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Abstract. A magnetic tunnel junction consists of two ferromagnetic conducting electrodes separated
by an insulating thin layer. The performance of such a system strikingly depends on the last
conducting atomic layers in contact with the insulator. Consequently, the present paper reports a
nanoscale electron energy loss spectroscopy (EELS) study, which has been performed across a couple of
Lao.66510.33Mn0O3,/SrTiO3 /Lag.66Sr0.33MnO3 tunnel junctions with different barrier thicknesses (1.5 nm
and 5 nm respectively). It aims at determining not only the chemical composition in the interface areas, but
also the effect of the neighbouring atoms on their electronic structure. Using recent improvements in the
STEM-EELS data acquisition and processing techniques (systematic use of spectrum-line and spectrum-
image modes, multivariate statistical analysis, 2D energy deconvolution schemes, etc.), the local chemical
information is better extracted with shorter acquisition times, while the large increase of the data set con-
tributes to validate the results. Within the accuracy level of these measurements, the elemental composition
of the different phases remains stable up to the interfaces with no evidence of extra doping. Furthermore,
weak changes on the Mn-2p edge fine structures (weak shift to lower energy loss values and extra splitting
on the top of the Mn L3 line are observed on all the interfaces. They are interpreted as a consequence of a
slight reduction of the local Mn valence likely accompanied by a strain induced change in local symmetry.
The discussion is focussed on all spectral changes identified at a (sub)nanometer scale and their potential
effects on the degradation of magnetic and transport properties measured, close to room temperature, at
a macroscopic level.

PACS. 75.45.4+j Macroscopic quantum phenomena in magnetic systems — 82.80.Pv Electron spectroscopy
(X-ray photoelectron (XPS), Auger electron spectroscopy (AES), etc.) — 68.37.Lp Transmission electron
microscopy (TEM) (including STEM, HRTEM, etc.) — 85.30.Mn Junction breakdown and tunneling devices

(including resonance tunneling devices)

1 Introduction

In the present work, we investigate, at a subnanome-
ter scale, the chemical and electronic structure of
a magnetoresistive tunnel junction composed of a
Laj_,Sr,MnOg3 (LSMO “top” layer) / Sr'TiOs (STO bar-
rier) / LSMO (“bottom” layer) / STO (substrate) se-
quence. Indeed, the perovskite-type LSMO system is
known to exhibit a variety of physical properties depend-
ing on the stoichiometry and on the electronic struc-
ture of the Mn ion. For instance, the end member
LaMnOs (LMO) is an “A-type” antiferromagnetic in-
sulator accompanied by a Jahn-Teller distorsion of the
Mn3* ion. When the formal valence is increased up close to
4+ for Lag.1Sr9.9oMnOs, (named in this paper “SMO”), the
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compound becomes a “G-type” antiferromagnetic insula-
tor in which the nearest-neighbour Mn ions have opposite
spins [1,2]. In the intermediate composition range 0.2 <
x < 0.6, the system is a ferromagnetic metal below the
Curie temperature which is 370 K for z = 0.33 (La/Sr=
2). Zener [3] and subsequently de Gennes [4] explained
qualitatively the conductivity of this oxide by the so-
called “double-exchange” mechanism. Spectroscopic stud-
ies have confirmed that the ground state of LMO is made
of a strong mixture of d* and d°L where L notes for a
ligand hole and that the ground state of “SMO” consist
of a mixture of d*> and d*L configuration.

When considering highly efficient candidates for future
spin electronics (“spintronics”), most adequate materials
for spin dependent switching are the half-metallic ferro-
magnets, which are expected to exhibit a complete spin
polarization of their electron states at the Fermi level.
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Record magnetoresistances (MR) have been measured in
tunnel junctions with electrodes made of half-metallic
manganites such as LSMO or Lag 7Cag3MnOs (LCMO)
separated by a thin insulating layer [5-14]. Large mag-
netoresistance ratios (400% to 450%) were obtained at
low temperature for three insulators epitaxially compati-
ble with LSMO: STO, PrBasCus §Gag.207 and CeO4 [15].
The best characteristics were obtained with the STO bar-
rier. But, disappointingly, these huge MR effects decrease
as a function of temperature more rapidly than it could be
expected from the value of the Curie temperature (7¢) in
the bulk materials. In spite of improvements in growth
and device processing, the Curie temperature remains
about 90 K below the corresponding value in the bulk.
The problem of the influence of the LSMO/STO inter-
face structure has already been discussed in several pub-
lications [6,16—19]. Strain, presence of defects, roughness,
oxygen stoichiometry, doping amount (La to Sr ratio) can
affect the properties of these manganites. In the case of
superlattices, Izumi et al. [16] have particularly put for-
ward the influence of the sequence of atomic planes at
the interface between the manganite and the insulating
barrier.

Due to the exponential decay of the tunneling cur-
rent with distance, the performance of such a system
strikingly depends on the last conducting atomic layers
close to the insulator. This sequence could be different
on each interface in a system with two LSMO electrodes.
To test independently the contribution of each interface
on electronic properties, the LSMO “top” layer has been
substituted by a Co layer [6,20]. While the MR in a
Co/STO/LSMO junction is smaller at low temperature
than in junctions with two LSMO electrodes (as expected
from the moderate polarization of Co in comparison with
LSMO), it decreases more slowly at high temperature and
vanishes at about 320 K, that is only 50 K below the TPk,
In this context, a detailed analysis of the nature and the
environment of the atoms located at these oxide/oxide
interfaces appears extremely relevant for potential appli-
cations.

