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G
raphene has been experimentally
identified as an ideal channel ma-
terial for spin conduction.1,2 Spin

transport over 20 μm and spin diffusion
lengths up to 5 μm have been observed at
room temperature.3,4 However, to further
develop a graphene-based spin logic,5 spin
transfer torque6,7 needs to be demonstrated
in graphene devices to show that spin infor-
mation can be communicated to the outputs.
Several groups have theoretically investi-
gated both the spin transport and spin trans-
fer torque behaviors in graphenewith various
device structures by employing the nonequi-
libriumGreen functionmethod.8�10 Recently,
spin transfer torque has been experimentally
demonstrated in lateral nonlocal graphene
spin valve devices.11 Assisted by an external
magnetic field, magnetization reversal of
the ferromagnetic receiving magnet is in-
duced by pure spin diffusion currents from
the injector magnet. While scaling down the
size of the ferromagnetic receiving magnet
is necessary to reduce the critical spin current
needed for spin transfer torque, and ulti-
mately is needed to eliminate the external
field assistance, it is also imperative to im-
prove the spin angular momentum absorp-
tion at the interface between graphene and
the receiving magnet.
To achieve sufficient spin injection from

ferromagnetic contacts into the graphene

channels in conventional graphene lateral
nonlocal spin valve devices, tunneling bar-
riers are normally inserted at both injector
and detector contacts to reduce the con-
ductance mismatch between the mag-
nets and graphene channels and contact-
induced spin relaxation as well.2,12�15 This
device structure is also adopted in our first
graphene spin torque device.11 However,
the barrier underneath the receiving mag-
net limits spin angular momentum transfer
due to its high resistance, which poses an
additional challenge in graphene-based
spin transfer torque devices. In this article,
we report a new graphene spin device
design with the tunneling barrier at the
receiving magnet being removed, which
leads to a high spin absorption. The mea-
sured nonlocal spin valve signal has lower
noise, and its magnitude is comparable to a
conventional device with two barriers. More
importantly, the critical spin torque current
density is greatly reduced.

RESULTS AND DISCUSSION

To directly compare the nonlocal spin
valve signals (RS) of the devices with single
and double tunneling barriers, two lateral
spin valve devices with five electrodes are
fabricated on the same peeled graphene
flake, as shown in Figure 1. The graphene
flake thickness is identified to be six layers
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ABSTRACT A graphene lateral spin valve structure with asym-

metric contacts is presented for the first time, with enhancement of

spin angular momentum absorption in its receiving magnet. The

asymmetric device with tunneling barrier only at the injector

magnet shows a comparable spin valve signal but lower electrical

noises compared to the device with two tunneling barriers. We also

report experimental measurements of spin transfer torque. Assisted

by an external magnetic field of 2.5 mT, spin diffusion current-

induced magnetization reversal occurs at a nonlocal charge current density of 33 mA/μm2, smaller than that needed in devices with two tunneling barriers.
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by optical contrast and atomic forcemicroscope (AFM).
Under electrode 3, a thin Al2O3 film oxidized from
0.6 nm deposited Al serves as a tunneling barrier prior
to the deposition of 25 nm permalloy (Py). The same
structure is used for electrode 2, while no tunneling
barrier is inserted under electrode 4. Nonmagnetic
Ti/Pd/Au contacts are used for electrodes 1 and 5 for
analysis simplicity and provide low contact resistances
in charge transport. In our unique setup, the two spin
valve devices share the same graphene flake and a
common injector (electrode 3) and have detectors with
(electrode 2) or without (electrode 4) a tunneling
barrier. Unambiguously, the function of the Al2O3

tunneling barrier at the detector can be quantitatively
studied. All measurements are performed at 77 K using
standard ac lock-in technique. A gate voltage (VG) of
þ40 V is applied to the Si substrate to enable a large
spin diffusion length that can be achieved at high
carrier concentrations.4,16�18

The measurement setup for the two devices is
illustrated in Figure 2a, and the nonlocal spin valve
resistance, ΔV/I, is plotted in Figure 2b as a function of
the externalmagnetic field along the easy axis of the Py
magnets. The measured RS (∼0.2 Ω), the resistance
difference between the parallel (P) and antiparallel (AP)
state, is very similar for both devices. However, elec-
trical noises greatly decrease from 8.4% in the double-
barrier device to 4.5% in the single-barrier device. The

reduction of the electrical noises is consistently ob-
served in all single-barrier devices, which indicates
that removing one tunneling barrier eliminates a cri-
tical noise source. It is likely that the oxidized Al film
contains defects and trapped charges that can induce
additional electrical noises.19 To further understand
why similar signals aremeasured from the two devices,
we evaluate RS by the general spin accumulation signal
equation. Because the spin resistance of the graphene
channel is much larger than that of the Py magnet
and the interfacial current polarization is rather small
in graphene spin devices, we can modify the general
RS equation

