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ABSTRACT

SANTOS, A. A. G., M.Sc., Universidade Federal de Vigcosa, November 2023. Design of
Heusler Alloys Using Co-VB-Sn (VB = V, Nb, Ta) Atoms Within Ab Initio Calculations
for Thermoelectric Applications. Advisor: Pablo Damasceno Borges.

Environmentally friendly energetic matrices are essential for sustainable human development.
In this perspective, Heusler alloys have shown to be promising materials for thermoelectric
applications. This work presents a theoretical study of Co-VB-Sn (VB = V, Nb, Ta) Heusler
alloys within the GGA-PBE and hybrid (HSE06) approaches. The cubic (Clb) CoVSn,
CoNbSn and CoTaSn Half-Heusler compounds exhibit semiconductor characteristics and a
bandgap of 1.33eV, 1.50eV and 1.18 eV, respectively, when Co occupies the Wyckoff 4c site.
The cubic (L21) Co2VSn, Co:NbSn and Co,TaSn Full-Heusler are half-metallic compounds
with a bandgap of 1.26eV, 0.86eV and1.36 eV. All the systems present a total magnetic moment
in agreement with the Slater-Pauling rule. The chemical bonds analyses indicate covalent-polar
bonds in the studied alloys. High effective mass was found to semiconductors structures, an
excellent result in relation to application as thermoelectric. Using Wannier functions, and based
in experimental data present in the literature it was studied the thermoelectric parameters for

the CoTaSn alloy.

Keywords: Heusler alloys. Co-VB-Sn. Thermoelectric materials. DFT. Effective mass.



RESUMO

SANTOS, A. A. G., M.Sc., Universidade Federal de Vigosa, novembro de 2023. Design of
Heusler Alloys Using Co-VB-Sn (VB = V, Nb, Ta) Atoms Within Ab Initio Calculations
for Thermoelectric Applications. Orientador: Pablo Damasceno Borges.

Matrizes energéticas ambientalmente amigdveis sao essenciais para o desenvolvimento humano
sustentdvel. Nessa perspectiva, as ligas de Heusler t€ém se mostrado materiais promissores para
aplicagdes termoelétricas. Este trabalho apresenta um estudo tedrico das ligas de Heusler Co-
VB-Sn (VB =V, Nb, Ta) dentro das abordagens GGA-PBE e hibrido (HSE06). As ligas Half-
Heusler cubica (Cip) CoVSn, CoNbSn e CoTaSn exibe caracteristicas semicondutoras € um
bandgap de 1,33eV, 1,50eV e 1,18 eV, respectivamente, quando o Co ocupa o sitio Wyckoff
4c. As ligas Full-Heusler ctbico (L21) Co2VSn, CooNbSn e Co,TaSn é um half-metal com um
bandgap de 1,26eV, 0,86eV e 1,36 eV. Todos os sistemas apresentam um momento magnético
total em concordancia com a regra de Slater-Pauling. As andlises das ligagdes quimicas indicam
ligacdes covalentes-polares nas ligas estudadas. Grande massas efetivas foram encontradas para
as estruturas semicondutoras, um excelente resultado em relacdo a aplicacio como
termoelétrico. Usando funcdes de Wannier, e baseado em dados experimentais presentes na

literatura, foram estudados os parametros termoelétricos para a liga CoTaSn.

Palavras-chave: Ligas Heusler. Co-VB-Sn. Materiais termoelétricos. DFT. Massas efetivas.
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1 - INTRODUCTION

The use of electrical, thermal, mechanical or any other type of energy has been a key
factor for the survival and development of the human race [2]. Its use is crucial for the progress
and improvement of social welfare, in fact, countries that have access to modern electricity
energy matrices are associated with poverty reduction and improvements in the Human
Development Index [3,4]. In addition, to the democratization of access to energy sources,
another current concern is the search for renewable and clean energy matrices, that do not emit
polluting substances. At the 21st Conference of the Parties (COP21), the Paris Agreement was
signed, which established goals for countries to reduce greenhouse gas emissions and outline
prospects for the impact of new technologies on the decarbonization of energy matrices [5].
Beyond the predominance of non-clean and non-renewable sources for power generation,
energy conversion efficiency is another problem. Currently, less than 40% of the energy used
is effectively converted into electricity [6,7].

As shown in Figure 1.1 (a), the global consumption of energy increases year by year, being
the fossil fuel (oil, natural gas and coal) the main source. These energy matrices are the main
responsible for climate change, in reason of release of SOx, NOx and CO> emissions to
atmosphere, and also have a high impact in the world economy [8—11]. On the other hand, the
use of renewable energy sources also increased, mainly after 2010, as shown in Figure 1.1(b).
Besides of hydropower generation, new technologies known as “green energies” [12] have
contributed to global energy consumption and are a new frontier to economic development [ 13—
15].

As well known, during the process of converting primary energy into electrical energy, a
large loss occurs. From this perspective, thermoelectric materials are promising, as they can be
used to build devices capable of converting thermal energy into electrical energy (and vice

versa), without emitting pollutants and offering longer usage time.
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Global primary energy consumption by source
Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil fuel production by converting non-fossil energy
nto the energy inputs required if they had the same conversion losses as fossil fuels.
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Figure 1.1: Global primary energy consumption by source from 2000 to 2022 (a)

absolute numbers (b) relative numbers [1].

1.1 - Thermoelectric materials and figure of merit

The thermoelectric phenomenon was first reported by T. J. Sebbeck in 1822 [16,17],
when he experimentally observed the needle movement of a compass, when it was brought
together by two different conductors placed together and exposed to a temperature difference
at the junctions. The needle movement occurred in reason of electromagnetic field created from

electrical current generated by temperature difference. In 1834, J. C. Peltier [18] observed an
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inverse phenomenon, where an electrified junction of two different semiconductors caused a
temperature difference at the junctions. However, it was only in 1851 that these two
observations were correlated and better explained by W. Thomson (Lord Kevin) [19], who
predicted a third phenomenon. Therefore, the conversion of thermal energy to electrical energy
is known as the Seebeck Effect; the conversion of electrical energy into thermal energy as the
Peltier Effect; and the concomitant Seebeck and Peltier effects as Thomson Effect.

Modern thermoelectric devices, known as thermocouple, are formed by a pair of n- and
p-type semiconductors [20]. Figure 1.2 (a) depicts the Effect Seebeck in a thermocouple, where
the temperature difference creates an electric field in opposite directions for each
semiconductor. This create a potential difference between them and generates an electric
current when the circuit is closed. It was considered a current of positive carries. Also, the

potential difference, in terms of absolute temperature T, can be given by:

dv
d_T:Sa_Sb:Sab 1.1

which S, and Sy, are absolute Seebeck coefficient of materials a and b, respectively, while S, is
the relative Seebeck coefficient of the thermocouple. For p-type semiconductor the absolute

Seebeck coefficient is positive (S > 0) otherwise, negative (S < 0) for n-type.

(a) (b)

Seebeck Effect Peltier Effect

Figure 1.2: Representation of the circuits that describe the (a) Seebeck and (b) Peltier effects.

On the other hand, the Peltier effect is observed when a current I is present in a circuit,
producing a cooling of one junction and the heating of the other, as shown in Figure 1.2 (b).

This rate of heat is given by [21]:
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dQ
T = (Ma = ITp)I = Mgy 1.2

which Il,and II, are the absolute Peltier coefficient of materials a and b, while Il is the
relative Peltier coefficient of thermocouple.

The Thomson effect occurs when electric current and a temperature gradient co-exist in
homogeneous conductor. This causes a reversible cooling or heating. However, this effect has
little impact when the gradient of temperature is not large and generally is negligible [21].
Furthermore, the relationship between the Peltier and Seebeck coefficients is given by:

Hab = SabT 13

The efficiency of a thermoelectric generator or a cooler is related to the parameter
known as Figure of Merit [20]:

2
7= 9 14
K

where S is the Seebeck coefficient, ¢ the electrical conductivity, and k the thermal conductivity.
The Power Factor is defined as PF = 6S2. The thermal conductivity is usually written as the
sum of its electrical («er) and lattice (ki) components. The electronic component of thermal
conductivity arises of energy transported by electrons as heat and can be estimated from the
Wiedemann Franz relation [22]:
Kele = LoT 1.3

where L = 2.44 x 10—-8 V2K is the Lorenz Number and T is absolute temperature. While the
lattice component (kiat) can be explained from phonon theory. Commonly, the figure of merit
is multiplied by the temperature of operation, i.e., ZT, being dimensionless. Additionally, the
figure of merit of the thermocouple is given by an average ZT of the materials.

The power generation (1) and cooler (Ncqoler) efficiency can be defined as [23]:

Bl JI+ 2T, —1
pg —

Th ,/1+ZTave—$—}Cl

Ty

T, | VIF e~

Ncooler = 1.7
OO Ty = Te| JT+ ZTpe + 1

1 (T
ITve = &——— ZT dT .
ave Th _ TC LC 1 8
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where Ty, and T, are the temperature of the hot, cold ends; while T,y is the average temperature.
For ZT,ye — oo the term in brackets is equal to 1, that is, the thermoelectric device has a

maximum efficiency. For the power generation, the maxim efficiency is given by Carnot

Th—Te

efficiency:

The great challenge for the development of high-efficiency thermoelectric devices is to
find materials that have low thermal conductivity, high Seebeck coefficient and electrical

conductivity. Comparatively, for ZTave = 3.0 and AT= 400K, 1y ~ 25%; and for ZTaye = 3.0
and AT =20 K, N¢ooler = 6% [23].

Commercially, bismuth telluride (Bi;Tes) is the most used thermoelectric for
refrigeration around room temperature, with ZT = 1.1. This value can be improved through
doping process [24,25]. Materials as lead telluride PbTe; tellurium, antimony, germanium and
silver alloys; and silicon—germanium solid solution Si;.xGex are used in thermoelectric devices
as well as in studies for development of radioisotope thermoelectric generators (RTGs) for
spatial applications [26]. Due to the decrease in the cost of semiconductor production, the
integration of thermoelectric devices in other areas has increased considerably, such as:
thermoelectric devices keep laser diodes at constant temperature to stabilize operating
wavelengths; biological assaying for development of polymerase chain reaction (PCR), and the
use of thermoelectric devices in PCR for control thermally the quantities of enzymatic reactions
in temperature cycles [27].

Currently, several materials/concepts are being studied for the development of high-
performance thermoelectric materials, such as: 1) phonon-glass — electron crystal (PGEC) in
which heavy atoms would be allocated in vibrating "cages", spreading the phonons, but
allowing good conductivity [28]; phonon-liquid electron-crystal (PLEC) as a new strategy of
decreasing the thermal conductivity of the lattice through a liquid type behavior of
superconductors [29]. i1) 2D materials based on NaxCoOz, InsSes, SnSe, Bi-SnSe and Na-SnSe
that can reach ZT = 2 [30]. iii) superlattices that are formed by periodic arrangement of
successive adjacent layers, which can scatter phonons and ultimately decreases thermal
conductivity, and increases S coefficient by increasing the density of states at the Fermi level
[31]. BixTes/SboTes, BioTes/BizxSes as well as PbSeTe/PbTe are among the structures studied
[32]. iv) Organic compounds that has the advantage of being non-toxic, enabling recycling,
easy modeling, carbon is abundant; however, they have the disadvantage of degrading at high
temperatures [33]. Some examples are poly(3,4-ethylenedioxythiophene) (PEDOT),

polythiophenes, polyacetylenes and polyanilines [34]; v) materials with low thermal
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conductivity are promising thermoelectric application, such as the chalcogenides [35]; and vi)
Heusler alloys that present promising characteristics with high power factor, thermal and

mechanical stability and are composed of elements abundant in nature [36,37].

1.2 - Heusler alloys

Heusler alloys were discovered in 1903 by F. Heusler [28], when he was studying the
compound Cu;MnAl, which is currently classified as a Full-Heusler alloy (FH). Details of the
crystal structure of Heusler alloys will be presented in details in Section 4.1. Ternary Heusler
alloys can be formed from several elements of periodic table [38], and are studied for
application in several areas, such as, spintronic [39] magnetoelastic [40], topological insulators
[41], magnetic shape memory alloys (MSMASs) [42] and thermoelectric.

In the thermoelectric context, materials that have narrow bandgaps and density of states
around the Fermi level generally have a higher power factor for high temperatures, thus being
promising compounds for this type of application. [43]. In this scenario, the alloys called Half-
Heusler (HH) were studied: (Zr/Hf/Ti)NiSn with ZT > 1.2 ( for T > 700K) [44,45], Ti-doped
FeNbSb with ZT > 1 (T = 1000 K) [46]. FeNbi.x TixSb presented ZT of 1.1 at 1100K with x =
0.02 [46]. Other Heusler structures with various combinations of elements can lead to both p-
type and n-type thermoelectric materials. [47—49]

In the literature [50] , the synthesis of CoVSn revealed a low ZT = 0.007 in reason of
formation of intermetallic phases. On the other hand, CoNbSn alloys [51-60] doped with
different elements such as Hf, Sb, Pt, Ti, Sb can reach ZT = 0.6. Kimura and Tamura [52]
reported an interesting increase in ZT in Co1+xNbSn compound, when the concentration of Co
was increased. The HH alloy CoTaSn was successfully synthesized [61] and had its
thermoelectric properties studied by S. Li et al. [62], presenting ZT = 0.01. For the complex
compound, Tap.sNbo4CoSn 1—xSbx, ZT = 0.75 for 973K and x = 0.06.