Quite a few investigations of these heterostructures
by High Resolution TEM (HRTEM), have been per-
formed over the past years [21-24]. Recently, the
Co/STO/LSMO/STOgubstrate system has been studied
jointly with HRTEM and Electron Energy Loss Spec-
troscopy (EELS), in order to compare the chemical com-
position, the electronic states and the structural aspects
of the interfaces [25]. HRTEM experiments have demon-
strated the continuity of the perovskite stacking sequence
across the STO/LSMO interface and its abruptness. How-
ever, the comparison between HREM images and con-
trast simulations did not allow to determine what is the
atomic termination at the interface. We recall that the ter-
mination could be a Lag,35r;,30 or a MnO2 monolayer
on the LSMO side followed respectively by a TiOs or a
SrO monolayer on the STO side [25]. The difference in con-
trast between MnOo and TiOs was too weak in the HREM
experimental images to clearly identify these termina-
tions. EELS experiments in a Scanning TEM (STEM)
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carried out on the only LSMO/STO interface have demon-
strated that the Mn valence did not increase into the
last MnO; planes at the interface with the STO bar-
rier, so that the most plausible termination corresponds
to the “Lag,3Sr; ;30-TiO2"-type [25]. The present paper
describes the second step of the chemical investigations fo-
cusing on the system with two manganite electrodes. We
try to elucidate the contribution of each LSMO/STO in-
terface to the reduction of the performance, as compared
to the ideal characteristics of such a device. In particu-
lar, do the chemical composition and the electronic struc-
ture (Mn, O atoms) of the “bottom” LSMO/STO inter-
face differ from the “top” one or/and from the “bulk”
LSMO layers?

The specimen preparation, the experimental methods
and data processing techniques for chemical characteriza-
tion are described in Section 2. In Section 3, we present
the EELS results (elemental composition and fine struc-
ture study). In Section 4, likely diagnoses concerning the
environment and valence of the Mn ions at the interfaces
are inferred from these results and discussed in the context
of the performance of these tunnel junctions.

2 Materials and methods

2.1 Specimen preparation

The LSMO/STO/LSMO tunnel junctions have been
grown by pulsed laser deposition (PLD) on a STO sub-
strate [15], at a temperature of 970 K and under a pres-
sure of 0.35 torr of pure oxygen. The growth direction of
the LSMO layers was (001). The sample was then cooled
to room temperature over a period of 45 mn including an
intermediate temperature plateau at 670 K during 15 mn
under 300 torr of oxygen to maintain the stoichiometry
of the whole device. Two samples which differ in terms of
barrier thickness (1.5 nm wide and 5.5 nm wide) have been
elaborated. The thinner one corresponds to the specimen
on which magnetic and transport measurements have been
performed, while the thicker one has been specially pre-
pared for the present EELS study to make sure that the
probe in the middle of the barrier would deliver a pure
STO reference signal (see below Sect. 3.2.1).

Then, the multilayer specimens have to be thinned
so that the interfaces are oriented parallel to electron
beam in the TEM (cross-sections). The ultimate align-
ment is achieved with the tilting mechanisms of the spec-
imen stages of both microscopes. Mechanical thinning us-
ing the “tripod method” [26] has constituted the first step
in TEM sample preparation while ion milling in a PIPS-
Gatan instrument set at low angle and low voltage, was
the last one.

2.2 Subnanometer investigations
2.2.1 Nanoscale EELS analysis

The atomic structure of the LSMO/STO/LSMO sam-
ples has been investigated by HRTEM experiments
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Fig. 1. HREM picture of the STO/LSMO interfaces showing the epitaxial relationship between the two layers. The insets
correspond to the calculated contrast with the same focus conditions. The white circles schematically indicate the probe
positions during the EELS line spectra. STEM probe diameter is 0.7 nm and the probe step can be reduced down to 0.3 nm.

combined with image simulations (multislice method [27]).
HRTEM images of cross-sections have been recorded with
a TOPCON EM 002B (Cs = 0.4 mm) operated at 200 kV
and the details of this structural study are published sep-
arately [28,29]. The elemental composition and the elec-
tronic structure of the interfaces have been studied in a
VG STEM HB501 with a cold field emission gun oper-
ated at 100 kV. These measurements have been performed
strictly over the same specimen areas as those investigated
by HRTEM. EELS data were acquired with a GATAN par-
allel EELS spectrometer, modified in the laboratory [30].
The latest modification concerns the detector with the in-
stallation of a new CCD camera with 1340 x 100 pixels.
This improvement, incorporating also a glass lens coupling
between scintillator and CCD chip, has been quite efficient
to decrease the acquisition time per spectrum. Acquisition
time for each spectrum can be reduced down to 1 ms to
few ms in the low energy loss area (below about 150 eV)
and down to 10 ms to 200 ms in the core-loss domain
(below 1 keV). Also, the calibration makes possible to la-
bel the EELS intensity axis in terms of electron numbers
rather than counts (see figures). Even in the core-loss do-
main, these new conditions combined with the spectrum-
image technique [31], allow to scan the probe along one
(“1D” mode ) or two-dimensions (“2D” mode) and to ac-
quire one spectrum per each pixel at very high magnifica-
tion (up to 5 million).

Major EELS experimental conditions were set as fol-
lows: probe size of 0.7 nm (corresponding to 70% of
the total primary beam), probe step between each po-
sition can be decreased down to 0.3 nm, energy dis-
persion has been selected between 0.15 eV and 0.5 eV
depending on the kind of measurements Energy Loss
Near Edge Structure (ELNES) or elemental composition).
“1D” spectrum-images consist of 128 x 1 to 1024 x 1 spec-
tra and “2D” spectrum-images typically of 64 x 64 spectra

or 128 x 16 spectra. The very small probe step between two
successive positions provides a very large number of energy
loss spectra in the same specimen area, very favourable to
validate the results. With the “1D” mode, the probe was
guided at an angle comprised between 20° to 45° across
the interfaces to decrease the interface-probe distance be-
tween two successive probe steps (Fig. 1). The energy res-
olution of about 0.6 eV is mostly limited by the natural
energy width of the incident electrons, by spectrometer
aberrations and by high tension instabilities. As an exam-
ple of the energy stability of our system, we have measured
in similar conditions, a standard deviation of +/—0.1 eV
for 200 measurements of the zero loss peak maximum po-
sition over a cumulative time of 1 s. Specimen drift is
insignificant for the acquisition times used.

