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We report the magnetoresistance �MR� properties of quasi-two-dimensional mesoscopic graphite �MG� spin
valve devices consisting of MG flakes contacted by ferromagnetic �FM� electrodes. For devices in which an
ultrathin magnesium oxide �MgO� tunnel barrier is inserted at the FM/MG interface, the spin valve effect has
been observed, with MR magnitudes up to 12% at 7 K and signals persisting up to temperatures as high as
60 K. In contrast, the spin valve effect has not been seen in devices without MgO, suggesting the importance
of spin-dependent interfacial resistance for spin injection into MG. In addition, an investigation of the voltage
bias dependence and gate voltage dependence of MR has been performed.
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Carbon-based nanostructures are attractive for spin-
polarized electronics1,2 because the low spin-orbit coupling
�due to low atomic number� should lead to long spin coher-
ence times. Among various forms of carbon-based nano-
structures, carbon nanotubes �CNTs� are extensively used for
studies of spin-dependent phenomenon. There has been sig-
nificant progress including demonstrations of spin injection
and transport,3 enhancement of spin injection,4 and electric
field control of spin transport5 in CNTs. Recently, due to the
experimental realization of single-layer graphene,6–8 there
has been extensive theoretical interest in the spin-dependent
properties of graphene including predictions of half-metallic
graphene ribbons,9 magnetic ordering in graphene,10 and spin
Hall effects.11,12 Experimentally, there has been some evi-
dence for spin-polarized transport in graphene spin valves,13

but few studies have been reported. In this paper, we inves-
tigate the magnetoresistance �MR� properties of quasi-two-
dimensional mesoscopic graphite �MG� spin valve devices
consisting of MG flakes with thickness between 1 and 40 nm
��3 to �100 layers of graphene� contacted by two ferro-
magnetic �FM� electrodes. We observe signatures of spin-
polarized transport for MG flakes in the thickness range
10–40 nm. For devices in which an ultrathin magnesium ox-
ide �MgO� tunnel barrier is inserted at the FM/MG interface,
the spin valve effect has been observed with MR magnitudes
up to 12% at 7 K and signals persisting up to temperatures as
high as 60 K. In contrast, the spin valve effect has not been
seen in devices without MgO, suggesting the importance of
spin-dependent interfacial resistance for spin injection into
MG.14,15 Investigation of the voltage bias dependence of the
MR finds a reduction of the MR with increasing voltage and
a correlation with the differential conductance. Finally, the
spin valve signal exhibits oscillatory MR as a function of
gate voltage.5,16,17

Fabrication of MG spin valves begins with the extraction
of MG flakes from single-crystalline Kish graphite via soni-
cation in a dichlorobenzene solution.18 The MG is then dis-
persed and dried onto SiO2 /Si�100� substrates with prepat-
terned gold electrodes and alignment marks. The MG flakes
are regularly characterized by atomic force microscopy
�AFM�, scanning electron microscopy �SEM�, and optical
microscopy, and the locations of the most promising flakes
are recorded. Electron beam lithography �EBL� is utilized to

define the FM contacts to the MG. Figure 1�a� shows a SEM
image of a typical device. The desired device geometry is to
have rectangular FM contacts on the MG �vertical bars in
Fig. 1�a�� and nonmagnetic �NM� wires �horizontal bars in
Fig. 1�a�� extending away from the FM and connecting to
prepatterned gold electrodes. Both the FM and NM regions
can be defined from a single resist pattern by using angle
evaporation, which is discussed in more detail below. In
order to obtain the undercut pattern for the angle
evaporation, we spin-coat a bilayer of electron beam resist
�poly�methyl methacrylate�/methyl methacrylate� onto the
MG /SiO2 /Si�100�, expose, and develop the desired EBL
pattern.

