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Structural phase transitions and stress accommodation
in „La0.67Ca0.33MnO3…1Àx : „MgO…x composite films
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Composite (La0.67Ca0.33MnO3)12x :(MgO)x films were prepared by metalorganic aerosol deposition on a
~100!MgO substrate for different concentrations of the~MgO! phase (0<x<0.8). At x'0.3 a percolation
threshold in conductivity is reached, at which an infinite insulating MgO cluster forms around the
La0.67Ca0.33MnO3 grains. This yields a drastic increase of the electrical resistance for films withx.0.3. The
film structure is characterized by x-ray diffraction and transmission electron microscopy. The local structure of
the La0.67Ca0.33MnO3 within the film depends on the MgO concentration which grows epitaxially along the
domain boundaries. A different structural phase transition from the orthorhombicPnmastructure to an unusual

rhombohedralR3̄c structure at the percolation thresholdx'0.3 is found for La0.67Ca0.33MnO3. A three-
dimensional stress accommodation in thick films through a phase transition is suggested.

DOI: 10.1103/PhysRevB.66.104421 PACS number~s!: 68.35.Rh, 75.60.Ch, 75.70.Cn
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I. INTRODUCTION

The discovery of ‘‘colossal magnetoresistance’’~CMR! in
perovskite based rare-earth manganates of the
Ln12xAxMnO3 ~Ln is rare earth,A is divalent cation!1 has
caused intense research activities over the last few year
the following years, more remarkable properties~such as
spin and charge ordering! have been discovered and studi
by different techniques. It has been shown that the electro
and magnetic properties are strongly dependent on
chemical composition and the crystal structure.

Apart from the perovskite based materials, researchers
hunting for new types of material, showing a CMR effe
They have been found in the layered perovski
~Ruddlesden-Popper phases!2 and in some pyrochlore typ
structures.3

The other direction is to induce various modifications
the basic (A12xAx8BO3) structure by adopting differentA
rare-earth cations, by doping withA8 cations and/or alter the
oxygen stoichiometry. This will induce a different intern
strain, due to rotation or/and distortion of the vertex-shar
MnO6 octahedra. The strain in the structure is characteri
by the Goldschmidt tolerance factor, defined ast5@r A

1r O#/Ar B1r O, wherer are the ionic radii. A tolerance fac
tor t51 corresponds to the unstrained cubic structure w
tÞ1 indicates a strained structure relaxed by a struct
distortion from the ideal cubic structure. The structural ph
diagram ofA12xAx8MnO3 (A5La, Pr, Y, . . . ; A85Ca, Sr,
Ba •••) as a function of the averageA-site ionic radius was
reported by Radaelliet al.4 It was shown that the structur
and the corresponding physical properties can be tuned
changing the average radius (r A) of the A cation.
0163-1829/2002/66~10!/104421~10!/$20.00 66 1044
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Thin films of manganite oxides grown epitaxially on
substrate give a unique opportunity to induce different typ
of perovskite distortions by creating different stress fie
resulting from the lattice mismatch with the substrate. T
magnitude and the sign of the stress~compressive or tensile!
in a film depends on the substrate-film lattice misfit and th
can be adjusted by the choice of the substrate. This open
possibility to design new types of the structures with pred
able physical properties.

This was shown by Locquetet al.5 for copper-oxide su-
perconductors and later for CMR properties
La12xSrxMnO3 thin films.6,7 A field-induced insulator-to-
metal transition below 240 K in Pr0.5Ca0.5MnO3 thin films
grown on~100!STO was reported by W. Prellieret al.8 and
associated with an effect of the tensile stress. Biswaset al.9

show that thin La0.67Ca0.33MnO3 films grown under a smal
compressive strain~'2%! are structurally, magnetically, an
electronically nonuniform due to island growth. This leads
coexistence of two different phases, a metallic ferromag
and an insulating antiferromagnet.

Recently, composite bulk samples of La0.7Ca0.3MnO3
~LCMO! and La0.7Sr0.3MnO3 ~LSMO! were shown to be in-
teresting systems in which the electron transport can be
fected to a large extent by the presence of a second ph
For example, an enhancement of the low-field magnetore
tance~MR! at room temperature for an LSMO-glass compo
ite at the percolation threshold of conductivity wa
demonstrated.7

Thin-film composites seem to be promising not only f
the realization of a low-field MR material, but one can co
sider them also as model systems. Here an artificial chem
phase separation results in a corresponding electronic~metal-
©2002 The American Physical Society21-1
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TABLE I. Characteristics of (LCMO)12x :(MgO)x composite films.

