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Presence and spatial distribution of interfacial electronic states in LaMnQO;-SrMnQ; superlattices
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We report direct evidence of interfacial states at the onset of O K edge confined to a spatial distance of 1
unit-cell full-width at half maximum at the sharp interfaces between epitaxial films of LaMnO3 and SrMnO;
from electron energy-loss spectroscopy (EELS) measurements. The interfacial states are sensitive to interface
sharpness; at rough interfaces with interfacial steps of 1-2 unit cells in height, experimental data shows a
reduction, or suppression, of the interfacial states. The EELS measurements were performed using a fine
electron probe obtained by electron lens aberration correction. By scanning the electron probe across the
interface, we are able to map the spatial distribution of the interfacial states across interfaces at high resolution.
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I. INTRODUCTION

The ability to nucleate new electronic states at coherent
interfaces between two oxides has generated considerable
excitement recently.'"% Correlated-electron interfaces, such
as the surface and interface of crystals, have a tendency to
reconstruct.>’ Interfacial electronic reconstruction was first
suggested between the Mott and band insulators of LaTiO;
(LTO) and SrTiO; (STO), which is metallic.' The interface
between LaMnO; (LMO) and SrMnO; (SMO) is another
system that has shown unique electronic and magnetic prop-
erties that are attributed to interface electronic
reconstruction.®” In bulk form, LMO is a Mott insulator with
a tgge;, configuration while SMO is a band insulator with
a tggeg electronic configuration. In the series of
(LMO),,/(SMO),, superlattices, experiments have shown
that the proximity to the interfaces between LMO and SMO
induces a metal-insulator transition highly dependent on n;
the system is metallic for <2 and insulating for n=3.*> In
both STO/LTO and LMO/SMO interfaces, charge leakage on
the scale of a few unit cells (u.c.) has been suggested as the
cause of interfacial electronic reconstruction.>”3 In the case
of the LMO/SMO interface, linear and circular magnetic di-
chroism in the Mn L, 5 x-ray absorption spectra demonstrate
in-plane interfacial ferromagnetic order attributed to the
charge redistribution across interfaces.” Charge-density cal-
culations indicated that the e, level in SMO is not occupied
except in a narrow region near the interface.’ Resonant soft
x-ray scattering (RSXS) (Ref. 10) of a LMO/SMO superlat-
tice revealed extra states above the Fermi level, which was
attributed to the quasiparticlelike states formed at the inter-
face of Mott and band insulators. Nakao et al. detected a
difference in Manganese (Mn) scattering at the LMO/SMO
interface by studying the energy dependence of scattering
intensity near Mn K edge.11 However, these measurements
do not provide direct information about the location and spa-
tial distribution of the interfacial states.
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To look for evidence of interfacial electronic reconstruc-
tion and study its spatial distribution at selected interfaces,
we have carried out a combined structural and spectroscopic
study of a (LMO),; g/ (SMO), 4 superlattice using aberration
corrected scanning transmission electron microscope
(STEM) imaging, electron energy-loss spectroscopy (EELS)
and electron nanodiffraction. The same superlattice was pre-
viously studied by polarized neutron reflectivity (PNR),
which revealed an enhanced, spatially confined (~3 u.c.),
ferromagnetic moment at the LMO/SMO interfaces.'> How-
ever, in the same superlattice the ferromagnetic moment is
suppressed at the SMO/LMO interfaces, which had a wavy,
stepped structure compared to the smooth, sharp, LMO/SMO
interfaces. One of motivations of this study is, thus, to map
the possible difference in the electronic structure at the two
different LMO and SMO interfaces. The benefits of aberra-
tion correction are the small and intense beam, which probes
the interface with increased resolution and greater signal to
noise ratio than the previous generation of STEMs.!3-10 Us-
ing this, we probed the electronic structure across the
(LMO),, 3/ (SMO), 4 superlattice by examining the fine
structure of Oxygen (O) K, MnL,; and Lanthanum
(La) M, 5 edges. The EELS study was performed in combi-
nation with structural characterization using high-angle an-
nular dark field (HAADF) STEM (known as Z contrast) im-
aging and electron diffraction. We show that the interfacial
states expected from interfacial electronic reconstruction are
present at the sharp interface. The interfacial states are sup-
pressed at rough interfaces of LMO and SMO. Furthermore,
from EELS mapping, we are able to determine the spatial
extent of the interfacial states to ~1 u.c. at the sharp inter-
face.

