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Effects of film thickness and lattice mismatch on strain states
and magnetic properties of La 0.8Ca0.2MnO3 thin films

R. A. Rao,a) D. Lavric, T. K. Nath, and C. B. Eomb)

Department of Mechanical Engineering and Materials Science, Duke University, Durham,
North Carolina 27708

L. Wu and F. Tsui
Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599

The effects of strain relaxation on the crystallographic domain structure and on the magnetic and
transport properties of epitaxial colossal magnetoresistive La0.8Ca0.2MnO3 ~LCMO! thin films have
been studied. LCMO films in the thickness range of 100–4000 Å were grown on~001!SrTiO3 and
~001! LaAlO3 substrates, which impose an in-plane tensile and an in-plane compressive biaxial
stress in the films, respectively. On~001! SrTiO3 substrates, the films can be grown coherently up
to a thickness;250 Å, then strain relaxation occurs at a thickness of;500 Å. In contrast, even the
100 Å film grown on~001!LaAlO3 is partially relaxed, and the critical thickness for complete strain
relaxation is;750 Å. The very thin films~,250 Å! show a pure (001)T normal orientation for
growth on SrTiO3 and a pure (110)T texture for growth on LaAlO3. As thickness increases, the
lattice strain relaxes, resulting in mixed (001)T and (110)T textures for growth on both substrates.
Both the Curie and peak resistivity temperatures increase with increasing film thickness, but they do
not exhibit a correlation to strain states of the film. ©1999 American Institute of Physics.
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The discovery of colossal magnetoresistance1 ~CMR! in
doped manganite thin films has renewed interest in th
materials for device applications.2 One of the crucial issue
in CMR manganites is the role of strain on thin film prope
ties, including MR, and the Curie temperature (Tc). The
variations of MR and magnetic properties with film thickne
have been attributed3–9 to strain states and disorder in th
films. In order to study the effects of the crystal structure
magnetic and electrical transport properties of these film
is essential to first characterize the three-dimensional~3D!
strain states of the film completely, in terms of both t
in-plane and out-of-plane lattice parameters. In this art
we report studies of thickness and lattice mismatch dep
dent lattice structures and distortion in epitax
La0.8Ca0.2MnO3 ~LCMO! films, and their influence on the
magnetic properties, particularly the peak resistivity te
perature (Tp) and the Curie temperature (Tc).

The LCMO films were deposited by pulsed laser ab
tion from a stoichiometric target on~001!LaAlO3 and~001!
SrTiO3 substrates. While a LaAlO3 substrate imposes an in
plane compressive biaxial stress on the film, a SrTiO3 sub-
strate imposes a corresponding biaxial tensile stress. The
erating pressure was 400 mTorr of oxygen and the subs
temperature was held at 700 °C. The thickness of the fi
ranged from 100 to 4000 Å in order to study strain relaxat
process. Wavelength dispersive x-ray spectroscopy c
firmed that the film composition is the same as that of
target within experimental error.

The doped manganite LCMO is a distorted perovsk
with a cubic lattice parameter (ap) of 3.88 Å in the bulk.

a!Electronic mail: rar1@acpub.duke.edu
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Tilting of the MnO6 octahedra yields a tetragonal structu
represented by lattice parameters&ap , &ap , and 2ap . All
the Miller indexes used in this work are based on this tetr
onal unit cell and they are indicated by a superscript ‘‘T.’’
Due to the tetragonal distortion, one can distinguish betw
the (110)T oriented@equivalent to~100! or ~010! of the pse-
docubic perovskite unit cell#and (001)T or c-axis oriented
films using off-axis x-ray azimuthal~f! scans, similar to
epitaxial SrRuO3 thin films.10 The ability to distinguish the
two orientations is essential for measuring orientation dep
dent magnetic and transport properties in this system.

Structural characterization of the films was carried o
using a four-circle x-ray diffractometer at room temperatu
The only peaks observed in the normalu–2u scans are from
the substrate~001!and the film$001%T or $110%T reflections.
No other orientations or phases were observed. Off-axif
scans of nondegenerate reflections such as (111)T, (113)T,
and (221)T were used to identify the crystal orientations a
textures.11 From the ratio of the integrated peak intensitie
the amount of (001)T or c-axis domains in the film was ob
tained.

