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Abstract. Thin films of La0.7Sr0.3MnO3 were grown by molecular beam epitaxy on (001)LaAlO3 crystals.
High resolution X-ray diffraction analysis proves the presence of twins in the films at room temperature,
showing that the twin structure of the substrate which forms at the Pm3̄m → R3̄c ferroelastic transition
at TF = 813 K served as a template for the film microstructure. Magnetic measurements indicate a
thermomagnetic irreversibility which is ascribed to the quenched disorder related to twinning and discussed
in terms of coexisting ferromagnetic and spin disordered regions connected with the undeformed domain
cores and strained domain walls respectively.

PACS. 75.47.Gk Colossal magnetoresistance – 73.50.-h Electronic transport phenomena in thin films

1 Introduction

There is increasing evidence that the complex behaviour
of transition metal oxides (TMO) is triggered by the
interplay between electron correlations and structural
quenched disorder, namely random or correlated frozen
deviations from periodicity [1,2]. The Mn-containing sys-
tems Ln1−xAkxMnO3 (Ln is a rare earth or lanthanide;
Ak is a divalent alkali as Ba, Sr or Ca), which crystallize
in variants of the simple perovskites structure ABO3, are
paradigmatic TMO and the study of the effect of disorder
on their properties is receiving great attention.

Known mainly for the giant effect which a magnetic
field H has on their charge transport, giving rise to
the so called colossal magnetoresistance (CMR), which
is a gigantic resistance decrease induced by H [3,4],
the Ln1−xAkxMnO3 phases are derived from the end-
member (x = 0) compounds LnMnO3, antiferromag-
netic Mott-Hubbard or charge transfer insulators, by
hole doping via heterovalent chemical substitutions at
lanthanide site. The resulting temperature-hole (T , h)
phase diagram contains competing electronic, magnetic
and structural phases. The two main competing phases
are a charge ordered (CO)/orbital ordered (OO) anti-
ferromagnetic insulator (AFI) and a ferromagnetic metal
(FM) [5,6], the latter described within the Zener model
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for charge delocalization via parallel spin alignment [7–9].
What phase is realized on hole doping can be con-
trolled via two key parameters, the effective one elec-
tron eg bandwidth W related to the transfer integral
of the conducting eg electrons between neighbouring Mn
sites [7–9], and the variance σ2

A of the A-cations ra-
dius distribution defined as

∑
yir

2
i − 〈rA〉2 [10], where

yi and ri are the fractional occupancies and ionic radii
of the i cations and 〈rA〉 is the mean A-site cation size.
The bandwidth W depends only on 〈rA〉, which modi-
fies the tendency towards long range lattice distortions
of the cubic perovskite, quantified by the tolerance fac-
tor of Goldschmidt t = (A-O)/

√
2(B-O) (A, B, and O

are the ionic radii within the ABO3 perovskite) and the
related Mn-O-Mn bond bending. For smallest bending
and large W (i.e. La1−xSrxMnO3) there are the ferro-
magnetic metals with the highest Curie points TC , for in-
termediate W (Nd1−xSrxMnO3and La1−xCaxMnO3) one
finds reduced values of TC with thermally driven metal
to insulator transitions and high values of CMR, while for
small bandwidth (Pr1−xCaxMnO3) there are only insulat-
ing phases [6]. The variance σ2

A, on the contrary, describes
the local deviations from the average A-site translational
periodicity and measures the degree of quenched point-like
disorder. It has been pointed out that strong local devia-
tions from the average structure may drastically alter the
balance between the CO/OO AFI and FM phases with re-
spect to the “clean limit” [5]. With an increasing amount



338 The European Physical Journal B

of disorder, the long range order of both the two compet-
ing CO/OO AFI and FM phases is suppressed and a in-
tervened spin-glass-like insulator appears instead [11,12],
while the tendency towards inhomogeneous (phase sepa-
rated PS) states is enhanced. Notably, near the ferromag-
netic/spin glass boundary, where the two phases might
coexist, also the CMR is most enhanced [12,13]. The sim-
ilarity with other TMO is often remarked and, in partic-
ular, it has been argued that, under suitable conditions,
the glassy state in the underdoped regime of cuprates,
with nanoscale superconducting puddles, might lead to
“colossal” effects, analog of CMR in manganites [14].

