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Abstract 
 

Chalcogenide perovskites are being actively considered for photovoltaic, optoelectronic, and thermoelectric applications due 
to their high carrier mobility, strong light absorption, long-term stability, and environment-friendliness. For all these 
applications, thermal properties play a key role in determining the performance and lifetime of perovskite systems. In this 
work, we have developed a machine-learning Gaussian approximation potential to study the structural and thermal transport 
properties of chalcogenide perovskite CaZrS3. We show that the GAP achieves a DFT-level accuracy in describing both cubic 
and orthorhombic CaZrS3, with 2-4 orders of magnitude reduced computational cost. Specifically, we applied the GAP to 
predict the lattice thermal conductivities (κL) and phonon properties of orthorhombic CaZrS3 from 200 to 900 K by considering 
four-phonon processes. Compared to its counterpart CaZrSe3, the CaZrS3 exhibits comparably low but relatively more 
anisotropic κL mainly due to its strong anharmonicity and anisotropic group velocities. Specifically, its thermal conductivities 
along the a- and c-axis are close and notably lower than that along the b-axis. Optical phonons contribute as high as nearly 
half of the total thermal conductivity throughout the entire temperature range. Particularly, we observe non-negligible 
suppression of κL by four-phonon scattering, which is 10% at 300 K and increases to 23% at 900 K. The four-phonon scattering 
is dominated by the redistribution process, which has a large phase space comparable to that of three-phonon processes 
within the most frequency range. These results provide a thorough understanding of the phonon transport in orthorhombic 
CaZrS3 and will be helpful for tailoring the thermal properties and thus the performance of perovskites for potential 
applications. 
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1. Introduction 

Chalcogenide perovskites have received growing interest 

recently due to their high carrier mobility, strong light 

absorption, long-term stability, and environment-

friendliness.[1-3] These extraordinary properties make them 

particularly attractive for photovoltaic, optoelectronic, and 

thermoelectric applications.[4-6] For example, NH3NH3ZrS3 

with a direct band gap of 1.68 eV has been reported to have a 

high theoretical photoelectric efficiency of about 29%.[7] 

Promising optoelectronic properties have been found in 

BaZrS3 nanoparticles with photoluminescence decay times of 

4.7 ns.[8] CaZrSe3 as a thermoelectric material has been 

predicted to possess a high dimensionless figure of merit ZT 

of ~1 at 600 K due to the low thermal conductivity and high 

Seebeck coefficient.[6,9] 

For all these applications, thermal properties play a key 

role in determining the efficiency, stability, and life of 

perovskite systems.[10,11] Particularly, solar cells best work 

between 20 and 35 °C, and overheating will decrease their 

power generation efficiency and long-term stability.[12] 

However, perovskites typically have a low thermal 

conductivity of 1 to 10 Wm-1K-1,[13-15] which can prevent heat 

conduction and bring more risks of overheating. In typical 
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LEDs, 70-85% of the input power is dissipated as waste heat, 

which can cause temperature rise and thus the reduction of 

output power, forward voltage, and dominant wavelength.[16,17] 

For thermoelectric applications, low thermal conductivity is 

expected for high heat-to-electricity conversion efficiency. 

One of the most efficient strategies to improve ZT is to 

suppress the phonon contributions (κL) to κ while preserving 

the power factor S2σ,[18] which has been demonstrated for 

PbTe,[19] SnSe,[20] GeTe[21] and Bi0.5Sb1.5Te3,[22] etc. 

Due to the importance of thermal effects for the 

aforementioned applications, several works have been done to 

investigate the thermal properties of chalcogenide 

perovskites.[6,23-25]. Eric et al. predicted a low κL of 1.16 Wm-

1K-1 in BaZrS3
[23] at 300 K using first-principles calculations 

combined with the Peierls-Boltzmann transport equations 

(PBTE), which is mainly attributed to its strong anharmonicity. 

Using the same approach, Hatef et al. obtained isotropic κL 

(1.8 Wm-1K-1 at 300 K) in distorted BaHfS3 but strongly 

anisotropic κL in SnHfS3 (1.7 Wm-1K-1 for 𝜅𝑏 while 5 Wm-1K-

1 for 𝜅𝑎 at 300 K).[24] Nicholas et al. observed a reduction of κL 

from 0.9 to 0.77 Wm-1K-1 in SrHfSe3 by substituting 1 mol% 

Sb for Sr at 700 K using the laser flash method.[25]  

Despite the progress, deeper insights into thermal transport 

in chalcogenide perovskites are highly desired for further 

manipulating their thermal properties. Understanding thermal 

transport in solid materials essentially requires a microscopic 

view of heat carriers, which are often obtained by atomistic 

simulations.[26-28] Because conventionally used simulations 

based on density functional theory (DFT) and empirical 

potentials suffer from high computational costs and low 

accuracy, respectively, it is challenging to use these 

approaches to simulate complex materials such as 

chalcogenide perovskites.[29,30] Recently, machine learning 

interatomic potentials (MLIPs) are emerging as a powerful 

tool to bridge the gap between DFT and empirical 

potentials.[31-34] Several MLIPs have been successfully 

constructed, such as the Gaussian approximation potential 

(GAP),[35-40] the spectral neighbor analysis potential 

(SNAP),[41,42] the neural-network potential (NNP),[43-46] the 

moment tensor potential (MTP),[47,48] and the deep potential,[49-

51] demonstrating that MLIPs can achieve a DFT-level 

accuracy with orders of magnitude reduced computational cost. 

Most of these MLIPs have been developed for mono-

elemental materials and binary compounds, while those for 

describing materials with three or more elements have been 

rarely reported. 

In this work, we developed a single GAP that can 

accurately model phonon transport in both cubic and 

orthorhombic CaZrS3 with a DFT-level accuracy. Specifically, 

we applied the GAP combined with the PBTE to predict the 

κL and phonon transport properties of the orthorhombic 

CaZrS3 from 200 to 900 K by considering both three- and four-

phonon processes. The orthorhombic CaZrS3 exhibits 

similarly low but more anisotropic κL compared to its 

counterpart CaZrSe3, which is mainly attributed to strong 

anharmonicity and anisotropic group velocities. The 

anisotropic and low κL of CaZrS3 is featured by its short 

phonon mean free path (MFP), with a value of 4.6, 9.8, and 

5.6 nm corresponding to 50% cumulative κL at 300 K along a-, 

b-, and c-axis, respectively. Particularly, the contribution of 

optical phonons to κL is as high as ~50% throughout the entire 

temperature range along each direction. Compared with the 

three-phonon-only calculation, further considering the four-

phonon scattering process decreases the κL of CaZrS3 by 10% 

at 300 K and up to 23% at 900 K, indicating the non-negligible 

influence of the four-phonon scattering. The redistribution 

process dominates the four-phonon scattering because of its 

large phase space which is close to that of three-phonon 

processes within most frequency range. Our work 

demonstrates the ability of GAP to predict the thermal 

transport properties of ternary compounds with a DFT-level 

accuracy and 2-4 orders of magnitude reduced computational 

cost. The insights gained into phonon transport of 

orthorhombic CaZrS3 will be helpful for tailoring the thermal 

properties and thus the performance of perovskites used for 

photovoltaics, optoelectronics, thermoelectrics, etc. 

