
PHYSICAL REVIEW B 101, 125421 (2020)

Unexpected softness of bilayer graphene and softening of A-A stacked graphene layers
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Density functional theory has been used to investigate the behavior of the π electrons in bilayer graphene and
graphite under compression along the c axis. We have studied both conventional Bernal (A-B) and A-A stackings
of the graphene layers. In bilayer graphene, only about 0.5% of the π -electron density is squeezed through the sp2

network for a compression of 20%, regardless of the stacking order. However, this has a major effect, resulting
in bilayer graphene being about six times softer than graphite along the c axis. Under compression along the c
axis, the heavily deformed electron orbitals (mainly those of the π electrons) increase the interlayer interaction
between the graphene layers as expected, but, surprisingly, to a similar extent for A-A and Bernal stackings.
On the other hand, this compression shifts the in-plane phonon frequencies of A-A stacked graphene layers
significantly and very differently from the Bernal stacked layers. We attribute these results to some sp2 electrons
in A-A stacking escaping the graphene plane and filling lower charge-density regions when under compression,
hence, resulting in a nonmonotonic change in the sp2-bond stiffness.

DOI: 10.1103/PhysRevB.101.125421

I. INTRODUCTION

Graphene has many extraordinary properties, such as its
large in-plane stiffness [1], mainly due to its sp2 covalent bond
network. However, in multilayer graphene, it is the π -electron
orbitals that determine the interlayer interaction. Each number
of layers, and each stacking order, A-A and conventional
A-B (Bernal), has distinct properties. It is of fundamental
importance and interesting to understand and quantify how the
sp2- and π -electron orbitals affect each other. In this paper, we
employ density functional theory (DFT) to study the change in
the in-plane properties under uniaxial compression along the
c axis and the effect of the stacking order, which we expect to
have a significant impact on the behavior of the π electrons.

Graphene is a two-dimensional (2D) material, but it has
three-dimensional (3D) properties, such as the out-of-plane
stiffness, as its π orbitals resist out-of-plane compression.
In our previous work, we experimentally applied hydrostatic
pressure to monolayer graphene, measured the shift of its
in-plane phonon frequency with pressure, and quantified the
out-of-plane stiffness from this shift. We found a similar out-
of-plane stiffness of monolayer graphene (1.4 ± 295 GPa) to
graphite (33.8 ± 3.0 GPa [2]) within experimental error [3].
In the present theoretical paper, the computational results
show a completely unexpected six times smaller out-of-plane
stiffness of bilayer graphene than graphite. We relate this to
the asymmetric distribution of π orbitals on each side of a
graphene layer in a bilayer (the distribution is symmetric in
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monolayer and graphite), owing to the possibility of the π -
electron density being compressed through the sp2 network.

In addition, 2D analysis is usually applied to graphene due
to its large elastic anisotropy [4]. In particular, the frequencies
of the in-plane phonons of graphene bilayers have been related
to only the in-plane strain [5–8], despite the out-of-plane
strain being about 30 times larger than the in-plane strain
under hydrostatic compression. In our previous work, we
quantified the contribution of the out-of-plane strain to the
in-plane phonon frequency and found that it could not be
neglected. We attributed this contribution to the compression
of the π electrons into the sp2 network to alter the in-plane
bond [9]. To further understand this behavior, we investigate
the effect of the stacking order. The stacking order has a
considerable impact on the properties of graphene bilayers.
We take the A-A stacking as an extreme example to compare
with the normal A-B Bernal stacking. A-A stacked graphene
layers are expected to have larger equilibrium interlayer sep-
arations and higher energy than Bernal stacking [10]. They
have some unique electronic and magnetoelectronic properties
[11], such as good tunneling conductance [12] and Fano
antiresonance in the conductance [13]. They also have high
optical conductivity in the terahertz range [14]. Although most
studies are theoretical, A-A stacked graphene layers have also
been experimentally observed. Lauffer et al. observed an area
of A-A stacking in bilayer graphene by scanning tunneling
microscopy and spectroscopy [15], and Liu et al. found A-
A stacked bilayer graphene close to the folding edge and
concluded that the A-A stacking minimized the local strain
during heat treatment [16]. In a theoretical work, de Andres
et al. reported an interlayer covalent bond after compressing
A-A stacked bilayer graphene to a separation of 0.156 nm
[17]. This is a very large compression, far beyond the smallest
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interlayer spacing of about 0.23 nm considered in this paper.
We chose the range of compression to focus on the behavior of
the π electrons before the sp2 to sp3 transition. We find a six
times softer bilayer graphene than graphite out-of-plane for
both Bernal and A-A stackings. Also, unexpectedly, there is
a significant difference between Bernal and A-A stackings in
the response of in-plane stiffness to out-of-plane compression
for both bilayer graphene and graphite.

