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Band Structure Asymmetry of Bilayer Graphene Revealed by Infrared Spectroscopy
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We report on infrared spectroscopy of bilayer graphene integrated in gated structures. We observe a
significant asymmetry in the optical conductivity upon electrostatic doping of electrons and holes. We
show that this finding arises from a marked asymmetry between the valence and conduction bands, which
is mainly due to the inequivalence of the two sublattices within the graphene layer and the next-nearest-
neighbor interlayer coupling. From the conductivity data, the energy difference of the two sublattices and
the interlayer coupling energy are directly determined.
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Recently there has been unprecedented interest in
carbon-based materials due to the discovery of graphene
[1]. Among all carbon systems, bilayer graphene stands out
due to its remarkable properties such as a unique quantum
Hall effect stemming from a previously unknown type of
quasiparticles, massive chiral quasiparticles [2]. Bilayer
graphene is predicted to show strong many body interac-
tions due to the unusual shape of the Fermi surface [3].
Moreover, it is the only known semiconductor with a tun-
able band gap between the valence and conduction bands
[4-7], which demonstrates its great potential for future
nanoelectronic applications. Therefore, it is of utmost im-
portance to acquire a comprehensive understanding of this
material. One central issue is how the Dirac quasiparticles
in single layer graphene are modified when two graphene
sheets are stacked together in bilayer graphene. The vast
majority of previous experimental and theoretical studies
have assumed that the electronic band structure of bilayer
graphene is symmetric. This is in contrast with a significant
electron-hole asymmetry observed in cyclotron resonance
[8] and cyclotron mass experiments [4]. Several theoretical
proposals have been put forward to explain these results
[4,9]. However, our current understanding of the observed
effects remains incomplete. Furthermore, the interlayer
coupling energy vy, that controls the fundamental proper-
ties of bilayer graphene is yet to be determined [4,10,11].

Here we present the first investigation of the optical con-
ductivity of bilayer graphene via infrared spectroscopy. We
observed dramatic differences in the evolution of the con-
ductivity for electron and hole polarities of the gate volt-
age. We show that small band parameters other than 7y,
give rise to an asymmetry between the valence and conduc-
tion bands [10], in contrast to the commonly assumed
symmetric band structure. The systematic character of
our IR data enables us to extract an energy difference
between the A and B sublattices within the same graphene
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layer [Fig. 1(b)] of A’ = 18 meV. Moreover, the value of
v1, =404 meV, is determined from direct measurements
of interband transitions. We discuss the broad implications
of these findings for the fundamental understanding of
bilayer graphene.

Infrared reflectance R(w) and transmission T(w) mea-
surements were performed on bilayer graphene samples on
SiO,/Si substrate [8] as a function of gate voltage V, at
45 K employing synchrotron radiation, as described in
[12]. We find that both R(w) [13,14] and T(w) spectra of
the bilayer graphene device can be strongly modified by a
gate voltage. Figure 1 shows the transmission ratio data at
several voltages normalized by data at the charge neutrality
voltage Vey: T(V)/T(Vey), where Ve is the voltage cor-
responding to the minimum dc conductivity, and V =
Ve, = Vey- The T(V)/T(Vey) spectra are dominated by a
dip at around 3000 cm™ !, the magnitude of which in-
creases systematically with voltage. Apart from the main
dip, a peak was observed in the T(V)/T(Vy) data below
2500 cm ™!, which shifts systematically with voltage. This
latter feature is similar to the T(V)/T(Vy) data for single
layer graphene [12]. The gate-induced enhancement in
transmission [T(V)/T(Vy) > 1] below 2500 cm™! and
above 3500 cm™! implies a decrease of the absorption
with voltage in these frequency ranges.

The most informative quantity for exploring the quasi-
particle dynamics in bilayer graphene is the two-
dimensional optical conductivity o (w) + io,(w) [12,15].
First, we extracted the optical conductivity at V- from the
reflectance data (not shown) employing a multilayer analy-
sis of the device [12,15]. We find that o(w, Vy) has a
value of 2(me®/2h) at high energies, with a pronounced
peak at 3250 cm ™! [inset of Fig. 2(b)]. This observation is
in agreement with theoretical analysis on undoped bilayer
graphene [16—18]. Our high energy data agree with recent
experiments in the visible region [19]. The peak around
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FIG. 1 (color online). T(V)/T(Vcy) spectra of bilayer gra-
phene. (a),(b) Data for Er on the hole side and electron side.
Inset of (a): A schematic of the device and infrared measure-
ments. Inset of (b): A schematic of bilayer graphene with the
interlayer coupling parameters shown. The A and B sublattices
are shown in different colors. The sublattice A, is right on top of
the sublattice A;.

