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ABSTRACT

Two-dimensional superconductors exhibit intriguing quantum physical phenomena and hold promising potential for superconducting cir-
cuit applications due to their inherently broken inversion symmetry, which can introduce additional degrees of freedom related to spin or
momentum. Achieving chemical stability in atomic layer 2D superconductors, including mechanical exfoliation and film deposition, remains
both fundamentally and technologically challenging. Naturally, interfacial superconductivity, enclosed and safeguarded between two mate-
rials, is considered an ideal two-dimensional candidate, providing a stable and immaculate platform to explore correlated phenomena with
inversion symmetry breaking in the 2D limit. Here, we report a Rashba spin—orbit coupling induced momentum-dependent superconducting
order parameter in the inversion symmetry breaking heterointerface superconductor Ti,O3/GaN. Remarkably, nonlinear responses emerge
in the superconducting transition regime when the magnetic field is precisely aligned parallel to the interface and perpendicular to the applied
current. In particular, the observed nonreciprocal supercurrent is extremely sensitive to the direction of the field for 0.5°, suggestive of a
crossover from a symmetry breaking state to a symmetric one. Our finding unveils the underlying rich physical properties in heterointerface
superconductors, providing an exciting opportunity for the development of novel mesoscopic superconducting devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0237619

Symmetry breaking plays an essential role in the emergence of intriguing phenomena. For example, broken lattice inversion

of superconductivity' ~ and influences many physical properties’ °
in a profound way, which provides a fundamental understanding
of the Cooper pair formation in superconductivityf’g In conven-
tional superconductors, a condensate of Cooper pairs spontaneously
breaks only the U(1) gauge symmetry.!’ In unconventional super-
conductors, however, additional symmetries will be further broken,
giving rise to enormous novel physical behaviors and the possibil-
ity of multiple superconducting phases.''”'” In particular, broken
rotational symmetry in high-T, cuprate superconductors exhibits an
anisotropic d-wave pairing symmetry,''” and broken time-reversal
symmetry in superconductivity could induce spin-triplet Cooper
pairs.'””’ Compared to the novel states induced by the sponta-
neous symmetry breaking of order parameter, symmetry break-
ing present in the normal state can also lead to the emergence

symmetry in noncentrosymmetric compounds could result in the
coexistence of spin-singlet and spin-triplet pairings.'®'” Strikingly,
two-dimensional heterointerface superconductors possess a natural
inversion symmetry breaking, and the existence of the interfacial
electric field leads to a strong spin-orbit coupling (SOC), result-
ing in the mixed-parity superconductivity with an admixture of
s-wave and p-wave pairings,”’ " a candidate platform for realizing
Majorana modes.”* ** Consequently, it is pivotal to reveal the emer-
gent of fascinating and non-trivial superconducting properties at
the heterointerfaces with inversion symmetry breaking and develop
next-generation quantum technologies.

To illustrate the appealing physical properties reflecting inver-
sion symmetry breaking in lattice and electronic structures of the
two-dimensional superconductors, the nonreciprocal supercurrent
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(NSC), which emerges only when both inversion and time-reversal
symmetries are broken,” ' has recently played a pivotal role in
electronic transport.”” > A typical electronic band structure with
Rashba-like SOC could be responsible for the NSC in an inter-
facial superconductivity of Bi;Tes/FeTe®® and in a gate-induced
two-dimensional superconductivity on the surface of SrTiOs.”” The
nonlinearity of electric resistance R2¢ that depends on the applied
current I and the external magnetic field B is thus phenomeno-
logically expressed as R2Y = Roy(B x P)-I, where P is a unit
vector, which characterizes the axis of the nonreciprocal effect,”***"’
y indicates the strength of the nonreciprocal transport, and Ry
represents the linear resistance. Moreover, it is interesting to elu-
cidate the underlying and rich physical properties of Rashba-like
systems that have been proposed theoretically,”’ including helical
and chiral superconductivity.'"*"*> The former breaks the inver-
sion symmetry in the presence of magnetic field,*" while the latter
further spontaneously breaks the time reversal symmetry.*’ The ori-
gin of these quantum states, however, remains unclear and is under
intense scrutiny in experiments. Alternatively, using state-of-the-
art heterostructure engineering, we have developed an interfacial
superconductivity of Ti;O3/GaN as a following of a striking quan-
tum metallic state.””"” Due to the presence of the strong interfacial
coupling between the Mott insulator Ti;O3 and the polar semi-
conductor GaN, it would be crucial to exploit the NSC behaviors
inherent to the superconducting pair symmetry, offering innovative
understanding of the underlying nature of the exotic heterointerface
superconductivity." "

