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ABSTRACT

Switchable thermal devices are attracting significant research interest as a basic thermal management
component. In this work, taking graphene/fullerene/graphene sandwiches as an example, we demonstrate
that the interfacial thermal resistance can show a switchable, step-like change by varying the number of
fullerenes in the sandwich structure. Changing the number of fullerenes causes a structural transition
between the graphene layers from adhered to separated, resulting in an enhancement of about a factor
of two in the interfacial thermal resistance during this on/off switchable phenomenon, which we analyze
using analytic expressions based on the thermal transport theory. We further illustrate that the switch-
able phenomenon can also be realized by applying mechanical strain or by varying the temperature of
the sandwich structure. This work demonstrates that the sandwich-liked nanoscale heterostructures can
exhibit hysteretic changes in heat transport, and thus have promise for potential applications in switch-

able thermal devices.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Switchable thermal devices, which are similar to the electronic
components of integrated circuits, have great potential for appli-
cations in thermal switches [1], thermal diodes [2], and logic ele-
ments [3]. These switchable thermal components allow the heat
flux to switch between a heat-conducting ‘on-state’ and a heat-
blocking ‘off-state’. In the recent review article [4], many physical
mechanisms and technologies were introduced to realize the ther-
mal switch effect, including phase transition [5,6], chemical com-
position modification [7], cryogenically applied magnetic or elec-
tric fields [8,9], and so on.

Besides, the thermal switches can be realized by changing
the bond strength and the microstructure at the interface region,
which can effectively affect the thermal property. For example, Yu
et al. found that the mixture of graphene and aluminum ions can
form more compact packing structures and enhance the thermal
conductivity by one order of magnitude [10]. Yang et al. found
that the thermal conductivity of boron nanoribbon bundles can be
switched by using different liquids to change the bonding strength
between nanoribbons [11]. Yuzvinsky et al. designed a multi-layer
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carbon tube structure, where the phenomenon of thermal switch-
ing was realized by sliding the outer shells in a telescoping-like
manner [12]. However, most of the designed interface structures
need to be changed artificially to achieve a thermal switching phe-
nomenon, which makes it difficult to be used in some extreme en-
vironments, such as nuclear radiation.

Novel structures, such as the sandwich-like heterostructure,
may have significant potential to efficiently manipulate the ther-
mal transport, which is important for thermal switches. The
sandwich-like heterostructure can be constructed by stacking
atomic layers in a layer-by-layer mode [13]. Not only can it ad-
just the thermal conductivity by changing the weight fraction of
the interlayer [14], but also the structure is very sensitive to the
environmental changes, such as temperature, resulting in differ-
ent thermal conductivity [14,15]. For example, the degree of crys-
tallinity of the epoxy resin is low at low temperature, and the ther-
mal conductivity of Te/MoS,/Ag-epoxy heterostructure at 5 wt%
rises with the increase of temperature until the transition tem-
perature is reached [15]. Different from other methods based on
a single control technology, the thermal properties of sandwich-
like heterostructure can also be effectively controlled by mechani-
cal methods, because this van der Waals structure can be changed
by strain. Thus, by changing experimental conditions or natural en-
vironments, the structure of sandwich-like heterostructures can be
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effectively controlled, thereby changing the thermal conductivity.
It is quite interesting and critical to examine how the structural
transitions of sandwich-like heterostructure will affect the thermal
hysteresis in different environments.

As a special sandwich structure, the graphene/fullerene/
graphene (GFG) sandwich, which has recently been observed ex-
perimentally, is a novel platform for multifunctional applications
[16]. The GFG sandwich has already shown many superior and
tunable physical properties, such as high thermoelectric figure of
merit [17] and tunable wrinkle network [18]. Similarly, the GFG
sandwich has plenty of novel configurations as a direct result of
the extreme flexibility of graphene and the unique spherical struc-
ture of fullerenes [19]. For example, a small number of fullerenes
can be enclosed by two graphene layers, i.e., these two outer
graphene layers are adhered together. With the increase of the
fullerene number, the outer two graphene layers will be separated,
resulting in a structural transition.

