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Role of volume change on the physics of thermoelectric half-Heusler compounds
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Doping at particular sites is a common method for increasing the thermoelectric efficiency of materials, by
tuning carrier concentration and electronic structure. A secondary effect of doping, as well as defects, is to
induce a volume change, usually referred to as chemical pressure, that may affect the thermoelectric efficiency.
Theoretical investigations usually ignore the role of volume change in thermoelectric improvement, mostly
for computational limitations. In this work, we address the role of chemical pressure on the thermoelectric
properties of TaFeSb, MOsSb (M = Ta, Nb), and NRuAs (N = Ta, Nb, V) by using ab initio electronic struc-
ture calculations. We calculate the effect of both negative and positive pressure on the electronic structure,
the Seebeck coefficient, electrical and thermal conductivity, as well as the power factor and thermoelectric
performance. We argue that volume change, occurring because of defects or doping, should be regarded as an
essential parameter to determine the thermoelectric efficiency accurately, as exemplified by TaFeSb. Among
the investigated compounds, TaRuAs stands out for the peculiar behavior of electronic and thermoelectric
properties with respect to volume change. NbOsSb also stands out, as the sole compounds whose thermoelectric
efficiency is maximal in the ground state and cannot be increased via a moderate volume change. Overall, we
predict that TaRuAs can be an excellent candidate for thermoelectric applications, due to its large thermoelectric
efficiency at zero pressure and the possibility of increasing it by a small volume change. Direct calculations of
TaRuAs g75Big.125 demonstrate the improved thermoelectric properties while also providing an estimate of the

accuracy of our chemical-pressure-based modeling of the doping process.

DOI: 10.1103/PhysRevMaterials.7.104602

I. INTRODUCTION

Thermoelectric materials capable of converting thermal
energy into electrical energy, and vice versa, can be exploited
as a renewable energy source [1-5]. However, applications of
any technology based on these materials have been limited so
far, due to their limited efficiency. Thus, tremendous research
efforts have been invested to discover new materials with
a high thermoelectric efficiency or to improve the currently
available materials [3—10]. The thermoelectric efficiency of a
material is measured with a dimensionless parameter called
the figure of merit, corresponding to ZT = o ST /k, where
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S, o, T, and k are, respectively, the Seebeck coefficient, elec-
trical conductivity, temperature, and thermal conductivity [1].
The ZT value of a good thermoelectric material is equal to or
greater than unity [11].

Decreasing the thermal conductivity and increasing the
power factor (PF = o0S?) are two well-known and broad
strategies for improving the ZT parameter. The first goal can
be achieved through isoelectronic alloying, nanostructuring,
and defects, while the second one may require band-gap
engineering and adjusting the carrier concentration. Defects
and doping are the main way to vary the carrier concentra-
tion, but they also induce a volume compression (expansion),
which is often referred to as a positive (negative) chemical
pressure [12-16]. Both these effects may in turn affect the
thermoelectric efficiency; for instance, previous calculations
demonstrated that the enhancement of the Seebeck coeffi-
cient observed in Sb,Te; after Bi doping originates from
the volumetric changes [17]. Analogously, according to re-
cent theoretical calculations, the Z7 value of TiNiSn and
LaPtBi can be significantly increased by a volume contraction
[18,19]. Govindaraj et al. [20] theoretically predicted that, at
750 K, the ZT of ZnGa,Te4 should increase from about 0.1
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to 0.77 after applying a hydrostatic pressure of 12 GPa. It is
important to highlight that the volume change and the chemi-
cal pressure associated with doping may be quite substantial.
For example, doping ZnS with 10% Cd results in a volume
increase corresponding to a negative chemical pressure of
about 2 GPa [21]. In general, values as high as several GPa
are achievable by employing elements of different size and
higher concentrations [22]. During the past decade, several ex-
perimental and theoretical studies were devoted to investigate
the effects of volume compression (positive pressure) on the
electronic and thermoelectric properties of various materials
[18-20,23-26]. Conversely, the effects of volume extension
are far less studied, probably based on the expectation that
they should act opposite to what is observed for the volume
decrease; however, as we will demonstrate in this manuscript,
this cannot be considered as a general rule. For instance, our
calculations will reveal that the figure of merit of NbOsSb is
worsened by both volume compression and extension.

In the ongoing quest for materials with high thermoelectric
efficiency, Heusler compounds have received considerable at-
tention [6,27-31]. These materials, discovered by Heusler in
1903, are categorized in half-Heusler (HH) and full-Heusler
(FH) compounds, which differ for their crystal structure [32].
While FH compounds are composed of four interpenetrating
face-centered-cubic (fcc) lattices, one of them is empty for
HH compounds [33]. This difference can lead to a variety of
interesting properties. Aliev et al. [34-36] were the first to re-
port on the unusual optical and transport properties (including
thermoelectricity) of the HH compounds TiMnSn, ZrMnShn,
and HfMnSn. The semiconducting nature of these materials,
as well as their narrow band structure, were confirmed a few
years later through first-principles calculations by Ogiit et al.
[37]. Since then, it has become clear that the fundamental
characteristics of their electronic structure makes HH com-
pounds very interesting for applications in thermoelectricity,
spintronics, solar cells, diluted magnetic semiconductors, and
topological insulators [38—40]. In 2019, Zhu et al. [6] pre-
dicted the existence of the HH compounds TaFeSb, M OsSb,
and NRuAs, with M = Ta, Nb; N = Ta, Nb, V. TaFeSb was
also synthesized and shown to have a surprisingly high ther-
moelectric efficiency, exceeding that of all other well-known
p-type HH compounds [6]. To improve on this impressive
achievement, theoretical studies [10,14,30] were conducted to
understand the effects of carrier concentration on the thermo-
electric properties of HH compounds. Tranas ef al. [41] have
focused on the lattice thermal conductivity, while Zeeshan
et al. [30] have investigated electronic and phonon properties
in great detail. Very recently, Akinlami et al. [42] have stud-
ied the thermoelectric properties of the NRuAs (N = Ta, V)
compounds as a function of carrier concentration, as well as
their electronic structures.