II. METHODS

We employed density functional theory (DFT) [18,19] as
implemented in the Vienna Ab initio Simulation Package
(VASP) [20] to study bilayer graphene and graphite with A-
A and Bernal stackings at 0 K. We treated the exchange-
correlation effects by the generalized gradient approximation
as parametrized by Perdew et al. [21] and used the projector
augmented-wave method pseudopotentials [22] for carbon.
We used the plane-wave cutoff energy of 900 eV and sam-
pled the reciprocal unit cell with an 18 × 18 × 9 k mesh to
achieve the optimized accuracy of the results. We included the
effects of van der Waals (vdW) interactions using the Grimme
method [23] as implemented in the VASP code. Nevertheless,
estimating the vdW force accurately is challenging in DFT. As
a result, we found the equilibrium interlayer distance of 3.20
Å for Bernal stacked graphite, compared to the experimental
value at equilibrium of 3.35 Å [2]. We calculated the vibra-
tional frequencies at the Brillouin-zone center, the � point
using a 2 × 2 × 2 supercell employing the finite displacement
method as implemented in the PHONOPY code [24]. In this
paper, we are mainly interested in the shift of the phonon
frequency with the change in atomic positions, which is a
measure of the anharmonicity of bonding, that would only be
weakly affected by the imperfectly estimated vdW force. The
structural model and charge density were visualized using the
VESTA software [25].

III. RESULTS AND DISCUSSIONS

A. Out-of-plane stiffness

The out-of-plane stiffness of bilayer graphene and graphite
is mainly determined by the overlap of π orbitals of neigh-
boring graphene layers. We applied uniaxial stress along
the c axis (where the in-plane stress is 0) to the A-A and
Bernal stacked bilayer graphene and graphite. We varied the
interlayer distance, optimized the in-plane lattice parameters
at each interlayer distance and then calculated the uniaxial
stress and the properties of graphene layers at this geometry.
Uniaxial stress is plotted against interlayer distance in Fig. 1.

We fit the data of the uniaxial stress to the interlayer
distance by the one-dimensional (along the c axis) analog of
the Murnaghan equation [2],

a33/a330 = [(c′
33/c33)P + 1]−1/c′

33 , (1)

where a330 is the unstrained interlayer distance, P is the
uniaxial stress, c33 is the elastic constant at equilibrium c330 ,
and c′

33 is the rate of change of c33 with stress. The Mur-
naghan equation is derived from the equations of continuum
mechanics and expresses the fact, here, that the more graphene
layers are compressed, the more difficult it is to compress

FIG. 1. The uniaxial stress along the c axis applied to A-A and
Bernal stacked bilayer graphene and graphite is plotted with the
corresponding interlayer distance at which the stress was calculated.
The black solid points are for graphite, and the blue open circles are
for bilayer graphene. Circles are for Bernal stacking, and squares are
for A-A. The data were fitted by Eq. (1), and the fitting results are
presented.

