
JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 9 1 MAY 2000
CMR: Films, Nanosystems, and Other Materials Yves Idzerda, Chairman
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Epitaxial thin films of La0.6260.05Ca0.3360.02MnO32d were grown by laser ablation on SrTiO3. On
~100! substrates the films grow with the largerc axis perpendicular to the plane. The films deposited
on ~110! SrTiO3 grow with both thec ~long! axis anda ~or b, short! axis in the plane of the film.
The electrical resistivity~r! and the magnetoresistance (Dr/r) show crystalline anisotropy. The
resistivity ratio between thea andc axis is constant~0.8! from 10 K up to 120 K and decreases to
0.77 between 125 and 225 K, shows a small peak anomaly atTc ~257 K!, and is almost constant in
the paramagnetic phase. This temperature dependence is associated with anisotropic local lattice
distortions. The magnetoresistance anisotropy (Dr/r i2Dr/r') with the applied field in the plane
of the film, is small at low temperatures, peaks close toTc , and is slightly larger for measurements
along thea axis. The contributions of domain rotation and magnetocrystalline anisotropy to the
anisotropic magnetoresistance associated with spin–orbit coupling are discussed. ©2000
American Institute of Physics.@S0021-8979~00!55108-1#
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I. INTRODUCTION

The understanding of the mechanisms that affect the
field magnetic and electric properties of manganites, in p
ticular thin films, is essential for its application in magn
toresistive devices. One of the mechanisms contributing
the low field magnetoresistance is the anisotropic magnet
sistance~AMR!, which results from spin–orbit scattering
and depends on the square of the component of the ma
tization transverse to the current direction. In this case,
contribution of magnetic domain configuration and magne
crystalline anisotropy to the magnetoresistance is most
evant. On the other hand, contrary to the case of laye
manganites, the crystallographic anisotropic properties
simple perovskite manganites have rarely been studied.
study the influence of crystallographic orientation on the
sistivity and magnetoresistance of La12xCaxMnO3 thin films.
The importance of lattice distortions on the manganite pr
erties has been established both theoretically
experimentally.1 Our results suggest that the local lattice d
tortions of the Mn–O bonds also play a role in the anis
tropic transport properties.
5570021-8979/2000/87(9)/5570/3/$17.00
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II. EXPERIMENTAL AND SAMPLE
CHARACTERIZATION

Manganite thin films were deposited by laser ablation
SrTiO3 ~STO! substrates using bulk La0.67Ca0.33MnO3

~LCMO! material (Tc5267 K) as a target.2 Epitaxial growth
on ~100! substrates will produce films with thec axis ori-
ented perpendicular to the plane. On~110! STO substrates
epitaxial growth is expected to keep thec axis in the plane,
with one of the short axis along the normal.3 Here the LCMO
orthorhombic structure is referred with thePbmmnotation,
with a'b the short axis andc the larger axis. The films were
structurally characterized by x-ray diffraction, texture, SE
and Rutherford backscattering spectrometry~RBS! with
channeling. The crystalline quality of the films is excelle
The films deposited on~110! STO substrates present a RB
minimum yield of 10%–13% along thê110& substrate axis
and 16%–20% along thê100& axis. The films deposited on
~100! substrates have in general a slightly better crystall
quality, with minimum yields as low as 4.0% along the^100&
substrate axis and 15% along the^110& axis. These values ar
among the lowest reported in the literature for mangan
0 © 2000 American Institute of Physics
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thin films.4 The thickness and chemical composition of t
films were determined using RBS data fitting. We find thic
nesses between 1100 and 1700 Å and composit
La0.6260.05Ca0.3360.02MnO32d .

We present results on three of the samples; 100A
110A, both deposited at 670 °C on~100! and ~110! STO,
respectively, and 110B, deposited on~110! STO at 700 °C.
Texture measurements5 show that films on~100! substrates
grow with the manganitea and b axis along the diagonal
between@100# and@010# in plane axes of the substrate, whi
films on ~110! substrates grow with the manganitea and c

axes in plane, parallel to the@11̄0# and the@001# axis of the
substrate, respectively. Samples deposited on~100! and
~110! STO under the same conditions present very sim
characteristics,2 showing that the films are thick enough
enable strain relaxation. For samples 100A and 110A,
find very close maxima of the temperature derivative of
electrical resistivity (dr/dT): 235 and 234 K, respectively
For sample 110B thedr/dT maximum occurs at 260 K. The
samples deposited on~110! STO allow the measurement o
physical properties along two different crystallographic
rections of the manganite, the short axis (a/b) and the long
axis ~c!. We cut two oriented bar pieces, and measured
temperature dependence of the electrical resistivity with
electrical current~I! along thea or c axes. To reduce spuri
ous effects and allow easier comparison of results, both
were mounted with their axes parallel and measured sim
taneously with the same current in series.

III. RESULTS AND DISCUSSION

The temperature dependence of the electrical resisti
along the two directions for sample 110B is displayed in F
1. One finds that the electrical resistivity is indeed ani
tropic, with the resistivityr(I ic) higher thanr(I ia). As
shown in Fig. 2, the ratior(I ia)/r(I ic) varies less than 4%
in the whole temperature range. Up to about 150 K it is clo
to 0.80, and decreases to 0.76 at 225 K. At this tempera
the resistivity anisotropy is maximum. A steep variation
the ratio occurs, with a sharp peak close toTc ~260 K!. In the
paramagnetic phase the ratio settles again at about 0.77

