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Magnetic tunnel junctions with single-layer-graphene tunnel barriers
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We report on the fabrication and characterization of magnetic tunnel junctions consisting of a single layer
of graphene as the tunnel barrier, sandwiched between two metallic ferromagnetic electrodes. We employ a
fabrication process chosen to minimize oxidation of the electrode materials at the ferromagnet/graphene inter-
faces. The devices have low resistance-area products of 1.5-6  um?, with low-temperature magnetoresistances
of 1.5-3.4%. The temperature and bias dependencies of the resistance confirm that transport is dominated by
tunneling processes rather than by any unintended pinholes.
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Magnetic tunnel junctions (MTJs) are a central focus of
spintronics research because of their usefulness in applica-
tions for magnetic random access memory [1,2], read heads
for hard disk drives [3], and magnetic nano-oscillators for
signal processing [4—6]. These applications generally require
junctions with low resistance-area (RA) products, to minimize
both the energy required for spin-transfer-torque manipulation
and also the Johnson noise [7]. This motivates efforts to
make the tunnel barrier in MTJs as thin as possible while
still maintaining a large magnetoresistance. Previous research
has investigated both traditional tunnel barrier materials such
as AlLO3; (Refs. [8,9]) and MgO (Refs. [10,11]) and a wide
variety of less common materials [12—15]. Here, we follow
theoretical proposals [16—-19] to explore the use of graphene
[20,21] as a barrier material for MTlJs, i.e., for a geometry
in which electrons tunnel vertically through the graphene
layer between two magnetic metal electrodes. Graphene is
an attractive barrier material because layers with a thickness
of just a single atom can be made pinhole-free over relatively
large areas and are chemically inert. In addition, graphene
is likely to present a low-energy tunnel barrier given that
isolated single layers are zero-gap semiconductors. Theory
[16—-19] predicts that lattice-matched ferromagnet/(graphene
or graphite)/ferromagnet devices may have large magnetore-
sistances, ranging from about 25% for a single-layer graphene
barrier up to essentially perfect spin filtering for four layers
and above. MTJs with graphene barriers have been made
previously by several groups [22-24], but in all of these
previous studies one of the magnetic electrodes was exposed
to air (and in some cases immersed in water) in the course
of depositing the graphene layer onto it, so that oxidation
of this electrode likely affected the results [22]. These
previous experiments measured resistance-area products for
their junctions of RA ~ 100,000 Q um? (Ref. [22]), 35,000~
75,000 € um? (Ref. [23]), and about 44 © um? (Ref. [24]) (but
in this final case, the temperature dependence of the resistance
was not consistent with tunneling). There have also been
previous studies of ferromagnet/gold/graphene/ferromagnet
[22] and ferromagnet/multilayer graphene/Al, Os/ferromagnet
tunnel junctions [25].

We report the development of an alternative fabrication
method designed to minimize oxidation of the magnetic
electrodes, with which we achieved RA = 1.5-6 Q,umz,
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a reduction by more than 10* compared to Refs. [22] and
[23], in junctions where the temperature and bias dependence
confirmed that the transport mechanism was tunneling. The
low-temperature magnetoresistance of our devices was 1.5—
3.4%, which is smaller than the predictions in Refs. [16]
and [17]. However, these predictions assumed lattice matching
between the graphene and the magnetic electrodes, which is
highly unlikely to be the case in our samples.