Therefore, taking the GFG sandwich as an example, the interfa-
cial thermal resistance (ITR) is systematically investigated by the
heat dissipation method with molecular dynamics (MD) simula-
tions in this work. We find a step-like jump in the ITR by vary-
ing the fullerene number, due to the structural transition for the
graphene layers from an adhered configuration into a separated
atomic configuration. The on/off switchable behavior is described
by the analytic expressions derived based on the thermal transport
theory. We further illustrate that the switchable phenomenon can
be realized by applying mechanical strain or varying the tempera-
ture of the sandwich-like structure. These sandwich-like structures
can thus lead to hysteretic changes in heat transport, which opens
up new pathways for developing switchable thermal devices.

2. Structure and simulation details

As shown in Fig. 1, the GFG sandwiched structure includes
three layers, where a fullerene layer is sandwiched by two
graphene layers. The area of the square graphene layer is Ay = L2.
The area ratio between the graphene and fullerene layers is de-
fined as o = Aio‘ where A is the area of the fullerene layer. The
dimensions of GFG sandwiches in x and y directions are properly
chosen so that the mismatch strain is less than 1%.

All MD simulations were performed by using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) package
[20], while the VMD package is used for visualization [21]. Peri-
odic boundary conditions were applied along the in-plane x and y
directions to remove the edge effect, while free boundary condi-
tions were applied in the out-of-plane direction. The adaptive in-
termolecular reactive empirical bond-order (AIREBO) potential was
adopted to describe the covalent and van der Waals (vdW) inter-
actions among carbon atoms, which has been successfully applied
to investigate mechanical and thermal properties for graphene
[22,23]. The Lennard-Jones (L]) cutoff among all carbon atoms for
the AIREBO potential is set to be 12 A. The standard Newton equa-
tions of motion are integrated in time using the velocity Verlet al-
gorithm [24] with a time step of 1 fs.

Fig. 1. Atomic structure for GFG sandwiches.
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Fig. 2. The temperature difference during the heat dissipation process. (a) The time
dependence for the temperature of the heat source and heat sink. The inset shows
a schematic diagram of the heat dissipation model. (b) The evolution of the tem-
perature difference during the heat dissipation process.

The thermal transport process is simulated using the heat dis-
sipation method in this work [25], which mimics the experimen-
tal pump-probe approach as shown in Fig. 2(a). This method is
widely used in the study of interfacial thermal transport [26,27].
There are three steps in the simulation. First, the relaxed configura-
tion is equilibrated at a constant temperature and pressure within
the isothermal-isobaric (NPT) ensemble for 0.6 ns. Second, an ini-
tial temperature difference is set up between the upper graphene
layer and the lower graphene layer, by maintaining the constant
temperature for these two parts with the Berendsen method [28],
which has been frequently used to control the temperature in
the research of thermal properties [27,29]. The main results are
unchanged if the Langevin thermostat is used instead. The NVE
(constant atom number, constant volume, and constant energy) en-
semble is used in the second step. In the final step, the system is
allowed to evolve freely within the NVE ensemble. The heat energy
flows from the upper graphene layer into the lower part, so the
temperature for the upper graphene layer (T;,) will decrease grad-
ually. In the meantime, the temperature for the lower part (T.(0))
is kept unchanged. The system reaches the equilibrium state when
the entire system has the same temperature.

According to the Fourier’s law and the definition of the heat
capacity, the time dependence for the temperature T, is governed
by the following equation [25]:

Copd Gt =~ [T~ T, 1)
where Gy, p, and d are the specific heat capacity, the mass density,
and the thickness of graphene, respectively and Ry is the interfa-
cial thermal resistance. From Eq. (1), the temperature difference,
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Fig. 3. The size effect on the ITR. (a) The ITR for the GFG structure with different
dimensions. The horizontal line is a guide to the eyes. (b) A summary of the ITR
of the interface constructed by the covalent bond (the yellow region), the hydrogen
bond (the green region) and the van der Waals force (the blue region). The data are
collected from the literature [27,29,31-43]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

AT(t) = Ty (t) — T.(0), can be obtained as
AT(t) = ATpexp(—t/T), (2)

where ATy = T,(0) — Tc(0) is the initial temperature difference. It
has been shown that the initial temperature difference AT, has no
effect on the ITR above 50 K [30], so we choose a proper value
of ATy =200 K in the following calculations, which has also been
used in some previous studies [26,27]. As shown in Fig. 2(b), the
temperature difference can be well fitted to the theoretical result
in Eq. (2), yielding the value of the thermal relaxation time 7 =

