
VOLUME 82, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 11 JANUARY 1999

u

36
Ordered Surface Structure in La12xCaxMnO3 Films
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The surface of La12xCaxMnO3 (LCMO) films with x  0.1, 0.33, 0.5, and 0.66 has been studied;
a highly ordered grain pattern induced by strain is observed in films withx  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]
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There has been a surge of interest in perovskite ma
ganites since the discovery of the colossal magnetores
tance (CMR) phenomenon [1,2]. The prototype materi
La12xCaxMnO3 (LCMO) shows rich phases [3,4] with a
variation of calcium concentrationx. Experimental and
theoretical works [4–7] have been done in order to u
derstand the physics in LCMO. So far, the investigatio
of LCMO has been mostly performed within the concen
tration rangex , 0.5, where large magnetoresistance e
fects were observed. Particularly, for the films of LCMO
research is nearly focused on the magnetotransport pr
erty of optimally doped La0.67Ca0.33MnO3. However, film
growth and surface morphology have attracted numero
studies in both semiconductor [8] and perovskite oxid
systems, because each material may have its own gro
mode and it can reveal some deep features of the mater
Also, there is broad interest in the search for new metho
to fabricate ordered microstructures for their importanc
in potential applications [9–13]. Because of their ric
phases, LCMO films may have distinctive growth chara
teristics corresponding to differentx. But little work has
been done on the film growth of LCMO within different
phase regions. In the present work, we focus on the s
face structure of LCMO films with different phases unde
various deposition conditions. The surface morphology
a series of LCMO films with differentx (x  0.1, 0.33,
0.5, and0.66) was studied, and spontaneous formation
long range ordered surface structure was observed in fil
with x  0.5 and x  0.66, for which charge ordering
states have been reported [14,15]. The unique feature
this structure is that chains of nanodots regularly spre
throughout the film surface. Thus it opens a new windo
for the patterning of nanometer-scale structures.

Targets of LCMO withx  0.1, 0.33, 0.5, and 0.66
were prepared by a conventional solid reactive metho
Powder x-ray diffraction analysis showed single-phas
patterns, and inductively coupled plasma atomic em
sion spectrometry (ICP) analysis showed stoichiometr
composition. Films were prepared by pulsed laser dep
sition (PLD) with a laser fluence about1.5 Jycm2. The
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thin films with x  0.1 (L1-1), x  0.33 (L3-1), x  0.5
(L5-1), and x  0.66 (L6-1) were grown on substrate
(100) SrTiO3 (STO) by the same process. After de
position at 800 ±C, the films were heated to900 ±C in
5 min, at which they were annealed for 20 min. Th
films were then cooled down to room temperature
160 min. X-ray diffraction analysis showed that all of th
samples were (001) oriented. The metal composition
the films was measured by scanning-electron-microsco
energy-dispersive spectroscopy (SEM-EDS) analysis, a
it showed the same as targets. Each film has nearly
same thickness of,1600 Å.

The atomic force microscopy (AFM) images of th
films are shown in Fig. 1. On the surface of the film
with x  0.33 (L3-1), grains are uniformly distributed
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FIG. 1. AFM images of the films with (a)x  0.33 (L3-1),
(b) x  0.1 (L1-1), (c) x  0.5 (L5-1), and (d)x  0.66 (L6-
1). They were annealed at900 ±C for 20 min after deposition at
800 ±C, and then cooled down to room temperature in 160 m
© 1999 The American Physical Society
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(Fig. 1a); for the film withx  0.1 (L1-1), the surface is
rather flat with a few grains (Fig. 1b). In contrast to tha
spectacular features are observed on the surface of
films with x  0.5 (L5-1) (Fig. 1c) andx  0.66 (L6-1)
(Fig. 1d): most of the grains are aligned in vertical an
parallel rows. The rows are along thek100l directions of
the substrate STO. This pattern can even be observed
an optical microscope, under which parallel and vertic
necklacelike chains of grains spread throughout the wh
film surface. However, no similar ordered structure w
found on the substrate STO surface before deposit
films. Some grain chains are longer than100 mm, and
the intervals between chains are of the order ofmm. Note
that the rectangular areas enclosed by the grain cha
are rather flat, and some are completely free of grai
This suggests that some atoms from these areas w
redistributed to form the grain chains during the proce
of growth.

