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A number of recent studies indicate that the charge conduction of the LaAlO;/SrTiO; interface at low
temperature is confined to filaments which are linked to structural domain walls in SrTiO; with drastic con-
sequences, for example, for the temperature dependence of local transport properties. We demonstrate that as
a consequence of these current carrying filaments, on the nano-scale the magnetotransport properties of the
interface are highly anisotropic. Our magnetoresistance measurements reveal that the magnetoresistance in
different nanostructures (< 500 nm) is random in magnitude and sign. Warming up nanostructures above the
structural phase transition temperature (105 K) results in a significant change in magnetoresistance. Even a sign
change of the magnetoresistance is possible. The results suggest that domain walls that are differently oriented
with respect to the surface exhibit different respective magnetoresistances and the total magnetoresistance is a
result of a random domain wall pattern formed during the structural phase transition in SrTiO; at cooldown.

DOLI: 10.1103/PhysRevB.104.054115

I. INTRODUCTION

Interfaces between complex oxides shows great potential
for future electronics [1]. Since the discovery of the high-
mobility electron gas at the interface of LaAlO3; (LAO) and
SrTiO3 (STO) in 2004 [2], a lot of studies have been con-
ducted. Those studies revealed more interesting properties
of the interface such as two-dimensional superconductiv-
ity, induced ferromagnetism, gate tunability, highly efficient
spin-charge conversion, etc. [3—-6]. The enhanced room tem-
perature mobility of LAO/STO nanowires [7] holds great
promise towards its room temperature application. A study
conducted by Dubroka et al. [8] showed that the confinement
region of the electron gas extends into the STO substrate.
Resistance anomalies at ~80 and ~160 K were previously
reported in structures grown at low oxygen pressure. The
origin of the anomaly is often linked to structural phase tran-
sitions in STO [9-12], but alternative explanations have been
discussed [8]. In 2017 Minhas et al. [13] showed that the resis-
tance anomaly can also be observed in material grown at high
oxygen pressure when a lateral confinement in a nanostructure
exists.

In 2013 scanning superconducting quantum interference
device microscopy studies [14] indicated that the interface
exhibits channeled current flow at low temperatures. These
current-carrying channels are linked to structural domain
walls in the STO substrate that appear below a structural
phase transition from cubic to tetragonal at a temperature of
105 K (Tpr) [15]. The distribution of these channels changes
every time the interface is warmed above this transition
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temperature [15]. Kalisky er al. [14] also observed that the
redistribution of the channels is completely random. Further
studies also confirmed the presence of conducting domain
walls [16—18]. These conducting domain walls are aligned
along the crystallographic directions [100], [010], [110], and
[110]. Furthermore, Harsan Ma et al. [18] observed indica-
tions of insulating areas in the vicinity of the conducting
domain walls. In confined systems, however, the domain walls
can start to massively influence the transport properties. In
2017 Goble et al. demonstrated that the resistivity perpendic-
ular to a domain wall is higher [12] than along the domain
wall.

Almost at the same time an even more drastic effect on
transport in LAO/STO nanostructures was demonstrated [13].
A temperature anomaly in the resistance of LAO/STO nanos-
tructures indicates that transport happens only in conducting
domain walls, while the surrounding area is completely in-
sulating. More evidence for domain wall conduction was
presented only recently by Krantz and Chandrasekhar [19],
who found a Hall-effect-like transverse resistance at zero field
that can be explained by asymmetrically distributed domain
walls that lead to the appearance of transverse voltages upon
current flow.

