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We demonstrate that hydrogenated graphene performs as a homoepitaxial tunnel barrier on a graphene charge/spin channel. We examine the tunneling

behavior through measuring the /V curves and zero bias resistance. We also fabricate hydrogenated graphene/graphene nonlocal spin valves and measure

the spin lifetimes using the Hanle effect, with spintronic nonlocal spin valve operation demonstrated up to room temperature. We show that while

hydrogenated graphene indeed allows for spin transport in graphene and has many advantages over oxide tunnel barriers, it does not perform as well as

similar fluorinated graphene/graphene devices, possibly due to the presence of magnetic moments in the hydrogenated graphene that act as spin

scatterers.
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n spite of nearly a decade of research on

spin transport in graphene,'? there has

been little improvement in important
metrics such as the spin lifetime and spin
diffusion length,** and reported values re-
main far below those predicted by theory
based on graphene's low atomic number
and spin—orbit coupling.®> Understanding
the extrinsic limiting factors and achieving
the theoretically predicted values of these
metrics is key for enabling the type of ad-
vanced, low-power, high-performance spin-
tronic devices envisioned beyond Moore's
law.®7

Several sources of scattering give rise to
the lower spin lifetimes experimentally ob-
served in graphene: scattering caused by
charges in the substrate,® scattering caused
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by grain boundaries, defects, and impurities
in the graphene or at the contacts,*° and
scattering introduced by the tunnel barrier.
Limits in performance due to substrate
scattering are now appreciated, and solu-
tions are being developed. For example,
recent research shows that high-k dielec-
trics and monolayer BN can provide the best
substrates for graphene,'® considerably re-
ducing the parasitic effects of phonon scat-
tering and scattering by trapped charge in
the substrate. Scattering caused by defects
and impurities is also being addressed.
Defect-free graphene films are now grown
with millimeter size grains,'’ and methods
such as deep-UV lithography and dry and
in situ processing are reducing or eliminating
processing-related contamination issues.'*'*
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Finally, scattering caused by tunnel barriers, which
are essential for solving the conductivity mismatch
problem for electrical spin injection from a ferro-
magnetic metal'® into a semiconductor, is a topic that
is just now attracting attention. Uniform, pinhole-/
defect-free tunnel barriers on graphene are not
easily attained with the conventional methods that
use oxides.

Recent studies using pinhole-free, high-resistance
tunnel barriers (e.g., monolayer BN'®> and amorphous
carbon'®) that minimally affect the graphene surface
showed enhanced metrics for spin transport in gra-
phene over previous work using conventional oxide
tunnel barriers.'”'® Graphene itself exhibits many of
the characteristics expected from a perfect tunnel
barrier, including discrete monolayer thickness, imper-
viousness to interdiffusion, high uniformity, and high
out-of-plane resistance, offering a new paradigm for
tunnel barriers in magnetic tunnel junctions and
spin injection into silicon."”?® Moreover, in a gra-
phene bilayer, by electrically decoupling the top layer
from the bottom using chemical functionalization,?' a
fluorographene/graphene homoepitaxial tunnel bar-
rier structure showed the highest spin polarization
achieved in graphene.?? Such functionalized homo-
epitaxial structures provide an elegant approach for
realization of graphene-based spintronic devices,
although spin-dependent operation was not achieved
at room temperature, and fluorinated graphene has
reduced stability compared to conventional dielectric
materials.

Hydrogenation of graphene offers an alternative
method to achieve a homoepitaxial tunnel barrier on
graphene. In contrast with fluorination?® and plasma
treatments,* the Birch reduction hydrogenation pro-
cess we employ provides a rapid, gentler, and more
stable functionalization with much higher hydrogen
coverage.”® Recent experimental®® and theoretical®’
studies show that hydrogenated graphene could be
magnetic, which could be used to control spin relaxa-
tion in the graphene.>2%%°

Here we show that hydrogenated graphene serves as
an effective spin tunnel barrier for graphene up to room
temperature. Beginning with a multilayer stack of gra-
phene, we hydrogenate the top layers to create a tunnel
barrier and demonstrate electrical spin injection, trans-
port, precessional dephasing, and detection in the lower
graphene channel layers using the four-terminal
nonlocal spin valve (NLSV) geometry. We extract spin
lifetimes from the Hanle effect measurements and
polarization efficiencies from the NLSV measurements
and compare these results to those found for fluoro-
graphene/graphene homoepitaxial devices.

