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An in situ measurement of spin transport in a graphene nonlocal spin valve is used to quantify the
spin current absorbed by a small (250 × 750 nm2) metallic island. The experiment allows for successive
depositions of either Fe or Cu without breaking vacuum, so that the thickness of the island is the only
parameter that is varied. Furthermore, by measuring the effect of the island using separate contacts for
injection and detection, we isolate the effect of spin absorption from any change in the spin injection
and detection mechanisms. As inferred from the thickness dependence, the effective spin current je =
(2e/�)js absorbed by Fe is as large as 108 A/m2. The maximum value of je is limited by the resistance-
area product of the graphene/Fe interface, which is as small as 3 � µm2. The spin current absorbed by
the same thickness of Cu is smaller than that for Fe, as expected given the longer spin-diffusion length
and larger spin resistance of Cu compared to Fe. These results allow for a quantitative assessment of the
prospects for achieving spin-transfer-torque switching of a nanomagnet using a graphene-based nonlocal
spin valve.
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I. INTRODUCTION

Graphene is a promising material for lateral-spin trans-
port due to its low spin-orbit coupling and high carrier
mobility, leading to long spin-diffusion lengths at room
temperature [1,2]. The graphene/ferromagnet (FM) inter-
face has proven to be the bottleneck for achieving long-
spin lifetimes and high-spin-injection efficiencies, due to
spin absorption by the ferromagnetic contacts [3–13], the
possibility of contact-induced spin-relaxation mechanisms
other than spin absorption [14], and the challenge of sepa-
rating these effects from the spin injection and detection
efficiencies of the ferromagnet contacts. Understanding
spin relaxation and spin absorption at graphene/FM junc-
tions is also important for technological applications such
as all-spin logic, in which the magnetization of a nano-
magnet is switched by spin-transfer torque when a pure
spin current is absorbed [15]. Despite apparent progress
[16,17], this goal has been challenging to achieve in
graphene, which is why an experiment observing the evo-
lution of the absorbed spin current while varying the
thickness of the nanomagnet is valuable.
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In this report, we quantify the spin current absorbed by
a nanomagnetic island deposited on a nonlocal graphene
spin valve. Spin transport measurements are completed in
situ while growing the Fe island and the results are inter-
preted using a 2D finite-element model. We determine that
the effective spin current absorbed by Fe is as large as
je = (2e/�)js = 108 A/m2 and is limited by the resistance-
area product of the graphene/Fe interface, which we find to
be as low as 3 � µm2. When the Fe is replaced with Cu, the
spin current absorbed by the same thickness is smaller than
for Fe, as expected given the longer spin-diffusion length
and larger spin resistance of Cu compared to Fe.

II. EXPERIMENT

The experiments are conducted in an ultrahigh vac-
uum chamber with the ability to perform in situ spin-
transport measurements between sequential depositions
of metallic adatoms. The experiments use multilayer
graphene (MLG) spin valves held at cryogenic tem-
peratures (approximately 20 K). For the fabrication
of spin-valve devices, MLG flakes are exfoliated onto
SiO2(300 nm)/Si, where the degenerately doped Si is
used as a back gate. A single e-beam lithography pat-
tern of bilayer PMMA/methylmethacrylate (MMA) resist
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combined with multi-angle shadow evaporation is uti-
lized to define an SrO tunnel barrier and 60-nm-thick Co
electrodes. Details of the device fabrication are provided
elsewhere [18]. Subsequently, the spin-valve device is spin
coated with PMMA and soft baked at 50 °C for 2 h in
order to prevent damaging the SrO/Co electrodes. After
the bake, an opening in the PMMA is created for the island
deposition using e-beam lithography for patterning and
developing in methyl isobutyl ketone (MIBK)/2-propanol
(IPA) for 1 m 20 s. Immediately after development, the
sample is loaded into the chamber to perform the nonlo-
cal spin-transport measurement and deposit the Fe or Cu
island, which is carried out by cryogenic MBE at a pres-
sure below 1 × 10−10 Torr. Unless otherwise noted, the
samples are held at 20 K during growth in order to reduce
the lateral surface diffusion of adatoms on graphene [19].
A schematic of the device and a SEM image after mea-
surement are shown in Figs. 1(a) and 1(b), and important
parameters for each device are provided in Table I. Ther-
mal effusion cells are utilized for the island growth and
the growth rate is measured using a quartz-crystal monitor.
Typical growth rates are 0.04 Å/min for Fe and 0.2 Å/min
for Cu [18]. It is important to note that achieving consis-
tent measurements through many deposition cycles before
failure of the device critically depends on the SrO barriers,
which have proven to be remarkably robust [18].

