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Effects of lithium intercalation in bilayer graphene
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Modulation of the Dirac cone of graphene has been highly desired to enrich the exotic properties of graphene.
Intercalation of Li into multilayer graphene could lead to the gap opening of the Dirac cone of graphene. Here,
using density functional theory calculations, we identify the stable intercalated structure and the corresponding
evolution of band structures in the intercalation process of Li into bilayer graphene (BLG). The generalized
Kekulé order beyond the traditional

√
3 × √

3 supercell has been observed to modulate the Dirac cones of BLG
by opening a gap or splitting the electron and hole pocket, contributed by the Kekulé-O and the Kekulé-Y
distortion, respectively. Our work provides a further understanding of the modulation of the Dirac cone of
graphene and can serve as a landmark for experiment to investigate the Li-intercalated BLG.

DOI: 10.1103/PhysRevB.107.165409

I. INTRODUCTION

Graphene, the first observed two-dimensional material
with two sublattices in its hexagonal lattice, has Dirac cones
with linear energy dispersion located at the K and K′ points of
its Brillouin zone, which are protected by inversion and time-
reversal symmetry [1–3]. The gapless Dirac cones in graphene
can be opened by applying different potentials to two sublat-
tices [4–6] or by introducing the intervalley coupling between
Dirac cones at the K and K′ points [7–9]. The Bernal stacking
bilayer graphene (BLG) can be regarded as an example of the
gap opening in the hexagonal lattice with two sublattices in
different potential energies and one Dirac cone of BLG at the
K point is opened [10]. In addition, the gap opening of the
Dirac cone in graphene caused by the intervalley coupling can
be realized by forming a specific type of Kekulé distortion,
which can be induced by applying an external superlattice
potential [11,12] or by introducing dilute adatoms or defects
on graphene [13–15]. In addition, the intercalation of alkali
metal is also an effective way to realize the gap opening of the
Dirac cone [16,17].

Intercalation of alkali metal into graphite or multilayer
graphene is the most classic charge storage mechanism in
rechargeable battery technologies [18–20], and the LiC6

with a superlattice of (
√

3 × √
3)R30◦ and the KC8 with

a superlattice of 2 × 2 have been regarded as the satu-
rated Li-intercalated and K-intercalated structures, respec-
tively [21–24]. Some exotic properties like superconductivity
can also be observed in the saturated Li-intercalated structure
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of LiC6 or the Cs-intercalated structure of CsC6 [25,26]. For
the graphene with a superlattice of (

√
3 × √

3)R30◦, the dif-
ferent bond distortion can lead to the Kekulé-Y order with
“Y”-shaped bond modulation or to the Kekulé-O order with
“O”-shaped bond modulation [27–31]. The Kekulé-Y ordered
graphene, realized by a heterostructure of graphene grown on
Cu substrate, remains gapless [15,29], while the Kekulé-O
ordered graphene has been experimentally evidenced in the
saturated Li-intercalated BLG with a superlattice of (

√
3 ×√

3)R30◦ [30,31]. However, the stable intercalated structure
and the evolution of the band structure during the intercalation
of Li into the BLG still need to be further investigated. Here,
we report the existence of a generalized Kekulé order beyond
the

√
3 × √

3 supercell in the intercalation process of Li into
BLG. Moreover, by monitoring the corresponding evolution
of band structures, we find the modulation of the Dirac cones
of the BLG by opening a gap or splitting the electron and
hole pocket, which are contributed to the Kekulé-O and the
Kekulé-Y distortion, respectively. Our results provide further
insights for understanding the underlying mechanism of the
band structure of the BLG with the generalized Kekulé order.

