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Introduction

Being most intelligent life form to have set foot on this planet, we human beings
have achieved impressive scientific progress and created technologies that seemed
impossible to our fore fathers or impossible even about a decade earlier. While we enjoy
the advancement of technology, we are unaware of the cost that Mother Nature has to
bear in order to provide us the present advancement. The energy consumption rate of our
present generation is diminishing the natural resources and our methods of energy
production is causing great environmental hazardous issues. Thus, a potential threat is
that we may make Earth unfit to sustain life for our future generation. The energy
consumption and production rate globally has increased over 7x10%° J (~20 terawatts)
annually (Ritchie and Roser, 2018). This is equivalent to about 10,000 crores (100 billion)
barrels of oil per year or 20 billion tons of coal per year! A rough estimation of the global
energy consumption rate in early 1900’s was about 1 terawatt. It is surprising to know
how far and how fast we have come. This huge energy consumption would lead to two
possible conclusions. Either Earth will exhaust its fossil fuels and we may no longer have
source for energy production, or the climate change resulted by burning of such huge
amount of fuel may collapse the planetary system. None of it seems like a good
conclusion. Another surprising thing to note would be that about 63% of the produced
energy is not even utilized but is lost during combustion and heat transfer processes
(Forman et al. 2016,). That is, about 12.6 terawatts of energy is rejected as waste heat

globally. Waste heat is unavoidable for any energy converting machineries and therefore
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limits the efficiency of automobile engines and power plants, which as a result consumes
more fuel in order to achieve the desired energy output. It is this waste heat that is largely
dissipated into the atmosphere and contributes to the global warming. Luckily, there are
ways to reduce this waste heat by switching to renewable energy sources without having
to worry about natural resources degradation or about climate change effects. One of the
approach is by using thermoelectric devices, which has the ability to convert waste
unused heat directly to useful electrical energy. These materials are environment friendly
and has long life, it therefore has the potentiality to be used as a source of renewable
energy. Further, these materials would maximize the efficiency of an engine by reducing
their heating effects and would help to approach the Carnot’s engine limit. However, use
of thermoelectric materials would not surpass the Carnot limit, as according to second

law of Thermodynamics (Butler, 1925).

1.1 Brief Introduction of Thermoelectric Effect

Thermoelectricity is the phenomenon by virtue of which heat energy can be
converted into electrical energy. It is based upon two primary effects, namely the Seebeck
effect and the Peltier effect. These effects along with the laws of thermodynamics is used
to derive the thermoelectric effect (Domenicali, 1953). Seebeck effect describes the flow
of charge carriers by induced temperature gradient, whereas Peltier effect is mainly
associated with heat flow due to induced electric current. Thus, Seebeck effect and Peltier
effect works opposite to one another. Named after the discoverer, Seebeck effect is the
phenomenon in which two dissimilar conductors, of p- and n- type, when subjected to
thermal gradient (temperature difference), produces an electric potential difference due
to migration of charge carriers from hot to cold junction (Seebeck, 1823). This will result

in the flow of current from hot to cold junction, until an equilibrium is reached (Fig. 1.1).

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds
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The ratio of the difference in voltage to the difference in temperature is referred to as the
Seebeck coefficient and is independent of other properties of the material (intrinsic
property). Therefore, mathematically, Seebeck coefficient is described as

54V
AT

(1.1)
Hence, according to Seebeck effect, in order to create thermoelectric devices, both
n- and p-type charge carriers should diffuse energy under a temperature gradient and
electric field. This is the main underlying principle of thermoelectric effect and it leads
to an important curiosity. How much energy can be converted my means of
thermoelectric devices? That is, it raises a question about the energy conversion
efficiency of thermoelectric materials, because for technological and industrial
applications, efficiency is always the issue of highest concern. So, the efficiency of
thermoelectric materials has to be described and in order to obtain the efficiency, some
assumptions should be made first. Two important assumptions are mentioned and are as
follows-
1) A material as a whole has the electrical conductivity along with its thermal conductivity

and Seebeck coefficient a constant.

2) The resistance at the hot and cold junction are negligible.

With these assumptions, the power output to the load (shown in Fig. 1.1) can be

expressed as

P2=12R, (1.2)

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds
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Heat input

Cold junction

External load

Jua.LIn))

Fig.1.1: Schematic representation of Seebeck effect.

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds
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In equation 1.2, I is the current and Ry is the resistivity of the load. The current I is induced

by the Seebeck effect and is given by

— S (Th _Tc)
. (1.3)

where, S is the Seebeck coefficient, R is the total resistance of the p- and n- type
conductors and Tn and T represents the temperature at the hot and the cold junctions

respectively. The electrical power P is maximum when R_ =R . Now, the electric current

flowing through a material under the influence of Seebeck effect, gives rise to heat flow,
according to Peltier effect. The flow of heat in hot junction results due to transfer of heat
by electrons through diffusion, when it collides with other electrons (Behnia, 2015) and
it consists of three components, the heat flow due to thermal conductivity, absorbed heat
at the hot junction due to Peltier effect and the heat due to Joule heating. Heat flow due

to thermal conductivity is expressed as

Q=x(T,-T) (1.4)

where, « represents the thermal conductivity of n- and p-type conductors and Tn and T,
the temperature of the hot and the cold junction respectively.

The heat absorbed at the hot junction due to Peltier effect is-
Q,=SIT, (1.5)
and the heat due to Joule heating of the thermoelectric material is,

1.
Q=5 I"R (1.6)

Here, the factor % arises due to an additional assumption that supposes half of Joules heat

flows to the hot side while the remaining half to the cold side. Therefore, efficiency can

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds
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Chapter 1 Introduction

be described as the ratio of electrical power to the heat flow on hot side of the
thermoelectric material and is expressed as (Rowe, 2005)

P

= 1.7
Q 7

n

where, the heat flow to the hot side Qn = Qi + Qp + Q;.
Using equation 1.2 to 1.6, equation 1.7 can be written in case of maximum electrical

power as

Tl (1.8)

2

S . .. ) ) )
where, Z :R— . However R = R is not the condition for maximum efficiency but it’s the
K

condition for maximum electrical power. In order to find the condition for maximum

efficiency, lets denote R./R = x. Then # can be denoted as a function of temperature and

maximizing # requires the conditiong—nzo. Thus,
X
X, =(L+ZT)" (1.9)

T+, , Is the average temperature at the junction. The quantity ZT is a

where, T =

dimensionless quantity known as the figure of merit and is defined as the maximum

efficiency condition of a thermoelectric material. It is expressed as

S%T
K

T =

(1.10)

where, ¢ = 1/R and x are the electrical and thermal conductivity respectively. x

compromises of two parts, namely the electronic contribution (k,) and the phononic or

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds
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Chapter 1 Introduction

the lattice contribution (k) to thermal conductivity, such thatk =k, +k . The maximum

efficiency can then be expressed in terms of equation 1.9 and can be written as

(1.11)

It can be clearly seen from the equation that higher the factor xo, higher is the efficiency.

The condition Th—Te — 1 has to be followed for better efficiency results and can be easily
h

adjusted by choosing the temperature of the hot junction much higher than that of cold
junction. Two limiting case can be applied in equation 1.11. First, ZT<<1, when ZT is

much smaller than 1, nmax << 1. This condition does not interest thermoelectric

.. T -T .. .
application. Secondly, ZT >>1, then 7, — hT ¢ and the efficiency entirely depends
h

upon the choice of temperature, so we can have ideal thermoelectric efficiency. The
temperature of the hot and cold junction has to be chosen such that it fits practical interest,
and for those temperatures generally ZT ~1, so that #max~ 0.3. It means that about 30%
of the heat input is converted into useful electricity. This is the benchmark efficiency

value for a material to have potential thermoelectric application (Heremans et al. 2008).

Already several materials have proven themselves suitable for thermoelectric
applications leading to substantial energy saving in automobiles (Sagr et al. 2008) and
energy devices (Fleurial et al., 1997). In order to replace the current heat engine systems
with thermoelectric materials, we need to find a material with high efficiency having ZT
> 3 (Boukai et al. 2008), which would give us an efficiency of about 50% but till date no
material with ZT near about 3 is known (Armstrong, 2017). Recently, several attempts

are being made to reach the high efficiency targets (Zeier, 2017), but still thermoelectric
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materials aren’t being used in large scale as its application is limited only up to laboratory
standards. There are many potential road blocks for its journey from laboratory to the
market place, however there exists a number of ways to optimize its efficiency and is
discussed in the section “Searching of High Efficiency Thermoelectric Heusler
Compounds” which follows later in this chapter.

1.2. Heusler Compounds as Potential Thermoelectric Materials

Heusler compounds have recently gained attraction as promising thermoelectric
materials because of its increasing utility in industrial and automobile waste heat recovery
(Chen et al., 2013, Yan et al., 2011 and Kaur et al., 2018). The advantage of choosing
Heusler compound lies is their high mechanical and thermal stability (Silpawilawan
2017), low thermal conductivity (Snyder and Toberer, 2008), excellent electronic
properties favoring thermoelectric application (Kaue et al., 2017), environmental friendly
constituents ensuring low toxicity (Bos and Downie, 2014), low cost of production and
elemental abundance (Chen et al., 2013). The working temperature range of Heusler
compounds are much higher than other efficient thermoelectric materials like
skutterudites, chalcogenides etc. (Olvera et al., 2017). Figure 1.2.1 shows the comparison
of working temperature range for Heusler compounds with other thermoelectric
materials. Owing to its high temperature performance, Heusler compounds are being

considered as the most potential candidates for use in industrial applications.

Heusler compounds were discovered in 1903 and is named after a German
chemist Friedrich Heusler (Heusler et al., 1903). The first Heusler compound to be
discovered was CuMnAl and it showed ferromagnetic behavior even though none of its
constituents had magnetic nature (Heusler et al., 1903). This unique behavior of CuzMnAl

popularized Heusler compound and since then more than 1500 elemental combinations
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are characterized as Heusler compounds. They offer large variety of properties like
semiconductors, ferroelectricity, superconductors, topological insulators etc. which
gained growing interest creating large field of applications in opto-electronics, magneto-

electronic, spintronic, memory control devices and thermoelectric utility.

Heusler compounds are ternary X>YZ intermetallic, with X and Y as transition
elements in the periodic table and Z as the main group element. Generally, they are of
two types based on their stoichiometry and chemical formula. The one with chemical

formula XYZ is a half-Heusler (HH) compound and has 1:1:1 stoichiometry. It

crystallizes in Clp structure with space group F43m (space group number 216). The

second having chemical formula X2YZ is a full Heusler (FH) compound and has 2:1:1

stoichiometry. It crystallizes in L2 structure with space group Fm3m (space group
number 225). Their crystal structure are shown in Fig. 1.2.2. The crystal structure of full-
Heusler consists of four interpenetrating fcc sublattices. The two X atom occupies the
Wyckoff position 8c with coordinates (3/4, 3/4, 3/4) and (1/4, 1/4,1/4), Y and Z takes the
Wyckoff position 4a and 4b with coordinates (0, 0, 0) and (1/2, 1/2, 1/2) respectively
(Graf et al., 2011). This structure is similar to a zinc blende-type sublattice, consisting of
one X and Z, where the remaining tetrahedral holes is occupied by second X and Y

located in the octahedral holes (Graf et al., 2011).
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Fig. 1.2.1: Comparison of highest reported ZT (ZTmax) in Heusler compounds, Cu-based

chalcogenides, (Sn,Pb) (Se,Te) compounds, and Skudderudites (Olvera et al., 2017).
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Figure 1.2.2: Crystal structures of full-Heusler and half-Heusler (Semi-Heusler) alloys.
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Half-Heusler crystal structure is closely similar to that of the full-Heusler one and
can be considered as a tetrahedral ZnS-type structure with filled octahedral lattice cites.
Unlike the full-Heusler structure, it has three interpenetrating fcc sublattice, with X atom
occupying the Wyckoff position 4c (1/4, 1/4, 1/4), Y atom the position 4a (0, 0, 0) and Z
atom the position 4b (1/2, 1/2, 1/2), the position (3/4, 3/4, 3/4) remains vacant. The other
inequivalent lattice cite occupancies are X (4a) Y (4b) Z (4c), X (4b) Y (4c) Z (4a) and X

(4c) Y (4a) Z (4b) (Graf et al., 2011).

Recently, a new class of Heusler compounds known as quaternary Heusler
compounds (QH) have started to emerge (He et al.,, 2018 and Kundu et al.,, 2017). They
are found to be semiconducting based upon the 18 or 24 electron rule and are also being
considered for thermoelectric applications. When a full Heusler compound with the
chemical formula X>YZ is substituted with a transition element say X', such as to give
the chemical formula XX'YZ, then a quaternary Heusler compound is formed. They are
based upon the structural prototype of LiMgPdSn with space group of a half-Heusler
compound, occupying the Wyckoff position 4c, 4d, 4b and 4a respectively for X, X', Y
and Z. Two of such compounds namely, CoYFeSi and CoMnZrSi are investigated for

their potential thermoelectric applications in this thesis.

The Slater-Pauling (S-P) rule (Slater, 1936 and Pauling, 1938) has its importance
in determining the band structure properties of Heusler compounds which can be
predicted by simply counting the valence electrons. The magnetic ability of Heusler
compounds can be determined easily from the S-P equation expressed as M = (Z-18) 4,
(for half-Heusler compounds) and as M = (Z-24) . (for full-Heusler compounds), where

M and Z are the magnetic moment and the number of valence electrons in the unit cell

(Galanakis et al., 2006). HH and FH compounds with valence electron count (VEC) of
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18 or 24 has magnetic moment 0, as seen from S-P equation and are of particular interest
to us because they are non-magnetic and exhibits semiconducting properties, which is
favorable for thermoelectric applications (Galanakis et al., 2006). These type of Heusler
alloys have electronic band structure with narrow band gaps and is beneficial for
thermoelectric properties (Yang et al.,, 2008 and Osterhage et al., 2014). Particularly,
compounds with VEC of 18 shows closed cell behavior and are found to be semi-metals
or semiconductors. Studies have shown that 18 VEC system consisting of light transition
elements are reported to exhibit excellent thermoelectric properties (Sootsman et al.,
2009). For these systems, the electronic states responsible for the occurrence of band gap,
plays a vital role on determining the behavior of transport properties. 18 VEC system
consisting of heavy elements like Pt, Au, Pb, Bi or Po and the elements from lanthanide
series exhibit nearly zero band gap and are called gapless semiconductors. Such materials
with zero direct band gaps are predicted to be topological insulators and are currently
being considered for thermoelectric applications (Ding et al.,, 2015), however much
progress has to be made to enhance the thermoelectric efficiency of these type of systems.
Among nine compounds that we have investigated, two compounds, namely LUAuSn and

CoYFeSi falls in this category.

Heusler compounds with VEC of 21 to 23 are found to be ferromagnets exhibiting
half-metallic properties (de Groot et al., 1983), whereas compounds with VEC of 20, are
highly unstable compounds (Tobola et al., 1998). A schematic diagram of the band
structure of Heusler compounds for different number of valence electrons is presented in
Fig. 1.2.3. In reference to the figure, the band structure that supports thermoelectricity
most, is the one with the VEC of 18 or 24. The size of the band gap of such systems

depends largely on the hybridization between the d-states of X and Y atom. It is to be
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noted that, structural disorders like imperfection and defects largely affects the band
structure. Mostly, experiments take these disorders into account whereas, theoretical
studies are based upon perfect single crystals and this leads to the over estimation of band
gaps by theoretical prediction, which finally affects the thermoelectric performance.
Apart from that, the degeneracy of the bands and the structure of the valence and the
conduction band plays leading role in determining the thermoelectric properties and is

discussed in the next section that follows.
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Figure 1.2.3: Schematic diagram of band structure of Heusler compounds for different

number of valence electrons.
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1.3. Searching of High Efficiency Thermoelectric Heusler Compounds

As mentioned earlier, the efficiency of thermoelectric material depends upon the
constituent materials and there exists number of parameters that relates to the
thermoelectric efficiency. Therefore in this section, it is intended to highlight key factors
that are important while searching for high performance Heusler thermoelectric materials
and factors which enhances their efficiency. In order to enhance the efficiency, high ZT
values are necessary to obtain. In reference to the efficiency expression given by equation
1.8 and the ZT expression given by equation 1.10, it is clear that in order to achieve the
best efficiency, thermal conductivity (x) has to be minimized and the power factor (S%0)
has to be maximized. However, this task is not as easy as it seems because these
parameters are inter-related and it’s a challenge to simultaneously achieve high power

factor along with low thermal conductivity in the same material.

