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A B S T R A C T

The emergence of two-dimensional empty space (2D-ES) not only enriches the means of van der Waals
integration, but also provides a new and reliable solution for structural design-driven performance modulation.
Here, by applying the concept of 2D-ES-based periodic structure design to multilayer graphene, the large-
range tunable in-plane anisotropic phonon thermal transport behavior was discovered by extensive molecular
dynamics simulations. Through a series of in-depth frequency-dependent and in-and-out of plane decomposition
phonon analysis, it is found that 2D-ES and its interfaces with different periodic properties exhibit exactly
opposite effects on phonon thermal transport along two in-plane orientations, which is the fundamental reason
for the existence of the above-mentioned anisotropic thermal transport and its modulation. These findings
provide new insights into the realization of in-plane anisotropic thermal transport in quasi-2D materials, which
may further inspire novel thermal management strategies.
1. Introduction

Since the beginning of the 21st century, the microelectronics in-
dustry, as a key area leading the third technological revolution, has
strived to continue the myth of ‘‘Moore’s Law’’, even if the pursuit of
this goal has gradually become less obsessive in recent years [1]. As
this industry continues to develop towards miniaturization and densi-
fication, two critical issues have become key to its further high-quality
development: the selection of suitable low-dimensional nanomaterials,
and the problem of thermal management which can be considered
as the bottleneck for development. Firstly, from the material point
of view, the low-dimensional nanomaterials represented by graphene,
while playing their own excellent performance, together with the van
der Waals (vdW) integration technology as a representative of the di-
versity of structural design means, has injected a strong vitality for the
development of the field [2–6]. More importantly, while improving the
performance of the device, densification also brings the fatal problem
of overhigh local heat density, which is a critical ordeal for the lifetime
and usage experience of the device. Taken together, it is significant and
necessary to study the thermal transport properties of nanomaterials,
and in fact, they have shown enough attraction in this regard.

Controlling the direction of heat flow in nanomaterials through
their thermal transport anisotropy has been widely recognized as an
effective way to achieve thermal management and design strategies.
Anisotropic thermal transport means that for the same material, the
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heat flow exhibits different propagation velocities along its different
orientations, which can often be achieved by structural design tools
such as resonance effects, breaking symmetry, and so on [7–10]. Here,
for ease of presentation, we define the two directions with anisotropic
thermal conductivity as the fast axis and the slow axis, respectively,
whose corresponding thermal conductivities are denoted as 𝜅𝑓 and 𝜅𝑠,
and thus the anisotropy ratio can be defined as 𝛾 = 𝜅𝑓

𝜅𝑠
. Recently, Kim

et al. [9] achieved thermal conductivity anisotropy ratios up to 900 in
multilayer MoS2 by random interlayer rotation, and Chen et al. [11]
found a large range of tunable thermal conductivity anisotropy ratios
from about 4.0 to 12.0 in porous carbon foams. All of the above
strongly anisotropic thermal conductivities depend to some extent on
their own structural differences along the in-plane and out-of-plane
directions, however, the anisotropy in the in-plane direction of two-
dimensional (2D) materials and their derivatives is much less [12].
Black phosphorus, a typical 2D material with in-plane anisotropic
thermal conductivity, but its 𝛾 can only reach about 3.3 [13], which
is already high among 2D materials [14,15]. And in the transition
metal dichalcogenides (TMDs) [16–20] and the transition metal car-
bides/nitrides (MXenes) [21], the in-plane 𝛾 is also usually only about
2.0.

Driven by vdW material integration technology, 2D empty space
(2D-ES) in multilayer graphene, with a pair of edge dislocations in
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the angstrom scale cavities, has made achievements in several fields
including molecular and ion transport in less than five years since it
was proposed [22–24]. By applying periodic structural design concepts
to the 2D-ES in multilayer graphene, a quasi-2D vdW structure with
a grid layout can be formed, and such periodic structural design tools
have also been proven to be effective elements for structural design-
driven thermal transport performance modulation [25,26]. In addition,
we have found in our previous work that the thermal conductivity
across the 2D-ES exhibits the non-monotonicity and anomalous global
maximum with the monotonic variation of the periodicity, which pro-
vides an opportunity and a basis for the present study on the anisotropy
of the in-plane thermal conductivity [27].