The experiment is performed four times, which we refer
to as Experiments 1–4. Spin-transport measurements of the
MLG spin-valve devices are carried out at 20 K (300 K in
Experiment 3) using lock-in detection with an ac injection
current of I = 1 μA rms at 11 Hz. Initial measurements
are conducted at a gate voltage Vg = 0 V. Injected spins
diffuse throughout the graphene channel and generate the
nonlocal voltage VNL indicated in Fig. 1(a). Spin trans-
port is detected by monitoring the nonlocal resistance
RNL, defined as RNL = VNL/I , as a function of an in-
plane magnetic field applied along the long axes of the
FM electrodes. Figure 1(c) shows data for a representa-
tive MLG spin valve (Experiment 1) with MLG of width
2.5 µm and injector-detector electrode spacing of 1.5 µm.
The abrupt change in RNL, labeled as �RNL, occurs when
the injector and detector magnetizations switch between
parallel and antiparallel alignments. Notably, �RNL quan-
tifies the spin accumulation at the detector. To determine
the spin lifetime and diffusion constant for the MLG, we
perform nonlocal Hanle-spin precession measurements, in
which an out-of-plane magnetic field is ramped while mea-
suring RNL. The Hanle curves for parallel and antiparallel
magnetization states are shown in Fig. 1(d). Following
a procedure described elsewhere [20], we fit the differ-
ence of the Hanle curves and for the example shown
obtain a spin lifetime of τs = 585 ps, a diffusion con-
stant of D = 35 cm2/s, and a spin injection/detection effi-
ciency α = 11.3%. This fit accounts for spin absorption by
the graphene/SrO/Co contacts according to the measured

(a)

(b)

(c)

(d)

FIG. 1. Graphene nonlocal spin valve island experiment. (a)
Device layout and measurement configuration. (b) False-color
SEM image after measurement of the device used in Experi-
ment 1. (c) Spin valve measurement taken prior to Fe deposition,
indicating spin valve signal size �RNL. (d) Nonlocal Hanle mea-
surement taken prior to Fe deposition, with parallel (P) and
antiparallel (AP) injector and detector contact magnetization
configurations.
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TABLE I. Device information and the results of the analy-
sis for all four experiments. The symbols W and d indicate the
flake width and injector-detector separation, respectively. The
island length refers to the direction perpendicular to the con-
tact magnetization. All values are calculated at the measurement
temperature and Vg = 0 V prior to depositing the island.

Experiment 1 2 3 4

Island metal(s) Fe Fe Fe Cu, Fe
W (µm) 2.5 2.7 2.0 1.9
d (µm) 1.5 2.1 2.0 2.2
Island length (nm) 250 200 500 200
Rsq (�/sq) 1120 393 956 194
�R0

NL (�) 2.79 5.84 1.32 0.735
τs (ps) 585 736 310 230
D (cm2/s) 35 370 100 200
α (%) 11.3 11.3 8.0 10

contact resistances, which are typically 2–5 k�. The spin-
transport properties of the graphene channel are assumed
to be constant as the island is deposited.

To investigate the effect of depositing Fe, we mea-
sure the spin-transport signal �RNL as a function of Fe
thickness (tFe). After each cycle of Fe deposition, we
slightly adjust Vg to maintain a constant channel resis-
tance to offset any electrical doping or current-shunting
effects. Figure 2(a) shows representative nonlocal mag-
netoresistance scans at several thicknesses, and Fig. 2(b)
summarizes �RNL(tFe). The most important feature of the
data is the reduction of �RNL as the Fe thickness increases.
Most of the signal reduction occurs within the first mono-
layer of deposition, as can be seen most easily in the
inset of Fig. 2(b), which compares the signal with the Fe
thickness on a logarithmic scale. The thickness of a mono-
layer of bcc Fe is tML = 1.43 Å for (001) planes [21]. The
rate of decrease of �RNL with coverage is much smaller
after monolayer completion, although the value of this
baseline is also sensitive to the lateral dimensions of the
island, as will be discussed below. The final Fe thickness
in each experiment is determined by the eventual failure
of the device, probably due to the growth of metal on the
sidewalls of the resist.

