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We present inverted spin-valve devices fabricated from CVD-grown bilayer graphene (BLG) that
show more than a doubling in device performance at room temperature compared to state-of-the-art
bilayer graphene spin-valves. This is made possible by a PDMS droplet-assisted full-dry transfer
technique that compensates for previous process drawbacks in device fabrication. Gate-dependent
Hanle measurements reveal spin lifetimes of up to 5.8 ns and a spin diffusion length of up to 26 µm
at room temperature combined with a charge carrier mobility of about 24 000 cm2(Vs)−1 for the
best device. Our results demonstrate that CVD-grown BLG shows equally good room temperature
spin transport properties as both CVD-grown single-layer graphene and even exfoliated single-layer
graphene.

Graphene has proven to be a pivotal material for spin-
tronic devices based on 2D materials. This is largely
due to its small intrinsic spin-orbit coupling strength
and the high charge carrier mobility, which allow for
room temperature spin diffusion lengths over several
tens of micrometers.[1–3] Bilayer graphene (BLG) per-
mits additional semiconductor functionality by applying
a perpendicular electric displacement field, which cre-
ates a gate tunable electronic band gap[4] and a spin-
orbit gap.[5, 6] These have shown to result in large
spin lifetime anisotropies of in-plane and out-of-plane
spins,[7, 8] which can be enhanced when BLG gets
proximity-coupled to transition metal dichalcogenides.[9]
BLG thus became prominent for new spintronic device
concepts including the spin-orbit valve with all-electrical
control over spin and orbital degrees of freedom.[10, 11]

BLG has extensively been used in lateral spin valve
devices mainly employing mechanical exfoliation of BLG
from natural graphite.[7–9, 12–25] In comparison, chem-
ical vapor deposition (CVD) is one of the most im-
portant growth methods when it comes to integrat-
ing synthetically fabricated graphene into scalable spin-
tronic devices.[26] Recently, there has been significant
improvement in the charge and spin transport proper-
ties of CVD-grown single-layer graphene (SLG), with
device properties on average equally good as those of
exfoliated graphene.[27–33] In contrast, until now for
BLG this is only valid when considering charge transport
properties.[34] The spin transport properties of CVD-
grown BLG are still minor compared to both exfoliated
BLG and CVD-SLG devices,[33, 35, 36] which is mainly
due to technological problems in the growth process as
well as in the device fabrication.

∗ timo.bisswanger@rwth-aachen.de
† bernd.beschoten@physik.rwth-aachen.de

To overcome these limitations we demonstrate an ad-
vanced droplet-assisted device fabrication method for
non-local inverted spin-valve structures (iSVs). We
demonstrate further that the droplet tool enables a reli-
able dry transfer of pre-patterned hBN/CVD-BLG struc-
tures onto prefabricated ferromagnetic Co electrodes
with an Al2O3 barrier. This transfer process is com-
pletely free of any chemicals or solvents and is shown
to yield excellent charge and spin transport properties in
BLG spin valves at room temperature.

In contrast to conventional lateral spin-valves, where
the ferromagnetic electrodes and the oxide barrier are
directly evaporated on the 2D materials, the entire con-
tact structure for iSVs is fabricated on Si++/SiO2 wafers
beforehand. By placing a hetero-stack of hexagonal
boron nitride (hBN) and graphene on the final electrode
structure in a dry transfer step, contaminations of the
2D materials from lithographic processes can largely be
avoided. This has proven to significantly enhance spin
and charge transport parameters in both exfoliated and
CVD graphene.[3, 16, 18, 29]

Well-defined bar-shaped graphene is necessary for all
lateral spin-valve devices. When solely using mechani-
cal exfoliation this requirement results in the tedious and
time-consuming task of optically searching for flakes with
an appropriate shape. In contrast, CVD graphene can
be grown in flakes whose dimensions are large enough to
etch the CVD graphene into the desired shape. This is
usually done with reactive ion etching (RIE). The down-
side of this approach is that the CVD graphene has to
be protected during this etching process to maintain its
quality. To accomplish this, we recently introduced a
two-step process where the CVD graphene first gets de-
laminated from the copper growth foil by an hBN flake
in a dry-transfer step.[29]

After being placed onto a Si/SiO2 wafer, there will be
a lithography step to etch the hBN/CVD-graphene into
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FIG. 1. (a) Schematic of the PDMS droplet tool for dry transfer of 2D materials. i. For the fabrication of inverted spin-vales,
a PC-covered PDMS droplet is used to first pick up a large hBN flake. ii. An etched hBN/CVD graphene (G) bar is picked up.
iii. The whole hBN/hBN/G stack gets transferred onto the prefabricated inverted Co/Al2O3 contact structure. iv. The finished
device with a fused PC foil on top. (b) Optical image of the etched hBN/CVD graphene stack with (c) a spatial map of the
Raman 2D line full width at half maximum (FWHM) showing BLG at the inner part of the bar. (d) Typical Raman spectra
of single and bilayer graphene of the etched hBN/CVD graphene bar taken at the position of the crosses in (c). (e) False color
optical image of a Co/Al2O3/CVD-BLG/hBN device. Blue parts represent non-suspended BLG parts, meaning that the BLG
touches the underlying SiO2 substrate, whereas red areas highlight suspended BLG parts and green areas SLG. The hBN/G
bar is on top of Co/Al2O3 contacts and underneath a protective hBN and the polymer. C1 to C4 are the electrodes used for
transport measurements and A denotes the spin transport region.

