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Soliton-like thermophoresis of graphene wrinkles

Yufeng Guo* and Wanlin Guo

We studied the thermophoretic motion of wrinkles formed in substrate-supported graphene sheets by

nonequilibrium molecular dynamics simulations. We found that a single wrinkle moves along applied

temperature gradient with a constant acceleration that is linearly proportional to temperature deviation

between the heating and cooling sides of the graphene sheet. Like a solitary wave, the atoms of the

single wrinkle drift upwards and downwards, which prompts the wrinkle to move forwards. The driving

force for such thermophoretic movement can be mainly attributed to a lower free energy of the wrinkle

back root when it is transformed from the front root. We establish a motion equation to describe the

soliton-like thermophoresis of a single graphene wrinkle based on the Korteweg–de Vries equation.

Similar motions are also observed for wrinkles formed in a Cu-supported graphene sheet. These findings

provide an energy conversion mechanism by using graphene wrinkle thermophoresis.
1 Introduction

Graphene, one of the thinnest elastic lms in the world, exhibits
exceptional mechanical,1–3 thermal4–6 and electronic proper-
ties.7–9 Wrinkles and ridges have usually been observed in gra-
phene sheets, which were obtained by mechanical exfoliation
on SiO2,10 chemical vapor deposition (CVD) growth on Cu foils11

and SiC epitaxial growth,12,13 mainly due to compressive effects
from substrates and the low bending rigidity of graphene. Such
structural corrugations have a remarkable impact on the elec-
tronic conductivity and quantum transport properties of gra-
phene.14–16 On the other hand, wrinkled graphene leads to new
physical phenomena and is playing an increasingly important
role in developing novel nano electromechanical systems. For
example, wrinkled graphene sheets have recently been shown to
be useful in exible electronic sensors by cooperating with
substrate morphology,17 and successfully employed to fabricate
well-aligned graphene nanoribbons.18

How to manipulate and control wrinkle morphology is a key
issue for utilizing wrinkled graphene characteristics to design
functional devices. Previous experiments have shown that the
geometry of pre-existing wrinkles or ridges in graphene sheets
can be modied using atomic force microscopy (AFM) tips.12,15

Moreover, thermally induced compressive strain creates peri-
odic graphene wrinkles with controllable wavelength and
amplitude.19,20 During the working process of graphene-based
devices, temperature might vary in different parts of the
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graphene. Wrinkles are actually hard to avoid in the graphene
plane while the physical properties of graphene are closely
related to its structure. However, the effects of temperature
change on wrinkle structure and dynamic behaviors, to our best
knowledge, are seldom considered in previous studies. On the
other hand, thermal load, such as thermophoresis caused by
temperature gradient, is a commonly used way to explore
thermally actuated phenomena at the nanoscale, and also
useful for converting thermal energy into desired mechanical
energy.21–25 Further investigations on the response of wrinkles to
thermal inuence are therefore necessary for actual applica-
tions of wrinkled graphene.

In this study, we show by nonequilibrium molecular
dynamics (MD) simulations that a single wrinkle formed in a
substrate-supported graphene sheet will move from hot to cold
regions when subjected to a temperature gradient. Thermo-
phoresis of the wrinkle is a constant acceleration motion, and
its acceleration increases linearly with increasing the tempera-
ture deviation between the heating and cooling sides of the
sheet. The atoms of the single wrinkle dri upwards and
downwards, moving the wrinkle forwards. This kind of motion
is similar to the dynamic behaviors of a solitary wave or single-
soliton described by the Korteweg–de Vries (KdV) equation,
where the solitary wave is localized and travels with unchanged
shape.26,27 The driving force for such thermophoretic movement
can be attributed to the fact that the front root of the wrinkle
transforming into the back root will have a lower free energy.
Based on the KdV equation, we establish a motion equation to
describe the soliton-like thermophoretic movement of a single
graphene wrinkle. Furthermore, similar accelerated motion has
been observed for two wrinkles formed in a Cu-supported gra-
phene sheet, which move together from the hot to cold regions,
but the wrinkle in the hotter region has a higher acceleration
This journal is ª The Royal Society of Chemistry 2013
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than that of the wrinkle in the cooler region. Our results unveil a
novel energy conversion through thermophoresis of a graphene
wrinkle.
2 Model and method

