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Full-Heusler thermoelectric materials have intrinsically low lattice thermal conductivity. Our first-
principles calculations show that Ba, AgSb is a semiconductor with an indirect band gap of 0.49 eV. The
electronic band degeneracy and pockets near the Fermi level facilitate electron transport. The short phonon
relaxation time, small group velocity (1.89 kms™'), and large phonon scattering space reflect the intense
phonon-phonon scattering. The large Griineisen parameter (1.44) accounts for the strong phonon anhar-
monicity, thus the low lattice thermal conductivity of 0.5 W m~' K~! at 800 K. The isotropic figure of
merit with a maximum value of 4.7 at 750 K is comparable to that of reported materials. The distribution
of phonon momentum uncovers the important role of Ag in resisting thermal transport. The analysis of
symmetry-based phonon-phonon scattering routes reveals the significance of symmetry on phonon scatter-
ing. The crystal structure of Ba; AgSb can be used to regulate chemical elements to build high-performance
thermoelectric materials. Our calculations provide an effective way to design thermoelectric materials,

stimulating the study of full-Heusler materials.
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I. INTRODUCTION

Thermoelectric materials, which transform waste heat
into electricity and are widely used in refrigeration devices,
have attracted extensive interest [1]. The thermoelectric
conversion efficiency is described by the figure of merit
zT = 8%0T/k, where o is the electrical conductivity, S
is the Seebeck coefficient, x is the thermal conductivity,
which consists of the contribution of lattice vibration «;
and electron transportation «., and 7T is the absolute tem-
perature. According to this formula, materials with high
electrical conductivity o, large Seebeck coefficient S, and
small thermal conductivity « will give a remarkable ther-
moelectric performance [2]. Several methods [3] can be
used to enhance the thermoelectric performance, such as
introducing point defects [4], nanostructure [5,6], and dop-
ing [7-9]. Aside from optimizing existing materials [10],
strategies to improve the thermoelectric efficiency are gen-
erally to seek materials with intrinsically low thermal
conductivity. Therefore, materials with low lattice thermal
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conductivity have a significant impact on the development
of thermoelectric materials.

Materials with strong phonon anharmonicity and intense
phonon-phonon scattering usually have low lattice thermal
conductivity [11]. The phonon-phonon scattering obeys
the energy and momentum conservation conditions, and
the crystal symmetry also places restrictions on possi-
ble phonon scattering channels [12]. Group theory pro-
vides a systematic framework for analyzing the impact
of crystal symmetries on phonon-phonon scattering with-
out calculating the complex interaction coefficient. Some
researchers have proposed this concept to analyze the
limitations of symmetry on phonon scattering [12,13].
Exploring symmetry-based phonon-phonon scattering can
save resources and it also gives a primary crystal type for
high-throughput screening.

Gold-based full-Heusler (FH) compounds with intrin-
sically low «; have drawn attention for their remarkable
thermoelectric properties [14]. SrpAuBi has flat phonon
dispersion and strong phonon anharmonicity, thus exhibit-
ing a small k; and p-type zT of 2.1 at 300 K [15]. Ba, AuX
is predicted with a high thermoelectric figure of merit of
5-3 at 800 K [16]. A family of FH thermoelectric materials

© 2022 American Physical Society
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CayYZ (Y = Au and Hg; Z = As, Sb, Bi, Sn, and Pb)
[14,17] were produced with low thermal conductivity,
which is comparable to that of the well-known mate-
rials Bi,Ti;. However, the analysis of symmetry-based
phonon scattering in FH compounds (Fm3m) is little
reported. These studies stimulate us to search for low-cost
FH thermoelectric materials and uncover the low thermal
conductivity from the viewpoint of group theory.

In this article, the thermoelectric application of
Ba, AgSb is proposed. The crystal structure and electronic
structure are analyzed. Furthermore, the electronic trans-
port properties, phonon transport properties, and lattice
thermal conductivity are studied using density functional
theory (DFT) and the Boltzmann transport equation. The
isotropic thermoelectric performance is evaluated. The
analysis of strong phonon anharmonicity explains the low
thermal conductivity, and the exploration of crystal sym-
metry uncovers the promotion of symmetry for phonon
scattering. The present results provide a high-quality ther-
moelectric material, which will promote the theoretical and
experimental research of FH materials.

