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Electrostatic gate-controlled quantum interference in a high-mobility two-dimensional electron
gas at the (Lao,g,Sl'o_7)(Alo_65Ta().35)O3/SI’TiO3 interface
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We report quantum oscillations in magnetoresistance that are periodic in magnetic field (B), observed at the
interface between (Lag 351¢7)(Alg ¢5Tag 35)03 and SrTiO;. Unlike Shubnikov—de Haas oscillations, which appear
at magnetic fields >7 T and diminish quickly as the temperature rises, these B-periodic oscillations emerge
at low fields and persist up to 10 K. Their amplitude decays exponentially with both temperature and field,
specifying dephasing of quantum interference. Increasing the carrier density through electrostatic gating results
in a systematic reduction in both the amplitude and frequency of the oscillations, with complete suppression
beyond a certain gate voltage. We attribute these oscillations to the Altshuler-Aronov-Spivak effect, likely
arising from naturally formed closed-loop paths due to the interconnected quasi-one-dimensional conduction
channels along SrTiO; domain walls. The relatively long phase coherence length (~1.8 um at 0.1 K), estimated
from the oscillation amplitude, highlights the potential of complex oxide interfaces as a promising platform
for exploring quantum interference effects and advancing device concepts in quantum technologies, such as

mesoscopic interferometers and quantum sensors.
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I. INTRODUCTION

Quantum interference—whether observed as the
Aharonov-Bohm (AB) effect [1,2], the Altshuler-Aronov-
Spivak (AAS) effect [3,4], or quantum conductance
fluctuations [S]—offers valuable insights into electron
dynamics within an electromagnetic environment. These
phenomena allow direct measurement of the phase coherence
length, which is critically important for developing quantum
technologies such as quantum sensing, quantum computing,
and quantum communication. The AB and AAS effects
are manifested as conductance or resistance oscillations
that are periodic in the magnetic flux, ¢ = BA, where B is
the magnetic field and A is the area enclosed by electron
trajectory typically within ring or cylindrical geometries.
These oscillations differ from Shubnikov—de Haas (SdH)
oscillations, which are periodic in the inverse magnetic
field (1/B) and arise from the Fermi energy crossing
magnetically quantized electronic states. Notably, AAS
oscillations persist even in the presence of disorder and
survive ensemble averaging, making them robust in diffusive
transport regimes. In contrast, AB oscillations are a hallmark
of ballistic transport and tend to vanish when averaged
over an ensemble of rings. Both AB and AAS oscillations
have been observed in ring structures fabricated from III-V
semiconductor heterostructure [6,7], graphene [8,9], and
other two-dimensional (2D) materials.
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The 2D electron gas (2DEG) at complex oxide interfaces
offers a novel platform for exploring quantum interference
in previously uncharted regimes. Unlike 2D electron systems
in conventional III-V semiconductors, complex oxide inter-
faces such as LaAlO3/SrTiO3; (LAO/STO) host a strongly
correlated 2DEG, leading to emergent phenomena like su-
perconductivity [10-12] and magnetism [11-14]. Goswami
et al. fabricated a superconducting quantum interference de-
vice at the superconducting LAO/STO interface and measured
B-periodic oscillations in voltage by applying an excitation
current higher than its critical value [15]. Interestingly, AB-
like oscillations were reported in a Hall bar device (channel
width w = 250 nm; length / = 1.5 wm), but not in a
nanoscale ring, both fabricated at the conducting LAO/STO
interface [16].

