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The microstructure of La,_ A (A = Ca or SriMnQO,_; thin films grown by
liquid-delivery metalorganic chemicul vapor deposition on (001) MgQ and

(110} cepdo-cubic LaAIO; were studied by transmission electron microscopy. The
La,_,Ca,MnO,_, thin film on large lattice mismatched MgO exhibited very defective
microstructures and consisted of two typical regions. The first region was close to the
film—substrate interface and had an epitaxial relationship to the substrate with many
differently oriented domains nucleated on the substrate surface. The second region
consisted of columnar grains with some degree of texture. In contrast, the smaller
lattice-mismatched La,_ St MnO;_¢/(110),eud0-cunic LAAIO; film had good crystalline
quality with highly oriented columnar grains but exhibited complicated dislocation
structures. Apart from the misfit dislocations formed at the film—substrate interface.
two types of anomalous dislocations with limited contribution to relieving misfit
stresses were also observed. One type of dislocation had extra planes in the film and
some climbed into the substrate. These dislocations were considered to form from
dislocation loops during nucleation of the film. The other type of dislocations had
extra planes parallel to the film-substrate interface and glided into the substrate side
resulting in a 2° tilt of the film with respect to the substrate. The complicated
dislocation configurations present in the sample were related to the complex strain
field in the film. The relative strains along the interface measured in the film were
heterogeneous. The variations of the strains in the film were related to the local Curie
temperature changes and second-order phase transitions of the film.

I. INTRODUCTION

Perovskite manganites R,_ A MnQO,, where R denotes
trivalent rare-earth elements, and A divalent alkaline-
earth elements, have attracted much attention recently
due to their interesting electronic and magnetic proper-
ties, including colossal magnetoresistance (CMR)} phe-
nomena.' making them attractive candidates for potential
device applications. Various methods have been used to
fabricate R,_,A MnQO, materials with a wide range of
compositions and crystal structures. Particular attention
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has been paid to the fabrication of La,_,A (A = Ca or
Sr)MnQ,_g thin films because of their promising poten-
tial for devices.

The most common deposition method used for the
growth of manganite thin films is pulsed laser deposi-
tion, although magnetron sputtering,”* metalorganic
chemical vapor deposition (MOCVD),*~" and dipping-
pyrolysis® are also employed. The substrates used are
usually SrTiO,, LaAlO,, MgO, Y-stabilized ZrO,, and
Al,O, with lattice mismatch ranging from less than
1% to 9%.
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It was well documented that the microstruciure and the
strain or even the film thickness had strong influences on
their physical properties, such as the change of resistiv-
ity. magnetoresistivity, and Curie temperatures.””'® The
lattice mismatch between the thin film and the substrate
is a consequential parameter having a great influence
on the structure, morphology. and strain of the thin films.
The films grown on a large lattice mismatched substrate.
such as MgQO with a mismatch of 8% usually have re-
laxed lattice parameters which are close to the bulk ma-
terial.'>'® However. on small lattice mismatched
substates. such as SrTiO; or LaAlQ,. the fiims usually
have lattice distortions, and the resulting strain of the
film depends largely on the film thickness and annealing
conditions, "%

Currently. defects in perovskite oxide thin films are
poorly characterized in comparison to semiconductor
materials. even though the structural defects have a
strong influence on the properties of the CMR materials.
Therefore, it is necessary to examine the detajled micro-
structure of the thin films. particularly in light of the
strong interplay between electrons and crystal lattice. It is
noted that the main microstructural features for the
La,_ Ca MnO,_; (LCMO) films are the domains formed
with different crystallographic orientations.!*2%2' The
films deposited on SrTiO,, which has the smallest lattice
mismatch. were observed to consist of domains. Defects.
such as twin domains and antiphase boundaries have
been observed. On the other hand, La,_ St MnO4_;
(LSMO) films usually grow into single domain with
fewer defects. while the strain is dependent on the film
thickness.