II. COMPUTATIONAL METHODS

In this work, density functional theory (DFT) calculations
were carried out using the Vienna ab init io simulation package
(VASP) [32]. The electron-ion interaction and exchange-
correlation energy were described by the projector augmented
wave potential [33,34] and generalized gradient approxi-
mation with the Perdew-Burke-Ernzerhof functional [35],
respectively. The van der Waals interaction was described by
the DFT-D3 empirical correction [36]. A vacuum space larger
than 15 Å was added above the bilayer graphene to eliminate
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FIG. 1. (a) Schematics of the superlattice of BLG used in the
simulation. (b),(c) Top view of AB-stacking and AA-stacking BLG
intercalated with Li.

the interaction between the periodically repeated images. The
density of the �-centered k-point mesh was set as 0.04/Å
and 0.02/Å for structure optimization and electronic structure
calculation, respectively. The energy cutoff was set to 400 eV,
and the energy convergence criterion was set to 10−5 eV. All
atoms were fully relaxed until the force on each atom was less
than 10−2 eV/Å. In order to compare the Dirac cones of the
bilayer graphene with different concentrations of intercalated
Li, the band structures for the supercell of bilayer graphene
were unfolded into the Brillouin zone of the primitive cell by
the effective band structure method [37].

III. RESULTS AND DISCUSSION

The previous experimental result [38] proposed that the
distribution of Li in the intercalated BLG is uniform, espe-
cially for the BLG with concentrated Li [39]. The charge
transfer from Li to graphene would induce long-range
Coulomb repulsion between the positively charged Li, ensur-
ing the hexagonal-ordered state of Li within BLG. Therefore,
the whole intercalation process of Li is theoretically in-
vestigated from the dilute concentration (Li0.061C12) to the
extremely high concentration (Li3C12) by intercalating one
Li into different supercells of BLG, as shown in Fig. 1(a).
Meanwhile, AA- and AB-stacking orders of BLG are both
considered for Li intercalation. After intercalation, Li prefers
to locate at the top site of one layer but the hollow site of
the other layer of AB-stacking BLG [shown in Fig. 1(b)],
while Li prefers to locate at the hollow site of both layers of
AA-stacking BLG [shown in Fig. 1(c)].

To estimate the energetic stability of Li in BLG, we firstly
determined the intercalation energy (Ei) per Li atom with

different concentrations, as shown in Supplemental Material
Fig. S1 [40]. It is observed that, as more Li is intercalated into
the BLG, Ei would increase, and the Bernal-stacking BLG
would transfer from AB- to AA-stacking order. Specifically,
the Ei of LiC12 (one Li atom intercalated into the

√
3 × √

3 su-
percell of BLG with AA-stacking order, denoted as

√
3 × √

3,
AA) is −2.04 eV, which is slightly lower than the cohesive en-
ergy of Li metal (−1.99 eV). If more Li atoms are intercalated
into LiC12, Ei would be higher than the cohesive energy of Li
metal, indicating the possibility of Li aggregation. Therefore,
LiC12 can be considered as the BLG with the saturated con-
centration of Li. To determine the thermodynamically stable
structures of BLG with different concentrations of Li, the
convex hulls of BLG during Li intercalation were constructed
by calculating the formation energy per Li (E f ), which is
defined as

E f = Etot − Esub − uLi, (1)

where Etot is the total energy of the BLG supercell with
one intercalated Li, Esub is the energy of the BLG supercell,
Etot − Esub refers to the energy difference between the BLG
supercell with and without one intercalated Li, and uLi refers
to the chemical potential of Li determined as the energy
difference between the AA-stacking BLG with the saturated
concentration of Li (LixC12) and the pristine AB-stacking
BLG without Li intercalation (uLi = ELiC12 − EC12 ). As shown
in Fig. 2(a), under the dilute concentration of Li (LixC12,
0 � x � 0.16), the BLG with AB-stacking order is more sta-
ble than that with AA-stacking order. Nevertheless, the stable
stacking order of BLG would transform to the AA stacking
under the high concentration of Li (LixC12, 0.18 � x � 1).
The stacking transformation from AB- to AA-stacking order
has been elucidated by the variation trend of the intensity
ratios between the {0110} peak and the {1210} peak in the
selected-area electron diffraction patterns during Li interca-
lation in BLG [38]. Additionally, besides pristine BLG and
LiC12 (

√
3 × √

3, AA) with the saturated concentration of
Li, four Li-intercalated BLG structures of Li0.083C12 (6 × 6,
AB), Li0.188C12 (4 × 4, AA), Li0.231C12 (

√
13 × √

13, AA),
and Li0.75C12 (2 × 2, AA) are predicted to be stable, which
could be observed in the experiment.