a bar-shaped structure. However, the issue with this pat-
terning process is an observed overall increase in the ad-
hesion of the hBN/CVD-graphene hetero-stack to the un-
derlying substrate, which often prevents a reliable pick-
up when using large-area polymer transfer tools. Re-
garding the observed increased adhesion, we suspect a
combination of different effects. On the one hand, the
increased temperature in the etching process may lead
to stronger adhesion similar to vacuum annealing.[37, 38]
On the other hand, RIE causes edge functionalization of
the 2D materials and chemical modification of the sub-
strate by the ionized gases.[39–41] The latter can lead to
higher adhesion at the etch boundaries.[39]

We demonstrate that this critical fabrication problem
can be solved by using a drop-shaped polydimethylsilox-
ane (PDMS) stamping tool covered with a poly(bisphenol
A carbonate) (PC) film, in the following referred to as the
PDMS droplet. Similar droplet tools based on PDMS or
other polymers have recently been reported.[42–48] How-
ever, they have not been used for the fabrication of spin
valves so far. Our PDMS droplet is shown schematically
in Fig. 1a.

The PDMS droplet tool was made with DowSil Syl-
gard 184 silicone elastomer. The resin was mixed to a
ratio of 8:1 of elastomer base and hardener, and trapped
air was removed in a vacuum. Drops of the resin mix-
ture were placed on glass slides using a syringe and
hard cured upside down in an oven at 90 °C for about
30 min. Polycarbonate (PC, Sigma Aldrich), dissolved

in trichloromethane, was spin-coated on glass slides and
dried at 90 °C. The film was peeled off with a hole-
punched adhesive tape, stretched over the PDMS droplet,
and fixed with the excess adhesive tape (see Fig. 1a i).
PC was chosen because it has a stronger adhesion to 2D
materials than other typical transfer polymers such as
PMMA, PPC, or PDMS.[49–52] This is important be-
cause we need to overcome the aforementioned enhanced
adhesion of the hBN/CVD-graphene bar to the Si/SiO2

substrate. The droplet tool was mounted in a transfer
setup. The tool then enables precise and selective con-
trol of both the pick-up and deposition of the van der
Waals heterostructures because of its small contact area
and transparency.

For our study, we use graphene, which was grown by
chemical vapor deposition in copper foil enclosures un-
der low pressure[27, 34, 53, 54] with typical sizes of hun-
dreds of micrometers for SLG and tens of micrometers
for BLG.[34] The second graphene layer normally starts
to grow in the center of a preexisting SLG flake. There-
fore, the smaller BLG areas are typically surrounded by
larger SLG areas. An etching process can therefore yield
devices with sharp junctions between SLG and BLG re-
gions, which will be demonstrated further below. The
growth of the CVD graphene is followed by an oxidation
step in a humid atmosphere to reduce the adhesion be-
tween graphene and the copper surface, which is essential
for dry delamination.[27, 54, 55]

The CVD graphene is first transferred onto a clean
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FIG. 2. (a) Gate dependent graphene resistance of device 1 (BLG transport region A shown in Fig. 1e. The trace (dotted
line) shows the gate sweep from −40 V to 40 V, whereas the retrace (solid line) was swept from 40 V to −40 V. (b) Non-local
Hanle spin precession measurement taken at room temperature at n = 2.08 × 1012 cm−2 (VG = 38 V). The blue and red curves
represent the parallel and antiparallel magnetization configurations of the spin injection and spin detection contacts. The
difference at zero magnetic field is known as the non-local spin signal ∆Rnl. The thin black curves represent the fitted curve.
(c) Gate dependence of the non-local spin signal ∆Rnl.

Si++/SiO2 wafer by a large hBN crystal (thickness ≤
30 nm), which has already been exfoliated onto a support-
ing polymer stack. The stack consists of polydimethyl-
siloxane (PDMS), polyvinyl alcohol (PVA) and PMMA
(for pick-up details cf. Refs. 29 and 34). The patterning
of the graphene/hBN stack is performed in a RIE pro-
cess with an O2/CF4 plasma using a PMMA etch mask.
Residual cross-linked PMMA is removed by an increased
O2 concentration in the plasma during the final seconds.
The PMMA mask is then removed in a warm bath of
acetone.

The etched hBN/CVD-graphene bars (see optical im-
age in Fig. 1b) are characterized by confocal Raman spec-
troscopy (Figs. 1c and 1d). Single and bilayer graphene
regions can reliably be distinguished by the spectral
shape of the Raman 2D line (Fig. 1d) and the respective
2D line widths (Fig. 1c).

In order to transfer these etched hBN/CVD-graphene
bars, we first pick up a large exfoliated hBN flake by
a PDMS droplet (Fig. 1a i.). The hBN flake should be
large enough to cover the whole active area of the spin-
valve to reduce the risk of solvent penetration and to
prevent airborne contaminants and oxidation of the elec-
trodes (see optical image in Fig. 1e).[3] Then, the pre-
etched hBN/CVD-BLG bar is picked up with this large
hBN flake (Fig. 1a ii.). During this process, the stamp
is first put into contact with the stack at a temperature
of 135 °C. The PDMS droplet allows to apply a local
force between the hBN transfer flake and the hBN/CVD-
BLG bar, enhancing their adhesion and allowing a reli-
able transfer. Before the stamp can be lifted from the
substrate with the stack attached to it, the polymer has
to be cooled down to T ≤ 75 °C to increase the lift-up
probability.

