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ABSTRACT: We report synthesis and transport properties of the minimal
graphite intercalation compound, a ferric chloride (FeCl3)n island mono-
layer inside bilayer graphene. Chemical doping by the intercalant is simulta-
neously probed by micro-Raman spectroscopy and Hall measurements.
Quantum oscillations of conductivity originate frommicroscopic domains of
intercalated and unintercalated regions. A slight upturn in resistance related
to magnetic transition is observed. Two-dimensional intercalation in bilayer
graphene opens new possibilities to engineer two-dimensional properties of
intercalates.
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Graphite intercalation compounds (GICs)1 with a periodic
arrangement of an alternating sequence of intercalant and

graphene layers exhibit a variety of exotic electronic properties
ranging from superconductivity to magnetism. Recent advance-
ment in graphene nanotechnology2-6 opens a new avenue of
creating few-layer graphene (FLG) intercalates. The surface
boundary in FLG breaks the translational symmetry along the
out-of-basal plane, yielding a new intercalation phase, not present
in bulk GICs. FLG can be chemically modified by hybridization
with other molecules via physical/chemical reactions into gra-
phene derivative materials with widely different functionality.7-9

Intercalation of FLG provides more robust chemical compound
than a simple physical/chemical adsorption of molecules on the
surface, since chemically inert and impermeable graphene layers
protect the two-dimensional (2-D) intercalant layer in between
to render further chemical protection.10,11 In bulk forms of the
GICs, a wide range of electronic properties, such as supercon-
ductivity,12,13 magnetism,14-21 and wide energy gap opening,22

were discovered. Different chemical and physical properties are
expected for FLG intercalation due to the increased surface-to-
bulk ratio in the two-dimensional limit.23 Magnetic or super-
conducting bilayer graphene (BLG) intercalation compounds
are of particular interest, as these systems can be used to inves-
tigate the long-range ordered phenomena in two-dimensional
systems. In this work, we choose FeCl3 as the intercalant atomic
layer, as the bulk FeCl3 GIC exhibits stable ferromagnetic trans-
ition at temperature T = 8.5 K.1,14,15

FeCl3 is intercalated into FLG samples deposited on a SiO2/Si
substrate in a saturated FeCl3 vapor environment. We use in situ
Raman spectroscopy to count the number of graphene layers,

probing atomic defects and identifying chemical doping of
FLGs.24,25 For most of the pristine FLGs, the G and 2D peaks
are observed at ∼1580 and ∼2700 cm-1, respectively, but with
no significant D band at ∼1350 cm-1, which indicates high
quality initial starting materials. Chemical reaction and device
fabrication are carried out after this initial Raman spectroscopy
characterization (Figure 1). After intercalation of FeCl3 mole-
cules, we find that the G peak, sensitive to charge doping,10,25

exhibits a noticeable upshift, suggesting increased doping con-
centration. For single-layer graphene (SLG) samples, the G peak
shows a strong upshift to∼1620 cm-1, similar to bulk intercala-
tion compounds1,26 (Figure 1f). The corresponding charge
doping estimated from this upshift is ∼5 � 1013cm-2, compar-
able to the highest doping achieved by ionic polymer electro-
lyte.27 For bilayer graphene (BLG) samples, upshifts of the G
peak beyond ∼1620 cm-1 are observed (Figure 1f). This larger
upshift of the G peak is accompanied by a change in the 2D band
into a single broadened peak (Figure S2, Supporting Infor-
mation), suggesting that each graphene layer in the bilayer
sample behaves as an independent 2-D isolated monolayer.11,24

The change of the 2D band in bilayer samples thus supports the
proposition that FeCl3 is intercalated between the graphene
layers widening the separation between the layers that weaken
the layer interaction. The similarity in the shift between SLG
adsorption and BLG intercalation suggests that both cases
contribute nearly equally to the increase in doping level. However,
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the smaller upshift of the G peak in SLG indicates that adsorbed
molecules dope graphene less effectively than intercalated ones.

We find that weakly binding molecules on the outer surface of
samples are desorbed by vigorous rinsing. For the SLG samples,
FeCl3 molecules are adsorbed on the top surface of the SLG and
possibly on the bottom interface between the graphene and SiO2

surfaces. Adsorbed molecules can be simply removed from
surfaces by washing with acetone (Figure 1f). The G peak shifts
down continuously with increased washing according to the
spectra recorded after each rinsing step. Doped SLG is gradually
restored to “undoped” graphene (with the G peak position at
∼1580 cm-1) as adsorbed molecules are removed; however, the
G peak of BLG does not shift back to the undoped value. The
observed difference between SLG and BLG samples suggests the
existence of stable FeCl3-intercalated molecules protected by the
top and bottom graphene layers. Although a weak solvent such as
acetone does not remove the intercalated FeCl3 molecules or a
(FeCl3)n island monolayer, more extensive rinsing in acetone or
stronger solvents such as hydrocholoric acid eventually deinter-
calate the bilayer samples, splitting the G peak into a doublet of
low-frequency GL and high-frequency GH (Supporting In-
formation). Although FeCl3 molecules are completely interca-
lated in graphene sheets initially, the sample undergoes slight
deintercalation during device fabrication and likely finds a way
toward its thermodynamically stable structure by formation of
very small islands.1 According to thick multilayer compounds,1,26

