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The existence of nonlinearity in a spintronic device is indispensable for spin-based complex signal-
processing operations. Here we measure the presence of electron-spin-dependent nonlinearity in a van der
Waals heterostructure spintronic device. We further demonstrate its application for basic analog operations
such as essential elements of amplitude modulation and frequency sum (heterodyne detection) on pure spin
signals, by exploiting the second-harmonic generation of the spin signal due to nonlinear spin injection.
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 modu-
lation of the spin-to-charge conversion effect, which in principle can also be measured without using a
ferromagnetic detector. These effects are measured both at room and low temperatures, and are suitable
for their applications as nonlinear circuit elements in the fields of advanced spintronics and spin-based

neuromorphic computing.
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I. INTRODUCTION

Nonlinear elements, such as transistors and diodes that
led Shockley and co-workers [1] to lay the foundation for
an electronics revolution, underlie modern-day electronics.
In a similar way, nonlinear spintronic devices would shape
the direction towards spin-based analogs of electronics,
specifically to nonvolatile processing-in-memory devices
[2-8].

Graphene is one of the most promising materials for
spintronics, showing a very long spin lifetime and the
longest spin-relaxation length at room temperature [9,10].
Even though some nonlinear effects have been demon-
strated in graphene spintronics [11], the magnitudes of
such effects were too small for practical applications.
There have been recent theoretical studies on other sys-
tems such as magnetic insulators [12—14], where nonlinear
spin currents can be generated via electric field using
optical methods. Additionally, major ideas in the field of
graphene spintronics thus far have suggested the possibil-
ity of achieving a gate operation employing, for example,
a Datta-Das transistor [15,16]. However, a little attention
has been paid to achieving nonlinear spintronic operations,
such as spin-current amplification and signal processing
of spin signals using the junction field effect, similar to
the operations in a bipolar-junction field-effect transistor.
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The presence of nonlinearity in such devices based on all
electrical methods is crucial for practical implementation,
which has not been explored experimentally and forms a
more fundamental building block to replace conventional
electronics with spin-based analogs [17-21].

Interestingly, the differential spin-injection efficiency
Pinj of ferromagnetic (FM) tunnel contacts with atomi-
cally flat and pinhole-free thin hexagonal boron nitride
(h-BN) flakes as a tunnel barrier [22,23] depends on
the input dc bias current / [24-26]. This is a nonlinear
effect, and renders graphene and 4#-BN heterostructures as
a viable platform to demonstrate spin-dependent nonlinear
operations.

In this work we perform bias-dependent nonlocal spin-
transport measurements in graphene. We distinctively
show the smoking gun evidences that 4-BN tunnel bar-
riers introduce nonlinearity in the spin-injection process,
by measuring higher-harmonic spin signals. We further
demonstrate the use of such nonlinearity for practical
applications, such as amplitude modulation and hetero-
dyne detection operations for future analog graphene
spintronics.

The nonlinearity in the spin-injection process produces
large spin signals in graphene. As a consequence, we also
measure an amplified spin-to-charge conversion effect in
the spin-transport channel, which is otherwise unnoticed
during spin transport in graphene, due to its small mag-
nitude. This spin-to-charge conversion effect is observed
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due to the energy-dependent band structure of graphene,
in the presence of spin accumulation [11,27], and does
not require any additional element such as spin-orbit cou-
pling [28,29]. It is purely a nonlinearity-induced effect,
which greatly simplifies the need for complex device
architectures for measuring the same effect.

Our samples are prepared by the dry van der Waals
stacking method [30] using mechanically exfoliated mate-
rials to produce graphene encapsulated between A-BN
flakes. In our devices, the top #-BN flake is chosen to be
0.9-1.0 nm thick, or around three layers. This is crucial
for obtaining large and nonlinear spin-injection efficien-
cies. Our electrodes are then patterned using standard
electron-beam lithography techniques followed by metal
evaporation of Co(65 nm)/Al(3 nm). Some of our elec-
trodes are patterned directly onto graphene, while others
are patterned on top of the thin top #-BN barrier. We detail
the sample fabrication procedure within the Supplemental
Material [34].

