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1 Introduction

Theoretical insights into lattice dynamics and thermal
transport properties of lead-free quadruple halide per-
ovskite Cs,CuSb,Cl 5}

Un-Sok Pak,* Dok-Song Che Gal, Song-Myong Jang and Un-Gi Jong*

In spite of extensive studies of halide perovskites, little attention has been paid to lattice dynam-
ics and thermal transport properties of halide perovskite Cs,CuSb,Cl;, so far. In this work, we
systematically investigate structural, mechanical, lattice dynamics and thermal transport proper-
ties for lead-free quadruple halide perovskite Cs,CuSb,Cl,, in monoclinic phase using state-of-
the-art first-principles methods. Scrutiny of crystal structure reveals that Cs atoms are located
inside over-sized cage-like structure CsCly,, while Cu (Sb) atoms are tightly filled into octahe-
dral Cu(Sb)Clg, expecting a role of atomic rattler for the Cs atoms. We carry out anharmonic
lattice dynamics calculations at finite temperature based on self-consistent phonon theory, find-
ing that monoclinic Cs,CuSb,Cly, is dynamically stable at elevated temperature. Moreover, we
find that the Cs atomic rattlers result in lattice anharmonicity and severely scatter heat-carrying
acoustic and low-energy optical phonons, consequently leading to low phonon group velocity and
extremely short phonon lifetime. We then calculate temperature-dependent lattice thermal con-
ductivity x; of monoclinic Cs,CuSb,Cly, using unified theory of thermal transport for both crystals
and glasses, demonstrating an extremely low x; of 0.27, 0.36 and 0.14 W/m-K at 300 K along x-, y-
and z-axis. Moreover, it is found that nano-structuring can further suppress the x; by half. Strong
lattice anharmonicity is again confirmed from Griineisen parameter calculation and temperature
dependence of k; o« 7-%72, In addition, elastic constant calculation demonstrates that monoclinic
Cs,CuSb,Cly, is mechanically stable with a brittle nature. Our work highlights theoretical insights
into lattice dynamics and thermal transport properties of monoclinic Cs,CuSb,Cly5.

ascribed to unique electronic configuration of Pb 6s>6p”, high
crystalline symmetry and high dimensionality of electronic prop-

Lead-based simple perovskite halides APbX3; (A=Cs, CH;NHj;
X=I, Br, Cl) have been studied extensively for light-absorber
application in solar cells!, X-ray detector? and light-emitting
diodes®4., Most prominently, the perovskite solar cells have
reached power conversion efficiencies of up to 25.2%= in only
ten years. Computational investigations®® have demonstrated
that the superior optoelectronic properties of APbX;3 are mostly
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erties. However, the toxicity of lead and poor stability under am-
bient environmental conditions are the major drawbacks which
hinders them from large-scale applications. This leads to great
interest in lead-free perovskite exploration2,