It is plausible that transport effects should exist that are
dominated by the domain wall conductance and cannot be
explained by the mainstream theory on LAO/STO interface
conductivity. These effects would mainly appear in LAO/STO
nanostructures because for transport phenomena in large-
area LAO/STO the existing complex multiband models are
clearly able to explain the observations based on a quasi-
two-dimensional (quasi-2D) conducting interface. Based on a
process for the fabrication of LAO/STO nanostructures [20],
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we have designed a number of experiments that should
clearly reveal the interplay of domain wall conductivity, trans-
port, and magnetotransport properties on the nanoscale. In
LAO/STO we distinguish two types of domain walls. One
type (type 1) is oriented perpendicular to the surface and
along the [110] and [110] crystalline directions in the sub-
strate plane. The other type (type 2) is oriented along the
[100] and [010] crystalline directions in the plane but is tilted
with respect to the surface. As a consequence not only the
resistivity but also other characteristics of the two types of
domain walls may be different. A magnetic field nominally
perpendicular to the 2D electron gas would be in the plane of
type 1 domain walls and tilted with respect to type 2 domain
walls. This different orientation is crucial because in-plane
and (partly) perpendicular magnetic fields typically cause
magnetoresistance that can be different in magnitude and/or
sign, respectively. In addition, it should be noted that due
to the different possible in-plane orientations of the different
domain walls a current path through a structure can strongly
vary in length and resistance depending on the respective
contributing domain walls.

The consequences can be checked by the following in-
vestigations. (1) Because of the different domain wall types
we expect a random distribution of resistance values at low
temperature for nominally identical nanostructures. Warm-
ing up through Tpr and cooling down again should result
in a different configuration and different resistance values
for the same structure. (2) Because of the different types of
domain walls and their possible alignment within the crystal
lattice it may be possible that this randomness will still show
some systematics with respect to the crystalline orientation
of the nanostructures. (3) Magnetoresistance measurements in
a perpendicular magnetic field on nanostructures with a low
number of domain walls should yield a result different from
large-area LAO/STO and also strongly vary in magnitude and
even sign because with respect to the domain walls the mag-
netic field is either in plane or tilted but never perpendicular.
Also these results should be modified by warm-up and cooling

We have designed a set of experiments in which a particular
nanostructure design allows us to precisely verify or nullify
these assumptions.

II. FABRICATION

The fabrication of the samples starts with the deposition of
a six unit cell layer of LAO on TiO,-terminated STO (001) us-
ing pulsed laser deposition in an oxygen atmosphere with po,
of 1072 mbar at 850 °C. Laser fluence and pulse frequency are
kept at 2 J/cm? and 2 Hz, respectively. Reflection high-energy
electron diffraction is used to monitor the layer thickness with
unit cell resolution during the growth. After deposition the
sample is slowly cooled down to room temperature while
the oxygen pressure is maintained. For nanopatterning we use
the process originally published in [20], which uses reactive
ion etching with BCl;. With this process we are able to fabri-
cate high-quality nanostructures with lateral dimension down
to 100 nm. The resulting patterned structures are stable at
ambient conditions. The samples are bonded, and electrical
transport measurements are carried out in a “He bath cryostat

(b)

FIG. 1. (a) Sample geometry used for the measurements. The
current-carrying path is divided into four equally long sections that
are aligned at angles of 0°, 45°, 90°, and 135° with respect to the
substrate edge. (b) Scanning electron microscope (SEM) image of
100 nm structures (135°) and (c) optical microscope image of part of
the 500 nm wide structure.

with a variable temperature insert equipped with a super-
conducting magnet that allows a maximum magnetic field
of 10 T.

We used the sample geometry as shown in Fig. 1(a) for
the experiments. This geometry was inspired by Hupfauer
et al. [21], who used a similar structure, but for a differ-
ent purpose. We have a continuous Hall bar that consists of
four connected segments, each with six voltage probes for
measurement of longitudinal or transversal resistance. The
segments are aligned at 0°, 45°, 90°, and 135° with respect
to the sample edge, which corresponds to a major crystalline
axis (100 or 010). The samples are cooled down at a rate
of approximately 5 K/min, and warm-up is done at a rate
of approximately 2.5 K/min whenever required. The resis-
tance is always measured in a four-probe geometry. Voltages
are measured using custom-made zero-drift voltage amplifiers
and an Agilent 34420A 7.5 Digit nanovoltmeter. Current is
measured by measuring the voltage over a series resistor of
1 M. We apply a DC voltage of 100 mV across the sample
and the series resistor. Because of the design, we are able
to measure the resistance of three nanostructures oriented at
different respective angles simultaneously keeping all other
parameters constant, thus providing higher reproducibility and
better comparability of the results. Also, for better under-
standing and comparison, we have included results from two
nominally identical samples labeled sample 1 and sample 2.

