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Domain wall nature of sketched LaAlO;/SrTiO; nanowires
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The rich electron correlations and highly coherent transport in reconfigurable devices sketched by a conductive
atomic force microscope tip at the LaAlO;/SrTiOs; interface have enabled the oxide platform an ideal playground
for studying correlated electrons and quantum technological applications. Why these one-dimensional devices
possess enhanced properties over the two-dimensional interface, however, has remained elusive. Here, we
provide evidence that one-dimensional LaAlO;/SrTiO; nanowires are intrinsically ferroelastic domain walls by
nature through thermodynamic study. We have observed spreading resistance anomalies under thermostimulus
and temperature cycles with characteristic temperatures matching domain-wall polarity. This information is
crucial in understanding the novel phenomena including superconductivity and high mobility quantum transport.

DOLI: 10.1103/PhysRevB.107.155408

I. INTRODUCTION

The exploration of emergent phenomena at correlated ox-
ide interfaces has been a major thrust of oxide research over
the past two decades [1]. The LaAlO;/SrTiOs (LAO/STO)
interface, as a prime example, hosts a series of tunable phases
involving superconductivity [2], metal-insulator transition [3],
spin-orbit interaction [4,5], and magnetism [6]. These novel
phases can be further programmed to a nanoscale using a
sharp conductive atomic force microscope (cCAFM) tip [7,8].
Through reconfigurable “writing” and “erasing” procedures
at the insulating three-unit-cell (3-uc) LAO/STO interface,
devices, such as superconducting nanowires [9,10], single
electron transistors (SketchSET) [11,12], ballistic electron
waveguides [13,14], and Fabry-Pérot electron resonators [15]
can be readily created with an unprecedented resolution and
display a plethora of surprisingly clean quantum-mechanical
effects and correlation-driven phenomena. The combination
of precise reconfigurability, rich electron correlations, and
tunable quantum effects makes the oxide interface an attract-
ing platform for quantum applications including Majorana
particle-based topological quantum computing and solid-state
quantum simulations [16].

The origin of the novel physical behaviors in these
one-dimensional (1D) cAFM sketched devices, however,
remains largely elusive, especially when compared with
the two-dimensional (2D) LAO/STO interface. For exam-
ples, the mobility of sketched nanowires easily exceeds
10 000 cm? V! s71, nearly an order of enhancement com-
pared to the typical value (~1500cm?V~'s~!) at the 2D
LAO/STO interface [17]. Similarly, the mean free path at
1D sketched devices can reach tens of micrometers, enabling
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quantized conductance and Fabry-Pérot resonance to be ob-
served over a long range, in stark contrast to the sub-100-nm
mean free path at 2D LAO/STO interface [13,15,18]. The
superconductivity at the 2D LAO/STO interface is believed
to be weak Bardeen-Cooper-Schrieffer type, at least, when
the carrier density is relatively high (range in 10'3 cm~2).
However, transport experiments of sketched nanowires re-
veal that the superconductivity is intrinsically quasi-1D. The
critical current in the sketched nanowires seems independent
of wire width; rather, it scales with the number of wires
[19]. Additionally, transport experiments in nanowire-based
superconducting SketchSET show characteristic tunneling be-
haviors of single electrons and pairs, revealing the existence of
electron pairs at effective temperatures (1-10 K) far above the
critical temperature in the clean limit of bulk STO (~0.3 K)
and magnetic fields (1-11 T) far beyond the upper critical
fields (~0.2T) of 2D LAO/STO interface [12]. Subsequent
experiments in electron waveguides have observed a Pascal
electron liquid phase with electron bundling to pairs and trions
below large critical magnetic fields [18]. These experiments
point to a real-space pairing mechanism by which local at-
tractive interaction mediates electron pairing and helps form
the Pascal liquid.

What causes the qualitative differences between the cAFM
sketched nanowires and the 2D LAO/STO interface? The
cAFM tip-induced metal-insulator transition is, in principle,
an electronic charge transfer process similar to the 2D inter-
face [20]; however, additional structural distortion is clearly
observed in the piezoresponse force microscopy (PFM) at
room temperature [21], which reveals lattice elongation along
the z direction over the cAFM-sketched area. Such lattice
distortion is reminiscent of the ferroelastic domain walls
formed after the cubic to tetragonal structural transition at
T, = 105 K in STO [22,23]. Through extensive imaging
and spectroscopic studies, the consensus on the domain wall
physics in STO lies as follows: The domain wall is polar
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FIG. 1. Hexagonal wire device. (a) Device schematic overlaid on
an AFM canvas image. The green color denotes wires and electrodes
to write. Wire sections are labeled as 1-5. (b) PFM imaging reveals
the written structures. (c) Temperature dependence of R;—Rs.

