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To conduct spin-sensitive transport measurements, a nonlocal device geometry is often used to avoid
spurious voltages that are caused by the flow of charges. However, in the vast majority of reported nonlo-
cal spin-valve, Hanle spin precession or spin Hall measurements, background signals have been observed
that are not related to spins. We discuss seven different types of these charge-induced signals and explain
how these artifacts can result in erroneous or misleading conclusions when falsely attributed to spin trans-
port. The charge-driven signals can be divided into two groups: signals that are inherent to the device
structure and/or the measurement setup and signals that depend on a common-mode voltage. We designed
and built a voltage-controlled current source that significantly diminishes all spurious voltage signals of
the latter group in both dc and ac measurements by creating a virtual ground within the nonlocal detection
circuit. This is especially important for lock-in-based measurement techniques, where a common-mode
voltage can create a phase-shifted, frequency-dependent signal with an amplitude several orders of mag-
nitude larger than the actual spin signal. Measurements performed on graphene-based nonlocal spin-valve
devices demonstrate how all spurious voltage signals that are caused by a common-mode voltage can be

completely suppressed by such a current source.
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Two of the most commonly used device geometries for
spin-transport measurements are nonlocal spin-valve and
nonlocal Hall bar geometries [ 1-8]. In such devices there is
no spatial overlap between the injection circuit over which
a charge current is driven [circuit with electrodes 7, and 7
in Fig. 1(a)] and the detection circuit in which the spin sig-
nal is nonlocally probed [circuit with electrodes V. and
V_ in Fig. 1(a)]. This device scheme is argued to pre-
vent spurious voltage signals because of a putative avoid-
ance of any charge flow in the nonlocal detection circuit
[1-4]. In real devices, however, there are several mecha-
nisms that can lead to a flow of charges in the nonlocal
part of the device. In this article we discuss seven differ-
ent mechanisms that can result in charge-induced nonlocal
voltages. All of the discussed mechanisms are of such a
fundamental nature that they can occur in any material
system.

In this context, it is important to emphasize that our dis-
cussion is not exhaustive as we explicitly do not include
material-specific phenomena that can lead to nonlocal
voltage signals. One prominent example is the occurrence
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of large nonlocal signals either at the charge neutrality
point in graphene or by opening a band gap in bilayer
graphene. Although these nonlocal signals have been
attributed to topological currents or the valley Hall effect
[9—12], more recent studies rather explain these measure-
ments by generic, nontopological edge currents that lead to
a flow of charges in the nonlocal part of the device [13—15].
The ensuing debate about the actual underlying physics
[15—17] follows other controversial discussions such as
those about the correct interpretation of nonlocal spin
Hall effect measurements or spin-transport measurements
in topological insulators. For the latter two cases, several
studies already demonstrated the occurrence of charge-
induced nonlocal voltages that might have been falsely
attributed to spin-related effects in preceding publications
[18-23]. This highlights the importance for a comprehen-
sive review of the mechanisms that can create spurious
voltage signals, which is one essential part of this arti-
cle. Besides already known sources of charge-induced
nonlocal voltages, we also discuss a spurious voltage sig-
nal that depends on the common-mode voltage in the
nonlocal part of the device and that has not been con-
sidered so far. The amplitude of this signal scales with
the applied measurement frequency. At higher frequencies

© 2022 American Physical Society
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FIG. 1. (a) Lock-in-based, nonlocal measurement scheme of a lateral spin-valve device. A charge current gets spin polarized by

flowing through the ferromagnetic electrodes 7, and /_ and, therefore, creates the quasichemical potentials depicted in panel (b) for
majority and minority spins. (c) As the spin signal is directly linked to the current in the injection circuit, both signals should be in
phase with each other (the latter can be measured, for example, over a shunt resistor). As long as the voltage-to-current converter is
driving the current in phase to the applied reference voltage from the lock-in, the spin signal should appear only in the X channel
of the lock-in. In real measurements charge-induced signals also appear that can be either in phase or out of phase with the applied
current. (d) Without these spurious signals, both spin-valve (solid line) and Hanle spin precession (dashed lines) measurements should
be symmetric around R, = 0. Instead, in experiments a background signal is almost always measured that changes, e.g., by going
from the electron into the hole regime (e) or by merely increasing the measurement frequency (f).

this spurious voltage signal will mask any spin signal,
which is the likely reason why the vast majority of reported
nonlocal spin-valve, Hanle spin precession, and spin Hall
measurements were conducted with either dc currents or
ac currents at very low frequencies (< 30 Hz) [24-40]. We
demonstrate that both this frequency-dependent spurious
voltage signal and two others, which are also caused by
the common-mode voltage in the detection circuit, can be
completely removed by creating a virtual ground within
the nonlocal part of the device.

In this article, we first discuss in Sec. I the fundamen-
tal principles behind nonlocal spin measurements to lay
the basis for the discussion of the charge-induced signals.
In Sec. II we explain the mechanisms responsible for the
charge-induced signals and (if available) discuss ways how
their contribution to a nonlocal measurement can be mini-
mized. In Sec. Il we discuss in detail the one charge signal
whose amplitude scales with the measurement frequency
and demonstrate how this signal can be removed from the
measurement by using a current source that we designed
and built for this purpose.

I. PRINCIPLES OF A NONLOCAL SPIN
TRANSPORT MEASUREMENT

We discuss the mechanisms behind the occurrence of
charge-induced, nonlocal voltages using the example of a
lateral spin-valve device whose nonlocal signal is mea-
sured with a lock-in technique [Fig. 1(a)]. But we note
that many of the discussed charge-induced signals also
occur in other measurement techniques (including dc mea-
surements) and other device geometries (e.g., Hall bar
structures for the nonlocal detection of the spin Hall effect).
In our example the sinusoidal voltage signal V. sin(wt)
from the internal oscillator of the lock-in amplifier is used
as a reference signal for a voltage-to-current converter.
This converter is driving a current /,. sin(w?) through the
device under test (DUT) between the two ferromagnetic
electrodes in the injection circuit denoted 7, and /_. It is
assumed that the voltage-to-current converter only creates
a negligible phase shift between the reference voltage and
the current through the device (probed, e.g., by the voltage
drop over a shunt resistor Rgyynt).
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The applied charge current gets spin polarized by the
ferromagnetic electrodes and therefore creates a spin accu-
mulation in the material right below the electrodes [1-3].
This is depicted as a quasichemical potential for each spin
orientation in Fig. 1(b). Because of the gradient in the
spin accumulation, spins also diffuse from the /. electrode
towards the nonlocal part of the device. The correspond-
ing spin accumulation in this part decreases exponentially
because of relaxation processes and can be probed between
the spin-sensitive, ferromagnetic electrodes (V. and V_)
with a differential voltage amplifier [1-3].