RESULTS AND DISCUSSION

Graphene is grown by chemical vapor deposi-
tion (CVD) on Cu foils (see Methods section). Using
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conventional wet chemical transfer techniques,?’ four
single-layer graphene films are successively trans-
ferred onto a SiO,/Si substrate. Four-terminal nonlocal
spin valve structures are fabricated using deep-UV
lithography with PMMA resist and acetone rinses.
Mesas are defined by etching in O, plasma. Ti/Au
reference contacts are applied by lift-off using electron
beam deposition. The edges of the graphene are
encapsulated by a sputtered SisN, layer before hydro-
genation via the Birch reduction process to reduce
intercalation and functionalization of the bottom
graphene layer(s). Figure 1a shows an optical image
of a completed device, and Figure 1b shows a cartoon
schematic of a completed device in an NLSV measure-
ment configuration, used later in the study.

Figure 1c shows Raman spectra of an as-fabricated
four-layer graphene structure with the characteristic D
(1350 cm™"), G (~1600 cm™"), and 2D (~2700 cm™")
peaks. The D peak intensity, which is associated with
defects,*® is minimal in as-fabricated structures and
indicates that high-quality graphene multilayer de-
vices can be realized even after several sequential
transfers. The crystalline orientation between each
graphene layer, or twist angle (6), determines the
relative degree of electronic coupling between layers.
When clean interfaces are present in stacked graphene
films, electronic coupling can be measured via Raman
spectroscopy, where the G and 2D peak intensities
vary by known quantities with twist angle.?' The black
curve in the spectrum in Figure 1c highlights a “large”
twist angle (6 > 16°) domain, which was taken from
spot 1 of the accompanying Raman micrograph, where
the color code corresponds to the integrated G peak
intensity. The red curve in the spectrum, taken from
spot 2, highlights a resonant twist angle, caused by
electronic coupling between the graphene layers. After
hydrogenation by the Birch reduction process (see
Methods), we see the emergence of the D peak and
the base of the G peak broadens (Figure 1d), indicating
that hydrogen functionalization has occurred. On the
basis of the continued presence of a sharp G and 2D
peak after hydrogenation, we interpret the resulting
spectra as a linear combination of hydrogenated
graphene layers and pristine bottom graphene layers.
In addition, the corresponding integrated G peak
intensity micrograph shows an accompanying change
in interlayer electronic interaction caused by the hydro-
genation. We still observe electronic coupling, demon-
strated by the resonant twist angle spectrum (Figure 1d,
red curve, spot 2), proving that hydrogenation has
occurred only in the top graphene layers, leaving the
bottom two layers mostly unfunctionalized.

After the four-layer channel is converted to top
hydrogenated and bottom pristine graphene layers,
two NiggFe,g (Py) contacts (1 and 3 um wide, separated
by 1 um) for spin injection/detection are deposited by
electron beam evaporation. These contacts (or “pins”)
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Figure 1. (a) Optical microscope image of a four-terminal graphene device. The white dotted line outlines the four-layer
graphene channel (scale bar = 15 um). (b) Cartoon schematic of a device configured in a nonlocal spin valve geometry. (c)
Raman spectra and integrated G peak intensity map of a four-layer graphene device channel as shown in (a). The black and red
spectra are taken from points 1 and 2, respectively, from the Raman map and identify a “large” and “resonant” twist angle (1 =
488 nm). (d) Raman spectra and integrated G peak intensity map of a different four-layer graphene device after
hydrogenation. The black and red spectra are taken from points 1 and 2, respectively, from the Raman map and also
identify a “large” and “resonant” twist angle domain. The appearance of a D defect peak and continued observation of
resonance indicate that the top graphene layers have been hydrogenated and that the lower graphene layer has not been

hydrogenated.

are written using an electron beam lithography de-
fined PMMA mask to form the NLSV structure illu-
strated in Figure 1b. The pins are numbered in
Figure 1a for later reference. Most electrical mea-
surements are performed in a variable-temperature,
cryogen-free cryostat/electromagnet system. Further
device preparation procedures can be found in the
Methods section.

