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ABSTRACT
The thermal conductivity of two-dimensional materials, such as graphene, typically decreases when tensile
strain is applied, which softens their phonon modes. Here, we report an anomalous strain effect on the
thermal conductivity of monolayer silicene, a representative low-buckled two-dimensional (LB-2D)
material. ReaxFF-based molecular dynamics simulations are performed to show that biaxially stretched
monolayer silicene exhibits a remarkable increase in thermal conductivity, by as much as 10 times the
freestanding value, with increasing applied strain in the range of [0, 0.1], which is attributed to increased
contributions from long-wavelength phonons. A further increase in strain in the range of [0.11, 0.18] results
in a plateau of the thermal conductivity in an oscillatory manner, governed by a unique dynamic bonding
behavior under extreme loading.This anomalous effect reveals new physical insights into the thermal
properties of LB-2Dmaterials and may provide some guidelines for designing heat management and energy
conversion devices based on such materials.
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INTRODUCTION
Since the first discovery of graphene, two-
dimensional (2D) materials have drawn worldwide
attention because of their distinguished mechanical,
electrical and thermal properties, as well as appli-
cations in fields such as nanoelectronic, spintronic,
valleytronic, thermoelectric, photovoltaic and
optoelectronic devices [1–5]. The atomic-scale
thickness of 2D materials can lead to a significant
quantum confinement effect and new physical
phenomena. For example, when the system size is
smaller than the phonon de Broglie wavelength,
the thermoelectric power factor greatly increases
because of the sharper edge of the electron density
of states, as theoretically predicted by Hicks and
Dresselhaus [6] and recently demonstrated in
monolayer InSe [7]. Moreover, non-Fourier ther-
mal conductivity was discovered both theoretically
and experimentally, resulting from the reduced
phonon population and suppressed scattering rate
[8–11]. In 2D materials, phonons are dominant
carriers in thermal transport because of the low
electron concentration [12]. Phonons also play
important roles in other physical processes, e.g.,

phonon–electron coupling can renormalize the
electron population and carrier dynamics [13,14].

The thermal conductivity of 2D materials is di-
rectly related to an array of applications, includ-
ing advanced thermalmanagement [15,16], thermal
barrier coatings [17,18] and thermoelectrics [19].
In the first field, a high thermal conductivity is pre-
ferred,whereas for the latter twofields, a low thermal
conductivity is desired. Hence, the thermal conduc-
tivity of 2D materials should be precisely controlled
upon integration into devices. Monoatomic-layer
films often suffer from prestraining during growth
as well as integration [20], and strain engineering
could serve as a powerful way tomodulate the physi-
cal properties of 2Dmaterials [21,22].Thus, it is vital
to understand the strain effect on the thermal con-
ductivity of 2Dmaterials.

From a geometrical point of view, 2D materi-
als can be divided into two classes: flat materials,
such as graphene, and low-buckled materials, such
as silicene, germanene and stanene. The strain ef-
fect on the thermal conductivity of graphene has
been studied by both classical molecular dynam-
ics [23] and first-principles calculations [24], with
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the conclusion that a tensile strain decreases the
thermal conductivity as a result of strain-induced
softening of phonon modes. Compared with flat
2D materials, the corresponding strain effect on
low-buckled 2D (LB-2D) materials remains largely
unexplored.

In this work, we study the effect of biaxial ten-
sile strain on the thermal conductivity of monolayer
silicene, a representative LB-2D material that has
been successfully synthesized, with promising appli-
cations in 2D field-effect transistors [25–28].We re-
port an anomalous two-stage strain effect in which
the thermal conductivity increases by as much as
10 times with increasing applied strain in the range
of [0, 0.1], and then plateaus in an oscillatory man-
ner with a further increase in strain. This behav-
ior will be rationalized by a combination of the
phonon lifetime, atomic configuration and bonding
characteristics.

