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Structure and microstructure of La,_,Ca,MnO 5_ thin films prepared by pulsed laser deposition

O. I. Lebedev
EMAT, University of Antwerp (RUCA), Groenenborgerlaan 171, B-2020 Antwerp, Belgium
and Max-Planck-Institut fuFestkaperforschung, D-70506 Stuttgart, Germany

G. Van Tendelob and S. Amelinckx
EMAT, University of Antwerp (RUCA), Groenenborgerlaan 171, B-2020 Antwerp, Belgium

B. Leibold and H.-U. Habermeier
Max-Planck-Institut fu Festkaperforschung, D-70506 Stuttgart, Germany
(Received 29 December 1997

La; _,CaMnO;_s (LCMO) thin films are grown by pulsed laser deposition ofl80) SrTiO; substrate at
temperatures between 530 and 890 °C. The magnetotransport properties show a high negative magnetoresis-
tance and a shift of the maximum of tfR{T) curve as a function of temperature. The Curie temperature
changes with deposition temperature and film quality in the range of 100—220 K. The film quality is charac-
terized by x-ray diffraction and transmission electron microsc@@yM); film and target compositions were
verified by atomic emission spectroscopy. The local structure of the film depends on the growth conditions and
substrate temperature. TEM reveals a slight distortion of the film possibly leading to a breakdown of the
symmetry from orthorhombic to monoclinic. At the highest growth temperatures, a well-defined interface is
observed within the LCMO film, parallel to the substrate surface; this interface divides the film into two
lamellae with a different microstructure. The one close to the substrate is perfectly coherent with the substrate,
suggesting that it is strained as a result of the lattice parameter mismatch; the upper lamella shows a typical
domain structure with unusual translation interfaces characterized by a displacement vector ofﬁlﬁé(m},e
and %[101]0 when referred to the orthorhombic lattice.
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I. INTRODUCTION a doping-dependent antiferromagnéiie< 0.2 andx>0.5] or
ferromagnetic[ 0.2<x<0.5] ordering along the layer nor-

The magnetic and electronic properties of alkaline eartimal. The perovskitelike structure is very prone to subtle
substituted perovskite-type manganese oxides of the generstiructural transformations as well as to lattice distortions.
formula A;_,B,MnO;_; with A=La, Pr, Nd, andB=Ca, These distortions depend on the nature of the cations and on
Sr, Ba have recently attracted considerable intérf@ftrom  the oxygen stoichiometry. Manganese perovskites potentially
the fundamental point of view these compounds show a wideffer large possibilities due to the ability of Mn to take the
variety of interesting physical phenomena due to the stronfwo oxidation states Mi* and Mri*%; the latter ion having
tendency to undergo structural instabilities inherent to althe smaller ionic radius. A linear decrease of the lattice pa-
transition metal perovskite oxides. These instabilities are rerameter with increasing Ca contents and a change of the
lated to either ferroelectricity or antiferroelectricity and to structure from tetragonal to cubic with increasing Ca con-
various kinds of magnetic ordering. The electronic transportents have been reportéd® A monoclinic distortion has also
properties are especially of interest; in particular the magbeen reported by several authd?s! All these distorted
netic field driven shift of the metal-insulator transition lead- structures are very similar; in one case the presence of two
ing to a colossal negative magnetoresistang@MVR)  different distortions has been assuméd drastic decrease
[AR/R(H)>10"%] (Ref. 6 is of fundamental as well as of of theb, and an increase of th&, andc, parameters, due to
potential technological importance. Jahn-Teller distortion of the Mn{octahedra, was found in

At present it is well established that the structure of thethe orthorhombic phasé:** The importance of the Jahn-
CMR perovskite strongly influences the physical propertiesTeller lattice distortion was demonstrated by a giant oxygen
However, the complicated structure Af_,B,MnO;_in-  isotope shift in La_,CaMnO;_;.*
volves many parameters and it is not so clear how these Since the CMR effect has been observed in thin films of
parameters influence the CMR properties. In the literature ita; ,CaMnOs_s(Ref. 16 the main interest was focused on
is, for instance, well documented that the structural, magthe compound witkx~0.3. It was proposed that such a large
netic, and magnetotransport properties depend on the conshange in magnetoresistivity is due to the defect structure in
position at a microscopic level, on the growth conditions, onepitaxially grown films. In thin films deviations from the
the oxidation state, on the epitaxy in the case of thin layersgubic structure can become more pronounced due to the in-
and on the overall microstructu?e. fluence of the substrate and as a result of the larger possibili-