III. RESULTS AND DISCUSSION

A. Physical model of spin absorption

In developing a model for the absorption of spin cur-
rents in the presence of the island, we must address the
observation that �RNL decreases on an Fe-thickness scale
that is much smaller than the spin-diffusion length in
Fe [22], and that a much weaker decrease is observed
after monolayer completion. Each of the three experi-
ments in which Fe is directly deposited on graphene shows
this behavior, although the fraction of signal that remains
varies among the devices, which is due to the geometry

(a)

(b)

FIG. 2. Effect of depositing the Fe island. (a) In-plane nonlo-
cal magnetoresistance sweeps at different Fe thicknesses. Field
sweeps are offset for clarity. (b) Normalized spin valve signal
size as a function of Fe thickness, with inset showing the same
data using a logarithmic scale for Fe thickness.

and spin-transport properties of the device used for each
experiment. To construct the model, we first argue that
absorption of a spin current by the island is equivalent to an
enhancement � in the local spin relaxation rate. In other
words,

τ−1
s → τ−1

s + �, (1)

where � is a function of the Fe thickness. For the pur-
poses of this paper, we assume that � is a scalar quantity,
depending only on the magnitude of the spin accumulation.
Effects such as anisotropic spin absorption, which would
depend on the relative orientations of the spin accumula-
tion and the island magnetization [23], are not included. In
this section, we first develop a model for the dependence
of � on thickness, and then show how the modified spin-
relaxation rate can be incorporated into a 2D drift-diffusion
calculation of the nonlocal spin signal.

The enhancement factor � is proportional to the spin
current js absorbed by the island. For convenience, we
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convert js, which has units of spin angular momen-
tum per unit area per unit time, to an effective charge-
equivalent spin current je = (2e/�)js. When a spin current
is drawn out of the graphene, the local spin splitting of
the chemical potential �μ = μ↑ − μ↓ is reduced at the
rate � such that ��μ = (∂μ/∂n)je /e, where the thermo-
dynamic inverse compressibility ∂μ/∂n can be rewritten
as ∂μ/∂n = RsqDe2 by the Einstein relation, where Rsq is
the graphene square resistance and D is the diffusion con-
stant. In addition, the spin current je is related to the spin
resistance Rtot of the island by je = �μ/(eRtot). Therefore,
� = RsqD/Rtot. We determine the spin current flowing into
the island by considering the appropriate spin resistances.
Specifically, we represent the island by two spin resis-
tances in series, as shown in Fig. 3. First, longitudinal-spin
absorption by the bulk of the island is determined by the
island’s spin resistance R, which depends on its resistiv-
ity ρ, spin diffusion length λ, and thickness t such that
R(t) = ρλ/ tanh(t/λ) [24,25]. This bulk spin resistance
continues to decrease as the island grows thicker until it
reaches a thickness greater than its spin diffusion length, at
which point the maximum spin current is drawn out of the
graphene. This bulk spin current is reduced, however, by
an interface resistance RI , which reaches a constant value
as soon as the interface (of area A) is completely formed.
We represent the incomplete monolayer by a thickness-
dependent area, so that RI A(t) = RI A/ tanh(t/tML), where
RI A is the resistance-area product of the graphene/island
interface, which we assume fully forms when the island
reaches monolayer completion at thickness tML. Therefore,
the thickness dependence of �(t) due to spin absorption is

