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Spin injection properties in trilayer graphene lateral spin valves
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We report on the electrical injection and detection of spin accumulation in trilayer-graphene/MgO/
Permalloy lateral spin-valve (LSV) structure. Non-local spin valve signal is clearly observed in the
LSV, indicating that spin coherence extends underneath all ferromagnetic contacts. We also show that
low-resistivity graphene/MgO/Py junctions enable efficient spin injection and detection in LSV with
high applied current density, which leads to large spin accumulation of 120 ¢V at room temperature.
A spin diffusion length of 1.5 um was obtained for the injector-detector separation dependence of spin
valve signal measurements carried out at room temperature, while at T = 10K, the diffusion length
increases to 2.3 um. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4776699]

Graphene has attracted considerable interest in spin-
tronics recently because of weak spin-orbit interaction and
also weak hyperfine interaction,' ™ giving rise to the possibil-
ity that graphene can be explored as a spin injection medium
with long spin lifetimes even at room temperature. However,
the spin relaxation time deduced from the experimental
measurements in the graphene lateral spin-valve (LSV)
structure are much shorter (0.05—1.2 ns)4’10 compared to the
theoretical prediction (100ns to 1 us).” The spin relaxation
mechanism has been investigated theoretically and experi-
mentally, but this is still under debate. The extrinsic mecha-
nism of the spin relaxation such as charge impurities from
the substrate and ripples of the graphene is pointed out theo-
retically.>' "' However, the spin relaxation time of the
high-quality suspended graphene is about 150 ps."?

The spin transport properties of few-layer graphene have
been recently investigated because impurity potential of the
surface is screened by outer layers.* ' Han and Kawakami'”
reported that the dominant spin transport mechanism in
bilayer graphene is of the Dyakonov-Perel type, whereas that
in monolayer graphene is dominated by the Elliot-Yafet
mechanism.'® Trilayer graphene has a unique band structure,
where its energy-momentum relationship is composed of both
linear (monolayer) and parabolic parts (bilayer).'*'> Owing to
the complex band structure, the charge transport properties in
trilayer graphene have been found to be different from that in
monolayer and bilayer graphene materials.'® The spin trans-
port and relaxation properties may be modified by its complex
band structure.'”'® However, the spin transport properties in
trilayer graphene are still not yet fully established, partly due
to the challenging device fabrication process. In this letter, we
demonstrate electrical injection and detection of the spin accu-
mulation in trilayer-graphene /MgO/Permalloy (Py) LSVs.
The MgO interface layer functions as a barrier to increase the
spin dependent interface resistance, and to reduce the conduc-
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tivity mismatch issue.'"” A clear spin valve signal ARg of
150 mQ for low bias current of 0.05mA is observed at room
temperature for LSV with the injector-detector separation of
1.2 um. The detected voltage change AVg increases with
increasing the applied current and then reaches to 120 uV for
I mA. The dependence of the nonlocal spin valve signal on
the injector-detector separation has been investigated and a fit-
ted result has produced a spin diffusion length of 1.5 um at
room temperature and of 2.3 yum at T = 10K.

A standard non-local geometry with four contacts was
used to measure the spin signal of the lateral spin valve struc-
ture, as schematically shown in Fig. 1(a). The trilayer graphene
samples were prepared using mechanical exfoliation techni-
ques. The number of graphene layers was confirmed by micro-
Raman spectroscopy following the 2D-band deconvolution
procedure.’** Figure 1(b) shows the characteristic Raman
spectra, where the G peak and 2D band features are clearly dis-
tinguishable. The number of graphene layers can be identified
from the full-width half maximum of the 2D band. Patterned
contact lines were fabricated on Si/SiO,/graphene using con-
ventional photolithography techniques. The contact lines,
which consist of bilayer Ti (5 nm)/Au (30 nm) structure, were
deposited using electron beam evaporation technique at a base
pressure of 1 x 10~ Torr. To suppress inhomogeneous spin
accumulation underneath the detector in LSVs, the trilayer gra-
phene with 2 yum width was defined by the photolithography
and oxygen plasma etching. Spin injector and detector electro-
des were patterned on the graphene with MMA/PMMA bilayer
resist by electron beam lithography. After the developing pro-
cess, the surface of the graphene was cleaned using ultraviolet
radiation technique. A 1.0-nm-thick MgO layer was first
grown onto the resist-patterned graphene sample using elec-
tron beam evaporation technique and subsequently a 40 nm
thick Py layer is grown. Finally, the Py electrodes are capped
with a 5 nm thick MgO layer for protection. Figure 1(c) shows
an optical micrograph of the fabricated LSV, in which a dark
contrast strip lying across the patterned electrodes is the tri-
layer graphene wire. The widths of the fabricated Py contacts