In many real samples, wether ceramics, single crystals,
thin films, the disorder is generated not only by point-
like defects introduced by chemical substitutions, but also
by extended defects, as dislocations or grain boundaries
or twin boundaries. In particular, twinning is widespread
in single crystals of perovskite-type oxides, owing to the
usual presence of ferroelastic transitions. The spontaneous
formation of domain structure in bulk ferroelastic materi-
als under cooling below the transition temperature is well
understood from a thermodynamic point of view [15]. Fer-
roelastic crystals display characteristic domain patterns
on a mesoscopic length scale. Twin states (precisely trans-
formation twins or ferroelastic domains) are separated by
twin boundaries, which can host severe structural distor-
tion. The crystallographic orientation of such boundaries
is fixed by twin laws, so that the positions of the distorted
regions are correlated. The role of structural distortion in
promoting inhomogeneities in manganites has been stud-
ied [16], supporting the idea of a possible crystallographic-
texture-driven enhanced metal-insulator PS.

Twinning can arise also in epitaxial films, either from
strain relaxation mechanisms [17,18] or as a consequence
of the use of a suitable substrate, like the perovskite
LaAlO3. At room temperature LaAlO3 is rhombohedral
(space groupR3̄c), because of a cooperative antiferrodis-
tortive rotation of AlO3 octahedra about one of the three-
fold symmetry axes of the undistorted cubic cell. This
R3̄c phase is ferroelastic [19–22], because it results from a
structural transition of a parent phase Pm3̄m at the criti-
cal temperature recently redetermined as TF = 813 K [23].
Therefore multiple orientation states exist below TF in
LaAlO3 crystals in the absence of mechanical stress. A
crystal with twinning has structured crystallographic mor-
phology, like roof-like facets, and crystals of LaAlO3 used
as substrates commonly twin [24,25]. The twin struc-
ture of the substrate is expected to influence the epi-
taxial growth or even to act as template for producing
a microstructured film. For instance, twins have been di-
rectly observed, by transmission electron microscopy, in
La0.7Ca0.3MnO3 films obtained by metal-organic deposi-
tion process and considered to be the “prolongation” of
those formed at TF in the substrate [26]. Twin bound-
aries in the LaAlO3 substrate have been demonstrated
to cause a clear splitting of the manganite magnetic do-
mains in YBa2Cu3O7−x/La0.67Sr0.33MnO3 bilayers grown
by high pressure sputtering, leading to twinned films with
in-plane magnetization domains separated by out-of-plane

magnetic structures pinned at twin boundaries [27]. The
role of the twinned substrate has been discussed also in
the case of La0.7Sr0.3MnO3 films grown by pulsed laser de-
position, the magnetic pattern of which observed by mag-
netic force microscopy, either “maze-like” or bubble (both
characteristic of out-of-plane magnetization systems), has
been ascribed to a sample-dependent substrate domains
structure which is realized under different growth condi-
tions [28].

In this work we shall present experiments performed
on of thin epitaxial films of La1−xSrxMnO3 with x =
0.3 deposited on ferroelastic LaAlO3 by Molecular Beam
Epitaxy (MBE) at 973 K, i.e. above TF of LaAlO3.
In the bulk, the manganite La0.7Sr0.3MnO3 is isostruc-
tural with LaAlO3 at room temperature, with rhombo-
hedral R3̄c cell corresponding to pseudocubic axes apc =
0.3873 nm and α = 90.26◦ [29]. A rhombohedral distor-
tion is retained at least up to 1173 K [30]. At the deposi-
tion temperature, therefore, it is the rhombohedral phase
of La0.7Sr0.3MnO3 that growths epitaxially on the un-
twinned paraelastic structure of LaAlO3, i.e. on (100) cu-
bic crystallographic facets. Strained growth of rhombohe-
dral La0.7Sr0.3MnO3 on a cubic substrate is known to be
tetragonal [17]. The room temperature lattice mismatch
with LaAlO3, evaluated from the pseudocubic edges as

pc

and af
pc of the substrate and the film, is m = −2.2% lead-

ing to a strained cell with c/a > 1. In the absence of
structural change of the substrate on lowering tempera-
ture in the MBE deposition chamber, the tetragonal sym-
metry of the La0.7Sr0.3MnO3 film can be retained down
to room temperature for film thickness below the critical
value tc, which for La0.7Sr0.3MnO3 on LaAlO3 has been
estimated in 15–20 nm [31,32]. The structural features
of La0.7Sr0.3MnO3 on LaAlO3, however, will be compli-
cated by the formation of the rhombohedral twinning in
the substrates during cooling down to room temperature.
It is the aim of this paper to discuss the relationships
between the crystallographic features and the magnetic
properties of the manganite layers, with reference to a
possible microstructure induced by the ferroelastic tran-
sition of the substrate. To this purpose, we shall present
high-resolution X-ray diffraction analyses of the epitax-
ial films, discuss crystallo-optics images of the substrates
twin structure, and analyse magnetization measurements
performed with a SQUID magnetometer.

