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Antibonding induced anharmonicity leading to
ultralow lattice thermal conductivity and
extraordinary thermoelectric performance in
CsK,X (X = Sb, Bi)f
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Full Heusler compounds have long been discovered as exceptional n-type thermoelectric materials.
However, no p-type compounds could match the high n-type figure of merit (ZT). In this work, based
on first-principles transport theory, we predict the unprecedentedly high p-type ZT = 2.2 at 300 K
and 5.3 at 800 K in full Heusler CsK,;Bi and CsK,Sb, respectively. By incorporating the higher-order
phonon scattering, we find that the high ZT value primarily stems from the ultralow lattice thermal
conductivity (i) of less than 0.2 W mK™ at room temperature, decreased by 40% compared to the
calculation only considering three-phonon scattering. Such ultralow k| is rooted in the enhanced
phonon anharmonicity and scattering channels stemming from the coexistence of antibonding-induced
anharmonic rattling of Cs atoms and low-lying optical branches. Moreover, the flat and heavy nature
of valence band edges leads to a high Seebeck coefficient and moderate power factor at optimal
hole concentration, while the dispersive and light conduction band edges yield much larger
electrical conductivity and electronic thermal conductivity (ke), and the predominant role of e
suppresses the n-type ZT. This study offers a deeper insight into the thermal and electronic transport
properties in full Heusler compounds with strong phonon anharmonicity and excellent thermoelectric

rsc.li/materials-c performance.

1. Introduction

Improving the energy utilization efficiency can not only satisfy
the ever-increasing demand for energy, but also tackle the
climate crisis by reducing carbon emissions. Thermoelectric
materials that can generate electricity from waste heat have been
paid extensive attention as promising candidates for sustainable
and environmentally friendly energy conversion technologies." ™
However, the low thermoelectric conversion efficiency impedes
the large-scale commercial applications of the thermoelectric
device. The conversion efficiency of thermoelectric materials is
primarily characterized by the dimensionless figure of merit ZT =
S%6T/x, where S is the Seebeck coefficient, ¢ is the electrical
conductivity, T is the absolute temperature, and « is the thermal
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conductivity consisting of electronic and lattice contributions.
As we can see, enhancing ZT can be achieved either by maximizing
the power factor (PF = S%¢) or by minimizing the thermal
conductivity. Unfortunately, the requirements of band structure
for high S and ¢ are reversed. On the other hand, the increase of
o will lead to a larger electronic contribution to the thermal
conductivity according to k., = LoT, where L is the Lorenz
number. These interdependent properties leave a key challenge
to decouple the electronic and thermal transport properties.*
Since the lattice thermal conductivity is relatively indepen-
dent of the electronic transport properties, seeking the material
with intrinsically low lattice thermal conductivity has been paid
many efforts in the past decades. It has been demonstrated that
the underlying mechanisms driving low lattice thermal con-
ductivity are associated closely with lattice anharmonicity.>”
Several strategies are found to trigger strong anharmonicity,
such as stereochemically active lone-pair electrons,®° resonant
bonding,'®'" and rattling atoms.">** Among these, the rattling
model offers a rich playground for lowering the lattice thermal
conductivity by tuning the vast structural and chemical space.
The rattling behavior refers to the large amplitude vibrations of
weakly bound atoms or atom clusters, resulting in the softening of
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the acoustic phonon branches owing to the avoided crossing
effect. This characteristic was first found in host-guest framework
structures such as clathrates™>'® and partially filled skutterudites.'”*®
Recently, some descriptors have been proposed to screen the
materials with intrinsic rattling atoms. Liu et al. found that the
crystallographic site occupancy factor could be an effective
indicator to identify a material with low lattice thermal
conductivity.’® They demonstrated that the atomic partial
occupancy could lead to the anharmonic rattling vibration
and atomic migration, which induce large anharmonicity and
weak bonding environment. However, the crystallographic site
occupancy factor can not fully describe the materials with
intrinsic rattling atoms since many materials with atomic sites
being fully occupied also have rattling atoms due to the weak
interaction with the neighboring atoms. By analyzing the
structural features of materials with the rattling model, Li
et al. extracted a structural descriptor of the rattling atoms.™
If the distances between the specific atom and the nearest
neighboring atoms are larger than the sum of corresponding
covalent radiuses, the atom can vibrate like rattling. Many
materials with intrinsic rattling atoms have been explored by
this structural descriptor. Furthermore, prominent materials
with intrinsic rattling atoms have been experimentally identi-
fied to exhibit low lattice thermal conductivity.>°>