The CMR oxides have &01) layerlike perovskite-type ties for atomic rearrangements as a result of diffusion during
structure with ferromagnetic ordering in the MnO layers andthe film deposition. Not only possible strain between the film
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and the substrate induced by lattice mismatch may cause TABLE I. Structure and magnetotransport data.
possible distortions but also the quality of the substrate sur
face is important in this respect. The structure of thin filmTs  Thickness a;  Tcuie (DR/RH)nax,  AES-ICP
La;_,CaMnO;_s with x=0.3—0.35 is most commonly de- °C)  (nm) (hnm)  (K) % La/Ca/Mn
scribed as a cubic perovskitetype structure or as a tetrago-

lly distorted kite structuté:*® 0.3874
hafly distorted perovskite Structure. 530 250 03880 100 730 0.71/0.34/1.0
The microstructural changes are usually too small to lea 03878
to observable splitting of x-ray reflections. In this respect .
transmission ele?:trongmicroschEM) and, in particulalr3 720 260 0.3868 163 2190 0.70/0.34/1.0
' ’ 890 250 0.3836 220 1282 0.69/0.35/1

high-resolution electron microscopfHREM) may be the
more sensitive probes.

emission spectroscopy using an inductively coupled plasma
(AES-ICP as a light source. This method allows a high pre-
A. Preparation of films cision for the determination of the cation ratios. The compo-

La,_,CaMnO,_, (LCMO) thin films were deposited on sition of the film was found to correspond within the experi-

a SrTiGQ; [strontium titanite(STO)] single crystal by pulsed mental error to that of the target i.&=0.3.
laser depositioPLD) using a ceramic disk-shaped target.

An excimer laser filled with a KrF gas mixture emitting UV B. Phase analysis
radiation at a wavelength=248 nm was the energy source.

The pulse duration was 28 ns. Similar setups were used pre- :
viousply to prepare Y-Ba-Cu-O thin filmi< Thg ceramic tar-p %Im revealed the presence of a single-phase textured LCMO
' film in parallel epitaxial relationship with the substrate, for a

get contained cation atoms in the nominal ratio La-Ca:Mn

=2:1:3; it wasprepared by the standard solid-state reactioﬁ"’idg3 range of substrate temperatures. However, the films_de-
prep y posited at 530 °C or lower produced a diffractogram exhib-

using oxidic precursors. Films with a thickness of 250 nmt. i i K hich points to th f
were grown with the substrate heated to temperatures in {HUNg two extra peaks, which points to the presence of a sec-

range from 530 to 890 °C under 50 Pa of flowing oxygen ond phase with lattice parameters close to those of the main

Immediately after deposition the films were subjected to alp_hase. The diffractogram can roughly be indexed on the ba-

in situ annealing step at 750 °C dugr. h atambient oxygen SiS Of @ cubic lattice with a lattice paramegg=0.38 nm,
H@uch is compatible with a perovskite-type structure. How-

pver, taking into account the crystallographic data for bulk

II. EXPERIMENTAL METHODS

X-ray diffraction of the composite sample substrate and

films grown at 530, 720, and 890 °C were examined in detai

by a variety of methods. Also, a few very thin films were material, _vvith compositiorx=0.3, the_ x-ray diffr_action pat-
produced in order to be able to examine the initial growthtem was indexed on an orthorhombic lattice with parameters

stages. a~c=0.5451 nm (a,v2) andb=0.7678 nm ¢(2a,) and
with space groug®’nmaleading to diffraction conditions:
okl k+1=2n; hko h=2n; oko k=2n; hoo h=2n;
ool I=2n.

Specimens for transmission electron microscope studies
were prepared by ion milling. Two types of specimens were

B. Specimen preparation

prepared: plan-view and cross-section specimens. C. Colossal magnetoresistance measurement
Plan-view specimens were made parallel to(tt@0) STO All considered films exhibit significant magnetotransport

plane by thinning from the substrate side. They were firsproperties as summarized in Table |. The figure of merit

grinded mechanically to a thickness of about A, fol-  (AR/Ry)nm. S€€Ms to improve with increasing temperature

lowed by dimpling in a Gatan dimpler. The final ion-beam of the substrate during deposition. In particular, the Curie
milling was done by Af bombardment at 4 KeV in a Balz- temperature increases with increasing deposition temperature

ers REP 010 equipment. The guns were oriented under @nd correspondingly the structure of the films becomes more
grazing incidence angle of about 8° with respect to the surperfect.