II. CALCULATION METHODS

All the calculations are performed with the Vienna ab
initio simulation package (VASP) [18] based on DFT. The
cutoff energy for the plane-wave expansion is set to be 600
eV. The Perdew-Burke-Ernzerhof (PBE) [19] pseudopo-
tentials [20] with valence electrons 5s25p%6s?, 4d'%5s!,
and 5s*5p3 are adopted for Ba, Ag, and Sb, respec-
tively. The energy convergence criterion of the electron
self-consistency is set to 1077 ¢V/A, and the Hellmann-
Feynman force is less than 0.001 eV/A for structure
optimization. A Monkhorst-Pack 11 x 11 x 11 k-mesh is
used for structure optimizations. The hybrid function of
Heyd-Scuseria-Ernzerhof (HSE06) [21] is used to esti-
mate the electronic band structure. The Boltzmann trans-
port equation within the rigid band and relaxation time
approximations in the BoltzTraP program [22] is used to
calculate o and S. The Wiedemann-Franz law (k, = Lo T)
is used to calculate «, [7,23]. The harmonic second-order
force constants are calculated using the density functional
perturbation theory (DFPT) method [24] with 2 x 2 x 2
supercell and 3 x 3 x 3 k-mesh. The phonon dispersion
curve is calculated in Phonopy [25]. The phonon trans-
port properties are evaluated using the Boltzmann transport
equation with the second-order and third-order interaction
force constants as implemented in the ShengBTE code
[26].

The carrier lifetimes t are calculated from the electron-
phonon (e-ph) scattering rates around the valence band
maximum (VBM) and conduction band minimum (CBM),
as implemented in the QUANTUM ESPRESSO (QE) package
[27,28]. The first-principles DFT calculations for the
Wannier-Fourier interpolations are carried out within a

FIG. 1. The crystal structure of Ba, AgSb. The blue, gray, and
brown spheres represent the Ba, Ag, and Sb atoms, respectively.

uniform k-point mesh of 8 x 8 x 8. The dynamic matri-
ces are calculated with a q-point mesh of 2 x 2 x 2. In the
calculations of Electron-Phonon coupling using Wannier
function (EPW), 32 Wannier functions are used to describe
the conduction band and valence band, and the interpo-
lated k/q-point mesh of 40 x 40 x 40 is applied to solve
the electron-phonon matrix elements gn, v(k,q) [29].

II1. RESULTS AND ANALYSES

A. Structural properties

The Bay AgSb compound has an average NaCl structure
with the Fm3m space group, as demonstrated in Fig. 1. Sb
locates at the Na (4a) site, Ag takes up the Cl (4b) site, and
Ba occupies the 8¢ site. The optimized lattice constant is
5.935 A. The bond lengths of Ba—Ag/Sb and Ag-Sb are
3.634 and 4.197 A, respectively. Based on the optimized
structure, the electronic band structure is calculated using
the PBE [19] function with the HSE06 hybrid function
[21]. The electronic band structure of the first Brillouin
zone is shown in Fig. 2. Ba;AgSb is a semiconductor with
an indirect band gap of 0.49 eV (HSE06). It is obvious
that the VBM locates between I' and L points and the
CBM lies between I' and X points. The degeneracy of the
electronic band at the I" point has an important impact on
electronic transport properties [3]. The charge carrier pock-
ets and electronic band degeneracy near the Fermi level
create additional conducting pathways, which will result
in low electrical resistivity. The bottom conduction band is
not degenerate, and mainly composed of Ba p orbital and
contains no obvious contribution from Ag and Sb atoms,
as shown in Fig. 2. Therefore, it is expected that n doping
on Ag and Sb sites minimally affects the CBM, which pro-
vides specific areas for alloying and doping but maintains
stable p carrier mobility. Alloying on Ag and Sb sites will
enhance phonon scattering and reduce thermal conductiv-
ity. Ag (s) and Sb (p) contribute to the upper valence band,
determining the features of the upper valence band edge.

