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The aim of the present work is an atomic scale characterization of the SiTag.Sr,,sMnO; interface
involved in Co/SrTiQ /LaysSrsMnO; tunnel junctions. Our high-resolution transmission electron microscopy
experiments show the quality of the pseudo-morphic growth ¢f;88,;MnO; (LSMO) and SrTiQ (STO),
but do not allow us to determine the termination of LSMO. On the other hand, we have carried out an
energy-loss near-edge structure study of the,Mand Q edges. The main result is that the valence of Mn
keeps its intrinsic value of the bulk material till the last Mnlayers at the interface, which is consistent with
the observation of magnetoresistance up to practically the Curie temperature of bulk LSMO in our junctions.
These results suggest ajs®r;;z0 termination of LSMO.
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I. INTRODUCTION toresistancéTMR) vanishes only at 270 K in some junctions
studied by Nohet al® Moreover TMR s still observed at
Half-metallic ferromagnets are, in principle, ideal materi- room temperature in Co/STO/LSMO junctions, and vanishes
als for spin electronics since they are expected to present@nly at 320—330 K, practically the Curie temperature of bulk
complete spin polarization of their electron states at the SMO (around 350 K. We refer to the work in our labora-
Fermi level. It is true that record magnetoresistan®4R’s) tory on Co/STO/LSMO tunnel junctioﬁ§ in which the
have been obtained in tunnel junctions with electrodes madgTo/LSMO basis is deposited by laser ablation in the same
of half-metallic manganites like LaSr,;MnO; (LSMO) or  conditions as for the LSMO/STO/LSMO junctidnsf the
Lay/:CaysMnO; (LCMO), but, disappointingly, these huge giscussion above, before depositing a Co layer on STO. The
MR effects decrease as a function of temperature much MO mperature dependence of the MR in a Co/STO/LSMO
rapidly than it could be expected from the value of the Curie]unction7 is shown in Fig. 1: at low temperature the MR
temperature T,) in bulk materials.™* What is actually im- 50%) is smaller than in junctions with two LSMO elec-

portant in tunnel junctions and other heterostructures is th odes(as expected from the moderate polarization of Co in

spin pplarlzatlon not in the bulk hal_f—metalll_c ferror_nagnet comparison with LSMQ but, in contrast, the MR decreases
but at its interfaces with other materials. An interesting cor- ore slowlv with temperature and vanishes onlv at about
relation has been found between the temperature dependen@ y P y

of the junction resistance and the drop of the magnetoresisvi§0 K, that is practically arg". Consllstent!y the maximum
tance with temperature in LSMO/STO/LSMO tunnel junc- of tunnel resistance is also cIoseT@“ . This absence of a
tions (STO is SrTiQ).2 As the temperature increases from T reduction when only a “bottom” STO/LSMO interface is
4.2 K, the junction resistance increases, as normally expecté@volved indicates that the “effective” Curie temperature of
from the decrease of the carrier density in LSMO when thethis “bottom” interface is close toTE“"‘, and suggests that,
magnetic disorder increases. A resistance maximum, corréa the LSMO/STO/LSMO junctions prepared in the same
sponding to a carrier density minimum, is expected at theonditions? only the top LSMO/STO interface presents a
Curie temperature of LSM@also at the metal-insulator tran- strongly reduced , and is responsible for the rapid MR drop
sition), but, surprisingly, the junction resistance maximum iswith temperature.
found at about 200 K, well below the Curie temperature of The problem of the structure at LSMO/ST©Or LCMO/
bulk LSMO (around 350 K. This temperature has been iden- STO) interfaces and the influence of this structure on the
tified to the “effective” Curie temperatureat the LSMO/  physical properties were already discussed in several publi-
STO interface. Quite consistently, the MR vanishes at thigations, for example in Refs. 7 and 8. Strain, presence of
temperaturdinset of Fig. 1. Similar collapses of the MR at defects, roughness, departures from stoichiometry can affect
temperatures well belo@>" (generally belowr?"¥/2) have  the physical properties and, in the case of superlattices,
been found in other tunnel junctions with LSMO or LCMO Izumi et al® in particular put forward the influence of the
electrode$;?*and it is tempting to conclude that this strong termination of the manganite at the interface. As will be dis-
reduction of the “effective” Curie temperature at interfaces cussed in more detail in Sec. Il and in the following, the
is an unavoidable intrinsic property of heterostructures withmost probable terminations a{@01) interface are those rep-
half-metallic oxides. resented in Fig. 2. In a type-l terminatidfrig. 2[@)], the
However, this conclusion of unavoidable large reductionLSMO layer is terminated by a LaSr;;0 atomic layer, so
of the “effective” Curie temperature at interfaces is in con- that the environment of the Mn atoms in the adjacent MnO
tradiction with more recent experiments. The tunnel magnelayer is approximately the same as in bulk LSMO. Such a
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explaining that the effective Curie temperature is reduced. In the
Temperature (K) type-l structure of the bottom interface, the last Mn@yer of
)_SMO is “protected” by a Lg,;Sr,s0 atomic plane and has the
same environment than in the bulk. Thg of the bottom electrode
is then that of the bulk. In contrast, the top electrode has type-Il
ucture, the Mn@layer is in direct contact with the barrier, lead-
g to different proportion of LA™ and Sf* than in the bulk result-
ing in a reduced Curie temperature for this interface and then a
reducedT ¢ for the tunnel junction. This scenario would explain that
“protected” Mnoz |ayer |S expected to be Weakly |nf|uenced the TMR .rer:nains above room temp(.i‘l‘atu.l’e when Only the bottom
by the proximity of STO. With a termination of type [IFig. interface is mvolvec[Co{STQ/LSMO junctiongRef. 7], but_de- _
2(b)], the interface Mn@ layer is between LgSr,O (SrO) creases muc_:h more rapidly in a LSMO/STO/LSMO tunnel junction
and La,3Sr;50 layers. As one knows the extreme sensitivityWhere both interfaces are present.
of the Curie temperature of LSMO to the proportion oft.a
and Sf*, one can predict that a configuration of type I
should lead to a reduction af, in the region of the interface.