If the DUT has a spin diffusion coefficient D;, the time
that is needed for the spins to diffuse a distance L into the
nonlocal region is of the order of L% /D, (e.g., for the major-
ity of reported spin-transport experiments in graphene, this
time is between 500 ps and 10 ns). In typical measure-
ments this time is several orders of magnitude shorter than
the period of the applied ac signal. Therefore, there cannot
be any measurable phase that is caused by spin diffusion
between the applied ac current, which creates the spin
accumulation in the first place, and the measured nonlo-
cal spin signal. Accordingly, any nonlocal signal that has
a phase is either due to a measurement artifact or is linked
to a physical phenomenon that is not connected to spins.
In this respect a lock-in amplifier now becomes impor-
tant, as it can decompose the overall nonlocal signal in
contributions that are in phase and out of phase to its
internal oscillator [Fig. 1(c)]. The X channel (sometimes
also called Re or Real channel) of the lock-in measures
the amplitude of the nonlocal voltage that is in-phase to
the internal oscillator, whereas the Y channel (Im or Imag
channel) measures the signal that is shifted by 90°. Accord-
ing to the above explanation, the spin signal should be
entirely located within the X channel of the lock-in [green
arrow in Fig. 1(c)].

In Fig. 1(d) the theoretically expected curves for a
spin-valve and a Hanle spin precession measurement are
depicted for the case that only the bare spin signal is
present in a nonlocal measurement. For the spin-valve
measurement, the magnetic field B is applied in plane to
the material and antiparallel to the magnetization of the fer-
romagnetic electrodes. Different widths of the electrodes
lead to different coercive fields because of shape anisotropy
[41,42]. In Figs. 1(b) and 1(d) it is assumed that electrode
V., switches first (the four arrows represent the magnetiza-
tion direction going from electrode /_ to V_). Therefore,
V. will no longer probe the spin-up but rather the spin-
down potential, which should only lead to a sign reversal
of the measured voltage (see the detailed explanations with
theoretical derivations in Refs. [1-3]). If the nonlocal resis-
tance Ry is calculated by normalizing the nonlocal voltage
by the applied current, the corresponding spin-valve curve
should be perfectly centered around R, = 0 [Fig. 1(d)]. If
the magnetic field B is applied in the out-of-plane direc-
tion, Hanle spin precession curves can be measured both

in the case of a parallel orientation of the respective mag-
netization directions of the 7/, and V. electrodes [black
dashed curve in Fig. 1(d)] and the respective antiparallel
orientation (red dashed curve). These curves are expected
to be mirror images of each other and they should con-
verge to zero at high magnetic fields because of a complete
dephasing of the spins [1-3].

Instead, Fig. 1(e) depicts typical experimental Hanle
curves with obvious charge-related background signals
that are measured in both the hole and the electron regimes
of a graphene-based spin-valve device (see the discussion
in Sec. IV how the occurrence of these spurious sig-
nals may change for other materials and device structures,
e.g., metallic spin-valve devices). The background signal
can be easily calculated by the arithmetic mean of the
two curves for parallel and antiparallel orientation [green
curves in Fig. 1(e)] and can be fitted by a second-order
polynomial function. Subtracting this background from the
measured data results in Hanle curves as depicted in Fig.
1(d), i.e., curves that are perfectly centered around Ry = 0
and can be well fitted with models that only consider a
spin signal [1-3]. It was shown that this kind of magnetic-
field-dependent background signal can be explained by
a combination of a current-spreading effect and the Hall
effect [19,43], the latter causing the slope to change when
tuning the device from the hole into the electron regime.

To highlight the previously described background sig-
nal whose amplitude increases towards higher frequencies,
we use another graphene-based spin-valve device for the
sake of simplicity. For this device, the current spreading
effect is minimized by improving the device fabrication
process (see the explanation in Sec. Il A). As a result,
the corresponding Hanle curves in Fig. 1(f) do not have a
magnetic-field-dependent background signal. Instead, it is
seen how a constant offset voltage increases for increasing
frequencies f = w/(27) of the applied current. It should
be noted that in Fig. 1(f) only the projection of the under-
lying charge-induced, nonlocal voltage in the X channel
is depicted [compare to the blue arrow in Fig. 1(c)]. As
explained in the following sections, the underlying charge-
induced signal exhibits a phase close to 90°. Accordingly,
the signal in the Y channel increases significantly more,
even pushing the channel into an overload condition for
frequencies higher than 188 Hz in the case of this device,
which eventually leads to measurement artifacts of the spin
signal in the X channel.

There are a variety of reasons for trying to prevent such
charge-induced signals from appearing in nonlocal mea-
surements. The most obvious ones are that such signals
can no longer be falsely attributed to spin-related effects
and that the analysis of the spin data gets much simpler.
Additionally, there is also the benefit to improve the signal-
to-noise ratio of the spin measurement via three effects.
First, the gain in the differential voltage amplifier and the
sensitivity of the lock-in amplifier can be optimized for the
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amplitude of the spin signal. Second, preventing a flow
of charges in the nonlocal detection circuit will also pre-
vent such currents contributing noise to the measurement.
Third, to be able to increase the measurement frequency
opens the possibility to probe the spin signal in low-noise
frequency bands far away from, e.g., the 1/f noise at low
frequencies or typical interference frequencies of 50 or
60 Hz.

II. OVERVIEW OF NONLOCAL CHARGE
SIGNALS

Besides the actual spin signal Vg, there are at least seven
other contributions to the overall nonlocal signal ¥}, that
will be discussed in detail in the following sections:

Vat=Vs+ (Ves + Ve + Vise + Var)
+ (VL + Vemrr + Veo). (1)

These contributions can be divided into two groups. The
first group consists of signals that are inherent to the
device structure and/or the measurement setup and are
caused by current spreading (Vcs), thermoelectric volt-
ages (Vr), input bias currents (Vigc), or crosstalk and
interference signals (V¢;). These four signals are nor-
mally quite insensitive to changes in the common-mode
voltage in the transport channel, as explained in more
detail in the Supplemental Material [44]. Therefore, the
current source that is presented in this study will only
have minor influence on these signals. Instead, the second
group consists of charge-induced signals that are caused
by the common-mode voltage within the nonlocal detec-
tion circuit. Therefore, our current source can be used
to minimize their impact on nonlocal spin-transport mea-
surements. This group includes signals that are caused
by leakage currents (¥;), a finite common-mode rejection
ratio (Vemrr), and the signal that scales with the mea-
surement frequency and that can be explained by charging
currents of capacitances in the detection circuit (V).

We note that the respective contribution of each charge-
related signal can vary quite significantly depending on
details like device fabrication, properties of the investi-
gated material, device geometry, measurement setup, and
measurement technique. Usually, there are one or two
dominating charge-related signals, whereas others might
only get relevant for the most precise measurements, for
which voltage signals slightly above the thermal noise
floor are to be measured. In Sec. II1 we discuss how
a magnetic-field-dependent measurement can be used to
determine the charge-induced contribution to the total
nonlocal signal and how this contribution can then be
subtracted from the measurement to obtain the bare spin
signal. Additionally, we explain possible pitfalls that may
occur in such a procedure.

