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 A B S T R A C T

Bi2Te3 and Sb2Te3, as typical layered chalcogenide semiconductors, exhibit excellent thermoelectric perfor-
mance near room temperature. Engineering phonon transport through nanostructures has become an important 
strategy for optimizing thermoelectric material performance. This study employs neuroevolution potential 
combined with molecular dynamics simulations to systematically investigate the interfacial scattering and 
coherent (wavelike) transport mechanisms of phonons in Bi2Te3/Sb2Te3 superlattices. Based on density func-
tional theory calculations, we constructed a dataset and trained a machine learning potential for Bi2Te3/Sb2Te3
heterostructures. The lattice thermal conductivity of superlattices was calculated using the homogeneous 
non-equilibrium molecular dynamics method, and the wavelike transport characteristics of phonons were 
analyzed from a wave mechanics perspective by combining phonon wave equations and transfer matrix 
methods. The study reveals that Bi2Te3/Sb2Te3 superlattices exhibit minimum lattice thermal conductivity 
at a period thickness of approximately 5 nm, with thermal conductivity showing non-monotonic variation 
with period thickness. Spectral thermal conductivity analysis demonstrates that this non-monotonic behavior 
represents a fundamental transition of phonons from coherent wavelike to incoherent particlelike transport. 
Phonon wave equation calculations further show that Bragg scattering conditions form phonon bandgaps at 
specific frequency-angle combinations, leading to selective phonon blockade. With systematic variation of 
period thickness, the position, number, and width of bandgaps exhibit clear evolutionary patterns. In short-
period superlattices with fixed period thickness, increasing the number of interfaces can effectively enhance 
interference effects, making phonon forbidden bands more distinct and frequency selectivity stronger. This 
study provides theoretical insights into the microscopic mechanisms of phonon wavelike effects in superlattices 
and offers guidance for interface engineering and performance optimization of nanostructured thermoelectric 
materials.
1. Introduction

Thermoelectric materials enable direct conversion between thermal 
and electrical energy, offering significant potential for waste heat re-
covery and solid-state refrigeration applications [1]. Bi2Te3 and Sb2Te3, 
as representative layered chalcogenide semiconductors, exhibit low 
thermal conductivity perpendicular to the layer interfaces owing to 
their distinctive quintuple-layer (Te–Bi/Sb–Te–Bi/Sb–Te) crystal struc-
ture, positioning them among the most promising thermoelectric ma-
terials for near-room-temperature applications [2]. In recent years, en-
gineering phonon transport through alloying and nanoheterostructure 
fabrication to reduce lattice thermal conductivity (LTC) has emerged as 
a critical strategy for thermoelectric performance enhancement [3,4]. 
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Bi𝑥Sb2−𝑥Te3 solid-solution alloys effectively suppress phonon prop-
agation via mass-difference scattering and alloy disorder scattering 
between Bi and Sb atoms [5–7]. Concurrently, Bi2Te3/Sb2Te3
nanoheterostructures exploit interface scattering and energy carrier 
filtering mechanisms that diminish LTC while simultaneously enhanc-
ing the Seebeck coefficient, thus enabling synergistic optimization of 
thermoelectric properties [8–15].

Ju et al. demonstrated that Bi2Te3/Sb2Te3 interface engineering 
effectively reduces LTC in their core–shell heterojunction nanoplates
[11]. Their investigation revealed that increasing Sb2Te3 shell thickness 
correspondingly increased the density of heterojunction interfaces, re-
sulting in enhanced phonon scattering and substantial reduction in LTC. 
The pronounced inhibition of phonon transport by interface scattering 
https://doi.org/10.1016/j.ijheatmasstransfer.2025.128283
Received 29 September 2025; Received in revised form 23 November 2025; Accept
vailable online 29 December 2025 
017-9310/© 2025 Elsevier Ltd. All rights are reserved, including those for text and 
ed 16 December 2025

data mining, AI training, and similar technologies. 
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manifested as markedly lower cross-plane LTC compared to the in-
plane direction, enabling the Bi2Te3/Sb2Te3 sample to achieve a 𝑧𝑇
value of approximately 0.94 in the cross-plane direction at 500 K. Kim-
berly et al. established that interfaces between two-dimensional Sb2Te3
and Bi2Te3 nanoplates substantially enhance phonon scattering while 
dramatically reducing LTC in the perpendicular direction [12]. Con-
currently, energy carrier filtering effects at these interfaces enabled the 
15% Bi2Te3 composite to attain a Seebeck coefficient of 210 μV/K, cul-
minating in a high 𝑧𝑇  value of approximately 1.26 at 450 K. These find-
ings collectively underscore the pivotal role of engineered interfaces in 
suppressing LTC through enhanced phonon scattering mechanisms. 

In pioneering research, Venkatasubramanian discovered that LTC in 
short-period Bi2Te3/Sb2Te3 superlattices (SLs) was substantially lower 
than in homogeneous solid-solution alloys [14]. At an optimal SL period 
of ∼5 nm, the LTC reached a minimum of 0.22 W m−1 K−1, representing 
a 2.2-fold reduction compared to solid-solution alloys of equivalent 
composition. This work introduced a physical model based on coherent 
backscattering of wavelike phonons at SL interfaces, proposing that 
low-frequency phonons undergo strong interfacial scattering, resulting 
in localization-like behavior that effectively suppresses low-frequency 
phonon thermal transport. This phonon localization mechanism pro-
vided crucial theoretical insights into LTC reduction in SL structures 
while establishing a foundation for subsequent research on phonon 
transport control through periodic nanostructures. Building on these 
fundamental insights, Venkatasubramanian et al. recently achieved a 
breakthrough in thermoelectric refrigeration using controlled hierarchi-
cally engineered superlattice structures [8]. Their p-type Bi2Te3/Sb2Te3
and n-type Bi2Te3/Bi2Te2.7Se0.3 nano-engineered films exhibited 𝑧𝑇
values 100% higher than conventional Bi2Te3-based bulk materials near 
room temperature, attributed primarily to reduced LTC (∼8 vs. 16 
mW m−1 K−1) at SL interfaces. The resulting solid-state refrigeration 
system demonstrated a 70% improvement in system-level 𝑧𝑇  over con-
ventional bulk thermoelectric devices, achieving efficient refrigeration 
(1.2 W heat pumping) with minimal power consumption (80 mW).

These experimental advances collectively underscore the critical 
role of phonon interfacial scattering and wavelike transport phenomena 
in thermal conductivity suppression within Bi2Te3/Sb2Te3
nanoheterostructures. However, the underlying microscopic mecha-
nisms governing phonon interfacial scattering, wavelike interference, 
and localization phenomena within Bi2Te3/Sb2Te3 nanoheterostruc-
tures remain incompletely understood. A comprehensive theoretical 
framework is essential to elucidate the fundamental physics behind 
these interfacial effects and provide predictive capabilities for rational 
interface design [16–18]. Chowdhury et al. employed non-equilibrium 
molecular dynamics (NEMD) simulations with developed Morse inter-
atomic potentials to systematically investigate the thermal transport 
properties of Bi2Te3/Sb2Te3 interfaces and SLs, providing crucial com-
putational insights into the phonon transport mechanisms in these 
materials [19]. The study comprehensively examined the LTC vari-
ation across SLs with different period thicknesses, reproducing the 
experimentally observed minimum LTC in Bi2Te3/Sb2Te3 systems. This 
minimum was attributed to the competing effects between incoherent 
and coherent phonon transport regimes. However, the inherent limita-
tions of MD simulations in providing mode-resolved phonon analysis 
preclude detailed understanding of wavelike transport phenomena, 
including interface scattering, interference, and localization of coherent 
phonons within SLs. Furthermore, the predictive capability of MD 
simulations is highly dependent on the accuracy of interatomic poten-
tials [20,21]. In recent years, machine learning potentials (MLPs) have 
emerged as a transformative computational tool that combines the high 
accuracy of first-principles methods with the computational efficiency 
of classical MD, enabling the exploration of complex materials systems 
with unprecedented precision while maintaining feasible computa-
tional costs for large-scale and long-timescale simulations. Zhang et al. 
developed a deep neural network potential to investigate the thermal 
transport properties of Sb Te  and Bi Te /Sb Te  SLs [22,23]. The 
2 3 2 3 2 3
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study successfully predicted the LTC of Sb2Te3 and minimum LTC 
phenomenon in Bi2Te3/Sb2Te3 SLs, with results demonstrating good 
agreement with experimental values. The work also provided detailed 
insights into the underlying phonon physics through weighted phase 
space analysis and Grüneisen parameter calculations, including the 
identification of stronger anharmonicity in the cross-plane direction.

