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Abstract

We implemented first-principles calculations to elucidate the anomalous Nernst
effect (transverse thermoelectric effect) of the half-metallic FeCly monolayer. We in-
vestigated its thermoelectric properties based on the semiclassical transport theory
including the effect of Berry curvature. If we assumed 10 fs for the relaxation time,
the carrier-doping generates a large anomalous Nernst effect which was approxi-
mately 6.65 ©V/K at 100 K. The origin of this large magnitude comes from large
Berry curvature at K-point of hexagonal Brillouin zone. These results indicate that
two-dimensional ferromagnetic half-metallic materials can potentially be applied in
thermoelectric devices.
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Chapter 1

Introduction

1.1 Motivation

Nowadays, the demand for energy supplies increases especially for the Internet of
Things (IoT). One of the possible energy sources for IoT is the waste heat. The
waste heat can be found everywhere especially in inefficient primary energy and
it can be an environmental pollutant. By recovering the waste heat, energy and
environmental problems can be solved. One of the solutions which can recover the

waste heat is thermoelectric devices.

Thermoelectric generation is a method to generate electricity from the heat. It is
a clean conversion because it uses not only waste heat from such as motor vehicles,
households, and factories but also heats from environmental heat sources. Thermo-
electric generators are solid-state semiconductor devices that convert a temperature
difference and heat flow into a useful DC power source. The basic building block of a
thermoelectric generator is a thermocouple which is made up of one p-type semicon-
ductor and one n-type semiconductor as shown in Fig. (a). The semiconductors
are connected serially by a metal strip. Thermoelectric generator semiconductor
devices employ the Seebeck effect to generate a voltage. This generated voltage

generates electrical current and produces useful power at a load.

The Seebeck effect is a direct energy conversion of heat into a voltage potential
with the Peltier current. This effect is occurred due to the movement of charge
carriers within the semiconductors. In doped n-type semiconductors, the charge
carriers are electrons while the doped p-type semiconductors, charge carriers are
holes. Charge carriers diffuse from the hot to the cold side of the semiconductor.
This will create a voltage potential that proportional to the temperature difference
across the semiconductor. However, there is a deficiency in Seebeck energy con-
version. The Peltier heat current will convey heat sometimes which degrading the

conversion efficiency. Because of that, the researchers try to resolve this problem
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Heat Current

Current

Electrical Current

Figure 1.1: The schematics of thermoelectric based (a) Seebeck effect and (b) anoma-
lous Nernst effect

by using the magnetic material which generating anomalous Nernst effect (ANE) in
thermoelectric devices.

The anomalous Nernst effect (ANE) thermoelectric power generation attracts
the researcher due to its flexible and simple structure and low generation cost in
fabrication [1]. ANE offers for high flexibility degree in device design since when the
temperature gradient is applied, the material length along the temperature gradient
is not needed because the anomalous Nernst voltage increases with the transverse
length normal to both the magnetization and the temperature gradient. Thus,
thermoelectric devices based on the ANE can be adaptable with any heat source.
So that, the materials such as thin films and two-dimensional (2D) materials can
be employed as the base in these devices. In the ANE case, the Ettingshausen heat
current is generated by the electric current from the low-temperature side to the
high-temperature side. This current increases the conversion rate efficiency, because
Ettingshausen heat current and the electric current directions are perpendicular to
each other [2] as shown in Fig. [L.1] (b).

1.2 An Overview of Anomalous Nernst Effect

The electric field of ANE in the nanostructured magnetic materials is induced by
the interplay of magnetization and temperature gradient. This condition explains
that the thermoelectric voltage in magnetic materials is observable although there
are small temperature gradients at room temperature. The thermoelectric voltage
is strongly dependent on the crystallographic orientation , material type, layer
thickness in the geometry film [4], and magnetic anisotropy [5]. However, even
though there are many recent advances in ANE research, there are several aspects

of the correlation between ANE and nanostructured ferromagnetic materials that
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have not fully explored yet such as the origin of large anomalous Nernst coefficient
in the ferromagnetic materials.

The large ANE magnitude usually is occurred in the magnetic materials which
have a large thermoelectric coefficient. The thermoelectric coefficient depends on
the product of the Seebeck coefficient and Hall ratio. It is also related to the anoma-
lous Hall conductivity (AHC) asymmetry as a function of chemical potential |6} 7].
The AHC mechanism is determined by intrinsic and extrinsic contributions. Band
structure dictates the intrinsic contribution of AHC because the electron anoma-
lous velocity related to the Berry curvature is increased by interband coherence [§].
Moreover, one of the extrinsic contributions of AHE is the skew scattering which is
generated from the impurity or the effective spin-orbit interaction [9]. This extrinsic
contribution is reported experimentally in ANE magnitude of La;_,Na,MnO3[10].
However, the anomalous Nernst coefficient (ANC) sometimes is not determined by
AHC. AHC is influenced by Berry curvature summation of all occupied states while
ANE is determined by Berry curvature at low temperature |13} |12 [11]. In other
words, observing the material which possesses large Berry curvature is important to

step for achieving large ANC.

1.3 Anomalous Nernst Effect Based in the 2D
Magnetic Materials

The realization of thermoelectric devices challenge is to ensure the materials exhibit-
ing high ANC values. Using 2D materials is one of the solution for this problem.
For example, the EuO monolayer is shown that it possesses a large ANC |7 14]. In
2D materials, the ANE is associated to the quantum anomalous Hall effect. AHC in
the 2D system is influenced by the quantized anomalous Hall conductivity (AHC),
which can be denoted by o0,, = %C, where C' is Chern number. The quantized
AHC was proved experimentally by Chang et al. [15] in a magnetically doped thin
film of a topological insulator (Bi, Sb)sTes. Their results suggest that it is possible
to found a large ANC in 2D systems.

A high figure of merit can be accomplished by 2D ANE thermoelectric materials
which several reasons. The study of the ANE in 2D systems is opened by the
discovery of ferromagnetism (FM) in 2D materials in 2017 [16, 17]. The use of a 2D
material has a role in decreasing the thermal conductivity due to surface phonon
scattering [18] which is essential for increasing the figure of merit. The use of
some 2D material also provides that the electrical conductivity is higher than that
of the corresponding bulk structure while the material thickness decreasing. [19).

Besides that, the thermoelectric coefficient for quantum-well structures enhanced

9
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linearly when the quantum-well thickness reduced [20]. These advantage of 2D
thermoelectric devices has been proved experimentally by Lee et al. using 2D SnS,
[21] and Ohta et al. using 2D gas in SrTiO3 [22].

In this study, we explored the thermoelectric properties of a half-metallic 1T-
FeCl, monolayer by using density functional calculations. We obtain that the 1T-
FeCly monolayer possesses high AHC, which generates a large ANC. The high AHC
has resulted from the bands at the K-point near the Fermi level, where a large
Berry curvature exists. In addition, the thermoelectric properties of the 1T-FeCl,
monolayer can be tuned by charge doping. By this approach, we obtain a large ANC
at the Fermi level. Based on this, it can be concluded that 2D magnetic half-metallic

materials generate high ANC values.

1.4 The Purpose of This Study

We have some purposes in this study. First, we explore the magnetic and electronic
properties of 1T-FeCly monolayer. The results of magnetic and electronic properties
lead to analyze the thermoelectric properties of 1T-FeCly monolayer. From that, we
examine how to tune the thermoelectricity in this material. Subsequently. we also

explore the origin of ANC in the of 1T-FeCl, monolayer.

1.5 Outline of Dissertation

This dissertation consists of five chapters. In chapter 1, the motivation which is
related to the anomalous Nernst effect in the 2D magnetic materials is presented.
An overview of anomalous Nernst effect is given including its origin magnitude.
After that, the 2D ferromagnetic material related to the anomalous Nernst effect is
explored and also the purpose of this study is explained in this chapter.

