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Bi,Te; is a widely used thermoelectric material with strong anharmonicity. Determination of its ther-
mal conductivity requires consideration of the high-order phonon scattering process, which makes it
extremely time consuming and challenging to accurately calculate its thermal conductivity by obtaining
high-order force constants based on density-functional theory. In this work, a deep-neural-network poten-
tial is developed to reproduce phonon dispersion and predict the lattice thermal conductivity of Bi,Tes.
The equilibrium molecular dynamics simulations combined with this potential are performed to calculate
the lattice thermal conductivity and the results nicely match the experimental values. Meanwhile, we find
the generalized gradient approximation with the DFT-D3 functional can accurately reproduce the experi-
mental lattice constants of Bi; Tes; and provide a description of the phonon dispersion in Bi; Tes as well as
the local density approximation. Furthermore, we explore the influence of the native point defects on ther-
mal conductivity, and find that Te vacancies have the most significant effect on the reduction of thermal
conductivity, owing to the appreciable inhibition of phonon propagation speed by Te vacancies, and the
additional scattering among original low-frequency optical phonons and the fresh low-frequency optical
phonons moving downward from high frequency region, which provides some theoretical guidance for

reducing thermal conductivity in experimental research.
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I. INTRODUCTION

Addressing the energy challenge has become a signifi-
cant issue in the world. Since thermoelectric materials can
recover waste heat and directly convert it to electricity
without any environmental pollution, they have attracted
extensive attention and extremely widespread research
from scientific researchers in recent decades [1,2]. The
traits of a thermoelectric material can be evaluated by
the figure of merit ZT = S?8T/k, where S, 8, T, and «
represent the Seebeck coefficient, electrical conductivity,
temperature, and thermal conductivity, respectively. Here,
thermal conductivity contains lattice thermal conductivity
k; and charge-carrier thermal conductivity «.. Generally,
a promising thermoelectric material should possess high
Seebeck coefficient, high electrical conductivity, and low
thermal conductivity to obtain an excellent figure of merit.

Bi, Te;-based compounds are the most widely used ther-
moelectric materials with excellent properties near room
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temperature. Bulk Bi, Tes belongs to the D3, (R3m) space
group with a tetradymite lattice structure. Every five
atomic layers Tel/Bi/Te2/Bi/Tel make a quantum layer,
and the adjacent quantum layers are combined by weak
van der Waals (vdW) forces between Tel atoms, while
Te2 atoms are located between two Bi atomic layers.
Researchers have strived to further improve its ZT value
for decades in the hope that the efficiency of thermoelec-
tric devices can be comparable to that of traditional heat
engines. Since the beginning of the 21st century, with the
vigorous development of nanotechnology, a great leap has
been brought about in the research of thermoelectric mate-
rials, including Bi, Tes. By ball milling and hot pressing of
nanoparticles into bulk alloys, a ZT value as high as 1.4
was successfully obtained at 100 °C in p-type nanostruc-
tured Bi,Sb,_, Te; [3]. The strong scattering of phonons at
the nanostructure boundary leads to a significant decrease
in thermal conductivity, which is the crucial reason for
ZT enhancement. Another work greatly improved the scat-
tering of intermediate frequency phonons by introducing
the dense dislocation arrays in BigsSb; sTes, resulting in
a great decrease in thermal conductivity and a peak ZT
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of 1.86 [4]. In the study of thermoelectric thin films, a
ZT value of 2.4 was reported in a p-type BiyTe;/Sb,Tes
superlattice, which was also due to achieving an extremely
low thermal conductivity of 0.22 W/mK in the cross-plane
direction [5,6]. Beyond these, nanotechnology has also
been applied to reduce the thermal conductivity of other
thermoelectric materials successfully. By introducing full-
scale phonon scattering, from atomic scale to mesoscale,
a huge reduction in thermal conductivity was achieved
and this led to a large enhancement in the thermoelec-
tric performance of PbTe [7]. These works indicate that
reducing thermal conductivity is an effective means of
improving the ZT of Bi, Te; and other thermoelectric mate-
rials. Therefore, it is important that more efforts should be
made to carry out theoretical research on the thermal trans-
port properties of Bi, Tes-based compounds, especially the
influence of nanostructures on its thermal conductivity.

