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The crystal structure of bulk SrTiO;(STO) transitions from cubic to tetragonal at around 105 K. Recent
local scanning probe measurements of LaAlO;/SrTiO; (LAO/STO) interfaces indicated the existence
of spatially inhomogeneous electrical current paths and electrostatic potential associated with the
structural domain formation in the tetragonal phase of STO. Here we report a study of temperature
dependent electronic transport in combination with the polarized light microscopy of structural
domains in mesoscopic LAO/STO devices. By reducing the size of the conductive interface to be
comparable to that of a single tetragonal domain of STO, the anisotropy of interfacial electron
conduction in relationship to the domain wall and its direction was characterized between T=10-300K.
It was found that the four-point resistance measured with current parallel to the domain wall is larger
than the resistance measured perpendicular to the domain wall. This observation is qualitatively
consistent with the current diverting effect from a more conductive domain wall within the sample.
Among all the samples studied, the maximum resistance ratio found is at least 10 and could be as large
as 10° at T=10K. This electronic anisotropy may have implications on other oxide hetero-interfaces and
the further understanding of electronic/magnetic phenomena found in LAO/STO.

The structures and structural phase transitions of SrTiO; had been a subject of research interests since decades
ago"?. Since the discovery of quasi-two-dimensional(q2D) electron conduction between LaAlO; and TiO, ter-
minated SrTiOj; in 2004°, LAO/STO heterointerfaces have quickly become one of the fastest growing research
fields in physics and material science research*~”. While LAO/STO is being explored for novel nanoelectronic and
memory device applications®!!, researchers also uncovered many exotic phenomena in LAO/STO such as gate
tunable conductivity and superconductivity'?>"*#, magnetism'® and even the coexistence of magnetism with super-
conductivity'®'?. Thanks to the success of LAO/STO, oxide based heterostructures are experiencing a significant
boom in research focus?. Al,O5/SrTiO;*"?%, LaCoQO;/SrTiO;%, GATiO,/SrTiO;*, and SmTiO,/SrTiO,;* are just
a few of the many exciting materials that have been realized due to this concentration in oxide heterointerfaces.
Along with numerous physical phenomena, perovskite oxide heterointerface systems boast complexities that
rival high-T, superconductors. Oxygen growth pressure?-2%, La/Al stoichometry®, and cation intermixing®**! are
a few of known factors that can affect interfacial conduction in LAO/STO. Recently, scanning probe or scanning
electron microscopy techniques showed that crystal domain boundaries in the STO layer of LAO/STO modify the
local conductivity of the interface and create regions of striped potential modulations®=*. However, it is unclear if
such microscopic effects would impact the electrical devices based on LAO/STO in any gross way. In an electrical
transport study of macroscopic LAO/STO samples with size about 5mm x 5 mm, Schoofs et al.** discovered hys-
teresis effects between the warm up and cool down temperature (T) dependent resistance R(T) at T~ 85K as well
as ~180K in samples with q2D electron density a few times 10'*/cm? and the q2D confinement is strong. These
hysteresis effects were attributed to structural phase transitions whose transition temperature may be different
from the bulk due to the surface nature of the LAO/STO. But the exact nature of these two structural transitions
were not known. In the present work, we combined the polarized light microscopy imaging of structural domains
and direct electrical transport measurement of the same device for the first time and obtained two new findings.
First, we identified the hysteretic R(T) ~85K in LAO/STO to be related to the cubic to tetragonal transition as
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Figure 1. Cubic-to-tetragonal phase transition in LAO/STO and its effect on electron transport in large
samples. (a) HAADF-STEM (High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy)
image of LAO/STO interface. Imaged sample has 10 unit cells of LAO and was grown by PLD in 10~* Torr O,
partial pressure. (b) Polarized transmission microscopy images of LAO/STO showing tetragonal domains at
different temperatures. Tetragonal domain walls disappear between 97 K and 100 K. (¢) Temperature dependent
resistance R(T) of a 5mm x 5mm large 10 u.c. LAO/STO sample. Arrows indicate temperature sweep direction,
showing hysteresis below ~90 K. Insets show temperature dependent resistance from 2 K-300K and polarized
microscopy images of an area in the sample in the tetragonal and cubic phases.

confirmed by in situ polarized light microscopy. The higher temperature hysteresis/transition at ~180K does not
induce any feature detectable by polarized microscopy. Moreover, we found that mesoscopic LAO/STO devices
containing single tetragonal domain walls exhibit anisotropic electron transport at low temperatures: the resist-
ance ratio between the current parallel to the domain wall versus current perpendicular to the domain wall
configurations is at least ten at 10 K and could reach as high as 10° in a sample which showed diverging insulating
R(T) atlow T along the high resistance configuration. In addition to the potential relevance to the understanding
of other non-uniform properties of oxide hetero-interfaces, this striking resistance anisotropy in mesoscopic
LAO/STO samples with domain walls should be considered in the future study of oxide electronics and may be
exploited for applications.

