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ABSTRACT

An anomalous transverse voltage near the superconducting transition is observed at the LaAlO5/SrTiO; heterointerface. In contrast to the
normal Hall effects, the observed anomalous transverse voltage persists even at zero magnetic field and is an even function of the magnetic
field. It also responds anisotropically to out-of-plane and in-plane magnetic fields. Due to the two-dimensional nature of this superconduct-
ing electron system, this anomalous transverse signal is highly tunable via electrostatic gating. Strikingly, the temperature dependence of this
transverse voltage exhibits a gate-tunable sign reversal behavior and can even undergo multiple sign reversals. Thorough analyses indicate
that the anomalous transverse signal can be largely attributed to the guided vortex motion in the two-dimensional superconducting system.
Our findings not only reveal important aspects of vortex dynamics at the strongly correlated oxide interface but also may promote the devel-

opment of electrically tunable vortex dynamics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5113584

Vortex dynamics in superconductors attract extensive interest
due to their rich physics, such as vortex liquid or vortex glass phenom-
ena."” The anomalous transverse voltage that occurs near the super-
conducting transition is a key tool for studying vortex physics.” ” This
vortex motion-induced transverse voltage is usually an even function
of the external magnetic field (B) and sometimes even appears at B=0
T.%” Despite many years of devoted efforts, achieving a clear under-
standing of the anomalous transverse voltage remains an open chal-
lenge due to complicated interactions between vortices and the
surrounding environment. Recent approaches toward exploring vortex
physics have exploited diverse novel materials, such as iron-based
superconductors and layered organic superconductors. These systems
have distinctive properties which have afforded several new discover-
ies, as well as a more profound understanding of vortex dynamics,'*'*
such as the slow vortex creep observed in iron-based superconductors
with a strong pinning landscape.'’

LaAlO5/SrTiO5 (LAO/STO), a typical perovskite oxide hetero-
structure,”” can form a two-dimensional electron system (2DES) at
its interface'*’” due to the polar catastrophe'® or oxygen

vacancies.'”'” The 2DES can even exhibit superconductivity at low
temperatures.'” To date, a spectrum of emerging physical phenomena
has been observed in this 2DES, such as nonmonotonic supercon-
ducting critical temperature’’ and spin-orbit coupling”' ** responses
to band filling, the coexistence of superconductivity and magne-
tism,” ** as well as the electrically tunable disorder”””’ and tetrago-
nal domain order.”’ ** However, the interplay between vortices and
these properties remains to be exploited. Very recently, it was discov-
ered that a Bose insulator phase, arising from the condensation of
vortices and Cooper pair localization, occurs at the (111)-oriented
LAO/STO interface and can be effectively tuned by disorder.”
Recent theoretical work predicts the emergence of the so-called quan-
tum anomalous vortices around magnetic impurity ions in a super-
conductor with strong spin-orbit coupling. Such vortices may
support robust Majorana zero-energy modes.”” The 2DES at the
LAO/STO interface possesses all of the necessary criteria for realizing
the quantum anomalous vortex. Therefore, this 2D correlated oxide
superconductor may serve as an effective platform for the wider
exploration of vortex dynamics.
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In this work, we report an anomalous zero-field transverse volt-
age observed near the superconducting transition in the LAO/STO
(001) system. This transverse voltage can be largely ascribed to the
guided vortex motion at the LAO/STO interface. Interestingly, a sign
reversal of the transverse voltage can be induced by electrostatic
gating.

High-quality five unit-cell LAO overlayers were grown on TiO,-
terminated STO (001) substrates via pulsed laser deposition with a
KrF laser.”” To obtain an atomically flat surface, the STO substrates
were carefully etched in a buffered HF solution and then annealed at
950 °C for 2h in an oxygen atmosphere. The temperature and oxygen
pressure were maintained at 650 °C and 1.0 x 10~ * mbar throughout
LAO film growth. The layer-by-layer growth was monitored in situ via
reflection high energy electron diffraction (RHEED), as shown in
Fig. 1(a). After growth, the LAO/STO was cooled to room temperature
at the growth oxygen pressure. Atomic force microscopy (AFM) con-
firmed the presence of atomically flat terraces on the sample surface
[the inset of Fig. 1(a)].