2.2.2 EELS data processing

For this study, the selected edges are Sr-4p (31.5 V), Ti-
3p (40 eV), Mn-3p (50 V), La-4d (117 eV), Sr-3p (133 eV)
in the low loss region and Ti-2p (456 €V), O-1s (532 eV),
Mn-2p (640 eV) and La-3d (832 eV) in the core-loss region.
The Mn-2p and O-1s edges are the main characteristic sig-
nals for the fine structure study. Except for the first three
mentioned edges in which case the second energy deriva-
tive mode is used for quantitative measurements, the con-
tinuous background under the edges must be removed by
using a smooth power law [32].

Multivariate Statistical Analysis (MSA) is a power-
ful complementary tool to the spectrum-image technique.
The data stored during acquisition of a spectrum-image
are considerably increased, which requires a systematic
use of statistical tools [33,34]. With a field of use extending
beyond noise reduction, MSA keeps the information along
space and energy axes as well as it increases the detection
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Fig. 2. Typical Mn distribution profile across the STO barrier
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from a convolution with a Gaussian curve is represented (bold line). The probe diameter is 0.7 nm and corresponds to 70% of

the signal The acquisition time for each spectrum was 100 ms.

sensitivity of weak feature variations on the characteris-
tic edges. We have also used during the present study a
recently developed energy deconvolution technique [35].
This method involves a measurement of the Point Spread
Function (PSF) corresponding to the spectrometer aber-
ration, the energy spread of the electron source and the
CCD PSF in order to restore the spectrum.

The elemental quantification is based on the poten-
tial of the spectrum-image technique, which ensures, with
our instrument, very stable conditions during the whole
spectral acquisition and large redundancy of information
for a same sample area. Since the first purpose of this
study is to analyse the interfaces with the STO barrier,
the most accurate and simple method consists in mon-
itoring whether an elemental composition is stable over
the whole phase area or it varies in particular close to
the interfaces. Atomic composition of the layers with op-
timal accuracy requires an experimental determination of
the cross-section ratios from measurements on stoichio-
metric samples of well known chemical composition [32].
The STO substrate, present in cross sections and a sto-
ichiometric LMO sample were used as references to de-
termine the chemical composition of the different layers.
LSMO sample rich in Sr (Sr > 0.6) cannot be used as
reference due to their nonstoichiometric composition. The
error bars displayed on the elemental profiles have been
estimated using the signal to noise ratios (SNR) extracted
for each characteristic signal.

As in other transition metals, the Mn-2p edge is the
superposition of a continuum and of two white-lines Lg
and Lo. It has been shown that the I,3/I1,2 intensity ratio
can be related to the nominal 3d occupancy on the ion
site [36]. We have therefore extracted this ratio using a
method described elsewhere [37]. On the other hand, we

have determined reference ratios from the standard sam-
ples. The whole set of data have been handled with the
same procedure in order to minimize the errors, in partic-
ular those induced by the choice of the onset position of
the continuum relative to the white lines.

3 Results

3.1 Atomic structure in the different layers
and at interfaces

Figure 1 shows a HRTEM image of a typical cross section
of the LSMO/STO/LSMO films grown along the (100) di-
rection. It confirms the continuity of the perovskite stack-
ing sequence across the interfaces and its abruptness. Both
the LSMO films and the STO barrier are well crystallized
without dislocations or other visible extended defects.
As a matter of fact, the layer thickness has been previ-
ously optimized to avoid the growth of such defects. As
already mentioned, the atomic plane terminations
“MHOQ—L&QGGSI‘()‘330—T102—SI‘O” and “La()‘GGSI‘()'gggo—
MnO,-SrO-TiO2” at the LSMO/STO interface cannot be
distinguished (insets in Fig. 1).

3.2 EELS elemental analysis across the interfaces
3.2.1 About spatial resolution in the EELS experiments?

Figure 2 shows why a specimen with a thicker barrier
has specifically been elaborated for the EELS study. It
shows the Mn profile in the interfacial areas and across
the STO layer for both samples, with tunnel barriers re-
spectively of 1.5 and 5.5 nm nominal thickness. Due to
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their major role in the magnetic and transport properties,
Mn atoms should not be found in the STO barrier. The
first analysis on the sample with a barrier 1.5 nm wide
reveals that the Mn-2p edge intensity does not completely
fall down to zero (Fig. 2a) as well as the La-3d edge (not
displayed). One can legitimately wonder whether geomet-
rical parameters defining the volume of signal generation
(probe spatial distribution, convergence angle, broadening
effect and slight misorientation) can satisfactory account
for this observation or a real cation interdiffusion in the
barrier should be considered. Similar smoothing effects on
elemental profiles acquired across SMO/LMO multilayer
sequences (the La signal does not go down to zero in the
centre of a 2 nm thick SMO layer) have been observed
when using a smaller probe diameter of nominal 0.2 nm
diameter [38,39]. Figure 2b demonstrates that in the case
of the thicker STO barrier, the Mn profile in STO quite
falls down to zero. However, the decay of the Mn signal ex-
tends over a larger distance (typically between 1.1 nm and
1.8 nm for the dog_go edge criterion), than that expected
for an incident probe of nominal 0.7 nm diameter, see the
difference between the experimental points and the con-
tinuous line representing a step function convoluted by a
2D Gaussian function containing 70% of the total current
within a diameter of 0.7 nm [40]. This can be, at least par-
tially, accounted for by beam broadening and convergence
angle effects for a local specimen thickness between 30 nm
and 40 nm at the position of the analysis. Furthermore,
when comparing individual line profiles and summed line
profiles across a junction (see for instance Fig. 4a), we have
generally noticed a slight further broadening to be inter-
preted in terms of moderate interface roughness when in-
tegrated over distances of a few tens of nanometers within
the plane of the interfaces. Consequently, the presently
observed loss of resolution induced by the specimen it-
self cannot allow us to exclude completely the possibility
of a slight interdiffusion over one or two atomic planes.
Nevertheless, we are convinced that all the cation profiles
presented below and the HRTEM images plead for a quite
reduced interdiffusion effect, if any.