In this study, we employ the neuroevolution potential (NEP) model 
combined with large-scale MD simulations to systematically investigate 
phonon interfacial scattering and wavelike transport mechanisms in 
Bi2Te3/Sb2Te3 SLs [24]. NEP demonstrates superior computational per-
formance compared to other MLP models, with computational speeds 
exceeding similar models by more than an order of magnitude [25,
26]. This high computational efficiency enables sufficient statistical 
sampling for large-scale systems, thereby overcoming previous limita-
tions in size and time scales that hindered detailed understanding of 
phonon transport mechanisms in complex heterostructures. This study 
first constructed a comprehensive training dataset for Bi2Te3/Sb2Te3
heterostructures based on density functional theory (DFT) calcula-
tions and trained the NEP model accordingly. The accuracy of the 
NEP model was validated by comparing the predicted LTC of Bi2Te3
and Sb2Te3, as well as interfacial thermal conductance (ITC), with 
published experimental data and theoretical results. Using the homo-
geneous non-equilibrium molecular dynamics (HNEMD) method, we 
systematically investigated the relationship between interface density 
and LTC in Bi2Te3/Sb2Te3 SLs. Furthermore, through spectral LTC 
decomposition, we quantified the frequency-dependent phonon con-
tributions to heat conduction to gain a deeper understanding of the 
underlying phonon transport mechanisms. Combining phonon wave 
equations and mode analysis, we further studied the wavelike (or 
coherent) phonon transport characteristics in Bi2Te3/Sb2Te3 SLs. By 
analyzing phonon reflection, transmission, and coherent interference 
behavior at heterointerfaces, we elucidated the mechanisms by which 
interfacial scattering and wavelike effects govern from a wave dy-
namics perspective, providing a theoretical foundation for interpreting 
experimentally observed wavelike phonon phenomena.

2. Methodology

2.1. Density functional theory calculations and training dataset construction

In this work, DFT calculations were performed using projector aug-
mented wave pseudopotentials and the Perdew–Burke–Ernzerhof gen-
eralized gradient approximation exchange–correlation functional [27,
28]. For geometric optimization of Bi2Te3 and Sb2Te3 systems, the 
plane wave cutoff energy was set to 600 eV, with Brillouin zone 
sampling using a 𝛤 -centered 15 × 15 × 2 k-point mesh. The energy 
convergence criterion for electronic self-consistent calculations was 
set to 1 × 10−10 eV, and the atomic force convergence criterion for 
structural optimization was 1 × 10−6 eV/Å. To accurately describe 
interlayer van der Waals interactions, DFT-D3 dispersion correction 
was incorporated in the calculations [29]. Spin–orbit coupling (SOC) 
was not included in the present DFT calculations. Although Bi and 
Sb are heavy elements where SOC can significantly affect electronic 
band structures, previous studies have demonstrated that non-SOC DFT 
calculations with appropriate van der Waals corrections can accurately 
reproduce phonon dispersion relations and predict LTC values in good 
agreement with experiments for both Bi2Te3 and Sb2Te3 [23,30,31]. 
Phonon density of states (DOS) and group velocities were calculated 
using the PHONOPY package combined with the finite displacement 
method [32,33], where harmonic force constant matrices were ob-
tained from a 4 × 4 × 1 supercell structure and a 2 × 2 × 1 k-point 
mesh.

The training dataset encompassed pure-phase Bi2Te3 and Sb2Te3, 
Bi2Te3/Sb2Te3 heterointerface structures, as well as atomic randomly 
distributed configurations of Bi𝑥Sb2−𝑥Te3 alloy. Initial structural con-
figurations were generated through MD simulations combined with the 
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Table 1
Composition of the NEP training dataset for Bi2Te3/Sb2Te3 heterostructures.
 Configuration type Count Percentage (%) Atoms per configuration 
 Bi2Te3 677 32.6 240  
 Sb2Te3 600 28.9 240  
 Bi2Te3/Sb2Te3 interface & Bi𝑥Sb2−𝑥Te3 alloy 800 38.5 240–304  
 Total 2077 100 –  
NEP89 universal MLP [34,35]. This potential can handle 89 chemical 
elements and complex heterointerface interactions, offering signifi-
cant computational efficiency advantages compared to traditional ab 
initio molecular dynamics (AIMD) methods. Specifically, representa-
tive structures of various types were first equilibrated under zero 
pressure using NPT ensemble for 0.5 ns in the temperature range of 
50–600 K, followed by 4 ns NVT ensemble sampling, with represen-
tative configurations extracted from the entire simulation trajectory 
at 0.1 ns intervals. To further enhance structural diversity, uniformly 
distributed random strains ranging from −3% to +3% were applied 
to selected extracted configurations, while Gaussian distributed noise 
perturbations with a standard deviation of 0.1 Å were added to atomic 
coordinates [36]. Total energies, atomic forces, and virial tensors for 
all training structures were obtained through DFT static single-point 
calculations. Considering the balance between computational accuracy 
and efficiency, single-point calculations employed a plane wave cutoff 
energy of 400 eV, with an electronic self-consistent convergence crite-
rion of 1 × 10−6 eV. Due to the size of training structures being greater 
than or equal to 240 atoms, Brillouin zone sampling was performed 
using a 𝛤 -centered 1 × 1 × 1 k-point mesh. To ensure the completeness 
and representativeness of the training dataset, an iterative dataset 
construction strategy was employed. In each iteration, the current NEP 
model was used to predict candidate structures, with priority given to 
selecting structures with large prediction errors or located at the bound-
aries of descriptor space for DFT single-point calculations to obtain 
reference data, followed by incorporating the newly obtained data into 
the training dataset and updating the model. During the model updat-
ing process, the fine-tuning functionality of the NEP architecture was 
utilized, performing incremental learning based on model parameters 
obtained from NEP89 to derive the NEP model for the current iteration, 
rather than training from scratch [34]. This approach significantly 
improves training efficiency by maintaining descriptor normalization 
parameters and reusing the mean and variance parameters from the 
separable natural evolution strategy. Through multiple rounds of MD 
simulations, intelligent structure sampling, and DFT calculations in 
a cyclical process, the training dataset was progressively expanded 
to cover a broader configurational space, ensuring good predictive 
capability of the model within the target temperature and pressure 
ranges.

The finally constructed training dataset contains a total of 2077 
atomic configurations, distributed across four categories as summarized 
in Table  1.

2.2. Training of neuroevolution potential model

With the aforementioned training dataset, we trained a MLP based 
on the NEP model to describe the interatomic interactions in Bi2Te3/
Sb2Te3 heterostructures. The NEP framework combines a neural net-
work architecture for representing the potential energy surface with the 
separable natural evolution strategies optimization algorithm for model 
training. In the NEP training based on the DFT dataset, the cutoff radii 
for the radial and angular descriptor components were set to 8 Å and 
5 Å, respectively, to effectively capture the interlayer van der Waals 
interactions in the layered structures of Bi2Te3 and Sb2Te3 [30,31,37]. 
The accuracy of the constructed NEP model was validated through 
comparison with DFT reference calculations, as shown in Fig.  1. The 
parity plots demonstrate good agreement between NEP predictions and 
DFT calculations across all evaluated properties, with root mean square 
3 
errors (RMSE) of 1.9 meV/atom for energy, 93 meV/Å for atomic 
forces, and 19 meV/atom for virial. Comparison of phonon dispersion 
relations between the NEP model and DFT calculations demonstrates 
good agreement for acoustic phonon branches, with some deviations 
in high-frequency optical modes that have minimal impact on LTC 
predictions (see Supporting Information, Section 1). The accuracy of 
the NEP model in predicting thermal transport properties was further 
validated through subsequent calculations of LTC for Bi2Te3 and Sb2Te3
and their ITC.

