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Abstract 

Atomic-level investigations of the underlying phonon and thermal transports of 

strongly anharmonic alloy-based thermoelectric materials and their structural phase 

transitions are yet to be fully explored. Herein, we systematically investigate the 

anharmonic lattice dynamics and thermal transport of SnS0.75Se0.25 using perturbation 

theory up to quartic anharmonicity and molecular dynamics simulations with the first-

principles-based machine-learning potential. We find the non-monotonic temperature 

dependence of the phonon linewidths and frequencies of the Γ4
 and Y1 modes. This 

work demonstrates an apparent 𝜅L  reduction from SnS to SnS0.75Se0.25, mainly 

attributed to the enhanced scattering rates of the middle-frequency phonons and the 

decreased group velocities of the high-frequency phonons. We also find that the effects 

of the quartic anharmonicity on the thermal transport of SnS and SnS0.75Se0.25 are 

significant, and the phonon coherence contributions are non-negligible in describing 

the thermal transport. Moreover, we reveal a decrease of 𝜅L  in SnS0.75Se0.25 by 

randomizing Se atoms, which can be ascribed to an additional phonon scattering arising 

from sublattice mass disorder.  

 

  



3 
 

1. Introduction 

Atomic-level understanding of the thermal conduction in crystalline materials with low 

lattice thermal conductivity 𝜅L  plays a vital role in various science and technology 

fields, including thermal management[1, 2] and thermoelectricity[3, 4]. In particular, a high 

figure of merit (zT) value is achieved by reducing 𝜅L for thermoelectric materials[5]. 

Although many experimental results [6-8] demonstrate that 𝜅L  can be significantly 

reduced by alloying, the underlying thermal transport mechanism is still not fully 

revealed due to the lack of suitable phonon-based description. The validity of the 

phonon quasiparticle picture adopted in the conventional phonon-gas model (PGM) is 

controversial in complex alloying systems with a structural phase transition mainly due 

to the presence of lattice instabilities and high-order anharmonicity. Recently, SnSe is 

considered as a promising thermoelectric material[9-11] with zT ≈2.6 at 923 K due to its 

intrinsic low 𝜅L . Despite sharing similar chemical compositions, the binary 

chalcogenide SnS, an analogue compound of SnSe, has only demonstrated zT ≈ 0.8 at 

875 K[6] due to a relatively high 𝜅L. SnS0.91Se0.09 alloy was shown by He et al [6] to have 

a suppressed thermal conductivity, whereas, the thermal transport mechanism of Se-

alloyed SnS is yet to be fully investigated. Therefore, it is of great importance to study 

the Se-alloyed effects on the phonon properties of SnS to better understand thermal 

transport. In addition, it is challenging to deal with the strong anharmonicity across the 

structural phase transition of Se-alloyed SnS within the perturbative framework, which 

prevents the extraction of the temperature-dependent phonon properties. Thus, a 

thorough investigation of the temperature-dependent phonon spectra with a 

nonperturbative treatment of the anharmonic effects is of great importance to better 

understand the phonon transport of Se-alloyed SnS across the phase transition. 

 

In recent years, theoretical calculations have demonstrated that temperature-dependent 

phonon frequency renormalization[12] and high-order phonon scattering[13-15] play 

indispensable roles in 𝜅L  reduction for strongly anharmonic materials. Although the 

thermal transport properties of SnS[16, 17] have been calculated with the perturbation 
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theory (PT) up to the third order by solving the Boltzmann transport equation (BTE)[18],  

the role of fourth-order anharmonicity in suppressing 𝜅L of SnS and Se-alloyed SnS is 

not yet ascertained. Moreover, besides the particle-like contributions, the coherence 

effects dominated by wave-like phonons of Se-alloyed SnS across the phase transition 

are not yet explored. Therefore, an in-depth investigation of the impacts of quartic 

anharmonicity and phonon coherence contribution on 𝜅L is of great importance to better 

understand the heat transport mechanisms in Se-alloyed SnS.  