To test for tunneling behavior in the device, we
perform charge transport measurements. The red
curve in Figure 2 shows the resistance measured
between the Ti/Au contacts (1 and 4 in Figure 1a) vs
back gate voltage and a Dirac point at ~90 V before
hydrogenation, indicating a very conductive structure
with strong p-type doping. This doping is most likely
due to impurities adsorbed on the graphene surface.
After hydrogenation of the top layers, the same mea-
surement (Figure 2, black curve) shows a Dirac point at
~10V, which we attribute to conduction in the bottom
graphene layers. In contrast with fluorination, which
creates very strongly p-type graphene devices when
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Figure 2. Resistance vs gate voltage for the device
before hydrogenation (red), after hydrogenation for con-
tacts 1 and 4, nominally only on the conductive channel
(black), and after hydrogenation for contacts 2 and 3,
nominally only on the resistive tunnel barrier portion of
the device. The Dirac point shifts from ~90 V before
hydrogenation to ~10 V after hydrogenation, expected
due to n-doping by hydrogen. The differences in resistance
between the curves taken between contacts 1—4 and 2—3
indicate electrical separation of the graphene layers neces-
sary for tunneling.
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Figure 3. IV curves displaying non-ohmic behavior for increasing temperature for (a) pins 1 to 2, (b) pins 1 to 3, and (c) pins
1 to 4. Inset shows that the /V curve before hydrogenation is ohmic. The resistance again increases after hydrogenation,
indicating that the hydrogen diffuses under the contact, making all contacts tunneling. (d) The zero-bias resistance as a
function of temperature for all contacts. Weak temperature dependence indicates tunneling transport.

combined in a fluorographene/graphene stack,”? hydro-
genation is known to create n-type devices>' Such
n-type doping would be expected to shift the Dirac
point to lower values.

The resistance of the channel between the Ti/Au
contacts increases after hydrogenation (~3.5 kQ to
~12kQ at the Dirac point for this device), which is to be
expected, as the top graphene layers are turned in-
sulating from hydrogenation. A concurrently hydroge-
nated single layer of graphene has a resistance of
~45 GQ, indicating that the hydrogenation creates an
insulator in the top layers of our device and conduction
occurs in the lower unhydrogenated layer(s) by first
tunneling through the hydrogenated graphene.

The transistor characteristics measured between the
two Py contacts (pins 2 and 3 in Figure 1a), i.e. only
contacting the top hydrogenated graphene film
(Figure 2, blue curve), show 2 orders-of-magnitude
higher resistance than the measurements between
the Ti/Au contacts. This increased resistance, together
with the fact that single graphene layer treated at the
same time has greater than gigaohm resistance, sup-
ports electrical transport between the Py contacts
points to tunneling. However, it does not indicate the
complete electrical separation of the layers observed in
fluorographene/graphene homostructures.?'?2 All de-
vices measured displayed similar resistance vs back
gate voltage characteristics.

FRIEDMAN ET AL.

Figure 3a and b show IV curves taken between the Py
(pins 2 and 3) and a reference Ti/Au contact (pin 1).
These curves exhibit markedly non-ohmic behavior,
which provides support that the hydrogenated gra-
phene is acting as a tunnel barrier. For IV curves taken
between the two Ti/Au reference contacts (pins 1 to 4,
Figure 3c), we unexpectedly see non-ohmic behavior
and high resistance. This, plus our observation of a
varying amount of resistance increase between the
Ti/Au from device to device, strongly suggests that
some hydrogenation occurred under the Ti/Au con-
tacts, most likely through intercalation. Of all devices
tested, most showed this behavior, with the reference
contacts increasing in resistance by at least an order-
of-magnitude and losing their ohmic IV behavior
after hydrogenation. The inset of Figure 3c shows an
IV curve taken between these pins before hydrogena-
tion, which shows the expected ohmic behavior. The
temperature dependence of the zero bias resistance
for both Py and Ti/Au contacts (Figure 3d) is weak
and insulator-like in character, changing by a factor
~1.5 between 5 and 300 K for all contacts in the device.
Non-ohmic IV curves and a weakly temperature-
dependent zero-bias resistance is a firm confirmation
of a pinhole-free tunnel barrier.3?

The four-terminal (4T) NLSV geometry was used to
generate pure spin currents. In NLSV measurements, a
bias current is applied between one of the ferromagnetic
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Figure 4. (a) Energy diagrams for polarized spin tunneling. Spins from the Py tunnel across the hydrogenated graphene and
into available states in the graphene. (b) NLSV at 10 K (lower graph) and 293 K (upper graph) and a —10 A bias current. The
red curve is for sweeping the field from negative to positive, and the black curve is for sweeping the field from positive to
negative, as indicated by the directions of the colored arrows above the plot. The black arrows inside the plots indicate the
relative magnetic orientations of the contacts. A ~150 Q background signal has been subtracted from the data.