Although the thermoelectric properties of BiyTe; have
been widely studied in experiments, the theoretical
research on its thermal conductivity is still relatively rare,
largely due to its complicated crystal structure and strong
anharmonicity. The phonon line shapes of Bi, Te; along the
high-symmetry paths at different temperatures were calcu-
lated in previous work [8], and show a notable broadening
of the linewidths and satellite peaks at or above room tem-
perature, directly confirming the anomalous anharmonicity
of this material. For materials with strong anharmonicity,
the high-order phonon scattering process is critical for the
accurate calculation of thermal conductivity [9]. As a con-
sequence, the Boltzmann transport equation (BTE) method
overestimated the thermal conductivity of Bi, Te; by only
considering the three-phonon scattering process [10]. The
molecular dynamics (MD) simulation inherently involves
four-phonon scattering and higher-order scattering pro-
cesses, so this method is more suitable for predicting the
thermal conductivity of materials with strong anharmonic-
ity. Therefore, a three-body interatomic potential [11] and
a Morse potential [12] were developed to calculate the
thermal conductivity of Bi, Tes;. However, both of the two
empirical potentials would either overestimate or underes-
timate its lattice thermal conductivity. Hellman ez al. [8]
took a particularly appropriate approach, ab initio molec-
ular dynamics (AIMD), which includes all orders of the
phonon scattering process, to calculate the thermal con-
ductivity of Bi,Te; and the obtained results are in good
agreement with experimental values [13]. Unfortunately,
this method is very time consuming and is unable to calcu-
late the thermal conductivity of large nanostructures like
classical MD can. A high-precision method is urgently
needed for the calculation of the thermal conductivities of
large systems, so that the effects of nanostructures on the
thermal conductivity of Bi, Tes can be studied.

The rapid development of machine learning in recent
years has brought hope to solving this accuracy-versus-
efficiency dilemma [14—18]. A large number of studies

using the machine learning potential to calculate thermal
conductivity have emerged, making it possible to study
the thermal conductivity of some substances, like 5-Ga, O3
with a large conventional cell [19], Mn, Ge, materials with
a wide range of compositions [20], crystalline and amor-
phous silicon [21,22], ZnCl,-NaCl-KCl ternary salts [23],
complex skutterudite compounds [24,25], etc. In this work,
we develop a deep-neural-network potential (NNP) to pre-
dict the lattice thermal conductivity of Bi,Tes using the
equilibrium molecular dynamics (EMD) simulation. The
calculated thermal conductivities are in great agreement
with experimental values in the temperature range of 150
to 450 K. At the same time, by comparing the thermal con-
ductivities of structures with different kinds of native point
defects, our results interestingly show that Te vacancies
have the most significant effect on the reduction of thermal
conductivity. In addition, it is worth mentioning that we
also propose that the generalized gradient approximation
(GGA) with DFT-D3 functional can describe the phonon
dispersion in Bi,Te; as well as the local density approx-
imation (LDA). Moreover, GGA + DFT-D3 calculations
can accurately reproduce the experimental lattice con-
stants of Bi, Tes, compared with any other vdW functionals
previously reported.

II. METHODS

A. Construction of a deep-neural-network interatomic
potential

A training data set and testing data set are respec-
tively prepared for training and testing the NNP (see Sec.
IIT). Calculations of all data sets are carried out using
first principles calculations based on density-functional
theory (DFT) as implemented in the Vienna ab initio
simulation package (VASP) [26]. The projector-augmented-
wave method [27] and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional with GGA [28] are used.
The plane-wave energy cutoff is set to 500 eV and the
energy convergence threshold employed for AIMD and
static self-consistent calculations are set to 10~¢ eV. Con-
sidering that the calculated system contains 240 atoms,
the Monkhorst-Pack k-point meshes are set to 2 x 2 x 1.
To describe the interlayer vdW forces, the DFT-D3
functional [29] is also included. We use the so-called
PHONOPY [30] package to study the phonon dispersion of
Bi,Te; with the finite-displacement method. A 3 x 3 x 3
supercell is used to obtain harmonic interatomic force
constants with 3 x 3 x 3 k-point meshes. The phonon
dispersions of structures with native point defects are
derived in the same way. A 4 x 4 x 1 conventional super-
cell with three defects and 3 x 3 x 1 k-point meshes are
employed.

