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We have attempted to prepare graphene samples bymechanical

exfoliation of HOPG (highly oriented pyrolytic graphite) using

scotch tape. Random testing of the flakes by AFM has shown in

majority single layer graphene. Nevertheless, the presence of

ultrathine graphite cannot be excluded in the large assembly of

flakes needed for electron spin resonance (ESR)measurements.

Graphene flakes sitting onESR-silent scotch tapeswere stacked

parallel to form amultilayer sandwich. The ESRmeasurements

performed in the 4–300K range yielded narrowLorentzian line.
The spin susceptibility was decreasing linearly with decreasing

temperature as expected for the conical band dispersion of

graphene. Below 70K the spin susceptibility started to deviate

from the linear temperature dependence and a Curie-like

behaviorwas observed. This contribution to the susceptibility is

due to the existence of defects or impurities, which are in strong

exchange coupling limit with conduction electrons. The

temperature dependence of the linewidth suggests Elliott’s

mechanism for spin relaxation in graphene flakes.
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1 Introduction The recent discovery of graphene [1],
the ultimate two-dimensional hexagonal structure of carbon
atoms, has stimulated vast theoretical and experimental
activities. The band dispersion has a conical shape; the
completely full and empty parts touch each other in a point at
the Fermi level, rendering graphene a zero gap semiconduc-
tor [2]. Such peculiarities of the band structure are
accompanied by the observation of exceptionally high
carrier mobility, unconventional quantum Hall effect [3],
resilience to very high electrical current densities [4], etc.
The very good crystallinity of graphene results in the absence
of Anderson localization at low temperatures [5] and a very
high Young’s modulus [6]. The potential applications are
ranging from reinforcements in composite materials [7]
through transparent electrodes [8] to field effect transistors
[9]. The majority of the experimental studies have focused
on transport properties of graphene. In contrast, systematic
studies of its magnetic properties are badly missing.
Interestingly, some theoretical predictions claim that the
defect-mediated magnetism of graphene can give rise either
to ferromagnetic or antiferromagnetic ordering, depending
on whether the defects correspond to the same or to different
sublattices of the bipartite honeycomb lattice [10]. Other
studies predict an alignment of the localized spins along the
zigzag edges of graphene [11]. This might result in
ferromagnetic order in graphene nano-ribbons with potential
applications in spintronics.

Here, we present an electron spin resonance (ESR) study
of mechanically exfoliated graphene. ESR is a technique
which can be used to detect paramagnetic species. From the
ESR signal one can identify different contributions to the
overall magnetism of the sample, coming from the conduc-
tion electrons and defects.

It is customarily accepted that the highest quality of
graphene samples can be obtained via micromechanical
cleavage technique [1] of highly oriented pyrolytic
graphite (HOPG). However, the yield of this method is
too low for fabrication of nanodevices at large scale and
for fundamental studies which need a big sample volume,
like NMR. Fortunately, ESR has a high sensitivity
(1010 spins/G) so one can attempt to measure the magnetic
response of a limited quantity of graphene. In this
work, we report magnetic susceptibility, g-factor and
ESR linewidth as a function of temperature of a large
assembly of HOPG derived graphene using the scotch-
tape technique.
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (online color at: www.pss-b.com) Sketch of the sample
configuration for ESR measurement: layers of graphene flakes on
2 Materials and methods For sample preparation
we used HOPG and a high purity, ESR-silent 12.5mm wide
Kapton scotch tape. Firstly, a thin piece of HOPG was
repeatedly pressed and removed along the scotch tape. Only
pieces with optically ‘‘non-visible’’ graphitic particles were
collected. To prove the presence of ultrathin graphite and
graphene monolayers, occasionally the sample from the
scotch tape was transferred to Si/SiO2 wafer and further
characterized with AFM. A typical AFM topography is
shown in Fig. 1. From these measurements the height of the
layer is estimated to be�1.2� 0.2 nmwhich is in agreement
with data from literature for a monolayer of graphene [1].
Although the representative AFM scans show good sample
quality, we cannot rule out that the large assembly contains
not only monolayers of graphene but also ultra-thin graphite
flakes. For simplicity, hereafter we use the term graphene for
our sample, keeping inmind the possible contaminationwith
ultrathin graphite.

A large number of such scotch-tape pieces were
‘‘sandwiched’’ for ESR measurements. The obtained
macroscopic sample was placed in a 2.9mm ID and 4mm
ODquartz tube (see sketch in Fig. 2), whichwas sealed under
vacuum. Low temperature ESR measurements were per-
formed using a standard X-band ESR spectrometer equip-
ped with a helium gas-flow cryostat for low temperature
measurements.
Figure 1 (online color at: www.pss-b.com) AFM topography
acquired for a graphene flake deposited on SiO2 substrate after its
removal from theKapton tape. The brighter region in the upper right
side is the graphene layer.Theheight profile (lower image)wasdone
along the line marked on the image.

scotch tapes are placed in the 4mmOD� 2.9mm IDESR capillary.

