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A. Tebano, C. Aruta,* P. G. Medaglia, F. Tozzi, and G. Balestrino
CNR-INFM Coherentia and Dipartimento di Ingegneria Meccanica, Universita’ di Roma Tor Vergata, Via del Politecnico 1,

I-00133 Roma, Italy

A. A. Sidorenko, G. Allodi, and R. De Renzi
Dipartimento di Fisica and Unita’ CNISM di Parma, Via G.P. Usberti 7A, I-43100 Parma, Italy

G. Ghiringhelli, C. Dallera, and L. Braicovich
CNR-INFM Coherentia and Soft, Dipartimento di Fisica, Politecnico di Milano, piazza Leonardo da Vinci 32, I-20133 Milano, Italy

N. B. Brookes
European Synchrotron Radiation Facility, Boîte Postal 220, 38043 Grenoble, France

�Received 14 July 2006; revised manuscript received 5 October 2006; published 19 December 2006�

La0.7Sr0.3MnO3 thin films having different thicknesses were grown by pulsed laser deposition with in situ
reflection high energy electron diffraction diagnostics on LaAlO3 substrates. The mismatch between film and
substrate gives rise to an in-plane compressive biaxial strain, which partially relaxes in films thicker than
30 unit cells. Accordingly, the ratio between the out-of-plane and the in-plane lattice parameter �c /a� varies
between 1.06 �fully strained� and 1.03 �partially relaxed�. In-plane compressive strain favors the stabilization of
the 3z2−r2 orbitals �chain-type antiferromagnetic phase�, thus giving rise to a sizeable x-ray absorption linear
dichroism signal. The shape of the linear dichroism depends weakly on the c /a ratio, while its intensity
strongly increases with c /a. At the same time, the metal-insulator transition temperature shifts from about
360 K towards lower temperatures with decreasing thickness, eventually reaching an insulating state for the
30 unit cells film. Low-temperature nuclear magnetic resonance spectra show a decrease of the MnDE double-
exchange metallic contribution with decreasing the thickness, which becomes negligible in the 30 unit cells
thick film. The experimental results demonstrate a strain driven competition between two stable phases: the
orbital ordered chain-type insulating antiferromagnetic and the orbital disordered metallic ferromagnetic. For
intermediate values of the epitaxial strain the local minimum state of the system lies in a gap region between
the two stable phases. Such a region has glassy characteristics with coexisting clusters of the two phases. The
strain is used as a driving force to span the glassy region.

DOI: 10.1103/PhysRevB.74.245116 PACS number�s�: 78.70.Dm, 68.55.Jk, 76.60.�k, 75.47.Lx

I. INTRODUCTION

Mixed valence manganites R1−xAxMnO3 �where R stands
for rare earth and A for alkaline earth� show an extremely
rich variety of noticeable physical properties. Such a com-
plex behavior is thought to be a consequence of the interplay
among several physical degrees of freedom �such as spin,
charge, lattice, and orbital� simultaneously active in these
materials.1,2 As a consequence, after more than fifty years
from the discovery of this class of materials, some funda-
mental aspects of their physical behavior are not yet fully
understood.1 In particular, the intrinsic inhomogeneous be-
havior of manganites with phase separation phenomena oc-
curring on a nanometer scale has recently attracted increas-
ing attention. Such phenomena are thought to be a
consequence of the competition among nearly degenerate
phases in the presence of sizeable quenched disorder arising,
for instance, from cation substitution, oxygen deficiency or
inhomogeneous strain.2 In this scenario phenomena such as
the appearance of glassy regions of mixed phases which
show up at a critical temperature T* above the ferromagnetic/
antiferromagnetic ordering temperatures occur.3,4 Phase
separation has been experimentally investigated by space re-
solved techniques such as scanning tunnel microscopy,5

magnetic force microscopy,6 and electron transmission

microscopy7 which have shown a nanometric network of
conducting/insulating �magnetic/nonmagnetic� domains. The
interest toward phase separation phenomena is further moti-
vated by its interplay with colossal magnetoresistance
phenomena.8