To further investigate the intercalation process of Li into
BLG, we provide information on the band structures of stable
structures during Li intercalation. For clarity, all band struc-
tures shown in this work are the local amplification of Dirac
cones, which are completely contributed by the carbon atoms
of BLG (shown in Fig. S2 [40]). As shown in Fig. 2(b), the
pristine AB-stacking BLG has one pair of π and π∗ states
degenerating at the K point to form a gapless Dirac cone, and
another pair of π and π∗ bands is split by the A-B interlayer
coupling [10]. With the intercalation of Li, the Fermi level
would shift up to the electron pocket of the BLG, indicat-
ing electrons would transfer from the Li to the BLG. For
Li0.083C12 (6 × 6, AB), there also exists a tiny band splitting
of the electron pocket of the Dirac cone. For Li0.188C12 (4 × 4,
AA), the stable stacking order would transfer from AB to AA,
and the two gapless Dirac cones are located at the K point,
where the energies of two Dirac points are all below the Fermi
level. It is thus that the number of gapless Dirac cones can
be viewed as the indicator of the stacking order of BLG in

165409-2



EFFECTS OF LITHIUM INTERCALATION IN BILAYER … PHYSICAL REVIEW B 107, 165409 (2023)

FIG. 2. (a) Formation energy (Ef ) convex hull construction for Li-intercalated BLG with different concentrations of Li. In the light-red
(light-blue) area, the stable BLG after Li intercalation is AB stacking (AA stacking). Pentagons represent the six stable Li-intercalated BLG
structures. Green circles represent the Li-intercalated BLG structures with the generalized Kekulé order. (b) Band structures of six stable
Li-intercalated BLG structures.

experiments. For Li0.231C12 (
√

13 × √
13, AA) and Li0.75C12

(2 × 2, AA), two gapless Dirac cones are preserved while the
Fermi level is shifted up due to more electrons transferred
from Li to BLG. For LiC12 (

√
3 × √

3, AA), two obvious
gap-opening Dirac cones at the K point are induced by the
Kekulé order of Li in the intercalated BLG.

Generally, the gap opening of the Dirac cone caused by
Kekulé distortion is inherent in the

√
3 × √

3 supercell of
graphene. However, the modulation of the Dirac cone might
also be observed in other Li-intercalated structures. Here,
systematic calculations are performed to investigate the band
structures of BLG with different stacking orders and different
concentrations of Li. Interestingly, the distinctive modulation
of Dirac cones has been observed in other regular BLG su-
percells. As shown in Fig. 3(a), the obvious band splitting of
the electron and hole pocket can be found in AB-stacking
BLG with specific intercalation configuration as one Li in√

3 × √
3, 3 × 3, 2

√
3 × 2

√
3, and 3

√
3 × 3

√
3 supercells

of BLG. However, there is no obvious band splitting of the
Dirac cone in other Li-intercalated BLGs with AB-stacking
order, as shown in Fig. S3 [40]. Moreover, inequivalent elec-
trons transferred from Li to two individual layers of BLG
can induce the internal electric field, which leads to the gap
opening of the Dirac cone in the generalized Li-intercalated
AB-stacking BLG. However, the gap opening can be occa-
sionally compensated by the band splitting of the electron
and hole pocket, resulting in the gaplessness of the Dirac
cone in LiC12 (

√
3 × √

3, AB) and Li0.111C12 (3
√

3 × 3
√

3,
AA) shown in Fig. 3(a). In comparison, two Dirac cones are
both gapped in four Li-intercalated BLGs with AA stack-
ing: LiC12 (

