Effects of lattice distortion on the physical properties and surface
morphology of magnetoresistive perovskite epitaxial films
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The effects of lattice distortion on the physical properties of s, ;MnO; epitaxial films are
investigated. Our results suggest that larger substrate-induced lattice distortion gives rise to larger
zero-field resistivity and larger negative magnetoresistance. Similar effects are also observed in
samples of different thicknesses and on the same substrate material, with larger resistivity and
magnetoresistance associated with thinner samples. In addition to x-ray diffraction spectroscopy, the
degrees of lattice distortion in different samples are further verified by the surface topography taken
with a low-temperature scanning tunneling microscope. Quantitative analyses of the transport
properties suggest that the high-temperatufe-+({Tc) colossal magnetoresistan(EMR) in the
manganites is consistent with the conduction of lattice polarons induced by the Jahn-—Teller
coupling, and that the low-temperatur@<€T.) magnetoresistance may be attributed to the
magnetic domain wall scattering. In contrast, the absence of the Jahn—Teller coupling and the large
conductivity in Lg Ca sCo0O; epitaxial films yield much smaller negative magnetoresistance,
which may be attributed to disorder-spin scattering. 1@97 American Institute of Physics.
[S0021-897€07)72808-1

Recent experimental studies of the colossal magnetorgsroperties of LCMO and LCCO epitaxial films grown under
sistive manganites Ln ,A,MnO;_; (Ln: trivalent rare earth the same conditions. This comparison is based on the fact
ions; A: divalent alkaline earth iohdiave led to new infor- that cobaltites with doping levels between 0.4 and 0.6 are
mation which suggests the relevance of lattice effects on thknown to be ferromagnetic metals, which are isostructure to
conductivity and magnetism of these manganité€sSome the manganites and are without the Jahn—Teller coupffng.
representative experimental observation includes a stronfhe substrates selected include single crystalli081)
correlation between the thickness of epitaxial films and the.aAlO5 (LAO), SrTiO; (STO), and YAIO; (YAO). These
corresponding magnetoresistaricelecreasing Curie tem- substrates are chosen to provide a range of lattice constants
peratures Tc) and increasing colossal magnetoresistancevhich allows studies of the effects of tensile and compres-
(CMR) effects with the increasing lattice distortion via the sive stress of the films.
substitution of La ions by smaller ions of Pr and®¥; sig- The LCMO and LCCO epitaxial films are grown by
nificant reduction of the magnetoresistance in single crystalpulsed laser deposition using stoichiometric targets. For
under a hydrostatic pressutas well as a large magnetovol- studying the substrate-induced lattice distortion, 200 nm
ume effect and a giant oxygen isotope effectin  thick films are grown on differen001) substrates at 700 °C
La; _,CaMnO;. On the physical origin for the CMR, the in 100 mTorr of oxygen, and subsequently annealed at
importance of lattice polaron conduction incurred by the900 °C of 1 atm oxygen for 2 h. The Curie temperatlife
Jahn—Teller coupling in the manganites has been progbsedor all LCMO is 260+10 K, and that for the LCCO is

In this work, we explore the correlation of the lattice To=180+5 K. The lattice constants, b, andc (cLsample
distortion and Jahn—Teller coupling with the magnetoresissurface as well as the epitaxy of the films are determined
tance of LgLCa MnO; (LCMO) and Lg:Ca&sCo0; using high resolution x-ray diffractiofXRD) and x-ray
(LCCO) epitaxial films. The lattice distortion is varied by rocking curves, and the results have been given elsewhere.
either growing films of the same thickness on substrates witffhe substrate-induced lattice distortion consistslatfice
various lattice constants, or by varying the thickness and thetrain and lattice relaxation’ The former yields intrinsic ef-
growth rate of the film on the same type of substrate. Thdects on the phonon modes and magnetic exchange interac-
correlation between the Jahn—Teller coupling and the occuttion, the latter yields extrinsic effects such as dislocations
rence of CMR is investigated by comparing the physicaland domain walls. Another batch of LCMO films are grown
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FIG. 1. The effect of lattice distortion on the magnetoresistakiRg as a FIG. 3. Comparison of the thickness and growth rate dependence of the
function of the temperatureT( is shown for Lg Ca, sMnO; epitaxial films magnetoresistanc&R,(T) with H=6.0 T in LCMO/LAO films. The inset

on different substrates of LaAlQ YAIO3, and SrTiQ. Here the applied  shows the corresponding zero-field resistiyifyT) of the same samples.

field isH=6.0 T. The zero-field resistivity vs T data for these samples are

illustrated in the inset.