below T, = 80 K with polarity increasing rapidly below
T3 = 40 K [24,25]; no domain wall pinning is observed at
low temperatures, instead, the domain wall in STO is highly
mobile and tunable by electric gating and stress [24,26,27];
in addition, the conductivity and superconducting critical
currents are higher on the domain wall than the surround-
ing bulk as revealed by scanning superconducting quantum
interference device imaging [28] and anisotropic transport
measurement [29]. It is also argued that the high mobility
carriers at the 2D interface move preferentially along the 1D
domain walls, dominating the Shubnikov—de Hass oscilla-
tions seen at the 2D interface [14]. Lastly, the ferroelastic
waves are theoretically proposed to be responsible for the
real-space attractive electron pairing and the 1D nature of su-
perconductivity of sketched nanowires [30]. Hence, whether
the cAFM-sketched nanowires can seed formation and bear
properties of ferroelastic domain walls is crucial to understand
the novel underlying physics.

II. RESISTANCE ANOMALY IN TEMPERATURE CYCLES

Here, we investigate the thermodynamic responses of
cAFM-sketched nanowires and reveal characteristic signa-
tures of ferroelastic domain wall nature. We structure the
experiments to answer the following two questions. (1) Do
the cAFM nanowires behave, such as the ferroelastic domain
walls? (2) If they do, are the signatures coming intrinsically
from the wires themselves or extrinsically from intersecting
domain walls in bulk STO (although these domain walls are
insulating)? As has been visualized by numerous local imag-
ing techniques, the ferroelastic domains are ubiquitous at 2D
LAO/STO interface below 7;; = 105 K and are mainly clas-
sified as X, ¥, and Z domains orienting £45° or parallel to the
crystallographic axes [26,28,31]. The Z/X,Y domain walls
typically separate around 1-10 um and their polarity as re-
vealed by scanning SET microscopy [26], may cause potential
fluctuations across the interface and scatter electrons. Hence,
they are the primary targets of study in this paper. We set out to
write the cAFM nanowire (device A) along a hexagonal path
on insulating 3-uc LAO/STO samples as shown in Fig. 1(a);
more details on sample growth and cAFM fabrication methods
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FIG. 2. Resistance anomaly in different temperature cycles. (a)
and (b) Normalized resistance ratios of Rs/R; and R, /R, as a func-
tion of temperature, respectively. The insets show the spreading
between maximum and minimum ratio values 7,,,(T). (¢c) Occurrence
frequencies of 73, 712, and 7s, at 50 K. The inset shows a configura-
tion of (2,0) in which one wire R; intersects with domain walls twice
whereas the other wire R; does not intersect with a domain wall.

can be found in Appendix A. This hexagonal geometry allows
five sections of wires (3—um long, 10-nm wide) to have a
good chance of interacting with the Z/X,Y domain walls.
PFM imaging at room temperature further reveals the traces
of the wires, signifying z lattice distortions which are ex-
pected to seed the domain wall formation at low temperatures
[Fig. 1(b)].

Figure 1(c) shows the temperature dependence of the re-
sistance values R|—Rs of wire sections 1-5, which nominally
show similar behaviors. The smoothness in the cool-down
curve, especially at Ty = 105 K, suggests there is no first-
order signature related to the domain walls, although random
resistance jerks do show up in some devices at T < 105 K
(Appendix B Fig. 5).

Interestingly, the temperature dependence of resistance
ratios 7,,,(T) = R,,(T)/R,(T) between different sections of
wires reveals correlations to the ferroelastic domain wall for-
mation, where m and n denote section index. Resistance ratios
remove common contributions of resistance from mechanisms
including scattering by immobile defects, electron-phonon
coupling, and electron-electron interactions. The contribution
from possible scattering from domain walls, however, will
vary from different cooldowns since the ferroelastic domains
redistribute by cycling the temperature above 105 K. Fig-
ures 2(a) and 2(b) show the typical temperature-dependent
normalized ratios 7s3 and 75 in 17 temperature cycles from
160 to 20 K, where 7,,,,(T) = 7y (T )/ rmn (160 K). More data
from other combinations of wire sections can be found in
Appendix C (Fig. 6). As a general observation from all the
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FIG. 3. Thermodynamical response of the sketched cAFM nanowire in device B. (a)—(1) The time evolution of resistances at 20 to 130 K
in steps of 10 K. The blue dashed guide lines qualitatively follow the normal warm up resistance response.