One of the method to enhance the efficiency is by enhancing the electronic
properties which would ultimately lead to high ZT value. This can be achieved by
optimizing the carrier concentration of the material. Decreasing the carrier concentration
increases S and decreases «, but it simultaneously decreases the electrical conductivity
(o) as well. Therefore, one has to compromise for low ¢ value in order to achieve high S
value. This method can be easily realized by doping electron or hole to the respective n-
or p-type thermoelectric material. Thus, the Heusler compounds has to be chosen in such
a way that the electrical conductivity of the material does not become very low on
optimizing its carrier concentration. To ensure this, the X and Y combination of the
Heusler compound has to be chosen such that either of it contains highly efficient

electrical conductors like group 10, group 11 or group 12 elements of the periodic table,
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while the Z combination has to be metalloid to ensure low thermal conductivity (middle

elements in group 3A to 6A).

Another way to choose high efficient Heusler thermoelectric material is by
investigating their electronic properties. The shape of the Density of States (DOS) and
the electronic band structure has a significant impact on the carrier concentration and
thermoelectric performance of the materials. Most of the 18 VEC systems have flat slopes
for DOS and the Fermi energy (Es) lies just above the valence band, within the conduction
region. As a result, Er almost remains constant with temperature when charge carriers
flow from valence band to the conduction band, leading to enhanced S [Kittle et al.,
2006]. The band structure of these type of Heusler compounds becomes more complex if
d- or f-orbitals are included in the valence electrons. Such band structure shows high
degeneracy along with steep DOS slopes at the Fermi level and is beneficial to obtain
large ZT (Mahan et al., 1996 and Pei et al.,, 2012). Further, their band structure features
steep slopes of the valence band maximum (VBM) and has more than one maxima of the
valence band. Steep slope ensures low effective mass of the charge carriers, and multi
maxima the high electrical conductivity, both of which favors thermoelectricity (Pei et
al., 2012). Therefore, Heusler compounds with VEC of 18 involving d- or f-orbitals in
the electronic structure highly favors thermoelectricity and has to be beard in mind while
choosing Heusler thermoelectric materials. A schematic diagram of the DOS and band
structure that favors thermoelectricity in Heusler compound is shown in Fig. 1.3. It is

assumed that the band structure obeys parabolic band model.
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Fig. 1.3: A schematic diagram of the DOS and band structure of semiconductor Heusler
compounds that favors thermoelectricity in case of (a) single extremum valence and
conduction band (b) Multiple extrema valence and conduction band. EF’ represents the

possible shift in Fermi energy when the system is subjected to doping.
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Therefore changing the slope and the band degeneracy to adjust the band structure is an
important tool for enhancing the thermoelectric properties. However, to achieve this is
also a challenge and cannot be achieved easily because the degeneracy of the bands can

only be changed by changing the crystal structure.

1.4 Review of literature

In the last few decades, tremendous research interest is observed in the field of
thermoelectrics. This results due to the continuous need of efficient materials for
alternative sources of power generation. Waste heat which limits the engines efficiency
is also solely responsible for climate change problems and with the advancement of this
technology, all can be taken care of. Almost two centuries have passed since the first
thermoelectric effect was discovered but still its technological applications are limited. In
this section, the advancement in the field of thermoelectrics, based upon the available

literature that acted as the basis of this thesis is presented.

In 1821 Thomas Johann Seebeck observed that a magnetic compass got deflected
when temperature difference was established between the junctions of two dissimilar
conductors. It was later identified that the deflection of the compass was due to the electric
voltage that was set up due to the temperature difference in the junction of two materials
which as a result produced an electric current and a magnetic field (Seebeck, 1823). This

effect was named as Seebeck effect after the name of the discoverer.

(Sherman et al., 1960) calculated the efficiency of thermoelectric devices with
respect to power generation and refrigeration. Thermoelectric refrigeration is outside the

scope of the Thesis and thus only power generation is considered in this work. The
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optimum efficiency of a thermoelectric material was reported in their work as a function

of temperature difference between the hot and the cold junctions.

Works done by Decher, 1997 and Rowe, 2005 acted as the basis in understanding
the fundamental behavior of thermoelectricity. Works done by Rowe further provided a
foundation on increasing the efficiency of thermoelectric material by reducing their
dimension. Increasing the efficiency by reducing the dimensionality of a material is again
outside the scope of the Thesis and is not considered in this work. However, we have
made a theoretical analysis on enhancing the thermoelectric figure of merit (ZT) of silicon
by reducing its dimension to atomic scale, in an attempt to fully understand the
thermoelectric effect (Joshi et al., 2016 and Joshi et al., 2017). It is to be noted that the
work done in this thesis interests only in the efficiency of pure Heusler compounds, with
no structure modification or what so ever which implements reduction in dimensionality

or doping effects.

(Yang et al., 2008) calculated the power factor (S?c ) of various HH compounds,
based upon their electronic structure, in order to investigate their thermoelectric
efficiency. They had reported that HH compounds which were narrow band gap
semiconductors showed high power factor and are most likely to be efficient
thermoelectric materials. Co, Fe and Rh based materials with p-type characteristics were

expected to give high ZT values.

(Zheng, 2008) has given a detailed review of works on thermoelectric materials
where it had been pointed out that thermoelectric materials with ZT values as high as 14
is possible, especially with rare earth compounds. This is feasible only with the

advancement of the first principles model calculations like FP-LAPW.
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(Xi et al., 2012) had predicted the intrinsic charge mobility of organic materials
using Boltzmann’s transport equations and had derived an expression for relaxation time
that can be calculated using first principles models. Our calculation of relaxation time is

based upon the relaxation time model of Xi and coworkers.

The Condensed Matter Theory Group of Prof. R. K. Thapa had been investigating
the thermoelectric and physical properties of Heusler (Rai et al., 2012), Bi2Se3, Bi2S3
(Deka et al., 2015) and skutterudites systems (Shankar, 2016). The group has done works
extensively related to energy bands, magnetic and optical properties of skutterudites and
also studied the effect of thermal conductivity and phonon contribution so that efficiency

of the thermoelectric materials is increased more than unity.

1.5. Motivation, Objective and Scope of the Thesis

The real challenge of present day technological world is the utilization of easily
accessible energy source for the production of new energy materials (devices). The
degradation of fossil fuel due to the over consumption is the major threat. The whole
scientific world is in search for the alternative sources of energy for the sustainable life.
The increase in demand for energy has accelerated the search of clean and renewable
energy sources. Thermoelectric devices represent a solution to this problem as they have
the potentiality to convert heat into electricity without pollutant emission. Thus, the
development of thermoelectric materials will lead us to a solution of world’s energy
crisis.

Devices based on thermoelectric (TE) materials are very appealing as they are the
kind of green energy materials which absorb waste heat and convert to electrical energy
or can be used as refrigerator cooling device by applying electricity. Many thermoelectric

materials were studied till date but due to low efficiency they could not be exploited
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commercially. The materials based on Lead, Tellurium, Selenium and Antimony are
considered to be efficient thermoelectric materials but the toxicity has restricted their
applications in practical use. Thus, new environmental friendly energy materials whose
performance is as good as those typical thermoelectric materials are in technological
demand. Due to this, it has becomes necessary to develop theoretical models for study of

these materials systematically to understand their scientific behaviors.

The thermoelectric properties of Heusler compounds are not subjected to intense
study by using first principles theory, owing to the correlation effects involved in the
electron states. Thus, in our work, the study will be carried out using full-potential
linearized augmented plane wave (FP-LAPW) (Wimmer et al.,, 1981) basis sets along
with the generalized gradient approximation (GGA) (Perdew et al.,, 1996), within the
frame work of Density functional theory (DFT) (Hohenberg and Kohn, 1964 and Kohn
and Sham, 1965). Most theoretical models doesn’t employ the relaxation time of the
charge carriers in the calculation of transport properties and hence the thermoelectric
parameters are made to depend upon the relaxation time. In this work, we attempt to
calculate the relaxation time of the charge carriers for the compounds under study, in
order to provide a complete theoretical calculation of the transport properties, without
having to depend upon the experimental references, which was found lacking in earlier

theoretical methods.

Last but not the least, we intend to show a method for the calculation of lattice
thermal conductivity using the Slack’s equation based upon quasiharmonic
approximations, which transport properties calculation codes like BoltzTraP are unable
to calculate. The methods of calculation along with the associated theory are discussed in

the Thesis under chapter 2 titled as “Theoretical Formalism and Methodology”. Recently
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ab initio codes like ShengBTE (Li et al., 2014) has been developed which can calculate
lattice thermal conductivity from second and third order interatomic force constants. It
works by solving the Boltzmann’s transport equations for phonons but is extremely

computationally expensive and requires high computing facilities which we lack.

The chapters in the thesis are organized as follows:

In Chapter 2, we describe the theory and methodology used in our calculation. We
will also present an outline of the density functional theory (DFT) within GGA, mBJ and
FP-LAPW method. Transport properties based upon Boltzmann’s transport equations is

also discussed in brief.

In Chapter 3, we discuss the structural, electronic and thermoelectric properties of
three HH compounds MCoSb (M=Ti, Zr, Hf). They are investigated for the purpose of
comparing the experimental results with the results obtained by using the theoretical

approach that we follow.

Chapter 4 deals with the new types of thermoelectric materials investigated for
potential thermoelectric applications. Six new class of compounds investigated are

presented in this chapter.

Chapter 5 contains the concluding part of the thesis where we have summarized the
studies done on thermoelectric properties of HH compounds and it is followed by

references.
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Theoretical Formalism and Methodology

This chapter deals with the theory, methods and approximations used in the study
of electronic and thermoelectric properties. The calculation of electronic structures are
based upon Density Functional Theory employing the code WIEN2k (Blaha et al., 2012),
which comprises of a number of FORTRAN and C programmes. The calculation of
thermoelectric properties involves various post DFT approach which involves program
codes like BoltzTraP (Madsen and Singh, 2006) and Gibbs2 (Otero-de-la-Roza et al.,
2011). The results obtained from the electronic properties within the DFT framework,
acts as the input to the thermoelectric properties calculation. They are discussed in details

here under as follows-
2.1 Study of Electronic Properties
2.1.1 Density Functional Theory (DFT)

Condensed matter physics is related to the study of physical, electronic and other
basic properties of matter. We can examine and describe the nature by various
experimental science, but the interaction between the experiment and theory is extremely
necessary to understand and describe the basic properties of matter. Under normal
conditions, the material properties are governed by motional behaviour of electrons and
the field of the nuclei of the constituent atoms. Thus, electronic band structure knowledge
is essential to understand the physical properties of matter. In condensed matter physics,

one studies the physical properties of the systems within the framework of already
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established quantum theory. Many solids and crystals are ordered and can be successfully
described mathematically neglecting the defect in the crystal, which plays a vital role in

describing the material property.

In reality, a matter is more complex and is composed of infinite interacting atoms,
which responds to an external field. Various techniques that are developed to describe the
motion of collection of atoms and electrons are based upon Density Functional Theory.
DFT is the most commonly used technique in condensed matter physics and was
originally invented and developed by Kohn, Hohenberg and Sham (Hohenberg and Kohn,
1964; Kohn and Sham, 1965). It acts as a modern tool to determine the ground state
properties of atoms, molecules and solids. DFT is mainly based upon two theorems, the
Hohenberg and Kohn theorem and the Kohn and Sham theorem. Hohenberg and Kohn
theorem reduces the many body problem by introducing the concept of electron density
functional. The Kohn and Sham theorem defines energy functional and shows that the
ground state density minimizes the energy functional. In short, these theorems asserts that
all information available in the wave function is also available in the electronic ground
state density and this density can be found through energy minimization procedures. The
computational challenge of calculating the properties of a complex material is also greatly
reduced. Therefore, within the framework of Kohn-Sham DFT (KS-DFT), intractable
many-body problem of interacting electrons in a static external potential is reduced to a
tractable problem of non-interacting electrons moving in an effective potential (Kohn and
Sham, 1965). The external potential and Coulomb interaction between the electrons
exchange and correlation is contained in the effective potential. Modeling the two

interactions is the challenge within KS-DFT.

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~ 24 ~



Chapter 2 Theoretical Formalism and Methodology

2.1.2 Details of Theoretical Methodology

According to Born-Oppenheimer approximation, many body system nuclei is
represented by a wave function ‘P(f'l,..., f'N) and satisfies the Schrodinger equation of

many-electron system given by (Combes, 1977)

HY =[T+V+U]¥= i—%vﬁ+iV(ﬁ)+iU(ﬁ,f)}T= EY  (21)

i
where H is the Hamiltonian of electrons, N is the number of electrons, T is the kinetic
energy of N-electrons, V is the potential energy of the external field to N-electron, U is
the electron-electron interaction energy for the N-electron system. The operators T and
U are common for similar systems, so are called Universal operators. V is non-universal
as it is system dependent. Now, the difference between a single particle problem and the
complex many particle problem is the interaction termU . DFT provides a method in
which the interaction term U of a many-body system can be systematically mapped onto
a single particle system without U. The particle densityn(r) for a normalized ¥ can

therefore be written as:
n(r) =N [d* [d°,..[d° R W (5 1, )P (G By ) (2.2)

In reverse way, this relation states that for a known ground-state density n, () itis
possible to construct the corresponding ground-state wave-function ¥, (1, 1,,...,1) . In

otherwords ¥, (T, 1,,...,T,) isafunctional of n,(I") and hence the ground sate expectation
values of an observable O is also a functional of N, ().
O[no]:<‘P[nO]‘T +V +U|‘P[no]> (2.3)

In particular, the energy of the ground state is functional of n,(r)
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E0=E0[n0]:<\1f[no]\T +V +U|¥[n, ) (2.4)

(P[] o))+ (¥ ]V ¥ [ ])+ (W[ LW [m])  @5)
=T[n]+V [ne]+U[n, ] (2.6)
where <‘P[n0]’\/|‘1’[no]> is the contribution of the external potential and is expressed in
terms of the ground-state density n, as
V[0 ]= [V (F)n, (F)d°r 2.7)
More commonly, the external potential contribution <‘P‘V|‘P> can be written clearly in
terms of the density n as
V[n]=[V@)n () (2.8)
A system is defined by a definite non-universal functional V , as T[n] and U[n] are
universal. For a given system with V as its external potential
E[n]:T[n]+U[n]+.[V(f)n(f)d3r (2.9)
In regard ton(F) , taking for granted one has got dependable terms for T[n] andU [n]. A

successful reduction in energy functional produces ground state density n,(r) and

therefore produces all other observable ground states.

The variational principle of Rayleigh-Ritz is made capable of finding the ground-

state density by the second KS-theorem. The number of possible densities are infinite,

but the density which minimizes E [n] is the external potential vV (') . This is possible only

if the approximation to <‘I’[n]‘T +V|‘P[n]> is known. But knowing n(F), all knowledge

about the system will be within reach. It is useful to stress the meaning of the energy
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functional E [n] once more. This implies that, when E[n] is assessed for the density n(f)

corresponding to a particular V (1), it gives the ground state energy. However, when it is

evaluated for any other density, the result has no physical meaning (Cottenier, 2002).
Neglecting the electron-electron interaction energy term, the energy functional is
expressed as

EgIn]= (W, [n]|T, +Vs| %, [n]) (2.10)
where fs is the non-interacting kinetic energy and \75 is an external effectual potential

where the particles are moving. Clearly, if \75 is ng (f) =n(f) selected be

Py

V,=V+U+(T-T,) (2.11)
Consequently, the Kohn-Sham equations for this assisting non-interacting system can be

solved as,

HKS¢| =E¢ (2.12)
this produces the ¢, orbital from which the density n(') of the genuine many-body system

can be reproduced.
n(F)=n,(F) =) | (F)f (2.13)

The single-particle effective potential can be detailed as

V, (F)=V (F)+ je‘ s (r‘) r+Vye [N (F)] (2.14)

The last term V,. stands for exchange correlation potential and second term for
Hartree expression of Coulomb repulsion for electron-electron interaction. Now, the

second and last term depends on n() which relies on ¢, which further depends on \7S .
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Now, the problem here is that K-S equation needs self-consistency solution. One typically
begins with a first guess n(r) then works out the corresponding \75 and solves the Kohn-
Sham equations for the ¢ (Kohn and Sham, 1965). DFT’s techniques are different and

complex and thus requires the following two approach for understanding.

Firstly the techniques that apply a local density rough calculation (LDA). The LDA
is decided exclusively and based on the qualities of the electron density. The significant
supposition of the approximation is, for a molecule which has large number of electrons
in a gaseous state, throughout the molecule the density will be consistent. This case
doesn’t hold for molecules and systems where the electron density is emphatically not
consistent. The approximation works well with electronic band structure of solids and
hence illustrates the scope of energies in which electrons are allowed or not allowed.

