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Engineering the electron dispersion of graphene to be spin-dependent is crucial for the realization of spin-based
logic devices. Enhancing spin-orbit coupling in graphene can induce spin Hall effect, which can be adapted to
generate or detect a spin current without a ferromagnet. Recently, both chemically and physically decorated
graphenes have shown to exhibit large nonlocal resistance via the spin Hall and its inverse effects. However,
these nonlocal transport results have raised critical debates due to the absence of field dependent Hanle curve
in subsequent studies. Here, we introduce Au clusters on graphene to enhance spin-orbit coupling and employ
a nonlocal geometry to study the spin Hall induced nonlocal resistance. Our results show that the nonlocal
resistance highly depends on the applied gate voltage due to various current channels. However, the spin Hall
induced nonlocal resistance becomes dominant at a particular carrier concentration, which is further confirmed
through Hanle curves. The obtained spin Hall angle is as high as ~0.09 at 2 K. Temperature dependence of spin
relaxation time is governed by the symmetry of spin-orbit coupling, which also depends on the gate voltage:
asymmetric near the charge neutral point and symmetric at high carrier concentration. These results inspire an
effective method for generating spin currents in graphene and provide important insights for the spin Hall effect

as well as the symmetry of spin scattering in physically decorated graphene.

DOLI: 10.1103/PhysRevB.95.245414

I. INTRODUCTION

Graphene is a two-dimensional honeycomb crystal with
an atomic AB site symmetry, which yields a linear disper-
sion around the K and K’ points with a chirality for the
quasiparticle’s isospin [1,2]. The sublattice asymmetry when
patching graphene with a hexagonal boron nitride can cause
a Berry curvature, leading to the separation of isospins via
the valley Hall effect [3]. While the isospin quantum number
adds another dimension, the manipulation of the real spin of
an electron in graphene remains as a frontier of spintronics
[4-6]. A mandatory requirement for exploiting electron spins
in graphene is the facile control of spin-orbit coupling (SOC).
Instilling SOC into graphene allows splitting and detecting
electron spins via the spin Hall effect (SHE) and its inverse
effect [7,8]. In addition, SOC arisen from broken inversion
symmetry, i.e., Rashba SOC, allows a gate controllable spin
precession [9,10]. The original Datta-Das concept of the
spin-field-effect transistor (spin-FET) can be achieved only
through a channel with an exceptionally long mean free path
[11-13]. Developing practical methods for enhancing SOC in
graphene will make it an ideal material at the forefront of
spintronics.

Thus far, several methods have been explored to enhance
SOC in graphene. For example, chemisorbed hydrogen and
fluorine atoms in graphene have been predicted to induce
strong SOC (~10 meV) through the distortion of its planar
structure via s p3 hybridization [14,15]. Further, theoretical
calculations determined that physically decorated adatoms in
graphene could also induce strong SOC without breaking
sp? hybridization and the sublattice symmetry [16,17]. In
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particular, Au intercalation at the graphene/Ni interface can
cause a giant spin-orbit splitting as large as ~100 meV near
the Dirac point [18]. Recently, Balakrishnan et al. reported
SHE induced nonlocal resistances (RY{"s) in hydrogenated
chemical vapor deposition (CVD) and physically decorated
graphene in sequence [8,19]. They showed a large symmetric
RI%EE peak near the charge neutral peak, which displayed a
field dependent precession signature (i.e., a Hanle curve). The
appearance of a large Ry, peak itself often was attributed to the
presence of SHE in graphene [20]. However, these nonlocal
transport results have raised critical debates [21-23]. Wang
et al. reported that large nonlocal resistances (Rnps) were
observed in Au- or Ir-decorated graphenes, but no evidence
of Hanle signature was detected [22]. Kaverzin and van Wees
also reported the absence of the field-induced effect in Ry, for
hydrogenated graphene and questioned the origin of previously
reported R [23]. Further, a recent theoretical study showed
the presence of a large Ryr in Au-decorated graphene even
in the absence of SOC [24]. They also reported that the spin
Hall angle (fsy) in Au-clustered graphene can significantly
fluctuate according to the applied gate voltage [24].