(FM, here Py) contacts and the nearest reference con-
tact, and a spin-polarized charge current is injected
from the FM across the hydrogenated graphene tunnel
barrier and into the graphene transport channel.
Figure 4a depicts this in an energy diagram. This
spin-charge current follows the electric field and flows
as shown in Figure 1b. Spin simultaneously diffuses in
all directions, creating a pure spin current, and the
corresponding spin accumulation results in a spin-
splitting of the chemical potential. This is manifested
as a voltage on the second FM contact, which is outside
of the charge current path and referred to as the
nonlocal detector. An in-plane magnetic field is used
to control the relative orientation of the magnetiza-
tions of the FM injector and detector contacts. When
the magnetizations are parallel, the voltage measured
will be smaller than when they are antiparallel. Sweep-
ing the magnetic field causes the contact magnetiza-
tions to reverse in plane at their respective coercive
fields and produce a measurable voltage peak. In order
to observe this effect, we fabricate the FM contacts
with two different widths (1 and 3 um) to exploit
magnetic shape anisotropy so that the coercivities of
the ferromagnetic contacts are different.

This NLSV behavior is clearly observed in Figure 4b at
10 K, where distinct steps in the nonlocal resistance
(the measured detector voltage divided by the bias
current) appear at the coercive fields of the wide and
narrow FM contacts, producing plateaus of higher
resistance when the FM contact magnetizations are
antiparallel. This behavior persists to room tempera-
ture, with only a 50% decrease in magnitude observed
from 10 to 293 K, as shown in Figure 4b. The coercive
fields decrease slightly with increasing temperature,
so that the two individual peaks are not as well sepa-
rated for our choice of contact geometric parameters.

FRIEDMAN ET AL.

These data demonstrate successful spin injection and
detection at the FM/hydrogenated graphene tunnel
contacts and lateral spin transport in the graphene
channel.

The spin lifetime corresponding to this pure spin
current is quantitatively determined using the Hanle
effect,®® in which a magnetic field B, applied along the
surface normal causes the spins in the graphene
transport channel to precess at the Larmor frequency,
. = gugB,/h, and dephase. Here g is the Lande g-factor
(g ~ 2 for graphene), ug is the Bohr magneton, and
A is Planck's constant. As the magnetic field increases,
the net spin polarization and corresponding spin vol-
tage decrease to zero with a characteristic pseudo-
Lorentzian line shape. Figure 5a shows a Hanle spin
precession curve for the four-terminal nonlocal contact
geometry. The blue line in Figure 5a shows a scan taken
from a concurrently fabricated witness device in which
the graphene was not hydrogenated. We note that no
NLSV signal or Hanle effect is apparent in such witness
samples, demonstrating that the hydrogenated gra-
phene tunnel barrier is necessary to achieve spin
injection.

The measured Hanle signal is directly proportional
to the steady-state spin polarization at the detector,
given by3*

2
e 02 =X — vl /ADt oy p)e T/t dt

Mm

= 1
S(x,x,B):S/
VB =0 | JanDe

where spin is injected into the graphene atx; and t =0
and detected at x,. Sq is the spin injection rate, D is the
electron diffusion constant, vq4 is the electron drift
velocity (=0 for diffusive transport), and t; is the spin
lifetime. Fits to the data (Figure 5a, shown in red)
provide a measure of the spin lifetime. For the device
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Figure 5. (a) 4T nonlocal Hanle effect taken at 10 K and with a —10 xA bias. The black line shows the data. The red line is the
theoretical fit, from which a spin lifetime of ~70 ps and spin diffusion length of ~2 um are extracted. The blue line is a witness
sample showing no Hanle signal, indicating that the hydrogenated graphene is necessary to achieve spin transport. (b) Two-
terminal Hanle effect taken at 10 Kand with a —10 #A bias. The red line is the theoretical fit to a pseudo-Lorentzian line shape
from which a spin lifetime of ~65 ps is extracted. (c) Temperature dependence of the magnitude of the local and nonlocal
Hanle effects. Hanle signal persists to ~250 K. (d) Bias dependence of the local and nonlocal Hanle effects, showing the
expected near-linear (2T) and linear (4T) relationship and sign reversal.

