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SrTiO3„100…Õ„LaMnO 3…m„SrMnO3…n layered heterostructures: A combined EELS and TEM study
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Epitaxially grown heterostructures consisting of alternating layers of LaMnO3 ~LMO, 9 or 15 unit cells! and
SrMnO3 ~SMO, 4 or 6 unit cells! on a SrTiO3(100) ~STO~100!! substrate have been studied by a combination
of high resolution transmission electron microscopy~HRTEM!, electron diffraction, quantitative electron en-
ergy loss spectroscopy~EELS! with model fitting, energy filtered TEM~EFTEM! and imaging spectroscopy on
an atomic scale. The combination of these techniques is necessary for the structural, chemical, and electronic
characterization of these heterostructures. A model is proposed containing chemically and structurally sharp
interfaces. The SrMnO3 layers are stabilized in aPm3m structure between two LMO layers. Tensile stress
causes oxygen deficiency in the SMO layers increasing the number of 3d electrons on the Mn sites to resemble
the Mn31 sites in LMO. The energy loss near edge structure~ELNES! of O and Mn is compared for both LMO
and SMO layers and shows that the Mn-O bonds have a partially covalent character. The absence of a strong
valency effect in the Mn ELNES is due to the oxygen vacancies in SMO.

DOI: 10.1103/PhysRevB.66.184426 PACS number~s!: 75.30.Vn, 73.21.Ac, 79.20.Uv
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I. INTRODUCTION

Doped manganite perovskites of the typeA12xAx8MnO3

(A trivalent cation,A8 divalent cation! exhibit interesting
properties like colossal magnetoresistance~CMR! and metal-
to-insulator transitions, depending on the doping levelx. 1 It
is assumed that dopingAMnO3 compounds with divalentA8
cations changes the valency of Mn from Mn31 to a mixed
Mn41/Mn31 state, hence these materials are called c
trolled valency materials. This mixed valency was found c
cial for the explanation of the coupling of ferromagnetic o
der with increased conductivity by the double exchan
mechanism.2 However, several papers have argued aga
this naive ionic picture and they point out that the Mn
bonds in these materials have a considerable covalent c
acter and the introduction of holes by divalent doping ac
ally leads to holes with mixed O 2p - Mn 3d character in
bulk La12xSrxMnO3. 3–7 Further complication is introduce
by the possibility of O deficiency in these materials, whi
changes the general formula toA12xAx8MnO32d .

Experimental studies on perovskite based bulk mater
of the type (A,A8)MnO3 have shown that three paramete
mainly control the magnetic and electronic properties:~a! the
valence of the manganese which is determined by the r
between the divalent and the trivalent cations,~b! the aver-
ageA-site cationic radius, and~c! the difference in size be
tween bothA-site cations.8–10 It was found that introducing
A-site ordering increases the Curie temperature and
metal-insulator transition temperature in bulk LaBaMn2O6 as
compared to the disordered phase.11 However, such an or-
dered bulk material is difficult to synthesize using the cl
sical solid state synthesis methods.

Thin film laser molecular beam epitaxy~laser-MBE!
growth methods offer the possibility, utilizing a multi-targ
deposition process, to directly control the location of the d
0163-1829/2002/66~18!/184426~10!/$20.00 66 1844
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ferent cations in an artificial superlattice. Creating this a
ficial superlattice allows the verification of the assumptio
about the valency and the study of the electronic localizat
of the introduced holes. One could imagine that introduc
a spatial separation of the Sr doping in La12xSrxMnO3 could
lead to interesting new properties by keeping the lattice or
high, while still adding extra holes to the system. This a
ficial A-site ordering allows use to test some ideas ab
mixed valency materials, since a nominal valency modu
tion is artificially introduced.

In the present contribution, two superlattices are grown
a reflective high energy electron diffraction~RHEED! moni-
tored laser-MBE system from two targets, LaMnO3 ~LMO!
and SrMnO3 ~SMO!, with a nominal average compositio
close to La0.66Sr0.33MnO3 and a nominal sequenc
LMOmSMOn . The possibility to obtain information on th
electronic structure of a material by using a combination
scanning transmission electron microscopy~STEM! and
EELS on an atomic scale has already been shown for dif
ent materials.12–18 Combining this technique with fitting
methods to interpret the spectra gives an opportunity to
vestigate the chemistry of the present heterostructures
unit cell scale. The detailed shape of the spectra cont
information on the electronic structure, especially interest
in view of the valency assumptions. Energy filtered transm
sion electron microscopy~EFTEM! combines spectroscopi
data with spatial information, enabling elemental distributi
maps of the chemically modulated layers. The imaging sp
troscopy technique takes EFTEM a step further and ena
the spatially resolved acquisition of EELS fine structu
spectra. Combining these spectroscopic techniques
more conventional techniques such as high resolution tra
mission electron microscopy~HRTEM! and electron diffrac-
tion ~ED! enables us to complement and compare the EE
data with structural and contrast information. We show
this section, that this wide range of techniques leads t
©2002 The American Physical Society26-1
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narrowing of the field of interpretation, closing in on th
complex structural, chemical, and electronic reality in the
samples.

