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Abstract

In this work we report efficient out-of-plane spin injection and detection in an all-van der Waals
based heterostructure using only exfoliated 2D materials. We demonstrate spin injection by
measuring spin-valve and Hanle signals in non-local transport in a stack of Fe;GeTe, (FGT),
hexagonal boron nitride (hBN) and graphene layers. FGT flakes form the spin aligning electrodes
necessary to inject and detect spins in the graphene channel. The hBN tunnel barrier provides a
high-quality interface between the ferromagnetic electrodes and graphene, eliminating the
conductivity mismatch problem, thus ensuring efficient spin injection and detection with spin
injection efficiencies of up to P =40%. Our results demonstrate that FGT/hBN/graphene
heterostructures form a promising platform for realizing 2D van der Waals spintronic devices.

1. Introduction

Combining two-dimensional (2D) materials into van
der Waals (vdW) heterostructures opens up unpre-
cedented possibilities to study novel physical phe-
nomena and to develop new device concepts [1].
Adding magnets to the rich library of vdW mater-
ials, comprising metals, insulators, semiconductors,
and topological insulators, has invigorated the field
of spintronics [2-6]. One of the key issues in spin-
tronics is the efficient generation of spin polariza-
tion in non-magnetic materials [7]. Electrical spin
injection from ferromagnetic materials has emerged
as a highly effective method to achieve this goal. The
first reports on electrical spin injection and detec-
tion in graphene, by Tombros et al in 2007, util-
ized conventional ferromagnetic Co electrodes with
in-plane magnetization and insulating oxide tunnel
barriers [8]. This work not only confirmed graphene’s

© 2025 The Author(s). Published by IOP Publishing Ltd

potential as an excellent spin transport medium with
spin relaxation lengths up to 2 ym, but also revealed
the critical role of tunnel barriers in overcoming the
conductivity mismatch problem between the highly
conductive ferromagnet and graphene. Despite the
initial successes, yielding spin injection efficiencies of
approximately P = 30% and non-local spin valve sig-
nals of up to 130 2 [9], the fabrication of high-quality,
uniform oxide tunnel barriers on graphene proved
challenging [8]. The non-uniform growth of these
barriers often results in pinholes, effectively short-
circuiting the barrier and diminishing spin injec-
tion efficiency [8, 10]. Since then, the foundations of
spin transport in graphene have been established [11]
including also the role of proximity effects [12—-16]
in order to enhance and manipulate the spin signal
[3]. Furthermore, the potential of crystalline hBN as
pinhole-free tunnel barriers for spin injection into
graphene has been demonstrated [17-24].
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The challenges with conventional materials have
motivated the exploration of all-vdW heterostruc-
tures for graphene spintronics. The unique properties
of vdW materials, such as their atomically flat sur-
faces and perfect crystallinity, as well as their abil-
ity to be stacked independently of lattice matching,
provide a robust solution to the limitations of con-
ventional material growth techniques, enabling fully
crystalline spin transport devices. The discovery of
metallic 2D ferromagnets [25] enables the creation
of spin injection and detection devices made entirely
of vdW materials. Although significant progress has
been made in 2D spintronics, existing spin injec-
tion and detection platforms often adopt a hybrid
approach, combining spin-selective contacts based
on 2D ferromagnets with those based on conven-
tional ferromagnets, using an oxide tunnel barrier
solely between graphene and the latter [26-28]. To
our knowledge, platforms with spin-selective contacts
based solely on 2D ferromagnets have not utilized
a tunnel barrier so far [29-31]. In both scenarios,
the absence of a tunnel barrier between the graphene
channel and the 2D ferromagnet leads to low spin
injection or detection efficiencies as a result of the
conductivity mismatch between both materials. This
underscores the necessity of a well-defined tunnel
barrier in all-vdW spintronic devices. Furthermore,
spin injection and detection have been demonstrated
through proximity effects induced by Cr,Ge,Tes on
graphene, yielding relatively small non-local signals
of up t0 0.18 2 [5].

