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The linear magnetoelectric effect (ME) is the phenomenon by which an electric field produces a mag-
netization. Its observation requires both time-reversal and space-inversion symmetries to be broken, as in
multiferroics. While the ME effect has only been studied in insulating materials, it can actually exist in
noncentrosymmetric conductors such as two-dimensional electron gases (2DEGs) with Rashba spin-orbit
coupling. It is then coined the Edelstein effect (EE), by which a bias voltage—generating a charge cur-
rent—produces a transverse spin density, i.e., a magnetization. Interestingly, 2D systems are sensitive to
voltage gating, which provides an extra handle to control the EE. Here, we show that the sign of the EE
in a SrTiO3; 2DEG can be controlled by a gate voltage. We propose various logic devices harnessing the
dual control of the spin density by current and gate voltages and discuss the potential of our findings for

gate-tunable nonreciprocal electronics.
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I. INTRODUCTION

As classical semiconductor electronics reaches its phys-
ical limits and the power consumption of computing archi-
tectures increases dramatically [1], alternative paradigms
of computation are emerging, notably harnessing the elec-
tron’s spin in addition to its charge [2]. Realizing beyond-
CMOS devices operating on spin requires the implementa-
tion of schemes to electrically generate, control, and detect
spin-encoded information. Key concepts in this endeavor
are the magnetoelectric effect (ME, to generate and control
a magnetization by an electric field) and spin-charge inter-
conversion. The latter can be achieved by the direct and
inverse spin Hall (SHE) [3] and Edelstein effects (EE) [4].
The SHE directly generates a spin current from a charge
current while the inverse SHE (ISHE) does the reciprocal
operation. The EE generates a spin density (that is, a mag-
netization) from a charge current; the spin density can then
diffuse in adjacent layers as a spin current. Reciprocally,
the inverse EE (IEE) generates a charge current from an
injected spin density.

Examples of spin-based logic devices include Intel’s
MESO transistor [5,6] (in which the ME is used to write
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magnetic information and the ISHE or IEE is used to
read it out) or the FESO concept [7] (that harnesses the
ferroelectric control of the IEE [7] or the ISHE [8,9]).

While the ME [10] and EE [4] look a priori quite dis-
tinct, the EE may appear as a form of ME arising in
conducting systems (the ME is usually restricted to insu-
lating polar magnets such as Cr,Oz or multiferroics), as
was actually pointed out by Edelstein himself [4]. The EE
has been reported in surface states of topological insula-
tors [11] and at Rashba interfaces including Ge(111) [12]
and oxide interfaces [13—16]. However, the sign of the EE,
determining the direction of the nonequilibrium magneti-
zation generated by the applied charge current, is intrinsic
to the band structure of the material and is thus usually
fixed.

Here, by injecting an electrical current in an AlO,/
SrTiO; two-dimensional electron gas (2DEG) patterned
into a Hall bar, we demonstrate the generation of a mag-
netization via the EE, that manifests as an additional lon-
gitudinal resistance upon applying a transverse magnetic
field. This resistance term depends linearly on the current,
indicating that the sign of the EE-generated magnetization
changes when switching the current direction. We show
that it is possible to also change its sign by applying a gate
voltage, which tunes the Fermi energy across the compet-
ing Rashba-split electronic band pairs of the SrTiO3 (STO)
2DEG [17,18]. This provides a unique dual control of the
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EE-generated magnetization, which we propose to exploit
in various types of spintronic logic gate devices free from
ferromagnets.

II. THEORETICAL BACKGROUND

The Rashba effect [19] results from the coexistence of a
broken inversion symmetry—which is typically present at
a heterostructure interface and manifests as an electric field
perpendicular to that interface—and a sizeable spin-orbit
interaction (SOI). The direct consequence is the lifting of
spin degeneracy in momentum space, introduced by term
Hyp = (ag/h)(o X p) - Z in the Hamiltonian, where £ is the
reduced Planck constant, o is the vector of Pauli matrices,
p is the electron momentum, and Z is a unit vector normal
to the plane of the heterointerface (and thus, parallel to the
symmetry-breaking electric field) and oy is a constant that
quantifies the strength of the Rashba SOI and the result-
ing spin splitting. It appears from this term that the spin
and momentum degrees of freedom will be locked perpen-
dicular to each other and, in a system where the Rashba
splitting occurs near the Fermi level, the Fermi surface will
consist of two concentric contours with opposite chirality
of the spin winding [20].