them further [26]. This applies to the c axis, and so the
one-dimensional analog is realistic when we focus on the
out-of-plane stiffness [2]. Essentially, this version of the Mur-
naghan equation is empirical, consisting of only two fitting
parameters, the modulus of incompressibility, and its first
derivative to pressure. The good fit shown in Fig. 1 confirms
its applicability, and a more complicated equation of state with
more fitting parameters would be likely to overfit the data. For
bilayer graphene, we obtained c33 = 5.3 GPa and c′

33 = 8.2
for A-A stacking at DFT equilibrium a330 = 3.50 Å, c33 =
8.7 GPa and c′

33 = 6.6 for Bernal stacking at a330 = 3.20 Å.
For graphite, we obtained c33 = 32.6 GPa and c′

33 = 13.6
for A-A stacking at a330 = 3.45 Å and c33 = 57.9 GPa and
c′

33 = 10.8 for Bernal stacking at a330 = 3.20 Å, compared to
the experimental value c33 = 38.7 ± 0.7 GPa [4] and c′

33 =
11.8 ± 0.9 at the experimental equilibrium distance a330 =
3.35 Å [2] for Bernal stacked graphite. DFT evaluates Pauli
repulsion more accurately than the vdW attraction, which
suggests focusing on the data in the “DFT compression”
region (where the calculated stress is positive), which, indeed,
is where we are interested. We, therefore, fitted over zero
stress. The fitted values of the parameters in the Murnaghan
equation may depend on the pressure range of the fitting
(although weakly as the fittings are good as shown). We,
therefore, fit the data over the same pressure range for Bernal
and A-A stackings. We also bear in mind that the interlayer
distance is the input in the calculations. The calculated value
of the elastic constant c33 does depend on the value of a330 ,
and a smaller value used in the fit of a330 is obtained by
DFT than from experiments. For the Bernal stacked bilayer
graphene, the c33 is 8.7 GPa at a33 = 3.20 Å (DFT 0 stress).
As the experimental a33 of graphite at equilibrium is larger
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than the DFT bilayer value, the DFT c33 at the experimental
equilibrium a33 = 3.35 Å is smaller than 8.7 GPa (further
away from the values for graphite). The calculated out-of-
plane stiffness of graphite of both stacking orders is generally
consistent with the experimental values of Bernal stacked
graphite, whereas the c33 of bilayer graphene is about six to
seven times smaller. Bilayer graphene is very soft along the c
axis, much softer even than graphite. The stacking order does
make a slight difference, and, as expected, the A-A stacking is
softer out-of-plane initially than the Bernal stacking due to the
larger equilibrium interlayer spacing but grows stiffer faster
under compression as the π -electron orbitals from the neigh-
boring layers are in contact all around the carbon hexagons.
The smooth fit by the Murnaghan equation confirms that there
is no sp2 to sp3 transition over the stress range used. We note
that large structural change might be prohibited by the small
unit-cell setup (a complete sp2 to sp3 transition might not
be allowed in this simulation, but we are anyway not above
30 GPa, which is usually needed for a rapid conversion of
graphite to diamond [27]). What is important here is that the
following observations in this paper are not a result of the
rehybridization of sp2 bonding to sp3.

B. Compressing the electron density under uniaxial stress

An important difference between bilayer graphene and
graphite is the asymmetric electron distribution on each side
of a graphene layer in a bilayer, which could be the cause for
the dramatic difference in the out-of-plane stiffness between
them. We investigated how much the π -electron density can
be squeezed through the sp2 network under compression due
to the asymmetric distribution. We modeled bilayer graphene
with A-A and Bernal stackings, varied the interlayer spacing,
and integrated the charge between the two graphene layers of
the electrons in the outmost occupied shell. In our previous
work [3], we realized that “graphene is thin, but not infinitely
so” [28]. In the present paper, we set infinitely thin boundaries
across the center of all the carbon atom nuclei of a graphene
layer and integrated the charge between these boundaries. We
do not deliberately distinguish sp2- from π -electron densities
because it is reasonable to think that, if electron density can
be squeezed through a graphene plane, then, it would be the
π -electron density, which is highly compressed. In addition,
if sp2-electron density is squeezed through a graphene plane
due to the compression of π orbitals, this might affect the
compressibility of graphene layers as well.