3.2.2 Cation and anion distribution across the junction

Typical profiles of all involved cations and anion distri-
butions across the junction with the “thick” STO tunnel
barrier, are shown in Figure 3 as a function of the probe
position. With such a large number of point analyses avail-
able, we can study the homogeneity of the measurements
over areas normally identified as “bulk” and investigate in
more detail the behaviour of the different elemental tran-
sitions when the probe approaches and crosses one or the
other of the interfaces. The composition of the various ions
in the different “bulk” layers remains rather stable. Fur-
thermore, the composition of the STO barrier is strictly
identical to that of the substrate (not shown). Contrary
to manganese, lanthanum and titanium, oxygen must be
present in same proportions in the LSMO and STO layers
(3 anions for 2 cations), assuming that the LSMO layers
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are stoichiometric and relying on identical structural pa-
rameters previously measured from HRTEM images [25].

Normalized to 100%, the chemical composition, aver-
aged over the whole “bulk” LSMO layers and excluding
the interface areas, is calculated to be: La 13.4 4+ 0.2 at%),
Sr 6.8+0.2 at%, Mn 20.1£0.3 at% and O 59.7+0.4 at%.
The mentioned errors correspond to the standard devi-
ation for more than 100 analysis points. If we assume
a perfect stoichiometry of the STO barrier (as a conse-
quence of the similarity with the STO substrate), the cor-
responding chemical formula for the “bulk” LSMO layers
is Lag.g6Sro.34Mng. 9909 95. For each measurement shown
in Figure 3, the error bars, estimated from the SNR on the
characteristic edges, are slightly higher than the statisti-
cal variations measured over a large area. Consequently,
we can conclude that spatial inhomogeneities of up to
2 or 3 at% on the Sr, La and Mn profiles, can be de-
tected within these “bulk” compounds. If we take into ac-
count only the statistical error, a very slight oxygen under-
stoichiometry is revealed in the “bulk” LSMO layers. Of
the order of 3%, it must be considered as a likely ten-
dency and should be considered with caution. Using these
results, the corresponding Mn valence in the LSMO layers
would be 3.27 instead of 3.33 for the pure stoichiometric
composition (calculated with the following charges 2 for
Sr and O, 3 for La). This value is compatible with the
magnetic and transport performance of the device with
the STO barrier 1.5 nm wide.

The profiles of the different cation distributions across
the interfaces are very similar: they concern Mn and La
in the LSMO layer, Ti in the STO junctions and Sr in
both phases Fig. 3a). Their shapes are rather symmetric
between the “bottom” and the “top” interfaces, except
maybe for the Sr and La profiles which, on the selected
profile, seem to display a more extended transition be-
low the “bottom” interface than above the “top” interface
(this behaviour will be further discussed in the follow-
ing paragraph). These results are consistent with a stable
composition of the two LSMO layers up to the last atomic
planes, within the present limits in spatial resolution and
statistical accuracy. When comparing several profiles of
the oxygen K signal across the interfaces (see Figs. 3b—d),
no reproducible oxygen under-stoichiometry stronger than
in the bulk LSMO layers is revealed close to one or the
other interfaces, except in the Figure 3b profile.

3.2.3 "2D" mapping of the doping level estimated
from the La/Sr ratio

The doping level x can be deduced from the measurement
of the concentration ratio in lanthanum and strontium
(1—2)/x, which should be nominally equal to 2 in the bulk
LSMO and go down to 0 in the tunnel barrier (Fig. 4). The
slight variations, which may be detected on “1D” profiles
such as shown in Figure 4a (diamond-shaped curve), are
not sufficiently reproducible to be representative of one
of the interfaces. Indeed, the “sum” profile corresponding
to the average profile of about fifty spectra (dark dots,
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Fig. 3. Relative atomic concentration profiles of the cations (Mn, La, Sr, Ti) and the anion acquired across interfaces LSMO/STO
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(¢) and (d) show two other oxygen profiles. Experimental conditions and data processing are described in Section 2. The
acquisition time for each spectrum was 10 ms or 100 ms depending on the corresponding edge.

Fig. 4a) is quite symmetrical. The variations or asym-
metry visible in some profiles cancel over about twenty
nanometers along the interfaces. Anyway, these variations
are very low and close to the nominal value 2 which cor-
responds to a doping amount of x equal to 0.33. It should
reach the down value of 0.66 or the up value of 4 (respec-
tively x = 0.6 or 0.2) to have strong negative effects on the
magnetic or transport properties. Figure 4b exhibits the
La to Sr atomic ratios extracted from a “2D” spectrum-
image. This figure is displayed in three dimensions: two
for the probe position and a third one for the atomic ra-
tio. These profiles correspond to probe scans acquired per-
pendicularly to the interface plane. This image reveals the
stability of the doping level up to the interfacial zone with
the insulating barrier.

3.3 ELNES structure evolution across the interfaces

For these tunnel junctions, the study of the Mn-2p edge at
the interfaces allows to determine the Mn valence, which is
related to the doping and therefore controls the transport
properties. Due to the strong covalent character of the
bonding in these compounds, the O-1s edge is the other
most relevant signal. The electronic structure of Ti atoms,
which substitutes Mn in the insulating barrier has also
been checked across the interface area.

