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Single †101‡-oriented growth of La0.9Sr0.1MnO3 films on vicinal SrTiO3„001…
substrates
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Thin films of orthorhombic La0.9Sr0.1MnO3, have been grown by computer-controlled laser
molecular-beam epitaxy on SrTiO3�001� substrate and vicinal SrTiO3�001� substrates. Electron
diffractions and high-resolution imaging reveal that the as-received thin films with thickness of 300
nm are epitaxially grown on the substrates. The microstructures in the film grown on SrTiO3�001�
substrate are clarified in terms of the oriented microdomains, while the films on vicinal SrTiO3�001�
substrates are predominated by a single �101�-oriented growth, which provides a useful routine for
a design of preferred physical properties. Based on the minimization of surface energy, the
mechanism of such a single domain formation is proposed. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2172141�
Ever since the discovery of colossal magnetoresistance
in perovskite-type La1−xAxMnO3,1–4 interest in the micro-
structures of these materials associated with magnetic, elec-
trical, and optical properties has grown considerably for un-
derstanding the mechanisms underlying their behaviors.
Although thin films of these oxides have been prepared in
the past few years, the microstructural characteristics in these
films are unavoidably domain oriented rather than single
crystallined,5–8 no matter whether the films are thin or thick.
It has been reported that some properties of the thin films,
such as magnetoresistance �MR�, are sensitive to the domain
orientation. For example, Amaral et al.9 found that the trans-
port properties of MR and electrical resistivity show crystal-
line anisotropy in expitaxial La2/3Ca1/3MnO3 thin films with
different growth orientations. Thus, the growth of a film with
single domain or with specific crystallographic orientation on
a foreign substrate is needed in order to better control the
properties.

Vicinal substrates have been used to grow various high
crystalline quality thin films, such as YBa2Cu3O7,10,11

Sr1−xCaxRuO3,12 and �La,Sr�2CuO4.13 It is generally be-
lieved that the step flow growth of thin films on the vicinal
substrate induces the formation of preferential domains and
enhances their properties.14,15 In this letter, we report the
preferred oriented growth of orthorhombic La0.9Sr0.1MnO3
films grown on vicinal SrTiO3�001� substrates and propose
the mechanism of such a single domain formation.

La0.9Sr0.1MnO3 �LSMO� films with a thickness about
300 nm were grown on SrTiO3 �STO��001� substrate with
miscut angles of 10° and 30° towards �100� direction of STO
crystal by laser molecular beam epitaxy. For comparison, we
also deposited LSMO films on exact STO�001� substrate.
Detailed deposition procedure can be found in our previous
article.16 A JEOL 2010 transmission electron microscope
�TEM� with a point resolution of 0.194 nm was used for the
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electron diffraction analysis and atomic imaging.
STO has a perfect cubic perovskite structure with a lat-

tice parameter of a=0.3905 nm. LSMO has a distorted per-
ovskite structure which exhibits an orthorhombic variant. Its
lattice parameters in its bulk form at room temperature are:
a=0.554 69 nm, b=0.773 62 nm, and c=0.556 033 nm.17 It
is theoretically proposed that when the LSMO film epitaxi-
ally grows on the STO�001�, there are six possible growth
orientations, or to say, the film has six orthorhombic variants
or domains.18 Since the lattice parameters of ao and co are
approximately the same and therefore �101�o direction is not,

but rather closely, perpendicular to the �101̄�o, electron
diffraction may only make three of these domains
distinguishable.

Figure 1�a� is a low-magnification cross-sectional image
of LSMO films on exact �001�STO, showing a sharp, flat and
well-defined LSMO/STO interface and a columnar structure.
The columnar structure in the film likely originates from the
interface between the film and substrate. The corresponding
selected area electron diffraction �SAED� pattern is shown in
Fig. 1�b�. The existence of three types of super-diffraction
spots indicates the three-domain structure of the film.7 Figure
1�c� is a plan-view image showing the oriented domains
form a rectangular cross-grid pattern. Such a configuration is
believed to balance the lattice mismatch between variant do-
mains and the STO substrate.

In contrast, the LSMO films grown on vicinal STO�001�
substrate exhibit more uniform structure. Figure 2�a� shows a
low-magnification cross-sectional image of the film on 10°
miscut �001�STO substrate, in which neither domains nor
intermediate layers were observed. The films on 30° miscut
vicinal substrates exhibit similar microstructural characteris-
tics to that of the 10° miscut one. Figure 2�b� is a SAED
pattern corresponding to the area in Fig. 2�a�, which is in-
dexed as a single �010�o zone axis of the orthorhombic
LSMO variant. Figure 2�c� is a plan-view image showing an
overview of microstructures in the film, which confirms no

distinct domains as that in Fig. 1�c�. The SAED pattern cor-

© 2006 American Institute of Physics5-1
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2172141
http://dx.doi.org/10.1063/1.2172141
http://dx.doi.org/10.1063/1.2172141


071905-2 Zhuo et al. Appl. Phys. Lett. 88, 071905 �2006�
responding to Fig. 2�c� is shown in Fig. 2�d�, which is in-
dexed as a single �101�o zone axis of the orthorhombic
LSMO variant. Such an electron diffraction analysis indi-

FIG. 1. �a� A low-magnification cross-sectional image of LSMO films on
exact �001�STO. �b� Composite electron diffraction patterns of three ori-
ented domains corresponding to Fig. 1�a�. �c� A plan-view image showing
the oriented domains form a rectangular cross-grid pattern.

