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X-ray diffraction analysis and orientation contrast scanning electron microscopy imaging of
La0.7Sr0.3MnO3 epitaxial layers grown on (001)-SrTiO3 substrates have been used to track the shear strain
and twin domain period as a function of the thickness of the films, t. To this end, the diffraction by a
periodically modulated twinned structure is analyzed in detail. In contrast with current equilibrium
models, here we demonstrate the occurrence of a critical thickness, tt ~ 2.0 - 2.5 nm, for twin formation in
rhombohedral perovskite films. The absence of twinning below tt is explained by the formation of a
monoclinic interfacial phase presumably driven by electronic interactions between film and substrate not
taken into account in theoretical models. Above tt, twin domains develop concomitantly with the build-up
of misfit shear strains associated with the formation of the rhombohedral structure. At a thickness ~10
nm, the in-plane and out-of-plane shear strain components exhibit similar values, as imposed by the
rhombohedral symmetry. However, upon increasing the film thickness, both strain components are found
to follow divergent trajectories indicating a progressive perturbation of the octahedral framework which
allows the in-plane lattice parameters to remain fully strained within the explored thickness range (up to
475 nm). Despite these structural perturbations, the twin size follows a t1/2 dependence as predicted for
homogeneous films by equilibrium models.
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Domain walls in ferroic materials are receiving a renewed interest
in nanoscience and nanotechnology owing to their distinctive
properties compared to those of the bulk ordered state.1 Examples
include conduction through 71º domain walls in BiFeO3 films,2
electrical polarization in non-polar CaTiO3,1 or superconductivity
in insulating WO3.1The reason why the properties of domain
walls are so important is that the smaller the volume of the
device, such as a thin film, the larger the relative contribution of
surfaces and interfaces to its overall structural and physical
behavior. Thus, device applications where the active element are
the domain walls, rather than the domains, can be envisaged. 3
Therefore, understanding the factors governing their density,
orientation and spatial distribution opens new perspectives
towards the development of novel functionalities in
nanostructured ferroic systems.
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Bulk La0.7Sr0.3MnO3 (LSMO) is a rhombohedral perovskite
derived from the undistorted cubic structure by compression of
the [111] direction. The lattice misfit of the rhombohedral
structure relative to a cubic substrate can be divided into two
contributions: (i) A shear misfit strain c = tanf = 6.4 10-3 (f =
arh- 90º is the shear or rhombohedral angle, arh = 90.37º 4 is the
rhombohedral angle; the twin angle is given by 2 f), and (ii) The
conventional lattice parameter misfit strain given by e = (aSTO –
a)/a = 6.2 10-3, where aSTO = 3.905 Å and a = 3.881 Å 4 are the
substrate and film lattice parameters, respectively ( arh and a are
This journal is © The Royal Society of Chemistry [year]
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referred to the distorted pseudocubic perovskite unit cell). In
ferroelastic materials,5 like LSMO,6 domain wall orientations are
derived from the spontaneous strain compatibility criterion
originally proposed for ferroelectric crystals.7 For planar walls
coinciding with low index crystallographic planes,
their
orientations can be derived from pure symmetry arguments; in
plain: those point group symmetry planes lost in the transition are
possible domain walls in the ferroelastic phase. Thus, for
rhombohedral LSMO (-3m) derived from the parent cubic phase
(m3m), the allowed domain wall orientations are {100} and
{110}.8 However, epitaxial growth on a cubic substrate [cf.
(001)-SrTiO3 (STO)], promotes the selection of only (100) and
(010) domain wall orientations perpendicular to the substrate
interface.9 This behavior suggests that the leading driving force
for domain formation in epitaxial films is the accommodation of
the shear misfit strain.
It is well established that in free standing thin films the domain
period grows as the square root of the film thickness.10 This
implies a rapid increase of the number density of domains at
small film thicknesses, i.e. when the size of the device is within
the nanoscale. The potential of domain structures for elastic
energy relaxation in epitaxial films was first recognized in 1976
by Roitburd,11 and since then numerous theoretical works have
focused on the determination of equilibrium domain
configurations in epitaxial films of various symmetries. As a
general rule it is found that, similarly to free standing films, the
square root law also holds for elastically strained epitaxial films.
At variance with lattice parameter misfit relaxation by interfacial
[journal], [year], [vol], 00–00 | 1
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dislocations, which is associated with a critical thickness above
which the stored elastic energy overwhelms the dislocation array
formation energy,12 in rhombohedral films there is no critical
thickness for domain formation.9,13 However, at the interface,
coherence with the cubic substrate prevents from the
development of eigenstrains (stress free self-strains) associated
with the spontaneous symmetry reduction of the film upon the
ferroelastic transition. As a result, an exponential decay of the
domain period is predicted below a characteristic length Dt =
EW/Gc2 where EW is the domain wall energy, G is the shear
modulus and c is the shear mismatch strain between the
rhombohedral domains and the cubic substrate. An estimation
gives Dt ~ 3 nm for LSMO/STO.9
A critical point in modeling epitaxial domain configurations
appears to be the definition of the actual interface structure, i.e.
the mechanisms governing the structural coherence. In these
models interfacial strains associated with domain development
are relaxed by the introduction of virtual arrays of interfacial
dislocations (so-called coherency defect approach14), while the
conventional lattice parameter misfit strain is allowed to relax by
classical interfacial dislocation mechanisms. Octahedral
frameworks of correlated oxides like LSMO exhibit, however,
inherent octahedral tilting15 and electronic16,17 degrees of freedom
that provide efficient strain relaxation at a lower energy cost than
dislocation mechanisms.18 Electronic degrees of freedom become
particularly relevant at the LSMO - STO interface owing to the
need to cancel its polar discontinuity17 and the potential influence
of the Mn oxidation state and selective orbital occupancy19 on the
in-plane dimensions of the unit cell.18 Altogether, such effects
draw a radically new misfit relaxation scenario that easily
bypasses energetically costly plastic deformation mechanisms.
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In this work we have grown LSMO films on STO substrates and
followed the evolution of the shear strain from the early stages of
strain relaxation up to 475 nm. In contrast with theoretical
predictions, we determine a critical thickness, tt, for twin
formation at ~ 2.5 nm. The critical thickness results from a charge
enrichment driven monoclinic distortion which cancels the shear
component of the misfit strain.18 This interfacial electronic and
structural transformation suppresses the ferromagnetic order and
appears intimately related to the formation of the magnetically
dead layer.18 Above tt, the fully in-plane strained rhombohedral
phase condenses at ~10 nm. Above this thickness up to 475 nm
the in-plane and perpendicular shear strain components evolve
independently indicating a progressive departure from the
rhombohedral symmetry. Despite this behavior, however, the
thickness dependence of the twin domain period follows a t1/2 law
as theoretically predicted for homogeneous epitaxial films.