pictured here, at a bias current of —10 4A and tem-
perature of 10 K, 4T spin lifetimes were ~70 ps. The
spin diffusion length is given by Lsp = (Dt,)"?, where
D is the diffusion constant.>* We find an average Lsp &
2 um, based on t; &~ 70 ps and D ~ 0.069 m%/s at 10 K,
consistent with other studies of CVD-grown graphene
films.3® The spin lifetime and spin diffusion length
shows no dependence on the gate voltage. This is
contrary to the expected spin lifetime increase with
increased carrier doping®’*8 and to what is observed in
fluorographene tunnel barrier devices.?? However, this
behavior is similar to what is observed in oxide tunnel
barrier/graphene heterostructures.® It is most likely
due to the low resistance of the tunnel barrier."?
Additionally, according to theory, the magnitude of
the Hanle signal should be approximately half that of
the NLSV signal. At this time we do not understand
the discrepancy; however, it could be caused by non-
saturating magnetic moments in the contacts.
Additionally, the spin current can be injected and
the spin voltage detected with the same Py contact
in a local, two-terminal (2T) configuration, shown in
Figure 5b. Here, we measure the spin accumulation and
lifetime directly under the Py contact (locally). The vol-
tage AV,1(B,) decreases with B, with a pseudo-Lorentzian

FRIEDMAN ET AL.

line shape given by AV,1(B,) = AV,1(0)/[1 + (a),_ts)z] 3
In this way, fits to the Hanle curves, shown in Figure 5b
in red, allow us to extract the 2T spin lifetime, found
to be ~65 ps, which is consistent with the nonlocal
data.

Figure 5c shows the temperature dependence of the
Hanle effect with the blue squares representing the 4T
nonlocal Hanle effect data (right axis, as indicated by
the blue arrow) and the black squares representing the
2T Hanle effect data (using the left axis, as indicated
by the black arrow). The Hanle signal persists up to
~250K, higher than for fluorographene tunnel barriers
(~200 K).%2 We found that the spin lifetime remains
mostly unchanged as a function of temperature.

Figure 5d shows the bias dependence of the magni-
tude of the 4T nonlocal (blue squares, right axis) and 2T
local (black squares, left axis) Hanle voltage taken at
B =0.The 2T data are slightly nonlinear, and the 4T are
approximately linear with bias current, as expected
and consistent with other studies.?>*> We also observe
that the sign of the Hanle signal inverts as the sign of
the bias current changes, a firm confirmation that our
observed signal is due to Hanle spin precession. The
observation of both the nonlocal Hanle effect and the
NLSV provides strong evidence that the hydrogenated
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Figure 6. Measured magnitude of the NLSV peak and
calculated polarization efficiency as a function of sample
bias taken at 10 K.

graphene tunnel barrier indeed enables efficient spin
injection, transport, and detection in the graphene
channel.

Overall, the spin lifetime values measured for both
the 4T and 2T cases are in the lower range of other
graphene spin studies and significantly less than what
was measured for fluorinated graphene tunnel bar-
riers. Recent work has suggested that magnetic impu-
rities, which we expect for hydrogenated graphene,
can be the primary source of spin relaxation® and could
be causing the shorter than expected spin lifetimes.
There is ample evidence to support that both fluori-
nated graphene®® and hydrogenated graphene can be
magnetic*' and that this magnetism could affect the
spin transport.*? For fluorinated graphene, expected
paramagnetic moments that could contribute to spin
scattering are at a minimum for negative doping away
from the Dirac point,®® as is the case in ref 22. For the
hydrogenated graphene used as a tunnel barrier here,
the type of magnetism is strongly dependent on
substrate-hydrogenated graphene interactions and
the degree of functionalization.*’ The cause and type
of magnetism are still a matter of debate, even though
most agree it persists to at least room temperature. >’
Moreover, for hydrogenated graphene, spin scattering
is enhanced by the persistence of the magnetic mo-
ments for carrier doping away from the Dirac point.3®
The hydrogenated graphene has its moment oriented
out-of-plane and could be either paramagnetic or
ferromagnetic. In the case of paramagnetic moments,
for a Hanle measurement with an applied field out-of-
plane, the moments would scatter the spins in the
channel, decreasing the spin lifetime and observed
signal magnitude. As the temperature is increased, this
effect would get worse. For an NLSV, with the external

METHODS

Graphene was grown by chemical vapor deposition via
decomposition of methane in small Cu foil enclosures following

field applied in-plane, the moments would align in-
plane with the applied field, again causing scattering
and lowering the spin lifetime. In the case of ferro-
magnetic moments oriented out-of-plane, the spins in
the channel and the out-of-plane spins from the
graphene will start to align due to spin-torque transfer,
resulting in more scattering of the spin current. There-
fore, in either case, magnetism in the hydrogenated
graphene tunnel barrier could be the cause of the
lower spin lifetimes and the lack of Hanle signal at
room temperature.