3.3.1 Mn-2p edge

As in other transitions metals, the Mn-2p edge ap-
pears as made of two white lines corresponding to the
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excitation of electrons from 2p to 3d states, superimposed
on a continuum which can be calculated with a Hartree-
Slater model. We have measured the position of the max-
ima of these two white lines at 642 eV (L3 peak) and
653 eV (Ly peak) for  equal to 0.33 (La;_4)Sr,MnO03)
(Fig. 5). These spectra do not exhibit strong outstanding
features as one might expect for these spectroscopic fea-
tures dominated by multiplet effects. However, previous
XAS experiments [41] have demonstrated that the broad-
ening of the Ls and Ly peaks is not an experimental arte-

fact but is rather of intrinsic origin for these manganites.
If the Sr doping is stronger, the L3 peak is shifted towards
higher energy losses as a consequence of changes in the
electrostatic energy at the Mn site. The slight shape vari-
ation measured between LMO and SMO refers to spectral
difference for ground state of primary 3d*> and 3d* config-
uration with various crystal fields (from 1.5 eV to 2.4 eV
for 0 < a > 0.9) [25,41,42]. The energy shift can be used
as a fingerprint to monitor the valence state across the
LSMO layer up to the interface with the STO barrier.
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Fig. 5. Variation of the Mn-2p edge across all the interfaces
between LSMO and STO: a) interfaces with the STO bar-
rier 5.5 nm wide and b) interface with the STO substrate.
EELS line spectrum was used (MSA, no PSF correction).
The distances labeled on the figure correspond to the probe-
interface distance which is referenced “0 nm” at the apex of
the “bottom” interface. The acquisition time for each spectrum
was 200 ms.
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The L3/Ly intensity branching ratio constitutes another
indication to monitor the valence in this multilayered sys-
tem [36,37,43].

The change of the Mn-2p ELNES structures is recorded
step by step while crossing the STO barrier (see Fig. 5)
using an interface-probe distance step of 0.3 nm. The Mn-
2p edge in the “bulk” LSMO layers (displayed on the bot-
tom and on the top of Fig. 5a) is in good agreement with
equivalent spectra recorded with XAS [41]. At the apex of
the interfaces with the barrier, pointed out in bold char-
acters in Figure 5a, the Mn signal remains sufficiently
high (more than 10° electrons integrated over 30 eV )
to discriminate weak ELNES variations from the exper-
imental noise. A specific fine structure on the L3 line is
detected at the interfaces, marked by a very slight shift
towards lower energy losses and a more visible splitting.
This specific ELNES, identical at the two interfaces, is
present on both kinds of specimen (“thin” and “thick”
STO barriers) and is also visible at the interface with the
STO substrate (Fig. 5b). It seems to be a very general
behaviour, which is further confirmed in 2D spectrum-
images acquired with high energy and spatial resolutions.
The chemical EELS image (Fig. 6a) corresponds to a
Mn map extending over both sides of the insulating bar-
rier. The sequence of Mn-2p edges shown in Figure 6b is
extracted from the same spectrum-image data set, when
selecting individual spectra corresponding to the differ-
ent probe positions along one interface shown as an arrow
in Figure 6a. A similar observation can be made along
the“top” interface. The specific interface structure is more
or less pronounced according to the probe location, which
could be attributed to the presence of steps along the in-
terfaces as seen in HRTEM images. Within the frame of
a pure ionic description, the energy position of the Mn-
L3 peak at these interfaces is not compatible with a va-
lence increase towards Mn** and a Sr enrichment.

Experimental and theoretical studies have demon-
strated that a change in the d band occupancies (due to
the formal valence or to charge transfer), in the spin state
or in the magnetic ordering may alter the white line ratios
of 2p transition metal spectra. All these aspects are im-
portant in the case of these multilayered materials. Con-
sequently we have examined with great care the spatial
evolution of the L3 /Ly intensity ratio. Figure 7 shows the
results when the probe is scanned across the LSMO layers
and the STO barriers ((a) 1.5 nm wide and (b) 5.5 nm
wide). Due to the experimental conditions (Sect. 2.2), the
accuracy of this extraction is close to 3% in the “bulk”
LSMO layers. The ratios calculated for the LMO (Mn"3+")
and the “SMO” (Mn"4*") references have also been added
as dotted lines. For the LMO reference, the Lg/Lo ratio
corresponds to EELS measurement carried out on our ref-
erence sample. For the “SMO” reference (z = 0.9), the
value is extracted from XAS measurements [41] for z =0
and z = 0.9, then normalized to our experimental value
for z = 0 (LMO). This correction was less than 10% which
could be considered as a sign of reliability. From these ref-
erences, this ratio varies by 14% between Mn** (LMO)
and Mn™4*" (“SMO”). According to the Mn valency in
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used.

the range 3+ to 4+ and considering the instrumental error
(Fig. 7), a linear approximation is sufficient to determine
the Mn valency across the LSMO layers. As shown very
clearly in Figure 7, the Lz /Lo ratio in the LSMO layers lies
between the values measured for the two references (2.5 for
LMO and 2.2 for “SMO”) and shows a good stability, with
a mean value of 2.40 in both samples. This value roughly
corresponds to a mixed valence 0.67 Mn3t+ 0.33 Mn**
which is in agreement with the elemental composition and
the measured magnetic and transport properties.

