETTITTESO VAVOKAIUAKAG,
gival pia 101aitepa atTaITNTIKA OI0dIKACIA TTOU ATTAITEN TTPONYMEVEG KAl OUXVA
oANAocuuTTIANPOUpEVEG TeEXVIKEC.Y H TrepiBAaon akTivwv X atmd akTivoBoAia
oUYXPOTPOU O€ OUVOUAOMO ME Tn oUAAoyh Kal avadAuon Twv OedOUEVWYV TTOU
BaoileTtal otnv TeXVIKN Pair Distribution Function (PDF A X-PDF) éxel e€ehixBei Ta
TeEAeuTaia xpovia o€ I0XUPO ePYAAEio yia TNV HEAETN TNG DOUNG VOVOKPUOTAANIKWV
UNIKWV.3L Attotelei avap@iBoAa Tnv TAéov e€eAiyuévn Kal 10XUPR TEXVIKA TTOU
XPNOIMOTTOINONKE OoTa TTAQICIO TNG TTAPOUCAG £PYOCiag yia Tnv diEpEUvNon TNG
KPUOTAAAIKAG QOUAG TWV UTTO PEAETN CUOTNPATWY, N OTroid €0WOE TA TTOAU
ONMAVTIKA OTTOTEAEOUATO WG TIPOG TNV OUCTNPATIKA UTTapgn kal dlacTtropd
KPUOTOANIKWYV OTEAEIWV OTA MEAETWHEVA VAVOKPUOTOAAIKG ocwuaTidia, TTou
QTTOTUTTWVETAI OTIG HAYVNTIKEG TOUG 1010TNTEG. MPaKTIKA gival éva TUTTIKO TTEipaua
TEPIBAaoNG atmd oKOvn, OTO OTTOI0 OUWG YiveTal XPron akTivoBoAiag X uwnAig

eVEPYEIOG TTOU TTAPAYETAl KOl ETTITAXUVETAI O GUYXPOTPOV. 3233

‘Eva Treipapa PDF gival éva treipapa oAIKng okedaong, total scattering 01Twg
oTTokaAgiTal.®* Auté onuaivel 611 TrepINaUBAvVeEl TOOO TNV CUUQWVN OKEdAON
(coherent scattering, ouciaoTikd dnAadr Tnv Bragg scattering) TTou agopd Tnv
TePIBAaon atmd KPUOTAAAIKA UAIKA pe Bdon Tov véuo Tou Bragg (E¢icwon (1) kai
Eikéva 2. 5) kal atmroTuttwvel TNV KPUOTOAAIKA TAEN HaKpdg eREAEIOG, OO0 Kal TNV
aoUpewvn okédaon (incoherent scattering) 4 okédaon didyxuong (diffuse
scattering) TTou o@eiAeTal O€ QTTOKAIOEIS QTG TNV KAVOVIKA, TTEPIOBIKT) OOMN Ol
oTT0iEG 0ONyouUV o€ TALN TTEPIOPIoPEVNG HOVO euBéAEIag. Evdlagépov éxel HAAIOTA
OTI, EVW Ol ApXEG TNG OKEDAONG ATTO KPUOTAAANIKG UAIKA €ival yVwoTEG €0W Kal
TTOAG Xpovia, Ta TTpWTa TrEIpdpara total scattering agopoucav KATd Kavova
duoppa R uypd UAKG.3®3®  Mepduata total scattering pmopolv  va
TTPAYMATOTTOINBOUV KAl O€ PIKPEG EPYACTNPIAKES OIATAEEIC, EVTOUTOIC N OKEDOON
Tou ogeileTal o€ diffuse scattering eival TTOAU aoBevEéoTepn o ox€on ME TNV
okédaon Bragg, €101 0tav OUVOUACZeTAl PE TNV I0XUPK AKTIVOBOAIQ oUyXpOoTpou
MTTOPOUV va JETPNBOOUV Kal 01 U0 CUVIOTWOEG TTOAU aglotioTa. Mia GAAn SuokoAia
Tou diffuse scattering €ivail 611 n avaAuon Twv dedopévwy gival hia TTOAU aTTaITnTIKA

uttoAoyIoTIKA dladikaoia. Ta TeAeutaia xpoévia OPwG, N akTivoBoAia cUyXpoTpou
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OUVOUOOTIKA HE TIGC OUYXPOVEG UTTOAOYIOTIKEG UTTOOOUEG KOl TA  AVTIOTOIXO
AOYIOUIKA £0TPEWAV TNV EPEUVNTIKA KOIVOTNTA OTNV MEAETN KAl KPUOTAAAIKWV
UANIKWV.3738:39 T¢ uNIkG Ta oTToia BaagilovTal o YWwoTEG KPUOTAANIKEG Douég (Dev
arraiteital dnAadry AUon pI0G AyvwoTnG KPUOTAAAIKAG OOJNG, KATI TTou Ba
MTTOPOUCE VO TTPOCEYYIOTEI KOAUTEPA HE AAANEG TEXVIKEG), QVAMEVETAI OPWG VO
EXOUV QPKETEG DIATAPAXEG KAl ATTOKAICEIG ATTO TNV 1I0AVIKA QOMr), OTTWG ETTi TOU
TTPOKEINEVOU T VAVOBOUNUEVA KPUOTAAAIKA UAIKA, N TEXVIKA UTTOPEI TTpAyuaTi va

Ocigel TIG €CAIPETIKEG dUVATOTNTEG TNG.

H texvikry Pair Distribution Function Aoittév i akpiBéotepa Radial Atomic Pair
Distribution Function,*® yia ouvtopia PDF, divel Tnv KoTavour OIATOMIKWV
QTTOOTACEWV O€ éva oUoTnPa f TNV mMOavoTnTa Utrapéng (euywv aTOUWY TTOU

QaTTéXOUV ATTOOTOON I ETAEU TOUG. H avTtioToixn cuvaptnon opiletal wg
G(r) = 4mr[p(r) — pol 3

OT10U pPo N pEON ATOMIKA TTUKVOTNTA avd povadiaia kuweAida (average number
density), pr N TTUKVOTNTA ATOMIKWY (EUYWV KAl I N OKTIVIKA atréoTaon.

H texvikn Bacifetal oe meipdpaTa okédaong Kal N TEAIKN) ATTOTUTTWON TWV
OcdouEVWY  TTPOKUTITEL  ATTO  €TTECEPyania  PE  PABNUATIKA  epyaAgia  Kal
METaoXNUaTiopoug Fourier. Ta treipapatikd dedopéva TTou CUAAEYOVTaAI apopouv

EVTAOEIC OKEDAONG, €ival OTIC 2 dIOOTACEIG KAl ATTOTUTTWVOVTAlI OTR OUVAPTNON

F(Q).

H cuvaptnon PDF 1TpokUTITEl ATTO TA TTEIPAUATIKA dEQOMEVA WG

. (4)
G(r) = (2/m) f F(Q) sin(Qr) dQ
0
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MNa v akpifela Ta TEIpAPATIKG dedoPEVa UTTOPOUV VA HETAOXNMUATIOTOUV Kal
va ammoTuTTwBoUV w¢ diaypduuara piag didotaons Q [ S(Q) — 1] (A?) we Trpog Q
(A, 61ou S(Q) n ouvapTNON TTUKVOTNTAS TBAVATNTAS aTTG OAIKA oKEéDaon (total
scattering structure function) kar Q o avTioTPoYOG XWpPog. 'ETol Yetd amo tnv
KATAAANAN etTegepyaaia kal yeTaoxnuatiopous Fourier n G(r) JTTopEi va eKQPaoTEi
wg

Qmax (5)
6(r) = 2/m) f 01S(Q) — 1] sin(Qr) dQ

Qmin

Otmrou n S(Q) divel ouclaoTIKA TNV KaAvoviKOTToINuévn €éviaon okEdaong atrd
okédaon akTivwyv X og okévn, JeTpNHEVN aTTO Qmin WS Qmax. H ouvdptnon G(r)
Emeira amo éva Teipapya PDF ptropei va UTTOAOYIOTED XpNOIMOTTOIWVTAG éva

YVWOTO OOPIKO HOVTENO JECW TOU TUTTOU

(6)

6o =1/r ) <’;if">2 5(r = 1)) — 4rpo
ij

Ortrou f o1 atopikoi TTapdyovTteg okédaong ato akTiveg X o€ Q=0, rj n amdéoTaon

TToU Xwpilel Ta dToua i Kai j Kal To GBpoioua 2 agopd OAa Ta dtoua oTo deiyua.
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Ta meipduaTta TpayuatoTroinénkav  oTov uttooTadudé XPD, 28-ID-2 (oTov
OTTOI0 KATA TO XPOVIKO BIACTNUA EKTEAEONG TOU TTEIPANATOC TTPAYUATOTTOIOUVTAV
Ta TTeipauata okEdaong Pe Tnv TEXVIKA PDF) Ttou National Synchrotron Light
Source Il oTto Brookhaven National Laboratory (NSLS-II / BNL), pe evépyeia
TpooTriTroucag 6€éoung 68 keV. KatdAAnAn troodtnta ammd 10 evaiwpnua Kabe
OciypaTog Enpadnke, WoTe TEAIKA va TTapaAeipBei okOvn vavoKpuoTAAAwYV, n oTroia
TTOKTWONKE O¢ TPIXOEIdEIC owAnviokoug kapton Odiapétpou 1.0 mm, ToU
oppayioTnkav oTa dUO AKPA TOUG MPE E€TTOCIKA KOAAQ OUO cuoTaTiKwy. H KaAn
TTAKTWOTN TNG OKOVNG KAl N OTTOTEAECPATIKN, AEPOOTEYAG OPPAYIONG TWV AKPWYV,
e€ao@aAifouv TNV akivnToTroinon TNG 0KOVNG, KABWGS 0 CWANVIOKOG TTEPIOTPEPETAI
TAvw oTov dslypatopopéa KaTé Tn dIApKEIa TNG YETPNONG, VIO va ETTITUXEl TV
oMOoIOPOPPN OKEDAON AT OAO TOV OYKO TOU DEiyUATOS KAl TNV aKpIBr ammoTuTTwon
NG péong Ooung. AUTOG O TPOTTOG €TTioNG €gao@alifel o1 1o deiyua eival
TIPOCTATEUNEVO aTTO TO TTEPIBAAAOV Kail BV KIVOUVEUEI va UTTOOTEI OOIKEG aAAAYES

TTOU o@eilovTal o€ 0&eidwan, TTPOCPOPNCT UYPACIAG KATT.

Eikéva 2. 11 Tutkr u€Bodog TrposToIyaciag deiyuaTog okovng yia YETpnon pe X-
PDF. H okdvn vavokpuoTAdAAwv TotroBeTeiTal oe Tpixoeidry owArjva Kapton, tou
OTTOIOU TO éva AKPO €XEI OPPAYIOTEI PE ETTOEIKA KOAAQ, TTAKTWVETAI TTOAU KOAG Kal
QKIVNTOTTOIEITAI OPPAYIOVTAG AVTIOTOIXWG Kal TO AAAO AKpPO
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O oT1aBuécg uéTpnong d1aBéTel eTTITTESO avIXveUTr) TUTTOU TTAGKAG TNG ETAIPEING
Perkin-Elmer (2D image plate detector) TTou emTpPETTEl TNV TaXEia OUAAoyR
Oedopévwy, PE PETPIO OUWCS avaiuon oTov XWpo Q (Qmax = 25 Al yia 10
OUYKEKPIMEVO TTEIPAPA), TTOU KATA OUVETTEIQ €XEI WG ATTOTEAECPA T paydaia

UTTORABUICT TN TTOIGTNTAC TOU CAUATOC O€ SIGTOUIKES ATTOOTATEIC I > 20 A.

Eikéva 2. 12 H meipapartikr) diatagn tou uttooTaduou 28-ID-1, 1Tou TTAEov €ival
AQIEPWHEVOG OTNV TTPAYUATOTIOINCN TTEIPAMATWY PE TNV TEXVIKA X-PDF. Mg pTTAE
ONMEIVETAI N OEOUN OKTIVWV-X TTOU £PXETAI ATTO TO OUYXPOTPO KOl KATEUBUVETAI
TAvw OTo Otiypda. Me KOKKIVO QTTEIKOVICETAI OXNUATIKA N okKedAlOPevn OEOUN.
2UvOUOOUOG TTIOAWYV TETOIWV OKEOACOPEVWY OEOUWY ONUIOUPYEI TOUG KWVOUG
TTEPIBAAONG TTOU QTTOTUTTWVOVTAlI WG OAKTUAIOI OTOV aviXVeuTr] 2D, TTou €TTiong
@aivetal otnv €ikova. H eikéva aviikel oto BNL kal eAjpOn atrd Tov 10TTOTTO TOU
uttooTaduou 28-1D-1, https://www.bnl.gov/nsls2/beamlines/beamline.php?r=28-1D-1

Ortav n déoun TTPOCTTITITEl OTO deiyud, TOTE AUTH OKEDAZETAI AAANAETTIOPWVTAG
ME TO OUVOAO TOU O€iyuaTog, ONUIOUPYWVTAG TOUG XOPAKTNPIOTIKOUG KWVOUG
TTePIOAaONG TTou o@eilovTal oe okédaon Bragg Kal ammoTuTTwvovTal TTAVW OTOV

0101G0oTaTO AVIXVEUTH, WG OaKTUAIOI TrepiBAaong. Authp n O1didoTaTtn €lkova
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QVTIOTPOPOU XWPEOU, UE T TTAPATTAVW HaBNuaTiKG epyaAcia YETATPETTETAI OE Wia

MovodIGoTaTn oUVAPTNON OTOV €UBU XWPO, TTOU ATTOTUTTWVETAI WS G(r).

‘Eva peyaAo TTAEOVEKTNUA €ival OTI N apX AEITOUPYIAG TWV TTEIPAUATIKWY
dlatagewv PDF ouvbuaoTIKA ME  ETTITTEOOUG QVIXVEUTEG OUO  dIACTACEWV
EMTPETTOUV TNV TaXUTATN ARWn dedopévwy.* H akTivoBdAnon Tou deiyyaTog yia
O1doTnUa Aiywv OEUTEPOAETITWY PE TN OECHN, €iVal APKETHA VIO VA ATTOTUTTWOEI éva
OTIYMIOTUTTIO TNG OOMNG, QVTITIPOOWTTEUTIKO TOU OUVOAOU Tou OgiydaTog Kal Ol
MEMOVWHEVWV TTEPIOXWV OTTWG iowG YiveTal he AANeg TexVIKES. Mag divel dnAadn)
TTANPOYOPIEG yIa TNV péon OoPrl Tou CuvOAou Tou pETpouuevou deiyuartog. H
TaXUTNTA TNG METPNONG ETTITPETTEI AKOPA Kal TNV in Situ Afyn dedouévwy KaTd N
OIdPKEIA PIOG TTEIPAMATIKAG d1adIKaoiag Kal Tnv amotuttwon TG OOMNS oTa
didpopa oTadid TNG.4? ETriong ytmopouv va KartaypagoUuv Xprioiua dedouéva yia
éva eupu QAoMa BEPUOKPATIWY, OE OUVTOPO OXETIKA XPOVIKO OIACTNUA Kal HE

MIKPO BAMa Bepuokpaaciag, av UTTApXEl N KATAAANAN didatagn.

Ta Oedopéva TNG TrapoUoag epyaoiag OUANEXOnkav o€ €éva  €Upog
Bepuokpaociwyv 80 - 400 K pe Tn Bonbeia KPUOYOVIKOU PEUPATOG UYPOU adwTou
(liquid nitrogen cryostream Oxford Cryosystems 700) yia Tn o€ipd deiyudtwyv FeO-
Fes04 kal o€ éva eupog Beppokpaciwv 10 K — 300 K pe Tn BorBeia KpuooTdTn
UypoU nAiou ouvexoug pong (continuous flow liquid helium cryostat, Cryo
Industries of America) yia Tn ocipd delypdtwyv CoyFe1yO@CoxFesxOa. Aciypata
OKOVNG OUMTTOYWV UAIKWV PETPAONKaV Kal xpnoiyotroinénkav wg Ociypata
ava@opdc Katd Tnv emetepyacia Twv dedopévwy OTToU  XpeldoTnke. AuTd ATav
Fe1xO, Fe30as, CoFe204 kal Co304. 2KOVN PETOAAIKOU Ni PETPNAONKE €TTIONG WG
TPOTUTIN oucia yia Tov KOBOopPIoWO TwV TTEIPAPATIKWY  TTAPAPETPWY  TTOU
eTnpeddouv TNV OIOKPITIKA OuvaTdTNTA TOU OPYAVOU, Qdamp KOI Qbroad.  2TA
TTelpapaTikG dedopéva G(r) TTou eARYBnCav £yive TTPOCAPHOYH TwWV KATAAANAwY
KPUOTAAAOYPAQIKWY HOVTEAWV HE TN PonBeia TG  TTAATEOPPAS AOYIOUIKOU
PDFgui.*3
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2voTnpa FeO-Fes0q

2UvOeon VaOVOKPUOTAAAWY

To Ke@AAQIO auTd a@opd OTO TIPWTO MEYAAO OKEAOG TNG TTAPOUCOG
d1aTpIBnG, dnAadr oTo CUCTNUA VOVOKPUOTAAAWY TUTTOU TTUpriva KeAUgpoug FeO-
Fes304. Aivel To BewpnTIKO UTTORABPO yIa TN QUGCTN TWV dUO XNUIKWYV PACEWY auTOoU
TOUu ouoThAPaTog, Tou FeixO (BouoTitng) kai Tou FesOs (PayvnTitng), TTIO
OUYKEKPIMEVA TTEPIYPAQEI TN OOWNA TOUG, TIG IDIOTNTEG TOUG KAl TOUG TPOTTOUG
TTapaoKkeung. Aivel Baon oTnv aTeAr, AOyw KeVWV TTAEYPATIKWVY B€0€wyv, doun Tou
o&eidiou Fe1xO kal egnyei TTWG auTrh) n doun o&eIdWVETAI OTABIAKA TTPOG OTTIVEAIO
MEOW OUYKEKPIMEVWV PNXAVIOPWYV. AUTO €XEI IBIAITEPO EVOIQPEPOY, YIaTi OTTWS Ba
douue oTo KeQ. 4, atroteAei TNV BAon yia évav oUANOYIOPO TTOU ETTIXEIPE va
egnynoel Tnv 0mmapén KpUoTOAAOYPAQPIKWY ATEAEIWY OTn @Aon TOU OTTIVEAIOU, Ol

OTTOIEG €ival APPNKTA OUVOEDEUEVEG ME TA PAYVATIKA QAIVOUEVA TTOU €CETACOULE.
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Edw kataypd@eTal eTTiong avaAuTiKd oAOKANpN n TTopEia TTou akoAouBABNKE PEXPI
TNV €Upeon Kal KaBiEpwaon Tou TTAEoV aTTodOTIKOU TTPWTOKOAAOU oUvBeonG TWV
OUYKEKPIMEVWY  VAVOKPUOTAAAWY  JE  TEXVIKEG KOAAOEIBOUG  XNnueiag  Kal
TEPIYPAPOVTAlI TA  TTAEOVEKTAUOTA KOl MEIOVEKTAMATA TWV  OIAPOPETIKWYV

TTPOOEYYioEWV TTOU dIEPEUVABNKAV.
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3.1. O¢getidia Tou o15pou

O oidnpog (Fe) cival To M0 AgBovo Katd pada oToixeio oTov TTAAVATN Kal éva
atré Ta apBovoTepa oTov O0TEPES PAOIO TNG YNG. ZUVAVTATAl KUPIWG O PHAYUATIKA
TTETPWHATA, OAAG KOBWGS CUHPMPETEXEI OKOPA Kal O€ BIOAOYIKA OCUCTAUATA KOl £DW
KAl QILVEG O AVOPWTTOG TOV XPNOIMOTIOIEI KATA KOPOV w¢g OOPIKO UAIKO Kal o€
OIAQOPEG AAANEG €QAPUOYEG, N CUCOWPEUCH TOU OTA AVWTEPA OTPWHATA TOU
@AoloU TG yng Tapoucidlel pia augntiki Tdon. 'Eva amd Ta KupidtEPQ
METaAAeUpaTa Tou OI1dfpou eival o aiyatitng (Fe203), OpuKTO TETPWHA HE
I(nuUaToyevr) TTPOEAEUCT. 2uvavidtal o€ €va  PEYAAO  €UPOG  OCEIDWTIKWV
KATaOTAOEWYV, OO -2 €wg +6. KabBwg eival TTOAU €uaioBnTog OTnv TTapouadia
o&uybvou Kal vepou, OUVABWG eu@avileTal OTIG OEEIBWNEVES HOPPES TOU (O&eidia iy
udpoteidia), pe o ouvnBiopéveg KataoTdoelg Ti¢ +2 kal +3. 'Hon amd tnv
TTPOICTOPIKNA ETTOXA KATEXEI ONPAVTIKOTATN B€0N OTNV avBpwWTTIVN IOTOPIA, APKEI va
QAVOAOYIOTOUNE TTOOEG KATAOKEUEG YUPW HAG TOV XPNOIKOTTOIOUV WG BACIKG OUIKO
oToixeio (xaAuBeg, avoeidwTtol xaAuBeg): oxAuata, TTAoia, agpotmAdva, KTipia,
UTTOOOUEG, QVTIKEIMEVA KABNMPEPIVAG XPNOEIS KATT. EKTOC autwv Opwg Trailel
oNPavTikG pOAo kal oTn Bloxnueia, Pe KupldoTeEPo pOA0 auTdv TNG METAPOPAG
ofuyovou, PEOW TwV CUUTTAOKWV TToU Oxnuartifel hge 10 Poplokd oguyovo
(aigoyAoBivn, puoyAoBivn), OANG KOl WG EVEPYO KEVIPO OE€ ONUAVTIKA
o&eidoavaywyikd €viuua, O0€ QUTIKOUG Kal €UPBIoUG opyaviopous. EKTOG atmd Tn
XPAON TWV KPAPATWY TOU WG OOWIKWY OTOoIXEIwyY, €Xel Kal dIdpopes AANEG
BIOPNXAVIKEG XPNOEIG, VIO TTAPABEIYUA OTNV KATAAUCN KOl O XPWOTIKEG (TTIYUEVTA)
oe Pagéc. TéAog, o oidnpog cival €éva atmmo Ta KupldTEpa payvnTiKA UAIKG. H
agBovia, n PioAoyikry kKar TEPIBAANOVTIKY) oupBardtnTa Kal To €UPOG TWV
EQAPUOYWYV, £XOUV 00NYNOoEl OTNV TIOPAOKEUR Kal HEAETN dlIaPOpwy EIOWV
o10NPOUXWV vavoowuaTidiwy, TTou €iTe TTEPIEXOUV PETAAAIKO CidnNPOo (0LEIOWTIK
karaoTaon 0) €ite armoreAouvTal ATTO KATTOIO 0&EIdIO 1) oUVOUAOUO 0&EIBiwY aUTOU.
lMNa Tnv TTapouca diaTpiRr, To evOIaPEPOV £xel ETTIKEVTPWOEI oTa FeO, y-Fe203 Kal
Fes0a.
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3.1.1. FeO - BouoTiTng

H o&eidwpuévn popery FeO Tou o16rpou KaAeital ouxva PoucTitng Adyw Tou
QVTIOTOIXOU OPUKTOU, TO OTTOI0 OUVAVTATAlI CUVABWG O€ TTEPIOXES TTOU ETTIKPATOUV
UWNAEG TTIECEIG KAl aVOELIKEG ouvlnkeg. AuTo egnyeital atmd Tnv aotdbeia Tou FeO
o€ KavovIkEG OUVONAKeS. Eival ueTaoTabng kal otnv 10avikr) KpUOTAAAIKN Tou doun
oTaBepoTroleital ydvo oe Bepuokpacicg dvw Twv 570°C kai méoeig >10 GPa.l O
METAOTABONG FeO utTopEi va PeTatpatrei JEow evOg pnxaviopou dUo BNUATwyY O€
a-Fe kal Fes04.2 Mrpe 10 6voud Tou amd Tov Mepuavo yetahhoupyd Ewald Wist,
TTOU TTPWTOG ouvEéBEoe TO UAIKO autd 10 1927 oTo IvoTitouto Kaiser Wilhelm
Institute, oto Dusseldorf. Eival yia a1rd TIG TTI0 XOPAKTNPIOTIKEG TTEPITITWOEIG [N

OTOIXEIOPETPIKOU (WG TTPOG ToV aidnpo) oeidiou.®

Eikéva 3.1 (a) AtrAouoTeupévn KpuoTaAAikh dour) TUTTOU OpuKTOU AAaTog (NaCl),
otrou e Trpdoiveg ogaipec oupBoAifovtal Ta O kal e KOKKIVES Ta Fe?* kal (B) n
avTioTolxn oKTaedpIKr dIEUBETNON TWV OLUYOVWYV YUPW OTTO TOV CidNPOo. Z€ AQUTA TN
00U KPUOTAAAWVETAI O BOUCTITNG.

‘ETo1, ouvnBwg ypdeetal ws Fei1xO yia va dnAwbei n UTTOOTOIXEIOPETPIO A
ammAouoTepa FexO, pe To X va Traipvel TiyéG amd 0.84 fwg 0.95.4 O FeO
KpuoToAAwveTal o€ pia ateAr) KUBIkrp doury opuktou aAatiou (NaCl), pe pnRkog
AKMAS KUWENIBAC TTou TTOIKIAEl aTro 4.28 éwg 4.31 A, avaAdyw¢ pe 10 TTO000TH
KEVWV TTAEYUOTIKWYV Béaewv (vacant sites) 16vTwv o10ripou.® O1 KEVEC TTAEYUATIKES
Béocig dev gival Tuxaia KATAVEUNUEVEG OTO KPUOTOAAAIKO TTAEyua, aAAG Teivouv va

oxnuaTifouv diateTayuéveg dopéc. Ma kaBe kevhy TrAeydatikn Béon Fe?*
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(TrAedvaoua dUo apvnTIKWV QopTiwv) duo 16vTa Fe?* ofeidwvovTtal TTpog Fedt yia
va avTiotaBuioouv 1O €mITTAéOV apvnTIKO @opTio. To 0&eidwuévo 16V Adyw
nNAekTpooTaTIKWY duvAuewyv Coulomb otaBepotroicital KAAUTEPA av PETATTNONOEI
oe evdidueon (interstitial) TeTpaedpiky B€on. O1 de kevég BEoeig Teivouv va
diaraxbouv yupw atrd 1o TeETPaEdPIKS 10V OTTWG PaiveTal oTnv Eikéva 3. 2a. AuTh
n oataén 4 kevwv Béoewv : 1 TeTPAEdPIKOU €VOIAUEOOU IOVTOG UTTOPEI va

AEITOUPYNOEl WG BOUIKA HOVAdA YIA TO OXNUATIOUO HEYAAUTEPWY CUUTTAEYUATWV.

(a)
0 ?‘H j:\ /ko
v
| Fe III)Féterjtmal |

| | |
§ l@“ ‘ B ‘9
vacantsite ——— — °

Eikova 3. 2 a) ZUuTTAeyua 4 Kevwv TTAeydaTIKWV Béoewv Fe?* : 1 evdiapéoou
TeETPaEdPIKOU 16vToc Fe®* otov Bouotitn (4:1). O axvéC KOKKIVEG OQAipES
QVOTTAPIOTOUV KEVEG TTAEYMOTIKEG BEOEIC KAl Ol £VTOVEG KOKKIVEG OQQIpEG T
evOldueoa TETPAEdPIKA KaTIOvTa. Me Trpdoivo @aivovtal Ta aviovia 0%, B)
EKTETAUEVN OOUN OUUTTAEYNATWY 4:1 TToU oxnuarTidel éva eupuTEPO CUPTTAEYUA
ateAeiwv TUTTOU Koch/Cohen.

MNa TNV akpifeia o1 4:1 dopES, HOIPACOUEVES ATTO KOIVOU TIG KEVEG TTAEYMATIKEG TOUG
B£0€IG, CUCOWHATWVOVTAI TTEPAITEPW OE KUPBIKEG DOPEG CUPTTAEYUATWY ATEAEIWY,
TTOU XapaKTNPICOVTAl WG CUUTTAEYUOTA POIPACOUEVA AKUEG 1) MOIPACOUEVA YWVIEG,
OTav 2 yeITovIKA evdidueoa TETPAEdPIKA 16vTa PolipdlovTal 2 KeEVEG BEOEIC oTnV
TTpwTn TEPITTTWonN (edge-shared clusters) ) yia kevr) Béon oTn dsuTePn (corner-

shared clusters).
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Ta cuPTTAEyuaTa TTOU €XOUV TTPOKUWEI OTTO ETTINEPOUG OOUIKEG HOVADEG 4:1, ol
oT1roieg poipdlovTal aTrd KOIVOU OKMEG, av KAl TTEPICOOTEPO OTABEPG EVEPYEIAKA eV
MTTOPOUV VO dWOoOoUV TTaPA MIKPEG OOMEG. AVTIBETWG OI TTIO EKTETOUEVEG DOUEG
TETOIWV OUPTTAEYMATWY OTABEPOTTOIOUVTAI KOAUTEPA AV Ol ETTIUEPOUG QTEAEIG
OOMIKEG HOVABEG polpdlovTal aTTd KOIVOU YWVIEG, KABWG O€ auTr TNV TTEPITITWON
EMTUYXAVETAI n PeyaAUuTepn duvarr) améoTaocn MPeTalU Twv  EVOIANECWY
TETPAEdPIKWY 10vTwv Fed*. Mia TéTola UTTEPDOUN ETTIMEPOUG CUMTTAEYMATWY

aTeAelv, ovoualetal oUPTTAeyua Koch/Cohen®, kai gaivetal otnv Eikéva 3. 2 B.

Fe (Il)
vacant site

Eikéva 3. 3 ZuptAeyua diatapaypévng doung Fei1xO KevWv TTAEYuaTIKwV BECEwWV-
EVOIANEOWY KATIOVTWY TUTTOU OTTIVEAIOU

H exteTapévn doun Ouwc TTou TTapouciadel Tnv ueyaAUTepn oTaBepdTnTa €ival
auTr TTou TTpocopoldlel Tn doun oTriveAiou (corner-sharing spinel-like aggregates),
OTTW¢ Qaivetal oTnv Eikéva 3. 3.7 Autd 1o Qaivopevo deixvel TTwg dev eival KaBOAou
TUX@io OTI 0 PETAOTABNG BouaTiTNG 0&eIdWVETAI TTPOG OTTIVEAID (FesOa4) Kal TTPETTEN
oiyoupa va An@Bei uttdywn oTnv TPOCTIdBEIa KaTavonong Tou JNXaviouou
o&eidwong Tou FeO Tpog FesO4 yia Tov OXNUATIOPNO TWV VAVOOWUATIOIAKWY

douWV TUTTOU TTUPAVA-KEAUQOUG, KaBwg duvatal va Traifel Kal KATTolo poAo oTnv
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KATavoun Twv ateAeiwv oTo TEAIKO TTpoidv, KATI TTou Ba oulnTtnBei apkeTd OTO
UTTOKEPAAQIO TTOU a@opd aTnV dOUIKH) aVAAUCT TOU CUYKEKPIUEVOU OUOTAPATOG,
KUupiwg pe TNV TeXVIKA X-PDF. TéAog, TTpétrel va ava@epBei 611 atmd payvnTikn

arroyn o BouaoTitng ivail avtioidnpopayvitng (AFM - AntiFerroMagnetic).

3.1.2. Fe304 — Mayvnritng ka1 y-Fe>O3 — MaykepiTng

MayvnTiTnG OVOPACZeTal N OPUKTA MOPQPr) TOU ETTITETAPTOLEIDIOU TOU OIdriPOU
(FesOs4). Eival To opuKTO TTOU TTAPOUCIALEl TOV EVTOVOTEPO PayvNnTIOUO Kal Xdpn o€
auTo Eyivav avTIANTIT, Ndn atro TNV apxXaIdTnTa, Ta GAIVOUEVA TOU PayvnTIOPoU.
O payvnTitng avrkel oTNV EUPUTEPN OIKOYEVEIQ TWV PEPPITWY, ONAAdN 0&eIdiwV PE
XNUIKO TUTTO MFe204, 6TTOoU M: Fe, Cu, Ba, Co k.a. O1 @egppiteg €Xouv Tnv
XAPOKTNPIOTIKA OOMr Tou aTriveAiou. H dour oTTiveAiou UTTOPE va Yivel avTIANTITH
w¢ éva edpokevTpwHEVO KUBIKG TAéypa (FCC) avidviwv ofuydvou (O%) TTou
eUTTEPIEXEI 16 OKTAEOPIKG DlaTETAYUEVA (WG TTPOG T OLUYOVA) TPIOBEV HETOAAIKA
IOvTa Kal 8 TeTpaedpIka O100evrh PETAANIKA 16vTa, oUVOAO dnAadr 24 peTaAAIKA
6vta. H akpfl NG povadiaiag KuweAidag payvntitn éxel pnkog 8.397 A
(SragpopoTroicital avaAoya pe Tnv akpIr) Ooun) Kal TTEPIEXEI 8 TUTTIKEG HovadeS avd

hovadiaia kuweAida.® H didTragn auTr) aTToTUTTWVETAI GUVABWS WS

(M**) [M3* ], 0, (1)

OTTOU Ol TTAPEVOETEIG AVTIOTOIXOUV O€ TETPAEDPIKEG BETEIG (A BEDCEIG) KOl OI AYKUAEG
o€ okTaedpikéG Béoeig (B Béoeig). Auth eival n dourl Tou AeyOuEVOU KAVOVIKOU
oTiveAiou. O payvnTiTng, 0 OTT0IOG £XEI TO XOPAKTNPIOTIKO OTI TrEpIAaUBAvEl TOOO
d100evn (Fe?*) 6oo kai TpIoBevn (Fe*) 16vta aI1dripou, KPUGTAAAWVETAI aTNV doun
TOu avTioTpo@ou aTrivehiou, £xel SnAadrn OAa Ta 16vTa Fe?* ae okTaedpIkég BETEIC,

evw Ta Fed* gival poipaopéva e€ioou o oKTaedPIKES Kal TETPAEdPIKES BETEIC, RTOI

(M3+) [M2+M3+] 04 (2)
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OTNV VYEVIK HOp®r) evog @eppitn. To KAVOVIKO KAl TO QVTIOTPOPO OTTIVEAIO
atroTeAOUV U0 aKPaieg KATAOTACEIC PIag evOIAPNEONG KATAVOMNG KATIOVTWY, TTOU

MTTOPEI va TTEPIYPAPET WG
(MPs M5") [MEr M325] o, )
OTrou 6 KaAgital BaBudS avTioTpo@PnG Kal uTropei va tapel TiuEG atrd 0 €wg 1, e

0=0 Tnv KaTAoTAON TTOU QVTIOTOIXEI OTO KAVOVIKO OTTIVEAIO Kal 6=71 auTh TTou

QVTIOTOIXEI OTO AVTIOTPOYO.

Eikéva 3. 4 H kpuoTtaAAikr) doun Tou payvntitn (TUTTou oTmiveAiou) 61Tou TovileTal
N OKTOEDPIKN (ME PTTAE XPWHA) KaI TETPAEDPIKA (ME KOKKIVO XPWHA) KATA TTEPITITWON
O1eubéTnon Twv oguyovwy yupw atrd Tov aidnpo.
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O1 @eppiTeg aTTOTEAOUV XOPAKTNPIOTIKI TTEPITITWON  CIdNPINAYVNTIKWYV
UAIkwv (FIM - Ferrimagnetic). Ag mapouue 10 Trapddeiyuya tou Fesz0s otnv
TTEPITITWON TOU AVTIOTPOPOU OTTIVEAIOU, EVTOG JayvnTIKOU TTediou. TOTE £xoupe 8
16vTa Fe?*, kaBéva atrd Ta otroia eggavidel hia uayvnTik POTIN TTOU AVTIOTOIXEl O€
4 payvnroveg Bohr kal 16 Fe3*, kabéva atd Ta oTroia eu@avilel JayvnTiKr POTIA
TTOU avTioToIXei 0¢ 5 payvnroveg Bohr, pe TG potrég va TTpocavartoAifovral
TTapdAANAa pe Tov aova [111]. Ta 32 O? gival yayvnTIKWS oudETEPQ.

Ta 16 Fe® katoAhayPBdvouv €€ioou OKTAEDPIKEG Kal TETPOEDPIKEC
KPUOTOAAIKEG BE0EIG, pE avTITTOPAAANAN Ouwg dieuBétnon otiv ota dUOo 1N
KpuoTaAhoypaikwyv Béoewv. ‘'ETOl, 01 PayvnTIKEG TOUG POTTEC  aAAnAo-
ecoudeTepwvovTal, eeavifovrag undevik ouvoAIK payvnTikn potrh. Ocov agopd
Ta Fe?*, autd kataAauBavouv € OAOKANPOU OKTOEDPIKEC TTAEYUOTIKEC BETEIC,
£€XxovTag OAa Ta OTTIV TOUG TTAPAAANAQ TTpoCavVATOANICHEVA KAl EPPAVICOVTAG TEAIKA
Mia ouvoAIKA payvnTIKA POTTA TTOU avTioToIxXEi o€ 8 X 4 = 32 payvntoveg Bohr avd

povadiaia kuweAida (BA. Eikéva 3.5).

Oh Td ONKr'lpL;ivﬁvnnKrﬁ

Fe* T T T T i i i i efoubeTépwan
OGO O0GL

.. 0000 _  000¢

- 0004 POBGE

Eikéva 3.5 Karavourn Twv payvnTiKwy poTtwyv Twv 16vTiwv Fe otnv povadiaia
KuweAida Tou FesOs o€ okTaedpikég (Oh) kai TeTpaedpikeS (Td) TTAEYMOTIKEG BEOEIS.
To kABe BEAOG avatTapioTd TNV KATEUOUVON TNG HAYVNTIKAG POTTAG YIA KABE KATIOV.
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liveral Aoimmov ca@Eg 0TI 0 BABPOS avTIOTPOYPNRS KABWS QUOIKA Kal n EAAEIYN
KaTIOVTWV atrd TETPAEOPIKES 1] OKTAEDPIKEG BETEIC AOYW KPUOTOAAIKWY OTEAEILV
ETTNPEACEl PETALU AAAWYV TOV PAyYVNTIOPO TOU TEAIKOU UAIKOU, OTTwg Ba oulntnBei
QAVOAUTIKOTEPA OTA AVTIOTOIXO KEQAAAIQ.

H trepimrwon Tou paykepitn (y-Fe203) éxel evdia@épov yiati, 6TTwg Ba
ava@epOei TTapakATW, atmoTéAeoe TNV BAon yia €va OONIKO HOVTENO TTOU ETTIXEIPEI
va TTEPIYPAWEl PE MIa 6000 TO duVATOV KAAUTEPN TTPOCEVYION Tn dlaTapaypévn
KPUOTAAAIKA dour Twv vavoowuaTidiwy TTou TTapacKeudoTnkav. O JayKeUITNG
EXel TTapoéuola douny OTIIVEAIOU PE aQUTA TOU MayvnTiTn KAl €ivalr Kal autog
o10NEIMayVNTIKOS. ZUuXVA TTEPIYPAPETAI WG ATEANG PayvNTITNG, YIa TNV akpifeia, Ta
OUo o&eidia dIaopoTToIoUVTal ATTO TO YEYOVOG OTI OTOV UAYKEWITA aTTOUCIAlOoUV
TTARPWGS 1 o€ éva BaBud Ta dioBevr 16vTa O10rPoU. Q¢ ATTOTEAECUA TWV KEVWV
TIAEYMATIKWV Béocwv Fe TTpoKUTITEl N TTAAPNG 1 MEPIKN ofeidwaon Twv Fe?* mpog
Fe3* ye okoTré va avTioTaduioouv TNV Trepicasia apvnTikou @opTiou. Av BéAoupe
va TTEPIYPAYWOUE TNV KUWEAIdQ Tou OTnV 1I0AVIKA TNG HOPQ@r), UTTOPOUME va TNV

QTTOTUTTWOOUWE WG

(Fes™) [Fe43(;r/3 |:|8/3] 032 ()

Otrou 10 [ | oupBoAilel TIG KevEG TTAEyHATIKESG BEoelg. BAETTOUNE OTI TNV Povadiaia

KUWeAida utrdpyouv Kal TTAAI 32 atopa ouyovou, evw aTrd TIG 24 Si1aBEoIuES
TAEYMOTIKEG BEo€IC 010 POoU €ival KaTEIANUPEVES 01 21 1/3 KAl AUTEG ATTOKAEIOTIKA

amd Fe®*, ev) Ta kevd eival Tuxaia katavepnuéva oTIC okTaedpikég Béoeig. H
KUWEAIBQ Tou gival KUBIKN, ME MAKOS OKMAC TTePi Ta 8.34 A. To evdiagépov yia Tnv
TTEPITITWON PAG €ival OTI 0 CUVOETIKOG JAYKEUITNG OUXVA EUPAVICEI MIO TETPAYWVIKN
TTOPANOPPWON TNG KUWEAIDAG TOU, N OTToia TTPOKUTITEI ATTO dIAPOPOTTOINTEIS OTNV
KaTavoun 16vTwv Fe?* kal Fe3* kal yia ouaTnuaTiKi TTapd Tuxaia dIATagn Twv KEVWV

TTAEYMATIKWV TOU BEéoEwV.>
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3.2. EpyaoTtnpiakl ouvBeon vavokpuoTdAAwv Sopng TUTTOU TTuprva-

KeAUQoug FeO-Fez04

3.2.1. X0vBeon pe Tpédpoun Evwon ocuptrAoko Fe(acac)s

ATTO TIG apx € TG dekagTiag Tou "90 eixe avagepOei o€ TTANBWPA dNUOCIEUCEWYV
n duvaTtdTNTA TTAPACKEUAG CWHATIOIWVY dIa@OpwWV QEPPITWV Kal 10IKOTEPA Fe30a4
ME TN MEBODO TNG ouykataBubiong XPENOIYOTIOIWVTAG WG TTPODPOUES EVWOEIG
xAwploUxa aharta Tou Fe?* kai Tou Fe3*.8°10 H yébodocg cival apkeTd atrAr, agou
TepIAauBavel avTidpaoelg o€ udaTiKG dIaAUpaTa Kal XapNAEG BEpUOKPATies, akOua
Kal og Bepuokpacia TepIBAAAOVTOG. EvTouTOoIg, gival OUOKOAO va eAeyxBei péow
QUTAG TNG dIadIKaoiag N KPUOTOAAIKOTNTA Kal TO PEYEBOG Twv ocwuaTidiwv. Mia
AGAAn TTpooéyyion, TTou eEQ0PaAIleEl KAAUTEPO EAEYXO OTNV HOP@OAOYia Kal Tnv
KPUOTAAAIKA doun Twv TTapayouevwy cwuaTndiwy, €ival autr) TTou PacileTal oTo
MOVTEAO KOAAOEIDOUG avaTrTuéng tou LaMer péow Tng atmmétoung augnong tng
OUYKEVTPWONG MOVOUEPWY KAl TNG ETTAKOAOUONG akaplaiag dnuioupyiag TTuprivwy
KPUOTAAAwONG. AuTh emTUYXAveETal YE TTPOCOAKN &v Bepuw TNG OlaAupévng
TTPOdPOUNG EvWoNng O TTPOBEPUACHEVO HiyHa OIOAUTWY - ETTIPAVEIOOPACTIKWV
(hot injection). 111213 Amré TIc dUO WEBADOUC TTOU TTPOAVAPEPONKAV, N TTPWTN
oUTWGS A AAAWG ATTOPPITITETAI OTNV TTEPITITWON TTOU £TMIBUPOUUE TN ouvBeon FeO,
a@oU auTH aTTaITEl auOTNPWG €EAEYXOUEVEG OUVONKEG yia va TrapaxBei 10
euoeidwTo 0&eidlo Tou OIdApPou. H OelTEPn TTPAYUATOTIOIEITAI OE QAVOEIKO
mePIBAGAANOV Kal BacileTal OTO yEYovOg OTI TO OTASIO TNG TTUPAVWONG Eival 0aAPwg
KaBOPIOPEVO Kal TTEPIOPICHEVO O OUVTOMO XPOVIKO OIAoTnua, yia va OwoEl
opoIOuOpPPa CwHATIOIO, TTApPOAa autd TTepIAaPPBavel peyéBuvon Twv TTUPAVWY
MEOW TOU pNXaVIOPOU wpigavong katda Ostwald kai, kaBwg eival dQUOKOAO va
eAeyxOei amméAuTa Kal Ye KaAR emavaAniuoTnta, Bewpeital ydAAov SUOKOAO va
dWaoEl TOUG €TTIBUPNTOUG VaVOKPUOTAANOUG €I0IKA OTT’ TN OTIYUNA TTOU AUTOI TTPETTEI
va éxouv core-shell dopr). AMNwoTe, n mpdoearn Tpdodog oTIG PeBSdoUg

ouvBeong £0€IEe OTI VAVOKPUOTAAAOI OCEIDiWV PETAAAWY HE OTEVI] KATAVOUN
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MEYEBOUG uTTOpOUV Vva TTOPACKEUQOTOUV agIOTTIOTA Kol atmmAoOUCTEPO ME TNV
TTPOCONKN OAWV TWV CUCTATIKWY, CUPTTEPIAANBAVOUEVWY Kal TWV TTPOdPONWY
METAAANIKWV EVWOEWYV, €¢ aPXNG OTO diypata Tng avridpaong, TO OTI0I0 ETTEITA
BepuaiveTal, Xwpic va atraiTeital n TPoaOnkn TNG TTPOdpoung évwaong ev Bepuw. 4

‘ET01, €mAEXOBNKE N PEBODOG TNG avtidpaong TTPodpoung évwong o€ didAupa
ETTIPAVEIODPACTIKWY, UTTO UWNAEG Bepuokpaacies. Q¢ Tpddpoun évwaon (66TNg
IOVTWV o010 pou dnAadn) xpnoIPoTToINBNKE 0 AKETUAOOKETOVIKOG aidnpog (111), pia
OUMPTTAOKN £€VWOT) TOU OIBfPOoU PE 3 aviOVTa AKETUAOOKETOVNG (2,4-TTEVTavodIovng)
TToU avagEpeTal otn dieBvh BiBAIoypagia wg tris(acetylacetonato)iron(lll) i xapiv
ouvtodiog Fe(acac)s.’>® To peTaMAIKd KEVTIPO OIOPOU UIOBETEI OKTAEDPIKN
YEWMETPIA KOl EVWVETAlI MUE TOUG TPEIG XNAIKOUG UTTOKATAOTAOTEG MECW TWV
aviovTwy oguyovou. H avtidpaon BaacifeTal oTn AoyIKr OTI TTPETTEI va dIaXwPIOTOUV
oaPwWgG Ta dUO BaCIKA OTAdIO TNG TTUPAVWONG KAl TNG AVATITUENG, ME KATAAANAN
€TMAOYN BEPUOKPACIWV Kal XPOVOU TTAPAPOVAS 0€ auTd Ta dUOo oTAdIa Kal ws BAcn
EMAEXOBNKE  TTPWTOKOANO TnNG  d1EBvoug  BiBAloypagiag  Tou  aTtrodidel
vavoKpuoTaAAoug FeO oTo £mBupnTd €0POG UEYEBWYV, O OTTOIOI OTN CUVEXEIQ JE
KATAAANAEG XNUIKEG dladikaoieg ogeidwvovtal Katd PouAnon tpog FesOs, y-
Fe203.1” Mia TTI0 TIPOOEKTIKE avAyVwWwan TNG CUYKEKPIUEVNG DOUAEIAC Beixvel 0TI av
0ev akoAoubroel kdarmola ofeIdwTIKA Oladikacia, Ta Trapayoueva cwuaTidla
peTaTpétmovTal o€ UBPIBIKA cwpaTidla TUTTOU TTUPAVA-KEAUQOUG, HdAAov FeO-
Fe30a4, OTTWG atTodeIKVUETAI KAl aTTO TNV TTAPOUCA EPEUVNTIKA £pyaTia.

H dnuioupyia 1ng core-shell doung eivar dnAadr o€ auth TNV TTEPITITWON Mia
auBbépunTn diadikacia TTou AapBavel xwpa PAANoV PETA TO TTEPAG TNG OoUvBeOoNG
XWPIG va €xoupe atmoAUTWG TN duvatoTnTa eAéyxou TTavw o€ auth. MNa dAAa Adn
UBPISIKWY VOVOKPUOTAAAWY, UTTAPXOUV TTOIKIAEG, KATAAANAEG KATA TTEPITITWON
MEBODBOI dlapdPPWONG Tou KEAUQOUG O€ TTPOUTTAPXOV OCwpaTidlo, OTTwG yia
TTAPAdEIYUA N KATIOVTIKA avTikatdoTtaon,® mou oTtn SIKA YOg TTEPITITwaon gival un
EQPAPPOOIUEG, a@oU n Onuioupyia KeAUQoug TrepIAauUPBAveEl TNV PETAROAN TNG
0&EIDWTIKNG KaTdoTaong Tou 10iou 16vTog. ‘ETol Aoimmév n pepIKn ogegidwaon Tou

owparTidiou, divel Ta TTIBUUNTA aTTOTEAECUATA.
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MNa TIC OUYKEKPIPEVEG aVTIOPACEIC XPNOIUOTTOINBNKE WG TTPOdPOUN £vwon
o10rpou okévn 4 mmol (1.4 g) Fe(acac)s Tng etaipegiag Alpha Aesar (Iron(lll) 2,4
pentanedionate, 99.8%) n otroia dIOAUONKE O€ piypa 6mL gAdikou o&éog (OA xapiv
ouvTopiag) Tng etaipeiag Sigma Aldrich (Oleic acid technical grade, 90%) kai 10
mL oAeUAapivng (Olam xdapiv ouvtopiag) Tng Acros Organics (Oleylamine, 97%
anhydrous). To eAaikd ogu kal n oAeUAauivn TTai(ouv €dw TauTdXPOVa TOV POAO TOU
ETTIPAVEIODPACTIKOU Kal Tou BIAAUTN. O OXETIKOG PopIakog Adyog Olam/OA cival
~1.5 . H oAeUAapivn gival dvudpn Kal JETA TNV TTPOUABEIN AUTAG, HETAPEPETAI OTO
Glovebox xwpig va avoixTei TTponyoupévwg, 0TTou Kal diatnpeital. To eAaiké ofu
diatnpeital o€ Yuyeio, EKTEBEINEVO OTO ATUOOPAIPIKO 0guyovo. Mia pikpr) TToooTnTa
autou TrapaAauBaveral, TotroBeTeiTal o€ oPaIpiK QIAAN Schlenk kai Bepuaiveral
o¢ Beppokpaaia 110°C yia TTEPITIOU 2 WPES UTTO KEVO aTnV ypauur Schlenk yia tTnv
QTTOPNAKPUVON 0EUYOVOU Kal uypaoiag. ‘ETreira xwpig va ekTeBei aTnv atpdc@aipa
MeETa@EpeTal pEoa oTo Glovebox 61Tou Kal QUAGCOETaI yia va XpnoiuoTroinBei yia
MEANOVTIKEG ouvBéoelg. To ouptTtAoko Fe(acac)s QuAdooetal kal autd péoa oTo
Glovebox. ‘ETol, TpIv TN 0UVBeON, eilodyovTal péoa oT1o Glovebox katdAANAn @IGAN
Schlenk, oTrdToUAeg, CUPIYYEG, TTITTETEG KAl AOITTA €idn TTOU ATTAITOUVTAI YIA TIG
CUYIOEIC KAl JETAPOPESG TTOCOTATWY UYPWV KOl OTEPEWV HUE TOV TPOTTO TTOU EXEl
avapepBei 010 KEQAAalo 2. Zuyifovtalr pe Cuyo akpifeiog TTou  BpiokeTal
TOoTTOBEeTNUEVOG O0TO Glovebox kal yeTpoUVTal OTTOU ATTAITEITAI Ol ATTAPAITATOI OYKOI
QVTIOPWVTWYV Kal ETTEITA PETAPEPOVTAI EKTOG BaAdPou ag@ou oepayioTei N QIAAn
Schlenk, wote va pnv ekTeBei otV aTuOC@AIPA TOU €pyaoTnpiou. "YoTepa
OuVOEETAl PMEOW TOU KATAAANAOU OUVOEOUOU O€ OTAAN avapporg Tavw oTn
ypauun Schlenk. Evepyotroigital n avrAia kevou, agou £xel ndN TTANpwOEi ue uypod
alwTto n TTayida agpiwv Kal olyd-olyd avoiyetal n avriotoixn BaABida Tpiwyv BEcewyv
yla va €QAPUOOTEi KEVO oTnv oThAn avappors. Metd amd Aiya deutepOAeTtTa
avoiyeTal ue Tpoooxr Kai n BaABida 1ng @IdAng Schlenk, otroTe TTAEOV EQapuOleTal
KEVO Kal 0To piypa TnG avTidpaong. Me autd Ta d1adoxIKA BriuaTa €XOUUE KATOPEPEI
Va TTPOOTATEUCOUNE ATTOAUTWG TO Wiyha TNG avTidpaong atrd TNV €KBECT TOU OTIG

TTEPIBAAAOVTIKEG OUVONKEG.
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Eikéva 3.6 Tevikd oxédio Bépuavong Katd Tnv avtidpaon yia Tn ouvleon
VOVOKPUOTAAWY  atrd  diyha  TTPOOPOUWY  CUPTTIAOKWY  EVWOEWV Kl
ETTIPAVEIODPATCTIKWV.

MapoAa autd akoAouBei Eva emiTTAéov 0TAdIO KATA TN dIAPKEIA TG oUVBEONG
TTOU €ival AQIEPWHEVO OTNV TTEPAITEPW ATTOUAKPUVON IXVWV UYPACiag Kupiwg.
Auté @aivetal otnv eikéva Eikova 3.6 wg «Degassing step» kal o€ TpwTn GAon
eMAEXTNKE va yiveTal aToug 140°C yia 1-2 WpeS. e auTtd To aTAdIo £QapudleTal
KEVO, XWPIGC QUOIKA va gival avoixTd To KUKAWUA Wugng UdATOG OTOV CWAAVA
avappong. Apou oAokANpwOei autd 1o 0TAdIO, N BepUoKpaTia augavel Ewg OTou
@T1doel oTnVv Bepuokpacia TTou €xel €TIAEYEl yia To oTAdIO TNG Onuioupyiag
Tuprivwv (nucleation). ETi Tou TTpoKEIuévou TO OTAdIO AUTO AauBAvEl Xwpa
ouvBwg oTtoug 220°C. Tautdxpova pe Tn AAEN Tou Trponyouuevou oTadiou
YUPVAUE TNV OTPO@IYYA WOTE VA OTAPATACOUNE TNV EQAPPOYI KEVOU Kal EI0AYOUNE
oT0 ouoTnua TO €mBuuntd aéplo. Edw, OTTwWG kal oTnv TTAEIoVOTNTA TWV
ouvBéoewyv TToU £Aaav xwpa oTa TTAaioIa auTAg TNG dIaTpIRRS, XPNOIMOTTOINONKE
Miypa 5% H2 o€ Arz. AuTO €yIve yia va eEKUETAAAEUTOUUE TNV avaywyik 6pdon Tou
H2 woTte va BonBriooupe Tnv dlathipnon TG avnyuévng Jopenig Tou o1dripou (FeO)

Kata Tn ouvBeon. TéENog n Beppokpacia augavel kal TTaAI, JEXpI TN Beppokpaacia
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Tou oTadiou TNG ueyéBuvong Twv cwuaTidiwy (growth). H emAoyi Tou Xpdvou
TTOPANOVAG OTa OTAdIO AVATITUENG TTUPAVWY Kal EyEBuvoNG ival KaBOoPIOTIKN yia
T0 TEAIKO pEyeBOg Twv cwpaTidiwv. To BEATIOTO ATTOTEAEOUA ETTITUYXAVETAI
ouviBwg PECW BOKIJWYV Kal €ival ATTOTEAECHA TNG OUVOUAOTIKAG dpAong auTwv
Twv U0 oTadiwv. AnAadr, évag IBIAITEPWS aUENPEVOSG XPOVOG TTOPANOVHG OTO
TEAIKO 0TADIO, BEV Ba PEPEI ATTAPAITATWS WG ATTOTEAETHA TTOAU PEYAAQ cwaTidIa,
av Oev €xel O0Bei AVTIOTOIXWG ETTAPKNAG XPOVOG TTAPANOVAG OTO OTAdIO TNG
avaTrTugng TTupAvwy. Ao Tnv AAAn av €xel 600ei uTTEPBOAIKA TTOAUG XPOVOG OTO
OTAdIO TNG TTUPAVWONG, £TCI WOTE VO €X0UV KaTavaAwBei 6Aa Ta povouepr), autd
oev Ba cival diabéaipa yia Tn peyEBuvon oTo deUTEPO OTAdIO, 0BNYWVTAS TEAIKG O€
MIKpG cwpaTidla. Mpétrel Aoimmov va BpeBei n xpuor Tou HeTagu Twyv dUo oTadiwv
Kal auto dlagEpel avaloya e TO €idog¢ TNG ouvBeong (TI cwuaTidia BEAoupE va
TTaPALOUE Kal TTola PEBODOG akoAoubBeiTal) Kal TTolo €ival TO TEAIKO €1TBUUNTO
MEyeBoC Twv cwpuaTidiwyv. O puBudg BEpuavong Trailel Kal autdg KATToIo pOAo, av
Kal JAAAov Ox1 TOOO KaBopIoTIKG, TTAVTWG o€ KABe TTePITITWon €ival KaAd va
dlatnpeital Katd 1o duvatov oTaBepog amd ouvbeon o€ ouvBeon yia va
TEPIOPICOUNE TIG METABANTEG TNG OUVOEONG KAl va  ETTITUYXAVOUUE  KOAR
emavaAnyiuotnTa. MoOAIC oAokAnpwBei n ouvBeon, cival emBuUPNTS TO Hiypa va
WuxOei atréTopa, dnAadr va TTEoEl apKeTA aTrd Tnv Beppokpacia peyEBuvong Twv
OWHATIdIWY, WOTE VA «TTAYWOOUNEY TN dladIKacia akpIBws oTo TTIBUPNTS onuEio.
AuTé yiveTal pe Taxeia atTopdkpuvaorn Tou BepuavTikoU pavoua, WOoTE VA aQriOoUUE
N QIAAN va WuxBei pye QUOIKO TPOTTO OTov agpa. AOYyw TnG OXETIKA UWNnARg
Bepuokpaaiag Tou TeEAIKOU oTadiou, N TITWON TS BeppoKpaaiag Adyw diapopdg Pe
TNV Bepuokpacia TTePIBAAAOVTOC €ival apkeT woTe va dlao@alicoupe OTI n
MeyEBuvon Twv owaTIdiwv £€xel OIOKOTTEI Kal €101 Ogv  ATTAITEITAI KATTOIOG
MNXOVIOPOG wuéng. Katd Ttnv wuoén e€ivar okOmmuo va diatnpnBei n  pon
TIPOCTATEUTIKOU QEPIOU, yIa va TTPOCTATEUBOUV Ta cwaTidla atrd Tnv ogeidwan.
Ortav 10 piypa €xel TTAéov YuxBei, utmopei va TrTapaAn@Oei atrd Tn @IaAn avridpaong
yla va akoAouBrjoel n diadikacia kabapiopyou. KaAod eival 1o piypa va diarnpei
aKOpa pia Beppokpacia dvw Twv 30°C, yiati av a@eBei va WuxBei TTapaTteTapéva

o¢ Oepuokpacia owpatiou, e€ivar mOavo va yivel TaxUpeuoTo, TTIPAYMA TTOU

107



KE®. 3 — MPOTOKOAAA 2YNOESHS

OUOKOAEUEI TOUG XEIPIOPOUC. ZTIG TTEPITITWOEIC TTOU AUTO CUVERN, aTauThonke pia
ATTIa B€pUavon WOTE VA ATTOKTACEI Lava Th pEUCTOTNTA TOou, KATI TETOIO €ival OPWG
KAAOG va atro@euyeTal. AUTO TToU HOAIG TTEPIYPAPNKE OPEIAETAI OTO YEYOVOG OTI OTO
Miyha UuTTGpXouv TTpo@avws TTOAAG  TTapATTPOIOVTA  OPYAVIKNG TTPOEAEUONG,

€EAAILOOUG UPNG, TO OTTOIO KA TTPETTEI VA ATTOROKPUVOOUV.

3.2.1.1. Aladikaoia kabapiocuou

O KaBapIoPOG TOU TTPOIOVTOS aTToTEAEI OTAdIO KABOPIOTIKNAG ONUaCiag yia Tnv
QTTOTEAEOUATIKN) TTAPAAARr TwWV VAVOKPUOTAAAWY, TNV PEAAOVTIKN OTABEPOTNTA
QUTWV KOTA TNV OTTOBAKEUOT) TOUG Kal TNV ETTIAOYN TwV KPUOTAAAWV ME TO
emMOuUPNTS péyebog Kal TTapduoIa HOPPOAOYIKA XapakTnpIoTIKA. H diadikaoia
Bagiletal oTn duvaTtoTNTa TWV KPUOTAAAIKWY vavoowuaTidiwv va dnuioupyouv
evalwpnuara o€ ocupparoug dIaAUTEG (Un TTOAIKOUG) Kai va KaTapuBifovtal o€
GAAoug (TTOAIKOUG). TIo CuyKeKpIYéva, T VAVOOWHATIOIO PETA TO TTEPAG TNG
ouvBeong, KaAUTITOVTal OTTd €va OTPWHA  ETTIPAVEIODPACTIKWY, TIOU OTNn
OUYKEKPIPEVN TTEPITITWON €ival avidvTa eAaikoU o&éog kal uoépia oAeUAauivng. Ta
ETTIPAVEIODPACTIKA EUTTOOICOUV TNV OUCCWHPATWON TWV VAvOoWwPaTIdiwy, Ta
TIPOOTATEUOUV aTTO TNV ogeidwon Kal gv yével Ta fonBolv va dlaTnprioouv Tn
MOP®N KAl TO XOPAKTNPIOTIKA TOUG TTPOCTATEUOVTAG T ATTO AAAOIWOEIG. To eAdikd
0o¢U xAvel Eva TTPWTOVIO KAl OUVOEETAI ME TA NAEKTPOBETIKA ATOPA O10rPOU OTNV
EMPAVEIQ TOU VOVOOWUATIOIOU HECW TWV OEUYOVWYV TOU (UE TO ETTITTAEOV apvNTIKO
@opTio va poipdletal culuylakd oToug duo deopoug C-O oTa AKpa Tou), EVW N
oAeUAapivn ouvdéeTal e TNV €MQAVEID TOU VAVOOWWMOTIOOU PEOW TG
XOPAKTNPIOTIKAG ANIVOPAdAG XApN OTO A0UEUKTO (eUyoG nAekTpoviwy Tou N. Ta
OUO auTd POpPIa CUVOEOVTAI CUVETTWG MECW TWV XAPOKTNPIOTIKWY TOUG OUAdWV
oTnNV EMMQEAVEIQ TOU CWHATI®IOU, a@PVOVTOG EKTEBEINEVES TIGC UOPOYOVAVOPOKIKES
aAUCIdEG TOUG, KABIOTWVTAG £TO1 TO owHaTIOIa UOPOPORa. To eAAIKO 0EU aTTOTEAEI
OUXVA TO ETMIQAVEIODPATTIKO ETTIAOYIS KATA TN oUVOEGN CWHATISiwV payvnTitn,%20
OMG Kal GAAWV  PayvnTIKWV Kal Pn owuatidiwy yevikéTepa,?t?? gvwy Kal n

oAeUAapivn €xel nEAETNBET yia Tov TPITTAG TNG pOAO KaTd Tn oUVOeon, apou PTTopEi
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va Opdcel Tautdéxpova w¢G  OIaAUTNG, ETTIPAVEIODPACTIKO KAl  avaywyIKOG
TTapayovtag. 2324 Ta udpdPoBa vavoowuaTidia YTTopouv TTAEOV va oXNUATIooUV
EVAIWPNPATA O OPYAVIKOUG BIAAUTEG. TNV TTEPITITWON PAG XPNOIYOTToINOnKe
KAVOVIKO €6AVIO, VW WG PEOW KATABUBIONG XPNOIUOTTOIEITAI YEVIKA £VOG TTOAIKOG
OIOAUTNG, ETTi TOU TTPOKEINEVOU QIBAVOAN.

H diadikaoia Tou kKaBapiopou gival avaAuTIKa N €6AG: AQoU WuxBei To yiyua Tng
avTidpaong, aTTOPAKPUVETAI N TTPOOTATEUTIKA ATHOO@AIPA KAl TTPOCTIOEVTAlI OTN
@IGAn 20 mL aiBavoAng yia va Bonbrioouv Tnv KataBubion Twv CWHATIOIWV.
XwpiceTtal To TPOoIOGV 0€ 4 TTAAOTIKG QIaAIdIa QUYOKEVTPNONG UE KATTAKI Twv 15 mL
Tou @uyokevipouvtal oTIc 1000 rpm yia 5 Aemmrd. Merd 10 TEPAG NG
QUYOKEVTPNONG OQAIPEITAI TO UTTEPKEIMEVO UYPO KAl ATTOPEVOUV OTOV TTATO TOU
@laAidiou Ta vavoowpartidla. pooTiBevrar 2 mL egaviou avd @lolidio Kal
TOTTOBETOUVTAI TA PIOAIDIA OE AOUTPO UTTEPHXWV, OTTOU Kal UTTEPnXoBoAouvTal yia
Aiya AeTTTA £wG OTOU VA YiVEI TO EVAIWPENUA TTARPWGS OPOIOYEVESG XWPIG VA UTTAPYXOUV
kataBuBiopéva cwpartidia. lMpooTiBevtal 2 mL aiBavoAng avd @lalidio Kai
akoAouBei kal TTAAI QuyokévTipnon yia 5 Aetrtd oTig 1000 rpm. Autr] n diadikaoia
ETTAVOAQUPBAVETAI OUVOAIKA 4 @Opég, evw OTO TEAOG TA  vAvOOWMATIOIA
QUAdoooVTal WG evalwpnua e€aviou o€ yudAiva @laAidia Twv ~ 4 mL e agpOOTEYES
TTwua. ‘Emerra amd Kabe uyokEVTPNOT, TO UTTEPKEIMEVO UYPO TEiVEl va yiveTal OAO
Kal o dlauyég 6oo0 TTANCIAloudE TTPOG TO TEAIKO OTABIO, WG €voeign OTI O
KaBaplopdg eival emTUXNG. XPEIAZETAI TTPOCOXI WG TIPOG TOV XEIPIOPS Twv
owpaTdiwv  Kal  ouvioTdtar  va  pnv - uttepBAaAloupe  oToug  Xpdvoug
uTTEPNXOROGANOCNG, VIA VO ATTOTPEWOUE TTIBAVI) ATTOKOTTA TWV ETTIPAVEIOOPACTIKWV
atrd TNV €ME@AVEIA TWV VAVOOWHATIOIWY, o€ BABPO TTou TEAIKWG uTToRaBuideTal N

TTOIOTATA TOU EVAIWPAMATOG (Ta owpuaTidia KaBi{avouv).
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Eikéva 3. 7 Aidypappa ammwAeiag palag katd tn Béppavon atmmd BeppooTabuikh
avaiuon (TGA) deiydaTog KPUOTOAAIKWY VAVOOWHATIOIWV PE aviOV EAAIKOU 0EE0G
W¢ EMEAVEIdPAOTIKO. H TTpwTn eupavng petaBoAr (100°C - 300°C) ogeileTail
mMOavwg O0€  OTTWAEID  IXVWV  JIGAUTR KOl i0WG  PEPIKI  OTTWAEIN
ETTIPAVEIODPACTIKOU, EVW N OEUTEPN KAl TTIO ATTOTOMUN METAROAN TTAVW ATTO TOUG
300°C atrodideTal e BePBaIOTNTA OTNV ATTWAEIA TOU OUVOAOU TNG OPYAVIKAG
PAoNG TWV EAAIKWV.

O1 T€00€epIg ETTAVAANYEIG ETTIAEXTNKAV WG 10AVIKOG apPIBPOG, BIOTI N eUTTEIpia
£0€ICE OTI AlyOTEPEC DEV ETTITUYXAVOUV ATTOTEAECUATIKO KABAPIONO TOU TTPOIOVTOC,
EVW Ol TTEPICOOTEPEG TOAvOV va £XOUV WG ATTOTEAECHA TNV KaTtaBuBion Twv
VOVOOWMATIOIWV ETTEITA ATTO JOAKPOXPOVIA AaTTOBrRKeEUON, TTOU OTTOTEAET EvOEIEn OTI
éxel dlarapaxBei n 10o0ppoTTia CWHATIdIWY - ETTIPAVEIOOPACTIKWY. 2€ KAAWG Kal
oTaBepwWG OIECTTOPPEVA VOVOOWMUATIOIA TTOU TTOPACKEUAOTNKAV QPYOTEPA ME
€AAiKO 0EU WG HOVADIKO ETTIPAVEIODPACTIKO TTapayovTa, £yive avaAuon TGA, TTou
UTTOQEIKVUEI OTI TA ETTIPAVEIOdPACTIKA attoTEAOUV éva 10-15% TNG OAIKAG palag Tou

owpartidiou (Eikéva 3. 7).
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3.2.2. AmoteAéopara olvBeong pe Tpodpoun évwon ocuutrAoko Fe(acac)s

O1 TTPWTEG CUVOECEIG TTOU TTPAYUATOTTOINONKAV JE AVTIOPAON TOU GUNTTAOKOU
Fe(acac)s pe oAeUAapivn Kal €Adikd 0&U, PTTOpoUV va eKAN@OOUV PAAAOV wg
OOKIMAOTIKEG OUVOECEIG, TTOU OTOXO €ixav TNV €COIKEIWON ME TIG TTEIPAPATIKES
OIATALEIG KAl TA OXETIKA TTPWTOKOAANQ TTAPACKEUAG VAVOKPUOTAAAWY, aAAG Kal TV
dlgpelivnon Kal KATavonaon o€ éva Babuo Twv TTapaydviwy TTou €TTIOPOUV OTNV
Mop@oAoyia Kal Tn XNUIKA ouoTaon TwV TTapayouEVWwY cwpaTidiwy. Baoiotnkav
0€ 0€ OXETIKA TTPWTOKOAAQ TNG BIBAIOYpa®Iag Kal € TIPOKATAPKTIKEG OUVOETEIS KAl
OOKIMEG TTOU gixav AABEl XWpa atro TV EPEUVNTIKA JOG OPAdA OTO EPYACTHPIO. ZE
OAEG TIG TTEPITITWOEIG TTAPAXONOAvV KPUCTOAAIKA vavoowpaTidla o€ éva €Upog
MeyeBWYV aTrd 7 £wg Kai Aiyo TTévw atrd 20 nm, TTou GAAOTE eppavi{av doun TTupAva
KEAUQOUG Kal AANOTE OXI. H KpuOTaAAIKR) TOug dour €TTOPEVWG OEV MTAV TTAVTA N
EMOUPNTA, OQOU O€ QPKETEG TTEPITITWOEIG, OKOPO KAl O€ PEYAAQ cwuatiola,
atrouciale n @aon Tou FeO kal n TepiBAaon akTivwy X TTIOTOTTIOINCE O€ KATTOIEG
ouvBéoeig TNV UtTapgn Ixvwyv peTaAAikou aidrpou (BA. MAPAPTHMA 2.1). ‘Eva
Baoikd TTPORANUA TTOU £YIVE EN@PAVES OTTO TNV APXH, APOPOUCE TNV OHOIOPOPPIa
Twv TTapayouevwy vavoowuaTidiwv. Ta cwpatidia TTapoucialav akavovioTa
OXAMOTA, KATI TIOU OTn  OUVEXEID OMWG  €AEyXONKE, WOTTOU  TTNPAME
KAAOOXNMUATIOPEVA OQAIPIKA OwPaTidla, aAAd eu@AaviCav Kal hia eupeia KATavoun
MeEyEBwV. ZTIC TTpWwTEG €IkOveg atmd TEM, mmapatnprioaue évav peydAo apiBuo
owpaTIdiwyv TTapaATTARCIWY PEYEBWY VO CUVUTTAPXOUV PE QPKETA PIKPOTEPA N Kal
KaTd TTOAU peyaAuTepa ocwuaTidia.

Otav TeAIKA €AEyXONKe KATTWG N POp@OAoyia, ATAV XAPAKTNPIOTIKO OTI N
ouvBeTIKA dladikacia ouyxva KatéAnye o€ dUO BIAKPITEG KOTAVOPEG peyeBwv. H
METPNON OnAadn TNG OIOPETPOU TWV CWHATISIWY Kal N €TTAKOAOUON OTATIOTIKNA

avdaAuan, €0Ive Katavour HeyeBwyv e dUo dIakpITé YEyIoTa.
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Eikéva 3.8 Evodeiktikég elkoveg TEM oe peyéBuvon 150k, vavoowpatidiwv TToU
TTOPACKEUAOTNKAV a1t avTidpaon Tou cuuTtAdkou Fe(acac)s oe didAupa eAdiKoU 0&éog Kal
oAeUAapivng, o€ SI0QOPETIKEG OUVOETIKEG dladikaoieg. Eival xapaktnpioTikd OT1 Ta cwuaTidia
TTapouciddouv dUO DIOKPITEG KATAVOUEG HEYEBWY, Wia pe PEyioTo TrepiTTou ota 10 nm  Kal pia
ME MEYIoTO KovTa oTa 20 nm (a: D1 =8.6 nm, D2 = 17.9 nm kai B: D1 = 10.9 nm, D2 = 18.2 nm).

2uvtopa  €yive  eud@avég, Me  Bdon TV Bewpia  TrEPI  avaTITUENG
VOVOKPUOTAAAWY MPEOW TOU OXNUATIOPMOU Kal TG MEYEBUvVONG  TTUPVWV
KpuoTAAAwoONG, o1 gival mOavov va Aaufdavouv xwpda Katd Tn OUVOETIKA
dladikacia dUo dIaKPITA cUuPBAvVTa dnuIoUPYIag TTUPAVWY, ICWG Ot OIOPOPETIKA
oTAadla TNG OoUVOEONG. ZTIC TTPWIKES OOKIYEG, TO OTADIO TG EQAPHUOYAG KEVOU HE
OKOTTO TNV aTTOMAKPUVON TNG uypaciag kal Tou moavwg dlaAupévou oguyovou,
ATav, 6TTWG aTTodEIXTNKE, UTTEPPOANIKA PAKPOOKEAEG, EIBIKA av AdBoupe uttoyn OTI
Ta avTidpwvTta QuAdooovtav oTo glovebox A eixav utTToBANBEi o€ TTPOKATAPKTIKI)
ETTECEPYOTIA JE OKOTTO TNV AQUBATWOT) TOUG (TTPOETOINACIA TOU EAATKOU OEEOG yia
Tapddeiyua). MAMOTA, TO OUYKEKPIYEVO OTAdIO  TTPAYUOTOTIOIOUVTAV  OE
Beppokpaaia apkeTd uwnAn (140°C) OUYKPITIKA PE TO KAVOVIKO anueio {E0Ewg Tou
VEPOU, €I0IKA aTTO TNV OTIYUA TTOU AUTO EAATTWVOTAV PE TNV £Qapuoyr kevou. H
TTpoNyoupevn uTtéBeon atrodeixOnke akpIBng, a@ou TTEPIOPICPOS TOU TTPWTOU
oTadiou o¢ pia Wpa Kal eTakoAoudn peiwon Tng Bepuokpaaciag o oA 100°C
£dwoav owpaTidla pe OTeVEG KATAVOUEG MeyeBwv. TlapdAa autd Opwg dev
EMTEUXONKAV AKOUA CWHATIOIO YE TNV ETTIOUPNTA OJOIOUOPPIaL.
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Eikéva 3.9 EvdekTIKEG elkOveg TEM oe peyEBuvon 150k, OTTOU @aiveTal N AVTIMETWTTION TOU
TTPORAAPATOS TNG BITTARG KATAVOPNG MEYEBWV PE KATAAANAN TPOTTOTTOINON TOU TTPWTOKOAAOU
ouvBeong, WoTe va TTapdyel cuoTnUaTiKA cwuatidia pe péyedog tepi Ta 10 nm (a: D = 10.8 nm,
B: D = 9.4 nm). O éAeyXog TNG MOPPOAOYIOG Kal OUYKEKPIYEVA N ETTITEUEN uwnAoU Babuou
OMOIOPOPYPIaG aTTOTEAEI akOua TTPOBANUQ.

MNa va TTapayxBouv cwuatidia peyEBoug < 20 nm TTOU TAV KAl O GTOX0G, TTPETTEI
VaO aTTOQPEUYOVTAI 01 UTTEPPOAEG Kal oTa OTAdIA TNG dNUIOUPYIAG TTUPAVWY Kal TNG
QVATITUENG TwV owpaTidiwy. Z& AUTH TNV TIEPITITWON QAIVETAI TTWG XPOVOI
TTOPANOVAG  O€ autd Ta oTAdia Kovid oTn 1 wpea, €ival IKavoi va @gEpouv Ta
emOBuuntd ammoteAéopata. Mikpég dlagpopoTroifoelg ammd auTtous Toug XPovoug (45-
75 min) @Aavnkav IKavég yia va eAEyEouv To PEyeBog Twv cwpaTidiwyv. MapoAa
auTd, oTa TTAQiCI0 AUTOU TOU CUVBETIKOU TTPWTOKOAAOU Kal apoU TTEPIOPIoTNKAV TO
TTPoBANMaATa TTOU agopoucav TNV hop@oAoyia Kai Tnv KPuoTaAAkr dour], dev
KaTéoTn duvaTtov va TACOoUNE O€ hEYEDN dvw Twv 11 nm. Autdg ATav Kal o AGyog
TTOU Ta oWHaTIdIa autd ATtav katd Baon FesO4 kail dev uioBeToloav Tn dopr) TUTTOU

TTUPRVA-KEAUQPOUG.

AvrtioToixn dokiun €yive kai e o&ikd aidnpo(ll) (Fe[OACc]2) wg TTpddpopun Evwaon,
OTTou Kal TTAAI atrouciale n @daon Tou FeO kai 1o Otiyya ETTACXE QATTO

avopolopop@ia ueyeBwv Kal akavovioTa oxXAuaTa.
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Ev katakAgidl, xprioiua cuptrepacuata e€nxOnoav atrd TIG SOKIUES AUTEG, EYIVE
OUWG OCOPEG OTI ataiteital  pia JIOQOPETIKA  TTPOCEYYIoN, Tou va  Odivel
TTEPIOCOTEPEG OUVATOTNTEG OTOV EAEYXO TWV TTAPAYOUEVWY CWHATIOIWY Kal va
atrAoTrolgi av gival duvaTtov Tn d1adIKACia, WOTE AUTH VA YiVEl TTIO ATTOdOTIKI) KAl vV
000¢i n duvaTdTNTA TTPAYUATOTTIOINONG TTEPICCOTEPWY TTEIPANATWY OE BEOOUEVO

XPOVIKO TTAQiCI0.

3.2.3. Zuvlegon pe TPOdpoun Evwon CUMTTAOKO gAdikoU o181 pou

"Exel atmmodeix0ei 611 n Xprion Tou cUPTIAGKOU eAdikou a1dripou (Fe''-oleate) wg
TTPOdPOUNG €vwong yia Tn oUvBeon vavoKpuoTAAAwY 0&eIdiou Tou O10Mpou, EXEl
WG ATTOTEAECHA TNV TTAPAYWYH VOVOKPUOTOAAIKWY OWHATIOIWV ME ECAIPETIKN
OMOIONOPYIa WS TTPOC TNV Hop@oAoyia Kal TTOAU OTevh KaTavour PeyeBwyv. Aivel
etriong mn duvaTéTnTa PAdIKOTEPNG TTAPAYWYNAS, QUEAVOVTAG TNV TTOCOTNTA TOU
TTOPAYOUEVOU TTPOIOVTOG XWPIG va BuaidlovTal Ta JOPPOAOYIKA XAPOKTNPIOTIKA,
EVW €ival pia OXETIKA €UKOAN, OIKOVOUIKA Kal @IAIK TTpo¢ TO TTEPIBAAAOV
dladikaagia.?® To oUuTTAoKo Sev TagivoueiTal wg eTKivduvn ) TOEIKI ouadia, Evu) Kal
Ol TTEPICCOTEPEG ATTO TIG EVWOEIG TTOU ATTAITOUVTAI YIA TNV TTAPACKEUN Tou, dNAadn
eAaikd vartpio (Na-oleate/ Z-okTadek-9-evoikd vdaTpIo), aiBavoAn kal vepod, eival
OKiVOUVEG, e Hovn eCaipean Tov €vudpo TpixAwplouxo cidnpo (FeCls.6H20), TTou
gival epeBIOTIKOG Kal TOEIKOG, AAAG ep@aviCel capwg XapnAdTepn oggia TogIkOTNTA

atro Tnv Tpodpoun Evwon Fe(acac)s.
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Eikéva 3.10 To oUuttAoko Tou gAaikou a1drpou. O TpIoBevAg aidnpog atToTeAEl TO
METAAAIKO KEVTPO TOU CUMTTAOKOU KOl OTABEPOTTOIEITAI PE TPIO avIOVTA TOoUu AAiKOU
o&éog

3.2.3.1. Xo0vleon mpodpoung Evwong

H olUvBeon Tou OUYKEKPIUEVOU CUPTTAOKOU gival pia KaBiepwpévn diadikagia
yla Tnv otoia JAAIOTa €ixe KaTATEDE KAl OXETIKN TTATEVIA TTOU TTIAEOV EXEI
aTTooUpPBEi?®® Kol av Kal PTTOPEl VO UTTAPXOUV HIKPEC OIAQOPOTIOINCEIC OTN
BiBAloypagia, TrepIAapBavel ev yével Tnv avtidpacon XAwplouxou O1drpou Kal
eAaikou vaTtpiou o€ Yiyha SIAAUTWY, ATTOTEAOUNEVO OTTO Wi TTPWTOTAY AAKOOAN,
vePO Kal €¢dvio. To piyga autd eTITUYXAVEI TNV QTTOTEAECUATIKA AVAUEIEN TWV
UdATOBIOAUTWYV KaI N UudATOBIGAUTWY CUCTATIKWY TWV avTIdOpwVvTwy. H avaloyia
FeCl3.6H20 : Na-oleate katd kavova puBuifetal 010 1:3 yia va €MTEUXOEI N
ETMOUPNTA CTOIXEIOPETPIA OTO CUUTTAOKO, EVW OI DIAAUTEG £XOUV OUVABWG avaAoyia
EtOH : H204q : hexane = 4 : 3 : 7.272829 H mapaokeury auTh ival pia diadikaaoia
TTOU OXETIKA €UKOAQ MTTOPEI va TTpayuaToTroiNdEi OTO €pyacTriplo, WOTE TO

TTOPAYOUEVO OUUTTAOKO Va XPNOoIYoTToINOEi o€ deUTEPN PACT WG TTPOdPOUN Evwon
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yIQ TNV TTapaoKeU vavoKpUoTAAAwWY. To TTpwTOKOAAO TTou akoAouBnonke oTn dIKr)
Mag TrepiTITwon, éxel wg €EAg: 16 mmol FeCls.6H20 kai 48 mmol Na-oleate
TpooTiBevTal o€ Piypa 32 mL ailBavoAng, 24 mL ammoviouévou vepou Kal 56 mL
KAVOVIKOU g¢aviou, oe o@aIpikf @IAAn Twv 250 mL kai Bgppaivovral otoug 60 -

70°C utré avadeuon yia 4 WPEG, YE avapPPOr).

Eikéva 3.11 O diaxwpiopdg Twv dUO QACEWV ETTITUYXAVETAI UE TN PorBeia
SlaxwpIoTIKNAG Xodvne. H opyavikn (TTavw) ¢Aacn TTEPIEXEI TO ETTIOUPNTO GUPTTAOKO
O10fPoU - EAAIKWV

2710 TEAOG KAl apoU a@ebei To piypa va npeunoel, dlaxwpiovral dUo QACEIS, Jia
UdATIKI AXPWHN OTO KATW PEPOG KAl Hid OpyaviKr) OKOUPOU KOKKIVOU TTPOG KA®E
XPWHATOG OTO TTAVW HPEPOG, TTOU TTEPIEXEI TO ETMIOUUNTSO oUuTTAOKO. Me Tn BorBeia
OIaXWPIOTIKAG XOAvNng TTapaAauBAveTal N opyavikr ¢Aaon Kol akoAouBei EKTTAuon
ME ~ 30 mL aTtrioviopEVou VEPOU Kal €K VEOU dIaXwpPIoHOG YIa 3-5 QOpEG OUVOAIKA.
H opyavikr} autr] @don trepIExel €€AVIO TO OTTOIO Kal TTPETTEI VO OTTONOKPUVOEI. Na
TO OKOTTO QuTO METAQEPETAl TO TIPOIGV Ot TTOTNPI (€0Ewg, TOTTOBETEITAN OF
BeppavTIKA TTAAKA Kal BepuaiveTal ATTIA UTTO avAadeuon Pe PayvnTIKO avadeuThpa,
€Wg OTOU ECATUIOTEI TTANPWG TO EEAVIO KaI TUXOV iXvn VEPOU. ATTAITEITAI EAEYXOG TNG
Bepuokpaciag, WOTE aAUTH va Pnv uttepPei TN Bepuokpacia TTapackeuns. Mia
Beppokpaaia yUpw oToug 50°C gival apKeTr, evw N diadikaaia YTTopei va diapKEEl

€wg Kal 2 wpes. 1davikd Ba utopouce va XPNOIMOTTOINGEI TTEPIOTPOPIKOG
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eCaTpioTApag, aAl\& duaTuxwg dev eixape aotn d1dBeor pag TETola ouokeur. H
TTapatmavw Treplypageioa diatagn TapoAa autd, AeiToupyei IkavoTroinTikd. Otav
OAOKANPwWOEi N d1adikaaia, To TTPOIGV £XEI TNV HOPPT) MIAG KNPWAOUG, TTaXUPEUOTNG
0OUCiag OKOUPOU KOKKIVOU XPWHOTOG, N OTToia QUAGOOETAl 0€ YUAAIVO OKEUOG O€
OTHOOQPAIPIKEG OUVORKEG, KOAG OUWG gival va atToQelyeTal N €KBEOT TNG OTO PWG.
‘Eva KOPPATI aAOUNIVOXAPTO UTTOPEI va XPNOIKOTToINBEI yia va TUAIXTEI KAAG TO
OKEUOG Kal 1I0aVIKA QUAACOETAI 0€ OKOTEIVO EPUAPIO. ZE AUTH TN @ACT TO CUUTTAOKO
o10fPoU — €AAIKWV aVIOVTWVY Egival £TOINO TTPOG XPron. MNa va dieukoAuvoei o
XEIPIOUOG Kail n CUyIon Tou TIpIV atrd KABe ouvBeaon, iowg va atraitniei pia TToAU
ATTIa OAIYOAETTTN B€puavon yia va yivel 1Mo PeuoTd, avaloya Kal MPE TIG
ETTIKPATOUOEG BEPPOKPATIOKEG OUVONKES. H TTapayouevn TToodTnTa TTPOSPOUOU
OUPTTAGKOU, akoAouBwvTag Ta TTapatmmdavw, Eeivalr AapkeTr) yia 3 TOUAAXIOTOV
ouvBéoelg. AgiCel va onueiwBei OTI €mIXeIpBnke aug¢non NG TTO0O0TNTAG TOU
TIPOIOVTOG PE OITTAACIOO UG TWV AVTIOPWVTWY, EAAEIPEI WG PEYaAUTEPNG TwWV 250
ML @IAANG Kal TOU OXETIKOU BepuavTIKoU pavoua, n 10€a oUVTOUA EYKATOAEIPONKE.
Mapatnpendnke €viovog PPacuog Kal a@piopdg atrd Ta TTapayopeva aépia, o€
Babud 1ToU N avridpaon dev ptTopouce va eAeyxBei. ‘Eyive Aoimmov epgpaveg OTi n
utTdpyxouoa opyavoAoyia dev PUTTOPOUCE va BIAXEIPIOTEN AUTES TIG TTOO0OTNTEG. H
EMTUXia TOU Trapatdvw TTPWTOKOAAOU oTnv Trapackeury tou Fe(lll) — oleate
TMoToTToINONKE Péow @acpaTtookotriag FTIR. Mikpry TTo00TATA TOU TTPOIOVTOG
aTmAWBNKE XWPIg TTepAITEPW eTTECEPYaTia o uttéoTpwua Teflon, €101 woTe va
oxnuaTioel éva TTOAU AETTTO Kal dIATTEPATO UMEVIO Kal EARPON @acua o€ €va eUpog
4000 - 1000 kupaTtapiBuoug.
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Eikéva 3.12 ddopa FTIR Tou oupttAdkou Fe(lll) — oleate

Ta @dopata FTIR 1ToU €Af@ONoav TTapouciddouv TRV avauevouEevn €IKOVA yia
Fe-oleate pe pdaon 10 BiBAoypagia, eu@avifoviag TIGC XAPOKTNPIOTIKES
QTTOPPOPNOEIC TWV KAPBOLUAIKWY ouddwyv ota 1444, 1519, 1608 cm™ kai auTh
ota 1711 1rou ptTopEi va atrodobei €iTe OTIG KAPBOVUAOUAdEG TOU EAAIKOU aviOVTOg
€iTe o€ AOUPMETPES OOVNOEIS TOU KapPBoEuAiou uEow TOU OTTOIOU OUVOEETAI TO AVIOV
oT0 METOAIKO KévTpo.?” 'Eyive emmiong TrpooTrddeia va TrapaxBei oUuTTAOKO
0100evoug eAaikou o1dfpou Fe(ll)-oleate, peTaBAAAOVTAG QVTIOTOIXWG TNV
oToixelopeTpia TNG avridpaong oe FeCls.6H20 : Na-oleate = 1 : 2, n otoia ATav
EMTUXNG, WG TIPOG T OUVOEON TTIPOIOVTOG HME TA QVAPEVOUEVA (QUOIKOXNMIKA
XOPaKTNPIOTIKA. Me Ta dlaBéoiya péoa ATav TTPAKTIKA aduvaTo va eTTIRERalwOEi To
00€vog Tou TTapayouEVOU CUUTTAOKOU, KaBwg oTo pdoua FTIR mmapouaciade Ta idia
XOPOAKTNPIOTIKA, KABWG BIEBETE TIG idIEG AEITOUPYIKEG OUADdES. Eival TTAVTWG yeyovog
OTI TO aPXIKA TTapaxBEév CUPTTAOKO fTav HaUPOU XPWHATOG, EVW ETTEITA ATTO AiyeEg

NUEPESG TTAPAMOVAG OTNV OTHOOQAIPA ATTEKTNOE OTAOIOKA TO XOAPOKTNPIOTIKO
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KOKKIvOo xpwpa Tou Fe(lll) - oleate, kaTI TTOU UTTOBNAWVEI YAANOV OEEidwan atrd
Fe?* og Fe*. H mmpoomrdBeia auTr) BacioTnke oTnv UTTOBeon OTI EEKIVWVTAS OTTO
TTPOdpouN Evwon d1oBevoug o1drpou, Ba au¢oouue TNV TOAvVOTNTA TTOPACKEUAG
VaVvOKpUOTAAwV BouoTitn (FeO), ouviopa OpwG eyKATAAEIPONKE KABWG N non

KaBiepwpévn péBodog Tou Fe(lll)-oleate gixe eEAIPETIKG ATTOTEAECUA WG TTPOG AUTO.

3.2.3.2. Z0vOeon VAVOKPUOTAAAWYV

H olvBeon vavokpuoTAAwv ue xprion cupttAdkou Fe-oleate wg TTpddpopun
Evwaon €I0Ayel QUOIKA Eva eTTITTAEOV 0TAdIO, AUTO TNG TTAPACKEUNG TNG TTPOdPOUNG
€vwong, EKTOC OPWG ATTO TOV KAAUTEPO £AEYXO TNG HOPPOAOYIAS TwV CWHATIdIWV
OTTWG Ba OOUNE OTN CUVEXEIA, £XEI TO TTAEOVEKTNUA OTI OAOI OI XEIPIOUOI YivovTal O€
Kavovikfy atuéoaipa. Ze Kavéva otadio, TO0O KATa Tn ouveeon TnG TTPOOPONNG
évwong autig KaBautng, 600 Kal Twv vavoowuaTmidiwv oTn Ouvéxela, Oev
atraiteital n xprion Glovebox. OAol o1 XeIpIoUOi yivovTal OTOV TTAYKO XWpIg IBIaiTEPN
MEPIUVA, dlaTNEEITal JOVO TO OTAdIO TNG EQPAPHOYAG KEvOU UTTO Bépuavon oTnv
évapén NG ouvleTIKAG Oladikagiag, TO OTToi0 O€ auTh TNV TIEPITITWON Eival
ETTITAKTIKO yIA TNV GTTONAKPUVON TOU ATUOOQPAIPIKOU ofuydvou, aAAd 181aITéEpwg
TNG uypaciag, TTou TMOAvwWg va €xEl aTTopEivel ETEITa ammd Tn ouvleon Tng
TTPOdPOUNG EVWONG Kal TOAvVWG HIag ateAoUs EApavonig TNG. Autd aTTAOTTOIE Kal
ETMTAXUVEI TNV OAN d1adIKACIA, EVW OTTWG avaPEPONKE N TTPOdPONN EVWOT) ETTAPKEI
yia 3 - 4 ouvbéoelg.

2€ TIPWTN QACN £YIVE HIO ATTOTTEIPA OUVOEONG VOVOKPUOTAAAwWY e Bdon
OXETIKA TTpWTOKOAAa TS BIBAIoypagiag,3%25 dtrou 4.44 mmol Fe(lll) - oleate kai
2.22 mmol OA diaAuBnkav og 22.27 mL okTadekévio (octadecene) kai ETTEITa aTTO
Bépupavan utrd kevéd atoug 110°C yia 75 AeTITd, n Bepuokpacia avéBnKe pe apyo
puBué (3 - 4°C / min) kai UTTO por| agpiou peiypatog 5% Ha/Ar. atoug 320°C, 1ToU
Kal TTapépeive 1o ueiyua yia 40 min, ammo@elyovTag TNV TTAPAUOVI) O€ EVOIANECO
oT1adI0 dnuIoupyiag TTUpVWV KpuoTaAAwong (Eikéva 3.13). To apxikd oTadIo Twv
110°C KkpiveTal amopaitnTo yia TNV TTapaokeur] core@shell vavokpuoTaAwy,

Kabwg €éxel ammodeixBei o1 TuXxOV TTaPAANnWn auTtoU odnyei OTO OXNMATIOPO
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MOVOQACIKWY CwHaTIdiwv TUTTOU @eppitn.3 To onuavTtiké cival o Adyoc Fe-
oleate/OA va diatnpnBei iocog ue 2 : 1 Kai n Jopiakr cuykévipwon Tou Fe-oleate
va gival 0.2 mol ava kg dioAupaTog. AkoAouBnoe KaTd Ta yWwoTd KaBapIoPOg Tou
TTPOIGVTOG TNG OUVOEDNG, OTTOTE KAl TTAPEANPONCAV o@aIpIKOi vavOoKPUOTAANOI JE
péoo péyeBog (9.74 £ 0.85) nm (atmmokAion 8.7%) kai €EQIPETIKN) UOPPOAoyia
(Eikéva 3.15), evw mmapd 10 HIKPO Toug pEyeBog diatmoTtwenkayv ixvn FeO TTou
MaAioTa dlatnpndnkav o€ BABOG PEPIKWV NUEPWYV, YEYOVOGS TTOU ATTODEIKVUEI OTI Ol
VaVOKPUOTAAAOI €TTEDEICAV pia agloonueiwTn avtiotaon otnv ogeidwon (Eikéva
3.14).

40 min .
——— TEPMATIZIMOz | 320 C

ENAP=H

Eikéva 3.13 2x€010 Bépuavong katd Tnv avridpaon yia Tn ouvleon
VOVOKPUOTAAWV atré 1Tpodpoun évwon Fe-oleate oe okTadekEvio, TTapouaia
eAdiKoOU 0¢€og, he aTTouaia dIakpITou oTadiou avaTTuéng TTUPAVWY KPUOTAAAWONG

120



KE®. 3 — MPOTOKOAAA 2YNOESHS
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Eikéva 3.14  Aildypaupa T1epIBAaoNG akTivwyv X TwV VOAVOKPUOTAAANIKWV
OWMATIBIWV TTOU aTToTUTTWVOVTAl 0TNV Elkova 3.15, apéowg petd T ouvOeon (e
MaUPO Xpwua) Kal ETTEITA ATTO Hia €fdoudda (e TTOPTOKAAI XPWHA). TNV OeUTEPN
TTEPITITWOTN Ol KOPUPEG €ival TTEPICCOTEPO OEEIEG KAl £XEI ATTOPEUXOEI TO Ofua TTOU
opeileTal 1o Guop@o KopuaT (15°-30°) Adyw KaAUTepng evammoBeong deiyuaTtog
oToV YUGAIVO delypatopopéa. Q¢ TTpog TNV KPUoTaAAIKY dour dgv TTapartnpouvTal
aAAOIWOEIG.
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D =(9.7 £0.8) nm
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Eikéva 3.15 Eikbva TEM o¢ peyéBuvon 100k, vavokpuoTGAAwv TTOU
TTapaokeudoTnkav atmd avridpaon Fe-oleate o€ okTadekEVIO TTapoUTia eAdIKOU
0&£0¢g, xwpig TNV UtTapén dlakpIToU oTadiou avaTrTugng TTUPHVWY KPUCTAAAWONG.