Outside of these applications, however, LDA’s are not very acceptable.

Secondly, the technique is to unite the calculation of electron density with a gradient
correction factor. Mathematically, gradient is a function which measures rate of change
of a property. In this case, gradient explains the electron density non-uniformity and is
thus termed as gradient-corrected.

2.1.3 Kohn-Sham Equation

Since the total energy of the system is

E(n)=T(n)+IVe (r)n(r)dr +V,, [n]+E,.[n] (2.15)

Xt

where T is the kinetic energy of the system, V

ext

is an external potential acting on the

system, E, . is the exchange-correlation energy and Hartree energy is given by
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e? n(r)n(r') ,
V,, _?'[Wdrdr (2.16)

The straight forward application of this formula has two barriers:
First, the exchange-correlation energy E, . is not known precisely and second, the kinetic
term must be created in terms of the charge density. As was first suggested by Kohn and

Sham (1965), the charge density n(r) can be written as the sum of the squares of a set

of orthonormal wave functions ¢ (r):

n(r)= i|¢(r)|2 (2.17)

where the single particle wave function ¢ (r)are the N lowest-energy solutions to the

Kohn-Sham equation for N non-interacting electrons moving in an effectual potential

V4 (r) is given by
V)V () (D=5 () (2.18)
m

where the effectual potential is defined to be

Vi () =V (1) +€° ‘: (_f'r),‘dr' » ul (2.19)

n

This system is then solved iteratively until self-consistency is approached. It is to

be noted that the eigen values ¢; have no physical meaning but the total sum matches the

energy of the entire system E through the equation:

N SE
E= iZgi ~V, [n]+Exc [n]-| #r[)n]n(r)dr (2.20)

There are several ways to apply Kohn-Sham theory depending on what is being
examined. In solid state calculations, for electrons delocalized through an infinite solid,

electron gas approach is still more suitable to use and hence the local density
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approximation along with plane wave basis sets is commonly used. Molecular
calculations further demand much complex functionals for chemical applications. The
problem with DFT is that only for free electron gas, there exists a precise functional for
exchange and correlation. However, still the calculations of certain physical parameters
can be achieved with great precision, which makes LDA the most widely used
approximation.

2.1.4 Local Density Approximation

The LDA has been the most widely used exchange-correlation energy
approximation in the Density Functional Theory for a long time. It has been proposed by
Kohn and Sham (1965). It works upon the idea of considering inhomogeneous electronic
systems as locally homogeneous and then to apply exchange-correlation hole
corresponding to the homogeneous electron gas. LDA has been widely applied to portray
a variety of close-ranged exchange-correlation interactions for instance, covalent bonding
systems. However, LDA suffers from a serious limitation that is, it cannot provide
estimation to the long-ranged exchange-correlation interactions like the VVan der Waals
(VdW) interaction. The VdW interaction being an electronic interaction of long range
mainly add to the first stage of the material reactions such as the physical absorption,
crystal growth and chemical reaction. Many efforts has been made to assess the VdW
interaction in order to develop the calculation of non-local exchange-correlation term.
According to Hohenberg-Kohn theorem the energy of the ground state is a functional of
the electronic density. This implies that XC energy is also a functional of the density.
This XC functional is not identified accurately and must be addressed appropriately with
correct approxiamtion. For this functional, LDA is the simplest approximation. The

electron exchange and correlation energy at any point in space is a function of electron
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density at that point only, hence it is local in this sense. The XC functional is the total of

correlation functional and exchange functional and is expressed as

E.. =E, +E. (2.21)
LDA uses the exchange for the uniform electron gas of a density equal to the density at

the point where the exchange is to be assessed
22
B = [d°r n(r)(ﬁJ(szzn(r)% ) (2.22)
4

All quantities are represented as functional of the electronic charge density. The
significant point that eases the solution of such system is that the efficient possibility is
local. Therefore there is no more complication added in solving Schrodinger equation. Of
course, this is only true if the exchange-correlation energy can be portrayed as a function
of the local charge density. A technique of doing this is LDA. As mentioned above in
LDA, electronic systems XC energy is built by taking for granted that the XC energy for
each electron at a point T in an electron gas equals the XC energy for each electron in an

identical electron gas that has the same electron density at the pointr . It follows therefore
Exc [N()]= [ exc (MP)n(r)dr (2.23)

with
&xc (N(F)) = &3¢ (N(F)) (2.24)

hom

where g,Z" (n("))is XC energy in identical electron gas. Eq. 2.24 is the supposition that

the exchange-correlation energy is purely local. Several parameterizations for 5" (n(F))

exist, such as parameterization of Perdew and Zunger (1981).

2.1.5 Generalized Gradient Approximation

The gradient expansion of XC energy is of the type

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~31~



Chapter 2 Theoretical Formalism and Methodology

Exc N1 = [ A INOINE)dr + [y N V()] /nmdr+ ... (2.25)

which is asymptotically valid for densities that vary slowly in space. Only the initial term
of the above Eq. 2.25 is retained by LDA. Direct evaluation of this expansion ill-behaves
and is a well-known fact. It is known well that a straightforward evaluation of this
expansion is ill-behaved, in this sense that it is not monotonically convergent and it
exhibits singularities that cancel out only when an infinite number of terms are re-
summed (Ma and Brueckner, 1968). In fact, the result is worsened by first order
correction and the second order correction is plagued with divergences (Fetter and
Walecka, 1971). The contribution to the correlation term from the gradient arises the
largest error in this approximation. Work by Gross and Dreizler (1981) on the expansion
of second order exchange density matrix was later re-analyzed and extended by Perdew
(1985). Pedrew’s works are based on theoretical establishments that can recreate a
number of exact results in some known limits. This helps to improve some drawbacks of
LDA, although this not the case always. The basic idea of GGAs is to express the XC

energy in the following form:

Eyc[n(N)] = [ n(reyc In(n)]dr + [ Fyc[n(r), vi(r)]dr (2.26)
The function F,. has to satisfy the XC holes formal conditions. This cannot be done by
considering directly the bare gradient expansion. What is needed for the functional is a
form that mimics a re-summation to infinite order and this is the main idea of the GGA,
for which there is not a unique recipe. Naturally, not all the formal properties can be

enforced at the same time and differentiates one functional from another (Filippi et al.

1994).
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The main attraction of GGA is its low computational workloads and its abstract
simplicity. At present, two GGA functional, suggested by Becke and Perdew (BP) and
the other suggested more recently by Perdew and Wang (PW), are the most popular ones
in the literature (Perdew et al., 1996). Many calculations assessing the accuracy of the
GGA have been reported and they commonly demonstrate the rectification of errors by
GGA which the LDA vyields in the cohesive energies of solids. Generalized gradient
approximations (GGA’s) to the exchange-correlation (XC) energy in density-functional
theory are at present receiving increasing attention as a straightforward substitute to
improve over the local-density approximation (LDA) in ab initio total-energy
calculations (Kresse and Furthmuller, 1996). The lattice parameters always rise in
comparison with the LDA, experimental data are reported closest for 3d, some 4d and
alkali metals.

2.1.6 Local Spin density approximation (LSDA)

In magnetic systems or, in systems which involve open electronic shells, a much
better approximation of the XC functional can be obtained by introducing two spin
densities such as nT (p(r)) and ni (p(r))in LDA to obtained LSDA. The E,_[n°(r)]

energy is a functional of both the spin-up and down spin densities. With such distinction,

the Kohn-Sham equation can be written as:

{—%Vz +Vis } g’ (r)=¢&"¢’(r) (2.27)

where Vi and n°(r)are the spin extension of the previous quantities and

p(r) dr 4 OBeln T nd]
r—r" Sp° (r)

Vi (r) =v(r)+e*| ‘
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_0E.InTn]

om0 =Xl ptr=3 p7 () (2.28)

v(r)

The XC potential Us xc (r) gives the imbalance between nT and n producing
the magnetization M = nT-n, which accounts for the different populations nT and

n{ by the derivative. In LSDA, the exchange and correlation contributions are separated

as:

EXLo(n]= 2 [&fd (07 (1) p° () dr

EEP[p(), £(N)1= [[2 (P + F (0L (p(1) - &2 (p(r) Jo(ndr

(2.29)

where  £(r)=[nT (p(r)-n{ (oM)|/n T (p(r))+nd (o(r)) is the normalized

magnetization, f(&(r)) is a smoothing function,e and &g are proper functional

representing the correlation energies for the spin-polarized and unpolarized systems,
respectively.

2.1.7 The Full-Potential Linearized Augmented-Plane Wave (FP-LAPW) Method

The full-potential linearized augmented-plane wave (FP-LAPW) technique is one
among the most precise methods of study of the electronic structures, magnetic and
optical properties of crystals and surfaces. The application of atomic forces has greatly
maximized its applicability, but it is still commonly supposed that FP-LAPW
computations need considerable higher computational effort in comparison with the
pseudopotential plane wave (PPW) based techniques. FP-LAPW has recently showed
important progress which is evident by use of researchers to work out several properties
in magnetism and nuclear quantities, for example, electric field gradients, hyperfine
fields, isomer shifts and core level shifts. Nevertheless, because the computational

expense and memory requirements are still fairly high, FP-LAPW implementations are
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suitable to fairly complicated systems. One successful implementation of the FP-LAPW
method is in the program package WIEN2K, a code enhanced by Blaha, Schwarz and
coworkers (Blaha et al., 2012). It has been successfully implemented to a various scope
of difficulties such as electric field gradients and systems such as high-temperature
superconductors, minerals, surfaces of transition metals, or anti- ferromagnetic oxides
and even molecules (Ernst et al., 2005). So far the main disadvantage of the FP-LAPW-
technique in comparison with the pseudopotential plane-wave (PPW) method has been
its higher computational expense. This may be largely because of an inconsistency in
optimization efforts spent on both techniques and so we have investigated the FP-LAPW
technique from a computational arithmetical viewpoint. Lately, the development of the
Augmented Plane Wave (APW) techniques from Slater’s APW to LAPW and the new

APW-+lo was portrayed by Schwarz and Blaha (2003).

FP-LAPW is the one of the most distinct technique for performing calculations on
electronic structure of solids and is based on DFT. The valence states are treated
relativistically incorporated with either scalar relativistic or with including spin-orbit
coupling. Core states are treated fully relativistically. The FP-LAPW technique, like most
of the energy-band techniques is a method of solving the K-S equations for the ground
state density, total energy and (Kohn-Sham) eigen values (energy bands) of a many-
electron system by presenting a basis set which is particularly modified to the problem.
This alteration is achieved by partitioning the unit cell (Fig. 2.1.1) into (I) non-
overlapping atomic spheres (with its center at the atomic sites) and (Il) an interstitial
region (i. e. the region between two spheres). In the two sorts of regions, diverse basis

sets are used:
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1) Inside atomic sphere t of radius Rt a linear combination of radial functions times

spherical harmonics Y, (r) is used:
o =2 Anth (T B+ Bt (7. E,) Y, (F) (2:30)

where u, (r, E;) is the (at the origin) normal way out of the radial Schrodinger equation
for energy E1 and the spherical part of the potential inside sphere, u,(r, E,) is the energy
derived of u, taken at the similar energy. A linear mixture of these two functions
comprise the linearization of the radial function; the coefficients Aim and Bim are functions
of kn decided by requiring that this root function u, goes with the equivalent basis
function of the interstitial region; u, and are achieved by numerical integration of the

radial Schrodinger equation on a radial mesh inside the sphere.

(i1) In the interstitial zone a plane wave extension is applied

1 ik,r
b, = ﬁ e (2.31)

where k, = k + Ky; Ky being the reciprocal and k the wave vector in the first Brillouin

Zone.

The solutions of K-S equations are extended in this joint basis set of LAPW’s

according to the linear dissimilarity technique

Vi = zcn¢kn (232)

and the coefficients C, are decided by the Rayleigh-Ritz variation rule. The union of this

basis set is controlled by a parameter Ryt X Kmax, Whose value lies between 6 and 9. Rur
is the Muffin-Tin radius defined as the radius of the smallest atomic sphere in the unit

cell and Kmax is the largest K vectors magnitude. The linearization can be highly improved
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by adding Kn independent basis functions. This addition also improves the treatment of
semi, core and the valence electronic states. These independent basis functions are
commonly known as “local orbitals” and can be expressed as

o =[Ant (7, E,)) +BUi (F, ) +Cu, (F,E, ) TV, (F) (2.33)
It consist of a linear combination of two radial functions at two dissimilar energies and
one energy derivative. The coefficients Aim, Bim, and Cim, are decided by the necessities
that 4 should be regularized and has zero value and slope at the sphere border. The
general form of potentials in the core region (I) and interstitial region (Il) using FP-
LAPW technique can be written as

D Vi (F)Y,,(F)  insidesphere

V=" ' 2.34
) ZVKe'kr outside sphere (2.34)
K
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11

Fig. 2.1.1: Unit cell partitioning into atomic spheres (1) and an interstitial region (1)
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2.1.8 Modified Becke Johnson Potential (mBJ)

The LDA and GGA approximations are the standard choice for the exchange—
correlation energy to perform calculations on periodic solids within the framework of
density functional theory. In many cases, the LDA and GGA functionals (Perdew et al.,
1996, 1997) provides consistently good results for the equilibrium and electronic
structure of solids. However, the approximation is not error free. The most well-known
is the under estimation of the band gap, which is often too small, or even absent, compared
to experimental results (Perdew, 1986). The self-interaction error that is contained in the
LDA and GGA exchange—correlation potentials is the reason for these band gap
discrepancies (Perdew and Zunger, 1981). Many alternative ways exists to determine the
experimental band gap. Use of non-multiplicative potential that lies outside the KS
framework is a common approach. Hybrid functionals (e.g., HSE (Heyd et al., 2005))
where a fraction of the LDA or GGA exchange is replaced by the exact exchange. This
approach is found to improve the band gap largely. However, they are very much

computationally expensive and also does not produce satisfactory results in all cases.

Other approach is the LDA+U (Anisimov et al., 1991, 1997) method, but is
applicable only to localized and correlated electrons, e.g., 3d or 4f in transition elements
and rare-earth oxides. Very successful but also very expensive methods are the
combination of LDA with dynamical mean-field theory (LDA + DMFT) (Georges et al.,
1996). If one wants to stay inside the KS framework and still use a computationally cheap
semi-local method that leads to KS band gaps which are close to the experimental band
gaps, the potential of Becke and Johnson (BJ) (Becke and Johnson, 2006) can be a good

starting point.
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2.1.9 Equation of States

The behaviour of a solid under hydrostatic pressure can be described by using
equation of states which is the pressure-volume or energy volume relation. All physical
properties are related to the total energy of the crystal. Equilibrium lattice constant, the
isothermal bulk modulus, its pressure derivative etc. are calculated by fitting the
calculated total energy to the Murnaghan’s equation of state (Murnaghan, 1944), which

is given by

_ BoVo

. 2.35
o (2.35)

Here E, is the energy minimum at temperature of OK, Vo is the equilibrium volume

corresponding to minimum energy of the crystal. B, and B,are the bulk modulus and
pressure derivative of the bulk modulus at the equilibrium volume respectively.

2
Pressure (P) =—3—5 and Bulk modulus, (B,) =—Vj—5=v SVE

2.1.10 Elastic Constants

In this thesis, the calculation of elastic constant is mainly used for the computation
of relaxation time while calculating the thermoelectric properties. Let Eg, be the total
energy of an initial crystal, and V, its volume. By deforming the crystal the energy E,,
of the resulting strained state can be expressed as

Bt = Et?)t + PV =Vp) + Dy (2.36)
Here, V is the volume of the strained lattice, ®

o1t e elastic energy and the pressure (P)

is defined by

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~40 ~



Chapter 2 Theoretical Formalism and Methodology

OB
P= _[a_v] (V) (2.37)

Up to first order elastic constants, the strained and unstrained lattice is related by (1+¢),

where 1 is the identity matrix and ¢ is the strain tensor. According to Hook's law, the

linear elastic constants C;;, are then defined by using the second order development of

the elastic energy (Charpin, 2001)

\Y ..
@ Ciwgien (L], k 1=1,2,3)

elast — o
2

Above equation in Voigt's notation is given by

v C.ee (2.38)

elast — ~ “iji%j
2 ) J

()

where (V -V,) term in Eq. 2.36 is linear with respect to the strain i.e.
. 3
V-V, =V, Tre) =V, ) &
Thus, it is possible to derive elastic constants from the second order derivative of E,, as:

1 OBy (2.39)
YV, Og0¢

2.1.11 The WIEN2k Code

The calculations in this work employs the WIEN2k computer code (Blaha et al.,
2012). This code contains several sub-programs, few of which are described briefly
below. The program contains two major parts, the initialization and the self-consistent

field (SCF) cycle. The flow chart of the code is given in Fig. 2.1.2.