3.3.2 O-1s edge

Unlike manganese, oxygen is present in LSMO as well as
in STO with different fine structures. Figure 8 shows a
sequence of O-1s edges extracted from a line-spectrum
acquired when scanning the probe across a tunnel junc-
tion. Let us point out the high sensitivity of the tech-
nique associated to the very strong signal-to-noise ra-
tio within these individual spectra. Reproducible changes
can be detected even with step increments of 0.3 nm in
spite of the much larger extent of the probe volume. The
ELNES structure of the O-1s edge for these systems is usu-
ally governed by the hybridisation of 2p anion states with

3d metal states, forming empty bands of predominantly
metal character above the Fermi level [41,44-46]. These
features have been identified for the MnOs and TiOs com-
pounds, which are of rutile type and basically composed
of MnOg or TiOg octahedrons [47]. In LSMO, the “a”
feature at 531 eV (Fig. 8) is attributed to overlapping
bands of O-2p and Mn-3d character. In the case of a Sr en-
richment (Mn3*+ to Mn**t), this peak must shift to lower
energy losses and a second peak appear at 533 eV [41].
The other structures “b” and “c” can be attributed to
the influence of higher energy states like La-5d (LSMO),
Mn-4sp (LSMO), Ti-4sp (STO). Considering the changes
displayed in Figure 8, there seems to be a continuous vari-
ation from the LSMO to the STO phase. As for Mn-2p,
no trend towards Mn** corresponding to a Sr enrichment
is clearly detected. Contrary to the changes observed on
the Mn line at the interface itself, a slight trend towards
Mn3t would be very difficult to detect due to the pres-
ence of Sr'TiOj3, the corresponding edge of which shifts in
the same energy loss direction. The MSA analysis con-
firms that no new significant spectral feature appears in
the interface area, which validates the assumption that the
O-1s edge corresponds to a linear combination of LSMO
and STO fine structures.
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Mn and Ti atoms occupy similar positions in the
LSMO and STO perovskite structures. With or without
energy deconvolution technique, no significant variation of
the Ti Log lines has ever been detected even at the inter-
faces.

4 Discussion

The very significant number of acquired data and the
corresponding information redundancy lead us to con-
sider these analyses sufficiently representative of the el-
emental composition and of the electronic states both
on the “bulk” type parts of the specimen (LSMO
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Fig. 8. Evolution of O-1s edges across the bottom and the top
interfaces between LSMO and STO (specimen with STO layer
5.5 nm wide, after MSA and energy deconvolution technique).
The acquisition time for each spectrum was 100 ms.

and STO respectively) and at the three interfaces by
themselves (STO substrate/ LSMO “bottom” layer,
LSMO “bottom” layer/STO tunnel barrier, STO tunnel
barrier/LSMO “top” layer). It obviously complement our
previous work on the LSMO/STO/Co junction [25].

Let us first summarize the major outputs of the present
experimental study:

(i) About quantitative elemental analysis:

e In the “bulk” areas, the average distribution of
all cations and oxygen fit rather well to the nom-
inal values of the grown layers, as it can be
checked from the established elemental composi-
tion formula.

e When compared to its value measured in the
STO substrate, the oxygen content in the
LSMO layer would correspond to an under-
stoichiometry of about 3%. As a matter of fact,
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this oxygen content displays weak variations of an
equivalent magnitude across the manganite lay-
ers, which are visible in spite of the limited accu-
racy of the measurements.

The transition regions at the interfaces are broad-
ened with respect to the nominal size of the inci-
dent probe (of the order of 0.7 nm). Similar broad-
ening have also been noticed with the 0.2 nm
probe used by Verbeek et al. in a comparable
study. Several reasons, mostly due to the speci-
men under investigation, have been proposed to
account for these measured larger widths of tran-
sition.

Much attention has been paid to detect if there
is any reproducible dissymetry in the elemental
composition profiles when analyzing the bottom
and top interfaces respectively. If in a few indi-
vidual line profiles, the top interface seems to
be narrower (generally between 1.2 and 1.4 nm
in a 20-80 edge measurement as compared to
1.5 to 1.8 values measured at the bottom one),
when many profiles are averaged, the behaviour
becomes quite symmetrical.

The doping rate z, which is deduced from the
La/Sr atomic concentration ratio, is stable at val-
ues between 0.33 and 0.35 over the bulk and close
to the interfaces when the La intensity begins to
drop to zero. There is no evidence for an increased
Sr content in the neighbourhood of the interfaces.
Similarly, there is no trend of an increased under-
stoichiometry in the oxygen content in the man-
ganite layers close to the interfaces, as compared
to the observed stoichiometry variations detected
in the bulk (all of them being of the order of 3 at%
maximum).

(ii) About fine structures observations on selected Mn
and O edges:

e The weak changes observed in the Lg and Lo Mn
lines are quite symmetric with respect to the
STO junction, when probed with small incremen-
tal steps of the probe position (of the order of
0.3 nm perpendicularly to the three different in-
terfaces which have been investigated.

The major change which has been identified, con-
cerns the fine structure of the L3 line, as amplified
in the second derivative mode shown in Figure 9.
It is a shift of the total weight of the line towards
lower energy loss values, which is in contradiction
with the shift to be expected in the case of an
increased valence of the Mn ion (towards higher
energy loss values). It is also an increased visibil-
ity of the splitting into two components appearing
clearly when the probe is at the apex of the inter-
faces (positions 0 and 5.5 nm in Fig. 9).

The measured Ls/Lo branching ratio values al-
ways lie between the measured values for the
LMO and “SMO” cases. They may be very sta-
ble when moving the probe position across a
given manganite layer (see for instance the “bot-
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The probe position “0 nm” is referenced to the apex of the
“bottom” interface. The vertical lines highlight the weak en-
ergy shift of edge features at the interfaces (“bulk” and “inter-
face” energy position in full line and dotted line respectively).

tom” layer in the 1.5 nm junction). But it may
also exhibit fluctuations which confirm that the
LSMO layers by themselves are not perfectly ho-
mogeneous in composition. When investigating
the neighbourhood of the STO junction, the Mn
L3 /Ly junction seems to increase for the probe po-
sitions already positioned within the barrier and
probing therefore only the ultimate Mn layers.

e As for the oxygen K-edge, in spite of an excellent
signal-to-noise ratio, it does not seem to deviate
from a linear combination of a LSMO type be-
haviour and a STO one. All identified features are
in fact very similar to those recorded with XAS
on bulk specimens, which display in particular the
weak splitting of the prepeak in the LSMO layer
and the sharp peak at 531.8 eV in the STO layer.
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All these detailed results are due to the high signal con-
tained in the recorded spectra, which makes that in an
oversampling scheme, weak spectral changes can be at-
tributed to changes in position much smaller than the
intrinsic dimension of the analysed volume, therefore ex-
tending the information range below the spatial resolu-
tion. This is also due to the high stability of the probe
position during the acquisition times.

