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The structural, magnetic, and transport properties of Lay7(Ca;_,Sr,)3MnO; films, deposited on a
LaAlO; (001) single crystalline substrate by rf-magnetron sputtering using “soft” (or powder)
targets, have been investigated. It was found that at 0.3=y=0.5 both the rhombohedral (R3c¢) and
the orthorhombic (Pnma) crystal phases in the form of nanoscale clusters are coexistent at room
temperature. The observed structural clustering is accompanied by two-stage magnetic and
electronic transitions, and governed by a nonuniform distribution of the lattice strain through the
film. It was shown that for the films with 0=y=0.5 the nonlinear (almost parabolic) MR(H)
dependence is typical while, for 0.65=<y=1.0, the linear MR(H) behavior is observed at room
temperature. The magnetotransport properties of films are explained within the framework of
field-dependent activation-energy model. The magnetic phase diagram for Lay,(Ca,_,Sr,);3MnO;
thin-film system is also presented. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2435991]

I. INTRODUCTION

The discovery of a huge negative magnetoresistive effect
in doped manganite perovskites with the general formula
R,_,A.MnO; where R is a rare-earth cation and A is alkali or
alkaline earth cation,' called “colossal magnetoresistance
(CMR),” induced interests in these compounds.zf5 The trans-
port and the magnetic properties of doped manganites can be
understood within the framework of “double-exchange
(DE)” model which considers the magnetic coupling be-
tween Mn>* and Mn*", resulting from the motion of an itin-
erant electron between two partially-filled d shells with a
strong on-site Hund’s coupling,é_8 and taking into account
the Jahn-Teller spin- and charge-lattice interactions.”'? At
the same time, since the hole-doped perovskite manganites
belong to the strongly correlated systems, they manifest a
tendency toward phase separation, typically involving the
ferromagnetic (FM) metallic and the charge-ordered insulat-
ing domains."" Such a phase-separated state usually occurs in
a temperature range below the Curie point (7). The nanos-
cale structural correlation, on the other hand, was observed
recently in a Lag;5(Cag45S1.55)03sMnO5 single crystal at a
temperature above TC.12 The main reason for this effect is
that Lag;(Ca,_,Sr,);sMnOj; tends to experience a structural
transition from the rhombohedral (R3¢) to the orthorhombic
(Pnma) crystal lattice with a decreasing temperature near y
=(.5.1%16 Moreover, this transition is controlled by an ex-
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ternal magnetic field, indicating a small difference between
the ground state energies for these crystal symmetries.15
Therefore, it is reasonable to suggest that any external per-
turbation of the crystal lattice (such as lattice strain, for ex-
ample) leads to a structural modification in this compound.
In this paper we report on the magnetotransport proper-
ties of as-deposited Lay;(Ca;_,Sr,)(3MnOs films at a fixed
Mn3**/Mn** ratio but with various sizes of the dopant atoms.
The films at 0.3=y=0.5 show a multiple microstructure at
room temperature, which contains nanoscale clusters of both
the orthorhombic and the rhombohedral crystal lattices. The
films with 0=y=0.5 demonstrate a nonlinear (nearly para-
bolic) behavior of magnetoresistance (MR) versus applied
magnetic field while, for 0.65=y=1.0, the linear MR(H) is
observed at room temperature. Based on the experimental
data, the magnetic phase diagram is constructed for the
La,y(Ca,_,Sr,);sMnO5 thin-film system.

Il. EXPERIMENTAL TECHNIQUES

The films were prepared by on-axis rf-magnetron sput-
tering using the so-called “soft” (or powder) target.]7 The
substrate was a LaAlO5 (LAO) single crystal with an out-of-
plane lattice parameter ¢=0.379 nm for the pseudocubic
symmetry. The total pressure in chamber was 4 X 102 Torr
with a gas mixture of Ar and O,(2:1). The deposition rate
was about 6 nm/min. The substrate temperature during
deposition was 750 °C. After deposition the substrate heater
was turned off and the films were cooled, inside the chamber,
with a temperature rate of about —10 K/min. The atomic
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FIG. 1. XRD patterns in the vicinity of (004) Bragg peak for
Lay;(Ca,_,Sr,),3sMnO; films.

force microscopy analysis (not shown) reveals that the sur-
face roughness (the peak-to-valley distance) of the films does
not exceed 5 nm. Lay;(Ca,_,Sr,)o3MnO; films were pre-
pared with y=1.0, 0.9, 0.8, 0.65, 0.5, 0.3, and 0. The
thickness of all the films was d=100 nm. The 6-26 x-ray
diffraction (XRD) patterns were obtained using a Rigaku dif-
fractometer with Cu Ka radiation. The high-resolution
electron-microscopy (HREM) studies were carried out using
a Philips CM300UT-FEG microscope with a field emission
gun operated at 300 kV. The point resolution of the micro-
scope was in the order of 0.12 nm. The cross-sectional speci-
mens were made by the standard technique using mechanical
polishing followed by ion-beam milling at a grazing inci-
dence. All the microstructural analyses were performed at
room temperature. The resistance was measured by using the
four-probe method in a temperature range of 4.2—300 K and
at a magnetic field up to 5 T. The in-plane field-cooled (FC)
and zero-field-cooled (ZFC) magnetization curves in a field
up to 100 Oe and the magnetization hysteresis loops at 10 K
were taken with a Quantum Design SQUID magnetometer.

