1

Interaction of electrons in a one
dimensional system with a magnetic
texture

(Undergraduate thesis)

Student: Seremetas Konstantinos
Supervisor: Prof. Xenophon Zotos
Academic year: 2023/2024

University of Crete
Department of Physics




IN

Contents

o ADSIract. ... 3
o Introduction........... ... 3
-Domain walls.........oooiiii 3
-Landauer-Buttiker formalism and the S matrix method.....6
-Density of states and T matrix................coooeiiiniannn. .. 8
e Methodology.........ooniiiiiii e, 11
o Results.... ..o, 14
-Transmission and reflection for magnetic textures with
constant angular configuration.....................cco.oenn. 14
-Transmission and reflection for the J>>D and D~J
domainwalls............cooo 16
-Conductance and density of states for the J>>D
domainwall...........o 18
- Conductance and density of states for the J~D
domainwall............. 21
o DIESCUSSION. ... ..o 23

o R O CIICES. ...t 23



I

Abstract

In this project we calculated the conductance and density of states of a one
dimensional electronic system in interaction with a Bloch type domain wall in
magnetic materials. We approached the problem by a double exchange (s-d)
Hamiltonian and making use of the transfer matrix method, we found by inversion
the corresponding S matrix. From the elements of the S matrix it is then easy for us to
calculate the conductance and the density of states of the system. We dedicate the last
part of the report visualizing and commenting our results. This project is part of a
bigger effort to understand how the electron-domain wall interaction can affect the
spatial configuration of the domain walls.

Introduction

Domain walls

Domain walls are specific areas of magnetic materials that connect its magnetic
domains. The magnetic domains consist of atoms whose magnetic moments are
aligned and make this specific area of the material magnetized. They exist in
ferromagnetic materials when the temperature is below the Curie limit and they are
responsible for their permanent magnetic properties. These areas interact with the
magnetic moments of the conducting electrons in a constant way and do not appear to
have any special effect. Interesting results occur however when we try to examine
the interaction of the electrons with the domain walls of the material. The determinant
configuration of the spin wavefunction of the electrons plays a role in the way they
travel through different types of domain walls. The study of this interaction gives us
information about the thermodynamic and electronic properties of the material.

External Magnetic Field

Domains Randomly Assigned Domains Aligned

Figure 1: Magnetic domains in a magnetic material

There are two main types of domain walls, the Bloch type and the Néel type. The
Bloch type domain walls appear mostly in bulk materials and consist of a spin
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rotation parallel to the wall plane. It’s length is defined by the value of \/:g where J is

the exchange energy and D is the anisotropy constant. When the film thickness
becomes smaller than the domain wall the Bloch wall induces surface charges by its
stray field and the Néel wall becomes more favorable. This type of domain wall
consists of a spin rotation parallel to the film plane and its width is mainly defined by

the value of ?‘] where Ky is the demagnetizing energy. Besides these two, there are
d

also other types of domain walls such as the cross-tie wall which is a mixture of the
Neéel and Bloch domain walls. The following image gives us a visualization of what
was discussed. This project is based on the study of the Bloch type domain walls.

a)

k)
P | - I/':}e:

V) /~\\ | M
YNV

Figure 2: Visualization of the (a) Bloch domain walls and (b) Neel domain walls

Easy axis

b)

The Hamiltonian of the regular ferromagnetic chain is:

+00 e
H,=-2JS8 ) uu,,—DS" > u,.
n=—aoo n=—o

The first term describes the exchange energy (assuming only the first neighbor
interaction) while the second term is the anisotropy term.
For uniaxial anisotropy (the z axis is the easy axis) D>0. The energy of the chain is:

E=—-2J5" ) cos(0,—0,,,)+DS* Y sin’(6,) (1)

n=—0 n=—o

where 6, 1s the angle between the n spin vector and the z axis.