√
3 × √

3, AA), Li0.333C12 (3 × 3, AA), Li0.25C12

(2
√

3 × 2
√

3, AA), and Li0.111C12 (3
√

3 × 3
√

3, AA), shown
in Fig. 3(b). Therefore, a generalized Kekulé order with the
lattice of an integral multiple of

√
3 or 3, which are beyond

the traditional
√

3 × √
3 supercell, can effectively modulate

the Dirac cone of graphene. Nevertheless, for the generalized
Kekulé order, there are significant differences between Dirac
cones of BLG with different stacking orders. For AA-stacking
BLG, the Li are all located at the hollow site, resulting in
the formation of the Kekulé-O type pattern for two individual
graphene layers. Therefore, the gap opening of two Dirac

FIG. 3. (a) Band structure of the generalized Kekulé patterned
BLG with AB-stacking order. (b) Band structure of the generalized
Kekulé patterned BLG with AA-stacking order.
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FIG. 4. Illustration of C-C bond stretching in (a) AA-stacking
and (b) AB-stacking Li-intercalated BLG with the supercell of
3
√

3 × 3
√

3.

cones can be observed. Whereas for AB-stacking BLG, the
Li are located at the top site of one graphene layer and the
hollow site of another layer, so there should be a mixture of
the Kekulé-O and Kekulé-Y type patterns; and the Kekulé-Y
distortion is responsible for the band splitting of the electron
and hole pocket of the Dirac cone. However, although some
Li-intercalated structures with the generalized Kekulé order
may not be the most stable structures, they are metastable
structures that may be synthesized by controlling the concen-
tration of Li.

In addition, the length of nonequivalent C-C bonds around
the intercalated Li for different BLG supercells are summa-
rized to elucidate the effect of intercalated Li. As shown
in Fig. S4 [40], for AA-stacking bilayer graphene, only C-
C bonds in one graphene layer are summarized due to the
mirror symmetry between the upper and lower graphene lay-
ers. However, for the AB-stacking bilayer graphene, the C-C
bonds in the upper and lower graphene layers are all sum-
marized since the Li locates at the hollow and top sites of
the upper and lower graphene layers, respectively. The se-
lected C-C bond lengths are summarized in Supplemental
Material Table S1 [40]. At the beginning of Li intercalation,
the nearest-neighbor and next-neighbor C-C bonds closed to
the intercalated Li are stretched by about 0.5% and 0.2%,
respectively, with respect to the pristine BLG, while other
C-C bonds have negligible distortion, as shown in Fig. 4. It
is worth noting that the bond stretching would be weakened
as the intercalated Li approaches the saturation concentration,
and even become negligible when the Li reaches the saturation
concentration to form LiC12, in which all C-C bonds have
the same length when the Li is located at the hollow sites
of the graphene layer. Therefore, the C-C bond distortion of
graphene caused by the Li intercalation is not the determining
factor to the distinctive modulation of Dirac cones of bilayer
graphene with the generalized Kekulé order.

To figure out the origin of the generalized Kekulé order
as well as the difference between the Dirac cone introduced
by the Kekulé-Y and Kekulé-O distortions, we investigate the
characteristics of the Dirac cone of the monolayer graphene
caused by the adsorption of Li with the generalized Kekulé
order, as shown in Fig. S5 [40]. The Kekulé-O and Kekulé-Y
distortions are constructed through the adsorption of Li at
the hollow and top sites of graphene, respectively. A distinct
change of the Dirac cone has also been observed in monolayer
graphene with the lattice of an integral multiple of

√
3 or

3. Interestingly, the Dirac cone of LiC6 with the Kekulé-O
distortion is comparable to the angle-resolved photoemission
spectroscopy (ARPES) results [30]. For graphene, the cou-
pling between the valleys at K and K′ of the primary cell is
vital to the distinctive modulation of the Dirac cone, espe-
cially for the gap opening of the Dirac cone caused by the
Kekulé distortion in the