Our measurements are performed both at liquid-helium
temperature and room temperature in vacuum in a flow
cryostat. The differential ac signal measurements are

performed using the low-frequency (10 Hz) lock-in detec-
tion method. For mixed signals (ac+dc) measurements and
back-gate application, a Keithley 2410 dc source is used.

II. EXPERIMENTS AND RESULTS

A. Nonlinear spin injection

We start by characterizing the tunnelling behavior of the
contacts in our device, Figs. 1(a) and 1(b). Contacts with
(without) the 4-BN tunnel barrier show nonlinear (linear)
current-voltage characteristics [inset of Fig. 1(c)] for an
applied dc charge current / and the measured voltage drop
V. across the contact in a three-probe measurement geom-
etry. This reflects the tunnel characteristics of the contacts
with the 4#-BN tunnel barrier and the Ohmic (transparent)
nature of the ones without. Next, we probe the pres-
ence of nonlinear behavior in the nonlocal signal vy in a
four-probe measurement geometry. For an input ac cur-
rent i at frequency /' = 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 frequency should yield a voltage at the same
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FIG. 1. (a) Graphene encapsulated between a thick #-BN at the bottom and a 3L—4-BN 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 4 / is applied across C1 for spin injection and a nonlocal ac voltage vy, 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 #-BN tunnel
barrier is highlighted with false blue color. (c) An ac charge current i = 50 nA (20 nA) 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, /-V characteristics of the tunnel
contact C1 (blue) and the transparent contact C2 (red). These measurements are performed at room temperature. (d) The concept of
nonlinearity is presented schematically via a circuit diagram. A sinusoidal charge current i along with a dc current / is applied at the
input of a nonlinear element (inside the triangle) and a distorted nonsinusoidal 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 =/ (I)] and spin transport (R;) is highlighted in pink.
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frequency alone. The appearance of voltage at integral
multiples of the input-current frequency, or higher harmon-
ics, is a smoking-gun signature of nonlinearity. We also
note additional peaks in our Fourier spectrum of contact
C1, appearing at 13, 26, and 32 Hz, which likely arise
from external interference in our devices, amplified by the
nonlinearities of our contacts. In our measurements, higher
harmonics at 2/, 3/, ... appear in v, only when the tun-
nel contact C1 is used as an injector [blue spectrum in
Fig. 1(c)], and are absent when we use the transparent con-
tact C2 for injection. This underlines the crucial role of
tunnel contacts for introducing nonlinearity in vy.

Thin 4-BN tunnel barriers have been known to gener-
ate a variable spin-polarization injection [24]. This is a
spin-dependent nonlinear effect. Here we explicitly use this
property for higher-harmonic spin-current generation in
order to perform nonlinear spintronic operations. The con-
cept of our nonlinear spintronic measurements is schemati-
cally demonstrated in Fig. 1(d). For an input charge current
i+ 1 at a ferromagnetic contact, higher harmonics in the
spin signal v, are measured at the output, due to the nonlin-
earity in the spin-injection process, present in a spintronic
device. To probe the spin-dependent origin of nonlinear-
ity in vy, we perform bias-dependent nonlocal spin-valve
(SV) measurements [24]. Here, we apply an ac+dc charge
current 7 + / and measure the first-harmonic response of
vpr via the lock-in detection method. An in-plane magnetic
field B}, is swept to switch the magnetization orientation
of C1 and C2 from parallel to antiparallel and vice versa
using the connection scheme in Fig. 1(a). Via SV mea-
surements, we obtain background-free pure spin signal
vs = (V) — vi1)/2, where vi](vP) is the nonlocal signal
vy measured at the (anti)parallel magnetization-direction
alignment of the electrodes C1 and C2, as labeled in
Fig. 2(a). In order to obtain the bias dependence of the spin
signal, we measure 1" as a function of /, as shown in
Fig. 2(d), and obtain v;. At/ = 0, there is a very small spin
signal vy ~ 3 nV [black dash line in Fig. 2(d)]. Note that
here a transparent contact C2 (with no #-BN tunnel barrier)
is used to measure the spin signal. Transparent contacts
are able to detect spin signals in graphene, albeit with a
smaller polarization [31]. We also ensure via additional
measurements that the transparent contact C2 is indeed
spin sensitive. For this, we perform SV measurements
using C2 as the injector and C1 as the detector [32,33],
and again measure the spin-valve effect (see Supplemental
Material [34]).