A plausible explanation of the very different effectivie, in Co/STO/LSMO junction§. This is a first step before a

observed in junctions with a single or two LSMO electrodes, . ™ B X
could therefore be a picture with different terminations, typeSimilar study of a “top” LSMO/STO interface to understand

| for the bottom interface of the junctions, and type Il for thethe difference in the termination or structure at the origin of
top interface of the LSMO/STO/LSMO junctions. It is, how- f[he more strongly fe‘j'ucfﬂc of LSMO/S.TO/LSMQ tunne_l
ever, clear that other features of the interface structure coutiynctions where the “top” LSMO/STO interface is also in-
also play a significant role. volved.

To obtain a better insight into the structure of the inter-
faces in LSMO/STO/LSMO and Co/STO/LSMO tunnel [l. EXPERIMENTAL METHODS
junctions, and to understand more clearly the main features
affecting the spin polarization properties, we have carried out
an extensive investigation of the structure of the STO/LSMO We have investigated the microstructure of the STO/
interface (this is a “bottom interfacej in one of our Co/ LSMO interface using HRTEM experiments combined with
STO/LSMO junctions by high-resolution transmission elec-image simulations, and the chemical bonding at this interface
tron microscopy(HRTEM) and scanning transmission elec- using EELS measurements in a STEM microscope. These
tron microscopy—electron-energy-loss spectrosd@WEM-  two techniques require thin foils of constant thickness over
EELS. In Sec. Il we describe the experimental and simu-the studied areas, sufficiently thin to preserve the intrinsic
lation methods we used for the structural and chemical chamigh-resolution capabilities of the two methods. Further-
acterization of the interfaces. In Sec. Ill A we describe datanore, the specimens must be thinned so that the investigated
concerning the interface structure obtained by HRTEM andnterface is oriented parallel to the electron beam, i.e., per-
in Secs. Il B and Il C we present and discuss the results w@endicular to the specimen surfaces. The accuracy of this
obtain from STEM-EELS on the environment and valence ofalignment must be better than a few degrees in angle which
the Mn ions at the interfaces. Our results for the “bottom” can be compensated by the tilting mechanisms of the speci-
STO/LSMO interface confirm that the intermediate valencemen stagéduring the HRTEM experimenksTo achieve this
of Mn in bulk LSMO is preserved due probably to a termi- goal, the cross sections have been prepared by mechanical

FIG. 1. Temperature dependence of the TMR in a Co/STO
LSMO junction(Ref. 6. Inset: temperature dependence of the TMR
in a LSMO/STO/LSMO junction in which the STO/LSMO bottom
bilayer has been prepared in the same conditions as for the Co/ST@
LSMO junction.

