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Composite (LgeCa3Mn0O3);_4:(MgO), films were prepared by metalorganic aerosol deposition on a
(100MgO substrate for different concentrations of tfdgO) phase (6<x=<0.8). At x~0.3 a percolation
threshold in conductivity is reached, at which an infinite insulating MgO cluster forms around the
Lay 6/Ca& 3dMNO; grains. This yields a drastic increase of the electrical resistance for filmsxwith3. The
film structure is characterized by x-ray diffraction and transmission electron microscopy. The local structure of
the La L& 3MNnO; within the film depends on the MgO concentration which grows epitaxially along the
domain boundaries. A different structural phase transition from the orthorhdPnionastructure to an unusual
rhombohedralR3c structure at the percolation threshotd=0.3 is found for LggLCa& 3dMnO;. A three-
dimensional stress accommodation in thick films through a phase transition is suggested.
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[. INTRODUCTION Thin films of manganite oxides grown epitaxially on a
substrate give a unique opportunity to induce different types
The discovery of “colossal magnetoresistan¢EMR) in of perovskite distortions by creating different stress fields
perovskite based rare-earth manganates of the typeesulting from the lattice mismatch with the substrate. The
Ln;_,AMnO; (Ln is rare earthA is divalent catioit has  magnitude and the sign of the stréssmpressive or tensile
caused intense research activities over the last few years. In a film depends on the substrate-film lattice misfit and thus
the following years, more remarkable propertissich as can be adjusted by the choice of the substrate. This opens the
spin and charge orderindgpave been discovered and studied possibility to design new types of the structures with predict-
by different techniques. It has been shown that the electroniable physical properties.
and magnetic properties are strongly dependent on the This was shown by Locquest al® for copper-oxide su-
chemical composition and the crystal structure. perconductors and later for CMR properties in
Apart from the perovskite based materials, researchers ate; _,Sr,MnO; thin films®’” A field-induced insulator-to-
hunting for new types of material, showing a CMR effect. metal transition below 240 K in ReCa sMnO; thin films
They have been found in the layered perovskitesgrown on(100STO was reported by W. Prelliat al® and
(Ruddlesden-Popper phagesand in some pyrochlore type associated with an effect of the tensile stress. Bisgtas.?
structures. show that thin LggLCa 3dMnO; films grown under a small
The other direction is to induce various modifications tocompressive straif=2%) are structurally, magnetically, and
the basic A; ,A;BO3) structure by adopting differemd  electronically nonuniform due to island growth. This leads to

rare-earth cations, by doping withi cations and/or alter the coexistence of two different phases, a metallic ferromagnet
oxygen stoichiometry. This will induce a different internal and an insulating antiferromagnet.
strain, due to rotation or/and distortion of the vertex-sharing Recently, composite bulk samples of J-&a MnO;

MnOg octahedra. The strain in the structure is characterizegy cMO) and La St MnO; (LSMO) were shown to be in-

by the Goldschmidt tolerance factor, defined as[ra  teresting systems in which the electron transport can be af-
+rol/\rg+ro, wherer are the ionic radii. A tolerance fac- fected to a large extent by the presence of a second phase.
tor 7=1 corresponds to the unstrained cubic structure whilg=gr example, an enhancement of the low-field magnetoresis-
7#1 indicates a strained structure relaxed by a structuralance(MR) at room temperature for an LSMO-glass compos-
distortion from the ideal cubic structure. The structural phasgte at the percolation threshold of conductivity was
diagram ofA; _,A;MnO; (A=La, Pr,Y,...;A’=Ca, Sr, demonstrated.

Ba - --) as a function of the averagiesite ionic radius was Thin-film composites seem to be promising not only for
reported by Radaellet al* It was shown that the structure the realization of a low-field MR material, but one can con-
and the corresponding physical properties can be tuned bsider them also as model systems. Here an artificial chemical
changing the average radius,j of the A cation. phase separation results in a corresponding electforetal-
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TABLE |. Characteristics of (LCMQO)_, :(MgO), composite films.

X 0 0.01 0.05 0.1 0.33 0.5 0.67 0.8
Twi (K) 257 260 205 149
Tc (K) 260 245 197 145 228 216 210 208
CMR (%) 700 1400 15000 90000
¢ (nm) 0.3858) 0.3863) 0.3867) 0.3894) 0.3880) 0.3893) 0.3914) 0.39498)