All previous studies have addressed the effects associated
with varying the carrier concentration on the thermoelectric
properties of the HH compounds predicted by Zhu et al.
[6] by ignoring the volumetric changes resulting from the
chemical pressure. To remedy to this issue, we intend to in-
vestigate how volume compression and expansion affect the
electronic, lattice, and thermoelectric properties of TaFeSb,
MOsSb, and NRuAs (M = Ta,Nb; N =Ta,Ru, V) by
employing a combination of density-functional theory (DFT)

[43,44] and Boltzmann transport theory [45]. The considered
negative pressures in this study are available in experiments
using doping and defects [14,16], while the positive ones can
be achieved experimentally by doping and defects [14], as
well as by applying a hydrostatic pressure [18]. The variation
of the electronic structure upon volume change is found to
be qualitatively different in TaFeSb and TaRuAs with respect
to the other compounds under study. The thermoelectric ef-
ficiency of TaFeSb, TaOsSb, NbRuAs, and VRuAs is found
to increase (decrease) as the volume increases (decreases).
A similar result is observed for the thermoelectric efficiency
of TaRuAs at low and intermediate temperatures, while at
high temperatures a more complex behavior emerges. Our
calculations also predict that the best value for thermoelec-
tric efficiency of NbOsSb is found at zero pressure, and any
volume variation results in worse properties. Overall, TaRuAs
is predicted to be a very efficient thermoelectric material, even
better than the previously synthesized TaFeSb. Finally, our
analysis of the effects of the chemical pressure is verified by
additional calculations for TaRuAsg g75Big 125, which show a
very good agreement with undoped TaRuAs under negative
pressure, in agreement with our hypothesis.

The present paper is organized as follows. Section II is
dedicated to the methodological details, including the main
equations and computational settings. In Sec. III, the elec-
tronic properties are described. Thermoelectric properties,
including the Seebeck coefficient, electrical conductivity,
power factor, thermal conductivity, and figure of merit, are
presented in Sec. IV. The results for TaRuAsg g75Big 125 are
illustrated and discussed in Sec. V. The final section includes
our conclusion to this study and an outlook for future research.
Additional details on the calculations, as well as the results
of the optimized lattice parameters and elastic properties, are
presented in the Supplemental Material (SM) [46], including
also Refs. [47-50] therein.

II. METHODOLOGICAL DETAILS

We carried out electronic structure calculations in the
framework of density functional theory (DFT) [43,44], using
the full-potential augmented plane-wave plus local orbital
(FP-APW+lo) [51] approach, as implemented in the WIEN2K
code [52]. The spin-orbit coupling has been included from
the outset, since the compounds to investigate are composed
of some heavy elements. In addition, past DFT-based studies
have demonstrated that the inclusion of spin-orbit coupling
is necessary to describe the thermoelectric properties accu-
rately, as the band splitting induced by it affects the electronic
transport substantially [53,54]. The calculations of the HH
compounds were carried out by considering 165 Kk-points in
the irreducible wedge of the first Brillouin zone, correspond-
ing to a Monkhorst-Pack [55] grid of 17 x 17 x 17 points.
TaRuAs( g75Big.125 was instead modeled with a 2 x 2 x 2
supercell, including 24 atoms. Its Brillouin zone was sam-
pled with a Monkhorst-Pack [55] grid of 9 x 9 x 9 points,
corresponding to 35 k-points in the irreducible wedge. The
expansion of the wave functions inside the muffin-tin spheres
and interstitial region was done by using cutoff parameters
as RyrKmax = 7.5 and [, = 10, where Ryt is the radius of
the smallest atomic sphere in the unit cell. The periodic charge
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FIG. 1. Band structure of TaFeSb, TaOsSb, TaRuAs, NbOsSb, NbRuAs, and VRuAs at a pressure of —8 GPa (blue lines), 0 GPa (green

lines), and 8 GPa (red lines).

density and potential expansions were done with a cutoff
parameter Gy, equal to 12 a.u.”'. Moreover, the exchange-
correlation functional was treated in the generalized gradient
approximation, as parametrized by Perdew-Burke-Ernzerhof
(PBE-GGA) [56].

Effective mass and elastic properties calculations were
done using the MSTAR [57] code and IRELAST package [58] of
the WIEN2K code, respectively. The results of elastic properties
calculations including the elastic constants, Voigt, Reuss, and
Hill bulk, shear, and Young’s moduli, as well as the transverse,
longitudinal, and average wave velocity, and Debye tempera-
ture are presented in Tables II-V of the SM [46].

Thermoelectric calculations were performed through the
BOLTZTRAP2 code [59], which is based on the semiclassical
Boltzmann theory [45]. We performed these calculations in
the temperature range from 300 to 1000 K, with steps of
10 K, and using hole carrier concentrations up to 10%* cm=3.
The BOLTZTRAP2 code [59] uses the following equations to
calculate the thermoelectric parameters, including the See-
beck coefficient (S), the electrical conductivity (o), and the
electronic part of thermal conductivity («,):

o=29, (0
1 2O
L [&? o
Ke=q2—T[ R } 3)

where
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Whereas
o(e, T) = / ®V k(e — epx)—= 5)
) Eb ib,k b,k thk b,k 8 ER

In the above equations, ¢, u, fo, 7, V,x are the charge of
the carriers, chemical potential, Fermi-Dirac distribution
function, relaxation time, and group velocity components,
respectively. Based on Egs. (1) and (3)—(5), calculating the
o and k, parameters requires the relaxation time t as in-
put. This parameter can be calculated using the following
approximation [19,60]:

A _ 2V2aCH! 6
TR T 3(my T EY ©

where C, h, kg, m};, and E are the elastic constant, the reduced
Planck constant, the Boltzmann constant, the density-of-states
effective mass, and the deformation energy. Calculated C and
E parameters are presented in Tables II and VII of the SM
[46], respectively. The details and results of the calculations
of the relaxation time for the cases under study are instead
presented in Sec. IV of the SM [46].