Experimental
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LSMO/STO films with thicknesses ranging between 2 nm and
475 nm were grown by RF magnetron sputtering from a LSMO
stoichiometric ceramic target. Substrates were treated before
deposition in order to obtain clean and smooth surfaces with a
unique TiO2 atomic termination. The process includes a cleaning
stage in an ultrasonic bath with milliQ water and annealing at
1000 ºC in air for 2h. After annealing, the substrate morphology
exhibited the typical morphology of terraces and steps with a
height corresponding to the STO unit cell (a ~ 0.4 nm).
Deposition was performed at 900 ºC in an oxygen pressure p =
0.19 mbar. The films were in situ annealed at 900 ºC at an oxygen
pressure of 466 mbars for 1 h to improve their magnetic and
structural properties.20 The surface morphology was characterized
2 | Journal Name, [year], [vol], 00–00

95

100

Page 2 of 20

by Atomic Force Microscopy (AFM) working in tapping mode
(Molecular Imaging PicoSPM and Cervantes from Nanotec
Electronica).
Film thicknesses were determined by X-ray reflectometry. The
structure of the films was systematically investigated by high
resolution X-ray diffraction (XRD) using a diffractometer
equipped with a four angle goniometer and a conventional Cu
tube, and primary optics consisting of a parabolic mirror and a 4
x Ge(220) crystal asymmetric monochromator (X’Pert Pro MRD
- Panalytical, Almelo, Netherland). The lateral (in-plane)
correlation of the twin structure was determined either by
reciprocal space mapping around of 00L reflections (taking the zaxis as the direction perpendicular to the film), or by performing
Qx horizontal scans along a direction parallel to the [100] in-plane
substrate axis, at Qz values corresponding to the 00L (L=1,2,3)
LSMO reflections (as referred to the pseudocubic perovskite
cell). In-plane 2q/w -f area scans were measured in the same
XRD equipment around different HK0 reflections by using a nonmonochromatic primary beam with an incidence angle of 0.5º,
and a parallel plate collimator of 0.27º acceptance angle for the
in-plane diffracted beam. The structure of the thinnest films was
determined using a 6 circle diffractometer at the BM25 (SpLine)
at the European Synchrotron Radiation Facility (ESRF), with an
incident energy E = 14.5 KeV (l= 0.856 Å) and a fixed incidence
angle of 0.5º slightly above the critical angle of 0.2º. High
temperature diffraction experiments on 003 LSMO reflections
were carried out on one of the thick samples (120 nm) up to 850
ºC in air atmosphere in order to investigate the temperature
dependence of twin domain tilt by using a DHS1100 non-ambient
chamber (Anton Paar GmbH, Graz, Austria). Twin patterns were
directly observed using orientation contrast (OC, also referred to
as channeling contrast) from electron backscattered (EBS) images
obtained in a field emission scanning electron microscope
(QUANTA FEI 200 FEG-ESEM). Details on the principles
governing OC in EBS images can be found elsewhere.21 The twin
contrast was observed to be extremely sensitive to small
deviations of the film normal from the electron beam path, and
was accordingly optimized in each case to obtain sharp images
for quantitative processing.