insulatoy or/and magneti¢ferromagnetic-antiferromagnetic cleaved Mg@100 single-crystalline plates are used as sub-
phase separation. The parameters of such an “electronigtrates. The substrate temperature during the film deposition
phase separation” can be remarkably controlled by the prowas 700 °C and the deposition rate was about 40 nm/min.
cessing conditions and its scale can be very fine, down to &he final thickness of the films was in the range 150—200
few nanometers. The magnetotransport in such a model sy8m.
tem can be compared with that recently observed in ferro-
magnetic metal/antiferromagnteic insulator phase separated
systemg?1t The macrostructure of the films is characterized by x-ray
Not only can the properties to a large extent be controlledliffraction (XRD) using CWK, radiation, on a Siemens
but also the structure of the film can be designed by means d?5000 diffractometer. As was established by XRD the films
the surrounding second phase. This becomes particularly invere epitaxially grown on MgO substrate with relations
teresting when both phase constituents grow epitaxially ohCMO(001)|MgO(100), i.e., with thec axis perpendicular
the substrate. Such epitaxial composite films will be considto the substrate plari€ At that the pseudocubic-axis lattice
ered as a starting point for the study of the structure-propertparameter of the LCMO depends significantly on the MgO

relationships in three-dimensionéD) clusters of mangan- Concentratiorx (see also Table)l _
ites embedded in an appropriate oxide matrix. The microstructure of the films is studied by TEM and

The aim of the present paper is a structural investigaligh-resolution electron microscofAREM) for plan view

tion of the (La,gCay 3MN0s); x:(MgO)x [(LCMO); and cross-section geometries of the samples. Electrical trans-

: L port properties are measured by the four-probe dc method in
gtﬂl:?s?r)z;(t]e C?g}gﬁts'teisthmargmz grg\é;]n 0_|r_1hean Zgg(?él a temperature range from 4.2 to 300 K and under magnetic

) o fields ranging from 0 to 5 T. A commercial He cryostat
(LCMO); - x:(MgO)x composite films were prepared over a equipped with a superconducting solen@@tyogenics Ltd.

large range of the second phase concentratiex€0.8 and 5" ;sed. Magnetization measurements are carried out by
structural as well as m.agnetotransport changes of_ LCMQyeans of a vibrating sample magnetométsM) as well as
were observed as function of the MgO content. A dlfferentby a commercial superconducting quantum interference de-
structural phase transition from the orthorhomiRnma  yice magnetometer at=1.8—300 K with the magnetic field
LCMO structure to an unusuginost probably rhombohedral aligned parallel to the substrate. Transport measurements on
R3c) structure at the percolation threshaig~0.3 is found.  identical specimens were reported earlfer.
The structural changes are usually so small that powerful TEM investigations are carried out with a JEOL 4000EX
methods such as transmission electron microsodgyM)  Microscope operated at 400 kV. The point resolution of the
and particularly high-resolution electron microscopy Microscope is of the order of 0.17 nm. Cross-section as well
(HREM) are required for a detailed characterization. as plan view specimens for TEM study are prepared by the
standard techniques: mechanical polishing to a thickness of
about 15xm followed by ion milling under grazing inci-

ll. EXPERIMENTAL METHODS dence. The phase composition of the LCMO film, and in
particular the cation ratio, were determined by EDX analysis
of the LCMO grains in a Philips CM20 microscope with a

(LCMO);_y:(MgO), films were prepared by a metalor- LINK-2000 attachment. For the EDX analysis plan view
ganic aerosol deposition described elsewH&fEhis is a so-  specimens were used and results are based on the) La(
lution based technique which uses a mixture of the correCa(K) and Mn(K) lines in the spectra. The cation ratio, as
sponding metal-chelate precursors dissolved in an organidetermined by EDX, is found close to the expected compo-
solution. The deposition of oxide films occurs as a result ofition of La:Ca:Mr=0.7:0.3:1.0.
heterogeneous pyrolysis of finely dispersed aerosol/vapor The energy filtered TEMEFTEM) technique is used to
phase of metalorganic precursors on the heated substrate. ¢reate elemental maps of Mg with the standard three-window
obtain composite films an appropriate amount of Mg precurtechnique’* EFTEM images are captured using a Gatan
sor is added to the basic solution used for the preparation a&1F2000 coupled to a Philips CM30 FEG. Maps of the Mg
LCMO films. Thus a simultaneous growth of LCMO and K-edge, LaM,sedge, MnL,sedge, CaK-edge and O
MgO phases from a single precursor solution is realized. Th&-edge are acquired to confirm the chemical composition of
nominal concentration X" of the insulating MgO phase in the sample. Both cross-section and plan view specimens are
the composite films corresponds to the molar concentratioshecked with qualitatively EFTEM. The collection angle is
of the Mg precursor in the precursor solution. Freshly19.2 mrad and the exposure time for the Mgdge is 60 s.

