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Ordered Surface Structure in Laj—,Ca,MnO3 Films
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The surface of La.,Ca,MnO; (LCMO) films with x = 0.1, 0.33, 0.5, and0.66 has been studied;
a highly ordered grain pattern induced by strain is observed in films with 0.5 and 0.66. The
strain is identified to result from thermal expansion mismatch between substrate and film, and thermal
expansion anomaly may exist at a high temperature induced by possible phase transition in LCMO
with x = 0.5 and 0.66. Such phenomenon is arresting on film growth and understanding colossal
magnetoresistance materials as well as providing a new way to make ordered structures for application.
[S0031-9007(98)08175-7]

PACS numbers: 68.55.—a, 65.70.+y, 75.70.—i

There has been a surge of interest in perovskite marthin films withx = 0.1 (L1-1),x = 0.33 (L3-1),x = 0.5
ganites since the discovery of the colossal magnetoresi¢k5-1), and x = 0.66 (L6-1) were grown on substrate
tance (CMR) phenomenon [1,2]. The prototype materia{100) SrTiQ (STO) by the same process. After de-
La;—,Ca.MnO; (LCMO) shows rich phases [3,4] with a position at800 °C, the films were heated t800 °C in
variation of calcium concentration. Experimental and 5 min, at which they were annealed for 20 min. The
theoretical works [4—7] have been done in order to unfilms were then cooled down to room temperature in
derstand the physics in LCMO. So far, the investigationl60 min. X-ray diffraction analysis showed that all of the
of LCMO has been mostly performed within the concen-samples were (001) oriented. The metal composition of
tration rangex < 0.5, where large magnetoresistance ef-the films was measured by scanning-electron-microscopy
fects were observed. Particularly, for the films of LCMO, energy-dispersive spectroscopy (SEM-EDS) analysis, and
research is nearly focused on the magnetotransport profi-showed the same as targets. Each film has nearly the
erty of optimally doped Lgs;Ca33MNn0O;. However, film  same thickness of 1600 A.
growth and surface morphology have attracted numerous The atomic force microscopy (AFM) images of the
studies in both semiconductor [8] and perovskite oxiddilms are shown in Fig. 1. On the surface of the film
systems, because each material may have its own growthith x = 0.33 (L3-1), grains are uniformly distributed
mode and it can reveal some deep features of the material.
Also, there is broad interest in the search for new methods
to fabricate ordered microstructures for their importance
in potential applications [9—-13]. Because of their rich
phases, LCMO films may have distinctive growth charac- &,
teristics corresponding to different But little work has
been done on the film growth of LCMO within different **
phase regions. In the present work, we focus on the sur-,
face structure of LCMO films with different phases under
various deposition conditions. The surface morphology of
a series of LCMO films with different (x = 0.1, 0.33,

0.5, and0.66) was studied, and spontaneous formation of
long range ordered surface structure was observed in films
with x = 0.5 and x = 0.66, for which charge ordering &
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this structure is that chains of nanodots regularly spread,, 1000dr1 FH RS :
throughout the film surface. Thus it opens a new window s 500 H -
for the patterning of nanometer-scale structures. 0 3

Targets of LCMO withx = 0.1, 0.33, 0.5, and 0.66
were prepared by a conventional solid reactive method. e yrom -
Powder x-ray diffraction analysis showed single-phase © @
patterns, and inductively coupled plasma atomic emisy, ) ey images of the films with (ay = 0.33 (L3-1),
sion spectrometry (ICP) analysis showed stoichiometrigyy’. "~ o 1 (11-1), (c) x = 0.5 (L5-1), and (d)x = 0.66 (L6-