2 Samples and experimental procedure

The thin La0.7Sr0.3MnO3 films LSMO9 and LSMO20 (in
which the numbers refer to the thickness in nanometers)
have been deposited by MBE, using a codeposition proce-
dure in which the elemental rates of La e-beam sourced,
Sr and Mn effusive cells have been carefully controlled to
obtain the desired sample composition. The peculiarity of
the MBE is the possibility to achieve the in-situ forma-
tion of the perovskites at very low oxygen pressure with-
out post annealing treatment. In our case, a mixture of
O2 +5% ozone at a total pressure P = 2.63×10−2 Pa was
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employed. The atmosphere composition inside the depo-
sition chamber has been controlled by mass spectroscopy.
The reflected high energy electron diffraction (RHEED)
analysis has been performed during the growth process
to check the structural properties of the films. Details of
this surface analysis and on composition check by energy
dispersive X-ray spectroscopy (EDS) have been already
reported [32]. The LaAlO3 (100) substrates have been
held at 973 K during growth, i.e. above their ferroelastic
transition temperature TF . After deposition, samples were
cooled to room temperature passing through TF . The on-
set of macroscopic twinning in LaAlO3, as evidenced by
birefringence imaging and measurement [23], occurs ap-
proximately at 803 K, i.e. 10 K below the Pm3̄m → R3̄c
transition temperature, with a domain structure rather
mobile above 750 K while quite stable below 750 K.

High resolution X-ray diffraction and magnetization
measurements were carried out before samples manip-
ulation for optical observations of the substrate ferroe-
lastic domain structure. For optical observation of the
domain structure at room temperature, LaAlO3 crystals
were freely mounted, before and after the film deposition,
on the rotary stage of a Leitz Orthoplan Pol microscope
with crossed polars. Samples were mechanically polished
on the backside with respect to the face on which the
films were deposited and cleaned by suitable solvents. To
the aim of releasing possible strain induced by mechani-
cal polishing, while preventing domains motion, samples
were annealed for several hours at the quite low temper-
ature of 623 K. The crystallographic characterization of
LSMO20 and LSMO9 was performed by high resolution
X-ray diffraction, through the analysis of ω-scans and re-
ciprocal space maps, using a four circles diffractometer
(Bruker D8 Discover) with Cu anode. The magnetization
measurements were performed using a Quantum Design
MPMS5 XL5 SQUID magnetometer, equipped with a su-
perconducting magnet producing fields up to 50 kOe and
calibrated using a Pd standard; the sensitivity for the
magnetic moment is 10−8 emu.

3 Results and discussion

3.1 Optical characterization of the ferroelastic domain
structure of the LaAlO3 substrates

When LaAlO3 crystals are observed in transmission un-
der crossed polarizer and analyzer, differently oriented
rhombohedral domains give rise to a birefringence con-
trast. From symmetry arguments it can be shown that for
(001)pc LaAlO3 platelets, such domains are at position of
extinctions at 45◦ (i.e. when the [110]pc direction is ro-
tated of 45◦ with respect to analyzer and polarizer). The
observed birefringence patterns can be rationalized with
reference to the crystallography of the LaAlO3 twin struc-
ture [21,22,25]. In the Pm3̄m → R3̄c symmetry change
occurring in LaAlO3, which corresponds to the ferroic
species m3mF3m, in the Aizu notation [33], transforma-
tion twins form on cooling below TF due to the choice of
four equivalent triad axes of the m3m class about which

Fig. 1. As received LaAlO3 substrate under crossed polars
(magnification 10x). Domains are visible as coloured stripes
running along the [100] (up left) and [010] directions.

Fig. 2. A region of the substrate at extinction position (10x).
The observed domain pattern is likely to be due to the pres-
ence of two incompatible chevron orientations, which can be
distinguished by their {100} domain walls, namely (100) and
(010) pseudocubic planes respectively. The high lattice strain
associated with the boundary between the two chevron orien-
tations causes the residual birefringence contrast in the central
part of the micrograph.