B. Characterization methods

A. Sample preparation
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FIG. 1. Low magnification multibeam images of cross-section
samples of as-grown (lgg/Ca 3Mn0O3),_, :(MgO),/MgO(100)
with different MgO concentrationta x=0; (b) x=0.33. FIG. 2. Electron-diffraction patterns cross-section samples for

different MgO concentrationga) x=0; (b) x=0.1; (c) x=0.33;
The sample orientation is chosen to be slightly off axis to(d) x=0.5. The white arrows ira) and (b) indicate reflections
reduce problems with diffraction contrast. Drift between thespecific for thePnma space group. These spots are absent in
three window images is corrected by cross correlation. (c) and(d).

rhombohedral (pseudo cubic - R3c)

umns parallel to the interface normal, but the grain boundary
and surface structure of the films vary with the MgO com-
As already mentioned above, the structure of a film can bgosition.
different from that of the bulk due to stress resulting from the A pure LCMO film (x=0) exhibits an almost uniform
lattice mismatch. The deviations from the bulk structure,domain size around 40 nfiffig. 1(@)]. The uniform contrast
however, are likely to be small. of the domains and domains boundaries suggests that no sec-
Bulk La; -,CaMnO; has a deformed perovskite structure ondary phase is present at the boundaries. The surface of the
for all x values and is described by the orthorhombic spacefilm is not flat and pyramidlike grains separating different
group Pnmawith lattice parameteraomcowap\/i andb, domains are clearly visibly. The possible origin of this shape
~2a,,*"™ " where a, is the perovskite mesh. Recently, will be further discussed.
however, Lobanovet al!® reported neutron powder-  The microstructure of composite films<¢0) changes
diffraction data for Lgg«CayMnO; where a monoclinic with x. The film surface grows flatter with increasing MgO
distortion of the GdFe@type structure[SG P2,/c; an content; moreover the domains size changes. At the column
=0.774476(6) nm; b,,=0.550398(4) nm and c, boundaries Moir@atterns appedFig. 1(b)]. They start from
=0.547 351(4) nm,8=90.0919 was revealed. The crystal the interface fiIm/s,ubstrate and run through the film to the
structure exhibits a specific ordering of the Mn-O apical dis-surface. These Moirpatterns are related to the presence of
tances with nonequivalent MnQayers alternating along the MgO as a second phase. The LCMO-MgO overlap along the
a axis. The deviation from th@nmastructure, however, is Viewing direction and because of the Iattice,mismatch Moire
extremely small. In our calculations we will use tRema  Patterns are formed. The width of the Moiregions in-
unit cell with lattice parametersa,=0.5481(8) nm,b,  creases with increasing MgO content. _
=0.7751(5) nm, and,=0.5499(6) nm. lefracypn patterns frpm cross-section specimens are the
The MgO substrate has a cubic structUFenam a  Superposition of diffraction patterns proqluc_ed by f_|Im and
—4.2201° The misfit d along the interface is defined substrate;_ they clearly showavarlat_lon with increasing MgO
as 6= (augo—aLcwo)/awgo, Which in the present case content(Fig. 2). All patterns can be indexed as a composite
is 5~8%. of two materials: LCMO and MgO. The electron-diffraction
(ED) pattern obtained from the pure LCMO filmx€0)
[Fig. 2@)] can be indexed with respect to an orthorhombic
ll. EXPERIMENTAL RESULTS lattice (Pnma a,=a,y2, by=2a,, c=ap\/§). Two differ-
ent domain orientationg[010* and [101]*) are present

within the selected area and oriented with the following ep-
Cross-section multibeam bright field images of jtaxial relationship:

(LCMO); _,:(MgO), composite films fox=0 andx=0.5

are shown in Fig. 1. Films are epitaxial at all MgO concen-
trations and exhibit sharp well defined film/substrate inter-
faces. The thickness of the film is 120—150 nm. All films .
show the presence of a columnar microstructure with col-  or (100)ygol[(101);cmo-o0:[ 100]vgoll[ 010l cmo-o -

C. Structural considerations

A. Low-magnification TEM

(100)mgdll(010) cmo-0 [ 100]mgol [101],cmo-o
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FIG. 3. Magnified left upper quadrants of the cross-section ED
patterns(see Fig. Z initial x=0, x=0.33, andx=0.5 The white
squares indicate the position of the MgO substrate spots. The spot
splitting due to the superposition of the MgO and LCMO pattern is
clearly visible. The magnitude of the splitting is equal along both
orthogonal directions.

