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An epitaxial interface between two strongly correlated transition
metal oxides can lead to emergent electronic states at the
interface, because the explicit breaking of translational symmetry
can nucleate new electronic phases.[1–4] Recent studies have
shown that new interfacial states in oxides can be designed and
constructed using physical vapor deposition techniques (for a
review, see Reference [5]), and when the interface is repeated in
close spacing (�a few unit cells), it can lead to bulk-like
properties.[6,7] Some interfaces that have attracted considerable
attention recently are those formed between two perovskites of
LaTiO3 and SrTiO3

[8] or LaMnO3 and SrMnO3.
[6,7,9] These

constituents are all insulating individually in the bulk phase.
However, the interfaces become highly conductive via different
mechanisms; the interface of LaTiO3-SrTiO3 has layer-to-layer
charge transfer[10,11] and the interface of LaMnO3-SrMnO3 is
between two antiferromagnetic insulators.[6,9,12] Some strongly
correlated perovskites also exhibit competing orders involving
charge and spin, resulting in a heightened sensitivity to
temperature, external fields, and strain.[13] By combining
different perovskites in an epitaxial superlattice, the interruption
of translational lattice symmetry and strain can be used to favor
one competing order over others.
Growing atomically sharp interfaces and controlling the
stoichiometry and defects have been shown to be critical for
achieving desired interfacial properties.[1,14–18] Atomic resolution
characterization is essential to determine the interface structure
and to map interfacial electronic states. This can be achieved by
electron energy loss spectroscopy (EELS) in combination with
atomic resolution scanning transmission electron microscopy
(STEM) using an annular dark-field (ADF) detector.[19] Here, we
report the interfacial electronic structure characterization of a
m� (LaMnO3)/n� (SrTiO3) superlattice based on aberration-
corrected STEM and EELS. This superlattice was designed to
enhance the optical absorption using interfacial states by
contacting a band insulator, SrTiO3 (STO), with a
Mott-insulator LaMnO3 (LMO).[20] This system is also interesting
because of the presence of La1-xSrxMnO3-SrTiO3 and
Sr1-xLaxTiO3-LaMnO3 interfaces shown in the layering model
of Figure 1a. La1-xSrxMnO3 in bulk phase is a spin-polarized and
ferromagnetic and has received considerable attention recently
for spin-valve applications.[21] La doping makes Sr1-xLaxTiO3

metallic for x as small as <0.1[22] and superconducting. We have
grown a 2� 2 superlattice withm¼ n¼ 2 over a large thickness of
63� 1 layers of LMO and STO. The structure consists of one unit
Figure 1. The atomic structure of an oxide superlattice characterized by
electron imaging and diffraction. a) Amodel of the 2� LaMnO3/2� SrTiO3

superlattice. b) A HAADF-STEM image shows atomic level sharpness of
films c) Nanoarea electron diffraction pattern shows the strong funda-
mental reflections and weak satellite reflections (q) from the superlattice.
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Figure 2. Atomic scale mapping ELNES of Ti and Mn L2,3 edges. a) The
HAADF-STEM image marked with the position of the EELS line scan and
EELS spectral maps for Ti and Mn L2,3 edges and LaM5. b) The integrated
edge intensity of the Ti L2,3 used to identify sites 1 and 2, which have little or
no Mn mixing, and site 3 with significant Mn mixing. c) Similarly, the
integrated edge intensity of theMn L2,3 used sites 1 and 2 with little or no Ti
mixing, and site 3 with Ti mixing. d,e) Averaged spectra obtained from the
sites identified in b) and c).
cell each of LMO, La0.5Sr0.5MnO3, STO and Sr0.5La0.5TiO3. The
small repeating 2� 2 supercell and change of both cations on the
A sites (La and Sr) and B sites (Mn and Ti) in the perovskite
structure make this superlattice particularly challenging for both
synthesis and characterization. The aberration corrected STEM
allows EELS core loss fine structure to be analyzed on an atomic
scale.