√
3 × √

3 supercell of graphene. As
shown in Fig. 5(a), the Brillouin zone (BZ) of graphene in
the primary cell and the supercell of

√
3 × √

3 are marked
as blue and red hexagons, respectively. The K and K′ valley
points of the primary cell are located at the six corners of
the blue hexagon and the center of the red hexagon that
represents the � point of the

√
3 × √

3 supercell. Once the
Kekulé distortion (

√
3 × √

3 supercell) is formed, the K and
K′ valley points of the primary cell will be folded to the �

point of the
√

3 × √
3 supercell. Such a folding of the BZ will

induce the intervalley coupling of graphene, leading to the gap
opening of the Dirac cone. Similarly, the two valley points
K and K′ in the BZ of the primary cell can also be folded
into the � point in the BZ of the 3 × 3 supercell, shown in
Fig. 5(b), indicating the intervalley coupling could also occur
in the 3 × 3 graphene supercell. Therefore, the distortion in
a supercell of an integral multiple of

√
3 or 3 can lead to the

intervalley coupling since the valley points K and K′ of the
primary cell can be folded to the � point of the supercells. The
above distortion can be considered as the generalized Kekulé
distortion. The generalized Kekulé distortion would lead to
distinctive modulation of the Dirac cone of graphene, while it
is also determined by the type of Kekulé distortion, Kekulé-O
or Kekulé-Y.

Besides the generalized Kekulé order, the different effects
induced by the Kekulé-Y and Kekulé-O distortions on the
Dirac cone of graphene have also been observed in the result.
As shown in Figs. 5(c) and 5(d), the Kekulé-Y and Kekulé-O
distortions lead to the band splitting and the gap opening
of the Dirac cone, respectively. Here, the Hamiltonian with
four degenerate states at Fermi energy consists of two states
induced by two sublattices (|A〉, |B〉) at the K point and two
states (|A′〉, |B′〉) at the K′ point. Four degenerate states at
Fermi level can be written as

|A〉 = 1√
N

∑
RA

eiK·RA |AR〉 = 1√
N

∑
m,n

e(2π i/3)(m+2n)|Am,n〉,

(2)

|B〉 = 1√
N

∑
RB

eiK·RB |BR〉 = 1√
N

∑
m,n

e(2π i/3)(m+2n−1)|Bm,n〉,

(3)

|A′〉 = 1√
N

∑
RA

eiK
′ ·RA |AR〉 = 1√

N

∑
m,n

e(2π i/3)(2m+n)|Am,n〉,

(4)

|B′〉 = 1√
N

∑
RB

eiK
′ ·RB |BR〉 = 1√

N

∑
m,n

e(2π i/3)(2m+n−1)|Bm,n〉,

(5)

where RA = m(a − c) + n(b − c) + rA and RB =
m(a − c) + n(b − c) + rB are the positions of carbon atoms
in sublattices A and B, respectively. rA and rB are the positions
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FIG. 5. (a),(b) Schematics of the intervalley coupling at the � point of graphene with
√

3 × √
3 and 3 × 3 supercells. (c),(d) Band structure

of the 3 × 3 graphene lattice with the Kekulé-Y and Kekulé-O distortions. (e),(f) Schematics of the scattering in graphene with the Kekulé-Y
and Kekulé-O distortions. Red, green, and blue spheres in (e) represent three groups of sites for the A sublattice and gray spheres in (e) represent
the sites for the B sublattice. Red, green, and blue hexagons in (f) represent three groups of hopping parameters. (g),(h) Band structure of the√

3 × √
3 graphene lattice with Kekulé-Y and Kekulé-O distortions.

of atom A and atom B in the (0, 0) unit cell. |AR〉 and |BR〉
are the pz orbitals of carbon atoms in rB = −c, and |AR〉
(|Am,n〉) and |BR〉 (|Bm,n〉) are the carbon pz orbitals on the A
and B atoms in the (m, n)th unit cell. Then, the perturbation
theory is introduced to explore the different effects of the
Kekulé-Y and Kekulé-O distortions on the modulation of

the Dirac cone of graphene. With the perturbation, the
on-site energy and hopping parameter can be written as
εm,n

l = ε0 + εm,n
l (l = A, B) and tm,n

l = t + τm,n
l (l = 1, 2, 3).

