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When the polarization direction of the laser beam Ê lies on the graphene plane, the absorption spectrum AðωÞ
is isotropic and includes one sharp peak and some shoulders. As for Ê along the stacking direction, AðωÞ is much
weaker, and shows only one broadened peak. Because of the dipole matrix element Mcv, the optical excitations do
not fully reflect the features of electronic structures [or the joint density of states (JDOS)].Mcv plays an important role
in the relationship betweenAðωÞ and JDOS. It is strongly dependent on Ê, showing an anisotropic property. © 2011
Optical Society of America
OCIS codes: 200.4860, 260.5430.

After the discovery of monolayer graphene [1], the
special attention it received has reignited an interest in
studies of other graphene-related systems. Graphene
superlattice, which stands for graphite, is made up of
a series of stacked graphene planes. The simplest crystal
structure is that of the simple hexagonal graphene super-
lattice (AA stacking) [2,3]. It does not exist naturally,
but has recently been synthesized in experiments [4,5].
The geometric structure is stacked with monolayer
graphenes with an interlayer distance of c ¼ 3:35Å; each
layer has the same projections on the graphene plane.
The AB-stacked graphene superlattice (Bernal graphite)
may be obtained through moving every other layer of an
AA-stacked graphene superlattice by a carbon–carbon
bond length of b ¼ 1:42Å along the armchair direction.
This superlattice is the most common and stable stacking
sequence. Their optical [6–8] and electronic properties
[9] could be obtained directly from experimental mea-
surements, but the features might not have obvious con-
sistency. The connection of the relationship between the
features of the spectral results and the electronic struc-
tures is valuable for research on graphene-related mate-
rials. Therefore, the dipole matrix element plays an
important role in finding these relationships.
For an AB-stacked graphene superlattice, the defini-

tion of the geometric structure and the development of
the tight-binding model to calculate the π bands are well
performed by McClure [10]. In this Letter, the atomic in-
teractions γi are referred from the study of Nakao [11].
Before a further discussion about the excitation proper-
ties, we made a simple review of the important features
of the band structures. The first Brillouin zone, shown in
the right inset of Fig. 1, includes the symmetric points Γ0,
M0, K0, Γ1,M1, and K1. The suffix is kz (the unit is π=ð2cÞ
here and henceforth). Band structures along symmetric
points M0K0Γ0M0M1Γ1M1K1 (right inset of Fig. 1) are
shown in Fig. 1. Two pairs of occupied (π1 and π2)
and unoccupied (π�1 and π�2) bands are asymmetric about
the Fermi level (EF ¼ −0:0074 eV). They are parabolic

and nondegenerate on the kz ¼ 0 plane (M0K0Γ0M0).
Band edge states (kes) occur at the K0 and M0 points.
They are responsible for the large joint density of states
(JDOS) and greatly affect optical excitations. At the K0
point, one pair of low-energy bands (π�1 and π1) slightly
overlap above EF (left inset), and the other (π�2 and π2) is
located at a higher energy. At theM0 point, kes of πð�Þ1 and
πð�Þ2 have the state energies of about −γ0ðγ0Þ. When kz
grows from 0 to 1, πð�Þ1 and πð�Þ2 gradually degenerate,
and the two pairs of parabolic bands at K0 change into
a single pair of linear bands. The four kes at M0 not only
lie on the kx − ky plane, but also along the kz direction
(M0 → M1, center inset).

At zero temperature (at 0K), electrons in an AB-
stacked graphene superlattice are assumed to be excited
by the electromagnetic field with polarization Ê from
the occupied states to the unoccupied states. The
spectral function obtained from Fermi’s golden rule is
given by

Fig. 1. (Color online) Energy bands are shown along the sym-
metric points in the first Brillouin zone indicated in the right
inset, and the left and center insets are, respectively, the detail
results near K0 and M0 → M1.
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where Φh0 ðkÞ and ΦhðkÞ [Eh0 ðkÞ and EhðkÞ] are the wave
functions [state energies] of the final and initial states,
and hðh0Þ represents either conduction or valence bands.
δ ¼ 0:01 eV is the energy width due to various de-
excitation mechanisms and f ðEhðkÞÞ is the Fermi–Dirac
distribution function. The dipole matrix element,
McvðkÞ ¼ hΦh0 ðkÞjÊ · P=mejΦhðkÞi, could be evaluated
within the gradient approximation [12].
The square of the dipole matrix element, jMcvðkÞj2, is

proportional to the optical absorption intensity, and it
is anisotropic for Ê (Fig. 2). This anisotropy might be
directly found in the different energy dispersions (geo-
metric structures) between the k̂x and k̂y (x̂ and ŷ) direc-
tions. The excitation energies of π2 → π�2, π2 → π�1,
π1 → π�2, and π1 → π�1 for Es