nation similar to type | in Fig. 2. This is consistent with the
very weak reduction ofT. observed in tunnel junctions
where only the first STO/LSMO interface is preséstch as

A. Thin foil preparation
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FIG. 3. (a) HRTEM picture of
the Co/STO/LSMO tunnel junc-

EELS tion showing the epitaxial rela-
intensity tionship between the oxide layers.
S N The white circles schematically
S S indicate the probe positions during

‘ ( i~ STO barrier the EELS experimenté&he probe

| %M size is about 0.7 njn (b) three-
il /_/ dimensional EELS image spec-

il M trum for the O-K edge corre-
il ' sponding to an angle of 20°
2 J between the interface planes and
SIS e the line scan. The probe step be-
2 | tween two successive spectra is

0.25 nm and the acquisition time
for each spectrum is 200 ms.

v

530 Energy Loss (eV) 590

thinning using a tripod polisher and diamond coated discs tanicroscope was 8 nm. Absorption coefficients were set to
about 10um thickness®! The thin sections were then zero during the calculations. The size of simulated images of
argon-ion milled in a PIPS Gatan apparatus. Low-energyhe perovskite unit cell was 6464 pixels leading to a sam-
ions (2.5 keV) were used to avoid irradiation damage duringpling of about 6<10~2 nm/pixel. The unit cells were cut
this step. Small incidender6°) and sequential rotation were into two elemental subslices 0.195 nm thick in the beam
employed to minimize preferential thinning on each side ofdirection to fulfill the phase object approximation. The same
the interface. These conditions have led to a milling time ofconditions were used during simulation of the STO/LSMO

approximately two hours to achieve electron transparenc terface contrast. Our multislice calculations were validated
over wide areas y several ways including comparison to Bloch waves simu-

lations performed in the case of pure STO and LSMO.
The optimum conditions to obtain strong contrast for each
B. HRTEM experiments and contrast simulations material and between them can be seen on the thickness-

HRTEM images of cross sections were recorded with adefocus maps of Fig. 4. The best defocus values are between

- . —30 and—40 nm for a sample thickness lying between 17.2
TOPCON EM.OOZB CS_.0'4 mm) operatgd at 200 k.M'th and 18.5 nm. During the experiments, the defocus conditions
a point to point resolution of 0.19 nmFigure 3a) is an

. : : were estimated from the power spectrum of a thin amor-
overview of the Co/STO/LSMO tunnel junction. It shows the phous area at the edge of the sample close to the working

projection of the pseudocubic unit-cell of the perovskitearaa Under these conditions, the bright dots observed in
structure along one of its basic crystallographic axis. ImagesTo correspond to the projection of both atomic columns of
simulations were carried out with the&wms software  strontium and TiO. It is worth noting that, for given condi-
package? using the multislice method. The Debye-Waller tions, these two types of columns give rise to the same kind
factors were set to the common value of 502 nn? for all  of contrast(bright or black dots at the same time. On the
atomic species. A standard val(@6 mrad of semiconver- other hand, the bright dots seen in the LSMO exclusively
gence angle for the Laflluminating system has been used. correspond to the projection of MnO atomic columns,
The aperture diameter corresponding to our experimentalhereas lanthanum and strontium columns are imaged very
condition was 13.79 nit, and the defocus spread for our weakly.

FIG. 4. (a) Experimental
through-focus series at a STO/
LSMO interface. Optimum con-
trast is achieved for a defocus
value of —33 nm. (b) Multislice
contrast simulations of a STO/
LSMO interface of type [sample
thickness: 18 nm Defocus values
are indicated at the bottom. For
—33 nm, MnO atomic columns
(in LSMO) and Sr and TiO ato-
mic columns(in STO) are imaged
as bright dots. LgsSr; atomic
columns in LSMO are weakly
$lnom  -69nm  -57nm  -39nm = -33nm  -150m -3nm visible.
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C. STEM-EELS III. RESULTS AND DISCUSSION

A VG HB 501 dedicated STEM, operated at 100 kV with  A. Atomic structure: roughness and ordering at the STQ
a field emission gun and equipped with a GATAN parallel LSMO interface
EELS spectrometer, modified in the laboratbtys used for
the EELS study. The main hardware modification concerng;.

the installation of a CCD camera of 102256 pixels with ing the same crystallographic orientation, can lead to four

an optical coupling free of optical fibers. The selected areagic.rant kinds of abruptatomically sharp interfaces. The
for EELS correspond to those investigated by HRTEM. Ref'reason for this lies in the stacking sequence

erence spectra for the Mpand Qg edge_s have been col- (...-AO-BO,-AO-BO,-...) of this structure.