Theoretical study of physicochemical properties of Heusler alloys is very useful for
understanding and developing of high-performance thermoelectric devices. From first principle
calculations, using the accurate HSE06 hybrid functional, within Density Functional Theory
(DFT), this work presents the results for several properties of Co-VB-Sn (VB =V, Nb, Ta)
Heusler alloys. The results are presented for: lattice parameter; cohesion energy; density of
states; band structures; band gap; magnetic moments; effective masses; Bader Charges, ELF
functions; Charge Densities; chemical bonds; and thermoelectric parameters. The results were

compared to the available experimental data.
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2 - THEORETICAL AND COMPUTATIONAL FOUNDATIONS

2.1- Quantum many bodies system

A quantum system that involves the interaction of many particles can have its chemical
physical properties analyzed based on the knowledge of its quantum states. For a given quantum
system, the time-independent Schrédinger equation takes the following form:

HY(ry, ..., Ty) = E¥(r, ..., Ty) 2.1
where H is the Hamiltonian operator of the system, E are the energy eigenvalues and
Y(ry, ..., Ty) are the wave functions. The Hamiltonian operator for a quantum system of one or
more atoms can be given by [63]:

ZVZ 2w R
- 2m; | — RI 2 |r

l;t]

z ZZ]e
ZMI |RI - R]l

1?5]

2.2

where 7; and R; are the positions of the i-th electron and I-th nucleus, respectively; M; is the
I-th atomic nucleus mass; mg, i and e are the rest mass of electron (9.109x1073! Kg), the
Planck constant divided by 27 (1.054x1073*]J.s) and the elemental charge (1.602x10~1°C),
respectively. The first term of equation 2.2 refers to the electronic kinetic energy, the second to
the nucleus-electron attraction, the third to the electron-electron repulsion, the fourth to the
kinetic energy of the nucleus and the last energy to the nucleus-nucleus repulsion.

The complexity of the Hamiltonian operator makes Equation 2.1 very difficult to solve,
that is, only numerical solutions are possible. Generally, the first simplification is to consider
atomic nuclei as being infinitely more massive than electrons, so that the approximation
1/M; — 0 can be adopted, which makes the fourth term of Equation 2.2 negligible. This
simplification is known as the Born-Oppenheimer (adiabatic) approximation, where atomic
nuclei can be considered as static, and R; are parameters rather than variables. Thus, the
Hamiltonian described by equation 2.2 can be simplified to:

H = T + Vext + Vint + EII . 24

. . . . 4T .
In which, using the Hartree atomic units my = h = e = == 1, are written as:
0
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ext z |r‘1 RI

Z = constant
|RI

li]

2.3

where T is the Kinetic energy operator, Ve, is the external potential, which is the sum of all
nucleus-electron interactions, Vi, represents the electron-electron interactions, and Eyj is the
nuclei-nuclei interaction. This term can be considered constant and added in the final result, in
reason of Born-Oppenheimer approximation.

Even considering the adiabatic approximation, the many-body problem remains
difficult to solve due to the electron-electron interaction term, which does not allow us to
propose a separation of variables to solve Equation 2.1. In this context, the Density Functional
Theory (DFT) emerged, which proposes the study of a given quantum system based on the

density of charge of its ground state (pg ).

Considering the density operator as:
p(¥) = Z 8(r—ry) 2.6
i=1,N

the density of particles p(¥) can be written by the expectation value of p(T) [64]:
o (PlpMDIP)
P = —Go—

(Y|¥)

Zall spinsf Iqj(ﬁ FZ’FS Fn)l2 szdFs d-FN
[ W@y, o) Tg . Tn)|2 ATy AT, dT5 .. Ty

2.6

=N
So, the total energy is:

E = (W|H|W) = (T) + j 0(D) Vet dr® + (Vine) + En 2.7
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where the external potential is given by the integral over the density functional and Ej; is the

nucleus-nucleus coulomb interaction.

2.2- Density Functional Theory and Hohenberg—Kohn theorems

The pioneering development of DFT is due to the work of Hilleth Thomas and Enrico Fermi
who proposed in 1927 to analyze a homogeneous and no-interacting electron gas system, that
satisfied Fermi's statistics. In this analysis, the kinetic energy of electrons is approximated as a
function of p(T), and the terms of exchange and correlation between electrons are omitted. The
exchange-correlation term refers to others electronic interactions. Later, these terms were
included by Paul Dirac in 1930, when he formulated the local approximation to the exchange
term, and still in use today [63,65]. Modern DFT is essentially based on two theorems proposed

by P. Hohenberg and W. Kohn at 1964 [66], that is:

Theorem I: For a given quantum system of interacting particles in an external potential

V oxt (77), this potential is determined unambiguously by the ground state particle density po (7).

This theorem implies that all properties of a given quantum system can be obtained from p (T).
On the other hand, the proof of this theorem is based on the principle of reduction to absurdity
[64]. Two external potentials Ve 1 (T;) and Ve 2 () that differ from each other by a constant
must designate two different Hamiltonian operators H; and H, and consequently two different
wave functions W; and W,. The premise is that both potentials lead to the same particle density
in the ground state p, (7). Based on the variational principle, for a fundamental non-degenerate
state, (P|H|W) > E,, if ¥ is an eigenstate of H. Therefore:
E; = (Wi Hy| W) < (W] Hy| Wy). 2.3
The last term can be written as:
(W] Hy| W;) = (W, Hy| W,) + (W, Hy — Hy| W)
2.9
=E; + J po(®) [Vext,l - Vext,Z] dr?
Thus,
E, <E; + f Po ([ Vext1 — Vext 2] drs. 2.10

Similarly:
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E, <E; + f Po(®)[Vext2 — Vext1] dr?. 2.11

Comparing equations 2.10 and 2.11 we arrived at:

E; +E; <E; +E, 2.12
which is a false inequality. Thus, the premise that the same density p, () can set two potentials
Vext 1(T1) and Vey 2 (Fy) it's false, as we wanted to demonstrate. The validity of this theorem for

the degenerate case can be found in the Parr and Yang [67] work.

Theorem II: A universal functional of the energy E[p(7)] can be written, which is valid for
any external potential V o (7;). The value of the global minimum for the functional E[p(7)] will

be defined by the density of the ground state py (7).

The proof of this theorem is given from Equation 2.7, written in terms of density:

E[p(®)] = (T[p(®]) + f D)V dr® + (Vine[p(D]) + En
2.13

= FHK[p(?)] + f p(F)Vext dI‘3 + EII

where the functional Fyg[p(¥)] is defined as electronic energies except those that depend on
the external potential.
Considering p,(T) associated with a potential Veg(7;), which leads to a Hamiltonian
H and an eigenstate W,. And p;(F) as another density that takes a different eigenstate ;.
Therefore, by the variational principle:
Eo = (Wo|H | Wo) < (W;|H|W¥;) = E;. 2.14
Therefore, the energy of the fundamental state defined by:
Eq = (Wol Hy| W) 2.15

it is necessarily the energy that minimizes the functional E[p(T)].

2.3- Density Functional Theory and self-consistent process

Although Hohenberg—Kohn's theorems present the possibility of describing a quantum
system based on the density of the ground state, there is no indication of how to perform these
calculations. So, how to solve the many-body problem based on DFT is a big task. Thus, in

1965, W. Kohn and L. J. Sham (KS) [68] proposed a method that allows many-body problem
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to be solved more easily using an auxiliary system of equations. That is, the set of single-particle
KS equations includes many-body effects.

The KS model assumes that the external potential, Vey; in Equation 2.4, will depend on
the configuration of the system. However, the electron-electron repulsion Ve and the kinetic
energy of electrons T have the same mechanism of action on all systems. Therefore, the system
is analyzed with a set of single-particles, but taking into account the many-body effects, then

equation 2.7 can be rewritten as,

E[p(®)] = T,[p(®)] + j p(Vere dr® +

+ EHartree[p(F)] + Exc[p(F)] + EII

2.16

where the term Ts[p(1)] is the kinetic energy of electrons in the non-interacting system [64];
Vext 15 the external potential taking into account the nuclei and other external fields; Ej; is due
nucleus-nucleus interaction; Eyariree cOrresponds to the classical coulomb electron-electron

interaction, defined as:

p(®)p(E)dr3dr’
Exartree = j- |? — ?,l 2.17

and E,.[p(¥)] take into account the many-body effects, including exchange effects due to
antisymmetric principle and correlation effects due to the fact that electron movement is
correlated.

To minimize the energy presented in Equation 2.16, the Euler-Lagrange multiplier

method is used. Considering N electrons,

N = fp(f‘)dr3,

2.18
p(¥) =0
and according to the stationary principle:
S{E[p(¥)] — Ne} =0 2.19

where € is the energy of electrons described in the orbitals.

For a system of N electrons, the density can be given by a summation of N self-functions

8XS of one-electron:

N

p(?) = Z|e}<5|2. 2.20

i=1
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Initially, this equation is defined only to the system of non-interacting electrons, since the

KS
0i

eigenfunctions are defined to a Hamiltonian to this type of system [64]. The eigenfunctions

0K are known as Kohn-Sham orbitals. As density depends on the eigenfunctions 8X°, the
electronic density can be minimized by minimizing 9{(5.

Writing Tg[p(1)] in terms of Kohn-Sham orbitals:

N
Ts[p(®] = z f VokSv(eXS)" dr3 2.21
i=1
The variation of this term implies:
8T [p(¥
M = —V2 [, 2.22
8p(r)

In this way, we can write:

{_v2+2 BE)dr ffp(r)p( P’ vxc(F)}GFS

E-]

2.23
= €0
where exchange-correlation potential v, (T) is given by,
SExc[p(P)]

P = —2- 2.24

and the exchange-correlation energy is:
Beel 001 = [ pDese(p(D) 225
considering exc(p(?)) as the exchange-correlation density.
The Equation 2.23 can be rewritten as:
{— V2 + v}0K5 = Hg 055 = ¢6K5 2.26

in which vg is known as an effective potential and Hgg as Kohn-Sham's Hamiltonian operator.
Thus, 85 eigenfunctions are obtained from a system of N electrons that do not interact, but
they are under the influence of an effective potential that describes the many-body system.
Moreover, Kohn-Sham orbitals also consider the exchange-correlation electron-electron
interaction, which is included in the effective potential through the vy (F).

The solution of Kohn-Sham equations can be obtained from a self-consistent process,
starting from an initial (assumption) electronic density (pg). This self-consistent process is
described in Figure 2.1. From py, the kinetic term (—V?) and KS potential (v) are determined

and then the Kohn-Shan orbitals (GKS) obtained. From 9 , a new charge density p and
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consequent energy E[p] is obtained in a cyclic process where the last charge density p is used
as the input parameter for the next cycle. The system is considered converged when the energy

difference between the last two cycles reaches a certain minimum value.

—— Po
p(@)
l
- Vi+ v,
6/

N
p() = ) 0K —  Elp]

T

No R Yes Properties of
Converged? ———— System

Figure 2.1: Kohn-Sham self-consistent scheme.

It is also worth mentioning that it is not possible to attribute physical meaning to Kohn-
Sham orbitals 85 and their eigenvalues €;. Its use is restricted only to the determination of
density p(7) in the self-consistent process. To define the exchange-correlation term v, (7),
several important approximations were developed, in the next section some of them are

presented.
2.4- E . approximations

Initially, the E,. term can be approximated as:

Exc[p(®) ] = f p(T) €y dr? 227

where €,, is the exchange-correlation energy for each electron p(i)-dependent in the vicinity
of the point T. In these terms, two important approximations are presented below, called Local

Density Approximation (LDA) and Generalized-Gradient Approximation (GGA).
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2.4.1- LDA approximation

The Local Density Approximation (LDA) considers a homogeneous electron gas. This
gas (commonly known as "Jellium") is electrically neutral. Within this approach, the Equation

2.27 is written in terms of €2¢™[p(?) ]:

B | = [ o) elemlp@)] dr 228
Thus, el9™[p(¥)] is separated in relation to their terms of exchange and correlation
separately:
ef™Mp(®)] = ™ [p(®)] + k™ [p(D)] 2.29
where,
1
3p(¥))3
hom 2\ — 2.30
= -3
e [p(M)] < o )
and,
3/3 3
3 4
EPA ()] = - (E) f [p(®)]3 dr?. 231

The term €l°™[p(¥)] can be obtained mainly through computational approaches or even

complicated analytical equations.
An improvement in the LDA approach can be achieved considering spin polarization,

hom

called Local Spin Density Approximation (LSDA). In that case, €;¢ [p(f‘)up, p(F)down] and
Eiggm[p(?)up, p(F)down| are written in terms of the individual of each spin. The total density

will be p(F) = p(F)up + p(F)down'

2.4.2- GGA approximation

The LSDA has been improved by several GGA approximations. In 1986, Perdew and
Wang [69] considered that electron-correlation-exchange energy is also functional of the

density gradient. €,.[p(T), |Vp(¥)|], where the equation 2.27 is rewritten as:

E)((;cGA [p(F)up' p(F)down]

2.32
- f P exe[pDaomwn PDape 170® laowns 79D up] dr?

considering the spin polarization.
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The ES’CGA[p(f‘)up, p(f”)down] is decomposed in its exchange and correlation
components:
ESGA = ESGA 4 EGGA, 233
Usually, the name of the functional is denoted by the initials of its authors along with the year

in which they were proposed.