Full Heusler compounds are a rare class of thermoelectric
materials with the coexistence of high power factor and ultra-
low lattice thermal conductivity. He et al. reported the ultralow
thermal conductivity in semiconducting full Heusler compounds
with ten valence electrons through first-principles high-throughput
screening.>® Among these compounds, Ba,AuBi exhibits the lowest
lattice thermal conductivity (0.47 W mK ' at 300 K) due to the
strong anharmonic rattling of Au atoms. Based on a rigorous
treatment of electron-phonon scattering, the optimal ZT values
for n- and p-type Ba,AuBi are as high as 5 and 2 at 800 K.>**
Meanwhile, another full Heusler compound Sr,BiAu was predicted
to deliver n-type ZT' = 0.4-4.9 at T = 100~700 K.?° As we can see, the
advanced full Heusler thermoelectric materials have the potential
to achieve unprecedentedly high ZT for n-type doping compared to
their p-type counterpart. The mismatch between the n- and p-type
legs of the thermoelectric module would lead to the sacrifice of the
conversion efficiency to some extent.

In this work, we predict the ultralow lattice thermal conductivity
in full Heusler CsK,X (X = Sb, Bi), which is even lower than previous
reported full Heusler materials. The antibonding-induced anhar-
monic rattling of Cs atoms is found to trigger high-order phonon
interactions, which strongly suppresses the contributions of the
heat-carrying acoustic phonons to thermal transport. Additionally,
the presence of low-frequency optical modes arising from the
vibrations of Sb/Bi atoms enables more available phonon scattering
channels. These two factors acting together lead to the ultralow
lattice thermal conductivity in CsK,X (X = Sb, Bi). On the other
hand, the flat valence band edges of CsK,Sb yield much larger
p-type power factor at the optimal carrier concentration compared
to its n-type counterpart. The coexistence of low thermal conduc-
tivity and high p-type power factor results in an unprecedentedly
high p-type ZT' = 5.3 at 800 K.

This journal is © The Royal Society of Chemistry 2022
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2. Computational details

All the first-principles calculations are carried out based on
density functional theory (DFT) as implemented in the Vienna
ab initio Simulation Package (VASP).>” The projector-augmented
wave (PAW) pseudopotentials are used to describe the interaction
among atoms and the generalized gradient approximation (GGA)
in the Perdew-Burke-Ernzerhof (PBE) form is chosen as the
exchange-correlation functional.*®*° The kinetic energy cutoff of
the plane-wave function is set to 600 eV for all the calculations.
The convergent criterion for the total energy difference between
two successive self-consistency steps is 10~ ° eV and the primitive
cell is fully relaxed until the maximum force acting on each atom
is less than 107% ev A™*. A well-converged I'-centered k-point
grid of 10 x 10 x 10 is used to sample the first irreducible
Brillouin zone.

In this work, moment tensor potential (MTP) is trained
to evaluate the phonon transport properties using the MLIP
package.’® The training set for the development of MTP is
prepared by DFT calculations and active learning is used to
automatically refine the training set. First, ab initio molecular
dynamics (AIMD) simulations of 3 x 3 x 3 supercell and
I'-point sampling are performed in the temperature range from
100 to 800 K with an interval of 100 K. The total simulation time
is 1 ps with a timestep of 1 fs. For each run, 50 configurations
are selected from the last 0.5 ps (one configuration is sampled
every 10 time steps) and the initial training sets include
400 configurations in total. To evaluate the energy and force
more accurately, the initial configurations are recalculated with
the I'-centered k-point grid of 2 x 2 x 2. Then, the first MTP
model can be trained on the initial 400 configurations and
molecular dynamics (MD) simulations of 3 x 3 x 3 supercell in
the same temperature range as the AIMD are performed using
LAMMPS.*" The configurations whose extrapolation grade
exceeds the threshold are added to the preselected set, then
some of them are selected with MaxVol algorithm. Finally,
energies, forces, and stresses of the selected configurations
are calculated by DFT and added to the training set. After that,
the MTP can be retrained and the process is repeated until the
chosen threshold is satisfied. With the help of active learning
process, 780 and 896 configurations for CsK,Sb and CsK,Bi are
selected to train the final MTP. The cutoff radius of our MTP
model is set to 9.5 A for both CsK,Sb and CsK,Bi. The
maximum level is equal to 18 to define the particular functional
form of MTP. The accuracy of our trained MTP model can be
found in the ESIL.f