In this work, we delve into the nonreciprocity of the super-
conductivity in Ti;03/GaN. The temperature and magnetic field
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dependence of second harmonic resistance R% reveals the value
of nonreciprocal strength y as large as 12 A™' T~'. In particu-
lar, only the in-plane magnetic field can induce NSC, and a slight
tilt of the magnetic field beyond +0.5° completely suppresses the
nonreciprocity. Such a sensitively angular-dependent phenomenon
puts a strong confinement to the origin of the symmetry breaking,
which suggests a magnetic field-induced switching of underlining
mechanism.

The Ti,03 film was grown on a (0001)-oriented GaN substrate
by using pulsed laser deposition in an ultrahigh vacuum cham-
ber with a base pressure of 10~ Torr as described in our previous
report,** as shown in Fig. 1(a). The superconducting interface devel-
ops between the Mott insulator Ti,O3 and the wide-bandgap GaN,
attributing to charge transfer from the polar GaN substrate to the
Ti,03 layer and the existence of oxygen vacancies. The polarity
perpendicular to the interface leads to Rashba-type SOC and then
results in a band splitting in the k.—k, plane in k space, as shown
in Figs. 1(c) and 1(d). When a magnetic field is applied along the
k, direction, the Fermi pocket will be shifted along the k, direction
due to the Zeeman energy, as illustrated in Figs. 1(e) and 1(f). As a
consequence, the interplay between two helical bands with opposite
modulation vectors will give rise to a nonreciprocal charge transport
along the k, direction if the order parameter transforms into a heli-
cal state,"*”*" as shown in Fig. 1(g). For a type-II two-dimensional
superconductor, the vortex structures would appear when the out-
of-plane magnetic field is adequately large as illustrated in Fig. 1(h).
Then, the dominated mechanism of the critical current is changed
from the depairing mechanism to the vortex motion, which restricts
the nonreciprocity to in-plane fields. As a result, we are able to
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FIG. 1. Noncentrosymmetry and nonreciprocity in Ti;O3/GaN. (a) Side view and (b) Hall bar configuration of the titanium sesquioxide heterointerface Ti,O3/GaN. (c) and (e)
Band structure and (d) and (f) Fermi surface of the Rashba-system induced by interface polarization with and without an in-plane magnetic field. (g) and (h) Order parameter
distributions induced by applying an in-plane and an out-of-plane magnetic field, respectively. As the magnetic field is aligned in-plane, periodic order parameter in real
space emerges due to the finite-momentum pairing. When the magnetic field is aligned out-of-plane, Abrikosov vortex appears.
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distinguish the role of the Rashba-type SOC according to the above
discussions and the relation of R2% = Roy(B x P)-1.

To probe the nonreciprocal transport, a hall-bar device con-
figuration was defined with the channel length of 300 ym and the
width of 50 ym by a standard photolithography technique using a
photoresist (AZ 5214) and the Ar ion beam milling (commercial
Intlvac system) process to selectively remove excess materials. The
nonreciprocity of the device was detected by a standard lock-in tech-
nique with four-probe geometry. All electrical measurements were
performed in a Quantum Design Physical Property Measurement
System (PPMS) with commercial sample rotators. The first and sec-
ond harmonic resistances were defined as R% = \/2V%/I and R%
= V2VE/1, respectively, where I is the amplitude of the sinusoidal
AC current source and V% and V2 are the amplitudes of the first
and second harmonic voltages, respectively, measured using a lock-
in amplifier. A phase shift of 71/2 was added to the second harmonic
signal.

