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Full Heusler compounds have become a research hotspot in the thermoelectric (TE) field, because they
have the remarkable electronic properties and high-TE power factor. Nevertheless, the inherent high thermal
conductivity κL hinders their further application as TE device. Hence, we investigate the mechanical, transport,
and thermoelectric properties in Na2KSb and X2CsSb (X = K, Rb) with eight valence electrons per formula unit
(f.u.) by using the first-principles calculations combined with self-consistent phonon (SCP) theory, compressive
sensing (CS) techniques, and Boltzmann transport equation (BTE). Due to the strong three phonon scattering
combined with small phonon group velocity, we obtain the ultralow lattice thermal conductivities. An evaluation
of their mechanical properties reveals that they are all brittle compounds, and Rb2CsSb has the strongest elastic
anisotropy. To capture rational electron transport properties, we include the effects of the acoustic deformation
potential (ADP) scattering, polar optical phonon (POP) scattering, and ionized impurity (IMP) scattering on the
electron relaxation time. Finally, a high p-type ZT values of 2.74 (2.48) at 600 (900) K are captured in the cubic
K2CsSb (Na2KSb). These findings not only help us to comprehensively understand the physical properties of
full Heusler compounds with eight valence electrons per f.u., but also support them as potential candidates for
thermal management and thermoelectric applications.
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I. INTRODUCTION

At present, energy shortage, environmental pollution, and
the social problems caused by them have become the biggest
challenges facing mankind and science [1,2]. Taking into ac-
count the nonrenewable fossil resources and the increasing
attention in environmental issues, scientists have conducted
in-depth research on alternative methods of efficient, sus-
tainable, and environment-friendly power generation. The
research of thermoelectric (TE) materials has become a cur-
rent hot topic, because TE technology has the advantage of
directly converting heat sources into electrical energy without
causing additional pollution [3–6]. The TE conversion effi-
ciency of materials can be evaluated by the figure of merit

ZT = S2σT

κL + κe
. (1)

Among them, the S, σ , T , and κL (κe) denote the thermopower,
electrical conductivity, temperature, and lattice (electrical)
thermal conductivity, respectively. Consequently, we can im-
prove ZT value through adjusting the contradictory material
properties by simultaneously boosting the power factor (σS2)
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and lowering the total (lattice plus electrical) thermal conduc-
tivity. The former is usually realized through carrier energy
filtering approach [7,8] and band alignment [9,10], while
the latter prefers sublattice disordering [11], ferroelectriclike
lattice instability [12,13], nanostructuring [14], anharmonic-
ity [15,16], and structural complexity [17,18].

In the last ten years, full Heusler (FH) compounds with
semiconducting behavior have been extensively studied in the
TE field, because of their attractive electronic properties with
high PF. Traditional FH semiconductors contain 24 valence
electrons per molecular formula unit (f.u.), which is composed
of main III to V groups and transition metal elements. Gen-
erally, these FH semiconductors have high TE power factor,
especially, Fe2VAl even exceeds 10 mW m−1 K−1 by using
band engineering [19]. However, their intrinsic high lattice
thermal conductivities κL have hindered the research and ap-
plication of TE materials since they were discovered [20–22].
Recently, a series of new FH semiconductors with ultralow
κL have been discovered [23]. These compounds contain 10
valence electrons per f.u., and are composed of alkaline earth
metals, noble metals, and IV or V main group elements. Due
to the coexistence of extremely low κL and high PF, these
FH compounds capture high ZT, e.g., n-type Sr2AuSb with
a ZT ∼4.4 at 750 K [24], n-type Ba2AuBi with a ZT ∼5 at
800 K [25], n-type Sr2AuAs with a ZT ∼3.3 at 700 K [26],
etc. However, the above FH compounds contain the rare noble
metals (Au), which greatly increase the cost of TE mate-
rials. Additionally, another class of FH semiconductor that
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has 8 valence electrons per f.u. is always neglected, e.g.,
Na2KSb [27], K2CsSb and Rb2CsSb [23,28]. Compared to
the FH semiconductors with 24 valence electrons per f.u.,
these FH semiconductors with eight valence electrons per
f.u. have ultralow κL and higher ZT. Meanwhile, they do not
contain rare noble metal elements (Au) and toxic elements
(Hg), which are more conducive to large-scale applications.
Furthermore, K2CsSb and Rb2CsSb can be successfully pre-
pared by deposition sputtering [29–32]. Hence, these are more
suitable as TE materials than semiconductors with 10 and 24
valence electrons per f.u..

