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Ultralow Thermal Conductivity of Layered Bi,O,Se Induced

by Twisting

Jie Sun, Ming Hu, Cunzhi Zhang, Ling Bai, Chenxin Zhang, and Qian Wang*

Although the twisting strategy has provided great opportunities to tune the
electronic and optical properties of materials, little research has been done
on how twisting affects phonon properties. Using machine-learning-based
interatomic potentials within DFT-level quality and the perturbation theory to
the fourth-order anharmonicity, the phonon transport properties are studied
and the phonon behaviors of layered material Bi,O,Se when twisting is
applied. It is found that the phonons of Bi,O,Se exhibit hardening effects at
finite temperature, and the intrinsic lattice thermal conductivity along the out-
of-plane (in-plane) direction is reduced to 3.21 (3.42) W/mK from 3.69 (4.55)
W/mK at 300 K by including the four-phonon scattering. When introducing
the twisting between the layers, the out-of-plane thermal conductivity can be
further reduced by 83% as compared to that of the twist-free configuration.
Such huge reduction of the thermal conductivity arises from the nearly flat

interatomic bonding, (3) complex crystal
structure, and (4) strong anharmonicity.
In recent years, some other mechanisms
of ultralow TC have also been suggested,
such as lone pair electrons,”! chemical
bond hierarchy,¥! resonant bonding, and
meta-valent bonding.’! These strategies
are based on modulating chemical com-
position and bonding. To make a further
advance, new strategies and mechanisms
that can help tune the phonon transport
properties to achieve ultralow TC are
highly desirable.

Since Allen et al. developed the moiré
bands theory in twisted bilayer graphene,
the twistronics has attracted worldwide

acoustic phonon branches and the enhanced third- and fourth-order phonon
anharmonicity due to the strong coupling between the twisted layers. These
findings unravel that twisting is an effective strategy for tuning phonon band
structure and phonon-phonon interactions, leading to ultralow lattice thermal

conductivity of materials.

1. Introduction

Understanding phonon transport is of great interest as it plays
a fundamental role in the lattice thermal conductivity (TC)
of materials and thermal management applications. Mate-
rials with ultralow TC can be used for thermoelectrics, data
storage devices, and thermal barrier coatings. To discover or
design such materials, four key features have been proposed
based on the Slack’s ruleU: (1) Heavy atom mass, (2) weak

J. Sun, L. Bai, C. Zhang, Q. Wang

School of Materials Science and Engineering
CAPT, BKL-MEMD

Peking University

Beijing 100871, China

E-mail: gianwang2@pku.edu.cn

M. Hu

Department of Mechanical Engineering
University of South Carolina

Columbia, SC 29208, USA

C. Zhang

Pritzker School of Molecular Engineering
University of Chicago

Chicago, IL 60637, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202209000.

DOI: 10.1002/adfm.202209000

Adv. Funct. Mater. 2022, 32, 2209000

2209000 (10f7)

attention.’! It has been demonstrated
that by vertical stacking van der Waals
materials with a small twist angle, diverse
electronic and optical properties can be
induced, including superconductivity,”!
correlated insulator states and orbital
magnetism,®l and topological polaritons,?
which originate from the strong electron—
electron, electron—phonon, and/or electron—photon coupling.
However, much less attention has been paid to tuning the
phonon—phonon interactions by twisting and understanding
the underlying physical mechanism of the thermal transport
properties in twisted materials. Recently, it was experimen-
tally found that the phonon spectra of twisted bilayer MoS, can
evolve rapidly over a range of small twist angles.'”) In addition,
a room temperature thermal anisotropy ratio close to 900 was
achieved in MoS, by random interlayer rotation, which is the
highest one ever reported,'!) demonstrating that the effect of
twisting on the thermal transport properties is not limited to
a small angle. Currently, most of the existing studies on the
twistronics have focused on 2D materials, such as bilayers,
trilayers of graphene and transition metal dichalcogenide.!'"!?!
However, in many practical applications, the 3D structures are
preferable over 2D twisted layers. In addition, experiments have
shown that 3D layered GeS nanowires can be twisted, which
was called the Eshelby twist, offering a new degree of freedom
for tuning the optical and electrical properties.®l Therefore, it
is intuitive to wonder how the twist would affect the thermal
transport properties in the 3D layered materials and what are
the underlying mechanisms in determining the phonon prop-
erties under twisting.