lected ~ from  standard bulk  specimens, such as rpg first configuration one can consider consists in facing
Lag 1S gMnOs, LagsShsMnO;, LaMnG;, and SITIQ. g BO,-type planes(...-AO-BO,-B'O,-A’O-...), which

For the multilayer system, the interface planes are locateg, qur case corresponds to a Mp@lane facing a TiQ
parallel to the electron beam and controlled from high-angléane. This configuration is quite unlikely to occur because
annular dark field and EELS profiles. Energy dispersions obf the incompatibility of the rutile (Ti@) structure with the
0.1, 0.2, and 0.5 eV/ch have been employed. The energyerovskite oné® Another possibility is the stacking of two
resolution is typically 0.6 eV measured on a zero loss peakaO-type layers face to facg..-BO,-AO-A’'O-B’'0,-...).

The energy calibration between the different edges isThis second configuration may be considered, assuming the
achieved by fixing the zero loss peak and the absorptioformation of a rocksalt layer at the interface, and would lead
edges at the same well-defined positions on the detector and a local structure similar to a Ruddlesden-Popper phase,
by measuring the offset voltage of the spectrometer. currently observed in off-stoichiometri@A exces$ perov-

The spectrum-image technididén the line scan mode is  skite thin films'® Thus, the inter-planar distance between the
used to record one spectryifig. 3(b)] for each probe posi- two atomic layers at the interface should be slightly larger
tion along a preselected line scifig. 3@)]. Many series of  (&,/v2) than the half unit-cell of the perovskitea(/2),

64 to 256 spectra have been acquired at magnifications d¢ading to a peculiar contrast which is not observed in our

1-5 million, with the scan direction at 15° to 30° across thexperimental pictures. o

interface plane, as illustrated in Figa® A strong overlap of The qther conflguratlons assume the continuation .of the

the probe-sample interaction volume is used between theerovskite stacking sequence across the interface, either of
subsequent spectra, typically 0.3 nm for a beam diameter §¥P€ | ('"B,OZ'A,O'B'OTA'O'-_--) or of type Il

0.7 nm. Therefore, the probe step corresponding to the did---"A0-BO>A’0-B'O,-...); seeFig. 2. These last kinds

tance between the beam and the interface plane can be ginterfaces introduce the lowest atomic disorder and thus
small as 0.1 nm. For each spectrum, the integration times ar%‘IOUId be energetically favored. Obviously, steps of approxi-

typically 50—200 ms for the core-loss energy-loss domainmate'y 0.4 nm(one unit cell height, or half-steps—0.2

(400—950 eV in the present warkin this energy domain nm), corresponding to a mixed configuration of types | and

. type Il, may occur at a real interface. In our case, the type-Il
Tigp (~455 €V), Oi5 (=530 eV), Mn,, (~640 eV), Coy configuration (...-Lay3Srz0-MnO ,-SrO-TiO,-...)  in-
(=780 eV), and La, (~830 eV) edges can be studied. Be- q,ce5 a modification of the atomic neighboring of Mn cat-
fore any other data treatment, the contlnupus background ®ns. Considering the two neighboring planes of the MnO
subtracted under the edges by the classic method usinggterface plane, the La/Sr ratio locally changes frontir2
smooth power law. This sophisticated acquisition procedurgylk LSMO) to % at the interface. In configuration |
which produces large amounts of data, is very powerful tq  MnO,-La,;Sry;0-TiO ,-SrO-...) thdast MnG, plane is
detect small variations of energy-loss near-edge structurgovered by a LgsSr,:0 plane, thus keeping the neighboring
(ELNES) located in the last atomic planes at the interfaces.of the bulk materiaf®?*