Results and Discussion
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Film morphology and twin microstructure
Fig. 1 shows AFM images of the surface morphologies of two
films with thicknesses 30 nm (a) and 140 nm (b), respectively. As
it is observed in the image the thicker film (b) shows a clear
corrugation along the [100] and [010] directions. This corrugation
arises from the tilting of (001) planes caused by the twin structure
giving rise to the observed striped-like contrast. The topographic
profile across the surface of the thick film in the direction parallel
to the steps (arrowed line in the image) shows a triangular shape
with average height of 0.5 nm, which corresponds to an out-ofplane twin angle, 2f┴ = 1.2º, about the same order than that
calculated from the rhombohedral angle reported in the literature
for the bulk phase, arh = 90.37º,8 2f= arh - 90º) = 0.74º. UnitThis journal is © The Royal Society of Chemistry [year]
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cell high steps typical for a layer-by-layer growth mechanism,
also visible in the image, are not affected by the twin structure.
For thinner film shown in (a), the AFM surface morphology does
not reveal any significant corrugation and only terrace steps were
observed.
Before focusing on our results, we present a short description of
the twin geometry in rhombohedral epitaxial films to assist the
discussions given below. Fig. 1(c) shows eight non-equivalent
twin domain orientations generated by considering the
orientational degeneracy of a rhombohedral lattice epitaxially
grown on a (001)-oriented cubic substrate with superimposed
twining on the (100) and (010) planes. The domains are coupled
by a common twin plane as A/A’ and B/B’ (sharing (100) and a
common b-axis parallel to [010]STO, and C/C’ and D/D’ (sharing
(010) and a common a-axis parallel to [100]STO. Fig. 1(d) shows
stereographic projections of the unit cell basis <100> vectors and
<100>* reciprocal space vectors for each individual domain. As a
guide, in the A/A’ twin set the epitaxial relation
[010]A,A’║[010]STO, a*A,A’║ [100]STO, forces the common
[001]A,A’ direction to be slightly offset from the [001] STO normal
direction along the (100) (twin) plane; the corresponding
reciprocal space vectors c*A and c*A’ (as well as the in-plane b*A
and b*A' ones) are split perpendicularly to the twin plane. In the
canonical (bulk) rhombohedral LSMO phase, c*A ^ c*A’ = b*A ^
b*A' define the twin angle given by 2( rh - 90º). We refer
hereafter to these angles as 2f┴ and 2f║, respectively (f┴ and
f║are the out-of-plane and in-plane components of the misfit
shear strain). In the rhombohedral structure octahedral tilts about
the three cubic <100> basis vectors are identical which results in
the constraint that (f┴ = f║).22 Note that the couple B/B’ is a
(010)-mirror image of the couple A/A’, and C/C’ and D/D’
correspond to 90º rotations of A/A’ and B/B’, respectively.
Fig. 2 shows the thickness evolution of the twin pattern between
1.9 nm and 80 nm as observed by OC-SEM imaging. The image
corresponding to the thinner sample of 1.9 nm lacks any signature
of twining [see Fig. 2(a)]. Films thicker than 2.5 nm [see Fig.
2(b)-(f)] show already a clear twin contrast manifested as
alternating bright/dark ribbons aligned with the [100] and [010]
directions. The twin spacing, L/2 (L is the modulation period)
increases with thickness from about 10 nm for the 2.5 nm thick
film (b) to 60nm in the 80 nm thick film (f). It can be also
observed that the two domain wall orientations, (100) and (010),
are arranged in colonies forming a patchwork-like mesostructure.
The size of these colonies also increases as the films grow
thicker. Since orientation contrast in OC-SEM images arises from
a combination of channeling effects along atomic columns and
coherent back-scattering across crystallographic planes, it is not
surprising that the slight tilt between e.g. A and C’ domains [cf.
Fig. 1(b)] will not give rise to a large contrast compared to that
arising from the misorientation between e.g. domain A and its
twin mate A’. This effect generates four main contrast levels, as
clearly observed in some experimental images (depending on the
orientation of the film relative to the electron beam), particularly
that corresponding to the 2.5 nm and 17 nm thick films shown in
(b) and (d), respectively. Notably, these results allow us to
identify a critical thickness tt ~ 2 - 2.5 nm at which twin domains
start to nucleate within a non-twinned matrix. Below t the
images present instead a speckled contrast which previous studies