Here, we employ the first-principles calculations to com-
prehensively investigate the mechanical, transport, and ther-
moelectric properties of the FH compounds Na2KSb, and
X2CsSb (X = K, Rb). Theoretical calculations indicate
that these three FH compounds are mechanical stable, and
Rb2CsSb has strong elastic anisotropy. Since the harmonic
(HA) approximation is failure to treat serious anharmonic ma-
terials, e.g., K2CsSb and Rb2CsSb, we employ self-consistent
phonon (SCP) theory to calculate the thermal transport
properties by considering the temperature-dependent renor-
malization of phonon energies. The calculated results suggest
that these three FH compounds have ultralow κL due to the
rattling modes of alkali-metal atoms [33,34]. Meantime, the
alkali-metal atoms with strong quartic anharmonicity play
an important role in the dynamical stability in K2CsSb and
Rb2CsSb, and lead to the obvious hardening of low-lying
acoustic phonon branches in Na2KSb. With the increase of
the atomic number of alkali metals, the lattice (cubic and
quartic) anharmonicity increases. On the other hand, the elec-
tropositive alkali-metal atoms offer electrons to the Sb atomic
framework, and Sb atomic framework connected by covalent
bonds maintains the high electrical conductivity σ and car-
rier mobility μ of these three FH compounds [35,36]. As a
result, we captured an anomalously high electrical mobility
μe in n-type cubic Na2KSb by including the effect of acoustic
deformation potential (ADP) scattering, polar optical phonon
(POP) scattering, and ionized impurity (IMP) scattering. Ad-
ditionally, we obtained a high p-type ZT of 2.74 (2.48) at
600 (900) K in the FH compounds K2CsSb (Na2KSb). This
paper emphasizes the importance of the chemical control of
bonding to capture the ultralow κ and good TE performance,
and clarifies the microscopic origin of the ultralow κ in these
FH compounds.

II. METHODOLOGY

The FH compounds Na2KSb, K2CsSb, and Rb2CsSb crys-
tallize into the cubic Cu2MnAl-type structure with the space
group Fm3m, as shown in Fig. 1(a). Among them, the X (X
= Na, K, and Rb), Y (Y = K and Cs), and Sb atoms take
up the Wyckoff positions 8c( 1

4 , 1
4 , 1

4 ), 4b( 1
2 , 1

2 , 1
2 ), and 4a(0,

0, 0), respectively. The theoretical and experimental lattice
constants for these three FH compounds are listed in Table I.
For the involved first-principles calculations, the projector
augmented wave (PAW) potentials [37] were performed to
describe the interaction of the valence electrons and ionic
cores on the basis of the density functional theory (DFT).
The exchange-correction energy of DFT was treated based
on the generalized gradient approximations of PBEsol [38],

TABLE I. Calculated lattice parameters (aopt), dielectric permit-
tivity tensors (ε∞), Born effective charges (Z∗), and band gaps EHSE06

g

for FH compounds Na2KSb, K2CsSb, and Rb2CsSb. The experimen-
tal lattice parameters (aexpt) were also listed for comparison.

X2YSb Na2KSb K2CsSb Rb2CsSb

aopt (Å) 7.69 8.55 8.81
aexpt (Å) 7.72 [43] 8.61 [44,45]
ε∞ 8.55 7.46 7.73
Z∗(X) 1.04 0.93 0.89
Z∗(Y) 0.99 1.23 1.35
Z∗(Sb) −3.07 −3.10 −3.12
EHSE06