2 OeuTeEPN PAON, EVOWUATWONKE 0TNV €V AOyw ouvOeTIKN dladikaaia Kail To
OTAdIO TNG AVATITUENG TTUPAVWY KPUOTAAwWGNS aToug 220°C, dTTwG €iXe Yivel Kal
oe AANeG OUVOEDEIG, KPATWVTAG QPETARANTEG TIGC AVOAOYIEG TWV AVTIOPWVTWV.
Apeoa €yIve EUQAVEG OTI AQUTH N TTPOCEYYION Bivel JAAAOV TTIO OTEVEG 1] €V YEVEI
TTEPIOOOTEPO  KAVOVIKEG  (KWOWVOEIDEIG) KaTavouég  peyebwyv, agou
TTapackeudoTnkav o@aipikd cwpaTidia peyéboug (13.0 £ 0.7) nm (a1roKAION
5.4%), etTiong e€AIPETIKAG Pop@oAoyiag (Eikdva 3.16). Me kKatdAAnAn pubuion Twv
OU0 auTwv oTadiwv PTTOPEI va yivel €TTIAoyr Tou €mBuuntou ueyéboug. ‘ETol, autd
TO TIPWTOKOAAO KaBIEPWONKE Kal YEVIKA WE TTApApoVH Hiag wpag aToug 220°C Kal
puBuion Tou Xpovou Tou TeAdikoU oTadiou (320°C) amd 40 min £wg 60 min
MTTOPECANE VA TTAPACKEUACOUUE CWHATIOIO aTTd ~ 10 nm éwg ~ 17 nm, TTou ATaV

Kl TO EUPOG PEYEBWV OTO OTTOIO0 OTOXEUAE.
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13.0 £ 0.7 nm

12 14 16 18

Diameter (nm)

Eikéva 3.16 Eikéova TEM oeg peyébuvon 100k, vavokpuoTGAAwv TTOU
TTOPAOKEUAOTNKAVY aTTrd avTidpacn €AdikoU OI10POU O OKTADEKEVIO TTAPOUTIa
eAdikoU o&fog, pe Tnv UTTapg¢n OIoKPITOU OTadiou QVATITUENG  TTUPHVWV
KpuoTdAAwong. Eival agloonueiwTo WG N KaTavour PeyeBwv yivetal 18i1aitepa
OTEVHA KAl OUOIOHOP®PN.

Evdiagépov €xel n  duvardtnta  Pop@OTIoiNONG TOU  OXNMUATOG  TWV
TTOPAYOUEVWY CWHATIOIWY. ZTN OIKA PAG TTEPITITWOT, ETTIAEEAUE VO ETTIXEIPI|OOUNE
N dIAPOPPWON KUPBIKWY CwHaTIdIWY, avaAoyou ueyéBoug i Mo owoTd OYKoU HE
Ta OQAIPIKA, WOTE va MPEAETNOOUV OTn OUVEXEIA O PAYVNTIKEG 1010TNTEG OF
ouvapTnon ME Ta OOMIKA XOPOAKTNEIOTIKA TWV OIOQOPETIKWY HOPPOAOYIWY, OTT
OTTouU  TTPoékuYav  xpnoiya ouutrepdopata. OTTwg  €xel ava@epbei  oTn
BiBAIoypagia, n TpooBnikn dAatog eAaikou vaTtpiou Katd Tn oUVOeEON, €UVOEi TO
OXNUOTIOPO  KUBIKWY  VaVOKPUOTAMwV.3233  Xwpic va Tpotrotroin®ei 1o
TTPWTOKOANO OUVBeoNnNg Kal Xwpic va aANA¢ouv oI TTponyoUUEVEG AVOAOYIEG
avTIOPWVTWY, TTPOCTEBNKAV KATA TNV TTPOETOINOCIO TOU WiyHOTOG TNG avTidpaong
mrepitrou 0.3 mmol eAdik6 vaTpio 82%. Xwpig va An@Bei uttdyn n kabapdtnta Twv
AVTIOPWVTWY, MIAG Kal 0 EAdIKOG 0idnpog ival TTPOIOV EpYACTNPIAKAS TTAPOAOCKEUNG,
AayvwaTn TeAIKNS kKaBapdTtnTag, n avaloyia Na-oleate : Fe") — oleate kpatr|Bnke ot

OAEG TIG TTAPOOKEUEG TTOU akoAouBnoav Trepitou oto 1 @ 7 katd Bdpog. To
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TTAEOVOOPa EAEUBEPWY EAQTKWY AVIOVTWY TTOU TTPOKUTITEI ATTO TNV SIACTIACT TOU
AAaTOG, QaiveTal va €UVOEl TNV AVATITUEN TOU KPUOTAAAOU TTPOG OUYKEKPIPEVEG
KpuoTaAAoypa@IkéG KaTEUBUVOEIG EvavTl AAAWV (apydTeEPOG PUBPOS avaTITugng
emmTédwWV {100}), pe TEAIKO ATTOTEAEOUA TO OXNUATIONO KUBIKWY KPUOTAAAwWY.34
KuBopopgol vavokpuoTallol eAf@Bnoav e1miong Xwpig TNV TTpooBNKn €Adikou
vVaTpiou, O€ TTEPITITWOEIS OTTOU N Poplak avaAloyia avTidpwvTwy PETABANONKE
KAatadAAnAa €101 WOTE va TTPoKUWEl TTAeGvaoa eAdiKWY, attd TO eAdiKO 0&U TTOU
TIPOOTIOETAI 0€ KABE TTEPITITWON WG ETTIPAVEIOOPACTIKOG TTapdayovTag. MNapoAa
QUTd, YIO TNV TTAPOOKEUR KOAOOXNUATIOMEVWY KUBIKWV VOVOKPUOTAAAWV HE
eAeyXOMEVO TPOTTO, CUOTAVETAI N TTPOCONKN aAatog vartpiou Kata Ta

TTpoavoQePBEVTA.

D=12.0%20.6 nm . D=9.50%0.8nm

100

80

| 2 60
5

S 40

20

0

9 10 11 12 13 14 15
Diameter [nm]

Eikéva 3.17 Eikova TEM oe peyéBuvon 100k vavokpuoTAAAwV TTou €XOuV
TTPOKUWEI ATTO TTAVOUOIOTUTTEG OUVOETIKEG OIadIKOOIEG, ME POvn dlagopd Tnv
TTPOCONKN AAATOG €AdIKOU vaTtpiou OTnV TTEPITITWON TwV KUBIKWV (0e€id). Ol
o@alpIkoi éxouv péon diaueTpo 12 nm (1ol yéoo dyko ~ 900 nm3), evw ol KUBIKOI
péon akun 9.5 nm (ATo1 péoo oyko ~ 860 Nm?3). AnAadr akoAouBwVTAG TTOPAUOIES
OUVOETIKEG TTOPEIEG, 0 HECOG OYKOG TWV VAVOKPUOTAAAWY TTOU TTPOKUTITOUV, aKOUA
KI av €X0UV OIOQOPETIKA JopPoAoyia, gival TTPAKTIKA idIOG.

210 owuatidia Tou @aivovtal otnv Eikéva 3.17, €xel akoAouBnBei
ETTAKPIBWG TO id10 TTPWTOKOAAO oUVBeong, dnAadn idIEG TTOOOTNTEG AVTIOPWVTWY,
idl01 Xpovol TTapapovig ota didgopa oTadia Kal pubuoi B€ppavong, HE HOVADIK
dlapopd TNV TTPOCHBNKN MIKPAG TTOoOTNTAG €AAIKOU vaTpiou OTn ouvBeon TTou

a@opd Ta owuaTidla TNG Oe€IAg €IkKOVaG. Ta YeEV OQAIPIKA PETPRONKAV PE PéEon
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dldpeTpo 12 Nnm, ouveTtwG Péoo dyko cwuaTidiou Trepitrou 900 nm3, Ta de KUBIKG
METPABNKaV pe péon akun 9.5 nm, dnAadn pyéoo oyko TrepitTrou 860 nm3. O1 dyKol
TWV CWHATIBIWV TwV dUO JEIYUATWY gival KATA HECO OPO TTPAKTIKA oI idIol, KATI TToU
ATTOOEIKVUEI TN CUVETTEIQ TOU TTPWTOKOAAOU oUVBeonG Kal TNG d1adikaoiag TTou
akoAouBnbnke ev yével, wOTe va Tapackeudlovial CwaTidla PE  KAAR
eTTavaAnWIuOTNTA Kal duvaTtdTnTa PUBPIONG Tou peyéBoug. ETeidn 1o oxnua Twv
KUBIKWY CWMPaTIBiwV Ogv ATAV ATTOAUTA IKAVOTTOINTIKO, KABWG OTIG EIKOVEG TOU
MIKPOOKOTTIOU @aivovTav OpKETA TTOU OV ixav TEAEIA KUBIKA HOPp®R, JE EAAPPUIG
OTPOYYUAEPEVEG YWVIEG KOl OKPEG, augnbnke oTadlakd n ToodTnTA  TOU
TTPOCTIOEuEVOU €AAIKOU GAQTOG, WATE va OTACEl OTNV TTpoava@epBbeioa avaloyia
1:7 kol TTApAAANAa €TTIXEIPAONKE PUBUION TOUu PEYEBOUG TOUG HE WETABOAAR TOu

XPOVOU TTaPAPOVIG OTO TEAIKO 0TAdIO TNG oUvOeong (0TadIO peyéBuvong).

D=125%1.2nm ; D=15.8%+1.5nm :D=16.3+1.7nm |

[
10 1112 13 15 16 17 Vo { 12 14 16 18 20 22
Diameter [nm] iameter

Eikéva 3.18 Eikéva TEM oe peyéBuvon 300k vavokpuoTAAAWV TTOU TTPOEKUWAV OTTO
d1agpopOoTToiNCN ToU XPOVOU TTapauovig 0To TEAIKO 0TédIo TG ouvBeong. Au¢non Tou Xpovou
TTapapovAg o€ autd To oTddIo (a1Td TO a OTO Y) 0dnyEi O AVTIOTOIXN AUENON TOU PEOOU
MeyEBouG Twv cwuaTmdiwy, OTTWG eival AvOPEVOUEVO. ZTIG €IKOVEC UWNAAG avaAuong Kai
EIBIKOTEPA OTA PEYAAUTEPO CWHATIOIA (B, V) €ival Ppavng n UTTapén dIAPOPETIKAG pAoNG OTOV
TTUprva, Xapn oTnv dIAQOPETIKr KPUGTAAAIKI TTUKVOTATA TOU BOUCTITN.

AtiCel va avagpepBei OTI OTav ETTIXEIPHONKE AUENON TNG TTAPAYWYNAG, ME
augnon Twv TTOOOTATWY TWV AVTIOPWVTWY, KPATWVTAG OTOBEPEC TIG OXETIKEG
avaAoyieg, Ta atToTeAéoPaTa ATAV ECAIPETIKA, KABWG TTaprixBnoav cwuaTidla e 10

avapevouevo oxAua kal péyebog. daivetal OTI N ouveeTIKN dladikaoia PTTopE va
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KAIMOKWOEI katd BouAnon, apkei va uttdpxel N KATAAANAN opyavoAoyia, OTTwG TT.X.

MEYAAUTEPOU PEYEBOUG OQPAIPIKES PIAAES, OEPUAVTIKOI HAVOUEG KATT.

3.2.4. ZXupmrepdopara Kal  afloAéynon TTpwWTOKOAAOU oUvBeong pE

mPOdpoun Evwon ocUPTTAOKO eAdikoU o181 pou

Oa ATav PAAoV a@eAEG va UTTOOTNPICEI KATTOIOG OTI TO TEAIKO UEYEBOG TwV
owpaTdiwv utropei va pubuioTei Katd BouAnon Kal ue attéAuTn akpipeia. Agv frav
OTTAVIEG Ol TTEPITITWOEIG OTTOU 0€ DIAPOPETIKEG CUVOETEIG, £XEI TNPNOEI AKPIBWGS TO
id10 TTPWTOKOAAO Kai o1 Xpdvol ouvBeong, evw TEAIKA Ta TTPOIOVTA BIEPEPAV WG
TTPOG TO pEyEBOG KaTd TTepiTTou 3 Nm. H diagopoTtroinon autr dev @avTadel ueyan,
OAAG ASyw PIKPRG KAIJaKag HeyEBOUG Kal TNG ATTAITNONG MOG YIa auoTnpo EAEyXO
TWV OuVONKwWvY TNG ouvBeong, ival agloonueiwTn. MNa va gipacTte Mo akpIeic, Evag
XPOvog TTapapovAg 60 min oto oT1édio Tng TTuprivwong kal 40 min oto oT1édIo TNG
avaTTuéng €dwoe yia TTapddelypa cwuatidia atd 10 - 13 nm TTePITTou. Z€ Kayia
TepITTTwon dgv Trapriyaye cwpaTtidia 15 1 20 nm @uoikd. NMpo@avwg Kal ol
OIAPOPEG AUTEG Eival OXETIKA MIKPEG KAl TEAIKA Oev £TTNPEACOUV TOV TEAIKO OTOXO
NG SIaTPIBAG Kal Ta oUuuTTEPAoUATa TTou €ENXONoav, evw atrd TIGC CUVBECEIS TTOU
¢éAaBav xwpa, TTou yia 1o cuoTnua FeO@Fe304 povo, Atav TepIcooTEPES Ao 50,
TapAXen €vag onuavtikdg apiBudg delyddTwy o€ éva eUpog PeyeBWY, atmd Ta
otToia €TMAEXONKAV TO KATAAANASTEPQ yIa TNV TTEPAITEPW AVAAUCH TWV OOPIKWY KAl
QUOIKOXNMIKWYVY XAPAKTAPIOTIKWY TOUG, WOTE VA IKAVOTTOINBoUV 01 OTOXOI AUTHG TNG
epyaciag. Ommwg €xel ndn avageepbei, n TTapaywyr vavokpuoTAAAwV Eival pia
euaiodbnTn digpyaoia, €I0IKA OTAV OTOXEUOUUE O€ OTEVEG KATAVOPEG MEYEBWV Kal
opolopopeia. Eivar moAAoi o1 TTapdyovTeg TTou eTtnpedlouv Tn diadikacia Kal
OTTOIAdNTTOTE, £0TW KAl MIKPN METABOARA, TTOU OQEIAETAI O€ TUXAIA, U OCUCTAPATIKA
o@aApaTa, TTEPIBAANOVTIKOUG TTAPAYOVTEG KATT PTTOPEl va dIa@opOoTToIoEl TO
atmmoTéAeopa. Autog ATav Kal 0 Adyog TTou eTTIAEEQUE va KPATHOOUUE KATA TO
ouvatov OTABEPEG TIG METARANTEG TTOU EiXAPE UTTO TOV €AEyXO MOG  Kal va
ETTIXEIPOUPE TNV METABOAN TWV HOPYOAOYIKWY XOPAKTNPICTIKWY TWV CWHATIOIWYV

ETTEUPaiVOVTAG NTTIO O€ CUYKEKPIPEVA OTABIA TNG dladikaoiag. Ev yével, n ouvBeon
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ME TTPOOpouN Evwan TPIoBevoUug eAdiKoU O10NpoU Eixe EEAIPETIKA ATTOTEAECUATA.
‘Edwoe uBpidikd vavokpuoTaAAIKA cwuaTidlia TUTTOU TTUPHvVa KEAUPOUG, WE TNV
emOuPNTA KPUOTAAAIKA dour, dnAadr FeO oTov Trupriva kail FesO4 0To KEAUQPOG,
ME OUVETTEIO Kal €TTAVOANWIUOTNTA, UWPNAS BaBud opolopop@iag wg TTPog TNV
Mop@oAoyia Kal TTOAU OTEVA KATAVOMN MEYEBWYV, evid O €Aeyx0og MEYEBOUG Kal
OXAMOTOG PEOW METABOAAC KATTOIWV TTAPAPETPWY TNG OoUVBeonG NATAV TTOAU
IKavOTToINTIKOG. TO OUYKEKPIUEVO OUUTTIAOKO TOU OIBPOoU, €KTOC aTd  Ta
TTpoavaPePBOEVTA TTAEOVEKTAMATA, £XEI UYPNAR XNMIKA ouvAQeia Pe To €mMOUUNTO
TTPOoIOV, KaBWG diacTraral oTadiakd Katd Tn B€puavan og 16v o1drpou Kal EAeUBEpa
aviévTa eAaikoU GAATOG, TTOU TIaiCouv TO POAO  ETTIPAVEIODPAOCTIKOU YIia T
TTopax0évTa owpuatidla. XXeTIKA MEAETN?® éxel dei€el 6T n TTPAdpoun évwaon
dlaoTratal oe dUO OTAdIA, OUYKEKPIYEVA PeTagu 200 - 240°C, dnAadry oto oTAdIo
TNG KPUOTAAwWONG, xavel évav utrokataoTatn (eAdikd avidv) pe Toug OUOo
EVATTOMEIVAVTEG UTTOKATAOTATES VA ATTOPakpuvovTal Trepitrou otoug 300 °C, katd
Tn dladikaoia TG B€ppavong dnAadn TTPog To TEAIKO 0TAdIO TG oUvVBeong, OTToU
oxnuaTi¢ovTal Ta TEAIKG cwuaTidla.

MelovEKTNUa atToTeEAEl TO yeEyovog OTI N TTPOdPOUN Evwon ATTOTEAEI KAl AUTH
TTPOIOV EPYOOTNPIAKAG TTAPAOCKEUNG. AUTO ONUAiVel OTI TO CUYKEKPIPEVO TTPOIOV DEV
gival uynAng, otabepng Kal YVWOTAG KaABapOTNTAG Kal Ol OTTOIEG METAPBOAEG
€10dyouV Jia emiTAéov JETABANTA 0TN OUVOEON TWV VAVOKPUOTAAWY, KaBwg avd
3 TrepiTTou oUVBEDEIG VaVOKPUOTAAAWY, PeE Ta dlaBéoiya péoa kal opyavoloyia,
QTTAITEITAI N TTAPOACKEUN VEAG, OIAPOPETIKAG TTPOdPOUNG Evwong. 2€ KATTOIEG
TEPITITWOEIG VIO  TTAPAdEIYUQ, TTOPACKEUAOTNKAV  aKoUola  KUBOPOPQOI
VOVOKPUOTAAAOI, eVw gixe akoAouBnBei To TTPWTOKOAAO TTou BewpnTIKA Ba £dIve
oQaIpIKOUG. AuTO o@eileTal TIBAVOTATA OF TTEPICOEIN EAAIKWY, iIOWG Kal GAATOG
eAaikoUu vartpiou, TTou TPONABe atrd uTttoAcippata Tou dev avTédpacav OTO
OUPTTAOKO TOU OI10NPOU. Z€ KATTOIEG AAANEC TTEPITITWOEIG O, EVW aKOAOUBnONnke
KATd ypduua 1o TTPWTOKOAAO oUvBeong Tou TTPOOPOPOU GUPTTAOKOU Kal TO TTPOIdV
TNG oUvOeong cixe OAQ TO AVAPEVOPEVA XOPAKTNPIOTIKA WG TTPOG TNV UQPr Kal TV

EMPAVIOT TOU, ATTETUXE CUCTNPATIKA va TTAPAEEl VAVOKPUOTAAAOUG.
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KE®. 4 - 3Y3THMA FeO-Fe3O4: AOMH, IAIOTHTES, MPOONTIKES

2uotTnpa FeO-Fe30q

Aopn, 1010TNTEG KAl TTPOOTITIKEG

2170 KEQAAAIO aQUTO TTAPOUCIAfovTal AVOAUTIKA TA ATTOTEAEOPOTA TTOU
TIPOEKUWAV ATTO ia O€Ipd ETTIAEYHEVWV OEIYUATWY VAVOKPUOTAAAWY, WG TTPOG TN
ooun Kal TIG 1810TNTEG. MEAETWVTAI VAVOKPUOTOAAIKA cwpaTidlia TUTTOU TTupriva
KeEAUQoug FeO-Fes30as, aA\d kal TTAApwG ogeidwpéva (FesOs), OIaQOPETIKWV
MEYEBWV Kal OIOPOPETIKWY Hop@oAoyiwyv (o@alpikd, KUBIKG). Ta atroteAéopara
TTOU TTAPOUCIACOVTAl £DW £XOUV TTPOKUWEI ATTO TEXVIKEG XAPAKTNPIOKOU pOouTivag,
OTTWG O E£TTi TOTTOU XOPAKTNPIOPOG Pe TTEPIBAaon akTivwv-X (XRD) Kal NAEKTPOVIKA
MikpookoTria diéAeuong (TEM) yia va TTIOTOTTOINGEI N €MITUXIA TNG CUVOETIKAG
dladikaoiag, aA\d kar amd avAAuon pe TTponyuéveg TeXVIKEG (X-PDF) Trou
ETETPEYAV MIa €16 BABOG PEAETN TNG OOUAC OE ATOMIKO ETTITTEDO Kal avedeiCav
aTTOKAIoEIC atmd Tnv 18avik Oour}, TTou dIaQopPEeTIKG dev Ba utTopoUcav va
atrokaAu@Bouv. Eival pahioTa auTég ol atToKAIOEIS TTOU €ival UTTEUBUVEG YIa TIG

OIAQOPOTIOINCEIS TwV IBIOTATWY, OTTWG AUTEG ATTOTUTTWVOVTAI OTIG PAYVNTIKEG
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METPACEIC, TIC TTPOCOUOIWCEIS UOVTEAWV pE Tnv HEBodo Monte Carlo kai Toug
UTTOAOYIONOUG TNG HayvNTIKA ETTAYOMEVNG BEPUIKAG ATTOKPIONG TIOU ETTIONG
TTapoucIdfovTal o€ auTd To KEQAAQIO. TEAIKWG, aTTd TN OUYKPIOT VAVOKPUOTAAAWY
OIOPOPETIKWY MeEYEBWYV Kal OXNUATWY ME OCUCTNUATIKG TPOTTO, TTPOEKUYAV
ONMAVTIKA CUPTTEPAOCUATA YIa TOV TPOTTO JE TOV OTT0I0 N Jop@OoAoyia ETTIOPA OTNV

KPUuOoTaAAIKH) dour Kai TIG 1I810TATES, AvoiyovTag To OPOMO YIa TTIBAVES EQAPHOYEG.
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KED. 4 - 5Y3THMA FeO-FesOs: AOMH KAI IAIOTHTES>

4.1. MeA£ETn KAl CUCXETIONOG SOUAG — HAYVNTIKWYV ISIOTATWV

4.1.1. MéyeBog, poppoloyia, eTIAOyRA SeIyUATWY

ATIO T OTIYUNA TTOU KABIEPWONKAV Ta TTPWTOKOAAQ YIa TH GUVOEDN TWV OXETIKWV
VOVOKPUOTAAAWYV Kal KaTéoTn duvaTto va eAeyxOouv ol TTapAaUETPOI TTOU PTTOPOUV
VO TPOTTOTTOINOOUV TO OXHMA KAl TO YEYEDOG TWV CwHATIdIWY, TO ETTOMEVO Briua
ATAV N CUCTAUATIKI HEAETN CWHOTISIWY BIAQPOPETIKWYV PEYEBWV KAl OXNUATWY WG

TTPOG TIG HAYVNTIKEG TOUG 10IOTNTEG KAI TA QOMIKA TOUG XAPAKTNPIOTIKA.

D=8.4+0.6 nm D=123+0.7 nm
50
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30 . 20
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0 0

4 8 12 16 20 24 4 0 1216204 24
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50 nm
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Eikéva 4.1 Eikéveg TEM twv ogaipikwy S8 (a), S15 (y) kal Twv KuBIKwv dsiyudtwy C12 (B)
Kal C18 (&) Tou peAeTABnkav dIECOBIKA WG TTPOG TN OOMN KAl TIG HAYVNTIKES 1IO10TNTEG, ME TIG
QVTIOTOIXEG KATAVOUEG HEYEBWV.
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O atrwTEPOG OTOXOG NTAV VO CUCXETIOTOUV OI HAYVNTIKEG 1810TATEG ME TN OOMUN
Kal va dligpeuvnBei KaTd TTOCOV WTTOPEI va €AeyxBei o payvnTIONOG PEOW TOU
eAEYXOU TNG JOPPOAOYIAG Kal CUVETTWG TNG OOUNAG ToUu cwaTidiou, o€ ueyEbn < 20
nm. [Na 10 OKOTTO AuTO PEAETHBNKAV BIECODIKA 4 deiypaTa, O€ £va eUPOG PEYEBWV
8 - 18 nm. Zuykekpipéva dUo o@alpika e peyédn 8.1 £ 0.6 nm ka1 15.4 £ 1.3 nm
Kal 600 KUBIKG pe peyédn 12.3 £ 0.7 nm kai 17.7 £ 1.6 nm. Xdapiv armAdTnTaC, aTTd
€0W Kal 0To €€NG auTd Ba kaAouvtal S8, S15, C12, C18, étou S kal C 1o apxIkod
ypaupa Tou “spheres” (o@aipeg) kal “cubes” (kupol) avrioToixa, TTou UTTOBNAWVEI
TNV Jop@PoAoyia, evw O apiBudg TTou aKOAOUBEI avTIOTOIXEI OTO YECO PRAKOG TNG
OIQUETPOU TWV C@AIPIKWY KAl TNG AKUAG Twv KUuPBIKwv ocwuatidiwv. Ta
OUYKEKPINEVA  CwaTidla TTapacKeudoTnKay atrd TTpodpoun Evwon €Adikou
o101 Pou, OTTWG EXEI TTEPIYPAPEI AVAAUTIKA OTO TTPONYOUNEVO KEQAAQIO.

H nAekTpovikry pIkpookoTria  diEAeuong uwnAng avdaiuong (HRTEM)
UTTOOEIKVUEI OTI TA MIKPA owuaTidla S8 atroteAouvTal atrd pia KpUoTaAAIK ¢aon,
evw oTa peydAa S15 kai C18 n dla@opeTiKA avTiBeon @avepwvel TV UTTapEn dUo
@aocewy, TTpokeITal dSNAadn yia cwuatidla TUTTOU TTUPAVA KEAUQPOUG, OTTWG Eival
avapevopevo. H avtiBeon autr, n eu@avion dnAadr JIag TTIo OKoUPaAg TTEPIOXNS
OTOV TTUPAVA TOU CWHATIOIOU KAl YIS TTIO QVOIXTHG OTO KEAUQOG, OQEIAETAI OTNV
JIOPOPETIKA KPUOTAAAIKN TTUKVOTNTA TwV dU0 PATEWY (preo = 5.7 g/cm? Kal Pre3os
= 5.2 g/cm?). ‘Ocov agopd 10 deiyua C12, auTd auécwS PJETA TNV TTAPOATKEUN TOU
eMQAvICe xapakTnploTIKA core-shell (BA. Eikéva 4.1), aAAG cuvTopa oge1dwonke
AOYW TOU OXETIKA MIKPOU TOU MEYEBOUG Kal £€TO1 OANOI OI XOPOKTNPIOUOI Kal
avaAUoeIg TTou akoAouBnoav agopouv ouclacTIKG éva deiyua piag ¢dong. H
avaAluon Fast Fourier Transform (FFT) ammd Tnv mePiOAaon nAekTpoviwv o€
MEMOVWUEVA oWHaTdIa, dev PITTOPET DUOTUXWGS VA UTTOOTNPIEEI hE BERAISGTNTA TV
uTTapén deUTEPNG PACNG BOUCTITN OTOV TTUPAVA TOU EKACTOTE CWHATIOIOU, KABWG
N SIOKPITIKA IKAVOTNTA JETAEU TWV dUO TUTTWV TTAEYMATWYV Eival TTEpIOPIoHEVN. EvW)
ol 4 avakAAoEIS TNG olKoyévelag emTEdwY (220) ptTopouv pe PeBaidTnTa va
atmodoBouv oToV payvnTitn, dev CUUPAIVEI TO iBIO PE TIG AVOKAACEIG TTOU A@OPOUV

Ta etTireda (400) ry/kar (200), KaBwg PTTOPOUV va o@eilovTal TOOO OTOV PayvnTiTh
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Eikéva 4.2 Eikéveg TEM uywnAng avaAuong £TTeIma atmo mapatrienon Katé uAKog
Tou agova Cwvng [001] pepgovwpévwy cwpaTdiwy Twy delyudtwy S8 (a), C12 (B),
S15 (y) kai C18 (8). ZTIG EIKOVEG £-n paivovTal TA AVTIOTOIXA POTIiBa TTOU TTPOEKUYAV
amoé  petaoxnuariopd FFT  (Fast  Fourier Transform), Otmou pe  KiTpIvo
ETTIONUAivoVTal Ol AvakKAAGOEIG TOU KPUOTAAAIKOU TTAEYUATOG MAyvNTITN KAl JE
TIPACIVO QUTEG TTOU TTIBAVWG o@EilovTal Kal OToV BouoTiTn.

(dwooy = 2.1 A), 600 ka1 oTo BouoTitn (deooy = 2.1 A). H mrepiBAaon akTivwv-X
(XRD) pT1TOpEi €UKOAQ Kal agloTmoTa va mRERAILOEl TNV cuvlTTAapEn PoucTiTn-
MayvnTiTA KAl XpNOIYOTTOINBNKE KAtd KOpov oTa apxIkd oTddia TnG £€peuvag, £wG
OToU KaBIEPWOEI TO OUVBETIKO TTPWTOKOAAO, KATAVOAWVEI OPWG ONUAVTIKN
TTooéTNTA OEIYUATOG KAl YI' AuTOV TOV Ady0o atrepelxOel yia Ta v Adyw deiyuara.

O1 uttéAoITTEG PETPAOEIG (HayVNTIKEG, TTEPIBAACN AKTIVWV X O OUYXPOTPO) ATAV
ECAIPETIKA KPIOIMEG yIA TNV EEAYWYI CUPTTEPOCUATWY KAl ATTAITOUCAV KOl QUTEG
ONMAVTIKEG TTOOOTNTEG OEIYUATOG, OTTOTE ETTIAEEQUE VA PNV AvOAWOOUUE TTOoOTNTA
OciyMaTog o€ PIKPOTEPNG agiag TEXVIKEG, BETOVTAG O€ KivOuvo Tnv EENIEN GAOU TOu
épyou. E¢aANou, atrd Tn OTIyUA TTOU TO OUVOETIKO TTPWTOKOAAO €ixe ATTodEIgEl TNV
EMTUXIO TOu, €ipaoTav o€ Béon PE TNV €UTTEIpiO TTOU €iXe ATTOKTNOEI Kal
OUNTTANPWHATIKA JE TIG DIOBECIUEG TEXVIKEG VA CUPTTEPAVOUUE PE BeBaIOTNTA TN
@UON TWV VavVOKPUOTAAAWY, VW auTA ETTIRERAILLONKE TEAIKA KAl HECW TNG TEXVIKAG

Xx-PDF 010 OUyXpOTPO, YIa Ta UTTO PJEAETN deiyuaTa.
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Mapouoiwg pe Tn otadiakn ofeidwaon Tou C12, duCTUXWS QaiveTal TTwG TO idlI0
€yive kai yia To C18, 1o otroio utTd KavovikéG ouvlnkeg Ba diaTnpouce Tnv core-
shell douny Tou, AOyw Tuxaiag €KBECAHG TOU OUWG OTNV ATHOCGAIPA yia Eéva
didotnua, TpIv TOo TrEipapa x-PDF, TeAikd o&eidwbnke (aoToxia @iaAidiou
aTTOOAKEUONG KAl IN OEPOCTEYNG OPPAYIOH TTOU 00rynoe o€ eEATUION TOU £§aviou).
MapdAa autd n PEAETN TOU NATAV KPIOIPN YIO TO CUCOXETIONO HOp@oAoyiag -
1I010TATWV. OTTwg €xel NON avagepBei éva eAdyioto péyebog tepi Ta 13 nm
ATTAITEITAI VIO VA BIATNPEAOCEI £VAG VAVOKPUOTAAAOG XAPAKTNPIOTIKA OOMNG TTUPAVA-
KeEAUQoug o€ PdaBog xpovou. Ta TreipauaTikd Oedouéva TTOU  akoAouBouv
uttodelkvUouv OTI auTh) akpIfwg n diadikacgia Tng oTadiakng o&eidwong Twv
MIKPOTEPWY CWHATIOIWY, aPrivel oTnNV KPUOTAAAIKY) oM auTwyv KaTdAoITTa, TTou
OIkaloAoyouv o€ peydAo BaBud kdatmola PAAAOV Un AvAPEVOPEVA PayvNTIKA

XOPOKTNPIOTIKA.

4.1.2. MayvnTikd @aivOpeva Trou UTrodeikvuouv Trifavég diatapaxég

KPUOTAAAIKAG SOUNG

ATTO payvnTiKEG PEANETEG TTOU €yivav Oe eTTIAeypéva Oeciyuyarta, woTe va
OAOKANPWOEI N €IKOVA OXETIKA ME TA PAYVATIKA @QAIVOUEVO TTOU EP@avi(ouv
owMaTidla  OIAQPOPETIKWY  HOPPOAOYIWV KAl MEYEBWYV, TIPOKUTITOUV KATTOIA
ouuTTEPAONATA, OUM@WVA JE TA OTTOId N CUMTTEPIPOPA TWV CWHATIOIWYV
diagopoTroigital avaloya pe 1o péyebog (ocwpaTidla péoou peyéBoug 8 — 13 nm
EM@aviCouv ouoTNUOTIKA SIOPOPETIKA -Kal CUXVA PN AVAPEVOUEVN CUUTTEPIPOPA-
oTmé YeyoAUTEPaA owuaTidla > 15 nm), aAAd kal To oxAua (OAIPIKA - KUBIKA).:
Katapxdg 1a pikpd owpatidla S8 kar C12, ep@aviouv UTTEPTTAPAPAYVNTIK)
OUMTTEPIPOPA PE BEPUOKPATiEG UTTAOKAPIOMATOG Te avAAoyeg Tou peEyEBOUG Kal
TTAVTWG APKETA XauNAOTEPES aTTd TN Bepuokpacia dwuartiou (119.4 K kai 197.6 K
QVTIOTOIXA), KATI TTOU QVAPEVETAI OTTO TO MIKPO TOUG PEYEBOG KAl TV HOVOPACIKA
TOUG QuUON (TTAAPWG ogeIdwuEva — Fe30a). H payvnTiKA €mMOEKTIKOTNTA O€ AUTA TA
owuaTidia augdvel ge augnon Tou Oykou Tou cwpaTidiou (BA. a>B otnv Eikéva

4.3). 210 HeYaAUTEPO cwHaTIdIO aviXVEUETAl dia TTOAU PIKP avwdaAia TTepi Toug

136



E

METPOUPEVNG KaTd Tn Bépuavon £mmeira amd yuén xwpic medio (ZFC - ouptrayng
ypauun) kal émerra atd wugn uttd medio (FC - dlakekoppévn ypapun). H kitpivn Kai
TPACIVN OIOKEKOUMEVN ypapur oTo Ociypa S15 (y) kar C1l8 (d) uTTodEIKVUOUV TIG
Beppokpacieg Twv mMOavwy petaBdocwy Verwey (Tv) yia Tov payvntitn kol Néel (Tn)

KED. 4 - 5Y3THMA FeO-FesOs: AOMH KAI IAIOTHTES>

120 K ka1 GAAn pia Aiyo xaunAdtepa atmd toug 200 K yia 1o S15 kal apkeTa
uwnAGTEPa yia To C18, TTou YTTOPOUV Va aVTIOTOIXIOTOUV OTnV PETARaon Verwey
(Tv) ki Néel (Tn) avTioToIxa, €6AITIOG TOU PAyVNTITN OTNV TTPWTN TTEPITITWON KAl
TOU avTIoIdnpopayvnTikou BouaTitn oTn deuTePn. O1 HETABOAEG QUTEG eppavidovTal
mo ekaBapa ouvnBwg oe cwpaTidia > 20 nm. H Tv mapdAa autd eugavileral
oxedbév oTnv avapevouevn BewpnTikn TIMA yia bulk uAika (~ 125 K). H Tn yia 10
S15 gp@avidetal kal auTh yupw atrd Tnv avapevouevn Tiun yia bulk FeO (~ 198 K)
(Eikéva 4.3 y), evw TTEPIEPYWS YIa TO deiypa C18 gu@avidel phia TToAU onuavTiki
METATOTTION TTPOG UWNAOTEPEG TIMES (D), av OeXTOUME TTWG TTPAYMATI AUTEC Ol

avwHoAieg auayeTiCovTal YE TIC TTpoava@epBeioeg peTaBAaoelc.

L —— 15

S8 8.1 nm

C12 12.3nm

>
0 =)
)
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IKOva 4.3  AlaypdupaTa PJayvnTIKAG ETTIOEKTIKOTNTAG OUVAPTACEI BEPUOKPATiag,

VI TOV BOUCTiTn avTtioToIXQ.
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Eikéva 4. 4 TuAuata Twv KAVOVIKOTTOINUEVWY Bpoxwy uoTépnong otoug 5 K 1Tou eAngdnoav
Kal TTéAI ETTEITa atmd wugn xwpig medio (ZFC) kai ye edio 5 T (FC) yia ta deiyuata S8 (a), C12
(B) xai S15 (y). Ta avrioToixa TTAQioI0 KATW ATTO TOUG BPOXOUG ATTOTUTTWVOUV TIG TTAPAYWYOUG
dM/dH TTOoU UTTOBEIKVUOUV PN OPOAN QVTIOTPO®H TNG PAyVATIONG.
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Ta peydAa ocwpaTidia (S15, C18) Ttapoucidlouv  PIKPOTEPN  MAyVNTIKN
EMOEKTIKOTNTA OTTd Ta MIKPG (S8, C12), evdEIKTIKO TNG OUVEICPOPAS TG AFM
@aong tou Fei1xO. Katrd Tn XPOVIKA OTIyUA TNG METPNONG TWV HAYVNTIKWY
IB10TATWYV, OTTWG aUTEG aTTeikovidovTal oTnv Eikéva 4.3 Ta peyaAutepa ocwpartiola,
1600 1O OQaIpIKG S15 600 kal 10 KUBIKG C18 ep@avifouv XapakTnpIoTIKA
core@shell doung, TTou duOTUXWGS OUWGS To C18 Adyw aTuxoUg €KBECTG TOU OTNV
aTHooQaIpa, atTTWAeoe. [T autd dev eTTIXEIPEITAI CUOXETION TNG BOUAG Tou C18 e
TIC payvnTIKEG 1010TNTEG, KABWG OouA Kal PayvnTIoONOG OTTWG  UETPHONKavV
QVTIOTOIXOUV O€ dIAQOPETIKA PAcon £¢EAIENG Tou owuaTidiou. H eikdva Twv Bpdxwv
uotépnon (Eikova 4. 4) uttodeikvUel un ouaAn avTioTpo®r TNS HayvATiong M. MNedio
avtaAAaynig (exchange bias - Heg) Tou ev yével OXeTiCetal Pe TNV UTTOPEN
OIETTIPAVEIWY, KAVEI TNV EUPAVIOT) TOU yia OAa Ta dgiyuata, OKOPA Kal Ta piag
eaong (Eikéva 4. 4 a,8). Autd utrodeikvuel JAAAOV AAANAETTIOPAOEIS OUlEUENG-
avTaAAayng péoca o€ autd Ta cwuaTidla, TTou o@eilovtal o dIAPOPETIKA €idn
OIETTIPAVEIWV, O OXEON PE pia TUTTIKA diem@dveia AFM/FIM, 6TTwg auTr) TTou KaTd
KUpPIO AOYO TTPOKAAEI TNV gupeia opIfOvTIa JETATOTTION TOU BPOXOU TOU dIPACIKOU
owpaTidiou core@shell (Eikéva 4. 4 y). EmmpoobEétwg OAa 1a deiypata
EM@AVICOUV Hia AOUVEXEID TG MAYVATIONG KOVTA O€ INOEVIKA eQappoloueva TTedia,
TTOU QTTOTUTTWVETAI OTOUG BPOXOUG oav avTiIoTpoPn TNG HAYVATIONG ME TNV Hopen
okaAotraTiou. O puBbudg PETABOANG TNG PAYVATIONG PAAIOTA WG TTPOG TO TTEDIO,
OTTWG ekPpadeTal atrd TNV TTapdywyo dM/dH oTa avrioToixa TTAdioia KAtw atrod
TOUG Bpoxoug oTnv Eikéva 4. 4 Kal CUYKEKPIYEVA TA EEXWPIOTA DIOKPITA PEYIOTA
Twv KaummuAwyv dM/dH (Buo diagopeTikd TTEdia avTIoTPOPNG TNG PAyVvATIONG),
UTTOONAWVOUV AVOUOIOYEVH HOAYVNTIKA OCUUTTEPIPOPA TTOU TTPOKAAELITAI  ATTO
OUVUTTAPXOUOEG JAYVNTIKEG CUVIOTWOEG ME AVTITIOEPEVA OUVEKTIKA TTEdIa He. ATTO
TN OTIYUN TTOU €XOUUE OTEVEG KATAVOUEG MEYEBWYV yI' auTd Ta dgiypaTta, auTd iowg
va o@eileTal og dlagopoTroinon NG ouoTtacng?, umd TNV £vvold TOTTIKAG

d1apopoTToinoNG AOYW KPUOTAANIKWYV ATEAEIWV.

Evdiagépov TTapouaidlel To yeyovog o1l n otgidwon tou FeO 1rpog FesOas pe
TOV MNXQVIOPO TTOU €XEI TTEPIYPAPE, TTPOKOAEI 0€ PABOC XpOVvou SOUIKEG aAAayEG

oTNV KPUOTAAAIKA OOur TOU UAIKOU TTou TTNPEACOUV TNV YAYVNTIKI TOU ATTOKPION,
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Ol OTTOIEG €ival EPPAVEIG OTIG AVTIOTOIXEG METPAOEIS. [Na TTAPAdEIYUa CWHATIOIO TTOU
BpiokdTav oTto 6plo yia Tnv diatipnon tng core/shell douAg (13 nm) peTpriBnke
Méoa o€ OIAOTNUA KATTOIWY  €ROOMAdWY META TNV TTOPOOKEUN Kal ETTEITA
COVOUETPNONKE META TNV TTAPOOO €VOG £TOUG, OTTOTE KAl EUPAVIOE aAunon Tng
MayVvNTIKAG ETMIOEKTIKOTNTAC, al&non TnS Bepuokpaaciag Te, Evw afloonueiwTtn ATav
Kal N eg@avion avwuaAiag otnv Bepuokpaaciakn TTepioxn 5 — 50 K, avrioToixn e
auTh TTou @aivetal oTnv Eikéva 4.3 (), TTou atmodideTal o€ €TMIPAVEIaKn diatapaxn
TWV OTTIV, QAIVOUEVO TTOU QAIVETAI VO CUVOEETAI PE TIG ATEAEIEG OTN OOMN KAl va
evioxuetal ammd Ttnv oeidwon, €dka ot MIKPG ocwpatidia TTou 0 Adyog
emeaveiag/dykou givalr augnuévog (BA MAPAPTHMA 3.1).

Ta o@aIpIKA €V YEVEI EHPAVICOUV APKETA PIKPOTEPES TIMEG HAYVATIONG KOPECUOU
o€ oxéon Pe avrioTolxa KUBIKA Kal oiyoupa PIKPOTEPESG aTTd TNV TIWA yia deiypata
bulk payvntitn, KATI TTOU £pXETAI O€ QVTIOEON PE HEAETEG AVTIOTOIXWV PEPPITWYV TTOU
ed@avifouv KaAr KpPuoTOAAIKOTATO Kal  o@eideTal katd Trédoa moavotnTa o€
TIEPICOOTEPEC DOUIKEG ATEANEIEC OUYKPITIKG PE Ta KUBIKA.2 Tautdxpova gugavifouv
QUENUEVEG TIMEG OUVEKTIKOU TTediou o€ Oox€on ME Ta KUPBIKA, YEYOVOG TTou Eival
oUP@wWVOo pe TN BIBAIoypagia Kal atrodideTal aTn dnuioupyia evog TTIPAVEIOKOU
OTPWHMATOG OTTIV, T OTTOIO AOYW TNG KAUTTUAOGTATAG TNG ETTIPAVEIOG aduvaTouV va
TIPOCAVATOANIOTOUV TIANPWG, OXNUATICOVTAG £TO1 €va €TMITTAEOV KEAUPOG OTO
owWaTidIo TToU TTNPEAEI TNV JayvATIoN.* To KEAUQOG auTd uTroAoyioTnke oTo 15%
TNG OGUVOAIKAG OIOUETPOU YIO TRV TTEPITITWON TOoU Oo@aIpIkoUu S8 kal 010 7% oTnv

TTEPITITWON TOou KUBIKOU C12 pe Baon Tnv e€iowon

2d
Mg = Mo(1— 3)3 @

OT10U M{; N HAYVATION KOPESHOU TOU CUPTTayoug payvnTitn (90 emu/g), d 10 TTéX0OG
TOU KEAUQOUG TwV dIATAPAYMEVWV HAYVNTIKWY POTTWV Kal D To PéEyeBog Tou
VOVOKPUGTAAAOU. 56

210 o@aipikd core@shell cwpatidia 6Twg 170 S15 1O QaIvépeva aAutd

evioxuovtal AOyw Tng Utrap¢ng tng avrioidnpouayvnTikng eaong (FeixO). ‘Eva
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GANO OTOIXEIO TTOU UTTOOEIKVUEI OOMIKEG ATEAEIEG, TTPOKUTITEI ATTO TOV UTTOAOYIOUO
TNG OTABEPACS aTTOTEAECUATIKAG aviooTpoTriag (effective anisotropy constant) atré
TOV TUTTO

eff — vV

Omou kg = 1.381-1022]-K?! n otabepd Tou Boltzmann, Ty n Bgpuokpaaia
MTTAOKOpioPaTOC Kal V' 0 Oykog Tou vavokpuoTdAdou.* O TUTIOC QUTOG divel
MEYAAUTEPEG TIUEG VIO TA OQAIPIKA CWHATIOIN CUYKPITIKA UE KUBIKA QvTioTOIXOU
MEYEBOUG, o1 OTTOIEG €XOUV pIa auénTikr) TAon KaBwg To PNEyeBOC TWV CwHATIdIWV
Mikpaivel. (BA. MTAPAPTHMA 3.2)

[MoAU evdlaépov €xel TO yeyovog OTI akOpa Kal Ta PIKPA CWHPATIOIA TTou
atroTeAoUVTAl ATTO Pia KPUOTAAAIKA QAo Kal OEV €XOUV E0WTEPIKEG DIETTIPAVEIEG
oIdNPIMAYVATN — avTIoIdNPoPayvnTn, eu@avifouv @aivopeva ToAwong Adyw
avtaAAaynig (exchange bias) (BA. Eikéva 4. 4 & Eikéva 4. 5). Mia mBavr] e¢iynon
yI' auTto €ival OT1 o1 aTEAEIEG KPUOTAAAIKNG dOUNRG AEITOUpyoUV WG TTUPHVEG YIa TN
onuioupyia vnoidwv pn avrioTOBUICHEVWY PayvnNTIKWY poTTwy (uncompensated
sSpins) yéoa oTo KPUOGTAAAIKO TTAEYUQ TOU JAyVvNTITN 01 OTToiEG GUleUyvUVTal HECW
TTOAWONG avTaAAayrg PE TO OIONPINAYVNTIKO PEPOG TNG KPUOTAAAIKNAG OOPNG. Z€
QUTH TNV TTEPITITWON Kal TTAAI TO OCQAIPIKA EUPAVICOUV TTIO EVTOVO TO PAIVOUEVO,
EVW XAPAKTNPIOTIKO €ival OTI N eyaAUuTepn TTOAWGON AOYyw avTaAAayig HETPATAI OTO
oQaIpIKO cwuaTidlo TUTTOU TTUPHVA KEAUPOUG, OTTOU TOOO Ol ECWTEPIKEG DOMIKEG
atéAeieg 6co kai n AFM/FIM diemigdveia gugavifouv @aivoueva ouleugng/
avtaAAaynig. Exchange bias o€ povo@aoikd cwuaTidia £xel avapepBei Eava otnv
BiBAIoypagia kal £xel atmodoBei mOAVWS OToV OXNUATIONO QVTIQATCIKWY Opiwv
(Antiphase Boundaries - APB), evw yevikd n eu@avion TOIKIAwvV  Kal
OIaPOPOTIOINUEVWY, OE OXEON ME TA AVOUEVOUEVA, PAYVNTIKWY QAIVOUEVWY OEV

gival KATI Kavouplo yida Ta v AOyw CuoThAhaTa.’
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Eikéva 4. 5 TMeipapaTikd Tpoodiopiopéves TINESG TTediou avTaAAayng (Hes :avoixtd oUuuBoAa —
OIOKEKOPUEVEG YPAMMEG) Kal OUVEKTIKOU TTEdiou (Hc @ uIooyepdTa oUPBOAQ) yia TO 0@AIPIKO
core@shell dciyua S15, To o@aipikd deiyua S8 kal 10 KUBIKG C12 émeira ammd BpdXoug
uoTépnong oTtoug 5 K pe TpwTtokoAAa wuéng utrd Tredio (FC) yia diadoxikd augavoueva tredia

Yogng.

Mivakag 4. 1 MayvnTikéG TTOOOTNTEG TTOU PETPRBNKAV Kal UTTOAOyIioTNKav yia Ta dU0 o@aipIKd
Ociyuata S8, S12 kai Ta duo KuBika C12 kai C18.

Ms
i Ms Ms Hc (Oe),
Asiypa i Te(K) | (emu/g), He (Oe), (emu/g), He (Oe), | (emu/), FC curve, | Hgs (Oe)
(nm) 300K 5K FC curve,
300K 5K 5K
5K
S8 8.1 119 32.3 101 37.3 523 37.8 545 251
C12 12.3 198 58.4 86 62.5 698 62.8 589 200
S15 15.4 218 30 177 32.5 1246 33 1589 1050
C18 17.7 277 22.7 145 23.5 1184 23.5 1368 725
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4.1.3. AOMIKOG XAPOAKTNPIOHNOG VOVOKPUCTAAAWY Kal a1mTOKAICEI a1Td TV

1I8aviki doun

H TtpoavagepBeica payvntikp avaAuon Aoimmdv, Tapouciddel  pia  Pn
QVOUEVOUEVN CUUTTEPIPOPA O€ KATTOIEG TTEPITITWOEIG, N OTToia o€ évav Pabud
OQEiAeETAl OTN POPPOAOYID TWV CWHATIOIWY, OGANG UTTOBEIKVUEI Kal TTIBAvEG
KPUOTAAAIKEG aTéAeieg. O1 dlatapaxEg atn OOMN QAIVETAI va Eival EVIOVOTEPEG OTA
oQaIpIK& CwHaTIOIA, VW) CUVOEOVTal Kal PE TO PEYEBOG apou Ta ocwuaTidla TTou
Exouv o&eldwbei TTAApwWGS o dAov Tov OYKO TOUG, TTAPOUCIAfouV eVTOVOTEPQ T
OXETIKA @aivopeva. AuTo ival pia EvOeign 0TI ol DOUIKES dIOTAPAXEG OXETICOVTAI ME
TN dladikacia TNG ogeidwong. OAa autd, KAvVouv ETTITAKTIKA MIO EVOEAEXT MEAETN
NG OOUNG TwV CWHATIdIWY, TOOO pE PEoa Aueoa dlaBéociua oTnv KaBnuepivh

EPYQOTNPIaKA POUTiVa, OCO Kal PE TTEPIOCTOTEPO £EECNTNUEVES TEXVIKEG.

4.1.3.1. HAexktpoviki MikpookoTria AiéAsuong YynAng AvdAuong (HRTEM):
FFT ka1 GPA

H kaBiepwpévn TTapatrpnon M To NAEKTPOVIKO JIKPOOKOTTIO DIEAEUCNG, EKTOG
ammdé TNV TOTOTTOINON TNG E€MTUXiag MIag ouvleong, TnG HOP@OAoyiag Twv
owuaTIdiwy Tou BEIYHNATOS Kal TNG EEAYWYAS TOU PECOU HEYEBOUG QUTWV HECW
OTATIOTIKNG avAAUoNG, Yag divel Kal ETTITTAEOV EPYOAEIQ yIa TOV XOPAKTNPIOUO TNG
O0UAG, MEOW TNG NAEKTPOVIKNAG MIKPOOKOTTIOG OIEAEuoNnS uywnAng availuong
(HRTEM). Me 1tnv maparipnon TEM pepgovwpévwy cwpaTidiwv o€ uwnAn
avaAuon kal pe Tn Bondeia TEXVIKWY Kal aAyopiBuwyv TTou pag divouv Tn duvatotnta
TTapaywyng €IKOVwy atrd Ta poTiBa TepiBAaong o avTioTpo@o Xwpo, TTou Eival
QVTITTIPOCWTTEUTIKEG TWV ETTITTEOWYV TOU KPUOTAAAIKOU TTAEyUATOG O€ €UBU XWPO
(inverse FFT), ptmopouv va eEaxBouv Xprnoiya CUUTTEPACHATA KAl yid TnV
KPUOTaAAIKY dopr), €I0IKA av auTd ouvOuaoTOUV Kal JE AAAEG TEXVIKEG.

2€ QUTEG TIG €IKOVEG aTTelkoviovTal PE WEUBOXPWHATIKO KWAIKa Ta TTfava
KPUOTAAAIKG €TTITTEDA (KOKKIVO XPWHA) KAl O €VOIANECOG TWV ETMITTEOWY QUTWYV
KEVOG XWPOGS (OKOUPO TTPACIVO XPWHA), WOTE Va YivovTal TEAIKG EUKOAQ QVTIANTITEG

Ol OXETIKEG ATEAEIEG TNG KPUOTAAAIKAG QOUNAG KAl TTIO OUYKEKPIYEVA DIATAPAXEG
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OKMAG Kal eAikoeldeic dlatapaxés (BA. evdeikTikG Eikova 4.6). O1 onuelokég
QTEAEIEG, OTTWG YIa TTAPAdEIYUA Ol KEVEC TTAEYMOTIKEG BEaelg, dev gival duvaTtov va
EVTOTTIOTOUV HPE QUTA Tnv PEBOdO, avtiBeta Ba yivel ekTevAg culATnon €TTi TOU

BéuarTog 010 KOUUATI TNG TEXVIKAG X-PDF 110U B aKOAOUBNOEL.

Eikéva 4.6 ETTIAeyUEVEG EVOEIKTIKEG ATEAEIEG TWV UTTO PEAETN DEIYPATWY, KATA TV
TTaPATAPENON TNG oIKoyEvelag emMITTEOWY (220) Tou payvnTitn hE TNV TeXVIKA IFFT.
AlakpivovTal dlaTapax£g akung (a & B) kar TUtTou KoxAia (y), OTTWG ATTOTUTTWVOVTAl
ME WeudoxXpwHaTIKO KWK (BA. Kkeipevo). Me Aeukd BEAN utrodeikvuovTal Ol
EPEAKUCTIKEG KOl PE KITPIVA Ol CUMTTIECTIKEG TAOEIG TTOU OUVODEUOUV OUVABWG
TETOIOU €idOUG DIATAPAXEG.

Katd tnv avdAuon autr, PTTOPEI va yivel €TTIAOYN TWV ATTEIKOVICOPEVWV
olkoyevelwyv emmédwy (hkl). Ta etitreda (400) Tou oTrivediou 1} (200) Tou BouoTiTn
(6ev €ivar duvartry n OIGKPION OTNV TIEPITITWON TwV owuaTidiwv TUTTOU
Tupriva/keAU@oucg) dev @aivetal va eu@avifouv yia Ta uttd PEAETN cwpaTidia
IDIAITEPES TTAPAUOPPWOEIS. AVTIOETWG N oIKoyEVEIa ETTITTEOWV (220) TToU OXETICETAI
ME Ta TETPAEDPIKA dlaTeTayPEVA KATIOVTA O10POU OTO OTTIVEAIO, £XOUV EUQAVEIG
dlatapaxég. Ta diagopa €idn diatapaxwyv  ATEAEIWV CUXVA OUVUTTAPYXOUV O€
TMAMOTA TOU KPUOTAAAOU 1 n UTTAPEN MIOG ATEAEIOG KIVNTOTIOIEI TOV PNXQVIOUO
onuioupyiag piag dAAou gidoug atéAciag. O1 dlaTapax£S aKUNG apopoUV OUCIaoTIKA
TNV TTAPEUPOAN VOGS NUIETTITTEDOU ATOPWY OTO TTAéyua. H akurf Tou nPIETTITTESOU
QuTOU ONUATodOTEl TN YPaUMN dlaTtapaxnis akunG. H evrotopévn Tapapopewaon
TOU KPUGTAAAOU yUpW ATTO TN YPOUMI OKUAG EYKEITAI OTO YEYOVOG OTI TO ATOUA TTOU
Bpiokovtal atmd TNV MPEPIG TNG YPOUUAS dlaTapaxng Otmou TTapePPAAAETal TO

nuieTiTedO, oupmmECovVTal, WOTE va dnuioupynBei eTITTAEOV XWPOG yI' auTd TO
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NUIETTITTESO, €V T UTTOAOITTA OTTO TNV AVTIBETN PEPIG TNS YPAUMAG dlaTapaxig
TeiVOuV va atTopakpuvovTal o€ oXéon e TNV TTPoBAeTTOuEVN aTTéoTACH ETITTEOWY,
TToU €ival d220) = 0.297 nm o€ auTr TNV TTEPITITWON. AUTEG O EAAPPEG HETATOTTIOEIG
TOU KPUOTOAAIKOU TTAEypaTOG aTTd TNV 10aVIKH OOUI PTTOPOUV VA OUVEICQEPOUV
OTNV QVATITUEN CUPTTIECTIKWY 1] EPEAKUCTIKWY Taoewv. O1 eAIkog1deig dlaTapaxEg
Ba pTopoucav va Bewpnbouv atroTéAeopa dIATUNTIKWY TACEWYV, TToUu OTav
EQPAPPOOTOUV £XOUV WG CUVETTEIA TNV OAICBNOoN evOG TUARUATOG TOU KPUOTAAAOU O€
oxéon ME KAtolo dANo KaTd pia atopiki ammooTtacn. To péyebog kai n diubuvon
TNG TTAPANOPPWONG TOU TTAEYPATOG TTOU CUVOEETAI PIE KATTOIA ATTO TIG TTAPATTAVW
dlatapaxég, ekppddleTal ue 1o didvuoua Burgers b. ‘Evag TpOTTOC KOTA TTPOCEYYION
€KTiMNONG Tou d1aVUOHATOG auToU I TwV TACEWV TTOU AVATITUCCOVTAI EEQITIOG MIAG
dIaTaAPAXNG yia TNV TEPITTITWON Twv OlIOTAPAXWY QAKMAG, €ival n PETpnon He
KATAAANAO AOYIOMIKO TWV OTTOOTACEWYV METAEU TWV ETTITTEQWV TIPIV KOl PETA TN
dlatapaxr, OUCIaOoTIKA EYKAPOIA TTPOG TN YPAUMI dIATAPAXNS O€ Hia JIKPH TTEPIOXN
YyUpw aTTO aUTH Kal o€ éva gUpog 3 - 4 emmmédwy.® Autr n diadikaoia Kabwe Kai n
METPNON TWV CUVOAIKWY QVTIANTITWY dIATAPAXWY OTIG EIKOVES IFFT €yive yia €vav
apIBuo Aiywv vavokpuoTAAAWY, QVTITTIPOOWTTEUTIKWY Yia KABe deciypa (S8, S15,
C12, C18), o€ yia TPooTrabeia va yivel hia OTATIOTIKA EKTIMNON TWV dIATAPOX WV
ota emimeda (220) 1ou KaTEANEE OTO ouuTTépacua OTI O dIATAPAXEG OAKMAG
ouvodeuovTal JAAAov atrd avdaTTTugn Kupiwg CUMPTTIECTIKWY TACEWV OTTWG Eival
QAVANEVOPEVO Kal OTI T TTEPICOOTEPO DIATAPAYHEVA CWHATIOIO TTPOEPXOVTAI OTTO TO
ociypa S8, akoAouBoupeva pe diagopd atmd 10 S15, evw Ta KUBIKAG C12 kair C18
edpavifouv TTapopoio apiBud dilatapaxwv Tapd TNV UETAEU TOoug dlapopd
MEYEBOUC Kal aiyoupa GNUAVTIKA JIKPOTEPO ATTO AUTO TWV oPAIPIKWY.: Adyw Twv
IDIAITEPWY ATTAITHOEWV auTr TNG XpovoRopag diadikaoiag, TTPOPAvVWS Kal  Ogv
MTTOPEI va HEAETNOET Eva OTATIOTIKA ATTOOEKTO BEIYHA CWHATIOIWY, OTTWG TT.X. KATA
TNV EKTINNON TOU JECOU UEYEBOUC AQUTWYV Kal 0€ KABE TTEPITITWON TA CUUTTEPACHATA
TPETTEl va TTAPOUCIAZovVTal PE ETTIQGUAALN Kal va AEITOUPYOUV ETTIKOUPIKA OTA
TTOOOTIKOTTOINKEVA  ATTOTEAEOUATA ATTO TIG AOITTEG, TTEPICOOTEPO  AEIOTTIOTEG

TEXVIKEG.
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Eikéva 4.7 AvTITTIPOOWTTEUTIKEG ATTEIKOVIOEIG TWV ETTITTEOWY (220)spinel OE TTPAYHUATIKO
XWPO XPNOIKMOTTOIVTAG YeUdOXpwHATIKO KWOIKA yia Ta dsiyuata S8 (a), C12 (B), S15
(y), C18 (8) xpnoiuotroiwvtag Tnv HéEBodo IFFT. O1 avrioToixeg €IKOVEG TTOU
QTTOTUTTWVOUV TIG TACEIG TTOU AVATITUCCOVTAl PETALU TwV ETITTEOWV TNG OIKOYEVEIAG
(220), epappodlovtag TNV uEBodo GPA (g-n).

Mia 110 OUVOAIKA €KTiNON Twv TACEWV TIOU avaTrTuooovtal Ot évav
VOVOKPUOTAAAO diveTal Kal TTAAI aTTd TIG €1KOveG TEM kai Tnv avadAuon FFT péow
TNG TeXVIKAG Geometric Phase Analysis (GPA) (Eikéva 4.7). 21n BiBAioypagia
YiveETal ava@opd oTnV avAaTITuén onUAVTIKWY TAoEWV 000V a@opd TNV OIKOYEVEIQ
emmmédwy (220) oe avrioToixa cuoTApata Core/Shell, n otroia pdAioTa cuvdEeTal
ME TN dladikacia o&gidwong atrd dIPacika KpUOTAAAIKG cuoTApaTa FeO/Fes04 o€

owuaTidIa hiag KpUOTAAAIKAG @dong Fes04.°

21N OIKA POG TTEPITITWOT, TA JEYAAUTEPA, BUO PATEWY cwpaTidia (S15, C18)
EM@AVICOUV HPEYAAEG OIAKPITEG KAl EOWTEPIKA OMPOIOPOPPESG TTEPIOXEG OTTOU
ETTIKPATOUV KUPIWG EITE CUUTTIEOTIKEG EITE EQEAKUCTIKEG TAOEIG KOl Ba uTTOpOoUCE va
TTEl KAVEIG OTI UTTOBEIKVUOUV TNV UTTap¢n SIETTIPAVEIWY. A TNV TTEPITITWON TwV
core@shell cwpaTtdiwv, opeilovral TOAVWS OTIG TACEIG TTOU ETTAYEI O TTUPAVOG

FeO oT1o kéEAupog Fez04, AOyw TNG avavTIoToIXiag Twv 0TaBepWV TTAEYUATOC.

146



KED. 4 - 5Y3THMA FeO-FesOs: AOMH KAI IAIOTHTES>

To OimAdoio TG oOTaBepdg TAEypaTog Tou [ouoTitn eivalr eAa@Pug
MEYAAUTEPO aTTO TNV OTABEPA TTAEYUATOG TOU HAYVNTITN, ME QTTOTEAEOUA VO
eu@avifovtal TAOEIG 0€ AQUTA TO CUCTANOTA KOl CUYKEKPIMEVO CUUTTIECTIKEG TAOEIG
OTOV TTUPAVO TTPOKAAOUUEVEG OTTO TO KEAUQOG KAl EQPEAKUCTIKEG TAOCEIG OTO
KEAUQOG, TTPOKAAOUUEVEG OTTO TOV TTUPRVA, 10iwG KOVTA OTNV JIETTIPAVEIQ TwV dUO
@ACEWV, Ol OTTOIEC TEIVOUV VO XOAAPWVOUV KOBWGS OTTOPNOKPUVOUOOTE aTTO TNV
OIETTIPAVEIA TTPOG TO EEWTEPIKO TOU OwuaTIdIoU Kal n péon OOun avakTd Tnv
QUOIOAOYIKN TNG dIATaEN. 10WG HANIOTA QUTEG Ol CUMTTIECTIKEG TAOEIG OTOV 00TAON
UTTO KAVOVIKEG OUVOAKEG TTupriva, BonBouv oTn diatipnor Tou. 10 CwuaATidIo
C12, mou akoAoubnoe pia oxeTikd apyn diadikacia ofeidwong atmd apxIKa
core/shell og TTAAPWG o&eIdWPEVO CwuaTIdIo, TTAPATNPEITAI £va TTEPICOOTEPO
TuXaio poTiBo Tdoewv o€ OAO TOV OYKO Tou, CUM@QWVO PE TNV BIBAIoypagia, TTou
MAAAOV €TTIBERAIWVEI TO OUOXETIOPO 0O&EIdDWONG — AVATITUENG TACEWV. TEAOG TO
MIKPO OQ@aIplikO S8, ep@aviCel pia PAANOV  opoloyevr) KaTavoun €Aa@pwg
OUMTTIECTIKWY TACEWV, TTapd Tnv atoucia Trupriva FeO, ol otroieg moavév va
ogeilovTal oTnNV IoXUpd diatapayuEvn KPUOTAAAIKA doun Tou, éTTwg Ba doupe v
ouvexeia, evw Oev gival v YEVEI aOUVRBIOTEG O€ TETOIOU €iDOUG VAVOKPUOTAAAIKA

OUCTAMATA.

147



KED. 4 - 5Y3THMA FeO-FesOs: AOMH KAI IAIOTHTES>

4.1.3.2. 2kédaon AkTivwv-X og Zuyxpotpo Kai AvdAuon Pair
Distribution Function (x-PDF)

Me tnv Texviki PDF pag &60nke n duvartdtnta va OUANECOUHE OOMIKEG
TTANPOPOPIEG AVTITIPOOWTTEUTIKEG TOU OUVOAOU TOU KABE deiyuaTog, 0€ avTiBeon He
TNV NAEKTPOVIKA MIKPOOKOTTIO UWNARG avaAuong TTou €0TIACEl OE PEPOVWPEVA

owparTidla. ETiong ptmop€éoape va TTAPE éva Bripa TrTapatrépa TNV avaiuon, Kadwg
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Eikéva 4.8 Teipapatika dedopéva mmou eAn@noav pe tnv texvik PDF otoug 80 K
yia Ta UTtd HEAETN OeiypaTa vavokKpuoTAAAwV Kal eTTITTAéoV deiyua avagopdg
OUMPTTAYOUC POYVNTITN, VIO OKTIVIKEC BIATOMIKESG atrooTdoelc £éwe 50 A, otoug 80 K.
Me diadoxIKa onueia (avoixTég TEAEIEG) atTeikoviCovTal TA TTEIPAUOTIKA dedopéEva yia
OAa Ta OeiypaTa, evw OTNV TIEPITITWON Tou Oceiypatog avagopds Bulk FesOs,
QTTOTUTTWVETAI PJE KOKKIVN YPAUMI N TTPOCAPUOYH TOU PJOVTEAOU OTA TTEIPAMATIKA
onuEia Kal e TPAaCIVN N avTioTolXn d1Ia@opa TTEIPAPATOG - JOVTEAOU.
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EVTOTTIOTNKAV Kl TTOOOTIKOTTOINBNKav o€ €va Babud, atrokAioeig atmd tnv 16avikA
OOuN O€ QATOMPIKO ETTTTEdO, TTOU O OUVOUAOWO HE TIG UTTOAOITTIEG TEXVIKEG
OUUTTANPWOAV TNV EIKOVA.

Ta dciypara S8, C12, S15, C18 perprbnkav o€ €va eUpog Bepuokpaciwy 80 —
400 K, evw eA@Bnoav dedopéva o€ eTTIAEYUEVO EUPOG BEPUOKPATIWY Kal yIa Eva
Ociyua ava@opds cuptrayous payvnTitn. AOyw TnG OXETIKA XAUNAAG OIOKPITIKAG
IKavoTnTag (Q-space resolution) TnNG TEIPAPATIKAG BIATAENG, N MEAETN €0TIALE!
KUPIWG 0TNV TIEPIOXN SIATOMIKWY aTTooTAoEWV I =1 — 10 A, kaBwg og peyaAUTEPES
aTTo0TACEIG T dEdOPEVA BEV UTTOPOUV VO BWOOUV AgIOTTIOTA ATTOTEAEOUATA.

EKTOC OpWwG atrd Toug TTEPIOPIOHUOUS TNG opyavoAoyiag auTAG KabauTtng,
OTOUG VAVOKPUOTAAAoug, Adyw Tng 101aiTEPNG QUONG TOUug, dATTOUCIAlEl N
KPUOTAAAIKA TAEN HAKPAG EPPBEAEIOG, HE ATTOTEAECUA TO Ofua va @Bivel TTIo éviova
o€ oxéon PE Ta KAAOIKA KPUOTAAANIKG UANIKG O0€ JEYAAUTEPEG ATTOOTACEIG I, EVW Ol
KOPUYEG gival XaunAOTePNG £vTaong Kal TTo dIEUPUMEVES. AUTO YiveTal EPPAVEG
otnv Eikéva 4.8, cuykpivovtag Ta dedouéva TTou eAR@Onoayv yia ta deiypaTta S8,
S15, C12, C18 ue autd Tou bulk FesOas. AgloonueiwTo gival eTiong OT1 N éviaon
TOU ONUATog QBivel TaXUTEPA KAl PIE TTAPOUOIO TPOTTO YIA T 0PAIPIKA deiyuata S8,
S15 ouyKpITIKG PE Ta KUBIKG C12, C18. To yeyovog autd atroTeAei GAAN pia €voeitn
KAAUTEPNG KPUOTOAAIKNAG TAENG OTA KUPBIKA, WG OTTOTEAEOUA TwV AlyOTEPWYV
OOUIKWYV OTEAEIWV O AUTA, KATI TTOU £PXETAI OE€ CUPQWYVIA WE TNV TTponynBsioca
avaAuon. [a va yivel n Tpocapuoyn oTa TEIPAUATIKG OeSOPEVA PE TO AOYIOHIKO
PDFgui, xpno1JoTToInenkKe To JOVTEAO TOU KAVOVIKOU, KUBIKOU OTTIVEAIOU, TTOU OTAV
TEPITTWON Tou payvnTitn eival (Fe3t)g[Fe3*, Fe?t],405,. O TUTOG autdg
QVTITTIPOOWTTEUEI TN dIATAEN ATOPWYV O€ Wia Jovadiaia KUWEAIda Tou payvnTitn Kal
xpnoigotroigital wg Bdaon yia TNV TTpocappoyr Twv Oedopévwy. [Mpétrel va
onueiwBei 6T Adyw TNG oxedOV idIag NAEKTPOVIOKAC KATAVOUNS TwV I0vTwy Fe3*
Kal Fe?* (Bla@épouv POVo KaTA 1 NAEKTPOVIO), Ol ATOUIKOI TTAPAYOVTEG OKESAONG
(atomic scattering factors) eivar oxedov idIOl, JE ATTOTEAEOUA N TEXVIKI va PNV
MTTOPEI va DIAKPIVEI OUCIOOTIKA T OUO I6VTA. MPaKTIKA O TUTTOG TTOU XPNOIUOTIOIET
TO hovTéAO gival (Fe)g[Fel,4035 e TNV HOVN BIAKPIoT va a@opd TIG TETPOEDPIKES

Kal OKTOEDPIKEG BETEIC TTOU CUMPBOAICovTal pE TTapévBEDN KAl ayKUAN avTioTolxa.
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lNa Toug TTapatrdvw AGyoug Oev PTTOPEI va yivel dIAKPION OUTE TOU AVTIOTPOQPOU
OTTIVEAIOU Kal €KTiunon Tou PaBuou avtioTpoPng. lMa Toug Adyoug TToU
TTpoava@épBnoav, To MPOVTEAO paG OUOKOAEUETAI OTNV  TIPOCAPHOYH TWwV
Sedopévwy yia aTrooTdoslig r > 10 A, O6TTou Ta TIOIOTIKA XOPOKTNPIOTIKA TNG
TIPOCAPUOYNG XEIPOTEPEUOUV, EVW OUCIAOTIKA OTTOTUYXAVEI TEAEIWG OTAV TO EUPOG
QTTOOTACEWY TTOU XPNOIUOTTOIEITAI JEYAAWVEI apKeETE. AKOAOUBNBNKE KaTAd Kavova
MIa OUVTNPNTIKA TTPOCEYYIOT, EEKIVWVTAG ATTO TO ATTAOUCTEPO dUVATO HOVTENO Hiag
@aong KAaoikou KuBikou oTriveAiou. Ta atopa Fe kai O ToTroBeTriBnKav oTIg BE0EIG
TToU TTPOoBAETTOVTAN ATTO TO HOVTENO auTd,C o1 oTToieC Kal Bewpndnkav KaTapxAag
otaBepéc (BA. MAPAPTHMA 3.3). O1 TTapdyovTeg TTOU £XOUV va KAVOUV HE TIG
BepUIKES DOVAOEIG TWV ATOPWV (temperature factors Uj) dev eAA@Onoav utrown Kai
Ol JOVEG TTAPAUETPOI TTOU aPEBNOaV EAEUBEPES va UTTOAOYIOTOUV ATTO TO PHOVTENO,
€I0AYOVTAG WG APXIKEG TIMEG TIG TTPORAETTONEVEG aTTO TO KUBIKO OTTIVEAIO, ATAV
QUTEG TTOU aPOPOUV TIG BIa0TACEIS TIC Jovadiaiag KuweAidag a, b kai ¢. Qg emITTAéoV
TTAPAPETPOI XPNOIKMOTTOINBNKAV KAl KATTOIEG ATTAPAITATES VIO TNV TTPAYUATOTTOINCN
TOU UTTOAOYIOMOU, TTOU OXETICovTal PE Tov puBud ammdéoBeong TnG £viaong Tou
ONPATOG OUVAPTACEl TNG OTTOOTOONG I, TNV TTPOCAPUOYN TNG KAIMOAKAG Twv
TTEIPANATIKWY OeOONEVWV Kal TO HEYEDBOC TwV KPUGTAAAITWY, dnA. OUCIOCTIKA TO
MEyEBOC TwV ocwuaTidiwv oTnV TTEPITTTWOT pag (Qdamp, Scale Factor, spdiameter
ME Bdon TO OUPPBOAICPO TOu AoyiouikoU PDFgui). ZTIC apXIKEG OOKIUEG
xpnoigotroinenkav dedopéva 1600 o€ Bepuokpacia dwuatiou (300 K) i kar géxpl
Toug 400 K, 600 ka1 oToug 80 K.

210oug 80 K Adyw Tou TTEPIOPIOPOU TwV BEPUIKWY BOVAOEWYV, Ol KOPUPEG
gival TTepIocOTEPO OEEIEC KAl EUBIAKPITEG, PIE ATTOTEAEOUA TA JOVTEAD PAG va ivouv
ouviBwg kaAuTepa amroteAéopata (Eikédva 4.9). ECaipeon armrotelei 1o dciyua
ava@opAg TOU PayvNTiTn, TO OTT0I0 O XAUNAEG BEPUOKPAOTIiEG TTAPOUCIAEl HIa
TTOAU pIkpn €mdeivion TNG TTPOCAPHOYNG, TTIBavOTaTa OQEIAOUEVN OTNV JETAROON
Verwey (~ 120 K) kal oTnv OUVETTAYOUEVN MEIWON CUUMETPIAG, TTOU N OIOKPITIKA
IKQVOTNTA  TNG  XPNOIUOTIOIOUMEVNG  TEXVIKAG OE&v  paAG  €TITPETTEL VO

MOVTEAOTTOINOOUE.
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r(A)

Eikéva 4.9 T[leipaparikd dedopéva yia 10 dOciyua vavokpuoTdAAwv S8, TTou
eAjeBbnoav otoug 80 K (utmAe onueia) kal otoug 400 K (kKOKKIva onueia). Agv
TTAPATNPEITAI KAMIa aTTOAUTWG OOHIKA Ola@OPOoTIoincn TTIOU VA EKPPACETAl MPE
METATOTTIOEIG, QUEOMEIWOEIG 1 €V YEVEl PETOBOAEC TNG OXETIKAG éviaong Twv
Kopupwyv, aTtoug 80 K Suwg n dour «TTaywvel» Kal €101 01 KOPUPES Eexwpilouv
KaAuTepa. AvTioToixn €ikéva TTapartneeital yia OAa ta uttd peAETN deiyuaTa.

Ooo mpoyxwpouaoe n diadikaaia, KAeIdwvovTav 60€g HETARBANTEC BewpriBnke
QATTOPAITATO, OTIG TIMEG TTOU UTTOAoyioTnKav atmd To AOYIOMIKO Kal agrivovTav
€AEUBEPEG N e10AyovTaV VEEG HETABANTEG TTOU €Kavav TO JOVTEAO Aiyo TTIO OUVOETO,
OAAG Kal TTIO QTTOTEAECHATIKG, OTTWG A.X. METATOTTIOEIC ATOUWY ATTO TIG 10AVIKEG
TOoug B€0¢Ig, BepuIKEG OOVNOEIG KATT. 1dIaiTepn TTpoooxr dIvoTav WOTE va Pnv
a@AvovTal aveCEAEYKTEG METARBANTES TTOU TTOPOUCIAloUV CUOXETION PETAEU TOUG,
€I0IKA OTav OTn ouvéxela aTraitABnke o UTTOAOYIONOG TNG aplBunTIKAG TIWAG
KATTOIWV €€ QUTWV WE OKOTTO TNV TTOCOTIKOTIOINCN TWV ATTOTEAEOUATWY. Na

ONPEIWBEI OTI 01 aTOMIKEG DOVAOEIG BEWPNBNKAV CUPPETPIKES Kal 10i0U EUPOUG YIa
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Ouola dtopa o€ TTapopolo XNUIKG TTepIBAAAov. 'ETol uttoAoyioTnkav SIa@OPETIKOI
ICOTPOTTIKOI  TTapdyovTeg (isotropic temperature factors Uii) A.X. yia OAa T1a
TETPAEOPIKA ATOMO OIOAPOU Kal BIAPOPETIKOI YIa Ta OKTAEDPIKA. Ta TETPAEDPIKA
dlaTeTayuEVa aTopa BewpriBnke dnAadr 6TI dovouvTal ICOTPOTTIKG Kal JE TTAPOUOIO
TPOTTO pETAEU TOUG, aAANG pE OI0QOPETIKO €UPOG OTTO Ta OKTAEdPIKA. Ma Ta
eAappuTEpa aToua ofuydvou dev €lIoAxOnoav avTioToixeg METABANTEG, OIOTI O
uTTOAOYIONOG TOUG BewpnBnke avagiomoTog Adyw WPIKPOTEPNG euaiocbnaoiag Tng
TEXVIKAG KAl Un aTTapaiTnToq yIa TNV €6aywyr) CUPTTEPOCHATWV.

To idlo poviéAo kal n idla TTpoofyyion akoAouBnbnke Kal KAtd Tnv
emegepyaoia Twv Oedopévwv TTOU agopoucav Ta Ouo dipacikd SeiypaTa
VOVOKPUOTAAAWYV, TUTTOU TTUPAVA — KEAUQOUG (S15, C18), ye pudévn diagopd TNV
TTPOoONKN piag emmTTAéov @Aong dOUNG OPUKTOU AAATOG, auTig Tou BouoTitn. H
OXETIK avoloyia Twv OUO @ACEWV UTTOAOYIOTNKE MEOW TnG O1adIkaaiag
TIPOCAPUOYNS KAl CUYKEKPIUEVA OTnV TrEPITTTwon Ttou S15 n ¢@daon tou FeO
KUPAvOnke yupw o1o 15%, avaAloya pE TIG ETTINEPOUG MIKPOTEPES | MEYOAUTEPEG
aAAayEG O0TO PHOVTENO Kal oTnVv TTEPITITwon Tou S18 Atav Tepi To 10%. Ta vouuepa
divovTal he eMQUAALN, KABWGS N elcaywyn 0eUTePNS @AoNG divel KATTOIA ETTITTAEOV
eAeuBepia 0TO POVTEAO KAl TO A@rvel va atmodwaoel Yeudwg KATTOIEG ATTOKAICEIG
atmd TNV 18avik dopr oTnv UTrapg¢n Tng emtmAéov @dong, OTTw¢ Ba douue OTn
ouvéxela. Maviwg otnv TEPITITwon Tou PeyaAou o@aipikou dgiypaTtog (S15) n
XpPron 0euTePNG GACNG Eival ATTAPAITATN KAl BEATILOVEI CNPAVTIKA TNV TTOIOTATA TNG
TIPOCAPUOYNG, EVW OTNV TIEPITITWON TOou MeyAAou KuBikou (C18) dev Kavel
dlapopd, KaBws OTTWG avaPEPOnKe vwpitepa, AOyw e0QOAPEVOU XEIPIOPOU Kal
aTUXOoUG €KBeong Tou OTnv aTudo@aipda, autd HaAAov o&eidwbnke oxedov
OAOKANPWTIKA TTpog FesOa.

Mepi€pywg, 10 HOVTEAO AUTO (MOVOPAOIKO 1) dIPACIKO), dEV PTTOPOUCE va
TTEPIYPAWEI ATTOAUTWGS TA TTEIPAUATIKA dedopEva KAl OUYKEKPIPMEVA TO TTPORANUa
EVTOTTIOTNKE OTNV KOPUQPA Ot amdoTaon r ~ 3 A, otnv otoia kai atrotdyxave va
TIPOCAPUOCTEI CUCTNPATIKA, O OAO TO €UPOG TWV BEPUOKPACIWY Kal yia OAa Ta

ociyuara.
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To mpoéBAnua AoItdév dev aPopouoe KATToIa BEPPOKPACIOKA OXETICOMEVN
METABaON Kal £YIVE EPPAVES OTI N KPUOTAAAIKN dour Twv deiyudtwy TTapouaciale
Mia eAa@pd dlagopoTroinon o€ oxéon Pe TNV 10avikh doun KUBIKoU oTTiveAiou. H ev
AOYW KOpuQr] avTioToIXEi OTNV MIKPOTEPN atrdéoTacn METAEU OUO VYEITOVIKWV
OKTAEOPIKA SIATETAYMEVWY IOVTWY O1I8fPoU oTn dour) Tou payvnTith. AapBdvovtag
uTTOWn TO YEYOVOG OTI Kal aTn dOPr Tou BOuaTitn, N KOvTIVOTEPN aTTOoTOON Fe —
Fe cival Trepi Ta 3 A, BewpnBnke 6T N sioaywyn Kai deUtepng gaong (FeO) oto
MOVTEANO, eVOEXONEVWG va BeATiWvE Ta atToTEAéoPaTa TOCO oTa PeyAAa core/shell
owuaTidia 600 Kal oTa PIKPOTEPA TToU Oev €xouv eugavr) core/shell dour, Ba
MTTOpOUCAV OUWG Va €XouV UTToAgiypaTa doung FeO. Av Kal n TTpocapuoyn Twv
oedopEvwy €0¢1Ee onuavTiKA BeATIwon, €1I8IKA 0TO owuaTidlo S15 pe TNV EekABapn
core@shell dopr}, oUTe AUTA N TTPOCEYYION KOTAPEPE TEAIKA va BEATIWOEI TNV
KATAOTOON KOl CUYKEKPIMEVA TNV AVAVTIOTOIXIO UOVTEAOU-OEOONEVWIV TNV KOPUOPH
ota 3 A, 6TTw¢ @aivetal xapaktnpioTikd otnv Eikéva 4.10 kai Tnv Eikéva 4.13 a,b.
Me Baon Tnv TTPONYOUUEVN EUTTEIPIA UE OUCTNUA VAVOBOUNWEVOU CUPTTAEYUATOG
KPUOTAAAWY PayKEWITN (OTTIVEAioU TTapdpolag OOMNG WE QUTA TOU uayvnTiTh) TTOU
gixe mapaokeuaoTei oto Epyaocthpio KBavTikwy YAIkwy & MayvnTiopou tou IHAA
Tou ITEX2 kol Tou oxeTikoU uTroBIBacpoU TNG CUPMPETpiag amd KuBIKA Ot
TETPAYWVIKA (KATI TTOU avTaVAKAATAI OTNV OXETIKR Kopudr| ota 3 A), TTou eixe pépel
OoTO QWG N dopIkr avaAuaot Tou, eTTiong pe Tnv TEXVIKI PDF (BA.NMAPAPTHMA 3.4),
ATTOPOCIOTAKE VA XPNOIKMOTTOINBEI Kal €dw n povadiaia KUWeAidA TOU TETPAYWVIKOU
MOYKEMITN WG BAon yia Tn dnuioupyia evog véou PovTEAOU Kal va diepeuvnOei Kata
OO0V auTO BEATILVEI TNV TTPOCAPUOYN. Av Kal oTn BIBAIoypagia Kal TIG avTIOTOIXES
KpuoTaAhoypa@ikés Baoeig dedopévwy OV OUVAVTHOANE OXETIKH ava@opd yia
TETPAYWVIKH dOoUn JayvNnTiTn, autd To HOVTEAO BewpnONKe KOAR TTpOCEyyIon, PIag
Kal Ta dUo 0&eidia Tou 10 pou £xouv TTapduola dour Kal dlagEépouv uévo oTnV

OTOIXEIOUETPIA.
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Eikéva 4.10 [MeipapaTikd dedopéva (MTTAE onueia) otoug 80 K kal n avtioToixn
TTpocapuoyr (KOKKIVN ypauun) yia (a) To deiyua ava@opds ue KUBIKO povTéAo, (B)
1O Ociyua S8 pe 10 idI0 KUBIKO PovTéNo Kal (y) To dipacikd deiyua S15 pe KupIkKO
MovTEéAO oTTIvEAiou Kal TTpooBrkn &eUTEPNSG PACNSG OPUKTOU AAATOG. € KaMia atrd
TIG TTEPITTTWOEIG (B) kal (y) Oev KATAQEPVEI TO HPOVTEAO VA TIPOCEYYIOEl TA
TTEIPAUATIKG OedOPEVA, OTTWG OTNV TTEPITITWON TOUu OEiyUATOG avagopdg. AuTo
ETMTUYXAVETAI OTAV XPNOILOTTIOINOEI TETPAYWVIKO JOVTEAO, OTTWG oTo () yIa TO
ociypa S8. Or1 mrpdoiveg ypaupég divouv Tn S1a@OpPAa POVTEAOU — TTEIPAUATIKWV
d0edopévwy, N TToIOTNTA TNG TTIPOCAPHOYAG EKTINATAI ATTO TOV TTapdyovta Rw TTou
diveTal yia Tnv KABE TTEPITITWON EKPPACHUEVOG ETTi TOIG €KaTO. Me TIG KABETES
OIAKEKOMMEVEG YPOAUUES DivovTal KATTOIEG XAPAKTNPIOTIKEG OIATOUIKEG ATTOOTACEIG
oTnNV KPUOTAAAIKY) doun Tou payvnTitTn (KOKKIVO Xpwua) Kal Tou BouoTitn (TTpdoivo
XPWHA). To KUBIKO povTéENO oupBoAifeTal pe «C» TO TETPAYWVIKO PE «T», n doun
OPUKTOU GAATOG PE «RS» Kal TOU OTTIVEAIOU PE «Sp»

154



KED. 4 - 5Y3THMA FeO-FesOs: AOMH KAI IAIOTHTES>

Mpd&yuaTl, TO TETPAYWVIKO HOVTEAO ATTOBEIXBNKE IKAVO VO TTPOCOUOIACEI TO
TEIPAUATIKG OedOPEVA  YId TO OUVOAO TwVv OEIYUATWY VAVOKPUOTAAAWY,
e€aleipovtag To TPOBANUA TNG avavTioTolxiag pe TNV kopuer ota 3 A. Na
ONMEIWBEI OTI N XProN TOU TETPAYWVIKOU JOVTEAOU OEV BEATILOVEI TNV EIKOVA TTAVW
amd Ta 10 A, avTiBeta AANOV TNV ETISEIVIVEI, KATI TTOU UTTOBEIKVUEI OTI EXOUME Va
Kavouue TmBavoTaTta pe pia TOKAG euBEéAeIag diatapax TNG KUPIKAG SOPNG, N
OTTOIa EKPPACETAI WG KATTOIOU €iI00UG EVTOTTIOUEVN TETPAYWVIKN TTAPANOPPWON, N
TPOEAEUON TNG OTTOIOG BEV €ival ATTOAUTWG KATAVONTA KAl XPEIAZETAI TTEPAITEPW
dlEpEUVNON. € HEYOAUTEPEG ATTOOTACEIG N OO TEIVEI VO AVAKTAOEI TNV KAVOVIKA
KUBIKA d1aTagn. Autd atrodeikvueTal otnv Eikéva 4.11, 61Tou atmmoTuTtwvovTal Ta
armmoTeAéopaTa TNG TTpocapuoyns Oedouévwy 1600 HE KUBIKG, 600 Kal HE
TETPAYWVIKO HOVTENO, O€ pia dIadIKaTia TTOU gival yvwoTr wg «boxcar refinementy.
2.€ QUTOU Tou €idoug TNV d1adIKACiA, TTEPIYPAPOUNE TA DEDOUEVA UE CUYKEKPIPEVO
MOVTEANO DIOTNPWVTAG iDIEG OAEG TIC TTAPANETPOUG, O€ DIODOXIKA DIACTANATA TTOU
A@OPOUV dIAPOPETIKA, OIAdOXIKA €UPN OIATOUIKWY OTTOOTACEWY. 2TNV APIOTEPN
€IKOVA QaiveTal N KAQOIKN TTEPITITWON AUTAG TAS TTPOCEYYIONG, OTTOU TO VEO TUAUA
TIPOCAPUOYNG CEKIVA EKEI TTOU TEAEILVEI TO TTPONYOUUEVO (ME £CAipEDTn T TTPWTA
dU0 onueia), eV To KABs TUAUA éxel e0pog 5 A. STnv Be€id €IKOVA £XOUME pIa
OIAPOPETIKN TTPOCEYYION, OTTOU UTTAPXEI AAANAETTIKAAUWN PETAEU TWV TUNHATWY,
Ta oTroia OTTAG PETAKIVOUVTAI TTPOG MEYOAUTEPES OIATOMIKEG ATTOOTACEIG, KATA
aTrOéoTACN TTOU AVTIOTOIXEI XOVOPIKA O€ Hia o@aipa KOVTIVOTEPWYV YEITOVWY KABE
@opd. Av kal n Tpoocappoyr Oivel @TWXA atroTeAéopata, €I0IKG  OTav
HETOKIVNBOUUE Of ammooTAoelC avw Twv 15 A, eival Traoipavéc 6T To KUBIKO
MOVTEAO €ival TTI0 OUVETTEG, QVTIOETA WE TO TETPAYWVIKO TIOU @aiveTal va
atrotuyxavel TTAAPWG. AuTO UTTODEIKVUEL OTI N OOMN av Kal TOTTIKA dlatapayuévn,
KaTd HECO OPO, OTO GUVOAO TOU OYKOU TOU owpaTidiou, diatnpei TNV TTPORAETTONEVN

doun KUBIKoU oTTiveAiou.
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Eikéva 4.11 ATToTUTTWON TNG TTOIOTNTOG TNG TTPOCAPPOYAS TOU HOVTEAOU OTTIVEAIOU OTO
Ociypa S8 otoug 80 K, ek@paopévng We Tov TTapdyovta Rw, CUvapTioEl TOU eUPOUG
TTPpoCapuoyng, ETTeima ammo  1n  Agyouevn Oladikaoia «boxcar refinement», pe
TTpocappoyr dnAadr o€ dIaPopPeTIKA d1adOXIKG dIacTAUATA DIOTOMIKWY ATTOCTACEWV I.

H u108£TNON TOU TETPAYWVIKOU JOVTEAOU AOITTOV BEATILOVEI TNV TTPOCAPHOY
o¢ OAa Ta OgiyuaTa HPOVOPACIKWY VAVOOWKPUOTAAWY, O€ QTTOOTACEIG TTOU
agopouv Tnv 1otk doun (Eikéva 4.10, Eikéva 4.12 & Eikéva 4.14), evwy oTnv
TTEPITITWON TOU MEYAAOU OQAIPIKOU TTOU €XEl ¢ekABapn dour TTuprva-KeAUQOUG
(S15) diatnpeitar kar €dw n OeUTEPN @ACN TOU POuoTiTn, OTTWG EYIVE
TIPONYOUNEVWG HE TO KUBIKO MOVTEAO, VIO va TIEPIYPAPOUV ETTITUXWGS T
TeipapaTikG dedopéva. OTwg gaivetal evOeIKTIKA oTnv Eikéva 4.13 n uioBéTnon
TOU OIPACIKOU HOVTEAOU OPUKTOU AAATOC — TETPAYWVIKOU OTTIVEAIOU BEATIWVEI
EUPAVWG TNV TTPOCAPUOYF. € QUTH TNV TTEPITITWOTN, TO dIPACIKO POVTENO HE
TETPAYWVIKO OTTIVEAIO divel avaloyia gaong BouaTitn Trepitrou 22%, d1IoTNPWVTAG
TNV €mM@UAAEN TToU OIOTUTTWONKE TTPONYOUNEVWG WG TTPOG TNV OKpifeia Tou
apIBuNTIKOU atroTeAEoaTOC. AvTIBETWG OTO deiypa C18 KpiBnke TTEPITTA N XPHon
dIPACIKOU povTéEAOU Kal €101 aTTd €0W Kal 0TO €EAG B AVTIMETWTTICETAI WG BEIYHaA
Miag @aong (payvnritn). Ta api@unTiKG AtToTEAECUATA TNG TTPOCAPUOYNG WG TTPOG
TIG DIAQPOPES TTAPAPETPOUG TTOU UTToAoyioBnkav, divovral oto NMAPAPTHMA 3.5.
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Eikéva 4.13 lMpoocappoyr Twy TTeipapaTtikwy dedouévwy oe T =80 K yia Ta dipacikd
oQaIPIKA cwuaTidla Tou deiypatog S15 (a) pe kKupikd povo@aaoiko (Fd-3m), (B) kupikd

O1pacikd Kal () TETPAYWVIKO dIPacikd povTéAo (P43212).
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Mapatnpwvtag 1a dlAypAUPATA TTOU  ATTOTUTTWVOUV  TA  TTEIPANATIKA
oedouéva Kal av ETTIKEVTPWOoUPE yia Adyoug KaAUTEPNG TTapaThpnong oe éva
0Tevo £0pOg aTrooTAoEWV amod 2.5 A éwg 4 A | ptropoUpe va emonuavoups KaTola
TTOAU onuavTikd oToixeia. Katapydg 1o yeyovog o011 n Kopur] ota 3 A trapouciddel
OIAPOPOTIOINCEIS WG TIPOG TNV OPICOVTIO UETATOTTION TNG O€ OXEOn ME TNV
avauevopevn Béon Tng atrd dciypa oe Ociyua. Av Bewpriooupe dUO aKPAieg
KATOOTACEIG, TTOU APOPOUV TNV TEAEIA KUBIKI doUr OTTIVEAIOU OTO £€va AKPO Kal TNV
TEAEIO TETPAYWVIKI OOWRl OTO AANO, OTTWG QUTEG TTPOKUTITOUV OTTO OXETIKEG
TTPOCOUOIWOEIG TToU £yivav (Eikéva 4.15 mavw), BAETTOUPE OTI TO deiyua avagopdg
TEIVEI va TAUTIOTEI PE TNV TTEPITITWAN TOU KUPBIKOU JOVTEAOU, eV OAQ Ta UTTOAOITTO
Ociydata  TTOPOUCIACOUV  PIKPOTEPEG 1 MEYAAUTEPEG QTTOKAICEIC TEivOVTOG
TEPIOTOTEPO A AIYOTEPO TTPOG TO TETPAYWVIKO POVTENO. AuTd aTTodEIKVUEN OTI N €V
AOYW TETPAYWVIKH TTAPAPOPPWON EVOEXOUEVWG OXETICETAI KOI HAAAOV TTPOKAAEITAI
aTTO TO TTOCOOTO OOMIKWYVY ATEAEIWV TTOU CUOCXETIOTNKE WE TNV HOP@OAoyia Twv
owpaTdiwv oTnV TTponyouuevn avaAuon. ETriong ol duo dIa@opeTIKEG DOUEG,
KUBIKA Kal TETPAYWVIKL, dIa@EPOUV KAl WG TTPOG TNV £VTAON TG KOPUPNG, KUPIWG
autAc ota 3 A. H katdotaon TepImTAéKeTal av AGBOUME UTTOWN OTI £XOUME éva
OIPACIKO oUCTNUA, APOU Ol OXETIKEC TTPOCOPOIWCEIG OEiXVOouV OTI TO TTOOOOTO TNG
@aong Tou PBouoTitn OXETICETal KAl AUTO WE MIO CUOTNUATIK oAicbnon Tng
OUYKEKPINEVNG KOPUPAG Oe€IOTEPA, OAAG Kal PE MIa aug¢non Tng €vIaong Tng
(Eixéva 4.15 kdtw). Av TTapatnpACOUUE Kal TNV KOPU®H TTOU QVTIOTOIXEI OTNV
€AAXIOTN ATTOOTAON OKTAESPIKWV — TETPAEDPIKWY OI1dfPWY 01O OTTIVEAID (3.5 A),
BAEéTTOUPE OTI EKTOC ATTO MIa MIKPH OAioBnon TTpog Ta apioTepd étav n dour armmo
KUBIKA YiVETQI TETPAYWVIKA UTTAPXEI QVTIOTOIXWG KAl Pia PEiwon TNG EVTAONG TNG.
MNa v akpiBela n OXETIK avaAloyia TwvV eVIACEWV QUTWYV TwWV OUO0 KOPUPUWV

HETARAMETal UTTEP TNE TTPWTNG (3 A) e alénon Tou TToooaTol FeO.
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[ Meipapa

i - MpocouoIwoEIg
I : : c .
sl —S8 L2118 1L cubic aibic i
S15 30 —— tetragonal
L ——C12 1 i

N

tetragonal

c18 -
bulk e

A1 2 E ' = 4
L " 11l 1 i 1 i 1 i 1 i 1 " 1 " 1
2.50 2.75 3.00 3.25 3.50 3.75 2.50 2.75 3.00 3.25 350 3.75
r(A) r(A)
& ¥ | II . T ® - T
T neipapa e T MNPOGOUOLWOELS low FeO content
L 11 @© 4 F
——sS8 oy ——FeO 10%
3k s15 g:;? 1 F FeO 20%
b ——iG12 1@ & {1 t——FeO30% high FeO content
51 c18 ‘> | —— FeO 40%

— bulk |

1 " 1 i 1 " 1 i 1 i 1

.50 . 3.75 2.50 2.75 3.00 3.25 3.50 3.75 ‘ 4.00
r (A) r (A)

Eikéva 4.15 T[leipauatikd dedopéva yia Ta deiyuarta Twv VAVOKPUOTAAAWY Kal TO
Ociypa avagopds (apiotepd) o€ avTITTapaBoAr YE BeEwPNTIKEG TTIPOCOUOIWOEIS YIA TIG
OKPAIEG TTEPITITWOEIG TEAEIAG KUBIKNG — TEAEIAG TETPAYWVIKNAG HMOVOQPAOCIKAG SOPNAS
omveAiou (TTAvw O€e€Id) Kal dIPacIkNG OOUNRG KUPBIKOU oTTiveAiou — PouaTitn, ME
OIAPOPETIKES TTEPIEKTIKOTNTES BouaTiTn (KATW OECI).