Here, we report gate-dependent R in Au-clustered
graphene. A Hall-bar-like (H-bar) geometry is employed to
generate a transverse spin-polarized current via the SHE,
which in turn can be detected owing to the inverse SHE.
A significant gate-dependent fluctuation in Ryp, is observed
at low temperature. However, REIIEE becomes dominant at a
particular carrier concentration, where the Hanle curves are
consistently observed at various temperatures. The temper-
ature dependence of the spin relaxation time (7y) suggests
that the Elliot-Yafet (EY) mechanism prevails at that specific
carrier concentration. Further study on magnetoconductance
(MC) reveals that asymmetric spin-orbit scattering (SOS)
prevails near the charge neutral point, while symmetric SOS
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dominates at a higher carrier concentration. These results
provide an alternative approach for effective spin-charge
conversion in graphene and important insights for REIEE as
well as the symmetry of SOS therein.

Our paper is organized as follows. In Sec. II, we describe the
details of experimental methods, including device fabrication
and characterization. In Sec. III, we discuss our results starting
from the behavior of nonlocal resistance in our Au-clustered
graphene and then show how we determined gate-dependent
SHE induced nonlocal resistance. We then discuss behavior
of MC in Au-clustered graphene, which displays a gate-
dependent variation on the symmetry of SOC. Finally, Sec. IV
provides the conclusion.

II. EXPERIMENTAL METHODS

Graphene used for our device was grown on a polycrys-
talline Cu foil using a chemical vapor deposition method
demonstrated elsewhere [25]. A 25 um copper foil (Alfa
Aesar, 99.8% purity) was electropolished in phosphoric acid
for 15 min and rinsed with distilled water and isopropyl alcohol
(IPA). The copper foil was loaded into a quartz tube three-zone
furnace, and the temperature was increased to 1050 °C in the
H; environment for the removal of native oxides in the copper
with the surface reconstruction. Graphene was synthesized
by introducing CH4 gas and H, gas with a ratio of 10:5
(sccm) for 15 min and transferred onto the SiO; (300 nm)/
p-Si subatrate using a polymethyl methacrylate (PMMA)
wet transfer process. Then, the sample was annealed in high
vacuum at 300 °C in order to remove possible resist residues.
The devices were fabricated by employing the electron beam
lithography. Thermally deposited Au (60 nm)/Cr (3 nm) layers
were used for electrodes. A Hall bar geometry of the nonlocal
graphene device was defined by using the oxygen plasma
etching. An ultrathin Au layer (~1nm) was deposited by the
thermal evaporation. Prior to the measurements, the fabricated
devices were annealed in N,/H, gas at 300°C to remove
residual resists. Electrical measurements were performed in
a Quantum Design Physical Property Measurement System
(PPMS). Indium with a copper wire was used for the electrical
contacts to Au pads of the device. The four-terminal nonlocal
measurements were performed by using a Keithley source
meter (K2636) and a nanovoltmeter (K2182). Gate voltage
was applied through the contact to the bottom of SiO,
(300 nm)/ p-Si substrate. X-ray photoelectron spectroscopy
(XPS) was performed by employing a Thermo Scientific
spectrometer (K-Alpha) with a monochromatic Al Ko x-ray
source (1486.6 eV). The spot size of the incident X ray was
400 pm in diameter. Alpha 300R spectrometer (WITec) with
a 532 nm laser source was used for the Raman spectroscopy.

III. RESULTS AND DISCUSSION

A. Nonlocal resistance in Au-clustered graphene

Figure 1(a) shows a schematic of the nonlocal graphene
device in order to study R3;F. In the presence of SOC, a
charge current flowing across the vertical line of the H bar
generates a transverse spin current through the central channel
line via the direct SHE. If the spin current persists through the