g 1.38 1.70 1.13

implemented in the VASP package [39,40]. The cutoff en-
ergy of the plane-wave basis set is set to 500 eV in the all
calculations. Initially, the optimum structures of these three
FH compounds are captured in a �-centering 13 × 13 × 13
k-point mesh. In order to obtain the accurate atomic force,
the energy convergence standard of electronic self-consistent-
loop was 10−8 eV, and the convergence criterion of the whole
force is less than 10−4 eV/Å. The thermal stability of these
three FH compounds were tested by performed ab initio
molecular dynamics (AIMD) simulations in a 2 × 2 × 2 su-
percell with 2 × 2 × 2 k-point mesh, as shown in Fig. S1 in
the Supplemental Material [41]. The time was set to 5000-
step and interval was 2 fs. Density functional perturbation
theory (DFPT) is used to calculate nonanalytical corrections
caused by dipole-dipole interactions, which usually results
in longitudinal-transverse optical (LO-TO) splitting in polar
semiconductors [42]. The calculated Born effective charge
and dielectric permittivity tensor are listed in the Table I.
Furthermore, the HA interatomic force constants (IFCs) were
captured by virtue of the finite displacement approach [46].
The anharmonic IFCs were trained based on the CS tech-
niques [47]. For details, please refer to the Supplemental
Material [41]. Subsequently, the temperature-dependent an-
harmonic phonon energies were captured by using SCP
calculations combined with obtained second-order to sixth-
order IFCs. Finally, within a 14 × 14 × 14 q-point mesh, the
lattice thermal conductivity of these three FH compounds
were estimated using Boltzmann transport equations (BTE)
of relaxation time approximation (RTA). The above IFCs and
lattice thermal conductivity calculations were implemented in
ALAMODE code [48,49]. The κL was written as

κL = κ
αβ
L (T) = 1

N�

∑
q, j

Cq, j (T )υα
q, jυ

β
q, jτq, j (T), (2)

where �, N , α(β ), q, j, Cq, j , υ
α(β )
q, j , and τq, j (T) denote unit

cell volume, particle number, Cartesian coordinates, phonon
modes, specific heat capacity, phonon group velocity, and
phonon lifetime, respectively.

The AMSET code [50] was employed to calculate the
mode-dependent electron-phonon scattering matrix elements
gnm (k, q) and electron transport properties. The initial DFT
calculations for Fourier interpolation were performed within
a �-center k-point mesh of 12 × 12 × 12. We use the PBE
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FIG. 1. (a) Crystal structure of X2YSb (X = Na, K, Rb; Y= K, Cs) was visualized using VESTA [59]. The calculated phonon dispersions
and corresponding phonon density of states (PDOS) at different temperatures for (b) Na2KSb, (c) K2CsSb, and (d) Rb2CsSb, where the result
of HA represents the 0 K.

functional to calculate electronic band structure, high fre-
quency dielectric constants, and deformation potentials. We
use DFPT calculations to capture elastic constants, static
dielectric constants, and effective polar phonon frequency.
Afterwards, to capture an accurate electron band gap, the
HSE06 calculations were used. Importantly, the precise gnm

(k, q) was solved using a dense interpolated 101 × 101 ×
101 k-point mesh combined with the material parameters of
first-principles calculations [51]. The electron relaxation time
comes from the effect of fully anisotropic acoustic defor-
mation potential (electron-acoustic phonon interaction), polar
electron-phonon (electron-ploar optical phonon interaction),
and ionized impurity scattering. Finally, the calculated en-
ergy eigenvalues, group velocities, and scattering rates were
used to capture rational electron transport properties using
linearized BTE. Since the Lorenz constant varies with dopant
concentration, we use the linear BTE to calculate the κe,
as shown in Eqs. (S9) in the Supplemental Material [41].
More details and material parameters can be found in Fig. S2,
Fig. S3, and Table S1 in the Supplemental Material [41].

III. RESULTS AND DISCUSSION

The harmonic phonon (HP) dispersions of three FH com-
pounds are plotted by gray lines in Fig. 1. With increasing
the alkali-metal atomic number, the low-frequency acoustic
modes are mainly dominated by the vibration of alkali-metal
atoms, and the energies of the low-lying phonon modes as-
sociated with alkali-metal atoms decrease. When the heaviest
Cs occupy the center of unit cell, K2CsSb and Rb2CsSb be-
come unstable, that is, ω2