Recently, Gibson et al.' experimentally measured the lat-
tice thermal conductivities of BiOCI, Bi,0,Se, and Bi,O,SeCl,
at 300 K, and found that BiOCl and Bi,O,SeCl, possess ultralow
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Figure 1. a) Side and top views of the optimized crystalline structure, b) temperature-dependent phonon dispersions from 0 K to 500 K, c) thermal
conductivities calculated with considering three- and four-phonon scattering processes along the in-plane and out-of-plane direction, and d) three- and

four-phonon scattering rates of Bi,O,Se.

lattice thermal conductivity of 0.15 and 0.1 W/mK along the
out-of-plane direction, respectively, while the TC of Bi,0,Se is
about ten times higher (1.0 W/mK). Because 3D Bi,0,Se with
ultralow thermal conductivity would be a promising candidate
for application in thermoelectric devices, thus the question
arises: is it possible to tune the TC of Bi,O,Se to an ultralow
value? In this letter, we demonstrate such a possibility based on
a comprehensive theoretical study.

2. Results and Discussion

The optimized geometric structure of Bi,O,Se is shown in
Figure 1a. One can see that the layered Bi,O,Se is composed
of a Bi-O layer and a Se layer alternately arranged in the out-
of-plane ([001] direction) with the symmetry of 14/MMM and
10 atoms in its unit cell. The optimized lattice parameters
along the in-plane and out-of-plane directions are a = b = 3.89,
and ¢ = 12.15 A, respectively, which are consistent with experi-
mental results. The detailed information of the density func-
tional theory (DFT) calculations can be found in Supporting
Information Section S1.

Based on the self-consistent phonon (SCPH) theory,™ the
temperature effect on the phonon frequency is considered. One
of the key steps during the SCPH calculation is to obtain the
accurate fourth force constants of crystalline structures, which
demands for a large computational cost, especially the mate-
rials with lower symmetry and more atoms in their unit cells.
The machine learningbased potential can effectively reduce the
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computational cost. For the layered Bi,0,Se, the forces on each
atom in a supercell are calculated using molecular dynamics
(MD) simulations with moment tensor potential (MTP).(%l The
detailed training settings of the MTP potential can be found in
Supporting Information Section S2. After training, we find the
average absolute differences for the energy and force between
training and test data are 0.10 meV and 30 meV A7, respec-
tively. To test the accuracy of the MTP potential, we calculate the
phonon dispersion of Bi,O,Se and compare the result with that
obtained from the DFT calculation, as shown in Figure S1 (Sup-
porting Information), which verifies the accuracy the trained
MTP potential. The fourth force constants needed in the SCPH
calculation are obtained from HiPhive package.l”] The details
can be found in the Section 3 (Supporting Information).

We then calculate temperature-dependent phonon dispersions
from 0 to 500 K of the layered Bi,O,Se, as shown in Figure 1b.
The force constants used to obtain the temperature-dependent
phonon dispersions are calculated with the machinelearning
based potential. It is observed that the phonon dispersions of
Bi,0,Se exhibit the hardening effect as temperature increases.
The increased phonon frequencies in the acoustic or the optical
branches can affect the phonon group velocity and the heat
capacity, thus eventually influencing the thermal conductivities.
Therefore, we conclude that the temperature effect on the cor-
rection of harmonic frequency is not negligible.

The thermal conductivities of the crystalline Bi,O,Se can be
obtained by solving the linearized phonon Boltzmann trans-
port equation (PBTE) under the single mode approximation
based on the equation: K =1/ V;clvir 1, where V is the volume

(2 of 7) © 2022 Wiley-VCH GmbH
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of primitive cell, ¢;, v;, and 7; are the specific heat, phonon
group velocity and relaxation time, respectively, and A is the
index for the wave vector and phonon branch. Different from
previous studies using the harmonic approximation to describe
the phonon frequency and only considering the three-phonon
interactions to obtain the phonon scattering time, which failed
in the prediction of TC of many systems,®! we use the renor-
malized phonon dispersions with temperature effect to calcu-
late the phonon group velocity to obtain the TC. The calculated
TC of Bi,0,Se including the three-phonon scattering along the
out-of-plane direction at the temperature of 200, 300, 400, and
500 K is 5.33, 3.69, 2.90, and 2.34 W/mK, respectively, and the
corresponding values of TC along the in-plane direction are
6.28, 4.55, 3.72, and 3.08 W/mK. One can see that the TC of the
crystalline Bi,O,Se decreases as temperature increases, which
is understandable due to the stronger phonon scattering at
higher temperatures. We note that our calculated thermal con-
ductivities are higher than the values calculated by only consid-
ering the three-phonon scattering and the vibrational frequency
under the harmonic approximation in a previous study.!”
We attribute this difference to the neglect of the temperature
effect in their work, which leads to the underestimation of the
phonon group velocities, as evidently shown in the phonon
hardening effects in Figure 1b. While, the measured thermal
conductivities in experiment for Bi,O,Se are =1.0 and 1.2 W/
mK along the out-of-plane and in-plane direction at room tem-
perature, respectively,™ which are lower than our calculated TC
values when only the three-phonon interactions are considered.