AlO3 octahedra rotation can occur. Given the four pure
twin domain states, with ternary axis along [111], [ 1-11],
[–111], [11-1], there are six possible pairs of domain states
that can meet to form a domain wall. For each of the six
pairs there are two possible orientations of domain walls,
one of the form {100}pc and one of the form {110}pc. This
produces a total of twelve physically distinguishable cou-
ples of twin domain orientations. In the case of a (001)pc

oriented platelet, like our LaAlO3 substrates, walls be-
longing to the form {100}pc are normal to the deposition
surface or parallel to it, while walls of the form {110}pc

are either normal or inclined at 45◦ with respect to the
deposition face.

Figure 1 shows the typical domain pattern of an as-
received substrate before deposition. The coloured stripes
parallel to [100]pc and [010]pc are identified with domains
with walls of the form {110}pc, inclined at 45◦ to the
(001)pc surface. The width of these domains varies from
about 5 µm to 50 µm. Needles are present at intersection
of stripes along the [100]pc and [010]pc. A region of the
substrate at extinction is shown in Figure 2. The observed
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(a)

(b)

Fig. 3. Substrate with LSMO20 film under crossed polars. (a,
10x) Striped domains along [100] and [010], with widths as
small as 5 µm. The marked region in (a) is shown in (b) at
higher magnification (32x), to evidence the presence of stripes
both along [100] , [010] and along [110], these latter with do-
main walls of the form {110} perpendicular to the film surface,
i.e. (110) planes. Also the interception of incompatible chevron
is present.

domain pattern is likely to be due to the presence of two
incompatible “chevron” orientations [21], which can be
distinguished by their {100}pc domain walls, namely (100)
and (010) pseudocubic planes respectively. The high strain
associated with the boundary between the two chevron
orientations causes the residual birefringence contrast in
the central part of the micrograph. Substrates received
twin-free were found to display the same kind of domain
structure if cycled in temperature in the MBE chamber.

The two substrates with the deposited LSMO epilay-
ers were observed with the latter upside. This information
is given for the sake of completeness. Figure 3 shows the
substrate with deposited LSMO20. As can be seen, after
the deposition cycle the ferroelastic domains in LaAlO3

are still present, and stripes are visible along [100]pc and
[010]pc, with widths of about 5 µm (Fig. 3a). The inter-
ception of incompatible chevrons is also present. At higher
magnification (Fig. 3b) stripes both along [100]pc, [010]pc

and along [110]pc are revealed, these latter with domain
walls of the form {110}pc perpendicular to the film surface,

Fig. 4. Substrate with LSMO9 film under crossed polars.
(a, 4x) Domains running parallel to [100] and [010] direction
are visible. (b, 10x) LSMO9 near extinction revealing highly
strained regions at 90◦ walls interception.

i.e. (110)pc planes. Figure 4 shows two details of the sub-
strate with LSMO9. Domains running parallel to [100]pc

and [010]pc direction are visible (Fig. 4a) and, near ex-
tinction position (Fig. 4b), highly strained regions at in-
terception of 90◦ walls are revealed.

3.2 High resolution X-ray diffraction analysis

To investigate the effect of the substrate ferroelastic tran-
sition on the deposited LSMO20 and LSMO9 films, room
temperature high resolution X-ray analyses were per-
formed. Rocking curves (or ω-scans) and reciprocal space
maps (RSM), two of the typical reciprocal space scans in
thin films characterization by X-ray diffraction, are pow-
erful tools for the study of twinned crystals in which the
reciprocal lattice vectors representing a set of equivalent
lattice planes in different twins are not parallel. To per-
form a rocking curve, as clearly explained by Harrison
et al. [21], a suitably oriented crystal of LaAlO3 is placed
close to the diffraction condition, with the reciprocal lat-
tice vectors of different twins lying within the scattering
plane. The crystal is then rotated by an angle ω about an
axis perpendicular to the scattering plane, to bring into
the diffracting condition one twin at a time. A rocking
curve, which is a plot of integrated intensity as a function
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(a)

(b)

Fig. 5. (a) Rocking curve of LaAlO3 substrate of LSMO20
around the (002)pc reflection. Four domains marked as D are
visible. (b) Reciprocal space map around the (002)pcreflection
of the substrate for LSMO20. Domains in the substrate visible
along qz = cost =2 are indicated with D.