In chapter 2, the basic concepts of the origin magnetism and anomalous Nernst
effect in the 2D magnetic materials are described. The fundamental concepts of
density functional theory and the algorithm of maximally localized Wannier function
are also presented. Furthermore, We provide the computational scheme, which is
related to the practical calculation in this study.

In chapter 3, we show the calculated results of the atomic structure of 1T-FeCly
monolayer. This atomic structure will then affect the magnetic properties of a 1T-
FeCly monolayer based on the Goodenough-Kanamori-Anderson rules. Moreover,
we show that the half-metallic is occurred in the 1T-FeCl; monolayer and we also
explain its origin.

In chapter 4, we explored the thermoelectric properties of a 1T-FeCl, monolayer.

We show that 1T-FeCl, monolayer possesses a large anomalous Nernst coefficient. Its

10
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magnitude is originated from anomalous Hall conductivity. The origin of anomalous
Hall conductivity is then described by including the band contribution near the
Fermi level.

Finally, in chapter 5, we give a summary of this study. we also explain the
future scope such as the effect of the vacuum region and the calculation in the large
supercell with the charge doping. We plan to include the relaxation time calculation

which essential in determining the anomalous Nernst coefficient.

11



Chapter 2

Background: Basic Theory and
Computational Methods

2.1 Density Functional Theory (DFT)

In condensed matter physics, the various properties of the materials can be explored
by analyzing the electron interactions. In the material which consists of many-
electron and nuclei, the many-body problems are related with time-independent

Schodinger equation with 3M+3N parameter space dimension which expressed as
H\I](T’l, 9y .eeny Rl, RQ, ) - EW(T‘L Ty eeiey Rl, RQ, ), (21)

where W is the system wave function, r; and R; are the electron and nucleus positions

respectively, and H is the Hamiltonian of the system which can be written as

175
Z Z\T—RI Z|r—r| zM[ _Z|RI—RJ| (22)

where the Z; and M; are charge and mass of the nucleus, respectively. For simplicity,
i = me = e = 4meg = 1 and the Eq. (2.2) can be divided by five terms which are
denoted by

H = Tel + Vvelfnuc + ‘/elfel + Tnuc + Vnucfnucv (23)

where T,; and T),,. are the kinetic energy operator of electron and nucleus, respec-
tively. V. _.ue represents the potential energy operator between electron and nu-
cleus, Vg _o and V,ue_nue are the Coulomb interaction operator of electron-electron

and nucleus-nucleus, respectively.

12



Chapter 2 — Background: Basic Theory and Computational Methods

Because of the defined dimension in Eq. is complex to be solved except for
the simplest system such as hydrogen atom, the approximation has to be applied.
Since the mass of the nucleus is heavier than electrons, the nucleus motion can be
neglected compared to those of electrons. In other words, the nucleus is defined that
its position is fixed and its movement is stationary. This approximation is known as
the Born-Oppenheimer approximation. In this case, T}, and Ve nue in Eq.
are ignored so that the Eq. becomes

H = Tel + ‘/el—nuc + ‘/;l—ela (24)

According to this modification, the new Schodinger equation of the system can be

expressed as

Z Z’r e Z\m—m U= EU. (2.5)

In this equation, ¥ = W(ry,ry,....) is wave function of many electrons.

One of the method which can solve many-electron system is Hartree approxima-
tion. This approximation defines Eq. as a one-particle equation for an electron
moving in an average potential of all the electrons. In this condition, the wave func-
tion can be donated as multiplication of n independent electron wave function ¢ (r,,)

which expressed by

U (r, 7o, .oy 1) = V(1) (12)...00 (1) (2.6)

By inserting the Eq.(2.6) into Eq.(2.5)), the Hartree equation can be obtained which
described by

Z Z |ri — Rz - Z/d3T” ‘|w] ] i = ei(ri) (2.7)

i#]
In Eq. , each electron i is treated independently but in an effective potential,
which is determined by an integration over the wave function of the other electron.
Since for the " wave function, the effective potential depends on all the other
wave functions, we can solve Eq. by using the self-consistent method. In this
method, the wave function for the step k can be found by solving the Eq. (2.7)

with the effective potential is determined by the wave function in the step of £ — 1.

Beside of that, By applying the variational principle, the condition of %ﬁx > Eyis

satisfied for any wave function ¢ where FEj is the ground states energy of the system.

This procedure is repeated until all the wave functions converge to a solution.
There is one problem in the Hartree approximation. This approximation does

not satisfy the Pauli exclusion principle because only symmetric wave functions used

13



Chapter 2 — Background: Basic Theory and Computational Methods

in the calculation. It means that this method does not include exchange interaction.
Because of that, Hartree and Fock formulate the approximation which can explain
electron as a distinguishable particle in the calculation. By using Slater determinant,
the n-electron system wave function is treated by an anti-symmetric wave function

which can be seen as

Yi(r1)  i(r2) o r(ra)

Ya(r1) ba(ra) . a(rn) (2.8)

U (11,79, ey Th) =

1
V!

_77Z}n(rl) ¢n(r2> wn(rn)_
By applying the variational principle with the Eq. (2.8)), the Eq.(2.7) is updated

which can be written as

Vi Zr s ()P
NN A B3 I
Zi: 2 ZZ;|”_RI‘+Z/ Tj\ﬂ'—rj\ v

> / d3rj¢;(rj)ﬁ¢i<rj)] W = eabi(ri). (2.9)

In the Eq. , there is a new term that is denoted as exchange potential. However,
in this equation, the correlation energy due to many-body interaction is ignored,
which produces an incorrect description of the electronic properties. Because of that,
it is required methods that can deal with both exchange interaction and correlation
energy.

As mentioned before that the electronic structure of the many-body system can
be described by incorporating the effect of both exchange and correlation. Therefore,
an efficient computational scheme is necessary. Recently, the density functional
theory (DFT) is one of the most popular approaches for explaining the exchange
and correlation problem. DFT is a computational method that determined the
properties of many-electron systems by using functionals of ground-state electron
density. DFT method also is applied for calculating, e.g., the binding energy of
molecules in chemistry and the electronic band structure of solids in physics. The
development of DFT is based on Hohenberg-Kohn theorem[23]:

Theorem 1. For any system of interacting particles in external potential V. (r)
apart from a trivial additive constant, the potential V. (r) is uniquely determined

by the ground state of electron density ng(r).

This first theorem explains that all of the electronic properties can be picked

up from the exact ground-state electron density. Then, the ground-state electron

14



Chapter 2 — Background: Basic Theory and Computational Methods

density can be obtained by applying the second theorem, which is based on the

variational principle which is described by

Theorem 2. For any V.. (r), a universal functional exist for the total energy func-
tional E[n] that its global minimum value gives the exact ground state energy of the

system, while the minimizing density n(r) is the exact ground state density no(r).

In the second theorem, all the ground state properties can be obtained by mini-
mizing energy functional with respect to electron density. This energy functional is

expressed as
Eugln] =Tn| + /Vext(r)n(r)d?’r + Err + Einin], (2.10)

with T'[n], Err, and E;[n] correspond to kinetic energy, interaction energy of nuclei,
and potential energy of the interacting system respectively. It should be noted that
this formulation is applied in T = 0 K. Also, the problem still remains as the
exact functionality is unknown. The Kohn-Sham approach is used to overcome
this problem by replacing the interacting-electrons system with a non-interacting
independent-electron system that is under the influence of an effective potential.

The Kohn-Sham energy functional can be written as|24]
EKS[”] = Ts[n] + /Vezt(r)n(r)d?’r + Er+ EH[TL] + Exc[n}, (211)

with the kinetic energy of non-interacting electrons T[n] is denoted by

Tyin] = Z / ¥ (r) (-%v?) W, (r)dr, (2.12)

and the Hartree energy Fy which contain the electrostatic interaction is expressed

Ey[n] = 1/Mdrdr’. (2.13)

2 lr —r/|

as

Based on this approach, now the exchange and correlation interactions are grouped
into the exchange-correlation energy E'xc. Exc has an important role here. When
Ex¢ is evaluated, the ground state density and the energy of the many-body system
can be obtained.