Now, on applying / across the injector electrode, in line
with the previous studies on Gr—/-BN tunnel-barrier sys-
tems [24,25], v, increases in magnitude and changes its
sign on reversing the polarity of / [Fig. 2(d)]. We note
that there is a spin-independent component in our nonlo-
cal signal, in the order of 100 wV in the first harmonic.
This spin-independent background, which is removed by
performing the difference between parallel and antiparallel

alignment of our electrodes, has a probable charge [35] or
thermal origin [36,37].

Next, in order to investigate if the higher-harmonic
peaks in vy in Fig. 1(c) also have spin-dependent origin,
we selectively measure higher harmonics in vy, using the
lock-in-detection method. We unambiguously measure the
spin-valve effect in second, third, and fourth (see Supple-
mental Material [34]) harmonic vy via SV measurements
and its bias dependence, as shown in Figs. 2(b), 2(c),
2(e), and 2(f). The measured higher-harmonic spin signals
clearly suggest the 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 first-, second-, and third-harmonic spin
signals. Here, for a fixed in-plane magnetization con-
figuration of the injector-detector electrodes (parallel or
antiparallel), as labeled in Figs. 2(a)-2(c), a magnetic field
B, 1is applied 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 Lar-
mor frequency w; « B). The whole dynamics is given
by the Bloch equation, stzm — W)t + @, x 1w, =0,
with the spin-diffusion constant D;, spin-relaxation time
75, Spin accumulation ﬁf = Vy/Pdet In the transport chan-
nel, and the spin-diffusion length Ay = </D,t,. The mea-
sured first-, second-, and third-harmonic Hanle curves
are fitted with the solution to the Bloch equation. From
the fitting, we consistently obtain Ds ~ 0.02 m? s~! and
7, ~ 650-700 ps resulting in A; ~ 4 pm for the first and
higher-harmonic measurements in Figs. 2(g)-2(i). Since
the spin-transport parameters are the same for all harmon-
ics, we conclude that the higher-harmonic spin signals do
not have its origin in the spin-transport process, and pin-
point the origin of the spin-dependent nonlinearity in the
spin signal to the spin-injection process itself.

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 /, the expression for pi,; using the Tailor
expansion around / = 0 with a small ac charge current i
can be written as

PinjDl1=0 = po(1 + Cyi + Coi* + - -+), (1)

where pinj = po in the absence of nonlinear processes,
which are enabled via the nonzero constants Cy, C,,. ...
Now, using the relation vy = piyjRspaeti, where R; is the
effective spin resistance of graphene [38] and pge is the
spin-detection efficiency of the detector electrode, we
obtain

vy o poi + poCri® + -+ -, ()
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(a) First-, (b) second-, and (c) third-harmonic spin-valve measurements. Here, a constant background offset (approximately

100 wV for first, and approximately uV for second and third harmonic) is subtracted from the signal, for a clear representation.
(d) First-, (e) second-, and (f) third-harmonic spin signal v, (in orange) is plotted at the left y axis, and nonlocal signal vy, is plotted at
the right y axis, as a function of 7 applied at C1, using the measurement geometry in Fig. 1(a). The ac injection current i is kept fixed
at 50 nA. v’ (red) and v;, (blue) are the nonlocal signal v, measured at the parallel and antiparallel magnetization configurations of
the injector-detector electrodes, respectively. (g) First-, (h) second-, and (i) third-harmonic Hanle spin signal v, 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 room temperature, and Hanle curves in (g)—(h) are measured at 4 K.

which enables us to measure the presence of higher-
harmonic spin signals o 2,3, ... due to the nonlinearity
introduced by the spin-injection process in Eq. (1).

As shown in the spin-transport measurements in Fig. 2,
the nonlinearity can be experimentally probed by using
the mixed signal (act+dc) measurements. When an input
current i + [ is applied to such a nonlinear system, the
expression for the first-harmonic spin signal vy, obtained
by replacing i with i+ /7 in Eq. (2), acquires a differ-
ent function form (see Supplemental Material [34] for

derivation) and contains a bias / dependent term:

vg ~ [po(1 + 2C1D)] Rypgeii. 3)

As a consequence of the nonlinearity present in the spin
signal, Eq. (2), additional terms with the mixing of i and
I appear, and now pjyi ~ po(1 + 2CI) is obtained instead
of py (at I = 0). For such case, one would expect a gain
in pip; o< 1. Indeed, corroborating with the hypothesis in
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Eq. (3), vy increases in magnitude with the applied dc bias /
and reverses its sign with the dc current polarity [Fig. 2(d)].