In this work, we reported a large-range tunable anisotropy of the
in-plane thermal conductivity in the multilayer graphene induced by
periodic 2D-ES. Through extensive molecular dynamics (MD) simula-
tions incorporating homogeneous non-equilibrium molecular dynamics
(HNEMD) and non-equilibrium molecular dynamics (NEMD) and their
respective spectral heat current (SHC) decomposition methods, it has
been found that the nature of the periodic arrangement of 2D-ES and
its interfaces is the key to tuning anisotropic thermal transport. Fur-
thermore, taking advantage of the characteristics of different dominant
frequency bands corresponding to the phonon crossing the 2D-ES in
different relative directions during transport, as well as the advantages
of quasi-2D structures in in-plane and out-of-plane decomposition anal-
ysis, a comprehensive and beneficial discussions have been made from
property exploration to mechanism analysis.

2. Simulation and methodology

To some extent, the concept of two-dimensional empty space (2D-
ES) was inspired by the process of preparing graphene by mechanical
exfoliation. After exfoliating a single layer of graphene from a piece
of graphite, attention is focused on the remaining part to obtain an
angstrom-scale 2D-ES with a pair of edge dislocations. Thinking back-
wards about this process and using the smaller graphene strip as a
spacer between two flat graphite (or graphene) layers, the result is
precisely a multilayer graphene structure with the 2D-ES, which is the
basic idea followed in the design and preparation of this class of 2D-ES
structures. Fortunately, with the continuous development and maturity
of vdW integration technology, such artificial vdW structures are no
longer just at the level of our imagination. Further, this process can be
simplified and understood as a stacking process of vdW components
with different specifications according to certain rules, which also
means that it will have a lot of flexibility in structural design.

Based on the clarification of the basic structure of the 2D-ES, we
consider executing a periodic structural design for the empty space (ES)
part as shown in Fig. 1, that is, assembling multilayer graphene spacers
within a certain size of the ES part according to different numbers of
periods. It should be noted that Fig. 1 is only used to demonstrate the
structural features of a multilayer graphene with the periodic 2D-ES,
which is not identical to the structure used for calculations, as will
be explained in more detail in the subsequent section on calculation
details. Insofar, we have completed our understanding of the core
model in this study.

In this study, the assessment of the thermal transport capacity of
the system, that is, the calculation of thermal conductivity, was mainly
achieved by the homogeneous non-equilibrium molecular dynamics
(HNEMD) method [28] based on the linear response theory, which is
widely used in the study of thermal conductivity of nanomaterials [29–
32]. This method realizes the calculation of thermal conductivity by
simplifying the thermal transport process into a mechanical simulation
combined with the Green–Kubo formula [33,34]:

𝜅𝑖(𝑡) =
⟨𝑄𝑖(𝑡)⟩𝑛𝑒
𝑇𝑉 𝐹𝑒𝑖

= 1
𝑡 ∫

𝑡

0

⟨𝑄𝑖 (𝜏)⟩𝑛𝑒
𝑇𝑉 𝐹𝑒𝑖

𝑑𝜏 (𝑖 = 𝑥, 𝑦) (1)

where 𝑇 and 𝑉 are the temperature and volume of the system, 𝑄𝑖
is the component of the heat flow vector ⃖⃖⃗𝑄 =

∑ ∑

(𝑟⃗ ⊗
𝜕𝑈𝑗 ) ⋅ ⃖⃗𝑣
2

𝑖 𝑗≠𝑖 𝑖𝑗 𝜕𝑟𝑗𝑖 𝑖
long the direction of 𝑖. 𝐹𝑒𝑖 is the scalar form of the driving force
arameter used to generate the homogeneous heat flow along the 𝑖
irection, and in this study the 𝑥 and 𝑦 directions correspond to the

fast and slow axes, respectively. Further, by constructing the virial-
velocity correlation function in a non-equilibrium steady state, the
spectral decomposition value of thermal conductivity in the frequency
domain can be obtained:

𝜅𝑖 (𝜔) =
𝑞𝑖 (𝜔)
𝑇𝑉 𝐹𝑒𝑖

=
2 ̃⃗𝐾𝑖 (𝜔)
𝑇𝑉 𝐹𝑒𝑖

(𝑖 = 𝑥, 𝑦) (2)

where ̃⃗𝐾𝑖 (𝜔) is the result of the Fourier transform of the virial-velocity
correlation function along the 𝑖 direction. In addition, for the in-plane
thermal conductivity, different sources of contribution can be obtained
by distinguishing the in-plane and out-of-plane modes, which is impor-
tant for the study of the phonon mechanism [35,36]. Specifically, the
in-plane thermal conductivity can be divided into an in-plane portion
dominated by transverse and longitudinal phonons, and an out-of-plane
portion dominated by flexural phonons.