In a next step, the entire stack is placed onto pre-
defined Co(30 nm)/Al2O3(1 nm) electrodes fabricated by
e-beam evaporation (Fig. 1a iii.).[56] During the trans-

fer process, we increase the mechanical pressure of
the PDMS droplet tool to improve the contact to the
Al2O3/Co electrodes. It is expected that the high local
forces achieved by the PDMS stamping tool improve the
electrical contact to the Al2O3 tunnel barrier. Further-
more, the transparency of the PDMS droplet tool and
the small contact area allow to precisely align and de-
posit the final hBN/hBN/CVD-graphene stack onto the
electrodes with a spatial precision of ≤ 1 µm.

The stack with the PC foil is finally released at a
temperature of 180 °C while continually retracting the
PDMS droplet (Figs. 1a iv. and 1e). We point out that
the PDMS droplet tool can easily be cleaned and reused
many times. In particular, it is not necessary to dis-
solve the PC membrane fused to the substrate. Accord-
ingly, our transfer method allows the precise stacking and
transfer onto small areas resulting in ready-to-use devices
without potential contaminations by a wet-chemical re-
moval of the polymer (see Ref. 3 where we demonstrate
that solvents can partially lift heterostructures and po-
tentially contaminate the graphene that was meant to be
protected by the covering hBN layer).

All transport measurements were performed at room
temperature under vacuum conditions using a standard
low-frequency lock-in technique.[17] A typical gate de-
pendent graphene resistance curve is shown in Fig. 2a for
the suspended BLG region A in Fig. 1e. The gate voltage
was swept from negative to positive voltages (trace, dot-
ted line) and back (retrace, solid line) in a range of −40 V
to 40 V. We find the charge neutrality point (CNP) at
−4 V for the trace and at −2 V for the retrace. This very
small hysteresis and the low residual doping at VG = 0V
demonstrate that our fabrication technique yields highly
clean devices.

The charge carrier mobility µ is extracted from the
gate dependent conductance σ with µ = 1/e · (∆σ/∆n)
yielding µ = 23 800 cm2(Vs)−1 at an electron density of
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FIG. 3. Tunability of the room temperature spin lifetimes
(upper panel) and diffusion lengths (lower panel) with the
charge carrier density n for three different CVD bilayer
graphene spin-valve devices fabricated with the droplet tool.

n = 1× 1012 cm−2.

This value is more than a factor of two larger than pre-
vious values obtained on inverted BLG spin-valves fabri-
cated from exfoliated bilayer graphene[16] and equals the
best room temperature values of single-layer graphene
inverted spin-valves.[3] In BLG, higher mobilities were
achieved only in fully-encapsulated devices with 1D side
contacts for charge transport experiments.[34]

Next, we focus on the non-local spin transport mea-
surements, where we used the non-local 4-terminal con-
figuration. Contacts C1 and C2 act as source and drain
electrodes while contacts C3 and C4 are used to probe
the non-local spin voltage (see Fig. 1e). Hanle spin pre-
cession measurements were performed to determine the
spin lifetime τs and the spin diffusion length λs =

√
Dsτs,

where Ds is the spin diffusion coefficient. Fig. 2b shows
Hanle spin precession measurements obtained from re-
gion A of the device in Fig. 1e at an electron density of
2× 1012 cm−2 measured for both parallel (blue curve)
and antiparallel (red curve) alignments of the respec-
tive spin injection electrode C2 and spin detection elec-
trode C3. Fitting these curves yields a spin lifetime of
τs = 5.1 ns and a remarkably long spin diffusion length
of 24.9 µm.

We note that the fitting was done by using a station-
ary solution of the Bloch-Torrey equation obtained from
Ref. 57 (see Ref. 58 for a more detailed derivation) with
an additional parabolic background term.[17] However,
the fact that the resulting spin diffusion lengths are com-
parable to the device dimensions (compare to Fig. 1e)
seemingly contradicts a fundamental assumption in the
aforementioned derivation of the fit function: The outer
electrodes are assumed to be placed in a region of the
device in which the induced spin accumulation of the in-
ner injection electrode is reduced to a negligible level by
relaxation processes. Recent studies have predicted that
otherwise our used fitting function yields erroneous re-
sults for both the fitted spin lifetime and spin diffusion
length.[59–61]

However, as we show and discuss in the Supporting
Information, the spin accumulation does not reach the
outermost contacts even though the large spin diffusion
length would suggest otherwise. We attribute this to
contact-induced spin relaxation processes caused by the
contacts that lie between the measured graphene region
and the outermost contacts.[15, 61–65] For the case that
contact-induced spin relaxation plays a significant role,
many studies predict that the fitting equation we are us-
ing (obtained from Ref. 57) actually underestimates the
spin lifetime as well as the spin diffusion length [61–65].
Therefore, the values presented in this study are likely
conservative lower bounds to the real spin transport pa-
rameters. Nevertheless, we chose to continue using this
conservative approach to ensure that the results of this
study can be easily compared to both our previous stud-
ies and many other publications where the same fitting
function can be found (see a more detailed discussion
about our fit function in the Supporting Information).