the G peak splits into a doublet (GL, GH) due to two different

chemical environments of graphene sheets attributed to unin-
tercalated and intercalated layers. As both layers in the inter-
calated bilayer graphene are exposed to similar chemical envi-
ronments, the splitting in the G peak indicates microscopically
inhomogeneous distribution of the intercalated area within the
spot size of the Raman probe (∼500 nm) due to partial deinter-
calation.

Exploiting the chemical stability of the intercalated bilayer
graphene, we fabricate a Hall bar shaped device on the samples
after surface-adsorbed molecules have been removed. After
device fabrication which involves a lift-off process in acetone, a
G peak shifts down to ∼1615 cm-1 from ∼1625 cm-1, accom-
panied by splitting, while the 2D band is maintained a featureless
single broad band (Figure S3, Supporting Information). Most of
the adsorbed molecules are washed away during the device
fabrication process, leaving the intercalated layer largely intact
in the final bilayer device.

The structure of intercalated BLG is characterized by analyz-
ing Shubnikov de Haas (SdH) oscillations in the magnetoresis-
tance as a function of the magnetic field B perpendicular to the
sample. The degenerately doped silicon substrate underneath
300 nm thick SiO2 oxide serves as a back gate with gate voltage
(Vg) to tune the additional carrier density n in the samples. When
graphene is chemically doped, the charge neutrality point of
graphene shifts in the positive direction far beyond the experi-
mentally accessible back gate voltage range (|Vg| ∼ 100 V),
implying heavy p-doping (n > 7 � 1012 cm-2). Temperature

Figure 1. Fabrication of an intercalated bilayer graphene device. (a) Pristine bilayer graphene deposited on SiO2/Si substrate. The graphene sample is
put in a quartz tube with FeCl3 powder. The sealed tube under vacuum is placed in the furnace (a0). (b) After reaction, molecules are adsorbed on and
intercalated between graphenes. (c) Sufficient washing with acetone (b0) removes the adsorbed molecules from the surface, whereas the intercalated
ones remain inside. (d) Deposition of electrodes using the standard fabrication technique. (e) Optical images before reaction (top) and after device
fabrication (bottom). (f) Gradual downshifts of G peaks starting from∼1625 cm-1 (the position of reacted graphene initially in dry nitrogen gas without
air exposure; blue), with repeated washings for single layer and bilayer. Each spectrum is taken in air after washing in acetone for 0, 0.16, 0.5, 1 (black),
and 12 h (red).
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dependence of resistance (Rxx) of intercalated BLG shows a
weakly metallic behavior down to∼15 K. Below∼15 K, there is a
slight upturn with decreasing temperature (Figure 2b), the origin
of which is not clear but is possibly related tomagnetic transition.
We note that similar anomalies in resistance have been reported
in bulk magnetic GICs, where the abrupt change of resistance has
been connected with its magnetic transition.17,18

To obtain the magnitude of carrier density, Hall voltage Vxy is
measured atT = 1.6 K. Hall resistance changes up toRxy =Vxy/I =
10 Ω at B = 1 T. Total carrier density is obtained from the Hall
resistance, n = B/eRxy = 5� 1013 cm-2. This hole carrier density
agrees with the high upshift of Raman G peak and with our
density functional theory (DFT) calculation (∼0.01e per C
atom). From the device geometry, the longitudinal resistivity
of the sample is Fxx∼ 100Ω with the sample mobility of μ = 1/
neFxx ∼ 0.12 m2/(V s) at the base temperature T = 1.6 K. This
value is within the range of mobility of the potassium doped
graphene.28

A simple estimation of the critical field Bc = 1/μ ∼ 8 T from
the measured mobility suggests that one can expect to observe
SdH oscillation, a quantum oscillation of resistivity due to the
formation of Landau levels (LLs), in this sample within the
experimentally accessible magnetic field. Figure 2a shows the

longitudinal resistance (Rxx) as a function of magnetic field B at
different temperatures. At low temperatures, Rxx(B) exhibits two
distinct periodic oscillations, while at high temperatures only the
low frequency oscillation survives. These two different types of
magneto-oscillations arise from two different carrier densities n1
and n2 calculated using n = g(e/h)fSdH, where fSdH is the fre-
quency of SdH oscillation in the 1/B plot and g = 4 to account for
LL degeneracy considering spin and valley degrees of freedom.3,4