COMPARISON OF COMPUTATIONAL
METHODS
The understanding of the effect of strain on the
thermal conductivity of 2D materials has been lim-
ited by a lack of reliable experimental tools [2]. Be-
cause silicene is a semiconductor with a band gap of
1.55 meV [29], phonons are the dominant heat car-
riers, and the contribution from electrons should be
negligible. The phonon Boltzmann transport equa-
tion (PBTE) and molecular dynamics (MD) simu-
lation are the commonly used numerical methods
in studying phonon-associated thermal conductiv-
ity. The PBTE with phonon properties extracted
from first-principles calculations has been used to
calculate the thermal conductivity of individual ma-
terials [30–32], as well as interface scattering in
nanocomposites [33]. The solution of the PBTE is
based on a statically optimized atomic configura-
tion, and thus cannot provide physical insights about
the dynamic characteristics discussed in the follow-
ing sections. MD simulations include nonequilib-
riummolecular dynamics (NEMD) and equilibrium
molecular dynamics (EMD).NEMD involves calcu-
lating the thermal conductivity basedon theheat flux
under a temperature gradient, and requires a suffi-
ciently large sample size and a long simulation time.
EMD is based on the Green-Kubo formula from the
fluctuation-dissipation theorem and linear response
theory. The accuracy of MD depends on the inter-
atomic potentials. Each simulation method has its
own advantages [34]. First-principles-based PBTE
does not depend on the selection of empirical in-
teratomic potentials, thus has high accuracy in pre-
dicting the absolute value of thermal conductivity.

However, in thiswork, as bonddynamics plays a gov-
erning role that cannot be captured by PBTE, we
selectedMD to conduct our study.

The Tersoff and MEAM potentials have been
usedwithNEMDto study the effect of uniaxial strain
on the thermal conductivity of monolayer silicene,
but these potentials were originally developed to de-
scribe interatomic interactions in bulk silicon rather
than in atomically thin silicene, leading to inaccu-
rate stress–strain relationships [35] and unsuccess-
ful reproduction of the LB geometry [36]. In this
regard, the Reax force field (ReaxFF) provides a bet-
ter alternative [37,38]: On the one hand, it has been
customized for silicene and can accurately charac-
terize the LB geometry and material properties; on
the other hand, it can meet the requirement of bond
breaking and formation in a continuous way be-
cause of its preferred bond order. Therefore, in this
work, we exploit ReaxFF to study the effect of bi-
axial strain on the thermal conductivity of mono-
layer silicene. As demonstrated in the following, the
ReaxFF-based EMD reveals an anomalous strain ef-
fect on the thermal conductivity that has not been
previously observed using the Tersoff or MEAM
potential [35,36].

RESULTS AND DISCUSSIONS
The two-stage energetic response
to strain
Figure 1(a and b) illustrates the silicene structure
optimized by ReaxFF, in which the bond length
d = 0.23 nm, bond angles α = β = 112o and buck-
ling distance b = 0.067 nm are all in good agree-
ment withDFT calculations [39,40]. Figure 1(c and
d) presents mechanical and energetic responses un-
der biaxial tension and uniaxial tension along the
armchair and zigzag directions, where the fracture
strains are recorded as 0.21, 0.26 and 0.29, respec-
tively. Included in the Supplementary data are snap-
shots of the deformation behavior around the frac-
ture strain, showing the process of crack initiation
and propagation. The uniaxial stiffnesses calculated
from linear fitting of the stress–strain curves are
88.46 ± 0.04 GPa along the armchair direction and
87.83±0.04GPaalong the zigzagdirection, awithin
1% disparity, indicating the high in-plane isotropy
of silicene. Under biaxial tension, as the applied
strain increases, the stress increment remains nearly
constant, while the total energy (potential energy
plus kinetic energy) increment becomes increas-
ingly larger above strain ε ≈ 0.1, as marked by the
dashed line in Figure 1(d). This implies that atoms
in silicene remain in a relatively stable state below
strain ε ≈ 0.1 and then become increasingly active
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Figure 1. Schematic illustration of monolayer silicene from (a) the front view and (b) side view. (c) Stress–strain relationships and (d) energy–strain
relationships of monolayer silicene under uniform biaxial tension and uniaxial tension in the armchair and zigzag directions.

with a further increase in strain. To demonstrate the
high degree of precision of ReaxFF, ab initiomolec-
ular dynamics (AIMD) was conducted to calculate
the energy change under biaxial tension, with the
results confirming the same two-stage energetic re-
sponse as in our ReaxFF-basedMD results (see Sup-
plementary data). Meanwhile, the phonon disper-
sion of silicene is calculated from the first-principles
as well as ReaxFF-based lattice dynamics (Supple-
mentary data). Both the structural properties and
the phonon spectrum calculated from ReaxFF agree
well with those from the first-principles.