R’ﬁf". Then the interfacial thermal resistance can be calculated by
[25]:
TA
Ry = —. 3
K=¢ 3)

3. Results and discussion
3.1. Structure transition effect

We first examine the size effect on the ITR of the graphene/
fullerene interface at room temperature. The fullerene layer is
sandwiched by two graphene layers with the dimension from
2.94 x 3.39 nm? to 26.88 x 26.67 nm2. As shown in Fig. 3(a),
the ITR is about 69.19 m2K/GW and is not sensitive to the
area of the graphene/fullerene interface. This area insensitivity
for the ITR has also been observed in the graphene/graphene
[35] and graphene/black phosphorus [27] interfaces. The ITR of the
graphene/fullerene interface is compared with the ITR value re-
ported for some other interfaces in Fig. 3(b). The interface is di-
vided into three categories according to the nature of the inter-
facial bonding properties, including the covalent bond (the yellow
region), the hydrogen bonds (the green region) and the van der
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Fig. 4. The effect of the area ratio o on the ITR. (a) The dependence of the ITR on
the area ratio «. Insets display the structural pattern for the GFG heterostructure.
(b) The size dependence for the ITR jump at the critical point a(;.

Waals force (the blue region). It can be seen that the ITR of the
graphene/fullerene interface is the maximum value in the Fig. 3(b),
which is about twice the ITR for the graphene/graphene interface.

Before demonstrating the strong effect that the atomic configu-
ration has on the ITR of the graphene/fullerene interface, we first
demonstrate the structural transitions that can occur for this struc-
ture. In a recent work, we have disclosed that the structure of the
GFG heterostructure is sensitive to the area ratio o = Ag/Ag, where
Ar and A are the areas of the fullerene and the graphene layers,
respectively [19]. From the energy point of view, the configuration
of the GFG sandwich structure is determined by two typical en-
ergies, i.e,, the cohesive energy and the bending energy. There are
two structure transitions that occur with increasing area ratio «.
For a given number of fullerenes (with a specific value of «), the
fullerene layer can be either in the circular pattern or the rectan-
gular pattern. By comparing the stability of the two patterns, the
most stable pattern can be obtained. For a given graphene bilayer,
the most stable pattern of the fullerene layer will evolve from cir-
cular to rectangular at a critical ratio o = 1/ with increasing
fullerene number, as shown in the insets of Fig. 4(a). Note that the
top and bottom graphene layers are adhered in both the circular
and rectangular patterns. With further increasing fullerene num-
ber in the rectangular pattern, the cohesive energy between the
graphene layers is reduced. Due to the competition between bend-
ing and cohesive energies, the GFG system transits from the ad-
hered configuration into the separated configuration as displayed
by the insets of Fig. 4(a). The critical value «, is described by the
following analytic expression,

20, 2c

= P2 4
FAT “)

where g. = —0.019 eV/A is the cohesive energy density per area,
Py = 0.075 eV/A is the bending energy density per length, c is a
fitting parameter and L is the lateral dimension of the system. The
GFG of two different dimensions are simulated. The critical value
for the area ratio o, is size-dependent, and is 0.66 and 0.83 for
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the structure of 9.94 x 9.60 nm? and 20.16 x 19.88 nm? structures,
respectively.

We next study the effects of these two structure transitions
on the ITR of the GFG system. There are several major features
in Fig. 4(a). First, the ITR of GFG sandwiches rises gradually for
o < 0. However, there is a sharp jump for the ITR at «,. This im-
plies that the conduction across the GFG heterostructure is switch-
able in a wide range. Furthermore, the magnitude of the jump at
o, depends on the size of the GFG heterostructure. The ITR de-
creases gradually with further increasing o for o > o).