Since Z = PF /k, calculating the figure of merit requires
both the power factor and the thermal conductivity «, which
includes electronic (k.) and lattice (k;) contributions. The
former can be easily calculated from the electronic transport
data, using Eq. (3). The latter would in principle require the
full solution of the linearized phonon Boltzmann transport
equation (BTE) [61,62]. This approach is very accurate, but
also very time-consuming, because of the phonon calcula-
tions. An alternative way to estimate k is provided by Slack’s
equation [63,64]:

AL MSO?
L= - Ap —Am, )
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FIG. 2. (a) Band gap of TaFeSb, TaOsSb, TaRuAs, NbOsSb,
NbRuAs, and VRuAs upon the variation of pressure; (b) density-of-
states effective mass for holes mj, in units of the free-electron mass
(1mo); (c) density-of-states effective mass for electrons my, in units of
the free-electron mass (mj).

where M, 8, ®, y are the average mass of the atoms in the
crystal, the volume per atom, the Debye temperature, and
the Griineisen parameter, respectively. A is a constant and
amounts to

243 x 108
- 0.514 0.228 *
1 - = t5T

The Griineisen parameter can be calculated in terms of the
Poisson ratio v:

31+ 1 —=2(vs/vp)?
Y=a2\z=a )

V= L)
2 —2(vs/vL)?

®)

where vg and v are the sound velocities of the longitude and
shear waves, respectively. Tiantian Jia and co-workers [63]
recently introduced a new, more accurate method to evaluate
the Griineisen parameter, based on the formula

y = [v2+2v¢]/3. o)

Here, y; and ys are longitude and shear acoustic Griineisen
parameters [63]:

1V aB+4G/3) 1
YL=-—= - =, (10)
2B+4G/3 oV 6
1VoG 1
- 1
Vs G & (11)

where B, G, and V are the bulk modulus, shear modulus,
and volume of the unit cell, respectively. In this study, we
performed most calculations using Slack’s equation. To verify
the accuracy of our results, we also investigated TaFeSb at
zero pressure by using the BTE approach. These calculations
were performed by means of the Vienna Ab initio Simulation
Package (VASP) [65,66] and the PHONO3PY code [67,68].

Calculations were performed in the pressure range between
—8 and 8 GPa, in steps of 2 GPa. These pressures were
estimated by fitting the energy versus volume curves with the
Murnaghan isothermal equation of state [69]. The optimized
volumes, as well as the percent change with respect to the
values at zero pressure, are reported in Table I of the SM [46].
For simplicity and computational feasibility, we ignore here
the formation of vacancies and antisite defects, which may
slightly modify electronic, lattice, and thermoelectric proper-
ties of HH compounds [70,71]. In particular, an interesting
question arises in relation to the (chemical) pressure depen-
dence of the defect concentration, which may in turn result
in a change of the thermoelectric properties of real materials.
In this study, we employ the reasonable assumption that these
effects are small with respect to those driven by the chemical
pressure directly, but we intend to investigate this issue in
more detail in future works to provide a more quantitative
estimate.

III. ELECTRONIC STRUCTURE

Equations (1)—(5) indicate the relation between thermo-
electric properties and electronic structure. As a result, the
investigation of the electronic structure is propaedeutic to
the analysis of the thermoelectricity. Thus, we calculate the
electronic structure of the TaFeSb, MOsSb (M = Ta, Nb),
and NRuAs (N = Ta, Nb, V) compounds in PBE-GGA for
pressures varying from —8 to 48 GPa.

A. Band structure

The band structures of the compounds under study are
displayed in Fig. 1. Let us first focus on the results at zero
pressure, i.e., the bands in green. In accordance with previous
results [6,10], TaFeSb is a semiconductor with an indirect
band gap at zero pressure; the valence-band maximum (VBM)
is located at the L point, while the conduction-band minimum
(CBM) lies at the X point. A similar result is seen for MOsSb
(M = Ta, Nb) and NRuAs (N = Nb, V), with the VBM and
CBM located at the L and X points, respectively. TaRuAs is
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FIG. 3. Total density of states of TaFeSb, TaOsSb, TaRuAs, NbOsSb, NbRuAs, and VRuAs at a pressure of —8, 0, and 8 GPa, along with
the atomically projected contributions at zero pressure. The Fermi level is at zero energy.

also found to be a semiconductor with an indirect band gap at
zero pressure. Like the other compounds, the VBM is located
at the L point, but the CBM lies instead at the I point.

The band-gap values versus pressure are plotted in Fig. 2.
Our calculations reveal that, at zero pressure, TaFeSb ex-
hibits the highest value, while the lowest one belongs to
VRuAs. The experimental value of the band gap of TaFeSb
at zero pressure [6], which is the sole value accessible
from experimental data, is reported in Table VI of the SM
[46]. We can see that this value is about two-thirds of our
theoretical value of 0.84 eV for TaFeSb at zero pressure,
which is a rather large discrepancy. Conversely, our computed
value is in excellent agreement with previous calculations
[6,10,14,30,72]. Although one is tempted to attribute the dis-
crepancy between theory and experiment to an approximated
exchange-correlation functional, previous calculations based
on the modified Becke-Johnson (mBJ) exchange potential
[73,74] produced an even worse agreement [6]. This issue
is reported in other families of HH compounds as well, and
it has been convincingly attributed to disorder and defects.
For example, the presence of interstitial Ni (Co) defects in
NbCoSn, TiCoSb, ZrNiSn, and TiNiSn has been demonstrated
to explain the discrepancy between theoretical and experi-
mental band gap, as well as the n-type behavior of these
materials [75]. Similarly, antisite defects were shown to play
an important role in ZrNiSn [70].