In this regard, the substitution of Pb with the same group el-
ements of Sn or Ge can maintain the perovskite structure and
advanced optoelectronic propertiesi2il2l but unfortunately, this
causes more serious stability issues1®1? owing to the easy ox-
idation of Sn*t (Ge?™) to Sn** (Ge*'), which destroys both
the high structural symmetry and electronic configuration of Sn
5s25p° (Ge 4s24pY). Replacing Pb with heterovalent elements
such as Bi and Sb results in A;B,X, compounds with improved
phase stability. However, their optoelectronic properties become
worse compared to them of APbX; due to their unfavorable low
dimensionality of crystal and electronic structures?%23. In or-
der to maintain the high dimensionality of crystal structure, dou-
ble halide perovskite A,B!'B!'X, was derived by substituting two
Pb2* cations in APbX; with B! and B cations?427, Although
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great freedom of combination between B! and B! cations pro-
vides over 200 double perovskite halides with various chemi-
cal and physical properties, they cannot support efficient solar
cells because of their unfavorable bandgap and likely formation
of cation-cation antisite?831, A new 3D perovskite-type com-
pound A,OC"BX;,32839 (O=vacancy) was designed by sub-
stituting two B! cations in AZBIBIHX6 by O and C! cation for pro-
viding an alternative platform of designing solar cell materials.
Lin et al.32 synthesized quadruple perovskites Cs4CdSb,Cly5 and
Cs,CdBi,Cl;, by a solvothermal method and observed steady-
state photoluminescence of showing warm orange emission. The
quadruple perovskite Cs4Cqu2C112 was fabricated by using a
top-down ultrasonic exfoliation technique with a direct bandgap
of 1.6 €V and superior optoelectronic properties due to a re-
duced electron effective mass. Cai et al.?9 reported the first col-
loidal fabrication of Cs,CuSbyCl;, perovskite-type nanocrystals
with a direct bandgap of 1.79 eV, an ultrafast photo-response
and narrow bandwidth. On the other hand, Nag’s group®’
mechanochemically synthesized the Cs,CuSb,Cl;,, demonstrat-
ing the magnetic response of Cu*>* cation which controls the elec-
tronic properties, its thermal and chemical stabilities. Moreover,
Karmaker and co-workers4? recently predicted a high power con-
version efficiency of 23.1% and an open-circuit voltage of 1.2 V in
the Cs,CuSb,Cl;,-based solar cell by computationally optimizing
perovskite layer thickness, doping level, defect density and so on.

To the best of our literature search, most investigations mainly
concentrated on synthesis methods and optoelectronic properties
for the quadruple perovskite halide Cs,CuSb,Cly5, and thus its
mechanical, lattice dynamics and transport properties have never
been explored so far. Recently, Delaire et al. investigated the
structural instability, optical and thermal properties of the lead
halide perovskite CsPbBrj3, linking soft anharmonic lattice dynam-
ics and optoelectronic properties?l. Moreover, Gupta and co-
workers42 performed ab initio molecular dynamics simulations
combined with neutron scattering measurements in the superi-
onic argyrodite Cu,PSeg, highlighting the importance of strongly
anharmonic effects on ionic and thermal transport properties of
the superionic systems. In this work, we report a systematic inves-
tigation of the lattice dynamics and transport properties including
phonon dispersion curves, phonon density of states and lattice
thermal conductivity for all-inorganic lead-free quadruple halide
perovskite Cs,CuSb,Cl;, using the state-of-the-art first-principles
approaches and methods.

2 Computational methods

All the density functional theory (DFT) calculations were
performed using the Vienna ab initio Simulation Package
(VASP)43#4 employing the projector augmented wave (PAW)
potentials with the valence electron configurations of Cs—
5525p%6s!, Cu-3d'%4p', Sb-5525p> and Cl-3s>3p°. We utilized the
PBEsol functionalZ known to accurately predict the lattice con-
stants of all-inorganic halide perovskites, being crucial for
a reliable description of lattice dynamics properties. We used a
kinetic energy cutoff of 600 eV for a plane-wave basis set and a
k-point mesh of 10x10x6 for Brillouin zone (BZ) integrations,
which were enough to guarantee a total energy accuracy as 3.5

2| Journal Name, [year], [voI.],1~|§|

View Article Online
DOI: 10.1039/D5MA01099C

Fig. 1 Polyhedral view for crystalline structure of all-inorganic lead-
free quadruple halide perovskite Cs,CuSb,Cl;, with monoclinic phase
of C2/m space group. The cyan, red, orange and green balls represent
the Cs, Cu, Sb and Cl atoms, respectively.

meV per atom. Lattice dynamics and thermal conductivity cal-
culations were performed using the ALAMODE code52, The
atomic positions were relaxed until the atomic forces are smaller
than 5x1073 eV/A, while the energy convergence criterion was
set to be 1077 eV. The interatomic force constants (IFCs) were
calculated using a 2 x 2 x 2 supercell expansion, and for supercell
calculations, we used the same convergence thresholds with a re-
duced kinetic energy cutoff of 400 eV and 5x5x3 k-point mesh.
In this work, we mainly focused on lattice dynamics and ther-
mal transport properties of Cs,CuSb,Cl;5, and therefore, spin-
polarization of Cu?>" atoms was not considered.