The large-scale MD simulations performed in this study were imple-
mented based on the highly efficient Graphics Processing Unit Molec-
ular Dynamics (GPUMD) package [36–39]. The interactions between
the carbon atoms within the layer were described by the optimized
Tersoff potential [40], and the vdW interaction between the layers was
modeled uniformly by the following 12-6 Lennard-Jones (L-J) potential:

𝑉 (𝑟𝑖𝑗 ) = 4𝜒𝜀

[

(

𝜎
𝑟𝑖𝑗

)12
−
(

𝜎
𝑟𝑖𝑗

)6
]

(3)

where 𝜒 is the interface coupling strength, 𝜖 and 𝜎 are taken as
.39 meV and 0.314 nm respectively [41]. A uniform time step of 1 fs
as used, and the periodic and free boundary conditions were adopted

n the in-plane and out-of-plane directions, respectively. After deter-
ining the above basic simulation conditions, the following adequate

hermal equilibrium will be performed at the beginning of each set of
D simulations. Specifically, the system was firstly equilibrated for 1 ns

1 million time steps) at 10 K and zero pressure under the NPT system of
he Berendsen thermostat. Then the system was heated to 300 K within
he next 1 ns, and finally the NPT equilibration was continued at that
emperature for 1 ns. Then, specific calculations and post-processing
an be performed according to different MD methods to obtain the final
esults.

In the HNEMD method, the value of the driving force parameter
𝑒 is crucial to determine whether the system can achieve a complete

inear response with the desired signal-to-noise ratio. The nice thermal
onductivity results are reflected in its good convergence over the
imulation time, which is also the premise for ensuring the rationality
f the assessment of the thermal transport properties under the HNEMD
ethod. After the adequate tests in Figure S1.(a) (Supplementary ma-

erials), the parameter value of 𝐹𝑒 = 0.1 μm−1 was determined in this
tudy. From Figure S1.(b–c), it is also easy to see that only two to three
ndependent sets of simulations were required to obtain the desired sta-
istical accuracy by the HNEMD method with sufficient simulation time.
nsofar, the basic scheme used for the thermal conductivity assessment
s finalized, which is also the core calculation method throughout the
ext study.

Next, a series of size effect analysis was performed to save un-
ecessary computational expenses while ensuring the accuracy and
recision of the calculation. In fact, it has been shown that a sufficiently
arge system size in the HNEMD method is fundamental to ensure
ood statistical precision of the thermal conductivity results [42]. In
he multilayer graphene with periodic 2D-ES as shown in Fig. 1, the
bject of study regarding the size effect will be guaranteed to be a
ixed length of 20.74 nm along the 𝑦 direction due to the large space

requirement of the structural design. On this basis, we constructed
seven structures with uniformly spaced in-plane sizes along 𝑥 axis from
5.99 nm to 23.94 nm with the total number of atoms ranging from
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Fig. 1. Schematic diagram of a multilayer graphene structure with periodic 2D-ES, containing a perspective view of the structure as a whole, a zoomed-in view of the local atoms,
and two side views that can show differences in the direction. Note that the hollow rectangle in the ES part on the side view of the 𝑥𝑧 plane is a visual representation of the
structural discontinuity.
Table 1
Structural information for a seven-layer graphene model with a three-layer 2D-ES with
different periodic natures.

Number of
periods

Period length
(nm)

Interface density
(nm−1)

Number of
atoms

𝐸𝐺1 12 1.725 1.159 25344
𝐸𝐺2 8 2.588 0.773 25344
𝐸𝐺3 6 3.450 0.580 25344
𝐸𝐺4 3 6.900 0.290 25344
𝐸𝐺5 2 10.350 0.193 25344
𝐸𝐺6 1 20.700 0.097 25344

25,344 to as high as 105 order of magnitude. As shown in Figure S2,
it is found that the thermal conductivity results remain stable with
the change of sizes in the 𝑥-direction along both the fast and slow
axes, which indicates that the in-plane size of 5.99 nm × 20.71 nm
can meet the requirements of accuracy and precision of the thermal
conductivity calculation results under the HNEMD method. Insofar, we
have completed the entire discussion on the model and the method. The
specific structural information of the model used for the next study of
in-plane anisotropic thermal conductivity is shown in Table 1, and its
specific structural schematic is shown in Figure S3.