face, each gun carrying a current of 1 mA. The specimen was
further oscillated in azimuth over an angle of 40° during the
ion-beam milling. D. Electron microscopy

Cross-section specimens were prepared parallel to the pectron diffraction patterns and high-resolution images
(010 or (00Y) plane of STO, using similar thinning methods. \yere obtained using a Jeol 4000FX and a Jeol 4000EX mi-
Plan view specimens free of the substrate could be obtainegroscope. both instruments were operated at 400 kV. The
cross-section specimens always contain areas both of thesgution of the microscopes is of the order of 0.2 and 0.16

LCMO phase and of the STO substrate. nm, respectively. The image simulations of proposed struc-
ture models were carried out with the EMS program and
IIl. EXPERIMENTAL METHODS AND RESULTS Mac Tempas software. For the basic structure simulation dif-

ferent specimen thicknesses in the range from 1.5 to 9.3 nm
and defocus values in the range fron20 to —70 nm were

The chemical compositions of the deposited film and ofassumed. The computed images were compared with the ob-
the target were determined, after dissolution, by atomicserved HREM images. For the simulation of the domain

A. Chemical composition



PRB 58 STRUCTURE AND MICROSTRUCTURE ©. ... 8067

FIG. 2. Low magnification plan-view image of the prismatic
antiphase boundaries a film deposited at 890 °C substrate tempera-
ture.

made with the beam parallel to the substrate normal is shown
in Fig. 4(@). The indexing refers to an orthorhombic unit cell
FIG. 1. Low magnification multibeam bright field diffraction (Space groug’nma. The pattern reflects the pseudofourfold
contrast image of the columnar texture (bf, CaMnO; film de- ~ Symmetry along this zone. A diffraction pattern made of a
posited at different substrate temperature@) 530 °C,(b) 720 °C,  cross section of the same specimen with the incident beam
(c) 890 °C. The substrate is STO limited by a cube plane. Noteparallel to a cube direction of the substrate, parallel to the
that in (c) a perfectly epitaxial transition layer has been formed. foil surface is shown in Fig. ). Such patterns are the su-
erposition of the patterns produced by the substrate and by
e film.
In Fig. 5 the higher-order spots in the rojwko],

Multibeam bright field diffraction contrast images allow =[hodl, are wegk_ly split The spots of the doublets _that are
to obtain an overview of the microstructure of the film. The Cl0Sest to the origin of reciprocal space must be attributed to
cross section images of Fig. 1 illustrate the dependence dft€ film. The splitting thus shows that the lattice parameter
the microstructure on the substrate temperaluye along the substrate normal is slightly larger for the film than

At low substrate temperaturd §~ 530 °C) the film has a for the substrate. The spots alon_g the rovs{s'parallel to'the
grainy microstructure with a large number of defects visual-Substrate are are very weakly split, the splitting only being
ized as dark areas. The average grain size is about 40—10¢sible in the high-order spots. This suggest a rather perfect
nm. The contact plane between film and substrate is roughmnatch of the film and the substrate and the strained grown
At higher temperaturé720 °Q the grain size is larger and film (Fig. 6). Annealing of the sandwich produced widely
the film acquires a domain structure consisting of columnsseparated interfacial dislocations, confirming the small mis-
elongated along the substrate normal, and separated by intdit:
faces. The contact surface between film and interface be- In a cubic crystal the pattern of the most intense spots
comes smoother, and dark areas, revealing faults and straingould be perfectly square in both sections shown in Fig.
are no longer visible.

At the highest temperature T£€~890°C) the film- a
substrate interface becomes flat and sharp and a perfectl .
monocrystalline layer with a thickness of about 100 nm,
separating the substrate from the columnar structure, is
formed. In plan view specimens the columns are visible as
small domains surrounded by bright lines, which will be
shown below to be the images of anti-phase boundé#Figs
2).

boundaries the periodic continuation method was applied t
a crystal block containing a model of the antiphase bound-
ary.

The very thin films grown under the same conditions as!
previously described exhibit an island structgiFéy. J): the
coverage of the substrate being only partial.

IV. INTERPRETATION
A. Electron diffraction patterns FIG. 3. Cross-section low magnificatiofe) overview and
Diffraction patterns of the LCMO layer can be obtained HREM image of islands in a very thin discontinuadhs, CaMnO;
from plan-view specimens grown at 890 °C; such a patternhin film consisting of separate islands.
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FIG. 6. Cross-section view alongl01], of perfect film of
LCMO on a STO substrate. Note the dislocation free lattice match
along the interface. The LCMO layer exhibits period doubling
along thea,, direction.