The electron localization function (ELF) [30] is calcu-
lated to analyze the atomic bonds. The 3D ELF is shown
in Fig. 3. The local charges around Ba and Ag are 5s°5p°
and 4d'° electrons, as shown in Fig. 3(a). The ELF = 0.2
surrounds all the atoms, suggesting the existence of metal-
lic bonds, as demonstrated in Fig. 3(b); thus Ba, AgSb is
a metallic compound. Furthermore, Bader charge analysis
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FIG. 2. The partial electronic band structure (PBE) of Sb s (a),
Agd (b), Ag s (c), and Ba p (d).

[31] is conducted to evaluate the valence charge exchange.
Each Ba contributes approximately one electron to AgSb
because of the large electronegativity of AgSb.

According to the electronic density of states (DOS), the
electronic transport properties are predicted. The evolu-
tions of S, o, and k., with carrier concentration at 300, 500,
and 800 K are displayed in Fig. 4. The electronic transport
properties are isotropic for the invisible difference of S, o,
and «, from all directions. The value of S grows with an
increase of temperature, while «, increases as more elec-
trons are excited to participate in thermal transportation.
Since p-type Ba; AgSb has higher S than the n#-type system,
Ba; AgSb exhibits a greater p-type Seebeck effect. The
room-temperature S of n-type BayAgSb is 323.6u VK™!
when the carrier concentration is approximately 8.37 x
10'® cm™3. This is comparable to that of Ca,YZ [17]. The
higher n-type electrical conductivity than p-type shows
high electronic thermal conductivity, which is harmful to
thermoelectric performance. The electrical conductivity
of n-type Ba,AgSb is 2271.7 Scm™' at room tempera-
ture, which is much higher than that of the well-known
compound AgPb,,SbTe, [32], whose room-temperature

FIG. 3. The 3D ELF. The ELF value of the isosurface is 0.5
(a) and 0.2 (b).
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FIG. 4. The evolution of electronic transport properties with
carrier concentrations #. (a) Seebeck coefficient S, (b) electrical
conductivity o, (c) electronic thermal conductivity «,, and (d)
thermoelectric power factor (PF). The solid and dashed lines rep-
resent the properties of n-type and p-type Ba, AgSb, respectively.
The green, orange, and blue lines represent the properties at 300,
500, and 800 K, respectively.

electrical conductivity is over 520 Scm™! [32]. The ther-
moelectric power factor (PF = $?¢) as a function of carrier
concentration is plotted in Fig. 4(d). It is clear that n-
type Bay AgSb exhibits a significantly higher PF value than
the p-type system. The optimal PF value is much higher
than that of well-known thermoelectric materials, such as
LaCuOSe [33] and Sr,BiAu [34].

B. Phonon transport properties

The flat phonon dispersion curves and phonon DOS are
shown in Fig. 5. The real frequency vibrations demonstrate
the dynamic stability of Ba;AgSb. The acoustic modes are
highlighted for they are mainly responsible for thermal
transport [35]. For phonons obeying the Bose-Einstein sta-
tistical distribution, the increase of frequency decreases the
phonon numbers, and this makes the phonons concentrate
in the low-frequency region. Hence, the phonon-phonon
scattering is intense in the low-frequency region. The dot-
ted line at 1.5 THz in the phonon DOS is a reference
because the vibrations below 1.5 THz are mainly respon-
sible for thermal transport. Low-frequency vibrations of
atoms indicate the loose atomic bonding in Ba,AgSb,
which is consistent with the above analysis. The high-
frequency optical vibrations are mainly produced by Ba
and Sb. The acoustic branches are mainly contributed by
Ba and Ag, and the contribution of Ag is more obvious
at 1.5 THz. Atomic vibrations are different from those
of BaAgSb in P63/mmc symmetry, in which Ag and
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FIG. 5. The phonon dispersion curves and partial phonon

density of states.