In order to calculate the harmonic phonon dispersion curves
and phonon density of states (DOS), we used the second-order
(harmonic) IFCs by utilizing the finite displacement method with
2x2x2 supercell, as implemented in the ALAMODE code152,
We prepared 20 different supercells where all the atoms were
randomly displaced by 0.01 A from their equilibrium positions,
and then, calculated the atomic forces for each displaced config-
urations, extracting harmonic IFCs by using the ALAMODE code.
We performed the convergence tests of the phonon eigenvalues
with respect to the supercell size, revealing that the results of
2x2x2 supercell agree well with the ones of 3x3x3 supercell
for Cs,CuSb,Cl;, as shown in Fig. S1, ESIt. We performed the
self-consistent phonon (SCP) calculations in order to include the
anharmonic effects at finite temperatures®*>3, Within the SCP
theory, the anharmonic phonon eigenvalues were computed as
functions of temperature from the pole of the Green’s function
beyond the perturbation theory, as implemented in the ALAM-
ODE code. In the SCP equation, the phonon self-energy becomes
frequency-dependent only treating the loop diagram related with
the quartic IFCs. Note that the off-diagonal elements of the self-

This journal is © The Royal Society of Chemistry [year]
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energy should be accounted to allow the phonon eigenvectors
to change by anharmonic effects®2. The current SCP approach
applied to this work was confirmed to be efficient and accurate
in accounting for lattice dynamics and thermal transport prop-
erties of systems with severe anharmonicity. For estimating an-
harmonic IFCs, we employed the compressive sensing lattice dy-
namics (CSLD) approach®% as implemented in the ALAMODE
code. To do this, we prepared over 60 configurations where all
of the atoms are displaced randomly with large displacements=%
and computed atomic forces for each configuration using precise
DFT calculations. For cubic and quartic IFCs, we included up
to 5™- and 3"-nearest neighbor shells, whereas fifth- and sixth-
order IFCs were considered for nearest-neighbor pairs. In order
to estimate the accuracy of the IFCs estimated by the CSLD, we
show the comparison of the atomic forces obtained from DFT and
CSLD calculations in Fig. S2, ESIt. By using the higher-order
IFCs, we guaranteed a relative error below 2.6 % for the fitting of
the atomic forces compared with the DFT-calculated forces.

With the calculated 3"-order IFCs, we solved the Boltzmann
transport equation (BTE) for phonon within the relaxation time
approximation (RTA) and estimated the lattice thermal conduc-
tivity, as implemented in the ALAMODE code. We performed
convergence test for the calculations of lattice thermal conduc-
tivity k; according to the size of ¢-point mesh in the phonon BZ,
demonstrating that a 20x20x 15 g-point mesh is sufficient to de-
termine k; with an error less than 0.01 W/m-K (see Fig. S3, ESIT).
On the other hand, it was recently suggested that both diagonal
and off-diagonal contributions to x; can be calculated from the
phonon velocity operator based on the unified theory of thermal
transport for both crystals and glasses®>. Furthermore, it was
demonstrated that the off-diagonal contributions were found to
be essential even after the anharmonic phonon renormalization
was taken into account in recent studies"58 on the lattice ther-
mal conductivity. By solving the Boltzmann transport equation
(BTE) on top of the SCP phonon dispersions, the Peierls’s con-
tribution kjp to the lattice thermal conductivity k; was estimated
from the harmonic and cubic IFCs, as implemented in the ALAM-
ODE code. Meanwhile, the coherent contribution x;c was calcu-
lated using the phonon velocity operator within the framework
of unified theory for the lattice transport properties>>, as imple-
mented in ALAMODE code.

