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Gate-Variable Optical
Transitions in Graphene

Feng Wang,™* Yuanbo Zhang,* Chuanshan Tian,* Caglar Girit,"* Alex Zettl,"2

Michael Crommie,*? Y. Ron Shen'-?

Two-dimensional graphene monolayers and bilayers exhibit fascinating electrical transport
behaviors. Using infrared spectroscopy, we find that they also have strong interband transitions
and that their optical transitions can be substantially modified through electrical gating, much like
electrical transport in field-effect transistors. This gate dependence of interband transitions adds
a valuable dimension for optically probing graphene band structure. For a graphene monolayer,
it yields directly the linear band dispersion of Dirac fermions, whereas in a bilayer, it reveals a
dominating van Hove singularity arising from interlayer coupling. The strong and layer-dependent
optical transitions of graphene and the tunability by simple electrical gating hold promise for
new applications in infrared optics and optoelectronics.

raphene, a single layer of honeycomb
Gcarbon lattice, exhibits many exotic be-

haviors, ranging from the anomalous
quantum Hall effect (/-3) and Klein paradox
(4) to coherent transport (5). In contrast to the
extensive effort on electrical transport, optical
study of graphene has been limited (6-9). Such
optical investigation is important for understand-
ing the electronic structures and excited-state
properties of low-dimensional materials, as re-
cently demonstrated in the case of carbon nano-
tubes, for example (10, 11).

We have used infrared (IR) spectroscopy to
probe interband optical transitions in monolayers
and bilayers of graphene, which show distinctly
different optical response. Unlike conventional
materials, the optical transitions in graphene can
be dramatically modified through electrical gating:
The normalized gate-induced changes in tran-
sition strengths approach the order of unity.
Although field-effect-modulated electrical con-
ductivity has long been the basis of modern
electronics, such large modification of optical
transitions by electrical gating is unusual. (For com-
parison, relative refractive index change in typ-
ical electro-optical materials rarely reaches 10>.)
The special behavior of graphene is due both to
its two-dimensional (2D) structure that confines
electrons in one atomic layer and to its low den-
sity of states (DOS) near the Dirac point, which
causes the Fermi energy (Ef) to shift significantly
with variation of carrier density.

The strong gate dependence of optical tran-
sitions allows detailed examination of graphene
band structure. We observed the linear Dirac band
in graphene monolayer and were able to deter-
mine through direct optical means the band dis-
persion. For a graphene bilayer, we observed a
dominating van Hove singularity that results from
interlayer band hybridization, and our results in-
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dicate that many-body effects may play a role in
the excited-state properties of graphene. Aside
from such fundamental interests, the very unusual
optical properties of graphene make it a promis-
ing material for IR optoelectronics. This is partic-
ularly attractive considering that graphene possesses
superior carrier mobility, current carrying capa-
bility, and thermal conductivity, and can readily
incorporate electrical coupling as in field-effect
devices (/2) and pn junctions (13, 14).

We prepared mechanically exfoliated graphene
monolayer and bilayer samples on heavily doped
Si/SiO, substrates by following the peeling pro-
cedure described in (/2). Monolayers and bi-
layers of graphene were identified with an optical
microscope and subsequently confirmed by Raman
spectroscopy (6). On some of the samples, we at-
tached a gold electrode (thickness ~30 nm) by de-
position in a vacuum through a mask. The heavily
doped Si underneath the 290-nm-thick SiO, served
as a back gate, which allowed us to tune the charge
carrier density in the graphene samples.

We investigated the graphene interband tran-
sitions using IR reflection spectroscopy in a mi-

croscopic setup at room temperature (/5). Two
types of measurements were performed. To probe
optical transitions of graphene monolayers and
bilayers, we measured the normalized change of
IR reflectivity 3R/R from the sample with refer-
ence to the bare substrate, achieved by modulat-
ing the sample position such that the graphene
film on the substrate was shifted in and out of
the beam spot. To examine the gate dependence
of the optical transitions, we fixed the sample
position and applied a dc gate on the graphene
sample. A small ac modulation was added to the
dc gate voltage, and the modulated reflectivity
change at the ac modulation frequency was de-
tected by a lockin amplifier. The result yielded
a<58RV/ R) , the derivative of dR/R with respect to
the gate voltage V.

