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Spatial inhomogeneities at the LaAlO3 /SrTiO3 interface:
Evidence from second harmonic generation
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Phase-sensitive, spatially resolved optical second-harmonic-generation experiments were performed on
LaAlO3 /SrTiO3 heterostructures. Lateral inhomogeneities on a length scale of ≈ 30 μm are found when a
one-unit-cell-thick epitaxial monolayer of LaAlO3 is grown on TiO2 -terminated SrTiO3 single crystals. The
inhomogeneity is absent in samples with LaAlO3 layers of more than one unit cell. The results are discussed in
the framework of electronic, oxidic, and chemical inhomogeneities.
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II. PROBING LaAlO3 /SrTiO3 INTERFACES BY SHG

I. INTRODUCTION: HOMOGENEITY
OF LaAlO3 /SrTiO3 INTERFACES

A quasi-two-dimensional electron gas is formed at the
n-type LaAlO3 /SrTiO3 interface when n  4 monolayers of
LaAlO3 are deposited onto the SrTiO3 substrate.1 Since its
discovery, the emergence of a conducting state between two
insulating oxides has been attracting strong interest.2,3 Quite
soon, it was realized that the so-called polar catastrophe
scenario describing an electrostatic breakdown4 captures the
mechanism driving the formation of the conducting state, but
it does not give a complete picture of the underlying physics
and phenomena. More detailed models have to account for the
interfacial carrier density observed in Hall measurements,3
which is found to be one order of magnitude lower than what
is predicted by the polar catastrophe scenario, as well as for
the distribution of oxygen vacancies5 and for the stabilization
of local inhomogeneities, such as a tip-induced conductivity.6
Recently, optical second harmonic generation (SHG) revealed
that the electronic reconstruction at the interface occurs at n =
3 with precursors at n = 1,2, while the onset of conductivity
occurs in a separate step at n = 4. Aside from carrier-trapping
scenarios, the occurrence of local inhomogeneities in the
electronic structure of the interface was proposed as a possible
reason for the delayed emergence of the conducting state.7 This
is supported by several theoretical and experimental works.8–11
In addition, evidence for magnetic12 and chemical13 phase
separation was reported. Yet the lateral spatial distribution of
the interface reorganization in the LaAlO3 /SrTiO3 system has
been the topic of only a few reports so far.12–15
In this work, we investigate the electronic reconstruction in
the LaAlO3 /SrTiO3 system by spatially resolved SHG. We
show that lateral polarization inhomogeneities on a length
scale of ≈ 30 μm dominate the optical response of the
LaAlO3 /SrTiO3 interface at n = 1, whereas a much more
homogeneous response is observed at n = 1, i.e., throughout
the electronic redistribution and the conductivity changes.
Possible reasons for the influence of the single LaAlO3
overlayer on the interfacial polarization inhomogeneity are
discussed.
1098-0121/2012/86(23)/235418(5)

SHG is a well established tool for studying polar asymmetries at the LaAlO3 /SrTiO3 interfaces.7,16 It describes the
induction of a light wave of frequency 2ω by a fundamental light wave of frequency ω according to Pi (ω) =
0 χij(2)k Ej (ω) Ek (ω). The component χij(2)k of the nonlinear
susceptibility tensor couples j - and k-polarized contributions
of the incident light field to an i-polarized contribution of the
SHG light field. In the electric-dipole approximation, χ (2) is
a polar tensor with χij(2)k = 0 in noncentrosymmetric systems
only.7 Thus, SHG is ideal for investigating interfaces, because
at interfaces the inversion symmetry is inherently broken. The
SHG response integrates over the entire region in which the
interface induces a polarization asymmetry. The bulk material
that is not affected by the presence of the interface does not
contribute to SHG. Here, by exploiting the lateral spatial
degrees of freedom of SHG, we reveal the in-plane polar
landscape of the interface.

III. SAMPLE PREPARATION

LaAlO3 /SrTiO3 heterostructures were prepared by depositing LaAlO3 on (001)-oriented and TiO2 -terminated SrTiO3
substrates by pulsed laser deposition. The Ti-terminated
SrTiO3 substrates were prepared according to the procedure
reported in Ref. 17: The purchased substrates were ultrasonically cleaned in demineralized water for 10 min and dipped for
about 30 s into a commercially available buffered fluoridic acid
solution. To facilitate surface recrystallization and remove any
residual contamination, a final annealing step was performed
at 950 ◦ C for several hours in flowing oxygen. Note that the
sample at n = 0, i.e., the bare STO substrate, was exposed to
the same preparation cycle as the samples at n > 0.
Three batches of samples grown in Augsburg or Naples7,16
were investigated under ambient conditions (air, 297 K). In
all of them, the interfacial conduction emerges at n = 4,
while samples with n < 4 were insulating. The growth process
was monitored via reflection high energy electron diffraction
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FIG. 1. (Color online) RHEED oscillations for the growth of n =
8 (black) and n = 1 (red) unit cells of LaAlO3 on the TiO2 -terminated
SrTiO3 substrate. The growth process is calibrated with the help of
the n = 8 sample, which reveals that 19 pulses complete a monolayer
(vertical lines). In the subsequent growth of the n = 1 sample, the
deposition is stopped after 19 pulses have been applied. The RHEED
signal equilibrates at maximum intensity.