2.3. Homogeneous nonequilibrium molecular dynamics and spectral ther-
mal conductivity decomposition

The HNEMD method with the trained NEP model was employed 
to calculate the LTC of pure-phase Bi2Te3 and Sb2Te3, as well as 
Bi2Te3/Sb2Te3 SLs [38]. All HNEMD simulations were conducted using 
the GPUMD software package [35]. In this approach, thermal transport 
is simulated by applying an external driving force 𝐅𝑒𝑥𝑡

𝑖  on each atom 𝑖
according to the generalized Evans method: 
𝐅𝑒𝑥𝑡
𝑖 = 𝐸𝑖𝐅𝑒 + 𝐅𝑒 ⋅𝐖𝑖, (1)

where 𝐅𝑒 represents the driving force parameter with dimensions of 
inverse length, 𝐸𝑖 denotes the total energy of atom 𝑖, and 𝐖𝑖 is the per-
atom virial tensor. This external perturbation drives the system away 
from equilibrium, inducing a non-equilibrium heat current ⟨𝐉⟩𝑛𝑒 that 
exhibits a linear relationship with 𝐅𝑒 within the linear response regime: 

⟨𝐽𝜇(𝑡)⟩𝑛𝑒
𝑇𝑉

=
∑

𝜈
𝜅𝜇𝜈𝐹 𝜈

𝑒 , (2)

where 𝜅𝜇𝜈 represents the thermal conductivity tensor components, 𝑇  is 
the system temperature, and 𝑉  denotes the system volume.

Within the HNEMD framework, spectral decomposition of thermal 
conductivity can be performed to enable frequency-resolved analysis 
of phonon contributions to heat transport [39]. This decomposition is 
achieved through the calculation of the virial-velocity time correlation 
function: 

𝐊(𝑡) =
∑

𝑖
⟨𝐖𝑖(0) ⋅ 𝐯𝑖(𝑡)⟩ , (3)

where 𝐖𝑖(0) represents the virial tensor of atom 𝑖 at time zero, 𝐯𝑖(𝑡)
is the velocity vector of atom 𝑖 at time 𝑡, and the angular brackets 
denote ensemble averaging over multiple trajectories. The frequency-
dependent thermal conductivity is subsequently obtained via Fourier 
transformation [38]: 

𝜅(𝜔) = 2
𝑉 𝑇𝐹𝑒 ∫

∞

−∞
𝑒𝑖𝜔𝑡𝐾(𝑡)𝑑𝑡, (4)

with the total thermal conductivity recovered through frequency inte-
gration: 

𝜅 = ∫

∞

0

𝑑𝜔
2𝜋

𝜅(𝜔), (5)

where 𝑉  is the volume of the considered system and 𝐾(𝑡) represents the 
virial-velocity correlation function projected along the heat transport 
direction. This spectral analysis provides detailed insights into the 
frequency-dependent phonon transport mechanisms and enables iden-
tification of specific frequency ranges that dominate heat conduction 
in the investigated systems.
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Fig. 1. Parity plots comparing NEP model predictions with DFT reference data for energy, forces, and virial.
2.4. Phonon wave equation and transfer matrix method

MD simulations, based on Newton’s second law, study the dynamic 
behavior of materials through precise descriptions of interatomic po-
tential [40]. For a system containing 𝑁 atoms, the potential can be 
expanded in a Taylor series around equilibrium positions: 

𝑉
(

𝐫1, 𝐫2,… , 𝐫𝑁
)

= 𝑉0 +
𝑁
∑

𝑖=1

∑

𝛼

𝜕𝑉
𝜕𝑟𝑖𝛼

𝑢𝑖𝛼 +
1
2!

𝑁
∑

𝑖,𝑗=1

∑

𝛼,𝛽

𝜕2𝑉
𝜕𝑟𝑖𝛼𝜕𝑟𝑗𝛽

𝑢𝑖𝛼𝑢𝑗𝛽

+ 1
3!

𝑁
∑

𝑖,𝑗,𝑘=1

∑

𝛼,𝛽,𝛾

𝜕3𝑉
𝜕𝑟𝑖𝛼𝜕𝑟𝑗𝛽𝜕𝑟𝑘𝛾

𝑢𝑖𝛼𝑢𝑗𝛽𝑢𝑘𝛾 +⋯ ,

(6)

where 𝑢𝑖𝛼 represents the displacement of the 𝑖th atom in the 𝛼 direction 
relative to the equilibrium position, and 𝛼, 𝛽, 𝛾 denote the 𝑥, 𝑦, 𝑧
directions in the Cartesian coordinate system. The terms in the poten-
tial expansion include harmonic (second-order term) and anharmonic 
(third-order and higher-order terms) interactions. By retaining all inter-
action terms in the potential expansion, MD simulations can completely 
describe the dynamic processes at the atomic scale, thereby naturally 
incorporating various phonon transport mechanisms (e.g., coherent and 
incoherent transport) [41–45].

Although MD simulations contain complete information about inter-
actions at all orders and capture complex transport phenomena, they 
typically cannot provide mode-resolved insights into phonon transport. 
To deeply analyze the wavelike transport mechanisms of phonons 
in SLs, particularly the interfacial reflection, transmission, and inter-
ference phenomena, theoretical methods capable of providing mode-
resolved analysis can be combined [46–48]. When the system exhibits 
small-amplitude vibrations, the harmonic approximation is applicable, 
retaining only the second-order term in the potential expansion. The 
harmonic approximation is mainly applicable to describing coherent 
phonon transport, while the anharmonic terms in MD simulations can 
capture incoherent processes such as phonon–phonon and interfacial 
diffuse scattering [49]. Under the harmonic approximation, the force 
on atom 𝑖 in the 𝛼 direction is: 

𝐹𝑖𝛼 = − 𝜕𝑉
𝜕𝑢𝑖𝛼

= −
∑

𝑗,𝛽
𝛷𝑖𝛼,𝑗𝛽𝑢𝑗𝛽 , (7)

where 𝛷𝑖𝛼,𝑗𝛽 = 𝜕2𝑉
𝜕𝑟𝑖𝛼𝜕𝑟𝑗𝛽

 represents the harmonic force constant matrix 
elements. Combined with Newton’s second law 𝑚𝑖

𝜕2𝑢𝑖𝛼
𝜕𝑡2

= 𝐹𝑖𝛼 , the 
harmonic lattice dynamics equation is obtained: 

𝑚𝑖
𝜕2𝑢𝑖𝛼
𝜕𝑡2

= −
∑

𝑗,𝛽
𝛷𝑖𝛼,𝑗𝛽𝑢𝑗𝛽 . (8)

For periodic lattice structures, the above atomic-scale equation 
of motion can be transformed into a wave equation in the contin-
uum mechanics framework through Fourier transformation. Assuming 
the displacement field has the form of a plane wave solution 𝑢𝑖𝛼 =
1

√ 𝜀 (𝐤, 𝑠)𝑒𝑖(𝐤⋅𝐫𝑖−𝜔𝑡), where 𝐤 is the wave vector, 𝜔 is the angular 
𝑚𝑖
𝛼

4 
frequency, and 𝜀𝛼(𝐤, 𝑠) is the polarization vector of the 𝑠th phonon 
branch. In the long-wavelength limit (|𝐤| → 0), the dispersion relation 
of acoustic phonon branches can be described by elastic continuum 
theory. Under the continuum approximation, the lattice displacement 
field 𝐮(𝐫, 𝑡) satisfies the elastic wave equation: 

𝜌 𝜕
2𝐮
𝜕𝑡2

= (𝜆 + 2𝜇)∇ (∇ ⋅ 𝐮) − 𝜇∇ × (∇ × 𝐮) , (9)

where 𝜌 is the material density, and 𝜆 and 𝜇 are the Lamé elastic 
constants, related to the bulk modulus and shear modulus, respec-
tively. This equation can be further decomposed into independent 
equations describing the propagation of pressure (P) and shear (S) 
waves, with phase velocities of 𝑣𝑃 =

√

(𝜆 + 2𝜇)∕𝜌 and 𝑣𝑆 =
√

𝜇∕𝜌, 
respectively. This theoretical framework provides a physical foundation 
for analyzing wavelike transport phenomena of phonons in multilayer 
heterostructures, such as interference and localization.