We plot in Fig. 1A the measured —3R/R ver-
sus photon energy for a representative graphene
monolayer (blue circle) and graphene bilayer (red
square), whose optical microscopy images are
displayed in Fig. 1, B and C, respectively. Note
that SR/R is related to the complex optical con-
ductivity o(w) of graphene through the relation:

6R 1

where 7 is a dimensionless complex factor that
includes an interfering contribution from sub-
strate reflection and can be calculated exactly
(16). The observed spectra of graphene mono-
layers and bilayers differ dramatically. The dif-
ference can be qualitatively understood from their
different electronic band structures.

The graphene monolayer spectrum is basi-
cally featureless, which is consistent with the
linear electronic bands (Fig. 1D). In fact, the
absorption coefficient of an undoped graphene
layer in the IR region is expected to be strictly a
constant (/7, 18). The observed —SR/R, related
but not proportional to graphene absorption, ac-
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Fig. 1. (A) Normalized change of IR reflectivity —SR/R referenced to the bare substrate for a graphene
monolayer (blue circles) and bilayer (red squares). (B and €) Optical microscopy image of a graphene
monolayer and bilayer, respectively, on a SiO,/Si substrate. The scale bars are 20 um. (D and E) Band
structures of monolayer and AB stacking bilayer of graphene, respectively. The graphene samples are
hole-doped. The linear bands of graphene monolayer produce a relatively flat —3R/R spectrum, and the
parallel bands of graphene bilayer lead to a peak in the —R/R spectrum.

11 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on January 12, 2009


http://www.sciencemag.org

quires slow wavelength dependence in the re-
gion we investigated, partly from dispersion in 1
of Eq. 1 and partly from free carrier response
due to p-doping of the as-prepared exfoliated
graphenes.

The bilayer electronic structure is affected
by orbital hybridization between the adjacent
layers. For a bilayer with AB stacking, tight-
binding calculations predict two parallel con-
duction bands and two parallel valence bands.
The band gap is zero, and the parallel band
separation corresponds to the interlayer nearest-
neighbor hopping rate vy, (Fig. 1E) (/9-22).
Both features are unique characteristics of the
bilayer. The optical transitions between the par-
allel valence bands (indicated by the arrowed

lines in Fig. 1E) lead to a strong van Hove sin-
gularity. They are allowed in bilayers that are
p-doped. Indeed, our —6R/R spectrum for the
bilayer exhibits a clear peak around 350 meV,
near the parallel band separation of 400 meV
determined by photoemission (27, 23).

The gate dependence of these optical transi-
tions provides an extra dimension of informa-
tion. A 2D plot (Fig. 2A) of the experimentally
measured O(SR/R)/0V as a function of probing
photon energy and dc gate voltage for a graphene
monolayer shows two main features. First, for
a given photon energy, the absolute value of
O(6R/R)/OV has a maximum at a certain gate
voltage, as can be seen from a vertical cut of the
2D plot (symbols in Fig. 2C). Second, the gate
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Fig. 2. Gate-induced change of IR reflectivity E
in a graphene monolayer. (A and B) Two- ¢ 0.02
dimensional plots of (A) observed and (B) & oo
calculated A(SRR)/AV versus gate voltage and ' o o 8% ®
probing photon energy. The calculation is 0.00 ; , , ,
based on the tight-binding approximation. In ' ' ' ' ' '
both plots, the absolute value of SRRV at &
a fixed photon energy has a maximum at V = E -0.02 -
Vinax Which varies with the photon energy, as =
indicated by the red lines in the plots. The right —ttfeesesreevyy

axis in B describes the hole density corre-
sponding to the gate voltage on the left
axis. (C) A vertical line cut of the 2D plots at
350 meV, where the maximum modulation (in absolute value) is clearly observed. The inset illustrates
interband transitions in graphene monolayers. E shifts upon gating, which affects the transitions. Gate-
induced modification is strongest when the initial states for transitions are near the Fermi surface, i.e., 2|Ef =
Aw. A small shift of E¢ can block such transitions by changing the initial state from filled to empty, whereas
transitions at significantly lower or higher energies are not affected. (D) The trace of maximum modulation
plotted as squared photon energy versus gate voltage. Its slope yields directly the velocity dispersion of the
Dirac band, vy = 8.1 x 10°m/s. (E) Experimental data (symbols) and model prediction (lines) of (upper panel)
—SR/R spectrum for an ungated graphene monolayer and (lower panel) the total gate-induced reflectivity
spectrum change, A(SR/R), with gate voltage varied from —50 to 60 V. The magnitude of gate-induced
reflectance change is larger than the initial monolayer reflectance.
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voltage for the maximum signal decreases with
the photon energy (red line in Fig. 2A).