In this paper, we report on highly efficient spin
injection and detection in all-vdW spin transport
devices with a hexagonal boron nitride (hBN) tun-
nel barrier between Fe;GeTe, (FGT) and monolayer
graphene. We observe clear spin valve and Hanle
signals in non-local transport measurements, from
which we determine the spin injection efficiency,
spin relaxation times, and spin diffusion constants.
To complement our experimental findings, we per-
formed density functional theory (DFT) calculations,
providing further insights into the spin transport
mechanisms in this promising vdW platform.

2. Experimental details

We observed spin signals in two very similar spin
injection devices, sample A and sample B. Here we
present the measurement results for sample A, while
the measurements for sample B are summarized in
the supplementary information (figures S1 and S2). A
microscope image of sample A is shown in figure 1(a).
The device consists of a monolayer graphene channel
with two ferromagnetic contacts on top, composed
of an FGT/hBN structure. hBN, FGT and graphene
were exfoliated onto p*™+ doped silicon (Si) chips
with a 90 nm SiO, capping layer [32]. However, the

J Bérenfanger et al

FGT flakes were exfoliated in a glovebox with an
O, concentration below 0.1 ppm. The widths of the
two FGT flakes are 2.6 yum and 1.6 um for sample
A and 2.3 pm and 1.6 pm for sample B. The thick-
nesses of the injecting and detecting electrodes for
sample A are 145 nm and 85 nm, respectively, while
for sample B they are 66 nm and 113 nm. The dis-
tance between the two FGT flakes, which defines the
length of the spin transport channel, is d =5 pm for
sample A and 5.6 um for sample B, measured between
the centers of the flakes. The stack was assembled
inside the glovebox on a p™™ doped Si chip with a
285 nm thick layer of dielectric SiO, using a stand-
ard dry transfer technique employing polycarbonate
[33]. The highly doped silicon is used as a global
back gate. The graphene was then patterned into
a Hall bar using electron beam lithography (EBL)
and reactive ion etching . The width of the Hall
bar is 3.5 um. Subsequently, the contacts to the Hall
bar and to the ferromagnetic electrodes were pre-
pared using EBL and standard thermal evaporation of
Ti(5 nm)/Au(150 nm). A schematic of the completed
sample is shown in figure 1(b). The layer sequence of
the device thus consists of a mono-layer of graphene
on top of the SiO, substrate followed by a 0.9—
1.3nm thick layer of hBN (measured with atomic
force microscopy (AFM)) just below the FGT flakes,
which are then covered by another hBN flake as a cap-
ping layer. The thin hBN flake acts as a tunnel bar-
rier to ensure good spin injection efficiency [34]. It is
worth noting that the samples without a tunnel bar-
rier did not show any spin signal.

All experiments were carried out in a cryostat
capable of reaching temperatures as low as 1.5K,
with the sample mounted on a rotating holder that
allowed varying the angle between the sample and
the applied external magnetic field. Spin injection
experiments were performed in a standard non-local
configuration (see figure 1(c)), with the charge cur-
rent flowing between one of the FM contacts and
a reference non-magnetic contact at the end of the
mesa [35]. The charge current flowing through the
FGT/hBN/graphene structure generates a spin accu-
mulation in graphene, which diffuses away from
the junction in all directions (red shaded region in
figure 1(c)). The spin accumulation can then be
detected by the second FGT/hBN contact, placed at
a distance d from the injecting contact, outside the
charge current path. The non-local voltage meas-
ured between the detector and the reference con-
tact serves as a measure of the spin accumulation
beneath the detector. The electronic measurements
were carried out using a Yokogawa 7651 as the DC
current source and a Keithley 2400 as a back gate
voltage source. The measured non-local voltage was
amplified by a FEMTO DLPVA-101 voltage amp-
lifier that was connected to a SynkTek MCLI-540
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Figure 1. (a) Optical micrograph of sample A. (b) Schematic of the samples. The encapsulating hBN is omitted for clarity. (c)
Schematic of the non-local measurement setup. For the spin valve (Hanle) measurements the external magnetic field was swept
out-of-plane (in-plane) along (perpendicular to) the easy-axis of the FGT electrodes.
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multi-channel data acquisition system. Voltages at
other voltage probes, for example the three-terminal
voltage V31, were measured with the SynkTek data
acquisition system alone, without an amplifier. Since
FGT has its magnetic easy-axis out-of-plane, the non-
local spin valve experiments were all performed by
sweeping the external magnetic field in this direction.
For the Hanle measurements, the external magnetic
field was swept in-plane, along the long axis of the
spin contacts, perpendicular to the transport channel.