lll. MICROSTRUCTURES

The analysis of #-26 XRD scans (not shown) manifests
that the deposition results in highly c-oriented films without
trace of the parasitic phases. Figure 1 shows, in detail, the
(004) Bragg peaks for all the Lay;(Ca;_,Sr,)o 3 MnOs films.
The substitution of Ca with Sr shifts the Bragg peak to the
high-angle side while, for y=0.8, the opposite tendency is
observed. Therefore, the out-of-plane lattice parameter of
films depends nonmonotonically on y, in contrast to the bulk.
The reduction in Sr concentration naturally leads to a de-
crease in the lattice parameter because of a smaller Ca-ion
radius than that for Sr. The observed nonmonotonic behavior
of ¢ can be explained by a more accumulation of the lattice
strain and a more tetragonal crystal-lattice distortion, during
the epitaxial growth of Laj;Cay;MnO; than those in
Lag ;1o sMn0O;."%2°

For a further illustration, Fig. 2 exhibits the high-
magnification cross-sectional HREM images of the
Lay;SrosMnO; [Fig. 2(a)] and the La,,Cay;MnO; [Fig.
2(b)] films, including the respective interface between film
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FIG. 2. High-magnification cross-sectional HREM images for (a)
Lag;Sry3sMnO; and (b) Laj,Ca,sMnO; films. Dashed lines indicate the
film-substrate interface. Insets A and B are the corresponding FFT and moiré
patterns, respectively.

and substrate (denoted by white dashed lines). Inset A is the
corresponding fast Fourier transform (FFT) of HREM im-
ages. The FFT pattern of Laj,Sry3sMnOz/LAO interface re-
veals elongated and slightly split spots in both ¢ (normal to
the interface) and a (along the interface) directions (indicated
by white triangles). This is an evidence for a semicoherent
(or weakly coherent) lattice coupling between film and sub-
strate. On the contrary, the FFT for Laj,Ca,;MnO5;/LAO
interface produces a rectangular pattern with well-defined
spot splitting only in the out-of-plane direction, manifesting
a nearly coherent interface between film and substrate. These
are confirmed by the moiré pattern (or the inverse Fourier
transforms?!) [inset B of Figs. 2(a) and 2(b)]. It is seen that
the edge misfit dislocation occurs in the Lag-Sry; MnOs
film. The measurement of various interspot spacings on the
high-magnification HREM image allows us to obtain the av-
erage values of lattice parameters. The analysis reveals that
both films are in a tetragonal distortion of the crystal lattice
with ¢/a=1.01 and 1.02 for Lay;Sryj3MnO; and
La, ;Cay sMnOs3, respectively, where a is the in-plane lattice
parameter.

Figure 3 shows the high-magnification cross-sectional
HREM images of La,,(Ca,_,Sr,),3MnO; for y=0.5 [Fig.
3(a)] and 0.65 [Fig 3(b)], respectively. The y=0.5 film con-
tains areas with more or less different crystal structure, the
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FIG. 3. (a) and (b) HREM images for the
Lay;(Ca;_,Sr,)3MnO; films with y=0.5 and 0.65, respectively. Insets are
the corresponding FFTs. Dashed lines in (a) indicate regions in different
crystal structures. (c) and (d) Fourier filtration of the original HREM images
in (a) and (b), respectively.

Cross-sectional

boundaries of which are marked by white dashed lines. It is
coincident with the FFT pattern which exhibits that the main
spots are elongated in the out-of-plane direction, confirming
a variety of the lattice parameters. Moreover, the additional
slight spots (corresponding to the doubled lattice parameter)
are distinguishable on FFT pattern (denoted by the white
arrow) in zones with a violent atomic ordering. Similar zone
in the real space is indicated by the white arrow in Fig. 3(a).
Figure 3(c) shows the Fourier filtration of the original
HREM image, which allows us to distinguish the areas with
different atomic ordering more accurately. These areas, cor-
responding to black and white regions in Fig. 3(c), have size
from a few nm to ten nm. The measurement of a large num-
ber of interdot spacings and angles between dot rows allow
us to obtain the average lattice parameters for both crystal-
line phases. Upon the analysis, one can conclude that the
more ordered zones manifest a rhombohedral crystal struc-
ture with ap=0.5484 nm and ax=60.35° while the more
disordered ones have an orthorhombic crystal lattice with a
tetragonal ratio of ¢/a=1.02 and a=0.3812 nm. Therefore,
the Lay7(Ca;_,Sr,);sMnO; film at y=0.5 can be treated as a
composite object which involves two kinds of the nanoscale
clusters with a different crystal lattice. The observed contra-
diction with the XRD data, which manifest only a single
nonsplitted Bragg peak, can be explained by the similarity of
the lattice parameters (for a pseudocubic symmetry) for both
crystal structures and the detection limit of the x-ray diffrac-
tion with Cu K« radiation. For comparison, Fig. 3(b) shows
that the film at y=0.65 manifests almost a uniform crystal
lattice. The inset in Fig. 3(b) displays that FFT produces a
rectangular pattern of circular and nonelongated spots. In
Fig. 3(d) the contrast of the Fourier filtration represents more
monotonous than that observed for y=0.5. The analysis re-
veals that this film has mainly a rhombohedral crystal struc-
ture with ap=0.5524 nm and aj=60.46°, which are coinci-
dent with the bulk."”