Multivariate statistical analysi$MSA) is the powerful We have tried to see if the HRTEM images allow us to
complementary tool of the spectrum-image technique. It indecide between type-l and -Il interface configurations.
creases the signal-to-noise ratio, and identifies and locaté&hickness-defocus maps have been calculated for supercells
the different main sources of information in each series ofmodeling the two configurations. In Fig. 4, we show the
spectrat>® MSA analyzes the variance and covariance of asimulation for a type-I configuration with an optimal contrast
multidimensional data set built from each energy channefor a defocus value of~33 nm and a good match with the
and probe location. An eigenvector decomposition of thecorresponding experimental images in the upper part of the
variance-covariance matrix allows one to select the differenfigure. The interface, easily seen from the crossover from
informations contributing to the overall signal. The analysistiny Lay;3Sr;/3 atomic columngin LSMO) to strongly visible
of this decomposition determines how far one can use th&r atomic columngin STO), is indicated by an arrow on
MSA technique: only for reducing the identified noise both experimental and simulated images. However, the simu-
(thresholding methodor extended up to quantify ELNES lation for the type-Il interface configuratioTiO, replaced
profile (a separate paper is in preparation for a more detailey MnO, between LasSr;,s0 and SrQ leads to similar
description of the involved methodologies and limitatiops  simulated images and to a similar agreement with the experi-
non-negative least-squaf®NLS) fit is also used from vari- mental ones. The differences between the two set of simu-
ous bulk reference spectta. lated image being of the order of magnitude of the noise in

Growing a perovskite film, along @021 crystallographic
ection, on another perovskite film or substrate, hav-
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these experimental values and the calculated ones using the
Hartree-Slater method is less than 18%&he oxygen inten-
o Oy g Coy sity is slightly increased within the STO layer. This small

12
1

variation can be due to slight specimen thickness changes
induced by variable specimen thinning rate. However, it re-
mains sufficiently low to be undetected from the HRTEM
observations. An inelastic cross section variation between the
O 1s edge in LSMO and STO could also explain this inten-
sity increase.

06 L o A further information is the very good agreement between
s a the Mn and La profiles. The relative proportion of these two
0.4 L o$ @ atomic species is stable up to the interface. The position of
T a g ° ] the latter is taken at the half intensity of Mn or La signals.

=]

Normalized EELS intensity

02 [
r N 2. Description of the ELNES structure for the Mg, and Oy
Ll s ol T edges as a function of the fra ratio

4 8 2 A 8 4 5 6 7 The valence properties of La,Sr,MnO; as a function of
Distance probe-interface (nm) the Sr/La &x/1—x) ratio have up to now been studied

) mostly by means of x-ray-absorption spectroscOp4S) on
FIG. 5. Elemental profiles for the @, Mna,, Coyp, and Laa i materia4 Mn,, and Q edges are the main relevant
edges acquired across the multilayers using the image spectrum P

technique. The beam size is 0.7 nm, the probe step 0.3 nm and thSIgnaIS fo characterize the changes in unoccupied electran

corresponding step for the distance probe interface is 0.2 nm. Thﬁ?ﬁ.teﬁ' They ﬁre also ve(rjy well Smtgd tO”EELi .a”a'gs's’ n
intensity of the edges are normalized to the JnSMO signal. which case these two edges can be collected in the same

acquisition to avoid any instrumental problem. The first step

experimental pictures, we conclude that this simple comparilS t0 relate the ELNES to the compositi¢r) in order to
son between simulated and experimental HRTEM imagd'@ve reference edge shapes for interpreting in a following
cannot allow us to distinguish between the type-1 and Il con-Step the changes in edge shapes occurring when scanning the
figurations. This analysis, however, confirms that the roughProbe from one material to the other across the interface.
ness of the interface is at the very most of one unit Zell. (@) Mng, Three My, spectra are displayed in the nor-
mal mode in Fig. @), corresponding to the compositions
B. Elemental profile and description of the My, Lag 1SiogMnO;  (what we calll SMO,  with x=0.9),
and Oy, edges Lay/sSrsMnO; (LSMO, with x=3) and LaMnQ@ (LMO,
] ] ° ] with x=0). Note that the perovskite structure is maintained
The structura_l m_formatlon obtamed from the above HR-\ar the wholex range from 0 to 0.9. The hexagonal struc-
TEM study (continuity of the lattice through the STO/LSMO e of the pure MA" (SrMnO;) phase is without interest

inter_fgce, the abr.upt interface up to one atomic. plane,.th?or the present study. All the displayed spectra exhibit two
stability of the lattice parameter, and the low specimen th'Ck"‘white lines” Ly (2psy) (642—643 eV and L, (2p1y)
3 3 - 2 1

ness variation is very helpful for the spatially resolved B . .
chemical analysis. On the other hand, thanks to the reduce 52.5-653 e\)/domlnated'by S"Of‘g multiplet effects due to
oulomb and exchange interactions between tpecre

acquisition time available with our apparatus, our EELS . )
study consists of recording several thousand spectra. TH?eOIe and the @ electrons in the final states. The peak shapes

present results are thus representative of the material and @' chemical shifts are very sensitive to thié ground-state
not only correspond to few spectra collected randomly. configuration as well as to the crystal-field interaction, and
can be used to determined3occupancy and the valence