We use the atomic layer-by-layer MBE (ALL-MBE) technique to
grow the oxide superlattice. Past studies have shown the
ALL-MBE can be used to grow oxide thin-films with 10�2 unit
cell precision in composition, and making use of beam flux
gradients to provide a range of integrated doses, regions in a
sample with 10�3 unit cell precision can be identified.[23] Details
for growth are presented in the paper by Zhai, Eckstein, and
collaborators in this issue. The growth was started by depositing
first 6 layers of STO as a buffer layer, followed by the growth of
superlattice. The growth after the first 3 supercells remained
periodic for the remainder of the growth. Figure 1b displays a
HAADF STEM image of the upper supercells of the superlattice,
which shows that epitixial growth of the films was carried out with
atomic sharpness. The superlattice structure was quantified using
nanoarea electron diffraction.[24] An example of the superlattice
nanoarea electron diffraction pattern is shown in Figure 1c. A
diffraction pattern was also recorded from the STO substrate near
the superlattice (not shown) and used for calibration. The
diffraction spot indexed as (001) is the film growth direction.
Weak first order superlattice reflections (�q) along (001) are clear
in the pattern. Using the calibration obtained from the STO
substrate, wemeasured the c-axis length of the average perovskite
cell in the superlattice from Figure 1c and obtained cSL ¼ 3:92 Å.
The c-axis is elongated by 0.4% compared to the STO substrate.
The distance of the first order reflection, q, is measured at 0.237.
An ideal 2� 2 superlattice should have q¼ 0.25. Thus, for this
particular sample, there is a deviation of�5.2%, corresponding to
an incommensurate lattice of mixed 2 to 3 unit cells with an
averaged repeat of 4.2 times the perovskite unit cell.

The high spatial resolution of EELS allows us to examine the Ti
andMn L2,3 edges of individual atomic columns. Figure 2a shows
an EELS line scan background subtracted with an exponential law
across eight supercells. The integrated edge intensity is plotted in
Figure 2b and 2c for Ti and Mn L2,3 edges respectively. In each
profile, sites where the integrated edge intensity is near the
maximum are identified as predominantly Ti or Mn sites and
labeled as 1 and 2, respectively. Sites where there are significant
mixed Ti andMn signals are identified as 3. Figure 2d plots the Ti
L2,3 edges obtained from the three sites. For comparison, the Ti
L2,3 edge obtained from a separate linescan over the STO
substrate is also plotted. Its energy loss axis was shifted so the
edge onsets are at the same value for comparison. The spectra are
normalized above the edge threshold in the energy window
between 470 and 490 eV. Ti sites 1 and 2 in the superlattice show
similar near edge structure. However, these Ti L2,3 edges are
different from that of the substrate. The Ti spectra from the
superlattice have slightly more intensity between the t2g and eg
peaks for both the L2 and L3 edges, while the spectra from the
substrate has a sharper drop in the minimum between these
peaks. The difference is not caused by a change in EELS energy
resolution; both spectra were obtained with the same instrument
setting. This will be further discussed next together with
Adv. Mater. 2010, 22, 1156–1160 � 2010 WILEY-VCH Verlag G
evidences from the O K edge. The Ti L2,3 edges obtained from
site 3 have a smaller intensity and the same ELNES features as the
other two sites. The comparison for two different Mn atomic
columns is shown in Figure 1e, which is normalized to the
minimum between the L3 and L2 peaks. Mn sites 1 and 2 give
similar ELNES. A noticeable difference is observed in the
spectrum obtained from site 3 characterized by a larger increase
in L3 edge peak than the L2 edge. The change in the L3/L2 ratio in
Mn oxides, in general, indicates a change in the oxidation
state.[25,26]