Here we choose an AB stacking graphite of three-layer as the
substrate, of which the bottom layer is xed in our simulations.
The length and width of the substrate are 29.5 nm and 6.4 nm,
respectively. A graphene sheet with the same size is placed on
the substrate surface. The periodic boundary condition is
applied in the width direction to avoid edge effect. Due to
structural buckling, a wrinkle is created in the graphene sheet
when a uniaxial compression applied at the le and right sides,
as shown in Fig. 1(a). This kind of wrinkle has been experi-
mentally realized by the compression from the AFM tips and
substrates. Because of the large size scale for the considered
system, the inuence from interlayer registry and atom
arrangement between the wrinkled graphene and substrate is
slight. Nonequilibrium MD simulations28 are performed by
using the adaptive intermolecular reactive bond order (AIREBO)
potential29 to account for C–C interactions and the 6–12 Len-
nard-Jones (L-J) potential for nonbonding van der Waals inter-
actions, which are implemented in the LAMMPS package.30 The
AIREBO potential has been shown to provide an accurate
account of the chemical and mechanical behaviors of carbon
materials.31–34 The whole system is rst relaxed in a canonical
ensemble (NVT) at 300 K by a Nose–Hoover thermostat35,36 for
200 ps, and the time step is 1 fs. Then two slabs with a length of
Fig. 1 (a) A wrinkle is created by applying a�6.1% uniaxial compression in the x
direction of the graphene sheet supported by the graphite substrate (top), and a
snapshot of the thermophoretic movement of the wrinkle under a temperature
deviation of 100 K between the heating and cooling regions (bottom). (b) The
temperature distribution along the graphene sheet averaged from 20 to 100 ps
before the wrinkle starts to move. Here l is the length of the graphene sheet
between the heating and cooling regions. The averaged temperature along the
graphene sheet is about 300 K.

This journal is ª The Royal Society of Chemistry 2013
1.35 nm at the le and right sides of the sheet are chosen to
model the heat source [red color in Fig. 1(a)] and heat sink (gray
color) by increasing and decreasing the temperature around
300 K, respectively. The graphene sheet between the heat source
and sink regions is relaxed again in a microcanonical ensemble
(NVE) under a given temperature difference. As a result, a
temperature gradient is established along the sheet with the
average temperature between the heat source and sink keeping
at 300 K. Such kind of setting for achieving thermal gradient has
been widely employed in thermophoresis and heat transfer
simulations.21,37,38 Because of weak interlayer interactions, the
substrate plays a role in stabilizing the wrinkle structure.
3 Results and discussion

We rst consider a single wrinkle, which is formed by applying a
uniaxial compression of 3 ¼ �6.1% on the graphene sheet, in
the presence of the heat source and heat sink. For a given
temperature deviation DT ¼ 100 K between the heating and
cooling slabs, the wrinkle rstly stays at its initial position and
the whole sheet will be relaxed to build a temperature gradient
along its longitudinal direction before the wrinkle movement,
as shown by the averaged temperature prole in Fig. 1(b). Once
the thermal gradientDT/l in the inner region is established aer
100 ps, the wrinkle starts to run toward the cold side. Fig. 1(a)
presents a MD snapshot of the wrinkle motion under DT ¼
100 K. This wrinkle will nally stop and stay at the cold end. To
obtain the wrinkle motion characteristics, we record the trans-
lational displacements in the x direction under various DT, and
the variations of the thermophoretic motion with time are
plotted in Fig. 2(a). To simplify, we set the time to zero when the
Fig. 2 (a) Translational displacement of the wrinkle of 3 ¼ �6.1% as a function
of time under different temperature deviations DT. Here we set the time to zero
when the wrinkle begins to move. The solid lines are the quadratic polynomial fits
to the MD data. The inset shows the structure between the back root rb and front
root rf of the wrinkle. (b)The variation of the translational acceleration aw with
temperature gradient DT/l.