II. EXPERIMENT

The LMO and SMO superlattice was grown on a (001)
STO substrate (@=3.905 A) layer by layer at 700 °C by
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ozone assisted molecular-beam epitaxy.!” Details about the
growth can be found in Ref. 10. The x-ray reflectivity data
yielded a composition of (LMO),,g/(SMO),, for the
superlattice.'?> X-ray absorption spectroscopy (XAS) was ac-
quired from a piece of the same sample at beamline 4-ID-C
of the Advanced Photon Source. The circularly polarized
x-rays were incident at an angle of approximately 45° from
the sample surface. Data was acquired simultaneously in the
total electron yield (EY) (few nanometer probing depth) and
total fluorescence yield (FY) (~50-100 nm probing depth).
For the Mn L edge, we present the EY data which probes the
top LMO/SMO bilayer. Data in the FY mode shows a similar
result but with poorer signal to noise due to the low fluores-
cence yield at these energies. For reference, a sample of a
SrMnO; film was also grown on SrTiO; under the same
conditions as the superlattice.

The specimen for electron microscopy was prepared by
wedge polishing at a 1° angle and ion milled in a Gatan
model 691 Precision Ion Polishing System for several hours
at 4.0 kV and fine polished at 2.0 kV for 20 min. The speci-
men was plasma cleaned and transferred directly to the mi-
croscope for observation. A JEOL JEM 2010F operated at
197 kV was used to obtain electron nanodiffraction patterns.
High spatial resolution EELS in STEM mode was performed
on the TEAM 0.5 microscope, which is equipped with a
model 865 Gatan Image Filter Tridiem ER for EELS.'® The
microscope was operated at 80 kV to reduce knock-on dam-
age to the sample. After tuning the aberration corrector, the
spherical aberration coefficient (Cs) is ~ =5 um and the
chromatic aberration coefficient (C.) is ~2.1 mm. The
probe size used for STEM-EELS is 1.5 A and the energy
resolution for EELS collected with the monochromator set to
unfiltered mode is 0.8 eV measured by the full-width at half-
maximum (FWHM) of the zero-loss peak. The spectrum ac-
quisition was set at 0.1 eV/channel dispersion. The O K and
Mn L, ; EELS spectra were background subtracted with a
power law fitted using a simplex optimization routine. There
is a small variation in the dispersion of the recorded spectra;
the O K edge has a dispersion of 0.1 eV/channel while the
Mn L edge dispersion is slightly smaller. The Mn L edge
dispersion was calibrated with XAS spectra recorded at 50 K
and EELS spectra acquired in a JEOL JEM2010F micro-
scope operated at 197 kV. La M, s EELS spectra were ac-
quired in separate line scans from the O K and Mn L edges,
and are background subtracted with a power law imple-
mented in the GATAN DIGITAL MICROGRAPH software pack-
age. High spatial resolution HAADF STEM imaging was
performed on a JEOL JEM2200FS operated at 200 kV with a
CEOS third-order spherical aberration corrected probe [C
~=*5 um, C,~1.4 mm (Ref. 19)]. At the optimum imag-
ing conditions, the STEM HAADF resolution is 1 A20

III. ATOMIC STRUCTURE OF THE SUPERLATTICE

The atomic structure of the superlattice is a combination
of the atomic structure of the constituent La-Mn-O and Sr-
Mn-O layers, their interfaces and the interface with the
SrTiO; substrate. The SrTiO; substrate has a cubic perov-

skite crystal structure of the Pm3m symmetry with a lattice
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FIG. 1. STEM image of the superlattice acquired at 80 kV. The
dark films are StMnOj; and the lighter films are LaMnO;. Each
LaMnOs film contains valleys that are filled by StMnOs. The val-
leys propagate in the LaMnOj film as growth proceeds.