Next, we take a look at the spin amplitude ∆Rnl =
Rp

nl − Rap
nl , which can be extracted from the Hanle

curves at B = 0 T for both parallel (p) and antiparallel
(ap) magnetization configurations of the electrodes (see
Fig. 2c). We note that the non-local resistances Rp,ap

nl are
given by the ratio Rnl = Vnl/Iac of the non-local voltages
Vnl between contacts C3 and C4 and the applied local
current between contacts C1 and C2, which typically is
Iac = 5 µA. The spin amplitude remains large for both
electron (n > 0) and hole (n < 0) doping indicating
that the droplet-assisted dry transfer method can yield
high spin injection and detection efficiencies. The cor-
responding contact-resistance-area products are in the
range of 35 kΩ(µm)

2
to 430 kΩ(µm)

2
. Such high con-

tact resistances can decrease contact-induced spin scat-
tering to such extents that nanosecond spin lifetimes are
achievable.[15, 61–65] Nevertheless, as we discuss in the
Supporting Information our contacts are not ideal and
contact-induced spin relaxation is likely still the bottle-
neck for the overall spin transport performance.

The dependence of the spin lifetimes and the spin dif-
fusion lengths on the charge carrier density at room tem-
perature are shown in Fig. 3. Next to the blue data
points of device 1 that was discussed in Figs. 1 and 2
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we also include measurements from two additional de-
vices, which were fabricated by the same PDMS droplet
method (Raman measurements, electrical transport data,
and raw spin transport measurements on these addi-
tional devices are shown in the Supporting Information).
While all devices show long room temperature spin life-
times in the nanosecond range, only device A exhibits
the strong V-shape dependence of the spin transport pa-
rameters, reaching a spin lifetime of 5.8 ns and a spin
diffusion length of 26.3 µm at the largest electron density
of around 2.3× 1012 cm−2. The gate dependent increase
in the spin transport parameters at these carrier densi-
ties is similar to the best iSVs made from exfoliated SLG,
where spin lifetimes of 12.6 ns and spin diffusion lengths
of 30.5 µm were achieved at much larger carrier densities
of 4.7× 1012 cm−2. Device 1 outperforms all reports on
spin transport in BLG spin-valves and shows a doubling
of both spin lifetime and spin diffusion length compared
to the best previous devices.[19]

Device 2 also shows excellent spin transport proper-
ties at the charge neutrality point (n = 0) reaching 2 ns,
which is only slightly below the respective value for de-
vice 1. In this device, there are two neighboring spin
transport regions showing identical values for the spin
lifetime as well as for the spin diffusion length (red and
orange data points in Fig. 3), indicating the lateral ho-
mogeneity of the transport properties. While both the
contact resistances and the non-local spin resistance are
similar to device A, there is nearly no gate tunability
in the spin transport parameters. Although the absence
of gate tunability is currently not understood, we note
that we also observed this behavior in some of our pre-
vious graphene-based iSVs.[3, 16, 18] Rather weak gate
tunability is also seen in device 3 (green data points in
Fig. 3). While the transfer of the hBN/CVD-BLG bar
has worked equally well as for the other devices, the
overall spin transport performance is found to be lower.
We attribute this to small contact resistances of below
20 kΩ(µm)

2
and an overall small non-local spin resistance

of 0.4 Ω (at similar electrode spacings compared to the
other devices), indicating that contact-induced spin scat-
tering might be the reason for the reduced device perfor-
mance (see a more detailed discussion in the Supporting
Information).

The integration of CVD-grown BLG into spintronic de-

vices promises three distinct advantages over exfoliated
SLG: First, the possibility to scale up device dimensions
up to wafer-scale. Second, the incorporation of a tun-
able bandgap to include semiconductor features. Third,
a predicted larger proximity-induced tuning of the spin
transport properties. So far, however, BLG did not meet
these expectations as both the reported values of spin
lifetimes and charge carrier mobilities fall significantly
short when compared to SLG.

We have demonstrated that this is related to the pro-
cess technologies used to date. In this work, we instead
use a novel droplet-assisted transfer method that com-
pensates for those previous process drawbacks in device
fabrication. This leads to lateral CVD-BLG spin valves
that are competitive to state-of-the-art exfoliated SLG
devices.

In gate-dependent Hanle measurements, we regularly
achieve spin lifetimes of 1 ns to 2 ns and, for the best
sample, up to 5.8 ns at room temperature. The respec-
tive spin diffusion lengths go up to 26 µm and the charge
carrier mobility reaches up to 24 000 cm2(Vs)−1. In terms
of spin transport parameters, this corresponds to at least
a doubling of previously published BLG samples includ-
ing those from exfoliated BLG. Therefore, we expect that
our result will pave the way to high-quality scalable de-
vices with integrated tunable proximity and semiconduc-
tor properties.
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[18] M. Drögeler, F. Volmer, M. Wolter, K. Watan-
abe, T. Taniguchi, D. Neumaier, C. Stampfer, and
B. Beschoten, Physica Status Solidi B 252, 2395 (2015).

[19] J. Ingla-Aynés, R. J. Meijerink, and B. J. v. Wees, Nano
Letters 16, 4825 (2016).

[20] S. Singh, J. Katoch, T. Zhu, K.-Y. Meng, T. Liu, J. T.
Brangham, F. Yang, M. E. Flatté, and R. K. Kawakami,
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B. J. van Wees, Physical Review B 86, 235408 (2012).