 

In this work, the lattice dynamical evolution of the structural phase transition between 

Pnma-SnS0.75Se0.25 and Cmcm-SnS0.75Se0.25 is reproduced via molecular dynamics (MD) 

simulations[19] with machine learning moment tensor potentials (MTPs)[20]. The 

temperature-dependent phonon properties of the zone center Γ4 and the zone boundary 

Y1 modes, which drive the phase transition of SnS0.75Se0.25,  are extracted from MD 

simulations using the normal-mode-decomposition technique[21, 22]. We reveal that the 

𝜅L reduction after Se alloying can be attributed to the enhanced scattering rates of the 

middle-frequency phonons and the decreased group velocities of the high-frequency 

phonons. We find the effects of the quartic anharmonicity on the thermal transport of 

SnS and SnS0.75Se0.25  to be significant, and the phonon coherence contributions to the 

thermal transport of the high-temperature Cmcm phase to be non-negligible based on 

the unified theory (UT) model[23]. We also find a noticeable decrease of 𝜅L  of 

SnS0.75Se0.25 at room temperature by introducing randomized Se atoms in the supercell, 

which can be attributed to an additional phonon scattering owing to the sublattice mass 

disorder. 

 

2. Method 

Non-spin polarized density functional theory (DFT) calculations for both phases of 

SnS0.75Se0.25 were performed using the Vienna Ab initio Simulation Package (VASP)[24] 

with the employment of the projector augmented wave (PAW)[25] method. The 

PBEsol[26] exchange-correlation functional was applied for all VASP calculations. A 
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plane wave energy cutoff of 500 eV and an energy convergence criterion of 10-8 eV 

were set in the electronic self-consistent calculations. A Monkhorst-Pack k-mesh[27] of 

3×2×3 was used to sample the Brillouin-zone of the 128-atom supercells of the ordered 

SnS0.75Se0.25 and the general special quasi-random structure (SQS) of SnS0.75Se0.25. The 

randomization of Se atoms was generated using the general SQS algorithm[28], as 

implemented in Universal Structure Predictor: Evolutionary Xtallography (USPEX)[29] 

by mixing 16 Se atoms with 48 S atoms in a 128-atom supercell, as shown in Figure 

1(b). The ordered SnS0.75Se0.25 was obtained based on a unit cell of the Pnma-phase, as 

demonstrated in Figure 1(a). 

 

All equilibrium MD simulations were carried out using LAMMPS packages[30] with 

machine learning MTPs. To investigate the lattice evolution of SnS0.75Se0.25 across the 

structural phase transition, the temperature-dependent lattice constants and the 

fractional atomic coordinates were computed by averaging a corresponding MD 

trajectory of a 6912-atom supercell with 200 ps under the NPT and the NVT ensembles, 

respectively. The duration of each MD simulation of the ordered SnS0.75Se0.25 with a 

supercell size of 6912 atoms was 1 ns with a timestep of 1 fs at a temperature range 

from 100 to 900 K. The atomic velocities and positions were collected every 10 fs under 

the NVE ensemble. The power spectra were decomposed by projecting the atomic 

velocities onto the temperature-dependent phonon eigenvectors using the normal-

mode-decomposition technique[31-34] and fitted with the Lorentzian function to obtain 

the phonon frequencies and linewidths.  

 

To calculate the temperature dependencies of 𝜅L for SnS and the ordered SnS0.75Se0.25 

based on the PT by solving the BTE[35], the renormalized second-order force constants 

were extracted using the temperature-dependent effective potential (TDEP)[36] scheme, 

as implemented in hiPhive[37]. Meanwhile, to obtain accurate temperature-dependent 

cubic and quartic force constants, the harmonic contributions were subtracted from the 

force-displacement data before training the cluster space[38]. Converged neighbour 

cutoff distances (2nd: 7.0 Å; 3rd: 5.0 Å; 4th: 3.5 Å) for both SnS and the ordered 
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SnS0.75Se0.25 were applied to extract the temperature-dependent force constants. The 

contribution from the population term (𝜅p ) of the heat-flux operator was calculated 

under the single-mode relaxation time approximation (SMRTA) by solving the BTE[35]. 