2→2 (thin green solid curve),
Es
2→1 (blue dashed curve),E

s
1→2 (thick orange solid curve),

and Es
1→1 (red dotted curve), respectively, are chosen

for examining the excitation intensity of kes along
M0M 0

0M
0
1M1M0 [inset of Fig. 2(a)]. For Ê‖x̂ (Ê along arm-

chair direction) [Fig. 2(a)], these curves of jMcvðkÞj2 exhi-
bit different variations in strength along M0M 0

0. When kz
grows from 0 to 1 (M 0

0 → M 0
1), the curves ofE

s
1→2 andE

s
2→1

merge gradually, while the curves of both Es
2→2 and Es

1→1
remain hidden. Each curve alongM 0

1M1 exhibits a similar
behavior as that alongM0M 0

0, where Es
1→2 and Es

2→1 (E
s
2→2

and Es
1→1) stay the same jMcvðkÞj2 due to the degenerate

state energy and identical wave function between πð�Þ1 and

πð�Þ2 at kz ¼ 1. The period of the rotation symmetry about
Γkz is π; it differs from that of the band structure (π=3), i.e.,
the Mkz and M 0

kz
points have the same state energy, but

different jMcvðkÞj2 values.

For Ê‖x̂ (Ê along the zigzag direction) [Fig. 2(b)],
jMcvðkÞj2 has features resembling those of Ê‖x̂. However,
it vanishes for all of the four excitation energies along
M 0

0M
0
1, and the jMcvðkÞj2 values of Es

1→2 and Es
2→1 are

twice as strong as those for Ê‖x̂ along M1M0. Although
there is no simple relationship between jMcvðkÞj2 for Ê‖x̂
and for Ê‖ŷ, the value of

R jMcvðkÞj2dk is equal at all
photon frequencies. It indicates that jMcvðkÞj2 makes
identical contributions to optical excitations for Ê on
the graphene plane. As for Ê‖ẑ (Ê along the stacking di-
rection) [Fig. 2(c)], jMcvðkÞj2 is much weaker than that
for Ê‖x̂ and for Ê‖ŷ. The curves of Es

2→2 and Es
1→1 (of

Es
1→2 and Es

2→1) have a relatively high value at M 0
1 (at

the center of M1 and M 0
1), and vanish at kz ¼ 0. There-

fore, Az would not reflect the features of the band struc-
ture at kz ¼ 0. In general, the properties of jMcvðkÞj2 for
Ê⊥ẑ (Ê‖x̂ and Ê‖ŷ) and Ê‖ẑ are respectively associated
with the graphene plane and the stacking. The features
for Ê⊥ẑ exist in few-layer graphenes [2,13], and they can-
not be changed obviously by the number of layers, such
as the greatest contributions from the MðM 0Þ points and
the same

R jMcvðkÞj2dk for Ê‖x̂ and Ê‖ŷ. For Ê‖ẑ, the
weak jMcvðkÞj2 is a result of the weak interlayer interac-
tions. However, some important features in absorption
are also affected by interlayer interactions, such as a split
and a shift of absorption peaks [2].

The JDOS, which is defined by setting jMcvðkÞj2 in
Eq. (1) to 1, is shown in Fig. 3(a). When a great number
of states with very close excitation energy (Es) exist,
JDOS exhibits a prominent structure in which two peaks
and two shoulders spread out at the middle frequency.
The peaks and shoulders mainly arise from the excita-
tions of the ke states at or near M0. The four curves of
the Es dependence on kz at Mkz show a parabolic disper-
sion (inset). The smaller curvature at the curve edges

Fig. 3. (Color online) (a) JDOS and (b) the optical absorp-
tion spectra of Ê‖x̂, Ê‖ŷ, and Ê‖ẑ. The circles point out the
special structures, and the inset in (a) shows the four excitation
energies along M0M1.