© 2013 American Institute of Physics
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FIG. 1. (a) Schematic drawing of non-
local measurement configuration of the tri-
layer-graphene/MgO/Py lateral spin-valve
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confirm the number of atomic layer of the
graphene. (c) Optical image of the mea-
surement spin-valve device with electrical
contacts for each Py electrode. (d) Room
temperature current-voltage (/-V) mea-
surement. The measured interfacial resist-
ance is 2.2kQ. Inset shows the schematic
picture of the measurement configuration
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were varied from 70 nm to 300 nm so that a variation of coer-
civity can be obtained. To measure the interfacial resistance of
the graphene/MgO/Py junctions, a cross junction configuration
was applied, as illustrated in the inset of Fig. 1(d). Figure 1(d)
shows the measured current-voltage (/-V) characteristic at
room temperature. From this characteristic, the interfacial re-
sistance value of the graphene/MgO/Py junction is measured
at 2.2kQ (corresponding to 1.2 kQ pm?), with a good reprodu-
cibility. The graphene/MgO/Py junction showed lower inter-
face resistance than that for typical tunnel junction'® and a
linear /-V characteristic. In our previous studies for metallic
LSVs with Py/MgO/Ag junctions,>>* the amount of oxygen
was found to be decreased in the MgO layer. Such oxygen
vacancies decrease the barrier height of the tunneling and the
interface resistance.”

The non-local spin injection measurements were carried
out by applying a magnetic field parallel to the Py wires. A
standard lock-in technique with an applied ac current / of
79 Hz and 0.05-1.00 mA was used. Spin-polarized electron is
injected into the graphene from the Py injector through the

E and a scanning electron microscope
| 3 (SEM) image of LSV fabricated in this
1.0 15 2.0 study.
Current(nA)

MgO interface layer. Upon injection, spins accumulate at the
interface and diffuse in the graphene wire. The spin diffusion
is typically described by spin-dependent chemical potentials
(4 and ), where the spin density in the graphene with a
splitting of the chemical potential and the density of spins
decays exponentially as a function of the spin diffusion
length.*® Detection voltage V depends on magnetic configu-
ration of Py electrodes and its difference is detected as

_Vp—Vap  AVg

AR
§ I I

ey

Y

where Vp and Vap are, respectively, the voltage with parallel
and anti-parallel configurations. Figure 2(a) shows the spin
signal V/I as a function of the applied field for a typical
LSV configuration with a pair of injector and detector with
the separation L of 1.2 um. The high and low signals corre-
spond to the parallel and antiparallel configuration of the two
Py wires. Spin valve signal ARy is clearly observed without
tilt of nonlocal resistance as the voltage change, implying no
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FIG. 2. Room temperature non-local spin valve measurements of the trilayer graphene lateral spin-valve structures. (a) Typical non-local magnetoresistance
with two Py electrodes configuration with and without MgO insulator barrier. The measured non-local magnetoresistance change from parallel to antiparallel
configuration is ARg= 150 mQ, which is due to spin injection and transport across the L = 1.2 um gap between the FM1 and FM2 electrodes. (b) Non-local
spin-valve signal and voltage as a function of applied bias current at the injector at 7=300 K. The injector-detector separation is 1.2 um and the thickness of

the MgO layer is 1.0 nm.
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spurious effects such as anisotropic magnetoresistance. The
magnitude of 150mQ with the injected current 50 pA is
observed at room temperature. Figure 2(b) shows the bias
current dependence of ARg and AVs = ARgl. The AV value
increases as the strength of the bias current is increased,
however, ARg decreases at high bias current. The spin injec-
tion efficiency for such a low resistive junction does not
depend strongly on the bias current.*>?’ The decrease of
ARg in high bias currents is attributed to Joule heating
because the maximum current of 1 mA in Fig. 2(b) gives a
current density of 2x10°A/m? at the junction and
5% 10" A/m? in the trilayer graphene wire. Note that even
with such a large current density the non-local measurement
demonstrates spin injection, transport and detection in the
LSVs, and a large spin accumulation of 120 pV is realized at
room temperature.