The lattice thermal conductivity and related phonon proper-
ties are calculated by iteratively solving the phonon Boltzmann
transport equation (BTE) with the inputs of second-order
(harmonic) and third-order (anharmonic) interatomic force
constants (IFCs). The lattice thermal conductivity is given by

1

ML= NV T2

Z (ha);‘)zv%r;hn;,(n;h +1) (1)
7

where N is the number of q points in the first Brillouin zone, V
is the volume of the unit cell, kg is the Boltzmann constant, T is
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the absolute temperature, % is the reduced Planck constant, o
and v are the frequency and group velocity of phonon mode, 7 is
the phonon lifetime, 7 is the equilibrium Bose-Einstein dis-
tribution function, / represents phonon mode with wave vector
q and polarization v.

In order to assess the effect of temperature on phonon
renormalization, the temperature-dependent effective potential
method implemented in the Hiphive package®> was employed
to obtain the effective IFCs. We performed classical MD simu-
lations on 4 x 4 x 4 supercell with MTP using LAMMPS at
different temperatures from 300 K to 800 K with the interval of
100 K. For each temperature, we selected 100 configurations
every 100 timesteps in the production run with NVE ensemb]e,
then the corresponding atomic forces were used to fit the force
constants. Fig. S1 and S2 (ESIt) show the root mean square
errors of atomic forces for different second-, third-, and fourth-
order cutoff distances. After the convergence test, the second-,
third-, and fourth-order IFCs cutoff distances were set to 9.0,
8.0, and 5.0 A for both CsK,Sb and CsK,Bi. ShengBTE package®®
was used to calculate the lattice thermal conductivity with 15 x
15 x 15 q-grid by balancing the computational cost and
accuracy. The effects of long-range electrostatic interactions
are incorporated into the dynamic matrix based on the Born
effective charges and dielectric constants.

We also carried out phonon spectral energy density (SED)
analysis,** which includes all high-order phonon interactions.
The phonon normal modes and SED are obtained by*’

) y V1) = ﬂﬁ/ (g, V —2niq - 2
Otar =3 jutetanent-aman) @)

2
&(q,v,0) = HQ(q, v, 1) exp(—iwt)dt (3)

where m; is mass of the jth atom, N is the number of unit cells,
v;; is the velocity of the jth atom located inside the I/th unit cell
(r;), and e;(q, v) is the eigenvector of the phonon mode. The
atomic velocities were obtained from equilibrium MD simulations
in the NVE ensemble using MTP. To be consistent with the
g-grid applied in the BTE method, a 15 x 15 x 15 supercell
(13 500 atoms) was used to perform the MD simulations and three
independent runs were carried out to obtain the average SED.
The phonon lifetime can be obtained by fitting the SED peak with
the Lorentzian function®®

.
 — Wy 2
()
A
where I is the peak magnitude, w is the frequency at the peak
center, and I is the half width at half maximum. The phonon
lifetime is defined as © = 1/(2I'). Once the phonon lifetime is
obtained, the lattice thermal conductivity can be calculated using
eqn (1).
The electronic transport properties in these two materials are
calculated using the AMSET package® based on the electron

Boltzmann transport equation. The PBE functional was used
to calculate the electronic band structure. The uniform

(D(q7 v, w) = (4)
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non-self-consistent calculations used as input of the electronic
transport calculations were run with 12 x 12 x 12 k-grid, and a
finer 75 x 75 x 75 k-grid was used to interpolate band structure
in order to get convergent results. The Heyd-Scuseria-Ernzer-
hof (HSE06) hybrid functional was used to correct the band gap
using a scissor operation. Spin-orbit interactions were included
for both materials.

For electrical transport properties, the Seebeck coefficient,
electrical conductivity, and electronic thermal conductivity are
calculated as

I +o ' T e)]
ST )= ] o O~ | e

6
et =) 3,05 e @
—+00 e
Keup(T, 1t) = %J_OOZ“/‘ (e)(e — #)2 {_W} de
— TS35(T, 1)oup(T, ) 7)

where u is chemical potential, ¢ is the band energy, f is the
Fermi-Dirac distribution function of carriers, > ,4(¢) is the
transport distribution function and defined as

2
e
D () = o D Teaalad (e — o) 8)
ik

where the summation is over all bands i and over all k grid, . is
the electronic relaxation time, v, is the electronic group velocity.

