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Nonlinear analog spintronics with van der Waals heterostructures
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Y The Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG, Groningen, The Netherlands
2 National Institute for Material Science, 1-1 Namiki, Tsukuba, 305-044, Japan
(Dated: April 23, 2020)

The current generation of spintronic devices,
which use electron-spin relies on linear operations
for spin-injection, transport and detection pro-
cesses. The existence of nonlinearity in a spin-
tronic device is indispensable for spin-based com-
plex signal processing operations. Here we for the
first time demonstrate the presence of electron-
spin dependent nonlinearity in a spintronic de-
vice, and measure up to 4*® harmonic spin-signals
via nonlocal spin-valve and Hanle spin-precession
measurements. We demonstrate its application
for analog signal processing over pure spin-signals
such as amplitude modulation and heterodyne
detection operations which require nonlinearity
as an essential element. Furthermore, we show
that the presence of nonlinearity in the spin-
signal has an amplifying effect on the energy-
dependent conductivity induced nonlinear spin-
to-charge conversion effect. The interaction of
the two spin-dependent nonlinear effects in the
spin transport channel leads to a highly efficient
detection of the spin-signal without using ferro-
magnets. These effects are measured both at 4K
and room temperature, and are suitable for their
applications as nonlinear circuit elements in the
fields of advanced-spintronics and spin-based neu-
romorphic computing.

Nonlinear elements, such as transistors and diodes, led
Shockley and coworkers [1] to lay the foundation for elec-
tronics revolution, and underlie the modern-day electron-
ics. However, such elements lack in the field of spintron-
ics. Major ideas in the field of spintronics thus far have
suggested the possibility of achieving a gate operation
employing, for example, a Datta-Das transistor [2, 3].
The possibility of spin-signal amplification and process-
ing has not been explored experimentally and forms a
more fundamental building block to replace conventional
electronics with the spin-based analogues [4-8].

The current generation of state-of-the-art spintronic
devices can only execute linear operations. In such de-
vices, the output differential spin-signal vs [4, 9] scales
with the applied input ac charge current i, i.e.

Us = Pinj Rspdeti (1)
Here, pinj(det), the differential spin injection(detection)

efficiency and Ry, the effective spin resistance of the spin
transport channel [11] are constant, and thus the relation

vs 4 is established. Therefore, a nontrivial operation
requiring nonlinearity can not be executed.
Interestingly, the differential spin-injection efficiency
pinj of ferromagnetic (FM) tunnel contacts with atom-
ically flat and pinhole-free thin hBN flakes as a tunnel
barrier [12, 13] depends on the input dc bias current
I [1, 15, 16], and renders them as a viable platform to
demonstrate spin-dependent nonlinear effects.

Nonlinear spin-injection

We perform nonlinear spin-transport experiments on
a van der Waals heterostructure of Graphene (Gr), en-
capsulated between a thick boron nitride (hBN) sub-
strate and a trilayer hBN tunnel barrier with ferro-
magnetic cobalt contacts as shown in Figs. 1(a,b). We
start by characterizing the tunnelling behaviour of the
contacts. Contacts with(out) the tunnel-barrier show
nonlinear(linear) current-voltage characteristics [inset of
Fig. 1(c)] for an applied dc charge current I and the
measured voltage V. across the contact in a three-probe
measurement geometry. Next, we probe the presence of
nonlinear behaviour in the nonlocal signal v, in a four-
probe measurement geometry. For an input ac current ¢
at frequency f=6 Hz, vy is measured using the scheme in
Fig. 1(a), and its Fourier transform is shown in Fig. 1(c).
For a linear device, an applied current at a certain fre-
quency should yield a voltage at the same frequency
alone. The appearance of voltage at integral multiples
of the input-current frequency, the so called higher har-
monics, is a smoking gun signature of nonlinearity. In our
measurements, higher harmonics at 2f,3f,... appear in
vp1 only when the tunnel contact C1 is used as an injector
(blue spectrum in Fig. 1(c)), and thus underline the cru-
cial role of tunnel contacts for introducing nonlinearity
in vy.