channel, it can produce the nonlocal voltage via the inverse
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SHE. In fact, we have studied this nonlocal geometry device
for a series of CVD, Au-decorated (0.05-0.2 nm deposition
of Au), and Au-clustered graphene (1 nm deposition of Au)
in order to investigate Ry.C. All devices displayed large
Rn1 signal. However, other than Au-clustered graphene, we
were not able to detect field-dependent Hanle curve, similar
to the reports in Refs. [21-23]. Thus, we discuss results
only from the Au-clustered graphene device in this paper.
Figure 1(b) displays a scanning electron microscopy (SEM)
image of the fabricated Au-clustered graphene device A with
a channel width (w) of 1 um and lengths (Ls) of 2, 3, and
4 pum. The thermally deposited ultrathin Au layer (~1 nm)
formed randomly distributed Au clusters with typical size
of the order of 10 nm, as shown in enlarged Fig. 1(b). The
determined Au coverage based on SEM image is ~41.92%
(see Supplemental Material [26]). The CVD graphene used
in our device was a monolayer, as confirmed by its Raman
spectrum (see Supplemental Material [26]). The XPS result
showed that Au atoms did not form chemical bonds with
the carbon atoms of graphene (see Supplemental Material
[26]). Figure 1(c) displays ambipolar field-effect behavior at
300 K using the back gate. The upper x axis displays the
estimated carrier concentration. This FET characteristic is
nearly similar to that observed in a typical graphene FET,
indicating that charge carriers mainly transport through the
graphene layer. The gate voltage of the maximum resistivity,
a charge neutral point, is located at around 5 V. The estimated
mobility at the neutral point is ~1000 cm?/Vs at 300 K. The
rounding of a maximum resistivity region and the decrease
in mobility of the Au-clustered graphene compared to that
of the as-grown CVD graphene imply that the Au clusters
introduces considerable charged impurity scatterings [27].
Typical resistivities of Au-clustered graphene devices near the
charge neutral point were ~5 k€2, with slight sample to sample
variation. These resistivity values were nearly similar to that
of our as-grown CVD graphene. Both ambipolar field-effect
behavior and the estimated resistivity suggest the charge
carriers in our Au-clustered graphene devices mainly transport
through the graphene.

Figure 1(d) displays a gate-dependent Ry; measured at
300 K for L/w = 2,3, and 4 channels of device A. Similar to
the local FET curve, Ry for all channels of device A displayed
maximum value near the charge neutral point. The dashed
line in Fig. 1(c) is the simulated nonlocal Ohmic resistance
(RQM™), which is given as RQ™ = pexp(—m L/w), where p
is the resistivity of the material [28]. The observed Ry for all
channels (L/w = 2,3, and 4) were much higher than the RQ™.
Similar to previous reports [22,23], this unidentified large Ry,
does not display an in-plane field-dependent spin precession
signature.

In general, Rnp in the H-bar geometry of a graphene
device can arise from various mechanisms. The total Ry can
be expressed as Ry = RSHE 4 ROM™ 4 RZeeman 4 pUalley
RIhermal 4 gBallisic 4 Here, RQ™ can be significantly
reduced as long as L/w > 3. In the presence of a per-
pendicular magnetic field, Zeeman splitting separates elec-
tron and hole with opposite spins near the Dirac point
leading to giant RZ™" [29]. The valley Hall effect due

to global AB asymmetry can produce R;ﬁ”ey [3]. RBallistic
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FIG. 1. Nonlocal device geometry and Ry measured for device A. (a) Schematic of the H-bar geometry of the graphene device. (b) A SEM
image of a graphene H-bar device. Randomly distributed Au clusters can be observed on an enlarged figure at the right panel. The determined
Au coverage based on SEM image is ~41.92%. (c) Gate-dependent local resistance of the Au-clustered device A displaying ambipolar field
effect behavior. (d) Ryp as a function of applied gate voltage for different L/w ratios of device A at 300 K.

can produce negative resistance in the ballistic limit, i.e.,
Le > w (where A, is the electron mean free path) [28].
The estimated X, values of our devices were typically less
than 100 nm. Nonetheless, theoretical and experimental
studies suggested that the nonlocal resistance could produce
negative signal even in the quasiballistic limit of A, < w
[24,28]. Thus, the relevant contributions in our experiment
are RYIE, RBallistic - gThermal “and other nonintuitive channels.
Especially, the observed large positive Ry in L/w = 2 and 3
might be associated with unidentified channels, as suggested
in previous experimental reports [23]. Suppression of this
nonintuitive Ryi. as well as RESUC could be achieved by
increasing L/w.