Nanoscale, 2013, 5, 318–323 | 319



Fig. 3 The chosen carbon atoms highlighted by a cyan circle (a) ascend and (b)
descend when the wrinkle is moving forward under DT/l ¼ 3.84 K nm�1. The
black arrows denote the locations of these atoms, and the horizontal arrows show
the translational direction of the wrinkle. (c) The displacements in the z and x
directions, and (d) the free energy with time for the chosen atoms shown in (a)
and (b). The shaded region represents the descending of the chosen atoms. Erf, Erb
and Etop are the free energies for the chosen atoms located at the front root, back
root and top of the wrinkle, respectively. Here we set the time to zero when the
atom begins to move.

Fig. 4 Translational displacements of the wrinkles of 3 ¼ �10.6% and �19.7%
as a function of time under DT/l ¼ 7.69 K nm�1. The solid lines are quadratic

polynomial fits of x ¼
�aw
2

�
t2 þ bwt to the MD data. The insets show the struc-

tures of the wrinkles.
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wrinkle begins to move. It is shown that this thermally activated
motion depends on the temperature deviation between the heat
source and sink. Higher temperature difference leads to a larger
thermal gradient. The wrinkle is running faster under higher
DT. Surprisingly, all the motion data can be well tted by a

quadratic polynomial: x ¼ aw
2
t2 þ bwt, here x is the translational

displacement of the wrinkle and t is the time, and aw, bw, are the
tting parameters. In term of this equation, we can deduce
d2x
dt2

¼ aw. This indicates that the wrinkle runs with a constant

translational acceleration. Moreover, the height and width of
the wrinkle are approximately unchanged during its movement,
suggesting an identical wrinkle effective mass. So we can
assume that there is a force F acting on the wrinkle and satis-
fying F ¼ Meaw, here Me is the effective mass of the wrinkle. To
further understand the thermal effect on the wrinkle, Fig. 2(b)
presents the variations of the acceleration aw with temperature
gradient DT/l. The acceleration linearly increases with
increasing temperature gradient. Therefore, the thermopho-
retic motion of the wrinkle can be described by Newton’s
second law of motion.

Temperature also varies along the wrinkle, and the atoms at
higher temperature possess higher potential energies. The
translational movement of the wrinkle is actually activated by
its carbon atoms detaching from substrate (ascending in the z
direction) and attaching (descending) with substrate under the
temperature gradient. Fig. 3(a) and (b) show some snapshots of
the motion trajectory of the chosen atoms (cyan color) at the
wrinkle front root under DT ¼ 100 K (DT/l ¼ 3.84 K nm�1). The
atoms at the front root rstly rise up and transform into the
wrinkle top, then they fall down to the substrate and become
the back root. This kind of motion is similar to the behavior of
a solitary wave. The displacements of the chosen atoms in the z
and x directions with time are shown in Fig. 3(c). Besides the
vibration in the z direction, the atoms are also moving
forwards along the x direction. The translational displacement
in the x direction for the atoms completing the transition from
the front root to the back root is just the value of the wrinkle
length subtracting its width, while the wrinkle is moving
forward with a distance equal to the wrinkle length. The cor-
responding free energies that are the sum of kinetic and
potential energies for the chosen atoms are shown in Fig. 3(d).
The energy increases as the atoms at the front root rise up, as
denoted by the red arrow in Fig. 3(d), which means that the
ascending process is endothermic. On the contrary, the energy
decreases when the wrinkle top becomes the back root, and the
descending process is exothermic. It is clearly shown in
Fig. 3(d) that the energy change DEb between the wrinkle top
and back root is larger than that of DEf between the top and
front root, here DEb ¼ Etop � Erb and DEf ¼ Etop � Erf. The
atoms at the wrinkle front root move forward to a colder region
when they transform into the back root, as shown by the x
displacements in Fig. 3(c), so that Erb is lower than the initial
Erf. As a result, the thermophoresis of the wrinkle can occur
only if DEb > DEf. The energy difference between Erb and Erf
depends on the magnitude of the temperature gradient, which
320 | Nanoscale, 2013, 5, 318–323
is the main driving force for the thermophoretic motion of the
graphene wrinkle.