2.4.3- GGA-PBE approximation

Nowadays, the GGA established by authors Perdew, Burke and Ernzerhof in 1996 [70]

is widely used in solids calculations, and called as GGA-PBE. The correlation term is given by:

E€BE[p(®)up P aown] = [ p(®)[ €l°™ (r5,§) + H(rs, & D)]dr? 2.34
where p(¥) = p(¥)yp + P(Fdown, I's is known as a local Seitz radius, defined as r3 = —“;’@ ,
&= P up P Diown considering spin polarization, and t = 1@l ¢4 gradient of density, where

P ’ 20ksp() ’

2 2
¢ = LR and ky = \/4ke/m(RZ/me?).

The gradient H was made using three conditions:

1 — At the limit t — 0, H can be approximated in a second-order expansion:

e? h3t?
H - 0.066725 2.35
do
2
considering high densities limits (ks— 0) and a5 = #
2 - Atthe limitt — oo :
H- — efom(r,,¥) 2.36

where correlation terms vanish.
3 - Within a uniform density escalation for the high-density limit, the correlation energy
must be a constant.

On the other hand, exchange term is built based on 4 basic conditions:

1- Within a uniform density and high-density limits:

EX®E [p(Dup, P down] = f P e°™ (p(D) . Fx (5)]dr® 2.37

—3esz
4T

where ei}om(p(F)) = and the so-called enhancement factor F,(0) = 1.

2 — The exact exchange energy obeys the spin equation:
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EX*E[20 @) up] + EX** (0D down] 2.38
a .

3 — For a non-uniform electron gas, the enhancement factor is given by

ELBE[p(®)up, P down| =

Fy(s) » 1+ ps?,
where for a liner response s = 0

4 — It is considered the Lieb-Oxford relationship, given by
E)IZBE[p(F)up' p(F)down] = EE?E [p(F)up: p(F)down]

3 2.39
> —1,679¢2 f p()zdr3
since spin polarization enhancement factor is:
1
R = 1,5) = 23F, (). 2.40
23

So, to describe the non-locality of this GGA approximation, the new enhancement factor

F,. was defined over local exchange, given by:

E)E’?E[p(aup’ p(F)down] = j- p(F)d}om . Fxc(rs: 3 S)dr3 2.41

where for a local spin density Fy.(rs,§,0) = Fy.(r, §, 0). Finally, the GGA-PBE approach not
only maintains the characteristics of LSDA approximation, but also takes into account the

gradient-corrected non-locality characteristics.

2.4.4 — Modified Becke Johnson (mBJ)

It is well known that LDA and GGA approximations underestimate the band gap
energies. In this way, Tran and Blaha [71] presented an efficient method to calculate the band
gap energies of solids based on the modification of the Becke Roussel exchange potential[72].

Modified Becke Johnson (mBJ) potential is given by:

1 , 5 ’Zt )
mB]J BR /= o
— +(3c=2)= |— = 242
VX,O' CVXO' (r) ( C ) T 12 po_(r)
where the density of charge and kinetic-energy density are, respectively,
Ns
pG(F) = |¢i,0|2
— 243
1:

and
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Ng

tU(F) = Z lei,c* ’ vq]i,o-
i=1

The c parameter is obtained from the electronic density, and the so-called Becke-Russel

potential vex is given by,

1 5 1o o x@

which represents the Coulomb potential created by the exchange hole.

2.4.4 — Hybrid functional (HSE06)

Hybrid functionals belong to a class of functionals that allow obtaining more accurate
results for the chemical-physical properties of quantum systems compared to traditional GGA
functionals. Hybrid functionals allow calculating the exchange-correlation energy E,.[p(TY) ]
from incorporation of the exact exchange Hartree—Fock model. Among them, HSE06 (Heyd,
Scuseria, and Ernzerhof) functional [73,74] are a class of functionals with exchange-correlation

in calculated as

ESSE = aEY SR (w) + (1 + a)Eg" R (w) + Ex >R (w)+ EEBE 2.45

where E)Ig FSR is the short-range HF exchange, E)P()BE'SR and E)P(’BE’LR

are the short-range and long-
range components of the PBE exchange functional obtained from exchange hole of PBE model,
and EFBE is the PBE correlation energy.

The parameter w defines the separation of HSE functional partitions the Coulomb
potential for exchanges in short-range (SR) and long-range (LR). In HSEQ6, this value is wyp =
wppEg, Which is the case where HSE is accurate in the uniform electron gas limit. Moreover, the

parameter a is the HF mixing constant, that assumes a default value of a = V4.

2.5- Pseudopotential

As the number of electrons in a quantum system increases, so does the complexity of the
wave function that describes them. Due to this difficulty, molecular and crystalline systems can

have their physical and chemical properties described with good precision considering only the
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distribution of electrons farther from the nucleus and higher energy, known as valence
electrons. Valence electrons are those that effectively form chemical bonds as their wave
functions overlap with the wave function of neighboring atoms.

Electrons that are strongly located around the atom are known as core and semi-core
electrons. The wave function of these electrons has little overlapping with the wave function of
neighboring electrons, making them insensitive to chemical environment change. Thus, the
pseudopotential method assumes that the description of the states of the electrons of the core is
not determinant for the description of the chemical bond. For this reason, the valence wave
function does not need to be well defined in the core region, but in the region where the
connection actually occurs, as shown in Figure 2.2.

This approximation reduces the number of particles, simplifying the calculation, and
minimizing computational time. The mathematical construction of the pseudopotentials used
in this work was based on PAW (Projector Augmented-wave) method. This method was
developed by P. E. Blochl [75] and is widely used to describe quantum system. This method
decomposes the all-electron wave functions into the term of soft wave pseudo functions, which
maintains the characteristics of the all-electron calculation in addition to considering localized
contributions in the core. The PAW method is very effective in describing strongly correlated
or magnetic systems, unlike the ultrasoft pseudopotential which is less accurate in magnetic

systems [76].

T

' =t s
’I ( \/(CT% Pseudopotential <\/ f)
= e

Figure 2.2: Comparison of a wavefunction in the Coulomb potential (real) of the nucleus to

the one in the pseudopotential (approximation) [75].



36

2.6- Brillouin Zone

In solid state physics [77], the study of a periodic quantum system is performed from
the use of the Bloch theorem[78]. This theorem states that the solutions to the Schrédinger
equation in a periodic potential is given by plane wave functions modulated by a periodic

equation, i.e.:

W, = elRfu, (F) 2.46

which can be obtained at the limit of the so-called Brillouin Zone (BZ), which is the Wigner—
Seitz unit cell built in reciprocal space. In this context, during the simulation of a given quantum
system, the Monkhorst-Pack [79] method is widely used to generate a set of k points in BZ, to
then calculate the eigenfunctions. Specifically, BZ to crystalline structures of the space group

F-43m (#217) and Fm-3m (#225) are presented in Figure 2.3.

© bilbao crystallographic server ©bilbao crystallographic server
hitp:/fwww.crystehu.es hitp:/fwww.cryst.ehiles

Figure 2.3: Brillouin zone and high symmetry points to crystalline structures of the space

groups a) F-43m and b) Fm-3m [80].

2.7- VASP Package

The Vienna ab-initio simulation package (VASP) [76,81-84], is a computational
package for ab initio calculations based on the DFT, through the solution of Kohn-Sham

equations. It stands out for the main features implemented in VASP: 1) plane wave base set; i1)
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pseudopotential within PAW [75] and ultrasoft [83] approaches; iii) Monkhorst-Pack algorithm
[79]; iv) Davidson, RMM-DIIS and Conjugate-gradient methods for electronic minimization;
and v) LDA, GGA, meta-GGA, DFT+U, hybrid functional, and van der Waals functional

available.

2.8- Wannier special functions

The Wannier’s functions [85,86], introduced by Gregory Wannier in 1937, are a
complete set of orthogonal functions that arise from the unitary transformation from the Bloch
functions (Equation 2.46). As seen in Figure 2.4, the Bloch functions are modulated according
to the value of k, so Wannier functions are built by superposing Bloch's functions of different
k, creating a wave packet centered in each atom.

To construct the wave packet in real space, a very large superposition in k space is

required. Thus, the localized Wannier function (WF) is defined as [79]:

Wy (F) = (2T)3 BZqJnk(F) dk 2.47

where V is the volume of real-space primitive cell and the integral is carried over the BZ.

Bloch functions Wannier functions
Wik éx} i\ WQ( X)
‘IJKT(X) w,(x)
q"k 2(X) WZ(X)

Figure 2.4: Relation between Bloch functions and Wannier functions (WFs). Source: [87].

The functions of Wannier have great application in the study of properties in solids
when interpolating the band structures obtained from ab initio calculations. One of the main

difficulties in using Wannier functions is the fact that they are not exclusive to a given band,
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due to a phase indeterminacy in the Bloch orbitals u, (¥). Thus, the Wannier functions selected
are known as maximally localized Wannier functions (MLWFs). Marzari and Vanderbilt [88],
proposed represent the indeterminacy by a free unitary matrix Umn(k) among the occupied
Bloch orbitals at every wave vector.

In this work a basis set formed by maximally-localized Wannier functions [88,89] was
obtained from WANNIERO90 code [90]. In this code, at a given k point, the states are within a
predefined window. Thus, a set of N® states are obtained performing a unitary transformation
in the Bloch state that are within the energy window at each point:

WO = D U s
me Nk

where USS® i5 3 matrix N® x N. The U%S® can be obtained minimizing the gauge invariant

in the outer energy window. Thus, with uﬁﬂt(F) the procedure developed by Marzari and

Vanderbilt[88] can be used to define the Wannier functions.

2.9- Boltzwann computational package

Boltzwann [91] is a computational package to determine transport properties based on
the semiclassical Boltzmann equations, within the relaxation-time and the rigid band
approximations [77,92,93]. Furthermore, this package is integrated with the Wannier90 code
where post-processing is performed using the previously obtained Wannier functions. So, the
transport distribution function is a tensor defined as:

1
Z(e) = VZ vi(n,k)vj(n,k) T (n, k)6(e — En,k)

ij nk

2.49

which considers the sum over all bands throughout the Brillouin area. E,, i is the energy of the

1 0E
band n at k; v; = -—=2K

P is the ith element of the band velocity at (n, k) and T (n, k) is the

relaxation time. From eq. 2.49, Seebeck coefficient (S), electronic conductivity () and thermal

conductivity (kel) can be obtained as:

+oo of(e,u, T 2.50
[o];j(n. T) = ezf de <— %)Z(E),
o :

e of(e, i, T 2.51
ol =5 de (— %) (=) (©
. i]-
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and
1t of(e, u, 2.25
[Kly(w ) == f de (— %) (e— u)22<e).
» i]_

For an open system (J = 0), the electronic term of the thermal conductivity is ke = K — S?oT.

The lattice contribution to the thermal conductivity (ki) is not considered in the calculations.

2.9- Analysis tools for Chemical Bonds

In this section three tools for the analysis of chemical bonds in solids are discussed. All
of them are given from the results of the DFT calculations previously carried out, namely:

Charge Density, Electron Location Function (ELF) and Bader Charge.

2.9.1 Density of Charges

As mentioned early, the ground state density of charge p,(¥) is an important quantity
obtained from a self-consistent ab initio calculation based on DFT. From VASP output files, it
is possible extract the density of charges in terms of T in e/(volume cell). The density can be
calculated separately for electrons with spin up and down. Charge density can be graphically
analyzed by plotting in a suitable plane or in a region of space, considering a certain isosurface.
From these maps, the spatial distribution of charges is obtained, being useful in the analysis of

chemical bonds.

2.9.2 Electron Localization Function (ELF)

Electron Localization Function (ELF) is a tool that maps the probability of finding a
spin- o electron in the vicinity of another reference electron with the same spin-o. Becke and
Edgecombe [94] define ELF function considering the probability of find an electron named 2
of spin-o in position T, in the vicinity of reference electron named 1 in ¥; with the same spin-
o:

2,1 2.53
00 (F, Fy) = 212
P (F1)

where p,(T;) represents the density of probability of electron 1 and p3° (¥, ¥,) Hartree-Fock
probability of finding two particles with a same spin ¢ simultaneously at positions T; and T5,

that is,
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p2° (F1,12) = po(F)ps(T2) — |pF (Fr, T2) 7 2.54
considering p;(7;) as a o-spin one-body density matrix of the Hartree-Fock determinant:

° 2.55
pE(i ) = D WD)

with summation restricted to orbitals of o spin only.

