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Probing tunneling spin injection into graphene via bias dependence
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(Received 17 June 2018; published 13 August 2018)

The bias dependence of spin injection in graphene lateral spin valves is systematically studied to determine
the factors affecting the tunneling spin injection efficiency. Three types of junctions are investigated, including
MgO and hexagonal boron nitride (hBN) tunnel barriers and direct contacts. A dc bias current applied to the
injector electrode induces a strong nonlinear bias dependence of the nonlocal spin signal for both MgO and hBN
tunnel barriers. Furthermore, this signal reverses its sign at a negative dc bias for both kinds of tunnel barriers.
The analysis of the bias dependence for injector electrodes with a wide range of contact resistances suggests that
the sign reversal correlates with bias voltage rather than current. We consider different mechanisms for nonlinear
bias dependence and conclude that the energy-dependent spin-polarized electronic structure of the ferromagnetic
electrodes, rather than the electrical field-induced spin drift effect or spin filtering effect of the tunnel barrier, is
the most likely explanation of the experimental observations.

DOI: 10.1103/PhysRevB.98.054412

I. INTRODUCTION

Graphene has emerged as an ideal channel material for
spintronic applications [1,2]. The long spin lifetime and spin
diffusion length at room temperature make graphene one of
the most efficient materials for transferring information with
electron spins [3–5]. Furthermore, recent demonstrations of
modulating the spin transport in graphene using magnetic
proximity effect [6–8], gate-tunable spin absorption [9,10],
and spin lifetime anisotropy [11–14] have generated new
opportunities for future spintronic devices. These properties
make graphene one of the most promising channel materials
for developing next-generation spintronic devices [15–21].

The potential of graphene-based spintronic devices has also
stimulated extensive studies of spin injection from ferromag-
netic electrodes into graphene, which is critical for device
operation. Since the first demonstration of electrical spin
injection in graphene [3], much progress has been made in this
direction. For example, the insertion of tunnel barriers between
the ferromagnetic electrodes and graphene was found to mini-
mize the conductance mismatch and enhance the spin lifetime
and electrical spin injection efficiency defined as the spin
polarization of the injected carriers [22]. Further development
of the tunnel barrier material has increased the spin lifetimes,
spin diffusion lengths, and spin accumulations achieved in spin
transport measurements in graphene [5,23–28]. In addition,
improved modeling of spin transport and spin precession that
includes spin absorption effects at the contacts has enabled
a more accurate determination of both spin lifetime and spin
injection efficiency from the experimental data [29,30].

Despite these advances, the spin injection process in
graphene lateral spin valves (LSVs) is not fully understood,

especially with respect to its dependence on the dc bias current.
While the low-bias behavior of the lateral spin transport is
well described by various equivalent resistor models [31–34],
this treatment is restricted to the linear region in the bias
dependence of the nonlocal spin signal (i.e., it assumes that
the spin polarization of the electrodes and the spin diffusion
lengths are independent of the bias). On the other hand,
nonlinear dependence of the nonlocal spin signal on the dc
current bias has been reported in several experiments [27,35–
38]. Different mechanisms, including electric field-driven
spin drift effect, spin filtering effect, and energy-dependent
spin-polarized electronic structure have been proposed to
explain the experimental results [39–42]. Because these mod-
els highlight different aspects of the spin injection process,
understanding the nonlinear bias dependence is important
for elucidating the factors that determine the spin injection
efficiency. Interestingly, recent experiments on spin injection
in Co/hBN/graphene junctions by Kamalakar et al. [37] and
Gurram et al. [27] and in Co/MgO/graphene junctions by
Ringer et al. [38] have independently reported a nonlinear
bias dependence with a sign reversal at a negative dc bias. A
systematic study of this sign-reversal feature and the conditions
needed for it to appear across different tunnel barriers can help
reveal the mechanism of tunneling spin injection in graphene-
based LSVs.