To illustrate the microstructure of both LCMO and
LSMO thin films, two extreme cases were selected.
i.e., LCMO on large mismatched MgO, and LSMO on
small mismatched LaAlQ,. Hence, this paper con-
centrates on the microstructural characterization of
the La,_,Ca,MnO,_; thin film grown on (001) MgO and
La,_ Sr.MnO;_; on (110)pseudo-cupic LAAIO; substrates
by liquid-delivery MOCVD. Various transmission elec-
tron microscopy (TEM) techniques were utilized to illus-
trate the microstructure and atomic structure of the films.
The growth mechanism and the effect of defects on the
physical properties are tentatively discussed.

iIl. EXPERIMENTAL DETAILS

La;_A(A = Ca or S1)MnO,_; (with nominal x
about 0.3) thin films were grown on (001)MegQ and
(110} seudo-cuvie LAAIO, substrates by liquid-delivery
MOCYVD. The precursors La(tmhd),. Mn(tmhd},.
Sr(tmhd),, and Ca(tmhd),, were mixed and diluted with
a standard solvent, and then were continuously injected
into an EMCORE commercial reactor, modified with a
NZ-Applied Technologies liquid delivery system. The

vaporized precursors were transporied to the deposition
chamber by N, and O, gas carriers. The substrate
temperature was held at 600 to 700 °C during the
growth process. After deposition. the films were slowly
cooled down to below 100 °C before removal. More de-
tailed information on the growth conditions and deposi-
tion process can be found in Refs. 5 and 16.

An ex-situ TEM analysis was performed using a Jeol-
2010 analytical electron microscope operated at 200 kV
with a point resolution of 0.23 nm and lattice resolution
of 0.14 nm. Cross-sectional TEM samples were prepared
by conventional methods.

Il. RESULTS
A. La,_,Ca,MnO,_./(001)MgQ thin film

The crystal structure of La,_ A MnQ,_, could be de-
scribed as an orthorhombic unit cell that is closely related
to the perovskite structure. The relation between the lat-
tice parameters of the two types of unit cells can be
written as a, = V2 a,, b, = 2a,, and ¢, = V2 a,, where a,,,
b,. ¢, and a, correspond to the lattice parameters of the
orthorhombic and perovskite unit cell, respectively.
The indexing used in the current paper is based on the
orthorhombic unit cell.

The LCMO thin film on (001) MgO substrate has three
different regions related to different growth mechanisms,
as shown in Figs. 1(a) and 1(b). Region I is about 20 nm
in thickness located just below the film-substrate inter-
face in the MgO substrate. It shows a different con-
trast from the MgO substate. Region I is an epitaxial
LCMO region of about 100 nm in thickness, which lies
above the film—substrate interface, Region III extends up
to the film surface and contains a polycrystalline struc-
ture [Figs. 1(a) and 1(b)]. Intermixing of elements was
found by energy dispersive x-ray spectroscopy (EDS)
analysis using a 5-nm probe positioned at various dis-
crete points in both the substrate and the film. as shown
in Fig. 2. In the following text, different regions are dis-
cussed in detail,

Manganese was found in the pits of region 1 below the
film-substrate interface. Manganese has solubility in
magnesium oxide by replacing magnesium atoms to form
various manganese magnesium oxides. Therefore, region
[ is a product of the early stage of deposition in which
reaction occurs. Detailed examinations of the high-
resolution TEM (HRTEM) image showed the lattice pa-
rameters of the (Mg, Mn)O in region I equal to that of
pure MgO. In both regions II and III, LCMO crystals
formed, but they had different morphologies [Fig. 1{a)].
Region II is in the vicinity of the substrate surface and
shows a streaky contrast in the low magnification image.
Selected-area diffraction patterns show that LCMO
formed in this region has an epitaxial crystal growth
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FIG. . TEM cross-sectional images and SADP from LCMO thin film on (001) MgO substrate showing various regions formed during the growth:
(a) low-magnification, bright-field (BF) TEM image; (b) BF image of the interface reigon showing the pitlike contrast in MgO substrate
delineating the interface: (¢) SADF from the polycrystalline region; (d) SADP from the interface region; and (e) SADP from MgO substrate.

relationship with MgO substrate [Fig. 1(d}]. EDS analy-
sis showed that this region was La deficient and some
magnesium was detected.

The calculated misﬁtf = (asubslrmc - aepiiaycr)/aqubsuure
for LCMO/MgO is 8.7%. with the epilayer under tensile
stresses. The misfit measured from the selected-area dif-
fraction pattern (SADP) [Fig. 1(d)] is about 8%, indicat-
ing that the mismatch strain is mostly relieved by
forming misfit dislocations. The measurement of the

lattice planes across the relatively flat interface region
gives an extra plane in LCMO about every 12 planes,
corresponding to an average misfit dislocations distance
of 5 nm with Burgers vector b = a,. Such a misfit dis-
location configuration relieves the mismatch completely,
and this is consistent with the SADP results.