Next, we include the four-phonon scattering in our calcula-
tions, as we speculate that the four-phonon scattering could
have significant effect on the TC of Bi,O,Se. Because the unit
cell of Bi,O,Se contains 10 atoms, the machine learning based
potential and the GPU_PBTE method 2% are used to reduce the
computational cost. We find that the thermal conductivities of
Bi,0,Se along the out-of-plane and in-plane directions at the
temperatures of 200, 300, 400, and 500 K are reduced to 4.98,
3.21, 2.53, and 2.05 W/mK from 5.33, 3.69, 2.90, and 2.34 W/mK,
and to 4.88, 3.42, 2.72, and 2.05 W/mK from 6.28, 4.55, 3.72,
and 3.08 W/mkK, respectively, showing a significant reduction
when the high-order scattering is included. For instance, at
300 K, the TC along the in-plane directions is reduced by 25%,
namely, from 4.55 to 3.42 W/mK. The calculated three- and four-
phonon scattering rates for Bi,O,Se are plotted in Figure 1d,
which shows that the four-phonon scattering rates are compa-
rable to the three-phonon scattering rates in the low-frequency
region. Since we have used the phonon transport theory with
the highest accuracy, considering the renormalized phonon
frequency, three- and four-phonon scattering, the calculated
thermal conductivities are still higher than those measured in
the experiment. We attribute the deviation to the defects of the
crystalline samples in the experiment as no real materials are
without any defects. We then conduct the simulation of the dif-
fraction to the powder pattern of the crystalline structure, and
find that it is different from the results of the experimental
measurement (See Supporting Information Section S4), indi-
cating the imperfections of experimental samples.

To study the effect of twist on the TC of Bi,0,Se, we build
three twisted structures of Bi,O,Se with the twist angles of
22.62°, 28.07°, and 36.87°, containing the total number of the
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atoms of 260, 340, and 100 in their unit cells, respectively, based
on the coincidence site lattice (CSL) theory.?!l The top views are
shown in Figure 2a—c. We choose the twisted structure with the
angle of 36.87° to calculate the phonon transport properties as
it contains less atoms. We train the MTP potentials by adding
the calculated forces and energy from the AIMD simulations
into the original training data of the single crystal structure.
The training basis and the maximum or minimum interatomic
distance are the same as the settings of the single crystal struc-
ture (see Supporting Section Section S2 for the details). After
training for 500 steps, the average absolute differences of the
energy and force are 0.18 meV and 52 meV A, respectively.

Using the MTP potentials, we first calculate the partial phonon
density of states (PDOS) of Bi,0,Se with and without twist, and
the results are plotted in Figure 2d. We note that the phonon
DOS of the Bi and O atoms in the twisted system are similar to
those of the pristine structure. While some differences exist in
the phonon DOS of Se atoms. The main difference is that the
frequency region is broadened with red shift for some frequen-
cies and blue shift for the others under twisting, implying that
some of the bonds become stronger while some become weaker.
This is understandable because the change of the structure after
twisting is mainly reflected in the bonding environment around
Se atoms (See Figure S3, Supporting Information). The more
broaden vibrational DOS can allow more phonons existing in
a small energy range, which can increase the probability of the
phonon scattering. Also, the twisted system possesses a larger
portion of DOS in the low frequency region, as compared with
that of non-twisted one, which indicates a higher probability of
the scattering among these states. The increased complexity in
the bonding environment can increase the anharmonicity of the
structure. The phonon dispersions of the structures with and
without twist are calculated using the machinelearning based
potential, as shown in Figure 2e. It is noted that the stronger
coupling of different layers after twisting makes the acoustic
phonon branches soften. Moreover, the transverse acoustic
(TA) modes become nearly flat bands after twisting, which can
cause a sharp decrease in the phonon group velocity. A similar
phenomenon was found in MoS,,!'”) where the ZA branch also
becomes almost flat. The flexural acoustic (ZA) modes represent
the vibration along the out-of-plane direction, which is strongly
suppressed by the twisting between the different layers.

It is obvious that the phonon group velocities of the twisted
Bi,0,Se are lower than those of the pristine structure, as shown
in Figure 2f. Also, in the frequency region from 0 to 1 THz, some
group velocities are close to zero, which is consistent with the
nearly flat bands observed in Figure 2e. This phenomenon could
be a characteristic of the twisted layered material with ultralow TC.