MgO and metal evaporation through the patterned elec-
tron beam resist is performed in an ultrahigh-vacuum cham-
ber with a base pressure of 2�10−10 torr. Metals are depos-
ited from Knudsen cells or electron beam evaporators.
Large-area FM films grown in this chamber consistently ex-
hibit square hysteresis loops, indicating high material quality.
The angle evaporation is based on a single rotation axis for
the sample �dashed line in Fig. 1�a�� that is perpendicular to
the evaporator plane. Rotating the sample can achieve nor-
mal incidence ��=0° � or non-normal incidence from two
directions ���0° or ��0°�. The sample is mounted with a
fixed in-plane angle ���20° � between the long axes of the
FM electrodes and the evaporator plane so that changing the
polar angle ��� will induce shifts of the pattern in both the x
and y directions. First, MgO is deposited onto the MG at two
opposite angles away from normal �e.g., �= +60° and −60°�
to have the maximal coverage area on the MG. MgO films
are formed by sequentially depositing a few angstroms of
Mg and oxidizing with O2 gas ��1000 langmuirs�, and re-
peating until the final thickness is achieved. The typical MgO
thickness is 1 nm for each layer, and the double angle evapo-
ration generates a center region of the electrode with double
MgO thickness. Following the MgO deposition, two differ-
ent FM materials are deposited at angles somewhat closer to
normal incidence, leading to a smaller coverage area than the
MgO �to prevent direct contact between the FM and MG�.
Co �7 nm� and Fe �7 nm� are deposited from opposite direc-
tions so that the final device cross section is as given sche-
matically in Fig. 1�c�. The Fe and Co should be ferromag-
netically coupled and there should be little variation of the
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magnetization along the growth axis due to the low film
thickness. Due to the two different MgO thickness regions,
the current is likely to be dominated by tunneling across the
thinner MgO and the spin injection should reflect the density
of states of both Fe and Co, possibly in a complicated man-
ner. The different shapes of the two FM electrodes separate
their magnetization switching fields due to magnetic shape
anisotropy. In this way, it is possible to achieve both parallel
and antiparallel magnetization alignments of the FM elec-
trodes as an external magnetic field is ramped. Finally, at
normal incidence a thin Ti adhesion layer �4 nm� and gold
layer �20 nm� are deposited to form the NM wires that con-
nect the FM contacts to the prepatterned gold electrodes
�which connect to external wires�. Note that, due to the angle
evaporation, neither the MgO nor the FM is deposited in the
NM wire regions. Room temperature magnetic hysteresis
loops of test electrodes with identical structure to those
shown in Fig. 1�a� �but without the top Au layer� are ob-
tained by magneto-optic Kerr microscopy �Fig. 1�b��. The
loops clearly show a single magnetization reversal, indicat-
ing that the Fe and Co layers are strongly ferromagnetically
coupled, and different coercive fields are obtained for the
different electrode shapes.

Samples are cooled in a liquid helium cryostat where
magnetotransport measurements are performed. An external
magnetic field is applied parallel to the sample surface and
along the long axes of the FM electrodes. Transport measure-
ments are performed in a two-point geometry by applying a
finite bias and measuring the current. The two-terminal re-
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FIG. 1. �Color� �a� SEM image showing a typical device struc-
ture �colorized for clarity�. Most of the electrode area is covered by
gold �yellow�, while part of the FM layers �red, blue� can be seen at
the edges. The mesoscopic graphite �green� is barely visible and is
outlined for clarity. �b� Room temperature magnetic hysteresis
loops of test electrodes obtained by magneto-optic Kerr micros-
copy. The structures are identical to those shown in the SEM image
but without the top Au layer. The top curve is for a 0.5�4 �m2

electrode. The bottom curve is for a 0.2�8 �m2 electrode. �c� A
schematic of the cross section of a spin valve device with MgO
tunnel barrier.
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FIG. 2. �Color� �a�–�c� Two-terminal resistances measured dur-
ing the magnetic field scan for samples A, B, and C, respectively.
The thicknesses of MG in samples A, B, and C are 40, 30, and
10 nm, respectively. Black �red� curve corresponds to upward
�downward� sweeping of the magnetic field. �d�–�f� Temperature
dependences of magnetoresistance for samples A, B, and C,
respectively.
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FIG. 3. �Color� �a� Comparison of I-V characteristics of devices
with MgO �sample B� and without MgO tunnel barriers �sample D�.
�b� SEM image of a control sample with NM /MG /MgO /FM struc-
ture. The MG is colored green and outlined for clarity. �c� I-V curve
for sample A. �d� Differential conductance of sample A obtained by
numerical differentiation. �e� MR of sample A as a function of bias
voltage.
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sistances are dominated by junction resistance because the
metallic lead resistances are less than 200 �. This is deter-
mined by measuring the resistance of a test sample in which
the electrode structure in Fig. 1�c� is shorted by a patterned
gold wire. The Si substrate is used as a back gate and unless
otherwise stated, the gate voltage is zero.