Moreover, from Taylor expansion of the spherically averaged conditional, the pair

probability is given by:
1 1(Vpy)? 2.56
0,002 ) — _ _ = =12
p°°(s,1) 3ch 2 p. S| +
where T, positive-definite kinetic energy density, and the measure of electron localization is
given by,
1 (Vpy)? 2.57
Dg=1,—— .
4 po

Written another way, for an eigenfunction given by a Hartree-Fock or Kohn Sham

orbitals GFS [95]:
| 1Vps|* |? 2.57
Do zZ'VGKSIZ P

There is an inverse relationship between localizability and probability. The lower the
probability of finding electron 2 in a region of space, which implies a lower value of D , the
more localized is the reference electron 1 is in that location.

Since the function D, can take on any value, the ELF function is then defined as being:
ELF = —p.2
e} 2.59

1+ (58)

0<ELF<I1.

In which D2 corresponds to a uniform electron gas with spin density equal to the local value of

ps(P):
5 2 2.60
DY = —(3112) p3.
The upper limit ELF = 1 corresponding to perfect localization (D; = 0). ELF = 1/2

corresponding to electron gas-like pair probability (Dg = D2) and ELF = 0 corresponds to the
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zero probability of finding the reference electron (D; — ). Also, the function ELF can be

analyzed by mapping it on a given plane or by plotting it in space to some isosurface value.

Figure 2.5: 2D plot ELF to a) molecule ethene b) NaCl salt ¢) along the plane containing the

chemical bond between C and a Cu—Cu metallic bond. Source: [96].

Two concepts that usually appear in this analysis are the attractor and basin. The
attractor is the region where the ELF function presents its maximum locations, while the points
around the attractor that also have high function values form its basin. For instance, Figure 2.5
(a) shows a non-polar covalent bonds C-C, an attractor centered on the bond axis is usually
observed. For a polar-covalent bond, the attractor tends to move toward the more
electronegative atom. As shown in Figure 2.5(b), for ionic bonds of the NaCl type, spherical
surfaces (basin) appear around atoms ion (CI°), while Na* not present ELF. Furthermore, Figure
2.5 (c) shows that for metallic bonds of the Cu-Cu type, ELF presents a small extension; while
for Cu-C type bonds, with polar covalent character, the ELF function is greater in the vicinity

of C.

2.9.3 Bader Charge

Bader charges are calculated from integrals on so-called Bader volumes, through the

theory developed by R. Bader [97] for atoms and molecules. Bader’s volumes come from
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partitioning the space of a system of many atoms into volumes that have only a maximum
charge density. These volumes are separated by surfaces on which the charge density is a
minimum normal to the surface, satisfying the condition Vp.ni = 0. Usually, each atom in the
molecule has a maximum charge density so that each atom will possess its Bader volume [98].
The Bader charge is then defined as:
q = Zygc — Bader population 2.61

where Zy g is the number of valence electrons of an atom and the Bader population arises from
the integral that provides the number of electrons of Bader volume of that atom. The Bader

Charge was calculated using Henkelman’s code [99] implemented in program VASP.

2.10 Effective Mass

The calculation of the effective masses was based on the free electron approximation
(FEA) in rigid band condition. For a free electron, energy is a parabolic function of wave vector
K:
p> h? k? 2.62
2m 2m

where m is the electron mass, p the linear momentum and % = 6.58x107'% eV So, the variation

of energy in reason of k can be written as:

1 d%E 1 2.63
A2dk?  m’
E 4
: Parabolic :
: approximation :
[
Parabolic |
approximation :
|
k=0 k ——»

(a) (b)

Figure 2.6: Representation of a) VBT parabolic approximation, b) VBB parabolic

approximation. Source: [87,100].
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In FEA the band structure has a parabolic characteristic in the vicinity of a certain k
point, as seen in Figure 2.6 that shows the Valence Band Top (VBT) and Conduction Band
Bottom (CBB) region. A free electron does not experience the influence of any potential, then
the mass in Equation 2.63 will be equal to the rest mass of the electron mg. On the other hand,
an electron in certain crystalline system suffers the influence of effective potentials, then the
mass in Equation 2.63 is different of my, i.e., the effective mass m*.

Considering E the energy of the free electron and E the energy of the electron in a given

crystalline system, the following expression can be written:

E — E, = Ck? 2.64
where C is a constant, where the second derivative with respect to k is:
dZ_E _ 2.65
dk?
After comparing equations 2.63 and 2.65:
m* = L 2.66
2C

This relationship allows us to directly calculate the effective mass from a parabolic
adjustment performed in a given region in the band structure, where the parabolic curvature C
1s an important parameter. A more "closed" band will then have a higher value of C, which
indicates a lower value of m*. This bands are known as Light Electron band in conduction band
and Light Hole band in valence band (Figure 2.7). While more "opened" parabolas have a lower
value of C and consequently a higher value of m* and are known as Heavy Electron/Hole

Bands.

I Light Electron Band

|
& ﬂ.
I Heavy Electron Band

Gap  TII Heavy Hole Band

TV Light Hole band
VAN
/\ v
'

V  Split-Off Band
High Symetry

Point

Figure 2.7: Classification of the bands according to the effective mass presented at points of

high symmetry.
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As already mentioned, the term hole refers to the Valence Band Top (VBT), since in
this case the approximation is made by means of a convex parabola (negative constant C),
implying a negative mass. The physical interpretation is that this mass refers to the electrons
that could be transferred to the conduction band, leaving these levels unoccupied, then called
holes.

High values of effective mass have a direct relation with increase the Seebeck
coefficient, but decrease electronic mobility and consequently the electrical conductivity
[101,102]. The analysis of effective mass for Seebeck coefficient is make with basis of density
of states effective mass (mpqg) that take in account different crystallographic directions and
the degeneracy factor Ng given by relation [103]:

mpos = (m] m3ms3) d-

That mj, mj and mj are effective mass take of principal directions of the equal energy
ellipsoids. The mp g also can be calculated directly with the equation of density of states within

free electron approximation (FEA):

. \3/2
D(E) = i 2mbos p1/2 3.14 2.68
22\ A2 '

This approximation is applied next to the fermi level.

2.11 Spin-orbit coupling (SOC)

Spin-orbit coupling (SOC) is a relativistic effect that is described by Dirac's relativistic
analysis of the electron [64]. Usually, SOC has its importance increased as the atomic number
increases and causes the loss of degeneracies in the band structures, and leading to a band split-
off, as shown in Figure 2.7 [77,104]. The SOC effect is very important for magnetism and
spintronics, in which it drives magnetic anisotropy, spin relaxation, magnetic damping,

anisotropic magnetoresistance and Hall effect [105].

2.12 Cohesive Energy (Ec)

The cohesive energy of a solid refers to the energy needed to separate the atoms of
crystal structure and put them isolated [77,106] . In an ideally ionic crystal, the cohesive energy

can be calculated summing up the electrostatic of the arrange the atoms. When metallic and
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covalent bonds are involved, the energy of cohesive Ec can be calculated from first principles
calculation using the total energy (Et) of crystal and the isolated atoms belonging to the system,
ie:

E. = Er(crystal) — Z Er(atoms). 3.14  2.69

The cohesive energy is a parameter for measure the stability of a crystal lattice and

depend of type, localization, quantity and chemical bonds of atoms in the structure.

3-METHODOLOGY

The work was developed through first principles calculations within the Density
Functional Theory (DFT) [66,68]. For the calculations of the electronic structure, spin
polarization was considered, using the Projector Augmented-Wave (PAW) method [75], within
GGA-PBE [70], GGA-mBJ HSEO06 [73,74] functional as implemented in the VASP. The
electronic distribution for each pseudopotential is: Co (3d%4s!), Sn (5s24d'%5p?), V(3p®3d*4s!),
Nb(4p®5s24d*) and (Ta (5p®6s25d*). The calculations were performed with a 350 eV energy
cutoff in the plane-waves expansions. Each structure was fully relaxed, until the residual forces
in the ions were at least less than 1 meV/A. Also, the effective mass was calculated according
to equation 2.66, within parabolic approximation. A parabolic fitting was performed,
considering the quadratic term (C) of polynomials of degree 2, 3 and 4. The parabolic
approximation was considered successful when the coefficient C of the 3 analyzed curves had
a fluctuation of less than 5%. For all systems, a 9x9x9 k-points Monkhorst—Pack mesh centered
on the gamma point was used for integration in the BZ, as shown in the convergence test

highlighted in Figure 3.1.

(a) (b)
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Figure 3.1: Equilibrium structures of (a) HH and (b) FH alloys from GGA-PBE calculations.
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The thermoelectric quantities, S, ¢ and kel were calculated by solving the Boltzmann's
transport equations in the relaxation time approximation (t) as implemented in the Boltzwann
code [91]). The MLWF’s was obtained from WANNIER90 code [90] and used to interpolate
the band structures obtained previously from ab initio calculation. A 40x40x40 grid of k-points

was considered to calculated the thermoelectric quantities.

4 — RESULT AND DISCUSSION

This section presents the theoretical results of physicochemical properties of Co-VB-Sn
(VB =V, Nb, Ta) Heusler alloys. The results were organized into subsections called: 4.1
Structures; 4.2 Electronic and Magnetic Properties; 4.3 Effective Mass and SOC; 4.4 Chemical
Bonds; and 4.5 Thermoelectric Properties. The results were compared to the available

experimental data.

4.1 Structures

Half-Heusler alloys (HH) have a general formula XYZ, spatial group F-43m (SG #216),
Strukturbericht designation Cjp, and Pearson symbol cF12. As shown in Figure 4.1 (a), HH
structure has three sites defined through the Wyckoff positions 4a (0.0.0), 4b (0.5, 0.5, 0.5) and
4c (0.25, 0.25, 0.25). When the 8c position (0.75, 0.75, 0.75) is takes into account, the Full-
Heusler alloy (FH) and general formula XY>Z is formed, as depicted in Figure 3.1 (b). The FH
has space group Fm-3m (#225), Strukturbericht designation L2 and Pearson symbol cF16
[107,108].

HH alloys are usually described as being formed by the interpenetration of a NaCl-type
structure (Figure 4.1 (c)) with a SnZ-type structure (Figure 4.1 (d)). As shown in Figure 4.1 (e)
- (f), the chemical bond between the positions 4c-4a and 4c-4b leads to a tetrahedron inversion,
although the structures remain the same [109]. Figure 4.1 (g) shows a third possible bond of
eightfold coordination, since there are two tetrahedrons around the 4c position. This explains
the reason of the exchange of atoms of positions 4a and 4b leads to equivalent structures. Thus,
the description of chemical bonds in HH can go beyond the simplification made when
considering this alloy as being generated from combination of NaCl-type and ZnSn-type
structures [110]. In addition, Figure 4.1 (h-j) depicts a FH structure, where a more complicated
bonding arrangement is observed, although this structure may have the same type of bonds as

the HH.
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(a) (b) (©) (d)

Figure 4.1: Crystal structures: (a) Half-Heusler, (b) Full-Heusler, (c) NaCl-type and (d)
ZnSn-type. In figures (e-f) are represented three possible chemical bonds of atom in 4c. The

structures Full-Heusler (h-j) may have the same type of bonds as the Half-Heusler.

Ternary Heusler alloys have well-defined sites for each element, resulting in 6 possible
structures (permutation P(3,3)) as shown in Table 4.1. In agreement with the results showed in
next, there is only three distinct structures from the six possible [111]. This distinction occurs
only in reason of occupation of the 4c¢/8c site. So, the structures I and II, IT and IV, V and VI

are equivalent, and will be treated in this work as A, B and C, respectively.
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Table 4.1. Wyckoff positions for the atoms Co, Sn and Ta for each HH and FH structure. The

8c position is occupied only in FH case.

Wyckoff Positions
Structures Co Sn Group VB?
I 4c/8c 4a 4b
A II 4c/8c 4b 4a
11 4a 4c/8c 4b
B v 4b 4c/8c 4a
\% 4a 4b 4c/8c
C VI 4b 4a 4c/8c

iGroup VB =V, Nb and Ta.

4.1.1 Vanadium alloys

Based on GGA-PBE calculations, the lattice parameters of vanadium structures A, B

and C were optimized for HH and FH alloys. As previously mentioned, among the six possible

structures, the energies curves showed that sets of structures I-II, III-IV and V-VI are

degenerated. The Wyckoff positions for each structure are shown in Table 4.1. Position 8c is

occupied only for FH cases. As shown in Figure 4.2 (a), the occupation of site 4¢ by Co leads

to more stable structure in case of HH-A.
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Figure 4.2: Total energy versus lattice parameter of several (a) HH and (b) FH vanadium

structures for obtained from GGA-PBE calculations. The cohesive energy was calculated

from Equation 2.69 within GGA-PBE (HSE06) approximation.
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Table 4.2 presents the optimized lattice parameter equal to 5.81 A to HH-A CoVSn
alloy, in good agreement with previous theoretical works [112—115]. It was observed that the
lattice parameter did not change when SOC effect is taken into account. Moreover, structures
with the same atomic species in sites 4c/8c are energetically equivalent, for instance, I and II;
III and IV; V and VI, named structures A, B and C, respectively. HH-B and HH-C have the
same lattice parameter 5.95 A, although the latter is slightly more stable. This lattice parameter
is very close to that reported experimentally [116], although the authors did not determine what
the crystal structure of the studied sample is. Finally, the cohesive energy (Ec) was calculated
from the GGA-PBE and HSEO6 functionals (showed in parentheses), as shown in Figure 4.2

(a), corroborating that HH-A is the most stable structure among others.

