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Abstract
We fabricated a non-local spin valve with a thin layer of graphite with Co transparent electrodes.
The spin-valve effect and spin precession were observed at room temperature. The magnitude of
the mangetoresistance increases when temperature decreases. The spin-relaxation time, ts,
obtained from the fitting of the Hanle curves increases with decreasing temperature with a weak
dependence ~ -T 0.065 while the spin-diffusion constant D decreases. At room temperature, ts

exceeds 100 ps and the spin-diffusion length, ls, is ∼2 μm. The temperature dependence of ls is
not monotonic, and it has the largest value at room temperature. Our results show that multilayer
graphene is a suitable material for spintronic devices.
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Nanoelectronic devices made by mono- and few-layer gra-
phene operating on the control of the electron spin have
attracted great interest in recent years [1]. In a spintronic device,
spin transport and injection play important roles in the char-
acteristics of the operation. Natural carbon material, because of
its low atomic mass and the natural abundance of isotope 12C
(98.9%), is an ideal material for spin manipulation. Spin
injection and spin transport in graphene had been observed in
non-local spin valves [2, 3]. Long spin-diffusion lengths were
reported in boron nitride covered or encapsulated graphene
layers in non-local spin-valve geometry [4–6] and in local spin
valves with a large injection barrier [7]. When spin current is
injected from a ferromagnetic metal into a highly resistive
transport channel, the injected spins can be backscattered into
the ferromagnetic leads. This is the issue of conductivity mis-
match that often takes place in spintronic devices [8–10]. A
graphene multilayer, which can be acquired more easily than a
mono- or bilayer, has its advantage in spintronic applications.

Compared with mono- or bilayer graphene, the multilayer has a
higher conductivity, which can provide a preferable condition
by reducing the resistance mismatch between the ferromagnetic
electrodes and the channel. Spin injection and detection were
observed in local and non-local spin valves in multilayer gra-
phene [11–14]. Concerning ts in multilayer graphene, there had
been early experiments of spin resonance [15] suggesting that
in graphite ts is ∼20 ns at room temperature. Spin-precession
measurements had also been applied in multilayer graphene
[16, 17]. In these experiments, an enhancement of ts with
increasing number of layers was observed [16], and the
temperature dependence of ts in a small temperature range of
150–230 K in a trilayer sample were shown [17]. In this work,
we fabricated a graphene multilayer device with Co electrodes.
Spin precession and spin-valve effect were measured in the
temperature range of 2.2–295K. The temperature dependence
of ts andls was obtained from the fitting of the spin-precession
Hanle curves.
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The graphene multilayer was exfoliated from highly
oriented pyrolytic graphite (HOPG) and deposited on SiO2

substrate. From our experience with optical contrast, we
estimate that the layer consists of 5–10 monolayers (thickness
is about 2 nm). The layer was etched by O2 plasma into a
rectangular shape with dimensions of 7 × 20 μm2. Electrode
patterns were made with e-beam lithography and e-beam
evaporation of metals Co/Au (50/3 nm). The thin layer of Au
on top of Co is aimed at mitigating Co oxidation. There are
three Co electrodes with widths of 100, 200, and 400 nm,
respectively. On the two ends of the layer, non-ferromagnetic
electrodes Ti/Au (10/100 nm) were deposited with another
e-beam lithography process. The electrodes are connected
with bonding pads. An optical image of the sample was
shown in figure 1(a). In the non-local measurement
(figure 1(b)) the Co electrodes used are the ones with widths
of 200 and 400 nm.

Current and voltage characteristics between the contacts
are linear. An estimation of the contact resistance (interface
resistance RI) shows that both Ti/Au and Co electrodes have
an RI of about 100 Ω. The ratio of RI and spin resistance Rs of
the transport channel is a criterion for conductance mismatch

[10], where Rs is given by rl Ws , with W the channel width.
In this study, R RI s is estimated to be 1.3. Concerning spin
injection and detection in these circumstances, while there is
no tunneling barrier between the Co electrodes and the gra-
phene layer, the impedance mismatch is not a severe problem.
Measurements were performed in a vacuum cryostat (∼10−3

Torr) and in a helium flowing cryostat with lock-in amplifiers.
The current used in the measurements is 70 μA. The mag-
netoresistance does not depend on the ac current applied.
Figure 2 shows the results from the vacuum measurement at
temperatures T = 295 and 35 K. The spin-valve signal, which
was measured in magnetic fields parallel to the electrodes, is
larger at lower T, and it increases from 0.028 Ω at 295 K to
0.036 Ω at 35 K. Figures 2(c) and (d) show the spin-preces-
sion curves measured in a magnetic field perpendicular to the
sample surface with the two Co electrodes magnetized in
parallel and antiparallel configurations. Using the analytical
expression described in [18], ts and ls were extracted from
the fitting of the spin-precession measurement. When the
temperature is lowered, an increase of ts but a decrease of ls

were observed. These fitted results are presented in table 1.