The in-plane and out-of-plane lattice parameters w
determined by normal and grazing incidence diffracti
~GID! u–2u scans. The lattice parameters and orientatio
were checked further by off-axis scans, including (111T,
(221)T, and (113)T, from which the lattice parameters wer
calculated using least square fits. The lattice parameters
tained by this technique were found to be the same as th
determined by the normal and GID scans within experim
tal uncertainties.

The magnetic and transport properties were measu
using superconducting quantum interference divice~SQUID!
magnetometry and a four-terminal method, respective
4 © 1999 American Institute of Physics



e

en
et
he
w

k-
,
i

e

ne
e

he
b
i

i.e

b
s
O

y
2

re
th
as
h

n
c

to

is
he
tes
r-

rom
the

are
ion

hin

ss
r

sion

2,

on
Å

oin-

e

mix-

this
.
rom
ck-
ss.
r

re-
r,
do-
e

n
rs
ica

4795J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Rao et al.
These experiments were designed to probe ferromagn
and metal–insulator transitions. The Curie temperatureTc

was determined by field-cooled magnetization measurem
carried out at low fields between 1 and 10 G. The magn
zation curve below the transition was extrapolated to hig
temperatures and the intercept on the temperature axis
defined asTc .

Variations of 3D strain states with respect to film thic
nesses, i.e., in-plane and out-of-plane lattice parameters
LCMO growth on the two types of substrates are shown
Fig. 1. A bulk value of 3.881 Å was obtained from the targ
pellet. On SrTiO3 substrates, the very thin films~,250 Å!,
appear to be coherent in plane. In contrast, even the thin
films grown on LaAlO3 do not have the same in-plane lattic
parameters as those of the substrate. In other words, t
films are already partially strain relaxed. The behavior o
served is believed to be caused by the different lattice m
match between LCMO and the two types of substrates,
22.37% lattice mismatch with LaAlO3 and 0.60% with
SrTiO3. It is expected also that a LCMO film cannot accom
modate the large 2.37% compressive strain imposed
LaAlO3 and it will relax even when it is very thin. This i
consistent with the observation that films grown on LaAl3

continue to relax gradually from a very small thickness~,50
Å! until reaching the bulk value at;750 Å. In contrast, the
in-plane strains for the SrTiO3 counterparts relax completel
over a much smaller range of thickness, one between
and 500 Å.

The unit cell volume and bulk strain of the films we
also obtained from the lattice parameter data. For very
films, the deviation from bulk volume is quite large and,
the thickness increases, the cell volume tends to approac
bulk value. The cell volume for growth on LaAlO3 increases
with thickness, until reaching a maximum near 1000 Å, a
then it decreases towards the bulk value. In contrast, the

FIG. 1. Film thickness dependence of the measured out-of-plane~squares!
and in-plane~circles! lattice parameters of epitaxial LCMO films grown o
~a! ~001! LaAlO3 and ~b! ~001! SrTiO3 substrates. The bulk paramete
measured from the target and the substrate lattice parameters are ind
by the horizontal dashed lines.
tic

ts
i-
r
as

for
n
t

st

se
-
s-
.,

-
y

50

in

the

d
ell

volume on SrTiO3 exhibits a decrease with thickness up
750 Å, and then it increases towards the bulk value.

While the origin~s! of the strain relaxation processes
~are!presently unknown, it is, however, clearly rooted in t
initial domain structures and in how LCMO accommoda
different biaxial strains in different crystal directions, pa
ticularly with respect to the MnO6 octahedra. To explore this
further, crystal domains and textures were examined. F
the ratio of the integrated peak intensities between
(001)T and (110)T reflections (I 001/I 110), the number of
c-axis domains in the film was determined, and they
shown in Fig. 2 for the two types of substrates as a funct
of film thickness. For the very thin films grown on SrTiO3, a
pure c-axis orientation was observed. In contrast, very t
films grown on LaAlO3 show a pure (110)T out-of-plane
texture with two 90 ° domains in plane. As the film thickne
increases, the number ofc-axis domains decreases fo
growth on the SrTiO3 substrates, whereas its LaAlO3 coun-
terpart increases. This is in agreement with the transmis
electron microscopy~TEM! results of Aartset al.9