III. MEASUREMENT

As afirst test we investigate the temperature dependence of
the resistance for four nanostripes of different respective crys-
talline orientations using the Hall bar geometry from Fig. 1(a)
to carry out the resistance measurements. Figure 2(a) shows
the temperature dependence (results from sample 1).
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FIG. 2. (a) variation of resistance with temperature for different orientations of a 100 nm wide structure (sample 1). A clear deviation of
the resistance for differently aligned sections of the Hall bar appears when the temperature is below 100 K. The inset shows the temperature
dependence for a large-area structure. Anisotropy of magnetoresistance with orientation in 100 nm structures from (b) sample 1 and (c) sample
2 and (d) for a 2 wm wide hall bar. For the nanostructures the MR is small compared to the 2 um structure; however, the anisotropy that is
predominant in the nanostructures almost vanishes in the larger Hall bar.

At room temperature there is no significant difference
in resistance between the four different orientations of the
nanostructures. Also, during cooldown the temperature de-
creases monotonically and identically for all four structures
as expected, but only down to the approximate 7pr of STO
(105 K). Below this temperature the four respective resistance
values start to deviate. For three of the crystalline directions
the resistance also starts to increase again below approxi-
mately 40 K, an effect that is not unknown for large-area
structures. This increase at lower temperatures is often at-
tributed to the onset of weak localization, electron-electron
interaction, or the Kondo effect [5,22,23]. Cooling curves
for a set of differently oriented structures of 2 um width do
not show any anisotropy. After this first confirmation we test
whether warming and cooling again through 7pr changes
the result of the experiment. For the sake of simplicity we
measure only the resistance at 4 K. After the initial cooldown
the respective sheet resistance values for the four different
orientations were 1k/C] (0°), 2.1kQ/0J (45°), 1.6k2/01
(90°), and 1.4k<2/00 (135°). This difference in sheet re-
sistance values along different stripes is in agreement with

random orientation of domain walls and filamentary conduc-
tion. We observed no significant change in sheet resistance
when the sample was heated to Tj,,x < Tpr. For heating with
Thax > Tpr the sheet resistances change significantly but still
randomly to 2k2/01 (0°), 2.2k2/0 (45°), 2.7k2/00 (90°),
and 1.7k2/00 (135°). This is consistent with the random
formation of domain walls at Tpr. We have repeated the
experiment several times and also for different structures.
Although we might have expected a preference for higher or
lower resistance values for certain crystalline orientations, we
cannot observe any significant preference for higher or lower
values for any crystalline direction. The reason could be too
low a number of experiments for valid statistics or the absence
or smallness of the effect.

Our next goal was to investigate the magnetoresistance
(MR) in differently oriented nanostructures. For the MR mea-
surements the magnetic field was applied perpendicular to
the sample surface. The field was swept from B= —6 T to
B = +6 T. We first discuss the magnetoresistance for struc-
tures of 2 um width. Independent of the orientation, these
structures show a large positive magnetoresistance which is
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FIG. 3. Variation of MR at T = 4.2 K for two different samples when a warm-up-cooldown cycle is performed to 250 K > Tpr. Both
samples are heated to 250 K > Tp7 and then held for 1 h and finally cooled down to 4.2 K, and then the measurement was done at 4.2 K. Both
(a) and (b) sample 1 and (c) and (d) sample 2 show significant change in MR behavior after the warmup through 7p7. Not only the magnitude

but also the sign of the MR changes.