The superconductivity and carrier profile were characterized
from first harmonic resistances. In Fig. 2(a), as the temperature
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until 27 K, and then, it reveals a wide range of resistance platform
until a superconducting state below critical temperature T, of 4 K.
Transverse hall resistance Ry, (pink) under 5 T reveals a compen-
sation of the carriers below 40 K, in agreement with the quantum
metallic state in previous work.** The second harmonic longitudinal
resistance R3¢ is perceived at the superconducting transition (blue
region) by applying an in-plane magnetic field of 0.5 T in Fig. 2(b).
The sign of RZ is reversed when the magnetic field is changed
from 0.5 to —0.5 T, which is congruous with the field-dependent
nonreciprocal signal. Nonreciprocity at 0 T was not observed, sug-
gesting no chirality and time-reversal symmetry breaking of the
superconducting order parameter.

Since the superconducting transition in the two-dimensional
limit is governed by Berezinskii-Kosterlitz-Thouless (BKT) the-
ory and thermal fluctuation above and below the mean field
critical temperature T, we then carefully extracted the BKT
transition temperature Tpxr and T by fitting the R-T curve
with the Halperin-Nelson formula® (red dashed line) Ry =a

(To=T)/(T=Texr)  yhere a = 4 Q is the normal state resistance,

decreases, the longitudinal resistance R, increases continuously b = —2.4 is a dimensionless constant, Text = 3.07 £ 0.01 K, and
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FIG. 2. Nonreciprocal charge transport as a function of magnetic field and temperature in Ti,O3/GaN. (a) Temperature-dependent longitudinal resistance Ry, (blue) and
transverse Hall resistance Ry, (pink, under magnetic field 5 T) in Ti;O3/GaN. (b) Ry, (blue) and second harmonic resistance R2¢ (orange) as a function of temperature in the
low temperature region, where the magnetic field and current are applied along the y-axis and x-axis, respectively. R2 shows just a background noise under zero field and
exhibits an obvious signal at the superconducting transition region under a field of 0.5 T. In particular, the sign of R2° depends on the field as the relationship R% = Ryy(B
x P)-1. (c) Nonreciprocal strength y at fixed B = 0.5 T as a function of temperature in the superconducting fluctuation region. (d) Mapping of R2 as a function of field in
temperature ranging from 1.8 to 4 K, which is antisymmetric with respect to the positive or negative field. The dashed line indicates 0.1Ry and 0.85Ry in Ry, where Ry is the
normal state resistance at 4.5 K. (e) First and second harmonic resistance at 2 and 3.8 K, corresponding to the triangle position marked in (d). (f) Temperature-dependent
nonreciprocal strength y = 2- R2¢/(BIR%,) at the maximum of the R2“—B at different temperatures.
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Teo = 3.42 £0.03 Kat 0.5 T (see Fig. S1). The nonreciprocal charge
transport appears in the range of 3-3.5 K, indicative of the correla-
tion of BKT transition or paraconductivity.”” We evaluate the coef-
ficient y representing the strength of the magnetochiral anisotropy,
according to the definition of y = 2- R2/(BIRY,). Figure 2(c) shows
that y increases as the temperature decreases. The data are fit-
ted by the formula y = C(T - TBKT)_D, where C = 0.46 + 0.05 A" 1
T 1K3?and D =123+ 0.05, which agrees with the BKT transi-
tion.”” For a higher magnetic field in Fig. S2, the result is similar,
and we can rule out the bulk origins of nonreciprocity due to the
two-dimensional nature of the superconductivity.