The evolution of the domain structures, shown in Fig.
reveals a strong connection between lattice relaxation~Fig.
1! and the resulting domain structures. For growth
LaAlO3, the crossover observed between 750 and 1000
from in-plane compressive to tensile strain appears to c
cide with the 50%c-axis domain crossover~see Fig. 2!. For
films grown on SrTiO3, on the other hand, the rapid in-plan
lattice relaxation observed@Fig. 1~b!# between 250 and 500
Å seems to lead to the initial appearance of (110)T textures.
In the thick film limit ~.2000 Å! and for growth on either
substrate, the textures seem to approach an asymptotic
ture of 2/3c-axis and 1/3 (110)T domains, where the strain
states also reach stable values. The domain structures in
system appear to provide a pathway for lattice relaxation

The observed crystal coherence lengths estimated f
the x-ray scan widths decrease with increasing films thi
ness, indicated by the increase of widths with film thickne
At lower thicknesses, the full width of the rocking curve fo
the film is almost the same as that of the substrate,;0.25°.
Since film thickness increases are accompanied by strain
laxation, the rocking curves andf scans become broade
indicating an increased mosaic spread due to multiple
main formation with strain relaxation. The full width of th
rocking curve for a 4000 Å thick film is;0.97° for growth

ted

FIG. 2. Film thickness dependence ofc-axis domains for epitaxial LCMO
thin films grown on ~001! LaAlO3 ~circles! and ~001! SrTiO3 ~squares!
substrates.
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on LaAlO3, and it is ;0.78° for growth on SrTiO3. The
narrower rocking curves for the SrTiO3 samples are consis
tent with the smaller lattice mismatch.

The surface morphology and the growth mechani
were also studied using scanning tunneling microsc
~STM!. All the films show granular-like surface features wi
rounded grains, as seen in Fig. 3. As the film thickness
creases, the grain size~the mean diameter of the grains! re-
mains constant in the range of 200–500 Å. Within ea
grain, the root mean square~rms! roughness increases wit
film thickness, from 6 Å for a 250 Å film to 35 Å for a 400
Å film. The surface roughening also appears to be relate
strain relaxation. In Fig. 3 a typical STM image of a 500
thick LCMO film grown on ~001! LaAlO3 substrates is
shown, where an average grain size of;260 Å and a rms
roughness of 16 Å within each grain are observed.

Finally, the effects of 3D strain states and domain str
tures on magnetic and transport properties were probed.
bulk pellet exhibits a metal–insulator transition with aTp of
;260 K and a room temperature resistivity of 110mV cm.
All films studied here show suppressedTp and Tc with re-
spect to the bulk value. BothTc and Tp increase with in-
creasing film thickness, as shown in Fig. 4, while the z
temperature resistivity interceptr0 , decreases. The decrea
ing r0 indicates a reduction in short range disorder. At a
given thicknessTp of the film on LaAlO3 is higher than its
SrTiO3 counterpart, which is consistent with oth
reports,12,13 and it is about 10–15 K aboveTc .

From the measured in-plane and out-of-plane strains,
Jahn–Teller strain (eJT) and bulk strain (eB), as defined in
Refs. 7 and 8, have been calculated. In generaleJT

2 decreases
as the film thickness increases for both substrates, andeB

exhibits different trends for the two types of substrates. Ho
ever, the measuredTp andTc of the films do not show any
correlation with eithereJT

2 or eB .
We have studied the effects of lattice strain relaxation

the crystal structure and distortion of epitaxial LCMO film

FIG. 3. STM image of a 500 Å LCMO film grown on a~001! SrTiO3

substrate.
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with different film thicknesses and lattice mismatchs a
their influence on magnetic and transport properties. As
film thickness increases, strain relaxation takes place, lea
to the mosaic spread, surface roughening, and formatio
mixed (001)T and (110)T domains in LCMO films that is
observed. AlthoughTc andTp of the films both show strong
film thickness dependence, they do not show any correla
to strain states. Further investigations are necessary to e
date the link between structural and magnetic and trans
properties.
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