www.pss-b.com
3 ESR results and discussion The ESR measure-
ments were performed in the temperature range of 4–300K.
Except for very low temperatures (4–20K), we have found a
single Lorentzian line. (In the case of bulk graphite the ESR
line is Dysonian due to the skin effect.) A typical spectrum
measured at T¼ 150K is shown in Fig. 3. The spin
susceptibility, proportional to the double integrated ESR
line, reveals a temperature dependence close to the
expected one for graphene (Fig. 4), that is x� T. However,
as seen in Fig. 4, at temperatures below 70K, x increases
revealing a Curie-like behavior. Since we observe a single
ESR line (above 20K) we interpret this as the strong
coupling limit between paramagnetic defects and conduc-
tion electrons in graphene. It is difficult to give an absolute
value for the spin susceptibility, since we cannot measure
the mass of the sample. If we suppose that at 300K x is in
the range of 1� 10�8 emu/g measured for graphite or multi
walled carbon nanotubes (MWCNTs), than the Curie tail
corresponds to 4� 1016 spins/cm3. This defect concen-
tration is two orders of magnitude lower than that
measured for MWCNTs [12]. This confirms a relatively
low concentration of defects and localized states of
pristine graphene compared to other carbon nanostruc-
tures. After the subtraction of the Curie contribution a
T-linear susceptibility is observed in the entire temperature
range (blue squares in Fig. 4).

This behavior correlates with the graphene’s conical
band dispersion having the Fermi level in the vicinity of the
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 (online color at: www.pss-b.com) Typical ESR line
recorded at 150K for the assembly of stacked graphene flakes.
The ESR line has a Lorentzian shape; it is centered on g� 2, having
a linewidth of 6.5G.

Figure 4 (online color at: www.pss-b.com) Temperature depend-
ence of the spin susceptibility of graphene: the overall spin suscept-
ibility (redsquares)and thespinsusceptibilityafter thesubtractionof
the Curie contribution (blue squares). The inset shows the sketch of
theconicalband-structuremodel inthevicinityof theneutralitypoint
in graphene.
neutrality point. Assuming that Zeeman energy is much
smaller than kBT and that temperature is low enough that we
are in the linear dispersion regime, it is simple to show that
the susceptibility follows linear variation with temperature:
� 20
x � ðm2
Bg=paÞkBT
Figure 5 (onlinecolorat:www.pss-b.com)Temperatureevolution
of the ESR linewidth of graphene. The temperature independent
contribution iscomingfromtheconductionelectronswhile theslight
broadening starting around 70K is due to the dipolar broadening
coming from localized spins.
where a represents the slope of the band dispersion in k-
space.

We have to notice, that the finite intercept at T¼ 0 of
our data is in disagreement with the above description.
This discrepancy may come from the ‘‘contamination’’ of
graphene with ultrathin graphitic flakes, or from an
unintentional doping of graphene. At this point we cannot
pinpoint the origin of this ‘‘non-graphene-like’’ contribution
to x.

The veryweakT-dependence ofDH in theT-rangewhere
defects do not interfere with the conduction electrons (see
Fig. 5), corroborates well with the weak T-dependence of the
electrical resistivity [13]. Namely, Tan et al. have reported a
10% increase of resistivity between 300K and 30mK at the
neutrality point, and 35% decrease in the n-doped regime.
We cannot determine the Fermi level for our sample,
nevertheless the fact that x follows a linear T-dependence
suggests that we are close to the neutrality point. We can
safely presume that the resistivity of our sample has also a
weak T-dependence. This observationwould suggest that the
spin relaxation in graphene is governed by the Elliott
mechanism like in conventional metals [14]. From the CESR
linewidth we can determine the characteristic spin-lattice
relaxation time of the system. Assuming 1/T1¼ 1/T2
¼ geDH, where ge¼ 28.0GHz/T is the electron gyromag-
netic ratio, 1/T1 electron spin-lattice relaxation rate, and 1/T2
is the spin-spin or transversal relaxation rate, we find that T1
relaxation time is of the order of 55 ns deduced from 6.5G of
DH at 150K. This value clearly differs from the spin lifetime
09 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
of 100 ps obtained by Tombros et al. [15] in a field effect
transistor geometry. It is difficult to find the source of this
discrepancy, but it is possible that in their case the substrate
has a strong effect on the spin-flip process.

The strong coupling of the defects to the conduction
electrons at low temperatures affects the ESR linewidth as
well. In the temperature range 4–70K, the ESR linewidth
diminishes from 9 to�6.5G (Fig. 5) on heating which could
be interpreted asmotional narrowing of the dipolar linewidth
of localized spins.
www.pss-b.com
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Figure 6 (online color at: www.pss-b.com) Temperature depend-
ence of the g-factor of graphene.
The temperature dependence of the g-factor (see Fig. 6)
also reveals two distinct temperature ranges. At temperatures
below �70K, the g-factor diminishes with decreasing
temperature, whereas at temperatures higher than 70K,
the g-factor remains independent of temperature. In the
framework of the proposed strong coupling limit we can
estimate gimp� 2.0034 at T¼ 4K.

4 Conclusions We have reported ESR measurements
on a large assembly of mechanically exfoliated graphene
flakes using scotch-tape. The spin susceptibility shows the
characteristics expected from band structure calculations,
that is x� T. The finite intercept of x might indicate a non-
negligible presence of ultrathin graphitic flakes in our
sample, although the overall characteristics (x, DH and
g-factor) are markedly different from the properties of
graphite [16].
www.pss-b.com
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