The concept of nonlinear spintronic measurements is
schematically demonstrated in Fig. 1(d). For an input
charge current 7 + I at a ferromagnetic contact, higher
harmonics in the spin-signal v are measured at the out-
put, due to the nonlinearity in the spin-injection pro-
cess, present in a spintronic device. To probe the spin-
dependent origin of nonlinearity in vy, we perform bias
dependent nonlocal spin-valve (SV) measurements [1].
Here, we apply an ac+dc charge current i+ and measure
the 1% harmonic response of vy via the lock-in detection
method. An in-plane magnetic field B|| is swept to switch
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FIG. 1. Device geometry and tunnel characteristics. a. Graphene encapsulated between a thick hBN at the bottom
and a 3L-hBN tunnel barrier on the top. The cobalt (inner) injector electrode C1 is located on top of the tunnel barrier and
the (inner) detector electrode C2 is directly in contact with the graphene flake. The outer injector and detector electrodes
(transparent orange) are far enough to be spin-sensitive, and serve as reference electrodes. A charge current ¢ + I is applied
across C1 for spin-injection and a nonlocal ac voltage v, is measured at C2 via the lock-in detection method. b. An optical
image of the stack with the actual positions of electrodes drawn schematically. The hBN-tunnel barrier is highlighted with
false blue colour. c. An ac charge current i=50nA(20pA) at f=6 Hz is applied at C1 (C2) and the Fourier transform of the
nonlocal signal measured at C2(C1) is plotted in blue(red). In the inset, I-V characteristics of the tunnel contact C1 (blue)
and the transparent contact C2 (red). d. The concept of nonlinearity is presented schematically via a circuit diagram. A
sinusoidal charge current i along with a dc current I is applied at the input of a nonlinear element (inside the triangle) and a
distorted non-sinusoidal spin-signal is measured at the output. The harmonic components which construct the output signal
are also shown. The equivalent circuit representing the bias dependent spin-injection (pinj = f(I)) and spin transport (Rs) is
highlighted in pink.

the magnetization-orientation of C1 and C2 from paral-
lel to anti-parallel and vice-versa using the connection
scheme in Fig. 1(a). Via SV measurements, we obtain

p _ ap
. . v, —U

background free pure spin-signal vy = -2l52L  where

val (vP)) is the nonlocal signal v, measured at the (anti-

)parallel magnetization-direction alignment of the elec-
trodes C1 and C2, as labeled in Fig. 2(a). In order to
obtain the bias dependence of the spin-signal, we mea-
sure vgl(ap) as a function of I, as shown in Fig. 2(d), and
obtain vs. At =0, there is a very small spin-signal vg ~
3 nV (black dash line in Fig. 2 (d)). On applying I across
the injector electrode, in line with the previous studies
on Gr-hBN tunnel barrier systems [1, 15], vs increases in
magnitude and changes its sign on reversing the polarity
of I (Fig. 2 (d)). Similarly, we also measure the 2 and
3'd harmonic spin-signals via SV measurements and its
bias dependence, as shown in Figs. 2(b,c,e,f). The unam-
biguous measurement of the higher harmonic spin-signals
clearly suggests a presence of nonlinear processes in the

spin-signal.

To confirm the spin-dependent origin of the nonlinear-
ity in the spin-signal, we perform Hanle spin-precession
measurements on 1%, 2" and 3¢ harmonic spin-signals.
Here, for a fixed in-plane magnetization configuration of
the injector-detector electrodes (parallel or anti-parallel),
as labeled in Figs. 2(a,b,c), a magnetic-field B, is ap-
plied perpendicular to the plane of the device, as shown
in Fig. 1(a). The injected in-plane spins diffuse towards
the detector and precess around B with the Larmor fre-
quency wy, < Bj. The whole dynamics is given by the

Bloch equation, DSV2,LTS> - }TL——:) + @f % ;TQ = 0, with the
spin diffusion constant Dy, spin relaxation time 75, spin-
accumulation /75 = Us/Pdet In the transport channel, and
the spin diffusion length A\ = v/Dg7,. The measured 1,
274 and 3" harmonic Hanle curves are fitted with the
solution to the Bloch equation. From the fitting, we con-
sistently obtain Dg ~0.02 m2s~! and 7, ~ 650-700 ps
resulting in Ay ~ 4 um for the 1% and higher harmonic
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Higher harmonic spin-signals. a.1*, b.

and c. 3™ harmonic spin-valve measurements. d-f. spin-signal v
(orange) as a function of I applied at C1, using the measurement geometry in Fig. 1(a).

The ac injection current ¢ is kept

fixed at 50nA. v?) (red) and v (blue) are the nonlocal signal v, measured at the parallel and anti-parallel magnetization
configurations of the injector-detector electrodes, respectively. g.1%%, h. 2"? and i. 3¢ harmonic Hanle spin-signal vs as a
function of out-of-plane magnetic field B, . Hanle data is symmetrized in order to remove the linear background and is offset
to zero. SV measurements in (a)-(f) are performed at RT, and Hanle curves in (g)-(h) are measured at 4K.

measurements in Figs 2(g-i). Since the spin transport
parameters are the same for all harmonics, we conclude
that the higher harmonic spin-signals do not have its ori-
gin in the spin-transport process, and pinpoint the origin
of the spin-dependent nonlinearity to the spin-injection
process.

To understand the concept of nonlinearity during spin-
injection, we now develop an analytical framework. As

the differential spin-injection polarization depends on the
input dc bias current I, the expression for pin; using the
Tailor expansion around I = 0 with a small ac charge
current ¢ can be written as:

Pinj (1) 1=0=po(1 + Cri + Cai® + ...) (2)

where pinj = po in the absence of nonlinear processes,
which are enabled via the nonzero constants C7,Co, ....