A. Current spreading (Vcs)

One of the most documented charge signals unfortu-
nately does not have a consistent name convention, but
instead can be found by different names in the literature,
such as “current spreading,” “baseline resistance,” or sim-
ply “ohmic contribution” [18,19,35,43,45—47]. Common
to all publications about this charge signal is a spatially
inhomogeneous, nonuniform injection of the charge cur-
rent into the DUT, either via a sidearm of a Hall bar
structure or a pinhole in the tunnel barrier of the injection
electrode. This is illustrated in Fig. 2(a) in which /_ drains
the current and V_ detects any voltage uniformly over the
whole width of the DUT. Electrode I instead injects the
current in a pointlike manner, breaking the spatial sym-
metry. A small part of the sourced current will flow on a
curved path from 7, into the nonlocal part of the device
before it eventually flows into /_. This leads to a nonuni-
form potential landscape in the nonlocal part of the device
(colored lines illustrate equipotential lines; actual simula-
tions of this effect can be found in Refs. [19,35,43,48]).
This nonuniform potential landscape results in a potential
difference Vg between the two voltage probes V. and V_
(especially if V, also probes in a pointlike manner).

An out-of-plane magnetic field (as applied in a Hanle
spin precession measurement) acts on the charge currents
via a Lorentz force that modifies the potential landscape
and therefore the measured nonlocal voltage [an illustra-
tion of the resulting change in the potential landscape is
shown by dashed lines in Fig. 2(a)]. Numerical simula-
tions have shown that this Hall-like effect can explain the
background signal in Fig. 1(e) that depends both on the
magnetic field and the charge carrier density [19,43]. In
the case of a Hall bar geometry, the magnitude of the non-
local charge signal at B = 0 T can be estimated by the van
der Pauw theorem to [18]

L
Vcs=1pexp(—n—> 2)
w

with the applied current /, the two-dimensional sheet resis-
tance p, the distance L between the sidearm at which the
current is injected and the sidearm at which the nonlocal
voltage is probed, and the width w of the transport channel.

We are not aware of a measurement technique that can
minimize the contribution of Vg to the overall nonlocal
signal. Nevertheless, certain changes in the fabrication pro-
cess can minimize this charge signal. Foremost, according
to Eq. (2), an increase in the aspect ratio L/w can sig-
nificantly reduce the effect of current spreading in both
the cases of Hall bar and spin-valve geometries. As both
the signal due to current spreading and the spin signal
decay exponentially with the distance L between the 7,
and V7, electrodes [1-3], it is especially the width w of the
transport channel that should be minimized. Only appli-
cable to the spin-valve geometry is the improvement of
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FIG. 2. (a) Schematic top view of the transport channel illustrating the effect of current spreading. Because of a spatially asymmetric
injection of charge carriers, a small part of the overall current flows on a curved path from /7, into the nonlocal part of the device
before it drains into /_. This leads to a measurable potential difference between the two voltage probes V. and V_ (colored lines
illustrate equipotential lines), which can be changed by an out-of-plane magnetic field (dashed lines). (b) Simplified equivalent circuit
of both the device under test and the measurement setup. Considered are the contact resistances Ry, the resistances Ry;; of the material,
the capacitances Cy; of the wiring, and the input impedances Z; of the measurement equipment. The bias voltage Vpis(#) that is
necessary to drive a current through the injection circuit can, in principle, be freely distributed (0 < « < 1) between electrodes /.
and /_. However, there is only one value of «, which depends on the voltage divider consisting of R¢y, Ry, and Ry, that shifts the
whole nonlocal part of the device into a virtual ground (green letters). For every other setting of «, a nonzero common-mode voltage

Vem(f) # 0 will drive currents over every component that is referenced to ground in the nonlocal part of the device (red arrows).

the interface between the ferromagnetic electrode and the
material under test (e.g., by minimizing pinholes in a tun-
nel barrier), to increase the uniformity of the charge carrier
injection over the whole width of the transport channel.

B. Thermoelectric voltages (Vr)

It is well documented that thermoelectric and even mag-
netothermoelectric effects can cause nonlocal charge sig-
nals via a combination of Joule heating, the Peltier effect,
the Seebeck effect, the Ettingshausen effect, or the Nernst
effect [46,49-55]. The heat that is generated by the flow of
charge carriers between the injection electrodes 7, and /_
[Fig. 1(a)] creates a temperature gradient along the nonlo-
cal part of the device, especially as electrodes V', and V_
can act as heat sinks. This temperature gradient then results
in a differential voltage V7 via, e.g., the Seebeck or Nernst
effect [49-55].

The heat that is created by the flow of charge carri-
ers in the injection circuit can depend both linearly (e.g.,
in the case of the Peltier effect) or quadratically (e.g., in
the case of Joule heating) on the applied current. Hence,
in a lock-in measurement the resulting thermoelectric sig-
nal can appear both at the first and the second harmonic
of the excitation frequency of the current [49,50]. To our
knowledge, no phase shift is observed between the applied
current and the thermally induced voltage. This is consis-
tent with the thermal diffusivity of typical materials that
are used for spin-transport devices [56,57]. These thermal
diffusivities yield heat transfer times over the whole device
that are several orders of magnitude shorter than the period

of typically applied ac signals (see a similar discussion
about the spin diffusion coefficient in Sec. I).

Because of the inherent nature of thermoelectric volt-
ages, we are not aware of measurement methods that can
reduce their contribution after device fabrication. A sup-
pression of these spurious signals can only occur by design
choices during the fabrication process, like the design of
electrodes that may function as heat sinks, the heat con-
ductivity of the underlying substrate, or the design of the
I, and I_ electrodes in such a way that their respective
Peltier effects cancel each other to some extent [46,54,55].

Finally, it is important to note that thermoelectric sig-
nals not only depend on gate-induced changes in the
transport properties of the DUT [58,59], but that there
are even magnetic-field-dependent analogs to the Peltier
and Seebeck effects, which are the Ettingshausen and
Nernst effects, respectively. These two effects can result
in a B-field dependence of the corresponding nonlocal,
thermoelectric signal [49,51,52].

C. Input bias currents (Vipc)

We now assume that no current source is connected to
the device and that the electrodes /. and /_ are shorted to
ground. The only equipment that is connected to the DUT
via electrodes V. and V_ is either a differential voltage
amplifier or a lock-in amplifier. But even in this situation
a small current will flow through the device. This is due
to currents that are flowing either out of or into the inputs
of a voltage or a lock-in amplifier. Especially in the case
of operational amplifiers or instrumentation amplifiers this
current is called input bias current [60—62]. In a transport
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measurement these input bias currents result in nonlocal
charge currents and, therefore, generate voltage drops Vigc
within the device.

The input bias currents differ by several orders of magni-
tude between different measurement equipments. Because
of high input bias currents up to the nanoampere or even
microampere range, standard amplifiers that use bipolar
junction transistors (BJTs) in their input stages are unsuit-
able for nonlocal spin measurements. However, precision
amplifiers may include internal circuitry that diminishes
the input bias currents of BJT inputs down to the higher
picoampere range. Even lower input bias currents in the
lower picoampere or even femtoampere range [63] can be
found in amplifiers that use field-effect transistors. How-
ever, even this type of amplifier might cause problems,
as damage to the input stages may increase these currents
significantly.

It is a priori not clear if the charge signal that is caused
by input bias currents is relevant in a nonlocal spin mea-
surement. We recommend to measure both the input bias
currents and the CMRR (see Sec. IIG) of the experi-
mental setup to clarify this point. In the Supplemental
Material [44] we give more information about such mea-
surement procedures and discuss why input bias currents
are normally only relevant for dc measurements.