 

2. Methods 

2.1 GAP calculation 

Gaussian approximation potentials are constructed by fitting 

the Born-Oppenheimer potential energy surface (PES) based 

on Gaussian process regression.[35,52-54] The total energy of a 

system for the present GAP consists of two-body (2B), three-

body (3B), and many-body (MB) interactions.[53,54]: 

𝐸 =  𝛿2𝐵 ∑ 𝜖2𝐵(𝐪𝑖𝑗
2𝐵)𝑖𝑗 + 𝛿3𝐵 ∑ 𝜖3𝐵(𝐪𝑖𝑗𝑘

3𝐵 )𝑖𝑗𝑘 +

𝛿𝑀𝐵 ∑ 𝜖𝑀𝐵(𝐪𝑖
𝑀𝐵)𝑖 ,                              (1) 

where i, j and k represent the atomic indices in the system, 𝛿 

represents the weighting factor, 𝐪 is an atomic environment 

descriptor. The local atomic energy contribution 𝜖𝑑(𝐪𝑖
𝑑) is a 

linear combination of each kernel functions 𝐾𝑑  for the 

descriptor d:  

𝜖𝑑(q𝑖
𝑑) = ∑ 𝛼𝑡

𝑑𝑁𝑡
𝑑

𝑡=1 𝐾𝑑(q𝑖
𝑑 , q𝑡

𝑑),                 (2) 

where 𝑁𝑡  is the number of basis functions, 𝛼𝑡  is a weight 

coefficient obtained during the fitting process, and 𝐾𝑑 is the 

kernel function measuring the similarity between pre-

observed atomic environment 𝐪𝑡
𝑑  and the to-be-predicted 

atomic environment 𝐪𝑖
𝑑 . The 2B descriptor is simply the 

interatomic distances: 

𝑞𝑖𝑗
2𝐵 = |𝐫𝑗 − 𝐫𝑖| ≡ 𝑟𝑖𝑗 ,                           (3) 

where 𝐫𝑖 is the position of atom i. The 3B descriptor which has 

a symmetrized transformation of the Cartesian coordinates is: 

𝐪𝑖𝑗𝑘
3𝐵 = (

𝑟𝑖𝑗 + 𝑟𝑖𝑘

(𝑟𝑖𝑗 − 𝑟𝑖𝑘)
2

𝑟𝑗𝑘

).                        (4) 

In this work, we use the smooth overlap of atomic positions 

(SOAP)[55,56] to describe many-body interactions, in which the 

atomic environment of the ith-atom is represented by the local 

atomic neighbor density 𝜌𝑖(𝐫): 
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𝜌𝑖(𝐫) = ∑ 𝑓cut(𝑟𝑖𝑗)exp [−
(𝐫𝒊−𝐫𝒊𝒋)

2

2𝜎at
2 ]𝑗 ,              (5) 

where j is the neighbor atom within a given cutoff radius (𝑟cut), 

𝜎at represents the width of the Gaussian function, and 𝑓cut is a 

function that goes smoothly to 0 at the cutoff distance. The 

local atomic neighbor density can be expanded in a basis set 

of the radial function 𝑔𝑛(𝑟) and spherical harmonic function 

𝑌𝑙𝑚(𝐫) multiplied by the expansion coefficients 𝑐𝑛𝑙𝑚
(𝑖)

: 

𝜌𝑖(𝐫) = ∑ 𝑐𝑛𝑙𝑚
(𝑖)

𝑔𝑛(𝑟)𝑌𝑙𝑚(𝐫)𝑛𝑙𝑚 .                      (6) 

 

2.2 GAP databases 

The training and testing databases consist of DFT energies, 

atomic forces, and virial stresses of both orthorhombic and 

cubic CaZrS3 configurations. To generate the training 

database, we first performed ab-initio molecular dynamics 

(AIMD) simulations for the cubic CaZrS3 using a 3 × 3 × 3 

supercell (135 atoms) and a 2 × 2 × 2 k-point grid, as 

implemented in Vienna Ab initio Simulation Package 

(VASP).[57] The Perdew-Burke-Ernzerhof (PBE) form of 

generalized gradient approximation (GGA)[58-60] was used for 

exchange-correlation functional. The AIMD simulation was 

run for 2.5 ps with a time step of 0.5 fs under the periodic 

boundary conditions in the canonical ensemble (NVT: constant 

number of particles N, constant volume V, and constant 

temperature T) at 300 K. Then, 45 (60) configurations of cubic 

CaZrS3 were extracted for training (testing) by sampling one 

snapshot every 50 timesteps.  

For the orthorhombic configurations, directly running 

AIMD simulations using a supercell with a similar size to the 

cubic case is too expensive because the primitive cell of the 

orthorhombic structure (20 atoms) contains more atoms than 

the cubic one (5 atoms). Therefore, we choose to develop an 

initial GAP of low accuracy and use it to generate 

configurations of orthorhombic CaZrS3. To train an initial 

GAP, we used orthorhombic CaZrS3 configurations of a 2 × 2 

× 2 supercell to perform an AIMD simulation only at the 

gamma point in the NVT ensemble at 300K. The simulation 

length was 5 ps with a time step of 0.5 fs. We extracted 100 

orthorhombic CaZrS3 configurations by sampling one 

snapshot every 50 timesteps and trained the initial GAP with 

a cutoff radius of 5.0 Å. In a similar way, we used this initial 

GAP to perform a MD simulation with a 3 × 3 × 2 supercell in 

the NVT ensemble at 300 K for 5 ps with a timestep of 0.5 fs 

via LAMMPS,[61] which has been widely used for various 

systems.[62-65] We extracted 35 (57) orthorhombic 

configurations from the MD simulation to construct the 

training (testing) dataset. 

After obtaining all the orthorhombic and cubic 

configurations, self-consistent field (SCF) calculations were 

performed to obtain energies, atomic forces, and virial stresses 

using VASP. The energy convergence for both AIMD and 

SCF calculations was set to 10-8 eV/atom. Finally, we trained 

the GAP using the 80 configurations (45 cubic and 35 

orthorhombic) with a cutoff of 7.0 Å for the 2B, 3B, and SOAP 

descriptors. 