The fast period of SdH is obtained from high pass filtering of the
T = 2 K data in Figure 2a by subtracting the smooth background
from Rxx and plotting the resulting ΔR as a function of 1/B
(Figure 2d). By Fourier transformation of this fast SdH
oscillation component (inset to Figure 2d), we obtain the fast
SdH oscillation frequency, fSdH = 250 T corresponding to
carrier density n1 = 2.4 � 1013 cm-2, about half the total 2D
sheet carrier density n = 5 � 1013 cm-2 from the Hall
measurement. Given that intercalated bilayer samples have
two identical layers with the same carriers degenerate in the
Fermi surface, the SdH oscillations corresponding to n1 = n/2
suggest that the two graphene layers are electrically decoupled
by molecular intercalation.

While the faster SdH oscillations originate from the Dirac-like
Fermi surface of the decoupled single-layer graphene, the slower

Figure 2. Transport measurements of an intercalated bilayer device. (a) Shubnikov-de Haas (SdH) oscillations seen in Rxx(B) are recorded at
temperatures 2, 10, 20, 40 K. (b) Temperature dependence ofRxx at B = 0T. Aweakly metallicRxx exhibits a slight upturn around 15 K, shown in an inset
with log-plot. (c)Hall resistanceRxy atT= 1.6 K. (d) The fast SdH oscillation atT= 2K. The Fourier transform shown in an inset reveals a frequency fSdH
∼ 250 T. (e) The slow SdH oscillation at T = 10 K. Inset shows the fan diagram where the positions of minima (denoted by solid spots) in Rxx(B) are
plotted with the Landau level index. The slope of the linear fit corresponds to the frequency fSdH∼ 15 T. The linear fit intercepts the origin (indicated by
an arrow). (f) Temperature dependence of the SdH amplitudes at B = 7.5 and 8.5 T (indicated by arrows in a) yields the cyclotronmassesm2 for the slow
oscillation andm1 for the fast oscillation, respectively. The amplitudes are normalized to the values at the lowest temperature. Solid curves are the fits to
the data points using the fitting formula (see the text). Dotted curves are the calculations done with different values of massm2 = 0.02, 0.03, 0.04me. The
fitting of m2 (red) lies between the calculations with m2 = 0.02, 0.03me.
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SdH oscillations suggest the existence of another Fermi surface.
Since the faster SdH oscillations die out at higher temperatures,
the slower component of SdH oscillations is readily extracted.
Figure 2e shows the resistance change ΔR for the slow SdH
oscillations after subtracting the smooth background from Rxx
measured at 10 K. A regular oscillation in 1/B enables us to draw
a Landau fan diagram, where the positions of minima in Rxx(B)
are plotted as a function of Landau level index (Figure 2e; inset).
The slope of the linear fit is the slow SdH oscillation frequency
fSdH = 15 T, corresponding to the carrier density n2 = 1.4� 1012

cm-2. The phase of this SdH oscillation is obtained from the y-
intercept of the fan diagram. Typically, the SdH oscillation is
described by ΔR ∼ cos[2π(fSdH/B þ 1/2 þ γ)], where the
phase of oscillation γ represents the Berry phase of the carrier.3,4

For single-layer graphene, where carriers are Dirac fermions,
nonzero π Berry’s phase (i.e., γ =(1/2) is expected. The linear
fit of the fan diagram for the slow SdH oscillation intercepts the
origin (γ = 0), indicating a trivial 2π multiple Berry phase. The
lower carrier concentration with a trivial Berry phase associated
with the second slow SdH oscillations, thus, suggests that some
carriers belong to “coupled” bilayer graphene (i.e., noninterca-
lated bilayer).5

The observed SdH oscillation amplitude gradually dampens as
temperature increases (Figure 2f). The oscillation amplitudes
A(T) at a particular magnetic field are expressed as A(T) ∼ u/
sinh(u), where u = 2π2mckBT/epB

3,4 with cyclotron mass of
charge carriermc. The obtained cyclotron masses arem1 = (0.15
( 0.03) me for high concentration n1, and m2 = (0.026( 0.004)
me for low concentration n2, where me is the bare electron mass.
Here m2 becomes close to ∼0.03 me, the lower limit of electron
mass in the pristine BLG.29 Since the interlayer coupling γ1 can
be estimated from the relation, m2 = γ1/2υF

2 at low doping level
of the parabolic dispersion where υF is the Fermi velocity,5,30 this
experimental observation suggests there is no appreciable band
structure change in the pristine bilayer domains in our samples.
For high doping of carriers n1, the cyclotron mass m1 reaches a
high value of m1 = (p/υF)(πn1)