In the semiclassical picture of transport, applying an
electric field across the 2DEG and thus injecting a charge
current j¢ along one direction, say —X, results in a shift of
both inner and outer contours by the same amount Ak,.
This generates an excess spin densities ds; and §s_ for
each contour as seen in Fig. 1(a). Since these two contours
do not coincide, these two densities are not equivalent, they
do not compensate each other and a finite spin density (a
magnetization) transverse (i.e., along the y axis) and pro-
portional to the charge current appears in the system. This
magnetoelectric effect converting a charge current into a
spin current was first described in Ref. [4] and is referred
to as the direct EE or the inverse spin galvanic effect.

It is worthwhile to note that, upon reversal of the
sign of the injected charge current, the net magnetization
generated will change its orientation accordingly. Thus,
an external magnetic field B applied in plane will interact
constructively or destructively with the generated magneti-
zation depending on the sign of the current and the applied
field orientation, leading to a decrease or to an increase
of the sample resistance. This unidirectional magnetoresis-
tance term then has two extrema as a function of the angle
® between the current and the field, namely when they are
transverse to each other, and it is proportional to both the
injected current density and the applied magnetic field. As
such, it is also called bilinear magnetoresistance (BMR)
and its angular dependence has been found by Vaz et al.
[14] to follow

e

] .
Rpmr = ABMRjiC sin @, (1)
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in the case where one uses normalized magnetoresis-
tance MR = [R,(B) — Ry(B = 0)]/R;(B = 0) and with ®
the angle between the injected charge current j¢ and the
applied in-plane magnetic field B = poH;. For a given
set of experimental conditions, the amplitude of this effect
can thus be used to estimate the Rashba coefficient ak.
However, it is also highly dependent on other physical
parameters of the system, such as the scattering time t, the
g factor, and Fermi energy e7. Of note, in the case of oxide
2DEGs, it is known that these three parameters can vary
when applying a gate voltage, in addition to ag [17,21,22].

Concurrently to the BMR, the magnetoresistance is also
modulated by an anisotropic w-periodic term that is inde-
pendent on the current but that scales quadratically with the

a (o a-LAO
(@) i i () m AIO,
B 2DEG
SrTiOs
T (K) f
FIG. 1. (a) Fermi contours resulting from the direct Edelstein effect (DEE) in a simple Rashba system with spin-split parabolic

bands. Upon injection of a charge current j¢ along —x, both Fermi contours are shifted in the same direction by Ak,, creating a net
density of spins with transverse direction, and resulting in a net magnetization. (b) Temperature dependence of the sheet resistance of a
device based on a-LAO/AI/STO 2DEG (LAO: LaAlOs3). (¢) Schematic of the sample and measurement configuration used throughout
the paper. The inset shows a microscope image of the actual device used hereafter.
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applied magnetic field, i.e., a quadratic magnetoresistance
(QMR) term [14,23]:

RQMR = AQMR CcoS 2@, (3)
where
3 rgup\? 252
A = - (—) B-. 4
QMR 2\ T 4)

Since both the BMR and QMR are increasing with 72,
taking the ratio between their amplitudes removes one
system-dependent variable and simplifies the expression
into a function depending mainly on universal constants
and fixed experimental parameters:

ABMR 27h Ol_R‘]_C
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This model provides an efficient method to extract a
Rashba coefficient in different systems, and has been
applied already to LAO/STO and KTaO3; 2DEGs, yield-
ing values consistent with the literature [21,24,25]. In
LAO/STO, Vaz et al. have shown a gate-induced modula-
tion by a factor approximately 2.5 of the Rashba coefficient
extracted from the BMR [14]. In the next section, we show
results for AlO,/STO 2DEGs with a carrier density typi-
cally higher than in LAO/STO [26] and evidence a change
of sign of the BMR and thus of the effective oy by a gate
voltage.

III. EXPERIMENTAL DETAILS

A. Sample preparation

To characterize the charge-to-spin current conversion,
we have performed transport measurements in a 2DEG
formed by depositing 2 nm of Al on a STO substrate [26].
We fabricated Hall bar devices via a single-step liftoff pro-
cess by exposing the design with the SmartPrint projection
lithography setup after spin coating a SPR 700 1.0 pho-
toresist on the bare substrate. Al was deposited at room
temperature by dc magnetron sputtering on as-received
STO (001) substrates from SurfaceNet. During Al depo-
sition, the Ar partial pressure and the dc power were kept
fixed at 5.2 x 10~ mbar and 11 W, respectively, so that
the deposition rate was with a rate of approximately 1 A /s.