The coherence term (𝜅c ) of the heat-flux operator was evaluated following the UT 

proposed by Simoncelli et al.[23] based on SMRTA. Additionally, the temperature-

dependent 𝜅L  of the ordered SnS0.75Se0.25 and the general SQS of SnS0.75Se0.25 were 

calculated using non-equilibrium molecular dynamics (NEMD)[39] simulations 

combined with the machine learning MTPs.  

 

3. Results and discussion 

 

 

Figure 1. (a) The ordered Pnma-SnS0.75Se0.25 obtained based on a unit cell, which is 

visualized by VESTA[40]. (b) The general SQS of Pnma-SnS0.75Se0.25 with 128 atoms 

generated by USPEX[29], where Sn atoms are purple, S atoms are yellow and Se atoms 

are green. 
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Figure 2. (a) Evolution of the lattice constants of the ordered SnS0.75Se0.25 as a function 

of temperature obtained from MD simulations under NPT ensemble at a heating rate of 

4.5 K per ps. (b) The fractional atomic coordinates of the ordered SnS0.75Se0.25 in the 

conventional unit cell along a axis obtained from MD simulations under NVT ensemble 

at different temperatures. The light blue and red shaded areas stand for the Pnma-

SnS0.75Se0.25 and Cmcm-SnS0.75Se0.25 phases, respectively, based on our MD 

simulations. 

 

The thermal structural evolution of the ordered SnS0.75Se0.25 across the structural phase 

transition is interpreted by calculating the variation of the lattice constants from 100 to 

1000 K, as shown in Figure 2(a). The difference of lattice constants between a and c 

axes calculated with our MTPs decreases continuously with increasing temperature and 

disappears at about Tc = 750 K for the ordered SnS0.75Se0.25, showing a similar phase 

transition behaviour with previous theoretical and experimental studies of SnS and 

SnSe[41-43]. The subtle difference in lattice constants between the ordered SnS0.75Se0.25 

and the general SQS of SnS0.75Se0.25 (see Supporting Information Figure S10) reveals 

that introducing sublattice mass disorder has little effect on the lattice parameters across 

the structural phase transition. The evolution of the fractional coordinates of Sn and Se 

atoms in the ordered SnS0.75Se0.25 along a axis from 100 to 900 K is shown in Figure 

2(b). The discrepancy between the Sn and Se atomic fractional coordinates decreases 

continuously and vanishes above 750 K, illustrating a displacive character and a higher 

structural symmetry across the phase transition, which is consistent with previous 

experimental reports of SnSe[41-43]. These results manifest that our MTPs can 

successfully capture the temperature-dependent lattice evolution of the ordered and the 

general SQS of SnS0.75Se0.25 across the structural phase transition. 
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Figure 3. Temperature-dependent phonon linewidths (a) and frequencies (b) of the zone 

center Γ4 and the zone boundary Y1 modes of the ordered SnS0.75Se0.25 obtained from 

MD simulations. The error bars were calculated based on four independent MD 

simulations under the NVE ensemble with a duration of 1 ns for each temperature. The 

error bar was calculated through the standard deviation function: 𝜎 =

√
1

𝑁
∑ (𝑦𝑖 − 𝑢)2𝑁

𝑖=1  , where 𝑦𝑖 is the phonon linewidth or frequency, 𝑢 is the mean value 

of 𝑦𝑖, and N is the number of independent simulations. The light blue and red shaded 

areas represent the ordered Pnma-SnS0.75Se0.25 and Cmcm-SnS0.75Se0.25 phases, 

respectively. Renormalized phonon dispersions of the Pnma phase of SnS (c) and the 

ordered SnS0.75Se0.25 (d) at 300 K calculated using the TDEP method[36] via hiPhive[44]. 

The subscripts of Γ4 and Y1 denote the mode numbers in order of increasing phonon 

frequency. 