The energy of the domain wall is calculated by subtracting from (1) the energy of
the energy of the chain without defects,
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z (1—cos(6,—6 . N+=2 3 sin*(8,)

2JS n=— 2J n="c

Minimizing the energy with respect to the spin angles gives us the spin configuration
of the minimum energy state,

0AE
00

D in(28)=0 )

=0=sin(d,-0,,,)+sin(F,-0, )+ 2J

n

The resulting angle configuration depends on the competition between J and D (in
other words the D/J ratio). There are two cases: D>>J (narrower domain wall) and
D<<J (broader domain wall). We choose the boundary conditions of the ferromagnetic
chain to be §,=180° and ,=0°. For the case where D>>] the spin angles are

relatively small which allows us to linearize equation (2):

2(1+—)(9_ =0 _+0

2J nl

n+l

Which gives us the following domain wall profile for n>0:

0,=0,e "

n

where

cosh (y )= (f})n

Close to the critical value D/J=4/3 (for D/J>4/3 it is easy to show that the domain
wall has the length of a unit cell):

0,=V5(3—¢")/2

For the case where J>>D we follow a similar procedure (we assume the spin angle
as a continuous function of n). The result is the following:

[D
J

J=e "V

RISy

tan (
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Landauer-Buttiker formalism and the S matrix method

The Landauer-Buttiker formalism is used in mesoscopic physics to describe the
conductance of a crystal based on its scattering properties. A very effective way to
study the scattering of a particle is using the S matrix method. The main idea behind
the S matrix method is to calculate the outgoing (from the scatterer) part of the
wavefunctions when we know the incoming part. Expanding these two wavefunctions
into an orthonormal basis:

(in) __ (in) (out) __ in
pin="" 4 ¢ sv“_ﬁb)Bbsvg’
The S matrix helps us express the coefficients B, when the coefficients A, are known,

Bb:Z SbaAa

Here S.. are the elements of the S matrix.

v, €
v,

Sll S12
S21 S22

v, >
Y, €

Some of the interesting properties of the S matrix is that it is unitary:
S’S=88"=1
Also:
V(x, k)=¥ (x,—k)=S(k)=8(—k)

In order to study a scattering problem between electrons and a potential barrier we
consider the electrons to be non interacting and come from electron reservoirs. In
order to study the current of electrons from the sample to the reservoirs and vice
versa we use the second quantization formalism. It can be proved that the current
operator for the channel a is:

i,=%[ [ dEdE """ b](E)b,(E)~a}(E)d,(E )]

a

Where the aZ( E) operator creates one electron in the incoming state with a
wavefunction %™ (E)/\iiv, (E) and the b/ ( E) operator which creates the state

a
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plow) (E)/yhov,(E). What we are actually interested is the measurable current

a

1,=(I,) which is calculated to be:

1,=5[dE[f"(E)- " (E)]

Here the functions f (am) f lur) are two distribution functions.

a

It is easy to show that 1 (ain) is equal to the Fermi distribution for the incoming
electrons in the reservoir a,

We can find /™(E) to be equal to:

f&"“t)(E):; 1S,P £, (E)

where N is the total number of reservoirs. This means that the current 7, is equal to:

N
e
1,23 dE YIS ,F 11, (E)= 1 ,(E)]
b=1
If we apply a potential difference V, the new value of the Fermi energy is
E,=E +el,
If eV |< kT, we can use the following expansion for the Fermi function,

0 /o

2
o 8E+O(Va>

fo=Sfo—eV

This means that the current in the channel a will be

I —ezdeﬁw F(—v )af0
a” Rk ~ ab “ 5FE

And thus the conductance will be
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G :__ezdei S |2% 3)
a h pet ab OE

Density of states and T-matrix

We will now extract a theoretical formula which will make us able to evaluate the
density of states (DOS) for a 1D system using the S matrix elements.