1/2 ∼ 0.1me by using monolayer
dispersion.1,3,4

Since there are only two graphene layers in the intercalated
BLG samples, two SdH oscillations associated with the inter-
calated decoupled bilayer (high carrier density) and the unin-
tercalated coupled bilayer (low density) produce spatially inhomo-
geneous local charge distributionwith structural variation (Figure 3a),
below the limit of our AFM resolution. Island intercalation into
small domain structures proposed here is in fact a common feature
in bulk GICs, where the finite lateral size of typical domain
structure is 10-50 nm with the domain boundary region less than
10 nm.1,19-21 The island domain structure is taken into account
as one of essential factors for understanding the magnetic long-
range order in bulk GICs.19-21

To probe the inhomogeneous intercalation, we employmicro-
Raman spectroscopy to map the local charge distribution in the
device (Figure 4). Indeed, the Raman G peak in the device shows
a distinct splitting into a low frequency GL (∼1585 cm-1) and
high frequency GH (∼1615 cm-1) that match the intercalated
and deintercalated domains, respectively, with variation in the
relative intensities across the sample. Panels a-c of Figure 4
represent the relative intensities of IGH to IGL, and the positions
of the higher shift GH and the lower shift GL at each spot,
respectively, as indicative of signs of the degree of intercalation
over the sample. In Figure 4d, each spectrum with two G peaks
shows that two domains coexist in a small area of the lateral size
of the probing beam spot. Considering that the spatial resolution
limit of our micro-Raman spectroscopy is∼500 nm, we conclude
that there are microscopic intercalated domains with size much
smaller than 500 nm across the whole sample. A lower bound to
the size of this microscopic domain Ls can be inferred from the
magnetic length lB = (p/eB)1/2 at the onset of the SdH oscilla-
tion B ∼ 3-5 T, yielding Ls > 10 nm, in accordance with that
observed in previous bulk intercalation compounds.19-21

In summary, by intercalating a magnetic (FeCl3)n monolayer
into BLG, we successfully measured highly doped Hall carrier
density and cyclotron masses with the intercalants which form
small islands during device fabrication.
Sample Reaction. FLG flakes are deposited by mechanical

exfoliation onto highly doped Si wafer chips with 300 nm thick

Figure 3. Atomic structural model. (a) Two different types of domains, intercalated (n1) and unintercalated (n2), are formed in bilayer graphene.
Typical domain size (Ls) is much smaller than the beam spot size. (b) Band diagrams of two domains exhibit different electronic properties, especially
chemical potential, carrier density, and band structures. (c) Band structure of intercalated bilayer graphene. DFTþU calculations predict the Fermi level
shift of ∼0.6 eV and charge transfer of ∼0.01e per C atom. The flat bands below the Fermi level arise from Fe and Cl electrons. In an atomic model,
carbon atoms are shown as gray spheres, iron atoms as red, and chlorine atoms as brown.
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SiO2/Si using adhesive tape.2 Different graphene layers on the
same SiO2/Si substrate are examined through optical microscopy
and Raman spectroscopy. For the vapor-phase reaction of ferric
chloride (FeCl3) and graphene, the two-zone method is em-
ployed.1 The SiO2/Si substrate containing a graphene sample is
put in a quartz tube together with FeCl3 powder, while avoiding
contact between the two. The pressure in the quartz tube is
decreased to∼10-5 Torr (base pressure) over several hours after
which it is sealed off under vacuum. The sample is then baked for
a day in a furnace controlled atTg = 340 �C for graphene andTi =
290 �C for intercalant. To avoid sample degradation, moisture
exposure is minimized. The reacted sample is removed in a
glovebox filled with dry nitrogen gas, oxygen level <2 ppm and
moisture level <1 ppm.
Device Fabrication. Metal contacts are severely destroyed in

FeCl3 vapor at high temperatures (∼340 �C). Therefore, metal
contacts (Cr (1 nm) /Au (30 nm)) are fabricated for transport
measurement after the intercalation reaction. Intercalated sam-
ples are washed with acetone for ∼6 h before device fabrication
to remove adsorbed molecules. A Hall bar shaped device is
fabricated in the standard electron beam lithography followed by
the lift-off process in acetone. The synthesis and device fabrica-
tion of the FeCl3-intercalated BLG were achieved in 2008.
Measurements and Calculation. We perform confocal back-

scattering Raman spectroscopy at 2 mW, 514 nm line of an argon

laser irradiation. We measure transport properties using a standard
lock-in technique with a current bias of I = 100 nA. We carry out
DFT calculations using the VASP code with the GGA exchange
correlation functional. The Coulomb interaction U = 2.0 eV was
imposed on Cl atoms to correctly describe the charge distribution.
The structure was optimized except for the interlayer distance, which
was fixed to the value of bulkGIC, 0.94 nm, using the slabmodelwith
5 � 5 (2 � 2) lateral periodicity of graphene (FeCl3 layer).
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