3250 cm ™! can be assigned to the interband transition in
undoped bilayer near the interlayer coupling energy ;.
An applied gate voltage shifts the Fermi energy Ej to
finite values leading to significant modifications of the
optical conductivity. The o (w, V) and o,(w, V) spectra
extracted from voltage-dependent reflectance and trans-
mission data [12] are shown in Fig. 2. At frequencies below
2500 cm ™!, we observe a suppression of o (w, V) below
2(e*/2h) and a well-defined threshold structure, the en-
ergy of which systematically increases with voltage.
Significant conductivity was observed at frequencies be-
low the threshold feature. These observations are similar to
the data in single layer graphene [12]. The threshold fea-
ture below 2500 cm™! can be attributed to the onset of
interband transitions at 2E, as shown by the arrow labeled
e; in the insets of Figs. 2(a) and 2(b). The observed
residual conductivity below 2E is in contrast to the theo-
retical absorption for ideal bilayer graphene [17,18] that
shows nearly zero conductivity up to 2E . Similar to single
layer graphene, the residual conductivity may originate
from disorder effects [17] or many body interactions
[12]. Apart from the above similarities, the optical con-
ductivity of bilayer graphene is significantly different from
the single layer conductivity. First, the energy range where
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FIG. 2 (color online). The optical conductivity of bilayer gra-
phene. (a),(b) o (w, V) data for E on the hole side and electron
side. (c) a"zﬁff(w, V) spectra in the low frequency range, after
subtracting the Lorentzian oscillators describing the main reso-
nance around 3000 cm ™! from the whole o,(w, V) spectra. Inset
of (a): Schematics of the band structure of bilayer with zero
values of A’ and v, [gray curve (red)] and finite values of A’ and
vy (black curve), together with allowed interband transitions.
Inset of (b): o (w, V) at 0 V (Vy)and 40 V on the hole side with
assignments of the features.

the conductivity o (w, V) is impacted by the gate voltage
extends well beyond the 2E threshold. Furthermore, we
find a pronounced peak near 3000 cm™', the oscillator
strength of which shows a strong voltage dependence.
This peak originates from the interband transition between
the two conduction bands or two valence bands [inset of
Fig. 2(a)] [17,18].
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The Fermi energy of bilayer graphene can be extracted
from o,(w, V) [12]. In order to isolate the 2E feature, we
fit the main resonance near 3000 cm ™! with Lorentzian
oscillators and then subtracted them from the experimental
o,(w, V) spectra to obtain 0§ (w, V). The latter spectra
reveal a sharp minimum at @ = 2E [Fig. 2(c)] similar to
monolayer graphene [12]. Figure 3(a) depicts the experi-
mental 2E values along with the theoretical result in [7].
Our data can be fitted assuming the Fermi velocity and
interlayer coupling in the following parameter space: vy =
1.0-1.1 X 106 m/s and y; = 360—450 meV. As shown in
[7], the band gap A,,(V) is much smaller than 2Ex(V),
and therefore has negligible effects on the experimentally
observed 2E;(V) behavior.

The central result of our study is an observation of a
pronounced asymmetry in evolution of the optical conduc-
tivity upon injection of electrons or holes in bilayer gra-
phene. Specifically, the frequencies of the main peak @ peqx
in o(w, V) are very distinct for E on the electron and
hole sides, as shown in Fig. 3(b). In addition, @, on the
electron side shows a much stronger voltage dependence
compared to that on the hole side. All these features are
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FIG. 3 (color online). (a) Symbols: The 2E values extracted
from the optical conductivity detailed in the text. The error bars
are estimates of the uncertainties of a"zﬁff(w, V) spectra in
Fig. 2(c). Solid lines: The theoretical 2E; values using vy =
1.1 X 106 m/s and y, = 450 meV. (b) Solid symbols: The en-
ergy of the main peak w e, in the o(w, V) spectrum. Open
symbols: The energy of the dip feature w;, in the T(V)/T(Vey)
spectra. Note that @, in o (w, V) is shifted from wg;, in the
raw T(V)/T(Vy) data with an almost constant offset, which is
due to the presence of the substrate. Solid lines: Theoretical
values of the transitions at e,, es, and (e; + e3)/2 with vy =
1.1 X 10° m/s, v, = 404 meV, A’ = 18 meV, and v, = 0.04.
Red dashed lines: e; with similar parameters except v, = 0.

evident in the raw data in Fig. 1, where the resonance leads
to a dip in T(V)/T(V¢y) spectra. These behaviors are
reproducible in multiple gated samples. Such an electron-
hole asymmetry is beyond a simple band structure only
taking y; into account, which predicts symmetric proper-
ties between electron and hole sides.