D. Crosstalk and interference signals (V¢y)

There is always a certain coupling between different
signal lines within a measurement setup. Especially cryo-
genic measurement systems, for which unshielded cables
are often placed close together over longer distances [64],
can exhibit non-negligible capacitive coupling between
individual lines. An ac signal, like the bias voltage that
drives the current through the injection circuit, can there-
fore couple into the wires that are connecting the ', and
V_ electrodes to the measurement equipment outside the
cryostat. Everything that will change the amplitude of the
bias voltage, like a gate-induced change in the conductance
of the DUT or a magnetoresistance effect, can change the
amplitude of the signal V¢ that is coupled into the nonlocal
detection circuit.

Wires can also be prone to damage to their insulation,
which can yield reduced insulation resistances between
different lines. Leakage currents directly between wires of
the injection and detection circuit can therefore result in
spurious signals in the cases of both ac and dc measure-
ments. Fortunately, such setup-related signals can be easily
identified by measuring the impedances between each line
without any installed DUT.

Interference signals that couple from external sources
into the measurement setup can also result in spurious,
nonlocal signals. A common but erroneous assumption
is that radio frequency (rf) signals do not impact dc or

lock-in measurements, as in the first case the signal is aver-
aged over timescales several orders of magnitude longer
than the period of the rf signal and in the second case
the lock-in only measures a signal within a very narrow
band around the excitation frequency. But as long as there
are nonlinear components within the measurement circuit,
a down-mixing of the rf interference signal occurs. As a
result, rf signals are known to, e.g., create dc offset voltages
in amplifier circuits [65—67].

E. Common-mode voltage and virtual ground

All of the nonlocal charge signals, which are discussed
in the following sections, significantly depend on the so-
called common-mode voltage Vcy(7) in the nonlocal part
of the device. This is the voltage that is common to both
inputs [noninverting (+) and inverting (—) inputs] of the
differential amplifier that is connected to electrodes V', and
V_. If we denote these input voltages as V:lé;t then the
common-mode voltage is defined as

V;;put(t) + input(t)
) .

Vem(n) = 3)
To simplify the discussion on this matter, we make sev-
eral assumptions that should apply well to a majority of
devices. However, these assumptions should be carefully
examined considering own device schemes and measure-
ment techniques.

We assume that the frequency of the applied ac cur-
rent is low enough that any inductance or capacitance of
the DUT can be neglected, while the measurement setup
can still exhibit inductances or capacitances. The analog
assumption in the case of a dc measurement is that the
time step between two measurement points is much longer
than the settling time that is caused by the inductance or
capacitance of the DUT. Accordingly, we model the equiv-
alent circuit of the device by a series of ohmic resistors
[Fig. 2(b)] where the contact resistances R¢; exhibit ohmic
characteristics. Finally, we assume that the measurement
system exhibits a well-defined ground (GND) potential,
that every voltage is referenced to this GND, and that the
shielding of any coaxial cables are put to the same GND.

To drive a current ;s through the injection circuit, a
current source has to apply the voltage

Viias = Tvias(Rc1 + Ryt + Ren) 4)

between electrodes /7, and /_. The easiest way to accom-
plish this is to put one of the electrodes to GND and to
apply the full bias voltage (referenced to GND) to the other
electrode [red letters in Fig. 2(b)]. Because of the voltage
divider that is built from R¢1, Ry, and R, the material
under test right below the injection electrode 7, will be on
a potential V.(¢) that is unequal to zero, i.e., unequal to
GND. Every measurement parameter that has an effect on
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one of the resistances Rc1, Rys1, and R, will thus have an
impact on V(). For example, changing the conductivity of
the material by tuning the charge carrier density via a gate
voltage will change Rj;;. Therefore, all spurious nonlocal
signals that are caused by V. (f) will show a gate-dependent
behavior.

If we neglect any charge currents and their associated
ohmic voltage drops in the nonlocal part of the device, the
same voltage V.(¢) is applied to both inputs of the differ-
ential voltage amplifier that is connected to electrodes V7
and V_. Under this condition, the common-mode voltage
Vem(f) would be equal to V(7).

As explained in the following sections, several nonlocal
signals are caused by this common-mode voltage. Fortu-
nately, there is a quick way to check if V¢ is playing a
role in a measurement. For the wiring denoted with the
red letters in Fig. 2(b), the measurement only has to be
repeated after putting a high-ohmic resistor between the
1_ electrode and GND. The current-induced voltage drop
over this additional resistor will lift the potential (measured
against GND) in the whole circuit, therefore increasing
Vem. There is only one pitfall to this method, which is
a general problem for nonzero common-mode voltages in
devices in which the charge carrier density is controlled via
electrostatic gating: gate voltages are normally referenced
to GND, but the gate-electric field effect does not depend
on the absolute value of the gate voltages but the poten-
tial differences between the gates and the DUT. Changing
Vewm 1s therefore also changing the gate-induced charge
carrier densities (see the Supplemental Material [44] for
more information). If the spin signal depends on the charge
carrier density, it might be difficult to tell if a change in
the nonlocal signal by lifting the nonlocal part of the DUT
to another potential is related to either a change in the
charge-carrier-dependent spin signal or a change in the
common-mode-dependent spurious signals.

The current source that is presented in this work can
significantly reduce the common-mode voltage by freely
distributing the potential difference that is necessary to
drive the current to the two injection electrodes [green
letters in Fig. 2(b)]:

Vhias (1) = [(1 — ) Vpias (D] — [— Vpias (D] (5)

with « adjustable between 0 <« <1 (see the in-depth
technical discussion of the current source in the Supple-
mental Material [44]). Depending on the values of the
ohmic voltage divider consisting of R¢y, Ry, and Reo,
there will be a certain value of o for which the common-
mode voltage is zero [Vem () = 0]. Although the nonlocal
part of the device is not connected to GND, it will nev-
ertheless be on ground potential at all times. The right
choice of a will therefore create a so-called virtual ground
in the nonlocal part of the device. This not only nulli-
fies the nonlocal charge signals that are caused by Vew,

but also results in the fact that any applied gate voltage
(referenced to GND) is equal to the potential difference
between gate and the nonlocal part of the DUT (see the
Supplemental Material [44] on how the adjustment of «
therefore also impacts a local four-probe measurement of
the gate-dependent resistivity of graphene).

F. Voltages caused by leakage currents (V)

The most obvious nonlocal charge signal that is caused
by a common-mode voltage V¢ is due to leakage currents
to GND. Especially the finite input impedances of mea-
suring equipment [Z; in Fig. 2(b)] play a crucial role, but
also more unexpected current paths to GND like damaged
insulation of cables or broken capacitors. These leakage
currents [red, dashed lines in Fig. 2(b)] create ohmic volt-
age drops over the resistances R¢3, Ry3, and Ry, which
result in a nonlocal voltage ¥ between V', and V_.