The complex phase diagram of mixed valence manganites
is currently spanned by varying temperature, chemical com-
position, carrier concentration, and by applying external
magnetic or electric fields. One approach consists of control-
ling the manganite phase diagram by epitaxial strain induced
in thin manganite films by mismatched substrates. Such an
approach has the advantage of not varying the chemistry nor
the carrier content of the manganite film. Namely, it has been
reported that, in manganite thin films, epitaxial strain can
give rise to different orbital orderings, such as layer-type
antiferromagnetic �A� and chain-type antiferromagnetic �C�.9
Epitaxial biaxial strain ��xx=�yy ��zz� couples with the or-
bital degree of freedom via the distortion of the MnO6
octahedra.10 Depending on the octahedral distortion, if in-
plane compressive or tensile, epitaxial strain favors the 3z2

−r2 �C-type antiferromagnetic� or the x2-y2 �A-type antifer-
romagnetic� orbital ordering, respectively. Recently, such an
effect was experimentally observed in La0.7Sr0.3MnO3
�LSMO� thin films grown on LaAlO3 and SrTiO3
substrates.11 In this paper we investigate LSMO thin films,
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having different thickness, grown on �100� LaAlO3 �LAO�
substrates. The crystal structure of bulk LSMO is rhombohe-
dral with a pseudocubic lattice parameter of aLSMO
=arhomb/�2�3.87 Å and the LAO substrate is rhombohedral
with a pseudocubic lattice parameter of aLAO=3.786 Å. Mis-
matched cubic LAO substrates, �100� oriented, induce a te-
tragonal distortion in epitaxial thin films which increases the
length of the perpendicular c lattice parameter of LSMO
films �compressive in-plane strain�. In case of ideal epitaxial
growth the in-plane compressive strain will be

�� =
aLAO − aLSMO

aLAO
= − 2.2 % .

In thicker films the epitaxial strain can undergo partial relax-
ation relative to the value quoted above. Therefore, the strain
state of LSMO films can be varied by varying the film thick-
ness.

To study the strain induced orbital ordering in LSMO
films, we have carried out linear dichroism �LD� in x-ray
absorption spectroscopy �XAS� at Mn 2p-edge �dominant
photon-excited transition 2p→3d�, because it directly probes
the orbital character of 3d states in manganites.12 On the
other hand, we have performed zero-field 55Mn nuclear mag-
netic resonance �NMR� to investigate directly the valence
state of Mn ions.13,14 Because electronic and magnetic prop-
erties arise from the Mn 3d electrons, comparison between
XAS-LD and NMR spectra can be a tool of primary impor-
tance to understand the effect of biaxial strain on the elec-
tronic properties of manganites.

II. EXPERIMENT

Manganite films were grown by pulsed laser deposition
�PLD� with in situ reflection high energy electron diffraction
�RHEED� diagnostics. Oscillations of the RHEED diffrac-
tion spots were used to calibrate film thickness at the level of
a single unit cell. Film deposition was carried out using an
excimer laser charged with KrF �248 nm wavelength, pulse
width 25 ns�. The laser beam, with an energy per pulse of
about 1 mJ, was focused onto a target with an energy density
per laser pulse of about 0.1 J /cm2. The background atmo-
sphere consisted of a mixture of O2 with 10% ozone. The
average background pressure in the chamber was about
10−4 mbar and the substrate temperature 650 °C. Such a low
background pressure is necessary in order to allow the in situ
use of RHEED. On the other hand, a critical issue in the
growth of manganite films is the oxygen deficiency which
can arise from the reduced background pressure. Such a de-
ficiency can strongly affect physical properties of manganite
films. In most cases, in order to achieve full oxidation, man-
ganite films undergo a high temperature post-annealing treat-
ment. However, such a treatment can result in a partial film
regrowth which deteriorates the film structural properties.
Recently, we have developed an approach which allows one
to grow fully oxidized manganite films by low-pressure PLD
with in situ RHEED. Details about this technique are given
in Ref. 15.

