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Abstract— Two-dimensional electron gases (2DEGs) at
oxide interfaces possess many interesting physical prop-
erties. Particularly, when the time reversal symmetry is
broken, they display a large unidirectional magnetoresis-
tance, which is essential for exploiting two-terminal devices
based on such a nonreciprocal response. Here we report
a nonreciprocal charge transport behavior in conductive
2DEG at the LaAlO3/KTaOj3 interface, and the nonreciprocal
coefficient y of up to ~6.8 x 1071°A-1T-1cm? is obtained.
Remarkably, the nonreciprocal response is highly tunable
by applying gate voltages in a field-effect device. Our work
illustrates that KTaO3-based 2DEG is an outstanding plat-
form for the development of multifunctional two-terminal
devices and may pave a route for future gate voltage tun-
able rectification devices.

Index Terms— Nonreciprocal response, Rashba spin-
orbit coupling, two-dimensional electron gases, two-
terminal device, gating effect.

I. INTRODUCTION

ONRECIPROCAL response, i.e., current-direction

dependent resistance, is sensitive to the broken inversion
symmetry of the electronic state [1], which sparks a
surge of interest in realizing two-terminal rectification,
memory, and logic devices [2], [3], [4]. Nonreciprocal
response has been observed in different materials with
inversion symmetry breaking, such as noncentrosymmetric
system [5], [6], [7], low-dimensional materials [8], [9],
[10] and topological insulator [11], [12], [13]. Among
them, two-dimensional electron gas (2DEG) at the interface
between two insulating oxides has attracted extensive
attention due to large Rashba spin-orbit coupling (SOC)
[14], [15], [16], [17]. Strong nonreciprocal response has
been observed in SrTiO3(STO)-based 2EDGs [18] and the
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bilinear magnetoresistance (BMR) is highly anisotropic [19],
which is a characteristic of unidirectional magnetoresistance
yielded via nonreciprocity [20], [21]. More importantly,
the strength of Rashba SOC and the carrier density can
be effectively tuned by the gate voltage [22], [23], [24].
Gate-tunable nonreciprocal charge transport has been achieved
at the LaAlOs3/SrTiO3(LAO/STO) interfaces. In particular,
compared to the 3d transition metal oxide STO, KTaO3
(KTO) possesses a high permittivity similar to STO, while
has a stronger Rashba SOC because Ta is a 5d element
and heavier than Ti [25], [26]. Indeed, the research on the
unidirectional magnetoresistance of 2DEG at the AI/KTO
interface indicates that the Rashba coefficient extracted from
the BMR analysis is significantly higher than that found in
STO-based 2DEGs [8]. Unfortunately, so far works on the
gating effect of nonreciprocal response of KTO-based 2DEGs
are scarce.

Here we present a systematic investigation on the non-
reciprocal response of 2DEG at the LAO/KTO interface,
which is clearly verified by BMR effect. The current-induced
Rashba field (HR) is determined by quantitative analysis of the
angle-dependent transport, and we found that the magnitude
of the nonreciprocal response is strongly dependent on the
carrier density. Furthermore, we fabricated a field-effect device
based on gating effect and realized the modulation of carrier
density thus effectively tuning the nonreciprocal response.
Notably, the giant tunability of the nonreciprocal response
at the LAO/KTO interfaces provides a possibility to achieve
electric field tunable two-terminal devices.

[I. DEVICE FABRICATION AND

NONRECRIPICAL RESPONSE
Using standard optical lithography and lift off techniques,
Hall bars (10 um in width and 60 pum in length) were
pre- patterned onto the (001)-oriented single crystalline KTO
substrates by a hard-mask method. As shown in Fig.1(d), a
100-nm AlOy film was used as a hard mask (dark region),
prepared by pulsed laser deposition (PLD) at room temperature
with a fixed oxygen pressure of 1 Pa. Next, the 2DEGs
were fabricated by growing 10-nm-thick LAO films by PLD
at 700 °C. The oxygen pressures during the growth of two
devices are 1 x 10™* Pa for device A and 5 x 10™* Pa for
device B, respectively. After growth of LAO, only the active
Hall bar area (light region in Fig.1(d)) is conducting. Note
that the LAO films are amorphous, due to the large lattice
mismatch between LAO (0.379 nm) and KTO (0.399 nm)
[24], [27]. Fig.1(a) presents the temperature dependence of
the sheet resistance (Rs) of the 2DEGs for device A and
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Fig. 1. (a-c) Temperature dependence of sheet resistance (a), carrier
density (b) and Hall mobility (c). (d) Photograph of a typical Hall bar
device. (e) Fermi contours of a 2DEG system. (d) In plane MR curves.

device B, both of which are well metallic. The carrier density
(ns) and the corresponding Hall mobility (w), deduced from
the Hall effect, as functions of temperature are displayed in
Figs.1(b) and 1(c). Noted that the temperature dependence of
sheet resistance and Hall effect were measured by applying
a small current of 1 uA. We found the overall Rs-T curve
of device B displays an upward shift. In addition, the ng of
device B (~3 x 103 cm™2) is only the half of that of device
A (~6 x 103 cm™2) at T = 2 K. While the Hall mobility of
device B is about 200 cm?/Vs at T = 2 K, which is greater
by a factor of 4 than that of device A. The decrease of the
ng as the growth oxygen pressure increases indicates that the
electron doping by oxygen vacancies plays an important role
in forming the 2DEGs.

