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Low lattice thermal conductivity in Zintl phases Na,AuBi and Na,AuSb: An ab initio study
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In search of new prospects for room temperature thermoelectric applications, we computationally investigated
the electronic structure and transport properties of Zintl phases Na, AuBi and Na, AuSb. We find remarkably
low room temperature lattice thermal conductivity of 0.46 and 0.73 W m~! K~! for Na,AuBi and Na,AuSb,
respectively. The proposed values are competitive with the record figure of merit material SnSe. We have
demonstrated that such low thermal conductivity finds its origin majorly in low phonon group velocities and
short phonon lifetime, arising from atomic displacements and lattice anharmonicity. We further predict a high
figure of merit, i.e., ZT ~ 1 at 300 K for p-type Na, AuBi. The value is further improved to ZT ~ 1.8 with
spin-orbit coupling. We hope through this work we could shed light on two potential Zintl phases which would

motivate further experimental investigations.
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I. INTRODUCTION

With the help of first-principles simulations, we can de-
sign new materials to address the current world issues [1-3].
Certain major challenges across the globe include increas-
ing energy demand and climate changes [4]. In tackling
these challenges, smart materials can play an important role.
One of the promising candidates could be the thermoelectric
materials [5]. These materials are known for directly convert-
ing waste heat into electricity [6]. The ability to scavenge
the waste heat and simultaneously provide electricity makes
them crucial for future technology as an alternate source of
power generation [7]. However, scanning the literature re-
veals that despite significant advances in the field, there is
an urgent need for thermoelectric materials with improved
performances [8—15].

One of the major hurdles in designing efficient thermo-
electrics could be attributed to the conflicting parameters in
the figure of merit, ZT = S*0'T/k, where « is the thermal
conductivity with both electronic (x.) and lattice contributions
(kr), S is Seebeck coefficient and o is electrical conduc-
tivity [16]. It is challenging to decouple these conflicting
parameters. Interestingly, the lattice thermal conductivity is
nearly independent of the electronic part and opens the
window for optimization. Recent research activities in ther-
moelectrics have emphasized on finding the materials with
intrinsically low lattice thermal conductivity [17]. Some of
the reported materials with low lattice thermal conductivity,
thereby high ZT, belongs to a special class known as Zintl

phases.

Zintl phases, to name a few, InTe [18], TlSe [19],
CasAl,Sbg  [20], NaCoO, [21], TInTe, [22], and
Yb;4MnSb;; [23] are known to have intrinsically low

thermal conductivity and accordingly high thermoelectric
figure of merit. The room temperature lattice thermal
conductivity (in W m~!'K~!) was reported to be around
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0.65 for TISe, 0.6 in the case of CasAl,Sbg, and as low as
0.46 for TlInTe,, which are significantly low in comparison
to traditional thermoelectric materials. Such low thermal
conductivities in Zintl phases are attributed to the large
Griineisen parameter, lattice anharmonicity, hierarchical
bonding, rattling modes, low sound velocities, and high
atomic displacement parameters [17,18,22]. Moreover,
these phases offer compositions with small band gaps [24],
complex structures [25], and dispersive bands [1]—favorable
for thermoelectrics.

Intrigued by versatile properties within the Zintl phases, we
searched for potential thermoelectric candidates and choose
pnictides based Zintl phases Na,AuBi and Na,; AuSb as the
subject of this study. This choice is partly driven by ex-
periments and partly by computational predictions. Both
materials are synthesized by direct reaction of elements at
elevated temperatures (700 °C), indicating high temperature
sustainability [26,27]. In addition, based on electronic fit-
ness function (EFF), Xing et al. demonstrated the favorable
band complexity in Na,AuBi as compared to other ternary
systems [28]. However, EFF deals qualitatively with the elec-
tronic aspect only. The absence of crucial thermal transport
and quantitative evaluation of electrical transport parameters
renders Na,AuBi little explored as a potential thermoelectric
material. It can thus be surmised that there is a need for un-
derstanding the thermal transport of Na,AuBi. A systematic
theoretical study to understand the underlying mechanism can
provide a roadmap to enhance the thermoelectric properties in
these materials. Thus it will be interesting to see if Na, AuBi
and NayAuSb can show exceptionally low «, like other Zintl
phases. And what are the factors which could govern low «.