* Initialization (Setting the unit cell to generate the initial density):
In this sub-program, atomic densities are generated and superimposed to obtain an

initial crystal density for the SCF calculation. Additionally, the atomic potentials and
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optionally, atomic valence densities are created. Information about I, m values of the
lattice harmonics representation and number of Fourier coefficients of the interstitial

charge density are inserted as input file in this part (Blaha et al., 2012).

* LAPWO (Construction of the effective potential):

This program computes the total potential. Firstly, solution of the Poisson equation
is obtained and then the total potential is computed as the sum of the Coulomb and the
exchange-correlation potential. The spherical (I = 0) and the non-spherical parts of the
potential are generated by using electron (spin) density as input. The determination of the

Hellmann-Feynman force component, which contributes to the total force is also done.

* LAPW!1 (Solving the Kohn-Sham equations of valence electrons):

The Hamiltonian and the overlap matrix are set up in LAPW1. The eigenvalues and
eigenvectors are provided by their diagonalization. The LAPW and the APW+lo method
are both supported. The APW-+lo basis functions generates | values which are physically
meaningful, while LAPW gives higher I-values. Mixing of both the basis functions yields

higher efficiency.

* LAPW?2 (Construction of the new electron density):
This program computes the Fermi-energy. The charge density of electrons gets
expanded here in accordance to Eq. 2.30. The partial charges that corresponds to the

inside of the atomic spheres can be obtained by integration.

» LCORE (Treatment of the core electrons):

This program computes the charge density and potential of the core electrons.

* LMIXER (Generating the input density for the next iteration):
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The total new density is obtained by combining the electron densities of valence,
semi-core and core states. The new density can be obtained, ensuring the stability of the

SCF cycle by mixing the old and new densities.

N =(1-a)n? +and, (2.40)
where o is known as mixing parameter. Broyden scheme is mainly used in WIEN2k code
to achieve this. The mixture also computes the atomic forces and total energies. The
localized electrons of some systems are strongly correlated and cannot be accurately
describes by LDA and GGA methods. Therefore, WIEN2k has the implementation of
methods like LDA+U and Orbital polarization. In WIEN2k the LDA+U calculations is
based upon effective Coulomb- exchange interaction (Uess = U —J) (Anisimov et al., 1991,

1997). The LDA+U method is excluded in the thesis and will be considered for further

works.
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Fig. 2.1.2: Flow chart of WIEN2k code
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2.2 Study of Thermoelectric Properties

Thermoelectric investigation requires a post DFT calculation which involves a
program cord called BoltzTraP (Madsen and Singh, 2006). The electronic properties
obtained after the DFT treatment and the master input files of Wien2K code employed in
the electronic structure calculations, acts as the key input for BoltzTraP code.

2.2.1 BoltzTraP (Boltzmann Transport Properties) code

It calculates band structure dependent quantities like electrical conductivity,
electronic thermal conductivity, Seebeck coefficient etc. and is based upon the semi-
classical Boltzmann transport theory (Allen, 1996). The code employs the rigid band
approximation and assumes the relaxation time (z) to be a directional independent
constant. According to this approximation, the band structure of a material remains
unchanged with the application of temperature, changing only the chemical potential of
the material. This approximation holds good for low doping levels and are found to yield
results close to the experimental results (Madsen and Singh, 2006).

The solution of the semi-classical Boltzmann equations are obtained by
performing Fourier interpolation of the band energies which yields the conductivity
tensor and the other transport coefficients. The electrical conductivity tensor is expressed

as

(o}

a,ﬂ=622{——af°(r’g’”)}v vy T (2.41)

o¢ «f
Here, o and S denotes tensor indices, v, and vg are the group velocities, e is the electronic
charge and fo is the Fermi- Dirac distribution function. The electrons contribute in a range

of u—ksT <& < u+KkgT , near the chemical potential () (Yamamoto et al., 2014).
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The transport distribution can then be expressed as the kernel of the transport coefficients

(Mahan and Sofo, 1996) given by-

E z NAZS (2.42)
Thus, the Seebeck coefficient (S), the electronic thermal conductivity (xe) and the
electrical conductivity (o) can be obtained as a function of chemical potential () and

temperature (T) by integrating the following expressions-

o=¢z, { af(r‘“‘)} (2.43)

K, =kZT jai,k[‘gk_T/“‘] {—afo(;’g’“)}dg (2.44)
B &

J’” [5 “M—afo(;’;’“)}dg (2.45)

One of the demerits of BoltzTraP is that the transport properties are obtained as a
function of relaxation time and there is no provision, what so ever, to compute the
unknown relaxation time. The calculated thermoelectric parameters from BoltzTraP like
the electrical conductivity (o) and the electronic thermal conductivity (xe) are relaxation
time dependent. The Seebeck coefficient (S) is independent of z. One of the assumption
made in the code is that, 7 is an energy independent constant equal to 0.8 x 1014 seconds.
However, relaxation time highly depends upon the nature of the material and considering
a fixed value of z would highly affect the precision of the calculated transport properties.
In general, we believe that the order of z assumed in the code, holds only for higher
temperatures as relaxation time would be low at higher temperatures. Owing to the law
of conservation of momentum, for lower temperatures, the order of z for most materials

has to be high. Therefore, we have made an attempt to calculate the relaxation time (z)
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and has been calculated based upon the deformation potential theory of Bardeen and
Shockley (Bardeen and Shockley, 1950)

2.2.2 Computation of Relaxation time (z)

The relaxation time is calculated as a function of temperature using the expression

given by Xi and coworkers (Xi et. al. 2012).

2\2z n'c®

TTIE (K T)

(2.46)

1 &%E

Here, C;° is the elastic constants of 3D systems and is given by,C3’=——————
V, 0(da,/ a)

with E = Energy, a, = equilibrium lattice constant along the direction g and Vo =

equilibrium volume. C;°was calculated within the DFT framework, as explained in

section 2.1.10, using the code Elastic (Golesorkhtabar et. al., 2013). The parameter E is

the coefficient of deformation potential along the direction £ and is defined as E,

0S

where s is the strain given by s:ﬁ,(Aaza—ao)and a, the equilibrium lattice
E

constant. OE is calculated as the energy change in conduction band minimum (CBM)
(for n-type material) or the energy change in the valence band maximum (VBM) (for p-
type material) with the application of strain. The change in the band edge energy is fitted
in a linear manner using the equation of the straight line given by-

E=ms+c (2.47)
Where, m and ¢ are constants known as the slope and intercept respectively, of the straight

line.
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The slope m in equation 2.47 gives the coefficient of deformation potential, which is

obtained by differentiating 2.47 with respect to the strain s, such that %:m: E,.

S
The effective mass, m* was calculated by the parabolic fit of the wave vector (K)
vs energy (E) of the CBM or the VBM, depending upon the nature of the charge carriers

and is determined by the expression (Singh et. al., 2016)-

mre— P (2.48)
dE? / dK? '

The E vs K plot is fitted according to a second order polynomial fit using the equation

E=AK?+BK+C (2.49)
Here, A, B and C are constants. The second order derivative of equation 2.49, with respect
to K gives dE* / dK?.

The relaxation time is calculated with respect to temperature (T) and the
relaxation time dependent electrical conductivity (c/t) and the electronic thermal
conductivity (ke/t), calculated from BoltzTraP is finally made t independent as ¢ = /1
tand K = Ke /TXT.

2.2.3 Computation of Lattice thermal conductivity (xp)

The maximum thermoelectric efficiency condition known as the Figure of Merit
(ZT) is the most important parameter involved in the calculation of efficiency. It is given

in accordance to equation 1.10 by

ST
K, +K,

7T = (2.50)

As already mentioned, Seebeck coefficient (S) and the relaxation time dependent
electrical conductivity (o) and electronic thermal conductivity (xe) is calculated using

BoltzTraP code. However, BoltzTraP cannot compute the phononic contribution to
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thermal conductivity (xp) and therefore we have obtained it by solving the Slack’s

equation (Morelli and Slack, 2006)

N3 <13
 _aMELo

A 25

Here, M is the average Molecular weight, ©, the Debye’s temperature, J the
equilibrium volume, y is the Gruneisen parameter, n is the number of atoms per unit cell
and T is the absolute temperature. A is a coefficient dependent upon yin units of W
mol/kg/m?/K3,

Debye’s temperature (®,) and the Gruneisen parameter y are calculated in the

framework of quasi-harmonic Debye model (Blanco et. al., 2004) as implemented in the
Gibbs2 package (Otero-de-la-Roza et. al., 2011). The most severe defect of the Harmonic
approximation is the independency of the temperature and geometry of the system. This
means that in the frame work to this assumption, thermal expansion of a system cannot
be explained as the distance between the atoms in a crystal is independent of temperature.
The quasiharmonic approximation in turn assumes the volume dependence of phonon
frequencies, to achieve the volume and temperature dependence such that the thermal
expansion of a crystal can be predicted. In the framework of quasiharmonic

approximation, from Debye’s model, the Gibbs function can be defined as

G*(V;P.T)=E(V)+PV + A, (6, (V);T) (2.52)
E(V) is the total energy per unit cell, PV denotes constant pressure, 6, (V) is the Debye
temperature and Avip is the vibrational parameter expressed by

90 —oIT &
Ay (05, T) =nk,T {ﬁ +3In(l—e ") - D(Tﬂ (2.53)
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where, D(‘?I_—Dj is the Debye integral. The Debye temperature 6, for an isotropic solid
can therefore be expressed as

7] U3 B
o, :k_B(envl’Zn) f (o), /M (2.54)

f (o) is a function dependent on the Poisson’s ratio (o) defined as

f(o)= 3{2[MJ +((1+G)j } (2.55)
3(1-20) 3(l-0)

Thus, the Gibbs free energy is obtained with respect to volume at constant temperature

and pressure as-

[—aG*(V;P’T)} =0 (2.56)
N PT .

Therefore, the Debye integral can now be defined by,

3
D(e_DJz 3 I (2.57)
T ) @ TFh 1

The Griineisen parameter (») is computed as

__ding,() 2.58)
dInVv '

Finally ZT is computed by using equation 2.50 by combining the results obtained after
solving Slack’s equation and after making the transport parameters obtained from

Boltzmann transport equation z independent.
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Electronic and Thermoelectric Properties
of Half-Heusler MCoSb (M=Ti, Zr and
HT)

In this chapter the electronic and thermoelectric investigation of three HH
compounds TiCoSbh, ZrCoSbh and HfCoSb is shown. We have investigated these three
compounds in order to compare our theoretical results with the available experimental
and theoretical results. To obtain a better description of the electronic structure and
thermoelectric properties, the crystal structure of the three compounds has been optimized
such as to calculate the equilibrium volume and the lattice constants. Structure
optimization based upon Murnaghan’s equation of state was performed to obtain the
relaxed structure with minimum energy. The lattice constants obtained as a result of
optimization is then used for calculations of electronic and thermoelectric properties.

3.1. Structural Optimization

The half-Heusler MCoSb crystallizes in MgAgAs type structure, possessing

cubic phase with space group F43m (Sun et al., 2015). The unit cell of MCoSb consists
of four formula units with M, Co and Sb atoms located at the Wyckoff positions 4c: (0.25,
0.25, 0.25); 4a: (0, 0, 0) and 4d: (0.75, 0.75, 0.75), while the 4b (0.5, 0.5, 0.5) position is
vacant (Stadnyk et al., 2001). Its unit cell structure is shown in Fig. 3.1 (a). Some previous
studies had reported that MCoSb compounds crystallizes in AILiSi type structure

(Melnyk et al., 2000). Also, MgAgAs type structure can have Wyckoff positions 4a:
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(0,0,0); 4c: (0.25, 0.25, 0.25) and 4b: (0.5, 0.5, 0.5), with the 4d (0.75, 0.75, 0.75) position
empty (Offernes et al., 2007 and Kaur et al., 2017). Thus, a simple investigation is made
to find the most favorable structure. It is done by fitting for both the positions the Energy
vs Volume curve with respect to Murnaghan’s equation of state (Murnaghan et al., 1994)

given by equation

By
Eo V)=—ri— BOY (\ﬁj + B, (1—\£J—l +E,
B, (B, -1 |\V \Y

Where the symbols have their usual meaning and is described in Chapter 2. The energy
vs volume curves are shown in Fig. 3.1 (b), 3.1 (c) and 3.1 (d). The curves are fitted for
two positions of MCoSb (M = Ti, Zr, Hf). Position 1: M = (0, 0, 0); Co = (0.25, 0.25,
0.25); Sb = (0.5, 0.5, 0.5), Position 2: M = (0.25, 0.25, 0.25); Co = (0, 0, 0); Sb = (0.75,
0.75, 0.75). The position with lowest equilibrium energy would be the most favorable

position in nature and would correspond to a stable structure (Wang et al., 2009).

It was found that the minimum energy corresponds to position 2 and therefore all
calculations done for MCoSb are considering this structure. After performing the volume
optimization it gives equilibrium lattice constant, bulk modulus, its pressure derivative
etc. as output. The lattice constants calculated are respectively 5.8839 A, 6.0912 A and
6.0574 A for TiCoSb, ZrCoSh and HfCoSb. The obtained lattice constants values are
compared with the available theoretical and experimental results of Sekimoto et al., 2005,
Stadnyk et al., 2001, Wang et al., 2009 and Yuan et al., 2017. The experimental obtained
values are found to be in close match with our calculated results and are presented in table
3.1. The EOS fitting overestimates the lattice constant by 0.034 %, 0.38 % and 0.28 % in
an average respectively for TiCoSb, ZrCoSbh and HfCoSbh, when compared with the

available experimental data. The higher values in the calculated result is because of the
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choice of functional used for optimization. Structure optimization are based upon GGA
XC functional and several authors (Haas et al., 2009 and Zoroddu et al., 2001) have
reported the overestimation of lattice parameters when GGA is employed. The over
estimation by GGA can be upto ~9%. However, GGA is still preferred over LDA for
optimization of lattice parameters, where it was found to underestimate the parameters
on comparison with the experimental results. The overestimation by GGA and the
underestimation by LDA also highly depends upon the type of solid under study (Haas et

al., 2009). The calculated structure parameters are listed in table 3.1.
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Fig. 3.1: (a) Unit cell structure of MCoSb (M=Ti, Zr and Hf), (b) Volume optimization
curve for TiCoSb, (c) ZrCoSb and (d) HfCoSb, fitted using the Murnaghan’s equation

of state.
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Table 3.1: Lattice constants (a), Bulk modules (B) and pressure derivative of bulk

modules (B’) obtained using Murnaghan’s equation of state.

Lattice constant (a) A
Compounds Previous Calculated B (GPa) B’ References
result result
Wang et al.
5.90 (Theo.)
. Sekimoto et
TiCoSb 5.8845 5.8839 146.914 4.5942 al.
(Expt.)
Stadnyk et al.
5.8819 (Expt.)
Sun et al.
6.0700 (Theo.)
Sekimoto et
Z .0912 139. 4.851
rCoSh 6.0650 6.09 39.8650 8515 al.
(Expt.)
Yuan et al.
6.0648 (Expt.)
Lee et al.
6.0541 (Theo.)
Morelli et al.
HfCoSh 6.040 6.0574 145.1177 | 4.9312 (Theo))
Sekimoto et
6.0411 al.
(Expt.)
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3.2. Electronic properties

The electronic properties are investigated using the lattice constants obtained after
performing the volume optimization. The obtained TDOS, PDOS and the electronic band
structures are calculated employing both GGA and mBJ approximations for all of MCoSb

and are shown in Fig. 3.2.1 to 3.2.5.