 

To investigate the phonon properties of the ordered SnS0.75Se0.25 across the structural 

phase transition, we have calculated the frequencies and linewidths of two phonon 

modes related to the structural phase transition, Γ4 at the zone center and Y1 at the zone 

boundary. The subscripts denote the number of the corresponding phonon modes in the 

order of increasing phonon frequency. The power spectra are obtained by calculating 

the Fourier transforms of the velocity autocorrelation functions from MD 

simulations[45], which are then fitted with a Lorentzian function to calculate the 
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temperature-dependent phonon frequencies and linewidths, as shown in Figure 3 (a-b). 

The frequency of Γ4 decreases rapidly from around 1.05 THz at 100 K to about 

0.26 THz near Tc = 750 K. The phonon linewidth of Γ4 exhibits a non-monotonic 

temperature dependence, with a maximum value of 0.31 THz observed near Tc, 

demonstrating a drastically increased phonon-phonon scattering across the phase 

transition. We also observe similar temperature dependencies of linewidth and 

frequency of the Y1 mode. 

 

  

Figure 4. The differential and cumulative 𝜅p along three lattice directions as a function 

of the phonon frequency of SnS and the ordered SnS0.75Se0.25 calculated with BTE at 

300 (a, c and e) and 800 K (b, d and f). 

 

To better understand the origin of the apparent 𝜅L reduction of SnS0.75Se0.25 compared 

to SnS, we have calculated the differential and cumulative 𝜅p  along three lattice 
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directions with respect to the phonon frequency from BTE at 300 and 800 K considering 

both three- and four-phonon interactions, as shown in Figure 4. The calculated 𝜅p 

decreases, respectively, from 2.15, 0.87 and 2.50 Wm-1K-1 to 1.36, 0.74 and 1.54 Wm-

1K-1 along x, y and z directions by replacing 25% S atoms with Se in the convention 

unit cell of Pnma-SnS. Besides, the average 𝜅p reduces from 0.81 Wm-1K-1 for Cmcm-

SnS to 0.50 Wm-1K-1 for Cmcm-SnS0.75Se0.25 at 800 K (see Supporting Information 

Figure S6), illustrating Se-alloying causes a noticeable decrease of 𝜅p for both Pnma-

SnS and Cmcm-SnS. The contribution of the optical phonons to the total 𝜅p of SnS is 

around 58% at 300 K, which is larger than the acoustic phonons. The high contribution 

from the optical phonons to 𝜅p can be attributed to the high group velocities, as shown 

in Figure 5(b). In addition, 𝜅p
x  and 𝜅p

z  of SnS decrease significantly in the middle-

frequency region (1.5-3.5 THz) by introducing 25% Se atoms. The renormalized 

phonon dispersions of the ordered SnS0.75Se0.25 calculated using the TDEP method[36] 

show apparent softening compared with SnS, as shown in Figure 3 (c-d). The softening 

of middle-frequency optical phonons enhances the three-phonon scattering rates, 

leading to a 𝜅p reduction, as shown in Figure 5(a). Besides, a decrease of 𝜅p is also 

observed from Figure 4 for the high-frequency phonons (4.5-7.5 THz) in the Se-alloyed 

SnS. This decrease of 𝜅p in the high-frequency region is caused by the decreased group 

velocities, as shown in Figure 5(b). The effect can be further understood by the decrease 

in the participation ratios of Se-alloyed SnS, which leads to a stronger phonon 

localization (see Figure S7). 
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Figure 5. The phonon scattering rates (a) of SnS and the ordered SnS0.75Se0.25 calculated 

from PT considering three- and four-phonon scatterings at 300 K. The group velocities 

(b) of SnS and the ordered SnS0.75Se0.25 calculated with the renormalized second-order 

force constants at 300 K. The black circles highlight the large differences of scattering 

rates and group velocities between SnS and the ordered SnS0.75Se0.25.  

