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Local strain effect on the thermal transport of graphene nanoribbon:
a molecular dynamics investigation

Lanqing Xu,a Xiaoman Zhanga and Yongping Zheng ∗b

Strain engineering of the thermal conductivity of graphene is highly desirable for various nanoscale thermal devices. Previous
investigations have been focused mainly on the uniform strain applied uniaxially or biaxially. In this work we investigated, by
non-equilibrium molecular dynamics simulations, the thermal transport behavior of graphene nanoribbon under local, nonuni-
form strain. A capped carbon nanotube (CNT) is used as a representative tip to indent the graphene, which creates a local
stress field similar to those that induced by nanoindentation or molecular adsorption. The relations among structural defor-
mations, phonon transport, and stress field were analyzed, and the effects of indentation depth, tip-surface interaction strength
were discussed. More than 50% reduction of thermal conductance can be observed for a 20 nm× 5 nm graphene nanoribbon
under indentation. Our study revealed that the thermal transport of graphene responds flexibly and sensitively to the local strain,
which can be exploited for new functional nanodevices across various disciplines such as position sensing or molecular sensing.
Thermal sensor based on graphene can then be constructed.

1 Introduction

As one of the most high-profile materials in current nanotech-
nology research, graphene has brought countless opportunities
to explore new physical phenomena and to implement novel
devices. Owing to its extraordinary electronic properties1, su-
perior mechanical strength2 and ultrahigh thermal conductiv-
ity3,4, graphene has been suggested as an ideal candidate in
the applications for electronic and thermal management de-
vices.The thermal conductivity of suspended graphene varies
in the range from 1800-5000 W/m·K depending on the sam-
ple size and quality3,5–8. The thermal conductivity of sup-
ported graphene is reduced to the range 370-660 W/m·K due
to phonon scattering on the substract3,7,9. Moreover, the ther-
mal properties of graphene are sensitive to small perturba-
tions. For example, the change from 0.01% to 1% in C13 iso-
tope content reduces the thermal conductivity of graphene at
room temperature by approximately 25%8. The quality of the
contacts between graphene and substrates can influences heat
transfer significantly as well10. Other theoretical investiga-
tions involving ab initio calculations and molecular dynamics
(MD) simulations also revealed that κ varies with size, tem-
perature, chirality, and defects, etc11–13.

Being a very stable atomically thick membrane that can
be suspended between two leads, graphene provides a per-
fect platform for desirable thermal management applica-
tions in various disciplines such as thermal waveguides,
switches, rectifiers, thermal transistors, thermal barriers,
and thermoelectrics3,4,14,15, wherein materials with high/low,
isotropic/anisotropic, even variable thermal conductivities
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are required to realize functions or to simplify the design.
Chemical decoration, such as hydrogen functionalization has
been revealed to tune κ of graphene effectively over a wide
range via defect ratio engineering16. By physically tailor-
ing graphene nanoribbon into asymmetric shapes such as tri-
angle17, direction-dependent thermal rectification can be ob-
tained. Moreover, to utilize the giant contrast of κ between
the in-plane and out-of-plane directions, molecular or carbon-
based interlayer cross-links were added to quantitatively con-
trol the thermal conduction across the graphene layers. Via
structural designs18,19 of its carbon backbone, selective ther-
mal transport can be achieved effectively.

Apart from the aforementioned aspects, strain is also known
to drastically affect heat transport when introduced in an oth-
erwise undisturbed crystalline lattice. Strain in silicon is now
a major engineering tool for improving the performance of
devices, and is ubiquitously used in device design and fab-
rication20,21. Thermal conductivity of single-wall CNT can
be tuned flexibly under both compressive and tensile axial
deformations22,23. Thermal conductivity of graphene is also
very sensitive to strain. Thermal conductivity of suspended
single layer graphene can be reduced by both compressive
and tensile strain24. Nonuiform strain field on the graphene
nanoribbon can induce asymmetric heat transfer and signif-
icant thermal rectification over 70% can be achieved25. In
a multilayer grephene stack, with a compressive cross-plane
stress of 2 GPa, the Kapitza resistance is reduced by about
50%. On the other hand, compressive in-plane strain can ei-
ther increase or reduce the Kapitza resistance, depending on
the specific way it is applied26. Computational study showed
that graphene sheets undergo complex reconstructions when
the strains were applied, which induced variations in thermal
conductivity27. The suggested strong strain dependence of
the thermal conductivity for graphene can explain some of the
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discrepancies in the reported experimental values. More pro-
found first-principles calculation of lattice vibrations showed
that under tensile strain the two degenerate optical branches
in the phonon dispersion curves split near the G points, and
the frequencies of the optical phonon modes shift down. With
a strain exceeding a threshold of 16% a frequency gap was
observed which forbids vibration modes in the frequency re-
gion. High-frequency phonon modes shift down discernibly,
more phonons are activated and the heat capacity is increased,
κ is reduced because of enhanced Umklapp scattering among
more phonons28. Other physical characters, such as the acous-
tic phonon lifetime, were also revealed to be closely related to
strain29. Thermal transport of graphene under strain has at-
tracted significant attentions over the past decade.