3. Results and discussion

3.1. Electrical characterization

Before describing the results of the spin measure-
ments, we first discuss the electrical characteriza-
tion of the device components. We characterized the
graphene channel by measuring its sheet resistance Rg
as a function of the back gate voltage, determining
the charge neutrality point at V; = —4 V, in the Hall
bar section of the device (see figure 2(a)). From this
measurement, mobilities of up to 11000 cm?Vs™!
were extracted, consistent with the results of the
Hall measurements (see figure S3 in the supplement-
ary information). In figure 2(b) we show the I-V-
curve of the injection electrode, as a function of
the three-terminal voltage. The zero-bias resistance-
area product Rsr gvA characterizes the tunnel bar-
rier, according to Britnell efal [36]. The measured
RirovA ~ 95kQ - um? corresponds to the hBN flake
being two layers thick, which is consistent with the
AFM measurements within the measurement accur-
acy. Furthermore, the switching behavior of the
injecting FGT electrode was monitored by measur-
ing the transverse voltage across the FGT flake, while
a constant current was sent from the injecting FGT
electrode into the graphene (see figure 2(c)). In a
ferromagnet, the transverse voltage is composed of
the regular and the anomalous Hall voltage, with
the latter being proportional to the magnetization
of the ferromagnetic (R,, = Rpyy + R = Ropto - H+

Rs-M, [37]). Therefore, we can attribute a sharp
step in the transverse anomalous Hall voltage to the
abrupt switching of the magnetization in our inject-
ing FGT electrode. This switching is consistent with
the switching of the non-local voltage in spin-valve
measurements, as described later.

3.2. Non-local spin valve

Non-local spin-valve measurements are a standard
way of detecting spin accumulation in lateral spin
injection devices [8, 35, 38, 39]. Here, a magnetic
field is swept along the easy-axis of the spin elec-
trodes, which in our case is oriented out-of-plane, and
the non-local voltage V' is measured at the detector,
with a current flowing in the injector circuit. Changes
in V are observed whenever the magnetization of
one of the contacts switches, leading to a transition
between parallel and anti-parallel magnetization con-
figurations in the two spin aligning electrodes. In
figure 3(a) we show a typical spin valve trace, where
we plot Vy, normalized by the injection current I as
a non-local resistance R, = V,,/I. The amplitude of
the switching ARy serves as a measure of the gener-
ated spin accumulation and is given by [7, 40]

PiniPget RN
ARy = /=22 :1;: 2 exp <—;\i> (1)

S

In the above equation, ) is the spin diffusion length,
w is the width of the channel, and Pj,j and Py are
the spin injection and detection efficiency, respect-
ively. These efficiencies are defined as the spin polar-
ization of the injected current directly underneath
the given contact when the contact is used as an
injector. Assuming the same interfaces at the injector
and detector contacts and for low injection currents,
one can take Piy; = Pge; = P. In general, however, Pjy;
can depend on the injection current, leading to a cur-
rent dependence of the measured signal, as shown in
figure 3(b). We plot here AR, measured at T=1.5K
for gate voltages V; =45V and V,; = —45V, corres-
ponding to electron and hole transport in graphene,
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Figure 2. Electronic characterization of the device. (a) Sheet resistance Rs of the graphene channel in the reference area as a
function of the back gate voltage. The measurements have been carried out at T = 1.5 K and with I = 50 pA. (b) Characterization
of the hBN tunnel barrier. The current density is plotted against the measured three-terminal voltage at the injecting electrode,
which constitutes a voltage dropped across the tunnel barrier contact. The current density, shown on the left side, presents the
current normalized by the area of the FGT/hBN contact. (c) Transversal voltage measured across the FGT flake, while sweeping
the external magnetic field out-of-plane during the spin valve measurements shown in figure 3(a). Red (black) line corresponds to