In addition to the band gap, Fig. 2 displays the density-
of-states effective mass for holes (mz, ) and electrons (mz) ).
Our calculated my, and mj, for TaFeSb at zero pressure are
in good agreement with previous theoretical data [10]. Our
results show that TaFeSb and VRuAs have the highest value
of mp, and mj, at zero pressure, while their lowest values
are found for TaOsSb and TaRuAs. Overall, the values of the
density-of-states effective mass across the materials are pretty

diverse and difficult to predict without a direct calculation of
the electronic structure.

Now we turn to the effects of volume change on the elec-
tronic structures. Comparing the band structures at different
pressures in Fig. 1 reveals that the VBM location in the Bril-
louin zone does not depend on the volume (in the calculated
range of pressure). Similar results have been reported for
other HH compounds as well [10,31]. The CBM exhibits the
same invariant behavior for TaFeSb, M OsSb (M = Ta, Nb),
and NRuAs (N = Nb, V), being located at the X point for
all the calculated pressures; however, the CBM of TaRuAs is
located at the I point for pressures between —8 and 6 GPa,
but it moves to the X point when the pressure becomes equal
to or higher than 6 GPa. These changes are reflected by the
evolution of band-gap values upon varying pressure, reported
in Fig. 2. The band gap is found to be a descending function of
pressure for MOsSb (M = Ta, Nb) and NRuAs (N = Nb, V).
Previous calculations [76] have reported a similar pressure de-
pendence of the band gap for another HH compound, namely
LiScSi. In contrast to these compounds, the band gap of
TaFeSb increases from 0.81 to 0.86 eV when pressure is in-
creased from —8 to 8 GPa. A similar albeit more marked trend
is observed for TaRuAs. This trend of a rising band gap versus
pressure has been previously reported for other HH com-
pounds as well, namely ZrXBi (X = Co, Rh) [14], LuPtSb
[77], and LaPtBi [19]. Interestingly, the band gap of TaRuAs
seems considerably more sensitive to a pressure variation than
all other compounds. This behavior is so marked that the band
gap of TaRuAs increases from 0.06 eV (the lowest band gap
among all our calculations) at —8 GPa to 0.6 eV (the second
highest band gap among all our calculations) at 8 GPa.

We now proceed to the analysis of the density-of-states
effective mass upon pressure. As visible in Fig. 2, mj, de-
creases as volume decreases for all compounds under study.
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FIG. 4. Seebeck coefficient S of TaFeSb, TaOsSb, TaRuAs,
NbOsSb, NbRuAs, and VRuAs vs temperature, for pressures of
—8, 0, and 8 GPa and a carrier concentration n = 20 x 10% cm™3.
Experimental results [6] for Tag g4 Tig.;6FeSb at zero pressure are also
shown.

For NbOsSb, mgh 18 much more sensitive to the volumetric
changes than for the other compounds. NbOsSb is also found
to have the largest value of mj, among all calculations, for a
pressure of —8 GPa. Proceeding to the electronic excitations,
my,_ is found to decrease when pressure is increased for all ma-
terials except TaRuAs. Our results reveal that VRuAs has the
highest value of m’bg at all pressures, while TaRuAs exhibits
the lowest value up to 6 GPa and is overcome by Nb-based
compounds at 8 GPa. An interesting feature of these plots is
that the values of my, in NbOsSb and NbRuAs remain iden-
tical over the whole range of pressures, suggesting a marginal
role of the electronic states that do not derive from Nb, as
discussed in the next section.

B. Density of states

Figure 3 shows the calculated density of states (DOS) for
TaFeSb, MOsSb (M = Ta, Nb), and NRuAs (N = Ta, Nb, V),
at pressures of —8, 0, and +8 GPa. The projected DOS’s per
atom are also displayed for zero pressure only. For TaFeSb,
both the valence- and conduction-band regions are dominated
by Fe-derived and Ta-derived states. The Sb-derived states
do not provide any substantial contribution around the Fermi
energy. Hence, doping at the Ta or Fe sites can affect both

valence and conduction bands, while doping at the Sb sites
can change the carrier concentration without any modification
of the electronic structure. Also for MOsSb (M = Ta, Nb),
the Sb-derived states do not contribute to the valence and
conduction bands effectively. In these compounds, the valence
band is dominated by Os- and M-derived states, while only
the latter contribute to the conduction band in the vicinity
of the Fermi energy. Similar results are observed for NRuAs
(N = Ta, Nb, V), where the N-derived states dominate the
conduction band at low excitation energies, and As-derived
states offer a small contribution to both bands, if compared
to the other atomic states. According to these results, the
electronic structure of both the valence and conduction bands
can be modified by doping MOsSb (M = Ta, Nb) compounds
at the M and Os sites and doping NRuAs (N = Ta, Nb, V)
compounds at the N and Ru sites, with M. On the contrary,
doping at Sb or As can change the carrier concentration with-
out modifying the band structure significantly. Comparing
the results at different pressures reveals that volume change
has a small effect on the general shape of the DOSs for all
investigated materials. As expected, a positive pressure results
in wider bands and larger gaps, indicating an increased ten-
dency toward delocalization. The opposite effect is naturally
observed for a negative pressure.

IV. THERMOELECTRIC PROPERTIES

We then proceed to the analysis of the thermoelectric prop-
erties. The Seebeck coefficient, electrical conductivity, power
factor, thermal conductivity, and thermoelectric efficiency are
each discussed in the following subsections.