This journal is © The Royal Society of Chemistry [year]
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suggest to correspond to two epitaxial orientations of a
monoclinic phase with its unique axis lying on the interface. 18
The driving force for the formation of such an interfacial
monoclinic phase is likely to be a cooperative effect of charge
enrichment and the need to relieve the shear and lattice parameter
misfit.18
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A detailed evaluation of the structural distortions accompanying
the thickness evolution of the twin pattern may be obtained by
XRD analysis of the films. As it is known from previous work on
LSMO epitaxial films,23 special care must be taken in the
interpretation of the profile analysis due to the coexistence of
different orientation states arranged in (100)/(010) periodic twin
patterns, which generates two contributions in diffraction
profiles: (i) A twinning contribution with split Bragg peaks
resulting from the coexistence of tilted domains related by a
lattice rotation 2f about the [100] and [010] directions, and (ii)
satellite fringes arising from the well-defined periodicity of the
±c shear modulation along [100] and [010]. These contributions
depend on twin domain modulation periodicity with respect to the
X-ray coherence length. In fact, the relative weight of each
contribution is thought to vary with film thickness (twin period
thereof), the order of the 00L reflection and the width of the twin
period distribution. Accordingly, it is observed that thinner films
containing smaller twin domains, exhibit an average intense
reflection along with nth order satellite peaks provided their size
distribution is narrow enough. Conversely, Bragg peak splitting
dominates the diffraction patterns of thicker films featuring larger
twin domains (or a broader distribution of twin domain sizes).
To illustrate the effect of Bragg splitting we will first analyze the
reciprocal space of thick films with larger size twin domain
structure before unveiling the features of thinner films.
Twin domain arrangement in thick LSMO films
Fig. 3(a) shows reciprocal space measurements of the different
H03 reflections (H=0,1,2,3) for a thick LSMO film (t = 475nm)
with large size twin domains (> 100 nm lateral size), along with a
description of the expected arrangement in the reciprocal space of
symmetric 003 and asymmetric 303 reflections for A/A’ twin
domains (b). The splitting angles DQi = fi=2(ai -90˚), along the
unit cell basis vectors i = 1, 2, 3 provide a direct measure of the
shear strain state as schematically shown in the inset. The relation
between the in-plane and out-of-plane components of the shear
strain referred to above and fi is as follows: f3 = f║, and f1 and
f2 correspond to f┴ components associated with (100) and (010)
twin planes, respectively. In the experimental maps the 003
reflection shows three film reflections at the same Qz = 0.597 rlu,
one central at Qx=0 rlu and two split in Qx = ±0.0085 rlu. The
103, 203 and 303 reflections show the same two split reflections
at the same Qz value than previous one. The magnitude of Qx
splitting is the same for all them and is perfectly centered in the
Qx position of their corresponding STO substrate H03 reflection
(at Qz value = 0.591 rlu). However, the central reflection, at the
same Qx of the substrate is progressively split in Qz proportional
to the H value. This observation is consistent with the twin
scheme depicted in Fig. 3(b). As previously described in Fig. 1(c)
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the c*LSMO directions corresponding to the A and A’ domains are
tilted away from the [001]*STO axis in opposite directions within
the (010) plane, while their a* vectors remain parallel. This
makes symmetric 00L reflections to split in two components one
for each domain, as observed in the maps. The same occurs for
any H0L reflection and the magnitude of the splitting in Qx is the
same for any H value (and increases with L) because is basically
related to f2 (rotation in the (010) plane perpendicular to b*).
Similarly, their corresponding 0KL reflections are split in Qx, but
also shifted in Qz because of the shear angle f1 (rotation in the
(100) plane perpendicular to a*). In this case both A and A’
domains are shifted in the same Qz direction. The magnitude of
the Qz shift is proportional to K value and sign, and is related to f
(see inset in Fig. 3). Their corresponding splitting in Qx is also
dependent on the K value, being coincident at K=-3 (common 033 reflection for A and A’ domains). The combination of the four
sets of twin domains (A, B, C, D), with even probability, defines
six different H0L / 0KL reflections with splitting along Qx, Qy and
Qz, like the one depicted in the right panel in Fig. 3(b), being their
Qx splitting dependent only on L, and their Qz dependent on K
value, while the Qy splitting depends both in K and L values.
Note that the particular optics of the X-ray diffractometer used in
these measurements does not provide sufficient resolution along
Qy (Cu tube long fine focus source with axial beam divergence
only controlled by Soller slits). Therefore, the experimental maps
contain a projection of the reflections split in Qy. This makes the
projection of the H03 reflections to appear as four spots in the
maps (only three in the 003 map).
Temperature dependence of the twined structure
In order to ascertain whether twin domains form during film
growth or during the cooling step, Fig. 4(a) shows examples of
three reciprocal space maps corresponding to a 120 nm thick film
obtained at 26ºC, 400ºC and 800ºC around the 003 reflection
illustrating the progressive reduction of the splitting. The
temperature dependence of the twin angle up to 800ºC is depicted
in Fig. 4(b). Extrapolation to the film deposition temperature,
900ºC, gives 0.01º which, in contrast with previous reports,24
indicates that, within experimental accuracy, the films grow with
negligible shear distortion. Moreover, a determination of lattice
parameters indicated that at 800ºC the films still exhibit a clear
tetragonal distortion: c = 3.908 Å and a = 3.937 Å, which comes
from the expitaxial strain. The extrapolation to the growth
temperature indicate still a large degree of tetragonal distortion.
Therefore ferroelastic domains develop during cooling within an
elastically strained state imposed by the cubic substrate. Hence,
the selection of only those twin planes perpendicular to the
substrate does not allow for the complete relaxation of the 3D
shear strain state associated with the development of
rhombohedral phase. Consequently residual shear strains are
expected to build up within the films, as will be analyzed in detail
in section C.
Dependence of diffraction features on film thickness
The dependence of the relative weight of each contribution on
film thickness is illustrated in Fig. 5. Panels on the left side are
high resolution Qz scans (rocking curves) around the 002
reflections and panels on the right side correspond to Qx scans
4 | Journal Name, [year], [vol], 00–00
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about 00L reflections (L=1,2,3) for films with thicknesses t = 475
nm (a), t = 140 nm (b), t = 38 nm (c) t = 25 nm (d) and t = 9 nm
(e). The Qz scans show a narrow STO peak at 2q = 46.5º and a
broader LSMO one around 47.0º. The thinner films (38 nm, 25
nm and 9 nm) show clear thickness fringes corresponding to a
vertical correlation length in consistency with the thickness
values determined from X-ray reflectometry. Horizontal Qx scans
of the thicker film of 475 nm (a) show a central peak along with
broad lateral peaks exhibiting larger DQx splitting values as L
increases. This is in agreement with the behavior expected for
Bragg reflections arising from the tilted twin domains, as
described previously, sustaining an (out-of-plane) angle of 2f┴ =
0.8º. However, the film with 146 nm thickness (b) shows narrow
1st and 2nd order satellite peaks associated to the (001) reflection,
whereas (002) and (003) reflections show broad lateral peaks at
increasing distances from the central peak as L increases. The
dependence of the Qx coordinate on the order of the reflection is a
clear signature of twin splitting, while the appearance of satellite
peaks up to 2nd order at L = 1 reflects the structural modulation
along [100]. The spacing between the satellite peaks yields a
modulation wavelength which corresponds to a twin period
L=146 nm, while the spacing between the broader twinned peaks
at L = 2 and L = 3 yield a twin angle of 2f┴ = 0.46º. For the film
with 38 nm thickness (c) we only observed an intense zero-order
central reflection along with 1st order satellite peaks. In this case
DQx ~ 0.0011 rlu, is independent of the L values, a clear
indication that in this thickness range the structural modulation
constitutes the only visible contribution to the diffraction pattern.
The periodicity of the modulated structure is calculated from DQx
to be L ~ 66 nm. For film thicknesses 25 nm (see Fig. 5d) only a
weak shoulder could be observed at both sides of the central zeroorder peak as a result of the inherent peak broadening, although
still an approximate value of L ~ 60 nm was extracted in
agreement with direct OC-SEM observations. Generally,
information about the domain tilt below 38 nm is obscured by the
domain size contribution. However, exceptionally in some
thinner samples the splitting was associated to Bragg
contribution, rather than to their domain size, very likely because
of a broader distribution of domain sizes blurring the satellite
appearance. For the film with thickness of 9 nm no diffuse signal
was observed for this type of measurement (Fig. 5e), therefore,
neither twin tilt angle nor twin spacing could be extracted.
In order to contrast our experimental results with theory, a
kinematical two-beam approximation was used to simulate
diffraction patterns as function of the lateral period of the twinned
structure, L.25 The simulation was performed for an ideal 2D
twinned crystal model in Qx Qz space with a constant
rhombohedral shear angle of 0.5º and a constant vertical
component of the diffraction vector. A quasiperiodic sequence of
symmetric triangular waves with constant angle and variable
period was used to displace atom positions in the z direction
(perpendicular to the film) from the perfect cubic configuration.
Fig. 6 shows intensity maps obtained from simulated Qx scans for
the different 00L (L=1, 2 and 3) reflections. As experimentally
observed, when the twin modulation is smaller than a certain
value (L < 30 nm) the XRD patterns show a central peak along
with nth order satellites dominated by the modulation
contribution (same splitting for any 00L), while the larger the