In this work, the DeePMD-kit package [14] (version
2.0.0) is adopted to train the NNP, in which potential
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energy E is equal to the sum of the energies of all atoms,
E=E,. @)

The energy of each atom E; is completely determined by
its the local atomic environment,

E; = Es,,(Ri, {R; ] € Ng.(D}), ()

where Np, stands for atomic index within the cutoff radius
R, and s; denotes the chemical species of atom i. The coor-
dinate information of individual atoms is constructed by a
feature matrix,

LYYz < R.
Da— Rij’Rij,Rij,Rij}’ le_Rcsa 3
/A 1 (3)
Rj | Rcszlijc

In this training, the embedding and fitting networks are set
as {25, 50, 100} and {240, 240, 240}, respectively. Consid-
ering that there are two long-range forces in the system,
Coulomb force and vdW force, a relatively large cutoff
radius of 10 A for neighbor searching is set. In addition,

star o, limit _ star _ limit  star ,limit

the prefactors included pJ*,p,™, P eyt py

for loss functions are set to 0.02, 8, 1000, 2, 0.8, and
1, respectively. Two million training steps are more than
enough to achieve convergence.

B. Calculation of thermal conductivity

The EMD simulation together with the Green-Kubo
formulation [31] is an effective method to calculate the
thermal conductivity of solid materials. In this work,
all the MD simulations are executed using the large-
scale atomic/molecular massively parallel simulator called
LAMMPS [32]. According to the Green-Kubo theory, the
lattice thermal conductivity is expressed as

1
Kiu = / Va0) - @) dt, @ =x,p,z, (&)

where kg is the Boltzmann constant, V' the volume of
the simulated system, 7 the temperature, J the heat flow
in three directions, and the angle bracket represents the
ensemble average. The heat flow J is defined as

J:ZUiEi+ZZrU (%XU,‘), (5)
ij

[E)

where v; and E; represent the velocity and the total energy
of atom i, respectively. U; represents the potential energy
of atom j, and r;; represents the position vector between
the two atoms. The EMD simulations are carried out in
a rectangular system with 960 atoms. The lattice thermal
conductivity as a function of the number of atoms in the

simulated system is presented in the Supplemental Mate-
rial [33], which shows that there is no difference in the
predicted thermal conductivity of a larger simulation sys-
tem. The simulation is first performed on an ensemble
with a fixed number of atoms, volume, and temperature
for 800 ps to reach the system equilibrium. Then it is con-
verted to another ensemble with a fixed number of atoms,
volume, and energy, and another simulation is performed
to collect the heat flow for 2 ns. Periodic boundary condi-
tions are applied in all three directions and the time step
is set as 2 fs. The average of 30 independent MD results
is taken as the calculated value of thermal conductivity.
Before each calculation of thermal conductivity, the equi-
librium lattice constants are obtained by fully relaxing the
supercell at the corresponding temperature. Since we do
not try to consider the influence of quantum effects on the
thermal conductivity and the Debye temperature of Bi, Tes
is 155 K [34], the thermal conductivity is calculated at
temperatures above 150 K.

ITI. RESULTS AND DISCUSSION

A. Training and testing

In order to train a NNP, a training data set needs to be
generated first. AIMD calculations at finite temperatures
from 100 to 500 K and static self-consistent calculations
for a lot of different degrees of perturbed structures are
performed to obtain the information about system energy,
atomic forces, and virial. Similarly, some defect structures
with different native point defects are also calculated in
the same operation to obtain the corresponding data set.
Previous experimental research [35] and a first-principles
study [36] showed that Te vacancy defects Vr., and anti-
site defects Tep; (Te at Bi site) or Bir. (Bi at Te site) are
dominant defects. Therefore, our data set contains the fol-
lowing five defects: antisite defects Bite;, Bitez, and Tep;
and vacancy defects V1. and Vre;. A total of about 15 000
snapshots are collected for the next step of potential train-
ing, including about 5500 snapshots for pure Bi,Te; and
about 9500 snapshots for different types of defect struc-
tures. All structures are rectangular supercells with 240
atoms. The detailed training process is shown in Sec. II.