In order to study the spin transport property of the tri-
layer graphene wire, the L dependence of ARg has been
investigated. Figures 3(a) and 3(b) show the measured spin
signal for LSVs with L of 0.9 um and 1.7 um at room temper-
ature, respectively. The results show that ARg decreases
from 180mQ to 110mQ as L increases from 0.9 um to
1.7 um because of the spin relaxation in trilayer graphene.
Similar measurements were also carried out at low tempera-
ture, as shown in Figs. 3(a) and 3(b). At T=10K, ARg
decreases from 630 mQ to 440 mQ as L increases 0.9 um and
1.7 um. The analytical expression of ARg, for the case
whereby the interface resistance is enough higher than the
spin resistance of the non-magnetic wires Ry, iS approxi-
mated by a solution of the one-dimensional (1D) spin diffu-
sion equation®’

ARs = PiRxe™ /™ (Ri > Ry), )
where P; is the interfacial polarization, R; is the interface re-
sistance, and Ay is the spin diffusion length. The obtained ex-
perimental data for the L dependence of ARg are well fitted
by Eq. (2) with adjustable parameters of Py and Ay, as shown
in Fig. 4. The fitted Py and Ay values are 0.038 and 1.5 ym at
room temperature, and 0.065 and 2.3 um at 10K, respec-
tively. Note that the 1D spin diffusion model has an excellent
agreement with the experimental results. The spin diffusion
length obtained in this study is similar to that reported for
mono and few-layer graphene on a Si/SiO, substrate.'"'? In
order to overcome the spin resistance mismatch between
Py and the trilayer graphene, interfacial resistance of the
graphene/MgO/Py junction over Ry=RgAin/Wn~2kQ is

necessary, where Rg is the measured resistance and wy is the
width of the non-magnetic wire.? Thus, the interface resist-
ance of 2kQ for the trilayer-graphene/MgO/Py in this study
can reduce the spin resistance mismatch problem, which
yields spin injection efficiency Is/I of about 4% and 7% at
300K and 10K, respectively. This allows us to evaluate the
density of spin current in the graphene as Is=P;xI/2
=2 x 10'° A/m>. The observed Is of the order of 10'° A/m>
suggests that trilayer graphene be useful platform for the
application of spin dynamics induced by spin current in
LSVs, with the long spin diffusion length even at room tem-
perature.32‘35

In conclusion, non-local spin valve measurements with
trilayer-graphene/MgO/Py lateral spin-valve structures
showed that an MgO layer can reduce the conductivity mis-
match issue. The maximum spin valve signal ARg of 630 mQ
for low bias current of 0.05 mA is observed for LSV with the
separation of 0.9 um. The detected voltage change AVjg
increases with increasing applied current and the spin accu-
mulation reaches to 120 uV for 1 mA. Spin diffusion analysis
shows that ARg as a injector-detector separation reasonably
decreases as the length increases and the spin diffusion
length in trilayer graphene is 1.5 um at room temperature
and 2.3 um at T=10K. The high spin accumulation and the
long spin diffusion length at room temperature suggest that

1000 . ‘ ‘
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® 100 |- 4
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A__=1.5um, P=0.038
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FIG. 4. Spin diffusion characteristics of trilayer-graphene: injector-detector
separation (L) dependence of the ARj. Fittings in 1D spin diffusion equation
give a spin diffusion length of 1.5 yum and 2.3 um at room temperature and
T=10K, respectively.
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trilayer grapheme offers a promising playground to study
spin dynamics by using spin current and the application of
devices such as the magnetic field sensor.
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