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The use of graphene in spintronic devices depends, among other things, on its ability to convert a spin
excitation into an electric charge signal, a phenomenon that requires a spin-orbit coupling (SOC). Here we
report the observation of two effects that show the existence of SOC in large-area CVD grown single-layer
graphene deposited on a single crystal film of the ferrimagnetic insulator yttrium iron garnet (YIG).
The first is a magnetoresistance of graphene induced by the magnetic proximity effect with YIG. The
second is the detection of a dc voltage along the graphene layer resulting from the conversion of the spin
current generated by spin pumping from microwave driven ferromagnetic resonance into a charge current,
which is attributed to the inverse Rashba-Edelstein effect.
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One key phenomenon for spintronics is the conversion of
signals carried by spin excitations in ferromagnets (FM)
into electric signals. In bilayers of FM with metallic layers
(ML) this conversion involves the spin-pumping effect
(SPE) [1,2] and the inverse spin Hall effect (ISHE) [3,4].
Precessing spins in the FM inject a spin current in the ML
by the SPE, which is then converted into a charge current
by the ISHE. This phenomenon was first observed by the
electric detection of microwave driven ferromagnetic res-
onance (FMR) in multilayers of permalloy (Py), FeCo, and
paramagnetic metals (PM) such as Pt, Pd, and Ta [5]. As the
ISHE requires the presence of spin-orbit coupling (SOC),
most SPE-ISHE studies have been conducted with PM
materials of heavy elements [6]. Initially concentrated in
bilayers with FM metals [3-8], the SPE-ISHE studies
gained renewed interest with the discovery of spin pumping
by the ferrimagnetic insulator yttrium iron garnet (YIG)
[9-19]. The recent discovery [20,21] of new mechanisms
for spin-current to charge-current conversion based on the
Rashba-Edelstein effect has enriched the field and opened
up new possibilities.

Owing to its exceptional electronic transport properties
[22,23], graphene has been considered to be very promising
for spintronic applications [24,25]. However, due to the low
atomic number of carbon, intrinsic graphene has a weak
SOC and thus very small spin Hall effect [26]. Several
mechanisms and structures have been proposed for the use
of graphene in spintronics, such as nanostructures with
adjacent graphene nanoribbons [27], nanostructures with
ferromagnetic gate electrodes [28,29], and decoration of
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graphene with small doses of adatoms or nanoparticles
[30]. Recently, it has been shown that a Py electrode under
FMR pumps spin current into a single-layer graphene
(SLG) [31,32] and that SLG grown by chemical vapor
deposition (CVD) on Cu foil carries Cu adatoms when
transferred to a Si/SiO2 substrate and exhibits large SOC
and spin-Hall effect [33].

Because of its very low magnetic damping, YIG is an
ideal FM material to use in hybrid structures with graphene
for spintronic applications. YIG has been the reference
material for investigating a variety of magnonic phenomena
[34,35]. The combination of the cm long magnon propa-
gation length of YIG with the high carrier mobility of
graphene might lead to spintronic devices with new
functionalities. It has been shown theoretically that when
a SLG is in atomic contact with a ferromagnetic insulator
(FMI), there is a hybridization between the z carbon
orbitals in graphene and the neighboring spin-polarized
d orbitals in the FMI [36]. This gives rise to a proximity
effect that results in long-range ferromagnetic ordering in
graphene, as observed in YIG/SLG [37]. The interface
exchange interaction is also required for the spin pumping
from a FMI into a conducting layer [9,38]. In this Letter we
report the observation of spin-current to charge-current
conversion and magnetoresistance in large area CVD
grown SLG on a YIG film. Both effects demonstrate that
the SLG in atomic contact with YIG exhibits an extrinsic
SOC that enhances the Rashba effect.

We have used a single-crystal YIG film with thickness
6.0 um grown by liquid-phase epitaxy on a 0.5 mm thick
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FIG. 1 (color online). (a) Illustration of
the YIG/graphene structures and the elec-
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substrate of (111) gallium gadolinium garnet (GGG). All
samples were cut from the same GGG/YIG wafer in
rectangular shape 1.5 x 3.0 mm?, with the long dimension
in a (111) axis. A SLG prepared on a copper foil, as
described in Refs. [39,40] is transferred onto the YIG film
and the sample receives two silver paint contacts as
illustrated in Fig. 1(a). Figure 1(b) shows Raman spec-
troscopy spectra of GGG/YIG, SiO,/SLG, and GGG/YIG/
SLG. The spectrum at the top of the Fig. 1(b) shows the
lines of GGG/YIG and the characteristic peaks G
(1580 cm™") and 2D (2700 cm™') bands of single-layer
graphene, indicating successful transfer to YIG. The EDX
spectrum of GGG/YIG/SLG in Fig. 1(c) shows the pres-
ence of Y, Fe, O, and C. The Cu adatoms from the copper
foil which might be present have very low concentrations
since they are not visible in the EDX spectrum [41].

