University of Crete, Department of Physics

FORTH, Institute of Electronic Structure and Laser

Structural, magnetic and magnetodielectric behavior of
geometrically frustrated manganese oxides

loanna Thomai Bakaimi

A thesis submitted for the degree of Doctor of Philosophy

Heraklion, 2014



Structural, magnetic and magnetodielectric behavior of geometrically
frustrated manganese oxides

© Copyright 2014
by loanna Thomai Bakaimi

All rights reserved.



OPERATIONAL PROGRAMME

EDUCATIDN AND LIFELONG LEARNING NSRF
owledae societ

MINISTRY OF EDUCATION, LIFELONG LEARNING AND RELIGIOUS AF FE =

MANAGlNG AUTHORITY

T

Ef,::gﬁgﬂ':g.",!fnﬂ Co- financed by Greece and the European Union

The work described in this thesis was performed in the “Functional Nanocrystals and
Quantum Magnetism Laboratory” at the Institute of Electronic Structure and Laser,
Foundation of Research and Technology-Hellas, Heraklion, Greece, under the supervision
of Dr. Alexandros Lappas.

This research has been co-financed by the European Union and Greek national funds
through the Research Funding Program Heracleitus Il, Grant number 349309 (WP1.56)

and the Institute of Electronic Structure and Laser.



“We are at the very beginning of time for the human race. It is not
unreasonable that we grapple with problems. But there are tens of thousands
of years in the future. Our responsibility is to do what we can, learn what we
can, improve the solutions, and pass them on.”

Richard P.Feynman

To my parents



University of Crete, Department of Physics
Foundation for Research&Technology-Hellas (FORTH)

Institute of Electronic Structure and Laser (IESL)

The Ph.D Thesis of loanna’s Thomai’s Bakaimi was reviewed and approved by the

following seven-member committee

Alexandros Lappas

Research Director, Institute of Electronic Structure and Laser, Foundation for Research
and Technology-Hellas

Panagiotis Tzanetakis

Professor, Department of Physics, University of Crete
Nikolaos Papanicolaou

Professor, Department of Physics, University of Crete
Antonis Andriotis

Research Director, Institute of Electronic Structure and Laser, Foundation for Research
and Technology-Hellas

Alexandros Georgakilas

Professor, Department of Physics, University of Crete

Pantelis Trikalitis

Associate Professor, Department of Chemistry, University of Crete
Eleutherios Iliopoulos

Assistant Professor, Department of Physics, University of Crete



Acknowledgements

| am indebted to many people for the help, discussions and knowledge that I gained during
the last years. | had the honor, luck and privilege to interact with excellent scientists and

great teachers.

Foremost | would like to thank the Physics Department in the University of Crete, for
accepting me as a Ph.D candidate. | am deeply grateful, to my supervisor Dr. Alexandros
Lappas who gave me the opportunity to pursue high quality and competitive research as
well as for the continuous assistance, invaluable guidance and fruitful discussions he

offered me in order to accomplish my goals.

Professor Panagiotis Tzanatekis has provided advices and help especially for the
optimization of the magnetodielectric measurements set up, therefore 1 am grateful for all

his contribution.

One of the steepest learning curves and by far one of the most fascinating experiments |
had the joy to carry out, were the neutron powder diffraction experiments. | would like to
thank Prof. Mark A. Green, for inviting me in the NCNR-NIST and for helping me with
this experimental work and the relevant analysis. Dr. Efrain Rodriquez, Dr. Chris Stock,
Dr. Craig Brown and Dr. Pawel Zajdel have been very helpful so a great thanks to all of

them.

A demanding and time consuming task in my thesis has been the building and the
continuous optimization of the magnetodielectric measurements set up. This work did
entail a lot of effort, trials, interaction with experts and people with advanced technical
skills. For the successful completion of this work, | appreciate the help of Dr. Bohdan
Kundys, Giorgos Papadakis, George Goussis and Giannis Koutsaidis, Michalis
Viskadourakis and the people in the machine shop. Also, Giannis Tsampos and George
Papaioannou for their important help with the construction of the LabView software

program.



Concerning the numerous questions that have been insistently feeding my thoughts, 1 had
discussions with many people, which is impossible to acknowledge one by one. | would
like to thank for the help, Prof. Nikos Flytzanis, Dr. Andrej Zorko, Dr. Zacharias
Viskadourakis, Prof. Liberato Manna and Dr. Rosaria Brescia in the I.1.T of Genova,
Dr.Artem M. Abakumov, Dr. Alexander A.Tsirlin, my colleagues in the laboratory Dr.
Athanasia Kostopoulou, Kostantinos Brintakis, Dr. Othon Adamopoulos for the former
extensive research related with the a-NaMnO, polymorph, and Eleni Aza for continuing a

part of this project.
An enormous support has been offered generously by my friends and family.
| wish to thank my friends Eirini and Lykourgos, for being there.

| am grateful to my husband Antonis, for his endless patience and understanding. For the

trust we gained and the things we lost, the three years we spent apart.

| deeply thank my parents Kostas and Mathildi, and my sister Stella, for the love, the
support in my decisions and everything that they have been doing for me. (Evyopiotd
Bepud toug yoveig pov Koota kot Mathiddn, kot tnv adeper| pov téAra, yio TV aydmn,

v vrootPEn Kot OAo OG0 EYOVV KAVEL Yo HEVAL).
loanna Bakaimi

lodvva Mraxoipn



(000] 011514 | ST i

LISt Of FIgUIES. ..o iX
LISt Of Tables. ... XXVi
ADSEFACT. . .., XXXl
L0 N L | TSP R PR RUPPTPRN XXXV

Chapter 1: Introduction- What is already known?

An Overview of this Thesis:

LA TR GOAL. ...t e 1
1.2 The MaterialS. ... .o.veii e e 1
1.3The MEtNOGS. ... .o e 3
1.2 Basic Concepts of MagnetiSm.........o.oiiriiiiie e 4
1.2.1 The origin of MagnetiSm..........coouiniii e, 4
1.2.2 Categories of MagneticMaterialS...............ccoooiiiiiiiiii e, 5
1.2.3 Interactions between Magnetic Moments (SPiNS)..........cccovevivieriiiiiinininnnnnn 7
1.2.4 What an experimentalist observes and measures. .............c.cocveveveeineennnnn. 11
1.2.5 Curie and Curie-WeiSS LaW.........o.iuiriiiiie e, 13
1.3 Geometric Magnetic Frustration................oooviiiiiiiiiie e, 14
1.3.1 Why Geometric Frustration is related to this thesis......................oeoinil. 15
1.3.2 The origin of Frustration...........c.ooviiiiii e 16
1.3.3 Frustration in Magnetic SYStemMS...........ooiiiiiiii e 16
1.3.4 Other Frustrating LattiCes..........oiiiiiiiii i 18
1.3.5 Frustration in Spin GIasses. ........coviniiiii e 19



1.3.6 Experimental Realization of Frustration.......................ocooiiin, 22

1.4 Multiferroics and Magneto-electrics. ..o 24
141 The DefiNitioNS. . ..o 24
1.4.2 The Early Historical Background................ccoooiiiiiiiiiiiiieieeea 25
1.4.3 The Linear Magnetoelectric Effect.................cooi i, 26
1.4.4 Requirements for a Magnetic Ferroelectric: The Symmetry Considerations...... 27
1.4.5 Classification of Multiferroics and Relevant Examples............ccccconiiiniinennn. 28

1.4.6 Magnetoelectric Coupling and Proposed Mechanisms in ‘type I1I’Multiferroics.29

1.4.6.1 The Inverse Dzyaloshinskii Moriya Interaction..........................cooeeeee. 30
1.4.6.2. Spin Orbit Interaction of the d-p hybridization Mechanism...................... 31
1.4.7 Probing the Magnetoelectric Coupling Experimentally.............................. 33
1.5 Magnetodielectric Coupling..........cooiuiiiiii 35
1.5.1 Magnetodielectric Coupling in ABO, SYStEMS.......cuiviiriiiiiiiiiieeieeeeea 36
1.5.2 The Case of the Magnetodielectric CUFEO,.........covviiiiiiiiiiiii e, 38

Chapter 2: Experimental Techniques

INTrOTUCTION. ... . 42
2.1 Solid State SYNthesSiS. ......viuii e 42
2.2 CharaCterizatioN. ..........ouinie i e 43
2.2.1 X- Ray Powder Diffraction (XRPD).........coiiiriiiiiiiiiieie e 43
2.2.2 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES)........ 49
2.2.3 Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(15O T 50
2.3 MagnetiC MeaSUIBMENTS. ... ...ttt ettt et et e e e eanans 51



2.3.1 The SQUID MagnetOMELEr........c.cccueiieeieiiieiieseeiesieseeseesee e ae e ste e e e e 51

2.3.2 Static SUSCEPLIDIILY.......cvi i 54
2.3.3 Dynamic Susceptibility. ..o 55
2.4 Magnetodielectric MeasUremMeNtS. .........o.oiriiriit i e 56
2.4.1 The Construction of Magnetodielectric Measurements Set Up............... 56

2.4.2 Dielectric Constant Measurements. ............o.euiiuiiiiiiiiiieenen. 61

2.4.3 1-V and Polarization Loop Measurements............ccooevviieiieiininnannnn. 64

2.5 Neutron Powder Diffraction (NPD)..........cooviiiiiiii e 66
2.5.1 Constant Wavelength (CW)........coooiiiiiii e 70
2.5.2Time of Flight (TOF) ... ..o 72

2.5.3 Data Processing of Neutron Powder Diffraction Patterns................... 73

2.6 Transmission EIECtron MICIOSCOPY.......ccurieuirieriniieiieieie ettt 78
2.6. 1 INTrOTUCTION. ...ttt bbbt 78
2.6.2The layout Of TEM.....ooirii e 79
2.6.3 Different Modes Of TEM ... 81
2.6.3.1 Electron Diffraction...........cocoiiiiiiii 81
2.6.3.2 High Resolution Transmission Microscopy (HRTEM)........................ 82
2.6.3.3 Energy Dispersive X- Ray Spectroscopy (EDS)........ccoeviviiiiiiiininnn 83

2.6.3.4 Scanning Transmission Electron Microscopy (STEM)-High Angle Annular
Dark Field (HAADF). ...t 83

2.6.3.5 Electron Energy Loss Spectroscopy (EELS)........ccoovviiiiiiiiiiiiiinn. 83



Chapter 3

Crystal, Magnetic and Magneto-dielectric Behavior of the Frustrated

Antiferromagnet a-NaMnO,

L INErOAUCTION. ...t 85
3.2 Synthesis of a-NaAMNOa...... ..o 93
3.3 CharaCteriZation. .. ......o.inii e 94
3.3.1X-Ray Powder Diffraction (XRPD)..........cooiiiiiiiiiiiiiiieieeeeee, 94
3.3.2 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES)........ 96
3.3.3 Electron Energy Loss Spectroscopy (EELS).......c.ooiviiiiiiiiiiiiiiienn, 96

3.4 Magnetodielectric MeasuremMeNntS. ...........oouieiiiii e, 98
3.4.1 Dielectric Permittivity Under Zero Magnetic Field............................... 99

3.4.2 Dielectric Permittivity Under Various Magnetic Fields......................... 102

3.4.3 Complementary measurementS. ... .....ouiuiiriitiiiiee e eeeaaes 108

3.4.4 Comparison of the results obtained by different o-NaMnO, samples, as

presented in 3.4.2 and 3.4.3 SECHIONS. .....o.iviirini i 112
SO TEM SHTUIES. . .ottt 118

3.5.1 Electron Diffraction (ED) Patterns.............c.oooiviiiiiiiiiiieiiieeee, 118

3.5.2. High Resolution Transmission Microscopy Images (HRTEM)................ 120
3. 6 ReSUIS aNd DISCUSSION. ... ..ttt 123
BT CONCIUSIONS. ... e 128
Chapter 4

Crystal, Magnetic and Magnetodielectric Behavior of the 2D Antiferromagnet -
NaMnO,

A0 INErOAUCTION. . e 130



4.2 Synthesis of B-NaMNOa........oiiii e 133

4.3 Characterization of B-NaMNOg.........ccoeiieiiiiiiiesece e 137
4.3.1 X Rays Powder Diffraction (XRPD).........cooiiiiiiiiieie i, 137
4.3.2 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES).......... 145
4.3.3 Thermogravimetric ANalySiS. ... ....c.oiiriiii e 146
4.3.4 HADFF-EDS mapping of B-NaMnOg.........ccooiiiiiiiiiiiceee 147
4.3.5 Electron Energy Loss Spectroscopy (EELS).........c.oooiiiiiiiiiiiiin, 149

4.4 Magnetic Properties of B-NaMnNOg.........cooeiiiiiiiii e, 150

4.4.1 Static SuSCeptibility. ... ..o 150

4.4.2 Dynamic SusCeptibility. ..o 156

4.5 Magnetodielectric MEaSUIEMENTS...........cocviieieeieiie e ee et se e sne s 157

4.5.1 Magnetodielectric Measurements on pure B-NaMnO, samples....................... 158

4. 5.1.1 Measurements of Dielectric Constant Under Zero Magnetic Field................ 160

4.5.1.1.1 Dielectric Constant Measured under Different Electric Fields.................... 162

4.5.1.1.2 Dielectric Constant measured at Different Frequencies........................... 163

4.5.1.1.3 Memory Effect in B-NaMnNOg...... ..o 165

4.5.1.2 Dielectric Constant Measurements Under Various Magnetic Fields............... 168

4.5.2 Magnetodielectric Measurements on Annealed p-NaMnO;, Samples................. 170

4.5.3 Comparison of the Dielectric Constant of a-NaMnO,, -NaMnO, and the Annealed

B-NAMNO S ..o 174
4.5.4 I1sothermal Polarization Loop Tests on B-NaMnO;..............coooviiiiiiiinnn... 177
4.5.5 Polarization versus Temperature of an Annealed in Air B-NaMnO, sample........ 179



4.6 TEM STUIES. .. .o e 182

4.6.1 Electron Diffraction (ED)........cooeiiiiiiiii e, 182
4.6.2. High Resolution Transmission Microscopy (HRTEM)................ooeeeee. 185
4.6.3 Interpretation of the ED-HRTEM results-The Superspace Model................ 187
4.6.4 Assesment of the Magnetic Interactions According to the HRTEM Data....... 197
4.7 Neutron Powder Diffraction (NPD) ReSUItS...........c.coooiiiiiiiiiiia, 199
4.7.1 Costant Wavelength Data..............ooviiiiiiiii e 199
4.7.1.1Crystal Structure at 300 K-Le Bail fitS..........ccooiiiiii 199
4.7.1.2 Magnetic Ordering of f-NaMnO, According to the NPD Data..................... 205

4.7.2 Time of Flight (TOF) Neutron Diffraction Data of f-NaMnO, Obtained at the WISH

DIFFTACTOMETET . ..., 209
4.7.2.1 Three Phase Le Bail Analysis of 300 K Pattern.................ccooviiiiiiiiinnnn. 209
4.7.2.1 Pattern obtained at 300 K ..........oii i, 209
4.7.2.1.2 Neutron Diffraction Pattern obtained at 5 K................oooooiiiin 215
4.7.2.2 Temperature Evolution of the Magnetic Bragg Peaks...................cooevennnn. 220
4.8 ReSUILS aNd DISCUSSION. ... ..uittt ettt et 229
4.9 CONCIUSTONS. ... et e 235
Chapter 5:

Crystal and Magnetic Properties of the birnessite Na o 3sMnO, x0.2H,0

S.LINEOAUCTION. .. ..o 237
5.1.1 The Crystal StrUCTUIE. ..ottt 239
5.2 Synthesis of the birnessite NagsMnO2X0.2H0. ... 240
5.3 CharaCteriZatioN. .. ... .c.ouiuit i, 242

5.3.1 X Rays Powder Diffraction (XRPD)..........ccoiiiiiiiiiiiiiiieieeea 243

Vi



5.3.2 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES).......... 245

5.3.3 Thermogravimetric ANalysiS. ... ....c.oiiniiii e, 245
5.3ATEM ANAlYSIS. ...t 248
5.3.4.1High Resolution Transmission Microscopy (HRTEM) ..............cooevviinn 249
5.3 4.2 EDS MaPPing. ....vineiniiiitiit e e e e e 250
5.3.4.3 Electron Energy Loss Spectroscopy (EELS)........cccooevviiiiiiiiiinn 251
5.4 MagnetiC Properties. . ...t 252
5.4.1 Static Susceptibility. ..., 253
5.4.1.1 Curie Weiss FITttING. ..o 255
5.4.1.2 Magnetization versus Magnetic Field M(H)..................ooiiiiiiiiin. 258
5.4.1.3 Magnetic Field Dependence of the Spin Glass Temperature..................... 259
5.4.1.4 Aging of a Spin Glass- Memory Effects and Rejuvenation Experiments...... 263
5.4.2 Dynamic Susceptibility.............ooiiii 265
5.4.2.1The Mydosh parameter...........cooiuiiriie e 265
5.4.2. Phenomenological Description of Dynamic Properties in Spin Glasses....... . 267
5.42.3 ArrheniuS LaW . .....ouonii e .269
5.4.2.4 PowerLaw Fits: Nap3sMn0O,%0.2H,0 A Canonical Spin Glass................. 270
5.4.2.5 Field Dependence of the Spin Glass Temperature.......................oeevenns 273
5.5 Neutron’s Powder Diffraction (NPD) Data................ccoooiiiiiiiiiiiiiiiain, 275
5.6 ReSUIS aNd DISCUSSION. ... e.eueneeee e e 276
5.7 CONCIUSIONS. .. .. 280
Chapter 6: PerspPeCtIVES. ... .ot e e 281

Appendix A: Comparison of the oxides: a-NaMnO, p-NaMnO, and
NagsMNO X0, 2H0O . ..., 288

vii



A.1 The crystal structures of a-NaMnO,, B-NaMnO, and Nap3sMn0,x0.2H,0........... 289

A.2 X Ray Powder Diffraction.............coooiiiiiii 292
A.3 Magnetic Susceptibility Graphs of the Manganese Oxides ........................... 293
Appendix B: Magnetodielectric Measurements Set Up and The LabView
SOTEWANE. ... 295
B.1 Temperature Control..........c.ooiiiiiii e, 296
B.2 The LabView Software Program.............ccoooiiiiiiiiiiii e, 298
B.2.1Measuring the Dielectric Constant and Dielectric Loss............ccccoevviiiiinn... 299
B.2.2 Measuring Capacitance versus Magnetic Field........................oil, 301
B.2.3 Measuring Charge or Current (Polarization) versus Temperature..................... 303
Appendix C: Preliminary Analysis of the Magnetic Structure of g-NaMnO....... 305

Appendix D Complementary Graphs of Chapter 5.................ocooiiiiiiin .. 314
D1: XRPD graph of the birnessite synthesized by deintercalation of Na cations.......... 315
D.2: Aging of the birnessite compound as seen with the XRPD patterns................... 316
D.3 Methodology used for the power law fits presented in chapter S........................ 318
D.4 Le Bail Refinement of the 5 K NPD Pattern..............ooooviiiiiiiiiiiiiiiiienn, 321
Appendix E: Research Training and Professional Development........................ 323
Conferences and Talks. .........oooiiii i 324
Schools and WOrKSNOPS. .....o.vie i 325
Short Visits and Further Training. ..o, 326

Peer-Reviewed Proposals for Neutron EXperiments..............ccooiviiiiiiiiininennnn.. 327
PUBIICALIONS. . ... 328

viii



R OIENCES. . ..ottt e e 329
List of Figures

Figure 1.1 Basic types of magnetic materials according to the spins alignment:a)

Paramagnets b) Ferromagnets ¢) Antiferromagnets d) Ferrimagnets........................... 6

Figure 1.2 Different types of antiferromagnetic ordering on a cubic lattice. Reprinted

from: http://andrewsteele.co.uk/physics/mmcalc/docs/magneticpropagationvector............. 6

Figure 1.3 Examples of non collinear magnetic orderings a) Spiral b) Cycloid and c)
Conical. The magnetic moment for the cycloidal magnetic ordering lies on the plane of the
page unlike the spiral and the conical magnetic ordering Figure reprinted from presentation
of Laurent Chapon entitled “Symmetry applied to magnetoelectrics and multiferroics”

presented in the European School of Multiferroics in 2010.................oooviiiiiin.l 7

Figure 1.4 Representation of different kinds of low dimensional magnetic systems.a)1D
chain b) two leg and three leg spin ladders.JI and J is the coupling along chains and rugs,
respectively c¢) 2D square lattice with exchange coupling costants J and J".d) Two leg
ladder showing intra-ladder (JI and J1) and inter-ladder (J°) exchange couplings. Black
dots denote spin contain units whereas continuous and dashed lines represent

antiferromagnetic interactions of different strength. Reprinted from Reference 10......... 11

Figure 1.5 The linear fitting of the plot 1/x versus T, yields two values which are essential
for the characterization of a magnetic material: a) the effective magnetic moment and b)
the Curie temperature ®,,. The above figure shows the Ow temperature in the case of

ferromagnetic (6,>0), paramagnetic (6,=0) and antiferromagnetic (6,<0) ordering........ 14

Figure 1.6 A geometrically frustrated system is one in which the geometry precludes the
simultaneous minimization of all interactions.(a) In the unfrustrated antiferromagnet on the
square lattice each spin can be antialligned with all each neighbors. (b) On a triangular
lattice, such a configuration is impossible: Three neigbhoring spins can not be pairwise
antialigned, and the system is frustrated. (c) The ground states of a cluster of Heisenberg

spins have zero total spin, so the vector sum of an elementary group of spins must add up



to zero. A cluster of three spins forms a unique structure, whereas four spins form a family
of degenerate ground states, with 6 and ¢ the structure’s two degrees of freedom. Reprinted

FTOM REIEIENCE L7 ..o e e e 15

Figure 1.7 Non frustrated interactions: Antiferromagnetic alignment of the spins on a
square lattice (left) and the resulting long range antiferromagnetic order (right). Right part

of the Figure reprinted from http://en.wikipedia.org/wiki/Antiferromagnetism ..... ....... 17

Figure 1.8 Non frustrated interactions: Ferromagnetic alignment of three Ising spins on a

equilateral triaNgle. ... ..o 17

Figure 1.9 lllustration of geometric magnetic frustration on a triangular lattice.Only two of
the three spins can be AFM aligned minimizing their bipartite interactions.Reprinted from
R CIeNCE 2 oo 18

Figure 1.10 Types and examples of systems of frustrating lattices. Reprinted from
RETEIENCE 29. ... 19

Figure 1.11 Shcematic illustration of bond disorder. A cubic lattice where the assembles of
spins can be either ferromagnetic (blue bonds on the left) or antiferromagnetic (central disk
with the antiferromagnetic bonds shown in red). In these cases the minimization of the
energy is possible. On the contrary when a spin does not have a unique orientation (right
disk), leading to odd numbers of antiferromagnetic or ferromagnetic interactions, a bond
disorder is caused. The competing ferromagnetic and antiferromagnetic interactions can be

the basic ingredient of frustration in spin glasses. Reprinted from Reference 31... .......21

Figure 1.12 Tllustration of the definition “multiferroism”: Materials that combine
ferroelectric and ferromagnetic order at the same phase. This characteristic property allows
an external magnetic field to modify the polarization hysteresis loop and similarly an

electric field to affect the magnetization 100p............ccooiiiiiiiiii e 24

Figure 1.13 The result of the Dzyaloshinskii Moriya interaction between two magnetic
ions leads to the DM vector (D#0) and the canting of the spins. M; and M, denote the
magnetic ions, and O is the atom of oxygen in between them. The canted spin directions e;



and e, produce the spin current js c e; * e, between M; and M,. The direction of the spin
polarization is that of the spin current js and it is given by Pooe;,*js Reprinted from
RO O ENCE 7. .ot 31

Figure 1.14 a) Proper screw axis magnetic ordering b) The arrangment of two magnetic
ions, reprented with blue spheres and the a oxygen ion represented with a red sphere. The
magnetic moment orientations are pointed with m; and m,, whereas the direction of the
polarization Py is parrallel to the x axis. c)Proper screw magnetic order on a delafossite
crystal lattice. The direction of the induced polarization is parallel to the direction of the
helicity of the spiral g. .(b) and (c) parts of figure were reprinted from references 62 and
B3, TESPECLIVELY. ...t e aaes D2

Figure 1.15 Plots of the magnetic susceptibility, the dielectric constant and the
polarization of the delafossite compounds CuCrO, and AgCrO, without (plots on the left )
and under the application of an external magnetic field (plots on the right). Reprinted from
RETEIENCE 50, . . et 34

Figure 1.16 The two polytypes of the delafossite structure. Reprinted from Reference

Figure 1.17 Magnetic and temperature phase diagram of CuFeO,, reprinted from
Reference 82. Measurements of magnetization, dielectric constant, electric polarization
and magnetostriction are represented with diamond, square, triangle and inverse triangle
respectively.Open and filled symbols correspond to the data points taken upon cooling or
magnetic field decreasing and warming or magnetic field increasing respectively. Worth
noticing that the polarization emerges at the grey area where the non collinear magnetic

structure develops.Reprinted from Reference 90............coooiiiiiiiiiiiii i 40
Fig 2.1 Typical emission X-Ray SPeCctrUm...........cooviiiiiiiiii i, 45

Figure 2.2 The Bragg’s law.0, 20 are the Bragg angles, 2A=2dn sind the path difference

and 2A=nX the CONStIUCTIVE INEEI EIENCE. . ... 46

Xi



Fig.2.3 The Bragg- Bretano Geometry. Reprinted from
http://lwww.ammrf.org.au/myscope/xrd/background/machine..........c.cccccocevvivieiesieieennnn, 47

Figure 2.4 The air sensitive sample’s XRD holder: a) with the mylar attached on the top

cover b) The base aluminum part where the sample is placed................................. 48

Figure 2.5 Basic concept of ICP-OES analysis for aqueous samples. Reprinted from
Reference 104. ... ..o e e 49

Figure 2.6 Left: A detail of the sample cup. Right: Schematic illustration of the

simultaneous TGA/DSC instrument lay out. Specifically the model of the above figure is

the SDT Q600. Reprinted from the website
http://www.tainstruments.com/pdf/brochure/sdt.pdf of TA’s instruments
............................................................................................................... 51

Figure 2.7 Schematic diagram of the SQUID operation.Reprinted from Reference 106..53

Figure 2.8 A schematic diagram of the SQUID magnetometer.Reprinted from reference

Figure 2.9 The home made 7 Tesla low temperature measurements set up. Some its basic
parts are a) superconducting magnetic controller b) superconducting magnet voltage supply
c) The Janis cryostat d) The 7 T superconducting magnet e) Keithley Electrometer f) LCR
bridge g) Temperature Controller Lakeshore 332.............. oo 57

Figure 2.10 The Magnetodielectric measurements probe. a) A photo of the entire probe
b)The base of the probe: The brass based in which is attached the sandwich like holder c)
An illustration of the sketch by which the holder has been designed d) a view of the pcb
piece with the copper pad ONn it........ ..o e 59

Figure 2.11 Left: The 5mm home made steel press. Also shown part of the torque key that
was used to apply specific values of pressure. Right: A 5mm diameter pellet of B-NaMnO,
pelletized with the press as seen from the StereosCope. ..........ccovviiiiiiiiiiiiiiiiiannn, 60

xii



Figure 2.12 A simple circuit which shows the principle behind the capacitance (C,-D)

measurement  with the LCR bridge. Reprinted from  Reference 111

Figure 2.13 A representation of the impedance measurement plane.Reprinted from
RETEIENCE L. . e 63

Figure 2.14 The circuit by which the I-V is measured with the help of the Keithley 6517 A
electrometer. Reprinted from Reference 116.............ccoiiiiiiiiiiiiiiiie . .64

Figure 2.15 Polarization loops for a number of PbTiO3 /SrTiO3 samples. On the right part
of the figure: the corresponding I-V loops for ferroelectric materials. Reprinted from
R EIENCE L7, . e e 64

Fig 2.16 Comparison for the scattering cross sections of Neutrons (red) and X Rays (green)
by some elements. Note that neutrons have a stable cross section independent of the atomic
number of each element, yet are scattered rather strongly by H................................ 67

Figure 2.17 Scattering triangle in a) Elastic and b)Inelastic Scattering c) Diffraction from
A AT, ..o 69

Figure 2.18 Generic layout of a CW neutron diffractometer. Numbers represent specific
parts of the instrument which are explained in the text.Reprinted from Reference
L0 e 71
Figure 2.19 Layout of the BTldiffractometer. Reprinted from the BT1’s home page:

(http://www.ncnr.nist.gov/instruments/bt1/btl plan.html).....cccoeeeiveiieiie e, 71

Figure 2.20 Graphic representation of a TOF diffractometer. Worth noticing the
arrangement of the detectors (pointed with red lines) that correspond to different d-
spacings.Reprinted from the website http://www-IIb.cea.fr/SOLEIL-
LLB/DiffractionPoudres/PDF/P.Radaelli.pdf ..o 72

Figure 2.21 Plotted output of a Le Bail fitting from the neutron diffraction pattern of Pr
0.66Cao0.33Mn0O3 (G42, LLB, France).The red and black line correspond to the experimental
data and theoretical model respectively, whereas the blue line shows the difference

between them (yi-y.) indicating the goodness of the fitting. Reprinted from the

Xiii


http://www.ncnr.nist.gov/instruments/bt1/bt1_plan.html

presentation: “Powder Diffraction Patterns” of A.Daoud Aladine provided in FullProf

SCNOON 200 . ..o 76

Figure 2.22 The basic parts and the geometry of a TEM microscope (reprinted from the
website http://www.hk-phy.org/atomic_world/tem/tem02_e.html)..........ccccceeviiiniieinnnnnne 80

Figure 2.23 The possible interactions of the incident electrons beam (E;) with the sample

Figure 3.1 The layered structure of the delafossite a-NaMnO,. The manganese (Mn*3),
oxygen (O) and sodium (Na*?) ions are represented with the blue, red and yellow spheres
TSN 1S e A7) P 87

Figure 3.2 A detail of the a-NaMnO; structure showing the cell edges with indicated with
the purple lines. Note the triangular arrangment of the Mn cations on a flat layer (blue

Figure 3.3 (a) Crystal structure in the ambn, plane at room temperature. The subscript m
refers to the monoclinic system. Mn and O atoms are represented as large black and small
red spheres, respectively. J; and J, are magnetic inequivalent magnetic intereactions along
bm and [110], represented with green and blue lines, respectively. (b) The magnetic order
in the ab plane for a-NaMnQO,. The monoclinic (T>45 K) and triclinic (T<45 K) unit cells
are shown with the blue marks pointed out as anby, and atbt, respectively. Red arrows show
the strain directions, whereas the + and — signs indicate the up and down directions of the

MAGNELIC MOMENES. ...\ttt e et et e eeaaeas 89

Figure 3.4 Rietveld Refinement of the NPD data obtained at 4 K at the BT1 diffractometer
with the reliability factors: x2:3.82%, RBragg =1.56%, R(Fz) =1:19%, Rmagn = 5:63%. The
red black line represents the experimental data and the calculated profile, respectively,
whereas the blue line shows the difference in between them. The first row of vertical green
ticks at the bottom shows the Bragg reflections of the nuclear structure, whereas the second

raw indicates the positions of the magnetic peaks................ocoiiiiiiiiiiiiiiiin, 89

Figure 3.5. Structures of [MnO.] layers and relevant topologies of magnetic interactions in
a-NaMnO;, Reprinted from Reference 143...... ..o, 91

Xiv


http://www.hk-phy.org/atomic_world/tem/tem02_e.html

Figure 3.6 The static magnetic susceptibility of the a-NaMnO, measured on a ZFC mode
under 200 Oe magnetic field, shown with the black points. The model description of the a-

polymorph presented with the continuous blue line indicates a uniform spin chain.........92

Figure 3.7 The heating protocol that has been followed for the solid state synthesis of the

polycrystalline powder a-NaMnNOa...... ..o 94

Figure 3.8 X-rays powder diffraction of a polycrystalline sample of a-NaMnO, (black
continuous line). The indexing of the Bragg reflections has been done according to the data
base ICSD_16270, which corresponds to the blue ticks. The grey ticks around 26deg and
38 deg are attributed to the mylar film. Note the red arrow at 14.11 deg shows a reflection
which is attributed to the 001 peak of the B-NaMnOs............ccoooiiiiiiiiii . 95

Figure 3.9 L edge energy-loss near-edge structures for the determination of the oxidation
state Of MN 1N the 0-NaAMNO . . ..o e e, 97

Figure 3.10 Dielectric constant (¢) and dielectric loss (tand) versus temperature measured
with 96 kHz (blue line) and 500 KHz (red lin€)..........ccoeiiiiiiiiiiiee 100

Figure 3.11 A second measurement that repeats the one presented in figure 3.10. Dielectric
constant (¢") and dielectric loss (tand) versus temperature measured with 96 kHz (blue line)
and 500 KHZ (red 1INE).......o.oiniii e 101

Figure 3.12 Graphs showing the real (e') and imaginary part (tand) of the dielectric
permittivity versus temperature under the magnetic fields:0T, 1.5 T,3 T, 4.5 T and 6T..104

Figure 3.13 (a) A detail of the figure 3.9 showing the temperature region between 80 K-
115 K. (b) MC effect as a function of temperature at 500 kHz under several magnetic
FIElOS. .o 105

Figure 3.14 A graph that shows the shift of the critical temperatures T, and T, with respect
to the applied magnetic fields (left axis). T, and T, refer to the temperature where the
dielectric constant begins to drop and has taken the final minimum value, respectively. On
the right axis the percentage of magnetoelectric effect (ME) is displayed versus

temperature, for various magnetic fields. ... 106

XV



Figure 3.15 Dielectric constant (¢) and dielectric loss (tand) versus temperature measured
with 100 kHz (blue line) and 500 kHz (red line) and 667 kHz (red line) under zero
MagNetiC Fleld. ... ..o e 109

Figure 3.16 Graphs showing the real (¢') and imag inary part (tand) of the dielectric
permittivity versus temperature under the magnetic fields of: 0 T,05 T, 15T, 3T,45T
and 6 T on a-NaMnNO, SaMPIE 2.......o.eiiii e 110

Figure 3.17 (a) A detail of the Figure 3.16 showing the temperature region between 80 K-
115 K.('b) ME effect as a function of temperature at 500 kHz under several magnetic fields

0N o-NaMNO, SAMPIE 2. ..o e 111

Figure 3.18 A graph that shows the shift of the critical temperatures T, and T, with respect
to the applied magnetic fields. T, and T, refer to the temperatures where the dielectric
constant begins to drop and has taken the final minimum value, respectively At the right
axis the magnetoelectric effect versus temperature for different magnetic fields is
PEESENEEA. . ... et 112

Figure 3.19 Comparison of the dielectric constant measured under zero magnetic field and
frequency of 500 kHz of the two different a-NaMnO, samples whose results are
analytically presented in sections 3.4.2and 3.4.3.........coiiiiiiiiiii 114
Figure 3.20 Main electron diffraction patterns obtained from the a-NaMnO,. Clockwise:
ED patterns along different zone axis.The arrowheads mark the spots which originate from
twins and intersection of the Ewald sphere. Bottom left: presence of weak diffuse intensity
lines. In the figure at the bottom right, the red and green lines correspond to the
decomposition of the pattern into contributions from two mirror-related domains whereas
the diffuse intensity lines are shown inblue....................o 119

Figure 3.21 Electron diffraction patterns of the a-NaMnO; obtained from different zone
axis. The arrowheads mark the spots which originate from twins and intersection of the
Ewald sphere.Worth noticing the spots with the increased size and intensity indicating the
presence of regular superlattice k=1/4[-111] reflections................c.ocoviiiiiiiin.n. 120

XVi



Figure 3.22 The [010] HRTEM image (5nm magnification) of a-NaMnO2 showing planar
defects which are marked with arrowheads. The white arrowheads mark the twin planes
whereas the black arrowheads (inset in the left of the figure) point out the antiphase

DOUNGANIES. ... oot 121

Figure 3.23 [010] HAADF-STEM image showing the projections of the Mn atomic

COMUMINS . <o e 122

Figure 3.24 Possible models explaining the complex crystal structure of the a-NaMnO,: a)
the twin boundary model and b) the stacking fault. The Mn, O and Na atoms are shown as

green, blue and orange spheres, respectively.............ccoooiiiii i 123

Figure 4.1 The crystal structure at room temperature of p-NaMnQO,. Mn, Na and O atoms
are represented with dark grey, purple and red spheres, respectively. Cell edges are shown
WIth BIUE COLOT. .. e 131

Figure 4.2 A detail of the crystal structure of B-NaMnO, showing the 2D triangular

arrangement 0f the MN ™ I0NS. ........ et ee e 131

Figure 4.3 Structures of [MnO;] layers and relevant topologies of magnetic interactions in
the B-NaMnO, polymorph. The Mn and O atoms, are shown with the green and blue

spheres, respectively. MnOg octahedra are shown in transparent green..................... 133

Figure 4.4 A schematic representation of the p-NaMnO, solid state synthesis. The first
heating starts at room temperature and almost 83.5 hrs are required in order to reach the
final dwelling temperature at 950°C. The second and third heating starts at 950 °C...... 135

Figure 4.5 X Ray Powder Diffraction pattern of the polycrystalline p-NaMnO, at room
temperature.. The red ticks correspond to the orthorhombic cell indexed upon the database
of ICSD 16271. The grey ticks represent the reflections of the mylar film. The blue tick is
attributed to the 001 reflection of the a-NaMnO;...........oviiiiiiiie 138

Figure 4.6 Examples of B-NaMnO, samples that have been prepared by changing a few

parameters (see table 4.1) in order to prepare B-NaMnO,.Note in the presence of the 001

XVii



Bragg reflections of Na o7 MnO; and a-NaMnO, which appear as secondary

Figure 4.7 B-NaMnO, samples prepared by applying different modifications (see table 4.1
for details) on the synthesis protocol. The 001 peaks of 001 Bragg reflections of
Nag7MnO; and a-NaMnO, appear whereas at the ib12 sample (final sintering temperature
1000 °C) there is also problem with the stoichiometry of the p-NaMnO;

Figure 4.8 XRPD comparing the patterns obtained from the B-NaMnO, samples
represented with the black line with the B-NaMnO, samples that have been annealed in O,
shown withthe purple line..... ... e 141

Figure 4.9 A detail of figure 4.6 showing the 2 theta area between 12°-18°. Note the Bragg
peaks that correspond to the Nap7MnO, and a-NaMnO; shown with the green and blue

tiCKS, FESPECLIVEIY . ... o 143

Figure 4.10 XRPD of the B-NaMnO, sample in comparison with the annealed in air,
shown in black and orange line, respectively............cooiiiiiii i, 144

Figure 4.11 XRPD of the sample ib18 before and after the annealing procedure. The
sample before the annealing shows peaks of B-NaMnO,, Nag;MnO;, a-NaMnO; and a
strong peak at 20=21 deg which does not belong to any of the known Mn oxides. The

annealing seems to enchance the presence of the Na o7MnOa............coviiiiiinni 145

Figure 4.12 The graph obtained by the DCS experiment on polycrystalline powder of [3-
NaMnO2 which shows the % weight change of the sample versus temperature......... 147

Figure 4.13 A B-NaMnO, crystal as observed with the HADFF in 0.2um (Figure 4.13a)
and 400 nm magnification (Figure 4.13b). Na, Mn and O atoms are represented in Figures
4.13 c, d, and with the green, yellow and red colors, respectively. The figures strongly
suggest that the Na, Mn and O are distributed homogeneously within the
Ol S, e 148

xviii



Figure 4.14 L edge energy-loss near-edge structures for the determination of the oxidation
state of Mn in the B-NaMnO, compound...............ooiiiiiiiiiiii e, 149

Figure 4.15 Magnetic susceptibilities of different p-NaMnO, samples measured on DC
mode at a ZFC protocol under 200 Oe magnetic

Figure 4.16 A comparative plot of the magnetic susceptibities obtained on DC mode at a
ZFC protocol under H=200 Oe, from a-NaMnO, and f-NaMnO; polymoprhs, shown with
the blue and red graphs, respectively. Inset (a) on the left shows the inverse magnetic
susceptibility of B-NaMnO,, whereas inset (b) shows the derivative of the susceptibility
with respect to temperature d(xT)/dT of the B-NaMnOa..........ccooviiiiiiiiiiiiin, 152

Figure 4.17 y versus T plot of B-NaMnO; obtained on a DC- ZFC mode at 2 kOe and 10
kOe shown with graphs in the blue and black marks, respectively. The inset presents the
second derivative of the magnetic susceptibility versus temperature where a small hump is
observed at 45-50 K forthe graph of 1 T........ooooiiiii e 153

Figure 4.18 Magnetization (M) versus magnetic field (H) at three different temperatures
5K. 50 K, 300 K represented with the blue, black and red curve, respectively............. 154

Figure 4.19 Comparison of a B-NaMnO, sample prepared with the usual synthesis
protocol and an B-NaMnO, annealed one (see text for details) shown in blue and black
liNES, reSPECHIVEIY . ... 155

Figure 4.20 The real part of the magnetic susceptibility measured upon three different
frequencies: =197 Hz, =715 Hz, and =997 Hz represented with the blue, red and black
graphs reSPECTIVEIY . .. ... 156

Figure 4.21 Dielectric constant (¢) and dielectric loss (tand) of p-NaMnO, measured with
a ZFC protocol at 500 kHz, applying 751 V/m upon heating. The inset on the &'(T) shows

the dielectric anomaly observed at 90 K..........ooiiiiiiii e 159

Figure 4.22 Dielectric constant (¢') of B-NaMnO, measured with 100 kHz, under 685 V/m
(blue graph), under 1370 V/m (yellow and purple graphs). Note the striking enchantment

Xix



of the dielectric anomaly below 100 K when the electric field is doubled. The hump at 200
K disappears on the last run (purple graph) duel to aging effects............................. 161

Figure 4.23 A graph showing the % change A(g';-€'1)/ €'1 between the dielectric constant
measured at 1370 670 V/m (g';) and 670 V/m (g'1), respectively. At the temperature range

where the dielectric anomaly occurs the % change ranges between 10-15 %................. 162

Figure 4.24 Dielectric constant and dielectric loss of B-NaMnO, measured at three
different frequencies: 50 kHz, 100 kHz and 200 kHz shown with the red, dark yellow and
blue graph, reSPectiVely. ... ..o 164

Figure 4.25 Dielectric constant of B-NaMnO, measured at 500 kHz after having applied
electric field of 180 kV below 150 K upon cooling. The electric field is removed at 77 K,
but the dielectric constant recorded upon heating shows a sharp increase in the dielectric
constant’s value around 150K-the temperature where electric field was applied.......... 167

Figure 4.26 Diclectric constant of € ' (T) of B-NaMnO,, measured upon heating at 100
kHz under various magnetic fields:3 T, 4 T,4.5 T and 6 T represented with the red, blue,
cyan and purple plots, respectively. The measurement under zero (0T) magnetic field was
carried out twice: first before the application of the magnetic fields, represented with the

black plot and second, after the magnetic fields have been applied, shown with the grey

Figure 4.27 Graphs showing the real (¢') and imaginary part (tand) of the dielectric
constant versus temperature under the magnetic fields of: 0 T, 1.5 T,3T,45T, 6 T and
6.5

Figure 4.28 (a) A detail of the Figure 4.27 showing the temperature region between 80 K-
115 K.( b) ME effect as a function of temperature at 500 kHz under several magnetic
T 16 173

Figure 4.29 Left axis: shift of the critical temperatures T, and T, with respect to the

applied magnetic fields. T, and T, refer to the temperature where the dielectric constant

XX



begins to drop and has taken the final minimum value, respectively. Right axis: ME effect

as a function of temperature at 500 kHz (also presented in Figure 4.28b).................. 174

Figure 4.30 Dielectric Constant &' versus temperature, of the oxides a-NaMnO,, pB-
NaMnO; and -NaMnO, sample that has been annealed in O, presented with the blue, red
and purple graphs, respectively. The graph shows that the sharpest dielectric anomaly is

observed for the annealed B-NaMnO, samples...........coooeiiiiiiiiiiiiiiies e 176

Figure 4.31 I-E (current versus electric field) graph of B-NaMnO, measured at 80 K and
under zero magnetic field. The voltage has been converted to electric field E, by dividing

the applied voltage with the thickness of the sample under measurement................... 178

Figure 4.32 Polarization versus electric field for the B-NaMnO, at 80 K, calculated from
the I-E data Of FIQUIE 4.3 0. .. ..o e 179

Figure 4.33 Polarization versus temperature measured upon heating an annealed [-

NaMnO; showing abrupt change in the polarizationsat 70 K............................... 181
Figure 4.34 Tilt series of the ED patterns of B-NaMnOg.............coiiiiiiiiiiinn.. 183

Figure 4.35 The [100]g and [100], patterns. The [100], pattern is indexed with the unit cell
of the a-NaMNO, Phase. ... ..o 184

Figure 4.36 HRTEM images showing high concentration of stacking faults. The domains
of the a-and B-phases are marked with black and white arrows, respectively. (b) The area
where thin lamellas ofthe a-phase are quasi-periodically separated by the faults planes

causing lateral shifts is marked with the bracket.....................oooii 186
Figure 4.37 Fourier transform of the area shown in Figure 4.36a..................... ...... 187

Figure 4.38 The stacking sequence of the (NaMnO,) layers in the p-NaMnO, structure (a).
The average a,= 1/2a0, ba=b,, cay = Co unit cell is outlined and the displacement vectors
connecting the (NaMnO,) layers are shown. The [010] sections of the reciprocal space for
the stacking sequences corresponding to the y = 1/2 (b, a-NaMnO, structure), y = 0 (c, B-
NaMnO; structure) and y = 1/6 (d) CASES.......oviriirie it 189

XXi



Figure 4.39 The crystal structures of the NaMnO, polymorphs corresponding to the y =
1/2 (a-NaMnO;, structure), y= 0 (B-NaMnO; structure) and the intermediate structure with

Figure 4.40 Experimental, calculated and difference NPD profiles after the Rietveld
refinement of a-NaMnO, as a (3+1)D commensurately modulated structure. Black and
green bars mark the positions of the main reflections and first order satellites,

S PECEIV LY . et 191

Figure 4.41(a) Le Bail fit of the synchrotron X-ray powder diffraction pattern of the -
NaMnO, sample. The upper tick row of bars stands for the reflections of the orthorhombic
Pnmm B-NaMnO, phase, the lower row of bars mark the reflection positions of the

incommensurately modulated monoclinic phase..............ccovviiiiiiiiiniiiiinienannn, 194

Figure 4.41 (b) A detail of Figure 4.41 (a) which shows lowest-angle satellite reflections
from the two phases (100, reflection of the Pnmm phase in a 3D indexing corresponds to

the 1001 satellite in a (3+1)D indexing). Note the diffuse intensity between these two
reflections indicating a presence of the short-range ordered regions with 0 <y < 1/6...195

Figure 4.42 Magnetic susceptibility of B-NaMnO, measured on a DC ZFC mode under
1000 Oe field.The fittings are done according to the 2D (blue line) and the spin ladder
corresponding to the y=1/3 structure. The spin ladder topology leads to the best description
01 B-NAMNO . . e 198

Figure 4.43 Structures of [MnO,] layers and relevant topologies of magnetic interactions
in the pure B-NaMnO, (y=0) and the polymorph with y=1/3................................. 199

Figure 4.44 NPD obtained at the BT1 diffractometer at room temperature for p-
NaMnO,.a) Le Bail analysis of the pattern using the orthorhombic Pmmn B-NaMnO,
phase. b) A detail of the pattern showing clearly massive peak broadening, satellite,

asymmetric and peaks with significantoverlap.................oooiii 201

Figure 4.45 NPD obtained at the BT1 diffractometer at room temperature for p-NaMnO,.
Analysis of the pattern has been done according to a two phase Le Bail refinement. The

XXii



first phase corresponds to the orthorhombic B-NaMnO, and the second one to the
monoclinic C2/m o-NaMnO, phase whose Bragg positions are marked with the red and

black ticks, reSPeCLIVElY....... ..o e 202

Figure 4.46 NPD patterns showing the temperature evolution of the magnetic Bragg
peaks. These peaks are pointing the emergence of two magnetic orderings for the -
NaMnO;: the first one appears at 200 K and the second one, evident by the satellites
ArOUNG 80 K. ..ot 206

Figure 4.47 NPD pattern showing the square root of the intensity along y-axis and d-
spacing along x-axis. Indexing of the nuclear and magnetic peaks is shown with the blue

and green ticks, reSPeCtiVely. ... .. ..o 207

Figure 4.48 (a) A 3D plot of the 26=26 deg (4.59 A) magnetic peak and it satellites on
the temparture scans of 200 K, 175 K, 150 K, 100 K and 50 K. (b) The magneticpeak of
the 20=26 deg (4.59 A) and its satellites plotted in a two dimensional (2D) contour

Figure 4.49 NPD pattern of the WISH diffractometer analyzed according to a three phase
LeBail refinement. The experimental data are displayed with the red spots and calclulated
profile is shown with the continuous black line. The red, black and green tick marks show

the predicted reflections from three following phases..............c.ooviiiiiiiiinnnnn. 209

Figure 450 A detail of Figure 4.42 showing the d-spacing between 1.3-3.3 A. The
majority of the peaks can be indexed with the three phases of the Le Bail fitting. The
broadening of the peaks predicted by the theoretical model is in good agreement with the

observed experimental data..............oooveiriiiiii e 210

Figure 4.51 Comparison of the Le Bail fits obtained by the use of one phase ($-NaMnO,)
in panels (a) and (b) and three phases (B-NaMnO, a-NaMnO, and a-NaMnO, with the
same c-parameter as f-NaMnQOy) in panels (c) and (d). Two critical Q areas are shown the
0.90-1.10 Atand the 3.0-4.2 At .., 213

xxiii



Figure 4.52 (a) Comparison of the Le Bail analysis of the 5 K NPD pattern Panel (a) with

the USe OF tWO PhasES . ..o e 215

Figure 4.52 (b) Comparison of the Le Bail analysis of the 5 K NPD pattern Panel (b) with
the use of three phases showing the improvement obtained in the three phase

Y01 7S] PP 216

Figure 4.53 Le Bail fit of the nutron data at 5 K with the use of three phases: p-NaMnO,,
a-NaMnO, with the same c-parameter as -NaMnO, and a-NaMnO, shown whose
indexing corresponds to the blue, red and green tick marks, respectively. Panel (a) shows
the d-spacing in which the magnetic peaks appear. In panel b these regions have been
excluded from the analysis. .......ccovceiieiiie e 21T

Figure 4.54 (a) Temperature evolution of the magnetic reflections and their satellites at a)

Figure 4.55 Temperature evolution of the magnetic reflections Q= 1.21 A™ and b) Q= 1.25
A which emerge below 90 K.......oomme e 224

Figure 4.56 Unit cell volume of B-NaMnO, versus temperature: Negative thermal

expansion of the nuclear cell volume at the commensurate to incommensurate transition of

Figure 4.57 Temperature evolution of the normalized intensity of the main magnetic peak
at d=4.59 A and its satellite reflection’s at 4.71 Aand 4.39 Aol 226

Figure 4.58 Fittings of the main (upper part) and the satellite peaks (lower part) with the
power law of equation 4.1 for different values of the critical exponent (3. The errors in the
estimation of each intensity point are shown with the light green error bars. The values of

0.23, 0.32 and 0.5 have been tested for all the curves and shown with the grey, acqua and

XXV



green color, respectively. The best quality fits yielded the value = 0.5 for the main curve,
B=0.23 for the satellite peaks at Q=1.326 A™ and Q=1.433 A™, respectively.............. 228

Figure 4.59 Magnetic susceptibilities of a and B NaMnO, polymorhs shown with the black
and red graphs, respectively. Their model description is also shown: 1D model for the a-
NaMnO; (solid blue line),2D lattice for the pure B-NaMnO, presented with the solid blue
and green line, respectively. The intermediate phase of B-NaMnO, (y=1/3) is best
described by model of the spin ladder topology which is formed by the J;-J; interactions

(see text). Figure reprinted from Reference

Figure 5.1 Structures of layered manganese oxides. Reprinted from Reference 226.......237

Figure 5.2 Crystal structure of Nag4MnO, at 500 K obtained by Rietveld analysis of

neutron powder diffraction data.Reprinted from Reference 225............................... 238

Figure 5.3 The crystal structure of the Na-birnessite (ICSD 260208). The manganese,
oxygen, sodium atoms are represented with the black, red and purple spheres. The H,O
molecules in the interlayer distance are shown with the blue spheres. Cell edges are
represented with the blue lines. ... ... 240

Figure 5.4 A graphical representation of the H,O insertion in the a-NaMnO, interlayer
space, resulting in the formation of the Na-birnessite and the interlayer distance to 7.8 A.
Reprinted from reference 220 after adjusting the interlayer distances to the numbers that

correspond to the birnessite system that is studied in this thesis............................. 241

Figure 5.5 X ray powder diffraction (A=1.5406 A) of the birnessite Nag3sMn0O,x0.2H,0
(A=1.5406 A). The black arrows indicate Bragg reflections attributed to impurities such as
the 001 peak of a-NaMnO, at 16.6 deg. The reflection 001 at 12.5 deg is the one with the

highest intensity indicating the expansion of the structure along the c-axis............... 243

Figure 5.6 X-Rays powder patterns of the a-NaMnO, compound obtained after 1, 4, 7, 8,
10, 12 and 13 days of exposure in the atmosphere. The 001 reflections of the birnessite at

XXV



12.45 deg, the Nap7MnO, at 15.7 deg and the a-NaMnO, are also pointed out in the

Figure 5.7 Thermogravimetric analysis and differential scanning calorimetry of the
birnessite between the temperature range 100-1100°C..........c.cooiviiiiiiiiiiien eeennnn. 246

Figure 5.8 Comparison of the XRPD patterns of the birnessite’s polycrystalline powder
before the TGA heating at 1000°C which is shown with the green graph and after the
completion of the TGA experiment (black graph). Indexing has been done upon the a-
NaMnO; (ICSD 16270) and B-NaMnO, (ICSD 16271) phase shown with the blue and red
tick marks, respectively. For reasons of simplicity in the diagram indexing upon the
birnessite’s cell (ICSD 262208) is shown up to 35 deg. y-axis of intensity is shown in
logarithmic scale, for better observation of the weak reflections. The black arrows point at
the 25 and 26 deg reflections which are attributed to the Mn;O,4 oxide.................... 247

Figure 5.9 HRTEM figure of Nay3Mn0O,x0.2H,0 with 5nm magnification............... 249

Figure 5.10 A complementary figure of 5 nm magnification which was used for the
structural fitting of the Nag 3sMnO,x0.2H,O compound................ccooivviiiiiinannnn.. 249
Figure 5.11 EDS mapping of two Na-birnessite crystals shown with 300 nm magnification
(upper set of pictures) and 100 nm magnification (bottom part of the figure). The yellow,
green and red coloration corresponds to Na, Mn and O atoms, respectively. Both crystals
show homogenous distribution of the three elements...................cooiiiiiiin.. 250

Figure 5.12 L edge energy-loss near-edge structures for the determination of the oxidation
state of Mn in the Na 93Mn0O,%0.2H,0 compound...............cooiiiiiiiiiiiiia, 252
Figure 5.13 a) The graph showing the ZFC-FC measurement of the Nay3Mn0O,%0.2H,0
from 5- 300 K. Note the sharp peak at Ts;=29 K on the ZFC and the bifurcation below the
Tsgbetweenthe ZFC and FC.........o 254

Figure 5.13 b) ZFC-FC experiments obtained in the sample with a time difference of eight
months between the first (ZFC4, FC; shown in blue) and the second (ZFC,, FC, presented
in green) measurement. There is a remarkable change in the sharpness of the ZFC peak and

XXVi



the elimination of the bifurcation between the ZFC and FC graphs. The ZFC and FC are

presented with the open and closed symbols, respectively..................cooooeiiiininnnn, 255

Figure 5.14 The reciprocal susceptibity (1/y) at the temperature range 150-300 K. The
black points correspond to the experimental data, whereas the solid red line above 150 K
represents the Curie Weiss fitting. The values of the intercept and the slope result in the

calculation of the temperature ®w and the effective moment p; of the Mn cations....... 257

Figure 5.15 Magnetization versus magnetic field of the Na-birnessite at 5 K. The inset of
the figure shows a detail of the coercive field around 1000 Oe (0.1 T)........c.ceenvennnn.. 258

Figure 5.16 Field dependence of magnetic susceptibility as shown from the ZFC-FC
measurements of the birnessite measured on DC mode at magnetic fields from 25 -1000
Oe, between the temperatures 10-40 K. The sharp cusp at 29K is eliminated as the external

magnetic field IS INCreased. .........ooviiii e 260

Figure 5.17 Magnetic phase diagram of the Na-birnessite, showing the magnetic field

dependence of the spin glass tempPerature Tsg........c.ouveieirieiiriiiiiieeeeeeaen, 261

Figure 5.18 The dc dependence of the Tsg follows the equation: ngooC-bHS. The

superscript 6 was calculated equal to 0.58 in good agreement with the Mean Field

Figure 5.19 Memory effect in the aging of the Nag3MnO,x0.2H,0 spin glass. The plot
shows the difference in the magnetic susceptibility between an experiment with normal
ZFC cooling and another one with a waiting time of 4 hrs at the temperature of 25 K,
which are presented in the red and black graph of the inset, respectively. The dip at 25 K

reveals the memory effect in this spin glass system.............ccooiiiiiiiiiiiinen.s, 264

Figure 5.20 Real (y') and imaginary (") part of the dynamic susceptibility measured at
five different frequencies, under the AC drive field of 30e...........ccoiiiiiiiiiiil, 266

Figure 5.21 The Arrhenius Law fit yields completely unreasonable values for the
activation energy and the relaxation time, which excludes the possibility of
superparamagnetism for the NagsMnO,X0.2H,0. ..., 270

XXVii



Figure 5.22 Real (y) and imaginary (y") part of imaginary susceptibility versus
temperature at 5 different frequencies, measured under 3 Oe AC drive field. The
magnitude of both ' and y" are suppressed whereas the Ty is shifted to higher
temperatures as the freqUENCY INCIEASES. ... ....viurit it 271

Figure 5.23 Frequency dependence of the freezing temperature in the Na-birnessite in the
plot according to the power law. The best fitting is displayed which is based on the data of
figure 5.16, and corresponds to the following parameters: Ts,=29.64 K, 1,=10™" sec and
ZV=5.02920.126. . ..ot 272

Figure 5.24 Real (y') and imaginary (¥") part of the magnetic susceptibility of the
Nag.3sMn0O,x0.2H,0, measured under 3 Oe drive field measured at 1217 Hz and 117 Hz on

a ZFC mode, under various (25-500 Oe) static magnetic fields.