x 0 0.01 0.05 0.1 0.33 0.5 0.67 0.8

TMI ~K! 257 260 205 149
TC ~K! 260 245 197 145 228 216 210 208
CMR ~%! 700 1400 15000 90000
c ~nm! 0.385~8! 0.386~3! 0.386~7! 0.387~4! 0.388~0! 0.389~3! 0.391~4! 0.394~8!
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insulator! or/and magnetic~ferromagnetic-antiferromagnetic!
phase separation. The parameters of such an ‘‘electr
phase separation’’ can be remarkably controlled by the p
cessing conditions and its scale can be very fine, down
few nanometers. The magnetotransport in such a model
tem can be compared with that recently observed in fe
magnetic metal/antiferromagnteic insulator phase separ
systems.10,11

Not only can the properties to a large extent be contro
but also the structure of the film can be designed by mean
the surrounding second phase. This becomes particularl
teresting when both phase constituents grow epitaxially
the substrate. Such epitaxial composite films will be cons
ered as a starting point for the study of the structure-prop
relationships in three-dimensional~3D! clusters of mangan
ites embedded in an appropriate oxide matrix.

The aim of the present paper is a structural investi
tion of the (La0.67Ca0.33MnO3)12X :(MgO)X @(LCMO)12X :
(MgO)X# composite thin films grown on an MgO~100!
substrate ~misfit is around 8%!. The epitaxial
(LCMO)12X :(MgO)X composite films were prepared over
large range of the second phase concentration 0<x<0.8 and
structural as well as magnetotransport changes of LC
were observed as function of the MgO content. A differe
structural phase transition from the orthorhombic~Pnma!
LCMO structure to an unusual~most probably rhombohedra
R3̄c) structure at the percolation thresholdxC'0.3 is found.
The structural changes are usually so small that powe
methods such as transmission electron microscopy~TEM!
and particularly high-resolution electron microsco
~HREM! are required for a detailed characterization.

II. EXPERIMENTAL METHODS

A. Sample preparation

(LCMO)12x :(MgO)x films were prepared by a metalo
ganic aerosol deposition described elsewhere.12 This is a so-
lution based technique which uses a mixture of the co
sponding metal-chelate precursors dissolved in an org
solution. The deposition of oxide films occurs as a result
heterogeneous pyrolysis of finely dispersed aerosol/va
phase of metalorganic precursors on the heated substrat
obtain composite films an appropriate amount of Mg prec
sor is added to the basic solution used for the preparatio
LCMO films. Thus a simultaneous growth of LCMO an
MgO phases from a single precursor solution is realized.
nominal concentration ‘‘x’’ of the insulating MgO phase in
the composite films corresponds to the molar concentra
of the Mg precursor in the precursor solution. Fresh
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cleaved MgO~100! single-crystalline plates are used as su
strates. The substrate temperature during the film depos
was 700 °C and the deposition rate was about 40 nm/m
The final thickness of the films was in the range 150–2
nm.

B. Characterization methods

The macrostructure of the films is characterized by x-
diffraction ~XRD! using CuKa radiation, on a Siemens
D5000 diffractometer. As was established by XRD the film
were epitaxially grown on MgO substrate with relatio
LCMO(001)iMgO(100), i.e., with thec axis perpendicular
to the substrate plane.13 At that the pseudocubicc-axis lattice
parameter of the LCMO depends significantly on the Mg
concentrationx ~see also Table I!.

The microstructure of the films is studied by TEM an
high-resolution electron microscopy~HREM! for plan view
and cross-section geometries of the samples. Electrical tr
port properties are measured by the four-probe dc metho
a temperature range from 4.2 to 300 K and under magn
fields ranging from 0 to 5 T. A commercial He cryost
equipped with a superconducting solenoid~Cryogenics Ltd.!
is used. Magnetization measurements are carried out
means of a vibrating sample magnetometer~VSM! as well as
by a commercial superconducting quantum interference
vice magnetometer atT51.8–300 K with the magnetic field
aligned parallel to the substrate. Transport measurement
identical specimens were reported earlier.13

TEM investigations are carried out with a JEOL 4000E
microscope operated at 400 kV. The point resolution of
microscope is of the order of 0.17 nm. Cross-section as w
as plan view specimens for TEM study are prepared by
standard techniques: mechanical polishing to a thicknes
about 15mm followed by ion milling under grazing inci-
dence. The phase composition of the LCMO film, and
particular the cation ratio, were determined by EDX analy
of the LCMO grains in a Philips CM20 microscope with
LINK-2000 attachment. For the EDX analysis plan vie
specimens were used and results are based on the LaL),
Ca(K) and Mn(K) lines in the spectra. The cation ratio, a
determined by EDX, is found close to the expected com
sition of La:Ca:Mn50.7:0.3:1.0.

The energy filtered TEM~EFTEM! technique is used to
create elemental maps of Mg with the standard three-wind
technique.14 EFTEM images are captured using a Gat
GIF2000 coupled to a Philips CM30 FEG. Maps of the M
K-edge, La M4,5-edge, Mn L2,3-edge, CaK-edge and O
K-edge are acquired to confirm the chemical composition
the sample. Both cross-section and plan view specimens
checked with qualitatively EFTEM. The collection angle
19.2 mrad and the exposure time for the MgK-edge is 60 s.
1-2
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STRUCTURAL PHASE TRANSITIONS AND STRESS . . . PHYSICAL REVIEW B 66, 104421 ~2002!
The sample orientation is chosen to be slightly off axis
reduce problems with diffraction contrast. Drift between t
three window images is corrected by cross correlation.