parameter of ¢=3.9051 A. In bulk form, LaMnO; at room
temperature has an orthorhombic structure of the Pbmn sym-
metry with lattice parameters of a=5.5367 A, ¢=5.7473 A,
and h=7.6929 A.2' The stochiometric StMnO; has a hex-
agonal structure with lattice parameters of a=5.449 A and
¢=9.078 A. Negas and Roth reported that a perovskitelike,
oxygen deficient, phase of StMnOs_, (with x~0.3) can be
stabilized at room temperature by quenching from a high
temperature of about 1400 °C.?? This anion deficient perov-
skite phase can be reoxidized at low temperatures to give a
nearly stochiometric cubic SrMnO; with a=3.806 A.
Figure 1 shows an annular dark field STEM image of the
superlattice in cross section at a medium-high magnification
acquired at 80 kV. The SMO layers appear as the darker thin
films and the LMO layers are the brighter thicker films. In
this image, atomic columns of Sr, Mn, and La are resolved
while O columns are not observed due to weak scattering of
light atomic columns. The image shows a coherent lattice
between the films and the substrate. A survey of the films
over a larger area revealed no misfit dislocations. In all films,
the top (away from the substrate) LMO-SMO interface is
sharp to a single unit cell and the bottom (toward the sub-
strate) SMO-LMO interface is rough to 2-3 u.c. The SMO-
LMO interface can be described as a series of flat regions
and valleys. A thin film of SMO was first grown on the STO
substrate. The first LMO film has a sharp interface with the
underlying SMO film. The roughness at the next SMO and
LMO interface appears to have developed during growth
from surface roughening on the growth front of the LMO
film. The overlying SMO film fills the valleys and the next
LMO film grows sharp on top of Sr-Mn-O and this process
repeats itself. The propagation of the valley through the su-
perlattice occurs approximately at a 30° angle to the growth
direction. Throughout the specimen, the valleys were found
repeating every 10-20 nm horizontally. At a field of view of
50X 50 nm, typically two valleys are seen in each supercell
along the width of the image. The last LMO film is grown
thinner than the underlying films. The surface of this last film
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FIG. 2. (a) High magnification STEM image acquired at 200 kV
with line profile markers. (b) Line profile through the films and
interfaces. Note that the line profiles go through nearly the entire
horizontal of the image. The upper LaMnO3-SrMnOj interface is
sharp while the lower SrMnO;-LaMnOj interface is rough to 1-2
u.c. The line profiles are vertically shifted for clarity.

was protected by an epoxy during sample preparation. The
contrast from the STEM image clearly shows the roughness
of this final film.

To characterize the interfacial roughness, we imaged the
superlattice at high magnification using atomic resolution
HAADF-STEM at 200 kV. The contrast difference between
La and Sr from the Z-dependence provides a good indication
of the interfacial roughness. Figure 2 shows an example of a
high magnification STEM image. We took horizontal line
profiles parallel to the substrate through the La and Sr atomic
columns. The intensity in the middle of the LMO film is
high, due to the scattering from the high-Z La columns. The
intensity through the middle of the SMO film is lower. The
intensity is fairly uniform with the average peak intensity of
the Sr atomic columns at the level of about 40% of the av-
erage peak intensity of the La atomic columns. The intensity
at the sharp LMO-SMO interface is about the same as the
LMO and uniform whereas the intensity at the rough SMO-
LMO interface varies from the low Sr signal to the strong La
signal. The HAADF signal shows the columns in the middle
of this line profile are La deficient. SMO fills in the LMO
valleys and recovers sharp films. Evidence of film sharpness
from the La EELS profile is presented in the next section.
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FIG. 3. (Color online) (a) Nanoarea electron-diffraction pattern
of the superlattice shows satellite peaks corresponding to a periodic
structure. The films in the superlattice are coherently strained to the
STO substrate. A survey of high-resolution STEM images in the
sample revealed no defects near the substrate-superlattice interface.
The weak reflections correspond to orthorhombic LaMnOs. (b)
Magnified view of the superlattice reflections shows a high quality,
periodic structure.

Figure 3 shows a diffraction pattern recorded from the
superlattice using a electron nanoprobe of 80 nm in diameter
placed on top of the superlattice and the vacuum. The probe
has a divergence angle less than 0.05 mrad.>® A diffraction
pattern was also recorded from the STO substrate near the
superlattice (not shown) and used for calibration. The dif-
fraction pattern consists of diffraction spots from the average
lattice and weak superlattice reflections in the vertical direc-
tion. The superlattice is fully coherent as evidenced by the
matching of the substrate and superlattice diffraction spots in
the in-plane, (010) direction. We used two different average
lattices for indexing the diffraction pattern, the lattice of a
simple perovskite, which is marked with P, and the lattice of
orthorhombic LaMnO;, which is marked with O. For the
lattice of a simple perovskite, we assumed the incident beam
is along the a” axis and the ¢* axis is perpendicular to the
superlattice (out-of-plane). The sharp diffraction spots along
the b* axis (in-plane) shows that the superlattice and the
substrate lattice are fully coherent. This agrees with our
STEM imaging results, which show no misfit defects at the
superlattice-substrate interface. Using the calibration of the
STO substrate, we measured the average c-axis lattice pa-
rameter of the superlattice from Fig. 3. The result is
c5.=3.873+0.001 A. Independent x-ray measurements
of the same superlattice give a similar value of
cs.=3.874+0.003 A. The ¢ axis is considerably shorter
than the b axis (3.9051 A) parallel to the substrate. The
diffraction spots indexed by the simple perovskite lattice are
the strong reflections shown in Fig. 3. Between these strong
diffraction spots, there are another set of weaker diffraction
spots. The stronger ones among these weak reflections can be
indexed based on the orthorhombic lattice of the LaMnO;
with the electron beam along the b* axis. The (100)y and
(001) marked in Fig. 3 are the two fundamental reflections
for this orientation. A set of much weaker reflections belong-
ing to the [101] of the orthorhombic lattice can also be seen
in the diffraction pattern. These results suggest an ortho-
rhombic, distorted, perovskite structure for the relatively
thick LMO films in the superlattice. This is consistent with
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FIG. 4. As-recorded O K edge and Mn L, 3 spectrum images
from the line marked in the STEM image. The sampling is 1 point
per 2 A and the spectrum images are smoothed to display the major
edge features. When the electron beams moves from LMO to SMO,
the O K prepeak rises and the Mn L3 peak maximum shifts toward
lower energy loss.