Similarly, the expressions for nth (rn > 2) harmonic
components of vg o< (C,—1 + C,1)i" due to nonzero C;s
are obtained using the mixed signal analysis (see Supple-
mental Material [34] for detailed expressions). Here, the
contribution from C,_y, i.e., the nth-order term in Eq. (2)
would appear even if only the ac current is applied. In the
presence of a nonzero /, the higher-order term C,, would
also contribute to the nth-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., second [Figs. 2(b)
and 2(e)] and fourth (Supplemental Material [34]) har-
monic using the pure ac current injection (/ = 0). How-
ever, similar to the first-harmonic spin signal, higher odd
(third) harmonic spin signal [Figs. 2(c) and 2(f)] can be
measured unambiguously only with the application of the
dc bias. When a nonzero / is applied, the contribution of
even harmonic signals couples to the odd harmonic spin
signals, and now the odd harmonic responses can also be
measured. The dominance of only even harmonic com-
ponents in the spin signal is peculiar, and is not clear at
the moment. Also, the bias-dependent behavior of higher-
harmonic spin signals can be explained via the expres-
sions obtained from the mixed-signal analysis only near
the zero bias, where higher (> fifth) harmonic compo-
nents do not play a major role. A complete understanding
of this behavior warrants the inclusion of higher-order
terms in the expression for contact polarization as well as
higher-harmonic SV measurements for the estimation of
the proportionality constant C; (> fifth harmonic).

B. 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 [39]. In our spintronic device, we exploit the
spin-dependent nolinearity and demonstrate its applica-
tions straightaway by performing the spin analogs of well
established analog electronic operations.

1. Amplitude modulation

For amplitude-modulation signal processing, a modulat-
ing input i,, at signal frequency f,, is applied to a nonlinear
element, along with a reference input i.r at frequency fi.r
[40]. For the conventional definition of AM, f,, < fet, and
irer are modulated with the frequency f;,, and the amplitude
of the carrier signal i.s is modulated with the magnitude of
the input signal i,,.

Note that the basic functionality of AM can be demon-
strated with any value pair of (f,,, frf). Here, for sake of
simplicity we choose fi.r = f;;, and exploit the second-
harmonic generation of spin signal due to nonlinear spin

injection, for basic demonstration of the AM experiment.
We demonstrate the modulation in the carrier magnitude
that is proportional to the input signal i,, [41]. For this,
the reference signal i, is applied along i,, in our nonlin-
ear spintronic device [Fig. 3(a)]. As a result of nonlinear
spin injection, second-harmonic generation, along with
higher-harmonic generation also occurs, and the output
spin signal vy o¢ (i + iy)? is detected at frequency 2f .
For a constant i, if i,, << i, the measured spin signal
1S o ifef + 2ieiy, implying that the effect is linear in i,
with a spin-signal offset proportional to ifef at the detection
frequency 2f (second-harmonic response).

In order to measure this effect, we inject i.r = 200 nA
and modulate i,, in the range of 0—120 nA (both at / =
7Hz) at the injector [Fig. 1(a)]. We measure the second
harmonic v; via SV measurements. The measured spin
signal is linear in i, [Fig. 3(b)] and thus the device is
modulating the output in the desired way. For the other sit-
uation, i.e., when i,, >> ixef, Vs X (i)y)?. In this case, we fix
iref = 30 nA and modulate #,, in the range 30—60 nA. The
measured response of vg [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 second-
harmonic signal, the measurement in Fig. 3(c) is better
explained by the fourth-order polynomial fit instead of a
parabolic fit.