II. EXPERIMENT

Two samples with nominal formula SrTiO3(100)/
@(LaMnO3)15#7@(SrMnO3)6#6 and SrTiO3(100)/
@(LaMnO3)9#9@(SrMnO3)4)] 9 were prepared and will be in
dicated as LMO15SMO6 and LMO9SMO4 corresponding
The average composition of both samples is close
La0.66Sr0.33MnO3, a composition for which bulk LSMO
shows interesting properties.19 Dense ceramic targets wit
the nominal formulas LaMnO3 and SrMnO3 were prepared
using standard ceramic synthesis methods. Appropriate ra
of La2O3, SrCO3 and MnO2 powders were mixed and inti
mately ground using a semi-planetary ball mill. The powd
was annealed twice at 900 °C for 12h and once at 1200
for 12 h, with intermediate grinding. Pellets with a diame
of 25 mm were uniaxially cold-pressed and sintered
1500 °C for 24 h.20,21

A RHEED-monitored laser-MBE system, which allow
for reflection high energy electron diffraction~RHEED!
monitoring of the growth has been used and was descr
elsewhere. 22 Briefly, the base pressure is very lo
(1026 Pa) and the deposition is carried out in a press
typically ranging between 1022 and 531022 Pa. The UV
beam (l5248 nm, repetition rate 2 Hz! from an excimer
laser is focused onto the sintered target to obtain an en
density ranging between 1024 and 231024 J/m2. Optical
quality single-crystal substrates of SrTiO3 ~100! were ultra-
sonically cleaned in acetone and in alcohol. To obtain a
and terraced surface, the substrate, which has no intent
cut-off angle, is etched in a buffered NH4F/HF solution.23

This etching provides large and flat surfaces and smooth
terfaces are obtained when a Stranki-Krastanov growth m
is stabilized. This growth mode allows for the observation
the RHEED oscillations.

To improve the quality of the surface, prior to the dep
sition of the superlattice, the substrate is buffered with
layers of SrTiO3 deposited at 720 °C in a dynamic vacuu
of 1.531022 Pa of molecular oxygen. Care has been tak
to ensure that the STO substrate ends with a SrO laye
using a Sr2TiO4 target for the last two layers. During th
deposition of the superlattice, the heater was held at cons
temperature (535 °C) in a dynamic vacuum of
31022 Pa. To ensure a complete oxidation of the super
tice the deposition is carried out in a mixture of 94% oxyg
and 6% ozone. After deposition, the superlattice is cooled
300 °C in the same pressure and atmosphere condition
used during the growth. Between 300 °C and 200 °C, oz
production is stopped but the pressure is held constant.
low 200 °C the superlattice is cooled in low pressure (,5
31025 Pa). RHEED is used to monitor the surface stabil
during the cooling. Growth and magnetoresistive proper
of very similar samples~nominal Sr/La content of 0.26 in
stead of 0.33 in our case! are described by Salvadoret al. 20

They find a decrease inTc , maximum MR value, and low
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temperature conductivity for increasing thickness of the l
ers in the heterostructures.

The samples described here, are comparable with sam
III and IV in Ref. 20. The magnetization of these superlattic
slowly increases forT,180 K to reach a value aroun
0.7 mB/Mn. The hysteresis cycle registered at 10 K show
high coercivity (5700 G) higher than that observed for th
corresponding bulk material (55 G). The physical proper-
ties of these two samples are not very interesting from
technological point of view, but they were selected from a
of samples since the estimated resolution of the EFT
technique is about 1 nm. This implied the growth of at le
4 perovskite-like layers 0.393451.56 nm. So,n54 andn
56 were chosen as target values for the thickness of
SMO layers. It will be shown in this study that the reason
the poor physical properties is related to oxygen deficie
in the SMO layers.

Sample preparation for TEM and HRTEM was done us
a standard TEM cross-section technique. Because of di
ent ion milling effects on STO, LMO and SMO, a cros
section sample for STEM was prepared using mechan
wedge polishing.