of ω, will show individual peaks corresponding to each
of the twin domains. The angular difference between the
peak positions in the rocking curves is related to the angu-
lar difference between the reciprocal lattice vectors in dif-
ferent domains. Simulated rocking curves of rhombohedral
LaAlO3 crystals in (001)pc orientation have been reported
for different twin structures [21], i.e. for crystals contain-
ing different aggregates of ferroelastic domains, and can be
compared with our X-ray experiments. A reciprocal space
map consists of iterated ω scans at fixed 2ϑ values, for a
certain range of ω/2ϑ, around a given reciprocal node of
the paraelastic cubic phase of LaAlO3, or, alternatively,
of iterated qx scans (transverse scan) for a certain range
of the qz coordinate (longitudinal scan) around the cor-
responding point (qx, qz). The resulting two-dimensional
map will contain the scattered intensity associated with
the Bragg nodes of the rhombohedral twins.

Figure 5a shows the rocking curve of the (002)pc reflec-
tion of he LaAlO3 (001) substrate after deposition of the
LSMO20 film. Besides the peak doubling for the presence

(a)

(b)

Fig. 6. (a) Rocking curve of LaAlO3 substrate of LSMO9
around the (002)pc reflection; (b) Reciprocal space map around
the (002)pc reflection of the substrate for LMSO9. The two do-
mains in the substrate visible along qz = 2 are clearly dupli-
cated in the film at lower qz .

of both kα1 and kα2 wavelengths, the scan profile indi-
cates that four different orientational variants D enter in
Bragg conditions during the ω scan and contribute to the
recorded intensity [21]. Figure 5b displays the correspond-
ing RSM. Four domains D of the substrate can be appreci-
ated along a one-dimensional section at qz = cost ≈ 2. The
LSMO20 diffusion around the (002)pc film node is recog-
nized at a lower qz value. We see that the LSMO20 diffuse
scattering is anomalously wide along qx, with a full width
at half maximum FWHM value mainly influenced by the
twin structure of LaAlO3 substrate. This result is analo-
gous to what found in case of Ca-doped La0.7Ca0.3MnO3

film deposited on LaAlO3 by RF magnetron sputtering,
also twinned [34]. This indicates the presence of different
crystallographic orientations in LSMO20, as in the sub-
strate, not well resolved due to the complex structure of
the substrate rocking curve.

For LSMO9, the rocking curve of the (002)pc reflec-
tion of the substrate, collected with the use of a 2-bounces
V-groove monochromator, is shown in Figure 6a. Its sim-
pler profile means that the same Bragg condition is valid
for two domain states at a time, giving rise to only two
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peaks [21]. The corresponding RSM around the (002)pc re-
flection is reported in Figure 6b. The domains are clearly
visible and well resolved both for the substrate and for
the film. We remark that the domain separation along
the reciprocal coordinate qx in LSMO9 is the same as in
the LaAlO3 substrate, which indicates that twins in the
epilayer are in strict connection with those in LaAlO3.
Actually, the observed twins must have formed in LSMO
films when domains raised in LaAlO3 substrate just be-
low the cubic to rhombohedral transition temperature TF ,
with the domain structure of the substrate acting as tem-
plate for the manganite film, a result which is in line with
recent findings concerning the role of the substrate fer-
roelastic transition on the presence of twinning in LSMO
films [27,35]. It is possible that the substrate transfor-
mation acts as a driving force for the transformation of
the La0.7Sr0.3MnO3 film towards its bulk rhombohedral
symmetry and that the twin law for the Pm3̄m → R3̄c
symmetry change is respected in the film, as it would have
been in the bulk. If this would be the case, the observed
domains in the manganite films would be correctly called
transformation twins. This is different to what happen
La0.7Ca0.3MnO3 on SrTiO3 when this latter undergoes
the cubic-tetragonal ferroelastic transition at 105 K [36].
Also in this case domains are formed in the manganites
film, however without crystallographic correlation with
those of the substrate. The origin of the herewith dis-
cussed twinning differs also from that of the domains
found in La1−xSrxMnO3 coherently grown on untwinned
substrates, like (001)-oriented SrTiO3 [17,18], which are
explained in terms of strain relaxation mechanisms. Ac-
cording to this explication, the part of the elastic energy
due to the lattice mismatch is diminished by the formation
of misfit dislocations at the film/substrate interface, while
the part which is related to the shear strain, and which re-
sults from the rhombohedral symmetry of La0.7Sr0.3MnO3

at room temperature, when it is matched onto a cubic sub-
strate, is reduced by the formation of structural domains
with an alternating sign of shear. Such a structural do-
main pattern can be also called a “twin pattern”, since
the crystallographic orientation of neighboring domains
is similar to common twins. However, these domains are
more similar to mechanical twins than to transformation
twins.