Transport measurements were conducted on the LAO/STO
interfacial 2DES which was mechanically patterned into a standard
Hall bar geometry.”"”> Ohmic electrode contacts were wire bonded to
the 2DES via Al wires. The Ti/Au electrode was deposited on the back
side of the STO substrate to allow for the application of a back-gate
voltage (V). Transport measurements were executed at extremely low
temperatures in an Oxford dilution refrigerator, with the magnetic
field applied perpendicular/parallel to the 2DES. As shown in
Fig. 1(b), the longitudinal and transverse voltages (Vy and V) were
measured simultaneously at a d.c. current (I) of 200 nA. The longitudi-
nal resistance (Ry) was obtained directly from Ry = Vi/I. Due to
inevitable misalignment of the transverse contacts, the measured
transverse voltage includes a small contribution from the longitudinal
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FIG. 1. (a) RHEED oscillations for growing the LAO film on the STO (001) sub-
strate. The left and right insets are the RHEED patterns before and after growth,
respectively, and the center inset is an AFM image of the LAO surface. (b)
Schematic of the mechanically patterned Hall bar geometry of the LAO/STO interfa-
cial 2DES for transport measurements. The transport channel is about 500 um
wide. (c) Ryx and Ry, vs temperature at zero magnetic field. (d) Ry and Ry, vs per-
pendicular magnetic field at T= 100 mK. The gate voltage is fixed at 0 V.
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component. Therefore, the transverse resistance (Ryy) is obtained by
subtracting the scaled longitudinal resistance, ie, Ry = (Vi
—AV)/I, where the constant A is set to make Ry, = 0 in the normal
conducting state.”

Figure 1(c) shows R, and Ry as functions of temperature at zero
magnetic field. As the temperature (T) decreases, a nonzero Ry,
emerges near the superconducting critical temperature (~290 mK)
and then vanishes with further decreasing temperature. Moreover, the
perpendicular magnetic field dependence of Ry and Ry, [Fig. 1(d)]
demonstrates that the transverse resistance appears around the super-
conducting critical field and is an even function of the magnetic field.
As is well known, a zero-magnetic-field transverse voltage can be
induced by the anomalous Hall effect in ferromagnetic materials.””
However, the observed transverse resistance possesses even-in-field
character and is correlated with superconductivity, neither of which is
consistent with the anomalous Hall effect. The zero-field transverse
resistance around the superconducting transition can be induced by
three possible effects: the transverse inhomogeneity of superconductiv-
ity,” the electronic nematicity,”” and the guided vortex motion.’

The trademark of an inhomogeneity-induced transverse signal is
that Ry, should be proportional to dR,,/dT."*"’ Figure 2 plots dR/dT
and Ry, vs temperature for varied out-of-plane and in-plane magnetic
fields below the superconducting critical fields for V, = 0V. R,, and
dR/dT exhibit a nearly identical temperature dependence at zero
field. However, increasing the out-of-plane field causes the peak
position of the Ry,-T curve to decrease more rapidly than that of the
dRy/dT-T curve [Figs. 2(a) and 2(b)]. Moreover, increasing the in-
plane field prompts a rapid decay to the peak magnitude of the dR./
dT-T curve, whereas that of the Ry~ T curve remains nearly unaffected
[Figs. 2(c) and 2(d)]. Such deviations from proportionality between
dR,/dT and Ry, suggest that the anomalous transverse resistance is
not dominated by the spatial inhomogeneity of superconductivity.
Figure 2 also shows that the parallel and perpendicular field transport
measurements have significantly different magnetic field scales. This is
because in such a two-dimensional superconducting system, the paral-
lel critical magnetic field is revealed to be much larger than the perpen-
dicular critical magnetic field."'

dR_/dT (a.u.)