The mechanical stability of materials with polycrystalline struc-
ture can be determined by elastic constants including bulk (B),
shear (G) and Young’s (E) moduli. Such elastic moduli were es-
timated from the elastic stiffness (C;;) and compliance (S;;) con-
stants for the single crystal material, which were obtained from
the density functional perturbation theory (DFPT) calculations>2.,
For a monoclinic structure, the mechanical stability criterion can

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 (a) Phonon dispersion curves calculated at 0 K (brown) and
300 K (magenta) by utilizing self-consistent phonon (SCP) theory and (b)
Grlineisen parameter corresponding to longitudinal (red) and two trans-
verse acoustic phonon modes (green and blue) for quadruple halide per-
ovskite Cs,CuSb,Cly, with monoclinic phase of C2/m space group.

be expressed as follows.
Ci1 >0, Cpp>0, C33>0, Cy4>0, C55 >0, Ce6>0 (@D)]
Cii+Cn+Ci3+2(Ca+Ci3+C3) >0 (2)
C33Cs5 — C35 >0, CysCes—Cas >0, CnC33—2C3>0  (3)
C22(C33Css5 — C35) +2C23Ca5Cs35 — C33Cs5 — C35C33 >0 (4)

The elastic moduli B, G and E are important factors for describ-
ing the materials resistance against the mechanical deformation.

Moreover, the Pugh criteria® implies that polycrystalline materi-
3B-2G

2(3B+G)
smaller (larger) than 1.75 and 0.26, respectively are regarded as
brittle (ductile) materials.

als with the Pugh’s ratio B/G and the Poisson’s ratio v =

3 Results and discussion

3.1 Structural properties

We begin with scrutinizing the crystalline structure of the quadru-
ple halide perovskite Cs,CuSb,Cl;,. According to the previous
experiment®?, Cs,CuSb,Cl,, crystallizes in the monoclinic phase
with the C2/m space group. By performing the variable-cell
structural optimization, we obtained the PBEsol-optimized lattice
constants of ¢=13.12 A, b=7.36 A, ¢=13.02 A and f=112.59°
in good agreement with the previous experimental results=2 of
a=13.04 &, b=7.30 &, c=12.97 A and B=111.73°. Fig.[1] dis-
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plays the polyhedral view of the PBEsol-optimized crystal struc-
ture for the quadruple halide perovskite Cs,CuSb,Cl;, with the
monoclinic C2/m space group. A particular structural feature is
that its crystalline structure consists of corner- and face-sharing
cage-like structures composed of Cl~ anions, which accommo-
date one metal cation among Cst, Cu?>* and Sb3*. That is, the
Cu?t (Sb3*1) cations are at the center of CuClg (SbClg) octahedral
cages, while the Cs™ cations are located inside the cub-octahedral
cages. Moreover, the average value of Cu—Cl (Sb-Cl) bond length
was measured to be 2.47 (2.61) A which is slightly smaller
(larger) than the sum of ionic radii of 2.54 (2.57) A for Cu?t
(Sb3*) and Cl~ ions. However, the average distance 3.69 A be-
tween the Cs™ cation and the Cl~ anion is much greater compared
to the sum of ionic radii of 3.48 A for the corresponding ions. This
obviously indicates that the Cs atoms are located inside the over-
sized cub-octahedral CsCl;, cages, whereas the Cu and Sb atoms
are tightly filled into the octahedral CuClg and SbClg cages, re-
spectively. From such structural feature of Cs,CuSb,Cly,, it can
be expected that the Cs atoms play roles as the vibrational rat-
tlers because of fairly large interstitial space in the CsCl;, cub-
octahedral cage, driving the lattice anharmonicity like A atoms in
the halide perovskites ABX, 61162]