We begin by expanding the Green function of the system in the set of orthonormal
eigenstates of the Hamiltonian of the system:

_p el

n

where 4, is the eigenvalue of the eigenstate ¢.(7).
We can write the retarded and the advanced Green function in the following form:

G(r,r',E):lim G(r,r',Eiie) (%)

30"

From equations (4) and (5) we get:

0,(r)e,(r)
ELIEIIdVG(F r' E"‘lé‘ }Ll’glfdl"Zﬁ
li drGlr, =1
i Gl B £

limfer(r,r’,Eiie)ZiinZ5(E—/1n)

e>0"

Consequently:

Za (E—1,)=%—~1im 3([ dr'G(r,r', Exic))

T o0

Considering the retarded Green function we get:

p(E):—S—lf arG(r,r', E)
T
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Setting r=r"'

p(E)———1 fer r,r,E)
T

p(E)=—13T:G(E) (6)

This is the retarded Green function and p(E) is the local density of states.
Corresponding the fact that the Hamiltonian is given by:

H(r,p)=Hy(r,p)+V(r)
The retarded Green function follows a Dyson type equation,
G(r,r',E)=G +fdrlfdr2 rr, E)T(r,,7,, E)Gy(r,, 7", E)(7)

Substituting (7) into (6) we get for the local density of states,

p(r.E)=——3(0,.G,(E)T(E)Gy(E).9,)

where the operators in the inner product are the retarded free Green function and the
transfer matrix. In order to find the total density of states we just have to integrate the
local density of states over the spatial coordinates, in our case .

ZTdrp(r,E)

STr[Gy(E)T(E)G,(E)]

It can be proved that the last equation can be written as

D(E)=5—L Tr(In(3 ()]

Where S (E) is the S matrix operator equal to

S(E)=1-2#is(E1-H,)T(E)
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The equation above for the total density of states gives us the contribution of the
scattering potential to the shift of the total density of states. Now we need to evaluate
the trace of the operator In S. In order to do this we will need to define the operators

X (E)=2nis(EI-H,)T(E)
We will now need to evaluate the trace

TrinS= Trln(}—)}')

For this reason we will use the formula

h;>

In (S’ )=In } f( Z
Using this transformation it is easy to get to the equation that we will use

1 d
D(E)=—— 211 E
(E)=5 - Tr{in(S (E))]
1 A
Tr
2 i [S dE}
.dS . dS’

D(E)=—

1

D(E)= 47

This is the final equation that we will use in our model in order to calculate the total
density of states.

In order to find the S matrix we calculated the T matrix. The transfer matrix is
similar to the scattering matrix but instead of correlating the incoming and the
outgoing parts of the wavefunctions we use the left and the right from the potential
parts of the wavefunction

a b

Aa:ZTabBb
b
Y _|Tn Th||P,~
Y € T, Ty||l¥,¢




)

U0y () |0 (1, )
U_ (T, ) | e |\ T} )

i
a1k

- ¥

Ly

Methodology

We model our system with an s-d Hamiltonian, a method where we consider the
electrons of the d orbital to be localized and produce a magnetic field that affects the
behavior of the s orbital electrons which are assumed to be free conduction electrons.
Our Hamiltonian is:

where
V(x)zz(x)?f

For a random orientation of the magnetic field:
V(x): hz hx_lhy — hz h_
ho+ih, —h, h, —h,
We also approach the wavefunction to be in the following form:

— 14,r eiqx
ahl

where the column vector represents the spin amplitudes of the electron. In the transfer
matrix method we separate the potential in slices and suggest that it is constant in
each one of the slices. Thus the wavefunction in each slice is that of a plane wave
with a corresponding spin amplitude. We replace this form of ¥ in the Schrodinger
equation above and we get:



Rela)[h-E b 4],
2m AJ, h+ _hZ_E A~L
We set
2m
W

which simplifies our eigenvalue problem. This relation also defines the units that are
used. We thus have to solve

Ar|=g

A,

h,—E+q’ h.
h, —h.—E+q’

After the diagonalization we find the eigenvalues:
E ,=¢’th*=>q=xVEFh

where h is the magnitude of the magnetic field.
The corresponding eigenvectors are:

y =] ronterd g =] il

where we have set
h.=hcos(¢p), h,=hsin(¢p)
The one dimensional spatial form of the grid is:
Xog———X|———Xy———..———Xy
where the x; notation refers to the region xi<x<Xi:

