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The ability to control materials properties through interface
engineering is demonstrated by the appearance of conductivity
at the interface of certain insulators, most famously the {001}
interface of the band insulators LaAlO3 and TiO2-terminated
SrTiO3 (STO; refs 1,2). Transport and other measurements in
this system show a plethora of diverse physical phenomena3–14.
To better understand the interface conductivity, we used scan-
ning superconducting quantum interference device microscopy
to image the magnetic field locally generated by current in
an interface. At low temperature, we found that the current
flowed in conductive narrow paths oriented along the crystallo-
graphic axes, embedded in a less conductive background. The
configuration of these paths changed on thermal cycling above
the STO cubic-to-tetragonal structural transition temperature,
implying that the local conductivity is strongly modified by
the STO tetragonal domain structure. The interplay between
substrate domains and the interface provides an additional
mechanism for understanding and controlling the behaviour
of heterostructures.

The complex oxides exhibit many spectacular phenomena,
including colossal magnetoresistance and high-temperature super-
conductivity that result from their special electronic properties.
In recent years, marked progress in the difficult task of growing
oxide heterostructures has enabled the field of oxide interface
engineering15, providing opportunities for electronics. LaAlO3
(LAO) and STO are both band insulators, but when four unit
cells or more of LAO are grown on a TiO2-terminated STO {001}
substrate, the interface conducts1,3. The prevailing explanation of
conduction at the interface is electronic reconstruction due to a
polar catastrophe in which charge migrates from the top LAO layer
to the interface3,16. Additional physical phenomena in LAO/STO
include superconductivity3,4,6,7,9,11,17 and magnetism5,8,10–14. The in-
plane angular dependence of magnetoresistance18, strong trends
in spin–orbit coupling with applied back gate voltage obtained
from magnetotransport9,17,19, and quantum oscillations9,20 all show
a diverse set of behaviours in transport studies, but the possibility of
correlation between the transport and the local structure is relatively
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unexplored. Our previous work13,14 showed that magnetism and
superconductivity in this system can be inhomogeneous. We ap-
plied the same local measurement techniques to explore the rela-
tionship between structure and normal current flow.

Here we locally probed how current distributed in seven samples
(Supplementary Table S1) using a scanning superconducting
quantum interference device (SQUID) with micrometre-scale
spatial resolution21,22. We applied an a.c. current to each sample
and used lock-in techniques to image the a.c. flux, which
is a convolution of the SQUID’s point spread function and
the z component of the magnetic field due to local currents
(Fig. 1a and Methods). All images presented are normalized by
the applied current.

We first present images of sample H1, which is patterned so
current flows in a barwith awidth that is smaller than that of a single
image. In a simulated flux image for current flowing in a sample
shaped like sample H1 but with uniform conductivity (Fig. 1b), the
measured magnetic flux monotonically changes from positive to
negative inside the Hall bar, and decays to zero outside. The actual
measured magnetic flux in sample H1 (Fig. 1c) similarly varied
overall from positive to negative, but substantially deviated from
smooth, monotonic behaviour, demonstrating that the current
density varies strongly as a function of position.

Although the qualitative conclusion is clear from the raw
data, we can better visualize the spatial variations by using an
experimentally determined point spread function from a nominally
identical SQUID and techniques outlined in ref. 23 to extract
the two-dimensional (2D) current density from flux images. We
normalized the 2D current density by the r.m.s. amplitude of the
applied current, giving units of µm−1. The component of the 2D
current density parallel to the long dimension of the Hall bar shows
a large spatial variation in the magnitude of current flow (Fig. 1d).
Line cuts of the current reconstruction reveal that themodulation of
the current density is at least a factor of two in sample H1 (Fig. 1e).
The height of the actual current modulation and corresponding
conductivitymodulationmay bemuch higher because the observed
variations are resolution-limited (Supplementary Information).
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Figure 1 | Scanning SQUID measurements of current in LAO/STO
heterostructures. a, In our measurement set-up, the magnetic flux through
the pickup loop (red) from current flowing in the sample is measured as a
function of position. b, Simulated flux image for the dimensions of sample
H1 with uniform conductivity. In a.c. flux images, positive flux is flux
measured out of the page and negative flux is into the page. c, Magnetic
flux image of current in patterned sample H1. Green outline indicates the
dimensions of the patterned LAO/STO. d, Reconstructed current densities
along the long dimension of the device are obtained from the raw flux
image. e, Line cuts through the current densities (dashed lines in d reveal a
large modulation of the amplitude of the current density with position).
Scale bars, 30 µm.

