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We present resonant soft x-ray scattering studies of Ti 3d and O 2p states at the interfaces of
SrTiO3 /LaAlO3 superlattices. From reflectivity analyses, focusing on the �003� peak which is
forbidden for our “ideal” superlattice structure, we concluded that the LaO �TiO2 /SrO and the
SrO �AlO2 /LaO interfaces have distinct reconstructions, breaking the heterostructure symmetry.
© 2009 American Institute of Physics. �doi:10.1063/1.3246788�

I. INTRODUCTION

Many oxide heteroepitaxial devices confront the need to
manage different possible interface atomic configurations,
which can have important effects on the electronic structure
at the most electrically sensitive regions of the device. For
example, in �001�-oriented manganite tunnel junctions or cu-
prate Josephson junctions, a perovskite such as SrTiO3

�STO� is typically used as the insulating barrier. Because
perovskites grow in unit cell �uc� blocks �a SrO /TiO2 double
layer for STO� in most growth techniques, the top and bot-
tom interfaces across the barrier have different atomic termi-
nations. Although most studies assume a symmetric barrier
in these junctions neglecting this interface asymmetry, evi-
dence is emerging that this is a crucial issue to understand
and optimize.1

One example of extremely anisotropic properties that
arise as a function of interface termination is the interface
between two band insulators STO and LaAlO3 �LAO�. This
system is especially interesting due to the metallic
conductivity2 and even superconductivity3 found at the inter-
face. In this STO/LAO heterostructure, the STO/LAO
�SrO �AlO2 /LaO� interface is different from the LAO/STO
�LaO �TiO2 /SrO� interface. The electronic structure of these
interfaces has been studied both experimentally4–14 and
theoretically,15–17 and there has been an intense debate about
the origin of this metallicity; that is, whether it is due to
oxygen vacancies �“extrinsic”�9,10 or due to the polar nature
of the LAO structure,4 which could result in an “electronic
reconstruction” as found in surfaces of polar materials by
Hesper et al.18 Photoemission spectroscopy has been recently
used to observe the electronic structures of such interfaces
individually19–23 but it cannot be applied to the study of het-

erostructures with multiple interfaces due to its surface sen-
sitivity. Therefore, little experimental information about the
change in the electronic structure in multilayers incorporat-
ing both interfaces has been obtained.

In this study we investigated the electronic structure of
the STO/LAO superlattice �SL� by resonant soft x-ray
scattering,24 which has recently been used to study
LaMnO3�LMO� /SrMnO3�SMO� �Ref. 25� and
La2CuO4 /La1.64Sr0.36CuO4 �Ref. 26� SLs. Since x-ray scat-
tering is a photon-in photon-out process, resonant soft x-ray
scattering is bulk sensitive, and can be applied to insulators
as well as metals. In this sense, this technique is complemen-
tary to photoemission, and well suited for studying the elec-
tronic structure of multilayers nondestructively. While nor-
mal x-ray scattering is proportional to the number of
electrons, that is the mass density of materials, in resonant
x-ray scattering one can obtain the information on the elec-
tronic structures near the Fermi level,27 which are composed
of transition-metal 3d and oxygen 2p states, by tuning pho-
ton energies to the energy of transition-metal 2p→3d or
oxygen 1s→2p absorption edges.

The �003� forbidden peak was used in Ref. 25 to study
the electronic structure of symmetric interfaces in LMO/
SMO. Here we show that a similar experimental approach
can be used to differentially probe the asymmetry of inter-
faces in ABO3 /A�B�O3 SLs, where two distinctly different
interfaces are formed. We introduce a model which is used to
analyze the energy dependence of the scattering in terms of
the known energy dependence of the absorption of the parent
bulk compounds, by taking into account the effects of the
photon energy-dependent refraction, the finite thickness of
the SL, which removes the total extinction in otherwise for-
bidden �003� reflections, and the photon energy-dependent
absorption depth which again has an energy-dependent finitea�Electronic mail: wadati@phas.ubc.ca.
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size effect. From our study of the photon energy-dependent
�002� and �003� Bragg peak positions and the overall reflec-
tivity spectra, we obtained direct spectroscopic evidence for
distinct reconstruction and electronic properties at the two
types of interfaces in STO/LAO SLs. These results indicate
that a simple SL of two components with asymmetric inter-
face reconstructions is sufficient to strongly break inversion
symmetry, without the requirement of three constituents as
theoretically proposed28 and experimentally realized.29–31