Subsequently the wavefunction ¥; in the domain x;<x<xi:; has the form:

¥.(x)=4,

1 1

+cos(p/2)| ria'x  p
—sin(p/2) l

+cos(p/2) O
—sin(p/2) '

+sin(¢p/2) et D +sin(p/2) ol
+cos(p/2) [ +cos(p/2)

We will now follow the connection procedure for the wavefunctions in each potential
slice:
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T'<xi+1):lpi+1(xi+1) and l[/[’(xm):gﬂm ’(xm)

1

Setting

we can write:

”‘(xm) Vi=u,,, (xm) Vi

1

where
+cos(p,/2)exp(+ig; x) +cos(p,/2)exp(—igq; x) +sin(¢,/2)exp (+ig;x) +sin(g,/2)exp(—iq;x)
(x_+iqf005(¢f/2)e><p(+iqTX) —iq;cos(p,/2)exp(—iq; x) +ig;sin(p,/2)exp(+iq;x) —ig;sin(p,/2)exp(—ig;x)

—sin(p,/2)exp(+ig; x) —sin(p,/2)exp(—ig, x) +cos(p,/2)exp (+ig;x) +cos(¢,/2)exp(—iq;x)
—ig, sin(g,/2)exp(+iq; x) +ig/sin(p,/2)exp(+ig x) +ig;cos(p,/2)exp(+iq,x) —ig,cos(p,/2)exp(+ig;x)

From u(x) the transfer matrix can be found in the following way:

ui xi+1) SUi:ui+i(xi+1) l//i+1
(

‘//i:”l_l xi+1>”i+1(xi+1)l‘yi+1
1
i1 U; (xi+1)ui+1(xi+1)
Py =Ty¥y

Consequently for N potential barriers the transfer matrix can be calculated as:

W =T ,T,T5.T ¥y
T=T,T,T,..T,

Based on the calculations above we developed a code that gives us the transfer
matrix for a specific domain wall. Having calculated the transfer matrix we can find
the S matrix which is a 4x4 matrix.

The transfer matrix is correlating the amplitudes of the wavefunction in the region
before and after the potential while the S matrix is correlating the amplitudes of the
incoming with the outcoming waves.



'Af—>' Ay~
Bi€|_p| By€
4 N2
D}« Dy«

Considering a particle entering the potential region from the right in a spin up state
we have the following equations:

1
B
0=T
D
This means that:

Ay=S87122,Cny=83142, Bi=S8 1122, D=8 144

We can repeat the same process setting C,;=1, By=1 and Dx=1 in order to calculate
the rest of the S matrix elements.

After obtaining the S matrix elements it is easy for us to calculate the conductance
and the density of states of the system using the formulas given in the introduction.

RESULTS

This code was used to calculate the previous electronic and thermodynamic
quantities of the system and the results are given in this section. The x axis in the
following diagrams refer to the electron energy.

First, we used this code to calculate the transmission and the reflection coefficients
for a constant magnetic potential forming an angle with the z axis equal to zero. We
consider the particle to be in the spin up state and moving towards the right.

9p=0
1.0 4 R o o e s M e i Epeaietn LR bt o Sp—
- 0.8
=4
=]
=]
a0k o= e Is(2, 1,1, 1)|?
e} =k
= b 2 N il N i Is(1.1.1. 12
= -
. 2 e I EE e Is(2,1,2,1))2
o -+
Z 0.4 S I I S e |s(1,1,2,1))2
g """ Ttotar + Rrotar
c
B
F 0.2
0.0 - | Y L' MO . OO N0 OO - ey SO el I v RO

T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Energy
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Figure 3: Scattering matrix elements for an electron in the spin up state entering a magnetic potential that is parallel to

the z axis. The notation s(a,b,c,d) corresponds to an electron that enters the potential (h=0.4) at the point b and proceeds

to get out at the point a. The initial spin state is d and the final and c. Etc if a=b there is a reflection. Index 1 refers to the

spin up state and index 2 refers to the spin down state. The TiwtRiow i the sum of all the probabilities and appears as a
check for our calculations.