Figure 5.25 Neutron scans obtained at the temperatures of 5 K, 20 K, 50 K and 300 K
shown with the red, black and green patterns, respectively. The absence of magnetic
reflections at the 5K and 20 K scans, shows that no range magnetic ordering develops
DEIOW 20 Koo e 276

Figure 5.26 Magnetic susceptibility measured on a DC mode at a ZFC measurement at
200 Oe for the a-NaMnO,, -NaMnO, and Nag 3sMn0,%0.2H,0 shown with the blue, red
and green graphs, reSPeCtiVEY........o.oiri i 278

Figure A.1 Crystal Structures of the manganese oxides a) a-NaMnO; b) B-NaMnO, and c)
the birnessite Nag3Mn0O,x0.2H,0. The Mn, O and Na atoms are shown with the black, red
and purple spheres, respectively. The H,0O molecules in the birnessite’s structure is shown

With the blue SPheres. ... ..o 290

Figure A.2 A projection of the ab plane of the a-NaMnO; (left) and B-NaMnO, (right).
Note the 1D and 2D arrangement of the Mn cations in a-NaMnO; and B-NaMnO,,
TSPV RIY . . e 291

XXViii



Figure A.3 X ray powder diffraction patterns of the a-NaMnO,, B-NaMnO, and Na
03Mn0O,x0.2H,0 shown with red, blue and green graphs, respectively. The arrows show
the difference in the 2 theta angle between the 001 reflection of the birnessite
Nag3MnO,x0.2H,0 and the (001) reflection of the a-NaMnO; and the B-NaMnOs,...... 292

Figure A.4. Measurement of the magnetic susceptibility on a ZFC dc mode under 200 Oe
magnetic field for the manganese oxides: a-NaMnO,, B-NaMnO,, Nag4MnO, and

CuMnO, presented with the blue, red, cyan and magenta graphs, respectively............ 293

Figure B.1 a) Front panel of Lakeshore 332 Temperature Controller. The first column of
numbers displayed refers to the actual temperature (A) whereas below this indication is the
temperature set point (S) in units of Kelvin (K). The second column refers to the
temperature of the sample and the total percentage of the output electrical power that was
provided by the controller. The user may choose which panel will be displayed: the one
which refers to the cryostat’s temperature (Loop A) or the one which corresponds to the
sample’s temperature (Loop B). b) Rear panel of the Lakeshore 332 Temperature
Controller. Input A and B are connected with the temperature sensors of the cryostat and

the sample, respectively. The heater output provides the voltage in the cryostat’s resistor.

Figure B.2 The interfcace of the LabView vi which allows the user to measure
capacitance, dielectric constant and loss, versus temperature as shown in the graphs

represented with the red, aqua and white dots, respectively..................ccooviinn. 300

Figure B.3 Interface of the LabView program for the measurement of capacitance,
dielectric  constant and loss  versus magnetic field at a  stable

L ] 01T 1L 302

Figure B.4 Interface of the LabView program for the measurement of charge or current

VEISUS TBMPEIALUIE. . ...ttt ettt et e ettt e e et e e e e e e e e e e e eaens 304

XXIX



Figure C.1 Crystal structure analysis of f-NaMnO at 100 K by Rietveld refinement. Note
the two magnetic reflections (of the experimental data corresponding to the red graph)

which are not calculated yet by the theoretical model...................coooiiiiiiiin 307

Figure C.2. Two phase Rietveld refinement of f-NaMnO, NPD data at 100 K. Indexing of
the nuclear and magnetic reflections is pointed out with the red and black ticks,

FESPECHIVEIY . .ot 308

Figure C.3 Rietveld refinement of the 4 K pattern of p-NaMnO, for the solution of the
incommensurate magnetic structure. The red and black graphs correspond to the observed
and calculated intensities, respectively. Upper set of ticks marks show the positions of the
magnetic peaks whereas the lower set of tick marks (black) indicate the positions of the
NUCIEAN PAKS. ... et e 309
Figure C.4 Fitting with Gaussian functions of the main magnetic peak and its the
sattellites at the pattern of 56 K. Y-axis shows the intensity (arbitary units) and the x-axis
corresponds to the raw data in time of flight (“tof” in psec). The upper part of the picture
shows the fit where the background and four in total Gaussian functions are used (see text).

The lower part shows the residuals which is an illustration for the quality of the fit...... 310

Figure C.5 Fitting with Lorentzian functions of the main magnetic peak and its sattellite
reflections at the scan of 56 K. The upper part of the picture shows the fit where the
background and four in total Lorentzian functions are used (see text). The lower part shows

the residuals which is an indication for the quality of the fit................................. 312

Figure D.1 XRPD patterns of the birnessite which was synthesized by adding iodine in the
a-NaMnO, shown with the orange graph. This sample is compared with the one
synthesized with hydration of a-NaMnO, in air shown with the green graph. The major
drawback of the samples synthesized with the use of iodine was the appearance of the
secondary phases evident by the 001 peak of a-NaMnO, as shown in the graph with the
DIACK CONOT. ... 316

Figure D.2 XRPD graphs of the same samples: the first one shown with the red color was

carried out 3 weeks after the sample was synthesized. The second measurement (presented

XXX



with the black color) was undertaken 6 months after the first one to observe possible aging

Figure D.3 Lorentz fit of the primary magnetic susceptibility curve measured at =77 Hz.
The adjustment R-square is 0.925, mostly due to the asymmetric shape of the experimental
curve which leads to the deviation of the data from the wide bell-shaped Lorentz
FUNCEION. . e 318

Figure D.4 Le Bail refinement of the NPD pattern obtained at 5 K for the Na
03MNOX0.2HoO . ..o 322

List of Tables
Table 3.1 Different a-NaMnO, samples that have been measured in the magnetodielectric

L= 1 11T ] T PP 98

Table 4.1 Examples of synthesis protocols applied for the preparation of B-NaMnO,. The
protocol that was finally followed is the one which refers to the sample’s code “ib10”...134

Table 4.2 Details of the samples used in the magnetodielectric experiments presented in
FUIE 4,30, .ot 173
Table 4.3 Crystallographic data for the o-NaMnO, structure refined as a (3+1)D

commensurately modulated structure and a conventional 3D structure...................... 190

Table 4.4 Atomic parameters for the a-NaMnO, structure refined as a (3+1)D
commensurately modulated StruCtUre. ............ooiiiii i, 191

Table 4.5 Main interatomic distances for the a-NaMnO, structure refined as a (3+1)D

commensurately modulated structure and a conventional 3D structure (R)................. 191

Table 4.6 Relaxed atomic positions in the crystal structures of NaMnO, polymorphs with
=0 (a-NaMnOy), y =% (B-NaMnOy), and y = 1/3......o e 195

XXXI



Table 4.7 Structural parameters and reliability factors of the Le Bail fits obtained from the
analysis of the neutron diffraction data at 300 K of B-NaMnO, with the use of one, two and

TNIEE PRASES. . ..t 214

Table 4.8 A comparative table which shows structural parameters and some of the
reliability factors from the Le Bail analyses which have been carried out using one, two
AN TNIEE PNASES. ... et 219

Table C.1. Values of the critical exponent B, the critical temperature T, that was derived
for each fit and the relevant Adjustment R-Square for the fit shown in Figure

Table D.1 The above table presents the various functions used to fit the primary
susceptibility peak measured under 77 Hz, shown in figure D.1, the estimated by each fit
T and the quality of the fit shown with the adjustment R-square............................. 319

Table D.2 The parameters that were used in order to carry out the linear fit shown in figure

Table D.3 Values of the Tgy used to calculate the parameters zv, 1,. The selection of the

best Ty was done according to the highest adjustment R-square............................. 320

XXXI1i



Abstract

The current trend in materials science is the discovery of smart materials which combine
different properties and are controlled by external factors. Magnetoelectrics can be
characterized as such, since they exhibit a cooperative response in magnetic and electric
fields. In practice that means that the magnetic properties are affected by an electric field
and the electric properties can be controlled by an external magnetic field. This is the

corner stone property in many multifunctional devices such as spintronics and sensors.

The current thesis reports the finding of two new magnetodielectric compounds the a-
NaMnO, and B-NaMnO,. Spin driven magnetodielectric coupling in f-NaMnO, is reported
for the first time. Neutron powder diffraction data of the f-NaMnO, reveal a noticeably
complex crystal structure and moreover, two magnetic orderings, a commensurate state at
high temperature and an incommensurate one with temperature lowering. Distinct
dielectric anomalies appear at the temperatures where the magnetic transitions occur,
pointing out the coupling between the magnetic and electric degrees of freedom.
Surprisingly a-NaMnO, also exhibits a sharp dielectric anomaly at the same temperature
region where B-NaMnO, develops the incommensurate structure. Transmission electron
microscopy studies connect the inhomogenuous microstructure in both polymorphs with
the observed physical response. Planar defects appear in both phases. In a-NaMnO, are
generated by the coherent intergrowth of B-NaMnO,, and vice versa. However the latter
suffers by an increased concentration of such defects. The final outcome of these structure
irregularities is the formation of a modulated superstructure which generates the lattice
topology of the a-NaMnO,, the B-NaMnO, and promotes the development of intermediate
phases.

The observation of the p-NaMnO; in the microstructure of a-NaMnO, relates the dielectric
anomaly of the latter with the incommensurate magnetic ordering of the former. The

unusual finding of magnetodielectric coupling induced by the microstructure
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inhomogeneity opens new perspectives in the field of the magnetodielectric systems and
the relevant underlying mechanisms. The role of the nanodomains and the microstructure
irregularities on the development and strength of the magnetodielectric coupling are

intriguing questions which require extensive analysis and relevant future work.
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Iepiinyn

H o0yypovn tdon oty emotun Tov vAKOV givoat 1 avokdAvyn EEuvtvav vAMK®V To otoio
oLVOLALOVY  JLOPOPETIKEG 1O10TNTEG Kot pUmopohv vo  ereyyBodv amd emtepikolc
napdyovteg. To pLoyvnTONAEKTPIKA UTOPOLV VO YOPAKTNPIGTOVV G TETOL DAIKA, OOV
AVTOTOKPIVOVTOL TOGO GE€ HOYVNTIKA OGO Kol G€ MAEKTPIKE 7media. Xtnv mpdén avtd
onuaivel ott ot poyvnTikég 1010tNTeg emmpedlovrorl and €va MAEKTPKd 7medio Kot ot
HoyvnTIKEG 1010TNTEG Pmopovv va, erexbodv amd éva e&mtepkd nAekTpikd medio. Avtd
amotedel OepeMddn 1010t TOAA®V TOAVAELTOVPYIKAOV GULOKEVGV On®OC &ival ot

OTUVTPOVIKES O1ATAEELS KO O1 LGOI PES.

H mopobca  duwdaxtopikn  OTpiP]  ovo@EpeTon OtV €0pecn  OV0  VE®V
LOYyVNTOOMAEKTPIKOV ¥NUIK®OV evoocemv: to a-NaMnO; kot to B-NaMnO,. T npd
Qopd yvowoTomoleital HoyvnTOOMMAEKTPIKY) GVLEVEN LIOKIVOVUUEVT OO TIG HOYVNTIKEG
pontég oto B-NaMnO,. Asgdopéva mepibloong verpoviov amd 10 TOAVKPLGTOAMKO [-
NaMnO; amokaAvmtovv o a&toonueiota mOAVTAOKT KpuoTaAAlkn dour. EmmAiéov ta
TEWPAPATIKA ovTd dedopéva, LTOdEKVOOLVY TNV VIapén 600 HoyvnTIKOV TaEemv: piog
GUUUETPNG HOYVNTIKNG OOUNG MG TPOG TNV KPLOTOAAKY KLuyeAida mov gpgaviletolr o€
vynAn Beppoxpacio kot piag acvupetpng oe younAdtepeg Beppokpacies. Evipiveig
avopoiieg oty dmiekTpikny otafepd avakOTTOLV GTIS BEpUOKPAGIEG TV LOyVNTIKOV
petopdocwv, emonuaivovtag t oVlevén HETOED HAYVNTIKOV Kot MAEKTPIKOV Pabudv
elevbepiag. Ampocsdoknta, kot oto o&eidio a-NaMnO; mopatnpeiton pio €vrovn
OmAekTpKy avopoiic oty 10w Beppokpacioky] meployn otnv omoiar to B-NaMnO;
VATOGGEL TNV AGVUUETPT) LOYVNTIKY TAEN G TPOG TNV KPLOTAAAMKN KuyeAida. H peiétn
mov JEENYON péow pIKpooKomiag LYNANG SEAEVONG GUVOEEL TNV OVOUOLOYEVELD TNG
UIKPOJOUNG KOl OTA OVO  TOAVUOPPO. UE TS TOPATNPOVUEVEC QPUOIKES 1O1OTNTEG.
Aempavelokég atéleleg dwakpivovror kot otig dvo NaMnO; ¢doeic. Xto a-NaMnO;
npokvITOVY amd TV avdmtuén tov B-NaMnO; kot avtictpopa. Qotdéco to B-NaMnOs,,
yopakTnpileTon amd avENUEVI GUYKEVTIPOGON OTEAEIDV. TO TEMKO AMOTEAECUO OVTOV TOV

SOUIKAV AVOUOAMOV Elval 1 dnpovpyio pog vIePOOUNS Tov evBdveTon Yo TNV ToToAoYin
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mAéypotog tov a-NaMnO,, tov B-NaMnO; kot mpowbel tov GYNUOTIOCUO EVOIAUECOV

QAcEMV.

H mapampnon tov B-NaMnO; oty pkpodoun tov o-NaMnO; ocvoyetilet v
OMAEKTPIKY avOUoAior TOV OEVTEPOV HE TNV AGVUUETPN HOyvnTIKY TAEN Tov TpdTov. To
acLVNGTO VPO TNG EMAYOUEVNG HOYVNTOOMAETPIKNG GVLEVENG OO  OVOLLOLOYEVELEG
HUIKPOJOUNG, ONUWOLPYEL VEEG TPOONMTIKEC O©TO TESI0 TV HOYVNTOONAEKTPIKAOV
CLGTNUATOV KOl TOV GYETIKOV VIATIOV  UnYovicpuadv. O polog TV vavodoudVv Kol ToV
ATEAEIDV TNG KPOSOUNG OTNV OvATTLEN KOl EVIOYLON TOVL  HOYVNTOOIMAEKTPIKOD
(QOVOLLEVOL, OTOTEAOVV EVILAPEPOVTO EPOTHLOTA TTOV ¥PNLOVV EKTETAUEVNG OVOAVOTG Kot

OYETIKNG LEAAOVTIKNG £PELVOLG.
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1.1.1 The Goal

The goal of this thesis is to design, synthesize and study new spin driven magnetoelectric

L2 are systems in which ferroelectricity

manganese oxides. Magnetic ferroelectrics
develops as a result of a complex magnetic order. These materials have a tremendous
advantage: the magnetoelectric coupling is strong, thus the values of the appeared
polarization are high. Recently, it has been reported that complex spin configurations arise
when geometric magnetic frustration is lifted over- an ideal mechanism for the appearance

of this type of magneto-electric coupling. ®*°

Geometric magnetic frustration arises from competing interactions of the magnetic
moments in specific types of crystal lattices. The simplest case of frustration is found in
the antiferromagnetic alignment of magnetic cations in a trianglular arrangment. The
triangular lattice configuration is very common among the ABO, (A: alkali, B: transition
metal) oxides. We choose to study the NaMnO, polymoprhs, in order to relate their

magnetic frustration with the possible appearance of magnetoelectric coupling.

The driving force behind the present research on spin driven magnetoelectrics is twofold:
first, there is the continuously increasing need to discover new materials that will exhibit
strong magnetoelectric coupling and could be used in multifunctional devices due to this
characteristic property. Second and most important, arises the necessity to understand the
mechanisms that connect the magnetoelectric coupling with the geometric magnetic
frustration. Unraveling the connection between the crystal structure, the imposed from the
lattice topology magnetic frustration and finally the induced magnetoelectric coupling will

provide the key answers towards the design of multifunctional devices.
1.1.2 The materials

Since the revival of the magnetoelectric effect, there is a grown interest to discover more
magnetoelectrics and especially to find out materials and methods which will point
towards an enhanced strength between the coupling of magnetic and electric properties.
The recent finding that CuFeO, is a magneto-electric gave a fascinating perspective to the

systems that have similar properties.
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The oxides with general chemical type ABO; (A: alkali, B: transition metals), are two
dimensional layered oxides, in which the transition metal (B*®) maps out on a triangular
lattice topology. Among the possible lattice topologies leading to configurations of spins
that result in magnetic frustration, the antiferromagnetic arrangement of three magnetic
moments in a triangular lattice is by far, the simplest one. As it will be discussed on
paragraph 1.5.1 there are numerous examples of ABO, oxides which exhibit the magneto-
electric coupling as a result of the magnetic frustration resulting from the competing
interactions of the spins upon a triangular lattice topology.

The current thesis focuses on the study of the crystal, magnetic and magnetodielectric
behavior of the polymorphs a-NaMnO, and B-NaMnO, first reported by Parant et al,® a-
NaMnO,, B-NaMnO; and the birnessite like oxide Nag3MnO,x0.2H,O which belong to a
vast family of oxides namely the NaMnO; polymorphs. Much of the research in these
oxides has been driven first by the possibility of being host frameworks for intercalation
processes and secondly by their potential application as cathode materials in rechargeable
batteries. Although there have been reports concerning the variety of the soft chemistry
routes applied in NaMnO, compounds and their possible applications, there has been no

reference concerning the appearance of their possible magnetoelectric coupling.

In this work the major goal was to study the crystal and magnetic properties of the p-
NaMnO; and prove that is a magnetoelectric or magnetodielectric compound. This goal
has been achieved, which is shown in chapter 4. Previous interesting findings on the
magnetoelastic coupling of the 2D antiferromagnet a-NaMnO, " ® naturally lead to the
comparison of the crystal and magnetic structure properties between the B-NaMnO, and
a-NaMnO, polymoprhs. This comparison was completed by the investigation of the latter
as a possible magnetodielectric compound. Surprisingly, a-NaMnO, has also been found to

possess the magnetodielectric coupling, as it is discussed in chapter 3.

Neverthelss, the upper goal on these compounds is to unravel the interplay between the
crystal stucture and the magnetic properties. For this reason the hydration of the a-
NaMnO; has been carried out which resulted in the formation of the birnessite like
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compound Nap sMn0O,%0.2H,0. For the first time a birnessite compound is reported to be a

canonical spin glass as it is discussed on chapter 5.

1.1.3 The methods

The properties and origin of the magnetoelectric coupling can only be fully understood
when we have a good knowledge of the crystal’s structure which imposes a specific

magnetic order. For that purpose a variety of experimental methods has been used.

The majority of the experiments have been conducted at the Institute of Electronic
Structure and Laser-Foundation of Technology and Reasearch-Hellas (IESL-FORTH). The
first experimental stage was the synthesis of the bulk compounds and for that, solid state
reaction has been the major preparative route. Preliminary characterization has been done
by X Rays Powder Diffraction and Thermogravimetric Analysis. The magnetic properties
have been studied by a Superconducting Quantum Interface Device (SQUID). In order to
measure dielectric permittivity and polarization of the compounds studied in this thesis at
the temperature range 5-320 K and under magnetic fields -7 T to 7 T an appropriate set up

and a home made probe were developed.

The crystal and magnetic structure on temperatures 4 K-400 K has been studied by
Neutron Powder Diffraction Experiments at two neutron facilities: the NIST Center for
Neutron Research of the National Institute of Standards and Technology (NCNR-NIST) in
Maryland, USA as well as in the ISIS- Rutherford Appleton Laboratory, Oxford, United
Kingdom.

Experiments of: a) Electron Diffraction (ED) b) High Resolution Transmission Electron
Microscopy (HRTEM), ¢) EDS Mapping and d) Electron Energy Loss Spectroscopy were
carried out using a Jeol JEM 2200FS instrument, equipped with an image aberration
corrector, an in-column energy filter and a silicon drift detection system for EDS at the
Italian Institute of Technology—Genova, Italy by Dr. Rosaria Brescia under the supervision

of Dr. Liberato Manna. ED patterns and HRTEM images were obtained also with a Tecnai
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G2 electron microscope operated at 200 kV in EMAT, University of Antwerp, in Belgium
by Dr. Artem Abakumov.

1.2 Basic Concepts of Magnetism

“loadstone attracts iron because it has a soul”. This statement- first scientific observation
of magnetism belongs to the Greek philosopher Thales around 558 B.C. Much later around
1820 Oersted discovered that a magnetic field could be generated with an electric current.
During the 20™ century the contribution of many great physicists like Maxwell, Curie,
Weiss, Anderson, Bloch and Landau has been enormous in the classification of magnetic
materials and created the foundations of modern technology. As a result our knowledge
towards magnetism, or better, electromagnetism has increased impressively. Nowadays, the
applications of magnetic materials are literally everywhere: sensors, laptops, cellphones,

quantum devices and data storage devices such as magnetic memories.

The following paragraph summarizes the basic concepts of magnetism essential for an
experimental physicist and necessary for understanding the results and the characterization
presented in the following chapters.

1.2.1 The origin of Magnetism

A material is characterized as “magnetic” as long as it has magnetic ions, which result
from unpaired electrons at partially filled “f” or “d” shells. The magnetic atoms are found
in the transition elements with incomplete 3d and 4d- shells, the rare earth and the actinide
elements, with incomplete 4f- and 5f- shells respectively. These unpaired electrons have an
intrinsic property: the spin angular momentum and due to their periodic motion around a
nucleus they also have orbital angular momentum. The sum of spin and orbital angular
momentum is the total angular momentum and it is known as magnetic moment or “spin”

which is the fundamental unit of magnetism.
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1.2.2 Categories of Magnetic Materials

Materials are classified into categories, according to way that their spins respond under the
effect of an external magnetic field and interact with each other (Figure 1.1). When spins
are randomly oriented the material is called paramagnetic. The ions of paramagnetic field
will align under an external magnetic field. On the contrary a diamagnetic material will
counteract an applied magnetic field. Parallel and antiparallel alignment of neighboring
spins leads to ferromagnetic and antiferromagnetic materials, respectively. Ferrimagnetism
arises when the magnetic moments are aligned antiparallel and are unequal, thus a

magnetization remains in the material.

In antiferromagnetic structures, there are different ways that the spins may point up or
down, which depend on the type of the crystal lattice. An example of four different
antiferromagnetic structures of a cubic lattice is shown in Figure 1.2.

Moreover, there are also the non collinear magnetic orderings, which may arise from
competing interactions as it will be discussed in paragraph 1.3. In a non collinear magnetic
ordering the neighboring spins are neither parallel nor antiparallel, such as canted
ferromagnetism, where the magnetic moments are not parrallel but tilted by a small angle.
Examples of non collinear structures are the spiral, cycloid and conical magnetic orders, as

shown in Figure 1.3.

Moreover, there are also the non collinear magnetic orderings, which may arise from
competing interactions as it will be discussed in paragraph 1.3. In a non collinear magnetic
ordering the neighboring spins are neither parallel nor antiparallel, such as canted
ferromagnetism, where the magnetic moments are not parrallel but tilted by a small angle.
Examples of non collinear structures are the spiral, cycloid and conical magnetic orders, as

shown in Figure 1.3.
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ARARIF RN

Figure 1.1 Basic types of magnetic materials according to the spins alignment: a)
Paramagnets b) Ferromagnets c) Antiferromagnets d) Ferrimagnets

d)

(a) type A (b) type C

Figure 1.2 Different types of antiferromagnetic ordering on a cubic lattice. Reprinted from
webpage http://andrewsteele.co.uk/physics/mmcalc/docs/magneticpropagationvector.

A type of magnetic ordering which is very common among the non collinear structures
described above is the “incommensurate magnetic structure”. The way that the spin waves
are propagated in the lattice depends on the crystal lattice. This happens since the magnetic
ions are placed in specific positions determined the crystal (chemical) lattice structure. For
example, when the magnetic unit cell can be described as a doubling of the crystal cell in
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the three directios x, y, z, then the magnetic structure is “commensurate” to the crystal’s

cell and the propagation vector of such a magnetic structure will be k (*2, %, ¥2). In cases

when the spins are not exactly parallel with each other, but vary slowly by small angular

steps, the magnetic cell is not commensurate with the chemical. That results in a

propagation vector with at least an irrational number for example k (%2, 0.43333, 0).
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Figure 1.3 Examples of non collinear magnetic orderings (a) Spiral (b) Cycloid and (c)
Conical. The magnetic moment for the cycloidal magnetic ordering lies on the plane of
the page unlike the spiral and the conical magnetic ordering. Figure reprinted from
presentation of Laurent Chapon entitled “Symmetry applied to magnetoelectrics and
multiferroics” presented in the European School of Multiferroics in 2010.

1.2.3 Interactions between the magnetic moments (spins)

When the interactions of the neighboring spins are stronger than any other energy in the

system, such as thermal energy, then long range magnetic ordering occurs. The transition

takes places below the critical temperatures, which is called Curie and Neel Temperature in

7
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the case of ferromagnetic and antiferromagnetic interactions, respectively. The emergence
of a magnetic ordering, either ferromagnetic or antiferromagnetic, means that the system
reaches its overall minimum energy. The interaction between spin at site i and the spin at
site j, of a magnetic material under an external magnetic field H, can be described by the

simple Hamiltonian:

The first term corresponds to the Heisenberg exchange energy, whereas the second term is
the Zeeman energy. The J;j is the exchange interaction between the two spins S;and S;. The
summation is made in all over bonds (ij). Each bond may have different exchange coupling
constant and the spin S; and S; have values which depend upon the system’s properties.
When J;;>0 then the interactions between the spins are ferromagnetic, whereas when J;;<0

the system is antiferromagnetic.

The exchange interactions between the spins of electrons are a result of the magnetic
dipolar interaction and the exchange interaction. The magnetic dipolar interaction, results
from the spin which behaves as a magnetic dipole, so it creates energy that is proportional
to the magnitude of the spin and inversely proportional to distance r (1/r®) where r is the
distance between the poles of the dipole (spin). The exchange interactions are dominated
by quantum mechanical considerations, such as the Pauli Exclusion Principle and the
Hund’s rules. These interactions can be of various types, such as direct, superexchange,
double and anisotropic (Dzyaloshiinski- Moriya DM) exchange interaction which is
discussed in paragraph 1.4.6.1. Direct exchange comes from electrons which interact
directly with other. Double exchange can be found in transition metals with mixed
valence. More common though, is the superexchange interactions when two non-
neighboring magnetic ions interact via a non magnetic ion (such as oxygen) which is

situated in between them.
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Interactions of Magnetic Moments in Lower Dimensional Magnetism®

The study of magnetic systems that refers to the interactions of spins in one (1D) or two
(2D) lattice dimensions is referred as “lower dimensional magnetism”. The magnetic ions
are assumed to interact only with their nearest neighbors at a restricted space. This short
range magnetic order eventually becomes long range order at a low temperature. The
characteristic experimental signature of the low dimensional magnetism is the broad
maxima at high temperatures observed at the curves of the magnetic susceptibility and the
specific heat. Some examples of magnetic systems that are characterized by lower
dimensional interactions are: the 1D or linear chain systems, the spin ladders, and the Spin-

Peirls systems.

Low dimensional magnets show a variety of quantum mechanical effects operating within
them. Hereafter we discuss the 1D chains and the spin ladders as they are highly related

with the NaMnO; polymorhs studied in this thesis.

Linear or 1D chains

One of the systems studied in this work was characterized by fits of the magnetic
susceptibility as a “1D chain” (Figure 3.6). A 1D chain (Figure 1.4a) can be an Ising, XY
or Heisenberg system, meaning that its magnetic moments are aligned along one, two or
three axis. The Hamiltonian of a 1D chain, for a Heisenberg system is given by the

equation:
H=-2]3,S,:S, ix1 (1.2)

In a 1D chain, intra and inter chain interactions appear, the later become more dominant as
the temperature is lowered. A typical example of these systems is the compound
CU(NH3)4SO4'H20.
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Spin ladders®

Spin ladders are low dimensional magnetic quantum systems that are considered as the
connection between 1D and 2D magnetic systems. They consist of a specific number of
strongly magnetically coupled chains of infinite length and finite width. The exchange
couplings J are found along the ladder’s “rungs” (J.) and “steps”(J;). In an ideal spin
ladder the exchange couplings along rungs and legs are very similar, that is Ji= JI. To
characterize a system as spin ladder, data of the magnetic susceptibility are required
(Figure 4.40). The exact nature of their ground state though, is characterized by neutron
scattering, nuclear magnetic resonance (NMR) and muon spin resonance (uSR). Examples

of two and three legs spin ladders are shown in Figure 1.4.

The Hamiltonian that describes these systems is:

H=-J, 20122 SiaSiv1a J1 X1 SiSin (1.3)

Where S, is the spin operator in the site i (i = 1, 2.....L) on the leg a (o = 1, 2...) of a
ladder with L rungs. ], (J perpendicular) and J, (J parallel) denote the intra and inter-rung

exchange couplings, respectively.

The magnetic properties of a spin ladder depend on whether it has odd or even number of
legs. Spin ladders with even number of legs, exhibit strictly short-range spin interactions
along the legs, thus they are characterized by a spin liquid ground state. Even leg spin
ladders are characterized by spin singlet pairs and the presence of a finite spin gap. On the
contrary odd leg spin ladders behave quite similarly with a 1D antiferromagnetic

Heisenberg chain at a low thermal energy showin gapless spin excitations.

Examples of compounds that have been classified as spin ladders are: SrCu,0s3, the two
leg spin ladders CaV,0s, *? and the (LaSr)CuO,5™

10
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Figure 1.4 Representation of different kinds of low dimensional magnetic systems.a)1D
chain b) two leg and three leg spin ladders.]; and ] is the coupling along chains and rugs,
respectively c¢) 2D square lattice with exchange coupling costants J and J".d) Two leg ladder
showing intra-ladder (J; and J.) and inter-ladder (J) exchange couplings. Black dots denote
spin units whereas continuous and dashed lines represent antiferromagnetic interactions of
different strength. Reprinted from Reference 10.
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1.2.4 What an experimentalist observes and measures # 1

In order to understand the magnetic behavior of a material one should check how the
material behaves under the application of an external magnetic field. The response of a
magnetic material to an applied magnetic field H is measured by its magnetization M. The

magnetization M is defined as the magnetic moment (m) per unit volume (V)
= < (emu/em’®) (1.4)

Magnetization is a property of the material, and depends on the magnetic moments of the

spins and the spins interaction and alignment.

In a magnetic solid the relationship between the magnetization M and the applied field H

(A/m) is called the magnetic induction (or magnetic flux) and is expressed by:
B=p, (H+M) (1.5)

where po is the permeability of the free space. The unit of B is Tesla (T) or Oersted (Oe)

also called as gauss-G, where 1 T=10" Oe.

The induction divided with the field is called permeability u, and corresponds to the amount
of the magnetic flux that passes through the material:

p=g (gauss/QOe) (1.6)
Dividing the Magnetization with the applied field gives, gives the susceptibility y:
XZ% (emu/(cm®Oe ) (1.7)

by which one can validate how responsive is the magnetic material under an external
magnetic field. It is also common to express the susceptibility y per unit mass, in that case

the units of y are: (emu/ (grOe)).
Taking into account that

12
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2041 25+1 1
M=Npgg [ ETH coth (2—J o) — o coth (% )=NupgIBj) (1.8)

Where

up is the Bohr magneton, g is the Lande factor, B is the Boltzman constant, J is the total

angular momentum of a single ion, and N is the number of free spins

2 2
And Biw= HTla - [U+1)9Z]]3]U+1)+ ........ (where a=JgugH/kgT)

is the Brillouin function written as a Taylor series, which is equal to the Langevin in the
limit that J — oco. For small magnetic fields, we keep only the first term in the Taylor

expansion, which yields the Curie Law™

(= =g NI+1)/ky3T = — (1.9)

1.2.5 Curie and Curie- Weiss Law

The Curie Law supports that the susceptibility of a paramagnet is inversely proportional to

its temperature

Y= (1.10)

=119

2
where C equals to C:% Ng?J(J+1) (1.11)

and J is the angular momentum quantum number (see equations 1.8-1.9)
In magnetic systems where at a critical temperature below which a ferromagnetic or
antiferromagnetic ordering develops, equation 1.10 becomes:

_ C

Curie’s Weiss Law predicts a dependence of the inverse susceptibility y with the
temperature T, for high temperatures and small fields. 0,, is the Curie-Weiss temperature

above which the material becomes paramagnetic. When the material develops an

13
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antiferromagnetic order below its Tn (Tneer), then 0 has a negative value, hence equation

1.12 becomes

C
T-(-6w)

Y= (1.13)

Moreover the Curie-Weiss law is used for the analysis of experimental data, ploteed as the
inverse magnetic susceptibility 1/y (Figure 1.5). A linear fit (y=a+b-T) of the 1/y plot results
in the value of the slope and the constant term which are equal to the effective moment p

and the 0,y respectively, according to the equations:

p=4/ g% S(S+1) (1.14)

and 0w = 22JS(S+1)/3kP (1.15)

where z is the number per nearest neighbors per spin and J is the effective magnetic

interaction with one nearest neighbor.

Antiferromagnetic

1
/x Paramagnetic

Ferromagnetic

Temperature

Figure 1.5 The linear fit of the plot 1/y versus T, yields two values which are essential
for the characterization of a magnetic material: a) the effective magnetic moment and b)
the Curie temperature 6,,. The above figure shows the 0,, temperature in the case of
ferromagnetic (6,>0), paramagnetic (6,,=0 ) and antiferromagnetic (6,,<0) ordering.
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1.3. Geometric Magnetic Frustration

The basic concept of frustration and its different sources are illustrated in Figure 1.6. *' In
paragraphs 1.3.1-1.3.5 we discuss the relevance of magnetic frustration with this thesis, its

origin and the most common frustrated lattices and magnetic systems.
CA
L
: '

Figure 1.6 A geometrically frustrated system is one in which the geometry precludes the simultaneous
minimization of all interactions.(a) In the unfrustrated antiferromagnet on the square lattice each spin
can be antialligned with all each neighbors. (b) On a triangular lattice, such a configuration is
impossible: Three neigbhoring spins can not be pairwise antialligned, and the system is frustrated. (c)
The ground states of a cluster of Heisenberg spins have zero total spin, so the vector sum of an
elementary group of spins must add up to zero. A cluster of three spins forms a unique structure,
whereas four spins form a family of degenerate ground states, with & and ¢ the structure’s two degrees
of freedom. Reprinted from Reference 17.

!
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1.3.1 Why Geometric Frustration is related to this thesis

In magnetic systems, frustration arises from competing interactions and results in a
degenerate ground state. The energy of all pair — wise interactions can not be minimized
simultaneously due to the magnetic moments alignment on specific lattice topologies like
the triangular topology or the Kagome lattice.’® The large degeneracy of the ground state
leads to excited states and novel physical phenomena related with various phase

transitions. Specifically when the magnetic frustration is dictated complex magnetic
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structures emerge. Recently it has been found that magnetic frustration plays a key role to
the appearance of the magnetoelectric coupling.™ ® This new class of magnetoeletrics, often
named as induced magnetoelectrics, such as ToNiOs, NiV30g, CuCrO; is characterized by
a magnetic phase transition to a spiral order which promotes ferroelectric order. The aim
of this work is to discover new magnetoelectric compounds derivatives of the delafossite
structural type in which the magnetoelectric coupling is related with the magnetic

frustration.
1.3.2 The origin of Frustration

The ground state of a closed thermodynamic system is the one which is characterized by its
minimum overall energy. The minimization of the energy is predicted by the third law of
thermodynamics which states that when the temperature of a perfect crystal reaches at 0 K
its entropy should also become zero. One could possibly assume that each system is
characterized by a unique macroscopic state which leads to the minimization of the energy,
hence its ground state. However in 1933'* ?° calculations on the entropy of water ice
molecule showed a difference of Sy = 0.82+0.05 cal/(mol-K) = 3.4 J/(mol-K) in the values
between the calculated entropy and the one predicted by the theoretical model of an ideal
gas. If the result of the residual entropy was indeed true, then water ice molecule would

seem strangely not to obey the third law of thermodynamics.

The term frustration was introduced by Pauling % in order to solve the paradox of the
appeared residual entropy in the water ice molecule. Pauling proposed that the disorder in
water ice molecules results from the possible distances of the hydrogen bonds between the
hydrogen atoms and the oxygens. The bonds are not situated in half way between the O-H
distances. Specifically, for each oxygen atom, there are two different positions of a
hydrogen atom: two hydrogen atoms are located near and two far from it, according to the
so-called, ‘ice-rules’ originally formulated by Bernal and Fowler.?! In other words,
frustration comes from the different positions of the hydrogen atom in the O-H bond, by

which the water molecule maintains its structure and reaches its ground state.
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1.3.3 Frustration in Magnetic Systems

Frustration in magnetic systems arises from the incompatibility between the geometry of
the spin arrangement and the spin interactions. To illustrate the simple case where there are
no competing interactions, hence no frustration, the antiferrmagnetic allignement of the
spins in a square lattice is examined. Assume that the spins are constrained on the plane of
the page, are represented as vortices and can either point up or down, namely they are
“Ising” spins. The square geometry of the lattice and the antiferromagnetic configuration
of the magnetic moments are easily combined, thus the system exhibits a long range

antiferromagnetic order as shown in Figure 1.7.

> < >
- > =
> < >
- > =
> < >
- > -

> < >
- > =«

Figure 1.7 Non frustrated interactions: Antiferromagnetic alignment of the spins on a square
lattice (left) and the resulting long range antiferromagnetic order (right). Right part of the
Figure reprinted from http://en.wikipedia.org/wiki/Antiferromagnetism

Figure 1.8 Non frustrated interactions: Ferromagnetic alignment of three Ising spins on a
equilateral triangle.
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Likewise the ferromagnetic arrangement of three Ising spins on an equilateral arrangement
leads to the minimization of their bipartite interactions since all of the magnetic moments
can simultaneously point at the same direction (Figure 1.8). Thus, there are two possible
spin configurations, all spins pointing up or down, which lead to the macroscopic

minimization of the overall energy, and finally the system reaches its ground state.

On the contrary the simplest case of geometric magnetic frustration occurs upon the
antiferromagnetic configuration of three Ising spins on a triangular lattice. Only the two
out of the three spins can simultaneously satisfy the antiferromagnetic interaction. The

third spin, for example the one illustrated on Figure 1.9% on the bottom right, causes the

Figure 1.9 Illustration of geometric magnetic frustration on a triangular lattice. Only two of
the three spins can be antiferromagnetically aligned minimizing their bipartite interactions.
Reprinted from Reference 22

There are six spins configurations resulting % in the lowest energies, so in a triangular
lattice there are six possible microscopic states leading in the minimum energy of the
ground state. Since an antiferromagnetic allignment is not possible for obtaining a long
range magnetic order, the best compromise results in the configuration in which
neighboring spins are oriented by forming 120° deg angles relative with each other. 2* The
result is a non collinear long range magnetic order like the helical or cycloidal magnetic

structures.
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1.3.4 Other Frustrating Lattices

We have highlighted the case where geometric magnetic frustration is caused by the
triangular lattice topology, since this topology is related with the materials of this work.
However, it is important to note here that there are other types of geometries in a lattice
that could yield magnetic frustration and moreover it is not only evidenced in the Ising like
spins, but also in the XY? (when the spins can move along two axis) and Heisenberg
spins ?® (when the spinc can move along three axis). Most common lattices where
frustration occurs is the 2D the triangular lattice, such as o-NaMnO, " ®and the 2D
Kagome lattice found for example in the Ba,Sn,GasZnCr;O. %’ An example of 3D

topology is the pyroclore lattice such as YCaNb,O;. ®Examples of frustrated lattices are

shown in Figure 1.10. %

Figure 1.10 Types and examples of systems of frustrating lattices. Reprinted from Reference 29.

1.3.5 Frustration in Spin Glasses

Spin glasses is a fascinating topic of condensed matter physics primarily related with the
concept of frustration. The 1970’s is characterized by a tremendous interest in this field,
evident first by the various theories related to the short range interactions among the frozen
spins below the spin glass temperature and second, by the experiments carried out which

provided the signatures of the spin glass behavior.
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Undoubtedly, one may refer to many interesting observations for the vast and continuously
growing subject such as spin glasses. Nevertheless, for the scope of the current thesis, it is
useful to focus to the concepts related to frustration and spin glasses which are essential for
the understanding of the results in chapter 5 which concern the glassy behavior of the

birnessite like compound.

A spin glass is a disordered and frustrated system. Starting by the definition given by
Mydosh % “spin glass is a random, mixed, interacting, magnetic system characterized by
a random yet co-operative freezing of spins at a well defined temperature T; below which a
highly irreversible, metastable frozen state occurs without the usual long range spatial

magnetic order”

It is critical to shed light on two questions: a) what is the origin of frustration in spin
glasses and b) how the short range magnetic order is established below the glass transition.

Frustration in spin glasses arises from site disorder or bond disorder.®® Site disorder is
equivalent to structural disorder, so it occurs when there is a discontinuity in the
periodicity of the crystal lattice, as it happens when an atom is dislocated or missing from
the lattice. Bond disorder arises when a bipartite magnetic interaction is different from the

majority of the rest interactions as illustrated in Figure 1.11 (reprinted from 3%).

In other words, randomness, hence frustration, is the corner stone property of a spin glass.
A way to create a spin glass is to dope with magnetic impurities a non magnetic host
material. An example of this case can be found in Mydosh’s book®®, where the CuMn

system is extensively studied as a prototype and canonical spin glass.

To answer the question stated above, i.e how it is possible to have a short range order
despite the existence of frustration, it is helpful to visualize that the spin glass, at T > Ty,
consists of numerous domains or clusters. These domains are separated by large energy
barriers which prevent the system to possess one single macroscopic state of minimum
energy. Two competing forces define the formation of the domains: the short range
exchange interaction between two spins of distance ri, J(r;) and the thermal fluctuations

given by kgT.
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Figure 1.11 Schematic illustration of bond disorder. A cubic lattice where the allignment of
spins can be either ferromagnetic (blue bonds on the left) or antiferromagnetic (central disk
with the antiferromagnetic bonds shown in red). In these cases the minimization of the energy
is possible. On the contrary when a spin does not have a unique orientation (right disk),
leading to odd numbers of antiferromagnetic or ferromagnetic interactions, a bond disorder is
caused. The competing ferromagnetic and antiferromagnetic interactions can be the basic

ingredient of frustration in spin glasses. Reprinted from Reference 31.

When J(rij)> ksT a group of spins forms a magnetic cluster. The spins move to random
directions, and they slow down only when they join a cluster. The total magnetic moment
of the clusters has random orientation, yet it is characterized by a correlation length &,
which increases as the temperature decreases and reaches close to T; This procedure
results in magnetic clusters of various shapes and different relaxation times. As T reaches
T; preffered orientations, in random directions are established in the crystal. At T=T¢an
infinite cluster is formed whose building blocks are smaller clusters frozen in random

orientations.

It clear then that the spin glass state is a metastable state, whose dynamics has wide
distribution of relaxation times. What is important to define in order to characterize the

nature of interactions in a spin glass, is the values of the energy barriers between the
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clusters and the relaxation times t. Dynamic magnetic susceptibility measurements and

relevant analysis provides the answers concerning the magnetic interactions of a spin glass.
1.3.6 Experimental Realization of Frustration

An important question that arises here is how the magnetic frustration can be observed
experimentally. Magnetic frustration can be probed independently by two experiments: by

measuring the heat capacity and the magnetic susceptibility 2’

The fingerprint of frustration is given by plotting the inverse susceptibility 1/x (mole/emu)
versus temperature T (K). The fit obtained by the Curie Weiss law (already discussed in
section 1.2.5) yields the Curie Weiss temperature 0. For frustrated antiferromagnetic

systems an empirical measure of frustration is estimated by the ratio:

foo (1.16)

TN

where Ty is the Neel Temperature. Values of f higher than 1 (f>1) indicate frustrated

interactions.®

Specifically, for the case of spin glasses various experiments can be carried out in order to

verify the existence of the glassy state. These are discussed in the next paragraphs.

Generally, the first step to spot a spin glass transition is to observe a peak at the transition

temperature. There are three fingerprints of the spin glass behavior:

a) The bifurcation of the static (DC) susceptibility of the ZFC-FC magnetization curves at
T< T¢ under small external magnetic fields. The sample is first cooled under zero magnetic
field (ZFC measurement) and afterwards when cooling the sample under an applied
magnetic field (FC measurement). Usually below T; the ZFC shows a sharp decrease
whereas the FC curve is approximately flat. This experiment marks the irreversibility of

the ZFC-FC curves, but it is not exclusively related to a spin glass behavior.

b) High magnetic fields (even below 1 T) destroy the spin glass transition. This can be
clearly seen in experiments presenting the evolution of the magnetic susceptibility versus T
under different external magnetic fields which show a continuous broadening of the spin

glass peak and finally the elimination of the peak at the highest applied magnetic field. The
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temperature of the maximum shifts towards lower temperatures, which can be described by
the Gabay-Toulouse line in case of XY or Heisenberg spins or the Almeida Thoughless
line in case of Ising spins. The same experiment can be off course carried out while

measuring the dynamic (AC) susceptibility.

c) Aging and rejuvenation experiments. Both of these experiments aim on defining the
relaxation processes involved in the spin glass state. In an aging experiment, what is
measured is the relaxation times of the magnetization. The sample is cooled under a small
field at a T<T¢ and after waiting for a specific amount of time (t,,), then the applied field is
cut of. Magnetization is then measured as a function of the observation time. Two features
correspond to a spin glass behavior: i) the magnetization relaxation is slow and ii) the
magnetization is highly depending on the waiting time: the longer the waiting time the
slower the relaxation (aging).

Rejuvenation experiments show memory effects, relevant with the spin glass behavior.
The first step, which is used as a reference experiment, is to measure the susceptibility
M(ref) of a zero field cool (ZFC) protocol under a small magnetic field. Then the
following measurements are again carried out on a ZFC mode but upon cooling there is a
waiting time t,, at a T,<Ts. The magnetization is then measured upon heating versus
temperature (Mty). The memory effect of the glassy state is evidenced by plotting the
difference Mtw)-Mw) which should show a dip of the curve at the temperature T, of the

waiting time.

The aforementioned experiments of magnetometry are the most fundamental in order to
probe frustration and the spin glassy state. Other methods, corresponding to shorter
relaxation times such neutron spin echo experiments, can be applied but it is beyond the
purpose of this thesis to analyze them.
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1.4 Multiferroics and Magneto-electrics
1.4.1 The definitions

The term “multi-ferroic” is attributed to Schmid in 1994: “Crystals can be defined as
multiferroics when two or more of the primary ferroic properties coexist in the same
phase”. * Ferroic properties refer to ferroelectricity, ferromagnetism and ferroelasticity. In
the ideal case, a multiferroic compound exhibits spontaneous magnetization so it is
magnetically polarizable, but at the same phase it shows spontaneous polarization thus it is
electrically polarizable. The “coupling” between the electric and magnetic degrees of
freedom means that the magnetization can be affected by an electric field 2 and vice versa,
the polarization can be controlled by a magnetic field. The graphical illustration of the
definition is shown in Figure 1.12. The coexistence of at least two types of order is
appealing for two reasons: a) it brings out novel physical phenomena and b) it can be used
in multifunctional devices. The technological applications of these oxides include
magneto-electric sensors, magnetic memories controlled electricalyl such as the highly
desirable four-state logic devices (both up and down polarization and both up and down

magnetization).

Ferromagnetic Ferroelectric

lé o

Figure 1.12 Illustration of the definition “multiferroism”: Materials that combine ferroelectric
and ferromagnetic order at the same phase. This characteristic property allows an external
magnetic field to modify the polarization hysteresis loop and similarly an electric field to affect

the magnetization loop.
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Important to note here, that strictly according to the definition a “multiferroic
magnetoelectric” exhibits spontaneous polarization and spontaneous magnetization at the
same phase. The case of multiferroic which combines both ferromagnetic and ferroelectric
order is very rare, due to restrictions imposed by structural, physical and electronic

properties.*

In the current trend though, the definition that is widely used is the “magnetoelectrics”
which is a broader one and includes more materials.** Magnetoelectrics are systems who
exhibit the magnetoelectric coupling which is defined as: ‘the induction of electric
polarization (magnetization) by an external magnetic (electric) field’! The term
magnetoelectrics refers to materials that exhibit any kind of magnetic order including
antiferromagnets, spiral magnets, weak ferromagnets, even paramagnetic ferroelectrics.®
Hereafter, the terms multiferroic or magnetoelectric are going to refer to the coupling of

electric and magnetic fields in matter.

1.4.2 The early historical background

Despite the fact that the magnetoeletric effect met a breathtaking revival around the early
1970’s, the very first concepts of magnetoelectric coupling are found before the 19"
century. It was Maxwell at 1873% 3 who predicted the interplay between magnetism and
electricity in his groundbreaking equations. The magnetization of a dielectric placed in an
electric field was observed by Roetgen, * which was followed by the observation of the
reverse phenomenon: the polarization of a moving dielectric in a magnetic field.* A strong
coupling between the magnetic and electric degrees of freedom was observed in an
insulator as an intrinsic property of matter, at 1894 by Piere Curie. Curie even then claims
that “it is the symmetry that creates the phenomenon”, recognizing that the magnetic
symmetry is the key ingredient for the existence of magnetoelectricity. The term

“magnetoelectric” is tracked for the first time by Debye.*
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The real beginning of the magnetoelectric phenomenon starts in 1959 by Landau and
Lisfitz. ** These the first to realize the concept of the linear magnetoelectric effect. They
supported that there could be matetials with specific magnetocrystalline symmetry which
would allow a linear coupling between electric and magnetic fields. The same year
Dzyaloshinksii*® predicts and soon after Astrov*® observes the magnetoelectric coupling in
Cr,03 in 1960. Up to now (2014) there have been synthesized and reported more than 100

magnetoelectrics, a number which is continuously increasing.

1.4.3 The linear magnetoelectric effect *****

The magnetoelectric effect in a single crystal can be described thermodynamically, by the
Landau theory, using the expansion of the free energy F. The free energy for a non —ferroic
single crystal, with no polarization of magnetization under zero external fields, is given by:
F(E, H) = Fo - PFE-MH; - S0 Ei Ej- 5110 i Hi Hj-os Ei H

~Bik Ei Hj Hi- i HIE]Ex (1.17)
Where F, is the ground state free energy, E is the electric field, H is the magnetic field, P®is
the spontaneous magnetization, and M® is the spontaneous magnetization, € and u denote
the electric and magnetic susceptibilities hence ¢, and p, are the electric and magnetic
susceptibilities in vacuum. The subscripts (i, k, j) correspond to the spatial coordinates of
the three axes (X, y, 2).
The term «a;(T) is called the “magnetoelectric coefficient” and corresponds to the linear
magnetoelectric coupling, whereas the terms i and y;; represent high order magnetoelectric
coefficients.
If the three terms of equation (1.17) give a sum greater than 0, then the following stability
condition holds for the magnetoelectric coupling term o;j:

0t EobloEii (1.18)

Polarization P and its dependence from the magnetic field, is given by the differentiation of
equation (1.17) with respect to E;:

= o\ OF .1 1 1
P;(E, H)=0—Ei= Pi+egij Ejta HitBijcH) HickvigHiE Ex (1.19)

26



Chapter 1: Introduction

Similarly magnetization M is calculated by the differenatition of the the free energy in

equation 1.17 with respect to M:
== D
M; (E.H)= a—l\;: M7 "'HoHini"'“iiEi"'BijkEiHJ’"'%YiJ'k HiE;Ex (1.20)

It is crucial to underline here that the linear magnetoelectric coupling does not hold for all
types of materials. In cases where the dielectric susceptibility or the magnetic susceptibility
is too small, the high order terms f; and vy; dominate, hence the non linear
magnetoeelectric coupling applies. Moreover, when there are effects like magnetostriction,
there are more variables in equation (1.17) which correspond to strain and the “indirect
coupling” is a more suitable term. Even though the Landau theory provides a qualitavive
frame for the magnetoelectric coupling, the differences that may apply in various types of
materials and different mechanisms of coupling, can be fully understood and explained

only when the magnetic symmetry of the material is known.

1.4.4 Requirements for a magnetic Ferroelectric: The symmetry considerations

There are various restrictions and microscopic phenomena that tend to exclude the mutual

existence of magnetism and ferroelectricity in the same compound.

The first one comes from the incompatibility of the partially filled d shells, a necessary
condition for the existence of magnetic ordering, as stated in paragraph 1.2.1, and the fully
occupied d-shells for the appearance of ferroelectricity.

Most importantly, the second constraint comes from the aspect of symmetry. A
multiferroic can exist only when both time reversal and spatial inversion symmetry are
broken. Statistically, the co-existence of magnetism and ferroelectricity is possible in only
13 groups out of the 122 Subnikov’s magnetic point symmentry groups. Nevertheless, the
magnetic materials are not equally distributed among the magnetic point groups, so the 13
groups available for the existence of multiferroism, is definitely a restriction, but does not

describe the issue in a complete way.
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In a ferroelectric material the presence of electric dipole is allowed only when the spatial
space symmetry is broken. That is since an electrical dipole is attributed to the splitting of
the negative and positive charges of the unit cell, which leads to the differentiation of the
one side of the chemical cell in respect to the other. If the cell is centro-symmetric, this can
not happen, so polarization will not build up in the system. In other words, spatial

inversion symmetry breaking is the premise of ferroelectricity.