In this work, using first-principles calculations, we have
demonstrated the low thermal conductivity in Na,AuBi and
Na,AuSb. To account for such low values, we have exam-
ined the atomic displacements of the constituent atoms and
phonon dynamics—band structure, group velocities, lifetime,
and Griineisen parameter. Electrical transport properties are
calculated to obtain a comprehensive estimate of the thermo-
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electric figure of merit. Throughout the paper, as our interest
lies in room temperature thermoelectric applications, we have
focused on the properties at 300 K. The paper is organized as
follows: Sec. II discusses briefly the computational methods
employed in the calculations, Sec. III presents the results of
electrical and thermal transport, and finally, a summary of the
paper is presented in Sec. IV.

II. COMPUTATIONAL METHODS

We carried out the density functional theory based first-
principles simulations using the Vienna ab initio simulation
package (VASP) [29,30] to obtain the equilibrium lattice con-
stants, atomic positions, and electronic structure properties of
NayAuBi and Na;AuSb. The exchange-correlations among
electrons were incorporated using the generalized gradient
approximation (GGA) based Perdew-Burke-Ernzerhof (PBE)
pseudopotential [31]. The plane-wave bases with an energy
cutoff of 500 eV were used in all the calculations. The crystal
structures were optimized using full relaxation calculations
with help of a conjugate gradient algorithm with Monkhorst-
Pack k mesh of 11 x 11 x 11. The energy convergence and
atomic forces criteria were used as 1078 eV and 1077 eV/A,
respectively. The self-consistent-field (SCF) calculations were
performed using a dense k mesh of 21 x 21 x 21. To examine
the effect of spin-orbit coupling (SOC), we also performed the
full-relativistic calculations.

We constructed a 2 x 2 x 2 supercell (128 atoms) to
calculate the phonon dispersions, second- and third-order
interatomic force constants (IFCs), and the lattice thermal
conductivity. The phonon dispersions were calculated with
I'-centered k mesh of 2 x 2 x 2 using density functional per-
turbation theory (DFPT) as implemented in PHONOPY [32].
The second-order harmonic and third-order anharmonic IFCs
were obtained using the finite-displacement method using
PHONO3PY [33]. Utilizing the second- and third-order IFCs,
the lattice thermal conductivity was obtained by solving the
Boltzmann transport equation within the single-mode relax-
ation time approximation. The convergence of lattice thermal
conductivity was tested using increasing g-mesh sizes, and
a g mesh of 11 x 11 x 11 was found to be optimal. The
mean square displacements were derived from the number
of phonon excitations, and the Griineisen parameter was
extracted using phonon calculations at equilibrium, larger
(4+2%) and smaller (—2% ) volumes. The reported atomic
displacements and Griineisen parameters were tested for con-
vergence with respect to ¢ mesh.

The electrical transport properties were calculated using a
k grid of 11 x 11 x 11. We, however, did test calculations
to asses the convergence in terms of increasing k grids. We
found a negligible change in the electrical transport prop-
erties. The Seebeck coefficient, electrical conductivity, and
the electronic thermal conductivity, were obtained by solving
the Boltzmann transport equation as implemented in the AM-
SET code [34]. The scattering rate was calculated using four
different mechanisms, acoustic deformation potential (AD),
piezoelectric (PIE), polar optical phonon (POP), and ionized
impurity (IMP) scattering.

FIG. 1. Crystal structure of Na,AuBi and Na,AuSb in Cmcm
symmetry. Gray, white, and black colors represent the Na, Au, and
Bi, respectively. The zigzag chains of Au and Sb/Bi are along c axis.

III. RESULTS AND DISCUSSIONS

In this section, we present and analyze our results on the
structural, thermal transport, and electrical transport proper-
ties of Na, AuBi and Na; AuSb Zintl phases.