Cross-section high resolution TEM~HRTEM! images
were recorded on a JEOL 4000EX operating at 400 keV
having a point resolution of 0.17 nm. For STEM EELS e
periments, use was made of the Cornell VG HB501A STE
operating at 100 keV with a cold field emission electron g
having a probe diameter of 0.2 nm and an energy sprea
0.6 eV.24

Each EELS spectrum is recorded by automatically sc
ning the STEM probe over a region of 15.7 nm, parallel
the layers to average out possible interface roughness or
face contamination. The probe is manually repositioned a
each acquisition to consecutively capture data in differ
perpendicular positions of the layers. A total set of 36 spec
contains information starting from the bottom of LMO lay
4 going through SMO layer 4 and ending at the top of LM
layer 5. EELS spectra are collected in four different ene
ranges: the low loss (260.2–241.6 eV), the MnL2,3 and O
K ~439.7–741.6 eV!, the LaM4,5 ~739.7–1041.6 eV! and the
Sr L2,3 range~1839.7–2141.6 eV!. Recorded spectra are an
lyzed using a spectrum fitting technique. All edges are fit
to an experimental reference edge from the same sampl

The fitted edge intensities serve as an estimation of
local chemical concentration with an estimated error of 10
The STEM probe is calculated to spread from 0.2 nm at
entrance plane to around 0.32 nm at the exit plane of
specimen~diameter containing 80% intensity, thickness
nm, multislice simulation!, which gives an indication on the
expected blurring of the chemical profiles caused by elect
scattering. The error on the probe position is of the order
0.2 nm. Energy loss near edge spectroscopy~ELNES! gives
information on the site and symmetry projected unoccup
density of states near the Fermi level and is performed
gain insight in the electronic structure of the material. Tw
edges are studied in detail: the OK-edge at~502.2–590.8
eV! and the MnL2,3 edge~622.2–710.8 eV!, both at a 30-s
exposure time. Careful inspection of the spectra over tim
shows no changes in the ELNES spectra at exposure ti
6-2
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up to 120 s. This is taken as an indication that no signific
beam damage effects occur during the acquisition of the
NES spectra.

The spectral data are treated with a standard backgro
removal method and the high frequency noise is removed
convolution with a Gaussian profile of 0.3 eV full width a
half maximum. Two spectra represent the middle part o
LMO and SMO layer. The energy resolution of this expe
ment is estimated around 0.65 eV by a Lorenz fit to
experimental zero loss peak. Energy filtered TEM images
recorded on a Phillips CM30 FEG equipped with a GIF 2
post column energy filter. The collection angle is appro
mately 19.2 mrad. Elemental maps are calculated by s
tracting the non-specific background from the eleme
specific signal using the standard three-window technique25

Drift between images is corrected using a cross correla
technique.

The technique of imaging spectroscopy26 is used to col-
lect spatial and spectral information with a set of 99 EFTE
images starting from 500 eV with a slit width and step size
2 eV. The exposure time was 10 s for each image of 1
3128 pixels. Drift is removed by shifting the images wi
respect to each other after acquisition. The resulting th
dimensional data set is reduced by integrating 100 pix
parallel to the layers, this leaves a 2 dimensional set contain
ing EELS spectra as a function of the position perpendicu
to the layers. The background under the OK edge is removed
with a standard least mean square procedure and the re
ing edge is normalized to the maximum peak height. F
cosmetic reasons, a 4 point interpolation in the energy d
mension is performed.

III. STRUCTURAL CONSIDERATIONS

The room temperature structure of the SrTiO3 substrate is
well established; it is a cubic perovskitePm3m with lattice
parameteraSTO50.39050 nm.27

The structure and the phases of La-Mn-O have been
subject of many investigations. The crystal structure
LaMnO3 is derived from the cubic perovskite type structu
it contains Mn atoms in the octahedral sites of the oxyg
sublattice, creating Mn-O-Mn bonds forming angles devi
ing somewhat from 180°. However, the real structure of L
Mn-O is much more complicated and strongly depends
oxygen stoichiometry, cation deficiency, ratio between Mn31

and Mn41. Rotations of the MnO6 octahedra lead to a low
ering of the crystal symmetry from cubic to, e.g., orthorho
bic or rhombohedral.28–31The different bulk phases are dis
cussed in the literature but most research groups refer to
two main structures: the rhombohedral (R3̄c) and the ortho-
rhombic (Pnma) phases . The orthorhombicPnma(62)
phase has been found for stoichiometric LaMnO3 Refs.
32–34 with lattice parametersa55.582(0) Å, b
55.583(0) Å, c57.890(0) Å. The non-stoichiometric La
Mn-O compound can have an oxygen excess LaMnO31d or
cation deficiency La12xMn12yO3; both of them show rhom-
bohedral symmetryR3̄c(167) with a55.535(0) Å, c
513.344 Å.34–38 Moreover, Maignan et al. reported a
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La0.9MnO32d phase with monoclinic symmetryI2/a with a
57.790(1) Å, b55.526(1) Å, c55.479(1) Å, a
590.78°.39

Stoichiometric SrMnO3 has two polymorphic forms: cu
bic and hexagonal. The cubic structure isPm3m(221) with
a53.805 Å ~Ref. 40! and the hexagonal one isP63 /mmc
with a55.449 Å andc59.0804 Å. 41 Negaset al. 41 re-
ported that heating SrMnO3 in air at 1525°C induces oxyge
deficiency (SrMnO2.69) causing a symmetry breakdown t
orthorhombic.