Figures 2�a�–2�c� show the magnetic field dependences of
resistance for three MG spin valve devices A, B, and C. The
thicknesses of MG in samples A, B, and C are 40, 30, and
10 nm, respectively, where the thicknesses are determined by
AFM after all magnetotransport measurements have been
performed. These three samples have electrode gaps of
200 nm and have room temperature resistances of 45, 17,
and 11 k�, respectively. As the magnetic field is ramped up
or down, we observe two transitions in the device resistance
corresponding to the two distinct coercivities of the FM elec-
trodes. This magnetoresistance is attributed to the spin valve
effect in which the resistance depends on the relative mag-
netization alignment of the two FM electrodes due to spin-
polarized transport across the MG. For samples A and C, the
MR is negative—the device resistance is lower for the anti-
parallel magnetization state of the FM electrodes. However,
we observe positive MR for sample B, where device resis-
tance is higher when FM electrodes are in an antiparallel
magnetization state. Considering that the bulk Fermi level
spin polarizations for Co and Fe �35% and 40%, respec-
tively� have the same sign,19 one would expect from a
Julliere-type of analysis20 that the MR should always be
positive. However, in the case of a double-barrier structure
with spin-preserving conduction channel,16 both positive and
negative MR are possible due to quantum interferences in the
channel. In addition, it is possible that oxidized Co or Fe at
the FM /MgO interface can change the sign of MR by chang-
ing the Fermi level spin polarization.21 While the exact cause
of the different MR signs is not yet clear, this behavior is
consistent with the related CNT spin valves where the
MR can be positive,3 negative,22 or controlled by gate
voltage.5,17,23 We note that there are small resistance jumps
in the MR scans which do not repeat on subsequent scans.
Surface antiferromagnetic oxides are likely to form at the
edges of the FM electrodes where there is no gold cap. This
could generate domain wall pinning sites to produce a
gradual switching �as seen in sample B�. Surface antiferro-
magnetic oxides may also generate asymmetric switching �as
seen in sample A� through the exchange bias effect. Random
inhomogeneities in the MgO barrier could generate a spa-
tially varying tunneling rate, which would make the MR sig-
nals more sensitive to particular FM regions and could pro-
duce sample-to-sample variations in device resistance. To
improve the MR characteristics and reduce sample-to-sample
variations, optimization of the MgO barrier and the FM cap-
ping procedures are needed.

The temperature dependence of MR for samples A, B, and
C are shown in Figs. 2�d�–2�f�. Sample A, which exhibits the
largest value of MR among our sample set, exhibits MR up
to at least 50 K, but unfortunately the temperature depen-
dence was not completed due to sample failure. The MR of
sample A is 9% at 7 K and gradually decreases at a roughly
uniform rate as temperature increases. The MR of sample B
is 3.6% at 7 K and decreases in a nonlinear manner as tem-

perature rises and disappears at 65 K. The MR for sample C
is 2.7% at 1.7 K and decreases almost linearly as tempera-
ture increases, eventually disappearing at 40 K.

We have examined the role of MgO tunnel barriers by
fabricating control samples with FM/MG/FM structure. No
MR has been observed in any of these control samples. The
current-voltage �I-V� characteristics of these devices are lin-
ear and device resistances are less than 2 k� at 2 K. For
comparison, the devices with FM /MgO /MG /MgO /FM
structure exhibit nonlinear I-V and have resistance 1–2 or-
ders of magnitude higher. In Fig. 3�a�, we show a compari-
son of two typical I-V characteristics of devices with MgO
�sample B� and without MgO tunnel barrier �sample D�. In
our study, out of seven devices with nonlinear I-V, four have
exhibited the spin valve signals. There have been significant
discussions about the use of tunnel barriers for spin injection
into semiconductors. Due to a conductivity mismatch be-
tween the metal FM and the semiconductor, the spin injec-
tion efficiency is greatly suppressed.24 The insertion of
a tunnel barrier between the FM and the semiconductor alle-
viates this problem,14,15 and experiments using MgO tunnel
barriers exhibit the highest spin injection efficiency into
GaAs.25 In our case, graphite is semimetallic with low-
temperature �10 K� resistivity ranging from 3.0�10−8 to
1.0�10−7 � m,26 roughly a few orders of magnitude
larger than Fe and Co �	Fe=1.0�10−11 � m,
	Co=1.0�10−11 � m�.27 Thus, tunnel barriers should im-
prove the spin injection into MG.