Figure 1. (a) Optical image of the device. The three electrodes in the middle are Co electrodes. From the lower to higher positions the widths
of the Co electrodes are 100, 200, 400 nm, respectively. The widths of the Ti/Au electrodes are 2 μm. In the spin precession and four-
terminal resistivity measurement, the Co electrodes of 200 and 400 nm are used. The gap between these two Co electrodes is 1.7 μm, the gap
between the 400 nm Co and Ti/Au electrode is 4.6 μm and between the 200 nm Co and the other Ti/Au electrode it is 4.8 μm. Scale bar:
10 μm. (b) Schematic showing the non-local electrical measurement for spin-valve and spin-precession experiments. (c) Four-terminal
resistivity measurement diagram. (d) Temperature dependence of the layer resistivity measured by methods shown in (c).
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Measurements in a helium flow cryostat were performed
two weeks later. After the vacuum measurements, the sample
was coated with PMMA to lesson the device degradation
from contamination by air. Before the device was mounted
into the helium cryostat, it had been annealed at 60 ◦C for
30 min in flowing Ar gas (1000 sccm). We expect this
annealing process would remove the remaining solvent of
PMMA, as well as O2, H2O and other air molecules trapped
in the PMMA. After annealing, the device was magnetized
with the two Co electrodes in parallel configuration and
mounted into the helium cryostat. Spin-precession curves
were measured from 2.2–295 K. The temperature-dependent
zero field resistivity, ρ, was also measured and presented in
figure 1(d). With decreasing temperature, ρ increases mono-
tonically from its room T value of 265 Ω to the saturation

value of 375 Ω. This saturation takes place at temperatures
lower than 25 K. According to previous reports on temper-
ature-dependent resistivity [19, 20], ( )r ~ -C T n1 , with n
larger than unity, and C denoting a collection of constants.
We have checked the data by plotting ρ and T in double
logarithm scale, but we found that it does not follow this
prediction. We are interested in doing detailed measurement
of the temperature-dependent resistivity in the future.

In the fitting of the Hanle results, we used polarization
P = 0.18. This value was obtained from the fit of the lowest
temperature data. When we fitted the higher temperatures, we
found that using the same P and varying ts and D we can
match the experimental curves well. Thus, we set P fixed for
all the measured temperatures. For the Co electrode, previous
experiments show that the temperature dependence of P is
negligible [22]. We used gyromagnetic ratio g = 2 in graphite
[21]. ts and D are set as free fitting parameters. ls is then
calculated by l t= Ds s . The results at room temperature
and at about 30 K have some difference between the vacuum
and the He flow measurements, but the trend of change with
temperature are the same, see table 1. It is likely that the
graphene layer has some change in its electrical property with
time and with the coating of PMMA. We have experienced a
similar effect in the electrical property of a MoS2 bilayer

Figure 2. Experimental results measured in a vacuum cryostat. (a), (b) Spin-valve signal measured at 35 and 295 K with magnetic field
parallel to the electrodes. Arrows show the magnetic field sweeping direction. (c), (d) Spin-precession Hanle curves measured at magnetic
field perpendicular to the sample surface with the two Co electrodes in parallel and antiparallel configurations. Symbols are the experimental
results. Solid black lines are the fit from theoretical expression described in [18].

Table 1. Comparison of the fitting results and the calculated spin-
diffusion length in the two measurements.

T (K) ts (ns) D (m2 s−1) ls (μm)

Vacuum 295 K 0.14 0.025 1.87
Vacuum 35 K 0.18 0.016 1.70
He flow 295 K 0.105 0.038 1.99
He flow 30 K 0.125 0.023 1.69
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device [23]. However, it is clear that the spin-transport
property does not show significant degradation during a
period of two weeks. It should be noted that the analytical
expression from [18] works well in the case of tunnel elec-
trodes. Previous works have shown that, for low resistance
electrodes, in the absence of considering spin absorption in
the injector and detector the Hanle fit leads to deviated values
of highly suppressed ts and slightly enlarged D [10, 24, 25],
depending on the degree of impedance mismatch. In our
measurements, »R R 1.3I s , and l »L 1s (here L is the
distance between the two Co electrodes used in measure-
ment), from figure 3 in [10] we found that the real ts is twice
the fit value and D should be 10% smaller. Thus, ls would be
2.7 μm, i.e. the analysis with expression from [18] gives an
underestimated value of ls by 25%. In this study, we present
the results analyzed without considering the absorption effect.
Whether these deviations brought by the analysis would affect
the temperature dependence of ls significantly or not, we
leave for further investigations.