To evaluate the quality of our potential, we compare the
energy and force calculated by DFT and predicted with
NNP. Like when acquiring the training data set, we per-
form static self-consistent calculations on 300 randomly
perturbed Bi,;Te; snapshots and 300 defect snapshots,
respectively, which are used as the testing data set. For pure
Bi, Te;, the root-mean-square errors (RMSEs) of energy
per atom and the atomic force are 0.218 meV/atom and
0.0216 eV/A as shown in Figs. 1(a) and 1(b), while the
RMSEs are 0.295 meV/atom and 0.0267 eV/A for defect
structures as shown in Figs. 1(c) and 1(d). Compared to
the 35% and 210% force errors of the popular empirical
potentials [37,38] for crystalline Si, the percentage relative
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Comparisons of energy per atom and atomic forces between NNP and DFT calculations for (a),(b) pure Bi,Te; and (c),(d)

five defect systems. The red dot, the purple dot, and the blue dot represent the forces in three directions of the atom.

absolute errors of this potential are only 3.96% and 4.79%
for pure Bi; Te; and defect structures, respectively, indicat-
ing that our potential is able to achieve as high precision as
the DFT calculation.

B. Structural properties and phonon dispersion with
GGA + DFT-D3 functional

Lattice constants of bulk BiyTe; calculated with the
LDA and GGA combined with various kinds of vdW func-
tionals are listed in Table I. Among them, LDA and DFT-
D3 are our calculation results. Experimental lattice con-
stants and other calculated lattice constants are drawn from
previous work [39,40]. It is obvious that the LDA func-
tional tends to underestimate the lattice constants, which is
consistent with the previously reported results [41]. Gen-
erally, the GGA is inclined to overestimate the lattice
constants of the material, so it usually predicts the lattice
constants of BiyTe; with a vdW correction. It should be
mentioned that results calculated with the GGA 4+ DFT-D3
functional are exceedingly close to experimental results,
and also superior to any other vdW functionals.

Furthermore, we confirm that the GGA with DFT-D3
functional can reasonably describe the phonon dispersion
of Bi,Te; as well as the LDA. The LDA was verified
to be capable of providing a better description of the

phonon dispersion in Bi,Te; than the GGA [41]. Almost
all previously reported studies on thermal conductivity
calculations for Bi,Te; employed a LDA pseudopoten-
tial [8,10-12,41,42]. Hellman et al. [8] tested a series
of vdW functionals to predict the phonon dispersion of
Bi,Te;. However, all of them, namely vdW-DF [43], vdW-
DF2 [44], optPBE-vdW, optB88-vdW, and optB86-vdW
[45], underestimate the phonon frequencies. Li ef al. [46]
also reported the phonon dispersion of BiyTe; with the
GGA + optB86b-vdW functional. Obviously, there was an
underestimation in their reported phonon dispersion, espe-
cially in the c-axis direction I'-Z. We compare the results of
the GGA 4+ DFT-D3, LDA, and experimental values [47]
in Fig. 2. It is not hard to see that the GGA 4+ DFT-D3 can
describe phonon dispersion of Bi, Te; as well as the LDA.

C. Phonon thermal transport of pure Bi; Te;

We compare the phonon dispersions calculated by the
NNP and empirical potential with the DFT calculation,
as shown in Fig. 3(a). The phonon dispersion predicted
by the Morse potential deviates substantially from the
DFT calculations, especially for higher-frequency modes.
In particular, there is a gap between 2 and 3 THz.
Despite the fact that the optical phonons only have a small
contribution to thermal conductivity due to the small group
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TABLE L

Lattice constants of bulk Bi, Te; calculated with LDA and GGA combined with various kinds of vdW functionals. Here

ap and « describe the rhombohedral cell, while @ and ¢ describe the hexagonal cell. (+u, £u, +u) and (v, +v, v) are the internal
coordinates of two Bi atoms and two Tel atoms in a rhombohedral cell. d is the interlayer distance between adjacent quantum layers.