As the key parameters, the mode-dependent carrier scattering
rates are treated by the momentum relaxation time approxi-
mation, and the probability of scattering from initial state
to final state Y,u.q can be calculated through Fermi’s golden
rule as

_ 2n
17ikLkarq = ?‘gim(lﬂ q)‘zé(gik - 8mk+q) (9)

where gi,(k, q) is the electron-phonon coupling matrix and
informs the transition of an electron from initial state y; with
band i and wave vector q to final state y,,x.q with band m and
wave vector k + q, and ¢ is the energy of state ;. In this work,
the acoustic deformation potential scattering (AD), polar optical
phonon scattering (PO), and ionized impurities (IM) are consid-
ered to contribute to the carrier scattering rates. More details are
included in the ESL+}

3. Results and discussion

Full Heusler compounds CsK,X (X = Sb, Bi) have face-centered
cubic crystal structure with space group Fm3m (No. 225). The
conventional and primitive cells are shown in Fig. 1(a and b).
The K atoms form a simple cubic sublattice, the Cs and X atoms
are orderly arranged within body centers in the CsCl-type
structure. The fully relaxed lattice constants of CsK,X (X = Sb,
Bi) are 8.76 and 8.94 A, respectively, which are in agreement
with previous DFT results.**™*°

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Conventional and (b) primitive cell of full Heusler compounds CsK>X (X = Sb, Bi). Temperature-dependent phonon dispersions, atom-
decomposed phonon density of states (PDOS) at 300 K, and mode GrUneisen parameters (y) of (c) CsK,Sb and (d) CsK,Bi.

More insights into the rattling vibrations are provided by
lattice dynamics properties. It is well known that the phonon
frequencies of rattler modes are very sensitive to the temperature
and exhibit strong renormalization effects. Fig. 1(c and d) dis-
plays the temperature-dependent phonon dispersions and the
corresponding atom-decomposed phonon density of states
(PDOS). It can be seen that the calculated phonon dispersion
exhibits three distinct regions. As indicated in the PDOS, the
acoustic modes are dominated by the Cs atoms. In contrast,
the low- and high-frequency optical modes are contributed by
the Sb/Bi and K atoms, respectively.

The presence of an avoided crossing between the longitudinal
acoustic branches and low-frequency optical branches along the
I'-X, I'-K, and I'-L directions is a significant characteristic of the
Cs atoms acting as rattlers. The effect of avoided crossing is to
lower the group velocity of the acoustic phonons, and thereby
the lattice thermal conductivity, by flattening the bands. Another
remarkable signature is the large atomic displacement para-
meter (ADP). ADP is a measure of the mean-square displacement
of an atom about its equilibrium position. Our analysis shows
that Cs atoms possess larger atomic displacement parameters
compared to K and Sb/Bi atoms (see Fig. S3 in the ESIY),
affirming their rattling behavior. The anharmonic rattling
dynamics of Cs atoms are also found in Cs-containing vacancy-
ordered double perovskites.*' ™

It can also be seen that the hardening of the phonon
frequencies of rattling modes is significant, especially for

This journal is © The Royal Society of Chemistry 2022

acoustic modes at the zone boundary and low-frequency optical
modes around the zone center. This obvious phonon renorma-
lization indicates strong anharmonicity, which can severely
suppress phonon transport. A quick evaluation of the anhar-
monicity is made by the mode specific Griineisen parameters as
presented in the right panel of Fig. 1(c and d). The Griineisen
parameters of acoustic modes and low-frequency optical modes
are obviously larger than other phonon modes, supporting the
results of renormalized phonon dispersions.

Having established a solid picture of lattice dynamics proper-
ties, we proceed to investigate the lattice thermal conductivity «y,
which is a key ingredient in the field of thermoelectricity. Fig. 2
compares lattice thermal conductivity x;, based on BTE and SED,
respectively. For the BTE method, temperature-renormalized
IFCs and scattering processes up to three-phonon interactions
(the lowest-order perturbation of cubic anharmonicities) and
four-phonon interactions are considered. The calculated room-
temperature lattice thermal conductivities based on the BTE method
with only three-phonon scattering are 0.27 and 0.23 W mK " for
CsK,Sb and CsK,Bi, respectively. The x;, of CsK,Bi is slightly lower
than that of CsK,Sb due to the heavier Bi atom and smaller group
velocity. It is well known that higher-order phonon interactions
cannot be ignored for strongly anharmonic materials. After including
four-phonon scattering, the x;, based on BTE reduce to 0.15 and
0.14 W mK " at 300 K for CsK,Sb and CsK,Bi, respectively. We also
calculate the lattice thermal conductivity based on the SED method,
which includes all high-order phonon interactions. We find that the