20 as follows:

RS ¼ 4RNPC, injectorPC, detector

�
RC, injector

RN

� �
RC,detector

RN

� �
exp � L

λS

� �

1þ 2RC, injector
RN

� �
1þ 2RC,detector

RN

� �
� exp �2L

λS

� �

(1)

where RN = F0λS/W, is the graphene spin resistance,
with λS being the spin diffusion length of graphene
and F0 being the graphene sheet resistivity, PC is the
interfacial current polarization, RC is the contact resis-
tance, L is the channel length, and W is the channel
width. In the presented multilayer graphene device,
L = 0.4 μm andW = 1.0 μm. From four-probe measure-
ments, we find F0 = 0.8 kΩ, RC =2 kΩ with tunneling
barrier, and RC =1 kΩ without tunneling barrier. From
our previous work on devices with various channel
lengthswe extracted λS = 4.2( 0.5 μmand PC = 4( 1%.4

The ratio of the resistance values, RS,Single (one barrier)
and RS,Double (two barriers), calculated from eq 1 falls into
the range 0.45 < ratio <1.25 with an average value of
0.75, in agreement with our experimental observation of
a negligible difference between themeasured signals for
the one- and two-barrier case.
Thus far, the device without a tunneling barrier in

the detector is found to deliver comparable spin valve
signals with lower noise and lower contact resistance
at the detector interface if compared to the conven-
tional structure with double tunneling barriers. These
are all key factors for efficient spin transfer torque.

Figure 1. Graphene lateral spin valve device with five
electrodes. (a) Schematic and (b) SEM of the device. The
dimensions of the Py injector (electrode 3) is 400 nm (W) �
25 nm (H)with a tunneling barrier formed from an oxidedAl
film (0.6 nm). Thedimensions of the Pydetectors (electrodes
2 and 4) are 200 nm (W) � 25 nm (H). Only electrode 2
possesses a tunneling barrier underneath, while electrode 4
does not. The spaces between the injector and the two
detectors are both 400 nm.

Figure 2. (a) Measurement configurations of the two graphene lateral spin valve devices with single and double tunneling
barriers. The charge current is injected from electrode 3. The voltage is measured between electrodes 1 and 2 for the double
tunneling barrier device and between electrodes 4 and 5 for the single tunneling barrier device. (b) Nonlocal spin valve signal
(ΔV/I) measured at VG = þ40 V for the two devices.
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Next we demonstrate a magnetization reversal by spin
transfer torque in the presence of an external magnetic
field, in a seven-layer graphene device with the asym-
metric tunneling barrier structure as described above.
The thickness of the Py detectormagnet is scaled down
to 5 nm (see Figure 3a), allowing for magnetization
switching.21,22 The nonlocal spin valve measurements
as a function of the external magnetic field along the
easy axis of the Py magnets are presented in Figure 3b.
Note that the coercive field strongly decreases with the
thickness of the magnet.11 The two transitions in
Figure 3b correspond to the switching of the 5 nm
detector at(3.5 mT and the 25 nm injector at(22mT.
Knowing the coercive field of the two magnets, we
preset the two magnets to a parallel state aligned
to the negative magnetic field direction. The external

field is then scanned from negative to positive and
stopped atþ2.5 mT, which is smaller than the coercive
field (þ3.5 mT) of the detector. A positive current pulse
of þ4 mA is injected for a duration of 5 μs from the
injector magnet. Note that the positive current extracts
the spins that are preset to be aligned to the negative
field direction from the graphene channel, leaving
spins aligned to the positive field accumulated under-
neath the injector. These “opposite spins” propagate
through the graphene channel, arrive at the detector,
and switch its magnetization to the positive field
direction. Now the preset P state changes to the AP
state as shown in Figure 4a. Next, we continue to scan
the external magnetic field from þ2.5 mT to þ30 mT.
As shown in Figure 4b, no sharp change of ΔV/I is
observed at þ3.5 mT, which is the coercive field of
the detector, a clear evidence that the magnetization
of the detector has already been switched by the spin
current.
The critical charge current for the spin transfer