In this work we investigate the bias dependence of spin
injection in graphene with different types of contacts to address
this issue. We show that both MgO and hBN tunnel barriers
exhibit similar nonlinear behavior in the bias-dependent spin
injection measurement, including the sign reversal of the spin
signal at a negative bias. By measuring multiple graphene
LSVs with a wide range of contact resistances, we find that
the bias-dependent behavior and the dc bias current at which
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the sign reversal occurs strongly depend on the resistance of
the tunnel barrier. Further analysis shows that the sign reversal
of the spin signal occurs only within a certain range of dc bias
voltages, regardless of the tunnel barrier material or its resis-
tance. These results suggest that the tunneling spin injection in
graphene is likely determined by the energy-dependent spin-
polarized electronic structure of the ferromagnetic electrode,
rather than the electrical field-induced spin drift effect or spin
filtering effect of the tunnel barrier.

II. EXPERIMENTAL DETAILS

We fabricate graphene LSVs with transparent and tunnel
barrier contacts to perform the bias-dependent spin injection
study. Figure 1(a) shows a schematic diagram of such devices.
Monolayer graphene is exfoliated from bulk crystals onto
300 nm SiO2-Si substrate, and the electrodes are defined
with standard e-beam lithography. The degenerately doped Si
substrate is used as a back gate. For the transparent graphene
LSVs with direct contact, we follow the fabrication procedure
described in [43], with a 2 nm MgO masking layer between the
Co electrode and graphene to reduce the direct contact area. For
the MgO tunnel barrier devices, 0.8 to 1.2 nm of Ti seeded MgO
is used for the tunnel barrier, followed by a 3 nm MgO masking
layer. The fabrication details are the same as in [22]. For the
hBN tunnel barrier devices, bilayer hBN is used following the
fabrication procedure described in [26]. All the graphene LSVs
are fabricated with two-step lithography, with Ti/Au electrodes
at both ends of the device. This avoids spin signal contribution
from the outer electrodes during measurement.

We use low-frequency (11 Hz) lock-in techniques to
perform electrical and spin transport measurement on the
graphene LSVs. The rms for the injection ac current is
1 μA. First, the channel resistance and contact resistance are
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FIG. 1. (a) Schematic diagram of a graphene LSV and the non-
local measurement geometry. An ac + dc current is applied on the
left Co electrode to perform the bias-dependent spin injection study.
Regions I, II, and III are corresponding to the spin injection, diffusion,
and detection channel. (b) Typical nonlocal measurement data on a
graphene lateral spin valve.

FIG. 2. (a) Nonlocal resistance of a graphene LSV with MgO
tunnel barrier measured at different dc bias current. The back-gate
voltageVg = 0 V. All curves are shifted for clarity. (b) Bias-dependent
�RNL measured at different gate voltages. The charge neutrality point
is at VCNP = 0 V. Inset: Gate dependent resistance of the graphene
channel. The top axis shows the bias voltage Vdc corresponding to
the given Idc. (c) Bias-dependent �RNL [data from (b)] with each
�RNL(Idc) curve normalized by its zero-bias value.

characterized with the standard four-probe and three-probe
geometry. Spin transport in graphene is then measured in the
nonlocal geometry, as shown in Fig. 1(a). In the nonlocal
geometry, an ac charge current (Iinj) is applied in the left
circuit, and the ac nonlocal voltage (VNL) is measured in
the right circuit. The ratio RNL = VNL/Iinj is defined as the
nonlocal resistance. Figure 1(b) shows the typical nonlocal
resistance data obtained from the measurement. During the
measurement, an external magnetic field is swept parallel to the
ferromagnetic electrodes, which changes the relative alignment
direction of the electrode magnetization. Two different levels
of nonlocal resistance can be obtained, depending on whether
the magnetization of the injector and detector electrodes
are parallel (↑↑,↓↓) or antiparallel (↑↓,↓↑) to each other.
The nonlocal magnetoresistance (�RNL) is defined as the
difference of RNL between the parallel and antiparallel state
�RNL = R

↑↑
NL − R

↑↓
NL.