Increasing the MgO concentrationxe= 0.1 does not lead
to visible changes of the ED patterffsig. 2(b)]. The recip-
rocal rows, indicated by white arrows in FiggaRand (b), FIG. 4. Low magnification images of plan view samples for
however, disappear fox=0.33 [Figs. 4c) and (d)]. This different MgO concentratiorx=0.33 andx=0.5. The correspond-
suggests a different space group. The diffraction conditionshg ED pattern and a schematic drawing are given as inset. The

of R3c are consistent with all observations for high MgO large b_Iack spots in this drawing represent MgO refleetions; larger
concentration§Figs. 2¢) and (d)]. open cwcles_ represent LCMO reflections. Small open circles are QUe
Enlargements of one-quarter of the diffraction patternsIO deuble dn‘fractlon..The cemplete pattern results from double dif-
from three specimens and a schematic drawing of the crosd@ction: the LCMO film acting as a secondary source.
section ED patternX=0) are presented in Fig. 3. Black )
circles indicate the positions of the MgO reference refleciern results from the fact that all LCMO reflections act as
tions, while open circles correspond to the spots from thécondary sources producing squares of double diffraction
film. It is assumed that the lattice of the substrate does nctPots. .
depend on the MgO concentration in the LCMO composite  The microstructure of the filnFig. 4) suggests that the
film and that one can use the MgO reflections for internaffilm is formed by the coalescence of epitaxial columnar is-
calibration. The spot splitting due to the difference in latticelands leaving a distinct intergranular contrast where the coa-
parameters between film and substrate is present along d@Scing islands meet. The difference in brightness between
directions of the ED pattern. Moreover, the magnitude of thedifferent domains is due to a slight misorientation between
spot splitting is constant and does not depend on the Mgdem. The size of the grains and the structure of the domain
concentration. This means that the cell parameters of LCMdoundaries depends on the MgO concentration. For MgO
do not depend on the MgO concentration. The slight streakconcentrations around 30% the grain size is about 40—50 nm.
ing of the spots in the diagonal directions is a signature ofoNly @ few domain boundaries exhibit a bright contrast thin
the small misorientation of LCMO domains with respect tolayer due to the presence of a secondafgO) phase at the
each other and to the MgO substrate. boundary. Increasing the MgO concentratiot+=(0.5) leads

Figure 4 is a multibeam diffraction contrast low magnifi- t0 an increase of the grain sizebout 50—80 nm and the
cation image of a plan view sample far=0.5. The corre- bright contrast layer around the LCMO grains becomes more
sponding ED patterfinset of Fig. 4 clearly shows that two dominant(indicated by arrows in Fig.)4 Since the presence
different phases with a different lattice parameter are presertf this material apparently does not affect the overall diffrac-
in the film. The pattern can be interpreted based on the predlon pattern(inset, Fig. 4, it is either amorphous or more
ence of both LCMO and MgO, viewed along a cube direc-probably isostructural with LCMO or MgO. The answer will
tion and oriented with the following relationship: be given by HREM.

[001]M90”[221]LCM0—R; (Olo)MgO”(OJ'Z)LCMO—R' B. High-resolution transmission electron microscopy

The most intense spots represent the MgO reflections and A HREM image taken across the interface shows that the
weaker ones represent LCMO reflections. The complete pat-CMO film (x=0) grows epitaxial and is perfectly coherent
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FIG. 5. Cross-section HREM image of the LCMO/MgO inter-
face. The domain boundary is indicat?ed by a white arrow. Note the MgO(1 00)
absence of any intermediate layer or a secondary phase at the ‘
boundary. FIG. 6. Cross-secton HREM image of the interface

(Lag 6/C& 3MN0O3) ;1 ,— (MgO), /MgO(100) forx=0.5. Note the
across the interface. The LCMO/MgO interface is atomicallyheteroepitaxial growth of MgO columns along a domain boundary
sharp and flat. Along the LSMO/MgO interface interfacial in the direction parallel to the normal to the interface.
edge-type dislocations, necessary to absorb the misfit, are
formed. No secondary phase inclusions are observed eithéFig. 6) resulting from the epitaxial growth of MgO islands
in the bulk of the film or along the interface. The do- on the MgO substrate surface. The MgO layers start from the
main boundaries in the LCMO filnteasily observed in the interface, grow along the original domain boundaries, and
low magnification of Fig. 1 are hardly visible in HREM extend all the way through the film up to the surface. It is
images; only a slight difference in contrast is noticedevident from the HREM imagé-ig. 6) that the MgO layer is
(Fig. 9. epitaxially intergrown between the LCMO domains with the

As the MgO concentration increases, the structure of theame orientation as the MgO substrate. No amorphous phase
film changes. At low concentration of the Mg@=0.1) no is observed in the domain boundaries.
significant differences with the pure LCMO film are noticed Plan view HREM observations confirm the epitaxial in-
and the structure remains perfectly coherent and free frortergrowth of MgO along the domain boundaries. It is clear
secondary phases. Increasing the MgO concentration (from the HREM plan view imagegFig. 7) that the bright
=0.33-0.5) leads to buckling of the film/substrate interfacecontrast lines along the domain boundaries in Fig. 4 corre-

FIG. 7. Plan view HREM
image of the inter-
face (L 67Cap 39MN0O3) 1«
—(MgO),/MgO(100) for a
sample withx=0.5. Note the epi-
taxial growth of the MgO layer
around LCMO grains.