3.3 Magnetic properties

Different spin disordered systems, as spin glasses (SG) and
cluster spin glasses (CSG), are characterized by a cusp in
the zero field cooling (ZFC) magnetization (MZFC), indi-
cating the freezing of the spins at the freezing tempera-
ture Tf (determined as the temperature of the maximum
of MZFC), and by a separation between ZFC and field
cooling (FC) magnetization (MFC) at the irreversibility
temperature Tirr, which indicates the onset of irreversibil-
ity [37]. Therefore, to probe the presence of irreversible
thermomagnetic features induced by the correlated dis-
order associated to twinning, the two LSMO films were

Fig. 7. Magnetization vs. temperature of the LSMO20 film.
(a) With applied field parallel to the film plane, H = 5 Oe
(dots, left axis), 1 kOe (open circles, right axis), 10 kOe (open
triangles, right axis); (b) with applied field perpendicular to
the film plane, H = 50 Oe (dots). For each value of H , the
lower and upper curves show the ZFC and FC magnetization,
respectively.

studied by ZFC and FC magnetization versus tempera-
ture measurements for 4 K < T < 400 K [38].

The ZFC-FC curves of the LSMO20 film are plotted
in Figure 7a for applied field parallel to the film plane
(H||). The MZFC at low field (5 Oe) shows a peak at
Tf = 260 ± 5 K; the corresponding FC curve separates
at a slightly higher temperature, which is therefore de-
signed as the irreversibility temperature. After an initial
slight decrease, with a broad minimum in coincidence with
the inflection point of the ZFC curve, MFC increases at
low temperature. The ZFC peak disappears in the mag-
netization at 1 kOe, while a separation is still present at
temperature lower than Tirr = 70 K. The ZFC-FC separa-
tion vanishes at 10 kOe. For applied field perpendicular to
the film plane (H⊥), the ZFC-FC irreversibility is qualita-
tively similar, as it can be argued from Figure 7b, which
shows the case of H = 50 Oe, with the maximum of MZFC

giving Tf = 205 ± 5 K.
The ZFC and FC magnetization of the LSMO9 film for

H|| and H⊥ are shown in Figures 8a and 8b respectively. A
first peculiar feature can be noticed for this sample: with
applied field up to 1 kOe, the ZFC-FC irreversibility is ob-
served almost in the whole measured temperature range.
The more evident splitting between MZFC and MFC takes
place in the low temperature range, i.e. below the ma-
jor rising of the magnetization (see for instance Fig. 8b,
H = 500 Oe). Nevertheless, the two curves remain sepa-
rated up to about 350 K. This feature is more evident for
the case with H⊥ (see Fig. 8b), but is also present for H||
(Fig. 8a). The high temperature irreversibility is not more
detectable for H = 10 kOe. The second salient feature of
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Fig. 8. Magnetization vs. temperature of the LSMO9 film.
(a) With applied field parallel to the film plane, H = 5 Oe
(dots, left axis); 1 kOe (open circles, right axis), 10 kOe (open
triangles, right axis); (b) with applied field perpendicular to the
film plane, H = 500 Oe (open circles, left axis), 1 kOe (open
triangles, right axis). For each value of H , the lower and upper
curves show the ZFC and FC magnetization, respectively.

this thinner film is that, for H|| with H = 5 Oe, the peak
at 140 K of MZFC is associated with a coincident peak of
MFC ; this behaviour is still observable at 1 kOe, with the
peak temperature shifted to about 100 K. The peaks dis-
appear with an applied field of 10 kOe. For H⊥, the ZFC
curves show the peak with fields up to 1 kOe, but there is
no observable concomitant anomaly in the FC curves.