17 temperature cycles, 7,,,(T ) faithfully repeats above a criti-
cal temperature T, = 80-90 K whereas spreading out below
T, in different cooldowns. The insets in Figs. 2(a) and
2(b) show this spread A,,,(T) = 7i3*(T) — ff,‘,l,i,“(T) between
maximum and minimum 7, values, which clearly illustrate
this trend. A more detailed look shows the spread increases
more rapidly below 7.3 = 40 K after emerging at T¢,. These
temperatures match well with the characteristic temperatures
of domain wall polarity, which first appears at 80 K and
strengthens below 40 K, suggesting a direct correlation be-
tween cAFM nanowires and domain walls. However, whether
this correlation arises from the cAFM nanowires intrinsically
or by intersecting domain walls extrinsically in STO bulk
remains a question by far.

Further insights can be gained by analyzing the distribu-
tion of 7,,(T). Since the length of cAFM nanowires and
domain width (1—10 ym) are comparable, 7, should rather
take discrete values if each intersection of cAFM nanowires
and domain walls causes observable resistance change [see the
inset in Fig. 2(c) for an illustration] Namely, if we denote (i, j)
as the number of times that a nanowire section m (n) intersects
by random domain walls, then 7, in different temperature
cycles would take values on the most probable configurations
(0,0), (0,1), (1,0), etc. As a result, one would expect the distri-
bution function of 7,, peaks at specific 7,, values. Namely,
the cooldown curves should cluster into several bunches if

plotted together. Figure 2(c) reflects the distribution func-
tion by binning #,,(50 K) from 17 temperature cycles and
counting the occurrence frequencies. For all the possible 7/, s
[731, 712, and 7s; shown in Fig. 2(c)] values; however, the
occurrence frequencies are mostly singly peaked rather than
peaking at multiple 7,,, values. This suggests the domain wall
characteristics of cAFM nanowires are less likely to arise from
intersecting the micrometer-spaced Z/X,Y domain walls in
STO.

III. THERMODYNAMICAL RESPONSE

We note that instead of using the resistance ratios, the re-
sistance difference between different cooldown curves works
equally well in analyzing the above anomalous behaviors (see
Appendix D Fig. 7). In addition, the above analysis mainly
applies to the micrometer-sized Z/X, Y domains that are de-
tectable by scanning SET. It is well known that nanoscale
domains also exist in STO with an excellent example of needle
domains [32]. However, in a similar experiment at a conduct-
ing 2D LAO/STO Hall bar, we do not find such nanoscale
domains cause observable resistance spread (Fig. 10). This
can be understood that although the domain walls redistribute
in each temperature cycle, their impact on the resistance at the
2D interface averages out. It would follow the same argument
if nanoscale domain walls merely intersect with the nanowire,
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FIG. 4. Anomalous resistance drop and relaxation time in device
B. (a) The anomalous resistance drop A, decreases with increasing
temperature. Here, the 7 axis is normalized by total relaxation time.
(b) Maximum resistance changes and the total relaxation time as a
function of temperature for the nanowire and Hall bar devices.

so no resistance spread should be observed unless the lattice
along the nanowire direction is heavily distorted. Namely, the
nanowire itself is formed by domain walls.

In the next, we explore further to answer whether the
cAFM nanowire is a single continuous domain wall or com-
prises of many sections of domain walls in series. This is
very important to the quantum transport in cAFM nanode-
vices. We can gain insights from the fabrication process of
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FIG. 5. Resistance jerks in devices C and D. (a) and (c) show
device geometries of devices C and D. (b) and (d) The corresponding
resistance in 13 and 21 temperature cycles respectively, which shows
similar behavior as device A but with additional resistance jerks.

ballistic electron waveguides in which an extra writing step
with small voltages (~1V) along the same path written at
a much higher voltage (~10V) is found always needed to
ensure the emergence of conductance quantization [13,14,18].
This additional writing step is not able to bring more carriers
to the wire but is postulated to effectively remove scattering
centers in the wire. Additionally, random resistance switching
is often observed below 80 K in cAFM wires as shown in
Appendix B Fig. 5. These two empirical experimental facts
can be understood if the cAFM nanowire is formed by a chain
of individual domain walls. Under this scenario, the extra
small-voltage writing should presumably merge all domain
walls, and random domain wall switching causes significant
resistance jerking.