The chemical structure that we concluded from the EELS data
of Figure 2a and HAADF-STEM images is shown schematically
in Figure 3a. There are two different Mn and Ti sites respectively
in the superlattice with Ti2 and Mn2 between LaO and SrO
atomic layers. In the simple ionic picture with La and Mn as 3þ,
Ti as 4þ cations, and O as 2- anion, the superlattice is neutral and
there is a dipole across 2.5 unit cells between the LaO atomic layer
above the Ti2 and MnO2 atomic layer of the Mn2 site. To look for
possible effect of this dipole, we examined the O K edges inside
the superlattice and in the STO substrate. The O K edge has been
shown to be sensitive to the electronic structure in oxide
superlattices.[27,28] However, in these previous studies, the EELS
mbH & Co. KGaA, Weinheim 1157
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Figure 3. The mapping of O K edge for Ti and Mn atomic columns inside
the superlattice. a) the O K edgemap from a line across a single supercell of
the superlattice. The map is shown together with a structural model of the
superlattice, the HAADF-STEM image and the Ti L2,3 edges obtained in the
same line scan. The spectral maps were background subtracted with an
exponential fit. b) O K edge spectra on four different atomic sites, Ti1, Ti2,
Mn1 and Mn2, as labeled in a). An averaged O K edge spectrum obtained
from the SrTiO3 substrate is also shown for reference. The down arrows
point to the prepeak of the O K edge as discussed in text.
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spatial resolution was not high enough to examine the O K edge
on an individual unit cell basis. In this study, the spatial resolution
of EELS is significantly improved with aberration correction as
evidenced by the above Ti and Mn L edge data.

Figure 3 examines the ELNES of the O K edge that is mapped
within the length of a superlattice unit cell. The HAADF-STEM
image and the Ti L2,3 edges are shown together with the O K edge
in Figure 3a. The position of the O K prepeak in the EELS line
scan is indicated by the downward arrow. Figure 3b plots the EELS
spectrum of O K edge obtained on the Ti1, Ti2, Mn1 and Mn2
B-sites as illustrated in Figure 3a. The spectrum plotted is an
average of 3 to 4 spectra on each B-site. The spectra were
background subtracted using an exponential law. For comparison,
we also plotted in Figure 3b an averaged spectrum from the STO
substrate, which was obtained in a separate line scan. The energy
scale was shifted so the onsets meet at the same position. The O K
edge originates from the transition from the O 1s to unoccupied
2p states. This edge is pushed up to the continuum at higher
energy if the 2p states are fully occupied as for O2- ions. The
� 2010 WILEY-VCH Verlag Gmb
observed O K edge is the result of hybridization between the O 2p
and transition metal states. The main peaks of the O K edge can
be attributed to the 3d states of theMn or Ti B-site cation, 4d states
of Sr or 5d states of La at the A-site cation, and 4s and 4p of the
B-site cation as labeled in Figure 3b.[29–31] The relative strength of
the prepeak at 531 eV is an indication of d-band filling;[31] the peak
is strongest in the STO substrate where the d-band is largely
unoccupied, and the peak is weakest in LMO with its 3d t2g band
fully occupied in the spin up band. At the interface of between
atomic layers of LaO-MnO2-SrO, we see an increase in the
prepeak intensity, similar to the behavior of Sr doping in LMO.[32]

The prepeak intensity at Ti1 and Ti2 sites are similar. Both are
noticeably weaker than the prepeak in the STO substrate,
indicating a lowered number of unoccupied states of Ti 3d in the
t2g band of the superlattice. We also notice a significant peak shift
for the second peak of the O K edge attributed to the Sr 4d on all
superlattice sites as La 5d bands mix with Sr 4d (The eg peak is not
distinctly resolved in the spectra). The spectral shape is similar to
what is observed for La doped STO by X-ray absorption
spectroscopy.[22]

Figure 4 shows the transition of O K edges from the STO
substrate to the deposited STO buffer layer to first a few layers of
LMO and STO. The HAADF-STEM image marked with the line
scan position and the position of the STO buffer layer are shown
in Figure 4a and the O K edgemap is shown in Figure 4b together
with Ti L2,3, Mn L2,3 maps. All spectra were background
subtracted with a power law. The O K edge map reveals clear
changes in the superlattice 1) a shift to lower energy loss for the
peak attributed to hybridization of O 2pwith Sr 4d or La 5d, and 2)
a reduction of the prepeak intensity, while the O K edge in the
STO buffer is the same as the STO substrate. This trend is further
explored in Figure 4c, which plots the EELS spectrum of O K edge
taken from the STO substrate, the STO buffer and the STO layer
in the superlattice. The spectrum plotted was an average of 5
spectra in each case. There is no appreciable difference between
the overlapped O K edge from the STO substrate and the
deposited STO buffer layer film. The spectrum from the STO film
inside the superlattice (the position is marked in Figure 4b by a
white arrow) show similar ELNES features as observed in Figure 3
with broadening in the third peak attributed to O 2p hybridization
with Sr 4d and La 5d, a less intense prepeak, and a chemical shift
of the edge onset. The overlaid Ti L2,3 edges of the buffer layer and
STO substrate in Figure 4d also show no appreciable difference
while the spectrum from the STO thin film has a slight
broadening in the t2g-eg splitting of the L2 peak. The difference
plotted in Figure 4d is between the superlattice and an average of
the STO substrate and STO buffer layer. The same chemical shift
toward lower energy loss observed in the O K edge is also
observed for the Ti L2,3 edge. The amount of chemical shift is
measured at 0.22 eV, which agrees with the optical absorption
spectroscopy data.[20] The EELS results show that the band
alignment observed by the optical absorption spectroscopy occurs
in STO corresponding to a lowering of the conduction band edge.