In order to strongly suppress the unidentified nonlocal
signal, we further increased L/w. Figure 2(a) displays the
local FET characteristics measured for the Au-clustered device
B, which has L/w = 5.6. The inset in Fig. 2(a) displays a
SEM image of device B. The charge neutral point for device
B is located at around 33 V. The estimated mobility near
the neutral point is ~1000 cm?/Vs at 300 K. Figure 2(b)
displays the gate-dependent Ry measured at 300 K, The
maximum positive Ry is located near the Dirac region. The
blue line in Fig. 2(b) indicates the simulated R%}jm. Note that
the previously reported Ry.” exhibited a large symmetry peak
around the Dirac point [8,19]. However, the observed Ryp in
our device displays something similar to the derivative of the
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FIG. 2. The local and nonlocal resistance of the Au-clustered graphene device B at various temperatures. (a) Local resistance as a function
of applied gate voltage for the Au-clustered device B at T = 2 and 300 K. The Dirac point is located at around 33 V. The inset displays a SEM
image of device B, which has L/w = 5.6. (b) RnL vs Vi of device B at 300 K. The blue dashed line indicates the calculated Rﬁf’“. (c) RnL Vs

Vi of device B at 2, 5, 10, 20, and 50 K.

FET peak near the Dirac point. The current in local probes
introduces joule heating and temperature gradient along the
central channel line. Then, the thermoelectric voltage given by
the Seebeck coefficient can induce offset voltage in nonlocal
probes. Because the Seebeck coefficient has an opposite sign
for electron and hole majority carriers, it changes sign near the
charge neutral point, and so does the subsequent offset voltage
in nonlocal probes [30]. This thermoelectric offset voltage is
proportional to I? (see Supplemental Material [26]). Thus, the
nonlocal /-V curves originated from such a thermal effect
should display quadratic behavior (see Supplemental Material
[26]).

The Rys of device B as lowering temperature are dis-
played in Fig. 2(c). A significant fluctuation in Ryp can be
observed. And this fluctuation becomes stronger with lowering
temperature. We note that recent theoretical simulation of Oy
in graphene with Au adatoms and/or clusters also showed
a gate-dependent fluctuation [24]. In general, conductance
fluctuations in graphene can also occur at low temperature due
to the quantum interference of carriers, which is largest near
the Dirac point due to the presence of random electron and
hole puddles [31,32]. The quantum interference of spins in
graphene can also induce a large gate-dependent fluctuation
[33]. Because conductance fluctuations are dependent on

variations in Fermi energy, gate-dependent Ry s, especially
at 2 K and 5 K [Fig. 2(b)] display similar fluctuation pattern.
Thus, the observed gate-dependent fluctuation in Ryy is likely
associated with the fluctuation in both Osy and conductance
fluctuation. In short, the observed gate-dependent Ry, could be
a consequence of entangled RI°™, RYME and conductance

fluctuations.

B. Gate-dependent spin Hall induced nonlocal resistance in
Au-clustered graphene

An effective method to determine RI%EE is to examine the
spin precession signature. Here, the SHE induces a spin current
along the bridging channel with a polarization perpendicular
to the plane. Thus, the in-plane magnetic field causes the
Larmor precession of carriers’ spins [4,8]. This nonmonotonic
oscillatory signal can be fitted with [34]

RYE = 162 pwRel(v/1 + iwpty/hg)e WIFenm/AL] (1)

where gy is the spin hall angle, 7, is the spin relaxation time,
and A, is the spin relaxation length. wg = I' B)| is the Larmor
frequency, I' is the gyromagnetic ratio, and By is the applied
in-plane magnetic field. The in-plane field-dependent Ry for
various gate voltages at 2 K is displayed in Figs. 3(a)-3(d). The
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FIG. 3. Gate voltage dependence of Rni vs B) curves measured for device B. (a) Rn. vs By of device B at T =2 K measured at
Vo — Vb = — 33 V. The red line is a fitting curve with Eq. (1). Black and blue symbols are data measured during negative-to-positive and
positive-to-negative field scans, respectively. The inset displays nonlocal /-V curves. The red line in the inset is a linear fit. (b)—(e) Rni, vs B)
of device B at T = 2 K measured at various Vg — Vp = — 23,—13,—7, and O V. The insets display nonlocal /-V curves measured at various

applied gate voltages.