J. Mater. Chem. C, 2022, 10, 15822-15832 | 15825
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Fig. 2 Temperature-dependent lattice thermal conductivity (k) calcu-

lated from BTE considering only three-phonon (3ph) scattering and after

including four-phonon (3ph + 4ph) scattering, and from SED including all
high-order phonon scattering.

lattice thermal conductivities are largely suppressed due to
higher-order interactions and the values of SED «kj, are 0.14
and 0.13 W mK ! at 300 K for CsK,Sb and CsK,Bi, respectively.
Specifically, the xy, is decreased by as large as 48% and 43% for
CsK,Sb and CsK,Bi compared to three-phonon scattering. Our
work shows that the phonon heat transport in CsK,Sb and
CsK,Bi is hindered by higher-order phonon interactions and
both materials exhibit ultralow lattice thermal conductivities,
which are comparable to or lower than previous reported
values in other thermoelectric materials, such as TIInTe,
(~0.46 W mK ! at 300 K),"* TICuSe (~0.44 W mK ™" at 300 K),**
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and Cs,Snlg (~0.29 W mK " at 300 K).*> Moreover, previous work
found that the full Heusler Ba,AuBi has low x, (0.45 W mK ' at
300 K) based on BTE and the lowest-order perturbation of cubic
anharmonicities.”* Even without considering higher-order anhar-
monicities, our BTE results for CsK,Sb and CsK,Bi are even lower
than that of Ba,AuBi.

Furthermore, frequency-dependent thermal conductivity
and phonon scattering rate are given in Fig. 3 to clarify the
microscopic mechanisms of ultralow thermal conductivity.
From the spectrally decomposed lattice thermal conductivity
ki(w), we find that the acoustic phonon modes below 1 THz
have the largest contributions to x;. When higher-order pho-
non interactions are considered, the 1 (w) of rattle-like acoustic
phonon modes and optical phonon modes exhibits a reduction,
which is confirmed by the pronounced increase in scattering
rates for corresponding phonon modes shown in Fig. 3(c and d).
It is worth mentioning that the enhanced scattering rates spread
over a wide range of frequencies rather than in a very limited
range of frequencies for rattling modes. This behavior is con-
sistent with prior findings, which demonstrate that phonon
scattering by rattlers is not resonant and the presence of low-
frequency rattlers modes can significantly enhance phonon
scattering phase space in a wide frequency range. To examine
the effect of low-frequency phonon modes on scattering phase
space, we further estimate the weighted phase space W, a
measure of the allowed scattering channels that conserve both
the energy and the momentum. As shown in Fig. S4(a and b)
(ESIt), by artificially reducing the atomic mass of Sb/Bi by a
factor of three, we see that low-frequency optical modes move to
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Fig. 3 Room-temperature lattice thermal conductivity spectrum «(w) and its cumulative values of (a) CsK,Sb and (b) CsK,Bi. Phonon mode-resolved
scattering rates of (c) CsK,Sb and (d) CsK;Bi calculated from BTE and SED at 300 K.
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higher frequencies. Fig. S4(c and d) (ESIt) depicts the weighted
three- and four-phonon scattering phase space based on the
original and reduced atomic mass of Sb/Bi. It can be seen that
the upward low-lying optical modes decrease the three- and four-
phonon scattering phase space. Moreover, due to the upward of
low-frequency optical modes, the allowed four-phonon scatter-
ing phase space is restricted over a wide frequency range. Thus,
it presents a consistent picture with the results of scattering rates
that the significant enhancement of phonon scattering rates over
a wide frequency range by including higher-order interactions is
attributed to the increase of the number of multi-phonon scatter-
ing channels due to the appearance of low-lying phonon modes.