Both the magnetoresistance and spin-current to charge-
current conversion were investigated at room temperature
with the YIG/SLG structure illustrated in Fig. 1(a). The
change AR in the resistance R between the two electrodes
was measured with varying magnetic field applied in the
plane perpendicularly to the long sample dimension. Since
graphene is nonmagnetic and YIG is insulating, all changes
in the transport properties with field are attributed to the
proximity effect, similarly to the effect in YIG/Pt [42]. In
order to correlate the magnetoresistance with the magneti-
zation of YIG, we show in the inset of Fig. 2(a) the
measured magnetization of the YIG/SLG sample as a
function of the magnetic field in the same direction used
to measure the resistance. The data show a small hysteresis,
with a coercive field 1.8 Oe and remanent magnetization
0.12 of the saturation value. The linear current versus
voltage (I-V) curve measured between the electrodes,
shown in the inset of Fig. 2(b), demonstrates the formation
of Ohmic contacts between the electrodes and SLG. From
the measured /-V curve the resistance of the SLG between
the electrodes is 3.4 k€, consistent with values obtained for
CVD graphene grown on Cu foils [43].

Since the absolute variation of the resistance R with
magnetic field H is quite small, to obtain reliable data on
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the magnetoresistance we have employed a modulation
technique and lock-in amplifier detection. A constant
current of 0.3 mA is injected in the YIG/SLG device while
the magnetic field is modulated with amplitude 4 Oe and
frequency 26 kHz. The voltage measured in the lock-in
amplifier represents the change in resistance with field, as
shown in Fig. 2(b). The results with increasing and
decreasing field exhibit two nearly identical peaks with
small hysteresis. The data in Fig. 2(b) can be explained with
Kohler’s rule for the magnetoresistance, MR = AR/R
(M)?, where M ; is the SLG magnetization created by the
long-range order induced by the proximity effect [36,37].
Since M is proportional to the YIG magnetization M,
with ac field modulation the change in resistance is
MR o (M + AM)? ~ M? + 2M AM, where AM is deter-
mined by the amplitude of the field modulation 6 H. Hence,
the ac component of the magnetoresistance is AMR
|M(dM/dH)|5 H. Figure 2(a) shows |M(dM/dH)| calcu-
lated from the M vs H data points. The excellent agreement
between the positions of the peaks in the measured MR
and the calculated ones is an evidence of two effects of
the proximity induced magnetism of graphene on YIG:
(i) There is an interface exchange interaction between the
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FIG. 2 (color online). (a) Magnetoresistance versus field H
calculated from the M vs H data of YIG/SLG (shown in the
inset), as a function of the field applied in plane, transverse to the
long dimension. (b) Measured field derivative of the resistance of
graphene on YIG with increasing and decreasing field. Inset
shows the 7-V curve of the YIG/SLG structure demonstrating the
formation of Ohmic contacts between the electrodes and the SLG.
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spins in YIG and the spins of the carriers in SLG,
manifested by the relation M; « M; (ii) graphene on
YIG exhibits spin-orbit coupling, since this is necessary
for the change in resistance with magnetic field.

In the spin-current to charge-current conversion experi-
ments, the FM/ML bilayer sample is subjected to a
microwave magnetic field perpendicular to the static field

in the FMR configuration. The precessing magnetization M
in the FM layer generates a spin current at the FM/ML
interface with density Jg = (gl t/4xM?)(M x OM /1),
where glf% is the real part of the interface spin mixing
conductance, that takes into account the spin-pumped and
backflow spin currents [1,2]. The spin current that flows
into the adjacent conducting layer produces two effects:
(i) Increased damping of the magnetic excitation due to the
out-flow of spin angular momentum [1,2,6-8]; (ii) conver-
sion into a charge current that produces a voltage at the
ends of the metallic layer.

In order to compare the data on the spin-current to
charge-current conversion in YIG/SLG with a well studied
system, we have also measured the spin-pumping voltage
in a sample made from the same GGG/YIG (6 ym) wafer,
with dimensions 1.5 x 3.0 mm?, capped with a 4 nm thick
Pt layer, deposited by dc magnetron sputtering. For the
FMR microwave absorption and spin-current to charge-
current conversion measurements, the sample with electro-
des as in Fig. 1(a), is mounted on the tip of a PVC rod and
inserted into a small hole in the back wall of a shorted
waveguide setup, in a position of maximum rf magnetic
field and zero electric field. The waveguide is placed
between the poles of an electromagnet so that the sample
can be rotated while maintaining the static and rf fields in
the plane and perpendicular to each other. With this
configuration we can investigate the angular dependence
of the spectra. Field scan spectra of the derivative dP/dH
of the microwave absorption are obtained by modulating
the field at 1.2 kHz and using lock-in detection. Figure 3
shows the FMR spectra of three samples, all obtained with
H in plane and normal to the long strip dimension,
frequency f =9.4 GHz, and input microwave power
32 mW. In Fig. 3(a) for a bare YIG film one clearly sees
the various lines corresponding to standing spin-wave
modes with quantized wave numbers k due to the boundary
conditions at the edges of the film. The strongest
line corresponds to the uniform (FMR) mode that has
frequency close to the spin-wave mode with k = 0, given

