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We report on an angular resolved x-ray absorption spectroscopy study of the local atomic structure
around the manganese ions in gk8rpMnO; thin films epitaxially grown on tensile and
compressive substrateé\b initio calculations provide strong support to the analysis of the
experimental data and make possible the unambiguous derivation of a model of local distortion
around the manganese atoms, without modification of the tilt angle-®4Mn, among the
octahedra. This distortion, tending to localize the charge carriers, is the driving parameter in the
modifications of the magnetic and transport properties observed in thin films with respect to bulk
systems. ©2003 American Institute of Physic§DOI: 10.1063/1.1623936

The spectacular versatility of magnetic and transporisorption spectroscopy study, combining experimental mea-
properties observed in mixed manganites, and the depesurements andab initio calculations, in Lg;StMn;
dence of these properties on structural parameters have opdrSMO) thin films epitaxially grown on tensile and compres-
up many expectations for the design of tunable magnetisive substrates. The modifications in the x-ray absorption
devices'? This versatility turns also the manganite alloys near edge structuANES) spectra are correlated to modi-
very rich model system for fundamental studies, like spin-fication in the average Mn—0O bond distance and distortion of
transport in half metallic ferromagnets, i.e., ferromagneticche MnQ; octahedra and we show that the strain-induced
metals with 100% spin-polarized conduction band. For buldocal modifications around the manganese atoms are fully
rare-earth manganese oxides, the local structure such as Mraecommodated in the coordination shell, without change in
O—-Mn angle and Mn—-O bond length can be varied bythe tilt angle Mi—O—Mn,among the octahedra.
changing the doping concentration or by applying hydro- LSMO manganites crystallize in a pseudocubic perov-
static pressure. In thin films, the substrate-induced crystalloskite structure §=3.87 A). They have a fully spin-polarized
graphic distortions are anisotropic, unlike the distortions ob-conduction band and exhibit ferromagnetic transition around
tained by hydrostatic pressure or cation substitutionroom temperature. The LSMO thin films have been epitaxi-
Structural and magnetic studies of thin films on slightly mis-ally grown by pulsed laser deposition under ten$8eTiO;
matched substrates have shown the significant sensitivity dfSTO) [001]} and compressivéLaAlO; (LAO) [001]} sub-
manganite properties to the substrate induced structuratrates with cubic §=3.905A) and pseudocubic a(
modifications, as the decrease of the Curie temperature with 3.793 A) structures, respectively. The small lattice mis-
the increase of the external strahs.Due to the double match between LSMO, STO, and LAO allows a pseudomor-
exchange mechanism, which induces ferromagnetism anghic growth for film thickness below 100 and 50 nm,
metallicity, the Mn—O distanceécoordination lengthand  respectively. MgO substrate(cubic, with a=4.21 A) with
the Mn—O—-Mnangle (octahedral tilt are the relevant local large lattice mismatckB%) was used to obtain an unstrained,
scale parameters determining the magnetism and transpdttlly textured films. For similar thickness the strain faétor
properties in manganites films. It is then specially important(e,,— €, see Table)lis about twice for the film grown on
to explicit the connection between the crystallographic cell
strains and the mod|f|cat|<_)ns that they mdqced in thes&ag| £ 1. Films strain components,, ande,, defined ase0— €5~ (anim
parameter$?® Some experimental studies using x-ray ab-—a,.)/a,;ande,,=(Cim— Cre)/Crer-
sorption spectroscopy have already been performed to ad

dress the local order in manganites filffsHowever, at the Film
. thickness €xx= Eyy €7
present day, no consensus has been reached about the origin ¢ irate (nm) %) (%)
of the main effect, alteration of the coordination lengtror .
of the octahedral tilf. (tsg'sc”’g 60 0.9 —08
In this letter, we report on an angle resolved x-ray ab- MgO 60 0 0
LaAlO; 45 -2.0 2.3
(compressive
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FIG. 1. Near edge x-ray absorption spectra at theMviedge for the tensile Energy [eV]

(SrTiO;) and compressive (LaAlg) LSMO film in plane and out of plane o ) )

measurements. The energy shifts are in opposite directions and scaled fG. 2. XANESab initio calculations of the LSMO structure in the com-

amplitude by a factor of 2. Inset compares the in plane measurements fdtressive and tensile films, considering orthorhombic distortion of the MnO

both films. octahedron. The main plot shows comparison between the in-plane and out-
of-plane orientations for each film. Inset: in plane calculations for both
films.

LAO than for the film grown on the STO substrate. Further

description of the growth conditions and structural characteryyeen both films for the in-plane situation reveals a shift of 1
ization by the x-ray diffraction can be found elsewhere, to-g\/ attesting for an larger average Mn—0O bond length for the
gether with a characterization of their transport and magnefjim grown on the tensile substrate than for the film grown on
tization properties, the compressive one.