quadratic in magnetic field, as shown in Fig. 2(d). This out-
of-plane positive MR is due to orbital effects often dubbed
ordinary magnetoresistance [22,24-26]. This quadratic MR is
in good agreement with existing multiband models for large-
area LAO/STO because it can appear only when more than
one band contributes to the transport cite [27-29]

It should be noted that there are small differences in the MR
for differently oriented stripes; nevertheless, the main con-
tribution is identical for all orientations. For nanostructures
we get a completely different picture. Figures 2(b) and 2(c)
show two sets of MR curves taken on two different samples.
The curves in each diagram were taken simultaneously for
different parts of a single Hall bar with different respective
crystalline orientations. We immediately notice that the rela-
tive MR of the structures is much smaller than for the larger
structure. The large ordinary positive MR observed in the
2 pum wide bars that showed a relative MR of AR/R > 50 %
at B =6 T [Fig. 2(d)] has completely vanished. The MR in
the nanostructures is smaller than 1% for the first structure
and a few percent for the other one. Furthermore, the sign
and/or magnitude of the MR differ for all orientations. The
similarity of the curves for 45° and 135° for the first structure
is purely random and cannot be reproduced in other samples.
The fact that the magnitude of the MR in a large-area structure
in Fig. 2(d) is at least one order of magnitude higher than for

the nanostructures indicates that the physics associated with
the origin of MR can be different, as will be discussed below.
In a next step we investigate the MR after warm-up and
cooldown through Tpy. Both structures were warmed up to
250 K and cooled down again to 4.2 K. Figure 3 shows the
results for structures 1 and 2, respectively. In both cases the
MR has changed considerably. Especially for structure 2, we
observe a change in magnitude and sign for all three measured
directions. Further temperature sweeps show that the phase
transition seems to be crucial for the effect. Figure 4 shows a
further sequence of MR measurements after different warm-
up and cooling cycles for structure 2. After the measurement
from Fig. 3 the sample was first warmed up to 75 K, which is
below Tpr. The sample was kept at this temperature for 60 min
and then cooled down to 4.2 K again. The resulting MR mea-
surements look identical [Fig. 4(b)] to the previous ones. The
sample is then warmed up to 220 K, which is above Tpr. After
again cooling the sample down to 4.2 K, we observe a moder-
ate change in the magnitude of the MR, especially for an angle
of 90° [Fig. 4(c)]. Repeating the same sequence warming up
to 75 K for 1 h and cooling down yields no change [Fig. 4(d)].
Warming up again through Tpy (Thax = 220 K) for 1 h, how-
ever, results in a massive change [Fig. 4(e)]. For 90° and 135°
the MR is reduced by a factor of & 7. For the 45° direction,
however, we observe a complete sign reversal of the MR.

054115-4



ANISOTROPIC MAGNETOTRANSPORT IN ...

PHYSICAL REVIEW B 104, 054115 (2021)