3. Results and discussion

Herein, the anisotropic behavior of the in-plane thermal conductiv-
ity of multilayer graphene with periodic 2D-ES is investigated, where
the independent variables are the number of layers in the ES part and
the period length reflecting the nature of its specific periodic distribu-
tion. It should be noted that we further introduce the interface density,
which corresponds one-to-one with the period length and characterizes
the number of interfaces brought about by the 2D-ES within a certain
length range. Fig. 2(a) plots the variation of the thermal conductivity
of the structures with the period length (or interface density) in two
different directions along the fast and slow axes for ES parts of 1, 3,
and 5 layers, respectively. Firstly, along the slow axis, the thermal
conductivity 𝜅𝑠 shows a clear overall decreasing trend over the whole
range of period lengths, even though there are global anomalous maxi-
mum [27]. This is due to the fact that an increase in the period length of
the 2D-ES implies a decrease in the interface density, which also means
3

that the boundary phonon scattering from the interface perpendicular
to the thermal transport direction is diminished. But more importantly,
the low-frequency, long-wavelength phonons that dominate the ther-
mal transport will cause a significant reduction in thermal conductivity
due to the wider and more impenetrable cavity, which is the key to the
overall decreasing trend in thermal conductivity along the slow axis
in Fig. 2(a). Focusing next on the thermal conductivity 𝜅𝑓 along the
fast axis, it shows an overall trend of increasing with period length
along the opposite trend to 𝜅𝑠. Structurally, the longitudinal graphene
arrangement along the 𝑥 direction in the ES part allows for good
continuity of phonon transport without considering the transport across
the 2D-ES. As a result, the thermal conductivity 𝜅𝑓 shows a relatively
stable upward trend overall as the interface density decreases. And
when the structure has more layers of 2D-ES, the more significant ES
effect makes the above-mentioned change trend of thermal conductivity
in both directions more stable.

Before considering the anisotropic thermal conductivity caused by
the periodic 2D-ES, the effect of the difference in orientation of the
multilayer graphene itself needs to be excluded. To this end, by cal-
culating the thermal conductivity of the pristine seven-layer graphene
along both 𝑥 and 𝑦 directions, it can be found that the effect of the
orientation difference on the thermal conductivity is almost negligible,
as shown in Figure S4. Further, from the lateral performance of the
in-plane thermal conductivity anisotropy ratio 𝛾 in Fig. 2(b), it can be
found that 𝛾 shows an almost stable increasing trend with increasing
period length, which originates from the opposite trend of thermal
conductivity along the fast and slow axis in Fig. 2(a). From a longi-
tudinal point of view, it is clear that the coverage of 𝛾 is larger in
structures with more layers of 2D-ES, which again strongly confirms the
decisive role of periodic 2D-ES in this significant anisotropy. As shown
in Fig. 2(c), compared to some typical 2D and quasi-2D structures,
multilayer graphene with periodic 2D-ES can achieve a high in-plane
thermal conductivity anisotropy ratio of 𝛾 ≈ 4.1 while making 𝛾
relatively uniformly over a wide range of about 1.3 ∼ 4.1, which also
possesses the basic conditions for an ideal tunable anisotropic thermal
conductivity device conditions.

For the anisotropy of thermal conductivity of nonmetallic materials
dominated by phonon contributions, the structural features describing
their atomic distribution often give the intuitive qualitative explana-
tion. As shown in Fig. 1, the 2D-ES setup is inherently directional,
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Fig. 2. Some results of in-plane anisotropic thermal transport in multilayer graphene with periodic 2D-ES. (a) Variation of in-plane thermal conductivity with period length (or
interface density) at 300 K for seven layers of graphene with different layers of periodic 2D-ES along the fast (𝑥-direction, solid markers) and slow (𝑦-direction, hollow markers) axes,
respectively. (b) Relationship between the in-plane thermal conductivity anisotropy ratio 𝛾 and the period length (or interface density) of seven-layer graphene with periodic 2D-ES
of different number of layers. (c) Comparison between the in-plane thermal conductivity 𝜅𝑓 , 𝜅𝑠, and 𝛾 of different quasi-2D materials, including typical 2D materials represented
by black phosphorus [13–15], MXenes [21], and TMDs [16–20].
which is reflected by the difference in the distribution characteristics
of graphene in the ES part along both 𝑥 and 𝑦 directions. Specifically
in terms of the geometry of the interfaces, the former is longitudinally
coherent, while the latter is blocked by several interfaces on the whole,
which is the fundamental structural basis for the existence of significant
anisotropy. In addition, the different periodicity exhibited by the 2D-ES
distribution subtly provides opposite effects on the phonon transport of
these two, which becomes the basis for the realization of a large-range
anisotropy ratios in thermal conductivity.