The Al in contact with the STO substrate oxidizes into
AlO,, which reduces the STO and dopes its surface with
electrons, forming the 2DEG [26]. To help increasing the
visibility of the devices, a layer of 20 nm of amorphous
LaAlO; (a-LAO) was then deposited ex situ by PLD at
room temperature with a KrF Excimer laser at an energy
of 42 mJ, before proceeding to the liftoff with acetone.

B. Magnetotransport measurements

The samples were bonded with Al wire after the
patterning process and inserted in a Quantum Design
PPMS to measure their transport properties. They show the
usual metallic behavior typical of AlO, /STO 2DEGs, with
aresidual resistivity ratio of approximately 10 between 300
and 2 K, as seen in Fig. 1(b).

At the lowest temperature of 2 K, a back-gate forming
step was applied: the gate voltage was first increased to its
maximum value Vg max and then cycled repeatedly within
the gate range of the experiment [—Vgmax; +VGmax] tO
suppress hysteresis and ensure the full reversibility of the
measurements. Figures 2 and 3 were obtained from two
distinct cooldowns, with Vgmax = +200 V and Vg max =
+150 V, respectively.

The magnetotransport measurements were then per-
formed by rotating the sample under an in-plane constant
magnetic field while injecting an alternating current along
the main channel of the device and measuring the lon-
gitudinal voltage using Stanford Research 830 lock-in
amplifiers combined with a Keithley 6221 current source
and a Keithley 2400 to apply a gate voltage. With this
technique, any resistance oscillation that is linearly depen-
dent on the current amplitude (or more broadly any voltage
signal with a quadratic current dependence) will appear in
the second harmonic (i.e., at twice the frequency of the
injected alternating current, 2w). In contrast, symmetric
terms independent of the current should be found in the
first harmonic, w.

IV. RESULTS

Figure 2(a) shows the angular dependence of the sheet
resistance of the device obtained from the first harmonic
and normalized by the sheet resistance measured at B =
0 T, and for a gate voltage of V', = 200 V. Following the
model from Vaz et al. [14], the data can be fitted with a
cosine of 2& as in Eq. (3). The amplitudes Aqumr obtained
from such fits follow a quadratic dependence with the
applied magnetic field as seen in Fig. 2(b).

Using Eq. (4) and assuming the g factor to be equal
to 2 as was reported in LAO/STO at high gate voltages
[21], we obtain a momentum relaxation time 7, & 1.6 x
10~ s, which goes up to 6.4 x 1071* s for g = 0.5 (as
used in Ref. [14]). This is in the range of values obtained
from a classical transport model with magnetotransport
data obtained in the same sample (see Fig. S1 within the
Supplemental Material [27]), with 7,, & 5.5 x 1074 s to
1.2 x 10713 s at the highest gate voltage (for a d,,-only
mass m* = 0.6m, [17] or an estimated m* = 1.3m, used in
Ref. [14], respectively).

In addition, as expected from the Edelstein effect, we
obtain a 2m-periodic signal from the second-harmonic
signal [Figs. 2(c) and 2(e)], which we fit to extract the
amplitude and plot as a function of the magnetic field
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FIG. 2. Angle dependence of the longitudinal resistance obtained by harmonic transport with an in-plane magnetic field, at a temper-
ature 7 = 2 K and gate voltage V, = 200 V. (a) First-harmonic signal normalized by the (zero-field) sheet resistance Ry = R,(B8 = 0),
for magnetic fields at 0.5 T (in blue) and increasing from 2 T up to 9 T (in red) with steps of 1 T. Continuous lines are fits to the
experimental data (filled circles). (b) Fitted amplitudes of the first harmonic resistance signal showing a quadratic dependence with
the in-plane magnetic field amplitude 1H,. (c),(e) Angular dependences of the second-harmonic signal R2® at different fields (c) and
current densities (e), showing unidirectional 27 -periodic magnetoresistance. (d),(f) display the corresponding fits of their amplitude
as a function of field and current, respectively. Some points on (f) at low current densities correspond to curves not shown on (e) for

clarity.

in Fig. 2(d) and as a function of the current density in
Fig. 2(f). We see that this signal is mostly linear in both
current density and magnetic field, hence it corresponds
to the BMR term from charge-to-spin conversion. Note
that here, we chose to use the same sign convention as
in Ref. [14] where a negative sine function is associated
to a positive amplitude and as a consequence, the positive
sine function obtained at a gate voltage of 200 V yields a
negative BMR amplitude.