To have a better understanding of the mechanism of
B-periodic oscillations in complex oxide interfaces and
their tunability through external knobs such as electrostatic
gating, we studied quantum transport in an ultrahigh mo-
bility (35000 cm?V~!'s~!) 2DEG at the interface between
(Lag3Srg7)(AlgesTagss)O3 (LSAT) and STO. Due to its
smaller lattice mismatch (~1%) compared to LAO/STO
(~3%), the LSAT/STO interface supports extremely high
mobility 2DEG, reaching up to 50000 cm?V~!s~! [17,18].
Furthermore, the LSAT/STO interface hosts long-range or-
dered line dislocations that form a 2D square moiré pattern
with a moiré lattice constant of ~40 nm [19] and/or
interconnected polar domain walls at low temperatures
[20]. These naturally formed defect lines may serve as
1D conduction channels for electron transport, providing
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FIG. 1. B-periodic oscillations in magnetoresistance suggesting
quantum interference. (a) Magnetic field dependence of longitudinal
resistance R,,(B) at a few selected temperatures and at a back-gate
voltage V, = 3 V. The curves are shifted vertically with spacing of
0.1 k2 for better visuality of oscillations. The B-periodic oscilla-
tions in R, (B) in low fields (0-7 T), depicted by vertical dashed
lines, survive above 1 K. Inset is a optical microscope image of the
Hall-bar device with schematic of transport measurements scheme.
(b) A second order derivative of R,.(B) (blue solid line and left
y axis) reveals B-periodic oscillation along with higher harmonics.
R,.(B) is displayed with red solid line and on right y axis. (c) Con-
ductance [inverse of R..(B)] in the unit of conductance quantum
€% /h (right y axis) and the oscillating conductance after subtracting
the background of 1/R,, (left y axis). The black solid lines are
the second-order polynomial fit to the 1/R,, data to subtract the
monotonic background.

a promising platform for studying quantum interference
phenomena.

II. EXPERIMENTAL METHODS

We investigate magnetoresistance of LSAT/STO devices at
temperatures down to 100 mK and in magnetic fields up to
16 T. Our LSAT/STO devices consist of 10 unit cells of LSAT
film grown on TiO,-terminated STO (001) single crystals us-
ing the pulse laser deposition (PLD) technique. The epitaxial
growth of LSAT was precisely controlled by in situ reflection
high energy electron diffraction. During growth, the oxygen
partial pressure (Pp,) and temperature were maintained at
1 x 10~* torr and 950 °C, respectively. After growth, the sam-
ples were annealed in the oxygen atmosphere of pressure
25 mTorr and at the temperature of 600 °C for filling the
oxygen vacancies. As displayed in the Fig. 1(a) inset, the
six-terminal Hall bar devices of width 50 um and length 160
um between the longitudinal voltage leads were fabricated by
a conventional photolithography technique using AIN films
as hard mask. For transport measurements, the devices were
electrically contacted with aluminum wires using wire bonder
and then cooled from room temperature down to 100 mK in
a dilution fridge. Simultaneous measurements of longitudinal
resistance R,, and Hall resistance R,, were performed using
an excitation current of 100 nA in static magnetic fields and
1 pA in pulsed magnetic fields. We measured two devices:

device-1 and device-2. The measurements on the as-grown
device-1 were not feasible due to extreme inhomogeneity
leading to high resistance. To enable resistance measurements
and tune carrier density on this device, we employed electro-
static gating through the STO substrate of thickness 0.5 mm.
For back-gate operation, the rear surface of the substrate was
coated with silver paint and a gold wire was attached at
the center of this surface to serve as the gate electrode. We
performed measurements at different tilt angles with respect
to B orientation using in sifu rotator probe. Measurements
at temperatures above 1.2 K were performed in a helium-4
cryostat.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the longitudinal resistance, R,,(B), mea-
sured at various fixed temperatures and at a gate voltage of
Ve =3 V for device-1. The positive magnetoresistance (MR)
exhibits an oscillatory behavior across the entire magnetic
field range (0—16 T). Most interestingly, the oscillations in low
fields (0-7 T) are periodic in B, as depicted by the vertical
dashed lines, and persist up to temperatures of at least 9 K
(see Fig. 4 and Fig. 5). However, the high-field oscillation
amplitude damps with increasing temperature and vanishes
entirely above 1.2 K (see Fig. 6). While the high-field os-
cillations correspond to the SdH effect, which is reported
widely in STO-based 2DEGs [21-26], the B-periodic oscil-
lations observed at an oxide interface without a mesoscopic
ring and ballistic transport are particularly intriguing. The
second-order derivative of R, (B) (—d?R,,/dB?) in both field
directions (up and down) reveals the existence of B-periodic
oscillations of period ~1.7 T, along with higher harmonics;
see Fig. 1(b). Further, as displayed in Fig. 1(c), the amplitude
of these oscillations is ~40% of the quantum conductance
(€?/h) and decays as the magnetic field increases; see Fig. 5.