MNa va gediaAuvel KATTWG n €lkOva Ba TTPETTEl va OPOBOTTIOINCOUKE Ta
atmmoTeEAéOUATA | VO KAVOUUE MEUOVWMEVEG OUYKPIOEIG PETAEU delypdaTwy. MNa
TTapddeiyua pe Bdon ta mTpoavapepBEvTa, TOo Ociypa S15 TToU €X€l JAANOV ThV
MEYAAUTEPN TTEPIEKTIKOTATA O€ BOUCTITN, EUPAVIEl Pia CUMTTEPIPOPA CUUPWVN HE
TIG TTPONYOUMPEVEC TTAPATNPENOEIS, KABwS n mpwTtn kopupn (Feon - Feon)

METATOTTICETAI TTPOG TA BECIA KAI N OXETIKA €vTaon Twv dUO KOPUPWVY PETARAAAETAI
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UTTEP TNG TTPWTNG, XWPIC OPWGS va QTACEI OTO OnuEio TTou TTPoRAETTETAI OTTO TNV
TTpooopoiwon. Autd dev dikaioAoyei, yiati To deiypa S8, tou cival ekdBapa
MOVOQAOIKO, €XEI QVTIOTOIXNG KAIMOKAG PETATOTTION OTNV TTPWTN KOpu®n Kal idia
évraon pe 10 S15 otnv deutepn. Kam avadAloyo ocupfaivel kal pe Ta KUBIKA.
BAétroupe kal TaAI 611, AapBavouévng Kal TG ouvelo@opds TnG edong tou FeO,
Ta dciypata eu@avifouv Kal TTAAI hia Taon dlIaXwpIoPoU w¢ TTPOG TNV €IKOVA TTOU
TTapoucidlouv oto X-PDF, o€ KUBIKA Kal o@alpikd.

OAeg o1 TTponyoupEvVEG TTOPATNEAOCEIS UTTESEIEAV TNV avAdykn va Angoei
uTTOYN TO TTOCOCTO KEVWYV TTAEYUATIKWV B€oewv. To UWog 1 aAAILG n éviaon Twv
KOPUQWV OXETICETAI JE TNV TTIBAVOTNTA UTTAPENS TWV DIATOUIKWY ATTOOTACEWY OTIG
OTTOIEG AVTIOTOIXEI N KABE KOPUPN KAl CUVETTWG PE TNV UTTAPEN 1 KN TWV OXETIKWY
atopwy. H peiwon tng évraong eival AoImtov €VOEIEN UTTOOTOIXEIOPETPIOG, TTOU
mOAVOV €TTAYEl AvadIaTALEIG OTNV KPUOTAAAIKI) dOUN Kal dNUIOUPYEI TIG ATEAEIEG
Kal TIG aTTOKAICEIG TTou €xouv oulntnBei péxpl oTiyung. H ouoTtnuaTtik GAAwoTE
uEiwon TS évraong TNS Kopugrg ota 3 A Trou eival evBEIKTIKA TN EKTAONS TNG
TETPAYWVIKAG TTAPAPOPPWONG, OXETICETal UE TNV UTTAPEN KEVWV TTAEYUATIKWV
Béoewv OKTAEOPIKWY 10VTWY Fe (n Kopu®r avTIoTOIXEi O€ DIATOUIKEG ATTOOTACEIG
Feon - Feon). EEGAAOU OTTWG TTpoava@EPONKE TO TETPAYWVIKO PMOVTEAO apopd o€
OOUN MAYKEMITN, TTOU TTPOKUTITEI ATTO TNV EAAEINUATIKA O Feon) dour KAQOIKOU
oTiveAiou. ESW éxoupe dPwWG Kal Pia TTEpAITEPW CUCTNPATIKY PEiwon évTaong oTa
3.5 A (a6 1o bulk oTa KUBIKG Kal aTTO Ta KUBIKG 0T o@aipikd deiypaTa), Trou ival
Mo évrovn até auTr ota 3 A kai v ptropei va opeileTal oTnv HETAROAR Tou Adyou
évtaong Twv Kopu@wv Adyw FeO. Miag kal auTh) n Kopu®r AvTIOTOIXEI O€
OIaTOMIKEG ATTOOTAOEIG Feon — Fera 01O OTTIVEAIO, XwpPig ouvelopopd FeO, n
TTOPATNEOUMEVN MEIwoN atroTeAeil €voeign yia diagopoTtroinon Tou Paduou
KataAnwng Td Béocwv atod deiypa oe dciyua. MNa va digpeuvnBei n «TTpoTipnon»
TWV KPUOTAAAOYPAPIKWY KEVWV WG TTPOG TIG OKTAEOPIKES 1] TETPAEDPIKES BETEIC,
EYIVOV OXETIKEG TTPOCOMOIWOEIG, ME OIAPOPETIKN EVOEIKTIKI) KATAVOUN ATOUWYV
o10ripou oTa dUO dIAPOPETIKA €idn Béocwv (Eikéva 4.16). AuTég, o€ ouvduaoud

KOl JE TNV QVTIOTOIXN CUCTNPOTIKA PEIWGON TNS évTaong TNS KOPpUuPn¢ ota 3.5 A,
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Eikéva 4.16 (a) MNeipapatikd dedouéva yia Ta deiyuata S8, C12, S15 CuykpIvOUEVa PE auTd
TOU BeiypaTog ava@opdg payvnritn, €omidloviag otnv Tepioxy 2.5 - 4.0 A. (B) kai (y)
TTpocopolwoel XPDF onudtwy pe Bdaon 10 KUBIKG OTTIVEAIO, OTTOU O AOYOG TWV KEVWV
TTAEYMOTIKWYV B€oewv okTagdpikou (Oh) kai TeTpaedpikou (Td) o1drpou TTOIKIAEL. ZUYKEKPIPEVA
oTtnVv TTEPITITwon (B) 1o TTooo0oTd Feon kpatninke otaBepd 010 75%, pia HAAAOV AOYIKN TIUA PE
Baon Ta peAsTwpevVa deiypaTa, evw TO TTOCOOTO Fertd augnbnke diadoxikad atmd 1o 60% oT0
100%. O1 SIOKEKOPPEVEG KABETEG UTTODEIKVUOUV TNV avOUEVOUEVN OTTO TO HOVTEAO B€on Twv
KOPUPWV TTOU avTIoToIXoUV oTnV atmdoTaon Feon - Feon (r ~ 3.0 A) kal Ferqa — Ferd (r ~ 3.5 A).
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£€deigav 0TI o1 vavokpuaTaAAol xapakTnpiovral gaAAov atrd EAAEIyua 10VTWY Fe
TOOO0 OTIG OKTAEOPIKEG, OTTWG Eival AVAPEVOUEVO, 000 KOl OTIG TETPAEDPIKEG
KpuoTaAAoypa@ikég BEoeIG, o€ avTiBeon pe deiydaTa oupTTayoug Jayvntith, OTTou
0l KEVEG OKTAEDOPIKEG BEoelg Fe eival auTéG TTOU KATA KUPIO AOyo KaBopifouv Tn

doun Kai TI¢ 1016TNTEC. 13

EmotpépovTtag Aoimmov Kai TTaAI oTnv povTeAOTToino N Twv OEOOUEVWYV, TTPETTE
va oNUEIWOE OTI apXIKA, aKOUA Kal OTAV XPNOIUOTIOINBNKE TO TETPAYWVIKO JOVTEAO
€vavTl TOU KUBIKOU, auTd val pev BEATIwWvE 0Oa@WG TNV TTPOCAPHOYT WG TTPOG TN
B€on Twv KOPUPWYV, ATToTUYyXave OUWGS Kal TTAAI o€ £va BaBud va TTPOCOUOIACEl TO
UWog Toug. AuTo €1TeTeUXOEl OTAV €101 XONCAV OTO PMOVTEAO KAl UTTOAOYIOTNKAV Ol
METABANTEG yia TNV TTAAPWOTN TWV TTPORAETTOUEVWY KPUOTAANOYPAPIKWY BECEWV
aT1TO OKTAEOPIKA KAl TETPAEdPIKA dlaTeTaypéva dTtoua o1drpou (occ - occupancies).
O1 TTPOCOPHOYECG TWV TTEIPAPATIKWY Oedouévwy TTOU  TTapoucidlovtal OTIG
TTOPATTAVW EIKOVES £XOUV TTPOKUWEI AapBAavovTag utrown TIG TTAPAUETPOUG OCC. 2€
QuTH TN @Aon OPwG OV Ba gixe vONUA va Yivel Jia oUYKPIoN TWV EEAYOUEVWV TINWV
TWV TTOPAMETPWY OCC METAEU TWV OEIYNATWY, O£OOUEVOU OTI OI CUYKEKPIUEVEG
TTOPAPETPOI EUPAVICOUV CUTXETION PE QUTEG TWV TTAPAUETPWY BEPUIKWY dOVIOEWV
(isotropic temperature factors) kalr €101 o1 uTTOAOyIOB€EioEG APIBUNTIKEG TIMEG
BewpouvTal un agiémoTes. MNa va yivel gia dueon Kal agidTmoTn ouykpion YETAEU
TWV UTTOAOYIOOEVTWY PETABANTWY OCC yia Ta dId@opa, N YOVTEAOTTOINON ETTPETTE
VA YiVEl €K VEOU KAEIBWVOVTOG TIG METARBANTEG TTOU APOPOUV OTOUG temperature
factors oe pia otaBepry KoIVWG OTTOOEKTA TIUA, N OTroia €TTi TOU TTAPOVTOG
emMAEXTNKE ion pe 0.003. AuTo emITPETTEI TNV TTOOOTIKI) OUYKPION TNG TTARPWONG
KpuoTaAAoypa@ikwyv B€oewv PETAEU TwV dIa@Opwy OElYUATWY MPE agIoTIOTIq,
OKOPO KI av n €gayopevn apiOuntikn TIMA Oev TAUTICETAI ATTOAUTWG ME TNV
TTPAYMATIKH. ZUVETTWG SIiVETAI £TC1 PIO TTOOOTIKOTTOINON, £€va HETPO TOU BaBuou Tng
UTTOOTOIXEIOPETPIAG KAl CUVETTWG TNG £KTAONG TNG KPUOTAAAIKAG diaTtapaxng o€
KGBe deiypa TTou HEAETAONKE. Ta aplBuNTIKA atroTeAéouaTa aTrd Tn diadikaaia TTou

TTEPIYPAPNKE TTI0 TTAVW, OivOuv GUVOAIKA KATAANWN TTAEYPATIKWY BEcEwV 010 pou
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(®nA. oAIk6 cidnpo ava povadiaia kuyweAida, T600 Feon 000 Kal Ferd) TTOU

EKQPAdleTal atTo TN OEIPA:

occ-S8 (16.4[1]) < occ-S15 (18.2[1]) = occ-C18 (18.5[1]) < occ — C12 (20.0[1])<
occ-bulk (26.4[1)).

Av yivouv ol aTtTapaitnTol UTTOAOYIOHOI, BewpwvTag OTI N 1I0AVIKA Jovadidia
KuweAida oTmiveliou €xel 24 dTopa O10POU, N TTPOCAPHOYN TWV OEOOUEVWY DiVEl
TIG ATTOAUTEG TIMEG OUVOAIKWYV aTOPWV O10pou ava povadiaia KuweAida TTou
divovTal oTIC avTioToixeg TrapevOicelc. H Tiun 26.4[1] yia 10 deiypa avagpopdg
(utrep-OTOIXEIOUETPIA) OEV  TIPETTEI VA  TIPOKAAEI  €vTUTTWON, KOBWG OTTWG
TTPOAVOPEPBNKE Ol TINEG £XOUV TTPOKUWEI WG ATTOTEAEOUA TNG TTPOCAPHUOYAS TOU
ETMIAEYPEVOU POVTEAOU OTA TTEIPAUATIKG dedOMEVA KAl EVW) PTTOPEI va pnv €ival
ATTOAUTO CUNQWVEG JE TNV TTPAYUATIKOTNTA, £X0UV AnN@OEi Ta avaykaia JETpa WoTe
n METAEU Toug OUYKPION va gival KaBOAa agIdoToTn.

21nv Eikéva 4.17 divovtal oxXnNUaTtika Ta OXETIKA aplOunTIKA atmoTeAéouaTta
TTOU TTPOEKUYAV aTrd TOV TTIO TTAVW UTTOAOYICHO Yia Tov OAIKO aidnpo avd
povadiaia KuyeAida, aAAd Kal CUYKEKPIPEVA YIa Ta 1I0VTa Fe TTou kataAapBdvouv
TETPAEDPIKEG BEoEIC. H oUykpion ueE To Ogiyua ava@opdg CUPTTAyoUS payvnTiTh
Ocixvel &ekdBapa TNV ateA] UTTOOTOIXEIOPETPIKA OOUN TWV VAVOOOUNUEVWY
KPUOTAAAwV. 2uykpivovtag avd duo Ta Ociydata yia va €gayxBouv KATTolx
ouutrepdopara, BAETToupe 611 To S15 €xel TTEPIOCOOTEPO dlaTapayuévn OOur O€
oxéon pe 1o C12, av kai €xouv oxedov Tov idlo Oyko. AuTtd ogeileTal TBavoTaTa
oTnv o@aipiki poppoloyia. Metau S8 kal S15 Twpa, TTou €xouv TO idI0 OXNAKA, N
1B1IaITéEpwg dlatapaypévn dou Tou S8 TTPoPAVWG OPEIAETAI OTO PIKPO PEYEDOG.
‘Evag vavokpuoTaAAog < 10 nm TTpo@avwg Oev YTTOPEI VO AvATITUEEI KPUOTAAAIKN
ooy MOKPAG euPEAEIAG Kal TO MEYOAUTEPO TTOOOOTO TWV ATOUWYV TTPAKTIKA
BpiokeTal KOVTA OTNV €TMIQAVEIA OTTOU £XOUME ATTOTOMUN BIAKOTTH TNG OOMNG, KATI
TTOU €ival yvwoTO OTI 0dnyei o€ TAOEIG KAl KPUOTAAAIKEG aTEAEIEG. TENOG, To C18
BpiokeTal MO XaunAd icwg a1r’ 611 Ba TO TTEPIMEVAUE (OUYKPIOIKO e To S15) av Kal

EXEl TOV PEYOAUTEPO HE dIOPOPA OYKO, TTPOCOMOIAlEl dnAadr TTEPICOOTEPO OE
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KpUoTaAAo pe dopn pakpdcs euBéAciag (bulk) oe oxéon pe Ta uttdAoiTa. Towg n
oupTTEPIPOPA auTh o@eileTal oTn diadikaoia ofeidwong Tou AOyw €kBeon g OTO
atpoo@alpikd otuyovo. Oco peyaAutepo 1o TTOOO0O0TO TTUPAvVa FeixO oe €va
OWMaTiIOIo, TOOO TTEPICCOTEPO TO DIATAPAYMEVO OTTIVEAIO TTOU TTPOKUTITEI HETA TNV
o&eidwan. Z1a owpatidia, 6TTws 1o C12, TToU £€X0UV Evav agloonUEIWTO OYKO, AN
BpiokovTal KATW a1Td TO 6pI0 BIATAPNONG IKAVOTTOINTIKAS core@shell doung, n
o&eidwon auti oTov PeyaAuTepo Babud AapBavel xwpa atmmoToud, PMETA TO TEAOG
TNG oUVOeoNG Kal UTTO UWNAEG akOua Bepuokpaacieg. Evoexouévwg autod va divel T
duvardtnTa Kamolag avadidragng arduwyv péow didxuong oTn OXNMOTICOMEVN

@Aon Tou OTTIVEAIOU, JE TPOTTO TTOU OONYEI OTNV «iaon» TNG dlaTapayuEvng OOPNG.
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Eikéva 4.17 O oAikég apiBudg atépwyv Fe (divetal ye  xpwuatioTd oUPBOAQ - Ta OXETIKA
OQAAPATA Eival MIKPOTEPA ATTO TA AVTIOTOIXO CUMPBOAQ) Kal 0 aplBuog Twv aTtOPWY TETPAEDPIKOU
oidripou (divetar pe TA TPIYWVIKA OUPPoAa) avd povadiaia kuyweAida, yia Ta Ociyuata
VOVOKPUOTAAAWYV KOl payvnTitn ava@opds, OTTwG TTPOEKUYE aTTd TTPOCAPUOYH TwV OEOOPEVWV
XauNARG Bepuokpaaiag (80 K) pe povréAo TETpaywVIKOU aTTiveAiou, povogpaoikou (S8, C12, Bulk)
 d1pacikou (oTTiIveAiou - opukToU GAATOG yia To S15). H dvw dIakeKOPPEVN YPOAUNT ONPATOOOTEI
TNV 10QVIKA OTOIXEIOUETPIA OAIKOU O10ApouU (24 Fe/povadiaia kuweAida), evwy N KATw TnVv 1I8AVIKN
OTOIXEIOPETPIO TETPAEDPIKOU 010 pou (8 Fetd/povadiaia KuyeAida), TTou agopd €ite KUBIKN, €iTe
TETPAYWVIKN 10avIKA doun. To deiyua C18 TrapaAeitreTal.
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Evdiagépov Ba eixe va mTapakoAouBnaoel kaveig Tn JETAAAAEN TG SOPNAGS Twv
VOVOKPUOTAAWYV (a1rd 1o idI0 deiyua) o SIaQOpPETIKEG QAOEIS 0geidwong, av

MTTOpOUCE va oXeDIOOTEN KAl va TTPAYUOTOTTOINBEN éva TETOIO TTEipaua.
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Eikéva 4.18 Oegppokpaoliakr) HETABOAN Twv OTaBepWV  TTAEYHATOG TWV  OQAIPIKWY
VOVOKPUOTAAwYV (S8, S15) oe ouykpion pe 10 deiypa avagopds FesOs. Ta o@dApata dev
dlakpivovTtal dIOTI gival PHIKPOTEPA aTTd Ta AvTioToIXa CUPBOAa Twv onueiwv. O1 dIooTACEIS TNG
KugeAidag e€EnxOnoav atmd TTpocapuoyr oTa TEIpapaTtik@ dedopéva Tou HOVTEAOU KUBIKOU
oTveAiou (ue TTPoaBAkn deuTtepng edong FeO yia 1o S15) yia SIaToIKEC OTTOOTACEIC 5 — 20 A,
O1 diaoTdoelg KUYWeAIdAG Tou BEiYNATOS avapopdg OTTOTUTTWVOVTAI JE TNV KOKKIVN YPAUMN (&gv
uttdpxouv OlaBéoipya  TreipapaTikG  dedopéva  yia OAo  To  Bepuokpaciokd  €upog). H
YPOUMOOKIQoPEVN TTEPIOXH A@OPA OTIC MECEG TIMEG TWV OTABEPWY TTAEYHOTOG OelyudTwv
ouptrayoug FeixO, ommwg avagépovtal otn BiBAIoypagia. O1 TIUEG auTEG DITTAACIACTNKAV YIA
dieukOAuvOon TNG OUYKPIONG ME TIG AVTIOTOIXEG TOU Fe30a. To KUBIKO HOVTEAO ETTIAEXBNKE £BW, BIOTI
OTTWG ATTOdEIXONKE TTIO TTAVW, €ival TTEPICCOTEPO AEIOTTIOTO YIO TNV TTEPIYPAPI TOU CUOTANATOG
O€ ammooTAoEIC > 5 A, aAAd Kal yia TNV Gueon cUyKpIon WE TO KUBIKAS SOUNC Seiyua avagpopdc.
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H exTeTOpEVN KATAVOUN KEVWV TTAEYMATIKWY BECEWV OTO KPUOTAAAIKO TTAEyua
TWV VAVOKPUOTAAAWY, OTTWG TIPOEKUWE ATTO TNV TIPONYOUMEVN avAAuon, EXEl
TMOAVWG WG ETTAKOAOUBO TNV EJPAVION TACEWYV O€ AQUTOUG TOUG VAVOKPUOTAAAOUG,
OTTWG EYIVE EPPAVEG Kal PE TNV avaAuon GPA 1Tou oulnTrenke o€ TTponyouuEvn
Tapaypa@o. H diagopotroinon dnAadn atrd tnv 10avikr) dour o€ TOTTIKO TTITTEDO,
AOYIKG €TTAYEl OTNV PECN KPUOTOAAIKN dounl TAOEIS TTou Ba TTPETTEl va yivovTal
EMPAVEIC av €OTIAOOUWE TNV avAAUCT] Pag o€ éva eUPOG DIATOUIKWY OTTOOTACEWV
TTou UTTEPPaivel TO €UPOG TNG Hovadiaiag KuweAidag. AuTr n TTpooTrddeia
atrotutrwveTal oTnv Eikéva 4.18, é1rou @aiveral n JETABOAR Twv I0OTACEWY TNG
KUWEAIDOG TWV OPAIPIKWY OEIYHNATWY KAl TOU OEiyUATOG avapopds o€ Eva PeyAAo
eupog Beppokpaciwy. EdW BAETTouue OTI TO PEYAAO CQAIPIKO CWMPATIOIO TTOU
uI0BeTEil dIPaOIKA doun, ep@avidel pia kuweAida FesOs (QUTAV TTOU AVTIOTOIXEI OTN
@aon Tou KEAUQPOUG) eAa®PwG dIECTOAPEVN O OUYKPION PE QUTH TOU OEiyuaTog
avapopdg. NMapdAAnAa n kuweAida Tou Tupriva (Fei1xO) eu@avifeTal CUUTTIECUEVN
oc oxéon ME TIC TINEG TTOU ava@épovTal yia Ociyuarta ouptrayoug FeixO (OxI
VaVOKPUOTAAAwWV) oTn 81eBv BiBAIoypagia. Na onueiwBei edw OT1 o1 dlaoTAoEIg
KUWEAIDOG TOU OUYKEKPIYEVOU CUCTHUATOG TTOIKIAOUV Kal OXETICOVTal UE TO BaBPO
UTTOOTOIXEIOPETPIOG. H EUPAvVION Twv TACEWV auTwy oQeileTal o€ éva BaBud oTnv
avavTIoToIXia METAEU Twv OUO KUWEeAidwy, OTTWG @aiveTal Kal OTO OXNAMA, TO
0ImmAdolo Tng povadiaiag KuweAidag Tou Truprva eival PeEyYaAUTEPO aTrd Tnv
povadiaia KuyweAida Tou KeAUQouG. ‘ETO1 yia va uTTop€oouv va CUVUTTAPEoUY, O€
MIa  TTPOCTTAOEIa OTABEPOTTOINONG TNG EVEPYEIAG TOU OUCTAMATOG KATA TO
OXNMOTIOPNO Tou KeAUQoUG ETteiTa atrd ogeidwaon Tou FeixO, n KuyweAidag tng
oxnMaTI{opeVn @Aong SIOCTEAAETAI O€ OXEOTN UE TO AVAUEVOUEVO, EVW) TAUTOXPOVA
QUTH TOU TTUPva TNng evattopeivacag edaong FeixO cuutrtuooeTal. Av To OOUME
MO aTTAOIKA €ival oav TO KEAUPOG VO AOKEI CUPTTIECTIKEG TAOEIG OTOV TTUPAVA EVW
TAUTOXPOVA O TTUPHVAG AOKEI EKTATIKEC OTO KEAUPOG. ZUVETTWG KATI TETOIO &gV Oa
ETTPETTE VA EPPAVICETAI O OWPATIOIO TO OTTOIO ATTOTEAEITAI ATTO Wid KPUOTAAAIKA
@aocn, OoTTwg 10 S8 (MIKPOG O@aIpIKG). EvrouTtolg, n KpUoTaAAIKT KUWEAda Tou
OUYKEKPIMEVOU OEIYMOTOG EPQAVICETAI CUUTTIECUEVN, O OXEon ME TO Ogiyua

ava@opdg, mOavws AOyw TNG EKTETAPEVNG UTTOOTOIXEIOMETPIAC KOl TNG ETTAYOPEVNG
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diatapaxns TG Ooung. AapBdvoviag OAa  Ta  TTponyoupeva  uTtown,
avTIAaUBavopaoTe Tov AOYO0 yia TOV OTT0i0 O€ PJEYAAUTEPES BIATOPIKEG ATTOOTAOEIG,
Qv Kal TTpo@avwes N doun dev gival TETPAYWVIK, OTTWG aTTodEiXONKE, OUTE TO KUPIKS
MOVTEAO WTTOPEI va TTEPIYPAWEl ATTOTEAEOUATIKA TO OUCTNUA, MIAG Kal Ol
EVTOTTIONEVEG OTEAEIEG TTPOKAAOUV TNV €UPAvION TACEWV Kal HIOG €V YEVEI
dlaTapaxnG TTOU ATTOTUTTWVETAI OTn PEON OOPN TWV VAVOKPUOTAAAWY, n oTroia

gival yev KUBIKA KATa TTPOCEYYION, ATTEXEI O APKETA OTTO TNV 10QVIKH.
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4.2. TIpOOTITIKN KOl EPAPHOYES

O1mwg éxel AdN avoeepBei, petagu AAAwV, Ta vavoKpuoTAAAIKG cwuaTidia
0&eIdiwv Tou OIOAPOU PEAETWVTAI YIA TIG OXETICOMEVEG ME TOV MAYVNTIONO dUVATEG
XPAOEIC TOU OTOV TOUEA TNG vavoRioTexvoAoyiag. Ooov agopd AoImmév o€ auTto TO
OUYKEKPIMEVO TTEDIO, TA VAVOBOUNMEVA JayvNTIKG cwpaTidla eTTw@eAoUVTal aTTd TN
duvatoTnTa PUBPIONG TWV HPAYVNTIKWY TOUG IBIOTATWY TTOU OXETICOVTal PE TO
MEYEBOC TOUG Kal N UTTEPTTOPANAYVNTIKA TOUG CUUTTEPIPOPA, TTOU EPPAVIETAI KATW
aTro €va Kpiolyo péyeBog owpaTidiou,' éxel IBINITEPO EVDIAPEPOV. ZUVETTIWG, N
dIEPEUVNON TWV BUVATOTATWY EAEYXOU TNG LETARAONG TETOIWV CWHATIdIWY ATTO TNV
Mia payvnTikAg KatdoTtaon otnv AAAn, atrokTd 1Id1aiTepn onuacia. H BeATIoTOTTOINON
NG MAYVNTIKAG ATTOKPIONG TETOIWV CWHATIOIWV, WOTE VA YIiVEl EQIKTA N XPron Toug
0€ EQAPUOYEG OTTWG TA PAYVNTIKA OKIAYPAPIKA JECA VIO ATTEIKOVIOTIKEG TEXVIKEG
Kal N JayvnTika eTTayouevn TTapaywyr 8epudtnTag yia payvnTikg utrepBepuia, givail
KaBopPIOTIKAG onuaaciag. MNa TIC CUYKEKPIPEVES EQAPUOYEG, N XAUNAN TOEIKOTNTA KAl
n BrlooupBardéTnTa €ival KPICINES. ZWHATIOIO PN TOSIKA yIa TO avBpwTTIvo WA,
OXETIKA MIKPOU MEYEBOUC HE AUENUEVEG OPWG duVATOTNTEG ATTOKPIONG UTTO
eCwTePIKA payvnTIKa 1edia, Ba atmoteAoucav 1IdaviKoUug uTTown@ious yia TETOIEG
epappoyés. MNa  TTapddelyya  otav  payvnTmikG  JOVOKPUOTAAAIKG  cwuaTtidlo
OleyeipeTal ammd evaAAaoooOueVo payvnTIKG 11edio, €xel T QUVAMIKI VO aTTOOWUCEI
BeppoTNTa OTO TTEPIBAAAOV TOU, PE TNV £E100PPOTTNCT TOU KATA TNV evaAAQyr TOu
mediou, péow pnxaviopwyv Néel-Brown. H Bgpuikf Tou amédoon e¢aptdral atod
TNV MAYVATION KOPECHOU Ms Kal TNV HayvnTIKA aviooTpOoTTia Kal HAAIoTA evIoXUETAI
OTav autd Ta dUO PeyEBN peyaAwvouv. AUTEG O HayvnTIKEG TTOOOTNTEG UTTOPOUV
VA PUBUIOTOUV PE TTOIKIAOUG TPOTTOUG, OTTWG HECW €AEYXOU TOU HEYEBOUG TOU
owpaTdiou Kal Tou oxAPartog. ‘Evag akoua TpdTTog va €10ayqAyelS ETTITTAEOV
MayVvNTIKA aviCOTPOTTia O€ £€va cUoTNUA, gival n dnuioupyia diemeaveiag FM-FiM
ME OKOTTO VO €EKMUETAAAEUTEIG Qaivopeva ouleugng-avtaAAayng PETagU Twv dUo
MayvnNTIKWV @Aacewv. Autd ATAV KAl TO KivNTPO yIa Tn OUVOeon Kal PEAETN TwV

VOVOKPUOTAAAWYV TTOU €xouv Treplypagei ota Keg. 3 - 4, ye tnv TpooTrddeia va
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EVTOTTICETAI OTOV €AEYXO TOU MEYEBOUG, TOU OXAMUATOG Kal T dnuioupyia Kai
otabepotroinon core@shell payvnTikAg eTepodouns. Méoa amd 6An tTn douAcid
TTOU TTPOoNyNOnKe, avadeixBnke emMTTPOCOETWG N ONPOCIa TwV  ATOPIKWYV
KPUOTAAAIKWY QOTEAEIWV KAl O TMOavOog POAOG TToOU UTTOPOUV va TTAigouv OTn
pUBUIoN TwV PayvNTIKWV 1810TATWYV. NMPocouoIWoEIG Kal BEwPNTIKOI UTTOAOYICUOI
TTou PBacifovtal oTnv PéBodo Monte Carlo kair éAafav uttOown Tn yvwon TTou
ouoowpPeUTNKE atmd Tnv Trponynbecica avaAuon yia 1o uttd PEAETN oUoTNUQ,
dlEPEUVNOAV TOV PINXAVIOUO PE TOV OTTOI0 QUTEG Ol DOUIKEG ATEAEIEG PpUBUICOUV TIG
MayvnTikEG 1010TNTEG  Kal  Borndnoav va €gnynbolv oI PN  avoueVOUEVEG

OUUTTEPIPOPEC TTOU avIXVEUBNKaAV yia Katrola owuaTidia. !

4.2.1. TMpooopoiwoeig Monte Carlo

MNa TNV avaykn Twv OXETIKWY UTTOAOYIOPWY Onuioupyndnke PovTéAO
VOVOKPUOTAAAOU  TTOU  va  TTPOOOMOIACEl  TOUG  VOVOKPUOTAAAOUG  TTOU
TTOPAOKEUAOTNKAV KAl JEAETHONKAV TTEIPAPATIKA. ZUYKEKPIPMEVA Ol VOAVOKPUGTAAAOI
TTpooopoldlovTal atd éva POoVTEAO «TTuprva — emmipdveiag» (“core-surface”)>16
TTou Bewpei éva AeTITO OTPWHA, AUTO TNG ETTIPAVEIAG TOU VAVOKPUOTAAAOU, OTO
OTTOI0 Ta OTTIV, AOYW TOU OTTACINATOG TNG OOPNG CUUTTEPIPEPOVTAI DIOPOPETIKA OE
ox€on PE Tov KUPIO OYKO TOU CwiaTIdiou, OTTWG dNAadr TTIoTeUETAl OTI CUPPBAIVEI
KAl oTnNV TTpayuaTikotnTa. Me dia@opoTToINoEIg ToOU BACIKOU HOVTEAOU WG TTPOG TO
péyeBog kai Tnv mMOavry core@shell dour, TTpocopoidoTNKav TPIa SIAPOPETIKA
VOVOKPUOTOAAIKGA  owpartidla, TTOU  va  avTioToixoUv  OoTa  JOP@OAoYIKA
XOPAKTNPIOTIKA Twv S8, C12 kal S15. O1 dlacTAaoEIg TwV cwuaTidiwy divovTal Je
Baon TN povadiaia KuweAida Tou KUBIKOU payvntitn (a = 8.39 A). ‘ET1ol To BewpnTikd
MOVTEAO TTOU avTIoTOIXEI 0TO S15 €xel yéon akTiva R = 9.1 kal TTaxog KEAUPOUG ic0
ME 4 povadiaieg KuweAideg, €101 waoTe va divel Evav Adyo KeAUPOUG / TTuprva TTou
va TTpooeyyifel autov TTou uTttoAoyioTnke atmd 10 X-PDF. AvrioTtoixa, Ta
MOVOQAOIKG cwuatidla uttoAoyioTnkav w¢ KUPBIKO péong akung 14 povadidiwv

KuweAidwy (C12) kai o@aipikd péong diapétTpou R = 5 povadiaieg kuyeAideg (S8).
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Me  peBodoloyia  TTOU  TTEPIYPAPETAI  AVOAUTIKOTEPA  OTN  OXETIKN
BiBAIoypapial,® 15 kal ye Tov aAyopiBuo «Metropolis»,'® €yivav uTToAoyIouOi TwV
BewpnTikKWV TIMWV Hc Kal Hes yia Ta uTToTIOéPEVA BEiyATA TTOU AVTIOTOIXOUV OTO
S8, C12, S15. lMNa kdBe éva armmd Ta BewpnTIKA CcwUATIdIA, PovTEAOTTOINBNKAV
aTéAEIEG, TTOU o@eilovTal O€  KevéEG TIAEYMOTIKEG Béoeig, pe Bdon Tnv

TTOOOTIKOTTOINGN TTOU £YIVE ATTO T OOUIKA AVAAUCN TWV TTEIPAPATIKA JETPNHEVWV

OEIYUATWV.
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Eikéva 4. 19 (a): MNeipapatiké mpoodiopiopéveg TiuEG TTediou avrallayng (Hes:
avoiXTé oUuPoAa) kal ouvekTikou Trediou (Hc : upiocoyeupdta ouUpBoAa) yia 1o
o@aipiké core@shell deiypa S15, To o@aipikd deiyua S8 kai To KUBIKG C12 £mreita
atmd Bpoxoug uoTépnong otoug 5 K pe TpwTtdkoAAa wugng utrd tedio (FC) yia
d1adoxIKG augavopeva Tedia Yueng. (B): OcwpnTIKA UTTOAOYIOUEVEG TINEG TTEDIOU
avtaAayis (Hes : avoixtd oUPBOAQ) Kal ouvekTikoU Trediou (Hc : ocupTtrayn
oUPBOAQ) yia Ta BewpPNTIKG JOVTEAD TTOU AQVTIOTOIXOUV OTA TTEIPAUATIKA CWHATIOI
S15, S8 kai C12.
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O1 Tiyég TTOoU UTTOAOYIoONKAV aTtroTuTTwvovTal oTnv Eikéva 4. 19, evw €xouv
TTEPIANPOEI Kal oI avTiOTOIXEG TTEIPAMOTIKES yia aueon ouykpion. livetal dueoca
EMQAVEG OTI TO BeWPNTIKA PHOVTEAQ, TTOU QTIAXTNKAV UE OOMN Kal Jop@OAoyia TTou
TIPOCOMOIACEl TA TTEIPANATIKA UETPNMEVA OEIYMATA, EPPAVICOUV TTOIOTIKA TNV idia
OUMTTEPIPOPA ME TA VAVOKPUOTAAAIKG Ociyparta. EmBeBaiwverar n Utmapén
QVICOTPOTTIAG avTaAAaynG o€ KATTOI0 BaBuO akOua Kal yia Ta JOVOPACIKA, TTARPWG
o&eIdwpéva cwpaTidla, evw 1o core@shell cwpatidio eppaviel cagéoTata TToAU
MEYaAUTEPN aviooTpotria avTaAllayAg Adyw ouleuéng otmiv otn dieTTipaveia. H
utrapgn ediou exchange bias ota ocwuartidia piag eaong amodéenke otnv UTTapEn
ateAeiwv (KEvwv BE0EwV), KABWGS oTnV TTEPITITWON TEAEIWY, PN SIOTAPAYHEVWV

owuaTIdiwy, autd dev eueavigoTav.

2TO MOVTEAO TTOU XPNOIMOTTOINBNKE, O OOMIKEG aTEAEIEG ATAV Tuxaia
OIECTTAPUEVEG OTOV OYKO TOU VAVOKPUOTAAAOU Kal JOVTEAOTTOINBNKAV WG AoOEVWG
ouleuypéva FM Ceuyn OTTIV PE I0XUPH QVICOTPOTTIO. TNV OUCia auto €ival pia
TIPOCONOIWAaN TNG TTPAYHATIKOTNTAG, OTTOU N UTTAPEN KEVIAG TTAEYUATIKAG B€0NG OTN
@Acn Tou OTTIVEAIOU, CUVETTAYETAI ATTWAEIQ TNG AVTIOTOIXNG OTPOYOPUNAS OTTIV
d1IaTapdooovVTaG O€ €KEIVO TO onueio TNV oiIdnpigayvnTiky 1agn (FIM order) kai
EXOVTAG OQV ATTOTEAEOUA OTIIV TA OTToia v avTIoTaBiCovTal, dNUIOUPYWVTOG
autd TToU avagEpeTal otn BIBAIoypagia wg pinning bond r} pinning center, €va
EVTOTTIONEVO KEVTPO OKIVATOTTOINONG TWV OTPOPOPHWY OnAadr, TTou OUOKOAEUEI
TOV ETTAVATIPOCAVOTOAMIOUO TWV YEITOVIKWY TTIPOG AUTO OTPOPOPHWY KATd TNV
METABOAR] TOu €EWTEPIKA e@appolOpevou Trediou. Aedouévou OTI OTA MPIKPA
owpartidla (1.X. S8, C12) éva peydAo YEPOG TOU CWHATIOIOU PPIOKETAI ETTAVW N
KOVTA OTNnV ETTIPAVEIQ TOU CWUATIBIOU, N dlaTtapaxr Twv GTTIV TTOU TTPOKAAEITAI ATTO
QUTEG TIG ATEAEIEG O€ Eva UWNAAG dlaTapayuévo owuaTidlo, OTTwG TOo S8, eival o€
Béon va Onuioupynoel €vav  agloonueEiwTo  aApIBUd  ETTIPAVEIAKWY, UN
avTioTaBuiopévwy otiv (uncompensated spins), €UTTOdiCOVTOG TTEPAITEPW TOV
OMAAG  €TTAVATTPOCAVATOANIONO TWV YEITOVIKWY TIPOG QUTA OTIIV  KATA TNV
avTIoTPOPI) TTEDIOU, EVIOXUOVTAG £TOI KI AAAO TO Heg. AUTO TO QAIVOUEVO EVIOXUETAI
EMTAEOV OTNV  ETMQAVEID TWV  HIKPWV  OQAIPIKWY  owuaTidiwy, Kabws n

KAPTTUAOGTNTA TNG ETTIPAVEIAG 0OBNYEI O€ PN CUVEUBEIOKN dlIappUBUIcH TwV CTTIV Kal
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ev TéAel og kekAigéva emmi@avelokd ommiv (spin canting).l” MNa Tov idlo Adyo, n
OQAIPIK] OUUMETPIA KOl TO QTTOTOUO, QVOUOIOUOP®YO OTIACIUO TnNG OOMNG OTnV
eM@AveIa (01 DOPES TOOO TOU OPUKTOU AAATOG OO0 Kal TOU OTTIVEAIOU €ival KUBIKEG)
gival mlavov va dnuioupyei oUTWG | GAwG TNV TTPodIdbeon o0& OQPAIPIKA
CwMATIOIa YIa TTEPICOOTEPES ATEAEIEG KAI IOXUPOTEPA dlaTAPAYUEVN DOUN O€ OXEON
ME Ta KUBIK&. OAol auToi ol punxaviouoi €gnyouv yiati hIKpd cwuatidla, Xwpic
OIETTIPAVEIEG AYVNTIKWY QACEWYV PE DIAPOPETIKN TAEN, EP@aviCouv evTouTolg TTEdIO
avtaAAaynig (€0Tw Kal PIKpd) Kal yiaTi gepeITTeiv 010 S8 1o Hes €ival CUYKpioIPo, av

OXI MEYAAUTEPO, aTTO TO HEYAAUTEPWY BIOOTACEWV KUBIKG cwpaTidio C12.

4.2.2. SAR Kal JayvnTiKi UTTEPBEpHia

H katavonon Tou péAou TTou TTaiCouV o1 OOMIKEG ATEAEIEG OTNV AVICOTPOTTIO TWV
VaVOOOUNUEVWY KPUOTAAAWY, avoiyel iocwg évav véo dpOuUo TNV TIPOCTTABEIR TTOU
YiVETAI yId TNV TTOPACKEUN VOVOKPUOTAAAWY HE UWNAR PAyvNTIKA ETTAYOUEVN
BepUIKA aTTOKPION YIO EQAPPOYEG HaAyvNTIKAG uTtepBeppiag.  Tpog autrh Tnv
KateuBuvon agifel va OligpeuvnBei n duvatoTNTa €AEYXOU TWV OOMIKWY AUTWV
aTEAEIWV PE OKOTTO TNV evioxuon TnG aviooTpoTriag. H Bepuikny atmmokpion €vog
VOVOKPUOTAAAOU OTavV TOU €QAPHOCeTal  €VOANAOOOPEVO  HAyvNTIKO  TTEDIO
ouxvotntag f divetal amd Tov pubud €10IKAG atroppopnons (SAR — Specific
Absorption Rate) TTou petpdral oe W/g. EvoeikTika divovtal otnv Eikéva 4. 20 ol
TINEG SAR TTOU TTPOEKUWAV Yia dUO TTEPITITWOEIG: O) auTAH Tou cwpaTidiou S8
AauBavovrag uttéyn Tig diatapaxEég Goung TTou diaTTioTwenkav Kal o€ éva Babud
TTOOOTIKOTTOINONKAV atmmd Tnv OOMIKr avaAucn Kai B) Tnv TTEPITTTWON TOu idlou
owpaTidiou, HE TEAEIM OPWG KPUOTOAAIKN Oopry Kal KaBOAou aTtéAeleg. ZT0
owpaTidlo S8 AoITTdv £XoupE OXEDOV OEKATTAACIACNO TNG BEPUIKAG TOU OTTOKPIONG
0€ OX£EON PE TO UTTOBETIKO, Pn-diatapayuévo, dnA. ~ 450 W/g ouykpITikd pe ~50
WI/g ota 500 Hz kai medio 37.3 kA/m. XapakTnpIoTIKA Kal yia AOyoug oUYKPIONG,
ava@EpeTal 0Tl 0€ TEAEIOUG, PN-OlaTapayuévoug vavokpuoTdAAoug FesO4 peyéBoug

9 nm £xel KATayPAPEi TTEIPAUATIKA TIU SAR 152 W/g.*8
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Eikéva 4. 20 lNMpooopoiwon Monte Carlo Twv Tiywv SAR ocuvapTioel TnG £€vTaong

TOU evAANAOOOPEVOU PayvnTIKoU TTEdIOU Ho yia TO pIKpd owuaTidlo S8 pe OOUIKES

aTEAEIEG (MaUpPN KOUTTUAN) KAl n avTioToixXn TTPOCOMOoIwaN yia To id10 cwuaTidlo he
1I0avIKr) doun Kal KaBOAou aTéAEIEG (KOKKIVN KAUTTUAN).
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4.3. Zuumrepdopara

H emtuxia Tou emAeyyévou TIPWTOKOAAOU oUvBeong va  TTapdyel
VOVOKPUOTOAAIKA owpaTidla OTEVAG Kal  €AEYXOMEVNG KATAVOUNG MEYEBWV,
katadeixOnke a1rd TN OOMIKA avaAuon Tou TIApOvVToG Ke@aAaiou. ETriong
mOoToTToINONKE N duvatoTNTa €AEyXOU TOU  OXNUATOG, OUYKEKPIYEVA N
HMOPQOTTOINON €iTE CQAIPIKWYV €iTE KUPBIKWY owuaTIdiwv. To onUAVTIKOTEPO OPWS
ATav n ouvardtnTa dNUIoCUPYIOG MIOG OIETTIPAVEING OIAPOPETIKWY HAYVNTIKWY
@ACEWV TTOU TTPOKUTITEI ATTO TNV ouvuTtapg¢n Tou AFM Trupriva kai Tou FiM
KEAUQOUG O€ PIa KPUOTAAAIKE ETEPOOOWN TUTTOU TTUPHVA-KEAUPOUG.

2TOX0G ATAV N ONuIoupyia ETITTAEOV HAYVNTIKAG AVIOCOTPOTTIAG OTO OUCTNNA KAl
n evioxuon g duvarotnTag Twv CwuaTIdiwy va TTapdyouv Bepuotnta otav
uttoBaAAovTal OE €CWTEPIKO, evaAlacoouevo payvnTikd TTedio. Autd TTpdyuarti
EYIVE KQI N ETTITTAEOV QVICOTPOTTIO OTTOTUTTWVETAI XAPOKTNPIOTIKA OTIG QUENUEVEG
TIWEG He Kal aTo 1Tedio TTou TTPOKUTTITEI aTTd Paivopeva ouleuéng — aviaAAayrg otnv
diemadveia (Hes - Exchange bias). KaBwg¢ tmapaockeudoTnkav Kal PIKPOTEPQ
owpaTidla, €mBERAIWOBNKE N yvwon ToU UTTApXeEl AdN KATayeypaupévn oTn
BiBAIoypagia, o1 atraiteital éva eAdxI0To PéyeBog cwpaTidiou yia va diatnpnBei
dounl TTUPAVA-KEAUQOUG. 2TnV TIEPITITWON Pag PBpédnke, OTI autd TO KpPIioIUO
MEyEBOG gival TrepiTTou 13 Nm SIGUETPOG OTNV TTEPITITWON TWV CQAIPIKWY ] HAKOG
OKMAG OTNV TTEPITITWON TWV KUBIKWY. ZWHPATIOIA TTOAU KATW a1td auTd TO PEyEBOC,
OTTWG TO 0PAIPIKO TwV 8 Nm (S8), ogeidwvovTtal TTAPWS TTPOG OTTIVEAIO APECWG
META TN d1adIKOCIa TTAPACKEUNG Kal dev OEiIXVOUV Kavéva ixvog UTTapeng dsUTEPNG
KPUOTAAAIKAG @AONG KATA TOV XOPAKTNPIOPO TOUG UETA Tn OoUvBeon. Zwpartidla
TToU BpiokovTal KOVT& OTo TTpoavapePBEV KPIioINo PEYEDOG, OTTWG TO KUBIKO Twv
12 nm (C12), diatnpouv katapxag pia core@shell dour n otroia gival peavig oTIg
eikdveg TEM 1moU AapuBdavovTal yia Tnv agloAdynon g ouvleong, TEAIKWG OUwWG
o&eidwvovTtal oTadIakd Kal avTIMETWTTICOVTAl WG Hiag @Aaong cwuaTidla Katd Tn

diadikaoia payvnTIKAS Kal SoPIKAS avaAuong TTou akoAouBei. MeyaAutepa atrd 13
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nm cwpaTidia, OTTwg 10 oPaIpIko Twv 15 nm (S15), emdeikvuouv pia core@shell
doun, TNV otroia Kal diatnpouv o€ BAbog KATToIwY unvwy, £poécov diatnpndouv
owoTd (o€ evalwpnua KAANG TTOIOTATAG, AEPOOTEYEG QIAAIDIO KAl aTTopuyr €KBEoNG
o€ UYPNAEG BepOKPaTies). AKOUA KI QUTO OUWG TO CWHATIBIO, OTAV XAPAKTNPIOTNKE
pe TNV TeXVIKN PDF atd akTivoBoAia-X ouyxpdtpou, £0¢1ge pia avaAoyia TTuprva :
KEAUQPOUG MIKPOTEPN ATTO QUTHA TTOU QVAUEVOTAV 1 €iXE TTOIOTIKA KAl OTITIKA EKTIMNOEI
ME TEXVIKEG MIKPOOKOTTIAG, YIO TNV aKpPiBeIa UTTOAOYIOTNKE évag OXETIKOG PECOG
OyKog Trupriva < 15% e1Ti TOu cUVOAOU TOU CwHATIdIOU, £VOEIEN ICWG OTI hIa apyn
MEV, OAAG uttapkTr) diadikaoia ogeidwong uTropei va odnyAoel akOPa  Kal
MeyaAUTepa cwuatidla oe TAApn ofcidwon. Autd KatadelkvUeTal amd Tnv
TTEPITITWON TOU APKETA PeEYaAUTEpoOU ocwuaTidiou C18, KuBikou 18 nm, ATol GyKOou
5832 nm? (TeTpatmAdoiog dykog amd 1o S15) Tou Adyw atuxoUg XeIpIoUoU Kal
€KBeonGg OoTNV aTuOOPAIPA KATA TNV ATTOBNKEUON 0EEIBWONKE TTANPWG, JE TTAVTEAR
ENAEIYN EvOeIENG £TepnG @Aong KaTd TNV YETpnon pe X-PDF. H xnuikr otaBepdtnTa
Kal n euaiobnoia otnv ogegidwon eival TTpo@avws KATAAUTIKAG onuaciag yia
otroladATTOTE TMOAVA €Papuoyr. EvTouToig, akdua Kal 0 OXETIKA MIKPOG OYKOG
Tupriva Tou S15, odnyei oTnv UTTapEn agloonueiwTou TTEdioU Heg KAl OUVEKTIKOU
Tediou He, KATI QWG TTOU EVOEXOUEVWG VA PNV OPEIAETAI JOVO OTN DIETTIPAVEIQ.
To 1o evdiagépov TTou avadeixdnke amd Tnv OAn TTpooTTdBbela, gival o pOAOG
TWV KPUOTOAAIKWYV BOUIKWYV ATEAEIWV, KUPIWG TWV KEVWV TTAEYMATIKWYV Béoswv Fe,
€I0IKA KOBWG o€ AUTA Ta CWHATIOI TTOU €ival euaiodnTa oTnVv 0geidwan, 0 EAeyX0G
TWV aTeAeiwv Ba PTTOpoUucE va aTToTeEAE0El dia 0odO yia Tnv €vioxuon Tng
MayVNTOKPUOTAAAIKAG TOUG QVIOOTPOTTIOG KAl TOU OUVAMIKOU XProng Toug o€
EQPAPMOYEC HayvnTIKNG uTTePBeppiag. AuTd atmodeixbnke atrd TIC DIAPOPETIKES
TIPOCONOIWOEIG TTOU EyIVAV YIa Un diatapayuévng doung Kai yia diatapaypévng
OouNAG CwHATIdIa Kal TTOU £DEIEAV KAl TTWG AKOUN Kal TTOAU PIKPA owuaTidla yiag
MayvnTIKAG @dong (S8) pe KPUOTOAAIKEG aTEAEIES, €ival o€ BEon va gu@avioouv
media avraAllayig (Heg) TTou atmmoddébnkav o1o pOAO TwWV KPUCTAAAIKWY OTEAEILOV
WG KEVTPA OKIVNTOTTIOINONG OTTIV TTOU €I0AYOUV ETTITTAEOV  QVICOTPOTTIA OTNV
TIPOCTIABEIN ETTAVATIPOCAVOTOAICHOU TWV YEITOVIKWY OTIIV KATA TNV €vaAAayn

TTOAWONG TTEdiou.
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2UVOAIKA n Oopikr) avaAuon £0€ige OTI Ta OQAIPIKAG MOoPPOoAoyiag cwuaTidla
gival TTEPICOOTEPO ETTIPPETTI) OTNV EPPAVIOT OTOPIKWY KPUOTAAAIKWY ATEAEIWV KAl
OUVETTWG Ba TTPETTEl HAAAOV va TTPOTINNBOUV 0€ OXEon ME T KUPBIKA o€ TTIBAvEG
EQPAPMOYEG TTOU PTTOPOUV VA EKPETAAAEUTOUV TNV UTTAPEN TETOIWV aTEAEIWV. H
OUOXETION TNG UTTAPENG ATEAEILV PE TNV hHop@oAoyia Ba pttopouoe va atrodoBei
OTIC MNXAVIKEG TACEIG TTOU ETTAYOVTAl ATTO TN OQAIPIKA JOp@OAoyia oTa KUBIKAG
OUMPMETPIOG KPUOTAAAIKA TTAEypaTa T600 TOou Fe1xO 600 kal Tou FesOs Kal OTIG
OVOUEVOUEVEG QTEAEIEG OOMI ATTO TO «OTIACIMO» TNG CUMMETPIAG KOVTA OTnv
em@Aavela. AuTO evioxUeETal ATTO TO YEYOVOG OTI OTNV TIEPITITWON  TWV
VOVOKPUOTAAAWYV, £va onuUavTIKO HEPOC TWV ETTINEPOUG IOVTWY BpioKeTal KOVTA 1)
TAvW OTnNV €m@Aveia Kal N KAion Twv omv Adyw KaPTuAdTNTAG, TOOO OTNV
em@avela 600 Kal oTn OIETIPAvEIR, OTAV QUTH UTTAPXEl, OPOUV EVOEXOUEVWG
OUVEPYIOTIKA PE TA aKIVATOTTOINKEVA OTTIV AOYW ATEAEIWY, evIOXUOVTAG TA TTEdIO

TTOAWONG - avTaAAaynG.
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Zl'JO'Tnl.IG COyFEl-yO = COxFeB-xO4

2Uv0eon VAOVOKPUOGTAAAWYV

To Ke@AAalo autd a@opd OTO OEUTEPO MEYAAO OKEAOG TNG TTAPOUCOG
d1aTPIPNG, OUYKEKPIYEVA OTN OUVBEOH €VOG CUCTHHATOG VAVOKPUOTAAAWY TUTTOU
TTUprva KEAUQOUG, aTToTEAOUUEVO ATTO TA AVTioToIXa UNTPIKG o&gidia Tou o1drpou
(FeO-Fe304), 61ou éxel eTTIXEIPNOEi OUWG N elcaywyn 16vTwy KoBaATiou (Co?*), o€
MIa TTPOOTTABEI0 va eTITEUXOE N HEPIKA XNUIKA uTToKOTAoTAON 10VTWY Fe pe autd
Tou Co. AUTO €yIVE JE OKOTTO TNV £vioXuon TG HAYVNTOKPUOTAAAIKNG QVIOOTPOTTIOG
TWV &v AOyw OelyudTwy, WOoTE va WEAETNOEI TO TTWG AUTA OTTOTUTTWVETAI OTIG
QUOIKEG ID1IOTNTEG, KUPIWG OTOV PayvnTIOPO, UE ATTWTEPO OTOXO TN PEATIWON TNG

BepUIKAG TOUG aTTOKpIoNG o€ TBAVESG epappoyEg uttepBepuiag. To Co Bewpeital
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o1l kataAauBavel Béoeic Fe oTo KpUOTAAAIKO TTAEyua Twv 0&eIdiwv auTwy, Adyw
TOU TTapPOUOoIoU PEYEBOUG Kal TNG OOMPNAG Twv dUO OTOIXEIWV, 0dNYWVTag OE £va
TTEPITTAOKO HIKTO 0&EidIo TTou TTEPIYPAPETAl €V yéEvel atmd Tov TUTTO CoyFe1O-
CoxFesx04 xwpig va An@Bei kKatapydg utrdywn n OTToI0 AVTIOTPOYr) OTn doun Tou
oTniveAiou. H dopr Tou TEAIKOU TTPOIOGVTOG Kal O akpIBeic BEoeig uttokaTtdoTaong
gival avTikeipevo peydAng oulATnong Kai gival ap@iBoAo av e TIG TEXVIKEG TTOU
XPNOIMOTTOINONKAV OTNV TTAPOUCA PEAETN UTTOPOUME TEAIKA VO OWOOUNE ETTAPKEIG
ATTAVTAOEIS 0 autd Ta epwTApaTa. [poTiuABnke n €loaywyry Tou 16VTOG
UTTOKATAOTOONG €§ QPXNG OTO OTAdIO TTAPACKEUNG TwV CwuaTIdiwy, o€ avTiBeon
ME KATTOIEC GAAEG PEBODOUG BEPMIKNG KATEPYQTIiag Tou TEAIKOU TTPOIOGVTOG, TTOU
£€Xouv oTdXO0 TNV didxuon Héoa o€ auTd TOU IOGVTOG UTTOKATAOTAONG. AUTO £YIVE DIOTI
n TTapouca gpyacia divel PeydAn onuacia oTn dIATAENCN TNG MOPPOAOYIaS TwV
OEIYMATWY, N OTToIa OTTWG ATTODEIXTNKE dIATAPACOOTAV UE TIG £V AOYW TEXVIKEG. [a
TNV aKpifeia akoAouBrnBnke pia udAAov acuvnBioTn diadikaaia, O€ OXEON PE AUTEG
TToU ava@épovTal otn d1EBvA BIBAIoypagia, n oTroia I0dyel 0TV CUVOAIKA HEB0SO
oplopéva eTTITTAEOV OTADIA KAl TTAPACKEUEG KOl TNV KAVEI TTIO XpovoRopa, £XEl OwG
KATTOI0 TTAEOVEKTHATA TTOU Ba ava@epBoUV OTN CUVEXEIQ. ZUYKEKPIUEVA, AVTI va
TTPOCTIOETAI OTO piyha TNG avTidpaaong n emMOUPNTA TTOGOTNTA TTPOOPONNG EVWONG
TOU IOVTOG UTTOKATAOTAONG, ETTETEUXON N TTApaoKeUn TTPOSPOUNG EVwong MIKTOU
eAdikou oupttAdkou Fe/Co, otnv €mBuuntr yia k4B deiyua avaloyia, KATI TTOU
ETTETPEWE TOV OKPIPRH EAEYXO TNG OTOIXEIOPETPIOG TOU TEAIKOU TTPOIOVTOG. AUTOG O
TPOTTIOG TTAPACKEUNG 0BNYEI OTO CUUTTEPACHA OTI TO TEAIKO TTPOIOV €XEI TOV YEVIKO
TUTTO TTOU ava@épBnke o TTavw, OTI dnAadr uioBeTei kai TTAAI doury TUTTOU
TTUPRVA-KEAUQPOUG Kal N uTToKatadoTaon 10viwy Fe pe 16vra Co yiveral T6oo oTov

TTUprva, 600 KAl 0TO KEAUQYOG, O€ avTiOeon PE AANEG TEXVIKEG.
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5.1. EAgyxog Kal XNMIKA TPOTTOToinon oUoTAaoNG VAVOKPUOTAAAWV —

lovTiKA utTOKATAOTAON

H Tpo1TOT1T0IiNON TNG XNUIKAG CUCTAONG TWV VOVOKPUOTAAAWY, TEIVEI VA YiVEI HIX
EUPEWG XpnoIJoTTolouhEevn WEBOBOG TpoTToTroinong TnNG OOMNG, ME OKOTIO va
TTPOCOWOOUUE OE AUTOUG ) va eVIOXUOOUWE KATTOIEG 1IBI0TNTEG, YIA TTAPAdEIYUA
MNXOVIKEG, NAEKTPIKEG, OTITIKEG 1] PIOAOYIKEG. 2TV TTPOKEIYEVN TTEPITITWON TAV Ol
MayVvNTIKES 1010TNTEC AUTES TTOU BEAQUE va EVIOXUOOUME 1) 0€ KABE TTEPITITWON VA
MEAETAOOUUE, KATAYPAPOVTOG TIWG QUTEG METABAAAovTal 0e oxéon ME évav
OUVOUAOUO TTAPAYOVTWY OXETIKWV PE TNV Hop@oAoyia (AauBdavovtag uttown Ta
atmroTeAéopaATa TOU KEQaAaiou 4) kal Tn XNUIKA ouotaon. H Tpotrotroinon autn
ETTITUYXAVETAI PE TNV EI0AYWYNA EVOG PIKPOU TTOOOOTOU IOVTWYV TTOU KAVOVIKA OEV
Ba utmpxav OTo KPUOTOAAIKO TTAEYUO TOU apxIKOU UAIKOU Kal, €10IKa OTav
OOUAEUOUUE OTNV VOVOKAIMOKA, €VOIQQPEPOUCES VEEG 1010TNTEG avaduovTal aTrd
auty Tn Ol0dIKaoia PE QTTOTEAEOHA TA TEAEUTAIA XPOVIO VA EXOUME CNUAVTIKN
TEXVOAOYIKA TTPO0O0 XApNn OTNV XNUIKI TPOTTOTTOINON VAVOKPUOTAAAWY O€ TOUEIG
OTTWG N NAEKTPOVIKA (NuUIaywyoi K.A.TT.), N @wToviK Kai aAlou. Mia €1dikn
TTEPITITWON XNMIKAG TPOTTOTTOINONG ATTOTEAEI TO AeyOuevo «doping» (VTIOTTAPIoNQ),
OTTOU N QVTIKATAOTAON €VOG IOVTOG TNG MATPAG WE éva 10V idlout ) dlagopeTikoU
00€vouc? yiVETOI E OKOTTO TOV EAEYXO TWV QUOIKWY IBIOTATWY TTOU TIPOKUTITOUV
KUPIWG atré TNV NAEKTPOVIOKK dour Tou KpuaTaAAou.® Zuyvd To doping avagépeTal
WG n ouveldnTA Kal OKOTTIPN €loaywyn «akabapaoiwv» (impurities) o éva UAIKO
OEKTN vIa va eAéygoupe TIG 1010TNTEG TOU. Ta UAIKA auTd ouviBwg, aAAd oxl
aTrapaiTNTa €ival KPUOTAAAIKA Kal wg akabapaia opideTal Eva ATopo, ) KaAUTEPaA
IOV, TTOU KOVOVIKA Oev UTTAPXElI OTNV KPUOTOAAIKA (17 MN KPUOTAAAIKN) dour Tou
MNTPIKOU UAIKOU. Me Tnv auoTnpn €vvola Tou 6pou, OTNV TTPOKEIYEVN TTEPITITWON
(ovoTnua CoyFe1yO-CoxFesx04) dev éxoupe doping, KaBwg dev YETABAAAOUUE TNV
NAEKTPOVIOKI KaTavoury Kal Oour; Tou UAIKOU O¢kTn. Av Kal O Opog Exel
XpnoigotroinBei o€ kaTTolo BaBud otn BIBAIOYpa®ia yia va TTEPIYPAYEI £V YEVEI TRV

€1I0aywyrn €vog EVou 10VTOG OE MIa PATPA KPUOTAAAIKOU UAIKOU, OTnv TTapouca
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Epyacia Kal TTPOG aTroQuyr TTAPEPUNVEIWY, TTPOTIUATAI O OKPIBECTEPOS OPOG
«XNMIKA utToKaTAoTaCN». TO «EEVO» AOITTOV 10V TTOU TTPOCTIBETAI KOl KAAEITAI IOV
vToTTapioparog r mpoopign | voBeuTthg (dopant) rj 16V utToKATACTOONG OTNV
TTEPITITWON PAG, YTTOPEI VA gival avidv ] KATIOV 00NywVTAG O€ AVIOVIKI I} KATIOVIKI)
TTpooBnkn/uttokaTdoTaon avtioToiXa. To KPUOTAAAIKO TTAEyUa TOU UAIKOU O€KTN
TTOU OEXETAI TNV TPOTTOTTOINCN, CUXVA KOAEITAI uATPA. To 10V auTd UTTOPEI €iTE VA
TTapeUPAAAETaI, va pTTaivel dnAadr wg TTapévOeTo 10V (interstital ion) avaueoa ota
nén umdpxovra 1OvTa/dtoua TOU KPUOTOAAIKOU TTAEypaTOog, ©€ B€on TTOU
TTPOPRAETTETAI VO OTTOTEAEI KEVO XWPO PE Bdon Tnv 1davik KPUOTAAAIKF) dour) Tou
UAIKOU O€KTn (o1ToTE KOl Ogv aTTOTEAEI UTTOKATAOTOON), €iTE OUVNBEOTEPA OTNV
TTEPITITWON TWV VAVOKPUOTAAWY, va KATAAAUBAvEl yia atrd TIG TTPOBAETTOUEVES
KPUOTOANOYPaQIKEG BETEIC,* avTIKABIOTWVTAG £va AAAO ATOUO TOU PUNTPIKOU UAIKOU,
ouVNBWG PE TTapOMOoIo PEYEBOG Kal XNUIKK CUUTTEPIPOPA (IovIKr avTaAAaynr).® To
IOV utropei AoIrév va gival 16iou 00€voug e auTd TTou AvTIKABIOTA, PTTOPET QWG
va gival Kal dIapopeTIKOU 0BEVOUG WOTE va TTapAcXel ETTITTAEOV NAEKTPoVIA 1) va
onuioupynoel otrég (BA. doping o€ nuiaywyoug n-type A p-type avTtioToixa). 210
VTOTTAPIOUA MPE 10VTA DIAPOPETIKOU 0BEvoug £xel d0BEi iIowWG peyaAuTepo PAPOG
MEXPI OTIVUAG, €CQITIOG TWV ONPAVTIKWY TTIBAVWV EQPOPUOYWY OTOUG OEEIBIKOUG
NUIAYWYyoUS eUupéws Xaoparog.8 7891011 Axdua kal oTnv TTEPITTTWON Tou 15iou
XNMIKOU oTolxeiou, 6Tav d1agopoTToindei To 08£VOC e TO OTTOI0 AUTO EI0AYETAI OTO
oUoTNUa Tou OEKTN, PTTOPEI VO aAAGgEl onuavTikKd TG00 N OTOIXEIOPETPIA, OCO KAl
N KPUOTAAAIK dour} Tou TeAikoU TTpoidvToc.? Eival ep@avég 6T oTnV TTEPITITWon
TTapévOeTou 16vTOG, OlaTAPACOETAl OPKETA N OOMr) O€ TOTTIKG ETTiTTed0o Kal
Katapyeital n mepIodikOTNTA AUTAG, aPoU TTPETTEI VA PETAKIVAOOUV EAa®PWS aTrod
TN 8éon Toug KATToIa TTPOUTTAPXOVTA 16VTA KAl VO «AVOIEOUV» Ta KPUOTOAAIKG
emimeda, dNUIOUPYWVTAG XWPEO Yia va deXTOUV TO TTapeUPAAAGUEVO 16V. DuoIKd
UTTAPXOUV QOPKETOI OTEPEOXNMIKNG QUOEWS TTEPIOPIOKOI, avAaAoyol Tou KdAOe
OUOTANATOG, OXETIKA YE TA IOVTA TTOU JTTOPOUV va OPACOUV PE QUTOV TOV TPOTTO.
evikK& Kal OTIG QUO TTEPITITWOEIG, TIPETTEI va TTANPOUVTAI KATTOIA KPITAPIO WG TTPOG
TN XNMEIO KAl TNV OTEPEOXNMEIA, yia va PTTOPECEl €va 10V va OpAcel wg IOV

VTOTTAPIONATOG A €V YEVEI UTTOKATAOTAONG. ZUVABWG avrkel oTnv idia opada Tou
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TTEPIOBIKOU TTIVAKA, YIA TTAPAdEIyUa Eva JETAAANO JETATTTWOEWG UTTOKABIoTATAI OTTO
€va AANO KOVTIVO PJETAANO PETATITWOEWG K.0.K., WWOTE VA £XEI TTAPATTANCIO HEyEBOC,
ylati o avTifeTn TTEPITTTWON Ba dnuioupyouce TEToIA dlIATAPAXH OTO KPUOTAAAIKO
TAEyUa Tou O€KTN, TTou Ogv Ba PTTOopoUCE va oTaBepotroinbei Bepuoduvauikd,
oUTWG WOTE auTr N TTPOCBNKN ) uTToKaTAoTaoN dev Ba RTav TEAIKA EQIKTN). Z€ KAOE
TEPITITWON N XNMIKA QUTH TPOTTOTToinon dnuIoUpyEi QUOIKA Ot KATTOI0 BaBud
dIaTapaxXEG MIKPNG eUBEAEIG yUpw atmd KABe eloayxBev 10v, Adyw TT.X.
OTEPEOXNMIKWYV DIATAPAXWV ] NAEKTPOVIOKWY QAIVOUEVWY (CUCEUEN OTTIV KATT) Kl
auTég ol dlatapax€g eival TTou divouv TEAIKA TIG emOUUNTEG 1I016TNTEG OTO TEAIKO
UAIKG. Eival GAwoTe yvwoTd 0TNV EMIOTAKN TWV UAIKWVY OTI 01 ATTOKAICEIS aTTd TNV
1davikr doun €ival ouxva emBuunTég dIOTI o€ AUTEG oPeiAovTal O1 1I81I0TNTEG TWV
UAIKWV TTOU  eKMETOAAEUOUOOTE TEXVOAOYIKA. AANWOTE n €10aywyr TETOIWV
«OKOBAPOIWVY OTA NUIAYWYIYA UAIKA YiveTal PJE TETOIO TPOTTO WOTE va €AEYXOVTAI
oI TEAIKEG 1I810TNTEG AQUTWV KaIl ATTOTEAEI TNV BACN TNG OUYXPOVNGS NAEKTPOVIKNG, EVW
N TTPOOBOG TTOU £XEI ETTITEUXOEI T TEAEUTAIO XPOVIQ OTIG OUYXPOVEG TEXVOAOYIEG DEV
Ba ATav eQIKTA o€ IAQPOPETIKI TTEPITITWOT, TTAPA TIG TEXVIKEG TTPOKANOCEIG KATA TN
ouvOeTIKN dladikaoia. ANEG TTponyuEVES TEXVOAOYIKA HEBODOI yia TO VTOTTApPIOHA
vavoowuaTidiwy, OTTwWG yia TTApAdEIYNa N €loaywyn TTPOooHiEewy ME Xprion
TTOAPWV Aéilep o€ udaTika dlaAUpaTa, €xouv eTTiong PeAeTnOei.13 EidikdTepa TNV
TTEPITITWON TWV VAVOKPUOTAAAWY N €iI0aywyr HOAIG Aiywv IOVTWY VTOTTAPIoUATOG
MTTOPEI VO TPOTTOTTOINCEI ONUAVTIKA TIG IDIOTNTEG TOUG. XAPAKTNPIOTIKO TTAPAdEIY O
atroteAoUV ol KBavTikEG TeAgieg (Quantum Dots - QDs) 1Tou Bpiokouv epapuoyn o€
OUYXPOVEC NAEKTPOVIKEG OUOKEUEG OTTWG O YWTOROATAIKES KUWEAES Kail o1 Biodol
EKTTOUTIAG QWTOC (LED). 4

2€ QUTA TNV gpyacia Kal Je TNV JEBODO TTAPACKEUNG TTOU ETTIAEXONKE, KATEOTN
EQIKTOG O £AeyX0G TNG avaAoyiog 10viwyv (Co/Fe) o1o TEAIKO TTPoIdV O€ £va TTOAU
MEYAAO €UPOG, TTPAKTIKA XWPIG TTEPIOPIOHUO, WOTE VA UTTOPEI va ETTITUYXAVETAI £V
TEAEI MIO OTOIXEIOUETPIA TTOU PAAAOV Ceelyel aTTd TNV TTEPIOPICHEVNG KAIMOKAG
XNMIKA UTTOKOTACTOOT, a@oU O€ KATTOIEG TTEPITITWOEI TO TTOCOOTO TOU 16VTOG

UTTOKOTACTOONG ATAV TOOO WNAO TTOU £TTAUE VA QTTOTEAEI TTPOCMIEN, AAAG Ba
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Aéyape TTwG TEAIKG 0dnyoUoe OTNV TTAPACKEUN TOU AVTIOTOIXOU QEPPITN KOBaATIOU,

TOUAAXIOTOV OTN XNMIKA @AOT TOu KEAUYOUG UE OOMN OTTIVEAIOU.

5.1.1. Mé£6odoI1 XnUIKAG TPOTTOTroinoNng

Ta TeAeutaia xpdévia o1 XNUIKEG OIEPYACIEC TIOU HOG ETMTPETTOUV TNV
EVOWNATWON TTPOCUICEWY OTA KPUOTAAAIKA TTAEYUATA TWV PINTPIKWY UAIKWY €X0UV
eCeNixOei onuavTikA Kai n avtioToixn £peuva €Xel KAvel HeyaAn mpoodo, WoTe va
QVTIMETWTTICOVTAI Ol OXETIKEG OUOKOAIEG, €I0IKA Ot O,TI €XEl VA KAVEl ME
VOVOKPUOTAAAIKA UAIKA Kal va avoiyovTal VEEG EUKAIPIEG YIA TEXVOAOYIKA
EKMETAAAEUON TWV TPOTTOTTOINUEVWY  VOVOOWWMOTIOIWY TTOU  TTPOKUTITOUV.
MaAaidTepa cixav XPNOIMOTIOINGEI TEXVIKEG ETMITASIAG 1 AVTIOTOIXEG YIO TNV
QVATITUEN VTOTTAPICKEVWY UAIKWYV OTNV VAVOKAIaKa, PJE EEQIPETIKA aTToTEAETUOTA
WG TIPOG TA TTAPAYOUEVA UAIKA, ME €QAPUOYEC €IBIKA OTIC KBAVTIKEG
TeAeieg 1516171819 Evro(TOIg, O€ QVvTiBeon HeE TNV aVATITUEN KBOVTIKWY TEAEIWV
TAVW OE ETMQAVEIEG, N AVATITUEN KBAVTIKWY TEAEIWV 1 KAl GAAWV  €10WV
vavoowMaTIOiwv he  PEBODOUG KOAAOEIBOUC XNMEIAg, TTPOCPEPEI  ETTITTAEOV
TIAEOVEKTAUATA, KABWG O XEIPIOMOG TOug €ival TTOAU  EUKOAOTEPOG  ME
TUTTOTTOINUEVEG  XNUIKEG digpyaoieg kal  divel Tn  duvatdtnTa  avATITUENG
TTOAUTTAOKWY SOPWV XWpIic TNV avaykn Utrapéng umrooTpwuatog.?’ ‘ETtol, Ta
TEAeUTaia TTEPITTOU 15 XPOVIA Ol EPEUVNTIKEG TTPOCTTABEIEG £XOUV OTPAPEI EPPAVWG
TTPOG TNV XNUIKA UTTOKATAOTOON ME MEBODBOUG KOAANOEIBOUG xnueEiag, Tmapd TIg
ONMAVTIKEG TTPOKANCEIC TTOU QUTEG QVTIMETWTTICOUV. 2TA OCUPTTAYR UAIKA, n
€10aywyn  UTToKaTdoTaon I0VTWY ETTITUYXAVETAI CUXVA PE OIAXUON TWV I0VTWYV
QuTWV OTo NAON TIOPOOKEUAOUEVO UANIKO O€ UWnAEG Beppokpaoies.  ZTa
VOVOOWMATIOIa AuTO €ival EQIKTO O BEPUOKPATIEG APKETA XANNAOTEPEG ATTO TIG
BepuoKpacieg TToU aTraIToUVTal YIa TNV TTapaockeun Toug. H didxuon 10vIiwy o€
VOVOOWMATIOIa PTTOPEI VA YiveEl APKETA €UKOAOTEPO OKOMPA KAl 0€ BEPUOKPATIES
dwpaTiou. AUTO PTTOPEI va KAVEI ATTAOUCTEPEG TIG EPYACTNPIOKES DIAdIKATIES KAl
TNV opyavoAoyia TToU QTTaITEITAl, ATTAITEI OUWG OUXVA TTOAU KOAO €AEyXO TwV

ouvenkwy, yia va yivetal n utrokatdoTtacn oTo BaBud 1Tou To €TTIBUPOUNE Kal va
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ammo@Uyouue GAAEG avemmBUunTeG Odlgpyacie PECA OTO vVavOoOowaTidlo. Ag
TTapoupE yia TTapadeiyua tn didxuon Kal TEAIKWG avadidragn 16viwyv Fe kai O oTa
owpaTidIa TUTTOU TTUPAVA-KEAUPOUG TTOU EXOUME WEAETAOCEI PEXPI OTIYUAG, OTav
QuUTA €KTEBOUV OTNV aTpoo@aipa oe Beppokpacia TTEPIBAANOVTOG yIa AiyEG MEPEG
KAl TTou 0dnyei TEAIKA Kal oTnv OAOKANPWTIKA o&eidwon Tou TTUPAVA Kal OTA
EVOIA@EPOVTA QAIVOUEVA AOYW dNUIOUPYIOG TTAEYHUATIKWY OIATAPAXWY TTOU £XOUV
oulntnBei oTO TTPONYOUHEVO KEPAAQIO. QG avTITTAPAdEIYUO UTTOPET va ava@epBei n
TTEPITITWON d1IGXUoNG 0EUYOVOU € OKIUIO HOVOKPUOTAAAIKOU Y2SiOs dlo0TACEWV
5 mm x 5 mm x 0.5 mm, émou armaiteital n Béppavon Tou otoug 1100°C yia 72
WPEG O€ EAEYXOPEVN OTUOC@AIPA IXVNBETNUEVOU OEUYOVOU, TTOU TTPOCOUOIALEN TIG
KAVOVIKEG OUVONKEG TTiEONG, WOTE VA aviXVeUBEei TEAIKA To 0§uyovo o€ BABog POAIg
1000 nm amd TNV EMPAVEID TOU UAIKOU.?Y T& QuTh TNV TIEPITITWON OTIO TIC
eVOAATTIEG evepyoTTOiNONG TTPOKUTITEI OTI N TTIO ONUAVTIKA KIVNTIKA TTAPAPETPOG
a@opd oTn dIdXuon Tou I10VIOG PECO OTO KPUOTOAAIKO TTAéypa TTapd oTnv
TTPOoOoPOPNOCN autou oTnv em@aveld. MAAIOTa o1 gnxaviopoi d1axuong aTToKToUvV
I010ITEPO EVOIAPEPOV, KOBWGS aKOUQ KAl HECA OTO iBI0 UAIKO UTTAPXOUV «EUKOAEGY
000i Kal «dUoKOAEG» 0doi didxuong avaloya Pe TNV KPUGTAAAIKR dour).?%2 Z1nv
TEPITITWON TWV  VAVOKPUOTAAAWYV, TTIpoQavws Xapn oTovV  UWnAG Adyo
ETTIPAVEING/OYKOU KAl CUVETTWGS TG AugnUEVNG EVEPYOU ETTIQAVEING, TO OTABIO TNG
TTPOCPOPNONG TOU 1I6VTOG VIOTTAPIOUATOG TTAVW OTNV ETTIQPAVEIA TOU CWHATIBIoOU
Taiel onuavtikd poAo, evw n didxuon AOyw TOU HIKPOU OYKOU KOl TWV ATEAEIWV
OOUNAG EIDIKA KOVTA OTA ONUEIQ TTOU «OTTAE N OOUN (ETTIPAVEIES, DIETTIPAVEIEG) Eival
€EUKOAOTEPN Kail TaxuTepn. Ooov agopd Toug vavokpuaTaAAoug, n OAn diepyaoia
Xwpiletal o€ T€Eooepa dlakpITé oTddia: Em@aveiaki TTpoopd@non Tou VEOU I0VTOG,
EVOWMATWOT Tou 0TO KPUOTOAAIKO TTAEYUQ TOU UAIKOU O€KTN, BIAXUon YEoa OTO
KPUOTAAAIKS TTAEypa Kal TEAOG atToBoAr a1rd autd. OAa auTd Ta paIVOUEVA QUOIKA
gival Bepuokpaoiakd eEapTwPeva, OAAG OTTWG TTPOAVOPEPONKE O KPICIUES
Bepuokpacieg yia KABe aTAddIo gival ONUAVTIKA XaunAGTEPES aTr’ OTI OTA CUPTTAYA
UAIKA. 'ETO1, yia va €XOUlE €TTITUXNMEVN UTTOKATAOTAON 1 €10QYWYH TTPOCUIEEWV
OTA VaVOUAIKA, aTTaITEITAI VA ETTITEUXOEI 1A AETTTA I00PPOTTIA HETAEU TWV dIAQOPWV

aQuTWV OTadiwyv. YTTAPXEI OJWG KAl N TTEPITITWON OTTOU N TPOTTOTTOINCN ETTIXEIPEITAI
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e€apxns kartd 1n didpkela TNG olvBeong Tou vavoowuaTidiou déktn. O yébodol
Aoitrév TToU akoAouBouvTal, UTTOPOUV VA XWPIOTOUV 0€ dUO YEVIKEG KATNYOPIES KAl
avoAuovTal TTOPAKATW: OTNV TIPWTN AVAKOUV Ol TEXVIKEG TTOU «XTiCOUV» TO
VOVOOWMATIOIO a1Td TNV apXf XPNOILOTTOIWVTAG TTPODPOUES EVWOEIG TOU UAIKOU
TOU OEKTN KAl TOU IOVTOG UTTOKATACTAONG, EVW OTN OEUTEPN EXOUUE TIG TEXVIKEG TTOU
KATEPYALOVTAI ETOINA VAVOOWMATIOIO DEKTEG OTOXEUOVTAG O€ XNUIKA TPOTTOTTOINON

HEéow diaxuong 16VTwy.23

5.1.1.1. XnMIKA TpOTrOTroinon VOVOKPUOTAAAWYV pE KATAAANANR etmiAoyn

MPOSPOUWYV EVWOEWV

Otmrwg o€ kGBe ouvBeon vavokpuoTAAAWYV aTTd TTPOOPOPEG OUUTTAOKEG EVWOEIG,
€101 KI €dW 10XUOUV Ol iDIEG TTPOBIAYPAPEG YIA TNV ETTIAOYI TWV TTPOOPOUWY QUTWV
EVWOEWV. Z€ TTEPITITWON O TTOU XPENOIMOTIOINGEI dIaPOPETIKY TTPOdPOUN £vwon
Yo TO OXNMATIOPO TOU KPUOTAAAIKOU TTAEYHOTOG TOU «OEKTN» KAl OIOPOPETIKA (N
OIAPOPETIKEG) YIa TNV E1I0AYWYHA TOU 16VTOG (A 10VTWV) TTPOCHIENG/ UTTOKATAOTAONG,
TTPETTEI va An@BEi emITTA OV €IBIKN PEPIMVA YIA TN PUBUION TNG AVTIOPACTIKOTNTOG
TWV TTPOOPONWY QUTWY ouaiwv. Ev yével n auvBeon kal TTAAI BacileTal OTIC apxES
Tou «nucleation and growth», OTTW¢ kal oTn oUvBeon aTTAOUCTEPWYV
VOVOKPUOTAAAWY, OnAadry oTo OlaXwpIouO Kal ToV €AEyXO Twv OTadiwv Tng
dnuIoupyiag TTUpAVWY Kail TNG JeyEBuvong auTwv (BA. kal Ke@. 3). ATTAG n elI0aywyn
TIPOOUIEEWV UTTOPET va Yivel EQIKTA €iTe €0TIGlOVTAG OTO OTAdIO TNG dnuioupyiag
TTUPAVWY, €iTe €0TIAOVTAG O€ QUTO TNG AVATITUENG TWV OXNUATIOUEVWY TTUPAVWV.
2TNV TTPWTN TTEPITITWOT, N TTPOdPOMN £vwaon Tou OEKTN KAl auTrh TNG TTPOCMIENG
avaglyvoovTal kKatd T1n OIdpKeEId Tou oTadiou TnG dnuioupyiag Truprvwy. To
KaBopIOTIKO £dW €ival OTI 01 OUVOAKEG TNG avTidpaong Kal n avTidpaoTIKOTATA TWV
TTPOOPOUWY EVWOEWV TTPETTEI VA PUBUIOTE £€TOI, WOTE O OXNUATIOUOS TTUPAVWYV
TTPOCMIENG va TTponynBei atrd autdv Tou UAIKOU OEKTN. 'Evag atrAdg TpoTTog €ival
va gekIvijoel To 0TadIo Tou nucleation pe Tnv TPpddpoun Evwaon TnG TTPOCHIENG Kal
QUEOWG PETA va TTPOCTEDEI OTO piypya TNG avTidpaong n TTPOdPOUN £Vworn Tou

oéktn. O1 Truprveg mTPOOUIENG TTOU  Ooxnuartiovral Kar auTtdév Tov TPOTTO
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EMKAAUTITOVTOI €TTEITa aTTd  TO UAIKO  O€KTn, KaBwg autd apyilel va
«TTUPNVOTIOIEITAI» TTAVW OTOV Ndn oxnuatioyévo TtupAva mpoouiEng. ‘Etol
oxnuaTieTal évag vEOG TTUPRVAG AvTIdOPAONG TTOU €XEl OTO E0WTEPIKO TOU WIKPA
TTOoOTNTA TWV IOVTWYV TTPOCHIENG KAl Eival ETTIKOAUUMEVOS ATTO TA 1IGVTA TOU OEKTN,
KATI avTioTolXo PE TN Ooun TTuprRva/KeEAUQOUGS, OTTOU O TTUPAVAC Eival N TTPOCHIEN
Kal To KEAUQOC O O£KTNG.24?> AuTOi oI HEIKTOi TTUPRVEG Ba aTToTEAéCOUV OTN
OUVEXEIDQ TA DOMIKG OTOIXEIO YIa TO OXNUOTIOKMOU TOU TEAIKOU VAVOKPUOTAAAOU. 27N
OeUTEPN TTEPITITWON, N TTPOdPOUN Evwon TNG TTPOCHIENG TTPOCTIOETAI OTO Wiyua
a@pou £xouv Ndn avatTuxOei vavokpUoTaAAol TOU UAIKOU BEKTN, XwpPig OUwWG auToi
va €Xouv @TAcEl OTO TEAIKO, €mBOupnTtd péyeBog. O1 Ndn oxnUaATIOPEVOI
VOVOKPUOTAAAOI ATTOPPOPOUV TIG TIPOCTIOEUEVES TTPOCHIEEIS EVW N AVATITUEN TOU
KPUOTAAAIKOU TTAEYUOTOG OUveEXICeTal TTeEpAITEPW €iTE dlaTNPWvTag TNV idla
KPUOTAAAIKT Bour, eite oxnuaTiloviag éva eTepoKPUOTAAAIKG KEAUPOG.2* Me
OuVvOUOOHSG MAANIOTA Twv OUO OIA@OPETIKWY QUTWY TIPOCEYYICEWY MTTOPEI va
EMTEUXOOUV OKOPA TTIO OUVOETEC OOPEC HE OUO DIAPOPETIKA IOVTA -TTPOCIEEIC. %8
YT1rapyouv Aoirtov peBodoAoyicg woTe va eAeyxOei o€ kaTTOI0 BaBUG N dlaoTTopd
TOU IOVTOG UTTOKATAOTAONG MECO OTOV OYKO TOU CWHOTIOIOU OEKTN. AUTO QUOIKA
Oev €ival eUKOAO, OI0TI aTTaITEl TTOAU TTPOOEKTIKY) PUBUION Twv OTadiwv TTOU
TTpoava@épBnkav. ETriong eival amé dUokoAo €wg aduvato va eAeyxBei n
OTOIXEIONETPIA, N avaAoyia dSNAadA YETAEU DEKTN Kal TTPOCHIENG, OTAV aKOAOUBEITaI
n o TTAvw TTEPIypageioa TeXVIKA. INa va avTINETWTTIOTE auTr N TTPOKANGCH, JTTOPEi
va akoAouBnBei pia  OIaQOPETIKA TTPOCEYYION, OTTOU N TTPOdPOPN  €vwon
mepIAauBdavel OAa Ta  OTOIXEi TTOU QTTQAITOUVTAI yIid TNV QVATITUEN Tou
VaVOKPUOTAAAouU, dnAadn TO00 Ta aTolIXEia Tou OEKTN, OO0 Kal AuTA TNG TTPOCUIENS
KAl QUOIKA TOUG QTTAITOUPEVOUG OPYAVIKOUG UTTOKATOOTAOTEG (Single Source
Precursor - SSP), oTIg emMOUPNTEG avaAoyieg. AuTr n TEXVIKN MOG divel KAAUTEPEG
OuvaTOTNTEG EAEYXOU TNG TEAIKAG OTOIXEIONETPIAG. EvTouToIg XpelddeTal TTpOCOX!)
KATd Tov oXedIaoud NG TTPOOPONNG £EVWONG, WOTE Ol BECHOI JETALU TWV BOPIKWV
OTOIXEIWV TOU VAVOKPUOTAAAOU KOl TwWV OPYAVIKWY UTTOKATACTATWY VA OTTAVE PE
TETOIO TPOTTO TTOU VA ETTITPETTETAI I OPOIOPOPEPN AVATITUEN TOU VAVOKPUGTAAAOU [E

Ta €mMOUPNTa SouIkG aToixeia. Autd Oev eival TTavra €@IKTO, avaloya pPeE TOv
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VOVOKPUOTAAAO TTOU BEAOUNE VO TTAPOCKEUAOOUME. YTTAPXOUV TTOAAEC ava@OpPES
otnv BiBAloypagia, OTToU yia TNV TTAPOOKEUN CUVOETWY CUCTNPATWY O&EIBiwV
TTOMWY  CUCTATIKWY, KUPIWG VAVOOOUNUEVWY AETTTWV  UPEViwY, aAAG  Kal
VOVOOWMATIOIWV £XOUV XPNOIUOTTOINOEI KATEEOXNV TTPOdPONES eVWOEIlG SSP TTou
gival SIueTAAAIKG aAkogeidia, KapBOoEUAIKA 1 B-OIKETOVIKGA OUOTAUaTA.?28:29,30.31,32
Me TETOIEC TTPOOPOMEG EVWOEIG £XOUV ETTITEUXOEi €TTiIONG KOAG €AEYXOMEVEG
ouvBéoeic amAwv  HPETOAMIKWY  ofediwv3  (BA. Kol TIC TTIEPITITWOEIS TTOU
ava@EpOnkav Kal PJeAETAONKav oTo Ke®. 3). AauBdvovtag AoImrov uttown Tnv
EmMTUXiO QUTAG TNG TTIPOCEYYIONG OTNV QVATITUEN VAVOKPUOTAAAWY atmmAwv 1)
TTOAUMETOAAIKWYV OEEIBiWY, €AeyXOUEVOU PEYEBOUG Kal oxAuUaTOG, N Xprion SSP
TPABNEE TO €vOIAPEPOV TNG EPEUVNTIKAG KOIVOTATAG WG TTOAA UTTOOXOUEVN
peBodoAoyia VTOTTaPIOPATOG/ UTTOKATAOTAONG.