The x-ray absorption experiments at the Mn edge As expected, the shifts for the tensile and compressive
(6539 eV} were performed at the DO4B-XAS beamline of the films are in opposite directions. Moreover the amplitude of
Brazilian synchrotron light laboratoify aborateio Nacional  the shift for the LSMO/LAO film is about twice that for the
de Luz Sncrotron (LNLS)] in Campinas, Brazit® The | SMO/STO one, and of the same order as the ratio of the
monochromator was a $111) channel-cut crystal, an ion |ong range strain factor among these filtos Table ). The
chamber monitored the incident beam and the data were cotrain on the cell parameters is then directly related to aver-
lected in the fluorescence mode using a Ge 15-elements solighe octahedral modifications. This indicates that the strain
state detector. Selective information in the plane and out o§hould be fully accommodated by changes in the coordina-
the plane of the same film are obtained by setting the anglgon shell (Mn—-0), without any modification of the Mn—
between electric field vector of the incident photon beam an®—-Mn angle. This agrees with our previously reported ex-
the film surface to values close to 0° and 90° (10° and 75°tended x-ray absorption fine structUEXAFS) results®
respectively. XANES spectra were collected in the range Slight modifications of the line shape and intensity are
6440 to 6700 eV with energy steps of 0.3 eV. The energyalso observed in the XANES spectra. Such modifications
calibration of the edge was carefully checked by monitoringhave already been reported by some autfdfsand have
the slow energy shift of a Mn metal foil reference and thebeen associated to distortions of the local structure. We per-
XANES were normalized at about 150 eV above the edgeformed ab initio simulation to address more precisely the
The edge structure in all experimental spectra can be conmactual consequence of the distortion of the octahedron on the
pared in position and intensity and energy shifts as small aX ANES spectra and specially to investigate how far local

0.1 eV are certified. distortion may account for the difference observed in the
Figure 1 shows the XANES spectra of the tené#8dO  XANES spectra.
substratg and compressivéLAO substrate strained films. Self-consistent calculations were performed in the full

The energy shift at the edge between the spectra collected imultiple scattering approach using tifeFrs.2 codé? that

the plane and out of the film plane can be associated to loca@rovides an accurate calculation of the Fermi energy. The
changes on the average Mn—O bond distance. The interpreeal part of potential is modeled by an exchange-correlation
tation of the pre-edge structure in the XANES spectra couldHedin—Lundgqvist potential. All calculated absorption spectra
provide relevant information on the local electronic structurewere normalized by the value at 50 eV above the absorption
around Mn atoms! but it would require specific high reso- edge allowing theab initio calculations to be compared in
lution measurements and has not been included in this studgosition and intensity. Simulations were performed in a
Taking the out-of-plane spectra as reference, the negatiieSMO cluster considering isotropic MrRCand anisotropic
energy shift 0.4 eV) in the in-plane spectrum for LSMO/ octahedral distortions. As expected for the isotropic case, the
STO is correlated to a larger average Mn—0O bond lengtispectra do not show any modification in position and shape
compared to the average out-of-plane bond length. In thef the edge main line among in-plane and out-of-plane situ-
film under compressive strain, the positive energy shift ations. The calculations shown in Fig. 2 were performed for
(+0.8 eV) indicates a smaller in-plane average Mn—0O bonalusters with tetragonal distortion using local order param-
length as compared to the out-of-plane one. Comparison beters scaling with the crystaliographic cell parameters of the
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films. We should point out that the calculations do not take _ 4
into account structural disorder or dispersion of the Mn—O 37 —O—LSMO/LLAO
length, so that in the calculated XANES spectra the differ- £] ——LSMOMgO
ence in amplitude are higher and the rising slope steeper than'c -
for the experimental data. With this restriction, the calculated 2
structures reproduce well the main features of the experimen-
tal results. They account as well for the energy shift, in am-
plitude and direction, as for the relative reduction of the am- g+
plitude of the main feature close to the edge, among the two =
orientations for each filnfFigs. 1 and 2 The differences for
the in-plane case, among the two films are also nicely repro- Z-
duced(Figs. 1 and 2, insetsBased on these calculations we = T T
can then certify a model of anisotropic distortion of the 6545 6550 6555
MnOg octahedron that accounts for the experimental Energy [eV]
XANES spectra. o FIG. 3. Comparison between the relaxed and compressive film in the plane

In the LSMO system, the contribution of the spontane-of the film. The decrease in the edge slope for the compressive film indicates
ous energy-lowering Jahn-Teller distortion of thean increase of the average distortion of the octahedra.

Mn3*Os*'* is too small to be associated to a measurable

average octahedral distortion. On the other hand, the suly-ray absorption to investigate the local scale structural dis-
strate strain induces a larger and measurable static anisgprtion induced by substrate epitaxial strain around manga-
tropic distortion of the Mn@ octahedron, with splitting of nese atoms in LgaSK, MnO; films. We show that biaxial
the in-plane and out-of-plane Mn—0O bond lengths. This disstrain is locally accommodated in the coordination shell, by
tortion leads to an increase of the splitting of thelevels  distortion of the MnQ octahedron, without change in the tilt
tending to localize the charge carriers and explains the desngle. This distortion leads to an increase of the splitting of
crease of the temperature of ferromagnetic transition obthe e, levels accounting for the decrease of the Curie tem-
served in thin films with respect to bulk systefn's. perature by increasing the external biaxial strain. Our results
We must emphasize that the XANES modifications areare compatible with an additional distortion in the plane of

due to changes on the local density of unoccupied states argrained films, leading to an orthorhombic local symmetry.
are mainly correlated with modifications on the angles be- . . .
tween the oxygens of the coordination shell, due to the split- ~ This work is partially supported by LNLS/ABTLUS/
ting of the Mn—O bond length. This splitting may results MCT and FAPESR1999/12330-8 N.M.S.N. and A.Y.R. ac-
from diverse kind of distortions of the MnGoctahedron. In  knowledge the grants from CAPES and CNPq. The authors
a tetragona] local distortion of the MQ@Ctahedron, differ- would like to thank Professor J. Mustre de Leon for fruitful
ent Mn—O distances are found in-plane and out-of-plane, budliscussions.
only one distance exists in the plane. In an orthorhombic
distortion, the in-plane and out-of-plane Mn—0O distances are
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