C. Structural considerations

As already mentioned above, the structure of a film can
different from that of the bulk due to stress resulting from t
lattice mismatch. The deviations from the bulk structu
however, are likely to be small.

Bulk La12xCaxMnO3 has a deformed perovskite structu
for all x values and is described by the orthorhombic spa
group Pnmawith lattice parametersao'co'apA2 andbo
'2ap ,4,15–17 where ap is the perovskite mesh. Recentl
however, Lobanov et al.18 reported neutron powder
diffraction data for La0.85Ca0.15MnO3 where a monoclinic
distortion of the GdFeO3-type structure@SG P21 /c; am
50.774 476(6) nm; bm50.550 398(4) nm and cm
50.547 351(4) nm,b590.091°# was revealed. The crysta
structure exhibits a specific ordering of the Mn-O apical d
tances with nonequivalent MnO2 layers alternating along th
a axis. The deviation from thePnmastructure, however, is
extremely small. In our calculations we will use thePnma
unit cell with lattice parametersao50.5481(8) nm, bo
50.7751(5) nm, andco50.5499(6) nm.

The MgO substrate has a cubic structureFm3̄m a
54.220.19 The misfit d along the interface is define
as d5(aMgO2aLCMO)/aMgO, which in the present cas
is d'8%.

III. EXPERIMENTAL RESULTS

A. Low-magnification TEM

Cross-section multibeam bright field images
(LCMO)12x :(MgO)x composite films forx50 andx50.5
are shown in Fig. 1. Films are epitaxial at all MgO conce
trations and exhibit sharp well defined film/substrate int
faces. The thickness of the film is 120–150 nm. All film
show the presence of a columnar microstructure with c

FIG. 1. Low magnification multibeam images of cross-sect
samples of as-grown (La0.67Ca0.33MnO3)12x :(MgO)x /MgO(100)
with different MgO concentration:~a! x50; ~b! x50.33.
10442
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umns parallel to the interface normal, but the grain bound
and surface structure of the films vary with the MgO co
position.

A pure LCMO film (x50) exhibits an almost uniform
domain size around 40 nm@Fig. 1~a!#. The uniform contrast
of the domains and domains boundaries suggests that no
ondary phase is present at the boundaries. The surface o
film is not flat and pyramidlike grains separating differe
domains are clearly visibly. The possible origin of this sha
will be further discussed.

The microstructure of composite films (x.0) changes
with x. The film surface grows flatter with increasing Mg
content; moreover the domains size changes. At the colu
boundaries Moire´ patterns appear@Fig. 1~b!#. They start from
the interface film/substrate and run through the film to
surface. These Moire´ patterns are related to the presence
MgO as a second phase. The LCMO-MgO overlap along
viewing direction and because of the lattice mismatch Mo´
patterns are formed. The width of the Moire´ regions in-
creases with increasing MgO content.

Diffraction patterns from cross-section specimens are
superposition of diffraction patterns produced by film a
substrate; they clearly show a variation with increasing M
content~Fig. 2!. All patterns can be indexed as a compos
of two materials: LCMO and MgO. The electron-diffractio
~ED! pattern obtained from the pure LCMO film (x50)
@Fig. 2~a!# can be indexed with respect to an orthorhomb
lattice ~Pnma, ao5apA2, bo52ap , c5apA2). Two differ-
ent domain orientations~@010#* and @101#* ! are present
within the selected area and oriented with the following e
itaxial relationship:

~100!MgOi~010!LCMO2O,@100#MgOi@ 1̄01#LCMO2O

or ~100!MgOi~ 1̄01!LCMO2O,@100#MgOi@010#LCMO2O.

FIG. 2. Electron-diffraction patterns cross-section samples
different MgO concentrations:~a! x50; ~b! x50.1; ~c! x50.33;
~d! x50.5. The white arrows in~a! and ~b! indicate reflections
specific for thePnma space group. These spots are absent
~c! and ~d!.
1-3
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Increasing the MgO concentration tox50.1 does not lead
to visible changes of the ED patterns@Fig. 2~b!#. The recip-
rocal rows, indicated by white arrows in Figs. 2~a! and ~b!,
however, disappear forx50.33 @Figs. 2~c! and ~d!#. This
suggests a different space group. The diffraction conditi
of R3̄c are consistent with all observations for high Mg
concentrations@Figs. 2~c! and ~d!#.