The current does not flownear the edges of the patterned sample,
similar to the behaviour of the superfluid density, which disappears
near patterned edges24.

The paths of higher current density are oriented along the
[100]p STO crystal axis, which is also parallel to the edge of the
Hall bar (Fig. 1c). The p subscript indicates the pseudocubic axes
of the STO substrate. The growth direction is labelled [001]p.
Atomic force microscopy on sample H1 revealed that the STO
miscut terraces are not parallel to the current paths. This finding

excludes 1D electron gas at steps in the interface as the origin
of our observations25.

We now present images of an unpatterned sample, in which
current is able to flow throughout the entire sample, which is
much larger than any single image. Flux images of areas of
unpatterned sample M1 (Fig. 2) further reveal the structure of the
spatial variation in current density. The main features are thin,
resolution-limited paths of enhanced current flow, oriented along
[100]p (Fig. 2b), [010]p (Fig. 2a–c) and [110]p (Fig. 2d). We did not
observe similar features along any other direction. Seven samples
were measured and similar features were observed in six of them
(Supplementary Table S1). We also observed a small number of
features that are not resolution-limited, some of which are aligned
along the crystallographic axes (Fig. 2c).

To elucidate whether the current density in the narrow paths is
higher or lower than the average current density, we considered the
geometry of the sample. For the images in Fig. 2, we determined
the expected direction of current flow based on the position of the
contacts and where the image was taken on the sample (Fig. 2). The
projection of the current flowing in narrow paths onto the expected
current direction is parallel, rather than antiparallel, showing that
more current is flowing in the paths. Narrow paths of locally higher
current density appear in the middle and bottom panels of Fig. 2 as
red stripes. Our flux images are dominated by sharp features due
to current in narrow paths. Slowly varying fields from a 2D sheet
current are more difficult to quantify, so from the present data sets
on large samples we cannot accurately determine the fraction of the
current that flows in the narrow paths in sampleM1.

The configuration of current paths depends on the thermal
history of the sample. We thermally cycled sample M1 repeatedly
(Fig. 3a), and the a.c. flux in the sample area was imaged after each
cycle at 4 K (Fig. 3b–e). Thermal cycling above a temperature of
105K, underwhich the structure of bulk STO transitions from cubic
to tetragonal26, resulted in a new pattern of current paths (compare
Fig. 3b with c, and d with e); thermal cycling to a temperature
below 105K did not result in a similar change (compare Fig. 3c
and d). We therefore relate the configuration of the channels to the
configuration of STO tetragonal domains.

We imaged sample M1 with polarized light microscopy
(Methods), which confirmed the existence of a domain structure
that is similar in appearance and behaviour on thermal cycling to
current paths observed in these unpatterned samples (Fig. 3f–h and
Supplementary Information)

We checked the dependence of the features on both temperature
and back gate voltage. In the unpatterned sample M2, we observed
structure in the current flow at ∼5K similar to the features of the
type detected in Figs 1 and 2 (Supplementary Information). The
sharp features decayed strongly with temperature, falling beneath
the noise level between 40 and 45K, indicating that the paths
of enhanced conductivity do not exert major influences, if they
exist at all, above 40K. We also investigated normal current flow
down to 100mK in sample H2. Above the superconducting critical
temperature, we observed normal current paths oriented along
[110]p and [11̄0]p. The modulation of the normal current depends
on the back gate voltage and disappears below our noise level at
−100V in depletion (Supplementary Information).