Considering the fact that the Khon-Sham energy problem is a minimization
problem with respect to the density n(r), the solution can be obtained by performing
a functional derivative. By applying a variational theorem of the energy functional

Exs with respect to the wavefunctions, Kohn-Sham equation based on the many-

15



Chapter 2 — Background: Basic Theory and Computational Methods

body Schrodinger equation can be obtained as

(‘%W + Veff<r>) Wi(r) = i), (2.14)

The Kohn-Sham equation is defined by a local effective potential Vs in which the

non-interacting particles move. The effective potential then can be expressed as|24]
Vepp(r) = Vear(r) + Vi (r) + Vxe(r), (2.15)

with

Valr) = 5 / |:(_r2/|dr’. (2.16)

Vert(r) and Vg (r) depends on n(r). It indicates that V..(r) and Vg(r) will
also depend W,;. Because of that, the solution of the Kohn-Sham equation can be
found by self-consistent methods. The self-consistent of Kohn-Sham equation is
schematically shown in Fig. . It is started from an initial guess of n(r), then
calculating the corresponding V..:(r) and Vi (r) and obtaining V.¢¢. Subsequently,
the solution of ¥; can be evaluated by solving the Kohn-Sham equation. Moreover,
a new density, which is obtained by the results of ¥; is applied as an initial new
guess for n(r), and it also used to calculate the new V,r. This schematic is repeated
until the convergence is satisfied.

There is still problem in the DFT calculation which is how to find the exchange-
correlation energy Fxc. This functional term is not known except for the free
electron gas. Therefore, it is required for obtaining accurately Exc in order to
satisfy the realistic condensed-matter system description. For the homogeneous
electron system, the functional of Exc[n] depends only on the density. However,
in the non-homogeneous electron system, Fxc[n] at point r is not only depends
on the density at r, but it also depends on the variation at near r. There are
many approximations to find an accurate Ex¢[n]. The well-known approximations
are including the local density approximation (LDA) and the generalized gradient
approximation (GGA).

The simplest method to approximate Eyc[n] is the local density approximation
(LDA). In this approximation, there is two important points which are assumed: i)
the local exchange-correlation energy per particle only depends on the local density,
and ii)it is equal to the exchange-correlation energy per particle of a homogeneous
electron gas, which has the same density in the neutralizing positive background.
Exc[n] is then given by the sum of the contributions of each point in space, where
it is assumed that the contribution of one point only depends on the density of that
particular point and it is independent of the other points. The exchange-correlation

for LDA functional VB4 is expressed as

16
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{ Start }
/ Initial guess ng(r) /

Calculating effective potential V. ;s (r)

Solving KS equation

Calculating electron density n(r) =Y, |U;(r)[?

|

Self-consistent? y———| n(r)=ng(r)

/ Output quantities: Energy, forces, stresses, /

e

Figure 2.1: The schematics of Kohn-Sham equation self-consistent calculation.

OJexo(n(r))
on(r) ’

The LDA approximation is assumed that the density is locally constant so that

LDA

VED (2.17)

= exc(n(r)) +n(r)

it is more accurate for the system which has slowly varying densities. In binding en-
ergy which reflected across the periodic table, LDA always generates precise results.
Besides that, several physical properties such as vibrational energies, bond length,
atomic structures are predicted correctly although with some reasonable deviation.
However, several binding energies of solids and molecules are sometimes overesti-
mated, which leads to an underestimation of the bond lengths. LDA also sometimes
is underestimated the bandgap.

In the real system, the density varies in the space. The functional change

rate should be included. It can be obtained by adding gradient terms. This ap-

17



Chapter 2 — Background: Basic Theory and Computational Methods

proach is called as the gradient expansion approximation. In this approximation,
the gradient corrections of the form V,,(r), |V,(r)|?, and |VZ(r)| is combined to the
LDA exchange-correlation energy functionals. The general form of the exchange-

correlation energy functionals in GGA is written as

con o exeln() () Oexc(n(x)
V" = exclne) + 0 P50 v (an 23BN) ey

2.2 Norm Conserving Pseudo-potential and Pseudo-

atomic Basis Orbitals

Replacing the effect of the core electrons with an effective potential is a key concept
of pseudo-potential. Solving the atomic problem with Khon-Sham (KS) approach
is the first procedure of the pseudo-potential generation. The distinction between
valence and core states can be obtained when the KS orbitals are found from the
solution of the KS equation. we can assume that the core states are altered very
small due to the environment changes. These effects can be replaced by using a
model potential derived from the atomic configuration. Besides that, the valence
states are shown to oscillate rapidly to the core regions. Moreover, the valences

states are expected to be smoother by introducing the new potential.

Assuming that the core states and the core eigenvalues of Hamiltonian H are
defined by |y,) and E,, respectively. It is also defined that the valence states can
be replaced by the smoother wave function |¢) and expands the remaining portion

in terms of core states,
core

U) = [6) + > anlxn) - (2.19)

By calculating the inner product of Eq. (2.19) with |y,) and by defining the valence
states |¥) is orthogonal to the |y, ), the Eq. (2.19) relation is written as

core

(Xl ®) = (Xnl®) + D an (Xm|xn) = 0. (2:20)
Now we can write the right-hand side of Eq. (2.20)) in term of smoother function,

) = 16) = > (xmldIxn) - (2.21)

n
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By applying H into Eq. (2.21)), we will get

H|) + ) (B~ Ey)lxa) (Xm|é) = E[o). (2.22)

Eq. (2.22)) indicates that smoother function satisfies an effective equation with the
same eigen energy of the real valence wave function. From that, the new eigenvalues

for the smoother function |¢) can be written as
(H +Vai)l9) = El9). (2.23)

Because of the spherical symmetry, V,,; depends on the angular momentum quantum

number [ and its effect is localized to the core.

There are some requirements for norm-pseudopotential which will be used. First,
all the electrons (AE) and pseudo (PS) valence eigenvalues are equal to the selected
atomic configuration. Second, all the electrons (AE) and pseudo (PS) valence eigen-

functions are in agreement in the external core region which described by
UAE(r) = W (r), > regre. (2.24)

The logarithmic derivatives and their first energy derivative of real and pseudo wave

functions are also in agreement which denoted by

d d
{—ln\lffm(r)] = {—lnlllfs(r)] y R < Teore. (2.25)
dr R dr R

Furthermore, the total charge inside of the core radius (R < 7¢y.) for each wave

function must be same which is due to norm conservation.
R R
/ |WAE (1) |Pdr = / |UES () 2dr. (2.26)
0 0

In the OpenMX code [25], KS wave functions ¥,, are expanded by the linear
pseudo-atomic orbitals (LPAO) ¢; ., [26] which can be written as

\IJM(T) = Z C,u,i,agbi,a(r - Tz‘); (227)

where « is the orbital index and 7 is the site index. Here ¢, , is consist of radial wave
function R;,,(r) and spherical harmonic wave function Y;,,(6, ¢) which is written

as
¢i,a = Ri,p,l(r>§/l,m(97 ¢) (228)

R, ,1(r) depends on the angular quantum number [, the site index ¢, and the multi-
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plicity index p while Y;,,,(6, ¢) depends on the magnetic quantum number m and /.
R, ,(r) is also defined as a primitive orbitals.