Expt. LDA DFT-D2 OptB86b-vdW OptB88§-vdW OptPBE-vdW VdW-DF2 DFT-D3
ao (A) 10.476 10.267 10.747 10.570 10.697 10.889 11.148 10.412
o (deg) 24.166 24.514 23.226 24.075 23.975 24.650 23.866 24311
u (Bi) 0.4000 0.4002 0.3984 0.3995 0.3992 0.3984 0.3988 0.4001
v (Te) 0.2095 0.2089 0.2122 0.2106 0.2118 0.2135 0.2141 0.2092
a(A) 4.386 4.357 4.327 4.409 4.443 4.463 4.610 4.384
c(A) 30.497 29.939 31.357 30.778 31.153 31.741 32.477 30.285
d (A) 2.612 2.541 2.855 2.704 2.812 2.973 3.081 2.578

velocity, they indirectly affect the accuracy of the thermal
conductivity calculation by affecting the phonon scatter-
ing process [9]. Consequently, the accurate prediction of
optical-phonon modes is equally as crucial as the accu-
rate prediction of acoustic-phonon modes. In contrast, the
phonon dispersion predicted by the NNP is extremely
consistent with those obtained by the DFT calculation in
the whole frequency range, including the optical-phonon
branches. Therefore, the NNP has an advantage over the
empirical potential in predicting phonon transport behav-
ior. Additionally, there are several common features in
the phonon dispersion. First of all, they both share the
characteristic of a degenerate state in the c-axis direc-
tion I"-Z. Besides, it is not difficult to find that the three
acoustic modes have a significantly lower slope in the
out-of-plane direction than in-plane direction, suggesting
that the in-plane phonon group velocity is larger compared
with the out-of-plane one. This is the main reason why the
in-plane thermal conductivity of BiyTes is larger than the
out-of-plane thermal conductivity.

S5F ---- GGA+DFT-D3 — LDA o© Experiment

FIG. 2. The phonon dispersions calculated by GGA with DFT-
D3 and LDA are compared with the experimental values. The
black solid line represents the GGA with DFT-D3 calculation,
the red dotted line represents the LDA calculation, and the green
dot represents the experimental values.

Because of the weak chemical bonds in the tetradymite
structures [48], the low phonon velocities may be one
of the main reasons for the low intrinsic lattice thermal
conductivity of Bi,Te;. Herein, the phonon velocities of
three acoustic branches (including longitudinal (LA), in-
plane transversal (TA), and out-of-plane (ZA) acoustic

5
0
0

Q5

)

A 0

=10 Te;
5
0 ., VAN J\/\\’L
10 Tey
5
O j\f."\

0 1 2 3 4 5
o (THz)
FIG. 3. (a) Phonon dispersions along high-symmetry paths

and (b) partial phonon density of states (PDOS) for Bi;Tes. The
black dotted line, red solid line, and green dotted line repre-
sent the predicted values of DFT, NNP, and Morse potential,
respectively.
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TABLE II.

The calculated phonon velocities of three acoustic branches near the I' point using DFT, NNP and traditional Morse

potential. LA, TA and ZA in the table represent longitudinal, in-plane transversal, and out-of-plane acoustic branches, respectively.

I'-L direction

I'-Z direction

ULA (m/s) UTA (m/s) UzA (m/s) VLA (m/s) UTA (m/s) UzA (m/s)
LDA [41] 2394 1728 1395 1811 1774 1774
DFT 2327 1682 1293 1879 1809 1789
NNP 2189 1607 1187 2423 1766 1756
Morse 2751 1862 1815 2452 1877 1877

branches) near the I' point are estimated using DFT, NNP,
and traditional Morse potential as listed in Table II. Firstly,
the phonon velocities calculated by GGA + DFT-D3 are
consistent with values predicted by the LDA pseudopo-
tential reported in previous work [41], which further illus-
trates that the GGA with DFT-D3 functional can reason-
ably describe the phonon dispersion of Bi,Te; as well as
LDA. Turning to the phonon velocities calculated by NNP
and Morse potential, except that vy 5 along the I'-Z direc-
tion is significantly higher than value calculated by DFT,
other results predicted by NNP are in good agreement with
those of DFT, while the vpa, v,4 along the I'-L direction
and v 5 along the I'-Z direction predicted by Morse poten-
tial are all apparently larger than those predicted by DFT.
Although the phonon velocities predicted by both the NNP
and Morse potential are somewhat different from those of
DFT in the very low frequency range (near the I" point), it
can be observed from phonon dispersion that they are equal
to each other in a larger acoustic branch frequency range.