composition. Films were prepared by pulsed laser depot). They were annealed 890 °C for 20 min after deposition at
sition (PLD) with a laser fluence about5 J/cn?. The  800°C, and then cooled down to room temperature in 160 min.
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(Fig. 1a); for the film withx = 0.1 (L1-1), the surface is grain chain there is a cracked line. From the shape of the
rather flat with a few grains (Fig. 1b). In contrast to that,grains, we can see that the grains grow along the cracks.
spectacular features are observed on the surface of tigy SEM-EDS analysis, we found that the composition of
films with x = 0.5 (L5-1) (Fig. 1c) andx = 0.66 (L6-1) the grains is the same as that of the film. Moreover, it
(Fig. 1d): most of the grains are aligned in vertical andseems that the grains are in the form of single crystals.
parallel rows. The rows are along tkEO) directions of As far as we know, there is no report of such a surface
the substrate STO. This pattern can even be observed Ipattern on LCMO films, although a similar ordered
an optical microscope, under which parallel and verticaktructure induced by the surface strain has been observed
necklacelike chains of grains spread throughout the wholf8] in epitaxial semiconductor films on prestructured
film surface. However, no similar ordered structure wassubstrates. It is believed that the strain and defect at
found on the substrate STO surface before depositingurface can provide energetically favorable sites for grain
films. Some grain chains are longer th&0 uwm, and location and they are common driving forces for the grain
the intervals between chains are of the ordepof. Note alignment [8]. In our samples, the strain could result
that the rectangular areas enclosed by the grain chains parallel and vertical cracks (Fig. 2b), and grains are
are rather flat, and some are completely free of grainsnclined to nucleate on such places. Thus the ordered
This suggests that some atoms from these areas wesearface structure is formed. On the other hand, it was
redistributed to form the grain chains during the processound that for the films withx = 0.5, when the film

of growth. thickness is less thar800 A, no patterned surface can be

Figure 2a shows the details of a grain chain on the surebserved. This is also evidence that the surface pattern
face ofx = 0.5, sample L5-1. The grains have the heightin our films is induced by strain since, in the usual
of about1000 A and the width of about several thousand case, the effect of strain depends on the film thickness.
angstrom, while the average roughness of the flat part bdBut what is the origin of the strain in our films? A
tween chains is about9 A. From a more detailed im- possible source of strain is the lattice mismatch between
age of the two grains on the chain, we find that thereghe substrate and the film. The lattice mismatch between
is a crevice between grains. The scanning electron mkCMO and STO is enlarged as increases (seen in
croscopy image (Fig. 2b) shows clearly that below eactTable I). However, we got the same result in LCMO
films grown on (100) LaAl@, for which the lattice
mismatch to LCMO becomes smaller asncreases. It
is obvious that the lattice mismatch could not be the main
reason for the patterned structure.

Note that, for the film withx = 0.1 or 0.33, no pat-
terned surface structure can be observed although we var-
ied the deposition condition systematically as well as the
film thickness, but the pattern is very reproducible in the
film with x = 0.5 or 0.66 under certain deposition con-
ditions. It seems that the strain should be attributed to
some inherent features of LCMO with= 0.5 and0.66.
Previously, one type of strain pattern ingBCa sMnO;

[16] was observed at 130 K when charge ordering oc-
curred, which was explained by the intrinsic strain due
to the Jahn-Teller effect of M. But, in our work, the
strain exists at a high temperature unimaginable for charge
ordering. Hence there must be other reasons contributing
to the strain.

Previously, different ordered surface structures induced
by the mismatch of thermal expansion coefficients be-
tween substrate and film were reported [9,17]. We think
that the pattern in our work may also result from the
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TABLE |. Lattice mismatch of substrate (100) SrEi@nd
(100) LaAlO; with the film of differentx, respectively.

x =0.1 x =033 x =05 x = 0.66

FIG. 2. (a) AFM image of a grain chain on the surface of theg,Tio, +0.4% +1.1% +1.6% +33%
x = 0.5 film L5-1; (b) SEM image of cracks and grains in the LaAlO; —2.5% —1.8% ~13% +0.4%
x = 0.5 film L5-1. - - - -
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thermal expansion mismatch between STO and LCMO.
When the temperature is changed, the relative expansion
or contraction between film and substrate due to their dif-
ferent thermal expansion coefficients causes strain in the:
film. The accumulated stress, when the temperature is ,,
changed fronf to T}, can be written as

T
Ef f (af - as)dT
Ty

Here E; is the Young’s modulus of the filmy, and

a, are the thermal expansion coefficients of the film
and the substrate, respectively (they are functions of
temperatureT’). Considering a given film thickness 800
when the accumulated stress reaches a critical value *° H

400

0.0

o =

: (1)

. 400
o, regularly spaced cracks will appear to release the,

energy. o, is given [18] by 0
Ocr = K](_-/'\/Z, (2)
where K. is the fracture toughness of the film. If the 0 % 4oum

temperature is changed rapidly, the stressannot be '(b) . .
relaxed and exceeds.,. Then cracks will be formed. F:C;-Og-o CAfFMZ(')maQGSﬁOfXd= 0~5_t_fl|m2$(\)/¥)l2% (?2] annlealtad

; ; or 20 min after deposition , then slowly
But if the temperature is ch_anged SIOWIY enough, thészlooled down to room temperature in 16 h (L5-2); (b) annealed
stress can be relaxed and will not result in cracks. OnRy gno°C for 80 min after deposition a800°C, then slowly

the other hand, under a constant stressegularly spaced cooled down to room temperature in 16 h (L5-3); (c) annealed
cracks will appear if the film thickness exceeds a criticalat 800 °C for 80 min after deposition a&00 °C, then quickly
valuet,,. cooled down to room temperature in 20 min (L5-4).