Here, the unperturbed on-site energy ε0 is set to be zero. In
the space of four degenerate states of |A〉, |B〉, |A′〉, and |B′〉,
the Hamiltonian can be written as

H =

⎡
⎢⎢⎢⎢⎣

HAA HAB

H∗
AB HBB

HAA′ HAB′

HBA′ HBB′

H∗
AA′ H∗

BA′

H∗
AB′ H∗

BB′

HA′A′ HA′B′

H∗
A′B′ HB′B′

⎤
⎥⎥⎥⎥⎦

. (6)

Here, the matrix elements of HAA′ , HBB′ , H∗
AA′ , and H∗

BB′ describe the scattering in one sublattice and between two Dirac cones.
The matrix elements of HAB′ , HBA′ , H∗

AB′ , and H∗
BA′ describe the scattering between two sublattices and between two Dirac cones.

If one of these matrix elements in each group is nonzero, the Dirac cone will open a gap.
The Kekulé-Y distortion is induced by one Li adsorbed on the top site of the carbon atom of graphene with the

√
3 × √

3
supercell, which breaks the equivalence of one sublattice but keeps the equivalence of another sublattice. Under this condition,
the scattering in one sublattice and between two Dirac cones is considered. Here, the Hamiltonian elements HAA′ and HBB′ can
be written as

HAA′ = 1

3

⎛
⎝ 3

N

∑
m,s

εm,m+3s
A + 3

N

∑
m,s

εm,m+3s+1
A e2π i/3 + 3

N

∑
m,s

εm,m+3s−1
A e−2π i/3

⎞
⎠

= 1

3

( −
εr

A +
−
ε

g
Ae2π i/3 +

−
εb

Ae−2π i/3
)
, (7)

HBB′ = 1

3

⎛
⎝ 3

N

∑
m,s

εm,m+3s
B + 3

N

∑
m,s

εm,m+3s+1
B e2π i/3 + 3

N

∑
m,s

εm,m+3s−1
B e−2π i/3

⎞
⎠

= 1

3

( −
εr

B +
−
ε

g
Be2π i/3 +

−
εb

Be−2π i/3
)
. (8)
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The HAA′ and HBB′ equal to zero only if εr
A = ε

g
A = εb

A and εr
B = ε

g
B = εb

B. As shown in Fig. 5(e), the Kekulé-Y distortion can

break the equivalence of one sublattice like A, but maintain the equivalence of sublattice B (εr
B = ε

g
B = εb

B). Therefore, the HAA′

is nonzero, while HBB′ is zero, indicating that the degeneracy of |A〉 and |A′〉 is broken but the degeneracy of |B〉 and |B′〉 is kept.
This is the reason why the band splitting of Dirac cones can be observed in graphene with the Kekulé-Y distortion in Fig. 5(g).
The Kekulé-O distortion is induced by one Li adsorbed on the hollow site of graphene with the

√
3 × √

3 supercell, which breaks
the equivalence of three hopping parameters. Under this condition, the scattering between two sublattices and between two Dirac
cones is considered. Here, the Hamiltonian elements HAB′ and HBA′ can be written as

HAB′ = 1

N

∑
m,n

e(2π i/3)(m − n)
(
tm−1,n
1 + tm,n−1

2 e2π i/3 + tm,n
3 e−2π i/3

) = 1

N

∑
m,s

[
tm,m+3s+1
1 + tm,m+3s

2 + tm,m+3s−1
3

]

+ 1

N

∑
m,s

e2π i/3
[
tm,m+3s
1 + tm,m+3s−1

2 + tm,m+3s+1
3

] + 1

N

∑
m,s

e−2π i/3
[
tm,m+3s−1
1 + tm,m+3s+1

2 + tm,m+3s
3

]