A. Seebeck coefficient

To validate our calculations, let us first compare our results
with available experimental data. The thermoelectric perfor-
mance of TaFeSb was found to achieve a peak ZT of 1.39 at
zero pressure and for a 16% doping of Ti at the Ta sites, which
corresponds to a carrier concentration of n = 20 x 10 cm~—3
[6]. Thus, a good comparison can be made between their
Seebeck coefficient and our calculated values for TaFeSb at
zero pressure, using the estimated carrier concentration. The-
oretical and experimental curves are reported in the top left
panel of Fig. 4, showing trends that are in good agreement
with each other. Quantitatively, the values are a bit differ-
ent, with theory underestimating the experimental values by
about 25%. This difference can be related to differences in
the electronic structure, i.e., to the aforementioned overesti-
mation of the band gap, discussed in Sec. III A. However,
it is not the only possible explanation, as we can infer after
examining the dependence of the Seebeck coefficient upon
volumetric changes. Calculations with positive and negative
pressure show that there is a direct relation between S(T') and
volume; see the top-left panel of Fig. 4. Increasing the volume,
i.e., applying a negative pressure, produces a small increase
of the Seebeck coefficient. Thus, the results at a pressure of
—8 GPa are closer to the experimental curve than those at
zero pressure. This effect is in accordance with the fact that
Ti-doping was found to increase the lattice parameters for
concentrations larger than 6% in recent experiments [14]. This
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FIG. 5. Maximum value of the Seebeck coefficient (S™**) for TaFeSb, TaOsSb, TaRuAs, NbOsSb, NbRuAs, and VRuAs with respect to a
varying carrier concentration, as a function of temperature and for pressures from —8 to 8 GPa.

is also in line with what was predicted by Vegard’s law for
binary alloys of various kinds [12].

For the sake of comparison, we carried out similar calcu-
lations for the rest of the compounds, using the same value
of carrier concentration. As shown in Fig. 4, the change of
the Seebeck coefficient with respect to the temperature or the
volume is similar in all compounds. Figure 4 also reveals that
the Seebeck coefficient of TaFeSb is noticeably higher than
that of the other compounds at all considered pressures for the
employed carrier concentration.

Since, according to the ZT formula, increasing the Seebeck
coefficient can improve the thermoelectric efficiency, let us
investigate the maximum Seebeck coefficient (S™**) found
upon varying the carrier concentration up to 10> cm™3. This
calculation was performed by using the method presented in
our previous works [23,24]. S™** versus temperature is re-
ported in Fig. 5 for various values of pressure. The results for
300, 700, and 1000 K are also tabulated in Table IX of the SM
[46] for the sake of completeness. By comparing Figs. 5 and
2, we notice that the behavior of ™ versus pressure is very
similar to the behavior of the band gap. This observation is in
accordance with the Goldsmid-Sharp relation [78]. According
to Fig. 5, a rising pressure increases S™** for TaFeSb and
TaRuAs, but decreases it for TaOsSb, NbOsSb, and NbRuAs
at all considered temperatures. A similar trend is observed for
the band gaps shown in Fig. 2. In addition, we note that the
S™# of TaFeSb is much higher than that of the other com-
pounds for all considered pressures and temperatures, which
reflects the largest band gap discussed in Sec. III A. Similarly,

the greater sensitivity of the band gap of TaRuAs to a variation
of pressure is reflected by the greater range spanned by the
corresponding curves in Fig. 5.

B. Electrical conductivity

The calculated values of o for n = 20 x 10%° cm 3 at —8,
0, and 8 GPa are shown in Fig. 6. In practical terms, the
values of o are calculated by multiplying the output of the
BOLTZTRAP2 code [59] times 7, which is in turn calculated
using Eq. (6). For completeness, the calculated values of t are
reported in Table VIII of the SM [46]. Inspecting Egs. (1) and
(2), we expect the Seebeck coefficient and o to have oppo-
site trends with respect to temperature and pressure. This is
precisely what is observed in Fig. 6. Furthermore, the highest
and lowest values of o belong to TaOsSb and TaFeSb, respec-
tively. This result does not depend on the pressure value, as
Figure 6 demonstrates.

Figure 6 also includes the available experimental results
for Tagg4Tip.16FeSb at zero pressure. Comparison with our
theoretical data reveals that the consistency between theory
and experiment increases with the temperature, both in ab-
solute and relative terms. As for the Seebeck coefficient, the
experimental values of o for Ta g4Tig.16FeSb are closer to the
theoretical ones for TaFeSb at —8 GPa, which we attribute to
volumetric effects associated with doping, at least partially.
We should remark, however, that another possible source of
discrepancy between theory and experiment for o may be the
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FIG. 6. Electrical conductivity (o) of TaFeSb, TaOsSb, TaRuAs
NbOsSb, NbRuAs, and VRuAs as a function of temperature for var-
ious pressures and for a carrier concentration n = 20 x 102 cm=3.
Experimental results [6] for Tag g4 Tig.;6FeSb at zero pressure are also
shown.

fact that the relaxation time 7 is obtained via Eq. (6), which is
an approximation.

Finally, we calculated the temperature dependence of the
maximum values of the electrical conductivity (o™**) with
respect to varying the carrier concentration. These results are
presented in Fig. 7 for pressures between —8 and 8 GPa. For
completeness, numerical values at 300, 700, and 1000 K are
also reported in Table X of the SM [46]. Independently of the
particular compound, o™ is found to increase when pressure
is increased, for all temperatures. This reflects a larger band-
width, which was already discussed in the analysis of Fig. 3.
Moreover, TaOsSb and TaRuAs have the highest values of
o™ for all considered pressures, while NbOsSb and TaFeSb
have the lowest values for pressures up to —4 GPa and larger
than —4 GPa, respectively.

C. Power factor

The calculated power factor (PF = o0S?) of TaFeSb,
TaOsSb, TaRuAs, NbOsSb, NbRuAs, and VRuAs as a func-
tion of temperature for n = 20 x 10*° cm™ is illustrated in
Fig. 8. Pressures in the range from —8 to 8§ GPa are shown,
alongside available experimental data for Tag g4 Tip.;6FeSb at
zero pressure [6]. Both theoretical and experimental curves of

TaFeSb show a peak at intermediate temperatures. A similar
behavior is observed for the other compounds as well. In
analogy to S and o, the experimental PF of Ta g4Tig.16FeSb
at zero pressure is closer to the theoretical PF of TaFeSb at
—8 GPa. As for o, the PF of all compounds increases when
pressure is increased for n = 20 x 10%° cm ™.