by wo~yH'/*>(H+4zM)'/?, where y=2nx2.8GHz/kOe
for YIG and 4zM is the saturation magnetization (1.76 kG
at room temperature). The lines to the left of the FMR
correspond to hybridized standing spin-wave surface
modes whereas those to the right are volume modes. All
modes have similar peak-to-peak linewidth of 0.36 Oe,
corresponding to a half-width-at-half-maximum (HWHM)
of AHpy ~0.31 Oe.

The contact of the YIG film with the metallic layer
produces two effects on the microwave absorption spectra.
As can be seen in Figs. 3(b) and 3(c), all spectra shift
uniformly to lower fields, indicating that the metallic layer
creates a surface anisotropy field [11]. The other effect is
the line broadening caused by the fact that the spin current
created by spin pumping carries angular momentum out of
the FMI layer. From the spectra in Fig. 3 we obtain the
values of the HWHM for YIG/Pt and YIG/SLG, respec-
tively, 0.91 and 0.54 Oe, both larger than 0.31 Oe for bare
YIG. In the case of the YIG/Pt sample, from the measured
linewidths with and without the metallic layer, AH gy
and AHgy, one can obtain the real part of the effective

interface spin mixing conductance. It is given by ng% =

(4n M teyi/ hw) (AHpyym — AHpy), where o =2z f
and gy is the FM film thickness for very thin YIG films
or a coherence length for thick films such as the one used
here [14-16,38,44-46]. As pointed out in Ref. [32], for a
FMI/SLG bilayer, one expects a similar expression to hold,
as long as the spin current pumped into the SLG relaxes
much faster than the charge diffuses. We assume that this is

the case here, so that from the measured value of ggf% for
YIG/Pt we can infer the value for YIG/SLG considering
that its linewidth change relative to that in YIG/Pt is 0.38.

The spin-current to charge-current conversion experi-
ments were done with the samples used in the FMR
measurements, as sketched in the inset of Fig. 4(a). The
wires were connected to a nanovoltmeter for a direct
measurement of the spin-pumping voltage Vgp(H) spec-
trum obtained with H field sweep and no ac field modu-
lation. By rotating the sample in the plane we measure the
dependence of the voltage on the angle ¢. Figure 4 shows
the spectra of Vgp(H) obtained with microwave frequency
f = 9.4 GHz and incident power of 150 mW, with H at
¢ =0° 90°, 180°. Figure 4(a) shows the spectrum for
YIG/Pt, with a large peak of about 10 ¢V at the FMR field
position and lateral small peaks corresponding to the
standing spin-wave modes. The voltage peaks change sign

. - - FIG. 3 (color online). Field scan FMR
€02 @ YiGbare| S 0.1 (b) Yigpt| 5 0.1} (©) vig/sLg| microwave absorption derivative spectra at
£ g £ a frequency 9.4 GHz of three samples of
T 0.0y %’ 0.0 T 0.0 6 um thick YIG film capped as indicated,
g g g with lateral dimensions 1.5 x 3.0 mm?,
< -0.2 £.0.1 £-01 with the magnetic field applied in the film
- . . plane, normal to the long dimension.
2.52 2.54 2.56 2.50 2.52 2.54 2.50 2.52 2.54
H (kOe) H (kOe) H (kOe)
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when the sample is rotated by 180° and fall to noise level
when ¢ = 90°. Figure 4(b) shows that the voltage measured
in the YIG/SLG sample exhibits spin-pumping voltage with
features similar to other metals. However, there is an
asymmetry between the positive and negative peaks, which
is similar to that observed in YIG/Py [17]. This is another
indication of the ferromagnetic order in the graphene layer
due to the proximity effect of YIG. The inset in Fig. 4(b)
shows that the peak voltage in YIG/SLG increases linearly
with the microwave power showing that nonlinear effects
are not present in the power range of the experiments.
The dc spin-pumping spin-current density at the YIG/ML
interface generated by the magnetization precession is [8]

hopgli ( h \?
JS(O):Tff NG L(H — Hg), (1)