the up (down) sweep. The observed switching corresponds to the switching of magnetization in the FGT flake.
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Figure 3. (a) Non-local spin valve measurement at T =1.5K, Vy; = 45V and a current of I = —250 p1A. The dip of the non-local
signal at low magnetic fields is clearly discernible. In yellow, the height of the non-local signal ARy is shown. (b) Current, (c)
back gate voltage and (d) temperature dependence of the non-local signal height in the electron (Vy = 45V) and hole
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respectively. For both carrier polarities, AR is higher
for a negative bias, corresponding to injection of
spin-polarized electrons from FGT into graphene or
extraction of spin-polarized holes, respectively, and
decreases almost monotonically, as the injection cur-
rent is changed towards positive values. For very high
positive currents at T=1.5K we even observe an

inversion of the spin signal in the electron regime.
Such behavior is typically driven by a change in
the sign of Py, with bias, indicating an inversion
of spin polarization around the Fermi level of the
ferromagnetic material. This phenomenon has been
observed previously in both conventional graphene
spin valve devices [41, 42] and in III-V materials [38].
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Figure 4. (a) Hanle signal for parallel (red) and anti-parallel (gray) magnetization alignment of the FGT electrodes. Fits to the
measurements are shown as black curves. The non-local Hanle signal height at B=0T is ARy, ganle = 0.88 £2. (b) Non-local spin
valve measurement for the same measurement parameters. The spin valve height is ARy, spin valve = 1.13 2. The magnetic field is
swept perpendicular and parallel to the magnetization direction of FGT in (a) and (b), respectively.

In recent experiments with FesGeTe,, it was shown
that FesGeTe, had an opposite spin polarization com-
pared to that observed in Co electrodes for the entire
range of bias currents used [26]. In our experiments,
the sign reversal of the spin valve signal is a result
of the sign change in the tunneling density of states
(TDOS) in our structure, as will be discussed later in
more detail.

In the entire range of bias currents, the sig-
nal is much stronger for electrons than for holes,
which is confirmed by plotting AR, as a function
of gate voltage, see figure 3(c). Additionally, it can be
observed that AR, increases with the absolute value
of V. Similar behavior was also observed at higher
temperatures, as can be seen in the supplementary
figure S4. In figure 3(d) we plot ARy as a function
of T for I = —250 uA, showing a general trend of
decreasing spin signal with increasing T. Whereas the
current dependence of ARy can be linked to the bias
dependence of Pj, explaining its gate and temperat-
ure dependence requires information about gate and
T-dependence of Py, A5, and R;. To experimentally
determine ); and Py, we performed Hanle meas-
urements, investigating spin precession in an external
transversal magnetic field, which we will discuss in the
next section.

Apart from a clear spin-valve pattern, we also
observed another feature in the spin-valve measure-
ments, namely a dip in the non-local signal at low
magnetic fields, see figure 3(a) and figure S5 in the
supplementary information. Such a dip is typically
associated with the presence of magnetic moments
in a graphene channel, which introduce relaxation
of spin currents through exchange coupling [43-45].
Given that our samples were fabricated in an inert
atmosphere and capped with hBN, and were not sub-
jected to any hydrogenation [43, 44] or annealing

[45] processes, which are reported to induce mag-
netic moments, we cannot provide an explanation for
the origin of these magnetic moments. However, the
results of the Hanle measurements, discussed below,
are also consistent with the presence of magnetic
moments in the channel.

