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Abstract We have studied the spin transport on a 30-nm
thick and several micrometer long oriented graphite flake
using a spin-valve configuration with four ferromagnetic
Co electrodes of different widths and several um separa-
tion. A 5-nm thin Pt layer has been introduced in between
the ferromagnetic Co injector/detector and the graphite
surface. In spite of the conductivity mismatch problem,
efficient electrical spin injection and detection in graphite
has been achieved. The magnetoresistance in the local and
half-local electrodes shows clear maxima with symmetry
around zero field. The spin transport can be detected up to
150 K.

Introduction

Due to the large electron mobility and mean free path of
bulk graphite [1], thin crystalline graphite samples are
expected to have some advantages for certain devices in
comparison with single graphene layers fixed on dielectric
substrates. Recent studies, for example, show that the
graphene layers inside graphite have a smaller carrier
density and a much larger mobility even at room temper-
ature than single graphene layers [2]. That large spin dif-
fusion can be expected in graphite should not actually be a
surprise. Already doped Si is a material with relatively low
carrier concentration and large spin diffusion length and
efficiency [3, 4]. Nevertheless, the efficiency of spin
injection between a ferromagnetic electrode and a graphite/
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graphene surface is a key point that needs to be studied and
clarified. For example, theoretical calculations [5] indicate
that the interfaces between graphite and (111) fcc or (0001)
hep Ni or Co surfaces should behave as perfect spin fil-
tering. However, the formation of chemical bonds between
graphite and the d-shell of those elements may diminish the
spin injection. The authors of that theoretical work [5]
proposed that the use of some Cu monolayers in between
may preserve the spin and an ideal spin injection might be
possible. In this study, we have tested the spin transport on
a 30-nm thick and several micrometer long oriented
graphite flake using a spin-valve configuration with four
ferromagnetic (FM) Co electrodes of different widths and
several pm large separation. In contrast to previous stud-
ies[6, 7], a 5-nm thin Pt layer has been deposited in
between the ferromagnetic Co injector/detector layer and
the graphite surface. In spite of the known conductivity
mismatch problem, we show in this study that efficient
electrical spin injection and detection in graphite with the
described configuration is possible. The magnetoresistance
in the local and half-local electrodes shows clear hysteresis
with the common symmetry around zero field and with
resistance maxima. The spin transport can be detected up to
150 K, overwhelming in temperature previous spin valve
devices on mesoscopic graphite basis [6, 7].

Experimental details and sample characteristics

The samples were prepared by rubbing small flakes of
highly ordered pyrolytic graphite (Advanced Ceramics)
(grade ZYA, of rocking curve 0.4°) on a commercial 5 X
5 mm? silicon (100) substrate covered with a 150-nm SiN,
film; for the preparation details see [8]. For the measure-
ments, we selected a graphite flake taking into account the
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shape needed for the experiment, its thickness, and the
Raman spectrum. After choosing the sample, we prepared
the corresponding Au/Pt electrodes outside the sample area
using conventional electron beam lithography. After that
the Co/Pt FM electrodes (Pt directly on contact to the
graphite surface) were prepared also by electron beam
lithography in the conventional four points configuration.
This process is done after the Au/Pt electrodes preparation
in order to avoid possible oxidation of the Co film by the
backing and developing process involved during the
preparation of the lithography.

Resistance measurements were done in a commercial
cryostat in the temperature range from 4 to 300 K using an
AC Bridge (Linear Research LR-700). The magnetic field
was parallel to the graphene planes of the graphite sample
and along the long axes of the FM electrodes; it was
measured using a Hall sensor fixed at the sample holder. In
order to check the high-quality of the graphite flake, Micro-
Raman spectrum was obtained at room temperature and
ambient pressure with a Dilor XY 800 spectrometer at
514.53 nm wavelength (Green) and a 2 pm spot diameter.
The incident power was kept at 1.5 mW to avoid possible
sample damage or laser induced heating effects.

Figure 1 shows an electron microscope picture of the
measured sample with the corresponding Co/Pt electrodes.
In the experiments, we used four electrodes with two dif-
ferent widths in order to have different coercive fields.
Figure 2 shows the Raman results. In graphite, three
Raman peaks are of interest. Namely the G-peak around
1582cm™! due to the Raman active in-plane optical pho-
non, the D-peak around 1350 cm ™! that is very sensitive to

Fig. 1 Scanning electron microscope image of the investigated
graphite flake with the four Co/Pt electrodes at the top. The length
scale at the corner is 5 pm
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Fig. 2 Raman signal versus frequency. The straight lines denote the
main observed peaks

the lattice disorder and the D’-peak around 2700cm™'
which splits in two maxima. In the results, we can observe
the dominant G-peak as in graphite bulk, the peak related
to the disorder is not observable within the resolution
providing us a hint for the good crystalline quality of the
sample. The D’-peak shows similar behavior as in the lit-
erature when the sample is formed by a few layers
graphene [9, 10].