Now, using Eq. 1, we obtain:
Vs X poi + poCriZ + ... (3)

which enables us to measure the presence of higher har-
monic spin-signals o< 32,43, ... due to the nonlinearity in-
troduced by the spin-injection process in Eq. 2.

As shown in the spin-transport measurements in Fig. 2,
the nonlinearity can be experimentally probed by using
the mixed signal (ac+dc) measurements. When an input
current i + I is applied to such nonlinear system, the ex-
pression for the 15 harmonic spin-signal vg, obtained by
replacing ¢ with ¢ + I in Eq. 3, acquires a different func-
tion form (see Supplementary Material for derivation)
and contains a bias I dependent term :

Vs ~ {pO(l + 201[)}Rspdeti- (4)

As a consequence of the nonlinearity present in the spin-
signal (Eq. 3), additional terms with the mixing of ¢ and
I appear, and now pinj ~ po(1+2C1I) is obtained instead
of pg (at I =0). For such case, one would expect a gain
in pinj o< I. Indeed, corroborating with the hypothesis
in Eq. 4, vs increases in magnitude with the applied dc
bias I and reverses its sign with the dc current polarity
(Fig. 2(d)).

Similarly, the expressions for n'"(n > 2) harmonic
components of vy o (Cy,—1 + CpI)i"™ due to nonzero Cjs
are obtained using the mixed signal analysis (see Sup-
plementary Material for detailed expressions). Here, the
contribution from C,,_1, i.e. the n'® order term in Eq. 3
would appear even if only the ac current is applied. In
presence of a nonzero I, the higher order term C,, would
also contribute to the n*® order spin-signal and introduce
the dc bias dependence on the spin-signal.

For SV measurements in our device, we can only mea-
sure the even harmonic spin-signal , i.e. 2°¢ (Fig. 2(b,e))
and 4" (Supplementary Material) harmonic using the
pure ac current injection (I = 0). However, similar to the
15* harmonic spin-signal, higher odd (3*%) harmonic spin-
signal (Fig. 2(c,f)) can be measured unambiguously only
with the application of the dc bias. When a nonzero I is
applied, the contribution of even harmonic signals cou-
ples to the odd harmonic spin-signals, and now the odd
harmonic responses can also be measured. The domi-
nance of only even harmonic components in the spin-
signal is peculiar, and is not clear at the moment. Also,
the bias-dependent behaviour of higher harmonic spin-
signals can be explained via the expressions obtained
from the mixed-signal analysis only near the zero-bias,
where higher (> 5'") harmonic components do not play
amajor role. A complete understanding of this behaviour
warrants the inclusion of higher order terms in the expres-
sion for contact polarization as well as higher harmonic
SV measurements for the estimation of the proportional-
ity constant C;(>5'" harmonic).

Analog signal-processing of spin-signal due to
nonlinear effects

The presence of nonlinearity which gives rise to signal-
amplification , is fundamental to analog signal-processing
operations [17]. In our spintronic device, we exploit the
spin-dependent nolinearity and demonstrate its applica-
tions straightaway by performing the spin analogues of
well established analog electronic operations.

Amplitude modulation

For amplitude modulation (AM) signal-processing [18],
a modulating input i, along with a reference input i,ef,
both having the same frequency f, are applied to a non-
linear element (Fig. 3(a)). As a result of signal mixing,
for our nonlinear spintronic device, the output spin-signal
Vs X (iref + im)? is detected at frequency 2f. For a con-
stant iyef, if i << iyef, the measured spin-signal will be
X irefim, implying the effect will be linear in i, at the
detection frequency 2f( 2"¢ harmonic response), and we
can realize an analog spin-signal multiplier.

In order to measure this effect, we inject i, = 200
nA and modulate iy, in the range of 0-120 nA (both at
f=7 Hz) at the injector (Fig. 1(a)). We measure the 24
harmonic v via SV measurements. The measured spin-
signal is linear in i, (Fig. 3(b)) and thus the device acts
as a spin-signal multiplier. For the other situation, i.e.
when iy, >> dper, vs X ()2, In this case, we fix i,0=30
nA and modulate iy, in the range 30-60 nA. The mea-
sured response of vs (Fig. 3(c)) clearly deviates from the
earlier measured linear response in Fig. 3(c). However,
due to the contribution of higher-order terms to the 279
harmonic signal, the measurement in Fig. 3(c) is better
explained by the 4" order polynomial fit instead of a
parabolic fit.