We then examine the magnetic field and temperature depen-
dences of R2¢. Figure 2(d) shows the mapping of the field-dependent
R in various temperatures, where most of the nonreciprocal sig-
nals located in the contour of R = 0.1 Ry and R = 0.85 Ry (dashed
lines), where Ry is the normal resistance at 4.5 K, and the raw
data are presented in Fig. S4. The temperature dependence of
maximum R in the R-H curves and y at maximum R2Y is cal-
culated in Fig. 2(f). The maximum value of the y peak at 3 K is
about 12 A™1 T™!, which is much larger than those reported previ-
ously in other heterostructures, such as Rashba semiconductor GeTe
(~107 A1 TY),” chiral organic materials (~107 AP T7h),
BiTeBr (~1 A7} Tfl),35 and Bi,Tes/FeTe interfacial superconductor
(~107* A" T™1),% while less than the noncentrosymmetric layered
superconductors (~10° A7 T and the noncentrosymmetric
oxide heterointerface LaAlO3/SrTiOs (~10* A7 T™! ).’ It is worth
noting that the suppression of the coefficient y at lower tempera-
tures does not agree with the ratchet effect of vortex flow, which
gives a monotonic increase in y.”” This is consistent with the the-
oretical calculation of finite-momentum pairing because one helical
band begins to dominate the other as the critical field increases”’ and
will be discussed further below. The nonreciprocal signal may be too
weak to observe above T for the current setup, as shown in Fig. S5.

Figures 3(a) and $6 show the magnetic field dependence of R2Y
and Ry, for various values of applied current I, which increases with
current up to 4 mA and then decreases as the strength of the cur-
rent is further increased. We extract the maximum value of R2 as
a function of current and plot in Fig. 3(b). The R% exhibits a linear
increase with I below 4 mA, consistent with the current-dependent
RZY. Subsequently, RZ decreases when applying a larger current,
reflecting the suppression of superconductivity due to the larger

ARTICLE pubs.aip.org/aip/apq

current density. These characteristics indicate that the nonrecipro-
cal signal satisfies the relation of R% o< BI in the superconducting
transition region.

The red and blue lines in Fig. 4(a) represent second harmonic
magnetoresistances with B parallel to the z-axis and y-axis, respec-
tively, as schematically illustrated in the inset of this figure. The
nonreciprocal response is almost imperceptible when the magnetic
field is aligned with the z-axis. The results effectively eliminate the
possibility of the out-of-plane Meissner screening and vortex ratchet
effect.”” " The Meissner effect induces two non-dissipative shield-
ing current densities on both sides when the magnetic field is aligned
along the z-axis. The shielding currents are either added to or sub-
tracted from the applied current on the opposite side, resulting in
a corrected measured value. Thanks to the absence of out-of-plane
field-induced nonreciprocity, the only effective field is the in-plane
component, and a sinusoidal angular dependence is expected when
the magnetic field rotates in the yz-plane.

Surprisingly, the angular dependence of R}y reveals two sharp
spikes instead of a sinusoidal curve as shown in Figs. 4(b) and S7.
Here, the angle ¢ is defined as the angle in the yz-plane, measured
from the z-axis, as illustrated in the inset of Fig. 4(b). The spikes
located exactly at the position where Ry, reaches minimum. This
phenomenon does not change with temperature and magnetic field
(Fig. S7). We also conducted measurements of the magnetic field
dependence of the second harmonic magnetoresistance within the
range of +1.5° near ¢ = 90°, as shown in Fig. 4(c). The peaks of R3¢
were observed when ¢ ranges from 89.7° to 90.3°. Notably, the signal
disappears completely when ¢ = 89° and ¢ = 91°. The dashed lines
indicate the transition region extracted from Fig. S8.

Moreover, we measured the angular dependence of magnetore-
sistance in the xz-plane, with 6 defined as the angle in the xz-plane
measured from the z-axis, as depicted in the inset of Fig. 4(d). The
angular-dependent Ry, exhibits a twofold symmetry, with its maxi-
mum and minimum occurring at 0° and 90°, respectively. However,
the R% signal disappears completely, suggesting that the magnetic
field in the xz-plane does not contribute to the nonreciprocity but
only superconducting suppression.