The 2D spectra of graphene monolayers
allow us to determine directly the electronic band
dispersion. We consider the interband transi-
tions illustrated in the inset of Fig. 2C. The ap-
plied gate voltage changes the charge-carrier
density in graphene, n = a(V + V), and accord-
ingly shifts Er, where Er = sgn(n)ivey/7|n|.
Here, positive (negative) n means electron (hole)
doping, vg is the Fermi velocity, o = 7 x 10'°
em 2V~ (estimated from a simple capacitor
model), and ¥} is the offset voltage caused by
natural doping (which could vary from sample
to sample) (/, 3). The shift in Ef affects the IR
spectrum through the Drude response of the
altered electron density and through the change
of band filling (for example, a down shift of
Ef eliminates transitions originating from ini-
tially occupied states right above the down-
shifted Ef).

The band-filling effect dominates at photon
energy corresponding to transitions that originate
from states near the Fermi surface, that is, 2|Ex| =
hw. Thus, the trace for maximum O(6R/R)/OV
signal is defined by fiw = 2hvey/azx|V + Vo),
and the slope of (fiw)* versus V yields directly
the dispersion velocity of the Dirac band, vy =
0.8 x 10° m/s (Fig. 2D). Our value is compa-
rable to that obtained by transport (/, 3) and by
photoemission (23—25), and the small difference
could be due to the uncertainty in our determi-
nation of gate-coupling efficiency.

To describe the gate-dependent spectra quan-
titatively, we use the tight-binding model (17, 18)
to calculate the optical transitions and the frequency-
dependent complex conductivity for different
Er. In this model, the Fermi velocity vg is the
only parameter needed to describe the band
structure and optical transition matrix elements,
and V + V; sets the Fermi energy level. We
introduce an uncertainty AV, in 7 to account
for inhomogeneous doping of the sample. We
can then calculate the spectrum of A(SR/R)/OV
for different V; using Eq. 1. The results with vz =
0.8 x 10° m/s, Vo =-70 V, and AV, = 16 V are
presented in Fig. 2B. They agree nicely with the
experimental data in Fig. 2A (26).

The same model can be used to describe
the ungated —8R/R spectrum of the monolayer
in Fig. 1A. The fitting is shown in the upper
panel of Fig. 2E. We can compare it with the
total gate-induced reflectivity change over the
gate-voltage range of —50 to 60 V, A(6R/R) =
(OR/R)|yg=60r — (OR/R)|yg=_s01s displayed in the
lower panel of Fig. 2E. The magnitude of A(SR/R)
is obviously greater than reflection response,
—OR/R, from the ungated monolayer. It follows
from switch-off of IR transitions by electrical
gating through a downshift of Ef.

The spectrum of gate-induced reflectance
change, 0(6R/R)/0V, for a graphene bilayer is
shown in Fig. 3A. It exhibits features distinctly
different from that of the monolayer (Fig. 2A).
A clear peak exists in the modulation spectra,
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which can be easily seen from a horizontal line
cut in the 2D plot (symbols in Fig. 3C). Also,
the signal at the peak has an opposite sign com-
pared with that in the monolayer, indicating a
fundamentally different mechanism.
Qualitatively, we can attribute this observa-
tion to the van Hove singularity associated with
the optical transitions between parallel valence
bands of a p-doped graphene bilayer, illustrated
by the blue arrowed lines in the Fig. 3C inset. It
leads to a peak in bilayer absorption at the band
separation energy, and the peak becomes stronger
with increasing hole concentration as Ep shifts
down and more transitions become allowed. This
situation is in contrast to the reduction of tran-
sition strength with down-shifting of the Fermi
level in a graphene monolayer, which gives an
opposite sign to A(6R/R)/OV. Transitions be-
tween other bands (black arrowed lines in the
illustration in Fig. 3C) are also affected by gat-
ing, and a small band gap is expected to appear
because of asymmetry of the gating effect on
the upper and the lower layers of the bilayer
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Fig. 3. Gate-induced change of IR reflec-
tivity in a graphene bilayer. (A and B) Two-
dimensional plot of (A) observed and (B)
calculated O(GR/R)/OV versus gate voltage
and probing photon energy. The calculation
is based on the tight-binding approxima-
tion. (C) A horizontal line cut of the 2D plot
explicitly shows the peak in the modulation
spectra. Symbols are experimental data, and

50

(21, 27). However, there is no strong van Hove
singularity involved, and therefore these tran-
sitions contribute only to an overall slowly vary-
ing background.