Heterodyne detection

As another demonstration of signal-processing, in a
heterodyne detection method the input signal frequen-
cies are not equal, i.e. fn, # fief, and one obtains the
signal at the heterodyne frequencies frof = fi, at the
output of the nonlinear element [18, 19]. In order to
realize this operation, i, at the frequency fiof = f
and iy, at fi, = 2f are applied at the injector input
(Fig. 3(d)). The nonlinear component of the spin-signal
Vs i8 o (ipefSIN(27 ft) + iy sin(272ft))%. If iy, =0, one
would expect the spin-signal vs at 2f. Interestingly,
for iy # 0, vs X dperim can also be detected at the
13(f = 2f — f) and 3'4(3f = 2f + f) harmonic com-
ponents.

In our measurements, for i,=0 and 4,,,=200 nA (f=7
Hz), only the 2" harmonic spin-signal is measured (
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Vg for 4m << irer and the linear fit (black) c. i¢m > irer and the nonlinear fit (4th order polynomial). d. Heterodyne detection
scheme e. for i, = 0 no spin-signal is present at the frequency f and 3f. f. For iy # 0, due to the frequency-shifting of the
signal present at 2f to f and 3f, equal strength signal appears at both frequencies. Both measurements were performed at
RT. SV measurements in (e) and (f) are offset to zero for clear representation.

Fig. 3(e)). When we also apply 4,=150 nA at the in-
put frequency 2f, spin-valve signals of similar magni-
tudes are detected at frequencies both at f and 3f (
Fig. 3(f)), which is a clear demonstration of heterodyne
detection of spin-signals. Note that earlier there was no
measurable odd (1% and 3'¥) harmonic spin-signal at
I = 0 (Figs. 2(d,f)) due to low injection-polarization/
high-noise present in the signal. Now, using the hetero-
dyne detection method we can clearly measure vg in the
1% harmonic even without applying I. In fact, this effect
is equivalent to applying a dc current, as both hetero-
dyne and ac+dc measurements couple the higher har-
monic spin-signals to the 15 harmonic spin-signal. This
method can be used to detect spin-signals at low frequen-
cies where the spin-dependent noise would dominate in
spintronic circuits [20, 21]. Furthermore, the method can
also be used as an electrical analog of the heterodyne
detection in the field on optical spin-noise spectroscopy
[22, 23].

Nonlinear spin-to-charge conversion

So far we have demonstrated that the nonlinearity
present in the spin-signal in a Gr/hBN heterostructure
has its origin in the spin-injection process, not in the
spin transport parameters. However, the nonlinearity in

the spin-injection has an important consequence, and can
amplify another nonlinear effect present in a small mag-
nitude, i.e. spin-to-charge conversion [2, 3| in the spin-
transport channel. The effect requires the energy depen-
dent conductivity of the transport channel and the pres-
ence of spin-accumulation as prerequisites. A nonlocal
charge-signal v, due to energy-dependent spin-to-charge
conversion is given by:

ve = Cop2 = Colpini Rse)*i2, (5)

where Cj is a proportinality constant (see Supplementary
Material for details), and we have used the relation pugs =
vse/Pdaet and Eq. 1 to obtain the v.-i dependence.

Now, to probe the spin-to-charge conversion effect and
the spin-dependent origin of the nonlocal charge volt-
age, we perform Hanle measurements. Since the spin-to-
charge conversion is a 2°4 harmonic effect for the applied
charge current ¢, we inject a pure ac current ¢ in the range
100-400 nA and measure the 2"d harmonic response of
Ugl(ap) as a function of B, using the measurement ge-
ometry in Fig. 1(a). In our measurements, we observe
an asymmetry between the magnitudes of v?; and 7 in
Figs. 4(a-c), which is present in a small magnitude for
1=100 nA and grows rapidly for i=400 nA to such extent
that the Hanle-dephasing of vy is measured properly only
in the parallel configuration.
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induced charge signal v. with i is visible in the asymmetry between v%, and v7} with respect to the spin-independent background
(dashed black line). The measured data is symmetrized in order to remove the spin-independent linear component present
in the data and is offset to zero. All measurements are performed at 4K. 2°¢ harmonic Hanle spin-precession measurements
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polynomial function. The dark(light)-gray dashed line is the calculated magnitude of 254 harmonic component of ve due to the
nonlinear(linear) spin-injection.

To understand the origin of this asymmetry, we plot
the nonlocal charge voltage ve = (v2 +v0))/2 ( Fig. 4(e))
and the spin-signal v = (v5, — v27)/2 ( Fig. 4(d)). The

v, should decay with the characteristic spin-relaxation
length As/2 instead of As [2]. In order to verify this hy-
pothesis (Eq. 5), we fit v.-B, dependence in Fig. 4(e)

Hanle like shape of v.(B, ) in Fig. 4(e) immediately con-
firms that indeed the nonlocally measured charge volt-
age v. has the spin-dependent origin, and is reduced to
zero in the absence of spin-accumulation (at B ~ 40
mT). Next, due to its square dependence on ps in Eq. 5,

with the solution to the Bloch equation, and obtain Ag ~
2 pm, which is about half the spin relaxation length ob-
tained via the Hanle spin-precession measurements on
the spin-signal vs (Fig. 4(d)). The same effect appears
in the 1% harmonic v, due to its coupling with the 279



harmonic effect in presence of a nonzero I (see Supple-
mentary Material). In this way, we unambiguously estab-
lish the spin-dependent origin and the square dependence
of the nonlocal charge voltage on spin-accumulation via
Hanle measurements.