According to the perturbation theory,?? the three- and four-
phonon scattering rates can be obtained from the third- and
fourth-order interatomic force constants (IFCs), respectively:

- 1
) = 2{—(1 +nd +ny )T +(nd, —nd, )11} (1)
Ay
T;,la =
1 n3,n4,n3, +1(1+n21)n22n9hr +1(1+n21)(1+n22)n91}1_
i 16 ny T2 ny T2 ny o

(2)
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Figure 2. a—c) Top view of the geometric structure of Bi,O,Se with a twist angle of 22.62°,28.07°, and 36.87°, respectively. d) Partial phonon DOS,
e) acoustic phonon branches of LA (LA'), TA (TA') along the path from I'to Z, and f) phonon group velocity of Bi,O,Se with twist angle of 36.87° and

without twist.
with

_ 7T_h|vi(3)|2 A, O(wx £y, —wy,)

r.
4N @;0,,0,,

5((01 iwll iwlz —wh) (4)
0;00,0;,0;,

|

ie| Aux

SR
where V¥ and V) are

Atk =4
eabealblleazhzz eiih

3) _ oo
Vil = Z z Dbty b, ==
b1y Lb ety N My, My,

-nle*ikz-nz (5)

e/’L eiﬂq eilz e—l;
2 ¢aa1a2a3 ab%ob oy, Cosbs eiikl"heiikz"lze—iks"h (6)

2 0b,hby by 3bs
blyby Jaby Jsbs crernctyers N MMy, My, My,

where 733 and 7,5 are the scattering rates including three
phonons and four phonons. The primitive cell, basis atoms,
and Cartesian coordinates are indexed by I, b, and ¢, respec-
tively. nj is the equilibrium occupation number. T and T
contains the transition probability and the transition selection
rules for energy and momentum of the three and four pho-
nons, respectively. @opipin, and @opis in s are the third and
fourth IFCs in the real space, respectively.

From the above equations, one can see that the scattering
rates of a material are directly determined by IFCs. Therefore,
we compare the differences of third-order and fourth-order

(4) —
t+ =
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[FCs of the Bi,0,Se structures with and without twist based on
the machinelearning potential, to study how the anharmonicity
changes when the structures are under nonlinear restoring
forces. Figure 3a,b are the illustrations of the bonding envi-
ronment of the Se atom in the twisted and pristine Bi,O,Se
structures, respectively. One can see that each Se atom is sur-
rounded by eight Bi atoms, and when the structure is twisted,
the direct change is the relative positions of the Bi atoms
around the Se atom, which can have effects on the forces on
the Se atom. The quartic and cubic IFCs, i.e., @0yt i and
Db hoeny, corresponding to the fourth-order and third-order
derivatives of the potential energy with respect to the displace-
ments (coq0p05) and (aeqen) of quadruplets and triplets of
atoms (0b, l;by,l,b,,l3b3) and (0b, 1by,l,b,), respectively. We choose
three triplets and quadruplets, i.e., @gsm (8"), Gsmm (95),
¢5e.3izsi2(¢§3)) and Qs iz (¢{4)): Osese,5i15ir (¢£4)), Oser5e5,8ir (@4)),
to make comparisons of these forces in the structure with
and without twist. The IFCs of triplets and quadruplets are
third-order and fourth-order tensor containing 27 and 81 force
components, respectively. Figure 3c,d shows the average of
the absolute value of these force components. For both tri-
plets and quadruplets, the IFCs of the structure with twist are
larger than those of the structure without twist. The difference
is more obvious for the cubic IFCs, which can be explained
with the Taylor series of the Born—-Oppenheimer potential.
We also calculate the standard deviation o of the force compo-
nents and find that the o becomes larger for all the triplets and
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Figure 3. a, b) Bonding environment of the Se atom in the Bi,O,Se with twist angle of 36.87° and without twist, respectively. c) Average third and
fourth force constants of the atom triplets and quadruplets in a) and b), and d) their standard deviation. e) Scattering rates of the Bi,O,Se with and
without twist calculated using spectral energy density method. f) Change of the thermal conductivity with the twist angle of Bi,O,Se at 300 K obtained

by using the NEMD simulations.

quadruplets after twisting, indicating the forces around the Se
atom are more inhomogeneous when the structure is twisted.
The larger IFCs of the triplets and quadruplets, together with
a more inhomogeneous environment of the Se atom, can lead
to the augmentation of V;¥ and V{¥ in Equations. (5) and (6),
thus enhancing the scattering rates, which is proved by the cal-
culated scattering rates of the structures with and without twist,
as shown in Figure 3e. The scattering rates are calculated via
MD simulations by extracting the MD trajectories for 200 ps at
300 K based on the spectral energy density method (SED),I?]
using the Dynaphopy package.?! The details of this method
can be found in previous work.[232]