This journal is © The Royal Society of Chemistry [year]
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domains (L > 100 nm) the more dominant the pattern exhibiting
only two tilted Bragg domains (splitting increasing with 00L).
The intermediate region where both contributions may coexist is
shifted towards smaller lateral modulation upon increasing the L
value. Therefore, there might be a region of lateral modulation
values where it is possible to obtain Qx scans with predominant
satellites for low L values, whereas they may show dominant
Bragg peaks for larger L scans, as experimentally observed in the
L-scans in Fig. 5 (b) for L=146 nm.
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In-plane diffraction analysis
Experimentally, by using a Cu tube X-ray source and standard
four-angle goniometers it is not possible to obtain any additional
information of the twinned structure of very thin films for
symmetrical 00L reflections because of the weak signal from the
very small analyzed film volume and the small coherence length
of the beam in the projected in-plane direction (in relation to the
probed correlation length of the sample). To overcome this
difficulty we performed XRD scans employing an in-plane
diffraction geometry with both grazing incident and diffracted
beams. In this geometry the penetration depth in the substrate is
substantially reduced, and the signal coming from the outermost
surface is enhanced. Besides, the larger coherence length of the
beam along its longitudinal direction makes the projected
coherence length suitable to probe larger correlated areas in the
film.26 Fig. 7(a) shows in-plane area scans (obtained with a
grazing angle of 0.5º) for the 100, 200 and 110 reflections,
corresponding to films with thicknesses ranging from 1.9 to 140
nm. The expected diffraction from a periodically twinned
structure along [100] and [010] is schematically depicted in the
schemes shown in Fig. 7(b). Twin domains A/A’ sharing (100)
planes present common a* direction (same Qx and Qy) and both
contribute to the central reflection along [100], whereas their
corresponding b* splits along [010] because of the shear in-plane
angle of the rhombohedral distortion (same Qy, two different
±Qx), see Fig. 7(a). The coexistence of B/B’ twin domains with
common (010) twin plane gives rise to a double peak along [100].
Together, the even population of A/A’ and B/B’ domains
generates a triple peak for all H00 and 0K0 reflections, and four
peaks for the HH0 reflections Both 100 and 200 reflections were
scanned at F= 0º, whereas 110 area scans were centered at F=
45º. As expected, no significant differences were observed
between area scans obtained along equivalent F ± 90º azimuths.
For the whole set of samples, average positions of all in-plane
reflections appeared centered on the substrate (HK0) positions,
which is an indication of the perfect in-plane registry of the film
and substrate structures. As in previously described out-of-plane
measurements the in-plane XRD configuration revealed different
regions depending on film thickness. In the thicker sample (140
nm) both 100 and 200 reflections show clear splitting along the
F- axis, giving rise to a triple peak. No variation in the 2 q
positions is observed for the peaks. At the employed grazing
incidence (0.5º), no significant contribution is expected from the
STO substrate since penetration depth at this grazing incidence is
reduced to a few tenths of nanometers. Both 100 and 200
reflections show the same DFsplitting about ±0.53º, which is
more than twice the value measured for out-of-plane reflections
(±0.23º) in the same film. This indicates that epitaxial LSMO
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structure deviates from that corresponding to the rhombohedral
bulk phase with equal shear angle distortion along any <100>
direction. Similarly, for HH0 reflections, the (100) twin plane
causes splitting along Qx, whereas the (010) twin plane induces
the same splitting along Qy. Altogether, they split in four peaks,
as it is observed in the (110) reflection area scan. In this case the
peaks show two different values of 2q and F angles. On the other
hand, the film with 9.4 nm thickness shows clear 1 st and 2nd order
satellite peaks along F axis. Note that in this case the DF
splitting of the 100 reflection is twice that of the (200) one. This
is consistent with a splitting due to twin periodicity with common
DQy for any H00 reflection. Satellites up to 2nd order were also
observed associated to the 110 reflection giving rise to a
symmetric crossed “X” pattern. A twin periodicity of L=38.9 nm
was extracted for this sample, while no traces of twin periodicity
could be detected in corresponding out-of-plane measurements.
The arrangement of satellite reflections coming from the twin
size periodicity is also depicted in the scheme in Fig. 7(b). Films
with intermediate thickness between 140 and 9.4 nm show more
complex patterns which combine both contributions. Still for
some samples it was possible to extract twin angles from the
more intense 200 reflection. Thinner films with 3.4 and 2.5 nm
still show weak satellite peaks associated to the intense 200 and
110 reflections, and values for twin periodicity of 25.6 and 25.4
nm were extracted for both samples, respectively. The thinnest
sample of 1.9 nm did not show any evidence of twin periodicity,
in agreement with OC-SEM images (Fig. 2a).
Interfacial layer, evolution of the shear strain and twin
domain period