Through literature review we found that previous reports
have been focused mainly on the effect of uniform strain
applied, limited attention has been paid to the local strain
or nonuniform structural deformation25. Local, nonuniform
strain is frequently encountered during material test or fabri-
cation. Molecular adsorption and nanoindentation are the two
most common ways to induce local stress field. It has been
clarified that local stress field created by probe-tip (such as
atomic force microscopy tip) can lead to a spatially confined
quantum dot on the graphene sheet, resulting in completely
different electronic spectrum30. Mechanical properties can
also response sensitively to the exerted strain. These kinds of
variations can be used to design electric sensors31, mass sen-
sors32, strain sensors33, molecular sensors34,35, etc. But how
can the heat transfer be affected by an approaching/retracting
indenter tip or an adsorbed molecule? What are the effects
of the interaction strength between the tip/molecule and the
graphene surface on the heat transfer?

There are two general issues among these questions: (1)
the approaching of indenter tip or the adsorption of a molec-
ular can induce a local deformation region which can trigger
phonon scattering and hence influence heat transfer; (2) dif-
ferent kinds of tip/molecular will have different interaction
strength, which can superimposes on the effect from stress-
induced local deformation. Up to now little is known on
the thermal response of graphene under local strain, not to
mention the corresponding applications. The vast knowledge
gained so far invites deep understanding of this point. To this
end, in this work we performed molecular dynamics (MD)
simulations to investigate the thermal transport behavior of
graphene nanoribbons under local strain. The strain is applied
via nanoscale indentation, a method which is usually applied
to test the mechanical properties of materials in small dimen-
sions36. Focus is placed on the heat blocking and phonon scat-
tering on the graphene plane beneath the indenter tip, and the
underpinning mechanism was discussed.

2 Models and methods

2.1 Models

We used a representative capped CNT to indent a graphene
nanoribbon (GNR), as illustrated in the lower inset in Fig. 1.
The size of the GNR investigated is 230Å×50Å. An edge re-
gion of ∼ 5Å at each end of the longitudinal direction (x-axis)
is fixed to ensure that the sample will not move downward dur-
ing indentation. Beside the fixed region is the thermobath with
a width of 10 Å, which is large enough to maintain a robust
heat flux. Thus, the effective length of the ribbon is 20 nm. A
capped CNT is used to simulate the tip or testing molecule and
approaches the graphene surface from the center of the GNR,
resulting in a local indentation region beneath the tip. The
depth of the indentation can represent the approaching depth
or the position of tip/molecular, and the varying interaction
strength can be simulated via tuning the Lennard-Jones (L-J)
coefficients between the CNT and the GNR due to the non-
bonding character. Herein, we define the indentation depth as
the distance between the tip and the graphene basal plane (see
the upper-right inset in Fig. 1). Positive depth corresponds to
indentation and negative depth represents retraction of the tip.

2.2 Computational methods

MD calculations are carried out using LAMMPS software
package37, and the bonding and non-bonding atomic interac-
tions are expressed by the widely used AIREBO potential38

and the L-J potential, respectively. A vacuum space of 10 Å
is inserted in both the lateral direction (y-axis) and the vertical
direction (z-axis). The capped CNT approaches the graphene
surface to a certain degree to ensure a firm contact, and then
approaches deeper or retracts away to simulate various inden-
tation depths. After that, the tip is fixed during the whole sim-
ulation. Initially, 200 ps Nóse-Hoover thermo bath coupling39