3.3. Hanle signal

In Hanle measurements, the external magnetic field is
applied transversely to the orientation of the injected
spins, inducing their precession as they travel from
the injector to the detector [8]. As a result of diffus-
ive motion and spin relaxation, the spins dephase and
depolarize, which is reflected in the measured V [7].
In figure 4(a) we plot a Hanle signal for the injection
current [ = —250 pA, at a temperature T = 1.5K and
a back-gate voltage of V; = 60V for the anti-parallel
(gray) and parallel (red) magnetization configuration
of the two ferromagnetic electrodes of sample A. The
similar plot for sample B can be seen in figure S1(d).
Since the spins injected from FGT are polarized out
of plane, we applied an external in-plane magnetic
field, parallel to the long axis of FGT flakes. The dif-
ference of the signal measured for parallel and anti-
parallel sweeps at B=0T gives ARy Hane = 0.88 €2,
which is slightly lower than the corresponding spin
valve signal ARy s = 1.13€) (see figure 4(b)). This
small discrepancy between the Hanle and spin valve
signals may be attributed to the presence of magnetic
moments, which reduce the spin signal at low mag-
netic fields, thereby reducing the height of the Hanle
curve. This observation is consistent with the find-
ings of the non-local spin valve measurements, which
also indicated the presence of magnetic moments.
It is noteworthy that these magnetic moments are
believed to be extrinsic and not associated with the
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Figure 5. (a) Current, (b) temperature and (c) gate voltage dependence of the spin injection efficiency P obtained from fits to the
Hanle curves. Error bars, determined as the fitting errors, are in most cases smaller than the size of the symbols.

FGT electrodes. However, we cannot rule out a hys-
teresis of the signal due to the measurement proced-
ure, as we first recorded the spin valves for all currents
and back gate voltages and afterwards performed the
Hanle sweeps. The small hysteresis with respect to the
current or gate voltage cannot be excluded and could
potentially lead to a smaller signal in the Hanle curves.
There is also a small asymmetry between the signal
in parallel and anti-parallel configuration, which we
cannot account for at the moment.

At finite transverse fields, we clearly observe oscil-
lations of the signal as a result of spin precession and
simultaneous decay of the signal as a result of spin
dephasing. At a sufficiently large magnetic field B 2>
0.2 T, spins depolarize through dephasing, the spin
signal approaches zero, and the measured non-local
resistance Ry offser constitutes the non-local baseline
resistance [46, 47]. The solid lines in figure 4(a)
are fitting curves based on the steady-state solu-
tion of the spin drift-diffusion equation [7] 65? =
s X wp + DV g — £, with the boundary condi-
tion at the injector ezDSV(EF)VuS = Piyjj. In the
above equations, y indicates spin accumulation gen-
erated by the injection current density j, which at
the detector is measured as a non-local voltage Vi =
—Pyets(d), Dy is the spin diffusion constant, 75 spin
relaxation time, wy = g*“TBB is the Larmor frequency
at the external magnetic field B, with ¢* = 2 being the
Landé factor, v(Eg) is the DOS at the Fermi level, up is
the Bohr’s magneton and # the reduced Planck’s con-
stant. From the fitting curves, we obtain the values of
P, D and 7, with the latter two giving the spin dif-
fusion length A = /D;7;. The extracted value of P
is P = /PipjPaer. To minimize errors in fitting these
three variables, we first fitted the normalized Hanle
data (Rnl, B— Rnl, offset)/(Rnl, 0T — Rnl, offset) to extract
7, and D from the shape of the curves and then we
fitted the raw data with the extracted values from
the normalized fits. Therefore, P was the only vari-
able in the second fit. As can be seen in figure 4(a)
the fits (shown as a black line) match the experi-
mental data quite well. Fitting the parallel Hanle curve

gives 7, = 0.447 ns, D, = 0.0210 ™, and P=18.4%,
whereas we obtain 7, = 0.415ns, D, = 0.0199 mTz, and
P =18.3% in the anti-parallel configuration.

We performed Hanle measurements in the par-
allel configuration for different injection currents,
back gate voltages and at different temperatures. The
full set of results for sample A and B can be found
in the supplementary figures S6 and S2, respectively.
The fitting results for P of sample A are summar-
ized in figure 5. In the following section, we discuss
in more detail the obtained results.

3.4. Discussion

As can be seen in figure 5, we have obtained
a fairly high injection efficiency, reaching up to
40%, which is significantly higher than that repor-
ted for structures without tunnel barriers [29].
However, this is a low estimate of Pj;;. When linearly
extrapolating Py (1.5K) = P(I=0,T = 1.5K) to be
~ 17%, the spin injection efficiency is estimated to
be Pipj(—200 1A, 45V, 1.5K) = 93%. Consistent with
the spin valve signal ARy, P is larger for the neg-
ative back gate voltages, i.e. in the electron regime,
as shown in figure 5(c), and for negative injection
currents, i.e. for the case of electron injection. P
decreases, while sweeping the injection current from
negative to positive values as illustrated in figure 5(a).
As bias affects only the injector, the decrease in P
with current is attributed to a decrease of Pjy;. P also
decreases with increasing temperature for T > 50K,
although at T=1.5K, P is lower than at T=50K,
both in the electron and hole regime, as shown in
figure 5(b).