To understand the origin of B-periodic oscillations and
investigate their tunability through electrostatic gating, we
measured the same device at different values of gate volt-
age (V,) at 0.1 K. Figures 2(a) and 2(b) show R..(B) and
R, (B), respectively, for different V, values. Measurements
of Ry (B) for V, <3 V and R(B) for V, < 3.8 V were not
possible because this as-grown sample was highly resistive
due to extreme charge inhomogeneity. The inhomogeneity is
evident from the Ry, offset at zero magnetic field, which de-
creases progressively with increasing V, and approaches zero
for V, > 20 V. To identify if a misalignment in Hall voltage
contacts is not a cause of R, offset, we plot zero-field R, as a
function of Ry, in Fig. 2(c). A nonlinear dependence of Ry, on
Ry, confirms that the R, offset is due to the inhomogeneous
distribution of carriers at the interface, not the misalignment
of contacts.

From Fig. 2(b), the slope of R,.(B) decreases progres-
sively with increasing V,, indicating an increase in the electron
population within the quantum well formed at the interface.
This trend is further corroborated by a reduction in both the
zero-field R, and the positive MR; see Fig. 2(a). We estimate
the carrier density, n, through a linear fit to R, (B) as shown
by a dashed red line for V, = 3.8 V in Fig. 2(b) and plot
n and mobility u as a function of V, in Fig. 2(d). At V, =
3.8V, nis 2.3 x 10'2 cm—2, which increases with Ve up to
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FIG. 2. Gating effect on electrical properties and quantum oscillations. (a) R..(B) and (b) R, (B) at different values of V,. Dashed line in
(b) is the linear fit to R,,(B) at V, = 3.8 V. (c) Zero-field offset of R,, as a function R,,. Nonlinear dependence of R, on R,, in zero field
indicates the existence of charge inhomogeneity at the interface. (d) Carrier density n (left y axis) and mobility p (right y axis) as a function
of V,. (¢) An evolution of oscillations with varying V,. B-periodic oscillations completely suppress for V, > 20 V. (f) FFT of B-periodic
oscillations reveals two peaks—the main peak at 0.58 T~! and the harmonic peak at 1.16 T~!. (g) Variation in the oscillations frequency with
V,. For the best estimation of frequency, we assign the minima to integer and linear fit the plot of minima positions vs their number.

50 V and saturates at a maximum value of ~7.5 x 10'2 cm 2

beyond 50 V. This behavior of n(V,) closely resembles pre-
viously reported trends at LAO/STO interfaces [25,27]. The
saturation of n with increasing V, can be attributed to the bend-
ing of the STO conduction band, which allows electrons to
escape the quantum well and become trapped by defects
[25,28]. The mobility 1(V,) follows the same trend as n(V,),
except that the u starts decreasing with V, above 60 V. For
Ve =38V, uis ~21700 cm?V~!s~! and reaches a maxi-
mum value of ~35000 cm*V~'s™! at V, =60 V. A linear
proportionality of u with n indicates the high quality of the
electron gas; however, the decrease in © above 60 V indicates
a slight growth in ionized defects, which enhances the scatter-
ing rate while the density remains almost unchanged.

As shown in Fig. 2(e) and as a color contour plot in Fig. 7,
the oscillations exhibit a systematic shift in position as V,
increases. Specifically, as indicated by the vertical dashed
lines, the SAH oscillations at high fields (B > 7 T) shift to-
ward higher B, consistent with the chemical potential moving
to higher energies with increasing positive V,. In contrast,
B-periodic oscillations, also marked by dashed lines, shift
toward lower B. Notably, the B-periodic oscillations ampli-
tude diminishes with increasing V, and the oscillations nearly
vanish at V, =20 V, where the density exceeds ~5 x 1012
cm ™2 and zero-field Ry, approaches zero. It is worth noting
that the samples reported in Ref. [18], with densities on the
order of 103 cm~2, did not exhibit B-periodic oscillations,
consistent with the emergence of B-periodic oscillations only
at lower carrier densities.