[63] H. Idzuchi, A. Fert, and Y. Otani, Physical Review B 91,
241407 (2015).

[64] W. Amamou, Z. Lin, J. van Baren, S. Turkyilmaz, J. Shi,
and R. K. Kawakami, APL Materials 4, 032503 (2016).

[65] G. Stecklein, P. A. Crowell, J. Li, Y. Anugrah, Q. Su, and
S. J. Koester, Physical Review Applied 6, 054015 (2016).
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I. RAMAN MEASUREMENTS AND ELECTRICAL
TRANSPORT DATA OF OTHER DEVICES

In this section, we present additional information on the sam-
ple structure, confocal Raman spectroscopy data and charge
transport measurements of device 2 (Figs. S1a,c,e) and device
3 (Figs. S1b,d,f).

The Raman maps in Figs. S1a and b show the spatially re-
solved Raman 2D-linewidth, which is the most significant
indicator to distinguish bilayer graphen (BLG) from single
layer graphene (SLG). The BLG areas can be well identified as
areas of increased linewidths. With the help of an overlay be-
tween optical image and Raman map (see insets in Figs. S1c,d)
we can clearly identify the regions in each device that consist
of BLG. The optical images were taken while the devices are
still covered with a PC polymer film, resulting in some optical
distortions.

The gate dependent graphene resistances at room temper-
ature are depicted in Figs. S1e and f. Shown are both sweep
directions of the gate voltage (solid vs dashed lines). The
resulting carrier mobilities at room temperature in device 2
are µ2A = 14400cm2(Vs)−1 and µ2B = 14700cm2(Vs)−1 at a
charge carrier density of n = 1.6×1012, and the mobility in de-
vice 3 is µ3 = 10800cm2(Vs)−1 at n = 1.4×1012. The nearly
identical mobilities in the two regions of device 2 indicate the

∗ bernd.beschoten@physik.rwth-aachen.de

homogeneity of the sample in the BLG region, which is also
seen in the spin transport measurements (see main manuscript).

II. DISCUSSION OF THE FIT FUNCTION AND THE
RELIABILITY OF THE FITTING PROCEDURE

To extract spin lifetimes and spin diffusion coefficients from
Hanle spin precession measurements, we first consider the
stationary Bloch-Torrey equation:

∂~s
∂ t

= ~s×~ω0 +Ds∇2~s− ~s
τs

= 0, (1)

where ~s is the net spin vector, ~ω0 = gµB~B/h̄ is the Larmor
frequency (we assume g = 2), Ds is the spin diffusion constant,
and τs is the spin lifetime. With L being the distance between
spin injection and spin detection electrodes, we define the
following dimensionless parameters:

b = ω0τs =−
gµBB⊥

h̄
τs, (2)

f (b) =
√

1+
√

1+b2, (3)

l =

√
L2

2τsDs
. (4)

With the help of these parameters, equation 1 can be solved an-
alytically under the following main assumptions: 1.) The equa-
tion is considered only in one dimension, 2.) there is neither a
spatial variation nor an anisotropy in τs and Ds, 3.) injection
and detection of spins occur at point-like, ideal contacts, and
4.) the outer electrodes of the non-local measurement geometry
are placed in a region of the device in which the induced spin
accumulation of the inner injection electrode is reduced to a
negligible level by relaxation processes. Under these assump-
tions, the analytical solution to equation 1 is:[1, 2]

RHanle
nl (B) =±∆Rnl

2
·F(b, l), (5)

with:

F(b, l) =
1

f 2(b)−1
·
[

f (b)cos
(

lb
f (b)

)

− b
f (b)

sin
(

lb
f (b)

)]
· exp(−l f (b)).

(6)
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FIG. S1. a),b) Map of the Raman 2D-mode linewidth from device 2 (a) and device 3 (b). c), d) Optical images of device 2 and 3, respectively.
The insets show an overlay between the optical images and the Raman maps, clearly showing the positions of the BLG regions in the devices.
The optical images were taken while the devices are still covered with a PC polymer film, resulting in some optical distortions. e),f) Gate
dependent graphene resistances of the investigated regions measured at room temperature.

The sign in equation 5 depends on either a parallel or an an-
tiparallel alignment between the magnetization of injection
and detection electrodes. However, in addition to the theo-
retically expected Hanle spin precession signal, there is an
additional background signal present in real measurements
(see e.g. Fig. S3). This background can be well fitted by a poly-
nomial function of second order with coefficients ci and can
be explained by two effects: 1.) A Hall-effect related signal
caused by a spatially inhomogenous injection and detection
of spins and 2.) measurement artifacts caused by a non-zero
common-mode voltage.[3, 4] The Hanle spin precession mea-
surements are thus fitted by the following equation:

Rtotal
nl (B) = ±∆Rnl

2
·F(b, l)+ c2B2 + c1B+ c0. (7)

An asymmetric portion in the Hanle curve due to imperfectly
aligned samples or slightly tilted domains can be accounted for
by an appropriate term of the solution of equation 1 for crossed
injection and detection.[5]

In the last few years quite some studies pointed out that
the assumptions, that are necessary to derive the analytical
expression in equation 5, may not be applicable to real devices.