(coupling constant 0.1 ps) with background temperature 300
K are conducted to achieve equilibrated structures. The struc-
tural optimization was performed using the Polak-Ribière ver-
sion of the conjugated gradient algorithm. The Velocity-Verlet
time stepping method is adopted and the integration time step
is set as 0.5 fs. After the equilibrium state was achieved,
NVE ensemble is adopted and non-equilibrium molecular dy-
namics (NEMD) simulations are performed to investigate the
thermal transport behavior. The imposing of heat flux is real-
ized by the energy and momentum conserving velocity rescal-
ing algorithm40, which has been widely used to investigate
asymmetric heat transfer in various materials41. By rescal-
ing the atomic velocities at specified time interval dt, a spe-
cific amount of kinetic energy dE is injected into the source
and subtracted from the sink respectively. Thus, a temperature
gradient can be set up. The imposed heat flux can be calcu-
lated as J = dE/dt. After 2.5 ns of the exchanging process
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the nonequilibrium steady state is reached, and the subsequent
nonequilibrium simulation process covers 3 ns. To calculate
the thermal conductivity, we divide the GNR into several slabs
of constant length of 2 Å along its axis. Within each slab the
instantaneous kinetic energy is used to compute the tempera-
ture and the obtained momentary temperature is averaged over
a 3 ns time interval to calculate the temperature profile, that is

Ti =
1

3NikB

Ni

∑
j=1

m jv2
j (1)

where Ni is the number of atoms in the ith slab, kB is the Boltz-
mann constant, m j and v j represent the mass and velocity of
the atom j, respectively. The temperature profile of a typi-
cal indented GNR sample, along with the schematic of atomic
configuration and the corresponding heat source and sink do-
mains, are presented in Fig. 1. According to the Fourier’s law,
the thermal conductivity can be calculated by

κ =
J/A

∂T/∂x
(2)

where A is the cross sectional area in the heat transfer direc-
tion, which equals the product of the width and thickness of
the ribbon. The thickness of graphene is assumed to be 0.142
nm, which is the generally accepted C-C bond length and has
been repeatedly used in literature to obtain thermal conductiv-
ity of graphene or CNTs22,27. We examined a zigzag graphene
nanoribbon of 200Å×50Å and obtained a thermal conductiv-
ity of 253.1 W/(m·K), which fits well in the κ range of previ-
ous reports17,18,22,27 and confirmed the validity of the simula-
tion methods used here. The thermal conductivity of graphene
calculated by the NEMD method increases with increasing
sample size. However, in this work we focus on the relative
variation of thermal conductivity with respect to indentation.
Different sample lengths lead to different predictions of the
indent deformation for a given relative reduction of thermal
conductivity, but the overall decreasing trend of thermal con-
ductivity upon indentation is not affected by the finite-size ef-
fects, as will be discussed in Section 3.4.

For further analysis, we also calculate the phonon spectrum
function (phonon density of states) g(ω) as a function of the
phonon frequency ω from Fourier transform of the velocity
autocorrelation function42:

g(ω) =
1√
2π

∫ ∞

0
eiωtCvv(t)dt, (3)

where the normalized velocity autocorrelation function Cvv(t)
is defined to be

Cvv(t) =
〈∑n vn(t0 + t) ·vn(t0)〉
〈∑n vn(t0) ·vn(t0)〉 . (4)

Here, vn(t) is the velocity vector of atom n at time t, the sum-
mations are over the atoms in the relevant part of the simu-
lated system and 〈 〉 denotes ensemble averaging over differ-
ent time origins t0. The above definition corresponds to the to-
tal phonon density of states. However, we are also interested
in its x, y, and z components, which are calculated by using
the corresponding components of the velocity vectors. In our
calculations, the velocities were recorded every 1 fs and the
ensemble averaging was performed over a time interval of 50
ps after the system reaches equilibration.

3 Results and discussions

3.1 General temperature profiles

We first investigate the general temperature profiles of a pris-
tine GNR and an indented GNR (Fig. 1). The temperature
profile of pristine GNR is a typical figure which had also been
shown up in other existing works43. The boundary tempera-
ture jump near thermobath is claimed to be induced by edge
states of the system44. Thus, care must be taken while cal-
culating κ from this non-linear profile which indicates that
thermal transport is not fully diffusive. To avoid edge effects
and to obtain correct diffusive κ we use the temperature gra-
dient of the middle portion (linear part) between the thermo-
baths, and the obtained κ is 253.1 W/(m·K) for pristine GNR.
The calculated κ in our samples are much smaller than the re-
ported values for isolated monolayer graphene (∼ 1800-5000
W/(m·K))5–8, given the finite size of our simulated system
wherein size effects will play. However, one is still able to
observe changes in thermal transport caused by structural de-
formation even when the simulation size is not large22,43. As
will be seen in the following sections, this sample size is also
large enough to demonstrate the impeding of heat transfer ow-
ing to local structural deformation.