The above observed chemical shift of O K and Ti L2,3 edges and
changes in the fine structure O K all point to new interfacial
electronic structures in the 2� LaMnO3/2� SrTiO3 superlattice.
The O K prepeak shows an increase at the Mn2 sites and a
decrease at both Ti sites indicate that the electron from the LaO
atomic layer is redistributed in STO and the interfacial Mn2. The
H & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 1156–1160
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Figure 4. a) HAADF STEM image after a linescan shows the buffer layer of
STO indicated by the bracket over the STO substrate. The buffer layer and
thin films are slightly misoriented from the substrate. This misorientation
disappears in the third supercell. b) EELS spectra background subtracted
with a power law fit. The broad peak in the O K edge shifts towards lower
energy loss in the STO thin films, but not in the STO buffer layer. c) Ti L2,3
and O K spectra averaged over five integration points from the substrate,
buffer layer, and a STO film indicated by the horizontal white arrow.
change we observed in Ti L2,3 edge in STO is too small compared
to the difference in the fine edge structures that one expects for
Ti3þ and Ti4þ (see Reference [8]). The amount of electron transfer
to Ti likely is small, much less than one electron. The
predominant change in the O K edge within individual unit
cells suggests that electron transfer is achieved through the
transition metal and oxygen bonding. The small electron transfer
into STO observed here is in contrast to a recent EELS study on a
17�LMO/2�STO superlattice,[33] which reported mostly a Ti3þ

oxidation state in STO. This superlattice has an extra LaO atomic
layer, which is not present in our case.

In summary, we have demonstrated direct EELS evidences of
interfacial electronic states for band alignment and interfacial
electron transfer, or charge leakage, in a 2� LaMnO3/2� SrTiO3

superlattice. The superlattice is epitaxially strained. The band
alignment, in the form of a 0.22 eV chemical shift of O K and Ti
L2,3 edges, was observed in ultrathin STO. The electron transfer
from LMO to STO is evidenced by a reduction in the intensity of
O K edge prepeak in STO, which is attributed to unoccupied O 2p
Adv. Mater. 2010, 22, 1156–1160 � 2010 WILEY-VCH Verlag G
states from hybridization with the Ti 3d t2g states. Electron probe
aberration correction was essential for the high spatial resolution
mapping of interfacial electronic states.
Experimental

After growth, cross sectional samples for electron microscopy were
prepared by mechanical wedge polishing and ion milling. Microscopy was
carried out on a 200 kV JEOL JEM2200FS STEM. This microscope is
equipped with a CEOS 3rd order probe forming spherical aberration (Cs)
corrector to reduce the probe size to �1 Å.[34] The microscope has been
shown to be able to resolve 1.04 Å spacing between two Ga atomic
columns viewed along the [120] direction in GaN thin films.[35] To record
EELS, the energy dispersion is obtained using an in-column omega-energy
filter. For EELS spectroscopy, we used a 26mrad probe convergence angle
and a 41mrad collection angle. The probe current was measured to be
�165 pA. (The image shown in Figure 1 differs from the other figures in
that the semi-convergence angle is 16mrad and the probe current is �13
pA). The EELS spectra are background-subtracted with an exponential or
power law to remove the contribution of random multiple scattering of
electrons through the sample.
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