torque in this presented asymmetric device structure
with a tunneling barrier only at the injector side is 4mA
with the assistance from a magnetic field of þ2.5 mT.
The difference between the coercive field (þ3.5 mT)
of the detector and the assistant magnetic field, ΔB =
1 mT, is exactly the same preset condition as in our
previous report,11 where spin transfer torque of a
graphene device with double tunneling barriers was
observed. We have also ensured that the two device
structures have the same layout and the same gra-
phene layer number and quality, which allows us
to compare the spin transfer torque efficiency in these
two structures with the only difference being the
tunnel barrier at the detector side. To compare the
switching efficiency of these two devices, the critical
charge current is normalized by the contact area of
the detector. The critical charge current density
needed for spin transfer torque in the single tunneling
barrier device presented in this article is calculated to
be 33 mA/μm2, while that for the double tunneling

Figure 3. Graphene spin valve device with asymmetric
contacts. (a) Schematic and SEM of the device. The dimen-
sions of the Py injector are 300 nm (W) � 25 nm (H) with an
Al2O3 tunneling barrier. The Py detector is 100 nm (W) �
5 nm (H). The space between two Pymagnets is 300 nm, and
the channel width is 1.2 μm. (b) Nonlocal spin valve signal
(ΔV/I) measured at VG =þ40 V. The sharp changes inΔV/I at
(3.5 and (22 mT are related to the coercive fields of the
two Py magnets.

Figure 4. Spin transfer torque measurements. (a) Nonlocal spin valve measurement as a function of time during the spin
torque experiment. A clear ΔV/I change is seen before and after a dc current pulse of þ4 mA is applied, indicating a P to
AP switching. (b) Nonlocal spin valve measurement scan after a dc current pulse ofþ4 mA. No ΔV/I transition is observed at
3.5 mT since the detector is already switched. ΔV/I changes at þ22 mT, at which the injector is switched by the external
magnetic field.
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barrier device presented in ref 11 is calculated to be
45 mA/μm2; a substantial reduction is obtained by our
asymmetric device design.
To theoretically understand the above improve-

ment, we use the spin circuit model23 to estimate the
critical charge current (IC, critical) for the two structures.
In the spin circuit model, the individual components of
the nonlocal spin valve structure (the magnets, the
interfaces, and the graphene channel) can be analyzed
independently. Once the charge current, IC, is injected
into the device, we can calculate the spin voltage and
spin current in each component. The spin voltage
underneath the detector magnet is defined as VS,D.
On the basis of the ref 20, Gtot is the spin conductance
of the detector, which includes conductance contribu-
tions from both the magnet (GF) and the contact
interface (GC, detector). Note that, even in the detector
without a tunneling barrier layer, there is a barrier at
the interface because the metal-induced doping of
graphene leads to a Fermi energy difference between
the graphene under the contact and in the channel
area.24,25 Different from conventional Schottky con-
tacts at metal/semiconductor interfaces,26,27 the mag-
nitude of this barrier can be modulated by the Si back
gate. But even in the device on-state at VG = þ40 V,
a contact resistance of >200Ω-μm is oftenmeasured.24

Hence, for graphene devices, GF . GC, detector, and
Gtot ≈ GC, detector. The spin current polarization of the
detector, Ptot, also has contributions from both the
magnet (PF) and the interface (PC, detector). Again, due
to the largeGF value, Ptot = (GFPC,detectorþGC,detectorPF)/
(GF þ GC,detector) ≈ PC,detector. The spin current flowing
into the detector (IS) can be calculated as IS = VS,DGtot.
On the other hand, the nonlocal spin valve signal (RS)
wemeasured at IC can be calculated as RS = (VS,DPtot)/IC.
Therefore, the spin current, IS, in the graphene case can
be written as

IS ¼ ICRS
Ptot

Gtot � ICRS
PC, detector

GC,detector

¼ ICRS
PC, detectorRC, detector

(2)

Let us define the critical charge current for spin torque
as IC,critical, and the critical spin current as IS,critical. Given
the same contact area and thickness of the detector
magnet in devices with and without a tunnel barrier,
the critical spin current, IS,critical, is the same for both
device structures. Therefore, the ratio of IC,critical of the
two device structures can be expressed as follows:

IC, single
IC, double

¼ RS,double
RS, single

RC,w=o barrier

RC,w= barrier

PC,w=o barrier

PC,w= barrier
(3)