q < 0. Analogous to the Ba2AuBi
and clathrates [23,52], the low-lying modes can be described
as rattling motions of Cs (K) atoms inside the pseudocage
structure comprised of the alkali-metal atoms X2 (X = Na,
K, Rb) and Sb atoms. Because of the dynamic coupling of
the rattling atoms to the rigid lattice framework, the acoustic
and optical branches separated by a small gap [53,54]. The
phenomenon is so called “avoided crossing”, which can be
clearly observed in Fig. S9 in the Supplemental Material [41].
Furthermore, the electron localization function (ELF) indicate
that localized Y-site atoms causes weak interaction with Sb
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TABLE II. The calculated elastic constants Ci j (GPa), bulk modulus B (GPa), shear modulus GVRH (GPa), Young’s modulus E (GPa), and
Debey temperature θD (K) for the cubic Na2KSb, K2CsSb, Rb2CsSb. Other theoretical works are also listed for comparison.

Semiconductor C11 C12 C44 B GV GR GH E θD

Na2KSb 32.94 14.18 17.90 20.44 14.49 13.13 13.81 33.81 231.0
Other (Na2KSba) 32.18 12.82 20.27
Other (Na2KSbb) 22.28 19.3 17.59 20.35 1.26(11.13) 3.21 7.17(7.17) 19.25
K2CsSb 22.40 10.06 12.13 14.18 9.74 8.75 9.25 22.78 157.2
Other (K2CsSb) 38.24 3.13 23.29 14.68 0.73(21) 20.61 20.79(20.8) 42.52
Rb2CsSb 17.65 10.23 11.73 12.70 8.52 6.29 7.40 18.60 126.6
Other (Rb2CsSb) 18.00 10.87 13.01 13.25 0.34(9.23) 6.31 7.77(7.77) 19.51

aReference [57].
bReference [58].

atoms, while there is a strong interaction between Sb atoms,
see Figs. S4(a) and 4(b) in the Supplemental Material [41]),
making Cs (K) atoms behave as an inert alkaline-earth metals
in tetrakaidecahedral cages.

The finite-temperature phonon dispersions for three FH
compounds have been calculated using SCP theory un-
der various temperatures, and the results are illustrated in
Figs. 1(b)–1(d). Generally, the quartic anharmonicity in-
creases the energies of low-lying phonon modes, which can be
attributed to the dominant and positive contribution from the
diagonal term of quartic coefficient. With increasing alkali-
metal atomic number, the quartic anharmonic effect is more
important for the phonon energies, exhibiting a more pro-
nounced hardening of the phonon frequencies. Like the guest
atoms of clathrates [52], the alkali-metal atoms at the Y posi-
tion have an anomalously strong quartic anharmonicity, which
play a vital role in the dynamical stability of K2CsSb and
Rb2CsSb, and PDOS at 300 K also confirms this point. In ad-
dition, the thermal stability of these three FH compounds are
also discussed, and the results indicate that Na2KSb, K2CsSb
and Rb2CsSb are stable at 900 K, 600 K, and 500 K, re-
spectively. Moreover, the calculated elastic constants for these
three FH compounds satisfy the mechanical stability criteria
of cubic lattice system

C11 − C12 > 0; C11 + 2C12 > 0; C44 > 0, (3)

revealing that they are mechanically stable [55,56]. The cal-
culated elastic constants using the strain-stress approach are
shown in Table II. Our results are in good agreement with
other studies [57,58] except the elastic constants of K2CsSb.
The difference requires experimental investigation on elastic
properties of K2CsSb.

Analogously to the skutterudites and clathrates, the guest
atoms with rattling vibration will hinder heat conduction in
the host cages, resulting in low κL. Hence, the κL of these three
FH compounds are calculated by including the quartic an-
harmonic renormalization of phonon energies, three-phonon
scattering, isotope scattering, and 1-mm grain boundary scat-
tering, as shown in Fig. 2. For Na2KSb, the κL of the
HP+BTE is also displayed in Fig. 2. The κL using SCP+BTE
is obviously higher than the result of HP+BTE, which
can be attributed to the increase in phonon group velocity
and the suppression of the three-phonon scattering phase
spaces caused by phonon frequencies renormalization [60].