Based on the elastic wave equation, phonon propagation in multi-
layer heterostructures can be systematically analyzed using the transfer 
matrix method [50,51]. The fundamental principle of the transfer 
matrix method is to decompose complex multilayer heterostructures 
into wave propagation within individual layers and boundary condition 
treatment at interfaces, achieving calculation of overall transmission 
characteristics via the transfer matrix formalism [52]. Within each 
homogeneous layer, elastic wave propagation can be described by three 
basic modes: shear horizontal waves (SH waves), shear vertical waves 
(SV waves), and pressure waves (P waves), as shown in Fig.  2 [53,54]. 
For a given frequency 𝜔 and wave vector 𝑘, the displacement field of 
each wave mode in the 𝑛th layer can be expressed as a superposition of 
plane wave solutions. For SH waves, the displacement field in the 𝑛th 
layer is: 
𝑈𝑗,𝑛(𝑧) = 𝐴𝑗,𝑛𝑒

𝑖𝑘𝑗,𝑛𝑧 + 𝐵𝑗,𝑛𝑒
−𝑖𝑘𝑗,𝑛𝑧, (10)

where 𝑗 = 𝑡𝑆 or 𝑟𝑆 denotes the wave mode, the first letter represents 
the excited wave and the second letter represents its polarization, 𝐴𝑗,𝑛
and 𝐵𝑗,𝑛 are the amplitudes of forward propagating and backward 
reflected waves, respectively, 𝑘𝑗,𝑛 = 𝜔∕𝑣𝑗,𝑛 is the wave number of the 
corresponding wave mode in that layer, and 𝑣𝑗,𝑛 is the corresponding 
phase velocity. For the coupled case of SV and P waves, four wave 
amplitude components need to be considered simultaneously due to 
mode conversion at interfaces.

At interface 𝑧𝑛, elastic waves must satisfy displacement and stress 
continuity boundary conditions, require that the displacement and 
stress components on both sides of the interface are equal: 
𝑈𝑛

(

𝑧𝑛
)

= 𝑈𝑛+1
(

𝑧𝑛
)

, 𝜎𝑛
(

𝑧𝑛
)

= 𝜎𝑛+1
(

𝑧𝑛
)

, (11)

where the stress components are determined by elastic constants and 
displacement gradients. The amplitudes of transmitted and reflected 
resultant SH waves in the 𝑛th multilayer corresponding waves in the 
incident layer (𝑛 = 2𝑁 + 2), and substrate (𝑛 = 1) are expressed as 
column vectors 

𝐰𝑛 =
[

𝐴𝑡𝑆,𝑛
]

, 𝐰2𝑁+2 =
[

𝐴𝑖𝑆,2𝑁+2
]

, 𝐰1 =
[

𝐴𝑡𝑆,1
]

. (12)

𝐴𝑟𝑆,𝑛 𝐴𝑟𝑆,2𝑁+2 0
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Fig. 2. Wavelike phonon reflection and transmission in the multilayer heterostructure. Superscripts f  and b denote forward- and backward-propagating waves, 
respectively. Interface positions are marked as 𝑧𝑛, where 𝑛 represents the layer index.
For shear waves, the stress is 𝜎𝑗,𝑛(𝑧) = 𝜇𝑛𝜕𝑈𝑗,𝑛∕𝜕𝑧; for pressure 
waves, the stress is 𝜎𝑗,𝑛(𝑧) = (𝜆𝑛 + 2𝜇𝑛)𝜕𝑈𝑗,𝑛∕𝜕𝑧. By applying boundary 
conditions, relationships between wave amplitudes in adjacent layers 
can be established. For SH waves, the transfer matrix 𝐇𝑛(𝑧) is defined 
as: 

𝐇𝑛(𝑧) =

[

𝑒𝑖𝑧𝑘𝑡𝑆,𝑛 cos 𝜃𝑡𝑆,𝑛 𝑒−𝑖𝑧𝑘𝑟𝑆,𝑛 cos 𝜃𝑟𝑆,𝑛
𝜇𝑛𝑘𝑡𝑆,𝑛 cos 𝜃𝑡𝑆,𝑛𝑒𝑖𝑧𝑘𝑡𝑆,𝑛 cos 𝜃𝑡𝑆,𝑛 −𝜇𝑛𝑘𝑟𝑆,𝑛 cos 𝜃𝑟𝑆,𝑛𝑒−𝑖𝑧𝑘𝑟𝑆,𝑛 cos 𝜃𝑟𝑆,𝑛

]

, (13)

where 𝜃𝑡𝑆,𝑛 is the propagation angle of the SH wave in the 𝑛th layer, 
determined by Snell’s law: 𝑘∥ = 𝑘𝑗,𝑛 sin 𝜃𝑗,𝑛 = constant.

For SL structures containing 𝑁 periods, the total transfer matrix 𝐓 is 
obtained through multiplication of the transfer matrices of each layer: 

𝐓 = 𝐇1(𝑧1)−1𝐇2(𝑧2)𝐇2(𝑧2)−1𝐇3(𝑧3)⋯𝐇2𝑁+1(𝑧2𝑁+1)−1𝐇2𝑁+2
(

𝑧2𝑁+2
)

.

(14)

By solving the transfer matrix equation 𝐰1 = 𝐓𝐰2𝑁+2, the amplitude 
ratios of transmitted and reflected waves to the incident wave can be 
obtained. The phonon energy transmission coefficient 𝛼𝑗 is defined as 
the ratio of transmitted energy flux 𝜂𝑗,1 to incident energy flux 𝜂𝑗,2𝑁+2. 
For SH waves, the transmission coefficient is: 

𝛼𝑆𝐻 =
𝜂𝑡𝑆,1

𝜂𝑖𝑆,2𝑁+2
=

𝜌1𝑣𝑔,𝑆,1 cos 𝜃𝑡𝑆,1
𝜌2𝑁+2𝑣𝑔,𝑆,2𝑁+2 cos 𝜃𝑖𝑆,2𝑁+2

|

|

|

|

|

𝐴𝑡𝑆,1

𝐴𝑖𝑆,2𝑁+2

|

|

|

|

|

2

, (15)

where 𝑣𝑔,𝑗,𝑛 is the group velocity and 𝜌𝑛 is the density of the 𝑛th layer. 
For the coupled case of SV and P waves, the transmission coefficient 
needs to consider contributions from two polarization modes [47]. The 
group and phase velocities used in the transfer matrix calculations 
are determined by the phonon dispersion relations, 𝑣𝑔(𝜔) = 𝜕𝜔

𝜕𝑘  and 
𝑣𝑝(𝜔) = 𝜔

𝑘 . Therefore, the transmission coefficient is dependent on 
phonon polarization, frequency, and incident angle.

The phonon energy transmission coefficient is a key parameter 
characterizing the transport properties of phonons through multilayer 
heterostructures. According to the Landauer transport framework, the 
phonon transmission coefficient is a bridge connecting microscopic 
behavior and macroscopic thermal transport properties [55].

3. Results and discussion

3.1. Lattice thermal conductivity of pristine Bi2Te3 and Sb2Te3

To validate the accuracy and reliability of the trained NEP model 
for Bi Te /Sb Te  heterostructures, we first calculated the in-plane 
2 3 2 3
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and cross-plane LTC of bulk Bi2Te3 and Sb2Te3 using the HNEMD 
method [38]. Both Bi2Te3 and Sb2Te3 are typical representatives of 
layered chalcogenide structures, featuring similar quintuple layer lat-
tice configurations. Each quintuple layer can be represented as a 
Te1–X–Te2–X–Te1 stacking sequence, where X represents Bi or Sb 
atoms. The key structural characteristic lies in the distinct bonding 
environments of the two types of Te atoms: Te2 atoms form stable 
intralayer structures through strong covalent bonds with metal atoms, 
while Te1 atoms maintain interlayer connections primarily through 
weaker van der Waals interactions. This bonding difference is the 
fundamental cause of their significant anisotropic thermal transport 
properties.

In the HNEMD calculations, to ensure the system remained within 
the linear response regime, we systematically tested the effect of dif-
ferent 𝐹𝑒 values on LTC and ultimately determined the driving force 
parameters to be 1 × 10−4 Å−1 and 5 × 10−5 Å−1 for in-plane and 
cross-plane directions, respectively. These parameters are small enough 
to maintain linear response relationships while being large enough 
to achieve sufficient signal-to-noise ratio and statistical precision. The 
simulation system employed a 28 × 28 × 4 supercell configuration 
containing 47,040 atoms, with periodic boundary conditions applied 
in all 𝑥, 𝑦, and 𝑧 directions to eliminate surface effects. System ini-
tialization included equilibration for 1 ns in the NPT ensemble at 
target temperature and zero pressure to ensure the structure reached 
thermodynamic equilibrium. Subsequently, during the data collection 
phase, a Nosé–Hoover chain thermostat was used to maintain the target 
temperature in the NVT ensemble, collecting 6 ns of heat flux data with 
a 1 fs time step to ensure adequate statistical sampling.