For both stacking orders, we had four carbon atoms in a
unit cell and 16e was the sum of the valence charge from
between and outside the two layers. We plot the integrated
valence charge density between the layers versus the inter-
layer distance in Fig. 2. Compared to Bernal stacking, the
optimized interlayer spacing for A-A stacking is larger, and
it is harder for the electron density to be compressed through
the sp2 network as expected (π orbitals of all the carbon
atoms have another carbon atom directly above or below
in an A-A stacked bilayer). Nevertheless, for both stacking
orders, the absolute amount of electron charge density com-
pressed through is extremely small. Only 0.53% of the valence
charge density in between the graphene bilayers is squeezed
out under a compression of 23% reduction in volume in

FIG. 2. The integrated valence charge between the two graphene
layers is plotted versus the interlayer distance of the bilayer graphene
for A-A (blue open circles) and Bernal stacking (black solid squares).
The interlayer distance at equilibrium for each stacking is arrowed.
We also plot the calculated equilibrium spacing for Bernal stacked
graphite (blue open triangle). The values of c33 from the fittings in
Fig. 1 at a few key points are presented. The difference between
Bernal stacked bilayer graphene and graphite for the elastic con-
stant c33 when both have 8-e/unit cell valence charge between the
graphene bilayers, indicates that the c33 is not entirely determined by
the amount of interlayer electronic charge.

the A-A stacking and under a similar compression of 22%
in the Bernal stacking, only 0.63% of the valence charge
density is compressed out. The consequential large increase
in the charge density between the graphene bilayers under
compression indicates a large deformation or overlap of the
electron orbitals (mainly of the π electrons one would expect).
This validates the interpretation in our previous work that the
compression of the π -electron orbitals into the sp2 network is
responsible for the significant contribution of the out-of-plane
strain to the frequency shifts of the in-plane phonons [9].
There is no transition of sp2 towards sp3, the sign of which
is that carbon atoms go out of the sp2 plane. We optimized
the geometry at each interlayer separation and did not observe
any disruption of the sp2 plane.

We also arrowed on Fig. 2 the elastic constant c33 of bilayer
graphene and Bernal stacked graphite at equilibrium, from the
fittings presented in Fig. 1 (where the dashed lines start). The
valence charge density between graphene bilayers is always
8 e/unit cell in graphite due to the symmetry of the system.
The c33 of bilayer graphene is still only about half that of
graphite when the interlayer valence charge density is com-
pressed so that the interlayer valence charge is 8. Therefore,
the difference in the out-of-plane stiffness between bilayer
graphene and graphite is not due to the different interlayer
valence charge densities. It is also not due to the different
interlayer distances at equilibrium as shown in the last section.
It is reasonable to think that the asymmetric distribution of
electrons on each side of a graphene layer in bilayer graphene
is responsible. More precisely, the ultrasoftness of bilayer
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graphene is because the π -electron density can be compressed
out of the interlayer. Nevertheless, bilayer graphene being
six times softer than graphite is, indeed, unexpected and
intriguing.

C. Phonons of graphite under compression

We now move on from the out-of-plane stiffness to the
in-plane stiffness of graphene layers. We investigated how
the stacking orders affect the in-plane stiffness under out-
of-plane compression. We modeled A-A and Bernal stacked
graphite under hydrostatic pressure with the equilibrium lat-
tice parameter a33 of 3.50 and 3.20 Å, respectively. We applied
pressure by setting a smaller 3D unit-cell volume, optimizing
the geometry and calculating the corresponding pressure. We
plot the calculated hydrostatic pressure versus the unit-cell
volume to obtain bulk moduli for A-A and Bernal stacked
graphite in Fig. 3(a). We fitted the data using the Murnaghan
equation [26] and obtained the unstrained bulk modulus B0 =
30.5 GPa and its shift rate with pressure B′ = 11.2 for A-A
stacking and B = 45.1 GPa and B′ = 10.4 for Bernal stack-
ing, close to the published experimental values for Bernal
stacked graphite of B = 33.8 ± 3.0 GPa and B′ = 8.9 ± 1.0
[2] (the small discrepancy is due to the estimated equilibrium
a33 using DFT, depending on the vdW).