the findings of Aruta et al.,>* who concluded that LMO films
of 10 u.c. or thicker in the superlattice prefer the same orbital
ordering (distorted perovskite) as thick LMO films grown on
STO.

The superlattice reflections between two diffraction spots
of the average lattice from the box region of Fig. 3(a) are
shown in Fig. 3(b). The sharp diffraction spots indicate a
high-quality periodic structure. The distance between the su-
perlattice reflections is measured at 0.00262 1/A, corre-
sponding to a real-space period of 16.5 times the average
lattice. The period measured by diffraction is an average of
all supercells under the electron probe (the full superlattice in
this case). The noninteger supercell repeat period, thus, is a
result of averaging over the imperfect superlattice structure
as evidenced by Figs. 1 and 2. An examination of Fig. 1
shows some of the LMO-SMO layers have a supercell thick-
ness 16 times the average lattice while others are 17 times.
Additionally, the topmost supercell is only 13 layers thick.
There is no evidence of missing Mn-O, or La-O, or Sr-O
planes in high-resolution images such as Fig. 2.

IV. PROBING THE ELECTRONIC STRUCTURE OF THE
SUPERLATTICE

We use EELS spectra recorded along lines perpendicular
to the superlattice and the interfaces to characterize their
electronic structures. Figure 4 shows an example of EELS
line-scan spectra and corresponding STEM image. The spec-
tra shown in the three-dimensional surface plot correspond to
an unprocessed line scan with the energy detection window
of the EELS spectra centered around the O K edge and
Mn L, 5 edge. The surface plot is smoothed to show the ma-
jor changes in the shape of electron-energy core losses
among different layers. The EELS spectra were acquired in
2 A steps. As the probe moves from a LMO layer to a SMO
layer, the O K prepeak rises while the second peak shifts
toward higher energy loss. The spectra were recorded in a
region of relatively uniform sample thickness of ~0.5 mean-
free paths in the four supercells closest to the substrate (The
average estimated mean-free paths of LMO and SMO is 75
nm at 80 kV). To study the interfacial electronic structure,
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we analyzed the core loss EELS fine structure. The results of
these studies are described below.

The Mn L, 5 edge represent transitions from 2py,, to 2p;,
states to the unfilled 3d states. Their use for the study of Mn
valences are well documented.”>?’ Fig. 5(b) displays the
background subtracted Mn L, ; edges recorded along the
downward linescan as indicated in Fig. 5(a). The spectra
were normalized following the edge from 675 to 695 eV.
There are a total of 80 spectra in Fig. 5(b) with a real-space
sampling of 2 A between spectrum integration points; they
are labeled from spectrum number O to number 79. The L;
edge in Fig. 5(b) shows the most change in fine structure
while the change in the L, peak, which is weaker, is less
obvious. The change in the L5 edge fine structure appears as
a shift of the L; peak maximum position, which gives the
wavy appearance of the L; edge map as the electron probe
scans across the superlattice. The change in the L5 fine struc-
ture is further examined in Fig. 5(c), which plots the L; edge
for spectra number 5 to 20 across the first SMO layer. The
spectra number 9-14 are similar with the peak maximum
shifted by ~1.2 eV toward lower energy loss; these spectra
were recorded with the electron probe inside SMO. How-
ever, there is no obvious shift in the onset of the L; edge,
which would have indicated a valence change. A strong shift
of the L; onset and peak positions was measured by Kurata
and Colliex in an EELS study of bulk manganese oxides
where Mn ions are known to have several valences.”> How-
ever, the strong shift of the L; maximum was not observed in
previous work on similar LaMnO;-SrMnO; superlattice
samples.?®?? Rather a small shape change in the L; peak was
observed. Verbeeck et al.?®3° proposed if the Mn concentra-
tion was constant in their LMO-SMO superlattice, the lack
of a chemical shift has been suggested to result from either
oxygen vacancies in the SMO film or the covalent Mn-O
bond rather than a purely ionic bond. We also note that the
shift of the L; maximum is more abrupt at the sharp interface
and gradual at the rough interface. This is clear at the inter-
faces of the first and third SMO films in the spectrum image
of Fig. 5. In the second SMO film, the shift is smaller, due to
varying interface roughness at the interfaces of the three
SMO films. In Fig. 5(c), the sharp interface is characterized
by the abrupt transition from spectrum number 8 to number 9
while the rough interface is characterized by an additional
interfacial spectrum, number 15, which is quite different
from the spectrum number 14 from SMO and number 16 (16
is more characteristic of LMO). At the sharp interface, the
Mn spectrum is unique from the spectra in the middle of the
LMO and SMO film. At the rough interface, the Mn spec-
trum is similar to an average of LMO and SMO spectra. The
presence of an abrupt shift in the maximum of the Mn L edge
at the sharp LMO-SMO interface indicates that any change
in the Mn electronic states from interfacial electronic recon-
struction is likely confined to 1 u.c.

