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ABSTRACT

Half-Heusler (HH) compounds are increasingly popular for their use as thermoelectric
materials in high-temperature applications. The present work explores the electron
and phonon transport properties of TiFeSe compounds to understand their
thermoelectric behaviour using Density Functional Theory (DFT), semiclassical
and Slack's

thermodynamically, dynamically, and mechanically stable, exhibiting non-magnetic

Boltzmann transport equation, equation. The compound s
semiconductor behaviour with an indirect bandgap of 0.80 eV. The compound has a
higher Young's modulus and bulk modulus, indicating better mechanical strength, and
also has a high melting point, as calculated from the elastic constants. The lattice
thermal conductivity is 24.84 wm™ K™ at room temperature and decreases as the
temperature increases. The maximum power factor (PF) in the compound for hole
doping is 182 pW/cmK?, leading to a maximum figure of merit (zT) value of 1.45 at
1200 K. This study shows that the hole-doped TiFeSe compound is a promising

candidate for high-temperature power generation in thermoelectric applications.

1. INTRODUCTION

1/2, 1/2), and 4c (1/4, 1/4, 1/4) positions respectively [13, 14].

The growing gap between the global energy demand and limited
supply of non-renewable resources is pushing us toward an
energy crisis. Outdated energy policies, weak regulatory
standards, and lack of proper energy storage are all intensifying
the crisis. To alleviate these issues, many researchers are
actively working to find solutions. One way to reduce the crisis is
by turning waste heat from industries, transportation vehicles
etc into useful electricity using thermoelectric materials [1-4].
Nowadays, these materials are a key part of modern technology,
and their conversion efficiency depends on the parameter

thermodynamic figure of merit that can be expressed as [5, 6]:
S%oT

Where S, 0, Kg, Kk, and T are the Seebeck coefficient, electrical
conductivity, electronic and lattice contributions to thermal
conductivity, and absolute temperature, respectively. The
interdependence of S, o, and k,, along with electron-phonon
coupling in crystals, limits the zT < 1 in many thermoelectric
materials. However, a zT > 1 is needed for better energy
conversion in thermoelectric devices [7, 8].

Although skutterudites [9] and chalcogenides [10] materials are
better suited for medium temperature thermoelectric
applications, skutterudites face thermal stability issues at high
temperatures, and chalcogenides have weaker mechanical
strength [11]. Thus, the half-Heusler (hH) materials are now a
major focus in recent research for high-temperature
thermoelectric applications because of their tunable electronic
properties, excellent thermal stability, and mechanical strength
[11, 12]. They are ternary intermetallics with a cubic MgAgAs-
type structure and formula XYZ, where X and Y are transition
metals, and Z is a main group element. They consist of three
interpenetrating face-centered cubic (fcc) sublattices, with X, Y,
and Z atoms occupying Wyckoff positions 4a (0, 0, 0), 4b (1/2,

The semiconducting ground state in hH alloys necessitates a
nonmagnetic ground state due to the Slater-Pauling rule, which
states that magnetic moment pu = (Ny - 18), where Ny is the
valence electron count (VEC) per formula unit [15]. Since the
magnetic moment vanishes for compounds with 18 VEC, the
search for 18-VEC compounds leads us to the TiFeSe compound.
This compound is reported to have a hH phase in the material
project [16]. Furthermore, Nenuwe et al. [17] reported the
stability, magnetic, mechanical, and thermoelectric properties of
FeTiSe, but the zT value was calculated based solely on
electronic thermal conductivity (ko). However, in hH
compounds, lattice thermal conductivity (k) is typically high due
to their simple and symmetric crystal structure, as well as the
fewer atoms in the primitive unit cell [18] and therefore cannot
be neglected in thermal conductivity calculations. In this work,
we used first-principles calculations to determine the transport
parameters and their variations with chemical potential at
different temperatures for both electron- and hole-doped TiFeSe
compounds.

The paper is organized as follows: Section 2 covers the
computational details, Section 3 includes the results and
discussions, and Section 4 presents the conclusions of the study.