0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
T(K) T(K)

FIG. 2. (a) and (b) Temperature dependence of dR/dT (a) and Ry, (b) at various
perpendicular fields. (c) and (d) Temperature dependence of dR,/dT (c) and Ry,
(d) at various parallel fields. The gate voltage is fixed at 0 V.
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A recent report demonstrated that electronic nematicity-induced
breaking of spontaneous rotational symmetry in copper oxide super-
conductors can yield a zero-field transverse voltage.”” Theoretical stud-
ies predict that such nematic order can appear at the LAO/STO
interface near the band edge of the d,, and dyz subbands,” i.e., in the
vicinity of the Lifshitz transition.”” As shown in Figs. 3(a) and 3(b),
the superconducting critical temperature first rises and then declines
as the gate voltage is swept from negative to positive, which is consis-
tent with previous reports.””*’ According to the experimental observa-
tion” and band structure calculations,”*" the peak of this
superconducting dome occurs near the Lifshitz transition. However,
nonzero Ry, persists even for gate voltages far from this peak, as
depicted in Figs. 3(b) and 3(c). Therefore, the zero-field transverse
resistance cannot be attributed to the electronic nematicity.

Consequently, we ascribe the zero-field transverse resistance to
the guided vortex motion. With decreasing temperature, the 2DES
undergoes a Berezinskii-Kosterlitz-Thouless (BKT) transition®®*’ to
the superconducting state (see Fig. S1 in the supplementary material
for details). According to the BKT model, free vortices can form due
to the thermodynamic instability-induced unbinding of the vortex-
antivortex pairs above the BKT transition temperature (Tgxr). The
flow of an electric current in the superconductor causes the free vortex
(antivortex) to experience a Lorentz force F, = J X ¢, where J is the
current density and ¢, is the flux carried by the vortex (antivortex).
This driving Lorentz force can propel the vortex and antivortex in
directions perpendicular to the current and opposite each other, as
shown in Fig. 3(d). According to the Josephson relation, the velocity
(v) of vortex (antivortex) motion induces an electric field
E = —nv X ¢ [Fig. 3(d)], where n is the density of vortices. Since the
induced electric fields are parallel to the current, the transverse voltage
does not appear. However, when the superconductor contains an
anisotropic pinning potential such as a linear pinning channel
[see Fig. 3(e)], the vortices (antivortices) favor movement along the
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FIG. 3. (a) Ry as a function of temperature at different Vs in the absence of mag-
netic field. (b) T; as a function of V. T is defined as the temperature where Ry is
half the normal-state resistance. (c) Ry, as a function of temperature at various Vs
after subtracting the longitudinal component. The curves are shifted vertically for
clarity. The dashed lines indicate the reference lines where Ry, = 0. (d) and (e)
Schematic of the vortex and antivortex motions without (d) and with () a pinning
channel. /is the transport current, v is the velocity of vortex (antivortex) motion, and
E is the electric field induced by the vortex (antivortex) motion.
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pinning channel due to the guiding force. If such a channel is not per-
pendicular to the current, the guided motion of vortices and antivorti-
ces generates identical transverse electric-field components, whose
direction is independent of the magnetic field direction.” As a result,
the guided vortex motion yields a transverse voltage which is an even
function of the magnetic field, as confirmed by our experiments
[Fig. 1(d)]. Figure S1 in the supplementary material shows that Tgxr is
about 255 mK at V, = 0V. When the temperature decreases below
this Tgkr, the complete binding of vortices and antivotices will cause
Rk and Ry, to vanish simultaneously. Our observation is consistent
with this picture, as shown in Fig. 1(c).