Both LMO and SMO are present in the heterostructu
and misfit stress resulting in strain is expected. Assuming
bulk structures for SMO as well as LMO, the SMO layers a
expected to be under tensile stress while the LMO will
under compressive stress.

IV. RESULTS AND DISCUSSION

A. TEM

A cross-section low magnification image of th
LMO9SMO4 superlattice film is shown in Fig. 1. The film
epitaxial and exhibits sharp, flat, and well-defined interfa
between successive LMO and SMO layers. The layers ca
easily distinguished due to different contrast, induced by d
ferent electron scattering and consequently a different c
position of the layers. Bright bands correspond to the SM
layers and dark thicker bands correspond to the LMO lay

Relevant information concerning the epitaxial relatio
ship, quality, and crystal structure of the layers is obtain
from the electron diffraction~ED! patterns~Fig. 2!, which is
a superposition of the diffraction patterns from LMO, SM
and the STO substrate. The white square indicates the p
tions of the LMO reflections. They can be indexed in
pseudocubic or a rhombohedral (R3̄c) structure. No spots
due to the possible presence of the orthorhombic phase
observed. The exact symmetry close to the interfaces is
ficult to measure and small distortions from the nomin
space groups can occur. The perfect ED pattern confirms
epitaxial growth of the layers. Moreover, the satellite spo
due to the periodic stacking of the LMO-SMO layers, a
clearly visible. For the LMO15SMO6 specimen the perio
icity is '82 Å. The LMO9SMO4 superlattice film exhibit
the same structure perfection but the superperiod is'50 Å
@Fig. 2~b!#.

A cross-section HREM image of the first layers
LMO9SMO4, grown on the STO substrate is shown in F
3. The first LMO buffer layer shows perfect epitaxy acro

FIG. 1. Low magnification image of the LMO9SMO4 sampl
The SMO layers are clearly visible as 9 brighter layers. The arro
indicate the substrate-film interface.
6-3
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the interface, with no secondary phase or amorphous la
present along the interface. No interface dislocations, res
ing from misfit accommodation, are seen at the STO/LM
interface. The first SMO layer grows on a flat LMO surfa
and exhibits a sharp heteroepitaxial LMO/SMO interfa
Only occasionally a perovskite unit cell step is present at
LMO/SMO interface. Surprisingly, misfit dislocations alon
the interface are absent although the misfit LMO-SMO
fully oxidized material would be 2.6%. This implies that th
SMO perovskite-type layer is stabilized between two LM
layers and, actually, adopts the pseudo-cubic structure
LMO. In this respect it is clear that the SMO layer is und
high tensile stress.

FIG. 2. Electron diffraction pattern images for LMO15SMO
~a! and LMO9SMO4~b! along the@001# direction of the STO sub-
strate. The satellite spots due to long range order of the layers
indicated by the fork pattern. An enlarged satellite spot pattern f
~b! is shown in ~c!. The full and dashed squares in~a! and ~b!
indicate, respectively, which spots are originating from STO a
LMO.

FIG. 3. HRTEM cross-section image of the LMO9SMO
sample, the arrow indicates the direction and extent of the ST
scan for EELS analysis.
18442
er
lt-

.
e

r

of
r

The cross-section HREM image of a LMO15SMO6 fil
~Fig. 4! is very similar to that obtained for LMO9SMO4
However, the first LMO layer shows unambiguously featu
of orthorhombic symmetry. Discrete Fourier transformatio
~FT! made from different areas of the image of the LMO
STO interface show typical spot arrangements for@010# and
@110# orthorhombic zones. Nevertheless, the following LM
layers exhibit a FT pattern which is consistent with a rho
bohedral structure. Again, small distortions can occur n
the interfaces.

A HREM image of the interface between the STO su
strate and the first LMO layer is shown at higher magnific
tion in Fig. 5. Film and substrate are perfectly cohere

re

d

M

FIG. 4. HRTEM cross-section image of the LMO15SMO
sample showing the first two LMO layers on the STO substra
Fourier transforms are made from selected regions. The first la
~regions 1 and 3! indicate an orthorhombic symmetry, while furthe
layers~region 2! show a pattern consistent with rhombohedral sy
metry.