Sb vibrate with high frequency, and this emphasizes the
impact of atomic arrangement on the thermal transport.
The acoustic branches and soft optical branches are cou-
pled with each other. A large amount of phonons in the
crossing region indicates the strong interactions between
acoustic and optical branches [33], which results in strong
phonon scattering, thus low thermal conductivity. The
phonon in the crossing region is mainly contributed by
Ba and Ag, indicating that the contribution of Ag and Ba
to the phonon scattering comes from the acoustic-optical
interaction. The low-frequency acoustic phonon is mainly
contributed by Ba and Ag, which demonstrates that Ba and
Ag play an essential role in suppressing the lattice thermal
conductivity. The optical phonon is highly degenerate at
the T point. The lowest optical frequency is 41.71 cm™!,
comparable to that of SnSe (approximately 50 cm~") [36],
suggesting severe optical branch softening. The highest
frequencies of the three acoustic branches are 51.39, 46.71,
and 43.71 cm™!, respectively, which are lower than that of
AgSnSbSe; (60 cm~!) [10].

The phonon velocity describes the phonon transportabil-
ity, which is proportional to lattice thermal conductivity.
The flat acoustic modes give rise to small group veloci-
ties, which lead to lower lattice thermal conductivity, as
demonstrated in Fig. 6(a). The group velocities of acous-
tic modes are colored as they mainly contribute to thermal
transport. The LA mode possesses the highest sound veloc-
ity (3.2 kms™) in the first Brillouin zone, consistent with
the highest frequency of the LA mode. The average acous-
tic sound velocity is 1.89 km s~!, which is smaller than that
of AgSbSbSe; (2.1 kms~!) [10].

The acoustic sound velocities in k-space are shown in
Fig. 6(b). The average sound velocity of acoustic branches
at the T point is approximately 2.7 kms~!, which is lower
than that of bulk and monolayer phosphorene [11]. The
three-phonon scattering phase space (P) is another parame-
ter to describe the phonon-phonon scattering property. The
room-temperature P is plotted in Fig. 6(c). The acoustic
P is much higher than the optical P, which is consistent
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FIG. 6. The group velocities (a) and the acoustic sound veloc-
ities in k-space (b). The three-phonon scattering phase space (c),
phonon relaxation time (d), Griineisen parameter (e), and evo-
lution of lattice thermal conductivity (f). The blue, orange, and
green points represent the contribution of TA1, TA2, and LA
phonon branches and the purple dot represents the participation
of optical phonon.

with the dominant state of acoustic phonon for the lattice
thermal conductivity.

The phonon relaxation time is calculated to describe
the intensity of phonon-phonon scattering in Ba,AgSb.
The small phonon relaxation time demonstrates intense
phonon scattering. A great amount of phonon in the cross
region also contributes to the strong phonon scattering in
Ba;AgSb. To evaluate the anharmonicity, the Griineisen
parameter is calculated, as shown in Fig. 6(e). Large
Griineisen parameters mainly occur in the low-frequency
region, indicating the strong anharmonicity of the acous-
tic phonon. The negative value of the Griineisen parameter
suggests the existence of negative thermal expansion. The
average room-temperature Griineisen parameter (1.44) is
close to that of @-MgAgSb (1.5) [37], which emphasizes
the strong anharmonicity of BayAgSb.

Following previous research, materials with large
Griienisen parameters and loose atomic bonds have low
thermal conductivity [38], which is consistent with the
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FIG. 7. (a) The electron-phonon scattering rates 1/t at 300,
500, and 800 K. (b) The temperature-dependent carrier lifetime
around the VBM and CBM. The evolution of zT with (c¢) temper-
ature and (d) carrier concentration. The dashed lines represent
the properties of n-type Ba, AgSb and the solid lines represent
the properties of p-type Ba, AgShb.

results for BayAgSb. The thermal conductivities in con-
sideration of the three-phonon scattering process are cal-
culated. Four-phonon scattering is neglected because of
its weak impact on the phonon transport in materials
without optical-acoustical gaps [39]. The lattice thermal
conductivities «; are the same in each direction, indicat-
ing the isotropic thermal transport ability of Ba,AgSb.
Ky is linear with inverse temperature, as shown in Fig.
6(f), matching with the consideration of phonon Umklapp
scattering. The acoustic branches dominate the thermal
transport as they provide a large thermal weight factor and
more phonons than optical branches. The thermal conduc-
tivity decreases with increasing temperature because more
phonons are excited at high temperature. The intrinsic lat-
tice thermal conductivity is 1.33 Wm~' K~! at 300 K, and
it decreases to 0.5 Wm~' K~! at 800 K, which is lower
than that of hexagonal BaAgSb [40] and comparable to that
of ultralow-lattice-thermal-conductivity materials Ca,YZ
(0.85-1.6 Wm~' K1) [17].