�(t) = RsqD
{ρλ/[tanh(t/λ)]} + {RI A/[tanh(t/tML)]} , (2)

where the denominator represents the total series resis-
tance shown in Fig. 3. Based on this model and using the
known product RsqD for a particular graphene channel,
�(t) can be calculated for given values of ρ, λ, tML, and
RI A. For example, the effect of the increased spin diffusion
length and spin resistance of Cu compared to Fe is shown
in Fig. 4. For Fe, we assume tML = 1.43 Å, ρFe(20 K) =
13 μ� cm, and λFe = 40 Å [26], for which the spin resis-
tance of the fully formed Fe island is ρFeλFe = 0.5 f �m2,
as is consistent with results reported elsewhere [22]. For
Cu, we assume tML = 1.81 Å, ρCu(20 K) = 10 μ� cm
(for ultrathin films) [27], and λCu = 6000 Å [28], for
which ρCuλCu = 60 f �m2. The effect of the Cu island on
� is observed at larger thicknesses than for Fe because
of the longer spin-diffusion length and larger spin resis-
tance of Cu compared to Fe. We note that without any
interfacial series resistance, � would reach large values
(over 1000 ns−1) at very small thicknesses (tFe < 0.01 Å)
because of the large mismatch between the graphene and

FIG. 3. Physical model of spin absorption as island thickness is
varied. As the island thickness t increases, the island’s spin resis-
tance per unit area R/A continues to decrease until the island is
as thick as its spin-diffusion length λ. As the island is deposited,
the interface resistance RI decreases only until monolayer thick-
ness tML is reached, at which point the interface is fully formed.
The series resistance of these two spin resistances determines the
absorbed spin current je and thus the effective increase � in the
local spin-relaxation rate.

Fe spin resistances. The interface resistance, therefore,
plays a critical role.

Before proceeding, we note that the decrease of the spin
signal at small island thicknesses and then the subsequent
lack of change in the spin signal when the thickness is fur-
ther increased would be unexpected in a model in which
the bulk-spin-diffusion length is the only parameter. We
believe that the model described above is the simplest
viable explanation for this behavior, although other micro-
scopic mechanisms are plausible. For example, anisotropic
spin absorption may occur prior to depositing a complete
monolayer [23,29], or the growth of the island on graphene
may not proceed as proposed here despite the agreement
observed between our data and the model shown below.
We emphasize, however, that it is essentially impossible to
distinguish among different microscopic absorption mech-
anisms using only nonlocal spin valve (NLSV) and Hanle
measurements, and we believe the effective relaxation rate
as used here is an appropriate description regardless of the
mechanism.

B. Finite-element model

The next step is to determine �RNL for a given thick-
ness once �(t) is known. To accomplish this, we per-
form a 2D finite-element simulation to model the spin
accumulation throughout the graphene channel as spins
are absorbed by the island. A 2D environment composed
of 25 × 25 nm2 cells is used to model the spin accumu-
lation

⇀

S (x, y) throughout the graphene channel, where
⇀

S
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(a)

(b)

FIG. 4. Contrast between the theoretical thickness dependence
�(t) for (a) Experiment 1, which uses Fe, and (b) Experiment 4,
which uses Cu. In each case, different curves indicate the effect
of varying the additional interface resistance-area product RI A.
The curves shown here assume λFe = 40 Å, λCu = 6000 Å, and
RsqD = 39 k� cm2/s, where the latter matches both Experiments
1 and 4. The x axis of the lower plot includes two additional
orders of magnitude.

is the spin polarization associated with the electrochem-
ical potential splitting �μ = μ↑ − μ↓ for spins oriented
along each of the three cardinal directions (i = x, y, z). The
grid is represented schematically in Fig 5(a). A forward
Euler step algorithm with Neumann boundary conditions
is used to evolve the distributed spin accumulation until
steady state in accordance with spin diffusion, precession,
and relaxation [30,31],

∂
⇀

S
∂t

= D∇2⇀

S − γ
⇀

B × ⇀

S −
⇀

S
τs

+ ⇀̇

S0(x, y) = 0, (3)

(a)

(b)

(c)

FIG. 5. Finite-element model. (a) Spatially resolved model
with additional spin relaxation rate � under the island (not to
scale). (b) Steady-state solution corresponding to Experiment 1
for � = 0 and (c) � = 1000/τs = 1710 ns−1. This model is used
to calculate how the spin valve signal size �RNL, which is calcu-
lated from �μ at the detector, depends on the increase � in spin
relaxation under the island.