II. EXPERIMENT

The SL sample consisted of seven periods of 12 ucs of
STO and six ucs of LAO. The present samples were grown
on a TiO2-terminated STO �001� substrate32 by pulsed laser
deposition at an oxygen pressure of 1.0�10−5 Torr and a
substrate temperature of 1073 K. Figure 1 shows the trans-
port properties of the STO/LAO SL. The sheet resistance of
the SL in Fig. 1�a� was about 104 � /sq, much larger than
the case with significant oxygen vacancies.12 There is an up-
turn in sheet resistance at low temperatures. This behavior
was also observed in a single interface of LAO/STO �Ref.
14� and was attributed to the decreased carrier number and
mobility with decreasing temperature as shown in Figs. 1�b�
and 1�c�. The resonant soft x-ray scattering experiments were
performed at the elliptically polarized-undulator beamline of
NSRRC, Taiwan. The spectra were taken at 80 K. The inci-
dent light was polarized in the scattering plane �� polariza-
tion� with the detector integrating over both final polariza-
tions, i.e., both the �→� and �→� scattering channels. We
also measured x-ray absorption spectroscopy �XAS� spectra
in the fluorescence-yield mode.

III. RESULTS AND DISCUSSION

Figure 2 shows the characterization of the STO/LAO SL
by x-ray diffraction �XRD� �a� and scanning transmission
electron microscopy �STEM� �b�. From the XRD pattern
shown in Fig. 2�a�, one can see SL peaks and oscillations
between these peaks. The lattice constant of one period of
the SL was determined to be 73.45�0.03 Å from the peak
positions of the SL peaks. The STEM image in Fig. 2�b�
shows well-defined SL interfaces. There is more atomic in-
terdiffusion in LaO �TiO2 /SrO interfaces than in
SrO �AlO2 /LaO interfaces, consistent with the result reported
in Ref. 4.

Figure 3 shows the x-ray reflectivity spectra measured at
455 eV �Ti 2p off-resonance� �a� and 458.4 eV �Ti 2p on-
resonance� �b�. The Ti 2p XAS spectrum is shown in the
bottom panel of Fig. 4�a�. There are four basic structures
with dominant components corresponding to 2p3/2→ t2g,
2p3/2→eg, 2p1/2→ t2g, and 2p1/2→eg transitions. The line
shape is almost the same as that of bulk pure STO,33 which
means that the formal valence of Ti is close to 4+ in the SL,
consistent with the recent report of the Ti 2p XAS spectra of
a single interface of LAO/STO.13 Here we point out the fol-
lowing three points which show the advantage and necessity
of resonant soft x-ray scattering over XAS. The first one is
that XAS does not have any information of depth profile but
just observes the average, so is not sensitive to the possible
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FIG. 1. �Color online� Transport properties of STO/LAO SL. �a� Sheet
resistance, �b� sheet carrier density, �c� mobility.
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FIG. 2. �Color online� Characterization of the STO/LAO SL. �a� XRD pat-
tern, �b� STEM image with scattering factors defined for the interfaces.
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FIG. 3. �Color online� Comparison of the reflectivity spectra between ex-
periment and calculation. �a� Ti 2p on-resonance, �b� Ti 2p off-resonance,
�c� models of our SL samples.
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existence of Ti3+ in the interface, which contributes to only a
small amount of the total Ti 2p XAS spectrum. The second is
that XAS measures only the imaginary part of dielectric con-
stants, while scattering measures both real and imaginary
parts, resulting in a phase in the scattering amplitude which
is state dependent and causes strong interference effects in
the scattering intensity. The final point is that XAS is not
especially sensitive to interfaces and thus is not appropriate
to study multilayers, while interface sensitivity can be
achieved only by performing a scattering-type experiment, as
is the main topic of the paper. The reflectivity spectra in Figs.
3�a� and 3�b� show finite-size Fresnel oscillations corre-
sponding to the total thickness of seven periods, and �002�
and �003� Bragg peaks. The oscillations are clear at off-
resonance �b�, but not evident at on-resonance �a�. This is
because the attenuation length of photons at 455 eV is about
100 nm, which is comparable to the total thickness when
including the incident angle of about 20°–30°, but at 458.4
eV the attenuation length of only about 20 nm �Ref. 34� is
much shorter than the total thickness and therefore the oscil-
lations are not observed. Since the ratio of STO and LAO
thicknesses are 2:1, the �003� peak would be forbidden in the
infinitely thick and the zero absorption limit for samples of
the ideal structure. The structure factors for �002� and �003�
peaks are given as