——
0.5 e ?g;
— 1350
] samplen
(a) (b) g: Width = 100nm ’K‘,
ek ¥
45° . IR
Sample Il EB 5 -1.04 o f !u
057 width = 1000m Ere ?gsn S5 & 4 LN =
0.0 oy ¥ o* z .’ "o, Tmax=220K>Tpr
05 7Y g20] N
] s AR . X
o] {a -2.5
-1.0] AN ’ %, \
: P X% -3.0 P T=4.2K Xxx,
15 B \ 8 Trmax=75K<Tpr = - e
& ~ 354 & iy
@ -2.0 P Y Toy
< oA L a0t s
251 4 ‘.‘ 8 6 -4 2 0 2 4 6 8 05 B
-3.0 Aﬁ"’ “%' Magnetic field (T) (c) w_:;:npll:g v 135
- 4 { = nm
354 o T=4.2K %y 0.0 le'o‘ex.
] EFTRTE A by VAR
8 6 -4 - 4 ~-1.01 R \v“«:.
Magnetic field (T) 3\:’ ye ,-".,f,' ",\-"-.
1.5 . Q- ] .0" Pal L&Y ..'o
Ly P & A LU Y *
» Sample II i T -2.01 ‘“‘ ¥ LR
e Width = 100nm Fd (d) sample Ii . o0 ol NNy
1.0 . S 00] Wth=t0omm B 25| K7 T=42K 'v.' L
3 Ay I 05 7 % 30y o7 Wy,
€ 05 ., » R % O i
»* el Yata 3.5+ T T T T T T T T
- e T, a=220K>Tpr 1.0 B4 ., 8 6 4 2 0 2 4 6 8
aasssdy s & . )
0.0 A vﬂwv" 'v,%‘“ % 15) .",f £y v:\‘ n“‘. Magnetic field (T)
Avvvv e, S @ - o° . ",
05{ o T=4.2K e, e L e
8 6 -4 2 0 2 4 6 8 7 T=4.2K oA Trnax=75K<Tpr
Magnetic field (T) 301 3
-3.54+— T T T T T T T
-8 -6 2 0 2 4 6 8

Magnetic field (T)

FIG. 4. Magnetoresistance curves for 100 nm wide segments of an LAO/STO Hall bar at T = 4.2 K after various temperature cycles.
(a) After the first cooldown all segments show only negative MR, possibly related to weak localization. (b) After cyclingto T = 75 K (< Tpr)
and back, no change is observed. (c¢) After warming up to 7" = 220 K (> Tpr), which is well above Tpy = 105 K, a small modification is
observed; however, all MR curves are still negative. (d) Cycling to 75 K again yields no change. (e) A second cycle through the 7p7 finally
results in a massively modified picture in which one of the curves shows only positive MR, while the other two exhibit a crossover from

positive MR at low fields to negative MR at high fields.

As pointed out by Minhas et al. [13] the effect of the
domain walls is very pronounced for structures as small as
100 nm, but it averages out when the lateral size of the
structures is even moderately increased to a few hundred
nanometers. The investigation of further samples with lateral
dimensions of 200 and 300 nm confirms this statement.

In Fig. 5 we show the MR for 200 and 300 nm wide
nanostructures and the change in MR when heating through
Tpr. For the 200 nm structure [Figs. 5(a) and 5(b)], the MR
obtained is hugely direction dependent and has lower mag-
nitude, just like in the case of the 100 nm structure. After
cycling the temperature through 7pr a significant change is
observed. For a 300 nm wide structure [Figs. 5(c) and 5(d)],
however, the MR is larger in magnitude and quadratic in
nature, as was the case for the 2 um structure [Fig. 2(d)],
apparently recovering the contribution of the ordinary magne-
toresistance. After sweeping the sample temperature through
Tpr, the main quadratic behavior remains unchanged, and
only small changes in magnitude appear, as we might expect
for a sample that is still close to the critical size.

IV. DISCUSSION

We now discuss these results with respect to the initial
assumptions:

(1) As expected for conduction through interconnected do-
main walls, we observe the random scattering of resistance
values not only for differently oriented segments of a Hall bar.
Even for a single segment cycling the temperature through
Tpr leads to a change in low-temperature resistance. The
different possible domain wall configurations may also be the
cause of the nonmonotonicity of the resistance-temperature
curve that sometimes is observed and sometimes is not. It is
easily understood that depending on the domain wall proper-
ties and the changing dielectric constant at low temperature,
rearrangement of the carrier distribution can lead to a change
in resistance that can be either positive or negative.

(2) A correlation between crystalline directions and resis-
tance cannot be confirmed. However, it must be stated that due
to the randomness of the domain wall distributions statistics
on a much larger number of experiments would be necessary
to either confirm or dismiss the assumption.