insets in Figs. 3(a)-3(d) show the nonlocal /-V curve for each
applied gate voltage. Among the various gate voltages, only
at Vg — Vp = —33 V, Ry1(B)) exhibits a precession signature
similar to that given by Eq. (1). In addition, the nonlocal /-V
curve only at Vg — Vp = — 33 V exhibits monotonic linear
behavior, as predicted in RYE. The behaviors of the nonlocal
I-V curves at different gate voltages can be interpreted as a
combination of the nonlocal signal from various fluctuations
and from the thermal effect (~1?). Thus, it can be inferred that
RIE is dominant at a particular bias of Vg — Vp = — 33 V;
the field dependent Ryp at Vg — Vp = — 33 V can be fitted
well with Eq. (1). We note that the spin precession signatures of
Rn1 in other fabricated devices also strongly rely on the applied
gate voltage (see Supplemental Material [26]). In particular,
slight variations in the gate voltage (~1 V) are enough to
suppress the Hanle signature. The absence of the Hanle curve
near the charge neutral point and its appearance at a particular
gate voltage could be attributed to following reasons. First, the
fluctuation of nonlocal resistance could overcast REIIEE and the
Hanle signal. Second, the fsy; and thus RYF could themselves
have significant gate-dependent fluctuation. We note that the
Fermi level dependence of the SHE was also found in other
Dirac fermionic systems [35]. In order to confirm whether Ry,

at a particular gate bias (Vg — Vp = — 33 V) originates from
RYE, we further examined field-dependent Ry, at various

temperatures.

Figure 4(a) shows Rnp.(B)) measured at temperatures 7 =
2,5,10,20, and 50 K. All curves exhibit oscillatory signatures
with increasing width as the temperature is increased. For
the conventional Hanle curve, the width of the curve approx-
imately corresponds to the spin scattering rate (z,'). The
broadening of the width with increasing temperature is likely
associated with reduced t, at higher temperatures. Thus, the
observed Ryi(B)) at various temperatures is consistent with

the behavior of RE{E The red lines in Fig. 4(a) are fits of
Eq. (1) to the measured data. At 2 K, the estimated parameters
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FIG. 4. Temperature dependence of Ryi(B)) and 7, measured for
device B. (a) Rny vs By of device B measured at V, — Vp = — 33V
for various temperatures (2, 5, 10, 20, and 50 K). The red lines are
fits of Eq. (1) to the measured Ryis. (b) Temperature dependence
of the parameters extracted from fitting with Eq. (1). ARnL,0su, and
Ay are displayed from top to bottom. (c) Temperature dependence
of r;‘ (A) and 7, (®). The green and the red line are the predicted
temperature dependences for DP and EY spin relaxation mechanisms,
respectively.
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are Osy ~ 8.8%, t; ~ 10 ps, and Ay ~ 2.2 um. Figure 4(b)
displays the temperature dependence of the extracted param-
eters ARnr,0sy, and A obtained by fitting with Eq. (1). All
parameters exhibit a general trend of reduction with increasing
temperature. One might suspect that the observed Ry:* and its
field dependence originated from the Au bypass. However, the
spin in Au could not transport over 5.6 um, and the observed
FET characteristics clearly support that the charge carriers
mainly transport through the graphene. We note that this
temperature-dependent broadening of the precession signature
at a particular gate voltage is consistently observed in our
Au-clustered graphene devices (see Supplemental Material
[26]). The appearances of the Hanle curve in other devices
also accompany with the linear /-V curve at the same gate
bias. Figure 4(c) displays the temperature dependence of
r;l, which exhibits a nonlinear increase with temperature.
Conversely, 7, obtained from the FET results is nearly
independent of temperature, as shown in Fig. 4(c). This
implies that the charged impurities in our studied sample
introduce considerable Coulomb scattering, which prevails
over phonon scattering even at relatively high temperature
[27,36]. In contrast to 7,,7, in graphene is expected to have a
strong temperature dependence [5]. The two main processes
attributed to the spin relaxation in graphene are D’yakonov-
Perel’ (DP) [37] and EY [38,39] mechanisms. Within the DP
mechanism originated from a broken inversion symmetry, 7!