Next, the thermal conductivity results of multilayer graphene with
three-layer periodic 2D-ES are further analyzed from the perspectives
of refinement to different frequency bands of phonon contributions
and differentiation of in-plane and out-of-plane phonon contributions,
as shown in Fig. 3(a–c). Also, the cumulative functions of thermal
conductivity with respect to phonon frequencies are statistically and
plotted in Fig. 3(d–f) based on the above results, which can effectively
compensate for the lack of spectral thermal conductivity for the overall
results analysis of the full frequency band. It should be noted here that
the analysis in this part of the current study specific to different periodic
structures is only focused on 𝜅𝑓 , while for 𝜅𝑠 only the overall compar-
ison with 𝜅𝑓 is given, and a more detailed and interesting analysis of
𝜅𝑠 is given in our previous work [27]. Firstly, from the overall results,
the differences in the periodic nature of the samples affect the thermal
conductivity mainly through the effect on the characteristic peak value
of the spectral thermal conductivity, and have little effect on the overall
shape such as its location of the peak. Moreover, compared to the spec-
tral thermal conductivity results along the slow axis indicated by the
blue shaded area, the lower frequency phonons clearly have a higher
percentage of the thermal conductivity contribution, which also implies
4

that the effect of the difference in periodicity on 𝜅𝑓 is dominated by the
low-frequency phonons. From the results of the total spectral thermal
conductivity of the six structures with different periodic 2D-ES along
the fast axis indicated by the different color curves in Fig. 3(a), the
contribution of low-and-mid frequency phonons is absolutely dominant,
which is highlighted by the two significant peaks appearing around
8 THz and 28 THz. Further, as shown in Fig. 3(b) and (e), the in-plane
spectral thermal conductivities results of 𝐸𝐺1 to 𝐸𝐺6 are close to each
other at lower overall values and do not show an effective gradient
difference. However, the out-of-plane results in Fig. 3(c) and (f) are
quite different, where the high similarity of the overall shape to the
total spectral thermal conductivity and the apparently higher absolute
peak together assert a dominant position in the thermal conductivity
contribution. From 𝐸𝐺1 to 𝐸𝐺6, two characteristic peaks of the out-
of-plane spectral thermal conductivity increase with the decrease of
the interface density, which fully reflects the suppression effect of the
interface scattering on the thermal transport.

The study of thermal conductivity anisotropy focuses on comparing
the results of spectral thermal conductivity along two different direc-
tions in Fig. 3. From Fig. 3, it can be found that a very important
difference between the two is whether the dominant term contributing
to the thermal conductivity is the in-plane or out-of-plane component.
Specifically, the in-plane component of the thermal conductivity along
the fast axis is only about 20% higher than that along the slow axis,
while the out-of-plane component is up to about 200% higher, which is
also reflected in the severe weakening effect of the out-of-plane spectral
thermal conductivity in the low-frequency band along the slow axis in
Fig. 3(c). More intuitively, from the results of the absolute percentage
of the in-plane and out-of-plane thermal conductivity components in
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Fig. 3. The results of (a) spectral thermal conductivity and its (b) in-plane and (c) out-of-plane decomposition along the fast axis for 𝐸𝐺1 to 𝐸𝐺6 (structural information is shown
in Table 1), and the corresponding (d–f) cumulative values of thermal conductivity versus the phonon frequency. Here, the blue shaded part in each subplot indicates the range
of variation of the corresponding thermal conductivity along the slow axis. Note that the arrows in (c) are indications from 𝐸𝐺1 to 𝐸𝐺6. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
Figure S5, it can be observed that even though the out-of-plane stacking
of multilayer graphene largely suppresses the contribution of out-
of-plane phonons to thermal transport, it still does not change the
dominance of out-of-plane phonons. This feature remains along the fast
axis from 𝐸𝐺1 to 𝐸𝐺6, while the slow axis becomes an in-plane phonon
dominated mode due to the influence of the 2D-ES across the thermal
transport direction and the main frequency region corresponding to the
peak position is more towards the higher frequency band. This explains
the overall differential effect of the periodic 2D-ES on the thermal con-
ductivity of multilayer graphene along two different directions above,
which is the objective reason for the existence of anisotropic thermal
conductivity.

Next, in order to give a clearer picture of the intuitive difference
in spectral thermal conductivity in different directions for structures
with different periodic properties and thus derive the essential source
of anisotropy, the spectral thermal conductivity difference and its in-
plane and out-plane decomposition results are plotted in Fig. 4, where
the difference is defined as 𝛥𝜅 = 𝜅𝑓 − 𝜅𝑠. Although there are negative
values in the low-and-mid frequency around 20 THz, which means
that the thermal conductivity along the fast axis is smaller than that
along the slow axis, the spectral thermal conductivity of the fast axis
is still absolutely superior to that of the slow axis, both in terms
of the range of frequency bands covered and the magnitude of the
difference in spectral thermal conductivity. And the decomposition
results in Fig. 4(b–c) further illustrate that the thermal conductiv-
ity anisotropy is dominated by out-of-plane low-and-mid frequency
phonons. Importantly, the dominant thermal conductivity anisotropy
of 0 ∼ 20 THz with increasing period length (from 𝐸𝐺1 to 𝐸𝐺6)
exhibits a clear trend of peak enhancement and significantly wider
5