Upon indentation, the sheet beneath the tip was pressed
down, leading to stretched C-C bonds and a bowl-like local
structural deformation. Structurally, the honeycomb lattice is
still well maintained and no Stone-Wales defect or vacancy
defect as reported elsewhere45 was found. Thus, no signif-
icant corrugation was observed. The appearance of indenter
tip perturbs the heat flow on the graphene plane, as can be sur-
mised from the slightly disturbed temperature profile in Fig.
1. The temperature gradient is noticeably higher, resulting
in a much smaller κ of 227.5 W/(m·K) with an indentation
depth of 10 Å. The structural deformation beneath the tip in-
duces local strain which affects the vibration properties of the
material. Speed of sound, frequency range, scattering rates,
and therefore thermal conductivity are all altered, thus hinders
heat transfer.
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3.2 Effects of indentation

3.2.1 Local stress fieldTo explore the origin of reduced
heat conductance at the presence of indentation, we first in-
vestigate the stress distribution. The stress tensors for each
individual carbon atoms are calculated46,47 to obtain the spa-
tial atomic stress distribution, and the noise is reduced by
averaging the results over a period of 0.5 ps. From the ob-
tained results (the lower inset in Fig. 2) one can see that the
highest stress occurs among atoms beneath the tip, i.e., region
A. A naive deduction is that the tip imposes high local stress
on region A and confines atoms’ vibration, therefore induces
phonon scattering and hinders heat transfer. However, the ver-
tical deflection profiles give rise to different answer. We focus
on the carbon atoms under the indenter, i.e., atoms within the
same y coordinate range of the indented CNT. The z coordi-
nates of these atoms are first averaged along y axis to derive
an instantaneous averaged z(x), and then averaged in the time
span to derive the overall z(x). The standard deviation can
be used to measure the degree of out-of-plane oscillations for
atoms at different x position. From Fig. 2 one can see the
lowest z occurs at the indent position ( x ∼ 10 nm ), coincid-
ing with the high stress field observed in region A. However,
the local stress field does not confine the oscillation of car-
bon atoms. Atoms in the indented region (region A) oscillate
much more severely than atoms in the other regions (region
B), as represented by larger error bars or higher dz (∼ 0.66Å
vs ∼ 0.37Å). Since this is quite counter-intuitive, we off-set
the indenter to x = 6.5 nm and plotted z(x) as the grey curve.
It is clear that the position of the largest error bar moves in ac-
cordance with indent position. The larger oscillation is caused
by the indentation. To understand this point, we compared the
atomic fluctuations over the whole ribbon and found that the
most severe oscillation occurs at the edges. When the free,
unconstrained edges meet the confined indented region, sig-
nificant structural deformations occur, leading to severe fluc-
tuations at the edge under the indenter. Driven by this, the
atoms under the indenter fluctuate much more drastic than the
atoms away from the indenter. Therefore, the point indenter
induces significant structural deformation beneath the inden-
ter which does not confine the atomic movement but promote
it instead. We had also replaced the indenter with a CNT lying
across the graphene, the fluctuations under the indented CNT
were confined, but heat transfer was hindered at the indented
region as well(Fig. A1).

3.2.2 Phonon density of statesTo further investigate the
relation between the reduced heat conductance and the local
deformation field, we selected three typical regions A, B, C
(as illustrated in the inset snapshot in Fig. 3) and calculated
their respective phonon spectrums and compared them with
the pristine situation. Fig. 3(a) shows representative phonon
spectrum for pristine GNR, exhibiting the typical G-band peak

characteristic of vibration modes for 3-fold carbon atoms.
However, phonon spectrums for region A, B, and C are quite
different to each other, which suggests mismatched group ve-
locity vg and will leads to disturbed heat transfer across the
overall sheet plane. This is the first point in understanding
the decrease of κ . On the other hand, the phonon DOS for
region A possesses two main characters that can affect heat
transfer: the remarkable softening and broadening of G-band
(Fig. 3 (a)). The broadening of the phonon modes indicates a
descending of the life time of the corresponding modes48. As
a result, their contributions to the thermal conductivity will
be reduced. The softening of the higher frequency peaks will
slow down the phonon group velocities and result in a thermal
conductivity decrease according to the classical lattice thermal
transport theory κ = ΣmCvvml, where Cv,vm and l are the spe-
cific heat, group velocity and mean free path of the phonon,
respectively. Similar softening of G-band was observed in the
Raman spectra of graphene flake under uniaxial strain49 and
in few-layer graphene sheet under uniform in-plane strain26.