III. RESULTS

To perform the bias-dependent spin injection study, a dc
current bias is applied on the injector electrode in addition to
the ac current, with positive bias defined as current flowing
from the Co electrode into graphene. The lock-in detection
measures the ac response in VNL. Figure 2(a) shows the
nonlocal magnetoresistance curves measured for different dc
bias currents on a MgO tunnel barrier graphene LSV with
injector contact resistance RC = 63 k�. The gate voltage
is zero. Interestingly, the nonlocal magnetoresistance signal
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FIG. 3. Bias-dependent �RNL measured on a graphene LSV with
hBN tunnel barrier at different back-gate voltage. The inset shows the
normalized data. VCNP = −27 V for this device.

shows a strong variation when the dc bias current is changed.
At zero dc bias current, the �RNL is 6 �. When a positive
dc bias current is applied across the injector electrode, the
magnitude of �RNL first increases up to 10.6 � (Idc = 4 μA),
then slowly decreases down to 5.1 � (Idc = 16 μA). The spin
signal at Idc = 4 μA exhibits a 77% increase in the signal
magnitude compared to zero bias. Notably, when a negative dc
bias current is applied, the nonlocal magnetoresistance curve
inverts for Idc more negative than −4 μA. The inverted curve
indicates an opposite orientation of spin polarization of the
injected carriers, which is represented by a negative value for
�RNL. At Idc = −12 μA, the �RNL reaches −2.8 �, which
is −47% of the zero-bias signal.

To investigate the bias dependence of �RNL at different
carrier densities for the spin diffusion channel, we perform the
same measurement at different gate voltages Vg . We define the
charge neutrality point voltage VCNP as the gate voltage with
maximum resistance in the graphene channel, and the carriers

in the graphene are dominated by electrons when Vg > VCNP,
and dominated by holes for Vg < VCNP. Figure 2(b) shows
the result of the measurement, with each curve illustrating the
bias dependence of �RNL for a different gate voltage. Each of
the curves exhibit a strong nonlinear bias dependence and the
curve shapes are similar for all different gate voltages. Only
the overall magnitude of the curves shows a variation with
gate voltage, which could be due to a change of spin lifetime
and spin diffusion length as a function of carrier density in
the graphene spin transport channel. In order to better compare
the bias-dependent spin injection at different gate voltages, we
plot the same data in Fig. 2(b) by normalizing each curve by
its zero-bias value �RNL(0). Figure 2(c) shows the normalized
data. After the normalization, the bias-dependent �RNL curves
almost collapse onto one single curve, independent of gate
voltage. This shows that the observed modulation of �RNL

with dc bias current does not depend on the carrier density or
carrier type in the spin diffusion channel of graphene. On the
other hand, this behavior is consistent with mechanisms that
alter the effective spin polarizations of the injector contact as
a function of bias.

We also perform a similar study on two graphene LSVs
with hBN tunnel barriers. Figure 3 shows the bias-dependent
�RNL and the normalized data from one of the devices. For
this device, the contact resistance of the injector electrode is
7 k�. The nonlocal magnetoresistance is increased by more
than 100% at positive bias, and reverses sign at negative bias.
The line shape of the bias-dependent �RNL for the hBN tunnel
barrier device is similar to that of the MgO tunnel barrier in
Fig. 2(b).

Comparing Figs. 2(b) and 3 we notice that although the
bias-dependent �RNL shapes are similar, the dc bias current
required for the signal sign reversal (Irev) are very different
(≈ −20 μA for hBN in Fig. 3 and ≈ −2 μA for MgO in Fig. 2).
Such differences can be due to either having different tunnel
barrier materials or having different contact resistances of the
injector electrodes. In order to address this issue, we measure
the bias dependence of spin injection on eight additional
graphene LSVs (two with direct contact, and six with MgO
tunnel barriers) of different contact resistances, ranging from

FIG. 4. Bias dependence of �RNL for graphene lateral spin valves with (a) transparent contacts (VCNP = 44 V), (b) MgO tunnel barrier
contacts with low contact resistance (VCNP = 45 V), and (c) MgO tunnel barrier contact with high contact resistance (VCNP = 2 V). The inset
shows the IV curves integrated from the three-probe dV/dI measurement. The dashed lines in the inset show the position of Irev and Vrev for
the corresponding contacts.
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0.18 to 131 k�. Figure 4 shows some of the representative
results. For graphene LSVs with direct contact [Rc = 0.18 k�,
Fig. 4(a)], the �RNL is almost constant within a large dc
bias current range of [−100 μA, 100 μA]. For MgO tunnel
barriers with low contact resistance (Rc = 5.3 k�), Fig. 4(b)
shows that the bias dependence of �RNL is nonlinear and
switches sign at Irev