From the TDOS Fig. 3.2.1, it can be seen that the difference the plots with respect
to GGA exchange correlation and mBJ potential is very little. However, with mBJ, most
of the DOS peaks are reduced slightly and are shifted towards higher energy ranges by a
very little amount. The shifts are more distinguished towards the conduction region. DOS
has a functional dependence on energy and mBJ being only a potential, has no
corresponding energy functional dependence. Whereas, GGA includes orbital energy
obtained from self-consistent calculations, such that DOS results depends strongly on the
energy exchange correlation functional. Thus, due to this reason, the mBJ DOS peaks are
slightly lower than that obtained from GGA approximation. Near the Fermi level (EF),
both approximations give sharp peaks and also indicates the absence of pseudogap in the

compound MCoSb since no DOS exists at Er.
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Fig. 3.2.1: Total DOS of (a) TiCoSb, (b) ZrCoSb and (c) HfCoSb (Green-GGA, Red-

mBJ).
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From the partial DOS plots, Fig. 3.2.2 to 3.2.4, it is observed that the atom that
contributes the most to the total DOS of MCoSb is the Co. In all of TiCoSb, ZrCoSb and
HfCoSb HH compounds, the atom Sb shows the least contribution to the total DOS. This
implies that the maximum number of atomic states available for occupation is that of Co.
For simplicity and to ease the explanation of partial DOS, we have divided the DOS
valence region into the following category: lower valence region (between -8eV to -6
eV), middle valence region (between -6 eV to -4 eV), upper valence region (between -4
eV to 0 eV). Similarly, the conduction region is also divided as the lower conduction
region (between 1 eV to 4 eV) and upper conduction region (between 4 eV to 8 eV). Fig.
3.2.2 (d-e) shows that Ti-3d and Co-3d states contributes the most to the total DOS of
TiCoSh. No contribution is observed from the lower valence region in TiCoSh. Mixed
DOS are noted in decreasing order from Co-3d, Ti-3d and Sh-5p states in the middle

valence region.

In the upper valence region high peaks are observed at 1 eV and 1.5 eV, and is
dominated by the 3d states of atom Co. Moderate contribution <1.5 states/eV is observed
from 3d states of atom Ti and a very small (~0.54 states/eV) contribution is seen from
Sb-5p states. Strong dominance of Ti-3d (d-eg, d-t2g) States contributing upto ~5 states/eV
is noteworthy in the lower conduction region. Almost no contribution from Co and Sb
atoms is noticed in upper conduction region. Therefore, total DOS in the conduction
region is mainly due to 3d states of Ti atom in half-Heusler TiCoSb. Similar DOS
characteristics are observed for ZrCoSb (Fig. 3.2.3) and HfCoSb (Fig. 3.2.4), except that
for both these compounds, the conduction region is completely dominated by the 3d (d-

eg, d-tag) states of Zr and Hf atoms respectively.
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Fig. 3.2.2: Partial DOS plot of TiCoSb (a) Ti contribution, (b) Co contribution, (c) Sb

contribution, (d) d-states of Ti, (e) d-states of Co and (f) p-states of Sb (Green-GGA

and red-mBJ).
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Fig. 3.2.3: Partial DOS plot of ZrCoShb (a) Zr contribution, (b) Co contribution, (c) Sb
contribution, (d) d-states of Zr, (e) d-states of Co and (f) p-states of Sb (Green-GGA

and red-mBJ).
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Fig. 3.2.4: Partial DOS plot of HfCoSb (a) Hf contribution, (b) Co contribution, (c) Sh

contribution, (d) d-states of Hf, (e) d-states of Co and (f) p-states of Sb.
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Thus, the high DOS peaks in the conduction region of HH MCoSb is due to the d-
states of M atom (M=Ti, Zr and Hf) and that in the valence region is mainly due to the d-

states of Co atom.

The band structure of MCoSb is plotted along high symmetry directions W-L-7-X-
W-K in the irreducible part of Brillouin zone (Fig. 3.2.5). The Fermi level is set to be at
zero energy. These compounds exhibit narrow band gaps and are characterized as narrow
band semiconductors. In the Fig. red lines denotes the band structure plot from mBJ
approximation, while the green lines are those from GGA. TiCoSbh and HfCoSb has the
valence band maxima on the symmetry point 7" and the conduction band minima on the
symmetry point X. Thus, indirect band gaps along 7-X direction is observed in both the
compounds. ZrCoSb has a shift on the valence band maxima to the symmetry point L,
while the conduction band minima remains at the symmetry point X. An indirect band
gap along L-X symmetry direction is observed. Similar trends in the band gap had been
reported in the previous literature (Sun et al., 2005 and Lee et al., 2011). The band gap
values obtained from GGA and mBJ approximation are quiet close to one another with
gaps from mBJ being slightly higher. The energy band gaps obtained from both
approximations are presented in table 3.2, where a comparison between the calculated
and the available theoretical and experimental results are also made. The highest band
gap value obtained under GGA scheme was that for HfFCoSb (1.137 eV) and the lowest
for TiCoSb (1.04 eV). These obtained values are in close agreement with the available
theoretical results (references are shown in table 3.2). However, huge deviation from the
experimental values were found. The discrepancy is attributed to the temperature
influence. The band gap values that we report are observed at 0 K, whereas the values

reported in experiments are observed in the temperature range of 300 K — 900 K. The
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obtained values of band gap varies as AEg (TiCoSb) < AEg (ZrCoSb) < AEg (HfCoSb).
The improvement of the band gap under mBJ scheme is almost negligible and it can be
said that the calculation of electronic structure with mBJ potential for MCoSb ((M=Ti,
Zr and Hf)) is ineffective. Several authors (Heyd et al., 2003 and Rai et al., 2016) has
reported the inefficiency of mBJ potential on narrow band gap HH compounds. Even
highly sophisticated hybrid functional proposed by Heyd-Scuseria-Enzerhof (HSE06)
may have negligible effect on the band gap of such type of semiconductors (Rai et al.,
2016). The values of the band gaps calculated from mBJ potential are reported for the

first time, to the best of my knowledge, for these HH compounds.

In the upper valence band region (0 eV to -4 eV), threefold degenerate bands are
observed at the /" point, whereas a twofold degenerate bands exists at L point. The bands
just above -2 eV at the /" point does not participate in carrier transport directly, but its
position affects the transport properties associated with the valence band (Lee et al.,
2011). These bands are mainly formed due to the d orbitals (dtog) of Co atoms. Other
bands seen at the top of the valence band at the same symmetry point comes from the
hybridization of deg and dtyg orbitals of M and Co atoms (M = Ti, Zr, Hf) (Lee et al.,
2011). The band structure also revels the dopant characteristics of the material, ZrCoSh
will be more suitable to dope with p-type impurity instead of the n-type. This is because,
the VBM for ZrCoSb lies in the L-symmetry point instead of /" as in case of TiCoSb and

HfCoSb, which will be more effective towards n-type dopant (Lee et al., 2011).

Similar type of band characteristics is found for all of MCoSb HH compound.
Here also we have divided the conduction band into two regions for simplicity, the lower
conduction band (between 0 to 4 eV) and the upper conduction band (between 4 to 8 eV).

In the lower conduction band at the 7" point (near about 2 eV) for ZrCoSb and HfCoSb, a
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rapid dispersion downwards towards the X point is observed. The dispersion continues
until it flattens out at the X symmetry point. This increases the effective mass of electron,
near the conduction band minima, along the X-7"direction (Gibbs et al., 2017). This band
is a result of hybridization between the dtyg states of M atom and the deg states of Co
atom. The sharp peaks at the /" point in the lower conduction band region (near about 4
eV) are due to the s orbitals of Sb atom (Lee et al., 2011). The bands originating at the
upper conduction band region is mainly due to the d states of M atom and p states of Sh
atom. Thus the origin of band gap in HH MCoSb can be explained as, due to the
hybridization of dtyg orbitals of M atom and p orbitals of Sb atom with deg orbitals of Co

atom (Cottenier, 2002).
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Fig. 3.2.5: Electronic band structure of (a) TiCoSh, (b) ZrCoSb and (c) HfCoSb (Green-

GGA and red-mBJ).
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Table 3.2: Calculated band gap for TiCoSh, ZrCoSbh and HfCoSh

Energy Gap (eV)
Compounds ™5 ovious Calculated mBJ References
result result
(GGA) (GGA)
Sun et al.
105 (Theo.)
i Singh et al.
TiCoSb 1.06 1.04 1.057 (Theo)
Xiaetal.
0-95 (Expt.)
Sun et al.
1.061 (Theo.)
ZrCoSb 1.0650 1.073 1.13 ZO"(OTdﬁeuogt al.
Sekimoto et al.
0.14 (Expt)
Sun et al.
1.13 (Theo.)
HfCoSb 1135 1.137 1.178 Zorffﬁe%_%t al.
Sekimoto et al.
0.07 (Expt)
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In the valence band region, large peaks of DOS are observed near the band edges.
This indicates good mobility of charge carriers in MCoSb compounds and is beneficial
for high S values. Since the valence band maxima differs in case of ZrCoSb, change in
the nature of charge carriers contributing to transport is expected. It will be discussed in
more details in the thermoelectric properties section.

3.3. Thermoelectric properties

In this section, the thermoelectric properties of HH compound MCoSb are
presented. We have calculated the Seebeck coefficient (S), the electrical conductivity (o),
thermal conductivity (x) and the thermoelectric figure of merit (ZT). These parameters
are sufficient to characterize the efficiency of a material for thermoelectric energy
applications and are calculated from the semi classical transport equation of Boltzmann
using rigid band approximation (Chaput et al., 2005). According to this approximation,
the band structure of a material remains unchanged with the application of temperature,
changing only the chemical potential of the material. This approximation holds good for
low doping levels and are found to yield results close to the experimental results (Madsen
et al., 2006). The band structure is directly related to the Seebeck coefficient of the
material and the Seebeck coefficient to the other thermoelectric parameters. Except the
Seebeck coefficient, the electrical conductivity and the electronic thermal conductivity
(xe) obtained from BoltzTraP are found to be dependent on the relaxation time (7).
Therefore, the dependence of the relaxation time on temperature does not affect the
dependence of Seebeck coefficient on temperature. The calculated electrical conductivity
and the electronic thermal conductivity from BoltzTraP are expressed in the ratio o/z and

Ke/‘[.
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For better computation purpose, a dense k-mesh of 50,000 k-points were used for
successful conversion of the self-consistency criterion. The results obtained from the first
principle calculations using WIENZ2k code acts as the key input for the calculation of
thermoelectric properties. The following Fig. 3.3.1, shows the plot of different

thermoelectric parameters as a function of chemical potential () at different

temperatures. They are plotted in the chemical potential range of 0.58569 Ry - 0.96469
Ry, 0.475 Ry — 0.825 Ry and 0.525 Ry -0.875 Ry respectively for TiCoSh, ZrCoSb and

HfCoSb at different temperatures.

In Fig. 3.3.1 (a), the negative trend in the Seebeck coefficient represents n-type
carriers, while the positive trend represents p-type. For each temperature range from 100
K — 1000 K, distinct positive trend of the Seebeck coefficient indicates the involvement
of only p-type of charge carriers for the range of chemical potential below Fermi level
(EF). When the chemical potential (1) becomes equal to Er, the contribution of both the p
and n type charge carriers becomes maximum. As the x value increases from Er, only n-
type charge carriers contributes to S. This is beneficial for a thermoelectric material as it
ensures high S value. Mixed n and p-contribution cancels the induced Seebeck voltage
thus decreasing the S value. The DOS peaks near the band edges and the band gap affects
the Seebeck coefficient of the material and thus the thermoelectric properties. The flat
valence and conduction band near the fermi level in the band structure prevents the
Seebeck coefficient from attaining high values. The band degeneracy and the bands along
the L-7" direction in the valence band are responsible for positive values of S, while that
along the 7-X direction in the conduction band contributes to negative S values. The band
degeneracy is beneficial for high Seebeck coefficient. The S value decreases with respect

to chemical potential as the temperature increases. Fig. 3.3.1 (b) and (c) shows the
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variation of relaxation time dependent electrical and electronic thermal conductivity with
w. Unlikely to S, here both the electrical and thermal conductivity tends towards zero as
the values of chemical potential approaches near Er. xe/z increases with the increase of
chemical potential and temperature, whereas o/r decreases with the increase of
temperature, for those ranges of u near to Er. This is because, the charge carrier
concentration and the mobility of the charge carriers increases near Er due to the
electronic distribution near the Fermi level. With the increase in temperature, scattering
becomes strong leading to high thermal conductivity and hence reducing the electrical
conductivity. Therefore, in general, Fig. 3.3.1 revels that the material MCoSb will be
more efficient when doped with n-type impurity and will have maximum efficiency in
the chemical potential range above Er, where the electronic thermal conductivity is

minimum.
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Fig. 3.3.1: Thermoelectric parameters (a) Seebeck effect, (b) Electrical properties and

(c) Thermal conductivity as a function of chemical potential.
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Among different parameters present in the efficiency expression given by equation
2.50, the one that cord BoltzTraP is incapable of calculating is the lattice thermal
conductivity (x1). We have calculated xi by solving the Slack’s model expressed by
equation 2.51. Considering the temperature dependence of the Griineisen parameter (),
the Debye temperature (@p) and volume (V), equation 2.51 can be rewritten as-

K, = AMGZ%U)fS—)g (3.1)
y- (M)n™T

The quantity @p and » are calculated with the variation of temperature by using equation
2.54 and 2.58 respectively, within the framework of quasiharmonic approximation and is

shown in Fig. 3.3.2.

The lattice thermal conductivity of MCoSbh compound increases in the order
TiCoSb>ZrCoSb>HfCoSh. The calculated values of thermal conductivity are plotted in
Fig. 3.3.3 with respect to temperature. Andrea et. al., 2014 had calculate x, for ZrCoSh
by using the many body perturbation theory and the Boltzmann transport equation, in the
temperature range of 300K-900K. We have compared our results with that obtained by
Andrea et al., and are presented in Fig. 3.3.3 (b). In the temperature range of 300K-700K
our calculated values are bit higher than the compared theoretical results. For HH

compounds TiCoSb and HfCoSb, no results were found for comparison.
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In order to proceed further to get the ZT results, two methods can be chosen. One
can calculate ZT with respect to temperature at constant chemical potential or can
calculate ZT with respect to constant carrier concentration. In this present work, we will
use the later method, our previous works are reported using the former method (Joshi et
al., 2017). The following Fig. 3.3.4 shows the plot of Seebeck constant at different carrier
concentration of n- and p-type charge carriers, with temperature. For both n- and p-type
doping, the Seebeck coefficient is found to increase with temperature except for the
carrier concentration of 10%° cm, where the carrier concentration decreases from 900K.
At higher values of temperature, we expect the Seebeck coefficient value to decrease
because of increasing presence of thermally excited charge carriers. The Seebeck
coefficient is highest in all MCoSh compound, at a carrier concentration of 10° ¢cm-3 for
p-type carrier. Thus, p-type charge carriers dominates the charge transport in HH
compound MCoSb. This indicates the fact that the maximum thermoelectric ZT value is
achievable for p-type case at a carrier concentration of 10'° cm-3 and will play an
important role to achieve high ZT values at high temperatures. Therefore, our further
results are reported on this concentration. Yang et al., 2008 have also reported the high
power factor of these materials for p-type than the n-type charge carriers. The highest
value of the Seebeck coefficient observed are respectively 675 (uLV/K), 654 (uV/K) and
672 (uV/K) at 800 K for Ti, Zr and Hf of MCoSb. Since, the band gap values of TiCoSb,
ZrCoSh and HfCoSb are close to each other, hence their S values are also close to each
other. ZrCoSb has the lowest S value in comparison to the other MCoSb compounds. This
is because of the reduced degeneracy leading to reduced effective mass of the carriers
which results due to the band gap originating between L-X symmetry directions. S value

decreases with the increase in concentration from 10'° cm-3 and below 10'° cm-3
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concentration range, mixed n- and p-type contribution was observed at higher
temperatures (not shown in the Fig.). Similar decrease in S with the increasing value of
concentration was reported by (Lee et al., 2011). The value of S is limited by the slopes
of the DOS near the Fermi energy which indicates high effective mass of holes in the
upper valence band region. The high Seebeck coefficient at 800 K indicates good

thermoelectric performance at higher temperatures.

The variation of electrical conductivity (o), total thermal conductivity (x) and the
thermoelectric Figure of merit (ZT) is shown in Fig. 3.3.5. The calculated relaxation time
with respect to temperature is shown in figure 3.3.6 and is found to decrease with the
increase in temperature. The obtained thermal conductivity results are compared with the
available experimental results and it can be seen that our calculated values of « are in
close agreement to the available experimental data. The total thermal conductivity
decreases in the higher temperature regions, representing the thermoelectric applicability
of these materials in higher temperature domains. The thermal conductivity value
calculated at 800 K are presented in table 3.3. The calculated value of electrical
conductivity and the Figure of merit ZT is higher than the available experimental results,
this may be because of the optimized carrier concentration in our results, which showed
optimum thermoelectric performance for p-type MCoSh, while the experiments report
for n-type characteristics of the compound. The highest ZT values were observed at 800K
in TiCoSb (0.29) and ZrCoSbh (0.24). HfCoSb had the highest ZT at 900K (0.23). As
mentioned, our ZT values are about ten times higher than those reported by (Sekimoto et
al. 2005). However, authors have reported ZT~0.5, when doped with suitable impurities

(Sekimoto, et al., 2007).
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The electronic thermal conductivity (xe), is very low when compared with the lattice
thermal conductivity and is found to decrease with temperature in the range 300 K to 900
K, see Fig. 3.3.5 (b). This indicates phase change from semiconductor to metal in this
temperature range, as the thermal conductivity decreases with the increasing temperature
only in metals. This change in phase is indeed the key for high electrical conductivity in
these compounds. However at temperatures above 2000 K, it is expected that xe will be
significantly high and will contribute solely to the total thermal conductivity as xp will be
negligibly small in those temperature ranges. Unfortunately no experimental data are
available to compare with the obtained xe results and the available theoretical results on
ke lacks the computation of relaxation time. The ZT values for these materials are much
lower than the benchmark value (~1), however, owing to the high Seebeck coefficient
values and the low thermal conductivity, MCoSb would be a promising thermoelectric

material on further optimization of the thermoelectric parameters.
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Table 3.3: Thermoelectric parameters at 800 K where S was found to be maximum.