FIG. 5. HRTEM cross-section image of the~LMO15SMO6!6
sample near the substrate interface. Insets show the result of a

tislice calculation for a given thickness and focus assuming aR3̄c
symmetry for the LMO layer andPm3m for STO and SMO layers.
6-4
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Since the crystal structures of STO and LMO are very si
lar ~both perovskite type structures! it is reasonable to as
sume that the LMO layer starts to grow so as to continue
substrate structure as much as possible. Under the ex
mental defocus conditions and according to multislice ima
simulations~Fig. 5 insets!, all heavy-atom columns in the
STO substrate are imaged as bright dots. In the LMO im
the brightest dots represent MnO columns. Since the colu
projected potential of Sr and Ti-O columns is very similar,
difference in dot brightness between Sr and Ti-O colum
can be discerned according to the simulations. The S
layers also have similar Sr and Mn-O column potentials a
show an intensity distribution comparable to STO. Since
prepared STO to have a SrO terminated layer~see experi-
ment!, the following layer sequence, based on this assu
tion and on the HREM evidence is most likely:~substrate!-
TiO2-SrO-MnO2-LaO-~LMO layer!. The cross-section
HREM image of Fig. 5 reveals sharp and well-defined LM
SMO interfaces.

The HREM images of Figs. 3 and 4 clearly indicate th
across the interface, the brightest dot rows of the LMO lay
are in phase within the whole heterostructure film. This o
servation strongly suggests, that across the interface, th
sublattice of one LMO layer is in register with the La su
lattice of following LMO layers and the Mn lattice is con
tinuous across the whole film. Therefore, the stacking
quence at the LMO/SMO and SMO/LMO interfaces shou
be identical and the following layer sequence, shown in F
6, is most likely: ~substrate!-TiO2-SrO-MnO2-LaO-~LMO
layer!- LaO-MnO2-SrO-MnO2. This sequence is maintaine
in all areas of the film and holds for the LMO/SMO as we
as for the SMO/LMO interface. The image simulations
upper and lower interfaces in Fig. 5 are based on the rh

FIG. 6. Structure model of the heterostructure.
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bohedral (R3̄c) structure for LMO~only the first LMO layer
was found to be orthorhombic!, cubic (Pm3m) structure for
SMO and on the model of Fig. 6. These observations furt
allow us to conclude that both LMO and SMO layers show
layer by layer growth with only unit cell height steps.

Plan view specimens are studied by HRTEM and ED p
terns and confirm the perfect epitaxial growth in theab
plane.

B. EFTEM

In view of a possible La-Sr interdiffusion leading t
La12xSrxMnO3 compounds, EFTEM analysis is performe
to map the spatial distribution of chemical elements in
heterostructure. Figure 7 shows a combination of chem
maps for La and Sr~a!,~c! together with the conventiona
TEM images ~b!,~d! for the two samples ~a!,~b!:
LMO15SMO6, ~c!,~d!: LMO9SMO4!. This picture shows
that artificialA-site ordering is achieved and that no signi
cant chemical diffusion or local concentration variation
present in the layers. The spatial resolution in the EFTE
images can be theoretically estimated by taking into acco
chromatic and spherical aberration as well as delocalizat
This gives an estimated resolution better than 1 nm for
elements with the chosen operational parameters. Du
long exposure times, significant drift can occur, and this w
deteriorate spatial resolution. Spatial resolution in EFTE
images was defined by Bergeret al. 42 as the diameter of a
disc containing 59% of the point spread function, whi
models the imaging of a pointlike atom taking into accou
the inelastic scattering and the propagation of the inela
image through the microscope lenses. This means that w
theoretical resolution of 1 nm we cannot answer questi
regarding interdiffusion of elements between layers hav
thicknesses comparable to this resolution. An assumed m
ematical rectangular chemical profile would require fr
quency components up to infinity in the EFTEM image

FIG. 7. Sr and La elemental maps side by side~a!,~c! and con-
ventional TEM images ~b!,~d! for both samples ~a!,~b!
LMO15SMO6,~c!,~d! LMO9SMO4!.
6-5
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represent the profile without broadening. Saying t
EFTEM has a resolution limit of 1 nm in this case, on
means that we canseethe layers as well separated, but n
that we can determine the specific shape of the diffus
profile directly from the EFTEM images.

C. STEM EELS

The result of the acquisition of EELS spectra of t
LMO9SMO4 sample from a position inside the fourth LM
layer to a position in the fifth LMO layer is presented in Fi
8. The OK edge around 530 eV and the Mn L2,3 edge around
640 eV are clearly visible, together with the variation of t
background for different positions. On top of this datas
data were also captured for the LaM4,5 edge and the SrL2,3
edge as well as for the low loss region to allow for deco
volution and thickness estimates.