Enlargements of one-quarter of the diffraction patte
from three specimens and a schematic drawing of the cr
section ED pattern (x50) are presented in Fig. 3. Blac
circles indicate the positions of the MgO reference refl
tions, while open circles correspond to the spots from
film. It is assumed that the lattice of the substrate does
depend on the MgO concentration in the LCMO compos
film and that one can use the MgO reflections for inter
calibration. The spot splitting due to the difference in latti
parameters between film and substrate is present alon
directions of the ED pattern. Moreover, the magnitude of
spot splitting is constant and does not depend on the M
concentration. This means that the cell parameters of LC
do not depend on the MgO concentration. The slight stre
ing of the spots in the diagonal directions is a signature
the small misorientation of LCMO domains with respect
each other and to the MgO substrate.

Figure 4 is a multibeam diffraction contrast low magni
cation image of a plan view sample forx50.5. The corre-
sponding ED pattern~inset of Fig. 4! clearly shows that two
different phases with a different lattice parameter are pre
in the film. The pattern can be interpreted based on the p
ence of both LCMO and MgO, viewed along a cube dire
tion and oriented with the following relationship:

@001#MgOi@221#LCMO2R; ~010!MgOi~012!LCMO2R.

The most intense spots represent the MgO reflections
weaker ones represent LCMO reflections. The complete

FIG. 3. Magnified left upper quadrants of the cross-section
patterns~see Fig. 2!: initial x50, x50.33, andx50.5 The white
squares indicate the position of the MgO substrate spots. The
splitting due to the superposition of the MgO and LCMO pattern
clearly visible. The magnitude of the splitting is equal along bo
orthogonal directions.
10442
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tern results from the fact that all LCMO reflections act
secondary sources producing squares of double diffrac
spots.

The microstructure of the film~Fig. 4! suggests that the
film is formed by the coalescence of epitaxial columnar
lands leaving a distinct intergranular contrast where the c
lescing islands meet. The difference in brightness betw
different domains is due to a slight misorientation betwe
them. The size of the grains and the structure of the dom
boundaries depends on the MgO concentration. For M
concentrations around 30% the grain size is about 40–50
Only a few domain boundaries exhibit a bright contrast th
layer due to the presence of a secondary~MgO! phase at the
boundary. Increasing the MgO concentration (x50.5) leads
to an increase of the grain size~about 50–80 nm!, and the
bright contrast layer around the LCMO grains becomes m
dominant~indicated by arrows in Fig. 4!. Since the presence
of this material apparently does not affect the overall diffra
tion pattern~inset, Fig. 4!, it is either amorphous or more
probably isostructural with LCMO or MgO. The answer w
be given by HREM.

B. High-resolution transmission electron microscopy

A HREM image taken across the interface shows that
LCMO film (x50) grows epitaxial and is perfectly cohere

ot
s

FIG. 4. Low magnification images of plan view samples f
different MgO concentration:x50.33 andx50.5. The correspond-
ing ED pattern and a schematic drawing are given as inset.
large black spots in this drawing represent MgO reflections; lar
open circles represent LCMO reflections. Small open circles are
to double diffraction. The complete pattern results from double d
fraction; the LCMO film acting as a secondary source.
1-4



ll
ia

a
ith
o-

ed

th

d
ro

c

s
the
nd
is

e
hase

n-
ar

rre-

r-
th
t

ce

ary

STRUCTURAL PHASE TRANSITIONS AND STRESS . . . PHYSICAL REVIEW B 66, 104421 ~2002!
across the interface. The LCMO/MgO interface is atomica
sharp and flat. Along the LSMO/MgO interface interfac
edge-type dislocations, necessary to absorb the misfit,
formed. No secondary phase inclusions are observed e
in the bulk of the film or along the interface. The d
main boundaries in the LCMO film~easily observed in the
low magnification of Fig. 1! are hardly visible in HREM
images; only a slight difference in contrast is notic
~Fig. 5!.

As the MgO concentration increases, the structure of
film changes. At low concentration of the MgO (x50.1) no
significant differences with the pure LCMO film are notice
and the structure remains perfectly coherent and free f
secondary phases. Increasing the MgO concentrationx
50.33–0.5) leads to buckling of the film/substrate interfa

FIG. 5. Cross-section HREM image of the LCMO/MgO inte
face. The domain boundary is indicated by a white arrow. Note
absence of any intermediate layer or a secondary phase a
boundary.
10442
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~Fig. 6! resulting from the epitaxial growth of MgO island
on the MgO substrate surface. The MgO layers start from
interface, grow along the original domain boundaries, a
extend all the way through the film up to the surface. It
evident from the HREM image~Fig. 6! that the MgO layer is
epitaxially intergrown between the LCMO domains with th
same orientation as the MgO substrate. No amorphous p
is observed in the domain boundaries.