MapoAa autd o1 pEBodOI  KOAAOEIDOUG OUVOEONG  UTTOKATECTNHEVWV
VaVOOWMATIOIWV avTIMETWTTICOUV OTNV TTPALN apPKETEC DUOKOAiEG akoua. MNa va
eAeyxBouv ol TMBUUNTES QUOIKEG 1810TNTEG HECW TNG XNMIKAG TPOTTOTTOINONG TOU
KPUOTAAAIKOU TTAEYHATOG TNG MATPAG, Pacikr) TrpoUtréeon cival va €Xoupe
ETMTUXNMEVN UTTOKATACTAON, dNAAdK ETTITUXNKEVN EVOWHATWON TWV TTPOCHIEEWV,
ETTITUXN QVTIKOTAOTOON TWV IOVIWV TOU OEKTN ME 1OVIa TNG TTPOCMIENG OTO
KPUOTOAAIKO TTAEyua Kal OXI yia TTapAdelyua atrAn Tpoopopnon mavw oTnv
ETTIPAVEIQ TOU VAVOKPUOTAANOU. ETTioNng TTOAAEG popEg BideTal N Weudng eviUTIWON
o1l n diadikacia eival €mMTUXNG, OIOTI OUYKEKPIMEVEG QVOAUTIKEG TEXVIKEG
aTTOdEIKVUOUV YIa TTapadelyua o1l N avaloyia OEKTN-TTPOOUIENG OTO TEAIKO UAIKO
gival n mmpoBAeTouevn (ue BAon Tn OTOIXEIOUETPIA TG TTPOBPOUNG £VWONG TTOU
XPNOIMOTTOINONKE), AAAG auTd dev I0XUEl. AuTO ouuBaivel OTav EXOUUE dIaXWPIOHUO
Q@AcEWV Kal oxnuatifetal TEAIKA pIo €TEPOYEVAG, KPUOTAAAIKA 1 un, @Aon TTou
OUVUTTAPXEl M€ TO UNIKO BEKTN.34 'ETOI TTPETTEI VA XPNOIMOTIOIEITAI £VaC TUVOUATHUOG
QVOAUTIKWV EPYACTNPIOKWY TEXVIKWY TOOO VIO TNV EKTIUNON TNG OTOIXEIOPETPIOG
TOU TEAIKOU TTPOIOVTOG, OO0 KAl YIA TOV ATTOKAEIOUO TOU EVOEXOUEVOU OXNUATIOUOU
€TepnG, Mn €mOupntig ¢@dong (m.x. ICP-MS / XRD). H utrokardotaon
VOVOOWMATIOIWV e MEBODOUG TIOU CAPEPO MTTOPE va  Eival TETPIMUEVEG,

TTOAQIOTEPA WOVO €QIKTH eV @avTale.®® O1 unyaviouoi Kal oI apXEG TNG QUOIKAG
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TTOU SIOKATEXOUV TNV EI0AyWYr TTPOCHIEEWV oTa cupTrayr UAIKG Kal 0Ta vavoUAIKA
dlapépouv. [MoTtevetal OTI T vavoowparidla u@iotavral  pia  dladikaoia
auTtokdbapong, ammoBAAAOVTOG TEAIKA TIG TTPOOMICEIG, AOYW TnG uwnAdTEPNG
EVEPYEIOG TTOU ATTAITEITAI YIA TNV EVOWUATWON Kal IATHPNOCT) TOUG 0€ OXE0N YE TA
oupTrayr UAIKA.36:37:38 "ETal ol vavokpUoTaAlol KaTd Tn SIdpKela TNG YeyEBUVONg
TOUG Teivouv va attoBAGAAOUV TIG TTIPOCHIEEIS YIa va EAAXIOTOTTOINOOUV T OUVOAIKN)
eNeUOepPN evépyela Kal va oTtaBepotroinBouv. lNMapdAa autd eTTeldry KivnTIKA
Qaivopeva, Tapd BepPodUVANIKA, ival AUTA TTOU KUPiIWG KaBopiouv TNV avaTmTugn
TWV VAVOKPUOTAAAWVY OTIG OXETIKA XaUNAEG Bepuokpaacieg KATw aTTd TIG OTTOIEG
AauBdavouv xwpa ol KoAhoeldeic ouvBéoelg (< 400°C), n evowudTwon Twv
TTPOOMICEWV PTTOPEI TEAIKA va €TITEUXOEI Qv KATAPEPOUUE va €AEYEOUME TOUG
puBuoug avdamTuéng Twv TIAeYuATWY TOou OEKTN Kal TNG TPOOHIENG, OTTWG
ava@EpOnke o TTAvw. TEAOG, av kal To PEYEBOG AAAG Kal TO OXNAPA TwV
TTapayouevwy  vavoowuaTmidiwv kKabopileTal Kupiwg atmd Tov €AEyXO Twv
Bepuokpaciakwy otadiwv TNG avTidpaong, TN eUON TWV VAVOKPUOTAAAWY, TwV
OIAUTWV KOl TwV ETMQAVEIOOPACTIKWY TTOU  XPNOIPOTToIouVTal, UTTAPXOUV
TTEPITITWOEIG OTTOU TO OXN MO TWV CWHATIOIWV dIaPOPOTTOINBNKE WG OUVAPTNON TNG

€l0ayWYNS TTPOoHIEEwV. 3940

5.1.1.2. XnMIKA TPOTTOTTOinon VavoKPpUOTAAAWY HE Sidxuon 16vTwv

Mia evaAAOKTIKI) KAl OUXVA XPNOIYOTTOIOUUEVN TTPOCEYYION YIO TNV IOVTIKN
UTTOKOTAOTOON KOAAOEIBWYV VAVOKPUOTAAAWY, €ival auTr] TNG €I0QYWYAS VEWV
IOVTWV MEOW dIdxuong. 2€ QUTA TNV TIEPITITWON TA TIPOG KATEPYATIa
vavoowpartidla €xouv AdN TTAPACKEUAOTEI PE TUTTIKEG Ol1adIKACiIEG KOAAOEIDOUG
XNUEIQG Kal ETTEITA U@ioTAVTAl KATTOIO ATTIA BEPUIKY KATEPYATia 0€ KOAAOEIDEG
d1dAupa étTou TTpooTiBeTaI TO €MOUPNTO 10V UTTOKATACTAONG (EVWHUEVO PE KATTOIOV
OPYQVIKO UTTOKATOOTACTN/ £TTIQAVEIOOPACTIKO, TT.X. EAAIKO avIOV) PHE OKOTTO QUTO
vVa TTPOCPOPNBEI OTNV ETTIPAVEIQ TOU VAVOKPUOTAAAOU, VA EYKOATTWOEI atTd auTov
KAl OTn OUVEXEIQ va dlaxuBei pEoa OTO KPUOGTAAAIKO TOU TTAEYHA AVTIKABIOTWVTAG

ouvRBwg KAtolo amd Ta uttdpxovta 16vTa, ot pia Oladikaoia TTou KaAgital
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KATIOVTIKI) 1 aviovTikip avtaAAayry, avdAoya Pe To @opTio Tou 16vTog. OTTwg
TTPoavVaPEPBNKE, VW) OTa cupTTayr UAIKA n diadikacia auTr aTraitei JEPES A Kal
€BOOUGOEC 0 apPKETA UYWNAEG BepUOKPATiES, OTOUG VAVOKPUOTAAAOUG AapPBavel
XWpa pEoa oe Aiya AeTITA 0€ apKETA XAUNAOTEPEG BEPUOKPATIEG TTOU PTTOPEI va
gival 60 - 100°C.4! H Bepuokpaaia e€apTaTal QUOIKA aTrd TO 16V UTTOKATACTAONG
Kal €v Yyével TO OUOTNPO PE TO OTTOI0 OOUAEUOUME Kal €101, avaAoya HE TnV
TTEPITITWON, PTTOPEI va atraiTouvtal Kal uPnAdTepeg Bepuokpacieg. Maviwg, av
AGBoupe uttdYn 0TI 0€ PIa KOAAOEID oUVBeaN TO OTADIO TNG dNPIoUPYIAG TTUPAVWY
eivar Tutmka atmmé 200 - 300°C kai To oT1ddio TnG peyéBuvong autwyv 300 - 400°C
YiVETQI EUPAVEG OTI N UTTOKATACTAON MECW IOVTIKAG dIAXUONG gival avecdapTnTn atmo
Ta dUO EexwpIoTd auTd oTddia TNG KoAAogIdoug ouvBeong. Eival pia katd Baon
KivnTIKA dladikacia, 1Tou TrePIAaUBAvel Kal eAEyxeTal ammo 4 EexwploTd oTadia,
OTTWG TTPOAVAPEPBNKE: ETTIPAVEIAKN TTPOCPOPNON, EVOWUATWON OTO KPUOTAAAIKO
TAéypa Tou O€KTn, didxuon kal ammoBoAn amd autd.*! To kdbe éva amd autd Ta
oTAadIa £XEI TIG OIKEG TOU KPIOIUES BEPUOKPATIES, £TOI UTTOPEI va EAEYXOEI N ETTITUXAG
KAl OMOIOUOP®N EVOWMPATWON 10VIWV TIPOOHIEEWY OTO MNTPIKO KPUOTAAAIKO
TAEYMa KAl va atro@euxBei n mOavy atofoAr] Toug amd autd. O Pabudg
UTTOKOTAOTOONG MTTOPEI ETTIONG va eAeyXOei aTTd Tn CUYKEVTPWON TWV TTPOCUIEEWV
OTO KOAAOEIOEG DIGAUPA 1] Kal aTTd TN QUON TWV  ETTIPAVEIODPACTIKWY HOPIWV.
EAéyxovtag Aoimtdév OAeg QUTEC TIG TTAPAUETPOUG WUTTOPEl va puBuIoTEl Kal va
e€looppotTnOei n dladikacia TNG 10VTIKAG avTaAAayng Katd BouAnon, Pe TPOTTO
MAANOV €UKOAOTEPO O€ OUYKPION ME TNV XNMIKA TPOTTOTTOINON MECW TNG
KOAAO€IO0UC oUvBeang TTou £xel NN Treplypaei.*? O1 ATTIEC oUVORKeS KATW aTtrd
TIG OTTOIEG TTPAYUOTOTTOIOUVTAl AUTEG O DIEPYACIEG £XOUV TO TTAEOVEKTNUA OTI €V
yEVEl uTTOPEl va dlaTnpnBei N pop@oAoyia Twv VaVOKPUOTAAAWY QVETTNPEQOTN VIO
éva TTARB0G epapuoywy, PE KATTOIEG ECAIPETEIG KAl TTEPIOPICHOUG BERaIa, OTTwG Ba
OOUME TTAPOKATW, OAAG KAl VA €QAPUOOCTEI O€ MEYAAO €UPOG VAVOKPUOTAAAWY,
OKOPO  Kal PETAOTOBWYV, a@oUu O €AeyX0G a@opd Kupiwg TNV KIVNTIKA, OXI TN
Bepuoduvauiki. ETTiong, a@ou uTropei 0€ KATTOIEG TTEPITITWOEIG VA YiVEI AKOPA Kal
ot Bepuokpaaicc TePIBAAAOVTOC,*2 a@rivel avoIKTO TO EVOEXOPEVO XPRONG aKOUQ

KOl O€ TTEPITITWOEIG BIOAOYIKWV EQAPUOYWV.
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5.1.2. TAgoveKTApATA XNMIKAG TPOTTOTOINCN — N TEPITTTWON TWV

MAYVNTIKWV VOVOKPUOTAAAWV: MayvnTiKR utrepOeppia

2TNV TTEPITITWON TWV HAYVNTIKWY VAVOOWMATIOIwV (YvwoTwy ws MNPs —
Magnetic Nanoparticles) fj o €EEIBIKEUUEVA TWV PAYVNTIKWY VOVOKPUOTAAAWY,
MIAG Kal €W MEAETAME KUPIWG UAIKA KPUOTAAAIKAG OOMPNG, N avaykn yia XNHIKN
TPOTTOTTOINCN TNG OOMNG KAl Ol TIPOKAACEIG eUPEONG TNG IBAVIKA TPOTTOTTOINUEVNG
OOMNG, TTPOKUTITOUV GUXVA aTtrd TNV avadlntnon UAIKWVY TTOU €XOUV TNV KAAUTEPN
ouvartn Beppikn amokpion, O6tav uttoBdAAovTal o€ evOAANACOOPEVA payvNTIKA
media. Kdavovtag xprion authg Tng 1010TNTAG KATTOIWY  PAYVNTIKWY  UAIKWV,
UTTAPXOUV ONMPAVTIKEG €CENICEIC OTNV TEXVIKN TNG MAYVNTIKNAG UTTEPBEPMIAG, wg
OEPATTEUTIKAC TTPOCEYYIONG VIO TNV QVTIMETWITION KAPKIVIKWY OYKwV.*445 Mia
ouvnBiouévn oTPATNYIKA TTPOG AUTA TNV KaTEUBUvON €ival n TTpooTTdbeia aunong
TNG MayvNTOKPUGOTOAAIKNG avioTpoTriag Tou UAIKOU. Tautdxpova, To YEyeBog Tou
VOVOOWMATIOIOU Eival KPIOINOG TTAPAYOVTAG O€ QUTOU TOU €idOUG TIG PBIOIATPIKES
EQPAPHOYEG, OTTOU ETTIBIWKETAI N XPON TNG EAAXIOTNG dUVATHG TTOOOTNTAG OXETIKA
MIKPWV, OANG TAuTOXPOVa HAYVNTIKA EVEPYWYV CWHATIOIWY YIa TNV aTtroQuyn
mMOavVNG KUTOTOEIKOTNTAG. 'ETOI TA payvnTIKA vavoowuaTidla TTou oxediddovTal yia
TETOIEG XPNOEISC Ba Empete 1I0AVIKA va BpiokovTal OTAV UTTEPTTAPAPAYVNTIKA
(superparamagnetic) Treploxr;, va éxouv onAadn éva Kpiolgo pEyeBog OxI
MEYaAUTEPO aTTd 20 — 30 NM, 4647 ywpic va eupavifouv onuavTikh UTTORABUION TNG
duvaToéTNTAG PAYVATIONG TOUG. APKETEG, TTOAAG UTTOOXONEVEG TTPOCEYYIOEIG £X0UV
dlgpeuvnBei yia To okoTrd autd, cupTTeEpIAaUBAVOVTAG TRV TPOTTOTTOINON TWV
MOP@OAOYIKWY  XOPAKTNPIOTIKWY TWV OCWPATIBIWV (pUBuIoN OXAMATOG  Kal
peyéBoug, €dIKA yia cwuaTtidla 20 — 40 nm)*8, TNV avaTITugn PayvnTIKWwy
OIETTIPAVEIWV JECW TOU OXNMATIOHWOU KEAUPOUG BIAPOPETIKNG OOMNG (KPioIuo €10IKé
ot PIKPOTEPA owpaTidia, T.X. ~ 15 nm)*50 kal QuUOIK& TNV XNUIKN TPOTTOTToiNoN
NG JOUNG (TT.X. UTTOKATAOTACN PE Zn Of QEPPITIKA owpatidia ~ 15 nm).5t H
QATTOTEAEOUATIKOTNTA TWV OUO TTPWTWYV PMEBODdWY, Yadi PE TIG OXETICOUEVEG ATEAEIEG
TNG KPUOTAAAIKAG doung €xouv oulntnBei dIE¢OdIKA OTO TTPONYOUNEVO KEPAAQIO
ylo owpatidia TUTTou TTUprva-keAU@oug FexO@Fes-504 pikpdtepa Twv 20 nm. H

BeTIKA ouvelIoQopd dlaTapaxwyv OOWNG TTOU TTPOKUTITOUV O€ UTTOKATECTNHEVA
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QEPPITIKA vavoowuaTidla ~ 8 — 10 nm €xel etmiong diepeuvnBei. e auTd, n YEPIKA
uttokatraotaon Tou Fe amd AGAa  PETAAAIKA OTOIXEIQ METATITWONG OTNV
VOAVOKPUGTAAAIKR) Sopr], evioxUel TNV PayvnToKPUOTOAAIKA aviooTpoTria.>? 'ETol
EVIOXUETal N duvatoTNTA AUTWV TWV OCWHATIdIWV Vva TTApAYyouv HayvnTIKA
emayopevn Beppotnta  (TTou  ekepadetal amd 10 SAR) evw  Tautdxpova
diatnpouvTal Ta EMOUPNTA HOPPOAOYIKA XAPAKTNPIOTIKA TWV CWHATIdiWY. AuTh N
BeATiwon cuppaivel péxpr éva TTOoOOTO UTTOKATACTACNSG TOUAAXIOTOV, TTOU YIA TNV
TEPITTTWON QePPITWV KoPaAtiou CoxFesxOs €xel PpeBei va civar x = 0.6

TTEpiTTOU. 5354

5.1.3. MaeikToi Qeppirteg

Otmrwg £xel ndn avagepOei Kal 0To KEPAAAIO 3, O YEPPITEG Eival Pia KaTnyopia
0&eIdiWV PE KUPIO CUOTATIKO TO CidNPO Kal YEVIKO XNUIKO TUTTO MFe204, étrou M
MTTOPEI Va gival Fe, Cu, Ba, Co, ,Zn, Mn, Ni, evw atroTeAoOUV TUTTIKA TTapadEiyuaTa
o1dnpINayvnTIKOU UAIKOU. XpelddeTal KATTOIQ TTPO0OX OTAV QVOPEPOUAOTE OE
@EPPITN, BIOTI 0 OPOG £XEI ETTIKPATAOCEI YIA TNV TTEPIYPAPT] dIaPOPWVY UAIKWV 1] Kal
TEXVIKWV OIOTAEEWY, OTTWG TT.X. N AAAOTPOTTIKI) Jop@r Tou O1dApoU a-Fe, 0 yevikdg
TUTTOG PayvNTIKOU UAIKOU TTOU TTPOKUTITEI ATTO Wign atrpoodidépioTng TTo00TNTAG
TOoV TTpoava@ePOEVTWY PETAAAWY (TUTTOU MFe204) kal okwpiag oidApou Kai
XPNOIUOTTOIEITAI WG TTUPHvVAS YUPw ATTO TOV OTToio TTEPIEAicOOVTAl Ta XAAKIVA
KaAwdla TTou oxnuaTtiouv Ta TINvia OTIG NAEKTPOVIKEG OIOTALEIG, KABWG
QVTIOTOIXWG KAl N OUOKEUN @QePPITn, dnAadr] €va NAEKTPOVIKO €€APTNUA TTOU
TommoBeTeiTal  ouvnBwWG  yUpw ammd  kKaAwdia yia va  €EaoBevioel TIG
NAEKTPOUAYVNTIKEG TTAPEUPBOAEG. 2TV €MOTAUN TwV UAIKWV TTaviwg otav
AVOQEPOUOOTE O PEPPITEG EVVOOUE TNV KATNYOPIA QUTH TWV HAYVNTIKWY OEEIBiwV
TOU OI8POU KAl TOUG {EXWPICOUUE PMETALU TOUG aVAAOYQ PE TO HETOAAIKO OTOIXEIO
M, wg «cobalt ferrite» CoFe204, «manganese ferrite» MnFe204, K.0.K., u€ T0 Fe304

(Fe?*Fe®*204) va atroTeAei TOV TTPWTOTUTIO QEPITN. OTTWG £Xel 0N avaAuBei yia Tnv
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TTEPITITWON TOU PayvNTiTN, UI0BETOUV TN dour oTTIveAiou, OTTOU Ta ATONa 0§uydvou
d1IaTaooovTal 0€ £va eBPOKEVTPWHEVO KUBIKO TTAEypa FCC kal Ta HETOAAIKA 16VTa
KataAauBavouv TIG 8 TETPAEDPIKES TTAEYUATIKEG BETEIC (TTOU oupBoAiCovTal he Td A
TTOPEVOEDEIG «( )») Kal TIG 16 OKTAEDPIKEG (TToU oupBoAiCovTal e Oh ) aykUAeg
«[ I»). O1@eppiteg gival Eva piyua dI0BevwV Kal TPIOBEVWV JETOAAIKWVY KATIOVTWY,
TOU 10i0U XNMIKOU OTOIXEIOU I KOl OIAQOPETIKWY. ZTNV YEVIKA TTEPITITWON M3O4
€XOUNE BUO OKPAIES TTEPITITWOEIS WG TTPOG TN BIATALN TWV PETAANIKWY IOVTWY OTIG
OIGpopeG TTAEYMOTIKEG O€0€IG, QUTA TOU KAVOVIKOU OTTIiveAiou, pe dIdTagn
(M?")[M3*]204 kai auTrj Tou avtioTpo@ou aTrivehiou pe diatagn (M3*)[M?*M3+]0a.
Evw dnAadn o1o Kavoviko aTmivéAio Ta d1o6evr) HETAAAIKG KaTIOVTA KaTaAapBdavouv
TIG 8 TETPAEDPIKEG BECEIC KAl Ta TPIOOEVR TIGC 16 OKTAEOPIKEG, OTO QAVTIOTPOPO
OTTIVEAIO OI TETPAEDPIKEG BETEIG £XOUV avTIKOTAOTOOE £ OAOKANPOU aTTd TPIOBEVA
IOVTA KAl Ol OKTAEDPIKEG polpalovTal e¢ioou oe O100gvr Kal TPIoBevA 10vTa. ATTO
EKEI KI ETTEITA UTTAPYXOUV Kal €VOIAUECEG KATAOTACEIS KATAVOMNG IOVTWV TTOU

TepIypAgovTal armd Tov TUTTO
(M5 MFT) [MET M32s] O, (1)

OT1r0U 6 0 BaBudS avTIOTPOPNAG TTOU TTaipVEl TINES aTTO O (KavovIKO oTTivéAID) Ewg 1
(avTioTpoo oTmIvEAID). O BaBudg avTiIoTPpo®nG e€apTaTal HETAEU GAAWY aTTO TOV
TPOTTIO TTOPACKEUNG TOU UAIKOU, yia TTapAdelyya O OUPTIAYAG QEPPITNG TOu
kKoBaAtiou CoFe204 ui0BeTei dopn avTioTpo@ou OTTIvEAIOU, a@OoU OAa Ta KATIOVTA
Co?* PBpiokovtal ot¢ OKTOEOPIKEG Ofoeig, evw Ta KkaTidvia oi1drfpou Fe3*
dlapolipddovTal €EIO0U PETALU OKTOEDPIKWY KAl TETPAEOPIKWY BE0cwv Kal Oivel
Babuo avtioTpopnc & = 1, kKaBwg To Co?* deixvel PIO oA TIPOTIUNGN OTIG
OKTOEDPIKEC BETEIC. 55%6 H Tdon auTr TTapapével Kal o€ eVOIAUETES OTOIXEIOMETPIES
CoxFesx04 %, evw 0 akpIBAG Babudg avTioTpoPng gaiveTal va kabopileTal atro Tn
BepuIKn KOTEPYaaTia TToU €xel UTTOOTE TO Ogiyua.®  AVTIBETWG OTnV TTEPITITWON
vavodounuévou @eppiTn Tou KoBaATiou Ta Katmidvta Co?* kai Fe3* gival Tuxaia
KATAVEUNMEVA O€ OKTAEOPIKES Kal TETPAEOPIKEC BETEIC Kal, avAAoya PE TOV TPOTTO

Kal TIC OUVBNKEG TIAPOOKEUNG, €xouv avagepBei otn BiBAloypagia Babuoi
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avTIoTPo®r¢ O atd 0.68 £wg 0.76.58:5960 O BaBudS avTioTpoPrc kabopilel TTiong
o€ PeYAAo BaBPo TIC payvnTIKES IBIOTNTEG.Y” H TTepiTITwaon Tou payvnTitn gival yia
€I0IKN TTEPITITWON OTTOU TO OEEIBIO ATTOTEAEI Hiyua OEEIDWTIKWY KATOOTACEWV VOGS
MOvo XNuIKoU aToixeiou (Fe?*(Fe3*)204), eV o€ OpICUEVEG TIEPITITWOEIC UTTOPET VO
aTmoTeAOUV Kal Miyda TPIWV  HETAAANIKWY KATIOVTWV.8Y  Agiypuata  ouptrayoug
CoxFesxO4 TTapackeudlovTal ouviBwg Pe XNUIKESG dlEpYaTieg OTEPEAG KATAOTAONG
oe UYnAéG Bepuokpaaoieg %657, evd vavodounuéva deiypata CoxFesxOs éxouv
TTOPACKEUAOTEI Je TITANBWPa HEBAdWY, OTTWCS SlaAuToBEpUIKES (Solvothermal) 5562,
udpoBepuikég (hydrothermal) 8364, aAAG kai peBddoUG KOANOEIBOUG XNMEIAS OTNV
AOYIKI TNG XNUIKAG UTTOKATACTAONG VAVOKPUGTAAAWYV 0&eidiou Tou aidripou, OTTwg

TTEPIYPAPNKE TTI0 TTAVW %2 1] akOua Kail dlepyaadieg KATIOVTIKAG avTaAAayng. 68

5.1.3.1. ®PeppiTeg KAl HAYVNTIKN TAEN

Av Kal €xouv ava@epBei KATTOIA TTPAYHOTA OXETIKA JE TNV JaAyVvNTIK TAEN OTOUG
o10NPINAYVATEG OTO TTPONYOUUEVO KEQPAAQIO, agiCel dw va YiVEl JIA TTIO EKTETAUEVN
ava@opd, WOTE va Yivel KATavonTo TTWG N UTTOKATAOTAON METOAAIKWY KATIOVTWY
METATITWOEWS OTO KPUOTOAAIKO TOUG TTAEypa PE AAAA avTioTolXa, WTTOPEi va
METABAAAEI TRV PAYVNTIKI TOUG CUUTTEPIPOPA.

O1 @eppiteg atmoTeAouvTal atmd YETAANIKA OTOIXEIQ TTOU AVAKOUV OTA OTOIXEIA
METATITWOEWG KAl KUPIWG 0€ auta TnG 4" 11EPI6doU Tou TTEPIODIKOU TTivaka. Ta
oToixeia autd cival oToixeia 3d, dnAadn £xouv nuUICUPTTANPWPEVA Ta 3d aTOMIKG
TPOXIOKA TOuG. Ta nAekTpovia diapoipdlovtial oTa S5 ATOMIKA  TPoXIaKa
akoAouBwvTag Tov kavova Tou Hund, pe TTapdAAnAn katd mrpotipnon dieuBéTnon
TWV OTTIV, QTTOKTWVTAG £TOI TO JEYIOTO dUVATO ABPOICHA KBAVTIKWY OPIOPWY OTTIV.
Mo va oxnuaTtioouv KaTIOVTA, Ta CUYKEKPIPEVA OTOIXEIO ouviBwS XAvouv TTPWTa
Ta NAEKTPOVIO TTOU BpioKovTal OTNV €EWTEPIKN OTOIBGdO OTO TPOXIaKO 4s Kal
aKOAOUBWG apxiouv va xavouv nAekTpovia atrd tn oTifada 3d Kkabwg augdavel To
00évog, akoAouBwvtag kal TGNl Tov Kavova Tou Hund, avtiotpogwg. Ta

NAEKTPOVIO  TNG  NUICUPTIANpwWPEVNG 3d  OTOIBAdAC OCUPMETEXOUV  OTOUG
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--------------------------------------------------------------------------------------------------------------
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Eikéva 5. 1 MepI10dIKOG TTiVOKOG TWV OToIXEiwY, OTTou diveTal £Ugacn oTa
KUPIOTEPO OTOIXEIA PETATITWOEWS TNG 475 TTEPIOdOU TTOU OXNMATICOUV TOUG
OUVABEIC QeEPPITEG, KABWCS Kal aTnNV NAEKTPOVIOKH SIAUOPPWON TWV ECWTEPIKWV
oTIBAdWV Toug. O TTPWTOTUTTOG TTivakKag eARYOn ato https://sciencenotes.orq/.

NAEKTPOVIOKOUG OEOPOUG TTOU dnuioupyolv auTd Ta 16vTa yia Tn dnuioupyia
OUMPTTAOKWY EVWOEWV 1 KPUOTOAAIKWYV douwv. ‘ETo1 N payvATior Toug kabopideTal
KI QuTr) a1ro Ta NAEKTPOVIA TTOU BPICKOVTAI OE€ AUTA T TPOXIAKA KAl TOV TPOTTO TTOU
auTd dieuBeToUvTal.

Ortav éva 10V gival eEAeUBePO A BPIOKETAI EVTOG OUOIOYEVOUS O@AIPIKOU TTEdioU,
n otoiBdada 3d cival eEKPUAICPEVN, Ta S5 TPOXIOKA TTOU TNV aTTOTEAOUV dNAQdR £xouv
TNV id1a evepyelakr oTaBun. Otav Opwg 10 10V auTd BPeBei UTTO TNV eTTPEIA VOGS
TTEQIOU  UTTOKATACTATWY CUYKEKPIUEVNG YEWMETPIAG, YIA VA OXNUATIOEI XNUIKOUG
OeoOUC UE auTOUG, YE BAon Tn Bewpia deapoU aBévoug — uBPIdIoPOUSS kal Tn
Bewpia KpuoTaAAikoU TTediou,®” n utrooTIBAda d diaxwpileTal 08 EKPUAIOUEVES
UTTOOUABEG TPOXIOKWY. ZTNV TTEPITITWON TWV QEPPITWY OOMNG OTTIVEAIOU, PG
EVOIOQEPEI KUPIWG N OKTOEDPIKN KAl N TETPOEDPIKI) YEWUETPIA UTTOKATACTATWY,
KaBwg Ta HETAAIKG KaTIOVTO KOTAAQUPAVOUV OKTOEDPIKEG N TETPAEDPIKES
KpuoTaAhoypa@ikég B€oelg, Ppiokovtal dnAadry OTO KEVIPO OKTAEdPWY R
TETPAEOPWYV, Ol KOPUPEG TWV OTTOIWV opifovTal atrd Ta aviovTa ofuyovou HE Ta

OTTOI0 CUVOEOVTAI. 2TNV OKTAEDPIKN YEWMETPIa n uttooTIBAda 3d diaxwpilsTal o€
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Mia OITTAG ek@UAIoPEVN Opada UWNAOGTEPNG E€VEPYEIQG TTOU TTEPIAAMPBAvVEl Ta

TPOXIOKG d, .2 Kal d,z TTOU XapoKTnpidovTal wg oudda e,, KABWG Kal o€ Hia

_y2
TPITTAG EKQUAIOPEVN Opada XauNAGTEPNG EVEPYEIOG TTOU TTEPIAAMPBAVEI TA TPOXIOKA
dyy, dyz, dy, KOI XOPAKTNPICETAI WG OUADA tp4. ZTNV TIEPITITWON TNG TETPAEOPIKAG
YEWMETPIAG 0 dlaxwpIoudg gival TTapdPoIog, HOVOo TTOU O€ QUTH TNV TTEPITITWON N
ouada tp, €ival auTn TTou BPioKETal UYPNAGTEPA EVEPYEIOKA ATIO TNV OUAdA  ey.
Otav Aoimév aipetal 0 TevTatAdg ekQUAICUOG TNG oTIBAdag 3d, Ta nAekTpdvIa
TPETTEl va avadiaTaxBouv. H TTARpwaon TwV TPOXIAKWY TTPOPAVWG EEKIVA aTTO auTd
TTou Bpiokovtal XaunAotepa evepyeiokd. Otav autd TTAnpwBolv pe povipn
NAEKTPOVIQ, YyIO VO IKAVOTTOIEITAl O Kavovag Tou Hund, kdtroia nAektpovia Ba
TPETTEl va UTTEPTTNONAOOUV TO €EVEPYEIOKO XAOHUA TTOU Xwpilel TIG OUO VEEG
EKQUAIOUEVEG KATOOTACEIG, VIO VO KATAAGBOUV Ta KEVA TPOXIAKA uwnAoTEPNG
EVEPYEIOG KAl AQOU CUPTTANPWOOUV OAa Ta TPOXIAKA PE JOVAPN NAEKTPOVIA, auTd
TToU €Xouv TreplocéWel apxidouv va oulelyvuvTal EEKIVWVTAG Kal TTAAI atmd Tn
XOUNAOTEPN evepyelakn oTdBUN. YTTO OPICPEVEG OUVONRKESG TO EVEPYEIAKO XAOUA
€ival TETOIO TTOU CUPQEPEI EVEPYEIQKA N OUCEUEN TWV NAEKTPOVIWV KATAPXAG OTN
XAPNAOTEPN OTABUN, KATG TTApPEYKAION TOu Kavova. Anuioupyouvrtal €10l dUO
mOavég OIEUBETAOEIC TwV NAEKTpoviwy, udia katdotacn uywnAoU OTIIV TTOU
TTPOKUTITEI OTAV PovrPn NAEKTPOVIA KaTaAauBdavouv atréd éva Tpoxiakod 3d kal oTav
Oev UTTAPYOUV GAAa eAeUBEpa TPpOXIOKA, Ta ETTITTAEOV NAEKTPOVIO OUeUYVUVTAI KOl
MIa KOTAoTaon XapnAouU oTriv, OTToU N 0UCEUEn TWV NAEKTPOVIWY OTNV XaunAdTEPN
EVEPYEIOKN OTABUN guvoeital. ATTd Tn OTIYUA TTOU O PayvNTIOPOG WG PAIVOUEVO
OQEIAETAI OTNV CUVIOTAUEVN HAYVNTIKY POTTH TTOU TTPOKUTITEI ATTO TIG MENOVWHEVEG
MayVNTIKEG POTTEC TWV NAEKTPOViWVY, eUKOAa avTIAauBAaveTal Kaveig 0T n didTragn
TWV NAEKTPOVIWV OTAV NUICUPTIANPWHEVN OTIBAdA 3d TWV OTOIXEIWV HETATITWOEWG
KaBopidel TNV JayvnTIKA TOUG CUPTTEPIPOPA KAl TNV OAIKA JayvnTIKA pOTTH TTou Ba
eppavioel o @eppitng. O XNMIKOG deCPOC 0€ auTtd Ta oeidia doung oTmiveAiou,
MTTOPEI vO QVTIMETWTTIOTEI KATA TIPOCEYYION WG I0VTIKOG OEOPOG, HE TNV
KPUOTAAAIKA dour va kaBopiletal atrd eAKTIKEG KAl ATTWOTIKEG, NAEKTPOOTATIKAG

QUOEWC duvapelg.58
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Fe?* (d) 3d ++ — —+ —+

“ T t

ATC%,"HS)

Fe3* (d%) 3d —— —-

I
ty %'H'_T_i ' _H_H

Eikéva 5. 2 HAekTpoviakn diaudppwaon yia Ta 10vta Fe?t, Fe3* | 6tav auTtd sival eAeUBepa
Kar otav Ppiokovral uttd TNV ETAPEIa TTEQIOU  UTTOKATOOTAOTWY, OKTAEOPIKNG N
TETPAEDPIKAG YEWUETPIaG. AlakpivovTal duo TBaveg kaTtaoTaoelg, high spin (HS) kai low
spin (LS) kal ol avTioToIXEG PAYVNTIKES POTTEG avd IOV O€ JayvnToveg Bohr (uB).
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Eikéva 5. 3 HAektpoviakn diapdpewaon yia 1o 16v Co?*, étav autod gival eAeUBepo Kal
oTav BpiokeTal UTTO TNV ETTAPEIA TTEDIOU UTTOKATOOTOOTWY, OKTAEDPIKAG 1) TETPAEDPIKAG
YewWETpiag. AlakpivovTal duo eavég kataoTtdoelg, high spin (HS) kai low spin (LS) kai
Ol QVTIOTOIXEG PAYVNTIKEG POTTEG Avd IOV O€ JayvnToves Bohr (us).

"ET01, Ta NAekTpoOVIa TNG oTIBAdAG 3d Twv YETAAAIKWYV KaTIovTwy Co?*, Fe?* kal
Fe3* mou oxnuatifouv Ta ommvélia FesOa kal CoFe204, ptropouv va diataxBouv ue
TOug TTBavoug TPATTOUG TTou QaivovTtal oTnv Eikéva 5. 2 kai Tnv Eikéva 5. 3.

MNa Tov payvntitn, otnv TepITTwon uwnAou ommv (High Spin - HS) T1a
NAEKTPOVIO TWV IOVTWV OI0MPOU KATAVEUOVTAl OTTWG @QAiVETAl OTIG EIKOVEG,
avaAdywgs av KaTaAauBavouv okTaedpikA 1 TETPaedpIK B€on, vy Kal OTIG dUO
YEWMETPIEC Bivouv TEAIKA payvnTikA poT 4 uB avd 16v Fe?* kal 5uB ava 16v Fed*,
2NV TEPITITWAON GAAWY KaTIOVTWY, OTTWG T1.X. To COo%* n HayvnTIKr POTIA TOU I1GVTOG
eCapTaTal ATTO TN YEWMETPIO TOU TTESIOU UTTOKATACTATWY TOU KOI UTTOPEI JAAIOTO
va diagopoTrolgital onuavTika (BA. epimtwon LS yia 1o Co?*), ommdTe n dour Tou
oTiveAiou, av dnAadr autd eival Kavovikd 1 avTioTpo@o, KabBwg kal o Babuog

QVTIOTPOPNG TOU, £TMIOPA OTNV CUVOAIKA payvATION auTou, agou n dIdTagn Twv
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KaTIOVTWV OTIG BIAPOPEG KPUOTAANOYPAPIKEG BETEIC CUVOEETAI PUE TNV KATAVOUR
TWV NAEKTPOVIWV OTA TPOXIAKA.

O payvnritng, OTMWG €ival yvwoTd, UTTO KAVOVIKEG CUVONKEG UIOBETEI doun
QAVTIOTPOQOU OTTIVEAIOU, JE TUXAIO KATAVOUN KATIOVTWY, EVW €ival cUoTNUa uynAou
ommv (HS), 816TI auThA N KATAOTOOT €UVOEiTaI EVEPYEIAKA.®® Ze upnAég méaeig (> 25
GPa) umdpxouv evodeiceic yia katola Oouikrp aAAayr, Tou Bacifovral o€
TTOPATNPEAOCEIS METOBOANG TWV PayvNTIKWV I0I0TATWY KAl TNG aywyiuétntag.
YTTAPXOUV QVTIKPOUOWUEVEG UTTOBETEIS YI' AUTO TO QAIVOUEVO, TTOU TTPOCTTaB0UV va
TO OUVOECOUV EiTE PE HIa JETARAON aTTd T doPn avTioTPOPOoU OTTIvEAIOU O€ SO
KavovikoU oTriveAiou,’® 7! gite pe pia pyeT@Baon Tou 16vTO¢ Fe?* amd katdoTaon
uwnAoU omv (HS) ot karaoTtaon evdidueoou oty (Intermediate spin - 1S).72 Agv
£xel EekaBapioel akdpa TTou akpIBWS o@eiAovTal o1 dIAPOPOTTOINTEIS TWV IBIOTATWY
O UWNAEG TTIECEIG, AV KOl Ol TIPONYOUMEVEG UTTOBEOEIG €XOUuV  UAAAOV
KaTappIpOei. 362 EvrouToig, To BEBalo gival OTI UTTO KAVOVIKEC GUVBRKES KOl YIa TIC
TTEPITITWOEIG TTOU PEAETANE €OW, N dOUN TTAPAUEVEI N YVWOTH TTpoava@epbeioa.

Otav Aoimrév o€ pia dladikaagia 10VTIKAG UTTOKATAOTOONS £l0AyoupE 16vTa Co?*
o010 Fes0a4, TOTE Ba UTTEBETE KAVEIG TTWG AUTA UTTOKABIOTOUV KATA TTPOTINNoN Ta
1I6vTa Fe?* yiaTi auTr) n UTToKaTtdoTaon EUVOEITAI OTEPEOXNMIKG, apOU N IOVTIKN
akTiva Tou Co?* o€ KpUaTaAAO gival HIKPOTEPN aTTd auTh Tou Fe?* kal peyaAuTepn
a1ré auTr Tou Fe®*, émrwg £xouv uttoloyioBei katd Shannon’ (Mivakag 5. 1), evw
€01 dlatnpeital kol N nNAekTPIK oudeTepdtnTa. EvroUTtoic 1o Co?* Teivel va
UTTOKOBIOTA TOOO 16vTa Fe?* 6oo kal Fed*, ot okTaedpIKEC KATA TTPOTiuNoN
Béoeic.”> 76

2UVETTWG €va 16V JE JAYVNTIKA POTTH, TTOU OQPEIAETAI OTO OTTIV TWV NAEKTPOVIWY,
4 uB, avtikaBiotatal pe €va 16v TTou €xel payvnTikr potr) 3 uB. Autd €xel wg
OUVETTEIO TNV MEIWON TNG OAIKAG PayvnTIKAG POTIG Tou @eppitn. Oco d¢ TTI0
EKTETAPEVN N UTTOKATAOTAON TOOO XAMNAWVEI N OUVOAIKA NAEKTPOVIOKI) MAYVATIKI)
POTT), KATI TTOU QTTOTUTTWVETAI TTEIPAUATIKA KATA TIG METPNOEIS HAYVNTIKAG

ETTIOEKTIKOTNTAG Y.
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Mivakag 5. 1 lovTikég akTiveg Twv Fe?*, Fe3*, Co?* ag KpuoTaAAIKG oTeped, o€
pm, yia TIG dUO TMOAVEG YEWUETPIEG TTOU CUVAVTANE OTA OTTIVENIQ (OKTAEDPIKN,
TeETPaEdPIKA). MapaTtiBevral o1 TINEG TOOO yia KATaoTAoEIS uwnAou oTTv, 600
KAl yia xaunAou otrv (O1Tou €xouv uttoAoyioBei). Aivetal To péyeBog TTou
opioBnke w¢ KpuoTAAAIKA akTiva (crystal radius) kal o€ TTapévOeon n evepyog
lovTikr) akTiva (effective ionic radius) katd Shannon.”

Oh Td
HS LS HS LS
Fe?* 92 (78) 75 (61) 77 (63) -
Fedt 78.5 (64.5) 69 (55) 63 (49) -
Co?* 88.5 (74.5) 79 (65) 72 (58) -

*O 6pog effective ionic radius xpno1goTTOIRONKE yia va UTTAPXEI AVTIOTOIXIA PUE TOV TTPONYOUNEVO
UTTOAOYIGHO I0VTIKWY aKTivwy atré Tov Pauling, o o1roiog €ixe AdRel uttown 1o dpacTiKG TTUPNVIKO
QOPTIO KAl AVTIUETWTTICEI TA IOVTA PE TO HOVTEAO TWV PAAOKWY GQAIPWY TTOU AAANAETTIKAAUTITOVTAI
oTov KpuoTaAlo. EvrouTolg, kard Shannon, o uTToAoyIoUGG TToU apopd oTNV KPUOTAAAIKY) aKTiva
TTANCIAEl TTEPICTOTEPO OTO TTPAYHATIKO QUOIKO PEYEBOG TwV 1IOVTWY OTA KPUCGTAAAIKA OTEPEQ.

21NV TEPITTTwon Aoimtév Tou Co, PTTOPEI N PAyvNTIK POTTA va MPEIWVETAI,
augavel OUWS N PAyvnNTOKPUGTAAAIKA aviocoTpoTria® kal or @eppitec KoBaATiou
Bewpouvtal okAnpd payvnTika UAIKA, O€ avTiBeon PE TOV PaAyvNTiTn KAl TOV
MAYKEUITN.®2 ‘ETO1, N HEAETN TWV PAYVNTIKWY IBIOTATWY TWV QEPPITWVY KOBAATIOU
TTOPOUCIAZE!l 101IAITEPO EVOIAPEPOV, EIDIKA OO0V OPOPA EPAPPOYEG HAYVNTIKAG
aTTeIKOVIONG KAl HayVvNTIKAG UTTEPBEPUIAG, TTOU AVAPEVETAI va EUVOOUVTal ATt TNV
augnon TNG JayvnNTOKPUOTAAAIKAG QVICOTPOTTIAG.

ATTO OAa Ta TTAPATTAVW YiVETAI EPPAVEG OTI ETTIAEYOVTAG TO 16V KAl TO TTOOOOTO
UTTOKOTAOTOONG, UTTOPOUME VO €AEYEOUUE 10IOTNTEG TTOU O@EIAOVTAlI OE €yyeVh
XOPOKTNPIOTIKA TWV OTOIXEIWV HETATITWOEWS (MEYEBOG, KATavour NAEKTpoviwy,
uUBpIdIoPNG Kal evepyelakd emTimeda, HS/LS kataoTdoelg KAT) Kal va TIG

EKMETAAAEUTOUNE UE TPOTTO TTOU VA EVIOXUEI CUYKEKPIUEVA QUOIKA PAIVOUEVA

202



KE®. 5 - 2Y3THMA CoyFei-yO - CoxFesxOa: MPOTOKOAAO SYNOESHZ

5.2. EpyaoTnpiok oUvOEon XNMIKA TPOTTOTTOINMEVWY VOAVOKPUOTAAAWYV

TUTTOU TTUPRAVA-KEAUPOUG

MNa TN ouvBeon XNMIKA TPOTTOTTOINMUEVWY VAVOKPUOTAAAWY o&e1diwv Tou
o1drpou TUTTOU TTUPAVO-KEAUQOUG, E£TTPETTE Vva  E€TTIAEYEI €va  €pyacTnPIoKO
TTPWTOKOAAO 10VTIKAG UTTOKATAOTACNG TO OTTOIO VA TTANPOI KATTOIEG TTPOUTTOBETEIG.
KaTtapxrv wg ouotnua ava@opdg TIAEXONKE TO oUoTNUA TTUpriva-keAUQoug FeO-
FesO4 TTOU PEAETABONKE €KTEVWG OTO TTponyoupevo Ke@dAalo. O oxediaouodg
TTIPOERAETTE OTI 0€ AUTO TO CUCTNMUO Ba ETTIXEIPEITO €lI0aywyr] IOVTWV OTOIXEIWV
METATITWOEWG, TTAPATTANOIOU PeyEBOUG Tou Fe, pe TETOIO TPOTTO WOTE VA PNV
dlatapaxBei n KpUoTAAAIKy dour Kal o core-shell xapakTApag Toug, aAAG kal va
dlaTnpeital N duvatoTNTa EAEYXOU TNG HOPPOAOYIAG TwV vavoowuaTIdiwyv. Av Kal n
TTEPITITWON TNG UTTOKATACTAONG OTN @Aon Tou oTTIveAiou (peppiTn), OTO KEAUPOG
onAadn, TTapoucidlel 1IBIAITEPO eVOIAPEPOV Kal yI'auTd oulnTHONKeE IBIAITEPWS OTO
TTPONYOUPEVO UTTOKEQAAQIO, Ogv TIPETTEL va EeXVAUE OTI TO €PYAOTNPIOKO
TTPWTOKOAAO TTOU €TTIAEXBNKE 0odnyei oe core@shell cwuartidia, TTOU N IOVTIKNA
uTTOoKOTAOTOON KATA TTédoa TOavoeTnTa £XEI AAPRElI Xwpa TOOO OTO KEAUPOG, OGO KAl
otov Tuprniva (Fei1xO). Autd odrynoe o€ 101aiTEPa EVOIOPEPOVTA KAl ICWS HN
avapevopeva gaivoueva tmou Ba avaAuBbouv TTEpAITEPW OTN CUVEXEID KOl EKAVE
oa@EG OTI OTO TTAPOV CUCTNPA N PUBUICT OAWV TWV TTAPAYOVTWYV YIA TNV ETTITEUENH
Tou BEATIOTOU aTTOTEAEOUATOG Eival pia IBIITEPWG AETTTA KAl atTauTnTIKE diadikaaia.

O1 TTapaydépevol vavokpUoTaAAol Ba xapakTnpifoviav 0Tn CUVEXEIQ JE TIG iDIEC
TEXVIKEG XOPAKTNPIOKOU, PE 101aiTEPN €u@acn Kal TTAAI oTnv TEXVIKN X-PDF atmo
oUYXPOTPOV, WOTE VO CUCKETIOTOUV, AV €ival duvaTOV, Ol VEEG HAYVNTIKEG IDIOTNTEG
TTOU Ba TTPOKUWOUV HE TNV EOWTEPIKA OOMN TOUG KAl VO OUYKPIBOUV PE TNV
TTPONYOUMEVN OEIPA, PN TPOTTOTTOINUEVWY, BEIYMATWY. ZUVETTWG Ba ETTPETTE va
dlatnpenBouv katd 1O duvaTdv OTOBEPEC O PETABANTEG TTOU €TTNPEAlouv Tn
oUuvOeOn Kal OUVETTWG TN OUN TOU TEAIKOU TTPOIOVTOG, WOTE OI OTTOIEG PMETAPBOAEG
va atrodoBouv OTnV I0VTIKA UTTOKATACTOOT Kal HOvo. ZTOX0G ITav va Trapaxbouv

CWMATIOIO PE EVIOXUMEVN HAYVNTOKPUOTAAAIKA QVICOTPOTTIO AOYyw TNG I0VTIKAG
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UTTOKATAOTOONG OTIG OUO MayvnNTIKEG @QAOEIG, Mali PE @aivopeva TTOAwONG
avtaAAaynig (exchange bias) TTpogpxOueva KUPIWG aTrd TIG SIOKPITEC DIETIPAVEIES
o1dnpIgayvATn/avTioidnpopayviTn, TTou Ba odnyouoav o€ eVIOXUPEVEG TIUEG SAR,

OTOXEUOVTAG KUPIWG O€ BIOIOTPIKEG EQAPUOYEG HAYVNTIKEG UTTEPBEPUIAG.

5.3. EpyaoTtnpiakl ouvBeon vavokpuoTdAAwv Sopng TUTTOU Trupnva-

KeAU@oug CoyFe1.yO@CoxFes.xO4

MNa TN ouvBeon vavokpuoTAAAWY TTUPAVA-KEAUQOUG PE EAEYXOMEVO OXNUA Kal
OTEVEG KATAVOMEG MeyeBwyv, OTTOU  €xel  €mTEUXOei  uTTOKATAOTAON  €VOG
KaBopiouévou TTooooTou O1dripou atrd KOBAATIO, akoAouBnbnke upia TTapdouolaq,
eAappd TpotrotToiNuévn  Oladikaoia, OTTWG QuTH TIOU  TTEPIYPAQETAl  OTO
TTPONYOUMEVO KEPAAQIO YIa TN OUVOECN MN UTTOKATECTNMEVWY VAVOKPUOTAAAWV
ocediwv Tou O10Mpou. OTTWG TTpoava@EéPONKe Ta TTPWTOKOAAA, OAAG Kal n
Mop@oAoyia Twv TTapayouEVWY owHaTIdiwV ETTPETTE va gival TTapOPoIa OTIG U0
TTEPITITWOEIG, £TO1 WOTE VA €XEl vONUA PIa oUyKplon TNG OOPNAG KAl TWV QUOIKWYV
1I010TATWV. ‘ET01, TO €TIAEXOEV TTPWTOKOAAO £DdWOE VAVOKPUOTAANOUG peyeBwyv 14 -
18 nm Trepitrou, TTaApOPoIoug ONAAdR HE TOUG WN UTTOKOTECTNUEVOUG Kal
EUPIOKOPEVOUG  OTNnV  TIEpIoX) MEYEBWV TTOU  PTTOPOUV  va  ETIOEIEOUV
UTTEPTTOPANAYVNTIKA CUMTIEPIPOPA KAl OTTOOOTIKI) UETATPOTIN TNG MAYVATIKAG
EVEPYEIOG O€ BEPUIKN. ZUVETTWGS TO TTPWTOKOAAO ouvBeong €8ive kal TTAAI Tn
duvatoTnTa €AEyXOU TOU HEYEBOUG Kal Tou OXAUATOG (OQAIPIKO A KUBIKO),
dIaTNPWVTAG Hia dIAKPITH) OOMN TTUPAVA-KEAUQPOUG, VW ETTITTAEOV ETTETPETTE TTOAU
KOAO €AeyX0O TNG XNUIKAG ouoTaong Twv delyuaTwy CoyFe1yO@CoxFesxOa, dNA.
TOU TTOOOOTOU KOPBaATIOU X Kal Yy pE Bdon Twv Avw TUTTO. TO OUVOAIKO TTOCOOTO
Twv Co Twv delyudtwy 1Tou Ba oculntnBouv oTn cuvéxela TTolkiAel attd 12% £wg
35%. Av Kal OTTwG TTPOavVAQEPBNKE, N IOVTIKI UTTOKATACTOON €ival PIO EUPEWG
O1adedopévn PEBODOG, UTTAPXEl £va ONUAVTIKO MEIOVEKTNUA OO0V a@opd Tnv

eQappoyl TNG O€ BIPACIKOUG VAVOKPUOTAAAOUG [BoucoTiTn-OTTIiveAiou TUTTOU
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TTUpAva-KeEAUQouUG. Edv ndn oxnuaTiopgévol vavoKpUOTAAAOI QUTAG TNG MOPPNAS
UTTOOTOUV BEPUIKN KaTEpyaoia, n eCAIPETIKA guaioBnTn dour TTUPAVA-KEAUPOUG
MTTOPEI va KIvOuveuoel, AOyw o&eidwong Tou TTupfAva. Akdua kai ATTia B€puavon
TWV VOVOKPUOTAAAWYV O€ £va TTITTAEOV OUVOETIKO OTAdIO HETA TO OXNUATIONO TOUG,
o€ KOANOEIOEG DIGAUMO TTOU TTEPIEXEI TA ATTAPAITATA 1OVTA YIA TNV IOVTIKNA
UTTOKOTAOTOOT, Ba PTTOPOUCE va dNUIOUPYNOEI TO XNMIKO SUVAMIKO yia TNV £évapén
@aivopévwy dldxuong oTov TrupfAva Kal 10 KEAUQOg, TTou Ba  odnyouoav
evOEXOUEVWG 0€ TTAAPN 0&eidwaon TNG dOPNG OPUKTOU AAATOG TOU TTUPAVA TTPOG
omvéNo.”” ZTnv TTapoloa YeAETN N UTTOPEN JayVNTIKAG JIETTIPAVEIAG METAEU EVOG
avTioIdnpopayvnTIKou Kal evog aidnpigayvnTikou UAIKOU gival KaBopIoTIKA yia TV
MayvNTIKA eTTayouevn BEPUIKA aTTOKPION TWV VAVOKPUOTAAAWY, Evw TauTdxpova
ETTIXEIPEITAI N €viOXuon AUTAG TNG atToKpIong MECW AAAWV TUTTWV PAYVNTIKAG
QVIOOTPOTTIAG (MayvNTOKPUOTAAAIKAG, ETTIPAVEIAKAG KATT.) £T01 ATTOPPIPONKE N
XPAOoN TNG PEBODOU TNG IOVTIKNG UTTOKATAOTAONG Kal TTIAEXONKE QUTA TNG XPong
KATAAANAWY OpYyaVvIKWV TTPOBPOUWY EVWOEWV OTO apXIKd oTAadlo TG ouvBeong.
AUO BI0QOPETIKEG TTPOCEYYIOEIG BOKIJAOTNKAV yia auTtd Tov okKoTrd. H TTpwTn
agopd TNV HiEn Twv ETMOUPNTWY TTOCOTATWY OUO OIOPOPETIKWY TTPOdPOPWYV
EVWOEWYV, Wiag TTou TTEPIEXEI TOV OIdNPO KAl PIAG TTOU TTEPIEXEI TO KOBAATIO. 21N
OeuTePN YivETAl XPAON Miag PJOVO TTPOdPOUNG €vwoNng, TTOU TTEPIEXEI TOOO TOV
0idnpo, 600 Kal TO KOPAATIO, o€ TTpokaBopiouévn avaAoyia. OI TTPOCEYYICEIC AQUTEG
€dwoav Kal ol dUo KaAooxnuaTiopévoug vavokpuoTdAAoug CoyFeryO@CoxFes-
xO4, pe duvardtnTa puBuiong Tou Adyou Co/Fe. H tpwTtn TrepimmTwon OTToU
AVAMIYyVUOVTAl QUO OIAQOPETIKEG TTPOOPOUEG EVWOEIG TTAPEXEI Mia MEYAAUTEPN
eueAiCia, KaBwg amd TIG idlEC TTPODPOUES EVWOEIS WTTOPOUV va TrapayxBouv
owpartidla pe TroikiAa TTooootd Co kal Fe, amrAd puBpifoviag katdAAnAa Tig
TOoOTNTEG TWV avTIOPWVTWY. Evtoutoig n deutepn divel TN duvaTdTNTA TTOAU
akpIBéoTepou  eAéyxou Tou Trooo0TOU CO OTOUG VOVOKPUOTAAAOUG TTOU
oxnuarti¢ovral TeEAIKA, OANG atraiTei TNV TTAPACKEUN OIAPOPETIKNG TTPOdPOUNG
ouvBeong yia KABe Ociyua dIaQOPETIKAG ouoTaong, TTPOcBETOVTaG ETTITTAEOV

OTAdIO XNMIKWYV TTOPACKEUWV Kal KAVOVTAG OAN TNV TTPOCTTABEIa TTI0 XpovoRopa.
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5.3.1.1. E&omrAIonOg Kal avTISpwvTa

OTmwg Kal oTnv TEPITITWON TNG OUVBEONG VAVOKPUOTAAAWY 0OE&EIBiwv TOu
o180 pou TUTTou FeO@Fe304, £T01 KI €W OI AVTIOPWOEG OUTIEG XPNOIKMOTTOINONKAV
OTTWG TTapeAnPOnoav atmd TIC TTAPOAOCKEUAOTPIEG ETAIPEIEG XWPIC TTEPAITEPW
KaBapiopd. Zuykekpiyéva xpnoipotromenkav kair TaAl eAdikd ogu (Oleic acid,
technical grade, 90%), okTadekévio (octadecene, technical grade, 90%), €¢avio
(hexane, ACS reagent, = 99%), eBavoAn (absolute ethanol, = 98%), eAaikd vaTpio
(sodium oleate poweder, 82%). OAa Ta TTapatmdvw ayopdoTnkav atréd Tnv ETAIPEia
Sigma Aldrich. ETriong, xAwpidio Tou o1drpou (Iron (lI) chloride - FeCls . 6H20,
ACS/Ph Eur reagent, =2 99%), aAAG 0TNV TTPOKEIPEVN TTEPITITWON KAl XAwPIdIO TOU
KoBaATiou (Cobalt (1) chloride - CoClz . 6H20, ACS reagent, 98%) ato Tnv eTaipeia
Merck xpnoipotroiménkav wg d0Teg 16VTWYV O181PoU Kal KOPAATIOU avTioToixa, yia
va oxnuaTtioouv Ta eAdikd ouuttAoka Fe(lll)-oleate, Co(ll)-oleate 4 TO MIKTO
oupTtrAoko Fe(lll)/Co(ll)-oleate TTou XpnoiyoTroiOnkav wg TTPOdPOUES EVWOEIS KAl
TTOPACKEUAOTNKAV EPYAOTNPIOKA. ATTIOVIOUEVO VEPO XPNOIKOTTOINBNKE OTTOU AUTO

ATTaITOUVTAV.

5.3.1.2. Z0vOeon TTPOOPOHWY EVWOEWV

2TNV TTAEIOVOTNTA TwV OUVBECEWV TIPOTIUABNKE N TTAPOOKEUN Miag POVO
TTPOSPOUNG £VWaONG, TTOU vVa TTEPIEXE! Kal Ta dUo 16vTa (Fe3*, Co?*) aTig emOuunTég
yla kaBe deiypa avaloyieg. H mTpddpoun évwon HEIKTOU €AAiKOU OUPTTAGKOU
Tapackeualdtav  TpIiv. ammd  KABe ouvBeon Kal  uTopouce  va  dWOEl
VaVOKPUOTAAAOUG kKaBopliopévn avaloyiag Fe/Co, pe duvatdtnta puBuiong QUOIKA
TOU OXNUATOG KAl TOU peyEBoUS. H TTapaockeur Tou TTPOdPOUOU PIKTOU CUPTTAOKOU
yivetal pe tautdxpovn Oidotmraocn Twv aAdtwv FeCls.6H20 kai CoCl2.6H20,
TTapouacia eAaikoU vaTpiou oToug 60°C Trepitrou, e BAan To TTPWTOKOAAO TTou divel
TOV €AIKO 0idNPO, OTTWG TTEPIYPAPETAI OTO AVTIOTOIXO KEPAAalo. 16 mmol dGAaTtog
FeCls . 6H20 kai 48 mmol eAaikou vatpiou OloAUovTal O€ HEiyUA BIAAUTWY,

OuyKeKpIgéva 56 mL €€avio, 32 mL aiBavoin kar 24 mL atmoviopévo vepod, o€

206



KE®. 5 - 2Y3THMA CoyFei-yO - CoxFesxOa: MPOTOKOAAO SYNOESHZ

o@alpikfy Tpidaiun @IGAN. H amairoupevn mmoodtnTa CoCl..6H20 (ue Bdon tnv
emBupnTA avaloyia Fe/Co oToug vavokKpuoTAAAOUG TTOU Ba oxXnuUATIOTOUV)
TTPOCTIOETAI OTO Hiyua, pubpifovTag KABe popd avaAoya Tnv TTO0OTNTA TOU EAAIKOU
vatpiou. lNa va yivel autd, TpETel va An@Bei uttdwn 611 yia T oTabepoTroinon Kaoe
16vTog Fe3* amaitouvral Tpia eAdikd avidvTa, evw yia kdBe 16v Co?t amraitouvTal
duo. EvtouTolg o1 TToooTNTEG TWV dIOAUTWY dlaTNPOUVTAI Ol iDIEG. 2TN CUVEXEIQ TO
Miypa Beppaivetal otoug 60 - 65°C oe atudoeaipa apyou yia TECOEPIG WPES KAl
Emeira  agrvetalr va YuyBei oe Bepuokpaoia dwuartiou. Me Tn Bonbeia
dIaXWPIOTIKAG Xodvng Odlaxwpietal n Avw Oopyavikry @Aacr, TToU TIEPIEXEI TO
METAAAIKO OUUTTAOKO, A1TO TNV UBATIKA GACH TTOU PEVEI OTO KATW PEPOG TNG XOAVNG.
‘Emreira akoAouBei EKTTAUCT TNG opyavikig @dong pe trepitrou 30mL aTTIOVIOUEVO
VvEPO Kal €K vEou dlaxwplopds. H diadikaoia tng EKTTAuONG etTavaAauBaveral
TEOOEPIG POPEG. TENOG, N opyavikr) @ACN PE TO OCUUTTAOKO &npaiveral TTavw O€
BepuavTik TTAGKaA, UTTO ATTIa BEpUavaon Kal avadeuan. AuTo yivetal he eTTIHEAEID
MEXPI Va €EATUIOTEI TTANPWGS TO VEPO TTOU £XEI ATTOMEIVEI KAl OV EXEl DIAXWPIOTEN
QTTOTEAEOUATIKA, MIa OIadIKacia TTou MTTOPEl va JIAPKEDEl UEPIKEG WPES. To
TTUKVOPEUOTO EAAILDOEG TTPOIOV TTOU TTPOKUTITEL, EPAVICEI EVA XPWHUA TTOU TTOIKIAEI
QTTO OKOUPO KOKKIVO £WG KAPE, avaAOYwGS e TO TTEpIEXOMEVO Tou Co. MepIoadTEPO
Co odnyei katd kavova Kal 0€ 1O OKOUpo (Ka®€) xpwua. Omwg €xel
TTpoava@ePBei, AapBdavovTal PETpa WOTE TO TTPOIOV va PNV EKTEOE 0 QWG, EVW
TIpIV T oUVBeon WPTTOPEI va XpelaoTei ATTa Bépuavon yia va €Cac@AANIOTE N
PEUCTOTNTA TOU KAI N EUKOAIQ OTOV XEIPIOUO TOU.

2TIC  TTEQITITWOEIC  OUVOEONG  VAVOKPUOTAAAIKWY  delyudtwy  OTTou
XPNOIMOTTOINONKAV EVOAAOKTIKA OUO EEXWPIOTEG TTPOOPOPES EVWIOEIG, QUTEG
TTapaokeudoTnkav akoAouBwvtag akpifwg tnv idia diadikacia. H 1Tpddpoun
évwon OI1I0APOU TTAPACKEUAZETAI XPNOIMOTTOIWVTAG OKPIBWGS TIG iDIEG TTOOOTNTEG
avTIOPWVTWY TTOU ava@épdnkav TTaPATTAVW, EVW YIia TNV TTPOdpoun €vwaon
koBaAtiou, 16 mmol CoCl2.6H20 kai 32 mmol eAaikou vaTtpiou diaAvovTal o€ 42
mL €&avio, 24 mL aiBavoAn kai 18 mL aTtmoviopévo vepod, evw n UTTOAOITTN
dladikagoia €ival TTavouoloTuUTIn ME TNV TTpoavagepBeica. MNa Tn ouvleon Twv

VOVOKPUOTAAAWYV, o1 €mBuuntég To0oTNTEC atmd KABe TPodpoun €Evwaon
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avaplyviovTal 0To apxIké oTadio TNG ouvBeong, pe Tn diadikaoia TTou akoAouBEi
va Pn dlagépel otnv pia kail Tnv GAAn Trepitrtwon. Ommwg atredeixbn kai o1 duo

MEBODOI ATAV ETTITUXEIC OTNV TTAPACKEUN UWNAAG TTOIOTNTAG VAVOKPUOTAAAWV.

5.3.1.3. MpwTtékoAAo ocUVOEONG VOVOKPUCTAAAWY

O1 koAAocIdeig ouvBéoeig EAaBav Xwpa o€ TPIAAINEG TQAIPIKEG PIANEG TWV
100 mL, ouvdedepéveg he oUOTNPA AvOPPONG (CUPTTUKVWTH OTUHWY EAIKOEIOOUG
oxXAMaTog) o€ ypapun Schlenk. MNa tn Bépuavon Twv QIGAWY XpNOoIUOTToINBnKav
BepUAVTIKOi PaVOUEG, OUVOEDEUEVOI PE WNEIAKOUG €EAEYKTEG, €VW) KATAAANAO
Bepuolelyog PBubBiouévo oTo didAupa TNG avtidpaong didBadle kai yetaBipade Tnv
TTANPoOPopIa TNG BepuoKpaciag oTov YNPIokd eAEYKTRA. AuTr n didTagn e€ao@Aalie
akpIBn éAeyxo TnG Bepuokpacoiag avtidpaong. Aépio apyd (Ar) XxpnoiuoTroiénke
yia 1n Onuioupyia adpavoug, TTPOCTATEUTIKAG ATUOC@AIPAG, VW EVOAAAKTIKA
MTTOPEI va xpnolpoTToindei kal avaywyiko piypa 5% Ha/Ar yia TTpooTtacia atrd tnv
o&eidwon Tou euaiobnTou o&eidiou dopng opukTou AAatog. Omwg kal oTnv
TTEPITITWON TWV vAavoKpUoTAANwY FeO@Fes304, n agaipeon TNG TTPOOTATEUTIKAG
aTMOOoQaIPag Kal N €kBean Tou piyuatog ato TrePIBAANOV Bewpeital 6TI oxnuaTiCel
éva oeIdWPEVO KEAUPOG TUTTOU OTTIVEAIOU, BivovTag €101 TN YVWOTA dour TTuprva
KEAUQOUG.

2 UYKEKPIMEVA aKOAOUBAONKE TTAPSPOIO TTPWTOKOAAO E AUTO TOU KEP. 3 YIa
TN oUvBeon vavokpuoTAAwY FeEO@Fe304, e EAAQPEG TPOTTOTTOINCEIG KUPIWG WG
TTPOG TIG TTPOOPOWES EVWOEIG. Z€ Mia TUTTIKA ouvBeon, 2.4 mmol piktou eAaikou
o1dpou/koBaATtiou pe kaBopiopévn avaloyia Fe/Co diaAuovTal o€ OKTAOEKEVIO.
2TNV TTEPITITWOTN TTOU XPNOIUOTTOIOUVTAl U0 TTPOOPOUES EVWOEIG, dNAAdK eAdiKOG
0idnpog Kkal eEAikd KOBAATIO, TOTE GPOVTICOUNE N CUVOAIKA TTOOOTNTA TOUG Va gival
2.4 mmol, puBpifovtag KaTd BouAnon TN OXETIKA avaloyia. Zav ETTIPAVEIOdPATTIKO
xpnoigotroleital oAgikd o&U, ouykekpigéva 1.2 mmol. H moodtnta Tou O10AUTN
(okTadEKEVIO) UTTOAOYICETAI £TOI WOTE VA TTPOKUTITEI TEAIKA Pia avaAoyia MIKTAG
TPOdpoung évwong ion pe 0.2 mol/kg diaAupatog. To ouvnBeg TTPWTOKOANO

Bépuavong, upe Tpia dlokpitd oTddia, akoAouBeital kI €dw. lMNpwTta TO HiyHa
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Bepuaivetal otoug 100°C utrd kevo yia 60 min WOTE va aTTOPOaKPUVOOUV uypadia
Kal oguyovo. ‘Etreira n Bepuokpacia augdvel otoug 220°C, ue évav pubud Trepitrou
10°C / min, yia To oTddI0 TNG dnuioupyiag TTUpvwy. MNa 10 TEAIKS 0TddIO, auTd TNG
QVATITUENG TOU KPUOTAAAOU, TO Piyua TTpETTEl va BepuavBei otoug 320°C pe Tov idlo
TepiTTou pubud Bépuavong. O ammoTeAeopaTikdg dlIaXwWPIOUOG auTWVY Twv dUOo
otadiwv, OTTwWG €xel NOn avaeepBei, €ivar KaBOPIOTIKAGC onuaciag yia Tnv
TTOPOOKEUN VOVOKPUOTAAAWY UE HOPEPOAOYIKI) OMOIOYEVEIQ KOI OTEVI] KATAVOWN)
MEYEBWV, EVW UIKPES BIOPOPOTTOINCEIG O€ AUTA Ta dUO OTAdIA, KUPIWG WG TTPOG TO
XPOVO TTOPAUOVNG, ETTPETTOUV TWV €AEyXO Tou TEAIKOU peyéBoug. Autd TO
TTPWTOKOAAO pE €vav XpOvo TTapapovig TrepiTTou 60min o€ KABe éva atrd Ta Tpia
oT1adia, divel vavokKpuoTAAAoUG pe péon BIAapeTpo atmd 14 £wg 18 nm. OTTwg £xel
TeKuNPIwOEei oTn BiIBAIoypagia Kal eTTIRERaIWOEI Kal aTTd TNV TTapoUoa Epyaaia, n
TTPooOKnN dAaTog eAaikou vaTpiou o€ avaloyia 1:8 — 1:5 wg TTpog TNV TTPOdPOoun
EvVworn, XWPIG AANEG TPOTTOTTOINCEIG, Eival APKETH yIa va TNV aAAayr Tou OXAUATOG
aT1To OQAIPIKO O€ KUPIKO. Z€ AUTH TNV TTEPITITWON, 01 OTTOIEG OOKIYEG EyIvay, £dwaoav
KUBIKOUG vavoKpuoTAAAOUG eEAa@pwG HeyaAUTEPOU peyEBoUG, e péon akur 18-20
nm. AuTé gival eUKOAOTEPO OTAV XPNOIMOTTOIEITAI Hia JOVO TTPOdPOPN €vwaon Kal
OXI MEIEn auTwyv, dIOTI 0T deUTEPN TTEQITTTWON N AKPIBAS PUBMICT Tou Adyou eAAikO
vaTpIo/ TTPOOPOUa €AAIKA WETAANIKG CUPTTAOKA, YivETal OPKETA OUOKOAOTEPN, ME
amotéAeopa  OTTwG  atrodeixdbnke  TeIpapaTikd, va  pnv  TTapdyovtal
KaAooxnHaTiopévol KUBIKOi vavokpUoTaAAol OTTwg oTnv Trepimtwon FeO@Fe30a.

210 TENOG TNG OUVOEOoNG, TO KOANOEIOEG peiypa agrveTal va Wuxbei o€
Bepuokpacia dwuatiou. H katafuBion Twv vavoKpuoTAAAwY ETTITUYXAVETAI ME
TTPooOnkKn aiBavoAng. AkoAoubBei diaxwploudg Pe puyokévTpion oTig 6000 rpm yia
5min, OTTOPNAKPUVON TOU  UTTEPKEIMEVOU uypou, OlaoTTopd  TNG  OKOvNG
VOVOKPUOTAAWYV O€ £€AVIO, Kal eTTavakaTaBubion pe aiBavoAn og avaloyia 1:1 wg
TTPOG TO €EAVIO. ATIOTEAEOUATIKOG OIOXWPIOPOG ETTITUYXAVETAI HME €K VEOU
QuYyokévTpIon. MeTd Tnv eTavadiaoTropd o€ £€AvIo, OuVABWCG aTTaITEITAI CUVTOUN
(ANiywv AettTwov) TTapapovr o€ Aoutpd utTEPXwWY, TTou BonBd TNV ATTOTEAECUOTIKA
dlacTropd. YTTEPPOAIKR) UTTEPNXOBOANCN €v TOUTOIG €ival TTOAU TMOavoe TTwg Ba

utToBaBuicel TNV TTOIOTNTA TOU EVAIWPAUATOG, ApOoU ATTOKOTITEI ETTIPAVEIOOPATTIKA
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amdé TV em@aveld Twv ocwpatidiwv. H ouvoAiki Oiadikacia dlaoTTopds —
eTavakataBubiong — @uyokévipiong, emmavaAauBaverar GAAeg dUO  QOpPEG
(ouvoAika TéoOoepIg) o€ XaunAdTeEpn Ouwg Taxutnta, 1000 rpm. Auti n
dIapopOTIoiNCN OTNV TaXUTNTA OTTOOEIXONKE 1I01AITEPWGS ATTOTEAEOUATIKI] OTOV
aTToTEAEOUATIKO dIaXWPIOUO PeyeBwv Kal otnv TTapaAaBl Tou OoTeVOU €UPOUG
MEYEBWV TTOU €TTIBUPOUE, BIOTI 600 KAAG Kal va Yivel n puBuIon Tou peyéBoug aTo
oTAdIO TNG oUVOEONG, évag MIKPOGS TTANBUO OGS MIKPOTEPWV I HEYAAUTEPWYV ATTO TO
EMOUPNTO CWHOTIBIWY  CUVUTTAPXEl OuvABWG OTO TEAIKO TTaPAAANPBAVOPEVO

Evaiwpnua.

5.3.2. ZXuupmrepdopara Kal afioAdynon mpwTtokOAAou olvOeong

H Tpotrotroinon tou OuvBeTIKOU TTPWTOKOAAOU TTOU XPNOIMOTIOINONKE OTO
Ke@.3 yia TNV PEPIKA uTTOKATAOTOON 16VTWV Fe atrd 16vta Co, KpiveTal ammoAuta
emMTUXNG. O €AeyX0G HEYEBOUG KAl OXAMOTOG ETTETEUXOEI KAI O€ AUTH TNV TTEPITITWON
ME TOUG idIoUG TPOTTOUG TToU €ixav dlepeuvnOEei Kal KaBIEpwOEei KaTd TNV TTAPACKEUN
VOVOKPUOTAAAIKWYV TEPOOOUWY TTUPVa-KeEAUPous FeO@Fez04. BéBaila, kaBwg o
EAEYXOC TNG KUPIKAG HOP@OAOYIaG ETITUYXAVETOI MECW TNG pPUBUIONG TNG
TTOOOTNTAG TWV EAEUBEPWYV EAAIKWYV QVIOVTWY, N TTAPOACKEU KAAOOXNUATIOPEVWV
KUBIKWY Oouwv YiveTal €dw OUOKOAOTEPN, €IBIKA OTNV TTEPITITWON TNG MiENS
OIOPOPETIKWY EAAIKWY TTPOOPOUWY CUUTTIAOKWYV. Ta eAdikd oUuTTAOKQ gival
EPYAOTNPIOKEG TTAPOOKEUEG, ME AyvwoTn TEAIKA KABapOTNTA Kal EVOEXOMEVWG
TTEPIEXOUV  TTOOOTNTEG MN  OCUMPTTAEYUEVWY  €AAIKWV  avidvTwy  (TTIBavoTaTta
oTabepoTroinuéva w¢ 16vTa vaTpiou) TTou TEAIKA €TTNPeAloUV TNV TTPOCTTABEIN
puBuiIong TNG pop@oAoyiag. Kard trdoa moavotnTa autog ival Kal 0 AGOyog TTou
akopa kar oto Ke@.3 n akpifrig pubuion Tou OXAMATOG NTAV KATTOIEG QPOPEG
OUOKOAN. Kai o1 U0 TTPOCEYYIOEIS TTAVTWG YIA TNV TTAPACKEUN UTTOKATECTNUEVWV
ME Co @eppiTwy, dnAadn 1600 aUTA TNG MiENG eAdikou o1drpou Kal €AAIKOU
KOBaATiou, 000 KAl QuUTA TNG TIOPOOKEUNG MIKTOU OUUTTIAOKOU €AdikoU
o101 pou/koBaATiou, KpivovTal atTd T OTTOTEAECUATA ETTOPKEIG. TNV TTAEIOVOTATA

TWV TTEPITITWOEWY TIPOTIUABNKE n OeUTEPN VIOTI TTapEXEl KAAUTEPN Kal TTIO
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ouCoTNPATIKN PUBMIoN Tou TTooooTou Co 01O TEAIKO TTPOoIdv. OTTwe Ba avagpepOei
KAl OTO €TTOUEVO KEPAAQIO, N EKTINNON Tou TTooooToU Co EeXxwpIoTA 0€ KABE pia
atro TIG U0 KPUOTOAAIKEG QAOEIG NEOW TNG TEXVIKAG X-PDF é1Twg eAtiCaue, dev
KatéoTtn ouvartr], AOyw TTaPOUOIWV OTOUIKWY TTapayovTwy oKEDOAONG Twv dUOo
oToixeiwv. AuoTuxwg Oev UTTAPXE OTn 01000 WAG QVAAUTIKI) €pyacTnpioknA
TEXVIKNA TTOU Va TTAPEXEl auTh TN duvartoTnta. H yvwon OPwg Tou CUCTAUATOS KAl
NG d1adIkaoiag ogeidwaong Tou apxikd oxnuaTi{épevou o&eldiou FeO trpog FesOa
ME TOUG UNXAVIOUOUG TTOU ava@EéPOVTal OTNV €PEUVNTIKA auTry OOUAEId, 0dnyouv
OTO CUMTTEPAOMA OTI N €lcaywyny TToocootou Co oTnv avridpaon odnyei aTov
oxnuatioyé CoyFeiy 1O OT0i0 OTn Ouvéxela ogeidwvetal TPog CoxFesxO4
ONUIOUPYWVTAG TNV £TEPOBOUN TUTTOU TTUPRVa-KEAUPOUG CoyFe1.y@ CoxFesxO4. Ta
avrioToixa oégidia aAwoTte CoO kal Coz04 cival yvwoTd OT1 uloBeTOUV TNV idIa
oouny pe Ta FeO kal FesOs (OpUKTOU AAATOG Kal OTTIVEAIOU QVTIOTOIXA), EVW TA
OUUTTEPACUATA TTOU TTPOEKUWAV ATTO TN OOMIKA AVAAUCT) TWV VAVOKPUOTAAAWY Kal
Tov poAo TTou Traifel To Co otn dour Tou TTUpAva, odnyouv Kal autd OTO
OUPTTEPACHA OTI TO CO EVOWHATWVETAI TOOO OTOV TTUPAVA OCO0 Kal 0TO KEAUQPOG.
To yeyovog autd kdAvel Ta TTOPAYOUEVA ME AUTH TNV PEBOdO cwuatidla TTIo
EAKUOTIKG atmd GAAa TTou evOEXOUEVWG va gixav UTTOPANBEi o€ UETA-CUVOETIKN
dladikaagia KATIOVTIKAG avTaAAayAg, YE PN €yyunuéva ATTOTEAEOUATA WG TTPOG TN
didxuon kai TeEAIKA dlacTropd Tou 16VTOG UTTOKATAOTAONG OTOV OYKO TOU

VOVOKPUOTAAANOU, aAAG kal TmOavoTtata aduvauia dlaTApnong Tng core@shell

dopng.
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ZOOT““G COyFel-yO = COxFe3-xO4

Aopn, 1010TNTEG KAl TTPOOTITIKEG

270 TTAPOV KEPAAQIO KATAYPAPOVTAI Ta ATTOTEAEOUATA TTOU TTPOEKUYAV aTTo
TOV E€TTi TOTTOU XOPOKTNPIOKO TWV VOAVOKPUOTAAAWY, KUPIWG TNV HEAETN ME
NAEKTPOVIKA pIKpookoTTia diéAsuong (TEM) yia va moToTromneei n emruxia mng
ouvBeTIKAG dladikaoiag, aAAd kal ye SEM-EDS vyia va utroAoyioTei n avaloyia
Fe/Co, péxpl Tnv Mo Trponyuévn dopikr avaluon pe Tnv TeEXVIKR X-PDF kai Tov
MayvnTIKO XOpPaKTNPIOWO ETTAEYMEVWY  OEIYUATWY, KATA avTIoToIXia ME TNV
TTponyouuevn oeipd dciypdtwy. lMapackeudotnkav Kal TTAAI VOVOKPUOTAAAIKA
OwHaTIdIa SIAQOPETIKWYV HUEYEBWV PE CUCTANATIKG TPOTTO, VW BIEPEUVHONKE Kal N
duvatoTnTa €AEYXOPEVNG TPOTTOTTOINONG TOUu OXNMaTog (KUBIKA). Aaupdavovtag
uTTOWn TNV €VIOXUPEVN QVICOTPOTTIA TWV CQAIPIKWY oWHaTIdiwy, OTTWS QUTH

katadeixOnke o010 Keg. 4, aAAd kal TO €mMOuUhNTO PEYEBOG CWHATIBIWY YIa Tn
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diatipnon core@shell dopng, auth TN @opd emMAEXONKav  CcwpaTidIa
OUYKEKPINEVNG HOPPOAOYiIag, DIAQOPETIKOU OUWG TTOO0OTOU UTTOKATAOTAONG ME
Co, yia Tnv TTIo evOeAEX avaAuon doung Kai IBI0TATWY. Av Kal attodeixbnke OTI N
X-PDF d¢v gival og Béon va diakpivel TIG dlagopég oTa 1ovTa Fe kal Co woTe va
MOG dWOEl TTOOOTIKEG TTANPOPOPIES yIa Tn dIACTIOPA TOUG OTIGC OUO OIOKPITES
KPUOTOANOYPOAQIKES PACEIG, QUTH TOU TTUPMVA KAl AUTA TOU KEAUQYOUG, EVTOUTOIG
Bdoel Tou TPAOTTOU TTAPACKEUNG KAl TNG YVWONG YIa auTd TO cUOTNUA, N TTPOCEYYIoN
OTI N XNMIK uttokaTdoTaon Aaupdavel xwpa e€ioou o€ OAO TOov OYyKO TOU
VOVOKPUOTAAAIKOU owpaTidiou, Bewpeital QVTITTIPOCWTTEUTIKI) ™G
TTPAYUATIKOTNTAG. H TEXVIKA £dwoe TTapOAa auTd TTOAU XPrOIUES TTANPOYOPIES YIa
TO TWG e€mNPeddeTal n OO TOU VOVOKPUOTAAAOU atdé To TT0000TO
uTTOKOTAoTOONG. ME TNV KAAUTEPN KATAVONON TNG OUAG TOU CUCTAUATOG, KATEOTN
ouvatog o0 OXeOIOOPOG  UTTOBETIKWY  MOVTEAWV  VAVOKPUOTAAAWYV,  QvTI-
TIPOOWTTEUTIKWY TWV TTEIPANATIKWY OeIlyUATWY, WOTE PETA ammd  BewpnTikoug
uTTOAOYIONOUG pE TNV PEBodO Monte Carlo, va An@Bouv XproiIdeS TTANPOQOPIES
OXETIKA PE TO TTWG PTTOPOUNE PEOW TNG UTTOKATACTOONG KAl TNG UTTAPENG KEVWV
TIAEYMOTIKWY BE0EWV OTOV TTUPrva, OTO KEAUPOG, AAAG Kal CUVOUOOTIKA O€ QUTEG
TIG OUO0 payvnTIKEC @ACEIC, va pPubuicoupe Tnv OUVOAIKR aTTtOKpPIon Tou
VaVOKPUOTAAAouU. ATredeixbn OT1 Tépav TNG au&¢nong TnG MayvNTOKPUOTAAAIKAG
QvICOTPOTTIaG UTTdpXouv Kal &AAoI pnxaviopoi TTou etmnpeddovral atrd Tnv
UTTOKATACTOON ME 16VTA KOPBOATIOU, TTOU UTTOPEI va OPACOUV EiTE EVUEPYETIKG OTNV
MayvNTIKA €TTAyOUEVN BePUIKA ATTOKPION TwV VAVOKPUOTAAAWYV, €iTe va Tnv
KATaoTEiAouv, a1TO €va TTOOOOTO UTTOKATACTOONG Kal TTAvw. ATTAITEITAI £€TO1 va
BpeBei 0 16aVIKOS BaBPOS UTTOKATACTACNG WOTE Ol TTAPAYOUEVOI VAVOKPUGTAAAOI
va éxouv Tnv péyioTn duvarr amoédoorn. Etmiong afloloyrnbnkav ol Bewpntikd
uTToAOYI00€ioEC avapevOUEVEG TINEG TOU puBuou eIdIKAG attoppopnons (SAR —
Specific Absorption Rate) kai guykpiBnkav PeE AUTEG TwWV PN TPOTTOTTOINKEVWY
VaVOKPUOTAAwY Tou Ke@. 4, atmodeikvuovtag Tn BeAtiwon NG BepuIKAS
ammoKpIONG  TWV  TPOTTOTTOINUEVWY  VAVOKPUOTAAAWY  UTTO  OUYKEKPIPEVEG

TTPOUTTOBECEIG.
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6.1. MeAéTn Kal CUOXETIONOG BOUNG — HAYVNTIKWYV IBIOTATWYV

6.1.1. YtrokareoTnuéva pe KoBAaATio omivéAia oge1diwv o16fpou

(B) Siatapayuévo Fe, O (E) Swatapaypévo Co,Fe; O,
(- S T‘J‘
0%q0

. |
‘%“ %9

Fe
|

Ynokataotaon
pue Co

) l

Eikéva 6.1 (a) KpuoTaAAikiy dour) opuktoU AGAQTOG OTOIXEIOUETPIKOU PBouoTitn (FeO),
OTToU QaivovTal Ta I0vTa Fe?* (UTTAE oQaipeg) OTO KEVTPO TwV OKTAESPWY TTOU opilovTal aTrd
10 16vTa O% (Aeukéc a@aipeg). (B) AtmAotroinuévn TrapaAlayr TNG TEAEIOG DOUNG OPUKTOU
AaAaTog OTTOU EPPaVICOVTal KEVEG KPUOTOAANOYPAPIKEG BECEIG OIBrPOU (UTTOOTOIXEIOUETPIKOG
BouoTitng Fe1xO) kai (y) n idia dour 6TTou N YepIkA uttokatdoTaon Ye Co?* (1LBEIC oPaipEg)
€x€l BonBroel 0T Peiwon TwV KEVWV TTAEYUATIKWYV BEaewv. (&) O1 KeVvEG TTAEYUATIKEG BETEIG
Fe?* 1eivouv va diatdooovTtal yUpw aTro £va 10V TTapedBoAng Fed* (Trou £xel TrpokUyel atrd
ogeidwon Fe?* yia avriotdduion @oprtiou), doury Tou Bewpeital TTPOdpoun NG (€)
o&eIdwpévng popeng oTriveliou (BA. kal Keg. 3). H ogeidwuévn pop®r avatrapioTaral 5w
ME MEPIKN UTTOKATAOTOON OKTOEDPIKWV KUPiIwG 10vTwyv Fe amd Co (1wdeig opaipeg Kal
OKTAEDPA) Kal AIYOTEPO TETPAEDPIKWYV (1LWON TETPAEDPQ).
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2e ommvENIA TOU yevikoU TUTTou (M3+)g[M3*,M?*]16032 é1rou M oupBoAilel ev yével
METAAAO TTOU QVAKEI OTO OTOIXEIQ PETATITWOEWS, Ol TTapPevOEoelg aupBoAidouv
TETPAEDPIKEG KAl Ol AYKUAEC oKTaedpikéc Béoeig, Ta 16via Co?* Teivouv va
uTTOKaBIoTOUV QUTA Tou Fe3* kal Fe?* Trou BpiokovTal OTIG OKTaedPIKEG BECEIG
KUpiwg.1? QOoTO00 WEPIKN UTTOKATAOTOON O MIKPOTEPO BaOUO Ot TETPAEDPIKES
Béoeic Oev uTTOpEl va  aTTOKAeIoTEl. 2€ TETOIO OTTIVEAIA, n avaloyia Tng
UTTOKOTAOTOONG IOVTWY O10MPOU BIAQOPETIKNG OEEIBWTIKAG KATAOTAONG, OnAadN
Co?* - Fe®/ Co?" > Fe?* emnpeddel QUOIKA Kal To BaBud avTtioTponc,® he Ta
MECQ XAPAKTNPIOHUOU OUWG TTOU gixaue aTn O1G0ear] Nag yia TNV TTapouca Epyaaia,
KATI TETOI0 Oev UTTOPEI va eEaKPIBWOEI Kal va utrtoAoyIoTel 0 BaBudS avTioTPOPrG.
Me Bdon 10 TTPWTOKOAAO OUVBEONG KAl KABWG oI TTPOOPOUES EVWOEIG TTOU
TTapEXouV Ta 10vTa Fe kal Co TTpooTiBevTal TauTOXpova OTo Jiyuda TNG avTidpaong
KATA T apXIKa oTadia TG ouvBeong Kal avTIOPOUV PE TTAPOUOIO TPOTIO, Eival
OXETIKA aoPaAéC va aupTrepdvoupe 6Tl Ta 16vta Co?* diapoipdlovtal o€ GAo Tov
OYKO TOU vavOoKpUOTAAAou, dnAadr TG00 OTOV TTUPr VA OOUNG OPUKTOU AAATOG OO0
Kal oTo KEAUQOC doung otivediou. H mBavoTnTa va Bpebei éva 16v Co?* gite oTovV
TTUPVA €ITE OTO KEAUQOG, €ival TTPOPAVWG AVAAOYN TNG OXETIKAG avaAoyiag Twv
OYKWV aQuTwyVv Twv U0 KPUGTAAAOYPa@IKWV pacewv. Kabwg ol vavokpUoTaAAol
TTou oxnuatiovral apxIka Bewpeital 0TI €xouv TN OO OPUKTOU GAATOG KAl €V
ouvexEia ugioTavTal HEPIKA OEEIBWON PE TOV INXAVICHO TTOU €XEI 0N TTEPIYPAPEI,
yIO va OXNMATIoOOUV TO OTTIVEAIO, Jia KPUOGTAAAIKF) SOOI OPUKTOU GAQTOG OTTOU 16VTA
Fe €xouv avtikaraoTabei o€ éva BaBud atmo 1évra koBaATiou, 6Tav ogeIdwOEi TTPog
omvéNo TTpoavwg Ba éxel To idlo TToocooTd Co (Eikéva 6.1). Ev touToig, 1o
€CEIDIKEUPEVEG TEXVIKEG NAEKTPOVIKNG MIKPOOKOTTIOG aTTaITOUVTAI YIa va Yivel pia
XAPTOYPAPNON TWV I0VTWV OTIG U0 KPUOTAANOYPAPIKEG PACEIG OE PHENOVWHEVA
owpatidla, 6mwg Adyou xdpn pe STEM/EDS elemental mapping (OTOIXEIOKN
xaptoypdenon e Scanning Transmission Electron Microscopy/ Energy
Dispersive Spectroscopy). Evdia@épov €xel, OTTwG Ba doUupe OTn CUVEXEIQ, TO
YyEYovog OTI N JEPIKN UTTOKATAoTAON ME CO OTNV KATA KAVOVA UTTOOTOIXEIOUETPIKI)
doun BouaTitn, aipel 0 éva BABUO TNV UTTOOTOIXEIOPETPIA, MEIWVOVTAG TIG KEVEG

TIAEYUATIKEG BéoEl M2,
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6.1.2. Méye0og, pop@oloyia Kai eTIAOYH SEIYHATWV

O1wg Kal oTnV TTEPITTTWON Tou KEP. 3, €101 KI €dw BACIKO NTOUPEVO ATAV N
OMOIONOPYPIa TWV TTAPAYOUEVWY CWHATIOIWY Kal N OTEVA KATAVOUN HEYEBWV.
AciypaTa TTou 8V TTANPOUCAV QUTEG TIG TTPOdIAYPOPES ATTOPPIPONKAV. ZE YEVIKEG
YPOUMEG TO TIPWTOKOAAO TTOU avaTituxbnke nTtav oe Béon va Owotel
VaVOKPUOTAAAOUG PE QUTA T XOPAKTNPIOTIKA, O€ €va eUPOG ueyeBwyv 14 — 18 nm,
oTnv TepIoxr dnNAadn KaTw atrd 20 nm OTTwg ATAV TMBOUPNTS. AuTO OTTOdEIKVUETAI
Kal a1rd TNV NAEKTPOVIKA HiIKpookoTria diEAeuong (TEM). MNa TI¢ avAyKeg piag TTio
OUCTNPATIKAG HEAETNG, TTOU VA OUVOUACLEI KAl VA CUCXETICEI TA CUUTTEPACUATA TTOU
TIPOKUTITOUV QOTTO TEXVIKEG XAPOAKTNPEIOMOU TNG OOUAG KOl TWV HAYVNTIKWV
IDIOTATWY, E€TTEAEYNOAV KATAPXAg 6 Ociyyarta, Ta OTroia Kal €0TAANnCAv OTOV
TelpapaTikGé otabud X-PDF. Autd emeAéynoav €101 wOTE va Bpiockovtal oTo
EMOUPNTO €UPOG PEYEBWV Kal Va IAQOPOTTOIoUVTal WG TTPOG TO TTocooTd Co. Evw
EYIVE JIa TTPOCTTABEIa BIAPOPOTTOINCNG KAl TNG HOPPOAOYIAG, WOTE VA TTPOKUYOUV
KUBIKG owuaTiola, TEAIKWG dev TTPOEKUYAV KOAOOXNMOTIOPEVA KUBIKG ocwaTidla
ME ouoTnuartikn diagopotroinon Tou tocootou Co (BA. NMAPAPTHMA 4.1).
TeAKwG Tpia ammd autd Ta deiypaTta, OAa oc@aIpIKAG Pop@oAoyiag, KpiBnkav Ta
KaTaAANAGTEPA yia TNV MEAETN TTOU OKOAOUBNOE, Ta XOPOKTNPIOTIKA TWV OTTOiwV

@aivovtal otnv Eikéva 6.2.

@

107 12 147716 187 20 Y 1012 ug 18 20
Diameter (nm) s Dla (n

P Cn "%

Eikéva 6.2 Eikéveg TEM Twv o@aipikwy delypaTwy S12 (a), S21 (B), S35 (y) (TTEPIEKTIKOTNTA
Co 12%, 21% xai 35% avTioToixa) TTou €MAEXONKAV yia va HEAETNBOUV B1EE0BIKG WG TTPOG TN
OOoUA Kal TIG HAYVNTIKES 1010TNTEG, KE TIG AVTIOTOIXEG KATAVOUEG MEYEBWY. 2Ta EvOeTa TTAQiCIA
@aivovTal eTAeyUEVEG €IKOVEG TEM Twv cwpamidiwv autwy o€ uwnAn peyébuvon (x800.000).
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Autd Ta deiypata gixav péon didueTpo cwpaTidiwv D =152+ 1.2 nm, d = 13.9
1.1 nmandd=17.8 £ 0.9 nm ka1 diagpopeTik& TTO000TA UTTOKaTAOTAONG UE Co,
OUYKEKPIPEVA 12%, 21% Kal 35%. ATTO Tn OTIYHI TTOU N TTEPIEKTIKOTATA 0€ KOBAATIO
@aiveTal va gival n KaBopIoTIKN yIa TIG IDIOTNTEG TTAPAYETPOG O€ AUTA Ta OEiyhaATA,
auTd Ba kaAouvTal atmd edw Kal oTo €€AG S12, S21 kal S35 avTioToiXa, OTToU TO S
OupBOoAIel TR oQaipikr Pop@oAoyia (ek Tou “spherical”’) kai o apIBUOg TTOU
OKOAOUBEi €ival evOEIKTIKOG TOU TTOOOOTOU ETTi TOIG €KOTO UTTOKATAOTAONG ME
KOBAATIO. O1 eikbveg HRTEM utrodnAwvouv 0TI TTPOKEITAI VIO VAVOKPUOTAAAIKA
ociyuata uwnAnig OMOIOPOPYIaGE WG TTPOG TO OXNMO Kal TO PEYEBOG, PE OTEVEG
KATOVOMEG PEYEBWYV. Z€ KATTOIEG ATTO TIG EIKOVES UWNANRS avaAuong Eival EPeavig
Kal N KPUoTOAAIKR  doprp Twv  ocwuamdiwv, Kabwg Odlakpivovtal 1A
KpuoTaAhoypa@ikd eTritreda. OTTwg Kal 0TA hn UTTOKOTEOTAPEVA DEiyuaTa OEEIDIWV
o10r1pou, €101 KI €DW EiVal EPPAVEIG OI OKOUPOTEPEG KAl TTIO AVOIXTEG TTEPIOXEG OTO
id10 cwuaTidlo, eVOEIKTIKESG TNG cuvlTIAPENG OUO KPUOTAANOYPAPIKWY PACEWYV, OF
Mia dounR Tupfva-keAUQous. KaBwg akoAoubrnbnkav Trapouoia TTPWTOKOAAQ
ouvBeong, auto atroTeAEl Ioxupn €voeign yia pia doun TutTou core@shell, CoyFea-
yO@CoxFeszx0a4, kaTI TTOU Ba eIREBaIWOET Kal atTd TNV avaAuon TnG dOWNG YE TV

TEXVIKA X-PDF 0Tn ouvéxela.