Results

In this study, characterization of LAO/STO is performed on samples grown by pulsed laser deposition (PLD).
Most of samples studied had 10 unit cell (10 u.c.) LAO and were deposited at O, partial pressure of 10~ or 10~°
Torr, although an 8 u.c. sample was also studied for comparison. Fig. 1a shows a typical scanning transmission
electron microscopy (STEM) image recorded on a LAO/STO sample with 10u.c. LAO film. Although a small
level of cation intermixing is likely to have occurred?, the PLD growth resulted in well-defined interfaces with
no misfit dislocation detected (Fig. 1a and Supplementary Figure S1). The samples were found to have electron
density in the range of 10"*~10'3/cm? at room temperature, consistent with literature for LAO thicknesses above
the critical thickness of 4 u.c.

It has been known since the 1960’s that SrTiO; exhibits a cubic to a non-polar tetragonal phase transition
at critical temperature T, ~ 105K, driven by the rotation of TiO4 octahedron along the elongated c-axis, as it is
cooled from room temperature’->32-3*, Using polarized light microscopy, the tetragonal crystal domains in the
STO substrate of LAO/STO can be imaged and characterized>*.. A continuous flow microscopy cryostat with an
optical window allowed us to image tetragonal domains and domain wall formation in the LAO/STO samples
and correlate domain formation with in situ transport measurements. Figure 1b shows the disappearance of
tetragonal domains over a representative area upon warming up a 5mm X 5mm sized 10 u.c. sample between
77K-100K. In these images, striped tetragonal domains are 20-40 pm wide, consistent with previously published
results>**%, In such domain imaging experiments, striped tetragonal domains typically start to show visible dis-
appearance around 90 K and appear to be completely disappeared around 100K (Fig. 1b), close to the ~85KR(T)
hysteresis seen in ref. 35 and the frequently cited T, ~ 105K in bulk STO. Accompanying the disappearance of
tetragonal domains between 90 K-100 K is a hysteresis effect observed in the temperature dependent resistance,
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R(T). Cool-down and warm-up resistance curves show some deviation below 90K (Fig. 1c). We observe that
while the cool-down R(T) is always smooth across the cubic-tetragonal transition of STO, R(T) during warm-up
often shows a kink when the tetragonal domains start to disappear as shown in Fig. 1c. In our study here where
the R(T) hysteresis around 90K is more pronounced than ref. 35, simultaneous resistance and polarized imaging
measurements reveal that such hysteresis R(T) is associated with the tetragonal domain formation/disappearance
and domains are not detected above 100K in polarized light microscopy similar to ref. 32,33. We also note that
in our experiments, thermally cycling the sample across the transition temperature appears to induce very little
change to the domain pattern (Supplementary Figure S2), although the thermal cycling process sometimes causes
the imaging focus to be slightly off the surface and artificially causes the domain pattern to change. The consist-
ent domain pattern upon thermal cycling suggests that instead of being random, the domain nucleation process
is likely dominated by fixed crystalline defects in our samples. This ‘memory’ effect of domain walls originated
from inherent defects in the STO was also seen in a recent paper (ref. 34) although in ref. 34, many finer domain
patterns were found to change upon thermal cycling to room T.