2. COMPUTATIONAL DETAILS

The structural, electronic, and magnetic properties were
computed using density functional theory (DFT) implemented in
Quantum ESPRESSO (QE) software version 7.1 [19]. Perdew,
Burke, and Ernzerhof generalized gradient approximation (PBE-
GGA) [20], is used to describe the exchange and correlation
interactions. Ultrasoft pseudopotentials (USPP) were used for all
elements with the valence electronic configurations as: Ti: 3s?
3p® 3d? 4s2, Fe: 3s% 3p® 3d® 4s2, and Se: 4s? 4p*. The geometric
visualization of the optimized crystal structure is done with
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XcrySDen [21]. The calculations used a plane wave basis with a
kinetic energy cut-off of 70 Ry and a charge density cut-off of
700 Ry. A Monkhorst-Pack [22] k-point grid of 10x10x10 in the
first irreducible Brillouin zone (BZ) was used for integrating
over the BZ. Diagonalization (David), a mixing beta factor (0.3),
and Marzari-Vanderbilt smearing [23] (width 0.005 Ry) were
used throughout the calculations. T > X>W 5> K->T>L->
U > W - L - Kis the high symmetry path in the first BZ along
which sampling points are chosen. A denser k-point mesh of 20
x 20 x 20 was used to evaluate the density of states (DOS) and
partial density of states (PDOS). The energy eigenvalues
calculated using DFT with the same mesh were also used in the
calculations within the BoltzTraP code to estimate the
transport coefficients by solving the Boltzmann transport
equations [24]. Phonon dispersion calculations were carried
out to evaluate dynamical stability using density functional
perturbation theory (DFPT) [25] within the Quantum ESPRESSO
package, with a 2 x 2 x 2 g-point mesh. The mechanical
properties were assessed using the thermo_pw [26] tool within
QE suite, while Slack’s equation [27] was used to calculate the
K.

3. RESULTS AND DISCUSSION
3.1. Structural Stability
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Before studying the properties properties, it's important to
ensure its stability for any hypothetical compounds. TiFeSe is a
ternary hH compound that belongs to the F43m space group
and has a structure of MgAgAs prototype. In XYZ hH
compounds, the Y element stays at the 4b position, while the X
and Z elements can occupy in the positions 4a and 4c. We have
evaluated the stability by placing Fe at the 4b site and assessed
the suitability of Ti and Se by swapping their positions at the 4a
and 4c sites. The labels | and Il refer to the two structural
configurations as in Figs.1(a) and 1(b) that differ in their atomic
positions, as shown in Table 1. The energy vs. volume plots
Figs.1(c) and 1(d) for the I and Il structures are fitted using the
Murnaghan equation of state [28] to obtain the optimized
lattice parameter. After VC-relax, it results in lattice parameters
of 10.60 a.u. and 10.59 a.u. for the type | and type Il structures,
respectively. Based on the SCF energy, the type | structure has
a slightly lower total energy (-395.373480 Ry) compared to
that (-395.373472 Ry) of type Il structure. Although the energy
difference is not significant, we have selected the slightly
lower-energy structure (Type 1) for our calculations, which is
also reported in Ref. [17]. The calculated lattice parameter is in
close agreement with the reported value of 10.62 a.u. (5.62 A)
in Ref. [17]. Therefore, all further calculations were carried out
using the type | structure

00 10.20 10.40 10.60 10.80 11.00 11.2C
Lattice Parameter (Bohr)

Fig. 1. (a) Conventional unit cell of TiFeSe (type-1) (b) Conventional unit cell of TiFeSe (type-Il) (c) Energy (in Ry) vs. lattice parameter (in
Bohr) for TiFeSe (type-1) (d) and Energy (in Ry) vs. lattice parameter (in Bohr) for TiFeSe (type-Il)).

After structural optimization, we confirmed the compound's
thermodynamic, dynamical, and mechanical stability by
calculating the formation energy, phonon dispersion, and
elastic constants, respectively. The formation energy is
calculated as:

_ (Erirese)—(XETi+YEre+2Ese)

Efopm = —LEesel "X TIVIRRIISE) | | evveesssineneees (ii)

X+y+z

Here, Etirese, Etiy Ere, and Ese represent the total energy p.u.c.
of the bulk crystal TiFeSe, bulk elements Ti, Fe, and Se,
respectively, x, y, and z are the total number of Ti, Fe, and Se
atoms, respectively. From our calculations, the formation
energy of TiFeSe is -0.54 eV/atom. The stability of the
materials against elemental segregation is suggested by this
negative formation energy.
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Table 1. Atomic positions, optimized lattice parameters (in a.u.) and total energy (Ry) for type (I and Il) of TiFeSe.