 

2.3 Thermal conductivity calculation  

Within the framework of the Peierls-Boltzmann transport 

equation (PBTE), the lattice thermal conductivity can be 

written as 

𝜅𝐿
𝛼𝛽

=
1

𝑘𝐵𝑇2𝛺𝑁
∑ 𝑛𝜆

0(𝑛𝜆
0 + 1)(ℏ𝜔𝜆)2𝑣𝜆

𝛼𝐹𝜆
𝛽

,𝜆            (7) 

where 𝑘𝐵 is the Boltzmann constant, T is the temperature, 𝛺 is 

the volume of the unit cell, N represents the total number of 

sampled phonon wave vectors in the first Brillouin zone,  𝑛𝜆
0 

is the equilibrium phonon Bose-Einstein distribution, and ℏ is 

the reduced Planck constant. 𝜔𝜆 and 𝐯𝜆 are the frequency and 

group velocity of each phonon mode 𝜆, respectively. F is the 

linear phonon perturbation vector, and can be calculated by 

iteratively solving the PBTE. 𝐅𝜆 = 𝜏𝜆
0(𝐯𝜆 + ∆𝜆), where 𝜏𝜆

0 is 

the relaxation time and the ∆𝜆  term takes into account 

coupling of nonequilibrium 𝜆 phonon modes to other phonon 

modes based on energy and momentum conservation. 

According to the Matthiessen's rule, the phonon relaxation 

time of mode 𝜆  within single-mode relaxation time 

approximation (SMRTA) 𝜏𝜆
0 can be expressed as 

1

𝜏𝜆
0 =

1

𝑁
[∑ 𝛤

𝜆𝜆′𝜆′′
(+)

+ ∑
1

2
𝛤

𝜆𝜆′𝜆′′
(−)(−)

𝜆′𝜆′′
(+)
𝜆′𝜆′′ ] +

1

𝑁
∑ 𝛤

𝜆𝜆′
(𝑖𝑠𝑜)(𝑖𝑠𝑜)

𝜆′ +

1

𝑁
[∑

1

2
𝛤

𝜆𝜆′𝜆′′𝜆′′′
(++)(++)

𝜆′𝜆′′𝜆′′′ + ∑
1

2
𝛤

𝜆𝜆′𝜆′′𝜆′′′
(+−)(+−)

𝜆′𝜆′′𝜆′′′ +

∑
1

6
𝛤

𝜆𝜆′𝜆′′𝜆′′′
(−−)(−−)

𝜆′𝜆′′𝜆′′′ ],                                      (8) 

The superscripts (+, −) or (++, +−, − −) denote the three-

phonon and four-phonon scattering processes, i.e., q′′ = q ±
q′ + Q and q′′′ = q ± q′ ± q′′ + Q, respectively, where q is 

the phonon wave vector and Q is a reciprocal lattice vector. 

The three-phonon and four-phonon scattering rates 𝛤 in Eq. (8) 

take the form of 

𝛤
𝜆𝜆′𝜆′′

(+)
=

ℏ𝜋

4

𝑛𝜆′
0 − 𝑛𝜆′′

0

𝜔𝜆𝜔𝜆′𝜔𝜆′′
|𝑉

𝜆𝜆′𝜆′′
(+)

|
2

𝛿(𝜔𝜆 + 𝜔𝜆′ − 𝜔𝜆′′) 

𝛤
𝜆𝜆′𝜆′′

(−)
=

ℏ𝜋

4

𝑛
𝜆′
0 +𝑛

𝜆′′
0 +1

𝜔𝜆𝜔𝜆′𝜔𝜆′′
|𝑉

𝜆𝜆′𝜆′′
(−)

|
2

𝛿(𝜔𝜆 − 𝜔𝜆′ − 𝜔𝜆′′),    (9) 

𝛤
𝜆𝜆′𝜆′′𝜆′′′

(++)
=

ℏ2𝜋

8𝑁0
×

(1 + 𝑛𝜆′′
0 )(1 + 𝑛𝜆′′

0 )𝑛𝜆′′′
0

𝑛𝜆
0 × |𝑉

𝜆𝜆′𝜆′′𝜆′′′
(++)

|
2

×
𝛿(𝜔𝜆 + 𝜔𝜆′ + 𝜔𝜆′′ − 𝜔𝜆′′′)

𝜔𝜆𝜔𝜆′𝜔𝜆′′𝜔𝜆′′′
 

𝛤
𝜆𝜆′𝜆′′𝜆′′′

(+−)
=

ℏ2𝜋

8𝑁0
×

(1 + 𝑛𝜆′
0 )𝑛𝜆′′

0 𝑛𝜆′′′
0

𝑛𝜆
0 × |𝑉

𝜆𝜆′𝜆′′𝜆′′′
(+−)

|
2

×
𝛿(𝜔𝜆 + 𝜔𝜆′ − 𝜔𝜆′′ − 𝜔𝜆′′′)

𝜔𝜆𝜔𝜆′𝜔𝜆′′𝜔𝜆′′′
 

𝛤
𝜆𝜆′𝜆′′𝜆′′′

(−−)
 =  

ℏ2𝜋

8𝑁0
×

𝑛
𝜆′
0 𝑛

𝜆′′
0 𝑛

𝜆′′′
0

𝑛𝜆
0 × |𝑉

𝜆𝜆′𝜆′′𝜆′′′
(−−)

|
2

×

𝛿(𝜔𝜆−𝜔𝜆′−𝜔𝜆′′−𝜔𝜆′′′)

𝜔𝜆𝜔𝜆′𝜔𝜆′′𝜔𝜆′′′
,                                   (10) 

where 𝑉𝜆𝜆′𝜆′′ and 𝑉𝜆𝜆′𝜆′′𝜆′′′  denote the three-phonon and four-

phonon scattering matrix elements, which are expressed as 

𝑉
𝜆𝜆′𝜆′′
(±)

= ∑ ∑ Φ𝑖𝑗𝑘
𝛼𝛽𝛾

𝛼𝛽𝛾𝑖𝑗𝑘

𝑒𝛼
𝜆(𝑖)𝑒𝛽

±𝜆′
(𝑗)𝑒𝛾

−𝜆′′
(𝑘)

√𝑀̅𝑖𝑀̅𝑗𝑀̅𝑘

𝑒±𝑖𝐪′∙𝐫𝑗𝑒−𝑖𝐪′′∙𝐫𝑘 , 

(11) 
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𝑉
𝜆𝜆′𝜆′′𝜆′′′
(±±)