Plan view HREM observations confirm the epitaxial i
tergrowth of MgO along the domain boundaries. It is cle
from the HREM plan view images~Fig. 7! that the bright
contrast lines along the domain boundaries in Fig. 4 co

e
the

FIG. 6. Cross-section HREM image of the interfa
(La0.67Ca0.33MnO3)12x2(MgO)x /MgO(100) for x50.5. Note the
heteroepitaxial growth of MgO columns along a domain bound
in the direction parallel to the normal to the interface.
FIG. 7. Plan view HREM
image of the inter-
face (La0.67Ca0.33MnO3)12x

2(MgO)x /MgO(100) for a
sample withx50.5. Note the epi-
taxial growth of the MgO layer
around LCMO grains.
1-5
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spond to the epitaxial MgO layers around the LCMO grai
The interface between the LCMO grain and the MgO laye
not straight and has no specific crystallographic orientat
This explains the presence of the Moire´ patterns on the TEM
images of Fig. 1~b!, which are due to the overlap of tw
different structures: LCMO and MgO.

FIG. 8. Zero-loss filtered TEM image~a! and the elementa
Mg map ~b!. The integrated line scan across the MgO layer in
white rectangle and in the direction indicated by the arrow is sho
in ~c!.
10442
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C. Energy filtered transmission electron microscopy

Figure 8~b! shows the Mg elemental map from a pla
view specimen with the accompanying zero-loss filtered
age@Fig. 8~a!#. The elemental map shows a good localizati
of the Mg signal in the bright columnlike features of th
zero-loss image. An integrated line scan across a MgO t
wall @Fig. 8~c!# shows that the Mg signal drops rapidly t
zero on both sides of a MgO wall. As a rough estimate
the upper limit of Mg in the LCMO grain, we calculate th
standard deviation in the region outside and inside the w
from the profile in Fig. 8. We take into account the brig
field intensity difference between the two regions and get
estimate for an upper bound of around 7% for the Mg co
centration per volume in the LCMO layer as compared to
MgO wall. This accuracy is on the order of what is to b
expected from the three-window elemental mapping te
nique.

From the EFTEM results, we conclude that there is
observable diffusion of Mg into the LCMO domains withi
the expected error of the three-window technique. This re
is in accordance with the fact that no structural data h
been published on Mg substituted La-Ca-Mn-O phas
Some groups show that a moderate Mg doping~5–6%! of
the La-Sr-Mg-Mn-O and La-Mn-Mg-O structure can be r
sponsible for its properties and structural pha
transition.20,21 These structures are also based on the pe
skite structure and are similar to La-Ca-Mn-O. However,
authors do not report any structural data. In our experime
we did not observe any structural phase transition~see Fig.
2! for 10% doping when it should be drastic according to t
A. Ananeet al.20 and J. H. Zhaoet al.21 It indicates that the
Mg substitution mechanism is probably different in the L
Ca-Mn-O system compared to the La-Sr-Mn-O or La-Mn
system and the idea of Mg~small ion size, 0.66 Å) substitu
tion on a La or/and Ca~bigger ion size, 0.99 Å) sublattice i
highly unlikely.

IV. MAGNETOTRANSPORT PROPERTIES

We have observed that electrical as well as magnetic c
acteristics change systematically as a function of the M
content in composite (LCMO)12x(MgO)x films. In Table I
the data on the metal-insulator transition temperatureTMI ,
the Curie temperatureTC , as well as maximalCMR
5100% R(0)2R(5 T)/R(5 T) and pseudocubicc-lattice
parameters measured by x-ray diffraction are presented
films with 0<x<0.8.

A pure LCMO (x50) film is characterized byTM'TC
5260 K typical for the La-Ca-Mn-O manganite with a C
doping of 0.33. These data along with the low residual re
tivity r(4.2 K)'1024 V cm of the pure LCMO film allow
us to conclude that the films prepared by the metalorga
aerosol deposition technique behave as an intrinsic LC
material similar to the epitaxial films prepared by puls
laser deposition~PLD! method. Moreover, the value of th
c-lattice parameter,c50.385(8) nm, is close to the corre
sponding bulk value and indicates no mechanical stres
pure LCMO films.

Upon increasing the MgO concentration in the regi

e
n

1-6
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STRUCTURAL PHASE TRANSITIONS AND STRESS . . . PHYSICAL REVIEW B 66, 104421 ~2002!
0,x,0.3 the values ofTMI and TC for composite films
decrease systematically, while CMR5100% @R(0)
2R(5 T)#/R(5 T) becomes extremely pronounced, reac
ing about 105%. Such a magnetotransport behavior is in
good accordance with that found previously for coheren
strained LCMO films deposited on SrTiO3 or LaAlO3
substrates.1,22,23 The c-lattice parameter increases signi
cantly up to 0.388(8) nm forx50.33, indicating the devel
opment of stress in composite films with increasing Mg
content.