Table 4.2 - Lattice parameter of Group VB alloys.

This Work Theoretical work Experimental
V alloys
HH-A (A) 5.81 5.79 [112], 5.81[113], 5.83 [114,115], 5.98%[116]
5.70[115],5.71 [117],5.73 [118]
FH-A (A) 6.02 6.03[119], 6.02[120] -
Nb alloys
HH-A (A) 5.97 5.90[112], 591[121], 5.95
[53,54,60,62,122]
FH-A (A) 6.17 6.18 [123] 6.15 [124-126]
Ta alloys
HH-A (A) 5.96 5.97 [61],5.89 [118], 5.94[61], 5.95[62]
5.96 [127],5.95[128]
FH-A (A) 6.15 6.16[127] -

% Structure not specified.

The lattice parameter optimizations for Vanadium FH alloys are presented in Figure 4.2
(b). For FH-A, a=6.02 A in good agreement with literature [119,120]. Conversely, FH-B (6.24
A) and FH-C (6.50 A) have larger lattice parameters. As presented in Table 4.3, Sn has
simultaneously high atomic radius and greater electronegativity compared to other atoms. In
fact, the occupation of the 8c site by a Sn atom causes the FH-C structure to have a higher lattice

parameter, while the FH-B structure has an intermediary value.



Table 4.3 — Atomic radius and Pauling electronegativity [129].

Co| Sn | V | Nb | Ta
Atomic Radius (A) 1.3511.45] 135|145 1.45
Pauling electronegativity | 1.88 | 1.96 | 1.63 | 1.60 | 1.50

50

The cohesive energies (EC) were calculated for Vanadium FH structures. It was

obtained from GGA-PBE approximation that Ec(A) < Ec(C) < Ec(B), while Ec(C) < Ec(A) <

Ec(B) from hybrid HSEO6 calculations. Considering that hybrid approximation provides a more

accurate electronic description, it can be seen that FH-C is the most stable structure among

others.

4.1.2 Niobium alloys

The optimized lattice parameter for HH and FH niobium alloys are presented in Figure

4.3. Similar to the alloys with vanadium, the structure HH-A, where Co is located in position

4c, is the most stable with optimized parameter 5.97 A and Ec = -16.48 eV (-13.25 eV). As

shown in Table 4.2, a good agreement with previous experimental works [53,54,60,62,122] is

observed. On the other hand, HH-B and HH-C structures have greater lattice parameters and

cohesive energies (less negative), that is, lower stability.

Figure 4.3: Total energy versus lattice parameter of several (a) HH and (b) FH niobium
structures for obtained from GGA-PBE calculations. The cohesive energy was calculated

from Equation 2.69 within GGA-PBE (HSE06) approximation.
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The lattice parameter optimizations for Niobium FH alloys are presented in Figure 4.3
(b). For FH-A, a = 6.18 A in good agreement with theorical and experimental results reported
in literature [123-126]. Conversely, FH-B (6.63 A) and FH-C (6.51 A) have larger lattice
parameters. The cohesive energies were calculated from GGA-PBE and HSEO06 functionals,

where FH-C < FH-A < FH-B. So, indicating that FH-C structure is the most stable among them.

4.1.3 Tantalum alloys

The optimized lattice parameter for Tantalum structures Ta alloys is presented in Figure
4.4. The most stable structure HH-A has an optimized parameter of 5.96 A, in agreement with
theorical [61,127,128] and experimental [61,62] results. The HH-B and HH-C structures
presented greater lattice parameter. Finally, the cohesive energy (Ec) was calculated from the
GGA-PBE and HSEO6 functionals, as shown in Figure 3.4 (a), confirming that HH-A 1is the

most stable structure among others.
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Figure 4.4: Total energy versus lattice parameter of several (a) HH and (b) FH tantalum
structures for obtained from GGA-PBE calculations. The cohesive energy was calculated

from Equation 2.69 within GGA-PBE (HSE06) approximation.

Figure 4.4 (b) shows that the optimized lattice parameter of for FH-A is 6.15 A, which
is very close to the 6.16 A as previously reported by R. Dutt and et al. [127]. On the other hand,
FH-B (6.65 A) and FH-C (6.52 A) have larger lattice parameters. The calculated cohesive

energy shows that FH-C is the most stable of the structures.
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4.2 Electronic and Magnetic properties

Several physicochemical properties of Heusler alloys have a strong dependence of
valence electron count (VEC) [130]. As verified, the Slater-Pauling rule predict the total

magnetic moment (M) from the equations:

HH: M = |Zygc — 18| 4.1

FH: M = |Zygc — 24| 4.2
where Zygc is the number of valence electrons of respectively atom. For the atoms used in this
work: Zygc(Co) = 9, Zygc(V,Nb, Ta) = 5 and Zygc(Sn) = 4. Considering the unitary cell, HH
alloys have 3 atoms (XYZ) and FH have 4 atoms (X2YZ). According to Equation 4.1, HH alloys
must have a total magnetization equal to zero, while equation 4.2 predicts a total magnetization

of 3ug, 2up and 1ug for the FH-A, FH-B, and FH-C structures, respectively.

4.2.1 Vanadium alloys

Table 4.4 shows the total magnetic moment and magnetic moment per atom for HH and
FH structures. From HSEOQO6 calculations a good agreement with Slater-Pauling rule was
observed for HH-A, HH-C, FH-A and FH-B structures, where only HH-A has a diamagnetic
characteristic. In the FH-C structure, an antiferromagnetic (ferromagnetic) interaction between
vanadium atoms and a total magnetic moment of 2.0 ug/cell (4.4 ug/cell) were obtained from
HSEO06 (GGA-PBE) calculations. Moreover, a contribution of the interstitial region of the
crystal (Am) to the total magnetic moment is observed for some structures. The magnetic
moment is calculated from spheres around the atoms, where Am are the contributions to the total
magnetic moment from the interstitial region between these spheres.

Considering that: i) the atoms involved in the composition of the HH and FH structures
have strongly correlated electrons; ii) the GGA-PBE approximation fails in the electronic
description of these systems, including the positioning of the Kohn-Shan levels; ii1) the hybrid
approximation provides a more precise electronic description of strongly correlated systems, so
in this work the results obtained from the HSE06 functional were admitted.

Figure 4.5 shows the total (TDOS) and partial (PDOS) density of states for HH
structures obtained from GGA-PBE and HSEO6 calculations. A semiconductor character is
observed for HH-A structure. As summarized in Table 4.5, a band gap of 0.64 eV was obtained

from GGA-PBE calculation, which is in good agreement with other theoretical work
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[112,113,118]. Conversely, a band gap of 1.33 eV was calculated from HSEO6 functional,
which is almost double (0.85 eV) of the previously obtained from mBJ calculation [114].
Figures 4.5 (a-d) shows that V(d) and Co(d) orbitals are prominent around the Fermi level (Es),
while Sn(p) orbitals have a smaller contribution in the valence band region. Furthermore, a
splitting of the t2¢ and eg levels is observed for the d-levels of V and Co atoms according to
Crystal Field Theory [131]. Co(eg) and V(t2g) levels are mainly present in VCB, while Co(tzg)
and V(tz¢) are present CBB.

Table 4.4 - Local (m) and total (M) magnetic moments of the structures HH and FH for (Co-
V-Sn) alloys from HSEO6 (GGA-PBE) calculation. A, represents the contribution of

interstitial region of the crystal. Values of M in bold are in accordance with the Slater-Pauling

rule.

Alloy m Am M|

up/atom us/cell  up/cell
Co Sn \%

HH A 0(0) 0 (0) 0(0) 0(0) 0(0)
B 1.8 (0.1) 0 (0) 2.4 (0) 0 (0) 0.6 (0.1)
C 2.2(0.3) 00 -2.1(-0.2) -0.1(0) 0(0.1)
FH A 1.4/1.4 (1.0/1.0) 00 0.6 (1.0) -0.4 (0) 3.0 (3.0)
B 1.7 (-0.5) 0/0 (0/0) -2.8(2.0) -0.8 (0.4) 1.9 (1.9)
C 2.0 (1.0 00 -2.4/2.4 (1.5/1.5)  0(04) 2.04.4)

As shown in Figures 4.5 (e-h), a conductor character is observed for the HH-B structure
in both approximations, although there are divergent results in the partial densities of states.
Figures 4.5 (h) shows that around Er, Co(tzg) and Ta(tzg) projections are present principally for
the spin down channel, which is not observed from GGA-PBE calculation in Figure 4.5 (f).
The HH-C structure also showed a conductor character, as shown in Figures 4.5 (i-1). A similar

trend for PDOS is observed, where compared with HH-B structure.
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Figure 4.5: TDOS and PDOS for (a-b) HH-A, (c-d) HH-B and (e-f) HH-C vanadium
structures, obtained from PBE calculations; (g-h) HH-A, (i-j) HH-B and (k-1) HH-C vanadium

structures, obtained from HSEQ6 calculations.
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Figure 4.6: TDOS and PDOS for (a-b) FH-A, (c-d) FH-B and (e-f) FH-C vanadium
structures, obtained from PBE calculations; (g-h) FH-A, (i-)) FH-B and (k-1) FH-C vanadium

structures, obtained from HSEQ6 calculations.
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TDOS and PDOS for FH alloys were obtained from GGA-PBE and HSEO6 calculations,

as depicted in Figure 4.6. From GGA-PBE calculation, FH-A structure presents a half-metal

(HM) behavior with an underestimated band gap of 0.29 eV compared to other theoretical

results [120,132]. In contrast, a band gap of 1.26 eV in spin down channel was found in HSE06

calculation. Unfortunately, no experimental results were found in the literature. It is important

to mention that the HM character of the material allows it to have a complete spin polarization,

thus a fully spin-polarized current for spintronic applications [133,134]. As observed in Figure

4.6 (c), Co atoms that occupy the positions 4c and 8c have the same density of states. According

to Figures 4.6 (d) V(tz¢) have an important contribution to conductor character in the spin up

channel.
Table 4.5 — Band gap of VB Group alloys.
This Work Theoretical work Experimental
V alloys
HH-A (A) 0.64% 0.65%[112],0.63% 0.89° [113], -
1.33° 0.85°[114],0.75%[117], 0.66*[118]
FH-A (A) 0.29% 0.56* (HM) [120], 0.53* (HM) [132] -
1.26
Nb alloys
HH-A (A) 0.97% 1.0%,1.3°[54], 1.0* [55], 0.92 2 [62], 0.87 [62], 1.00
1.50° 1.0%[122], 0.99 % [135] [118]
FH-A (A) 0.86° (HM) Metallic * [123,136] -
Ta alloys
HH-A (A) 1.04% 1.3%[61], 1.042[62], 1.60-1.80 [61],
1.18° 1.06%[118], 1.04 * [127], 0.57 [62]
1.09 #[128], 1.11%, 1.13° [137]
FH-A (A) 1.36° (HM) Metallic © [138] -

% Structure not specified, * GGA-PBE, > HSEO06, ¢ mBJ, ¢ VWN-LDA, ¢ LSDA.

As shown in Figures (e-1), FH-B and FH-C structures are conductors, although spin-

gapless [139] character was obtained for the FH-B structure from GGA-PBE calculation, but
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not to the HSE06. Even so, it is important highlight that this character can be an advantage in
several areas, for instance, in applications of spintronic devices [140]. In addition, both FH and
HH present discrepancy between the GGA-PBE and HSEOQ6 results, both in relation to the
description of the DOS and magnetization. As discussed above, this is related to the difficulty
of analysis from the GGA-PBE functional, where it fails to accurately describe strongly

correlated systems, generally involving d and f orbitals [141].

4.2.2 Niobium alloys

Table 4.6 shows the partial and total magnetization for Nb alloys. From HSEQ06
calculation, HH-A presented a diamagnetic behavior, while FH-A presented a M = 3 pg/cell in
agreement with Slater-Pauling rule. The total magnetic moment of FH-A comes from the
magnetization of 1.6 ug/Co, in agreement with previous theorical work [124]. Unlike, all of

other structures are in disagreement with Slater-Pauling rule.

Table 4.6 - Local (m) and total (M) magnetic moments of the structures HH and FH for (Co-
Nb-Sn) alloys from HSE06 (GGA-PBE) calculation. Magnetic moments calculated with
GGA-PBE for comparation. An represents the contribution of interstitial region of the crystal.

Values of M in bold are in accordance with the Slater-Pauling rule.