It is natural to ask how the spatial patterns in the normal current
flow relate to superconductivity. Sample H2 was superconducting
with no applied gate voltage at the lowest measured temperature.
Wemeasured local diamagnetic susceptibility in sample H2 and de-
tected a small modulation (∼1% of the total diamagnetic response)
with the same orientation and position as the modulations in the
normal current flow (Supplementary Information).

The thermal history dependence of sampleM1 (Fig. 3) indicated
that the observed features are due to the tetragonal structure of STO
below 105K. We expect the domain structure near the interface to
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Figure 2 | Current in unpatterned LAO/STO flows in narrow paths. a–d, Top: magnetic flux images from current flowing through four 250 µm×85 µm
regions of a 5×5 mm sample. The dark and light lines next to each other correspond to a dipolar feature expected for the z component of a magnetic field
from a wire-like current. Blue arrows indicate the expected direction of current flowing in a homogeneous sample, showing that more current is flowing in
the narrow paths. Middle, bottom: variation in the 2D current density reconstructed from the a.c. flux parallel (red) and antiparallel (blue) to the direction
indicated with a black arrow. The background current density cannot be determined from the present data and analysis, so red and blue indicate more and
less current flowing with respect to an unknown 2D sheet current. All directions of narrow paths observed in sample M1 are shown: a–c, [010]p, b, [100]p
and d, [110]p. Scale bars, 30 µm.
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Figure 3 | Tetragonal domain structure of STO is the origin of narrow paths of enhanced conductivity. a, Thermal history of sample M1 with points
indicating when the a.c. flux was imaged. b–e, The same area of sample M1 was scanned after initially cooling down from room temperature (b) and after
cycling to 125 K (c), 91 K (d) and 117 K (e). Reconfiguration of the pattern of a.c. flux due to narrow paths of higher current occurred only when the sample
was cycled above the STO transition at 105 K, but not below. f–h, Polarized light microscopy images of different areas in sample M1 were taken at 20 K, at
near-crossed polarizers (f) and at near-parallel polarizers (g,h). We found domains aligned along the crystallographic directions [100]p, [010]p, [110]p and
[11̄0]p. Scale bars, 30 µm.

be determined predominantly by the STO substrate. The tetragonal
transition is driven by the rotation of the TiO6 octahedra about
the lengthened axis, labelled as the c axis26. The octahedral rotation
angle is 2.1◦ at 4 K, and the sign of the rotation alternates every other
octahedron in all three directions27. Domains with lengthening
along all three original cubic axes can form. The four possible
twin planes between two tetragonal domains expressed in terms of
the original cubic directions are (110)p, (11̄0)p, (011)p and (101)p
(Fig. 4). Twin boundaries intersect the conducting interface along
[110]p, [11̄0]p, [100]p and [010]p.

The directions of the narrow paths are consistent with local
conductivity enhanced by twin boundaries. Higher conductivity on
narrow domains with lengthening along either [100]p or [010]p,
but not both, are also possible scenarios. Higher spatial resolution
measurements could distinguish micrometre-sized domains from
domain boundaries. Antiphase boundaries only occur parallel
to the primary crystal axes28 so cannot by themselves explain

our observations. A combination of enhanced conduction on
boundaries and domains mentioned above may lead to a pattern
similar to the one observed.

The presence of LAO will most likely affect the tetragonal
domain structure near the interface. As the LAO layer is extremely
thin, we do not expect the domain structure of the LAO itself to
be on a micrometre-sized length scale. The lattice constant of bulk
LAO is slightly smaller than that of STO, so the LAO lattice constant
is shortened in the growth direction. In addition, more subtle
distortions to both the LAO and STO layers have been observed,
including lengthening of the TiO6 octahedra in the first layer of
STO (ref. 29), buckling between the cations and oxygen in the
LAO layers30, and octahedral distortion and rotation induced by the
LAO in the STO layer31. The structural distortion, and therefore
polarization of both the LAO and STO are directly linked to the
properties of the interfacial conduction32. All of these effects may
be important to the structure of twin boundaries and tetragonal
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Figure 4 | Schematic twin boundaries and domains in the STO crystal structure in the tetragonal phase. A view of STO domain structure looking along
the growth direction, [001]p. a,b, The twin planes (110)p (a) and (101)p (b) result in four possible geometries (the two shown here and their rotations by
90◦). The twin boundary extends in the growth direction in a whereas the boundary shown in b extends at approximately 45◦ to the growth axis. TiO6