At x'0.3 the percolation threshold in conductivity tak
place, at which an infinite insulating MgO cluster form
yielding a drastic increase of the electrical resistance
films with x.0.3. The value of the percolation threshold
in good agreement with that observed in LSMO-glass b
composites.7 Remarkably, that thePnma-R3̄c structural
phase transition takes place also forx'0.3; i.e., the struc-
tural phase transition is coupled to the percolation thresh
The reason seems to be a drastic increase of the 3D s
contribution when all the LCMO domains are surrounded
epitaxially grown MgO layers. This happens exactly at t
percolation threshold. The magnetotransport data for c
posite films are summarized in a phase diagram show
Fig. 9, which illustrates the relationship between the mic
scopic structure and the macroscopic properties~resistance
and magnetization!. Note thatTC has a nonmonotonous de
pendence on ‘‘x’’ with a minimum at xC and a further in-
crease in theR3̄c phase.

V. GROWTH MECHANISM

A possible growth mechanism for composi
(LCMO)12x :(MgO)x films can be suggested based on t
present experimental observations. It is schematically sh
in Fig. 10.

As mentioned before, the pseudocubic lattice paramete
LCMO is much smaller than that of MgO~misfit '8%! sug-
gesting a three-dimensional~3D! island growth mode. At the
formation temperature~700 °C! small islands of LCMO and

FIG. 9. The dependences of the Curie temperature~triangle!
TC , ~K! and the metal-insulator transition temperature~square!
TMI , ~K!, and room-temperature resistance~circle! R, @(V) right
scale# on the concentration ‘‘x’’ of the MgO phase in composite
films.
10442
-

y

r

k

d.
ess
y
e

-
in
-

n

of

MgO appear epitaxially on the MgO substrate surface@Figs.
10~a! and~c!#. Since the MgO grains have the same struct
as the substrate no misfit strain is present at the interf
The situation with LCMO, however, is different and th
LCMO islands grains are under a tensile strain (aLCMO
,aMgO) @Fig. 10~b!#. Since the epilayer is much thinner tha
the substrate we assume that the strain is completely ta
up in the epilayer. The epilayer is thus in a state of tens
biaxial ‘‘surface stress’’ in the@100#MgO and@010#MgO direc-
tions along the interface, which in isotropic elasticity
given by

s5
2m~11n!

12n
, ~1!

wherem andn are the shear modulus and Poisson ratio in
epilayer. The elastic strain energy of the epilayer per u
area is24

FIG. 10. Schematic representation of the growth mechanism
the composite film at different stages:~a! Nucleation of the LCMO
film on the MgO substrate.~b! Enlargement of one LCMO island on
the MgO substrate. The ideal shape of the island when no stre
present is shown by the cube frame. Close to the interface
LCMO region is under a two-dimensional tensile stress~sT!; the
upper part of the LCMO island is under a two-dimensional co
pressive stress~sC!. The shape of LCMO becomes pyramidal.~c!
Nucleation of the (LCMO)12x :(MgO)x composite film on the
MgO substrate. Note the separate growth of LCMO and MgO
lands.~d! The columnar structure of the LCMO film on the MgO
substrate. Note the pyramidal shape of the surface of each sep
LCMO domain.~e! Structure of the (LCMO)12x :(MgO)x film for
x50.33. Intergrowth of the MgO islands in between LCMO d
mains occurs. Because of the low MgO content, the MgO la
does not reach the film surface.~f! Structure of the
(LCMO)12x :(MgO)x film for x50.5. Every LCMO grain is sur-
rounded by MgO through the complete film thickness.
1-7
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ES5
2m~11n!

~12n!s2h
, ~2!

whereh is the film thickness.
Upon growth of the island, transformation stresses, du

the tendency of the structure to adopt the bulk structure
LCMO, are now superimposed on the misfit stress. The
per surface of the islands therefore feel a compressive s
@Fig. 10~b!#. Such variation of strain within a single island
responsible for the pyramidal shape of the LCMO dom
surface when no secondary phase~MgO! is present. In the
next growth stage, the LCMO grains are connected by
main edges creating a configuration as in Fig. 10~d!. The
misfit between the MgO substrate and the LCMO film
responsible for the surface grain morphology and also in
ences the size of the domains.

In the case of composite film growth (x.0), two island
types nucleate in the initial stage: MgO and LCMO. As w
already mentioned, the MgO islands grow free of str
while the LCMO islands are under a tensile stress@Fig.
10~b!#. They are randomly distributed on the substrate s
face @Fig. 10~c!# and the ratio between the different typ
only depends on the MgO concentration in the film. Wh
the LCMO and MgO nuclei grow, they will touch and th
MgO islands will create a wall around the LCMO domai
@Figs. 10~e! and ~f!#. The MgO material with a cubic struc
ture acts as a matrix for epitaxial LCMO growth inside t
‘‘MgO box.’’ As a result the 3D uniform stress becomes pr
dominant making the strain variation in LCMO domai
negligible. This leads to a different mechanism of misfit a
commodation.