(3) For the magnetoresistance the results are more com-
plex. For structures that are 200 nm wide or smaller we
distinguish three different types of MR. In some curves
[Figs. 3(b) and 3(c)] we observe only a positive MR. Many
curves show only a negative magnetoresistance, but in some
cases we also observe a crossover between the two shapes
similar to that seen by [24] in LAO/STO with high carrier
density or in other 2D disordered metals [30,31]. None of
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FIG. 5. Magnetoresistance curves for 200 and 300 nm wide segments of an LAO/STO Hall bar at T = 4.2 K. (a) For the 200 nm wide
structure the first cooldown results in a small positive magnetoresistance for two segments, while the third segment shows a crossover from
positive MR at low magnetic fields to negative MR at high fields. (b) Cycling the temperature through 7p7 changes the MR in all three segments.
(c) For a 300 nm wide Hall bar, the MR for all segments is dominated by a large quadratic ordinary MR. (d) After cycling the temperature
through 7p7 this contribution remains dominant, although small differences in the slope appear that may be due to other contributions that are

still slightly visible.

the curves, however, shows a clear positive parabolic MR that
would indicate dominating ordinary MR. Within our statistics
the type of curve does not depend on the crystalline orien-
tation of the investigated segment, and a warm-up-cooldown
cycle through Tpr can change the MR from one type to an-
other. In the following we will discuss the underlying physics.

It is well known that in a 2D or quasi-2D system like
the domain walls the orientation of the magnetic field with
respect to the plane is crucial for the magnetoresistance. For
magnetic fields perpendicular to an unpatterned LAO/STO
interface the magnetoresistance is often dominated by the
positive ordinary magnetoresistance contribution [22,24-26],
which is attributed to orbital effects. As mentioned above, this
contribution has a quadratic field dependence. Ordinary mag-
netoresistance is effectively suppressed if either the magnetic
field is applied in plane or the dimensions of the structure
are too small to allow for orbital effects. Because the type 1
and type 2 domain walls are either perpendicular to or tilted
with respect to the surface, a field applied perpendicular to the

interface and thus to the surface can never be perpendicular
to either of these domain walls. In addition the extent of the
conducting domain walls into the STO is small, efficiently
suppressing ordinary MR even for domain walls tilted with
respect to the field. Without the ordinary magnetoresistance
to compete with, other contributions can start to dominate.
A small but purely negative MR [Figs. 4(a)-4(d)] at low
temperatures can be caused by weak localization (WL) [32]. A
purely positive MR can be due to electron-electron interaction
[22,26,33,34] or weak antilocalization (WAL) [35]. The latter
requires a significant spin-orbit coupling which, at first glance,
is unexpected in STO, which is composed of lighter elements.
However, the domain walls at low temperatures are subject
to large electric fields that may cause the WAL. Finally, a
transition from positive to negative magnetoresistance in a
single curve [Figs. 4(e), 5(a), and 5(b)] is explained by a
crossover between WAL and WL [24,30,31].

Unfortunately, it is not possible to design a simple model
that describes quantitatively the resistance values based on
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two types of domain walls with fixed resistivity. Among other
aspects the conductivity of the domain walls is determined
by the respective number of carriers in the domain wall. As-
suming that the initial number of carriers is constant, different
domain wall configurations with different total lengths and
different contributions from type 1 and type 2 must have
different conductivities and will thus contribute differently to
the MR. It is even unclear whether the carrier concentration is
homogeneous through the domain walls or can vary between
different positions.

V. CONCLUSION

In conclusion we state that in our experiments we found
effects that can be predicted based on the theory of filamentary

transport but that do not fit the model of a quasi-2D electron
gas with sheet conductivity at the LAO/STO interface. Both
resistance and magnetoresistance have random values within
a certain range consistent with the formation of two different
types of conducting domain walls with different orientation
with respect to the surface. The results point out the fact that
in the case of small-area structures the microscopic domain
wall structure needs to be taken into account to explain various
transport phenomena which may not necessarily be explained
by the existing theories for large-area structures.
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