6.1.3. Ztoixelokn avaAuon péow SEM-EDS

MNa va yivel yia dueon kal ypriyopn €kTipnon tou mmooooTtol Co og K&Be deiyua,
TTPOTINNBNKE N QACPATOOKOTTIA evepyelakng Olaotropds aktivwv X (Energy
Dispersive X-Ray Spectroscopy - EDS). ATTO Tn OTIYI TTou eV UTTHPXE N UTTOd0UNA
yIQ VA YiVEl QUTO KATA TNV TTAPATAPNON PE TO MIKPOOKOTTIo TEM, xpnoiyotroimenke
EVOAOKTIKG o avixveutig EDS Tou nTav €yKaTeOTNPEVOG OTO NAEKTPOVIKO
MIKPOOKOTTIO odpwong (SEM). H Texviki TTpoTiuAOnke évavtl AAAwv Adyw Tng
€UKOAIOG, TNG TaxXUTNTAG, TOU XauNAOU KOOTOUG KAl TNG IKAVOTIOINTIKNG AKPIBEIag
yla TIG OTTQITACOEIG TNG Trapouoag epyaciog. [Npétrer va TovioTei OTI Qutd TA

OPAKTNPIOTIKA ATAV oNUAVTIKA, OIOTI ETTPETTE VA Yivel ekTipnon Tou %Co og £vav
X H Y ¥
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ONMAVTIKO apIBPO SEYUATWY aUECWGS PETA TN OUVBEDN, TTPIV TEAIKA ETTIAEYOUV T
KataAANAOTEPQ yia YeAETN. ETTiong n yéTpnon utmopouoe va TTpayuaToTToINBEi ue
Mia OXETIKA MIKPH TTOoOTNTA OLiYUOTOG, APrvovTag PEPIKEG OTAYOVES OEiyUATOG
(evaiwpriuaTog) o€ UTTOOTPWHA TTUPITIOU, £WG OTOU £CATHIOTEI TO £€AVIO. METPAOEIG
AapBdavovtav atrd dIaQopETIKA onueia Tou dokipiou, €0TIAlOVTAG KATAAANAQ T
O£ N NAEKTPOViIWY 0€ BIOPOPETIKA ONUEIa TNG ETTIPAVEING, WOTE VA ££A0PANOOEI
éva oTaTIoTIKA aTTodekTO aTTOTEAEOUA. Ta ATTOTEAEOUATA WG TTPOG TO TTO00OTO
%Co €&nxbnoav wg péool 6pol Twv dIOPOPWY HEUOVWHEVWY HETPROEWY TTOU
TIPOEKUYAV ATTO TNV TTAPATTIAVW O10dIKACIa KAl UTTOONAWVOUV UWnAr opolopop@ia
WG TTPOG TN OTOIXEIOKN avaAoyia o€ OAa Ta dciyparta. Npo@avwg auTr n TEXVIKI
Mag divel TN ouvoAIKr avaAoyia 16VTwV a1rd okévn vavoowuaTIdiwy KAl CUVETTWG
a@opd TNV MEON OTOIXEIOKN avaAoyia 10VTwWV yia TOV OUVOAIKO OYKO Twv
VOVOKPUOTAAwY. Aev utropei dnAadry va TTpoodIopIoTEl N XNMIK ouoTaon
EEXWPIOTA OTOV TTUPVA KOl EEXWPIOTA OTO KEAUPOG TOU VaVOKPUOTAAAou. T’ auTd
ToVv AGYO Kal he BAon Tn yvwon TTou UTTAPXE! yIa AuTd Ta CUCTAPATA, ONA. Ta AoITTd
atmmoteAéopaTta, TNV ouveeTikh diadikacia Kal Tov pnxavioud o&gidwong yia
dnuIoupyia KEAUQOUG aTTIVEAIOU, YiVETAI N TTAPAdOXN OTI N OXETIKA avaAoyia Fe/Co
diatnpeital idia kai 0TI U0 KPUGTAAAOYPAPIKEC PATEIG, OTTWGS TTpoavapépdnke. O
oidnNPog eu@avilel pia XapakTnpIoTIKN Kal EEXWPIOTA Kopupn oTa ~ 6.4 keV, un
OAANAETTIKOAUTITOMEVN UE QUTEG TOU KOBAATIOU, TTOU ETTITPETTEI EVAV OXETIKA aKPIRA
UTTOAOYIOHUO TOU OXETIKOU TTOOOOTOU Twv OUO OTOoIXEiwV O0To ekAoTOoTE O¢ciypa. H
BaBuovounon Tou opydvou €Xel yivel PE TTPOTUTTA OEiydaTa KAl TO TTOOOOTO
ecayetal autépaTa Atrd TO XPNOIMOTTIOIOUKEVO AoyIoUIKO (INCA). ZT1a pacparta ivai
0pATEG MOVO Ol XOPAKTNPIOTIKEG KOopupég Fe kair Co, €KTOC atrd auth Tou
UTTOOTPWHATOG Si, aTTOOEIKVUOVTAG TNV UWNAR XNUIKA KaBapdTnTa TWV SEIYUATWV.
H utroAoyi{6pevn ouotaon Ye auth TNV PéEBodo cupPadidel pe Tnv mBuunTh yia

KGBe deiyua ouoTaon, TTou oxedIAOTNKE KATA TN OUVOETIKN dladikaaia.
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Element Atomic %
Fe K 88
CoK 12

Element Atomic%

Fe K 79
CoK 21

Element Atomic%
Fe K 65
CoK 35

Eikéova 6.3 ddopara SEM/EDS Tng opddag unkwyv kupatog K yia ta atoixeia Fe kalr Co
TWV TPIWV OQaIpIKwV Osiypudtwy S12, S21, S35. H OXETIKr) €KATOOTIAIO OTOIXEIOKN
avaloyia utroAoyiletal autopata atmo 1o Aoyiopiko (INCA). H 1idiaitépwg 1oxupr o€
KATTOIEG TTEPITITWOEIS KOPUPH oTa ~ 1.8 keV 1rpoépyeTal atrd To UTTOOTPWUA Si.
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6.1.4. MayvnTikég HETPAOEIG

Ta uttd PJEAETN UTTOKATECOTANEVA VAVOKPUOTAAAIKA CWHATIOIA HEAETHBNKAV WG
TPOG TOV MPayvnTIOMO opoiwg Me Ta  dciypatra FeO-FesOs. O1  O110I1EG
OIAPOPOTIOINCEIS OTA PAYVNTIKA Qaivopeva 0w avAPEVETAI VO OQEIAOVTAI KUPIWG
oTov OlI0QOPETIKO BaBud utrokatdotaong pe Co. ZKOTTOG ATav va dIEPEUVNBEi TO
Katra 1réoov ol 1I01ITEPOTNTEG OTN OOMN AUTWYV TWV VOVOKPUOTAAAWYV, TToUu Ba
oulntnBouv OTn ouvéxela, emmnpedlouv TNV MPAYVATION TOUG, Ta @aIvOPEVa
avTaAAQYAG Kal TNV PAyVNTOKPUOTOAAIKI QVICOTPOTTIA KAl va OTTOTUTTWOOUV JE
METPNOIYEG TTOOOTNTEG OTTWG N PAyvNnTIKY €MOEKTIKOTNTA ()), N MaAyvATION
KopeopoU (Ms), 1o Tredio avralAayng (Hes) kai To ouvekTikd Tredio (Hc). ‘ETol,
TTPAYMATOTTOINONKAV KAl TTAAI JETPAOEIG HAYVNTIKNAG ETTIOEKTIKOTNTAG CUVOPTAHOEI
NG Bepuokpaaiag, akoAoubwvTag To yvwaoTd TTpwTdkoAAo ZFC-FC* (Zero Field
Cooled-Field Cooled), dnAadry wuén Tou OeiyPdaTog XWpPIG €EwTEPIKG TTESIO KOl
OKOAOUBWG pETPNON TNG MayvNTIKAG €MOEKTIKOTNTASG ¥ KATA Tn Bépuavon (ZFC)
Kal €meira yugn uttd 1redio kal AN pétpnon kata 1n Bépuavon (FC), é1mmwg
@aivetal otnv Eikéva 6.4 Or1 pyetproeig y(T) yia 6Aa ta deiypata gugavifouv €va
€UPU MEYIOTO OTIGC KAUTTUAEG ZFC, eVOEIKTIKO TNG XOPAKTNPIOTIKNG BEpUOKpaaiag
Ts (Blocking Temperature) TTou dlaxXwpICEl TNV UTTEPTTAPANAYVNTIKA KATAoTOON
TOU UAIKOU QTT0 TNV MTTAOKOPIOWEVN KATAOTOON, O©QVv  ATTOTEAECUQ  TOU
QVTOYWVIOUOU BEPUIKNAG EVEPYEIAG KAl JayvNTOKPUOTOAAIKAG aviooTpotriag. H Ts
gival avaAoyn TnNG JayvnTIKAG aviooTPOTTiag® Kal £1I01KA TNV VAVOKAIaKa £apTATal
ouviBwg Kal ammd Tov OyKo TOu vavoowuaTidiou. Kabwg oTtnv TIPOKeEIUEVN
TTEPITITWON Ol OYKOI TWV VAVOKPUOTAAAwWV egival ouykpioiyol, n Tg Ogixvel va
eCaptdral Kard Kupio AGyo atd 1o TTooooTd Co Kal augavel Katd évav oxXedov
YPOUMIKO TPOTTO e TNV auénon Tou %Co (Eikdva 6.5), padAAov Adyw TnG augnuévng
MayVvNTOKPUOTAAAIKAG QVICOTPOTTIOG TTOU TTPOKUTITEI ATTO TV EVOWNATWON IOVTWV
Co o010 PNTPIKO KPUOTAAAIKG TTAEypa. EmITpooBEéTtwg, OAeg o1 KauTtruAeg ZFC
gEUpaviouv pia armmoToun TITWON Of €va OTeEVO OEPPOKPACIOKO €UPOG, TTOU
TTOPQATTEPTTEI OTNV PETATITWON ATTO TNV TTAPAPAYVNTIKA OTNV AVTICIONPOUAYVNTIKA
(AFM) kaTtdoTaon kai kaBopiletal atrd TNV XaPAKTNEIOTIKY Bepuokpacia Néel, Tw.

AUTO uTTOdnAWVEI éva oNPAVTIKO TTooooTO AFM payvnTikiAg edaong (CoyFe1yO) Kkal
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yI' QUTO TTapaTNPEEITAl IDIAITEPWGS O HEYAAUTEPA CWHATIOIA, HE KOAOOXNMATIOUEVO
TUpAva, OTTWG QAiVETAl KAl OTA AVTIOTOIXO QTTOTEAECUATA TOU TTPONYOUNEVOU
kepaAaiou (Eikéva 4.3). H Tapartripnon auth 8a emPBeBaiwbei 6TTwWe Ba doupe Kai
OTn CUVEXEIQ ATTO TNV OXETIKA dOMIKA avaAuon. Eival ydAioTa xapaktnpioTikd TTwg
n uerdBaon auth (Tn) MeTaTOTTICETAl ATTO XAMNAOTEPEG TIPOG UWNAOTEPEG
Bepuokpacieg kKabBwg augdvel To TTooooTd Co, akoAouBwvtag Tnv TAON TTOU
TTOPATNPEITAI KOl 0Ta cuPTTayr UAIKA (FeO, Tn = 198 K > CoO, Tn = 291 K).®

2710 O¢ciyya S12, TTou OTTwg Ba douuEe Kal atro Tn OOMIKN avaAuon £XEl HEYAAO
TTO000TO PAONG OTIIVEAIOU, €vavTl OPUKTOU AAATOG, eP@avifeTal €TTITTAEOV pdia
eAappa avwuaAia otnv KauTTUAN ZFC petagu 125 kal 150 K 1mou dev gival attéAuTa
OaQEG €AV Ba UTTOPOUCE VA CUCXETIOTE e pia peTdpaon Tuttou Verwey (Ty), TTou
ouvnBwg Trapartnpsital o ouptrayrn,” aAAd kal o€ vavodounuévo payvntitn.8°
AvTioToixn avwpaoAia €ixaye TTapatnprioel Kar o€ KATToIa atmmod Ta TTaAQIoTEPA
ociypata (evOelkTIKG oTa S15, C18 Eikéva 4.3), evw €ival KATI TTou £XEl avapepOei
kal otnv d1ebvn BiBAloypagia yia Mn-,Zn- kal COo-UTTOKATECTNUEVOUG PEPPITEG
OouAG oTTiveAiou, Pe dlagopoTToIiNuEVeES Bepuokpaaieg Ty, avaloya e To €id0g Kal
TOoV BaBuo utrokatdoTaong.0

AT6 10 Teipapa X-PDF 10U B0 TTapouciacTei avaAuTIKOTEPA OTN CUVEXEID
eAA@Onoav dedopéva atrd TToAU xapnAég Bepuokpaacics (10 K) péxpl Bepuokpaaia
dwparTiou (300 K), kdvovtag xpAon Tou KpuooTATn nAiou, duvardtnta TTou dev
UTTAPXE OTN OcIpd delyuaTwy FeO@Fes304. 'Exel AoIttov 181aiTepo evdlapépov va
ETTIXEIPHOOUPE MIa €UBgia CUOXETION TWV QVWHOAIWY | TOavwy PayvnTIKWV
METABGOEWY TIOU TTAPATNPEOUVTAI OTIC MAYVNTIKEG METPAOEIC ME  TTIOAVEG
OIaQOPOTIOINCEIC TG OOJAG, OTTWG  ATTOTUTTWVOVTAI  OTO  PEYEBOG  TNg
KPUOTAAAOYPAQIKAG KUWEAIDOG. AETTTOUEPEIES VIO TO TTWG £XOUV TTPOKUWEI AUTA TA
atmroTeAéopaTa divovTal OTO OXETIKO UTTOKEPAAAIO yia Tnv avaiuon X-PDF. Xtnv
Eikéva 6.4, ota tAaiola 1, K, A divetal n UETABOA pe TN Bepuokpacia Twv
dlaoTdcewv TNG KUWeAidag Tng OOMNG OPUKTOU AAATOGC TOU TTUPAVA, OTTWG
TIPOEKUYE ATTO TNV TTPOCOPHOYN TwV OEBOUEVWY PE TO KATAAANAO povTéAo. ZTa
TAdiola ¢, n, 8 divovTal Ol avTiOTOIXEG TIMEG yia TN OOMN OTTIVEAIOU TOU KEAUQOUG

TWV VOVOKPUOTAAAWYV KalI £TC1 ETTIXEIPEITAI Mia CUYKPION KE TIG TIMES HAYVNTIKAG
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Eikéva 6.4 TuAua oe XauNAES TIMEG TTESIOU TWV KAVOVIKOTTOINUEVWY BPOXWY UCTEPNONG
(M/Ms) otoug 5 K kai 300 K yia ta deiypata S12, S21, S35 (a, B, y avrioToixa), HETPNHEVWV
Emeira atmd Yuén utrd undevikd Tredio (ZFC). H BepuoKpaciakd €CapTWwPEVn MayvnTIKA
EMOEKTIKOTNTA, HETPNUEVN ETTEITA ATTO YUEN UTTO PNdevIKS TTedio (ZFC, cupTIayEiS YPOUMEG)
Kal yugn utrd medio (FC, SIakeEKOUPEVES YPAUMEG) Yia Ta idla deiyuaToa (O, €, OT avTioToIxXa),
uttd medio pétpnong 50 Oe. O1 avrioToixeg dIOOTACEIG, OUVAPTACEI BEPUOKPATIAg, TNG
Movadiaiag KuweAidag Tou KeAUQoug doung oTmiveAiou (C, n, B) kai Tou TTUPriVa BOMNAG
OPUKTOU GAQTOG (I, K, A).
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Eikéva 6.5 EC&pTtnon TnG xapakTnpioTIKAG Bepuokpaciag Tg (kaBopiopévng
atro 10 PEYIoTO TNG ZFC KauTTUuANnG otnv Eikéva 6.4) atrd 1o mooooTto Co yia Ta
oQaIpIKG ociypata S12, S21 kal S35, eu@avifovtag pia JAAAOV YPAUMIKN TAON.
H kékkivn ypapun €ival Tng Hopeng y = ax + b kal €xel TTPOKUWEl atto TIG
OUVTETAYMEVEG (X,Y) TWV TPIWV CNUEIWV.

EMOEKTIKOTNTAG YIa TnVv idla akpIBwg Bepuokpaciakr TTEPIOXN, OTTWG AUTEG
@aivovtal oTa TAqiola &, €, oT yia Ta Ociypara S12, S21 kai S35 avrioToixa.
Mapatnpoupe OTI UTTAPXElI MIG CUCTNUOTIKA, TTapouoia yia OAa Ta deciypara,
METARBOAR TwV KUWEeAidwY Toug KaBwg n Bepuokpacia augdvel. MNa Tnv akpiBeia, n
@daon Tou oTTIveAiou TTapouoIAdel pia TITwon apxikad otoug ~ 50 K, uéxpl va @Taoel
o€ €va OXETIKA eupu eAaxioTo atrd Toug 120 K trepitrou pEXpl Toug 150 K, 61ToUu Kal
¢ekivasl pia  otaBepry OI0OTOA NG  KUWEAdAg vyia OAn  Tnv  uttOAoITTN
Bepuokpaoiakn TTeploxn. Agicel va onPeIwBEi 0TI N KATTWG TTI0 aTTéTOUN TITWON,
ME Hop@r okaAoTraTiou, oToug 50 K yia 1o deiypya S35, CUMTTITITEl HE TNV EAA@PA
avwpaoAia tTou gival opatr) otnv ZFC x(T) KautruAn kovtd oTnyv idia Bepuokpaaia.

Etriong 10 mAaTd TTOU gu@avileTal yia OAa Ta deiypaTta petatu 120 K kar 150 K
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OUMTTITITEI UE TNV TTEPIOXT TTOU Ba gugaviCoTav pia moavA yetafaocn Verwey otov
MayvnTitn 1 YeVIKA o€ omvéAIa OTTwG TTpoava@EPBnKe. Av Kal O KOUTTUAEG TNG
@A0oNG TOU OPUKTOU GAQTOG €UPAVICOUV HIa JAAAOV TTEPICCOTEPO OPOAAN HOP®H,
otnv  TrepIoXn Otou Trapartnpeital n avwpodia oto omvélio (120 K - 150 K)
BAéTToupe kal og€ autég pia BuBion. Eriong, otnv mepioxy 200 K — 250 K
ed@avideTal pia POAIG opatrh avwuaAia (WG PIKPO €EOYKWHA TTPOG Ta TTAVW), N
OTToIa HANIOTA QAIVETAI VO KAVEI TNV EMPAVIOT TNG KAI OTIG KAPTTUAEG TOU OTTIVEAIOU.
AuTl N avwpoAlia  TauTiCETal HE TO ONUEIO OTTOU CeKIva N UETABaon Tn OTTWG
@aivetal oTig ZFC KautUAeg yia Ta dgiypata S12 kar S21, evw Ogv UTTAPXEI
atmmoAuTn TAUTION OTnNV TrEPIMTwon Tou S35. H ouoxETion Twv PayvnTIKWV
AVWHAAIWY PE TTIBaVA PayvnNTOEAAOTIKA QaIvOUEVa BEV UTTOPEI VA YivEl UE alyoupid,
KUPIwg AOYW TNG OXETIKA XaUNANG BIAKPITIKAG IKAVOTNTAG TOU HAYVNTOPETPOU, TTOU
gival au@iBoAo eav PTTopEi va dIAKPIVEI JE CUOTAPATIKO TPOTTO TIG OTTOIEG JETAPBOAEG
ota Ociyyarta. MMapdAa autd , Ta @AIVOPEVA TIOU QTTOTUTTWVOVTAl OTN
BEPUOKPACIOKA ECAPTWHEVN CUUTTEPIPOPA TwV KUuWeAidwv poévo Tuxaia Oev
Moidlouv Kal PAAIOTA @aiveTal TTWG N CUPTTEPIPOPA TNG KUWEAIdAG TNG Miag
KpuoTaAAoypa@IknG @Aong gival Aueca ouvoedeEvn uE auTh TNG AAANG. AuTo givail
aTTOAUTWG AoyIKO, KaBWG o1 U0 QACEIS gival uNXAVIKA OUVOEDEUEVEG Kal £TCI Ol
OTTOIEG CUMTTIECTIKEG TAOEIG TTOU Ba PTTOpOUCAV va eugavifovral otn pia @daon
AOGYW TT.X. QAIVOPEVWV JAYVNTOOUOTOANG, ETTAYOVTal Kal TNV AAAn @don , Héow

TNG oUVOEONG TWV OUO OTN JIETTIPAVEIQA.

21nv Eikéva 6. 6, ota €mAvw TTAQICIA, ATTOTUTTWVETAI TUAKA TWV BPOXWV
uoTéPNOoNG yia Ta deiyparta S12 kal S21, yetpnuéva o€ xaunAr Bepuokpacia (5 K)
pe TTpwWTOKOAa FC (50 kOe 5 T) kai ZFC. AuoTuxwg, AOYyw TTEPIOPICHEVWV
TOpwv dev peTPnOnKe 1o dciyua S35 pe FC mpwTOKoAAO. Av Kal OAa Ta deiypaTa
TTOPOUCIACOUV Jia PN odaAr HETABOAN KaTd Tnv evaAAayr) Trediou, yia TIMEG KOVTA
o1o H = 0, 0TTw¢ paiveTal atrd 10 oXeOOV KABETO TURHUA TwV BPOXWYV, OTaV TO TTEDIO
TTEPVAEI aTTd apvNTIKEG O€ BETIKEG TIEG Kal TavdaTTaAiv (Eikéva 6.4 a-y, Eikéva 6.
6), u6vo TO S12 (OUYKPIVOUEVO HE TO S21) gu@aviel BUO KATAVOPEG KATA TNV
evalhayry mediou, OTTWG QTTOTUTTWVETAI aTTd Ta U0 LeEXWPIOTA HEYIOTA TNG

TTapaywyou dM/dH oTnv Eikéva 6. 6 oTa KATW TTAQICIA, KATI TTOU €ival EVOEIKTIKO
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Eikéva 6. 6 Tpnua, oe XaunAég TIUEG TTEDIOU, TWV KAVOVIKOTTOINWEVWY PBPOXWV
uoTépnong (M/Ms) otoug 5K yia Ta deiypata S12 kar S21, yeTpnuévwy ETTEITa atmod Yuegn
utté medio (FC) evrdoewg 50 kOe (XpwuaTIOTEG KAUTTUAEG), aAAd kal ETTEITa ATTO Yuen
uTtO PNOEVIKO TTeEdio (ZFC — paupeg KAPTTUAEG). 2Ta avTioTolxa TTAdiola Katw divetal o
pPUBUGGS HETABOANG TNG HAYVATIONG WG TTPOG TO £Qappolopevo TTedio (Trapdywyog dM/dH)
otav 10 TTEdI0 PETARBAAAETAI aTTd BETIKO O apvNTIKO KOPEOUO.
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QVOMOIONOPPNG  MAYVNTIKAG OCUPTTEPIPOPAS, TIOU  o@eileTal  TMBavwg o€
OUVUTTAPXOUOEG MAYVNTIKEG OUVIOTWOEG MECA OTO OUOTNUA, ME QVTITIOEPEVA
OUVEKTIKA TTEdIO.

MNa va ekTipnBei n e€€AiIgn Tou Trediou avraAAayns (Hes - Exchange Bias field)
TTOU TTPOKOAEITal atrd AAANAETIOPACEIC OTTIV avTaAAQYAG OTIC JIETTIPAVEIES, Ol
Bpodxol TTou aivovtal oTnv €iIkova Eikéva 6. 6 petpibnkav pe FC TTpwTOKOAAQ,
eKTOG atro Ta 5 T kal o€ XapnAdTepa, d1adoxIKA Kal oTadlakd auavoueva Tedia.
O1 Tipég Heg TTOU TTPOEKUYAV atrd auTh TN diadikacia divovtal oTo dIAYpPaUha TTou
@aivetal otnv Eikéva 6. 7, o6mou ouptrepIAauBAveTal Kal TO  TTAPOUOIWY
dlaoTtdoewy, Pn utrokateotTnuévo pe Co, dOciypa S15 1Tou TTapoucIAoTNKE OTO
Kep.4 (Eikova 4.5).
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Eikéva 6. 7 Tleipapatikd TpoodiopiouEves TINES TTedioU avTaAAaynics (Hes :yepdTa
oUPBOAa - KATW) Kal ouveKTIKOU TTediou (He : piooyepdra oUuBoAa — TTavw) yia Ta
uttokateoTnuéva pe Co core@shell dciypata S12, S21 kal TO PN UTTOKATECTNPEVO
core@shell deiypa S15, EmTeira atrd BpdxXoug uoTEPNONG OTOUG 5 K e TTIPWTOKOAAQ
wuéng utrd medio (FC) yia diadoxika augavoueva Tedia Yugng.
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2mnv Eikéva 6. 7 divovralr Kal oI AavTiOTOIXEG TIMEG OUVEKTIKOU Trediou Hc.
2uykpivovtag 1o dciypya S15 pe 10 16iwv dlaoTdoewy (~ 15 nm kai Ta dU0) Kai
etriong core@shell deiypa S12, pye povn mmpoeavr) dIa@opd TNV UTTOKATACTACT ME
12% Co, BAETTOUPE OTI N XNUIKA UTTOKOTAOTOON QUEAVEI TTPAYUATI ONUAVTIKA TNV
MayVNTOKPUOTAAAIKA) QVICOTPOTTIO TOU O€iydaTog, OTTWG QAIVETAI ATTO TN OXETIKA
KAPTTUAN Hc kal gaAAov odnyei €€ aitiag autoU Kal O€ evioxuon TwV QAIVOUEVWY
avtaAAaynig (Exchange bias). Ev TouToIG, JE TNV €WG TWPA YVWOT], dEV PTTOPEI va
€€NynOei N peiwonN TTOU TTAPATNPEITAI GTO CUVEKTIKO TTEDIO YIA TO ETTIONG TTAPOUOING
pMop@oAoyiag Ociypya S21 kaBwg Kal N avrioToixn utrtopdBuion Tou TTEdiou
avTaAAayng Hes.

O1 payvnTIKEG TTOOOTNTEG TTOU WETPNONKAV yia Ta uTtO HeAETN OeiyuaTta

MTTOPOUV Va CUVOWIOTOUV oTOoV akOAouBo TTivaka.

Mivakag 6. 1 MayvnTikéG TTOOOTNTEG TTOU PJETPAONKAV Kal UTTOAOyioTNKav yia Ta
Tpia opaipikad core@shell deiypara S12, S21 kar S35.

Ms
. MS MS HC (Oe)l
Asiypa peyebag Co%|Ts (K) | (emu/g), He (Oe), (emu/g), He (Oe), | (emu/g), FC curve, | Heg (Oe)
(nm) 300K 5K FC curve,
300K 5K 5K
5K
S12 15.2 12 | 230 42.5 180 39.2 2350 50.7 2617 2022
S21 13.9 21 | 275 22.2 265 17 702 19.7 823 367
S35 17.8 35 | 301 14.8 335 12.4 1182 / / /

Qaiverar Aoimmév 6T n payvnTik emoekTIKOTNTA X (Eikéva 6.4 8-0T1), n
MayvATion kopeopou Ms (Mivakag 6. 1) kal n XapakTnpIioTiKh Bepuokpacia Ts
(Mivakag 6. 1, Eikéva 6.5) akoAouBoUv OUYKEKPIMEVEC TAOEISC PE aAUENON TOu
TToo00TOU CO, O OTT0IEG gival JAAAOV Ol avauEVOUEVEG, av AdBouue uttown OTI TO
Co 110U UTTOKOBIOTA TOV Fe OTO PNTPIKO TTAEYUA TOU CIBNPINAYVNTIKOU YayvnTiTh,
Qugavel TNV PAyvNTOKPUOTAAAIKY)  aviooTpoTria  Kal  dlaTapdooel  Tnv

avTiodnpiyayvnTikr Ta¢n. Me pia TpwTtn patid n avénon Tou He otoug 300 K eival
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OUVETTAG PE aQuTh TNV uttdBeon, dev ouuBaivel OUwWS TO idI0 pe To He otoug 5 K,
Kabwg Kal ye 10 Heg TTOU TTAPOUCIAlOUV [Ia PN avapevouevn ouutrepipopd. H
e€iynon TpETTel AoImTov va avadntnOei o€ pia o evoeAexr HEAETN TG BOUNAG TTOU
Ba yivel ye 10 X-PDF ouvduaoTikd Kal pe TTpoocopoiwoels MC, n otroia Ba
aTTOKOAUWEI TTBaVES aTToKAIoEIG TNG BOPNG Kal Tov POAO TTou TTaidel KABE pia atmd
TIG dUO PAYVNTIKEG PACEIC TOU CUCTANATOG, dnA. auT) Tou AFM TTuprjva Kail auti

Tou FiM KeAUQOUG.

6.1.5. AOMIKOG XOPAKTNPIOMOG VAVOKPUOTAAAwWV: o poOAog Tng

utrokardoTtaong pe Co

H avaykn va e§ayxBouv TToI0TIKEG KAl TTOOOTIKEG O€ £va BABPO TTANPOPOPIES WG
TTPOG TN Ooun Twv OUO0 EEXWPIOTWY KPUOTAAAOYPAQPIKWY  QACEWY, TIOoU
EVOEXOMEVWG VA ATTOKOAUWOUV TOTTIKEG KPUOTAAANIKEG OIATAPAXEG OE€ ATOMIKO
eTTiITTEd0, 00YNOE OTNV YETPNON TWV ETTIAEYUEVWYV DEIYUATWY, AAAG Kal DEIYUATWY
ava@opdg, Pe akTIvoBoAia akTivwv-X atrd ouyxpotpo. H emegepyaoia Twv
TTEIPAPATIKWY OEOOUEVWV  HE TNV TEXVIKA X-PDF TTapéxel, OTTwg atrodeixdnke Kal
oto Ke@. 4, TAnpo@opie¢ atrd TO OUVOAO TWV VAVOKPUOTAAAWV €KAOTOU
OeiypaTOG KAl ATTOKAAUTITEl DIATAPAXEG KAl ATTOKAIOEIG o€ eTTiTredo Angstrom TTou
gival aduvarto va pog dwoel N PIKpookoTria uwnAhg avadAluong HR-TEM T1Tou
ETTIKEVTPWVETAI O€ PJEPOVWHEVA CwpaTidla. Me auTr TNV avaAuon 0 oTOX0G NTav
va emBePaiwdei n eikdva 1Tou NdN éxoupe amd 1o TEM yia tnv Utrapén duo
KpuoTaAAoypa@ikwy @ACEWY Kal va TAuToTroiNBoUv auTéG HE  KATAAANAN
MOVTEAOTTOINGON, VO UTTOAOYIOTEI JE Mia aPKETA KOAN TTPOCEYYION O HECOG AOYOG
TWV OYKWV Twv U0 auTWV QACEWY, VO atToKaAU@BoUV TTIBavVES aTTOKAICEIG aTTO
TNV 18AVIKI) OOMI) Kal TTIBAVWG TNV KUBIKI CUPPETPIO KAl va €pBouv OTnV ETTIPAVEIQ,
€av uttdpyouv, Bepuokpaciakd eEAPTWHEVA QAIVOUEVA, OTTWG AUTA TTOU €XOUV
oulntnBei Ndn otnv Eikdva 6.4 o€ cuvapTtnon Pe Tov gayvnTiopo. O o1dxX0G QUOIKA
gival va ouvdebouv 6Aa autd Ta @aivoueva e CUCTNPATIKO TPOTTO PE TO TTOCOOTO

Co o¢ k@Be deiypa kal va egnynBouv o1 dIaPopPOoTTOINCEIS ATTO TNV AVOUEVOUEVN
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MayVNTIKA CUMTTEPIPOPA, KUPIWG WG TTPOG TO OUVEKTIKO TTEdio Hc Kal 1o TTeEdio

ouleugnc avraAAayng Hes.

6.1.5.1. Zkédaon AkKTivwv-X o€ ZuyxpoTtpo Kai AvaAuon Pair Distribution
Function (x-PDF)

Aedouéva PDF eArqpbnoav yia 6Aa Ta deiyuaTta o€ pia TTepIoX BEPUOKPATIWY
10 K — 300 K. ETriong petpriBnkav deiypara atrd yn vavodounuEVES TTPOTUTTEG
oucieg, ouykekpiyéva CoFe204, C0304 kal Fei1xO. AuoTuxwg Opwg, OTTWG
ammodeixBnke, Adyw TnG KovTIvi G Béong Fe kal Co aTov TTEPIOdIKO TTivaKa Kal TNG
TTOPOUOIOG  NAEKTPOVIAKAG OOMAG Toug  (TTAPOMPOIOI  ATOMIKOI  TTOPAYOVTEG
okEdAONG), N TeXVIKA Oev €xel TNV guaioBnoia va gexwpidel Ta dUo 16vTa (BA.
MAPAPTHMA 4.2). ‘Etol dev katéotn duvatd va €¢axbouv CUUTTEPACHATA WG
TIPOG TNV KATAVOMN Twv OUO QUTWV IOVTWV OTIG JIAPOPEG KPUOTAAAOYPAPIKEG
BéoeIg Kal OTIG OUO KPUOTAAAIKEG AoeIg (TTUPAVA - KEAUQOUG), OUTE QUOIKA WG
TTPOG TO BABPO aAvTIOTPOPNG Tou OTTIVEAIOU. [T AuTO TO AGYO XPNOIKOTTOINBNKE Kal
TTAAI WS Baoikd PJovTéAO avaAuong Kal TTPOCApPUOYNG Twv OedOPEVWY, QUTO TOU
ouoTrparog FeO — Fes04, TO OTTOIO ATTOTEAEI MIO ATTOQEKTH TTPOCEYYION YIA TO
oUoTNPA Pag Kal gival kal TTdAI o€ BEon va pag dwaoel TTANPOYOPIEG OXETIKA PE TNV
kataAnwn Td kal Oh Béoewyv, TNV UTTAPEN BOMIKWY OTTOKAICEWV Kal TOV AOYO TwV
0uo @docwv. Karapxdg xpnoiyotroimenke dipacikd poviéAo FeixO kal atrAou
KuBikoU omivehiou  (Fe3')s[Fe3'Fe?"16032.1112  Ztv  mepimmwory pag 10
XPNOIUOTTOIOUPEVO POVTEAO OTTIVEAIOU TTPAKTIKG JTTOPEI va  EKQPOAOTEI WG
(M)g[M]16032, 61TOU TO M aQvTITTpOooWTTEUEl PETOANIKO KaTidv (Fe 3 Co), ol
TTapevOEoelg oupPoliCouv TeTPaedpPIkEG (Td) kpuoTaAAOypa@IKEG BEOEIS Kal Ol
QYKUAEG OKTOEDPIKEG [Oh], xwpic va Aaufdaverar utréywn Tmoavy avTioTpoen
M2*/M3* petall  Td kai Oh Béocwv. Me autd TO POVTEAO €TTETEUXOEI Wia KOAAR
TTPOCAPMOYN TWV TTEIPAUATIKWY OeOOPEVWY Yia OAa Ta vavOKPUOTAAAIKG deiyuaTa,
ME APKETA KAAA TTOIOTNTA TTPOCAPUOYNG (OTTWG eKPPAZETAl aTTO TOV TTapdyovTa
Rw) otV XaunAr Trepioxn SIATOPIKWY ammooTdoewyv (r = 1 - 10 A) kai yia

Bepuokpaciec dwuariou.
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Eikéva 6. 8 lMeipapaTika dedopéva x-PDF otoug 300 K yia Ta deiypata S12, S21, S35
Kal un vavodounuéva ociyuata avagopdg CoFex0s4 kai FeO, og ouvaptnon Tng
SIATOMIKAC aTTéoTAONS I yIa TRV TTEPIoXA I = 1.7 — 10 A. H ouptrayrc pol ypauur TTavw
amod Ta TTEIPAPATIKG dedopéva (TTpAaoivol KUKAOL) avTIoTOIXEl oTnv KAaAUTepn OuvaTh
TTpocapuoyn €ite pye poviéAo FeO (ouppetpiag Fm-3m) A kuBikoU oTmivediou FesO4
(ouppetpiag Fd-3m) yia Ta avTioToixa dgiyuata avapopdg, €ite ye cuvouaouod Twv dUOo
yIO TOUG VAaVOKPUOTAAAOUG. H TTO10TNTa TNG TTpOCOpUOYNG diveTal wg Rw %. H TTpdcivn
OUPTTOYAGS Ypapun divel Tnv avtioToixn dia@opd PETALU TTEIPANATIKWY OEBOUEVWV Kal
povTedoTToinong. O KATTwG augnuévog, e ouykpion PE Ta uttoAoITTa, TTapdyovtag Rw
(14.4%) yia TnVv TEPITTTWON Tou BEIyhaTOg avagopds FeO utropei va ammodoBbei otnv
APKETA OIATAPAYHEVN KOI UTTOOTOIXEIOPETPIKI OO Tou FeO, akOpa Kal oTnV CUPTTaYN

(MN-vavodounuévn) Hoper) Tou.
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Eival afloonueiwto 611 TO ammAotroinuévo PovTEAO BU0 PACEWY, OPUKTOU
GAaTog — KUuBIKOU OTTIiveNiou, TTEPIYPA®El  TTOAU  IKavoTroINTIKG  OAa  Ta
VOVOKPUOTAAAIKG O€iypaTa, o€ avTiBeon PE TNV TTEPITITWON TOU TTPONYOUNEVOU
oucoThAPaTog, Tou Ke@. 4, OTTOU OUCTNUATIKA OTTOTUYXAVE VA TTEPIYPAWYEl TNV
Kopuen ota ~ 3 A, kdm TTou gixe ammodoBei oe aTTOKAION TNS VOVOKPUOTAANKAG
OouAG atrd TNV AVOUEVOPEVN KUPIKN) CUMMETPIa TOUu OTTIVEAIOU Kal €ixe €TTIAUBEI
XPNOIUOTTOIWVTOG TPOTTOTTOINUEVO HOVTEAO OTTIVEAIOU XaPNASTEPNG (TETPAYWVIKAG)
ouppeTpiag. Mia GAAn onpavtikr dl10@opAa OTNV TTEPITITWOTN TWV UTTOKATECTNUEVWV
pe Co delypdTwy, TTPOKUTITEI ATTO TNV TACN TTOU QUTA OEiXVouV va diatnpouv TTio
ATTOTEAEOHATIKG TNV OOPNA TUTTOU TTUPAVA — KEAUQOUG. Evw oTnv TTponyouuEvn
TTEPITITWON, POVO OTNV TTEPITITWON Tou OgiyuaTtog S15 kpibnke atrapaitntn TEAIKA
n xpnoiyotroinon dipacikou povtéAou (divovtag pia avaloyia Trupriva / KEAUQOUG
~ 15% / 85%), €edw o0¢ OAa Ta deiypaTa AVECAIPETWGS ATTAITEITAI ETTITTAEOV N XPON
NG KPUOTOAAIKAG @daong FeO yia pia atrodekT TTPOCAPUOYH TWV dEDOUEVWY OTO
povTého. Omwg  @aivetar otnv Eikéva 6.9 n ouvimapén twv OU0 auTwv
KPUOTAAAIKWY @Acewv o€ dia doun Tuttou core@shell (6TTwG TTPOKUTITEI ATTO TO
TEM) cival adiap@ioBitntn. H d¢ @daon tou trupriva (FeO) wg péoo TTooooTd ETTI
TOU OUVOAOU TwV CwuaTIdiwyV gival yia Ta dsiypara S12, S21 kai S35, 26%, 36%
kKal 53% avrioToixa (BA. NMAPAPTHMA 4.3). 'ETol KaTaArjyoupe o€ €va TTOAU
ONMAVTIKO CUPTTEPACHA, OTI OnNAadry 600 PeyaAUuTEPO TO TTOoOOTO Tou Co o€ éva
Ociyda, TOOO WPEYOAUTEPOG O TrUprivag OOMNG OpukToUu dAatog (CoyFei1yO)
oedopévou pdaAioTa OTI Ta cwpaTidla gival TTapaTTARCIWY Ola0TACEWV ¢ KABE

TTEPITITWON.

MNa va eypaBuvoupe oTnv avdAuon, Kpivetar ki €dw OKOTTIUO va
TIPOOEYYIOOUME Ta dedopEVa aTTd AAAN OKOTTIA, OTTWG £yIve Kal 0TO Ke@. 4. Evw TO
MOVvTEAO aTTOdEiXONKE aKPIBEG, UTTAPXEI TTAVTA MIa ETTIQUAAEN WG TTPOG TIG
APIBUNTIKEG TIMEG TWV TTAPAPETPWY TTOU UTTOAOYi(ovTal YE auTto. ‘ETol, avaAuovTag
Ta TTEIpAPOTIKG  Oedopéva  ue  pia ave¢dptntn TOUu HOVTEAOU TTPOCEYYION,
ouykpivovTag dnAadr attAd Ta TTeipapaTiké dedopéva HETAEU TOUG KAl JE QUTA TWV

OEIYNATWY ava@opds, aAAd Kal OTn CUVEXEIA HE Tn PonBeia TTPOCOUOIWTEWY,
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MTTOpOUV va emReBaiwBolv O avwTEPW EKTIMACEIS Kal va €¢axbouv Ki GAAa

XPNOIYa CUPTIEPACHATA.
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FS12 MovTéAo dUo paoewv]

Eikéva 6.9 lMpocapuoyry Twv Treipapatikwy dedopévwy X-PDF Twv delyudtwy vavo-
KPUOTAAWV (UTTAE TeAgieg) oToug 300K yia v mepiox 1.7 A < r <10 A pe xpnon
MovTéAou KuBIkoU oTriveAiou - CSp (Fd-3m) kai dipacikoU HovTEAOU OpuUKTOU GAaTog - RS/
KuBIkoU otmivediou - CSp (Fm-3m / Fd-3m), tmou divetal atrd TIG KOKKIVEG YpauuEéS. Ol
TIPACIVEG YPAMMEG a@opouv OTn dla@opd MPeTaLU OedOPEVWV KAl  UTTOAOYICOEVTOG
MovTEAOU.
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AG OTTAcouPE ETTOMEVWG TO HOVTEAO OTIG OUO OUVIOTWOEG TIOU TO
aTTOTEAOUV, KOITWVTAG TNV QVAPEVOUEVN OUVEICQOPA aTTd TN @ACcn Tou ogldiou
CoyFe1yO ka1 atré Tnv @Aaon Tou oTriveAiou XwpIoTd. AuTé QaiveTal XapakTnPIoTIKA
otnv Eikéva 6. 10, 6tTou atroTuttwvovTal Ta dedopéva TTou eANYOnoav atro Ta
ociypara  ava@opdg, €evw yia KAAUTEPN Kal APECOTEPN OUYKPION €XOUV
OUMTTEPIANPOET Kal QuTA €VOG €K TWV VAVOKPUOTAAAIKWY BEIypaTWyY (S35). ZTnv
Eikova 6. 11 Twpa atroTuttwvovTal Ta 0£O0PEVA OAWY TWV VAVOKPUOTAAAIKWV
OEIYMATWY KAl JAANIOTA Ol KAVOVIKOTTOINKEVEG KAUTTUAEG €XOUV TOTTOBETNOEI N Hia
TTAvW TNV GAAN, yia va yivovTtal EUKOASGTEPA AVTIANTITEG OI TUXOV OIaPOPOTIOINCEIG
oTn B€on, aAAd Kupiwg OTIG EVTACEIS TWV KOPUPWYV. OTTwg TTPOKUTITEI AOITTOV aTTO
T TTEIPAMATIKA OedOUEVA KOl OUYKPIVOPEVN HE TNV QVTIOTOIXN KOPU®H TOu
oTTIVEAIOU avapopdg, N Kopuer ota ~ 3 A eppavilel yia CUCTNPOTIKA WETATOTTION
TTPOG UYNAOTEPEG BIATOUIKEG ATTOOTACEIG, OTOV 010 BaBud yia 6Aa Ta degiypara.
Tautdxpova uttapxel Mia EEkABapn evioxuon TnG €vraong TnG OUYKEKPIMEVNG
KOPUOPNAG, KabBwg 1o TooooTd Co auidvel. Av douue Tnv OEIKTOBOTNON TWV
Kopu@wv oTnv Eikéva 6. 11, n ev AOyw Kopuery, wg gival Adn yvwoTo, avTIoTOoIXE
oTnNV MIKPOTEPN atrooTaon PeTagu Oh, aAAG kal Oh - Td kaTidviwy oTo OTTIVEAIO
(1dNG Kal KOKKIVN ypauun, Eikéva 6. 11), uttdpxel OWS Kal ouvelIoQopd atrd Tn
@daon Ooung opuktoU dAAatog (TTpAcivn ypaupn, Eikoéva 6. 11). H oxeTikn
ammooTtacn (M - M) epeaviel yia To opukTd GAag Kopu®r) o€ Aiyo uwnAdTEPN TIWA T.
‘ETO1, N TTEIPAPATIKA TTOPATNPOUMEVN METATOTTION TNG KOPUPNRG QUTAG O€ OXEON HE
TNV avapevOuevn atrd TN @ACH Tou OTTIVEAIOU, PTTOPET va atTod0BEi OTOUG OPKETA
uwnAoug oOykoug TupAva (Ooung opuktol AAatog) ot OAa Ta UTTO MEAETN
VOVOKPUOTAAAIKG deiypaTa. Ma autdv akpifwg Tov Adyo, n Kopu@r) auTr) TTou dev
MTTOPOUCE VA TTEPIYPAPET ATTO TO HOVOPATIKO HOVTENO, OTTWG QaiveTal oTnv Eikéva
6.9, TTEPIYPAPNKE PE eTTITUXIO HONIG CUUTTEPIEANPON Kal n dUTEPN PACT), AUTH TOU
OPUKTOU GAATOG. ZUVETTWG, N auénon TnG £vTaong TNG KOPUPNG auThAg JE auénon
Tou TTo000TOU CoO, €ival atmroAUTWS CUP@QWVN YE TV AVTIOTOIXN augnon Tou GyKou
TOU TTUPAVA TTOU TTOCOTIKOTTOINBNKE OTTd TO XPNOIKMOTTOIOUMEVO HOVTENO. (S12 =
26% > S21 = 36% > S35 = 53%).
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Eikéva 6. 10 Meipapatikad dedopéva otoug 300 K yia Tnv trepiox 1.7 A<r<10 A
yla Ta deiypara avagopds FeO (rpdaoivol KukAol) kal CoFe204 (KOKKIVOI KUKAOI).
EvOeIKTIKA Kal yia oUyKPIon QTTOTUTTWVOVTAI Kal Ta TTElpapaTtikd dedopéva Tou
ociypatog S35 (utrAe ypapun). ‘Exer yivel kavovikotroinon diaipwvtag Ta dedopéva
KGOe SeiyuOTOC PE TNV AVTIOTOIXN TTPWTN Kopu®r ota ~ 2.0 A. (avTioTtoixei oTo
KOVTIVOTEPO (eUyog Fe-0).
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Eikéva 6. 11 Kavovikotroinuéva treipauaTtika dedouéva otoug 300 K yia Tnv TepIoXn
1.7 A<r<10A (kUkAor) Kai oI HEPIKEG BEWPNTIKEG OUVEIOPOPES aTTO {elyn Fe-Fe ot
Oour OPUKTOU AAQTOG TTOU TTEPIEXEI OVO Fe (TTpdaivn ypauun), o€ doun oTriveAiou
ME Feon povo (Uwp), o€ omivéNIo pe Fetd povo (KiTpivn) Kai GTTIVEAIO TTOU TTEPIEXEI KAl
Ta dUo €idn Fe (kokkivn). O1 uttoAoyiouoi BacifovTal oTa TTPOAVAPEPOEVTA UOVTEAQ,
AyvOoWwvTag TO UTTOTTAéypa  Twv o&uyovwv Xdpiv amAdtntag. H €éviaon Twv
UTTOAOYIOCBEVTWY  HOTIBWY €xel pelwBei auBaipeTa yia va @aivetal KaAUTEPO N
AVAPEVOPEVN BEDN TWV KOPUPWYV, 0€ OUYKPION UE Ta dEiyuaTa.
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2TNV TTPoNyouuEvVn OEIPA N UTTOKATEOTANEVWY OEIYNATWY Twv Ke@. 3 - 4,
TQ VOVOKPUOTOAAIKG OeiypaTta eP@AviCav JIAQOPETIKEG KAl N OUCTNUATIKEG
METATOTTIOEIC TWV KOPUPWV Toug oTa 3 A, akdua Kai o€ deiypaTta TTou atrousiale n
KOAG diatnpnuévn ¢Aaon Tou TTUPAVA, EVW Ol EVTACEIG AUTWYV TWV KOPUPWV dEeV
EM@AvICav KATTOIO OUOTNUATIKN TAON PEiwong 1 auénong, 6TTwg ocuuBaivel £dW.
‘ET0ol, o1 peTartoTtTioelg eixav armmodoBei o€ atmmokAioeic ammd Tnv 10aviK KUBIKA
OUMPUETPIa, TTPOKOAOUPEVEG aTTd UWnAOUG TTANBUOUOUG KEVWV  KPUOTOAAO-
YPo@IKwy Béoewv Fe. AvTIBETWG, oTa uttokaTeoTnuéva pe Co deiyuarta, TETOIEG
atrokAioeig atrd Tnv 10avIKA CUPMETPiIa dev oToIxEloBeToUvVTal. H exTiunon OTI ol
OuCTNPATIK augnon Tng €vraong TnG KOopugrig O@EiAeTal avTioTolxa oTn
OUCTNPATIKA auénon Tou OyKou TOU TTUPrRva, OKOAOUuBwvTag TV augnon Tou
ToocooTou Co, UTTooTNPICETaI TTEPETAIPW ATTO TTPOCOMPOIWOEIS TTOU  EyIvay,
AapuBdavovtag uttoywn 10 dIPACIKO YOVTENO UE TO OTTOIO TTPOCEYYICAUE TO TTPORANUA
Kal peTaBAAAovTag uovo Tov OXeTIKO AGyo Twv OyKwV Twv dUo pdcewyv (TTupAva -
KEAUQOUG), OTTwG @aivetal otnv Eikéva 6. 12 (B). H Tpooouoiwon pdAiota auth
UTTOQEIKVUEI OTI KABWG augdvel 0 OyKOG TOU TTUprva, €KTOC atrd Tnv au¢non Tng
évraong TN Kopurc ota 3 A, éxoupe pia ouveTTakOAoudn Peiwan NG £vraong Tng
Kopu®ric oTa 3.5 A, aAalovtac Tn oXeTIKr avaloyia Toug. AuTo gival 0 UMWV

ME Ta TreipapaTiké dedopéva (Eikdva 6. 12 (a)).

Qaiveral Aoirév atrd TNV TTapammdvw avaAuon 6T n XNUIKA UTToKaTdoTaon
Tou Fe pe Ao 16V peTammtwoewg M (61mou M = Mn, Co, Ni) é€xe1 dUo aTToTeEAéopaTA:
OXI MOVO aipEl HEPIKWG TIG TOTTIKEG OOUIKES dIATAPAXES TTOU TTAPATNEOUVTAI OE [N
UTTOKOTEOTNUEVA  VAVOKPUOTOAAIKG  deiypata  payvnTitn, Omwg  €xel non
ava@epBei,’® aAAd BonBa emiong kal oTnv KaAUTEpn SlaTipnon Tou TTUPAva,
TOUAQYXIOTOV OTnV TIEPITITWON uTTokateoTnuévwy Pe Co core@shell vavo-
KPUOTAAAwvV, OTTwG auToi TTou €xoupe €dw. AUTO €xel Kataypagei Eava otn
BiBAIoypagia kal TBavov va o@eideTal oTn oTabepoTroinon piag doung CoyFe1yO
ME AIlyOTEPEG QTEAEIEG (TTEPICOOTEPO OTOIKEIOUETPIKA OE avTiBeon peE TO
UTTOOTOIXEIOPETPIKO 0&gidlo Fe1xO), Tnv idia oTiyur) Tou 10 KEAUPOG Tou CoxFes.
xO4 TTAPEXEl MIO PEYAAUTEPN TTpoOTacia aTrd ogeidworn, Adyw Tng KaAUTEPNG

avTioOTOONAG Tou aTn didxuan oguyovou.t* Autd onuaivel TTwG agoU oXNUOTIOTE
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Eikéva 6. 12 (a) Kavovikotroinuéva Treipapatika dedopéva otoug 300 K atnv trepioxr < 5 A
yila OAa Ta uTtO PEAETN VAVOKPUOTAAAIKG Ociypata. (B) TTPOCOMOIWCEIC TOU OIPACIKOU
MOVTEAOU OPUKTOU AAaTOG — RS / oTTiveAiou - Sp, UTTOAOYIOUEVEG Yia dIOPOPETIKOUG AOYyoug
Twv OU0 @Aacewv (Y) TTPOCOUOIWCEIC HMOVOQPOCIKOU HOVTEAOU OTTIVEAIOU ME TTANPWS
KATeIANPUEVEG TETPAEDPIKES (Td) BEoEIS Kal BIAPOPETIKO, OTABIAKA QUEAVOPEVO TTOOOOTO
KataAnwng oktaedpikwyv (Oh) Béoecwv, péXpl Tnv TAAPN KatdAnywn kai autwv (8)
TIPOCONOIWOEIG HOVOPATIKOU POVTEAOU OTTIVEAIOU PE TTANPWG KATEIANPUEVEG OKTAEDPIKES
(Oh) B¢oeig kai dlapopeTIKG, oTadiakd autavouevo TTo000TO KaTaAnwng TeTpasdpikwy (Td)
BEocwyv, NEXPI TNV TTARPN KATAANWN KAl QUTWV.

245



KE®. 6 - 2Y>THMA CoyFe1,O - CoxFesxOa: AOMH KAI IAIOTHTES>

T0 KEAUQOG CoxFesxOs, autd AEITOUPYEI OTTOTEAEOHATIKA WG  Ppayuog,
TTapeuTrodifovrag TNV TrEpaITéEpw 0&eidwaon TTou TTapaTnpEital ouvAbwg oTa
VOVOKPUOTAAAIKG cuoTApaTa FEO@Fe304, OTTWG XAPOKTNPIOTIKA €idAPE KAl OTO
Keg. 4. H rapatnpolduevn auénon Tng évraong Tng Kopugrg ota ~ 3 A ouvadel
ETMiONG Kal PE Mia uwnAOTEPN KATAANWN KpuoTaAAOypa@ikwy BEocewv atmo
METAAAIKA KaTiOvTa oTn @Acn TOou TTUPAvVA TWV VAVOKPUOTAAAWYV, AGYyw Tng

Aiyétepo diatapayuévng douns autou.

Otmrwg Tpoava@épbnke, Otav evioxUeTal n @ACN TOU TTUPAVA, Wia peiwon
NG évTaong TnNS KopuPng ota 3.5 A eival avapevopevn. EviouTolg, £av KoITdgoupe
TN OUUTTEPIPOPA  TNG KOPUPNG OTa  TIEIpapaTika  dedopéva  yia  TOug
vavokpuoTdAloug (Eikéva 6. 12 (a)), n Meiwon autr) deixvel va eivalr oAU
EVTOVOTEPN O€ OXEON WE TNV avauevopevn atmmo Tnv Tmpooouoiwon. (Eikéva 6. 12
(B))- To @aivépevo autd UTTOBNAWVE! JIa TTIBAVH) UTTOOTOIXEIOPETPIA, AOYyw KEVWV
TIAEYMOTIKWY B€0€WYV, N OTToia PEIWVEl TTEPAITEPW TNV €viacn Tng Kopuepng. H
KOPU® QUTA QVvTIOTOIXEI OTNV KOVTIVOTEPN aTTéoTacn METAEU Mon Kal M1q OTO
TAEYMO TOU OTTIVEAIOU, €VW) UTTAPXEl KOl MIa a0BevEOTEPN OUVEICQOPA TTOU
TTPOKUTITEI ATTO T {eUyn Mtd - M1d 0€ Aiyo peyaAUuTepeg atrooTdoelg r (Eikéva 6.
11, kOKKIVN Kal KiTpIVN ypauun). 2t 6€on Tou M Ba ptropoucav va Bpiokovral
16vta eite Fe eite Co. O1 ouveloPopEC g€ auTr) TNV KopuPry atrd dUo dIapopPETIKA
€idn mAeypaTikwy B€oewv (Oh kai Td) atroteAoUv TTPOKANCON Katd Tn digpelivnon
TOU KOTA TTOOOV N PEIWoN TNG €VvTAaong OQEIAETAI O€ KEVES TTAEYMATIKEG BETEIC uOVO
Mon, HOVO MT4 i Kal Twv dU0. Na va digpeuvnOei AoimTdv 10 KaTd TTOCOV KAl JE TTOIO0
MNXQVIOPO 01 dIAQOPOTIOINCEIG OTIG OXETIKEG EVTACEIG TWV KOPUPWYV OXETICOVTAI PE
TNV UTTOPEN KEVWV TTAEYMOTIKWY BE0EWV Kal va eKTIUNOE Qv AUTEG O KEVEG BEDEIG
€XOUV OTATIOTIKA PJEYAAUTEPN TTIBaVOTNTA va BPeBOUV o€ OKTAEDPIKO 1 TETPAEDPIKO
mepIBAAANOV, TTpaypaToTToINONKAV Kal TTAAI TTPOCOUOIWOEIG X-PDF Yg HOVOQaOIKO
MOVTEAO KUBIKOU OTTIVEAIOU KAl OUOCTNPATIKY METABOAR TOUu TTANBUCHOU TwV
OKTOEDQPIKWYV PETAANIKWYV IOVTWYV OTNV Hia TTEPITITWON KAl TWV TETPAEDOPIKWY IOVTWV
otnv GAAn (avTimrpoowTrelovTal o€ KABE TTePITITwon atrd 16vTa Fe oTo PoVTEAO,
EVW OTNV TTPayPaTIKOTNTA PTTOPEI Va gival TOoo Fe 6oo kai Co). MNMapatnpwvTtag To

ammoTéAeopa Twv TTpocopoiwoewy (Eikova 6. 12,(y)-(d)) ¢aivetal TTwWG 000
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MEYAAUTEPO TO TTOOOCTO TWV KEVWV BEcEWV Mon 0T @Acn Tou oTTiveliou, T600
HEIOVETOI N Kopuph Twv ~ 3 A, evd n kopupr ota ~ 3.5 A pével TTpoKTIKA
avettnpéaaoTn. ATTo TV AAAN, 6Tav PEIvVOVTal TA IOVTA M4, MEIWVETAI CNPAVTIKA N
évraon TnS Kopu®rg ota ~ 3.5 A kai TToAU AiyoTepo autr ota ~ 3.0 A. ZuvduadovTag
TIG TAOEIG TTOU TTPOKUTITOUV aTTd QUTEG TIG TTAPATNPNOEIG OUPTIEPAIVOUUE OTI, PE
OeQOMEVO €va ONUAVTIKO TTOO0O0TO TNG PAONG TOU TTUPAVA, N UTTOOTOIXEIOPETPIA
OTIG TETPAEDPIKEG BECEIC TOU KEAUPOUG €ival TO KUPIAPXO PAIVOUEVO, AV KOl KEVEG
OKTOEDPIKEG TTAEYUATIKEG BEoeIC 0€ KATTOIOV BaBUd QUOIKA Ogv PTTOPOUV va

ATTOKAEIOTOUV.

MNa va digpeuvnBei TTEPAITEPW N CUUTTEPIPOPA TWV IOVTWV OE€ OKTAEDPIKES
Kal TETPAEdPIKES BETEIC, uTTOAOyIoTNKAV ATTO TNV POVTEAOTTOINGN ME TO BIPACIKO
pHovTéNo FeO@Fes304, o€ cuvapTnon Tng Bepuokpaaciag (otnv mrepioxr 10 K — 300
K) oI TapdyovTteg 100TpoTTIKAG BepuiKAG ddvnong Twv atéuwy (Ui) 1 aTOMIKAG
perarotmong (Atomic Displacement Parameters - ADPs). Ta ADPs aTreikovi(ouv
TNV BepUIKA Kivnon Twv atopwy yUpw atrd Tn BE0n 100pPOTTIAC TOUG Kal gival
eVOEIKTIKA TTOAVAC oTaTIKAS diatapaxns TnS dounc.t® Ta iootpotrikd ADPS, TTou
a@opouv dnAadr opoiduopPn, aveEdpTntn atrd TN d1EUBuveon (I06TPOTIN), dGVNON
TOU aTOPOU Kal ouXva oupBoAifovtal Kal w¢ Uiso ue povadeg A2, divovral otnv
Eikéva 6. 13 yia Ta petaAAikd 16vTa (Fe rj Co, avTigeTwmidovTal wg I0odUvaua) oTn
@acn Tou TTUPAVA KOl OTn @ACN TOU KEAUQOUG. 2Tn O QACN TOU KEAUPOUG
(ommiveAiou) SlakpivovTal O€ OKTOEOPIKA 1 TETPAEdPIKA diatetayuéva. OAol ol
TTOPAYOVTEG yia To Ogiyua S12 gu@avifouv TTapOUOI0 CUPTTEPIPOPA, ME TUTTIKEG
apIBUNTIKEC TIPEG yia TETOIO vavodounuéva ouoThuaTal®l’ kar pia opaAr avodiki
Tdon e Tn Bepuokpacia. KabBwg trpoxwpoupe ota Oeiyyara pe uwnAoTepa
mooooTd Co (S21, S35) ta ADP yia Ta oktagdpikd (Oh) petaAAikd 16vTa Tou
oTiveAiou, aAAG kal autd TnGg OOUAG OPUKTOU GAAATOG, TTOPANEVOUV KOTA
TTpooéyyion Ta idla. Ao TNV AAAN, ol apiBunTiKES TIMEG yIA TOUG QVTIOTOIXOUG
TTAPAYOVTEG TWV TETPAEDPIKWYV (Td) HETAAAIKWYV 1IO0VTWYV TOU OTTIVEAIOU EP@avifouv
MIa augnTikh Tdon Kabwg augavel To TTooooTO Co, KATI TTOU UTTOOEIKVUEI TTIBAVWG
uWnAGTEPN OTATIK dlATAPAX) OTO UTTOTTAEYUA TWV TETPAEOPIKA DIATETAYHEVWV

IOVTWV OTO OTTIVENIO (MTg).
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Eikéva 6. 13 YTToAoyIoBEvVTEG TTAPAYOVTEG OTOMIKAG BEPUIKAG Kivnong Twv 10vTwyY Fe (o)
ATTO TIPOCAPMOYEG TTEIPAMATIKWY dedopévwy PDF Ttwv deiypdtwy S12, S21, S35 otnv
mrepiox 1.7 A < r <10 A ka1 yia 10 K < T < 300 K, Baogl Tou TUTTIKOU pHovTéAou dUo
@AaoewV (OpUKTO AGAag: TIPACIVN KOUTTUAN, OTTIVEANIO: KOKKIVR Kal TTOPTOKOAI yia
TETPAEDPIKEG KAl OKTAEDPIKEG BETEIC avTioTolXa). AivovTal €TTionNg Ta o@AAUATA WG error
bars, av ka1 yia Tnv TTPACIVN KAPTTUAN €ival JIKpOTEPA aTTO Ta UPPBOAA. Ta atroteAéopara
NG TTpocapuoyng Je Tnv egiowon (1) yia Tn Beppokpacia Einstein onueiwvovtal oTa
dlaypaupaTta, evw yia Tov TapdayovTta oo divovtal oto NAPAPTHMA 4.3.
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H mBavn atroudia 16vTwv Mg attd TG TTPOBAETTOUEVES TTAEYUATIKES BECEIG,
OTTWG dlagaivetal atmd TNV avAdAucon Kail TIG TTIPOCONOIWOCEIG TTOU TTponynenkav,
KaBIoTd Katd PECO Opo Ta Celyn Mty - M1d TTEPICCOTEPO CUNTTIECIPNA 1] AAAIWG
TTEPIOOOTEPO EAAOTIKA, ETTITPETTOVTAG WIA TTIO EUPEIQ BEPUIKA eEapTWEVN ddvnon.
MNa v akpipeia n KautmUuAn TTou opiletal atrd TIG TINEG ADP Twv Mrg €xEl
KATa@avwes TNV TAON va AammodakpuveTal atmd Tnv avTtioToixn Twv Mon Kabwg
TTNyaivoupe atro 1o dciyua S12 010 S21 kai ev TEAEl 0T0 S35. AuTOG 0 dIAXWPICHOG
Twv OUO YPAPPWY, TTOU YIVETAI TTIO EUPUG hE augnon Tou Co%, eival EVOEIKTIKOG
MIaG onPavTIKA dI0POPETIKAG OTATIKAG dIATAPAXNG, TTOU OPEIAETAI OE £VA ONUAVTIKA
o dlaTtapaypeEvo XNUIKO TTEPIBAGAAOV oTa PMETAAANIKG 16VTAG M1d OUYKPITIKG UE TA
Mon.

MNa va yivel pia TToooTIKOTTOINON TWV TTOIOTIKWY TACEWV TTOU TTEPIYPAPOVTQI
MO TTAVW, £YIVE YIQ TTPOCTTABEIA TTIPOCAPHOYAG TWV TTEIPANATIKG £€ayxBéviwy ADP
pe povTéNO Einstein kal uttoAoyioBnke n XxapakTnploTiKA Bepuokpaacia Einstein O
he Baon Tnv egiowaon:*8

h? 0] 1
aZ(T)=0'§+”—coth—E @)

E@apuolovrag Tnv e€iowon Bewproape poévo feuyn Fe-Fe kal TTapartnpouue Ot
Kabwg 10 TMooooTO Co augdvel, n Bepuokpacia Of yia Ta TETPAEOPIKA 1O6VTA
MEIWVETAI O TIOAU ONPAVTIKO BaBPo, UTTOdEIKVUOVTAG  «MOAAKWUA»  TOU
UTTOTTAEYMOTOG TWV Td 10VTWY, TTpo@avwg Adyw aTTousiag onuavTikou TTo000TOU
aQutwVv aTrd TIG TTPOPRAeTTOUEVEG BEoelg. Tautdxpova, OTTWG @aiveTal aTtrd Tov
mivaka oto NMAPAPTHMA 4.3 o mmapdyovTag Oo TTou divel TN OTATIK dlATapaxn)
otnv €gicwon (1), augavel oNPAvTIKA yia Ta TETPAEdPIKA 10VTa 0TO OTTIVEAIO. Na Ta
OKTOEDPIKA 16VTa N dlagopoTroinon dgv €ival TOOO ONUAVTIKA, YE TNV XaUNAOGTEPN
TIul O va gpgavifetal oto dciypya S21, evw oT1o S35 deixvel yia oTabepoTroinon
OTTWG QAIVETAI KAl ATTO TO AVTIOTOIXO Oo. TEAOG, yia Tn @ACn TOu TTUPAvVA Ol

dlapopég Oeixvouv va gival akOPa PIKPOTEPES, ME O va KupaiveTal yUpw OTOUG
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300K kal TTpakTIKG va pnv OgiXvel KATToI0 ONUAvTIKA JETABOAR Kal TN CUCTNPOTIKA
MEIWON TOU 0o Va UTTOBEIKVUEI JAAAOV Pia oTaBepoTroinon kabwg augdvel To Co%.
Mikp€g dIa@OPOTIOINTEIC WG TTPOG TO dlaPoIPAcHS TwV 1I0VTwY Co petagu Oh kal
Td Béoewv, aAAG Kal PETAEU TTUPAVA — KEAUQOUG, TTou Ba eTnpéadav o€ KATTOIo
BaBud kai Ta TTapaTTAvw aTTOTEAEOUATA, OEV UTTOPOUV VA ATTOKAEIOTOUV. ZUVOAIKA
TTAVTWG, Ol CNUAVTIKEG Kal oUOTNUOTIKEG aAAayég ota ADPs, O Kal Oo TToU
avadeixbnkav yia Ta TETPAEOPIKA OIOTETAYMEVA WETAAAIKA 16VTO OTn @Acn Tou
oTiveAiou, emReRalwvouv OTI oI BOMPIKES dlaTapax€ég oTIG Td TTAEYHATIKEG BEOEIG
TTOU JAAAOV oxeTiCovTal Kal TTPOKAAoOUVTAl aTTO TNV eVOowuATtwon 16viwv Co oTo

MNTPIKO TTAEYPA, €ival TO KUPIOPXO QPAIVOUEVO OTO TTAPOV oUCTNMA.

Mia mBavr €¢iynon yia O6Aa ta oxemi{oueva Pe T doun @aivoueva TTou
Exouv avadelxdei ue TNV Ewg Twpa avaAuor, utropei va avalntnOei oTov unxaviouo
TTou €xel TTPOTOBEI yia TNV auTd-o¢eidwon NG OOPNG OPUKTOU AAATOG TTPOG
OTIVEANIO, HEOW TNG ONUIOUPYIAG CUPTTAEYMATWY OPYAVWHEVWY dIATapayhEéVWV
OOMIKWV UTTopoVAdwVY TUTTOU OpUKTOU GAaTog TTou Bupifouv Tn dopr oTTiveAiou
(BA. kai Keg. 3).192021 Baoel autoU Tou pnxaviopou, To uwnAd dioTtapayuévo
(utrooToIXEIOPETPIKO) 0&EidIo Fe1xO doPNG OPUKTOU AAATOG, £XEI Evav ONUAVTIKO
apIBUO KevWV TTIAEYHATIKWY Béoewv Fe?* (1 M2 oTn yevikr TIEPITTITWaoN) TTou
TpokoAoUvV  Tnv ofeidwon avrioTolyou ToooU M2t gg M3* yia Adyoug
e€looppdT1TNONG PopTiou, Ta OTToIa PETATTNOOUV € EVOIANETEG, UN-TTPOBAETTOUEVES
atrd TN dour BEoEIg, TTOU BIATACOOVTAI TETPAEOPIKA UE TIG KEVEG TTAEYUATIKESG BECEIG
(cluster V4-Td, omrou V kev) B€on).2° AuTég o1 dlaTapayuéVeS UTTOPMOVADES We TN
ogIpd TOUG dIATACOOVTAl Of CUMTIAEypata  pe TpOTTo TTou Bupidel T doun
oTiveAiou. 'ETol, Katd Tnv o&eidwaon, autd Ta evoIidueca TETPEDPIKA dlaTETayUEVA
I6vTa Tou M1xO MBavwg TEIVOUV va PETATPATIOUV OTA TETPOEDPIKA dlaTETAYUEVA
I6vta M otn doun otriveliou. Ze pia Aiyétepo diatapayuévn dour, OTTwS auTr TTou
AauBaveral émmeira ammd XnuIKr utrokatdotaon e Co, yia Toug AGyoug TTou €X0uvV
TTpoava@ePBEi, UTTAPYXEI MIKPOTEPN AVAYKN YIO AuToU TOU €idOUG TNV £E1I00pPOTTNON
@opTiou, KaTtaAfyovTag ae AlyOTepa TETPAEDPIKA BIATETAYUEVA 1OVTA TTAPEUBOANG.
Qaivetal 6Tl 0 PIKPOTEPOG TTANBUOUOG TETOIWV IOVTWV TTAPEPPOAAG €xEl WG

OUVETTEIN €VAV AVTIOTOIXO MIKPOTEPO TTANBUO UG 1I6VTWY M1g OTNV TEAIKN OZEIdWUEVN
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Mop®n (oTTIVEAIO) KAl dpa O€ TTEPICCOTEPEG KEVEC TETPAEOPIKES TTAEYMATIKEG BETEIC,

OTTWG TTPOKUTITEI KAI ATTO TNV avAaAuon.
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6.2. [POOTTIKA KAl EQAPHUOYEG

Me Tta ocuptrepdopaTa TToU TTPOEKUWAV aTro TO Ke®. 4, @AvnKe OTI oI TTAéov
KataAAnAol utrown@Iol yia TOaveES EQaPUOYEG, €10IKA OTO KOUMATI TG MAyVNTIKAG
uTTEPBEPUIag, €ival Ta OQAIPIKA VAVOKPUOTOAAIKA owuatidla, Pe pia €AAXIoTn
dIGueTpo TouAdxioTov 13 nm yia Tn diatipnon core@shell dounAg, 1daVIKA PETAEU
14 nm ka1 20 nm, €av B€éAoupe va diatnpriooupe €va pEoo pEyebog < 20 nm
EKMETAAAEUOUEVOI TNV TTAPAUAYVNTIKI] CUUTTEPIPOPA TOUG, TNV €UKOAN diacTropd
TOUG KaI Ta OXETIKA ETTITTAEOV TTAEOVEKTAUATA TTOU TTPOKUTITOUV £T01. I auTtd, o€
QuTd OTO OLUTEPO KOMPMUATI TNG OIaTPIBAG TTOPACKEUAOTNKAV KAl PEAETHONKAV
0IECODIKA  CQaIPIKG ocwuaTidla 0 autd TO €UPOG HEYEBWY, OTA OTToI0 OPWG
EMIXEIPNONKE utToKaTdoTaon e Co, oUTWG WOTE N EMTTAEOV JAYVNTOKPUOTAAAIKA
QVICOTPOTTIO TTOU TTPOKUTITEI ATTO TNV UTTOKATAOTACN VA AVTIOTABUIOE! TNV ATTWAEIA
aviooTPOTTIag aviaAAayng Adyw eKQUAICUOU TNG MayvNnTIKAG OIETIQAvEIQS PEow
o&eidwong. MeydAo evdia@épov eixe TEAIKA TO yeEyovog, OTI EKTOG ATTO ThV OTTOId
augnon TNG aviooTpoTriag, n utrokatdoTtacon e Co @aivetal va TTOPEXEl TN
duvatétnta oTabepotroinong TNG €m@AveIag Kal pUBPIONG TNG avaloyiag Tou
OYKOU TWwV payvnTikwy @acewv FM/FIM. Autdg cival iowg kai o AGyog TTou
BAETTOUPE TOOO OIAPOPETIKA QTTOTEAECUATA OTNV QVICOTPOTTIO CWHATIOIWY ME
eAaxioTa dIapopeTIKO TTooooTd Co, OTTWG aUTA ATTOTUTTWVETAI aTTO Ta TTEdia He
kKal Hegs otnv Eik6va 6. 7. Tivetal emTopévwg APeca avtIANTITO, OTI N XNMIKA
UTTOKOTAOTOON MPTTOPEI va eTTIQEPEI AAAAYEC TTPOG TNV €MOUPNTA KaTEUBUVON,
EVIOYXUOVTAG TNV HAYVNTOKPUOTAAAIKI QVICOTPOTTIA, EVEXEI OPWG KAl TOV KivOuvo va
EXOUME Ta akpIBWG avTiBeTa artroTeAéopaTa, va Kata@épel dnAadr TeAIKA va
KATOOTEIAEI TNV AVICOTPOTTIA avTAAAQYNG n OTToia avapéveTal va odnyrnoel o€
gvioxuon Tng payvnTikG €TTayopevVNG BEPUIKNAG ATTOKPIONG TWV VOVOKPUOTAAAWV.
2€ JIa TTpooTTdBela va emReRaiwOei OTI Ta ammoTeAéouATa TToU TTapoucidlovTal
otnv Eikéva 6. 7 ammoTuTtTiyvovTal oTnV PJayvntikh utrepBeppia (SAR) kal odnyouv
OVTWG TTPOG AVTIBETEG KATEUBUVOEIG, avaTtrTuxonkav KAtTola BewpnTikA PJOVTEAQ

TTOU TTPOOEYYICOUV TNV €IKOVA TTOU QTTOTUTTWVETAI OTn OOMPIKA avaAuon Twv
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owpaTIdiwv Kal uttoAoyioTnkav pe TNV HEBodo Monte Carlo BswpnTIKES TINES Hc,
Heg yIa va OUyKpIOOUV WE TIG TTEIPAUATIKESG, AAAG Kal BewpnTIKES TINEG SAR yia va
OUYKPIBOUV HETAEU TOUG KAl ME TIG TTEPITITWOEIC TWV N UTTOKATECTNUEVWV
owpaTidiwv. O oTéX0¢ fTaV va kartavonBouv o€ BABOG OI YnXaviouoi PJE TOUG
OTTOIOUG N UTTOKATACTAON KAl GUVETTWG 0 AOYOG TTupriva — KEAUQOUG Kal n uttapén
OOUIKWYV ATEAEIWV O€ QUTEG TIGC OUO KPUOTAAAIKEG QACEIC UTTOPOUV va pubBuicouv
TNV PAyVNTIKI ATTOKPION TWV VOVOKPUOTAAAWYV. AUTr n yvwon Ba yag emETPETTE
TOV aKpIB oXeOIAONO KPUOTAAAWY pE Tn BEATIOTN duvaTr HayvNTIKA ETTAYOPEVN
BePMIKN ATTOKPION KAl PE I0XUPES TTPOOTITIKEG VIO TN XPrON QUTWYV O EQAPHUOYEG
MayvNTIKAG uTTEPBEPUIaG.

6.2.1. MNpooopoiwoeig Monte Carlo

O1 umohoyiopoi Monte Carlo paciotnkav o€  €va  YeEVIKO  HOVTEAO
VOVOKPUOTOAAIKOU  cwpaTIidiou oG  TTUpAVO@KEAUPOUG, HeE  Ooprp  TToU

TTEPIYPAPETAI AVAAUTIKOTEPA WG:

lMupnvag | dismipaveia mupnva @ SIEmIQAvEIa KEAUPOUS / KEAUQOC

AauBaverar dnAadr uttdywn OTI UTTAPXEI £va AETTTO OTPWHA OTNV ETTIPAVEIA TOU
TTUPrVA, OTO OTTIOIO OI OTPOYOPMEG OTTIV CUPTTEPIPEPOVTAI OIOPOPETIKA ATTO TOV
KUPIO OYKO TOU TTUPva KAl TO OTTOI0 £PXETAl O€ ETTAQPN ME £va AETITO OTPWHA
KEAUQOUG, OTO OTTOIO AVTIOTOIXO T OTIV CUUTTEPIPEPOVTAI OIOPOPETIKA ATTO TOV
KUpPIO OYKO ToU KEAUQPOUG. AuTd Ta dUO OTPWHPATA Padi aTToTEAOUV UAKPOOKOTTIKA
TNV JIETTIPAVEIA TTUPAVA-KEAUQOUG. 2TO JOVTEAO Ta cwuatidla Bewpeital OTI gival
dounuéva PBaocel TNG atTAnG KUBIKNG OOMNG Kal gival o@QaIpIKAG POopPoAoyiag,
dlapéTpou d, n otroia ekpAaleTal o€ oxéon PE TV Povadiaia KUWeAida payvnTitn
(a = 8.39 A). O Truprvag QuoIKd éxel avtiodnpopayvnTikg Taé€n (AFM) kai 1o
kKéEAUQOG a1dnpipayvnTikl (FiM).?? Tpeig dlagopeTIKEG TTapaAAayéC Tou BaoikoU
QUTOU POVTEAOU PEAETHBNKAV.
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Ta pgovTéAa autd TTou avaTITuxBnkav yia Toug BewpnTiIKoUg uttoAoyiououg MC
€ixav WG aTOXO VA DIEPEUVACOUV TPEIG OUYKEKPIPEVEG TTAPAPETPOUG KOI TTWG AUTEG
QVTAVOKAWVTAI OTOV PayvnTIoPd: a) Tov OXETIKO AOyw TTuprva/keAUgpoug, B) TnG
ATOMIKEG ATEAEIEG AOYW KEVWYV TTAEYMOTIKWYV Béoewv Fe/Co, y) Tn dilaoTTopd auTwv
TWV OTEAEIWV OTOV OYKO TOU vavOKPUOTAAAouU. Ta Tpia uttoBeTIKA povTéAa TTOU
TTPoTAONKav yI' autd Tov AGYO, aTTOTUTTWVOVTAlI OXNUOTIKA oTnv Eikdva 6. 14. Ol
O1Gpopeg TTaPAUETPOI OTa MPOVTEAD €TTIAEXONKaV pE TETOIO TPOTTO, WOTE vd
dlgpeuvnBei edv PTTOPOUV VA avaTrapaxBouv TToIOTIKA Ol TACEIG TTOU EP@aviCovTal
oTa TreIpauaTikd dedouéva TTou atroTuTTwvovTal otnv Eikéva 6. 7. O Adyog Twv
@ACEWV TTUPVA Kal KEAUPOUG, TO TTOOOOTO TWV KEVWV TTAEYUATIKWY BETEWV Kal N
mMOavOTNTA EUPAVIONG QUTWV EiTE OTO KEAUPOG €iTE OTOV TTUPRvVA, BewpouvTal
QAIVOUEVA OXETICOPEVA PE TO TTOOOOTO XNUIKAG UTTOKATAOTAONG ME CO Kal PE TOV
TPOTTO TTOU €xouv €TTIAEXBei oTa poviéAa TTou @aivovtal otnv Eikéva 6. 14
QTTOTEAOUV [ia  ATTAOTIOINUEVN, TIPOOEYYIOTIK OAAG KAl QVTITTIPOOWTTEUTIKI)
ATTOTUTIWON TWV TACEWV TTOU KaTaypaenoav atrd tnv OOUIKN avaAucn HUE TNV
TEXVIKA X-PDF. O1 apiBunTiKEG TIMEG TWV TTAPAUETPWY TTOU AQuBAvEl UTTOWn TO
MovTEéAO Kal aTreikovifovTal oxnuaTikG otnv Eikéva 6. 14 divovtal avaAuTIKA OTO
MAPAPTHMA 4.4. O1 dopikéG aTéAeleg o€ KABE TTepITITwOon BewpouvTal Tuxaia
OIECTTAPUEVEG OTO AVTIOTOIXO TUMKA TOU VAVOKPUGTAAAOU TTOU a®opouV (TTupAva,
KEAUQOG ] UVOAO VaVOKPUOTAAAOU). To povTéAo #0 emIAEXONKE e TPOTTO TTOU va
TTpooopoIdlel TO cwuatidlo S15 (un uttokateoTnuévo core@shell) Tou Keg. 4. Ta
MovTéEAa #1 kal #2 a@opouv uTToKATESTNUEVA OWPATIOIA, PE DIOPOPETIKO Baduod
UTTOKOTACTAONG KAl dnuIoupynonkav hJe 0TOXO VA OTTOTUTTWVOUV TTPOCEYYIOTIKA TO
OOUIKA XapaKTNPIOTIKA Kal TIG TAoE€IG TTou dlagaivovTal atrd Tnv avaAuon pe X-PDF
Twv delyudTwy S12 kai S21. H akTiva TTapapével yia OAa Ta TTPOCOUOIWHEVA
owpaTidla n idia, evw dIOPOPOTTOIOUVTAl TA AOITTA DOUIKA XAPOKTNPIOTIKA PE TOV
TPOTTO TTOU diveTal oTnv Eikéva 6. 14 kai 1o MAPAPTHMA 4.4. INoio avaAuTIKd, Ta

MOVTEAD €XOUV TA €ENC XAPOAKTNPIOTIKA:
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povtélo #0 povtélo #1 povtélo #2

0 : 0 .
20% NupAvag 25% Nupnvag 50% Nupnvag
% oTé 10% Co 35% Co
25% ateleleg ) '
40% ateeleg 40% atéheleg

Eikéva 6. 14 ZxnuaTikr) TTOIOTIKN avatrapdoTacn Twy TPIWV BACIKWY HOVTEAWV
VaVOKPUOTAAwWYV TTou uttoAoyioTnkav ye Monte Carlo. 21nv €ikova divetal Kal
TTOOOTIKA TO TTOOOOTO ETTi TOIG £KATO TNG PAONG TOU TTUPHVA (WG OYKOG) WG TTPOG
TO OUVOAO TOU VOVOKPUOTAAAOU, TO TTOOOOTO KPUOTAAAIKWY OTEAEIWV, PE TNV
EVVOoIa TWV KEVWV TTAEYUATIKWY BECEWV (ATTEIKOVICOVTAI PE KEVA TETPAYWVA) WG
TTPOG TO GUVOAO TWV BIABECIYWY TTAEYUATIKWY PMETOAAIKWY BECEWV OTO CWHATIOIO
(uovTéAO#0), WG TTPOG TO GUVOAO TWV BIABECIUWY BETEWY OTOV TTUPrVa (LOVTEAO
#1) KAl WG TTPOG TO OUVOAO TwV dIaBECIHWY BECEWV 0TO KEAUQYOG (MOVTEAD #2).
Aivetal 1Tiong 10 TTo000TO UTTOKATACTAONS CoO.

MovTéAo #0: >@aipikd core@shell pe AFM TTupriva kai FiM k€Au@og, péon akTiva
R = 9.1 kal maxog keAU@QouUG ioo pe 4 povadiaieg KUWeAidES. ‘Exel dyko TTupiva
20% w¢ TTPOG TOV GUVOAIKO OYKO OWwHATI®IOU KAl CUVETTWG OYKO KEAUPOUG 80% eTTi
TOU ouvoAou. To 25% Twv SI0BECIUWY TTAEYUATIKWY BECEWV PJETAANIKWY 1OVTWVY
gival Kevo Kal o1 KEVEG aUTEG BEOEIC €ival TuXaia KATAVERNUEVEG OTO GUVOAO TOU

OYKOU TOU OCWHATIdiOU, TOOO OTOV TTUPVA, OCO KAl 0TO KEAUQPOG.
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MovTéAo #1: >@aipiké core@shell ue AFM TTuprfva kai FiM kéEAu@og, péon akTiva
R = 9.1 kal TTaxog KeEAUQOUG io0 pe 3.3 povadiaieg KUWEAIDES. 'Exel Oyko TTupriva
25% W¢ TTPOG TOV OUVOAIKO OYKO CWHATIOIOU KAl CUVETTWG OYKO KEAUQOUG 75% eTTi
Tou ouvoAou. To 40% Twv OIOBECINWY TTAEYUOATIKWY BECEWV PETAANIKWV 10VTWV
OTOV TTUPAVA €ival KEVO Kal Ol KEVEG AUTEG BEOEIG gival TUXAia KATAVEUNUEVEG OTOV
TTUpAva  ouptrepIAapBavopévng  Tng  dlem@aveiag tupriva. To 10% Twv
KateIAnpuévwy BEocwv Fe éxel uttokataoTabei ammd Co kal 0TI dUo pAcelg, dnA.
10 10% TwV Béoewv oTov TTUprva €xel uttokaTaoTadei atrd Co kail 710 10% Twv

Béocwv oT1o KEAUQOG €xel eTTiong uTtokataoTaBei atd Co.

MovTéAdo #2: >@aipikd core@shell ye AFM tTupriva kai FiM kéAu@og, péon akTiva
R = 9.1 kal TTaxog KeEAU®ouG ioo pe 1.9 povadiaieg KUYeAIDES. 'Exel Oyko TTupriva
50% w¢ TTPOG TOV GUVOAIKO OYKO OWwHATIdIOU KAl CUVETTWG OYKO KEAUPOUG 50% eTTi
Tou ouvoAou. To 40% Twv dIABECIUWY TTAEYUATIKWY BECEWV PETAANIKWY 16VTWY
OTO KEAUQOG €ival KEVO Kal Ol KEVEG QUTEG BECEIG €ival TUXAIO KATAVEUNUEVEG OTO
KEAUQOG, cupTttepIAapBavopévng TNG OIETTIPAvEIaG KeEAUpoug. To 35% Twv
KateIAnpuévwy Béoewv Fe éxel uttokataoTabei ammd Co kal 0TI dUo pacelg, dnA.
10 35% TWV B€0ewv oTov TTUpAva €xel uttokaTtaoTalei atmdé Co kal 10 35% Twv

Béoewv 01O KEAUPOG €Xel €TTiIONG UTTOKOTACTOBEI aTTd Co.

Ta TTapamdvw HovTéAd, pe Ol1adIKAOIEG Kal UTTOAOYIOHOUG avTIOTOIXOUG ME
auTtoug Tou Ke@. 4 (utTokeEQAAaIo 4.2.1) KaTEANEavV o€ BewpnTIKA UTTOAOYIOUEVEG
TIWEG TTEDIOU avTaAAQYNG Hes Kal OUVEKTIKOU TTEQIOU He TTOU ATTOTUTTWVOVTAI OTNV
Eikéva 6. 15 (B), evw yia AOyoug €UKOANG OUYKPIONG €XEl CUUTTEPIANPOEI Kal n
eiIkova Eikéva 6. 7 (1TTAaiolo (a) otnv Eikéva 6. 15) TTou aTTOTUTTWVEI TIG QVTIOTOIXEG

TTEIPAPATIKEG.
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POOMNTIKH KAl EGAPMOIEY

Meipapa

0 1 2 3 4 5
H.o07 (x10 kOe)

Eikéva 6. 15 (a): MNeipapaTiké TTPOcdIOPICHEVES TI
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MéG Trediou avtaAaynig (Hes:

YEMATA OUMPBOAQ) KAl OUVEKTIKOU TTEdiOU (Hce : piooyepdra oUuuBoAQ) yia Ta O@aIpIKQ

core@shell dciyuata S12 kai S21 OUYKPIVOUEVEG

ME TIC TIUEG yIa TO OQAIPIKO

core@shell S15 Tou keg. 4, €mema amd Bpodxoug ucoTtépnong otoug 5 K e
TTPWTOKOAAO Wuéng utrd tredio (FC) yia diadoxika augavoueva Tredia wugns. (B):
OewpnTIKA UTTOAOYIOUEVEG TINEG TTEDIOU avTaAAaynig (Hes @ yePATa cUPPBoAa) Kkai
OuveKkTIKOU TTediou (Hc : uiooyepdta oUPBoAa) yvia Ta Bewpntik& poviéAa TTou
AVTIOTOIXOUV OTA TTEIPANATIKA cwuaTidla S12, S21 kar S15, KOKKIVEG, TIPACIVEG KAl

MTTAE YPAPUEG avTioToIXA.
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Amé tnv Eikéva 6. 15 e@aivetar OTI N payvnTik OCUUTTEPIYOPA  TTOU
TIPOCOMOIWVETAI JE TA Tpia TTpoavaPePOEVTA PHOVTEAQ €ival O€ CUUQWYVIA PE TIG
TAOEIG TTOU EPPAVICOVTAI OTIG TTEIPAMATIKEG NETPAOEIG. To deiyua S12 TTapouciddel
Ta uPnAOTEPa TTEdia HE KAl He PETAGU Twv OEIYUATWY KAl CUYKPIVOVTAG TO PE TA
BewpPNTIKA JOVTEAQ, QAIVETAI TTWG AUTH N CUUTTEPIPOPA QVTIOTOIXEI O€ Evav OXETIKA
dlaTapayuEéVo TTUPHVA, TTOU ATTOTEAET Eva PIKPO OXETIKA KAAOUA TOU OAIKOU OyKOU
Tou ocwuaTidiou, TTou TTEPIBAAAETAI aTTO £va OXI 10IaiTEPA dlaTapayPEVA KEAUPOG
OTTIVEAIOU Kal €XEl Eva OXETIKA WIKPO TTOo0O0TO Co, OTTWwg UTTODEIKVUETAI KAl ATTO
TNV OOUIKN avaAuon. 10 GAAO dkpo PBpiokeTal TO deiyua S21 pe évav peydAo Kai
MAAAov Oxi1 181aiTepa diatapayuévo TTUPAVA, TTOU TTEPIBAAAETAI CUVETTWG ATTO £va
Mo AeTTTO aAAG KAl ApKETA dIATAPAYHEVO KEAUYOG Kal £XEI Eva APKETA UWPNAOTEPO
TTO00O0TO UTTOKATAOTAONG. TO TTEIPAUATIKO cwuaTidlo S15 Ba Trepiyeve Kaveig va
OEiXVEI CUNPTTEPIPOPA TTIO KOVTIVI) TTPOG TO S12, he BACN Kal TIG TTPOCOUOIWOEIG,
Tpaypa TTou Oev oupPaivel. pogavwg TO yeyovog OTI TO cwuaTidio S15
duokoAeueTal va dlatnprioel Tnv core@shell dour Tou O6TTWG £XEl NON avoePOEi
Kal €ixe évav oyko trupiva petagu 10 - 15%, ommwg eixe ekmiunBei atmd 10 PDF,
uttoBaBuifel Tnv IKavOTNTA yia OAANAETTIOPACcEIC oUleugnG-avTiaAAaynG oTnv
diemipadveia. E¢akoAoubei Ouwg va PpiokeTal upnAdTepa atd 10 deiypa S21, 10
OTTOI0 €XE€l JEYOAUTEPO OYKO TTUPVA KOl CUVETTWG TTIO EKTETAPEVN DIETTIPAVEIQ,
oTTéTE Ba TTEPiYEVE IOWG KAVEIG evioxuon Twv BIETIPAVEIAKWY AAANAETIOPACEWY
TToU Ba 0dnyoucav o€ £va uwnAoTepo Tredio avtaAAayng. daivetal AoITTév TTwg o0
OYKOG TOU TTUPAVA, AAAd Kal N dIacTToPd TwV KPUOTAANIKWY ATEAEIWV KAl N XNMIKN
uttokaTdoTtaon traiouv évav emmTTAéov pOAO TTou TTPETTEl va digpeuvnBei. MNa va
Yivel auTd ETTPETTE VO PJEAETHOOUNE TTWG N UTTOKATACTACN KAl Ol DOUIKEG ATEAEIEG
ETTEVEPYOUV OTOV TTUPHVA KAl 0TO KEAUQOG XwpIloTd. Mpog auth Tnv KaTteuBuvon
TTPOTABNKAV KATTOIEG TTAPAANAYEG TOU POVTEAOU #1 Kal Tou PovTéAou #2, TTou
€0€IEaV TTWG AUTEG Ol OUVIOTWOEG £TMIOPOUV O€ €va OWHATIOI0 PE OXETIKA MIKPO

OYKO TTUPAVA KAl O€ £€VO OWPATIOIO PIE APKETA UEYAAUTEPO TTUPKVA.
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2TNV TTPWTN TTEPITITWON £yivav dIaQOPOTToINCEIC 0TO povTéAo #1. H avaloyia
TTUpAva / KEAUQoUG KpaTABnke oto 25% / 75%, o1 aTéA€leg, OTAV UTTAPXOUV
e€akoAouBouv va Bpiokovtal pévo oTov TTUprva, OOKINACTNKAV OUWS Kal Ol
TTEPITITWOEIG OTTOU OeV €XEI YiVEI UTTOKATACTAON, €XEl YiVEI UTTOKATAOTAON OAAG
E€XOUV PNOEVIOTEN OI ATEAEIEG KAl TEAOG N TTEPITITWON OTTOU OEV UTTAPYXOUV ATEAEIEG
Kal Ogv €xe€l yivel utTokaTAoTaon. AuTd OAQ QTTOTUTTWVOVTAI OTNV TPOTTOTTOINKEVN
ouuTrepIpopd Twv Tediwv Heg Kal He TTOU OuykpivovTal YE aQutd TOU apXIKOU

MovTéAOU#1, OTTwG @aiveTal oTnv Eikova 6. 16.

(a) (B)
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Eikéva 6. 16 YTtroloyiopoi Monte Carlo yia Ta Hes (a) kai He (B) ouvapTrio€l Tou Trediou
WueNG Hcool,YIO TO HOVTEAQ TTOU TTPOEKUWAV ATTO TPOTTOTTOINCEIG TOU POVTéAOU #1, pe
TPOTIO TTOU UTTOBEIKVUETAI ATTO TIG OXETIKEG ONUEIWOEIG JEoa OTA dlaypdapuarta. O ypauuég
TTOU CUVOEOUV Ta ONEia TTou UTTOAOYIOTNKAV XpNoIhoTTolouvTal atTAd wg 0dnyog.

2TNV TTEPITITWON OTToU Oev €XEl yivel XNUIKA uttokatacTtaon pe Co (UTTAE
YPOUMEG), 0 KpuoTaAAog Oev diatapdooeral ammd Ttnv Utmmapén &évou 16vTOoG,
OUVETTWG Ol OEOMIKEG AAANAETTIOPAOCEIG PETAEU TWV IOVTWYV €ival TTIO IOXUPEG Kal
uTTapxel upnAdTepn TaEN. Autd €xel oav aTToTEAECUA OTN DIETTIPAVEIA TV AUENON

TWV AVTAYWVIOTIKWY dpAcewV PETALU TG MOAAKAGS (FIM) kal TNG okAnpng (AFM)
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MayvNTIKAG ouvioTwoag, audvovtag TNG aAANAemdpacelg auleugng-avialAaynig
o¢€ oxéon ME TO ApPXIKO POVTEAO (Haupeg ypauuég). Evroutoig autd €xel oav
QATTOTEAEOUA TNV PEIWON TNG HAYVNTOKPUOTAAAIKAG avicoTpoTtTiag (Eikova 6. 16, a)
2TIG TTEPITITWOEIG OTTOU APAIPOUE TIG ATEAEIEG ATTO TOV TTUPVA, N UTTAPEN (KOKKIVN
ypauun) A un (rpdoivn ypapuni) Tou Co 0To aUVoAO Tou CwuaTIdIoU €€l EAAXIOTES
OIaPOPOTTIOINCEIC WG TTPOG TO TTEQI0 AVTAAAAYNG O€ OXEON WE TO APXIKO povTEAO. H
aAayry Ouwg €ival TTIO CNPAVTIKI) OTO OUVEKTIKO TTEdIO, TTOU QTTEIKOVICEl TNV
MayVNTOKPUOTOAAIKI] QVICOTPOTTIO N OTTOIa KAl PEIWVETAI 000 aPAIPOUNE attd TO
oU0TNUA CUVIOTWOEG TTOU Tou TTPoadidouv avicoTpoTtria (Eikdva 6. 16 B). Emeidn
0 OYKOG TOU OTTIVEAIOU KupIapxei 0To cwpaTidio (75%) n utrapén fj un Co, tou
a@opd Kal To oTTIVEAIO DIOPOPOTTIOIET TTIO IOXUPA TNV AVICOTPOTTIa OE OXEC0N ME TNV
uTTapén A N Kevwyv BEcewy, TTou agopouv pdévo Tov TTuprva. ETreidA 1o emluuntd
gival va Bpebei n BEATIOTN dlappuBuIon WOTE va evioXuBouv Katd To duvaTto Kai n
MayVNTOKPUOTAAAIKN) avioOTPOTTia, aAAG Kal N aviooTPOoTTia avTaAAayng, @aiveTal
TTWG AUTO PTTOPEI va ETTITEUXOEI PE Evav OXETIKA PIKPO Kal dlaTapayuévo TTuUprva
o€ OUVOUOOWO HE £va PIKPO TT0000TO uttokataoTaong Co. Av AdBoupe uttdoywn Kal
TIC BEwPNTIKEG TIMEG TTOU €XOUV TTPOKUWEl yia €va TTapOuoIou PeyEBOUG, un
UTTOKATEOTNUEVO OwUaTidIo (uovTéAo #0 otnv Eikéva 6. 15 B) @aivetal 611 o€ €va
I0aVIKO CWHMATIOI0 e KABOAOU OOMIKEG aATEAEIEG OTO KEAUPOG, OTTOIOOONATIOTE
ouvduaouog ateAeiwv kal %Co oTov TTupriva Ba odnyouoe o€ TTapouola, eav oxl
UWnAOGTEPN, HAYVNTIKA ATTOKPION OUVOAIKA. O JOVOg TPOTTOG va PEIWBEI onPavTIKA
TO OUVEKTIKO TTEdio POVO, gival va dnuIoupyAooupe €vav TEAEID DIOTETAYUEVO
TTUprva xwpig atéAeieg kai Co. (Trpdoivn ypapun, Eikéva 6. 16, B). Autd duwg eivai
atmmiBavo va cupBei Teipapatikd, Adyw TNG uwnAd& UTTOOTOIXEIOUETPIKAG GUONG TOU
oceidiou Fe1xO. AKOpa Kal 0€ AUTH TV akpaia TTEPITTTWON, O AAANAETTIOPACEIS
avtaAAaynig diatnpouvTtal UYPNAEG, OTTOTE QAIVETAI OTI N UTTOKATACTAOT O€ OTI €XEI
VO KAVElI JE TOV TTUPAVA Oev ETTIPEPEI ONUAVTIKEG OAAAYEC, EKTOG BERaia atrd Tn
OoTaBEPOTTOINON KAl TNV TTPOCTACia aTTd TNV 0&EidWwaon TTou €ival TTPOPAVWG KPICIUO
OTOIXEIO yIa TNV EYPAVION AAANAETTIOPACEWY avTaAAayAG. AvTioToixn doUAeld yive
Kal JE TO JovTEAO #2 yia va douue TTWG N ouvduaoTIKr dpdon Tou Co Pe aTéAeleg

Tou PBpiokovtal pévo oOTo KEAUQOG €mMOPOUV OTNV  OUVOAIKN HAyVNTIKN
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oupTTEPIPopPd. O Adyog TTuprva / KEAUQOUG KpaTrBnKe o€ OAEG TIG TTapaAAayEG OTO
50% / 50% kai o1 aTéAEIEG o€ KABE TTePITITWON, OTAV UTTAPXOUV BpiokovTal OTO
KEAUQOG. AOKIJAOTNKAV Ol TTEPITITWOEIG OTTOU BEV UTTAPXOUV OTEAEIEG, DEV EXEI YiVEI
UTTOKOTAOTOOT], OEV UTTAPXOUV OUTE OTEAEIEG OUTE €XEI YiVEI UTTOKATAOTAOT), OAAG
TENOG KAl pia emmmPOoBeTn TapaAAayr) ME MEIWHEVO aplBuo aTeAsiwv. Ta
atroTEAEOUATA KAl TTAAI CUYKPIVOVTAI JE TO apXIKO MOVTEAO #2 Kal ATTOTUTTWVOVTAI

otnv Eikéva 6. 17.
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Eikéva 6. 17 YTtroAoyiopoi Monte Carlo yia Ta Heg (a) kai He (B) ouvapTtoel Tou Trediou
Wuéng Heool, IO TA HOVTEAQ TTOU TTPOEKUYWAV OTTO TPOTTOTTOINOCEIG TOU POVTEAOU #2, pe
TPOTTIO TTOU UTTOBEIKVUETAI OTTO TIGC OXETIKEG ONPEIWOEIS Péoa oTa dlaypdupara. Ol
YPOUMEG TTOU CUVOEOUV TA ONUEIQ TTOU UTTOAOYIOTAKAV XPNOIMOTTOIOUVTAl ATTAd WG

odnyoq.