Under the cubic-to-tetragonal transition temperature, twin domains averaging about 30 um wide run parallel
or perpendicular to each other and are split by domain walls, as shown in Fig. 1. Thus when electron transport in
a macroscopic sample is measured, any unique carrier transport effects due to individual domains and domain
boundaries (e.g. local conductivity modulation®? or anisotropy) could be averaged out, explaining the generally
small magnitude of the hysteresis seen in transport data around T; on large samples (Fig. 1 and ref. 35). To clearly
understand the intrinsic electrical transport due to domains and domain walls in LAO/STO device, the meas-
urement area was reduced to the order of the domain size. Photolithography and wet etching techniques were
performed on LAO/STO to reduce the spatial size of the conductive interface to 10 x 10 um?-40 x 40 um? van der
Pauw squares (Fig. 2¢,d). Figure 2 (a) and (b) compare the temperature dependent resistance normalized over the
300K resistance value Ry, for a 10 u.c. sample before (a) and after (b) reducing the conductive area from 5 x 5mm?
to 40 x 40 pm? (unless noted, R(T) curves shown were taken during the cool-down). R, and R, are the four-wire
resistances measured with current flow directions at 90° to each other. Before micro-patterning, R, and R, showed
consistent temperature dependence throughout the whole temperature range covered (10-300K) (Fig. 2a). Note
that although taking R(T) during the cool-down does not show a sharp feature at the cubic-tetragonal transition
~100K like the warm-up curve, presumably due to the slow kinetics of the nucleation and growth of domains, the
log-log plot of temperature dependent resistance in Fig. 2a does reveal a slope change around 100K as indicated
by the black arrow and dashed line. This feature is similar to a study on the temperature dependent mobility of
La-doped STO films in which a ~6 meV transverse optical soft phonon mode related to the antiferrodistortive
cubic-tetragonal phase transition is invoked to explain the transport data between 10-200K in large samples®.
After patterning the sample to 40 X 40 um?, we observed directionally dependent anisotropy in four-wire resist-
ance at temperatures lower than ~200 K. The anisotropy also increased significantly as the temperature was low-
ered (Fig. 2b). It is also interesting to note the opposite trend of R(T) at T < 30K along the two directions in
Fig. 2b: while R, shows metallic behavior (black line), R, exhibits an upturn reminiscent of the Kondo-like scat-
tering behavior®”*. This anisotropic behavior of R(T) along two perpendicular directions of mesoscopic device
alludes to the dominance of different scattering processes. Detailed transport measurements combined with
polarized light imaging on various patterned samples revealed a correlation between such electrical anisotropy in
mesoscopic devices and the existence of domain wall residing within the conductive area of sample.

Reflective polarized light microscopy was used to image the conducting van der Pauw patterns post-etching.
We overlaid images of domain walls with the etched patterns to obtain a clear picture how domain walls inter-
sected the square shaped van der Pauw samples (Fig. 3a—c). By patterning the van der Pauw square parallel or at
45° angel to the [100], [010] sides of STO substrate, we obtained three types of mesoscopic devices: (i) with no
domain walls (type I, Fig. 3a), (ii) with domain walls at near 0° to the square’s edge (type I, Fig. 3b) and (iii) with
domain walls 45°angle to the square’s edge (type III, Fig. 3¢). In type I devices where no domain wall was residing
in the device, such samples remained isotropic down to 10K (Fig. 3d). In all type II devices, we observed at least
a ten times difference between R, and R, at T=10K (Fig. 3b,e and Fig. 4), where the greater resistance (R,) is
parallel to the domain wall direction. In type III devices with an extra stripped domain residing inside the pattern
at ~45° angle to the measurement current direction (Fig. 3c), samples showed negligible anisotropy below 105K
(Fig. 3f), similar to the lack of anisotropy in samples with no domain walls. However, we note that Fig. 3d and f
are only similar above T~ 180 K. Below this temperature, the resistivity of the device without any domain walls
(Fig. 3d) drops far more rapidly. This difference could be an interesting signature of the structural transition at
~180K. It is also worth to point out that prior work by Schoofs et al. showed two structural transition induced
hysteresis points at 85K and 180 K*. We also clearly observed these two structural transitions in sample 10.3,
whose data are displayed in Fig. 3b and e. According to our in situ polarized light imaging, the ~90 K hysteresis in
R(T) is correlated with the appearance/disappearance of tetragonal domains. This leaves the exact nature of the
structural phase transition at ~180 K an open question. However, since the polarized light microscopy did not
detect any formation of anisotropic structures, we suspect this transition at ~180K to be some precursor transi-
tion to the cubic-tetragonal transition at lower temperature.