With increasing compression on the graphene sheet, the
wrinkle height and length increase but the width decreases, and
the shape of the wrinkle is changed as well, as shown by the
This journal is ª The Royal Society of Chemistry 2013



Fig. 5 Translational displacement of the wrinkle of 3 ¼ �5.4% formed in Cu-
supported graphene sheet as a function of time under DT/l ¼ 7.05 K nm�1. The
solid lines are quadratic polynomial fits to the MD data. The inset shows the
structure of the wrinkle.
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insets in Fig. 4. Applying the thermal difference of DT ¼ 200 K
(DT/l¼ 7.69 K nm�1) can still motivate the wrinkle to move from
the hot site to the cold site. Similarly, all the MD motion data
can be well tted by a quadratic polynomial (Fig. 4), but the
translation acceleration decreases with the strain increase. This
is because the change of wrinkle shape increases its effective
mass and extends the time for the front root transforming into
the back root. However, the thermally driven motion will be
halted when the highly deformed wrinkle is formed. Under 3 ¼
�21.2%, the front and back bottoms of the wrinkle bind
together by non-bonding van der Waals interactions. This
wrinkle cannot move in the presence of DT ¼ 200 K or even
higher, as the interlayer relative friction between the wrinkle
bottoms is large enough to lock its movement.

The thermophoretic movement and structural shape of the
graphene wrinkles are very similar to a solitary wave and its
motion characteristics. The motion equation of a single-soliton
is usually described by the KdV equation:26,39

vu

vt
þ u

vu

vx
þ v3u

vx3
¼ 0:

One solution to this equation is: u ¼ 3csec h2
ffiffi
c

p
2

ðx� ctÞ,
here c is considered to be the velocity of the soliton. According
to our MD simulation results and tted quadratic polynomial,
we assume that the wrinkle at different positions has a struc-

tural form: uw ¼ 3cwsec h
2x, here x ¼

ffiffiffiffiffi
cw

p
2

�
x�

�
a
2

�
t2 � bt

�
. cw,

a and b are constants, and cw can be adjusted to make uw
consistent with the shape of the wrinkle. Then we can demon-
strate that the uw satises the motion equation below:

vuw

vt
þ uw

vuw

vx
þ ðatþ b� cwÞ vuw

vx
þ v3uw

vx3
¼ 0:

As the shape of the wrinkle is unchanged during traveling,
the wrinkle motion can be considered as a kind of single-
soliton. Compared with the KdV equation, there is an additional

item ðatþ b� cwÞ vuw
vx

. This is the driving force from thermal

gradient for the accelerated motion of the wrinkles. The
Hamiltonian of this soliton derived from the motion equation
is:

H ¼ T þ V ¼ 1

2

cw
ffiffiffiffiffi
cw

p
8

ðu0
wÞ2þ

ffiffiffiffiffi
cw

p
12

u3w � cw
ffiffiffiffiffi
cw

p
4

u2w � Auw:

here u
0
w ¼ vuw

vx
and A is a constant. The item

1
2
cw

ffiffiffiffiffi
cw

p
8

ðu0
wÞ2 is the

kinetic energy, so
cw

ffiffiffiffiffi
cw

p
8

should be the effective mass of the

soliton. The effective mass increases with increasing the wrinkle
height. It is also concluded from those equations that the
acceleration decreases with increasing the effective mass under
the same thermal gradient. The theoretical prediction from the
motion equation coincides with the MD simulation results.