where AH and Hy, are, respectively, the linewidth and field
for resonance of the YIG/ML bilayer, L(H — Hy) is the
Lorentzian line shape and p is the precession ellipticity. In
all studies reported to date for FMI/ML bilayers, the
mechanism for conversion of the spin current in Eq. (1)
into a charge current is the inverse spin Hall effect [4—18].
Recently, Rojas Sanchez [20] showed that in a multilayer
system, a spin current can be converted into a charge current
by the inverse Rashba-Edelstein effect (IREE) at the inter-
face between two nonmagnetic layers. In the case of the
YIG/Pt bilayer, the spin current flows into the Pt layer and
diffuses, with a spin diffusion length 1. Then it is converted
into a charge current with density 7 c = Osu(e/n) J s X oby
means of the ISHE, where gy is the spin Hall angle and 6 the
spin polarization defined by the applied field. Integration of
the current density leads to the dc voltage [6—8]

@ eOsyANW Py glf%
87
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VSP(H) = Ry

where Ry, ty, and w are, respectively, the resistance,
thickness and width of the Pt layer, and p,, is a factor that
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FIG. 4 (color online). Field scan spin-pumping dc voltage
measured with 9.4 GHz microwave driving with power 150 mW
in YIG(6 ym)/Pt(4 nm) and YIG(6 um)/SLG, with the mag-
netic field applied in the film plane at the angles indicated in the
inset of (a). The inset in (b) shows the linear variation of the peak
voltage with microwave power in YIG/SLG.

expresses the ellipticity and the spatial variation of the rf
magnetization of the FMR mode. We use for Pt (4 nm) the
measured resistance Ry = 178 2 and the parameters
Osy = 0.08, Ay = 3.7 nm [8], and for YIG p,; = 0.31
appropriate for the uniform (1,1) mode at 9.4 GHz [18],
and FMR linewidth AH=0.91Oe. Using h=4.8 x 1072 Qe,
corresponding to a microwave power of 150 mW in the
shorted waveguide, and the peak value Vgp = 10 4V in
Fig. 4(a), we find with Eq. (2) that gl ~ 10 m2, con-
sistent with values for YIG/Pt in the literature [6,16,45].
One might attempt to interpret the origin of the voltage
in YIG/SLG with the same spin-pumping ISHE
mechanism, as done in Ref. [47]. To apply Eq. (2) for
YIG/SLG we consider ty/2iy <1, so that Vgp =
(RNfeHSHprzgif%tN/S)(h/AH)z. This expression does
not depend on the spin diffusion length, as expected for a
single atomic layer, but it requires that an effective thickness
ty is attributed SLG. With Ry = 3400 Q, gt ~4 x
10" m™2 obtained from the FMR linewidth increase in
YIG/SLG, Ogy = 0.2 reported in Ref. [33] for CVD gra-
phene grown on Cu foil, the SLG thickness that would give
the measured voltage in Fig. 4(b), Vgp =5 uV, is
ty =2 x 107" m. This is too small compared to any
effective thickness ascribed to a single-layer graphene
[48], which is certainly nonphysical. Thus, the spin-pump-
ing voltage observed in YIG/SLG cannot be attributed to the
SPE ISHE effect, which is not unexpected since in SLG the
spin-pumping spin-current cannot have a 3D component.
We follow Ref. [20] and interpret the spin-current to
charge-current conversion in SLG as arising from the
inverse Rashba-Edelstein effect, made possible by the
extrinsic SOC due mainly to the proximity effect with
YIG. The 3D spin current in Eq. (1) flows into the SLG and
is converted by the IREE into a charge current in the single
layer graphene with a 2D density jo = (2¢/h) Ares /s
where Ajrgg is a coefficient characterizing the IREE, with
dimension of length and proportional to the Rashba
coefficient, and hence to the magnitude of the SOC [49].
The measured voltage is related to this current density by
Vireg = Ryw jc- Using the same parameters as before, we
find for the IREE coefficient Aiggg ~ 10~ nm. This value is
about 2 orders of magnitude smaller than the one obtained
in Ref. [20] for the Ag/Bi interface. This is not surprising,
since Bi is known to have a large SOC, whereas in SLG the
SOC arises from extrinsic sources and is certainly smaller.
In summary, we have observed two effects in large-area
CVD grown single-layer graphene deposited on a single
crystal film of yttrium iron garnet that show the existence of
SOC. The first is a magnetoresistance of graphene induced
by the magnetic proximity effect with YIG. The second is
the detection of a dc voltage along the graphene layer
resulting from the conversion of the spin current generated
by spin pumping from microwave driven FMR into charge
current. We interpret the spin-current to charge-current
conversion as arising from the inverse Rashba-Edelstein
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effect made possible by the extrinsic spin-orbit coupling in
graphene. These observations show that spin-orbit coupling
can be extrinsically enhanced in graphene by the proximity
effect with a ferromagnetic layer.
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