In figures 4(a) and (b) the temperature dependence of ts

and D were presented. As the temperature decreases ts

increases but D decreases, similar to the results observed with
bilayer graphene [3], but the opposite to that of an epitaxial
graphene monolayer on SiC [26]. In our experiments, D
changes from 0.038–0.022 m2 s−1 in the temperature range
from 295–2.2 K. If we use the 2D density of states and taking

valley degeneracy as two [27], from the Einstein relation, the
charge-diffusion constant is estimated to be 0.0443 m2 s−1 at
2.2 K and 0.0627 m2 s−1 at 295 K, which are about twice that
of the fitted value of the spin-diffusion constant. The charge-
diffusion constant is directly proportional to momentum
relaxation time tp. In exfoliated monolayer graphene, the two
values are found to be close [26], but in epitaxial monolayer
on SiC, the charge-diffusion constant is several tens times
larger [28]. The temperature dependence of ls was plotted in
figure 4(c). It is interesting to note thatls has the largest value
at room temperature. This comes from the fact that as the
temperature is varied, D changes in the same trend as tp, and
tp is inversely proportional to the layer resistivity. At room
temperature, D has its largest value, thus it is possible that ls

takes a large value. The temperature dependence of ts and D
in [3] for bilayer graphene also reveals that ls is larger at
higher temperatures.

In semiconductor materials, there are three spin-relaxa-
tion mechanisms: Dyakonov–Perel (DP) spin relaxation
caused by spin scattering in a crystal that lacks structure
inversion symmetry; Elliott–Yafet (EY) mechanism caused
by spin-flip momentum scattering from phonons and impu-
rities with spin–orbit interaction; Bir–Aronov–Pikus (BAP)
mechanism caused by spin-flip electron–hole exchange
interaction [29]. Theoretical prediction shows that BAP
mechanism hardly dominates the spin relaxation in 2D
materials [31]. The opposite trend of the temperature

Figure 3. Spin-precession Hanle curves measured in the He flow cryostat at several selected temperatures of T = 2.2 K, 12.5 K, 45 K, 272 K.
Symbols are experimental results. Black lines are the fit by expression from [18]. The fitted values of ts, D and ls are shown in the graph.
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dependence of ts and D hints at the likely contribution from
the DP mechanism. For DP spin scattering, ts is inversely
proportional to tp, i.e. t t r~ ~1s p . In our results, at tem-
peratures lower than 200 K and higher than 45 K, ts roughly
shows a linear dependence on ρ. When ts and T were plotted
in double logarithm scale, a roughly linear relation was seen
(figure 4(d)), and the slope gives t ~ -Ts

0.065. DP mechanism
predicts much stronger temperature dependence in bulk
material, but in 2D quantum wells the temperature depend-
ence strongly depends on the well width, and in narrow wells
the temperature dependence disappears [29, 30]. Previous
study [16] on multilayer graphene reported that when charge-
carrier density was varied, there is relation l ~ Ds , suggest-
ing an EY mechanism. EY mechanism predicts that in gra-
phite t ~ -Ts

4.5, and, in the case without the spin–orbit
coupling term, the temperature dependence is linear [32].
Comparing our experimental observation and the theoretical
descriptions we infer that in our multilayer graphene, the DP
mechanism is the likely cause of spin relaxation.

In summary, we fabricated a multilayer graphene non-
local spin valve with Co electrodes. Spin-valve effect and
spin precession were observed with this device at room
temperature. With decreasing temperature, the spin-relaxation
time obtained from the fitting of the Hanle curves increases
and follows a -T 0.065 dependence. The spin-diffusion con-
stant, also a fitted value, decreases with decreasing

temperature. We compared our results with spin-relaxation
mechanisms in 2D systems. The spin-relaxation length does
not depend on temperature monotonically. It takes the largest
value at room temperature. Our results show that multilayer
graphene can be employed as a suitable material for spin-
tronic devices.
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