104421-5



O. |. LEBEDEV et al. PHYSICAL REVIEW B 66, 104421 (2002

C. Energy filtered transmission electron microscopy

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

From the EFTEM results, we conclude that there is no
observable diffusion of Mg into the LCMO domains within
the expected error of the three-window technique. This result
is in accordance with the fact that no structural data have
been published on Mg substituted La-Ca-Mn-O phases.
Some groups show that a moderate Mg dopig6%9 of
the La-Sr-Mg-Mn-O and La-Mn-Mg-O structure can be re-
sponsible for its properties and structural phase
transition’>?! These structures are also based on the perov-
skite structure and are similar to La-Ca-Mn-O. However, the
authors do not report any structural data. In our experiments,
we did not observe any structural phase transiteee Fig.

2) for 10% doping when it should be drastic according to the
A. Ananeet al?° and J. H. Zhat al?! It indicates that the
Mg substitution mechanism is probably different in the La-
Ca-Mn-O system compared to the La-Sr-Mn-O or La-Mn-O
system and the idea of Mgmall ion size, 0.66 A) substitu-
tion on a La or/and Cébigger ion size, 0.99 A) sublattice is

400 o, C highly unlikely.
) }‘o
2 3001 4 % IV. MAGNETOTRANSPORT PROPERTIES
> 0] o« ° We have observed that electrical as well as magnetic char-
'g f © acteristics change systematically as a function of the MgO
§ 1001 &f % & content in composite (!_CMQ)X(MgO_),_( films. In Table |
S TN O T . the data on the metal-insulator transition temperaiyé,
°W Z-Qv-ﬁ-- the Curie temperaturefc, as well as maximalCMR
- =100% R(0)—R(5 T)/R(5 T) and pseudocubic-lattice
0 5 10 15 2 » 30 parameters measured by x-ray diffraction are presented for
Position [nm] films with 0=x=<0.8.

A pure LCMO (x=0) film is characterized by y~T¢

FIG. 8. Zero-loss filtered TEM imagés) and the elemental =260 K typical for the La-Ca-Mn-O manganite with a Ca
Mg map (b). The integrated line scan across the MgO layer in thedoping of 0.33. These data along with the low residual resis-
yvhite rectangle and in the direction indicated by the arrow is ShOWVtivity p(4.2 K)~10"* Q cm of the pure LCMO film allow
in (). us to conclude that the films prepared by the metalorganic

aerosol deposition technique behave as an intrinsic LCMO

spond to the epitaxial MgO layers around the LCMO grainsmaterial similar to the epitaxial films prepared by pulsed
The interface between the LCMO grain and the MgO layer idaser depositiofPLD) method. Moreover, the value of the
not straight and has no specific crystallographic orientationc-lattice parameterc=0.385(8) nm, is close to the corre-
This explains the presence of the Mopatterns on the TEM sponding bulk value and indicates no mechanical stress in
images of Fig. tb), which are due to the overlap of two pure LCMO films.
different structures: LCMO and MgO. Upon increasing the MgO concentration in the region
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FIG. 9. The dependences of the Curie temperaftrniangle
Tc, (K) and the metal-insulator transition temperatysguare
Tul, (K), and room-temperature resistan@ircle) R, [ (L) right
scald on the concentration X" of the MgO phase in composite
films.

(LCMO), ;:(MgO),

0<x<0.3 the values ofTy,, and T for composite films
decrease systematically, while CMR00% [R(0)
—R(5 T)]/R(5 T) becomes extremely pronounced, reach-

ing about 18%. Such a magnetotransport behavior is in a LCMO:MgO (LCMO), ;:(MgO), ,
good accordance with that found previously for coherently ) )
strained LCMO films deposited on SrTiOor LaAlO; FIG. 10. Schematic representation of the growth mechanism of

substrate$?>?® The c-lattice parameter increases signifi- the composite film at different stages) Nucleation of the LCMO
cantly up to 0.388(8) nm fox=0.33, indicating the devel- film on the MgO substratéb) Enlargement of one LCMO island on
opment of stress in composite films with increasing MgOthe MgO substrate. The ideal shape of the island when no stress is
content. present is shown by the cube frame. Close to the interface the
At x~0.3 the percolation threshold in conductivity takes LCMO region is under a two-dimensional tensile strés¥); the
place, at which an infinite insulating MgO cluster forms UPPer part of the LCMO island is under a two-dlmen3|or_1al com-
yielding a drastic increase of the electrical resistance fopPressive stres&sC). The shape of LCMO becomes pyramided)
films with x>0.3. The value of the percolation threshold is Nucleation of the (LCMO)_:(MgO), composite film on the
in good agreement with that observed in LSMO-glass bul gO substrate. Note the separate growth of LCMO and MgO is-