Figure 3 is a HRTEM image showing the detailed
atomic arrangement at the interface region and the
fast Fourier transform (FFT) patterns from different
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FIG. 2. EDS spectra from the different regions showing the diffusion
of Mn into the MgO substrate, which formed the pits.

areas. The interface between the film and the substrate is
not flat on the nanometer scale. The MgO substrate sur-
face forms steps. The step height along [OOI]MgO
is between 1 and 5 nm. Within the LCMO film of region
IL. domains with three different orientations with respect
to the [001]MgO were found in addition to planar de-
fects. The domains apparently were formed by homo-
geneous nucleation and island growth of LCMO. The
nominal size of the domains is about 30 nm. The orien-
tations between the LCMO domains and MgQ are
(1) {101]Lemo/M100]ye0 With (020) cpio/(002)vgon (i)
(0101 cnmo//[1000mg0 (020)Lcmo L(002)4yg0, and

(i) [101] cnsof/1010]n0(020) cpso//(020)3 0. Where
(002)p4,0 is the atomic plane parallel to the nominal MgO
surface and (020),,,0 is the atomic plane perpendicular to
the MgO surface. The atomic planes parallel to the nominal
LCMO/MgO interfaces in different domains are not parallel
to each other, and some are displaced up to half of the
lattice spacing in the growth direction. In some domains,
the FFT reveals the (010) forbidden reflections that result
from either symmetry change,?! or crystal tilt.”

In region III, columnar growth occurs. The columns
have various orientations and show almost no epitaxial
relationship with the substrate.

B. La,_,Sr,Mn0; 3/(110),seudo-cupic LAAIO,
thin film

The LSMO** film grown on the smaller lattice mis-
matched LaAlO; (110)pseud0-cubic SUbstrate exhibits much
better crystallinity, and a strikingly different microstruc-
ture from LCMO grown on the MgO substrate if one
compares Figs. 1 and 4.

LaAlO; has a rhombohedrally distorted perovskite
structure at room temperature,”* with space group R3c,
and becomes a cubic perovskite above 435 °C.>* A hex-
agonal unit cell with @ = 5.3655, ¢ = 13.112 could be
used to index the diffraction pattern properly. The SADP
from the LaAlQ, substrate of the cross-sectional sample
[Fig. 4(d)] is along the {l I01] zone axis of the hexagonal
unit cell, which is [1 10] using a pseudo-cubic unit cell.
For simplicity and convenience, a pseudo-cubic ceil of
LaAlQ, is used to describe the crystallographic geometry
and dislocation features in the following discussion.

The thin film is about 367 nm thick and exhibits a
single-crystal pattern, as shown by a [100] SADP in
Fig. 4(c). The film is composed of highly oriented co-
lumnar grains about 60 nm in width with narrow
gaps between grains [Fig. 4(b)]. The orientation rela-
tionship between LSMO film and the substrate is
[001] smo//[110)anio,s (100)Lsmo//[110] ua10,,
[010)Lsmof/(001] sa10,- Many dislocations were ob-
served near the film—substrate interface in the LaAlO,
substrate [Fig. 4(a)]. The lattice parameter measurement
by SADP [Figs. 4(e) and 4(f)] shows a mismatch of 3.1%
along the [001]; 1410, in-plane direction. If the pseudo-
cubic lattice parameter of LaAlQ; is taken as 0.379 nm*>
the in-plane lattice parameter of LSMO is calculated to
be about 0.391 nm.

Figure 5 is a HRTEM image showing the atomic ar-
rangement in the vicinity of the film-substrate interface.
The interface is relatively flat with a modulation of only
a few atomic monolayers. The LSMO film grows epi-
taxially on the substrate surface, and Moiré fringes are
observed. The Moiré fringes are related to overlapping of
the grains with slightly different orientation formed dur-
ing nucleation and growth.
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FIG. 3. HRTEM image and the FFT diffraction patterns from different orientated

regions. The interface between LCMO and (MgMn)O is indicated by amrows and thick dotted lines. The interfaces between MgO and Mg ,MnO
is indicated by thin dotted lines. (a) HRTEM image. {b) FFT from domain A down [101] zone axis. (¢) FFT from domain B down [010] zone axis.
(d) FFT from domain C with {101] zone axis but the pattern rotated 90° with respect to domain A.