As for the phonon density of states, it is easily found
that the results of DFT and NNP calculations are highly
consistent as shown in Fig. 3(b). It is worth noting that the
low-frequency acoustic modes are mainly dominated by
the vibration of Bi atoms and the optical frequency range
modes are dominated by the vibration of Te atoms. The
atomic mass of Bi is larger than that of Te, and therefore
a lower vibration frequency. The same phenomenon was
also observed in another thermoelectric system, PbTe [49].

The anharmonicity is closely related to the scattering
processes of phonons. To explore the anharmonicity of
Bi, Tes, the three-phonon and four-phonon weighted phase
spaces, which are related to the transition probabilities
of phonon scattering processes, are calculated using the
Fourphonon option of the SHENGBTE [50]. The weighted
phase spaces calculated at 10, 300, and 500 K are shown
in Fig. 4. Through the result at 10 K, we can find that
three-phonon weighted phase space shows a broad peak in
the medium frequency range, suggesting that three-phonon
scattering processes play a major role at low tempera-
tures, while the four-phonon scattering process can be
ignored. When at or above room temperature, owing to
the stronger scattering of phonons at higher temperatures,
both the three-phonon and four-phonon weighted phase
spaces are enhanced. In addition, differing from the case

of low temperatures, the weighted phase spaces indicate
that there are more channels for phonon scattering in the
low-frequency region than the medium-frequency region at
high temperatures. More importantly, it is not hard to find
that the four-phonon weighted phase space is larger than
the three-phonon weighted phase space, indicating that the
four-phonon scattering processes have a great influence on
the study of lattice thermal conductivity in Bi, Tes.

Next, we utilize the NNP combined with EMD simula-
tion to predict the thermal conductivity of Bi,Tes. Figure
5(a) shows the representative normalized heat current auto-
correlation function (HCACF) and the inset shows the
thermal conductivities of Bi,Te; at 300 K in two direc-
tions obtained by averaging 30 independent simulations.
It can be seen that the correlation time of 100 ps is
sufficient for thermal conductivity to reach convergence.
At present, there are some studies on the lattice thermal
conductivity of Bi, Tes. Because higher-order phonon scat-
tering processes were not considered, the BTE method
overestimated the thermal conductivity of the Bi, Tes [10].
MD simulation inherently contains four-phonon scattering
and higher-order scattering processes, so it is an effective
method to calculate the thermal conductivity of materials
with strong anharmonicity. Unfortunately, the inaccuracy
of the empirical Morse potential in the MD simulation
directly leads to the underestimate of thermal conductivity
[12]. The fundamental reason is that this potential is unable
to ideally reproduce the optical branches of the phonon dis-
persion as described previously. Our MD simulations with
a NNP theoretically possess as high accuracy as DFT. As a
consequence, our calculated results are in great agreement
with the experimental results [51,52] in the temperature
range of 150 to 450 K as shown in Fig. 5(b). Additionally,
as a validation, we develop a deep-neural-network inter-
atomic potential with LDA pseudopotential using the same
method, and find that it can also accurately predict the ther-
mal conductivity of BiTes, as shown in the Supplemental
Material [33].

D. The effects of native point defects on thermal
conductivity in Bi; Te;
In order to further show that the NNP can predict the

energy of defect structures as well as DFT calculations, we
calculate the defect formation energies using DFT and the
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FIG. 4. The calculated three-phonon and four-phonon

weighted phase spaces of pure Bi,Te; at 10, 300, and 500 K,
respectively.