ited — ands.(d) The columnar structure of the LCMO film on the MgO
composites. Remarkably, that thePnmaR3c structural g pstrate. Note the pyramidal shape of the surface of each separate

phase transition _tz_slkeg place also f6¢0.3; i.e., _the Struc- | cMo domain.(e) Structure of the (LCMO)_, :(MgO), film for
tural phase transition is coupled to the percolation threshold¢—.33. Intergrowth of the MgO islands in between LCMO do-
The reason seems to be a drastic increase of the 3D streggins occurs. Because of the low MgO content, the MgO layer

contribution when all the LCMO domains are surrounded bydoes not reach the film surface(f) Structure of the
epitaxially grown MgO layers. This happens exactly at the(LCMO);_, :(MgO), film for x=0.5. Every LCMO grain is sur-
percolation threshold. The magnetotransport data for comrounded by MgO through the complete film thickness.

posite films are summarized in a phase diagram shown in o .
Fig. 9, which illustrates the relationship between the micro-V9O appear epitaxially on the MgO substrate surfg€igs.
scopic structure and the macroscopic propertiesistance 10(@ and(c)]. Since the MgO grains have the same structure

A as the substrate no misfit strain is present at the interface.
and magnetlza}'f,l(jn_Note tha.tTC has a nonmonotonous de- The situation with LCMO, however, is different and the
pendence on X" with a minimum at xc and a further in-

) Z LCMO islands grains are under a tensile strae duo
crease in thdk3c phase. <aygo) [Fig. 10b)]. Since the epilayer is much thinner than
the substrate we assume that the strain is completely taken
up in the epilayer. The epilayer is thus in a state of tensile
biaxial “surface stress” in th¢100]ygo and[010]ygo direc-

A possible growth mechanism for composite tions along the interface, which in isotropic elasticity is
(LCMO);_,:(MgO), films can be suggested based on thediven by
present experimental observations. It is schematically shown 2u(1+v)
in Fig. 10. =, 1)

As mentioned before, the pseudocubic lattice parameter of 1-v
LCMO is much smaller than that of MgOnisfit ~8%) sug-  whereu andv are the shear modulus and Poisson ratio in the
gesting a three-dimension@D) island growth mode. At the epilayer. The elastic strain energy of the epilayer per unit
formation temperaturé700 °Q small islands of LCMO and area ig*

V. GROWTH MECHANISM
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~ 2u(1+vw)
(1-v)o?h’

2 y 4
whereh is the film thickness. Cox
Upon growth of the island, transformation stresses, due to
the tendency of the structure to adopt the bulk structure of EEEAL
LCMO, are now superimposed on the misfit stress. The up- c
per surface of the islands therefore feel a compressive stress % H )
[Fig. 10b)]. Such variation of strain within a single island is i E—
responsible for the pyramidal shape of the LCMO domain || g0 { _
surface when no secondary phas#gO) is present. In the T ? trate| | |z| substrate |E|
next growth stage, the LCMO grains are connected by do- o S

main edges creating a configuration as in Fig(dlOThe [ 11, Schematic representation(af a single LCMO domain

misfit between the MgO substrate and the LCMO film ison Mg, (b) a (LCMO), _, :(MgO), composite film. The LCMO-

responsible for the surface grain morphology and also influpmgo grain is under a 3D stress due to the MgO surrounding matrix;

ences the size of the domains. a 2D surface stress is present in the area close to the LCMO/MgO

In the case of composite film growtlx$0), two island interface.

types nucleate in the initial stage: MgO and LCMO. As we

a”eady mentioneo_l, the MgO islands grow. free Of.StreS%olumns within the LCMO film cause th@nmato-R3c

while the LCMO islands are L_mder a tensile stréb. phase transition in LgsCa 3aVINO3. This means that in our

10(b)]. .They are randomly d_|str|buted on the .substrate Sur'particular case we induce a phase transition from a low-

face [Fig. 10c)] and the ratio betweef‘ thg d|ﬁer¢nt types pressure (low-temperature Pnma (62) phase to a high-

only depends on the MgO concentration in the film. When ) —

the LCMO and MgO nuclei grow, they will touch and the Pressuréhigh-temperatureR3c (167 phase.