As for the existence of the magnetic ordering, spatial inversion symmetry is not a
precondition since the spin acts as a pseudovector, thus the spin’s direction remains
unchanged under the spatial inversion symmetry. However, the breaking of the time
reversal symmetry switches the direction of the spins, i.e the direction of the magnetic
ordering. Time reversal symmetry in respect to the spins ordering is the symmetry
operation by which spins remain randomly oriented in the paramagnetic state, but their
direction can be switched when they are in the magnetically ordered state. Time reversal
though, does not affect the direction of the dipole moment. Hence, the existence of a

multiferroic is based on both the time reversal and spatial inversion symmetry breaking.

1.4.5 Classification of Multiferroics and Relevant Examples

Mulitiferroics can be classified in three major categories: a) The type one multiferroics in
which the ferroelectric transition occurs in temperatures higher than those of the magnetic
order, hence, the mechanism of the ferroelectricity does not depend on the magnetic order.
b) The type Il multiferroics, or the “magnetic multiferroics” in which the ferroelectricity is
related to the magnetic order, and thus occurs at the same or at lower temperatures of the
magnetic transition. ¢) The “disordered multiferroics” whose basic characteristic is the

disorder (glassy state) and may exist in one or two ferroic orders. °
Type | multiferroics

The major advantages of type | multiferroics is that the coexistence of the magnetism and
ferroelectricity usually occurs well above room temperature. Unfortunately, their most

basic disadvantage is that the magnetoeletric coupling is weak. Examples of the type I, or
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the “old multiferroics” as they are named, include mostly perovskites such as the BiFeOs,
which is probably the best well known multiferroic. Hexagonal manganites such as the the
YMnO; *" # is also classified in this category. Specifically, in YMnO; ferroelectricity is
not attributed to the mangetic cations Mn*3, but it is caused by the tilting of the MnOs
block.

Type Il multiferroics

The properties of type-11 multiferroics are exactly the opposite: the coupling is strong but it
occurs in rather low temperatures. Clearly, the holy grail of multiferroics is a material with
strong magnetoelectric coupling in room temperature. Usually, ferroelectricity appears as
an effect of a spiral or cycloid magnetic order. In this category belong the following
oxides: ThMnOj3 ® TbMn,05*, NisV,0g*° the, CuFeO,, ACrO, *%and AgFe0,>* as well as
the CaMn;01,°® with the recently discovered giant polarization.

Type I multiferroics

Type 11 multiferoics are common among spin glasses such as the PbFeg sNbg 503 % or the
SrogsMngo2TiO3.>* The magnetoelectric coupling depends on the nature of the dynamic
component, in other words, the cause of the disorder.

The materials of this thesis belong to the second category, since the magnetic frustration

and the complex magnetic structures generate the magneto-electric coupling.

1.4.6 Magnetoelectric coupling and Mechanisms in type Il-multiferroics

This paragraph refers to two of the basic mechanisms that been proposed for the
appearance of the magnetoelectric coupling in type ll-multiferroics. It is of outmost
importance to clarify here that each compound which exhibits the magnetoelectric
coupling should be and has been studied separately on the basis of symmetry

considerations. The intention is not to generalize or oversimplify a complex phenomenon,
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rather than to categorize some of the most frequent mechanisms that have been proposed

for the magnetic ferroelectrics.

The first one refers to the Inverse Dzyaloshinksii Moriya (DM) interaction. This
mechanism holds for the induced polarization which is perpendicular to the propagation
vector of the spins. The second one, is the spin orbit interaction and it is valid for the
induced polarization whose direction is parallel to the propagation vector of the magnetic

ordering.

1.4.6.1 The Inverse Dzyaloshinskii Moriya Interaction

The first mechanism usually called “the inverse Dzyaloshinskii-Moriya interaction®> *°

or
the “spin current model” as proposed by Katsura for cycloid magnets,®” suggests that
canted spins moments on two neighboring magnetic sites S; and S; induce polarization

which is given by the equation:

P=A €jjX (SiXSj) (1-21)

Where A is the coupling constant related to the spin-orbit coupling and the spin exchange
interaction, e;; denotes the unit vector along the direction from site i to j (Figure 1.13°%).
This mechanism is based on the following concept: The Dzyaloshinskii-Moriya (DM)
interaction between two magnetic ions refers to the anisotropic interaction between the
excited state of the one magnetic cation and the ground state of the other. It results in the
canting of the two interacting spins, this means that the spins are not parallel to each other
but rotated by a small angle. The canted spins, produce a spiral state, which can displace
the ion in between them, i.e the oxygen, through magnetoelastic effects. The atomic shifts
generate the Dzyaloshinskii-Moriya (DM) vector or the ferroelectric polarization. The DM
interaction explains successfully the ferroelectricity observed in Tan03,3DyMn0358
NisV,0g*® CoCr,0,*° and MnWOQ,.%°
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Figure 1.13 The result of the Dzyaloshinskii Moriya interaction between two magnetic ions
leads to the DM vector (D#£0) and the canting of the spins. M3 and M, denote the magnetic
ions, and O is the atom of oxygen in between them. The canted spin directions e; and e,
produce the spin current js o e; xe, between M; and M,. The direction of the spin
polarization is that of the spin current jsand it is given by Pwoe; xjs. Reprinted from Reference
57.

1.4.6.2 Spin Orbit Interaction of the d-p hybridization Mechanism

By definition the term “spin orbit coupling” refers to the interaction of the electron’s
magnetic moment with the magnetic field from its orbital motion. The magnetic moment
is a result of the spin’s electron, whereas the electron’s orbital angular momentum, creates

its magnetic moment which is associated with a magnetic field.

The mechanism based on the spin orbit coupling, has been proposed for the ferroelectric
polarization of the ABO, compounds (A: alkali, B: transition metal) by Arima in 2007.%*
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Figure 1.14 (a) Proper screw axis magnetic ordering (b) The arrangment of two magnetic
ions, reprented with blue spheres and the a oxygen ion represented with a red sphere. The
magnetic moment orientations are pointed with m; and m,, whereas the direction of the
polarization Py is parrallel to the x axis. (c) Proper screw magnetic order on a delafossite
crystal lattice. The direction of the induced polarization is parallel to the direction of the
helicity of the spiral g.(b) and (c) parts of figure were reprinted from references 62 and 63,
respectively.

The inverse DM interaction, in a proper screw magnet fails to explain the induced
polarization, since the e;jj is parallel to the S;xS;, in average. In a proper screw magnetic
orderding, the spin rotation axis is parallel to the magnetic modulation vector q, thus the

product of the DM interaction e;;x(S;ixS;) equals zero.

Arima, based on the analysis of Jia®* for the induced ferroelectric polarization, suggests
that polarization in crystals with low symmetry, i.e triclinic, monoclinic and rhombohedral
symmetry, is induced by proper screw axis magnetic ordering through the spin orbit

462, 63

interaction (Figure 1.1 ). The sign of polarization is governed by the spin helicity (the

vector of the spin chirality).

The microscopic origin of the mechanism is based on the variation of the hybridization

between the 3d magnetic ions (Fe, Cr) and 2p ligand ion (oxygen). This mechanism has
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explained successfully the ferroelectric polarization of the oxides CuFeO,, CuCrO,>* ©,
AgFeO,°* and AgCr0,™* ®® and the Ba,XGe,0; *

Specifically, the polarization at the center of a cluster which is composed of two magnetic
ions (Figure 1.14c®) is given by the equation:

APyierp= P™ (mi-my)e + P*eX(m*m,)+ P [(e-my)-m; - (e-my)m; ] (1.22)

Where m; and m, are the local magnetic moments, at the sites m and |, with distance e in
between them, and I+e/2 is the middle in the e distance between the m and | sites. In
equation 1.22 there are the three terms which correspond to the three different mechanisms
of the induced polarization. The first term corresponds to the magnetostriction, which is
the deformation of material under an external magnetic field. Magnetostriction has been
proposed for the explanation of the magnetoelectric effect in Cr,O3 and the RMnOg3
(R=Ho,Tm).®> ® The second term corresponds to the inverse DM interaction, which has
been discussed in the previous paragraph. The third term corresponds to the spin orbit
interaction mediated modulation of the d-p hybridization and dominates in the systems

where proper screw magnetic ordering develops.

1.4.7 Probing the magnetoelectric coupling experimentally

Experiments that shed light on the existence of the magnetoelectric coupling include
measurements of the magnetic susceptibility, the dielectric constant, the polarization,
magnetostriction versus temperature and external fields (electric and/or magnetic). All the
results of the aforementioned experiments are interpreted based on the crystal and
magnetic structure analysis of the material, studied by X-Ray diffraction, neutron

diffraction and when needed, transmission electron microscopy.

Magnetization measurements usually carried out by SQUID, will indicate possible
magnetic transitions. In the case of spin driven magnetoelectricity, it is highly likely that
dielectric anomalies will be observed at the magnetic transition temperatures. An example

is presented of these measurements is presented in Figure 1.15°°
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Figure 1.15 Plots of the magnetic susceptibility, the dielectric constant and the polarization
of the delafossite compounds CuCrO, and AgCrO, without (plots on the left ) and under the
application of an external magnetic field (plots on the right).Reprinted from Reference 50.

Dielectric constant (g;) anomalies correspond to fluctuations of the polarization (P) since

P=¢,(e-1)E (1.23)
Where ¢, is the dielectric permittivity of vacuum and E is the applied electric field.
Measurements of polarization (charge) versus temperature show the existence of
pyroelectric current. Experiments of polarization versus an applied electric field prove the
ferroelectricity of the system since it shows the characteristic signature of the ferroelectric
materials: inversion of the electric dipoles by 180° when reverse electric field is applied

(zV, ie electric voltage of different sign). In the ideal case of a multtiferroic which is
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ferroelectric and ferromagnetic, it is expected, at least theoretically, that the polarization

loop can be controlled by the magnetization and vice versa (the magnetoelectric coupling).

In practice, carrying out all the aforementioned experiments is not always possible. The
major problem, is that the physical quantities measured are quite small, in addition there
leakage currents, that affect greatly the signal of the sample. Moreover, additional
complexity is added when the sample is ceramic: grain size effects, aging and internal bias
fields, stress effects from external applied fields affect the microstructure and thus the final

result of the dielectric and ferroelectric measurements. &’

1.5 Magnetodielectric Coupling

| ®8 to describe

The term “magnetodielectric coupling” was introduced firstly by Lawes et a
materials that show a coupling between the dielectric properties and the magnetization.
The term magnetodielectric excludes the requirement of the spontaneous polarization or
the symmetry constraints which are essential for linear magnetoelectrics and multiferroics.
Magnetodielectrics exhibit a change in the dielectric constant at the magnetic ordering
temperature or show finite magnetocapacitance. However, ferroelectricity does not appear
below the temperature of the dielectric anomaly. In this thesis, ferroelectricity has not yet
been proven. Moreover the magnetic structure analysis and in turn, the examination of the
magnetic symmetry is under progress. According to the experimental data and the relevant

analysis, we are going to refer to the NaMnO, polymorphs as magnetodielectrics.

Examples of magnetodielectrics are MnO,*® Mnz04 " TmFeO; " Dy, Ti,07,"* Th,Ti,07,”
ThbsFesO1,,"* and ZnFe,04.”> Two mechanisms have been reported to contribute to the
appearance of the magnetodielectric coupling: magnetic frustration and magnetostriction.
Specifically, frustration has played the key role in the coupling between the dielectric and
magnetic properties in the following: Dy,Ti,O;, Th,Ti,O; and ZnFe,O4. In this class of
materials, external magnetic fields affect the dielectric constant and apart from the
dielectric constant experiments, magnetocapacitance measurements are also critical.

Interesting to mention here, that in the aforementioned magnets, the magnetic frustration
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has not led to spiral magnetic orderings, which is the usual case for many
magnetoelectrics. In the second group of magnetodielectris, magnetostriction is the
underlying mechanism behind the magnetodielectric coupling. Examples of this group are
the MnF,, ® TmFeOs, ThsFesO1, and CosV,0s.”" In these materials dielectric anomalies
are noticed at the temperatures of the magnetic ordering. It has also been reported that the
magnetic field dependence indicates a negative magnetocapacitance which is proportional
to the magnetic susceptibility. This strongly suggests a magnetostrictive origin for the
influence of the magnetic field on the magnetocapacitance and the magnetic susceptibility.

1.5.1 Magnetodielectric Coupling in ABO, systems

The current thesis is focused on the magnetodielectric coupling of two ABO, compounds:
the a-NaMnO; and B-NaMnO,. Therefore, it is quite useful to discuss some examples of

the most well studied ABO, compounds who exhibit the magnetodielectric coupling.

ABO; are ternary oxides with the general chemical formula A™B*?0, where A is an alkali
like Cu, Na, Li, Pt, Pb and B is the magnetic cation, usually a 3d transition metal such as
Mn, Fe, Al, Cr, Co, Ga, Rh, In. These materials are widely known for the variety of the
physical and chemical properties including their use as host frameworks for intercalation

and deintercalation processes,’® ™

80, 81

the possibility of synthesizing new compounds by soft
chemistry routes as well as their possible technological applications. ABO, are
promising materials as cathode materials in rechargeable batteries like the LiMnO, %% ® for
their integration into transparent electronic devices,® and as semiconductors for
thermoelectric conversion.®® To a large extent, the interest for the ABO, oxides arises from

the frustrated magnetic interactions in a triangular lattice.®* ®’

Their structure is characterized by layers of stacking of BOg edge-shared octahedral which
are linked by linearly coordinated A atoms. Two polytypes exist, the rhombohedral 3R
and the hexagonal 2H with space group symmetry R3m and P63/mmc, respectively
(Figure 1.16%). Their difference is attributed in the orientation of the oxygen in the BOg

octahedra.®®  Regardless of the structure polytype, the important factor is the arrangement
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of the magnetic cation in the triangular lattice topology. As discussed in paragraph 1.3 a
phenomenon closely related to the triangular arrangement of spins, is the magnetic
frustration of the B cations which has recently been proved to promote the magneto-

dielectric coupling.

Figure 1.16 The two polytypes of the ABO; structure. Reprinted from Reference 88.

Examples of the magnetoelectric ABO, oxides are the
a) the AFeO, with the recently discovered AgFeO, ! and the compound of the CuFeO,
b) ACrO,*° (A: Cu, Ag, Li, or Na) such as the CuCrO,

Although the aforementioned systems present many similarities which arise from the
similar lattice topology, the origin of the microscopic mechanism for the induced
magnetoelectric coupling and the polarization is examined separately for each case under

the frame of symmetry analysis.
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1.5.2 The case of CuFeO,

CuFeO, ® is the most extensively studied magnetoelectric ABO, compound.®® Since the
discovery of the spiral spin induced polarization of the CuFeO;, by Kimura et al, a vast
amount of research has been triggered towards the ABO, oxides as excellent candidates for
magnetoelectric coupling. New magnetoelectric compounds have been synthesized by the
substitution of Fe™® with various trivalent metals. Partial substitution of Fe, with Mn, Al,
and Rh, resulted in the magnetoelectrics, CuFe;.,Al,O, ** CuFe; \MnO,* and CuFe;.,
Rh0,*® Kimura’s results suggest a strong interplay between non-collinear
incommensurate structures, the inversion symmetry breaking and the induced polarization.

The most critical findings of this work, can be summarized in the following:

a) CuFeO, crystallizes in the delafossite structure with a centrosymmetric space group
R3m at room temperature. The magnetic moment arises from the Fe** ions with S=5/2,
which can cause frustration due to the triangular arrangement. CuFeO, undergoes a series
of magnetic transitions. The zero field ground state, is a commensurate magnetic structure
with wave vector (1/4, 1/4, 0). At 11 K a collinear (the magnetic moments of the nearest
neighboring moments are parallel) incommensurate phase emerges until 14 K where the
system becomes paramagnetic. A striking characteristic, is the rich magnetic phase
diagram when the magnetic field is applied along ¢ axis (B//c). At temperatures between 5
K -11 K and at fields between 7 T-13 T, a non collinear magnetic phase develops (Figure
1.17).

b) Magnetoelectric coupling is evidenced by the appearance of the polarization only at the
non collinear magnetic phase, with a value of P=100 uC/m?, which is comparable to those
observed in known multiferroics with long-wavelength magnetic structures.** > *° The fact
that inversion symmetry is broken at an incommensurate phase, strongly suggests that non
collinear helical magnetic structure is of fundamental importance for the breaking the

inversion symmetry of CuFeO,.

c) Kimura compares his results with the multiferoics TboMnO3 and Ni3V,0g where inverse

Dzyaloshinskii Moriya interaction or as it is called “the spin current model” in helical
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magnets,”’ explains successfully the mechanism responsible for the magnetoelectric

coupling.
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Figure 1.17 Magnetic and temperature phase diagram of CuFeO,, reprinted from
reference 88. Measurements of magnetization, dielectric constant, electric polarization
and magnetostriction are represented with diamond, square, triangle and inverse triangle
respectively. Open and filled symbols correspond to the data points taken upon cooling
or magnetic field decreasing and warming or magnetic field increasing
respectively.Worth noticing that the polarization emerges at the grey area where the non
collinear magnetic structure develops. Reprinted from Reference 90.

However, Arima and Tokura®® prove that the electric polarization, is not explained on the
frame of the spin current model, but results from the spin-orbit interaction. The
polarization depends on the spin helicity and is explained from the viewpoint of symmetry

analysis.
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Furthermore, the research of the CuFeO, by Kimura, has been expanded by studies

95, 96, 97

concerning it’s crystal and magnetic structure in zero, and high magnetic fields,*® to

further investigate the coupling between the polarization and the helical magnetic order.

Important to note here, that the compounds CuCrO,, AgFeO,, LiCrO, and NaCrO,, that
also belong to the delafossite’s family, have been primarily studied by Seki et al 4 in
2008. The proposed microscopic mechanism for the ferroelectric polarization is the same

as CuFeQy, i.e the spin orbit interaction for the proper screw magnetic order.
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Introduction

The purpose of this chapter is to refer to the experimental techniques that have been used
for the study of the compounds. The working principle of each technique and a generic
layout of the instruments that have been used are presented. Especially, section 2.4
analyzes the construction of the magnetodielectric measurements setup and the relevant
preparation of the polycrystalline samples for these experiments. The reason for the
detailed explanation is to describe the methods that have been developed for overcoming

the various and complex technical difficulties that these experiments entail.

2.1 Solid State Synthesis

All the compounds studied in this thesis have been prepared by solid state synthesis, in the
Functional Nanocrystals Lab in IESL-FORTH.

The solid state synthesis is the most simple and common way to prepare a bulk material. In
this method the final product is obtained because the starting materials react with each
other when heated at high temperutares (500°C-2000°C). The first step is to find the
appropriate starting materials that should be used in order to obtain the final desired

product.

Initially, one has to weight the stoichiometric amounts of the reactants, grind them in a
pestle and mortar to improve the homogeneity of the mixture and to obtain uniform
particle size. The pelletizing of the mixture under some pressure applied by a hydraulic
press (usually 1-5 tones) also improves the direct contact of the crystallites faces. The
pellet is heated with a specific heating rate and possibly under special atmospheres (such as
inert gas or oxygen) in a furnace for hours or even several days. When the heating is
completed the cooling can be done by quenching inside the furnace, in atmosphere or in

liquid nitrogen.

The basic principle behind the solid state synthesis lies on the fact the high temperature
enables the reaction since it increases the diffusion rate between the ions of the reactants.

The driving force of the cations is the thermal energy that they absorb and enables them to
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overcome the lattice energy, and move from their initial lattice position so that diffusion
and reaction can occur. Even though the heating occurs in high temperatures, still the
temperature is raised well below the melting point, so the reaction takes place on the solid
state. The reaction occurs at the interfaces of the solids. Once the interface has reacted then
the reactants diffuse from the bulk to the interface.*® Usually during the heating the pellet is
cooled, removed, crushed, re-grinded and re-pelletized. This is to ensure that fresh surfaces

are brought in contact and the reaction speeds up.

Despite the fact that solid state synthesis is very simple, there are many drawbacks that
could cause problems and faults in the quality of the final products. The most important of
all is that the compounds synthesized at high temperatures could be unstable and
decompose, or may even contain secondary phases that are formed in lower temperatures.
For instance while trying to obtain o-NaFeO, phase, it is quite common to end up with a
final product that will also contain B-NaFeO,, which has the same stoichiometry but
different crystal structure. Apart from that unreacted traces of the starting materials can be

found due to limited diffusion of the ions during the reaction.

A number of factors can be modified in order to optimize the synthesis conditions. These
include the heating rate, the dwelling time at the final temperature, the number of

intermediate regrindings, the special atmosphere or the amounts of reactants.

2.2 Characterization
2.2.1 X- Ray Powder Diffraction (XRPD) 0 101,102,103

X Ray Powder Diffraction has been used for every compound that has been synthesized in
this thesis. Actually it was the first experiment conducted for preliminary characterization,
since an XRPD pattern is the fingerprint of each compound. The importance of this non-
destructive technique lies on the identification of the phase (or phases if any secondary
ones are present) and provides the first information about the quality and crystallization of

the compound. Apart from the phase identification and the quantative phase analysis, when
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analyzing an XRD pattern it is possible to refine the unit cell parameters, estimate the

crystallite size and microstrain and check if there is any preferred orientation in the sample.

X rays is an electromagnetic radiation of wavelength ~0.1 to ~100 A°, a range which is
located after the ultraviolet and before the y-rays. In order to probe the crystal structure of
the materials, the wavelengths most commonly used are between 0.5 A and 2.5 A which
are of the same order of magnitude as the shortest interatomic distances observed in both

organic and inorganic materials.

Generation of X Rays

Electromagnetic radiation is generated when electrons accelerate or decelerate. There are
two sources that produce X Rays: a) The Conventional X-Ray Source (X- Ray tube) and b)
The Synchrotron. In this paragraph the conventional X-Ray Source is going to be
described briefly. X Rays are generated in the so called X Ray tube. The cathode, which is
usually an electrically heated filament, such as tungsten, emits electrons that are
accelerated inside a high vacuum tube by a high potential difference (20-50 kV) towards
the anode. The high energy electrons strike the water cooled anode which emits the X rays
spectrum. Typical metals used for anode materials are copper Cu and Mo in powder and in
single crystal diffractometers, respectively. The X-Ray spectrum generated as described
above, consists of three intense peaks (spectral lines) which are imposed on a continuous
background, known as white radiation or bremsstrahlung, as shown in Figure 2.1 The
bremsstrahlung radiation, a highly undesirable characteristic of X Ray emission spectrum,

is caused by the electrons which are scattered by the electric field near the nuclei.

The characteristic spectral lines K1, Kq2, and Kg are attributed to the interaction of high
energy (E;) electrons heat the target and kick off an orbital electron from the outer shells.
The electron vacancy will be filled by a higher energy level electron (E;). The difference of

the above energies: AE=E,-E; corresponds to an emitted photon with the energy hv thus:
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AE=hy= = (2.1)
Where h: the Planck’s constant 6.626-10°* Js, v: the frequency, c: the speed of light in a
vacuum (2.998-10% m/s), A the wavelength of the wave associated with the energy of the

photon .

Specifically the K, intense line stands for the transition of an electron from the L shell to K
shell, whereas the Ky radiation is attributed to the transition from L to M shell. The K,
radiation consists of two components the K,; and K, which correspond to the transitions
2p12 to 1syp and 2ps;, to 1Sy, where p and s are the orbitals and the subscripts 1/2 and
3/2 is the total angular momentum j. K, and Kz are determined by the target metal of the

anode in each diffractometer.
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Fig 2.1 Typical emission X-Ray spectrum

Bragg’s Law

The basic principle behind the X-rays diffraction and the X Rays analysis patterns is the
Bragg’s law. Each crystal is composed by a periodic structure characterized by a lattice.
The building block of a lattice is a parallelepiped, called the unit cell. The construction of
the lattice is described by the propagation of the unit cell and its arrangement in the lattice

planes.
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Bragg (1912), taking into account that the crystalline state can be described by a periodic
arrangement of atoms in crystal planes, has treated mathematically the diffraction as
reflections from the diffracting crystal planes. Thus the constructive interference can be
simply described in the following equation- the Bragg’s law:

2
S 2%
s RS
S ¥ ° &
£ %

(hkl .
A A dhkl
(hki)

Figure 2.2 The Bragg’s law.0, 26 are the Bragg angles, 2A=2d sin the path difference
and 2A=nX\ the constructive interference.

n A=2dhkSind (2.2)
n: the order of diffraction, i.e if we apply from equation 2.2 to the 111 lattice plane for
n=1: 1A=2d;115in6; and
n=2 2A=2 d11Sin6;
However, n is usually incorporated into the lattice plane symbol, that is:

X:Z(dhm/n)sin6:2dnhdnkdn|sin6 (2.3)

The Powder Diffractometer

Powder X-ray diffraction experiments (XRPD), have been carried out on a Rigaku
D/MAX-2000H rotating anode diffractometer. This diffractometer uses the Bragg Bretano
Geometry (0-20) which is shown in Figure 2.3. The angle 0 is the one between the
sample’s surface and the incident x-ray beam and 20 is the angle between the incident

beam and the receiving slit-detector
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Detector

X-Ray Primary Optics Receiving 26=2n°

Figure 2.3 Schematic Illustration of the Bragg- Bretano Geometry. Reprinted from
http://www.ammrf.org.au/myscope/xrd/background/machine

The basic parts of a diffractometer are:

a) The X Ray tube (F) which is the X rays source, b) The goniometer: the platform that
holds and moves the sample, optics, detector, and/or tube, c) the sample holder (S), d)
The detector: counts the number of X Rays- counts (counts/sec) scattered by the

sample, e) slits

e Divergence slits (DS): fitted in the incident beam path to control the divergence of
the incident beam, and thus, the amount (length) of the sample that is irradiated by

the incident X-Ray beam.

e soller slits (SS, “SS1” on “tube” side, “SS2” on detector side), a series of closely
spaced parallel plates, designed to: limit the axial divergence of the incident and

diffracted X Rays beam, improve the peaks’ shape and
e Receiving slit (RS): Placed before the detector to improve the resolution.

The diffractometer Rigaku D/MAX-2000H has Cu as target metal whose K, and Kj is at
1.5418 A and 0.7107 A respectively.
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Preparation of the Samples for the XRD Measurement

In order to perform an X-Ray measurement the sample (either powder or pellet) was placed
in a homemade holder, specifically designed to protect the sample from contact with air
and moisture. The holder consists of 3 parts, the magnetic round base which is attached on
the goniometer, an aluminum square part with concentric dips where the sample is
mounted and the top cover which has a round hole. At the cover of the holder a part of
mylar was glued with GE-Varnish, to allow X rays to penetrate but at the same time to
prevent any insertion of air or moisture during the measurement. An adequate amount of
powder (150-200 mg) was mounted in the holder shown in Figure 2.4 inside the Ar filled
MBraun (LAB master 130) glove box and then the cover was screwed tightly with 8

screws on the base of the holder.

Figure 2.4 The air sensitive sample’s XRD holder: (a) with the mylar attached on the top
cover (b)The base aluminum part where the sample is placed

This holder then as one piece is attached on the goniometer of the XRD. The mylar tape,
which is a kind of aluminum foil, gives a few (four) extra peaks in the X Ray pattern,
which are easily recognizable and thus are not taken into account in the sample’s

characterization.
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104, 105

2.2.2 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

Inductive Coupled Plasma Optical Emission Spectroscopy is very sensitive analytical
technique used for the identification and quantification of the chemical elements in a
sample. It is a spectroscopic technique, which identifies the elements according to the
emission of their characteristic wavelengths and intensities that are converted into

concentration information for the analyst.
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Figure 2.5 Basic concept of ICP-OES analysis for aqueous samples. Reprinted from
Reference 104.

More specifically, the sample whose elements need to be traced is diluted in aqua. This
aqueous sample is converted to aerosols with the use of a nebulizer. The aerosols pass
through the inductive coupled plasma (Argon) at the high temperature range of 8.000-
10.000°C. Due to the heat the sample is desolvated, vaporized, atomized and excited to
different states. Depending on the atomic or ionic state of the excitation, characteristic
optical emissions are produced. The emissions occur at characteristic wavelengths and
their intensities are proportional to the concentrations of the analytes in the sample. The
light emitted is detected, measured in a spectrometer yielding an intensity measurement
that is turned into electronic signals into an elemental concentration by comparison with
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calibration standards. Detection limits typically range from parts per million (ppm) to parts
per billion (ppb), although depending on the element and instrument, sometimes less than
ppb detection is achieved. Worth mentioning here that the elements which can not be
detected by the ICP-OES method are the: C, H, O, N and the halogens. The basic

components of an ICP-OES are shown in Figure 2.5.

2.2.3 Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC) ¥

Thermogravimetric analysis measures the changes on the weight of a sample as a function
of: a) temperature while heated up on a constant heating rate and b) of time while dwelling
on a specific temperature, under inert atmosphere (usually Argon gas). At the same time, it
is also possible to measure the amount of heat released by the sample or as it is known the

differential heat flow - a technique known as Differential Scanning Calorimetry (DSC).

The instrument that was used was a SDT-Q600 from TA instruments which supports
simultaneous TGA and DSC measurements from room temperature to 1500°C. This
instrument features a matched Platinum / Platinum-Rhodium thermocouple pair within the
ceramic beams and provides direct sample, reference, and differential temperature
measurements. A few mgs of the powder samples were placed on an alumina pan, whereas
the reference pan remained empty. The thermobalance is situated on a horizontal furnace
that can be heated at a constant rate varying from 1-20 °C/min. In most of the experiments
the average rate of 10 °C/min was used. A purge gas system provides sufficient gas flow
(200 ml/min Ar, Oy) to the sample resulting in the elimination of back diffusion and the
removal of decomposition products from the sample. Due to the temperature increase,
various physical and chemical phenomena might occur. The data recorded show the
changes in the weight (% mg) and the heat flow (W/g) of the sample, usually presented in
the same graph.
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Figure 2.6 Left: A detail of the sample cup. Right: Schematic illustration of the
simultaneous TGA/DSC instrument lay out. Specifically the model of the above figure
shows the SDT Q600. Reprinted from the website
http://www.tainstruments.com/pdf/brochure/sdt.pdf of TA’s instruments.

2.3 Magnetic Measurements
2.3.1 The SQUID Magnetometer

A critical part of this work is based on the measurement of magnetization at the
temperatures 5-320 K. All the samples which were found to be single phase have been
measured with a comercially available equipment of Quantum Design Inc, the Magnetic
Property Measurement System (MPMS) rf SQUID magnetometer.!® The acronym
SQUID stands for Superconducting Quantum Interface Design. This magnetometry is
based on the conversion of the magnetic flux into current and finally electric voltage. At
the moment it is the most sensitive, accurate and reliable method for measuring incredibly
small magnetizations.
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The basic working principle of SQUID

SQUID could be simply described as a superconducting ring separated by one (RF
SQUID) or two (DC SQUID) Josephson junctions. The Joshephson junction, also
described as weak link ' is an insulating barrier between two superconductors. Josephson
effect postulates that Cooper pairs can tunnel from one superconducting layer to the other
and the superconducting current (Is) can also pass through the resistive barrier without any
voltage drop. The use of the Josepshon Junctions in a SQUID, is it to link the phase
difference of the wave functions A¢ of the Cooper pairs, with the total magnetic flux. The

total magnetic flux penetrates the superconducting loop and it is a quantized quantity.

How a measurement is performed on SQUID.

The MPMS-XL RF SQUID that we used was equiped with a superconducting magnet that
can apply up to 7 T fields on the sample chamber. The sample is placed on the sample
chamber inside a long cylindrical insert known as the probe. The sample chamber is
maintened in vacuum (0.001Torr) and temperatures can reach from 2-350 K, by controlling
the impedances and heaters, also placed inside the probe. The sample is inserted in the

sample chamber through an airlock connected with the He bath.

The majority of the samples measured in this work were air/moisture sensitive, so initially
an amount of powder about 50-80 mg was placed in a gelatin capsule inside an Ar filled M
Braun Glove Box. The gelatin capsule was mounted inside a straw. Important to note here,
that both capsule and straw, have negligible magnetic signals in comparison to the signal
of the powder specimen (10 emu, where lemu=1electromagnetic unit=1erg/G). The straw
was then attached to the brass (also non magnetic) end of a rod, commercially available
from Quantum Design Inc. Then the rod is inserted to the sample chamber through the

airlock chamber and it can move vertically since it is anchored on a stepper motor.

The sample moves smoothly between four loops of wire as shown in Figure 2.7 while a
DC magnetic field is applied. The upper and lower wire loop are wounded in the same
direction, whereas the two loops in the middle are wounded in the opposite direction
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forming in this way a second order gradiometer. As the sample moves vertically within the
3 cm distance of the loops it induces a change in the magnetic flux Ag. Any change in the
magnetic flux A®, caused by the sample’s magnetic moment, is being sensed by the
detection or signal coil (Figure 2.8) which the wires sense it as an induced voltage or
current Al The relationship between the change in the total magnetic flux A® and the

current induced™® is expressed in the following equation:
Aq):N'A'AB:(L00||+L|nput)'AI (2.4)

Where: AB is the change in applied field, N, A, and L coil are the number of turns, area,
and inductance of the detection coil, respectively, L input is the inductance of the SQUID

input coil; and Al is the change in current in the superconducting circuit.

The detection coil will further convert the flux changes into electric current Al. The
resulting current changes the magnetic flux of the input coil which is connected to the
SQUID sensor. SQUID is connected with a feedback circuit which provides a magnetic
field to compensate for the change that the sample’s magnetic flux has created. This
magnetic flux will be converted through a resistor to an output voltage which will be stored
in the data storage system. This method can detect changes in the magnetic flux ranging

from 10" emu and higher.

Length

SAMPLE

(a)

Figure 2.7 Schematic diagram of the SQUID operation.Reprinted from Reference 106.
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Figure 2.8 A schematic diagram of the SQUID magnetometer. Reprinted from Reference 106.

2.3.2 Static Magnetic Susceptibility

The most common way to study the magnetic properties, is to apply a static DC magnetic
field on a sample and measure the magnetic susceptibility x. As the word static implies, all
the phenomena observed in these experiments, are time-independent. It is commonly called
DC magnetic susceptibility. As an external field H is applied to the sample under study, an

internal magnetic field in the sample B is going to be produced given by:
B=pH=p,[1+x(H)] H (2.5)

Where: p, is the vacuum permeability, p,=4w-107 H/m, whereas the product of the
susceptibility y(H) with the external field H, ¢(H)-H, stands for the magnetization M of the

material, i.e

M=y(H)-H (2.6)
Which gives for the susceptibility y=dM/dH (2.7)
There are two types of measurement usually performed in SQUID by applying a DC field.

a) The first one aims to measure the susceptibility x4(T) versus increasing temperature
under an external magnetic field. The sample is being cooled from a high temperature to 5
K or in general a very low temperature. In low temperatures the thermal energy of the

magnetic moments is minimized. This is necessary to estimate if they possess the
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necessary energy to form an ordered magnetic state. Afterwards a magnetic field is applied
and its magnetization is being recorded as the temperature increases at a specified rate and
step. It is possible to follow two protocols while cooling the sample. The first one is known
as Zero Field Cool (ZFC) according to which the sample is being cooled without applying
any magnetic field. The second one is the so called Field Cool (FC), in which the sample is
being cooled while an external magnetic field is applied from a high temperature, well
above the temperature where a phase transition might occur. The plots of susceptibility
x(T) and the inverse susceptibility 1/x(T) might show peaks, or cusps, which possibly
reveal the critical temperatures, if any. A rather good approach is to check for any peaks in
the graph provided from the calculation of the first derivative of the susceptibility in
respect with the temperature, the dy/dT. Most of the samples in this thesis have been
measured using the ZFC protocol.

b) Another method applied, is to measure isothermally the magnetization versus the
applied magnetic field H. If the sample is ferromagnetic or possess a ferromagnetic
component, a hysteresis loop yr(H) will be observed. Information can be extracted by the
area of the loop, the coercive field and the remnant magnetization.

2.3.3 Dynamic Magnetic Susceptibility

The Dynamic Susceptibility is measured by the AC (alternating current) magnetometry in
which a small AC drive magnetic field is superimposed on the DC field, causing a time-
dependent moment in the sample. %% This method is preferred when very small changes of
the susceptibility need to be detected. When measuring on high frequencies the sample’s
magnetization may lag behind the drive field by a phase difference ¢. The phase difference
results in two measurable quantities: the in phase or real part of the susceptibility ' and out

of phase or the imaginary part x", thus the total susceptibility is given by:
=y +iy" =xCose +ysine (2.8)

and o= arctan (y"/Iy) (2.9)
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Both y' and y" are very sensitive to thermodynamic changes, so they are used to detect
magnetic phase transitions. y' represents the slope of the curve dM/dH whereas the "
points towards the existence of dissipative phenomena such as Eddy currents. In spin
glasses the analysis of the frequency dependent susceptibility versus temperature is useful
for the idententification of the type of interaction between the magnetic moments and thus

the classification of the spin glass.

2.4 Magnetodielectric Measurements %%

2.4.1 The Construction of the Magnetodielectric Measurements Set Up.

As mentioned previously the goal of this work is to discover new magnetoelectric
compounds and unravel the interplay between the crystal, magnetic and magnetodielectric
properties. The investigation of the magnetoelectric coupling, can be done by measuring
the dielectric constant and polarization versus temperature and magnetic field. For this
purpose an experimental set up (Figure 2.9) was constructed and modified to achieve the
optimum conditions for measuring capacitance as low as 10™? F (pF or less) and 10° A
(nanoAmps or less). The experiment was controlled through LabView Software, with a
program specifically designed for the needs of these measurements (see Appendix B).

The basic tools that have been used throughout these measurements were:

1. Agilent 4284 LCR Capacitance Bridge with frequencies on the range 20 Hz-1

MHz, for measuring the capacitance and the dielectric loss of the samples.

2. Janis research supertran_VP cryostat system which is controlled by a 332
LakeShore Temperature Controller, supplied with liquid Nitrogen for the cooling

down of the system up to Temperatures of 77 K.

3. A 7 Tesla cryogen-free superconducting solenoid magnet system cooled by a
Cryomech pulse tube cryocooler, Model PT410 with remote motor, and Model
CP2800 water cooled compressor commercially available by the American
Magnetics Instruments (AMI). The superconducting magnet is controlled by the

AMI 420 programmer and a compatible four quadrant power supply.
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4. 6517 Keithley electrometer for measuring the polarization and DC quasi static

ferroelectric measurements.

5. Home built probe to measure the capacitance and polarization of the samples at low
temperatures. The probe is inserted in the cryostat, carries a heater- a resistance of
40 Ohm which provides heating to the sample space and a temperature sensor- a

Cernox for measuring the temperature at the sample space

"

Figure 2.9 The home made 7 Tesla low temperature measurements set up. Some its basic
parts are a) superconducting magnetic controller b) superconducting magnet voltage supply
c) The Janis cryostat d) The 7 T superconducting magnet e) Keithley Electrometer f) LCR
bridge g) Temperature Controller Lakeshore 332.
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Description of the Holder Probe

The probe was constructed using a carbon fiber tube (Figure 2.10). On the top end of the
carbon fiber tube an aluminum flange is placed. At the bottom end of the tube there is a
heater made of manganin wire corresponding to a total resistance of 40 Ohms covered with
stycast epoxy to ensure electric insulation (Figure 2.10 b) and the sample sandwich like
brass holder. A Cernox sensor is attached on the brass holder, a few mm (<5mm) away
from the sample’s position, to measure its exact temperature. Two point measurements
were carried out with this probe, so two female bnc (Bayonet Neill-Concelman) connectors
are connected with copper coaxial cables of low resistance. The copper wires are
connected with the two the bnc connectors of the top flange, and are inserted to the internal
of the carbon tube. The end of each wire is soldered to one of the plaques of the sandwich
holder. The top flange is equipped with a limo connector which connects the heater of the
probe and the Cernox sensor with the output voltage of temperature controller. This flange
has a total of eight male bnc connectors for the possibility of modification for other types
of measurement using this probe. The shields of the bnc connectors are not isolated with
each other, in order to have one common potential which is connected to the ground.

Mounting and stabilizing the sample has been based on the design of a sandwich like
holder (Figure 2.10 c). It consists of two pieces of brass (Figure 2.10 b and Figure 2.10 d)
so the sample is placed in the space in between them. In each plaque of brass a gamma
shaped (I') printed circuit board (pcb) is attached (Figure 2.10 d) which has copper pad
printed on it. Both pcbs are placed on pieces of sapphire, which is glued with GE-Varnish
on the bronze plaques, in order to isolate electrically the signal coming from the sample
and to minimize the leakage currents. Each copper pad is a 3mm diameter circle .The
sample is placed so that each surface of the sample (upper and lower surface) adjoins one

copper pad. The copper wires are connected with the pads by a copper line.

Since the mechanical strain induced to the sample from the holder could affect the
measurements and could cause cracks on the surface of the sample, extra care had to be
taken to the pressure applied from the brass plaques. To ensure that the sample will be well

mounted among the brass plaques, not loosely but not very tight also, the brass bottom
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plaque has a small mechanism with non magnetic steel spring, attached on a Teflon screw.

The user can modify the distance between the two plaques by adjusting the Teflon screw,

depending on the thickness of the sample.

Copper
Wires

Copper Pads

Figure 2.10 The Magnetodielectric measurements probe. a) A photo of the entire probe b)
The base of the probe: The brass base in which is attached the sandwich like holder ¢) An
illustration of the sketch by which the holder has been designed d) a view of the pcb piece

with the copper pad on it.
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Preparation of the samples

The samples used in the magnetodielectric measurements were 5 mm diameter pellets of
thickness from 1-1.5 mm approximately. The fact that the materials were air sensitive
powders introduced a number of factors that had to be taken into account when pelletizing
the sample in the glove box, mounting the sample on the probe and while measuring it in
the cryostat. The specimens used, were initially in powder form, so in order to apply silver
paste contacts and place them as solid piece at the holder, they had to be pressed in small
pellets using a home made alloy steel press of 5 mm diameter (Figure 2.11) and a torque
key in the Ar filled glove box. An average pressure around 4.7-10° Pa applied on the
powder was sufficient to produce a firm, stable pellet. To obtain a parallel plate capacitor,
silver paste (purchased by DuPont (U.K) Limited Coldharbour Lane, Bristol) was applied
on both circular parallel surfaces of the sample. After the silver paste contacts had dried,
the pellet was taken out of the glove box and immediately placed in the sandwich like
holder of the probe (Figure 2.10 (b), (c)). Worth mentioning here that Indium contacts
deposited with an ultrasonic soldering have also been tested as option, however it turned
out an aggressive technique since the pellets could obtain cracks or could easily break

while Indium was applied on their surface.

Figure 2.11 Left: The 5mm home made steel press. Also shown part of the torque key that
was used to apply specific values of pressure. Right: A 5 mm diameter pellet of B-NaMnO,
pelletized with the press as seen from the stereoscope.
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2.4.2 Dielectric Constant Measurements %12 12

As discussed earlier the magnetodielectric coupling is revealed when the magnetic field or

the intrinsic magnetic order affects the dielectric constant or the polarization.

In practice, measuring the dielectric constant is accomplished by measuring the
capacitance C (F) of the sample versus temperature upon heating and cooling. A dielectric

material of parallel plate geometry has capacitance

C=tots % (2.10)

where A is the conductive area of the plates and d is the distance between them (in other
words d is the thickness of the sample). The capacitance expresses the amount of charge
that can be stored in the dielectric material of a capacitor at a certain voltage. Thus, high
capacitance suggests preferable qualifications for the electric device that could possibly be
obtained from the material under study. However the capacitance and subsequently the
dielectric constant are strongly affected by the specimen’s age and history as well as the

temperature and the frequency used in the experiment.
The complex permittivity or dielectric constant is defined as:
e=¢'-ig" (2.11)

where €' and &" the real and imaginary part of dielectric constant respectively is connected
through the Kramers Kroning relations. *** Both of the &' and &" have physical meanings
significantly important for the qualification of a capacitor. A capacitor whose plates are
separated by a dielectric material, has a real capacitance €' times greater than would have a
capacitor with the same electrodes in vacuum. The &" is a measure of the energy
dissipation per period and for this reason it is known as dissipation factor or dielectric loss.

In an ideal capacitor &" is zero. Since real capacitors have parasitic effects, such as
unwanted resistance and inductance it is essential to know the values of d for the proper

qualification of the capacitor.

In order to carry out a dielectric constant measurement, an Agilent 4284 LCR bridge is

used which measures simultaneously both the real and the imaginary part of the complex
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dielectric constant. The principle behind the measurement is simple (Figure 2.12, reprinted
from Reference 111). An AC voltage is applied to the specimen or DUT (device under
test), which causes an AC current to flow through it. The LCR computes the impedance Z

(measured in Q) by using Ohms law:

Z=- (2.12)
and also calculates the admittance Y, where Y=1/Z. To have the capacitance measured
and displayed on the instruments screen, the appropriate internal circuit (parallel or in
series) has to be selected which is based on the sample’s resistance. The compounds
studied in this work usually had a capacitance at the range of some pF, so for these values
the “Parallel Resistance Circuit” is selected. This enables the LCR bridge to calculate the
Cp (Capacitance) and D (dissipation Factor). The selection of this function and circuit is
based on the fact that low capacitance values (C<10® F) vield large reactance, which
implies that the effect of the parallel resistance (R;) has relatively more significance than

that of series resistance (Rs).

Small C
High (2)

Rp
More Significant

Rs
Less Significant

Figure 2.12 A simple circuit which shows the principle behind the capacitance (Cp-D)
measurement with the LCR bridge. Reprinted from Reference 111.

In an electric circuit which is driven by the DC current there is no distinction between the
impendace and the resistance. On the contrary, in AC circuits there are two additional

impending mechanisms: the capacitance (C) and the inductance (L). The total impendance
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caused by these two mechanisms yields the imaginary part of the impendance, which is

also known as reactance. The resistance forms the real part.
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Figure 2.13 A representation of the impedance measurement plane. Reprinted from
Reference 111.
To understand the calculation of the capacitance through the impendance Z, the vector
representation of impedance is presented in Figure 2.13. The angle 6 is the phase of the
impendance: the more ideal a capacitor the less resitive it would be so 6 would take values

close to -90 deg. The equations that relate the impendance-Z, the Resistance-R and the
Reactance-X are:

Z=R+jX (2.13)

1

Y:a

(2.14)

Where Y=+VG? + B2=1/|Z|
and o= arctan(|B|/G)=-6

where G is the conductance (S), B= 2xfC is the susceptance (S).
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2.4.3 1-V and Polarization Loop Measurements *** 116117

Attempts have been done to measure currents versus voltage (I-V) and P-V loops
(polarization versus voltage) using a Keithley electrometer 6517A in B-NaMnO, and a-
NaMnO, samples. The aim in these experiments was to reveal possible ferroelectricity

below the temperature where the dielectric changes appear.

sample B
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Figure 2.14 The circuit by which the 1-V is measured with the help of the Keithley 6517A
electrometer. Reprinted from Reference 116.
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Figure 2.15 Polarization loops for a number of PbTiO3 /SrTiO; samples. On the right part of
the figure: the corresponding I-V loops for ferroelectric materials. Reprinted from Reference
117.
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The sample is connected with a Keithley electrometer, through a triax cable as shown in
Figure 2.14. The Lo-voltage and the Lo- of the Ammeter (pointed as “A” in Figure 2.14)
are connected internally through a specific setting of the electrometer. The experiment
takes place on a stable temperature. During the measurement, voltage is applied at the

sample and current is being measured.

The expected I-V (right panel of Figure 2.15) graph of a ferroelectric material, displays
two symmetric peaks of the current, one in the positive applied voltage and the other on the
negative voltage. Between the peaks the current should be zero, if no leakage current
appears in the measurement set up. A peak of current represents the movement of the
charges towards the same direction revealing that polarization builds up in the compound.
When the voltage is further increased no current is expected since the sample is already
polarized. The symmetric peaks on both positive and negative voltages, strongly suggest

that the direction of the electric dipoles (polarization) can be reversed by 180°.

The P-E is loop is calculated by using the same data of the I-V graphs. Specifically, the
integration of the current (1) in respect with the time (t) gives the charge (Q), according to
the equation:

Q=1dt (2.15)

The calculation of the polarization is accomplished by dividing the charge with the
conductive area of the sample (S), since P=Q/S. The units of polarization are C/m
Nevertheless, it is more common to express polarization in uC/cm? for magnetoelectrics
since it is more suitable for the quantities of charge that are measured. Converting the
voltage to electric field is done by simply diving the voltage with the thickness of the
sample (E=V/d).

In practice, measuring polarization, or equivalently current or charge proves to be a rather
complicated task since there are many factors that affect the signal and total outcome of
such measurements. First, the experimental set up consists of some components such as
the wires, which carry a signal. The current that is driven through these components, may
affect significantly the outcome of the measurement. Parasitic capacitance and leakage
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currents are the most common reasons behind a distorted I-V measurement. If this is the
case, the current values will be shifted (I#0) along x and y axis due to the parasitic
capacitance and leakage current, respectively. Secondly, the applied voltage on the sample
should be below the breakdown voltage threshold of the material under study. If this
occurs, then the output values of current or charge are not trustworthy. A third factor that is
of outmost importance in these measurements is the previous experiments that have been
carried out in the specific sample, in other words, the history of the sample. Prior
application of electric of magnetic fields, will lead to different results of 1-V graphs in
comparison with a sample that has not been treated under any kind of field. Moreover, the
temperature in which the current is being measured affects all the aforementioned factors.
As a rule of thumb, if the temperature is well below the critical temperature of the possible
ferroelectric transition the peaks in the I-V graph will be more pronounced and thus the P-

V/(or P-E) loop will be more open (the coercive field will be higher). 18

2.5 Neutron Powder Diffraction (NPD) ¢ 119 120,121, 122,123, 124, 125, 126

Neutron Powder Diffraction is a powerful technique for studying the structure and
dynamics of condensed matter. It has provided crucial data for the compounds studied in
this work. There are two types of neutrons sources a) the reactors such as nuclear fusion or
fision and b) the spallation neutron sources in which a heavy nucleus is hit by a high
energy proton and as a result emits a large number of nucleons. Most of the experiments
done in this work were carried out on the BT1 diffractometer of the NCNR (NIST) center.
In the NCNR neutrons are generated by a 20 MW water cooled and moderator reactor.
Access has been gained by the admittance of peered reviewed proposals into two large
neutron facilities the: NCNR-NIST (NIST Center for Neutron Research of the National
Institute of Standards-and Technology) USA and the ISIS- RAL (UK) and at the ISIS-
RAL, a spallation neutron source of 800 MeV.

Ever since the discovery of the neutron scattering phenomenon by Shull and Smart from
MnO in 1949'% a great amount of experimental research has been reported, resulting in a
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continuously growing understanding of the phenomenon most of which is accessible in
excellent books.™™™° The following paragraphs, present a brief description of the neutron
scattering techniques which are essential in order to understand the neutron experiments of
this work.

Various properties of neutrons impose their use in condensed matter physics. Neutrons can
behave as particles or as waves. They have a mass (m,=1.674928(1)-10* gr) so they are
scattered by the nucleus resulting in the so called nuclear neutron scattering. They also
have a spin 1/2, thus they can interact and be scattered by the unpaired electrons of atoms -
this corresponds to the magnetic neutron scattering. Furthermore, neutrons set particles
into motion as they recoil from them, thus spin dynamics information can also be obtained.
Having no charge, a negligible electric dipole moment and a small size (10 the size of an
atom) they are far more penetrative in comparison with other charged particles. Neutrons
can travel through most of the materials over long distances without being absorbed due to

the fact that they interact with atoms via the nucleous.

X-ray cross section

a EQQQQQ

Al Si

...oo.
—

Meutron cross section

Figure 2.16 Comparison for the scattering cross sections of Neutrons (red) and X Rays
(green) by some elements. Note that neutrons have a stable cross section independent of the
atomic number of each element, yet are scattered rather strongly by H.

Unlike X- Rays where scattering cross section varies with the atomic number Z as 77,
neutron scattering cross section shows little systematic variation with the atomic nucleus.

Therefore neutrons are very sensitive to the scattering of light atoms such as hydrogen and
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helium. A schematic representation of the difference between the scattering cross sections

of elements for neutrons and X Rays is shown in Figure 2.16

The basic working principle of Neutron Powder Diffraction

Neutron scattering experiments measure the flux (®) of neutrons scattered by a sample into
a detector as a function of the change in neutron wave vector (Q) and energy (hw). The
scattering of neutrons can be described in terms of the momentum (Q), the energy (E) and
the scattered flux ().

Neutron scattering techniques are divided in two major categories depending on the energy
of the scattered neutron beam: a) The Elastic Scattering, where the energy of the incident
beam equals with the energy of the scattered beam and b) The Inelastic Scattering where
some energy of the incident beam is gained or lost through the sample, so the scattered
beam has a different energy from the incident (Figure 2.17). Regardless of the type of

scattering, the laws that hold for all the diffraction and scattering experiments are

Momentum Conservation Q=k-k: or % Q:% (k-k") (2.16)
Energy Conservation: h-o=E-Ef (2.17)
Where:

k is the neutron’s wave vector of magnitude k:% (2.18)

pointing along the neutron’s trajectory, k and E is the wave vector and energy of the
incident, whereas k- and E: is the wave vector and energy of scattered neutrons
respectively, and h is Planck’s Constant.

Elastic neutron powder diffraction refers to the scattering that is done by polycrystalline
samples, or samples which are composed of many crystals. Referring to terms of wave
vector of the neutron, elastic scattering is the one in which the direction of the vectors does

change but its magnitude remains the same.

The neutron’s wave vector K is collinear with its velocity v and related by the equation:
h-k=mv (2.19)
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The basic principle of this type of scattering can be depicted in the scattering triangle
shown in figure 2.17a. The triangle shows how the vectors of momentum Q is depending
on the incident and scattered wave vectors through the scattering angle 20. Elastic
scattering occurs when k=k:, whereas in inelastic k+k'. In the triangle of Figure 2.17a

taking into account that k=k- and it is derived that

Q=4n— (2.20)
When neutrons are scattered from a lattice of regularly spaced scattering centers
constructive interference occurs. The condition for constructive interference between two

adjacent planes which are separated by a distance d, is that Q must be perpendicular to the
two scattering planes:

Q(rj-ri)=Qd=2mn (2.21)
Where |r]- — rk| =d is the d spacing: d=2n/q and n is an integer (Figure 2.17c).
The combination of the equations (2.20) and (2.21) yields the Bragg law: nA=2dsin®.

a) Elastic Scattering c) Diffraction From a Lattice

k'=k

Incident
Wave k

Diffracted
Wave k'

Incident Direction k

j Scattering Plane 1

b) Inelastic Scattering Fi-Fy

k'# k
0 O k Scattering Plane 2
F
/Q\) k Q
k k
NeutronLosses energy Neutron Gains energy
k'<k k'>k

Figure 2.17 Scattering triangle in a) Elastic and b) Inelastic Scattering c) Diffraction from a Lattice.
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The scattering triangle for the case of inelastic scattering is shown in Figure 2.17 (b).In this
work two scattering techniques have been used the Constant Wavelength abbreviated
hereafter as CW, in which the wavelength is fixed and the scattering angle varies and the
Time of Flight (TOF) in which the angle 0 is fixed. These methods will be discussed

further, on the next paragraphs.

2.5.1 Constant Wavelength (CW)

In order to carry out a neutron scattering experiment the following are needed: a) a source
of neutrons b) a way to prescribe the wavevector of the neutrons incident on the sample c)
a sample, if powder preferably large (3grs and more) d) a method to determine the
wavelength of the scattered by the sample neutrons and e) a detector.

CW are the most common type of powder diffractometers. As stated before they operate
by using a fixed wavelength . Generally A could take values among 0.7 A to 25 A. A
generic layout of a CW diffractometer is shown in Figure 2.18 which is reprinted from
reference.’® Each part of the instrument is shown with a number (1-8). Neutrons are
produced by a reactor (1). They pass through a shielded path (2) without suffering from
intensity loss and then via a primary collimator (3) that narrows the beam. They are
incident to a monochromator (4) that selects a single wavelength (monochromatic) beam.
Neutrons are then guided to the secondary collimator (5) and scattered by the sample (6).
Detectors are placed in an arc arrangement (7) and finally the beam is absorbed by a beam
stop (8).