The temperature dependence of the maximum values of the
power factor (PF™*) with respect to the carrier concentration
is illustrated in Fig. 9 for various pressures. Tabulated results
for 300, 700, and 1000 K are displayed in Table XI of the SM
[46]. For all compounds, we observe that PF™®* increases with
pressure, at any temperature within our investigated range.
The PF™ of NbOsSb seems considerably more sensitive to
pressure than the other systems; increasing the pressure from
—8& to 8 GPa makes it around 8.5 times larger. Figure 9 also
indicates that TaRuAs has the highest PF™ in our study,
including the whole range of pressures and temperatures.
Therefore, from the power factor point of view, TaRuAs is
the best thermoelectric material among the compounds we
studied. Additionally, our results show that the temperature
dependence of PF™** depends on the compound. As temper-
ature increases, PF™® decreases for TaFeSb, but it increases
for TaOsSb, NbOsSb, and NbRuAs. On the other hand, the
PF™ of TaRuAs is approximately temperature-independent;
for example, raising the temperature from 300 to 1000 K
results in a small increase of 1.2 uW/cm K? at zero pressure.

D. Thermal conductivity

The total thermal conductivity (ki) requires both elec-
tronic (k.) and lattice (x;) contributions. For simplicity, the
following discussion is focused only on «;, since «. behaves
similarly to o, due to the Wiedemann-Franz law [1]. The
temperature-dependent values of «; for all compounds un-
der study and pressures from —8 to 8 GPa are illustrated
in Fig. 10. To verify the accuracy of our results based on
Slack’s equation, we also performed selected calculations for
TaFeSb at zero pressure by means of the BTE method, as
discussed in Sec. II. An analysis of these results (data not
shown) demonstrates that using Slack’s equation in these
compounds tends to underestimate the theoretical «; of less
than 20%. This discrepancy is smaller than previously re-
ported by Naydenov et al. [10], a disagreement that we can
trace back to the method used for the calculation of the
Griineisen parameters. While Naydenov et al. [10] employ
the Poisson ratio method, we use the more accurate method
by Jia et al. [63]. Another source of difference is the Debye
temperature ®p, as reported in Table V of the SM [46].
Proceeding to the analysis of the results, Fig. 10 illustrates
that the lowest value of «; is found for TaRuAs, indepen-
dently of pressure and temperature. Therefore, TaRuAs is the
best compound for thermoelectric applications among those
investigated, in relation to both PF and «;. Furthermore, by
comparing «;, at different pressures, we find that the calculated
values decrease considerably when volume is increased for
all compounds. Finally, Fig. 11 illustrated the total thermal
conductivity, including also the electronic contribution for
n =20 x 10%° cm~!, of TaFeSb. For the sake of comparison,
the available experimental data [6] for Tag g4 Tig.1cFeSb at zero
pressure are also reported. Similarly to what was discussed in
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the previous sections, this comparison reveals the role played
by the volume change induced by doping when comparing
theory and experiment.

E. Thermoelectric efficiency

As discussed in the Introduction, the thermoelectric effi-
ciency is measured using the figure of merit ZT'. Figure 12
displays the values of ZT versus temperature for the con-
sidered materials, for various pressure and for n = 20 x
10 cm™3. The results for TaFeSb can be compared to
the available experimental data for Tagg4Tip.1cFeSb at zero
pressure [6]. The best agreement is again found for the small-
est considered volume, for a pressure of —8 GPa, where
the discrepancy between theory and experiment amounts to
about 20% over the temperatures from 300 to 1000 K. This
agreement seems better than those found in the previous sec-
tions and arises from error cancellation, due to S and ¢ being,
respectively, underestimated and overestimated. This suggests
that the final results on the thermoelectric efficiency of all
materials may provide a reliable guideline for experimental
investigations and further optimization. Proceeding to cross-
compound comparison, Fig. 12 reveals that, for this carrier
concentration, the ZT of TaFeSb is more sensitive to volu-
metric changes than the other systems under study; at 300 K,
the ZT of TaFeSb changes by about 0.1 when pressure goes
from —8 to 8 GPa, while this change amounts to 0.03-0.05
for the remaining compounds.

We also calculated the optimum values of the figure of
merit (Z™**T') with respect to the carrier concentration. These

results are presented in Fig. 13 as a function of temperature
and for various pressures. For completeness, the data for 300,
700, and 1000 K are also reported in Table XII of the SM
[46]. Our calculations reveal that the Z™*T of TaFeSb in-
creases if temperature is increased or upon volume extension.
A similar result is seen for TaOsSb, NbRuAs, and VRuAs.
A rising temperature results in an increase of Z™*T also for
TaRuAs and NbOsSb; however, their trend with respect to a
change of pressure is different from the other compounds.
As can be seen in Fig. 13, volume reduction decreases the
Z™XT of TaRuAs for low and medium temperatures, while
at higher temperatures the curves start crossing each other.
We traced back this irregular behavior to the difference in
steepness of «;, for different pressures. As Fig. 1 in the SM
[46] reveals, if «; is ignored, the ZT of TaRuAs exhibits a
regular decrease when the volume is decreased. This irregu-
lar behavior was also previously reported for SmTe, another
known thermoelectric material [26]. The Z™*T of NbOsSb
exhibits also a completely different behavior from the others.
It increases if pressure is increased from —8 to 0 GPa, but
then decreases if pressure is further increased, up to 8 GPa.
This means that either volume reduction or volume extension
with respect to the ground state worsen the optimum figure of
merit.