To confirm the relation between the indentation and the soft-
ening, we calculated the phonon spectrums for atoms in region
A of GNRs with 10 Å and 17.5 Å indentation depths(Fig. 3(b).
It is interesting to observe that the G-band peak shift to lower
range for deeper indentation (∼ 49.5 THz for 10 Å indentation
and∼ 47.5 THz for 17.5 Å indentation). When the indentation
is severe, G-peak splits into dual-peaks (due to the breaking
of the double-degeneracy of the in-plane phonons26). From a
comparison of Figs. 3(a) and 3(b) we can see that although
the red-shift of G-band is obvious, the low frequency modes
do not have significant band-shift. The contributions to the
high and low frequency bands come from different donors. To
understand this point, we recorded the velocities in x,y,z direc-
tions for atoms in region A and did Fourier transform to their
VACFs. From the obtained results as presented in Fig. 3(c)
one can see that the contribution to the high frequency bands
(> 40 THz) comes mainly from the x and y components of vi-
bration modes, whereas the contribution to the low frequency
bands comes mainly from the z component. Detailed analysis
of the phonon modes with respect to indentation depth reveals
that G-band exists only in the x and y components and they
are shifted down as indentation goes on, and a small peak at∼
50 THz emerges and shifts down with increasing indentation
for the z component (Fig. A2). The contributions to the G-
band shift from the x and y components are much larger than
the z component. Although the stress was applied from cross-
plane direction, the structural confinement at the ribbon ends
transfers the stress to couple with in-plane deformation, thus
affected the in-plane phonon spectrum. The phonon spectrum
analysis elucidates how cross-plane strain can be used to mod-
ulate the in-plane vibration and to affect the thermal transport.

From Fig. 3 one can see that the phonon spectrum in the
low frequency range does not change significantly, which is
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partly due to the boundary cut-down effect. To understand
this point in more detail, lattice dynamics calculations are per-
formed and the dispersion relations of strained graphene (uni-
form inplane strain ε = 2%) are compared to the un-strained
ones (Fig. 4). Herein periodic boundary condition is applied
and the sample is strained biaxially and uniformly. It is worth
pointing out that the out of plane movement of graphene atoms
gives rise to flexual acoustic (ZA) and flexual optical (ZO)
modes. ZA modes are expected to be the main heat carrier in
graphene. With strain applied, a linearization of the dispersion
relation of the ZA mode is observed. This kind of lineariza-
tion suggested that nonvanishing group velocity for the ZA
modes tend to propagate along the strain axis50. The in-plane
acoustic modes, TA and LA, are slightly softened. The optical
phonons in the high frequency range are softened significantly,
leading to red-shifted G-band as observed in Fig. 3. In the
point-indentation situation, stresses are accumulated under the
indenter. The boundary around highly-stressed region induces
group velocity mismatch and provides extra scattering chan-
nels to limit heat transfer, especially for the high frequency
modes. Although the low frequency phonons may contribute
more to the thermal conductance, in this point-deformation
case the high frequency modes contribute much more to the
transformation of the phonon spectrum than the low frequency
modes.

3.2.3 Bond length analysis Phonon vibrations have close
relation with bonds. To explore the underpinning mechanisms
of the shifted phonon bands, we calculated the average bond
length Lbond(x) as a function of x position for the middle por-
tion of the ribbon (illustrated by the black rectangle in Fig.
5(a)). The obtained Lbond fluctuates around 1.407 Å over the
majority of ribbon, whereas increases dramatically to 1.420 Å
when the averaging region approaches the tip location (x∼ 10
nm), wherein the highest atomic stress exhibits (Fig. 5(b)).
Thus, a strong bond-length mismatch will occur near the in-
denter tip. with increasing indentation depth, the mismatch
becomes more and more severe( Fig. 5(c)). The abrupt mis-
match between Region A and the surroundings behave like
a grain boundary or a structural interface on the graphene
plane. In the non-harmonic region, the enlarged lattice re-
duces the force constant. The mismatched bond length re-
duces the crystal symmetry. More phonons are activated and
the Umklapp scattering effect would be more prominent. One
can deduce that the stress field beneath the tip induces local
bondlength stretching over region A under the tip, the strong
phonon scattering at the mismatched boundary edge of region
A confines the transfer of phonon modes, which finally leads
to red-shifted G-band and hinders heat transfer. The disturb-
ing of heat transfer will be more severe in the heavy load/deep
indentation circumstances, as will be seen in the following dis-
cussion.