Alloy m Am M|

up/atom ugp/cell  up/cell
Co Sn Nb

HH A 0(0) 0(0) 00 00 0(0)
B 23(1.2) 0 (0) 1.8 (0) 0.1 (0) 42(1.2)
C 2.0 (0.5) 0(0) -0.6 (-0.2) 0(0) 1.4 (0.3)
FH A 1.6/1.6 (0.9/0.9) 0(0) -0.1 (0) -0.1 (0) 3.0 (1.8)
B 1.6 (0.2) -0.1/-0.1 (0/0) -2.0(0.4) -0.5 (0) 1.1 (0.6)

C 2.0 (0) 0(0) 0/0 (0/0) 0(0) 2.0 (0)

The TDOS and PDOS for HH-A are presented in Figures 4.7 (a-d), where a
semiconductor character is observed from the GGA-PBE and HSEOG6 calculations. Also, in the
region of Ef, Co(d) and Nb(d) orbitals is very present in VBT and CBB, where the d-splitting

in tog and eg symmetries is observed. As summarized in the Table 4.5, the band gap of 0.97 eV
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was obtained from GGA-PBE calculation, in good agreement with previous work
[54,55,122,135]. In contrast, a band gap of 1.5 eV was obtained with HSE06, which is slightly
larger than 1.3 eV as reported in literature [54], although experimental measurements are 0.87
eV [62] and 1.00 eV [118], indicating that HSEO6 approximation overestimates the band gap
about 30%. However, as previously reported by Yan et al [59], the Co excess (or another
element) in HH Nb alloys, can induce the formation the FH phases, what cause the reduction
of band gap. This experimental issue was reported by Shan Li et al [62], who assigned exactly
to occupation of 8c sites by Co atoms. As depicted in Figures 4.7 (e-1), the structures HH-B and
HH-C presented conductor character. Figures 4.7 (h) and (1) show that Co(t2g) and Nb(eg) and
Nb(t2g) play an important hole to conductor character in two spin channels.

As presented in Figures 4.8 (a-d), a HM character is found for FH-A, although the
literature [123,136] report a metallic behavior, where from HSEO6 calculations, a band gap of
0.86 eV was obtained in spin down channel. Figures 4.8 (c¢) and (d), shows that Nb(d) has a
strong presence at the Fermi level in the spin up channel, while HSEO6 Co(d) in the VBT and
CCB in the spin down channel. Structures FH-B and FH-C have conductor character, as

demonstrated in Figures 4.8 (e-1).
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Figure 4.7: TDOS and PDOS for (a-b) HH-A, (c-d) HH-B and (e-f) HH-C niobium
structures, obtained from PBE calculations; (g-h) HH-A, (i-j) HH-B and (k-1) HH-C niobium

structures, obtained from HSEQO6 calculations.
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Figure 4.8: TDOS and PDOS for (a-b) FH-A, (c-d) FH-B and (e-f) FH-C niobium structures,
obtained from PBE calculations; (g-h) FH-A, (i-j) FH-B and (k-1) FH-C niobium structures,

obtained from HSEQ6 calculations.
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4.2.3 Tantalum alloys

Table 4.7 presents the magnetic moment for the Ta alloys. From HSEQ6 calculations,
HH-A and FH-A structures are in accordance with Slater-Pauling rule, respectively, in
diamagnetic and ferromagnetic configurations. For FH-B structure, it is observed a larger

contribution of the interstitial region of the crystal (Am) to the total magnetic moment.

Table 4.7 - Local (m) and total (M) magnetic moments of the structures HH and FH for (Co-
Ta-Sn) alloys from HSE06 (GGA-PBE) calculation. Magnetic moments calculated with
GGA-PBE for comparation. A, represents the contribution of interstitial region of the crystal.

Values of M in bold are in accordance with the Slater-Pauling rule.

Alloys m Am M|

pp/atom ug/cell ug/cell
Co Sn Ta

HH A 0(0) 0 (0) 0(0) 0(0) 0(0)
B 2.2(0.3) 0(0) 0.8 (0) 0(0) 3.0(0.3)
C 2.0(0.2) 0 (0) 0.4 (0) 0 (0) 1.6 (0.2)
FH A 1.5/1.5(0.7/0.7) 00 00 0(0) 3.0 (1.4)
B 1.5(0.2) 0/0 (0/0) 1502 1.0(0) 1.0 (0.4)
C 2.0(1.3) 0 (0) 0/0 (0/0) 0 (0) 2.0 (1.3)

PDOS and TDOS for HH tantalum alloys are presented in Figure 4.9. According to
Figures 4.9 (a-d) HH-A presents a semiconductor character and band gap of 1.04 eV (1.18 eV)
form GGA-PBE (HSEO06) calculations, which are in good accordance with previous theoretical
results [62,118,127,128,137], as shown in Table 4.5. However, experimental measurements
have a considerable interval of values 0.57-1.8 eV [61,62]. This fact could be associated with
the presence of Co atoms in the 8c sites, leading to the formation of FH phases. As shown in
Figures 4.9 (e-1) HH-B and HH-C have a conductor character, according to GGA-PBE and
HSEOQ6 calculations, although there are discrepancies between both approximations regarding
the positioning of the d-orbitals. Figure 4.9 (h) show that Co(t2g) plays an important role to

conductor character in the spin down channel of FH-B, while Ta(e;) and Ta(tz¢) guarantee this
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behavior in spin up channel. In case of FH-C, Figure 4.9 (1) shows that Co(eg), Co(tzg), Ta(eg)
and Ta(tz¢) have a small presence near Fermi level.

Figure 4.10 shows TDOS and PDOS for FH tantalum alloys FH. As depicted in Figures
10 (a-d) a disagreement between GGA-PBE and HSEQ6 results is observed for FH-A structure,
where a conductor and HM character are observed, respectively. The conductor character was
predicted previously by Dutt and Chakrabarti [138] from the mBJ functional. In this work, a
band gap of 1.36 eV in spin up channel was obtained from hybrid functional HSE06. To date,
no experimental measurements have been found in the literature. As shown in Figures 4.10 (e-
1) a conductor character is observed for FH-B and FH-C structures in GGA-PBE and HSE06
calculations, although there are discrepancies between both approximations regarding the
positioning of the d-orbitals. As discussed previously, GGA-PBE is not accurate for describing
strongly correlated systems. Therefore, more complex calculations are necessary, for instance,
using hybrid functionals.

As discussed in this section: 1) the Slater-Pauling rule was entirely confirmed, within
HSEO6 approximation, for those structures that have Co in the sites 8c/4c; i1)) GGA-PBE
approximation is insufficient to calculate and describe the electronic and magnetic properties
of HH and FH structures; and iii) it was observed that Co-VB-Sn in the HH-A structures have
semiconductor character, while FH-A structures half-metal nature. Finally, since that stability
and semiconductor behavior are fundamental to development of thermoelectric, the study of

HH-A and FH-A structures are presented in the next sections.
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structures, obtained from PBE calculations; (g-h) HH-A, (i-j) HH-B and (k-1) HH-C tantalum

structures, obtained from HSEQO6 calculations.
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Figure 4.10: TDOS and PDOS for (a-b) FH-A, (c-d) FH-B and (e-f) FH-C structures
tantalum, obtained from GGA-PBE calculations; (g-h) FH-A, (i-j) FH-B and (k-1) FH-C

tantalum structures, obtained from HSEQ6 calculations.
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4.3 Effective Mass and SOC

Based on the analysis of the bandstructure, the effects of the spin—orbit coupling (SOC)
were studied in the Heusler alloys. Also, electrons (mg) and hole (my,) effective masses within
parabolic approximation were obtained for the Heusler alloys structure along the high symmetry
directions in the Brillouin Zone. Calculations were performed with and without SOC, and called

GGA-PBE and GGA-PBE+SOC, respectively.

4.3.1 Vanadium alloys
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Figure 4.11: Bandstructure of vanadium HH-A alloy (a) GGA-PBE spin up and down (b)
GGA-PBE+SOC (¢c)CBBT' -X-W(d) VIBW -L () VIBW-L-T (f)VIBX-W -T.

The GGA-PBE calculation of bandstructure of the Vanadium HH-A is presented in the
Figure 4.11 (a). In agreement with density of states results, it is observed a semiconductor
behavior with symmetric spin up and down bands. Figure 4.11 (b) presents a comparation of
bandstructures obtained from GGA-PBE and GGA-PBE+SOC calculations (black dotted line
represents the equivalent GGA-PBE up and down bands). Figure 4.11 (¢) show a zoomed CBB
around the high symmetry point X, where a split is observed. This fact caused a slight decrease
in the band gap from 0.64 eV to 0.61 eV. A spin band degeneracy at the point X is observed,
where the degeneracy factor is Nacss = 2 (see Section 2.10). Figures 4.11 (d-f) show the
zoomed VBT around the high symmetry points L and W. From GGA-PBE, there is an indirect
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band gap L = X of 0.64 eV, where L has a degeneracy factor Ng,vts = 4. On the other hand, an
indirect band gap W = X of 0.61 eV is observed, when SOC effect is taken into account, with

degeneracy factor Ng vt = 1.

Table 4.8 - Effective masses of CoVSn HH-A.
Particle Path GGA-PBE PBE+SOC

m; X-T 1.82 1.82
m, X-W 0.31 0.31
m;, gos - 1.62 1.62
m;, L-T 4.53 2.69
m, L-W 0.86 1.24
m, L-W 0.60 0.85
m, W-L 0.34 0.31
m, W-T 1.10 1.04
m, W-X 1.69 1.74
My, 4os - 472 1.80

“The effective masses used in the Equation 2.67 to calculate mg pogs and my, pog are

presented in bold.

As already mentioned in Section 2.10, the effective mass is an important parameter in
the study of TE materials. In this work, electrons (m3) and hole (my,) effective masses were
obtained for HH-A vanadium alloy along the high symmetry directions in the Brillouin Zone.
Within parabolic approximation, the calculations GGA-PBE and GGA-PBE+SOC are listed in
Table 4.8. Considering that X point is the Conduction Band Bottom (CBB), an important
anisotropy was observed in the effective masses of electron considering the X-I" and X-W
directions, i.e., 1.82mg and 0.31my, respectively. In addition, SOC effect is not important here.

On the other hand, the electron density state effective masses (mg pog) were determined
by fitting the FEA 2.68 equation with the values calculated from the DFT theory, around the
Fermi level. That is, in the energy regions near TVB and CBB. Considering Nacps = 2 are
equal, was obtained mgpos = 1.62 mg from to both calculation, GGA-PBE and GGA-
PBE+SOC, as seen in the Figure 4.12 (a) and (b). This result is smaller than mg pos = 1.90my

as reported previously by Guo et al [142].
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Figure 4.12: TDOS of HH-A vanadium structure obtained from (a) PBE (b) PBE-SOC.
Curve adjusted by Equation 2.68, within free electron approximation (FEA), using the
respective effective mass.

The hole effective masses were calculated around the k-points L (TVB) and W. In the
L-I" direction, a slight decrease from 4.53my to 2.69my (40.6% lower) from GGA-PBE and
GGA-PBE+SOC, respectively. For GGA-PBE calculation, the L-W path present 0.86my; and
0.60myg for heavy (my;,) and light (my;,) holes effective mass. Considering GGA-PBE+SOC,
an increase to 1.24mg (30% higher) is seen for my, and an increase to 0.85my (30% higher)
for my,,. Around W point, the lowest my, equal to 0.34mg was observed along the W-L direction.
In general, the SOC effect is not substantial in the directions around the point W. The hole
density state effective masses (mypos) were calculated, where my pos = 4.72 mg and
mp pos = 1.80 my from GGA-PBE (Ngvrs = 4) and GGA-PBE+SOC (Ngvts = 1),

respectively.

4.3.2 Niobium alloys

The GGA-PBE bandstructure of Niobium HH-A is shown in the Figure 4.13 (a), where
a semiconductor character is observed in spin up and down channels, and an indirect band gap.
Figure 4.13 (b) presents a comparation of bandstructures obtained with GGA-PBE and GGA-
PBE+SOC (black dotted line represents the equivalent up and down bands). Figure 4. 13 (c)
shows a zoomed CBB in the vicinity of the high symmetry point X. SOC effects cause a
decrease of energy of CBB. Furthermore, a band split is observed in the X — W direction. For

both GGA-PBE and GGA-PBE+SOC, the band degeneracy factor Na,css = 2 is observed.



68

(b) ()

HHA 7 : " —peE+soC
120 | —_ _PBE
p

Energy (eV)
Energy (eV)

ES ‘tI-‘ [ Il~ o - M W s
Energy (e¥)

HH-A ' " ——PBE+SOC HH-A ! T pBE+sOC HH-A —PBE+SOC
e - - -PBE - — PBE - - -PBE

Energy {eV)
Energy (eV)
A
\
]
Energy (eV)

5 | O i » , 0.5 ]
LT = """ |
~ =4
010 ”// = g
0104 5 - 0.10
0.10 | ’/ ~
-0.15.] 6 15 |

a— -020

W o« L - I ; X < W - 1

Figure 4.13: Bandstructure of niobium HH-A (a) GGA-PBE spin up and down (b) GGA-
PBE+SOC (¢)CBBT -X-W(d) VIBW-L(e) VIBW-L-T () VIBX-W-T.