NNP, respectively. The formation energy AHy of a point
defect is defined as [53]

AHy = Eit — Evuic — ) Amijui + q(Ey + Ey + AD),
i
(6)

where Ey and Ey, represent the total energies of the host
material with and without defects, respectively. u; and An;
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FIG. 5. (a) The representative normalized HCACEF of in-plane
and out-of-plane directions. The inset shows thermal conduc-
tivities of BirTe; in two different directions as a function of
correlation time at 300 K, each of which is the average value of
30 independent simulations. (b) Temperature-dependent thermal
conductivity of Bi, Te; predicted by NNP, compared with exper-
imental values (Refs. [51,52]) and results calculated by classical
MD (Ref. [12]) and DFT (Ref. [10]).

denote the chemical potential and the change of the number
of elements i. The last term is used to correct the change
in energy due to the charge state of the defect. Here we
only consider charge neutral defects and neglect this cor-
rection term. As for Bi,Tes, the chemical potentials of Bi
(usi) and Te (ute) depend on the growth environment,
whether it is in the Bi-rich state or the Te-rich state. At the
same time, their values should be smaller than the chemi-
cal potentials of solid Bi (pL]S;ihd) and Te (/L%%lid) to prevent
the overflow of the solid elemental phase in the compound.
The relationship between them satisfies the following:

Mbulk = 2Bi + 3Te, (7
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FIG. 6. The formation energies as a function of A for the

five intrinsic defects in Bi,Tes. The solid line represents the cal-
culated results of DFT and the dotted line represents the predicted
results of NNP.

i = Augi + i, ®)
Wre = Apre + p5, ©)
Poute = 20500 4 3509 + 2A g + 3Apte.  (10)

BlTel

Bir, Tep Vi Vi

FIG. 7.

Thus, we can present the formation energy as a func-
tion of Agire ((wouk — 215 — 30 /3 < Apge < 0).
A hexagonal 4 x 4 x 1 conventional supercell is used to
calculate the formation energies of various defects.

Figure 6 shows the formation energies of five types
of defects. The errors of defect formation energies pre-
dicted by the NNP for these five defect structures are
0.029, 0.045, 0.051, 0.015, and 0.016 eV, respectively,
indicating that the NNP is able to predict the energies
of defect structures as well as DFT. According to the
results, antisite defects are prominent defects. Bir. and
Tep; are easily generated in Bi-rich and Te-rich environ-
ments, respectively. Our finding is consistent with the
results previously reported [36]. An experimental study
showed that Te vacancies V1. are another dominant defects
besides the antisite defects of Teg; and Bir, [35]. This may
be attributed to the fact that the formation energy of Te
vacancy defects is close to that of antisite defects. As a
result, Te vacancies may also easily come into being in
the real environment. To explore the effects of intrinsic
defects on thermal conductivity, we consider the follow-
ing five types of defects: antisite defects Bite;, Biten, and
Teg;; and vacancy defects Ve and Vre;.

Figure 7 shows the thermal conductivities of structures
with different defect types and concentrations (1 defect,
4 defects, 8 defects, and 12 defects per 960 atoms,

(b) 2.0

Bir,, Bip, Tep Vi Vi

The thermal conductivities of five different defect structures at 300 K with different defect concentrations. The defect con-

centrations are about (a) 1%o, (b) 4%, (c) 8%o, and (d) 12.5%o., respectively. The red (black) bars show the thermal conductivities
of defect structures in the in-plane (cross-plane) direction, and the red (black) dashed line represents the thermal conductivity of the

perfect Bi; Te; in the in-plane (cross-plane) direction.
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(@

1.0

FIG. 8.

respectively) at 300 K. Apparently, due to the scattering
between defects and phonons, the thermal conductivities of
all defect-containing structures decrease in varying degrees
compared with pure Bi,Te;. Meanwhile, when compar-
ing the thermal conductivities of structures with a certain
defect type but different defect concentrations, it is not
difficult to find that the thermal conductivities decrease
with the increase of defect concentration, which can be
attributed to the enhancement of phonon scattering with
the increase of defect concentration. In addition, it is inter-
esting to find that Te vacancies V't play a most significant
role in reducing the thermal conductivity. To uncover the
reason, we further calculate the phonon dispersion curves
of perfect Bi, Te; and Bi, Te; with different kinds of defects
using the obtained NNP. Figure 8 shows the phonon disper-
sions in the in-plane and out-of-plane directions. Because
low-frequency acoustic phonons play a decisive role in
heat transfer in Bi,Tes, we only show the phonon disper-
sions below 1 THz. The difference of phonon dispersions
between the three defect structures (Bite;, Bitez, and Teg;)
and the pure Bi,Tes is not obvious. However, the phonon
dispersions of the Te vacancy defect structures, interest-
ingly, are found to be quite different from those of the
others. In the in-plane direction, the frequency of the
acoustic phonons is reduced, and the tops of some acous-
tic branches are quite flat, especially for Ve, implying
that the Te vacancies hinder the propagation of phonons
in the in-plane direction and lead to lower phonon veloc-
ity. This may be attributed to the reduction of strength of
the chemical bonds of atoms around the vacancies. The
same phenomenon is also observed in InySe;_,, where Se

r Z

Phonon dispersions of (a) pure Bi, Te; and five defect structures: (b) Bire;, (¢) Birez, (d) Tegi, (€) V1er, and (f) Ves.