MgO islands will create a wall around the LCMO domains For the phase transition to take place, the free energy of

[Figs. 1@e) and (f)]. The MgO material with a cubic struc- Fh.e_ new state S.hOUId be lower th?” the fr_ee energy of.the
initial state. Strain energy plays a vital role in the nucleation

ture acts as a matrix for epitaxial LCMO growth inside the :
“MgO box.” As a result the 3D uniform stress becomes pre- of solid-state phase changes and the free energy of a system
can be simply described as

dominant making the strain variation in LCMO domains
negligible. This leads to a different mechanism of misfit ac-
commodation. E=Es+E,, ()

S

|
W ]

where E is the free energy of the systergg the surface
energy which is determined by the misfit stress at the inter-

The elastic stress analysis of an epilayer grown on a flaface, andE, the volume energy of the bulk. When a pure
substrate with slightly different lattice parameters was done.CMO film grows on a Mg substrate, the usual stress accom-
by Frank and van der Menfe and by Jesser and modation for thick film takes place. The islands have free
Kuhlmann-Wilsdorf® It was demonstrated that once the surfaces and the surface energy should be mininEig.
thickness of the epilayer exceeds a certain critical thicknes$1(a)]. The surface energy of the epilayer is given by &y.
it becomes energetically favorable to introduce stress anihiand increases linearly with thickneds) ( At a critical thick-
lating dislocations at the interface to relieve the elastic straimess, it becomes energetically favorable to introduce inter-
energy[see Eq.(2)]. However, in perovskite-type structures face dislocations, which absorb the stress. In the elastically
several other mechanisms of stress relieve in an epitaxidtrained state the interface is fully coherent. The presence of
film have been found in recent years: a breakdown of syminterfacial edge-type dislocations was indeed observed along
metry from orthorhombic to monoclini, the formation of  the interface(Fig. 5). The volume free energy in this case
prismatic antiphase domains or the formation of pseudoperiwill be minimal because no external pressure occurs in the
odical microtwins?® In the following we will suggest a dif- system and the film structure adapts the more energetically
ferent type of 3D stress accommodation in thick filmsstable form of the bulk material. This is exactly the case for
through a phase transition from a low to a higher grouplLay¢Ca 33dVINO; which has aPnmaspace group according
symmetry. to the phase diagrafhThere is no contribution of the stress

It is well known that phase transitions in crystals are usu-energy from the grain boundaries because the LCMO grains
ally accompanied by changes in symmetry. According to theshow a perfectly epitaxial intergrowth.
Landau theory, the space group of the low-temperature phase The (LCMO),_,:(MgO), composite growth can be con-
should be a subgroup of the space group of high-temperatusgdered as the growth of a different phda&€MO) within a
phase. Since pressure has a similar effect as temperature, wetrix of a parent phaséMgO) [Fig. 11(b)]. The interface
can apply these rules for our particular case. Our experimerbetween the two phases creates a local increase of surface
tal observations, particularly electron-energy-loss spectrosnergy €s) when the first few atoms assemble in the new
copy (EELS) and HREM data, suggest that only the internalstructure. The model of Fig. i) assumes that the LCMO
pressure resulting from the epitaxial intergrowth of the MgOgrains, differing from the MgO matrix in structure and in

VI. DISCUSSION
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composition, grow epitaxially on the MgO substrate and ardavorable lattice energies than th€a%a’. It therefore seems
surrounded by MgO matrix. The change of free energy, whemeasonable to accept that for a composite
a new phase of volum¥ and interface are& forms, causes (LCMO);_,:(MgO), film the La,g/Cay3MnO; structure

an increase in elastic strain energy per unit volume of th@ndergoes a structural phase transition frBnmato R3c

new phase\E, given as driven by the internal pressure.
A similar situation has been found in bulk
AE=VAE,+AE;. (4)  LayACa_,SK)oMnO; samples.” 3! Substituting Ca for Sr,

which has a significantly larger ionic radius, leads to an in-

It is clear that the surface energy will drastically increasecrease of the internal chemical pressure, which is also nega-
because of the increasing interface ardg) ( Moreover, the tive in sign. Atx~0.5 a structural phase transition from the
growth of the MgO layergFig. 10f)] pushes two neighbor-  ppmastructure to theR3c structure takes place. The latter
ing LCMO grains apart and creates an external stress withigg,ctyre is the normal structure for the pure kS, sMnOs.
the bulk of the LCMO grains. The amount of stress directly  pemarkable is that the magnetotransport behavior in the
depends on the thickness of the MgO layer which is deteryicinity of the structural phase transition in bulk
mined by the MgO composition in the film. This external LaogACay_,St,)0aMnO; (Refs. 17 and 3lis very similar to

stress leads to an increase of the volume free energy of thRat found in (LCMO) _, :(MgO), composite filmg?