The interface sharpness is further characterized by EELS
line scans of the La M, 5 edge. Figure 5(d) shows a STEM
image and Fig. 5(e) show the integrated intensity of the
La M, 5 edge through the line profile at 60° to the interface.
The EELS spectra were acquired in ~2.5 A steps and the
integrated intensity in integrated from 832 to 854 eV. The
integrated intensity shows the interfaces are asymmetric with
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FIG. 5. (Color online) (a) HAADF STEM image showing the line where EELS spectra were recorded. (b) EELS spectrum image
acquired in 2 A increments. There is a small periodic modulation in EELS intensity as the electron probe moves on and off Mn columns.
The Mn L; edge maximum shifts toward lower energy loss in the StMnOj film. (c) Individual Mn Ls spectra through the LMO-SMO and
SMO-LMO interfaces from the part of (b) marked by the double white arrows. At the sharp interface, there is an abrupt change in the
disappearance of the peak marked by arrow from spectrum 8 to 9. Near the rough interface, there is a smoother shift toward lower energy
loss. (d) STEM image where a La EELS profile was acquired. (e) The integrated intensity of the La M edge from 832 to 854 eV shows the
La/Sr intermixing is primarily limited to 2-3 u.c. at the bottom rough interface. The upper interface is sharp to a single unit cell.

regard to La/Sr intermixing. The LMO/SMO interface is
sharp to a single unit cell while the SMO/LMO interface is
rougher to 2 to 3 u.c. The remaining La signal in the SMO
films is from the large EELS delocalization tails for the
La M, 5 edge.

Figure 6 shows the Mn L,; edge averaged from five
EELS spectra in the LMO and SMO films. The figure also
shows the sum of all EELS spectra in the line scan of Fig. 5
(80 spectra). The Ly edge of the LMO film is peaked at 642.5
eV. A small shoulder is visible at ~641 eV. This was also
seen in the XAS of bulk LMO at ~640.5 eV,3! which was
attributed to multiplets by the spin-orbit splitting of the
Mn 2p core hole. In the SMO films, the Mn L; edge peak is

characterized by a relatively flat top, which is shifted to
lower energy loss with respect to the Mn L; edge of LMO.
An XAS spectrum of a reference SMO film grown on STO
shows several shoulder peaks and a primary peak at
~643 eV. The EELS spectrum from the middle of the SMO
film in the superlattice, in comparison, is narrower and the
contribution from the primary peak is relatively weak. Both
films of LMO and SMO have spectra of Mn L; edge differ-
ent from the bulk references; this observation is consistent
with the findings of previous EELS studies.?®° A summa-
tion of all of the 80 EELS spectra in the linescan of Fig. 6
matches well with XAS data of the superlattice, which shows
the same shoulder on the L; edge. The two methods reveal
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FIG. 6. A comparison of Mn L, 3 edge in XAS and the summed
intensity of all spectra in the EELS linescan marked in Fig. 5 shows
good agreement between the spectra other than differences in en-
ergy resolution of the techniques. The spectra also verify electron-
beam damage was avoided as the fine structure and ratios of L; to
L, edges are the same. The averaged spectrum from the center of
the LMO film does not have a shoulder on the L3 edge that bulk
LMO samples showed in Ref. 31 Likewise, the averaged spectrum
from the center of the SMO film does not have two local minimum
on the L; edge that a bulk SMO film grown on STO shows. The
electronic configuration of both LMO and SMO films in the super-
lattice differs electronically from bulk samples.