The calculated band structure and atom projected density of
states (DOS) of CsK,Sb and CsK,Bi are shown in Fig. S5 and S6
(ESIY). The calculated band gap of CsK,Sb based on PBE exchange
functional including SOC is 0.70 eV, while the corresponding
band gap of CsK,Bi is zero. To overcome the common under-
estimation of band gap using the PBE exchange functional, the
HSEO06 functional is adopted, yielding a larger band gap of
1.21 eV and 0.22 eV for CsK,Sb and CsK,Bi, respectively.
Photoconductivity measurements yielded a similar gap of
1.2 eV for CsK,Sb.”> Both CsK,Sb and CsK,Bi are direct band-gap
semiconductors, and the valence band maximum (VBM) and the
conduction band minimum (CBM) locate at the I" point. A distin-
guishing feature between the valence band and the conduction
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band is that the conduction band is more dispersive than the
valence band. The principal effective masses for holes at the I" point
are 6.23 m, and 3.64 m, for CsK,Sb and CsK,Bi, while the effective
masses for electrons at the I' point are 6.23 m, and 3.64 m, for
CsK,Sb and CsK,Bi. The valence band edge is dominated by Sb/Bi
p orbitals (see Fig. S7 and S8 in the ESIT) and its flat nature leads to
heavy hole effective mass and a sharp increase in the density of
states, which is beneficial to the enhancement of the Seebeck
coefficient. In contrast, the conduction band edge has hybridized
sp character and the dispersive band results in low electron effective
mass, which is indicative of high electron mobility and electrical
conductivity.

The carrier mobility of CsK,Sb and CsK,Bi limited by
different scattering mechanisms is displayed in Fig. 4 and
Fig. S9 (ESIt). The trend of carrier mobility against temperature
is found to be mainly limited by polar optical phonon scattering,
which is similar to other polar semiconductors.’”*>*” At low
carrier concentrations, as the carrier concentration increases,
the polar optical phonon scattering is still the most important
factor limiting mobility. However, with the increase of carrier
concentration, the polar optical phonon scattering is weakened by
the increased screening from the extra carriers, in contrast, the
ionized impurity scattering is enhanced due to a larger number of
ionized impurities.**** As a result, the ionized impurity scattering
becomes the dominant mobility-limiting factor at high
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Fig. 4 (a) Hole mobility of CsK»Sb at a hole concentration of 1 x 102° cm™ as a function of temperature. (b) Room-temperature hole mobility of CsK,Sb
against hole concentration. (c) Electron mobility of CsK,Sb at an electron concentration of 2 x 10'® cm™ as a function of temperature. (d) Room-
temperature electron mobility of CsK,Sb against electron concentration. AD, IM, and PO represent the acoustic deformation potential scattering, ionized

impurity scattering, and polar optical phonon scattering.
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concentrations. For p-type doping CsK,Sb, the turning point is
around 1 x 10%° cm ™2, while the crossover concentration for n-
type doping is not shown in Fig. 4(d), because it is out of the range
where the maximum ZT occurs. In addition, the room-temperature
electron mobility of CsK,Sb can reach 422 em®* V' s at n, =1 x
10" cm?, for comparison, the corresponding hole mobility is only
10 em®> V' st at ny, = 1 x 10" em™?, which is one order of
magnitude smaller than that of electron. A comparison of CsK,Sb
and CsK,Bi gives higher carrier mobility for CsK,Bi due to its smaller
effective mass.