Thermoelectric parameters TiCoSb ZrCoSb HfCoSb

Relaxation time (z) (sec™) 6.71x101* | 4.346x10%* | 3.03x10

Seebeck coefficient (S) (n V/K) 675 672 654

Electrical conductivity (¢) (@m)? 10.644x10% | 7.437x10° | 5.627x10°

Electronic thermal conductivity (xe)

4.09 2.698 2.114
(W/mK)
Lattice thermal conductivity (xp) 9.506 7.689 6.791
(W/mK)
Total thermal conductivity (x) (W/mK) 13.596 10.388 8.905
Figure of merit (ZT) 0.29 0.245 0.23
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New types of Heusler compounds that has not yet been reported for thermoelectric
application is discussed in this chapter. In total, six new types of compounds has been
investigated, and are grouped in three categories, according to the nature of the
compound, with two compounds each in one group. The groups are namely XAuSn
(X=Sc, Lu); CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn) and XSiSb (X=Hf, Ti). Their crystal
structure, electronic and thermoelectric properties, applying the methodology described
in chapter 2 has been discussed in details. The equilibrium lattice constants required to

begin the calculations has been calculated according to the Murnaghan’s equation of state.
4.1 XAuSn (X=Sc, Lu) Half-Heusler Compounds

The compound ScAuSn and LuAuSn was first reported by Sebastian et al.
(Sebastian et. al., 2006). The authors reported the synthesis of the compounds and studied
their crystal structures. These compounds have a valence electron count of 18, which
according to Slater-Pauling rule are regular semiconductor and would thus interest
thermoelectric applications. In our previous work, we have reported the high
thermoelectric efficiency of ScCAuSn (Joshi et al., 2017) neglecting its lattice thermal
conductivity. Here an extended study including lattice thermal conductivity is presented.
The rare earth materials are mostly excluded in the combination of Heusler compounds

when one is interested in its thermoelectric efficiency. This may be because Heusler
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compounds containing rare earth materials are mostly found to be magnetic and such
compounds does not interest thermoelectric applications. Further, majority of such
materials have variety of crystal structures other than cubic, like hexagonal (TbAuSH,
PrAuSn), orthorhombic (YbAuSn), tetragonal (YAuSn) etc. and would thus restrict
higher thermoelectric efficiency due to its crystal anisotropy. The compounds XAuSn
(Sc, Lu) has a cubic crystal structure with zero magnetic moment and are thus considered
to show potential thermoelectric behavior.

4.1.1 Crystal Structure of XAuSn (X=Sc, Lu)

Like other half-Heusler compounds, XAuSn has a space group F43m (Space group
no. 216) and crystalizes with MgAgAs type crystal structure with cubic phase. The atoms
Sc, Au and Sn in the compound ScAuSn occupy the Wyckoff’s position 4b (1/2, 1/2, 1/2),
4d (3/4, 3/4, 3/4) and 4a (0, 0, 0) respectively, whereas Lu, Au and Sn in the compound
LuAuSn occupies the position 4b (1/2, 1/2, 1/2), 4c (1/4, 1/4, 1/4) and 4a (0O, 0, 0)
respectively. The 4c position is vacant in case of SCAuSn and the 4d position remains
vacant in case of LUAuSn. The crystal structure of the compound along with the volume
optimization curve is shown in Fig. 4.1. The experimental lattice constants given by
Sebastian et al. was initially used to calculate the equilibrium lattice constants. The
calculated lattice constants along with the Bulk modulus and its pressure derivatives are
tabulated in table 4.1.1. Our calculated theoretical lattice constant values are about 1.3%
higher, in an average, when compared to the experimental values of XAuSn. A bit higher
lattice constant values is because of the choice of exchange correlation functional (i. e.

GGA), which tends to overestimate the experimental lattice constants.
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Fig. 4.1: Crystal structure of XAuSn (X=Sc, Au) and their respective

volume optimization curves.
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Table 4.1.1: Lattice constants (a), Bulk modules (B) and pressure derivative of bulk
modules (B’) obtained using Murnaghan’s equation of state for XAuSn (X=Sc, Lu). The

lattice constants values are compared with the experimental results of Sebastian et al.,

2006.
Lattice constant (a) A
Compounds Experimental | Calculated B (GPa) B Difference in
a (Aa)
result result
ScAuSn 6.4194 6.5134 92.3875 | 5.2478 0.094
LUuAuSn 6.5652 6.6501 84.8223 3.6871 0.0849
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4.1.2 Electronic properties and band structures of XAuSn (X=Sc, Lu)

The lattice constants obtained after volume optimization were used for the
calculation of electronic properties. The DOS and band structures of SCAuSn are reported
using GGA exchange correlation functional and it shows semiconducting characteristics.
In our previous work, we have reported SCAuSn using mBJ potential (Joshi et al., 2017).
In case of LUAuSn, no band gap was observed when treated with GGA. With mBJ,
LuAuSn also showed semiconducting characteristics. It is well known that GGA tends to
underestimate the band gap of a material (Jones and Gunnarsson, 1989) and our studies
on LuAuSn shows that this compound has a very narrow band gap. It may be due to this
reason that GGA failed to recognize its energy gap. It is to be noted that mBJ is not used
for opening a band gap of a gap less material, instead is used to determine the band gap
value close to the experimental results which GGA and LDA usually underestimates.
However, in LUAuSn, mBJ opened up a band gap which initially was shown gapless by
GGA functional. The following Fig. 4.1.2 shows the total DOS plot of the compounds
plotted simultaneously along with their band structures. Sharp DOS peaks are observed
at the conduction region, in case of SCAuSn, which are mostly dominated by the Sc atoms.
In the valence region, a mixed contribution (less than 1 state/eV) from all of Sc, Au and
Sn atoms are observed. Also in the conduction region, Au and Sn atoms have very low
contribution to the total DOS (< 1 states/eV) and is almost negligible compared to Sc
atom which contributes about 7 states/eV at the energy range of 1.4 eV. In case of
LUuAuSH, it is seen that sharp DOS peaks are missing both in the conduction and the
valence region, near the Fermi level. Lu atom dominates the total DOS in the upper
conduction region (above 2 eV) but a low mixed contributions by all of three Lu, Au and

Sn atoms are observed in the other energy ranges.
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Fig. 4.1.2: Total DOS plotted along with the band structure for

(&) ScAuSn and (b) LuAuSn.
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It is clear from the partial DOS plots shown in Fig. 4.1.3 that the maximum contribution
to the total DOS comes from the 3d-states of Sc atoms in case of ScAuSn. This indicates
that d-states of Sc atoms are available for occupation more than other electronic states.
The Sc contribution is more pronounced in the conduction region than in the valence
region. The highest Sc DOS peak is observed at 1.45 eV and is due to the d-electronic
states. Among d-states, the deg and the dtog components both has significant contribution
in the conduction region. The deg component compromises of dx., dy2 and d2 states and
has maximum DOS contribution of 4.6 states/eV at an energy range of 1.4 eV. Likewise,
the dtog component compromises of dyy, dx; and dy; states and has a maximum contribution

of 4.1 states/eV at an energy range of 1.75eV.

Similarly in case of Au atoms, the 5d-states of Au contributes the most in both
the valence as well as the conduction region. However, the contribution is not much, with
the highest being only about 0.4 states/eV in the conduction region. From 1.75 eV of
energy from the Fermi level, the contribution of d-states is solely dominated by the dtg
component of d-states in Au atom. The Sn s-states has almost no contribution in the
valence region and is dominated by the 5p-states of Sn with highest contribution coming
at -1.4 eV of about 0.5 states/eV. The conduction region has a mixed contribution from
both of s and p-states of Sn with highest s-peak at 2.36 eV and p-at 2.7 eV. Therefore, it
can be concluded that the conduction region in ScCAuSn is strongly dominated by the 3d-
states of Sc atom, whereas the valence region has a low occupancy of DOS, with 3d-states
of Sc, 5d-states of Au and 5p-states of Sn atom being available for occupation. The sharp

DOS features near the Fermi level of ScAuSn favors thermoelectricity.
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Fig. 4.1.3: Partial DOS plot of ScAuSn, plotted to show the contributions from different

electronic states to the total DOS.
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Fig. 4.1.4: Partial DOS plot of LuAuSn, plotted to show the contributions from

different electronic states to the total DOS.
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Unlike ScAuSh, sharp DOS peaks near the Fermi level is absent in case of LUAuSH.
Sharp DOS peaks are observed only in the lower conduction region above 2 eV and in
the valence region at -1.8 eV. The Lu 5d-states dominates the total DOS plot of the
compound. The DOS characteristics in the valence region is similar to ScAuSn, low and
mixed. At about 2.5 eV in the conduction region, the deg component of the Lu d-state
shows sharp peaks. Above this the conduction region is solely dominated by the dtg
component. The Au and Sn atom of LuAuSn shows almost similar DOS characteristics

like in case of SCAuSnh (see Fig. 4.1.4).

The band structure is plotted along the symmetry direction W-L-/-X-W-K in the
irreducible part of Brillouin zone and is shown in Fig. 4.1.5. A narrow indirect band gap
along 7-X direction is observed for both the materials with energy gap values of 0.156
eV and 0.164 eV respectively for ScAuSn and LuAuSn. Previously, we had reported a
band gap of about 0.344 eV when ScAuSn was studied in the framework of mBJ potential
(Joshi et. al., 2017). The green and red curves of band structure respectively represents
valence and the conduction band curves. For both the compounds the valence band
maximum is observed at a symmetry /" and the conduction band minima on the symmetry
point X. Thus, indirect band gaps along 7-X direction is observed in both the compounds.
Yang et al. had reported a band gap of 0.145 eV for ScAuSn. A closer look in the band
structure of LUAuSH also shows a presence of a direct band gap along the symmetry point
I". The direct band gap measured with respect to GGA functional is about 0.566 eV and
that with mBJ potential is about 0.818 eV. Similar direct and indirect band gap
characteristics of LUAuSn has recently been reported by Shi and coworkers (Shi et. al.,
2018). The direct band gap value reported was about 0.666 eV. The zero band gap

observed in case of GGA indicates the topological insulator behavior of LuAuSn (Sawai
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et. al., 2010 and Shi et. al., 2018). The presence of gap in ScCAuSn is attributed due to the
large bonding-antibonding splitting (Sawai et. al., 2010) which in case of LUAuSnh is

small and fails to open up a gap when treated with GGA functional.

The valence band characteristics of both the compounds are closely similar and is
due to the almost similar DOS characteristics of the two compounds. Degenerate bands
are observed at L and X symmetry points in the valence band region and are found to be
missing in the I"symmetry points near the valence band maximum. These non-degenerate
bands limits the thermoelectric efficiency of the compound. The bands originating in the
conduction band region is mainly due to the d states of Sc and Lu atoms in each of
ScAuSn and LuUAuSn. The absence of dense bands near the band edges is due to the low
peaks of DOS near the Fermi level. The low peaks of DOS near the Fermi level also
restricts the compounds from attaining high Seebeck coefficient value. The band gap
originates due to the hybridization of dtyg orbitals of X (Sc/Lu) atom and p orbitals of Sn
atom with deg orbitals of Au atoms. The low density of states near the Fermi level affects

the mobility of the charge carriers which will result in low electrical conductivity.

Unfortunately no previous literature on the indirect band gap of LUAuSh is
available to the best of our knowledge. Most works on LuAuSn reports the topological
insulator property and thus mentions mostly about direct band gap. The narrow band gap
of the materials make these compounds narrow band gap semiconductors which is highly
favorable for thermoelectric applications.

4.1.3. Thermoelectric properties of XAuSn (X=Sc, Lu)

The parameters such as the Seebeck coefficient (S), the electrical conductivity (o),
thermal conductivity (x) and the thermoelectric Figure of merit (ZT), which are sufficient

to characterize the thermoelectric efficiency of a material are investigated. Except the
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Seebeck coefficient, the electrical conductivity and the electronic thermal conductivity
(re) obtained from BoltzTraP are found to be dependent on the relaxation time (z) and
hence the relaxation time is also calculated as a function of temperature. The band
structure results obtained from WIENZ2k under the framework of DFT acts as the input to
calculate the thermoelectric properties using BoltzTraP. In an attempt to find the
maximum efficiency of the two materials ScAuSn and LuAuSn, the charge carrier
concentration near the Fermi level is optimized such as to give the maximum Figure of
merit ZT. Due to the inter-dependence of the different thermoelectric parameters, it
becomes challenging to obtain high ZT values. Varying the carrier concentration at the
Fermi level is one of the method to obtain high ZT but this method also has some
limitations. Increasing the carrier concentration ensures high Seebeck coefficient and also
decreases the lattice thermal conductivity but reduces the electrical conductivity as well.
The Seebeck coefficient being squared in the ZT formula makes it necessary to opt for
high S values which otherwise would make S? very low. The Seebeck coefficient plotted
for different concentration of the charge carriers is shown in Fig. 4.1.5. It is plotted for
three different levels of the concentration + 10%°, + 10%* and £ 10?2 cm™. When the
concentration level was increased above % 10?2 cm™, the charge flow ceased due to the
over population of the Fermi level and below the concentration of =+ 10%° cm™ mixed

flow of charge carriers was observed, which drastically decreased the S value.
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Fig. 4.1.5: Seebeck coefficient of (a) ScCAuSn and (b) LuAuSnh plotted for

different levels of charge carrier concentration.
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High S values are observed at & 10%° cm at a temperature range of 400 K- 600 K
for both of ScAuSn and LuAuSn. In the higher temperature range, the S values rapidly
tends towards zero. For application in high temperature range this level of carrier
concentration is not suitable and thus we have based our ZT calculation in a concentration
of £ 10! where the S value in found to increase with the increase in temperature, which

ensures high thermoelectric efficiency at higher temperature ranges.

The positive trends in SCAuSn dominates the S-value and thus the material will be
more efficient in p-type case, unlike LuAuSn which will be more efficient for n-type case.
The thermoelectric properties are reported for a carrier concentration of 102t cm™ for
ScAuSn and -10% for LuAuSn, where the S value is found to be highest for higher
temperature ranges. The following Fig. 4.1.6 shows the plot of different thermoelectric
parameters as a function of temperature. The relaxation time is calculated to be of the
order of 104 s for both of ScAuSn and LuAuSn and it decreases with the increase in
temperature. The electrical conductivity is found to be of the order of 10°, which is quiet
high despite of the low DOS of the materials near the Fermi level. The electrical
conductivity decreases with the increase in temperature, which is expected as the
resistivity would increase with rise in temperature and thus restricts high conductivity at
higher temperatures. It is to be noted that the electronic thermal conductivity for both
ScAuSn and LuAuSn decreases with the increase in temperature upto 900K, after this
temperature, xe increases very slowly with the increase in temperature. Such behavior of
electronic thermal conductivity is observed in case of highly efficient Heusler
thermoelectric materials like TiCoSb and is highly favorable for thermoelectric

applications.