Based on the magnitude of the NLSV signal and the
calculated spin diffusion length from the Hanle mea-
surements, we can determine the spin polarization
efficiency, P, using the formula**

2Lsp
Wo

exp(— L/LSD) ()

Rnonlocal =

where the ¢ is the measured conductivity of 2.83 x
1073 Q7 for the device shown in Figure 4, L is the
center-to-center contact spacing of 3 um, Lsp is the
spin diffusion length of 2 um, W is the width of the
graphene channel of 15 um, and Rnoniocal is the magni-
tude of the NLSV plateau of ~0.08 Q. From this, we find
P =~ 10%. Figure 6 summarizes the magnitude of the
NLSV peak and the calculated polarization efficiency
as a function of bias. The nonlinear increase of the
polarization efficiency and the NLSV resistance with a
decrease in bias are typical of NLSV devices.**** The
maximum low-bias spin polarization measured here of
~16.5% is significantly lower than the 45% measured
in fluorographene tunnel barriers,?? although still high
for graphene devices."'” A possible reason for the
lower spin polarization could be scattering by persis-
tent magnetic moments in the tunnel barrier.

CONCLUSION

In conclusion, we have demonstrated that the hy-
drogenated graphene serves as a tunnel barrier en-
abling tunneling transport and spin injection/
detection in a graphene channel. On the basis of
polarization efficiency values, low spin lifetime, and
the absence of strong gate-modulated spin transport,
we can conclude that the hydrogenated graphene
tunnel barriers do not perform as well as similar
fluorinated graphene tunnel barriers. However, be-
cause the hydrogenation process results in a more
stable functionalized graphene sheet and displays spin
signal even up to room temperature, it is nonetheless
still a reasonable candidate for future graphene spin-
tronic devices.

methods available in the literature."’ This method produces
monolayer graphene films with grain sizes on the order of
hundreds of micrometers containing minimal defects. After
growth, the Cu foil is removed by etching and four graphene
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layers are transferred and stacked using previously reported
techniques known to produce high-quality, clean multilayer
stacks.>' We found that four stacked layers are the minimum
required to ensure that after hydrogenation there is still a
conductive channel in the stack. Deep-UV lithography is used
with PMMA followed by oxygen plasma to define square
graphene mesas. PMMA was found to leave less residual dirt
on the surface of the films than standard photolithography
resists. The sample is rinsed in acetone and isopropyl alcohol to
remove the etch mask. Reference contacts and bond pads are
then defined using an MMA/PMMA mask with features defined
using deep-UV lithography. Ti/Au is deposited using electron
beam deposition and lift-off in acetone. One more MMA/PMMA
mask with deep-UV lithography, followed by sputter deposition
of 10 nm of SisN,, is used to encapsulate the edges of the four-
layer graphene, attempting to prevent hydrogen from getting
underneath the graphene.

The sample is then hydrogenated using the Birch reduction
process, described in detail elsewhere®® Briefly, graphene
samples were added to 10 mL of liquid ammonia at —78 °C.
Lithium wire (50 mg) was added in small pieces to the reaction,
and the vessel was swirled to homogenize the resultant blue
color. After 2 min, the reaction was quenched by adding an
excess of ethanol slowly while continuously swirling to prevent
the reaction from bubbling over. The wafer was removed from
the vessel, rinsed with more ethanol, and dried under N,. We
attempted to perform this hydrogenation with two- and three-
layer stacks. A bilayer of graphene is completely hydrogenated,
thus electrically insulating and unusable for this experiment.
A trilayer of graphene has the first two layers completely
hydrogenated and the third layer mostly hydrogenated, again
yielding an insulating channel, unusable for this experiment.
Four layers is the thinnest stack that still presents a complete
conducting path of unhydrogenated graphene underneath the
upper hydrogenated layers. We suspect that hydrogen inter-
calates between layers through edges, defects, and grain
boundaries in the graphene. Concurrently hydrogenated single
layer and bilayer devices show a resistance of ~45 GQ after
hydrogenation, indicating that at least the top two layers of
graphene are completely insulating after hydrogenation.

A final mask of PMMA is spun on the sample, and electron
beam lithography is used to define trenches for electron beam
deposition and lift off of 25 nm NiggFe,o/5 nm Au contacts that
act as spin-polarized injectors/detectors.
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