The small bulk modulus of graphite is due to its weak
interlayer interaction of which the frequency of the layer
breathing mode (LBM) is a good indicator. We plot the LBM
frequency versus pressure in Fig. 3(b) and empirically fit the
data by [2]

ω(P)/ω0 = [(δ0/δ
′)P + 1]δ

′
, (2)

where ω is the frequency, δ0 is the logarithmic pressure
derivative (d ln ω/dP)P=0, and δ′ is the pressure derivative
of d ln ω/dP, accounting for the curvature. We obtained the
values of the fitting parameters of δ0 = 0.29 GPa−1 and δ′ =
0.40 for A-A stacked graphite and δ0 = 0.18 GPa−1 and δ′ =
0.37 for Bernal stacking with the latter being comparable to
the experimental values of δ0 = 0.15 GPa−1 (δ′ not available)
[29].

For the bulk modulus and the LBM frequency of Bernal
stacked graphite under hydrostatic pressure, the theoretical
results are very close to those from experiments, validating
the calculations in this paper. The difference in stacking order
only makes a marginal difference (compared to the difference
between bilayer graphene and graphite and the difference in
the in-plane stiffness, which will be presented later) in the out-
of-plane stiffness and the interlayer interaction. This is mainly
determined by the overlap of the π -electron orbitals where
the impact of the stacking order ought to be large. Again, no
sp2 to sp3 transition occurs in the plotted pressure range. The
good agreement on the B′ and the δ0 for the LBM between
the experimental values in the literature and our calculations
indicates the validity of the computational results from our
modeling.

We now focus on the effect of the compression on the
in-plane stiffness of graphene layers. The frequencies of the
four in-plane phonons of A-A stacked graphite are presented
in Fig. 3(c)—two carbon atoms vibrate in-line antiphase
along longitudinal or transverse directions in the hexagonal

FIG. 3. Hydrostatic pressure was applied to A-A and Bernal
stacked graphite. (a) The calculated pressure is plotted versus the
ratio of the unit-cell volume to the unstrained volume (A-A stacking
in black solid squares and Bernal stacking in blue open circles).
Fitting using the Murnaghan equation is shown as dashed lines, black
for A-A stacking and blue for Bernal stacking. (b) The frequencies
of the LBM for A-A and Bernal stacked graphite are plotted versus
hydrostatic pressure (A-A stacking in black solid squares and Bernal
stacking in blue open circles). The data are fitted using Eq. (2) as
dashed lines, black for A-A stacking and blue for Bernal stacking.
(c) The frequencies of the four in-plane phonon modes (as labeled)
for A-A stacked graphite are plotted versus pressure. We use the
same notation to label the four phonon modes as for Bernal stacked
graphite to be consistent, despite the symmetry being different. L is
for longitudinal modes, and T is for transverse modes.

plane of graphene (labeled as L and T ), and the vibrations in
the two layers vibrate in or out of phase (called E1u and E2g

in Bernal stacking, we use these labels for A-A stacking too;
illustration diagram in Ref. [30]). The vibrational frequencies
of the L and T modes are degenerate as expected. The
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frequencies of both E1u and E2g in the A-A stacked graphite
shift nonmonotonically with pressure, unlike in the Bernal
stacking (where the frequencies increase almost linearly with
pressure [9]), over the pressure range where no sp2 to sp3

transition occurs. The compression of the π -electron orbitals
not only modifies the shift rates of the in-plane phonons with
pressure in Bernal stacked graphite, but also changes the sign
of the shifts in A-A stacking.

We excluded the effect of in-plane strain by applying uni-
axial stress along the c axis to graphite of each stacking order.
The interlayer distance was the input in the calculations. We
calculated the corresponding uniaxial stress at each interlayer
distance.