3.2 Mechanical and elastic properties

Solar cell materials are utilized to directly generate electricity by
absorbing sunlight for the application of the solar cell system.
For that reason, their mechanical property is an important fac-
tor as it determines solar cell system’s safety and durability un-
der operation. Within the DFPT approach, we estimated the in-
dependent elastic stiffness constants of Cjj, Cy, C33, Cag, Css,
C66; Clz, C13, C23, C25, C35 and C46 to be 16.49, 20.97, 18.39,
5.62, 5.60, 6.50, 6.65, 5.94, 6.47, 0.99, 2.02 and 0.22 GPa, re-
spectively for the monoclinic Cs,CuSb,Cl;,. We found that these
elastic stiffness constants satisfy the Born’s stability criteria for
the monoclinic solid crystals, expressed by the eqn. thus in-
dicating the mechanical stability at ambient condition. It should
be noted that the deformation resistance and mechanical stability
along the x-, y- and z-axis are superior than the shear deformation
resistance and stability because the C; (i=1,2,3) is larger by one
order in magnitude than the G (i#j). Meanwhile, we obtained
B =10.44 GPa, E = 15.10 GPa and G = 6.00 GPa for the polycrys-
talline Cs,CuSb,Cl;,, implying that uniform pressure and uniax-
ial stress are larger than the shear stress owing to the larger value
of B and E than the value of Y. It was found that the mono-
clinic Cs,CuSb,Cl;, is considered as a brittle material because of
its Poisson’s ratio v of 0.26 and Pugh’s ratio B/G of 1.74 being
smaller than the threshold values of 0.26 and 1.75. For describ-
ing the elastic anisotropy, we obtained the universal anisotropic
index AY =0.29, finding the much deviation from zero, i.e., from
the isotropic nature. Furthermore, we determined the relatively
low average sound velocity and Debye temperature of 1469.98
m/s and 136.60 K by using the calculated elastic moduli.
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3.3 Lattice dynamics properties

At the next step, we carried out lattice dynamics calculations for
the monoclinic Cs,CuSb,Cl;, using 2x2x2 supercells in order
to investigate its dynamical stability, phonon energies and den-
sity of state (DOS). Dynamical stability and thermal vibration
of constituent atoms at a given temperature are determined by
lattice dynamics for crystalline solids. Fig. [2a) shows the har-
monic phonon dispersion curves (brown) calculated at 0 K along
the L-M-A-T'-Z line of the phonon Brillouin zone (BZ). As can
be seen, the soft phonon modes with imaginary phonon energies
were identified at the I" point for the monoclinic Cs,CuSb,Cl;,.
This fact seems to be at odds with the experimental finding that
Cs,CuSb,Cl;, adopts the monoclinic phase at ambient condi-
tion2882, However, Xie and co-workers®2 already found that the
anharmonic soft modes could be shown even for the dynamically
stable cubic CsSnl;, which was associated with the strong lattice
vibrations of atomic rattlers, resulting in the octahedral distor-
tions of Snlg. Actually, we observed the Cu(Sb)Clg octahedral and
CsCl; 5 cub-octahedral distortions with the elongation along the z
direction and shortening in the x-y plane for the metal-chlorine
bond lengths, being ascribed to the Jahn-Teller effect owing to
the presence of metal cations with the unpaired electrons as con-
firmed in the previous experiment=2. Namely, it is expected that
the anharmonic phonon modes are just induced by the rattling vi-
brations of the metal cations, especially by the Cs-atomic rattling
vibrations.