All the samples of this work have been studied in the high resolution diffractometer BT1 of
the NCNR NIST whose layout is shown in the Figure 2.19. BT1 can be used with Ge(311),
Ge(733) or Cu(311) collimators. In the experiments that will be discussed in chapters 3, 4,
and 5, Ge(311) and Cu(311) with corresponding wavelengths 1.54 A and 2.079 A have

been used.
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Figure 2.18 Generic layout of a CW neutron diffractometer. Numbers represent specific parts of
the instrument which are explained in the text.Reprinted from Reference 120.
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Figure 2.19 Layout of the BT1diffractometer. Reprinted from the BT1’s home page:
(http://www.ncnr.nist.gov/instruments/btl/btl_plan.html)
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2.5.2 Time of Flight

In TOF technique not a single wavelength of the neutron beam, but a broad spectrum of
wavelengths and therefore energies is used. The incident neutrons are monochromatized
using choppers. It is important to highlight here that the independent variable is the time of
flight and not the scattering angle as it happens for the constant wavelength technique.
Therefore what is measured is the time required for the beam to travel from the source to

the detectors of fixed scattering angles.

B-NaMnO, has been studied on the TOF diffractometer WISH (Wide angle on a single
Histogram) in Target Station 2, at ISIS of Rutherford Appleton Laboratory. The general
layout of TOF diffractometer is presented in Figure 2.20.

Detector
Moderator Sample Tank f
Disk Choppers Collimators F ot/ a %
. Beam Stop
I MNeutron Guide Monitors __,,/ \
A ; :
)
\ Monitor
\ Sl N #
Monitors

Figure 2.20 Graphic representation of a TOF diffractometer. Worth noticing the arrangement of
the detectors (pointed with red lines) that correspond to different d-spacings. Reprinted from the
website http://www-11b.cea.fr/SOLEIL-LLB/DiffractionPoudres/PDF/P.Radaelli.pdf

WISH is a new long wavelength magnetic diffractometer suitable for the study of magnetic
or large unit cell compounds. One of its remarkable characteristics is that the wavelengths
vary from 1.5 A to 15 A (or d-spacing 0.7 A -50 A). Neutrons travel towards the sample
with a velocity v, through a guide of total length L (for the WISH instrument L=50 m). The

time of flight (t) for neutrons is related to the wavelength (A) by De Broglie equation:
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_h_ bt
A== (2.22)

For the case of TOF diffractometer Bragg’s law can be re-written as
th|=2dhk|sin6 (2.23)

where 0 is the fixed detector angle and each interplanar spacing dpg corresponds to a
distinct wavelength Any.

The substitution of the wavelength in equation (2.22) with its equivalent from equation
(2.23) yields for the interplanar spacinng

ht t

Oriq 2mLsin®  505.554Lsin0

(2.24)

Data presented in the form of number of neutrons as a function of time of flight (in
microseconds) are collected from different detectors (or “banks” as they are usually called)
which are placed circularly with respect to the sample covering different d-spacing regions.
Backscattering detectors also exist, which in the case of WISH produces the data with the
highest resolution. At this point it is useful to clarify that there is no golden rule on which
is the best method to choose, TOF or CW. Each technique has both advantages and
disadvantages, so it all depends on the specific requirements of each experiment and

compound under study.

2.5.3 Data Processing of Neutron Powder Diffraction Patterns 10 120 128,129,130, 131, 132

A Neutron Powder Diffraction (NPD) Pattern is the result of Bragg scattering of neutrons
from the powder specimen, which consists of a large assembly of crystalline grains with
random orientations. Analysis of a NPD pattern leads to the knowledge of the crystal and

the magnetic structure parameters of the specimen under study.

The NPD pattern represents the one dimensional projection of a three dimensional lattice.
A Bragg reflection of perfectly crystalline material measured on an ideal diffractometer
would have a Dirac peak profile, meaning a ¢ function located at the 26 angle predicted by
the Bragg law. Nevertheless, neither perfect crystals exist nor ideal instruments. As a

result, the characteristics of the Bragg reflections depend on a number of factors which are
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primarily related to the specimen’s crystal and magnetic properties. Moreover the
diffractometer’s technique (CW, TOF) and the instrumental specifications have a
tremendous effect on the shape of the peaks, the width, the symmetry, the resolution and
other desicive factors for the formation and the quality of the pattern.

Diffraction from an infinite number of crystallites is attributed to the construction of the
Ewald’s sphere in the reciprocal space. Since the incident beam is scattered by a number of
crystallites, diffraction occurs by continuum of diffracted beams all forming a 26 angle
with the transmitted beam. The diffracted beams form concentric cones, known as Debye
Sherrer cones, which are centered on the incident beam. The diffraction fingerprint of each
specimen is a set of Debye Serrer cones in all directions from each dpg spacing of the
crystal. The detector’s plane is perpendicular to the direction of the incident beam and the
Debye Sherrer cones.

A diffraction pattern is represented by the scattered intensity at Y-axis as a function of the
independent variable the 26 Bragg angle. Alternatively, the X—axis can be the interplanar
distance d, the so called d-spacing, a representation which is used in patterns resulting
from time of flight experiments. The analysis of the neutron diffraction data has been done

by using the software “FullProf Suite”.

Le Bail Method and Rietveld Refinement

In the following chapters (3, 4, 5) there are going to be presented neutron diffraction
patterns, which have been analyzed with the Le Bail method. This method is based on the
so called Rietveld code. A few of the basic concepts of these methods are presented in the
following pages, which are helpful for the understanding of the patterns presented in the

experimental part.

Both methods rely on the matching of the observed pattern (the experimental diffraction
data) with the calculated one using the least squares method. In this work mostly the

LeBail method has been used.
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Prior to any further analysis of the neutrons powder pattern, Le Bail method is the first step
to carry out. This technique, first introduced by Pawley on 1981, is used to determine the
Bragg peak integrated intensities and it also yields a refined unit cell. A Le Bail fit is also
called “pattern matching” and “Cell Constrained Refinement”, as it results in refined unit
cell. A good LeBail fit, works using a constant scale factor, and provides good values
which can be used in the Rietveld refinement, such as the zero shift, the background and
unit cell, the peak’s shape and width. More importantly, no structural model is needed. The
only constrain is that the angular positions of the reflections should be consistent with the
unit cell parameters. The programs that have been used were mostly the DICVOL, and the
TREOR in the FullProf suite, in which some soft constraints are required, such at the

crystal system and the volume of the unit cell.

Data reduction

The method that is being used for the extraction of the integrated intensities, is the least
squares method. In the Rietveld algorithm, used on the LeBail fit, the quantity that is being
minimized is the weighted sum of squared differences between the observed (Y,;)and

computed intensity (Y,) :

7 =Xiwi (Yei —Yo.)? (2.25)
Where:

Yo, represents the intensity of the observed value and i indicates the intensity was
measured at 20 angle for the value 26i and yc; stands for the calculated intensity, which is
estimated by the model. In any Rietveld or LeBail analysis, there is an estimated
uncertainty in the observed intensity yo i which is expressed as o[yO, i] and it is called the
estimated standard deviation (esd), or the standard uncertainty (s.u). The term w; in

equation 2.25 represents the weight which is:

1

= SOl (2.26)

Wi
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Figure 2.21 Plotted output of a Le Bail fit from the neutron diffraction pattern of PrgsCa
033Mn0O3; (G42, LLB, France).The red and black line correspond to the experimental data
and theoretical model,respectively, whereas the blue line shows the difference between them
(Yi-Yei) indicating the goodness of the fit. Reprinted from the presentation: “Powder
Diffraction Patterns” of A.Daoud Aladine provided in FullProf School 2011.

A typical LeBail fit, looks like the one in Figure 2.21. The green tick marks along the x-
axis, below each reflection represent the Bragg peaks of one phase @, as predicted by the
model. In cases where magnetic phases or secondary phases are added in the theoretical
model, there are also other lines with tick marks which correspond to the different phases
added. The dotted red line represents the experimental data and the black line shows the
intensity which is calculated by the model. The calculated intensity at each pattern point is

given by:
k
Yei= YoitXp=1S¢ Zki [DQigk (2.27)

where;

Yii- the background intensity at each pattern point I,
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Qiok profile function for reflection k of phase @ calculated at pattern point I, S, the scale

factor for the phase .

The integrated intensities Iy are the variables of the refinement which are calculated using:

yi n -y i(n
L= Do T(N) Qe ——2— (2.28)
Yeitn) " Ybi(n)

The Rietveld refinement, is based on the peak positions and widths and the extracted
intensities as calculated by the LeBail fit, but also requires as input the positions of the
atoms in the cell. The calculated intensity at each pattern point is a complicated function
which depends upon a number of different factors and is given by the equation

Yei = Ybi+zg=1 So YKk jok ‘Lpgk Opk-M  IF gk '2'Qi<pk (2.29)
Where: the index @ refers to the sample phases and
k refers to the index of reflections contributing at the pattern point i,
Jk represents the multiplicity of reflection k,
Lo the Lorentz polarization factor,
Ok is the preferred orientation for reflection Kk,
M is the absorption correction,

Qi is the profile function for reflection k of phase ® calculated at pattern point i, and the

IFok 1 is the structure factor of reflection k for phase ® expressed by the equation :
Fr=2n, f.exp 2mi (hug+kv,+lwy) (2.30)
fn is the scattering factor,

hkl are the Miller indices and their subscript indicates the matrix transposition.
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The agreement factors

In any LeBail or Rietveld refinement there are the agreement factors which estimate the
convolution between the theoretical model and the experimental data and measure in this
way the goodness of the fit. The most common factors used to describe the quality a

Rietveld analysis are:

The profile fitting R-profile: R,=100 % (2.31)

the R-weighted profile: Rup=100 [ZWV'VYl—YYlf ] (2.32)
the R-expected: Rexp= Zil‘::zg,i] 12 (2.33)
and the goodness of fit, known as = (;%Z)Z :ZMWN"—;Y“)Z (2.34)

where: N is the total number of data points,
P is the number of parameters adjusted

The ideal Rietveld or LeBail refinement is characterized by x*= 1.

2.6 Transmission Electron Microscopy (TEM)!331%

2.6.1 Introduction

TEM experiments have been carried out in Jeol JEM 2200FS instrument, equipped with an
image aberration corrector, an in-column energy filter and a silicon drift detection system
for EDS at the Italian Institute of Technology —Genova, Italy by Dr. Rosaria Brescia under
the supervision of Dr.Liberato Manna. ED patterns and HRTEM images were obtained
also with a Tecnai G2 electron microscope operated at 200 kV in EMAT, University of

Antwerp, in Belgium by Dr. Artem Abakumov.
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Trasmission eletron microscopy is a technique in which a beam of electrons interacts and
passes through a sample to produce an image of it. Electrons in TEMs that have been
accelerated by potentials of 200 kV have a de Broglie wavelength of 2.7 pm. This small
wavelength, actually smaller than a diameter of an atom, is the reason behind the TEM
capability for obtaining significantly higher resolution images when compared to the ones

of a conventional optical microscope.

TEM microscopy results have played the leading role in unraveling the origin of the
magnetodielectric coupling of p-NaMnO; and a-NaMnO;. In polycrystalline materials
TEM vyields valuable information related to the existence of secondary phases, the
morphology and size of the crystallites and any possible orientation of the crystallites in

respect to the electrons beam.

2.6.2 The layout of TEM

The basic components for conducting transmission electron microscopy (Figure 2.22) are
an electron gun which emits electrons, a column containing a series of magnetic lens in

order to focus the electrons, the sample holder and the imaging system.

A monochromatic beam of electrons is emitted by the point source of an electron gun,
which is usually a V shaped filament, of LaBs or W, surrounded by an electrode- the
Welnet Cup. A high voltage potential is applied to the electrons which are accelerated in
high vacuum (107 Torr). The electron beam is confined by the condenser lens, passes
through the condenser aperture and then hits the sample. The transmitted beam passes
through the objective lens which forms the image display. Finally the beam is directed to
the magnifying system, which consists of three lenses, the first and second intermediated
lens which control the magnification of the system and the projector lens. The magnified
image is shown on a viewing screen in monitor (or both). The produced image is a 2D map

of the material's density.

One of the basic requirements and constraints imposed by TEM function is the thickness of

the specimen under study. The thickness of the sample affects both the transmission of the
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incident beam but also the brightness and intensity of the formed image. Thick areas of the
specimen allow fewer transmitted electrons so these areas appear darker. Generally,
thickness of 1000 A and less are acceptable, since the electrons should be able to interact

and pass through the sample.

Electron
Source

Condenser

Electron Lenses

~ X Beam

Objective Lens

Projector 0bjective Apel'ture

Lenses

Viewing
Screen

Figure 2.22 The basic parts and the geometry of a TEM microscope (reprinted from the

website http://www.hk-phy.org/atomic_world/tem/tem02_e.html)

Three possible interactions between the sample and the electrons beam can occur (Figure
2.23); inelastically scattered electrons, elastically scattered electrons (the diffracted beam)
and unscattered electrons (the transmitted beam). Depending on the energy of the scattered
electrons, TEM has the possibility to apply a variety of techniques which give different

information about the sample.

The elastically scattered electrons maintain the initial energy of the incident beam

(E+=E;).They are used in electron diffraction techniques such as conventional imaging
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(bright field and dark field of TEM), phase contrast imaging (high resolution TEM, known
as HRTEM) and energy dispersive spectroscopy (EDS). Conversely, the inelastically
scattered electrons that loose some energy after interacting with the sample (E+<E;), are
used in the technique known as Energy Electron Loss Spectroscopy (EELS).

The experimental part contains results obtained from different modes of TEM. When
observing a specimen in TEM, these techniques are easily accessible by switching from

one mode to another. Their basic principles are discussed in the following paragraphs.

Secondary
Electrons

Auger
electrons

Elastically
Scattered Electrons
(TEM, HRTEM, EDS)

Inelastically
Scattered

Transiiittad Electrons (EELS)

Electrons
Figure 2.23 The possible interactions of the incident electrons beam (Ei) with the sample in
TEM.

2.6.3 Different Modes of TEM

2.6.3.1 Electron Diffraction

Strong diffraction occurs, when electrons of wavelength A, will be coherently scattered by
a crystal lattice of d-spacing. The diffracted beam occurs only in 20 angles which obey the

Bragg law equation: ~ A=2d sin6

(by convention n is regarded equal to 1)
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Hence, electron diffraction uses the same principle as X-Rays. The difference lies in one

important advantage over X-Rays: they can be focused easily.

The diffraction pattern can be imaged by the use of subsequent lens. Two images are
formed: the diffracted image is formed in the so called reciprocal space, whereas the
magnified image is formed in the real space. The real space can be transformed
mathematically to the reciprocal space, and vice versa, with the use of a Fourier

transformation.

By placing an intermediate aperture in the image plane, a small area of the sample is
selected known as the “selected area diffraction” (SAD). A number of crystal structure
properties can be obtained: grain morphology and size, lattice symmetry and parameters,
existence of secondary phases and orientation of the specimen or of individual grains with
respect to the electrons beam.

2.6.3.2 High Resolution Transmission Microscopy (HRTEM)

The HRTEM images reveals columns of atoms, intergrowth of different phases and the
existence of planar defects, as observed in the polymorphs a-NaMnO, and -NaMnO..

This technique is based in contrast microscopy. The image formation in HRTEM is an
interference phenomenon. Carried out with the use of a large objective aperture the
contrast image is formed combining the phase and intensities of diffracted and transmitted
beams. When an electron wave passes through the sample, the incident electron wave is
scattered at the potentials of the atoms, and thereby the phase of the electron wave is
changed. The electron beam also interacts with the periodic arrangement of the atomic
columns leading to Bragg diffraction. At the exit surface of the specimen the object wave
is formed, which carries important structural information of the sample. The magnification
of the object wave adds additional phase shifts due to imperfect lenses (aberrations).

Finally, the image recorded is an interference pattern of the electron wave with itself.
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2.6.3.3 Energy Dispersive X- Ray Spectroscopy (EDS)

An analytical transmission electron microscopy method used to quantify chemical
concentrations. After background removal, the intensities of peaks of the X-Rays, with
energies varying from 102 eV to 10* eV are being measured. Each element gives peaks of

different intensity; hence chemical analysis can be carried out.

2.6.3.4 Scanning Transmission Electron Microscopy- High Angle Annular Dark Field
(STEM-HAADF)

STEM results in a “chemical map” of the sample where the density distribution of each
chemical element is shown. A vertical column of atoms is displayed by STEM as a sharp
object. This method is capable of sub Angstrom spatial resolution by using a narrow beam
(1-10 A) of incoherent elastically scattered electrons. The dark field image is provided by
an annular detector which collects a large fraction of the intensity of the scattered electrons

at high angles.

2.6.3.5. Energy Electron Loss Spectroscopy (EELS)

The spectrum of energy loss of electrons can be useful for identifying the elemental
components of the specimen. EELS is also a powerful tool also for distinguishing between

different oxidation states of an element.

Some electrons while interacting with the specimen loose energy to plasmons or inner shell
ionizations. The lower energy of the inelastically scattered electrons results in lower values
of velocity, which is the criterion for distinguishing and collecting them with a magnetic
sensor. EELS results in a spectrum of intensity (counts) versus energy loss (eV), in which
the elements and oxidation numbers are located from identifying the peaks according to

their energy loss.
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Antiferromagnet a-NaMnO,

3.1 Introduction

0,% 1% and has been

The transition metal oxide a-NaMnO, has been reported around 197
the subject of intensive research for various reasons. Its layered crystal structure, provides
the ideal host framework system for the synthesis of numerous of compounds by soft
chemistry reactions such as intercalation and deintercalation processes.'*® 3" 13 The fact

that a-NaMnO; is isostructural with a-LiMnO,,* **°

well-known for its applications as
cathode material in the rechargeable batteries, has boosted the structural and
electrochemical studies of a-NaMnO, " *** 1% as an alternative and significantly less

expensive option of LiIMnOg, as Li is rare while Na is not.

However, little had been known about its magnetic properties until 2007, when M.Giot ” et
al, showed that, the a-NaMnO, (Mn*3, 3d* S=2) is a system of competing magnetic
interactions which are dictated by magneto-elastic coupling at Ty=45 K. At this
temperature a structural distortion lifts the magnetic frustration and results in
antiferromagnetic ordering with the propagation vector k (0, %2, % ). The crystal and
magnetic structure, as well as the spin dynamics have already been studied and are

discussed briefly in the following paragraphs.

In this work, for the first time, we shed light on the magnetodielectric properties of the a-
NaMnO,. Surprisingly the a-NaMnO, displays a sharp dielectric anomaly around 95 K,
well above the temperature where it becomes antiferromagnetic. This excludes the scenario
of spin driven magnetoelectricity. Furthermore, the dielectric anomaly is importantly
enhanced under external magnetic fields, a phenomenon consistent with the appearance of
the magnetodielectric coupling.

To address the origin of the magneto-electric coupling in the a-NaMnO,, transmission
electron microscopy (TEM) experiments took place. The TEM studies, also carried out for
the first time in a-NaMnO,, showed the existence of planar defects attributed to the
presence of the p-NaMnO,. B-NaMnO, displays anomaly on its dielectric constant around
90 K, which is attributed to the emergence of the incommensurate magnetic structure —a

subject analyzed in chapter 4. The realization that a secondary phase in the a-NaMnO; is
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Antiferromagnet a-NaMnO,

related with the material’s magnetodielectric response brings out the role of the
nanodomains and the inhomogeneity of a compound’s microstructure in the coupling

between the electric and magnetic degrees of freedom.

Crystal Structure

The crystal structure of a-NaMnO, at room temperature is of the prototype a-NaFeO, type.
However a-NaMnO, does not belong neither at the hexagonal nor at the rhombohedral
systems as it expected for the majority of the systems with the ABO, stoichiometry, but
crystallizes in the monoclinic system, at the C2/m space group with cell parameters: a=
567 A, b= 2.86 A, c= 5.80 A, p=113.14 deg. The deviation of a-NaMnO, from the
prototype rombohedral stucture is attributed to the distortion of the MnOg octahedra along

the z-axis, caused by the Jahn Teller active Mn*® ions (to° €4 1).

The crystal structure of the a-NaMnO; is represented in Figure 3.1, where the manganese,
oxygen and sodium atoms are represented with grey, red and purple spheres respectively.
a-NaMnO, is considered as derivative of the rock-salt structure where all octahedral
interstices are filled with the A and B cations.*** The structure is composed by sheets of
edge sharing MnOg octahedra which are separated by a one dimensional layer of Na
cations. Cubic close packing (ABCABC) occurs for the oxygen ions. As shown in Figure
3.2, the Mn™® (represented with the dark grey spheres) are arranged on a triangular lattice,
which is a common characteristic for the magnetic cations of the compounds with general

chemical formula ABO..
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Figure 3.1 The layered structure of the a-NaMnO,, The magnanese (Mn*®), oxygen (0) and
sodium (Na*™) ions are represented with the grey, red and purple spheres, respectively.

Figure 3.2 A detail of the a-NaMnO, showing the triangular arrangment of the Mn cations on a
flat layer. The cell edges are those indicated with the blue lines.
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Antiferromagnet a-NaMnO,
Studies on the Magnetic Structure

The magnetism of a-NaMnO, has been investigated by early studies on neutron powder
diffraction (NPD) experiments,’ and recent electronic structure calculations, backed up by

numerical simulations.**®

Neutron Powder Diffraction patterns were obtained at the high resolution diffractometer
BT1 (NIST, USA) with the constant wavelength (A=2.0782 A). The analysis of the NPD
patterns was accomplished with the software FullProf Suite.

According to the NPD data, a-NaMnO, becomes antiferromagnet below 45 K. The
magnetic transition occurs simultaneously with a structural distortion from the room
temperature monoclinic structure (C2/m) to the triclinic (P1) below 45 K. This structural
transition results in the dictation of the competing magnetic interactions which are present

in the monoclinic structure.

Specifically, the magnetic frustration arises due to the triangular arrangement of the Mn*?,
shown in Figure 3.3a. The magnetic interactions, J; and J, are pointed with the green and
blue lines, respectively (J1, J»<0, J1/J, small). However, as it is more clear in Figure 3.3b, J,
in the monoclinic cell (blue cell lines with the indications ambm) is both ferromagnetic and
antiferromagnetic, pointed with the plus (+) and minus (-) sign, respectively. When the a-
NaMnO; adopts the triclinic structure (blue cell pointed with the a; b; indications in Figure
3.3b) the frustration is relieved and the system develops a long range antiferromagnetic

order.

The structural distortion at 45 K results in the crystallization of a-NaMnO; in the triclinic
structure. Figure 3.4 shows the Rietveld refinement carried out for the 4 K pattern, in
which the calculated profile refers to the triclinic cell (3° = 3.82, Rgragg = 1:56%, R(F* )=
1.19%, Rmagn = 5.63 %). The new cell parameters, are a= 3.1677(7) A, b= 3.16046(7) A,
c= 5.78217(6) A, o= 110.465(2)°, B = 110.415(2)°, = 53.6173(8)° where the subscript t

refers to the triclinic unit cell.
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Figure 3.3 (a) Crystal structure in the anby plane at room temperature. The subscript m
refers to the monoclinic system. Mn and O atoms are represented as large black and small
red spheres, respectively. J; and J, are magnetic inequivalent magnetic interactions along bm
and [110], represented with green and blue lines, respectively. (b) The magnetic order in the
ab plane for a-NaMnO,. The monoclinic (T>45 K) and triclinic (T<45 K) unit cells are
shown with the blue marks pointed out as anby, and aiby, respectively. Red arrows show the
strain directions, whereas the + and — signs indicate the up and down directions of the
magnetic moments. Reprinted from Reference 7.
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Figure 3.4 Rietveld Refinement of the NPD data obtained at 4 K at the BT1 diffractometer
with the reliability factors: y°=3.82, Rpyagy =1.56%, R(F®) =1.19%, Rpagn = 5.63%. The red
black line represents the experimental data and the calculated profile, respectively, whereas
the blue line shows the difference in between them. The first row of vertical green ticks at
the bottom shows the Bragg reflections of the nuclear structure, whereas the second raw
indicates the positions of the magnetic peaks. Reprinted from Reference 7.
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The inset of Figure 3.4 shows that diffuse magnetic scattering appears already at 200 K.
This type of scattering is evident by the broad asymmetric peaks with a long tail on the
high 20 side, widely known as Waren peaks, *** indicating a 2D magnetic arrangement.
Upon further cooling the Waren peaks are eliminated and the 3D magnetic ordering takes

place.

The magnetic propagation vector K in the triclinic setting becomes (0, %2, 0);. The neutron
powder diffraction studies of a-NaMnO; manifest the dictation of the magnetic frustration
by the magneto-elastic coupling. The coupling is evident by the structural distortion which

occurs at the same temperature where the long range magnetic ordering occurs.

Electronic structure calculations.

The Electronic structure of a-NaMnO; was calculated within the framework of density-
functional theory (DFT) in the VASP code.'** ¢ 147

The calculations were done with experimental lattice parameters after a full relaxation of

atomic positions. The Heisenberg model
A= Z<ij> ]ijSiSj 3.1)

was used to map out the total energies of the individual exchange couplings. The

summation is over all bonds <ij> between the Mn*? ions.

Figure 3.5 shows the 2D triangular spin lattice of the magnetic interactions in a-NaMnO,.
The experimental values of the interactions J; and J, were found to be 73 K and 29 K,
respectively.” 8 According to the calculations of the electronic structure, a strong AFM
exchange J;=72 K was found along the b direction and weaker diagonal exchanges J,=23
K (Figure 3.5). The difference between J; and J,**can be attributed to the Mn-Mn
distances of 2.86 A and 3.17 A (shown in Figure 3.3a). Since J;>>J, the nature of the spin

correlations is 1D in agreement with earlier results of the inelastic neutron scattering.
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]

Figure 3.5 Structures of [MnO;] layers and relevant topologies of magnetic interactions in
a-NaMnO,, Reprinted from Reference 143.

Numerical simulations.

The magnetism of a-NaMnO, polymoprh was further studied by numerical simulations
1*3Magnetic susceptibilities of different spin models are obtained from quantum Monte-
Carlo (QMC) simulations performed in the looper code **° of the ALPS simulation
package.™ Finite lattices with 16 sites (1D) or 16x16 sites (2D) with periodic boundary
conditions were used. Finite-size effects are negligible within the temperature range of
interest.

The static magnetic susceptibility of a-NaMnO, measured on a ZFC mode under 200 Oe,
is presented in Figure 3.6. The broad maximum observed at high temperatures is typical
of low dimensional magnets. *** The experimental data of Figure 3.6 have been fitted with
the equation y=yinc+C/(T+6). The term y;q is calculated by the QMC calculations and for
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the a-NaMnO, is the susceptibility of a quantum spin chain.**® The ratio of C/(T+6)
accounts for the paramagnetic tail noticed at the susceptibility curve at low temperatures.
The fit yields J;=65 K, C=0.013 emu K/mol and 6=0 K.
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Figure 3.6 The static magnetic susceptibility of the a-NaMnO, measured on a ZFC mode under

200 Oe magnetic field, shown with the black points. The model description of the a-polymorph
presented with the continuous blue line indicates a uniform spin chain.

In detail, the zero field susceptibilities have been derived by Fisher.® For an Ising 1D chain

is expressed in the following equations:

2
N g P-[23 J J
= — ekT
[l 2] 2kT

(3.2)

and

_ Nghd I I 2,1
— [(tahnﬁ)wL(ﬁ)sech(ﬁ)] (3.3)
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where x;; and y,stand for the parallel and perpendicular susceptibility, respectively. Since
xjis an odd function and y, is an even one, the sign of the exchange constant in an Ising

system can only be determined from the parallel susceptibility .

3.2 Synthesis of a-NaMnO..

Polycrystalline powder specimens of o-NaMnO, have been synthesized by high
temperature solid state reaction at 750°C. Na,COs; (Aldrich, 99.5+% ) and Mn,0;
(Aldrich, 99%) have been used as starting materials according to the following chemical

reaction:
Na,COz+Mn,O3 ———— > 2 a-NaMnO,+ COz(g) (3.4)

Taking into account the % purity each reactant, 0.4822 gr and 0.718 gr of Na,CO3 and
Mn,Og, respectively have been used in order to synthesize one (1) gr of a-NaMnO,. The
starting materials were stored in a drying cabinet of average temperature 60°C-70°C. The
reactants were mixed and grounded in an agate mortar for approximately 35 min.
Afterwards the powder mixture was placed into 13 mm die, which is inserted into a
hydraulic press. Four (4) tons of pressure, which are equivalent with 2.94-10° Pa for the
specific die, were applied for twenty (20) minutes. The pellet formed has a greyish- black
color (due to the white and black color of the Na,CO3; and Mn,Os, respectively). The
heating protocol is shown in Figure 3.7: the synthesis started from room temperature and
reached 750°C with a constant heating rate of 3 °C/min. After having dwelled in 750°C,
for a total of 60 hrs under continuous Argon flow, the pellet was quenched at room
temperature. Its final color was brown. Quenching is accomplished by opening the one
end of the furnace and keeping the pellet there, while it remains under Ar flow, for about
10 minutes. From this point, precautions of the air and moisture sensitive compounds are
strictly followed, since the Mn*® of the a-NaMnO, can be oxidized to Mn™ when
exposing the sample in the atmosphere. Therefore, the sample was stored in an Ar-filled

glove box.
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Figure 3.7 The heating protocol that has been followed for the solid state synthesis of the
polycrystalline powder a-NaMnO,

3.3 Characterization of a-NaMnO,
3.3.1 X —Ray Powder Diffraction

X Ray powder diffraction (XRPD) using the wavelength A=1.5406 A has been carried out
to all the a-NaMnO, the samples synthesized with the protocol which is described in
paragraph 3.2. Prior to the X-Rays experiment, the sample was sealed with the mylar film
under argon atmosphere (inside the glove box) in order to prevent contact with moisture

and air.

The graph obtained by the XRPD is shown in Figure 3.8. The Bragg reflections obtained
from the a-NaMnO, show a perfect matching with the reflections obtained from the
database ICSD_16270. Therefore, the room temperature structure of the a-NaMnO, can be
successfully indexed upon the monoclinic structure (C2/m) with cell parameters: a= 5.67
A, b=285A, c=5.80 A, p=113.2 deg. Nevertheless, there is one reflection at 14.11 deg

pointed with a red arrow in the pattern. This peak corresponds to 001 reflection of the p-
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NaMnO; -a near equivalent in energy polymorph of the a-NaMnO,, This observation is
nicely combined with the magnetodielectric experiment’s results and it discussed further
on the basis of electron diffraction and high resolution electron microscopy images in

paragraphs 3.5.1 and 3.5.2.
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Figure 3.8 X-ray powder diffraction of a polycrystalline sample of a-NaMnO; (black continuous
line). The indexing of the Bragg reflections has been done according to the data base
ICSD_16270, which corresponds to the blue vertical ticks. The grey ticks around 26 deg and 38
deg are attributed to reflections of the mylar film. Note the red arrow at 14.11 deg shows a
reflection which is attributed to the 001 peak of the B-NaMnO..
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3.3.2 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

The purpose of the experiment that has been carried out in the ICP-OES was to determine
the Na/Mn ratio in the a-NaMnO, sample. The ratio was found to be Na/Mn=0.826. This
means the amount of Na is less than expected, since based on the stoichiometry of the
equation 3.4 the ratio Na/Mn should be 1/1. The reduced amounts of Na in the final
product can be explained by the sodium loss at higher temperatures. Sodium carbonate
decomposition and sodium loss occurs at temperatures higher than 400°C. However, since
solid state reaction is based on the diffusion between the atoms of the reactants, it is not
always a straightforward procedure to predict the amount of the Na that will be lost.
Transmission electron microscopy (EDS mapping, EELS see next paragraph) were used as
analytical techniques for the determination of the elements ratio in the o-NaMnO,

compound.

3.3.3 Energy Electron Loss Spectroscopy (EELS)

EELS results were carried out in Instituto Italiano di Technologia in Genova, Italy. The
transition metal L, 3 energy loss spectra of the a-NaMnO, was recorded and carefully
analyzed based on the white line ratio method. According to this method, the integral
intensity ratio of the Ls and L, excitation peaks of a transition metal is correlated to its
formal oxidation state.®*'** The oxidation state of the Mn ions of the a-NaMnO, was
calculated to 3.2. The expected oxidation state is of the Mn™® in the o-NaMnO; is 3, so
the small deviation that is observed could be related with a small percentage of Mn**
impurities, or a small paramagnetic impurity evident by the contribution of the
paramagnetic tail on the magnetic susceptibility of the a-NaMnO, at low (T<20 K)

temperatures (see Figure 3.6).
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Figure 3.9 L edge energy-loss near-edge structures for the determination of the oxidation state of Mn in
the a-NaMnO..
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3.4 Magnetodielectric Measurements

In order to check the possible magnetodielectric coupling in the a-NaMnO, compound
measurements of the dielectric constant (¢) and dielectric loss (¢"or tand) versus
temperature and under various magnetic fields, have been carried out. The aim is to check

for any possible dielectric anomalies.

Sample’s Diameter | Thickness | Electric Field Time between:

Code Applied (kV/m)

(mm) (mm) sample’s synthesis

and MD experiments

ib168 5 1.33 751 1 week
0all3_1 5 1.63 613 4 years
0all3_2 5 1.26 793 4 years
spins 5 1.45 689 7 years

Table 3.1 Different a-NaMnO, samples that have been measured in the magnetodielectric
experiments.

Table 3.1 presents the a-NaMnO, samples which come from 3 different batches (with the
sample codes: ib168, 0all3, spins) all synthesized with the same protocol as described in
3.2 section. The same magnetodielectric measurements were carried out in the samples of
table 3.1, to check the reliability and repeatability of the obtained results. All the samples
measured showed good repeatability. Minor differences such as the small deviations in the
value of the dielectric constant can be attributed to the differences in the grain size of each
sample. In section 3.4 we present the results from two samples: the ib168 and the 0all3 1,
named as sample 1 and sample 2, respectively.
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3.4.1 Magnetodielectric Measurements Under Zero Magnetic field

First, the dielectric constant versus temperature was measured in various frequencies. The
reason for measuring at least with two frequencies is to check for possible frequency
dependence of the dielectric anomalies. Next in order, magnetic fields (1.5 T-6 T) have

been applied.

One of the major concerns when measuring ceramic samples under the effect of electric
and magnetic fields is the repeatability of the obtained results. Apart from the external
applied fields there are many factors that possibly affect the outcome of each
measurement. Examples of these parameters are: the mechanical stress applied from the
sample’s holder, the quality of the silver paste contacts, as well as the multiple cooling

and heating cycles in a large temperature range and the magnetic history of the sample.*>*

To test the repeatability of the results, identical measurements on the same sample have
been carried within two days. An a-NaMnO, pellet (sample’s code ib168, see Table 3.1)
of 5 mm diameter and thickness t=1.33 mm was measured under the same conditions: the
sample is cooled from room temperature to 77 K without applying electric field (ZFC).
The temperature is stabilized at 80 K and then V=750 V/m is applied from the LCR
bridge. The voltage “Vims” stands for the effective value of the sine wave of the test
frequency from the LCR’s internall oscillator. Measurements of capacitance and dielectric
loss are recorded every 0.5 K upon heating at the temperature range 80 K-300 K, under
zero magnetic field. When a measurement is completed, the electric field is removed, the

sample is then cooled again to 77 K, and the next measurement is programmed.

The results obtained at the first day of the measurements are shown in Figure 3.10. As an
overall tendency both €' and tand do not increase their values from 80 K-200 K. Above
200 K the €' and tand measured under 96 kHz start to increase with temperature. A broad
peak with maximum at 290 K appears for the first heating at 96 kHz, which vanishes at
the next heating of 500 kHz
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Figure 3.10 Dielectric constant (e') and dielectric loss (tand) versus temperature measured with
96 kHz (blue line) and 500 kHz (red line).

After the sample remained under inert atmosphere overnight, the same measurements were

repeated as shown in Figure 3.11. Clearly, the graphs taken in both frequencies do not

differ. The dielectric anomaly at 95 K still emerges, thus it is an intrinsic property of the a-

NaMnO, sample which can be observed repeatedly.

There are two distinct features. The first one is the dielectric anomaly at 95 K which is

shown more clearly in the insets of Figures 3.10 and 3.11. The second characteristic is the

peak at 290 K which causes a deviation in the values of &' and tand, between the runs of 96

kHz and 500 kHz. Most probably the difference is not attributed on the frequencies of the
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two continuous runs, but on the aging effects between the first (96 kHz) and the second
(500 kHz) run.
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Figure 3.11 A second measurement that repeats the one presented in Figure 3.10. Dielectric
constant (¢') and dielectric loss (tand) versus temperature measured with 96 kHz (blue line) and
500 kHz (red line)

It is interesting to note on Figure 3.11 the results that were obtained on the next set of runs
(2" day) under the same conditions. The broad peak at 290 K observed in the first set of

runs does not appear anymore. The two runs obtained at 96 kHz and 500 kHz are similar.

101



Chapter 3: Crystal, Magnetic and Magneto-dielectric Behavior of the 2D

Antiferromagnet a-NaMnO,

Dielectric constant and loss increase with temperature, with values that range from 5.4-5.9
and 0.0-0.06, respectively.

The most distinct feature is the dielectric anomaly at 95 K which is shown more clearly in
the inset of Figures 3.10 and 3.11. The origin of the dielectric anomaly at 95 K is puzzling.
As discussed in the introduction of this chapter, a-NaMnO; becomes antiferromagnetic just
below 45 K. This means that the a-NaMnO; is paramagnetic at 95 K. Taking this into
consideration, the hypothesis that the dielectric anomaly of 95 K is driven by a possible
magnetic transition should be ruled out. The appearance of the dielectric anomaly may be
justified if one considers the high resolution transmission microscopy studies in
combination with the magnetodielectric measurements of the 3-NaMnO, compound (see
sections 4.5 and 4.6).

3.4.2 Dielectric Constant Measurements under Different Magnetic Fields

After verifying the existence and the repeatability of the dielectric anomaly at 95 K, the
next step was to test the influence of the magnetic field in the dielectric properties of the a-
NaMnO,. The measurement of the capacitance and the dielectric loss versus temperature is
carried out as described on the previous paragraph. The only difference is the magnetic
field which is applied when the temperature has already stabilized at 80 K. When the
temperature had reached 300 K, both electric and magnetic fields were removed and then

the sample was cooled down for the next measurement.

The measurements of &' and tand at 500 kHz under magnetic fields at the temperature range
5-300 K are shown in Figure 3.12. The effect of the magnetic fieldon the strength of the
dielectric anomaly is remarkable: it is clearly enhanced and shifted towards higher
temperatures (see also the inset of Figure 3.12). The effect of the magnetic fields on the
dielectric constant has been observed for other magnetoelectric compounds.t®® %6 157 |t js

important to note that the strength of the magnetodielectric coupling, the shift of the
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critical temperature towards higher or lower temperatures and the driving mechanism of
the coupling between the electric and the magnetic degrees of freedom is examined
separately for each system. Worth mentioning that the values of tand appear close to zero
but negative. This is probably due to parasitic capacitance and noise in the measurement of

the imaginary part of the dielectric constant €".

The increase and shift of the dielectric constant versus magnetic field is more clearly
presented in Figure 3.13 (a). To further reveal this correspondence the relative change in
the dielectric constant (Magnetoelectric Effect noted as “ME”) is shown is Figure 3.13 (b),

where the ratio Ag'/e'y stands for the
Ag'/e'v=[€'y-€'0]/e'o (3.5)

In equation 3.5, €'y and €'y is the dielectric constant measured under zero and a stable
magnetic field, respectively. One can observe that the &' increases by 14 % for 1.5 T,
whereas for the rest of the fields applied (3 T, 4.5 T and 6 T) the increase varies between
11-12%. Thus, the largest enhancement of the dielectric constant is observed for the 1.5 T
field, and reduces equally for the 3 T and 4.5 T to finally get the smaller change in Ag'/g'
the for the 6 T.

It is interesting to point out that the decrease in the dielectric constant shows a step like
behavior as seen for example in the €' graph taken under 1.5 T in Figure 3.13(a). As the
sample is heated there is a very small decrease in the &' (Ag=0.065) around 93 K shown
with the first blue arrow from the left. Between the temperatures 93 K-98 K there is a
plateau in the &' value, until 100 K where there is a sharp drop in the dielectric constant
pointed with the mark T;. The transition points obtained when the dielectric constant drops
show a smooth shoulder which is clearer for the graphs of 3 T and 6 T. The dielectric
constant continues to decrease until a final temperature (T,) where it takes the minimum
value and stabilizes at 115 K. Above this point the overall tendency is a gradual smooth

increase of &' with temperature.
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Figure 3.12 Graphs showing the real (¢") and imaginary part (tand) of the dielectric constant versus
temperature under the magnetic fields: 0 T, 1.5T,3T,45Tand6 T.

Another characteristic feature shown in Figure 3.13 is that the dielectric constant does not
shift linearly to higher temperatures with increasing magnetic fields. Figure 3.14 shows the
shift of the temperatures T, and T, versus the applied magnetic field. As it can be seen in
Figure 3.13 (a) Ty is the temperature where the dielectric constant starts to drop and at T it
takes its minimum value and stabilizes. The sample is polarized by an external magnetic
field, for the first time when 1.5 T are applied. This is probably why the largest shift in the
critical temperatures of the dielectric anomaly is observed between the graphs of 0 T and
15T.
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Figure 3.13 (a) A detail of the Figure 3.12 showing the temperature region between 80 K-115 K.( b)
ME effect as a function of temperature at 500 kHz under several magnetic fields.

Figure 3.14 shows the dependence of the temperatures T; and T, from the applied

magnetic field. The largest temperature shift is observed for the 1.5 T which is the first

magnetic field that polarizes the sample.
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Figure 3.14 A graph that shows the shift of the critical temperatures T, and T, with respect to the
applied magnetic fields (left axis). T, and T, refer to the temperature where the dielectric constant
begins to drop and has taken the final minimum value, respectively. On the right axis the percentage
of magnetoelectric effect (ME) is displayed versus temperature, for various magnetic fields.

It is worth mentioning here that another common measurement and way to estimate the

strength of the magnetodielectric coupling is by measuring the values of the capacitance

versus applied magnetic field, as shown in Figure 3.13 (magnetocapacitance). This results

in the calculation of the relative change in the dielectric constant versus magnetic field.

The giant magnetocapacitance of 500 % has been observed for the DyMn,Os **" and the
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DyMnO; *® whereas smaller values of relative change Ae'/e's have been measured in the
the MnzOs (Ae'/e'r;~0.06%). ° The same quantity has been calculated for various
magnetoelectrics, some examples of which are: the CazC0,0¢ > the BaMnO3.5 **° and
the CdCr,Ss. ' Interestingly, the values of Ag'e'y vary from 5% for example in the
polycrystalline frustrated antiferromagnet of CazC0,0s and the BigFe,TisO1s films *** up to
the collosal change of 500% for the single crystal relaxor ferroelectric CdCr,S,. The
strength of the magnetodielectric coupling depends primarily on the driving mechanism of
the effect. Other factors which can contribute also to the differentiation of the Ae'/¢'y could

be the nature of the sample, meaning whether it is single crystal, powder of thin film.

Apart from the magnetocapacitance, the second feature depicted in Figure 3.13 is the
gradual decrease in the dielectric constant. The dielectric constant may decrease abruptly,
exhibiting a change almost perpendicular to the Temperature-axis as it has been observed
for the cases of FeVO, '®%and the delafossites CuCrO, and AgCrO,'** More common
though, is the smooth decrease of the dielectric constant observed in compounds such as
the DyMn,0s ™" FeT,05Br,*® DyMnO;'*® and CdCr,S,'* and the step like change of ¢' of
Ca3C0,06™ In these cases, the temperature of the dielectric anomaly starts to drop at a
temperature T; and stabilizes at a temperature T, where T;<T,. The temperature of the
dielectric anomaly is regarded as the one in which the dielectric constant starts to drop,
meaning the one noted as T; in Figures 3.13 and 3.14. The evolution of the critical
temperature (T,) for the compound a-NaMnO; versus the applied magnetic field shown in
Figure 3.14 shows a maximum for a certain magnetic field (1.5 T) and then decreases at
higher fields. Similar behavior has also been noted for the polycrystalline magnetoelectric
FeVO,.
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3.4.3 Complementary measurements
Experiments on a-NaMnO; - sample 2 (sample’s code oall3)

The observation of the magnetodielectric coupling at 95 K on the a-NaMnO, was
remarkably surprising, since it could not be attributed to its magnetic properties for this
temperature region. A first assumption would be that the sample checked for
magnetodielectric coupling could have impurities, related with the dielectric anomaly at 95
K. To clear out any concern related with the properties of the specific sample that has been
measured, we have performed a series of the same magnetodielectric measurements on

different a-NaMnO; samples.

Therefore, to reach a safe conclusion about the repeatability of the magnetodielectric
properties of a-NaMnO, various samples of different batches have been tested (see Table
3.1). All the samples have been synthesized by the protocol of paragraph 3.2, so in
principle, all their properties should be the same. In practice, some changes might be
observed in ceramic samples, which are affected by the grain size, the history of the

sample including the type of experiments that have been carried out on it.

To present the repeatability on the observation of magnetodielectric phenomenon in the o-
NaMnO,, experiments on a second a-NaMnO, sample are shown in the following graphs.
The major difference between sample 2 (sample’s code 0al13) and the one shown in the
previous paragraphs, is that sample 2, was synthesized four years before the specific
magnetodielectric experiments took place. On the contrary, sample 1 (ib168) has been
synthesized and characterized within the same week. Apart from that, the preparation of
both pellets, their XRPD patterns, and the method of the magnetodielectric experiments

are identical.

As the following graphs prove, the second sample that is presented also exhibits the
dielectric anomaly at 95 K. The magnetic fields affect the dielectric’s anomaly strength.
However the relative % change in the dielectric constant (Ag'/'y) varies between 4% -8%,

which is smaller than the 10%-12% found for the sample 1.
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The small deviations noticed in the strength of the magnetodielectric effect (ME) Aeg'/g'g is

probably originated by the differences in the grain size of the two ceramics. A discussion

of the similarities and differencies on the results obtained from each a-NaMnO, sample are

discussed on the following section 3.4.4.

Dielectric Constant under different frequencies on a-NaMnO,-sample 2 (sample’s code
0all3)
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Figure 3.15 Dielectric constant (¢') and dielectric loss (tand) versus temperature measured with
100 kHz (blue line) and 500 kHz (red line) and 667 kHz (red line) under zero magnetic field.
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Figure 3.16 Graphs showing the real (¢') and imag inary part (tand) of the dielectric permittivity
versus temperature under the magnetic fields of: 0 T, 05 T, 1.5T,3T,45T and 6 T on a-NaMnO,
sample 2.
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Figure 3.17 (a) A detail of the Figure 3.16 showing the temperature region between 80 K-115 K.( b)
ME effect as a function of temperature at 500 kHz under several magnetic fields on a-NaMnO,
sample 2.

111



Chapter 3: Crystal, Magnetic and Magneto-dielectric Behavior of the 2D

Antiferromagnet a-NaMnO,

T(K)
80 8 9 95 100 105 110 115
104 |

102
100

Figure 3.18 A graph that shows: on the left axis the shift of the critical temperatures T; and T, with
respect to the applied magnetic fields. T, and T, refer to the temperatures where the dielectric
constant begins to drop and has taken the final minimum value, respectively. At the right axis the
magnetoelectric effect versus temperature for different magnetic fields is presented.

112



Chapter 3: Crystal, Magnetic and Magneto-dielectric Behavior of the 2D

Antiferromagnet a-NaMnO,

3.4.4. Comparison of the results obtained by different a-NaMnO, samples, as
presented in 3.4.2 and 3.4.3 sections.

At this point it is useful to compare the results obtained from two different samples of a-
NaMnO, presented in paragraphs 3.4.2 and 3.4.3. First we refer on the similarities noticed
on the measurements of the two samples: i) the dielectric constant and loss increase
smoothly as the temperature increases ii) at zero magnetic field and under the frequency of
500 kHz both samples show a dielectric anomaly at the temperature region between 93 K-
97 K. iii) if we compare the values of the dielectric constant for H=0 T at a specific
temperature, for instance at 90 K, for the first sample (ib168) ¢'=5.37 and for the second
one (0all3) £'=5.31, iv) the dielectric anomalies are enchanched when external magnetic

field is applied.

There are also two differences observed when one compares the dielectric behavior of the
two samples measured. The first one refers to the critical temperature of the dielectric
anomaly (T;) since for the first sample it is noticed at 93 K whereas for the second sample
the anomaly occurs at 97 K (Figure 3.19). The second difference is related with the
strength of the magnetodielectric coupling, as for the first sample the MD~14% whereas

for the second one MD~8 % as seen in Figures 3.13 and 3.17, respectively.

To the best of our knowledge a comparison on the strength of the magnetodielectric
coupling and dielectric constant obtained from different batches of the same ceramic
compound is not yet reported in the literature. Still though, there are references which
emphasize on the role of different factors that can affect the result of the dielectric
measurements. We discuss these factors on the basis of the findings related with one of the
most well studied ferroelectrics, the BaTiOs.

It has been reported that the grain size does affect the values of the dielectric properties.*®*
165,166,157 The general trend is that the dielectric constant values increase as the grain size
decreases.’® For example pure BaTiO; with grain sizes ranging between 20-50 um
exhibits dielectric constant of £'~1500-2000 at room temperature, whereas the &' reaches

3500-4000 for fine grained (1 um) BaTiO3 ceramics. The grain size is associated with the
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internal stress, for which it has been reported that it gives rise to the increase of ' .'* '™

Although the grain size has not been determined for each batch of our ceramic a-NaMnO,
samples, the first assumption is that the grain size should play a major role in the dielectric

properties according to what has been reported for other ceramic samples in the literature.
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Figure 3.19 Comparison of the dielectric constant measured under zero magnetic field and frequency
of 500 kHz of the two different a-NaMnO;, samples whose results are analytically presented in
sections 3.4.2 and 3.4.3.

Moreover another parameter which influences the dielectric response of the samples
measured is the aging effects which are usually evident by the gradual decrease of the
dielectric and piezoelectric parameters. Aging has been reported to originate by defects,

boundary or volume effects of the ferroelectric domains.t’® 172 173 174, 175, 176, 117 Ay
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example of aging effect in BaTiO3; ceramics has been reported to cause the shift of the
temperature of the dielectric transition since the critical temperature shifted towards higher

temperatures for the aged sample in comparison with the freshly made one.*™

It is interesting to note that in the a-NaMnO, samples the value of the dielectric constants
obtained are comparable (5.37 and 5.31). What changes is the strength of the dielectric
anomaly and magnetodielectric coupling. As it will be discussed in the next section of
TEM studies, the magnetodielectric coupling of a-NaMnO is attributed to planar defects
caused by the intergrowth of the p-NaMnO, phase. Thus, a detailed explanation on the
differences observed in the strenght of the dielectric transitions and the magnetodielectric
coupling in the a-NaMnO, phase should include also the comparison of the TEM studies
obtained for each a-NaMnQO; batch.

Here we also discuss the dielectric behavior of the a-NaMnO, in respect with other
multiferroic ABO, systems such as the polycrystalline CuCrosVo 50, and CuFeysVg 50, %
Due to the mixed character of the B site attributed to the presence of Fe** (S=5/2) and V**
(S=1/2) these compounds demonstrate a disordered magnetic situation manifested by their
spin glass transition below 19.9 K and 10.9 K for CuFeysVos50, and CuCrosVos50;,
respectively. Both CuFe,5V(50, and CuCrysV 50, exhibit broad humps at their dielectric
constants which are frequency dependent, pointing towards relaxor ferroelectricity.
Interesting to mention that the values of the dielectric constant are comparable with those
of a-NaMnO; (¢'(T)~4-5) as they range from 7.6-8.2 and 9-16 for CuFeosVos0, and
CuCr5V(50, respectively. Moreover, the dielectric behavior of the CuFeysVos0, and
CuCrp5Vp50, compounds is not generated by their magnetic transitions (“type 1”7
multiferroics, see section 1.4.5) as the temperature range of the dielectric anomalies (T>30
K) is well above the temperature of the magnetic spin glass state, similarly with the case of
a-NaMnO,. Another interesting characteristic of these multiferroic copper oxides is the
presence of planar defects (such as low angle boundaries along the c-axis between lamellas
and twinned structure along c-axis) in their microstructure as seen by TEM studies.*®® This
observation is in consistency with the TEM observations of a-NaMnO, as it will be

discussed in section 3.5.
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Various multiferroic powder ABO, compounds have been reported with similar values of
dielectric constant with that of a-NaMnO,, but the mechanism of the ferroelectricity differs
in each case. For the recently discovered rombohedral (R3m) multiferroic AgFeO,** in
which €'(T) is 26-29, the magnetoelectric coupling is driven by the inverse Dzyaloshinskii
Moriya effect. It is worth to mention that AgFeO, shows two incommensurate magnetic
transitions (ICM1~15 K and ICM2~9 K) which are accompanied by successive
magnetostructural transitions, similarly with the structural transition of a-NaMnO; at the
temperature of the antiferromagnetic order at Tn=45 K.” The magnetic transitions are
related with the dielectric anomalies (“type II” multiferroics,) and moreover the low

temperature magnetic transition (9 K) induces a polarization in AgFeO, of 300 pC/cm?.

Similarly in the delafossites ACrO, ** ®3(A= Li, Na, Cu, Ag) the polarization appears at the
temperature of the magnetic transitions. These compounds also crystallize in the R3m
space group. The €'(T) values of the ACrO, compounds are comparable with that of a-
NaMnO, as they range from 6-8. Nevertheless, the generating mechanism of the
magnetoelectric coupling is attributed to a simple proper screw order, in contrast with the
previously mentioned AgFeO,. Specifically, the origin of polarization and thus the
generating mechanism of the magnetoelectric coupling have been proposed by Arima® as
the modulation of the n-bonding of Cr (or Fe) interactions and O anions with the spin orbit
interaction. This mechanism has also been proposed for the CuFeO, (R3m)

magnetoelectric®® %,

The interrelation between noncollinear spin ordering and the ferroelectric polarization has
been also demonstrated recently on the rombohedral a-NaFeO,'"® Interestingly, the a-
NaMnO; resembles the a-NaFeO; as these two ABO, compounds have in common the
same ordered rock-salt crystal structure. Since the A cations are Na* in both systems, it is
interesting to discuss how the B cations, namely Mn and Fe affect their magnetodielectric

properties.

The first difference is attributed to the Jahn-Teller active Mn*® cation, which causes a

7, 148

distortion of the MnOg octahedra resulting in the monoclinic a-NaMnO, crystal
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structure in contrast with the original rombohedral structure of the a-NaFeO,. Moreover, o-
NaFeO; undergoes two magnetic transitions at 10 K and 5 K. Polarization appears below
7.5 K revealing a connection between the magnetic ordering of 10 K and the induced
ferroelectricity. Thus, o-NaFeO, appears to be a “type II” multiferroic where the
responsible mechanism for the appearance of the ferroelectric polarization is the inverse
Dzyaloshinskii Moriya interaction. On the contrary, in a-NaMnO, the magnetic ordering is

not relevant with the appearance of the magnetodielectric coupling.

An interesting research has been recently (2014) carried out which reveals the effect of the
substitution of the B-site cation at the polycrystalline spin driven magnetoelectric
CuFe0, '™ Ca and Mg cations were used to doped the CuFeO, delafossite resulting in two
types of compounds: the CuFe;«CaxO, and the CuFe;xMgxO2 0 <x < 0.04. We refer to
these compounds since dielectric anomaly has been observed at the temperatures of the
magnetic transitions indicating magnetoelectric coupling. The anomaly in the dielectric
constant of the CuFe;.xMgxO is associated with the non collinear antiferromagnetic phase

in analogy to previous reports for the Al doped CuFeQ,™

where the proper helical
magnetic ordering induced spontaneous electric polarization. All the aforementioned
systems are typical examples of magnetoelectric where the magnetic state induces a

dielectric anomaly and the appearance of polarization.