90°. It is thus perhaps more appropriate to index this DP with
reference to a monoclinic lattice. This has been done in Fig.
5.

The monoclinic deformation of the pattern of Fig. 4 is
small enough to allow the superposition of the patterns of
Figs. 4a) and 4b) without causing a visible splitting of the
main spots. This is consistent with the appearance of patterns
such as Figs. (8 and 7b), which refers to a selected area
covering two orientation variants of which the patterns of
prominent spots differ by 45°. It shows that the specimen is
fragmented in domains such thgt00], of variant 1 is

parallel to[011], , of variant 2.

FIG. 4. Diffraction patterns ofLa, CaMnO; along two relevant The electron diffraction patterns of a single doméfing.
zones: (a) [100],=[010],; (b) [011],=[101],. Inthe diffrac- 4) can be indexed with reference to an orthorhombic lattice
tion pattern of(b) film as well as substrate contribute. in which the direction normal to the substrate film interface

is called[010], with b,~7.6 A and in which the direction
4(b). In actual fact it is found that the lattice is not cubic but gﬁg?]?ov?rt}?s(’ii?}te?f;cé. ﬁgdt[rgglkpgsgii%atiiﬁ ﬁ\]s r;tﬁig is
to a good approximation orthorhombic Singg0,>01010-  tetragonal. In actual fact our x-ray diffraction data, which, in
The angle betweegoyo, andgios, is within experimental  principle, allow a higher precision as to the measurement of
error 90°, but high-resolution images to be discussed belowne magnitude of lattice parameters, do not lead to an observ-
show a monoclinic anglg locally somewhat differing from  aple difference betweea, andc, for thin films (See Table

I). Moreover, we shall present further evidence that the lat-
tice is in fact better described as slightly monoclitpseudo-
orthorhombig.

With reference to the orthorhombic description the
following diffraction conditions are found to be satisfied:
okl, k+1=2n; hog h=2n; hko h=2n; ool, | =2n.

The reflectionsoko are present for all integer values kof
This is not consistent with the diffraction conditions of the
generally assumednmaspacegroup since this would, more-
over, requireoko, k=2n. Moreover, the HREM images of
the film along the[010], direction (Fig. 6) shows a clear
doubling periodicity in ong MnO], layer out of two.

On tilting the specimen about an axis parallel to tb&0]
zone the reflections witk=2n+1 in the pattern of Fig. 4
become very weak; they disappear almost completely if no
intense spots are present capable of causing by double dif-

FIG. 5. Diffraction pattern of a selected area of a cross-sectiorffaction the appearance of intensity ket 2n+1 positions.
specimen containing film and substrate areas. The pattern is thEhis shows that the diffraction conditions fBnmaare only
superposition of two patterns. The high-ordevo,, spots are vis- Wweakly “frustrated” suggesting that the real symmetry is
ibly split due to the small difference in the lattice parameters oflower. The actual space group is thus most probably a maxi-
LCMO and STO. mal subgroup ofPnma which has to satisfy the above-
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Pnma i3 - La(Ca) P2,/c

FIG. 8. Comparison of proposed unit cell ¢fa, CdMnO;
based on two space groupsmaandP2, /c. The MnG, layers are
marked by arrows.

typic compounds such as L& 550 MNO; and

P15 75515 29MINnO3. We will show that also in the present case
the diffraction patterns and the observed images suggest this
space group and are difficult to account for in detail by as-
suming the space group to Bama

Structure models based #mmaand onP2,/c are com-
pared in Fig. 8. IlPnmaall MnOg octahedra remain essen-
tially undeformed and the tilts are coupled by vertex sharing.
In P2,/c on the other hand layers of Mp@ctahedra par-
allel to (010), are alternatingly undeformed, tilted by vertex
sharing, and deformed by shearing. In this way (B&0
family of glide mirror planes, which related these successive
layers inPnma is eliminated.

Unfortunately it is not easy to obtain a single domain
diffraction pattern; most diffraction patterns are in fact the
superposition of two or three differently oriented patterns.
This is, for instance, the case in Fig. 7. It is clear ttimtis
obtained by the superposition of two patterns similafdo
but differing by 45° in orientation. In Fig.(@) even a third
variant differing 90° in orientation with that ifc) is super-
posed. These patterns were obtained from the three different
samples shown in Fig. 1. It turns out that the number of
orientation variants within the same size selected area is larg-
est for the lowest substrate temperature; possibly because at
the lower temperature the crystal structure is closer to cubic,
but more important because the atom mobility is smaller.