A. Structural optimization and electronic structure

Na,AuBi and Na,AuSb crystallize in an orthorhombic
Cmcm symmetry, the crystal structure is shown in Fig. 1. The
Wyckoff positions for Na, Au, and pnictogen atoms Sb/Bi
are 8¢ (x, y, 1/4), 4a (1/2, 1/2, 0), and 4c (1/2, y, 1/4),
respectively. Au and Sb/Bi form zigzag chains along the ¢
axis, whereas alkali atoms present on either side well sep-
arate the two neighboring chains [26]. The Na atoms are
slightly more inclined towards the pnictogen atom along a
axis, which indicates more interaction with Sb/Bi as com-
pared to Au. To determine the ground state properties of
Na,AuBi and Na, AuSb, the crystal structures were optimized
by minimizing the total energy as a function of volume and
atomic positions. The optimized lattice parameters and band
gaps of the ground state structure are listed in Table 1. As
we observe from the table, the calculated parameters are
in good agreement with experimental values, with a maxi-
mum discrepancy of 0.1 A in the case of lattice parameters
whereas the maximum deviation in atomic positions is merely
0.01. The optimized unit cell is slightly elongated along
the a and ¢ axes and marginally compressed along the b
axis, leading to a slightly overestimated volume. This can
be attributed to the fact that GGA overestimates the lattice
parameters [35]. Nevertheless, the calculated band gaps for
Na,AuBi and Na;AuSb are 0.30 and 0.33 eV, respectively.
Since the materials comprise heavy elements Au, Sb, and Bi,
we also considered the relativistic effects in our simulations.
The PBE-SOC has reduced the band gap to 0.14 and 0.23 eV,
respectively. Importantly, the band gap survives in both the
cases. In order to obtain a more accurate band gap, we em-
ployed modified Becke-Johnson (mBJ) exchange-correlation
potential [36]. The corrected band gaps obtained are 0.89 and
0.97 eV for Na,AuBi and Na; AuSb, respectively. To the best
of our knowledge, there are no data on experimental band gaps
for both the materials. These optimized structural parameters
are then used to calculate the electronic structures of the
materials.
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TABLE I. Calculated lattice parameters, band gaps, and Wyckoff positions for Na, AuBi and Na, AuSb in Cmcm symmetry. Experimental
values mentioned in parentheses are taken from the Refs. [26,27] for Na, AuBi and Na, AuSb, respectively.

E, (eV)
System a(A) b(A) c(A) PBE PBE-SOC mBIJ Wyckoff Positions
Na 8¢ 0.17(0.16) 0.31(0.31)  0.25(0.25)
Na,AuBi  9.54(9.44) 7.66(7.70) 594 (5.84) 0.30 089 Au 4a 0(0) 0(0) 0 (0)
Bi 4c 0 (0) 0.31(0.30)  0.75(0.75)
Na 8g 0.32(0.32) 0.33(0.33) 0.25(0.25)
Na,AuSb  9.33(9.27) 7.53(7.56) 5.91(5.84) 0.33 097 Au 4a  05(0.5) 0 (0) 0(0)
Sb  4c 0(0) 0.20 (0.20)  0.25 (0.25)

In Fig. 2, we present the electronic structure of Na; AuBi
[panels (a) and (b)] and Na,AuSb [panels (d) and (e)]. For
GGA-PBE bands, as we observe from panel (a), Na,AuBi
is an indirect semiconductor with valence-band maximum
(VBM) at T" and conduction-band minimum (CBM) at (0,
0.1316, 0) along the I'-S direction. Interestingly, the differ-
ence between VBM (at X) and VBM-1 (at §) bands is less
than 0.1 eV. Thus the bands at I", X, and S points may facilitate
the charge carrier transport, thereby, improving the electrical
conductivity [37]. It is well-known that degenerate bands help
improve power factor [38,39]. We obtained such degenerate
bands in VBM and CBM. On the other hand, as discernible
from panel (d), Na,AuSb is a direct band gap semiconductor
with both VBM and CBM at I" point. It exhibits similar bands
like that of Na, AuBi, on account of similar structures.

The electronic bands with mBJ-potential show similar
topology, of course, with improved band gaps. On the other
hand, the bands with PBE-SOC are shifted towards the Fermi
level, resulting in the reduced band gaps. The effect is more
pronounced in the case of Na,AuBi. The curvature and slope
of the bands have changed more in the valence band region
of Na;AuBi. This is expected to affect the electrical trans-
port properties which we have discussed in the later section.
Though the electronic structure provides a good insight into
the electrical transport properties, the exact figure of merit
depends on the collective behavior of the coupled parameters
S, o and «,.