2. Heterodyne detection

As another demonstration of signal processing, in a het-
erodyne detection method the input signal frequencies are
not equal, i.e., f,, # fir, and one obtains the signal at the
heterodyne frequencies fr.r & f,, at the output of the non-
linear element [40,42]. In order to realize this operation,
irer at the frequency fir = 2f and iy, at f,, = f are applied
at the injector input [Fig. 3(d)]. The nonlinear component
of the spin signal vy is o [iref sin(2mft) + iy, sin(2 2f1)]>.
If i,, =0, one would expect the spin signal v, at 2f due
to second-harmonic generation. Interestingly, for i, # 0,
Vs OC Iefly, can also be detected at the first- (f = 2f —f)
and third- (3f = 2f +f) harmonic components. In this
way, using heterodyne detection, we also demonstrate an
analog spin-signal multiplier at frequencies f and 3f.

In our measurements, for i,, = 0 and ier = 200 nA (f =
7 Hz), only the second-harmonic spin signal is measured
[Fig. 3(e)]. When we also apply i,, = 150 nA at the input
frequency 2f, spin-valve signals of similar magnitudes
are detected at frequencies both at f and 3f [Fig. 3(f)],
which is a clear demonstration of Aeterodyne detection of
spin signals. Note that earlier there is no measurable odd
(first and third) harmonic spin signal at / = 0 [Figs. 2(d)
and 2(f)] due to low injection polarization and high noise
present in the signal. Now, using the heterodyne detection
method we can clearly measure vy in the first harmonic
even without applying /. In fact, this effect is equivalent
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FIG. 3. A sum signal of the message signal with frequency f;, and the carrier signal with frequency f..r is prepared outside the device

and fed at the input terminal. (a) Amplitude modulation (AM) scheme. (b) AM measurement of the spin signal v, for i,, << irr and
the linear fit (black) (c) i,, > irr and the nonlinear fit (fourth-order polynomial). (d) Heterodyne detection scheme (e) for i,, = 0 no
spin signal is present at the frequency /* and 3f . The spin-valve signal at 2f is present because of second-harmonic generation due
to nonlinear spin injection. (f) For i, # 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 are performed at room temperature. SV measurements in (e),(f) are offset to zero for

clear representation.

to applying a dc current, as both heterodyne and ac+dc
measurements couple the higher-harmonic spin signals to
the first-harmonic spin signal. This method can be used
to detect spin signals at low frequencies where the spin-
dependent noise dominates in spintronic circuits [43,44].
Furthermore, the method can also be used as an electrical
analog of the heterodyne detection in the field on optical
spin-noise spectroscopy [45,46].

C. Nonlinear spin-to-charge conversion

So far we demonstrate that the nonlinearity present in
the spin signal in a Gr—4-BN heterostructure has its ori-
gin 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 magnitude, i.e., spin-
to-charge conversion [11,27] in the spin-transport channel.
The effect requires the energy-dependent conductivity of
the transport channel and the presence of spin accumula-
tion as prerequisites. A nonlocal charge signal v. due to
energy-dependent spin-to-charge conversion is given by

ve = Cop? = Co(piniRye)*i%, “4)

where Cj is a proportionality constant (see Supplemental
Material [34] for details), and we use the relation
vse/Pdet to obtain the v.-i dependence.

In the earlier study of the energy-dependent spin-to-
charge conversion [11], nonmagnetic electrodes are used
to measure the effect because spin polarization of the
detector is not relevant for measuring the charge signal.
In principle, the same effect can be measured even via
ferromagnetic electrodes as they can also measure the
charge voltage. In our measurements of the spin-to-charge
conversion effect, we perform conventional spin-transport
measurements, and separate the spin-to-charge conver-
sion effect from the spin signal judiciously, via a careful
data analysis. If a single FM injector-detector pair is
used, we can obtain v, in Eq. (4) from the spin-transport
data, by taking the average of parallel and antiparallel
spin signals R”™ . The reason being the spin-to-charge
conversion-induced signal is only sensitive to the mag-
nitude of the spin signal, but not to its sign Eq. (4).
During the magnetization reversal of either of the injector-
detector electrodes, spin-to-charge conversion v, does not
change its sign while the spin signal does. This is valid
for both first- and higher- (second-, third-,...) harmonic
signals. In this way, by averaging R", and R%}, we obtain
only the signal due to spin-to-charge conversion effect,
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FIG. 4. Second-harmonic Hanle measurements in the parallel (green) and antiparallel (red) configuration for i,.= (a) 100 nA, (b)
300nA, and (c) 400 nA. The enhancement in the spin-accumulation-induced charge signal v. with i is visible in the asymmetry
between v’} and v} 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 4 K.
Second-harmonic Hanle spin-precession measurements of (d) the spin signal v, and (e) the spin-accumulation-induced charge signal
v.. Both data are obtained from (a) for i = 100 nA and fitted with the solution to the Bloch equation. From the fit in (d), (e), we obtain
As ~ 4 um and 1.8 um for the spin and charge signal, respectively. (f) v. — i dependence for the second-harmonic data is fitted (blue
curve) with a fourth-order polynomial function. The dark (light) gray dashed line is the calculated magnitude of second-harmonic