Assuming purely ohmic impedances and a voltage
divider model, the amplitude of this nonlocal voltage
scales linearly with the common-mode voltage Vcy and
significantly depends on the relative magnitude of the
leakage resistance to ground with respect to the resis-
tances R¢3, Ry, and Rey. Therefore, it is not surpris-
ing that spurious voltage signals due to leakage currents
are mainly reported in measurements of high-impedance
states (see Ref. [68] and the supplementary information
of Refs. [10,11]). Hence, the spurious signal V7 can, e.g.,
be much more pronounced in graphene-based spin valves,
in which high-resistive tunnel barriers have to be incor-
porated to overcome the conductivity mismatch problem
[69—71] compared to metallic spin valves without tunnel
barriers.

In our work on graphene-based spin valves, we use
a lock-in amplifier that has an input impedance of only
10 MQ2 to GND (SR830 from Stanford Research Sys-
tems). To reduce the effect of leakage currents, we use
an additional differential amplifier (SR560 from Stan-
ford Research Systems) with a higher input impedance of
100 M2 to probe the differential voltage between elec-
trodes V', and V_ before the nonlocal signal is sent to
the input of the lock-in [Fig. 1(a)]. Some laboratory-grade
multimeters and voltmeters even offer the possibility to
select the input impedance to be either 10 M2 or 10 GS2.
Repeating a nonlocal measurement with different input
impedances can easily answer the question if the measured
nonlocal voltage is partially caused by leakage currents.
But the best solution is to avoid leakage currents entirely
by creating a virtual ground inside the nonlocal part of
the device. Under such conditions, the absence of a poten-
tial difference between the nonlocal part of the device and
GND completely prevents leakage current from flowing.

G. Common mode rejection ratio (¥Vcmrr)

The output voltage Vi of an ideal differential
voltage amplifier, which has a differential gain of G4 and
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is connected to electrodes V. and V_ [Fig. 1(a)], is given
by

yideal — Gig(Vih

out input —

input) : (6)

However, the output voltage ™ of a real differential
amplifier also contains a contribution that is proportional to
the average voltage at electrodes V', and V_ and that scales

with the common-mode gain Geym [60,61,63,68,72,73]:

(ViJrrlput + Vilput) (

Vel = Gan(V, >

out input

mput) T Gem 7)

Neglecting any current-driven voltage drops in the nonlo-
cal part of the device, the average voltage of electrodes
V, and V_ is exactly the voltage that is denoted as
the common-mode voltage Vcy in Sec. I1E. Therefore,
Vem will appear in the nonlocal measurement, although
strongly attenuated by the common-mode gain G¢y. Data
sheets of measurement equipment often state the ratio
between the differential and the common-mode gain, the
so-called common-mode rejection ratio (CMRR):

A%

Gai
CMRR[—} — it
%

Ggi
Zaf " CMRR[dB] = 20 log (ﬂ)
M Gem

®)

In some data sheets the CMRR is only given for a spe-
cific differential gain and measurement frequency. As the
CMRR can depend quite significantly on these two param-
eters, it is always good practice to measure the CMRR
of the own setup at gains and frequencies used for the
experiments.

H. Capacitor charging (Vcc)

All previously discussed signals are in phase with the
current that is flowing in the injection circuit and are thus
in phase with the spin signal. In contrast, the charge signal
that is discussed in this section is phase shifted to values
close but unequal to 90°. If a sinusoidal current is driven
through the injection circuit, Vcpm(?) and, therefore, the
whole potential of the nonlocal part of the device will also
change sinusoidally over time. This is a problem as there
are capacitances to GND in the nonlocal detection circuit
[Cys and Cyy in Fig. 2(b)]. Some of these capacitances are
intentional, like the capacitors of RC low-pass filters, oth-
ers are either parasitic or unavoidable, like capacitances to
GND of the wiring (around 100 pF/m in the case of coaxial
cables) or the input capacitance of measurement equip-
ment. As a result, the time-varying common-mode voltage
Vem(#) will drive charge and discharge currents over these
capacitors [dashed red lines in Fig. 2(b)].

The resulting differential voltage V¢ between V. and
V_ can be best understood if the combinations of the

device resistances (R¢; and Ryy;) and the setup capacitances
(Cywy) are seen as RC low-pass filters for the voltage V. (¢)
in Fig. 2(b). The respective RC time constants of the low-
pass filters of the voltage probes V., and V_ typically differ,
ie.,

(Ryr2 + Rc3)Cws # (Rya + Rys + Rea)Cs. (9)

As a result, both the amplitude and the phase of the trans-
mitted voltage signal will differ between the two inputs
of the differential voltage amplifier. This leads to a partial
conversion of the common-mode voltage into a differential
voltage, which is a well-known phenomenon in electron-
ics. Such a conversion is discussed in many application
notes of analog-to-digital converters, where a mismatch
in the capacitors of a common-mode filter can convert
common-mode noise into differential noise. Another exam-
ple is the conversion between common- and differential-
mode voltages caused by imbalances in filters against
electromagnetic interference [74,75].

Although the voltage V¢ is caused by the charging cur-
rents of the capacitors Cy; and Cyy, it is nevertheless not
perfectly at a phase of 90° relative to V.(f) due to the
ohmic resistances Ry, Ry3, Res, and Rey. Therefore, Ve
also provides a contribution to the X-channel signal of the
lock-in amplifier, which will be discussed in Sec. III and
can also be seen in simulations conducted with LTspice
(models used for the simulations are available in Ref. [76]).

The amplitude M = +/X? + Y? of Vcc scales linearly
with the measurement frequency (see Sec. III), because
the current /., that is caused by a voltage Ve,p(f) =

V(C)ap sin(wt?) over a capacitor C is given as

= wCW

Ieap(®) =C cap cos(wt). (10)

d Vcap (t)
dt
This capacitor charging current also flows through the non-
local part of the device. In general, V¢ is highly dependent
on every change in the device’s resistances and capaci-
tances: a change in R¢y, Ry1, or R will change the value
of V.(¢) and, therefore, also the voltage that will be applied
to the capacitors Cyz and Cpy. On the other hand, every
change in Ry, Ry3, Res, Rea, Cws, or Cyy will have an

impact on the RC time constants.

To minimize V¢, the capacitances Cys and Cyy should
be minimized as much as possible, e.g., by reducing the
length of the wiring from the V7, and V_ electrodes or by
avoiding any RC low-pass filters in the measurement setup.
Furthermore, additional ohmic resistors might be put into
series to the electrodes ¥} and V_ to roughly match the
RC time constants by compensating varying contact resis-
tances. But the best way to suppress V¢ is to set the whole
nonlocal part of the device to a virtual ground. In such a
case, there is no potential difference across the capacitors
Cy and Cypy and, therefore, no capacitor charging current.
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I. Magnetic-field-dependent measurements

Magnetic-field-dependent transport measurements are
usually performed to distinguish an actual spin signal from
spurious charge signals. The success of such an approach
significantly depends on two conditions.

1. Does the spin signal exhibit a magnetic field depen-
dence that significantly differs from the magnetic response
of the charge-induced signals? The best-case scenario here
is the existence of a clear spin precession signal.

2. Does the experiment allow us to switch the orienta-
tion of the injected spins, e.g., by switching the magnetiza-
tion of the ferromagnetic electrodes?