Film structural properties were investigated by x-ray dif-
fraction measurements �XRD� at Cu K� wavelength in the

Bragg-Brentano configuration. Measurements were per-
formed both in symmetrical and asymmetrical configurations
to obtain the out-of-plane and in-plane lattice parameters,
respectively. Electrical transport measurements were carried
out by the standard four-probe technique as a function of
temperature. XAS measurements were performed at the ID08
beam line of the European Synchrotron Radiation Facility
�ESRF�.16 In order to measure XAS-LD, the linear polariza-
tion direction of the x-ray incident beam was rotated from
horizontal �H� to vertical �V�. XAS spectra were recorded by
collecting the sample drain current. Low-temperature 55Mn
NMR spectra were collected with the home-built phase co-
herent spectrometer HyReSpect17 by a solid spin echo se-
quence on a tuned probe circuit. The amplitude is recorded at
each frequency to obtain the zero frequency component of
the fast Fourier transform of the echo.

III. RESULTS

LSMO films were grown with thickness ranged from
100 unit cells to 30 unit cells �u.c.�. Thickness was con-
trolled with a precision of a single unit cell monitoring in situ
the oscillations of the RHEED specular spot. Figure 1 shows
the RHEED intensity oscillations during the initial stage of
film deposition. From these oscillations a deposition rate of
about 10−3 u.c./laser pulse was calculated. Moreover, the
film thickness was also measured a posteriori by the finite
size oscillations of the �002� x-ray diffraction peak �inset �a�
in Fig. 1�. The latter estimate agreed, within one unit cell,
with the value obtained counting the RHEED intensity oscil-
lations. The layer-by-layer nature of the growth process was
proved by the RHEED diffraction pattern at the end of the
growth, which showed typical 2D features �inset �b� in Fig.
1�.

Epitaxial LSMO films deposited on �100� LAO substrates
are under compressive strain with �=−2.2%. Strained layers

FIG. 1. Intensity oscillations of the RHEED specular spot at the
first stage of the film growth. In the inset �a� the �002� XRD peak of
the 30 u.c. film is shown. Well-defined finite size oscillations can be
noticed on both sides of the main peak: the dashed line represents
the simulated behavior for a 30 u.c. thick film. In the inset �b� the
RHEED diffraction pattern at the end of the film growth is shown
�30 u.c. thick film�.
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start to relax upon reaching a critical thickness tc, whose
value depends both on the mismatch between film and sub-
strate and on the film growth conditions. We found that our
LSMO films grown on LAO substrates start to relax above
30 u.c., in rough agreement with typical tc values reported in
literature.18 Strain relaxation was carefully monitored by
both symmetric and asymmetric XRD measurements. In Fig.
2 we show the symmetric � -2� measurements around the
�002� reflection for LSMO films having different thickness.
A gradual shift of the peak position toward higher angles
�smaller perpendicular lattice parameters� can be noticed as
the film thickness is increased from 30 to 100 u.c. This find-
ing is indicative of a partial strain relaxation as the film
thickness is increased. The ratio between the out-of-plane c
lattice parameter and the in-plane a lattice parameter �esti-
mated by Lorentzian fit of the �103� asymmetric reflection�
results to be 1.06, 1.045, 1.04, and 1.03, for films having a
thickness of 30, 50, 70, and 100 u.c., respectively. The recip-
rocal space maps of the asymmetric �103� reflection are re-
ported in Fig. 3 for the same set of films. In the case of the
30 u.c. thick film, the diffraction peaks from film and sub-
strate show the same in-plane scattering vector, as expected
in the case of perfect in-plane matching between film and
substrate. On the contrary, the out-of-plane scattering vectors
are quite different, in agreement with the elastic elongation
of the out-of-plane lattice constant c. According to the con-
tinuum elasticity theory, the in-plane strain is related to the
perpendicular strain by the expression