bandwidth, which determines the trend of monotonically increasing 𝛾.
The core reason for this result is that the effect of the periodic nature
of the 2D-ES on the characteristic peaks in the low-and-mid frequency
bands of the spectral thermal conductivity in different directions varies
monotonically and with opposite trends, as shown in Fig. 3(c). Also, the
slight rightward shift of the characteristic peak of 𝜅𝑠(𝜔) contributes to
some extent to the wider bandwidth of it. In fact, the key properties of
phonon thermal transport in this band are macroscopically attributed
to the following two aspects: (i) the relative relationship between the
direction of thermal transport and the position of the 2D-ES, which is
the premise of the study of thermal conductivity anisotropy, and (ii)
the periodic nature that determines the way that 2D-ES arranged, that
is, the period length or interface density, which is the core element that
allows the modulation of phonon transport. This not only confirms the
validity of the previous qualitative understanding of the results, but
also shows that the study is essentially a successful case of achieving a
wide range of anisotropic thermal conductivity through interface design
for phonon transport modulation based on the directionality of the
structure itself.

In order to further explore the underlying physical origin of the
above-mentioned thermal conductivity anisotropy, the phonon level
analysis is valid and cannot be neglected. In low-dimensional nanos-
tructures containing interfaces introduced by such as the 2D-ES, fre-
quent scattering of phonons during transport, including phonon-
interface scattering and phonon–phonon scattering, tends to manifest
itself in the form of phonon localization, which then severely affects
the thermal conductivity of the system. The phonon participation rate
(PPR) is an effective indicator of the phonon localization effect, which
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Fig. 4. The difference between the (a) total spectral thermal conductivity along the fast and slow axes, i.e., 𝛥𝜅 = 𝜅𝑓 − 𝜅𝑠, and the phonon frequency for 𝐸𝐺1 to 𝐸𝐺6, and also
gives the results of (b) in-plane and (c) out-of-plane decomposition results. The inset in (c) shows the amplification of the low-frequency band of 2 THz ∼ 15 THz.
can be calculated by the MD method in the case of implicitly including
non-harmonic scattering of all orders [43]:

𝑃𝑃𝑅(𝜔) = 1
𝑁

(
∑

𝑖 𝑃𝐷𝑂𝑆2
𝑖 (𝜔)

)2

∑

𝑖 𝑃𝐷𝑂𝑆4
𝑖 (𝜔)

(4)

where 𝑁 is the number of atoms, and 𝑃𝐷𝑂𝑆𝑖(𝜔) is the result of the
phonon density of states (PDOS) of atom 𝑖 calculated by:

𝑃𝐷𝑂𝑆𝑖𝛼(𝜔) = ∫

+∞

−∞
⟨𝑣𝑖𝛼(𝑡)𝑣𝑖𝛼(0)⟩ 𝑒−2𝜋𝑖𝜔𝑡𝑑𝑡 (𝛼 = 𝑥, 𝑦, 𝑧) (5)

This is obtained based on the velocity auto-correlation function
(VACF) ⟨𝑣𝑖𝛼(𝑡)𝑣𝑖𝛼(0)⟩ of atoms in different directions, reflecting phonon
activity in different modes.

According to the above method, the vibration spectra of the six
structures from 𝐸𝐺1 to 𝐸𝐺6 at 300 K and their in-plane and out-plane
decomposition results are calculated and plotted in Figure S6. From
the PDOS results, it can be found that the activity of the low-frequency
phonons that dominate the thermal conductivity anisotropy is mainly
concentrated in the out-of-plane part, which is consistent with the
previous results on the spectral thermal conductivity. A characteristic
peak exists in the low frequency band of 8 THz ∼ 15 THz of the out-of-
plane PDOS, and its peak shows a gradual increase with the decrease of
the interface density in the system. Further, in Fig. 5(b), four structures
𝐸𝐺1, 𝐸𝐺2, 𝐸𝐺4, and 𝐸𝐺6, which can fully characterize the trend of 𝛾
changes, are represented to show the calculated results of their PPR in
the ES part. On the whole, although the atomic scale of the ES part is
the same for the four representative structures, the differences in the
periodic arrangement ways lead to quite different phonon activity.