Lastly, the v.-i dependence is plotted in Fig. 4(f). The
dark (light) grey dashed line is the calculated magnitude
of v. while considering the contribution from nonlinear
(linear) spin injection with i4(i?) dependence on the in-
jected current (see Supplementary Material for details).
The measured data is in close agreement with the calcu-
lated v, due to the nonlinear spin-injection, and is bet-
ter fitted with a 4*" order polynomial than a parabolic
function. Clearly, such efficient spin-to-charge conversion
cannot be explained only via the linear spin-injection pro-
cess, and the contribution from the nonlinear processes
has to be taken into account. In conclusion, Gr/hBN
heterostructures due to the presence of nonlinear spin-
injection offer a highly efficient platform to probe non-
linear spin-to-charge conversion effect. The interaction
of the two nonlinear effects produces a measurable effect
without needing any additional effect such as spin-orbit
coupling [26, 27].

To summarize, we, for the first time demonstrate the
presence of spin-dependent nonlinearity in a spintronic
device via all electrical measurements. This effect is the
key ingredient in signal-processing, and opens up the por-
tal for the development of the field of analog spintronics,
following the pathway of the electronic revolution. Our
results suggest that nonlinearity can be exploited in mul-
tiple ways to manipulate spin-information such as via
complex signal-processing and spin-to-charge conversion,
and develop advanced multi-functional spintronic devices
[2-5, 28] and spin-based neuromorphic computing [29].

METHODS
a. Sample fabrication

We prepare a fully hBN encapsulated graphene stack
via a dry pick-up transfer method. The hBN (thickness~
7 nm) and graphene flakes are exfoliated on SiO5/Si
substrate and identified via optical contrast analysis us-
ing an optical microscope. The thickness of hBN layer
is measured via the atomic force microscopy and is ~
9nm for the bottom hBN substrate and 0.9-1.0 nm (3L)
for the top hBN layer. For the stack preparation, the
3L-hBN flake is brought in contact with a visco-elastic
PDMS (polydimethylsiloxane) stamp which has a sticky
PC (polycarbonate) film attached to it. During the con-
tact, the whole assembly is heated and the hBN is picked
up by the PC film. Following the same step, the Gr
flake is picked up by the hBN flake on the PC film due
to the van der Waals interaction between these two lay-
ers. In the last step, the thick hBN flake on the SiO9

substrate is brought in contact with the Gr/3L-hBN on
the PC film, the whole assembly is heated up to 150°C
and the PC film with the Gr/3L-hBN is released on
to the bottom hBN substrate. Afterward, the bottom-
hBN/Gr/3L-hBN stack is put in chloroform solution at
room temperature to dissolve the PC film. In order to
remove the remaining polymer residues on top of the top
3L-hBN layer, the stack is annealed at 250°C in Ar-Hy
environment for 7 hours.

b. Device Fabrication

The electrodes are patterned via the electron-beam
lithography on the PMMA (poly-methyl methacrylate)
spincoated sample. Then the sample is developed in a
MIBK:IPA solution for 60 seconds in order to remove the
polymer from the electron-beam exposed area. Next, to
obtain the spin-sensitive electrodes, 65 nm thick cobalt is
deposited on the sample via electron-beam evaporation.
In order to prevent the oxidation of cobalt, a 3 nm thick
layer of aluminium is deposited on top. The residual
metal on top of the polymer is removed by performing
the lift-off in hot acetone at 40°C.

c. Measurements

Measurements were performed both at 4K (Helium
temperature) and room temperature in vacuum in a flow
cryostat. Differential ac signal measurements were per-
formed using low frequency lock-in detection method.
For mixed signal (ac+dc) measurements and back-gate
application, Keithley 2410 dc source was used.
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Supplementary Information

I. MODEL FOR NONLINEAR SPIN-INJECTION

Current/voltage bias dependence of the spin-injection
efficiency across the cobalt/hBN/Gr contact introduces
nonlinearity in the spin-injection process. As discussed
in the main text, the differential polarization depends on
the input bias current I, the expression for pi,j using the
Tailor expansion around I = 0 can be written as:

Pinj (1) = po(1 + Cyi + Cai® + ...) (S1)

where pg is the unbiased differential contact polarization.
The spin-signal in the nonlocal geometry is:

Vs = {pinj} X Rs X pdeti- (82)

Here, pget is the unbiased detector polarization, Ry is the
effective graphene spin resistance. By substituting Eq.S1
into Eq.S2, we obtain the following expression for vy:

Vs :{p[)(l + Cll + CQ'L.2 + )Z} X RS X Ddet
:{pO X Ry x pdet}i + {Pocl X R X pdet}i2 (SS>
+ {poCQ X Ry x pdet}is + ...