The strength of anisotropic resistance is best illustrated by plotting the relative ratio between parallel and
perpendicular resistances. We redefine Ry, as the four-wire resistance measured parallel to a domain wall and
Ryerpendicular 38 the one measured perpendicular or through a domain wall. Figure 4a presents the ratio between
the normalized Ry e (T), 1€ [Rpratier( T)/Rparana(300K)], and the normalized Ryrpendicuar(T)> collected on several
type II devices and compare with type I devices. The tabulated values and other related sample information are
listed at Table S1 in supplementary section. Upon cooling, an increasing anisotropy is observed in type II devices.
In Figure 4a, one sees that the anisotropy develops as T decreases with a low T ratio in the range 10-20 in sample
10.2, 10.3 and 8.1. On the other hand, sample 10.1 showed divergent behavior in R,,.,/(T) below 100K and the
anisotropy ratio reached ~10° at 10K (Fig. 4a, inset). In type I and III devices where there are no domain walls or
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Figure 2. Temperature dependent resistance for a 10 u.c. LAO/STO sample before (a) and after (b) patterning.
R, and R, indicate resistances taken with current and voltage contact configuration rotated by 90° (see inset

of (b) and (d)). Inset is a standard microscopy image of the etched van der Pauw pattern. The black arrow and
white dashed lines in (a) and (b) are a guide to the eye to show the position of the cubic-tetragonal transition
and the slope change in R(T). The process of etching the sample is shown in (c). A photoresist mask is patterned
on bare LAO/STO, which is subsequently etched. The mask is removed, leaving only the conductive interface
covered by the pattern. After the process is complete, the sample topography was imaged using an optical

profilometer (d).

where the domain walls are 45° to the edges of van der Pauw square, the anisotropy remained very low (Figs 4a
and S3). Changing the thickness or deposition partial pressure did not have significant effect on the anisotropy of
electrical behavior as shown by comparing samples 8.1 (8 u.c. LAO, 107> Torr) and 10.5 (10 u.c. LAO, 107> Torr)

to other 10 u.c. samples grown at 10~* Torr (Fig. 4a and Table S1).

Discussion

To compare the temperature scales of the increased electrical anisotropy with the structural phase transitions,
we mark the positions of the ~90K and ~180K structural transitions as vertical dashed lines. Data in Fig. 4a
show that the electrical anisotropy increases with lowering T in a smooth fashion and with no particularly sharp
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Figure 3. Resistance anisotropy in mesoscopic samples with domain wall in the tetragonal phase of STO.
(a,b,c) Overlays of domain images and the conductive van der Pauw patterns (outlined in white). Images and
data show samples at 77 K with no domain walls (a), an extra striped domain at ~80° (b), and an extra domain at
~45°(c) to the sample edge, respectively. Images (d,e,f) show the temperature dependent longitudinal resistance
(normalized over the 300K value) for two measurement orientations marked in (a—c). Resistance is isotropic
with no domain wall (a) and 45° wall (¢) and is anisotropic with 80° domain wall (b). All samples are 10 u.c.
thick and grown at 10~* Torr O, pressure (samples in (a-c) correspond to sample no. 10.6, 10.3 and 10.4 in the
Table S1 of SI).

anomaly exhibited at ~90 K or ~180 K. However, when we compare the warm-up R(T) of micro-patterned meso-
scopic devices with the R(T) during cool-down, hysteresis in R(T) is still clearly present in devices with domain
walls formed inside. For instance, the structural phase transitions induced hysteresis are seen in Fig. 3e for sample
10.3. For sample 10.1 which showed the largest anisotropy at low T, hysteretic behavior is also observed in the
warm-up and cool-down R(T) curves, as displayed in Fig. 4b. The persistence of hysteretic R(T) from structural
phase transitions in mesoscopic devices shows that the much slower kinetics of the domain nucleation/growth
during cool-down as compared to the more rapid ‘melting’ of domains upon warming up is still relevant even
when individual domains with size ~10-40 pum are concerned.

Since polarized light imaging showed domain formation within those devices that exhibited anisotropy, a
model explaining the electrical anisotropy should take into account the effects of domain walls on electron scat-
tering and non-uniform carrier density/conductivity within the devices. Given the non-universal behavior of
resistance anisotropy ratio vs. temperature found in different samples (Fig. 4a) and the existence of anisotropy at
temperatures higher than 200K (Figs 3e and 4a), a full account of the electrical resistance anisotropy observed
here will need to take into account other temperature dependent anisotropic scattering effects that are sample
specific such as anisotropic phonon scattering in the tetragonal phase, surface scattering, inhomogeneous oxygen
vacancy density (e.g. random oxygen vacancy clusters) or polarization across the domain wall***. In particular,
the surface terraces from the none zero miscut angle of STO substrate may induce a continuous temperature
dependent anisotropic resistance effect throughout the whole temperature range covered here that interplays
with the effects from structural phase transitions at ~180 K and 90 K. Note that among the four type II mesoscopic
samples with ~90° domain wall in our study, sample 10.3 showed an anisotropy which continuously evolves with
the temperature all the way up to 300 K (Figs 3e and 4a). Indeed, the R, and R, pendicuiar Values for this sample
differ by about seven times at 300K (Supplementary Figure S4), the largest among all the samples. This indicates
a significant pre-existing anisotropy in this sample from factors other than the structural domain effect, rational-
izing the observation of an evolving anisotropy well above the structural transition temperature. Finally, it is also
possible that there are additional domain structures that are not resolved by our optical microscopy* that cause
different magnitude and temperature dependence in the anisotropy found in various samples.