(a (b)

FIG. 8. Schematic representation of selected phonon modes:
T1y (a) and T»g (b).

C. Figure of merit

During the calculation of thermoelectric performance, t
is the input parameter in Boltzmann transport equations.
7 is calculated according to the imaginary part of electron
self-energy. The electron and hole lifetime is calculated in
the EPW model, as shown in Fig. 7(a). The e-ph scatter-
ing is intense at high temperatures, corresponding to the
shorter lifetime (approximately 10~'* s at 800 K). Accord-
ing to the e-ph calculations, the room-temperature carrier
lifetime near the VBM and CBM is around 1.10 x 10~
and 1.32 x 10713 s. The evolution of maximum zT with
temperature is shown in Fig. 7(c). The n-type Ba,AgSb
shows better performance than the p-type system, more
clearly at low temperatures. The room-temperature z7 is
2.14. The n-type BayAgSb has maximum z7 of 4.7 at
750 K, which is comparable to that of gold-based FH
thermoelectric materials [34,41]. The efficiency of thermo-
electric performance increases with carrier concentration
and reaches an optimal value, as shown in Fig. 7(d). zT
reaches a maximum value when the doping concentration
of electrons is around 1.57 x 10" cm™3.

D. Symmetry analysis of phonons

The symmetry of phonons in fcc Ba,AgSb is analyzed
using the irreducible representation of space groups [42].
Ba,;AgSb belongs to the space group of Oy, with Ba, Ag,
and Sb occupying 8c, 4b, and 4a sites with symmetry of
Td (Ba) and Oh. The high-symmetry points I', X', W, and
L in the first Brillouin zone have symmetry of Oy, Day,
D,,, and Cj,, respectively. The IR-active modes are all
acoustic modes with the irreducible representation of 77,
[42]. The Raman-active mode is T, and is contributed
by Ba. According to the irreducible representations, the
vibration directions of each representation are shown in
Fig. 8. All the phonon branches have three-fold degener-
acy at the I' point. According to the phonon dispersion
curves, the Debye frequency is 3 THz at the X point, and
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FIG. 9. Partial phonon DOS.

034023-5



SHAO-FEI WANG et al.

PHYS. REV. APPLIED 17, 034023 (2022)

TABLE I. The three-phonon scattering channels along the high-symmetry paths.

High-symmetry path I' = K/U(Cy) I' > L(Csy) ' > X (D4p) ' > W (D)
Irreducible ng—>A2+Bl—|—Bz ng—>A1+E ng—>Bzg+Eg ng—>B2+E
representation Ty — A1 +B1 + B, Ty — A1 +E Ty — A+ E, Tiw— By +E

Ay A1 Ay Ay Ay Ay Ay E, Eg B, EE
Three-phonon Ay Ay Ay A EE By E, E,
scattering channels Ay By By EEE By Eq E,

A1 32 BQ

Az By By

the corresponding |X| is gp. The energy and momentum
criteria of phonon Umklapp scattering are: fiw; + fiw, =
haws andlgl+l€2=l%+a.