∼= −25 μA. For MgO tunnel barriers with
high contact resistance (Rc = 131 k�), Fig. 4(c) shows the
nonlinear behavior of bias-dependent �RNL in an even smaller
dc bias range ([−5 μA, 5 μA]). The �RNL also switches
sign at lower value Irev

∼= −0.75 μA, which is more than
an order of magnitude smaller than that in Fig. 4(b). However,
a much smaller difference is observed when considering dc
bias voltage (Vdc) instead of dc bias current on the injector
contact, as shown in the top axes of Fig. 4. In this case, the
dc bias voltage for the low contact resistance MgO tunnel
barrier device to reverse sign is Vrev

∼= −112 mV, which is
much closer to that of the high contact resistance device
(Vrev

∼= −98 mV). This behavior indicates that the nonlinear
bias-dependent �RNL is strongly correlated to the dc bias
voltage on the contact electrodes.

To examine if the correlation between the dc bias voltage
and the sign-reversal applies to other devices measured in
our study, we plot the Irev and Vrev as a function of contact
resistance for the measured MgO and hBN tunnel barrier
devices (transparent contact devices are not included because
we do not observe a sign reversal of the signal). As shown
in Fig. 5(a), a strong variation of Irev with different contact
resistances can be observed, which is inversely proportional to
Rc (dashed line). In addition, Fig. 5(b) shows that within the
large range of measured Rc, the values of Vrev always occur in a
small voltage window ([−225 mV, −75 mV]) for both MgO
and hBN devices. This establishes the correlation between the
dc bias voltage and the sign reversal of the nonlocal signal,
and also suggests that the sign reversal does not depend on the
tunnel barrier material.

IV. DISCUSSION

We now discuss several mechanisms that can give rise to
the nonlinear bias-dependent spin signal, including the electric
field-induced spin drift, the tunnel barrier spin filtering, and
the spin-polarized electronic structure of the ferromagnetic
electrodes.

We first consider the electric field-induced spin drift effect
[44–47], which emphasizes the impact of the spin transport
channel on spin injection efficiency. In graphene LSVs, it
has been shown that an electric field in the spin diffusion
channel [region II in Fig. 1(a)] can produce a drift effect of
the spin-polarized charge carriers, which affects the measured
nonlocal signal [48,49]. The increase (decrease) of the nonlocal
signal depends on the carrier type and the direction of the
electric field. Similarly, the electric field associated with the dc
bias current in the spin injection circuit [region I in Fig. 1(a)]
can also modify spin transport in graphene, which could lead
to a nonlinear bias dependence of the nonlocal spin signal.
This effect was proposed by Józsa et al. [36] and Yu et al.
[39] to explain the strong nonlinear bias-dependent spin signal
observed in graphene LSVs.

(a)

(b)

0 50 100 150

-30

-20

-10

0
 MgO
 hBN

I re
v (

A
)

RC (k )

0 50 100 150
-300

-225

-150

-75

0

 MgO
 hBN

V
re

v (
m

V
)

RC (k )

0.0 0.1 0.2 0.3

-30

-20

-10

0

I re
v (

A
)

1/RC (1/k )

FIG. 5. (a) The reversal bias current (Irev) plotted as function
of contact resistance. Each data point represents a different injector
electrode. The error bars represent the variation of Irev with back-gate
voltage. The dashed line plotted as I = − 150 mV

R
is a guide to the eye.

Inset: Irev plotted as a function of 1/Rc, showing a linear dependence.
(b) The reversal bias voltage (Vrev) plotted as function of contact
resistance. All the reversal bias voltages are within the range between
−75 and −225 mV, as indicated by the dashed lines.

