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Effects of film thickness and lattice mismatch on strain states
and magnetic properties of La gCag,MnO5 thin films
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The effects of strain relaxation on the crystallographic domain structure and on the magnetic and
transport properties of epitaxial colossal magnetoresistiyg@a ;MnO5 (LCMO) thin films have

been studied. LCMO films in the thickness range of 100—4000 A were grow@adn SrTiO; and

(001) LaAlO3 substrates, which impose an in-plane tensile and an in-plane compressive biaxial
stress in the films, respectively. @d01) SrTiO; substrates, the films can be grown coherently up

to a thickness-250 A, then strain relaxation occurs at a thickness-600 A. In contrast, even the

100 A film grown on(001) LaAlOj is partially relaxed, and the critical thickness for complete strain
relaxation is~750 A. The very thin filmg(<250 A) show a pure (001) normal orientation for
growth on SrTiQ and a pure (110)texture for growth on LaAlQ As thickness increases, the
lattice strain relaxes, resulting in mixed (0039nd (110 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. 1®99 American Institute of Physics.
[S0021-8979(99)35008-8]

The discovery of colossal magnetoresistar@MR) in  Tilting of the MnQ; octahedra yields a tetragonal structure
doped manganite thin films has renewed interest in thesgepresented by lattice parametef,,, v2a,, and 2, . All
materials for device applicatioisOne of the crucial issues the Miller indexes used in this work are based on this tetrag-
in CMR manganites is the role of strain on thin film proper- onal unit cell and they are indicated by a superscript™
ties, including MR, and the Curie temperatur€;. The Due to the tetragonal distortion, one can distinguish between
variations of MR and magnetic properties with film thicknessthe (110 oriented[equivalent to(100) or (010) of the pse-
have been attributéd® to strain states and disorder in the docubic perovskite unit celland (001 or c-axis oriented
films. In order to study the effects of the crystal structure onfilms using off-axis x-ray azimutha{¢) scans, similar to
magnetic and electrical transport properties of these films, igpitaxial SrRuQ thin films1° The ability to distinguish the
is essential to first characterize the three-dimensi¢8B)  two orientations is essential for measuring orientation depen-
strain states of the film completely, in terms of both thedent magnetic and transport properties in this system.
in-plane and out-of-plane lattice parameters. In this article  Structural characterization of the films was carried out
we report studies of thickness and lattice mismatch deperusing a four-circle x-ray diffractometer at room temperature.
dent lattice structures and distortion in epitaxial The only peaks observed in the norn#al26 scans are from
Lag §Ca ,MnO; (LCMO) films, and their influence on the the substrat¢001)and the film{00L T or {110 reflections.
magnetic properties, particularly the peak resistivity tem-No other orientations or phases were observed. Off-gxis
perature T,) and the Curie temperaturd (). scans of nondegenerate reflections such as (11()13)",

The LCMO films were deposited by pulsed laser abla-and (221 were used to identify the crystal orientations and
tion from a stoichiometric target of®01) LaAlO; and(001)  texturest! From the ratio of the integrated peak intensities,
SrTiO; substrates. While a LaAlQsubstrate imposes an in- the amount of (001) or c-axis domains in the film was ob-
plane compressive biaxial stress on the film, a SgT8Gb-  tained.
strate imposes a corresponding biaxial tensile stress. The op- The in-plane and out-of-plane lattice parameters were
erating pressure was 400 mTorr of oxygen and the substraigetermined by normal and grazing incidence diffraction
temperature was held at 700 °C. The thickness of the film$GID) 6-26 scans. The lattice parameters and orientations
ranged from 100 to 4000 A in order to study strain relaxationwere checked further by off-axis scans, including (111)
process. Wavelength dispersive x-ray spectroscopy con221)", and (113}, from which the lattice parameters were
firmed that the film composition is the same as that of thecalculated using least square fits. The lattice parameters ob-
target within experimental error. tained by this technigue were found to be the same as those

The doped manganite LCMO is a distorted perovskitedetermined by the normal and GID scans within experimen-
with a cubic lattice parameterf) of 3.88 A'in the bulk. tal uncertainties.