As shown in Fig.  3, the LTC results predicted by the MD-NEP method 
for Bi2Te3 and Sb2Te3 in the temperature range of 200–500 K demon-
strate good agreement with reported experimental data and other 
theoretical calculations, validating the accuracy of the NEP model [23,
30,56–60]. Both materials exhibit significant LTC anisotropy with val-
ues that are relatively close to each other. This is primarily attributed to 
their similar crystal structures, as well as their phonon DOS and group 
velocities, which we will compare in detail in the following sections.

3.2. Thermal transport properties of Bi2Te3/Sb2Te3 interfaces

Interfacial scattering plays a crucial role in both coherent inter-
ference and incoherent interfacial scattering of phonons in SLs [61–
63]. To gain deep insight into the fundamental mechanisms affecting 
heat conduction at Bi Te /Sb Te  interfaces, we first systematically 
2 3 2 3
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Fig. 3. Temperature-dependent in-plane and cross-plane LTC of Bi2Te3 and Sb2Te3 calculated using MD-NEP method (200–500 K), compared with experimental 
data and other computational approaches including DFT, MD simulations with classical potential (MD-classical) and neural network potential (MD-NNP) [23,30,
56–60].
analyzed the intrinsic phonon property differences of the constituent 
materials based on DFT calculations. As shown in Fig.  4(a), the phonon 
DOS of Sb2Te3 extends toward higher frequency regions compared to 
Bi2Te3, primarily due to the significantly lighter mass of Sb atoms 
(121.76 u) compared to Bi atoms (208.98 u), resulting in an elevated 
phonon spectrum cutoff frequency. Sb2Te3 exhibits higher phonon 
mode density in the high frequency range (4–5 THz), providing more 
transport channels for heat conduction. Correspondingly, as shown in 
Fig.  4(b), the phonon group velocities of Sb2Te3 are generally higher 
than those of Bi2Te3 for most phonon branches. The difference in group 
velocities directly affects the phonon heat conduction capability and 
represents one of the primary microscopic origins of the LTC differences 
between the two materials [64].

These phonon property differences are not only reflected in the LTC 
performance of their respective bulk materials, but more importantly, 
according to phonon wave theory, when phonons propagate from one 
material to another, the mismatch in phonon spectrum and group 
velocities will produce complex elastic scattering phenomena at the 
interface, including phonon reflection, transmission, and total internal 
reflection processes under specific frequency and incident angle condi-
tions. These interfacial scattering mechanisms will be analyzed in detail 
through phonon wave equations in subsequent sections.

To quantitatively evaluate the thermal transport performance of 
Bi2Te3/Sb2Te3 heterointerfaces, we constructed interface structures 
and performed NEMD simulations using NEP potentials. As shown in 
6 
Fig.  4(c), the interface model consists of heterostructures composed 
of Bi2Te3(001) and Sb2Te3(001) crystal facets, ensuring good lattice 
matching and interface quality. To avoid boundary effects on heat 
conduction, the total system length is 54 nm, with an effective heat 
conduction measurement region of 42 nm. 3 nm fixed layers are set at 
both ends of the structure. The heat source and heat sink layers are each 
3 nm thick, with temperature differences applied through the Langevin 
thermostat method. The cross-sectional area adopts a 15 × 15 unit 
cell configuration, corresponding to an effective cross-sectional area of 
37.5 nm2, ensuring statistical precision while maintaining reasonable 
computational cost.

NEMD simulations were performed using the GPUMD software 
package with a time step of 1 fs [35]. For each target temperature, 
a 4 ns structural relaxation process was first conducted, including 
NPT and NVT ensemble stages, to fully release interfacial stress and 
obtain thermodynamically equilibrated structures. Subsequently, with 
both ends of the system fixed, 10 ns NEMD runs were conducted 
with a constant temperature difference of ±30 K applied between 
the heat source and heat sink layers. To ensure the system reached 
a true non-equilibrium steady state, the first 5 ns of the production 
stage was used to establish a stable temperature gradient, while the 
steady-state data from the last 5 ns was used for ITC calculations. The 
interfacial temperature jump 𝛥𝑇  was precisely extracted through linear 
extrapolation: linear fitting was performed for the linear temperature 
distribution regions on both sides of Bi Te  and Sb Te  away from 
2 3 2 3
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Fig. 4. (a) Normalized phonon DOS and (b) group velocity of Bi2Te3 and Sb2Te3 calculated using DFT. (c) Schematic diagram of ITC NEMD simulation setup 
(top), steady-state temperature distribution at 300 K (middle), and energy accumulation curves of heat source/sink (bottom), showing clear temperature jump 
(𝛥𝑇 ) at the interface. (d) Temperature-dependent ITC calculated using the MD-NEP method compared with MD-Morse potential results [19].
the interface, and the fitting lines were extrapolated to the interface 
midpoint position. The interfacial temperature difference was defined 
as the difference between the extrapolated temperatures on both sides. 
Finally, the ITC was calculated through the modified Fourier’s law: 
𝐺 = 𝑄∕(𝐴 ⋅ 𝛥𝑇 ), where 𝑄 is the steady-state heat flux density and 𝐴
is the interfacial cross-sectional area [65,66].

Fig.  4(d) shows the temperature-dependent ITC results calculated 
using the MD-NEP method, which demonstrate good agreement with 
MD-Morse potential calculation results [19,67,68]. Notably, the ITC in-
creases significantly with rising temperature, indicating the important 
role of inelastic scattering processes in ITC at high temperatures. These 
results not only validate the reliability of the trained NEP model in pre-
dicting the thermal transport performance of Bi2Te3/Sb2Te3 heteroint-
erfaces, but more importantly provide an important quantitative foun-
dation for understanding the microscopic mechanisms of interfacial 
phonon scattering.

3.3. Minimum thermal conductivity in Bi2Te3/Sb2Te3 superlattices

To systematically investigate the transition of phonons from co-
herent to incoherent transport in Bi2Te3/Sb2Te3 SLs, we constructed 
a series of Bi Te (001)/Sb Te (001) SL structures having a constant 
2 3 2 3
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total length of 120 nm and period thicknesses varying from 3.33 nm 
to 60 nm. The LTC of these structures were calculated using the 
HNEMD method in the temperature range of 200–500 K. To ensure the 
system remained within the linear response regime, the driving force 
parameter 𝐹𝑒 was chosen as 5 × 10−5 Å

−1. A systematic analysis of 
different 𝐹𝑒 values (see Supporting Information, Section 2) confirms 
that 𝐹𝑒 = 5 × 10−5 Å−1 provides an optimal balance between numerical 
stability and adherence to linear-response conditions for Bi2Te3/Sb2Te3
SLs. All SL structures employed periodic boundary conditions in the 𝑥, 
𝑦, and 𝑧 directions, where 10 Å vacuum layers were added on both 
sides in the 𝑧 direction to accurately simulate the thermal transport 
characteristics of finite-length SLs. Initially, the system was equilibrated 
in the NPT ensemble at 300 K and zero pressure for 1 ns to ensure 
the structure reached thermodynamic equilibrium. Subsequently, heat 
flow data were collected for 6 ns in the NVT ensemble using a Nosé–
Hoover chain thermostat to maintain the target temperature, with a 
time step of 1 fs for statistical analysis. To ensure the reliability of our 
HNEMD results, we performed systematic convergence tests examining 
the effects of cross-sectional area, total system length, and simulation 
time on the calculated LTC (see Supporting Information, Section 2).

As shown in Fig.  5(a), the LTC of Bi2Te3/Sb2Te3 SLs exhibits pro-
nounced non-monotonic behavior with period thickness, which is a 



B. Liu et al. International Journal of Heat and Mass Transfer 258 (2026) 128283 
direct macroscopic manifestation of the phonon wave-particle duality 
transition. The LTC first decreases sharply with increasing period thick-
ness, reaches a minimum value at a period thickness of approximately 
5 nm, and then gradually increases. The MD-NEP predictions are consis-
tent with other results [14,19,23]. Additionally, the high computational 
efficiency of the NEP model enables us to calculate SL systems with 
larger period thicknesses, revealing that when the period thickness 
exceeds 30 nm, the LTC continues to increase and gradually approaches 
that of bulk materials.

This non-monotonic behavior reveals the transition mechanism of 
phonon transport from incoherent (particlelike) to coherent (wavelike). 
In the long-period region (period thickness >5 nm), phonons exhibit 
particlelike behavior, where the interface spacing is much larger than 
the phonon coherence length. The system can be viewed as a series 
model of bulk thermal resistance and interfacial thermal resistance, 
with total thermal resistance equal to the sum of individual bulk 
thermal resistances and interfacial thermal resistances. When period 
thickness decreases (i.e., the number of interfaces per unit length 
increases), interfacial scattering increases, leading to a linear decrease 
in effective LTC, consistent with classical incoherent scattering theory 
predictions.

