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We present an extended synchrotron x-ray scattering study of the structure of thin manganite films
grown on SrTiO3�001� substrates and reveal a new kind of misfit strain relaxation process which exploits
twinning to adjust lattice mismatch. We show that this relaxation mechanism emerges in thin films as one-
dimensional twinning waves which freeze out into a twin domain pattern as the manganite film continues
to grow. A quantitative microscopic model which uses a matrix formalism is able to reproduce all x-ray
features and provides a detailed insight into this novel relaxation mechanism. We further demonstrate how
this twin angle pattern affects the transport properties in these functional films.
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Since the discovery of colossal magnetoresistance
(CMR) in perovskite type �Ln1��A��MnO3 (Ln �
lanthanides, A � alkaline earth elements) there has been
enormous interest in these materials both in bulk and thin-
film form because of their unusual physical properties,
such as the metal-insulator phenomena or the cooperative
ordering of orbital, charge, and spin, and because of their
potential applications such as magnetic field sensors, com-
puter read heads, infrared detectors, and microwave active
components.

In bulk manganese oxides the transport properties de-
pend on band filling (doping degree), temperature, mag-
netic field, and eventually present lattice distortions [1].
Since future applications will extensively exploit thin-film
geometries, the associated transport properties will
strongly be determined by the strain misfit as caused by
the microscopic clamping of the film to the substrate. A
striking example hereof are Sr doped lanthanum manganite
films (denoted as LSMO) (� � 0:10, t � 50 nm) grown on
a SrTiO3�001� substrate (denoted as STO), which show
metallic behavior at low temperatures instead of the ex-
pected insulating bulk behavior [2].

While conventional film material adjusts its lattice pa-
rameters to the substrate by stretching or compressing its
bond lengths, thereby paying a high energy penalty, a
perovskite film may use tilting of its oxygen octahedra
for strain accommodation at relatively low energy costs
(see Fig. 1) [3]. Single crystals are naturally microtwinned
indicating a low energy cost for domain boundaries [4].
Exploiting both aspects, manganite films are able to grow
epitaxially on a perovskite substrate even for large lattice
misfits. Note that, according to the double-exchange model
[5], the electron hopping probability (i.e., the electron
transport) in such systems depends sensitively on the
Mn-O-Mn bond angle. Thus, by a microscopic understand-
ing of this misfit strain relaxation mechanism one may get
a tool at hand for tuning the electronic properties of man-
ganite films.

In this Letter we present a systematic x-ray study of
the strain relaxation behavior of LSMO films on STO
substrates with compositions of La0:88Sr0:10MnO3,
La0:90Sr0:10MnO3, or La0:875Sr0:125MnO3 and with film
thicknesses varying from 12 to 110 nm. We will show
that the strained films exhibit an intriguing strain ac-
commodation scenario: they first develop periodic
1-dimensional (1D) twinning modulation waves which
progressively develop into a twin domain (TD) pattern as
the film thickness increases.

LSMO films of different thicknesses have been grown
on STO(001) by using pulsed laser deposition [2,6].
Subsequent in situ 1 atm oxygen annealing at 900 �C for
1 h leads to a homogenous oxygen stoichiometry through-
out the film. At room temperature (RT), the film-substrate
lattice mismatch � � �aLSMO � aS�=aS extends from
�0:45% (La0:88Sr0:10MnO3) to �0:95% (� � 0:10) and
�0:23% (� � 0:125) [7–10]. The lattice miscut angle �<
0:35� for all investigated samples and the miscut direction
covers the range of �63� � � � 69� with respect to
�100	=�010	. Although bulk LSMO has a lower symmetry

 

FIG. 1 (color). Sketch of the triclinic structure of the LSMO
film and the cubic structure of the STO substrate at RT. The
oxygen octahedras and the A-site cations (La,Sr) are shown. The
B-site cations (Mn,Ti) are positioned in the center of the octa-
hedras.
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than STO [11] the average structure of all investigated
LSMO films is pseudomorphic with respect to the STO
substrate, leading to a triclinic distortion of F�1 symmetry
(see also [12]). In what follows, the cubic coordinates in
real space are specified as x, y, and z, the ones in reciprocal
space as �, �, and � corresponding to the Miller indices H,
K, and L. The reciprocal lattice units (denoted as r.l.u.) are
based on the STO substrate (aS � 3:905 �A).

The synchrotron x-ray diffraction studies have been
carried out at beam line X22A of the National Synchro-
tron Light Source (Brookhaven National Laboratory) [13].

By way of example, Fig. 2 shows two data sets display-
ing the intensity distributions in the � direction for the
26 nm (� � 0:15�, � � 32�) and 88 nm (� � 0:02�, � �
42�) LSMO films representing the thin and thick film
situation (qualitatively the same intensity distribution is
observed in the � direction). Our key observations are as
follows: (a) The thin-film scenario [Fig. 2(a)] is dominated
by satellite peaks which emerge with a constant in-plane
momentum transfer �� implying a periodic height modu-
lation z�y� with a periodicity 2d, z�y� � z�y� 2d�. The
observed increase of the FWHM of the satellite peaks with

j�j discloses that this in-plane modulation is short ranged.
(b) The thick film scenario [Fig. 2(b)] is dominated by twin
peaks whose lateral � position increases linearly with L
value. These twin peaks originate from individual TDs
with (001) lattice planes tilted by an angle �z with respect
to the surface.