Results and discussion

Figure 3 shows the temperature dependence of the mea-
sured resistance in the local and non-local configurations.
The observed temperature dependence is similar to that
reported for similar samples [8] when the electrodes are of
non-magnetic materials. Following the reported systematic
and for the thickness of the sample, we obtain a resistivity
125 4+ 25pQ cm in agreement with reported data for
similar samples [8]. However, from the measured two-
points measurement, we obtain a much larger effective
resistivity p ~ 870uQ cm at 4 K mainly due to the contact
resistance R}, formed at the interfaces Co/Pt/Graphite. From
the measurement of these resistances in the two- and four-
contacts configurations, we can estimate a contact resis-
tance (Resistance x contact area) R~ 107'9Qm?2. Fert
and Jaffrés [11] have shown that the realization of spin
injection can be effective if the interface resistance R, is
larger than the product of the resistivity of (in the case) the
graphite flake and the spin diffusion length ({) in it.
Assuming a similar spin diffusion length as the one mea-
sured in graphene ¢;~ 1pm [12, 13], we obtain that
Ry > ply ~ 10712 Qm? and therefore, we may expect to see
spin polarized transport signals in the graphite device.

@ Springer
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Fig. 3 Resistance normalized by its value at 275 K obtained for two
configurations. circle configuration of channel 5 with the input current
at electrodes 2 and 4, plus channel 6 with input current at electrodes 1
and 4 (see inset in the figure). The normalization resistance is
R(275) =26Q

The measurements were done in a local and semi non-
local configuration. The results presented in Fig. 4 were
obtained at 25 K in both configurations as described in the
figure. We clearly observe the two maxima at the opposite
quadrants depending on the sweeping direction of the
magnetic field. The maxima in the magnetoresistance
appear within a parabolic dependence due to the unpolar-
ized spin transport magnetoresistance of the graphite flake,
this last probably due to a small misalignment of the
sample. A positive (or sometimes a negative) contribution
to the magnetoresistance as a consequence of a spin
polarized transport is expected [14]. We note that in the
case of spin transport in carbon nanotubes maxima [15] as
well as minima [16] in the magnetoresistance were
observed. In the device, the influence of the different
widths of the ferromagnetic Co electrodes is manifested as
a difference between the coercive fields. For example at
25 K the maximum at the positive field direction is located
at B, ~0.14T whereas at the negative side B_ ~0.1T.

Figure 5 shows the spin polarized magnetoresistance
loops at different temperatures. These curves were obtained
after subtracting the parabolic contribution of the non-
polarized magnetoresistance at each temperature. The spin-
dependent transport in the measurement and under the

@ Springer

value R, versus applied magnetic field for the two configurations and
at 25 K fixed temperature. The field was applied parallel to the main
length of the Co electrodes and to the graphene layers

experimental conditions we used is observed up to 150 K.
This temperature is relatively high taking into account that
the spin injection is realized trough a metallic barrier (Pt)
and not using an oxide barrier as usual. Other interesting
point is the relatively long distance of ~ 1 um between the
electrodes, see Fig. 1. This implies that the spin diffusion
length should be larger than this length for 7' < 150 K. This
value is similar to that observed in measurements at 4 K
and at room temperature in graphene samples [17, 12] but
larger than the one reported for a 2-nm thick graphite
sample [6].

Because the coercive field of Co decreases with tem-
perature also the field positions of the maxima as well as
the resistance increase AR at the maxima decreases, see
Fig. 5. Figure 6 shows the direct correspondence between
the resistance height AR at the maxima versus temperature.
In the same figure, we show the two coercive fields B, .-
(absolute values). The observed similarity in the tempera-
ture dependence indicate that the decrease in the spin
dependent signal is related to the properties of the used
ferromagnetic Co material and not due to the interface or
graphite itself. Above ~200 K the observed maxima were
overwhelmed by the measurement noise.

The results suggest that spin-dependent transport devi-
ces using tens of nanometer thick graphite flakes of
micrometer size are possible. Further advantage of such a
device is related to the relatively simple preparation
method including the spin-injection/detection electrodes
for which no extra dielectric barrier is necessary. This



J Mater Sci (2011) 46:4614-4617

4617

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Magnetic field B(T)

Fig. 5 As in Fig. 5 but at different temperatures for the local
configuration only (channel 6)
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Fig. 6 Left y — axis: Resistance height at the maxima AR versus
temperature in both sweep directions. Right y — axis: similar for the
extracted coercive fields

reduces the contact resistance increasing the maximum
current one may use in such a device. Note that for spin-
torque experiments high spin currents are necessary. The

difficulties to observe spin-dependent transport at temper-
atures higher than 150 K as well as the small relative
change in the resistance may be overcome by using other
spin injector materials or reducing the electrodes distance.
Because the mobility of the graphite carriers increases the
carrier density decreases [1], one may also try to use a gate
control to increase the spin diffusion length.

Conclusion

In this study, we have experimentally shown that spin
transport within micrometers in a 30-nm thick graphite
flake is realizable up to a temperature of 150 K. We have
also demonstrated that spin injection from a ferromagnetic
Co electrode across a Pt thin layer, instead of the typical
oxide barrier, is possible and may be useful for future
applications.
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