In order to directly measure the lattice anharmonicity, we also
computed the Griineisen parameter associated with the acous-
tic phonon modes for the monoclinic Cs,CuSb,Cl;, as imple-
mented in the ALAMODE code™1>2, In general, the Griineisen
parameters are determined by the change of phonon energies
according to the volume of the unit cell®3,
Fig. [2(b), the Griineisen parameters reached the maximum value
over 12 in the I' — Z line of the phonon BZ with an average
value of 3.9. Such a large Griineisen parameter is comparable for
the one of 4.1 for the strongly anharmonic SnSe®¥, suggesting
strong lattice anharmonicity and thus low lattice thermal conduc-
tivity for Cs,CuSb,Cl;5. On the other hand, we calculated the
atom-resolved phonon density of states (DOS) of the monoclinic
Cs,CuSbyCly, at 0 K. As shown in Fig. a), the phonon DOS
calculation revealed that the soft phonon modes are dominantly
originated from the Cs and Cl atoms with a small contribution of
Cu and Sb atoms. The Cs atoms make a major contribution to the
acoustic and low-energy optical phonon modes, whereas the Cl
to the mid- and high-energy optical modes. From the presence of
such soft modes, it can be regarded that at 0 K, the quadruple
halide perovskite Cs,CuSb,Cl; is dynamically unstable in the
monoclinic phase. Moreover, such dynamical instability implies
that the harmonic lattice dynamics at 0 K cannot accurately cap-
ture the lattice vibrational properties of the constituent atoms at
the elevated temperature, and consequently, anharmonic lattice
dynamics is necessary to reasonably describe the lattice dynam-
ical stability and vibrational properties at finite temperature for
the monoclinic Cs,CuSb,Cly5.

As can be seen in

To this end, we then performed self-consistent phonon (SCP)

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 (a) Phonon lifetime 73,4 and (c) phonon group velocity v, calculated as functions of phonon energy at 300 K, and (b) and (d) average 73.q
and v, calculated as functions of temperature within the self-consistent phonon approach for the quadruple halide perovskite Cs,CuSb,Cl;, with the
monoclinic phase of C2/m space group.
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Fig. 5 (a) Lattice thermal conductivity x; (solid) with Peierls’s contribution x;p (dashed) and coherent contribution x;c (dotted) as functions of tem-
perature T, (b) thermal conductivity spectra k;(h®) as a function of phonon energy (solid) and cumulative k; as a function of mean free path (dashed)
calculated on top of the SCP eigenvalues at 300 K, and (c) ball-and-stick view of rattling vibrations of constituent atoms corresponding to the lowest
optical phonon mode at the I" point of the phonon BZ for the quadruple halide perovskite Cs,CuSb,Cl;, with monoclinic phase of C2/m space group.
The cyan, red, orange and green balls (arrows) represent the Cs, Cu, Sb and Cl atoms (atomic vibration), respectively.

calculations to compute the phonon eigenvalues by considering
the anharmonic effects at finite temperatures. Fig. 2(a) also
shows the anharmonic phonon dispersion curves (magenta) cal-
culated at 300 K for the monoclinic Cs,CuSb,Cl;5. In comparison
with the harmonic phonon dispersion curves (brown) at 0 K, the
soft phonon modes with the imaginary eigenvalues were renor-
malized to become real energies at 300 K. This clearly demon-
strates that the monoclinic phase of the quadruple halide per-

This journal is © The Royal Society of Chemistry [year]

ovskite Cs,CuSb,Cl;, become dynamically stable at finite tem-
peratures. When the temperature increases from 0 K to 300
K, the acoustic as well as optical phonon modes are noticeably
renormalized across the whole range of the phonon BZ, demon-
strating the strong lattice anharmonicity. Importantly, the low-
est optical phonon modes are present at about 4.5 meV in the
acoustic region at the phonon BZ center, indicating the strong
coupling between the heat-carrying acoustic and low-energy op-
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Fig. 3 Atom-resolved phonon density of states (DOS) calculated at
(a) 0 and (b) 300 K by the self-consistent phonon (SCP) theory for
the quadruple halide perovskite Cs,CuSb,Cl;, with monoclinic phase of
C2/m space group.