1. Elemental profiles across the interface states. Figure @ shows that the @5, edge regularly shifts
of about 1 eV toward higher-energy losses for increasing

Figure 5 exhibits EELS elemental profiles for O, Mn, Co, ) . .
and La across the sequence of layers LSMO/STO/Co, eXvalues from O(LMO) to 0.9. This chemical shift is due to the

tracted from a series of EELS spectra recorded in optimurr"?hange in the. electrostatic energy at the Mn site induced by
conditions. The intensity decrease for Mn and La at thethe de_creas? in the ocgupatlon of thestates. It can be used
LSMO/STO interface is slightly softer than expected for aas a fingerprint Fo monltort_he valence state_across the LSMO
probe diameter of 0.7 nm, with the electron beam exactly@Y€r up to the interface with the STO barrier. The Ll\él? (
parallel to the interface. This can be reasonably ascribed tg 0) SPectrum is similar to the Mp of Mn,O; with Mn

some tilt (about 39 between the beam direction and the in- in a slightly distorted octahedral symméttyvhile the SMO
terface plane, and is not indicative of any interface disorderSPectrum is very close to the Mp@pectrum with MA* in
Otherwise, since the elemental composition is known inoctahedral symmetry. Furthermore the splitting of the
LSMO and STO layers, the experimental ratio of the inelas=white line” increases with the crystal-field strengffrig.

tic scattering cross sections for the selected elemérts 6(a)]. For a high value of the crystal field (D@=2.4 eV)

Mn, O and C9¢ can be determined. The difference betweencorresponding to the high Sr concentration, a weak sharper
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FIG. 6. (8 Mn,, EELS reference spectra of {;a ) Sr,,MnO; for threex values. The arrows indicates the multiplet shifts.O,s EELS
reference spectra of ka ,,Sr,MnO; for threex values. SrTiQ is also shown. The arrows indicates the multiplet shifts in LSMO. For peak
a, the crossover from LSMO to STO shifts the line to the higher energy, whereas the formation of Skskethe spectrum for
Lag 1Srp MnO3) should lead to a shift in the opposite direction. Conversely, the formation of LaMp€s not lead to a significant shift of
the peak.

peak appears at 640.8 eV clearly visible in XAS and convoqplicated than for Mg, edge due to the presence of the addi-
luted in EELS by the lower instrumental energy resolution.tional STO signal. The spectra presented in second derivative
Contrary to thel s transition, thel, structure is slightly  mode helps to detect the different possibiliti&g. 7). To
broadened for the rich La composition. get to the bottom of the ELNES description at the LSMO/

(b). Oy Contrary to the Mn case, the,Oedge can be g0 interface, the presentation is broken into two parts: the
recorded on both sides of the LSMO/STO interface. Conse:

i i ] eventual detection of an increase of ¥ncharacter and the
quently spectra corresponding to LSMO with differenial- - j0hh0ring of the Mn atoms in the ultimate atomic planes.
ues as well as to STO are gathered in Figd) 60, spectra _
basically reflect the unoccupied oxygencharacter. Intra- C. Valence of the Mn at the interface?