�c

c
= −

2�

1 − �

�a

a
,

where � is the Poisson’s ratio, �a and �c the lattice param-
eter variation relative to the bulk values in-plane and out-of-
plane, respectively. The Poisson’s ratio �, estimated from the
experimental values of �a and �c for the fully strained film,
is about 0.40. In the same figure the expected peak positions
for a fully relaxed film and a fully strained film are indicated
by an asterisk. The line joining the two asterisks represents
the strain relaxation line in the reciprocal space. A partial
strain relaxation in thicker films is confirmed by the increase
of the XRD intensity along the relaxation line. Resistance

measurements as a function of the temperature are reported
in Fig. 4. The 100 u.c. thick film has a maximum of resistiv-
ity above 360 K, in agreement with values found for bulk
LSMO samples. Samples with thickness of 70 and 50 u.c.
show a metal-insulator transition at TP temperatures of 275
and 250 K, respectively. On the contrary, the thinnest LSMO
film �30 u.c. thick� shows an insulating behavior over the
whole temperature range.

The same LSMO films of different thickness were inves-
tigated by XAS-LD at the L2,3 edges. The results are reported
in Fig. 5. Details about data treatment are given in Ref. 11. In
the case of a ferromagnetic metallic unstrained LSMO
sample, no LD signal is expected, because of the orbital dis-
ordered state. On the contrary, the experimental spectra of
our epitaxial films �Fig. 5� show a clear LD signal. It can be
observed that, while the shape of the LD spectra remains
essentially unchanged, the relative LD signal intensity �in
percent of the XAS L3 peak height signal� increases notice-

FIG. 2. �002� XRD symmetric reflections for the LSMO films of
different thickness. The strong diffraction peak at 2� about 48°
comes from the LAO substrate.

FIG. 3. Asymmetric XRD maps around the �103� peak for the
four films having different thickness. Asterisks indicate the ex-
pected positions for the fully strained and fully relaxed LSMO
films. The full line joining the two asterisks represents the film
relaxation line.

FIG. 4. Resistance versus temperature behavior for the four
LSMO films on LAO substrates investigated in this paper.
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ably for thinner films. In Fig. 6 we also report the theoretical
calculations with the Cowan’s Hartree-Fock atomic code,19

assuming an in-plane compressive �c /a�1� tetragonal dis-
tortion and using a single 3d4 configuration �Mn3+�. The 3d
levels splitting induced by the tetragonal distortion is param-
etrized by Ds and Dt, as shown in the top panel of Fig. 6.
The comparison between the experimental and calculated
spectra reported in Fig. 6 shows a satisfactory qualitative
agreement. Further details concerning calculations are given
in Ref. 11, where it was found that the shape and the inten-
sity of calculated LD spectra are not very sensitive to varia-
tions of the microscopic crystal field parameters. On the
other hand, panel �c� of Fig. 6 indicates that the intensity of
the LD is much smaller in the experimental than in the the-
oretical spectra. As already stated in Ref. 11 we attribute this
noticeable discrepancy to two facts. First, in our samples the
F phase is anyway present: this phase is metallic and should
not give LD, as no preferential orientation of the occupied
orbitals at the Mn sites should be present. Second, our sim-
plified calculations do not take into account the Mn4+ sites,
that should also give a much reduced LD due to their quasi-
spherical 3d electron spatial distribution. That is why, in the
following discussion, we concentrate our attention on the
shape of the LD and on the relative amplitude in the experi-
mental data, not on its absolute size.

Finally we have recorded zero applied field 55Mn NMR
spectra on the same films. In mixed valence manganites dif-
ferent Mn states give rise to different contributions which
can be easily distinguished in the NMR spectra reported in
Fig. 7.