tical modes. In the previous studies®©®, it was confirmed that

the low-energy optical phonons coupled with the acoustic modes
play roles as strong vibrational rattlers, severely scattering heat-
carrying acoustic phonons. Moreover, the phonon DOS at 300
K (Fig. b)) was found to have the Cs-related phonon modes
peaked around the 5 meV in the acoustic phonon and low-energy
optical phonon region, which are mostly attributed to the rat-
tling vibrations of Cs atoms. In Fig. [Bf(c), we intuitively show
the atomic vibrations corresponding to the lowest-energy optical
phonon mode at the T" point. As can be seen, the Cs atoms have
the largest amplitude among the constituent atoms, regarding as
a strong atomic rattler. It can be inferred that the rattling vibra-
tions of the Cs atoms strongly scatter the heat-carrying acoustic
and low-energy optical phonons, accordingly decreasing the lat-
tice thermal conductivity in the monoclinic Cs,CuSb,Cl;;. On
the other hand, upon increasing temperature, the SCP disper-
sions broaden towards the higher phonon energy region due to
the stronger thermal vibrations of the constituent atoms (see Fig.
S6 in the ESIY).
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3.4 Lattice transport properties

At the final stage, with the use of the SCP dispersions and DOS,
and third-order interatomic force constants, we estimated the lat-
tice transport properties such as phonon lifetime 73,4, phonon
group velocity v, and lattice thermal conductivity x; for the mon-
oclinic Cs,CuSb,Cl;,. Fig. a) and (c) respectively display the
calculated 73,4 and v, at 300 K as functions of phonon energy.
It was found that the values of 73,4 are extremely low (<20 ps)
which is one order of magnitude smaller than the 73,4 of the con-
ventional thermoelectric materials, whereas the v, is lower than
~2000 m/s in the whole range of phonon energy. Such low v,
at the I point is in reasonable agreement with the average sound
velocity of 1469.98 m/s assessed by the elastic constant calcu-
lations. In particular, we note that the rapid decrement of 73,4
and v, according to the increment of phonon energy from 0 meV
to 9 meV is attributed to the strong phonon scattering caused
by the rattling vibrations of the Cs atoms, as confirmed above.
Such small v, and suppressed 73,4 suggest that the monoclinic
Cs,CuSb,Cl;, can lead to extremely low lattice thermal conduc-
tivity. On the other hand, the average 73,4 and v, slowly decrease
when increasing temperature because the phonon scattering in-
tensity becomes strong according to the increment of temperature
as shown in Fig. [4(b) and (d).

By using the calculated 73,4 and v,, we eventually assessed the
Peierls’s contribution x;p to the lattice thermal conductivity x; fol-
lowing the formula x;p = £ Cy -vﬁ - T34, Where Cy, 374 and vg
are the heat capacity, phonon lifetime and group velocity, respec-
tively. As shown in Fig. S4 in the ESI¥, the calculated Cy increases
rapidly when temperature goes from 0 K to 400 K and after that
reaches a plateau, following the general tendency of a solid crys-
tal. Fig. a) shows the Peierls’s contribution x;p (dashed), the
coherent contribution k¢ and total x; (solid) calculated along the
x-, y- and z-axis for Cs,CuSb,Cl;,. It was observed that the # is
strongly anisotropic (k;yy > &y > K;z), i.e., the different values
along the different axis. In the x- and y-axis, the kjp is dominant
in comparison with the ;¢ over the whole range of temperature,
while in the z-axis, the two contributions to the k; are comparing
with each other. With reference to the magnitude of lattice ther-
mal conductivity, the k; was estimated to be 0.27, 0.36 and 0.14
W/m-K at 300 K along the x-, y- and z-axis, respectively, which are
comparable to 0.48 W/m-K of conventional thermoelectric mate-
rial SnSe®¥ and even one order of magnitude smaller than 6.96
W/mK of GeTel®Z. Meanwhile, it should be noted that the K
computed by iteratively solving the BTE is slightly overestimated
in comparison with the none-iteratively calculated one (see Fig.
S7, ESIT). Such extremely low k; makes suggestion that the mon-
oclinic Cs,CuSb,Cl; 5 can be very promising for the application of
thermoelectric material.