To investigate the effect of spin drift on spin injection, we
develop a drift-diffusion model following [34] to describe spin
transport in graphene LSVs. In the presence of electric field,
the spin-dependent electrochemical potential in graphene can
be written as

us (x) = Aex/λ+ + Be−x/λ− , (1)

where λ± = λ(q μλE

2D
±

√
( μλE

2D
)
2 + 1)−1 are the spin transport

lengths for the upstream and downstream carriers, μ is the
mobility, λ is the spin diffusion length in graphene without the
electric field, E is the electric field induced by the injection
current, and D is the diffusion coefficient. The parameter q is
equal to 1 for electron and −1 for hole-dominated transport.
The electric field in the spin injection circuit (region I) is
proportional to the injection current E = Rsq

w
I , where Rsq is

the sheet resistance and w is the width of the graphene channel.
In regions II and III there is no electric field and λ+ = λ− = λ.
By imposing the continuity condition on the spin current and
spin-dependent chemical potential at the interfaces between
different regions, we find the nonlocal voltage for the dc
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FIG. 6. Bias-dependent �RNL(Idc) simulated with device pa-
rameters from typical graphene LSVs in this work, with μ =
4000 cm2/V s, λ = 4 μm, Rsq = 1 k�, D = 0.02 m2/s, and w =
1 μm. The simulations are performed for both electron and hole
dominated channel.

measurement

�VNL = 4P 2D

μ

ε

(1 + qε + √
ε2 + 1)

e−x/λ, (2)

where ε = μλRsq

2Dw
I , and I is the total charge current. For an ac +

dc measurement, the nonlocal signal from the lock-in yields
the differential (ac) response �RNL = d�VNL/dI , which is
shown in Fig. 6 as a function of the dc current Idc. The curves
were obtained using typical parameters for graphene LSVs
in our measurements. This calculation shows that the electric
field-induced spin drift in the spin injection channel can lead
to a nonlinear dependence of the nonlocal resistance on the dc
bias.

However, the electric field-induced spin drift is unlikely
to be the dominant factor that determines the nonlinear spin
signal in our measured devices. Strong spin drift effect requires
that the drift velocity is comparable to the Fermi velocity. This
requires either a high-mobility sample with hBN encapsulation
[49] or a strong electric field that is only likely to exist in
the immediate vicinity of a nanometer-sized pinhole [36]. In
our graphene LSVs, the mobility is less than 5000 cm2/V s
limited by the SiO2 substrate, while both the exfoliated hBN
and MBE-grown MgO tunnel barriers are pinhole-free [50].
The drift velocities (vD = μE = μRsq

w
I ) in our pinhole-free

devices are at least two orders of magnitude smaller compared
to the Fermi velocity in graphene. This is also reflected as
the large dc bias current range in Fig. 6 compared to our
experimental data. Furthermore, in contrast with the predic-
tions of the spin drift model shown in Fig. 6, our experiments
reveal no influence of the carrier type on the nonlinear bias-
dependent signal. Therefore, this mechanism is unlikely to be
responsible for the observed large variation of the nonlocal
resistance.

Another possible mechanism through which the spin trans-
port channel could affect the spin injection efficiency is the
thermoelectric spin voltage effect demonstrated by Sierra et al.
[51]. This effect originates from the Joule heating induced by
the injection current combined with the spin splitting of the

Fermi level due to the large spin accumulation in the graphene
channel. However, the strong gate dependence of the spin
signal for the thermoelectric spin voltage effect is absent in
our experimental result. Furthermore, the effect cannot explain
the nonlinear spin signal observed in Fig. 4(c) at a small bias
current of less than 5 μA, which generates a negligible amount
of heat and a relatively small spin splitting in the channel. As
a result, we do not believe the thermoelectric spin voltage is
the dominant effect in our experiments.

The mechanism of the spin filtering effect emphasizes the
impact of the nonmagnetic tunnel barrier material on spin
injection efficiency. Experimentally, Kamalakar et al. [37] have
reported spin signal inversion and nonlinear bias dependence
in graphene LSVs with a high resistance hBN tunnel barrier.
They attribute the phenomenon to a spin filtering effect with the
hBN tunnel barrier. However, such effect is material specific,
with a given tunnel barrier material favoring specific electronic
states in the ferromagnetic electrode in the tunneling process.
A well-known example is the symmetry filtering effect in
Fe/MgO/Fe magnetic tunnel junctions [52,53], where the MgO
barrier strongly favors the states of the �1 symmetry at the �

point. On the other hand, the calculations in [54] show that the
hBN tunnel barrier does not strongly filter the electronic states
by their wave vector.