atomic multiplet effects are negligible, and this kind of spec- First, Fig. 7 shows that the Mp (a) and the Q (b) edges
trum is usually interpreted on the basis of partial density-of4ny the LSMO layer(top of Fig. 7 are quite equivalent to the
states calculations. The,Pcharacter is hybridized with8 corresponding ones acquired from a bulk specirtttom
metal states, forming empty bands of predominantly metapf Fig. 7). Since the probe is moving along the interface
weight above the Fermi levé!. Both spectra exhibit the plane with an angle of 20Fig. 3), the distance between the
characteristic features of that of the perovskite structureprope and the interface is decreasing down by 0.2 nm for
Structures & and ‘b’ are respectively related to thg and  gach probe stegsee Sec. IIB Using the spectrum-image
toq states resulting from the splitting of thelband induced  technique, the most representative spectra are displayed in
by the crystal field (1Dq). These two structures have al- Fig. 7. Focusing on the Mn spectra, we see that the EELS
ready been described for the Mp@nd TiQ, compounds  sjgnal is decreasing to 0 at0.5 nm(that is when the probe
which are of rutile structure also composed of Mnor begins to be entirely within the STO barrier
(TiOg) octahedrond®?"Moreover, the energy shifts of peaks  The main information which is revealed on these figures,
‘@ and ‘b’ between SrTiQ and SrMnQ (x=0.9), aré g that for both Mp, and Q; edges, there is no energy shift
nearly the same as those already reported in Ref. 28 for thgyr no ELNES deviationindicating an increased proportion
TiO, and MnG oxides. When the Sr/La ratio is increasing, of Mn**. The large amount of spectra including the interface
several changes appear. The intensity of the first peak at 53}e5 with a large overlapping between each probe position
eV (structure &), strongly increases, which reveals more gnsure this result. The absence of a“Mrenhancement is
visibly than on the corresponding Mpedge, the change of athematically confirmed, using a NNLS finot shown
Mn valence from 3to 4 correspondipg to a higher density there) with adequate Mg, and Qj reference spectra. The
unoccupiedd states above the Fermi level. Structueecan  :s\vo- profile looks like a quite delocalized residual noise.
be attributed to the hybridization of the,(Ostate with either  Taking into account the beam size which covers about three
the Spq states(in the cases of SrTiPand SrMnQ) or the  gtomic planes and the probe st@?2 nm perpendicularly to
Lasg state(in the case of LaMng).** the interfac¢as well as the result consistency for the Mn and
Considering peakd,’ the crossover from LSMO to STO O edges, the conclusion is that we do not detect any en-
shifts the line to higher energy, whereas the formation ohancement of Mi" character up to the last atomic plane in
SrMnG; should lead to a shift in the opposite direction. Con-contact with the STO barrier.
versely, the formation of LaMn©does not lead to a signifi- We thus find that the stabilization of the effective inter-
cant shift of the line. faceT, at about its bulk value is associated with the conser-
In conclusion, the situation for the,Qedge is more com- vation of the bulk valence at the interface. In contrast, in the
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work of Bibe$ on LCMO thin films, one finds a strong re- lighted when the probe is going past the apex of the interface
duction of the magnetization that is associated with an inand therefore mostly located in the STO barfieig. 7(a)].
crease of the relative weight of the Kthline in the NMR  For this probe position, the limitation usually comes from the
spectrum of Mre® This has been associated with an inhomo-signal-noise ratidSNR) because the signal is decreasing to
geneous state mixing metallic and insulating phases and zero. The interest of using MSA is first to increase the SNR.
proportion of metallic phase vanishing for thin films. We As any thresholding method, MSA must be used under spe-
point out that, although we have recorded several dozens @iffic conditions in order to valid the built up information.
STEM-EELS scans at various places of the interface, wé\ithout detailing the application of MSA, this signal analy-
have not explored the entire interface and we cannot consis consists mainly in studying the intensity of the eigenvec-
pletely rule out the existence of very small and isolated areator modulus, the spatial location and the shape of the signal
with different phase. If such small areas with insulatingincluded in these vectors. MSA applied to the Mrsignal
phases exist, this would not affect the TMR and its temperaeonfirms the energy shift and the increasing of the splitting
ture dependence as the tunneling current can only arise frowbserved over the Mg, edge[Fig. 7(a)].

the bulklike metallic part of the interface. Note, finally, that

our results on the valence conservation are consistent with & Discussion of the splitting of the Mg, edge at the interface

termination of LSMO by Lg3Sr,50 (type ) without direct The splitting clearly visible on several spectra on the

contact of the last Mn@layer with the first SrO layer of Mn, ., signal can be attributed either to an increase of the
STO. crystal field (1@q) resulting from a slight compression of

the MnQ; octahedral cage or to a distortion of this octahe-

D. Neighboring of Mn at the interface dron compared to the bulk configuration. Plausible origins of

the distortion might be a partial loss of oxygen in the last
La,ysSr,30 and MnQ layers at the interface, or/and in the
epitaxial strain at the interface. This suggests an alternative
scenario to the LgSrs0 termination(type ) which was
one of our conclusions of Sec. llIC to explain that the
Mn-L; line does not show a shift to highest energy. This
alternative scenario would combine oxygen vacancies with a
Since Mn atoms are located only on one side of the intertype Il termination of LSMO, that is with the last MO
face, the EELS signal coming from the interface is high-layer between LgsSr;;s0 and SrO. Without oxygen vacan-

The last point is finding the origin of the enhancement of
the shoulder on the left side of the Mnyg line, with a more
visible splitting of the two lines at the approach of the inter-
face[Fig. 7(a)].