We then considered the temperature dependence of the k; aver-
aged in the x-, y- and z-axis, finding the relation of x; o< 77972 for
the monoclinic Cs,CuSb,Cl;, (see Fig. S5 in the ESI{). Such
a large deviation from the k; o T~! tendency again confirms
the strong lattice anharmonicity of Cs,CuSb,Cl;,. To establish
deep insight into the lattice transport properties, we computed
the lattice thermal conductivity spectra x;(hw) as a function of
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phonon energy and cumulative thermal conductivity as a func-
tion of mean free path (MFP) at 300 K within the SCP approach.
As shown in Fig. b) (solid), the spectra x;(hw) is dominant in
the phonon energies ranging from 0 meV to 5 meV, while is neg-
ligible in the energies ranging from 5 meV to 9 meV and high-
energy region. This indicates that the acoustic phonon modes
coupled with the low-energy optical modes below 5 meV have
a major contribution to the xj, while the phonons correspond-
ing to the optical modes over 5 meV are strongly scattered by
the Cs atomic rattling vibrations, severely suppressing the k; for
the monoclinic Cs,CuSb,Cly,. Furthermore, we compared the x;
of Cs,CuSb,Cl;, with Cu?* atoms and CaCuP with Cu!* atoms
to gain a deeper understanding of the lattice thermal transport
properties. The Cs,CuSb,Cl;, exhibits one order of magnitude
smaller %; than the CaCuP®® due to the strong rattling vibrations
of Cs atoms. In addition, the cumulative x; (dashed) in Fig. [5(b)
is saturated at the MFP of about 40 nm, finding that the domi-
nant heat-carrying phonons have MFP ranging from 2 nm to 20
nm. The MFPs are significantly suppressed and much less than
phonon wavelength or inter-atomic spacing, violating the Ioffe-
Regel 1imit®?. This violation supports the strong lattice anhar-
monicity and ultralow lattice thermal conductivity. Moreover, we
note that the x; can be decreased by half for the nano-structure
Cs,CuSb,Cl;, with a size less than 10 nm.

4 Conclusions

In this work, we have systemically investigated structural, me-
chanical, lattice dynamics and thermal transport properties of
quadruple halide perovskite Cs,CuSb,Cl;, in monoclinic phase
using state-of-the-art first-principles methods. Structural opti-
mization calculations revealed that PBEsol-optimized lattice con-
stants and bond lengths are in good agreement with available
experimental data. In particular, scrutiny of crystalline struc-
ture turned out that Cs atoms are located inside over-sized cub-
octahedral cage-like structure CsCl;,, while Cu (Sb) atoms are
tightly filled into octahedral Cu(Sb)Clg cages, expecting a role
of atomic rattler for the Cs atoms. We then performed anhar-
monic lattice dynamics calculations at finite temperature based
on self-consistent phonon theory, demonstrating that the mon-
oclinic phase of Cs,CuSb,Cl;, is dynamically stable at elevated
temperature. Moreover, we found that the Cs atomic rattlers
stimulate lattice anharmonicity and severely scatter heat-carrying
acoustic and low-energy optical phonons, consequently leading to
small phonon group velocity and extremely short phonon lifetime.
At the end, we calculated temperature-dependent lattice thermal
conductivity of the monoclinic Cs,CuSb,Cl,, using unified theory
of thermal transport for both crystals and glasses, demonstrating
an extremely low lattice thermal conductivity of 0.27, 0.36 and
0.14 W/m-K at 300 K along the x-, y- and z-axis. Moreover, it
was found that nano-structuring can further suppress the k; by
half for Cs,CuSb,Cl;,. Strong lattice anharmonicity was again
confirmed from Griineisen parameter calculation and tempera-
ture dependence of lattice thermal conductivity, i.e., k; o« T—072,
In addition, elastic constant calculation illustrated that the mon-
oclinic Cs,CuSb,Cl;, is mechanically stable with a brittle nature.
Our work highlights atomic insights into lattice dynamics and
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thermal transport properties of the quadruple halide perovskite
Cs,CuSb, Cl;, with monoclinic phase.
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