The above discussion aimed to show different cases of the magnetoelectric coupling in the
most well known ABO, compounds, as a-NaMnO; belongs to them. Although the many of
them of them exhibit a connection between the magnetic and the dielectric properties
classifying them as magnetoelectrics or “type II” multiferroics, this does not hold for the a-
NaMnO,. The origin of the magnetodielectric coupling in a-NaMnQO; is discussed in the

next section.
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3.5 TEM Studies

Now, we discuss the most important findings from the TEM investigation of a-NaMnO..
ED and HRTEM results were obtained at the Electron Microscopy for Materials Science
(EMAT) in University of Antwerp, Belgium by Dr. A.Abakumov. The observation of
planar defects in the building blocks of o-NaMnO,, shed light to the role of phase
inhomogeneity in a chemical homogeneous system.™** *# |n general, planar defects refer to
grain boundaries, stacking faults or antiphase boundaries. The structure irregularities and
the observed disorder are promoted by the small energetic difference between the

polymorphs a-NaMnO, and -NaMnO,,

ED and HRTEM experiments: Specimens for transmission electron microscopy (TEM)
investigation were prepared in an Ar-filled glove box by crushing the crystals in a mortar
under anhydrous ethanol or n-hexane and depositing drops of suspension onto holey
carbon grids. The specimens were transported and inserted into the microscope under dry
Ar, completely excluding contact with air. Electron diffraction (ED) patterns and high
resolution transmission electron microscopy (HRTEM) images were obtained with a
Tecnai G2 electron microscope operated at 200 kV. High angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images were recorded with a Titan G3

microscope equipped with a probe aberration corrector and operated at 300 kV.

3.5.1. Electron Diffraction (ED) Patterns'*

Electron Diffraction patterns of a-NaMnO, are presented in Figures 3.20 and 3.21. The
dominant characteristic is the difference between the bright intense and the weaker spots,
observed in all the patterns, regardless of the zone axis. The brighetest spots correspond to
the C-centered monoclinic unit cell with: a=5.66 A, b=2.86 A, ¢=5.80 A, p=113 deg. These
structural parameters are in agreement with the ones extracted from the neutron diffraction
patterns.’** In Figure 3.20 on the bottom left the [010] ED pattern as well as the [101] and

the [121] in Figure 3.21, show characteristic signs of planar defects, evident by the faint
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diffuse intensity lines. The diffuse intensity lines intersect the Ewald sphere at the hko,

h+k#2n positions in the [001] pattern, pointed out with the arrowheads in Figure 3.20.

L 1
0;00 +[100]

Figure 3.20 Main electron diffraction patterns obtained from the a-NaMnO,. Clockwise: ED patterns
along main zone axis.The arrowheads mark the spots which are forbidden by the C-centered unit cell of a-
NaMnO; (see text). Bottom left: presence of weak diffuse intensity lines. In the figure at the bottom right,
the red and green lines correspond to the decomposition of the pattern into contributions from two mirror-
related domains whereas the diffuse intensity lines are shown in blue.

ED patterns of a-NaMnO, show characteristic signs of mirror twins such as the split
reflections observed with the (101) plane. Furter investigation of the structure

irregularities of a-NaMnQO; was carried out by HRTEM.
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Figure 3.21 Electron diffraction patterns of the a-NaMnO, obtained from different zone axis.
The arrowheads mark the spots which originate from twins and intersection of the Ewald sphere.
The spots with the increased size and intensity indicate the presence of regular superlattice

k=1/4[111] reflections.

3.5.2 High Resolution Transmission Electron Microscopy (HRTEM) Images **3

The HRTEM image (Figure 3.22) shows clearly patterns of atomic layers which
correspond to the rows of bright dots. However, these patterns are not continuous since

planar defects act as twin planes causing the mirroring of the atomic columns, on both
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sides of the twin plane. This is pointed out by the single arrowheads in Figure 3.22. In
addition, two adjacent twin planes which do not alter the orientation of the atomic layers

but generate their lateral displacement, act as a stacking fault. This is marked in Figure
3.22 with the double arrowheads.

[010]

e — '/"""

Py § M

Figure 3.22 The [010] HRTEM image (5 nm magnification) of a-NaMnO, showing planar defects
which are marked with arrowheads. The white arrowheads mark the twin planes whereas the black
arrowheads (inset in the left of the figure) point out the antiphase boundaries.
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To enlighten the nature of the planar defects in a-NaMnO; the [010] HAADF-STEM
image was taken (Figure 3.23). This image shows projections of the Mn atomic columns,
since the Mn atoms have the highest atomic number in the NaMnO, structure. The twin

planes form an angle of 60° in respect to the layers of the MnOg edge-sharing octahedra.

Figure 3.23 The [010] HAADF-STEM image showing the projections of the Mn atomic
columns.

According to the above observations, there are two possible models that would explain the
planar defects for the monoclinic a-NaMnO,.The first one accounts for the twin planes
(Figure 3.24 a) whereas the second one, is the stacking fault model shown in Figure 3.24 b.

TEM observations have been explained on the basis of a superspace model '® 1%
according to which the NaMnO, polymoprhs (both the a- and p-phase) crystallize on the
(3+1)D superspace.’® 18 This analysis entails the structure of pure a-NaMnO,, pure p-
NaMnO; and the intermediate phases in which high concentration of planar defects are
found. The superspace model**® (see section 4.6.3) predicts that the NaMnO, structures
crystallize in the monoclinic superspace group with the symmetry elements X2/m(aOy) and
the modulation vector g=1/2a* +yc*.**® The value of the component y determines the final
structure of the polymorph, since y=0 results in the pure B-NaMnO;, phase, y=%
corresponds to the a-NaMnO;, phase. Values of y between O and %2 account for

intermediate structures between the a and p phase™*,
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Figure 3.24 Possible models explaining the complex crystal structure of the a-NaMnO:
a) the twin boundary model and b) the antiphase boundary. The Mn, O and Na atoms are
shown as green, blue and orange spheres, respectively.

3.6 Results and Discussion

Although the crystal and magnetic properties of a-NaMnO, have been extensively studied

7, 8, 148, 180

during the recent years, the magnetodielectric properties and the microstructure

have not been examined up to now. In the current thesis we have examined the possible
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magnetodielectric character of a-NaMnO, which is explained by its inhomogeneous
microstructure as pointed out by TEM.

Quite surprisingly, a-NaMnO; shows a distinct dielectric anomaly at 95 K. The dielectric
anomaly is present under O Tesla magnetic field and is well enchanced by 14 % when 1.5 T
are applied. The dielectric anomaly also shifts at higher temperatures under the effect of
external magnetic fields. The value of the dielectric constant &' is low (<10) in comparison
with the well known dielectrics (for example that of BaTiO3) but still comparable with the
values reported for other polycrystalline ABO, samples.® ' For example the values of &'
under zero magnetic field have been found to be: for LiCrO; ¢' ~8, for CuCrO; &' ~ 7
whereas for AgCrO, and NaCrO, €' ~ 6.5, *° and for the dipolar glass CuFegsVs0; &'
~7.6-8.2'%. The repeatability of the measurements has been checked, and although the
samples show signs of fatigue and aging, the dielectric anomaly appears after many cycles

of heating and cooling the sample.

The origin of dieletric anomaly at 95 K would have remained vague if TEM investigation
had not been carried out. In this temperature region a-NaMnO, is still paramagnetic since
it adopts its antiferromagnetic ordering only below 45 K. The 2D diffuse magnetic
scattering between 50 K -200 K, evident by the Warren peaks in the NPD patterns can not
account for the abrupt change in the dielectric constant. Thus, any correlation of the
dielectric behavior with the intrinsic magnetic properties of a-NaMnO, would not be

substantial.

The question related with the cause of the dielectric anomaly in the a-NaMnO, was
resolved through an extensive study of the compound with high resolution transmission
electron microscopy. ED diffraction patterns revealed planar defects which were attributed
to the presence of the B-NaMnO; phase. Although the density of the planar defects is
significantly less when compared to those of 3-NaMnO,, they prove to be enough for
affecting the magnetodielectric properties of the a-NaMnO, compound. In other words, the
existence of the B-NaMnO, in the a-NaMnO, phase is responsible for the dielectric

anomaly at 95 K.

124



Chapter 3: Crystal, Magnetic and Magneto-dielectric Behavior of the 2D

Antiferromagnet a-NaMnO,

Worth mentioning, that only one of the two dielectric anomalies of p-NaMnO; (relevant
results of the B-NaMnO, are shown on section 4.5) is present in the dielectric constant of a-
NaMnO;. The broad hump at 200 K which appears in the &'(T) of B-NaMnO; is missing
from the a-NaMnQO,. This is probably related with the difference in the strength of each
anomaly as well the type of the magnetic interactions between the Mn*® cations that
develop in each magnetic transition. Moreover, there is a difference of about 5 K in the low
temperature dielectric anomaly, since for B-NaMnO, the sharp drop of &' occurs at 90 K
whereas for a-NaMnO; at 95 K.

Although the research in multiferroics, magnetoelectrics and magnetodielectrics
traditionally began in single phase crystals and ceramics, this trend is no longer common.
On the one hand single phase magnetoelectrics are rare, and on the other hand the coupling
is usually weak. Recently, different routes have been proposed for the coupling between
the electric and magnetic degrees of freedom. Heteroepitaxially grown thin films % ¥
such as the well studied BaTiOs-CoFe,04'%%r the BiFeOs;-CoFe,04 nanostructures,™

46. 190 compositionally modulated multiferroics'®* and composite

disordered multiferroics
nanostructure systems'®> provide new routes for the growth of the magnetoelectric

materials and the enhancement of the magnetoelectric coupling.

Here, the case of a-NaMnO, refers to an inhomeogenuous microstructure of a chemical
homogeneuous system.*® The twin and antiphase boundaries (see Figures 3.22 and 3.24),
caused by the presence of the B-NaMnO, phase and overall the complexity of the
superstructure are promoting the magnetodielectric coupling in the a-NaMnO, phase. For
example the large magnetodielectric effect in the nanocrystalline double Y,FeCrOg
perovskite ** has been supported by the existence of the antiphase boundaries.
Specifically, the large magnetodielectric coefficient is explained by a model in which the
spin-polarized electrons hopping through the antiphase boundary contribute higher
electrical conductivity to the system when a magnetic field is applied. Furthermore, the
effect of the direction of the antiphase boundaries has been reported for the BagsSro5TiO3

films grown on MgO substrates. %
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A reasonable thought regards the crucial role of the planar defects in the inhomeogeneous
microstructure of a-NaMnO,. Undoubtedly, a better understanding of the mechanism that
generates the magnetodielectric coupling at 95 K in a-NaMnO, would require first the
knowledge of the microstructure at this tempeture region and second, the effects of this
structure on the magnetic properties of the system. This would entail the investigation of
the a-NaMnO; structure by electron diffraction and HRTEM at low temperatures (T<100

K), a fairly challenging task on its own.

The ED patterns revealed and HRTEM figures confirmed the existence of the B-NaMnO,
phase evident by the appearance of planar defects.'*® The planar defects can be considered
as forming quasi-periodic sequences which introduce modulations in the arrangenment of
the NaMnO, layers. These defects act as mirror twin planes (Figure 3.22) in the
microstructure a-NaMnQO,. The existence of two adjacent twin planes (marked with black
arrowheads in inserts in Figure 3.22) is equivalent to a stacking fault: they do not change
the orientation of the atomic layers and cause their lateral displacement only. The twin
planes affect only the arrangement of the Na* and Mn*® cations over the octahedral
interstices whereas they leave the positions of the oxygen atoms intact. The relative
position of the twin planes, determines the formation of the antiphase boundaries.
Specifically, when two or any even number of twin planes are adjacent to each other an
antiphase boundary is formed due to the exchange of the Na* and Mn*® positions (see

Figure 3.24b). Quite recently, it has been proposed'®

that antiphase boundaries may
possess ferroelectricity in an antiferroelectric system as it has been proved for the lead
zirconate (PZ) system. This conclusion points out that domain walls can possess diffenent

properties than the domains themselves.

In the case of a-NaMnO, the structure irregularities appear as a result of two competing
phases: a and B-NaMnO,. The competition of the two phases yields the formation of
domains which are separated by domain walls. It is interesting to mention how the domains
affect the functionality and the macroscopic properties the systems. The thickness 6 of the

domain walls is'*® given by Kittel’s law
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5_ |
== |= (3.6)

where w and d is the domain width and thickness, respectively and G is an adimensional
parameter. The physical meaning behind Kittel’s law is that the density of domain walls,
expressed by the fraction 6/w is increasing, when d is decreasing. In other words, the
properties of a material which depend on the density of the nanodomains is strictly related
with the thickness of the domain walls. Some typical examples where the domain walls
have proved to play the key role in the functionality of the materials, include

1

ferroelectrics'®’, relaxors'® with electrostriction, multiferroics **and systems which

display colossal magnetoresistance.?®

The structural complexity of the a-NaMnO, phase is explained on the basis of a
superstructure for the NaMnO, polymorphs. The a-NaMnO,, B-NaMnO, and the
intermediate phases are considered as modulated superstructures in the (3+1)D superspace.
The altering of formation between the a- and B-NaMnO; phases is driven by the Jahn-
Teller distorted environment of the Mn*2 cations. In pure a-NaMnO, three Mn*? jons form
bonds with the neighboring oxygen atoms, whereas on the twin plane the bonds between
the Mn*? and the oxygen atoms are four. If there was no Jahn-Teller distortion, this would
result in a modification of the bond valence strengths. However, due to the Jahn-Teller
distorted MnOg octahedra the structure of the polymoprhs adopts different Mn-O lengths,
namely four short (1.95 A) and two long (2.42 A) Mn-O configurations.

The formation of the B-NaMnO; and intermediate phases into the matrix of a-NaMnO is
supported by the low energy cost, since the NaMnO, polymorphs have comparable

energies, which differ only about AE~0.2 (mRy/at) .2
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3.7 Conclusions

To conclude, the crystal, magnetic and dielectric behavior of the a-NaMnO, polymorph
has been studied. The complex oxide a-NaMnO, exhibits dielectric anomaly at 95 K. The
magnetic fields applied upon the measurement of the dielectric constant enchance the
magnetodielectric coupling and shift the critical temperature of the dielectric anomaly to
higher temperatures. Similar behavior has been reported for other magnetoelectric systems
such as the DyMn,0s,*’'DyMnO; **® Mn30,™ and Ni3V,0g **

The origin of the coupling between the electric and magnetic degrees of freedom is not
related with the magnetic ordering of a-NaMnO,, as the oxide remains paramagnetic in
this temperature region. Quite notably, the anomaly in the €'(T) of a-NaMnO; is attributed
on the existence of the B-NaMnO; phase, evident in the electron diffraction patterns by the

appearance of planar defects and other structure irregularities in a-NaMnO, microstructure.

The novelty and importance of this result lies on the effects of polymorphism in the
dielectric response of systems with competing interactions. The observation of the
magnetodielectric coupling in a-NaMnO, at a temperature area where the system does not
exhibit long range magnetic order provides a new perspective in the mechanisms of the
induced coupling between the electric and magnetic degrees of freedom. The existence of
planar defects (in this case twin planes and antiphase boundaries) does not only affect the
microstructure of a system but surely has a great impact on its macroscopic properties,

such as the magnetodielectric coupling.

The rock salt derivative crystal structure of a-NaMnO, is dominated by the Jahn Teller
distortion of the MnOg octahedra caused by the Mn*? cations. The interchange between the
Na and Mn atoms positions, leads to a modulated incommensurate structure, in which
intermediate phases between the pure a-NaMnO, and B-NaMnO, exist. The coherent
intergrowth of the B-phase in the matrix of a-phase, as well as the tendency of the
polymoprhs to form intermediate structures is encouraged by the energetic proximity of the

a and B-NaMnO; structures.
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Antiferromagnet g-NaMnO,
4.1 Introduction

The layered oxide B-NaMnO,, is a member of the NaxMnO; oxides family and has been
reported at the same study with a-NaMnO, by Parant on 1971. ® The growth of single
crystals of p-NaMnO; and other Na,MnO, (x<1) oxides has only been attempted by Jansen
and Hope around 1973.*> 2% A Few vears later Hirano et al, reported the hydrothermal
synthesis of NayMnO, single crystals without including in their results the synthesis
protocol of p-NaMnO, %

Thereafter, the studies that have been carried out in respect with the f-NaMnO, compound
are very few in comparison to the research that involved studies of the a-NaMnO,
polymoprh, There are two reasons for this. The first one is attributed to the 2D layered
crystal structure of B-NaMnO,. Due to the corrugated arrangement of the Na cations the -
NaMnO; is not favorable for intercalation and deintercalation processes and as such, has
not been used as a precursor for the synthesis of other compounds. The second reason
arises from the difficulties entailed in the synthesis of a pure phase p-NaMnO,, The B-
NaMnO; solid state synthesis is accomplished at 950°C. However at lower temperatures
other NaxMnO, oxides are formed, for example the Nay;MnO, at 660°C and both a-
NaMnO; and Nap7MnO, at 750°C. Thus, the most common problem in solid state
synthesis is to achieve a pure phase sample of fair crystallinity and to avoid the appearance

of secondary phases.

In this chapter, studies on the crystal, magnetic and magnetodielectric properties of the -
NaMnO, are reported for the first time. The B-NaMnO, exhibits a compex crystal structure
which has been studied by neutron powder diffraction data and analyzed by high resolution
electron microscopy. The observations of its microstructure are combined with the neutron

scattering results as well as the magnetodielectric response.
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Figure 4.1 The crystal structure at room temperature of p-NaMnO,. Mn, Na and O atoms are
represented with dark grey, purple and red spheres, respectively. Cell edges are shown with blue
color.

b \8/0 i

Figure 4.2 A detail of the crystal structure of B-NaMnO, showing the 2D triangular
arranaement of the Mn*? ions.
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Crystal Structure and Magnetic Interactions of f-NaMnO,

Although the stoichiometry is the same with the a-NaMnO; phase, there is a remarkable
difference in the structure. At room temperature B-NaMnO; crystallizes in the
orthorhombic cell, at the space group Pmmn, with the cell parameters a=4.77 A, b=2.85 A,
c=6.33 A. The Na cations form a 2D corrugated layer which separates the MnO, sheets.
The crystal structure of B-NaMnO; is built up of the corrugated zig-zag layers of the edge
sharing MnOg octahedra, which are distorted due to the Janh-Teller active Mn*3. In the
interlayer distance there are two sheets of Na atoms (Figure 4.1) in the octahedral
interstices between the MnO- sheets. The Mn*® ions map out on a corrugated 2D triangular
lattice (Figure 4.2). The specific lattice topology supports geometric magnetic frustration,

as it was proved for the case of a-NaMnO, polymorph.

The magnetic properties of the polymorph B-NaMnO, have been studied by different
methods. Preliminary data obtained by measurements of the static magnetic suscpeptibility
on a Superconducting Quantum Interference Device (SQUID) magnetometer (Quantum

Design MPMS-XL5.

According to the electronic structure calculations, **

strong AFM couplings appear,
namely the J;=70 K along the b and J;=57 K along the a direction. J; is the interaction
between the Mn cations that are separated by the distance of 2.86 A, whereas the J,
corresponds to the 3.21 A distance of Mn-Mn. J; and J, form two interpenetrating lattices
which are coupled by a weaker frustrated interaction, J,=13 K. J3 is a strong AFM
superexchange caused by the Mn-O-Mn pathway with the connecting angle of ~167 deg
The pure B-NaMnO, in which J; is very close to the J; should be regarded as a quasi 2D

magnet.
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Figure 4.3 Structures of [MnO] layers and relevant topologies of magnetic interactions in the
B-NaMnO, polymorph. The Mn and O atoms are shown with the green and blue spheres,
respectively. MnOg octahedra are shown in transparent green.

4.2 Synthesis of -NaMnO,

Polycrystalline powder specimens of B-NaMnO, have been synthesized by high

temperature solid state reaction. The synthesis is based on the protocol reported by Parant®

and includes slight modifications. The first step is the weighting of stoichiometric amounts
of Na,CO;3 (Aldrich, 99.5%) and Mn,O3 (Aldrich, 99%), which are stored in a drying
cabinet at 60-70°C. The starting materials were mixed, grounded, pelletized (using a 13
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mm die under 0.5 ton pressure) and heated from 25°C to 950°C with a slow heating rate
(0.4 °C /min) under continuous oxygen flow. A 10% excess of Na,CO3 was added in the
first grinding to compensate for the loss of sodium. Taking into account the 10 % addition
of the Na,COj3 and the purity of each reactant, the starting materials that have been used

were:
Na,CO3z+Mn,O3 ——> 2 B-N&Mn02+ COz(g) (4.1)
0.54 gr+0.725 gr 1gr

The dwelling time at 950°C was 24 hrs. Afterwards, the pellet was quenched at room
temperature while it remained under oxygen flow. The quenching lasts ten minutes and
from this point the sample is treated as moisture sensitive. A second grinding was carried
out in an Ar-filled MBRAUN anaerobic glove-box. The sample is then introduced into a
13 mm evacuable pellet die and pressed at 0.5 ton outside the box. The pellet was taken out
immediately from the die and placed in the furnace at the temperature of 950°C for 24 hrs.
This step was repeated twice. After the third dwelling at 950°C is over, the pellet is kept in
the glove box, where all the preparation for the possible measurements (XRD, SQUID)

took place.

Worth mentioning that many attempts took place in order to achieve a pure phase with
good crystallinity B-NaMnO,. These attempts included the modification of the synthesis
protocol. For example some efforts included: increasing the final sintering temperature
(1000°C), changing the heating rate, increasing or decreasing the total heatings of the
reaction, quenching the sample in liquid N,. However these changes resulted in specimens
with lower crystallinity and secondary phases mostly attributed to the Nay;MnO; and a-
NaMnO, compounds. Similar results showing the existence of secondary phases in the
XRPD pattern were obtained when the second and third heating started from lower
temperatures (550°C) instead of 950°C.

The efforts for optimization of the synthesis protocol are summarized in Table 4.1. The
reagents used in each synthesis were the same (0.54 gr of Na,CO3 and 0.725 of Mn,03)

and the pelletizing conditions identical. The basic modifications applied in each synthesis
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effort are noted in the Table 4.1 and the XRPD pattern of each sample is shown in section
4.3.

Tecff
24 hrs 24 hrs
Grind Grind
| and. and
25°C pelletize pelletize R
0 Time (hrs) i

Figure 4.4 A schematic representation of the p-NaMnO; solid state synthesis. The first
heating starts at room temperature and almost 38.5 hrs are required in order to reach the final
dwelling temperature at 950°C. The second and third heating started at 950°C.
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pB-NaMnO, Remarks-Modifications on Synthesis Remarks on XRPD
Sample’s Code pattern
ib4 v’ 4 heatings Impurity peak at 21
v' 2" and 3" heating start at 550°C deg
v Quenching in liquid N, from the final temperature of
950°C for about 15-20 min
v Reduced O; flow
ib6 v" the reaction includes 3 heatings 001 peaks of a-
v Quenching in N for about 15-20 min NaMnO; and
Nag7MnO,
ib7 v 4 heatings Nag 7MnO, 001 peak
v Quenching in air at the edge of the furnace with
enhanced O, flow
v" at the 3rd heating dwelling on 750°C for 1.30 hr
ib8 v"includes 3 heatings under O, flow 001 peaks of a-
v" the reagents were dried before NaMnO; and
v" Quenching in air with high O, flow Nag7MnO;
ib10 v Reaction includes 3 heatings a-NaMnO, 001 peak
v Second and third heating start at 950°C
v Quenching in air with high O, flow
ib12 v Final T=1000°C, Nay 7MnO, 001 peak
v/ 2nd and 3rd heating start from 1000°C (O, flow)
ib15 v Reaction includes only one heating (O, flow) 001 peaks of a-
v Basic change: at the 1% heating | apply a rate of NaMnO; and
25-600°C: 0.5 °C/min Naog 7MnO,
600-950°C: 2 °C/min
ibl7 v' 25-600°C:0.5C/min, 600-950°C, 2 °C/min (O, flow) 001 peaks of a-
v 1* heating: After dwelling for 12 hrs in 950°C, | NaMnO, and
quench it in air, regrind it in the glove box, pelletize it Nayg7MnO;
and put it back to the furnace at 950°C
v' 2" and 3" heating directly at 950°C for 24 hrs
ib18 v" Two heatings at 950°C for 24 hrs
v 1% heating 25-950°C: 0.4 °C/min

Table 4.1 Examples of synthesis protocols applied for the preparation of B-NaMnO,. The
protocol that was finally followed is the one which refers to the sample’s code “ib10”.
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4.3 Characterization of p-NaMnO,
4.3.1 X Rays Powder Diffraction (XRPD)

The purity and crystallinity of the f-NaMnO, phase has been checked by X-Ray diffraction
on a Rigaku D/MAX-2000H rotating Cu anode diffractometer (A\=1.5406 A). The sample is
placed on the holder and sealed with a mylar foil in the glove box, so that it is not exposed
in the atmosphere during the X-Rays experiment. The synthesized compound is a phase-
pure B-NaMnO, which crystallizes in the orthorhombic Pmnm symmetry (a=2.852 A,
b=6.33 A, c=4.77 A, 90 deg, 90 deg, 90 deg).

Figure 4.5 shows the XRPD pattern of the polycrystalline B-NaMnO, and the indexing of
the Bragg peaks according to the 16271 cif file of the crystallographic database ICSD
(Inorganic Crystallographic Database) which is pointed with the red ticks. The grey ticks
correspond to the reflections attributed to the mylar film. As noticed, there is a very good
agreement between the Bragg reflections obtained from the B-NaMnO, sample and the
ones expected from the ICSD database.

Nevertheless, there are two characteristics in the XRPD pattern which yield the necessity
of further investigation on the B-NaMnO, structure. The first one is the blue tick around
16.6 deg which stands for the 001 reflection of the a-NaMnO, phase, pointed also with the
blue arrow. Worth reminding here, that also in the XRPD of the a-NaMnO, the 001
reflection of the B-NaMnO, was present. To observe better the presence of the a-NaMnO,
phase, the XRPD of a a-NaMnO, sample (purple graph) and the blue tick marks which
correspond to the predicted Bragg peaks are also shown in Figure 4.5. The second one,
which is a rather unusual characteristic, is the broadening of the peaks at 38-40 deg and
more clearly at 55 deg. Since a conventional X-Ray diffractometer has limited resolution,
neutron powder and electron diffraction studies were carried out to further explore the

crystal structure of the p-NaMnO..

137



Chapter 4: Crystal, Magnetic and Magnetodielectric Behavior of the 2D

Antiferromagnet g-NaMnO,

600 B-NaMnO,
B-NaMnO,

— 900 |
[ ICSD 16271 |
5 400 L a-NaMnO,
£ 4 a—NaMnO
g - 2
> 300} ICSD 16270 |
= ]
3
£ 200

100

20 (°)

Figure 45 X Ray Powder Diffraction pattern of the polycrystalline p-NaMnO, at room
temperature.. The red ticks correspond to the orthorhombic cell indexed upon the database of ICSD
16271. The grey ticks represent the reflections of the mylar film. The blue tick is attributed to the
001 reflection of the a-NaMnO,
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XRPD patterns of samples that have been synthesized with modified protocols

Figures 4. 6 and 4.7 present the XRPD patterns at the 20 area of 10-22 deg of the -
NaMnO; synthesized with modified protocols. The modifications applied for each sample
are shown in table 4.1. The specific 20 area is presented since the major problem of the -
NaMnO; was the appearance of secondary phases evident by the 001 peaks of Nay;MnO,
(Crystallographic Data Base and relevant code for Nag7;MnO,: CRYSTMET 485956) at
15.78 deg and a-NaMnO; at 16.6 deg.
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Figure 4.6 Examples of B-NaMnO, samples that have been prepared by changing a few
parameters (see Table 4.1) in order to prepare B-NaMnO,. Note in the presence of the 001 Bragg
reflections of Nay7MnO;and a-NaMnO, which appear as secondary phases.
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Figure 4.7 B-NaMnO, samples prepared by applying different modifications (see table 4.1 for
details) on the synthesis protocol. The 001 peaks of 001 Bragg reflections of Nag7MnO, and a-
NaMnO, appear whereas at the ib12 sample (final sintering temperature 1000°C) there is also
problem with the stoichiometry of the f-NaMnO, phase.
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XRPD of the annealed p-NaMnO, samples
Annealed p-NaMnO, under O2 flow

For the purposes of the magnetodielectric measurements some B-NaMnO, samples have
been annealed at 300°C for 6 hrs under oxygen flow. A critical issue that needs to be
examined is whether the annealing of a B-NaMnO, sample affects its crystal structure of
For this reason XRPD experiments were carried out on the B-NaMnO; before and after the

annealing procedure. The results are presented in Figure 4.8.
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Figure 4.8 XRPD comparing the patterns obtained from the 3-NaMnO, samples represented
with the black line with the B-NaMnO, samples that have been annealed in O, shown with the
purple line.
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Figure 4.8 compares the XRPD patterns of a f-NaMnO, sample presented in black and the
B-NaMnO, that has been annealed-the graph shown in purple. The patterns have been
indexed upon the B-NaMnO, as well as the a-NaMnO, and the Nay;MnO; oxides which
are expected as possible secondary phases. The B-NaMnO, a-NaMnO, and Nay;Mn0O, 2*
phases are pointed with the blue, red and green tick marks, respectively. The annealed -
NaMnO; sample shows all the expected Bragg peaks of the p-NaMnO,. Nevertheless,
around 41 deg there is one peak pointed with the arrow, which could not be indexed upon

the known Na,MnO; or Mn,O, oxides.

Most importantly, the annealed sample has the 001 peaks of Nag;MnO, and a-NaMnO, at
15.9 deg and 16.67 deg, respectively, as it is presented in detail in Figure 4.9. The relative
intensity of the 001 reflection of the Nag;MnO, is comparable with the 001 of the -
NaMnO; around 14.1 deg. Moreover, the XRPD pattern of the B-NaMnO, sample, (before
the annealing) already shows the 001 peak of a-NaMnO; an observation which is
confirmed by the HRTEM analysis (see section 4.6.2). The co-existence of the NaMnO,

polymorphs is explained upon their small energetic difference.'*®
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Figure 4.9 A detail of Figure 4.8 showing the 2 theta area between 12-18 deg. Note the
Bragg peaks that correspond to the Nay7MnO; and a-NaMnO; shown with the green and
blue ticks, respectively.

Annealed p-NaMnO, samples in air

Annealing at 300°C for 6 hrs under atmospheric air (without having O, flow or any inert
gas) was also carried out, as a possible option for the optimization of the B-NaMnO, which
would be used for the magnetodielectric measurements. However, this annealing resulted
in samples with impurities mostly attributed to the Nayg;MnO, phase, as it can be seen in
Figure 4.10. The relative intensity of the 001 peak of Nay7MnO, (15.9 deg) in respect with
the 001 reflection of p-NaMnO; (14.11 deg) shows that the annealing results in a two
phase compound. This affects also the magnetic properties of the annealed sample as

shown in section 4.4, Figure 4.19.
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Figure 4.10 XRPD of the B-NaMnO, sample in comparison with the annealed in air,
shown in black and orange line, respectively.

A sample whose polarization versus temperature has been measured (section 4.5.5) was the
ib18, which had undergone the procedure of annealing in air at 300°C for 6 hrs. The
synthesis of the sample is described in Table 4.1 and the XRPD pattern before and after the
annealing is presented in Figure 4.11. The difference of ib18 in comparison with the rest -
NaMnO, samples is that its synthesis protocol included two heatings instead of three. The
annealed sample shows that the peak of 001 of Nag;MnO, has higher intensity in
comparison with the 001 of B-NaMnO,, The procedure of annealing resulted in a two

phase compound (B-NaMnO, and Nag;MnQOy).
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Figure 4.11 XRPD of the sample ib18 before and after the annealing procedure. The sample
before the annealing shows peaks of B-NaMnO,, Nay7MnO,, a-NaMnO, and a strong peak at
26=21 deg which does not belong to any of the known Mn oxides. The annealing seems to
enchance the presence of the Nag 7MnO,.

4.3.2 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

According to the stoichiometry of the p-NaMnO, the Na/Mn ratio should be around 1.
ICP-OES on powder of B-NaMnO, has resulted in the Na/Mn ratio of 0.865. Similarly with
the result of a-NaMnO, (Na/Mn= 0.826) the Na quantity is less than expected. As already
discussed in the ICP-OES paragraph for o-NaMnO;, Na is quite volatile in high
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temperatures which results in Na loss. However for the f-NaMnO, the amount of Na found
is by 4.5% higher than in the a-NaMnO,. This can be explained by the addition of 10%

excess of Na,COg in the first grinding.

4.3.3 Thermogravimetric Analysis

In order to evaluate the stability of the f-NaMnO; phase in respect with the temperature,
thermogravimetric measurements were carried out in the temperature range between 25°C
and 1000°C (Figure 4.12). The experiment was carried out using a constant heating rate of
10 °C/min under continuous Argon flow. The initial weight decrease of less than 1.5%
around 100°C is attributed to the evaporation of water, which could be absorbed by the
pores of the sample’s surface while transferring the sample out of the glove box and
placing it to the alumina pan of the SDT-Q600. The chemical composition of the sample
remains stable at the temperatures 100°C - 500°C, whereas the 16% weight loss noticed
between 500°C — 800°C is mostly attributed to the loss of sodium which occurs at
temperatures higher than 400°C. Small amounts of unreacted Na,COs, which has been
used as a starting material, may also contribute to the weight loss in this temperature

region.
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Figure 4.12 The graph obtained by the DCS experiment on polycrystalline powder of -
NaMnO, which shows the % weight change of the sample versus temperature.

4.3.4 HADFF-EDS mapping of g-NaMnO,

The HADFF-EDS investigation provides a ‘“chemical map” of the distribution each
element’s present in the compound. Due to the high sensitivity of the method in the atomic

number contrast, the images provided are very reliable.

The B-NaMnO, sample was stored in a N-filled glove box. For TEM analyses, the
specimen was prepared inside the glove box by crushing the crystals in a mortar in
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anhydrous toluene. Few drops of suspension were deposited onto a holey carbon grid
inside the glove box before the insertion of the sample in the microscope. HADFF and
EELS analyses were carried out using a Jeol JEM 2200FS instrument, equipped with an

image aberration corrector.

Figure 4.13 A B-NaMnO, crystal as observed with the HADFF in 0.2 um (Figure 4.13 (a) )and 400
nm magnification (Figure 4.13(b)). Na, Mn and O atoms are represented in Figures 4.13 (c), (d), and
with the green, yellow and red colors, respectively. The figures strongly suggest that the Na, Mn and
O are distributed homogeneously within the crystals.

Figure 4.13 shows a -NaMnO, crystal of a triangular shape with approximate dimensions
(a, b, c=2000 nm, 1200 nm, 1500 nm) where “a” is the base of the triangle. Figures 4.13 a
and 4.13 b correspond to 0.2 um and 400 nm, respectively. The distribution of Mn, Na and
O atoms as shown with Figures 4.13 (c), 4.13 (d) and 4.13 (e) appears to be homogeneous

upon the entire surface of the B-NaMnO, crystal.
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4.3.5 Electron Energy Loss Spectroscopy (EELS)

The oxidation state of the Mn cations in the B-NaMnO, compound was checked by
electron energy loss spectroscopy. Specifically, the transition metal L, 3 energy loss spectra

was recorded and analyzed according to the white line ratio method, **?

similarly to the
method that was used for the Mn oxidation state in the a-NaMnO,. The EELS spectra for
the L, 3 of B-NaMnO, is shown in Figure 4.14. The value obtained for the Mn oxidation
state was 3.2. This value, the same as one obtained for the a-NaMnO is slightly higher

than the 3, which is expected for a pure compound of B-NaMnOs.
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Figure 4.14 L edge energy-loss near-edge structures for the determination of the oxidation state of Mn
in the B-NaMnO, compound.
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4.4 Magnetic Properties of -NaMnO,,

4.4.1 Static Susceptibility

Magnetic susceptibility (y) of the p-NaMnO, was measured on a SQUID magnetometer
using ZFC-DC mode at 200 Oe magnetic field in the temperature range of 5 K-300 K. First
we present the magnetic susceptibility (Figure 4.15) obtained from different batches of -
NaMnO; which have been synthesized with the protocol described in section 4.2 (Figure
4.4.). Although small deviations may be observed in the value of the magnetic
susceptibility x(T) from different samples, all the y(T) curves share similar characteristics

such as paramagnetic tail at low temperatures and the broad hump at high temperatures.
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Figure 4.15 Magnetic susceptibilities of different f-NaMnO, samples measured on DC mode at a
ZFC protocol under 200 Oe magnetic field.
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The magnetic susceptibility of B-NaMnO; presented in the graph of Figure 4.15 shows no
obvious magnetic magnetic transitions. At low temperatures there is a paramagnetic
contribution which results in the paramagnetic tail (T<25 K). Quite clearly, the dominant
characteristic of the B-NaMnO, magnetic susceptibility, is the broad hump at high
temperatures of maximum y(T) around 275 K, a hump which becomes negligible below
80 K. The susceptibility of f-NaMnO, resembles to the one observed for a-NaMnO, **
whose broad hump of ¥(T) obtains the maximum values around 200 K, which is presented
in the comparative Figure 4.16. This hump is indicative of low dimensional
antiferromagnetic spin correlations and has also been observed at the copper 11 compounds
such as the diaquatetra-p-acetato-dicopper (11) (CU2(CH3CO0)4(H20),). **

The inset of Figure 4.16 shows the derivative of the y(T) in which no magnetic transitions
can be detected. This does not necessarily mean that the B-NaMnO, is magnetically

frustrated in the entire range of 5-300 K and has no magnetic order.
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Figure 4.16 A comparative plot of the magnetic susceptibities obtained on DC mode at a ZFC
protocol under H=200 Oe, from a-NaMnO, and p-NaMnO, polymoprhs, shown with the blue
and red graphs, respectively. Inset (a) on the left shows the inverse magnetic susceptibility of -
NaMnO,, whereas inset (b) shows the derivative of the susceptibility with respect to
temperature d(yT)/dT of the B-NaMnO,.
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Susceptibility of f-NaMnO, measured in different magnetic fields

To evaluate the magnetic behavior of p-NaMnO; the y (T) has been measured in two more
different fields, the 0.2 T (2 kOe) and 1 T (10 kOe) as shown in Figure 4.17. The
susceptibility curve remains the same in both fields tested, and more importantly no
magnetic transition is detected in none of the fields. The inset of the Figure 4.17 shows the
second derivative of the susceptibility in respect with the temperature for the measurement
of 0.2 T and 1 T shown with the blue and black graph, respectively. We notice a small kink
around 50 K, which is clear for the 1 T graph. According to neutron powder diffraction
data at 50 K the intensity of the magnetic satellite peaks is saturated (see also Figures 4.20,

4.52 and 4.54) indicating that the incommensurate structure is fully developed.
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Figure 4.17 y versus T plot of B-NaMnO, obtained on a DC- ZFC mode at 2 kOe and 10 kOe
shown with graphs in the blue and black marks, respectively. The inset presents the second
derivative of the magnetic susceptibility versus temperature where a small hump is observed
at 45-50 K for the graph of 1 T.
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Magnetization versus Magnetic Field M(H) of f-NaMnO,

The magnetization of B-NaMnO, versus magnetic fields up to 5 T, has been measured at
three different temperatures: 5 K, 50 K and 300 K as presented in Figure 4.18. This
measurement is carried out to check for possible ferromagnetic contributions, which would
result in the observation of a M(H) loop. However, the magnetization of 3-NaMnO; does

not show saturation up to 5 T, at none of the temperatures tested.
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Figure 4.18 Magnetization (M) versus magnetic field (H) at three different temperatures 5 K,
50 K, 300 K represented with the blue, black and red curve, respectively.
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Magnetic Susceptibility of annealed f-NaMnO, samples

As mentioned in section 4.3.1 in “Annealed f-NaMnO, samples in air” the annealing of
B-NaMnO, samples at 300°C for 6 hrs in air resulted in a two phase compound, since
intense Bragg peaks of the Nap7MnO, phase appeared in the XRPD pattern (Figure 4.10).
In Figure 4.19 we show the magnetic susceptibility of the same B-NaMnO, sample: before
(blue line) and after the annealing was carried out (black line). There are two major
differences. First the paramagnetic tail at low temperatures has increased in the annealed
sample. Second, the slope of ¥(T) has changed above 70 K-75 K: the susceptibility of the
annealed B-NaMnO; sample is decreasing whereas in the B-NaMnO, that has not been
annealed the magnetic susceptibility starts to increase at 75 K before it reaches a broad

hiimn at hinh temneratiires (T>250 K\
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Figure 4.19 Comparison of a B-NaMnO, sample prepared with the usual synthesis protocol and
an B-NaMnO, annealed one (see text for details) shown in blue and black lines, respectively.
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Dynamic (AC) susceptibility measurements have been carried out on a p-NaMnO, sample
of total mass m=263.5 mg. The goal was to detect any magnetic transitions that were not
revelead with the static (DC) measurements. The DC applied field was 0 Oe whereas the
AC drive field was 3 Oe. All the measurements have been carried out on zero field cooling
mode and then upon heating the AC drive field was applied. Measurements were taken on
a “settle mode” meaning that the temperature is stabilized in each point and then the value

of the long moment (m") is recorded.

4250 =197 Hz 1]
® f=715Hz _ .

+001% t=997 Hz

3.75

3.50

7 (x10° emu/mole)
N
(o]

3.25 2al

20 30 40 50 60 70 80 90 100

3.00

y' (><1O'3emu/mole)

275

2.50

50 100 150 200 250 300

2.25
0

T(K)

Figure 4.20 The real part of the ac magnetic susceptibility measured upon three different
frequencies: f= 197 Hz, f= 715 Hz, and f= 997 Hz and under Hy.=0 Oe, represented with the
blue, red and black graphs, respectively.
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Figure 4.20 presents the real part of the magnetic susceptibility denoted as ' versus
temperature measured upon three frequencies: 197 Hz, 715 Hz and 997 Hz represented
with the blue, red and black graphs, respectively. The y'(T) does not differ much from the
x(T) of the static susceptibility (Figures 4.15-4.17). A closer look however (see inset of
Figure 4.20) reveals a small kink around 55 K, which appears in all frequencies. According
to neutron powder diffraction data between 50 K-60 K the intensity of the magnetic
satellite peaks is saturated (see Figures 4.52 and 4.54) thus the incommensurate structure is

fully developed.

The imaginary part of the magnetic susceptibility (%) gave noisy measurement which are

not shown here.

4.5 Magnetodielectric Measurements

The dielectric behavior of 3-NaMnO; is discussed in the following paragraphs. The 4.5
paragraph is divided into four parts: on the 4.5.1 results refer to f-NaMnO, samples which
have been synthesized with the protocol as described in 4.2 section. After the synthesis
was completed these samples were pelletized in the glove box and then used for the
magnetodielectric measurements. These samples are usually named as pure or “as made”
ones, since no further treatment was carried out on them. On the contrary, the 4.5.2 part
refers to samples that have been synthesized as all the B-NaMnO,, pelletized and
furthermore had an extra annealing at 300°C for 6 hours under oxygen atmosphere. The
annealing at 300°C resulted in more firm and stable pellets. However the major and critical
drawback of the annealed pellets was the appearance of secondary phases, especially those
of the Nap7MnO, and in smaller percentage the a-NaMnO; phases, evident by their
characteristic Bragg peaks in the XRPD patterns. It is of outmost importance to mention
that both, the as made and the annealed samples did exhibit the magnetodielectric
coupling. The difference in the results between the as made samples and the annealed ones
is discussed in the 4.5.3 paragraph. In the 4.5.4 section, efforts of measuring isothermal

polarization loops are presented.
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4.5.1 Magnetodielectric Measurements on pure g-NaMnO, samples
4.5.1.1 Measurements of Dielectric Constant Under Zero Magnetic Field

The magnetodielectric measurements on 3-NaMnO, pellets have been carried out with the
same way which has been described in paragraph 3.4, for the similar experiments on a-
NaMnO, Again, the ZFC protocol has been applied, meaning that the sample is cooled
from room temperature to 77 K with zero magnetic and electric field. Afterwards, specific
voltage is applied and the values of the capacitance and dielectric loss were recorded upon
heating every 0.5 K. The repeatability of each measurement, the possible frequency
dependence and the effects of the increased electric and magnetic field were investigated.

Figure 4.21 presents the dielectric constant and the dielectric loss a B-NaMnO, sample (&
5 mm, and thickness t=1.40 mm) measured with 500 kHz and 714 V/m. The overall
tendency is the slow increase of both dielectric constant and loss with temperature. The
obvious characteristic of this €'(T) is the broad hump at 200 K. However, there is also a
weak dielectric anomaly around 95 K which is better presented in the inset of Figure 4.21.

Although the values of dielectric constant may slightly vary depending on different -
NaMnO, sample batch, the value of B-NaMnO, which is around 6 at f=500 kHz, is
comparable to that of a-NaMnO, measured at the same frequency and with similar applied
voltage (Figures 3.10 and 3.11) .

At this point it is useful to refer to values of the dielectric constant in other ABO,
compounds, in order to compare and evaluate the quantities that have been measured. A
comparative study leads to the observation that similar dielectric anomaly with comparable
values of €' has been measured for the powder compounds CuCrO; and AgCrO, *° (for both
compounds g'~7 for H=0 T and f=100 kHz). On the contrary ABO, compounds which have
Fe as the magnetic cation present some diversity in the measured values of the dielectric
constant, ranging from £'~26-27 for the AgFeO, ! to that of ¢~7.5 for the spin glass
CuFeg5Vos0,. *° For both o-NaMnO, and p-NaMnO; the dielectric constant at H=0 T and
f=500 kHz, is around &'~4-5.
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Moreover, since these materials are treated as capacitors we mention the values of their
capacitance from which the dielectric constant is calculated. For instance, the dielectric
constant shown in Figure 4.21, has been calculated from a pellet whose distance between
its parallel plates is 1.4 mm their area is 19.625-10° m? and for the measurement of the
500 kHz the capacitance (C) ranges from 0.72 pF to 0.9 pF at 80 K and 300 K,

respectively.
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Figure 4.21 Dielectric constant (¢') and dielectric loss (tand) of B-NaMnO, measured with a
ZFC protocol at 500 kHz, applying 751 V/m upon heating. The inset on the &' (T) shows the
dielectric anomaly observed at 90 K.
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These values are comparable with the lowest capacitance range of the commercial ceramic
capacitors, as the available capacitors in the market range from some fractions of pF up to
mF. The value of tand multiplied by 100, shows the % losses of the sample if it was
treated as a capacitor, which is below 10% in the B-NaMnO, case, and thus of acceptable

behavior.

In the general case, dielectric anomalies mark the possible onset of polarization. Both of
them appear to be spin driven, since magnetic transitions appear at 200 K and 90 K

according to neutron diffraction data (section 4.7.2.2.).

The next chapters present the study of the dielectric anomalies, measured under different
frequencies, applied electric and magnetic fields.

4.5.1.1.1 Dielectric Constant Measured under Different Electric Fields

As it has been proved for the case of a-NaMnO, the dielectric anomaly observed at 95 K,
was enhanced by 14% when 1.5 T magnetic field was applied. Similar effect has been
observed in the B-NaMnO, by applying higher external electric field. Applying electric
fields, instead of magnetic fields is easier to achieve experimentally and moreover it is
more practical for applications in small devices.

Figure 4.22 shows three runs all measured at 100 kHz frequency on a p-NaMnO, pellet.
All the measurements were carried out on the same pellet of thickness t=1.36 mm (& 5
mm). The first heating, shown with the blue line, corresponds to the dielectric constant
measured under 685 V/m. At 90 K there is a weak hump, at 180 K the dielectric constant
raises rapidly up to 210 K and the increasing continues up to 300 K but with a smaller rate.
Nevertheless, when the electric field is doubled, the effect on the dielectric anomaly of 90
K is striking: an enhancement of 15% is noticed as it can be seen by the plot in Figure
4.23.

The issue of repeatability in the dielectric measurements has also been checked for the -
NaMnO,, Figure 4.22 shows two experiments on the same B-NaMnO; pellet carried out

under identical circumstances: heating 2 and 3 represented with dark yellow and purple
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color, respectively. The only difference between those two experiments is that they took
place on two consecutive days, meaning that there is a time difference of approximately 10
hrs between them. During this time, the sample remained in the cryostat at 300 K without
applying any electric or magnetic field, under continuous nitrogen flow. Clearly, the results
obtained are not identical. The dominant difference is the elimination of the broad hump at
around 200 K at the third heating. The drop of €'(T) at 90 K remains intact, since it still

appears, however in this run, it is more sharp and shows a step like behavior.
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Figure 4.22 Dielectric constant (¢') of p-NaMnO, measured with 100 kHz, under 685 V/m (blue
graph), under 1370 V/m (dark yellow and purple graphs). Note the striking enchantment of the
dielectric anomaly below 100 K when the electric field is doubled. The hump at 200 K disappears
on the last run (purple graph) due to aging effects.
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Figure 4.23 A graph showing the % change A(g',-g'1)/e'1 between the dielectric constant
measured at 1370 V/m (¢',) obtained upon the second heating and 670 V/m (¢'1) measured upon
the first heating. At the temperature range where the dielectric anomaly occurs the % change
ranges between 10-15 %.

The elimination of the dielectric anomaly of 200 K after a few consecutive experiments
(zero field cooling and measuring upon heating) has also been observed in other as made
B-NaMnO, samples that have been checked in the same conditions. This indicates probably
disimilar driving mechanisms, associated with the two different magnetic states that drive

the dielectric properties at each temperature. Another assumption behind the dielectric
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transition at 200 K and 90 K, could be the different response to the aging phenomena
resulting from the continuous cooling and heating of the sample.

4.5.1.1.2 Dielectric Constant measured at Different Frequencies

In dielectric measurements is essential to check whether the phenomenon observed, is
frequency dependent. In other words, observing the phenomenon, only at a specific
frequency would raise questions about the reliability of the results since it could be
attributed to artifacts or effects of the frequency tested. For this reason at least three
experiments have been conducted in which the frequencies were different, whereas the rest

experimental conditions remained the same.

Figure 4.24 shows the €'(T) of B-NaMnO, sample measured at 50 kHz, 100 kHz and 200
kHz. As the frequency increases €' is expected to decrease, if we take into account the

equation:

1
2nfX,

(4.2)

Where C is the Capacitance (F), f is the frequency (Hz) and X. () is the reactance.

Equation 4.2 states that as f increases, C decreases. According to equation 2.10 (C=¢,g; %)

capacitance and ¢' (g;) are proportional physical quantities, thus any as f increases &' will
also decrease.

This behavior is noticed in Figure 4.24 as the 200 kHz graph is well below the 50 kHz and
100 kHz graph. Examples of magnetoelectric systems where similar dependence of &'
versus frequency has been reported is the FeV042% and the CosNb,0y°% The existence of
the dielectric anomaly of 90 K upon three different frequencies undoubtebly yields the
conclusion that this feature is an intrinsic phenomenon of the f-NaMnO,, and it is not

related with a specific frequency.
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Figure 4.24 Dielectric constant and dielectric loss of 3-NaMnO, measured at three different
frequencies: 50 kHz, 100 kHz and 200 kHz shown with the red, dark yellow and blue graph,

respectively.

Comparison of the 50 kHz graph with the 100 kHz, shows that both measurements give the

same Vvalues of ¢' at the temperatures 100 K< T <200 K whereas at the temperature region

of the diele

ctric anomaly and at T>200 K the 50 kHz graph resulted in slightly higher

values of €. Similar phenomenon has been observed for the spin chain relaxor

ferroelectric Ca3Co,0s where the dielectric constant of 100 kHz shows a weak upturn

above a T,

so that €' (100 kHz)> ¢' (10kHz) and also ¢' (100 kHz )>¢' (30 kHz) in the
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contrary to what is expected according equation 4.2. %" The relaxor ferroelectricity of
CazCo0,0¢ is assumed to be affected by multiple features, such as the formation of
microphases, or the possible role of grain boundaries which could result in a sensitive
dielectric behavior. To conlude about possible relaxor ferroelectrity in a dielectric
compound extensive studies concerning the frequency dependence of the dielectric
response are required over a wide range of frequencies.'®® A conclusion about the small
variations €'(T) with frequency of B-NaMnO, would require many measurements at
different frequencies. Similarly, the inconsistency noticed between the two graphs of €'(T)
at 50 kHz and 100 kHz, should also be observed systematically in respect with the applied
frequency and the obtained values of &', in order to reach a safe conclusion. We have not
continued with the frequency dependent measurements, in order to avoid possible aging of
the sample. Instead we have proceeded with the electric and magnetic field dependence
measurements shown in Figures 4.21 and 4.25.

In respect with tand presented in Figure 4.24, we expect that as frequency increases tand'

will increase also since the equations that hold are the:
tand=¢"/¢' (4.3)
as well as the 4.2 and 2.10.

The €' and €" of equation 4.3 are the real and imaginary part of the dielectric constant,

respectively.

This is also observed in Figure 4.24, since tand of B-NaMnO, clearly increases as the
frequency f decreases. More precisely €'(T)200 kuz> €'(T)100 ki€ (T)s0 kHze This linear
behavior though of tand upon different frequencies is not observed in all the

magnetoelectric systems.™> 2%
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4.5.1.1.3 Memory effect in B-NaMnO,

A question that arises concerns the possibility of shifting the dielectric anomaly to different
temperatures upon the application of electric fields. To check this, high DC electric field
has been applied. The sample has been zero field cooled from 300 K to 150 K. At 150 K
electric field of 180 kVV/m has been applied using a 6517 A Keithley electrometer. At 77 K
the 180 kV/m is removed and the only field applied is the Vims (735 V/m) from the LCR

bridge. Values of the €' and tand values every 0.5 K at 500 kHz are recorded upon heating.

Figure 4.25 shows the dielectric constant measured upon heating just after the electric field
has been removed. The curve of the dielectric constant is noticeably different from the
ones obtained with the ZFC protocol in the entire temperature range of 77 K- 300 K. The
tendency of €' and tand to increase with the temperature, the dielectric anomaly at 90 K and
the broad hump at 200 K are eliminated. On the contrary, at the temperature range of 90 K-
145 K there is a plateau where the dielectric constant’s value is stable around &'~2.5. The
dielectric constant is is decreased when compared to the values of ¢'(T) from presented in
Figure 4.21, where only voltage apllied is the V qys. This difference is most likely attributed
to the effect of the electric field (180 kV/m) upon the dielectric constant values.
Interestingly, at 150 K, the temperature where the electric field was applied upon cooling,
there is a pronounced increase on the &' which becomes ¢'~3.75. The dielectric constant
increases abruptly since a sharp peak feature appears in the ¢” and tand. Between 150 K -
300 K, €' remains stable.

The above experiment demonstrates the effect of the external electric field on the
temperature where the dielectric anomaly appears. We notice that below the temperature
where the electric field was applied (150 K) as the sample was cooled there is a sharp drop
of the &'(T) value, which resulted in a well pronounced dielectric anomaly. This probably
indicates a “memory effect” since the system seems to recognize the temperature upon

which the electric field cooling had been applied.
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Figure 4.25 Dielectric constant of B-NaMnO, measured at 500 kHz after having applied electric
field of 180 kV below 150 K upon cooling. The electric field is removed at 77 K, but the
dielectric constant recorded upon heating shows a sharp increase in the dielectric constant’s value
around 150K-the temperature where electric field was applied.
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4.5.1.2 Dielectric Constant Measurements Under Various Magnetic Fields

The dielectric constant of as made -NaMnO, samples has been measured under various
magnetic fields, at 100 kHz. The results are presented in Figure 4.26. The sample is the

same that has been used in the experiments presented in Figures 4.22-4.24.

As it is clear from Figure 4.26, the dielectric anomaly at 90 K is slightly enhanced when
external magnetic fields are applied, as the values of the ¢'(T) under zero and various
magnetic fields do not differ much. This is attributed to the fact that the dipoles have
initially been polarized (excited) on a higher energy level due to the high applied electric
field (Figure 4.22). Unfortunately, the data obtained from the pure B-NaMnO, are noisy,
and this excludes any further analysis, such as calculating the relative change in the
dielectric constant according to the equation 3.5 (relevant Figures 3.13 and 3.17 for the a-
NaMnO;) compound.