The gradual increase of the ITR with increasing area ratio
o for a <oy can be understood in terms of the interface ad-
hesive strength. The adhesive strength between the spherical
fullerenes and the flat graphene layer is weaker than the adhe-
sive strength between two graphene layers because the contact
area between the fullerene and graphene is smaller, due to the
spherical shape of the fullerene. With the increase of the area ra-
tio o, the graphene/graphene interfacial area is replaced by the
graphene/fullerene interfacial area, so the overall adhesive strength
of the interface is reduced and the ITR increases as a consequence.
The ITR of the GFG sandwich structure can be calculated based on
the interfacial thermal conductivity (ITC) of the graphene/graphene
and graphene/fullerene interfaces:

K =okg+ (1 —a)kq, (5)

where ky =0.014 GW/m2K is the ITC of the graphene/fullerene
interface, and «; =0.033 GW/m2K is the ITC of the
graphene/graphene interface. The corresponding ITR is

1 1

Rk:E:aKO—i-(]—oz)K]'

(6)
Fig. 4(a) shows that the analytic result in Eq. (6) is in good agree-
ment with the MD simulation results for the GFG of different sizes.

The ITR shows a sharp jump at the second critical point o,.
This ITR is enhanced by more than a factor of two as a result of
this sharp jump. This jump in ITR is directly related to the struc-
ture transition from the adhered configuration into the separated
configuration at the second critical point a. As a result of the
separation of the graphene layers, the heat conduction ability is
significantly reduced for the GFG heterostructure, as the separated
graphene segments do not contribute to the heat conduction. Thus,
for the GFG with & > «,, the heat conduction is primarily due to
the graphene/fullerene interface. The relationship between ITR and
« is reduced to

1

R, = akg’ (7)
Fig. 4(a) shows that the analytic result in Eq. (7) also qualitatively
agrees with the MD results. In particular, this analytic expression
is able to describe the MD result for the GFG of different sizes.

We now discuss the jump of the ITR at «. in Fig. 4(a).
This jump phenomenon can be considered as an on/off switch-
able cross-plane thermal conductivity, which enables the GFG het-
erostructure to be potentially useful for switchable thermal com-
ponents. Fig. 4(a) illustrates that the magnitude of the jump (ARg)
at a depends on the size of the GFG heterostructure. For exam-
ple, ARy is 61.04 m2K/GW and 38.65 m2K/GW for the GFG of size
100 nm? and 400 nm?, respectively. An analytic expression can be
achieved for the size dependence of the jump magnitude by com-
bining Egs. (4), (6) and (7)

1 1

AR= ke ™ wako + (1 —aa)kr’ (®)
Fig. 4(b) shows that the theoretical prediction by Eq. (8) is con-
sistent with the simulation results. This downward trend of ITR
shows that GFG sandwich structure has greater advantages for
switchable thermal elements when the size is less than 20 nm.
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Fig. 5. The temperature dependence for the ITR. Insets display the atomic configu-
ration for the GFG interface at 500 K and 700 K for the GFG structure with o = 0.76.

3.2. Temperature effect

Thermal conductivity is known to be temperature-sensitive,
and so we study the temperature effect on the ITR. We begin
with a GFG heterostructure containing fullerenes in the rectan-
gular pattern, with size 20.16 x 19.88 nm?. We simulate the GFG
sandwich structures with the area ratio o of 1.0, 0.81, 0.76 and
0.48. For o = 1.0 (greater than o) and o = 0.48 (less than o),
there is no structure transition for the GFG sandwich with in-
creasing temperature. Accordingly, the ITR decreases monotoni-
cally with the increase of temperature as shown in Fig. 5. Because
the anharmonicity of the atomic interactions increases with in-
creasing temperature, the phonon transmission coefficient is en-
hanced through inelastic scattering and reduces the ITR [27,44,45].
A similar trend has been reported for the ITR at some other inter-
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80 - R
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Fig. 6. Effect of the in-plane strain on the ITR. (a) The dependence of the ITR on
the in-plane tensile strain with o = 1.0. (b) The dependence of the ITR on the in-
plane tensile strain with o = 0.76. Insets are the structures under the strain of 8%
and 10%..
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Fig. 7. Phonon VDOS. (a1)-(a6) The in-plane phonon VDOS for the GFG with o = 1.0. (b1)-(b6) The out-of-plane phonon VDOS for the GFG with « = 1.0. (c1)-(c6) The
in-plane phonon VDOS for the GFG with « = 0.76. (d1)-(d6) The out-of-plane phonon VDOS for GFG with « = 0.76. The strain is applied along the x direction.

faces, such as the graphene/black phosphorus interface [27], Si/Ge
interface [44].