Motivated by the discovery of different conductivity inside a tetragonal domain vs. adomain wall as revealed in scan-
ning SQUID (superconducting quantum interference device) and scanning electron microscopy experiments®34,
we used electromagnetic simulation software QuickField to gain some insights on the distribution of current
flow and electrostatic potential in Van der Pauw square samples consisted of striped regions with different resis-
tivity (Fig. 5). In the first case, when a striped region with lower resistivity (p,) representing a domain wall is
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Figure 4. (a) Anisotropy strength in various LAO/STO samples split by one or two domain walls at ~90° vs.
those without domain walls. All samples had 8-10u.c. thick LAO and were grown at 10~ or 107> Torr O,
pressure. Samples with a ~90° domain wall show an anisotropy ratio between 10 and 100000 at T=10K. The
inset shows the anisotropy ratio in log-scale for sample 10.1 which had the largest anisotropy. The two vertical
dashed lines mark the temperatures for the two structural phase transitions. (b) The cool-down vs. warm-up
R(T) curves for sample 10.1 along the two measurement directions, showing the hysteresis effects.

sandwiched between two stripes with higher resistivity (p,), the same (10nA) current through the sample induces
about three times higher voltage in the configuration of current parallel to the stripe (Fig. 5b) than the perpendic-
ular configuration (Fig. 5a), yielding R,/ Ryerpendicutar = 3. On the other hand, if the triped region in the middle
is set to have higher resistivity, Rygapier/ Rperpendicutar = 5.7 WV/34.01V ~ 0.167 is expected (Fig. 5c and d). This trend
of having R,y aie; > Rperpendicutar With @ lower resistivity stripe inside the sample is in qualitative agreement with prior
experiments indicating domain walls having higher conductivity***4. From the plots of current and voltage distri-
butions in Fig. 5, one sees that the counterintuitive result of four-probe R, i1 > Rperpendicutar despite domain wall
being more conductive is caused by the effect of domain wall diverting current toward the voltage contacts where
the resistivity is higher (Fig. 5b). If a more resistive stripe is inserted in the sample under the parallel configu-
ration, the current flow is mostly confined within the stripe between the current contacts and thus only a weak
current reaches the region between voltage contact and a small voltage is probed (Fig. 5d). This result from simu-
lation gives a qualitative picture of why having more conductive domain walls*>** within the van der Pauw sample
can yield a higher four-probe resistance value in the parallel configuration, a somewhat counterintuitive result
at first sight. Similar discussions and calculations were made in another work published recently*!. However, we
note that the maximum Ry,,a/ Rperpendicuiar We can induce by adjusting p; and p, for the simple geometry in Fig. 5 is
about 3, consistent with the recent finding in ref. 41 where devices with five domains were numerically simulated.
This ratio is much less than the experimental finding here of Ry, e/ Roerpendicutar Detween 10 and 10°. Clearly, more
complex models are needed to quantitatively account for the experimental data here. Interestingly, the experi-
mentally measured devices containing a large number of domains in ref. 41 consistently showed a larger resist-
ance in the current perpendicular to the domain wall configuration, in contrast to the observations for a single
domain wall case in this work. This difference highlights the richness of the transport effects related to structural
domains in oxide interfaces when the length scale changes.