For this purpose, the spectral thermal conductivity ranges of the
six structures in both directions are plotted in Fig. 5(a), and the re-
spective dominant frequency intervals are highlighted. In the dominant
frequency band of 𝜅𝑓 from 4 THz to 12 THz, the phonon activity
in the ES part generally maintains a high level of participation rate.
Meanwhile, the 𝑃𝑃𝑅 of ES parts from the 𝐸𝐺1 to 𝐸𝐺6 also shows
a monotonically increasing trend, which is a direct manifestation of
the effect of the interface density on the phonon scattering intensity
and well explains the 𝜅𝑓 results under the influence of the periodic
arrangement of the 2D-ES. Similarly, in the dominant frequency band of
𝜅𝑠 from 8 THz to 18 THz, the phonon activity in the ES part is severely
limited and significant localization occurs between 12 THz and 18 THz.
6

After entering the dominant frequency band of 𝜅𝑠 from around 10 THz,
the original pattern of the 𝑃𝑃𝑅 in ES parts with the change of the inter-
face density starts to change. Typically, the 𝑃𝑃𝑅 of 𝐸𝐺6 plummeted,
which means that the increase in period length blocks the transport
of some long-wave phonons and thus creates a significant localization
effect. The above discussion adequately illustrates the intrinsic physical
mechanism of the variation of thermal conductivity in both directions
with the periodic nature of the 2D-ES in multilayer graphene from the
perspective of phonon activity, which also explains the fundamental
source of the promising thermal conductivity anisotropy.

In addition, for the key issue of phonon scattering at the ES interface
mentioned in the above analysis, the evaluation of the phonon mean
free path (MFP) will be of great significance as an intuitive assessment
of the phonon thermal transport capacity. Next, the spectral heat
current decomposition method (SHC) based on the combination of
HNEMD and non-equilibrium molecular dynamics (NEMD) will be used
to achieve a targeted analysis of the respective contributions of phonon
MFP in the full frequency domain and in-and-out decomposition of
the plane in the studied system. The key to this approach is that the
phonon MFP (𝜆) in an infinite system can be defined by the ratio of
diffusion thermal conductivity to ballistic thermal conductivity [30,44]
for further generalization in the full frequency domain are:

𝜆 = 𝜅
𝐺

, 𝜆 (𝜔) =
𝜅 (𝜔)
𝑔 (𝜔)

(6)

where 𝜅 and 𝜅(𝜔) are the thermal conductivity of the system and its
spectral decomposition results obtained by the HNEMD-SHC method,
respectively, and 𝐺 and 𝑔(𝜔) are the thermal conductivity and its
spectral decomposition results obtained by the NEMD-SHC method. The
details and results of the NEMD method are described in S7.

To this end, the phonon MFP and its in-plane and out-of-plane
decomposition results along both the fast and slow axes for 𝐸𝐺1, 𝐸𝐺2,
𝐸𝐺4, and 𝐸𝐺6 are representative plotted in Fig. 6. The phonon MFP in
both directions along the fast and slow axes show significant differences
in the key frequency band dominating the thermal transport. Com-
paring the phonon MFP in different directions, the significantly larger
value along the fast axis direction implies a stronger transport capacity
of phonons, that is, a higher thermal conductivity. There is almost no
difference between the in-plane components of the phonon MFP along
the two different directions in the 4 THz ∼ 15 THz dominant frequency
band of thermal conductivity, however, there is a significant gap in
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Fig. 5. (a) Spectral thermal conductivity versus phonon frequency for 𝐸𝐺1 to 𝐸𝐺6 along the fast axis (orange region) and slow axis (blue region), respectively, where the arrows
are indicative of the transition from 𝐸𝐺1 to 𝐸𝐺6. (b) Phonon participation rate versus phonon frequency in the ES part in 𝐸𝐺1, 𝐸𝐺2, 𝐸𝐺4, and 𝐸𝐺6, where the representative
structures are chosen so that the results can be presented more clearly. The dashed line is the horizontal reference line with 𝑃𝑃𝑅 = 0.5 used to distinguish whether the phonons
are localized or not. The longitudinal colored shaded regions indicate the frequency intervals of the dominant spectral thermal conductivity in each of the two directions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. The relationship between (a) the spectral phonon mean free path (MFP) 𝜆(𝜔) and its (b) in-plane and (c) out-of-plane decomposition results with phonon frequency for
four representative systems 𝐸𝐺1, 𝐸𝐺2, 𝐸𝐺4, and 𝐸𝐺6 along the fast (larger marker) and slow (smaller marker) axes, respectively. The dominant frequency intervals of 𝜅𝑓 and 𝜅𝑠
are marked with orange and blue shaded areas in both (a) and (c), respectively, to facilitate the targeted analysis of phonon MFP. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
the out-of-plane components in Fig. 6(c). When the interface brought
by the 2D-ES is perpendicular to the thermal transport direction, the
low-frequency out-of-plane phonons that have an effective dominant
contribution to thermal conductivity are subjected to a stronger scat-
tering effect, which is embodied in the phonon MFP that is about 5
times lower than the fast axis. While justifying the results in Fig. 3,
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this further reflects the underlying mechanism of the existence of
thermal conductivity anisotropy. In addition, the variation of thermal
conductivity along the fast axis due to the periodic nature can also
be clearly and intuitively explained by the monotonic variation of
the phonon MFP in the dominant frequency band. Moreover, it is
clear from the analysis that the almost opposite trend of the thermal
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Fig. 7. Statistical results of the temperature spatial distribution of the ES part and the non-ES part in a square seven-layer graphene structure with three-layer periodic 2D-ES,
which was obtained by the NEMD method of 310 K and 290 K for the heat source and the heat sink, respectively.
conductivity along the slow axis with respect to the periodic nature can
be attributed to the reduction of the long-wavelength phonons involved
in the transport due to the more impenetrable cavity brought about by
the reduced interface density, which is the objective basis for the wide
range of tunable thermal conductivity anisotropy. Finally, the length-
dependent thermal conductivity results obtained by the SHC method
are presented in S8, and they are in good agreement with the results
based on the HNEMD method, which is another strong proof of the
reliability of the results of this study.