Type 4a(X) 4b (Y) 4c (2) Lattice Parameter (a.u.) Total energy (Ry)

| 0,0,0 0.25,0.25,0.25 0.5,0.5,0.5 10.60 —-395.373480

1] 0.5,0.5,0.5 0.25,0.25,0.25 0,0,0 10.59 —-395.373472
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Fig. 2. Phonon dispersion plot and phonon density of states (PhDOS) of TiFeSe.

The phonon dispersion along the specified high-symmetry
points is presented alongside the phonon density of states
(PhDOS) in the Fig 2. This is used to check the dynamical
stability of the compound. Since TiFeSe has three atoms in its
primitive cell, the dispersion plot has nine vibrational modes,
three low frequency acoustic modes and six high frequency
optical modes. The absence of imaginary frequencies indicates
dynamical stability of the compound. The acoustic branches
are highly dispersive and are almost linear near the I point,
resulting in higher group velocities, while the optical modes
are flatter and have lower group velocities. This makes
acoustic modes more dominant in heat transfer than optical
modes. The high frequencies are mainly due to the vibration
of Fe and Ti atoms having nearly similar atomic masses and
the low-frequency branches are caused by the vibrations of
relatively heavier Se atoms, as seen in the PhDOS. The overlap
between low-frequency optical modes and high-frequency
acoustic modes suggests strong phonon-phonon scattering,
which affects the lattice thermal conductivity of the
compound.

The mechanical stability of the compound is evaluated by
calculating the elastic constants with the thermo_pw code
[26] in Quantum ESPRESSO. The cubic materials have three
independent elastic constants: Cy;, Cqp, and Cus, Which were
found to be 267.45 GPa, 101.38 GPa, and 74.77 GPa,
respectively. The compound meets the Born’s mechanical
stability criteria [29] (C1; > 0, C44 >0, C;3 — C4, > 0, and Cy; +
2Cy, > 0). The Young's modulus and bulk modulus are
calculated using the Voigt-Reuss-Hill approximation [30]. The
ratio of stress to strain defines Young's modulus, which
quantifies a material's stiffness. With a Young's modulus of
200.64 GPa, the compound exhibits the significant rigidity. The
bulk modulus (B) measures how compressible a material is

under pressure. TiFeSe has a high B value of 156.73 GPa,
means that it resists compression and performs well under
high pressure. The melting temperature (T,,) of cubic crystals
can be calculated from elastic constant C;; using the formula
[31]:

Tm=[553 K+ (5.91K/GPa) C1] £300 K .ccvvenvirueiieieeinne (iii)
The compound's high melting point of 2133.62 K suggests it is
well-suited for high-temperature applications.

3.2. Electronic and magnetic properties

The electronic band structures (EBS), along with the DOS and
PDOS, computed using the optimized lattice parameters, are
displayed in Fig 3. The high-symmetry pathT > X > W > K>
->L->U-=>W - L~ Kis used for plotting EBS and a dashed
line at 0 eV represents the Fermi energy. The valence band
maximum (VBM) is located at the L point, and the conduction
band minimum (CBM) at the I point. This indicates that TiFeSe
is an indirect band gap semiconductor with a band gap of 0.80
eV. The calculated band gap value is very closer to (0.81 eV) as
reported by Nenuwe et al. [17], but lower than the value (0.86
eV) found in the Materials Project [16]. Variations in band gap
values may arise due to the use of different exchange-
correlation functionals in the studies. Additionally, there is no
experimental band gap value available for comparison.