Similar diffraction patterns were found by the authors of
Ref. 12 where it was shown that bulk material exhibits a
similar domain fragmentation, the density of domain bound-
aries being determined by the composition and the annealing
temperature.

B. High-resolution microscopy

FIG. 7. Diffraction patterns along the saiff01], type zone, of 1. Cross-section specimens
three different specimens obtained at different temperatures of the
substrate: (@) 530 °C three different domain orientations are
present;(b) 720 °C two different domain orientations are present;
(c) 890 °C single variant within the selected area.

Cross-section samples show the presence of a columnar
type of growth(see Fig. 1 for different substrate tempera-
tures. The HREM images mostly exhibit two different easily
recognizable types of columns as judged by their difference
mentioned diffraction conditions and, moreover, has to allowin high-resolution image characteristi¢Big. 9. Columns
for the appearance of nonvanishing reflections vikita2n  exhibiting prominently a 0.38-nm-square bright dot pattern
+1. alternate with columns showing prominently a finer 0.27-
In Ref. 12 the spacegroup2,/c was proposed for iso- nm-square bright dot pattern that results from centering of
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TABLE II. Positional parameters for l,aCa, ;MnO;_ ;5 (space

group: Pnma.

Atom xla y/b Zlc Occup.
La 0.5436 0.25 0.0064 0.7
Ca 0.5436 0.25 0.0064 0.3
Mn 0 0 0 1
0O(1) —0.0108 0.25 —0.0734 1
0(2) 0.3015 0.0385 0.2258 1

In those regions where the image consists of the 0.38-nm-
square dot pattern the period along theaxis is in many
areas visibly doubled, i.e., equal to 0.77 nm. Weaker indica-

. I . . tions of period doubling are also sometimes discernable in
FIG. 9. High-resolution image of a cross-section specimen

viewed along &[101]-type zone. Note the difference in image the columns exhibiting the 2.7 A square grid. The period

characteristics of neighboring columns, that are separated by plangloublmg suggests that- successive Iayer§ of Mnﬂlahedra
interfaces. alonghb, (a,,) have a different geometry in projection along

two viewing directiond 101], and[101], .

the previous one. In a cross-section pattern the interfaces In the Pnma space-group-based structure such projec-
between two such columns are rather planar and imagetéons' of successive layers are identical. However, this is no
edge on. The image characteristics, however, sensitively dégngei_lihe dce}se In chE'Zlf/ c-lktJasedt_ strulcture _beciauseTﬁf the

pend on the specimen thickness and at the thinnest edges??ea” e deformation of alternating laye(Sig. 10. The

the specimen the 0.27-nm pattern is observed in all column actional atomic coordinates are summarized in Tables Il

It seems at first reasonable to attribute the domain struc@nd lll for both space groups. The monoclinic distortion is

ture to at least the two orientation variants of the structures'mUIatedkb)é ts)hghtly varylrllgf t:; (:_08r2|6nle§ce 0]; trleO(;(Z)
with a commonb, axis. In the orthorhombic description atom marked by an asterisk froxia=0. tox/a=0.5.

these variants would result from an interchangeagfand The otlbscérve? pt(;rio? dtotL;]bling anmQ;O]OE[loo]m Is
c,, the contact plane being a (1Q&fype plane. apparently due to the fact that successive Mi&yers are

Such a domain structure is justified by symmetry consid-imaged as rows of dots with a different “grayness.” This

erations; taking into account, on the one hand, the pseud&-an be deduced from simulated imageig. 11). It should be

fourfold symmetry about the normaél, of the substrate in- nqted that whereas manganese colum_ns are i_maged as the
terface and the epitaxial relationship of the first LCMO brightest dots and.a, Cd as gray dots, in plan-view speci-

layers and, on the other hand, the twofold rotation symmet mens such as Fig. 12 the reverse is true under the imaging

about the same axis of the pseudo-orthorhombic LCMO filmconditions used on the cross-section specimen such as Fig. 6

structure. Two structural variants related by a 90° rotationand 13. 'I_'hlstﬁonclgs_lon_w?lf regchleci, (|jn_the usual (;/v_ay tEy
about theb,, axis are thus to be expected. superposing the origins in the simulated images and in the
projected model.