Geometry evolution causes the thermal
conductivity to increase under low strain
InGreen-Kubo-based EMD, the thermal conductiv-
ity κ of a 2Dmaterial is calculated by integrating the
heat current autocorrelation function (HCACF):

κ = 1
2kBT2V

∫ ∞

0
dt 〈S (0) · S (t)〉, (1)

where kB is the Boltzmann constant,T is the temper-
ature, V is the volume of the simulated sample, and
S is the heat flux. The factor of 2 in the denom-
inator ensures that the value is averaged over the
two in-plane directions. A further discussion of this
equation is briefly provided in the Supplementary
data. Details of the simulation setup can be found in
Methods. For integrating the HCACF, the cutoff
time τ c is carefully chosen based on the first dip
(FD) method [41], corresponding to the moment
when the tail of the HCACF first decays to zero.
For comparison, we also tried an improved ‘first
avalanche’ (FA) method [42] and obtained consis-
tent results in both cases.

Figure 2(a) shows the relationship between the
applied biaxial strain and thermal conductivity of
monolayer silicene, where each black square point
represents an average over five repeated calculations

with different initial velocity distributions and gray
pentagram points show standard errors. The ther-
mal conductivity response to increasingbiaxial strain
shows a two-stagedependence that hasnot beenpre-
viously reported. In the first stage, within the strain

Linear fitting for strain

Figure 2. (a) Relationship between the applied biaxial strain
and thermal conductivity of monolayer silicene. Each black
square point is averaged over five repeated calculationswith
different initial velocity distributions. Gray pentagram points
indicate standard errors. The red dashed line is the linear
fit within the strain range of [0, 0.1], and the blue dashed
line shows the average value within the strain range of
[0.11, 0.18]. (b) Comparisonwith previous results obtained by
the NEMD method (red) [36] and PBTE method (green) [32].
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range of [0, 0.1], the thermal conductivity mono-
tonically increases from 3.97 W m−1 K−1 at ε =
0 to 43.26 W m−1 K−1 at ε = 0.1, which is more
than 10 times larger. In the second stage, within the
strain range of [0.11, 0.18], as the strain further in-
creases, the thermal conductivity starts to fluctuate
within a rangewith an average of 147Wm−1 K−1, as
shown by the blue area and blue line in Figure 2(a).
Figure2(b) comparesour result (black line,ReaxFF-
based EMD, biaxial tension) with results from a
Tersoff-based NEMD study under uniaxial tension
(red line) [36] and from a DFT-based PBTE study
under biaxial tension (green line) [32].The y-axis is
set to a logarithmic scale to better show the differ-
ence. In the Tersoff-based NEMD study, as the uni-
axial strain increases, the thermal conductivity first
increases and quickly plateaus. However, as previ-
ously discussed, because theTersoffpotential fails to
reproduce the initial LB geometry, it cannot be re-
liably used to calculate the strain-dependent geom-
etry and thermal property evolution. In the DFT-
based PBTE study, as the biaxial strain increases
within the range of [0, 0.1], the thermal conductivity
of silicene with a finite sample size (0.3μm) contin-
ues to increase. Although the PBTE predicts similar
results to our study, it is based on DFT and limited
to static optimizations, while our study includes the
bonding dynamics. Next, we will show how the ge-
ometry evolution and bonding dynamics affect the
thermal responses.