Dislocations present in this sample could be divided
into two categories: those at the interface, and those in
the LaAlQ; substrate. The dislocations at the interface
are shown in Fig. 6. In a conventional TEM bright-field

(BF) image [Fig. 6(a)], the sample is tilted along
(001} a10,» SO that the dislocation arrays at the interface
can be examined. The dark lines with oscillating contrast
are dislocations, which have an average spacing of about
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FIG. 4. TEM cross-sectional images and SADP from LSMO/(110)LaAlO, showing the morphology of the film and dislocation structures in the
substrate {The film-substrate interface is indicated by white arrows): (a) BF images showing the dislocation configurations in the substrate: (b)

BF images showing the columnar grains in the film: (¢) [100] SADP from the LSMO film; (d) [1 10]p,‘eud‘._,_wb-,c SADP from the LaAlO, substrate;

(¢) SADP from the LSMO/LaAlQ, interface; and (f) Enlargement of (020} row diffraction to show the splitting spots from LSMO and LaAlO,,
as indicated by arrows, :
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FIG. 5. HRTEM image showing the film~substrate interface region.
There are chimney like Moire fringes from the interface.

4.9 nm. It is also noted that some dislocations are ex-
tended into the substrate, as indicated by the large arrow.
The HRTEM image in Fig. 6(b) demonstrates the de-
tailed atomic configurations of the dislocations. Misfit
dislocations are those at the interface that are capable of
relieving the mismatch. Because the substrate has smailer
lattice spacing than the film, the dislocations that have
extra planes in the substrate are misfit dislocations. By
drawing a Burgers circuit z2round such dislocations. as
shown in Fig. 6(b). the Burgers vector b can be deduced
to be [001}a,40.. In uddition to misfit dislocations.
anomalous dislocations were observed to have an extra
plane in the film side. as shown in Fig. 6(b), by the dark
line. The average spacing between misfit dislocations is
obtained by counting the number of corresponding
planes perpendicular to the interface for both the film and
the substrate. i.e., (020) 5p0 and (001} 4ni0,- There is
one extra plane in the substrate for every 24 to 26 (001)
LaAlO; planes, which corresponds to an average spac-
ing of 9.8 nm for the misfit dislocations at the inter-
face. Using the experimental value of the misfit ( f)of
3.1%, the calculated dislocation spacing necessary to re-
lieve the mismatch is d = b/f = 12.2 nm. This is con-
sistent with the observed misfit dislocation distribution in
the sample within the experimental errors, indicating the
mismatch strain is mostly relieved. The dislocations ob-
served in BF images [Fig. 6(a)] include both the misfit
dislocations and dislocations with other characters
formed in the vicinity of the interface. The average spac-
ing of 4.9 nm observed from bright-field imaging is
therefore about half of the misfit dislocation s$pacing ob-
tained by HRTEM. A combination of the BF and HRTEM
results hence indicate that fifty percent of the interfacial
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' |
¢
jy

Y4

s

1Y)

FIG. 6. BF and filtered HRTEM images of LSMO/110}LaAIO, in-
terfaces showing the dislocation arrays at the interface: (a) BF image
of a tilted film/substrate interface. Some dislocation arrays at the in-
terface are marked by small black wrows. (b) A filtered HRTEM
image of the interface region showing misfit dislocation (indicated by
white line). and dislocation with the extra plane in the film side {in-
dicated by black line). On misfit dislocation is drawn with a Burgers
circutt,

dislocations are the anomalous dislocations that have
no direct impact on the mismatch between the substrate
and the film.

This intricate dislocation configuration in the interface
region indicates a heterogeneous distribution of strains
along the interface, as evidenced by the variation of rela-
tive strains along the interface. The strain variations (Ae)
in various regions of the film close to the film—substrate
interface were measured by FFT diffraction spots from
HRTEM images. Ae is calculated by (d - d,,..Vd,. ...
where d is the measured lattice spacing and 4, is the
average value of the lattice spacing. The plot of the rela-
tive strain versus the position along the interface is
shown in Fig. 7. The differences of the strains in various
areas are manifested in the sketch.

The dislocations present in the LaAlQ, substrate were
studied further by weak-beam dark-field TEM. Figure 8
shows a typical cross sectional-sample imaged by a/3g
with g = (110) [Fig. 8(a)] and g/f3g with g = (001)
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the interface. Ae was measured in an arca of 33 nm in width,

[Fig. 8(b)]. The dislocations are very densely populated,
with the dislocation density decreasing with the distance
from the interface into the substrate. They have a half-
loop shape and seem to bow into the substrate from the
interface. For clarity, the substrate region is divided into
two regions, with region I as the dislocation area of about
500 to 600 nm in width. and region I referring to the
region further down of dislocation-free substrate area. By
tilting the sample along [001] and examining the change
of projected width of region I, it is deduced that these
dislocations are on (110) plane, which is likely to be the
gliding plane.