From the fast Fourier transform (FFT) analysis of B-
periodic oscillations, Fig. 2(f), we extract a primary frequency
of 0.58 T~! (corresponding to a period By = 1.7 T) and a

second harmonic at 1.1 T~!. As displayed in Fig. 2(g), the
frequency of the B-periodic oscillations decreases linearly
with increasing V,, a trend confirmed by both FFT analysis
and a plot of the oscillation minima positions versus their
index [inset of Fig. 2(g)].

As we know, our LSAT/STO device is not fabricated in
a ring geometry; instead, it is a Hall bar with a length of
160 um and a width of 50 um. For a microscale spatially
inhomogeneous sample, the transport mobility extracted using
the Drude formula can be a rather crude estimate. To obtain a
more reliable measure of electron scattering, we therefore es-
timate the quantum mobility by analyzing the SdH oscillations
using the Lifshitz-Kosevich formalism [29]. The transport
mobility is insensitive to small angle scattering, whereas
quantum mobility is sensitive to all scattering events and is
typically one order of magnitude smaller than transport mobil-
ity in 2D systems in which the carriers and ionized impurities
are spatially separated. From the field dependent of the SdH
oscillations amplitude [see Fig. 6(b)], we extract a quantum
mobility of p, ~ 2530 cm?*V~'s~!, which is one order of
magnitude smaller than the transport mobility. Now, we cal-
culate the Fermi wavelength as Ap = /(27 /n) = 16 nm and
the corresponding mean free path as [ = hu,/eir ~ 65 nm
(at V, = 3.0 V). Comparing these values with the estimated
circumference of the effective closed loop (L) ~123 nm (as

_ [k
L_ eB(]

not ballistic but diffusive. Therefore, the observed B-periodic
quantum oscillations cannot be attributed solely to the AB
effect. Instead, these oscillations are likely a result of AAS
interference, which typically arises from coherent backscat-
tering along time-reversed paths in disordered systems or

and By = 1.7 T), it is evident that the transport is
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FIG. 3. Impact of B orientation on quantum oscillations (a) Ry, and (b) —d’R,,/dB? at different tilt angles measured at 0.1 K. The inset
of (a) is a schematic of the magnetic field orientation, where 6 = 0° and 90° are the angles when the field is perpendicular and parallel to
the (001) plane, respectively. (c) Inverse field dependence of quantum oscillations measured at 8 = 90°. (d) FFT spectra of oscillations at
different temperatures. (e) Thermal damping of oscillations amplitude fitted with Lifshitz-Kosevich formula for cyclotron mass estimation.

in networks of multiply connected loops [30,31]. Moreover,
the presence of resistance maxima at B = 0 across all tem-
peratures, Fig. 1(a), and exponential decay with magnetic
field, Fig. 5(b), further support the interpretation of AAS
oscillations.

To verify the influence of magnetic flux on the B-periodic
oscillations, we measured the same sample by rotating it
with respect to magnetic field orientation at 7 = 0.1 K, as
illustrated in the inset of Fig. 3(a). In the low-field regime
(B <12T), the MR decreases with increasing tilt angle
from 0° (out-of-plane field orientation) to 90° (in-plane field
orientation); however, the MR shows a nonmonotonic change
in fields higher than 12 T. More interesting is the evolution
of oscillations with tilt angle as displayed in Fig. 3(b). The
amplitude of all oscillations decays with increasing angle.
The period of B-periodic oscillations reduces by ~24% with
increasing angle from 0° to 20° and these oscillations almost
vanish at 40°. For large angles (60°-90°), new oscillations,
whose amplitude and position do not dramatically change
with field orientation, are resolved. These oscillations sys-
tematically follow thermal damping and almost vanish for
T > 1.2 K; see Fig. 3(c). FFT analysis, Fig. 3(d), of 1/B de-
pendence of oscillations reveals a single frequency of 10.4 T.
The cyclotron mass is estimated from the fitting of tem-
perature dependence of the oscillations amplitude with the
Lifshitiz-Kosevich (LK) formula, Fig. 3(e), given below [29]:

21 2kgm,T [ hieB
OSinh(27 2kpm.T /heB)’

R(T)=R ()

The extracted mass m. =~ 1.9m, indicates that these single-
frequency oscillations originate from the quantization of the
3D Fermi surface of STO [32]. The existence of 3D SdH
oscillations suggests that a portion of the electrons reside
deeper into the STO, consistent with previous observations
at similar interfaces [26,33]. However, the influence of 3D
carriers on the AAS oscillations is not yet well understood.
Based on our current understanding, we expect the transport
contributions from 2D confined channels at the interface and
from 3D bulk-like channels in STO to be largely decoupled.
Both in our previous work [26] and in the present study,
we find that SdH oscillations associated with 3D carriers are
significantly different than those originating from 2D carriers,
indicating that when the magnetic field is applied perpendic-
ular to the interface, electrical conduction and the resulting
quantum interference effects are dominated by 2D carriers.