octahedral rotations (circular arrows, φ) along the lengthened c axis (black arrows) are exaggerated, and the exact structure of TiO6 octahedra close to the
twin boundary and interface will be more complicated.

domains near the interface, and therefore useful for understanding
the physical interpretation of our results.

We now turn to a discussion of possible origins of the enhanced
conductivity. Walls between ferroelectric domains are conducting
in other perovskite systems that are known to be ferroelectric33,34,
but there is no clear evidence for ferroelectricity in LAO/STO, so
we consider differentmechanisms. Enhanced domainwallmobility,
with similar temperature dependence to the observed features
(Supplementary Information), was attributed to increased polarity
of walls at low temperatures35. Domain walls in STO are also
predicted to be polar with an enhancement of the polarization in the
presence of free carriers36. For a polarization parallel to the wall and
perpendicular to the interface, we would expect an accumulation of
charges that could lead to a change in conductivity along the wall
that depends on the polarization. We, however, have not observed
narrow paths of decreased conductivity that we would naively
expect for domainwalls with a range of polarization directions.

Higher conduction due to tetragonal domain structure indicates
a local increase in mobility or carrier density. The mobility of
La-doped STO has been shown to be strongly enhanced by strain37,
and the strain due to twin boundaries or tetragonal distortion of the
interface may similarly decrease the effective mass. We are unaware
of any mechanism by which scattering could decrease by a large
amount at a twin boundary or in certain domains. The low-energy
twin boundaries in STO are not expected to be charged28, although
an increase in carrier density could come from increased oxygen
vacancy density near the boundary or a change in the twin structure
near the interface. Detailed theoretical studies of the change of the
domain structure near the interface and the electronic details arising
from this change are needed to clarify the origin of the locally
enhanced conductivity observed.

Factors important for domain formation, such as strain and
cooling rate, will also influence the local conductivity, which
may manifest itself in transport studies at low temperatures.
Anisotropic conductivity and dependence of transport on other
direction-dependent tuning parameters, such as an externally
applied magnetic field, may also be affected by the presence
of enhanced conductivity due to tetragonal domain structure.
In addition, the extraction of global physical parameters from
transport assuming uniform conduction may have to be modified
for samples with a high density of paths of enhanced conduction
(for example, Fig. 1).

The interplay of interfacial conduction and domain structure
adds another level of intricacy to the physical phenomena observed
in complex oxide heterostructures. This work emphasizes the ability
of small structural changes in the perovskite crystal structure to
strongly influence the electronic properties of heterostructures. We
have shown that the intersection of domain structure and interfaces
can exert effects on the physical properties of the materials system,
effects that may not be limited to conductivity in other materials.
Accounting for and controlling domain structure may enable the
engineering of new and interesting physical systems.

Methods
Sample H1 was patterned using an AlOx hard mask. The sample was prepared in a
similar manner to ref. 7. Atomic force microscope images of the patterned sample
H1 showed terraces with an average width of 200 nm, indicating a miscut angle of
0.1◦. The sample had a 2K sheet resistance of 2.45 k�, low-field (1 T) Hall sheet
carrier density of 3.56×1013 cm−2, and a Hall mobility of 71.5 cm2 V−1 s−1. Gold
contacts were patterned onto samples M1 and M2 using ion etching and filled
by sputtering with ∼50 nm of Ti and then ∼150 nm of Au. LAO was deposited
in partial oxygen pressure using pulsed-laser deposition and was post-annealed
in a partial pressure of oxygen. Typical mobility and carrier concentrations for
samples grown under these conditions are presented in ref. 3. Resistance versus
temperature measurements of sample M1 show typical behaviour as well as a
two-point resistance of 340� at 4.2 K during the SQUID measurement. Atomic
force micrographs of the substrate of sample M1 show terrace widths of on average
200 nm and a miscut angle of 0.1◦. Transport data for samples H1 and M1 are
provided in the Supplementary Information.