As shown in Fig.1(e), due to the Rashba effect the applica-
tion of a current will induce the shift Ak of the Fermi contour
and the resulting spin accumulation can be described by a
current-induced Rashba field (Hgr), which is constrained in
the film plane and perpendicular to the direction of applied
current. Depending on the direction of the current, Hg is
added to (or subtracted from) external magnetic field (H)
perpendicular to applied current, resulting in an effective
magnetic field Hef = H £+ Hgr.Via this mechanism, non-
reciprocal resistive responses can be achieved by reversing
either the sign of the magnetic field or the polarity of
the current. Fig.1(f) shows the in-plane magnetoresistance
(MR), defined as MR=[Ryx(H, I) — Rxx(0, I)]/Rx(0, I),
where H is perpendicular to the current direction in the
film plane. The measurements were done with an applied
current / = £ 300 nA at T = 5 K. We used pulsed
currents with a duration of 80 ms and an interval of 4000 ms
to effectively eliminate the influence of joule heating. The
extremely asymmetric MR curves and significant differences
between MR under +7 and —1 clearly exhibit the nonrecipro-
cal charge transport in the 2DEGs at the LAO/KTO interfaces.
In addition, the nonreciprocal response of KTO-based 2DEG
with low carrier density is significantly greater.

Il1. BILINEAR MAGNETORESISTANCE
OF KTO-BASED DEVICE

The angle-dependent transport experiments were further
carried out. Measurement setup is sketched in Fig.2(a), where
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Fig. 2. (a) MR curves measured under an in-plane rotating magnetic
field for both direction of currents for device A. The plot above is a sketch
for experimental setup. (b-c) Angle dependence of the QMR (b) and the
BMR (c). The inset of (c) shows nonreciprocal response by reversing the
sign of the magnetic field (£7 T). (d-e) Magnetic field dependence of the
AaqmR (d) and Agyr (e). (f) Asmpr @s a function of the applied current.

current is applied along x axis and ¢ denotes the angle between
magnetic field and the x axis. MR curves measured under a
rotating in-plane external magnetic field at 5 K for device
A are shown in Fig.2(a), where H is fixed to +7 T and
I = 4+ 300 wA. When the applied field is perpendicular to
the current (¢ = 90° or 270°), the MR is minimal and a pro-
nounced asymmetry between ¢ = 90° and 270° is observed.
When reversing the polarity of the current, this asymmetry of
the two minima reverses. We further extract the H-quadratic
(symmetric) and bilinear (asymmetric) components of MR fol-
lowing the definitions: QMR=[MR(H, +1)+MR(H, —1)]/2
and BMR=[MR(H, +1)-—MR(H, —1)]/2 [18]. The angle
dependence of extracted QMR and BMR at varied mag-
netic field, ranging from +1 to +9 T, are shown in
Figs.2(b) and 2(c), respectively. Notably, the inset of Fig.2(c)
shows BMR changes sign when reversing the sign of the
magnetic field (£7 T), verifying the nonreciprocal resistive
responses can also be achieved by reversing the magnetic
field. By fitting the data to QMR= Agmrcos(2¢) and BMR=
ApMRrsing, the amplitudes of QMR and BMR can be further
obtained. As plotted in Fig.2(d), Agmr shows a quadratic rela-
tionship with H, where the red solid line is a quadratic fitting
curve. In Fig.2(e), Apmr strongly increases with H and clearly
scales linearly with H. Furthermore, the angular-dependent
MR is also measured by varying the applied current at a
fixed magnetic field H = + 7 T. Agmr also shows a linear
dependence of I, as displayed in Fig.2(f). Remarkably, the
amplitude of asymmetric contribution Apyr is linear with
both H and I. Thus BMR effect unambiguously verifies
the nonreciprocal charge transport. Then, the nonreciprocal
coefficient y is calculated by y = Apmr/HJ, where J = I/S is
the current density and S is the cross-sectional area of the Hall
bar. The values of y are as high as ~4.2 x 107 10A~IT~lcm?
for device A and ~6.8 x 10~ 1°A~1T~1em? for device B, which
are one order of magnitude larger than that of other typical
systems, such as a-GeTe (y ~ 1 x 107"TA=IT~lem?) [2]
and BixSes (y ~ 2 x 107"TA=IT-Tem?) [11].