Making a comparison between Z™*T across all com-
pounds reveals that the highest value of this parameter belongs
to TaRuAs at low and intermediate temperatures, indepen-
dently of the pressure value. Conversely, at high temperatures,
also the external pressure plays a role. For example, at 1000 K,
TaOsSb has the highest value of ZT between —8 and —6 GPa,
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FIG. 8. Calculated power factor (PF) of TaFeSb, TaOsSb,
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ature, for various pressures and for a carrier concentration n =
20 x 10%° cm~3. Experimental results [6] for Tag g4 Tig.16FeSb at zero
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while TaRuAs becomes more prominent for pressures larger
than —6 GPa.

V. A REALISTIC TEST-CASE

While our discussion suggests that changing pressure and
carrier concentration may lead to a significant increase in
the maximum figure of merit, it is unclear to what extent the
quantum effects associated with chemical doping are going to
modify the electronic structure directly. To investigate these
effects, we studied a concrete test-case for the most interesting
compound identified above, namely TaRuAs. As illustrated
in Fig. 13, the Z™*T of TaRuAs is improved by a volume
increase at low and intermediate temperature values. A
suitable option to obtain a volume increase without affecting
the carrier concentration is doping with Bi at the As site. In
fact, previous computational studies showed that TaRuBi is
likely to be synthesized [79]. In addition, it was shown ex-
perimentally [80] that TiCoSb can be doped with Sn at the Sb
site, which is analogous to our suggestion for TaRuAs. Based
on these results, we expect that TaRuAs;_,Bi, may be easily
accessible in experiments. For computational convenience, we
modeled a Bi concentration of 12.5%, which allows for a rel-
atively small supercell, as described in Sec. II. Although this

approach makes the problem treatable, the effects of disorder
are ignored, which may introduce some errors in determining
the thermoelectric properties accurately [81,82]. However,
these errors are smaller than the effect of chemical doping
we are trying to assess, as they are a direct consequence of
it. Thus, this approximation will not affect the purpose of our
analysis.

The structural relaxation of the supercell shows that a
12.5% concentration of Bi increases the volume of undoped
TaRuAs by about 2.26%, which is very close to the volume
obtained for a pressure of —4 GPa. Thus, we first compare
the electronic structure of TaRuAsgg75Big. 125 with that of
TaRuAs at —4 GPa [46]. The corresponding curves for the
DOS are illustrated in Fig. 14. Overall, both the valence and
conduction bands of TaRuAs g75Big 125 seem slightly wider
than those of undoped TaRuAs at —4 GPa. The main peaks are
a bit smeared, which is an effect of the quantum interference
associated with the different atomic species introduced in the
lattice. These small differences are mainly noticeable at inter-
mediate excitation energy, while the region around the Fermi
level, which determines the transport properties, is remarkably
similar. In accordance with the observed band widening, the
band gap of TaRuAs g75Big.125 has a value of 0.27 eV, which
is closer to the value obtained for undoped TaRuAs at —2 GPa
(0.28 eV) than to that at —4 GPa (0.21 eV). These results
may be understood by considering that the local structural
modifications due to the Bi impurities affect mainly the region
around the impurities, while the interatomic distances around
the As atoms far from them tend to recover the original values
of undoped TaRuAs at zero pressure [12,12]. Therefore, the
reduction of the band gap caused by chemical doping may be
smaller than that obtained by applying an equivalent chemical
pressure on the undoped material. For the sake of complete-
ness, we also plot the DOS for TaRuAs at —2 GPa in Fig. 14.

The  thermoelectric  properties  calculated  for
TaRU.AS()_g75BiQ'125, including SmaX’ amax’ KL, and ZmaXT,
are displayed in Fig. 15. For comparison, the corresponding
data for undoped TaRuAs at a pressure of 0, —2, and —4 GPa
are also shown. As we can see in panels (a) and (b), both
ST and o™ are worsened by Bi doping, in agreement
with our prediction based on the chemical pressure alone.
Concerning o™, the curve of TaRuAs s75Big. 125 is almost
perfectly coincident with that of undoped TaRuAs at —4 GPa.
Conversely, the results for S™* are comprised between the
curves for undoped TaRuAs at —2 and —4 GPa. As illustrated
in panel (c), alloying with Bi leads to a marked reduction
of the lattice thermal conductivity, even larger than what is
expected from our predictions. This is due to the changes
induced in the phonon spectrum by the Bi impurities, which
are detrimental for the propagation of the vibrations along the
lattice [83—85]. Quantitatively, the lattice thermal conductivity
of TaRuAsg g75Big.125 is closest to that of undoped TaRuAs
at —4 GPa. Finally, in panel (d), we can observe how Z™*T
behaves for the different systems considered. We can see that
our model based on the concept of chemical pressure alone
gives a very good agreement with the direct calculations
for TaRuAs( g75Big.125. The best agreement is obtained for a
chemical pressure of —2 GPa, with some small differences
appearing only for temperatures between 700 and 1000 K.
The data for —4 GPa are also in very good agreement with
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the reference curve, but the high-temperature discrepancies
are more pronounced and start at about 600 K. Overall,
these curves demonstrate that the effects of an overestimated
coherence in the undoped system, due to neglecting explicit
scattering centers, cancel out in the final calculation of the
figure of merit. Considering that small discrepancies may also
arise from slightly different computational details between
the standard unit cell and the supercells, we can conclude
that our modeling of the volumetric changes is capable of
describing the thermoelectric properties of TaRuAs g75Big.125
rather well.