To evaluate the potential of CsK,Sb and CsK,Bi as a thermo-
electric module, the electronic transport properties are shown
in Fig. 5 and Fig. S10 (ESIt) as a function of carrier concen-
tration. Owing to the superior thermoelectric performance of
CsK,Sb, we focus on the electronic transport properties of
CsK,Sb in the following text, the results of CsK,Bi are discussed
in the ESL{ Since there is no significant change regarding
the shape of band structure calculated by the PBE and HSE06
functionals, the PBE results are used for the electronic
transport properties except that the band gap is corrected by
the HSEO6 functional. It can be seen that, at the same carrier
concentration, the p-type Seebeck coefficient of CsK,Sb is
clearly much higher than the n-type counterpart, while the
p-type electrical conductivity of CsK,Sb is much lower than the
n-type electrical conductivity. For instance, at a fixed carrier
concentration of 1 x 10" cm >, the room-temperature Seebeck
coefficients are 450 pv K~ * for p-type and —75 uv K™ * for n-type,
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while the room-temperature electrical conductivities are 2 x
10> S m™* for p-type and 6 x 10* S m~" for n-type. This is
consistent with our previous analysis of band structure.
In addition, we note that the electron contribution to the
thermal conductivity can not be ignored at high concentrations.
The room-temperature electronic thermal conductivity of CsK,Sb
becomes larger than the lattice thermal conductivity as the hole
concentration exceeds 1 x 10°° em™>. Due to the large n-type
electrical conductivity, the total thermal conductivity is domi-
nated by the electron contribution for n, > 3 x 10" cm™.
The maximum room-temperature power factor for p-type
CsK,Sb is 2.3 mW mK 2, which is smaller than that of p-type
Ba,AuBi with a larger calculated value of 10 mW mK 2. The
observed larger power factor in Ba,AuBi is attributed to the
“flat-and-dispersive” valence bands which are flat along one
direction and highly dispersive along other directions. For
n-type doping, the room-temperature power factor of CsK,Sb
tops out at 0.5 mW mK 2. This value is not only smaller than
the theoretical results in full Heusler Ba,AuBi (6 mW mK *)**
and Sr,BiAu (12 mW mK ™ ?),>® but also lower than the experi-
mental value in Fe,VAl (2.5 mW mK ?).>° These relatively high
power factors are mainly determined by the band structure. On
the one hand, according to mj; = N3/3mg, a large density of states
effective mass mj can be achieved in a band with large band
degeneracy N, and small band effective mass mj. Therefore,
increasing N, is an effective route to improve the power factor
despite of the small ;. In CsK,Sb, the CBM is located at the
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Fig. 5 Electronic transport properties of CsK,Sb. (a and b) Seebeck coefficient, (c and d) electrical conductivity, (e and f) electronic thermal conductivity,
and (g and h) power factor as a function of hole and electron concentration.
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Fig. 6 Calculated figure of merit of CsK,Sb as a function of hole and
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I' point, which has the lowest valley degeneracy and low N,.
However, the CBM of Fe,VAl, Ba,AuBi, and Sr,BiAu are away
from the I' point and thus significantly increasing N,. On the
other hand, the conduction band edges of Sr,BiAu feature
multiple energy-aligned low-effective-mass pockets, further
pushing the power factor to a higher level. Although increasing
the electron concentration can boost the n-type power factor of
CsK,Sb at 800 K, the corresponding ZT will be suppressed
significantly at high electron concentration due to the rapid
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increase of electronic thermal conductivity. Therefore, the
n-type ZT for the high temperature range tends to peak at a
lower electron concentration than does the power factor.

Fig. 6 displays the calculated ZT of CsK,Sb as a function of
carrier concentration at 300 K and 800 K. Both p- and n-type
CsK,Sb exhibit extraordinary thermoelectric performance at
high temperatures. At 800 K, a peak p-type ZT value of 5.3 is
achieved at the hole concentration of 2 x 10*° cm™>. For n-type
doping, the highest ZT of 2.1 occurs at the electron concen-
tration of 3 x 10"® cm 2. The lower ZT values for n-type doping
than p-type doping are rooted in the higher electron thermal
conductivity given that the n-type doping possesses relatively
higher electron mobility. The higher ZT values for p-type
doping than n-type doping are attributed to the high Seebeck
coefficients originating from the flat valence band edges. On
the other hand, the highest room-temperature ZT are 1.5 and
0.6 for p- and n-type CsK,Sb, while the highest room-
temperature Z7T are 2.2 and 0.9 for p- and n-type CsK,Bi (see
Fig. S11 in the ESI}). The room-temperature high-temperature
p-type ZT of CsK,Sb is comparable to the highest n-type ZT
found in other full Heusler materials. The predicted p-type ZT
values of CsK,Bi and CsK,Sb at room temperature and high
temperature are comparable to the highest n-type ZT found in
other full Heusler materials at the corresponding temperature
range. Therefore, CsK,Sb and CsK,Bi are complements to the
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full Heusler compounds and could sever as p-type leg in
thermoelectric devices targeting different temperature range.

It should be noted that the extraordinary thermoelectric
performance of CsK,Sb and CsK,Bi mainly arises from the ultra-
low lattice thermal conductivity due to the strong anharmonicity.
To reveal the origin of such strong anharmonicity, we resort to the
chemical bonding characteristics in CsK,Sb and CsK,Bi with the
aid of the electron localization function (ELF) and the crystal
orbital Hamilton population (COHP).>"*> The ELF is a powerful
tool to understand the bonding situations ranging from covalent
to ionic bonds in a qualitative way, whose value is normalized
between 0 and 1.""** Higher ELF values concentrated in between
two ions indicate strong covalent bonding, while low ELF values
between the two ions are a signature of highly ionic bonds.
As shown in Fig. 7(a) and Fig. S13(a) (ESIT), the electrons are
bound very tightly to the atoms and there is no overlapping of
charge clouds between each pair of atoms, indicating a strong
ionic characteristic in these systems.