S�002� = fTiO2,int + �0.94 + 1.63i�fTiO2,bulk

+ �− 0.50 + 0.87i�fAlO2,int + �− 1.44 − 2.50i�fAlO2,bulk

+ �1.27 + 2.19i��fSrO − fLaO� ,

S�003� = fTiO2,int − fTiO2,bulk + fAlO2,int − fAlO2,bulk, �1�

where fTiO2,int and fAlO2,int are the scattering factors at the
interface as defined in Fig. 2�b�, fTiO2,bulk and fAlO2,bulk are
those for bulk structures �SrO /TiO2 /SrO and
LaO /AlO2 /LaO�, and fSrO and fLaO are those for SrO and

LaO layers, respectively. From Eq. �1� one can see that �002�
is not particularly interface sensitive, but �003� is an
interface-sensitive peak, which will be forbidden if the inter-
face has the same scattering factor as bulk. In the case of
LMO/SMO SL, the �003� peak was observed only on-
resonance, but here it is observed in both on-resonance and
off-resonance. We consider that this is due to the difference
of the electronic structures between interface and bulk states
�fTiO2,bulk� fTiO2,int, fAlO2,bulk� fAlO2,int�, and/or atomic inter-
diffusion, and lateral roughness at the interfaces. We now
focus on a “normal Bragg” �002� peak, and a “forbidden
interface-sensitive” �003� peak.

To analyze the reflectivity spectra in Figs. 3�a� and 3�b�,
we used the recursive Parratt’s method35,36 and simulated the
reflectivity. Here we considered four models as shown in Fig.
3�c�. Model A is the case where all interfaces are sharp.
Model C is the case without any sharp interfaces with � or �
�here the refractive index n is equal to 1−�+ i�� at the inter-
face taken to be the average of that of STO and LAO. These
two models are considered as “symmetric models” because
they do not consider the difference of LaO �TiO2 /SrO and
SrO �AlO2 /LaO interfaces. Asymmetric models are models
B1 and B2. These models include different interfaces as far
as the refractive index is concerned. In model B1, only the
SrO �AlO2 /LaO interfaces are sharp and in model B2, only
the LaO �TiO2 /SrO interfaces are sharp. It was previously
reported that metallic behavior is only observed at
LaO �TiO2 /SrO �Ref. 2� and also the LaO �TiO2 /SrO inter-
faces are atomically less sharp than the SrO �AlO2 /LaO,4

seeming to support model B1. Motivated by these studies,
we investigated which model can best describe the reflectiv-
ity spectra. The comparison of the reflectivity spectra be-
tween experiment and calculation are shown in Figs. 3�a�
and 3�b�. One should note here that the energy dependence
of the attenuation length of photons �i.e., on-resonance and
off-resonance� has been taken into account by the energy
dependence of the imaginary part of the refractive index �.
From these figures one can see that the strong �003� peaks
are only present in asymmetric models. In the two asymmet-
ric models, model B1 reproduces the experimental results
fairly well for Ti 2p off-resonance �b�, but for Ti 2p on-
resonance �a�, model B2 gives a better description of the
experiment. Also we obtain the best fitting when the thick-
ness of the interface �dint� is taken to be about 3 uc. We
should note here that in model A, with no reconstruction, the
�003� peak is still present at on-resonance in Fig. 3�a�. This is
due to the short penetration depth of the x rays at resonance,
providing imperfect extinction as described before. From
these results, we conclude that our SL is a highly asymmetric
system with two different types of interfaces, and the thick-
ness of the interface is about 3 uc, but we cannot conclude
which model �B1 or B2� is better to describe the experiment.
In all four models, the interfaces are assumed to be indepen-
dent of depth, which is evidenced not to be the case from the
STEM data in Fig. 2�b� and may explain why none of these
models perfectly fits the experimental data. However, the
fact that the intensity of the �002� peak relative to that of the
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oscillations is well reproduced by models B1 and B2 means
that the distribution in interface roughness is not a dominant
factor.