(RHEED) as shown in Fig. 1. Particular care was taken to
ensure the completion of the sample at n = 1. At first, growth
of a sample at n > 1 was used to calibrate the growth process.
Figure 1 reveals that 19 laser pulses are required to complete
one RHEED oscillation and, hence, one monolayer of LaAlO3 .
Subsequently, the n = 1 sample was grown by stopping the
deposition after 19 laser pulses. Comparison of the RHEED
data taken during the n = 1 growth to those taken at n > 1
shows that this indeed completes the first monolayer.
The phenomena reported here were reproduced in all
three batches, which highlights their robustness against
growth-related differences and defects. Furthermore, all
LaAlO3 /SrTiO3 samples were prepared, treated, and investigated under identical conditions, which precludes external
perturbations as a source of possible artifacts. Prior to the SHG
experiments, the surfaces were cleaned with dry nitrogen gas
without the use of adsorbates.18 Note that the n = 0 samples
were not exposed to the PLD environment anymore after
pretests had shown that this exposure has no effect on the
SHG signal and its spatial distribution.
IV. EXPERIMENTAL SETUP

Frequency-tunable laser pulses of 130 fs were generated
at 1 kHz by an optical parametric amplifier pumped by a
Ti:sapphire amplifier system. All SHG images were taken in
a 90◦ -reflection geometry at a SHG energy of 2.1 eV.7 In
the following, p (s) indicates a linear polarization parallel
(perpendicular) to the plane of incidence. The samples were
imaged by a liquid-nitrogen-cooled digital camera using either
a telephoto lens (≈ 25 μm resolution) or a microscope lens
(≈ 1 μm resolution).
V. EXPERIMENTAL RESULTS

Figure 2 shows two spatially resolved SHG images of
LaAlO3 /SrTiO3 heterostructures with n = 1 and 3. Note

FIG. 2. (a,b) Spatially resolved SHG images of SrTiO3 covered
with n epitaxially grown monolayers of LaAlO3 . The images show
the area illuminated with the Gaussian laser beam and are scaled
to the respective minimum (black) and maximum (white) intensity.
Resolution is 25 μm. (c) Deviation from Gaussian laser beam profile
shown for typical horizontal line scans across the camera chip,
vertically averaging across three neighboring pixels. The sample with
n = 3 is chosen as representative for all the samples with n = 1. Lines
are guides to the eye.

that aside from intensity changes [Fig. 3(b)], no qualitative
difference between the images from samples with n = 1 was
observed, so that only the sample with n = 3 is shown representatively. For better comparability, both images are scaled
to the respective minimum (black) and maximum (white)
intensity. A Gaussian laser beam profile is fitted to the intensity
distribution in the images. Deviations from this profile are
shown in Fig. 2(c) for a central horizontal cross section through
the images in Fig. 2. The statistical variation of the data points
in this kind of line scan, the inhomogeneity parameter, is shown
in Fig. 3(a) as standard deviation, normalized to the value
obtained for the bare SrTiO3 substrate (n = 0).
For n = 1, deviations from the Gaussian beam profile are
dominated by shot noise and defects or dust particles on the
substrate or the camera. Neither the electronic reconstruction
at n = 3 (with the related increase of the SHG intensity) nor the
onset of conductivity at n = 4 affect the lateral homogeneity
of the SHG signal. However, striking differences are found
for n = 1 where we observe a blotchy distribution of the SHG
intensity. The blotchiness is also evident in the line scan for n =
1 in Fig. 2(c) and in the normalized inhomogeneity parameter
in Fig. 3(a). We see that the inhomogeneity parameter at n =
1 is about three times larger than for samples with n = 1.
Reproducibility was verified for different samples with n = 1
(open data points) yielding a mean value of the corresponding
inhomogeneity parameter of 3.35 ± 0.27, whereas a mean
value of 1.25 ± 0.22 is obtained for samples with n = 1.
In total, the blotchy SHG distribution was confirmed for four
samples at n = 1 from different batches and laboratories, while
the absence of inhomogeneities was verified for more than
ten samples at n = 1. Not a single sample contradicted this
pattern. In particular, no correlation to the interfacial transition
around n = 3 [Fig. 3(b)] was found. Thus, the blotchy SHG
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FIG. 5. Intensity of p-polarized contributions to the SHG signal
as a function of the polarization of the incident fundamental light for
LaAlO3 /SrTiO3 heterostructures with (a) n = 1 and (b) n = 1, here
represented by the sample with n = 12. Note that the s-polarized
lobes in panel (b) are magnified by a factor 5.
FIG. 3. (a) Inhomogeneity parameter describing the statistical
variation of SHG intensity in line scans as in Fig. 2(c) for different
values of n, normalized to n = 0. Reproducibility is confirmed by
values obtained on other samples at n = 1 (open symbols). (b)
Polarization-averaged SHG susceptibilities for different values of n
show that the abrupt change of SHG yield at n = 3 and the precursor
behavior in the vicinity of n = 3 have no effect on the inhomogeneity
parameter. Lines are guides to the eye.