R, ,1(r) can be generated by some conditions. The atomic orbitals must com-
pletely vanish within a cutoff radius. It should be continued up to the third deriva-
tives around the cutoff radius so that matrix elements for the kinetic operator are
also continuous up to the first derivatives. A few parameters can be applied to gen-
erate as many as possible a set of atomic orbitals. The atomic core potential V,y..(7)
in the all-electron calculation can be modified in the generation of pseudopotential,
which is denoted by

—Z r<r
‘/core(r) = Zg bnr” r<r<r, (229)
h re < T

where by, b1, by, and b3 are constants, which is determined in the condition that the

value and the first derivative are continues at both r; and r..

2.3 Non-collinear Density Functional Theory

The non-collinear DF'T methods is applied to investigate the effect of spin-orbit
interaction (SOI). In the non-collinear DFT, two components spinor wave functions

are expressed by

=[T3)]a) +T)15), (2.30)

where |¥9) is a spatial function and |«) is a spin function. From this, it can be

defined as the density operator which can be expressed as

i= L)W= LU ) + )8 (18)]a) + [¥))5),  (2:31)

where f, is a step function which is defined as the Fermi distribution function on
the OpenMX code. From the Eq. (2.31]), the non-collinear density electron in the

real space is denoted by
N = (rolilro’) Z A (2:32)

where o and ¢ (= (a, 3)) are eigenfunction of position vector. Next, the up and
down densities at each point are calculated by diagonalizing non-collinear density

matrices which can be written as
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0 St =g e
0 ni nga ngﬁ

U, (2.33)

where n’T and n| indicate the up-densities and down-densities, respectively. Here,
the U-matrix in Eq. (2.33)) is introduced as a rotation operator D which is given by

D = exp(—i6;.he/2) (2.34)

where h is a unit vector along a certain direction, ¢ is the rotational angle around

h, and &; is Pauli matrices which expressed as

o1 = ,09 = ) ,03 = . (235)

(2.36)

exp(i%) Cos(g)

g) — exp(—z’%) sin(g)
)
According to Eq. (2.36)), the U matrix can be obtained by the conjugate transposed

matrix of D which is denoted by

exp(i%) cos(

D(0,¢) = % . (2.37)

—exp(i %) sin
The total energy non-collinear functional can be obtained by using Eq.(2.30)), Eq.(2.32]),
and Eq.(2.33)) which given by

/ .
Erotal = U%:BEV: F AT + Z / W Mgy + % / / %dudu’ + E,e.

| v (2.38)

The first and second term in the Eq. indicate the kinetic energy and Coulomb

interaction energy between electron and core, respectively. Besides that, the third

and fourth terms in Eq. represent Coulomb interaction energy between

electron-electron and the exchange-correlation energy, respectively. The Eq.

also can be simplified which given by

1
Etotal = Eband - 5 /n/VHdV - /TT(chn) + E:):c (239)
where V. is a non-collinear exchange-correlation potential and Vi = [ |rd_’;/|dl/.

Now, we introduce a new functional F' which relates to the orthogonality of the
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spinor wave functions expressed by

F= Etotal + Z €oo’ (600/ - <‘1;V|\I];/) (240)

[exen

The variational of F' is related with the spatial wave function W9 which is given by

oF T O o o oo 0 o
P =TV 4+ E w, Vo + V¥ + E Voo we — EV € VY. (2.41)
with
' OF
Voo = 1 2.42
= = on (2.42)

Here the functional of F' will be minimum, if its variation with respect to the ¥¢
vanishes. By using a unitary transformation of ¥¢ to diagonalize €,,, the non-

collinear KS equation can be found as follows

T + Waa + Vig + V20 Wap + VP (‘I’> (\Pg
pr— eu

o \DB) (2.43)

wga + Vi T+ wss + Vi + VY

In the Eq.(2.43)), It is shown that there is the interaction between a and § spin
components which coupled each other in the off-diagonal part. In this part, there

are V. and the other new contribution w.

2.4 Maximally Localized Wannier Functions

Generally, the electronic ground states can be expressed in terms of Bloch orbitals by
labeled their position in reciprocal space and their energy band. These Bloch orbitals
are localized in energy in the line that there are eigenstates to the Hamiltonian. The
Bloch orbitals have an indeterminacy regarding both the overall phase and the choice
of gauge, meaning that any arbitrary unitary transformation of the Bloch orbitals
will yield the same physics. Therefore, the Wannier functions can be expressed
as a superposition of Bloch orbitals which calculated through a series of unitary
transformations [27].

Wannier functions were found to be useful for a starting point in semi-classical
electron dynamics calculation. These functions also can be applied for evaluating
tight-binding Hamiltonians as well as providing the chemical bonding of the crystals.
These Wannier functions are strongly non-unique due to the indeterminacy of the
Bloch orbitals and the natural choice is to choose the Wannier functions that are

maximally localized. In order to find the maximally localized Wannier function, the
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Wannier function in which the localization functional reaches its global minimum is

required.

There are several steps in the maximally Wannier functions calculation algo-

rithm. First, the Bloch orbitals can be expressed as
(W) = |unk) exp(ik.r), (2.44)

where |u,;) has the same periodicity as the electrical potential, r is the location in
real space, k is the wave vector in the Brillouin zone, n is the band number. From
this, the smooth trial function |g,) is defined. Then, the new Bloch orbital can be
denoted by

[Goi) = D W) Wik gn)- (2.45)

The Eq.(2.45) can be normalized into smooth orthonormal Bloch orbital which is

written as

<

k) = 3 (W) 5 (Wi W) 2. (2.46)

m=1

From this, the new |u,;) is extracted which given by
i) = | Vi) exp(—ik.r). (2.47)
Therefore, the overlap matrix can be described by
My = (it ). (2.48)
The operators R¥? and T%? are defined by

RED — Mkb ppkoby (2.49)

Mk, b
T = —5—= s (Im(In(MJ9)) = b.( Zwbb « Im(In(MF)). (2.50)
The crystal structure is then divided into shells at each point in k-space and the
vector b, is defined as the vector going between the central k-point and a neighbor

in shell &. A number of shells are then chosen so that the condition
Z wbbabg = 5045 (2.51)
b

can be satisfied for some weight wj. If the crystal is a cubic lattice, then only one

shell requires to be used and w, = 3/Zb* where Z is the number of neighbors in the
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shell. A starting point for the unitary transformation steps is then defined by
Uk = Smn- (2.52)

A step for the unitary transformation is then calculated which denoted by

aw Zwb(A(R(k,b)) — S(T®Y), (2.53)

AW:Z

for some constant . Here, A and S are defined as super operators. The unitary

transformation is then updated using this step.
Uk UF AV, (2.54)

After this step, the overlap matrix is updated by using the unitary transformation
which expressed as
MED — g Rtk ) (2.55)

A new step can now be calculated using the new overlap. This is iterated until
convergence has been obtained. The overlap does then correspond to the maximally

localized Wannier function and the Wannier function can be calculated using

Vv .
on) = - /B ek (2.56)

2.5 Octahedral Crystal Field Theory and Super

Exchange Interaction

The breaking of orbital degeneracy in transition metal complexes due to the presence
of ligands can be explained by crystal field theory. Ligands are ions or neutral
molecules that bond to a central metal atom or ion. Ligands have at least one donor
atom with an electron pair used to form covalent bonds with the central atom. The
strength of the metal-ligand bonds can be evaluated qualitatively by crystal field
theory. Based on the strength of the metal-ligand bonds, the energy of the system
can be adjusted. This may also lead to a change in magnetic properties as well as
color. This theory was developed by Hans Bethe and John Hasbrouc van Vleck [2§].