In order to properly interpret the current depend-
ence of the spin injection efficiency (as shown in
figure 5(a)), it is helpful to have some knowledge
about the spin polarization of Fe;GeTe,. To this
end, we performed DFT calculations of the elec-
tronic band structure of the bulk FGT (see the
supplementary information IV for details), includ-
ing the spin-resolved DOS. A measure for the degree
of spin polarization of the injected current is the
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Figure 6. (a) DFT-calculated band structure of bulk Fe;GeTe,. Red (blue) lines correspond to spin up (down). (b) The
corresponding spin-resolved density of states. Negative (positive) values for the DOS reflect a spin down (up) polarization, as
indicated by the blue (red) arrow. (c) Calculated results for the spin polarization Py, Pxy and Py,z.

tunneling density of states (TDOS), which is defined
via the product of DOS and the velocity of the Bloch
bands [48]. It should be noted that this calculation
does not take into account any properties of the inter-
face, the barrier or the second contact. Based on spin-
resolved DOS, N3, and Bloch band velocities in the
z-direction (perpendicular to the Fe;GeTe, layers), v,,
we calculate the DOS spin polarization Py of the bulk
FGT and the TDOS spin polarization Py, and Py, as
follows [48]:

_M-N

=N TN’ (2)
++ Ny

N

N <NVZ>T - <NVZ>¢
P = (Nvz)1 + (Nvz)y )
(Nv2)1 — (Nv3)y

(N2 T (N2, ®

Py =

In figures 6(a) and (b) we show the calcu-
lated FGT band structure and its spin-resolved DOS,
respectively. Additionally, the spin polarization Py,
together with the TDOS Py, and Py,2 are shown in
figure 6(c). We note that at the Fermi level Er and at
higher energies, the DOS is highly spin-polarized with
the majority of spin-down states. However, slightly
below Eg, the DOS decreases, particularly for spin-
down states. Both Py and Py, change sign below Ey. In
contrast to this, Py, tends to stay positive in the close
vicinity of Ef, indicating that the current is dominated
by the spin-up charge carriers. However, the degree
of spin polarization of Py, decreases towards larger
energies. In the experiment, we tune the alignment
of the Fermi-level of graphene and FGT by chan-
ging the bias across the junction and we note that the
calculated decrease of Py, towards larger energies is
very consistent with the measured decrease of spin

injection efficiency towards larger positive currents,
shown in figure 5(a).

In order to obtain a comprehensive under-
standing of the tunneling, it is necessary to
calculate the coherent tunneling for the entire
FGT/hBN/hBN/graphene structure. This calcula-
tion requires precise knowledge of the band structure
and the exact twist angles of each layer. However,
as we lack access to this structural information,
and given the focus of this paper on the experi-
mental realization of efficient spin injection and
detection in all vdW heterostructures, these calcu-
lations cannot be performed and are beyond the
scope of the presented work. Nevertheless, a change
of sign at or near the Ep is evident for all calcu-
lated spin polarizations Py, and Pyy, and Py, of
FGT, which might provide an explanation for the
current dependence of the non-local signal height
(see figure 3(b)) and the spin injection efficiency
(see figure 5(a)).

Let us now discuss the obtained spin transport
parameters. The extracted values for 7; are in the
range from ~300 to ~600ps and D, spans from
~0.004 to ~0.04m?s~!. There is no clear depend-
ence of both variables on current and on gate voltage.
However, fit results of 7, and D both suggest lar-
ger values for negative than for positive back gate
voltages, i.e. in the hole conduction regime (see
figure S6). Furthermore, a small dependence of 7, and
D on temperature is observed. Whereas the values
extracted for T=1.5K are larger than at T=50K,
for T > 50K the spin relaxation time increases from
7, = 0.3nsat T=50K to 0.5ns at T=150K in the
electron regime and a similar effect can also be seen
in the hole regime (see figure S6). Also D; increases
with temperature in a similar way as 7, so the calcu-
lated spin diffusion length A\; = v/Ds7; doubles from
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1.5 pm to 3.1 pum in the electron regime and increases
from 2.24 pym to 2.78 pm in the hole regime.