These two dominating structural motifs are illustrated in
Fig. 3(a), the modulation structure from periodic twinning
(left) and laterally coherent tilt domains (right). Notice that
both motifs have the same origin: tilted lattice planes.

Also note that one observes satellite peaks, whenever a
laterally correlated superstructure is present. Satellite
peaks and twin peaks are simultaneously observed, espe-
cially well in the thick film [see red lines in Fig. 2(b)]. This
is a strong indication that a 1D modulated structure of
coherently connected TDs is formed (observed up to t <
110 nm) [15]. The cubic STO favors [100] and [010]
oriented domains equally as observed. Other satellite peaks
as required for a 2D modulation have not been found at any
Bragg reflection. In the 26 nm film the intensity contribu-
tions of the twin peaks are hidden under the satellite peaks
and only ‘‘visible’’ in a quantitative intensity analysis. The
central maximum (� � 0) originates both from the crystal
truncation rod of the STO substrate (see sketch in Fig. 2)
and from the film modulation structure [14]. As we show in

 

FIG. 2 (color). (a) Transverse scans of a 26 nm film at (001) to
(004) at RT showing dominantly central peak and 1st and
2nd order satellite peaks (green solid lines), (b) transverse scans
of a 88 nm film at (001) to (004) at RT showing dominantly twin
peaks (red dashed lines as a guide to the eye) due to the tilted
lattice planes. The numerically calculated intensity distribution
of each reflection (solid curve) is superimposed using the micro-
scopic matrix model. The sketch on the right shows the (00L)
associated peak positions of the film (full circles) and the
substrate (open circle), respectively.
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FIG. 3 (color). (a) Real space sketch to show which motifs of
the film structure, grown in average pseudomorphically on top of
a rigid, cubic substrate (STO) [6], are dominant in case of a thin
(left) and a thick manganite film (right). The difference in
variance of the TD length for the two cases is not illustrated in
the picture. (b) Observed dependence of the twin angle �z
(circle) and TD length (mean value hdi (square) and its standard
deviation �d (triangle) upon film thickness t of the investigated
manganite films.
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what follows, the underlying structural changes that occur
as the film thickness grows, are a continuous increase of
the twin angle and of the size and the size distribution of
the twin domains. The action of the continuous increase of
the twin angle can directly be seen in Fig. 2: In the thick
film limit the large twin angle displaces the TD intensity
with the characteristic dispersion (red lines) well outside
the modulation peaks (green lines). Because of the smaller
twin angle in the thin-film limit the TD intensities are weak
but become visible at large L underneath the 2nd order
satellite peaks.

For a quantitative microscopic modeling of these strain
relaxation phenomena we have developed a statistical ma-
trix description which is closely connected with a model
conceived for the description of surface faceting [16]. In
our case of a 1D periodic arrangement of TDs, the film
structure can be described by two types of domains [‘‘�’’
and ‘‘�’’, see Fig. 3(a)]. Along z (film normal) they exhibit
a distribution of twin angles �z and �x and domain sizes
described by the average value hdi and the standard devia-
tion �d (for simplicity, all structural quantities are as-
sumed to be constant). The twin angle �x describes the
tilting of the (100) film plane with respect to the substrate
(100) lattice plane.

In a simple model, the manganite film can be considered
as a linear chain of pseudocubic unit cells in the y direc-
tion, whereby all possible configurations of the chain have
to be taken into account. The starting point for the calcu-
lation is the conditional probability p
n of a domain change
which depends on the domain type (�,�) and on its strain
energy (the index n describes the spatial deviation of the
in-plane cell position with respect to the substrate lattice).

The observed x-ray intensity is then given by the sum
over a rather straightforward correlation function hF0F

�
mi

of twomth neighbored unit cells which can be cast into the
closed matrix form

 hF0F�mi � ~AtMm ~Be2�i�m (1)

with the x-ray structure factors ~A and ~B of the initial and
final unit cell and the matrix M, which contains all possible
conditional probabilities p
n of a domain change between
two neighboring unit cells [17]. Figure 4 illustrates how the
resulting domain structure is related with the stochastic
quantity p
n . To fit our experimental results, we used the
form p
n � e�
n�N�=	, where N (�N) is the allowed maxi-
mum unit deviation from the average lattice. ~A and ~B are
two-component vectors, e.g., ~A � � ~A�; ~A� �, associated
with the two types of twin domains (� , �). Each compo-
nent is a vector of the size (2N � 1), whose elements n0 are
linked with the spatial deviation of the initial� ~A�=final� ~B�
unit cell. Their components read

 � ~A
�n0 � � ~B
�

�n0P
�N � n

0 � 1�; (2)

 � ~B
�n0 � F�
e
2�i�N�n0�1��� tan�z�� tan�x�; (3)

with the structure factors F
 and with P
�n� as the proba-

bility to find the initial cell at deviation n, which is eval-
uated based on the conditional probability p
n by using
detailed balance [18].