In order to further verify the reliability of the previously obtained
anisotropic thermal conductivity results and to obtain a clearer visu-
alization of the anisotropic thermal transport, a square representative
structure is selected and its spatial distribution of temperature during
the thermal transport is shown in Fig. 7. Specifically, the results of
the temperature spatial distribution during thermal transport along
two different directions, fast axis (x) and slow axis (y), are calculated
and counted separately under the same NEMD method configuration,
including the ES part and non-ES part that are averaged separately
in the out-of-plane direction. Firstly, an almost linear and uniform
temperature distribution along the thermal transport direction can be
observed in the non-ES part shown both in Fig. 7(c) and (d), which
is a manifestation of the smoothness of the thermal transport process.
However, the temperature distribution of the atoms in the ES part is
quite different along the different thermal transport directions shown
in Fig. 7(a–b). Along the fast axis, the ES part exhibits a smooth and
unhindered temperature variation similar to that of the non-ES part.
Along the slow axis, the broken distribution of temperature indicates
that the presence of 2D-ES creates a significant hindering effect on
thermal transport, due to the fact that 2D-ES perpendicular to the
transport direction create energy barriers for phonons that are difficult
to cross. The effect of the 2D-ES and its interface on the thermal
transport along the fast axis seems to be limited only to the weakening
of the amount of transfer medium, while that along the slow axis is
fundamentally blocked, and this difference is also fundamental to the
anisotropic thermal conductivity in present study.
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4. Conclusion

In summary, the in-plane phonon thermal transport behavior in
multilayer graphene with periodic 2D-ES was investigated by extensive
large-scale MD simulations, and a large-range tunable anisotropic in-
plane thermal conductivity with anisotropy ratios ranging from about
1.3 to 4.1 was found in it. The physical mechanisms involved are
jointly explored through an analysis refined to the contribution of
phonon frequencies and their in-plane and out-of-plane components to
the thermal conductivity, combined with relevant discussions involving
phonon localization effects, the phonon mean free path, and the spatial
distribution of temperature. Firstly, the relative position between the
thermal transport direction and the cavity is the fundamental premise
for the existence of thermal conductivity anisotropy. Specifically, the
blockage of thermal transport along the slow axis in the ES part is
fatal and fundamental compared to the blocking effect on thermal
transport along the fast axis. Then, the periodic nature that determines
how the 2D-ES is arranged, that is, the period length or interface
density, is the central element that allows for large-range modulation of
the thermal conductivity anisotropy. Concretely, the different ways in
which phonons cross the ES part make the monotonous change with
the periodic arrangement of the 2D-ES show the opposite trend: as
the period length increases (or the interface density decreases), (i) the
weakening of phonon scattering at the interface directly leads to an
overall upward trend in thermal conductivity along the fast axis; (b) the
wider, more impenetrable 2D-ES prevents a portion of the long-wave
phonons from continuing to perform effective transport and results
in an overall reduction in thermal conductivity along the slow axis.
The above opposite monotonic trend allows the thermal conductivity
anisotropy ratio to cover a large range uniformly, which is a necessary
condition for an ideal tunable anisotropic thermal conductor. This
study comprehensively covers the key aspects from property explo-
ration to mechanism analysis, providing new insights and inspiration
for structural design-driven thermal property modulation of materials.
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