As a simplification, it is assumed that the ions are simple point charges. The
approach taken uses classical potential energy equations that take into account the
attractive and repulsive interactions between charged particles which are known as
Coulomb’s Law interactions. For transition metal cations, the shape and occupation
of its d-orbitals become important for explaining the bond energy and both magnetic

and electronic properties of the transition metal compound.
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(a) (b)

Figure 2.2: The different of (a) single transition metal orbital energy and (b) when
ligands approach the transition metal ion which forming octahedral structure

As we know that a single transition metal ion has the same energy in the five
d-orbitals as shown in Fig. (a) . However, when ligands hybridize the metal
ion, it will be affected the condition of the d-orbital electron and it will be based
on the geometric structure of the molecule. Since ligands approach from different
directions, not all d-orbitals interact directly. This condition will be caused the
splitting energy between d-orbitals due to Coulomb interaction.

For example, consider a molecule with octahedral geometry as shown in Fig.
2.2(b). Ligands bond the metal ion along the z, y, and z axes. Therefore, the

electrons in the d,2 and d,2_,2 orbitals experience greater repulsion due to directly

~y
interacting with ligands orbitals. It also requires more energy to have an electron
in these orbitals than it would put an electron in one of the other orbitals. This
causes a splitting in the energy levels of the d-orbitals. This is known as crystal
field splitting. For octahedral complexes, crystal field splitting is denoted by J. The

energies of the d,2 and d,2_,2 orbitals increase due to greater interactions with the

—y
ligands. Beside of that, because d,,, d,., and d,. orbitals are indirectly connected
with the ligands orbital, their energies are more stable.

According to the Aufbau principle, electrons are filled from lower to higher energy
orbitals. Following Hund’s rule, electrons are filled in order to have the highest
number of unpaired electrons. For example, if one had a d?, there will be three
unpaired electrons. If the electron is added, there is some explanation of how to
fill a higher energy orbital (d,2 or d,2_,2) or pair with an electron in the d,,, d,.,
or d,, orbitals. This pairing of the electrons requires energy. If the pairing energy
is less than the crystal field splitting energy, J, then the next electron will occupy

into the d,,, d,., or d,, orbitals due to stability. This condition allows for the least
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amount of unpaired electrons and is known as a low spin state. If the pairing energy
is greater than J, then the next electron will go into the d.» or d,2_,2 orbitals as an
unpaired electron. This situation allows for the most number of unpaired electrons,
and it is known as the high spin state. Furthermore, ligands that cause a transition
metal to have a small crystal field splitting, which leads to high spin, are called
weak-field ligands. Ligands that produce a large crystal field splitting, which leads

to low spin, are called strong field ligands.

The splitting energy between the d-orbitals of transition metal affects the mag-
netic properties of the molecular structures. This phenomenon can be explained by
evaluating the superexchange interaction between the transition metal atoms with
a ligand atom. Normally, exchange interactions are very short-ranged, confined to
electrons in orbitals on the intra-atomic exchange or nearest neighbor atoms but
longer-ranged interactions can occur via intermediary atoms and this is termed
superexchange. According to that, it can be defined that the superexchange inter-
action is the interaction of two cations over an intermediate anion. The process of
superexchange is a combination of direct exchange and electron transfer. One of the

methods which can describe this is Goodenough-Kanamori-Anderson (GKA) rules.

GKA rules are a series of semiempirical rules developed by Goodenough and
Kanamori as a refinement to the original model developed by Anderson [31} |30} |29].
This rule is started when two orbitals overlap, both direct exchange and electron
transfer can occur. However, if the only direct exchange is generated, it means that
there is no overlap between the two orbitals. Therefore, the greater the overlapping
wave function, the greater the interaction strength. According to the Pauli exclusion
principle, two magnetic cation atoms with half-occupied orbitals which are connected
with the non-magnetic anion in the middle, the superexchange interaction will be
strongly antiferromagnetic. Beside of that, while the coupling between a cation with
a filled orbital and one with a half-filled orbital will be ferromagnetic. The superex-
change interaction also depends on the angle between cation-anion-cation atoms. If
the angle of cation-anion-cation is 90°, the interaction will be ferromagnetic. If the
angle of cation-anion-cation is 90°, the interaction will be ferromagnetic. Generally,
determining the antiferromagnetic and ferromagnetic ground states are generated
by various situations as following: when direct exchange and superexchange mecha-
nisms compete with one another; when the cation-anion-cation bond angle deviates
away from 180°; when the electron occupancy of the orbitals is non-static, or dy-

namical; and when spin-orbit coupling becomes important.
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2.6 Thermoelectric Properties Based Anomalous
Nernst Effect

Anomalous Nernst effect (ANE) is correlated with anomalous Hall effect(AHE).
AHE can occur when there is a combination of magnetic polarization and spin-
orbit interaction. This combination will generate Hall voltage although there is no
external magnetic field. AHE involves concepts based on topology and geometry.
AHE also can be quantized. It acquires quantized value proportional to integer
multiples of the conductance quantum which has unit e*/h. The integer itself is
equal to the Chern number which originated from topological properties of material
band structures. Quantum AHE is explored in systems which are called Chern

insulators.

The intrinsic magnetism contributes to electron group velocity (anomalous veloc-
ity). The sum of the anomalous velocity overall occupied band states can be nonzero,
involving a contribution to the (anomalous) Hall conductivity o,,. In other words,
the band structure is contributed intrinsically to the o,,. According to the moder-
ately dirty regime theory [32], when the intrinsic contribution is dominant, o, is

independent of electrical conductivity. Electrical conductivity itself can be written

L=€ TZ/ )%( (%nk) dk. (2.57)

In such condition, AHC can be understood in terms of the geometric concepts of

as

the Berry phase and Berry curvature in momentum space which is expressed as

Oay = Z/Q” (2nn)dk, (2.58)

with Hall ratio is defined by
O = 0uy/ 00z, (2.59)

where e, 7, V2, f, enr, b, Q2(k), T, kg and p are the elementary charge, relaxation
time, group velocity of electrons, Fermi-Dirac distribution function, eigen energy,
reduced Planck constant, Berry curvature, temperature, Boltzmann’s constant, and
chemical potential, respectively. The n is the band index and k is the wave vector.
In 2D systems, the intrinsic AHE is quantized in units of e?/h at temperature
T= 0 when the Fermi level lies between the Bloch state bands. The role of band
anti-crossings near the Fermi energy has been identified using first-principles Berry

curvature calculations as a mechanism that can lead to a large intrinsic og.
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The band decomposition of Berry curvature can be estimated by
Q" (k) =i (Viunr | X | Vi) - (2.60)

Calculating Berry curvature for each band can be done by using Berry connection
defined on discretized Brillouin zone [33]. First, the gauge transformation, Berry

curvature 2" (k) and Berry connection A,, are defined by
Unr = det (ui | wfnp) (2.61)

— A, (k) + 2mn(k)  (2.63)

where uy, is normalization wave function and n(k) is lattice Chern number. For the
Fermi surface problem, it can be evaluated by fixing the Fermi energy and check the
number of eigenvalues smaller than Ep in the gauge transformation Uaj which can
be denoted by

Unr = det (u} | wj np) (M, 1 < 1) (2.64)

where n is the maximum number which satisfying & < Ep.
Anomalous Nernst coefficient (ANC) can be determined from the derivative of

0y as a function of energy. This derivative is called the thermoelectric conductivity

tensors which are expressed as

_ ks

CYZ']‘ =

8—/1(_%

5 )de (2.65)

. 0ij(€) =0 T

. From Eq. (2.65]), the pure Seebeck and Nernst coefficient can be obtained which

can be written as
Sy = Loz Ny = Loy (2.66)

Trr O-J?.Z‘

The thermoelectric coefficient can be obtained based on the linear response of
the charge current, which is given as j = 0;;E + a;;(—VT) where E is the electric
field, and VT is the temperature gradient. The Seebeck and Nernst coefficients are
related to the conductivity tensor, and these relationships can be represented as

shown below:
B So + 0Ny N Ny — 605y

S
1+06% 7 1+ 6%

(2.67)
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2.7 Computational Scheme