When using a model based on tiRmma space group
a|O0= Ox O« O'__z: T02020=0=0=0 the simulated pattern of the cross-section images shows
;'_‘,';;, g‘g._La_.g’Zg gg o Bl the manganese layers in a darker contrast, but it fails to

) 0000 «» 3QIVIDLIP LY reveal a period doubling alon§010],. This feature is
0r 0209 ?: ?:? ?: ?;? correctly reproduced when a model is used based on a

©@ 0O ©O 0 =0 =0 = space group of .Iower symmetry, _such. B2, /c, which
30 80 80 60 80 o - éo éo gn go go g leads to successive MnQayers having different projected
0 Qo Q0 Qx Q> QO 0 Do O O O : : f
TP T S etotesmIOr structures. In Fig. 13 a simulated image, calculated for a
0 =0 »Q =0 0 ~O & 0 =0 »Q =0 0 =0
3 TABLE lll. Positional parameters for lggCay MnO;_ 5 (sSpace
[0 P2,/ Pnma [101 §3y MNO;_5
monodtinic | o} © ormomomb’.c[ ] group P2, /c), a,=b,=0.7672 nm,b,,= C,=0.5447 nm,C,,=a,
o © =0.5453 nm,b=90.0°-90.3°.
@ 09 ©
JEN Atom x/a y/b zlc Occup.
o > 8 o @ o
) La 0.25 0.0064 0.5436 0.7
[1oo]m o GO 600 00 [010], Ca 0.25 0.0064 0.5436 0.3
Mn 0 0 0 1
FIG. 10. Comparison of proposed structures(lod, CaMnO; Mn 0.5 0.5 0 1
based on two different space group<a) [011],, zone view of the ~ O(1) 0.25 —0.0734 —0.0108 1
monoclinic structure P2, /c), (b) [101], zone view of the ortho- O(2) 0.0385 0.2258 0.3015 1
rhombic structurgPnma, (c) common view of the two structures O(2)’ 0.461% 0.2258 0.3015 1

along the zonefg100],,=[010], .
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a i [101] Pnma FIG. 13. HREM image of the “doubling” periodicity area of
the film. The calculated image for defocus valvé= —20 nm and
thicknesst=1.5 nm is given as an inset.

metry. Nevertheless they are imaged as alternating rows of
two different brightnesses, revealing in this way the true
crystallographic period. In this simple case it could be shown
that beam tilt produced this feature. The possibility that this
would also apply to the present case could thus not be ruled
out. However, image simulations of the orthorhomBiima
based structure under inclined beam incidence have failed to
reproduce the period doubling. The same conclusion was
reached in earlier work on isotypic mangandtest was
therefore concluded that, presumably, a structural difference
between successive manganate layers, such as that occurring
in the P2, /c-based structure, could be responsible.

The small monoclinic deformation also leads to an ob-

FIG. 11. Matrix of simulated images of the monoclinic structure Servable geometrical effect in the high-resolution images of
of LCMO along the[011],, zone. The specimen thickness was Cross-section specimens. The lattice of bright dots in Fig. 13
varied from 1.5 to 9.3 nm and the defocus is varied over the rang@pparently looks square, but in actual fact the meshes are
—20 to —70 nm in steps of-10 nm. slightly deformed rectangles. The “square” meshes are

slightly flattened in th¢ 010],=[ 100],, direction; moreover,
monoclinic cell P2, /c, is superposed on the experimental (N€ total lengths of the same large number of dot spacings
measured along two mutually perpendicular diagonals of the

image. " " ; ;
“Period doubling,” in the sense mentioned here, has been Sauare pattern are slightly different. These measurements

observed previously in a number of polytypic structures suctyu99est that in relatively small crystal blocks20 atom
as the ZnS-2Hwurtzite).?° The two ZnS layers within a SPacingsthe structure is monoclinic.

repeat period are structurally identical and related by sym- DU to the domain fragmentation, as proved by the occur-
rence of composite diffraction patterns such as Fig. 5, the

hypothetical monoclinic deformation is presumably a local
feature and different in different domains, leading to a struc-
ture that is apparently orthorhombic in x-ray diffraction due
0:38:AiM: to the averaging over domains.