Phonon Umklapp scattering redistributes phonon
momentum spectra. Phonon around 1/2 g, dominates the
phonon Umklapp scattering. There, gp is 0.79|b|, where b
is the reciprocal lattice vector. The phonon in the region
of |q| < 1/2¢gp is almost the low-frequency (< 1 THz)
acoustic phonon, which accounts for the small P, high
group velocity, and small Griineisen parameter in this
region. Ag makes a significant contribution in the low-
frequency region, and this is more obvious below 1.5
THz, as demonstrated in Fig. 9. The symmetry opera-
tions of Ba,AgSb are 48. Both atomic composition and
crystal symmetry affect the thermal conductivity to some
extent. The effect of the composition cannot be studied due
to the limitations of first-principles calculations, but the
effect of symmetry is still discussed. The crystal symmetry
restricts the phonon-phonon scattering selection rules [13].
According to the three-phonon scattering rules [12], the
scattering channels at I' points along the high-symmetry
paths are listed in Table I. All of the high-symmetry
paths have three-phonon scattering channels, indicating the
favorability of symmetry-based phonon scattering. So, this
framework can be used to insert different elements to opti-
mize the thermoelectric properties during high-throughput
calculations. The phonon representations of Ba; AgSb
at the high-symmetry point in the first Brillouin zone
are defined as: ' := Ty + Tope =30, +I'J =37, +
T2gaFac = F; = Tluaropt = 21—‘47 + F;r = 2Ty, + T2g-
According to crystal symmetry, the breakdown of the sym-
metry along the high-symmetry path is analyzed. The triply
degenerate T, and T, symmetry at the I" point breaks
down to 4 and £ symmetry at the L point, but 7}, symme-
try breaks down to 4,, and E, symmetry, and 75, breaks
down to By, and E, symmetry at the X' point. In addi-
tion, all the triply degenerate phonon branches break down
to B, and E on the I'-W path. The symmetry breakdown
along I'-K (L/X) paths splits triply degenerate modes
into one doubly degenerate mode and one nondegenerate
mode. Furthermore, all the phonon branches are nonde-
generate at U and K points, which introduce a variety of
phonon-phonon scattering paths and restrain the thermal
transport.

IV. CONCLUSIONS

Using our first-principles calculations, the thermoelec-
tric performance of Ba,AgSb is investigated. Ba, AgSb
is a promising isotropic thermoelectric material with
intense phonon-phonon scattering and strong phonon
anharmonicity, which induces low intrinsic lattice ther-
mal conductivity (k). The lattice thermal conductivity is
1.33 Wm~!'K~! at 300 K and drops to 0.5 Wm™' K~!
at 800 K. Ba,AgSb has a maximum z7 of 4.7 at 750
K with electron doping concentration of about 1.57 x
10" cm~3. The analysis of partial phonon density indicates
that Ba and Ag inhibit thermal transport by the acoustic-
optic phonon coupling. Ag has a significant influence on
thermal transport, mainly on phonon Umklapp scattering.
The symmetry-based phonon scattering rules are listed,
and a high-quality crystal framework for high-throughput
screening is given. As a result, low-cost FH compound
Ba; AgSb with high thermoelectric performance is consid-
ered to have potential thermoelectric applications.
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APPENDIX A: ELECTRONIC BAND STRUCTURE
AND PHONON DISPERSION CURVES
CALCULATED IN QE

The same crystal structure is used in VASP and QE
calculations. The electronic band structure and phonon dis-
persion curve in the first Brillouin zone are calculated in
QUANTUM ESPRESSO, as shown in Fig. 10. Both electronic
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FIG. 10. The electronic band structure (a) and phonon disper-
sion curve (b) calculated in QE.

and phonon band structures are the same as that of VASP,
implying the consistency of our DFT calculations.

APPENDIX B: THE CONVERGENCE TEST OF
k/q-POINT MESHES

The scattering rates close following the electronic den-
sity of states, implying the rational EPW calculation. The
convergence of k/q-point meshes is tested using 20 x
20 x 20 and 25 x 25 x 25 k/q-point meshes, as shown
in Fig. 11(a). The ignorable difference between these two
meshes confirms the convergence. The carrier lifetimes
calculated by 20 x 20 x 20 and 40 x 40 x 40 k/q-point
meshes are shown in Fig. 11(b).

APPENDIX C: THE CALCULATION OF
ELECTRONIC THERMAL CONDUCTIVITY

The Wiedemann-Franz law (k. = LoT) is used to
calculate the electronic thermal conductivity [7]. The
Lorentz number is calculated according to L =1.5+
exp[—abs(S§)/116] [23], as shown in Fig. 12. § is the See-
beck coefficient, which is calculated using the BoltzTraP
program [22].
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FIG. 11. (a) The carrier lifetimes calculated with 20 x 20 x

20 and 25 x 25 x 25 k/q-point meshes. (b) The carrier life-
times calculated with 20 x 20 x 20 and 40 x 40 x 40 k/q-point
meshes.
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