The symmetry filtering mechanism requires good crys-
tallinity of the ferromagnetic electrode and the tunnel barrier
and is also expected to be much stronger for MgO compared
to hBN. In our graphene LSVs, the hBN layers are single
crystalline, but the Co electrodes and the MgO tunnel barriers
are not. The Co/MgO/graphene junctions do not seem to
meet the requirement for symmetry filtering yet still exhibit
nonlinear bias dependence and sign reversal. Furthermore,
the bias-dependent spin injection behavior of both MgO and
hBN tunnel barriers look similar, with the nonlocal signal
reversing its sign at roughly the same bias voltage. These
observations suggest that the symmetry-based spin filtering
effect is not a key factor for the bias dependence and sign
reversal of the spin signal as observed in our experiment.
Arguments against the spin filtering were also given in the
analysis of Co/graphene/hBN/NiFe vertical spin valves where
the bias-dependent magnetoresistance could show a sign
reversal [55].

The fact that the sign reversal of the nonlocal signal occurs at
similar bias voltages for different tunnel barriers [see Fig. 5(b)]
suggests that the nonlinear dependence originates from the
energy-dependent spin-polarized electronic structure of the Co
electrode. Under this mechanism, the spin injection efficiency
is determined by the band alignment between Co and graphene,
which is controlled by the voltage drop across the tunnel
barrier. Furthermore, this mechanism produces a nonlinear bias
dependence of the spin signal without any special requirements
on the tunnel barrier. Thus, similar bias-dependent spin signals
for hBN and MgO tunnel barriers (Figs. 2 and 3) with similar
sign-reversal voltages [Fig. 5(b)] as observed in our exper-
iments are expected if the energy-dependent spin-polarized
electronic structure of the ferromagnetic electrodes is the
dominant factor. Because our main experimental results (i.e.,
the similarity of the sign-reversal voltage for both tunnel bar-
riers of varying resistances) are readily understood within this
framework, we believe the spin-polarized electronic structure
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of the Co electrode is the main factor that determines the
nonlinear bias dependence and sign reversal in the spin signal.

There are several aspects of the energy-dependent spin-
polarized electronic structure that affect the tunneling spin
injection from Co into graphene. First, it could be related to
the band structure of bulk Co. Although the spin polarization
derived from the density of states of bulk Co does not reverse
its sign in a wide energy range around the Fermi level, it was
argued that one should consider the spin-polarized density of
state (DOS) convoluted with the electron velocity vα , where
α = 1 for ballistic transport or α = 2 for diffusive transport,
to calculate the spin injection efficiency [56]. Sipahi et al.
[42] have considered the case for Co in direct contact to
graphene, where the calculated spin injection efficiency does
show strong energy dependence when considering the elec-
tron velocity at different energy levels. Furthermore, surface
states at the Co/MgO or Co/hBN interfaces can also play
an important role in determining the spin injection efficiency
[57]. Using Fe/GaAs(001) as an example, it was shown that
the spin polarization of the tunneling current can exhibit a
nonlinear bias dependence and change sign under a relatively
small bias voltage due to the minority-spin resonant state
at the Fe/GaAs(001) interface [58]. Such behavior has been
observed experimentally in nonlocal spin transport by Lou
et al. [59]. A similar scenario could also happen in our
devices. These possibilities are strongly dependent on the
crystallographic orientation of the ferromagnetic electrode.
The polycrystalline nature of the Co electrodes in our de-
vices makes it difficult to compare the experimental result
with the mechanisms discussed above. Experimentally, this
difficulty could be overcome by synthesizing single-crystal
Co electrodes on MgO substrate [60] and fabricating graphene
LSVs with the inverted structure, as developed by Drögeler
et al. [61]. Measurements of the bias-dependent spin injection
in devices with different ferromagnetic materials would be
helpful for further understanding of the impact of the spin-
polarized electronic structure on the tunneling spin injection
efficiency.