that the Mn cation has a different electronic configuration in
the two films; the Mn configuration in SMO is unique from
bulk references without a strong splitting of the shoulder and
a dominant the L5 peak. Rather the shoulder and main peak
are of roughly equal intensity and merge as one broader
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peak. Additionally, the ratio of the Mn L3/L, edge changes
little, if at all, anywhere in the superlattice, including the
interfaces. This can be seen in Fig. 6, where the Mn L, ; edge
of LMO is plotted on top of the SMO as the dashed line.
Figure 7 shows the O K core loss edge obtained by aver-
aging spectra from the center of each of the oxide films and
the spectrum averaged for the three sharp and rough inter-
faces as observed in Fig. 5. The spectra are background sub-
tracted with a power law and normalized following the edge
from 550 to 610 eV. The continuous lines are smoothed fits
to the experimental data. The O K core loss edge contains
several peaks which represent O 1s transitions to O 2p states
hybridized with metal states.?*3! The first peak, which we
refer to as the prepeak centered at ~530 eV, is attributed to
O 2p unoccupied states hybridized with Mn 3d states. The
second peak centered at ~535 eV is from O 2p unoccupied
states hybridized with La 5d or Sr 4d. The prepeak is sensi-
tive to changes in oxidation state as seen in bulk Mn
oxides>»3233 and perovskite multilayer films.?*-303435 As the
probe moves from LMO to SMO, the prepeak intensity rises
by ~20%. The second peak develops additional features;
overall, the peak broadens and shifts toward higher energy
loss. The maximum intensity of second peak is about twice
as intense as the prepeak. This behavior was also observed
by Verbeeck et al’® on LaMnO;-SrMnO; superlattices.
However, in both Verbeeck’s work and the results shown
here, the height of the prepeak does not rise to the level as
measured by XAS studies of bulk alloys of LMO and
SMO,?!" where the prepeak rises greater than second peak as
the doping of Sr onto La sites in LaMnO; exceeds 60%. The
fine structure of the O K edge does not match bulk manga-
nese oxides compounds with 4+ and 3+ Mn ions from Refs.
25, 26, and 36 where the prepeak is much stronger such that
the second peak is masked. The EELS shows that the super-
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FIG. 7. (Color online) O K edge spectra from an average of the

center spectrum of the LMO film, SMO film, (a) sharp interface and (b)

rough interface. The prepeak shows the hybridization with Mn 3d states is unique in each case. (c) An average of the LMO and SMO

spectrum is subtracted from the sharp interface spectrum, showing

the difference. There are extra states at the onset of the edge, which are

above the Fermi-energy level. (d) The same difference method is applied to the rough interface spectrum, where there are no extra states at

the onset. The O K edge spectrum at the sharp interface is a uniqu
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lattice thin films have fewer unoccupied hybridized O 2p
states than the bulk oxide materials with the same expected
valence.

The interfacial O K spectra are different from the average
spectrum from the center of SMO and LMO films; they are
also different from each other. To compare these spectra; we
first calculated the difference spectrum according to

AI(z,AE) = ['Merface(z AE) — [I"MO(z, AE) + IMO(z, AE) /2.
(1)

The results are then averaged for the sharp and rough inter-
faces and plotted in Fig. 7. The fit of the difference spectrum
from the sharp interface clearly reveals additional spectral
weight near the onset of the O K prepeak, from 526 to 531
eV. This additional spectral weight is peaked at 528.5 eV.
The difference spectrum obtained for the rough interface are
flat near zero near the onset of the O K prepeak. The differ-
ence between the sharp and rough interfaces are consistent
with the PNR result, which revealed an enhanced ferromag-
netic moment at the sharp LMO/SMO interfaces and reduced
ferromagnetic moment at the rough interface.*!?

The second peak of the interfacial O K edge follows SMO
on the lower energy-loss side and is in between SMO and
LMO on the high energy-loss side. This peak has been at-
tributed to hybridizations of O 2p states with Sr 4d in case of
SMO or La 5d states in LMO. In bulk La;  Sr,MnOj, this
second peak changes shape and shifts toward higher energies
when x increases from 0O to 0.9 corresponding to increasing
replacement of La®* with Sr>*.3! These effects are explained
by to the gradual crossover from bands of La 5d to bands of
Sr 4d character in the random alloy of La;_ ,Sr,MnO;. Com-
pared to this, especially the XAS spectrum at the composi-
tion x=0.5 that is expected at the interface, the features of
the second peak for the interfacial O K edge is quite
different;?! the similarity with SMO on the lower energy side
of the second peak suggests a strong Sr character at the in-
terface.