The scheme of our fabrication is to make a suspended
graphene layer and then deposit ferromagnetic metal onto
both sides to produce a MTJ in which the electrode/graphene
interfaces are not exposed to air. Figure 1 illustrates the
sample geometry and the steps of the fabrication process.
The fabrication begins by making an array of circular holes
(ranging from 250 nm to 3.2 um in diameter) in a low-stress
SizNy membrane on a 100 mm Si wafer. Photolithography
and etching in an aqueous KOH solution are used to make
suspended SizNy membranes approximately 100 um across
and 100 nm thick, each with one hole in the center. We coat
these structures with 30-50 nm of Al,O3 grown by atomic
layer deposition to preclude any unintended current leakage
paths. We then grow graphene by chemical vapor deposition
(CVD) on copper foil [26] and transfer the graphene to the
hole array using poly(methyl methacrylate) (PMMA) as a
supporting layer. The graphene/PMMA bilayer, after transfer,
is suspended over the hole array with the PMMA side up. Our
yield for making unbroken suspended graphene membranes
is >90%. After thoroughly drying the devices at 170 °C for
30 min (this process also increases the adhesion of graphene
to the substrate), we deposit one ferromagnetic electrode onto
the bottom surface of the graphene, using 60 nm of permalloy
(Py, Nig;Fe9) covered by 600 nm of Cu and 60 nm of Au.
The PMMA layer is then removed by soaking the devices
in a 1:1 mixture of acetone and dichloromethane solution,
followed by an isopropyl alcohol rinse and a very gentle
blow dry with nitrogen. As the last step of fabrication, we
evaporate, through a shadow mask, a top magnetic electrode
consisting of 60 nm of Co and 120 nm Au onto the exposed
top graphene surface. The magnetic materials at the graphene
interfaces of our devices are always protected by subsequently
evaporated materials or the graphene itself, which, despite
being a single-atomic-layer membrane, has been found to be a
good barrier against oxidation [27,28]. The typical grain size in
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graphene layers.

fabricating the
using suspended

our CVD graphene layers as measured by diffraction-filtered
electron microscopy [29] is 500 nm to 1 pm, so that our range
of hole sizes spans the range from where grain boundaries
should be rare to common. Details about the fabrication
process are presented in the supplemental material [30]. We
also attempted a fabrication procedure in which we removed
the PMMA from the suspended graphene membranes first
before any metal deposition, and then deposited the two
magnetic electrodes on each side without breaking vacuum.
However, we suffered a large percentage of broken membranes
using this procedure.

Figure 2(a) shows a partially fabricated device after
removing the PMMA layer (Fig. 1, Step 4). This optical
image was taken from the top side of the device, and the
junction corresponds to the central, bright yellow region. The
bottom Py electrode is visible through the transparent graphene
layer. A Raman spectrum [Fig. 2(b)] taken at the center
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FIG. 2. (Color online) Characterization of the Py/Graphene/Co
junctions during and after fabrication. (a) and (b) Optical image
and Raman spectrum taken on top of the junction region before the
top ferromagnetic electrode was evaporated. The dotted circle in (a)
indicates the position where the Raman spectrum in (b) was taken.
(c) and (d) SEM images of two different-sized junctions after the
fabrication was completed. The added circles indicate the size of the
hole in Si;N, membrane before metal deposition.
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TABLE I. Room-temperature resistances, room-temperature RA
products, and magnetoresistances (MR) measured at low temperature
(<10 K) and room temperature, for representative junctions.

Device Diameter Resistances RA product Low-T MR Room-T MR

Name —(um) (@)  (@umd) (%) (%)
A 0.25 55.8 2.7 1.8 0.7
B 0.25 71.2 35 32 1.7
C 0.25 64.5 32 34 0.9
D 0.25 440 21.6 1.5 0.9
E 0.25 30.6 1.5 N/A 0.9
F 0.25 126 6.2 N/A 1.3
G 0.34 37 34 N/A 0.3
H 0.74 10.8 4.6 N/A 0.7
I 1.36 54.5 79.1 N/A 0.5
J 1.74 28.8 68.4 0.8 0.3

of the junction region [dotted circle in Fig. 2(a)] contained
pronounced 2D (2700 cm~") and G (1590 cm™') peaks, with
the 2D peak amplitude more than twice that of the G peak,
confirming the existence of monolayer graphene over the
junction region. No D peak is observed above the noise level,
indicating a reasonably high quality of graphene. Scanning
electron microscope (SEM) images of the junctions, after
all the fabrication processes were completed, are shown in
Figs. 2(c) and 2(d) for different-sized junctions.

The device diameter, resistance, RA product, and mag-
netoresistance of 10 representative junctions are presented
in Table I. Most junctions yielded an RA product of 1.5-
6 Qum?. Below, we discuss evidence that indicates the
transport in these devices occurs by tunneling and not via
metallic shorts through pinholes in the graphene. A few
junctions had higher RA products, in the range 20-80  um?.
These higher values appear to have some correlation with the
larger device diameters. They might be due to oxidation of
the lower magnetic electrode through imperfections in the
graphene (which might be more common in larger devices)
or residual PMMA remaining on the graphene despite our
cleaning procedure.