Av TTapatnpooupe TIG TTapaAAayEG TTou €Xouv To id10 TTooooTo Co (35%) Kal
TTOIKIAOUG apIBuOUG aTeAEIV, KOBWG O aTEAEIEG YEIWVOVTaIl Kal TEAIKA pndevidovTal
(S1adoxIka: paupn, KiTpivn, KOKKIVA YyPAWPR) TO TTedio aviaAAayng augdavel
avrtiotoixa (Eikéva 6. 17 a). MNpogavwg autd o@eileTal oTnv JIETTIPAVEIA TOU
KEAUQOUG, OTO AETITO OTPpWHA TTOU avrkel OnNAadry oTo KEAUPOG Kal BPIioKETAI OTN

dlem@Avela PETAlU TTuprva KEAUQous. KaBuwg peiwvovTal ol atéAeleg o€ auTtd 1o
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OTPWHA, N OoPry Tou OTTIVEAIOU aTTOKTA KOAUTEPN OCIdNEIMAYVNTIKA TAEN Kai
MayvnTiCETal TTI0 I0XUPA, OUVETTWG dNUIOUPYEI TTI0 1I0XUPES AAANAETTIOPACEIG UE TOV
TTUPrVa Kal augavel 1o edio avtaAAayng. Auto dev @aiveTal va eTTNPEACEN IBIAITEPA
TO OUVEKTIKO TTedio (EIKOva 6. 17 ) mMBavwg AOyw TNG ONPAVTIKIG CUVEICPOPAG
TOoUu uwnAou TToocooTou Co OTnV PayvnToKPUuoTAAAIKR avicoTpoTtTia. Otav 1600 ol
aTéAeleg 600 Kal TO KOBAATIO aTtrouaidlouv (TTpaaivn ypapun) To Heg TTEQTEL, AAAG
OxI oNUAVTIKG o€ OXEON JE TO APXIKO MOVTEAO, EVWD N KATAOTOOT XEIPOTEPEUEI OTAV
atmouoldadel To Co Kal To KEAUQOG OTTIveAiou €ival TTOAU dloTapayuévo (MTTAE
ypauun), apou gaiveral 611 n diatapayuévn SIETTIPAVEIA TOU KEAUPOUG aduvaTei va
dlaTnNPEACEl Jia ETTAPKA PayvnTIKA TAEN yia va evavTiwOEi aTTOTEAECUATIKA OTOV
Tupriva. H onuavTik MEiwon NG PayvnTOKPUOTAAAIKAG aviooTpoTriag otav
atrouoiddel To Co ATTOTUTTWVETAI {EKABAPA OTNV UTTAE Kal TTPACIVN YPAWKA OTnNV
Eikbva 6. 17 B. ZuvoAiKd, n BEATIOTN payvNTIKI ATTOKPION O€ AUTH TNV TTEPITITWON
ETITUYXAVETAI OTAV £XOUME €va PN OIATAPAYHEVO KEAUPOG OTTIVEAIOU pE uwnAd
Babud utrokaraotaong. O1 TINES OPwG Tou TTediou avtaAAayng Heg o€ auth Tnv
TTEPITITWON Eival APKETA PIKPOTEPES ATTO TIG AVTIOTOIXEG TOU PJOVTEAOU #1 Kal Tou
povTéAou #0, AOyw TOU PIKPOTEPOU AVAAOYIKA KEAUYOUG O€ OXEON PE TOV OUVOAIKO
OYKO TOU owpaTidiou. AuTo emTPETTEI OTNV OKANpPry AFM @don Tou TTupriva va

ETTIKPATAOEI HAYVNTIKA.

2uvoyicovTag TIG TTAPATTAVW TTAPATNPNOEIG, €va OWMPATIOIo PE TEAEIA
olateTayuévo Tupriva Ba emdeikvue Tnv acBevéoTepn payvnTikr atrokpion. Ol
atéAeleg otn @Aon Tou TrUprva @aivetal OTI gival emBuunTtég. O TEAEI
OIATETAYUEVOG TTUPHVAG OUTWG 1 GAAWG €ival HAANOV PN PEAANIOTIKA TTEPITITWON,
a@OU OTNV TTPAYUATIKOTATA N OO OPUKTOU GAATOG EPNPAVICETAI UE APKETEG DOMIKEG
atéAeleg. H ouvelo@opd Tou TTUpriva oTnV OAIKA avIOOTPOTTIA £XEI VO KAVEI KUPIWG
ME TOV BaBud OTOV OTTOI0 AUTOG UTTOPEI VA BNUIOUPYACE! PIO COPWS OPICHEVN
diemmipaveia AFM / FiM, €101 €ival ONUAvTIKO va PTTOPEI VO TTPOCTATEUTEI ATTO TNV
o&eidwaon. H @aon tou omveAiou atmd TNV GAAN @aiveTal va emTnpeAdeTal TTOAU
ONPAvTIKA aT1rd TNV UTTapgn SopIKwy ateAgiwy, dI6TI auTég diatapdooouv Tnv FIM
TAEN Kal OUVETTWG TNV OuvaTtdTNTa TOU KEAUQOUG va AAANAETIOPA 10XUPG UE

aKIVNTOTTOINUEVA AOYW OTEAEIWV OTTIV OTOV TTUPHva A KovTd otn dietigaveia. H
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evowpdaTtwon Co eviouToIg €TTIOPA EUEPYETIKA OTIC 10I0TNTEG QUTEG TTOU HAG
evola@épouy, avTioTaBuifovrag oe éva PaBud Ta emlAMIA, OXETICOPEVA ME
KPUOTAAAIKEG OTEAEIEG, paivoueva. ETeidry Ouwg n au¢non tou Co odnyei o€ pia
MEYAAUTEPN TOU £TMIBUPNTOU OTABEPOTTOINON KAl AU{NON TOU TTUPrva, WOoTE auTdg
TEANIKA va ETTIKPATEI PaAyvNTIKA €vAVTI TOU KEAUQPOUG, UEIWVOVTAG TNV OUVOAIKA
IKavOTNTA TOU CWHATIBioU va payvnTiletal atrd £CwTEPIKA eQapuoloueva TTedia
(61T @aiveTal AAWOTE Kal aTTd TIG MEIWPEVES TINES payvATIoNG - Nivakag 6. 1),
QTTAITEITAI Jid TTPOCEKTIKI) PUBUIOT TOU JEYEBOUG TOU CwHATIdIoU KAl TOU TTOCOOTOU
Co. Auté Ba emTpéwel va emTeuXBoUuv uWwnAéG TIUEG MAyVATIONG, €VW O
ouvOuao oS uWnAwy TINWV Heg Kal He Ba petagpddetal o€ pia uwnArl cuvoAikni
MayVNTIKA QVICOTPOTTIA, JE TTIBAVWG EUVOIKEG CUVETTEIEG OTNV TTAPAYWYI HAYVATIKA
eTayouevng Bepudtnrag. Me T1a €wg Twpa Oedopéva  Kal  atmmoTeAéouaTa
KATOAyouue TTwG éva owpatidlo Ye TN BEATIOTN payvnTiIKA attokpion Ba €xel Ta
€€NG XaPAKTNPIOTIKA: a) uéon dIGUETPO ~ 15 nm, B) péTpio BaBud utrokaTdoTaong
ME Co ~ 10% y) Ba epgavilel évav kahodiaTnpnuévo TTUPAVA, PE TNV TUTTIKN
dlatapayuévn Adyw UTTOOTOIXEIOPETPIAG doun, 10avikd Ouws ~ 20 - 30% Tou
OUVOAIKOU OYKOU TOU CWHATIBIOU KOl O€ Kaia TTEPITITWON TTApaTTAvw Kal TEAOG O)
Eva KEAUQOG OTTIVEAIOU [E TIG AIYOTEPESG DUVATEG DOUIKEG ATEAEIEG KAl OO0 TTIO KOVTA
otnv 16avik dour KuBikou oTriveliou. ‘ETor egnyeital Aoimmév 611 To deiypa S12
ed@avifel TTEIPAUATIKA TNV BEATIOTR  MAyVATIK ATTOKPION, KOBWG €xel 1A
TTpoavapepBEVTa €mMBUPNTA  XAPAKTNPIOTIKA, TTOU TO KAVOUV €vav 10avIKO

UTTOWN QIO YIa TTIBAVEG EQAPUOYEG.
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6.2.2. SAR kai gayvnTikn utrEPOEpUia

H ouvBeon Twv VavOKPUOTAAAWV HEXPI TWPQ, O AVTIOTOIXEG TTEIPOAUATIKEG
METPACEIC Kal N BewpnTIKr, UTTOAOYIOTIK) avaAuon TTou akoAouBbnoe eixav wg
oT0x0 va Béoouv TIG TIPOUTTOBECEIC yIa Tov €mMTUXH OXEOIOOUO  €VOG
VOVOKPUOTAAAIKOU CUOTHPATOG IE QUVAIKK] YIA EQAPPOYEG, OTTWG N TTOavA Xprion
w¢ MEOO MayvnTIKAG uTtepBepuiag. MNa va afloAoynBei auty n duvatdtnTa
uttoAoyioTnkav Kal TTAAI o1 BewpnTIKEG TIUEG SAR yIO T UTTOKATECTNPEVA
core@shell dciyuata S12, S21 kar S35, aAAd KAl TO Mn UTTOKATECTNUEVO
core@shell deiypa S15, pye Bdon Ta dOUIKA XAPAKTNPIOTIKA KAl TIG TTEIPANATIKA
METPNOtioeg payvnTikéS TTOoOTNTEG. O BEWPNTIKES TINES ATTEIKOVICOVTAI CUVOAIKA
Madi ge auTég Tou owpaTidiou S8 TTou TTapoucidoTnke oto Kep.4 otnv Eikova 6.
18. O1 TIyég auTéG QaiveTal va akoAouBouv pia odaAf augnon, Kar’ avTioTolxia Pe
TeipapaTiké TpoodiopioBeioeg TiEG SAR.Z2 H uwnAdTEPN QVIOOTPOTTIQ TTOU
ep@avidouv Ta peyaAuTepa cwuaTidla, Adyw TnG core@shell TotroAoyiag, odnyouv
o€ pia oxedov ypapuikn €€dptnon amd 1o medio, o€ avTiBeon Pe TNV HopPr TNG
KAPTTUANG TTOU €P@aviel udvo To PIKPO JOVOQPOOIKO CwHaTidlo S8. 'Exel 1Id1aiTepo
evola@épov OTI N aug¢non TNG AVICOTPOTTIAG CWHATIOIWY Miag @aong HECW TNG
€1I0aywyng €vog onuavtikou TTANBUCPOU aTeAEIV TTOU OPOUV WG TTUPKVEG
QKIVNTOTIOINONG OTTIV, WTTOPEI va TA KAVEI VO CUPTTEPIPEPOVTAI CUYKPIOIUA HE
MeEyaAUTEpa owpaTidla, TToU €xouv €MTTAéOV QvIOCOTPOTTIA avTaAAayng Adyw
dlemm@aveiwy (S8 — S15). MapdAa autd, dTav n HayvnToKPUOTAAAIKH avICOTPOTTIO
€VOG OUCTHPATOG PE ONUAVTIKI AVICOTPOTTIO avTaAAQyNG, €VIOXUBEI TTEpAITEPW
MEOW TNG e10aywyng 16vTwv Co (S12), 1o SAR gvioxueTal Ki GAAO, UTTOOTNPICOVTAG
TNV UuTTOBeon TToU OJIOTUTTWONKE TTPONYOUMNEVWG, TTWG éva owaTidlo JE Ta
XOPAKTNPIOTIKA Tou deiypaTog S12 Ba gugavidel Tnv BEATIOTN atmokpion. H atTAn
ouvutrapgn BéBaia diemmpaveiag AFM/FIM kai 16vtwyv Co, dev eyyudtal atrd uovn
NG evioXupéveg TINEG SAR. O ouvduaopog UWNARG payvnTOKPUOTOAAIKAG
QVIOOTPOTTIAG, TTOU OUVABWG ek@paletal ue ueydAa media Hce kal uwnAig
QAVIOOTPOTTIAG avTaAAQyNG, TTOU KATA Kavova ekQpadeTal ue peyaha media Heg gival

TTPOATTAITOUNEVO YIa eVIOXUMEVEG TIUEG SAR. lMpayparti, n €¢EAIEN Twv SAR TTOU
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uttohoyioTnkav (S12 > S15 > S21) akoAouBei TNV TA0N TTOU UTTAYOPEUETAI OTTO TIG
OXETIKEG TTEIPAPATIKEG PHAYVNTIKEG TTOOOTNTEG, OTTWG YaivovTal oTnv Eikdva 6. 15.
Mepairépw augnon tou Co, TTpokaAei emiTAéov €€aoBévion Tou SAR (S35),
EMREBAILVOVTAG TOV PINXAVIOPO TTOU TTPOTABNKE YIA TOUG PMETAOXNKATIOPOUG TNG
VOVOKPUOTOAAIKAG OOUNAG, TTOU TTPOKAAoUVTal atrd Tnv evowpdrwon Co oTo

KPUOTAAAIKO TTAEYHA KAl £XOUV WG CUVETTEIA TNV YEiwon Twv Hes Kal He.

H,(kA/m)
0 10 20 30 ' 40

—0—812 (12%Co)  f£=500kHz
—©—S21 (21% Co)

—@®— S35 (35% Co)

400 ©—S15 (0% Co)

—— S8 (0% Co, amivéAio pévo) 5

300 ’

500

200

SAR(WI/g)

100

2512  376.8  502.4

H,(Oe)

o
o

A -
N
o
N

Eikéva 6. 18 lNMpooouoiwon Monte Carlo Twv Tipwv SAR cuvapThoel TS €vTaong Tou
evaAAaooouevou payvnTikou TTediou Ho yia Ta uttokaTeoTnuéva core@shell deiyuata
S12, S21 kai S35, 10 un uttokarteoTnuévo core@shell S15 (6Aa atnv Trepioxn Twv ~15
nmM) Kal TO PN UTTOKATEOTNUEVO, Piag @aong S8 (8 nm), uttoAoyIouEVEG UE BAon TNV
Mop@oAoyia, TNV doun Kal TIG JayVvNTIKEG TTOOOTNTEG TTOU KABOoPIoTNKAV TTEIPAUATIKA.
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6.3. ZUupdTTEPACHATA

210 Ke@. 4 €yive pia TTpooTrdBeia diepelivnong TNG oUVOEONS TNG HOPPOoAoyiag
TWV VAVOKPUOTOAAIKWV CwHAaTIdiwV PE TIG KPUOTAAANIKEG DOUIKEG ATEAEIEC TOUG Kal
€ENYNONKE TO TTWG AUTEG ATTOTUTTWVOVTAI OTOV JAYVNTIOKO TWV CWwHaTIdiwy. ‘HTav
AAWOTE AdN YVWOTO OTI N JAYVNTIKA CUPTTEPIPOPA TETOIWV VAOVOKPUOTAAAWYV O€
QUTO TO €UPOG PEYEBWY, eTTNPEAlETAI IBIAITEPWS ATTO TNV HOPPOAOYiIa TOUG Kal TIG
diactaocelg. O1 TpdTTOI  €vioxuong TNG MAYVNTIKAG AVIOOTPOTTIOG, MEOW
QVICOTPOTTIAG OXNMUATOG ] AVICOTPOTTIOG avTaAAayng Adyw SIETTIQAVEIWY, ATAV Aiyo
TTOAU yvwOoTOoi. AUTO TToU OV €iXe JEAETNOE IBIAITEPWGS ATAV O PNXAVIOUOG YE TOV
OTT0I0 KPUOTOAAIKEG ATEAEIEG OE QTOMIKO ETTITTEDO AEITOUPYOUV WG TTUPHVEG
OKIVNTOTTOINONG OTTIV JECA OTO CWHATIOIO Kal dnuIoupyouv @aivopeva ouleuéng-
avtaAAaynig, onuioupywvtag €va  €idog  diem@aveiwyv  aAAnAemdpAoEwWY
avTaAAaynig, TTou eu@avifovtal TEAIKA wg £va JOKPOOKOTTIKO KAl PETPROIUO TTEDIO
avraAAaynic. MNa Tnv akpieia dev gixe HEAETNOEI aKPIBWS N CUCXETION QUTWY TWV
TTUPAVWY JE TNV HOPQOAOYIa Kal TOV PNXAVIOUO OXNUOTIOMOU TOUG PEOW TNG
auTooEidwoNg Twv ocwuaTidiwyv. Autd TTou dIaPAVNKE ATTO TO CUUTTEPACHATA TOU
OXETIKOU Ke@aAaiou gival 0TI Ta cwpaTidla doung core@shell, av kal diaBETouv TNV
amapaitnTn  payvnTikg  OlETIQAveia TTou Ba  dwoel TEAIKA Tnv  €MOUPNTA
aviooTpoTTia avTaAAayng, dev JTTopouv eviouToIg va Tn dlaTnPACOoUV agIdTTIoTA O
BaBog xpdévou kal ep@avifovial eudAwTa oTnv ogegidwon. H emmpdoBeTn
aviooTpoTTia AOyw aTteAglv gival eTOUPNTH, aAAd OxI apkeTn yiaTti dgv €ival o€
Béon va TTPoodWOEl ETTAPKA QAVICOTPOTTIA OTA CWMATIOIA, KAAUTITOVTAG TNV
aTTwAEgIa TNG SIETTIPAVEIAG AOyw 0&eidwong. AuTog ATav 0 Adyog TTou diEpeuvAONKe
0€ QUTO TO KEPAAQIO n duvaTOTNTA EVIOXUONG TNG QVICOTPOTTIOG MEOW XNMIKAG
uTTOKOTAoTAONG. AUTO TTOU OEV NTAV AVAPEVOUEVO OTO EEKIVNUA TNG TTPOCTTABEING,
NTAV TO YEYOVOG OTI EKTOG ATTO TNV ETITTAEOV QVIOOTPOTTIA, N uTToKaTAoTOON UE Co

TTapEXEl £TTIONG TN duvaTOTNTA PUBPIONG, O€ €va BaBuo Tng core@shell doung.
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lNa Tnv akpipeia n pepIK uttokatdotacn Tou ogeldiou FeixO pe Co
otabepotroiei autry T doun, OTTwg £xel avaepBei kar otn BIBAloypagia Kai
OUVETTWG @aiveTal va Tnv KAvel AIyOTEPO €UdAwTn OTNV O&Eidwon Kal Tnv
METATPOTIA TNG 0€ OTTIVEANID. AuTO aTTodeixOnke pe Tn PBorBeia Tng TeEXVIKNG PDF,
KaBwg pe augnon tou %Co amodeixdnke pia avTioToixn, CUCTNHOTIKI augnon Tou
OXETIKOU OYKOU TOU TTUPAVA WG TTPOG TOV OUVOAIKO OYKO TwWV owuaTIdiwv. AuTd €K
TpwTtng oOwng Ocixvel va Aesitoupyei TTPOG TNV KaTEUBuvon augnong Tng
QVICOTPOTTIAG avTaAAaynig, agou peyaAwvel Tnv AFM / FiM digtmigpdveia. EvrouToig
aTTOOEIKVUETAI TTWG €XEI AKPIBWG Ta avTiBeTa atmoteAéopata. PaiveTal TTwg av o
OXETIKOG OYKOG TOU TTUprva, o€ éva owpaTidlo ~ 15 nm augnBei mavw atmmod 30%,
16T€ N AFM @don emkpatei payvnmik& kKal n FIM Tou keAUgpoug oTTiveAiou dev
MTTOPEI va TNV avTaywVIOTEL, a@ou deV £XEI TOV ATTAPAITNTO OYKO VIO VO UTTEPVIKACEI
TN oUCeugn WUE TOV TTUPAVA, VO HAyVNTIOTEN KAl va TTPOCAVATOAIOTEI ATTOTEAECPATIKA
EVTOG £CWTEPIKOU payvnTikoU TTediou. AKOPA, n 0TaBEpOTTOiNON TOU TTUPHVA UE TO
Co, odnyei oe ANiyoTEPEG DOUIKEG ATEAEIEG OE AUTOV, Ol OTTOIEG Eival ETTIBUUNTES KAl
OPOUV EUEPYETIKA WG ETTITTAEOV TTUPFVEG dnUIoUpPYiag aviooTpoTTiag aviaAlayig. H
Aiyétepo diatapayuévn dopr NG dOPAG OPUKTOU AGAATOG OTOV TTUPAVA OdnyEi
Tapado&we o€ PIa TTEPICOOTEPO diaTtapayuévn dour aTriveAiou 0To KEAUPOG, TTOU
EKQPALETAI KUPIWG PE TTEPIOCOOTEPEG KEVEG TETPAEDPIKES TTAEYUATIKEG BETEIC. AUTO
MTTOpPEl  va aQuédvel TNV  PayvnTOKPUOTOAAIKR)  QvIOOTPOTTid TOU OTTIVEAIOU,
EMOEIVWVEI OUWG TTEPAITEPW TNV PAYVNTIKA TAEN TOU Kal T duvaTdTNTA JAYVATIONG
TOU, EMOPWVTAG TEAIKA ApvNTIKA OTNV aviooTPOTTia avTaAAayng. TEAIKWG, av Kal
10 Co €10MXOn 0TO CUCTNPA PE OKOTTO TNV €vioxuon TNG PayvnTIKAG aTTOKPIoNG,
atrodeIkvUeTal OTI OV 1I0XUEI TO «O00 TTEPICTOTEPO CO, TOOO TO KAAUTEPOY. PaiveTal
TTWG UTTAPXEl MIa BEATIOTN TIPA UTTOKATAOTAONG, N OTIoid KOTAQEPVEl va
MEYIOTOTTOINOEI CUVOUAOTIKA TOOO TNV PAYVNTOKPUOTOAAIKN avICOTPOTTia, 600 Kal
TNV aviooTpoTria avTaAAayng, aAAG Kal va oTaBePOTTOINCEl TOV TTUpPriva OTO
emMOuPNTéd TT0000TS. AUTH N TIYA, YA OCWMATIOIA PE TA  HOPQPOAOYIKA
XAPOKTNPIOTIKA TToU MeAETRONKav €dw, kaBopiotnke oto 10% TrepiTou. Ol

BewpnTikoi uttoAoyiopoi SAR  emBefaiwvouv TARPWSG auty Tn Bewpnon,
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avoiyovtag 1o OpoOpo yia oTabepd cwpaTtidia TUTTOU core@shell pe BEATIOTN

MayvnTIKG eTTayOuEVn BEPUIKN aTTOKPION.
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20v0egon vavokpuoTAAAwV FeO@Fe304

Me Baon TTpWTOKOAAA TTOU £X0UV KaTaypagei otn BiIBAIoypaia, aAAG PE TIG
ATTOPAITATEG TPOTTOTIOINCEIG, YIA TNV TTPOCAPUOYN AUTWV OTIG AVAYKEG TNG
TTapoucag OIaTPIBAG KAl yia TNV PEATIOTOTIOINON TWV OTTOTEAEOUATWY TWV
OUVOETIKWV TTPOOTTABEIWY, KaBIEpWONKE £va yeVIKO TTPWTOKOAAO oUuvBeong TTou
MTTOPEI agIOTTIOTA KAl ETTAVOANWIUA va OWOEl OPOIOUOPPA  VAVOKPUOTAAAIKA
owpaTidla o&eIdiwv Tou O10MPOoU TTOAU OTEVAG KATAVOUNAG MEYEBwWV. Me HIKPEG
dIAPOPOTIOINTEIS AUTOU TOU TTPWTOKOAAOU, WG TTPOG TOV XPOVO TTAPAPOVAG OTA
ouo Kpioiya oTddia TNG avaTITuéng TTupvwy KpuoTaAAwong (nucleation) kai TnG
MeyEBuvoNg Twv cwaTIdiwy (growth) Kal ue atroTEAEOUATIKO SlIaXWPICHUO TwV dUO
autwyv oTadiwy, €TTeETEUXONOAV HOVOdIECTIAPMUEVA, KOAAOEION vavoowuaTidla
KPUOTAAAIKAG OOuNAG, O0f €va €upog peyebBwv amd 8 nm £wg < 20 nm.
EmBeBaibnke o pnxaviopog TTou £Xel TTPoTaBEi TTEpi axnUaATIoPoU KaTapXAas TNG
KPpuOoTaAAIKAG BOUAG TUTTOU 0puKTOU GAaTog (FeQ) TTou avTIoTOIXEI OTO OPUKTO HE
TNV KOIVI} ovouaacia «BoucTiTng» Kal TG OTABIAKNAG ETTIPAVEIOKNG 0&Eidwong autou
TTPog TN doun otmveAiou (FesOa4) i aANILOG «hayvNTITA» ATTO TO AVTIOTOIXO OPUKTO.
AuTé @aiveTal atrd To yeyovog OTI JIKpd cwuaTidla, < 12 nm gugavi¢ouv dour Hiag
KPUOTAANOYPAPIKAG AONG ANECWG PETA TNV TTAPACKEUN TOUG, EVW YUpw oTta 12
nm vyivetar eu@avAig pia dourl dU0 KPUOTAAAIKWY @QACEWV TUTTOU «TTUPRVaA-
KeEAUQoug» (core@shell), atroteAoupevn atrd Ta o¢gidia FeO-Fe3Os avTioToiXwG.
To o&eidio FeO cival I0ITEPWGS aoTABEG UTTO KAVOVIKEG TUVONKEG Kal £XEI TNV TAON
va 0&eIdwOEi Gueoa TTPOG TNV Mo oTaBepr dour oTTiveAiou, £€T01 akOua Kal autd Ta
owpaTidia (~ 12 nm) TTou apxIKa eugavifouv core@shell dopry, petd atmd Aiyo
Kaipo @aivetal TTwg o&eidwvovTtal TTARpw¢G Tpog FesOs. Kamwg peyaAutepa
owpatidla, ~ 15 nm, @aivetalr TTwg €xouv Tn duvaroTnTa va dlaTnPouV TTIo
ATTOTEAEOHATIKA QUTA TNV £TEPOOOUT OUO BIAPOPETIKWY KPUOTAANIKWY QACEWYV, OE
Babog xpovou. Atraiteital dnAadn €vag PEYOAUTEPOG OYKOG CwaTIdiou, yia va
MTTOPECEI VO avaTTTUXBEi éva TTIQAVEIOKO OTPWHA OTTIVEAIOU TO OTTOIO Ba UTTOPEDE!
VO TTPOCTATEUCEI ATTOTEAEOUATIKA TO euaioBnTo o&eidio Tou FeO T1ToUu BpiokeTal

oToV TTUpfva. Z& KABE TTEPITITWON XPEIAZETAI Mia TTPOCEKTIKI ATTOBAKEUON QUTWV

272



KE®. 7 — SYMNEPAZMATA - MPOOMNTIKES

TwV OEIYMATWY O€ AEPOOTEYWS KAEIOPEVA @IAAIdIA, UTTO TNV HOP®R KAAWG
OIECTTAPHEVWY KOANOEIDWY OWHATIOIWY O€ Opyaviko OIAAUTH, YIO va ATTOTPATTEI
auTh N o&edwTIKY diadikaaoia.

To TPWTOKOANO 0OUVBeong pe TIPOOpPoPN €vwon OCUPTTAOKOU €AaikoU
o1dr|Pou £xel KATTOIO TTAEOVEKTHHATA £VAVTI QUTWV TTOU KAVOUV Xpron AAAwv
TTPOOPOUWY CUPTIAGKWY evWoewv o1dApou, 6TTwg 1o Fe(acac)s. Katapydg dev
QTTAITEI KATA TNV TTPOETOINOCIA TOU PEIYUATOG avTidpaons IDIAITEPWS TTPOCEKTIKOUG
XEIPIOPOUG, O€ TTPOOTATEUMEVN ATTO OgUYOVO Kal uypacia atuooaipa, OTTwG
ouvnBideTal va yiveTal oTnV TTEPITITWON TWV UYPOOKOTTIKWY TTPOSOPOPWY EVWOEWV
o1dpou. Aivel TTOAU KOAG ATTOTEAEOUATA WG TTPOG TA TTApAyOUEVA owuaTidld, PE
KAAr duvatoTnTa puBPIONG TG MOPPOAOYIAG TOUG KAl JE OTEVH) KOTAVOUNA UEYEOWV.
XPNOIPOTTOIEI WG ETTIPAVEIODPACTIKA ouaia Hovo eAdikd avidvta kal 61 cuvOuaouo
eAAIKWV-OAEUAQUIVNG OTTWG GAA TTPWTOKOAAQ Kal n TTPOdpoUN £vworn eAdikou
OIOAPOU  TTAPAOKEUACETAI OXETIKA €UKOAQ KAl ME OQOQAAEiC  OlEpyaaieg
EpPyaoTnpEIakd, he avridpwvTa TTou Oev €XOUV agloonueiwTn TOgIKOTATA. Mapéxel
IKQvOTToINTIKA  duvaTtdTNTa PUBJIOCNG TOU OXNAMOTOG TWV  VOVOKPUOTAAAIKWV
owpaTIdiwy, ammd oeAIPIKA 0€ KUBIKA Kal €dv Tnpndei pia péon OIAUETPOG
cwpandiwv > 12 nm Odivel mavia ocwuaTidla pe cagry core@shell doun,
atroTeAOUEVN ATTO KPUOTAAAOUG UWNANG KaBapdTnTag, TWV £MOBUUNTWY Kal Yévo
o&eIdiwv. QG PEIOVEKTNUA PTTOPET va ava@epBEi OTI N EUKOAIQ KATA TO XEIPIOKO TWV
avTIOPWVTWY, AVTIOTABUICETAI ATTO TO YEYOVOG OTI ATTAITEITAI éva ETTITTAEOV OTADIO
EPYAOTNPIAKAG TTAPACKEUNG TNG TTPOdPONNG Evwong, N otroia Ba dpdoel ws dOTNG
o1dripou. Mg TIG TTOOOTNTEG TTOU XPNOIYOTTOINONKAV OE auTr TV €pyacia, KAOe
TTOPACKEUN TTPOBPOUNG évwong €AAIKOU-010MPOU ETTAPKOUCE YIA TTEPITIOU TPEIG
TTOPAOKEUEG  OIOQPOPETIKWY  OEIYMATWY  vavoKpUuoTAAwyY. Q¢  €pyaoTnpIakn
TTOPACKEUN, €XEl KAl QUTA TMOAVOTNTEG ATTOTUXIOG Kal divel €va TEAIKO TTPOIOV
AyvwoTng KaBapdtntag, TTou dev UTTOPOUCE VA TTPOCOIOPIOTEI JE TO HECQ TTOU
utTApxav diabéoipa. Auto eviote dnuioupyouoe TTPORARUATA KaTd TN oUVOEon TWV
VOVOKPUOTAAAWY, TTOU aTTaIiTouVv Mdia TTPOCEKTIK) PUBUIoN Twv TTOOOTATWY
avTIOPWVTWY, OIOAUTWY KATT. Egautiag autoUu PAAIoTa, Ot KATTOIEG TTEPITITWOEIG

Taparnenénke aduvapia KaAAG puBuiIong Tou OXAWOTOG, AOYyw aduvapiag
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aKPIBOUG PUBUICNG TOU TTOCOOTOU TWV EAAIKWY avIOVTwy. Ev yével TTAvTwg KpiveTal
WG €va ETMTUXNMEVO KAl QATTOTEAEOUATIKO €PYAOTNPIOKO TIPWTOKOAANO yia TN

ouvBeon TETOIWV VAVOKPUOTAAWV.

MayvnTik amrékpion vavokpuoTadAAwv FeO@Fez04 kal doun

H core@shell dopry FeEO@Fe304 cival emBuunTry, O10TI TEAIKA TTPOKUTITEI
éva ouoTnua dUo QAocewv dIAPOPETIKAG payvnTIKAG Tagng, AFM@FIM (AFM:
avTioldnpopayvAtng — FiM: acidnpipayvAtng). Autp n doun eugavicel otnv
OIETTIPAVEIA TV OUO PayvNTIKWV QACEWV Qaivopeva ouleugng-aviaAAayng HETAEU
TWV PAYyVNTIKWV OTPOPOPUWY, KATI TTOU ATTOTUTTWVETAI HOAKPOOKOTTIKA OTnNV
METPAOINN TTOOOTATA TOU TTEdioU TTOAwONG avtaAAayrs Hes (H Exchange Bias). H
€10aywyrn QavioOTPOTTiaG avTaAAayrig OTO  VAVOKPUOTOAAIKO cuoTnua  €XEl
EUEPYETIKA aTToTEAéOPOTA WG TIPOG TNV mBaAvoeTNTa XPnong autwy Twv
VOVOKPUOTAAWY WG PECO payvnTIKAG UTTEPOEPMIAC yia TNV KATOTTOAEUNON
KAPKIVIKWV OYKWV, KaBWG evioxUuel Tn duvatotnta atmrdédoong BepuoTnTag YEow
MNXaviopwy xaAdpwong Néel-Brown, 6tav autd BpiokovTal eviog €EWTEPIKOU
evaAAaooouevou payvntikou Trediou. H 1o evdla@épouoca TTapaThpnon Trou
TTIPOEKUWE ATTO TNV avAAUCN TWV ATTOTEAEOUATWY, €XEI VO KAVEI IE TO YEYOVOGS OTI
OKOPA Kal cwHaTidla hiag KpUOTAANIKAG payvnTIKAG @aong (Ox1 core@shell doung)
eppavifouv agloonueiwTa TTedia TTOAWONG avTaAAayrg, XWPIg va £X0uV TTPOPaAV
ouleugn ommv AOyw Oiemi@aveiwy. AuTO atrododnke oTnv UTTapén HEYAAWY
TTANBUCUWYV ATOMIKWY ATEAEIWV TNG KPUOTAAANIKAG BOUAG KAl CUYKEKPIUEVA KEVWV
TIAEYMOTIKWY B€0cwv O10Mpou TOO0 Ot OKTAEDPIKEG, OO0 Kal O TETPAEOPIKEG
TIAEYMOTIKEG BE0EIG, Ol OTTOIEG HANIOTA O€ TOTTIKO ETTITTEOO TTPOKAAOUV UTTOBABUION
TNG CUMMETPIOG AOyw atrokAioewv atrd Tnv 1davikr) doun KUBIKoU aTriveAiou, OTTWG
@avnke atmmd Tnv avaAuon pe tTnv TeXVIKA Pair Distribution Function (PDF), atmd
TTEIPAUATIKG OeDOUEVA TWV UTTO PEAETN OEIYNATWY TTOU €ARPONnoav atrd okédaon
akTivwyv X a1rd akTIvoBoAia ouyxpoTpou. H Treplypa@r Tng diatapayuévng TOTTIKAG

SOMAC TWV £V Adyw SEIYUATWY YIa BIaTOMIKES aTTooTAoEIC éwg 10 A (1 nm) karéoTn
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ouvaTr ME XPNon KPUOTAAAOYPO@IKOU HOVTEAOU  OTTIVEAIOU  TETPAYWVIKAG
OUMMETPIOG, XWPIG OUWGS auTo va anpaivel 611 ol vavokpUoTaAAol uioBeTouoav TaEN
MOKPAG €uPEAEIAG  TETPAYWVIKAG OupueTpiag. Emmiong, n  avdAuon Twv
TTEIPAPATIKWY OEOOUEVWYV, YE TN BONBEIA KAl OXETIKWYV TTPOCOPOIWOEWY, KATEDEIEE
IBIAITEPWG AUENPEVES OOUIKES ATEAEIEG OE OWUATIOIO TQAIPIKNG HOPPOAOYiag EvavTi
TWV KUBIKWYV. O1 BOPIKEG QUTEC aTEAEIEG NTAV PMAANIOTO OKOPO TTEPICOOTEPES OTA
MIKPOTEPOU pEYEBOUG o@alpikd cwuaTidla. O KeEVEG TTAEYMATIKEG BECEIC QaiveTal
TTwg Opouv WG  KEVIpPA  aKivnrotroinong  oTv,  gutmodioviag  Tov
ETTAVATIPOCAVATOAMIOUO TWV YEITOVIKWYV OTTIV KATA TNV evaAAayr) TTOAwong trediou,
€1I0AyovTag £T01 ETITTAEOV AVIOCOTPOTTIA AVTAAAQYNG, N OTToid, OTTWG PAVNKE ATTO
OXETIKEG TTPOocOMOoIWOEIG Monte Carlo, ptropei va kKdavel akdpa Kal €va HIKpo
owpHaTidIo va eu@avifel ouykpiolues TIUEG SAR pe éva peyaAutepo core@shell
owpartidlo. H Umrapé¢n uwnAa diatapaypévng KpUuoTAANIKAG OOMNG KAl CUVETTWG
UWPNARG MayvnNTOKPUOTAAAIKAG QVIOCOTPOTTIOG, OTTOTUTTWVETAI OUVHBWGS  OTIG
MayVNTIKEG METPAOEIG KAl UE UYNAEG TIMEG OUVEKTIKOU TTEdiOU He. To yeyovog OTi Ta
oQaIpIK&d cwuaTidla eu@avifovtal o ETMPPETT OTNV UTTAPEN TETOIWV ATEAEIWV
OTNV KPUOTOAAIKI) TOUG OOMN UTTOPEI va atrodoBei 0TO ATTOTOPO «OTTACINO» TNG
OOUNG KOVTA OTnVv €mM@AVEIA KOl OTIC dIAaTAPAXEC TTOU €TTAyovTal ATTO TNV
KAPTTUAGTNTA QUTAG OTIG, 10aVIKA KUBIKAG CUMMETPIAG, OONES TwV OELeIdiwv Tou
010ripou. H KAion Twv oTTIv TToU BPIioKOVTal KOVTA OTNV ETTIYAVEIO TOU CWHATIBIOU
(A ka1 oTnVv dIETTIPAVEIQ OTTOU UTTAPXEI, EIOIKA a@ou auTr] oTIg €IkOéveG HRTEM Twv
OQAIPIKWY CWHATIBIWY CUXVA EJPaVICETAl un OMAAR) Kal O dIAPOPOTIOINTEIG OTOV
TTpooavaTtoAlIopNod Kabwg autd akoAouBouv Tnv KAPTUAGTNTA TnG,  Opouv
OUVEPYIOTIKA PE TA OKIVNTOTTOINUEVA AOYW ATEAEIWV OTTIV KAl EI0AYOUV ETTITTAEOV
aviooTpoTtria. AuTd Ta QAIVOPEVA YiVOVTal EVTOVOTEPO O MIKPOTEPA CowUaTIdIA,
OTTOU éva UEYAAO TTOCOOTO TWV ATOPWYV BPioKovTal TTAVW 1 KOVTA OTNV ETTIPAVEIQ,
woTe TEAIKA va atroucidlel dopIkn TAEn Hakpds euféAciag. Autd Ta cwpaTidia
eM@aviCouv oUuvOAIKA pia 1IBlaiTepa dlaTapayuévn dourn Kal CUVETTWG MIA I0XUPA
QVICOTPOTTIKI JAYVATION. ZUVETTWG, AV KAl Ol KUBIKOi vavokpUoTaAAOI BewpouvTav
QPXIKA KOAUTEPOI UTTOWA®PIOI VIO MAYVNTIKEG EQPAPHOYEG, AOYW MIKPOTEPNG

ETTIPAVEIOKNG AVIOOTPOTTIAG KAI CUVETTWS UYNAOGTEPWYV TIHWV PAYVATIONG, QAiVETAI
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TTWG N augnon TnNG CUVOAIKAG QVICOTPOTTIAG TOU OUCTANOTOG OUOKOAEUEI TOV
ETTAVATIPOCAVATOAIOUO TWV PAYVNTIKWY POTTWV KATA TNV evaAAayry TToOAwong
Tediou Kal evioyxUel TNV payvnTIKG €mTayopevn BePUIKN aATTOKPION CQAIPIKWY
VOVOKPUOTAANWY WOTE TEAIKA VA TOUG KAVEI 1I0AVIKOUG UTTOWN@ious YIa EQAPUOYEG
MayVNTIKAG UTTEPBEPIAG.

2UVOANIKA  TTAVTWG, €va  VAVOKPUOTOAAIKG oOUOTAPA  TTOU  OUVOUACEl
QVICOTPOTTIA avTAAAAYNG AOYW BIETTIPAVEIWY PE ETITTPOCHETN AvVICOTPOTTIA AOYyW
OOUIKWYV ATEAEIWV, EVW KPATA TAUTOXPOVA OXETIKA UYNAR JAyVATION, QAVTALEl WG
T0 TTAéoV KATAAANAO OUOTNUA yIa TETOIEG £QAPUOYEG. AUTA TO XOPNKTNEIOTIKA
QaiveTalr va Ta €xouv O@aIpIKG owuaTidla core@shell pe péon dIGUETPO
TOUAdYIOTOV 15 nm. AlaTnpwvTag TNV aviocoTpoTria avrtaAAayng Adyw Tng
OlEmIQAveIag, oA Kol TNV augnuévn QvICOTPOTTIA  ETTIPAVEIAG KAl TNV
MayvNTOKPUOTAAAIKA avICOTPOTTIA AOyw OOMIKWY ATEAEIWV, TTOU OPEiAovTal OTNV
oQaIpIK  Mop@oAoyia, €yive pIa  TTPOOTIABEIO  TTEPAITEPW  €vioxuong TG
MayVvNTOKPUOTAAAIKAG QVIOOTPOTTIOG KOl CUVETTWG €VOEXOUEVNG Evioxuong TwvV
peyeBwv Heg, He Kal SAR. Mpog auth Tnv KateuBuvon dIEpeuvhBNKe 0 POAOG TTOU
Ba pTTopOUCE va TTAigEl N el0aywyr I0VTWYV KOBAATIOU 0TO £v Adyw oUoTNuaA, HECW
Miag dladikaoiag xnUIKAG utrokatdoTaong, Kabwg eival yvwoTd OTI O PEPPITES

KoBaATiou ep@avifouv auénuévn JayvnToKPUOTAAAIKA avIoCOTPOTTIA.

20vleon vavokpuoTadAAwyv CoyFe1yO@CoxFesxO4

Katd tnv avamtuén Tou TTPWTOKOAAOU XNMIKAG UTTOKATACTOONG dOONKe
1IB1aiTeEPN onuacia otnv diIoTAPNON TNG o@aIpIKAG core@shell yopgoAoyiag, e
OTOXO TNV TTAPAYWYH OMOIOUOPPWY CPAIPIKWY CWHATIdIWY OTNV TTEPIOXN TWV ~
15 nm, oTevAG KaTavoung peyeBwy, yia Toug Adyoug TTou TTpoava@épdnkav aAAd
Kal yio pIo Queon OUYKPION ME TNV TIEPITITWON TWV KN UTTOKATEOTAPEVWV
owpaTdiwv. O o1déxog ATAV VO TIAPOCKEUAOTOUV owuatidla Aauthg TNG
Mop@oAoyiag Ye DIAPOPETIKO ETTITTEDO XNUIKAG uttokataoTaong pe Co, woTe va

e€axBouv CUPTTEPACHATA OXETIKA ME TO TTWG N EVOWMPATWON 16viwy Co oTovV
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KpUoTaAAo €mdOpd& OTIC payvnTIKES 1ID10TNTEG. Av Kal €Xouv avapepBei didpopeg
TTpooeyyioeig oTnv BIBAIOypa@ia yia TNV XNMIKI TPOTTOTTOINGN VAVOKPUOTAAAWY,
eMAEXONKE TEAIKG N AUON TNG avAPIENG TTPOOPOUWY CUUTTAOKWY EVWOEWYV EAAIKOU
o1driPouU Kal €AdIKOU KOPBOATIOU i N TTAPOOKEUN MIOG POVO MIKTAG TTPOdPOoUNG
évwaong eAaikou a1dfpou Kal KoBaATiou oTnv mBuunTr avaloyia. O1 Bepuokpaacieg
KaTd 1o TTPWTOKOAAO BEpuavong, Ta didgopa oTddia ouvBeong, ol SIAAUTEG Kal Ta
avTIOPWVTA, KABWG Kal TO TTPWTOKOAAO KOBAPICHOU TWV TTPOIOVTWY TTAPEUEIVAV
avaoAAOIWTA 0€ CUYKPION PE AUTA TOU TTPWTOU OKEAOUG TNG EPYOTIAG KAl £V YEVEI OI
XNMIKES diepyaaieg TTou AauBdvouv xwpa Katé Tn oUvBeon Twv VAVOKPUOTAAAWY
ATav akpIBwg ol idieg. AuTO ETTETPEWE MIa AUECN OUYKPION METAEU OEIYMATWY,
TPOTTOTTOINUEVWYV KOl MN, evw eEao@alioe Tn diatripnon core@shell doung, ue
TpotroTroinuévn AFM @don CoyFe1yO dOUAG OPUKTOU AAATOG OTOV TTUPAVA KAl
TpotroTroinuévn FiIM @daon CoxFesxO4 doung oTmivediou oTo KEAUPOG. KaTi TETOI0
KpiBnke aduvato €av Tr.X. €ixe €TMAegyei €va TTPWTOKOAAO TPOTTOTTOINONG MEOW
KaTIoVIKAG avTaAAayng o€ €éva Oeutepo OTAdIO, 0t NAON OXNMATIOPEVOUG
vavokpuoTdAloug FeO@Fes30as. H core@shell douny o€ autri Tnv TrepiTTwon Oa
xavorav, kabwg n diadikaoia KaTioviKAG avtaAAayrig Oa evepyotrolouoe
d1adikaoieg didxuong pECa OToug KPUOTAAAoug TTou TeAIKG Ba odnyoucav o€
MEPIKN A TTARPN 0&cidwan Kal TEAIKWGS aAAoiwaon Tou TTuprfva. Etriong n dnuioupyia
apxIka Tpotrotroinuévou CoyFei1yO Kal n €v ouvexeia PEPIKN O&EidwOT Tou yia
OXNMOTIOPNO TOU KEAUQPOUG, UTTOBEIKVUOUV OTI TO 10V UTToKaTdoTaons (edw Co)
BpiokeTal e¢ioou, TOOO OTOV TTUPrVA TOU CWHATIOIOU, 600 Kal OTO KEAUPOG, EVW
EMOPA PE €vav TPOTTO OTNV OLEIBWTIKA WETATPOTIA TNG BOUAG OPUKTOU GAQTOG O€
oTIvEAIO, TTOU €ival KaBOoPIOTIKAG onuaciag, 6TTwg TEAIKA @AVNKE, yia Tn pubuion
TOU MOayvNTIOMOU auTwVv Twv owpatidiwv. H puBuion tou peyéBoug kal n
MOPQPOTTOINCN KUBIKWY VAVOKPUOTAAAWY gival OTTWG aTTodeiXOnKe Kal 0€ auTr) TNV
TTEPITITWON EQIKTH, PE TTapOPoIo TPpOTTo. Ev TOUTOIC, N TTAPACKEUr KUBOUOPPWYV
VOVOKPUOTAAAWYV TTOU YIiVETAI PJE PUBUION TNG OUYKEVTPWONG EAAIKWY QVIOVTWY,
gival edw KaTa TTEPITITWOEIG DUOKOAOTEPN, KABWG €10IKA OTNV TTEPITITWON AVAUIENS
OIAPOPETIKWYV TTPOOPONWY EVWOEWV EAQIKWV PETAAAWY, N pUBUICNH TWV EAAIKWV

QVIOVTWV € aKpiBela atToTeAei TTPOKANO.
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MayvnTik amrékpion vavokpuoTaAAwv CoyFe1yO@CoxFes xO4 kal dopn

H payvnTik atmmékpion autwyv TwWV VOVOKPUOTAAAWY OTTWG ep@avieTal
KATAPXAG OTIG UETPNOEIG HAYVNTIKAG ETTIOEKTIKOTNTAG ouvapTioel Trediou x(T) cival
n avauevouevn. Ooo augdvel To TTooooTd UTToKaTAoTAONG hE Co, TOOO Ta deiypaTa
EM@AVICOUV XAPNAOTEPEG TINEG MAYVATIONG. AUTO @aiveTal Kal atto TIG OIAdOXIKA
MEIOUUPEVEG MAYVNTIOEIG KOPECUOU Ms TTOU KOTAyPA@OVTIAl OTOUG OXETIKOUG
Bpdxouc. Me pia TpwTn avayvwon autd atrodideTal 0T0 OAoéva augavouevo
TTO000TO KOBOATIOU, KOBWG TO KABE 10V KOPOATIOU CUVEICPEPEI MIKPOTEPN
MayvnTikfy poTrj oTto ouotnua. Etiong n diatapaxy tg Oopng Adyw Tng
UTTOKOTACTOONG, ATTOOUVAUWVEI TNV O10NPIMAYVNTIK TAEN TOU uNTPIKOU OTTIVEAIOU,
OUOKOAEUOVTAG TTEPAITEPW TNV TTPOCTIABEIR TOU VA TTPOCAVATOMIOTEI CUPQWVA JE
TO EQAPPOLOPEVO €CWTEPIKO TTEDI0. OTTWG atTodeixOnke atmd 1n douIKA avaAuon
QUTWV Twv BelypdTwy, n core@shell dopn diatnpeital, 0dnywvTag Kal TTAAI o€ £va
ouoTNUa  avTIoIdNEOMAYVATN — OI0NPIYAYVATN, MAYVNTIKA OUCEUYPEVWY OTNV
QIETIPAVEIA TOUG. Na va ekTIUNOEi N avicoTpoTTia avTaAAayig TTOU TTPOKUTITEI KAI N
MayVNTOKPUOTAAAIKA) QVICOTPOTTIO TOU CUCTHPATOG, KOTaypda@nkav Kai £dw Ol
Bpodxol uatépnong oe diadoyika TTedia Wugng Kal UTTOAOYIOTNKE N CUPTTEPIPOPT
Twv Heg kal Hc ouvaptioel Tou mediou wugns. OTtav aut ouykpiOnke pe tnv
avtioToixn €vog un TpotroTroinuévou core@shell cwpatidiou FeO@Fez04
TTOPOUOiWY  dIaTACEWY, @AVNKE OTI 1N PAyVNTOKPUGCTOAAIKI)  QVICOTPOTTId,
EKQPACOPEVN KUPIWG aTTo TO He, TTpdyuaTi eVIoXUETAI JE UTTOKATAOTAON TOU Fe pe
Co og mooooTd ~ 10%, evw To Heg augdvel kal autd onuavTikd. Katapyxdg autd
MTTOPEl va uTtodelkvUEl dia auénon Twv KPUOTAAAIKWY SlaTaPAXWYV Ol OTTOIEG
A&IToupyoUV PE TOUG MNXAVIOUOUG TIOU €XOUV TTEPIYPAQEl, €vioXUovTag Ta
@aivopeva avraAAayng pEoa OTov OYyKO Tou OTTIVEAIOU, KATI TTOU IOXUEL, Ol
MNXAVIOMOI TTOU 0piCOUV OUWG TNV HAYVNTIKH CUPTTEPIPOPA AUTOU TOU CUCTAPATOG
atrodeikvUovTal Mo ouveeTol. Mepiépywg, 6Tav 1o TooooTd Co augdveral o€ ~ 20,
UTTAPXEl OPAMPATIKI MEIWON TWV TTOOOTATWY Heg Kal He, o€ XaunAoTepa pNAAIOTA
eTTITTEdA ATTO QUTA TWV PN UTTOKATECTNPEVWY OEIYUATWY. H ouvduaaoTIKr yvwon

TTOU TTPOEKUWE atrd Tnv avaAuon TG OopNng Twv OelyuATWY, TNG MAYVNTIKAG
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OUMTTEPIPOPAC QUTWYV, TWV UTTOAOYIOUWY KAl TTIPOCONOIWCEWY TTOU BaCioTnKav o€
BewpnTIKA PJoVTEAA, AAAG KAl N YVWOTN OXETIKA PE TNV OLEIDWTIKA METATPOTTA £VOG
o&eidiou dOPAG OpUKTOU AAATOG TTPOG OTTIVEAIO, TTOU 0dnyei OTO OXNUATIONO
dIpacikwyv core@shell vavokpuoTaAwyv, 0driynoav og Xproiya cUpTTEPAcUOTA.
EmBepainbnke, 0TTwG avagépeTal kal otnv BIBAIoypagia, 0TI n UuTTOKATACTOON TOU
Fe pe Co o1o oéeidio FeO, doung opukTou aAaTog, odnyei TeAIkG o€ oTaBepoTToinoT)
Tou. ‘ETOl, dciyuata pe peyaAuTepo TTo000TO CO TEiVOUV va €XOuv KAAUTEPQ
dIaTNPENUEVOUG TTUPRVEG, TTIO OTOIXEIOPETPIKOUG PAANIOTA, ONAad ME AIlyOTEPEG
KEVEC TTAEYMATIKEG BETEIC ETAANIKWY 10VTWYV. O ueyaAUuTepOC o€ OYKO Kal TTI0 KOVTA
otnv TéAEIa doun avTioidnpopayvnTikOG TTuprRvag, KataAauBavel o cwuaTidla Pe
uwnAoTEPa TT0000TA CO TO PEYOAUTEPO PEPOG TOU OYKOU TOU VAVOKPUOTAAAIKOU
owpaTidiou Kal TEAIKA €TPBAANETQI payvnNTIKA OTO CIONPIMAYVNTIKO OTTIVEAIO.
EvOiagpépov €xel To yeyovog 0TI 600 TEAEIOTEPA dOUNPEVOG Eival O TTUPAVAG, TOOO
TTEPICOOTEPO DIATAPAYUEVO Eival TO OTTIVEAIO OTO KEAUQYOG, KATI TTOU EKPPALETAl
KUpiwg pe aug¢nuévoug TTANBUCPOUG KEVWV TETPAEDPIKWY Béoewv peTdAAou. To
yeyovog auTto egnyeital edv AdBoupe uttdwn TOV PINXAVIOPO 0geidwong TNG doPNg
OpUKTOU dAatog. To dlatapayuévo 0&eidlo dOUAG OpUKTOU AAATOG TEivEl va
oTaBepotroinoel T0 EAAEIUa BeTIKWV QopTiwv (Adyw EAAePng 16vTwy Fe?) ue
oeidwan pepIkwyv Fe?* Tpog Fe3* kal YeTatridnaon auTwy o0& KPUGTAAAOYPAPIKES
BéoeIg TTapPEPPOAAG, TETPAEDPIKAG YEWMETPIOG WG TTPOG TA YEITOVIKA ofuydva, o€
Mia doury TTou ev TEAEl Bupilel otmivéAdio. Katd Tnv o&eIdwTIKA WETATPOTIH O€
OTTIIVEAIO, QUTA Ta TETPAEOPIKA OlaTETAYMEVA METAANIKA 10vTA, TEiVOUV va
KataAaBouv TIg TETpaedpIkEG BEaeig aTo atmivéAlo. Ooo AoItdv oTaBepoTTOIEiTAI TO
Fe1xO, 1600 amouoidfouv Ta evBIAUECT TETPAEDPIKA IOVTA KAl TOOO PEYAAUTEPO
ENEINPA Mg €X€l TO OTTIVENIO PETA TOV OXNMATIOPO TOU. AUTO QUOIKA €TTNEEACE!
TNV PayvnTikg TagN TG MaAakng FiM @dong Tou KEAU®OUG, odnywvTag TEAIKA O€
Kuplapyia Tng okAnpAc AFM payvnTikKAG @Aaong Tou TTupAva. Auto eEnyei TOOO TNV
MEiWON TwWv TIHWV MPAyVATIONG, 000 Kal Tnv aduvapia Tou OTTIveAiou va
TTPOCAVATONICEI ETTITUXWG TA CUCEUYPEVA OTNV DIETTIPAVEIR TWV U0 PACEWYV OTTIV,
WOoTE va Yivel eueavég 10 @aivouevo exchange bias. H evioxuon tng OAIKAG

MayVvNTIKAG avioOTPOTTIOG VOGS cwuaTIdiou pe TTooooTd Co ~ 10% aTTOTUTTWVETAI
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Kal oTnv duvatdtnTa PayvnTIKA ETTAYOUEVNG BEPUIKAG ATTOKPIONG, OTTWG QAiVETAI
atrd TIG ONUAVTIKA augnuéveg BewpnTIKA UTTOAOYIOUEVEG TINEG SAR, v QUTA N
duvaToTNTA UTTORABWICETAI AVTIOTOIXA OTA CWUATIOIA TTOU £XOUV XAMNASTEPES TIUEG
MayVNTOKPUOTAAAIKAG QVICOTPOTTIOG, AVIOCOTPOTTIAG aviaAAayng Kal PayvATIong
(yia Co > 10%).

FeviIKA CUPTTEPAOMATA KAl TTPOOTITIKES

O1wg  TTpoKUTITEl aTmé  Ta oTToTeEAéopaTa  TNG TTapoucag  dlaTpIRng,
VOVOKPUOTAAAIKG cwpaTidla o&eidiwyv Tou O10APoU, OXETIKA MIKPOU peyEBouG (< 20
nm), TTou uloBeToUV doun TUTTOU TTUprva KEAUQoug (core@shell), TTapoucidalouv
ID1AITEPO EVOIAPEPOV WG TTPOG TIG dUVATOTNTEG PUBUIONG TNG MAYVATIONS TOUG KAl
aTTOTEAOUV  UTTOYN@IO CUCTAPATA YIa Xprion o€ PBIoiaTpiKEG OePATTEUTIKEG
EQPAPMOYEC HaYVNTIKAG UTTEPBEPUIAg, xapn aTn duvaToTNTA HAYVNTIKA ETTAYONEVNG
arodoong BepUdTNTAG ) EVOEXOUEVWG KAl 0€ AAAEG TEXVOAOYIKEG EQAPUOYES OTTOU
QTTAITEITAI N HAYVATION €VOG CUCTAPOTOG PE TNV EQAPHPOYA EWTEPIKOU TTEDIOU KAl
ETTEITA TO «TTAYWHPO» TNG PAYVATIONG O€ Hid OUYKEKPIMEVN KATAOTAOT, AOyw TNG
MayvnTIKAG uoTéPNOoNG, TNG OUCKOAIAG avTIOTPOPNG Twv OtV dnAadr Adyw
ouleugng o€ pia emeavela AFM/FIM. H puBuion auth, woTe va BeATIOTOTTOINGEI N
MayvnTIKA atmokpIon TETOIWV VAVOKPUOTAAAWY, UTTOPEI va eTTITEUXOEi yEow TNG
puBuIoNg TNG PayvATIong M Kal TNG OUVOAIKAG MOyVNTIKAG QVICOTPOTTIAG TOU
oucoTAPaToG. H payvnTik aviooTpoTria PTTopei va €iocaxbei 010 oUOTNA WG
QAVICOTPOTTIA OPEINOPEVN OTO OXAMA KAl TNV ETTIPAVEIQ, AVICOTPOTTIA avTaAAayAg
AOyw oUCleuéng o€ payvnTIKA SIETTIQAVEIA 1] JAYVNTOKPUOTAAAIKA QVICOTPOTTIA.
2TnV TTapouca epyacia diEpeuvAONKav OAEG aUTEG o1 duvaToTNTEG. ETTEIdr OJWS N
MOyYVATION KAl 1 QvioOTPOTTia KIVOUVTAlI OUXVA TIPOG QVTIBETEG KATEUBUVOEIQ
(a0&non Tng piag ouvetrayetal yeiwaon TNG AAANG) aTTaiTeiTal N €TTiTEUEN PIAG AETTTAG
ICOPPOTTIAG METAEU QUTWV TWV PEYEBWYV, WOTE va PEATIOTOTTOINGEI N PayvNTIKA
a1Tddo0n TOU CUCTHPATOG. H XNMIKI TPOTTOTTOINCON TOU VAVOKPUOTAAAOU PJEow TNG
MEPIKNG uTToKATAOTAONG 10VTWV Fe pe Co, @AvnKke TTwg TTApEXEl TEAIKA TN

duvatéTnta pUBuIoNG OXI MOVO TNG MayVvNTOKPUOTAAAIKAG QVICOTPOTTIOG AUTAG
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KaBauTAg, aAAd Kal OAWV TwV TTAPATIAVW TTAPAUETPWY HECW EVOC PNXAVIOUOU
TToU TTapoucidler 1Idiaitepo evdla@épov. H yvwon autr dev Ba gixe TTPOKUYWEI €AV
Oev UTTAPXAV Ta TTOAU ONPAVTIKA atToTEAETPOTA TNG avAAUONG PE TNV TEXVIKN Pair
Distribution Function (PDF) a6 okédaon akTivwv X o€ cUyXpOTPO, T OTToIa O€
OuVvOUOOHPO ME TOV OOPIKO KAl HOPQPOAOYIKO XOPAKTNPIOPO POUTivaG TwV
OEIYMATWY, TIC HAYVNTIKEG METPNOEIC KOl TOUG OXETIKOUG BewpnTikoug
UTTOAOYIOUOUG KAl TTPOCOWPOIWOEIS €PIEAV QWG OTIG dlEpyaoieg TTou AauBdvouv
XWPA OTNV VavoKPUOTOAAIK doun.

2UVOTITIKA, N avaAuon pe Tnv TeXVIK PDF pag emETpeWe va agIoAOYO0oUUE
TNV KPUOTAAAIK) OOur} TOOO Tou Trupriva, 600 Kal TOU KEAUQPOUG Kal Vva
TTOOOTIKOTTOI)OOUME TOV OXETIKO AOYyO Twv OyKwvV Twv dUO0 autwv @dcewv. H
avaAuon KatédeIge AT N EVOWUATWON KOBAATIOU 0TNV apXIKA oxnuaTtiCouevn @don
Tou TrUpnva FeixO amokaBiotd oe évav Babud Tnv KaAtd KAvOva OPKETA
dlatapayuévn KpUoTAAAIKR) dour autou, eVIoOXUOVTAG ONPAVTIKA TNV KATAANWN Twv
KEVWV TTAEYUATIKWYV BE0EwV atrod JETAAAIKA KaTidvTa. AuTd TTPoodidEl OTOV TTUPAVA
TN dUvVATOTNTA TTIO QATTOTEAECHATIKAG AVTIOTOONG ATTévavTl OoTnv 0ggidwon Kal
QTTOTPETTEl TNV EKTETAPEVN €WG KAl TTAAPN OCEIOWTIKN) METATPOTI) TOU TTPOG
omivéAlo. QaiveTal €TTiONG TTWGS Kal TO OXNMATICOPEVO ETTIPAVEIOKO OTTIVEAIO TTOU
TTEPIEXEI KAl AUTO Co, QTTOTEAEI £vav TTIO ATTOTEAECUATIKO @Payud aTTéEvavTl oTnV
o&eidwaon, TTpooTaTEUOVTAG TTEPAITEPW TOV TTUPAVA. H gvioxuon Tou TTupAva o€
dciypata e augnuéva tmooooTd Co, emReRalwvel auth TRV BewpPnon Kal avoiyel To
opdépo yia 1o oxedlaoud core@shell vavokpuoTdAAwV e uywnAr avrioTaon
ammévavtl otnv og¢eidwon kai pubuifdpevo Adyo Oykou Twv OU0 PayvnTIKWV
@aoewv. OTTWG ATTodEIKVUETAI OJWG aTTO T TTEIPAPATA, QAIVETAI TTWGS UTTAPXEI Eva
BéATIOTO TTOOOCTO Co (KOVTd oTo 10%), TToU av EetrepaoTei Ba €xel PAAAOV
QPVNTIKEG OUVETTEIEG OTNV  PAYVNTIK aTTOd00N TOU OUCTAPOTOG. AKOud, n
TTEPIOCOOTEPO OTOIXEIOUETPIKA OOMN TOU TTUPAVA PETA TNV UTTOKATACTAON, dNAAdH
0 au&nuévoc TTANBUCGPSGS PETAAAIKWY KaTIOVTWY M?* aTn dour} opukToU GAatog,
odnyei o€ TePIoodTEPO dlaTapayuévn dour oTo oTTivélo. INa Tnv akpiBeia odnyei
oe augnuéva etTireda kKevwyv Td (TETPAEDPIKWYV) TTAEYPATIKWY BEoewy, evw ol Oh

(okTOEDPIKEG) TTAEYUATIKEG BEOEIG BIATNPOUV KAl QUTEG €va TUTTIKO KAl ouvnBIouéVO
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yIO QUTA TO CUCTANOTA TTOOOOTO KEVWYV B€oewyv. H augnon Twv kevwyv Td Béoewv
efnyeital yéow Tou TIPOTEIVOUEVOU OTNV BIBAIOYpa®ia PNXavIoPoU OZEIBWTIKAG
METATPOTTAG TNG OOUNG OPUKTOU AAATOG TTPOG OTTIVEAIO.

Me Tnv yvwaon AOITTOV TTOU TTPOEKUYE ATTO TNV avAAuch TTOU TTAPOUCIAdeTal
o€ autr] TN d1I0TPIRN, UTToPEl va TTPoTalEi éva vavokpuoTaAAIKO oUCTNPAO YE TAV
BEATIOTN duvaTh atrokpion. ‘Eva T€T010 vavOoKPUOTAAAIKO CwHaTIOIO TTOU BpioKeTal
oTnVv TEPIoXA Twv ~ 15 nm w¢ TTPOG TO0 HECO PEYEBOG, PE €va TTOO0OTO XNUIKAG
uttokaTdoTtaong pe Co ~10%, €xel Tn duvaTdTNTA VA dIATNPEI ATTOTEAEOUATIKA Wia
oa@r) doun TTUPAVA-KEAUPOUG Pe TTOo0OTO TTUprva ~ 30% wg TTPOG TO GUVOAO TOU
OYKOU TOU VOVOKPUOTAAAOU KaIl PE MIA AVICOTPOTTIA avTAAAQYAG TTOU TTPOKUTTTEI
atré @aivopeva ouleuéng-aviaAAayng ot dIETIPAVEIa TTUPVA-KEAUPOUGS Kal dpa
EUEPYETIKA OTNV HAyVNTIKA ETTAYOUEVN TTapaywyr BepudtnTag. ‘ETol Aoimmdv, o€ €va
OWMATIOIO PE TA TTPOAVOPEPBEVTA HOPPOAOYIKG Kal DOMIKA XAPAKTNPIOTIKA, O
OYKOG TOU KEAUPOUG £TTi TOU oUVOAOU (~ 70%) €ival ApKETOG WOTE va EPPAviCel TO
oUO0TNPA OXETIKA UWNAEG TIMEG JAYVATIONG Kal va UTTopEi N paAakr FIM @don Tou
KEAUQOUG va TTPooavaTONICEl OTTOTEAEOUATIKA Ta OIETIPAVEIOKA OTTIV KAl VO
ETMKPATAOEI TEAIKA €vavtl Tou OkAnpou AFM Trupriva, katavaAwvovtag éva
eMTAEOV TTOOO evEPYEIQG (TO OTTOI0 EKPPALETAI ATTO TNV PAYVNTIKA UOTEPNON Kal
10 Tedio TMOAwONG avraAAayrng - exchange bias), Tou eival dpwg €mBuUuNToO,
KaBwg amodidetal amd 10 cUOTNPA WG BepudTnTa, OTaV QUTO PBpPICKETAI O€F
evaAaoodpevo payvnTikG TTedio. EMITTPocBETWG éva cwuaTidlo pe autd Ta
XOPOKTNPIOTIKA Ba €ixe Tnv PBEATIOTN 100ppOTTiIA  PAYVNTOKPUOTAAAIKAG
QVICOTPOTTIAG METAEU TTUPAVA Kal KEAUQOUG, OAAG Kal TNV €MOUUNTH avIoCOTPOTTIO
oxAMaTOog, o1 otroie¢ Ba PonBoucav TEPAITEPW TIPOG TNV KaTEUBuUvOn TNG
BeATiIOTOTTOINONG TNG MAYVNTIKAG aTTOKpIoNnG. MeAethOnkav kal edpaiwbnkav
€TTioNg Ta TIPWTOKOAAO ©UVBeoNnG TTOU JTTOPOUV va dWOOUV AgIOTTIOTA KOl
EAEYXOUEVA VOVOKPUOTAAANIKA CWHATIOIA JE QUTA TA XAPAKTNPIOTIKA, KATI TTOU €ival
IDITEPWS ONUAVTIKO.

KaBwg n exkTipnon TnNG BepUIKAG aATTOKPIONG TWV OXETIKWV OEIYNATWYV
TTPoéKUWE aTrd BewpnTIKOUG UTTOAOYIOPOUG TOU puBuou €I0IKAG atroppo®nong

(SAR), Ba cixe evdia@épov aTo HEANOV va yivel pia emBeBaiwon TG EKTIMWUEVNG
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OUUTTEPIPOPAG PE TTEIPAUATIKEG METPACEIG OEIYUATWY TTAPONOIWY HOPPOAOYIKWV
XOPOKTNPIOTIKWY Kal XNUIKAG OOMNAG ME auTA TTOoUu MEAETABNKav €dw Kal va
dlEpeuUVNBEl AV UTTAPYXOUV TTEPIBWPIA TTEPAITEPW BEATIWONG TNG ATTOKPICHS TOUG
Kal TTwg Ba ptropouce va emrteuxBei autr (TT.X. augnon peyéBoug, pubuion
QVIOOTPOTTIAG MEOW XNMIKAG TPOTTOTIOINONG ME TIEPICOOTEPA TOU €VOG 16VTA
UTTOKATAOTAONG, dNUIOUPYIO CUPTTAEYNATWY 1) UTTEPOOUWY ATTOTEAOUPEVWV ATTO
OOoUIKEG povadeg core@shell payvnTikKwy vavokpuoTAAAwY KATT.). EGv kal epdoov
KPIBei  OTI TETOIN VOVOKPUOTOAAIKGA OUOCTAMOTA  TTAPOUCIACOUV  CUYKPIoIUN
QTTOTEAEOUATIKOTNTA PE OXETIKA CUOTAUATA TTOU £€XOUV XPNOIUOTTOINOEl w¢ péoa
MayVvNTIKAG UTTEPBEPUIAG, o€ KAIVIKEC EQAPUOYEG ) KAl O€ TTEIPAPATIKO €TTITTESO, B
ATav TTOAU XPAOINO Vva OOKIJAOTOUV OTnv TIPAgn, WoTe va eKTiunbouv Ta
TTAEOVEKTAUATA KAI T JEIOVEKTANATA TOUG £vavTI TwV AAAWY CUCTAPATWY, AAAG Kal
N ac@AAEIQ TOUG KAl iIOWG KATTOIA OTIYUN VO JTTOPECOUV VA eVIaxOoUV 0€ KATTOI0
EPEUVNTIKO TTPWTOKOANO  KAIVIKWYV OOKIUWV.

MoAU onupavtikh €mmiong €ival n 1Mo AeTTTOPEPAG  dlepelvnon  TNG
OUMTTEPIPOPAG Toug o€ PdaBog xpdévou kal TO TIWG Ba ptropoucav  va
oTaBgpoTroiNBoUV Kal va OTTOTPATTIEI N UTTORABMION TNG ATTOKPIOAG TOUG ATTo
evdexoOueva @aivoueva ogeidwong, CUCOWPATWONG AOYW avVATTOTEAECHUATIKAG
KOAAOEIOOUG BIACTTOPAG KATT., EVW BACIKO OTOIXEIO yia TNV TIBAv XpAoN Toug O€
BloAoyikd cuoTAuaTa, gival JAGAAOV Kal N ETTIPAVEIOKH TPOTTOTTOINCT TOUG YE TPOTTO
TTOU va ETTPETTEI TNV TTAPACKEUN UdATIKWY KOANOEIdBWY BdIOAUPATWY. To péoo
d1aoTTopdg QuOIKA Ba eTTnpéade Kal TOUG PNXAavIoPoug XaAdpwong Tuttou Néel-
Brown kai Tnv oXeTIK ammoédoong Toug w¢ TPog To SAR, TTou Ba TTpETTel va
ETTAVEKTIUNOEI avaAoya pe To PEoo BIaoTTOPAG.

Omwg kal oe kKABe mmBav e@apuoyr, TEETTEl va dlgpeuvnBel Kal va
KaBiepwBei €va ouvleTIKO TTPWTOKOAAO TTOU Ba 0dnyAoel O augnon TNG
TTapaywyikng duvartdtnTag (scaling up), Tou Ba Trepdoel dnAadr) atrd 1o emiTredo
TNG EPYAOTNPIAKAG TTAPAOKEUNG O€ dUVATOTNTA TTAPACKEUNG IKAVIG VIO EUTTOPIKA
EKMETAAAEUON. AUTO aTTOTEAEI TTAVTA M1 TTPOKANON OTNV TTEPITITWON OUVOEONG

VOVOKPUOTAAWYV, KOBWG €l atTodEIXOEi TTWGS N TTAPAMIKPN dIAQOPOTToiNo N OTIG
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TTEIPAMATIKEG OUVOAKEG ouvBeong, odnyei ouxva o€ aTTWAEIO EAEYXOU ETTi TOU
TEAIKOU TTPOIOVTOG.

TEéNOG, av Kal o€ auTh TNV gpyacia TTapouciddeTal Yiag €IS BABOG YEAETN TNG
KPUOTAAAIKAG OOMNG TTOU TIPOEKUWE ATTO aATTAITNTIKA KAl UWPNAOU KOOTOUG
TTEIPAUATa  Kal XpovoPBopa avdAuon oedouévwy (X-PDF amd ouyxpoTpo),
UTTAPXOUV OKOUA KATTOIEG TITUXEC TNG OOUAG QUTWY TWV CUCTNUATWY TTou agicel
TOV KOTTO VO QWTIoTOUV. [Na TTapddelyua, pia xaproypdenon Tng TTapouciag
KOBaATIOU OTOV TTUprva Kal TO KEAUPOG TWV CWHATIOIWYV PECW MIKPOOKOTTIOG
UYnANg avaluong Kal QAaOPATOOKOTTIAG AKTIVWV X HE OIaXWPIOUO EVEPYEIOG
(TEM/EDS) Ba nrav 1diaitepa Xproiun Kal Ba empefaiwve TTEIPAPATIKAE KATTOIEG
TTapPadox€EG TTOU €yIvaV OTNV TTAPOUCA UEAETN OXETIKA pE Tnv OlaOTTOPA TOU
KoBaAtiou oe Trupriva kal kéAugog. ETriong, kaBwg o PaBudg avtioTpo@rg
eTTNPEAdel OTTWG £XEl avapepBei o€ éva BaBud kal TNV payvnTikr T1ag¢n, 6a Atav
OKOTTIJO Va BIEPEUVNOE QUTOG PE TEXVIKEG TTOU £XOUV TN duvaTOTNTA VA BIAKPIVOUV
N dIATagN TWV dIOPOPWV KATIOVTWY TNV KATAOTOAOTN TWV OTTIV KATT. (EVOEIKTIKA
avagépovtal pacuaTookoTria Mossbauer, TepiBAaon veTpoviwy atrd olyxpoTPOo)
Kal va eKTINNBEI Katd TTéo0oV PTTOPEI va puBpIoTEN aTTd TNV XNMIKI TPOTTOTToINCN
MEOW IOVTIKNG UTTOKATAOTAONG ] KATA TTOO0V OUVOEETAI KAl QUTOG ME HOPPOAOYIKA

1 GAAQ QOMIKA XAPAKTNPIOTIKA TWV VAVOKPUOTAAAWV.
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In contrast to bulk materials, nanoscale crystal growth is critically influenced by size- and shape-
dependent properties. However, it is challenging to decipher how stoichiometry, in the realm of mixed-
valence elements, can act to control physical properties, especially when complex bonding is implicated by
short- and long-range ordering of structural defects. Here, solution-grown iron-oxide nanocrystals (NCs) of
the pilot wiistite system are found to convert into iron-deficient rock-salt and ferro-spinel subdomains but
attain a surprising tetragonally distorted local structure. Cationic vacancies within chemically uniform NCs
arc portrayed as the parameter to tweak the underlying properties. These lattice imperfections are shown to
produce local exchange-anisotropy ficlds that reinforce the nanoparticles” magnetization and overcome the
influence of finite-size effects. The concept of atomic-scale defect control in subcritical-size NCs aspires to
become a pathway to tailor-made properties with improved performance for hyperthermia heating over

defect-free NCs.
DOI: 10.1103/PhysRevX.9.041044

L. INTRODUCTION

Iron oxides are at the research forefront as they encom-
pass important mixed-valent states [1] that impact their
physical properties and their technological potential [2],
extending from energy storage devices to catalysts and
electrochemical cells. Moreover, since the principal
oxidation states (II-IV) of iron carry atomic magnetic
moments, spontaneous cooperative magnetic order is
stabilized, which offers a highly exploitable modality,
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extending from spintronics and recording media [3] to
the rapidly developing field of nanobiotechnology [4].
In the latter field of interest, nanoscale magnetic particles
for biomedical applications draw significant benefits from
the volume dependence of magnetism, especially when
superparamagnetism (a state not permanently magnetized)
is established below a critical particle size [5]. Consequently,
there is high demand for controlling the crossover amongst
different states of magnetization in order to improve the
particle’s magnet-facilitated performance, for making image
contrast agents, heat emission “hyperthermia” systems, or
even mechanical-force nanovectors [6].

More specifically, radio-frequency magnetic heating of
single-crystalline nanoparticles [i.e., nanocrystals (NCs)] is
emerging as a novel strategy for activating temperature-
sensitive cellular processes [7], but it requires nontoxic
biocompatible nanomaterials and an understanding of how
structure-morphology relationships can be used as design

Published by the American Physical Society
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Mlustrations of the Fe-site arrangement in archetype face-centered cubic crystal types of bulk iron oxides, namely, wiistite

(Fe,0) (a), a defect-mediated rock-salt structure, with octahedrally coordinated (by oxygen—not shown for clarity) ferrous (Fe>*) sites
(Oh; represented by dark green spheres), and interstitial ferric (Fe") tetrahedral sites (Td; depicted by large light green spheres) in the
presence of four vacant (V) iron positions (light green). Such units compose V, — Td defect clusters (b) (oxygen shown by red spheres),
whose coalescence (¢) [28] offers a likely pathway towards the nucleation of Fe; ;04 (magnetite) (d). The latter represents the
ferrospinel family, with Fe atoms in both types of coordination environment, and vacancy-bearing (220) lattice planes (highlighted).
Both structural types accommodate trigonal pyramids of Fe atoms as a common building block, forming a pyrochlore-type sublattice in

magnetite.

parameters. Optimizing hyperthermia efficacy depends
on magnetic loss mechanisms attributed to Néel-Brown
relaxations, which evolve with the magnetic anisotropy
constant (K) and saturation magnetization (Mg) [8].
In practice, relaxation times vary by changing intrinsic
nanocrystal factors, including size [9], shape [10], and
composition [11]. While single magnetic cores of pure
iron-metal particles may offer superior heating efficiency,
their questionable stability in biological media [12] has led
researchers to develop iron-oxide particles (e.g., ferrites:
Fe; 504, y — Fe,03, etc.) as a versatile and biocompatible
class of materials [13].

The quest for NCs that surpass the performance of a
single magnetic core is motivated further by the design
concept of controlling the spatial distribution of chemical
composition within a single motif [14] such as core @shell
and thin-film heterostructures. Distinct phases grown in
a core@shell topology, with contrasting magnetic-state
constituents [e.g., antiferromagnetic (AFM), ferromagnetic
(FM) and/or ferrimagnetic (FiM) subdomains], offer a
powerful way to tune the nanoscale magnetic properties
and boost the particle’s hyperthermia response [10]. This
case rests on the important capability to adjust the particle’s
anisotropy through the interfacial exchange interactions
between the bimagnetic component phases [15]. The extent
to which the emerging exchange bias (Hgg) [16] plays a
key role is regulated by varying the core-shell volume ratio,
the surface or interface structure, and the composition itself
[17]. Thus, optimal design of hyperthermia agents requires

the right kind of defect structure to modulate favorable
magnetic relaxations. As we show in this work, these
mechanisms can be modeled using Monte Carlo methods.

In this endeavor, solution-chemistry methods are widely
used to develop size-controlled [18] and shape-controlled
[19] ferrite-based nanocrystals and to facilitate their inter-
facial connectivity on a nanoscale motif, e.g., Fe@Fe;_;0,
[20], CoO@CoFe,0, [21], FePt@MFe,0O4 (M = Mn, Fe,
Co, Zn) [22], etc. Within these systems, unforeseen
magnetic properties are occasionally reported [23-26],
especially when thermodynamically metastable phases
such as wiistite [27] or novel interfaces are introduced
during the nanoscale particle nucleation and growth. For
example, during the oxidative conversion of AFM wiistite
[Fe, O, Fig. 1(a)], invoking clustering of interstitials and
vacancies [Figs. 1(b) and 1(c)] [28] into a FiM spinel
magnetite [Fe;_;0,4, Fig. 1(d)], the internal structure of the
as-made core@shell Fe O@Fe;0; NCs evolves with
the composition gradients influenced by stresses [29].
While a reduction in the AFM@FM interface area and
core anisotropy lowers Hgp [30], antiphase boundaries
(APBs) in the structure are found to raise the particle
anisotropy. Surprisingly, this paves the way to nonzero Hgg
even in the fully oxidized, Fe; ;O,-like derivatives of
wiistite [25]. It is interesting to note that APB defects are a
favored low-energy growth pathway for Fe;O,-films [31]
that modify the exchange interactions and give rise to
anomalous magnetic behavior with important applications
[32,33]. These peculiar performances, for NCs in the

041044-2
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critical-size range of 20-30 nm, were correlated with
perturbations of the periodic potential of the iron atomic
coordination by lattice defects, which are hard to waive out
in post synthesis treatments but are preventable by strategic
redox tuning of the Fe valence during the reaction itself [34].

The preceding discussion demonstrates that the proper-
ties of otherwise single-crystalline ferrite particles are
influenced by a significant fraction of atoms at the various
particle “limits,” the surfaces and internal interfaces
[35-37]. This case necessitates characterization of the
detailed atomic arrangements within the Fe O — Fe;0,
phase space available to the chemical synthesis methods.
Effectively, research efforts focus on solving a multiple-
length-scale problem [38] by combining surface (e.g.,
electron microscopy) and bulk (e.g., powder diffraction)
sensitive probes. Total scattering experiments, though,
coupled to atomic pair distribution function (PDF) analysis
can reach beyond such limitations [39]. Our present work
reports on the added value of the PDF method, which, in
contrast to near-neighbor probes like EXAFS and NMR, is
able to probe a relatively wide field of view (about 10 nm)
in a single experiment by reporting how local (nanoscale)
distortions are correlated throughout the structure.

While chemical phase and stoichiometry ultimately
control nanoscale magnetic properties, the rational choice
of the critical particle size, with optimal magnetic
anisotropy [40], is about 20 nm, and it determines the
applications [39.41]. In practice though, thermodynamic
and kinetic parameters at nanoscale surfaces and interfaces
are expected (o (rigger nanoscale crystal growth via
energetically favorable structural-defect pathways. This
process serves to render the control of defects as an extra
tuning knob. Here, we investigate the nature of structural
defects established during the course of the spontaneous,
oxidative conversion of wiistite into Fe O — Fe;0O,; NCs.
We focus on a series of NCs with increasing particle size in
the range 8—18 nm, which differ structurally and morpho-
logically. Our results establish a quantitative relationship
between favorable vacancy-induced disorder and tailored
magnetic properties, a potentially important tweaking
factor at subcritical particle sizes (less than 20 nm).
Monte Carlo simulations demonstrate broader implications
for the right kind of defect structure to mediate the
magnetic loss mechanisms in favor of efficient energy
transfer into heat, even for 10-nm NCs.

II. RESULTS
A. Structural insights
1. Single-particle local structure
Four nanoparticle samples were made available for
this study, with specimen of spherical shape, entailing
diameters of 8.1 £0.6 nm and 154 £ 1.3 nm, and of

cubic shape, obtaining edge lengths of 12.3+0.7 nm and
17.7 = 1.6 nm (Fig. S1 in Supplemental Material [44]).

Henceforth, these are called S8, S15, Cl12, and CI18,
where S stands for spherical and C for cubic morphologies.
Moreover, high-resolution transmission electron microscopy
(HRTEM) [Figs. 2(a)—2(d)] suggests that the smaller S8
and C12 NPs entail a domain of a single-phase material, but
the bimodal contrast in the larger S15 and CI18 points that
above a particle size of about 12 nm, two nanodomains are
attained. The coexistence of dark and light contrast features
in the S15 and C18 could be justified by assuming that two
chemical phases, of varying electron diffracting power, share
the same nanoparticle volume. Crystallographic image
processing by fast Fourier transform (FFT) analysis of the
relevant HRTEM images results in their corresponding
(spot) electron diffraction patterns [Figs. 2(e)—2(h)]. The
unequivocal indexing of reflections in the S8 and C12
specimen may suggest that these adopt the magnetite type
of phase [Figs. 2(e) and 2(f)]. On the other hand, a similar
conclusion cannot be made after the evaluation of the FFT
patterns of the apparently bimodal contrast S15 and CI18
specimen, as the cubic spinel and rock salt reflections
[Figs. 2(g) and 2(h)] appear to be resolution limited. The
behavior appears in line with the tendency of bulk wiistite for
oxidative conversion [28.42] and infers a process analogous to
its elimination from about 23-nm core @shell Fe O @Fe;_;0,
nanoparticles [25].

The long- and short-range modulations of the selected
(hkl) atomic planes could become more easily isolated with
direct space images derived from the inverse FFT synthesis
of chosen families of reflections. We find that the (400)
[or (200) for the core@shell S15 and C18 NPs] family
generates perfect atomic planes (Figs. S2.1-S2.4 in
Supplemental Material [44]), and their spacing could be
attributed to the Fe;_;0, spinel (or Fe, _, O rock-salt) type of
structure. However, the (220) family [Figs. 2(1)—2(D)]
deviates from being faultless (Fig. S3). Geometric phase
analysis (GPA) [43] of the (220) reflections depicts single-
colored regions [Figs. 2(m)—2(p)] that are internally homo-
geneous, showing no obvious inner-side distortions. The
results illustrate a homogeneous structure for the S8 particle
(Fig. 2m) but an increasing degree of lattice heterogeneity
with size [Figs. 2(n)—2(p)]. GPA has previously pointed to a
5% crystal lattice deformation from (220) planes of about 23-
nm Fe, O@Fe;_ ;0,4 nanocubes, while that for the (400) [or
(200) for a rock-salt] family amounted to only about 1 % [25].

In summary, the evaluation of the number (Nr) of defects
involving the (220) planes implies that NPs of spherical
morphology (S8, S15) carry a larger number of defects in
their volume than the cubic ones, and those of smaller size
(S8) are somewhat more susceptible to lattice faults than
those of larger size (Fig. S4: Sec. S3 and Table S1 in
Supplemental Material [44]). Effectively, such distorted
(220) atomic planes [Fig. 1(d)] impose tensile lattice strain
as the overall prevailing effect that is pronounced for the
spherical morphology (from 4%-5% in the latter, which

041044-3
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FIG. 2. High-resolution TEM images in the [001] zone axes for spherical S8 (a), S15 (¢) and cubic C12 (b), C18 (d) morphology
nanocrystals. The corresponding diffraction patterns (e, f and h, g) after FFT analysis of each micrograph are shown beneath. Green and
yellow circles mark a set of reflections that could be indexed on the basis of either wiistite (green) or/and magnetite (yellow) rock-salt
and cubic spinel crystal unit cells (see text for details). Representative real-space images of the (220) atomic lattice planes (inverse FFT
synthesis; filtered from specific plane orientations) for the samples S8 (i), C12 (j), S15 (k), and C18 (1), respectively. Lattice planes have
been colored with red (possible presence of atomic plane) and green (possible absence of atomic plane) pseudochrome acquired after the
inverse FFT process. Lattice phase contrast images obtained by the GPA method (see text) after recentering the diffraction around one of
the (220) reflections for samples S8 (m), C12 (n), S15 (o), and C18 (p).

drops down to 1%-2% in cubic shape NPs; Sec. S4 and
Table S2 in Supplemental Material [44]).

2. Ensemble-average local structure

With the aim of going beyond the HRTEM findings and
acquiring quantitative phase-specific structural information
from a large ensemble, we measured the synchrotron x-ray
PDF of selected nanoparticle specimens and compared
them to the bulk magnetite (Fig. 3). As moderate Q space
resolution of the experimental setup used limits the PDF
field of view in the r space (r > 5—10 nm length scales
met in bulk), our analysis focuses primarily on the low-r
region in the atomic PDF (r = 1-10 A). This method
practically allows us to describe the local structure through

insights on bonding and lattice distortions within the
Fe;_s0,4 and Fe, O unit cells.

Local structure distortions.—Bulk magnetite was taken
as a reference system against which subtle distortions of
the atomic lattice planes in the nanoparticles could be
identified. Initial refinements were performed with the
simplified, normal spinel, cubic configuration of mag-
netite, (Fe**)g[Fe’, Fe>™],,05, [45], where the round
brackets represent tetrahedral (Td) and the square brack-
ets octahedral (Oh) coordination by oxygen crystallo-
graphic sites (i.e., model #1; this case assumes no
Fe’*/Fe’* inversion between Td/Oh sites—Table S3,
Sec. S5 [44]). The atomic PDF in the low-r region for
the bulk sample at 300 K is described well by this
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FIG. 3. Experimental atomic xPDF data at 80 K for the single-
phase S8, C12 and core@shell S15 nanoparticles plotted as a
function of the radial distance r up to 50 A. The corresponding
xPDF pattern for the bulk magnetite, measured under the same
exact conditions, is provided as a reference material. The line
over the data is the best fit based on the cubic spinel atomic
configuration model (Fd-3m symmetry, model #1, and R, =
11.6%, the quality of fit factor) and below the corresponding
difference between observed and calculated xPDFs for bulk
magnetite.

textbook model (R,, = 8.2%). A somewhat lower quality
of the fit at 80 K [Fig. 4(a); R,, = 8.9%] may infer some
sensitivity to acentric distortions, beyond the r space
resolution of our measurements, caused by the Verwey
transition of bulk magnetite [46].

The same textbook model (#1) was then utilized to
model the xPDF data for nanoparticles of variable size and
morphology. What is particularly striking is that between
300 K and 80 K, this cubic model systematically fails to fit
the peak at r~3 A [sample S8: Fig. 4(b), R,, = 18.1%;
sample C12: Fig. S6(a), R, = 11.9%]. Importantly, this
result corresponds to the closest distance between the iron
atoms that are octahedrally coordinated by oxygen in the
structure of magnetite [forming a pyrochlore-type sublat-
tice, Fig. 1(d)]. Moreover, the nearest distance of a pair of
Fe-Fe in wiistite is also just above 3 A. It may be expected
then that if a detectably large volume fraction of wiistite
phase is present in the NPs (cf. HRTEM for S15), then the
intensity of the peak at » ~ 3 A should be increased. In an
effort to explore this case, a two-phase cubic rock-salt and
spinel (FeO-Fe;04) model was employed. This analysis
showed that either in smaller nanocrystals (S8 and C12) or
larger NPs (S15), the cubic symmetry model [Fig. 4(c);
R, = 13.6%] is somewhat misplaced with respect to the
3 A observed radial distance distribution. Per the present
analysis and assessments of fits over broader r-ranges, it
appears that these nanoscale samples are highly nonuni-
form in terms of defects (see below), and their structure is
not quite cubic at high r or locally.

For these reasons, the possibility of the nanoparticle
local structure deviating from the ideal cubic lattice

configuration has been factored in. However, the modest
Q space resolution for resolving symmetry-lowering con-
figurations beyond the local scale, and, in turn, the limited
PDF field of view, led us to utilize approximations
implemented by space groups of higher symmetry. The
exemplary case of maghemite (y —Fe,03) drove this
effort, as it can be considered Fe2*-deficient magnetite,
(Fe)S[Fell‘Qz%. Fe|;]O3, (Feg,-vacancies represented by

the angular () brackets) [47,48]. Under this defect-based
scheme, randomly distributed vacancies result in a fec
lattice (model #1), but when their ordering is favored, either
a primitive cubic (P4332 symmetry, model #2) [49,50]
structural variant could be stabilized or a symmetry-lowering
lattice distortion is triggered (P432,2 tetragonal symmetry,
model #3) [51,52].

Amongst these models, only model #3 (Table S3, Sec. S5
in Ref. [44]) made a marked improvement in the description
of the PDF peak positions from room temperature down to
80 K [Fig. 4d, and Figs. S6(b) and S7(c) in Ref. [44]].
The smaller NPs (<12 nm) were assessed by the PDF
(Fig. S5, Sec. S5 in Ref. [44]) to be 100% tetragonal at
the local level, while the larger one (S15) entailed a
22.5%:77.5% [rock salt]:[tetragonal] share of volume frac-
tions. The PDF intensities were accurately described when
the Fe-site occupancies () were refined. The outcome
indicates that nanoparticle samples of spherical morphology
display the least occupied Fe sites, namely, n— S8 <
7-S15 < »-C12 [ie., 16.4(1) < 18.2(1) < 20.0(1), out of
24 Fe atoms/unit cell; Fig. S8, Sec. S8 in Ref. [44] ]. Along
this trend, we find the expansion of the in-plane (a-b)
lattice dimensions and the contraction of the ¢ axis, which
suggest a more-pronounced tetragonal compression for the
spherical (S8, S15 ¢/a ~ 0.975) rather than the cubic (C12,
¢/a ~0.986) morphology NPs. Details on the atomic PDF
analysis, assessment of the outcomes, and a summary of
the derived parameters (Table S4) are presented in the
Supplemental Material (Sec. S5) [44].

Though the local symmetry change may be seen as a
manifestation of the coupling between elastic and exchange
energy terms [53], which are likely optimized by the
apparently larger strain in the nanospheres, subtle crystalline
electric field effects due to a local lclragonal Jahn-Teller
distortion, lifting the orbital degeneracy in Fet (3d°) [54],
cannot be resolved or ruled out by the structural xPDF probe
on this occasion. Moreover, while we cannot completely
discard the contribution of valence-swap-induced distortion
[with a tracnon of Fe>* atoms occupying Fe** sites and vice
versa, cf. (Fe’*)g[Fe3t, Fe?*],403,] [55], we emphasize that
vacancy-dnven effects are a plausibility as the relative G(r)
peak intensities of Feqy, — Fegy, (7 ~ 3.0 A) and Feqy, — Fery
(r~3.5 A) change appreciably (see below), whereas the
one-electron difference between the Fe** and Fe’~ elec-
tronic configurations would effectively be unobservable in
the xPDF peak heights. It is therefore inconceivable that
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FIG. 4. Representative xPDF fits (7 = 80 K) of the “low-r" region for (a) the bulk magnetite assuming the cubic spinel atomic
configuration [Fd-3m, model #1; @ = 8.3913(2) A, R,, = 8.9%], (b) the single-phase S8 nanoparticle sample with the same cubic
model (R,, = 18.1%), (c) the two-phase S15 nanoparticle sample with the cubic rock-salt and spinel (R, = 13.6%) crystallographic
models, and (d) the single-phase S8 nanoparticle sample in the tetragonal [P432,2, model #3: ag, = bs, = 8.4053(1) A,
csp = 8.1950(1) A, R, = 7.5%] crystallographic configuration (see text for details). The blue circles and red solid lines correspond
to the observed and calculated atomic PDFs, respectively. The green solid lines underneath are the difference curves between observed
and calculated PDFs. The quality of fit factor, R,, (%), is given for each case. Vertical dashed lines mark the positions of typical Fe—O
and Fe—Fe bond distances; Td and Oh represent tetrahedral and octahedral cation sites, respectively.

observed dramatic changes in relative PDF peak intensities
originate from inverted-spinel-like electronic configurations.

Recapitulating the above PDF analysis, it is important to
recognize the sensitive nature of the NPs, and especially
those with spherical shape, in the local structure non-
stoichiometry. Fe vacancics stabilize a tetragonally distorted
local structure, inferring a relation to the large number of
defects in the crystal volume, as implicated by the HRTEM-
based analysis as well. Our results, albeit based on just
two single-phase specimens, suggest enhanced tetragona-
licity for spherical nanoparticle morphology.

Where the defects are located.—The question as to how
structural vacancies relate to different cation lattice sites is
now tackled by comparing the observed, normalized G(r)
patterns of the NPs against the bulk magnetite [Fig. 5(a)].
Two types of radial distance populations, represented by

the G(r) peak intensity, are considered. (a) Feqy, — Fegy,
separations (r ~ 3.0 A): When the single-phase NPs peak-
intensity maximum is compared to that in the bulk
stoichiometric Fe;Oy4, a measure of the presence of Oh
vacancies is witnessed. With ratios of about 0.8 and 0.9, for
the S8 and C12 NPs, respectively, more Oh-Fe vacancies are
supported in the nanospheres. For the larger NPs (S15), the
enhanced G(r) suggests an increased rock-salt type of phase
in their volume. (b) Feq, — Fery separations (r ~ 3.5 A):
The progressive diminution of the G(r) peak intensity
also advocates that the spherical nanoscale morphology
(S8, S15) adopts noticeably more empty lattice sites than the
cubic one (C12), conferring that their abundance is a shape-
dependent phenomenon [10].