where γ = 1.76 × 10−2 Oe−1 ns−1 is the gyromagnetic

ratio,
⇀

B is the applied magnetic field, and
⇀̇

S0(x, y) =
2αM̂injjinj(∂μ/∂n)/e is the rate of spin injection. The
spin-injection rate, which is nonzero only under the injec-
tor contact, is calculated from the fitted value of α, the
injected charge-current density jinj, and ∂μ/∂n = RsqDe2.
Spin absorption into the Co contacts is incorporated into
the model as a local increase τ−1

c = RsqD/(RCA) in the
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p f

FIG. 6. Comparison of the nonlocal Hanle data taken prior to
island deposition to the analytical fit and finite-element model for
Experiment 1.

spin-relaxation rate for cells under the Co, where RC is
the measured contact resistance and A is the contact area.
The spin absorption into the island is accounted for by
increasing the spin-relaxation rate in cells underneath the
island by �. The simulation is used to determine the com-
ponent Sy = ⇀

S · M̂det of the spin accumulation parallel to
the detector magnetization, from which the spin valve sig-
nal size is calculated as (�RNL)model = α〈Sy〉det/I , where I
is the injection charge current and 〈Sy〉det is the average of
Sy in the cells underneath the detector contact. Examples of
Sy(x, y) for � = 0 and 1000 ns−1 are shown in Figs. 5(b)
and 5(c). As anticipated, the spin accumulation under the
island is greatly reduced as � increases. Although this sup-
pression is not observed directly, the “sinking” of spin
current into the island leads to the decrease of the spin
accumulation at the detector [at the right side of each
panel in Figs. 5(b) and 5(c)]. The model is verified by
confirming that, for � = 0, the out-of-plane magnetic field
dependence of �RNL is consistent with the nonlocal Hanle
data measured prior to metal deposition, as shown for
Experiment 1 in Fig. 6.

With this model, we now determine the sensitivity
curve �RNL(�), which describes how the spin accumula-
tion under the detector is affected by an additional spin-
relaxation rate under the island, including the effect of
spins flowing through side channels around the island.
By interpolating between results for many values of �,
the sensitivity curve �RNL(�) is calculated for a partic-
ular interface resistance-area product RI A. We find that
most variation in �RNL occurs when the additional spin-
relaxation rate is in the range � = 1 − 1000 ns−1. Any
further increase in � has little effect on �RNL because
the effective spin lifetime under the island is already neg-
ligibly small. Figure 7(a) shows the relationship between
thickness and � for various choices of RI A for Fe and one

(a)

(b)

FIG. 7. Analysis and modeling of the experiment. (a) The-
oretical relationship between island thickness and additional
spin-relaxation rate �, for either an Fe or Cu island and for
various values of the graphene/metal interface resistance-area
product RI A. These theoretical curves assume spin-diffusion
lengths and monolayer thicknesses of λFe = 4 nm and tML =
1.43 Å for Fe and λCu = 6000 Å and tML = 1.81 Å for Cu. (b)
Sensitivity of the spin valve signal size �RNL to the additional
spin-relaxation rate for Experiment 1 determined by the finite-
element model. Results of the model are shown as points and a
smooth interpolation of these points is shown as a solid curve.

case for Cu, and Fig. 7(b) shows �RNL as a function of �.
This analysis is completed for each experiment, because
the exact sensitivity �RNL(�) depends on the geometry
and spin-transport parameters of each graphene channel.
Results for Experiments 2–4 are shown in Fig. 8. Compar-
ison with experiment is achieved by combining �(t) with
�RNL(�), resulting in �RNL(t). Fitting proceeds by mak-
ing adjustments in RI A until the calculated curve �RNL(t)
agrees with experiment. The best-fit values of RI A, which
will be discussed further below, are included in Table II.

C. Calculation of the absorbed spin current

We fit the measured thickness dependence �RNL(tFe)

to the spin-absorption model using RI A as the sole fitting
parameter. The theoretical thickness dependence �(tFe) is
combined with the sensitivity curve �RNL(�) to deter-
mine �RNL(tFe) for a given value of RI A. By comparing
many such curves with the measured thickness depen-
dence, we find the best-fit value of RI A. The data and fits
for Experiments 1–3 are shown in Fig. 9(a), where the
experiments encompass various geometries, Fe-deposition
temperatures, and spin-transport properties. In all cases,
we fit the data to the spin-absorption model assuming
λFe = 4 nm and tML = 1.43 Å.
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FIG. 8. Sensitivity curves for Experiments 2–4 determined by
simulation. These curves quantify how the introduction of addi-
tional spin relaxation rate � under the island affects the spin
signal �RNL.