vacancies strongly suppress the propagation velocity of
phonons along the chain direction and lead to an extremely
low thermal conductivity [54]. In the out-of-plane direc-
tion, acoustic phonons and low-frequency optical phonons
have decisive contributions to thermal conductivity due
to large phonon velocity. Although there is no obvious
change in the acoustic modes for all types of defects,
detectable changes are observed in optical modes. Some
optical modes shift to lower frequency region in the Te
vacancy defect structures. The velocity of the downward
moving optical phonons does not change significantly
because the slopes are almost unchanged compared with
the high-frequency optical modes. However, the down-
ward shift of some optical modes produces additional scat-
tering among original low-frequency optical phonons and
the fresh low-frequency optical phonons moving down-
ward from high frequency region, and thus lower the
thermal conductivity in the z-axis direction. In conclu-
sion, the stronger phonon scattering caused by defects
is responsible for the reduced thermal conductivity of
all native point defect structures. Moreover, the most
significant reduction of thermal conductivity by Te vacan-
cies may be attributed to the reduction of the phonon
velocity and the enlargement of scattering among low-
frequency optical phonons.

The accurate calculation of the lattice thermal conduc-
tivity of Bi,Te; is a challenging task due to its strong
anharmonicity and complex crystal structure. Because of
the strong anharmonicity of the Bi,Tes, it is necessary
to consider the fourth-order or even higher-order phonon
scattering processes in the calculation of its lattice thermal
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conductivity, but it is extremely time consuming to obtain
the fourth-order force constants using DFT. Owing to its
complex crystal structure, the fitting of an empirical poten-
tial used in MD simulations is often difficult and imprecise.
The preceding results show that, inherently containing full
order anharmonicity and possessing precision as high as
DFT calculations, the MD simulations with the NNP are
able to accurately reproduce the experimental lattice ther-
mal conductivity of Bi, Te;. More importantly, it is difficult
to explore the effects of nanostructures, such as defects,
superlattices, twins, dislocations, etc, on thermal conduc-
tivity in Bi,Tes. The effects of the native point defects on
the thermal conductivity are also discussed in this work
using MD simulations with a NNP, which provides a fea-
sible method to explore the influence of nanostructures on
thermal conductivity.

IV. CONCLUSION

In summary, a NNP for Bi,Te; is developed to pre-
dict its thermal transfer behavior. The phonon dispersion
and phonon density of states are in great agreement with
the DFT calculation. The thermal conductivity values pre-
dicted by the NNP are found to be highly consistent with
the experimental values in the whole temperature range.
In addition, we find that the GGA with DFT-D3 functional
can accurately reproduce the experimental lattice constants
of Bi,Te; and provide a great description of the phonon
dispersion in Bi;Te;. A NNP trained with a LDA pseu-
dopotential is also developed, which can similarly predict
the thermal conductivity of Bi, Te;. Furthermore, an inves-
tigation of the influences of several different intrinsic point
defects on the thermal conductivity of Bi,Tes; shows that
Te vacancies decrease the thermal conductivity most sig-
nificantly, which can be attributed to the reduction of the
propagation velocity of phonons and additional scatter-
ing among original low-frequency optical phonons and the
fresh low-frequency optical phonons moving downward
from high frequency region. Our work demonstrates that
EMD simulation combined with a NNP is able to calculate
the thermal conductivity of materials with strong anhar-
monicity and provides a tool for studying the influence
of some nanostructures on thermal conductivity. Addition-
ally, the NNP developed in this work can also be utilized to
study some other properties of Bi, Tes, such as mechanical
and thermomechanical properties.
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