The density functional theory calculation is applied by OpenMX code [25]. The
generalized gradient approximation with the Perdew-Burke-Ernzerhof functional is
used for treating the exchange-correlation potential [34]. The norm-conserving pseu-
dopotentials and pseudo-atomic localized basis functions are employed. The wave
functions are extended by using a linear combination of multiple pseudoatomic or-
bitals [26]. We specify the pseudoatomic orbitals as Fe6.0S-s2p3d3fl and CI7.0-
s3p3d2 where 6.0 and 7.0 are the cutoff radius of Fe and Cl atom in the unit Bohr
respectively, S is soft pseudopotential, and radial function multiplicity of each an-
gular momentum component is defined by the number after s, p, d, f in the pseu-
doatomic orbitals format. We set the charge density cutoff energy at 500.0 Rydbergs
and (20,20,1) k-point mesh for the self-consistent field calculations (SCFs). More-
over, the spin-orbit interaction (SOI) was included [35] for the noncollinear density
functional calculations. The convergence during k-point sampling and the cut-off
energies are checked. We optimized all the atomic positions and lattice parameters
of the 1T-FeCly monolayer using the eigenvector-following quasi-Newton algorithm
until all the forces were smaller than 10~® Hartrees/Bohr reached [36]. We also
determined the lattice constant based on the total energy minimum.

The Wannier90 code was applied to construct maximally localized Wannier func-
tions (MLWFs) based on the results of the DFT calculations for calculating the ther-
moelectric properties [37]. The 22 Wannier bands are constructed within range of
-15 eV to 15 eV for outer window energy and -4 eV to 4 eV for inner window energy.
The transport properties based on the MLWFs is computed by using the semiclassi-
cal Boltzmann transport theory [38] within constant relaxation time approximation,
7=10 fs, and k-point mesh (300,300,1). This method was used successfully to study
the thermoelectric properties of skyrmion crystal and half-Heusler compounds [39,
7, 114].
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Chapter 3

Magnetic and Electronic

Properties of 1T-FeCl, Monolayer

In this chapter, we explore some properties of a 1T-FeCl, monolayer. In the atomic
structure section, we compare between bulk and monolayer structure. we also com-
pare our calculation with other references to make sure our calculation on the right
track. In the magnetic properties section, the magnetic anisotropy energy, superex-
change interaction, and Curie temperature are explored. These properties are es-
sential to determine the magnetism in the monolayer system. Next section, the
electronic structures are described. we pointed out the relation between band struc-
ture and density of states with the octahedral crystal field which will affect the

thermoelectric properties of 1T-FeCl, monolayer.

3.1 Atomic Structure of 1T-FeCl, Monolayer

The side view of the 1T-FeCl, monolayer structure can be seen in Fig. [3.1)(a) while
Fig. [3.1(b) shows the top view of the 1T-FeCl2 monolayer. Both of the Fig. [3.1|(a)
and Fig. (b) show that Fe atom is encircled by six Cl atoms. Those figures also
show the hexagonal lattice as the primitive cell of the 1T-FeCl, monolayer, wherein
the magnitude of the lattice constant (a) is equal to that of b with the vacuum region
¢ = 17.26 A. The a of the 1T-FeCl, monolayer was 3.48 A. The vertical distance
between the Cl atoms (d¢;_¢;) is 2.78 Awhile the distance between the Fe and Cl
atoms (dpe_cy) is 2.44 A. The angle of Fe-Cl-Fe (6) is 89.90°. These calculated
parameters of monolayer were in good agreement with previous theoretical studies
on FeCly[41] 42, 43, 40]. The calculated lattice constant for monolayer FeCly were
similar value to those of bulk FeCly, a=3.6 A[45] 44].

According to its atomic structure, the 1T-FeCl, monolayer possesses the dis-

torted octahedral crystal field. Four Fe atoms are positioned in a plane, the Cl
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Figure 3.1: (a) Side and (b) top views of 1T-FeCl, monolayer structure. Brown
and green spheres indicate Fe and Cl atoms, respectively. Structural parameters
of 1T-FeCl, monolayer, namely, angle between Fe-Cl-Fe atoms, vertical distance of
Cl-Cl atoms, and distance between Fe-Cl atom are represented by 0, de_cr, dre_ci,
respectively.

atom is in a symmetrical position just above or below. All spheres can be consid-
ered to be hardly filled and touching each other. The six spheres define a regular
octahedron, in its interior, there is a defined space for an interstitial atom, bordered
by six spheres. This structure will affect the splitting energy which essential in

determining the magnetic and electronic properties.

3.2 Magnetic Properties

The magnetic properties of 1T-FeCl, monolayer can be appeared due to magnetic
anisotropy energy (MAE). In this research, we calculate MAE based on the different
energy between the in-plane and out of plane magnetization of 1T-FeCly monolayer.
If the different energy is positive, the ground states are out of plane magnetization.
If it is negative, the magnetization will be in-plane. The magnitude from our cal-
culation is 0.05 meV. According to that, MAE of 1T-FeCl, monolayer is positive
which is out of plane magnetization. The MAE magnitude is originated dominantly
from the d-orbital of Fe atom. This result has in good agreement with other results
i6).

The next step is to identify the magnetic ordering in 1T-FeCl, monolayer. The
2 x 2 supercell is constructed and the spin ordering has been set to either ferromag-
netic (FM) or antiferromagnetic (AFM) as shown in Fig. [3.2|(a) and Fig. B.2(b). We
also try another AFM mode but the result remains the same. The exchange energy
is calculated based on the different total energy of AFM and FM mode which can be

written Fgx = Eapy — Erpy. Positive magnitude indicates that the ground state
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(a) © (b

Figure 3.2: Configuration mode for (a) FM and (b) AFM spin arrangements

system is FM. In our calculation, we obtain that the 1T-FeCl, monolayer ground
states have FM spin ordering. The FM states of 1T-FeCly also can be explained in
Goodenough-Kramer-Anderson (GKA) rules [29].

The magnetic properties of 1T-FeCly monolayer can be determined by the com-
petition between the direct exchange interaction of two Fe atoms and the superex-
change interaction of Fe-Cl-Fe atoms. The Fe-Cl-Fe superexchange interaction sign
can be investigated from the bond angle 6 of Fe-Cl-Fe and d orbital configuration.
Because 6 1T-FeCl, monolayer is 90°, the d orbital of Fe atoms will overlap p or-
bital of Cl atoms. According to GKA rules, in such bond angles, the superexchange
interaction between Fe atoms is deduced only from a potential exchange which is
always FM. Beside of that, due to nearly filled d orbital of Fe atoms, the AFM direct
exchange interaction between Fe atoms is weakened. It gives rise FM ground states

in the 1T-FeCl; monolayer.

The transition between paramagnetic (PM) to FM depends on the Curie tem-
perature. There are many methods for calculating the Curie temperature. In our
case, we primary use mean-field theory (MFT) [42]. We use the Heisenberg model

in which the Hamiltonian can be written as
. J
H ==Y Jim;. (3.1)

Where J is the Heisenberg exchange energy and mi;; is the magnetic moment of
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each site in pup. The formulation of J in our system is

E
J EX

- 12—5%6, (32)

where Sp,. is the high spin magnitude of Fe atoms in the octahedral configuration
which has magnitude 2. From that, the Curie temperature in the MFT approxima-

tion can be calculated by
3J

02%7

where kg is Boltzmann constant. We summarized the calculation result in Table

(3.3)

3.1 Most of our calculation parameter results show in good agreement with earlier
studies of 1T-FeCly monolayer. However, T, is slightly different in using Eq.
although in the same order. This condition is occurred due to the different methods.
We use the MFT method while Kulish et al use the Monte Carlo simulation method.
The magnitude of the Curie temperature is relatively small. However, the Curie

temperature can be increased by strain and charge doping [42].