Using the best-fit value of RI A, the spin current absorbed
by the island in the limit t � λ is

je = �μ/e
ρλ + RI A

≈ I�R0
NL exp[d/(2λg)]

α(ρλ + RI A)
, (4)

where �R0
NL is the spin signal measured prior to depositing

the island and the factor exp[d/(2λg)] is used to estimate
the spin accumulation under the island from the injector-
detector separation d and the graphene spin diffusion
length λg = √

Dτs.
For each experiment, the best-fit results for RI A and

the corresponding spin current je are shown in Table II.
We find RI A = 3 �μm2, from which we calculate that the
absorbed spin current is as large as je = 108 A/m2. We dis-
cuss the physical significance of the extracted values of
RI A in more detail below. Although it is surprising that
�RNL decays quickly at small Fe thicknesses and then
changes little with additional Fe thickness, this behav-
ior is consistent with the assumption that λFe = 4 nm.
As the island is grown, its spin resistance decreases,

but the absorbed spin current is ultimately limited by
the series resistance of the interface. The local effec-
tive spin-relaxation rate, therefore, increases with thick-
ness and then saturates because of the completion of the
graphene/Fe interface. The variation in �RNL with thick-
ness is explained by the completion of the interface at
low thicknesses and the efficiency with which the spin-
absorption effect reduces the measured spin accumulation.

To put the calculated spin currents in context, switching
the island by antidamping from longitudinal spin absorp-
tion is predicted to require an effective spin current of je >

(2e/�)αdtMs(Hk + H + 2πMs), where αd is the Gilbert
damping constant, t is the island thickness, Ms is the
island’s magnetization, Hk is the easy-axis anisotropy field,
and H is the strength of an external magnetic field applied
antiparallel to the initial magnetization direction [32,33].
For the island materials used here, an order-of-magnitude
estimate of the critical spin current required for field-
unassisted (H = 0) switching is je = 1010 A/m2 for a
thickness t = 1 nm, αd = 0.01, and Hk = 100 Oe. We con-
clude that due to the interface resistance, which we argue
below approaches the limiting minimum value expected,
the spin currents in our devices are significantly smaller
than what would be required to produce switching.

D. Comparison of Cu and Fe islands

In Experiment 4, the process is repeated with a Cu
island instead of Fe, where Cu is chosen because it has
a longer spin-diffusion length than Fe, is nonmagnetic, has
a weak chemical interaction with graphene, and has low
spin-orbit coupling. In prior studies, the deposition of Au
on a graphene spin valve has been shown to unexpect-
edly increase the spin signal [34], although this result is
not understood. We deposit the Cu island and monitor the
spin signal �RNL as a function of Cu thickness tCu. The
result of Experiment 4, which is shown in Fig. 9(b), con-
firms that the decrease in �RNL(tCu) occurs over a larger
thickness range than for Fe, as expected due to the longer
spin-diffusion length and larger spin resistance of Cu.

As with the Fe-island devices, the thickness dependence
�RNL(tCu) is fit to the spin-absorption model. We find that

TABLE II. Results of fitting the Fe-thickness dependence of �RNL to the spin-absorption model. Experiment number, growth tem-
perature, island width (in the direction parallel to the contact magnetization, as a percentage of the channel width), charge injection
current I used for the measurement, product of the graphene resistance per square Rsq and the diffusion constant D fit from nonlocal
Hanle data, best-fit interface resistance-area product RI A, and spin current je absorbed by the Fe in the limit tFe � λFe are indicated.

Experiment Temperature (K)
Island width (% of

channel width) I (µA) RsqD (k� cm2/s) RI A (� µm2) je into Fe (A/m2)

1 20 30 1 39.1 2.8 1.5 × 107

2 20 85 5 146 3.1 1.0 × 108

3 300 90 1 95.6 12 2.4 × 106

4 (Fe on Cu) 20 32 5 38.9 gr/Cu: 4.8 Cu/Fe: 3.2 1.6 × 106
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(a)

(b)

FIG. 9. Fits to the spin absorption model. (a) Measurements of
�RNL(tFe) for three different experiments, each fit to the spin-
absorption model. (b) Data and fits to the spin-absorption model
when Cu is deposited instead of Fe (black), and when Fe is
deposited after depositing the Cu interlayer (red). The dashed
black arrow indicates the measurement sequence. Results of
the fits, including the graphene/metal interface resistance-area
product and the calculated spin current, are shown in Table II.