First of all the radio frequency power of the NMR exci-
tation pulses was optimized for maximum signal intensity at
the peak positions in the spectrum. Very low power was re-
quired �typically 35 dB below standard condition for non-
magnetic Mn nuclei�, indicating a large ferromagnetic
enhancement.13,14 This means that all detected nuclei belong
to a ferromagnetic environment. Localized Mn4+ states result
in a peak between 310 and 330 MHz. The MnDE double ex-

change peak, associated with the fast hopping of the 3d elec-
trons among Mn ions in the metallic ferromagnetic regions,
shows up as a sharp peak in the 370–400 MHz range. The
spectral position of the localized Mn3+ states in manganites
may be positioned, by theoretical considerations, in

FIG. 5. Experimental XAS and LD for the four films having
different thickness: �a� average between experimental XAS signals
taken in V and H polarizations �V+H� /2, offset for clarity; �b�
LD=V−H in percent of the absorption shown in panel �a�.

FIG. 6. �a� Simplified scheme of the crystal field splitting. �b�
Experimental XAS data for 30 u.c. thick films �top panel� compared
with the calculation in Mn3+ L2,3 absorption �bottom panel�. �c�
Experimental LD data for the same film �top panel� compared with
the calculation �bottom panel�. Calculated data are obtained with
10Dq=1.1 eV, Ds=0.186 eV, and Dt=0.030 eV �Ref. 11�.

FIG. 7. Low temperature �T=1.7 K� NMR spectra for films of
different thickness. The MnDE and Mn4+ peaks are indicated. The
behavior of the integrated intensity of the two peaks as a function of
temperature is shown in the inset.
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250–490 MHz range.21 Two distinct lines are observed in
the experimental NMR spectra of Fig. 7 at 318 and
380 MHz, corresponding to Mn4+ and MnDE in the metallic
ferromagnetic phase, respectively. The absence of a well re-
solved peak from localized Mn3+ in our spectra, in agreement
with spectra reported by other researchers,22 could be as-
cribed to its much faster relaxation rate and to a possibly
larger spectral width. In the inset of Fig. 7 we report the
integrated intensity of the two lines. It can be noticed that the
intensity of the MnDE peak decreases linearly with the thick-
ness, extrapolating to zero just below 30 u.c., whereas the
intensity decrease of the Mn4+ line is marginal, compared to
the former. As a consequence, in the case of the 30 u.c. thick
film, the two intensities become comparable. From NMR
measurements we can conclude, in agreement with resistivity
measurements, that the local minimum state of the 30 u.c.
film is nonmetallic while in the case of thicker films, for T
approaching 0 K, we still have a sizeable contribution from
the ferromagnetic metallic phase.

IV. DISCUSSION

First, we notice that the experimental findings illustrated
in this paper cannot be explained on the basis of different
physical effects such as intrinsic interface effects, cation non-
stoichiometry, and oxygen deficiency. As a matter of fact,
LSMO films grown, in the same conditions, on a better
matched substrate such as �110� NdGaO3 and �100� SrTiO3,
show a fully ferromagnetic/metallic behavior already for a
thickness slightly larger than 10 u.c. Therefore, phenomena
described in the present paper must be ascribed principally to
the in-plane compressive epitaxial strain induced by the
LAO substrate. The ferromagnetic metallic phase of manga-
nites is in the orbital-disordered state. As a consequence, no
dichroic signal is expected in the XAS spectra. On the con-
trary, the LD spectra of thin LSMO films grown on a LAO
substrate indicate a preferential occupation of the out-of-
plane 3z2−r2 orbitals.11 Such orbital ordering is a fingerprint
of the C-type antiferromagnetic �AF� insulating phase. The
stabilization of the 3z2−r2 orbitals is a consequence of the
in-plane compressive tetragonal distortion induced by the ep-
itaxial strain, which increases the Mn-O bond length along
the out-of-plane direction.10,11 Such an interpretation of the
LD spectra is strongly supported by XAS-LD measurements
carried out on various AF orbital ordered manganites of
different compositions, including La1−xSr1+xMnO4 layered
manganites.12,23 For instance, a remarkable agreement can
be noticed between the experimental LD spectra of the
LaSrMnO4 layered manganite12 �which exhibits a C-type AF
3z2−r2 ordering� and our fully strained LSMO film �Fig. 8�.
Once more, while the shape of the LD spectra is remarkably
similar, a difference can be noticed in the amplitude of the
LD signals, which is larger in the case of layered manganites
relative to the fully strained film on LAO. The experimental
behavior of LSMO films under different strain conditions can
be explained on the basis of the experimental phase diagram
proposed by Konishi and co-workers,9 and then explained
theoretically by Fang and co-workers.24 In Fig. 9 we report
the phase diagram of La1−xSrxMnO3, c /a ratio versus doping