=
−
t r +

−
t ge2π i/3 +

−
t be−2π i/3, (9)

HBA′ = 1

N

∑
m,n

e2π i/3(m−n)(tm,n
1 + tm,n

2 e2π i/3 + tm,n
3 e−2π i/3) = 1

N

∑
m,s

[
tm,m+3s
1 + tm,m+3s−1

2 + tm,m+3s+1
3

]

+ 1

N

∑
m,s

e2π i/3
[
tm,m+3s−1
1 + tm,m+3s+1

2 + tm,m+3s
3

] + 1

N

∑
m,s

e−2π i/3
[
tm,m+3s+1
1 + tm,m+3s

2 + tm,m+3s−1
3

]

=
−
t g +

−
t be2π i/3 +

−
t re−2π i/3. (10)

The HAB′ and HBA′ equal to zero only if t r = t g = t b. As shown
in Fig. 5(f), the Kekulé-O distortion can break the equivalence
of three hopping parameters, so the HAB′ and HBA′ are both
nonzero, indicating that the degeneracy of |A〉 and |B′〉 and
the degeneracy of |B〉 and |A′〉 are broken simultaneously.
Therefore, the gap opening of Dirac cones can be observed
in graphene with the Kekulé-O distortion in Fig. 5(h). All
these analyses can be confirmed by the results of tight-binding
calculation (shown in Fig. S6 [40]).

Li-intercalated BLG can be used as the platform for in-
vestigating the modulation of the Dirac cone since both
Kekulé-Y and Kekulé-O distortion can be realized simulta-
neously. During the intercalation of Li, the stacking order of
BLG transforms from AB to AA, accompanied by the trans-
formation from one degenerate Dirac cone to two degenerate
Dirac cones for the band structure. Two novel phenomena
about the band structure of Li-intercalated BLG could be
observed in the experiment. One is the band splitting of the
electron pocket of the Dirac cone contributed by the Kekulé-Y
distortion for Li0.083C12 (6 × 6, AB). Another is the gap open-
ing of two Dirac cones contributed by the Kekulé-O distortion
for LiC12 (

√
3 × √

3, AA). The uniformly hexagonal-ordered
Li might not be observed in the Li-intercalated AB-stacking
BLG with the dilute concentration of Li due to the weak
Coulomb repulsion of Li. However, the Friedel oscillation
would induce the hidden Kekulé order that the splitting of
the electron pocket of the Dirac cone could be observed in
the generalized Kekulé patterned BLG with AB stacking or-
der, such as Li0.083C12 (6 × 6, AB) [13,15]. Once the BLG
is intercalated with the high concentration of Li, the highly
ordered hexagonal distribution of Li could be observed due to
the strong Coulomb repulsion of Li [38,39], as well as the
stacking order transformation from AB to AA. Under this

condition, the repetitive gap opening of two Dirac cones of
AA-stacking BLG could be observed by the in situ ARPES
measurement because of the successive formation of Li0.25C12

(2
√

3 × 2
√

3, AA), Li0.333C12 (3 × 3, AA), and LiC12 (
√

3 ×√
3, AA) superlattices with the generalized Kekulé order dur-

ing the intercalation of Li.

IV. CONCLUSIONS

Besides Bernal stacking BLG (1 × 1, AB) and LiC12

(
√

3 × √
3, AA), four stable Li-intercalated BLG structures

of Li0.083C12 (6 × 6, AB), Li0.188C12 (4 × 4, AA), Li0.231C12

(
√

13 × √
13, AA), and Li0.75C12 (2 × 2, AA) can serve as

a landmark for the experiment to study the intercalation of
Li into BLG. Moreover, the observation of the generalized
Kekulé order and the different effects of the Kekulé-Y and
Kekulé-O distortions on the Dirac cone of graphene, as well as
the exploration of their origins, provide a further understand-
ing of Li-intercalated BLG, which can be used for exploring
other related physics.
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