It is arguable that the observed spin valve signals are not
due to spin-polarized transport through MG, but to other ef-
fects such as anisotropic magnetoresistance. This type of
magnetoresistance, however, should show in devices even
with a single FM electrode contact. In order to exclude the
possibility that the observed spin valve effect is due to those
artifacts, we have fabricated control samples with the MG
contacted by FM materials on one end and NM material on
the other end. Figure 3�b� shows a SEM image of a typical
device with such structures �NM /MG /MgO /FM�. The de-
vice pattern is designed such that one end is relatively nar-
row �labeled as the NM region on the left�, which leads to a
purely NM contact due to the angle evaporation. The other
contact consists of MgO /FM materials deposited on the ver-
tical bars and is subsequently capped with NM material. For
all control devices with these structures, we have not ob-
served a spin valve signal under the same experimental con-
ditions. This provides further evidence that the observed MR
results from spin-polarized transport through the MG.

Figures 3�c� and 3�d� show the I-V curve for sample A
and the differential conductance obtained by numerical dif-
ferentiation. The differential conductance exhibits a strong
dip near zero bias, and there is a slight asymmetry in the I-V
characteristics. In Fig. 3�e�, we show the bias dependence of
MR, which varies from 6% to 12% depending on the bias
voltage. When the bias voltage is less than 25 mV, the MR is
significantly enhanced. We note that the bias dependence of
MR is highly correlated with the device conductance. Al-
though the cusplike feature of bias dependence of MR and
correlation between device resistance and MR have been
seen in magnetic tunnel junctions,28 it was not as pronounced
as in our device. We also note that for all samples measured,
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only those with nonlinear I-V curves have shown substantial
MR. These data suggest that the MR can be enhanced by
tunnel barrier engineering.

We investigated the gate voltage dependence of the MR
by utilizing the degenerately doped Si substrate as a back
gate that is isolated from the MG by 300 nm of SiO2 �Fig.
1�c��. For sample B, the gate voltage dependence of the MR,
the resistance for the antiparallel magnetization state �RAP�,
and the resistance for the parallel magnetization state �RP�
are shown in Fig. 4�a�. The electric field effect on the resis-
tance is rather weak, with changes in RP less than 1% over
the gate voltage range of −15 to 15 V. On the other hand, the

MR exhibits oscillations between 2% and 3.5%, with most of
this effect due to oscillations in RAP. To confirm this behav-
ior, a second scan with finer gate voltage steps was per-
formed and matching oscillations were observed �Fig. 4�b��.
While gate-dependent MR oscillations in carbon nanotube
spin valves are attributed to quantum interference
effects,5,16,17 in our case further systematic studies are needed
to understand the physical origin of the oscillatory behavior.

Finally, we note that we have fabricated and measured
few-layer graphene �FLG� spin valves with FLG thickness as
low as 1 nm �as determined by AFM�, but we have not ob-
served MR in these devices. One of the possible causes for
the lack of MR in FLG spin valves could be due to the
preparation of graphite flakes by sonication, which may in-
troduce defects or ripples in thinner flakes. Alternative ap-
proaches to graphene fabrication are now under way.

In conclusion, magnetoresistance measurements provide
strong evidence for spin-polarized transport in MG. We find
that MgO tunnel barriers facilitate spin injection, and the
bias dependence of MR is correlated with the nonlinear I-V
characteristics. Oscillations in MR as a function of gate volt-
age are also observed.
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FIG. 4. �a� Gate voltage dependence of the MR �solid squares�,
RAP �open squares�, and RP �open circles� for sample B at T=7 K
and Vbias=10 mV. MR oscillations between 2% and 3.5% are ob-
served as a function of gate voltage, mostly due to oscillations in
RAP. �b� A subsequent gate voltage scan with finer steps was per-
formed under the same conditions, and matching MR oscillations
were observed.
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