The VBM at the L point is a doubly degenerate state with
heavy-hole and light-hole bands of varying curvatures. Sharp
bands with higher curvature exhibit a smaller effective mass,
whereas the flat bands with lower curvature result a larger
effective mass for their charge carriers. Thus, the degenerate
bands at the VBM results in a higher Seebeck coefficient for
hole doped compounds. There is a triply degenerate band at
the I point, ~ 360 meV below the VBM, while the band
extrema at the X point of the CB is ~290 meV higher than the
CBM. These bands do not significantly contribute to the
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transport properties of the compounds. The symmetrical DOS
plot between the spin-up and spin-down channels indicates
the non-magnetic nature of the material. The PDOS plot
reveals that the Fe-3d orbitals contribute significantly the VB,
while Ti-3d orbitals dominate the CB, with minimal
contributions from Se-4p orbitals in both bands. TiFeSe is a

non-magnetic semiconductor with zero magnetic moment 0.0
Ug and is consistent with the Slater-Pauling rule [15], magnetic
moment W = (Z - 18) pg, based on its valence electron count Z.
The suitable semiconducting EBS and non-magnetic ground
state of the compound motivate us to quantify the transport
parameters and thermoelectric properties.
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Fig. 3. The electronic band structure (EBS), total density of states (DOS), and partial density of states (PDOS) plots of TiFeSe atoms

with a horizontal dotted line representing the Fermi level.

3.3. Thermoelectric Properties

The transport parameters, Seebeck coefficient (S), electrical
conductivity (o), and electronic thermal conductivity (k) are
calculated using the semi-classical Boltzmann transport theory
in BoltzTraP software [24]. It relies on the rigid band
approximation (RBA) and the constant relaxation time

- seconds

approach (CRTA). A constant relaxation time of 10
chosen based on some other hH compounds, is used to
evaluate the transport properties as a function of chemical
potential for different temperatures, as shown in Fig. 4.
Mott’s equation [32] for the Seebeck coefficient:

2,2 1/3
5= 20 (3
shows that S depends on the DOS effective mass (mpgs) and

3n

higher carrier concentration (n). The DOS effective mass mpgg
= NVZ/me, depends on the total band degeneracy N,.

The Fig. 4(a) shows that for both p-type (hole doping) and n-
type (electron doping) rise until they reach a peak value as the
chemical potential (u) increases. S peaks in the chemical
potential (1) range of - 0.2 eV to 0.2 eV for all temperatures.
With further increases in the W, S rapidly decreases after
reaching the peak value. The peak value of S for p-type
regions (hole doping) is higher than for n-type regions
(electron doping) at all temperatures. The peak S is ~ 1120
uUV/K for p-type regions and ~915 uV/K for n-type regions at
400 K within the observed range of p. The higher S in the p-
type region may result from the doubly degenerate band at
the VBM. However, a triply degenerate band at the T point,

~360 meV below the VBM, does not have a significant effect
on the transport parameters. The band curvature around the
CBM is relatively sharper, leading to a lower S for electrons in
the n-type regions. The closest band extrema to CBM is at the
X point, ~ 290 meV higher than the CBM, and does not make a
major contribution to the transport properties. The carrier
concentration increases and hence peak value of S decreases
as the temperature rises. At 1200 K, the peak values of the S
are ~ 445 pV/K for p-type and ~350 uV/K for n-type TiFeSe
compounds. The maximum values of S for TiFeSe in this study
are comparable to those observed in LiCaX (X = As, Sh) [33],
but they are lower than those reported for XFeTe (X = Ti, Hf)
[34] systems at the same temperature.

The relationship between electrical conductivity (o) and
chemical potential (u) at different temperatures is illustrated
in Fig.4(b). o exhibits a similar pattern at all temperatures. In
the p range of 0.2 to 0.2 eV, o remains nearly zero, but it
rises outside of this range for all temperatures. When the
temperature increases, electrons gain thermal energy, which
boosts their mobility p. and leads to higher electrical
conductivity (o = nep). o is higher for hole doping (negative p)
than for electron doping (positive W) region, indicating that p-
type doping demonstrates greater o compared to n-type
doping within the examined region. However, this trend could
alter if the temperature-dependent relaxation time, calculated
from the effective mass, is included in the calculation of o.
Fig.4(d) illustrates that the electronic thermal conductivity
(Key), increases with rising temperature. The Wiedemann-Franz
law (k¢ = LoT, where L is the Lorentz number) relates o to K.
Ke displays a similar trend in variation with p as o does across
different temperatures.
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The change in the power factor (PF = Szo) with the p at
different temperatures is illustrated in Fig.4(c). The PF has
very low values close to the Fermi level; however, it rises
sharply with an increase in p. There are two distinct peaks in
the PF for both p-type and n-type materials. As the u
continues to increase, the PF gradually decreases, and this
trend is obeyed across all temperatures. The peak PF is 53
uW/cmK? for n-type doping and 46 pW/cmKk? for p-type
doping at 400 K. As the temperature increases, the peak value