VI. CONCLUSION

By utilizing a combination of density functional and Boltz-
mann theories, we investigated the effect of negative and
positive pressure on the electronic and thermoelectric prop-
erties of the HH compounds TaFeSb, MOsSb (M = Ta, Nb),
and NRuAs (N = Ta, Nb, V). All these materials are found
to be indirect band-gap semiconductors in their ground state.
With the exception of TaRuAs, volume change does not affect
the location of the VBM and CBM. Conversely, the size of
the band gap decreases upon volume compression in TaOsSb,
NbOsSb, NbRuAs, and VRuAs, while the opposite trend is
observed in TaFeSb and TaRuAs. A similar behavior is ob-
served for the Seebeck coefficient. Among the compounds,
TaFeSb stands out for having the largest band gap, and con-
sequently the largest Seebeck coefficient, independently of
the applied pressure. The analysis of electrical conductivity,
power factor, and lattice thermal conductivity reveals that they
are all increased by volume compression, reflecting the larger
bandwidth observed for valence and conduction bands. All
these properties are then entering into the figure of merit,
which settles the final thermoelectric efficiency. Volume ex-
tension (compression) is found to increase (decrease) the
thermoelectric efficiency of TaFeSb, TaOsSb, NbRuAs, and
VRuAs compounds. Due to the more complex behavior out-
lined above, the thermoelectric efficiency of TaRuAs increases
upon volume increase at low and intermediate temperatures,
but acquires an irregular behavior at higher temperatures,
which we trace back to the thermal conductivity. In contrast
to the other compounds, the best thermoelectric efficiency of
NbOsSb is observed at zero pressure, as neither compression
or extension can improve the properties of the ground state.
Overall, our calculations demonstrate that TaRuAs is the best
compound among those investigated, due to having the high-
est power factor and the lowest (lattice) thermal conductivity.
Our results predict TaRuAs to be a good candidate for more
detailed experimental investigation toward the implementa-
tion for thermoelectric applications with high efficiency.

Although our study intends to evaluate the response of sev-
eral HH compounds to volumetric changes, the most practical
way to enforce the latter is doping with selected chemical
elements. To verify the predictive ability of our approach
in modeling volumetric changes induced by doping, as well
as to provide a more realistic test-case as a suggestion to
the experimentalists, we also investigated the thermoelectric
properties of TaRuAsg g75Big.125. The favorable comparison
between these results and those obtained for undoped TaRuAs
under a chemical pressure of —2 or —4 GPa suggests that
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FIG. 13. Maximum value of the figure of merit per temperature (Z™*T') of TaFeSb, TaOsSb, TaRuAs, NbOsSb, NbRuAs, and VRuAs with
respect to a varying carrier concentration, as a function of temperature and for pressures from —8 to 8 GPa.

volumetric changes alone may be sufficient to be used as a
guideline for material optimization in thermoelectricity. The
discrepancies associated with ignoring the quantum effects
beyond the chemical pressure are found to be moderate and,
most importantly, cancel each other in the final determina-
tion of the figure of merit. Considering that full ab initio
calculations for realistic alloys are not feasible for data min-
ing or large-scale optimization, because of their prohibitive
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6 —== TaRuAs at P=-2 GPa
Z 5
~
2z
< 4
~+
x
o 3
o
A2
1
0l : : , : _
_3 —9 -1 0 1 2 3

Energy (eV)

FIG. 14. Total density of states of TaRuAs;g;5Big 125 at zero
pressure and undoped TaRuAs at —2 and —4 GPa. The curves are
normalized per formula unit, and the Fermi level is at zero energy.

computational cost, our suggestion to consider the chemical
pressure on undoped materials is a clear improvement with
respect to ignoring these effects altogether.

Finally, it is important to stress that volumetric changes
may not only be induced via doping or direct hydrostatic pres-
sure, but also via a variation of temperature. HH compounds

TaRuAs)s75Big.125

TaRuAs at P = 0 GPa
TaRuAs at P = -2 GPa
TaRuAs at P = -4 GPa

e,
e, etnaes
e
400 600 800 1000 400 600 800 1000
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FIG. 15. Maximum values of (a) Seebeck coefficient S™*,
(b) electrical conductivity o™, and (d) figure of merit Z™*T, for
TaRuAs g75Big 125 at zero pressure and TaRuAs at various pressures,
as a function of temperature. Panel (c) shows the corresponding
lattice thermal conductivity & .
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for thermoelectricity have been reported to have an average
linear thermal expansion coefficient as high as 13 x 1076 K~!
[86-88]. In terms of unit-cell volumes, this means that Zr-
NiSn, TiNiSn, and HfNiSn undergo an increase between 2%
and 2.5% when going from 313 to 963 K [86]. Therefore, our
results suggest that the present state-of-the-art computational
theory of thermoelectricity, whose starting point is the crystal
structure at zero temperature, may deviate from the experi-
mental reality quite substantially for temperatures above room
temperature. Another aspect associated with induced changes
of volume is the connection to the piezoelectric effect, which
may be sizable in HH compounds [89,90]. In the context of
our study, one may wonder if it is possible to combine piezo-
electric and thermoelectric effects. As a matter of fact, several
studies suggested this possibility during the past decade in
order to increase the efficiency of devices for energy harvest-
ing, hence increasing their applications in real life [90-95].
Developing a theory that allows us to take into account the
concomitant action of all direct and indirect effects in hybrid
devices is going to be a significant challenge for the material
science community.

As a future outlook, we note that the approach presented
here is not limited to HH compounds, but can be applied to
any generic thermoelectric material where a substantial vol-
umetric change is expected from achievable doping. Among
recently discovered systems, the HH compound ZrNiBi seems
very interesting to investigate, due to the peculiar characteris-
tics of its electronic structure, especially in the presence of
vacancies [96]. Mg;Bi,-based materials can be doped with
atoms of very different size [97] and are therefore ideal targets
for our volumetric analysis. Instead, AgSbTe, is a compound
where doping induces marked changes in the thermoelectric

properties, which are mainly driven by disorder [98]. Our
approach may be useful to clarify the role played by purely
volumetric effects and quantum effects separately. Finally,
Ni,Au;_, alloys provide an (almost) unique example of a
metallic system with a large thermoelectric effect, enabled
by strong intrinsic interband scattering [99]. Understanding
the variation of these mechanisms with respect to volume
change may help in optimizing the thermoelectric properties
in metallic systems as well.
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