distribution is a robust and exclusive feature of SrTiO3 covered
with a single monolayer of LaAlO3 .
Often, speckles as in Fig. 2(c) indicate interfering SHG
contributions from regions with a lateral extension below
the resolution limit.19 To determine the actual extension of
these regions, we took high-resolution images of the n = 1
samples, such as the one shown in Fig. 4(a). With the resolution
increased from 25 to 1 μm, we see that the SHG intensity varies
steadily across about 30 μm, which is thus the “inhomogeneity
length scale” of the n = 1 samples. It is found in all the n = 1
samples, but not in the samples with n = 1. [Note that the
remaining sub-μm graininess of Fig. 4(a) does not indicate
another substructure. It is found in all samples and caused by
diffuse reflection of the SHG light off the matted SrTiO3 rear
side.]

FIG. 4. (Color online) (a) High-resolution (1 μm) SHG image of
a LaAlO3 /SrTiO3 heterostructure at n = 1. The 50% contour lines
show that the “inhomogeneity length scale” of the sample is about
30 μm. The grainy substructure of the image is explained in the text.
(b,c) Typical AFM images of the same sample show a perfectly flat
SrTiO3 surface with substrate steps. The step height corresponds to
one unit cell of the SrTiO3 substrate. The long-range fluctuation of
brightness in panel (b) is caused by a known artifact of the scanning
process related to nonlinearities of the piezoelectric scanner of the
AFM. It is not caused by structural variations across the surface, as is
furthermore evidenced by the straight parallel monolayer steps which
are still clearly recognizable. (d) No micrometric inhomogeneities are
revealed by linear optical light microscopy.

Often the phase, aside from the intensity, of the SHG signal
carries important information on spatial inhomogeneities
such as domains. To understand the origin of the regions
resolved in Fig. 4(a), we therefore performed a phase-sensitive
polarization analysis of the SHG signal. In Fig. 5, we show the
polarization dependence of the SHG signal for samples with
n = 1 and 12. It was obtained by rotating the polarization of
the incident light while detecting the p-polarized contribution
to the SHG light. The fits for n = 1 and 12 show that for
both samples, the polarization dependence can be described
by the SHG tensor components χij(2)k allowed for the cubic
4 mm symmetry of the LaAlO3 /SrTiO3 interface.7 However,
the fit for the sample with n = 1 requires complex values for
χij(2)k , whereas real fit parameters are sufficient for n = 12 (and
any other sample with n = 1, not shown here). This constitutes
the presence of a substructure on a macroscopic length scale
in the n = 1 samples where regions differ primarily in the
phase of the corresponding SHG light wave. In particular,
the absence of new tensor components χij k = 0 shows that in
spite of the inhomogeneities, the interfacial symmetry in the
n = 1 samples remains at 4 mm: There are no indications of a
deviation from the cubic crystallographic phase.
It may be argued that crystallographic defects of the
substrate may cause the inhomogeneity revealed by the SHG
images. However, aside from the presence of substrate steps,
the atomic force microscope (AFM) scans in Figs. 4(b) and
4(c) reveal an atomically flat SrTiO3 surface. This was verified
in large-area AFM scans (100 × 100 μm2 , not shown here) and
at different positions on the sample. Likewise, linear optical
microscopy measurements [Fig. 4(d)] did not yield micrometric inhomogeneities. The RHEED oscillations (examplarily
shown in Fig. 1) do not show any indications that the first
LaAlO3 monolayer grows in a different quality or homogeneity
than the following monolayers. We thus conclude that the
topography of the SrTiO3 substrate and the LaAlO3 film is not
responsible for the inhomogeneity of the n = 1 samples.
VI. DISCUSSION

In the following, we will review a variety of mechanisms
that are known to cause spatial and SHG phase inhomogeneities, and we discuss to what extent they can be responsible
for the inhomogeneities observed here in the LaAlO3 /SrTiO3
system.