. . . — 1 . 3 .
is inversely proportional to T » and proportional to 7, leading

to the relation 7, ), o T° 7, [40]. For the EY mechanism, 7,!

is directly proportional to 7, and T2, as given by 7, j,
T? 7, " [40]. If , is independent of temperature, then 7' of
either the DP or EY mechanism should be proportional to T3
or T2, respectively. Our results show that 7.~! is proportional
to T2, indicating that EY spin relaxation prevails over DP
spin relaxation. These results thus suggest that the observed
RIE in our device is likely induced by the spin charge
conversion from the extrinsic SHE. When EY spin relaxation is
dominant, the strength of SOC can be inferred from Agoc =
er/Tp/Ts [8,41,42], where ¢r is the Fermi energy given by
EF = hUFkF = hvpﬁ At VG—VD = —33 V(fl =2.37 x
10"2 cm™2), Asoc A 9.0 meV. The spin diffusion coefficient
D = A2 /7, is estimated to be ~0.5 m? s~ at 2 K, and this
value is about 10 times larger than D, = vl%rp. We note that
this inequality of Dy # D, is often found in low-dimensional
systems [43].

C. The MC and the symmetry of SOC in
Au-clustered graphene

The spin relaxation mechanisms can be further studied
through the quantum interference effect on the diffusive trans-
port [44—46]. The presence of SOC affects the phase coherence
of electrons, leading to reduced weak localization (WL) or
even weak antilocalization (WAL). A recent theoretical study
showed that the symmetry of SOC in graphene can also
be inferred from MC [44]. Here, we further investigate the
symmetry of SOC in Au-clustered graphene. According to
Ref. [44], asymmetric SOC causes DP spin relaxation and
symmetric SOC induces EY spin relaxation, which leads to
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FIG. 5. Gate voltage dependence of MC and the symmetry of the
SOS rate. (a) The MC of the Au-clustered graphene device at 2 K
measured for various gate voltages (Vg — Vp = — 33,—23,—13, and
0 V). All curves display a WL behavior. The solid lines are fits of
Eq. (2) to the measured data. (b) Gate dependence of the extracted
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where i is the digamma function, 7 is the Planck constant,
t, ' is the inelastic dephasing, and 7, is the SOS rate
associated with asymmetric SOC. The ! is the total
SOS rate, and thus, 77! = 7 + 7' (where 7' is the
symmetric SOS rate). The solid lines in Fig. 5(a) are the
fits of Eq. (2) to the measured MCs of device B. Similar to
previous reports [47], the estimated phase coherence time is
in order of 1072 s, which gradually increased as the carrier
concentration was increased. Near the charge neutral point
(Vg — Vp = 0V), estimated ra;yl and ts;l were 7 x 10'% and
1 x 102 57!, respectively. In contrast, estimated ra;}} and

rs;' at Vg — Vp=—33Vwere 5 x 10" and 3 x 102 s,
respectively. Thus, asymmetric SOS prevails near the charge
neutral point, which is gradually reduced as the concentration
is increased. At Vg — Vp = =33V, the ratio of 7.'/7"!
was ~85% [Fig. 5(b)]. This dominance of symmetric SOS
leads to EY spin relaxation rather than DP spin relaxation at
higher carrier concentrations. This result is consistent with
the spin relaxation mechanism deduced from the temperature-
dependent behavior of the measured RYE. Here, the estimated
7; using WL/WAL theory is much shorter than that obtained
from nonlocal measurements. We note that the estimation of
7, using WL/WAL theory typically produces reduced lifetime
by one order of magnitude, as studied elsewhere [46].

IV. CONCLUSION

In conclusion, we showed the generation of a spin current
by the spin Hall effect, nonlocal spin diffusion, and the
spin detection by the inverse SHE in Au-clustered graphene
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hall bar device. The observed nonlocal resistance exhibits
significant fluctuation with applied gate voltage, which is
likely due in part to conductance fluctuation and spin Hall
angle fluctuation. The dominance of SHE induced nonlocal
resistance was observed at particular carrier concentration,
which was further confirmed through the Hanle curve and
its temperature dependence. The behavior of 7,(7T") obtained
from Hanle curves is consistent with the determined SOC
symmetry, which is asymmetric near the Dirac point and
symmetric at higher concentrations. Our results inspire an
alternative route for generating and detecting spin currents
in graphene and provide important insights for the SHE

PHYSICAL REVIEW B 95, 245414 (2017)

as well as the symmetry of SOC in physically decorated
graphene.
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