We then calculate the thermal conductivities of the twisted
Bi,0,Se with the angle of 22.62°, 28.07°, and 36.87° and the
pristine structure along the out-of-plane direction by using
non-equilibrium molecular dynamics simulations (NEMD).
The lengths along the out-of-plane direction of the four struc-
tures are all set as 72 nm to have fair comparisons. The corre-
sponding in-plane lattice lengths of them are all set to 1.5 nm.
The details can be seen in Supporting Information Section S5.
The four structures are actually nanowires of Bi,O,Se. The cal-
culated thermal conductivities are given in Figure 3f. As com-
pared with the TC of 1.2 W/mK of the pristine structure, the
thermal conductivities of the structures with the twist angle of
22.62°, 28.07°, and 36.87° are 0.32, 0.37, and 0.2 W/mK at 300 K,
respectively. It is obvious that the TC of the twisted Bi,O,Se is
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significantly reduced, whether the twist angle is small or large.
Especially, the TC can be decreased by 83% for the structure
with twist angle of 36.87°, as compared to that of the pristine
Bi,0,Se.

It is interesting to note that thermal conductivity can also be
effectively modulated in polycrystalline or amorphous materials
by rotating grain boundaries,?®) where the rotation significantly
changes the atomic configurations. This is different from the
cases in twisted layered materials, where the in-plane atomic
configurations are slightly perturbed, but the change in layer-
layer coupling induced by twisting can significantly affect the
phonon scattering, and flat acoustic branches can also be intro-
duced by twisting as experimentally observed in twisted layered
MoS,.[1

To study the size effect of the twisted structure, the length-
dependent TC of the twisted Bi,O,Se with the angle of 36.87°
is further explored. Figure 4a—d shows the geometric structures
of the nanowires of the twisted Bi,O,Se with different lengths.
The in-plane lattice parameters of these nanowires are all set
to 1.7 nm. The calculated thermal conductivities for the dif-
ferent size nanowires are presented in Figure 4e. Interestingly,
it is observed that the thermal conductivities reach a convergent
value of 0.19 W/mK, nearly independent of the length. This
can be understood from the phonon group velocity and life-
time of the Bi,O,Se that are sharply decreased after twisting,
as shown in Figure 2f and Figure 3e. The phonons would be

© 2022 Wiley-VCH GmbH
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Figure 4. a—d) Geometric structure of the twisted Bi,O,Se nanowire
with the length of 4.9, 7.2, 9.8, and 14.6 nm, respectively. ) Change
of the thermal conductivity of the twisted Bi,O,Se nanowire with the
length.

less hindered due to the shorter phonon mean free paths, thus
exhibiting an insensitive response to the size, demonstrating
that the twist engineering for layered materials is an effective
way to tune the TC.

Here, we only choose three twist angles of 22.62°, 28.07°,
and 36.87° containing 260, 340, and 100 atoms in their unit
cells, respectively, to study the change of the phonon proper-
ties with twist angle based on the machinelearning potential. In
some other angles, the systems may have even lower thermal
conductivities, and exhibit more interesting phenomena. How-
ever, the large unit cells containing thousands of atoms would
be the problem beyond the accurate calculation from the force
constants model at the current stage.

3. Conclusions

In summary, we investigate the intrinsic thermal transport prop-
erties of crystalline Bi,O,Se and how its thermal conductivity
is modulated by twisting by using first-principles calculations
combined with machine learning potential equipped NEMD
simulations, which are capable of fairly treating the effects of
temperature and quartic anharmonicity on the phonon ener-
gies and scattering rates. Our results show that the tempera-
ture effects on both the correction of harmonic frequency and
four-phonon scattering are important in the phonon transport
process, resulting in 25% decrease in the thermal conductivity
at 300 K. Furthermore, we introduce the twisting in the layered
material of Bi,O,Se, and find that the out-of-plane thermal con-
ductivity of the twisted Bi,O,Se with a twist angle of 36.87° is
decreased by 83% as compared to that of pristine structure,
which is ascribed to the reduced phonon group velocities due
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to the nearly flat acoustic (TA) phonon branches and increased
anharmonicity by twisting. Our study would motivate more
experimental efforts in tuning the thermal conductivity of lay-
ered materials by twisting to achieve ultralow thermal conduc-
tivity for thermoelectric applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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