On the basis of our spin valve signal analysis for
eq 1 above, RS,single/RS,double = 0.75, together with
RC,w/o barrier ≈ 1 kΩ, RC,w/ barrier ≈ 2kΩ, and
PC,w/o barrier ≈ PC,w/ barrier, we estimate the critical

charge current ratio to be 0.67, which is very close to
our experimental observation of ratio∼33/45 = 0.73.
To further understand the spin transfer torque me-

chanism in our graphene devices, we first calculate
the spin current flowing into the detector (IS) based on
eq 2 above. Given the parameters in our presented
device;IC = 4.0 mA, RS = 0.8 Ω, PC,detector ≈ 4%, and
RC,detector ≈ 1 kΩ;IS can be approximated as ∼80 μA.
On the other hand, the critical spin current for spin
transfer torque through the Slonczewski (anti-damp-
ing spin torque)mechanism6,7 alone is calculated using
Sun's macrospin model.28 The critical spin current is
derived as (ReMSVvolμ0)/p, where R is the Gilbert
damping constant, MS is the Py magnetization, Vvol is
the volume of the Py detector, and μ0 is the perme-
ability in a vacuum. It is approximated to be∼3 mA for
the volume of the Py detector in our device. On the
basis of these two simple calculations, we do not
expect spin transfer torque through the Slonczewski
mechanism alone in our device due to the very large
easy-plane anisotropy. This is also why an external
magnetic field along the easy axis is needed to assist
the spin transfer torque. As discussed in our previous
publication,11 we suggest the contribution from a field-
like spin torque effect29�31 is significant in our experi-
mental demonstration. Most importantly, the field-like
term is treated as an effective field. With an external
magnetic field assist, the critical spin current of spin
transfer torque through the field-like term is signifi-
cantly reduced.11

Other potential mechanisms for magnetization re-
versal have been ruled out by a number of control
experiments and theoretical estimation. Details of the
control experiments can be found in the Supporting
Information of ref 11. To summarize our findings, in the
same device, (1) under the same preset conditions,
negative current pulses cannot result in the P to AP
switching, excluding current-induced heating being
responsible for the switching; (2) when aligning
the two magnets in positive magnetic fields, with
assistance of negative magnetic fields no spin transfer
torque is observed at negative current pulses. Note
that, in the current-induced Oersted field switching,
a preset P state aligned to the negative magnetic field
needs a positive current to switch to an AP state, and a
P state aligned to the positive field needs a negative
current to switch, which is not what we observe in our
spin transfer torque measurements, therefore ruling
out the possibility of the current-induced Oersted field
switching. The impact of thermal activation on spin
transfer torque32 in our nonlocal device geometry with
a current pulse injected at 77 K for 5 μs is calculated to
play a negligible role. We have adopted the strict
model used for current-perpendicular local spin-valve
type devices33 to estimate the maximum thermal
activation effect to be ∼13% of the intrinsic critical
charge current density. Note that over the 300 nm
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distance between the two magnets in our nonlocal
device structure, the thermal activation impact on the
detector side will further decay.

CONCLUSION

In conclusion, spin valve signals are measured in
nonlocal graphene lateral spin devices with tunneling
barriers only at the injector magnets. The electrical

noise is 2 times lower if compared to that of the
conventional double tunneling barrier structures.
The experimental demonstration of spin transfer tor-
que assisted by an external magnetic field is also
presented in this asymmetric device structure for the
first time. The critical charge current density is reduced
due to the improvement of spin absorption at the
detector.

METHODS
Graphene flakes were mechanically exfoliated from highly

oriented pyrolytic graphite onto heavily doped silicone sub-
strates with 90 nm silicon dioxide on top. Graphene layer
number was identified by optical contrast and atomic force
microscope. Metal electrodes were defined by electron beam
lithography, followed by a metalization and lift-off process.
For the ferromagnetic electrodes containing a tunneling barrier,
a thin film of oxidized Al (0.6 nm) was inserted between
the permalloy and the graphene channel. A stack of Ti/Pd/Au
(1 nm/20 nm/20 nm) metal layers was used for nonmagnetic
electrodes. All nonlocal spin valve measurements were per-
formed at 77 K using the standard ac lock-in technique. A gate
voltage of þ40 V was applied to the Si substrate during
measurements. For the spin torque demonstration experiment,
a direct current (dc) pulsewith a durationof 5μswas injected into
the injectormagnet, while themagnetization of the detector was
monitored through nonlocal spin valve measurements.
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