component of v. due to the nonlinear (linear) spin injection.

while the difference of these two signals gives us pure
spin signal devoid of the contribution from spin-to-charge
conversion.

Now, to probe the spin-to-charge conversion effect and
the spin-dependent origin of the nonlocal charge voltage,
we perform Hanle measurements. Since the spin-to-charge
conversion is a second-harmonic effect Eq. (4) for the
applied charge current i, we inject a pure ac current i in
the range 100400 nA and measure the second-harmonic
response of vsl(ap) as a function of B, using the mea-
surement geometry in Fig. 1(a). In our measurements, we
observe an asymmetry between the magnitudes of v}, and
ve in Figs. 4(a)-4(c), which is present in a small magni-
tude for i = 100 nA, and grows rapidly for i = 400 nA to

such an extent that the Hanle dephasing of vy is measured
properly only in the parallel configuration.

To understand the origin of this asymmetry, we plot
the nonlocal charge voltage v. = (v, + vi1)/2 [Fig. 4(e)]
and the spin signal v, = (v°, —v3')/2 [Fig. 4(d)]. The
Hanle-like shape of v.(B1) in Fig. 4(e) immediately con-
firms that indeed the nonlocally measured charge voltage
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 w, in Eq. (4), v,
should decay with the characteristic spin-relaxation length
As/2 instead of As [27]. In order to verify this hypothesis
Eq. (4), we fit v.-B, dependence in Fig. 4(e) with the solu-
tion to the Bloch equation, and obtain A; ~ 2 um, which
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is about half the spin-relaxation length obtained via the
Hanle spin-precession measurements on the spin signal v;
[Fig. 4(d)]. The same effect appears in the first harmonic
V. due to its coupling with the second-harmonic effect
in the presence of a nonzero / (see Supplemental Mate-
rial [34]). Note that in the earlier study [11], it was not
possible to perform Hanle measurements, and extract spin-
transport parameters, due to the small magnitude of the
measured charge signal. Owing to the large spin-injection
efficiency via 4-BN tunnel barriers, and improved spin-
transport parameters in fully encapsulated graphene, we
could create large spin-accumulation magnitudes. In this
way, we unambiguously establish the spin-dependent ori-
gin 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) gray dashed line is the calculated magnitude of
v. while considering the contribution from nonlinear (lin-
ear) spin injection with i*(i?) dependence on the injected
current (see Supplemental Material [34] for details). The
measured data is in a close agreement with the calcu-
lated v, due to the nonlinear spin injection, and is better
fitted with a fourth-order polynomial than a parabolic func-
tion. Clearly, such efficient modulation of spin-to-charge
conversion cannot be explained only via the linear spin-
injection process, and the contribution from the nonlinear
processes has to be taken into account. In conclusion,
Gr—/-BN heterostructures due to the presence of nonlin-
ear spin injection offer a highly efficient platform to probe
nonlinear 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 [28,29].

III. CONCLUSIONS

To summarize, we demonstrate the presence of
spin-dependent nonlinearity in a spintronic device via all
electrical measurements, and use this to generate higher
harmonics in the spin signal. This effect is the key ingre-
dient in signal processing, and opens the door for the
development of the field of analog spintronics, following
the pathway of the electronics revolution. Our results sug-
gest that nonlinearity can be exploited in multiple ways
to manipulate spin information such as via complex sig-
nal processing and spin-to-charge conversion, and develop
advanced multifunctional spintronic devices [10,11,18,27,
47] and spin-based neuromorphic computing [5].
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