We again calculated the LBM frequencies as a measure
of interlayer interaction and plot them versus the interlayer
distance in Fig. 4(a). We fit the data by [31]

ω(P)/ω0 = [r(P)/r0]−3γ , (3)

where ω is the frequency of the LBM and r is the interlayer
distance. We obtained γ = 2.30 for A-A stacked graphite,
compared with the published γ = 2.36 for Bernal stacked
graphite [31]. The result indicates that the interlayer interac-
tion of A-A stacked graphite increases at nearly the same rate
as that of Bernal stacked graphite under uniaxial stress.

Under uniaxial compression along the c axis, the stacking
order of graphite has only a small impact on the out-of-plane
stiffness and the interlayer interaction. We then investigated
the in-plane properties. We calculated the frequencies of the
four in-plane phonons for A-A stacked graphite at each inter-
layer distance and plot the data in Fig. 4(b). We note that the
out-of-plane compression has a large impact on the in-plane
phonons not only shifting the frequencies significantly, but
also changing the sign of the shift of the in-phase vibrations.
On the other hand, Bernal stacked graphite behaves more
reasonably in that the frequencies of the in-phase modes (E1u)
increase whereas the out-of-phase modes (E2g) decrease with
increasing interlayer coupling [9]. We would like to point out
again that no sp2 to sp3 transition occurs over the pressure
range used.

We present the shift of in-plane phonon frequencies with
interlayer distance for A-A- and Bernal stacked bilayer
graphene under uniaxial compression along the c axis in the
Supplemental Material [32]. Similar to graphite, the frequency
shifts of three out of four phonon modes of the A-A stacking
changes sign twice over a small pressure range to 5 GPa,
whereas the phonon frequency of the Bernal stacking shifts
more uniformly, indicating that the substantial impact of the
out-of-plane compression on the in-plane phonons largely
depends on the stacking orders. An interpretation is provided
in the next subsection.

D. Change in charge density under uniaxial strain

Both A-A- and Bernal stacked graphene bilayers are very
soft to compress along the c axis, and under compression,
small amounts of electron charge density are squeezed
through the sp2 network (although this might be the cause of
the huge difference between bilayer graphene and graphite).
Our finding that the stacking order has very small effect on the
out-of-plane stiffness, and the interlayer interaction suggests

FIG. 4. Uniaxial stress along the c axis was applied to A-A
and Bernal stacked graphite. (a) The frequency of the LBM for
A-A stacked graphite (black solid squares) is plotted versus the
interlayer distance. The data are fitted by Eq. (3) in dashed lines. The
published data and the fit for Bernal stacked graphite is presented
for comparison [31]. (b) The frequencies of the four in-plane phonon
modes (as labeled) for A-A stacked graphite are plotted versus the
interlayer distance under uniaxial stress. We use the same notation
to label the phonon modes as those four in Bernal stacked graphite
to be consistent, despite the symmetry being different. L is for the
longitudinal modes, and T is for the transverse modes.

that the overlap of π orbitals of neighboring layers is nearly
the same for Bernal and A-A stackings, probably because
the electrons fill the area near the carbon hexagon center
of low electron density. Plausibly, it is the π electrons that
do the filling in the Bernal stacked graphene layers. On the
other hand, the dramatic impact of out-of-plane compression
on the in-plane phonon frequencies in the A-A stacked
graphene layers strongly indicates that the sp2 electrons are
also involved. The sp2 electrons filling the low-density area
will cause a decrease in the overlap of the electron orbitals of
neighboring carbon atoms and, therefore, result in a decrease
in the in-plane phonon frequency as the calculations show.
When we compress the graphene bilayers further after the
low-density area is filled, the in-plane phonon frequency will
then increase, again just as the calculations show (change in
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FIG. 5. The total valence charge density of bilayer graphene is
plotted along the (110) plane for (a) Bernal and (b) A-A stackings.
The color scale is labeled. Positions of atomic cores and sp2 bonds
are marked. The charge density of the 10% uniaxially compressed
bilayer graphene is subtracted from that of the unstrained bilayer
when we overlap their bottom layers, and it is then plotted for
(c) Bernal and (d) A-A stackings. The contours are separated by
0.0001 e/Å3. The (110) graphene plane through the carbon atoms
is plotted in the middle of each plot. Atomic cores are labeled as
black dots. We plot the charge density about 1 Å above and below
the graphene plane. Therefore, (c) and (d) are at over twice the
magnification of (a) and (b).