To examine the spatial distribution of the interfacial
states, we extended the difference spectrum analysis to all
O K EELS spectra of Fig. 4 to obtain a difference map. The
as-obtained difference map contains significant noise due to
gain variations in pixels of the CCD detector. To reduce the
noise, we combined 8 pixels along the energy-loss direction
in the difference map into a single pixel, which reduced the
energy dispersion from the original 0.1 eV/channel to 0.8
eV/channel. The reduced map was then smoothed using a
3 X 3 Gaussian filter in the energy loss and spatial directions.
The results are plotted in Fig. 8(b) together with the
HAADF-STEM image and the map of the Mn L5 edge. Four
spectral peaks (weights) are identified and labeled as 1-4 in
the difference map in the energy range between 526.7 and
530.3 eV as indicated by arrows. The center of these peaks in
the spatial direction coincides with the LMO-SMO interfaces
as indicated by the white lines and their positions in the
background subtracted Mn L; edge map. Figure 8(d) exam-
ines the spatial extent of these peaks by plotting the peak
intensity profile integrated inside a 3.6 eV energy window
centered at 528.5 eV. The error bar shown in Fig. 8(d) was
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FIG. 8. (Color online) (a) STEM image with EELS line profile
drawn. (b) The difference map of the O K edge shows extra spectral
weight at the sharp interfaces in the energy range of 526 to 531 eV.
The extra spectral weight is confined to an area of 4.5 A or ap-
proximately 1 u.c. The same positions with the extra spectral weight
have a (c) abrupt shift in the maximum of the Mn L; edge. (d) An
integrated intensity profile from 526.7 to 530.3 eV shows the extra
O K spectral weight is above the background noise level.

estimated from the background noise before the background
subtracted O K edge. The four peaks identified in Figs. 8(b)
and 8(d) are clearly above the background noise. By fitting
these peaks with a Gaussian peak, we measured the FWHM
of the extra interfacial states for position 2 and 4 at 3.9 A
and 5.2 A, respectively. Therefore, the extent of the interfa-
cial states is spatially confined to approximately one unit cell
(39 A).

V. DISCUSSION

In the previous section, we have identified an additional
spectral weight at the onset of the O K edge at the sharp
interface between the SMO and LMO films in the superlat-
tice. Here we will discuss its significance. The second part of
this discussion is on the effect of electron-beam irradiation,
which will be ruled out as a cause of our observation. First,
we compare the experimental result of our EELS measure-
ment with the RSXS measurement of interfacial states re-

115112-7



SHAH et al.

ported by Smadici et al.'® The RSXS measurement was car-
ried out for the intensity of the superlattice reflection with
=3 for a (LMO)g/(SMO), superlattice.

Smadici et al. observed a peak by tuning the x-ray energy
to 530.2 eV near the O K edge close to the Fermi level. The
peak intensity increases as the temperature decreases. At
room temperature, which is the sample temperature for our
EELS measurement, the peak is weak but observable in the
RSXS measurements. The extra peak intensity at /=3 for a
(LMO)g/(SMO), superlattice suggests the presence of inter-
facial states, thus, a very different interfacial bond or inter-
facial electronic reconstruction. These interfacial states were
related to the interfacial magnetization.”*!° The peak inten-
sity measured by RSXS has contributions from all the inter-
faces in the LMO/SMO superlattice. Since the peak is ob-
served near the O K edge, the electronic-structure difference
likely is in the Mn-O bond.

The extra spectral weight reported by Smadici et al. was
also observed by EELS at the onset of the O K edge. The
measurement was mapped in real space by scanning along
the direction normal to the interface. Thus, the difference
map plotted in Fig. 8 was obtained by Eq. (1). The advantage
of EELS real spacing mapping is that the spatial extent of the
interfacial electronic states can be measured directly; this
information is not available from RSXS. Second, the EELS
measurement can be performed on individual interfaces. The
average FWHM from the sharp interfaces of 2 and 4 marked
in Fig. 8 is 4.5 A, about one perovskite unit cell. This num-
ber is consistent with theoretical results of Nanda and Satpa-
thy, which predicted that the e, electron transfer occurs
mostly between the two layers adjacent to the interface.”