A wide variety of different fit functions were proposed, each
incorporating different aspects like: 1.) Contact-induced spin
relaxation, 2.) regions with different spin transport properties,
3.) spin lifetime anisotropy, 4.) the effect of finite device di-
mensions, 5.) the impact of localized states, or 6.) the transition
from a diffusive to a ballistic spin transport regime that may be
encountered in devices with high charge carrier mobilities.[6–
17]

This raises the question which kind of fit function should
be used to extract the genuine spin lifetimes of graphene from
Hanle spin precession measurements. In this respect, it is im-
portant to note that the motivation behind many of the above-
mentioned alternative fit functions is the fact that equation 5
actually underestimates the extracted spin lifetimes in many
cases (the only exceptions will be discussed further below).
Therefore, using equation 5 gives in most cases a conservative
lower bound, making any statements of long spin lifetimes or
spin diffusion constants more robust.

Another important reason why we stick to equation 5 is
that many of the proposed fit functions have at least one of
the two following problems: 1.) Considering additional effects
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FIG. S2. Schematic representations of devices with spatially varying
spin lifetimes. a) The spin lifetime is spatially homogeneous along
the whole device. b) The spin lifetime is higher in the outer parts of
the channel (SLG in our devices) compared to the inner part (BLG in
our devices). c) The spin lifetimes is highly diminished in the parts of
graphene that is in contact to the electrodes.

inevitably necessitates a more complex mathematical expres-
sion than equations 5 and 6, which makes it difficult to fit the
Hanle spin precession curves in a reproducible and reliable way.
Some of the abovementioned studies even lack an analytical
solution at all, so that the experimental data must be analyzed
by simulating the Hanle spin precession curves by varying
the assumed spin transport parameters (cf. e.g. Refs. 12, 15).
2.) Many of the alternative fit functions are derived by as-
sumptions that are unlikely met in real devices. Some studies
e.g. assume homogeneous transport properties over the whole
device, although it was shown that contacts highly impact
the properties of graphene.[8, 18–21] Other studies describe
contact-induced spin relaxation processes via a single param-
eter, i.e. a contact resistance. This approach necessitates a
homogeneous contact-to-graphene interface, although it was
shown that the contact characteristics are often dominated by
pinholes.[3, 5, 22]

Overall, none of the abovementioned alternative fit function
is using a model that describes a realistic device in each detail
(i.e. contact-induced spin relaxation, regions with different spin
transport properties, spin lifetime anisotropy, the effect of finite
device dimensions, and so on). Instead of cherry-picking a
fit function that is incorporating only one additional effect
(especially without knowing if this additional effect is even
the one that is affecting the spin transport properties in the
device the most) we think it is still the best approach to use the
long-established fit function of equations 5 and 6. Especially
as this fit function normally yields conservative lower bounds
for the extracted spin lifetimes.

In the following we discuss special cases in which equation 5

may in fact overestimate the spin lifetimes. For this we refer to
Fig. S2 that is showing schematic representations of graphene
flakes (horizontal rectangles) that are transferred on top of
pre-fabricated electrodes (smaller, vertical rectangles). In this
figure we color-coded regions which have a lifetime equal to a
reference value (grey), regions with much longer spin lifetimes
than the reference value (green), and regions with much shorter
lifetimes (red).

In one of our previous publications we have demonstrated
by finite-element simulations that an overestimation of the fit-
ted spin lifetime can occur if the following two conditions are
met:[16] 1.) The spin transport properties are homogeneous
over the whole device area as seen in Fig. S2a and 2.) the spin
diffusion length is comparable to the length of the device. Un-
der such conditions, a spin polarized charge carrier can reach
the end of the graphene flake where it will be reflected and
therefore can once again reach the detection electrode (dashed
line in Fig. S2a). The length of the corresponding diffusion
path is much longer compared to a spin that is absorbed by the
detection electrode right away (pointed line in Fig. S2a). When
a magnetic field is applied perpendicular to the graphene sheet,
the spin on the first path will acquire a larger phase compared
to the spin on the second path. As the recorded Hanle spin pre-
cession curve is the superposition of a whole ensemble of spins
that has undergone a variety of different paths, the overall spin
accumulation underneath the detector will therefore dephase
faster with increasing magnetic field if reflection at the end of
the graphene flake becomes relevant. This leads to a narrower
Hanle curve which mimics longer spin lifetimes.

The resulting overestimation of the spin lifetime is even
more pronounced, if the neighboring regions exhibit longer
spin lifetimes (see green regions in Fig. S2b). This is due to
the fact that under this condition it is even more likely for
spin-polarized charge carriers to be reflected at the end of the
graphene sheet and coming back to the electrode before their
spin polarization is lost because of scattering events. As the
outermost regions in our devices consist of SLG, whereas the
measured region in the center consists of BLG, the question
arises if the condition of Fig. S2b is actually met. However,
we note that in all of our previous studies, there is no clear
indication that the spin transport properties are more favorable
in SLG compared to BLG.[5, 18, 23, 24]

More importantly, we demonstrated in Ref. 16 that the over-
estimation of the spin lifetime under conditions like the ones in
Figs. S2a,b is accompanied by a significant underestimation of
the spin diffusion coefficient. As a result, we observed in our
simulations that the fitted spin diffusion length decreases away
from the charge neutrality point, although we put an increasing
spin diffusion length into the simulation (see Fig. 1f in Ref. 16
where the solid line represents the values put into the simula-
tion and the data points are the fitted values). This is in strong
contradiction to the gate dependence of the fitted spin diffusion
lengths in our devices, which show a clear increase of the spin
diffusion length towards higher charge carrier densities (see
Fig. 3 in the main manuscript).