= ∑ ∑ Φ𝑖𝑗𝑘𝑙
𝛼𝛽𝛾𝜃 𝑒𝛼

𝜆(𝑖)𝑒𝛽
±𝜆′

(𝑗)𝑒𝛾
±𝜆′′

(𝑘)𝑒𝛾
−𝜆′′′

(𝑙)

√𝑀̅𝑖𝑀̅𝑗𝑀̅𝑘𝑀̅𝑙

𝑒±𝑖𝐪′∙𝐫𝑗𝑒±𝑖𝐪′′∙𝐫𝑘
𝛼𝛽𝛾𝜃𝑖𝑗𝑘𝑙 𝑒−𝑖𝐪′′′∙𝐫𝑙 ,                                 (12) 

where i, j, k, l denote the atomic indices and α, β, γ, θ denote 

the Cartesian directions x, y, z. Φ𝑖𝑗𝑘
𝛼𝛽𝛾

 and Φ𝑖𝑗𝑘𝑙
𝛼𝛽𝛾𝜃

 are the third-

order and fourth-order interatomic force constants (IFCs), 

respectively. 𝑒𝛼
𝑞

(𝑖)  is the eigenvector component. 𝐫𝑗  is the 

position vector of the unit cell where j-th atom lies, and 𝑀𝑗 is 

its mass. The isotopic scattering rate is given by 

𝛤
𝜆𝜆′

(𝑖𝑠𝑜)
=

𝜋𝜔2

2
∑ 𝑔(𝑖)|𝐞𝜆

∗(𝑖) ∙ 𝐞𝜆′(𝑖)|2𝛿(𝜔𝜆 − 𝜔𝜆′)𝑖∈𝑢.𝑐. ,  (13) 

where the mass variance is defined as 𝑔(𝑖) = ∑ 𝑓𝑠(𝑖)[1 −𝑠

𝑀𝑠(𝑖)/𝑀̅(𝑖)]2. The 𝑓𝑠(𝑖) and 𝑀𝑠(𝑖) are the concentration and 

mass of the sth isotope of atom i, respectively. 𝑀̅(𝑖) is the 

average mass of the ith atom in the unit cell. 

The κL of orthorhombic CaZrS3 considering only three-

phonon scattering is calculated by iteratively solving the 

linearized PBTE with a 7 × 7 × 7 q-mesh, as implemented in 

ShengBTE.[66] As shown in Fig. S2, a q-mesh of 7 × 7 × 7 is 

large enough to achieve converged value of thermal 

conductivity. Using the same q-mesh, the κL considering both 

three- and four-phonon scattering is calculated by iteratively 

solving the PBTE for three-phonon scattering, with four-

phonon scattering treated at the RTA level via the FourPhonon 

package.[67]  

 

2.4 IFC calculations 

To obtain the phonon-phonon scattering rates, we use both 

DFT and GAP to calculate IFCs based on the finite 

displacement method. The second-order and third-order IFCs 

were calculated with a 2 × 2 × 2 and a 2 × 2 × 1 supercell, 

respectively. Considering the high computational cost, the 

fourth-order IFCs were calculated using only GAP with a 2 × 

2 × 1 supercell. The PHONOPY[68] code, thirdorder.py,[66] and 

fourthorder.py[67] were utilized to construct the displaced 

configurations for calculating second-order, third-order, and 

fourth-order IFCs, respectively. The third-order IFCs were 

calculated up to the fourth nearest neighbor while the fourth-

order IFCs were calculated up to the second nearest neighbor. 

For DFT calculations of cubic and orthorhombic CaZrS3, the 

VASP code was applied with the PBE form of GGA for the 

exchange-correlation potential. First, the primitive cells of 

cubic and orthorhombic CaZrS3 were optimized using a cutoff 

energy of 560 eV, with the convergence criteria of 10-8 

eV/atom and 10-6 eV/Å for total energy and atomic forces, 

respectively. The k-points were set to 5 × 5 × 5 for cubic 

CaZrS3 and 2 × 2 × 2 for orthorhombic CaZrS3, respectively. 

Then, SCF calculations at the gamma point were performed 

for calculating atomic forces for each displaced configuration. 

For GAP calculations, the atomic forces of each configuration 

were calculated using LAMMPS. For the calculation of 

phonon dispersion of orthorhombic CaZrS3, the longitudinal 

optical-transverse optical (LO-TO) splitting was predicted by 

incorporating the effects of long-range Coulomb interactions 

based on the Born effective charges (Table SI in Supporting 

Information) and dielectric constants (Table SII) calculated by 

Density Functional Perturbation Theory (DFPT).[69]  

 

3. Results and discussion 

3.1 Training the GAP for cubic and orthorhombic CaZrS3 

We trained the GAP that can describe both cubic and 

orthorhombic CaZrS3 using the hyperparameters in Table 1. 

Most values of the hyperparameters are close to those reported 

in previous works, except that the 𝑟cut (7.0 Å) is much longer 

than the commonly used values (typically less than 6 Å).[70,71] 

This is because the interatomic interaction in CaZrS3 is very 

long-ranged, as will be shown in Fig. 4. In order to determine 

the appropriate 𝑟cut for GAP training, we test the convergence 

of the GAP model with respect to the cutoff radius. Here, we 

evaluate the accuracy of the GAP model using the root-mean-

squared errors (RMSEs) of energies and atomic forces 

between the GAP and DFT predictions. As shown in Fig. 1, 

the energies and atomic forces in orthorhombic and cubic 

CaZrS3 reach converged values at ~6.5 Å and ~7.0 Å, 

respectively. As a comparison, the cutoff radius is only 3.7 Å 

for diamond[70] and 4.8 Å for silicon.[70] We also test the 

accuracy of the GAP model with respect to 𝑛𝑚𝑎𝑥 and 𝑙𝑚𝑎𝑥, as 

shown in Fig. S1 (see Supporting Information), showing that 

the RMSE of atomic forces reaches converged values at 

𝑛𝑚𝑎𝑥/𝑙𝑚𝑎𝑥 = 8.  

Table 1. Hyperparameter settings for training GAP. 