To get further insight into it, we computed and analyzed
the atom-projected density of states (PDOS). As discernible
from panels (c) and (f), we observe the dominant contribution

Energy (eV)

Energy (eV)

5 10 15
DOS (arb. units)

FIG. 2. Calculated [(a), (b) and (d), (e)] electronic band structures and [(c) and (f)] density of states of Na, AuBi and Na, AuSb, respectively,
in Cmcm symmetry using PBE, PBE-SOC, and mBJ potential. For clarity, only the PBE density of states are shown.
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FIG. 3. Calculated [(a) and (b)] lattice thermal conductivity as
a function of temperature and [(c) and (d)] cumulative lattice ther-
mal conductivity as a function of phonon frequencies at 300 K for
Na,AuBi and Na, AuSb, respectively. Superimposed are the phonon
density of states in arbitrary units.

from Au atoms in VBM for Na, AuBi, whereas the states of
both Au and Sb contribute almost equally to VBM in the case
of Na,AuSb. Further, while the CBM has the similar contri-
bution from Au and Sb/Bi, the contribution of Na remains
negligible for both materials.

B. Lattice thermal conductivity

Next, we examine the lattice thermal conductivity, i,
in the considered thermoelectrics. For this, we solve the
linearized phonon Boltzmann transport equation within the
single-mode relaxation time approximation (RTA) as well as
using direct solution as implemented in PHONO3PY [33]. How-
ever, no significant change in «; is observed. Therefore the
further results for x; are presented within the RTA approach
only. The «;, in RTA, is expressed as

1
R C , 1
KL NV X,\: WVa ® V. Ty (1)

where N, V, C, v, and t represent the number of unit cells in
the supercell, volume of the unit cell, heat capacity, phonon
group velocity, and single-mode relaxation time, respectively.
The index X represents the phonon mode.

In Fig. 3, we have shown the lattice thermal conduc-
tivity as a function of temperature. As discernible from
the figure, for both the Zintl phases, we observe a trend
of decreasing lattice thermal conductivity as a function
of temperature. The anisotropic crystal structure of the
materials makes it customary to have different «; along
different crystallographic axes. For both the materials, the
contribution along the ¢ axis is maximum whereas it is
observed to be minimum along the b axis. The contribu-
tion along the a axis almost mirrors the average x; in

the case of both materials. The average x; of Na,AuBi
and Na,AuSb range 0.46-0.19 and 0.73-0.31 W m~'K~!,
respectively, in the temperature range 300-700 K. Interest-
ingly, the values are significantly low and of the order of
some lowest reported «; values. The average room temper-
ature lattice thermal conductivity of NaAuBi (k; = 0.46
W m~'K~') and Na,AuSb (x, = 0.73 W m~'K~!) are
comparable to some of the promising thermoelectric mate-
rials such as SnSe (x;, ~ 0.47 W m~' K~!) [40] and TISe
(kz ~ 0.65 W m~! K~1) [19], respectively. Moreover, since
ky, decreases with increasing temperature and these materials
can easily sustain 700 °C, the low values of «;, at high temper-
atures further substantiate the thermoelectric potential of the
proposed materials.

To understand the origin of such exceptionally low «,
next, we examine the phonon dispersion. The phonons
are obtained by solving the equation (as implemented in
PHONOPY [32])