The magnetic and transport properties were measured
2Electronic mail: rarl@acpub.duke.edu using superconducting quantum interference diy&@UID)
PElectronic mail: eom@acpub.duke.edu magnetometry and a four-terminal method, respectively.
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FIG. 1. Film thickness dependence of the measured out-of-gkmeres) While the origin(s) of the strain relaxation processes is

and in-plang(circles) lattice parameters of epitaxial LCMO films grown on (are)presently unknown. it is. however Ck:’.a”y rooted in the
(a) (001) LaAlO; and (b) (001) SrTiO, substrates. The bulk parameters - _. ’ ’ ’

measured from the target and the substrate lattice parameters are indic:atl(—g-Htl"’lI domf”un_ structqres.and. in how LCMO qccqmmodates
by the horizontal dashed lines. different biaxial strains in different crystal directions, par-
ticularly with respect to the Mngoctahedra. To explore this
further, crystal domains and textures were examined. From
the ratio of the integrated peak intensities between the
These experiments were designed to probe ferromagnet{®01)" and (110§ reflections (go1/1119, the number of
and metal—insulator transitions. The Curie temperaflye c-axis domains in the film was determined, and they are
was determined by field-cooled magnetization measurementhown in Fig. 2 for the two types of substrates as a function
carried out at low fields between 1 and 10 G. The magnetiof film thickness. For the very thin films grown on SriiGa
zation curve below the transition was extrapolated to highepure c-axis orientation was observed. In contrast, very thin
temperatures and the intercept on the temperature axis wéigms grown on LaAlQ show a pure (110) out-of-plane
defined asT ... texture with two 90 ° domains in plane. As the film thickness
Variations of 3D strain states with respect to film thick- increases, the number of-axis domains decreases for
nesses, i.e., in-plane and out-of-plane lattice parameters, fgrowth on the SrTiQ substrates, whereas its LaAJ@oun-
LCMO growth on the two types of substrates are shown interpart increases. This is in agreement with the transmission
Fig. 1. A bulk value of 3.881 A was obtained from the targetelectron microscopyTEM) results of Aartset al®
pellet. On SrTiQ substrates, the very thin films<250 A), The evolution of the domain structures, shown in Fig. 2,
appear to be coherent in plane. In contrast, even the thinnestveals a strong connection between lattice relaxafiag.
films grown on LaAIQ do not have the same in-plane lattice 1) and the resulting domain structures. For growth on
parameters as those of the substrate. In other words, thekaAlO,, the crossover observed between 750 and 1000 A
films are already partially strain relaxed. The behavior ob{from in-plane compressive to tensile strain appears to coin-
served is believed to be caused by the different lattice miseide with the 50%c-axis domain crossovésee Fig. 2. For
match between LCMO and the two types of substrates, i.efiims grown on SrTiQ, on the other hand, the rapid in-plane
—2.37% lattice mismatch with LaAlQand 0.60% with lattice relaxation observeldFig. 1(b)]between 250 and 500
SrTiO,. It is expected also that a LCMO film cannot accom- A seems to lead to the initial appearance of (T1@xtures.
modate the large 2.37% compressive strain imposed bin the thick film limit (>2000 A) and for growth on either
LaAlO; and it will relax even when it is very thin. This is substrate, the textures seem to approach an asymptotic mix-
consistent with the observation that films grown on LaflO ture of 2/3c-axis and 1/3 (110) domains, where the strain
continue to relax gradually from a very small thicknés$0  states also reach stable values. The domain structures in this
A) until reaching the bulk value at750 A. In contrast, the system appear to provide a pathway for lattice relaxation.
in-plane strains for the SrTixrounterparts relax completely The observed crystal coherence lengths estimated from
over a much smaller range of thickness, one between 25the x-ray scan widths decrease with increasing films thick-
and 500 A. ness, indicated by the increase of widths with film thickness.
The unit cell volume and bulk strain of the films were At lower thicknesses, the full width of the rocking curve for
also obtained from the lattice parameter data. For very thirthe film is almost the same as that of the substrat@.25°.
films, the deviation from bulk volume is quite large and, asSince film thickness increases are accompanied by strain re-
the thickness increases, the cell volume tends to approach thexation, the rocking curves angd scans become broader,
bulk value. The cell volume for growth on LaAldncreases indicating an increased mosaic spread due to multiple do-
with thickness, until reaching a maximum near 1000 A, andmain formation with strain relaxation. The full width of the
then it decreases towards the bulk value. In contrast, the celbcking curve for a 4000 A thick film is-0.97° for growth
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FIG. 4. Film thickness dependence of thig and T for epitaxial LCMO
films grown on(001) LaAlO; (squares and crossesnd (001) SrTiO; sub-
strates(circles and triangles

with different film thicknesses and lattice mismatchs and

fm their influence on magnetic and transport properties. As the
film thickness increases, strain relaxation takes place, leading
to the mosaic spread, surface roughening, and formation of
mixed (001 and (110) domains in LCMO films that is
observed. AlthougfT; andT, of the films both show strong
film thickness dependence, they do not show any correlation
on LaAlG;, and it is ~0.78° for growth on SrTiQ The to strain states. Further investigations are necessary to eluci-
narrower rocking curves for the SrTi®amples are consis- date the link between structural and magnetic and transport
tent with the smaller lattice mismatch. properties.
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FIG. 3. STM image of a 500 A LCMO film grown on €01) SrTiO;
substrate.