the sign of the in-plane phonon shifts). Fahy et al. (1987)
reported that the sp2 to sp3 transition of graphite is insensitive
to the stacking order [33], indirectly supporting this interpre-
tation. It is insensitive because the out-of-plane stiffness and
the interlayer interaction for Bernal and A-A stackings are
similar.

To illustrate this interpretation, we plot the valence charge
density of bilayer graphene for A-A and Bernal stackings.
We first plot the total valence charge density at equilibrium
along the bilayer graphene (110) plane in Figs. 5(a) and 5(b)
where two layers are shown and positions of atomic cores
and sp2 bonds are labeled. Comparing the charge density
of the unstrained and compressed bilayers, we find that the

difference in the charge density that causes a disruption in
the sp2 network is too small to be directly seen. Here, we
overlap the bottom layers and plot the difference in charge
density between the unstrained and 10% uniaxially com-
pressed bilayer graphene for Bernal and A-A stackings in
Figs. 5(c) and 5(d) [Figs. 5(c) and 5(d) are at over twice the
magnification of Figs. 5(a) and 5(b)]. The blue color shows
the increase in charge density under compression. The overlap
of the π -electron orbitals is clearly seen—most obviously
for Bernal stacking where the interlayer spacing is smaller
(but only every other carbon has another directly above).
We would like to point out that, under 10% compression,
the integrated charge density between graphene bilayers is
increased by about 10% as the absolute amount of electron
charge density squeezed through the graphene planes is tiny.
This increase mainly occurs for the π orbitals. We now focus
on the graphene plane where the C-C bonding is changed.
For Bernal stacking, the charge density is shown as green
along the graphene plane in Fig. 5(c), indicating no change
in the charge density, whereas in the A-A stacking, the sp2

electrons “escape” out of the plane as the color turns yellowish
in Fig. 5(d). This validates our proposed interpretation for the
significant effect of the stacking order on the in-plane stiffness
of graphene layers under uniaxial compression.

IV. CONCLUSIONS

We used DFT to investigate the behavior of the π electrons
in graphene bilayers under compression along the c axis and
obtained the out-of-plane stiffness (along the c axis), the over-
all interlayer interaction, and the in-plane phonon frequencies.
There is a six times lower out-of-plane stiffness in bilayer
graphene than in graphite. This is due to the asymmetric
electron distribution on the two sides of each graphene layer in
a bilayer where the relatively small amount of electron charge
density (about 0.5% under 20% compression) compressed
through the sp2 network are relevant. The out-of-plane stiff-
ness and the interlayer interaction, both of which are mainly
determined by the π electrons of the graphene bilayers, are
very similar, but not identical, for both A-A and Bernal stack-
ings. On the other hand, under out-of-plane compression, the
shift of the in-plane phonons for A-A stacked graphene layers
is significantly different from the shift for Bernal stacking.
Both the small effects of the stacking order on the out-of-plane
properties and the large effects on the in-plane properties are
surprising. We propose the following interpretation: Under
compression, the π -electron orbitals are considerably de-
formed, and some of their electrons fill the center areas of the
carbon hexagons having low electron density. In addition, for
A-A stacked graphene layers, the sp2 electrons also contribute
to the filling, inducing a softening of the C-C bond when the
compression starts. Our results exhibit the significant impact
of the re-distribution of the π and sp2 orbitals on both the
in-plane and the out-of-plane properties of graphene.
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