Nevertheless, there are two basic features in Figure 4.26, which is useful to discuss here.
These are the small enchancement of the €'(T) and the shift of the dielectric anomaly
towards lower temperatures. Examples of other magnetoelectric systems in which the
magnetic field does not affect importantly the value of the dielectric constant is the
FeTe,0sBr, ° in which the external magnetic fields leave the value of &(T) intact but
shift the temperature of the dielectric anomaly to lower temperatures. The effect of
magnetic field in FeT,OsBr is related with a transition to a low temperature
incommensurate magnetic state. The small shift of the dielectric anomaly upon the
application of external magnetic field towards lower temperatures has been observed in
various magnetodielectrics such as: the NdCrTiOs *°MnTiOs, ?°FeV0O,?*® Cr,W0s #* So
far there has not been proposed a unified phenomenological model, concerning the shift of
the dielectric anomaly in lower or higher temperatures when magnetic fields are applied.
The phenomenon is related with the specific magnetic symmetry or ordering of each
compound at the temperature of the dielectric transition. For example for the
polycrystalline samples of NdCrTiOs, the shift of the critical temperature of the &'(T) is
regarded to originate from its antiferromagnetic ordering. More precisely, Ty decreases
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with the magnetic field in an antiferromagnet, the magnetic ordering is gradually
suppressed and the peak in the dielectric transition shifts also to lower temperatures.
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Figure 4.26 Dielectric constant of ¢’(T) of p-NaMnO,, measured upon heating at 100 kHz under
various magnetic fields:3 T, 4T, 45 T and 6 T represented with the red, blue, cyan and purple
plots, respectively. The measurement under zero (0 T) magnetic field was carried out twice: first
before the application of the magnetic fields, represented with the black plot and second, after the
magnetic fields have been applied, shown with the grey plot.
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4.5.2 Magnetodielectric Measurements on Annealed B-NaMnO, samples.

One of the technical problems related to the magnetodielectric measurements was that the
B-NaMnO, pellets appeared to be brittle after remaining for many hours in the cryostat
under continuous N, flow. As an effect, the samples showed some cracks in the surface
when taken out of the cryostat. Proving to be too unstable to handle, they could not be

used again for other magnetodielectric measurements.

In order to solve this problem, the effect of extra annealing of the p-NaMnO, samples was
tested. An amount of p-NaMnO, powder was pelletized in the glove box, and then the
pellet (@ 5 mm, thickmess t= 1.62 mm) was annealed at 300°C, for 6 hrs under continuous
oxygen flow. The following results (Figures 4.27-4.29) refer to a sample that has
undergone this treatment and afterwards was measured at 500 kHz, according to ZFC

protocol.

Figure 4.27 shows the dielectric constant and loss measured at 500 kHz under different
external magnetic fields of an annealed B-NaMnO, sample. The overall tendency of the
graph is the smooth increase of the g’and tand with the temperature in the entire
temperature range 80 K-300 K. The ¢' value appears to be around 4.42. The samples that
were not annealed had €' (T) at 80 K around 6. The small deviation may be attributed to the
annealing and the effect it has on the dipoles. Two dielectric anomalies appear at the
expected temperatures: the sharp one at the 90 K and the broad one at 200 K. The low
temperature dielectric anomaly is shifted and importantly enhanced upon the application of
external magnetic fields, whereas the 200 K hump remains intact. The change of &'(T) at
200 K disappeared in the measurement where 6.5 T are applied (the one shown with the

aqua line).

The effect of different magnetic fields applied in the 90 K dielectric anomaly, is presented
in detail in Figure 4.28 (a) and 4.28 (b). Due to the shape in the decrease of the €', two
temperatures are pointed out, T, where the &' starts to drop and T, where the &' starts to
stabilize. Important to clarify here that when the dielectric anomaly is not a sharp like

peak but occurs over a wide range of temperatures forming a wide peak ** or a gradual
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decrease like in the case of p-NaMnO,, the temperature of the dielectric anomaly is
regarded as the one the transition begins, i.e the T;.
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Figure 4.27 Graphs showing the real (¢') and imaginary part (tand) of the dielectric constant
versus temperature under the magnetic fieldsof: 0 T, 1.5T,3T,45T ,6 Tand 6.5 T.

The overall effect of the magnetic fields is to shift the anomaly to higher temperatures as
shown in Figures 4.27 and 4.28. Among the various magnetic fields applied (1.5 T, 3 T,
45T, 6T and 6.5 T), the maximum temperature shift is observed for the 3 T. The shift is
not linearly increased with the magnetic field, as the measurements of 4.5 T, 6 T and 6.5

T show smaller effect in changing the critical temperature. This is also clear in Figure
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4.29 where both T; and T, increase with the magnetic field up to 4 T, and then decrease
for fields H>4 T. Examples of other magnetoelectric systems in which the dependence of
the dielectric constant changes above a specific value of magnetic field are the MnTiO5**°,
SrNdFeO,**2. The phenomenon usually denotes a spin flop transition. In order to assure
that a spin flop transition occurs in B-NaMnO, magnetization and capacitance

measurements are required (see chapter 6).% %2

A detail of Figure 4.27 is presented in Figure 4.28 (a). Here we show the change of
dielectric constant with the magnetic field at the temperature range of 80 K-115 K. The
results have no noise and the magnetoelectric effect (ME), given by the ratio Ae'/e,'=[€'-
€'o]/e'o can be safely calculated and presented in Figure 4.28 (b). Remarkably, the ME
effect is around 20% for 3 T, meaning that the application of the specific magnetic field

increases the dielectric anomaly about 20%.
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Figure 4.28 (a) A detail of the Figure 4.27 showing the temperature region between 80 K-115 K. b)
ME effect as a function of temperature at 500 kHz under several magnetic fields.
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Figure 4.29 Left axis: shift of the critical temperatures T, and T, with respect to the applied magnetic
fields. T, and T, refer to the temperature where the dielectric constant begins to drop and has taken
the final minimum value, respectively. Right axis: ME effect as a function of temperature at 500 kHz
(also presented in Figure 4.28 (b))

4.5.3 Comparison of the Dielectric Constant of a-NaMnO,, B-NaMnO, and the
Annealed g-NaMnO,

At this point it is useful to compare the dielectric constant on the three types of manganese
oxides that we have already presented: the a-NaMnO,, the B-NaMnO, and the annealed B-

NaMnO, (details on each sample are presented in Table 4.2) The samples have been
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measured with the same way, zero field cooling from room temperature to 78 K. The
capacitance values are recorded upon heating from 80 K-300 K, at 500 kHz and zero
magnetic field, by applying comparable values of electric field. The results obtained are

shown in Figure 4.30.

Compound | Code @(Diameter of | Thickness | Vims(V) | Electric Field
Pellety(mm) | (mm) Applied (V/m)
B-NaMnO, | wish7 5 1.40 1 714
B-NaMnO, | wish13 5 1.62 1 617
annealed
a-NaMnO, ib168 5 1.33 1 689

Table 4.2 Details of the samples used in the magnetodielectric experiments presented in
Figure 4.30.

Obviously, the most distinct dielectric anomaly appears for the annealed sample at 90 K as
shown for the measurement represented with the purple color. When presented in the same
scale as in Figure 4.30, the dielectric changes in the p-NaMnO; at 90 K and the a-NaMnO,
at 95 K appear weak in comparison with the one of the annealed p-NaMnO, sample.

The difference of the annealed sample as seen on the XRPD patterns (Figures 4.6-4.7)
when compared to that of the B-NaMnO, and a-NaMnO, that did not undergo any further
treatment, is the presence of the secondary phases. In the XRPD pattern apart from the
expected B-NaMnO; Bragg peaks, 001 reflection of the Nag7MnO; and the a-NaMnO; are
present. The reflection of the Nap;MnO, has strongest intensity than that of the a-
NaMnOs,.

Currently, we have no available information regarding the magneto-dielectric properties of
the Nap7MnO, which would enlighten the effect of the Nag;MnO, in the dielectric
properties of B-NaMnO,. However, factors which could relate the strong dielectric

anomaly of the annealed sample f-NaMnO; with the presence of the secondary phases are
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samples microstrure, their homogeneity and the density of the

planar defects. To address this, extensive research is required and observation of the

annealed samples with TEM microscopy. Even though the outcome of a strong dielectric

anomaly is quite appealing, the possibility of having a sample which is chemically a two

phase material is a critical drawback for the continuation of the specific investigation.

7.2

6.8 -

W

6.4 -

6.0 / "

I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I
6.0

58| esecesecsessccssocssssscosecd

56
54
522

44l
’-‘— M'\.,w—v-'-'f“'"!

42p

80 85 9 95 100 105 110

5.2 |a-NaMnO,, E=689 V/m
I B_NaMnoz E=714 V/m
4.8 'B—NaMnOZ annealed,E=617 V/m

/

4.4

ZFC=500 kHz

80 1
T(K)

Figure 4.30 Dielectric Constant €' versus temperature, of the oxides a-NaMnO,, f-NaMnO,
and B-NaMnO, sample that has been annealed in O, presented with the blue, red and purple
graphs, respectively. The graph shows that the sharpest dielectric anomaly is observed for
the annealed B-NaMnO, samples. The inset of the figure shows the critical temperature

region (80-110 K) of the dielectric anomalies of the three compounds.
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4.5.4 Isothermal Polarization Loop Tests on p-NaMnO,

Various efforts took place to prove the possible ferroelectricity in f-NaMnO,. Usually the
existence of anomalies in the dielectric constant is generated by a rearrangement of the
electric dipoles indicating that polarization builds up in the compound. The existence of
polarization strongly suggests that the electric dipoles are oriented in one direction. In that
case, the material is characterized as polar. If the direction of the electric dipoles can be
reversed by 180 deg when electric field is cycled, then the sample is characterized as
ferroelectric and displays the characteristic polarization loops.

In this paragraph we present an I-V test carried out on a B-NaMnO, sample (& 5 mm,
thickness t= 1.57 mm). The sample is cooled from room temperature to 77 K with zero
electric and magnetic field. After heating up to 80 K, the temperature is stabilized. The
dielectric constant exhibits a sharp change at 90 K, so if there is a ferroelectric transition, it
should appear at the I-V of 80 K. The sample is connected to a Keithley 6517A
electrometer which applies voltage from 0 V to 360 V, 360 V to the -360 V and back to
positive voltages, with steps specified by the user. In this experiment, the electrometer is
set to apply voltage and measure current. The results are shown in Figures 4.31 and 4.32.

Figure 4.31 shows the graph of current versus electric field (I(E)). The electric field is
calculated by dividing the voltage (V) with the thickness of the sample. There is a well
pronounced peak around 130 kV/m which states the movement of the charges and thus, the
appearance of polarization. However there are two noticeable characteristics in the graph
of Figure 4.31. The first one is the absence of a current peak at the negative voltage (at-130
kV/m) and the second is the noise or random values of current. It is likely that this is
leakage current. The fact that the peak at -130 kV/m does not appear, possibly implies that
the reversing the electric dipoles by 180 deg is not possible. Consequently, the material is
not ferroelectric but is likely polar. The noise and appearance of leakage current, could be
attributed to parasitic signal coming from the wires and components of the experimental

set up.
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The P-E graph in Figure 4.32 is a result of integration of the current values of Figure 4.31
according to the equation 2.15. Although there seems to be a lossy loop, due to the poor
quality of 1-V data and the existence of the current peak only at 130 kV/m, the P-E loop is
not the expected one for a ferroelectric system. Still though, the graph of Figure 4.31

provides an indication about the polar character of the f-NaMnO,
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Figure 4.31 I-E (current versus electric field) graph of f-NaMnO, measured at 80 K and under
zero magnetic field. The voltage has been converted to electric field E, by dividing the applied
voltage with the thickness of the sample under measurement. The inset of the figure shows a detail
from the peak noticed at 130 kV/cm
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Figure 4.32 P-E (polarization versus electric field) for the B-NaMnO, at 80 K, calculated
from the I-E data of Figure 4.31.

4.5.5 Polarization versus Temperature of an Annealed in Air g-NaMnO; sample

At this point it is useful to present preliminary data of polarization versus temperature
(P(T)) measured on an annealed p-NaMnO; sample of thickness t= 1 mm and area A=
9.63-:10° m? The B-NaMnO, synthesis was completed with two heatings at 950°C

(sample’s code ib18 -see Table 4.1) instead of the usual 3 heatings, and then it was
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annealed at 300°C for 6 hrs in air. XRPD of the sample obtained after the annealing
(Figure 4.11) showed a two phase material (B-NaMnO,/Nag7MnO,).

The polarization of the sample was measured upon heating (Figure 4.33). The sample was
cooled from 250 K to 40 K by applying electric field of 240 kV/m. The sample’s
temperature was stabilized at 40 K, the electric field was removed and charge versus
temperature was measured upon heating. Dividing the charge with the conductive area of
the sample yields the polarization P. The result is shown in Figure 4.33, where an abrupt

change of polarization occurs at 70 K.

The inset of Figure 4.33 shows the dielectric constant €'(T) measured upon heating of an
annealed p-NaMnO; sample of the same batch, measured upon zero magnetic field (0 T-
shown with the blue line) and also upon 3 T (presented with the red line). It is clear that
two dielectric anomalies exist, at 210 K and 65 K. The dielectric anomalies are shifted

towards lower temperatures upon the application of 3 T magnetic field.

A reasonable question regards the shift of the dielectric anomalies at 65 K and 210 K and
the appearance of the polarization at 70 K. The explanation lies on the particular -
NaMnO, sample (ib18) which had Nay7;MnO, as secondary phase (Figure 4.11).
Apparently, the existence of secondary phases has significant impact on the temperature of
the dielectric anomalies and polarization. This observation could be supported further if we
had Neutron Diffraction Patterns from the specific two phase material sample, which
would reveal the temperature of the magnetic transitions. However NPD patterns were

taken from batches which consisted from pure f-NaMnO, samples.
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Figure 4.33 Polarization versus temperature measured upon heating an annealed B-NaMnO,
showing abrupt change in the polarization at 70 K.

One comment should be added in respect to the polarization values of Figure 4.30. The
transition to a polar or ferroelelectric state is marked by the change of polarization from
zero to a finite polarization. As one can observe, in Figure 4.30 there is an offset at the y-
axis around 0.0425(uC/cm?) from where the polarization is increased up to 0.045
(uC/cmz). Therefore, the correct value of the P is 0.0025 (uC/cmZ) as the offset value of
0.0425 (uC/cm?) most probably corresponds to leakage current from the components of the

experimental setup.
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4.6 TEM Studies ***

In order to further investigate the B-NaMnO, compound neutron powder diffraction
(section 4.7) and TEM experiments took place. Critical answers concerning the crystal
structure of B-NaMnO, were provided by TEM, which is discussed in the following
paragraphs. Neutron powder diffraction patterns revealed a rather complex crystal structure
which could not be completed with a Rietveld refinement due to the almost complete
overlap of the main reflections. This can be explained by the fact that a neutron powder
diffraction pattern results from an infinite number of crystallites oriented at random
directions. Thus, the observed Bragg reflections, is the overall result which is attributed to
all the crystallites of the powder specimen. In cases where the crystal structure shows a

high degree of complexity %3 4 21

evident by overlapping peaks or stacking faults,
electron diffraction combined with HRTEM images provide an essential tool for the

investigation of further and complete structural analysis.

The following paragraphs describe the research that has been carried out on the
transmission electron microscopy on the f-NaMnO, compound. Electron diffraction (ED),
high resolution transmission electron microscopy (HRTEM), experiments took place in

University of Antwerp in Belgium.

4.6.1 Electron Diffraction**

Specimens for transmission electron microscopy (TEM) investigation were prepared in an
Ar-filled glove box by crushing the crystals in a mortar under anhydrous ethanol or n-
hexane and depositing drops of suspension onto holey carbon grids. The specimens were
transported and inserted into the microscope under dry Ar, completely excluding contact
with air. Electron diffraction (ED) patterns and high resolution transmission electron
microscopy (HRTEM) images were obtained with a Tecnai G2 electron microscope
operated at 200 kV.
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Figure 4.34 shows a series of the ED patterns obtained by tilting a crystallite of f-NaMnO,
around the [100] axis. Figure 4.35 demostrates ED patterns of the B-NaMnO, taken around

different zone axis.

S ] - -
"w w w "w

Figure 4.34 Tilt series of the ED patterns of -NaMnO,

In both Figures, brightest and weaker spots are present. The brightest spots are indexed
upon the orthorhombic cell Pnmm of the B-NaMnO, with 0,~6.34 A, b,~2.86 A, c,=4.79 A
(although the structure was given in the Pmnm setting in the original publication, the
Pnmm setting was used in the ED and HRTEM analysis). The bottom left in Figure 4.35
of the [010] pattern shows reflections that are positioned according to the orthorombic unit
cell. These patterns were denoted as [010]g. However, these reflections are very diffuse
and streaked with diffuse intensity line parallel to the c¢* axis. The bottom right of Figure
4.35 shows another type of diffuse reflections. Surprisingly, these reflections are not
indexed upon the orthorhombic unit cell of B-NaMnO, but are positioned according to the
monoclinic cell of the a-NaMnO,. These patterns were denoted as [010],. ED patterns
strongly suggest the concentration of stacking faults and intergrowth of the a- and p-

phases.
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Figure 4.35 The [100]g and [100], patterns. The [100], pattern is indexed with the unit cell
of the a-NaMnO,, phase.
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4.6.2 High Resolution Electron Transmission Microscopy '**

The results of the ED patterns were further confirmed by the HRTEM images, shown in
Figure 4.36. The dominant characteristic of these images is the high density of the planar
defects. The atomic columns are easily recognized by the rows of the white dots. However
a detailed examination of the image reveals two types of atomic arrangements. The first
one shows a flat arrangement of atomic columns which corresponds to the a-NaMnO,
phase and is marked with the black arrowheads. The second type shows a corrugated
arrangement of atomic columns which resembles the zig-zag structure of the B-phase.
These domains are pointed out with the white arrowheads. The coherently intergrown

domains present the thickness of a few unit cells.

Apart from these domains, more complex long-period sequences can be observed, an
example of whose is marked with the bracket in Figure 4.36 (a). These areas are
characterized by thin lamellas of the B-NaMnO, which are quasi-periodically separated by

the fault planes. As an effect there are lateral shifts or of the lamellas along the b-axis.

In order to describe the complex structure of the B-NaMnO, as seen with the HRTEM
images, a Fourier transform has been used (Figure 4.37). The proposed modulated

structure can be indexed upon the (3+1)-dimensional approach

with an average body
centered unit cell with: o,=1/2a,, ba=bo and ca=C, where the subscript o in the cell
parameters refers to the Pnmm cell values (0,~6.34 A, b=2.86 A, c,=4.79 A). The
modulation vector for this superstructure is g=1/2a*+yc*. The modulated structure can be
described by the monoclinic (3+1)D superspace group X2/m(a0y)00, where X=[%, %,%,
%] is a non standard centering vector. Details on the superspace model are presented in the
following section 4.6.3. Based on this description, the planar defects are characterized by

quasi-periodic sequences which generated modulations in the layered structure of the -

NaMnO..
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Figure 4.36 HRTEM images showing high concentration of stacking faults. The domains of the a-and

B-phases are marked with black and white arrows, respectively. (b) The area where thin lamellas ofthe
a-phase are quasi-periodically separated by the faults planes causing lateral shifts is marked with the

bracket.
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Figure 4.37 Fourier transform of the area marked with bracket in Figure 4.36 (a).

4.6.3 Interpretation of the ED-HRTEM results-The Superspace Model'*®

In this paragraph we discuss the possible models to interpet the results obtained from the
ED patterns and the HRTEM images. The goal is to find a common model which describes
the stacking sequences of the NaMnO, polymorphs, namely in both f-NaMnO, and o-
NaMnO; in the (3D+1) superspace.

Basic Characteristics of an incommensurate crystal structure

To understand the model proposed, it is essential to simplify a few critical meanings of the

182, 183

term “incommensurate crystal structure”. An incommensurate structure can be

described by a non dirstorted arrangment that is the basic structure, and a wave function

which induces the modulation. The wave functions u(x,) are periodic functions
U (X4+ 1) = uu(x,) (4.4)

The displacement of an atom p, out of the basic structure of the position x is then given by

the equation:
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U, (Xa)=Uy(Xs)artuu(¥s)az+uy(¥s)as (4.5)

Where aj, a,, as, are the basis vectors which define the position of an atom p with respect
to the origin of the unit cell according to the equation:

xp=x7 (L)ar+xg (waz+xd (was (4.6)
and (x9 (), x3(n),x3(w)) are relative coordinates with respect to the basis vectors as, ay, as.

Investigation of the polymorphism of the NaMnO, structures

As it has been mentioned earlier the structure of the B-NaMnO, is described as
incommensurate modulated structure with the modulation vector gq=1/2a*+yc*. The
formation of the planar defects suggests a displacement of each successive (NaMnO,) layer
by either %[111]a, or by %[111],, demonstrated in Figure 4.38 (a). The choise of one of
these displacements in a randomly chosen NaMnO;, layer, results in the transfer of oxygen
atoms from the selected to the adjacent layer. Depending on the stacking of the layers there
could be two possible outcomes: the first case is Na* tranfered to Na* positions, or
equivalent Mn" to Mn*, or the second possibility is that the positions of the Na and Mn are
interchanged.

A diffraction pattern is a representation of the reciprocal lattice. Figure 4.38 (b), (c) and (d)
shows arrays of spots which correspond to the calculated Laue patterns, each one accounts
for different NaMnO, polymorphs. The distribution of intensity in the spots yields valuable
information about the symmetry and orientation of the crystal but also shows
characteristics related with certain defects and internal deformation. The Laue patterns
have been evaluated to result in the model of structures that are assigned to each NaMnO,
polymorph. The polymorphs of the NaMnO, are derived by changing the value of the
component y in the modulation vector g=1/2a*+yc*: y=0 corresponds to the pure B-
NaMnO, structure, y=1/2 results in the a-NaMnO, phase, whereas y=1/6 gives an

intermediate structure shown in Figures 4.38 (b), (c), (d), respectively.
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The models for the crystal structures of the three polymorphs are shown in Figure 4.39.
Each value of the component y corresponds to a different ordering sequence of the Na and

Mn cations along the [111],y direction. In detail, the sequence Na-Na-Mn-Mn refers to the

orthorhombic B-NaMnO, structure, whereas the Na-Mn-Na-Mn sequence is correlated
with the a-NaMnO, phase

° N X °
0020
o . ¢ . @}
d '@
. [ ] ¢ .
2000

o. ‘'@. "o
Figure 4.38 The stacking sequence of the (NaMnO,) layers in the B-NaMnO, structure (a).
The average a,= 1/2a0, ba=b,, Cay = Co unit cell is outlined and the displacement vectors
connecting the (NaMnO,) layers are shown. The [010] sections of the reciprocal space for the

stacking sequences corresponding to the y = 1/2 (b, a-NaMnO, structure), y = 0 (¢, B-NaMnO,
structure) and y = 1/6 (d) cases.
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Figure 4.39 The crystal structures of the NaMnO, polymorphs corresponding to the y = 1/2 (a-
NaMnO; structure), y= 0 (B-NaMnQO; structure) and the intermediate structure with y=1/6
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Combining the HRTEM analysis with X-Rays synchrotron Data'*

The validity of the superspace model proposed for the NaMnO, polymorphs has been
checked by refinements of the a-NaMnO, and -NaMnO, structures using neutron and
synchrotron XRD data. The a-NaMnO, is best described as (3D+1) commensurately
modulated structure. The refinement of the structure (Figure 4.40) based on the NPD data
(BT1, NCNR-NIST, 1=2.0787 A) by means of the superspace model reveals refined
parameters and interatomic distances of the Na-O and Mn-O in perfect agreement with
those obtained from the corresponding Rietveld analysis.
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Figure 4.40 Experimental, calculated and difference NPD profiles after the Rietveld refinement
of a-NaMnO; as a (3+1)D commensurately modulated structure. Black and green bars mark the
positions of the main reflections and first order satellites, respectively.
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The crystallographic parameters which are related with the Rietveld refinement of Figure
4.40 are presented in Tables 4.3-4.5

Space group

a, A

b, A

c, A

B, deg.

g-vector

Cell volume, A®
t-section

Radiation
Temperature, K
Parameters to refine
Rp, Ruwp

Re (main reflections)
Rr (1* order satellites)
R (all)

GOF

X2/m(a0y)00, X = [1/2, 112, 1/2, 1/2]

3.15607(9)
2.85532(9)
4.7804(5)
91.452(2)
1/2a* + 1/2c*
43.066(4)

t=0

6

0.051, 0.063
0.020

0.012

0.016

1.22

C2/m
5.7947(2)
2.8553(1)
5.6614(3)
113.143(2)

86.133(8)
Neutrons, A = 2.0787A
200
6

0.053, 0.067

0.020

1.27

Table 4.3 Crystallographic data for the a-NaMnO, structure refined as a (3+1)D

commensurately modulated structure and a conventional 3D structure.
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Atom  Xi, X2, X3 x A Displacive modulation Uiso, A

Na 0,0,0 0 1/2 - 0.0124(6)
Mn 0,0,0 1/2 1/2 - 0.0062(5)
o* 0,012 0 1 Uox = -0.1751(6), Uoy = Upz = 0 0.0030(3)

A=A, =0, A, = 0.0019(2)

Table 4.4 Atomic parameters for the o-NaMnO, structure refined as a (3+1)D
commensurately modulated structure.

The displacement modulation is defined as a combination of the sawtooth function
u(x,) = 2u,|(x, —x?)/A] and harmonic function u(x,) = Asin(2zx,) . 12

Distance (3+1)D 3D
Na- O 2.4222(8) x2, 2.3405(4) x4 2.4256(12) x2, 2.3422(6) x4
Mn - O 2.3901(8) x2, 1.9319(4) x4 2.3873(12) x2, 1.9304(5) x4

Table 4.5 Main interatomic distances for the a-NaMnO, structure refined as a (3+1)D
commensurately modulated structure and a conventional 3D structure (A).

Concerning the reliability of the superspace model for the -NaMnO,, a two phase LeBail
fit of the synchrotron data obtained at the ID31 (ESRF-Grenoble,France) presented in
Figure 4.41 proves that the B-phase is characterized as an inhomogeneous microstructure.
The two phases that were used in order to account for the Bragg reflections in the
synchrotron X-Ray powder diffraction pattern (SXPD), were: the orthorhombic Pnmm (a =
6.32995(6) A, b = 2.85725(2) A, ¢ = 4.78627(5) A) and the incommensurately modulated
monoclinic phase (as = 3.16498(2) A, ba = 2.85761(1) A, c.y = 4.78553(2) A, , with the
modulation vector g = 0.50126(5)a* + 0.1695(3)c*. Worth noticing that the value of the
component y is almost equal to the y=1/6=0.1666 obtained by the superspace model
analysis. Moreover, weak satellite reflections can be indexed according to the modulation
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vector q=1/2a*+0.4928(5) c¢*. This value of y ~ 0.493 is very close to the y=1/2 which

corresponds to the modulation vector of the a-NaMnO, phase.

@
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Figure 4.41 (a) Le Bail fit of the synchrotron X-ray powder diffraction pattern of the f-NaMnO,
sample. The purple tick row of bars stands for the reflections of the orthorhombic Pnmm f-
NaMnO, phase, the green row of bars mark the reflection positions of the incommensurately
modulated monoclinic phase.
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Figure 4.41 (b) A detail of Figure 4.41 (a) which shows lowest-angle satellite reflections from the
two phases (100, reflection of the Pnmm phase in a 3D indexing corresponds to the 1001 satellite in
a (3+1)D indexing). Note the diffuse intensity between these two reflections indicating a presence of
the short-range ordered regions with 0 <y < 1/6.

Atom X y z

a-NaMnO,:C2/m,a=5.662 A,b =286 A, c=5.799 A, p=113.1°

Na 0.5 0 0.5

Mn 0 0 0
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o) 0.29347 0 0.79147
B-NaMnO,: Pmmn, a=2.859 A, b=4.785 A, ¢ =6.338 A
Na 0.25 0.25 0.12373
Mn 0.25 0.25 0.62628
01 0.25 0.75 0.16855
02 0.25 0.75 0.58253
y=1/3: P2;/m,a=6.34 A, b=286 A, c=14.37 A, p=90°
Nal 0.37504 0.75 0.91677
Na2 0.87398 0.75 0.25018
Na3 0.87718 0.75 0.58294
Mn1 0.37566 0.75 0.58416
Mn2 0.87544 0.75 0.91662
Mn3 0.37365 0.75 0.24931
01 0.33154 0.75 0.08183
02 0.82959 0.75 0.41621
03 0.41938 0.75 0.75155
04 0.91785 0.75 0.08465
05 0.41596 0.75 0.41645
06 0.83304 0.75 0.74933

Table 4.6: Relaxed atomic positions in the crystal structures of NaMnO; polymorphs with
v =0 (a-NaMnQOy), y =% (B-NaMnO,), and y = 1/3.
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4.6.4 Assesment of the Magnetic Interactions According to the HRTEM data **

In this praragraph we discuss the magnetic interactions of the f-NaMnO, based on the
elaborate TEM observations. It has been mentioned in the introduction that the ideal -
NaMnO; is a quasi 2D magnet (Figure 4.3). However, in reality it is extremely challenging
to prepare a planar defect free (pure) p-NaMnO,. On the contrary, the samples that have
been observed in the TEM are better described as intermediate phases. These phases have
high conctentration of twin planes and planar defects from both o and B-NaMnO;
polymorphs and their modulation vector y takes values such as y=1/3 or y=1/6, in contrast

with the y=0 which corresponds to the defect-free and pure phase of B-NaMnO,.

Fitting on the experimental data of the magnetic susceptibility x(T) shown in Figure 4.42
were carried out for f-NaMnO,_According to the superstructure model, B-NaMnQO; is the
polymorph whose structure corresponds to the modulation vector with y=1/3. The data are
fitted with the equation y=yin+C/(T+6): xint IS the intrinsic magnetic susceptibility from the
quantum Monte Carlo simulations and the term C/(T+6) corresponds to a weak impurity

contribution evident by the paramagnetic tail of the susceptibility at low temperatures.

The analysis which gave the best agreement between the fitted and the experimental data
was provided for the J;-J3 spin ladder: J; =65 K, J3 =52 K, C =0.033 emu K/mol, 6 =3 K,
for the polymorph which correspobds to the structure with y=1/3. The topology between
the magnetic interactions J;, J3 and J, as well as the structures of the MnO, layers are

shown in Figure 4.43.

The two leg ladder model was developed by Barnes and Riera and is given by the

following equation *°:
C C 4 ) )
Xladder:?I [1+(£) 3(eT-]_)] 1 [1+(CF5)06] 1 7

where ¢y, Cy, C3, C4, Cs, Cs, depend on the JI and J1 values (see equation 1.3)
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Figure 4.42 Magnetic susceptibility of f-NaMnO, measured on a DC ZFC mode under 1000 Oe
field.The fittings are done according to the the spin ladder corresponding to the y=1/3 structure. The
spin ladder tonology leads to the best description for B-NaMnO..
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B B

y =0 (5-NaMnO,)

Figure 4.43 Structures of [MnO,] layers and relevant topologies of magnetic interactions in the
pure B-NaMnO, (y=0) and the polymorph with y=1/3; spin ladder type of structures are envisaged.

4.7 Neutron Powder Diffraction (NPD) Data
4.7.1 Costant Wavelength Data
4.7.1.1Crystal Structure at 300 K-Le Bail fits

The first neutron diffraction data of p-NaMnO; have been obtained from the diffractometer
BT1, of the NCNR-NIST neutron center in Maryland, USA. The constant wavelength used
was A=2.0782 A at temperatures ranging from 4 K-400 K. The mass of the sample that has
been used was 7.3 gr and the sample was sealed in a vanadium can (& 10.8 mm) using
indium wire under He atmosphere inside the glove box. Initially, the crystal structure at
300 K is discussed. Figure 4.44 (a) presents the full pattern at 300 K. As it will be
presented in the following pages from the patterns obtained at lower temperatures, no
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magnetic transition occurs at 300 K, so all the Bragg reflections correspond to the nuclear
(chemical) crystal structure. Prior to any further analysis, there are many characteristics in
this NPD pattern which signal the existence of a rather complex crystal structure. The
massive broadening of the peaks, the satellite and asymmetric peaks as well as the overlap,
evident in some of them all imply structure irregularities. Figure 4.44 (b) shows a detail of
the 300 K pattern in which the aforementioned characteristics are clearly presented. The
reason of these structure irregularities is the polymorphism of NaMnO, compounds and the

formation of the intermediate phases, already discussed in section 4.6.

A usual introductory approach in the NPD is the Le Bail refinement, a method presented in
chapter 2. The first approach was done by indexing the 300 K NPD pattern, using only the
B-NaMnO, phase (Figure 4.44). In Figure 4.44 the red line corresponds to the intensity of
the experimental data (“Yobs”), the black line shows the calculated intensity (“Ycalc”)
according to the theoretical model, and the blue line underneath the graph shows the

difference between those two. The vertical blue ticks show the calculated Bragg positions.
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Figure 4.44 NPD obtained at the BT1 diffractometer at room temperature for f-NaMnO,.a) Le
Bail analysis of the pattern using the orthorhombic Pmmn B-NaMnO; phase. b) A detail of the
pattern showing clearly massive peak broadening, satellite peaks, asymmetric and peaks with
significant overlap.
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Figure 4.44 (b) NPD obtained at the BT1 diffractometer at room temperature for p-NaMnO,. A
detail of the pattern showing clearly massive peak broadening, satellite peaks, asymmetric and peaks
with significant overlap.

The indexing of the NPD-300 K pattern according to the orthorhombic Pmmn resulted in
the following cell parameters: a=4.793(2) A, b=2.85372(3) A, ¢=6.32105 (2) A (a=p=y=90
deg) with the reliability factors: Rup=61.1 % and v*=28.6. The quality of the fit is poor
since it does not successfully index all the observed Bragg peaks. In order to improve the

reliability of the fitting a different approach has been tested.
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Two phase Le Bail refinement

A two phase Le Bail refinement was carried out, meaning that the Bragg peaks were
indexed upon the expected Bragg positions of the B-NaMnO, and the a-NaMnO, (Figure
4.45) which was used as a possible secondary phase. The choice of a-NaMnO; has been
done for the following reasons. Preliminary data obtained from the XRPD patterns of the
B-NaMnO, samples revealed that the 001 a-NaMnO, peak of low intensity appeared.
Moreover, the coexistence of the two phases, a-NaMnO, and B-NaMnO, has been
observed in the B-NaMnO, in the TEM experiments. This observation can be related to the
fact that the one phase Le Bail refinement fails to predict all the observed reflections from
the B-NaMnO, powder. The energetic proximity of the two phases suggests that
intermediate structures of NaMnO, phases would form with a low energy cost. *** This
observation which can be used in NPD analysis for using two phases or intermediate ones

between the a and  polymorphs.

The fit of the observed data using as first phase the B-NaMnO, and second the a-NaMnO,
is shown in Figure 4.45. More of the observed reflections can be indexed with the addition
of a-NaMnQO; as a secondary phase. The two phase Le Bail fit converges to the following
parameters: for the otrhorombic p-NaMnO; phase with space group Pmmn and the cell
parameters a=4.813(2) A, b=2.853(3) A and c¢=6.321(1) A. Fot the second phase, the
monoclinic a-NaMnO; phase of the C2/m space group, the unit cell parameters were
a=5.676(1) A, b=2.821(8) A, c=5.795(1) A. The reliability factors are y’=24.7 and
Rwp=56.8 %. The addition of the second phase seems to improve the quality of the fit, yet
the final result is not suitable for a safe structural analysis.

The question that arises concerns the quality of analysis that one could do with neutron
data, when dealing with such a complicated structure. The anisotropic broadening, the
satellite peaks most probably imply the existence of microscopic inhomogeneities. The
overlapping of many peaks could be possibly resolved by observing the B-NaMnO, with

long wavelength neutron diffraction data by which the peaks could seem more distinct. For
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this reason the neutron powder diffraction experimements were undertaken with the long

wavelength WISH diffractometer, which is discussed in 4.7.2 paragraph.
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Figure 4.45 NPD obtained at the BT1 diffractometer at room temperature for B-NaMnO,. Analysis of
the pattern has been done according to a two phase Le Bail refinement. The first set of tick marks
(blue ones) corresponds to the expected reflections of the orthorhombic -NaMnO, and the lower
(red) set of tick marks shows the theortical Bragg peaks from the monoclinic C2/m a-NaMnO, phase.
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4.7.1.2 Magnetic Ordering of B-NaMnO, According to the NPD.

NPD patterns obtained at lower temperatures revealed the existence of two magnetic
orderings shown in Figures 4.46 and 4.47. The first magnetic peaks appear at 200 K at 20
~26 deg and 38 deg (Figure 4.46) which is equivalent with the d-spacing of 3.2 A and 4.59
A, respectively (Figure 4.47). The intensity of both peaks is saturated at 100 K, since no
increase of the peak’s intensity is noticed by further reducing of the temperature. One
common characteristic of both magnetic peaks is that they are remarkably broad. The
peaks at the d-spacings of 3.2 A and 4.59 A, possibly mark the onset of a commensurate

magnetic order.

As the temperature is further cooled down to 80 K, satellite peaks appear. Specifically, for
the peak of 3.2 A satellites appear at 3.15 A and 3.25 A, whereas the peak of 4.59 A has its
satellites around 4.38 A and 4.73 A. The appearance of satellite peaks usually % 217 218
denotes the emergence of an incommensurate magnetic structure. Both magnetic peaks are
unusually broad. Regarding the satellites, the one that appears at the low 26 (high d-
spacing) angle has higher intensity than the one that emerges at the high 26 angle (low d-
spacing). The intensity of the satellites is already saturated at the scan of 50 K, as there is
no difference on the intensity between the scan of 50 K and the one of the lowest

temperature the 4 K.

Figures 4.48a and 4.48b show the magnetic peak of 26~26 deg in 3D and 2D plots,
respectively. Further discussion on the evolution of the intensity of the magnetic peaks
versus temperature is carried out on the paragraph 4.7.2.2 regarding the data from the
WISH diffractometer.
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Figure 4.46 NPD patterns showing the temperature evolution of the magnetic Bragg peaks. These
peaks are pointing the emergence of two magnetic orderings for the B-NaMnO,: the first one
appears at 200 K and the second one, evident by the satellites around 80 K.
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Figure 4.47 NPD pattern showing the square root of the intensity along y-axis and d-spacing
along x-axis. Indexing of the nuclear and magnetic peaks is shown with the blue and green ticks,
respectively.
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Figure 4.48 () A 3D plot of the 26=26 deg (4.59 A) magnetic peak and it satellites on the temperature
scans of 200 K, 175 K, 150 K, 100 K and 50 K.
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Figure 4.48 (b) The magnetic peak of the 20=26 deg (4.59 A) and its satellites plotted in a two
dimensional (2D) contour map
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4.7.2 Time of Flight (TOF) Neutron Diffraction Data of B-NaMnO, obtained at the
WISH diffractometer

Neutron powder diffraction data have been obtained using a 2.7 gr sample of
polycrystalline powder of f-NaMnO, sealed on a vanadium can of internal diameter 8
mm (@ 8 mm). The experiment was carried out on the WISH diffractometer, at target
station 2 in the Rutherford Appleton lab (ISIS-RAL) in United Kingdom. The main
advantage of the WISH is the higher resolution in comparison with other neutron

diffractometers.?'®

The purpose of the neutron’s experiment on WISH was twofold. First the data obtained
from BT1 (Figure 4.44 (a) and 4.44 (b)), showed excessive broadening, overlapping peaks,
and asymmetric satellites reflections at long d-spacings, which yield the necessity of higher
resolution neutron diffraction data. The second goal was to investigate the exact
temperature of the magnetic transitions which occurred at the temperature regions around
200 K and 80-100 K according to the BT1 data (Figures 4.46 and 4.47). For this reason
temperature scans of small steps were carried out. The main aim was to relate the neutron
powder diffraction results with a possible symmetry breaking mechanism based on the
time reversal and space inversion analysis of the crystal and magnetic structures. This
correlation would offer a great insight on the magnetodielectric properties that have been
observed at 90 K and 200 K for the B-NaMnOs..

4.7.2.1 Three Phase Le Bail Analysis
4.7.2.1.1 Pattern obtained at 300 K

The first priority was to analyze the pattern obtained at 300 K to figure out the structural
behavior. As seen already from the 300 K pattern of the BT1, the two phase Le Bail
analysis (Figure 4.45) resulted in an improved indexing since it could predict more of the
observed reflections, in comparison with the one phase Le Bail analysis (Figure 4.44).
Taking into account that the energies of the two polymorphs are nearly equivalent %°* the

formation of intermediate structures at a rather low energetic cost seems rather possible.
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Based on this assumption, a third phase was added in the theoretical model in order to
account for the reflections that could not be indexed neither by the B-NaMnO, phase nor
the a-NaMnO,. The third phase that was added resembled to that of a-NaMnO, but the c-
cell parameter was same to that of the B-NaMnO,, namely c= 6.323 A, and the angle
b=102.8 deg. The addition of a-NaMnO; as a third phase with the c-parameter of -
NaMnO; is not arbitary. It is based on the thought of the possible elongation of the a-
NaMnO, c-parameter (~5.85 A) along the c-axis due to the coexistence of the o phase with
the B-NaMnO,.

The result of the Le Bail fit is demonstrated in Figure 4.49. The reflections predicted for
each phase is shown with tick marks of different colours. The fit with three phases, has an
overall better result in comparison with the equivalent analysis that were carried out with
only one (B-NaMnO, Figure 4.44 (a) or two phases (B-NaMnO, and a-NaMnO,, Figure
4.45). This improvement is also presented in Table 4.7. The addition of the a-NaMnO,
phase with the c-parameter of p-NaMnO; (6.3 A) results in the indexing of experimental

reflections that were not predicted otherwise, such as the asymmetric peak at 6.2 A.

A better view of the fit is presented in Figure 4.50, showing a detail of the d-spacing
between 1.3 A and 3.3 A. A quick way to estimate the goodness of the fit is the blue line,
which does not show intense ups and downs, meaning that the position and the intensity of
the calculated and the experimental reflections are in good agreement. Although the shape
of the experimental peaks with those predicted by the theoretical model does not match
perfectly (the peak shape was the “T.O.F pseudo-Voigt from the FullProf Suite), the
broadening of the reflections is fairly well described. Still though, the complete
overllaping of some nuclear peaks still remains, thus the quality of this fit is not adequate

in order to perform a Rietveld Refinement for the solution of the crystal structure.
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Figure 4.49 NPD pattern of the WISH diffractometer analyzed according to a three phase LeBail
refinement. The experimental data are displayed with the red spots and calclulated profile is shown

with the continuous black line. The red, black and green tick marks show the predicted reflections
from three following phases.
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Figure 4.50 A detail of Figure 4.49 showing the d-spacing between 1.3- 3.3 A. The majority of
the peaks can be indexed with the three phases of the Le Bail fitting. The broadening of the
peaks predicted by the theoretical model is in good agreement with the observed experimental
data.

Comparison Le Bail fits with the use of one, two and three phases at 300 K.

In order to present the improvement obtained from the addition of the second and third
phase in the Le Bail analysis of the p-NaMnO, we have compared the results obtained
from the one, two and three phase fits. We present the Figure 4.51 in which the red line
corresponds to the experimental data and the black line to the Le Bail fit. The upper panels

of Figure 4.51 (i.e Figure 4.51 (a) and (b)) show two critical areas of the fits obtained by
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the use of only one phase (B-NaMnO;). The same Q-areas are presented in the lower
panels (Figure 4.51 (c) and (d)) which have been obtained from the three phase Le Bail fit.
Comparison of the a and ¢ panel of Figure 4.51 shows that the indexing of the shoulder-
like peak at Q= 1.01 A™ has been achieved due to the addition of a-NaMnO, as second
phase. Similarly, panels b and d compare the Q-area between 3 and 4.2 A™* where it is
obvious that the addition of the second and third phase describes well the wide and

overlapping peaks at g between 3.2 A and 3.8 A™.
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Figure 4.51 Comparison of the Le Bail fits obtained by the use of one phase (B-NaMnO,) in
panels (a) and (b) and three phases (B-NaMnO,, a-NaMnO, and a-NaMnO, with the same c-
parameter as B-NaMnO,) in panels (c) and (d). Two critical Q areas are shown the 0.90-1.10 A™
and the 3.0-4.2 A™.
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T=300 K
1 phase 1*phase orthorhombic
B-NaMnO,
a 4.7854(5)
b 2.8572 (3)
c 6.3269(7)
Vv 86.511(1)
Rup 30.1%
Rexp 2.16%
X 194
2 phases 1st orthorhombic 2nd phase. aNaMnO,
B-NaMnO, Co/m (Ssame c)
a(A) 4.7860(5) 5.76267(2)
b(A) 2.85746(2) 2.81706(8)
c(A) 6.32742(6) 6.32181(6)
Vv (R%) 86.538(1) 100.088(4)
B(°) | 102.7727
Rup 23.0%
Rexp 2.16%
X 114
3 phases 1st orthorhombic 2nd phase —aNaMnO, 3-phase
B-NaMnO, Cy/m(same c) aNaMnO,-
C2/m(different C)
a 4.78695(4) 5.71910(2) 5.75932 (1)
b 2.85734(2) 2.81593(7)
2.78385 (6)
c 6.32747(5) 6.31956(5)
5.80635 (1)
Vv 86.547(1) 99.292(5) 90.699(3)
B(°) | 102.67945 103.02283
Rup 17.8%
Rexp 2.16%
N 67.9

Table 4.7 Structural parameters and reliability factors of the Le Bail fits obtained from the
analysis of the neutron diffraction data at 300 K of B-NaMnO, with the use of one, two and
three phases.

The variation of the most critical parameters in the three different Le Bail fits is shown in

Table 4.7. If we compare the quality factor XZ of the three fits, we see that the one which a

more reliable result, corresponds to the three phase LeBail fit (X2~68, whereas for the one

and two phase fits y°~194 and x*~114, respectively.
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4.7.2.1.2 Neutron Diffraction Pattern obtained at 5 K

The same procedure has been followed for the analysis of the 5 K pattern obtainded from
the WISH diffractometer.

3[' rr-r,rrgtrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 111111t

“~

o

27

24

21

o e A T T O O

18

™ T T T T T T T T T T T T T T [T T T T T 1T TT1

15

12

SQRT[Intensity (arb. units)]

| I I e

(=
L L

3 [N TN T T T YT T Y N T YT Y T N T O T R T Y N S T T Y T T S N T Y T Y
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9

0 (4-1)

Figure 4.52 (a) Comparison of the Le Bail analysis of the 5 K NPD pattern Panel (a) with the
use of two phases
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Figure 4.52 Comparison of the Le Bail analysis of the 5 K NPD pattern. Panel (b) with the use of
three phases showing the improvement obtained in the three phase analysis.
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Figure 4.53 (a) Le Bail fit of the neutron data at 5 K with the use of three phases: B-NaMnO,, a-
NaMnO, with the same c-parameter as B-NaMnO, and a-NaMnO, shown whose indexing
corresponds to the blue, red and green tick marks, respectively. Panel (a) shows the d-spacing in
which the magnetic peaks appear.
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Figure 4.53(b) Le Bail fit of the neutron data at 5 K with the use of three phases: p-NaMnO,, a-NaMnO,
with the same c-parameter as B-NaMnO; and a-NaMnO, shown whose indexing corresponds to the blue,
red and green tick marks, respectively (b) the regions in which the magnetic peaks appear have been
excluded from the analysis.
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T=5K
1 phase 1*phase orthorhombic

B-NaMnO,
a 4.7454(5)
b 2.8550(3)
c 6.3169(8)
Vv 85.585(1)
Rup 29.9%
Rexp 1.59%
X 356
2 phases 1st orthorhombic 2nd phase.

B-NaMnO, a-NaMnO,

Co/m (same c)
a (A) 4.7517(7) 5.7839(9)
b(A) 2.8544(3) 2.8011(6)
c(A) 6.3160(7) 6.31544(7)
Vv (A% 85.668(1) 99.778(3)
B(°) | 102.8046

Rup 21.5%
Rexp 1.64%
X 171
3 phases 1st orthorhombic 2nd phase 3-phase

B-NaMnO, a-NaMnO, a-NaMnO,

Cy/m(same c) C2/m(different C)
a 4.7517(6) 5.7840(9) 5.7557(3)
b 2.8543(2) 2.7896(6) 2.7826(6)
c 6.3156(5) 6.3151(6) 5.7785(2)
Vv 85.661(1) 99.362(3) 90.192(3)
B(°) | 102.8040 102.9581

Rup 15.8%
Rexp 0.99%
N 78.1

Table 4.8 A comparative table which shows structural parameters and some of the
reliability factors from the Le Bail analyses which have been carried out using one, two
and three phases.

Similarly the analysis begun with the use of f-NaMnO, as one phase and then we

continued with the addition of a-NaMnO; with the same c-parameter as a second phase
and the a-NaMnO; as the third phase. Figure 4.52 shows a detail (Q-area from 3.0-4.0 A™)
which presents the analysis obtained from the use of two (B-NaMnO; and a-NaMnO, with

the same ¢ parameter as B) and the addition of the third phase the a-NaMnO,. As it has
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been observed for the 300 K, the theoretical model of the three phases describes better the
wide overlapping peaks. The entire d spacing- area of the 5 K NPD pattern is presented in
Figure 4.53: panel (a) contains the areas in which the magnetic peaks emerged. On the

contrary the areas of the magnetic peaks have been excluded from Figure 4.53 (b).

Comparison of the crystallographic parameters on the phases that have been used for the
Le Bail analysis and the quality factors of each fit are displayed in Table 4.8. Here we see
an impressive improvement regarding the goodness of fit * which was reduced from 356%

of the one phase to 79% of the three phase analysis.

4.7.2.2 Temperature Evolution of the Magnetic Bragg Scattering

The temperature evolution of the magnetic Bragg peaks observed at the q (A™) areas of
1.374 A" and 1.96 A is demonstrated in the Figure 4.54 (a) and 4.54 (b). The progression
of these peaks is presented with the temperature scans of 300 K, 200 K, 195K, 170 K, 130
K, 100 K, 90 K, 80 K, 71 K, 56 K, 5 K. During the experiment more scans were taken,

which are not demonstrated in the figure for reasons of clarity.

The commensurate magnetic order marked by single but broad reflection emerges at 200
K. The intensity of this peak is saturated at 150 K. Both peaks, namely at 1.374 A™ and
1.96 A are profoundly broad. The incommensurate structure emerges at 90 K, since the
satellite reflections at Q=1.374+ & where 6=0.053 first appear at 90 K. The first satellite at
1.326 A is already visible at 90 K whereas the second one at 1.433 A™ is clearly observed
at 80 K. The satellite reflections, rise very close to the main peaks, overlaping with each
other. Moreover, magnetic Bragg peaks of smaller intensity shown in Figure 4.55 appear at
the Q- vicinity of 1.21 A™* and and 1.253 A™ below 90 K. These weak magnetic peaks
which were visible only with the high flux and good resolution of the WISH diffractometer
at long d-spacings, are probably part of the incommensurate magnetic order not resolved
before by BT1.
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It is interesting to point out that the transition to the incommensurate magnetic order seems
to have an effect to the T-evolution of the lattice volume. This can be observed in Figure
4.56 (derived using the FullProf Suite in the Sequential Analysis option) which shows a

negative T-expansion of the orthorhombic B-NaMnO; cell.

The temperature evolution of the magnetic Bragg peaks of the Q= 1.374 A (main peak)
and Q= 1.326 A™ and 1.433 A (left and right satellite, respectively) is displayed in Figure
4.57. The upper panel (a) of Figure 4.57 shows the Normalized Intensity versus
temperature for the main and the satellite peaks (the normalization was done with respect
to the highest value of the main peak’s intensity). In order estimate the temperature
evolution for the intensity of the magnetic peaks, good quality fits of the peaks shown in
Figure 4.52 were required. The analysis of the data was done using the program DAVE
downloaded from the NCNR’s webpage. **° The magnetic reflections were fitted with
Lorentzian functions. More information for the methodology used with the DAVE
software is provided in the C Appendix.

Panel (b) of Figure 4.54 shows the dependence of the center of the peaks (Q (A™) ) with
the temperature evolution. The intensity of the satellite reflections saturates below 80 K
whereas the saturation point for the main peak is around 100 K. The reflection at 1.326 A™
shows higher intensity in comparison with the one at 1.433 A, as already seen by the
asymmetry observed in the two peaks in Figure 4.54. The current analysis showed no
significant T dependence for the position (Q) of the main peak for the paramagnetic (PM),
commensurate (CM) and incommensurate phase (ICM). On the contrary the satellite
reflections shift further from the main peak at the temperature range of 80 K-90 K whereas

their position remains stable at below 80 K.
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Figure 4.54 (a) Temperature evolution of the magnetic reflections and their satellites at a) Q=
1.374 At
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Figure 4.54 (b) Temperature evolution of the magnetic reflections and their satellites at Q= 1.96 A,
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Figure 4.55 Temperature evolution of the magnetic reflections Q= 1.21 A and b) Q= 1.25 A™* which
emerge below 90 K.
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Figure 4.56 Unit cell volume of B-NaMnO, versus temperature: Negative thermal expansion of the
nuclear cell volume at the commensurate to incommensurate transition of 90 K
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Figure 4.57 Temperature evolution of the normalized intensity of the main magnetic peak at
d=4.59 A and its satellite reflection’s at 4.71 A and 4.39 A.

Estimation of the critical exponent g for the CM and ICM magnetic transitions.

A common way to describe a magnetic phase transition is by defining its magnetic critical
exponents. 12 %21 22The critical exponents are strongly related with the dimensionality of
the system d, the dimensionality of the order parameter D and the type of interactions:
short or long range. These exponents are related to specific physical properties with power

laws. For example the specific heat is related with the exponent a with the equation t™,
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where t is the reduced temperature t= (T-T./T) (T is the critical temperature of the
transition).

The intensity of the magnetic peaks versus temperature, is fitted upon the equation®®
225

In=lo( 1 % )2 (4.8)

Where Iy is the intensity of the magnetic peak, Ty is the temperature of the magnetic
ordering and the value of the critical exponent 3 is characteristic of the dimensionality of

221 Some typical values for the critical exponent B are: 0.5

the spins’ interactions.
according to the Mean Field theory (MF), 0.32 for a 3D Ising and 0.23 for 2D XY

magnetic system.??

The power law of equation 4.8 was fitted upon the normalized intensity versus temperature
of the curves presented in Figure 4.57. The fits for the estimation of the critical exponent 3
are shown in Figure 4.58. First, the values of 0.5 (MF), 0.32 (3D Ising) and 0.23 (2D XY)
were set as fixed parameters in the power law and presented with the purple, orange and
grey dashed curves, respectively. The value p=0.5 for the main magnetic peak and T,= 202
(1.18) K vyielded an acceptable fit (Adj.R- Square=0.949). Moreover, when the fit was
done at the same area (175-200 K) and the value of B was freely refined, it derived the
value of B= 0.495 (£0.026) which is quite close to 0.5 (the critical temperature was fixed at
Tc= 200 K and the Adjustment R-Square was 0.896). The value of = 0.5 for the critical
exponent, derived much better fit than the equivalent analysis with the = 0.32 and p= 0.23
(see, Appendix C, Table C.1 for details on the fits). According to this analysis we suggest
that B-NaMnO, has a critical exponent of = 0.5 for the commensurate magnetic transition,
a value which is consistent with the predictions of the Mean Field theory.