With the purpose of further evaluating if the vacancies
have a site-specific preference, xPDF patterns were simu-
lated, while the ratio of Fe-vacancy population at the Oh
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(a) Adequately normalized, observed G(r) patterns (7' = 80 K) of the low-r region for all nanoparticle samples (single-phase,

S8 and C12, and two-phase, S15) compared against the bulk magnetite and (b) the simulated xPDF patterns on the basis of the
symmetry-lowering (tetragonal) atomic configuration. As a proof of concept, the optimally chosen set of models assumes a
substoichiometric Oh Fe-site occupancy (#; kept constant at 75%, an average occupation derived from refinements of the G(r) data
across the samples), while the Td Fe-site occupation level is varied in a stepwise manner (60 < 5 < 100%). Vertical dashed lines mark
the modification of the distribution of the Fep, — Fegy, (r~ 3.0 A) and Fegy, — Ferg (r ~ 3.5 A) separations from bulk to nanoscale

samples.

and Td sites was varied. The trend is similar assuming
either the symmetry-lowering model #3 [Fig. 5(b)] or the
cubic spinel model #1 [Figs. S9(b) and S9(c); Sec. S9 [44]).
The progressive intensity diminution at r ~ 3.5 A, when
raw and simulated patterns are compared, corroborates with
a significant volume of vacancies also at the Td Fe sites
(about 10%—-20%; Fig. S8 [44]), inferring a limited length
of structural coherence [56]. This result is in contrast to
bulk spinel samples where intrinsic Oh Fe vacancies
mediate the structure and properties [57]. The significant
content of vacancy distribution resolved by xPDF may infer
emerging strains or stresses (Fig. S10 and Sec. S10 [44]),
reminiscent of those in Fe O @Fe;0,4 nanocubes probed by
single-particle local structure techniques [25.29].

Opverall, the PDF indicates that during the self-passivation
of wiistite, smaller NPs are single phase while larger ones
attain a two-phase character. This size-mediated phase evo-
lution is in agreement with the HRTEM findings, which also
indicate that particles of spherical shape accommodate a
larger number of defects in their volume [cf. XPDF refined
Fe-site occupancy n—S8<n-S15<n-Cl2, ie., 164(1)<
18.2(1) <20.0(1), where n = 24 Fe atoms/unitcell of the
bulk cubic spinel; Fig. S8 [44]]. In addition, the PDF
uncovers the fact that in addition to vacancies commonly
found at the Oh sites, Td-Fe is largely absent, fostering local
tetragonal lattice distortions. These observations trigger
questions about the impact of vacancies on the observed
properties.

B. Nanometer scale effects on properties
1. Magnetic behavior

In view of the nanoparticles’ deviation from perfect
structural ordering, their magnetic behavior is evaluated

here because of its direct relevance to hyperthermia appli-
cations. A broad maximum in the dc magnetic susceptibil-
ity, #(T), with an irreversibility between ZFC/FC curves
[Figs. 6(a)—6(c); Fig. S11(a) [44] |, marks a characteristic
temperature 7z that separates the superparamagnetic
state from the blocked state [S]. In addition, the y(7') for
the core@shell NPs [S15 [44]; Fig. 6(c)] points to a
sudden drop due to the paramagnetic-to-AFM transition
(Ty) in wiistite and a subtle anomaly resembling the
Verwey transition (7'y) of bulk magnetite [30,35,36].
Furthermore, the evolutions of the hysteresis loop charac-
teristics (Sec. S11, Table S5; Figs. S11(b) and SI1(c) in
Supplemental Material [44]) suggest that a process beyond
the coherent reversal of M is involved. In this process,
M(H) experiments under field cooling [H, = 50 kOe;
Figs. 6(d)—6(f), Figs. S12 and S13 [44]] support the
development of a macroscopic, exchange-bias field (Hgg)
resulting from interfacial interactions [16]. The quick rise
of Hgg for the S15 NPs, against the single-phase S8 and
Cl12 (Fig. 7, and Fig. S14, Sec. S14 [44]), implies
competing exchange interactions due to different kinds
of interfaces.

In addition, all the NPs present a discontinuous steplike
variation of the magnetization near zero field [Figs. 6(d)—
6(f), Fig. S13 [44] |. The two switching field distributions,
marked by maxima in dM/dH, resemble the inhomo-
geneous magnetic behavior arising from coexisting
magnetic components of contrasting H s (e.g., of mixture
of particle sizes [58] or compositions [59]). Here, though,
the HRTEM study of the Fe,O — Fe;O4 NPs confers their
single-crystal character and narrow particle-size distribu-
tion (Fig. S1 [44]). However, xPDF resolves Fe-site
vacancies [V = (3 —S8 or 5-S15 or n-C12):5 is the
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FIG. 6. The temperature evolution of the zero-field cooled (ZFC:; solid lines) and field-cooled (FC; dotted lines) susceptibility curves
for the single-phase S8 (a), C12 (b), and core@shell S15 (¢) nanoparticles under a magnetic field of 50 Oe. The dashed vertical lines
indicate the Verwey (T'y; orange) and Néel (T y: green) related transition temperatures met in bulk, stoichiometric Fe;O, and Fe O,
respectively. The low-field part of the normalized hysteresis loops (M/My) at 5 K for the single-phase S8 (d), C12 (e), and the
core@shell S15 (f) nanoparticles taken under zero- and field- cooled (H ., = 50kOe) protocols. The panels beneath the loops present
the differential change (dM/dH) of the normalized, isothermal magnetization when it is switched from positive to negative saturation.

modeling-derived content per unit cell volume, 7 =
24 Fe atoms/cell of bulk cubic spinel], with V—S8(33%) >
V—S15(25%)>V—C12(17%). The existence of these
defects seems to establish a spatial variation of the
composition at the local level that “turns on” the observed
inhomogeneous magnetism.

2. Coupling of structural defects to magnetism

To shed light on how atomic-scale defects (e.g., Td Fe-
lattice site vacancies and local tetragonal distortions)
couple to magnetism, we utilize Monte Carlo (MC)
simulations. For this purpose, our systems are approxi-
mated by a microscopic “core-surface” model [60,61],
however, with random defects introduced in the nano-
particle structure. These defects were described as weakly
coupled FM pairs of spins with strong anisotropy, inferred
from the symmetry-lowering local structure (Sec. Il A 2)
of the NPs. Their soft FiM character [62] was chosen to
resemble that of V, — Td clusters of defect units [due to
coalescence of four Feg, vacancies (V) around an Fe**
interstitial] [Figs. 1(b) and 1(c)] [28] out of which spinel
magnetite has been claimed to nucleate during the
oxidative conversion of Fe, O [63]. Assuming that the

fraction of the FM pairs of spins (pinning bonds) is a
tunable particle parameter, associated with the xPDF-
derived Fe vacancies, the evolution of (a) the low-field
jump (AM /Mg, estimates how many magnetic moments
are switched) and (b) the exchange bias (Hgg) have been
quantified (Fig. 8).

With the purpose of assessing the former, AM /Mg, we
note that the surface is large for the smaller nanoparticles,
i.e., about 50% of the S8 and about 35% of the C12
specimens, and both may assume a two-phase magnetic
nature. The AM /M changes may then be a manifestation
of the character stemming from the exchange-coupled hard
and soft ferromagnetic and ferrimagnetic phases in the two
nanodomains [64]. As the number of pinning bonds
(vacancy driven) increases in the main body of these
NPs, MC calculations point to the fact that the defects’
strong random anisotropy leads to exchange randomness,
rendering their two-phase magnetic nature more disor-
dered. This result leads to less prominent AM /M g changes
in the hysteresis loops (Fig. 8). Considering the evaluation
of the latter, we note that the defect-induced spin disorder
within the corelike subdomains reduces the overall mag-
netization (Fig. S12 [44]) but supports extra pinning centers
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FIG.7. The experimentally determined (a) exchange bias (Hgg: open symbols) and coercive field (H ¢; half-filled symbols), as well as
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obtained at varying cooling-field strengths (H ..). Symbol guide: circular, core-shell spherical nanoparticles (S15), triangular (S8), and
diamond (C12) for single-phase spherical and cubic morphology nanoparticles. The lines are a guide to the eye.

that could foster a density of uncompensated interfacial
spins, impeding easy coherent reversal [65] of the sur-
rounding ferrimagnetic moments (Fig. S13 [44]). In line
with this case are the MC simulations, which indicate that
in small S8 and C12 NPs without defects, exchange bias is
absent, but when the perturbation of the periodic potential
of the iron coordination by lattice defects is enabled, the
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Pinning bonds (%)
FIG. 8. Monte Carlo calculations (H.,o = 5 Jrm/gug) of the

effect of pinning bonds (vacancy-driven) on the low-field
magnetic-moment switching (AM/Mg: filled symbols, left y
axis) and the exchange bias (Hgg; open symbols, right y axis)
of self-passivated Fe,O — Fe;O4 nanocrystals with different
morphologies. Symbol guide: circular, core-shell spherical nano-
particles (S15), triangular (S8), and diamond (C12) for single-
phase spherical and cubic-shape nanoparticles.

increasing number of pinning bonds in the core results in
net exchange bias (Fig. 8).

The behavior is depicted in the magnetic-moment
snapshots of defected [Figs. 9(a)—9(c)] versus defect-free
[Figs. 9(d)—9(f)] NPs. While for nondefected NPs the
soft anisotropic core follows the applied field reversal, the
existence of defects generates localized antiparallel spin
components, which couple to neighboring ferrimagnetic
spins at the atomic-scale interface and promote the canting
of the core towards the xy plane (snapshots of the spin
ensemble under a full M-H loop are compiled in Fig. S15,
while the mean moment orientation is shown in Fig. S16
[44]). In this way, the nanospheres’ more defected internal
structure generates adequate conditions that endorse
exchange coupling so that Hgg — S8 > Hgg — C12 (while
H-—S8 < Hr—Cl2, due to differences in the NPs’
magnetic volumes). As magnetization states at the different
kinds of interfaces are adjusted by H.,,, for a matter of
consistency, it is worth pointing out that MC simulations
(Fig. S17 [44]) reproduce fairly well the experimental
(Fig. 7) evolution of the hysteresis loop parameters (Hyg,
Hc, AM /M) even for the larger S15 NPs (Sec. S17 [44]).

The defect-rich NPs discussed here broaden the
picture that growth-approach-mediated, subtle, structural
microscopic factors [24,33,66] foster local-scale anisotropy
that facilitates exchange bias in otherwise phase-pure,
monocrystalline NCs.

3. Defect-driven magnetic heating

The observed evolutions may be related to structural
and morphological variations between NPs exhibiting
differences in size, surface anisotropy, and exchange
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FIG. 9. MC simulation of the M — H loops made after field-cooling (H.,, = 5 Jgam/gug) and by assuming an upper maximum

fraction of pinning bonds, as this was identified by the XxPDF refinements. Snapshots of the spin ensemble during M — H loop
calculation for a small ferrimagnetic spherical nanoparticle of R = 5 lattice constants: (a)—(c) a fully oxidized, defected nanocrystal
(S8), and (d)—(f) a defect-free case, assuming a core-surface type of MC model. Spin configurations are shown in the zy plane (x = —1)
for positive-field (H = +8 Jp\/gup) magnetization saturation and after field reversal (H = —0.2 Jpy/gup. H = —2.0 Jpy/gup)
towards negative saturation. The arrow color coding is as follows: core (red), surface (blue), and defects (black) magnetic moments.
(2) Specific absorption rate (SAR) of small defected (S8) versus defect-free nanoparticles on the basis of susceptibility losses (ac field
amplitude, H, and f = 500 kHz), calculated according to the linear response theory of a modified Néel-Brown relaxation

Monte Carlo model.
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anisotropy. Ferrite nanocrystals, in magnetically mediated
biomedical applications, draw their versatility from the
critical particle size (about 20 nm) [39], a factor that varies
with the magnetic anisotropy [41]. In the present work,
we have demonstrated that surface atoms can respond
differently than the core ones, a prominent effect for
the smaller fully oxidized derivatives (<12 nm) of the
Fe, O — Fe;_s0, NCs. Although defect elimination during
synthesis can yield nanomagnetic agents (=20 nm)
with enhanced, concurrent diagnostic imaging and
thermo-responsive performances [34], structural defects
at subcritical particle sizes appear to offer a different
exploitable pathway, compatible with the biological limits
(e.g., set by toxicity and patient discomfort) [67]. Here,
vacancies in self-passivated iron oxides of subcritical size
(<12 nm) act as pinning centers that favor the competition
of exchange interactions, thus fostering local anisotropy
enhancement. Benefits from the NPs’ extended anisotropic
properties may raise their application potential-for exam-
ple, to afford heat generation beyond the bare susceptibility
losses (Néel-Brown relaxation) mediated by finite-size
effects alone (Sec. S18 [44]). [40].

The MC simulations support the fact that for small
defected NPs (S8), where the effective anisotropy increases
5 times compared to the defect-free ones, the heat dis-
sipation (specific absorption rate=SAR) is raised almost
tenfold, i.e., about 450 W/g vs about 50 W/g, at 500 kHz
under 37.3 kA/m [Fig. 9(g)]. For comparison, it is worth
noting that, experimentally, defect-free 9-nm Fe;O, NPs
exhibit a SAR of 152 W/g [14]. It can be envisaged then
that nanoparticle self-passivation leads to adequate pertur-
bation of the periodic potential of the iron coordination by
vacant lattice sites that, in turn, tweak the core-to-surface
magnetic anisotropy ratio. Whether this might be an avenue
to boost the thermal energy transfer at subcritical particle
sizes (<10 nm) by synergistic relaxation processes war-
rants further exploration. Even in the absence of extended
buried AFM/FM interfaces [ 14], where beneficial exchange
parameters attain efficient heat sources, smaller hetero-
geneous nanocrystals (S8, C12) may be uncovered as
useful heat-therapeutic agents.

III. CONCLUSIONS

The self-passivation of nanoscale wiistite (Fe O) has
been investigated as a testing ground to explore the
consequences of thermodynamically unstable interfaces
formed during the nucleation and growth of nanostructured
iron oxides. As conventional oxidation evolves, grown
component phases give rise to single-crystal nanoscale
entities with subdomain Fe, O — Fes_;0, interfacial con-
nectivity. However, when the synthesis parameters are
varied to attain smaller-size nanocrystals (<12 nm), a
spinel-like phase is nucleated alone. The compositional
and structural complexity of these iron-oxide nanostruc-
tures is witnessed by single-particle transmission electron

microscopy and complementary, phase-specific structural
information, attained from a large ensemble by high-energy
synchrotron, x-ray total scattering experiments. These
experiments uncover the fact that defects (with a significant
volume residing at tetrahedral Fe sites) alleviate a surpris-
ing tetragonal lattice compression in the spinel-like phases.
The defects entail structural vacancies with an increased
number density when the nanoscale morphology changes
from cubic to spherical and the particle size shrinks.
Moreover, magnetometry and Monte Carlo calculations
show that the nanostructures’ heterogeneous character is
demonstrated by a core-surface type of spin configuration
that favors two switching field distributions. Larger
core@shell Fe, O — Fe;_;0, nanocrystals support exchange
bias due to the coupling across a common interface of
spatially extended subdomains of AFM and FiM nature.
Exchange bias is unexpectedly evident, though much
reduced, in smaller-size (<12 nm), fully oxidized particles,
due to the existence of the defected internal structure that
generates localized antiparallel spin components and uncom-
pensated spin density at atomic-scale interfaces. The latter, in
line with the noncubic local symmetry of the nucleated spinel
phases, expresses the influence of local anisotropy fields,
which apparently deviate from the easy-axis symmetry met
in common iron oxides, favoring canting into the xy plane.
The results corroborate that size-dependent evolution of the
metal-cation valence state produces pinning defects that
promote the competition of the exchange interactions at
subcritical sizes (<20 nm). The concept raised here points to
the fact that atomic-scale defect control in small particles
(~10 nm), typically hampered by the superparamagnetic
limit, may act in favor of anisotropic properties for improved
magnetism-engineered functionalities (cf. heating agents
and thermoresponsive cellular processes).

IV. METHODS
A. Materials

All reagents were used as received without further
purification. Oleic acid (technical grade, 90%), absolute
ethanol (>98%), octadecene (technical grade, 90%), hex-
ane (ACS reagent, >99%), and sodium oleate powder
(82%) were purchased from Sigma Aldrich. Iron (III)
chloride (FeCl; - 6H,0O, ACS Reagent) was purchased from
Merck. Iron (III) acetylacetonate was purchased from Alfa
Aesar, and oleylamine 80%-90% was purchased from
Acros Organics.

B. Syntheses protocols

Colloidal syntheses were carried out in 100-mL round-
bottom three-neck flasks connected via a reflux condenser
to a standard Schlenk line setup, equipped with immersion
temperature probes and digitally controlled heating man-
tles. The reactants were stored under anaerobic conditions
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in an Ar-filled glovebox (MBRAUN, UNILab), containing
less than | ppm O, and H,0.

A gas mixture of 5% H,/Ar has been used as a
protective/reductive atmosphere. The reductive atmosphere
can help us to maintain the Fe, O (wiistite) phase instead of
the oxidized Fe;O4 (magnetite) and/or y — Fe,O5 (maghe-
mite) forms. Previous studies have shown that Fe O crys-
tallites formed under these synthetic conditions become
rapidly oxidized after removing the reducing agent and
exposing them to ambient air [68]. Very small particles tend
to be fully oxidized to the spinel structure. A minimum
diameter over about 13 nm is needed for the nanoparticle to
maintain its core @shell structure.

1. Preparation of iron oleate precursor

Iron (III)-oleate was prepared before each nanoparticle
synthesis and subsequently used as an iron precursor.
Special care was taken to protect it from the light. The
metal oleate precursor was formed by the decomposition of
FeCls - 6H,0 in the presence of sodium oleate at 60°C,
based on a slightly modified literature protocol [69]. Here,
16 mmol of FeCl; - 6H,O salt and 48 mmol of sodium
oleate were dissolved in a mixture of solvents in a round
bottom flask, and 56 mL hexane, 32 mL ethanol, and 24
mL distilled water were used as solvents. The mixture was
heated to 60-65°C under Ar atmosphere for 4 hours and
then left to cool down to room temperature. The organic
phase containing the metal oleate complex was separated
from the aqueous phase using a separatory funnel and then
washed with about 30 mL distilled water and separated
again. This process was repeated 4 times, and at the end, the
metal-organic complex was dried under stirring and mild
heating for several hours, resulting in a viscous dark-red
oleate. The final product was stored in a dark place to
protect it from light. Some mild heating to ensure its
fluidness may be needed just before its use for each
nanoparticle synthesis. The successful fabrication of the
ferric oleate complex has been identified by the FTIR data
(Fig. S19 [44]) [70].

2. Synthesis of iron-oxide nanoparticles

The NPs were synthesized by employing modified
literature protocols [18,35,70,71] aiming to produce the
wiistite type of oxide (Fe,_,0O). In a typical synthesis,
2-7 mmol of iron oleate were dissolved in octadecene in a
flask under a reductive atmosphere. Oleic acid was used as
a surfactant and protective ligand, in a proportion 1:2 with
respect to the iron precursor. The amounts of reactants were
tuned so that a final Fe-oleate molar ratio of 0.2 mol/kg
solution was achieved. The synthesis protocol includes
three major steps. First, a degassing step at 100°C for
60 min under vacuum is required for the complete removal
of any water and oxygen residues. Then, the mixture is
heated to 220 °C, with a heating rate of about 10°C - min™!.
At this temperature, which lasts for 60 min,

the so-called nucleation step allows for the crystal seeds
[92] to be generated for the successive formation of the
NCs. At the final stage, the mixture is heated to 320°C,
where the nanocrystals” growth takes place. At the end of
the synthesis, the colloidal mixture was left to cool down at
room temperature, and the NCs were precipitated upon
ethanol addition. They were separated by centrifugation at
6000 rpm for 5 min, redispersed in hexane, and then
centrifuged once more after adding ethanol in a 1:1 ratio
with respect to the hexane. The process was repeated
two more times at a centrifugation speed of 1000 rpm. The
addition of sodium oleate proved to promote the formation
of cubic NPs, as proposed in earlier studies [71]. We found
that a metal-precursor-to-sodium-oleate ratio of 8:1to 5:1
is adequate enough to realize such a shape transformation.
Minor variations in this two-step heating protocol allow the
tuning of the particles’ size and the control of their size
distribution [18,72]. The protocol gives rise to NPs with
diameters up to 20 nm, with size control attained by
modifying the growth time (40 < 7 < 90 min) at the final
stage. An extended stay here produces even larger NPs, but
beyond 60 min, smaller-size particles are afforded, likely
due to a ripening mechanism. Four iron-oxide colloidal
nanostructures, with varying size and morphological fea-
tures (see above), S8, C12, S15, C18 (S: spherical, C:
cubic), were finally grown and stored as colloidal dis-
persions in about 4 mL hexane in septa-sealed vials.

C. Characterization techniques
1. High resolution transmission electron microscopy

Low-magnification and HRTEM images were recorded,
using a LaBg JEOL 2100 electron microscope operating at
an accelerating voltage of 200 kV. All the images were
recorded by the Gatan ORIUS™ SC 1000 CCD camera.
For the purposes of the TEM analysis, a drop of a diluted
colloidal nanoparticle solution was deposited onto a car-
bon-coated copper TEM grid, and then the hexane was
allowed to evaporate. In order to estimate the average
size, statistical analysis was carried out on several low-
magnification TEM images, with the help of the dedicated
software TmageJ [73]. The structural features of the nano-
particles were studied by two-dimensional (2D) FFT
images acquired and analyzed by Imagel.

With the purpose to highlight the defect structure of
the nanoparticles, we employed the geometric phase
analysis (GPA) method of Hytch er al. [43]. The
HRTEM images were Fourier transformed, and a region
around one of the {220} peaks was selected with a circular
window. This diffraction pattern was recentered and
inverse Fourier transformed to provide a real-space image
whose phase [Figs. 2(m)—2(p)] represents the projection
(onto the {220} reflection chosen) of the lattice shift
of that particular region of the crystal relative to the
average lattice. The single-colored regions are internally
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homogeneous, showing no obvious internal distortions,
but have different phase shifts from their neighbors.

2. X-ray pair distribution function

X-ray synchrotron-based PDF data were acquired at the
28-ID-2 beamline of the National Synchrotron Light
Source II, Brookhaven National Laboratory. Each nano-
particle powder was encapsulated in a @1.0 mm kapton
capillary, sealed at both ends with epoxy glue. The 28-1D-2
in PDF mode used a Perkin-Elmer 2D image plate detector
for fast data acquisition but of relatively modest Q space
resolution, which, in turn, limits the PDF field of view in r
space. Data were collected between 80 < T < 400 K,
making use of the beamline’s liquid nitrogen cryostream
(Oxford Cryosystems 700), with incident x-ray energy of
68 keV. Bulk magnetite powder (Fe;0,) was utilized as a
reference.

The atomic PDF [39] gives information about the
number of atoms in a spherical shell of unit thickness at
a distance r from a reference atom and is defined as

G(r) = 4xrlp(r) = po] (1)

where p, is the average number density, p(r) is the atomic
pair density, and r represents radial distance. The raw 2D
experimental data are then converted to 1D patterns of
intensity versus momentum transfer, Q (= 4z sin@/1),
which are further reduced and corrected using standard
protocols, and then finally Fourier transformed to obtain
G(r):

G(r) = (2/7) /Q 0[S(0) — 1]sin(Qn)d0.  (2)

min

S(Q) is the properly corrected and normalized powder
diffraction intensity measured from Qi t0 Q.. The
experimental PDF, G(r), can subsequently be modeled by
calculating the following quantity directly from a presumed
structural model:

1 L
G(r) = [;Zj:{f’;zé(r— rij)] —4xrpy. (3)

Here, f stands for the x-ray atomic form factors evaluated at
0O =0, r; is the distance separating the ith and jth atoms,
and the sums are over all the atoms in the sample. In the 28-
ID-2 experiments, elemental Ni powder was measured as
the standard to determine parameters, such as Qgypy, and
Obroad» to account for the instrument resolution effects.
Experimental PDFs, based on modest Q space resolution
and Quux =25 A7 raw powder diffraction data, were
fitted with structural models using the PDFgui [74] soft-
ware suite.

3. Magnetic measurements

The magnetic characterization was conducted using a
vibrating sample magnetometer (VSM, Oxford Instru-
ments, Maglab 9T), operating at a vibration frequency of
55 Hz. The measurements of the temperature-dependent
magnetization, M(T), were carried out at 50 Oc at a
fixed temperature rate of 1 Kmin~" after either zero-field
cooling (ZFC) or field cooling (FC) in 50 Oe from 300 K
to 5 K. Selected M (T) measurements were also carried out
at a different applied field (100 Oe). Hysteresis loops,
M(H), were obtained at room temperature and at 5 K by
sweeping the applied field from +50 kOe to —50 kOe and
back to 450 kOe after cooling the sample from 300 K to
5 K under ZFC or an applied field 0 < H,, < 50 kOe
(FC). In the FC procedure, once the measuring temperature
was reached, the field was increased from H.,, to
H =50 kOe, and the measurement of the loop was
pursued. Because of a small remnant field, common in
superconducting magnets, the values of the coercive field
(Table S5 in Supplemental Material [44]) have been cor-
rected, as [magnetometer reported field] + [field error] =
[real magnetic field at the sample]. The offset error in
the magnetic field (max 60 Oe) was estimated through
the “field error vs charge field” calibration chart of the
magnetometer. Although such an amendment does not
propagate to the extracted exchange-bias values, it has
been taken into account in the low-field demagnetization
(AM/My) and the ratio of remanence against saturation
(M,/My) (Fig. 7). In addition, when data are recorded
under a magnetic field sweep, a synchronization error of the
measuring electronics can be observed if high sweeping
rates, larger than 200 Oe/s, are chosen. To avoid this
artifact, we evaluated M(H) loops collected at step mode
versus sweeping, at various rates, and found that a sweeping
rate of 30 Oe/s provides adequate conditions to minimize
the error propagation in the measurements.

While precautions were taken to maintain the integrity
of the samples, their spontaneous chemical evolution led
us to exclude one specimen (C18) from the in-depth
discussion where magnetism and structural properties are
correlated (Sec. II B). This is because, while TEM
structural investigations were pursued soon after the
sample growth, neither xPDF nor magnetic character-
izations were readily available (due to remote facility
timeline access restrictions) near the initial lifetime of the
samples. So, while four iron-oxide colloidal nanostruc-
tures were grown initially, their self-passivation into
Fe O — Fe;04 nanocrystals led us to discuss magnetic
data (Fig. S11 [44]) only for three samples (i.e., S8, C12,
S15), which allowed a coherent picture of their structure-
property relations to be attained.

D. Monte Carlo simulations

The simulations approximate the NPs by a microscopic
“core-surface” model [60,61]. Three nanoparticle model
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systems were considered, with somewhat different mor-
phological features, as these were probed experimentally in
the S8, C12, and S15 specimens. The spins in the NPs
were assumed to interact with nearest-neighbor Heisenberg

|

E=—J Z §i A §j = Jshenn Z §i : §j =Jir

i.jeshell

i.jEcore

exchange interaction, and at each crystal site, they
experience a uniaxial anisotropy [35,75,76]. Under
an external magnetic field, the energy of the system is
calculated as

>SS

iecore, jeshell

E Kiecorc Z (3:: E é;i)z o Kieshcll Z ('S:: £ éi)z = ﬁzgl (4)

i€core

Here, §,- is the atomic spin at site 7, and ¢; is the unit
vector in the direction of the easy axis at site i. The first,
second, and third terms give the exchange interaction
between spins in the AFM core, in the FiM shell, and at
the interface between the core and the shell, respectively.
The interface includes the last layer of the AFM core and
the first layer of the FiM shell. The fourth and fifth terms
give the anisotropy energy of the AFM core, K-, and that of
the FiM shell, K., correspondingly; the last term is the
Zeeman energy.

Parameters were chosen (Sec. S20 in Supplemental
Material [44]) after careful analysis of the experimental
magnetic behavior, and MC simulations were implemented
with the Metropolis algorithm [77]. The hysteresis loops
M(H) were calculated upon a field-cooling procedure,
starting at a temperature 7 = 3.0 Jgy/kg and down to
T;=0.01 Jp/kp, at a constant rate under a static
magnetic field H,,,, directed along the z axis. The
hysteresis loop shift on the field axis gave us an estimate
of the exchange field, Hpp = —(Hygn + Hyen)/2. The
coercive field was defined as He = (Hygn — Hien) /2
Note that H e, and Hyq are the points where the loop
intersects the field axis. The fields H, H., and Hgg are
given in dimensionless units of Jry/ gug, the temperature 7'
in units Jgy / kg, and the anisotropy coupling constants K in
units of Jpy. In this work, 10* MC steps per spin (MCSS)
were used at each field step for the hysteresis loops, and the
results were averaged over 60 different samples (namely,
random numbers).
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The effects of cobalt incorporation in spherical heterostructured iron oxide nanocrystals (NCs) of sub-
critical size have been explored by colloidal chemistry methods. Synchrotron X-ray total scattering
methods suggest that cobalt (Co) substitution in rock salt iron oxide NCs tends to remedy their vacant
iron sites, offering a higher degree of resistance to oxidative conversion. Self-passivation still creates a
spinel-like shell, but with a higher volume fraction of the rock salt Co-containing phase in the core. The
higher divalent metal stoichiometry in the rock salt phase, with increasing Co content, results in a popu-
lation of unoccupied tetrahedral metal sites in the spinel part, likely through oxidative shell creation, invol-
ving an ordered defect-clustering mechanism, directly correlated to core stabilization. To shed light on
the effects of Co-substitution and atomic-scale defects (vacant sites), Monte Carlo simulations suggest
that the designed NCs, with desirable, enhanced magnetic properties (cf. exchange bias and coercivity),
are developed with magnetocrystalline anisotropy which increases due to a relatively low content of Co
ions in the lattice. The growth of optimally performing candidates combines also a strongly exchange-
coupled system, secured through a high volumetric ratio rock salt phase, interfaced by a not so defective
spinel shell. In view of these requirements, specific absorption rate (SAR) calculations demonstrate that
the rock salt core sufficiently protected from oxidation and the heterostructure preserved over time, play
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Introduction netic field), thus enabling a broad spectrum of applications

ranging from catalysis,” photonics,” and data storage,” to water

Magnetic nanoparticles (MNPs), a sub-class of nanoscale crys-
tals (nanocrystals: NCs)' that consist of open-shell transition
metal elements, have been the subject of considerable research
endeavor in recent years. Their advantages stem from their
capability to respond to electromagnetic stimuli (e.g. a mag-
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treatment,” energy storage® and printing technologies.”
Moreover, from the standpoint of the present work, MNPs
offer highly exploitable capabilities in the rapidly developing
field of nanobiotechnology.® The latter, amongst others,
includes medical diagnostics with contrast agents, for mag-
netic resonance imaging (MRI) technologies and therapeutic
strategies with heat emission carriers, for magnetic hyperther-
mia treatments, both taking advantage of facile bottom-up
pathways for controlling and boosting the nanoparticles’ mag-
netic performance.” In this endeavor, biocompatibility and low
toxicity are necessary, but understanding how structural and
morphological characteristics can be utilized as materials’
design parameters still requires insights into improving MNPs’
performance. More specifically, magnetic heating under the
influence of alternating (AC) magnetic fields depends on Néel-
Brown relaxations, which evolve with the magnetic anisotropy
constant (K) and saturation magnetization (My),'® thus offering
a pathway for hyperthermia efficiency optimization. Changing

This journal is © The Royal Society of Chemistry 2022
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the NCs’ geometrical parameters, such as size'' and shape,'”
offer another avenue to tune the associated relaxation times.
While bottom-up, colloidal chemistry approaches are exploited
with the purpose to imprint the aforementioned materials’
design characteristics in favor of hyperthermia, top-down fabri-
cation methods offer alternative exploitable morphologies. The
derived MNPs may entail either a multi-layered structure called
synthetic antiferromagnet (SAF), or involve a single magnetic
layer having a magnetic vortex configuration."® Interestingly,
such artificial MNPs mimic the superparamagnetic ones pre-
pared by chemical synthesis, but with advantages when dis-
persion and actuation in biological media are required.
Furthermore, the bottom-up growth of topologically distinct
phases, such as in a core@shell-like geometry,"* involving con-
trasting magnetic-ordering states between the core and the
shell [e.g. antiferromagnetic (AFM), ferromagnetic (FM) and/or
ferrimagnetic (FiM)], has proven to be particularly effective in
introducing exchange anisotropies. Such systems take advan-
tage of the technologically exploitable exchange-bias
effect,"™'® with a concomitant enhancement of the NCs’
hyperthermia response.'” Last but not least, the chemical com-
position also plays a key role in changing the MNPs’ magneto-
crystalline anisotropy,'” thus allowing for further regulation of
the Néel-Brown relaxation behaviour. In this respect, chemical
substitution strategies have been evaluated, in an effort to
tune the magnetic response of iron oxide NCs.'®'?

Compositional control of NCs

With the purpose to either provide new or enhance existing
properties (¢f mechanical, electrical, optical, biological, mag-
netic, etc.), changing the chemical composition by introducing
structurally compatible ions, has become a widely used
method for the modification of the crystal lattice of a number
of materials. Such an adjustment is being achieved through
the incorporation of usually a small amount of atoms or ions,
which would not normally be present in the matrix of the
parent material crystal lattice. The ion being incorporated, can
be either introduced in an interstitial crystallographic site or,
most usually in the case of NCs, it can substitute another ion
from the matrix.>” A special case of crystal lattice chemical
alteration is doping, where ions of the matrix are replaced with
ions of the same?®! or different number of valence electrons,*
aiming mainly at the modification of their electronic structure
related physical properties.>* The effects of such chemical sub-
stitutions become particularly noticeable on the nanoscale
and great progress has been achieved in recent years, con-
cerned with the control of chemical composition in nanocrys-
talline materials. Epitaxial growth of doped NCs gave great
results in the past, allowing for significant technological devel-
opment in novel materials, such as quantum dots.>* On the
other hand, the fabrication of doped colloidal NCs offers
additional advantages, as for example, the opportunity to
control the photoluminescence of colloidal semiconductor
NCs, raising at the same time technological challenges.””

This journal is © The Royal Society of Chemistry 2022
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Thus, over the last 15 years, research efforts have focused on
ionic substitution in nanocrystals by means of colloidal chem-
istry principles. In this effort, two main pathways can be
identified, substitution through ion diffusion or by mixing the
appropriate precursors. In the first pathway, pre-formed col-
loidal NCs are being further subjected to an additional syn-
thetic step, which includes a colloidal solution, containing the
dopant/additive ions. For bulk materials, this demands elev-
ated temperatures, as the procedure is governed by diffusion
effects. The same procedure, for nanocrystalline derivatives on
the other hand, can take place at moderate temperatures, typi-
cally lower than the temperatures routinely used in high-temp-
erature colloidal syntheses. On the nanoscale, given the
increased surface to volume ratio, the predominant effect is
the absorption of the added ion at the highly active surface of
the nanocrystal. Such procedures are known as ion-exchange
methods, as the “additive” replaces an anion or cation accord-
ingly, in the host crystal lattice. Their success is determined by
the accurate control of four distinct processes: surface adsorp-
tion of the new ion, incorporation in the crystal lattice of the
parent phase, lattice diffusion, and lattice ejection.”® The
recent years have seen a surge of interest in using this method
to form otherwise hard to obtain nanocrystal morphologies,
with fine-tuned properties.”” The second pathway, requires
mixing of all the ingredients necessary for the fabrication of
the final product at the initial stage of the chemical reaction.
Precursors which contain the necessary ions for the synthesis
(e.g. metal-organic compounds), surfactant molecules and an
appropriate solvent are typical ingredients for a colloidal nano-
particle synthesis. This assumes that both the ions of the host
material and the substitutes are chemically compatible and
capable of forming precursors, which react under the specified
experimental conditions in a similar and predictable way.
Choosing one over the other approach for the growth of core@-
shell iron oxide NCs is further discussed in the subsequent
Experimental section.

Advantages of chemical substitution in
MNPs

The challenges for optimal nanomaterials’ composition
occasionally come along with questions of how efficiently
MNPs generate heat under AC magnetic field excitation. As
magnetic hyperthermia is considered an innovative approach
in synergistic therapeutic avenues for cancer treatment,*®*’
materials’ design pathways to improve the hyperthermic pro-
perties are needed. One common strategy is to attempt to
increase the magnetic anisotropy. At the same time, size is a
critical factor for MNPs, especially for biomedical applications,
where minimal amounts of relatively small yet magnetically
active particles should be used to avoid possible cytotoxicity.
Thus, designed MNPs ideally would rest in the superpara-
magnetic regime (i.e. at critical sizes, d < 20-30 nm),”*°
without compromising much of their magnetic power. Many
promising strategies have been explored in this direction,
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including, modification of morphological features (size-shape
tuned; d ~ 20-40 nm),*" growth of shells (for interfacial inter-
actions; d ~ 15 nm)'>*? and alteration of the chemical compo-
sition (e.g. Zn-substituted ferrites; d ~ 15 nm).** The efficiency
of the first two strategies, together with favourable nano-struc-
tural effects due to emerging Fe-site vacancies, mediating the
composition, have been recently discussed for Fe,O@Fe;_;0,4
bimagnetic NCs (d < 25 nm).>* The beneficial influence of
defective structures with subcritical nanocrystal sizes (d ~
8-10 nm) has also been demonstrated with doped ferrites. In
such cases, partial substitution of Fe by transition metals in
the nanostructure optimizes the effective magnetic anisotropy
of iron oxide nanocrystals (IONCs)."” While this pathway main-
tains the desired morphology/size, it also provides improved
heating generation (cf. specific absorption rate, SAR), at least
up to a certain level of substitution (e.g. at x ~ 0.6, in
Coybes 30527

Keeping in mind these findings, the present work aims to
shed light on how atomic scale defect control can be manipu-
lated by chemical substitution in suitably shaped core@shell
IONCs in the sub-critical size range. For this purpose, synchro-
tron X-ray total scattering was utilized to probe their structure
evolution at different Co-substitution levels. The findings were
complemented by atomistic Monte Carlo simulations, which
together with bulk magnetic measurements, offered a means
to rationalize how tuning the population of crystal lattice
vacancies may tailor heating power generation for hyperther-
mia applications.

Experimental
Synthesis of core@shell Co,Fe,_,0@Co,Fe;_,0, IONCs

Here we follow a synthetic route designed to produce
uniformly sized, core@shell CoyFe,_,0@Co,Fe;_,O, colloidal
NCs, which were slightly modified from a previously demon-
strated procedure that produced pure Fe O@Fe;0,
particles.***”° Importantly, this allows for the direct com-
parison of the magnetic behaviour and structural character-
istics among these series. The chosen protocol offered nano-
crystal samples in the size range of 14-18 nm that is below the
nominal critical size for IONCs to present superparamagnetic
behavior and enhance magnetic losses, adequate for energy
conversion into heat.>® The protocol enables easy tuning of
size and shape (spherical or cubic), while preserving a well-
defined core@shell structure and good control of the compo-
sition; the cobalt content (x,y) of the samples made here varies
from 12% to 35%. As mentioned earlier, the substitution of an
ion in the host material could be realized through ion
exchange. However, there is a drawback, associated with this
technique when implemented in Waiistite@Spinel-ferrite
core@shell-type NCs.** Thermal treatment of the pre-formed
NCs could compromise the highly sensitive core@shell struc-
ture, causing the undesired oxidation of the core.”* Even mild
heating of the NCs in a colloidal solution containing the ions
involved in the ionic exchange procedure can provide the

384 | Nanoscale, 2022, 14, 382-401
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chemical potential for the initiation of diffusion effects, in
both the rock-salt and spinel crystal structures, which leads to
the oxidation of the rock-salt phase (core) and the particle con-
version to the spinel type."*

Here, we suggest ways to improve the magnetic response
and especially the magnetically induced heating performance
of the MNPs, which is associated with the existence of an inter-
face, between an AFM phase in the core and a FiM phase in
the shell, while other types of magnetic anisotropy are also
operational (¢f magneto-crystalline and surface anisotropy,
etc.). Thus, we considered to grow the substituted MNPs either
(i) by mixing the desired amounts of two distinct metal-
organic precursors, one containing iron and one containing
cobalt, at the initial stages of the reaction, a strategy which
ensures the preservation of both magnetic phases or (ii) by uti-
lizing a single metal-organic precursor, containing both iron
and cobalt in a predetermined ratio. Both approaches pro-
duced well-shaped CoFe;_,O@Co,Fe;_,0, NCs, with adjusta-
ble Co/Fe levels. The method of mixing different precursors,
exclusively containing one metal ion, is slightly more practical,
since it allows for a wider Co-content range, just by varying the
precursor proportion during the synthesis, whereas the other
approach is more favorable when precise control of the Co-
content of the nanoparticles is needed.

Materials

All reagents were used as received without further purification.
Oleic acid (technical grade, 90%), octadecene (technical grade,
90%), hexane (ACS reagent, >99%), absolute ethanol (>98%)
and sodium oleate powder (82%) were purchased from Sigma
Aldrich. Iron(m) chloride (FeCl;-6H,0, ACS/Ph Eur reagent,
>99%) and cobalt(u) chloride (CoCl,-6H,0, ACS reagent, 98%)
were purchased from Merck. Deionized water was used when
needed. Fe(m) oleate, Co(u) oleate and mixed Fe(u)/Co(u) oleate
precursors were synthesized in the laboratory, as described in
the following protocols.

Synthesis protocols

Colloidal syntheses were carried out in 100 mL round bottom
three-neck flasks connected via reflux condensers to a stan-
dard Schlenk line setup. Immersion temperature probes and
digitally controlled heating mantles ensured accurate tempera-
ture control of the colloidal mixture. Ar gas has been used as a
protective atmosphere. Previous studies have shown that Fe,O
NCs formed under such synthetic conditions become oxidized
to Fe;0, and/or y-Fe,0; after removing the Ar-gas protection
and exposing them to ambient air.** Alternatively, a 5% H,/Ar
gas mixture can also be used as a protective atmosphere in
order to take advantage of the reductive action of H,, to
further protect the sensitive rock-salt from being oxidized to
the spinel forms. Since Co and Fe are introduced simul-
taneously into the colloidal mixture, it is assumed that based
on the shell formation mechanism, Co is equally distributed
in the whole nanoparticle volume, namely in both the core
and the shell phases.

This journal is © The Royal Society of Chemistry 2022
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Preparation of the metal-oleate precursor. A mixed Co(i)/Fe
(1) - oleate, with the desired Co/Fe ratio, was prepared before
each nanoparticle synthesis and subsequently used as the iron
and cobalt precursor. The metal oleate precursor was formed
by the decomposition of FeCl;-6H,O and CoCl,:6H,0 in the
presence of sodium oleate at ~60 °C, based on our previous
protocol for Fe-oleate formation.**** In a typical synthesis,
16 mmol FeCl;-6H,0 salt and 48 mmol sodium oleate were dis-
solved in a mixture of solvents, namely 56 mL of hexane,
32 mL of ethanol and 24 mL of deionized water, in a round-
bottom three-neck flask. The required amount of CoCl,-6H,0
was added to the mixture, adjusting accordingly the sodium
oleate quantity. We were doing so, considering that for the
stabilization of each Fe(m), three oleate anions and for each Co
(1), two oleate anions are needed. We were keeping the solvent
quantities the same. The mixture was heated to 60-65 °C
under an Ar atmosphere for 4 hours and then left to cool down
to room temperature. A separation funnel was then used to
separate the upper, organic phase, containing the metal oleate
complex, from the lower aqueous phase. Afterwards, the
organic phase was washed with about 30 mL of deionized
water and separated again, and this process was repeated 4
times. At the end, the metal organic complex was dried under
stirring and mild heating for several hours, resulting in a
viscous metal-oleate, with its color ranging from dark red to
brownish, depending on its Co content. Special care was taken
to protect the final product from light. Some mild heating to
ensure its fluidness may be needed just before its use for each
nanoparticle synthesis. A modified synthetic route for the fab-
rication of nanoparticles was also tested, where two distinct
metal oleate precursors were used to supply the system with Fe
(m) and Co(m) species. Pure Fe(m) — oleate was formed follow-
ing exactly the same protocol, omitting the addition of Co(u)**
and then, pure Co(n) - oleate was similarly produced by dissol-
ving 16 mmol CoCl,-6H,O and 32 mmol sodium oleate in
42 mL of hexane, 24 mL of ethanol and 18 mL of deionized
water. The oleates were separated, washed and dried in the
same way as described above and the desired amount of each
one was then used for each nanoparticle synthesis. We found
both ways to be successful for the production of high-quality
nanoparticles.

Synthesis of Co-substituted iron-oxide nanocrystals. The
nanoparticles were synthesized by employing a protocol
similar to that reported in our earlier work®* that followed a
slightly modified synthesis avenue.”” ** In a typical synthesis
2.4 mmol mixed iron/cobalt oleate or 2.4 mmol in total of iron
oleate and cobalt oleate were dissolved in octadecene. The pro-
portion of Fe/Co was predetermined according to the desired
ratio of metals in the final product. 1.2 mmol oleic acid was
added as the surfactant. The amount of the solvent (octade-
cene) was tuned so that a final Fe/Co-oleate molar ratio of
0.2 mol kg™" solution was achieved. Three discrete major steps
can be identified during the synthetic protocol. First, the
mixture is being heated at 100 °C under vacuum for 60 min at
a degassing step, for the complete removal of any water and
oxygen residues. This is crucial and possible omission of this
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stage may lead to single-phase ferrite particles.”” Then, the
mixture is heated to 220 °C, with a heating rate of about 10 °C
min ™. This is the so-called “nucleation step”, which allows for
the crystal seeds to be formed. At the final step, known as the
“growth step”, the colloidal mixture is heated to 320 °C with
the same heating rate, where the nanocrystals’ growth takes
place. The effective separation of the nucleation and growth
steps is crucial for the production of monodisperse nano-
particles. Minor variations in this two-step heating protocol
ensure the control of the particles’ size distribution and allow
the tuning of their size. The latter is mainly achieved through
the time of stay at each of the 2 final steps. Our protocol, with
a time of stay of about 60 min at each of these steps, gives rise
to spherical NPs with average diameters in the 14-18 nm
range. As proposed in earlier studies, the addition of sodium
oleate powder in a proportion of 1:8-1:5 with respect to the
metal-oleate precursor, is adequate to promote the formation
of cubic NPs.*® Under the described experimental conditions,
slightly larger nano-cubes, with edge diameters ranging from
18 to 20 nm can be realized in this way. The mixing of two sep-
arate oleate precursors or the use of a mixed Fe/Co oleate pre-
cursor seems to make the fine tuning of the sodium oleate/
metal oleate ratio more difficult for the fabrication of well-
formed cubic NPs, compared to pure iron oxide NPs. At the
end of the synthesis, the colloidal mixture, containing the
nanocrystals (NCs), was left to cool down at room temperature.
The NCs were precipitated upon ethanol addition. They were
then separated by centrifugation at 6000 rpm for 5 min, redis-
persed in hexane and centrifuged once more after adding
ethanol in a 1:1 ratio with respect to the hexane. A short stay
in a sonication bath may be needed after the centrifugation for
the complete re-dispersion of the particles. Excessive soni-
cation though may affect the quality of the dispersion, since
this removes the surfactants from the particle surface. The
whole process was repeated two additional times at a centrifu-
gation speed of 1000 rpm. Although the size distribution is
tuned during the synthesis, a well-chosen post-synthetic purifi-
cation protocol is essential for an effective size-selective separ-
ation of the MNPs.*®

Characterization techniques
Morphological characterization

High resolution transmission electron microscopy. High
resolution transmission electron microscopy was utilized to
reveal the morphological characteristics of the prepared nano-
particles, namely the size, shape and core@shell structure.
Low-magnification and HRTEM images were recorded using a
LaB, JEOL 2100 transmission electron microscope, operating
at an acceleration voltage of 200 kV. A Gatan ORIUS™ SC 1000
CCD camera was used to capture the images. The average size
of the particles is determined by statistical analysis, measuring
the diameter or edge length of a statistically significant
number of nanoparticles with the freely available image pro-
cessing software Image/.” The nanoparticle suspensions
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needed to be highly diluted prior to the TEM analysis. The
same solvent, hexane, was utilized for such a dilution. A drop
of the diluted nanoparticle suspension was then deposited
onto a carbon-coated copper grid, allowing the hexane disper-
sant to evaporate. The image is formed from the interaction of
the electrons with the nanoparticles as the electron beam is
transmitted through the specimen. The TEM column is evacu-
ated to a pressure down to the order of 10 * Pa to reduce the
chance of interaction between electrons and gas molecules.
The beam is focused when passing through the electromag-
netic lenses in the electron column and creates a magnified
image on a fluorescent screen, making the observation by the
operator possible. The screen can be retracted to allow the
CCD camera located below to record the image. Contrast can
arise from differences in density. TEM in high resolution
mode is capable of achieving atomic-scale resolution.

Structural characterization

X-ray pair distribution function (XPDF). Synchrotron X-ray
total scattering data were acquired at the 28-ID-2 beamline of
the National Synchrotron Light Source II (NSLS-II), at
Brookhaven National Laboratory. Nanoparticle dispersions
were dried (hexane was evaporated under ambient conditions)
and the resulting nanoparticle powder was encapsulated in @
1.0 mm Kapton capillary, sealed at both ends with epoxy glue.
The beamline was setup in pair distribution function (PDF)
data collection mode with a PerkinElmer 2D image plate detec-
tor (sample-to-detector distance of 326 mm, calibrated against
Ni standard) for fast data acquisition, but of relatively modest
Q space resolution, which limits the PDF field of view in the r
space.*® Data were collected on warming between 10 K and
300 K, in 5 K steps, making use of the beamline’s continuous
flow liquid helium cryostat (Cryo Industries of America), with
an incident X-ray energy of 68 keV (2 = 0.1823 A). Data for bulk
cobalt ferrite (CoFe,0,) and wiistite (Fe,O) powders were also
acquired as a reference.

The atomic PDF gives information about the number of
atoms in a spherical shell of unit thickness at a distance r
from a reference atom"® and is defined as

G(r) = 4nr(p(r) - pol (1)

where p, is the average number density, p(r) is the atomic pair-
density, and r represents radial distance. The raw 2D experi-
mental data are converted to 1D patterns of intensity versus
momentum transfer, Q, utilizing the Fit2D program,®® which
are further reduced and corrected using standard protocols as
implemented in the PDFgetX3 software,”’ and then finally
Fourier transformed to obtain G(r):

(2)

Q = (4msin 0/2) is the magnitude of the momentum transfer for
elastic scattering, and S(Q) is the properly corrected and nor-
malized total scattering function measured from Quin t0 Qmax
(025 <Q<25 ;\"]. The PDF data, collected over a sufficiently
wide Q-range, thus carry structural information over a broad

G(r) = (2/7) [3™ Q[S(Q) — 1] sin(Q r)dQ
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range of length scales, in contrast to traditionally used (bulk)
probes, such as EXAFS and NMR, whose sensitivity is limited
to the nearest-neighbor interactions. The experimental PDF,
G(r), can subsequently be modelled by calculating the follow-
ing quantity directly from a presumed structural model:

G(r) = {: B i‘rﬁ S(r — r,j):| — 4dnrp,y (3)
7 0

Here, f stands for the X-ray atomic form factors evaluated at Q
=0, ry is the distance separating the i-th and j-th atoms, and
the sums are over all the atoms in the sample. In the present
experiments, elemental nickel powder was measured as the
standard material to determine parameters, such as Qgamp and
Qbroads used to account for the instrument resolution effects.
Raw data obtained with Q. = 25 A™' were fitted using the
PDFgui software suite.”

Energy-dispersive X-ray spectroscopy (EDS). Elemental ana-
lysis of the as prepared samples was performed with a JEOL
JSM-6390VL Scanning Electron Microscope (SEM), operating at
20 kv, equipped with an INCA PentaFET-x3 EDS analyzer from
Oxford Instruments. X-rays are produced when a beam of elec-
trons, coming from the electron gun of the microscope, stimu-
lates the sample, which is located on a movable stage in the
sample chamber. When ground state electrons in discrete energy
levels are excited, creating electron holes, electrons from higher-
energy electron shells fill these holes, emitting X-rays, which
correspond to the energy difference between the higher- and
lower-energy levels. Each chemical element has a unique atomic
structure, which leads to an X-ray emission pattern that is charac-
teristic for the specific electron configuration. The intensity and
energy of the X-rays emitted from a specimen are measured by
the energy-dispersive spectrometer, allowing for compositional
analysis of the sample. EDS can determine the elements that are
present in a sample and their relative abundance in it. The accu-
racy of the method though, can be affected by the nature of the
sample and the possible overlap of X-ray emission peaks from
elements with similar electron configurations.

Magnetic characterization

The magnetic behaviour of the nanoparticle samples was eval-
uated using a vibrating sample magnetometer (VSM, Oxford
instruments, Maglab 9 T), operating at a vibration frequency of
55 Hz. The measurements of the temperature-dependent mag-
netization, M(T), were carried out at 50 Oe at a fixed tempera-
ture rate of 1 K min™" after either zero-field cooling (ZFC) or
field cooling (FC) in 50 Oe from 5-300 K. Hysteresis loops,
M(H), were obtained at room temperature and 5 K by sweeping
the applied field from +50 kOe to —50 kOe and back to +50
kOe after cooling the sample from 300 K to 5 K under ZFC or
an applied field 0 < H,, < 50 kOe (FC) for selected samples.
In the FC procedure, once the measurement temperature was
reached, the field was increased from H_,, to H = 50 kOe and
the measurement of the loop was pursued. The M(H) data were
recorded under a magnetic field sweep with an optimised rate
of 30 Oe s™* in order to minimize the propagation of a possible
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synchronization error of the measuring electronics, present in
the case of sweeping rates greater than 200 Oe s™'. Special pre-
cautions were taken to maintain the structural integrity of the
samples and more specifically to avoid possible spontaneous
oxidation of the rock-salt core to spinel. The specimens for
magnetic characterization were prepared by absorbing col-
loidal MNP dispersions on pre-weighed cotton wool pieces and
letting the hexane to evaporate, until a pure nano-powder
weight of ~10 mg was obtained. They were subsequently
placed in suitable size gel capsules, and then sealed under an
Ar atmosphere (in a glovebox) in airtight vials. The vials were
then opened just before the magnetic measurements to avoid
unnecessary exposure to ambient air. This ensured that the
magnetic behavior of the samples corresponds to that of the
specimens probed by the synchrotron X-ray studies, as similar
actions were undertaken at the NSLS-II facility.

Monte Carlo simulations

To aid the interpretation of the experimental results for the
MNPs, we have developed a microscopic core/shell model,
where the interface (IF) of the two regions was explicitly
included. The calculations were carried out with the Monte
Carlo (MC) technique and the implementation of the
Metropolis algorithm.>® Spherical MNPs were considered, with a
diameter d, expressed in units of lattice spacing of a simple
cubic lattice (¢f magnetite cell, a = 8.39 A). The simulated MNPs
consist of an AFM core and a FiM shell.>* For this purpose, we
studied three model systems, with different structural features,
to simulate the magnetic behaviour of a pure core@shell par-
ticle (“pure” corresponds to Fe,O@Fe;_;0, MNPs, identified as
sample S15 in reference®), and two Co-substituted core@shell
MNPs involving a lower Co:Fe proportion (“model #1”) and
another one with a higher Co:Fe content (“model #2”). The
radius of these three modelled MNPs remains the same, while
other structural characteristics (e.g. core/shell volume ratio,
vacant sites etc.) differ according to the degree of Co-substi-
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tution at the Fe-sites. Such a parameterization was motivated by
the trends derived from the experimental xPDF data and the
subsequent structural analysis. The exact morphological and
structural characteristics of the simulated model MNPs are sche-
matically illustrated in Fig. 1, and are as follows:

“pure”, spherical MNPs of an average radius R = 9.1 and a
shell thickness of 4 lattice spacings, assume 20% core and 80%
shell, as fractions of the whole particle volume, entailing an
AFM core and a FiM shell. The MNPs are assumed to have 25%
vacant metal-ion crystallographic sites (with no cobalt content),
randomly dispersed in both the core and shell phases.

The introduction of Co in the crystal structure at different
levels, assumes two Co,Fe,;_,O@Co,Fe;_,0, MNPs of the same
average radius, namely:

“model #1”, the MNPs have a radius of R = 9.1, shell thick-
ness of 3.3 lattice spacings, resulting in 25% core and 75% shell
volume, with a Co substitution level of 10% in both phases,
meaning that now 10% of the provided Fe-sites in the core are occu-
pied by Co and 10% of Fe-sites in shell are also occupied by Co. The
model adopts 40% vacant metal-ion sites, randomly distributed
over the core phase only, including the core interface (see eqn (4)).

“model #2”, the MNPs have a radius of R = 9.1, shell thick-
ness of 1.9 lattice spacings, thus resulting in 50% core and 50%
shell volume, with a Co substitution level of 35% in both
phases, following the same concept as in model #1. This model
adopts 40% vacant metal-ion sites, randomly distributed over
the shell phase only, including the shell interface and surface.

The spins in the MNPs were assumed to interact with the
nearest neighbor Heisenberg exchange interaction and at each
crystal site they experience a uniaxial anisotropy. Under an external
magnetic field, the energy of the system is calculated as:****>*

E = —Jeore Z Si - 8 = Jshen Z Si- Sj—Jie 5-5
ijEcore ijEshell i€core jEshell
— Kiecore Z (Si- &) — Kicshen Z (8i- &) - ﬁzgi
i€core i€shell i
(4)

20% Core 25% Core 50% Core
25% defects 10% Co 35% Co
40% defects 40% defects

Fig. 1 Schematic, qualitative illustration of various heterostructured core@shell nanocrystals. The magnitude of the chosen parameters for three
representative models, studied by Monte Carlo simulations is given, namely: relative volume fractions of core (compared to shell), Co substitution
level (in percentage), population of defects in the sense of vacant metal-ion crystallographic sites (depicted with open squares) and their distribution

in the nanocrystals’ volume.
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Here S; is the atomic spin at site i and é; is the unit vector in
the direction of the easy-axis at site {. We consider the magni-
tude of the atomic spins in the two AFM sublattices to be
equal to 1 and in the two FiM sublattices of the shell to be
equal to 1 and 1.5, respectively. The first term in eqn (4) gives
the exchange interaction between the spins in the AFM core
and the second term gives the exchange interaction between
the spins in the FiM shell. To take into account the difference
of the magnetic transition temperatures [Ty(core) < T¢(shell)],
we consider the exchange coupling constant of the core as Jeore
= —0.1 Jpm and that of the shell as Jg,en = —1.5 Jpm, Where Jpy is
a reference value and it is considered to be the exchange coup-
ling constant of a pure ferromagnet (FM), Jym = 1. The third
term gives the exchange interaction at the interface between
the core and the shell. The interface includes the last layer of
the AFM core and the first layer of the FiM shell. The exchange
coupling constant of the interface Ji is taken, Jir = —0.3 Jim.
The fourth term gives the anisotropy energy of the AFM core,
K. If the site 7 lies in the outer layer of the AFM core K core =
Kir = 5 Jem (due to strong lattice mismatch) and Kicore = K¢ =
0.5 Jpm elsewhere. The fifth term gives the anisotropy energy of
the FiM shell, which is taken as K,en = 0.1 Jyy and at the shell
IF Kip = 5 Jem. If the site ¢ lies in the outer layer (i.e., the
surface) of the shell then the anisotropy is taken as Kjgpe = Ks
= 1.0 Jgm, which is assumed to be random (rather than uniax-
ial). The last term in eqn (4) is the Zeeman energy. The relative
values of Jg,en and Ks were calculated starting from the bulk
values and then taking into account the size of the experi-
mentally studied MNPs and the corresponding surface effects,
in line with earlier atomistic simulations.****** Moreover, in
the three models depicted Fig. 1, the structural defects
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(vacancies) were also taken into account as described by
Lappas et al.,*" while in models #1 and #2, the Co ions were
randomly distributed, assuming randomly oriented anisotropy
axes, with K = 5 Jp\ (10 times larger than the Ke..), since the
magnetocrystalline site anisotropy of Co ions is ten times
larger than that of Fe ions.*®

On these grounds, the hysteresis loops M(H) were calculated
upon a field-cooling procedure, starting at a temperature 7 =
3.0 Jem/ks and down to Ty = 0.01 Jpm/ks, at a constant rate
under a static magnetic field H.y), directed along the z axis.
The exchange bias field was estimated by the hysteresis loop
shift along the field axis Hgg = —(Hrighe + Hien)/2 and the coer-
cive field was defined as H. = (Hyighe — Hient)/2, where Hyjgn and
H.s are the points where the loop intersects the field axis. The
fields H, H., and Hgg are given in dimensionless units of Jpn/
gup, the temperature 7 in units Jpym/kp and the anisotropy con-
stants K in units Jpy. In this work, 10* MC steps per spin
(MCSS) were used at each field step for the hysteresis loops
and the results were averaged over 60 different samples.

Results and discussion
Cobalt-substituted spinel ferrites

In the spinel (M**)y[M**,M?**];,05, (M = transition metal) struc-
tural type [where round brackets represent tetrahedral (Td) and
the square brackets octahedral (Oh) coordination by oxygen
crystallographic sites], typically, Co," (ref. 57) tends to replace
Fe®'/Fe*' resting at the Oh sites®® although some distribution
at the tetrahedral spinel sites (¢f Td) cannot be excluded
(Fig. 2). In such ferrospinels, the ratio of Co*" — Fe’'/Co*" —

(e)

defective Co,Fe; O,

Fig. 2 Crystal structure of (a) stoichiometric rock salt wustite (FeO), with octahedrally (Oh) coordinated by oxygen (small white spheres) ferrous
Fe?* sites (blue spheres). The same structure, simplified not to show oxygen and coordination polyhedra, where (b) is a defective Fe,O structure,
showing Fe and vacant (V) metal-ion sites only (large grey spheres), and (c) is a Co-(purple spheres)-substituted derivative, depicting a less-defected
rock-salt structure. (d) A plausible ordered-defect rock-salt structure, with Fe?* Oh sites, and interstitial ferric (Fe*') tetrahedral sites (Td; red
spheres) surrounded by four vacant (V) iron positions for charge balance. (e) Coalescence of V,-Td defect clusters®® upon further oxidation, may
offer a likely pathway towards the nucleation of a defective (Td, vacant sites — depicted by dotted red line trigonal pyramids), Co-substituted ferros-
pinel structure.
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Fe*' also affects the degree of inversion,'® but based on the
characterization tools at our disposal (i.e. synchrotron X-ray
PDF is not able to distinguish the different metal species in
this case) we cannot conclude on such effects. As the substitut-
ing ion is introduced in the mixture of reactants simul-
taneously with the other precursors, at the early stages of the
reaction, we are of the opinion that Co*" ions are distributed
over the whole volume of each particle, in both the core and
shell, in proportion to their relative volume fraction. This be-
havior would be in line with earlier findings for the partial oxi-
dative conversion of the initially grown wiistite to create the
spinel shell.****°°% High resolution single-particle elemental
mapping of the MNPs would be required to confirm this
proposition.

Structural insights from microscopy

HRTEM: single-particle morphology. Transmission electron
microscopy is the basic, but important post-synthetic charac-
terization tool to evaluate the success of the synthetic pro-
cedure. Good dispersion quality (no agglomeration of MNPs),
narrow size distribution and well-defined particle shapes are
the key factors to look for. Samples that did not meet these cri-
teria were rejected. Thereafter, three Co-substituted nano-
particle samples of spherical shape, in the 14-18 nm size
range, were chosen for the study. In particular, they attained
diameters of d =15.2 1.2nm,d=13.9 1l.1nmandd=17.8

0.9 nm, with various Co-substitution levels of 12%, 21% and
35%, respectively. The ability to change the particle mor-
phology from spherical to cubic, by slightly changing the
amount of surfactants, has been also confirmed (ESI, Fig. S3).
However, cubic morphology samples are not thoroughly dis-
cussed in the following sections, due to the lack of a more sys-
tematic variation in their Co-substitution rate. Since the Co
content seems to be the dominant effect that defines their
structure and magnetic response, these samples are called
henceforth S12, S21, and S35, respectively, where S stands for
spherical morphology, while the following numbers are indica-
tive of the cobalt substitution level (see the following SEM-EDS
section). HRTEM (Fig. 3 and Fig. S3at) suggests that all nano-
particle samples show a high degree of monodispersity, in
terms of shape and size (narrow size distributions). The coexis-

D=152112 $21
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tence of dark and light contrast features in all samples (clearly
shown in high-magnification TEM images) is proof that two
chemical phases of different electron diffracting power share
the same nanocrystal volume. Since the fabrication of the
specimens followed a similar synthetic route to the one that
yielded FeO@Fe;0, NCs studied before,** the aforementioned
findings are in line with the tendency of such NCs to adopt a
topological arrangement of phases, with rock salt type in the
core of the particle that is surrounded by a spinel type of
phase in the shell (vide infra: X-ray PDF analysis).

SEM-EDS: compositional analysis. Energy-dispersive X-ray
spectroscopy was used to estimate the average Co/Fe ratio from
an ensemble of nanoparticles. The specimens for the EDS ana-
lysis were prepared by casting a few drops of the as-prepared
colloidal suspension on a silicon substrate and then letting
the dispersant to evaporate. They were then placed on the
specialized stage of the SEM sample chamber, pumped for a
few minutes to achieve the required vacuum and finally the
electron beam was focused on the specimens using the special
electromagnetic lenses located in the electron column. The
measurements were taken from several sections of the speci-
mens by focusing the beam on different spots of the specimen
surface, for statistical reasons. This procedure suggests a high
compositional uniformity across the surface of the specimen.
The reported results represent averages of the different
measurements. Fortuitously, iron shows a strong and distinct
characteristic peak, which does not overlap with the cobalt
peaks, allowing for a reasonably accurate calculation of their
relative abundance from the relative peak intensity, compared
to measured standard samples. The spectra show only the
characteristic peaks attributed to Fe and Co, apart from a
strong silicon peak coming from the substrate, indicating the
high chemical purity for all samples (ESI, Fig. S41). The rela-
tive atomic composition in all cases agrees within the accuracy
of the assessment with the nominal one, planned during the
chemical synthesis. It is worth noting that the Co substitution
level refers to the overall Fe ions being replaced by a certain
amount of Co. The SEM-EDS facility utilized here though,
cannot derive the exact Co-level in the individual core and the
shell topological sections. For the following analysis, we
assume that Co-substitution is equally possible in both crystal-

10732 414 A6 ABETR0
Diameter (nm)

1071250, 165 18 320

a

Fig. 3 Low-magnification bright-field transmission electron microscopy (TEM) images of core@shell Co,Fe; ,O@Co,Fes_,O, spherical nanocrystals
and insets of high-resolution TEM images of selected particles at 800k magnification. The nanoparticle size distributions are also shown as insets.
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lographic phases and the probability of Fe ion to have been
replaced by Co in each section is proportional to their relative
volumetric ratios.

Structural insights from synchrotron X-ray PDF

The need for both qualitative and semi-quantitative, phase-
specific structural information from large ensembles of par-
ticles that could reveal Angstrom-long localized lattice and
bonding distortions in the unit cells, motivated us to acquire
the synchrotron X-ray total scattering data, for all nanoparticle
specimens and compare them to the bulk reference materials
(Fig. 4). These, combined with the PDF method, offer insights
that move beyond the findings of techniques that focus on
single nanoscale particles (e.g. HRTEM).* Our effort here is
concerned with (i) confirming the coexistence of two distinct
crystallographic phases (i.e. rock salt and spinel) in a core@-
shell structure, (ii) estimating their average relative volume
fractions, (iii) unveiling possible deviations of the local struc-
ture from the cubic symmetry and (iv) uncovering likely temp-
erature-mediated effects; thus, we recorded the PDFs for all the
materials between 10 < T < 300 K. Our analysis addressed
mainly the low-r region in the atomic PDFs (r = 1-10 A), as the
field of view was limited due to the moderate Q space resolu-
tion of the experimental setup used.

Local structure - rock salt phase modifications

Bulk CoFe,0, was measured as a reference material. However,
due to the similar electron count for Fe and Co, there is lack of

G (A?)
A obh obh ob obh o

I 1 1 I 1 1 1 1

5 6 7 8 9 10
r(A)

Fig. 4 Experimental atomic xPDF data at 300 K for the spherical nano-
crystal samples S12, S21, and S35 and the bulk reference materials of
CoFe,04 and FeO, plotted as a function of the radial distance, r, fitted in
the low-r range (1.7-10 A). The solid pink line over the data (open
circles) is the best fit based on either the rock-salt FeO (Fm3m sym-
metry) or the cubic-spinel Fe;O4 (Fd3m symmetry) model for the refer-
ences, respectively, or a combination of these in a two-phase model for
the NCs. The quality of fit factors (R,,) is also given. The green line below
each fit corresponds to the difference between observed and calculated
PDFs. The larger R,, factor (14.4%) for the fit of FeO reference, in com-

parison to the rest, is a likely result of its highly defective, sub-stoichio-
metric nature (Fe;_,0), even in the bulk form.
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sensitivity in X-ray PDF (xPDF) to differentiate between the
two. For this reason, without loss of relevant information to
which the method is sensitive to we have utilized models
approximated by the magnetite Fe;O, composition. The tech-
nique though is able to identify the differences between tetra-
hedral (Td) and octahedral (Oh) crystallographic sites, based
on their quite different chemical environments. Thus, an iron-
only spinel offers an adequate approximation for the descrip-
tion of our systems. This is confirmed by the observation that
the atomic PDF in the low-r region for the bulk reference
sample (CoFe,0,) is described equally well with the cubic
cobalt ferrite spinel, as well as with the cubic magnetite
models (Fig. S5, in ESIt). As the valence state differences are
indistinguishable too, a possible site inversion could not be
verified and the degree of inversion also could not be deter-
mined with this technique. Therefore, we performed the struc-
ture refinements based on the simplified, normal spinel, cubic
configuration of magnetite, (Fe*')g[Fe**,Fe?"],405,.%> Especially
in the case of our model, this could be simply expressed as
(M)g[M]603,, where M stands for the transition metal cation
(Fe or Co), the round brackets represent tetrahedral (Td) and
the square brackets octahedral [Oh] coordination by oxygen
crystallographic sites, assuming no M**/M** inversion between
Td and Oh sites. This model was then utilized to fit the xPDF
data for nanoparticles of variable Co-concentrations, with a
reasonably good quality of the fit (R,) in the low-r region, at
room temperature. However, the introduction of an additional
crystallographic phase of rock-salt type cubic cell (Fe,0)** is
essential (vide infra) for obtaining adequate fit quality (Fig. 5).
The resulting simplified 2-phase rock-salt@spinel cubic
model describes well all the nanoparticle samples, unlike our
previous work,*" where this model systematically failed to

Single-phase;

o ; “Cubic Spinel]

Fig. 5 Representative xPDF fits of data at T = 300 K over the low-r PDF
region (1 nm) for nanocrystal sample S35, assuming a single-phase cubic
spinel model (Fd3m, R,, = 40.7%) at the bottom and a 2-phase rock-salt/
cubic spinel model (Fm3m/Fd3m, R,, = 10.2%) at the top, indicating
clearly a structure consisting of two crystallographic phases for nano-
crystals (S35). Similar results verify the core@shell structure for the rest
of NCs studied (ESI, Fig. S67).
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describe the peak at r ~ 3 A (PDF data of Fe,O@Fe;_;0, or the
fully oxidized Fe;_;0, NCs), which implied a deviation of the
nanoparticle local structure from the ideal cubic lattice con-
figuration, that was better described with a distorted, tetra-
gonal spinel model.* In the samples studied here, there is no
evidence for a local structure symmetry lowering from cubic to
tetragonal. Another significant difference in these samples
arises from their tendency to preserve the core@shell struc-
ture, as shown in the fit results, from the increased volume
fraction of the rock-salt phase (see ESI, Table S$3f).
Interestingly, the higher the Co-content, the larger the volume
fraction of the rock-salt phase. More specifically, as evidenced
from the raw data, the nanoparticle PDF peak centered at r ~
3 A shows a systematic shift to higher interatomic distances (of
the same extent for all samples), compared to the bulk spinel
reference (Fig. 6 and 7). At the same time, there is a clear evol-
ution in peak intensity as the Co content rises (Fig. 7). It is
helpful though to refer to the PDF peak identification, based
on the expected positions of metal (Fe) interatomic distances
in a 2-phase rock-salt@spinel system, as shown in Fig. 7 in the
form of calculated partial PDFs. The peak at r ~ 3 A may
correspond to the closest distance between the metal atoms at
the Oh sites in the spinel structure (Fig. 2 and 7) Nevertheless,
the experimentally observed shift to higher-r can be attributed
to the strong presence of the rock-salt phase in all samples,
since the nearest distance of a pair of M-M in the rock-salt is
just above 3 A (see Fig. 7, green line). That is why we were able
to account for it when fitting the G(r) data by introducing an
additional phase of rock-salt type in the model. Along these

5 I 8 buIII(FeOI I E
4] & - bulk CoFe204
, — S35

I I ;
§ 2 b ;
<L 1.
N o
oM o

-1

-2

10

Fig. 6 Representative low-r raw data collected at T = 300 K for refer-
ence materials FeO (green circles), CoFe,O,; (red circles) and the
FeO@CoFe,04 nanocrystal sample S35 (blue line). The normalization is
realized by dividing the x-PDF patterns with the intensity of the peak
centered at ~2.0 A (first peak, attributed to nearest-neighbour Fe-O
pairs). The various contributions of the two different crystallographic
phases, represented here by the bulk reference samples, account for
slight peak shifts and, in some cases, variations of peak intensities of the
experimental PDFs in the NCs. For clarity, only data for nanocrystal
sample S35 are shown here, whereas data for the remaining NCs (S12,
S21) are compared in Fig. 7.
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Fig. 7 Normalized low-r PDF data obtained at T = 300 K for all spheri-
cal nanocrystal samples, shown with coloured, open circles. The data
are plotted over each other to visually enhance the differences in peak
intensities, arising from different rock-salt vs. spinel volume ratios and
possible stoichiometry-related effects. The colored solid lines beneath,
represent the calculated partial PDF contributions arising from intera-
tomic distances of Fe—Fe pairs only in a rock-salt cell, containing only
Fe atoms (RS Fe: green line), in a spinel cell containing only octahedral
Fe atoms (Sp—Feon: purple line), a spinel cell containing only tetrahedral
Fe atoms (Sp—Ferq: yellow line) and a spinel cell containing both octa-
hedral and tetrahedral atoms (Sp—Feon/rq: red line). Calculations are
based on the aforementioned models for rock-salt and normal cubic
spinel configurations; the oxygen sub-lattices are neglected for simpli-
city. The obtained simulated profiles are arbitrarily scaled in the graph,
for a better visualization of the expected positions of Fe—Fe bond dis-
tances in the relevant phases.

lines, the observable increase in peak intensity can also be
explained by the growth of the rock-salt volume in the MNPs,
occurring during the increase of the Co content, as demon-
strated by the PDF fit results (ESI, Table S37).

Although all fits were of reasonably good quality, significant
conclusions were made from model-independent assessment
of the raw PDF data and related simulations, compared to the
PDF data obtained for the Fe,O@Fe;_;0, nanoparticle system
reported before.>® In the latter, the IONCs displayed variable
shifts of the PDF peaks at r ~ 3 A (attributed to Fegn-Feop, and
Feon—Ferg interatomic distances, see Fig. 2 and 7, purple and
red lines), even when no rock-salt phase was present, implying
deviations from the ideal cubic local structure, stabilized by
variable levels of Fe-site vacancies present in the spinel
phase.* In the Co-substituted samples, though, the peak shift
towards higher r-values is accompanied by a dramatic increase
of the peak intensity, clearly originating from rock-salt phase
contribution, as corroborated by our PDF simulations (Fig. 8a
and b). More specifically, the simulation shown in Fig. 8b
implies that in a two-phase model, if a rock salt contribution
is enhanced (no other changes made in the model) it causes
the 3 A peak intensity to grow and the 3.5 A intensity to drop.
Notably, the higher the Co-content in the nanoparticle
samples, the higher the peak associated with the rock-salt
phase, as presented in Fig. 8a. This is in line with the findings
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to Feon—Feon (~3 A) and Feo,—Fery bond distances (~3.5 A) in the spinel crystal lattice and Fe—Fe bond distances (~3 A) in the rock-salt lattice.
Simulated xPDF patterns on the basis of: (b) the 2-phase rock-salt/cubic spinel model, calculated for different rock-salt to spinel phase volume ratio;
(c) a single-phase cubic spinel model, assuming fully occupied tetrahedrally (Td) coordinated Fe atoms, while the octahedral (Oh) Fe-site occupancy
is varied in a stepwise manner, starting from 60% up to 100% (fully occupied); (d) a single-phase cubic spinel model, assuming fully occupied Oh Fe-
sites, while varying the Td Fe-site occupancy up to 100%. The effects of the various configurations used in the simulations, reflect on the relative

intensity ratio modifications of the PDF peaks, at ~3 A and ~3.5 A.

from data fittings over the low-r region (1 nm) of the PDFs.
Thus, it seems that chemical substitution of Fe for M (M = Mn,
Co, Ni), has two effects: it does not only partially eliminate the
local distortions observed in pure iron oxide specimens,” but
also helps the preservation of the rock-salt core, at least in this
type of Co-substituted core@shell systems. This could be
rationalized by a less defective structure of the rock-salt cobalt-
based oxide (CoO) core, while the Co,Fe;_,0, shell supports a
higher resistance to oxygen diffusion.®'

The behavior may imply that upon creation, the Co-
mediated spinel shell acts as an effective barrier, impeding
further core oxidation, commonly observed in heterostructured
FeO@Fe;0, nanoparticles.'” Indeed, earlier studies found that
12.5 nm, Co-substituted FeO presents limited surface oxi-
dation, with a rock-salt@spinel structure, where the core is
preserved 120 days after being exposed to air,”* while even
smaller, 9.5 nm, MNPs appear not to change with aging, as
indicated by their rather unchanged magnetic behaviour, 120
days after exposure to ambient conditions.®® The observation
suggests that samples richer in Co exhibit a better-preserved
core, possibly arising from the enhanced stability of the Co*"
ions against oxidation to Co®" rather than that of Fe** counter-
parts, hence paving the way for synthesizing core@shell nano-
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structures that are highly oxidation-resistant over time. The
observed intensity increase of the PDF peak in question, also
complies with a higher metal ion occupancy in the rock-salt
phase, due to its less defective structure (Fig. 2).

Local structure - defect mediated changes

When the contribution of the rock-salt phase is enhanced, as
described above, an inevitable lowering of the peak maximum
at r ~ 3.5 A is to be expected, changing the 3.0/3.5 A relative
peak intensity ratio, favoring the 3 A peak. This phenomenon
is observed in the PDF data, but it is additionally intensified,
implying possible sub-stoichiometry effects, which further
lower the intensity of the 3.5 A peak. The peak at r ~ 3.5 A
corresponds to the closest distance between Mgy, and My in
the spinel lattice, (Fig. 2) while a weaker contribution attribu-
ted to Myg-Mqq pairs, at slightly higher interatomic distances
(r), affects this peak as well (Fig. 7), as M ions could be either
Fe or Co in the spinel structure in our nanoparticle samples.
This complexity makes it challenging to investigate whether
the peak intensity suppression is caused by atomic site defects
(i.e. vacant crystallographic sites) either in Mgy, sites alone, or
My sites alone, or both. To further explore whether the dra-
matic changes in the relative PDF peak intensities are indeed
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driven by the presence of vacancies at M sites, and to evaluate
whether these vacancies have any site-specific preference,
simulated xPDF patterns were obtained based on the normal
cubic spinel configuration, while the population of either
M-vacancies at the Oh sites or M-vacancies at the Td sites was
varied (Fig. 8c and d). The simulations show that the higher
the level of Mg, vacancies in the spinel structure, the less
intense the 3 A peak, whereas the 3.5 A peak is rather
unaffected (Fig. 8c). Additionally, when My sites become
vacant, this decreases dramatically the peak intensity at 3.5 A
and somewhat increases the intensity of the 3 A peak (Fig. 8d).
Combining the above-described trends, we conclude that given
a significant percentage of rock-salt volume fraction, M sub-
stoichiometry at the Td sites is the dominant effect, although
some extent of vacancies on Oh sites cannot be excluded.

To independently verify this proposal, we further extracted
the atomic displacement parameters (ADPs) as a function of
temperature (7 = 10-300 K), based on the 2-phase model fits of
the PDF data mentioned earlier. ADPs reflect atomic thermal
motion and possible static disorder of atoms in the struc-
ture.”® Isotropic 7-dependent ADPs (characterised by Uiz, A7%)
for M sites in the two phases considered are plotted in Fig. 9.
All the ADPs in sample S12 (Fig. 9(a)) show similar values that
are typical of nanostructured systems,””®* displaying a smooth
upward trend with increased temperature. When going to Co-
richer samples (S21 - Fig. 9(b), S35 - Fig. 9(c)) the ADPs for the
Oh metal atoms in the spinel phase and those for the metal
atoms in the rock-salt phase, remain approximately the same,
as depicted by interpolating the ADP curves to T=0 K and T =
300 K. On the other hand, the ADPs for the Td metal atoms in
the spinel grow with the Co-content (¢f. %Co increases on
going from Fig. 9(a) to Fig. 9(c)), indicating possibly higher
static disorder in the M4 sublattice. The absence of My ions
from their predicted crystallographic sites, as suggested from
the previous analysis based on simulations, makes the corres-
ponding Myq-Mqq pair bonds more compressible, thus allow-
ing for broader atomic thermal motion. In fact, the ADPrq4
curve, observably pushes away from the ADP,, curve on going
from S12 to S21 and S35 (Fig. 9). This apparent “splitting”
becomes more significant as the Co content increases, imply-
ing significantly different static disorder associated with more
dramatically perturbed chemical environment of the Td co-
ordinated metal ions as compared to the Oh sites. This trend
is further corroborated by the extracted Einstein temperature,
O, obtained from fitting the T-evolution of the ADPs with the
correlated Einstein-model (Fig. 9):*°

h? G

2 2
T) = coth
2 ( ) o+ Z;4k;,6..; 9 2T

(5)

In this description, assuming Fe-Fe atom pairs only, O
become significantly smaller for Td ions, when the Co-content
increases, thus suggesting lattice softening. At the same time a
significant increase of o, for Td sites indicates a notable
increase of static disorder in the Mgy sub-lattice (ESI,
Table S3). A similar trend could be recognized for the rock-
salt ADPs, which however show slightly lower values upon the
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Fig. 9 Refined isotropic temperature parameters (s) of Fe atoms in
rock-salt (RS) (Insets: green points), Feon, (orange points) and Fery (red
points) in spinel, derived from refinements of experimental PDFs in the
10-300 K temperature range, for nanocrystal samples S12 (a), S21 (b)
and S35 (c), on the basis of a typical 2-phase model of a rock-salt/spinel
configuration. Error bars are shown, although, for RS they are smaller
than the actual symbols. The T-dependent temperature parameters
were further analysed in view of the correlated Einstein model (solid
lines) to obtain the Einstein Temperature, ©¢ and evaluate the average
static thermal displacements, 6, (see text for details).

Co-level increase, implying the subtle stabilization of the rock-
salt phase against the spinel one. Minimal variations in the
crystallographic site preference of Co ions (Td or Oh) from
sample to sample cannot be excluded as well. Overall, the sig-
nificant changes in ADPs, @ and 6, for Td sites confirm that
disorder in the Td spinel sites, mediated by Co incorporation
in the lattice, is the predominant effect.

A plausible explanation of the above-mentioned effects may
arise from an earlier proposed pathway for rock-salt self-passi-
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vation, through clusters of defect-units that coalesce in order
to nucleate ferrospinel phases.'”**® Based on this mecha-
nism, highly defective rock-salt structures would have a large
population of vacant M** sites in the rock-salt lattice, which
would give rise to a significant amount of interstitial M>" ions
for charge balancing reasons (Fig. 2d). Such interstitial ions
are coordinated by ordered vacant sites (V) in such a manner
(¢f V4-Td defect clusters),®® which resembles the My sites in
spinels (Fig. 2e). Thus, during the rock-salt to spinel oxidative
conversion, these interstitials may have the tendency to
become M-ions occupying Td atomic sites in the spinel struc-
ture. In a less-defective rock-salt system, such as that obtained
by Co-substitutions (Fig. 2c), there is less need for such charge
balancing, thus resulting in fewer interstitial ions. It seems
that the lower population of these interstitials in the Co-
mediated rock salt phase has as a consequence, a lower popu-
lation of My ions in its oxidized form (spinel) that reflects in
more abundant Td vacant sites.

In summary, the PDF analysis was able to evaluate the
crystal structure of the rock salt core and the spinel shell and
quantify their average relative volumetric ratio (see ESI,
Table S31) for each particle batch. The analysis suggests that
the incorporation of Co ions in the Fe,O phase, cures the com-
monly suffering from defects structure by effectively increasing
the occupancy of metal ion sites in the rock salt phase. This
seems to give the core a higher degree of resistance against oxi-
dative conversion to a spinel shell. Thus particles with a
higher Co content have also higher volume fractions of the
rock salt phase in the core (ESI, Table S37). The XPDF results
indicate that a higher M*>' stoichiometry in the rock salt part
by Co-substitutions, results in increased levels of unoccupied
Td sites in the spinel, likely through oxidative shell creation
involving an ordered defect clustering mechanism, while Oh
sites may retain a typical moderate sub-stoichiometry, as
implied by the comparable across the samples ADPs (Fig. 9).

Magnetic behavior

In view of the variation of Co% content among the nano-
particle samples, the consequent structural evolution of the
core@shell structure and the deviation from a perfect, fully
stoichiometric crystallographic ordering (vide supra), we
measured and evaluated their magnetic properties. Our main
interest was to investigate whether and at what extent the
identified structural characteristics affect the magnetization of
the particles, the exchange interactions and the magnetocrys-
talline anisotropy, as depicted in measurable quantities, such
as y (magnetic susceptibility), Mg (saturation magnetization),
Hgp (exchange bias field) and Hc (coercive field). The de mag-
netic susceptibility »(7) curves (Fig. 10d-f), measured based
on zero-field cooled (ZFC) and field cooled (FC) protocols,”
show a broad maximum, indicative of the characteristic temp-
erature, 7Ty, separating the superparamagnetic from the
blocked state, as a result of the competition between the
thermal energy and the magnetocrystalline anisotropy on the
nanoscale, and is commonly expressed to be proportional to
the particle volume and magnetic anisotropy.”’ Here, for
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similar particle volumes, 7}; seems to be governed by the Co
content and is increasing in a nearly linear way (Fig. S7, ESIY),
probably due to increased magnetocrystalline anisotropy
caused by the incorporation of Co in the lattice. Additionally
the ZFC part of the ¢(7) curves presents a sudden drop in all
samples (Fig. 10d-f), which resembles the paramagnetic to
antiferromagnetic (AFM) transition, marked by the character-
istic Néel temperature, Ty. The latter, progressively shifts from
a low-temperature transition, as in wiistite (¢f. FeO, Ty = 198 K)
towards room temperature, with Co-level increase (¢f. CoO, Ty
=291 K).”? It is peculiar though to think whether the subtle
anomaly at 125-150 K in the low-Co% sample S12, with an
increased volume fraction of the spinel shell, could be linked
to a Verwey-like transition (7y), usually observed in bulk mag-
netite,”* as well as in its nanostructured counterparts.”"”*
Actually, similar Verwey-like transitions at various character-
istic temperatures for Mn-, Zn-, and Co-substituted spinel fer-
rites have been reported.”®

In view of assessing the coupling of lattice to magnetic tran-
sitions, the temperature variation of the refined lattice para-
meters from xPDF is considered. For the spinel phase, they
show a systematic evolution with increasing temperature for all
samples (Fig. 10g-i). Namely, an initial drop at ~50 K until
they reach a minimum between 120 K and 150 K and then a
constant expansion with further 7 increase. It is worth noting
that the more intense, step-like drop of the lattice parameter
for sample S35 at 50 K coincides with a subtle anomaly shown
in the ZFC 4(T) around the same temperature. It is however
unclear if these barely visible anomalies in the magnetization
curves are indeed related to delicate magnetoelastic effects, as
the resolution of our magnetometer could not permit identify-
ing such systematics across all samples studied. However, the
lattice parameters of the rock salt core present also a similar
anomaly, in the same T-range as that corresponding to the
spinel phase. As the two crystallographic phases are mechani-
cally coupled, magnetostriction (¢f compressive strain) may
operate through their common inorganic interface to mediate
the cross-coupling between the distinct structures.

Additionally, hysteresis loops were recorded under field-
cooling conditions to further support the development of a
macroscopic, exchange bias field (Hgg) caused by interfacial
exchange interactions. To further investigate the processes
leading to Hyg, M(H) loops under gradually increasing cooling
fields have been recorded for selected NP samples. Fig. 11(a)
shows the evolution of Hgp with increasing cooling fields for
samples S12 and S21, compared to an earlier studied 15 nm
core@shell spherical FeO@Fe;0, sample (identified as S15 in
reference®’). A quite peculiar observation results from their
comparison. In S12 Hyy values are much higher than those of
S15, as expected from the better-preserved AFM core and the
subsequently larger interface between the AFM and FiM
phases, further assisted by the possible magnetic inhomogene-
ities stemming from higher magnetocrystalline anisotropy due
to Co substitution. There is however, an important diminution
of Hgy for sample S21, which presents even weaker exchange-
bias than the non-Co-containing iron oxide sample.

This journal is © The Royal Society of Chemistry 2022
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under zero field-cooled protocols. Temperature evolution of the zero-field cooled (ZFC, solid lines) and field-cooled (FC, dotted lines) susceptibility
curves for the nanocrystals S$12 (d), S21 (e) and S35 (f), under a magnetic field of 50 Oe. Lattice parameter temperature evolution in the same

T-range for core (j—l) and shell (g—i) crystallographic phases.

Furthermore, while all samples present a weak discontinuous
step like variation of magnetization near zero field (Fig. 10a—c),
only sample S12, compared to S21, shows two switching field
distributions, marked by different maxima in dM/dH ZFC and
FC protocols (ESI, Fig. S9f), suggesting an inhomogeneous
magnetic behavior possibly arising from coexisting magnetic
components of contrasting H.s. Summarizing, magnetization
characteristics, such as y, Mg, and Ty appear to present the
expected, Co-mediated behaviour for such particles, which is
mainly related to the spinel phase.'®**”” On the other hand,
the morphological and structural study of S12 and S21
(HRTEM and xPDF) suggests that both samples have a rather
narrow size distribution, similar average sizes and core to shell
volume ratios (Fig. 3,Table S3 in ESI{), which merely would
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not give rise to such inhomogeneities in magnetism and the
differences in the Hggs.

One can however argue that the outcomes are a likely conse-
quence of the clustering of MNPs that perturbs the intrinsic
magnetic properties due to dipolar interactions. We are of the
opinion that such an effect may be negligible, because (i) even
when the “concentration” of MNPs is the largest (e.g. S35: take
into account the mass of cotton wool and nanoparticle powder
used, 10.3 vs. 14.6 mg), the estimated volume of the nano-
particle powder is approximately 2% of the volume of cotton
wool, inferring a large average distance of the embedded in
the cotton wool NCs and (ii) the emerging anisotropy contri-
bution due to Co and vacancies (vide infra: Monte Carlo simu-
lations) plays the dominant role in the magnetic behaviour of

Nanoscale, 2022, 14, 382-401 | 395
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Fig. 11 (a) Experimentally determined exchange bias (Hegg, full circles)
and coercive fields (Hc, half-full circles) and (b) Monte Carlo calculations
of Hgg (full triangles) and Hc (half-full triangles) for the three hetero-
structured nanocrystal models (Fig. 1).

the MNPs and masks the interparticle interactions even in the
lower anisotropy case. Thus, a cause for the observed differ-
ences must be sought in view of the lattice compositional vari-
ations imposed by Co-substitutions and the different distri-
bution of defects (in terms of Fe-vacancies) in the nanoparticle
volume.

Monte Carlo modeling of MNPs

Evolution of macroscopic magnetic parameters. In order to
rationalise the physical property evolution, we utilized Monte
Carlo (MC) simulations to investigate how Co substitution in
the MNPs' crystal lattices, influence (i) the core/shell volume
fraction ratio, (ii) the atomic-scale defects (Fe/Co-lattice site
vacancies) and (iii) their distribution in the nanoparticle
volume, that altogether may be key parameters that couple to
magnetism. MC calculations offer the exchange bias field
(Hgg) and the coercive field (Hc) as a function of the applied
cooling field strength, for low-T (Fig. 11b). The parameters in
the simulated models (Fig. 1) were chosen in such a way that
we could investigate whether the experimentally observed
trend, depicted in Fig. 11a is reproduced when the Co substi-
tution level increases. The core/shell volume ratio, the relative
amount of vacancies and their phase preference (core or shell)
in these models, are considered as Co-related effects and con-
stitute a simplified, representative illustration of the experi-
mental observations and the conclusions made from the xPDF
analysis.

The corresponding amount and type of spin in each region
of the three simulated MNPs (“pure”, model #1, and model #2;
Fig. 1) are given in Table S1 in the ESL.T Hgy is directly related
to the applied Hooj, as a result of uncompensated spins frozen
at the core-shell interface. There is a sharp increase in the
Hgg, when starting from zero-field and gradually applying
larger Hcoo (Fig. 11). This is attributed to the competition
between the Zeeman energy and the other magnetic inter-
actions within the system. As the H,,, increases, the magnetic
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coupling between the field and the magnetic moments
(Zeeman energy) increases, tending to orient them along the
field direction. For high enough fields, such coupling com-
petes with the other magnetic interactions within the system
overcoming the exchange coupling at the interface, which
leads to a peak and then a gradual decrease of the Hgy when
the Zeeman energy dominates. This decrease is mainly deter-
mined by the intrinsic magnetic anisotropy of the system and
by its microstructure.”*”® Differences between the observed
and the MC calculated results are attributed to the fact that
the model takes into account only the essential characteristics
of the particle microstructure. Hc on the other hand, although
similarly affected by Zeeman energy, is much less dependent
on the H,,, because it is governed largely by the magnetocrys-
talline anisotropy in both magnetic phases, thus allowing for
relatively high values even at He,, = 0. Experimental and MC
calculated results shown in Fig. 11 are in line with the
described mechanisms. For an in-depth understanding of the
mechanisms that dominate these measurable quantities, one
has to look more closely into the details of crystal lattice con-
figuration of the simulated models (Fig. 1, section S1 in the
ESIY).

Apart from the competition of the spins at the core-shell
(AFM-FiM) interface, some spins in the AFM phase (closed to-,
but not necessarily at the interface) can contribute to the
exchange bias. Such spins are pinned to a certain direction
after the field cooling, and are coupled to the FiM layer.” The
origin of these pinned moments is not yet quite clear, but they
are believed to be related with some kind of disorder, such as
point defects.® In fact, weak Hyys have been measured in the
past for highly defective (due to crystallographic vacancies),
single phase sub-critical size (d ~ 10 nm) FiM NCs.*" In order
to give an estimate of these effects in the MC calculation
(Fig. 11b), the contribution of defects accounted for in these
models was also examined (Fig. 1,Table S1 in the ESI}). So,
upon Co-substitution:

model #1, represents particles with a significant amount of
defects in their AFM core and core-IF, acting as pinning
centres. The shell, with no defects at all, adopts a perfect FiM
ordering. Additionally, the shell's large volume fraction in
relation to the total particle volume means that the pinned
moments around the defects should exhibit a strong coupling
with the easily magnetized FiM phase, resulting in a large
exchange bias. The inhomogeneous reversal of spins found in
such exchange-bias systems leads to an increased H as well,*!
illustrated also in Fig. 11b for model #1.

“pure” model, offers a somewhat lower exchange bias and
coercive fields. Although this model has a similar AFM volume
(20% core compared to 25% core in model #1), the signifi-
cantly smaller population of defects in the core and the core-IF
results in less pinning centres and consequently exchange
interactions, lowering the Hgy and H¢. A more defective FiM
shell should also negatively affect its ability to couple with
pinned spins near the AFM/FiM interface.

model #2, presents the lowest calculated Hgg. In this case,
there are no defects at all in the AFM core, which could play
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the role of pinning centres. The increased volume fraction of
the core (50%) results in a relatively thin and highly defective
FiM shell, which along with a high Co percentage (Co substi-
tution decreases the magnetization of spinel: Fig. 10d-f,
Table S4 in ESIt) is unable to strongly interact with the uncom-
pensated spins at the AFM/FiM interface. Thus, such a small
Hgg, as shown in Fig. 11b, is the outcome. Normally, an
increased Co-level in a given Fe/Co spinel system would
increase its coercivity, due to the increased magnetocrystalline
anisotropy, mediated by Co. This is not the case in model #2
because of the discussed morphological characteristics
(smaller volume of the spinel-FiM phase, which has a rather
negligible contribution in H¢) and the very weak exchange
coupling interactions.

Towards optimally performing MNPs. The discussed behav-
iour of the simulated models is in good agreement with the
experimental trends. In that respect, sample S12 presents the
highest Hgy and Hc values among all samples, since it has a
rather defective core, surrounded by a not so defective spinel
shell, involving a relatively low Co-content, as shown by the
structural analysis. On the other hand, sample S21 shows a
weaker performance, in terms of Hgy and H¢, which is
explained by its less defective and larger core, surrounded by a
more defective shell together with a higher Co-substitution
rate. The S15 would be expected to perform in a similar
manner to S12. It turns out though that since heterostructured
FeO@Fe;0, NCs'? are not able to preserve the oxidation-sensi-
tive core’® (compared to Fe/Co-bearing MNPs, with similar
structural and morphological characteristics, e.g. S12), the
AFM/FiM interface is compromised as well as the ability of S15
for larger exchange coupling.