Usually, tensile strain softens the phononmodes,
leading to a reduction in the in-plane lattice ther-
mal conductivity of 2D materials [23]. To under-
stand the unusual change in the thermal conduc-
tivity of monolayer silicene, we first analyzed the
geometry evolution with increasing biaxial tension.
Figure 3(a) depicts the variations in the average
bond angle and bond length. At zero strain, the av-
erage bond angle and bond length are 112.86o and
2.30 Å, respectively. As the applied strain increases
to ε = 0.1, the average bond angle increases to
119.14o, and the bond length increases to 2.39 Å.
In the first stage, the deformation is reflected mainly
through a flattening of the bond angle by 6.28o and
an elongation of the bond length by 0.09 Å. In the
second stage, as the applied strain further increases
from 0.11 to 0.18, the average bond angle increases
to 119.83o, and the bond length increases to 2.56 Å.
Therefore, the tensile strain in the second stage elon-
gates the bond length by 0.17 Å, almost twice that
in the first stage, while the bond angle is flattened
by 0.69o, almost 10 times smaller than that in the
first stage. In addition, it is worth noting that even
as the applied biaxial strain approaches the fracture
strain (∼0.21, as shown in Figure 1(c)), the aver-
age bond angle approaches but never reaches 120◦,

which means that the LB geometry is an intrinsic
property, as confirmedbyaDFTstudy [43].Thisun-
derlines the importance of the LB geometry as a pre-
requisite for the choice of the interatomic potential.

Variations in the average roughness are tracked
and plotted in Figure 3(b). Here, the roughness
is calculated by the root mean square method,
R= [(Z1

2 + Z2
2+· · ·+ZN

2)/N]1/2. The value of R
at zero strain is 1.16 Å, and it quickly decays as the bi-
axial strain increases, dropping by as much as 0.87 Å
in the first stage (strain range of [0, 0.1]) and be-
coming 0.12 Å (almost seven times smaller) at the
endof the second stage (strain rangeof [0.11, 0.18]).
The variations in all three properties (bond angle,
bond length and roughness) confirm a two-stage ge-
ometric response to biaxial strain. Figure 3(c) shows
the local bond length distribution in the first stage
(ε = 0, 0.04 and 0.08) and second stage (ε = 0.12
and 0.16). The black envelope curves show that the
bond lengths obey the normal distributionN(μ,σ 2)
over thewhole strain range, whereμ is themean and
σ is the standard deviation.

The slight increase in the average bond length
in the first stage (strain range of [0, 0.1]) should
normally result in bond softening and a reduction
in the thermal conductivity, contrary to the en-
hancement in the thermal conductivity observed in
Figure 2. To understand this apparent anomaly, a
double exponent fitting approach [44,45] with two
time constants was utilized to fit the decay of the
normalized HCACF Cor(t)/Cor(0). This concept
was first proposed to differentiate the thermal trans-
port contribution from fast optical modes and slow
acoustic modes [45]. In physics, the decay of the
HCACF results from the different relaxation times
of short- and long-wavelength phonons. The fitting
equation is expressed as

Cor (t)
Cor (0)

= A1e−t/τ1 + A2e−t/τ2 , (2)

in which A1 and A2 are fitting parameters, and τ 1
and τ 2 are the relaxation times of short- and long-
wavelength phonons.

Figure 4 shows the variations in the relaxation
times of short- and long-wavelength phonons with
biaxial strain. As the applied strain rises from0 to 0.1,
the relaxation time of long-wavelength phonons τ 2
increases from 0.76 ps to 6.44 ps, by approximately
eight times, while the relaxation time of short-
wavelength phonons τ 1 increases from 0.012 ps to
0.026 ps, which is more than twice as large. Within
the biaxial strain range of [0, 0.1], the observed flat-
tening of the LB geometry leads to an increased
contribution from long-wavelength phonons, which
prevails over the negative impact induced by the
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Figure 3. Geometry evolution in monolayer silicene under biaxial tension. (a) Bond angle, bond length and (b) roughness as
functions of strain. These values are averaged over five calculations for each biaxial strain. (c) Bond length distributions under
biaxial strains of 0, 0.04, 0.08, 0.12 and 0.16.

Figure 4. Relaxation times of short- and long-wavelength
phonons within the strain range of [0, 0.1].

slightly elongated bond length.Therefore, under rel-
atively low strain, the increased thermal conductivity
of silicene is a consequence of the 8-fold enhanced
lifetime of long-wavelength phonons, which benefits
from the flattened LB geometry.