Due to the presence of nonlinearity in the spin-injection
process, even the 2", 3'4 and 4*" harmonic spin-signals
can be measured.

II. MIXED-SIGNAL ANALYSIS

The nonlinearity in the spin-signal can be measured via
mixed-signal analysis which is a well established frame-
work in the field of analog electronic-circuit design. We
use this tool to measure and analyze the nonlinearity
present in the spin-injection process.

When two independent inputs are supplied to a linear
system, its response will be a linear combination of the
input signals. However, this is not the case when the sys-
tem possesses nonlinearity, and additional contributions
would appear due to the mixing of the independent in-
put signals. In order to measure the response of the ac
and dc input signals and their mixing, we apply a charge
current I + ¢sinwt. We apply a dc current using a home
built dc current source and the ac current using a lock-
in source across the injector electrodes. Since we know
from the measurements presented in the main text that
Ry and pget remain constant, for sake of simplicity we
omit the constants in Eq.S3, and to explain the analysis,
we assume pinj = po(1 + C11) and omit the higher order

terms. Now, vg is:
vs 2 {po(1+ C1(I +isinwt))} x (I + isinwt)
= {po(I +isinwt)} + poCr x {(I + isinwt)®}
o {po(I + C11*)} + {po(1 + 2C1 I)isinwt}
+ {poC1i? sin® wt}

(54)

vs in Eq. S4 has three distinct contributions, a dc, a 15
harmonic (i.e. o sinwt) and a 2"! harmonic (o sin? wt)
contribution, separated in curly brackets. In a lock-in
measurement, if an ac current ¢ is applied to the sample at
a lockin reference frequency f = 5=, only the components
of vs appearing at frequency f or at higher harmonics
2f,3f,... would be measured via the lock-in detection
method. Other contributions are filtered out and are
not measured via the lock-in amplifier. In order to do
so, the smaple output v in Eq. S4 at the lock-in input
is multiplied with the reference signal o sinnwt, where
n =1,2,... in order to measure the 15, 2°d__ harmonic
contributions. Then the output is low-pass filtered to
obtain a dc output.

In order to filter out the 15* harmonic contribution, v
in Eq. S4 is multiplied with the reference signal sinwt,
and vs x sinwt is only filtered out and measured in the
15% harmonic response:

vs = {po(1 4+ 2C11)} X Ry X paeti (S5)

Here, we would like to emphasize that due to the nonlin-
ear term present in contact polarization, i.e. because of a
nonzero C', contact polarization is not equal to pinj = po
anymore and is modified to pinj = po(1 + 2C11). There-
fore, in presence of the nonlinearity the dc and differential
contact polarization will not be equal and the differential
one may exceed the dc polarization [1].

Now, in the same way, the 2"? harmonic component of
vg can be filtered out by multiplying vs in Eq. S4 with
sin 2wt:

Vs = {pOCI} X Rs X pde‘ci2 (86)

It is evident from the expression in Eq. S6 that if
C1 # 0, the spin-valve effect would be observed in the
27d harmonic measurements as well.

Using the analysis presented above, higher order non-
linearity can be included in the contact polarization pjy;
with nonzero Cs, ... as in Eq. S1 in the same way. With-
out the loss of generality, following the arguments pre-
sented above, one would expect the spin-valve effect to
appear in the 3¢ harmonic measurements for Co # 0
and the CoI dependent terms in the 1%¢ and 29 har-
monic spin-signals, as can be seen in Fig.2 of the main
text. In this way, for highly nonlinear spin-injection pro-
cesses, there will be contributions of higher order spin-
injection processes appearing in the low-order terms due
to the coupling of higher order processes with the charge
current.



IITI. NONLINEAR SPIN-TO-CHARGE
CONVERSION

Ferromagnets (FM) have a nonzero spin-dependent
conductivity oy, i.e. spin-up and spin-down electrons
in FM materials have different conductivity o' and ot
where o, = o7 —o*. In presence of a nonzero spin-current,
i.e gradient of the spin-accumulation us = (u! — pt)/2,
it gives rise to a charge voltage v. x o5V g in the FM.
However, nonmagnets (NM) have s = 0.