Y D @yy = oyver @)
Bt

Here, the indices t, T’ represent the atoms, «, 8 are the Carte-
sian coordinates,  is a wave vector and j is a band index.
D(q) refers to as the dynamical matrix, and w and y are
the corresponding phonon frequency and polarization vector,
respectively. The phonon dispersion and corresponding DOS
from our simulations are shown in panels (a), (d), and (b),
(e) of Fig. 4 for NaAuBi and Na;AuSb, respectively. As
discernible from the dispersion curves, for both the materials,
we do not observe any imaginary frequencies, which confirms
the dynamical stability of the systems. The acoustic modes
are dominated by Au atoms in both the systems, with some
contribution from the pnictogen atom Sb/Bi, and negligible
contribution from the alkali atom. The mid-frequency and
high-frequency optical modes are mostly occupied by al-
kali atom, Na. The phonon curves range 0 to 5.76 THz for
Na,AuBi and 0 to 6.08 THz in the case of Na, AuSb, which
suggests low frequency vibrations. Such low-lying phonon
modes are indicative of low «; and are reminiscent of good
thermoelectric materials such as SnSe (5.6 THz) [41], TlInTe,
(5.9 THz) [19], and Bi,Te; (4.6 THz) [42]. The acoustic
phonons span less than 1.20 THz in both materials. The major
contribution to «; stems from the acoustic modes, ~76%
in Na,AuBi and ~70% in Na,AuSb. The contribution from
high frequency optical phonons is negligible. This we have
shown in panels (c) and (d) of Fig. 3. Since the contribution
to acoustic phonons is dominated by Au, it is clear that the
majority of k7, originates from the Au atoms.

Another important feature to observe is a gap in phonon
dispersion around 4.9 THz for Na,AuBi which hints at low
kr [43]. In the case of NayAuSb, there is a phonon gap
throughout the Brillouin zone, except for an avoided crossing
of bands around 5.4 THz along X direction. Nevertheless, the
phonon bands are relatively flat which imply small phonon
group velocities (v) and accordingly short phonon lifetime
(7). The low values of v and 7 imply a low k. as they
are related by the expression x; = %Cuvzr. The calculated
phonon group velocity and lifetime as a function of frequency
for both materials are shown in Fig. 5. As we observe from
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FIG. 4. Calculated [(a) and (d)] phonon dispersion curves, [(b) and (e)] partial phonon density of states, and [(c) and (f)] Griineisen

parameter of Na, AuBi and Na, AuSb, respectively, in Cmcm symmetry.

the figure, the average group velocity in the acoustic region is
~0.67 km s~! for Na,AuBi and ~0.69 km s~! for Na, AuSb.
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FIG. 5. Calculated [(a) and (b)] average group velocities and
[(c) and (d)] phonon lifetime (at 300 K) of Na,AuBi and Na,AuSb,
respectively. The color bar indicates the phonon density.

This implies that the heat carrying phonons are indeed slow.
In fact, the v values are significantly lower than some low &,
reported materials like SnSe (3.1 km s 1) [41], Cu3SbSe, [44]
(2.2 km s™"), and BiCuSeO (2.0 km s~') [45]. On the other
hand, the low phonon lifetimes for both materials suggest fre-
quent scattering of phonon modes. This further substantiates
the low k; values. The room temperature lifetime of phonons
ranges up to ~7 and 9 ps for Na, AuBi and Na,; AuSb, respec-
tively. Importantly, the lifetime of heat carrying phonons in the
acoustic region is less than 5 ps for the majority of phonons.
To gain further insight into the «;, we calculated the
mean square displacement (MSD) of atoms around their
equilibrium position. In the literature, the larger value of
room temperature atomic displacement parameter (ADP) is
demonstrated to be associated with low «; [46]. The large
ADP is a characteristic of host-guest type structures. How-
ever, the intrinsic large ADP and low «; is also observed
in many compounds [17-19,21,22,47,48]. For instance, the
room temperature low «;, in TlInTe, is attributed to its large
ADP (0.07 Az) [22]. The calculated MSD for Na, AuBi and
NaAuSb from the present work is shown in Fig. 6. The
large value for Na is expected on account of its lighter mass.
However, the negligible contribution from Na to heat carrying
phonons in the acoustic region makes it immaterial. Neverthe-
less, we obtained significant ADPs for Au in Na; AuBi (0.03
A? at 300 K) and Na,AuSb (0.02 A2 at 300 K). Since the
vibrations in the acoustic region are dominated by Au atoms,
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FIG. 6. Calculated average mean square displacements as a func-
tion of temperature of (a) Na, AuBi and (b) Na, AuSb.

it is customary to expect low «;, in the proposed systems. The
doping of K at the Na site seems reasonable. K is likely to
have large ADP as it succeeds Na-atom, however, the effect
may be less pronounced. Since K is heavier than Na, it may
contribute to low-lying optical phonon modes, if not in the
acoustic region. Thereby, suppressing the «;, in both cases.