 

The renormalized phonon frequencies and the scattering rates are further applied to 

compute the temperature dependence of 𝜅L of SnS and the ordered SnS0.75Se0.25 along 

three directions using UT, which includes both the phonon population ( 𝜅p ) and 

coherence (𝜅c) contributions from the heat-flux operator. For comparison, 𝜅L of SnS 

and the ordered SnS0.75Se0.25 calculated from NEMD simulations with our machine 

learning MTPs and the experimentally measured values of SnS[6] are summarized in 

Figure 6(a-d). A reasonable agreement of 𝜅L along three directions for SnS is observed 

between the experimental measurements[6] and our NEMD simulations, which 

inherently include all orders of lattice phonon anharmonicity. The 𝜅L
x has about 12.5% 

and 13.2% reductions for SnS and the order SnS0.75Se0.25, respectively, after considering 

fourth-order phonon scatterings at 300 K. It is apparent from Figure 6(a-b) that 𝜅p 

governs the heat transport of Pnma-SnS and Pnma-SnS0.75Se0.25 at 300 K. However, as 

shown in Figure 6(c-d), the 𝜅c becomes comparable to the 𝜅p for the Cmcm phase at 

800 K, suggesting the importance of the coherence channel in describing the thermal 

transport of both Cmcm-SnS and Cmcm-SnS0.75Se0.25 at high temperatures. In addition, 

a noticeable difference of 𝜅L between UT and the NEMD is observed for both phases 

of SnS and SnS0.75Se0.25. This may be caused by non-perturbative phonon scatterings[12]. 

Further, we observe an average 14.7% reduction on 𝜅L  of SnS0.75Se0.25 at 300 K by 
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randomizing the Se atoms in the supercell, as shown in Figure 6(b). This can be 

interpreted by the Klemens model[46]: 𝜏𝐷
−1 = 𝜔4𝑉 ∑ 𝑓𝑖 (

𝑚𝑖

𝑚̅
− 1)

2

𝑖 /(4𝜋𝑣3), where V 

is the volume per unit atom, 𝑓𝑖 is the concentration of species i, v is the branch-averaged 

sound velocity,  𝑚𝑖  and 𝑚̅  are the atomic mass and the average mass of species i, 

respectively. The disordering of the Se atoms clearly increases the phonon scattering by 

introducing sublattice mass disorder, resulting in a decreased 𝜅L. However, as shown in 

Figure 6(d), the difference of 𝜅L  between the ordered and the general SQS of 

SnS0.75Se0.25 decreases with increasing temperature, which can be ascribed to the 

dominance of phonon-phonon scattering at elevated temperatures.  

 

Figure 6.  Lattice thermal conductivities of SnS, the ordered SnS0.75Se0.25, and the SQS 

of SnS0.75Se0.25 calculated from UT and NEMD at 300 K (a-b) and 800 K (c-d). The 

experimental values are taken from Ref.[6]. The NEMD results of SnS are taken from 

our previous work[47].  

 

4. Conclusion 

In summary, the anharmonic lattice dynamics and thermal transport properties of SnS 

and SnS0.75Se0.25 have been investigated based on PT up to quartic anharmonicity and 

MD simulations with first-principles-based machine learning MTPs, which are capable 

of reproducing the lattice evolution across the structural phase transition. We observe a 
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non-monotonic temperature dependence of the phonon linewidths of the Γ4
 and Y1 

modes of SnS0.75Se0.25. Our results show that the apparent 𝜅L reduction after Se alloying 

is mainly attributed to the increased phonon scattering rates of the middle-frequency 

phonons and the decreased group velocities of the high-frequency modes. We also find 

that the quartic anharmonicity and the coherence contribution are non-negligible in 

describing the lattice thermal transport of SnS and SnS0.75Se0.25. Furthermore, our 

results reveal a significant decrease of 𝜅L in SnS0.75Se0.25 by randomizing Se atoms in 

the supercell at 300 K. This work paves the way for further phonon and thermal 

transport engineering of SnS-based alloys. 

        

See the Supplementary Material for details of methodology and additional 

calculations to support our conclusions. 
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