Figure 2a shows the details of a grain chain on the s
face ofx  0.5, sample L5-1. The grains have the heig
of about1000 Å and the width of about several thousan
angstrom, while the average roughness of the flat part
tween chains is about19 Å. From a more detailed im-
age of the two grains on the chain, we find that the
is a crevice between grains. The scanning electron m
croscopy image (Fig. 2b) shows clearly that below ea
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FIG. 2. (a) AFM image of a grain chain on the surface of th
x  0.5 film L5-1; (b) SEM image of cracks and grains in th
x  0.5 film L5-1.
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grain chain there is a cracked line. From the shape of
grains, we can see that the grains grow along the crac
By SEM-EDS analysis, we found that the composition
the grains is the same as that of the film. Moreover,
seems that the grains are in the form of single crystals.

As far as we know, there is no report of such a surfa
pattern on LCMO films, although a similar ordere
structure induced by the surface strain has been obser
[8] in epitaxial semiconductor films on prestructure
substrates. It is believed that the strain and defect
surface can provide energetically favorable sites for gra
location and they are common driving forces for the gra
alignment [8]. In our samples, the strain could resu
in parallel and vertical cracks (Fig. 2b), and grains a
inclined to nucleate on such places. Thus the order
surface structure is formed. On the other hand, it w
found that for the films withx  0.5, when the film
thickness is less than1300 Å, no patterned surface can be
observed. This is also evidence that the surface patt
in our films is induced by strain since, in the usua
case, the effect of strain depends on the film thickne
But what is the origin of the strain in our films? A
possible source of strain is the lattice mismatch betwe
the substrate and the film. The lattice mismatch betwe
LCMO and STO is enlarged asx increases (seen in
Table I). However, we got the same result in LCMO
films grown on (100) LaAlO3, for which the lattice
mismatch to LCMO becomes smaller asx increases. It
is obvious that the lattice mismatch could not be the ma
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 v
ied the deposition condition systematically as well as t
film thickness, but the pattern is very reproducible in th
film with x  0.5 or 0.66 under certain deposition con-
ditions. It seems that the strain should be attributed
some inherent features of LCMO withx  0.5 and0.66.
Previously, one type of strain pattern in Bi0.2Ca0.8MnO3
[16] was observed at 130 K when charge ordering o
curred, which was explained by the intrinsic strain du
to the Jahn-Teller effect of Mn31. But, in our work, the
strain exists at a high temperature unimaginable for cha
ordering. Hence there must be other reasons contribut
to the strain.

Previously, different ordered surface structures induc
by the mismatch of thermal expansion coefficients b
tween substrate and film were reported [9,17]. We thin
that the pattern in our work may also result from th

TABLE I. Lattice mismatch of substrate (100) SrTiO3 and
(100) LaAlO3 with the film of differentx, respectively.

x  0.1 x  0.33 x  0.5 x  0.66

SrTiO3 10.4% 11.1% 11.6% 13.3%
LaAlO3 22.5% 21.8% 21.3% 10.4%
363
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thermal expansion mismatch between STO and LCM
When the temperature is changed, the relative expans
or contraction between film and substrate due to their d
ferent thermal expansion coefficients causes strain in t
film. The accumulated stresss, when the temperature is
changed fromT0 to T1, can be written as

s 

É
Ef

Z T1

T0

saf 2 asd dT

É
. (1)

Here Ef is the Young’s modulus of the film;af and
as are the thermal expansion coefficients of the film
and the substrate, respectively (they are functions
temperatureT ). Considering a given film thicknesst,
when the accumulated stresss reaches a critical value
scr , regularly spaced cracks will appear to release t
energy. scr is given [18] by

scr  KIcy
p

2t , (2)

where KIc is the fracture toughness of the film. If the
temperature is changed rapidly, the stresss cannot be
relaxed and exceedsscr . Then cracks will be formed.
But if the temperature is changed slowly enough, th
stress can be relaxed and will not result in cracks. O
the other hand, under a constant stresss, regularly spaced
cracks will appear if the film thickness exceeds a critic
valuetcr .