The results are compatible with the known analytical results which get

. (k*+q%)sin(ga)e ™ and = 2igk e™™

(k2+ qz) sin(ga)+2igkcos (qa) (k*+q°)sin(ga )+2igkcos(qa)

where k*=E and q’=E-V,.

Now let’s see what happens when the magnetic field is not parallel to the z axis but
forms an angle ¢. The results appear to be rather complicated. We can explain them
theoretically however if we consider the following operations. Supposing that the
domain wall is on the zy plane, if we have a magnetic field that forms an angle ¢ with
the z axis then we can calculate the new S matrix as

S'=R"'(¢)SR(p)

where S is the scattering matrix that corresponds to the case where ¢=0 and

_| cos(p) sin(gp)
RO=| Zgin(p) cosle)

0 =n/4 P =
0+ 0 A DU - SR i O O NSO [P (—
L I R T, AU — e 2,11 1P !
----- Is{1,1,1,1)]2
0.8 L ] N T LR Is(2,1,2, 1)]? _ 0.8
S - ; S
T I I O - A A B E S Is{1,1,2,1)]2 S
1] L © o ls(2,1,1, )2
= | ™ d & | | | F Ttotal + Rtotal 2 6 : 3
& 0.6 I g H T T ] R EEECH |s(1,1,1, D)2
= I  E R ¥ I  N (NN [=  h 2 : £ oRd
8 | | | EH R cessmsbeseserpmee © - 1s(2,1,2,1))2
..... g pi
s || | gl TEET | Ty S 2
Y MY A A o VY A e 1" Foad & AL L L Is(1,1,2,7)]
%] e —
E E * Ttota + Riotal
3 2
5 5
F 024 = 02
ol VO it P OO PTS (17 TPVl A M| 0.0
T . T ‘ T ‘ ‘ T ‘ \ \ \ T T T ‘ T :
0.00 025 050 075 100 125 150 175 2.00 0.00 025 050 075 100 125 150 175 2.00
e Ernarm
¢ = 3n/4 ¢g=n
e R LT T M . i E Bl B . .
----- s(1,1,1,1)]2
o OB e b L e Is(2,1,2,1)]? _ 081
S | B T k| | | [ Is(1,1,2,1)]2 2
5 ]
% """ Ttotal + Reotar 2 Z:7=+ S 1 R A 1 N ] [N o Is(2.1,2, 1)
U .
= 06 s = & 0o [a= s(1,1,1,1)]
=] "
c c -
g | (8 [ | isecsweompese [ I I (AR A AN AN I S P Istz,1,2, 1|2
s | [x | | k& | T e, s H
‘2 0.4 g oA Is(1,1,2,1)]
E E """ Ttotal + Rtotar
c =
s g
=021 E g
004 = b PP LSl ) A LTS s o 10 O VR0 PO, SOOI .. VNN TIPS L LLLLLL) S LIET s SEme |
000 025 050 075 100 125 150 175 2.00 000 025 050 075 100 125 150 175 2.00

Energy Energy
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Figure 4: Electron in a spin up state enters a magnetic field whose direction forms and angle ¢ with the z axis. The
value of the potential barrier is h=0.4.

We can observe that if the magnetic field does not form an angle with the z axis
then the spin state of the electron after the scattering does not change. Additionally
we can see that for high energies there is no reflection which is a result that agrees
with our intuition. However we can also see some surprising results. For ¢=mn/4 there
is an energy value 1<E(<1.25 where the refection probability is zero and there is an
equal probability for the electron to transmit through the potential with spin up or
spin down. The same thing and for the same energy value happens also in the case
where ¢=3m/4. In the case where ¢=n/2 and for the same energy value the electron
passes through the potential barrier as if it does not exist. This behavior has to do
with coherence phenomena and the specific value of E where this happens depends
on both the magnitude of the potential barrier and also its width.