V. CONCLUSION

In summary, we have performed a systematic study on bias-
dependent spin injection into graphene with both MgO and
hBN tunnel barriers. We observe a strong nonlinear behavior
of the spin signal with sign reversal in both systems. By normal-
izing the bias-dependent spin signal with its zero-bias value,
we find that the relative change in spin injection efficiency does
not depend on the carrier density inside the graphene channel,
indicating that our observation is related to the junction region
of the ferromagnetic electrode. By comparing bias-dependent
spin injection measurements on multiple devices, we find that
the sign reversal of the spin signal is associated with a certain
bias voltage window, independent of the contact resistance
and tunnel barrier material. By comparing different mecha-
nisms with our experimental data, we conclude that the bias
dependence of the tunneling spin injection in graphene is most
likely induced by the energy dependence of the spin-dependent
electronic structure of the ferromagnetic electrode. While
the observed nonlinear response complicates the description
of the graphene-based lateral spin valves, beyond the usual
equivalent-resistor models, it also provides important device
opportunities for spin logic [19] and spin communication
[62,63] with bias-dependent modulation of spin polarization.
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Krivorotov, L. J. Sham, and R. K. Kawakami, Phys. Rev. Appl.
5, 044003 (2016).

[20] Y. K. Luo, J. Xu, T. Zhu, G. Wu, E. J. McCormick, W. Zhan,
M. R. Neupane, and R. K. Kawakami, Nano Lett. 17, 3877
(2017).

[21] J. Hu, G. Stecklein, Y. Anugrah, P. A. Crowell, and S. J. Koester,
IEEE J. Explor. Solid-State Comput. Devices Circuits 4, 26
(2018).

[22] W. Han, K. Pi, K. M. McCreary, Y. Li, J. J. I. Wong, A. G. Swartz,
and R. K. Kawakami, Phys. Rev. Lett. 105, 167202 (2010).

[23] I. Neumann, M. V. Costache, G. Bridoux, J. F. Sierra, and S. O.
Valenzuela, Appl. Phys. Lett. 103, 112401 (2013).

[24] M. V. Kamalakar, A. Dankert, J. Bergsten, T. Ive, and S. P. Dash,
Sci. Rep. 4, 6146 (2014).

[25] A. L. Friedman, O. M. J. van ‘t Erve, C. H. Li, J. T. Robinson,
and B. T. Jonker, Nat. Commun. 5, 3161 (2014).

[26] S. Singh, J. Katoch, J. Xu, C. Tan, T. Zhu, W. Amamou, J. Hone,
and R. K. Kawakami, Appl. Phys. Lett. 109, 122411 (2016).

[27] M. Gurram, S. Omar, and B. J. van Wees, Nat. Commun. 8, 248
(2017).

[28] S. Singh, J. Katoch, T. Zhu, R. J. Wu, A. S. Ahmed, W. Amamou,
D. Wang, K. A. Mkhoyan, and R. K. Kawakami, Nano Lett. 17,
7578 (2017).

[29] E. Sosenko, H. Wei, and V. Aji, Phys. Rev. B 89, 245436
(2014).

[30] T. Zhu and R. K. Kawakami, Phys. Rev. B 97, 144413 (2018).
[31] M. Johnson and R. H. Silsbee, Phys. Rev. B 35, 4959 (1987).
[32] T. Valet and A. Fert, Phys. Rev. B 48, 7099 (1993).
[33] E. I. Rashba, Eur. Phys. J. B 29, 513 (2002).
[34] S. Takahashi and S. Maekawa, Phys. Rev. B 67, 052409

(2003).
[35] W. Han, W. H. Wang, K. Pi, K. M. McCreary, W. Bao, Y. Li,

F. Miao, C. N. Lau, and R. K. Kawakami, Phys. Rev. Lett. 102,
137205 (2009).

[36] C. Józsa, M. Popinciuc, N. Tombros, H. T. Jonkman, and B. J.
van Wees, Phys. Rev. B 79, 081402 (2009).

[37] M. V. Kamalakar, A. Dankert, P. J. Kelly, and S. P. Dash, Sci.
Rep. 6, 21168 (2016).

[38] S. Ringer, M. Rosenauer, T. Völkl, M. Kadur, F. Hopperdietzel,
D. Weiss, and J. Eroms, arXiv:1803.07911.

[39] Z. G. Yu, J. Baker, and S. Krishnamurthy, Phys. Rev. B 82,
035425 (2010).

[40] Q. Wu, L. Shen, Z. Bai, M. Zeng, M. Yang, Z. Huang, and Y. P.
Feng, Phys. Rev. Appl. 2, 044008 (2014).
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