LAO and LCMO/STO films shows images with unit-cell
on LAO with a thickness of 100 nm, and under the samesmooth surfaces and rectangular terraces which are oriented
conditions described above except for two different growthyith respect to the substrate and the crystalline axes. Accord-
rates controlled by the laser fluences. Among both thqng to our x-ray data and the transport measuremetits,
LCMO and LCCO films of the same thiCkneSS, we find theLCMO/LAO and LCMO/STO Samples exh|b|t overa” com-
largest lattice distortion in LCMO/YAO and LCCO/YAO parable lattice distortion and magnetoresistance, although the
from the x-ray datd.For LCMO/LAO samples with different |attice distortion and the maximum magnetoresistance for
thicknesses and under different growth rates, the thinnercmo/STO are slightly larger. These results are consistent
sample of 100 nmis found to exhibit larger lattice distortion.yith the STM surface topography in Fig. 2 which shows
The chemical properties of these samples are further Chara@omparable surface roughn&sfor the two samples, with a
terized with x-ray photoelectron spectroscop§PS).*° The  glightly higher step density in the LCMO/STO film. Similar
room-temperature valence band spectroscopy shows no degorrelation of the surface topography with the electrical
sity of states at the Fermi level for the manganites and a higiransport properties is also observed in the case of LCMO/
density of states at the Fermi level for the cobaltifeson- A0 films of different thicknesses and growth rates. As il-
sistent with the semiconducting nature of the former andystrated in Figs. 3 and 4 the thinn@00 nm) samples show
me’[a"iC nature Of the Iatter. The effeCtS Of Substrate'induceqbss ordered Surface morpho'ogy and |arger maximum mag_
lattice strain on the optical phonon modes have been renetoresistance than the thicker samf®260 nm. It is also
vealed by our recent infrared reflectivity studiésand the interesting to note that the thin sampl£00 nn) under a
frequency shifts of the phonon modes are consistent with thg|gwer growth rat€1.6 J/cnf laser fluenceshows both step-
XRD results** flow and island growth modes, whereas the faster growth rate

The effects of lattice distortion on the magnetoresistanc%z \]/C”? laser ﬂuencpyie'ds a predominant'y island growth
ARy, of the LCMO films of the same thickne$800 nm are  mode.

illustrated in Fig. 1 forH=6 T, with the magnetoresistance
in a magnetic fieldH defined asARLy=[p(.)—p(l/
p(H). The correlation of surface topography with the mag-
netoresistive behavior of the sample is investigated via STM 't(
imaging. In Fig. 2 the STM surface topography of LCMO/ ¢

FIG. 4. STM images of 100 nm thick LCMO epitaxial films grown on LAO
substrates afa) 2 J/cnf and (b) 1.6 J/cn? laser fluence. The images are
150150 nm in size and the grey scales are 3.5 nm(@&iand 2.5 nm for

(b), with rms surface roughness of 0.7 and 0.4 nm, respectively. The higher
growth-rate sampléa) shows rounded “rice-paddy” terraces indicating is-
FIG. 2. STM images of 200 nm thick LCMO epitaxial films grown @ land growth mode. The lower growth-rate samfi shows ragged “fish-
LAO and (b) STO substrates, showing highly oriented rectangular terracescale” terraces suggesting a more step-flow growth mode. The terrace steps
formed by step-flow growth mode. The images are>2000 nm in size and  are typically 0.4 nm in height, consistent with the unit-cell lattice parameter.
1.2 nmin grey scale, indicating rms surface roughness of 0.5 nifafand The less ordered surface morphology of the 100 nm films as compared with
0.4 nm for(b). The terrace steps are typically 0.4 nm in height, consistentthe 200 nm filmgFig. 2) is consistent with the higher lattice distortions in
with the unit cell lattice parameter. the former.
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Assuming polaron conduction as the dominant conduc- 0.70

whereE, is the polaron binding energy, a constant, and the
temperature and magnetic field dependencé pfsatisfies 0.40
the conditions imposed by the polaron model. ThaEjs~0

in the limit of complete magnetic order when the increasing

hopping rate of the itinerant electrons exceeds the opticq&@. 5. The zero-field resistivity and the magnetoresistana®,, atH=6
phonon frequency, anf,— E,~constant in the absence of T of a LCCO/YAO film, showing strong correlation of the magnetoresis-
long-range magnetic order. For all LCMO films, the fitting to tance with spin fluctuations nedg .

the high-temperature resistivity data yielfg,~0.35 eV?

This energy compares favorably to the Jahn—Teller coupling

energy® suggesting that the high-temperature conduction<TY diffraction studies is further confirmed by the STM
mechanism is dominated by the lattice polaron conduction.Images of the surface topography. Our results suggest that

On the other hand, the low-temperature transport propth€ high-temperatureT(—Tc) CMR in the manganites is

erties appear to be strongly correlated with the degree 0cfonsistent with the condpction of lattice polarons induced by
lattice distortion. That is, samples of larger lattice distortionth® Jahn—Teller coupling, and that the low-temperature
exhibit larger resistivity and magnetoresistance, suggesting’ <Tc) negative magnetoresistance can be attributed to the
increasing electron scattering due to a larger number of maggiagnetlc domain wall scattering. In contrast, the absence of
netic domains and grain boundaries induced by larger lattic e Jahn-Teller _COL_’p“n_g and the large conductivity in
distortion. The incompletely aligned moments of the mag-LaOBCBOECOQ‘_ epitaxial f|Ims_ may account for the much
netic domains due to either inhomogeneity or pinning bySmaller negative magnetoresistance.

local defects belowl . give rise to larger scattering of con- The research at Caltech is supported by the Packard
duction electrons. Therefore, an applied magnetic field hafoundation and the National Aeronautics and Space Admin-
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domains and grain boundaries are uniquely associated wiff®"y: Caltéch, and was sponsored by NASA/OSAT. We

the epitaxial films, as evidenced by the much larger low-thank Nikko Hitech International, Inc. for supplying the

temperature zero-field resistivitgee the inset of Fig.)land ~ YAIOs substrates used in this work.
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