Now let’s use the code to graph the transmission and reflection behavior of one of
the aforementioned domain walls:

L A
E 0.8 1
+—
(9]
Q
1 | | % i 0 00 e Is(2,1,1, 1))
& 0.6 - e
= !l ! 1  Axs 0 A 0| e Is(1,1,1,1)]2
c
© - ]s(2,1,2, 1))
[y
o _ | | 0 dAss e Is(1,1,2,1]?
‘n 0.4+
w0 & s 1 0 0 | e Ttotal + Rtotal
c
174
&
= 0.2

0.0 A -nf:l'.;:..........:....'.'.:'.'.'.’.'.'.‘.'.'.'.‘.'.'.'.'.'.'.u .....--

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Energy

Figure 5: Transmission and reflection probabilities for an electron that enters in a spin up state the potential that is
created by the domain wall that corresponds to the case where J>>D. We used h=0.4 and 6=0.1.

Now this is the first original result that occurred from our work and cannot be
predicted analytically like the cases of the constant magnetic field that we showed
before. In this case the electrons seem to keep their spin configuration almost intact
since the transmission and reflection probabilities for the spin down state is almost
zero for most of the energy values. We can see that there is a slight probability for the
electron to transmit through the potential barrier and change its spin state. It is also



17

notable that there is zero probability for the electron to reflect from the potential
barrier and change its spin.

It also as interesting to see how the transmission and reflection probabilities are
configured for the other type of domain wall.

6,=06y-e M

1.0 4 B i L et -. *************** e -;;;I'I """"""""""""" "::"_'.’.'f-“"”*“‘*'—'-'-'.'.'_'A'_’_'_'.'_’.'.'.'.’.'.'I‘.’_'_’I'_'.'_'.'_'. ''''''''''''''''''''''
E 0.8
)
(9]
e
% 1 | | &= 0 A 1 [ Is(2.1,1, 1)|2
& el 11
< ) 1 = e Is(1,1,1,1)]2
=
© - Jsl2,1,2,1))2
=
e 1 1 0 & L e Is(1,1,2,1)|?
n 0.4
;s 0t &« fr  t 0 A 0 |pE—= Ttotal + Rtotal
£
v
=
[1v]
= 0.2

0.0 1 .................,.....;;'.'.'.-..........}':................:’:;....;:‘.’.'....................‘.'.‘.'.'.~.-r..----....g.-.-;.-.'.'.'.'.'.'.‘.'.'.'.'.'.'.‘.'.'.'.‘.‘.'.'.'.'.-.-..-.-u....-..---.--

0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Figure 6: The transmission and reflection probabilities of an electron entering a magnetic potential in a spin up state
that is created by the domain wall for the case D~J. We used h=0.4 and &=1.0.

It is surprising to notice that although the direction of the magnetic field changes the
electron has zero probability to change its spin state, either for transmission or for
reflection.

Let’s see now some more practical results. In the following pages we have
visualized the behavior of some fundamental thermodynamic and electronic
quantities of the magnetic material (conductance and density of states) in order to
examine their behavior for different energy states of the electrons . In each occasion
we study the behavior of these quantities for different values of the width of the
domain wall 6=D/J (keeping in mind the approximation for the angular configuration

of the domain wall is still valid), the chemical potential p of the solid and beta
p=1/kT.

For the domain wall J>>D:

Let’s start our investigation with the behavior of the conductance. The following
diagram shows the variation of G for different values of f=1/kT. It is important to
note that the conductance that appears in the following diagrams refers to the
conductance per energy. The total conductance occurs when we integrate over all the
energies.



Conductance (G) vs Energy (E)

Conductance (G)

T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Energy (E)

Figure 7: The conductance per energy of our model for the domain wall J>>D. The value of the other parameters are:
6=0.1, p=0.5 and h=0.4 where 6 refers to the width of the domain wall and is equal to 6=D/J, p the chemical potential
and h the value of the potential barrier.

We can observe that the conductance line in our model becomes sharper as the
temperature decreases and approaches a type of 6 function as £ - x4 which is obvious
since at zero temperature only the electrons at the Fermi energy contribute to the
conductance.