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~03 ~



Chapter 4 Investigation of New Class of Heusler Thermoelectric materials

40 250
35 ScAusn (a) -8~ ScAuSn (b)
-9~ LuAuSn 200- -@-LuAuSn
. 5
= = 1504
- X
x <
N ’E 100
G 50l
b
50 -8-ScAuSn (© -8 ScAuSn (d)
-@-LuAusSn 404 -9-LuAuSn
v 401 X
£ ° £ 3.
E 20 E; 20-
g ¥
104 104
100- ' ' ' ' ' . ' ' ' i
-8 ScAuSn (€) 04 -8 ScAuSn
E‘- 80- -@-LuAuSn 03 -@-LuAuSn
£ ™
S 60 =
2 N 0.2
% 40
_ . PR 0.1 “
204 I

T T T v T T T ¥ T T T T T v T 0.0 v T - T - T ” T r T v T r
100 300 500 700 900 1100 1300 1500 100 300 500 700 900 1100 1300
Temperature (K) Temperature (K)

Fig. 4.1.6: Thermoelectric parameters of XAuSn (X= Sc, Lu) plotted as a function of
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The temperature dependence of @p, the equilibrium volume ( & ) and the Griineisen
parameter (») required for the calculation of lattice thermal conductivity, as given by
equation 3.1 is calculated using quasiharmonic approximations and is shown in Fig. 4.1.7.
The total thermal conductivity shows similar characteristics like xe. For higher
temperatures « also increases very slowly with the rise in temperature. The increase in x
at higher temperatures is almost negligible in case of LuAuSn and can be considered to
have attained a constant value at higher temperatures. Usually the thermal conductivity
should increase with the increase in temperature in case of semiconductors but the
opposite behavior of the materials can be attributed due to the change in phase from
semiconducting to metallic nature of the compounds which as a result decreases the
thermal conductivity. In metals, when the temperature increases, the atomic vibrations
also increases which as a result decreases the mean free path and thus the relaxation time
of the material. Therefore, the flow of electrons is obstructed by the decrease in their
mean free path and relaxation time which leads to the decrease in thermal conductivity.
The phase change of the compounds ScAuSn and LuAuSn is also supported by the low
relaxation time values at higher temperatures and the decrease in electrical conductivity

with increasing temperatures.
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Fig. 4.1.7: Thermodynamic parameters (a) Debye’s temperature, (b) Equilibrium

volume and (c) Gruneisen parameter used in calculating lattice thermal conductivity,

as a function of temperature.
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Table 4.1.2: Thermoelectric parameters of SCAuSn and LuUAuSh, for those temperatures

where ZT is found to be maximum. ScAuSn gives maximum ZTat 1100 K and LuAuSn

gives that at 1400 K.

Thermoelectric parameters ScAuSn LuAuSn
Relaxation time (z) (sec’) 7.26x10° 7.06x10°1
Seebeck coefficient (S) (n V/K) 136.06 -136
Electrical conductivity (¢) (2m)™ 3.08x10° 4.21x10°
Electronic thermal conductivity (xe) (W/mK) 16.31 26.32
Lattice thermal conductivity (xp) (W/mK) 0.79 2.5
Total thermal conductivity (x) (W/mK) 17.2 28.8
Figure of merit (ZT) 0.413 0.38
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4.2 CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn) Quaternary Heusler Compounds

Quaternary Heusler (QH) compounds are a new class of Heusler compounds which
are recently being considered for thermoelectric and other applications. We have taken
two such compounds under investigation namely CoYFeSi and CoZrMnSi, which has a
VEC of 24 and thus is predicted to have semiconducting properties favoring
thermoelectric applications. Both the compounds were first investigated using GGA
energy exchange correlation (XC) functional. With this, CoZrMnSi was identified as
narrow band gap semiconductor whereas CoYFeSi appeared to be gapless showing
metallic properties. When GGA energy exchange correlation functional was replaced
with mBJ potential in case of CoYFeSi, it showed semiconducting band structure with
narrow energy gap. The opening of band gap of CoYFeSi, like in case of LuAuSn,
indicates that the band gap of this QH compound is very narrow and hence GGA failed
to determine it. The gapless behavior of QH CoYFeSi when treated with GGA XC

functional further indicates the topological insulator nature of the compound.

CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn) QH Compounds were reported by Kundu et al.
and was found to exhibit zero magnetic moment (Kundu et al, 2017). Such property of a
Heusler compound interests thermoelectric applications and are thus considered for
investigation in the thesis.

4.2.1 Crystal Structure of CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn)

The structure of QH compound is bit complex in comparison with the FH and HH
compounds. Their basic structure is discussed in Chapter 1 section 1.2. The crystal
structure of CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn) consists of Co atoms occupying the
Wyckoff position 4c (1/4, 1/4, 1/4), Zr/Y atoms the position 4d (1/2, 1/2, 1/2), Mn/Fe

atoms the position 4b (3/4, 3/4, 3/4) and the remaining Si atoms in the position 4a (0, 0,
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0). Both the compounds crystalizes with space group F43m (Space group no. 216). Their
crystal structure and the volume optimization curve based upon the Murnaghan’s
equation of state is shown in Fig. 4.2.1. The table 4.2.1 shows the comparison of the
calculated lattice constants with the available results. Our calculated values of lattice
constants are approximately 0.2% higher than the previous theoretical results of Kundu
etal, 2017. A bit higher values of lattice constants are expected because GGA XC usually
overestimates the lattice constants (Zoroddu et al., 2001). Unfortunately, no experimental

data are available for comparison of the calculated lattice constants.

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~99 ~



Chapter 4

Energy (Ry)

Energy (Ry)

Investigation of New Class of Heusler Thermoelectric materials

-12684.090 -
-1 2684.095-
-12684.100 -
-12684.105 -
-12684.110 -

-12684.115

-12684.120

—— CoYFeSi (a)
V, = 381.4353 (a.u.)®

-12882.855

340

360 380 400 420 440

Volume (a.u.)3

-12882.860:
-12882.865-‘
-12882.870-
-12882.875-.
-12882.880-
-12882.885:
-12882.890-.

—— CoZrMnSi (b)
V, = 359.1615 (a.u.)’

320

340 360 380 400

Volume (a.u.)3

Fig. 4.2.1: Volume optimization curve of (a) CoYFeSi (b) CoZrMnSi and (c) Crystal

structure of Quaternary Heusler CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn).
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Table 4.2.1: Lattice constants (a), Bulk modules (B) and pressure derivative of bulk
modules (B’) obtained using Murnaghan’s equation of state for CoX'Y'Si (X'=Y, Zr;
Y'=Fe, Mn). The lattice constants values are compared with the theoretically obtained

results of Kundu et al., 2017.

Lattice constant (a) A
Compounds Previous Calculated B (GPa) B Difference in
a(Aa) A

result result
CoYFeSi 6.080 6.0920 149.7743 | 4.8951 0.012
CoZrMnsSi 5.96 59711 193.0188 | 3.6542 0.011
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4.2.2 Density of States and Electronic Structure of CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn)

The electronic properties of both the QH compounds CoYFeSi and CoZrMnSi were
initially investigated using the GGA exchange correlation functional. Since both the
compounds have a VEC of 24, so even before starting the calculation it can be predicted
that both of them would have a magnetic moment (M) = 0 pug and would show
semiconducting properties, following the Slater-Pauling rule [Slater, (1936) and Pauling,
(1938)]. As expected, we found both the compounds to have zero magnetic moment and
our results were further verified with the results obtained by Kundu et al., 2017. However,
when the calculations were done, the semiconducting prediction was applicable only for
CoZrMnSi, whereas CoYFeSi showed no energy gap indicating metallic characteristics.
When mBJ potential was applied to CoYFeSi, a narrow band gap opened up and thus our
semiconducting prediction also validates for both the compounds. As mentioned earlier,
mBJ is not a tool to open up a band gap for a gapless semiconductors but the opening of
the band gap in CoYFeSi indicated a presence of very narrow band gap which GGA failed

to recognize because of its nature of underestimating the band gap of materials.

In the following Fig. 4.2.2, we have shown the total DOS of CoX'Y'Si (X'=Y, Zr;
Y'=Fe, Mn) plotted alongside of its band structure for better comparison. We have also
shown the band structure of CoYFeSi plotted using GGA XC functional. CoYFeSi is
therefore categorized as topological insulator because of its gapless characteristics and
would thus slightly differ from CoZrMnSi in terms of its electronic properties. Both the
compounds shows high DOS peaks near the fermi level and such compounds are highly

preferred for thermoelectric applications.

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~102 ~



Chapter 4

Energy (eV)

Energy(eV)

1
[y

Investigation of New Class of Heusler Thermoelectric materials

4
(a)
3
— Total DOS
) — (Co total
— Zr total
1 — Mn total
— Si total
0 --------------------------
——
- e Y
w 4 567 8 9101112
DOS (States/eV)
\/'/ =— Total DOS
/\ — Co - Total
/ \ — Y- Total
— Fe - Total
- — Si- Total

W\

DOS (States/eV)

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~103 ~



Chapter 4 Investigation of New Class of Heusler Thermoelectric materials

A NN VAL NZ

Fig. 4.2.2: DOS plot alongside with the band structure plot for
(a) CozZrMnSi (b) CoYFeSi and (c) the band structure plot of CoYFeSi,

plotted using GGA XC functional.
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In reference to the total DOS plots Fig. it can be seen that high DOS peaks are
observed in the valence region just below Ef. In the conduction region, just above the
Fermi level, sharp DOS peaks as high as 5.5 states/eV and 6.62 states/eV are observed
respectively for CoZrMnSi and CoYFeSi. We have divided the valence and the
conduction band region in the band structure into the following parts, the upper valence
region lies between 0 to -0.85 eV, between -0.91 eV to -4 eV is the lower valence region.
From 0 to 1.16 eV is the lower conduction region and the region above 1.32 eV to 4 eV
is the upper conduction region in case of CoZrMnSi. It can be seen that multiple energy
gaps exist in the band structure of CoZrMnSi and is also evident from its DOS plot. It
may be due to this multiple gaps that dense bands are absent both in the conduction as
well as in the valence region. In the upper conduction and the lower valence region, the
bands are dense compared to those near Er. The maximum contribution to the total DOS
also varied among different energy regions in case of CoZrMnSi. Zr atoms has the
maximum contribution to the total DOS in the upper conduction region from 2.4 eV. Upto
2.4 eV, the total DOS contribution is dominated by Mn atoms in the upper conduction
region. A small energy gap of about 0.16 eV is observed below the upper conduction
region from 1.16 eV to 1.32 eV. In the lower conduction region, Mn and Co atoms
contribute the most to the total DOS. In the upper valence region, the Mn atoms
completely dominates the total DOS contribution and again an energy gap of
approximately 0.6 eV is observed below this region from -0.85 eV to -0.91 eV. In the
lower valence region, the Co atoms completely dominates the DOS contribution. The
valence and the conduction bands separates out in the Fermi level and thus a band gap of

about 0.217 eV is observed, making these compounds semiconductor in nature. Such
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multiple energy gaps in DOS of CoZrMnSi is also seen in the plots obtained by Kundu et

al., 2017.

Similarly, in case of CoYFeSi, we again have divided the valence and the
conduction band region in the band structure into the following parts, the upper valence
region lies between 0 to -3.5 eV, between -03.6 eV to -4 eV is the lower valence region.
From 0 to 1.25 eV is the lower conduction region and the region above 1.26 eV to 4 eV
is the upper conduction region. The DOS contribution in the conduction band region is
mostly dominated by Fe atoms except in the upper conduction region between 2.6 eV to
4 eV where Y atoms dominates the contribution. Co atoms also shows significant
contribution in the lower valence region. The difference however is not much between
the highest contributing to the second highest contributing in the conduction region.
Unlike CoZrMnSi, in the upper valence region, very high DOS contributions are seen
both from Co and Fe atoms. High peak in DOS of about 10.5 states/eV is observed in
case of Fe atoms in this region. All other atoms contributes less than 1 states/eV in the
entire valence region. Here also the valence and the conduction bands separate out of
each other in the Fermi level and hence a band gap of 0.276 eV is found to exist when
treated with mBJ. The GGA band structure showing zero energy gap is shown in figure
4.2.2 (c). The overall DOS plot of both the compounds CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn)
matches with those reported by Kundu et al., with some minor differences in the position
and height of the DOS peaks. The differences occur because the authors have included
the spin orbit interaction of different electronic states of various atoms that constitute the
compound, whereas in our case we have neglected such effects. The various electronic
states involved in the DOS contribution and their role in forming the energy bands can be

illustrated with the help of PDOS plots which is shown in the Fig. below.
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Fig. 4.2.3: Partial DOS plot of CoZrMnSi, representing different electronic

states contributing to the total DOS.
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Fig. 4.2.4: Partial DOS plot of CoYFeSi, representing different electronic

states contributing to the total DOS.
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From the partial DOS plots (Fig. 4.2.3 and 4.2.4), it is seen that the DOS due to Co,
ZrlY and Mn/Fe atoms are mainly due to their d-states, whereas for Si is due to its p-
states. In the upper valence region in case of CoZrMnSi, the dtxg sub-states of Co and Mn
has the maximum contribution. Therefore the bands in this region is mainly due to the
dtog sub-states of d-states of Co and Mn atoms with some small contributions from dtyg
of Zr and p-states of Si atoms. Similarly in case of CoYFeSi, the bands in the upper
valence region is from dtyg sub-states of Co and Fe atoms with some small contributions
from dtyg sub-states of Y and p-states of Si atoms. Likewise in the lower conduction
region, the bands are formed mainly due to Co-deg and Mn/Fe-deg with minor
contributions from Zr/Y - dtog and p-staes of Si. The formation of band gap in CoX'Y'Si
(X'=Y, Zr; Y'=Fe, Mn) QH compounds can then be explained as due to of dtyq orbitals of

Co atom and p-orbitals of Si atom with deg and dtyg orbitals of X" and Y’ atom.

Highly degenerate bands are observed near the Fermi level in both the conduction
and the valence band region. Such bands highly favors thermoelectricity. The band
structures are plotted along the W-L-/-X-W-K symmetry directions and an indirect band
gap is observed in case of CoZrMnSi along the 7-X direction. In addition to this indirect
band gap, a direct gap slightly bigger than the indirect one also exists along the I”
symmetry point of magnitude 0.23 eV. CoYFeSi also shows a direct band gap along I
symmetry point but it is lesser than the direct band gap observed along the 7-X direction
which has a magnitude of about 0.282 eV. The calculated values of band gaps are
presented in table 4.2.2. Unfortunately, to the best of our knowledge, there are no

theoretical or experimental evidence to validate the precision of the calculation.

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~109 ~



Chapter 4

Investigation of New Class of Heusler Thermoelectric materials

Table 4.2.2: Calculated energy band gaps of CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn)

Energy Gap (eV)

Compounds Direct (GGA) | Indirect (GGA) | Direct (mBJ) | Indirect (mBJ)
CoZrMnSi 0.23 0.217 - -
CoYFeSi 0 0 0.276 0.282
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4.2.3 Transport properties of CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn)

The electronic structure obtained after ab initio DFT calculations shows properties
that supports thermoelectric applications. The multiple maxima and minima in the band
structure of CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn) along with degenerate and dense bands near
Er are the key factors for achieving high ZT values. However, the presence of very flat
degenerate bands near the band edges will limit the compound from achieving high
thermoelectric figure of merit. It is because flat bands results in high effective masses
which is unfavorable for high thermoelectric efficiency and also reduced the limit to
electronic thermal conductivity which as a result produces high thermal conductivity
values. The high effective mass problem can be easily taken care of by doping the material
with suitable impurities and therefore we predict that doped CoX'Y'Si (X'=Y, Zr; Y'=Fe,

Mn) QH compounds would attain ZT values much closer to unity.

The following Fig. 4.2.5 demonstrates the Seebeck coefficient plotted as a function
of temperature at different levels of carrier concentration. The charge -carrier
concentration considered are £ 10%° cm=3, &+ 102 cm™® and % 10%? cm3. Above * 10%
cm3the Fermi level becomes too dense and hence would cease the charge flow and below
%+ 10%° cm3, mixed contribution by n-and p-type charge carriers to S was observed, which
would ultimately drastically reduce the electrical conductivity. As seen from the Fig., S
value is higher for n-case, which indicates that the compound will be more efficient in
the n-case. But as seen from the band structure, the effective mass is too high in its
conduction region even to slightly support thermoelectricity. Therefore, both these

compounds are investigated as a p-type compound.
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Fig. 4.2.5: Seebeck coefficient as a function of temperature plotted at

different levels of carrier concentration
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In CoZrMnSi, we have considered the carrier concentration level of 102 cm™. This
is because for higher temperatures other levels of concentration showed mixed
contribution to S despite of their higher values. For CoYFeSi, the carrier concentration
level of 10?* cm™ shows highest unmixed S values and is thus considered for further
calculation. The increase in S with the increase in temperature is an indication of the high
working temperature range of these compounds. The following Fig. 4.2.6 shows the

parameters required to calculate lattice thermal conductivity as a function of temperature.