In the present case, since the grains grow at high
temperature, the cracks should be formed due to thermal
expansion mismatch when the films are heated fB®h  at high temperature, grains had not been driven to align
to 900 °C after deposition. To confirm that, we preparedalong the cracks yet. Combining the results of L5-1 to
three more films withx = 0.5: (1) after deposition at L5-4, we can conclude that the surface pattern results
800 °C, heated t0900°C in 5 min, and annealed for from the strain induced by the difference in thermal
20 min (the same process as L5-1), then slowly coole@xpansion coefficients between film and substrate at high
down to room temperature in 16 h (L5-2); (2) depositedtemperature. In short, the cracks occurred while changing
at 800 °C, then slowly cooled down to room temperaturetemperature, and then the grains grew into chains during
in 16 h after being annealed &00 °C for 80 min (L5- the anneal process.
3); (3) deposited aB00 °C, then quickly cooled down It should be further noted that large difference of ther-
to room temperature in 20 min after being annealed atal expansion may exist between different temperature
800 °C for 80 min (L5-4). In the film L5-2 (Fig. 3a), with ranges in LCMO withx = 0.5. Although we can avoid
long cooldown time, the grains grow more closely alongcracks at a speed of abol@0 °C/h during cooling down
the lines and, in some places, the grains are connected intimm 800 °C, cracks can still appear during heating from
lines. Compared with L5-1, the result of L5-2 confirms 800 to 900 °C at a slower speed of abod® °C/h. This
that the cracks appeared before cooldown, i.e., crackisnplies that the strain caused in that high temperature re-
mainly occurred when the temperature was increased fromion is large and cannot be easily relaxed, different from
800 to 900 °C, and then the grains grew along the cracksthe case when the films were cooled down frgaf °C.
In the film L5-3 (Fig. 3b), no pattern is observed, andWe also found that, fron800 to 900 °C, the accumulated
grains are randomly distributed. Because, in this casestresso is large enough to cause cracks only with a small
we didn't raise the temperature fro890 to 900 °C, no  change of temperature. From Eq. (1), it is obvious that
cracks were induced by thermal expansion mismatch, antthere must be a large mismatch of thermal expansion coef-
grains lacked energetically favorable sites to nucleate. Oficients between the film and substrate at this temperature
the other hand, with slow cooldown speed, the stressange. Even an anomaly of thermal expansion coefficient
induced by relative contraction between the film and thanay exist inx = 0.5 films at that temperature range.
substrate was relaxed, thus no cracks appeared in L5- We also found the same situation in the films with
3 during cooldown. While in the sample L5-4 with a x = 0.66. It is interesting that, with the variation of
short cooldown time (Fig. 3c), the accumulated stresgalcium concentrationr, there is such a large difference
caused patterned cracks; but with a short time to stajn thermal expansion property. It needs to be mentioned
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that, in a relatively low temperature range, with= 0.5  dered structures through complex technique in postgrowth
or 0.66, LCMO is in an antiferromagnetic state coexisting process, the present method is simple and unique, and the
with charge ordering, but it is ferromagnetic with= 0.1  surface pattern is spontaneously formed duringithsitu
or 0.33 [4]. Does the different phase within a different process of film growth. Thus it holds promise in making
range of x account for such a difference in thermal ordered nanodot structures for potential applications.
property? Furthermore, as far as LCMO with= 0.5 We thank Dr. C.L. Chen and Dr. X.L. Dong for
or 0.66 is concerned, what leads to the abnormal thermahelpful discussions.
expansion at high temperature? It should be considered
that some phase transitions can contribute to thermal
expansion anomaly. For LCMO, a clear anomaly of
thermal expansion has been reported [19] at the phase .
transition point to charge ordering state. Hence, one "Corresponding author.
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