If both conditions are met, the most reliable way to math-
ematically remove any charge-induced contribution from
the measured data is to record the Hanle spin preces-
sion curves for both parallel (11) and antiparallel (1)
orientations of the respective magnetization of the injec-
tion and detection electrodes. In the ideal case only the
bare spin signal Vg will change its sign when revers-
ing the relative magnetization directions [1,2]. Instead, all
other spin-independent, charge-induced signals in Eq. (1)
should not change with the magnetization of the electrodes
(exceptions are discussed further below). Therefore, the
arithmetic mean of both measurements should yield the
charge-induced background signal:

Vars + Vangy

> (11)

Vbackground =
This is shown as the green line in Fig. 1(e). Subtracting
both measurements from each other should yield the pure
spin signal

2VS == anaTT - an,Ti' (12)

Under such conditions, the charge-induced signals should
not pose any risk of a misinterpretation of the spin-
dependent data. Nevertheless, the noise that is associated
with the charge-induced signals cannot be removed by
this subtraction method and, therefore, will deteriorate the
signal-to-noise ratio of the spin signal.

It is important to note that Eqs. (11) and (12) are no
longer valid if the ferromagnetic electrodes exhibit fringe
or stray fields that can act on the DUT. Such fields are well
known to complicate the analysis of spin measurements
[23,48,77—81] and can appear in quite different forms.
(1) As long as the width of the electrode is small enough
that a single-domain magnetization prevails [42], fringe
fields with relevant strengths should only be located at the
electrode’s two faces that are normal to the electrode’s
easy axis [42,82]. Stray fields can impact the measure-
ment if these two faces are placed too close to or even on
top of the transport channel [23,77,78]. (2) If the width

of the electrode is too wide, the magnetization can fall
into a multidomain structure that exhibits stray fields all
along its different faces [42]. (3) A magnetic field applied
noncolinear to the electrode can rotate the magnetiza-
tion from the electrode’s easy axis [41], possibly pushing
fringe fields towards the transport channel. This can lead
to a situation where fringe fields increasingly affect the
DUT with increasing external magnetic field strength (see
the main text and the supplementary information of Refs.
[28,48,83]). (4) Stray fields can also occur if the surface
of the ferromagnet exhibits a great roughness, which, e.g.,
can be caused by pinholes in a tunnel barrier that is separat-
ing the ferromagnet from the DUT [79—81]. (5) Stray fields
can also be created by domain walls that are pinned at steps
in the ferromagnetic electrode. Even the small height dif-
ference between a substrate and the top of a single layer
graphene spin valve was found to be large enough to be
able to pin a domain wall [82].

Fringe or stray fields can become a real issue if there
is no unmistakable signature of spin precession in a
magnetic-field-dependent measurement. For example, in
three-dimensional topological insulators (TIs) spin pre-
cession in a nonlocal spin-transport measurement is not
expected because of the spin-momentum locking [84].
This is the reason why only spin-valve measurements
are shown in a large number of publications about spin-
transport experiments in TIs [85-91]. In this context, it was
indeed demonstrated that fringe-field-induced Hall volt-
ages can create artifacts that resemble the switching signals
that are expected from a current-induced spin polarization
in TI-based spin valves [23,77,81].

If neither of the two above conditions is fulfilled, it
is even more important to carefully analyze the nonlo-
cal spin measurements to avoid a misinterpretation of the
results. This is especially the case for nonlocal spin Hall
experiments, for which quite controversial results have
been published over the years [4]. In particular, reports
about unexpectedly large spin Hall effects [92—94] often
could not be reproduced in later studies that instead iden-
tified the role of charge-induced signals in the nonlocal
measurement [18—22].

Unfortunately, many studies only consider the one
charge-induced signal that contributes the most to the over-
all nonlocal signal. After subtracting this spurious signal
from the measured data, it is then argued that the remain-
ing signal has to be due to spins, especially when the signal
shows a magnetic field dependence. However, quite a few
charge-induced signals can also exhibit a magnetic field
dependence: all charge currents that are flowing in the non-
local part of the device, either caused by current spreading
or leakage currents, experience the Hall effect. Further-
more, thermal voltages due to the Ettingshausen and Nerst
effects show a magnetic field dependence. And, finally, any
magnetoresistive effect that changes the resistance of the
DUT in the injection circuit [Ry,; in Fig. 2(b)] will have
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an impact on the common-mode voltage V¢ and, there-
fore, will change all charge-induced signals that depend on
VCM> i.e., VL (Sec. 11 F), VCMRR (SCC. 11 G), and VCC (SCC.
IT H). The magnetic-field-induced changes might be small,
but so are the majority of measured nonlocal spin signals.

I11. PHASE-SHIFTED CHARGE SIGNAL IN
LOCK-IN MEASUREMENTS

In this section, we discuss in detail the charge-induced
nonlocal voltage signal that is caused by the charging
and discharging currents of the capacitances in the non-
local part of the setup (see Sec. II H). For this purpose,
we measure graphene spin-valve devices with cobalt elec-
trodes and either MgO or Al,O; tunnel barriers (details
on the exact device geometry and the fabrication process
including flake transfer techniques, etching recipes in the
case of structured CVD-graphene devices, and metaliza-
tion schemes can be found in Refs. [36,37,95-99]). Figures
3(a) and 3(b) demonstrate how a change in the RC time
constant of the V., electrode has a direct impact on the
spin-valve signal in both the X and Y channels. For this
experiment, « is not adjusted to create a virtual ground
in the nonlocal part of the device (see the explanation in

Sec. I E). Instead, « is arbitrarily set to 1/2, which resulted
in a nonvanishing common-mode voltage Ve (#) in this
device [Fig. 2(b)].

The manipulation of the RC time constant is accom-
plished both by connecting ohmic resistors in series to the
contact resistance of the ¥, electrode [resistance values
in Figs. 3(a) and 3(b)] and by increasing the length of
the coaxial cable that is connecting the electrode to the
differential voltage amplifier (100 pF per meter). These
manipulations do not have any impact on the amplitude
of the spin signal [switching in Fig. 3(a) indicated by the
dashed arrows], but create an ever increasing offset in the
signal of the X channel. As the charge signal is shifted in
phase by almost 90°, the increase in the Y-channel signal
[Fig. 3(b)] is significantly more pronounced. In fact, after
applying a differential gain of Ggix = 1000 by the voltage
amplifier [see Fig. 1(a)], the voltage measured by the Y
channel of the lock-in eventually reaches 1 V, which is the
maximum voltage before the input of the used lock-in goes
into an overload condition.