When the period thickness approaches the phonon coherence
length, the wave nature of phonons begins to dominate, and the system 
enters the coherent transport regime. For acoustic phonons along 
the cross-plane direction, the group velocities are generally less than 
2 km s−1 [Fig.  4(b)], yielding wavelengths of 𝜆 = 𝑣𝑔∕𝑓 ≈ 1–10 nm for 
the dominant heat-carrying phonons in the 0.2–2THz frequency range. 
In this analysis, the phonon wavelength serves as an approximate 
proxy for the coherence length. The fact that these wavelengths are 
comparable to the critical period thickness (∼5 nm) where the LTC 
minimum occurs provides evidence for the coherent transport picture. 
In this region, the periodic potential field leads to energy band folding 
effects in the phonon dispersion relation, forming miniband structures. 
As interface density further increases (period thickness decreases), the 
number of minibands decreases, but due to the redistribution of group 
velocities, the average phonon group velocity increases, leading to 
LTC recovery. However, to completely understand the microscopic 
mechanisms of phonon coherent effects in SLs, further analysis from 
the phonon mode level is needed to reveal the specific processes of in-
terfacial reflection, transmission, and coherent interference. Therefore, 
subsequent sections will systematically analyze phonon transmission 
coefficients using phonon wave equations, elucidating phonon coherent 
scattering mechanisms at periodic heterogeneous interfaces from a 
wave dynamics perspective.

Temperature dependence analysis further reveals unique mecha-
nisms of SL thermal transport. As shown in Fig.  5(b), by compar-
ing LTC variations of SLs with different period thicknesses in the 
200–500 K temperature range, we find that as temperature increases, 
the position where minimum LTC occurs in Bi2Te3/Sb2Te3 SLs remains 
essentially maintained near 5 nm. It is noteworthy that while the LTC 
of bulk Bi2Te3 and Sb2Te3 decreases as temperature increases from 
200 K to 500 K (Fig.  3), Bi2Te3/Sb2Te3 SLs exhibit opposite behavior. 
This phenomenon primarily stems from the temperature-dependent en-
hancement of interfacial inelastic scattering processes. As temperature 
increases, phonon–phonon interactions and mode conversion processes 
at interfaces are enhanced, leading to significant increases in ITC [Fig. 
4(d)], thereby causing overall LTC of SLs to increase with temperature. 
This contrasts sharply with the temperature dependence dominated by 
Umklapp scattering in bulk materials, highlighting the decisive role of 
interfacial effects in SL thermal transport.

Further analysis reveals that SLs with varying period thicknesses 
exhibit different temperature dependence behaviors. This difference 
is primarily attributed to the frequency-selective scattering effects 
8 
dependent on period thickness: short-period SLs (<5 nm) mainly sup-
press low-frequency phonon transport through Bragg scattering con-
ditions, and these phonons contribute relatively less at low temper-
atures but increase due to thermal excitation effects at high temper-
atures; long-period structures (>5 nm) mainly affect high-frequency 
short-wavelength phonons through interfacial roughness scattering, 
while high-frequency phonons respond relatively weakly to tempera-
ture changes. Due to fundamental differences in response mechanisms 
and contribution weights of different frequency phonons to tempera-
ture changes, this leads to the observed complex correlation between 
temperature dependence and period thickness.

This frequency-dependent scattering mechanism not only explains 
the temperature effect anomalies but also provides key clues for un-
derstanding SL phonon wave phenomena. Short-period SLs with ob-
served coherent effects primarily stem from wave interference of low-
frequency long-wavelength phonons, while long-period structures with 
incoherent scattering primarily affect high-frequency short-wavelength 
phonons. To thoroughly understand this complex frequency-period 
thickness-temperature three-dimensional correlation and its underlying 
microscopic physical mechanisms, detailed spectral LTC decomposition 
analysis is necessary, which will be systematically investigated in the 
next section through spectral LTC decomposition methods.

The coherent-to-incoherent phonon transport transition observed 
in Bi2Te3/Sb2Te3 SLs is expected to be a general phenomenon in 
other chalcogenide and thermoelectric heterostructures. Similar non-
monotonic LTC behavior has been reported in several SLs [61]. The 
critical period thickness at which the LTC minimum occurs is primarily 
determined by the phonon mean free path (MFP) or coherence length 
of the dominant heat-carrying phonons. For Bi2Te3/Sb2Te3 SLs, this 
critical thickness remains around 5 nm across the temperature range of 
200–500 K [Fig.  5(b)], suggesting that the coherent transport regime is 
relatively robust against temperature variations within this range.

However, factors such as carrier doping, which modifies electron–
phonon interactions and reduces phonon MFPs, or interface roughness 
and intermixing, which enhance diffuse scattering and shorten the 
effective coherence length, could shift or broaden the transition region. 
The strength of coherence phenomena is governed by several key fac-
tors, including the acoustic impedance mismatch between constituent 
materials, the sharpness of interfaces, and the intrinsic phonon MFPs 
of the bulk materials. The relatively small acoustic contrast between 
Bi2Te3 and Sb2Te3, combined with their similar lattice structures, leads 
to moderate interfacial reflection and well-defined coherent interfer-
ence effects. Systems with larger acoustic mismatch (e.g., Si/Ge) may 
exhibit stronger coherence effects but also more pronounced incoherent 
scattering at rough interfaces.

These considerations suggest that the coherence engineering strat-
egy demonstrated here could be extended to other thermoelectric ma-
terial systems, with the optimal SL design depending on the spe-
cific phonon properties and interface characteristics of the constituent 
materials.

3.4. Spectral lattice thermal conductivity decomposition

To provide microscopic-level interpretation of the minimum LTC 
phenomenon observed in Fig.  5 and elucidate the coherent-to-
incoherent phonon transport transition mechanism in Bi2Te3/Sb2Te3
SLs, we calculated the spectral LTC of SLs with different period thick-
nesses in the temperature range of 200–500 K using the MD-NEP 
method, and compared it with the spectral LTC of pure Bi2Te3 and 
Sb2Te3. As shown in Fig.  6, the LTC of Bi2Te3 is primarily contributed 
by phonons in the 0–4 THz frequency range, while the phonon spec-
trum of Sb2Te3 extends over a broader range from 0–5 THz, which is 
highly consistent with the differences in their phonon DOS and group 
velocity distributions [Fig.  4(a) and (b)]. It is noteworthy that although 
the spectral LTC contribution of Sb Te  in the  low-frequency region 
2 3
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Fig. 5. (a) Variation of Bi2Te3/Sb2Te3 SL LTC with period thickness calculated using the MD-NEP method at 300 K, compared with experimental data and other 
numerical calculation results (MD-Morse potential and MD-NNP method) [14,19,23]. (b) Temperature-dependent variation of Bi2Te3/Sb2Te3 SL LTC with period 
thickness (200–500 K).
(0–2 THz) is slightly lower than that of Bi2Te3, mainly due to the 
relatively lighter mass of Sb atoms causing the phonon spectrum to 
shift toward higher frequencies and resulting in reduced low-frequency 
phonon density of states, Sb2Te3 exhibits significant LTC contributions 
in the high-frequency region (4–5 THz), making its overall LTC com-
parable to Bi2Te3. This difference in spectral distribution provides an 
important physical foundation for phonon mismatch and scattering at 
the interface. And the spectral LTC of both materials shows an overall 
decreasing trend with increasing temperature, but different frequency 
phonons exhibit distinct responses to temperature.

For Bi2Te3/Sb2Te3 SLs, spectral LTC analysis reveals the selective 
modulation effect of period thickness on phonon transport at different 
frequencies. As shown in Fig.  7, as period thickness increases from 
3.33 nm to 60 nm, the spectral LTC of SLs first shows overall reduc-
tion followed by recovery, with variation trends completely consistent 
with those of total LTC. In the short-period region (3.33–4.85 nm), 
contributions from low-frequency phonons (0–2 THz) are significantly 
suppressed, which is directly related to the matching condition be-
tween phonon wavelength (or more accurately, coherence length) and 
SL period. When the SL period is comparable to the phonon wave-
length, strong Bragg scattering occurs, leading to enhanced reflection of 
low-frequency long-wavelength phonons. Conversely, high-frequency 
phonons, due to their shorter wavelengths, are relatively less affected 
by periodic modulation. As period thickness further increases (≥6 nm), 
the system gradually transitions from coherent transport region to 
incoherent transport region, where the influence of interfacial scatter-
ing weakens and spectral LTC gradually recovers toward the average 
value of bulk materials. This frequency-dependent transport behavior 
provides direct microscopic evidence for understanding coherent ef-
fects in SLs. Temperature effects on SL spectral LTC exhibit complex 
frequency and period thickness dependencies. From 200 K to 500 
K, different frequency phonons show significantly different response 
mechanisms. Contributions from low-frequency phonons overall show 
decreasing trends, mainly affected by enhanced anharmonic scattering; 
while high-frequency phonons in certain period thicknesses actually ex-
hibit increasing trends, closely related to the temperature dependence 
of interfacial inelastic scattering processes.