The Curie temperature (TC) for LSMO20 is 289±1 K,
as evaluated from the low field magnetization (with H =
5 Oe) fitted by the mean field theory expression M(T ) =
A(TC − T )1/2 in the vicinity of the transition [39]. The
Curie temperature is notably lower than the bulk value of
378 K. Its reduction can be related to the disorder due to
twin boundaries and to other extended defects (disloca-
tions) which may be present, because the LSMO20 thick-
ness is above the critical value for pseudomorphic growth.
In addition, the effect of epitaxial strain on TC should
be considered. Strain effect in manganites has been mod-
eled [40,41], by properly taking into account the modifica-
tion it induces in the Mn-O-Mn bond angle ϑ and in the
Mn-O bond lenght d, which both appear in the empirical
formula for the hopping of electrons between two neigh-
bour Mn sites, which controls TC ,t ∝ d−3.5 sin ϑ/2 [42].
It was found that also for compressive strain (as it is for
La0.7Sr0.3MnO3 on LaAlO3) a reduction of the transition
temperature TC can occur, in contrast to the simpler in-
terpretation in terms of contraction of the in-plane Mn-O
bond length d alone, which should lead to an increase of
the electron in-plane hopping t and thus TC . Actually,
however, since our samples have been proved to be struc-

turally partially relaxed, we expect that strain plays a
minor role on TC . Last, an important factor to be consid-
ered for the decrease of the Curie temperature TC in thin
films is the finite size effect [43,44]. The finite film thick-
ness d limits the divergence ξ of the spin-spin correlation
lenght at TC , which results in a decrease of TC with re-
spect to the bulk value for d < ξ. For instance, the finite
size scaling of TC has been reported for the lanthanum
cobaltite La0.7Sr0.3CoO3 thin films [45] for thickness be-
tween 2.6 nm and 42 nm.

For the LSMO9 film, the data analysis described for
LSMO20 would lead to TC = 186 ± 1 K. Since this sam-
ple presents irreversibility, for fields as high as 1 kOe, up
to 350 K, we prefer to indicate this temperature as T ∗

C ,
in order to emphasize that it represents the temperature
that marks the passage between two magnetic ordering
regimes. This point will be discussed in more detail in the
following.

A separation between MZFC and MFC has been al-
ready reported for La0.7Sr0.3MnO3 film grown on LaAlO3

by sputtering [46] with thickness of 600 nm and ascribed
to a spin-glass like behaviour caused by the competition
between ferromagnetism and antiferromagnetism, as a di-
rect consequence of the random distribution of Mn3+ and
Mn4+ ions, without mention to the possible role of the
substrate-induced twinning on the observed lacking of true
magnetic long range order. To the best of our knowledge,
the magnetism of thinner films has not yet been discussed
in this contest. A cusp in the MZFC at Tf , and a sepa-
ration between MZFC and MFC at Tirr are both present
in the magnetization curves of LSMO20 (see Fig. 7). Even
though not conclusive, these features make a strong case in
favour of spin-glass-like properties of LSMO20. Moreover,
because it is also possible to identify a Curie tempera-
ture TC above both Tf and Tirr, we suggest that the irre-
versible magnetic behaviour of LSMO20 can be ascribed
to a reentrant spin glass (RSG). As described by Ito [47],
a RSG has to be considered a mixed phase of the long
range ferromagnetic phase and the SG phase. The mech-
anism of the RSG transition is that, when the long range
order is established at TC , some amount of disordered
(not aligned) spins exists in the long range ferromagnetic
network. With decreasing temperature, even some of the
spins participating to the long range order escape from
the ordered network, resulting in an increasing amount of
the frustrated spins. On further lowering temperature, the
frustrated spins freeze at Tf .

We would attempt to relate the observed magnetic be-
haviour to the microstructure of LSMO20. We may sup-
pose that double-exchange couplings are dominant inside
each structural domain and that frustration appears in a
“transition region” between them, which we identify with
the twin walls. In other words, a coreshell-type structure is
proposed, in which the core is ferromagnetic and metallic
while the shell is spin disordered and insulating. This pic-
ture has already been used for La0.7Sr0.3MnO3 nanopar-
ticles with surface spin-glass layers formation [48] and for
polycrystalline films of La0.7Ca0.3MnO3 which, beside the
ferromagnetic core, display spin glass phases related to
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grain boundaries and grain surfaces [49]. The depicted
microstructural description of the twinned LSMO film is
reminiscent of the two-phase scenario, according to which
FM regions (in our case inside the twins) and AFI re-
gions (induced in our case by locally enhanced strain at
twin boundaries) coexist in manganites with CMR [50].
In particular, this description refers to the model of Ahn
et al. [16], in which the insulating phase has a short- or
long-wavelengths lattice distortion, and the metallic phase
is undistorted, with emphasis put on the primary impor-
tance of structural aspects in causing the multiphase co-
existence.