235418-3
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A. Electronic inhomogeneity

C. Chemical inhomogeneity

Many oxides are considered to be intrinsically electronically inhomogeneous at the nanoscale.20 The presence of any
distortions or defects induced during the growth process may
alter the electronic properties of the material in a nonlinear
way. For example, in manganites, theoretical studies that
explicitly consider long-range effects, such as Coulomb forces
between the electrons21 or cooperative oxygen octahedra
distortions,22 show that even a very low degree of disorder can
induce phase inhomogeneities. In SrTiO3 , cooperative polar
distortions coupling directly to SHG can occur at a very low
energetic cost as a consequence of its quantum-paraelectric
nature.23 Defects may produce long-range strain fields that
affect the homogeneity of the polarization at length scales
determined by the range of variation of the strain field. In
some manganites, it has been shown that this scale may
reach tens of microns,24 comparable to what we report in this
work. Thus, how could electronic effects explain the phase
inhomogeneity observed here in the LaAlO3 /SrTiO3 system?
According to Ref. 25, the electrostatic potential at the interface
leads to a competition between charge injection and polar
distortions right from the deposition of the first monolayer
of LaAlO3 . In agreement with Fig. 3(b), the polar distortion
(and with it the SHG yield) increases until charge injection
finally occurs. It is quite possible that at n = 1, the polar
distortion is still so weakly manifested that it does not occur
uniformly but breaks down into differently oriented regions
instead. This can lead to a spatial variation of the phase,26 or
of the phase and the amplitude, of the SHG wave. Deposition
of an additional LaAlO3 layer strengthens the polar distortion
and would therefore support a uniform polar distortion. This
scenario agrees well with our observations, but independent
evidence is required to establish it.

Aside from oxygen vacancies, chemical variations across
the sample are a possible source for the formation of inhomogeneities. First, the chemical composition is well known
to affect the phase of a SHG signal.27 Second, experiments
by Kelvin probe force microscopy and medium-energy ion
spectroscopy were interpreted in terms of a formation of
micrometer-sized regions with different La stoichiometry at
the LaAlO3 /SrTiO3 interface.13 The authors concluded that
La-doped areas in SrTiO3 can provide stable nucleation sites
promoting the formation of a stoichiometric LaAlO3 film.
Furthermore it is known that for thin LaAlO3 films, La-Sr
intermixing compensates for the interfacial dipole energy,
thus avoiding an abrupt interface as experimentally observed
in interdiffusion patterns of the SrTiO3 substrate.4,28 An
inhomogeneous interdiffusion pattern may thus lead to the
spatial inhomogeneities revealed by SHG. However, the details
of such a mechanism, including the question of its restriction
to the case of n = 1, would have to be clarified in order to
establish it.
Among the options discussed in Secs. VI A, VI B, and VI C,
we may thus favor electronic effects as being responsible for
the polar inhomogeneity of the n = 1 sample, and we may
exclude a scenario based on a clustering of oxygen defects. In
any case, independent experiments are required to go beyond
this very general discussion of mechanisms.

B. Oxidic inhomogeneity

Defects, such as oxygen vacancies, are a fundamental
ingredient of the physics of complex oxides. If an inherent
driving force triggers a clustering of the defects during the
deposition of the first layer of LaAlO3 , a lateral inhomogeneous distribution can be expected, leading to the observed
inhomogeneities. However, an interpretation in terms of defect
clustering inevitably implies that the clustering disappears
with the deposition of additional monolayers of LAO, thus
resulting in the homogeneous distribution of SHG intensity
that we observe. This is a very arbitrary assumption, especially
since oxygen vacancies continue to persist independent of the
thickness of the LaAlO3 layer. Hence, this scenario is unlikely.
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VII. CONCLUSION

In summary, we have observed lateral inhomogeneities
at the interface between a SrTiO3 substrate and a single
monolayer of LaAlO3 by means of spatially resolved optical
SHG. The inhomogeneous interface state is a transient one that
disappears once the second monolayer of LaAlO3 is deposited.
The inhomogeneities are characterized by the formation of
regions with a lateral extension of ≈ 30 μm. A general
discussion of possible mechanisms favors electronic effects,
considers the involvement of chemical inhomogeneities, but
discards an involvement of oxygen defects. Independent
experiments are required to further highlight this matter and
are anticipated by presenting our observations in this work.
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