x �figure adapted from Refs. 20 and 24�. Full dots represents
our set of samples. According to this phase diagram, the fully
strained 30 u.c. thick film �c /a=1.06� lies in the C-type AF
ground state stability region, while partially relaxed films lay
in the F ground state stability region, though close to the
phase coexistence line. However, experimental LD spectra at
room temperature show that the transition from the C-type
AF to F phase is not abrupt �Fig. 5�. On the contrary, con-
tribution from the 3z2−r2C phase increases gradually as the
c /a ratio increases. Such a finding seems indicative of phase
coexistence between the 3z2−r2 C phase and the orbital dis-

FIG. 8. LD and XAS measurements taken with the electric E
vector perpendicular �V polarization� and E parallel �H polarization�
to the film c axis of the 30 u.c. thick LSMO film �upper panel�
compared with the data reported in literature on a LaSrMnO4

sample �lower panel, adapted from Ref. 12�.

FIG. 9. Phase diagram of La1−xSrxMnO3 �adapted from Refs. 20
and 24�. c /a represents the ratio between the perpendicular and the
in-plane lattice parameter of the film. The full dots at x=0.3 indicate
our LSMO films on LAO substrate having different thickness.
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ordered F phase, with the concentration ratio between the
two phases controlled by the c /a strain parameter. The co-
existence of the two phases can also explain the lower am-
plitude of the LD signal of our films compared with the
layered manganites, which are fully C-type orbitally ordered
�Fig. 8�. LD results are in agreement with the transport mea-
surements reported in Fig. 4, which show a decrease of the
metal-insulator transition temperature as the thickness is de-
creased from 100 to 30 u.c. Variations of the intensity of the
LD signal can be tentatively ascribed to the occurrence of
nanometric phase separation between C-type AF insulating
phase and the F metallic phase.11 Phase separation on a na-
nometric scale has been experimentally proved by scanning
tunnel spectroscopy in the case of both La0.7Sr0.3MnO3 and
La0.7Ca0.3MnO3 films.5,6 In the present case phase separation
can be enhanced by the proximity to the phase separation
line �Fig. 9�. Overall the experimental behavior described in
this paper can be understood on the basis of a nanocluster
separation phenomenon which starts to occur at a tempera-
ture T* higher than the mean field ordering temperatures.3

Phase separation is driven by the epitaxial strain in the prox-
imity of the transition line between C-type AF and F phases.
Strain can modify the relative amount of the two phases in
the mixed composition region as deduced from the intensity
of the LD signal. However, even in the case of the fully
strained film, the disordered F phase is not completely sup-
pressed and the intensity of the LD signal is lower than that
expected for a fully ordered 3z2−r2 AF phase. When de-
creasing the temperature, domains of the energetically less
favored phase start to reduce. Consequently, resistivity un-
dergoes a percolative metal-insulator transition at TP equal to
275 and 250 K for 70 u.c. �c /a=1.04� and 50 u.c. �c /a
=1.045� thick films, respectively. On the contrary, the fully
strained film �30 u.c., c /a=1.06�, which is in the C-type AF
stability region, shows an insulating behavior with no metal-
insulator transition in the whole temperature range. A further
ingredient is added by the low temperature NMR measure-
ments. In agreement with the above scenario the fully
strained film, in the insulating state, shows only a marginal
MnDE contribution in the NMR spectrum, whereas the spec-
trum of the nearly relaxed film, in the metallic state, is domi-
nated by the MnDE peak �Fig. 7�. However, all our films
show a Mn4+ peak, whose relative weight increases with in-
creasing the strain, indicating the presence of an additional
ferromagnetic insulating �FI� component from the bulk of the
film, similar to that measured in LSMO and La2/3Ca1/3MnO3
films grown on SrTiO3.13,14 In bulk materials this component
is characterized by x2−y2 orbital occupation, which, accord-
ing to the semiempirical Goodenough-Kanamori-Anderson
rules,25 introduces ferromagnetic interactions between Mn3+