90

95

100

105

110

115

According to linear elasticity, the total elastic energy of the film
can be written as the sum of the shear and lattice parameter misfit
contributions: E = E(c) + E(e), where:27 E(c ) = (1/2)Gc2t and
E(c) = 2[(1+n)/(1-n)]Gc2t, E being defined as the energy per unit
interface area, n ~ 0.33 the Poisson's ratio (see below) and G ~
68.2 GPa is the shear modulus.28 This yields elastic energies per
unit film thickness E(c)/t ≈ 1.4 MPa and E(e)/t ≈ 10 MPa, i.e.,
despite the close similarity between the normal and shear strains,
the energetic contribution of the latter one is significantly larger.
Current models assume that E(c) and E(e) are cancelled
independently by twinning on (100) and (010) planes
perpendicular to the substrate and a square grid of misfit
dislocations, respectively. On this basis, theory predicts that
there is no theoretical critical thickness for twin formation, i.e.,
E(c is expected to be relieved from the initial growth stages,9
while the e contribution should be totally relaxed at a critical
thickness of ~10nm,29 in strong contrast with this investigation
and previous reports .30 Deviations from theory predictions arise
from the fact that the deformation behavior of a perovskite-type
ABO3 octahedral framework does not necessarily follow linear
elasticity, but may be strongly affected by the interplay of
electronic and octahedral-tilting degrees of freedom.18 governing
the relative strength between the B - O - B bond angles bridging
adjacent octahedra and the B - O bonds forming the octahedra.31
Thickness dependence of the shear strain
The thickness evolution of the in-plane (f║) and out-of-plane
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(f┴) shear angles is shown in Fig. 8. It can be seen that both
values tend to converge at ~ 10 nm. Above this thickness the
divergence between the main components of the shear strain
indicates that the average structure departs again from the
rhombohedral symmetry. This is a rather surprising result as it
indicates that strictly speaking the canonical rhombohedral phase
is only stable in a narrow range of film thickness and in a fully
strained state. According to the analysis of geometrical relations
in rhombohedral perovskites by Megaw and Darlington,32 to a
first approximation the shear components are related to the inplane (a) and out-of-plane (g) octahedral tilt angles as f║~
(1/3)g2 and f┴ ~ (1/3)a2, respectively.33 Therefore, the observed
divergence between the main shear strain components in fact
reflects a perturbation of the octahedral tilt pattern as illustrated
by octahedral models included in Fig. 8, with an increase in the
octahedral rotation angle g upon thickness increase while a,b
octahedral rotation angles are reduced.
It is interesting to note that according to a half-loop nucleation
mechanism12 the critical thickness for misfit strain relaxation is
calculated to be ~ 10 nm,29 i.e., the thickness at which the
elastically strained rhombohedral phase is stabilized. Thus, the
fact that the perturbation of the octahedral framework appears at a
film thickness at which the stored elastic energy equals the
energy associated with the formation of misfit dislocations,
strongly points that the driving force for the modification of the
octahedral tilt pattern is the need to relax the elastic energy stored
in the tensilely strained rhombohedral phase. In this thickness
regime, the films grow far from the interface and therefore one
can expect that these distortions are not influenced by substratefilm electronic interactions. Hence, upon relieving the elastic
energy stored in Mn - O bonds, the MnO6 octahedra very likely
evolve to a rigid unit behavior. Since on a pure rigid octahedra
basis, the in-plane lattice parameter is determined by octahedral
tilts a and g , as a = a0cosacosg, 34 the trajectory followed by
f║and f┴ reflects a combined octahedral tilting mechanism
whereby the elastic strain of the equatorial octahedral Mn - O
bonds is relaxed while simultaneously keeping the in-plane lattice
parameters fully matched with those of the substrate.
Thickness dependence of the twin domain period
Fig. 9 presents the twin size (L/2) dependence on t1/2 as derived
from direct inspection of OC-SEM images and from the twin
modulation satellites obtained from rsm's. The plot shows that
L/2 increases as the square root of the film thickness, t1/2. This
behavior is consistent with predictions from thermodynamic
modeling of ferroelastic domains in epitaxial systems:10 L/2 =
(kDtt)1/2, where k is a numerical constant, and Dt = EW/Get2 is an
elastic length-scale parameter,35EW, G and et being the elastic
energy density per unit area of the domain wall, the shear
modulus and the transformation misfit strain associated to the
cubic prototype → ferroelastic phase transition, respectively.
Noticing that the elastic strain energy density per unit area stored
in a slab of material with thickness d under a strain et is EW = ½
Get2d, one finds d = 2Dt. The length-scale parameter Dt thus
corresponds to the half-thickness of an elastically strained slab of
material centered on a plane strain source (cf. the twin wall),
which those models associate with the domain wall halfthickness.35
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For the film - substrate interface, an elastic length-scale
parameter with the same form as D has been derived, which
determines the film thickness, t , at which the effect of coherency
with the substrate on the development of the twin structure
vanishes.9For t > t Farag et al. find the expected L/2 ~ t1/2
dependence with k = 3.84{(1 – n)/(2 – n)}1/2, while for t < tt ,
L/2 would exponentially increase as the thickness decreases up to
∞ at the interface.9 For a domain wall energy EW = 3mJ/m2 one
obtains Dt ~ 3 nm,9 similar to our experimentally determined
critical thickness for twin nucleation tt ~ 2 nm - 2.5 nm.
However, despite the similarity between the values obtained for
Dt and tt , their origin and physical meaning is notably different:
While the calculation of Dt
mechanism of the shear strain through a coherency defect
approach,14 which allows twin domains to nucleate just ahead
from the film-substrate interface with the twin size exponentially
decaying down to a minimum equilibrium value at Dt, above
which the L/2 ~ t1/2 dependence is established, the observed tt
indicates a thickness at which twins nucleate within an nontwinned matrix of reduced symmetry. Thus, twins nucleate as
soon as shear strains start to built up as a result of the progressive
formation of the rhombohedral phase. The transition between the
interfacial monoclinic phase and the rhombohedral one is gradual
and strictly the latter does not condense until a thickness of ~ 10
nm in a fully elastically strained state.
The structural trajectory up to 10 nm appears governed by the
interplay of electronic degrees of freedom.18 Charge enrichment
at the interface (see Refs. 18 and 36) induces a dilation of the
MnO6 octahedra (the ionic radius of high-spin Mn3+ is 0.645 Å vs
0.530 Å for Mn4+),37 and according to phase diagram studies of
the La1-xSrxMnO3 solid solution,38 the stabilization of the
monoclinic structure, which accommodates both, lattice
parameter and shear misfit components, presumably at a lower
elastic energy cost than that associated with the rhombohedral
phase. Above tt ~ 2 nm - 2.5 nm, the electronic energy gained by
removing the orbital degeneracy within the Mn3+/4+O6
coordination environment becomes progressively exceeded by the
elastic energy opposing a similar expansion of the equatorial Mn
- O distances, until the tensilely strained rhombohedral phase
condenses at a thickness of ~ 10 nm. However, despite this
marked thickness dependence of the film structure, we observe a
clear L/2 ~ t1/2 dependence which suggests that the EW/G ratio is
not significantly affected by the observed lattice distortions.
Moreover, since the twin structure is formed during cooling, after
the growth of the film is completed, it is homogeneously
developed within the volume of the films.
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A detailed analysis of the relative contributions of Bragg splitting
(associated to the relative misorientation between coexisting
ferroelastic orientational states) and modulation satellites (arising
from the periodicity of the modulated twinned structure) as a
function of film thickness and diffraction geometry, has been
used to investigate the evolution of the shear strain state of
epitaxial LSMO/STO films. Contrary to commonly accepted
epitaxial growth models, we identify a transient strain state which
persists up to the larger thickness explored in this work, 475 nm,
This journal is © The Royal Society of Chemistry [year]