To extract chemical information from this set of spectra
fitting technique is used similar to that proposed by Mano
et al. 43 Instead of the weighted least-squares fitting, a ma
mum likelihood ~ML ! fitting for Poisson statistics is used
The ML approach gives an unbiased estimate of the mo
parameters when the counting statistics are properly ta
into account. This is especially important for noisy spec
like for the Sr L2,3 edge at'2 kV, which requires long
exposure times because of the extremely small inelastic c
section at these high energies. The modelF(E) consists of a
standard background modelAE2r and experimental cros
sections for the excitation edges.

F~E!5AE2r1C1M1~E!1C2M2~E!1•••.

The fitting procedure results in a set of parameters, which
can use as estimates of the real parameters of the experim
We can use the proportionality constantsC1 ,C2 , . . . as es-
timates of the chemical concentration of the different e

FIG. 8. EELS spectra for different positions of the STEM pro
between the fourth and fifth LMO layer. OK and Mn L2,3 edges
are clearly visible.
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ments modeled by the experimental cross sect
M1(E),M2(E), . . . . A convolution with low loss spectra to
include multiple scattering is not carried out because we
sume that the difference in low loss spectra is small beca
of the delocalization of the plasmon excitations. Record
the low loss spectra requires that the electron beam curre
largely reduced to avoid overexposure of the detector
makes it difficult to position the beam on the layers with on
a very weak dark field STEM image as a guide. Using co
volution in the model is possible and could improve the
but we argue that the uncertainty in the position of the l
loss spectra makes the quantification worse in this ca
However, the low loss spectra enable us to estimate a th
ness profile which is found to be a linear decreasing pro
with a variation of less than 10% over the range of the s
(t/l'0.4 with l the inelastic mean free path for a plasm
excitation!.

To cancel out problems with varying thickness and elas
scattering, we assume that the Mn content in the sampl
constant and we divide all elemental contributions to
spectra by the MnL2,3 signal. The result of this process
shown in Fig. 9. The relative values in the plot are chosen
fit approximately with the nominal values in the LMO layer
This way, we circumvent most of the problems with absolu
quantification by keeping only the relative quantificatio
from place to place. We have decreased significantly the
certainty of the different factors like thickness, absolute cr
sections, multiple scattering, and elastic scattering by ass
ing that they have approximately the same effect on all
citation edges.

The profiles show a complementary La-Sr signal, and
oscillating O signal. The O signal drops approximately 15
and the drop is centered around the SMO layer. The res
tion and signal to noise with STEM-EELS is clearly high
as compared to the EFTEM results, but still the resolution
limited by beam broadening inside the sample, slight miso
entation and/or steps in the interface plane, sample drift,
delocalization.

D. ELNES

The energy loss near edge structure~ELNES!, of both the
O K edge and the MnL2,3 edge are studied from the spe

FIG. 9. Result of fitting procedure: Chemical profiles of O-K,
La M4,5, Sr L2,3, and MnL2,3 divided by Mn L2,3 edge signal to
cancel out elastic scattering and thickness effects. Positions are
brated from the layer to layer distance as observed in HRT
images.
6-6



e

at
s
to
b
he

a
an

n
to

O
O

m
le

in
d
an

O

ri-

-
h

r

dy

f

f
en
uld

. It
e in

tion

r
-

the
d
r-
ges

ere

and

the O
har-

-
f the
ition
o to

the
the

ase

opy
in

fall
s-
he

of
and
O
is

SrTiO3(100)/(LaMnO3)m(SrMnO3)n LAYERED . . . PHYSICAL REVIEW B66, 184426 ~2002!
trum of the middle of a LMO and a SMO layer, and th
results are shown in Fig. 10.

1. O K-edge

The OK edge shows the excitation of the O 1s core st
to unoccupied states near the Fermi energy. The dipole
lection rules apply approximately and favor the excitation
O 2p-like states. The actual shape of ELNES can only
compared to theoretical calculations or compared with ot
known compounds~fingerprinting!.

Figure 10~a! shows the O K-ELNES for the center of
LMO and SMO layer. Three peaks can be distinguished
were attributed by Abbateet al. 4 by means of electronic
structure calculations~crystal field model! to be excitations
to the O 2p state hybridized with Mn 3d ~a!, La 5d or Sr 4d
~b! and Mn 4sp ~c!. From this labeling of the peaks, we ca
conclude that the change of La by Sr in going from LMO
SMO, leads to an increase in the number of O 2p holes
which are hybridized with Mn 3d and a shift of peak~b! by
1 eV to higher energies, indicating that the hybridized
2p-La 5d band lies about 1 eV lower in energy as the
2p-Sr 4d band. Peak~a! rises by'20% in the SMO layer.
Both the shift of peak~b! and the rise of peak~a! seem to be
correlated, i.e., both effects follow approximately the sa
curve when plotted in function of position in the samp
Zampieri et al. 44 have shown that for bulk CaMnO32d the
oxygen deficiency decreases peak~a! of the O K-ELNES, a
similar effect as seen for changing La by Sr
La12xSrxMnO3. 4 If we extrapolate this result, we woul
expect that the O deficiency would have an equally import
effect on peak~a! of the O K-ELNES as changing theA site
cations. This makes it difficult to separate the effect of
deficiency from the effect of the change inA-site cations.