To shed light on the effects of Co-substitution and defects
(vacant sites), on Hgy and Hc, we further investigated several
variations of model #1 and model #2, looking into how the
core or shell separately may be affected (S1, Fig. S1 and Fig. S2
in ESIT). A particle with a perfectly ordered, non-defective core
would exhibit the poorest magnetic response. However, this
extreme case is rather impossible to obtain in a lab-based
chemical synthesis protocol. Realistically, the rock salt core
plays mainly a role in the exchange interactions to the extent
that it creates a well-defined AFM/FiM interface, so, it is
crucial that it can be sufficiently protected from oxidation and
preserved over time. On the other hand, the spinel shell seems
to be strongly, negatively impacted by a large population of
defects, because these perturb the FiM ordering, and thus the
shell’s ability to interact with uncompensated or pinned spins
in the core, near the interface. We find that raising the Co-con-
centration has a favourable effect on the properties of interest
(Fig. S2, ESIt), including counter-balancing the detrimental
defect-induced effects.

Therefore, designing plausible optimized core@shell
MNPs, where sizeable Hy; and H; are combined, while high
magnetization values are maintained, would require devising
NCs, bearing key characteristics, namely: (i) grown in the size
range close to 15 nm, (ii) have a moderate Co substitution level
(~10%), (iii) involve a well-preserved core, accounting for a
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low-fraction (~20-30%) of the entire particle volume, with
defects typical of a sub-stoichiometric rock-salt phase, and (iv)
a spinel shell that is as less defective as possible, preferably
resembling the ideal spinel structure. It is not surprising that
$12, which presents a desired magnetic behavior (Fig. 10d and
11a), has such characteristics, making this sample a nearly
optimal candidate for applications.

Calculation of the specific absorption rate (SAR)

The measured magnetic properties and the associated lattice-
driven effects, discussed in the previous sections, aimed to set
the stage for assessing the MNPs' application potential as
smart heating mediators. The possibility for exploiting mag-
netic heating, generated by ferrite particles exposed to AC mag-
netic fields, offers an innovative modality in biomedical appli-
cations. To this extent magnetic hyperthermia treatment of
tumours, has been extensively studied in recent years.*” Ferrite
particles have been widely considered for such applications, as
their heating power shows a marked dependency on the par-
ticle size and high sensitivity in size-distribution met in real
samples.'’ In that respect, the largest among them (d ~
25 nm), display enhanced magnetically-induced heating per-
formances, especially when structural defects occurring during
synthesis are eliminated.’® However, under particular circum-
stances, during the oxidative transformation of Fe,O@Fe;0,
core-shell nanocubes (d ~ 23 nm), atomic scale defects, such
as Fe*" deficient sites, may positively influence hyperthermic
properties.®® Along this direction, raising the population of Fe-
vacancies, in small size Fe;0, nanospheres (d ~ 8 nm), seems
to offer an alternative exploitable pathway for magnetic
hyperthermia.*® The differences in the observed heating
responses are generally related to critical particle sizes®* and
magnetic anisotropy terms.* Thus, optimizing the latter for
particle sizes, tailored within the biological compatible limits,
set by toxicity and patient discomfort,* is particularly impor-
tant. In this endeavor, heat generation capabilities can be
assisted further by tuning the MNPs' morphology,® including
topologically arranged coupled core and shell phases,** and
increased cation deficiency or even control composition.

The detailed characterization of the CoyFe,_,O0@Co,Fe;_,0,
IONCs, involving properties such as Hgg and He, pertaining to
exchange and magnetocrystalline anisotropies, was aimed at
exploring possible complementary pathways for enhancing the
heating performance of exchange coupled AFM/FiM phases.
For this purpose, we calculated the SAR values for the studied
MNPs, according to the linear response theory for the Néel-
Brown relaxation model.'” ($2, ESIT) The calculations were per-
formed for different AC field amplitudes, H,, at a frequency of
f = 500 kHz. The SAR performance for MNPs with various
structural characteristics is compiled in Fig. 12. The calcu-
lations compare Co-substituted (12%-35%) mixed-metal
oxides, developed for this work, and two contrasting iron oxide
particles, with no Co-incorporation, reported earlier. The latter
are either similar to the Co-derivatives’ size, with a
Fe, O@Fe;0, core@shell (S15; d ~ 15 nm) structure, or of a
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Fig. 12 Specific absorption rate (SAR) calculated on the grounds of sus-
ceptibility losses (AC field amplitude, Hp and f = 500 kHz) for Co-substi-
tuted heterostructured nanocrystals (15 nm), which are compared with
8 nm (S8) and 15 nm (S15) Fe-containing only** nanocrystals; SAR values
are derived in view of the linear response theory of a modified Néel-
Brown relaxation Monte Carlo model.

sub-critical size, involving single-phase (S8; d ~ 8 nm), highly
defective ferrospinel NCs.*!

Since SAR shows a marked dependency on particle size, the
size distribution in real samples is crucial when comparisons
are drawn. For example, experiments on cobalt ferrite MNPs
(8-25 nm) find SAR values ranging from 40-50 W g~" in small
sizes (8 nm) and depending on the conditions (H,, f), raise up
to about 600-800 W g~ at intermediate sizes (13-15 nm).*” To
place the present work in the context of related experiments,
we would like to note that our calculated magnetic fluid
heating power of 300-400 W g~' (Fig. 12) for the present
core@shell nanoparticles, are for example, within the window
of measured SAR values, obtained from polydisperse iron-
oxide (¢f. maghemite and cobalt ferrite) nanoparticles,'" with
characteristic diameters between 12-17 nm (i.e. similar to our
MNPs), studied also under related conditions (H, = 24.8 kA
m™" and f= 700 kHz).

The calculated SAR values follow a smooth monotonic
increase (Fig. 12), resembling the experimentally measured
upward trends reported previously.** The higher anisotropy
volume of MNPs with a core@shell topology results in a devi-
ation from the quadratic field dependence of the SAR,” dis-
played only by the smaller particle (S8). On one hand, increas-
ing the anisotropy of ferrite MNPs, consisting of a single mag-
netic phase (S8) by introducing a large amount of defects and
thus spin-pining centers, makes such particles to perform
comparably to the Fe,O@Fe;0, system (S15) carrying higher
exchange anisotropy (¢f. S8-S15,Fig. 12). However, when the
magnetocrystalline anisotropy is raised by introducing Co ions
in the lattice, in addition to an already strongly exchange-
coupled system, the resulting SAR performance is assisted
further (¢f. S12, Fig. 12), thus supporting our aforementioned
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hypothesis for a nearly optimally designed candidate (S12).
Worth noting though, that the simple coexistence of Co ions
and AFM/FiM interfaces does not warrant enhanced SARs. Our
calculations indicate that high magnetocrystalline anisotro-
pies, usually expressed by large Hs, and high exchange aniso-
tropies, supported by sizeable Hgys, are prerequisites for
optimal SAR values. In fact, the evolution of the calculated
SARs (cf: S12 > S15 > S21; Fig. 12) follows the trend obeyed by
the related magnetic quantities (Fig. 11) that are mediated by
compositional changes (i.e. Co-content and vacancies). Further
Co-content increase generates an even weaker SAR perform-
ance (S35), due to the Co-mediated nanocrystal transform-
ations and the consequent Hpg and Hc weakening, already
discussed.

Conclusions

The effects of cobalt incorporation in spherical core@shell
CoyFe;_yO@Co,Fe; O, NCs (d ~ 15 nm) have been studied on
an atomistic level. We find that the sub-stoichiometric rock
salt-like wiistite (Fe,O) tends to heal its vacant Fe sites upon
Co substitution, helping its stabilization. The trend becomes
more prominent at elevated Co levels that appear to impede
the mechanism for the oxidative conversion of rock salt to
spinel. Self-passivation of the initially formed rock salt NCs is
still possible, creating a spinel-like shell, which yields core@-
shell nanostructures with relatively high volumetric ratios of
the core phase that grows with the Co content. The xPDF ana-
lysis indicate that a higher divalent metal (M*') stoichiometry
in the rock salt part by Co-substitutions, results in increased
levels of unoccupied tetrahedral (Td) sites in the spinel, likely
through oxidative shell creation involving an ordered defect-
clustering mechanism. The population of Td site atomic-scale
defects of the shell is directly correlated to the core stabiliz-
ation and increases when Co abundance increases. On the
other hand, the extent of octahedral (Oh) vacant sites seems to
follow the more conventional behavior met in ferrospinel
nanostructured systems.

Concerning the magnetic properties, the core-to-shell volu-
metric ratio is shown to have an immediate effect on the
buried interface dimensions, thus affecting the exchange coup-
ling interactions, reflecting a sizeable exchange-bias field
(Hgg). The latter shows a strong correlation with the cooling
field strength and depends on the ability of the available
uncompensated spins at the AFM-FiM interfaces. On the other
hand, the coexistence of Co sites and atomic-scale defects in
the crystal structure, in the form of Fe- and/or Co-ion Td
vacancies (predominantly in the spinel phase), significantly
affects the magnetocrystalline anisotropy and magnetic order-
ing. We find that raising Co-concentration has favorable effect
on the properties of interest, including changes in the magne-
tization values and coercive fields (Hc). In fact, the enhanced
H¢ and Hgg seem to be prerequisites for hyperthermic effects
entailing high specific absorption rates (SAR).

This journal is © The Royal Society of Chemistry 2022
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Combining experiments with Monte Carlo simulations, we
are able to suggest that designed heterostructured NCs of
about 15 nm total diameter (¢f. below the critical size, d <
20-30 nm), synthesized by controlled colloidal chemistry pro-
tocols, with a Co content level of about 10%, which leads to a
volumetric fraction of the core to about 20-30% (over the
whole particle volume), should result in optimal heating
power. To achieve such a performance, the nanoarchitecture is
dressed with the advantageous protection of the spinel shell,
in contrast to not that well-performing, in terms of SAR, non-
Co-containing iron oxide NCs. The suggested Co substitution
level allows for a certain amount of desirable defects in the
rock salt core, but would not create excessive vacancies in the
Td sites in the spinel, which would perturb its otherwise ben-
eficial FiM ordering and the shell’s ability to interact with
uncompensated spins near the buried interface. Fine tuning of
such quantities, could result in MNPs with remarkable magne-
tically mediated heating power for possible hyperthermia
applications.

Author contributions

Investigation: GAnt - synthesis/XRD/TEM/EDS; investigation:
EB, MA, GAnt - PDF; investigation: VI and GAus - magnetic
measurements; formal analysis; GAnt — experiment; formal
analysis: MV and KNT - theory; writing - original draft: GAnt;
writing - review and editing: GAnt, EB, AL; supervision: AL;
project administration: AL; conceptualisation: AL.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research used the beamline 28-ID-2 of the National
Synchrotron Light Source II, a U.S. Department of Energy
(DOE) User Facility operated by Brookhaven National
Laboratory (BNL). Work in the Condensed Matter Physics and
Materials Science Division at BNL was supported by the DOE
Office of Basic Energy Sciences. Both activities were supported
by the DOE Office of Science under Contract No.
DE-S$C0012704. KNT and MV acknowledge the support received
by the European Union’s Horizon 2020 Rescarch and
Innovation Programme: FET Proactive under grant agreement
No. 731976 MAGnetic nanoparticle based liquid ENergy
materials for Thermoelectric device Applications (MAGENTA)
www.magenta-h2020.eu.

Notes and references

1 M. Casavola, R. Buonsanti, G. Caputo and P. D. Cozzoli,
Eur. J. Inorg. Chem., 2008, 2008, 837-854.

This journal is © The Royal Society of Chemistry 2022

w

8

9
10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

324

View Article Online

Paper

A.-H. Lu, W. Schmidt, N. Matoussevitch, H. Bonnemann,
B. Spliethoff, B. Tesche, E. Bill, W. Kiefer and F. Schiith,
Angew. Chem., Int. Ed., 2004, 43, 4303-4306.

L. He, M. Wang, J. Ge and Y. Yin, Acc. Chem. Res., 2012, 45,
1431-1440.

N. A. Frey and S. Sun, Inorganic Nanoparticles: Synthesis,
Applications, and Perspectives, CRC Press, 2011.

D. W. Elliott and W. Zhang, Environ. Sci. Technol., 2001, 35,
4922-4926.

P. Tartaj, M. P. Morales, T. Gonzalez-Carrefo,
S. Veintemillas-Verdaguer and C. ]J. Serna, Adv. Mater.,
2011, 23, 5243-5249.

D. V. Talapin, J.-S. Lee, M. V. Kovalenko
E. V. Shevchenko, Chem. Rev., 2010, 110, 389-458.

Q. A. Pankhurst, J. Connolly, S. K. Jones and ]. Dobson,
J. Phys. D: Appl. Phys., 2003, 36, R167.

G. C. Papaefthymiou, Nano Today, 2009, 4, 438-447.

R. E. Rosensweig, /. Magn. Magn. Mater., 2002, 252, 370-
374.

J.-P. Fortin, C. Wilhelm, J. Servais, C. Ménager,
J.-C. Bacri and F. Gazeau, J. Am. Chem. Soc., 2007, 129,
2628-2635.

S. Noh, W. Na, J. Jang, J.-H. Lee, E. ]. Lee, S. H. Moon,
Y. Lim, J.-S. Shin and J. Cheon, Nano Lett., 2012, 12, 3716~
3721.

S. Leulmi, H. Joisten, T. Dietsch, C. Iss, M. Morcrette,
S. Auffret, P. Sabon and B. Dieny, Appl. Phys. Lett., 2013,
103, 132412.

R. Ghosh Chaudhuri and S. Paria, Chem. Rev., 2012, 112,
2373-2433.

J. Nogués and 1. K. Schuller, /. Magn. Magn. Mater., 1999,
192, 203-232.

M.-H. Phan, ]J. Alonso, H. Khurshid, P. Lampen-Kelley,
S. Chandra, K. Stojak Repa, Z. Nemati, R. Das, O. Iglesias
and H. Srikanth, Nanomaterials, 2016, 6, 221.

A. H. Habib, C. L. Ondeck, P. Chaudhary, M. R. Bockstaller
and M. E. McHentry, J. Appl. Phys., 2008, 103, 07A307.

W. Baaziz, B. P. Pichon, Y. Liu, J.-M. Grenéche, C. Ulhag-
Bouillet, E. Terrier, N. Bergeard, V. Halté, C. Boeglin,
F. Choueikani, M. Toumi, T. Mhiri and S. Begin-Colin,
Chem. Mater., 2014, 26, 5063-5073.

A. Pardo, B. Pelaz, J. Gallo, M. Banobre-Lopez, W. J. Parak,
S. Barbosa, P. del Pino and P. Taboada, Chem. Mater., 2020,
32, 2220-2231.

R. Kant, D. Sharma, A. Bansal and R. Singh, Mater.
Technol., 2021, 36, 513-520.

K. Pradeev raj, K. Sadaiyandi, A. Kennedy, S. Sagadevan,
Z. Z. Chowdhury, M. R. B. Johan, F. A. Aziz, R. F. Rafique,
R. Thamiz Selvi and R. Rathina bala, Nanoscale Res. Lett.,
2018, 13, 229.

B. Cojocaru, D. Avram, V. Kessler, V. Parvulescu,
G. Seisenbaeva and C. Tiseanu, Sci. Rep., 2017, 7, 9598.

P. Bhattacharya and S. Neogi, Rev. Chem. Eng., 2019, 35,
861-876.

P. R. Kratzert, J. Puls, M. Rabe and F. Henneberger, Appl.
Phys. Lett., 2001, 79, 2814-2816.

and

Nanoscale, 2022, 14, 382-401 | 399



Open Access Article. Published on 30 November 2021. Downloaded on 1/19/2022 4:59:13 PM.

g:i = This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

NAPAPTHMA 1

Paper

25 R. Beaulac, P. 1. Archer, S. T. Ochsenbein and
D. R. Gamelin, Adv. Funct. Mater., 2008, 18, 3873-3891.

26 D. Chen, R. Viswanatha, G. L. Ong, R. Xie,

27

28

29
30

31

32

33

34

35

36

37

38

39

40

41

42

43

R

45

46

M. Balasubramaninan and X. Peng, J. Am. Chem. Soc., 2009,
131, 9333-9339.

S. Gupta, S. V. Kershaw and A. L. Rogach, Adv. Mater., 2013,
25, 6923-6944.

X. Liu, Y. Zhang, Y. Wang, W. Zhu, G. Li, X. Ma, Y. Zhang,
S. Chen, S. Tiwari, K. Shi, S. Zhang, H. M. Fan, Y. X. Zhao
and X.-J. Liang, Theranostics, 2020, 10, 3793-3815.

A. Rajan and N. K. Sahu, J. Nanopart. Res., 2020, 22, 319.

R. Chen, M. G. Christiansen, A. Sourakov, A. Mohr,
Y. Matsumoto, S. Okada, A. Jasanoff and P. Anikeeva, Nano
Lett., 2016, 16, 1345-1351.

S. Tong, C. A. Quinto, L. Zhang, P. Mohindra and G. Bao,
ACS Nano, 2017, 11, 6808-6816.

J-H. Lee, ]. Jang, J. Choi, S. H. Moon, S. Noh, J. Kim,
J-G. Kim, L-S. Kim, K. I. Park and ]J. Cheon, Nat.
Nanotechnol., 2011, 6, 418-422.

D. Yoo, H. Jeong, S.-H. Noh, J.-H. Lee and ]. Cheon, Angew.
Chem., Int. Ed., 2013, 52, 13047-13051.

A. Lappas, G. Antonaropoulos, K. Brintakis, M. Vasilakaki,
K. N. Trohidou, V. Iannotti, G. Ausanio, A. Kostopoulou,
M. Abeykoon, 1. K. Robinson and E. S. Bozin, Phys. Rev. X,
2019, 9, 041044,

S. Anjum, R. Tufail, K. Rashid, R. Zia and S. Riaz, /. Magn.
Magn. Mater., 2017, 432, 198-207.

E. Fantechi, C. Innocenti, M. Albino, E. Lottini and
C. Sangregorio, J. Magn. Magn. Mater., 2015, 380, 365-371.
J. Park, K. An, Y. Hwang, J.-G. Park, H.-J. Noh, J.-Y. Kim,
J.-H. Park, N.-M. Hwang and T. Hyeon, Nat. Mater., 2004, 3,
891-895.

H. Khurshid, W. Li, S. Chandra, M.-H. Phan,
G. C. Hadjipanayis, P. Mukherjee and H. Srikanth,
Nanoscale, 2013, 5, 7942.

M. 1. Bodnarchuk, M. V. Kovalenko, H. Groiss, R. Resel,
M. Reissner, G. Hesser, R. T. Lechner, W. Steiner,
F. Schiiffler and W. Heiss, Small, 2009, 5, 2247-2252.

R. U. Ichikawa, A. G. Roca, A. Lopez-Ortega, M. Estrader,
I. Peral, X. Turrillas and ]J. Nogués, Small, 2018, 14,
1800804.

A. Lak, M. Kraken, F. Ludwig, A. Kornowski, D. Eberbeck,
S. Sievers, F. J. Litterst; H. Weller and M. Schilling,
Nanoscale, 2013, 5, 12286-12295.

E. Wetterskog, C.-W. Tai, ]J. Grins, L. Bergstrom and
G. Salazar-Alvarez, ACS Nano, 2013, 7, 7132-7144.

C.-J. Chen, R.-K. Chiang, H.-Y. Lai and C.-R. Lin, J. Phys.
Chem. C, 2010, 114, 4258-4263.

D. W. Kavich, J. H. Dickerson, S. V. Mahajan, S. A. Hasan
and J.-H. Park, Phys. Rev. B: Condens. Matter Mater. Phys.,
2008, 78, 174414.

J. Lohr, M. Vasquez Mansilla, M. V. Gerbaldo,
M. S. Moreno, D. Tobia, G. F. Goya, E. L. Winkler,
R. D. Zysler and E. Lima Jr, J. Nanopart. Res., 2021, 23, 140.
B. Kowalczyk, 1. Lagzi and B. A. Grzybowski, Curr. Opin.
Colloid Interface Sci., 2011, 16, 135-148.

400 | Nanoscale, 2022, 14, 382-401

47

4

==}

49

51

52

53

57

58
59

60
61

62

63

64

65

66

67

68

69

325

View Article Online

Nanoscale

C. A. Schneider, W. S. Rasband and K. W. Eliceiri, Nat.
Methods, 2012, 9, 671-675.

Underneath the Bragg Peaks Structural Analysis of Complex
Materials, ed., T. Egami and S. J. L. Billinge, Pergamon,
2012, vol. 16, pp. ii.

S. J. L. Billinge and M. G. Kanatzidis, Chem. Commun.,
2004, 749-760.

A. P. Hammersley, S. O. Svensson, M. Hanfland, A. N. Fitch
and D. Hausermann, High Pressure Res., 1996, 14, 235-248.
P. Juhas, T. Davis, C. L. Farrow and S. J. L. Billinge, J. Appl.
Crystallogr., 2013, 46, 560-566.

C. L. Farrow, P. Juhas, J. W. Liu, D. Bryndin, E. S. Bozin,
J. Bloch, T. Proffen and S. J. L. Billinge, J. Phys.: Condens.
Matter, 2007, 19, 335219.

M. Vasilakaki and K. N. Trohidou, Phys. Rev. B: Condens.
Matter Mater. Phys., 2009, 79, 144402.

M. Vasilakaki, K. N. Trohidou and ]. Nogués, Sci. Rep.,
2015, 5, sTep09609.

M. Vasilakaki, C. Binns and K. N. Trohidou, Nanoscale,
2015, 7, 7753-7762.

B. D. Cullity and C. D. Graham, Introduction to Magnetic
Materials, John Wiley & Sons, Inc., 2nd edn, 2009.

M. Fantauzzi, F. Secci, M. Sanna Angotzi, C. Passiu,
C. Cannas and A. Rossi, RSC Adv., 2019, 9, 19171-19179.

A. Lak, S. Disch and P. Bender, Adv. Sci., 2021, 8, 2002682.
C. R. A. Catlow and B. E. F. Fender, J. Phys. C: Solid State
Phys., 1975, 8, 3267-3279.

R. M. Hazen and R. Jeanloz, Rev. Geophys., 1984, 22, 37-46.
C.J. Chen, R.-K. Chiang, S. Kamali and S.-L. Wang,
Nanoscale, 2015, 7, 14332-14343.

W. H. Bragg, London, Edinburgh Dublin Philos. Mag. J. Sci.,
1915, 30, 305-315.

R. W. G. WyckofF and E. D. Crittenden, Z Kristallogr. —
Cryst. Mater., 1926, 63, 144-147.

F. L. Deepak, M. Bafobre-Lopez, E. Carbd-Argibay,
M. F. Cerqueira, Y. Pifeiro-Redondo, J. Rivas,
C. M. Thompson, S. Kamali, C. Rodriguez-Abreu, K. Kovnir
and Y. V. Kolen'ko, J. Phys. Chem. C, 2015, 119, 11947-
11957.

E. Lottini, A. Lopez-Ortega, G. Bertoni, S. Turner,
M. Meledina, G. Van Tendeloo, C. de Julidn Fernandez and
C. Sangregorio, Chem. Mater., 2016, 28, 4214-4222.

K. N. Trueblood, H.-B. Biirgi, H. Burzlaff, J. D. Dunitz,
C. M. Gramaccioli, H. H. Schulz, U. Shmueli and
S. C. Abrahams, Acta Crystallogr., Sect. A: Found.
Crystallogr., 1996, 52, 770-781.

H. Rijckaert, J. De Roo, M. Van Zele, S. Banerjee,
H. Huhtinen, P. Paturi, J. Bennewitz, S. Billinge, M. Bicker,
K. De Buysser and 1. Van Driessche, Materials, 2018, 11,
1066.

S. Banerjee, C.-H. Liu, J. D. Lee, A. Kovyakh, V. Grasmik,
O. Prymak, C. Koenigsmann, H. Liu, L. Wang,
A. M. M. Abeykoon, S. S. Wong, M. Epple, C. B. Murray and
S.J. L. Billinge,j. Phys. Chem. C, 2018, 122, 29498-29506.

J. J. Rehr and R. C. Albers, Rev. Mod. Phys., 2000, 72, 621~
654.

This journal is © The Royal Society of Chemistry 2022



Open Access Article. Published on 30 November 2021. Downloaded on 1/19/2022 4:59:13 PM.

NAPAPTHMA 1

View Article Online

Nanoscale Paper

70 D. S. Schmool and H. Kachkachi, Solid State Physics, ed. 79 M. Y. Khan, C.-B. Wu and W. Kuch, Phys. Rev. B: Condens.

R. E. Camley and R. L. Stamps, Academic Press, 2016, vol. Matter Mater. Phys., 2014, 89, 094427.
67, pp. 1-101. 80 A. P. Malozemoff, Phys. Rev. B: Condens. Matter Mater.
71 S. Bedanta and W. Kleemann, J. Phys. D: Appl. Phys., 2008, Phys., 1987, 35, 3679-3682.
42, 013001. 81 M. D. Stiles and R. D. McMichael, Phys. Rev. B: Condens.
72 P. A. Cox, Transition Metal Oxides: An Introduction to Their Matter Mater. Phys., 2001, 63, 064405.
Electronic Structure and Properties, Clarendon Press, 1992, 82 C. H. Li, P. Hodgins and G. P. Peterson, . Appl. Phys., 2011,
p- 134. 110, 054303.
g 73 E.]J. W. Verwey and J. H. de Boer, Recl. Trav. Chim. Pays-Bas, 83 A. Lak, M. Cassani, B. T. Mai, N. Winckelmans, D. Cabrera,
§ 1936, 55, 531-540. E. Sadrollahi, S. Marras, H. Remmer, S. Fiorito,
5 74 M. Bohra, K. E. Prasad, R. Bollina, S. C. Sahoo and L. Cremades-Jimeno, F. J. Litterst, F. Ludwig, L. Manna,
§ N. Kumar, J. Magn. Magn. Mater., 2016, 418, 137-142. F. J. Teran, S. Bals and T. Pellegrino, Nano Lett., 2018, 18,
'.D% 75 A. Mitra, ]J. Mohapatra, S. S. Meena, C. V. Tomy and 6856-6866.
= M. Aslam, J. Phys. Chem. C, 2014, 118, 19356- 84 G. Vallejo-Fernandez, O. Whear, A. G. Roca, S. Hussain,
% 19362. J. Timmis, V. Patel and K. O’Grady, J. Phys. D: Appl. Phys.,
E 76 K. L. Lopez Maldonado, L. Vazquez Zubiate, P. de la Presa, 2013, 46, 312001.
E J. A. Matutes Aquino and J. T. Elizalde Galindo, J. Appl. 85 R. Hergt, S. Dutz and M. Zeisberger, Nanotechnology, 2010,
; Phys., 2014, 115, 17C705. 21, 015706.
2 77 L. Hu, C. de Montferrand, Y. Lalatonne, L. Motte and 86 M. S. Carrido and A. F. Bakuzis, Nanoscale, 2016, 8, 8363—
E A. Brioude, J. Phys. Chem. C, 2012, 116, 4349-4355. 8377.
L::; 78 L. Del Bianco, D. Fiorani, A. M. Testa, E. Bonetti and 87 T. E. Torres, E. Lima, M. P. Calatayud, B. Sanz, A. Ibarra,
3 L. Signorini, Phys. Rev. B: Condens. Matter Mater. Phys., R. Fernandez-Pacheco, A. Mayoral, C. Marquina,
O 2004, 70, 052401. M. R. Ibarra and G. F. Goya, Sci. Rep., 2019, 9, 3992.
«
)
E
<
[}
Z
2
2
=
=
«
2
=
<
This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 382-401 | 401

326



NAPAPTHMA 1

1.3. Anpocicuon Tou TpoékuPe ammd  KoAAoeideig  ouvléoeig
VAVOKPUOTAAAIKWY Sopwv Cu-Se-S Kal OXETIKA MEAETN MIKPOOKOTTIOG
TEM ka1 paocparookoTtriag UV/Vis mrou mrpayuartotroidnkav oto ITE kai
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Abstract: Copper selenide-sulfide nanostructures were synthesized using metal-organic chemical
routes in the presence of Cu- and Se-precursors as well as S-containing compounds. Our goal was
first to examine if the initial Cu/Se 1:1 molar proportion in the starting reagents would always lead
to equiatomic composition in the final product, depending on other synthesis parameters which
affect the reagents reactivity. Such reaction conditions were the types of precursors, surfactants
and other reagents, as well as the synthesis temperature. The use of ‘hot-injection” processes was
avoided, focusing on ‘non-injection” ones; that is, only heat-up protocols were employed, which have
the advantage of simple operation and scalability. All reagents were mixed at room temperature
followed by further heating to a selected high temperature. It was found that for samples with
particles of bigger size and anisotropic shape the CuSe composition was favored, whereas particles
with smaller size and spherical shape possessed a Cu,_,Se phase, especially when no sulfur was
present. Apart from elemental Se, Al;Se3 was used as an efficient selenium source for the first time
for the acquisition of copper selenide nanostructures. The use of dodecanethiol in the presence of
trioctylphosphine and elemental Se promoted the incorporation of sulfur in the materials crystal
lattice, leading to Cu-Se-S compositions. A variety of techniques were used to characterize the formed
nanomaterials such as XRD, TEM, HRTEM, STEM-EDX, AFM and UV-Vis-NIR. Promising results,
especially for thin anisotropic nanoplates for use as electrocatalysts in nitrogen reduction reaction
(NRR), were obtained.

Keywords: bottom-up synthesis; electrochemistry; wet chemistry; morphology; copper chalco-
genides; nitrogen reduction reaction; metal-organic chemistry

1. Introduction

Noble metal nanoparticles (NPs) have been shown to possess interesting optical
properties. More recently, non-noble element copper-deficient copper chalcogenide nanos-
tructures have also been proven to display remarkable plasmonic features. For instance, if
colloidal chemical synthetic routes are used, the precursor ratio at the copper-tellurium
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system has been reported to affect the final Cu:Te proportion in the nanomaterial product.
This, consequently, can influence the resulting crystal structure [1]. Copper selenide NPs
are p-type semiconductors which can find applications in several domains, including en-
ergy conversion [2] and storage as well as biomedicine [3]. For example, the Cu,_,Se phase
has a direct band gap of 2.1 eV. The wide range of possible band gap energies and varying
electronic behaviours are most probably related to the variations in Cu to Se stoichiometry,
recombination sites due to dislocations, size effects and /or the oxidation state of Cu and
Se. Thus, it is clear that the optoelectronic properties of this system are promising and
potentially tunable due to the broad range of possible crystal structures, particle sizes
and respective band gap values [4]. More specifically, such applications have to do with
Li-ion batteries, solar cells and photothermal therapy [5,6]. Several stoichiometric forms
of copper selenides exist, such as Cu;Se, Cu3zSe;, CuSe, CuSe;, CusSey, CuySes and non-
stoichiometric Cuy_,Se. Their crystalline structures can be cubic, hexagonal, tetragonal,
orthorhombic and monoclinic [7]. Several works have highlighted the importance of the
choice of the surface ligands in order to tailor smoothly the final optical properties which
are crucial for the relative applications. For example, Balitskii et al. illustrated that ligands
with electron trapping or donating functional groups could influence the free carrier den-
sity and, therefore, the resulting localized surface plasmon resonances (LSPRs) [8]. Zhu
et al. synthesized Cuy_,Se with a cubic phase and showed that by modifying the oleic
acid to oleylamine ratio, the LSPR wavelength could be tuned over a wide range between
1030-1260 nm [9].

Although there are lots of efficient synthesis routes for copper selenide and other types
of metal chalcogenide nanostructures, including solvothermal and colloidal chemical meth-
ods [10,11], or even different approaches such as metal-organic vapor phase epitaxy [12],
phase-controlled synthesis of Cu-Se nanostructures with high yield and by avoiding the
so called "hot-injection” approaches is still under development [13]. Other synthetic meth-
ods include, for example, the sacrificing template method [14], hydrothermal synthesis
and aerosol-assisted chemical vapor deposition [15]. The morphologies of the copper
selenide nanoscale system span from spherical NPs, nanoboxes, nanosheets, nanoribbons,
nanocubes and hexagonal nanoplates to other configurations [14]. Especially regarding the
Cuy_,Se composition, there are fewer reports on the tuning of their LSPR absorbance over
a wide range, in comparison with the Cu,_S NP system. This may be due to the difficulty
to prepare high quality, water soluble and biocompatible copper selenide nanostructures.
In fact, the relatively low mutual affinity of copper and selenium may make the size or
composition control of the Cu-Se system complicated, especially compared with the Cu-S
one [16]. The Cu vacancies (hole densities) in copper chalcogenide NPs arise from the
release of copper ions from their surface or grain boundaries. Increasing the number of Cu
vacancies, by modifying the value of ‘x’, affects not only the optical properties but can also
lead to the improvement of the conductivity of copper chalcogenide NPs [17]. Similarly,
decreasing ‘x’ is associated with a decrease in free hole concentration [16]. A lower value
of ‘x” is associated with higher proportion of Cu, also taking into account the Cu,_,Se
formula.

Nanostructures with mixed compositions such as copper sulfide-selenide and copper
telluride-sulfide prepared by scalable non-injection routes have attracted interest since their
optical properties are quite similar to those of the pure binary copper chalcogenides and
they can be tuned in a wide range in the near-infrared (NIR) region [18]. In fact, heat-up
approaches in organic medium have been shown to be efficient also for the production of
other types of ternary systems, such as In-As-Sb semiconductor quantum dots which dis-
played controlled optoelectronic properties [19]. Considering the composition-dependent
optical/electrical properties of metal chalcogenides, in the present work, a one-pot, heat-up
metal-organic chemical method was developed, aiming to obtain CuxSySe, nanostructures
in a range of compositions, morphologies and crystal structures. Moderate temperatures
were employed and Al;Se; was proven to act as an effective selenium source in an unprece-
dented manner. Dodecanethiol, on the other hand, was shown to act as a massive sulfur
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source, which was incorporated in the resulting nanostructures under certain reaction con-
ditions. LSPR peaks were observed in a wide range in the NIR, depending on the features
of the different samples. Considerable electrocatalytic activity in the nitrogen reduction
reaction was interestingly recorded for some of the copper chalcogenide nanostructures
of the present study. This reaction constitutes a mildly operating and environmentally
friendly way to produce NHj from N [20], and our results are discussed on the basis of
the distinct morphologies, compositions and band gaps of different samples.

2. Results and Discussion
2.1. Synthesis, Composition and Morphology

Initially our goal was to create copper selenide nanostructures using a simple so-called
‘heat-up” approach where all reagents are mixed at room temperature and the obtained
mixture is heated to a certain temperature. The stoichiometric (1:1) ratio between Cu
and Se precursors was kept constant during all synthetic endeavours. We were inspired
from the work by Xiao et al. [21] who showed that in principle it is possible to avoid the
hot-injection synthetic protocols, which cannot be easily scaled up. A new precursor was
tested, aluminium selenide (Al,Se3), which had not been previously used to prepare copper
selenide NPs. In addition, the final reaction temperature was moderately high (200 °C) in
most of the samples produced. In the aforementioned paper [21], SeC(NH;), and elemental
Se were employed as selenium sources. With our method, a light green colour was observed
at the colloidal dispersion of the NPs produced (Figure Sla), giving a first suggestion of
their composition, implying a successful semiconductor production. Apart from Al,Ses,
Cu(acac), was used as the source of copper (see also Table S1 at the Supp. Info, which lists
the reagents used for all samples of the current study). Indeed, TEM images for sample Sal
show the presence of nearly spherical NPs with an average size of 10 4= 2.3 nm (Figure 1a).
It is suggested that the pair of surfactants used, oleic acid and oleylamine (Oam), which
has been widely employed in NP synthesis [22], helped to keep a controlled size level,
hindering uncontrolled growth and aggregation phenomena. Still, the presence of lithium
amide seemed not enough to induce an anisotropic plate-like morphology, unlike the case
of our previous work on Cuy 5Te NPs [1]. Figure 1c shows high resolution-TEM (HRTEM)
images of Sal. The existence of the (110) plane of the orthorhombic Cu,Se phase (ICDD No
00-019-0401) is indicated by the wide lattice spacings (~0.68 nm) in some NPs (Figure 1c,
inset on the right side). Such unusually large periodicity has been observed also in a work
by White et al., where it was reported to be related to the Cu* vacancy ordering mode [23].
Other NPs have apparently shorter lattice spacings (~0.35 nm), implying the presence
of the (310) plane. ICP-AES (Inductive coupled plasma atomic emission spectroscopy)
measurements revealed an elemental ratio Cu:Se:Al = 5.7:1:0.2. The excess of Cu probably
occurs in the form of amorphous copper oxide surrounding the Cu-Se cores. The crystal
structure of copper selenide might hinder the insertion of ‘foreign’ elements into its crystal
lattice, thus not allowing the presence of a significant amount of aluminium in it [24].
Regarding the fate of the Al of the precursor molecule, it is supposed that it can form
some complex compounds with the excess surfactants: afterwards, it can be removed
either in the form of a complex or as unreacted Al as part of the supernatant during the
centrifugation cycles. Unfortunately, the relatively low yield for Sal did not allow to isolate
sufficient amount of solid powder for XRD measurements. The UV-Vis-NIR spectrum for
this sample features a peak at around 1080 nm (Figure 1d). In a previous report, Cuy g;Se
NPs of 15 nm size displayed a LSPR band centered at 1100 nm [25]. However, Kriegel
et al. had observed the LSPR band with a maximum at around 1350 nm for 12 nm Cu; gSe
NPs [26]. In another work, 6 nm Cu,_Se NPs exhibited the highest energy LSPR peak at
about 1000 nm, with a LSPR peak near 1300 nm arising for NPs of a 13 nm size [16]. A long
and overly comprehensive review paper by Coughlan et al. contains much information
on the physical properties of copper chalcogenide NPs, including Cu-Se ones [27]. The
respective Tauc plots and the derived band gaps of the different samples of the current
study are discussed below.
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Figure 1. TEM image (a), Tauc plot for direct transitions (b), HRTEM image with manually magnified
NPs as insets (c¢) and UV-Vis-NIR spectrum (d) with Tauc plot for indirect transitions (inset) for
sample Sal.

For the synthesis of Sa2 we attempted to use a more ‘direct’ selenium source, which
has also been proven to act successfully in the preparation of metal-selenium chalcogenide
nanostructures, that is, elemental Se. Elemental selenium and tellurium are insoluble
in the majority of known solvents, which complicates the synthesis of nanostructures
containing those elements using ‘simple’ colloidal chemical routes [28]. In our previous
work on CuTe nanoplates, trioctylphosphine (TOP) first reacted with Te to provide the
TOP-Te precursor [1]. Since selenium has been reported to be soluble in a dodecanethiol-
oleylamine mixture [29], we combined these two reagents in sample Sa2. In addition, we
added TOP, aiming to study if its co-existence with Li-amide would facilitate to obtain an
anisotropic shape, such as in the case of our previous work on Cu-Te nanostructures [1].
The reaction ran rather smoothly, and some yellow colour arose in the course of the
synthesis, possibly implying the presence of intermediate complex compounds. This
was followed by the appearance of dark brown colour for the final colloid. In fact, TEM
images for Sa2 at Figure 2a,b showed the presence of relatively small spherical NPs with
a size of 4.5 4 0.6 nm. The observed size and shape of the NPs cannot be regarded as
an unexpected surprise: first of all, TOP was used in its pure form and not in the form
of a TOP-Se compound, for instance, such as in the case of our Cu-Te work. Essentially,
TOP is a voluminous molecule that has been often associated with hindering excessive
particle growth, thus keeping small particle sizes [30]. Another difference with the protocol
we used for the Cu-Te is the presence of dodecanethiol in the sample under discussion.
Interestingly, ICP-AES measurements revealed a ratio Cu:S:Se = 3.2:1:0.32 in Sa2. It seems
that dodecanethiol acted as sulfur donor, whereas a variety of stable complex compounds
may have been formed, hindering the incorporation of Se in the NPs. HRTEM images at
Figure 2¢,d confirm the spherical shape of these NPs, indicating a lattice spacing of around
0.32 nm, assigned to the (811) plane of the Cuz;S;6 monoclinic crystal structure (ICDD 00-
034-0660), but it could also potentially match with the (111) plane of the cubic Cu; gSe phase
(ICDD 01-088-2045). Additionally, in this sample, the presence of a portion of amorphous
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copper oxide cannot be excluded, since the samples were kept in air after synthesis. It has
to be noted that the reactivity of Cu(Oac), (used in Sa2 as copper precursor) is quite lower
than that of Cu(acac); (the Cu source in Sal, see also experimental part and Table S1 at
the Supplementary Materials). Precursors with higher reactivity tend to induce isotropic
growth [21]. Still, in the case of Sa2 the reaction conditions used were sufficient to maintain
small size and isotropic growth. A peak at around 1360 nm at the UV-Vis-NIR spectrum
(Figure S3 at the Supplementary Materials) of Sa2 is in agreement with the presence of
copper sulfide composition. The copper sulfide semiconductor shows a prominent LSPR
peak in the second biological spectral window of the NIR region (1000-1350 nm), unlike
plasmonic metals Ag, Au and Cu which show LSPR peaks in the visible range [31]. Though
the particles of the Sa2 sample are relatively small, it is possible that a ‘limited aggregation’
or a somewhat dense arrangement of the NPs led to a red shift of the band to 1360 nm [32].
Normally, smaller NP sizes exhibit LSPR peaks at lower wavelengths in comparison with
bigger NPs [16]. Unfortunately, complicated washing procedures resulted in the loss of a
significant number of particles, hindering the acquisition of a sufficient sample quantity for
XRD measurements.

Figure 2. TEM images (a,b) and HRTEM images (c,d) of Sa2.

For the sample Sa3, having observed that we successfully produced NPs using the
protocols for Sal and Sa2, we decided to test a new protocol by combining those two ones.
More specifically, since Al,Se; seemed to be able to indeed act as the Se precursor, we
replaced the Se elemental precursor of Sa2 with Al,Se3, which we used in the synthesis
of Sal. Figure 3a,b demonstrate that the majority of the produced NPs had an average
size of 4.0£0.5 nm, though a small population of bigger NPs of around 35-45 nm in size
was also spotted. It seems that the presence of TOP still maintained most of the NPs at a
small size, but the distinct decomposition mode of Al,Se3 possibly allowed to produce a
portion of larger NPs too. HRTEM images show that some NPs contain crystalline domains
which are not always clearly distinguishable, and this complicates the determination
of lattice spacing. Still, the NP depicted at Figure 3c has two rather clearly observed
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crystalline domains, with lattice spacings 0.33 and 0.2 nm, assigned to the (111) and (220)
planes, respectively, of the Cu,Se cubic crystal structure (ICDD 03-065-2982). The ICP-AES
measurements of Sa3 showed a ratio of Cu:Se:S:Al = 2.9:1:0.4:0.4. It seems that also in this
sample, Al,Se3 acted as an effective selenium source. The partial incorporation of sulfur
(due to the dodecanethiol (DDT)) and of Al is also noticed. It seems that under different
synthetic conditions (samples Sal and Sa3) Al,Se3 remains an efficient precursor for the
NP system under discussion. This may be due to the fact that copper has low solubility in
aluminium at low temperatures, thus preventing the massive insertion of Al in the NPs’
crystal lattice [33]. Even at room temperature, a solid solution between Cu and Al might be
metastable or difficult to retain, thus suggesting why Al was not massively incorporated
in the copper selenide nanostructures. The XRD measurement of Sa3 (Figure 3d) is in fair
agreement with HRTEM, indicating the existence of the fcc Cuy gSe phase, as the peaks
at 52.8, 31.5 and 62.8° match the ICDD 01-080-4376 pattern of copper selenide (for Co
Ka source XRD). Since ICP measurements revealed an abundance of Cu, the presence of
amorphous copper oxides surrounding the Cu-Se core cannot be excluded. The UV-Vis-NIR
spectrum recorded for Sa3 (Figure S4 in the Supporting Information) does not permit to
deduce some clear insights, possibly because of the relative particle size polydispersity
(co-existence of small with bigger particles) and the presence of Al impurities.

o

Intensity

20 30 40 50 60 70 80 90 100 110
2 theta (degree)

Figure 3. TEM images (a,b), HRTEM image (c) and XRD measurement (d) of Sa3.

As mentioned above, Cu(acac); has higher reactivity than Cu(OAc),; therefore, at
sample Sa4 we replaced the latter precursor by the acetylacetonate one, to test its effect,
keeping all the other reaction conditions the same as in the case of Sa2. Apart from the
fact that precursors with higher reactivity are expected to induce isotropic growth more
easily, they tend to produce NPs of a smaller size [21]. In fact, TEM images of Sa4 at
Figure S5 show that it consists of NPs of a size of about 11.2 = 2.4 nm, which is somewhat
bigger than that of Sa2, whereas a random appearance of a small population of larger
NPs in a few zones of the TEM grid was also spotted. This finding demonstrates that the
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reactivity of a precursor, in this case the Cu(acac),, is not the sole factor which determines
the fate of the particle growth. Both precursors, of copper and selenium may not only
interact with each other but also with the variety of the other reagents in the flask: all
these molecules with amine, carboxylic acid, amide, thiol and phosphine functional groups
present distinct functionalities and it is hard to predict how they will behave when they
are mixed altogether with the two precursors and heated at high temperature. In our
previous work with CuTe NPs, we had noticed that indeed the use of Cu(acac), instead
of Cu(OAc); resulted in smaller NP size: in particular, two populations of rectangular
particles with 22.4 and 12.2 nm average sizes were obtained with the former precursor,
whereas the Cu(OAc), systematically yielded a single NP population with an average size
above 30 nm [1]. Possibly the DDT, present at Sa4, interacted with the Cu(acac), through its
thiol moiety in a manner that hindered the tendency of this copper salt to produce smaller
NP sizes. A broad, although not well-defined, band at around 1300 nm (Figure S6) of
wavelength was recorded for Sa4, which could imply the existence of a copper sulfide-rich
composition, since the Cuz;S16 sample Sa2 showed rather similar optical properties with
the Sa4 [34]. The colloidal dispersion of Sa4 had an orange-like colour (Figure S1b).

Aiming to increase the relatively low yield of Sa4, at sample Sa5 we applied a some-
what higher reaction temperature, with a longer reaction time. Indeed the yield was a
bit higher than that of Sa4, and a brownish colloidal product was observed for Sa5. TEM
images at Figure 4a,b show the presence of nearly spherical NPs with a mean size of
5.2 4 0.4 nm. It is possible that the higher reaction temperature (220 °C instead of 200 °C)
increased the precursors’ reactivity and accelerated the diffusion between copper and
selenium, resulting in smaller NP size than in Sa4 [21]. The production of a big amount
of nuclei in a short time, due to the higher reaction temperature, may also explain the
acquisition of smaller NPs: not much available material would be left to consume and keep
feeding the particles, thus an extended stage of particle growth would not be easy to occur.
Unfortunately the XRD pattern for Sa5 (Figure S7) does not allow to derive a safe idea on
the composition of these particles. The combination of peaks at 24.3° and 45° cannot be
matched to a known composition with certainty. ICP-AES composition and STEM-EDS
analyses, however, indicate the presence of the copper sulfide phase. In particular, ICP
gave a Cu:S:Se ratio of 2.5:1:0.13. In this sample, Se seems to be present in very minor
concentrations compared with sulfur. HRTEM images for this sample (Figure S8) confirm
that particles are almost spherical in shape and lattice spacing of around 0.3 nm is measured
in some of them; however, the mixed composition of Sa5 hinders a safe assignment of
a specific crystal structure for this lattice plane. STEM-EDS elemental mapping analysis
(Figure S9) yielded a Cu:S ratio of around 1.8 and demonstrated the homogeneous distribu-
tion of all elements throughout the NP volume. It seems that under the synthetic conditions
used for Sa5, DDT was confirmed to act as a massive sulfur source [18,35]. Concerning
the UV-Vis-NIR spectrum of Sa5 (Figure 4c), the LSPR band centered at approximately
1300 nm is in accordance with the existence of a Cuy_,S phase [18].

At the sample Sa6 we decided to study the role of another reagent which has been
widely used in nanoparticle synthesis, including for metal chalcogenide systems, that
is, trioctyphosphine oxide (TOPO). Therefore, in sample Saé we followed the synthetic
protocol used for the Sa2, with the exception of replacing the TOP by TOPO. The latter
reagent can act as a surfactant, solvent and capping agent, allowing reactions to be carried
out also at very high temperatures, exceeding 300 °C. The steric properties of its alkyl
groups influence particle growth, tailoring particles morphology [36]. For example, in
the case of TOPO-capped CdSe, the TOPO binds to the surface cadmium sites through
the lone pairs of electrons on the phosphine oxide group, forming dative bonds [37,38].
In particular, the use of technical-grade (not highly pure) TOPO has been found to be
more suitable than the pure one for production of anisotropic nanostructures. The large
amount of impurities strongly coordinated to the precursor ions result in a slower growth
speed. The role of impurities can sometimes be responsible for difficulties to reproduce a
certain nanomaterial, but at times it can also be beneficial, in what concerns a controlled
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colloidal synthesis aiming to achieve sols with desired features [39,40]. The impurities of
technical-grade TOPO, which was used in Sa6, have been quite well investigated in the
current stage and also identified via techniques such as 3P NMR [39].
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Figure 4. TEM images (a,b), and UV-Vis-NIR spectrum (c) of Sa5.

Depending on the overall growth rate of the reaction, a prefered growth mode along a
particular axis of the nanostructures can take place, resulting in anisotropic shapes [41].
With all the above in mind, we carried out the synthesis of Sa6 in the presence of technical-
grade (90% purity) TOPO and indeed we observed an anisotropic growth mode, contrary
to the previous samples of the current study. TEM and SEM images of Figure 5 depict a
tendency for the formation of trigonal nanoplates with sizes of 200-250 nm, with a thickness
of around 10-13 nm, as revealed by AFM, HAADF-STEM and SEM imaging (Figures 6
and S10 bottom). The determination of the height profile by AFM was manageable by
spotting a larger spheroid particle with a 10 nm thickness and a 550 nm lateral size. A
lower population of smaller, also anisotropic, particles was spotted, too. The STEM-EDX
analysis of this sample (Figure S10) indicates that there is considerable presence of both
Cu and Se throughout the volume of the particles with a rather small concentration of
sulfur. Interestingly, the XRD measurement for the sample S6 (Figure 5d) illustrates that
the main component is the monoclinic and stoichiometric CuSe phase, as the peaks at 32.6,
36, 53 and 59°, are in agreement with the ICDD pattern 00-049-1456. A small portion of
the stoichiometric CuSe hexagonal phase (ICDD pattern: 00-027-0185) cannot be excluded.
ICP-AES also indicate an approximately equiatomic ratio between copper and selenium
elements in the sample under discussion (Cu:Se:S = 1.2:1:0.1). Therefore, all measurements
for this sample denote, rather surprisingly, that the presence of DDT was not able to lead
to a significant insertion of sulfur in the particle volume. It has been reported that a lower
reactivity among the reagents in the reaction pot lowers the chemical potential but can
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facilitate the acquisition of larger CuSe particles with a Cu to Se ratio of 1:1 [21]. This is in
line with what we observed in the sample under study. In these conditions, the mutual
diffusion between copper and selenium becomes slower, nucleation rate also slows down
and anisotropic growth is favored, whereas the formation of the nonstoichiometric Cuy Se
phase is not prefered. The colloidal dispersion of the stoichiometric CuSe nanostructures
of sample Sa6 was dark brown, darker than the one of the previous Cuy_,Se samples,
and its UV-Vis-NIR spectrum (Figure S11 at the Supplementary Materials) did not contain
any clear band within the measured range of wavelengths, probably because of the very
large size of these structures. Compared with sample Sa2, which was Se-deficient, the Sa6
contained the ‘expected” proportion of Se based on the starting reagent concentrations.
Possibly some amount of Se at sample Sa2 formed a complex with TOP, resulting in not
fully decomposed TOP-Se. TOPO, in Saé is already oxidized and could not form a complex
with selenium, thus allowing Se to be easily blended with Cu.

CuSe Monoclinic 00-049-1456

S Cu'Se Hmonar'oo-qzrqms
20 30 40 50 60 70 80 90 100110
2 theta (degree)

Figure 5. TEM images of sample Sa6 (a,b), SEM image (c) and XRD measurement (d).

Inspired by a protocol published by Lesnyak and co-workers [18], at sample Sa7
we used a mixture of excess DDT and OAc (in 1:2 volume ratio) together with a cop-
per salt (Cu(OAc); in our case) and elemental Se. Experimental observations confirmed
that the aforementioned mixture also allowed the Se to be dissolved quite well. The
above-mentioned reagents TOP, OAm and Li-amide were used again as in the previous
samples (Sal-Sa5). Figure 7a,b shows the presence of nearly spherical particles with a
size of 8.9 == 1.1 nm. Though we used more chemical reagents than those of the proto-
col by Saldanha et al. [18], this particle size was not much different than that of their
Cup S, Cup_«SeyS;—y and Cuyp_TeyS;—y NPs. A fair amount of the particles of Sa7 were
monocrystalline, with the HRTEM image of Figure 7d revealing a lattice spacing distance d
of around 0.20 nm, implying the presence of the (10 5 2) plane of the cubic Cuz;S;4 crystal
structure but it could also be assigned to the (220) lattice plane of the cubic Cu; gSe (ICDD
01-088-2045). The XRD measurement for sample Sa7 (Figure 8a), indicated that in this
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sample, copper selenide phases (especially the Cu; gSe one) seem to be in excess, with an
amount of Cug; S phase being present, too. Essentially, ICP yielded a Cu:S ratio of 2.3 and
STEM-EDX provided a ratio of 2.4 (Figure 512). A slight excess of copper present in the
latter measurements might be attributed to a portion of amorphous copper oxide being
present. Additionally, in this sample, selenium appears to have a quite low concentration
according to the latter techniques indicating the dominant role of DDT as a sulfur source,
which was in excess and overshadowed the role of elemental Se as a precursor. In fact, the
DDT can act as a surfactant, too, thus explaining the abundance of sulfur compared with
selenium. In other words, a part of the sulfur may stay on the particle surface, rather than
inserting the crystal lattice of the formed nanostructures. The UV-Vis-NIR spectrum of the
light brown colloidal dispersion of this sample contains a major plasmon band at 1390 nm
(Figure 8b). It has been suggested that the initial plasmon bands as soon as the particles are
synthesized may be centered to higher wavelengths (e.g., 1700 nm), and oxidation is the
driving force that provokes a blue-shift to ~1300 nm or lower wavelengths [18].
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Figure 7. TEM images (a,b) and HRTEM images (c,d) of sample Sa7.
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Figure 8. XRD measurement (a) and UV-Vis-NIR spectrum (b) of Sa7.

Finally, for the synthesis of the sample Sa8 we kept the same conditions as in the case
of the sample Sa7, but we used the Cu(acac); precursor instead of Cu(OAc),. Interestingly,
despite the different reactivity between the two precursors, the size of the NPs of Sa8 was
similar to that of Sa7, being measured at 8.8 + 1.4 nm. A good assembly of the NPs onto the
grid was shown as soon as the carrier solvent (toluene) evaporated (Figure 9a—c). It seems
that the combination of reagents in Sa8 led to a good degree of size and shape monodisper-
sity, also allowing a sufficient interparticle distance, thus resulting in that type of assembly.
In fact, the XRD measurement of the Sa8 (Figure 9d) implies that this sample consists of
both cubic Cuj gSe and monoclinic Cusz;S;6 phases. The corresponding ICDD patterns
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of the above phases are the 01-080-4376 and 00-034-0660. The relative excess of sulfur in
these particles, compared with selenium, as shown by ICP-AES (Cu:S:Se = 3.2:1:0.3) can be
explained by the same reasons that were valid for sample Sa7, as mentioned previously. In
particular, also in this case, the use of DDT resulted in the incorporation of sulfur in the
crystal lattice of the product, but at the same time DDT can function as a capping agent,
thus keeping an amount of sulfur on the surface of the particles. Quite clearly, visible
crystalline domains are observed in representative particles at the HRTEM images of this
sample (Figure 513). The mixed sample composition hinders a safe assignment for the
measureable lattice planes to a specific component. STEM-EDX compositional mapping
(Figure 514) demonstrates the homogeneous distribution of the different elements through-
out the particle volume in this sample and is in agreement with the proportion between the
different elements shown by ICP-AES and XRD. Regarding the UV-Vis-NIR spectrum of
sample Sa8, a wide band at around 1600 nm is observed (Figure S15 at the Supplementary
Materials).

| Cu, gSe Cubic 01-080-4376

| | |

Cus;S,¢ Monoclinic 00-034-0660

20 30 40 50 60 70 80 90100110
2 theta (degree)

Figure 9. TEM images of sample Sa8 (a—c) and XRD measurement (d).

2.2. Tauc Plots—Band Gaps

Copper selenide presents direct and indirect transitions, and the corresponding band
gaps range between 2-3 eV and 1.1-1.5 eV, respectively. In the nanoscale, such values can
reach 4 eV and 1.87 eV for direct and indirect transitions [4,42]. Copper sulfide has a band
gap in the range 1.2-2 eV for its bulk form [43,44], with certain stoichiometries displaying
indirect transitions, whereas others possess direct transitions [45,46].

Sample Sal has a direct band gap of 2.58 eV and an indirect one of 1.58 eV, as shown
in Figure 1. The corresponding values for Sa2 are 2.79 eV and 1.93 eV, as depicted in
Figure S16. The increase in the optical band gap can be assigned to the size decrease in
Sa2, compared with Sal [47]. However, the band gap deduced for Sa2 denotes that this
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sample may contain a significant portion of copper selenide phase, since such values are
rather unusual for copper sulfide compositions. The slightly smaller average size of Sa3 is
in agreement with its higher values of direct and indirect Eg (2.86 and 2.00 eV, respectively,
Figure S17). On the other hand, the somewhat bigger mean size of Sa4 (11.2 nm) does
not seem to cause considerably different band gap values (2.83 eV and 2.29 eV for direct
and indirect transitions, Figure 518). Additionally, in this sample, these values imply the
presence of a significant amount of copper selenide phase, as mentioned above for Sa2.
Moreover, the quite small size of Sa5 (~5 nm) is in agreement with the increased Eg values
(2.92 and 2.35 eV for the two transition types, respectively; Figure S19). A considerable
portion of copper selenide phases seems to be present also in this sample, judging by the
band gap values, apart from copper sulfide compositions. The large nanoplate size and
nearly stoichiometric Cu-Se composition in sample Sa6 caused lower Eg values (2.35 eV
and 1.45 eV for direct and indirect transitions, Figure S20). A trend to decrease the direct
band gap when comparing CuySe NPs and CuSe nanoplates has also been observed in a
report by Zha and co-workers [48]. Finally, samples Sa7 and Sa8 have similar sizes, and
their band gap values are only slightly different (see Figures S21 and 522). Variations in
the Cu/S/Se proportions between the two samples can explain those small differences,
especially in the direct band gap value (2.72 vs. 2.88 eV). The relation of band gaps with
the electrocatalytic activity is presented in the section below.

2.3. Nitrogen Reduction Reaction

Ammonia synthesis under environmentally benign conditions is currently pursued,
considering the importance of NHj as a widely used chemical reagent in several industrial
sectors. Though noble metal electrocatalysts have been frequently proven as very efficient
for the NRR, their scarcity and high price make a scaled-up process practically not feasible.
Inspired by a review paper by Zhou et al., who describe that Cu-based electrocatalysts can
display a promising performance for the NRR, we decided to evaluate such activity for
some of our samples [49]. The high abundance, relatively low cost and transition metal
electronic structure make such investigations for their NRR capacity worth to work on [49].

In addition, metal chalcogenides such as MoS; and MoSe; nanosheets have displayed
remarkable performance in the NRR with competitive Faradaic efficiencies. The presence
of chalcogen atoms and defects such as vacancies has been reported to be beneficial for the
NRR. In particular, chalcogen defects may lead to a more spontaneous and exothermic N,
adsorption step, whereas chalcogen sites can improve the energy profile of the reaction by
donating protons for the first protonation of N [50]. Apart from Mo-based electrocatalysts,
other dichalcogenides such as TiS; and NbS; nanosheets have been reported as efficient
materials for the NRR [46]. With all the above in mind regarding Cu-containing and
chalcogen-containing compounds, we decided to investigate the NRR activity of some
of our copper- and chalcogenide-containing samples. NRR experiments were performed
using samples which have been left outside the glovebox for a prolonged time (more than
12 months), thus any surface oxide layers that might have been formed are expected to
passivate the nanoparticles core, hindering further oxidation and offering compositional
stability. Samples Sa7, Sa8 were tested first due to their relatively small and monodisperse
size, probably allowing a high surface area, suitable for catalysis. A CV was recorded
first for Sa7 between 0.2 and —2 V in 0.1 M KOH (pH = 13), where two pairs of redox
peaks were noticed at —0.4, —0.17, —1.5 and —1 V (Figure 523). The anodic peaks could
be attributed to the oxidation of copper chalcogenide phases (e.g., Cu,Se to CuSe (Cu* —
Cu?" + ") or to the formation of electrochemically generated Cu-oxohydroxides), whereas
cathodic peaks may be assigned to the reduction in copper chalcogenide phases (e.g., CuSe
to Cu,Se (Cu?* + e~ — Cu*) or to the reduction in the sorbed copper sulfide phase) [51,52].
The respective CV recordings for samples Sa8 and Sa6 are depicted at Figures 524 and 525
of the Supplementary Materials.

The NRR activity of sample Sa7 was evaluated in the same electrolyte in an H-cell
at potentials of —1.8 and —1.9 V. The highest ammonia yield was observed at —1.9 'V, as
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demonstrated, producing 115 + 0.1 pgh™' cm™, corresponding, however, to a limited
Faradaic efficiency of 0.38 & 0.1%. In order to achieve the best possible accuracy and
reliability of the data derived, three independent measurements were taken each time with
a clean GC electrode under similar conditions. Interestingly, when applying the potential
of —1.8 'V, a Faradaic efficiency (FE) of 1.97 & 0.2% was derived, even though the NHj yield
was at 88.2 & 0.1 ugh~! cm™2. More detailed results are shown in Table 1.

Table 1. NHj yields and corresponding Faradaic efficiencies derived at different potentials for
three distinct samples (ammonia yield: green colour—FE: black colour. Units: pgh~tem =2 and %

correspondingly).
-1.5V =17V -1.8V -19V
Sample Saé 99/8.8 174/1.29 167/0.34 190/0.1
Sample Sa7 88/1.97 115/0.38
Sample Sa8 112/2.1 112/1.03 205/0.22

The NRR performance of sample Sa8 was then studied: more specifically, the highest
FE for Sa8 was observed at a potential of —1.7 V (FE: 2.1%) with an ammonia yield of
112 £ 0.1 pgh™! cm™2. The use of a —1.8 V potential resulted in a similar value for ammonia
yield whereas the FE decreased to 1.03%. Raising the working potential to —1.9 V led to an
NHj yield of 205 + 0.1 pgh~!em™ but with a quite low FE at 0.22% due to higher electrode
charge.

The peculiar morphology of sample Sa6, with its very thin nanoplates, as shown
by TEM and AFM measurements, possessing a high surface area and a good number
of edges and sharp tips, motivated us to evaluate its electrocatalytic behaviour in NRR,
too. Such morphological features are well known to favour high catalytic and electro-
catalytic activities. Applying a potential of —1.9 V resulted in an ammonia yield of
190 + 0.1 pgh~'em™2, but with a low FE at 0.1%. The use of a —1.8 V potential provided
a NHj yield of 169 ugh~!'em~2 with a slightly higher Faradaic efficiency of 0.34%. An
improved FE (1.29%) was observed when applying a potential of —1.7 V, with an ammonia
yield of 174 pgh~!em™2. Interestingly, lowering the applied potential further to —1.5 V led
to a decrease for the ammonia yield at 99 ugh~!em ™2, but the FE was drastically improved
to 8.8%.

The stability of samples Sa7 and Sa8 toward the NRR was examined over the course
of the two-hour reduction reaction where the potential was kept stable at a given value. In
particular, for sample Sa7 one can observe a rather stable pattern for the current density,
with no significant decrease during the NRR at a potential of —1.8 V, where it showed
its highest FE (Figure S26). Similarly, when applying a potential of —1.7 V, there was no
important decline for the current density upon the NRR two-hour slot with sample Sa8
as catalyst (Figure S27). The use of a —1.5 V potential for sample Saé demonstrated the
stability of the latter sample, too, during a 2 h NRR interval (Figure 10). It seems that
selecting a suitable potential was critical for acquiring an optimal value for NH3 yield and
corresponding Faradaic efficiency. Then, the optimum FE values should be accompanied
also by a stable behaviour for the materials under study.

The electrocatalytic NRR performance for samples Sa7 and Sa8 was comparable
with various Cu-based electrocatalyst materials reported so far, such as Pd3Cu; alloy,
RhCu-BUNNSs and CuO/RGO [49]. The corresponding activity of the thin 2D-nanoplates
of sample Sa6 was even better, at least under certain circumstances, namely applied
potentials. The intrinsic catalytic ability of copper also helps in this context. Overall,
the relatively similar electrochemically active surface area (ECSA) values for Sa6, Sa7
and Sa8 (Figure S28) indicate similar populations of active sites, thus the adsorption
and transfer of reactants to perform the NRR follows nearly common patterns in terms
of speed. Possibly the capping ligands used during the synthesis of Sa6 deteriorated
the electrocatalytic activity of the sharp tips and edges of its anisotropic structure by
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complicating the undisturbed access of reactants on these active sites [53]. Similar FE
values have been obtained also for metal dichalcogenide materials with graphene-like
structures such as c-MoS; nanosheets grown on carbon cloth by hydrothermal method
or MoSe;-based composites [50,54]. Chalcogens such as sulfur and selenium boost the
NRR activity of the catalysts by acting as proton donors to the adsorbed dinitrogen and
stabilizing the protonated reaction intermediates [54].

-1.5V sample Sa6é
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Figure 10. Chronoamperometry measurements for sample Sa6 recorded over the course of a 2 h
nitrogen reduction reaction using a potential of —1.5 V.

3. Conclusions

Copper selenide-sulfide nanostructures were prepared using one-pot heat-up proto-
cols in the presence of a range of different precursors. For the first time it was shown that
Al,Se3 can be used as aluminium source for the preparation of the nanoparticle system
under discussion. The choice of the reaction conditions and especially the reactivity of the
reagents affected not only the morphology of the resulting particles, but also their compo-
sition. In particular, the Cuy_,Se composition was favoured when no sulfur-containing
compound was used, especially in the presence of aluminium selenide precursor and
TOP. The use of TOPO promoted the acquisition of larger CuSe nanostructures with stoi-
chiometric composition. On the other hand, adding DDT in combination with TOP and
elemental Se was mostly associated with the acquisition of mixed copper selenide-sulfide
compositions. However, it is highlighted that the plethora of possible copper chalcogenide
crystal phases and compositions makes their precise identification quite complicated: a
combination of different and complementary characterization techniques is more than nec-
essary in order to shed a better light on the structural features of such nanostructures. The
variation in band gap energies is assigned to the range of different Cu/S/Se proportions
and crystal structures in the final nanostructures, as well as morphology and oxidation
effects.

Even though the NH3 yield and FE of the copper chalcogenide nanostructures of our
investigation may not yet meet levels which allow scale up and technological exploitation,
they are deemed as promising for further studies, due to the low cost and high abundance
of Cu. Better control of the particle shape, stability, surfactant coating, creation of more
catalytically active sites, careful generation of defects and suppression of the parasitic
hydrogen evolution reaction (HER) are approaches that will allow a more attractive catalytic
performance with bigger selectivity for the NRR. Of course, other combinations of Cu- or
chalcogen-based compositions will be also tested, aiming to optimize the NRR performance
of such types of nanostructures.
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4. Materials and Methods

Chloroform (99.8%), trioctylphosphine (90%), trioctylphospine oxide (90%), selenium
powder (99.99%), lithium bis(trimethylsilyl) amide (LiN(SiMe3),, 97%), 1-dodecanethiol
(98%), oleylamine (80-90%), copper (II) acetylacetonate and copper (II) acetate were bought
from Sigma-Aldrich (E. U.) Oleylamine (80-90%) was purchased from Acros Organics
(E. U.) Oleic acid (99%), aluminium selenide (99%) and toluene (99%) were provided from
Alfa-Aesar (E. U.). Ethanol (100%) was bought from HaymanKimia Ltd (UK). All reagents
were used as received without additional purification.

4.1. Synthesis of CuSe Nanostructures

All synthesis stages were run using standard Schlenk techniques (Ar-filled glovebox,
vacuum line, Schlenk tubes). This ensured inert gas conditions throughout synthesis and
storage of reactants and products. For the synthesis of sample Sal, 0.2 mmol of Cu(acac);
and 20 mg of Al,Se3 were introduced in a three-neck flask containing 8.1 g OAmand 1.8 g
oleic acid, in the presence of 33.5 mg of LiN(SiMe3),. The mixture was degassed first at
room temperature under stirring, performing three vacuum-N, cycles for several minutes.
After that, heating to 200 °C was applied at a rate of ~8 °C/min and the reaction flask
was kept at that temperature for 45 min under N, flow. Then, the mixture was left to cool
down naturally at room temperature. The particles were collected by centrifugation with
chloroform/ethanol (1:1 volume ratio) twice at 6000 rpm for 10 min each time. Eventually
the nanoscale product was stored in toluene to give a light green solution.

For sample Sa2, there are similarities to the strategy used for the sample Sal, but it was
also partially inspired from our previous work on the CuTe system [1]. More specifically,
we first mixed 0.6 mL OAm with 0.6 mL DDT at room temperature in a vial and then 95 mg
of elemental Se were added. Stirring and degassing were applied as above. The resulting
solution was added in a three-neck flask which contained 10 g OAm, 1.8 g oleic acid, 5 g
TOP, 200 mg LiN(SiMe3), and finally, 240 mg Cu(OAc), (the insertion of those reagents was
carried out following this sequence). Further degassing and heating took place as written
above, with the same heating rate, but the final temperature was 200 °C. The mixture was
held at this temperature for 20 min. Cooling, washing and storage of the nanoparticles
were carried out as above, resulting in a dark brown colloidal dispersion.

The synthesis of sample Sa3 was as the one of Sa2, but the selenium source was not
elemental Se, it was AlSes. Its amount was 116.3 mg. All the other reaction conditions,
including final temperature and heating rate, were unchanged.

The sample Sa4 was synthesized as the Sa2, but Cu(acac), was used (314 mg) instead
of Cu(OAc),. Low product yield was observed in this sample, which had a brownish
colour.

The sample Sa5 was similar to Sa2, but the reaction time was increased to 30 min and
the temperature was 220 °C, aiming to somewhat increase the reaction yield. However,
such yield visibly remained relatively low, whereas a considerable number of particles was
lost also during washing stage. The final dispersion was brownish.

For sample Sa6, its synthesis was similar to that for Sa2, but the TOP was replaced by
1 g of TOPO. Pursuing a better solubility for elemental Se, the amounts of OAm and oleic
acid were doubled in respect to sample Sa2. The produced nanoplates had a dark brown
colloidal colour.

The protocol used for sample Sa7 was inspired and modified from [18] but it was also
co-inspired by our own published approach for the synthesis of CuTe [1]. In particular,
8 mL DDT were mixed with 16 mL oleic acid and 240 mg Cu(OAc), were added, followed
by 95 mg of elemental Se. After performing degassing cycles at 80 °C and re-cooling to
room temperature, 3 mL TOP were added, followed by 3 mL OAm and 200 mg LiN(SiMe3),.
After further degassing at room temperature, the mixture was heated to 220 °C at a rate of
8 °C/min and it was kept at that temperature for 30 min. Cooling, washing and storage
steps were the same as above, to give a dark brown colloidal dispersion.
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Sample Sa8 was produced as Sa7, but the Cu(OAc), precursor was replaced by 314 mg
of Cu(acac),.

4.2. Characterisation Instruments

The nanoparticles were observed by transmission electron microscopy (TEM) using a
JEOL JEM 1200-EX operating at an accelerating voltage of 120 kV with a Gatan DigitalMi-
crograph software). Colloidal dispersions of the samples were deposited on carbon-coated
Cu grids and left to dry in air. Nickel-coated or gold-coated grids were used for the compo-
sitional quantification of the samples by HAADF-STEM-EDX (see below). Further imaging
and compositional analysis were obtained with a FEI Tecnai G2 F20 S/TEM equipped
with an EDX detection system. HAADF-STEM-EDX elemental mapping images were
acquired with a JEOL 2200 FS microscope operating at an acceleration voltage of 200 kV.
Elemental maps and EDS spectra were acquired with SDD detector X-MaxN 80 TS from
Oxford Instruments (UK). Additional morphological characterization was performed with
a FEI Magellan 400L HRSEM equipped with a through-the-lens detector (TLD). To obtain
X-ray diffraction patterns, colloidal dispersions were dried to obtain powder samples for
measuring at room temperature between 20-110°. A PANalytical X'Pert® with Co source
(A = 1.789 A) in transmission-reflection spinning mode was utilized for XRD measure-
ments. Optical characterization was carried out with an ultraviolet-visible-near-infrared
(UV-Vis-NIR) Carry 5000 spectrophometer using colloidal copper selenide dispersions in
toluene. The concentrations of different elements present at the NPs was determined by
inductively coupled plasma mass spectrometry (ICP). Powder samples were dissolved in
concentrated nitric acid at 60 °C. Then, the solutions were diluted with deionized water
to obtain a 2% nitric acid solution for elements quantification with a Varian 720 ICP-AES
(Agilent). Atomic force microscopy (AFM) measurements were performed on a Ntegra
Spectra (NT-MDT). Surface scans were carried out using a tapping (semi-contact) mode.
Cantilevers with a strain constant of 1.5 kN m~! equipped with a standard silicon tip
with curvature radius lower than 10 nm were used for all measurements. AFM imaging
was obtained by testing a drop-casted sample suspension (1 mg mL~") on freshly cleaved
mica substrate. The measurement was recorded in ambient conditions with a scan rate of
1 Hz and scan line of 512. The acquired data were processed with the software package
Gwyddion.

Electrochemical experiments were implemented with an Autolab PGSTAT 204
(Metrohm, Switzerland) potentiostat. In the beginning, the glassy carbon (GC) electrode
was polished with an alumina suspension to renew the electrode surface and then washed
and wiped before the electrochemical reactions. The clean GC electrode was modified
by depositing on its surface a 1.5 uL aliquot of the suspension of the material in study in
acetonitrile and left to dry to generate a layer of homogeneously dispersed material. The
original and modified GC electrodes were utilized as the working electrodes together with
a KCl-saturated Ag/AgCl reference electrode and a platinum counter electrode.

The volume of the electrolyte (0.1 M potassium hydroxide) in the anode and the
cathode was 50 mL for each, and a 35 mL acid trap of 0.1 M sulfuric acid was linked to both
chambers. Both the anode and the cathode were degassed with pure N, (99.999%) with
a flow of 20 mL min~! throughout the whole electrolysis process. CV voltammograms
were acquired using a scan rate of 100 mV s~, to examine the voltage window for NRR.
The reactions took place at room temperature, and all potentials are referenced against
KCl saturated Ag/AgCl. The amounts of ammonia and hydrazine produced were deter-
mined using a multiparameter photometer (Hanna Instruments, Woonsocket, RI, USA) as
described previously by Antonatos et al. [55]. The ammonia yield as well as the Faradaic
efficiency were calculated by using the equations described therein [55].

To determine the ECSA, the samples were cycled in a 0.1 M KOH electrolyte from 0.2 V
to —0.2 V vs. SCE (saturated calomel electrode). This region was identified by previous
testing and showed no faradaic reactions. The measurements were performed with various
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scan rates (20, 40, 60, 80 and 100 mV s~ !) and the capacitance was determined from the
dependence of current density (from geometric area) on scan rate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article /10
.3390/nano11123369/s1: Table S1: List of samples produced and experimental conditions. Figure S1:
Photographs of the colloidal dispersions of some representative samples produced within this study.
Figure S2: HAADF-STEM image and corresponding EDS spectrum for Sal. Figure S3: UV-Vis-
NIR spectrum for Sa2. Figure S4: UV-Vis-NIR spectrum for Sa3. Figure S5: TEM image of Sa4.
Figure S6: UV-Vis-NIR spectrum for Sa4. Figure S7: XRD measurement for Sa5. Figure S8: HRTEM
images for Sa5. Figure S9: BE-STEM image, EDX spectrum and corresponding elemental maps for
copper, oxygen, sulfur, selenium, silicon and phosphorus and elemental analysis quantification for
Sa5. Figure S10: HAADF-STEM image (top left) and corresponding EDS spectrum (bottom left)
for Sa6. The bottom left image was obtained by tilting the TEM holder at 65 deg, which allows to
estimate the thickness of the nanoplates. The bottom right SEM image allows also to estimate the
thickness of the nanoplates. Figure S11: UV-Vis-NIR spectrum for Sa6. Figure 512: HAADF-STEM
image, EDX spectrum and corresponding elemental maps for carbon, copper, oxygen, sulfur, silicon,
selenium and elemental analysis quantification for Sa7. Figure $13: HRTEM images for Sa8. Figure
S14: BF-STEM image, EDX spectrum and corresponding elemental maps for copper, sulfur, oxygen,
selenium, silicon and elemental analysis quantification for Sa8. Figure 515: UV-Vis-NIR spectrum
for Sa8. Figure S16: Tauc plots for direct and indirect transitions for Sa2. Figure S17: Tauc plots
for direct and indirect transitions for Sa3. Figure S18: Tauc plots for direct and indirect transitions
for Sa4. Figure S19: Tauc plots for direct and indirect transitions for Sa5. Figure S20: Tauc plots
for direct and indirect transitions for Sa6. Figure S21: Tauc plots for direct and indirect transitions
for Sa7. Figure 522: Tauc plots for direct and indirect transitions for Sa8. Figure S23: Consecutive
CV scans of the sample Sa7 in 0.1 M KOH. Figure S24: Consecutive CV scans of the sample Sa8
in 0.1 M KOH. Figure S25: Consecutive CV scans of the sample Sa6 in 0.1 M KOH. Figure S26:
Chronoamperometry measurement for sample Sa7 obtained during a 2 h-nitrogen reduction reaction
at a potential of —1.8 V. Figure S27: Chronoamperometry measurement for sample Sa8 recorded over
the course of a 2 h nitrogen reduction reaction using a potential of —1.7 V. Figure 528: Determination
of electrochemical double-layer capacitance (Cdl) of the samples using cyclic voltammetry scans in a
non-faradaic region. Reference [56] is cited in the supplementary materials.
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TTPOOPOUES OPYAVOUETAAAIKESG EVWOEIG, OTTOU ATTOUCIALEI N €TTIBUUNTI @ACT TOU
TTUpAva Kal eppavifovtal evoeielg ueTaAAIKOU o106 pou.
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Eikéva 2 21nv €ikéva atmmoTuTTWVOVTal CUYKPITIKA O1 HayVvNTIKEG ETTIOEKTIKOTNTEG
X(T) yia opaipikd cwpatidla core@shell 15nm (ga049 r deiypa S15 oTnV OXETIKN
MEAETN) CUYKPITIKA pe ogaipikd core@shell 13 nm (ga013) 1Tou BpiokovTtal 0TO
oplo peyEBoug yia Tnv diatripnon core@shell dopng. Eival xapaktnpioTIKA n
dlapopd pe Ta peydAa core@shell 6mTou utTdpxel onuavtiky cuvelopopd AFM
@aong. Ta ocwpartidla ga013 peTpriBnkav ava petd atmod éva €rog (ga013B),
ep@avicovrag Tnv dIAQOPOTIOINCN TTOU PAIVETAI OTAV TTPACIVN KAUTTUAN, N OTToia
ammodolnke otnv ogidwon. H pn avagevopevn oAicbnon tou Te TIPOG
MEYOAUTEPEG TIEG, OQEINETAI JAAAOV OTNV ETTITTAEOV AVICOTPOTTIO TTOU EICAYETAI
OTO oUOTNUA aTTd AUENUEVEG KPUOTAANIKEG ATEAEIEG KATA TNV O&gidwor.
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3.2. Kesr — effective anisotropy constant
V (nm3) Ts (K) Kefr (3/nm3)
S8 270 119 15.22 x 10
C12 1728 198 3.96 x 1023
S15 1450 218 5.19x 10-23
C18 5832 277 1.69 x 1023

H uttoAoyiopévn oTov TTapaTTavw TTiVAKA ATTOTEAECHATIKA JAyVNTIKA aviIoCOTPOTTI

gival povov evOEIKTIKA Kal atroTeEAE HAAAOV ATTAOUCTEUCT TOU CUCTANATOG, KABWG

uttdpyxouv TToAAOI TTapAyovTeg TTou Ba uTTopouca va Tnv emmnpedlouy. !
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3.3. KpuoTaAAikég Sopég TTOU XpnoigoTtroindnkav ota povréAa PDF

Magnetite
O'Neill H St C, Dollase W A

Physics and Chemistry of Minerals 20 (1994) 541-555

Crystal structures and cation distributions in simple spinels from
powder XRD structural refinements: MgCr,;04, 2ZnCr.0s4, Fes0s and the
temperature dependence of the cation distribution in ZnAl,04
Database code amcsd 0007824
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Zeitschrift fur Kristallographie 63 (1926) 144-147
Herstellung und Kristallstruktur von Ferrooxyd (FeO).
Database code amcsd 0018069
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Greaves C

Journal of Solid State Chemistry 49 (1983) 325-333

A powder neutron diffraction investigation of vacancy ordering and
covalence in gamma-Fe,0s3

Database code amcsd 0013508
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04 .383 .631 -.003 .l
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2.0 25 3.0 35 3.0 a5 5.0
r
Ez\sl&)ows.gr:c
TETPAYWVIKO UOVTEAQ] | o Geunc
9 — Gcalc
2} *2 s
P4,2,2

R, = 0.0

.....

-2 /\\/MVA e
2.0 2:5 3.0 35 4.0 4.5 5.0

*1 pecharroman C, Gonzalez-Carreno T, Iglesias J E
Physics and Chemistry of Minerals 22 (1995) 21-29

*2 Greaves C
Journal of Solid State Chemistry 49 (1983) 325-333

Eikéva 3 EvOeIKTIKA TTpocapuoyr Treipapatikwy dedouévwy otoug 80 K, otnv
mrepiox 1.7 A < r < 5.0 A, yia vavooUUTTAEyuO JayKEPITNZ3 ye TNV UTTORABUION
TNG CUMMETPIAG aTTO KUBIKH O€ TETPAYWVIKA VO ATTOTUTTWVETAI XAPOKTNPIOTIKA

oTnv Kopu®r ota ~ 3.0 A.

353



NAPAPTHMA 3

3.4.1. KpuoTaAAIKA oM MAYKEMITN KUBIKAG CUMMETPIOG

Maghemite

Pecharroman C, Gonzalez-Carreno T, Iglesias J E

Physics and Chemistry of Minerals 22 (1995) 21-29

The infrared dielectric properties of maghemite, gamma-Fe,03, from
reflectance measurement on pressed powders

Database code amcsd 0007898

8.33 8.33 8.33 90 90 90 Fd3m
.125 125 .125

atom X \ zZ OcCcC
Fe-oct 1/2 1/2 1/2 5/6
Fe-tet 1/8 1/8 1/8

0 1/4 1/4 1/4

Katd TG TTpooTTd0gIeg TTPOCAPHOYAS Twy dedoUEVWY Yia dEiyuaTa vavo-
OUPTTAEYUATWY HEOOU OAIKOU peyéBoug ~ 86 nm, pe OOMIKEG MOVADEG
VOVOKPUOTAANWY PAYKEUITN MEOOU PeyEBOUG ~ 16 nm, TTou eixav An@Oei pe Tnv
TEXVIKA X-PDF €1miong oTnv ¢peuvnTiki eykataotaocn Tou NSLS-11 oto BNL 10 2014,
dlapavnke OTI TO TTAPATTAVW BOUIKO POVTEAO 1 AAAG pOVTEAQ KURBIKAG CUMPMETPIOG
0ev utTopoUcaV VA TTEPIYPAWOUV ETTOPKWGS TA TTEIPAUATIKA Oedopéva, HPE TO
TTPOBANPA va ep@avifeTal KUpiwg otV aduvapia TTEPIYPAPnS TNG KOPUPNG OoTa ~
3 A. Kabuwc¢ éxel Treplypa@ei 0To TTAPEABOV PAYKENITNC TETPAYWVIKAC CUNHETPIOC
(BA. 3.3, Greaves 1983)* ammopaaioTnke va digpeuvnOei n UTTORABUION CUUUETPIOG
Tou OciyuaTog £QAPPOLOVTAG TO OXETIKO KPUOTAANOYPAPIKO HOVTEAO CUMMETPIOC
P43212. MNpdyuat Ta atroTEAECUATA DIKAIWOQAV TNV TTIAOYF TOU HOVTEAOU, PIAG KAl
n TIPOCAPMOYN TOU MOVTEAOU OTA TTEIPAMUATIKA OedOPEVA EYIVE ME ATTOAUTN
EMTUXia, OTTWGS QaiveTal evOEIKTIKG oTnv EikOva 3. Me Bdon autr) Tnv guTTEIpia Kal
AOYW TNG OPOoIOTATAG TWV BUO OTTIVEAIWY, TOU PHAYKEMITA KAI TOU PayvnTiTn, OTav N
TTPOCAPMOYQ TOU KUBIKOU HOVTEAOU OTa  TTEIPAMATIKG  OedOopEVA  TwV
VavoKpUOoTAAwV FeO@Fe304 gu@avioe 1O idI0 XapaKTNPEIOTIKO TTPORANUA oTnVv
Kopupry Twv ~ 3 A, amo@acioTnke n XpnolyoTroinon Tou idlou HOVTEAOU
TETPAYWVIKOU MAYKEWITN wS BAon yia va TepIypdyel TNV TOTTIKI uttoRdBuion
OUMMETPIOG n oOToia OTn Ouvéxelm amroddOnKe oTnv UTTOPEN EKTETAUEVWV

KPUOTAAAIKWY SIATAPAX WV OTOV OYKO TWV CUYKEKPIMEVWY VAVOKPUOTAAAWV.
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3.5. Mapduerpol KpUuOoTAAAOYPOAQPIKWY HOVTEAWV Kal UTTOAoyioOgioeg
TIMEG
TETRAGONAL (P432:2) CUBIC (Fd-3m)
S8 Model T Bulk Fes.s0s  Model C
a(A) a(A)
) 8.4053(1) 8.3396 .
b (A) b (A) 8.3913(2) 8.395
c(A) 8.1950(1) 8.322 c(A)
v (A3) 578.9691(1) 578.7862 V (A3) 590.8643(1)  591.6462
Fe-Td Fe-Td
8b 0.741(2) 0.995(1)  0.122(1) 0.744 0.996 0.12 i‘_’y_z 0.125 0.125
Uiso (A2) 0.0030(1) 0.001 Uiso (A2) 0.0041(1) 0.0063
Fe .atoms/ 6.30(4) o Fe .atoms/ 9.40(1) 5
unit cell unit cell
Fe-Oh: Fe-Oh
4a 0.624(1) 0.624(1) 0 062 0.62 0
Uiso (A?) 0.0029(3) 0.001
Fe-Oh: 16d 0.5 0.5
X=y=z
8b 0.368(2) 0.874(1)  0.983(2) 0.364 0.867 0.984
Uiso (A?) 0.0032(1) 0.001
Fe-Ohs Uiso (A?) 0.0052(1) 0.0081
4a 0.164(2) 0.164(2) 0 014 0.14 0
Uiso (A?) 0.0014(2) 0.001
Fe atoms/ 10.01(3) 16 Fe atoms/ 17.49(1) 16
unit cell unit cell
Total Fe Total Fe
atoms/ 16.31(6) 24 atoms/ 26.891(1) 24
unit cell unit cell
0. 8b 0.604(2) 0.856(4)  0.989(3) 0.615 0.869 0.986
0: 8b 0.109(5) 0.363(1)  0.993(3) 0.119 0.377 0.995 0 32
e 0.2552(1) 0.2546
O: 8b 0.129(3) 0.867(3)  0.999(3) 0.137 0.861 0.007 X=y=z
0. 8b 0.361(2) 0.624(7)  0.999(5) 0.383 0.631 0.997
Uiso (A2) 0.0021(9) 0.001 Uiso (A2) 0.0108(1) 0.0072
Po 0.080(4) 0.0933 Po 0.096(2) 0.09634
Rw (%) 7.5 N/A Rw (%) 8.9 N/A
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Bulk Fes.s0, S8 C12 S15
Spinel Rock Salt
a(A)
i 8.4053(1) 8.4192(4) 8.4419(2)
b (A) 8.3913(2) 4.2574(6)
c(A) 8.1950(1) 8.2996(6) 8.2527(2)
Vv (A3 590.8643(4) 578.9691(1) 588.2997(1) 588.1339(1) 77.1673(1)
Fe-Td
Uiso (A?) at 8b 0.0041(1) 0.0030(1) 0.0030(1) 0.0037(1)
Fe
atoms/ 9.40(1) 6.30(4) 7.22(1) 7.04(1)
unit cell .
< T
Fe-Oh o EN;
o o 2
1. Uiso (A?) at 4a % = 0.0029(3) 0.0024(1) 0.0022(2) = §
~ L
2. Uiso (A?) at 8b § 0.0032(1) 0.0027(1) 0.0027(1)
< o
3. Uiso (A?) at 4a ?-J ;ZE‘ 0.0014(1) 0.0055(3) 0.0005(1)
w —
Fe
atoms/ 17.49(1) 10.01(3) 12.783(4) 11.17(3)
unit cell
0 0.0108(1) 0.0021(9) 0.0028(1) 0.0033(2) 0.0046(6)
Uiso (A?) at 8b ' ' ' ' '
Total Fe
atoms/ 26.891(1) 16.31(6) 20.00(1) 18.21(3) 4
unit cell
Po 0.096(2) 0.080(4) 0.085(3) 0.082(3)
. Cubic  (Fd- Tetragonal Tetragonal Tetragonal Cubic (Fm-
Refined model
3m) (P45242) (P45242) (P45242) 3m)
No. of
1 1 1 2
phases
Rw (%) 8.9 7.5 8.4 7.5
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[TAPAPTHMA 4

4. Mapdptnua KepaAaiou 6

4.1. Mop@oTtroinon KUBIKwV vavokpuoTaAAwv CoyFe1yO - CoxFez«xOa

Eikéva 4 [lpootrdBeia pop@oTroinong KUPBIKWY VAVOKPUOTAAAWY uE BAOEl TO

TTPWTOKOAAO oUVBeong Tou Keg. 6. H ouvBeon pe a.a. 071 (apiotepd) atrédwoe
KahooxnuaTiopéva KuBIKG cwpaTidla core@shell pe  eCaipeTik) kKaTavoun
peyeBwv kal 5% Co. Ze pia avtioToixn TTPOoTTABeIa Pe Xprion OlIaQOopPETIKAG
TPOdpoung évwong Kal otéxo éva mooooTd Co 20%, TTapackeudoTnkav Ta
owpaTidla Tou Ociypatog pe a.a. 082 (de€id) popgoloyiag oKTaTTOdWV

(octapods)

H duvartdétnta pop@oTtroinong KUBIKWY CWPATIOIWY PE TPOTTOTTOINGN TOU
TTPWTOKOANOU OUVOEONG KpiveTal €TTAPKNG. MTTopoUv va TTapayxBouv ealpeTiKG
OwHAaTIdIa OTTWG ATTOdEIKVUETAI ATTO TN oUVOeon Pe a.a. 071. Adyw Twv SUCKOAIWY
TTOU €I0AYOUV OUWG Ol TTPODPOMEG EVWOEIG EAAIKWY, O EAEYXOG TNG MOPPNG
atrodeIkvUETal ouxVva SUOKOAOG (BA ouvBeon pe a.a. 082).
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4.2. Movrtehotroinon deiyparog avagpopdg CoFe 04

T T T T T T T . T . | i | . .
a Mdvrého Fe,0, ]
- Aciypa avagopag CoFe O, oviého Fe,0, ]

KuBiké omvédio

KuBiko amivéAio

A N g R TR ST <G
0< - Movrédo CoFe,O, ]
—

S S e
—
e Pz

A N S e

Eikéva 5 [lpocapuoyEG TTEIpauaTIKwV OeOOPEVWY TOU BEIYHNATOS avapopdg
oupTrayoug (un vavodounuévou) otrivehiou CoFe204 otoug 300 K yia 1.7 A < r
< 10 A. ‘Exouv xpnoigotroinBsi d00 dIaQopeTIKA POVTEAQ KUBIKOU OTTIVEAiOU,
autd Tou Fes3Oas kal autd Tou CoFe20a4, pe povn dla@opd oTo OEUTEPO TNV
avTiKataoTaon OAwv Twv OKTaedpIKWY Fe pe Co, 6TTwg TTPoRAETTETAI OTTO TNV
1I0AVIKN douf @eppPiTn KoPaATiou. ATTodeikvueTal €101 OTI N TeXVIK PDF atmo
akTiveg-X dev gival oe B€on va diakpivel Ta duo 16vTa (Fe,Co) agou TTPAKTIKA N
TTOI0TATA TG TTPOCAPHOYAG Tou PovTéAou oTa dedopéva gival Kal oTIG dUOo

TTEPITITWOEIG N idIa.
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4.3. TMoapdueTpol KPUOTAAAOYPA@IKWY MOVTEAWV Kal UTToAoyloBeioeg

TIMEG

refined parameters

Models Reference Samples
Spinel[*] Rock Salt’”!  Bulk CoFe,O, Bulk FeO
Symmetry Fd-3m Fm-3m Fd-3m Fm-3m
a(A)
b (A) 8.397 4.3108 8.37699(4) 4.32151(5)
c(A)
Vv (A% 592.0692 80.1076 587.8466(1) 80.7061(1)
Fe-Td &
o -
o
8 S
8a o b
o
X=y=z 0.125 < 0.125 -
3 =
Uiso (A?) 0.003 5 0.0068(1) o)
2
Fe-Oh
o
16d o
N
1] N
X=y=z 0.5 T I
x I
Uiso (A?) 0.003 0.0074(1) x
o
32e
0.2551 0.5 0.5 0.5
X=y=z
Uiso (A?) 0.003 0.003 0.0074(1) 0.0229(6)
% vol. 100 100
fraction
Rw (%) 9.0 14.4
*See ref.®
**See ref.b
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refined parameters

360

S12 S21 S35
Spinel Rock salt Spinel Rock salt Spinel Rock salt
Symmetry Fd-3m Fm-3m Fd-3m Fm-3m Fd-3m Fm-3m
a(A)
b (A) 8.415(1) 4.305(1) 8.407(5) 4.296(2) 8.411(6) 4.295(1)
c(A)
v (A% 595.885(1) 79.785(1) 594.187(1) 79.285(1) 595.035(1) 79.230(1)
Fe-Td E E E
© 00 ~
(o)) (o)} o0
8a 3 3 3
o o o
X=y=z 0.125 Py 0.125 — 0.125 -
= = =
Uiso (A?) 0.0088(1) 2 0.0151(6) 2 0.019(1) 2
L 1 S5 =) 5
Fe-Oh
16d o o o
X=y=z 05 N 05 h 05 h
> > >
1] ] [
Uiso (A2) 0.0086(1) = 0.0118(4) = 0.0101(5) =
o
) n wn
o o o
0.2551 u 0.2551 i 0.2551 0
X=y=z
Uiso (A?) 0.018(1) Uiso (A?) 0.0288(3) 0.017(1) Uiso (A?) 0.0254(2) 0.021(2) Uiso (A?) 0.0231(2)
0,
% vol. 73.6(1) 26.4(1) 63.6(1) 36.4(1) 47.1(1) 52.9(1)
fraction
Rw (%) 12.1 13.4 10.2
Oh g, 0.00343(2) 0.00419(1) 0.00312(2)
Td oy 0.00387(3) 0.00832(3) 0.00956(3)
RS 0 0.00377(2) 0.00324(2) 0.00242(2)
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4.4. TapdaueTpol yia Toug utroAoyiopoug Monte Carlo

ApiBudég kal €ido¢ OTPOPOPUWY OTIIV 0€ KABE TIEPIOX) TOU VAVOKPUOTAAAOU, TTou
XPNOIJOTIOINBNKAV yia TOug UTToAoyIooUg Monte-Carlo Twv TPtV HOVTEAWV VOVOKPUOTAAWV.
AivovTal €TTiONG T TTOOOOTA YIA TOUG QAVTIOTOIXOUG OXETIKOUG AOYOUG OYKWV Kal TO TTO00O0TO

UTTOKOTACTOONG.

guvoAikés  Yéasc Fe aréAslec JéosicCo % oyxko¢ % umoxatrdaraan

g nupivac 257 196 61 0
. 20
(o) dismpaveala
.ﬁ sl 330 319 11 0 .
B ‘:‘;:‘f::j;“ 362 351 11 0 %
o
= «éAugog 2170 1475 695 0
o upives 961 170 284 7
! Sempdvee 338 224 36 78 22
nupijva
§ Semedvea 558 498 0 60 =
KEAUQOUC 75
S wgec 1762 1585 0 177
& rupives 1021 658 0 363
O Sempdvaa 530 349 0 181 2l
.ﬁ nupiive 35
b Semgdvea 654 261 55 338
S  KeAvg@oug 50
g_ KEAUQOC 914 124 577 213
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