If the four-phonon scattering caused by the quartic anhar-
monicity is considered, the κL decreases [60,61]. Meanwhile,
the TE properties of materials will be further improved.
Since K2CsSb and Rb2CsSb have imaginary frequencies at
zero temperature, the HA many-body perturbation theory is
invalid. These three FH compounds exhibit ultralow κL (0.31–
0.95 W m−1 K−1 at room temperature) using SCP+BTE,
which are lower than previous theoretical [23,62] and ex-
perimental [63,64] values of FH compounds. This finding is
exciting, because such a low κL can only be found in com-
plex structures [65,66]. More importantly, the κL of these
three FH compounds exhibit lower temperature dependence
after considering the quartic anharmonic renormalization of
phonon frequencies, especially for K2CsSb. The temperature
dependence of κL can be approximately described by κL ∝
Tη. Among them, the η values of SCP+BTE are 0.78 for
Na2KSb, 0.55 for K2CsSb, and 0.63 for Rb2CsSb, respec-
tively. Generally, the κL of most materials is proportional to
T−1 [67]. While the results of HP+BTE have high η, the η

value of Na2KSb is 1.03. The consideration of quartic an-
harmonic renormalization of phonon frequencies gives rise
to a weaker temperature dependence. This underestimated
temperature dependence suggests that it is necessary to ac-
count for four-phonon scattering. If four-phonon scattering is
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FIG. 2. Temperature-dependent κL of the three FH compounds
calculated using SCP+BTE. For Na2KSb, the result of HP+BTE is
also shown for comparison. The 1-mm grain boundary scattering is
also considered.
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FIG. 3. Lattice thermal conductivity spectrum κL (ω) and rele-
vant cumulative κL for the three FH compounds Na2KSb, K2CsSb,
and Rb2CsSb.

considered, the temperature dependence will become stronger,
e.g., approaching T−1. Additionally, the TE properties of the
material will be further enhanced due to the reduced κL.

Subsequently, we explored the key components entering
phonon BTE, namely, phonon frequencies (ωph), phonon
group velocity (υph), and phonon lifetime (τph) to investigate
the microscopic origin of low κL. Initially, We compared
the lattice thermal conductivity spectrum [κL (ω)] and cor-
responding cumulative κL for these three FH compounds
at 300 K, and the calculated results are shown in Fig. 3.
As the alkali-metal atomic number increases, the highest
phonon frequencies and Debey temperature (see Table I) de-
crease significantly. The Debye temperature (θD= h̄ωD

kB
) can

usually describe the vibration of crystal lattice, where h̄ is
reduce Planck’s constant, ωD is Debey frequency, and kB

is Boltzmann constants, respectively. After careful investi-
gation, we find that these decreases can be attributed to
the increase in atomic mass and decrease in interatomic
strength [68–70], which leads to small atomic displacements.
Meantime, the reduction of the highest phonon frequencies
makes the optical phonon branches more inclined to suppress
the acoustic phonon branches, thus hindering the propaga-
tion of heat-carrying phonons. Concretely, because of the
“avoided crossing” phenomenon, the reduction of the high-
est phonon frequencies makes the optical phonon branches
more inclined to suppress the acoustic phonon branches, e.g.,
the acoustic phonon branches becomes flatter. The flatter
acoustic phonon branches not only reduce the phonon group
velocity, but also lead to enhancement of energy-conserving
and momentum-conserving phase spaces. Compared the two
results of Na2KSb (HA and SCP) with the frequencies in-
creasing of the low-lying modes caused by alkali-metal atoms,
κL (ω) evidently increases below 80 cm−1, and the peak values
of κL (ω) increase evidently. Furthermore, quartic anhar-

monicity mainly affects the low-frequency acoustic phonon
mode, but has little effect on the high-frequency optical
phonon mode. At the same time, the results of cumulative κL

show that the low-frequency phonon mode provides the main
contribution to the κL of the three FH compounds.