Bonding dynamics causes the thermal
conductivity to saturate at high strain
In the observed anomalous strain effect on the ther-
mal conductivity κ of silicene, a unique behavior is

the saturation of κ in the strain range of [0.11, 0.18].
To understand why the thermal conductivity stops
increasing in this stage, we analyzed the relationship
between κ and cutoff time τ c, defined as the time at
which the HCACF decays to 0 (Figure 5(a)). De-
tailed in the Supplementary data are five calculations
of theHCACFunder biaxial strains ofε=0.12, 0.14,
0.16 and 0.18. In the fluctuation-dissipation theo-
rem and linear response theory, the time correlation
function describes the dynamics of the whole sys-
tem. In principle, for samples under different strains,
the cutoff time is different for different thermody-
namic states, leading to different decay rates. For dif-
ferent realizations under the same strain, although
different initial velocity distributions may not result
in equal decay rates, the cutoff times shouldonly vary
in a small range. However, as shown in Figure 5(a),
points with the same color and shape (meaning the
same strain condition) are scattered in space rather
than concentrated in a small region, which leads to
the fluctuation in the thermal conductivity under
high biaxial strain.

Furthermore, from the point of bonding dynam-
ics, we compared the bond length variation of a ran-
domly selected bond from silicene samples under
biaxial strains of ε = 0 and ε = 0.15 during heat
flux collection, as shown in Figure 5(b). The length
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Figure 5. (a) Thermal conductivity versus cutoff time within the strain range of [0.11, 0.18]. Points with the same shape and color indicate the same
biaxial strain condition. (b) Bond length variation of a randomly selected bond from silicene samples under two biaxial strains (ε = 0 and 0.15) during
the heat flux collection period. (c) Potential energy per atom calculated by ReaxFF as a function of the distance between two silicon atoms in an isolated
system. The inset shows the calculation system schematic. (d and e) Contour evolution of the bond length distribution in silicene samples under two
biaxial strains (ε = 0 and 0.15) within a short period starting from (d) t0 = 0 and (e) t0 = 50 ps. The black points in the contours represent the centers of
Si-Si bonds. The blue, cyan, green and red colors represent bond lengths smaller than r1, in the range of [r1, r2), in the range of [r2, r3) and larger than
r3. The upper and lower bounds of each color (r1, r2, r3) classify different degrees of bond strength as extracted from (c).
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variations of the two bonds are sinusoidal like, with
fluctuation amplitudes of 0.06 Å at ε = 0 and 0.18 Å
at ε = 0.15, which means that local bonds tend
to elongate and shorten with larger amplitude un-
der higher strain. To see how the enhanced bond-
ing dynamics affects interatomic interactions, an iso-
lated system with only two silicon atoms was con-
structed, as schematically illustrated by the inset in
Figure 5(c). In this system, one silicon atom is fixed
while the other is moved away. The interaction en-
ergy between the two atoms as a function of distance
was measured by the ReaxFF approach used in this
study andplotted inFigure 5(c).Themost stable dis-
tance between two silicon atoms is r0 = 2.30 Å, the
sameas the equilibratedSi-Si bond length in silicene,
with aminimum energy of E0 =−1.21 eV.We iden-
tified the interatomic distances corresponding to
95%E0, 90%E0 and85%E0 as r1 =2.45 Å, r2 =2.52 Å
and r3 = 2.57 Å. Froma global perspective, as shown
in Figure 3(a), when the biaxial strain reaches 0.18,
the average bond length is 2.56 Å, which is still
smaller than r3 corresponding to 85%E0. This sug-
gests that there is no significant bond weakening
in silicene within the strain range under investiga-
tion, consistent with the brittle stress–strain rela-
tionships shown in Figure 1(c). Furthermore, we
used r1, r2 and r3 to classify the bond lengths (the de-
grees of bond strength) in thewhole silicene sample.
Figure 5(d and e) depicts the contour evolution of
the bond length distribution in silicene samples un-
der two typical biaxial strains (ε=0and0.15)within
a short period starting from two different moments
t0. Here, the black points mark the centers of each
Si-Si bond, and the different colors represent differ-
ent bond length ranges bounded by r1, r2 and r3.
In a short period starting from t0 = 0, as shown in
Figure 5(d), every bond in the silicene sample un-
der strain ε = 0 (the first row) stays within the
range of r1, while under strain ε = 0.15 (the sec-
ond row), the bonds experience rapid oscillations
everywhere. This phenomenon also exists during
the period starting from t0 = 50 ps, as shown in
Figure 5(e), where all Si-Si bonds in silicene stay
stable within the same range (blue) under strain
ε = 0 (the first row) while they continuously shut-
tle through different typical ranges (cyan, green and
red) under strain ε = 0.15 (the second row).