The Burgers vector b = (x.y,2) of the dislocations in
region [ was determined using a combination of g.b = 0
criterion in the diffraction contrast imaging, and the
Cherns—Preston rules [g.b = n - 1, where 1 is the num-
ber of the minimum intensities of Laue zone lines
crossed by a dislocation in large-angle convergent beam
electron diffraction (CBED)].* The dislocations are in-
visible when imaged by g = (001) [Fig. &b)], and
hence, all possible b are [x v 0). The exact values of x
and » were determined using Laue zone lines in an over-
defocused CBED pattern, as shown in Fig. 9. The lines
(224) and (733) are seen to split into 5 and 6 minimum
intensities, respectively. This gives —2x + 2y = -4, and
~2x + 3y = ~35. Hence, the b of these dislocations is de-
termined to be [110], and they seem to be perfect dislo-
cations with no observed dissociation. The extra planes
of these dislocations are parallel to the interface, i.e., on
(110), which results in region [ and the film being tilted
along [001] away from [110] of the substrate normal, The
exact orientations from the three different distinct re-
gions (regions [ and II in the substrate, and the LSMO
film) are determined by Kikuchi pauemns, which were
obtained by focusing the electron probe on these three

)

FIG. 8. Weak-beam, dark-field TEM images showing the dislocations
in LaAlO, substrate from LSMO/A110).aAlO,: (a) g/f3g weak beam
image using g = (110% and (b} g/3g weak beam image of the same
region as in (a) using g = (001}, The bright dots in the substrates are
due to beam damage.

different regions. When the dislocation-free substrate re-
gion IT was oriented to an exact [1 10] zone axis, the other
two regions are shown to be 2° off the zone axis.

The other sets of dislocations in the substrate shown in
Fig. 8(b) are believed to have a b of [001]. They might be
connected with the dislocations with extra planes in the
film side and rejected from the interface into the substrate
via climbing and gliding.

lll. DISCUSSION

It has been well documented that La,_ A MnO,_g thin
films grown on different lattice mismatched substrates
exhibit very different morphologies, as was also ob-
served in this study. The growth mechanism is elucidated
by the microstructure examinations shown in the last
section. When the vapor was deposited on the Mg, a
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“"Dislocation

(224)

FI1G. 9. A defocused CBED pattern with one dislocation from the
substrate crossing the Laue zone lines. and its schematic to show
the diffraction condition assignment. S is the deviation parameter,

reaction occurred before the nucleation of LCMO,
because of the large solubility of Mn in MgO. The in-
terfaces between (Mg.Mn)O and the MgO are faceted on
{110} type of planes, indicating that the reaction is in-
terface controlled. Our examination showed that the
product of the reaction, (Mg, Mn)O. has similar lattice
parameter to that of MgO. Therefore, the reaction intro-
duces no significant change of the misfit between the thin
films and the reacted substrate compared with the one
between the thin films and virgin substrate. The film with
the large lattice mismatch to the substrate resulted in a
three dimensional nucleation, with the LCMO nuclei de-
posited on the surface with orientations of [010] and
[101], as they are equivalent variants due to the similar
mismatch to the substrate. A shift of the atomic planes in
the growth direction suggests that the domains are nucle-
ated independently. Clearly, the nucleation sites on the
surface steps with different height result in such a shift.
As growth proceeds, this defective layer increases in
thickness giving a very irregular and uneven growth front
with less restaining effect from the substrate. Therefore,

the subsequent growth cculd easily produce columnar
grains with random orientations, as observed. In view of
the quality of the film, this LCMO film is not expected to
have good physical properties.®

Although the LSMO film on (110) LaAlO; also grew
into columns and the film thickness is well beyond the
critical thickness for a mismatch of about 3%, it exhibits
much better crystalline quality than LCMO on MgO un-
der similar growth conditions. Apparently, the smailer
lattice mismaich and the smooth substrate surface as-
sisted the high-quality crystal growth with fewer defects
than in LCMO on MgO. The only defects are the various
dislocations generated.