3.3 Effect of Tip-surface Interaction

The tip-surface interaction strength can have strong influence
on the heat transfer. To further understand this point, we re-
placed the capped CNT with a tip of specific element and mod-
eled tip-surface interaction using L-J description. By chang-
ing the L-J interaction strength one can simulate various kinds
of tips. For simplicity we tested three elements (C, O, and
Au) and an artificial element with varying strength ε . A sum-
mary of these interaction coefficients is given in Table 1. The
inset snapshots in Fig. 6 illustrate the general structural de-
formation as ε increases, i.e., more adhesion surface between
the tip and GNR upon larger ε . When the adhesion is sig-
nificant, a ripple-like structural deformation can be observed,
leading to a “boundary” between the indented region (beneath
the tip) and the others. The upper-right inset in Fig. 6 illus-
trates a typical temperature profile, wherein a sharp temper-
ature jump occurs at the indent position, which is similar to
those temperature jumps observed at the grain boundaries51,52

and crystal interfaces53. The jump in the temperature across
the boundary gives a measure of the boundary conductance
(Kapitza conductance) G through the relation G = 〈Q〉

∆T ,where
Q is the heat flux density and the brackets 〈〉 indicate the av-
erage of the quantities over time as well as over the particles
in the sample. The calculated Kapitza conductance for Au tip
at 10 Å indentation depth is 8.34× 1010 W/(m2·K), which is
80, 50 and 20 times larger than the boundary conductance re-
ported for boundaries in Si-Si(001) ∑29 grain boundary54, the
Si-Ge 〈100〉 interface55, and Si-Ge nanocrystal boundaries53

respectively. With increasing ε the Kapizta conductance de-
creases exponentially. For C-C interface the obtained Kapizta
conductance is estimated to be more than 1×1012 W/(m2·K).
The boundary mismatch observed here is more similar to the
thermal boundary reported in Si-Ge nanocrystal boundaries53

than the structural interface such as grains51, wherein the tem-
perature jump is not sharp and abrupt. Moreover, the bound-
ary mismatch enhances with increasing indentation depth, the
Kapitza conductance can increases under tight indentation and
decreases under heavy indentation. Overall, strong tip-surface
interaction can lead to greater temperature jump in the in-
dented region and higher thermal resistance occurs wherein,
and the boundary mismatch is enhanced upon deeper inden-
tation. The indentation-induced “boundary” causes group ve-
locity vg mismatch and triggers strong phonon scattering, thus
worsen the thermal transport.

3.4 Effect of indentation depth

Through the approach and retract cycle, the indenter can press
the sheet surface to a certain degree, or lift the sheet plane over
its normal height due to the van der Waals interlayer adsorp-
tion. To give more insight into the effect of indentation on the
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heat transfer, we performed calculations on the thermal con-
ductivity of GNRs with varying indentation depth. Firstly, the
capped CNT indents into the GNR 2 Å below the surface plane
to ensure a firm contact. Then, it indents further (to simu-
late the approaching process) or retracts backward (to simulate
the retracting process), corresponding to positive or negative
indentation depth respectively. With deeper indentation, the
stronger local stress field leads to more severe bond mismatch
and the phonon scattering is more significant. Thus, κ de-
creases quickly with increasing indentation depth (Fig. 7 (a)).
The phenomenon in the retracting procedure is much more
complicated. From the inset snapshots one can see that when
the tip is lifted 1∼ 2 Å above the graphene basal plane, adhe-
sion between the tip and graphene is strong and the graphene
sheet is adsorbed upward as the tip retracts, resulting in a
ripple-like deformation. The adhesion becomes weaker as the
tip retracts on and disappears when the tip height is ∼ 3.5 Å
above the graphene basal plane, which indicates that there will
be barely no interaction between the tip and the graphene sur-
face. Similar effective interlayer interaction distance has been
reported for AFM tip and graphite surface56. The variations
of thermal conductivity with respect to d coincide with the ob-
served structural deformation rules. The averaged κ begins to
decrease from d ∼−3.5 Å, wherein the tip-surface interaction
begins to take effect. Although the standard deviation is large,
the trend is still obvious. The small reduction of κ upon the
lifting of the graphene sheet can be ascribed to the interlayer
adhesion induced structural deformation.