Table 3.1: The atomic and magnetic parameters of 1T-FeCly monolayer which con-
sist of lattice constant a, the angle of Fe-Cl-Fe atoms 6, magnetic anisotropy energy
(MAE) Epap, magnetic moment m, the different energy between FM and AFM
Egx, exchange splitting energy J, and Curie temperature T,

Parameters Our Calculation Earlier Studies References

a(A) 3.48 3.47 [42]

0(°) 91.06 88.80 [46]
Enar 0.05 0.07 [46]
m(uB) 4 4 [42, 41, 46]

Epx 0.371 0.372 [42]
J(meV) 7.73 7.75 [42]
T.(K) 134 109 [41]

3.3 Electronic Properties

The electronic band structure of 1T-FeCl, monolayer in the FM configuration is
shown in the Figure (a) and (b). It can be seen that the minority states
cross the Fermi level, while the majority states have a large gap. It indicates that
the ground states of the 1T-FeCly monolayer are half-metallic. These results are in
fairly good agreement with those of earlier studies [41] 46].

The bonding mechanism can be explained in the density of states distribution as
shown in Fig. (c). The distinctive feature of 1T-FeCl,; monolayer is a significant
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Figure 3.3: The electronic structure of the ferromagnetic 1T-FeCl, monolayer, which
consists of spin polarized (a) band structure and (b) density of states where red

and black lines indicate the majority and minority states, respectively, and (c) the
projected density of states (PDOS)

charge transfer. The bonding has a profound ionic character. Cl atoms have a
strong affinity for acquiring an extra electron to fill its outer shell. The valence
band is formed by Cl atoms 2p bands, while the bottom of the conduction band
mainly originates from Fe atom 4s and 3d states. The Fe atom transfers their 4s
and 3d electrons to Cl atoms and have a +2 oxidation state; therefore, Fe 4s states
are completely unoccupied while 3d orbitals are partly occupied. The spin polarized
3d states of Fe atoms are located within the bandgap. We can observe significant
hybridization between Fe atom 3d and Cl atom 2p orbitals.

Most of the states near the Fermi level of the 1T-FeCl, monolayer were composed
by the 2p orbitals of the Cl atoms and the 3d orbital of the Fe atom, as shown in
Fig. (c). These states are investigated as anti-bonding states of Fe 3d and Cl
2p. According to the ligand field theory |47], the Cl atoms are weak ligands from
the spectroscopic series, therefore 3d Fe atoms in the octahedral field are expected

to prefer high spin states. The octahedral geometry of Cl atoms around a Fe atom
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leads to the splitting of the energy between the d orbitals. This is identified by
electron-electron repulsion between the Fe and Cl orbitals. The e, (d,2_,» and
ds.2_,2) orbitals are directly connected to six Cl atoms so that they have higher
Coulombic energy while to, (dgy, du., dy.) orbitals are relatively stable because its
position lies between the Cl atoms. The d orbital states, in particular, to,, will affect

the magnitudes of the thermoelectric coefficients of the 1T-FeCl; monolayer.
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Thermoelectric Properties of
1T-FeClo, Monolayer

In this chapter, we explore the thermoelectric properties based on the anomalous
Nernst effect (ANE) of 1T-FeCl, monolayer. Anomalous Nernst coefficient(ANC) is
related to the pure Seebeck and pure Nernst coefficient. ANC also originated from
anomalous Hall conductivity (AHC). The bands near the Fermi level determine the

AHC as an intrinsic contribution.

4.1 Anomalous Nernst Coeffcient

Table shows the thermoelectric properties of the 1T-FeCl, monolayer without
carrier doping. The main component of N consists of the pure ANC (Ny), the pure
Seebeck coefficient (Sy), the Hall angle (6g). Sy contributes to N around 0.2% each.
However, since the sign of Ny and 0S5, are same at both 50 K and 100 K, N, and
Ou Sy weaken each other. If the chemical potential u is tuned by carrier doping, N
can be increased as can be viewed from the rigid band approximation (RBA) in Fig.
41l

Fig. describes the chemical potential dependences of the Nernst, N, coeffi-
cients of the 1T-FeCl, monolayer at 50 K and 100 K . According to it, the value of
N is small at © = 0 at both 50 K and 100 K. Beside of that, a large value N occurs
at approximately p = 0.16 eV, p = 0.31 ¢V, and p = 0.35 eV which denoted by

Table 4.1: Thermoelectric properties of 1T-FeCly monolayer without carrier doping
calculated by constant relaxation time, 7 = 10fs.

T(K) So(uV/K) No(uV/K) 0u[x107%] N(uV/K)
50 0.46 0.24 0.19 0.24
100 5.51 0.49 0.21 0.48
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Figure 4.1: Chemical potential and temperature dependence of anomalous Nernst
coefficient (ANC), N, at 50 K and 100 K on 1T-FeCl, monolayer.

Table 4.2: The peaks of N at chemical potential p in the Figure which is
contributed by Ng, g, and Sg at 100 K.

Peak p No(uV/K)  0n  So(uV/K) N(uV/K)

1 0.16 0.62 -0.02 14.2 1.35
2 0.31 -3.96 -0.02 7.2 -2.32
3 0.35 8.13 -0.03 -44.6 6.65

peak 1, 2, and 3, respectively. By using self-consistent field carrier doping methods,
the RBA calculation is quite well for 1T-FeCl,.

The origin of peak 1, 2, and 3 is composed by Ny and 6y Sy in the Fig. [1.2)(a)
and (b) respectively. In the peak 1, Ny and 0y Sy have different sig. According
to the Eq. , Ny and 0y Sy will strengthen each other. In Table , it is
demonstrated that Sy gives 2 % contribution for N which produces N value more
than 1 ¢V /K. The different condition is occurred in peak 2 and peak 3. According
to Fig. [4.2(a) and [1.2b), Ny and 6y Sy have same sign which indicate that those
variable are weaken each other. However, although the Ny is decreased, the N is
still large as presented in the Table

4.2 Anomalous Hall Conductivity

The chemical potential dependence of the AHC (o,,) and the longitudinal electri-
cal conductivity (o,,) with 7 = 10 fs is exhibited in Fig. for elucidating the
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Figure 4.2: Chemical potential and temperature dependence of (a) pure Nernst
coefficient, Ny, and (b) pure Seebeck coefficient, Sy, at 50 K and 100 K on 1T-FeCl,
monolayer.
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Figure 4.3: Chemical potential and temperature dependence of (a) the AHC (o)
and the (b) longitudinal electrical conductivity (o,,) with 7 = 10 fs at 0 K.

properties of coefficients N. 0., as a function of chemical potential influences the
magnitude and sign of Sy. As shown in Fig. [4.3(a), 0., shows a positive slope
at energy values lower than ¢ = -0.2 eV, which make 5, demostrating a negative
value. This is also occurred in the case for Ny in Fig. 4.3(b). The magnitude and
sign of Ny rely on o, as a function of energy. If there is a slope at a energy in

04y(€), the N will large around the energy. As stated from Mott’s formula, which

. (ﬂkB)Q 807;j(6)
3e Oe

on p =-0.3eV tou =-0.1eV, did not contributes to Ny because o,, is large at

is a;j = T |.—y, the Ny is affected by slope of o,,. The slope of oy,

this point. However, the slope of o,, around p = -0.1 eV to p = -0.18 eV gives
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large contribution for Ny. Moreover, the large of N around p = 0.3 eV and pu
= 0.35 eV which denoted by peak 2 and 3 as presented on the Figure 4.1 is not
mainly originated from o,,. It is contributed by the o,, which approaching to zero

magnitude.
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Figure 4.4: Chemical potential dependence of oy, and 0,,Sy at 100 K.