As is well known, the STO experiences a ferroelastic transition
from a cubic to tetragonal crystal structure when the temperature
decreases to ~105K.” This can generate striped tetragonal domain
walls at the LAO/STO interface, which have been observed via a scan-
ning superconducting quantum interference device,”" scanning charge
detector,”” and scanning electron microscope.33 It was shown in
Ref. 32 that high negative gate voltages can remove the domain walls,
and the change to the domain landscape remains even when the gate
voltage is swept back to zero. However, we note that the results from
another group (Ref. 33) are contrary to that in Ref. 32, that is to say,
the gate voltage cycling can create more domain walls. As discussed in
Ref. 32, the domain dynamics should depend on the sample growth
condition and the patterned features of devices, which may explain the
different observations in Refs. 32 and 33. In our experiments, the gate
voltage cycling as shown in Fig. 4(a) remarkably enhances the trans-
verse signal [see Figs. 4(b)-4(e)]. The enhancement suggests that the
ferroelastic domain walls may provide a guiding force for vortex
motion to induce the observed transverse voltage, and more domain
walls are created after the gate voltage cycling, which is in agreement
with the observation in Ref. 33. In addition, Figs. 4(b) and 4(d) show
that the thermal cycling has a relatively small effect on the transverse
signal, compared with the gate voltage cycling. The domain landscape
may be changed by the thermal cycling. However, on the large mea-
surement scale which is much larger than the domain size, the statisti-
cally averaged direction and density of domain walls may not be
substantially affected by the thermal cycling,”" which explains the tiny
dependence of the transverse voltage on the thermal cycling.

(a) ~ ‘3‘ v,=ov (b) 1 (c) v,=ov
350 g 2 First cooling
= 250 :
€ 09 0
o 150 _dvesov(dle) vy
100 c 2 Second cooling
g < Voo
150 -100 -50 0 o
Ve V) 00 02 04 00 02 04
T (mK) T (mK)

FIG. 4. (a) Vg-dependent R, of the as-cooled sample (cooling from 300K at V
= 0V). Vy is swept back and forth between 0V and —150V. (b) Temperature-
dependent R, at Vg = 0V after the first cooling from 300K to low temperature. (c)
Temperature-dependent Ry, at V; = 0V after gate voltage cycling as shown in (a).
(d) Temperature-dependent Ry, at V5 = 0V after thermal cycling to 300K and then
back to low temperature. (e) Temperature-dependent Ry, at Vy = 0V after the sec-
ond cooling and gate voltage cycling.
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Interestingly, the anomalous transverse signal can be effectively
tuned by the gate voltage because of the 2D nature of the electron sys-
tem and the high dielectric constant of the STO substrate [see
Figs. 3(c) and S2 in the supplementary material]. Figure 3(c) reveals a
remarkable nonmonotonically gate-tunable sign reversal behavior of
Ryy. For =100V < V,; < 100V, Ry, near the superconducting transi-
tion is observed to be consistently positive. However, for V, > 100V,
decreasing the temperature surprisingly prompts the sign of Ry, to
change from positive to negative. Furthermore, for V, < —100V, Ry,
undergoes sign reversal twice. Sign reversal behavior of the zero-field
transverse voltage has also been observed in some bulk superconduct-
ing systems,”>"" but its physical origin is still unclear.

The LAO/STO 2DES has a wealth of noteworthy nonmonotoni-
cally gate-tunable physical properties. For example, the superconduct-
ing critical temperature exhibits clear domelike behavior’>*’ with a
maximal value around —50V as displayed in Fig. 3(b). In addition, it
has been demonstrated that the spin-orbit coupling”' ** and the tem-
perature range of superconducting phase fluctuation™ in the 2DES
also exhibit a nonmonotonic gate dependence. The anomalous gate-
tunable sign reversal behavior reported in this present work may be
intrinsically correlated with these nonmonotonic properties. Further
efforts will be necessary to clarify this issue in the future.

In summary, we have observed an anomalous transverse voltage
near the superconducting transition at the LAO/STO interface. This
transverse signal can be ascribed to guided vortex motion, which may
arise from the coupling between vortices and striped tetragonal
domain walls. Moreover, the gate voltage can substantially tune such
transverse voltage, even to the point of exhibiting sign reversal behav-
ior. Therefore, the LAO/STO 2DES may offer an ideal platform to
achieve electrostatic-tunable vortex dynamics for developing novel
electronic devices.

See the supplementary material for the measurements about BKT
transition and the temperature-dependent transverse voltage at vari-
ous gate voltages before subtracting the longitudinal component.
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