The relevant parameters describing the film structure
versus film thickness are the average twin angle �z, the
average size hdi of the evolving domains, and its standard
deviation �d. While �z directly enters the formalism via
Eq. (3), hdi and �d are nonlinearly related with N and 	.
The final fits are shown as solid curves in Fig. 2 [19]. As
can be seen, the fits describe all salient features in a self-
consistent and quantitative way.

The obtained final results for hdi, �d, and �z are sum-
marized in Fig. 3(b) and show a rather interesting system-
atic dependence upon the film thickness t: The mean twin
domain length hdi increases linearly from 20 unit cells
(u.c.) for very thin films to 45 u.c. for 110 nm thick films,
while the standard deviation �d remains always about 1

3 of
hdi. The mean twin angle �z is close to zero for very thin
films, but it increases monotonously with film thickness,
until it saturates at �z � 0:5� for films larger than 90 nm,
which is most interestingly close to the single crystal twin
angle of 0.6� for LSMO�� � 0:10�. Since the twin angle
dispersion ��z

�t as well as the number of domains (i.e., the
inverse of the domain length) is highest for small film
thicknesses, we conclude that films are strained strongest
close to the STO interface. The observed saturation of the
average twin angle with film thickness indicates that the
strain relaxes, as one moves away from the substrate. The
constant increase of the domain size shows that the films
are not completely relaxed at the free surface.

Obviously, the MnO6 octahedral tilt system alone cannot
accommodate the strain well enough, instead, the low
energy barrier for TD formation offers a new route for
epitaxial strain minimization: the coherent periodic TD
modulation. Similarly to the one in the (z-y) plane, there
exists another coherent TD modulation with the same
periodicity in the (x-y) plane, which is related to the twin
angle �x and which we have not shown here, since it does
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FIG. 4. Scheme of the statistical algorithm. The right-hand
side shows the statistics tree for the first three steps and the
left-hand side shows the resulting domain structure. n measures
the deviation from the substrate horizon.
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not show up at (00L) peaks. Note that a periodic surface
morphology to be responsible for our observations is
clearly ruled out by the strong discrepancy in magnitude
and direction of the surface miscut and the observed
modulation periodicity [16,20] and as well as by the tem-
perature dependence.

Figure 5 summarizes the measured temperature depen-
dence of the (004) x-ray peak maxima associated with the
26 nm film (see Fig. 2) together with the recorded electrical
resistance. We observe, that the satellite peaks disappear in
accordance with resistivity below T � 220 K. This is the
signature of a triclinic (related to R�3c) to monoclinic
(related to Pbnm) phase transition in which �z disappears
abruptly. �x survives, but does not contribute to the (004)
intensity. Because of the strain gradient along z within the
film, the structural phase transition is broadened between
100 and 220 K. This triclinic-monoclinic phase transition
affects in turn strongly the octahedral MnO6 tilt system
[12] and, therefore, establishes a strong correlation be-
tween octahedral tilts and twin modulation waves.

Since a reduction of �z could be compensated by the
increase of an octahedral tilt, this would lead to an in-
crease of the resistivity in contradiction to experiment,
implying that the structural degrees of freedom in man-
ganite films are not independent from Mn spin and charge
state and orbital degrees of freedom. One finds a broadened
metal-insulator phase transition around 230 K [2]. SQUID
measurements on the same sample show a broadened
paramagnetic-ferromagnetic transition between 110 and
215 K [21] (in bulk materials the R�3c structure tends to
be metallic). As thicker films gradually turn insulating at
low temperatures [2], one might find the signature of an
orbital-polaron lattice [22].

In summary, we have unraveled a novel strain relaxation
phenomenon which exploits the delicate balance between

MnO6 octahedral tilts and the formation of twin modula-
tion waves to adjust the manganite lattice parameter to the
substrate. For thin films, a spinodal-type twin angle modu-
lation evolves which progressively condensates into a twin
domain structure as the film thickness increases. We
showed by temperature-dependent x-ray and electronic
transport experiments that this relaxation process is di-
rectly connected to the continuous metal-insulator transi-
tion in these films.

The authors acknowledge A. Rühm, J. Geck, D. Mannix,
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FIG. 5 (color). Temperature dependence of the structure [inte-
grated intensity of the central peak and the 1st and 2nd order
satellite peaks of the (004) Bragg reflection, whose � positions
are indicated by vertical green lines in Fig. 2(a)] and transport of
the 26 nm LSMO film. The inset shows the (00L) associated film
(solid symbols) and substrate (open circle) peak positions.
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