The O K-ELNES is in qualitative agreement with expe
mental 4,45 and theoretical 4,46 results for bulk
La12xSrxMnO3 or La12xCaxMnO3. There is however a dis
agreement in the relative height of the peaks for SMO. T

FIG. 10. ELNES from center of the layers for the OK edge~a!
and the MnL2,3 edge~b!.
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ELNES of La0.1Sr0.9MnO3 in Ref. 4 shows a much stronge
peak as compared to our experiments.

To our knowledge, no systematic spectroscopic stu
~XAS or EELS! was performed on SrMnO32d . Therefore
we have to look at ‘‘similar’’ compounds to get a feeling o
the behavior with varying oxygen deficiency. Zampieriet al.
44 have shown XAS spectra for the O K-ELNES o
CaMnO32d and a consistent drop of the prepeak with oxyg
deficiency was observed. Extending this trend to SMO co
explain the observed small peak~a! in the O K-ELNES of
the SMO layer to be due to a significant oxygen deficiency
should be stressed however, that this comparison is mad
view of the lack of experimental data for SrMnO32d and
effects such as vacancy ordering and crystal orienta
should be taken into account.

2. Mn L2,3 edge

The MnL2,3 edge is shown in Fig. 10~b! and is attributed
to excitations from the spin split Mn 2p core states to highe
unoccupied states of Mn 3d character. The difference be
tween the MnL2,3 ELNES of SMO and LMO is very small,
indicating that there is almost no measured difference in
unoccupied states of Mn 3d character between LMO an
SMO within the experimental resolution. This is highly su
prising since it is assumed that the valency of Mn chan
nominally from Mn41 for SMO to Mn31 for LMO.

Studies of ionic manganese oxides have shown that th
is a significant change in the MnL2,3 edge, which can be
correlated with the nominal Mn valency. The MnL edge is
expected to shift to higher energies, increase in intensity
alter the intensity ratio of theL3 to L2 peak with increased
Mn valency.47–49

It can be argued that because changes can be seen in
K edge, the Mn-O bonds have a considerable covalent c
acter. The idea of hybridized Mn 3d and O 2p states is
supported by experimental evidence from XPS,7 XPS and
XAS, 5 XAS ~Ref. 4! and EELS.6 A systematic study of
different controlled-valency materials3 shows that the man
ganites are an intermediate case between the behavior o
titanates and vanadates where the holes go to the trans
metal site, and the cuprates and nickelates where holes g
the oxygen sites.

On the other hand, assuming an oxygen deficiency in
SMO layer as observed in the EELS spectra, would make
nominal valency in the SMO layer drop and thus decre
the expected difference in the MnL2,3 edge.

V. IMAGING SPECTROSCOPY

Figure 11 shows the results of the imaging spectrosc
technique combined to show the change of fine structure
the OK edge from the substrate to the layers. The water
plot is shown together with an intensity plot for better vi
ibility of the position of the peaks. The three peaks in t
O K edge fine structure are clearly discerned. A change
the fine structure can be seen as a rise of the first peak
a shift to higher energies of the second peak in the SM
layers, compared to the LMO layers. This change
6-7
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consistent with the ELNES results obtained with STEM, b
the image series technique shows the results of all the la
together. Again, the shift of peak~b! and the rise of peak~a!
are correlated. Following the interpretation of the peaks
Abbateet al., 4 we can conclude that O 2p holes in the SM
layers are well localized.

Note also the presence of an extra peak at the inter
between the STO substrate and the first LMO layer. T
prepeak is probably due to the terminating SrO layer of
substrate, connecting to a MnO2 layer in LMO. This creates
a local oxygen environment, similar to that in SMO. T
result of the image series of the LMO15SMO6 sample sho
similar results as in LMO9SMO4 with STEM ELNES, an
shows the ELNES changes to be consistent over all laye

VI. DISCUSSION

We will try to propose a model that combines all expe
mental evidence. The model can be described by the gen
formula (LaMnO3)m(SrMnO32d)n /STO(100) form59 or
15 andn54 and 6, respectively, with an estimated oxyg
deficiencyd between 0.3 and 0.5. The parametersn and m
are measured from counting the RHEED oscillations dur
the growth and checked by HRTEM and satellite spots in
ED patterns. The oxygen deficiencyd is measured from the
chemical profile, obtained by fitting the experimental EE
spectra to a model, and found to be consistent with the
sence of the valency effect in theL2,3 edge.