Since the Rashba spin-orbit properties of STO 2DEGs
are known to vary significantly when applying a gate
voltage [14,17,21,22], we have also performed similar
measurements at different back-gate voltages, as shown in
Fig. 3.

Figure 3(a) shows the second-harmonic signal mea-
sured at different gate voltages varying from +125 to
—150 V. It is clear that the amplitude of the BMR sig-
nal changes significantly and even switches sign, passing
from positive to negative amplitude as the gate voltage
is increased. The full dependence of Agyr is summa-
rized in Fig. 3(b) where we can identify the crossover
to be around V,~0 Vto20 V. We also measured
this second-harmonic signal at a fixed angle & = 90°,
i.e., keeping the current and field perpendicular to each
other, while sweeping the magnetic field. Figure 3(c)

confirms the linear dependence of the BMR with the
field with opposite slope between V, = —100 V and
+75 V.

Checking upon Eq. (2), we see that the BMR amplitude
may depend on different system parameters, which can be
affected under the application of a back-gate voltage V.
First, variations of the g factor have been reported from 0.5
to 2.5in LAO/STO 2DEGs as ¥ is increased towards pos-
itive values [21]. Yet, this variation cannot explain the sign
change of the BMR. In the simple parabolic band model
used in Ref. [14], Agmr is also inversely proportional to
the Fermi energy and should thus decrease in amplitude
as the carrier density is increased but should remain pos-
itive. Finally, even considering the quadratic dependence
of Agmr with the momentum relaxation time 7, and an
increase of the overall mobility as the second type of car-
rier (from d,./d,. sub-bands) arises, one could explain the
fast increase of the BMR amplitude in absolute value but
not the sign change.

In fact, it has been shown previously that the com-
plex band structure of STO 2DEGs with topologically
trivial and nontrivial avoided crossings and opposite con-
tributions to the Edelstein tensor between the different
sub-bands with d,, and d,./d,. character could give rise
to varying amplitude and sign of the effective Rashba
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FIG. 3. Gate dependence of the bilinear magnetoresistance

obtained from second-harmonic transport measurements with
I = 150 pA, at a temperature 7 = 2 K. (a) Angle dependence
of the second-harmonic signal at fixed gate voltages from —150
to +125 V, applying 9 T in the plane of the sample. Circles
represent the measured data, after removing some background
contributions (see Methods), while the fits are indicated by black
dashed lines. Only a few curves are displayed at gate voltages
separated by 25 V for the sake of clarity. (b) BMR amplitude
extracted from the fits to the angular dependences as a function of
the gate voltage. (c) Sheet resistance from the second-harmonic
channel as the in-plane magnetic field is swept between +9 and
-9 T, at V4 = —100 V (in orange) and +75 V (in green). The
lines are a guide to the eye.

coefficient oz and resulting charge-spin interconversion
[14,17,18,28].

Thus, the sign change observed in the BMR signals upon
varying the applied voltage most likely reflects a change of
ag as the gate voltage tunes the chemical potential of the
system, populating higher states in the band structure with
d,-,- character and opposite Rashba spin texture to that of
d,, lower-energy states.

More quantitatively, in the explored gate range and
using g = 0.5, within the model of Ref. [14] the value of
ag varies from approximately 50 meV A at large negative
voltage to approximately —200 meV A at large positive
voltage. This former value is in the range of what was
found in previous reports [21]. However, —200 meV A
clearly exceeds what is expected for STO 2DEGs. Using g
factor values of two reported at high carrier densities [21]
would make this value even larger, signaling the limits of
the model with single parabolic Rashba bands in this case.
Overall, these results thus point to the need for develop-
ing more elaborate models to compute the BMR from the

band structure, beyond the simple one-band scenario from
Ref. [14], i.e., models able to capture better the physics
of this system when three or four band pairs are occupied,
with a complex electronic structure involving trivial and
nontrivial avoided crossings [17,28].