b [01i] P2,/c

.i 2. Plan-view specimens

2 Plan-view images of specimens prepared with the sub-
strate temperature at 890 °C exhibit a remarkably well-
defined island patter(Figs. 3 and 12 The straight inter-
faces, marked by bright lines or bright bands when seen edge
on, are clearly parallel to (10d)and (101), planes; except,
0o 00 they have small facets parallel to (018} (100), planes.
C The interfaces have a certain width, marked by dots usually
with a higher brightness than the bright dots within the do-
FIG. 12. Plan-view HREM image a|or[@]_0:|0 of a free LCMO mains and matriX as We” The denSity Of bl’lght dOtS along
film. Note the presence of polygonal islands within which the dotthe boundary is, moreover, twice as large as that within or
pattern is in an antiphase relationship with respect to that in th@utside the island, the overall visual effect is a wide bright
surrounding matrix. line. The geometry of the dot pattern within the islands is

’ s

o B0
=
X
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Mn el o],
A [101],
Mno —_—00 0@ 0@ 2@ @ 54;
'Eg. eoac%neg@);}g. 34
o@o
— L@ ©@® g

La(Ca) {526
[011],, f252

FIG. 14. Starting column limited by antiphase boundaigsper [io1], j2e >

part of the image Period doubling along,, is visible in the lower
part of the imagematrix). The lattice of dots has a unit mesh that
is a square slightly flattened along tlag, direction and is also
slightly sheared in agreement with the monoclinic symmetry. A
calculated image for a starting column is given as an inset.

often the same as that outside, but sometimes it is different, FIG. 15. Schematic spatial representation of antiphase domains
mainly in the intensity distribution not in the geometry of the in LCMO film.

dot pattern. However, it is clear that across the interfaces the

brightest dot rows with a spacing of 0.54 nm in matrix and

island are in all cases in antiphase relationship along both the

[101], and the[101], directions, showing that the displace- As already mentioned above, symmetry considerations sug-
ment vector of the interface is of the form M1},  gest that differently oriented domains can be formed along
=1/20100],. either the same or along different zone axes that are related
Itis logical to assume that the closed polygonal antiphaséy symmetry elements of the substrate surface. In particular,
boundaries in plan-view specimens, such as Fig. 12, are inolumnar domains, differing by a 90° rotation about the
fact cross sections of the columnar grains revealed in crossommon[010], zone are to be expected on these grounds.
section specimens. This interpretation is suggested by th&he difference in the HREM images of neighboring columns
good correlation between the average width of the column¥ould then be due to the difference in orientation; one do-
in cross section and the average diameter of such polygons Ihain would, for instance, be imaged alond ¥01], zone,
plan view. Moreover, the separation lines between columnsyhereas the adjacent one would be imaged along 1b&],
imaged in Fig. 9, can be interpreted as edge on views of theone. However, taking into account the quasitetragonal char-
planes in which such antiphase boundaries are situatse acter of the structure, the images alqri1], and[101],
Fig. 14. would not be drastically different under the same diffraction
In cross-section specimens most often no phase shift igonditions and at the same thickness. Since in actual fact the
the direction of the substrate norntaj of the brightest dots images can be drastically different at all except at the small-
row, parallel to the substrate plane, is visible. In a few casegst thickness, another more trivial explanation may be more
such a shift is also observed in the edge region. A plausiblgrobable. According to this model the difference in image
model should account for these two possibilities as well agharacteristics between neighboring domains, in plan-view
for the invariable presence of an antiphase shift in plan-viewas well as in cross-section views, would be attributed to
specimens. A model satisfying these requirements is baseaslerlap of translation-related or perhaps even of rotation-
on the presence of a prismatically shaped antiphase boundafylated crystal blocks. The three-dimensional view of the
with a displacement vector of the type [IP0O], column structure represented in Fig. 15 makes it clear that
=1/24001],,. Prismatic columns that are completely embed-overlap of crystal blocks is likely to occur in plan-view as
ded in the matrix do not give rise to a shift. Prismatic regionswell as in cross-section views.
that, along the viewing direction, are not covered by matrix The disappearance of a difference in image along the thin
would exhibit such a shift. Moreover, the boundary modeledge of cross section specimens can be explained by the fact
should be consistent with a realistic growth model leading tthat in the thinnest areas overlap is unlikely to occur. Since
the observed features. This will be discussed in detail in ahe image in the overlap area depends not only on the as-
forthcoming paper. sumed diffraction conditions but also on the level at which
the antiphase boundary occuwghich is not known and on
its displacement vector, the number of parameters to be var-
ied in order to obtain eventually correct correspondence be-
tween observed and simulated images becomes almost pro-
The HREM images of the columnar structure shown inhibitive. However, a clear indication that overlap is likely to
Fig. 9, can be interpreted in terms of two different models.be responsible for the observed two types of images was