Chemical potential dependence of oy, and o, Sy at 100 K in the Fig.
is demonstrated for better understanding the origin of large N in Fig. The
intrinsic of thermoelectric properties which independent from relaxation time 7 is
also explained in Fig. 4.4 and it is also accessible in the experiment. It is possible to
compare experimental results with theoretical results for the oy, without assuming
relaxation time 7 [48]. From the Eq. (2.67), the ANC can be expressed as N =
a”%"”‘% where v = (1 + 6%)0,,. According to the Fig. , the different sign of
agy and oy, Sy give contribution to peak 1 which shown in Fig. 4.1a). In the ay,
and o,, Sy at chemical potential, peak 2 and peak 3 have same sign and almost
same magnitude. Corresponding to this condition, a,, and o4, Sy are reduced each
other which will cause that N should be approached zero at these chemical potential.
However, because of band gap around chemical potential in those peaks, 0., becomes
small which lead to generate peak 2 and peak 3 in Fig. . In addition, ay, is tend
to stable between = 0.04 eV to u = 0.16 eV. It is generated from a large slope of
o4y in Fig. 4.1(b). This result match with Mott’s relation. It also illustrated that
the large N can be achieved without the change of a,,. Beside of that, although
their electronic structures are different, oy, of 1T-FeCl, monolayer is almost same
with FesGeTe, (FGT)[49]. FGT has thermoelectric conductivity oy, = 0.3 A/mK
and large Hall ratio 6 =0.07 while as shown the Figlt.2(b) and Figlt.4] 1T-FeCl,
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monolayer possess 0y = 0.072 and a,, = 0.35 A/mK.

4.3 Band Contribution to Anomalous Hall Con-
ductivity
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Figure 4.5: (a) Band structure with SOI, band decomposition in the chemical po-
tential dependence of (b) o,, and (c¢) ay, of 1T-FeCl, monolayer. Red, blue, and
green lines indicate the band contribution near Fermi level.

Next, we will investigate the origin of o, peaks which lead to large N. Fig. [4.5(a)
demonstrates the band structure with SOI. The o,, sign change can be associated
with the band filling near the Fermi level. In Fig. [4.5(a), the red band is about
1/4 filling, the blue band is about 3/4 filling and the green band is no filling due to
lies in the conduction band. If the charge doping is given, it will alter the charge
filling near Fermi level between the red and blue band and the Fermi level will be
shifted. The band filling effect on o0, is presented in Fig. b). The red band has
a positive sign of 0., and the blue band has a negative sign of o,, while the green
band has zero magnitudes which indicate that the band does not give a contribution

to o4, near Fermi level. The total o,, which marked by purple lines is contributed
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by the sum of the red and blues band. The ay,, is displayed in Fig. c). The ay,
which is described by the purple line in Fig. near Fermi level is generated by
the slope of the red and blue band at the chemical potential. Beside of that, because
there is no slope, the green band does not give any contribution to ag,. According
to Fig. Fig. [£.5(a), it is found that the peak of o,, occurred at p ~ 0.2 eV. There
is possibility to obtain large Berry curvature in this chemical potential based on Eq.
(2.58]).

The origin of red and blue band contribution also can be elucidated in the Berry
curvature as presented in Fig. [£.5] The detailed interpretation of Berry curvature
which is associated with the blue and red band is demonstrated in Fig. [4.5(a).
Berry curvatures in the I'-K line have a value which is composed of the red and
blues band. These magnitudes are generated because mirror symmetry is broken in
['-K line that resulting unusual SOI which called Ising SOI , , . The origin
of Ising SOI comes from d-orbitals of a transition metal which rising large Berry
curvature in I'-K line. However, Berry curvatures of the blue and red bands on the
I'-K line around I'-point cancel each other while it strengthens around the K-point.
The sign difference of the Berry curvature also affects o,,. The blue band leads to
04y exhibiting a negative peak while the red band generates a positive peak of o,.
Beside of that, the large summation of Berry curvature is exposed around K-point
in the Brillouin zone at 1 ~ 0.2 eV in Fig. [4.5(b). These facts indicate that the oy,

origin can be attributed to the Berry curvature around K-point mentioned above.
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Figure 4.6: The chemical potential dependence of (a) Berry curvature summation
at p ~ 0.2 eV, and (b) Berry curvature from band decomposition of 1T-FeCl,
monolayer. Red, blue, and green lines indicate the band contribution near Fermi
level.
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Conclusion

5.1 Summary

The density functional calculations were performed for 1T-FeCl; monolayer. The
atomic structure of 1T-FeCl, monolayer is formed by a hexagonal lattice primitive
cell. Because Fe atom lies in the plane and its position above and below is sur-
rounded by Cl atoms, the distorted octahedral crystal field is constructed. The
octahedral crystal field affects the magnetic and electronic properties of a 1T-FeCl,
monolayer. In the magnetic case, the ferromagnetic becomes ground states of 1T-
FeCl, monolayer because the angle between Fe-Cl-Fe atoms is 90 ° which gives the
ferromagnetic superexchange interaction dominant compared with antiferromagnetic
direct exchange interaction. In the electronic properties, the half-metal character-
istics are obtained because there is large splitting in the d orbital of Fe atom as

consequences of Coloumb interaction with p orbital of Cl atoms.

There are two origins of large anomalous Nernst coefficient (ANC) which can be
reached in the 1T-FeCl2, monolayer based on the rigid band approximation (RBA).
First, the ANC is reinforced by the pure Nernst and Seebeck coefficient. In this case,
the slope of anomalous Hall conductivity gives a significant contribution to ANC.
Second, the large ANC comes from the near-zero electrical conductivity although
the pure Nernst and Seebeck coefficient are weakened each other. The maximum
magnitude of ANC has a value as high as 6.65 pV/K for chemical potentials of
0.33 eV to 0.36 eV based on rigid band approximation (RBA). The high value of
the ANC can be attributed to the large Berry curvature, which is induced by the
bands around the K-point of the Brillouin zone of the 1T-FeCly monolayer. These
results suggest that the ferromagnetic half-metallic 1T-FeCl, monolayer possesses

high ANC magnitudes which can potentially be applied in thermoelectric devices.
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Table 5.1: The 2D magnetic materials which experimentally discovered

2D Magnetic Material References

Fe3GeTe, (FGT) [54]
CryGesTeg (CGT) [17]
Crl; [16]
VSes [55]

5.2 Future Scope

The anomalous Nernst effect of 1T-FeCl, monolayer has not experimentally explored
yet although its layered structures have been recently discovered [53|. In the density
functional calculation, several cases can be evaluated and challenged. The chal-
lenge in the 1T-FeCl, is the vacuum region which in the calculation, it can affect
the thermoelectric conductivity tensors as same as Chern number. It is required
some explanation of how to choose the vacuum region in the slab calculation which
matches the experimental case. Second, the relaxation time calculation is required
for a better explanation of anomalous Nernst coefficient. In the magnetic material
cases, the magnon and electron interaction should be included in the relaxation time
calculation. Beside of that, the RBA calculation can be proved with charge dop-
ing self-consistent field with using supercell size. It also can be cleared about the
required charge doping concentration.

Another 2D magnetic material that has been found experimentally can poten-
tially possess the large anomalous Nernst effect which can be seen in Table The
anomalous Nernst coefficient calculation of those materials will be performed in the
future. In the FGT case, the anomalous Nernst effect has been discovered. It is
obtained that the oy, = 0.3 A/mk. However, we believe that o, depends on the
vacuum region (sample thickness). So, the layer dependent calculation in the 2D
magnetic material will be important to investigate. Furthermore, the CGT has a
high Seebeck coefficient [56]. This large magnitude has the possibility to be coupled
with a pure Nernst coefficient which affects the large anomalous Nernst coefficient.
This advantage also can be occurred in the Crls due to the same insulator charac-
teristics. Lastly, the VSe, can be the candidate for thermoelectric based anomalous
Nernst effect because its Curie temperature exceeds the room temperature. In other
words, the study of anomalous Nernst effect of VSe; monolayer is clearly visible in

the experiment.
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