We used a scanning SQUID to image magnetic fields from the samples by
recording the magnetic flux through a 3-µm pickup loop (Fig. 1a) as a function
of position21,22. The measured flux is given by Φs =

∫
g (x,y)B ·da, where the

integral is taken over the plane of the SQUID, g (x,y) is the point spread function
of the pickup loop, B is the magnetic field produced by the sample, and da is the
infinitesimal area vector element that points normal to the plane of the SQUID.
We applied an a.c. current to the sample and used lock-in techniques to image the
flux due to local currents in the sample. Thus, each flux image is a convolution of
the SQUID pickup loop and the z component of the magnetic field produced by
a current. A current-carrying wire appears as a white stripe next to a dark stripe.
To provide more intuitive images, we deconvolved the pickup loop’s point spread
function from the raw data and inverted the resulting magnetic field to produce a
current image, as described elsewhere23.

The r.m.s. amplitude of the applied current is 15.8 µA in Fig. 1c, 147 µA in
Fig. 2a,d, and 294 µA in Figs 2b,c and 3. Features typical of those presented in the
main text were imaged at several different applied currents, and the features in
un-normalized flux images scaled linearly. The frequency of the a.c. current varied
between 600Hz and 5 kHz. We also imaged local magnetic susceptibility using a
field coil on the SQUID chip that is concentric with the pickup loop22.

Measurements on samples H1, M1 and M2 were made using scanning
SQUIDs with a base temperature of 4.2 K. Measurements of superconductivity
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and normal current in sample H2 were made using a scanning SQUID in a
dilution refrigerator21,22.

We used a constant flow cryostat with optical access and
polarization-preserving components for polarized light microscopy. Light
was first linearly polarized and was then reflected off the surface of the sample.
The reflected light was analysed using a second polarizing filter. The contrast
in an image was due to spatially dependent rotation of the light’s polarization
reflected off the sample.

Received 5 March 2013; accepted 6 August 2013; published online
8 September 2013

References
1. Ohtomo, A. &Hwang, H. Y. A high-mobility electron gas at the LaAlO3/SrTiO3

heterointerface. Nature 427, 423–426 (2004).
2. Nakagawa, N., Hwang, H. Y. & Muller, D. A. Why some interfaces cannot be

sharp. Nature Mater. 5, 204–209 (2006).
3. Thiel, S., Hammerl, G., Schmehl, A., Schneider, C. W. & Mannhart, J.

Tunable quasi-two-dimensional electron gases in oxide heterostructures.
Science 313, 1942–1945 (2006).

4. Reyren, N. et al. Superconducting interfaces between insulating oxides. Science
317, 1196–1199 (2007).

5. Brinkman, A. et al. Magnetic effects at the interface between non-magnetic
oxides. Nature Mater. 6, 493–496 (2007).

6. Caviglia, A. D. et al. Electric field control of the LaAlO3/SrTiO3 interface
ground state. Nature 456, 624–627 (2008).

7. Bell, C. et al. Dominant mobility modulation by the electric field effect at the
LaAlO3/SrTiO3 interface. Phys. Rev. Lett. 103, 226802 (2009).

8. Seri, S. & Klein, L. Antisymmetric magnetoresistance of the SrTiO3/LaAlO3

interface. Phys. Rev. B 80, 180410 (2009).
9. Ben Shalom, M., Ron, A., Palevski, A. & Dagan, Y. Shubnikov De Haas

oscillations in SrTiO3/LaAlO3 interface. Phys. Rev. Lett. 105, 206401 (2010).
10. Ariando, et al. Electronic phase separation at the LaAlO3/SrTiO3 interface.