Figure 4 shows the photon-energy dependence of the
�002� and �003� peaks near the Ti 2p �a� and O 1s �b� ab-
sorption edges. From the top and middle panels one can see
that both the �002� and �003� peaks show resonant enhance-
ment at these edges. The bottom panels show the �002� and
�003� peak heights together with the XAS spectra. These
peaks show enhancement where the Ti 2p or O 1s absorption
is strong. In O 1s there is no evidence of pre-edge structures
from states in the band gap. This is in sharp contrast to the
results of the LMO/SMO SL,25 where a pre-edge feature
appears corresponding to states at the Fermi level. This dif-
ference can be explained by the difference of the nature of
metallicity. In the case of LMO/SMO, metallic behavior is
due to the hole doping of insulating LMO, resulting in un-
occupied states at the top of the valence band, whereas in the
case of STO/LAO, metallicity is due to electron doping of
insulating STO so no new unoccupied states appear that
would be probed by resonant soft x-ray scattering. We should
note here that the energy-dependent behaviors of the �002�
and �003� peaks are very different, suggestive of some form
of interfacial reconstruction.

Further evidence for electronic reconstruction at the in-
terface is gleaned from an analysis of the peak positions at
these absorption edges. In the normal Bragg’s law m�
=2d sin 	, where m is an integer, and d is the thickness of
one uc of the SL. However, near the absorption edges, we
must use the following modified Bragg’s law,37 which takes
into account the effects of refraction

m� = 2d sin 	�1 −
4�̄d2

m2�2� . �2�

Here the refractive index n is written as n=1−�+ i�. For a
system with ideally sharp interfaces between the two com-

ponents, �̄ is defined as the average of �’s of STO and LAO,

that is, �̄�2�STO /3+�LAO /3. � and � are related to the real
and imaginary parts of the atomic scattering factors f1

0 and f2
0,

respectively. Since f1
0 cannot be determined experimentally,

we use the relationship that f2
0 is proportional to absorption

and determined f2
0 from the XAS spectra normalized to the

values from Henke’s table.38 f1
0 is then obtained from the

Kramers–Kronig transformation. The details of these proce-
dures are described in Ref. 37.

Figure 5 shows the analyses of the �002� and �003� peak
positions by using the calculated � and Eq. �2�. In the calcu-
lation, there is a large difference with finite �, which indi-
cates that the effects of refraction are substantial in these
absorption edges. From panels �a� and �c�, one can see that at
the �002� peak �normal Bragg peak� the agreement between
experiment and calculation is good, which confirms the va-
lidity of our analyses. However, panels �b� and �d� show that
at the �003� peak �interface-sensitive peak� the agreement is
rather poor. Our results are not a direct proof of the elec-
tronic reconstruction at the interface but it will be difficult to
explain the disagreement by just assuming structure recon-
struction without assuming any sort of electronic reconstruc-

tion effects �one possibility is changing the valence of Ti
from 4+ to 3+ at the interface�. A plausible explanation could
be that the electronic reconstruction of Ti 3d and O 2p states
at the interface changes the optical properties from those of
the pure components. This reveals that the underlying as-
sumption of electronically abrupt interfaces is not appropri-
ate and implies a different electronic structure and therefore
also a different energy-dependent dielectric constant from
that assumed in Eq. �2�. In order to distinguish, however,
between electronic reconstruction and oxygen vacancies, we
need a detailed theoretical understanding of the energy-
dependent resonant scattering and the electronic structure of
the interface. This is an important topic of our present-day
research.

IV. CONCLUSION

In summary, we investigated the electronic structures of
the STO/LAO SL by resonant soft x-ray scattering. The for-
bidden �003� peak was observed even at off-resonance, in
sharp contrast to the case of LMO/SMO.25 From reflectivity
analyses, we found that the LaO �TiO2 /SrO and the
SrO �AlO2 /LaO interfaces have quite different electronic
structures, breaking the inversion symmetry of this two-
component SL. From the peak position analyses taking into
account the effects of refraction, we found spectroscopic evi-
dence for electronic reconstruction of Ti 3d and O 2p states
at the interface.
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