Generally, a collective ferroelastic domain system is quite
complex and shows nonlinear dynamics, such as quenching,
jerking, and exponential relaxation in the presence of external
stress, electric, and thermal stimuli [24,29,33-36]. Pesquera
et al. reported glassy behaviors of ferroelastic domain walls in
bulk STO through resonant piezoelectric spectroscopy (RPS)
and resonant ultrasound spectroscopy (RUS) [36]. The glassi-
ness is manifested with exponential decay of a function related
to resonance frequencies in RPS and RUS, corresponding to
pinning and depinning of domain walls upon thermal activa-
tion below ~50 K [24]. Ojha et al. studied the electric stimulus
by back gating a low mobility conducting y —Al,03/STO
interface and revealed an exponential relaxation of sheet resis-
tance owing to trapping and detrapping of oxygen vacancies
on the ferroelastic domain walls [37]. Here, we take an ap-
proach by applying a thermal stimulus to cAFM nanowires
at different temperatures and look at the characteristic ther-
modynamic behaviors. The device (device B) is a straight
wire written at 15 V (Appendix E Fig. 8) which displays an
upturn in resistance below T = 35 K. At each temperature
(from 20 to 120 K in steps of 10 K), the heater on the sample
holder in the cryostat is turned off first to initiate a slight trend
of device cooling, then it is turned back on with full power
(~40W) to reverse the temperature ramping direction. Sur-
prisingly, although the temperature responds in no delay with
heat power, the resistance of the nanowire shows dramatic
opposite changes compared to the trend on the cool-down
curve (Fig. 3). For example, at T = 40 K in Fig. 3(c), the wire
resistance is expected to increase from 37 k€2 in a rough trend
marked by the blue dashed line (check Fig. 9 for extraction)
after the heater is turned back on; however, it drops rapidly to
27 k2 (27% change) first then slowly recovers to the expected
values. Furthermore, this effect is more pronounced at lower
temperatures and disappears at 7 > 80 K.

Figure 4 shows the time evolution of the anomalous re-
sistance drop A, = R“I;”R” at each temperature stage, where
R, and R, denote the resistance expected from the cool-
down curve and actual resistance, respectively. Note that the
time axis is normalized by the total time during which the
resistance anomaly lasts at each temperature. Clearly, A,
shows the largest drop (A,,) after the heater is turned on,
then decays slowly in a fashion that can be well fitted by
an exponential function A, = A,,e"/* [Fig. 4(a) inset] below
T = 50 K, where 7 is the relaxation constant. This agrees with
RUS and RPS studies from Pesquera ef al. and Scott et al.,
that ferroelastic domain walls soften with enhanced domain

155408-4



DOMAIN WALL NATURE OF SKETCHED ...

PHYSICAL REVIEW B 107, 155408 (2023)

(@ () (d)
1044 1.084 = .
102] ls 1.06\ 15 1.024\ ’25
1A . 183- 100-
1.00- 1004 0.98-
0.984 \\/ 0.984 0.96
T r 1T 1 LI T T
(e) 40 100 (f) 40 100 (9) 40 100 (h) 40 100
1.004—— 1.00 ~ 1.0094— ™.
0.98- I4 0.994| 23 0.98 a4 1127\ 7is
- 0.96 4 0.98 0.96 4 1.084
0.94 4 0.97 0.94 |
0.924 0.96 0.924 1.04 |
0.90——F——Joo5dL = ——T 1.00 g
40 100 40 1 OO 40 1 OO 40 100
) T (k) T (k)
0 ~
- Iy
r51
6 rao
+F42
= 4+ —o— ry3
——rg;5
2 - r
45
0- T
1.02 1.04 1.06 1.08
;

FIG. 6. (a)—(h) Additional resistance ratio data for 17 times temperature cycles in device A. (i) The rest of occurrence frequencies in

hexagonal device A.
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FIG. 7. Resistance spreading analysis in different temperature
cycles by resistance difference. (a) and (b) show the same spreading
behavior in resistance differences below 80 K as in Fig. 2 in the main

text, where Arl,(T) = Ary(T)/Ar;;(160 K) and Aryj = p.
Ri+R;

wall mobility and polarity in this temperature range [24,36].
Figure 4(b) shows the temperature dependence of total re-
laxation time foy and A,,, which disappear above 80 K.
We clarify that the measured thermodynamic response is in-
fluenced by how quickly the sample is heated up, which is
dependent on the specific-heat capacity of the sample holder
at different temperatures. Hence, the relaxation time at lower
temperatures is underestimated; however, it does not affect
the qualitative conclusion that cAFM wires have collective
domain wall behaviors. We also note no such anomalous
response is observed in the 2D Hall bar device at any tem-
perature [Fig. 4(b)].