The next graph (Figure 8) shows how the conductance behaves for different values
of the chemical potential. For a smaller value of pn the conductance has a lower
maximum value and as the chemical potential increases the maximum value of the
conductance also increases. This is obvious since for larger values of the chemical
potential the conducting electrons have a much larger probability to transmit through
the potential barrier. After a certain point the transmission probability becomes
almost saturated.

Conductance (G) vs Energy (E)

Conductance (G)

T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 LTS 2.00
Energy (E)
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Figure 8: Conductance per energy for different values of p. Also 6=0.1, f=10, h=0.4.

Conductance (G) vs Energy (E)

..... 5=0.10
'G' ..... 5=0.07
2.5 A ,}?? cee-e 5=0.04
%0 1 1 ||k 5=0.01
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_"I_'
)
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= Ei
S ¥
B
g 15 3
S B
E 7
S ’f
U 1.0 A 7]
0.5
0.0
T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Energy (E)

Figure 9: Conductance per energy for different widths of the domain wall. Also p=0.5, =10 and h=0.4.

The first new data come when we try to examine the relationship between the
conductance and the width of the domain wall (Figure 9). The surprising information
we can extract is that the width does not affect at all the conductance for E>p and
there is a very small dependence for E<p.

It is also very interesting to see how the density of states is configured in this model
(Figure 10). In the following graph we have plotted the density of states with respect
to the electron energy for different values of the width of the domain wall. We can
observe, similarly with the case of the conductance, that the width of the domain wall
does not affect the system in an important way. However we can see that there is a
slight deviation of the density of states curve when we alter the width for energy
values that are smaller than the chemical potential.

Density of States (D(E)) vs Energy (E)

(=]
I
[
L
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Figure 10: The density of states graph for each energy level and for different widths of the domain wall. Again p=0.5,

=10 and h=0.4.
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Figure 11: Conductance per energy for different temperatures. Also p=0.5, 6=1.0 and h=0.4.

The diagram above features, as in the previous case, the dependence of the
conductance from the electron energy for different temperatures. We can notice once
again the expected behavior where the curve tends to a 6 type function as the
temperature decreases meaning that only the electrons in the Fermi level contribute to
the conductance. However, to compare it with the previous structure of the domain
wall, we can see that the curves are completely localized around the value of the
chemical potential of the crystal even though all of the other parameters are the same.
This means that the scattering matrix elements in eq. 3 are do not depend on the
energy and only the partial derivative of the Fermi function determines the position of
the peak of the line, which is at the value of the chemical potential.

Conductance (G) vs Energy (E)
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Figure 12: Conductance per energy for different values of the chemical potential. Also =1, p=10, h=0.4.

We continue our investigation with the dependence of the conductance from the
chemical potential (figure 12). Some very interesting results occur from it as we can
see that the maximum value of the conductance remains the same as the chemical
potential increases (we study the case where the chemical potential p is greater that
the potential barrier h=0.4). This means that the conductance gets saturated much
faster than the case of the previous domain wall. Also the curves are localized around
the value of 1 (same as the previous figure) and we can see that the first curve is
sharper that the other ones.

It also notable that the conductance shows no dependence on the width of the
domain wall.

Now for the last case we plotted the density of states of the system for this specific
form of the domain wall. It is again invariant under the domain wall width alterations
and seems to have a very different structure for the one that corresponds to the
previous domain wall.

Density of States (D(E)) vs Energy (E)
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Figure 13: The density of states for the different energies. It is invariant from the width of the domain wall.

DISCUSSION

Our method was based on a double exchange (s-d) Hamiltonian approach along with
the transfer matrix method in order to investigate the interaction between the electron
and the domain walls. The primary goal was to analyze the conductance and the
density of states of the system considering the transmission of the electrons through
the domain walls as a scattering problem. Looking back to the graphical results of our
model we can see that we get some very interesting output. The study of the electron-
domain wall interaction is a very promising subject of study with many significant
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applications. This project is part of a bigger effort to understand the dynamics and the
final configuration of the domain walls when they interact with a fermionic gas.
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