The schematic illustrated in Fig. 10 depicts the dislo-
cation configurations in this sample. The (110) substrate
orientation determines the geometry of the dislocation
network at the interface, with one set of dislocations
having a line direction of [110] and b = [001] of [001],
the other orthogonal set along [001] having b = [110] or
1 10] [Fig. 10(a)]. The dislocations along (110} consist
of anomalous dislocations with b = [001] and misfit dis-
locations (b = [001)) that relieve the in- plane mismatch
strain, as observed by HRTEM. These dislocations are
considered to form from dislocation loops nucleated on
the interface plane during initial growth of the LSMO
film. As their glide plane is (110), the interface plane,
they expand to form the observed dislocations with op-
posite signs [Fig. 10(b}). Therefore, these two types of
dislocations originate from the same source. The third
type of dislocations, which are along [OO]} are misfit
dislocations (h = [110]) residing at the interface that act
to relieve the misfit along [001]. The fourth type of dis-
locations in the substrate with b = [110] originated from
the film-substrate interface during growth. Their glide
plane is (110) which is perpendicular to the film—
substrate interface, and their Burgers vectors have extra
planes parallel to the interface plane, which do not re-
lieve the mismatch strain directly. In view of the smaller
shear modulus of the LSMO film, these dislocations
might have been rejected from the interface [Fig. 10(c))
into the substrate due to the misfit stress and the im-
perfection of the film relative to the substrate during
the growth,

It is evident that the mismatch strain in LSMO film is
mostly relieved by the midfit dislocations, which are,
however, accompanied by additional anomalous disloca-
tions. Such a complex dislocation configuration results in
the heterogeneous distribution of the strains in the film,
as shown in Fig. 7. It has been found that the Currie
temperature 7, and metal-insulator transition tempera-
ture is very sensitive to the strains'*'® due to the
Jahn—Teller splitting induced by biaxial strains. The tem-
perature coefficient @ = 1/7, dT./de was estimated to be
about 6 for Lag ¢,Sr, ;-MnO;.'® The variation of Ae in
different areas was estimated and shown in Fig. 7. The
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FIG. 10. Schematics showing the dislocation configurations in the
LSMO/(11MEaAIO; thin film: (a) dislocation arrays at the filmy/
substrate imerface plane: (b) the view along [110] 10 show the gen-
eration of dislocation loops: and (c) the view along [ﬂO]] showing the
dislocations with extra planes parallel to the imerface plane pushed
into the substrate side. which caused the tilt of region I of the LaAlO,
and LSMO film,

maximum Ae is about 0.01. The d7/7, value is calcu-
lated 1o be about 6%. Thus, a variation of T, is possible
in different regions within a single film. Nevertheless.
the measured T, is an average value. When the CMR
material reaches a temperature close to T, the second
order phase transition occurs only in part of the material.
The size of the domains should correspond to the oscil-
lation wavelength of the measured relative strains. Ap-
parently. to reduce the variation of T, within a single film
and increase the performance of the CMR for device
application, one expects to have films with lower strain
variation Ae,

IV. CONCLUSIONS

It was observed that the La,_,Ca MnO,_,/(001)MgO
and La,_ St MpO;_s/(110) . ygo-cunic L2AIO; films.
which have different lattice mismatch, show very dif-
ferent microstructures, although the misfit is mostly
relieved in both films by misfit dislocations formed at
the film-substrate interface. For the LCMO film on
MgO with 8% misfit, small domains with variant orien-
tations nucleated on the roughened MgO substrate
surface at the initial growth., As the film grew thicker

with less restraint from the substrate, it grew into colum-
nar grains of different orientations with some degree of
texture. In contrast, LSMO film on (110),cudo-cubic
LaAlO, with about 3% misfit shows good crystalline
quality. A complicated dislocation configuration was
observed in this film. Apart from the misfit disloca-
tions, which effectively relieved the mismatch (dis-
locations along [110] with b = [001] and those along
[001] with b = {110]), anomalous dislocations were
identified. Some dislocations having the extra planes on
the film side may have originated from dislocation loops
nucleated at the initial growth stage. Dislocations along
[001] having extra planes parallel to the interace were
generated and pushed into the LaAlO; substrate at high
temperature during film growth. Significant variations of
the strains were observed in the film. The effects of the
heterogreneou strain distributions on Curie tempera-
ture were estimated and rationalized. This study dem-
onstrated the necessity of the investigation of the
microstructures associated with the thin films for these
CMR malerials.
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