VI. DISCUSSION

The elastic stress analysis of an epilayer grown on a
substrate with slightly different lattice parameters was do
by Frank and van der Merwe25 and by Jesser an
Kuhlmann-Wilsdorf.26 It was demonstrated that once th
thickness of the epilayer exceeds a certain critical thickn
it becomes energetically favorable to introduce stress an
lating dislocations at the interface to relieve the elastic str
energy@see Eq.~2!#. However, in perovskite-type structure
several other mechanisms of stress relieve in an epita
film have been found in recent years: a breakdown of sy
metry from orthorhombic to monoclinic,27 the formation of
prismatic antiphase domains or the formation of pseudop
odical microtwins.28 In the following we will suggest a dif-
ferent type of 3D stress accommodation in thick film
through a phase transition from a low to a higher gro
symmetry.

It is well known that phase transitions in crystals are u
ally accompanied by changes in symmetry. According to
Landau theory, the space group of the low-temperature ph
should be a subgroup of the space group of high-tempera
phase. Since pressure has a similar effect as temperatur
can apply these rules for our particular case. Our experim
tal observations, particularly electron-energy-loss spect
copy ~EELS! and HREM data, suggest that only the intern
pressure resulting from the epitaxial intergrowth of the Mg
10442
to
f
-
ss

n

-

-

s

r-

n

-

-

at
e

ss
i-

in

ial
-

ri-

p

-
e
se
re
we
n-
s-
l

columns within the LCMO film cause thePnma-to-R3̄c
phase transition in La0.67Ca0.33MnO3. This means that in our
particular case we induce a phase transition from a lo
pressure~low-temperature! Pnma ~62! phase to a high-
pressure~high-temperature! R3̄c ~167! phase.

For the phase transition to take place, the free energ
the new state should be lower than the free energy of
initial state. Strain energy plays a vital role in the nucleati
of solid-state phase changes and the free energy of a sy
can be simply described as

E5Es1Ev , ~3!

where E is the free energy of the system,Es the surface
energy which is determined by the misfit stress at the in
face, andEv the volume energy of the bulk. When a pu
LCMO film grows on a Mg substrate, the usual stress acco
modation for thick film takes place. The islands have fr
surfaces and the surface energy should be minimum@Fig.
11~a!#. The surface energy of the epilayer is given by Eq.~2!
and increases linearly with thickness (h). At a critical thick-
ness, it becomes energetically favorable to introduce in
face dislocations, which absorb the stress. In the elastic
strained state the interface is fully coherent. The presenc
interfacial edge-type dislocations was indeed observed a
the interface~Fig. 5!. The volume free energy in this cas
will be minimal because no external pressure occurs in
system and the film structure adapts the more energetic
stable form of the bulk material. This is exactly the case
La0.67Ca0.33MnO3 which has aPnmaspace group according
to the phase diagram.4 There is no contribution of the stres
energy from the grain boundaries because the LCMO gra
show a perfectly epitaxial intergrowth.

The (LCMO)12x :(MgO)x composite growth can be con
sidered as the growth of a different phase~LCMO! within a
matrix of a parent phase~MgO! @Fig. 11~b!#. The interface
between the two phases creates a local increase of su
energy (Es) when the first few atoms assemble in the ne
structure. The model of Fig. 11~b! assumes that the LCMO
grains, differing from the MgO matrix in structure and

FIG. 11. Schematic representation of~a! a single LCMO domain
on MgO, ~b! a (LCMO)12x :(MgO)x composite film. The LCMO-
MgO grain is under a 3D stress due to the MgO surrounding ma
a 2D surface stress is present in the area close to the LCMO/M
interface.
1-8
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STRUCTURAL PHASE TRANSITIONS AND STRESS . . . PHYSICAL REVIEW B 66, 104421 ~2002!
composition, grow epitaxially on the MgO substrate and
surrounded by MgO matrix. The change of free energy, w
a new phase of volumeV and interface areaA forms, causes
an increase in elastic strain energy per unit volume of
new phaseDEv given as

DE5VDEv1AEs . ~4!

It is clear that the surface energy will drastically increa
because of the increasing interface area (As). Moreover, the
growth of the MgO layers@Fig. 10~f!# pushes two neighbor
ing LCMO grains apart and creates an external stress wi
the bulk of the LCMO grains. The amount of stress direc
depends on the thickness of the MgO layer which is de
mined by the MgO composition in the film. This extern
stress leads to an increase of the volume free energy o
LCMO material.

The surface energy can be partially reduced by introd
tion of dislocations into the interface raising the interfac
free energy and also by the introduction of small-angle gr
boundaries. There is evidence of the latter in the ED patte
of Fig. 2 where a streaking of the spots in the radial direct
is observed. The volume free energy can be decreased
transition from a less stable to a more stable phase.

A final question is: towards which structure will thePnma
LCMO transform? In other words, is it reasonable to sugg
the unusualR3̄c structure, which does not exist for the bu
La12xCaxMnO3 material?

The ideal perovskite structureAMO3 belongs to the cubic
space groupPm3̄m. However, most perovskite based ma
rials exhibit deviations from the ideal cubic symmetry. T
most common deviations are induced by a tilting of theMO6
octahedra.