To be more quantitative, we model the bi-
layer using the tight-binding approximation, fol-
lowing (19), to calculate the complex conductivity.
We use the same set of parameter values as in
the monolayer case but include the interlayer
hopping rate y; as an additional parameter to
take into account the interlayer coupling. The
best fit of the spectral variation with gate voltage
from our calculation is shown in Fig. 3B; a hori-
zontal line cut of the 2D plot is given in Fig. 3C
to compare with the experimental data. The fit
yields y; = 350 meV and V, = =50 V from
natural doping, assuming that all the dopants
appear at the upper surface of the bilayer.

Comparisons between theory and experiment
in Fig. 3, A and B, show that the main ex-
perimental features are reproduced by the mod-
el. However, significant deviations exist, such
as the slight difference in peak energies and in
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the line is from the model prediction. The inset illustrates the interband transitions in bilayers. Transitions
between the parallel valence bands of the hole-doped bilayer, denoted by the red arrowed lines, give rise
to a van Hove singularity and the observed spectral peak. Other interband transitions (black arrowed lines)
contribute to a relatively flat response over the spectral range. (D and E) Experimental data (symbols) and
model prediction (lines) of (D) —8R/R spectrum for an ungated graphene bilayer and (E) the total gate-
induced reflectivity spectrum change, A(SR/R), with gate voltage varied from —50 to 60 V. The gate-
induced change of reflectance is of the same order of magnitude as the initial graphene reflectance.

gate dependences at spectral range from 370
to 400 meV. Also, our observed peak energy,
~350 meV, is close to, but smaller than, the en-
ergy separation of the parallel bands of 400 meV
determined by photoemission measurements
(21, 23). These discrepancies could arise from
strong many-body effects in the bilayer excited
state. For instance, excitonic effects can modify
the optical spectrum appreciably, whereas photo-
emission probes quasiparticle transitions in the
absence of excitons. Such excitonic behavior in a
graphene bilayer could be quite unusual, consid-
ering the existence of parallel bands and the as-
sociated van Hove singularity.

Next, we compare the ungated —3R/R spec-
trum in a graphene bilayer (Fig. 3D) and the spec-
trum of the total gate-induced change, A(OR/R) =
(6R/R)~cor — (GR/R)—sor (Fig. 3E). Again,
A(SR/R) is comparable in magnitude to SR/R.

Our study reveals rich IR optical behaviors
in graphene monolayers and bilayers. The ob-
served interband transitions are quite strong: Al-
though only one or two atoms thick, the graphene
monolayer and bilayer can absorb, respec-
tively, more than 2% and 6% (peak value) of
normally incident IR radiation. In comparison,
a 10-nm-thick GaAs layer absorbs about 1% of
the light near the band gap. Using multiply
stacked graphene sheets or optical multipasses
or waveguiding, the IR response of graphene
can be considerable: for example, IR light prop-
agating along a 100-um-long waveguide on un-
doped graphene would be completely absorbed.
With the tunability provided by electrical gat-
ing and charge injection, one might envision
novel graphene-based optoelectronics devices
such as tunable IR detectors, modulators, and
emitters.
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Current-Controlled

Magnetic

Domain-Wall Nanowire

Shift Register

Masamitsu Hayashi, Luc Thomas, Rai Moriya, Charles Rettner, Stuart S. P. Parkin*

The controlled motion of a series of domain walls along magnetic nanowires using spin-polarized
current pulses is the essential ingredient of the proposed magnetic racetrack memory, a new class of
potential non-volatile storage-class memories. Using permalloy nanowires, we achieved the successive
creation, motion, and detection of domain walls by using sequences of properly timed, nanosecond-
long, spin-polarized current pulses. The cycle time for the writing and shifting of the domain walls was a
few tens of nanoseconds. Our results illustrate the basic concept of a magnetic shift register that relies
on the phenomenon of spin-momentum transfer to move series of closely spaced domain walls.