of the PF rises due to enhanced o, despite a decline in the S.
TiFeSe exhibits its highest PF values of 182 pW/cmKk? for p-
type doping and 161 pW/cmK? for n-type doping at a
temperature of 1200 K. p-type doping has higher PF values at
all temperatures compared to n-type doping. The calculated
PF values are slightly lower than those previously reported for
18 VEC hH TilrX (X = As and Sb) at 600 K [35]. These PF values
indicate better thermoelectric performance at elevated
temperatures.
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Fig. 4. Variations of (a-d) Seebeck coefficient, electrical conductivity, power factor, and electronic thermal conductivity with respect to
chemical potential; (e) lattice thermal conductivity as a function of temperature; and (f) zT with chemical potential at different

temperatures.

Fig.4(e) shows the calculated k, from Slack’s equation of
TiFeSe as a function of temperature. The Slack’s equation is
[27],

o = vi/3ame}
1 yZTn2/3
where, Grineisen parameter is calculated as,

9-12(ve/v)?
- 2+4(ve/v1)?
and dimensionless constant,
2.43x1078 "
A= m .............................. (VII)
M, V, and n represent the average atomic mass, the volume
per cell, and the number of atoms in the primitive unit cell,
respectively. The Debye temperature (456.24 K) and the
Grlneisen parameter (1.69) are obtained from the
longitudinal velocity (v;) of (6158.954 m/s) and the transverse
velocity (v;) of (3368.264 m/s), which are calculated from the
elastic constants using the thermo_pw code.
The Kk at room temperature is 24.84 Wm™K™. Phonon
generated by lattice vibrations, whose scattering increases
with temperature in crystalline materials, influence the k. K
decreases with increasing temperature, and reaches its
minimum value of 6.21 Wm™ K™ at 1200 K. The K, value of the
compound in this study at 300 K is much higher than that of

the iron-based 18 VEC hH NbFeTe [36], slightly more than
NbFeSb [37], close to TiFeTe, and lower than HfFeTe [34].

The variation in the zT as a function of u for different
temperatures is displayed in the Fig.4(f). Like PF, the zT has
very low values close to the Fermi level and further rises
sharply with an increase in i both sides making two distinct
peaks in the zT for both hole and electron doped materials. At
400 K, the peak zT values are 0.11 for hole doped and 0.07 for
electron doped compounds. As the temperature increases,
the peak value of zT also rises, reaching 1.45 for the p-type
region and 1.04 for the n-type region at 1200 K. Thus, the
present compound shows better potential for thermoelectric
applications at high temperatures in hole-doped materials
compared to electron-doped ones. These zT values are
significantly lower than those reported by Nenuwe et al. [17],
which did not consider the lattice contribution to thermal
conductivity. Thus, it indicates that the lattice contribution
cannot be neglected in zT calculations for hH compounds. The
zT calculated for TiFeSe is lower than that of TiFeTe [34] but
higher than that of NbFeTe [36], considering the temperature-
dependent relaxation time.

By utilizing the band engineering for electronic transport and
phonon scattering strategies for thermal transport, the zT of
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the compounds can be further enhanced.
4. CONCLUSIONS

In conclusion, this study summarizes the key findings from the
theoretical investigation of TiFeSe compounds, based on
density functional theory and semiclassical Boltzmann
transport theory. The thermodynamic, dynamic, and
mechanical stabilities of the TiFeSe compound were assessed
through the evaluation of formation energy, phonon
spectrum, and elastic constants, respectively. The EBS and
DOS indicate that the compound exhibits non-magnetic
semiconducting behaviour with indirect band gap of 0.80 eV.
The  calculated using Slack's equation, is 24.84 Wm K™ at
room temperature and was found to decrease with increasing
temperature. The electronic and thermal transport properties
were evaluated at various chemical potentials and
temperatures. TiFeSe achieves a maximum zT value of 1.45 for
hole doping and 1.04 for electron doping, respectively, at
1200 K. The high PF of the compound contributes zT > 1. The
zT values suggest that TiFeSe is a strong candidate for
thermoelectric performance and this study will assist in
guiding experimental work.
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