The calculated lattice thermal conductivity decreases with the increase in
temperature and thus these QH compounds prove their potentiality as thermoelectric
materials. The different transport parameters calculated as a function of temperature is
shown in Fig. 4.2.7. The relaxation time is plotted as a function of temperature and it
decreases with the increase in temperature. CoZrMnSi showed very high electrical
conductivity but its thermoelectric applications are limited by high thermal conductivity.
Very high electrical and lattice thermal conductivity is observed in case of CoZrMnSi
and no thermoelectric material has thermal conductivity value close to it. CoYFeSi has
moderate thermal conductivity values close to other potential thermoelectric materials.
The important factor of thermal conductivity which makes a material potential for its
thermoelectric applications is that the total thermal conductivity should decrease with the
increase of temperature. Both compounds CoZrMnSi and CoYFeSi fulfill these criterion.
Among these two compounds, the highest ZT was observed in case of CoYFeSi and is
about 0.32 at 1100 K. CoZrMnSi also showed the highest ZT value in the same
temperature range and is about 0.29. These compounds gives their best ZT values in high
temperature ranges and can therefore be tuned into excellent thermoelectric materials

workable at very high temperature ranges.
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Fig. 4.2.6: Thermodynamic parameters (a) Equilibrium volume, (b) Debye’s
temperature and (c) Gruneisen parameter used in calculating lattice thermal

conductivity, plotted as a function of temperature.
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Table 4.2.3: Thermoelectric parameters of CoZrMnSi and CoYFeSi, for those

temperatures where ZT is found to be maximum. Both CoZrMnSi and CoYFeSi gives

maximum ZT at 1100 K.

Thermoelectric parameters CoZrMnSi CoYFeSi
Relaxation time (r) (sec?) 7.6x1071° 3.25x10

Seebeck coefficient (S) (n V/K) 136.06 -136
Electrical conductivity (¢) (2m)? 6.214x10° 1.026x10°

Electronic thermal conductivity (k) (W/mK) 21.14 6.5

Lattice thermal conductivity (xp) (W/mK) 13.5 3.96

Total thermal conductivity (x) (W/mK) 34.63 10.47

Figure of merit (ZT) 0.29 0.32
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4.3 XSiSb (X=Ti, Hf) Half-Heusler Compounds

These compounds are metallic in nature but despite of their metallic nature they are
investigated for potential thermoelectric application due to their low thermal
conductivity. Usually metals have very high thermal conductivity and is thus neglected
in the search of good thermoelectric materials. Subjected to structure modifications, these
compounds can show potential thermoelectric behaviour at room temperatures and thus
they make it to the list of thermoelectric materials. Structure anisotropy is to be taken care
of in order to realise these materials in practise.

4.3.1 Structural Optimization of XSiSb (X=Ti, Hf)

TiSiSb and HfSiSb are hypothetical compound and we have assumed that it
has the same structure as Ge based TiGeSh. TiGeSb crystallizes in a ZrSiS-type structure
possessing tetragonal-phase with P4/nmm space group. (Joshi et al., 2017) A unit cell of
HfSiSb and TiSiSb consists of six atoms occupying three two-fold positions with Hf on
2c¢ (1/4, 1/4, 0.2420), Si on 2a (3/4, 1/4, 0) and Sb on 2c (1/4, 1/4, 0.6112) for HfSiSb and
Tion 2c (1/4, 1/4, 0.2404), Si on 2a (3/4, 1/4, 0) and Sb on 2c (1/4, 1/4, 0.6175) for
TiSiSb (Mahan et. al., 1997). Structural optimization based on Murnaghan’s equation of
state (Murnaghan, 1994) was performed to obtain the relax structure with minimum
energy and is shown along with the crystal structure in Fig. 4.3.1. Unfortunately, to the
best of our knowledge, there are no experimental results for the comparison of the
calculated lattice constant, bulk modulus, etc. Thus we have compared it with that of the
available theoretical ones, as shown in table 4.3.1. It is seen from the table that the present
structural parameters of HfSiSb and TiSiSb compound are in excellent agreement with

the available theoretical values.
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Fig. 4.3.1: Crystal structure along with the volume optimization curve for

(a) HfSiSb and (b) TiSiSh

Table 4.3.1: Comparison of the calculated lattice parameters with the available

theoretical results.

Lattice constant Lattice constant
(a) A () A ,
Compounds Previous | Calculated | Previous | Calculated B(GPa) B
result result result result
HfSiSb 3.740* 3.746 8.603 8.618 111.23 4.645
TiSiSb 3.634* 3.642 8.203 8.22 113.025 4.86

*(Deligoz et al., 2016)
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4.3.2 Electronic properties of XSiSb (X=Ti, Hf)

To determine the thermoelectric properties it is necessary to obtain a good
description of the electronic structure. The band structure along with the total DOS is
plotted in case of HfSiSb and is shown in Fig. 4.3.2 (a). The contributions of different
electronic states in the valence and the conduction band determines the electronic
property of the material. It can be clearly seen that no band gap is observed, implying that
these materials are metallic in nature. In the Fermi level Ef, there is no hybridization
between the Hf-d> and Si/Sb-do states and, hence, a band gap is missing. This is because
of dispersed bands that are a result of the overlap between p-states of Hf with that of Si
and Sb (Joshi et al., 2017). The band curves near the Fermi level are quite sharp in almost
all directions except in the X-M direction, where the band curves are flat in the valence
band region. Sharp curves are beneficial for the Seebeck coefficient and this may be the
reason for non-zero value of the Seebeck coefficient (Joshi et al., 2017). From the partial
DOS plots shown in Fig. 4.3.3 and 4.3.4, the maximum contribution to the total DOS is
due to the Hf-d> states (~4.2 eV) and there is an appreciable contribution from the p states
of Si and Sh. Since Hf has the highest contribution near the Fermi energy, therefore the
sharp peaks in the DOS are mainly due to d-state electrons (Joshi et al., 2017). The DOS
near the Fermi energy of HfSiSb is about 8 electrons eV —1, which is the main reason for
high electrical conductivity. Thus, the electrons at the top of the valence band and those
at the bottom of the conduction band mostly come from the d-orbital and some from the
p-orbital. The sharp peak at 0-2 eV below the Fermi energy is due to the occupied dtzg
(dyy, dx;, dy;) states while the peaks above the Fermi energy at around 2—6 eV are due to
the unoccupied deg (dz2, dx2+y2) states (Joshi et al., 2017). In comparison to the DOS

results, it can be seen from the band structure results that the bands from 1.4 eV to 8 eV
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are due to the d-state electron of the Hf atom. The dense band at the vicinity of the Fermi
energy (Er) is mostly due to the d-states of Hf atoms, whereas the thin bands away from
Er are mainly due to the Sh-p and Si-p states. In the valence band region, from about —7.2
eV to 1.6 eV, the bands are dominated by the d-states of Hf atoms; the p-states of Si and
Sb have a very low contribution (Joshi et al., 2017). In the conduction band region, the
contribution to DOS by all Hf, Si and Sb atoms is very small and is almost equal. A closer
look at PDOS plot shows that the maximum contribution of Si-p states (mainly from the
p; orbital) to the total DOS is at —1.6 ¢V, whereas Sb-(px + py) contributed at —1.8 eV,
below Er. Still, the sharp peaks at (1-2 eV) below Er are very small compared to the
peaks due to Hf-d states. Thus, the hybridization between Hf-d> and Si/Sh-do states are
missing, and this may be the reason for deformed and dispersed DOS at Er (Joshi et al.,

2017).

Similarly for TiSiSb, the sharp peak at ~ 2 eV above Fermi energy is due to the
occupied dtog (dxy, dxz, dy,) states while the peaks below Fermi energy at around0 — 2 eV
is due to the unoccupied deg (dz2, dx2+y2) States. The overlapping of valence and conduction
band indicates the metallic nature of TiSiSb (Joshi et al., 2017). In the upper valence
region, from -2 eV the bands are mainly due to d-state of Ti atoms. The bands in the
conduction region are dominated by the d-state of Ti atoms. In the fermi level
Er, the p-state of Tioverlaps with that of Si and Sb, resulting in dispersed band
along the Fermi level. Since there is no hybridization among the states, hence no band

gap is observed for TiSiSb (Joshi et al., 2017) (See Fig. 4.3.2 (b)).
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Fig. 4.3.2: Total DOS and band structure plot of (a) HfSiSb and (b) TiSiSb half-

Heusler compounds, plotted using GGA approximation.
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Fig. 4.3.4: Partial DOS plot of (a) Ti, (b) Si and (c) Sb for TiSiSb.
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4.3.3 Thermoelectric properties of XSiSb (X=Ti, Hf)

The thermoelectric properties such as S, o/z, and x/z were calculated from the BTE
in combination with the first principles band-structure calculations using a simple rigid-
band and the RTA. One of the demerit of BoltzTraP is that the relaxation time is not
known. TiGeSb and TiSiSb compounds have negligible heat transport, hence it can be
assumed that their relaxation time is constant (Boukai et. al., 2008). Our calculation for
electrical conductivity and electronic thermal conductivity are based upon the assumption
that relaxation time is energy independent constant equal to 6.4 x 107 (Joshi et. al.,
2017). We have used the constant relaxation time approximation in case of metallic
compounds only and this is due to the difficulty in the calculation of the relaxation time
as a function of temperature, because of the complex band structures of the metallic

compounds.

Thermoelectric parameters were calculated along the XX (perpendicular) direction
and along the ZZ (parallel) direction due to the tetragonal structure of the compound.
Here we have only highlighted the important thermoelectric properties of the materials.
The detailed properties on the electronic and the thermoelectric parameters of these
compounds can be found in details in our paper (Joshi et al., 2017). The lattice thermal
conductivities were estimated by the RTA-BTE, as implemented in the code Phono3py
(Togo et. al., 2015). The thermal conductivity above 100 K is due to both the electronic
as well as phononic contribution. Below 100 K, electronic thermal conductivity is

negligible (Li et. al., 2014).

A plot of thermoelectric parameters as a function of temperature is shown in Fig.
4.3.5. and 4.3.6. The calculated Seebeck coefficient for HfSiSb and TiSiSb are of the

order of 10 (1000 pV/K)), at room temperature (300 K). Here an additional compound
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TiGeSb is also considered in order to compare the thermoelectric properties of XSiSb
(X=Ti, Hf). This is done because XSiSb (X=Ti, Hf) are both hypothetical compounds and
TiGeSb being a compound experimentally synthesized, its inclusion will make the

comparison more practical.

From the plots it is found that the compounds work best in or around room
temperature. The calculated thermoelectric parameters at room temperature are presented
in table 4.3.2. At room temperature, the total thermal conductivity (x) of TiSiSb is greater
than that of TiGeSb. However along the parallel direction, x of TiGeSb is much higher
than that of TiSiSbh. As the temperature increases, the x for TiGeSb also increases linearly,

whereas for TiSiSb, it remains almost constant with temperature.
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Fig. 4.3.5: Thermoelectric parameters of HfSiSb (a) Seebeck coefficient, (b) Electrical
conductivity and (c) electronic and phononic thermal conductivity and (d) total thermal

conductivity, as a function of temperature.
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conductivity and (c) total thermal conductivity, as a function of temperature. They are

compared with the more practical compound TiGeSb.

Theoretical Investigation of a New Class of Thermoelectric Materials among the Family of Heusler
Compounds

~126 ~



Chapter 4
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Table 4.3.2: Calculated thermoelectric parameters at room temperatures

ng;;‘%ﬂfgg e HfSiSh TiGeSh Tisish
Sxx (VIK) -2.1x10* -1.4 x 10* 2.04 x 10
Szz (VIK) -3.26x 10 -6.5 x 10° -9.25 x 10°
Majority Carriers (XX) n-type n-type p-type
Majority Carriers (ZZ) n-type n-type n-type
oxx (Qm)’! 7.13 x 107 2.17 x 107 6.52 x 107
62z (Qm)*! 6.71x 108 1.82 x 10° 1.56 x 10°
ke (XX) (W/mK) 5.67 x 102 3.52 x 102 9.23 x 102
Ke (ZZ) (W/mK) 0.59x 102 34.2 3.82
Kp (XX) (W/mK) 17.65 15.1 12.7
kp (ZZ) (W/mK) 6.56 5.6 4.4
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Conclusion

In this thesis, we have presented a systematic study of ground state
electronic and thermoelectric properties of Heusler compounds with the following
combinations MCoSb (M=Ti, Zr and Hf), XAuSn (Sc, Lu) , CoX'Y'Si (X'=Y, Zr; Y'=Fe,
Mn) and XSiSb (X=Ti, Hf) HH and QH compounds. . We have considered in total 9

compounds in which MCoSb (M=Ti, Zr and Hf), XAuSn (Sc, Lu) and CoX'Y'Si (X'=Y,

Zr; Y'=Fe, Mn) crystallize into unique FCC structure with space group F43m (No.216),
whereas, XSiSh (X=Ti, Hf) crystallize into tetragonal P4/nmm space group. We have
studied the structural properties, electronic band structure, density of states and the
thermoelectric properties of the compounds in its equilibrium position by using FP-
LAPW method based on density functional theory (DFT). The optimized lattice
parameters performed in GGA are in good agreement with the available theoretical
results. The minor variations of the optimized lattice parameters with the results obtained
experimentally are because of the choice of our functional (GGA), which is found to

overestimate the lattice constants.

Our main aim was to study the thermoelectric properties of HH compounds which
have not yet revealed their properties. In order to achieve this we used the FP-LAPW
method based upon the density functional theory along with quasiharmonic
approximation and Boltzmann transport theory. The structural and the electronic

parameters such as the lattice constant and the energy band gap are in agreement with the
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available literature. We found that HH compound MCoSb and ScAuSn are more stable
and has greater probability to be synthesized experimentally (corresponding to negative
formation energy) when we considered the position M; x=y=z=0.25, Co; x=y=z=0 and
Sb; x=y=z=0.75, rather than considering the general position of HH compounds which is
M; x=y=z=0, Co; x=y=z=0.25 and Sbh; x=y=z=0.5. The modified Becke-Johnson
potential is almost ineffective to compute the band gaps of the compounds and thus the
customary GGA functional yields appreciable band structure related results.
Thermodynamic properties study showed the decrease of Debye’s temperature with the
rise in temperature. This indicates that at higher temperatures the compound MCoSb
becomes less anharmonic and thus tends towards harmonic oscillations. Finally, the high
Seebeck coefficient and the low thermal conductivity showed the carrier concentration
optimized at 10'° cm-3 and p-type MCoSb will be more efficient than the n-type MCoSb
HH compounds. The lattice thermal conductivity are in close agreement with the
experimental results. Our calculation is done computing the variation of relaxation time
with temperature, which many theoretical studies lack. The calculated ZT value, even
though not high, is still higher than the available experimental results and we believe that
optimizing the transport parameters like Seebeck coefficient, electrical and thermal
conductivity will further reveal high ZT values. This will add a strong support on our

prediction that MCoSb has possible thermoelectric applications.

XAuSn (Sc, Lu) and CoX'Y'Si (X'=Y, Zr; Y'=Fe, Mn) compounds also showed
good thermoelectric characteristics with thermal conductivity decreasing with the
increase in temperatures. LuAuSn and CoYFeSi showed topological insulating behavior
and these compounds can act as new type of thermoelectric materials opting to their ZT

values which is quiet high, considering the pure form of the materials. Unfortunately no
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experimental nor theoretical results were available for comparison because these

compounds were not investigated for thermoelectric applications.

In case of HfSiSb and TiXSbh (X=Ge, Si), overall shape of the band structure is
found to be in well agreement with the available results. Despite of having metallic
properties, TiXSh showed a potential thermoelectric characteristics. The linear increase
in Seebeck coefficient with rise in temperature is key. This may be due to the low
thermal conductivity and high Seebeck coefficient of the material. Hence, the present
work encourage more detailed study of the systems in exploring their energy band
structures in relation to structural phases. Furthermore, the effect of pressure on the
system initiate phase transition and consequently the electronic structure. The
another approach of tuning electronic structure is introducing the doping
concentration of heavy elements. As a result the Seebeck coefficient and electrical
conductivity will increase that leads to enhance ZT values. Our present study of tetragonal
ternary antimonides will open a new window for further research among the family of
analogous materials. The best thermoelectric materials known to date are either narrow
gap semiconductors or semimetals, thus a deep profound study of these materials may

lead us to metallic thermoelectric materials function able at room temperatures.

Finally, we would like to end the discussion by stating that there are some cases
where GGA and mBJ does not give band gaps close to the experimental values. This may
be mostly because of the temperature difference between the theoretical and the
experimental setup. However, it may also be the inefficiency of the code. In some cases
this can be remedied by introducing a strong intra-atomic interaction in a Hartree-Fock
like manner, as an onsite replacement. This approach is commonly known as the

LSDA+U method. In some case like CooFeAl when LSDA+U was used, it shows half-
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metallic characteristics which GGA and LSDA fails to do so. However it is a very tedious
method and requires heavy computational efforts and longer time. For all cases, default
values of U were used by the code. However, this will be taken care of in our future

works.
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