LCMO material. , _ Namely, an increase of the Curie temperature was observed
The surface energy can be partially reduced by introduc- —

tion of dislocations into the interface raising the interfacial'nogeos‘t?: fﬁ;[]:i(:tg;e‘.c?:&”?ryegf thg Crg;)s geregrrm]g”n%r:w%etol:ous
free energy and also by the introduction of small-angle grair?hargctér Iheréas ?r']e C Ir'e Itgm ’erat re in bulk samples
boundaries. There is evidence of the latter in the ED patterng w ) url perature 1 P
of Fig. 2 where a streaking of the spots in the radial directiorthanges monotonically through tRemaR3c phase bound-
is observed. The volume free energy can be decreased byd4y. The reason may be that the films in fdemaphase (0
transition from a less stable to a more stable phase. <x=0.3) suffer a mechanical stress, which tends to decrease
Afinal question is: towards which structure will tfmma T¢. In the R3c phase the stress is relieved and the Curie
LCMO transform? In other words, is it reasonable to suggestemperature increases up to the values comparable with the
JEN— gg . . . . - .
the unusuaR3c structure, which does not exist for the bulk individual LCMO film, which shows no mechanical stress.
La,_,CaMnO, material? This is also consistent with a known increase of Theval-
The ideal perovskite structu@MO; belongs to the cubic  Ues for the less distorted LSMO phase. The stress factor is

space group®m3m. However, most perovskite based mate-20Sent for bulk samples of bCa; -y St)o MNO;, which

rials exhibit deviations from the ideal cubic symmetry. TheShow a monotonous increase B¢ through thePnmaR3c

most common deviations are induced by a tilting of i@,  Structural phase transitidri:**

octahedra. Moreover, the colossal magnetoresistance in composite
Based on Glazer® and recently Woodward® analysis ~ films was found to be larges€MR=AR/R(5 T)~10°%,

of tilt distortions in perovskites, the®nma structure of for the film with x=0.33. This is very close to thEnma

LCMO is described aa*a~a ™. The rotational displacement R3c phase boundary, which was found to coincide with the

in the R3c structure on the other hand is described agPercolation threshold in conductivity. CMR in composite

rhombohedral |R§C) and the orthorhombi¢Pnma struc- metal transition at which the infiniFe ;ize of the metallic clus-
tures have the same topology as the primitive perovskitéer can be achieved in a magnetic field®#5 T.

structure. They are different only by the sense and the mag-
nitude of the tilt angles of the Mn{octahedra and possibly
by the degree of deformatidi.Both features may be influ-
enced by an external stress field which is the case for the (Layg/Ca3MnO3);_,:(MgO), composite films on a
LCMO:MgO structure[Fig. 11(b)]. The LCMO domain is (100 MgO substrate have a microstructure and magne-
under the strong homogeneous 3D stress because of the stotransport properties depending on the MgO concentration.
rounding epitaxial MgO matrikFig. 11(b)] while in the pure  The films exhibit a remarkable structure consisting of do-
LCMO film [Fig. 11(@] only a small 2D misfit stress is mains of LCMO material surrounded by an epitaxially inter-
present. Actually, the rhombohedrdR3c) structure can be grown MgO thin layer. This MgO layer creates a wall around
considered as a pseudocubic structure which will perfectly fithe LCMO domains and as a result a uniform 3D stress is
the cubic MgO surrounding matrix. There is another candibuilt up. A different type of 3D stress accommodation
date which would do the same: a cubic form with descriptionthrough a phase transition from a low to a high group sym-
a%a%a® where the octahedra do not tilt at all. However, theremetry has been proposed. Our experimental observations,
are several arguments against this choice. The first one is tha@hd in particular EELS and HREM data, suggest that only
the octahedra have to be tilted in the LCMO structure beihe internal pressure resulting from the epitaxial intergrowth
cause of the substitution of La by a divalent catidit’®  of the MgO columns within the LCMO film cause tiema

Also the lattice energy calculations made by Woodward to-R3c phase transition in LgsCay 3MnOs;.

show that thea*a~"a~ anda~aa" tilt systems have more At x~0.3 the percolation threshold in conductivity is

VII. CONCLUSIONS
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reached,; it is not only accompanied by a drastic increase dhreshold. The magnetotransport data for composite films are
the electrical resistance for films witt>0.3 but also by the summarized in a phase diagram as shown in Fig. 9.
PnmaR3c structural phase transition taking place in the
LCMO. We therefore conclude that the structural phase tran-
sition is coupled to the percolation threshold. The reason
seems to be a drastic increase of the 3D stress contribution This work was performed within the framework of [UAP
when all the LCMO domains are surrounded by epitaxiallyV-1 of the Belgian government. The authors are indebted to
grown MgO layers. This happens exactly at the percolatiorDr. A. Nikolaev for a helpful discussion.
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