The low «;, values also find their origin in anharmonicity.
The quantitative estimation of anharmonicity in a crystal lat-
tice is given by the Griineisen parameter (y ), which represents
the change in phonon frequencies with volume. Large y val-
ues signify strong anharmonic lattice vibrations and low &,
values. The Griineisen parameter governed exceptionally low
kr, values are reported in SnSe (y ~ 7) [40] and BaAgTe,
(y ~7) [17], to name a few. To obtain the y, we calculated
phonons at, equilibrium, 2% larger, and 2% smaller volumes.
The data from our calculations are shown in panels (c) and
(f) of Fig. 4 for Na,AuBi and Na,AuSb, respectively. As
we observe, the average value of the Griineisen parameter
in the acoustic region is y ~ 1.5 and 1.7 for Na,AuBi and
Na,AuSb, respectively. And, the maximum obtained values
in the acoustic region are y ~ 5.0 for Na,AuBi and y ~ 3.1
in the case of Na,AuSb, illustrating some degree of anhar-
monicity.

Collectively, the features of Griineisen parameter, atomic
displacement parameters, phonon group velocities, lifetimes,
and phonon dispersions demonstrate the low «; in Na; AuBi
and Na,AuSb Zintl phases.

C. Electrical transport properties

Next, we examine the electrical transport parameters for
Na,AuBi and Na, AuSb. It is to be however mentioned that the
electrical transport properties are calculated using GGA-PBE
due to the compute intensive nature of the mBJ calculations.
The Seebeck coefficient, electrical conductivity, and elec-
tronic thermal conductivity are derived from the generalized
transport coefficient as implemented in AMSET [34]. Mathe-
matically, they are expressed as

1
Sap = L Lo (3a)
eT Egﬂ
oup = LY, and (3b)
2
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FIG. 7. Calculated scattering rates as a function of [(a) and (c)]
p-type and [(b) and (d)] n-type carrier concentration for Na, AuBi
and Na, AuSb using PBE and PBE-SOC.

respectively. Here, a and B represent the cartesian coordi-
nates, e denotes the electronic charge, T is the temperature,
and L is the generalized transport coefficient, given as

n 2 n afo
Lis=e /Z(a)(e—sp) [—g]d& @)
af

where &7 is Fermi level at a particular doping, f° is the Fermi
distribution function, and Za ﬂ(s) is the spectral conductivity,
which relates to the scattering rate.

The scattering rate of charge carriers is a crucial parameter
for governing the transport properties. It is derived from the
data on the elastic constants, deformation potential, piezo-
electric coefficient, polar optical phonon frequency, and static
and high frequency dielectric constants. The contribution of
the piezoelectric coefficient was negligible, hence, ignored
for further calculations. In Fig. 7, we have shown the varia-
tion of different scattering rates with doping concentrations
at room temperature. As discernible from the figure, the AD
and POP scattering rates are almost constant throughout the
selected doping range for both p- and n-type doping, with the
contribution of POP is higher than AD. However, the IMP
scattering rate increases steadily with the increasing carrier
concentration. Though POP remains the dominant scattering
mechanism for p-type doping, IMP dominates n-type doping
at higher doping levels. Overall, the scattering rate expectedly
increases with increasing carrier concentration. The total scat-
tering rate ranges 0.3—1.75 x 10571,

As stated earlier, our interest lies in room temperature
(300 K) thermoelectric applications, in Fig. 8, we have shown
the electrical transport coefficients as a function of doping
at 300 K for both materials. We would like to first discuss
the results with PBE, followed by the effect of SOC on the
properties. The Seebeck coefficient [panels (a) and (e)], in
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FIG. 8. Calculated [(a) and (e)] Seebeck coefficient, [(b) and (f)] electrical conductivity, [(c) and (g)] electronic thermal conductivity,
[(d) and (h)] figure of merit as a function of carrier concentration at 300 K for Na, AuBi and Na, AuSb, respectively, using PBE and PBE-SOC.

accordance with the Mott equation [49,50], falls gradually
at higher dopings, and the higher values of the Seebeck co-
efficient are obtained on p-type doping. On the other hand,
the electrical conductivity increases with increasing carrier
concentration on account of increased charge carriers [panels
(b) and (f)]. The higher values of electrical conductivity are
obtained on n-type doping. Importantly, the opposite trends
of S and o render the maximum power factor (S?0) near the
band edge. We obtained the maximum power factor on p-type
doping. Further, the electronic thermal conductivity follows
a similar trend as that of o [panels (c) and (g)]. Altogether,
the conflicting electrical transport coefficients S, o, and k,
requires an optimal doping level to achieve the maximum
efficiency. The directional dependent electrical transport prop-
erties are provided in Ref. [51].