Nature Commun. 2, 188 (2010).
11. Dikin, D. A. et al. Coexistence of superconductivity and ferromagnetism in two

dimensions. Phys. Rev. Lett. 107, 056802 (2011).
12. Li, L., Richter, C., Mannhart, J. & Ashoori, R. C. Coexistence of magnetic

order and two-dimensional superconductivity at LaAlO3/SrTiO3 interfaces.
Nature Phys. 7, 762–766 (2011).

13. Bert, J. A. et al. Direct imaging of the coexistence of ferromagnetism
and superconductivity at the LaAlO3/SrTiO3 interface. Nature Phys. 7,
767–771 (2011).

14. Kalisky, B. et al. Critical thickness for ferromagnetism in LaAlO3/SrTiO3

heterostructures. Nature Commun. 3, 922 (2012).
15. Mannhart, J. & Schlom, D. G. Oxide interfaces—An opportunity for

electronics. Science 327, 1607–1611 (2010).
16. Cancellieri, C. et al. Electrostriction at the LaAlO3/SrTiO3 interface. Phys. Rev.

Lett. 107, 056102 (2011).
17. Ben Shalom, M., Sachs, M., Rakhmilevitch, D., Palevski, A. & Dagan, Y.

Tuning spin-orbit coupling and superconductivity at the SrTiO3/LaAlO3

interface: A magnetotransport study. Phys. Rev. Lett. 104, 126802 (2010).
18. Joshua, A., Ruhman, J., Pecker, S., Altman, E. & Ilani, S. Gate-tunable

polarized phase of two-dimensional electrons at the LaAlO3/SrTiO3 interface.
Proc. Natl Acad. Sci. USA 110, 9633–9638 (2012).

19. Caviglia, A. D. et al. Tunable Rashba spin-orbit interaction at oxide interfaces.
Phys. Rev. Lett. 104, 126803 (2010).

20. Fête, A., Gariglio, S., Caviglia, A. D., Triscone, J. M. & Gabay, M.
Rashba induced magnetoconductance oscillations in the LaAlO3−SrTiO3

heterostructure. Phys. Rev. B 86, 201105 (2012).
21. Gardner, B. W. et al. Scanning superconducting quantum interference device

susceptometry. Rev. Sci. Instrum. 72, 2361–2364 (2001).
22. Huber, M. E. et al. Gradiometric micro-SQUID susceptometer for scanning

measurements of mesoscopic samples. Rev. Sci. Instrum. 79, 053704 (2008).
23. Nowack, K. C. et al. Imaging currents in HgTe quantum wells in the quantum

spin Hall regime. Nature Mater. advance online publication (2013).

24. Bert, J. A. et al. Gate-tuned superfluid density at the superconducting
LaAlO3/SrTiO3 interface. Phys. Rev. B 86, 060503 (2012).

25. Bristowe, N. C., Fix, T., Blamire, M. G., Littlewood, P. B. & Artacho, E.
Proposal of a one-dimensional electron gas in the steps at the LaAlO3–SrTiO3

interface. Phys. Rev. Lett. 108, 166802 (2012).
26. Cowley, R. A. Lattice dynamics and phase transitions of strontium titanate.

Phys. Rev. 134, A981–A997 (1964).
27. Unoki, H. & Sakudo, T. Electron spin resonance of Fe3+ in SrTiO3 with special

reference to the 110◦K phase transition. J. Phys. Soc. Jpn 23, 546–552 (1967).
28. Cao, W. & Barsch, G. R. Landau–Ginzburg model of interphase boundaries

in improper ferroelastic perovskites of D18
4h symmetry. Phys. Rev. B 41,

4334–4348 (1990).
29. Schwingenschlögl, U. & Schuster, C. Interface relaxation and electrostatic

charge depletion in the oxide heterostructure LaAlO3/SrTiO3. Europhys. Lett.
86, 27005 (2009).