Because of energy-dependent density of states in
graphene, in presence of a large spin-accumulation psg,
spin-up and spin-down electrons experience different con-
ductivity [2, 3]. Therefore, in spite of being a nonmag-
net, graphene develops a nonzero spin-polarization Py
away from the Fermi level, and behaves as a pseudo-
ferromagnet. As a consequence, a nonlocal charge voltage
v, is developed along the spin-transport channel length:

ve = —Palps/e) (S7)

where Py is the spin-to-charge conversion efficiency and
can be represented as:

1. o
o OF
where ¢ is the energy-dependent conductivity of
graphene. Now, v, can be written as :

Py = —ps x (S8)

_ 1 do (MS)Q
Ve = G " SE e (S9)
= Cop? o i

The proportionality constant Cj can be derived from
the carrier-density dependent conductivity measure-
ments of graphene and the density of states in graphene
(bilayer graphene in our case). The procedure is as fol-
lows:

The total number of carriers n can be calculated using
the relation:

Er
n :/ v(E)dE (S10)
0
where the density of states v(F) of the BLG is:
GsGv
V()= ——2F+ S11
(B)= T2 CE ) (S1)

Here gs; and g, are electron spin and valley degener-
acy(=2), h is the reduced Planck coefficient, vp=10° m/s
is the electron Fermi velocity, and v, =0.37 eV is the inter-
layer coupling coefficient. We extract the carrier density
in graphene from the Dirac measurements, and use it cal-
culate g—% as a function of n using Eq. S10 and Eq. S11.
Then, we can easily estimate Cj using Eq. S9 for our
sample. Using this procedure, we obtain Cj as a func-
tion of the back-gate voltage Vis (Fig. S1). Since, we
perform all measurements at V,,=0 V, we use Cy ~15

V1 for further calculations.
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FIG. S1. Ryq(left y-axis)-Vie dependence of graphene (red).
On the right y-axis the spin-to-charge conversion efficiency
Co — Vb dependence (in black) is plotted. Cp at V4,;=0V is
marked with a solid black dot.

III. MODEL FOR SPIN TO CHARGE
CONVERSION

We know, from Eq. S9, the spin-accumulation induced
charge voltage v. = Cou2. If an ac charge current i is
applied across the injector electrode, it creates a spin
accumulation ps = pinjiRs underneath the injector elec-
trode, which is measured at a distance L away from the
injector electrode.

Ve = COMS = CVO(pinjiRse)2

) (S12)

= C(pinjl)2
where C = Co(Rse)?. While deriving the expression
for v., we also consider the role of the nonlinear spin-
injection and assume piy; = po(1 + C14), and substitute
this expression into Eq. S15:

ve = Cp2(1 + Chi)?i?

S13
= Cpa (i + 2C3® + CFi) (513)
Now, we can perform the mixed signal analysis on the
expression in Eq. S14 by replacing ¢ with I + ¢sinwt in
the same way as described in supplementary section II
and obtain expressions for the 24 harmonic components
of v.:



nd
: Cpa{i® + 6C, Ii* + 6CF 1% + CFi*} cos 2wt

(S14)

(%

c =

Here, we would like to remark that for I = 0, we would

expect vgnd o i2 for small i and Ufnd o i* for the large i
values. The consequences of this dependence are signifi-
cant as because of a nonzero C, at large i values, v, o< i*
while vs o< i? (Fig. 4 in the main text) . Therefore, at
large ¢ the spin-accumulation induced charge-voltage v,
would be comparable to, and can even surpass the spin-
signal vs.

SPIN TO CHARGE CONVERSION IN 1%
HARMONIC RESPONSE

As explained in Sec.III, spin-to-charge conversion is a
nonlinear effect, and is measured as higher harmonic of
the nonlocal charge signal. However, similar to the non-
linear spin transport measurements, when a dc charge
current [ is injected along with i, due to the mixing be-
tween ¢ and I, we can also measure v, in the 15 harmonic
response. The expression for 15 harmonic component of
v , obtained by using the mixed signal analysis is:

o™ = Op2{25i + 601 1% + (3/2)C1i®
+ 302103 + 4C3 1%} sinwt

~ Cpyli{1 4 3C1T + 2(C11)%} (i << I).

(S15)

Here, the terms with C in the expression in Eq. S15
appear due to the nonlinear spin-injection process. If
C1I > 1, the term o (C11)? will dominate and set am-
plification factor for the spin-to-charge conversion effect
in the 1%% harmonic response, which is absent for lin-
ear spin-injection. Now, v, ~ Cp3Ii(C1I)?, and due to
the nonlinearity present in the spin-injection process, we
would expect an amplification in the spin-to-charge con-
version effect in the 15* harmonic signal, proportional to
(C11)2.

In order to verify this hypothesis, we revisit the 1%
harmonic Hanle measurements, and obtain v. as an av-
erage of vP| and v. We first present the case when
no bias is applied at the injector. For I=0, we expect
v = 0 and symmetric parallel and anti-parallel Hanle
curves. Since we cannot measure any spin-signal clearly
while using the tunnel contact C'1 as an injector with-
out biasing it, due to the presence of large noise and a
small spin-signal due to small contact-polarization, we
use the transparent contact C2 as a injector and C1 as
a detector (Fig. 1(a)). Now, C1 can be biased with I
to enhance its spin-detection efficiency pge; and the spin-
signal can be measured. Since I=0 at the injector, there
should be no coupling between the 15t and 2"4 harmonic
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v. and the parallel and anti-parallel Hanle signals should
be symmetric. In our measurement while using C2 as
an injector and C1 as a detector we measure roughly
symmetric Hanle curves with respect to the background
(black dashed line) for the parallel and anti-parallel con-
figurations (Fig. 4(d)). However, there is no asymmetry
expetected for this case. The reason for such behavior is
not clear to us at the moment.