Finally, it is very important to note that the situations in
Figs. S2a,b would result in the fact that the spin accumulation
that is injected by I+ would reach the outer detection electrode
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FIG. S4. Spin valve measurements of devices 1, 2A, 2B, and 3 from left to right. All measurements were taken at zero backgate voltage.

V−. Additionally, the spin accumulation created by I− would
also reach V+. Therefore, the switching of the outer electrodes
should show up in the spin valve measurements as multiple
switching events.[11, 25, 26] However, we do not observe
multiple switching in any of our devices indicating that only
the magnetization reversal of the innermost electrodes (V+

and I+) can be observed in our spin valve measurements (see
Fig. S4).

Fully consistent to this observation is the fact that we also
do not observe any impact of the outermost contacts to the
Hanle spin precession measurements. For this we adapt the fit
function that is proposed in Ref. 11, which the authors suggest
to be used if the spin diffusion length is in the same range as
the device’s dimension:

Rnl = R0[F(Lch,B⊥)−F(L1 +Lch,B⊥)
−F(L2 +Lch,B⊥)+F(L1 +L2 +Lch,B⊥)],

(8)

with L1 being the distance between I+ and I−, L2 being the dis-
tance between V+ and V−, and Lch being the distance between
I+ and V+. See Ref. 11 for a more detailed discussion of the
factor R0. However, the study in Ref. 11 assumes identical spin
injection and detection efficiencies for each contact, which is
not realistic in real devices. We therefore slightly modified the
proposed fit function by assigning separate spin injection and

detection efficiencies Pi to each contact:

Rnl = R0[PI+PV+F(Lch,B⊥)−PI−PV+F(L1 +Lch,B⊥)
−PI+PV−F(L2 +Lch,B⊥)+PI−PV−F(L1 +L2 +Lch,B⊥)].

(9)

If we use equation 9 to fit of our Hanle spin precession curves,
the fit routine always sets the spin injection and detection effi-
ciencies of the outermost contacts to zero (i.e. PI− = PV− = 0).
This means that the fitting routine cannot detect any contribu-
tions of the outermost contacts to the Hanle spin precession
measurements.

These observations (i.e. no signal from the outermost elec-
trodes and no severe underestimation of the spin diffusion
coefficient) show that our devices do not meet the conditions
that are illustrated in Figs. S2a,b. Instead, the spin polarization
must relax before it can reach the ends of the graphene channel.
The most likely explanation for this is that the areas of the
graphene flake that are in contact with the electrodes exhibit
a strongly reduced spin lifetime (see Fig. S2c). As we discuss
in the next section, we believe that contact-induced spin relax-
ation is in fact the main bottleneck for the spin performance
of our devices. With respect to the fitting, it is important to
note that we have already demonstrated that contact-induced
spin relaxation underestimates the spin lifetimes obtained from
equation 5.[16]
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III. CONTACT-INDUCED SPIN RELAXATION AS THE
BOTTLENECK OF DEVICE PERFORMANCE

As discussed in the last section, the spin accumulation does
not reach the outermost contacts in our devices, although the
spin diffusion length in the region between electrodes I+ and
V+ (see Fig. S2c) is in the range of the overall length of the
device. We believe that this observation can be explained by
contact-induced spin relaxation processes.[6–9, 16, 22] It is
known that contacts can significantly modify the electrical
characteristics of graphene.[19, 20, 27] One reason for this is a
hybridization between graphene with many metals.[28–31] Al-
though a dielectric tunnel barrier between the graphene and the
metal can in principal prevent such a hybridization effect, there
is always the problem of pinholes in such barriers,[3, 5, 22]
at which positions metal and graphene can still interact. Of
course, there are studies claiming a pinhole-free fabrication of
tunnel barriers on graphene, e.g. the one in Ref. 32. However,
the same group also reported that with the same fabrication
method defects are introduced into graphene.[33] Then, there
is a study claiming atomically smooth tunnel barriers by using
a seed layer of titanium.[34] However, the same group demon-
strated that even a sub-monolayer of titanium significantly
modifies the electronic properties of graphene and that the sub-
monolayer of titanium takes hours to completely oxidize,[21]
which is most likely due to a hybridization between titanium
and graphene.[31]

Overall, it is the highly inert nature of the chemical bonds
in graphene that seems to result in only two possible outcomes
when fabricating contacts on top of graphene: Either a fabrica-
tion method is used that is introducing artificial nucleation sites
or modifying the graphene layer to overcome the inert nature of
graphene,[33, 34] which most likely impacts the electrical and
spin transport properties of graphene; or the dielectric layer
is deposited on the pristine graphene flake, which leads to is-
land growth conditions and therefore tunnel barriers with very
rough interfaces and possible pinholes, both possible causes of
spin relaxation processes.[22, 35–37]

In fact, our fabrication method, in which we transfer a
graphene flake on top of pre-fabricated electrodes, was de-
signed to overcome the problem of the challenging growth
of tunnel barriers on top of graphene: The growth of first
cobalt and then an insulating layer of either MgO or Al2O3 is
much more favorable on a standard Si/SiO2 wafer instead of
a graphene surface. However, even in our devices we observe
pinholes[5] and a significant doping of the areas of graphene
that are in contact with the electrodes.[18]

Another factor that is impacting the performance of con-
tacts in spintronic applications is the possible contamination
of the contact-to-graphene interface with hydrocarbons. If
contacts are fabricated on top of graphene, the graphene is
unavoidably exposed to the resist and every chemical that is
needed for the lithography process, which leads to a contam-
ination of graphene.[38] But even in our fabrication method
the contact-to-graphene interface is very likely contaminated
by hydrocarbons. On the one hand, resist residues can be
deposited on top of the tunnel barrier during the lift-off pro-
cess. On the other hand, during the time between exfoliation

and the transfer of the graphene flake on top of the electrodes,
the graphene flake will be slowly but steadily covered with
airborne hydrocarbons.[39, 40] It is an ongoing investigation
from our side, if variations in the pressure that is applied during
the transfer process might squeeze out hydrocarbon contami-
nation at the contact-to-graphene interface to different extents,
or if the highly varying contact resistances between different
devices are only due to randomly distributed pinholes in the
tunnel barrier.

All in all, it is extremely challenging to fabricate high-
quality, non-invasive contacts to graphene in a reproducible
manner. Therefore, we are convinced that once the graphene
flakes are of sufficiently high quality, any variation from de-
vice to device will be caused by variations in contact properties
rather than variations in graphene quality. In accordance to this
assumption, we e.g. do not observe a clear correlation between
the measured spin lifetimes and aspects like 1.) charge carrier
mobility, 2.) number of graphene layers (single layer, bilayer,
or even trilayer graphene), or 3.) if the graphene between the
contacts is suspended or not.[5, 18, 23, 24]

IV. AMPLITUDE OF THE NON-LOCAL SPIN SIGNAL
AND INJECTION EFFICIENCY

The gate-dependent amplitude of the non-local spin signal
∆Rnl, which was determined by the difference between parallel
and anti-parallel configuration in the Hanle spin precession
measurements at B = 0T, is plotted in Fig. S5a for devices
2A, 2B and 3. Interestingly, we observe a common feature in
all of our devices (including device 1, see Fig. 2c in the main
manuscript): The amplitude of the spin signal is always higher
in the electron regime (n > 0) compared to the hole regime
(n < 0). This fact is even more intriguing as the spin lifetime
shows a completely different gate dependency, especially for
device 1 (see Fig. 3 in the main manuscript).

Traditionally, the relationship between spin lifetime and spin
amplitude is given as:[25, 41]

∆Rnl =
PiPdλs

Wσ
exp(−L/λs), (10)

where Pi is the injection efficiency, Pd the detection efficiency,
W the width of the graphene channel, σ the conductivity of
graphene, L the distance between injection and detection elec-
trode, and λs =

√
Dsτs the spin diffusion length, calculated

with the spin diffusion coefficient Ds and the spin lifetime τs.
According to equation 10 the increased spin lifetime far from
the charge neutrality point in device 1 (see Fig. 3 in the main
manuscript) must be compensated by a less efficient spin injec-
tion and/or detection efficiency to explain that the amplitude
of the spin signal does not show the same pronounced increase
towards larger charge carrier densities.

For comparison to other publication, we calculated the prod-
uct of the spin injection and detection efficiencies (Pi ·Pd) ac-
cording to equation 10 and show its gate-dependent geometric
mean Pmean =

√
Pi ·Pd in Fig. S5b. We note, however, that this

approach is misleading, as in our device design the graphene
flake lies on top of the metallic contacts. The contacts therefore
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FIG. S5. a) Non-local resistance Rnl of devices 2 and 3 in dependence of the charge carrier density n. b) Spin injection efficiency Pmean of
device 1 versus charge carrier density. Notably the values are lower in the hole conduction regime for both Rnl and Pi, i.e. for negative n.

screen the electric field from the back gate preventing a tuning
of the charge carrier density at the interface between graphene
and contacts by a gate voltage. Hence, the spin injection from
the contacts into the graphene is not expected to change with
the back gate. The same is true for the spin detection.

Instead, the higher spin signal in the electron regime (n > 0)
compared to the hole regime (n < 0) may be explained by the
formation of a p-n-junction between two distinct parts of the
graphene flake: The non-tunable part that is lying on top of
the contacts and the tunable part between the contacts. We
previously have shown by Raman spectroscopy measurements
that the graphene on top of the electrodes is n-doped.[18]
Therefore, tuning the graphene between the contacts into the
hole-regime is creating a p-n-junction somewhere near the
edges of the contacts. If this p-n-junction acts as a diffusion
barrier for electrons, the residence time of spin polarized charge
carriers within the part of graphene that lies on top of the

contacts increases. As we believe that the spin lifetime is
much lower in these parts compared to the graphene between
the contacts (see explanation in previous section), the spins
undergo a stronger relaxation. This in turn leads to a reduced
”spin injection efficiency” of spins from the graphene part on
top of the contacts into the graphene part between the contacts,
explaining the reduced amplitude of the spin signal in the
hole-regime.

However, further investigations are required to determine
the exact impact of such contact-induced p-n-junctions on
spin diffusion. Additionally, it has to be investigated if these
p-n-junctions or the gate screening of the contact region by
the metal electrodes is the reason why the amplitude of the
spin signal shows quite a small gate-dependence in all of our
samples (see also the data in our previous studies in Refs.
18, 23, 24).
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