30. Pauli, S. A. et al. Evolution of the interfacial structure of LaAlO3 on SrTiO3.
Phys. Rev. Lett. 106, 036101 (2011).

31. Jia, C. L. et al. Oxygen octahedron reconstruction in the SrTiO3/LaAlO3

heterointerfaces investigated using aberration-corrected ultrahigh-resolution
transmission electron microscopy. Phys. Rev. B 79, 081405 (2009).

32. Stengel, M. First-principles modeling of electrostatically doped perovskite
systems. Phys. Rev. Lett. 106, 136803 (2011).

33. Seidel, J. et al. Conduction at domain walls in oxidemultiferroics.NatureMater.
8, 229–234 (2009).

34. Guyonnet, J., Gaponenko, I., Gariglio, S. & Paruch, P. Conduction at
domain walls in insulating Pb(Zr0.2Ti0.8)O3 thin films. Adv. Mater. 23,
5377–5382 (2011).

35. Scott, J. F., Salje, E. K. H. & Carpenter, M. A. Domain wall damping and
elastic softening in SrTiO3: Evidence for polar twin walls. Phys. Rev. Lett. 109,
187601 (2012).

36. Morozovska, A. N. et al. Impact of free charges on polarization and
pyroelectricity in antiferrodistortive structures and surfaces induced by a
flexoelectric effect. Ferroelectrics 438, 32–44 (2012).

37. Jalan, B., Allen, S. J., Beltz, G. E., Moetakef, P. & Stemmer, S. Enhancing
the electron mobility of SrTiO3 with strain. Appl. Phys. Lett. 98,
132102–132103 (2011).

Acknowledgements
We thank G. A. Sawatzky, N. Pavlenko, S. Ilani, Y. Yacoby and A. Vailionis for
discussions, Y. Yeshurun and E. Zeldov for use of their optical set-ups, J. Drori,
D. Hadad and Y. Shperber for their assistance with the optical measurements and
M. E. Huber for assistance in SQUID design and fabrication. S. Ilani and collaborators
have performed complementary measurements by local electrostatic imaging. This work
was primarily supported by the Department of Energy, Office of Basic Energy Sciences,
Materials Sciences and Engineering Division, under contract DE-AC02-76SF00515. B.K.
acknowledges support from FENA and the EC grant no. FP7-PEOPLE-2012-CIG-333799.
Y.W.X. acknowledges partial support from the US Air Force Office of Scientific Research
(FAQSSO-10-1-0524). J.M. acknowledges financial support by the German Science
Foundation (TRR80).

Author contributions
B.K., E.M.S., H.N., J.R.K. and K.C.N. performed the SQUID measurements. B.K.
performed polarized-light measurements. B.K., E.M.S. and J.R.K. analysed the data with
input from K.A.M. C.B., H.K.S., Y.X., M.H. and Y.H. grew samples H1–H5. C.W., G.P.
and R.J. grew samplesM1 andM2. E.M.S., B.K. and K.A.M. prepared themanuscript with
input from all co-authors. H.Y.H., J.M. and K.A.M. guided the work.

Additional information
Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints. Correspondence
and requests for materials should be addressed to B.K. or K.A.M.

Competing financial interests
The authors declare no competing financial interests.

NATURE MATERIALS | VOL 12 | DECEMBER 2013 | www.nature.com/naturematerials 1095
© 2013 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nmat3753
http://www.nature.com/doifinder/10.1038/nmat3753
http://www.nature.com/reprints
http://www.nature.com/naturematerials


Copyright of Nature Materials is the property of Nature Publishing Group and its content may
not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's
express written permission. However, users may print, download, or email articles for
individual use.


	Locally enhanced conductivity due to the tetragonal domain structure in LaAlO3/SrTiO3 heterointerfaces
	Methods
	Figure 1 Scanning SQUID measurements of current in LAO/STO heterostructures.
	Figure 2 Current in unpatterned LAO/STO flows in narrow paths.
	Figure 3 Tetragonal domain structure of STO is the origin of narrow paths of enhanced conductivity.
	Figure 4 Schematic twin boundaries and domains in the STO crystal structure in the tetragonal phase.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests

