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A negative Poisson’s ratio (NPR) is of great interest due to having novel applications in lots of fields.
Films are the most commonly used form in practical applications, which involve multiple layers.
However, the effect of interlayer interactions on the NPR is still unclear. In this study, based on first
principles calculations, we systematically investigate the effect of interlayer interactions on the NPR by
comparably studying single-layer graphene, few-layer graphene, single-layer h-BN, bilayer h-BN, and a
graphene-BN heterostructure. It is found that they almost have the same geometry-strain response.
Consequently, the NPRs in bilayer graphene, triple-layer graphene, bilayer h-BN, and the graphene-BN
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heterostructure are consistent with those in single-layer graphene and h-BN. The fundamental
mechanism lies in the responses to strain of the orbital coupling being consistent under the effect of
interlayer interactions. The deep understanding of the NPR with the effect of interlayer interactions as
achieved in this study is beneficial for the future design and development of micro-/nanoscale
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1. Introduction

The Poisson’s ratio, which varies from —1 to 0.5 on the basis of
the classical elasticity theory,' is one of the significant para-
meters to describe mechanical and physical properties. The
existence of a negative Poisson’s ratio (NPR) is also rational in
theory. In recent years, a NPR has been found in lots of
materials, which are well known as auxetic materials. The
NPR, which may enable many novel applications, attracts great
interest because of the typically enhanced toughness, shear
resistance, and sound and vibration absorption.” In the litera-
ture, there are extensive studies of NPR in bulk auxetic
structures,>* metals,>® etc. Besides, several models have been
proposed for an explanation.”*® Recently, the discovery of
NPRs in metal nanowires and carbon nanotubes has been
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electromechanical devices with novel functions based on nanostructures.

reported."™"” In the study of two dimensional (2D) materials,
like the representative graphene, a NPR was discovered in 2D
materials with specific engineering, such as introducing
vacancy defects,® creating periodic pores,’* cutting into
nanoribbons,'® etc. In addition, an intrinsic in-plane NPR has
been found in 2D materials when applying strain along a
special direction without any external modification of the
structure, shape or composition. For instance, a NPR has been
recently discovered by prediction in 2D honeycomb structures
of graphene, silicene, 4-BN, #-GaN, A-SiC, and h-BAs.” More-
over, there are also some studies focusing on out-of-plane NPR,
such as in TiN,'® phosphorene,'”*® arsenic,'®*° GeS,?" SnSe,*?
and graphene+.”?

However, the studies in the literature focus on the NPR in
single-layer 2D materials, while limited studies have been done
on the in-plane NPR of multi-layer 2D materials. In addition,
the Poisson’s ratio of bulk graphite is positive, which is quite
different from the NPR of single-layer graphene, despite the fact
that the structure of bulk graphite can be viewed as a stack of
many layers of single-layer graphene. As a result, the effects of
interlayer interaction on the in-plane NPR are still not clear. In
fact, there are lots of further research studies to be conducted
in this area. For instance, graphene film is usually used in
reality instead of graphene, which involves multiple layers.
Here, bilayer graphene is a model for the study of the layer
effect. Moreover, heterojunction structures with stacking of
different materials are also an interesting topic. Besides, most

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the previous explanations of NPR materials are based on the
analysis of the evolution of geometric parameters, and only a
few studies have explored the mechanism at the electronic
level.>'® Thus, it is necessary to study the effect of interactions
between layers on the NPR of few-layer 2D materials and
achieve a more fundamental understanding.

In this study, we systematically investigate the response of
strain and key geometric parameters for bilayer graphene,
triple-layer graphene, and a graphene-BN heterostructure (gra-
BN) with strain applied. It is found that the in-plane NPR is
consistent among these structures while the NPR in bilayer
graphene and gra-BN is weakened to different degrees. The
mechanism is uncovered by analyzing the response of orbital
coupling to strain. The results deepen the understanding of
NPR, which would shed light on future design of micro-/
nanoscale electromechanical devices.

2. Materials and methods

All the calculations are performed using the Vienna ab initio
simulation package (VASP),** which is based on density func-
tional theory (DFT). The Perdew-Burke-Ernzerhof>* (PBE) gen-
eralized gradient approximation (GGA) is chosen as the
exchange-correlation functional. Long-range van der Waals
interactions were taken into account using the optB88 vdW
functional.>>*” We use the classical single-layer graphene and
two kinds of representative bilayer graphene with the same
crystal orientation but different stacking (AA and AB stacking,
as shown in Fig. 1). AA stacking corresponds to the stacking
pattern of two single-layers paired with each other, while AB
stacking corresponds to the stacking pattern moving one of the
layers in the opposite direction for one-third of the [1,1] crystal-
lographic vector.”® The kinetic energy cutoff of the wave
functions is set as 1000 eV for all the calculations. The Mon-
khorst-Pack®® k-mesh of 19 x 11 x 1 is used to sample the
Brillouin zone (BZ), and the energy convergence threshold is set
as 107 ° eV. Uniaxial strains along the typical zigzag and arm-
chair directions are applied. The strain is defined as (I — I,)/I,,
where I is the lattice constant with stretching and I, is the
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original lattice constant without stretching. The stress is scaled
by replacing the thickness including the vacuum space with the
effective layer thickness for more accurate simulation results.
Specifically, for flat materials like graphene and #4-BN, the
effective layer thickness is the sum of the actual distance
between the two layers and the van der Waals diameter of the C
atoms.’** In all cases, the geometric parameters are fully
optimized with the Herman-Feynman force on all atoms less
than 107" vV A™". The stability of the structures is verified by
calculating the phonon dispersion (see Fig. S3 in the ESIT for
more details). The optimized interlayer distances in AA and AB
bilayer graphene and gra-BN are 3.55, 3.37 and 3.47 A, respec-
tively. While without considering the vdW interlayer inter-
action, the optimized interlayer distances of the AA and AB
bilayer graphene are 4.6 and 4.4 A, respectively. This is much
larger than the vdW diameter and can be viewed as a structural
optimization of two separate single-layer graphenes.

3. Results

With strain applied, the mechanical response of single-layer
graphene and bilayer graphene with AA and AB stacking are
studied. Previous studies show that graphene can sustain a
large strain (>25%) and has a large breaking strength.?>*® The
breaking strength is found to be 42 N m™" of graphene.?
Considering that the effective thickness of graphene is about
0.35 nm, the fracture strength of 42 N m~' graphene is
125.4 GPa, which is greater than the maximum stress achieved
along the two stretch directions in Fig. 2, 108 and 98 GPa.
Generally speaking, from an experimental point of view, experi-
mental results can be influenced by defects, temperature
effects, or other elements that may react with the graphene
layer. Because of the above reality, the theoretical value of the
prediction is often higher than the experimental value. How-
ever, this does not affect the prediction of the NPR of graphene
materials and the exploration of its potential mechanism.

Fig. 2 shows the response of strain, stress and energy
per atom for the single-layer graphene, AA/AB bilayer, ABA
triple-layer graphene, BN and graphene-BN heterostructures.

armchair”
(a) AA bilayer graphene

e P
% O‘b= o)ko‘& o>

(c) AA graphene-BN

Fig. 1 Schematics of the structures of bilayer graphene in (a) AA and (b) AB stacking, and graphene-BN in (c) AA stacking.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The anisotropic response of the (a and d) driven strain, (b and e) stress, and (c and f) energy change per atom with strain applied along the (a—c)

zigzag and (d—f) armchair directions.

Generally, three physical parameter responses to the strain
along the zigzag direction are continuous. However, with a
significantly large strain applied, a mutant (28%) is found for
the response to the strain along the armchair direction, which
means that the structure failed when the strain along the
armchair direction is larger than 28%. It can be found that
the response to the strain along the zigzag direction in this
study is a common phenomenon, and the lattice constant along
the armchair direction decreases with increasing strain along
the zigzag direction. While Fig. 2(d) shows that the lattice
constant decreases when the strain along the armchair direc-
tion is between 0% and around 15%, the lattice constant
increases abnormally when the strain is larger than 15%, which
indicates the appearance of NPR phenomena. The stress along
the stretch direction increases except for the situations where
NPR exists. The highest stress is found at the condition where
the NPR starts to appear, and then the stress decreases with the
increase of stretch. As for the energy per atom, it keeps growing
regardless of the existence of the negative Poisson effect.
Because the strain in the stretching direction is positive, and
so is the stress, there is no stress in the other direction. Then
positive work is being done and the energy is being put into the
system. Moreover, the responses to strain of the AA/AB bilayer
graphene and single-layer graphene are almost the same, which
demonstrates the consistency in the responses of strain, stress
and energy of the three materials. Besides, the curve of the
single-layer graphene is found to be slightly higher than that of
bilayer graphene, as shown in Fig. 2(d), which is similar to the
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results reported in previous work on the study of multilayer
graphene via molecular dynamics simulations.®”

To get a more precise and intuitive view of the NPR, the
Poisson’s ratio is calculated and the results are shown in Fig. 3.
It is well known that the Poisson’s ratio is defined as®

Oty
vV=— . (1)

where v is the Poisson’s ratio, ¢, is the strain along the x
direction and ¢, is the strain along the y direction. The x and y
directions are perpendicular to each other, like the zigzag and
armchair directions in this work. Fig. 3(a) shows that the
Poisson’s ratio of bilayer and single-layer graphene has almost
the same value and trend. Therefore, the interlayer interactions
in the structures of AA and AB bilayer graphene have little effect
on the in-plane Poisson’s ratio. Furthermore, the Poisson’s
ratio of materials decreases faster when stretching along the
armchair direction than the zigzag direction. And the line of the
descent is approximately a straight-like line, indicating that
the slope changes very little, which is an interesting point. Such
behavior is consistent with the variation of the lattice constant
with strain applied. The Poisson’s ratio becomes negative when
the stretch is higher than around 15% along the armchair
direction, while the Poisson’s ratio keeps positive during
0-25% stretch along the zigzag direction. It’s worth noting that
the Poisson’s ratio is almost negative when the stretch is 25%
along the zigzag direction. Thus, it can be expected that NPR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The calculated Poisson'’s ratio of single-layer graphene, bilayer
graphene in AA and AB and triple-layer graphene in ABA stacking. The inset
shows that the NPR emerges with the expansion along the zigzag direction
when the stretch strain is applied along the armchair direction. The NPR
area is marked in gray. (b) The calculated Poisson’s ratio of single-layer
(BN), bilayer BN in AA stacking (AA BN), graphene and the graphene-BN
heterostructure in AA stacking when strain is applied along the armchair
direction. (c) The variation of Z direction distance when strain is applied
along the zigzag or armchair direction. The inset shows that the distance
between two layers increase when strain is applied, which reveals the out-
of-plane NPR phenomena.

may exist when more strain is applied along the zigzag
direction.’

With the results of single-layer and bilayer graphene, it is
interesting to further investigate what happens in three-layer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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graphene. The black pentagons in Fig. 3(a) show that the A-B-A
stacking triple graphene basically possesses the same NPR as
bilayer graphene. This is possibly because the third and first
layers are far apart from each other. Thus, the interaction on in-
plane NPR is weak and the NPR is consistent. Note that there is
a sharp drop of the NPR in the ABA and AB stacking conditions
as the stretch strain reaches 24%, which is probably because
the structure has become less stable when the stretch strain
reaches 25%.

It’s worth mentioning that we also studied the NPR of
heterostructures in Fig. 3(b). In terms of the large variation
trend, the NPR of gra-BN is consistent with that of multilayer
graphene. There is also little difference between single-layer
and bilayer BN stacked in AA stacking. However, there are still
some interesting differences. It is shown that the graphene-BN
heterostructure significantly enhances the NPR of single-layer
graphene after the NPR occurs in the stretching process along
the armchair direction. In this process, the NPR effect of
heterojunctions is still smaller than that of single-layer BN.
However, before the NPR occurs, the situation is just the
opposite: BN has the smallest NPR, single-layer graphene has
the strongest NPR, and the heterostructure is in the middle
position.

Moreover, the variation of the distance between layers (Z) is
calculated when strain is applied. The results in Fig. 3(c)
indicate interesting NPR phenomena along the out-of-plane
direction, which will be useful for vertical vibration isolation
applications of graphene-layered devices. Further study to
explore mechanisms of this out-of-plane NPR phenomenon
needs to be conducted in future.