V. ELECTRIC FIELD CONTROL OF RASHBA FIELD

The resistance Ryx is jointly determined by external mag-
netic field H and current-induced Rashba field Hr(Fig.1(e)),
thus we can get direct information on Hr by analyzing
anisotropic MR. Due to device B possesses larger non-
reciprocal coefficient and stronger nonreciprocal response,
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current / = + 100 pA (a), 200 pA (b) and £300 pA (c). (d) The
deduced Rashba field as a function of electric current.

we focused on the representative device B to further investigate
the current-induced Rashba field. Figs.3 (a-c) illustrate the
angle dependence of MR for the device B with H = +7 T
at 5 K by varying the applied current from 100 to 300 uA.
It is clear that with increasing applied current values, the
asymmetry between ¢ = 90° and ¢ = 270° of MR increases.
Based on the equations [28]:

_ 2 02X _ o —
R = ap + a1 Hy; cos (5 ¢ —a)

2 4,7
+ ax H; cos (E —¢—a) (D)
H2 = H? + HE + 2H Hgsing )
Hgcos
o= arctanR—q.5 3)
H + Hgsing

the experimental results have been well reproduced (the sym-
bols are experiment data and the solid lines are the results of
curve fitting) adopting appropriate fitting parameters ag, a, az
and HR. Fig.3(d) summarizes the deduced Hr determined by
data fitting for device A and device B, as a function of electric
current. The Hgr values of both devices scale linearly with
increasing /. However, the current-induced HR of device B is
much larger than that of device A. Obviously, the lower ngs is,
the larger HR is, which is consistent with the result in Fig.1(f),
suggesting that the band structure near the Fermi surface of
2DEG with lower ng may have greater spin splitting.

As the carrier density of 2DEG at the LAO/KTO interface
is gate-controllable, a further tuning of the nonreciprocal
response can be achieved by applying a back-gate voltage V.
Thus, a systematic investigation on gating effect of device B
was conducted. A sketch of the field-effect device is shown
in Fig.4(a). The gating voltage V, is applied between the
conducting 2DEG at the LAO/KTO interface and a silver
paste electrode at the back of the KTO substrate. As shown
in Fig.4(b), the carrier density of device B can be effectively
tuned by V. As V; sweeps from +100 to 0 V, ng decreases
monotonically from 3.1 x 1013 to 2.1 x 10" em™2, corre-
sponding to the depletion of electrons caused by gating effect.
It is worth noting that the relatively fast decrease in ng is
an indication of defect-induced localization and cannot be
attributed to the change of ng produced by the capacitance
effect [29] (note that varying V, between 4100 and 0 V can
induce a change of ng ~ 5 x 1012 ¢cm™2 at most, which
is only 50% of the experimentally observed value). Fig.4(c)

»(°) Vy (V)

Fig. 4. (a) A sketch of the field-effect device. (b) Carrier density
as a function of Vq. (c) Angle dependence of MR measured under
different Vg. (d) Gate voltage dependence of the deduced Rashba field.

displays angle dependence of MR measured at various V, with
I = £ 300 uA and H = +7 T at 5 K. The MR curves
are shifted vertically for clarity. As expected, the asymmetry
between ¢ = 90° and ¢ = 270° of MR highly relies on
the applied gate voltages. Reversing the current direction, the
evolution process reverses. As displayed by the solid curves
in Fig.4(c), the fits of Eqgs. (1)-(3) show good agreement
and correctly capture the features of the MR curves. The
extracted values of HR are summarized in Fig.4(d), indicating
Hp significantly depends on V,. Hr monotonically increases
as Vy varies from +100 to O V, and the magnitude of Hgr
increases more than three times from 1.3 T up to 4.2 T.
Based on these data (Figs.4(b) and 4(d)), we can figure out
the correspondence between the nonreciprocal charge transport
and the gate-tunable carrier density, i.e., the nonreciprocal
response is stronger as carrier density decreases. Remarkably,
the giant tunability of current-induced Rashba field at the
LAO/KTO interfaces provides a possibility to achieve electric
field tunable two-terminal devices [30], [31].

V. CONCLUSION

We have demonstrated the nonreciprocal response for
devices based on 2DEGs at the LAO/KTO interfaces. The
BMR effect of our device has been clearly observed. Current
induced Rashba field HRr is determined by analyzing angle-
dependent MR, and we found that under the same applied
current the device with the lower carrier density exhibits the
higher Hr. We further fabricate a field-effect device based
on gating effect and realize the modulation of carrier density
to further tune the nonreciprocal response. The magnitude
of Hr varies by a factor of 3 from 1.3 T to 42 T when
sweeping the gate voltage from +100 to O V. The highly
tunable nonreciprocal response of conductive 2DEG at oxide
interface in our study inspires a promising pathway towards
realizing functional two-terminal spintronic devices.
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