FIG. 1. Temperature dependence of the electrical resistivity with the cur
along thea or c manganite axis. The inset showsdr/dT vs temperature.
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der a magnetic field parallel to the axisH57 kOe, the an-
isotropy variation is slightly reduced, and the peak close
Tc is broadened. Zeng and Wong6 studied the crystallo-
graphic anisotropy of LCMO thin films resistivity. The
found that near and aboveTc ~200 K in their case! r(I ic) is
higher thanr(I ia). However, temperature dependence
the anisotropy was not the same and even changed sign
low about 190 K. One should note that their study was ma
comparing two different films, which presented differentTc

and resistivity peak temperatures. In our case, thedr/dT
peak temperatures are the same for thea andc bars~inset in
Fig. 1!. The sensitivity of electron scattering to short ran
effects may explain the temperature dependence of the r
tivity crystalline anisotropy. Using Mn-edge EXAFS spectr
Lanzaraet al.7 showed that LCMO~with Tc5240 K! pre-
sents two low temperature regimes, a truly ferromagne
metal with homogeneously distributed large polarons o
existing below a crossover temperatureT* '170 K. Above
T* , in the so-called CMR phase, small and large polaro
coexist, with an increasing fraction of longer Mn–O bon
~2.13 instead of 2.01 Å! along the Mn–O octahedra mai
axis. AboveTc , the small polarons still persist. The ma
characteristics of the temperature dependence of the res
ity ratio r(I ia)/r(I ic) may be associated with this loca
structure change. An increase of Mn–O bonds along
c-axis would decrease the electron hopping probability, le
ing to an increase of the resistivity along thec-axis atT* ,
consistent with our data. In layered manganites, Liet al.also
recently considered the relevance of the local structure to
spin-independent conductance anisotropy.8

The magnetoresistance (Dr/r) of the samples was mea
sured with the applied magnetic field in the plane, eith
parallel (Dr/r i) or transverse (Dr/r') to the current with
magnetic field up to about 10 kOe, in both directions. T
values found are of the usual order of magnitude for las
ablated films near the optimally doped composition. In eith
configuration,Dr/r presents a negative peak nearTc .2 The
magnetoresistance in the parallel configuration is in gen
larger ~in absolute value! than in the perpendicular configu
ration, resulting in negative magnetoresistance anisotr
Dr/r i –Dr/r' ~MRA!. In ferromagnetic metals~Fe, Co, Ni!,
the MRA is directly related to the magnetization, and is

nt

FIG. 2. Resistivity ratior(I ia)/r(I ic) with H50 and 7 kOe. It is almost
constant below about 150 K. Near 225 K the anisotropy ofr is maximum.
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most constant in the ferromagnetic phase, decreasing to
as the temperature is increased toTc . In high quality man-
ganite films, MRA shows unusual temperature depende
with a strong peak aroundTc ~MRA;21% to 22%! and a
much smaller limiting value at low temperatures~;20.2 to
20.4%!.2,9 Figure 3 presents the temperature dependenc
the MRA for sample 110B, withI ia andI ic in the interme-
diate and higher field range~1–7 kOe!. At low temperatures,
the MRA is low, around20.5% and20.2% for thec-axis
and a-axis, respectively. AboveTc the MRA decreases to
zero, and thea-axis MRA is more intense. In both these lo
and high temperature ranges the field dependence is w
On the other hand, between about 200 K andTc , the MRA
presents a strong magnetic field dependence, which even
comes non monotonic. In this interval, one finds that re
tivity jumps occur at the coercive fields (Hc;80 kOe) if the
magnetic field is applied in thea/b axis, on both 100 and
110 samples.2,5 Such a feature is associated with a rap
magnetization reversal through the growth of aligned m
netic domains at the expense of antiparallel or transve
domains.10 To further characterize the nature of the MRA w
studied the dependence of the electrical resistivity on
angleu between the electric current and the in-plane app
magnetic field,Dr/r(u)5(r(u)/r(0)21). The mechanism
of anisotropic magetoresistance~AMR!, that results from lo-
cal spin–orbit scattering of conduction electrons leads t
direct dependence on the square of the component of
magnetization transverse to the current direction,11 r(w)
5r01Dr sin2 w, wherew is the angle between the magne
zation and the electric current. In a saturated ferromag
with a magnetic field~H! large enough to keep the magne
zation ~M ! aligned with it (w5u), the resistivity should
have the same dependence on the angleu as the magnetic
field is rotated in the plane of the sample. Figure 4 shows
results for sample 110A with the current along thec axis
(u50) at 100 K and 200 K. At low temperatures and suf
ciently high magnetic fields (H57 kOe) one finds the char
acteristic AMR angular dependence. At lower fields (H
51 kOe), however, the angular dependence is different,

FIG. 3. Temperature dependence of the AMR, forI ia and I ic, at constant
magnetic field.
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dicating thatM is not aligned withH. At higher tempera-
tures, the sin2 u dependence is observed even at 1 kOe. Th
results can be interpreted using a phenomenological m
introduced by O’Donnellet al.10 considering the magnetiza
tion dependence of both the colossal magnetoresista
~CMR! and AMR effects.r(H,u)5r0(12AuH cos(u2w)u)
3(11Bsin2 w). The linear magnetic field dependence of t
CMR term is appropriate only at low temperatures. T
analysis of magnetization configurations with adequate s
metry anisotropy energy contributions reveals that at su
ciently low fieldsM will not deviate much from an easy axi
(w!1) and therefore the CMR term will dominate, with
ucosuu dependence. At high enough fields,w5u and the
AMR dependence is recovered. The observation of the AM
dependence forH51 kOe at 200 K is consistent with a de
crease of the anisotropy energy with increasing temperatu
This competition of effects is also observed in a recent st
on layered manganites.12
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FIG. 4. Angular dependence of the resistivity as the magnetic field is rot
in the plane of the sample~u! for current along thec axis (u50). Dashed
lines indicate the AMR (sin2 u) and CMR (ucos(u)u) dependencies.