For the GFG structure with « = 0.76, there is a jump for the
ITR at 600 K, at which the value of the ITR is enhanced by about a
factor of two. We thus also observe that the on/off switchable ITR

can be manipulated by the temperature. The origin of this jump
is also due to the transition from the adhered configuration below
600 K to the separated configuration above 600 K as illustrated
by the insets in Fig. 5. A similar jump phenomenon can also be
observed in the GFG structures with the area ratio o = 0.81.
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3.3. Strain effect

3.3.1. In-plane tensile strain effect

We investigate the effect of tensile strain on the ITR of the
GFG heterostructure with o = 1.0 and 0.76, which are greater and
less than the «,, respectively. The ITR at room temperature in
GFG sandwich structures under uniaxial tensile strain in x and y
directions is shown in Fig. 6. As shown in Fig. 6(a), there is no
structure transition for the GFG sandwich (« = 1.0) with increasing
strain, and as such the ITR can be slightly enhanced with increas-
ing strain. However, the on/off switchable thermal resistance also
emerges in Fig. 6(b) for the GFG structure with o = 0.76, where
the ITR is enhanced by about a factor of two. Unlike the increasing
temperature case in Fig. 5, the ITR continues to increase after the
jump with increasing strain, and the point of the following analysis
will be to explain why that happens. The transition from the ad-
hered configuration below 8% strain to the separated configuration
above 10% strain is illustrated by the insets in Fig. 6(b).

To further assess the impact of the in-plane stretching strain,
two mechanisms are mainly considered. One is the contact area ef-
fect, which is shown by the analytic expression Eq. (8). It can well
describe the size dependence for the ITR jump as shown in the
Fig. 4(b). The other mechanism is the overlap of the phonon vibra-
tional density of states (VDOS). The vibration power spectrum can
capture the effect of atomic vibrations on the interfacial thermal
transport. This quantity has been used to understand the thermal
transport for graphene/phosphorene [26], silicene/graphene [46],
and graphene/black phosphorus [27] interfaces. The phonon VDOS
P(w) at the frequency w which can be calculated by performing
the Fourier transform on the velocity auto-correlation function as
[47]

N
©f <3 0i(OV;(0) > do, (9)

j=1

1 o0
P(w) = —— [ e
V21 Jo
where v;(t) denotes the velocity of the atom j at time t. To
quantify the match between the vibration spectra of atoms at the
interfaces, an overlap factor S is defined based on the correlation
parameter, which is employed to explore the insight of interfacial
interactions [48]

S = fooo Pyeat (@) Pegig (@)dw
Jo” Preat (@)dw [ Pegig (@)dew’

where Pyeq(w) and Pryq(w) denotes the phonon spectra at
frequency w of heat source and heat sink at the interface, respec-
tively.

The GFG heterostructure with the area ratio o = 1.0 exhibits
no structural changes under the in-plane tensile strain. Thus, the
strain dependence for the ITR is mainly due to the effect of the
VDOS overlap. The in-plane VDOS and the out-of-plane VDOS of
graphene and fullerene under various strains in the x direction are
shown in the Figs. 7(a) and (b), respectively. For the in-plane VDOS,
the peak of the graphene phonon shifts to low frequencies, while
the peak of the fullerene phonon is almost unchanged. As shown
in Fig. 8(a), the corresponding overlap decreases as the in-plane
tensile strain increases, which illustrates that the phonon coupling
strength is reduced. For the out-of-plane VDOS, the peak of the
graphene phonon slightly shifts to high frequencies, while the peak
of the fullerene phonon is almost unchanged. The corresponding
overlap increases as the in-plane tensile strain increases, as shown
in Fig. 8(a). This illustrates that the phonon coupling strength is
enhanced. Even if the overlap of in-plane and out-of-plane VDOS
has an opposite trend, the increasing ITR of GFG sandwiches with
increasing tensile strain is primarily contributed by the in-plane
phonons, because the overlap of the in-plane VDOS is larger than
that of the out-of-plane VDOS.