According to these two randomly selected short
periods, it can be speculated that under high strain,
silicene attains a unique dynamic equilibrium in
which atoms are more active and bonds ceaselessly
elongate and shorten in a moderate manner. In this
kind of equilibrium, the bonds are subject to more
length fluctuations with strong perturbations to the
interatomic potential [46]. From Klemens’ pertur-
bation theory [47], the rate of phonon scattering for

different force constants is given as � ∝ δ2, where
δ is the change in the force constant. Therefore,
the large fluctuations in the local bond lengths un-
der extreme tensile loading can generate additional
phonon scattering. Overall, the flattened LB geom-
etry suppresses the scattering of long-wavelength
phonons, while the enhanced bond dynamics in-
troduces extra phonon scatterings. The competition
between these two mechanisms leads to a plateau in
the thermal conductivity.

CONCLUSIONS
In conclusion, by applying ReaxFF-based EMD, we
have revealed an anomalous strain effect on the ther-
mal conductivity of monolayer silicene, a represen-
tative LB-2D material. ReaxFF is chosen to pro-
vide an effective and accurate description of both
the LB geometry and bonding dynamics. We find
that the thermal conductivity of silicene increases
within the strain range of [0, 0.1] and saturates to a
plateau within the strain range of [0.11, 0.18]. The
first stage of increasing thermal conductivity is due
to strain-induced flattening of the LB-2D geome-
try, which enhances the thermal transport contri-
bution from long-wavelength phonons. The second
stage of saturation of the thermal conductivity is a
consequence of the competition between the con-
tinuously flattened geometry and increasing bond
length fluctuation at high strain. Our results not
only reveal an anomalous effect of biaxial strain on
the thermal conductivity of monolayer silicene but
also may suggest a general principle applicable to all
LB-2D materials. These findings significantly enrich
our fundamental understanding of the strain effects
on heat conduction in 2Dmaterials and provide use-
ful guidelines for manipulating the thermal conduc-
tivity in practical applications. Finally, we would like
tomention that at present, it is still a challenge to sep-
arate silicene from a substrate. In this work, we focus
on a universal strain effect on the in-plane thermal
conductivity. If the interaction between silicene and
substrate is sufficiently weak, such as in the case of
van der Waals interaction, the phenomena reported
in the present work are expected to be observable.

METHODS
All of our ReaxFF-based EMDsimulationswere per-
formed with a large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS) [48,49]. The
thickness of silicene is 4.2 Å. Periodic boundary
conditions were applied in the two in-plane direc-
tions, and the in-plane size of the simulation box
was chosen to be 6 nm, beyond which the thermal
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conductivity result becomes size-independent (see
Supplementary data).The integration time step was
0.2 fs, the same as in previous ReaxFF-based inter-
face studies [50]. The sample was first equilibrated
at room temperature (300 K) and zero pressure for
5 × 105 steps before a biaxial strain was applied by
stretching the box at a constant strain rate of 1e−6

per fs until the desired strain was reached.The strain
level was stepwise increased in the range between 0
and 0.18 at an interval of 0.01. At each level, to elim-
inate the possible influence of the strain rate, after
the desired strain was reached, the silicene sample
was relaxed under the NVT ensemble (fixed volume
and room temperature via a Nose-Hover thermo-
stat) for another 2.5 × 106 steps to attain full equi-
librium. Subsequently, the ensemble was changed to
NVE to collect the heat flux of each loading step for
3× 106 steps.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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