Now, when we use the tunnel contact C1 as an injec-
tor and C2 as a detector, and inject a charge current
I + 1, as expected we see a huge asymmetry between
the magnitudes of parallel and the anti-parallel Hanle
signals in Fig. S2(b,c) for I = £250 nA due to the pres-
ence of spin-to-charge conversion effect. Simar to the 274
harmonic measurements in Fig. 4(c) in the main text,
the spin-accumulation induced charge signal which is the
average of the parallel and anti-parallel spin-signals is
comparable to the spin-signal. Due to the dominant 29
order spin-injection and its contribution to the 1% har-
monic spin-to-charge conversion, the higher order terms
in Eq. S15 contribute significantly, and we also see the
sign-reversal of v. with the polarity of I. In order to ap-
preciate the role of the nonlinear spin-injection to mea-
sure such effect, we also present a similar case for spin-
injection in a different sample using a 2L-hBN, in ref. [1]
where, where the nonlinear constant C; ~ 10°A~! is not
dominant enough compared to C1 ~ 1084~ for 3L-hBN
in our sample. Here, even for high enough I = +25uA,
v is significantly small compared to the spin-signal vy
(Fig. S3), where v, and v are of similar order magnitude.
Therefore, we also do not measure a strong modulation
in Hanle shapes in Fig. S3 as in Fig. S2 for nonzero I.
However, the asymmetry between the magnitudes of par-
allel and anti-parallel Hanle curves, along with the sign
reversal in v, with the polarity of I is consistently present
in both measurements.

We would also like to remark that the observed be-
havior is not due to the contribution of outer injec-
tor/detector FM electrodes to the measured spin-signal.
For nonlocal SV measurements, we consistently observe
only two distinct levels in the spin-valve effect corre-
sponding to parallel and anti-parallel configuration of the
injector-detector pair. It confirms the contribution of
only one FM injector and one detector in contrast with
the recently reported two-probe spin-transport measure-
ments in ref. [1, 47 ] where both FM electrodes act as
spin-injector and detector contacts and result in asym-
metric Hanle curves for parallel and anti-parallel config-
urations.

Lastly, similar to the 2*d harmonic spin-to-charge con-
version effect, shown in Fig. 4(e) of the main text, we
also plot the 1°¢ harmonic v.-B| dependence, and ob-
tain the same information. The Hanle-like magnetic-
field dependence of v. in Fig. S2(e) confirms its spin-
accumulation induced origin. The fitting of the Hanle
curves in Fig. S2(d) and Fig. S2(e) results in Ay ~ 4
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FIG. S2. 1°® harmonic measurements (a) RY* = % are roughly symmetric with respect to the background (black dashed

line) for i=20 pA and I = 0 at the injector. Here, the transparent contact C2 is used as an injector and the tunnel contact C1
is used as a detector. When the tunnel contact is used as an injector, a strong asymmetry is measured between RY, (green)
and R (pink) with respect to the background for (b) I = +250 nA and (c) I = -250 nA due to the coupling of the 2"
harmonic spin-to-charge conversion effect to the applied dc bias I. R, (green) is negative in (a) and (c) because of the negative
bias current I. 1% harmonic (d) spin-signal vs. (e) Nonlocal charge-signal v.-B, dependence. The data is symmetrized and a
constant background is subtracted from the raw data. (f) Summary of vc-vs dependence. The measurements are performed at

4K.

pm and ~ 2 pm, respectively. By fitting the v. — By
dependence in Fig. S2(e), according to the expectation
ve X V2, Ay ~ 2 pum is obtained which is half of the spin-
relaxation length obtained from the spin-signal v, and
again corroborates the square dependence of the nonlo-
cal charge-signal on spin-accumulation, as obtained in
the 2" harmonic measurements in the main text.

4'* HARMONIC SPIN SIGNAL

We also measure the 4** harmonic component of the
spin-signal for the input ac current ¢ = 100 nA. The
spin-valve effect is shown in Fig. S4(b). Similar to the
274 harmonic spin-signal, the 4" harmonic spin-signal
can be measured unambiguously without applying any

dc current. As soon as a finite dc bias [ is applied along
with the ac charge current ¢, again in line with the bias-
dependence of the 2"d harmonic spin-signal (Fig. 2(e) in
the main text), the magnitude of the 4 harmonic signal
is also reduced as shown in Fig. S4(a).
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