Hyperparameters 2B 3B SOAP 

𝜹 (eV) 10.0 3.7 0.07 

Sparse method Uniform Uniform CUR 

Sparse points 50 200 650 

𝒓𝒄𝒖𝒕 (Å) 7.0 7.0 7.0 

∆𝒓 (Å) - - 1 

𝒏𝒎𝒂𝒙  - - 8 

𝒍𝒎𝒂𝒙  - - 8 

𝝈𝒗
𝒆𝒏𝒆𝒓𝒈𝒚

 (eV/atom) 0.001 

𝝈𝒗
𝒇𝒐𝒓𝒄𝒆

 (eV/Å) 0.0005 

𝝈𝒗
𝒗𝒊𝒓𝒊𝒂𝒍 (eV/atom) 0.001 

 

Figures 2 and 3 further compare the energies and atomic 

forces of the orthorhombic and cubic CaZrS3 calculated by the 

GAP and DFT for both the training and testing databases. Our 

calculations show that the energies and atomic forces 

predicted by the GAP and DFT are all in good agreement for 

both orthorhombic and cubic CaZrS3. For orthorhombic 

CaZrS3, the RMSEs of energy and atomic force on Ca, Zr, and 

S atoms are 0.73 meV/atom, 0.023, 0.045, and 0.03 eV/Å for 

the training set, respectively (Fig. 2(a)). The RMSEs of energy 

(0.79 meV/atom) and atomic force (0.03, 0.052, and 0.031 

eV/Å on Ca, Zr, and S atoms, respectively) for the testing set 

are comparable to those for the training set, suggesting the 

high accuracy of our GAP in predicting the unlearned 

configurations of orthorhombic CaZrS3. Compared to the  
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Fig. 1 Convergence tests of the GAP model with respect to cutoff radius. 

 

orthorhombic CaZrS3, the cubic CaZrS3 exhibits relatively 

larger RMSEs for both training and testing sets. As shown in 

Fig. 3, the RMSEs of energy are 2.02 meV/atom for the 

training set and 1.85 meV/atom for the testing set. In contrast 

to the orthorhombic CaZrS3, the cubic CaZrS3 exhibits notably 

larger RMSEs of atomic forces for the testing set (0.040, 0.068, 

and 0.046 eV/Å for Ca, Zr, and S atoms, respectively) than 

those for the training set (0.024, 0.045 and 0.036 eV/Å for Ca, 

Zr and S atoms, respectively). The relatively larger RMSEs for 

cubic CaZrS3 can be attributed to its weaker interatomic 

interactions as compared to the orthorhombic one, making it 

more difficult for the GAP to precisely predict the atomic 

forces. As later will be shown in Fig. 4, the second-order IFCs 

of orthorhombic CaZrS3 are generally much larger than those 

of the cubic one. For example, the self-interaction IFC of the 

Ca atom for orthorhombic CaZrS3 (6.6 eV/Å2) is four times 

larger than that for cubic CaZrS3 (1.6 eV/Å2) based on DFT 

calculations. Overall, the RMSEs of atomic force in 

orthorhombic and cubic CaZrS3 are comparable to previously 

reported results for many other materials, e.g., the RMSEs of 

atomic force is 0.1 eV/Å for a GAP model of diamond,[70] 0.01 

eV/Å for a neural network potential of Si,[72] and 0.0197 eV/Å 

for a moment tensor potential of BAs.[73] 

After preliminary evaluating the accuracy of GAP using 

RMSEs, we calculated the lattice parameters of cubic and 

orthorhombic CaZrS3 using this GAP. As shown in Table 2, 

the lattice constants of both the orthorhombic and cubic 

CaZrS3 predicted by GAP show good agreement with the DFT

 
Fig. 2 Prediction accuracy of the GAP for energies and atomic forces on Ca, Zr, and S atoms of orthorhombic CaZrS3. GAP versus 

DFT predictions for the (a) training and (b) testing databases. 
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Fig. 3 Prediction accuracy of the GAP for energies and atomic forces on Ca, Zr, and S atoms of cubic CaZrS3. GAP versus DFT 

predictions for the (a) training and (b) testing databases. 

 

Table 2. The lattice parameters of orthorhombic (pnma) and cubic 

(pm3m) CaZrS3 predicted by using GAP, in comparison with 

DFT and experimental results. 

Phase Method a (Å) b (Å) c (Å) 
Volume 

(Å3) 

Pnma 

GAP 7.072 9.649 6.573 448.57 

DFT (PBE, 

this work) 
7.070 9.645 6.578 448.60 

DFT (PBE)[83] 7.072 9.661 6.582 449.68 

Experiment[84] 7.030 9.589 6.573 440.66 

Pm3m 

GAP 4.984   123.82 

DFT (PBE, 

this work) 
4.979   123.44 

DFT (PBE)[83] 4.980   123.51 

results. Specifically, the lattice constants of orthorhombic 

CaZrS3 calculated by the GAP and DFT differ by ~0.04%, and 

the volumes differ by ~0.006%. Meanwhile, both the GAP and 

DFT results agree well with the experimental values for 

orthorhombic CaZrS3. For cubic CaZrS3, the GAP and DFT 

results differ by ~0.1% for the lattice constants and ~0.3% for 

the volume, which are relatively larger compared to the 

orthorhombic case.  

We continue to evaluate the accuracy of the GAP in 

predicting IFCs of both orthorhombic and cubic CaZrS3, 

which essentially determine their phonon properties and lattice 

thermal conductivity. Fig. 4 compares the second-order IFCs 

calculated by the GAP and DFT as a function of interatomic 

distance. The IFCs predicted by GAP are generally consistent 

 
Fig. 4 Prediction accuracy of the GAP for second-order IFCs. The second-order IFCs calculated by DFT and GAP as a function of 

the interatomic distance from a central Ca atom for (a) orthorhombic and (b) cubic CaZrS3. 
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with the DFT results. Specifically, the maximum deviation of 

second-order IFCs is 0.053 eV/Å2 for orthorhombic CaZrS3 

and 0.093 eV/Å2 for cubic CaZrS3. The RMSE of second-order 

IFCs is 0.021 eV/Å2 for orthorhombic CaZrS3 and 0.036 

eV/Å2 for cubic CaZrS3. As expected, the RMSE of second-

order IFCs for cubic CaZrS3 is relatively larger than that of the 

orthorhombic one considering the relatively larger RMSEs of 

atomic forces in the former.  

Figure 5 further shows the anharmonic IFCs calculated by 

the GAP and DFT. In this work, we select several 

representative third-order IFCs to test the accuracy of third-

order IFCs calculated by GAP. The IFCs are calculated by 

fixing two atoms (the 1st atom and its nearest atom) in the 

triplets and displacing the third atom at a varying distance. 