Next, to understand the origin of the observed AAS ef-
fect in our Hall bar-patterned LSAT/STO, we consider two
possible scenarios for the existence of naturally formed
closed-loop paths: (1) a 2D network of line dislocations form-
ing a square moiré pattern, resulting from complete lattice
relaxation at the LSAT/STO interface [19], and (2) intercon-
nected domain walls originated below the cubic-to-tetragonal
phase transition of STO [20,34-36]. If the 2DEG is spatially
inhomogeneous—as indicated by the gate-tunable zero-field
offset observed in Ry, Figs. 2(b) and 2(c)—then conduction
through interconnected quasi-1D channels can occur in either
scenario. In the naturally created network of such closed-loop
paths, phase-coherent electrons can traverse time-reversed
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FIG. 4. Phase coherence length Ly estimation from the tem-
perature dependence of B-periodic oscillations. (a) Oscillating
component of resistance at different temperatures. (b) Main panel:
FFT of B-periodic oscillations producing three additional harmonic
peaks. Inset: temperature dependence of FFT amplitude with linear
fit. (c) Temperature and (d) gate dependence of estimated L.

paths around loops, leading to constructive interference. How-
ever, the formation of a 2D moiré pattern is an intrinsic
property of the LSAT/STO interface and should lead to a
consistent oscillation period across samples grown under sim-
ilar conditions. In contrast, STO domain walls form randomly
and their configurations are not expected to be identical
between samples, leading to variations in oscillation period-
icity. To test this, we examined another LSAT/STO device
(device-2) grown in the same conditions as device-1 and ob-
served oscillations with a period of approximately 3 T, Fig. 8,
nearly twice that of device-1. This significant difference indi-
cates that the B-periodic oscillations in LSAT/STO originate
from conduction through randomly arranged and suffi-
ciently interconnected STO domain walls, driven by spatial
inhomogeneity. Further evidence for domain walls formation
is provided by the temperature dependence of the resistance.
R.(T) of device-1 measured while cooling from room tem-
perature to 1.5 K, Fig. 9(a), exhibits two distinct anomalies
at ~100 K and ~40 K. The anomaly near 100 K is widely
attributed to the cubic-to-tetragonal structural transition in
STO [20,37,38] and the anomaly around 40 K, which shows
pronounced hysteresis between cooling and warming cycles,
Fig. 9(b), and strong gate dependence [20], is attributed to the
formation of polar domain walls.

To estimate the phase coherence length (Ly), we further
analyzed the temperature dependence of the B-periodic oscil-
lations of device-1. After subtracting a monotonic background
from the data in Fig. 1(a), we plot the oscillatory component
of the resistance at different temperatures in Fig. 4(a). As ex-
pected, the oscillation amplitude—and, correspondingly, the
FFT amplitude, Fig. 4(b)—decreases with increasing tem-

perature, consistent with the suppression of phase coherence
with temperature. In a closed loop of circumference L, the
oscillations amplitude decays exponentially with the ratio
L/Ly [6]:

L
A(T) = Agexp <_NL¢(T))’ 2

where Ly(T) xT7? and N (=1,2,...) is the number of
harmonics. The temperature dependence of the FFT ampli-
tude for the first two harmonics [inset of Fig. 4(b)] fits well
with Eq. (2) for p = 1.14, indicating the suppression of
quantum interference due to charge fluctuations [39]. Using
the fitting parameters and estimated circumference of the
effective closed loop (L) ~123 nm, we calculate Ly = 1.84
um at 0.1 K for the first harmonic, which is twice as large as
that for a LAO/STO device with channel lengths nearly 100
times shorter [16]. We show the temperature dependence of
Ly from the first two harmonics in Fig. 4(c). The extracted
exponent p ~ 1.1 suggests that decoherence in LSAT/STO
closely resembles that in ballistic mesoscopic systems, where
Ly(T) T~ and dephasing is primarily driven by electron-
electron interactions [6,9].