IV. CONCLUSIONS

To summarize, we have investigated the thermodynamic
responses of hexagonal and straight cAFM nanowire devices.
As opposed to the 2D Hall bar device which shows regular
ohmic behaviors, resistance ratios in the hexagonal device
diverge from cooldown to cooldown with the observation
of characteristic temperatures matching those of ferroelastic
domain walls in STO. Statistics on the resistance ratios reveal
these behaviors are unlikely from interacting with insulating
Z/X,Y domain walls in STO substrate; instead, they originate
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FIG. 8. Straight wire device B and transport characterization.
(a) Device schematic showing three sections of wires with 4 um long
each. (b) Temperature dependence of resistance in each section of
wires.

intrinsically from the cAFM nanowires. Further study on a
straight wire device shows the cAFM nanowire experiences an
anomalous slowly recovering resistance change upon thermal
stimulus. These evidences point to the domain wall nature of
cAFM nanowires, which is crucial to understand the novel
physics, including electron pairing and high mobility transport
on cAFM nanowires. The microscopic origin of the electric
and thermodynamic responses is not clear but should gen-
erally agree with domain wall movement or trapping and
detrapping the oxygen vacancies on domain walls. Provided
that abnormal thermodynamic response is absent in the 2D
Hall bar device, it is plausible to conclude that ferroelastic
distortion under cAFM wires is significant as opposed to
the 2D interface. An ultimate study would involve real-space
imaging of cAFM nanowires at cryogenic temperatures, e.g.,
PFM, to directly relate the morphology of cAFM nanowires
to quantum transport.
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APPENDIX A: SAMPLE GROWTH AND CAFM
DEVICE FABRICATION

LAO/STO samples are grown by pulsed laser deposition
on (001) STO substrates. Low miscut angle (< 0.1°) single-
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FIG. 9. Definition of total thermodynamic response time. (a) and
(b) show the data at 50 and 90 K, respectively. The red curves are
the resistance as a function of time, and the green curves are the
second-order derivative of resistance versus time. The blue dashed
line indicates the whole process from heating up to relaxation, corre-
sponding to the blue dashed line in Fig. 3.

crystal SrTiO; substrate is TiO, terminated by etching in
buffered HF for 30 s. An atomically smooth surface is formed
by annealing at 960° C for 90 min. A three-unit-cell LaAlO3
film is grown on the surface of SrTiO; by PLD with a
1-Hz pulse frequency at a temperature of 710°C and 5 x
107 mbar oxygen pressure, whereas layer-by-layer growth
is monitored by the reflection high-energy electron diffrac-
tion during growth. Then, the film is gradually cooled down
to room temperature. The sample is patterned with inter-
face electrodes by Ar+ ion etching 25 nm and backfilling
with Au/Ti (20 nm/5 nm) contacting the LaAlO3/SrTiOs
interface.

The sample canvas, which is an area typically 25 x 25 wm?
defined by interface electrodes is erased first by a cAFM tip
with Vi, = —10 V at 2 um/s speed densely prior to device
writing. Then, funnel shape virtual electrodes are written at
2 um/s speed with V;i, = 15 V to interface the metal elec-
trodes. Wire leads contacting the virtual electrodes are then
drawn to the device area at 400 nm/s speed and Vi, = 15 V.
Finally, the hexagonal or straight main channel is written at
a slower writing speed of 300 nm/s with the same voltage.
After the device is finished, the sample is quickly transferred
to cryostat for measurements. The sample, heater, and ther-
mometer are mounted closely together on the same cold finger
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FIG. 10. Thermodynamic response and temperature-dependent resistance in a 2D LAO/STO Hall bar device. (a) Optical image of a 2D
LAO/STO Hall bar device. (b) shows the resistance ratios of different temperature cycles in the same Hall bar. No abnormal resistance spreading
is observed. (c) shows the time evolution of resistance after the thermal stimulus at # = 0 from 20 to 130 K. No resistance drop is observed.
(d) shows the definition of total thermodynamic response time at 20 K. The method is the same with that in the Fig. 9(b).

made of oxygen-free copper, so that temperature differences
and lags in reading are negligible.