1. Interface signal extraction
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cies, this would lead to a shift toward highest ene(dg-  kite stacking sequence across the interface. They also
crease of the Mi"/Mn*" ratio) which is not seen in the confirm the abruptness of the STO/LSMO interface but does
Mn-L spectra. With oxygen vacancies, this shift to highestot allow us to determine whether the termination of LSMO
energy could be compensated for by an opposite shift due tis of type | (termination by a LgsSr;50 layep or type Il

the deficit of oxygen. However, quantitatively, this alterna-(termination by a Mn@® layer.

tive scenario is hardly consistent with the experimental re- However, our STEM-EELS data demonstrate that the va-
sults: a straightforward calculation shows that, with a type-lllence of Mn keeps the value of bulk 455r;,sMnO3, up to
termination, the valence of Mn in the last Mpayer keep the last MnQ layer at the interface with ST@at least in a

its bulk value with Q g5 (or lessjinstead of @ in the mangan-  predominant proportion of the interface, as our scans have
ite formula. According to what one knows on the influence ofnot explore the entire interfageThere is no shift indicating
the oxygen vacancies of 8 this would lead to a dramatic an enhanced Mh character. This certainly explains the very
decrease of the Curie temperature, that we do not(fimd  weak reduction of the interfacg,. To understand the struc-
would also lead to a strong increase of the lattice parameteaural properties accounting for the absence of shift td*Mn
that we would have observedoreover, we do not observe at the interface, we have considered two possible scefarii:
any specific signal on the @ spectra when the probe is a predominant type-1 termination with the last Mp@yer
located near the interface; indeed, the shape of thee@ge protected between two LgSr;;s0 layers; andb) a predomi-
continuously changes from LSMO to STO. In conclusion,nant type-Il termination with the last MnQOayer between
the alternative scenario combining a type-Il termination withLa,;Sr;,50 and SrO layers, but with a deficit in oxygéson-

a deficit of oxygen in the last LSMO layer would require too sistent with a multiplet enhancement in the MnEELS
large a concentration of vacancies, and is hardly consistergpectra when the electron probe is located at the interface
with our data. The only realistic interpretation of our whole cell of the LSMO structureto compensate for the shift to
set of data is by a predominant proportion of type-I interfaceMn** induced by the proximity of the SrO layer. However,
with LSMO terminated by a LgsSr;,50 layer. A small deficit  the required deficit of oxygen for the compensation was too
in oxygen probably explains the enhanced splitting at théarge and inconsistent with our data.

approach of the interface. Theoretical simulations are needed We thus conclude that the conservation of the bulk va-

for a more quantitative interpretation. lence of Mn in LSMO up to the last MnQayer and the very
weak reduction ofT. at the STO/LSMO interface of our
IV. CONCLUSION Co/STO/LSMO junction are likely due to a predominant ter-

L ) . ination of LSMO by a La;sSrys0 layer at our “bottom”
The objective of the present work was to obtain a detaile TO/LSMO interfaceys A g’iﬁ”ﬁ stugj/y of a “top” LSMO/
characterization of the atomic scale structure at the ST )

; ) . TO interface is in progress and should allow us to under-
LSMO interface of C.O/STO./LSMO tunnel junctions for,stand the differencepingthe termination or structure at the
which we had alrea_dy investigated the tunnel magnetore5|%-rigin of the more strongly reduced, of LSMO/STO/
fcance_(Tl\_/IR) properties. One I_<nows that the_ TMR O.f tu_nne_l LSMO tunnel junctions where both “bottom” and “top”
junction is essentially determined by the spin polarization in SMO/STO interfaces are involved.
the first atomic layers of the magnetic material at the barrier,
electrode interface. For Co/STO/LSMO junctions presenting
TMR effects practically up ta2, we wanted to know the
STO/LSMO interface structure at the origin of a much
smaller reduction of the effective interfage (Ref. 5 than at The authors are grateful to N. Bonnet and A. Gloter for
other STO/LSMO interfacedor example at the top interface helpful discussions about the MSA technique and multiplet
of our LSMO/STO/LSMO junction effect, respectively. The authors are indebted to Marcel

Our HRTEM experiments show the quality of the pseudo-Tence for the optimization of the experimental conditions

morph growth of LSMO and ST@with the in-plane param- using the EELS CCD camera. We also thank M. Bibes for
eter of the STO substrgtand the continuity of the pervos- useful discussion about phase segregation in manganite.
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