Based on Glazer’s29 and recently Woodward’s30 analysis
of tilt distortions in perovskites, thePnma structure of
LCMO is described asa1a2a2. The rotational displacemen
in the R3̄c structure on the other hand is described
a2a2a2. Comparing these two structures, it is clear that
rhombohedral (R3̄c) and the orthorhombic~Pnma! struc-
tures have the same topology as the primitive perovs
structure. They are different only by the sense and the m
nitude of the tilt angles of the MnO6 octahedra and possibl
by the degree of deformation.29 Both features may be influ
enced by an external stress field which is the case for
LCMO:MgO structure@Fig. 11~b!#. The LCMO domain is
under the strong homogeneous 3D stress because of the
rounding epitaxial MgO matrix@Fig. 11~b!# while in the pure
LCMO film @Fig. 11~a!# only a small 2D misfit stress is
present. Actually, the rhombohedral (R3̄c) structure can be
considered as a pseudocubic structure which will perfectly
the cubic MgO surrounding matrix. There is another can
date which would do the same: a cubic form with descript
a0a0a0 where the octahedra do not tilt at all. However, the
are several arguments against this choice. The first one is
the octahedra have to be tilted in the LCMO structure
cause of the substitution of La by a divalent cation.4,15,16

Also the lattice energy calculations made by Woodwar30

show that thea1a2a2 anda2a2a2 tilt systems have more
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favorable lattice energies than thea0a0a0. It therefore seems
reasonable to accept that for a compos
(LCMO)12x :(MgO)x film the La0.67Ca0.33MnO3 structure
undergoes a structural phase transition fromPnma to R3̄c
driven by the internal pressure.

A similar situation has been found in bul
La0.7(Ca12ySry)0.3MnO3 samples.17,31Substituting Ca for Sr,
which has a significantly larger ionic radius, leads to an
crease of the internal chemical pressure, which is also ne
tive in sign. Atx'0.5 a structural phase transition from th
Pnmastructure to theR3̄c structure takes place. The latte
structure is the normal structure for the pure La0.7Sr0.3MnO3.

Remarkable is that the magnetotransport behavior in
vicinity of the structural phase transition in bul
La0.7(Ca12ySry)0.3MnO3 ~Refs. 17 and 31! is very similar to
that found in (LCMO)12x :(MgO)x composite films.13

Namely, an increase of the Curie temperature was obse
in the R3̄c structure. However, theTC(x) dependence in
composite films, depicted in Fig. 9, has a nonmonoton
character whereas the Curie temperature in bulk sam
changes monotonically through thePnma-R3̄c phase bound-
ary. The reason may be that the films in thePnmaphase (0
<x<0.3) suffer a mechanical stress, which tends to decre
TC . In the R3̄c phase the stress is relieved and the Cu
temperature increases up to the values comparable with
individual LCMO film, which shows no mechanical stres
This is also consistent with a known increase of theTC val-
ues for the less distorted LSMO phase. The stress facto
absent for bulk samples of La0.7(Ca12ySry)0.3MnO3, which
show a monotonous increase ofTC through thePnma-R3̄c
structural phase transition.17,31

Moreover, the colossal magnetoresistance in compo
films was found to be largest,CMR5DR/R(5 T)'105%,
for the film with x50.33. This is very close to thePnma-
R3̄c phase boundary, which was found to coincide with t
percolation threshold in conductivity. CMR in composi
films is therefore realized as a field induced insulator-
metal transition at which the infinite size of the metallic clu
ter can be achieved in a magnetic field ofB55 T.

VII. CONCLUSIONS

(La0.67Ca0.33MnO3)12x :(MgO)x composite films on a
~100! MgO substrate have a microstructure and mag
totransport properties depending on the MgO concentrat
The films exhibit a remarkable structure consisting of d
mains of LCMO material surrounded by an epitaxially inte
grown MgO thin layer. This MgO layer creates a wall arou
the LCMO domains and as a result a uniform 3D stress
built up. A different type of 3D stress accommodatio
through a phase transition from a low to a high group sy
metry has been proposed. Our experimental observati
and in particular EELS and HREM data, suggest that o
the internal pressure resulting from the epitaxial intergrow
of the MgO columns within the LCMO film cause thePnma-
to-R3̄c phase transition in La0.67Ca0.33MnO3.

At x'0.3 the percolation threshold in conductivity
1-9
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reached; it is not only accompanied by a drastic increas
the electrical resistance for films withx.0.3 but also by the
Pnma-R3̄c structural phase transition taking place in t
LCMO. We therefore conclude that the structural phase tr
sition is coupled to the percolation threshold. The reas
seems to be a drastic increase of the 3D stress contribu
when all the LCMO domains are surrounded by epitaxia
grown MgO layers. This happens exactly at the percolat
h

e

n
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n
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threshold. The magnetotransport data for composite films
summarized in a phase diagram as shown in Fig. 9.
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