Over ten devices have been fabricated, with four presented
in this paper: devices A and B in the main text, and devices
C and D in Fig. 5 to demonstrate random resistance jerks.
Device C has the same geometry as device A in the main text,
and device D is a straight wire but orientated perpendicular to
device B.

APPENDIX B: ADDITIONAL DEVICES WITH
RESISTANCE JERKS

It is not rare that resistance jerks show up in some de-
vices even with similar geometries with devices A and B
below T, =80 K. Figure 5 shows resistance ratios be-
tween sections of wires in devices C and D. It is obvious
that the ratios are bundling together above T, and spread-
ing out with random resistance jerks at lower temperatures
[Figs. 5(b) and 5(d)]. Such phenomena can be understood in
the framework of this paper that when the domain wall gets
increasingly mobile [27], energy jerks resulting from domain
wall pinning and depinning events in the nonequilibrium ther-
modynamics cause the observed random resistance switching
[24,36].

APPENDIX C: DATA FOR ADDITIONAL RESISTANCE
RATIOS IN THE HEXAGONAL DEVICE

The rest of the resistance ratios data and the statistics
counting (Fig. 6) in the hexagonal wire device. In most of the
resistance ratios data, such behavior which shows spreading
out below 80 K can be observed. Almost all the curves are
performing as single-peak shapes, which is consistent with the
main text description, though only two of ten counting curves
show significant fluctuation.

From another perspective, it is shown by Goble et al.
that the transport measurement in the 2D channel along or
across domain walls causes observable resistance change [29].
However, in our experiment, the resistances of wire sections
in different orientations in the hexagonal device are almost
the same. This also suggests that domain wall characteristics
of sketched cAFM nanowires are less likely originated from
intersecting with the bulk domain walls.

APPENDIX D: RESISTANCE DIFFERENCES ANALYSIS IN
HEXAGONAL DEVICE A

In the data analysis, we also tried to analyze the data with
resistance differences (Fig. 7) to remove the common con-
tribution of resistance, which yielded qualitatively the same
results. Namely, normalized resistance differences stay the
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same above 7' = 80 K in all the cooldowns but then spread
out abnormally as a result of domain redistribution.

APPENDIX E: DEVICE SCHEMATIC OF DEVICE B

The device consists of three sections of 4 — um length
wires with the same lithography parameter [Fig. 8(a)]. All
three sections of wires show the same thermodynamic re-
sponse of resistance anomalies with the first section of wire
data presented in this paper.

APPENDIX F: DETERMINATION OF THERMODYNAMIC
DURATION IN DEVICE B

The thermodynamic response of resistance anomalies ap-
pears below 80 K, and the exponential relaxation process is
more pronounced at lower temperatures. The anomalous resis-
tance drop and heating effect compete. We define the ending
of this anomalous response by looking at the zero crossing
of the second derivative d’>R/dt* curve where the anomalous
resistance drop and regular heating effect balance. This will
underestimate the total response time #,o1,; however, it is good
enough to draw the conclusions in this paper. Figure 9 shows
how the blue dashed line is extracted in the main text accord-
ing to the method described above. In Fig. 9(b), no ending

point in d2R/dt? could be identified at 7 = 90 K (or above),
which marks the absence of anomalous thermodynamic re-
sponse at this temperature.

APPENDIX G: THERMODYNAMIC RESPONSE IN 2D
LAO/STO HALL BAR

We repeated the two experiments in the 2D LAO/STO
Hall bar device in dimension of 25 x 20 um? [Fig. 10(a)].
The five-unit-cell LAO/STO sample is grown by PLD un-
der the same parameters which are described in the sample
growth section (Appendix A). The Hall bar device is fab-
ricated through standard optical lithography, and transport
measurement is performed in the same setup of the nanowire
measurement.

The resistance ratios of different temperature cycles in the
same hall bar stay closely in all temperature ranges rather
than the spreading behavior [Fig. 10(b)] where the r*(T) =
r(T)/r(145 K) and r(T') = R(T')/Reirst cooldown (T ). Moreover,
the resistance of the Hall bar displays a normal ohmic be-
havior [Figs. 10(c) and 10(d)] rather than the anomalous
resistance drop in the cAFM nanowires. This is understood
through this paper that the ferroelastic distortion under the
2D interface is negligible, whereas the cAFM nanowires are
subject to ferroelastic distortion along the whole wire.
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