The COHP analysis is performed using the LOBSTER
software® to reveal the bonding (stabilizing) and antibonding
(destabilizing) contributions. Fig. 7(b) and Fig. S13(b) (ESIT) show
the projected partial -COHP for different nearest-neighbor
atomic pairs of CsK,Sb and CsK,Bi, and bonding states are
positive and antibonding states are negative. It can be seen that
all states are bonding for Sb/Bi-K interactions below the Fermi
level. However, there are significant antibonding states for
Cs-K, Cs-Sb, and Cs-Bi interactions in the valence band near
the Fermi level. The presence of antibonding states below the
Fermi level weakens the chemical bonding and causes mutual
repulsion between Cs atoms and neighboring K/Sb/Bi atoms,
leading to larger ADP for Cs atoms. In addition, the peak COHP
value of Cs-K antibonding in CsK,Sb is a little higher than that
in CsK,Bi, which is consistent with the larger reduction of x;,
for CsK,Sb when higher-order phonon interactions are
included. Thus, it is likely that the antibonding-induced weak
interactions between Cs atoms and neighboring K/Sb/Bi atoms
trigger strong anharmonicity and lower the lattice thermal
conductivity.

In addition, the regular residual analysis is used to measure
the quartic anharmonicity by calculating the potential energy
versus the displacement perturbation for representative trans-
verse acoustic (TA), longitudinal acoustic (LA), and transverse
optical (TO) phonon modes at the X (0.5, 0.0, 0.5) point in the
reciprocal space.>® The potential energy curves of CsK,Sb and
CsK,Bi are presented in Fig. 7(c) and Fig. S13(c) (ESIT), and the
collective vibration vectors for the representative TA, LA, and
TO phonon modes are shown in Fig. S12 (ESIt). By performing
the second polynomial fitting to the potential energy curves,
we show the corresponding regular residuals in Fig. 7(d)
and Fig. S13(d) (ESIf). The displacement is scaled to the
maximum amplitude of each normal mode. As suggested by
Yue et al.,>® the ~/~-like and W/M-like residual shapes mean
weak and strong quartic anharmonicity, respectively. We find
that the shapes of residuals are all W-like, indicating the
important role of quartic phonon anharmonicity in CsK,Sb
and CsK,Bi.

15830 | J Mater. Chem. C, 2022, 10, 15822-15832

View Article Online

Paper

4. Conclusion

In summary, we have investigated the thermal and electronic
transport properties of full Heusler CsK,X (X = Sb, Bi) based on
first-principles calculations and machine learning potential. It
is found that higher-order phonon interactions play an impor-
tant role in suppressing phonon transport due to the coexistence
of anharmonic rattling vibration of Cs atoms and low-frequency
optical branches, which enhance the phonon anharmonicity and
scattering channels, respectively. The inclusion of higher-order
phonon interactions leads to a 40% reduction in x;, compared to
three-phonon scattering, resulting in ultralow «;, of 0.14 and
0.13 W mK ' in CsK,Sb and CsK,Bi at room temperature, which
is the lowest k;, among the known full Heusler materials.
Through the analysis of the chemical bonding characteristics,
we show that the underlying mechanism for the anharmonic
rattling vibration of Cs atoms can be traced to the antibonding-
induced weak interactions between Cs atoms and neighboring
atoms. The strong fourth-order anharmonicity is also confirmed
by the W-like residual shapes of potential energy variation. In the
aspect of band structure, the flat and heavy valence band edges
promote the density of states near the Fermi level and generate
high p-type Seebeck coefficient, in contrast, the dispersive and
light conduction band edges yield much larger n-type electrical
conductivity and electronic thermal conductivity. Combining the
ultralow lattice thermal conductivity and moderate Seebeck
coefficient, unprecedentedly high ZT = 2.2 at 300 K and 5.3 at
800 K are achieved in p-type CsK,Bi and CsK,Sb. Our work
unveils the dominant role of high-order phonon scattering for
thermal insulation in full Heusler compounds and serves as a
guide for further exploration of new high-performance thermo-
electric materials.
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