In the present case, since the grains grow at hi
temperature, the cracks should be formed due to therm
expansion mismatch when the films are heated from800
to 900 ±C after deposition. To confirm that, we prepare
three more films withx  0.5: (1) after deposition at
800 ±C, heated to900 ±C in 5 min, and annealed for
20 min (the same process as L5-1), then slowly cool
down to room temperature in 16 h (L5-2); (2) deposite
at 800 ±C, then slowly cooled down to room temperatur
in 16 h after being annealed at800 ±C for 80 min (L5-
3); (3) deposited at800 ±C, then quickly cooled down
to room temperature in 20 min after being annealed
800 ±C for 80 min (L5-4). In the film L5-2 (Fig. 3a), with
long cooldown time, the grains grow more closely alon
the lines and, in some places, the grains are connected
lines. Compared with L5-1, the result of L5-2 confirm
that the cracks appeared before cooldown, i.e., crac
mainly occurred when the temperature was increased fro
800 to 900 ±C, and then the grains grew along the crack
In the film L5-3 (Fig. 3b), no pattern is observed, an
grains are randomly distributed. Because, in this cas
we didn’t raise the temperature from800 to 900 ±C, no
cracks were induced by thermal expansion mismatch, a
grains lacked energetically favorable sites to nucleate. O
the other hand, with slow cooldown speed, the stre
induced by relative contraction between the film and th
substrate was relaxed, thus no cracks appeared in
3 during cooldown. While in the sample L5-4 with a
short cooldown time (Fig. 3c), the accumulated stre
caused patterned cracks; but with a short time to st
364
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FIG. 3. AFM images ofx  0.5 films with (a) annealed
at 900 ±C for 20 min after deposition at800 ±C, then slowly
cooled down to room temperature in 16 h (L5-2); (b) annea
at 800 ±C for 80 min after deposition at800 ±C, then slowly
cooled down to room temperature in 16 h (L5-3); (c) annea
at 800 ±C for 80 min after deposition at800 ±C, then quickly
cooled down to room temperature in 20 min (L5-4).

at high temperature, grains had not been driven to al
along the cracks yet. Combining the results of L5-1
L5-4, we can conclude that the surface pattern resu
from the strain induced by the difference in therm
expansion coefficients between film and substrate at h
temperature. In short, the cracks occurred while chang
temperature, and then the grains grew into chains dur
the anneal process.

It should be further noted that large difference of the
mal expansion may exist between different temperat
ranges in LCMO withx  0.5. Although we can avoid
cracks at a speed of about100 ±Cyh during cooling down
from 800 ±C, cracks can still appear during heating fro
800 to 900 ±C at a slower speed of about20 ±Cyh. This
implies that the strain caused in that high temperature
gion is large and cannot be easily relaxed, different fro
the case when the films were cooled down from800 ±C.
We also found that, from800 to 900 ±C, the accumulated
stresss is large enough to cause cracks only with a sm
change of temperature. From Eq. (1), it is obvious th
there must be a large mismatch of thermal expansion co
ficients between the film and substrate at this tempera
range. Even an anomaly of thermal expansion coeffici
may exist inx  0.5 films at that temperature range.

We also found the same situation in the films wi
x  0.66. It is interesting that, with the variation o
calcium concentrationx, there is such a large differenc
in thermal expansion property. It needs to be mention
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that, in a relatively low temperature range, withx  0.5
or 0.66, LCMO is in an antiferromagnetic state coexistin
with charge ordering, but it is ferromagnetic withx  0.1
or 0.33 [4]. Does the different phase within a differen
range of x account for such a difference in therma
property? Furthermore, as far as LCMO withx  0.5
or 0.66 is concerned, what leads to the abnormal therm
expansion at high temperature? It should be conside
that some phase transitions can contribute to therm
expansion anomaly. For LCMO, a clear anomaly o
thermal expansion has been reported [19] at the ph
transition point to charge ordering state. Hence, o
possibility is that, in LCMO with x  0.5 and 0.66,
a certain type of phase transition may occur at hig
temperature (for example, a structure phase change)
lead to some anomalous parts of the thermal expans
coefficient. Unfortunately, little work has been done t
investigate the properties of LCMO, such as therm
expansion at a high temperature region. However, su
work is necessary to understand the nature of CM
materials more deeply.

In summary, the surface morphology of a series
LCMO films with different calcium concentrationx pre-
pared by PLD has been studied. An ordered surfa
pattern with grains being aligned along vertical an
parallel lines was observed in the films withx  0.5 and
x  0.66, and the pattern was identified to be induced b
strain resulting from the large difference in thermal expa
sion coefficients between film and substrate. Furthermo
we suggest that there should be an anomaly of therm
expansion at high temperature, possibly associated w
phase transition, in LCMO withx  0.5 and0.66. Such
a phenomenon is not only interesting in the film growt
and the mechanics of films, but also presents a new p
spective to understand the intrinsic of CMR materials.
addition, because the growth of the grain pattern can
controlled by adjusting deposition condition, it provide
a novel way to make ordered structures for applicatio
Compared with the attempts [10–13] for patterning o
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dered structures through complex technique in postgro
process, the present method is simple and unique, and
surface pattern is spontaneously formed during thein situ
process of film growth. Thus it holds promise in makin
ordered nanodot structures for potential applications.
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