To get insight into the variation process of the inner
geometric structure, we calculate the length of bond (b4, b,)
and angle (0). As shown in Fig. 4, there is nearly no difference
for single-layer graphene and AA/AB bilayer graphene. This
indicates that the three materials have almost the same inner
geometric variation during stretching, which gives rise to the
same results regarding the strain in Fig. 2 and the NPR in Fig. 3.
With further consideration, the interaction force between layers
has nearly no influence on the in-plane variation. However, it is
noticeable that single-layer graphene has a slightly larger geo-
metric structure change than that of bilayer graphene when the
strain is applied in the armchair direction, especially with
respect to b, and 0 in Fig. 4(d and e). In addition, Fig. 4 shows
the reason why the NPR phenomena appear and the different
response to strain applied along different vertical directions at
the geometric level. Fig. 4(a—c) show that it is monotonic that b,
and 6 increase, and b, decreases, resulting in the positive
Poisson’s ratio. While Fig. 4(d and e) show that b; and 0
increase first and then decrease, which is an abnormal varia-
tion response to the lattice stretching. These abnormal varia-
tions result in the NPR. It is understandable that the increasing
of b, and 0 has opposite effects on the NPR. The increasing of 0
causes the length of the zigzag to increase while the increasing
of b, leads to decreasing length of the zigzag. Because the strain
along the stretch direction is increasing statically, we can take
only the lattice constant of another direction (g, and

Mater. Adv,, 2022, 3, 4334-4341 | 4337
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Fig. 4 The evolution of the key geometry parameters (b, b, and 6) with
the strain applied along the (a—c) zigzag and (d—f) armchair directions. The
by, b, and 0 are labeled on the inset of (e) for clarification.

Lirmehair) into consideration. Iigsae and Iumenair cOrrespond to
the lattice constants in two different stretch directions, respec-
tively, which can be written as

Ligrag = 2 X bysin0, (2)

Iarmchair =2 X bz +2 X b1 cos 0 (3)

where b, and b, are the length of two bonds and 6 is the value of
bond angle, as illustrated in Fig. 4, Ljgsag and Iarmchair are the
length of the lattice constant along the zigzag and armchair
directions, respectively. Then, the actual Ljg.e and ILimchair
have the same trend and change as the corresponding lattice
constant strain in Fig. 2(a and d). Therefore, although the
increasing b, strengthens the NPR, the abnormal increasing
of 0 is the main factor for the occurrence of NPR.

To further explore the mechanism of abnormally increasing
0, the Crystal Orbital Hamilton Population (COHP) was intro-
duced to evaluate the interactions of C atoms. And the inte-
grated values of COHP (ICOHP) were used to quantitatively
analyze the strength of the interaction between two atoms at
each end of 0, where the smaller value of ICOHP means a
stronger interatomic interaction. As shown in Fig. 5, before the
occurrence of NPR (<14% strain applied along armchair
direction), the value of ICOHP keeps increasing and the con-
straint of in-plane interaction becomes weaker. As the inter-
action strength reaches the weakest, graphene can no longer
maintain shrinkage along the zigzag direction, resulting in
geometric inverse angular (0) expansion. By comparing the AA
bilayer, AB bilayer and single-layer graphene, we found a slight
difference in their ICOHP value variation, which also led to a
slight difference in geometric variation [Fig. 4(d and e)].
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>14%, respectively.

To understand the internal mechanism of the NPR, we
investigated the projected density of states (pDOS) to study
the electronic function of three representative strength condi-
tions (0%, 14%, and 27% corresponding to the cases with no
strain, before NPR, and after NPR, respectively). With compar-
ison of the hybridized C-p,/p, orbitals and the solo C-p, orbital
closing to the valence band maximum (VBM) of the three
different materials with two-direction stretch (Fig. S1 in the
ESIT), we find the recognized difference between the response
to the p, orbital (along zigzag direction) of the stretch along the
armchair direction and the response to the p, orbital (along
armchair direction) of the stretch along the zigzag direction,
causing the different response to the armchair and zigzag
direction stretching. As shown in Fig. 6(e-h), the four material’s
p»DOSs closing to the VBM increase slightly first and then
decrease significantly, which means the interaction force along
the zigzag direction (x) decreases largely, causing 0 to increase
abnormally in Fig. 4(e). This is the essential variation causing
the NPR. While in Fig. 6(a-d), the four materials’ p,-DOSs
closing to the VBM have a small variation and almost mono-
tonic decline, which may cause the monotonic variation of the
geometric parameter in Fig. 4(a-c) and the response to positive
Poisson’s ratio.