Surprisingly, the extracted values of Dy are sig-
nificantly lower than the values of the charge diffu-
sion constant D, at the same temperatures and gate
voltages, as obtained from transport measurements,
which are in the range 0.08 —0.12m?s™! (see sup-
plementary figure S8). This discrepancy between the
charge and spin diffusion constants and the tem-
perature dependence of 7, could be explained by
the presence of magnetic moments, which would
be consistent with the spin valve measurements.
Resonant scattering at magnetic impurities intro-
duces a temperature-dependent scattering rate [49]
and results in narrower Hanle curves due to the addi-
tional exchange field [43]. This exchange field can be
taken into account in the Hanle curve fitting, taking
a larger effective g-factor ¢* > 2. During the above-
described fitting of the Hanle curves, a constant g-
factor of g = 2 was assumed, which in the presence
of magnetic moments results in incorrect values of D.
To correct for this, we performed an alternative fit-
ting, where we fixed Dy = D, and extracted from the
fitting the effective g-factor. However, this resulted in
very large values of the effective g-factor, reaching as
high as g% = 23. This would indicate the presence of a
substantial exchange field or a significant amount of
magnetic moments in the graphene channel, whose
origin is unknown to us.

Another explanation for the peculiar temperature
dependence of 75 and Dy, and the low values of D,
could be provided by the assumption, that under con-
tacts both 7, and Dy are strongly suppressed because
of the influence of the ferromagnetic FGT. As the
fitting was performed assuming uniform 7, and D
throughout the channel, the extracted values of both
parameters could be underestimated. As with increas-
ing temperature the magnetization of FGT decreases
(see figure S9), so does its possible detrimental effect
on the spin dynamics in graphene. As a result, the
extracted 75 and D, would increase. In order to invest-
igate a potential magnetic proximity effect [13, 15]
at the FGT/hBN/graphene interface, we performed
DFT calculations with a two-layer hBN tunnel barrier
(see supplementary information IV for details). In the
calculated band structure of the heterostructure, the
Dirac states of graphene remain spin-degenerate, and
no magnetic moments are induced. Consequently, a
proximity effect in graphene due to the FGT can be
ruled out and cannot explain the discrepancy of D,
and D;.

4. Conclusion
In conclusion, we report on efficient electrical spin

transport and spin precession in an all-vdW 2D
device. Non-local signals are as large as AR ~ 1.9 (),

J Bérenfanger et al

showing a strong current dependence, and even lead-
ing to the inversion of the signal. The clear Hanle
signal allowed for a full gate-, temperature-, and
current-dependent characterization of the spin trans-
port properties. A low estimate of the spin injec-
tion efficiencies results in P(—200 A,45V,1.5K) =
40 %. The observed bias dependence of the spin injec-
tion efficiency, and the inversion of the spin valve
signal are consistent with the calculated TDOS. The
presence of a small dip in the non-local spin valve
measurements as well as the discrepancy between D;
and D, suggest the presence of magnetic moments,
whose origin, however, remains unknown.

Overall, this work demonstrates the potential
of all-vdW heterostructures for realizing high-
performance spintronic devices. Future advance-
ments in this field could exploit the precise angu-
lar alignment of the constituent vdW materials.
This concept, often termed as twistronics [50, 51],
is a powerful tool to tune the interface properties
of a given heterostructure. The twist angle between
stacked layers can be a decisive parameter that influ-
ences proximity effects and the resulting band struc-
ture of the heterostructure [52-55]. Consequently,
angle-dependent studies on similar all-vdW spin
transport devices would be highly valuable to unravel
and control the spin injection and detection mech-
anisms. Ultimately, utilizing the twist-angle between
vdW materials could pave the way for realizing fully
coherent tunneling spintronic devices with unpre-
cedented spin injection efficiencies.
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