In addition, thermal conductance C, defined as the time rate
of steady state heat flow through a unit area of a material, pro-
vides another easy mean to measure in the experiments. Fig. 7
(b) illustrates the thermal conductance of indented GNR with
different indentation depth. One can see that the thermal con-
ductance of pristine GNR is around 5.70 ×109 W/(m2·K).
When the indenter approaches the graphene plane, the ther-
mal conductance descends with enhanced indentation depth.
The overall drop of C is more than 50% given 40 Å indenta-
tion. The huge drop of thermal conductance can be detected
from the experimental point of view. More over, some pre-
vious studies showed that thermal conductivity of graphene
deverges in the uniformly strained condition50 and have a log-
arithmic devergence with respect to sample size13. We calcu-
lated κ and C for indented GNRs from 10 nm to 40 nm (Fig.
8). The indentation depth was kept as 15 Å. Both κ and C
are reduced, and the absolute amounts of reduction vary with
GNR size. However, the relative reduction percentages, κ/κ0
and C/C0, show a decreasing trend with increasing size and
saturate when the ribbon length is > 30 nm. Longer GNRs
need to be indented to a larger depth to achieve the same de-
gree of thermal variation, i.e., longer GNRs corresponds to
lower sensitivity. Within the investigated size range, the point
indentation have significant impact on the thermal transport

which can be detected from the variation of κ or C, but dif-
ferent size of GNR will has different sensitivity. In turn, for
a GNR with finite size, the indentation depth can be retrieved
from the relative reduction of κ or C with proper calibration.

3.5 Further remarks

As stated in the Introduction, in this work we are concerning
on two issues: (1) the effect of local deformation on the ther-
mal transport; (2) the effect of tip-surface interaction on the
thermal transport. Results in Section 3.2 addressed the first
issue. The adhesion/indentation of tip/molecular induces lo-
calized high stress field beneath the representative indenter tip.
However, the effect of local stress field on the thermal trans-
port does not lie in the confinement of atomic vibrations. The
stress-induced abrupt boundary mismatch and corresponding
phonon scattering is the main reason. Results in Section 3.3
addressed the second issue. Different molecular/indenter tip
can have different interactions with the graphene sheet. The
interaction strength can affect the Kapitza conductance sig-
nificantly. This gives us a hint to explore the application of
thermal conductance in molecular sensing. Moreover, thermal
conductivity and thermal conductance of graphene nanorib-
bon is very sensitive to the tip-surface distance. Within the
van der Waals interaction range (∼ 3.5Å), the tip begins to
affect the structural conformation of graphene surface. The
lifted surface can have a subtle influence on thermal transport,
which can be utilized for non-contact molecular sensing or
position sensing. With further indentation, κ versus indenta-
tion depth presents a nearly linear decreasing trend within the
investigated strain range. And the variation of thermal con-
ductance is large enough for an experimental measurement.
Although other theoretical investigation showed that phonon
thermal transport is largely unaffected by 1% strain57, the in-
vestigated strain is applied uniformly within basal plane and
the magnitude is rather small, which is quite different from
the one investigated here. Regarding the divergence of ther-
mal conductivity of graphene under strain and with size13,50,
our size test showed that within the investigated size range
the rules of thumb exist as well with the exception that differ-
ent size will have different sensitivity. In a broader view, the
results as presented in Section 3.3 and 3.4 suggest that with
proper calibration, the flexible variation of thermal transport
of graphene under local strain can be utilized to construct sen-
sitive molecular sensor and position sensor.There can be other
effects which can also influence the thermal transport. In this
work, we focus on the indentation, leaving complications of
coexistence of defect scattering for a possible future study.
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4 Conclusions