The HRTEM images clearly show a layer-by-layer grow

FIG. 11. Result of the imaging spectroscopy technique. ELN
of O K edge for substrate and layers in the LMO15SMO6 sam
shown in both a waterfall plot~a! and an intensity map~b! for
clarity. The arrow in~a! and ~b! indicates the prepeak seen at t
interface between the STO substrate and the first LMO layer.
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~as also seen on the RHEED patterns during growth50! of the
layers with sharp interfaces between the layers. Perfect
taxy and a distinct intensity distribution for different layer
consistent with multislice image simulations is seen. T
confirms the separation of La- and Sr-containing layers wh
we verified with image simulation that the image is insen
tive to the introduction of oxygen vacancies in the SM
layer to mimic the experimental oxygen deficiency. T
model is confirmed by the chemical profiles obtained from
parametrization of the EELS spectra. A complement
La/Sr separation and an O deficiency in the SMO layer
seen when a constant Mn concentration is assumed. The
pothesis for a constant Mn concentration has been verified
noting that the intensity change in the Mn signal for bo
layers can be explained by preservation of elastic diffract
contrast.

The ELNES of the MnL2,3 edge is in agreement with th
proposed model since for the estimated 0.3<d<0.5 the
nominal valency of Mn is reduced from Mn41 in the direc-
tion of Mn31 ~pure Mn31 for d50.5). The expected change
in Mn L edge between LMO and the deficient SMO layer a
therefore small. The fine structure inside the MnL3 andL2
peak is attributed to multiplet splitting and is expected to
different for both layers, explaining the tiny difference
shape of the white lines. The O K-edge on the other ha
shows a very different fine structure for both layers. Co
parison with experimental results for SrMnO3 shows a dis-
crepancy in the strength of the first peak of the OK ELNES.
Comparison with a similar compound CaMnO32d shows that
the effect of oxygen deficiency is a strong decrease in
strength of the first O K-ELNES peak. This seems to sugg
that the observed ELNES for the SMO layer is likely
come from SrMnO32d rather than SrMnO3 which fits to our
proposed model. The observed difference in intensity of p
~a! between LMO and SMO could be interpreted as a sli
change in Mn 3d occupation and indicates that there i
small valency effect, but much smaller than expected. Thi
further evidence for SrMnO32d with d,0.5.

The EFTEM results as well as the imaging spectrosco
technique agree with the STEM observations pointing out
interesting consequence. The STEM results were obta
from a mechanically polished sample, while the TEM resu
were obtained from a conventional ion-milled sample. T
fact that both results agree so well, rules out the poss
influence of sample preparation on the observed electro
structure. STEM and TEM experiments used different p
mary electron energies of 100 and 300 kV, giving extra s
port for the absence of beam damage because both resul
consistent. Both samples, LMO9SMO4 and LMO15SMO
lead to comparable observations, pointing out that apart fr
different scales and different total layer thickness, there is
significant difference in chemical or structural observatio
at the experimental accuracy.

Electronic structure calculations could further improve t
interpretation of the observed ELNES peaks. The reason
the oxygen deficiency, which remarkably balances the no
nal Mn valency to approximately Mn31, is related to tensile
stress in the SMO layer creating oxygen vacancies.

This model can be related to the rather poor physi

S
e
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properties of these type of samples as reported in Ref.
The absence of a large CMR effect can be attributed to
absence of strongly mixed Mn31/Mn41 sites, which are
thought to be essential in a double-exchange explanatio
CMR.

VII. CONCLUSION

In this paper we illustrated how a combination of HR
TEM, diffraction techniques, STEM EELS, ELNES, EFTE
and imaging spectroscopy can solve nanoscale characte
tion problems. We investigated (LMO)m(SMO)n hetero-
structures and showed that oxygen deficiency in the S
layers leads to an adapted formula (LaMnO3)m(SrMnO32d)n
with 0.3<d,0.5. This model was shown to fit all exper
ments and explains the poor physical properties of sim
samples reported in Ref.20. We found chemical separation o
the A-site cations La and Sr and the structure shows an
,
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ficial crystal with unbroken Mn lattice. The SMO layers a
stabilized between two LMO layers, but tensile stress le
to oxygen vacancies increasing the number of 3d electrons
in Mn to resemble the Mn31 state of LMO. The O K-ELNES
however, points out that the Mn-O bonds have a considera
covalent character and electronic structure calculations
needed to fully interpret the electronic structure of such
complex heterostructure.
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