Figures 4.13 (d-f) show the zoomed VBT around L and W points. Both GGA-PBE and
GGA-PBE+SOC calculations presented an indirect bandgap W—> X of 0.97 eV and 0.93 eV,
respectively. Due to SOC, a split-off energy of 47.0 meV occurs at the W point, and the
energies in the L point are 32.0 (GGA-PBE) and 50.6 meV (GGA-PBE+SOC) from E.

The electron and hole effective masses were calculated within GGA-PBE and GGA-
PBE+SOC approximations, as listed in Table 4.9. Considering the lowest conduction band
around X point, the electron effective masses were obtained in X I" and X-> W directions.
From GGA-PBE (GGA-PBE+SOC) calculations, mg = 2.07mg (1.62mp) in the X = T
direction, while mg = 1.23myg (0.59my) in the path X = W. So, the SOC effect decreases mg.
For VBT, the hole effective masses were calculated in W—> L and W= X and W= T directions,

where SOC effect is not very important, as shown in Table 4.9.
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Table 4.9 - Effective masses of CoNbSn HH-A.
Particle Path GGA-PBE PBE+SOC

mg X-T 2.07¢ 1.62
m,, X-W 1.23 0.59
m, 0.41
m;, 4o - 1.97 1.84
m; L-T 3.33 3.11
m; L-W 0.72 0.62
m, L-W 0.49 0.59
m, W-L 0.23 0.23
m, W-T 0.72 0.79
m, W-X 2.28 2.18
m;, 4os - 2.80 1.61

“The effective masses used in the Equation 2.67 to calculate mg pos and my, pog are

presented in bold.

By fitting the FEA 2.68 equation with the values calculated from the DFT theory, around
the Fermi level, and considering, Ngvrs = 2 (GGA-PBE) and Ngvr8 = 1 (GGA-PBE+SOC),
the following electron and hole density of state effective mass were obtained from GGA-PBE

(GGA-PBE+SOC) calculations, mg pogs = 2.80mg(1.84mg) and my pos = 1.97mg(1.75myg).
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Figure 4.14: TDOS of HH-A niobium structure obtained from (a) PBE (b) PBE-SOC. Curve
adjusted by Equation 2.68, within free electron approximation (FEA), using the respective

effective mass.
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4.3.3 Tantalum alloys
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Figure 4.15: Bandstructure for tantalum HH-A (a) GGA-PBE spin up and down (b) GGA-
PBE+SOC (¢)CBBT -X-W(d) VIBW-L () VIBW-L-T () VIBX-W-T.

The bandstructure of Tantalum HH-A is shown in Figure 4.15 (a), where a
semiconductor character is observed in symmetric spin up and down channels, and a indirect L
— X bandgap. Figure 4.15 (b) presents the bandstructures obtained from GGA-PBE and GGA-
PBE+SOC calculations. The SOC effects cause a decrease in the band gap from 1.04 eV to 1.00
eV. Figure 4.15 (c) shows a zoomed CBB in the vicinity of the high symmetry point X, where
a band slightly split is observed in the X— W direction. For both GGA-PBE and GGA-
PBE+SOC calculations, it was defined a degeneracy factor Nq,cgs = 2. Figures 4.15 (d-f) show
the zoomed VBT around L and W points. At the L point, GGA-PBE calculation predict Ng,vt
=4, and Na,vts = 2 when SOC effect is taken into account. A split-off energy of 25.0 meV is
observed.

The electron and hole effective masses were determined from GGA-PBE and GGA-
PBE+SOC calculation, as presented in Table 4.10. Considering the CBB around X point, an
important anisotropy was observed for the effective masses of electron in the X-> I and X2>W
directions, i.e., 2.29mg (1.96mg) and 1.07mg(0.74my), respectively. This way, the SOC effect
indicates a significant mg reduction of 14% and 31% for X I' and X->W, respectively. By
fitting the FEA 2.68 equation with the values calculated from the DFT theory, around the Fermi
level, and considering, Ng vt =4 (GGA-PBE) and Ng,vr = 2 (GGA-PBE+SOC), the following
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electron and hole density of state effective mass were obtained from GGA-PBE (GGA-
PBE+SOC) calculations, mg pos = 2.82mg(2.24mg) and my, o5 = 4.58mg(4.19mg). These

results are comparable with mg pos = 2.96my, previously reported [142].

Table 4.10 - Effective masses of CoTaSn HH-A.
Particle Path GGA-PBE PBE+SOC

m, X-T 2.29 1.96
m, X-W 1.07 0.74
m;, 4o - 2.82 2.24
m;, L-T 4.20 3.88
mj, L-W 0760 0.550
mj, L-W 0.440 0.530
m, W-L 0.310 0.310
m, W-T 1.05 1.02
m;, W-X 1.88 2.16
m;, 4os - 458 4.19

“The effective masses used in the Equation 2.67 to calculate mg pos and my, pog are

presented in bold.
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Figure 4.16. TDOS of CoNbSn HH-A structure obtained from (a) PBE (b) PBE-SOC

calculation and adjusted by Equation 2.68, within free electron approximation (FEA).
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In addition, the hole effective masses were obtained at the TVB. In the LT direction,
a slight decrease from 4.20mg, to 3.88mg, (8% lower) is obtained when SOC effect is considered.
On the other side, in the L>W direction, the effective masses are 0.760my and 0.440mj, for
heavy (my,;,) and light (my,) holes, respectively. From SOC calculations, a decrease to 0.550mj
(28% lower) is seen for my, and an increase to 0.530mg (20% higher) for my},.

In general, the HH-A Vanadium, Niobium and Tantalum alloys presented high values
of my, pos and mg pos. This is mainly due to the localized 3d states, which cause the bands to
present a flat dispersion [143] as well as a high degeneracy factor. Moreover, SOC effect

generally decreases the my, pog, mainly due to the decrease in Nq,vTs.

4.4 Chemical Bonds

This section presents the results to Bader charge, ELF and charge density for the Co-
VB-Sn structures. The chemical bonds were analyzed in the crystallography plans (121) and
(101), as represented in Figure 4.17. The calculations were carried out within the HSE06

approximation.

Figure 4.17. Representation of crystallography plans (121) and (101) in the a) HH-A and
b) FH-A structures.
4.4.1 Vanadium alloys

Table 4.11 presents the Bader Charge for Vanadium HH and FH alloys. For all
structures, Co has a negative or zero charge, V has a positive charge, while Sn has a more
significant negative charge for structures B and C. Also, lower Sn and Co charges are observed
in the HH-A and HH-C structures. So, despite the Sn atom having greater electronegativity and
atomic radius, the polarization in the direction Co(4c)-V(4a/4b) is favored by the occupation of

site 4c by Co in HH-A. In the other cases, HH-B and HH-C, the polarization in the Sn(4c)-



73

V(4a/4b) and V(4c)-Sn(4a/4b) directions are most favorable. Thus, it was observed that the type
of atom located in the 4c/8c position plays an important hole for the polarization in the HH
crystals.

Regarding the Bader charge sign, a similar result was found for FH structures. And as
there are two atoms located in the respective 4c and 8c sites, the charge is reduced by
approximately half the value found for HH structures. Additionally, it was verified that SOC

effect does not change the Bader charges and, therefore, the nature of the chemical bonds.

Table 4.11 — Bader Charge q (Je|) obtained from HSEOG6 calculations for vanadium. Values in

bold represent the atoms in the 4c/8c sites.

Crystal Atom Structure
A B C
HH Co -1.14 -0.13 0.00
Sn 0.09 -0.67 -0.56
\Y 1.05 0.80 0.56
FH Co -0.44* 0.00 -0.42
Sn 0.07 -0.182 -0.88
v 0.81 0.36 0.652

“Bader charge per atom in the 4c and 8c sites.

Figures 4.18 (a) and (b) show the charge density for HH-A and FH-A vanadium
structures, respectively.! As the atomic radius of vanadium (Ry = 1.35 A) is smaller than that
of tin (Rsy = 1.45 A), the charge density has similar plot in the Co-Sn and Co-V directions,
although greater polarization in observed Co-V direction, as shown by the Bader Charges
results. Figure 4.18 (c) shows the ELF for HH-A vanadium structure, where an attractor (as
indicated by the arrow) located between the Co and V atoms indicates a covalent-polar bond
characteristic’. For FH-A structure, Figure 4.18 (d) indicates an absence of attractor in Co-V

direction, while higher ELF values are present in Sn-V directions. This can be explained by

! The criteria for choosing the isosurface were based on main chemical bonds.

2 The criteria for choosing the isosurface were based on the most appropriate analysis of the ELF functions.
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greater electronegativity of Sn and the net charge of cobalt in the FH-A structure (-0.44 |e|)
being much lower than of cobalt in the HH-A structure (-1.14 |e[), as shown in Table 4.11.

(a) (b)

Figure 4.18. Charge density of a) HH-A vanadium with isosurface: 0.055 eA3, b) FH-A
vanadium with isosurface: 0.044 eA‘3; and Electron localization function of ¢) HH-A

vanadium with isosurface: 0.22, and d) FH-A vanadium with isosurface: 0.16.

Figure 4.19 (a) shows the ELF plots on the (121) and (101) planes of HH-A structure.
For (121) plane, ELF presents larger values in-between the Sn-Co-V direction, approximately
in the middle of the bond axis. On the other hand, from Bader analysis, it was obtained a charge
equal to -1.14 |e| for Co, equal to +1.05 |e| for V and almost zero for Sn. Furthermore, the ELF
is asymmetric around Co, i.e., displaced to one side of its nucleus. Thus, a covalent-polar bond
is observed in the Sn-Co-V direction. As previously discussed, in Figure 4.5 (c), PDOS
indicated that the bond occurs mainly by Sn(p)-Co(d)-V(d) orbitals hybridization. In the (101)
plane, it is observed that in the vicinity of Sn the ELF assumes higher values, where bonds

occur in the Sn-V direction.
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Figure 4.19. Electron localization function obtained from HSEO6 calculations in the planes

(121) and (101) for a) HH-A and b) FH-A vanadium structures.

Figure 4.19 (b) presents the ELF plots on the (121) and (101) planes of FH-A structure.
In the plane (121), the presence of Co in the 8c site in addition to the 4c site, induced a smaller
electronic localization around them, when compared to the HH-A structure. This result is
corroborated by the values presented for the Bader charge equal to -0.44 |e| per Co atom at sites
4¢ and 8c, while for V atom is equal to +0.81 |e|. Thus, it is observed that a covalent-polar bond
remains in the Sn-Co-V direction, with a decrease in polarization. As shown in Figure 4.6 (c),
PDOS indicated that the bond occurs mainly by Co(d)-V(d) orbitals hybridization, with a
reduced contribution from Sn(p) orbitals. In the (101) plane, it is observed that in the vicinity

of Sn the ELF assumes higher values, where bonds occur in the Sn-V direction.

4.4.2 Niobium alloys

The Bader charged for Niobium structures are presented in Table 4.12. Similar to
Vanadium alloys, Nb assumes positive charge, while Co and Sn charges depend of Wyckoff

position. Thus, a polarization is observed in the directions Co(4c)-Nb(4a/4b), Sn(4c)-
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Nb(4a/4b), Nb(4c)-Sn(4a/4b), respectively, for the HH-A, HH-B and HH-C structures. In the
structures HH-B and HH-C, Sn assumes a more negative charge, while Co in HH-A structure.

Concerning the Bader charge sign, a similar result was found for FH structures. And as
there are two atoms located in the respective 4c¢ and 8c sites, the charge per atom is reduced as
compared with HH structures. Additionally, it was verified that SOC effect does not change the

Bader charges and, therefore, the nature of the chemical bonds.

Table 4.12 — Bader Charge q (|e|) obtained from HSEO6 calculations. Values in bold represent

the atoms in the 4¢/8c sites.

Crystal Atom Structure
A B C
HH Co -1.11 0.11 -0.09
Sn -0.01 -0.84 -0.46
Nb 1.12 0.73 0.55
FH Co -0.49* -0.03 -0.28
Sn 0.09 -0.172 -0.64
Nb 1.07 0.35 0.46°

“Bader charge per atom in the 4c and &c sites.

Figures 4.20 (a) and (b) show the charge density for HH-A and FH-A niobium
structures, respectively. The charge density is present in the Co-Nb direction, unlike the Co-Sn
direction. Figure 4.18 (c) shows the ELF for HH-A niobium structure, where an attractor (as
indicated by the arrow) located between the Co and Nb atoms indicates a covalent-polar bond
characteristic. For FH-A structure, Figure 4.18 (d) indicates an absence of attractor in Co-Nb
direction, while higher ELF values are present in Sn-Nb directions. This can be explained by
greater electronegativity of Sn and the net charge of cobalt in the FH-A structure (-0.49 |e|)
being much lower than of cobalt in the HH-A structure (-1.11 |e|), as shown in Table 4.12.