The angular dependence of R% seems violated the relation of
R = Roy(B x P)-I, where the effective in-plane component of
the magnetic fields contributes to the NSC, resulting in a sinusoidal
relation for angular-dependent R%°(6). Our present results are, how-

a b — —
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| o 5.5mA (Y FIG. 3. Nonreciprocal charge transport
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« | \J ,..25mA ox antisymmetric behavior about the pos-
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FIG. 4. Angular-dependent nonreciprocal charge transport in Ti,O3/GaN. (a) Field-dependent R2 represents strong anisotropy when the direction of magnetic field is applied

along the y-axis and z-axis under the condition of 1.1 T and 2.8 K. (b) Angular-dependent R, and R2? by rotating the magnetic fields along the yz-plane. The R

' (0) reveals a

twofold symmetry with maximum and minimum at 0° and 90° (green line), respectively. R2 (6) (orange line) shows a spiking anisotropy as well, which exists i |n an extremely
narrow angle region of about +0.5°, and represents an antisymmetric sign reversal from 90° to 270° under the condition of 1.1 T and 2.8 K. (c) Mapping of field- and
angular-dependent R2 under the condition of 2.8 K, where the field is rotated within the yz-plane. R2¢ exists within a narrow angle region of £0.5°, consistent with (b). The
purple line represents RZ as a function of field in ¢ = 90°, which is antisymmetric with respect to the positive or negative field. The dashed line (black and blue) indicates
0.1 Ry and 0.85 Ry in R, where Ry is the normal state resistance at 4.5 K. (d) Angular-dependent R%, and R2 by rotating the field within the xz-plane. The RY, indicates a

normal superconducting suppression from the effective field, while R is absent.

ever, an extremely sensitive angular-dependent R2%(6), suggestive of
a crossover to a symmetric state in the presence of out-of-plane mag-
netic field. We attribute this crossover to a competition between the
depairing current and the vortex depinning one, """ as discussed
in Figs. 1(g) and 1(h). In addition, we also observe a violation of
the two-dimensional Tinkham-like angular dependence of critical
fields from 89° to 91°, where the critical fields are slightly less than
those theoretically predicted by the two-dimensional Tinkham for-
mula (Fig. S9). When the angle is tilted, Abrikosov vortices enter
the device, making the depairing energy larger than the depinning
energy. The interplay between the vortex and finite momentum
pairing has been discussed recently.®” As the vortex motion does
not contribute to nonreciprocity, as shown in Fig. 4(a), the second
harmonic signal disappeared. Only the depairing mechanisms of
superconductivity are needed to be considered. The nonreciprocity
of the depairing critical current could be induced by finite momen-
tum pairing states. It seems that our results are consistent with the
theoretical prediction of helical states, as shown before.*” However,
experimental evidence of helical superconductors has been rare and
challenging to observe so far. For this work, the limitation of non-
reciprocal transport measurement is that it primarily appears in the
superconducting fluctuation region, which has not fully transitioned
into the superconducting state. The BKT transition in a noncen-
trosymmetric superconductor could also induce the nonreciprocity
in the fluctuation region.’” To claim the existence of helical super-

conductivity, further experiments are needed, such as the Joseph-
son effect with a conventional Bardeen-Cooper—Schrieffer (BCS)
superconductor.

In summary, our investigation focuses on understanding
the nonreciprocity observed in the interfacial superconductor
Ti,03/GaN. The temperature and magnetic field dependences of
R% indicate that the nonreciprocal strength p is as large as
12 A™' T™'. Furthermore, the temperature and current dependences
of R% exhibit similar trends, wherein an initial increase is followed
by a subsequent decrease as the temperature or current rises. The
angular dependence of R2? reveals that the spikes, which coincide
with the point where R, reaches its minimum, are associated with
two-dimensional superconductivity. It is possible that the symmetry
breaking is a consequence of nontrivial pairing.

See the supplementary material for the second harmonic resis-
tance under different conditions, DC measurements, raw data of the
first and second harmonic resistances, sample reproducibility, and
angular-dependent second harmonic resistance.
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