Page 7 of 20

5

10

15

20

25

CrystEngComm

more than one order of magnitude larger than the theoretical
critical thickness for plastic relaxation by misfit dislocations.
During the initial growth stages, structural coherence with the
substrate is mediated by the formation of a monoclinic form of
LSMO which cancels the shear contribution to the misfit strain.
The vertical extent of this monoclinic interfacial phase sets up a
critical thickness for twin formation, tt ~ 2 nm - 2.5 nm. This
critical thickness has profound implications on the functional
performance of the films as ferromagnetic order and metallic
behavior are degraded within the monoclinic phase for t < tt.18
For t > tt the film progressively evolves towards the canonical
rhombohedral form of LSMO, which under the present growth
conditions is stabilized at a thickness ~ 10nm. Further growth is
accompanied by a progressive departure from the rhombohedral
symmetry as revealed by the divergent trajectories followed by
the in-plane and out-of-plane components of the shear strain. This
perturbation of the octahedral framework responds to a
mechanism whereby the in-plane lattice parameters remain fully
strained at a lower energy penalty than that associated with the
formation of a grid of misfit dislocations.
High temperature X-ray diffraction experiments have shown that
at 900ºC LSMO nucleates in its cubic phase. Therefore, twin
domains (only (100) and (010) ones) develop during the postgrowth cooling step under the constraint of the cubic substrate.
For t > tt the twin spacing increases as ~t1/2, as predicted from
equilibrium models based on homogeneous structures, suggesting
that the EW/G ratio is not significantly affected by the evolution
of the structural distortions of the films.
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Fig. 1 AFM topographic images of 30 nm (a) and 140 nm (b)
thick LSMO films. The image in (b) includes a topographic
profile along the direction parallel to the steps (arrowed line). (c)
Schematics showing the eight possible twin domain orientations
coexisting in the films associated with (100) twin planes (for
A/A’ and B/B’ domains) and (010) twin planes (for C/C’ and
D/D’ domains). (d) Stereographic projections of the main <100>
direct space directions (black spots) and <100>* reciprocal space
directions (red spots) for all possible domain orientations. The
main [111] direction for each domain is also depicted (blue
spots). Note that couples like A/C’ are almost equivalent except
for a slight tilt of their main [111] direction.
Fig. 2 Orientation Contrast (OC)-SEM images corresponding to
films with thicknesses of (a) 2 nm, (b) 2.5 nm (c) 7.8 nm, (d) 17
nm, (e) 39 nm and (f) 80 nm.
Fig. 3 (a) Reciprocal space maps of different H03 reflections
(H=0,1,2,3) for a 475 nm thick film with equal probability of
biaxial twinning parallel to [100] and [010] directions. Note that
splitting along Qz is proportional to H value, while along Qx is
constant for all L=3 reflections. (b) Corresponding reconstruction
of the reciprocal space. A/A’ twin domains (with common (100)
twin plane) produces a splitting of their corresponding H0L
reflections (only 003 and 303, for simplicity) along Qx
(independent of H value), while maintaining Qy and Qz values of
the undistorted primitive cell, indicated by the small black spots.
Their corresponding 0KL reflections are also split in Qx (not in
Qy) and shifted in Qz proportional to the K value and sign
(showing a single common 033 reflection). Alltogether the
coexistence of even amounts of the eight A/A’, B/B’ C/C’ and
D/D’ twin domains define six different H0L reflections split in
Qx, Qy and Qz, as shown in the scheme on the right panel (five
reflections for 303 because of the coincidence of 033 A and
033A’). The inset illustrates the relation between Bragg splitting
and the shear strain components fi along the three main
8 | Journal Name, [year], [vol], 00–00