To further illustrate the variation of κL (ω), we calculated
thermal transport parameters of the three FH compounds,
including phonon group velocity (υph), phonon lifetime (τph),
Grüneisen parameter (γ ), and three-phonon scattering phase
space (W), and the calculated results are shown in Figs. S2
and S3 in the Supplemental Material [41]. The results indicate
that the low κL is the result of low υph combined with small
τph. Generally, the υph is more important because κL ∝ υ2

ph. As
the alkali-metal atomic number increases, phonon frequencies
ωph softens, the υph decreases evidently, because υph can be
written as υph = dω

dq . Furthermore, considering the quartic
anharmonic renormalization of phonon energies, the υph under
low frequencies phonon modes increases significantly, which
is consist with the hardening of low-lying modes under low
frequencies. Analogously to Cmcm phase SnSe, small υph

means low κL in these three FH compounds. Next, the effect
of τph is discussed, because the κL is proportional to the τph of
materials, we can study the influence of phonon lifetime on the
thermal conductivity of materials. Based on the Matthiessen’s
rule, the total τph can be written as is

τ−1
ph (T) = 2

(
�anh

ph (T) + �iso
ph + | υph |

L

)
, (4)

where �anh
ph (T) is cubic anharmonic phonon linewidth, �iso

ph
is isotope effect phonon linewidth, and L is grain boundary
size with the values of 1 mm, respectively. Since the 1-mm
grain boundary slightly increases the total scattering rate, we
consider the calculated results to be an upper limit for the κL

and a lower limit for the ZT value. Additionally, to better
illustrate the effect of grain boundary scattering on κL, we
provide the κL and grain boundary scattering rate as functions
of grain size, as shown in Fig. S10 in the Supplemental Mate-
rial [41]. It can be seen that as grain boundary size decreases,
grain boundary scattering increases, resulting in a significant
decrease in κL. The decrease in κL is more severe at low
temperature, which can be attributed to the weakened three-
phonon scattering at low temperature. As the alkali-metal
atomic number increases, the τph decreases, which can be put
down to the increase in the γ and W. The former is usually
used to describe cubic anharmonicity of solids, which can be
directly measured through experiments. The latter represents
the number of three-phonon scattering processes. Taking quar-
tic anharmonic renormalization of phonon frequencies into
account, the τph increases, which is mainly due to reduced γ .
As a result, the coexistence of small υph and τph results in
extremely low κL. As the atomic number increases, not only
the quartic anharmonicity increases significantly, but the cubic
anharmonicity also increases significantly.

Since the FH compounds can be easily alloyed and nanos-
tructured, the κL of the three FH compounds will further
decrease using structural engineering. We also calculated the
cumulative κL, which is a function of the maximum phonon
mean free paths (MFP), as shown in Fig. S5 in the Supplemen-
tal Material [41]. To investigate the experimental feasibility of
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FIG. 4. (a) The projected electron localization function (ELF) in (001) plane for Na2KSb visualized using VESTA [59]. The distances
from the origin are a

4 (left) and a
2 (right), respectively. The values of the ELF range from 0.0 to 1.0, in which 1.0 signify that electrons localized

completely. The electron band structure and relevant electron density of states for (b) Na2KSb, (c) K2CsSb, (d) Rb2CsSb.

nanostructuring to reduce κL, Based on logistic curve [71], we
calculated the phonon effective MFP of the three materials.
The logistic curve is written as

κL(� � �max) = κL

1 + �0
�max

, (5)

where κL(� � �max), �0, and �max are cumulative κL,
phonon effective MFP, and maximum MFP, respectively. The
effective MFP at 300 K is 14.1, 6.8, 5.1 nm for Na2KSb,
K2CsSb, Rb2CsSb, respectively. Generally, scattering through
nanostructuring takes precedence over three-phonon scatter-
ing at length scales comparable to phonon effective MFP.
The calculations show that Na2KSb can effectively reduce
κL through nanostructuring, while the other two materials are
not so effective. Furthermore, if the electron MFP is com-
parable to the phonon effective MFP, nanostructuring also
reduces σ , thereby compromising TE performance. Recently,
Hosseini and coworkers found that this detrimental effect
can be addressed by fine tuning the carrier concentration
and judiciously designing the pore size and shape [72,73].
The electronic filtering created by such nanoscale poros-
ity can increase the S, thereby offsetting the decrease in
σ . Furthermore, the mechanical properties for these three
FH compounds are investigated using the Voigt-Reuss-Hill
(VRH) method [74–76], and the results are listed in Table
II. As the atomic number of alkali-metal increases, the me-
chanical parameters of these three FH compounds decrease,
including bulk modulus (B), shear modulus (G), and Young’s
modulus (E). The above results can be explained by the de-
crease in interatomic bonding strength, as shown in Fig. 4,