To ensure that the signals measured in our test devices
(Table I) came from the graphene junction area alone, we
also fabricated control devices in parallel with the test devices
on the same substrates. The control devices had the same
structure as the test devices, except that no hole was etched
into the Si3;N4 membrane, and thus no MTJs could be formed.
The resistance of the control devices was ~30 MQ at room
temperature (supplemental material, Fig. S4 [30]) and much
greater at low temperature, or ~ 10° higher at room temperature
than that of the graphene junctions (typically 10-100 ).
Therefore, electrical currents hopping or tunneling through
the SizN4 membrane should not contribute significantly to
measurements of the graphene MTJ devices.

We determined that the mechanism of transport through
the graphene consisted of tunneling, as opposed to metallic
transport via pinholes, by studying the bias and temperature
dependencies of the resistance. Figure 3(a) shows the dif-
ferential resistance in the parallel magnetic state (R,) of a
representative Py/Graphene/Co junction at different dc bias
voltages, measured in a magnetic field of 1500 Oe in the sample
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FIG. 3. (Color online) Bias and temperature dependencies of
junction resistance. (a) The bias dependence of a junction (device
B) measured at four different temperatures. (b) The temperature
dependence of resistance for devices A and B. The junctions were
magnetized in a parallel alignment with a magnetic field of 1500 Oe.

plane. The differential resistance has a maximum at a bias
voltage close to zero and decreases with increasing bias magni-
tude, consistent with tunneling transport. The bias dependence
exhibits a clear asymmetry, with the differential resistance
decreasing faster in the negative bias direction (corresponding
to electron flow from the Py to the Co) for all devices
studied. This asymmetry is likely caused by the different work
functions of the two different ferromagnetic materials used as
electrodes. We estimated the barrier parameters by fitting the
bias dependence at 40 K to the Brinkman model for transport
in an asymmetric tunnel junction [31] (supplemental material
[30]). The fit (supplemental material, Fig. S5 [30]) yielded an
effective barrier thickness of 12.1 & 0.1 A, a barrier height
of 90 + 3 meV, and a work function difference between the
electrodes of 59 & 3 meV; the latter is consistent with known
work function values [32]. Although graphene is a zero-gap
semiconductor in its free-standing state, theoretical studies
suggest that interactions between graphene and neighboring
electrode atoms may open a gap in graphene [16,17]. This
could explain the nonzero but still relatively low barrier height
suggested by the fitting. Figure 3(b) shows the temperature
dependence of the resistance of devices A and B, normalized
in the form R,(T')/R, (low_temperature). The resistances of
the devices decrease moderately as the temperature increases,
again consistent with tunneling transport through a weak
barrier [33].

Resistances as a function of swept magnetic field are
shown in Fig. 4 for (a) a device with a relatively large
diameter (1.74 pum) and a large RA value (68 2 um?) and
(b) one with a smaller diameter (250 nm) and a low RA
value (2.7 Q um?). A saturated low-resistance state (Rp)
was observed for magnetic field magnitudes large enough to
align the magnetizations of the electrodes, with an increased
resistance upon sweeping through zero field due to electrode
misalignment. The measured magnetoresistance (MR) values,
defined by MR = (Ryax — Rp)/R,, where Ry is the
maximum resistance in the resistance vs field curve, are listed
for room temperature and low temperature in the last two
columns of Table I. We observe MRs of 1.5-3.4% below 10 K,
comparable to the 2% MR reported previously for the much
higher resistance junctions of Cobas et al. [23]. The value
is, however, significantly lower than the theoretical prediction
(~25% for single-layer graphene), perhaps due to the lack
of lattice matching for our graphene/ferromagnet interfaces
[16,17].
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FIG. 4. (Color online) Magnetoresistance characteristics  of
Py/Graphene/Co MTJs. (a) and (b) Resistance and magnetoresistance
vs applied magnetic field for two representative junctions, (a) a
large junction: diameter = 1.74 pum (device J) and (b) a small
junction: diameter = 250 nm (device A). (c) Bias dependence of the
magnetoresistance of device C (250 nm) at 6.1 K. (d) Temperature
dependence of the magnetoresistance for devices A and B.