The same procedure of fits has been followed for the estimation of the  exponents which
correspond to the magnetic satellite reflections at the temperature area of 77-90 K. When
the values 0.5, 0.32 were applied for the  exponent as fixed parameters for both curves of
the satellite peaks, the quality fits were poor in comparison with the fits obtained for the
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value of = 0.23. When B was freely refined and the T, was set to 90 K, the fit derived the
value of = 0.115 for the satellite at 1.326 A™ and p= 0.155 for the reflection at 1.433 A™*

with acceptable Adjustment R-Squares.
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Figure 4.58 Fittings of the main (upper part) and the satellite peaks (lower part) with the power law
of equation 4.1 for different values of the critical exponent B. The errors in the estimation of each
intensity point are shown with the light green error bars. The values of : 0.23, 0.32 and 0.5 have
been tested for all the curves and shown with the grey, orange and purple color, respectively. The
best quality fits yielded the value = 0.5 for the main curve and p= 0.23 for the satellite peaks at
Q=1.326 A and Q=1.433 A, respectively.
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Although the value of p= 0.155 is within the error to that of a 2D-Heisenberg universality
class as found for the magnetic order parameter of other systems as Fei., Te?? and the p=
0.115 is quite close to the = 0.125 which describes the ideal 2D Ising system, we found
much better agreement between the experimental curves and the theoretical model applied
for the value of B= 0.23 for both satellite reflections. So, we suggest that the p-NaMnO,
behaves as a 2D XY system below the incommensurate transition at 90 K.

4.8 Results and Discussion

In chapter 4 we presented the characterization methods and the results obtained from the
investigation of the polycrystalline B-NaMnO;, compound. The novelty in the research of
B-NaMnO; is focused on two major findings: a) the magnetodielectric coupling evident by
the appearance of two dielectric anomalies at the temperatures (90 K and 200 K) where
magnetic transitions occur, b) the inhomogeneous microstructure of the B-NaMnO;
resulting from the coherent intergrowth of the B-NaMnO, and the a-NaMnO, phase, as
observed by electron diffraction high resolution transmission electron microscopy and

verified by synchrotron XRD data.

The magnetodielectric experiments of the powder samples of B-NaMnO,, turned out to be
a challenging task. There were multiple reasons for the encountered difficulty, most
important of which were: a) the britlle nature of the pellets b) the history dependence of the
obtained results which yields the problem of repeatability, and c) last but not least, the
small physical quantities that were measured (pF and nA). Despite these complexities, we
proved that the dielectric constant of B-NaMnO, shows two distinct anomalies, a broad
hump at 200 K and a sharp drop at 90 K. According to the neutron powder diffraction data
at 200 K, broad magnetic Bragg reflections appear, signaling the onset of an
antiferromagnetic commensurate magnetic ordering, whereas at 90 K magnetic satellites
emerge around the main magnetic reflections. This provides the first signature of the
coupling between the dielectric and magnetic degrees of freedom. Similar behavior has

been observed in other magnetoelectric systems such as the DyMnOs **” The second sign
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arises from the enchancement and the shift towards higher temperatures of the dielectric
constant under the effect of external magnetic fields. The low temperature dielectric
anomaly is remarkably enchacned when an increasing electric field is applied. Finally,
attempts of measuring the polarization loop in the p-NaMnO; in the temperatures below 90

K resulted in indications of the possible polar character of the compound.

As mentioned before dielectric anomalies appear in the temperatures of the the
commensurate transition at 200 K and the incommensurate at 90 K. The dielectric anomaly
of the latter is sharper and is greatly affected when external magnetic fields are applied.

157 in which colossal

Analogous findings have been reported for the DyMn,Os
magnatodielectric effect has been associated with the commensurate to incommensurate
magnetic transition. For the case of DyMn,Os the effect is reported to originate from the

high sensitivity of the incommensurate state to an external sensitivity.

The magnetodielectric effect has been also observed in f-NaMnO, samples that have been
annealed in oxygen after the completion of the solid state synthesis, in order to produce
more firm and stable pellets. X Ray powder diffraction patterns of these samples revealed
strong presence of secondary phases, namely those of Nag;MnO, and a-NaMnO,
Although HRTEM investigation of the annealed B-NaMnO, samples has not been carried
out yet, it is very likely that high density of planar defects is caused by the existence of the
secondary phases, such as antiphase boundaries which could be a factor that influences the

strength of its magnetodielectric coupling.'**#*’

Figure 4.30 in section 4.5.3 shows the dielectric constant obtained from the measurements
of the a and B-NaMnO, polymorphs as well as from the B-NaMnO, samples that have been
annealed in oxygen. Two are the characteristics that are usefull to compare with other
magnetoelectric systems: the value of the measured dielectric constant and the strength of
the dielectric anomalies. The dielectric constant of both a-NaMnO; and p-NaMnO; at H=0
T and f=500 kHz, is around ¢'~4-5. Other ceramic ABO, systems that have been
characterized as magnetoelectrics, such as the CuCrO, and AgCrO, exhibit comparable
values of ¢ (¢~7 for H=0 T and f=100 kHz). *° Regarding the strength of the dielectric
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anomalies and that of the magnetodielectric coupling, we should highlight the difference
observed between the annealed and the as made samples. The difference is clearly seen in
Figure 4.30 where the sharper dielectric anomaly appears for the annealed 3-NaMnO, in
comparison with those of the as made B-NaMnO, and that of the a-NaMnO, phase.
Moreover, the relative change in the dielectric constant given by the ratio Ae’/¢’, is around
12-14% for the a-NaMnO, and 25% for the annealed B-NaMnO,,

A critical characteristic of the annealed B-NaMnO, samples is the existence of secondary
phases as seen by the XRPD patterns. That in turn, leads to the formation of microscopic
domains which are separated by domain walls. Systems with enchanced density of domain
walls have been proved to exhibit remarkable functional properties. Domain wall

2,199

functionality is linked with properties like multiferroicity,? ***collosal mangetoresistance®*

and ferroelectricity. *’

Extensive research was undertaken to unravel the complex crystal structure of the -
NaMnO,. The pure B-NaMnO, crystallizes in the orthorhombic structure, Pnmm, with the
following cell parameters a = 6.32 A, b =2.85 A, ¢ = 4.78 A. The crystal structure of the p-
NaMnO, polymorph is regarded as a derivative of the layered rock salt structure. The
cation ordering is promoted by the charge and size difference between the Na and Mn

cations.

Electron diffraction and high resolution electron microscopy certified the inhomogeneous
microstructure of the B-NaMnO,, High density of planar defects was explained by the
presence of the a-NaMnO, phase. Twin planes are formed by the distorted coordination of
the Jahn-Teller active Mn*? cations. The concentration of the twin planes defines the type
of the polymorph, ranging from the twin plane free structure of a-NaMnO; to the -
NaMnO, with a twin plane every (NaMnOy) plane. The intergrowth of the two phases, is
explained by the energetic proximity of the two polymorphs.™™ The similar energies of the
two polymoprhs, also explains the considerable complication encountered in the solid state

synthesis of an entirely pure B-NaMnO, compound.
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To explain the polymorphism of the NaMnO, compounds, a superstructure has been
proposed. According to the superspace model, the NaMnO, is considered as modulated
(incommensurate) structure, which crystallizes in the monoclinic (3+1)D superspace group
X2/m(a0y)00 where X=[Y2, Y2, %,%]. The modulation vector of the superstructure is gq=
Yoa*+yc*, where y is the component that defines the type of the polymorph: y=0
corresponds to the pure B-NaMnO,, y=1/2 results in the a-NaMnO, phase whereas the
value of y=1/6 gives intermediate structure with high density of planar defects**. The
aforementioned model has been verified for both a- and B- NaMnO, by refinements of the

structure using NPD and XRD synchrotron data.

The first signs of structural irregularities are detected in the XRPD and the NPD patterns.
The XRPD patterns show broad peaks and a very weak peak attributed to the 001 Bragg
reflection of the a-NaMnO, compound. The excessive broadening of the p-NaMnO; is
confirmed by the NPD patterns, which also reveal overlapping of many reflections, and
asymmetric satellite peaks at long d-spacings. Reasonable Le Bail fit of the NPD patterns
is achieved only by the addition of a-NaMnO, as a secondary phase. These characteristics
strongly support the scenario of irregularities in the microstructure which were investigated
by TEM.

The magnetism of the f-NaMnO, has been investigated by measurements of the magnetic
susceptibility, Quantum Monte Carlo (QMC) simulations and Neutron Powder Diffraction
data. Preliminary analysis of the NPD data suggests the emergence of a commensurate
(CM) structure at 200 K. A transition occurs from the commensurate to the
incommensurate (ICM) magnetic order at 90 K. The quality of the fits on the magnetic

structure is yet low, so the magnetic analysis is an ongoing work.

The triangular lattice of the Mn* must be characterized by three magnetic interactions, Ji,
J2, J3. In a-NaMnO; (y=1/2 in the modulation vector of the superstructure, Figure 4.39) the
nature of magnetic interactions are basically one dimensional (1D) since the strong AFM
interaction along b axis (J1=72 K) is much stronger than the weaker diagonal exchange
(J2=23 K). Pure p-NaMnO; (y=0, Figure 4.39) would be a quasi-2D magnet since the
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interactions along b (J:=70 K) and a (J,=57 K) axis are quite comparable. However, our
experimental data correspond to an intermediate microstructure (y=1/3, Figure 4.39) which
shows features of both a and B-NaMnO, phases. The interaction topology of this B-
NaMnO; structure is characterized as spin ladder since the interactions J;=74-76 K and
J5=56 K form the spin ladder topology. ***This analysis has been based on the experimental
data of the inverse magnetic susceptibility and relevant QMC simulations. The magnetic
susceptibilities of both polymorphs with their relevant model description are presented in
Figure 4.59. Comparison of the two theotical curves applied for the p-NaMnO, sample
with y=1/3 shows that the spin ladder model describes better the magnetic interactions in

comparison with the 2D model which corresponds to the B-NaMnO, phase.
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Figure 4.59 Magnetic susceptibilities of a and B NaMnO, polymorhs shown with the black and red graphs,
respectively. Their model description is also shown: 1D model for the a-NaMnO, (solid blue line), 2D lattice
for the pure B-NaMnO, presented with the solid blue and green line, respectively. The intermediate phase of p-
NaMnO, (y=1/3) is best described by model of the spin ladder topology which is formed by the J;-Js
interactions (see text). Figure reprinted from Reference 143.
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Antiferromagnet g-NaMnO,
4.9 Conclusions

Spin driven magnetodielectric coupling of the polycrystalline p-NaMnO, compound is
proved by measurements of the dielectric constant, under zero and various magnetic
magnetic fields. Since dielectric anomalies appear at the temperatures of the magnetic
transitions, we suggest that the coupling between the magnetic and electric degrees of
freedom is triggered by a commensurate and incommensurate magnetic ordering at 200 K

and 90 K, respectively.

Pure B-NaMnO, crystallizes in the orthorhombic system. The microstructure of the
examined samples of B-NaMnO; is characterized by high concentration of planar defects,
attributed to the presence of the monoclinic a-NaMnO, polymorph. The Jahn-Teller
distortion generated by the Mn*3, promotes the formation of twin planes. The driving force
behind the interchange between the a-NaMnO, and B-NaMnO; is the energetic proximity
of the two polymorphs, which also explains well the tendency for the formation of the
intermediate NaMnO, phases. The crystal structure of the NaMnO;, polymorphs is
described as a modulated one, with the modulation vector: g= Y%a*+yc*, where the value of

v is critical for the development of a particular phase.

The polymorphism of the NaMnO, compounds affects significantly their magnetism.
Specifically, the interaction topology of the Mn*? lattice for y<1/2 resembles a coupled two

leg spin ladder as compared to geometrically frustrated triangular magnet for y=1/2.

To conclude, B-NaMnO; has proven to be a system worth to investigate from many
different aspects. Here, we were succesfull in unravelling the magnetodielectric properties,
and the influence of the inhomogeneous microstructure on the magnetic interactions. The
findings of this reaseach surely trigger further interest, for a complete crystal and magnetic
characterization at the temperature range of 5 K-300 K which would unravel the details of
the mechanism that generates the coupling between the magnetic and electric degrees of
freedom.

235



Chapter 5

Crystal and Magnetic Properties of the Birnessite
NaolgMnOQXO.Z H,O



Chapter 5: Crystal and Magnetic Properties of the birnessite Nag3sMnO,x0.2H,0

5.1 Introduction

A great amount of research has been focused on the fabrication of different crystal
structures of various manganese oxides. In previous chapters this thesis has referred to the
properties of the a-NaMnO, and -NaMnO,, and also to the existence of the Nay;MnO,
and the Nag4sMnO,*®. Nevertheless, plenty more manganese oxides exist. Their most
frequent type of their structures is shown in Figure 5.1. The common characteristic in
their crystal structure is the layers of the MnOg edge sharing octahedra which are separated
by metal ions (Li, Na) placed between the layers. The interlayer distance varies in each

structure ranging from 4.7 A of the LiyggMngo; Oz, 2° 7 A in the birnessite’ 13" 231, 232,233
234, 235 236,237

to the 10 A in the buserite structure.

(a) [ 1 x = ] layered
Li, goMn 4,0, RS S o) uyna
Birnessite (€)[3x =] layered
Busente

®) Lior Mg

(d) a-NaMnO, layered (e) /-NaMnO, layered
Figure 5.1 Structures of layered manganese oxides. Reprinted from Reference 229.

The layered structure of these manganese oxides has been also studied due to the potential
use of these materials as cathode materials in rechargeable batteries. For example, a
promising material for the afoerementioned applcations is the NagssMnO,??® an

isostructural system with NasMn,TisO15 2*® Nag4sMnO, belongs to the family of ABO,
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compounds (A: alkali, B: magnetic cation) and specifically to the layered manganites. It
was first identified by Parant in the NaxMnO, phase diagram as the thermodynamical
stable high temperature phase for x<0.5.% Nag4MnO, is a mixed Mn*® and Mn** porous
manganite that contains both edge shared octahedral and square pyramidal Mn-O units.
The structure of Nap44MnQO; is characterized by an unusual tunnel structure composed by
“S” shaped channel units of MnOs and MnOg units (Figure 5.2). **® Due to its peculiar
structure, Nag 44MnO, has received much attention as a potential system for use in lithium

ion batteries where the Na ions in the pores are replaced with Li.

Figure 5.2 Crystal structure of Nag 4MnO at 500 K obtained by Rietveld analysis of neutron
powder diffraction data.Reprinted from Reference 228.

Although the crystal structure of the birnessite is related with various synthesis protocols
has been known for a rather long time, little yet has been reported in the literature

regarding the magnetic characterization. 2>

In this chapter we characterize the structure
and evaluate the magnetic properties of birnessite compound Nag3Mn0,x0.2H,0 by static
and dynamic susceptibility measurements. We show that the interactions between the
mixed valence manganese cations, namely the Mn** and Mn** are characterized by

randomness or frustration which results in the spin glass state of the compound.
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5.1.1 The crystal structure

Birnessites are called the hydrated NaMnO, oxides whose Na/Mn molar ratio is between
0.2-0.7. A ratio higher than 0.7 results to the dehydration of the birnessite and the
formation of the a-NaMnO, occurs.”?

Nag sMn0,x0.2H,0 crystallizes in the triclinic system, space group P1, with the following
cell parameters (see section 5.4.3 on structural analysis): a= 5.53(1) A, b= 3.11(6) A,
c=7.80(1) A, 0=89.492(13) deg, B=103.136(12) deg, y=89.929(10) deg. The structure
matches with the one reported ™! for the birnessite Nag3Mn0,x0.93H,0 (cif file obtained
from ISCD 260208). Despite the fact that the birnessite has the lower symmetry of a
triclinic space group, its crystal structure resembles a lot that of the a-NaMnO, (Figures
3.1 and 3.2). The major difference though is the expanded c- cell parameter which is
expected due to the insertion of the H,O in the interlayer distance. The enhanced interlayer

distance helps the deintercalation or intercalation in the cation exchange reactions.

In the birnessite compounds there are some Mn vacant sites in the MnOg octahedral layers.
This causes a disruption in the periodicity in the arrangement of the Mn*3/Mn** cations,
thus a probable site disorder. Bond disorder or site disorder causes magnetic frustration
(Figures 1.6 and 1.11) which results in the absence of a long range magnetic order. Indeed,
the magnetic measurements of the Nap 3sMn0O,%x0.2H,0 proved the existence of frustration

and the emergence of a spin glass state below 29 K.

Figure 5.3 presents the layered structure of the NagsMn0,%0.2H,0. 2*° The Mn, O and Na
atoms have dark grey, red and purple coloration, whereas the H,O molecules are

represented by the blue spheres.
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® Mn
®o

@® Na
® H,0

Figure 5.3 The crystal structure of the Na-birnessite (ICSD 260208). The manganese,
oxygen, sodium atoms are represented with the black, red and purple spheres. The H,O
molecules in the interlayer distance are shown with the blue spheres. Cell edges are
represented with the blue lines.

5.2 Synthesis of the birnessite Nay3sMnO; x0.2H,0

Many approaches ' 230 231,232,233, 234,235 haye heen reported as suitable for the birnessite
compounds such as deinteracalation®®, ion exchange?® and hydrothermal synthesis®*.
Some examples of these methods include aging of MnO gels ** and oxidation of Mn*2
cations with H,O, in a basic medium.” 2% 2** Other preparative processes included
hydrothermal synthesis with metal ion extraction/ insertion reactions,*?solid state reaction,
melting salt flux process and redox precipitation process®*® as well as reduction of sodium
permanganate with sodium iodide in aqueous solutions.?* The majority of these methods

is accomplished by soft chemistry (“chimie douce”) routes, namely methods that involve
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room temperature preparation of the materials in open reaction vessels. However, some
synthesis protocols were found difficult to reproduce while others resulted in two phase
compounds. An example of the former is the deintercalation of the Na cations from the
host framework of a-NaMnO, by the use of iodine, which produced a non-stable
birnessite-like product characterized by secondary phases; specifically those of the a-
NaMnO; and the Nay 7MnO; (see Appendix D, Figure D.1).

The synthesis method that was followed in this thesis in order to prepare the
Nap3MnO,x0.2H,0, is based on the hydration of the parent phase of a-NaMnO, at
ambient conditions in air, for a period of two weeks, by analogy to Abou-EI-Sherbini et al
1 report. The difference with the method reported, was the omission of the daily leaching
of NaOH with H,0.

In detail, a-NaMnO; polycrystalline powder was synthesized as described in paragraph
3.2. After the completion of the a-NaMnO, synthesis based on the protocol described in
section 3.2, the powder remains in room temperature and is exposed to ambient conditions
with the purpose to hydrolyze. Initially the a-NaMnO; powder has brown colour, whereas
as the time passes by it reacts with the moisture of the atmosphere it becomes black, due to
the oxidation of Mn*3 towards Mn*. Frequent mixing of the powder was undertaken so
that all crystallites would become exposed in the atmospheric air. This would promote a
homogeneuous compound, while the powder converted from the host framework ao-
NaMnO; to the birnessite.

5.6 A Hydration

birnessite

Figure 5.4 A graphical representation of the H,O insertion in the a-NaMnO; interlayer space,
resulting in the formation of the Na-birnessite and the interlayer distance to 7.8 A. Reprinted
from Reference 227 after adjusting the interlayer distances to the numbers that correspond to
the birnessite system that is studied in this thesis.
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5.3 Characterization
5.3.1 X Rays Powder Diffraction (XRPD)

The protocol described in the previous paragraph proved to produce a birnessite oxide
whose structure is similar with the Nag3Mn0;x0.93H,0, of mixed manganese valence
state Mn*¥/Mn**. The crystal structure of the final product remained stable over a long

period of time (more than a year).

The polycrystalline specimens of Nag3MnO,%x0.2H,0O were found to crystallize upon the
triclinic system, space group P1 with the following cell parameters a=5.53(1) A, b=3.11
(6), c=7.80(1) A, ¢=89.492(13) deg, P=103.136(12) deg, y=89.929(10) deg.*** The
aforementioned parameters were extracted by the TEM studies.

The crystal structure of the birnessite compound was initially checked by XRD powder
diffraction (\=1.5406 A), a Le Bail fit obtained from neutron powder diffraction data
shown in section 5.5 and by HRTEM presented in paragraph 5.3.4.1. The XRPD pattern is
shown in Figure 5.5. The final product exhibits high crystallinity and the characteristic 001
reflection of the birnessite structure at the d-spacing of 7.8 A (12.455 deg). The shift of the
001 reflection towards lower angles (namely from 16.7 deg of the a-NaMnO, to 12.455

deg of the birnessite) suggests the expansion of the interlayer distance to 7.8 A.

The weak peak observed around 16.7 deg is attributed to the a-NaMnO; powder which was
used as precursor, whereas the other two which are pointed out with the black arrows could

not be indexed upon the known manganese oxides.

One crucial parameter was to evaluate the changes in the crystal structure of the starting
material, the a-NaMnO, powder, and the time that was needed to hydrolyze into the
birnessite compound. For this reason, successive XRPD patterns were collected at specific

time intervals, which showed the evolution of the starting a-NaMnO, powder.
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Figure 5.5 X ray powder diffraction (A=1.5406 A) of the birnessite Nag3sMn0O,x0.2H,0.
The black arrows indicate Bragg reflections attributed to impurities such as the 001 peak of
a-NaMnO, at 16.7 deg. The reflection 001 at 12.5 deg is the one with the highest intensity,
indicating the expansion of the structure along the c-axis.

Figure 5.6 presents a narrow 260 range (12-17°) where the 001 reflections of the birnessite,
Nao7MnO; and the a-NaMnO, appear. The first day that the a-NaMnO, was exposed in
the air, a secondary phase appears in the XRPD pattern: the Nag;MnO,. Actually the
intensity of the 001 of the Nag;MnO, appears higher than the 001 peak of the a-NaMnO,
phase indicating higher concentration of the Nay;MnO; in respect with the a-NaMnO..
The Nag;MnO, contribution on the XRPD pattern seems to disappear around the 7" day.
On the contrary, the first day the 001 reflection of the birnessite has not emerged yet, but
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appears after 4 days. As the days of the exposure to the air increase there is a continuous
decrease of the a-NaMnO, 001 reflection and a rapid increase of the birnessite’s 001 Bragg
peak. Finally, the interplay between the reflections of the manganese oxides appears to
stabilize after two weeks of hydrolysis in air in agreement with the protocol that was

reported before.*’

9000 i I ' I I ' I I I 1S't daly |

2 ” 4th day

0

o

c 8th day
:-9\ E o
T 6000F < o z 12th day
> S Q =
3 S - 5 13thday
O i 3 '
b 2z :
= Zz =
c 3000 o =) .
2 S
E N d

0 >

12 13 14 15 16 17 18
20(°)
Figure 5.6 X-Ray powder patterns of the as made a-NaMnO, compound obtained after 1, 4, 7,

8, 10, 12 and 13 days of exposure at ambient conditions. The 001 reflections of the birnessite at
12.45 deg, the Nay 7MnO; at 15.7 deg and the a-NaMnO, are also pointed out in the graph.
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5.3.2 Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

The hydration of the a-NaMnO; in air is expected to result in a compound with reduced
amount of Na due to the insertion of the water molecules in the interlayer distance. Thus,
the final product should have a chemical formula Na,MnO,xzH,O where x<1. Indeed the
Na/Mn ratio according to the ICP-OES was found to be 0.7. Therefore the amount of Na
according to the ICP is reduced by a 30 % due to the insertion of the H,O. Concerning the
amount of H,O in the birnessite compound we rely on the TEM analysis which is

discussed in paragraph 5.4.3.1.

5.3.3 Thermogravimetric Analysis

Measurements of the weight loss versus temperature were carried out, at the temperature
range 25-1000°C. A small quantity (<10 mg) of the birnessite’s sample was placed in a
alumina pan, and was heated from room temperature to 1000°C with a constant heating
rate of 20 °C/min. The results are shown in Figure 5.7. Above 100°C there is a 13%
decrease of the weight up to 500°C, which corresponds to the vaporization of the H,O.
Heating upon 500°C results in a 2.5% loss of the compound’s weight. The temperature
range above 570°C and below 950°C is where the sodium manganese oxides Nag7MnO,,
Nag.44MnO,, a-NaMnO, and B-NaMnO, are formed, so the further 2% weight loss
probably corresponds to the formation of a mixture of the above phases. The weight seems
to stabilize above 1000°C.
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Figure 5.7 Thermogravimetric analysis of the Na-birnessite between the temperature range
100-1100°C.

Immediately after the thermogravimetric experiment was completed, the birnessite’s
powder was checked by XRPD to compare the paterns before and just after the completion
of the heating. The sample that has been heated up to 1000°C exhibits Bragg reflections
which are attributed mostly to a-NaMnO; phase. Reflections from $-NaMnO; and a few of
Mn3O, are also observed, pointing towards a material with at least two secondary phases.
Worth noticing that the 001 reflection of the birnessite no longer appears after the heating,

strongly suggesting there is no H,O in the final product.
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Figure 5.8 Comparison of the XRPD patterns of the birnessite’s polycrystalline powder before
the TGA heating at 1000°C which is shown with the green graph and after the completion of the
TGA experiment (black graph). Indexing has been done upon the a-NaMnO; (ICSD 16270) and
B-NaMnO, (ICSD 16271) phase shown with the blue and red tick marks, respectively. For
reasons of simplicity in the diagram indexing upon the birnessite’s cell (ICSD 262208) is
shown up to 35 deg. y-axis of intensity is shown in logarithmic scale, for better observation of
the weak reflections. The black arrows point at the 25 and 26 deg reflections which are
attributed to the Mn3O4 oxide.
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5.3.4 TEM Studies

HRTEM, EDS and EELS analyses were carried out using a Jeol JEM 2200FS instrument,
equipped with an image aberration corrector, an in-column energy filter and a silicon drift
detection system for EDS. All the experiments were conducted in Instituto Italiano di
Technologia (I1T) in Genova, Italy.

5.3.41HRTEM

High resolution transmission microscopy images were used for the analysis of the crystal
structure of the Nag 3Mn0O,%0.2H,0. The images reveal the presence of large crystals in the
Nag3MnO,x0.2H,0 compound. These crystals are composed of smaller ones, whose
structure best matched with the one reported for the Nag3Mn0O,%0.93H,0 242 pirnessite.
According to the fit from Electron Diffraction (ED) of TEM the compound
NagsMn0,x0.2H,0 crystallizes in the triclinic system in the space group P1, with the
following cell parameters: a= 5.53(1) A, b= 3.11(6) A, ¢c=7.80(1) A, 0=89.492(13) deg,
B=103.136(12) deg, y=89.929(10) deg.

Figures 5.9 and 5.10 present two different areas of the same Nay3MnO,x0.2H,0 sample
which have been used for the structural fit. In panel (a) the area from which the fittings
took place is presented and in panel (b) the distance between the columns of the atoms is
shown to vary from 2.54 A-3.14 A.

Stacking faults appear parallel to the [112] planes. These structural defects are not parallel
to the planes in which H,O molecules are inserted in the structure. The structural
modifications could result either form Mn vacancies or from partly inhomogeneous
composition of the sample due to some small percentage of non-hydrated a-NaMnO,. An
important observation related to this, is that the material is extremely sensitive to the
parallel illumination by 200 keV electrons, especially in high magnification. After a few
minutes of observation under the HRTEM the crystals collapsed. Taking this into account,
one can not exclude that some structural modifications are due to the observation by
HRTEM.
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Y

Figure 5.10 A complementary figure of 5nm magnification which was used for the structural

fitting of the Nag :Mn0O,x0.2H,0O compound. 249



Chapter 5: Crystal and Magnetic Properties of the birnessite Nag3sMnO,x0.2H,0

5.3.4.2 EDS mapping

Energy dispersive spectroscopy has been used to determine the distribution of the Na, Mn
and O atoms in the Nap3MnO,x0.2H,0. Two different crystals have been examined which

are presented in Figure 5.11 which showed homogenous distribution Na, Mn and O atoms.

Figure 5.11 EDS mapping of two Na-birnessite crystals shown with 300 nm magnification
(upper set of pictures) and 100 nm magnification (bottom part of the figure). The yellow,
green and red coloration corresponds to Na, Mn and O atoms, respectively. Both crystals
show homogenous distribution of the three elements.

However, these observations have a local character, so since the sample is not 100%
homogeneous we can’t extract conclusions based only on EDS spectra. In order to quantify
the stoichiometry of the birnessite compound EELS studies were carried out which were

combined with the EDS spectra.
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5.3.4.3 Electron Energy Loss Spectroscopy (EELYS)

The transition metal L, 3 energy loss spectra of the Nag3MnO,x0.2H,0 was recorded and
carefully analyzed based on the white line ratio method*** (Figure 5.12). According to this
method, the integral intensity ratio of the Lsand L, excitation peaks of a transition metal is
correlated to its formal oxidation state 1°% 153 243, 244, 245, 246, 247 Tha anglyses resulted in the
average oxidation state of 3.4 for the mixed valence state of the Mn*3/Mn** cations. It is
interesting to point out, that this value is in consistency with the result obtained from the
Curie Weiss fit which yielded an effective moment of 3.4 g for the Mn cations (see
paragraph 5.4.1.1).
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Figure 5.12 L edge energy-loss near-edge structures for the determination of the oxidation state
of Mn in the Na (3Mn0O,%0.2 H,O compound.
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5.4 Magnetic Properties

The magnetic properties of the Nag3Mn0,x0.2H,0 revealed that the system undergoes a
spin glass transition at low temperatures (T<29 K) in contrast to the long range Neel order
(at 45 K) in a-NaMnO, and the commensurate (~200 K) to incommensurate (~ 90 K)
magnetic transition in f-NaMnO,. The origin of a spin glass state, which would help for a
better understanding of the 5.4 section experimental results, has already been introduced in

paragraphs 1.3.5 and 1.3.6.

5.4.1 Static Magnetic Susceptibility

The static (DC) magnetic susceptibility of the Nag3MnO,%0.2H,0 has been measured on
a ZFC-FC protocol under 200 Oe external magnetic field. The magnetic properties result
from the mixed valent character (Mn**/Mn** cations) of the compound. The sample is
cooled from room temperature with zero magnetic field (ZFC), to 5 K where 200 Oe field
is applied. The magnetization is recorded every 1 K upon heating with a rate of 1 K/min.

For the field cool protocol the 200 Oe field is also applied upon cooling the sample.

The results obtained from the aforementioned experiment are shown in Figure 5.13 (a).
The striking characteristic is the sharp peak on the ZFC measurement (represented with
the blue graph of the open symbols) which occurs at 29 K. Below 29 K there is a large
bifurcation between ZFC and FC graphs, since the FC curve increases below the critical
temperature whereas there is large drop in the ZFC susceptibility. These are typical signs
of a spin glass behavior. The temperature y,s. maximun is mentioned hereafter as Ty (Spin
glass temperature).

Worth mentioning here, that the irreversibility of the FC and ZFC provides strong
evidence of the spin glass state, however it does not prove it. Certain systems which

possess long range magnetic ordering, like ferromagnetic,2%® 249 2%0. 251 2%

4

antiferromagnetic 2°2 and ferrimagnetic * may exhibit a bifurcation between the ZFC-FC

x(T) curves. Moreover, there are also other magnetic systems which show spin glass
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255, 256 257, 258

features such as superparamagnets, cluster glasses and superconducting
oxides.?*®

Still though, many compounds such as the LagsSrosC003,°*° CuFeysVos0,%*! Coy.
«Mn,Cl>H,0,%% and most importantly the archetypal spin glass Cu-Mn* exhibited both
the a sharp maximum in the ZFC susceptibility (yzrc) as well as the divergence between

the ZFC and FC susceptibilities below the Tg,.

When cooling a spin glass from above the freezing temperature (Tsg), a qualitative
description of the physical picture may be as follows: as the temperature is lowered many
of the randomly positioned and freely rotating spins build themselves into locally
correlated clusters or domains. The gradual increase of the suscpetibility as the temperature
decreases is attributed to the increase of the number and the size of such magnetic
domains.?®® Near the transition temperature, Tsg, the magnetic units (spins or domains) start
to interact with each other over a longer range and the system seeks its ground state
configuration. At T= T, the spins freeze at random directions and the growth of the

magnetic domains stops.

The irreversibility of the ZFC-FC curves, is attributed to the effect of the external magnetic
field when the sample is polarized above the Tgg. In other words, the magnetic ground state
of the spin glass is greatly affected when a magnetic field is applied above the Ty of the
system. This seems reasonable when taking into account that a spin glass is characterized
by bond disorder or frustration, so the magnetic interactions are relatively weak and thus
any external perturbation, such as the application of the magnetic field above Ty could

affect the interactions of the spins.

Before completing this paragraph on the ZFC-FC measurements, a final comment must be
added concerning the stability of the magnetic properties of the Nap3MnO,%x0.2H,0.
Figure 5.13 (b) nicely illustrates this issue by showing the massive difference observed in
the ZFC-FC graph measured soon after the sample has been synthesized and 6 months
later. The deviation of the ZFC-FC has decreased, when compared to the initial
measurement. Critical to clarify that the sample used in both measurements is the same,

and the experimental conditions were identical. The XRPD patterns of the sample used for

253



Chapter 5: Crystal and Magnetic Properties of the birnessite Nag3sMnO,x0.2H,0

the static magnetic susceptibility measurements of Figure 5.13 (b) are presented in

Appendix D, Figure D.2.

14
12 +
< 10+
g
S 8f
=
NG)
- 0}
x
= 4}
2+
O 1 1 1 1 1
0 20 40 60 80 100 120

Figure 5.13 (a) The graph showing the ZFC-FC measurement of the Nag 3sMnx0.2H,0 from 5-
300 K. Note the sharp peak at Ts;=29 K on the ZFC and the bifurcation below the T, between
the ZFC and FC graphs
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Figure 5.13 (b) ZFC-FC experiments obtained in the sample with a time difference of eight
months between the first (ZFC,, FC; shown in blue) and the second (ZFC,, FC, presented in
green) measurement. There is a remarkable change in the sharpness of the ZFC peak and the
elimination of the bifurcation between the ZFC and FC graphs. The ZFC and FC are presented
with the open and closed symbols, respectively.

5.4.1.1 Curie Weiss Fit

The Curie Weiss is a linear fit in the graph of 1/y versus temperature by which one can
calculate the effective moment of the magnetic ion e and the temperature 6,,, (details

discussed in section 1.2.5).
The data of the 1/y are fitted by the equation: y=a+b-x (5.1)

The equation that relates the temperature 6,, with the intercept is
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Ow

a=(-3Kg/Na 1) — (5.2)
Wefr
And the slope with the effective moment
b=(3ke/Na i) (5.3)
Heff

where kg is the Boltzmann’s constant in units of erg/K (k[3=1.3807-10'16 erg/K), pg is the
Bohr’s magneton in erg/G (uB:9.2741-10'21 erg/G) and N, is the Avogadro’s number
namely Na -6.022-10% mol ™,

The Curie Weiss fit of the Na-birnessite is presented in Figure 5.14. The data that have
been used are the same with those presented in the ZFC graph of Figure 5.13a. The linear
fit yields the values of a=44.472 and b=0.69123, for the intercept and the slope,
respectively with an Adjustment R-square of 0.99989. Combining these results with the
equations 5.2 and 5.3, the values for the effective moment of the mixed valence Mn*3/Mn**
results in the pe=3.4 +1.8-10° g and the temperature 0,,=64.28+6.8-10 K.

The pe=3.4 pg is lower than the pess of Mn*™ (3.87 ug) and higher than the formal pes of
the Mn*2 (2.83 pg) in a low spin state. The Mn®" in the high spin state (4.90 pg) has a high
effective moment in comparison to the one calculated for the Na-birnessite. An explanation
on the presence of the Mn*? in the low spin state has been reported concerning the Jahn-
Teller distortion occurring in the porous manganese oxide octahedral fields.** However, in
this case the p.s Of the birnessite compound, is the outcome of a mixed valent character,
since the Mn**/Mn** cations generate competing interactions, and thus magnetic frustration

(relevant Figure 1.6).

In order to estimate the relative ratio of Mn*3/Mn** we take into account the following

equations:
x-Mn*"+y.-Mn**=3.4 (5.4)
where x, y>0 thus §>0 (5.5)
. . Mn™3 2
Using the 5.4 and 5.5 relations we get: yReT (5.6)
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Figure 5.14 The reciprocal susceptibity (1/y) at the temperature range 150-300 K. The black
points correspond to the experimental data, whereas the solid red line above 150 K represents
the Curie Weiss fitting. The values of the intercept and the slope result in the calculation of the
temperature ®,, and the effective moment . Of the Mn cations.

As mentioned in paragraph 1.3.6, an empirical way to estimate the degree of frustration in
a magnetic system is to calculate the ratio f=- 6,,/Tn. According to the above results, for
0w=-64.28 K and Tn=29 K, f=-(-64.28)/29=2.21. Values of f>1 imply that the system is
magnetically frustrated.’® Nevertheless, the magnetic measurements are very sensitive to
the mixed valence ratio.?®®> A more reliable method for the determination of the Mn*3/Mn**

would be the EELS spectroscopy.
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5.4.1.2 Magnetization versus Magnetic Field M(H)

The magnetization versus magnetic field of the Nay3Mn0O,%x0.2H,0 has been measured at
5 K. The sample was zero field cooled from room temperature to 5 K. After the
temparture had stabilized at 5 K, the magnetic field was increased from 0-10.000 Oe with
steps of 1000 Oe and from 12-50 kOe with steps of 2 kOe.

The result of the measurement is shown in Figure 5.15. No saturation has been observed
up to the field 5 T. A small coercive field (H.=1000 Oe) and a remnant magnetization
(Mg=2-10"* emu/gr) are observed. This could be an indication of a ferromagnetic
component present in the Nag3MnO,x0.2H,O or it may suggest weak ferromagnetic

interactions between the Mn™ and Mn* cations
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Figure 5.15 Magnetization versus magnetic field of the NaysMn0O,%0.2H,0 at 5 K. The inset of the
figure shows a detail of the coercive field Hc=0.1 T.
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5.4.1.3 Magnetic Field Dependence of the Spin Glass State.

A typical signature of the glassy state is provided by static measurements of the magnetic
susceptibility versus different magnetic fields. In a spin glass as the external magnetic
field increases, the sharp cusp in the ZFC susceptibility is expected to smear out, the ZFC-
FC divergence becomes less pronounced and the spin glass temperature T is shifted. [31]
The aforementioned characteristics corroborate the dynamic nature of the spin glass state.
Figure 5.16 presents the ZFC-FC graphs of the Na-birnessite measured at the magnetic
fields of 25, 50 , 100, 200, 500, 1000 Oe. Indeed, the sharpness of the transition is wiped
out when the field is increased (100-200 Oe) until it becomes almost flat for fields of 500
Oe and 1000 Oe. Similar behavior has been observed in many magnetic systems which
undergo a spin glass freezing.?®® 20 267. 28 The elimination of the peak transition
distinguishes a spin glass from the strong geometrically frustrated magnets (Figure 1.6), in
which the sharpness of the peak remains intact even under high magnetic fields.?*®

Figure 5.17 shows the temperature dependence of the transition temperature Ty in respect
to the applied magnetic field. The Ty is shifted to lower temperatures as the external
magnetic field increases. According to the magnetic phase diagram of Figure 5.17, it
becomes clear that for small magnetic fields (25-50 Oe) the spin glass transition
temperature Tg is around 28-28.5 K, whereas for higher fields (500-1000 Oe) Tsq is

lowered below 26 K.
The dc field dependence of the spin glass temperature Tsq (H) follows the equation
Tog(H)ool-bH® (5.7)

in consistency with other spin glasses. % 2’% 2™ The fitted value of the exponent & is 0.58
as shown in the fit of Figure 5.18, where a line is drawn between the paramagnetic region

and the freezing spin state.

259



Chapter 5: Crystal and Magnetic Properties of the birnessite Nag3sMnO,x0.2H,0

50 | —u—FC i
. —o—ZFC
40 1 \"I\.\_\_\.\ H=25 Oe -
0 '\-\.\_\. H=50 Oe
£
S OFnua,, H=200 Oe
GE.) \.\l\.\.\.\.\.\ \l\
S 20l = H=1000 Oe -
E p.i_\__\____\\ \.\D\I
= l—lflfl—l-l—l—.f._._._.j.—.\ E]‘Djmi
10-H/;ézeziéu§§g¥ '
0 !;E;;ég;m;H;ﬂéﬂimiﬂ;g;ggggui;!f'i':':-:E:_nm-m-m-m-m—ﬂ-ﬂ—t
10 15 20 25 30 35 40

T(K)

Figure 5.16 Field dependence of magnetic susceptibility as shown from the ZFC-FC
measurements of the birnessite measured on dc mode at magnetic fields from 25-1000 Oe,
between the temperatures 10-40 K. The sharp cusp at 29 K is eliminated as the external

magnetic field is increased.

The justification of the origin of this linear response has caused an intense debate over the

last decades.*® 2’2 For Ising spin glasses Mean Field Theory (MFT) predicts that §=2/3. In

MFT the transition in a magnetic field for an Ising spin glass (divergent relaxation times)

to a paramagnetic phase (finite relaxation times) is separated by the Almeida Thouless

(AT) line. The AT line is a ergodic-non ergodic transition with no symmetry change. For

Heisenberg systems on the other hand, the dependence of the freezing temperature with the

applied magnetic field follows the Gabay Toulouse line.?”> This line separates the
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paramagnetic region from the spin glass state and shows a variation of the freezing
temperature with the applied magnetic field by a exponent which is 1/2 in contrast to the

2/3 for the Ising systems.?"

- |
2550% 600 /8/{/////1%600-
H (Oe)

Figure 5.17 Magnetic phase diagram of the Na-birnessite, showing the magnetic field
dependence of the spin glass freezing temperature Tsg.

The characterization of the Nag3Mn0O,x0.2H,0 as an Ising, XY or Heisenberg spin glass
surely requires more experiments and relevant analyses. The strong dependence of the
freezing temperature with the magnetic fields provides another indication for the spin glass
response, and distinguishes a spin glass from a strongly geometrical frustrated magnetic

system.
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Figure 5.18 The dc dependence of the Tsq follows the equation: ngool-bHS. The superscript &
was calculated equal to 0.58 in good agreement with the Mean Field Theory.

Nevertheless, since a spin glass shares common characteristics with superparamagentic
materials the magnetic field dependence of the Ty is still not sufficient to prove the glassy
spin state of a material. The critical parameters which are essential in order to manifest that
a system undergoes a spin glass transition, and reveal details about this time dependent
nature of transition is the measurements of the dynamic susceptibility which are discussed

in the following section.
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5.4.1.4 Aging of a Spin Glass- Memory Effects and Rejuvenation Experiments

The dynamic properties of a spin glass can also be revealed by its aging properties with the
help of relevant experiments in both static and dynamic susceptibility. A system is
characterized as spin glass when it undergoes a transition where the spins are frozen below
a critical temperature, which is known as freezing or spin glass temperature. The spins
freeze in a thermodynamically non equilibrium metastable phase. There are different
energy barriers between these metastable states. The effect of aging is realized when the
energy barriers change. Specifically, the response to a field variation is logarithmically
slow and it depends on the time spent at a temperature below the spin glass transition.?”®

A way to investigate the aging and memory effects in a spin glass system is with the so
called rejuvenation experiments.?’* 2> 2'® We have carried out these experiments on the
static (dc) mode. The protocol that was used is the following: the sample is zero field
cooled from 150 K to 10 K with a cooling rate of 2 K/min, then 2 Oe are applied and data
are recorded upon heating between 10 -45 K, with a rate of 1 K/min. The sample is cooled
down to 10 K, as this temperature is well below the spin glass freezing temperature. This is
called the ZFC reference graph. Next, the sample is again heated up to 150 K, zero field
cooled to 10 K with the same cooling rate that has been applied before (2 K/min) but
during this cooling there is a waiting time of four (4) hours at 25 K. The temperature of 25
K has been chosen since it is lower than the 29 K where the spins of the system freeze.
After the waiting time of 4 hours, the sample is further cooled down to 10 K where the
field of 2 Oe is applied. Heating occurs with 1 K/min and magnetization is recorded
between10-45 K. The data of the reference graph are subtracted from the magnetization of
ZFC graph in which the waiting occurred, and their difference is plotted versus
temperature.

The goal of the aforementioned experiment is to observe a dip in the temperature where the
the waiting time was applied upon cooling the sample. In other words, the sudden decrease
of the magnetization at the T,, (where T,, stands for the waiting temperature) would
strongly suggest a memory effect for the sample, as it has been observed in other spin glass

systems. 2 27> 216277 The critical part is to determine the waiting time, which corresponds
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to the characteristic scale of aging in each spin glass and therefore strongly depends upon
the dynamic properties of the system.

The result of the aging experiment is presented in Figure 5.19. The plot which represents
the difference in the magnetization of the reference graph subtracted from the one which
entailed the waiting upon cooling, shows a dip exhibiting memory at the stage of 25 K.
Upon further cooling to 10 K, the magnetization merges back to increase until 10 K, just
like the reference graph, showing that aging at T=25 K has not influenced the spin frozen
state below the waiting temperature®”® (“chaos effect”).
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Figure 5.19 Memory effect in the aging of the NaysMnO,%0.2H,0 spin glass. The plot shows the
difference in the magnetic susceptibility between an experiment with normal ZFC cooling and
another one with a waiting time of 4 hrs at the T,, temperature of 25 K, which are presented in the
red and black graph of the inset, respectively. The dip at 25 K reveals the memory effect in this
spin glass system.
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5.4.2 Dynamic (AC) Susceptibility
5.4.2.1 The Mydosh parameter

Although the dc susceptibility measurements reveal important spin glass features, the
signatures of the glassy state are extracted from the dynamic susceptibility experiments.
This is reasonable if one takes into account that the transition into the spin glassy state is a

dynamic procedure, thus, it is highly dependent on time.

In order to understand better the dynamic process which is engaged in the spin glass
transition we have carried out a series of experiments and relevant analysis. Figure 5.20
shows the temperature dependence of the ac susceptibility measured with five different
frequencies. The measurements were carried out with a step by step mode with an AC
drive field of 3 Oe and a DC field of 0 Oe. The real (') and imaginary (x") part of the
magnetic susceptibility exhibit a sharp peak at 29 K, which is frequency dependent.

Specifically, the peak temperature Tt shifts towards higher temperatures and the height of
the susceptibility peak diminishes with increasing frequency. T stands for the freezing
temperature in analogy with the Tsy used for the static (dc) experiments and denotes that

the transition temperature depends on the frequency f, where f=w/2x.

A frequency dependent peak in the susceptibility usually reveals a spin glass like state or a
superpamagnetic one. According to Mydosh BY a quantative measure of the frequency
shift is obtained by calculating the ratio

K= AT/[T: A(log )] (5.8)
which stands for the ratio AT¢T; per decade w, also called as the “Mydosh parameter”.
The quantification of the frequency shift of the transition temperature, offers a good
criterion for the distinguishing a canonical spin glass from a superparamagnet. For a spin
glass system K is of the order of 0.01 or less, whereas for a superparamagnet K ~ 0.1.
The Mydosh parameter has been calculated from the data of Figure 5.20 for the Naps
MnO;x0.2H,0 and was found equal with 0.007 which is in the range for the canonical

spin glasses.”’" 278:279
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Figure 5.20 Real (y') and imaginary (x") part of the dynamic susceptibility measured at five
different frequencies, under the AC drive field of 3 Oe.

At this point it is useful to add a comment concerning the each category of systems
(“canonical” spin glasses and “superparmagnets”) which exhibit characteristics of the spin

glassy state.

The term “canonical spin glass” refers to atomic spin glasses such as the arhectypal
CuMn, AuMn systems. In these systems the atomic moments freeze below the transition
temperature. The characteristic spin flip time is at the range of 10°-10™ seconds. Their
interactions are usually described by the VVogel Fulcher or the Power Law in contrast with
the superparamagnets which are best described by the Arrhenius law (see paragraphs
5.4.2.2 and 5.4.2.3). The interactions for the atomic spin are short or long range RKYY

interactions whereas the strength of the interactings moments has amplitudes of some pg.
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280 according to Mydosh® these “good”spin glasses meet three criteria related with the ac
susceptibility, the magnetic specific heat and the low temperature magnetization vs field*
Other magnetic systems which show some of the characteristics of the glassy state without
being characterized as spin glasses are the superparamagnets. Superparamagnets are
characterized by non interacting single domain particles whose magnetic moments act

independently. The magnetic moments are unbstable due to thermal agitation.?*’

5.4.2.2 Phenomenological Desciption of Dynamic Properties in Spin Glasses

The frequency and field dependent nature of the spin glass transition has been the subject
of intense debate since the 1970°s.”*" #** As mentioned in the previous paragraph similar
spin glass characteristics can be found in magnetic systems with different underlying
interactions. Three laws have been proposed to describe the dynamic properties of a spin
glass system: the Arrhenius, the Vogel-Fulcher and the Power Law. Each case depends
primarily on the type of magnetic particles (atomic spins, clusters or superspins) and the
strength of their interaction.

The Arrhenius law describes the interaction mechanisms between weakly or non
interacting particles (isolated clusters or superparamagnetic state) and is given by the
equation®;

Ea
1=1,e"8™f (5.9)

where E, is the activation energy determined by the energy needed to exit out of a local
potential well, *® T; is the shift of the critical temperature with the frequency f and 1, is

the “relaxation” or “attempt” time.?* 23

An equal expression of equation 5.9 is the

-Ea
0=ne 6" (5.10)

where o is the driving frequency and T is the peak relevant to each frequency.

The strength of the interactions determines the relaxation processes and thus the value of

T, A modification of the Arrhenius law is given by the equation
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Ea
1=1,e 6(Tt-T0) (5.11)
where E,/Kg stands for the activation energy in order to overcome the barrier for the
reversal of the magnetization and T, gives a qualitive estimation for the inter-particle
interaction energy.”®® Equation 5.11 is known as the Vogel Fulcher law and holds for

interactions of moderate strength.

Nowadays it is generally accepted that the dynamic scaling theory best describes the spin
glass transition using the Power Law which holds for stronger interactions. According to
the dynamic scaling theory,? the slowing down of spin dynamics when the freezing point
(Tsy) is approached from above, can be described by the relation of the correlation time t
with the correlation length & according to © « &, where z is the dynamical scaling
exponent. The correlation length, depends upon the temperature according to the & o t™

and so, the evolution of the correlation time near the critical point is given by the power

law,
T=10t " (5.12)
which is equivalent with =1, [@]'ZV (5.13)
sg
or the equation f=f,[ @]ZV (5.14)
sg

The parameter t, corresponds to the time needed for a single spin to undergo a transition
from the paramagnetic state to the frozen state of the spin glass and is also known as the
relaxation time. The product zv, has acceptable values between 4 and 12 for different spin
glasses,®Y for example zv varies from 6-8 for the three dimensional Heisenberg like
Ag(Mn) magnetic systems whereas it takes higher values of 10-12 for the Ising
(FeMn)TiO; spin glasses.?>?2™% 28 The temperature T; is the one that varies upon
frequency changes. In the equilibrium (DC) case, where f=0, Ts reaches Tsy. Hence, in the
power law fit, the temperature Ty is estimated as if the transition occurred ideally in one
temperature. This arises from the need to have one critical temperature (Tsg) for each spin

glass system which will be frequency independent.
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5.4.2.3 Arrhenius Law

Another criterion which rules out the case of superparamagnetism for the Nags
MnO,,0.2H,0 is derived from the Arrhenius Law.

In order to use the Arrhenius law in a linear fit, it is more convenient to use equation 5.6

by taking its natural logarithm, which yields the following:
In(r)=|n(ro)+E—; T?! (5.15)

Which clearly can be fitted to the simple equation  y=a+bx,
where X is the reciprocal of the T; and In(t) is calculated by the frequency used as f=1/t.

According to the data of Figure 5.20 and the aforementioned calculation method, the best

fit to the Arrhenius law (Figure 5.21) resulted in completely unreasonable numbers for t,

and E,, namely 10=10"" sec and -2 =10216 K. The unphysical values of the activation

E,
kp

energy barrier and the relaxation time, are attributed to the subtle changes of the T; with

the increasing frequency.® This suggests that the system dynamics is not dictated by

superparamagnetic blocking of spins.
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Figure 5.21 The Arrhenius Law fit yields completely unreasonable values for the activation
energy and the relaxation time, which excludes the possibility of superparamagnetism for
the Nag 3sMn0O,x0.2H,0.

5.4.2.4 Power Law fits: Nap3Mn0O,%x0.2H,0 a canonical spin glass

The data used in the power law fit are shown in Figure 5.22 and were recorded using the
“sweep” option in the AC susceptibility measurements. In contrast with the “step by step”
(see data of Figure 5.20) in which there is time delay in each temperature step, the sweep
mode was chosen as a more appropriate one, since it affects less the thermodynamic and

time dependent phenomenon of the spin glass transition.

270



Chapter 5: Crystal and Magnetic Properties of the birnessite Nag3sMnO,x0.2H,0

—_

(@)
I

| |

f=47 Hz
f=77 Hz

f=97 Hz

-2

v'(x10 “emu/mole)
o

&)

1"(x10°emu/mole)
— — N
o o o

(&)

o

20 24 28 32 36 40
T(K)

RN
(@)

Figure 5.22 Real (') and imaginary (y") part of imaginary susceptibility versus temperature at 5
different frequencies, measured under 3 Oe AC drive field. The magnitude of both ' and y" are
suppressed whereas the Ty is shifted to higher temperatures as the frequency increases.

The fit was done according to the equation %
log(f)=log(fo)+zvlog (~-—%) (5.13)
sg

which is derived from the equation 5.11 and it is presented in Figure 5.23. Details on the
method used for the power law fit are presented in Appendix D.

The best fit of the frequency dependence for the Nag3sMn0O,%0.2H,0 yielded the following
parameters: T¢=29.64 K, f,=3.36x10"" Hz which corresponds to 1, =0.275x10™" sec and
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zv=5.029(12). The values of t, and zv are in consistency with other magnetic systems

30,163,276 gch as the delafossites

which have been classified as canonical spin glasses
CuFeg5Vo50; and CuCrgsVo 50, with zv of 6.06, and 9.12%° respectively. Other examples

is the Ising spin glass FegsMngsTiO3 with zv 10.5 and the CdCry 7Ing 3S4, @ Heisenberg spin

glass with zv 5.2
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Figure 5.23 Frequency dependence of the freezing temperature in the Na-birnessite in the plot
according to the power law. The best fitting is displayed which is based on the data of Figure
5.22, and corresponds to the following parameters: Ts,=29.64 K, 1,=10" sec and zv=5.03(12).
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5.4.2.5 Field Dependence of the spin glass temperature.

The dependence of the Tf temperature has also been followed upon the application of
moderate dc magnetic fields. The dynamic susceptibilities on a ZFC “sweep” mode at the
frequencies of 117 Hz and 1217 Hz under the AC drive field of 3 Oe and static (DC) fields
H= 25, 50, 100, 200, 250, and 500 Oe, are plotted in Figure 5.24.

In both tested frequencies, as the field increases the sharpness of the peak is decreased and
the spin glass temperature is shifted towards lower temperatures. The sharp peak of both
y" and y " flattens out and shifts to lower temperatures, when the static magnetic field is
increased. These results are in consistency with similar measurements (Figure 5.16) carried
out in the static mode under various magnetic fields. These measurements support the spin
glass state of the birnessite Nag3MnO,x0.2H,0.
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Figure 524 Real (y) and imaginary (") part of the magnetic susceptibility of the
Nag3Mn0O,x0.2H,0, measured under 3 Oe drive field measured at 1217 Hz and 117 Hz on a
ZFC mode, under various (25-500 Oe) static magnetic fields.
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5.5 Neutron Powder Diffraction Data

Neutron powder diffraction data were obtained in the high resolution powder
diffractometer BT1, in NCNR-NIST, USA, with the constant wavelength A=2.0782 A.
Polycrystalline powder Nag3MnO,x0.2H,0 of 8 gr was used in the NPD experiment

which were mounted in a vanadium can (of 2.4 mm internal diameter).

The goal of this experiment was twofold. First, it was essential to get high resolution
data for Rietveld refinements. This would support the indexing and finally the solution
of the crystal structure. Scans at different temperatures were taken, namely at 5 K, 20
K, 50 K and 300 K, to check for a possible structural transition due to the spin glass
state below 29 K. Secondly, since in a spin-glass the magnetic ordering lacks spatial
long-range order, with the NPD experiments one is expected to probe the development
of magnetic diffuse scattering at long d-spacings.?®® However, the expected problem of
the increased background due to the large incoherent scattering cross section of water
protons hindered such observation. Indeed, despite the large quantity of the sample and
the intentionally increased duration of each scan (6-7 hrs) which improves the statistics
and the intensity of the Bragg reflections, the patterns did exhibit significantly raised
background. That in turn, reduced the capability for full profile refinenement of the
NPD patterns.