Assuming a similar temperature dependence of the oscilla-
tion amplitude at other V, and using the oscillation frequencies
shown in Fig. 2(g), we estimate the L, for various V, values.
Ly decreases almost linearly with increasing Vg, Fig. 4(d),
following the trend in oscillation frequency. It is worth not-
ing that the amplitude of the B-periodic oscillations also
diminishes with increasing V, and these oscillations vanish
completely for V, > 20 V. This behavior can be attributed
to the increase in carrier density with V,, which reduces the
Fermi wavelength Ar. A shorter Ar allows more wave modes
to contribute with different phases, resulting in partial de-
phasing and a reduction in oscillation amplitude due to mode
averaging. Similar suppression of oscillations amplitude with
increasing V, has been reported in GaAs/AlGaAs heterostruc-
tures [40] and graphene [9]. The simultaneous reduction in
both oscillation frequency and amplitude with increasing V,
can also be attributed to a decrease in spatial inhomogeneity.
As carriers accumulate at the interface, the charge distribution
becomes more uniform, reducing the size of naturally formed
closed-loop paths. Eventually, this evolution will lead to the
disappearance of interconnected closed-loop paths at some
point and completely vanishing B-periodic oscillations.

The characteristic mesoscopic length scale extracted from
the observed oscillations is on the order of 0.1 um, raising
the question of whether it corresponds to the STO domain
size and whether AAS oscillations can persist in the pres-
ence of spatially varying domains. Although we do not
have a direct measurement of ferroelastic domain sizes in
LSAT/STO, studies on LAO/STO interfaces report domain
widths ranging from 0.1 um to 10 um, depending on strain,
thermal history, polarization, and carrier density. A direct one-
to-one correspondence between the oscillation-derived loop
size and the macroscopic domain spacing is therefore not
expected. Importantly, AAS oscillations can survive spatial
variations in domain size or disorder because they originate
from constructive interference between time-reversed electron
trajectories, whose phases remain identical under ensemble
averaging. Consistent with this picture, B-periodic oscillations

125303-5



KM RUBI et al.

PHYSICAL REVIEW B 113, 125303 (2026)

have been observed in multiwalled carbon nanotubes despite
a wide distribution of tube diameters ranging from 1 to 20 nm
[41-43]. Moreover, theoretical studies of AAS oscillations in
disordered networks and granular conductors show that, al-
though the underlying loop-area distribution may be broad,
the effective contribution is narrowed by phase-coherence
constraints and magnetic-field averaging [44]. Using the em-
pirical relation AA/A = By/Bax, Where By (= 9 T) is the
field where the oscillations completely vanish and By (=
1.7 T) is the period of oscillations for device-1, we estimate an
effective relative loop-area dispersion of ~(0.2, consistent with
theoretical expectations for random network systems. Future
studies such as direct imaging of domain walls at LSAT/STO
interfaces with scanning probe techniques could further test
the proposed connection between mesoscopic transport and
naturally formed domain structures and provide a better un-
derstanding of the microscopic origin of the robust B-periodic
oscillations.

IV. CONCLUSION

In conclusion, we have fabricated high-mobility Hall-bar-
patterned LSAT/STO devices and performed magnetotrans-
port measurements down to 0.1 K. At low magnetic fields
(0=7 T), the devices exhibit a positive MR superimposed with
pronounced quantum oscillations that are periodic in mag-
netic field B, indicating fully phase-coherent transport. The
amplitude of these B-periodic oscillations decays exponen-
tially with increasing temperature and magnetic field strength,
consistent with dephasing of quantum interference. We at-
tribute the B-periodic oscillations to AAS interference, most
likely arising from naturally formed closed-loop paths due
to the spatial inhomogeneity, which supports high-mobility
conduction along the interconnected SrTiO; domain walls.
The observed gate tunability, combined with the relatively
long phase coherence length (~1.8 um at 0.1 K) underscores
the potential of complex oxide interfaces as a platform for
studying quantum interference phenomena and for developing
quantum technologies such as mesoscopic interferometers and
quantum sensors.
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FIG. 5. (a) Damping of B-periodic oscillations with magnetic
field and temperature. No oscillations are observed above 9 K.
(b) Oscillations follow exponential decay with magnetic fields.