For the larger junctions with larger RA values [Fig. 4(a)],
the transitions between the high- and low-resistance states are
observed at relatively low magnetic field strengths (~30 Oe).
These values are comparable to the coercive fields of the
ferromagnetic films used (15-20 Oe for Co and 1-10 Oe
for Py), indicative of conventional reversal of magnetization
orientations via domain wall motion without any obvious
interaction between the electrodes. However, for the junctions
with smaller diameters and smaller RA values [Fig. 4(b)], the
magnetoresistance curves have broad gradual slopes extending
to almost 1000 Oe, with a region of hysteresis between about
600 Oe and 1000 Oe bounded by abrupt switching events. This
unusual resistance vs field behavior was consistently observed
for all junctions <1 pum in diameter with RA values in the
range 1.5-6  um?, and it suggests that magnetic reorientation
in these samples occurs through a combination of gradual
rotation followed by discontinuous jumps. We suggest that
these features are due to strong antiferromagnetic coupling
across the graphene in the devices with smaller RA values.
When this coupling is stronger than the magnetic anisotropy,
the effect of an applied magnetic field will be to tilt the
moments away from antiparallel alignment while rotating them
so that the resulting net moment is along the field direction,
in analogy to the spin-flop transition in an antiferromagnet.
In Fig. 4(b), the electrodes resist full saturation to the parallel
state for a field less than about 1000 Oe, indicating a very
substantial antiferromagnetic coupling, i.e., much stronger
than the coercive fields of the bulk films (a few tens of Oe).
Recent theoretical studies have also suggested the existence
of graphene-mediated antiferromagnetic exchange coupling
between two magnetic electrodes [34,35]. If the large RA
values in our larger samples are due to unintended oxidation
from air penetrating through defects in the graphene, as
discussed above, this could explain the absence of very strong
exchange coupling in those devices.
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The bias and temperature dependencies of magnetoresis-
tance are shown in Figs. 4(c) and 4(d). The magnetoresistance
depends strongly on the bias voltage, with a peak near zero
bias and diminution at higher bias magnitudes [Fig. 4(c)]. Such
behavior is typical of tunneling magnetoresistance with a wide
variety of tunnel barriers [36,37]. The bias voltage dependence
of the magnetoresistance exhibits some asymmetry, decreasing
faster at negative biases. Like the asymmetry in the bias de-
pendence of the differential resistance (see above), this likely
reflects the different work functions and densities of states
for the two different ferromagnetic electrodes. Figure 4(d)
shows the temperature dependence of the magnetoresistance
for devices A and B. Higher magnetoresistance is observed
at lower temperatures. This behavior is also typical of MTJs
and can be attributed to the excitation of spin waves in the
ferromagnetic material, which decrease the effective tunneling
polarization [1,38].

One issue worthy of further investigation is the breakdown
voltage of the graphene junctions. We did not fabricate enough
devices to study this in detail, but we did observe breakdown
in one device at a bias voltage of just 30 mV. (We limited
our measurements of other devices to low biases for this
reason.) Breakdown led to a shorted device (<10 ) in
which the bias dependence of the resistance was no longer
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consistent with tunneling. (See Fig. S6 and the corresponding
discussion in the supplemental material [30].) We have not
determined if breakdown at low voltage might be an intrinsic
property of single-layer graphene junctions, or whether it
might be associated with grain boundaries or other defects
in the graphene.

In summary, we have reported a fabrication procedure for
making magnetic tunnel junctions using single-layer graphene
as the tunnel barrier, in a way that minimizes oxidation
of the magnetic electrodes. The junction resistances exhibit
temperature and bias dependencies consistent with tunneling
transport, with typical RA products of 1.5-6 Q um?, which
is a factor of 10* times smaller than previous experiments in
which magnetic electrodes were exposed to air [22,23]. The
magnetoresistance of our devices is 1.5-3.4% at temperatures
below 10 K.
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