Simulations conducted with LTspice [76] confirm the
dependence of the nonlocal charge signal on variations in
the resistances of the contacts and the capacitances of the
wiring. The equivalent circuit for this simulation is shown

(a) device C,a=1/2 (b) device G, a=1/2 (d) 2000 simulation, &= 1, C= 300 pF
120 _1 _____ | L 1000 LN LS R N LI N LA NN ‘RC3:_‘|0IkQ_4OkQI___> 90
[ —20kQ —60kQ_{Y_____ 7
750 1500
= S manipulation of V+ s :
?3, 80 = — reference — 47 kQ = F g
= : manipulation of -+ > 5001 _ 40k, 200 pF — 47 k0, 100 pF X 1000 =
< =% — reference NS G s I
40 F K. — 10k(, 200 pF .
: T 250 f . 500F
*- — 47k, 100 pF 3
0 [P SR SR 0= T T T 0' —— 1 ... .175
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FIG. 3. Demonstration on how changing the RC time constant of the V', electrode impacts the measured nonlocal voltage. (a),(b)

Spin-valve measurements are repeated with additional resistors and BNC cables (100 pF/m) connected to the V. electrode. The impact
on the recorded nonlocal signal is depicted in panel (a) for the X channel and in panel (b) for the ¥ channel of the lock-in. (c) Equivalent
circuit that is used to simulate the effect of varying RC time constants. (d) Corresponding amplitude M = +/X2 + Y2 and phase of the

nonlocal voltage measured between V. and V_ if the resistance R

¢3 in (c) is varied for a fixed capacitance Cy of the external wiring.

(e) Same as in panel (d) but for a fixed value R¢3; and different values for Cy.
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in Fig. 3(c), where either the contact resistance R¢3 or the
capacitance Cy of the wiring is varied, whereas all other
values are set to parameters typical for a graphene-based
spin-valve device (LTspice files can be found in Ref. [76]).
From the simulations, the amplitude M = +/X?2 + Y2 and
the phase ¢y [see the definitions in Fig. 1(c)] of the dif-
ferential, nonlocal voltage Vy = Vy — V_ is extracted as
a function of the driving frequency f of the current in the
injection circuit. Figure 3(d) shows the results for differ-
ent values of R¢3 and a fixed capacitance of Cy = 300 pF,
while Fig. 3(e) depicts the case with a fixed contact resis-
tance Rc; = 10 k2 but varying capacitances Cy. Both
cases demonstrate the linear increase in the amplitude
of the nonlocal charge signal with the measurement fre-
quency (see the explanation in Sec. Il H). Furthermore, the
simulations demonstrate that the resulting nonlocal charge
signal has a phase close to but not exactly at 90° due to
the ohmic contributions. The strongly decreasing phase
towards lower frequencies is caused by the frequency-
independent leakage currents that are flowing over the
finite input impedances that are modeled by the 100 M2
resistors (see Sec. Il F). As soon as the signal that is caused

by the capacitor charging becomes negligible towards f =
0 Hz, the leakage currents, which are in phase with the
current in the injection circuit, are eventually dominating
and pushing the phase to zero.

The experimental results and simulations shown in
Fig. 3 demonstrate how much the measurement signal can
depend on the wiring of the measurement setup. In particu-
lar, RC low-pass filters can be extremely disadvantageous
to nonlocal, lock-in-based measurements, as they signif-
icantly increase the total capacitance of the V; and V_
lines to GND. This in turn increases the spurious signals
that are caused by the charging currents of the correspond-
ing capacitors. We use the equivalent circuit that is shown
in Fig. 4(a) to simulate how a mere change of the DUT’s
resistances (Ry; = Ry, for i = 1,2,3) impacts the nonlo-
cal signal. In this equivalent circuit the charge signal is
intentionally diminished by assuming identical values for
contact resistances, capacitances of the wiring, and RC fil-
ter characteristics for all relevant contacts. Therefore, the
only difference in the overall RC time constants of con-
tacts V. and V_ is given by the value of Ry;3 = Ry. Of
course, the resistance Rj;; = Ry, in the injection circuit

nonlocal
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(a) Equivalent circuit that is used to simulate the detrimental impact of additional RC low-pass filters on the nonlocal spin

measurement. The high capacitances to ground of these filters significantly increase the spurious nonlocal signals that are caused by
the charging and discharging currents over these capacitors. (b) The simulated signals in the X channel (solid lines) and Y channel
(dashed lines) as a function of the applied measurement frequency for different resistances Ry, of the material. (c),(e) To verify that
the readout of the X channel actually captures the whole spin signal, a rotation of the coordinate system by a reference phase ¢.f can
be utilized. As only the projection of each signal on the respective axis is measured, the amplitude of the spin signal should decrease
as soon as the X axis is rotated. (d) Corresponding experiment in which the amplitude of the spin-related switching in a spin-valve
measurement is recorded as a function of ¢r.r. The maximum around 0° demonstrates that the presented current source creates a current
signal and, therefore, a spin signal that is in phase with the output of the lock-in [compare to Fig. 1(a)].
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also influences the common-mode voltage V¢ that is driv-
ing the nonlocal currents in the first place. In Fig. 4(b)
the resulting nonlocal charge signals for both the X chan-
nel (solid lines) and Y channel (dashed lines) are plotted
as a function of the measurement frequency for differ-
ent values of Ry,. The results strikingly demonstrate how
significantly the spurious nonlocal charge signal depends
in this case even on gate-induced changes in the DUT’s
resistivity. The simulations are conducted with an applied
current of / = 10 uA; therefore, the left y axis in Fig. 4(b)
corresponds to a nonlocal resistance between 0 and 60 2.

The example of the RC filters illustrates how drastically
specific details of the setup can influence such measure-
ments. We therefore strongly advise verifying the basic
assumptions that are often made for individual setups. One
important assumption is that the spin signal is fully located
within the X channel of the lock-in. As discussed in Sec. I,
the spin signal should be in phase with the current in the
injection circuit, which in turn should be in phase with the
output signal from the lock-in’s internal oscillator [green
and orange vectors in Fig. 4(c)]. Instead, the vector addi-
tion of all nonlocal charge signals results in a signal with
a phase somewhere between 0° and 90° [blue vector in
Fig. 4(c)].

Most lock-in amplifiers offer the possibility to rotate the
X -Y-coordinate system by a reference phase ¢y.r relative to
the internal oscillator, which is illustrated in Fig. 4(e). The
measured signals are then the projections of both the spin
and charge signals onto the respective axis. The amplitude
of the actual spin signal in the X channel as a function of
¢ref can be determined by the amplitude of the switching
in a spin-valve measurement that is repeated for different
¢rer [43]. In the case of our setup and the newly designed
current source, the result of such an experiment is shown
in Fig. 4(d). The actual data points (black squares) can be
perfectly fitted (red line) with an equation that describes
the projection of the spin signal onto the rotating X axis:

ARnl,X (wref) = ARSLX COS((pref - (poff) (13)
with a maximum spin signal AR’ _x and an offset phase @of
between the spin signal and the internal oscillator signal.
The fit yields a value of ¢4 = 0.6° that demonstrates that
our current source creates a current signal and, therefore, a
spin signal that is almost perfectly in phase with the output
of the lock-in.

Finally, we demonstrate the actual strength of such a
current source: the distribution of the bias voltage between
contacts /; and /_ can be controlled in a way that the
nonlocal part of the device is set to a virtual ground (see
the theoretical explanation in Sec. IIE and the discus-
sion about the technical operation of the current source in
the Supplemental Material [44]). Under this condition, the
common-mode voltage in the nonlocal part is zero at all
times [Vem(?) = 0], i.e., no charge current can flow over

any resistance or capacitance to GND. Furthermore, spuri-
ous signals due to a finite common-mode rejection ratio of
the measurement setup are also minimized.