Specifically, we calculate  Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

  and Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

 (The subscript 

k represents the atom index in primitive cell and the 

superscripts represent the Cartesian axis.) for both 

orthorhombic and cubic CaZrS3. For the orthorhombic (cubic) 

phase, the distance between the Ca and S atoms in Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

 is 

2.83 Å (3.52 Å) and that between the S and Zr atoms in Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

 

is 2.56 Å (2.49 Å). As shown in Fig. 5, the third-order IFCs 

calculated by GAP agree well with the DFT results for both 

orthorhombic and cubic CaZrS3. The RMSEs of the third-

order IFCs for orthorhombic CaZrS3 are 0.1 eV/Å3 for Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

 

(Fig. 5(a)) and 0.07 eV/Å3 for Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

 (Fig. 5(b)), which are 

comparable to that for the cubic CaZrS3 (0.1 eV/Å3 for Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

 

in Fig. 5(c) and 0.09 eV/Å3 for Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

 in Fig. 5(d)). As a 

comparison, we also show the third-order IFCs calculated by 

a less accurate GAP named GAP0, which underpredicts the κL 

of orthorhombic CaZrS3 by 30% at 300 K. As expected, the 

GAP0 exhibits substantially larger prediction errors, with a 

RMSE of 0.63 (0.25) eV/Å3 for Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

 and 0.78 (0.72) eV/Å3 

for Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

 of orthorhombic (cubic) CaZrS3. Specifically, our 

GAP and the GAP0 predict largely different values for the first 

two values in each IFC. For orthorhombic CaZrS3, the Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

 

calculated by the GAP and DFT differ by 0.3% and 1.8% for 

the first and second values, respectively. Similarly, the 

predictions by the GAP and DFT differ by 1.9% and 0.7% for 

the first and second Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

 in the orthorhombic structure, 

respectively. In contrast, largely different values are observed 

between the GAP0 and DFT predictions, which differ by 40% 

(30%) and 41% (23%) for the first and second values of 

Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

 ( Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

), respectively. Similarly, the GAP0 shows 

notably larger errors in predicting the third-order IFCs of the 

cubic phase. 

After validating the accuracy of GAP, we next evaluate its 

computational efficiency for MD simulations. We compared 

AIMD and GAP-based MD simulations for a 2 × 2 × 2 

supercell of orthorhombic CaZrS3 containing 160 atoms, 

which were performed in the NVT ensemble at 300 K with a 

timestep of 0.1 fs using the Intel Xeon Gold 6254 CPU (16 

cores). The computational cost per time step is 179.4 and 

1996.9 s for AIMD simulations based on a 1 × 1 × 1 and 2 × 2 

× 2 k-mesh, respectively. In contrast, MD simulations based 

on the GAP costs only 0.5 s for each time step, which is 2-4 

orders of magnitude faster than the AIMD simulations. 

 
Fig. 5 Prediction accuracy of the GAP for third-order IFCs of orthorhombic and cubic CaZrS3. The third-order IFCs as a function of 

interatomic distance for (a) Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

 and (b) Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

 in orthorhombic CaZrS3, as well as (c) Φ𝐶𝑎,𝑆,𝑘
𝛼,𝑥,𝑥

 and (d) Φ𝑆,𝑍𝑟,𝑘
𝛼,𝑥,𝑥

 in cubic CaZrS3, 

which are calculated by fixing the first two atoms while displacing the third atom in a triplet. The interatomic distance is the distance 

between the first and the third atoms.  
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Fig. 6 Harmonic phonon properties of orthorhombic CaZrS3 calculated by GAP. (a) The phonon dispersion and (b) the partial 

density of states. 

 

3.2 Phonon transport in orthorhombic CaZrS3 

The high accuracy of GAP indicates it can achieve a DFT-

level accuracy in predicting the phonon transport properties of 

CaZrS3. In Figs. S3 and S4, we compare the phonon dispersion, 

phonon partial density of states (PDOS) and thermal 

conductivity within the three-phonon framework calculated by 

GAP and DFT, which as expected agree well with each other. 

After validating the accuracy of GAP, we now use it to study 

phonon transport properties in CaZrS3. Within the framework 

of harmonic approximation, negative frequencies are observed 

in the phonon dispersion of cubic CaZrS3 (Fig. S5), which is 

expected considering it is a high-temperature phase. 

Accurately predicting its phonon dispersion and thermal 

conductivity requires considering anharmonic phonon 

renormalization, which is much more computationally 

expensive.[74,75] In this work, we only focus on the phonon 

properties of orthorhombic CaZrS3 and all these results are 

calculated using GAP in the subsequent discussion. Fig. 6 

shows that its phonon dispersion has no negative frequency, 

indicating the dynamical stability of orthorhombic CaZrS3. 

The acoustic phonon branches near the Γ point are much more 

dispersive than most optical branches, indicating significantly 

higher group velocities of the acoustic modes. The PDOS in 

Fig. 6(b) shows that the high-frequency vibrations are mainly 

contributed by the relatively light S atoms while the heavy Zr 

atoms contribute most of the low-frequency phonon modes 

below ~2.6 THz.  

Figure 7 shows the temperature-dependent κL of 

orthorhombic CaZrS3 from 200 to 900 K, in comparison with 

its counterpart CaZrSe3. The lattice thermal conductivity 

considering only three-phonon scattering is denoted by 𝜅𝐿
3𝑝ℎ

 

and that considering up to four-phonon scattering is denoted 

by 𝜅𝐿
3𝑝ℎ+4𝑝ℎ

. As shown in Fig. 7(a), the lattice thermal 

conductivity of orthorhombic CaZrS3 is very low and slightly 

anisotropic. Specifically, the 𝜅𝑎
3𝑝ℎ+4𝑝ℎ

 (the subscript 

represents the lattice direction) and 𝜅𝑐
 3𝑝ℎ+4𝑝ℎ

 are close to 

each other while 𝜅𝑏
3𝑝ℎ+4𝑝ℎ

 is relatively higher. For example, 

at 300K, its 𝜅𝑏
3𝑝ℎ+4𝑝ℎ

 is 1.68 Wm-1K-1 while 𝜅𝑎
3𝑝ℎ+4𝑝ℎ

 is 1.25 

Wm-1K-1 and 𝜅𝑐
3𝑝ℎ+4𝑝ℎ

 is 1.17 Wm-1K-1. In comparison, the κL 

of its counterpart CaZrSe3 is slightly lower and mostly 

isotropic, as shown in the inset in Fig. 7(a). For example, the 

𝜅𝐿
3𝑝ℎ

 of CaZrSe3 is 1.27, 1.16, and 1.08 Wm-1K-1 along a-, b-, 

and c-axis at 300 K, respectively. The anisotropy of κL of 

orthorhombic CaZrS3 mainly results from its anisotropic 

phonon group velocities. Specifically, its sound velocity along 

the b-axis is 4.6 km s-1, which is ~1.5 times larger than that 

along the a-axis (3.3 km s-1) and c-axis (3.2 km s-1). In contrast, 

CaZrSe3 exhibits mostly isotropic sound velocities, which are 

3.6, 3.4, and 3.0 km s-1 along a-, b-, and c-axis, respectively. 