and Mn4+. Hence the FI component that we detect cannot be
directly responsible for the sign of the detected average LD
signal, but its further presence within the insulating layers
contributes to reduce the intensity of the LD signal. This
third component should be explicitly considered in future
inhomogeneous models including the effects of disorder as
those of Ref. 2. The whole set of physical measurements
reported in this paper could be understood in the framework
of a scenario which foresees competing phases in the pres-
ence of substantial disorder. In this case a gap region can

open between the stable phases. States in this region have
glassy characteristics and consist of coexisting clusters of the
two phases.1 This scenario is summarized in Fig. 10, which
has been adapted from Ref. 2. In this schematic phase dia-
gram the representative points of our strained LSMO films
have been tentatively reported.

V. CONCLUSION

LSMO thin films having different thickness were grown
by PLD with in situ RHEED diagnostics on LAO substrates
in a 2D layer-by-layer mode. Mismatch between film and
substrate gives rise to an in-plane compressive biaxial strain
which can be carefully measured by XRD. For our growth
conditions, partial relaxation of epitaxial strain occurs in the
case of films whose thickness exceeds 30 u.c. and conse-
quently the c /a ratio varies from 1.06 to 1.03. In-plane com-
pressive strain induces an elongation of the out-of-plane
Mn-O bonds. This effect results in the stabilization of the
3z2−r2 orbitals, thus giving rise to a sizeable XAS-LD sig-
nal. The shape of the LD signal varies weakly with the c /a
ratio, while its intensity strongly increases with c /a. At the
same time, resistivity increases and the metal-insulator tran-
sition shifts toward lower temperatures until reaching an in-
sulating state for the fully strained 30 u.c. thick film. Low
temperature NMR spectra show a decrease of the MnDE con-
tribution, which becomes negligible in the 30 u.c. thick film
and an additional contribution of ferromagnetic Mn4+ from a
minority FI component. The theoretical simulation of
XAS-LD is in qualitative agreement with the experimental
results. The contribution of the Mn4+ ions and the coexist-
ence of the orbital ordered and disordered phases can explain
the relative intensity of the dichroic signal, which is smaller
than the value expected for a fully ordered 3z2−r2 sample.
The whole set of physical measurements reported in this pa-
per can be understood in the framework of strain driven com-
peting phases in the presence of disorder.2 In this scenario a
gap region, having glassy characteristics, can open between
the stable phases. For intermediate values of the epitaxial
strain, the local minimum state of the system lies in this

FIG. 10. Schematic phase diagram �adapted from Ref. 2�. Rep-
resentative points of our films are tentatively reported as full dots at
room temperature and full squares at low temperature.
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region and consists of coexisting clusters of AF and F
phases, plus a minority contribution from a FI phase. In con-
clusion, by only changing the thickness of the film we induce
a gradual variation of the strain strength, monitored by the
c /a ratio. Such a parameter is used as a driving force to span
the glassy region. Orbital ordering and MnDE/Mn4+ contri-
butions are monitored across the glassy region. A gradual

variation of the relative amount of the two AF and F phases
with changing the strain has been demonstrated.
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