FIG. 2. �a� A low-magnification cross-section image of the film on 10°
miscut �001�STO substrate. �b� Electron diffraction pattern of �a�, which is
indexed as a single �010�o zone axis of the orthorhombic LSMO variant. �c�
Plan-view image showing an overview of microstructures in the film, and no
distinct domains as that in Fig. 1�c� is observed. �d� Electron diffraction
pattern taken from plan-view specimen, indicating that the film is single

�101�-orientedgrowth rather than multi-domain intergrowth.
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cates that the film is single �101�-oriented growth rather than
multi-domain intergrowth.

Figures 3�a�–3�c� show the cross-section high resolution
images taken with the incident beam parallel to the �010�c

direction; showing atomic scale information on the epitaxial
growth across the LSMO/STO interface of different films.
Figure 3�a� shows an atomically sharp interface of the film
on exact �001�STO. Two oriented domains are seen in the
image and their boundary is marked with two thick white
arrowheads. Figures 3�b� and 3�c� are high-resolution elec-
tron microscope �HREM� images of the films grown on vici-
nal substrate, 10° and 30° miscut, respectively. Atomic steps
at the interface in Fig. 3�b� are marked with white arrow-
heads; it is seen that such steps do not have the same height
and length.

Based on the above SAED and HREM experiments, it
was found that the film grown on exact �001�STO consists of
several oriented domains, while the films on vicinal sub-
strates are predominated with �010�-oriented growth. Such a
microstructural difference indicates that the substrate surface

FIG. 3. Cross-sectional high-resolution images showing the interface be-
tween the LSMO film and STO substrate. �a� The film is grown on exact
�001� STO, two oriented domains are seen in the image and their boundary
is marked with two thick white arrowheads; �b� on 10° miscut STO, atomic
steps at the interface are indicated by white arrowheads; �c� on 30° miscut
STO. It is seen that all these films are epitaxially grown on the substrate, and
films on vicinal substrate are single domain oriented.
has a nondeductible effect on the domain structure of the
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epitaxial films. The misfits between an orthorhombic LSMO
and cubic STO substrate along the �100�c, �010�c, and �001�c

directions are 0.945% or −0.95%. From the viewpoint of
lattice misfit, different domains would grow alternatively to
compensate the compressive or tensile strain in spite of the
morphology of the substrates. However, only single oriented
domain is favored in the films on vicinal substrates in the
present study. In other words, the minimization of lattice
mismatch failed to determine the single-domain film growth.

Generally, the minimization of lattice mismatch �strain
energy� is taken into account in the explanation of the thin
film crystallographic structure deposited on different
substrates.19,20 In fact, the role of surface energy is also rel-
evant in discussing this film growth issues. Ricci et al.21

addressed the mechanism of domain selection in terms of
free energy minimization, including both strain and surface
energy contribution. They revealed that the minimization of
surface energy plays an important role in determining the
film growth orientation as the CaRuO3 thin film on
LaAlO3�110� substrate. In the YBa2Cu3O7 system, some re-
searchers have shown that the anisotropy of surface energy,
rather than minimization of strain, is fundamental both in
determining the unit cell orientation and the relative orienta-
tion of a-b axes.22,23

The surface energy �U� minimization is applied to solve
the problem of the orientation of the domain in our work.
The fact that the �101�o planes have higher surface energy
than �010�o plane can be understood based on the relatively
crude argument according to Ref. 22. Roughly, we imagine
that the surface energy is related to the dangling bonds that
are obtained when a surface is created by breaking apart a
crystal along a given crystallographic plane. Meanwhile, we
neglect the variation of bond energies due to the different
atomic rearrangements and suppose that the orthorhombic
structure is the evolution of a cubic structure, then the same
kind of dangling bonds are obtained along cuts parallel to
�100� or to �010� or to �001� facets of the cubic. The ratio of
surface energies �U� grossly corresponds to the ratio of bond
densities �D�. During the cubic to orthorhombic transition,
the number of bonds �N) remains constant in the �101�o and
�010�o facets which are the counterparts of the �001� facets in
cubic structure, but the area (S) of �101�o facets �about
0.609 nm2� is smaller than �010�o facets �approximately
0.6216 nm2�. Therefore, through simple calculation with the
formula

D = N/S , �1�

higher bond density belonging to �101�o facet was obtained.
In other words, the �101�o facet has higher surface energy.
When there is a miscut on the substrate surface, the fourfold
symmetry of �001� is broken by exposing the �100� planes at
the surface steps. In order to minimize the surface energy, the

relationships of �101̄��010�o / / �001��010�c in the present
study would be preferred.

In the present film on exact �001�STO, the formation of
oriented domains is believed to result from the strain relax-
ation. On the other hand, as to the films on the vicinal sub-
strates, though the formation of preferred domain can be ex-
plained by the minimized surface energy, very high strain
energy should remain in the films. Such a kind of strain is
relaxed through the formation of a few island-like nanopar-

ticles embedded in the films as marked with white arrows in
Downloaded 14 Nov 2006 to 159.226.36.218. Redistribution subject to
Fig. 2�c�. Nanobeam analysis shows that such nanoparticles
have a similar chemical composition and lattice constants
with their surrounding medium, as a result, the strain can be
effectively relieved. Simultaneously the relaxation of the
strain further contributes to the preferred oriented
growth.24,25

In conclusion, the formation of oriented domains in
LSMO films has been prevented via using miscut STO sub-
strates. Instead, films with single �101�-oriented growth are
deposited on the vicinal STO�001� substrates, which might
provide a useful routine for a design of preferred physical
properties. The mechanism of such a single domain growth is
proposed on the basis of the minimization of surface energy
on the vicinal STO�001� substrates.
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