The impact of such an adjustment procedure on a Hanle
measurement is shown in Fig. 5(a). The particular device
for this demonstration was chosen because it only exhibits
a constant background signal, which is typical for the
capacitor charging effect. The absence of a magnetic-field-
dependent background indicates that the current spreading
effect is largely diminished. The red lines depict Hanle
curves in both parallel (solid lines) and antiparallel (dashed
lines) magnetization configurations of the 7, and V' elec-
trodes if a symmetric bias is applied to electrodes /7, and /_
[0 = 1, i.e., 2 Vpias () to I and — 1 Vyias(#) to I_; compare
to Fig. 2(b)]. As the growth of uniform and reproducible
tunnel barriers on the inert graphene is quite challenging
[27,100—103], the difference in the respective contact resis-
tances of /. and /_ is usually quite large. Therefore, the
virtual ground point in the case of a symmetric bias volt-
age normally does not lie within the transport channel of
the DUT. Accordingly, there is a finite common-mode volt-
age Vem(?) driving the spurious nonlocal signals, which is
seen as a background signal. Instead, the green curves in
Fig. 5(a) depict the same Hanle measurement (recorded
in the X channel) after « is adjusted in such a way that
the signal in the Y channel of the lock-in is minimized.
With this adjustment, the background signal in the Hanle
measurement has also almost completely vanished (in the
Supplemental Material [44] we demonstrate that adjusting
« until the signal in the Y channel is minimized also avoids
common-mode related artifacts in local measurements).

The dependence of the nonlocal signal on the frequency
is depicted in Figs. 5(b) and 5(c) for the X channel and Y
channel, respectively. For these graphs, the values in the
parallel configuration of the Hanle curves at B=0 T are
measured for both the symmetric (red) and the adjusted
bias conditions (green). In the Y channel [Fig. 5(c)] the
aforementioned linear increase of the charge-induced, non-
local signal with increasing frequency can be observed in
the case of the symmetric bias condition. At a frequency
of f =300 Hz the charge-induced signal is already over
30 times larger than the actual spin signal in the X chan-
nel. For more unfavorable values of « or in devices that
have even more strongly varying contact resistances, the
charge-induced signal can even be much larger. This and
the fact that spin signals can be much smaller than that
presented in Fig. 5 can yield huge differences between the
amplitudes of the spin and charge-induced signals of up to
several orders of magnitude.

It is important to note that the charge-induced signal
in Fig. 5(c) goes to zero for f/ — 0 Hz even in the case
of o = % This implies that the complete signal in the Y
channel is caused by the capacitor charging effect, as its
amplitude scales linearly with the applied frequency (see
the explanation in Sec. Il H). On the other hand, in Fig. 5(b)
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FIG. 5. Demonstration that charge-induced signals can be significantly reduced by adjusting the virtual ground with the help of

the presented current source. (a) Hanle curves measured with a symmetric bias applied to electrodes 7 and /_ (red curves) show a
distinct background signal. Instead, the green curves depict the same Hanle measurement after the nonlocal part of the device is put to
a virtual ground. This prevents the flow of any charge current in the detection circuit over resistances or capacitances to ground and,
therefore, diminishes the charge-induced background signals. (b),(c) Nonlocal signal as a function of measurement frequency for both
the X channel (b) and the Y channel (c). For these graphs, the values in the parallel configuration of the Hanle curves at B =0 T are
measured for both bias conditions. In the case of a symmetric bias voltage, the charge-induced signal gets much larger than the actual
spin signal, especially in the Y channel. Instead, in the case of the adjusted virtual ground, the signal in the Y channel is negligible over
the whole measurement range and the signal in the X channel consists of only the actual spin signal.

there is still an offset between the two curves for o = %

and the adjusted ground condition for f — 0 Hz (indicated
by the dashed line). That means that there are additional
charge-induced signals present in the X channel, apart
from the projection of V¢ onto the X channel that is
responsible for the increasing background signal towards
higher frequencies. This increase is not linear as the
increase seen in Fig. 5(c), because the overall phase of
Vee varies slightly with the applied frequency [see the
frequency-dependent phases in Figs. 3(d) and 3(e), and the
nonlinear increase of the signal in the X channel in Fig.
4(b)]. Importantly, adjusting the virtual ground in such a
way that the spurious signal in the Y channel vanishes,
also completely removes these additional signals within
the X channel, i.e., the green curve in Fig. 5(b) only con-
sists of the actual spin signal. Therefore, the offset in the
case of o = % for f — 0 Hz must be caused by the other
charge-induced artifacts that depend on the common-mode
voltage, namely V; and Veumrr (see Secs. IIF and 11 G).
These two signals can appear not only in ac but also dc
(f — 0 Hz) measurements (see the Supplemental Mate-
rial [44] for a more detailed discussion). The possibility to
remove these spurious signals therefore demonstrates that
the presented current source is also highly beneficial for dc
measurements.

IV. CONCLUSION

We have discussed seven different charge-induced, non-
local voltage signals that can appear in a spin measure-
ment, despite the fact that this measurement scheme is
repeatedly claimed to be free of such spurious signals.
However, it is important to emphasize that the relevance

of each individual charge-induced signal can vary
significantly depending on details in device fabrication,
properties of the investigated material, device geometry,
measurement setup, and measurement technique. In our
study, we focused on experimental data that is measured
with a lock-in-based technique on graphene spin-valve
devices. In such devices we observe that two charge-
induced signals normally prevail: the signal that is caused
by current spreading (Sec. Il A) and the signal that is
caused by the capacitor charging currents (Sec. IIH).
These two signals dominate because tunnel barriers must
be used in these devices to overcome the conductivity mis-
match problem for an efficient spin injection [69—71]. But
it is known that growing homogeneous, pinhole-free tun-
nel barriers on top of the inert graphene surface is quite
challenging without damaging or modifying the underly-
ing graphene [27,100—103]. Pinholes in the tunnel barrier
promote the effect of current spreading, whereas strongly
varying contact resistances lead to different RC time con-
stants and, therefore, the signal that is caused by the
capacitor charging currents. Furthermore, when tunnel bar-
riers are present, a larger bias voltage must be applied to
drive the same current as without barriers. Without the pos-
sibility to adjust the virtual ground, this unavoidably also
increases the common-mode voltage Ve (#) [Fig. 2(b)]
and, therefore, all nonlocal charge signals that are driven
by Vem(?). In devices without tunnel barriers the relative
contribution of each individual charge-induced signal may
be completely different.

Nevertheless, the occurrence of all these different
charge-induced signals is a general problem, as in the past
these artifacts may have been falsely attributed to a vari-
ety of spin- or valley-related transport phenomena. For
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example, it has already been reported that measurement
artifacts have most likely led to erroneous and misleading
claims regarding the value of the spin Hall angle in certain
materials or the spin-transport properties of topological
insulators. Therefore, understanding both the origins of
these signals and the specific conditions under which they
can appear is crucial for the correct analysis of nonlocal
transport experiments, not only in the field of spintronics
but also other newly emerging fields such as valleytronics.
If available, we have discussed ways how these spurious
signals can be minimized. In particular, we demonstrated
that our current source, that is able to create a virtual
ground in the nonlocal part of the device, can remove any
charge-induced signals that are caused by a common-mode
voltage.
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