To obtain the comprehensive thermoelectric figure of merit
ZT, we used electrical transport coefficients (S, o, and «,)
at the proposed doping levels. As it is computationally ex-
pensive to compute «;, for doped systems, we resort to the
kg, of the parent composition. Nevertheless, the thuswise ob-
tained figure of merit for Na,AuBi at 300 K is ZT ~ 1.0
for both p-type (3 x 10! carriers cm~) and n-type (6 x
10" carriers cm™?) dopings. For Na,AuSb, at 300 K, the
ZT ~ 0.38 and 0.53 for p-type (3 x 10?° carriers cm™>)
and n-type (1 x 10" carriers cm™) dopings, respectively.
The predicted room temperature ZT values are certainly
competitive with traditional thermoelectric materials such as
BiyTes (ZT ~ 0.13) [52] and PbTe (ZT ~ 1) [53].

Considering the impact of SOC on the electronic prop-
erties, next we examine its effect on the electrical transport
properties. For Na,AuSb, with the inclusion of SOC, we
find negligible change in the Seebeck coefficient, whereas
the electrical conductivity and electronic thermal conductiv-
ity gradually increase in the carrier concentration range 10%°
to 10>! cm™3. Overall, there is no significant change in the
values of the figure of merit on either type of doping. In

case of Na, AuBi, we obtain an initial increase in the Seebeck
coefficient at low doping concentrations. Beyond that, the
Seebeck coefficient falls gradually and matches well with the
PBE results. The electrical conductivity and electronic ther-
mal conductivity follow a similar trend as that of Na; AuSb.
However, it is important to note that the increase in electri-
cal conductivity is more pronounced in the case of p-type
Na,AuBi which also reflects in its ZT value. While the ZT
for n-type Na, AuBi varies marginally with SOC, the ZT for
p-type NayAuBi (2 x 10" carriers cm~) has improved from
1 to 1.8. Further, the doping levels are quite pragmatic and can
be achieved experimentally.

Moreover, it is important to note that the calculations are
performed for the pristine system. The real material may have
defects, grain boundaries, and other imperfections. This may
result in even lower thermal conductivity, and hence higher
ZT values. Altogether, we have shown the importance of
Na,AuBi and Na;AuSb as promising thermoelectric candi-
dates. We are hopeful that our predictions would encourage
experimentalists to explore the thermoelectric properties in
the proposed systems.

IV. CONCLUSION

With the help of first-principles calculations, we have
demonstrated the thermoelectric potential of Zintl phases
NaAuBi and Na,AuSb. Both systems crystallize in or-
thorhombic Cmcm symmetry and are semiconducting with
indirect and direct band gaps of 0.30 and 0.33 eV, respectively.
The values are reduced to 0.14 and 0.23 eV, respectively, with
the inclusion of the spin-orbit coupling. The corrected band
gaps using mBJ potential are 0.89 and 0.97 eV, respectively.
The electronic features suggest promising electrical transport
properties on account of degenerate bands near the Fermi
level. The key finding for both materials is low lattice thermal
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conductivity like other Zintl phases. We attribute such low «;,
values to low phonon group velocities in the acoustic region,
significant atomic displacement parameter, and lattice anhar-
monicity. Based on such low thermal conductivity values, we
find high room-temperature figure of merit, i.e., ZT ~ 1 for
Na,AuBi and 0.53 for Na, AuSb at 300 K. The value is signif-
icantly improved for Na; AuBi with spin-orbit coupling, i.e.,
ZT ~ 1.8. We are optimistic that our findings would motivate
experimentalists to explore the thermoelectric properties of
the hitherto unexplored Na, AuBi and Na,; AuSb.
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