ore than three decades ago, the concept
Mof storing information in movable
domain walls (DWs) was introduced,
and the following years saw intense interest in
“magnetic bubble memories” (/). The magnetic
bubbles were often arranged in the form of shift
registers and manipulated with fixed and alter-
nating magnetic fields (2). However, this required
on-chip field generators at the same size scale as
the individual magnetic bits, adding considerable
complexity and cost to the device and making
scaling to smaller dimensions very difficult (3).
These obstacles can be overcome by taking
advantage of the interaction of spin-polarized
current with magnetization in the DWs, which
results in a spin-transfer torque on the DW, caus-
ing it to move (4-9). This effect has been observed
in a number of magnetic materials (/0—/3), but
predominantly in permalloy (Nig;Fe;9) nano-
wires (/4—17). The use of spin-momentum trans-
fer considerably simplifies the memory device
because the current is passed directly across the
DW without the need for any additional field
generators.
In a permalloy nanowire in which the mag-
netization lies along the nanowire, adjacent DWs
alternate between head-to-head (HH) and tail-to-
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tail (TT) configurations (Fig. 1, B and C). Under
the application of a uniform magnetic field, these
DWs will move in opposite directions, leading to
their potential annihilation. In contrast, spin-
polarized current can, in principle, move a series
of neighboring DWs in the same direction.
Moreover, spin-momentum transfer becomes
more efficient the smaller the size of the magnetic
element is (/8). We describe here the basic
working principle of a current-controlled mag-
netic DW shift register, the fundamental building
block of magnetic racetrack memory (79).

In a scanning electron microscopy (SEM)
image of a typical permalloy nanowire (Fig. 1A),
three pulse generators (PG-1, PG-2, and PG-3)
are connected to electrical contact lines A and B,
spaced 6 um apart (20) (SOM text A). The resist-
ance of the nanowire was measured to determine
whether a DW was present in the region between
line A and B (section A-B). The nanowire resist-
ance also provides information about the struc-
ture of the DW (21); that is, whether it is a
transverse or a vortex DW (22). In these DWs,
the magnetization largely lies in the plane of the
nanowire. In the transverse case the magnetiza-
tion rotates about an axis perpendicular to the
length of the nanowire, whereas in the vortex
case, the magnetization rotates about a tiny core
in which a small net moment points into or out of
the plane of the nanowire (Fig. 2 D).

A voltage pulse from one of the pulse
generators (PG-1 or PG-2) was used to inject a

current into line A as well as into the nanowire.
The current that passes through line A gener-
ates a highly localized magnetic field that, when
sufficiently large and when the magnetization of
the nanowire is properly aligned, creates a DW in
section A-B. The current that flows into the
nanowire drives the DW along the nanowire
between A and B in a direction determined by the
current flow direction. The nanowire was first
magnetized along the —(+) X direction with an
external magnetic field H=—(+) 300 Oe, which
was then set as close as possible to zero (|H] <
~0.3 Oe, unless otherwise noted). A HH (or
TT) DW was subsequently created in section A-B
when a negative voltage pulse was injected from
PG-2 (PG-1). Throughout this study, the ampli-
tude of the voltage pulse from PG-1 and PG-2
was fixed at 3.2 V.

Previous experiments showed that the DW
created in section A-B moves along the nanowire
and exits from line B only when the pulse length
exceeds a threshold value tp. This pulse length is
determined by the DW velocity, which depended
on the current density flowing along the nano-
wire, and H (/7). Only vortex and not transverse
DWs could be moved with current under the
experimental conditions used (8, 16, 17). For
example, the probability of finding a vortex wall
in section A-B is plotted as a function of the
pulse length (Fig. 1, B and C) for TT and HH
walls, respectively, for a current density of ~—2.0 x
10% A/em?. For both walls, tp = ~35 ns.

When the injection pulse length is shorter
than tp, we hypothesized that the DW would move
along the nanowire a distance in proportion to the
pulse length. This was verified by using an ejec-
tion voltage pulse to determine the time needed to
move the DW either backward to A or forward to
B as a function of the injection pulse length. The
ejection pulse was applied from PG-3 to line B
with an amplitude of ~+1.6 V, which corre-
sponds to a current of ~F2 x 108 A/em? in the
nanowire; that is, nearly equal to that of the in-
jection pulse current density (fig. S1). Positive
voltage applied to line B provides spin-transfer
torque, which pushes the DW along the +X
direction, whereas negative voltage pushes it in
the —X direction.

The pulse length required to eject the DW
from the nanowire is plotted as a function of the
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