To understand the effect of substrate, we have studied
thermophoretic motion of a wrinkle formed in a Cu-supported
graphene sheet. We chose a graphene sheet with a length of 58.8
This journal is ª The Royal Society of Chemistry 2013
nm placed on a (100) Cu substrate. The C–C and Cu–Cu inter-
actions are described by the AIREBO potential and embedded
atom method (EAM) potential,40 respectively. Here we use the
6–12 L-J potential to describe the C–Cu interaction with
parameters sc–cu ¼ 3.225 Å and 3c–cu ¼ 0.019996 eV, which have
been proved to be valid for non-bonding C–Cu interaction.41,42

The interlayer interaction between the graphene and the Cu
substrate is stronger than that between two graphene sheets. A
wrinkle is created by applying a uniaxial compression of�5.4%.
Being the same as previous case, the wrinkle starts to move aer
a temperature gradient is established. Fig. 5 shows the variation
of the translational displacement of the wrinkle with time
under DT/l¼ 7.05 K nm�1. All the motion data can be well tted

by the quadratic polynomial: x ¼ aw
2
t2 þ bwt. Therefore, soliton-

like thermophoresis is also available for a single graphene
wrinkle on Cu substrate.

Furthermore, we have studied thermophoretic motion of two
graphene wrinkles on Cu substrate. The two wrinkles are
created by applying a uniaxial compression of �10.88% with
imposing a constraint in the middle part of the sheet. Then the
whole system is relaxed without this constraint under 300 K for
200 ps. The two wrinkles are quite stable in the Cu-supported
graphene, as shown in Fig. 6(a). The same simulation setting
(Fig. 1) is applied for this system and a temperature gradient of
DT/l ¼ 3.53 K nm�1 is formed along the sheet before the wrin-
kles move. Fig. 6(b) shows the displacements of the two wrin-
kles with time. The wrinkle (W1) in the hotter region comes into
motion rst, and the second wrinkle (W2) in the cooler region
begins to move aer an approximate 120 ps delay. Both the W1
andW2motion data are well tted by the quadratic polynomial:

x ¼ aw
2
t2 þ bwt. The corresponding accelerations for theW1 and

W2 are 122 and 112 nm ns�2, respectively. This is because that
the size andmass of wrinkle 1 are smaller than that of wrinkle 2.
Due to a larger acceleration, theW1moves faster than theW2 so
that they crash with each other aer 260 ps. The strong inter-
action between the crashed wrinkles leads to a structure shi,
so the movement of the stacked wrinkles under thermal
Nanoscale, 2013, 5, 318–323 | 321



Fig. 6 (a) Two wrinkles are created by applying a uniaxial compression of 3 ¼
�10.88% in the x direction of the graphene sheet supported by Cu substrate. (b)
Displacements of the two wrinkles W1 and W2 in the x direction as a function of
time under DT/l¼ 3.53 K nm�1. The solid lines are the quadratic polynomial fits of

x ¼
�aw
2

�
t2 þ bt to the MD data before the wrinkles crash. The insets show the

MD snapshots of the wrinkles at 120 and 260 ps.

Nanoscale Paper
gradient is different from that of a single wrinkle, and nally
they stay at the cooler site. These results indicate that the
thermal gradient can drive graphene wrinkles moving to the
cooler region and forming a tightly stacking wrinkle structure
[the top inset in Fig. 6(b)] on a metal substrate. When the same
system is put on a at graphite substrate, owing to the weaker
interlayer interaction it is difficult to stabilize two such wrinkles
in the graphene plane, which will transform into one big
wrinkle aer structural relaxation at 300 K.
4 Conclusion

The wrinkles in a substrate-supported graphene sheets sub-
jected to thermal gradients will move from the hot to the cold
region with constant accelerations. This thermophoresis obeys
Newton’s second law of motion and is described by our estab-
lished motion equation based on the KdV equation of soliton.
The wrinkle thermophoretic motion is mainly due to the atoms
constituting the wrinkle front root having lower free energy
when they transform into the back root. The soliton-like ther-
mophoresis of wrinkles opens up a possibility of utilizing gra-
phene wrinkles to design a thermal motor, and can be used for
controllable manipulation of functional graphene-based
devices.
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