Figure 5.25 shows the NPD patterns obtained at 5 K, 20 K, 50 K and 300 K. One first
observes the high background and most importantly the lack of any extra Bragg
reflections below the spin freezing transition temperature (29 K) at the patterns of 20 K
and 5 K. The absence of the magnetic reflections, is consistent with the spin glass
behavior of the NapsMn0O,x0.2H,0 below the Tg,=29 K.* ?* The appearance of a
possible diffuse magnetic scattering, even if it existed would be difficult to resolve due

to the increased incoherent background.
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Figure 5.25 Neutron scans obtained at the temperatures of 5 K, 20 K, 50 K and 300 K
shown with the red, green, black and blue patterns, respectively. The absence of magnetic
reflections at the 5K and 20 K scans, shows that no range magnetic ordering develops
below 29 K.

5.6 Results and Discussion

The hydration of the a-NaMnO, compound resulted in a birnessite compound with
different structural charateristics. The Nag3MnO,x0.2H,0 crystallizes in the triclinic
system, at the space group P1 with the following cell parameters: a= 5.53(1) A, b= 3.11(6)
A, c=7.80(1) A, 0=89.492(13)° B=103.136(12)° y=89.929(10)°. The magnetic properties
are generated by the Mn**/Mn** cations which exhibit the mean oxidation state of 3.4. The

structural difference among the various manganese oxides is generally induced by the
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presence of vacancies, the development of planar defects which may give rise to mixed

valences cations and specifically induce a variety of Mn**/Mn** ratios.

The chemical formula of Nag3Mn0O,%0.2H,0 which is used for the synthesized compound
is based on the results and analysis of TEM experiments. It is useful to mention that the
comparison of the chemical analysis obtained by the ICP-OES and HRTEM experiments
show different results, an issue which should be elucidated. Based on the ICP-OES
experiment the Na/Mn ratio was 0.7, whereas the chemical formula of the birnessite
according to combined EELS and EDS spectra was found to be Nag3MnO,%x0.2H,0,
meaning that the Na/Mn ratio is 0.3. Moreover, the amount of H,O as calculated by the
TGA experiment is around 13%. This amount is lower in comparison with the results of
EELS and EDS analysis.

Concering the inconsistency between the ICP-OES and the TEM results, two are the
possible reasons. The first one is related on the lack of good statistics in the ICP-OES
experiment. Usually the ICP-OES findings are extracted by at least three measurements,
with the relavant statistical errors. In our case, we could perform only one measurement,
which decreases the degree of certainty concerning the specific result. The most probable
reason though, lies on the fact that the sample was not 100% homogeneous .The ICP-OES
and TGA experiments yield results from the entire volume of the sample whereas the
observation carried out with  TEM has definitely a more local character. Similarly, the
TGA and TEM results are different both due to partial inhomegenuity of the sample and
also due to the different way by which the results are extracted in these two methods.
Nevertheless, we rely on the results obtained from the HRTEM analyses, since the

chemical formula Nag 3sMn0O,%0.2H,0 described well all the crystals that were examined.

Many birnessite systems have been studied”" % but all the studies were focused on the
various preparation methods and their possible technological applications. To our best
knowledge, up to now (2014) there are only a few reports which are directed towards the
magnetic properties of birnessite compounds. Here for the first time, the glassy state of a
birnessite-the Nag 3Mn0O,x0.2H,0 has been proven.
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Figure 5.26 Magnetic susceptibility measured on a DC mode at a ZFC measurement at 200 Oe
for the a-NaMnO,, B-NaMnO, and Nay3Mn0,%x0.2H,0 shown with the blue, red and green

graphs, respectively.

An extensive research has been carried out concerning the magnetic properties of the

Nay 3Mn0O,%0.2H,0 compound. Figure 5.26 shows the ZFC measurement on a DC mode

under 200 Oe of magnetic field for the birnessite (upper panel of Figure 5.26), and the a-

NaMnO; and B-NaMnO, compounds (lower panel of Figure 5.26). The low dimensional

magnetism of the two antiferromagnets a and B-NaMnO, has already been discussed in the

previous chapters 3 and 4. Here, we aim to highlight the striking difference in the magnetic

behavior of the spin glass birnessite and the two antiferromagnets, the NaMnO,

polymorphs. The magnetic susceptibility of both o and B NaMnO, polymorphs does not
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show any obvious sign of magnetic transition. On the contrary, Nap3MnO,x0.2H,0

exhibits a sharp peak at 29 K which marks the onset of a spin glass transition.

The novelty in our studies concerning the Nag3Mn0O,x0.2H,0 is the investigation of its
magnetic properties and especially its characterization as a canonical spin glass below
Tsx=29 K. The extracted attempt (relaxation) time of 7,=10™ sec and the exponent
zv=5.026 are typical for atomic spin glasses.*® Other spin glass systems with comparable
zv values are the FegsMngsTiO3 (zv=10.5) and the CdCr; 7Ing 3S4 (zv= 5.286), whereas the
relaxation time of ~10™ is similar with that found for the SnCFes”® The spin glass state is

attributed to frustration.

In this section we also consider possible mechanisms which generate the spin frustration in
the Nag3MnO,x0.2H,O compound. In general, bond order or site disorder can cause
magnetic frustration. *® The magnetic properties of the birnessite are generated by the
interactions of Mn* and Mn™ cations. A reasonable thought is that the ratio of the mixed
valence cations determines and alters significantly the magnetic properties. Although the
presented experimental results can not determine the exact ratio of Mn™/Mn*™, the
calculation of the effective moment to per=3.4 pg and the mean oxidation number of 3.4 of
the Mn cations are in consistency with the statement that the magnetic properties of

birnessite result from the mixed valent Mn cations in the lattice.

Site disorder in the Nag3sMn0O,%0.2H,0O can be originated by vacancies in the MnOg
octahedra, which is a general characteristic of the birnessite like compounds. % The Mn
vacancies, whether attributed to the Mn*® of Mn** cations, surely would result in a
disruption of the periodicity in the magnetic interactions. This can be seen clearly in the
planar defects revealed by the TEM experiments (Figures 5.9 and 5.10) of the crystal

structure investigations.

On the other hand bond disorder could be motivated by the competition of ferromagnetic
and antiferromagnetic interactions either by the Mn*? cations, or by the Mn* and Mn*.
The replacement of the Mn*® with the Mn*™ during the hydration of the a-NaMnO,
probably happens without specific pattern. This resembles the doping of a non magnetic

system with randomly distributed magnetic entities.*® The competing ferromagnetic and
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antiferromagnetic interactions due to the coexistence of Mn*® and Mn** cations at random
site distribution may lead to disorder and thus can generate the spin glass state of the
Nag3MnO,x0.2H,0 compound.

5.7 Conclusions

A new birnessite compound has been synthesized and characterized as a canonical spin
glass. The Nay3MnO,x0.2H,0 was prepared by hydration of the polycrystalline powder a-
NaMnO,. The crystal structure has been probed by XRPD and High Resolution Electron
Diffraction. According to the HRTEM analysis the Nag3sMn0O,%0.2H,0 crystallizes in the
triclinic, space group P1. Measurements of the static and dynamic susceptibility reveal the
canonical spin glass character of this compound. Characteristic signatures of a glassy
magnetic system, such as the irreversibility between the ZFC-FC curves, the calculated
Mydosh parameter, the characteristic spin flip time (attempt or relaxation time t,), the
elimination of the transition when few Oe of magnetic field are applied, the memory effect,
all manifest that the system’s magnetic moments, undergo a spin freezing state at Ts;=29
K. The magnetic properties are attributed to the manganese cations and specifically to the
mixed valence of Mn*3/Mn**, with mean magnetic moment of 3.4 g and oxidation state of
~3.4.
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Chapter 6: Perspectives

In this chapter we discuss the issues which will shed light on questions concerning the
understanding of the a-NaMnO;, B-NaMnO, and the birnessite Nag3MnO,x0.2H,0
physics and technological potential. The a-NaMnO; is the polymorph that has been studied
the most in the recent years in comparison with the p-NaMnO, and the
Nay3MnO,x0.2H,0. Currently, the identification of the magnetodielectric coupling at 95
K, and the investigation of its microstructure**® open new questions and novel fields for
research. The information that has been reported from 1971-2014 concerning the B-
NaMnO; is very limited, and related with basic information about its crystal structure. In
this thesis we reported a wide range of characterization methods, which could be enriched
by continuing the studies on the unusual properties of this complex oxide. The findings
reported for the first time in this thesis concerning the preparation, the crystal and magnetic
characterization of the birnessite Nay3Mn0O,%0.2H,0 propose the investigation of a new
intercalation compound with canonical spin glass magnetic properties. More specifically,
the following are some suggestions of what could be done in each oxide to enrich the

knowledge on their chemical and physical properties:
1) Magnetic susceptibility measurements on the B-NaMnO,

e From 5 K -320 K, under various magnetic fields ranging from 5 Oe to 7 T: The
goal of these measurements would be to check any possible variation in the
magnetic susceptibility x and possibly to observe any anomalies in the (T) at the
temperatures of the two magnetic orderings: 90 K and 200 K.

e These may be related to a possible spin flop transition, already inferred from
preliminary measurements (not presented in the Ph.D thesis) in the region of 4 T-
4.5 T. The possibility of such a metamagnetic-like transition could be elucidated

from these experiments. 2°*

2) Solid State Nuclear Magnetic Resonance (NMR) relaxation experiments on 3-NaMnO,,
The NMR spectra at temperatures 50 K-300 K would allow us to check for the changes in
the Mn*® magnetic ordering at different temperatures, and compare these data with the
NPD results.

3) Further investigation on the dielectric properties of B-NaMnO, and a-NaMnO,
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e Measurements of the dielectric constant under various frequencies (20 Hz -1 MHz).
The measurements could reveal possible frequency dependence of the observed
magnetodielectric anomalies.

e Measurements of the magnetocapacitance. These measurements include scans of
the capacitance from negative to positive magnetic fields. The basic information is
the strength of the magnetodielectric coupling.

e Pyrocurrent and polarization measurements at low temperatures. The I-V (current
versus voltage) loop of Figure 4.31 and the polarization below 70 K shown in
Figure 4.33 suggest that B-NaMnO, is polar below the incommensurate transition
temperature (T<90 K). This could be further checked by pyrocurrent (current
versus temperature) and polarization measurements. The same procedure can also

be followed for the a-NaMnO, compounds.

4) Low temperature TEM observation of the polymoprhs on 3-NaMnO, and a-NaMnO, on
temperatures 80-280 K. These experiments could inform us about any structural distortions
that the system undergoes at 90 K and 200 K where the incommensurate and the
commensurate and magnetic ordering develop, respectively. The knowledge of the crystal
structure at this temperature range is also critical for the determination of the magnetic
structure that the system adopts. Analysis of the magnetic structure and the magnetic

symmetry would enlighten the mechanism that generates the magnetodielectric coupling.

5) An intriguing question refers to the the role of the density of the planar defects on the
appearance and strength of the magnetodielectric coupling. It would be appealing to
address the magnetodielectric response on B-NaMnO, and o-NaMnO, with various

densities of planar defects, twin planes and thus different modulation vectors.

Furthermore, taking into consideration the appealing potential use of the polymorphs o and
B-NaMnO, as cathode materials in rechargeable batteries, one should also examine the
significant impact of the planar defects on the electrochemical potential and the

intercalation/deintracalation process of the alkali cations.**?
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6) Another interesting aspect would be to expand this research by synthesizing and
characterizing the Nag7MnO, oxide. Nap7MnO, appeared as a secondary phase in the
XRPD patterns of the annealed B-NaMnO, samples. In these samples the dielectric
anomalies were more distinct (Figures 4.27, 4.28, 4.30) and the magnetodielectric coupling
was about 25%. The first assumption is related to the high density of the planar defects
that a secondary phase induces, regardless if the phase is for example the a-NaMnO, or the
Nag7MnO,. The second assumption focuses specifically on the role of the Nag7MnO; in
the appearance of the magnetodielectric coupling. To address this possibility, HRTEM

studies would also be of invaluable help, as already stated in the previous (5) suggestion.

7) Optimization of the magnetodielectric measurements setup. An experimental set up,
continuously needs adjustments. This is related with possible improvement of the obtained
results and foremost with changes which cover the needs and problems of the specific

project.

e The efforts would entail the option in the temperature control of using specific
ramp rates of temperature (K/min), rather than using temperature steps.

e New method for the mounting of the sample could also be used. The goal is to
avoid the minimum mechanical pressure that is applied on the sample, so it requires
modifications on sample carrying part of the probe.

e The I-V loop on the B-NaMnO; showed leakage currents and parasitic capacitance.
A good idea would be to try and isolate the source of the problem. A problematic
measurement is caused by a specific sample or by the way that the sample is
measured (certain specifications of the set up). Someone could try to measure a
known, already tested ferroelectric or polar sample at the same temperature region
(80 K) which would not be history dependent; this would minimize the factors that
affect the final outcome of the measurement. The advantage of knowing in
advance the acceptable results makes it easy to spot the differences and decide
whether the setup needs to be optimized. If so, possible modifications could entail
the use of different wires (with smaller parasitic capacitance), better electric

isolation of the sample, and a different grounding.
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Adding more options (software commands in the vi’s) on the LabView program.
This would enable the user of having more available measurements such as: (a)
isothermal frequency scans, (b) isothermal measurements of possible

magnetostriction.

8) Regarding the growth of the p-NaMnO; there are two possible plans.

The first one would be the attempts for preparing a pure f-NaMnO, by optimizing
the solid state synthesis of the B-NaMnO,. Having tried numerous synthesis
protocols we have seen that the best approach, that is to say the sample with the
minor secondary phase XRPD peaks, was given by the protocol described in
section 4.2. However, in view of new efforts for producing a pure polycrystalline
powder of B-NaMnO,, the results of each sample should be checked thoroughly by
TEM. The reason for this is the need to detect the differences in the homogeneity of
the microstructure and the associated concentration of the planar defects.

A second plan could involve the synthesis of single crystals of B-NaMnO; and its
characterization with the a series of experiments: neutron and synchrotron
diffraction, bulk magnetic susceptibility measurements at various temperatures and
magnetic  fields, high resolution transmission electron microscopy and
magnetodielectric experiments to probe the coupling between the electric and
magnetic degrees of freedom. It would be interesting to measure the
magnetodielectric strength of the single crystal and compare it with that of the

powder.

9) Experiments for the investigation of the spin glass dynamics of the
Nap 3sMnO,x0.2H,0. Specifically:

Neutron spin echo (NSE) experiments for the investigation of the spin glass
dynamics.®*The use of the neutron spin echo technique yields direct, model
independent information on spin relaxation in the time domain of 3x10™ to
3x10 ® sec. It will be possible to extract information releted to common features
of spin glasses such as: (a) the relaxation kinetics which is related to a broad

distribution of relaxation time, (b) the absence of momentum dependence in the
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relaxation dynamics would indicate that nonexchange type interactions play a
fundamental role in the dynamics.

e Muon spin relaxation (uSR) presents a lot of advantages in probing small
moment magnetism. Thus, one could utilize this technique for the investigation of
the spin dynamics®*® in a complimentary to the NSE time window results.

10) Analysis of the a-NaMnO, and CuMnO, neutron powder diffraction experiments
carried out on the SPINS (Spin Polarized Inelastic Neutron Spectrometer-NIST, USA).
This will allow to draw differences and similarities, e.g extraction of their critical magnetic
exponents, between two potentially isostructural systems, where there are indications that
also vary in the way that planar defects evolve. These experiments have already taken

place and the analysis of the results is an ongoing work.

12) Experiments of magnetic forced microscopy (MFM). Magnetic field-assisted
piezoresponse force microscopy has been used as a method for probing 2°** 2 the
formation of ferroelectric or polar domains in systems which show coupling between the
electric and magnetic degrees of freedom. The study of the stress-mediated
magnetoelectric coupling by magnetic field-assisted piezoresponse is more common for
nanocomposite magnetoelectrics in which two phases are artificially coupled via a
mechanical strain. Examples were MFM technique has been used for the characterization
of bulk systems is the ErMnO3.2%® In the case of p-NaMnO, and a-NaMnO; it would allow
us to image the magnetodielectric response of the domains in each compound, under zero
and various magnetic fields and assess this against the varying concentration of planar

defects amongst the two systems.
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Appendix A: Comparison Graphs for the a-NaMnO,, B-NaMnO, and the

Nag3sMnO,x0.2H,0

Chapters 3, 4 and 5 focused on the experimental results of the three manganese oxides a-
NaMnO,, B-NaMnO, and Nag 3MnO,x0.2H,0. In this appendix we present the comparison

of some experimental results between the three oxides.

The goal of this comparison is to present some comparative figures which are helpful for
the overall understanding of the behavior of these oxides. If we understand and moreover
predict the effects that the crystal structure generates, we can control the properties of the
materials. This can be achieved by designing the appropriate crystal structure depending on
the behavior that is desirable for obtaining specific behavior in each system. Comparative
graphs are presented only for experiments that were common among the three manganese

oxides and were carried out under identical or comparable conditions.

A.1 The crystal structures of a-NaMnO,, g-NaMnO; and Nay3:Mn0O,x0.2H,0

The crystal structures of two polymorphs of a-NaMnO, and B-NaMnO, are shown in
figure A.1. These strutures correspond to the crystallographic data obtained from the cif
files created on the structural parameters published when the two polymoprhs were first
reporteds. In the same figure the birnessite’s structure is presented. The recent investigation

by TEM, conducted for the three oxides is not taken into account.

The main similarity in the three oxides is the layers composed from the MnQOg octahedra.
In the interalayer distance there is one layer of the Na cations in the a-NaMnO, and two
layers of Na* for the NaMnO,, H,O and Na cations for the Nag 3Mn0,x0.2H,0 birnessite
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Na, ;Mn0,x0.2(H,0)

Figure A.1 Crystal Structures of the manganese oxides a) a-NaMnO, b) -NaMnO; and c)
the birnessite Nay3MnO,x0.2H,0. The Mn, O and Na atoms are shown with the black, red
and purple spheres, respectively. The H,O molecules in the birnessite’s structure are shown

with the blue spheres.
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a-NaMnO, B-NaMnO,

Figure A.2 A projection of the ab plane of the a-NaMnO, (left) and B-NaMnO, (right). Note
the 1D and 2D arrangement of the Mn cations in a-NaMnO; and p-NaMnO,, respectively.

Figure A.2 shows the projection of the ab plane on both polymoprhs, to underline the
difference in the Mn* arrangements. In o-NaMnO, (Figure A.2 left) the Mn*® are
organized in a flat one dimensional layer. On the contrary, in B-NaMnO, the Mn*? map out

on a corrugated zig-zag two dimensional layer.
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A.2 X Ray Powder Diffraction Patterns
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Figure A.3 X rays powder diffraction patterns of the o-NaMnO,, B-NaMnO, and Na
03Mn0,x0.2 H,O shown with red, blue and green graphs, respectively. Note that the broad
intense peak between 20-30 deg, is due to the sealing of the samples with the mylar film. The
arrows show the difference in the 2 theta angle between the 001 reflection of the birnessite
Nay 3MnO,x0.2H,0 and the (001) reflection of the a-NaMnO, and the -NaMnO..

Figure A.3 shows the XRPD patterns of the a and p-NaMnO, on the upper layer of the
graphs and the birnessite Nag3Mn0,x0.2H,0 at the bottom. The 001 reflections of the a-
NaMnO; (16.78 deg) and B-NaMnO, (14.11 deg) are noticeably apart as their c-parameters
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differ significanltly, yet many Bragg peaks of the two polymoprhs at angles higher than the

30 deg are quite close. One interesting point arises from the comparison of the XRD graph
of a-NaMnO, with that of the birnessite’s. The shift of the 001 reflection from ~16.78 deg

to ~12.45 deg corresponds to the increase of the c-parameter of the a-NaMnO, when it

becomes Nay 3MnO,x0.2H,0 due to the insertion of water in the interlayer distance along

the c-axis.

A.3 Magnetic Susceptibility Graphs of the Manganese Oxides
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Figure A.4. Measurement of the magnetic susceptibility on a ZFC dc mode under 200 Oe
magnetic field for the manganese oxides: a-NaMnO;, B-NaMnO,, Na ¢44 MnO,; and CuMnO;
presented with the blue, red, cyan and magenta graphs, respectively.
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At this point it is interesting to relate the magnetic behavior of the a-NaMnO,, B-NaMnO,
and NapsMnO,x0.2H,0 with the Nag4MnO, *® as well as with the frustrated
antiferromagnet CuMnO,, %" Figure A.4 presents the magnetic susceptibility of the
aforementioned manganese oxides measured under 200 Oe field on a ZFC (dc) mode. At
first glance there is a remarkable similirarity on the magnetic susceptibiity of the a-
NaMnO;, the B-NaMnO, and the CuMnO,. Two are the basic common characteristics: the
broad hump at high temperatures strongly indicating low dimensional magnetism** and
the minor contribution from paramagnetic impurities evident by the tail on the magnetic
susceptibility at low temperature. The common characteristics of the a-NaMnO, and j-
NaMnO; have already been discussed in chapters 3 and 4. CuMnO,, has a typical
crendnerite structure at room temperature (monoclinic, C2/m) but undergoes a structural
phase transition below 65 K (triclinic, P1), the temperature where it becomes
antiferromagnet (P1, k (0, ¥, ¥%)*°". This behavior is analogous with the a-NaMnO, phase
in which the structural distortion (monoclinic C2/m to triclinic P1) also occurs at the
temperature (45 K) where the antiferromagnetic order emerges. The underlying
mechanism of the structural transition in both cases is the magnetoelastic coupling. The
magnetic degeneracy (frustration) imposed by the triangular lattice topology is lifted off
and long range magnetic order develops in both manganese oxides.

Quite different susceptibility graphs show the Nag3MnO;x0.2H,0 and the Nag44MnO,
oxides. As it has been presented in chapter 5, Nag3MnO,x0.2H,0 exhibits a spin glass
transition at 29 K related with bond disorder among ferromagnetic and antiferromagnetic
interactions of the Mn**/Mn** cations. Neutron powder diffraction data have not revealed a
structural transition at the spin freezing temperature. The tunneled structured Nag44MnO;
shows also a peak at low temperatures, specifically at 25 K, which is rather broad in
comparison with that of the NagsMn0,x0.2H,O and has not been correlated ?*® with a

structural distortion at this temperature region.
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Appendix B : Magnetodielectric Measurements Set Up and The LabView Software

The technical details that the experimentalist chooses in order to carry out a measurement
have a significant effect on the outcome of each measurement. In experiments where
extremely small physical quantities are measured, both the hardware and the software used
may affect the reliability of the obtained results.

A LabView Programm has been developed to cover the needs of the magnetodielectric
experiments. The major tasks were to measure a) capacitance and dielectric loss versus
temperature and under various constant magnetic fields and b) current or charge in respect
with one of the following parameters: time, temperature, applied electric field and

magnetic field.
B.1 Temperature Control

The first issue that had to be settled effectively was the temperature control. Heating the
space of the sample was accomplished by temperature controllers, whereas cooling was
achieved by continuous flow of a cryogenic liquid (nitrogen or helium). Controlling the
temperature was obtained by providing the necessary power into two heating elements: the
resistor which is placed close to the bottom of the cryostat (total resistance 40 Q) and the
resistor at the base of the sample holder (Figure 2.10-total resistance 100 Q). Close to each
heating element there was a Lakeshore sensor which could read temperatures varying from
2 K- 325 K. The temperature controllers (Lakeshore 332 or Lakeshore 340) provide the
required electrical power since they function as well-regulated variable DC current sources
but also display the temperature that the Lakeshore sensors read. Thus, there are two
temperature points to set and control: the first referring to the cryostat’s temperature and
the second which corresponds to the sample’s temperature. These two may slightly vary as
the power which is provided in the cryostat’s resistor is much higher that the one provided
to the resistors of the probe. Moreoever, the cryostat’s sensor is closer to the nozzle from
where the nitrogen comes out, so less time was needed for the cryostat to cool down in

respect with the sample.

The temperature control is built using the LabView software in a way that the temperatures
of the cryostat and the sample are not independent. Specifically, first the temperature set
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point of the cryostat is reached, when this is reached and stabilized within the allowed
limits, the program sets the sample’s temperature. This ensures that there are no large
thermodynamic deviations between the space of the cryostat and the space of the sample,
which could affect the stability of the sample’s temperature and its measured physical

properties.

=

LakeShore 332 Temperature Controller
Control A Tune Remote
§ ®
Control 8 Ramp Alarm
2 @
Control Zone input Display Remote. Auto Heater
Setup Settings Setup Format Alarm Local Escape Tune Range
- N N E S N N .
PID Curve Analog Heater
Setpoint MHP Entry Math Qutput Interface Enter Loop on
fef [ - - @ 5 6 .

Figure B.1 a) Front panel of Lakeshore 332 Temperature Controller. The first column of
numbers displayed refers to the actual temperature (A) whereas below this indication is the
temperature set point (S) in units of Kelvin (K). The second column refers to the temperature
of the sample and the total percentage of the output electrical power that was provided by the
controller. The user may choose which panel will be displayed: the one which refers to the
cryostat’s temperature (Loop A) or the one which corresponds to the sample’s temperature
(Loop B).

b) Rear panel of the Lakeshore 332 Temperature Controller. Input A and B are connected
with the temperature sensors of the cryostat and the sample, respectively. The heater output
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B.2 The LabView Software Program

The software used for the magnetodielectric measurements was based upon a common
platform which is called “vi” according to the LabView’s definitions. The vi has separate

sub-programs which are used for each type of measurement.

There were 4 basic sub-programs: a) the C, D=f(T) for measurements of the capacitance
and dielectric loss versus temperature under stable magnetic fields b) the C, D=f(H) used
to measure capacitance and dielectric loss isothermally versus magnetic fields from -6.5 T
up to 6.5 T, c¢) the P=f(T) when experiments of current or charge versus time and
temperature were required and d) the P=f(H) in order to evaluate charge or current versus

magnetic field at a stable temperature.
B.2.1 Measuring the Dielectric Constant and Dielectric Loss

The dielectric constant experiments were carried out with the use of the LCR brigde, the
Lakeshore 332 temperature controller, and when magnetic fields were required, the AMI
420 controller of the 7 T superconducting magnet. An example of the experimentalist’s
interface for these measurements is shown at Figure B.2. This panel is used to measure
capacitance and dielectric loss versus temperature. In the following, we discuss in detail

the choices and options of the experimentalist.
The “Experiment Parameters” refer to the inputs of each measurement.

e More specifically, the user may insert the initial temperature and the final
temperature using the inputs “Tinitial”and “Tfinal”

e There is also the possibility to define the temperature steps using the choice
“Steps . This means that the capacitance values can be recorded every x K (xy= 1 K,
2K, 0.5K,0.25K...). We are not able with this program to define the temperature
rate (K/min).

e The deviation from the desired temperature point is defined by the number which
will be inserted in “T stabilization error” tab. For example, if this parameter is set
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at 0.15 and the temperature point is 100 K, the accepted values will range from
99.85 K t0 100.15 K.

e The program also provides the choice of setting a difference between the samples
and the cryostat tempeture set points. This is settled by the input “47=T-T.” where
Ts and T. denote the sample’s and the cryostat’s temperature, respectively. For
positive values of AT the cryostat is set to function at lower temperatures, whereas
for AT<O the cryostat is settled at higher temperatures in respect with the sample.

e The desired temperature set point should be reached within a reasonable time. If for
any reason this does not happen, then the input “T next step” gives the choice to
pass to the next set point by defining the maximum time (in seconds) within the
program is allowed to reach each temperature.

e One can also choose whether to use the “Lakeshore 332" or “Lakeshore 340” by
choosing one of the two in the “Thermometer” tab.

e The capacitance is converted to the dielectric constant values by the program using
the simple equation 2.10 (see paragraph 2.4.2) as long as the user will write the
correct values in the “Sample’s Thickness” and “Sample’s Area” in meters and
square meters, respectively.

e The LCR brigde provides a variety of possible measurements, where pairs of
physical quantities are being recorded. The primary parameter of these quantities
can be the impendance (Z), the resistance (R), the capacitance (C) and the
inductance ( L). The function of the LCR Bridge can be specified by the tab “Imp
Type”.

e The measurement is carried out applying one frequency value for each
measurement, in the input “frequency value”

e The magnet can be charged to a specific magnetic field, specifying the current and
the ramp rate by which the magnet is charged. This is done using the tab “Magnet

Parameters”
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Figure B.2 The interfcace of the LabView vi which allows the user to measure capacitance,
dielectric constant and loss, versus temperature as shown in the graphs represented with the red,

aqua and white dots, respectively.

3

On/Off

e The temperature parameters Gain(P), Reset (I), Rate (D) (also known as “PID”

values), the Manual Output (%) and Heater Range define the time within which

the temperature point is reached and its deviation of the actual temperature

measured. In other words, the PID values determine on a large scale the efficiency

of the temperature control. Since the PID values highly depend on the temperature
range used (5 K-20 K, 20 K-80 K) the user has also the choice to use the “Zone

Setting”. This ensures that the PID values will change according to the temperature

range that the measurement is carried out. Details can be found in the manual of the

Lakeshore Temperature Controllers for the 332 and 340 models.
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B.2.2 Measuring Capacitance versus Magnetic Field

In many magnetoelectric compounds it is quite useful to estimate the magnetocapacitance,
meaning the % change of the capacitance versus the applied magnetic field at different
stable temperatures. Usually the experiment is carried out at various temperatures lower
than the magnetoelectric transition temperature. The Labview program provides this
option. The interface of the program used to measure capacitance versus magnetic field is

shown in Figure B.3.

The control of the temperature parameters entails the same settings as those described in
the previous paragraph. The difference in this experiment is that the measurement is
performed isothermally, so the user needs to define only the temperature and the accepted

temperature deviation.

e The magnetic field is set from values ranging between -6.5 T to 6.5 T, using the
“Hy”and “H,” (Figure B.3)

e The number of points between the initial and the final magnetic field taken at each
measurement is defined by the “Steps”.

e The rate by which the magnetic field is changing is specified in the “Ramp Rate”
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Figure B.3 Interface of the LabView program for the measurement of capacitance, dielectric
constant and loss versus magnetic field at a stable temperature.
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B.2.3 Measuring Charge or Current (Polarization) versus Temperature

One useful experiment for the detection of possible ferroelectric transition is the
measurement of the pyrocurrent or, in other words, the current versus temperature. This
measurement is carried out with the help of the Keitley 6517A electrometer. At the
LabView program there is the tab of P(T), which is the interface for such meausurements
(Figure B.4). The inputs concerning the temperature control and the magnet parameters
have the same function as described in the previous paragraph. The new input here is the
commands that are related with the Keithley electrometer which are: the “V-source range”
in order to define the limit of the maximum voltage that might be applied, the “Output
Voltage Value” to set the applied electric field in the sample and the “Function”. If the
latter is set to “dc voltage” then the electrometer works as a dc voltage source which can
measure current. Baring in mind that we try to measure currents less than nanoAmps, one
should be careful with the hardware connections, the triboelectric effects, the electric
isolation of the sample, the grounding and any factor which can possibly affect the result

of the measurement.
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=) ]

Figure B.4 Interface of the LabView program for the measurement of charge or current
versus temperature.
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Appendix C: Preliminary Analysis of the Magnetic Structure of p-NaMnO,

The analysis of the magnetic structure of f-NaMnO, has been done by using the FullProf
Suite. The investigation of a magnetic structure requires a complete structural model. Thus,
the basic precondition is a Rietveld refinement of the crystal structure which corresponds
to the solution of the chemical (nuclear) cell. The Rietveld refinement provides all the
structural parameters. The necessary information is the exact peaks’ positions of the
magnetic reflections and the cell parameters derived from the Rietveld’s refinement. These
data can be imported in various programs (such as the “Supercell”*®) in order to calclulate
the propagation vector or a number of possible propagation vectors. The propagation
vector, the magnetic atoms positions and the space group is inserted again in suitable
programs like “Sarah™®® or Baslreps®® for the magnetic symmetry analysis. The
information obtained from the symmetry analysis is then used in the FullProf program,
where the magnetic contribution is imported as a second phase, taking into account only
the positions of the magnetic atoms. The first phase is regarded the crystal structure whose

parameters are kept stable during the refinement of the magnetic structure.

Since at 100 K there is a magnetic transition from the commensurate to an incommensurate
structure the analysis is carried out at 100 K and at 4 K.The fit for the 100 K pattern of the

B-NaMnO; is shown in Figure C.1 and does not include the magnetic contribution.

Based on the structural analysis of Figure C.1 the cell parameters of B-NaMnO, at 100 K
are: a=4.749 (2) A b=2.855(1) A ¢=6.315 (2) A. The position of the Mn*? is (x, y, z)=
(0.25, 0.25, 0.625). The magnetic structure analysis at 100 K of -NaMnO, shown in
Figure C.1 resulted in the following: B-NaMnO, is a G- type antiferromagnet (see Figure

1.2c) on the magnetic space group P1 with the propagation vector of k (0.5, 0.5, 0.5).
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Figure C.1 Crystal structure analysis of B-NaMnO, at 100K by Rietveld refinement. Note

the two magnetic reflections (of the experimental data corresponding to the red graph) which

are not calculated yet by the theoretical model.
At 80 K, a magnetic transition is observed since magnetic satellite reflections appear. The
satellite peaks appear until 4 K.Rietveld analysis of the 4 K pattern resulted in the
following structural parameters: space group Pmmn and a= 4.7450 (2) A, b=2.8550 (1) A.
The manganese Mn*® positions are: (x, y, z)=(0.25, 0.25, 0.63). Data treatment for the
magnetic structure is now based on the search of a propagation vector which will have at
least one irrational component of the ky, ky, k,. The magnetic space group remains the P1
however the propagation vector has changed to k (0.5, 0.475+9, 0.5) where 6=0.0097. The
result of the Rietveld refinement is shown in Figures C.2-C.3. The reliability factors

(x*>50) of the crystal and magnetic analysis indicate that there is much scope of
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improvement. This is attributed to the multiple complexity of the crystal structure, which
affects the final outcome of the Rietveld refinement. Since we don’t have the correct
solution for the chemical cell, we also end up with inadequate analysis of the magnetic

structure
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Figure C.2. Two phase Rietveld refinement of B-NaMnO, NPD data at 100 K. Indexing of the
nuclear and magnetic reflections is pointed out with the red and black ticks, respectively.
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Figure C.3 Rietveld refinement of the 4 K pattern of -NaMnO, for the solution of the
incommensurate magnetic structure. The red and black graphs correspond to the observed and
calculated intensities, respectively. Upper set of ticks marks show the positions of the
magnetic peaks whereas the lower set of tick marks (black) indicate the positions of the
nuclear peaks.

Methodology used with the DAVE program for the fits of the magnetic peaks

DAVE*" is software especially designed for the visualization and analysis of inelastic
neutron scattering data. All the neutron scans from the temperatures 5-300 K have been
analyzed with the aforementioned program. Figures C.4 and C.5 show the 56 K scan as an

example of the fits based on the use of Gaussian and the Lorentzian fuctions, respectively.
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Figure C.4 shows the magnetic peaks at 56 K fitted with the use of the Gaussian function.
The first parameters to set are related with the background. The user can change the
“offset” and the slope of the background. The “offset” shows the level line of the
background, and has the option to maintain at a fixed value. The slope shows if there is any
increase of the background as the temperature of the scans changes. We kept both of these
parameters stable. The value of the slope and the offset of the background were extracted
by the fitting of the lowest temperature, i.e from the 5 K scan. This ensures that any
possible increase in the area of the peaks is attributed strictly to the magnetic reflections.
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Figure C.4 Fitting with Gaussian functions of the main magnetic peak and its the sattellites at
the pattern of 56 K. Y-axis shows the intensity (arbitary units) and the x-axis corresponds to
the raw data in time of flight (“tof” in usec). The upper part of the picture shows the fit where
the background and four in total Gaussian functions are used (see text). The lower part shows
the residuals which is an illustration for the quality of the fit.
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Three magnetic peaks appear, however the group fit of those peaks entailed the use of four
in total Gaussians. The reason for this is that the main (commensurate) magnetic peak is
unusually wide, and especially when the system enters the incommensurate state, likely
indicatingthe development of a short-range spin correlations which give rise to diffuse
scattering beneath the central line. So in order to describe this, two Gaussian functions
were used instead of one. The first one, being extremely broad, covers the entire Q area
(1.30 A' < Q < 1.44 A™"). The second one addresses the fit of the central commensurate
magnetic peak and the rest two are applied in each of the satellites. The parameters which
can be modified by the user concerning the Gaussian function are three: the area, the center
and the full width half maximum (FWHM) of each peak. We have set the lower and higher
limit stable for each peak. The fit obtained is not satisfactory, since it does exactly describe
the shape and width of the magnetic peaks. As the main magnetic peak is exceptionally

wide, the Lorentzian function was chosen as a better alternative.

Figure C.5 shows the group fitting of the 56 K scan, which entails the analysis of the
background and four in total Lorentzian functions. Specifically two Lorenztians were used
for the description of the main magnetic peak, and one function for each one of the
satellites. The methodology is similar with the one followed with the previous analysis,
meaning that the offset and slope of the background maintained the value extracted from
the 5 K run at the entire range of 5 K-300 K. The lower and higher limit of the peaks was
also stable. The intensity of the three peaks was extracted and was plotted versus
temperature as shown in Figure 4.57. The relevant fittings for the estimation of the critical

exponent [ are presented in Figure 4.58.

The analyses for the estimation of the critical exponent B of the B-NaMnO, for the
commensurate (100 K<T<200 K) and the incommensurate phase (T<90 K) entailed
various trials most important of which are shown in Table C.1 In this table we show the
best Adjustment R-Squares according to which the values of 3 were derived: f=0.5 and

[3=0.23 for the high and low temperature transition, respectively.
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Figure C.5 Fitting with Lorentzian functions of the main magnetic peak and its sattellite
reflections at the scan of 56 K. The upper part of the picture shows the fit where the
background and four in total Lorentzian functions are used (see text). The lower part shows
the residuals which is an indication for the quality of the fit.
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Peak B Tc Adj-R-Square
Main Magnetic Peak 0.5 202.39 (£1.41) 0.949
at Q=1.374 A
0.32 198.23 (£0.78) 0.932
0.23 198.92 (+1.23) 0.792
0.495 (+0.24) 200 (Fixed) 0.869
Satellite Peak at 0.5 125.5 (£7.71) 0.915
Q=1.326 A*
0.32 110.217 (+4.2) 0.932
0.23 102.04 (£2.68) 0.9425
0.115 90 (Fixed) 0.718
Satellite Peak at 0.5 94.42 (£2.9) 0.889
Q=1.433 A"
0.32 90.95 (+0.75) 0.955
0.23 90.23 (+0.156) 0.985
0.145 90 (Fixed) 0.92159

Table C.1. Values of the critical exponent B, the critical temperature T, that was derived
for each fit and the relevant Adjustment R-Square for the fit shown in Figure 4.58.
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Appendix D: Complementary Graphs of Chapter 5

In this Appendix we present some complementary graphs related with the birnessite
Nag3MnO,x0.2H,0 compound discussed in Chapter 5. Paragraph D1 shows the XRPD
pattern of a sample that was prepared with an alternative method of synthesis. Specifically
it was synthesized with the use of iodine in order to deinteracalate Na cations. In pararaph
D2 we discuss the aging as seen in two XRDP patterns of the same Nap3MnO,x0.2H,0
sample measured with a time difference of 6 months . Also in paragraph D3 we present in

detail the methodology of the power law analysis presented in the section 5.4.2.4.

D1: XRPD graph of the birnessite synthesized by deintercalation of Na cations.

As already mentioned in 5.2 section the birnessite samples were prepared by hydration of
the a-NaMnO., in air. However, deintercalating Na cations with the use of iodine was also
tried. The final product was a well crystallized birnessite, whose XRPD pattern was
indexed successfully upon the birnessite of ICSD_262608 crystallographic file (Figure
D.1). However, these samples proved to be non —stable (the sample was not stored in the
glove box) as secondary peaks appeared just after 24 hours. This is presented in Figure D.1
where one can observe the 001 peak of a-NaMnO; at 16.6 deg at the graph with the black
color. On the contrary, the samples prepared with the hydration of a-NaMnO, were stable
for months. For this reason the deintercalation with iodine was not followed in order to

prepare the birnessite samples.
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Figure D.1 XRPD patterns of the birnessite which was synthesized by adding iodine in the a-
NaMnO, shown with the orange graph. This sample is compared with the one synthesized with
hydration of a-NaMnO; in air shown with the green graph. The major drawback of the samples
synthesized with the use of iodine was the appearance of the secondary phases evident by the 001
peak of a-NaMnO, as shown in the graph with the black color.

D.2: Aging of the birnessite compound as seen with the XRPD patterns

In section 5.4.1 (Figure 5.13b) we have shown the static magnetic susceptibility
measurements of a birnessite (sample’s code ib137) which were carried out under the same
conditions. The only difference between the susceptibility experiments was that the second

one was undertaken 6 months after the first one. Here we show the aging of the same
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birnessite sample (ib137) as observed in the XRPD patterns. Similarly, the second XRPD

measurement was carried out 6 months after the first one.

The purpose of these XRPD graph (Figure D.2) is to understand the aging effect of the
birnessite as observed by the static magnetic susceptibility graphs. The second XRPD
pattern is characterized by a shift of the Bragg reflections to the left (lower 26 angles) and
the elimination of the 001 peak of a-NaMnO; at 16.67 deg. The shift of the 001 peak
towards lower angles indicates the change in the stoichiometry of the birnessite most likely
due to the insertion of more H,O in the interlayer distance. These modifications of the
crystal structure probably have an effect on the Mn**/Mn** ratio of the mixed valence of

the compound which affects the magnetic properties as we can observe in Figure 5.13b.
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Figure D.2 XRPD graphs of the same samples: the first one shown with the red color was carried
out 3 weeks after the sample was synthesized. The second measurement (presented with the black
color) was undertaken 6 months after the first one to observe possible aging effects.
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D.3 Methodology used for the power law fits presented in chapter 5

All the curves of the primary magnetic susceptibility (y") shown in Figure 5.22 have been

fitted with the Lorentz function in order to estimate the transition temperature T; obtained

at each different frequency. An example of the Lorentz fit is presented in Figure D.3.

Various peak functions were used in order to fit the experimental data of each '«(T) curve.

Among these functions were the Gaussian, the Voigt, the Pseudovoigt. The deviations in

the estimated T; obtained by each different fit were small. An example is shown in Table

D.1 for the susceptibility peak measured at 77 Hz. The issue of the curves presented in

Figure 5.22 which prevents a perfect fit, is their asymmetry.

16 ™M _
Lorentz Fit of E

Equation

Adj. R-Square

—

N
T T
mmmmm

Y = y0 + (2*AIPI) (W/(4* (x-xC)"2
+Ww'2))

0.92584
Value

0 4.79128E-5
c 29.99874
w 3.20452
A 5.50303E-4

H 1.57238E-4

Standard Error
8.00092E-7
0.05397
0.17824
2.44184E-5

T(K)

Figure D.3 Lorentz fit of the primary magnetic susceptibility curve measured at f=77 Hz.
The adjustment R-square is 0.925, mostly due to the asymmetric shape of the experimental
curve which leads to the deviation of the data from the wide bell-shaped Lorentz function
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Function T¢ Adj-R square
Lorentz 29.998 0.92584
Gauss 29.915 0.91078
Voigt 29.9784 0.92521
PseudoVoigt 29.984 0.92582

Table D.1 The above table presents the various functions used to fit the primary
susceptibility peak measured at 77 Hz, shown in Figure D.1, the estimated by each fit T
and the quality of the fit shown with the adjustment R-square.

Table D.2 shows for each frequency (f) the estimated by the fit temperature T¢. Moreover,
the logarithim of each frequency has also been calculated and displayed, as this value is
going to appear in the graph, for the power law fit.

One may notice that in Table D.2, the T, is 29.64 K. Here we discuss the reason that this
value was chosen for the Ty temperature. In equation 5.13 there are three parameters that
one needs to define: the zv that corresponds to the slope of the linear fit, the intercept
log(fo) by which the relaxation time 1, will be calculated and the temperature Tsg.

To reduce the complexity of a three parameters linear fit, we follow a method that
calculates two parameters: the zv and the log(f,).?®” The value of Tsy is adjusted in order to
get the best linearity in the log(f) versus log[(TsTsg)/Tsg] plot. The zv and t,=1/f, are
calculated from the parameters of the fitting. We give different values of the T4 we chose
the one that gives the higher Adjustment R-square. Some examples of these trials with the
Tsy values and the calculated parameters are presented in table D.3. Note that very small
changes in the Ty cause large deviations in the exponent zv and the relaxation time 1.
Moreover, values of Tsy; which resulted in a poor quality fit also gave results with no
physical meaning, like the ones corresponding to the T¢,=28.85 K. For this value we got
the lowest adjustment square and the relaxation time (10%* sec) is unreasonably low for a

spin glass system.*
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Frequency (f) (Hz) log(f) Tt (K) log[(Col(T#)-Tsg)/ Tsgl
Here Ts=29.64 K
47 1.6721 29.95835 -1.96897
7 1.88649 29.99874 -1.9171
97 1.98677 30.01116 -1.90232
217 2.33646 30.06968 -1.83873
901 2.95472 30.21818 -1.70982

Table D.2 The parameters that were used in order to carry out the linear fit shown in
figure 5.18.

The best fit of the frequency dependence for the Nay3Mn0O,x0.2H,0 yielded the following
parameters: Ts;=29.64 K, 1, =0.275x10™* sec and zv=5.029 (+0.126) and it is presented in
Figure 5.23. The values of to and zv are in consistency with other magnetic systems which

have been classified as canonical spin glasses. 3 163276

Tsg (K) zv T, (Sec) Adjustment R-square
28.85 14.084 10 0.99313
29.57 5.848 107 0.99727
29.64 5.029 10 0.99748
29.67 4.679 10™ 0.99740

Table D.3 Values of the T, used to calculate the parameters zv, 1,. The selection of the
best Tsq was done according to the highest adjustment R-square
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D.4 Le Bail Refinement of the 5 K NPD Pattern

The Le Bail refinement for the pattern at 5 K is shown in Figure D.4. The indexing has
been done according to the triclinic system, space group P1, and has resulted in the
following cell parameters: a=5.191(3) A, b=3.149(2) A, c= 7.624 (6) A and o= 88.902(8)
deg, p= 101.944(6) deg, y= 89.164 (9) deg. The reliability factors are ¥?=39.1 and
Ruwp=79.2 %.

The Le Bail analysis resulted in cell parameters which showed an increased c-axis (7.6 A),
in comparison with the c-axis (5.8 A) of the a-NaMnO, powder, which was used as a
precursor for the synthesis of the Nay3MnO,x0.2H,0. The indexing of the NPD pattern
yields comparable cell parameters with those obtained from the analysis of the TEM

studies (paragraph 5.3.4)

However, the quality factors of the Le Bail fit Ry,,=79% and ¥*=39, suggest that there is
much scope of improvement. A few of the observed reflections are not predicted by the
theoretical model, there is difference in the intensity between the observed and calculated
reflections and also the increased background level, are factors that reduce the reliability of
the final outcome. Due to the aforementioned issues the investigation of the NPD pattern

with the Rietveld method is excluded.
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Figure D.4 Le Bail refinement of the NPD pattern obtained at 5 K for the Nag 3Mn0,%0.2H,0.
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Conferences and Talks

1) SPIE Photonics West, 1-6 February 2014, San Fransisco, USA. Poster presented by

loanna Bakaimi

“Crystal, Magnetic and Dielectric Studies of the 2D Antiferromagnet: p-NaMnO,” loanna

Bakaimi, Othon Adamopoulos, Artem Abakumov, Mark A. Green, Alexandros Lappas

2) The Tenth Students Meeting, Processing and Application of Ceramics November 6-9,
2013, Novi Sad, Serbia, 3rd ESR COST MPO09. Oral Presentation by loanna Bakaimi

“Magnetodielectric Coupling in the 2D Antiferromagnet -NaMnO,” |. Bakaimi, O.
Adamopoulos, A. Abakumov, M.A. Green,A. Lappas,

3) IT (Instituto Italiano di Technologia) 28 February 2013, Genova, ltaly, Invited Talk at

Dr.Liberato’s Manna group by loanna Bakaimi

“Frustrated Magnanese Oxides: the diversity of Crystal Structures Towards Novel
Magnetic Behaviors” I.Bakaimi, O. Adamopoulos, C.Stock, M.A Green and A.Lappas

4) TCO (Transparent Conductive Materials) 21-25 October, 2012. Hersonissos, Crete,

Greece. Poster Presentation by loanna Bakaimi

“Growth of B-NaFeO, Thin Films by Pulsed Laser Deposition” I|.Bakaimi, E.L.
Papadopoulou, M.A. Green, P. Tzanetakis, A. Lappas

5) 6th International Conference of the Hellenic Crystallographic Association 28-29

September 2012, University of Athens, Greece. Oral presentation by loanna Bakaimi

“Frustrated Magnanese Oxides: the diversity of Crystal Structures Towards Novel
Magnetic Behaviors” 1.Bakaimi, O. Adamopoulos, M.Giot, C.Stock, M.A Green,
A.Lappas.

6) ACNS-American Conference and Neutron Scattering, June 24 - June 28, 2012
Georgetown, Washinghton DC, USA. Poster Presentation by loanna Bakaimi: “Order
Against Frustration in the Spin-2 Anisotropic Triangular Lattice System a-NaMnO;”
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I.Bakaimi, M. Giot, O. Adamopoulos, A. Lappas, C. Stock, L.C. Chapon, J. Taylor , C.M.
Brown, M.A. Green

7) Panhellenic Conference on Solid State Physics & Materials Science, loannina, 26-29
September 2010. Oral Presentation by loanna Bakaimi and distinction for the best oral

presentation titled:

“Frustration and Induced Magnetodielectric Coupling in NaMnO, Polymorphs” loanna
Bakaimi, Othon Adamopoulos, Bohdan Kundys, Mark A. Green, Chris Stock, and

Alexandros Lappas

8) Participation in the Panhellenic Conference on Solid State Physics & Materials Science,
Heraklion, 21-24 September 2008

9) The European Conference Physics Of Magnetism, June 24-27, 2005 Poznan, Poland,

Poster Presentation by M.Kwiecien

“Electronic Structure and Magnetic Properties Gd 1.x ThxNiz Compounds”M. Kwiecien and
G. Chealkowska and J. Bakaimi

Schools and Workshops
1) Workshop-training for magnetic structure analysis with the software “Jana2006”:

The 14™ Ad Hoc Workshop on Jana 2006, 15-16 October 2012, Institute of Physics

Department of Structure Analysis, Prague, Checz Republic
2) School-training for the crystal and magnetic structure analysis:

5" ILL Annual School on Neutron Diffraction Data Treatment using the FullProf Suite:
FPSchool 2012-23-27 January 2012, Grenoble, France

3) Workshop-training for crystal structure analysis with the software “Jana2006”

The 10" Ad Hoc Workshop on Jana 2006, 6-7 December 2011, Institute of Physics

Department of Structure Analysis, Prague, Checz Republic
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4) “Summer School on Physics of Advanced Materials”, July 2003, Thessaloniki, Greece

5) Advanced Physics Summer School’, University of Crete, Physics Department, July
2002, Heraklion Crete, Greece

Short Visits and Further Training

1) 15 June2012-15 July 2012: Guest Researcher at NCNR-NIST in USA (NIST Center for

Neutron’s Research-National Institutes of Standards and Technology).

Synthesis of Complex Magnetic Oxides, Participation in Neutron Diffraction Experiments,
Analysis with Rietveld Method

2) 1 May2011-30June 2011: Guest Researcher at NCNR-NIST in USA (NIST Center for

Neutron’s Research-National Institutes of Standards and Technology).

Synthesis of Complex Magnetic Oxides, Participation in Neutron Diffraction Experiments,
Analysis with Rietveld Method

3) 31July-30August 2009: Guest Researcher at NCNR-NIST in USA (NIST Center for

Neutron’s Research-National Institutes of Standards and Technology).

Synthesis of Complex Magnetic Oxides, Participation in Neutron Diffraction Experiments,
Data Analysis with Rietveld Method

Peer-Reviewed Proposals for Neutron Scattering Experiments

1) July 2012: ‘Defining Critical Exponents in a-NaMnO,’ Participants: loanna Bakaimi,
Efrain Rodriguez. Instrument: SPINS triple axis spectrometer at the NCNR, NIST, USA

2) July 2012: “Elemental composition in the birnessite NayMnO,(H20)y” Participants
-loanna Bakaimi, Pawel Zajdel. Instrument: NG7-Prompt Gamma Rays, at the NCNR,
NIST, USA
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3) July 2012: “Crystal and Magnetic Structures of the birnessite: NayMnO,(H,0)y”
Participants: loanna Bakaimi and Mark Green. Instrument BT1 diffractometer at the
NCNR, NIST, USA

4) May 2012: “Magnetically Driven Ferroelectric Order in the 2D Antiferromagnet b-
NaMnO,” Participants: loanna Bakaimi and Alexandros Lappas, Instrument: WISH
diffractometer at the | target station 2, ISIS-RAL, Oxford UK,

5) June 2011: “Spin dynamics in f-NaMnO,”, Participants: loanna Bakaimi, Mark Green.
Instrument BT1 diffractometer at the NCNR, NIST, USA

6) March 2010: “Spin fluctuations in the triangular antiferromagnet beta-NaMnO,”
Participants:  Chris Stock, loanna Bakaimi, Alexandros Lappas. Instrument: MARI
Spectrometer, ISIS-RAL, Oxford UK

7) August 2009: “Structure and Magnetism of Nag 44MnO,”. Participants: loanna Bakaimi,
Mark Green, Craig Brown, Instrument DCS (Disc Chopper Spectrometer) at the NCNR,
NIST, USA

8) August 2009: “Crystal Stucture of Nag44MnO,” Participants: loanna Bakaimi, Mark
Green. Instrument BT1 diffractometer at the NCNR, NIST, USA

9) August 2009: “Magnetic Structure of f-NaMnO,” Participants: loanna Bakaimi, Mark
Green. Instrument BT1 diffractometer at the NCNR, NIST, USA

10) August 2009: “Magnetic Excitations in the f-NaMnO, ” Participants: loanna Bakaimi,
Mark Green, Craig Brown, Instrument DCS (Disc Chopper Spectrometer) at the NCNR,
NIST, USA

11) August 2009: “Crystal Stucture and Magnetic Structure of B-NaMnO,” Participants:
loanna Bakaimi, Mark Green. Instrument BT1 diffractometer at the NCNR, NIST, USA
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Publications

1) Abakumov A., Tsirlin A., Bakaimi I., Van Tendeloo G., and Lappas A., “Multiple
twinning as a structure directing mechanism in layered rock-salt-type oxides: NaMnO,

polymorphism, electrochemical behavior and magnetism”, Chem.Mater. 2014, 26,3306

Bakaimi 1. Abakumov A, Green M.A, Lappas A. “Crystal, Magnetic and Dielectric
Studies of the 2D Antiferromagnet: 3-NaMnQO,” Proc. SPIE 2014, Vol. 8987, 898716 doi:
10.1117/12.2036937

3) Kruk 1., Zajdel P., Van Beek W., Bakaimi I., Lappas A., Stock C.,and Green M. A.
“Coupled Commensurate Cation and Charge Modulation in the Tunneled Structure,

Nag.402Mn0O,”, J. Am. Chem. Soc. 2011, 133, 13950

4) B. Kundys, A. Lappas, M. Viret, V. Kapustianyk, V. Rudyk, S. Semak, Ch. Simon, and
I. Bakaimi “Multiferroicity and hydrogen-bond ordering in (C,HsNH3;),CuCl, featuring
dominant ferromagnetic interactions”, Phys.Rev. B 2010, 81, 224434

In preparation (2014):

- Bakaimi 1., Kundys B., Green M.A., Lappas A. “Magnetodielectric Coupling in
NaMnO, polymorphs”

- Bakaimi 1., Brescia R., Green M.A., Manna L., Lappas A., “Crystal and magnetic
properties of the spin glass birnessite Nap3sMn0O,%0.2H,0”
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