Figs. S4(a) and S4(b) in the Supplemental Material [41].
Moreover, the ductility and brittleness of these three FH
compounds are evaluated by Pugh’s ratio (BH/GH ) [77] and
Poisson’s ratio (ν) [78], as shown in Table III. If the former
(the latter) is greater than 1.75 (0.26), the compound is a brittle
material, otherwise, the compound is a ductile material. It can
be seen from dual results of these three FH compounds that
they are all brittle materials. Generally, significant mechan-
ical anisotropy may cause microcracks in the material [79].
Therefore, mechanical anisotropy is an important physical
quantity to improve the durability of materials. In our paper,
the universal anisotropic index AU and percent anisotropic
of shear modulus AG are used, as shown in Table III. The
deviation of the above physical value from zero is used to
judge the anisotropy of the material. The calculated results
indicated that Rb2CsSb has strong shear modulus anisotropy.
The strong shear modulus anisotropy causes Rb2CsSb to have
larger mechanical anisotropic properties. In addition, other

TABLE III. The calculated Pugh’s ratio BH/GH , Poisson’s ratio
ν, universal anisotropic index AU , and percent anisotropic of shear
modulus AG for three cubic FH compounds Na2KSb, K2CsSb, and
Rb2CsSb.

Semiconductor BH/GH ν AU AG

Na2KSb 1.48 0.22 0.52 0.04924
K2CsSb 1.53 0.23 0.57 0.05354
Rb2CsSb 1.72 0.26 1.77 0.15057
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theoretical studies are also listed in Table II for compari-
son [57,58]. For Na2KSb and K2CsSb, our calculated elastic
constants are significantly different from those of Murtaza
and coworkers [58], resulting in significant differences in me-
chanical parameters. However, our results for Na2KSb are in
good agreement with those of Yalameha and coworkers [57].
Furthermore„ these mechanical parameters is proportional to
the bonding properties of these compounds, i.e., the stronger
the bond, the greater the mechanical parameter [80]. Although
we could not find any experimental results for the mechanical
properties of both materials, our results are consistent with
the above law. Hence, our results are more reliable. However,
the difference in elastic properties still needs to be verified
by experiments. Furthermore, we found that GV calculated by
Murtaza and coworker has some deviations. We recalculated
GV and GH and listed it in Table II.

Generally, FH compounds have compelling electronic
properties. Hence, we calculated electronic band structure
and the corresponding electronic density of states (EDOS) as
shown in Fig. 4 for PBEsol results, and Fig. S4 in the Supple-
mental Material [41] for HSE06 results, respectively. Since
the PBEsol functional underestimate band gaps, the HSE06
functional was employed to capture accurate band gaps. These
three compounds are all direct band gap semiconductors, and
the values of HSE06 band gaps are listed in Table I. From the
ELF pictures of these three FH compounds, the electrons of
the alkali-metal atoms are more localized, so they contribute
less to the valence band maximum (VBM). Due to the strong
covalent bond of the Sb anion skeleton, the band structures
of these three compounds all show good electron band dis-
persion, which usually means high conductivity σ and carrier
mobility μ. Therefore, we used the electron BTE to calculate
the electron transport properties of these three FH compounds,
including carrier mobility (μ), electrical conductivity (σ ),
Seebeck coefficient (S), and electronic thermal conductivity
(κe). In particular, considering ADP scattering, POP scatter-
ing, and IMP scattering, a reasonable electron relaxation time
is calculated. The calculated scattering rates for these three
FH compounds are shown in Fig. S6 in the Supplemental
Material [41]. Because of the large electron band dispersion
at conduction band minimum (CBM) for the three FH com-
pounds, we captured anomalously high electron mobility μe,
especially Na2KSb, which exceeds 3×103 cm2 V−1 s−1 at
300 K, as shown in Fig. 5. In addition, the K2CsSb also has a
high μe with a value of 487 cm2 V−1 s−1 at 300 K.