In summary, in this work non-equilibrium molecular dynamics
simulations were conducted to investigate the thermal trans-
port on graphene under local strain. The strain was applied
via using a representative capped CNT to indent the graphene
nanoribbon. Significant structural deformation was observed
beneath the tip, and the conformation is disparate for different
tip-surface distance and tip-surface interaction. The abrupt
structural changes exhibit themselves clearly and flexibly in
thermal conductivity, thermal conductance and Kapitza con-
ductance, i.e., unusual heat transfer. The molecular dynam-
ics simulations suggest two mechanisms by which heat con-
ductance was hindered: (i) abrupt bondlength mismatch in
the contact zone edge due to the local stress field, which in-
duces vibration mode competing and phonon scattering; (ii)
extra structural deformation induced by tip-surface interlayer
adsorption, which superimposes on the indentation-induced
stress field, resulting in a clear thermal resistance boundary
which can be significantly high for strong tip-surface inter-
action. Thermal conductivity and thermal conductance of in-
dented GNR presents a flexible descending trend with respect
to indentation depth, and Kapitza conductance changes sig-
nificantly with respective tip-surface interaction strength. All
the variations take place sensitively within a few to tens of
angstroms length scale. Our study provides additional insight
into the unique thermal properties of such interesting nanos-
tructure and sheds new light on the application in the vicinity
of thermal-transport-based new functional devices. One can
envision that this kind of nanoscale, sensitive response of ther-
mal transport versus local strain can be exploited for nanoscale
sensing devices such as molecular sensor and position sensor.
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Fig. 1 (color on line) Sample temperature profiles of pristine GNR and indented GNR. The effective sample size is 20 nm × 5 nm, exclusive
of the fixed regions and the thermobaths. The gray atoms at both ends are fixed; the red and blue atoms represent heat source and sink,
respectively. A 5×5 capped CNT indents the graphene plane from the central point (x∼ 10 nm). The upper-right inset shows the definition of
indentation depth. The line+circle and line+triangle curves show the temperature profiles of pristine GNR and indented GNR, respectively.
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Fig. 2 (color on line) Vertical deflection profiles, represented as averaged z position vs ribbon length coordination x. To avoid the edge effect,
only atoms in the central 10 Å of the ribbon (ribbon width is ∼ 50 Å) are analyzed. Error bars correspond to out-of-plane oscillation
magnitude of atoms’ z position. The red curve corresponds to the central indentation case (capped CNT indented on top of region A) and the
grey curve corresponds to the case that indenter tip is shifted leftward. The lower inset snapshot illustrates the spatial atomic stress
distribution, where the largest stress occurs at region A. The upper inset figure plots the out-of-plane displacement of z versus its average
position at the time span for atoms in region A and B. It is interesting to notice that the largest oscillation occurs right beneath the tip.
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Fig. 3 (color on line) Comparison of phonon spectrums for pristine GNR and atoms over regions A, B, C in the indented GNR. The effective
ribbon size is 20 nm × 5 nm. Region A locates right under the tip with the center coordinate of (10 nm,2.5 nm), region B locates at the left of
region A with the center coordinate of (5 nm,2.5 nm), and region C locates at front of region A with the center coordinate of (10 nm,1.25 nm).
The indentation depth of the tip is 17.5 Å. Curve for region A has a remarkable red-shift of the G-band. (b) Comparison of phonon spectrums
for indented GNRs with different indentation depth, 10 Å vs 17.5 Å. The red-shift of the G-band is larger for deeper indentation. (c)
Decomposition of the phonon spectrum for GNR with 17.5 Å indentation depth into its x,y, and z components. High frequency bands are
contributed mainly by the in-plane vibrations and low frequency bands are contributed mainly by the off-plane vibrations.
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Fig. 4 (color on line) Phonon dispersion relations of unstrained graphene sheet (black) and of graphene sheet under uniform biaxial strain
ε = 2% (red). Dispersion curves are computed from lattice dynamics calculations.
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Fig. 8 (color on line) Relative reduction of (a) thermal conductivity (κ0−κ)/κ0 and (b) thermal conductance (C0−C)/C0 as a function of
GNR length. The width is 50 Å, and the indentation depth is 15 Å for all the five investigated ribbons. κ0 and C0 are calculated from the
corresponding pristine GNRs without indentation.

1–19 | 13

Page 13 of 19 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Tables

14 | 1–19

Page 14 of 19Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Table 1 Interaction coefficients between indenter tip and graphene surface. The tested tip elements include C, O, Au and arbitrary artificial
element with varying ε .

C-C58 C-O59 C-Au60 C-Artificial Element
ε (eV) 0.00296 0.00406 0.0220 0.0024∼ 0.09
σ (Å) 3.3997 3.1900 2.7400 3.4000
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Fig. A1 (color on line) Vertical deflection profiles. The indented CNT lies across the plane and indented to a depth of 15 Å, as showed in the
lower inset snapshot. Error bars correspond to out-of-plane oscillation magnitude from the average height. The upper inset figure plots the
temperature profile for the GNR.
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that in Figure 3, and the indentation depth is 10 Å and 17.5 Å, respectively.
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