RI A = 4.8 �μm2. After depositing 80 Å of Cu, we calcu-
late that �Cu = 418 ns−1. In contrast, based on Experiment
1, the effective spin-relaxation rate induced by Fe of the
same thickness is three times larger than that for Cu. We
conclude that the spin-absorption effect of Cu is smaller
than Fe, as expected.

To determine the spin absorption by Fe across a non-
magnetic spacer, the deposition of Cu is halted after 80 Å
and Fe deposition is started. The result is also shown in
Fig. 9(b), where the data are again fit to the spin-absorption
model. In this case, the total additional spin-relaxation rate
is � = �Cu + �Fe(tFe), where only the latter term increases
with Fe thickness. We find a similar thickness dependence
for Fe after Cu as compared to Fe directly on graphene,
which is consistent with Fe absorbing a similar spin cur-
rent in the graphene/Cu/Fe experiment as compared to the
graphene/Fe experiments.

E. Fundamental limit of the graphene/metal interface
resistance-area product

Finally, we discuss the physical significance of the
extracted values for the interface resistance-area prod-
uct. In the analysis presented above, the fitted values of
the graphene/metal interface resistance-area product are
approximately 103 times larger than either the Fe or Cu
spin resistances. To understand the source of this inter-
face resistance, we calculate the theoretical minimum
resistance-area product (RI A)thy of a graphene/metal inter-
face from the number of available modes by (RI A)thy =

h/(4e2n), where n is the 2D graphene carrier concentra-
tion [35]. For n = 1012 cm−2, which is the approximate
value at the gate voltages used, (RI A)thy = 0.6 �μm2. We
conclude that the values for the interface resistance-area
product that we measure are within an order of magnitude
of the theoretical minimum.

Given the low temperature growth of the island by
MBE, it is perhaps not surprising that the interfacial resis-
tances are as small as those inferred from the model,
with variations that reflect the degree of contamination
before growth. We emphasize, however, that we cannot
measure RI A values this small directly in the spin valve
device geometry. It is, therefore, possible that the actual
RI A product is larger than inferred from our model and
that some other mechanism, such as proximity-induced
magnetism [36–38] or enhanced spin-orbit coupling [39]
at the graphene/metal interface, is leading to a larger
interfacial-spin-relaxation rate. Our measurement cannot
distinguish between interfacial spin relaxation in the pres-
ence of a larger RI A product and spin absorption. How-
ever, we emphasize that the experimental data can be
interpreted purely in terms of spin absorption and that
we observe no concrete evidence of interfacial spin relax-
ation. The model we introduce here places an upper bound
on the maximum spin current absorbed by the island.
The most practical option available for enhancing this
value is increasing the spin accumulation in the channel,
which will require further optimization of the injection
contacts.

IV. CONCLUSION

In conclusion, an in situ measurement of nonlocal spin
transport is used to quantify the spin current absorbed by
a small Fe island on a graphene surface. The Fe thickness
dependence is interpreted using a 2D numerical simula-
tion. We find that the data are consistent with a spin-
absorption model. Fitting the data to this model shows that
the effective spin current absorbed by Fe can be as large
as 108 A/m2 for an excitation current I = 5 μA, and this
absorbed spin current is limited by an interface resistance-
area product of 3 � µm2, which is nearing the theoretical
minimum for a few-layer graphene/metal interface. A sim-
ilar in situ study of a graphene/Cu/Fe junction is analyzed
using the same model, where the effect of Cu is consis-
tent with its longer spin-diffusion length compared to Fe.
Given the low resistance-area products achieved and the
resulting bound on the absorbed spin current, these results
suggest that new approaches will need to be considered
– such as increasing the excitation current beyond tens of
microamps – in order to achieve the goal of nonlocal spin-
transfer torque switching in few-layer graphene, for which
effective spin current densities of order 1010 A/m2 would
be required.
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