The same coreshell model is also useful to explain
the irreversibility observed in the thinner LSMO 9 film
well above T ∗

C . The observed high temperature thermo-
magnetic irreversibility in LSMO9 is consistent with the
formation of frozen FM clusters within the undistorted
metallic core of the structural domains at Tirr = 350 K.
This temperature is not far from the bulk Curie point, a
result that seems to indicate that the inner part of the
twins is almost free from defects due to relaxation, as it
should be, given the small film thickness. The relevant
presence of the distorted paramagnetic shells in LSMO9
prevents the occurrence of a long range ferromagnetic or-
dering between the clusters for T ∗

C < T < Tirr. A global
ferromagnetic state develops in the film only at T ∗

C , as ev-
idenced by the strong increase of the FC magnetization.
The presence of ferromagnetic clusters in manganites for
temperatures above TC has been recently predicted [13],
thus introducing different temperature regimes: a high-T
regime where the system is magnetically disordered, an
intermediate-T range with preformed ferromagnetic clus-
ters with uncorrelated order, and a low-T regime where
the clusters grow in size giving a globally ferromagnetic
behaviour. The observation of the intermediate-T regime
in La1−xSrxMnO3 phases has been reported in the case
of single crystal with Sr doping up to x = 0.16 and dis-
cussed in terms of a Griffiths phenomenon [51], suggested
to represent a generic feature of manganite systems, not
restricted to the weakly doped regime, when the structural
distortions are sufficiently strong to allow for the bond dis-
order to be completely quenched. Actually, previous obser-
vations on optimally doped (x = 0.3, 0.4) single crystals
have been claimed to be consistent either with a two phase
scenario [50] or with the existence of the intermediate-T
regime [52].

As it concerns the anomalous behaviour of the MFC

at low field H||, we note that the same feature has been
already reported for La0.7Sr0.3MnO3 films on LaAlO3 [53]
and ascribed to a spin reorientation transition, an inter-
pretation which stands on the assumption of a substrate
induced compressive in-plane strain. This assumption is
correct for defect free heteroepitaxial system, but ques-
tionable for heavily twinned substrate and microstruc-
tured epilayer, which can not be treated as single crys-
tals. Moreover, at a closer look, also LSMO20 exhibits this
kind of anomaly, even though much less evident (Fig. 7),
with the shallow minimum of MFC at 225 K. This result
contrasts with the predicted thickness dependence of the

spin reorientation transition temperature, which has been
shown to decrease for increasing film thickness [54]. Since
the anomaly in the MFC curve is only observed for LaAlO3

substrate [53], while it is absent for untwinned SrTiO3, we
wonder if this feature could be instead related to the sub-
strate induced microstructure of the manganite film and in
particular to a crystallographic-texture-driven phase sep-
aration, an hypothesis that, we remark, that for Ca-doped
films has already received some consideration [55–57]. Fur-
ther investigations are needed to clarify this point.

4 Concluding remarks

Thin epitaxial films of La0.7Sr0.3MnO3 grown by MBE on
LaAlO3 have been studied to evidence the connections be-
tween structure, microstructure and physical behaviour.
High-resolution X-ray diffraction has shown that twins
are present in the La0.7Sr0.3MnO3 epitaxial films at room
temperature, clearly resolved in reciprocal space maps and
in strict crystallographic connection with those of the sub-
strate. Both the analyzed films are therefore characterized
by extended planar defects, whose orientation is fixed by
the same twin laws valid for the substrate. The correlated
quenched disorder due to twinning has been shown to re-
flect itself in the magnetic behaviour, leading to a thermo-
magnetic irreversibility which has been discussed in terms
of coexisting ferromagnetic and spin disordered regions
within domain cores and domain walls, respectively.

The previous results on twinned epitaxial films stress
out the connection between quenched structural disorder
and phase inhomogeneity in La0.7Sr0.3MnO3 which, for
the large width W of the eg band, is often described as
a canonical double exchange system. Our results can be
compared with the already mentioned observations con-
cerning single crystals of the same composition [51], also
claimed to be consistent either with the phase separation
scenario, in contrast to the canonical description, or with
the presence of an intermediate-T regime with the forma-
tion of a Griffiths phase: since the rhombohedral phase
of La0.7Sr0.3MnO3 derives from a paraelastic prototype,
single crystals should also be twinned, which invites to a
reflection upon the origin of the observed electronic and
magnetic inhomogeneity.
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