The electron-hole asymmetry in our o (w, V) data can
be explained by an asymmetry between valence and con-
duction bands [20]. Such an asymmetric band structure
arises from finite band parameters A’ and v,, where A’
(denoted as A in [17,21]) is the energy difference between
A and B sublattices within the same graphene layer, and
vy = Ya/vo. ya and 7y, are defined as interlayer next-
nearest-neighbor coupling energy and in-plane nearest-
neighbor coupling energy, respectively [17,21]. We first
illustrate the effects of A’ and v, on the energy bands of
bilayer graphene E;(k) (i = 1,2, 3,4), which can be ob-
tained from solving the tight binding Hamiltonian Eq. 6 in
Ref. [17]. Tt is evident that finite values of A’ and v, break
the symmetry between valence and conduction bands, as
schematically shown in the inset of Fig. 2(a). Specifically,
A’ induces an asymmetry in E; and E, bands such that
E, > —E, at k = 0, whereas v, induces an electron-hole
asymmetry in the slope of the valence and conduction
bands. With finite v,, the bands E| and E, are closer and
E; and E, are further apart at high k compared to those
with zero v, value.

Next we examine the effects of A’ and v, on o (w, V). It
was predicted theoretically [18] that the main peak in
o (w, V) occurs in the frequency range between two tran-
sitions labeled e, and e as shown in the insets of Figs. 2(a)
and 2(b). Here e, = —E4(k=0) — A,,,/2 and e3 = E; (k=
kr) — E4(k= k) for the hole side, and e, = E,(k = 0) —
Agp/2 and e3 = E(k = kp) — E;(k = kp) for the elec-
tron side [18], with A,,, defined as the gap at k = 0. For
zero values of A’ and v, e, and e; transitions are identical
on the electron and hole sides. The finite values of A’ and
v, induce a significant inequality between e, and e; on the
electron and hole sides. We first focus on the low voltage
regime, where e, = €; = e3. Because vy and v, al-
ways enter the Hamiltonian in the form of vpk and vk
products [17], these terms give vanishing contributions at
low V, where k goes to zero. Consequently, w ., value at
low bias is solely determined by y; and A/, with @, =
¥1 + A" and @ = vy — A’ for the electron and hole
sides, respectively. At Vey (0 V), interband transitions
between the two conduction bands and the two valence
bands are both allowed, which leads to a broad peak
centered between y, + A’ and y; — A’ [Fig. 3(b)]. From
the two distinct low voltage w,, values on the electron
and hole sides shown in Fig. 3(b), the values of y, and A’
can be determined with great accuracy: 7y; = 404 =
10 meV and A’ = 18 = 2 meV. Therefore, the o(w, V)
data at low biases clearly indicate an asymmetry between
valence and conduction bands in bilayer graphene due to
finite energy difference of A and B sublattices.
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In order to explore the V dependence of @, We plot
the e, and e; transition energies [18] as a function of V
[Fig. 3(b)], using the gap formula A,,,(V) in [7,22] and our
calculated asymmetric dispersion E;(k) (i=1,2,3,4)
[23], with vp = 1.1 X 10° m/s, y, = 404 meV, A’ =
18 meV, and for both v, =0 and v, = 0.04. We find
that e, does not depend on v, [22], whereas ej; is strongly
affected by v,. With a finite value of v, (=0.04), an
assignment of @ . to (e, + e3)/2 appears to fit our data
well on both electron and hole sides. The finite value of the
v, parameter [10] is essential to qualitatively account for
the voltage dependence of w,, because with vy =~ 0,
ek follows e, and e3 on the electron and hole sides
[Fig. 3(b)], respectively, eluding a consistent description.
Recently, a systematic theoretical analysis of the V depen-
dence of wp. and the line shape of the conductivity
spectra has been reported in Ref. [20]. It is found that the
infrared data presented here are consistent with a v, value
of =0.05 [20].

We stress that 7y, and A’ are determined from the low
bias (low k) data. Therefore the values of y; and A’
reported here do not suffer from the currently incomplete
understanding of the infrared data at high biases [20]. The
v, value (404 = 10 meV) is directly determined from
measurements of transitions between the two conduction
bands or valence bands [24]. This value is more accurate
than previous indirect measurements of y; [4,10,11]. The
accurate determination of y; is paramount since it governs
the fundamental properties of bilayer such as the quantita-
tive behavior of the tunable band gap [4,7]. The A’ in
bilayer graphene extracted from our data (18 meV) is about
half of the value in graphite [20,21], which can be ex-
plained within the tight binding model [20].

The asymmetry between valence and conduction bands
uncovered by our study has broad implications on the
fundamental understanding of bilayer graphene. An
electron-hole asymmetry was observed in the cyclotron
resonance [8] and cyclotron mass experiments [4] in bi-
layer; both experiments have eluded a complete under-
standing so far. Our accurate determination of finite
values of A’ and v, calls for explicit account of the
asymmetric band structure in the interpretation of the
cyclotron data. Moreover, the different A’ values in bilayer
graphene and graphite reveal the importance of interlayer
coupling in defining the electronic properties and band
structure of graphitic systems.
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