V. DISCUSSION
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FIG. 16. Simulated images exhibiting the difference in dot pat- o
tern between the overlap pdfeft) and the nonoverlap paftight). 5
nevertheless obtained by simulating imadéfy. 16 The FIG. 17. Two-dimensional model used to simulate the image of

model of the crystal block is shown in Fig. 17. Overlap oc-a block of monoclinic LCMO containing an angular antiphase
curs along the two different directiort$) and(2) imaged in  boundary. Along the viewing direction indicated by pairs of arrows,
cross-section specimens, whereas the overlap in dire@)on two blocks of crystal structure that are in an antiphase relationship
is observed in plan-view specimens. The total thickness ofverlap.
the block along the viewing directions was varied from 2.7 to
8.7 nm in steps of 10 nm whereas the defocus was varie
from —14 to —84 nm in steps of 10 nm. The antiphase
boundary was assumed to be situated in the central plane a
have a displacement vector of the typel 10], or 3[011],.
The overlap part is represented in the left half of the frame
and the matrix in the right part.

The simulated image obtainedtat5—7 nm with a defo- VI. CONCLUSIONS
cus Af~20-30 nm exhibits the main features of the ob-

served images. This is in fact a rather critical test since undet:;1at are not allowed by the spacegrd@pma as well as the

the same diffraction conditions and at the same thickness gbservation of the corresponding period doubling along the

Erg;c%ftﬁ?gé)ageegelrg?Jg?rso(f)fir;\/;ge?ferem structures has 1oy psirate normal in high-resolution images, suggest that the

The question should be raised why successive Mnospace group of the basic structure(bé, CaMnO; might be

lavers would have sliahtly different aeometric confi ura_monoclinic. Further investigations are desirable to confirm
ay . ghtly di ge 9 this. Moreover, the situation might be different in thin film
tions. A possible answer lies in the ability of Mn to adopt and in bulk material

two different ionization states Mn and M. It is gener- '

- . The space group2,/c, which is a maximal subgroup of
ally accepted that the substitution of Ca for La in LaMnO X : ;
leads to the transformation of part of the Mninto Mn®*. the Pnmaspace group, is consistent with a structure model

In the material studied approximatey of the Mn would that leads to computed images and diffraction patterns that

: . are in agreement with the observations. The monoclinic
be in the 4 state and in the 3+ state. The oxygen coor- : . . L
dination octahedra associated with these differently chargegmdel 's compared with the orthorhombic model in Fig. 10.

ions may have different shapes; those associated with Mn The epitaxial films grown on STO exhibit a remarkable
being subjected to a Jahn-Teller deformation, WhiChmlcrotexture consisting of polyhedral columns parallel to the

N substrate normal separated by planar antiphase boundaries.
produces a deformed Mnctahedron. The elastic interac- b y b P

, . In plan-view specimens these columns are revealed as closed
tion between deformed octahedra may lead to a cooperatl\g

Jahn-Teller effect as a consequence of which layers of d olygonal domains. Very thin epitaxial films exhibit a micro-

; d octahed ble al f the “cub exture consisting of separated islands. The microtexture
ormed octanedra may assembl€ along one ot the "cube may well play an important role in determining the magni-

Fr:ante? (I)ffthe basic perfovlskTe strpgturg In ?rdetr t9 m'g'm'zgxude of the colossal magnetoresistance effect observed in ep-
e total free energy of elastic origin. Due to strain induced ...\ fims of manganites,

by the substrate one cubic plane may be favored over
another, leading to the preferential “doubling” along the
substrate normal.

According to the model of Fig. 15 the boundary is to
be considered as a very thin lamella of rocksalt structure. O.I.L. is grateful to the Max-Planck Societzermany
Compounds with the rocksalt structure, especially thoseand DPWB(Belgium) for financial support during his stay.
of transition elements, often contain a large concentratiolhe authors are indebted to Dr. F. Phillipp and Dr. A. M.
of vacancies. It is reasonable to assume that this is alsAbakumov for a helpful discussion. This work was per-
the case in the MnO layers forming the boundary structureformed within the framework of IUAP 4/10.

ﬁihis would explain why they always show up as strong
p&ight lines as will be discussed more fully in a following

The presence in the electron diffraction patterns of spots
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