V. DISCUSSION

In any case, the observed BMR sign change implies that
the magnetization generated via the direct Edelstein effect,
when injecting a given charge current along a device main
channel, changes sign as well. Since the BMR depends lin-
early on the current, our results thus demonstrate a dual
control of the BMR (and thus of the current-generated
magnetization) by both the current and the gate voltage.
This offers interesting possibilities to design alternative
spintronic devices. In a H-shaped device such as those
sketched in Fig. 4, consisting of two longitudinal arms
(left, input and right, output) connected by a transverse
arm, applying a charge current in the left arm generates a
transverse magnetization able to diffuse as a spin current in
the transverse arm over a certain length A, in the absence
of any net charge displacement. It is then possible to use
the IEE at the intersection of the transverse and right arms
to convert this spin current back to a charge current whose
sign will depend on oz and on the direction of the spins
generated by the EE.

In Fig. 4, we present devices utilizing the direct and
inverse Edelstein effects, combined with a gate electric
field tuning of the 2DEG band filling, allowing a modula-
tion of the spin-charge interconversion sign and efficiency
accordingly. Here, we have demonstrated that the BMR
sign can be modulated by a back gate, and for the devices,
we propose to use a top gate as it was also shown to
efficiently modulate transport properties in STO 2DEGs
(see, e.g., Refs. [29,30]) and would be advantageous to
integrate and scale down such devices while tuning the
required voltages given some adequate material engineer-
ing. In Fig. 4(a), a top gate is thus placed at the intersection
between the input and transverse arms to modulate the
direction of the spins generated by the direct EE. Depend-
ing on their direction, the charge current generated by the
IEE at the intersection of the transverse and output arms
will be positive or negative. Since changing the sign of the
charge current in the input arm also reverses the direction
of the generated spins and thus of the sign of the output
current, we can exploit this dual control to perform logic
operations, with the sign of the input charge current J ' and
the sign of the gate voltage V' as inputs and the sign of the
output current as the output. Compiling the different input
and output logic states in a truth table shows that this type
of device realizes an exclusive-inverted-OR (XNOR) logic
function and could be chained with other similar devices.
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FIG. 4. Examples of three-arm logic gate devices exploiting the direct and inverse Edelstein effects. (a) A gate voltage and the
charge-current sign of the first branch are used as inputs, and the sign of the current in the third branch as output, realizing the XNOR
logic function. (b) Two independent gate voltages as inputs are applied at the crossing points, with the sign of the current in the third
branch as output (XNOR logic gate). (¢c) Two charge currents are summed together and used as inputs to gate the first crossing, with the

sign of the current in the third arm as the output (NOR logic gate).

In Fig. 4(b), a similar logic operation is achieved but
now by having two independent top gates, one control-
ling the sign of charge-spin conversion at the intersection
of the input and transverse arms (Vg;) and another one
controlling the sign of charge-spin conversion at the inter-
section of the transverse and output arms (V;). Finally,
Fig. 4(c) sketches another device with just one top gate, in
which the two inputs are currents /; and /, accumulating or
depleting charges at the top gate. In the absence of any cur-
rent, the logic gate is in its high state as per the truth table
in Fig. 4(a). As soon as one of these two currents becomes
greater than zero, an effective electric field develops across
the gate capacitor, so that the output current of the device
Jout becomes negative and the logic state becomes zero.
The same result is obtained if both currents /; and I, are
above zero, completing the NOR universal logic function.

VI. CONCLUSION

Our work expands the topic of nonreciprocal transport
phenomena [31] that is pervading the realm of quan-
tum materials. Nonreciprocal transport has been reported
in nonmagnetic topological insulators [11,32], magnetic
topological insulators [33,34], noncentrosymmetric super-
conductors [35], ferroelectric Rashba semiconductors [36],
and Rashba interfaces [12—14,16]. While the mechanism
may be different depending on the materials systems, the
possibility to tune the nonreciprocal transport response by

a gate voltage in amplitude and sign has been reported
in a few systems [32,34], which could ultimately bring
the proposed devices to higher operating temperatures.
The theoretical efficiency of such devices is discussed in
the Supplemental Material (see Ref. [27] for a discussion
on the Rashba versus Fermi energies and on the device
output-input efficiency—see also Refs. [37—42] therein).
This body of results offers exciting possibilities to design
spin-orbitronics applications operating at low power, from
logic devices such as those proposed here to spin circula-
tors, mixers, isolators, etc., in analogy with nonreciprocal
devices operating with photons or magnons [31].
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