APPENDIX A

To investigate the temperature range over which the B-
periodic oscillations persist, we measured the device-1 in a
helium-4 cryostat at temperatures ranging from 1.5 Kt0 9.0 K
at V, = 3.0 V. These measurements were carried out in pulsed
magnetic fields of pulse length ~300 ms. Figure 5(a) displays
R.(B) measured at different temperatures. The zero-field
R, from these measurements differs slightly, consistent with
changes in electrical conduction commonly observed in STO-
based interfaces after thermal cycling. Such changes are often
attributed to oxygen vacancy redistribution [37,45], leading
to slight variation in carrier density and mobility. B-periodic
oscillations remain visible at least up to 9 K, Fig. 5(a), and the
amplitude of these oscillations exhibits an exponential decay
with increasing magnetic field strength, Fig. 5(b).

APPENDIX B

To analyze the SdH oscillations observed for 6 = 0°,
we subtracted the monotonous background of R, (B) data

100 100

(b) 48
x T=0.1K
<
4.4
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X 4.0
—~ 2
g . . 60 £
& 806 009 012
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40 1/B (T")
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FIG. 6. (a) SAH oscillations after subtracting the monotonous
background of R,,(B). (b) Main panel: temperature dependence of
SdH oscillations amplitude AR, at different magnetic fields fitted
with the LK formula for cyclotron mass extraction. Inset: a linear fit
to the inverse field dependence of normalized AR, for the estimation
of quantum mobility.
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FIG. 7. Color contour plot of oscillations evolution with V, at
T = 0.1 K. Blue color represents oscillations minima and red max-
ima. The vertical dashed line at B~ 7 T divides the region of
B-periodic AAS oscillations and SdH oscillations. The decay of
B-periodic oscillations and their shift to lower B with increasing V,
is clearly visible. However, we do not see any amplitude change with
V, for SdH oscillations.

displayed in Fig. 1(a). At the lowest temperature 0.1 K, we
observed large amplitude low-frequency oscillations superim-
posed with higher frequency oscillations; see Fig. 6(a). As the
temperature increases, the high-frequency oscillations start
damping quickly and the low-frequency oscillations survive
at least up to ~1.1 K. By fitting the temperature dependence
of oscillations amplitude with the LK formula as shown in the
main panel of Fig. 6(b), we estimated the cyclotron mass of
~2.1m,. Further, analyzing the exponential growth of oscil-
lations with B [inset of Fig. 6(b)], we extracted the quantum
mobility of ~2530 cm?V~'s—1, which is one order of mag-
nitude smaller than the transport mobility estimated from the
Drude formula.

APPENDIX C

To further illustrate the evolution of quantum oscillations
with V,, we replot the data from Fig. 2(e) as a color contour
map in Fig. 7. In this representation, the blue regions corre-
spond to oscillation minima and the red regions to maxima.
This format clearly reveals a shift of the B-periodic oscil-
lations (AAS oscillations) toward lower magnetic fields and
SdH oscillations toward higher magnetic fields with increas-

FIG. 8. B-periodic oscillations in the longitudinal resistance
(top) and Hall resistance (b) of device-2. The periodicity of oscil-
lations is ~3.0 T. These measurements were conducted without any
electrostatic gating.

ing V,. Figure 8 shows B-periodic oscillations in the MR and
Hall resistance of device-2 measured at different temperatures
without any gating. We show the temperature dependence
of the resistance R(T) of device-1 in Fig. 9. Two distinct
anomalies at ~100 K and ~40 K, as depicted by dashed
lines, suggest a cubic-to-tetragonal structural transition and
the formation of polar domain walls in STO, respectively.

30
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FIG. 9. Temperature dependence of resistance R(7T") of device-1.
(a) R(T') in the temperature range of 300-1.5 K measured while cool-
ing. (b) Comparison of R(T) measured while cooling and warming
in the low temperature regime. The dashed vertical lines depict the
anomalies observed in R(T).
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