All these values are the arithmetic averages of the group 

velocities of three acoustic phonon branches at Γ point. Figs. 

7(b-d) further compares the 𝜅𝐿
3𝑝ℎ

 and 𝜅𝐿
 3𝑝ℎ+4𝑝ℎ

 of 

orthorhombic CaZrS3, as well as the 𝜅𝐿
3𝑝ℎ

 of CaZrSe3, along 

the a-, b-, and c-axis, respectively. The reduction of κL by four-

phonon scattering is minor below 300 K, and increases 

substantially with temperature. For instance, the reduction of 

κL along the c-axis by four-phonon scattering is only 7% at 200 

K and increases to 23% at 900K. The four-phonon scattering 

becomes more important at higher temperatures because more 

phonons are excited at higher temperatures, allowing stronger 

four-phonon than three-phonon scattering because the former 

scales quadratically with phonon population while the latter is 

linear to the population. 

We next look into the thermal conductivity contributed by 

acoustic and optical phonons in orthorhombic CaZrS3, as 

shown in Fig. 8. Fig. 8(a) shows that four-phonon scattering 

results in similar suppression on the transport of acoustic and 

optical phonons, e.g., the average κL contributed by acoustic 

(optical) phonons decreases by 11.6% (9.5%) at 300 K and 

24.8% (21.8%) at 900 K due to the consideration of four-

phonon process. The contribution of optical phonons to κL is 

as high as nearly 50%, e.g., 48.2% at 300 K and 49.9% at 900 

K, as shown in the inset of Fig. 8(a). This is because the 

phonon lifetime and group velocity of many optical phonons 

are comparable to those of acoustic phonons (Figs. S6 and S7). 

Specifically, the optical phonons within the frequency range 

1.7-5.0 THz contribute to 40% of the total thermal 

conductivity at 300 K (see Fig. S8). This observation 

contradicts the general expectation that acoustic phonons  
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Fig. 7 Thermal conductivity of orthorhombic CaZrS3 calculated by GAP in comparison with CaZrSe3. (a) Thermal conductivity as a 

function of temperature considering both three-phonon and four-phonon scattering along a-, b-, and c-axis for CaZrS3. The inset 

shows the same results for CaZrSe3. (b) Thermal conductivity considering only the three-phonon process for CaZrS3 and CaZrSe3, 

and that considering both three-phonon and four-phonon processes for CaZrS3 along a-axis. (c) Same as (b) but along the b-axis, and 

(d) c-axis, respectively.   

 

dominate thermal conduction in most bulk crystals. For 

instance, the acoustic phonons contribute ~95% to the κL of 

bulk Si[76] and ~96.4% to the κL of AlSb[77] at 300 K. Similarly 

high optical contribution to κL has been observed in some other 

perovskite materials, e.g., the contribution of optical phonons 

to κL is nearly 64% in BaZrO3
[74] and 71.5% in SrTiO3.[78] It is 

also noticed that the relative κL contribution of acoustic 

phonons decreases with temperature while that of optical 

phonons increases with temperature. This is expected because 

more excited optical phonons participate in thermal transport 

as temperature increases. A similar trend is observed for the 

relative contribution of acoustic and optical phonons to the κL 

along each axis. For both 𝜅𝑏  and 𝜅𝑐 , the optical phonons 

contribute relatively less to thermal conductivity than the 

acoustic phonons. In contrast, the contribution of optical 

phonons to 𝜅𝑎  is relatively larger as compared to acoustic 

phonons, which can be ascribed to the larger group velocity of 

optical phonons along a-axis as shown in Fig. S4.  

The low κL of CaZrS3 is featured by its short phonon MFP. 

In Fig. 9, we further plot the cumulative κL of orthorhombic 

CaZrS3 as a function of MFP at 300, 600, and 900 K. The MFP 

corresponding to 50% cumulative κL along b-axis is almost 

twice as much as that along a-axis and c-axis. Also, the MFPs 

exhibit significant reduction as temperature increases. 

Specifically, the MFPs corresponding to 50% cumulative κL 

along a-, b-, and c-axis decrease significantly as temperature 

increases from 300 K (4.6, 9.8, and 5.6 nm) to 600 K (1.8, 4.6, 

and 2.7 nm) and 900 K (1.1, 2.7, and 1.5 nm). The MFPs of 

orthorhombic CaZrS3 at 300 K are close to those of other 

materials with similarly low κL, such as SnSe[79] and SnS[79] 

with an average κL of 1.50 and 1.63 Wm-1K-1 at 300 K, 

respectively. The MFPs corresponding to 50% cumulative κL 

are 5.6, 4.9, and 4.1 nm along the a-, b-, and c-axis for SnSe 

at 300 K, respectively, while those for SnS are 5.2, 4.3, and 

4.0 nm. The short MFPs of orthorhombic CaZrS3 suggest that 

nanostructuring would be difficult to further decrease its κL. 

We also notice the sharp increase of 𝜅𝑏 around the MFP where 

the 𝜅𝑎  and 𝜅𝑐  saturate, which can be attributed to the 

contribution of the long-wavelength phonons resulting from 

the notably larger group velocities along the c-axis. The short 

MFPs in orthorhombic CaZrS 3  indicate i ts s trong 

anharmonicity, which can be characterized by the Grüneisen 

parameters (γ). The calculated γ of CaZrS3 is 1.47 at 300 K, 

which is close to that of SnSe (2.12, 1.55, and 1.66 along a-, 

b-, and c-axis, respectively)[79] and SnS (2.17, 1.44, and 1.55 

along a-, b-, and c-axis, respectively).[79] In comparison,  
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Fig. 8 Comparison of thermal conductivity contributed by acoustic and optical phonons in orthorhombic CaZrS3. (a) Average thermal 

conductivity considering only three-phonon process and both three-phonon and four-phonon processes as a function of temperature. 

The inset shows the relative contribution of acoustic and optical phonons to thermal conductivity. (b) The relative contribution of the 

thermal conductivity from acoustic and optical phonons along a-axis. (c) Same as (b) but along the b-axis and (d) c-axis, respectively. 

 

Fig. 9 Cumulative thermal conductivity as a function of MFP in orthorhombic CaZrS3. The calculated results along a-, b-, and c-axis 

at (a) 300, (b) 600, and (c) 900 K, respectively. The dashed lines denote the MFPs corresponding to 50% cumulative κL along a-, b-, 

and c-axis, respectively. 

 

CaZrSe3 has relatively large γ (e.g., 3.75 at 300 K), which 

indicates stronger anharmonicity and rationalizes its relatively 

lower κL. 