Following, we turn to investigate TE performance, the
calculated σ , S, κe, and TE power factor for the three FH
compounds are shown in Fig. 6, Fig. S7, and Fig. S8 in
the Supplemental Material [41]. Generally, light-mass semi-
conductors have high σ and μ [35], which are in good
agreement with our results. Compared with three p-type FH
compounds, the three n-type FH compounds have greater σ

due to the greater electronic band dispersion at CBM. In
contrast, three p-type counterparts have larger S because of
the flatter electron bands at VBM. Analogous to the universal
trend observed in most TE materials with semiconducting
behavior, the σ (|S|) decreases (increases) as temperature
increases at the same carrier concentration (n), and increases
(decreases) as the n increases at same temperature. Because
of the coexistence of large |S| and high σ , a high TE power

100 200 300 400 500 600 700 800 900
100

101

102

103

104

μ
(c
m
2
V
-1
s-
1
)

Temperature (K)

μNa2KSbe μK2CsSbe μRb2CsSbe

μNa2KSbh μK2CsSbh μRb2CsSbh

FIG. 5. The calculated carrier mobility (μe and μh) as a function
of temperature for Na2KSb, K2CsSb, and Rb2CsSb.

factor are captured, especially for p-type K2CsSb, which
can reach 2.4 mW m−1 K−2 at 600 K and optimal carrier
concentration nh. Subsequently, we investigate the electri-
cal thermal conductivity κe, because the electron thermal
transport is also very eventful to ultimate TE performance.
Distinctly, at the same temperature, the κe demonstrates the
same trend as the σ , that is, as the carrier concentration n
increases, the κe increases. The above results can be well
illustrated by Wiedemann-Franz law (κe=LσT), where L is
the Lorenz number. The difference is that κe is determined by
the T and the σ at the same carrier concentration. Because of
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FIG. 6. The calculated (a) electrical conductivity σ , (b) Seebeck
coefficient S, (c) electrical thermal conductivity κe, and (d) TE power
factor σS2 for K2CsSb.
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FIG. 7. The calculated TE figure of merit for (a) n-type Na2KSb,
(b) p-type Na2KSb, (c) K2CsSb, and (d) Rb2CsSb.

the contradictory nature of σ , κe and S, we need to change
the carrier concentration to seek the best thermoelectric per-
formance for these three FH compounds.

Because of the extremely low κL combined with high TE
power factor, the good TE performance are captured in these
three FH compounds, as shown in Fig. 7. Among them, the
highest ZT values ∼2.74 (1.30) at T = 600 (300) K and
nh ∼ 5 × 1020 (4 × 1020) cm−3 are captured in the p-type
K2CsSb. In addition, the p-type Na2KSb has a high ZT with
the value of 2.48 at T = 900 K and nh ∼ 1 × 1020 cm−3.
The n-type Na2KSb also exhibits a good TE performance,
and the ZT is 1.65 at T = 900 K and nh ∼ 2 × 1018 cm−3.

In addition, we only use the BTE to calculate the electronic
transport properties at specific doping concentrations without
considering specific p-type and n-type dopants, which also
means that further experimental and theoretical explorations
are required.

IV. CONCLUSIONS

We have performed the state-of-the-art first-principles
calculations to investigate the mechanical, transport and ther-
moelectric properties in full Heusler compounds Na2KSb and
X2CsSb (X = K, Rb) by processing the influence of quar-
tic anharmonicity on the phonon energies and capturing a
rational electron relaxation time. The calculated results in-
dicate that the strong anharmonicity of alkali-metal atoms
is the main reason for their extremely low κL. Our study
unveils that the alkali-metal atoms play an important role in
nonimaginary phonon frequencies for X2CsSb (X = K, Rb).
As the atomic number of alkali-metal increases, the strength
of quartic anharmonicity increases. As the atomic number
of alkali-metals increases, the strength of the interaction be-
tween atoms decreases, and bulk modulus (B), shear modulus
(G), and Young’s modulus (E) decrease. Taking into account
ADP, POP, and IMP scattering, we captured a rational elec-
tron relaxation time and transport properties. Because of the
large electron dispersion bands at CBM, the anomalously high
electronic mobility are captured in p-type for Na2KSb and
K2CsSb. Finally, an excellent TE performance is predicted in
the three p-type FH compounds because of the combination of
extremely low lattice thermal conductivity and good TE power
factor. In addition, the n-type Na2KSb has good TE properties.
The calculated results support them as potential candidates for
thermal management and thermoelectric applications.
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