The EELS data show local variations among several su-
percell interfaces. A large difference is observed between the
sharp and rough interfaces, as demonstrated in Figs. 5 and 8,
especially the spectral weight attributed to the extra unoccu-
pied states at the onset of the O K edge is much larger at the
sharp interfaces than the rough interfaces. The difference be-
tween the rough interface and sharp interfaces is the interfa-
cial flatness; at the sharp interface the interface is atomically
flat while the rough interface consists of interfacial atomic
steps over one to two unit-cell width. There are two possible
causes for the lack of, or weak, interfacial states at the rough
interfaces. One is that the interfacial states are spread over
the interface area, which leads to the significantly reduced
signals that are difficult to detect by EELS. The other possi-
bility is from the effect of strain and the difference in strain
between the sharp and rough interfaces. All superlattices are
coherently strained as shown in Sec. III. At the sharp inter-
face, the LMO is under an in-plane compressive strain of
2.1% based on the average a and c lattice constants while the
SMO is under an in-plane tensile strain of 2.5%. Normal to
the interface, the LMO and SMO layers experience a tensile
and a compressive strain, respectively. The rough interface
was the result of noninteger number of unit cells in the LMO
layer thickness; the STEM results suggest that this led to a
rough growth front of the LMO layer with hills and valleys
of 2-3 u.c. in height and the valleys are filled and smoothed
out by SMO layers. This growth mechanism resulted in the
wavy interfaces between LMO and SMO that were discussed
in Sec. III. At the wavy interface, the strain in the normal
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direction is reduced by the presence of LaO and SrO units in
the same layer. Experimentally, it has been demonstrated that
substantial change in strain condition can alter the orbital
ordering and the dependent interfacial electronic
structure.”3” Especially, the linear and circular magnetic di-
chroism study of (SMO),/(LMO),, superlattices by Aruta
et al.** show that charge redistribution across the strained,
sharp, interface favors eg(xz-yz) orbital occupation. The re-
sults here suggest that the strain normal to the interface also
plays a role in the interfacial orbital ordering.

Mn ions in high oxidation state are susceptible to
electron-beam-induced reduction. Riedl and collaborators
studied Lag;Srg3MnO5 films in which they acquired EELS
with increasing dose of electrons.®® They found that the
threshold for damage at 300 kV is 5X 10° e~/nm? for the
O K edge and 1 X 10" e/nm? for the Mn L, 3 edge. With a
dose of 1.6X10'° e7/nm?, the O K prepeak nearly disap-
pears and the intensity of third peak is only ~10% greater
than the minimum following the second peak. Correspond-
ingly, the ratio of the maximum intensity of the Mn L, peak
to Ly peak falls from ~0.6 to ~0.4. The electron dose used
in our experiment is 4.5 X 10'° e~/nm? at 80 kV. The lower
electron acceleration voltage is used to avoid the electron
knock-on damage; the estimated knock-on damage threshold
for oxygen is 260 kV based on the displacement energy of 45
eV.3%40 The other damage mechanism is radiolysis caused by
electron-beam-induced charging, which does not have a
threshold for high energy electrons.’® Compared to the re-
sults of Riedl ef al., the O K prepeak in our spectra presented
in Fig. 7 is strong and the intensity of the third peak is ~90%
and ~40% greater than the minimum following the second
peak for LMO and SMO, respectively. Correspondingly, the
ratio of the maxima of the L, to L; peaks in Fig. 6 is ~0.6
for both LMO and SMO. Both show no evidence of electron-
beam-induced damage. This is also confirmed by the com-
parison of the XAS and EELS data as presented for the
Mn L, 5 edge. Other than the difference in energy resolution,
there was no change in the edge fine structure of XAS and
EELS. For radiolysis, no evidence of mass loss was found at
80 kV in the HAADF-STEM image. However, in other ex-
periments on similar oxides, we did observe a reduction in
the HAADF-STEM image intensity after high spatial reso-
lution EELS line scans at 200 kV after significant beam ex-
posure. Therefore, we rule out electron-beam damage as
cause to the observed EELS fine structures in this experi-
ment.

VI. CONCLUSION

In summary, we have presented EELS evidence of inter-
facial states and mapped their distribution in a LMO/SMO
superlattice. The structure of the superlattice is asymmetrical
with sharp LMO/SMO and rough SMO/LMO interfaces. The
rough SMO/LMO interface is characterized by the mixture
of two lattices and steplike contrast in the HAADF-STEM
images separated at about 10-20 nm apart. Both the LMO
and SMO layers are strained normal to the interface and
coherent with the STO substrate lattice in the parallel direc-
tions. Spatially resolved EELS spectra were obtained using a
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fine aberration corrected electron probe; the resolution is suf-
ficient to allow the mapping of the electronic structure of
individual Mn-O atomic columns. Good agreement was ob-
tained between the averaged EELS spectrum and the XAS
spectrum obtained from the same sample. Analysis of the
EELS spectra at interfaces revealed an additional spectral
weight at the onset of the O K edge in agreement with the
reported RSXS data. The additional spectral weight is dis-
tributed at the interface of LMO and SMO with a full-width
at half maximum of 1 u.c. The spectral weight is strongest at
the sharp interface; it is weak or absent at the rough inter-
faces.
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