We now look into phonon transport details to understand 

the influence of four-phonon scattering on the κL of 

orthorhombic CaZrS3. Fig. 10 compares the three-phonon and 

four-phonon scattering rates at 300, 600, and 900 K, 

respectively. The four-phonon scattering rates are 1-2 orders 

of magnitude lower than three-phonon scattering rates at 300 

K, which follows the general expectation of perturbation 

theory, i.e., higher-order terms of the Hamiltonian have 

smaller values and produce weaker phonon scattering. As 

temperature increases from 300 to 900 K, both the three- and 

four-phonon scattering processes become stronger while the 

latter one grows faster, explaining the stronger suppression of 

κL by four-phonon scattering at high temperatures. This 
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observation obeys the scaling law derived for the four-phonon 

scattering (𝜏4
−1~𝑇2𝜔4), which is more strongly temperature 

dependent as compared to 𝜏3
−1~𝑇𝜔2  for the three-phonon 

scattering. 

To gain a deeper understanding of phonon scattering, we 

further calculated the phase space of three-phonon and four-

phonon scattering, as shown in Fig. 11. The three-phonon 

scattering channels can be decomposed into absorption 

process (𝜆1 + 𝜆2 → 𝜆3), and emission process (𝜆1 → 𝜆2 + 𝜆3) 

while the four-phonon scattering channels include 

recombination ( 𝜆1 + 𝜆2 + 𝜆3 → 𝜆4 ), redistribution ( 𝜆1 +
𝜆2 → 𝜆3 + 𝜆4 ) and splitting (𝜆1 → 𝜆2 + 𝜆3 + 𝜆4 ) processes. 

In general, the phase space of the three-phonon absorption and 

emission processes decrease and increase with increasing 

phonon frequency, respectively, which can be mainly 

attributed to the constraint of energy conservation. We notice 

that the scattering rates resulting from the absorption and 

emission processes exhibit frequency dependence similar to 

the corresponding phase space, indicating the dominant role of 

phase space in determining the phonon scattering. As a result, 

the absorption and emission processes dominate the scattering 

below ~2.9 THz and above ~7.2 THz, respectively, while in 

between, the scattering rates from both processes are 

comparable. Similarly, for the four-phonon processes, the 

phase space and scattering rates of the recombination and 

splitting processes decrease and increase with increasing 

phonon frequency mainly due to the restriction of energy 

conservation. Compared with the three-phonon absorption 

(emission) process, the phase space of the four-phonon 

recombination (splitting) process is orders of magnitude lower 

throughout the entire frequency range, resulting in the 

correspondingly lower four-phonon scattering rates. In 

contrast, the phase space of the four-phonon redistribution 

process is much larger and comparable to that of the three-

phonon processes for most frequencies. Therefore, the 

redistribution process dominates the four-phonon scattering 

rates within most frequency range. Although the phase space 

of the redistribution process is as large as that of the three-

phonon processes, the scattering rates resulting from the 

redistribution process are substantially smaller than the 

corresponding three-phonon scattering rates, implying the 

contribution of the smaller fourth-order Hamiltonian. 

 

Fig. 10 Phonon scattering rates of orthorhombic CaZrS3. Three-phonon and four-phonon scattering rates as a function of phonon 

frequency at (a) 300 K, (b) 600 K, and (c) 900 K, respectively.  

 
Fig. 11 Phonon scattering channels of three-phonon and four-phonon processes in orthorhombic CaZrS3. (a) Phase space as a function 

of phonon frequency. (b) The phonon scattering rates of different scattering channels as a function of phonon frequency at 300 K. 
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The relative magnitudes of the three-phonon and four-

phonon phase space are essentially determined by phonon 

dispersion. According to previous studies, some unique 

features in phonon dispersion, such as the large a-o gap (the 

frequency gap between acoustic and optical phonons), 

acoustic bunching, and flat optical bands, can more strongly 

restrict the three-phonon as compared to the four-phonon 

processes and result in relatively stronger four-phonon 

scattering rates.[77,80,81] A typical example is BAs, for which the 

large a-o gap (~10 THz) and acoustic bunching largely weaken 

the three-phonon scattering.[80] As a result, four-phonon 

scattering results in ~36.8% reduction in the κL of BAs at room 

temperature.[81] In contrast, the orthorhombic CaZrS3 has a 

small frequency gap of ~1.5 THz in phonon dispersion, which 

has little restriction on the three-phonon and four-phonon 

processes. Another feature in its phonon dispersion is the 

bunching of optical branches, which makes the satisfaction of 

the energy and momentum conservation easier. This may 

explain the much larger phase space of the redistribution 

process as compared to the recombination and splitting 

processes. Similar observations have been reported for BAs,[77] 

AlSb,[77] and SnSe.[82]  

 

4. Conclusion 

In this work, we developed a high-quality GAP for describing 

both orthorhombic and cubic CaZrS3, which achieves a DFT-

level accuracy in predicting their structural and lattice 

vibrational properties. Specifically, we used the GAP to study 

the phonon transport properties in orthorhombic CaZrS3 by 

considering both three-phonon and four-phonon scattering 

processes from 200 to 900 K. The κL of orthorhombic CaZrS3 

(1.25, 1.68, and 1.17 Wm-1K-1
 along a-, b-, and c-axis at 300 

K) is similarly low but more anisotropic compared to its 

counterpart CaZrSe3 (1.27, 1.16, and 1.08 Wm-1K-1 along a-, 

b-, and c-axis at 300 K). The low κL of orthorhombic CaZrS3 

can be attributed to its strong anharmonicity. The relatively 

larger anisotropy of κL in CaZrS3 mainly results from its 

anisotropic group velocities, for example, the sound velocity 

along b-axis is 1.5 times as large as that along a- and c-axis. 

The low κL of CaZrS3 is featured by its short MFPs, with a 

value of 4.6, 9.8, and 5.6 nm corresponding to 50% cumulative 

κL at 300 K along the a-, b-, and c-axis, respectively. Also, we 

find nearly half of the κL is contributed by optical phonons 

throughout the entire temperature range. Particularly, the four-

phonon scattering plays an important role in governing its 

thermal transport, especially at high temperatures. Specifically, 

the four-phonon scattering decreases its κL by 10% at 300 K, 

while the reduction increases to 23% at 900 K. The four-

phonon scattering is dominated by the redistribution process 

with a large phase space, which is comparable to that of three-

phonon processes throughout most frequency range.  

Our work demonstrates that GAP can be an accurate and 

efficient tool to study the thermal properties of ternary 

compounds. The insights gained into phonon transport of 

orthorhombic CaZrS3 will be helpful for tailoring the thermal 

properties and thus the performance of perovskites for 

photovoltaics, optoelectronics, thermoelectrics, etc. 
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