(10)
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For the GFG heterostructure with the area ratio o = 0.76, there
is a structural transition under the in-plane strain. Thus, the con-
tact area mechanism becomes dominant for the strain dependence
of the ITR. Fig. 6(b) shows that the ITR has a jump when the
strain is large enough to drive the structure to transit from the
adhered configuration to the separated configuration. This is a di-
rect result of the reduction of the contact area after the structural
transition. The structural transition can also affect the overlap of
VDOS. The overlaps of in-plane and out-of-plane VDOS are shown
in Fig. 8(b), which has a step-like change at the structural transi-
tion (the 2% — 4% strain in x direction and the 8% — 10% strain in y
direction). Therefore, the jump of ITR with increasing tensile strain
is primarily due to the contact area effect, and the VDOS overlap
also plays an important role. The GFG heterostructure is more sen-
sitive to the in-plane tensile strain along the x direction, so we
have shown the variation of VDOS with the tensile strain in the x
direction.

Figs. 5 and 6 also show that the temperature range over which
the jump in ITR occurs can be enlarged using uniaxial mechanical
strain. This is in contrast to phase transition methods for which the
materials work only in fixed temperature ranges [5]. For example,
while no transition in the ITR is observed in Fig. 5 for o = 0.76 at
300 K, the jump transition can be induced at the room tempera-
ture for o = 0.76 using uniaxial strain as shown in Fig. 6. Thus the
GFG sandwich structure can adopt different structures instead of
needs of the environment.

3.3.2. Cross-plane compressive strain effect
We finally investigate the effect of cross-plane compressive
strain on the ITR of the GFG heterostructure. The dimension of the
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Fig. 8. Overlap S of phonon VDOS as a function of the in-plane stretch strain for
the GFG with (a) @ = 1.0 and (b) @ = 0.76..
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Fig. 9. The cross-plane compressive strain effect on the ITR. Insets display the
atomic configuration for the GFG interface at the strain of 10%, 15% and 20%..

GFG heterostructure is 5.04 x 5.09 nm?, and the area ratio « is 0.4,
which is greater than the o,. As shown in Fig. 9, the ITR decreases
monotonically with the increase of the cross-plane compressive
strain. It is similar to several other Van der Waals heterostructures,
such as graphene/MoS, heterostructures [31], graphene/black phos-
phorus heterostructures [27], and porous carbon foams [49]. The
decrease of ITR induced by compressive strain is due to two main
reasons. First, the compression on the Van der Waals heterostruc-
tures reduces the interlayer distance, and therefore increases the
strength of the interlayer interaction. Second, the phonon coupling
strength is enhanced. The cross-plane compressive strain enhances
the interfacial stiffness and results in the stiffening of the phonons
transferring across interlayers, which leads to an increase in the
phonon group velocity and the average phonon transmission coef-
ficient [27,49].

The jump in the insets in Fig. 9 demonstrates that the structure
changes at the cross-plane compressive strain of 20%. As shown in
Fig. 9, the ITR decreases gradually during the structure transition
from the separated configuration to the adhered configuration for
the GFG heterostructure. This is because the GFG sandwich struc-
ture has a better thermal transport ability under large cross-plane
compressive strain. Then the contribution of structural changes to
ITR is not significant, even if graphene layers are adsorbed together
to increase the Van der Waals interaction.

4. Conclusion

In summary, we have proposed nanoscale sandwich-like het-
erostructures to serve as thermal switches. The GFG sandwich is
used as an example to study the thermal hysteresis by the heat
dissipation MD simulations. We find that the ITR shows a step-like
enhancement at a critical point by varying the number of fullerene,
where the magnitude of the ITR can be enhanced by a factor of
two. The origin of this switchable behavior is the structure transi-
tion of the GFG sandwich from the adhered configuration to the
separated configuration of the outer two graphene layers. These
simulation results are explained by analytic expressions based on
the heat transport theory. We further show that the temperature
and strain can efficiently manipulate the step-like phenomenon. Fi-
nally, we demonstrated that in contrast to phase change methods
of heat transfer, while the step-like enhancements of the ITR can
be induced at certain temperatures, the temperature range can be
increased using uniaxial mechanical strain. This work thus demon-
strates that sandwich-like nanoscale heterostructures can exhibit
hysteretic changes in heat transport, and thus show promise for
potential applications in switchable thermal devices.
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