To more clearly observe temperature effects, Fig.  8 presents the 
temperature-dependent variation of spectral LTC for SLs with different 
period thicknesses. However, analysis of the data in Fig.  8 reveals that 
phonon spectral LTC exhibits highly complex nonlinear characteristics 
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in its response to temperature and period thickness, which cannot 
be explained by simple single mechanisms. SLs with varying period 
thicknesses demonstrate distinctly different behavior patterns in the 
temperature dependence of spectral LTC. Taking short-period struc-
tures (3.33–4.85 nm) as an example, low-frequency phonon (<2 THz) 
contributions show decreasing trends in the 200–400 K range but 
exhibit significant increases at 500 K. This non-monotonic behavior 
clearly indicates the presence of multiple competing scattering mech-
anisms. Under low-temperature conditions, coherent scattering effects 
may dominate, strongly suppressing low-frequency phonon transmis-
sion; while under high-temperature conditions, enhanced interfacial 
inelastic scattering processes and thermal excitation effects may funda-
mentally alter phonon transport characteristics, enabling low-frequency 
phonons to regain transmission capability. This difference reflects the 
extreme sensitivity of the matching condition between period thickness 
and phonon wavelength, where minor changes in geometric dimensions 
can lead to completely different Bragg scattering conditions and coher-
ent interference effects. The effects of interfacial atomic mixing and 
aperiodic layer stacking on thermal transport are further examined in 
the Supporting Information (Sections 3 and 4) [69].

These complex interactions reflect the superposition effects of multi-
ple physical mechanisms involved in phonon transport in SLs, including 
coherent Bragg scattering, incoherent interfacial scattering, phonon–
phonon inelastic scattering, and temperature-activated interfacial trans-
mission processes. Each mechanism has different weights and relative 
importance under various temperature and period thickness conditions, 
and their complex competition and synergy lead to the highly non-
linear behavior patterns observed, making simple phenomenological 
descriptions insufficient to cover all physical details. Analysis solely 
based on macroscopic spectral LTC is insufficient to completely re-
solve these microscopic mechanisms. A more intuitive and deeper 
physical picture may require combining phonon Green’s functions or 
wave equation methods to further analyze from the phonon mode 
level, by calculating phonon energy transmission coefficients to reveal 
specific scattering behaviors of different frequencies, different incident 
angles, and different polarization mode phonons at periodic heteroge-
neous interfaces, thereby intuitively distinguishing the specific impacts 
of coherent interference, interfacial scattering, and mode conversion 
processes on spectral LTC distributions, and establishing a complete 
physical picture to explain the phonon wave-particle duality transition 
phenomena observed in SLs.
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Fig. 6. Spectral LTC of Bi2Te3 and Sb2Te3 in cross-plane and in-plane directions at different temperatures calculated using MD-NEP simulations.
3.5. Wavelike (coherent) transport of phonons

The periodic interfacial arrays present in SL structures provide 
complex wave dynamics behavior for phonons. Wavelike (coherent) 
phonons undergo repeated reflection and refraction at multiple inter-
faces, generating interference effects similar to those in optics between 
different phonon waves, thereby significantly modulating the phonon 
transport process. To provide an intuitive explanation of this phe-
nomenon, we employed the phonon wave equation and transfer matrix 
method described in Section 2.4, starting from elastic wave theory to 
systematically calculate the transmission characteristics of phonons in 
Bi2Te3/Sb2Te3 SLs.

We consider acoustic phonon modes propagating along the SL 
growth direction, namely the [001] crystallographic direction (𝛤 -Z 
direction). In this direction, the phonon dispersion relation contains 
one longitudinal mode and two degenerate transverse modes. Based 
on phonon dispersion relations obtained from DFT calculations, the 
longitudinal mode frequency range of Bi2Te3 spans from 0 to 6.08 THz, 
and the transverse mode frequency range spans from 0 to 4.09 THz; 
while for Sb2Te3, the longitudinal mode frequency range extends from 
0 to 7.38 THz, and the transverse mode frequency range from 0 to 4.81 
THz. The significantly lighter mass of Sb atoms compared to Bi atoms 
leads to the overall extension of the Sb2Te3 phonon spectrum toward 
higher frequency regions. When phonon waves of different frequency 
ranges undergo elastic scattering at interfaces, the acoustic impedance 
mismatch and spectral mismatch on both sides of the interface generate 
critical angles and cutoff frequencies, thereby significantly affecting 
phonon transmission and reflection behavior.

Fig.  9 presents the distribution of transmission coefficients for three 
phonon polarization modes (P wave, SV wave, SH wave) at a single 
Bi2Te3/Sb2Te3 interface as functions of frequency and incident angle. 
The color scale for transmission coefficients ranges from 0 (complete 
reflection) to 1 (complete transmission). SH waves exhibit relatively 
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simple transmission characteristics. Since the displacement of SH waves 
is perpendicular to the incident plane, mode conversion does not occur, 
and their transmission behavior is primarily determined by the shear 
impedance mismatch between the two materials. Under conditions 
of low frequency and small incident angles, SH wave transmission 
coefficients are high (approaching 1), indicating that phonons can pass 
through the interface relatively easily. However, as the incident angle 
increases, particularly when exceeding a critical angle, the transmission 
coefficient drops sharply and approaches zero, resulting in total internal 
reflection. The situation for P and SV waves is relatively complex 
because these two modes undergo mutual conversion at the interface. 
Incident P waves can generate reflected P and SV waves, as well 
as transmitted P and SV waves, and vice versa. This mode conver-
sion leads to energy redistribution among different polarization states. 
As observed in Fig.  9, P and SV waves exhibit complex frequency-
angle dependent transmission coefficients, with resonant phenomena of 
transmission enhancement occurring under certain specific conditions, 
attributed to the stress continuity conditions at the interface and phase 
matching of different mode waves.

Total internal reflection effects are significantly present in all three 
modes. Due to the group velocity mismatch between Bi2Te3 and Sb2Te3
[Fig.  4(b)], when phonons are incident from low-velocity medium 
A to high-velocity medium B, a critical angle 𝜃𝑐 = arcsin

(

𝑣𝐴
𝑣𝐵

)

 is 
generated [70,71]. When the incident angle exceeds the critical angle, 
total internal reflection occurs and the transmission coefficient becomes 
zero. It should be noted that the phase velocity 𝑣𝑝(𝜔) = 𝜔

𝑘  is frequency-
dependent, and the critical angle also varies with frequency. The results 
in regions of zero transmission coefficient at large incident angles and 
high frequencies, indicating that phonon waves under these condi-
tions are completely reflected, converted to surface waves propagating 
along the interface and gradually decay, contributing nothing to heat 
transport in the direction perpendicular to the interface.
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Fig. 7. Variation of spectral LTC of Bi2Te3/Sb2Te3 SLs with period thickness at 200–500 K.