Let us point out that the present results are in good
agreement with the previous EELS data which we have
published on Mn L33 and O K fine structures recorded
on test La;_,Sr,MnQOj3 specimens with x = 0, 0.33 and
0.9 [25], as well as with the XAS spectra at higher energy
resolution published by Abbate et al. [41]. In particular
both sets of data exhibit a clear shift of the maximum of
the Mn L3 line by 1 eV from the 3+ to the 44 valency.
In their EELS study of SMO/LMO multilayers, [39] show
only very weak changes between the Mn lines of the SMO
and LMO layers, in contradiction with the other men-
tioned results. They attribute it to the covalent character
of the Mn-O bonds in their specimen.

What can we learn from these measurements?

(i) In our previous EELS study of the Co/STO/LSMO
system dealing with only one LSMO/STO inter-
face [25], we had deduced from the observation of a
similar behaviour for the Mn L3 line, that the LSMO
should be terminated by a Lay,/35r; 30 atomic layer
preserving the local environment and therefore the
nominal 3.33 valency of the Mn ion. It was also
suggested to consider in detail the case of a re-
verse LSMO/STO/LSMO junction in order to check
whether the sequence of atomic planes would be dif-
ferent at the “bottom” and the“top” LSMO/STO in-
terfaces. A “MnQO3-SrO” termination, richer in Sr
in the first neighbouring atoms around the Mn ion,
would induce an increase of its valence and the degra-
dation of the junction performance (spin reversal).
From the present spectrum sequences across all the
LSMO/STO interfaces, a similarity is clearly revealed
on the edge features, which does not confirm the pre-
vious hypothesis (Figs. 5, 8 and 9). These new anal-
yses therefore suggest that the sequences of atomic
planes are identical (“Lag.g6Sr0.330-TiO2”) or that
the electronic structure of the Mn ions is also sensi-
tive to more distant neighbouring cations and anions.
This hypothesis of identical sequences also suggests
that the surface energies control the atomic plane ter-
mination under the thermodynamic conditions dur-
ing elaboration.

As for the L /Lo branching ratio, let us consider what
can be the reason for its generally observed increase
at the apex of the terminating Mn atoms close to the
insulating STO barrier. A high to low spin transition
is not the cause of this increase in the Lg3/Lo ratio
at this interface since spectra for Mn ion with low
spin exhibit a smaller Ls/Lo ratio. It is also quite
unlikely that a change in the magnetic ordering of
the material might be the reason for that change.
It has been shown that the white line ratio may

(iii)
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greatly vary (up to 25%) with the magnetic orien-
tation in an X-ray circular magnetic dichroism ex-
periment [42]. However, circular dichroism is almost
unpractical in EELS geometry. To our knowledge,
X-ray linear dichroism has not been reported for this
material, but its intensity would be smaller than in
the case of circular polarization. Linear polarization
could be achieved in a STEM but its effect is strongly
diminished as compared to the X-ray equivalent due
to the large convergence angle. For these reasons,
we do not believe that a magnetic ordering variation
might have been detected by the present EELS ex-
periment at that interface. Therefore, the evolution of
the Ls/Ly intensities is rather related to a change in
the d band occupancy than to a magnetic effect (let
us also remind that our experiments are performed at
room temperature). This interpretation is confirmed
by the good correlation observed between the change
of the white line ratio and the small chemical shift
of the L3 white line. This latter chemical would not
be expected in case of a pure magnetic origin of the
Ls/Lo ratio variation. Within the frame of an ionic
description, which is rather well adapted to account
for the variations of the branching ratio, an increase
of its value up to that measured for the LMO refer-
ence (about 2.5) would correspond to an equivalent
formal valence reduction down to 3 (instead of 3.33
in the bulk) for the Mn ions, or said in equivalent
terms to an increased Mn 3d occupancy at the in-
terface. It can also be attributed to a local under-
stoichiometry in oxygen around the Mn sites, which
would reduce the charge transfer from the Mn cation
towards its oxygen anion neighbours, consequently
enhancing the trend to lower valence character. This
character is quite compatible with the weak chemical
shift of the L3 line towards lower energy losses, which
has been identified thanks to the increased detection
efficiency in the present experiments with respect to
the previous ones [25].