Figure 4.21 (a) shows the ELF plots on the (121) and (101) planes of HH-A structure.
For (121) plane, ELF presents larger values in-between the Sn-Co-Nb direction, approximately
in the middle of the bond axis. On the other hand, from Bader analysis, it was obtained a charge
equal to -1.11 |e| for Co, equal to +1.12 |e| for Nb and almost zero for Sn. Furthermore, the ELF
1s asymmetric around Co, i.e., displaced to one side of its nucleus. Thus, a covalent-polar bond

is observed in the Sn-Co-Nb direction. As previously discussed, in Figure 4.7 (c), PDOS
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indicated that the bond occurs mainly by Sn(p)-Co(d)-Nb(d) orbitals hybridization. In the (101)
plane, it is observed that in the vicinity of Sn the ELF assumes higher values, where bonds

occur in the Sn-Nb direction.

Figure 4.20. Charge density of a) HH-A niobium with isosurface: 0.057 eA3, b) FH-A
niobium with isosurface: 0.044 eA; and Electron localization function of ¢) HH-A niobium

with isosurface: 0.22, and d) FH-A niobium with isosurface: 0.16.

Figure 4.21 (b) presents the ELF plots on the (121) and (101) planes of FH-A structure.
In the plane (121), the presence of Co in the 8c site in addition to the 4c site, induced a smaller
electronic localization around them, when compared to the HH-A structure. This result is
corroborated by the values presented for the Bader charge equal to -0.49 |e| per Co atom at sites
4c and 8c, while for Nb atom is equal to +1.07 |e|. Thus, it is observed that a covalent-polar
bond remains in the Sn-Co-Nb direction, with a decrease in polarization. As shown in Figure
4.6 (c), PDOS indicated that the bond occurs mainly by Co(d)-Nb(d) orbitals hybridization,
with a reduced contribution from Sn(p) orbitals. In the (101) plane, it is observed that in the

vicinity of Sn the ELF assumes higher values, where bonds occur in the Sn-Nb direction.
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(a) (b)

0.0 0.3

Figure 4.21. Electron localization function obtained from HSEOQ6 calculations in the planes

(121) and (101) for a) HH-A and b) FH-A niobium structures.

4.4.3 Tantalum alloys

The Bader charges were calculated for Tantalum structures, as presented in Table 4.13.
For HH structures, Co assumes a negative charge and Ta a positive charge, while Sn presents a
more significant negative charge in HH-B. Analogous to vanadium and niobium alloys,
polarization is observed in the directions Co(4c)-Ta(4a/4b), Sn(4c)-Ta(4a/4b), Ta(4c)-
Sn(4a/4b), respectively, for HH-A, HH-B and HH-C structures. So, it was observed that the
type of atom located in the 4c/8c position is crucial for the formation of the covalent-polar
character of the chemical bonds in the HH crystals. Thus, it was verified that the HH-A structure
has covalent-polar bonds in the Co(4c)—Ta(4a/4b) directions, as well as the HH-B and HH-C
structures, respectively, in the Sn(4c)-Ta(4a/4b) and Ta(4c)—Sn (4a/4b) directions. As shown
in Table 4.13, an analogous result was found for FH structures, although the two atoms located

in the respective 4c and 8c sites have the charge reduced as compared with HH structures.
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Additionally, it was verified that SOC effect does not change the Bader charges and, therefore,

the nature of the chemical bonds.

Table 4.13 — Bader Charge q (|e|) obtained from HSEO6 calculations. Values in bold represent

the atoms in the 4¢/8c sites.

Crystal Atom Structure
A B C
HH Co -1.19 -0.05 -0.11
Sn 0.02 -0.76 -0.51
Ta 1.17 0.81 0.62
FH Co -0.572 0.03 -0.30
Sn 0.06 -0.172 -0.42
Ta 1.08 0.31 0.36*

“Bader charge per atom in the 4c and 8&c sites.

Figures 4.22 (a) and (b) show the charge density for HH-A and FH-A structures,
respectively, where the results are very similar to the niobium case. There is greater charge
density in the Co-Ta direction than in the Co-Sn direction for both HH-A and FH-A tantalum
alloys. On the other hand, Figure 4.22 (c) shows an ELF attractor located between the Co and
Ta atoms (indicated by arrow), confirm the covalent-polar bond Co-Ta in the HH-A structure.
For FH-A structure, Figure 4.22 (d) indicates an absence of attractor in Co-V direction, while
higher ELF values are present in Sn-Nb directions. This can be explained by greater
electronegativity of Sn and the net charge of cobalt in the FH-A structure (-0.57 |e[) being much
lower than of cobalt in the HH-A structure (-1.19 |e[), as shown in Table 4.13.

Figure 4.23 (a) shows the ELF plots on the (121) and (101) planes of HH-A structure.
For (121) plane, ELF presents larger values in-between the Sn-Co-Ta direction, approximately
in the middle of the bond axis. On the other hand, from Bader analysis, it was obtained a charge
equal to -1.19 |e| for Co, equal to +1.17 |e| for Ta and almost zero for Sn. Furthermore, the ELF
is asymmetric around Co, i. e., displaced to one side of its nucleus. Thus, a covalent-polar bond
is observed in the Sn-Co-Ta direction. As previously discussed, in Figure 4.9 (c), PDOS
indicated that the bond occurs mainly by Sn(p)-Co(d)-Ta(d) orbitals hybridization. In the (101)
plane, it is observed that in the vicinity of Sn the ELF assumes higher values, where bonds

occur in the Sn-Ta direction.



80

Figure 4.22. Charge density of a) HH-A tantalum with isosurface: 0.052 eA~, b) FH-A
tantalum with isosurface: 0.045 eA‘3; and Electron localization function of ¢) HH-A tantalum

with isosurface: 0.23, and d) FH-A tantalum with isosurface: 0.28.

Figure 4.23 (b) presents the ELF plots on the (121) and (101) planes of FH-A structure.
In the plane (121), the presence of Co in the 8c site in addition to the 4c site, induced a smaller
electronic localization around them, when compared to the HH-A structure. This result is
corroborated by the values presented for the Bader charge equal to -0.57 |e| per Co atom at sites
4c and 8c, while for Ta atom is equal to +1.08 |e|. Thus, it is observed that a covalent-polar
bond remains in the Sn-Co-Ta direction, with a decrease in polarization. As shown in Figure
4.6 (c), PDOS indicated that the bond occurs mainly by Co(d)-Ta(d) orbitals hybridization, with
areduced contribution from Sn(p) orbitals. In the (101) plane, it is observed that in the vicinity

of Sn the ELF assumes higher values, where bonds occur in the Sn-Ta direction.
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(101) (101)

0.0 0.3
Figure 4.23. Electron localization function obtained from HSEQ6 calculations in the planes

(121) and (101) for a) HH-A and b) FH-A tantalum structures.

4.5 Thermoelectric Properties

In this section is presented the analyses of thermoelectric properties of tantalum HH-A
alloy. The theorical results were compared with the experimental work of Li, S. & et al [62].
The MLWEF functions were used to interpolate the band structure obtained previously from
GGA-PBE approximation, as shown in Figure 4.24. Then, a post-processing calculation was
carried out to obtain the thermoelectric quantities. The Seebeck coefficient S, electrical
conductivity ¢, and electronic component of thermal conductivity ke were obtained within rigid
band approximation, where the chemical potential (u) and the relaxation time (t) were used to

fit the extracted experimental data.
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Figure 4.24. Calculated bandstructures obtained from Wannier functions (dashed lines) and

GGA-PBE calculations (solid lines) Tantalum HH-A structure.

Figure 4.25 presents extracted experimental data [62] and theorical curves, considering
t = 016 fs and Ef - p = 12634 eV, where Er is the Fermi level.
As shown in Figure 4.25 (a), the theoretical coefficient curve does not completely fit the
experimental data, although a similar trend is observed. Figure 4.25 (b) presents the electrical
conductivity, where for the range 450 < T < 800 a reasonable agreement is observed. Figure
4.25 (c) shows that the contribution of electronic component to the thermal conductivity is
significant at low temperatures (T < 500 K). On the other hand, k. has been overestimated for
T > 500 K. It is expected that for T > 500 K phonons has an important contribution to the
thermal conductivity. In addition, three curve fits were performed for ZT, as shown in Figure
4.25 (d). When only . is considered, it is observed that ZT increases with temperature, although
the values are overestimated in comparison with the experimental data. This result supports that
contribution to the lattice is important for a broad description of the thermal conductivity in
these materials. For T < 700 K, a suitable fit occurs when only the lattice component of the
thermal conductivity kia is taken into account, but underestimated for T > 700 K. The lattice
component was obtained by Shan Li et al. [62], considering kja = & — Ke, Where K. was
calculated via Wiedemann—Franz law within single parabolic band model. Thus, it is
highlighted that the thermal conductivity plays an important role in Tantalum HH-A alloy and
that the handling of the scattering process is very important to improve their thermoelectric
properties. Therefore, the investigation of phonon scattering mechanisms as well as the
electron—phonon coupling [143] can contribute to improve the calculation of the thermoelectric

properties of the HH materials.
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Figure 4.25. Theoretical and experimental results for (a) Seebeck coefficient, (b) electrical
conductivity (c) electronic component of thermal conductivity and (d) ZT versus temperature
in the range of temperature 200 —1050K for HH-A tantalum structure. Experimental data
extracted from Ref. Shan Li, et al [62].

Figure 4.26 presents the theoretical results for Seebeck coefficient, electrical
conductivity and power factor versus chemical potential for a temperature range 300-900 K.
The TE quantities had been obtained for different carrier concentrations by varying the
chemical potential. The values of p were defined from the bandstructure calculations around
the Fermi Level. As seen in Figure 4.26 (a), close to Ef, the Seebeck coefficient shows a
downward trend as the temperature increases. Maximum values of S occur at -0.06 eV (n-type)
and 0.05 eV (p-type), in agreement with result obtained previously [144]. As observed in Fig.
4.26 (b), electrical conductivity increases when a substantial carrier concentration is considered,
i.e., for Er- p < -0.5 (n-type) and Ef - p > 0.5 (p-type), although the Seebeck coefficient

decreases under these conditions. For Er - p > - 1.0 eV and Er - p < 0.7 eV, electrical
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conductivity increases as temperature increases, whereas for highest carrier concentrations (Er

-1u=20.90 eV and -1.25 eV) the electrical conductivity decreases as temperature increases.
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Figure 4.26. Calculated (a) Seebeck coefficient, (b) electrical conductivity and (c) power
factor for in HH-A structure, as a function of the chemical potentials for different

temperatures.

It was observed that power factor reaches higher values for lower temperatures and
higher carrier concentrations. As shown in Fig. 4.26 (c), uppermost value (= 360 uSV?/mK?)
occurs at Er - p = +0.63 eV (p-type) at room temperature, although a smaller peak is observed
in Er- p=+1.2 eV. On the other side, a relevant peak at Ef - p= - 0.75 eV (n-type) is observed,
where PF = 125 uSV?/mK? at T = 300 K. With these results, the doping process is a good way
to improve of the TE properties of HH-A tantalum alloys. This process can increase carrier
concentration, which increase the PF and can be a way of decrease the thermal conductivity.
As shown by S. Li et al [62], ZT = 0.75 (T = 973K) in Sb-doping Co(Ta/Nb)Sn alloy

(Tap.sNbo.4CoSnp.04Sbo.os). Also, as previously reported [142], thermoelectric properties were

improved by the combination of Ta and V in this CoTao5Vo.5Sn structure.
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5 - CONCLUSION

Within the perspective of development of new technologies environment friendly to
generation of energy, this work analyzed Heusler structure Co-VB-Sn with focus in application
as thermoelectric. The calculations showed that the HH alloys have a more stable structure
when the Co atom occupies the 4¢ position (structure HH-A). For the FH alloy this occurs when
the Ta atom occupies this position and its equivalent 8d (structure FH-C), although in the
literature there are only experimental records of FH alloys with the Co atom occupying the
4c/8c position (structure FH-A). In both GGA-PBE and HSEO06 approximations, HH-A
structures present semiconductor behavior, that is fundamental to thermoelectric applications.
On the other hand, FH-A present half-metallic behavior, which is interesting for application in
other areas as spintronic. In addition, when HSEQ6 is considered, the structures HH-A and FH-
A presented magnetization in accordance with Slater-Pauling rule. In general, GGA-PBE
approximation describe satisfactorily the structural properties of Heusler alloys. From chemical
bond analyses, the 4c¢/8c sites play an important role to definition of covalent-polar bonds in
the HH-A and FH-A structures. In addition, structure HH-A Co-VB-Sn presented relative high
DOS effective mass, which is fundamental for the thermoelectric properties. In terms of
effective masses, SOC effect plays an important role. For HH-A tantalum alloy, it was observed
that the contribution of electronic component to the thermal conductivity is significant for low
temperatures (T < 500 K). On the other hand, for high temperatures the contribution of phonons
must be taken into account, emphasizing the need for further studies. Finally, with these results
stay evident the potential of Co-VB-Sn as thermoelectric. Finally, this work presented an
important perspective of analyses how to improve thermoelectric properties from the controlled
formation these structures. Finally, the process of doping is other possibility to improve this
material as thermoelectric, and will be focus of study in future works, as well the study of FH-

A to others applications.
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