Page 8 of 20

directions. Note that f3 = f║, and f1 and f2 correspond to f┴
components associated with (100) and (010) twin planes,
respectively.
Fig. 4 (a) Reciprocal space maps of the 003 reflection for a
LSMO film of 120 nm measured at different temperatures. For
this reflection the observed splitting in Qx is only related to the
twin domain tilt angle and decreases with temperature. (b) Twin
angles for the different temperatures.
Fig. 5 High-resolution rocking curves (L scan) around (002)
reflection (left) and H scans (right) around 00L (L=1,2,3) LSMO
reflections for epitaxial LSMO/STO films of different thickness:
475nm (a), 140 nm (b), 38 nm (c) 25 nm (d) and 9 nm (e).
Rocking curves show clear thickness fringes in agreement with
their thickness except for the thicker films. H scans show an
intense zero-order peak along with satellites. The origin of
satellites is discussed in the text. When satellites of different L
coincide in their H coordinate the splitting is related to the twin
lateral size distribution, and in-plane modulations of L=146, 66
and 60 nm were extracted for (b), (c) and (d), respectively. The
thinner film (e) does not show any feature. When H splitting
increases with L, as in (a) and (b), the intensity maxima are
related to the Bragg reflections with a domain tilt angle a of 0.4º
and 0.23º for (a) and (b), respectively. Note that in (b) there is a
coexistence of both contributions depending on the 00L
reflection.
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Fig. 6 Intensity maps obtained from simulation of Qx scans of an
ideal rhombohedral LSMO film (STO substrate not included) as a
function of twin domain periodicity, L, for the three 001, 002 and
003 reflections. For large domain periodicity (L > 100 nm) the Qx
scans reveal mainly L-dependent Bragg splitting associated with
the imposed 0.5º twin angle. While for small domains (L < 30
nm) the scans show a central peak along with satellites,
equivalent for all 00L, coming from the lateral modulation. Note
that the region with coexisting contributions depends on the L
value.
Fig. 7 (a) In-plane 2q-F area scans of 100, 200, and 110
reflections of LSMO epitaxial films of different thicknesses. All
scans correspond to 3º span in both 2q and F angles, and were
centered in the ideal positions of cubic primitive cell with a =
3.905 Å. (b) Scheme of the expected reflections for the in-plane
reciprocal space cut and corresponding h00 and hk0 reflections
for each of the four non-equivalent twin domains, in the case that
there is no contribution of twin size periodicity (clear Bragg
peaks appear due to in-plane twin angle) and when twin
modulation is dominant (satellites peaks up to 2nd order are
depicted). The squared areas correspond to the measured 2q-F
area scans.
Fig. 8 Thickness dependence of the in-plane (f║) and out-ofplane (f┴) shear angles as measured from the 200 and 002
reflections, respectively. Octahedral models viewed along [001]
(upper scheme) and [-110] (lower scheme) illustrating the effect
of octahedral tilting about the c-axis (g) and about the a and baxes (a and b), respectively. The epitaxial relation with the

This journal is © The Royal Society of Chemistry [year]
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substrate imposes that a = b, which results in a net in-plane tilt
about the [110] direction. According to Ref. [32] g-tilts are
correlated with f║, and (a,b)-tilts are correlated with f┴, as
discussed in the text.
5

Fig. 9 Twin size (L/2) dependence on t1/2 as derived from direct
inspection of OC-SEM images and in-plane and out-of-plane
XRD measurements.
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Thickness evolution of the twin structure and shear strain in
LSMO films
José Santiso,*a Lluis Balcells,b Zorica Konstantinovic,b Jaume Roqueta,a Pilar Ferrer, c
Alberto Pomar,b Benjamín Martínez,b and Felip Sandiumenge,*b
Abstract:

In contrast with current equilibrium models, we demonstrate the occurrence of a critical
thickness, tt ~ 2.0 - 2.5 nm, for twin formation in rhombohedral La0.7Sr0.3MnO3
epitaxial perovskite films grown on (001)-SrTiO3 substrates by means of X-ray
diffraction analysis and orientation contrast scanning electron microscopy imaging. The
absence of twinning below tt is explained by the formation of a monoclinic interfacial
phase presumably driven by electronic interactions between film and substrate. Above
tt, twin domains develop concomitantly with the build-up of misfit shear strains
associated with the formation of the rhombohedral structure. At a thickness ~10 nm, the
in-plane and out-of-plane shear strain components exhibit similar values, as imposed by
the rhombohedral symmetry. However, upon increasing the film thickness (up to 475
nm), both strain components are found to follow divergent trajectories indicating a
progressive perturbation of the octahedral framework, which allows the in-plane lattice
parameters to remain fully strained. Despite these structural perturbations, the twin size
follows the predicted t1/2 dependence as for homogeneous films.
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