Let us now consider the enhanced splitting of the Mn-
L3 edge, which we have clearly identified in the sec-
ond energy-derivative mode at the interface between
the LSMO layers and the STO barrier. Two major
approaches can be referred to, for providing reason-
able clues to understand this trend. In an ionic de-
scription, the fine structure on these L lines is mostly
governed by intra-atomic correlations responsible for
the multiplet structure, on which the crystalline sym-
metry imposed by the neighbouring anions is ac-
counted for by a crystal field parameter 10 Dq. In
their paper, Abbate et al. [41] show comparisons be-
tween experimental Mn 2p XAS spectra and simula-
tions performed within this model for the two species
with x = 0 and 0.9. The agreement is reasonably
good. In a covalent model, which should be more ap-
propriate for the Mn oxides (see also the discussion
by Kurata and Colliex [37]), the observed changes in
fine structures would correspond to changes in den-
sity of states and consequently in the filling of the
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unoccupied states. If one assumes an extra break-
down of the local octahedral symmetry on the Mn
sites, it could induce an extra splitting of Jahn-Teller
type [48]. Two reasons may be responsible for such
an effect: (i) the first one is the strain of the crystal
parameter between LSMO and STO — although the
latter one has been identified to be the best substrate
for epitaxial growth — of the order of 1% (in ten-
sion parallel to the interface and in compression per-
pendicular to it). This slight structural deformation
is also accompanied by a disalignment of the MnO
bonds. More extensive diffraction and HREM ob-
servations have shown that the angular distorsion
needs at least 20 nm to 30 nm to be recovered and
that the recovery of the parameter lengths requires
much thicker deposits [29]. Consequently, it is quite
reasonable to assume that these distorsions may in-
duce a splitting of the e.g.T band which contains the
Fermi level in the metallic state (0.2 < = < 0.6),
into two sub-bands. Consequently, the filling of these
sub-bands could vary across the interface as a con-
sequence of the variable charge transfer; (ii) another
likely influential parameter is the rate and ordering
of the suspected oxygen vacancies in this transition
regions. However, we are presently lacking of more
defined atomic level information and consequently of
ab initio calculations of the involved electronic struc-
ture to be able to propose more satisfactory explana-
tions than only a few plausible routes to be further
explored. We can however put forward some hints
to answer to reasonable objections. If the covalent
model is generally more appropriate, it is well known
that the information about an eventual degeneracy
breakdown in the Mn 3d band would be more directly
observed on the equivalent prepeak on the oxygen K
level as a consequence of the strong p-d hybridisation.
In our experimental situation, we have seen that such
a weak effect on the prepeak of the O K edge would
be masked by the strong signal coming from the oxy-
gen atoms bound to the Ti ions in the STO layer.
Another argument could be to push forward an in-
terpretation in terms of changes in multiplet peak dis-
tributions, as for Mn ions in different environments.
It is well known however that such a description is
much more suitable for Mn fluorides than for Mn ox-
ides, where different contributions mask these multi-
plet lines, so that the general shape of the Mn L3 and
Lo lines is rather featureless. The major arguments
are the larger Mn d bands and an increased spread of
the multiplet distribution induced by the lower sym-
metry around the Mn ions [41]. To reconciliate both
ionic and covalent descriptions, we can finally notice
that the best model should be intermediate with a
tendency to increased ionicity from SMO to LMO,
which is in agreement with all arguments put forward
in the previous discussion.

As a summary, we have clearly pointed out in this dis-
cussion that the electronic structure on the Mn atomic
sites which is explored at high spatial and energy resolu-
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tion with the presently used spatially resolved EELS tech-
niques, is quite sensitive to its detailed specific environ-
ment at the interfaces between the ferromagnetic metallic
layers and the insulating paramagnetic STO tunnel bar-
rier. It obviously differs from the bulk one. However, the
required detailed interpretation of the ELNES changes
at the interface is not available at the present time. It
will mix “band structure” and “multiplet” approaches.
Calculations of the electronic structure of the atoms in
bulk LSMO are already non trivial. Contrary to bulk
LCMO [49], no such results exist in the literature for bulk
LSMO, to our knowledge.

5 Conclusion

In spite of its limitations, the present study can provide
a few clues for a better understanding of the mechanisms,
which degrade the device performance. Indeed, the trans-
port properties of the LSMO, optimized for = equal to
0.33, result from several factors induced by the atomic
arrangement and the electronic structure. They are in
majority due to the presence of carriers (with major-
ity spin?) at the Fermi level in Lag g6Sro.33MnO3 [2,50].
The chemical shift and the white line ratio change de-
tected at the interfaces in the present study, plead for
a weak decrease of the Mn valence in the vicinity of
the interface. The small electron doping at the interface
may be sufficient to modify the transport properties of
the LSMO/STO/LSMO junction. In addition, the Mn-
2p spectra at the interface exhibit a more resolved split-
ting of the Lg line, which may be an indication of struc-
tural deformations mostly induced by strain and oxygen
vacancies.

The results of this atomic level characterization
demonstrate relatively weak changes on atoms at the in-
terfaces with respect to atoms in the bulk. A fundamental
question can then be raised: are these changes of suffi-
cient amplitude to be really responsible for the different
behaviour in transport properties? It is not surprising as
the behaviour of a tunnel junction is highly dependent on
the detailed electron state distribution on both sides of
the barrier. However, the transport properties are mea-
sured for devices of large lateral dimensions and over a
large range of temperatures. It would be useful to look for
the origin of these changes in macroscopic effects such as
the existence of roughness and of shrinkage areas over the
important lateral dimensions involved in these devices.

A final message is of more technical character. Such a
detailed EELS analysis, together with its identified lim-
itations, pleads for a continuous improvement in instru-
mentation capabilities and performance. The first one is
the systematic use of the “2D” spectrum image mode. It
provides collections of many high energy resolution spec-
tra extending over quite different energy windows (the
information is distributed into many different signals at
quite variable energy losses) and acquired over many pix-
els of interest across the junction. The second one is
the support of well adapted numerical processing tech-
niques to optimism the extraction of useful information,
in particular the Multivariate Statistical Analysis and the
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introduction of spectral deconvolution methods for im-
proving energy resolution. The last one is the clear iden-
tification of the limit imposed by the present probe size.
It further stimulates the need of using nanoprobes with
a diameter equal or less than one atom size (as already
demonstrated by [51]), in channelling conditions for the
selection of an information localised at the apex of iden-
tified atomic columns.

The authors wish to thank F. Studer (CRISMAT, Caen,
France) for the calibrated LMO specimen and acknowledge the
CNRS/DGRST convention for a financial support of L. Samet
at LPS-Orsay.
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