Fig. 2. (Color online) Square of the dipole matrix element with
the polarization along (a) the armchair Ê‖x̂, (b) zigzag Ê‖ŷ, and
(c) stacking Ê‖ẑ directions are calculated for the four specific
excitation energies.
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makes relatively larger contributions to JDOS. At M0,
Es
1→2 displays the smallest curvature and causes the

sharpest peak. Es
1→1 induces the relatively weak peak.

Furthermore, both Es
2→1 and Es

2→2 correspond to the
two shoulders due to the larger curvature. On the other
hand, the structures of the two weak shoulders occur at
low frequency. The higher frequency one [Es

2→2ðK0Þ] is
the result of π2 → π�2, and the other [Es

2→1ðK0Þ] includes
π2 → π1 and π2 → π�1 since π1 and π�1 are always above EF
(left inset of Fig. 1). The two excitation energies of π2 →
π1 and π2 → π�1 are so close that these two structures can
hardly be distinguished from one another. In general, the
JDOS also includes contributions from kz ¼ 1, but these
are overwhelmed by contributions from kz ¼ 0.
For Ax (light solid curve in Fig. 3(b)], the prominent

structures include one sharp peak near ω ¼
2γ0½Es

1→2ðM0Þ� and one shoulder on both sides [Es
1→1ðM0Þ

and Es
2→1ðM0Þ]. The structures correspond to the first

three of the four structures in the JDOS at middle fre-
quency. The jMcvðkÞj2 contributions of π1 → π�2 and π2 →
π�1 are greater than those of π1 → π�1 and π2 → π�2
[Fig. 2(a)]. Accordingly, the peak structure at Es

1→2ðM0Þ
and the shoulder structure at Es

2→1ðM0Þ in the JDOS
remain visible in Ax, whereas the peak structure at
Es
1→1ðM0Þ becomes a shoulder. The shoulder structure

at Es
2→2ðM0Þ vanishes. Similarly, at low frequency, only

the shoulder structure at Es
2→1ðK0Þ survives. As for Ay

(dashed curve), it has the identical result with Ax for all
laser frequencies. It demonstrates that AðωÞ is indepen-
dent of the polarization direction Ê on the graphene plane.
Thedipolematrix element decides the polarization depen-
dence. Each graphene layer in the graphene superlattice
has a hexagonal symmetry, and, hence, the integral of
jMcvj2 over all frequencies presents the isotropic property
when the polarization vector lies in the graphene plane.
The perpendicular component Az (heavy solid curve) dif-
fersmuch fromAx orAy in termsof strength and structure.
The weaker jMcvðkÞj2s cause the weaker spectrum. Az
grows with the increase of ω and forms a broadened
peak nearω ¼ 2γ0. Based on the distributions of jMcvðkÞj2
[Fig. 2(c)], Az mainly presents the features of the band
structure at kz ¼ 1, but not at kz ¼ 0. Besides jMcvðkÞj2,
the density of excited electrons also dominates the exci-
tation intensity [14,15].
Some of these features in AðωÞ can be found in the

experimental results. In the study by Obraztsov et al.
[16], the p-polarized excitation beam induces a stronger
photoresponse than the s-polarized one does, and the
photoresponses show a similar excitation-wave-
dependent (ω-dependent) behavior for p and s polariza-

tions. The p polarization is the same with Ê‖x̂ or Ê‖ŷ,
and the s polarization is a combination of Ê‖ẑ and Ê‖x̂
(Ê‖ŷ). Based on the consistency of the theoretical and ex-
perimental results, the results might be explained as the
influence from the velocity matrix element.

In conclusion, it can be said that the dipole matrix ele-
ment, which strongly depends on the polarization direc-
tion, determines the relationship between the electronic
structures (or JDOS) and the optical excitations. It leads
the isotropic AðωÞ to exhibit a single sharp peak and two
shoulders at middle energy and one weak shoulder at low
energy for Ê⊥ẑ, and the much weaker AðωÞ to show only
one broadened peak for Ê‖ẑ. Some of the features in
AðωÞ are roughly the same as the experimental results,
and the excepted spectra could be verified by the IR
spectroscopy.
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