Furthermore, we find that the p,-DOS has almost the same
trend in AA/AB bilayer graphene and single-layer graphene
because most electrons are constrained to move in a 2D plane
(see Fig. S2 in the ESIt for more information).*® However,
compared with single and bilayer graphene, it’s worth pointing
out that whether the stretching is in the direction of armchair
or zigzag, the pDOS of single-layer graphene changes the most,
which is probably because the interlayer interaction in the two-
layer structure weakens the coupling in the in-plane direction
slightly (p, or p,). In particular, the degree of decline for the
single-layer graphene has the largest reduction between 14%
and 27% stretching along the armchair direction in Fig. 6(e-g),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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causing the obviously larger geometry changes (b; and 6 in
Fig. 4(d and e)) than AA and AB bilayer graphene. In addition,
Fig. 6(h) illustrates that the C-p, of the gra-BN heterostructure
has a huge decrease after the occurrence of NPR, which is much
larger than that of single and bilayer graphene, and this is also
the reason why the degree of NPR of gra-BN is larger than that
of single-layer and bilayer graphene.

4. Discussion and conclusions

In summary, by studying the strain, stress, energy per atoms
and geometric responses to axial stretching with single-layer
graphene, few-layer graphene, #-BN, and a graphene-BN hetero-
structure, we found that the responses and NPR among them
have almost the same behavior, indicating the weak effect of
interlayer interactions on the in-plane NPR. This suggests that
the difference between single-layer graphene and bulk graphite
is a novel phenomenon of NPR in graphene caused by dimen-
sional changes, which cannot be simply explained as the effect
of interlayer interactions. In addition to the consistent behavior
of the NPR, it is found that the variation of # and b, in the
single-layer graphene is larger than that in the bilayer gra-
phene. Moreover, by studying the pDOS, it is indicated that p,
slightly increases first and then decreases significantly during
stretching along the armchair direction (y), which means that
the interaction along the zigzag direction (x) decreases and

© 2022 The Author(s). Published by the Royal Society of Chemistry

then causes 0 to increase abnormally, leading to in-plane NPR.
In contrast, p, changes slightly and mononously during stretch-
ing along the zigzag direction (x), and there is no NPR phenom-
enon. Moreover, the p, of single-layer graphene decreases
slightly more than that of bilayer graphene and the p, of the
gra-BN heterostructure decreases more significantly than that
of single and bilayer graphene, which also leads to the greatest
variation of geometric parameters (0 and b,) in single-layer
graphene and the greatest degree of NPR in gra-BN. This may
be because the interlayer interactions weaken the coupling of
the in-plane p, orbital. Thus, the consistency of NPR in few-
layer and single-layer graphene, and further BN and the
graphene-BN heterostructure is explained. The interlayer inter-
actions may affect the in-plane coupling of p-orbitals slightly,
leading to differences in the in-plane geometric changes. Our
study provides a deep understanding on the effect of interlayer
interaction and reveals the internal mechanism of NPR in
bilayer and single-layer graphene at the level of electron inter-
action. It is expected to shed light on future design and
development of micro-/nanoscale electromechanical devices
with novel functions based on nanostructures.

It should be noted that although the interlayer interaction is
weak in multilayer graphene, the effect of interlayer interaction
on the in-plane thermal conductivity of graphene is significant,
which is also governed by the lattice dynamics and electronic
structures. For instance, the in-plane thermal conductivity of
bilayer graphene is much lower than that of single-layer
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graphene.’*Thus, the consistent behavior of NPR with inter-
layer interactions is anomalous considering the remarkable
effect of interlayer interaction on the lattice dynamics and
thermal transport behavior. In future studies, more investiga-
tions could be conducted on multilayer systems with stronger
interlayer interactions, such as MoS,,"® where the effect of
interlayer interactions on NPR could be significant.
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