Fig. 8. Evolution of spectral LTC with temperature for Bi2Te3/Sb2Te3 SLs of different period thicknesses. This plot shows from another perspective the complex 
correlations between temperature, period thickness, and phonon frequency, revealing the multi-dimensional control mechanisms of phonon transport in SLs.
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Fig. 9. Phonon transmission coefficients at a single Bi2Te3/Sb2Te3 interface. Transmission coefficient values are represented by color scale (range from 0 to 1), 
depending on phonon polarization, frequency, and angle of incidence. From left to right: P wave, SV wave, and SH wave.  (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. Evolution of phonon transmission coefficients in Bi2Te3/Sb2Te3 SLs with period thickness (3.33–60 nm) for a fixed total length of 120 nm (corresponding 
to the model in Section 3.C).
Fig.  10 shows the evolution of phonon transmission coefficients with 
period thickness (3.33–60 nm) in Bi2Te3/Sb2Te3 SLs with a fixed total 
length of 120 nm. This result directly corresponds to the non-monotonic 
LTC variation behavior observed in Fig.  5, revealing the underlying 
microscopic physical mechanisms from a wave dynamics perspective. 
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It should be noted that transmission coefficient calculations based on 
phonon wave equations only reflect the wavelike transport charac-
teristics of coherent phonons and do not include contributions from 
incoherent particle scattering processes.
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Fig. 11. Evolution of Bi2Te3/Sb2Te3 SLs with a fixed period thickness of 4 nm for different numbers of periods (3, 5, 7, 9 periods).
When the period thickness approaches or is smaller than the wave-
length of the primary heat-carrying phonons (approximately 2–5 nm), 
coherent effects dominate. At this point, phonon waves undergo multi-
ple reflections between adjacent interfaces, forming clear interference 
fringe patterns. Frequency-angle combinations satisfying Bragg scat-
tering conditions 2𝑑 sin 𝜃 = 𝑛𝜆 (where 𝑑 is the period thickness, 𝑛 is 
an integer, and 𝜆 is the wavelength) result in destructive interference 
leading to transmission minima, forming phonon bandgaps or forbid-
den band structures. These bandgaps are analogous to electronic band 
structures in periodic potentials, strongly suppressing phonon transmis-
sion at specific frequencies. Due to the period thickness dependence 
of Bragg conditions, SLs with different periods exhibit significantly 
different bandgap distribution characteristics, including the position, 
number, width, and shape of bandgaps.

In the short-period range, as period thickness increases from
3.33 nm to 4.85 nm, bandgap positions can be observed to shift 
overall toward lower frequency directions, meaning coherent scattering 
begins to block longer wavelength phonon modes. Simultaneously, 
bandgap widths significantly broaden, forming suppressive effects over 
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wider frequency ranges. This change has important thermal transport 
implications. Combined with spectral LTC decomposition results in
Figs.  6–8, low-frequency phonons (0–2 THz) contribute significantly to 
the LTC of Bi2Te3/Sb2Te3 SLs. Therefore, when bandgaps shift toward 
low frequencies and broaden, the blocking effect of coherent interfer-
ence on primary heat-carrying phonons gradually increases, leading 
to continuous reduction in coherent phonon contributions to total 
LTC. This trend reveals how increasing period thickness enhances sup-
pressive effects on heat transport through optimizing Bragg scattering
conditions in the coherent-dominated short-period regime.

As period thickness continues to increase from 4.85 nm to 60 nm, 
with the total length fixed at 120 nm, the number of SL periods 
decreases accordingly from approximately 25 to 2. This leads to sys-
tematic changes in the bandgap structure: the number of bandgaps 
decreases significantly, interference fringes become sparse, and the 
frequency width of individual bandgaps narrows. These changes indi-
cate that the overall suppressive effect of the SL structure on wavelike 
phonons gradually weakens. More importantly, when the period thick-
ness exceeds the phonon coherence length (approximately 5 nm), phase 
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correlations between adjacent interfaces begin to be lost. Although 
transmission coefficient patterns based on wave equations still exhibit 
wavelike characteristics, the actual heat transport process has gradually 
transitioned toward mechanisms dominated by incoherent particle scat-
tering. In this regime, the weakening of coherent interference effects 
and the cumulative effects of incoherent interfacial scattering jointly 
determine the slow recovery trend of LTC.

To further elucidate the effect of increasing interface numbers on co-
herent interference, Fig.  11 shows the evolution of phonon transmission 
coefficients with the number of periods (3, 5, 7, 9 periods) when the 
period thickness is fixed at 4 nm (close to the minimum LTC position 
where the system is in the coherent-dominated regime). As the number 
of periods increases from 3 to 9, transmission coefficient distributions 
exhibit significant systematic reduction. Additionally, the clarity and 
sharpness of interference fringes improve significantly with increas-
ing period numbers. More interfaces cause more reflected waves to 
undergo coherent superposition, leading to greatly enhanced contrast 
between transmission peaks formed by constructive interference and 
transmission valleys formed by destructive interference. In the 9-period 
structure, bandgap regions become narrower but deeper compared 
to the 3-period structure, indicating that phonon frequency selectiv-
ity is significantly enhanced. Specific frequency phonons are nearly 
completely blocked, while phonons at adjacent allowed frequencies 
can pass through relatively freely, forming sharp transmission bound-
aries. The results in Fig.  11 clearly demonstrate that in the period 
thickness range dominated by coherence, increasing the number of 
interfaces can effectively enhance interference effects, making phonon 
forbidden bands more distinct and frequency selectivity stronger, with 
overall transmission coefficients lower. Through precise control of SL 
period numbers and period thickness, targeted modulation of specific 
frequency phonons can be achieved.

The MD-NEP method, based on interatomic potentials containing 
harmonic and anharmonic terms, naturally captures comprehensive 
effects of various mechanisms including phonon interfacial scattering, 
wavelike transport, and phonon–phonon inelastic scattering, enabling 
accurate prediction of LTC and temperature dependence for SLs with 
different period thicknesses. Wave-based approaches such as phonon 
wave equations or Green’s function methods can clearly demonstrate, at 
the frequency-angle-polarization mode level, the formation of bandgap 
structures by coherent phonons in periodic interfacial arrays and the 
systematic evolution of these bandgaps with geometric parameters, pro-
viding complementary microscopic physical insights to understand the 
minimum LTC phenomenon observed in MD simulations. [46,72,73].

4. Summary and conclusions

This study employed NEP combined with large-scale MD simula-
tions to systematically investigate the thermal transport properties of 
Bi2Te3/Sb2Te3 SLs. The constructed NEP model demonstrates sufficient 
accuracy and reliability for predicting the thermal transport properties 
of both bulk Bi2Te3, Sb2Te3 and their heterostructures, with predicted 
LTC showing good agreement with experimental and theoretical data 
in the temperature range of 200–500 K. The investigation reveals that 
Bi2Te3/Sb2Te3 SLs exhibit a minimum LTC at a period thickness of 
approximately 5 nm, with LTC displaying pronounced non-monotonic 
variation with period thickness. This phenomenon represents a funda-
mental characteristic of the transition from coherent wavelike phonon 
transport to incoherent particlelike scattering. Spectral decomposition 
of LTC provides key insights into the frequency-dependent characteris-
tics of phonon transport modulation in SLs. Low-frequency phonons are 
primarily influenced by coherent interference effects and exhibit strong 
period thickness dependence, while high-frequency phonons are mainly 
modulated through incoherent interfacial scattering processes. Temper-
ature effects on phonons of different frequencies exhibit fundamental 
differences in their response mechanisms, with low-frequency phonons 
showing relatively weak temperature dependence while high-frequency 
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phonons demonstrate stronger temperature sensitivity, a phenomenon 
related to the distinct scattering mechanisms in different frequency 
regimes. Phonon wave equation calculations elucidate the wavelike 
phonon transport phenomena in SLs from a wave dynamics perspective. 
Transmission coefficient analysis reveals that Bragg scattering condi-
tions form phonon bandgaps at specific frequency-angle combinations, 
leading to selective phonon blocking. With systematic variation of 
period thickness, the position, number, and width of bandgaps exhibit 
clear evolutionary patterns, providing direct interpretation of how 
coherent interference modulates thermal transport. Increasing the num-
ber of interfaces can effectively enhance interference effects, making 
phonon forbidden bands more distinct, frequency selectivity stronger, 
and overall transmission coefficients lower.

The MD-NEP method, based on interatomic potentials containing 
harmonic and anharmonic terms, naturally captures the comprehen-
sive effects of various mechanisms including phonon interfacial scat-
tering, wavelike transport, and phonon–phonon inelastic scattering, 
enabling accurate prediction of LTC and temperature dependence for 
SLs with different period thicknesses. Phonon wave equation analysis 
can clearly demonstrate at the frequency-angle-polarization mode level 
how coherent phonons form bandgap structures in periodic interfacial 
arrays and how these bandgaps systematically evolve with geometric 
parameters, providing complementary microscopic physical insights 
to understand the minimum LTC phenomenon observed in MD sim-
ulations. The research results also provide a theoretical foundation 
for interface engineering and performance optimization of broader 
nanostructured thermoelectric materials. Through precise control of 
SL period thickness and interface density, targeted modulation of spe-
cific frequency phonons can be achieved, offering beneficial insights 
for developing high-performance thermoelectric devices with ultra-low 
thermal conductivity.
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