In conclusion, we have combined the polarized light microscopy imaging of structural domains and the elec-
trical transport to study LAO/STO devices with mesoscopic size comparable to the width of individual tetragonal
domains of STO substrate. Clear temperature dependent anisotropic resistance is observed in samples split by
domain walls. At low temperatures (T= 10K), the four-point resistance is significantly lower when domain walls
are perpendicular to the direction of measurement current with the anisotropy strength typically between 10-20
and sometimes reaching almost 10°. These results point to the importance of considering structural inhomogene-
ity in understanding the complex electrical and magnetic properties of such system.
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Figure 5. Simulated current flow and voltage distribution for inhomogeneous 20 pm X 20 pm Van

der Pauw patterns. The conductive squares are split by 10 um wide regions with different resistivity, where
p1=25,000Q and p,= 10,000 Q. Total current flow is 10 nA in all simulations and is represented with
streamlines. Simulated samples in (a) and (b) are split by more conductive regions oriented perpendicular and
parallel to the current flow, respectively. When a conductive region splits the sample, measured V4, and
therefore R, (b) is greater than V., engicutar 30 Ryerpendicutar (2), due to the more conducting center stripe
diverting current towards voltage contacts. However, when the samples are split by a more resistive area as in (c)
and (d), the sample shows smaller voltage probed by the voltage contacts in the parallel configuration (d) due to
the more resistive center stripe suppressing the current flowing between voltage contacts.

Methods

Film Growth. LaAlO, (LAO) films on SrTiO; (STO) (001) substrates with mistcut angle less than 0.5°
(Crystal GmbH) were grown by Pulsed-Laser Deposition (PLD). Prior to the film growth, the SrTiO; (STO)
substrates were etched with a chemical solution of ammonium fluoride and hydrofluoric acid at pH = 6 to obtain
a TiO,-terminated surface and then annealed at 950 °C for one hour in an oxygen-rich atmosphere. The surface
morphology was verified with an Agilent 5500AFM. In the PLD chamber the base pressure of the chamber was
107 Torr and was increased to an O, partial pressure of 10~* Torr or 10~° Torr via an MKS Mass Flow Controller
and Cold Cathode. The growth was performed at a temperature of about 750 °C with an initial ramping rate of
about 10°C/min up to 300 °C and then about 30 °C/min up to the deposition temperature. The LAO target was
ablated using a 248 nm KrF excimer laser with a fluence of about 1.2 J/cm? and a repetition rate of 2 Hz. LAO
films were grown at a rate of 9 pulses per layer and the growth rate was verified in situ by oscillations in Reflection
High-Energy Electron Diffraction (RHEED) patterns. After deposition, films were cooled at an initial rate of
about 10 °C/min and then a final rate of about 5°C/min.

Mesoscopic device fabrication. Photolithography and wet etching techniques were used to reduce the
sample size of LAO/STO samples (Fig. 2). Using an AutoGlow plasma system, descumming was performed in
0.6 Torr of O, at 50 watts for 30 seconds after creating a van der Pauw pattern of photo-resist on the sample sur-
face. Samples were then further baked at 110°C for 20 minutes and allowed to cool slowly to reduce cracking.
Wet etching was performed with buffered hydrofluoric acid for 5-7 minutes in order to etch away any LAO/STO
interface not covered by the photoresist mask (Fig. 2¢). After etching, the photoresist (51805, MicroChem Inc.)
was removed with acetone, revealing a clean LAO/STO van der Pauw pattern (Fig. 2d). A Zygo optical profilom-
eter verified the etch depths were at least 6 nm. Electrical contacts were made to verify that no conductive behav-
ior remained on etched areas. Comparing the resistance of the sample before and after the photo-lithography
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patterning and wet etching process shows that the device fabrication did not cause sample degradation or damage
to the q2D electron system (Supplementary Fig. S5).

Structural domain imaging. Samples were placed in an RC102-CFM microscopy cryostat from Cryo
Industries Inc., which were imaged using a Zeiss Axio Imager light microscope. Linear polarizer filters were used
as a polarizer and analyzer for polarized transmitted light microscopy. The samples were imaged as the micros-
copy cryostat was cooled to 77 K using liquid nitrogen. The polarizer and analyzer filters were aligned accordingly
to reveal tetragonal domain walls under 105 K. Multiple temperature cycles on many samples revealed that the
domain walls do not rearrange due to thermal cycling (focusing on sample surface needs to be carefully checked
between thermal cycles otherwise different domain patterns may appear due to slightly shifted focus). Electrical
measurements were taken simultaneously in the microscopy cryostat using wire bonding and four-wire lock-in
technique.

Transport measurement. Samples were also measured in a QuantumDesign PPMS in of a temperature
range of 10 K-300 K. Hall measurements were conducted by varying magnetic field at various temperatures. A
7 Hz sine wave was applied to the samples for electrical transport measurements. Typical current through sample
was 1-100nA. Standard four-wire lock-in techniques were used to measure the resistivity and Hall coefficients of
all samples. Aluminum wire bonding was used to contact the LAO/STO interface.
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