The observed structural separation on the orthorhombic
and rhombohedral clusters in the y=0.5 film probably was
triggered by a nonuniform distribution of the lattice strain
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FIG. 4. Temperature dependence of the FC (solid symbols) and the ZFC
(open symbols) magnetizations for Lay ;(Ca,_,Sr,),3MnO; films. Arrows in-
dicate the Curie points for magnetic phase-separated films.

and a ferroelastic phase transition in the LAO substrate. It is
reasonable that, owing to a significant lattice mismatch be-
tween the substrate and the film, the lattice strains are accu-
mulated in the film during deposition. As reported recently,
under a compressive biaxial strain the film grows in the is-
land mode and the strains are distributed nonuniformally
through the sample.zz’23 The edge of an island is the region
of high strain, while the top of the island is with the low
strain. Consequently, one can suggest that only the low-
strained region of the film should be transformed to an ortho-
rhombic phase, while the transition in the high-strained re-
gion is blocked by an accumulated elastic energy. On the
other hand, the observed structural clustering might be from
a chemical nature, which was provided by a nonuniformity
of the Sr concentration during sputtering.

IV. MAGNETIC AND TRANSPORT PROPERTIES

Figure 4 shows the in-plane FC (solid symbols) and ZFC
(open symbols) temperature-dependent magnetization
curves, M(T), for y=1.0, 0.8, 0.65, 0.5, 0.3, and 0. The ap-
plied magnetic field was H=100 Oe. It is seen that the sub-
stitution of Sr for Ca leads to a gradual increase of T, except
y=0.5 and 0.3 films. For these films M(T) manifests a be-
havior, which is typical for the two-phase magnetic system.
The first transition occurs at 7-; =260 K and the second one
at T, =130 K, as a slight change in the slope of the FC
curve. It worth noting, that the similar two-step M(T) behav-
ior recently was observed in a single crystal at y=0.45 and
explained by an occurrence of the structural transition at a
temperature below TC.16 The microstructural analysis for y
=0.5 of a composite film, however, involves two kinds of the
nanoscale clusters with a different crystal lattice. It is reason-
able to suggest that the two-stage M(T) dependence should
be a simple superposition of two separated FM transitions in
clusters with the rhombohedral and orthorhombic structure.
At the same time, the y=0.3 film also demonstrates the two-
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FIG. 5.  Temperature resistivity ~ for

dependence  of  the
Lay;(Ca,_,Sr,)osMnO; films without (solid symbols) and with (open sym-
bols) an applied magnetic field of 5 T. Arrows indicate the two-stage MI
transition in the films with y=0.5 and 0.3.

step M(T) behavior and can be treated as a crystal-phase-
separated system, though the FM response at T, is signifi-
cantly suppressed with respect to y=0.5.

Figure 5 is the temperature-dependent resistivity, p(7),
for the same films without (solid symbols) and with (open
symbols) an applied magnetic field of 5 T. The magnetic field
was parallel to the film surface and perpendicular to the
transport current. It is seen that the y=0 film demonstrates a
typical CMR p(T) behavior with the well-defined metal-
insulator (MI) transition at 7p=200 K while y=1.0 mani-
fests only a change of the slope on the p(T) dependence at
T=300 K. It is known that the La,;Sr,3;MnO; compound,
due to a large one-electron bandwidth, does not undergo the
real MI transition near the Curie point and keeps a metal-like
state in the paramagnetic phase up to high temperatures.s’15
The y=0.3 and 0.5 films, on the other hand, demonstrate a
two-peak behavior of p(T), which can be treated as two MI
transitions at Tp; <210 K and Tp, <130 K (indicated by ar-
rows), which are governed by the appearance of the FM
ordering in the rhombohedral and orthorhombic clusters, re-
spectively. It is confirmed by the similar two-peak tempera-
ture behavior of MR for y=0.5, which is shown in the inset.
Moreover, these peaks occur at the temperatures close to Tp,
and Tp, on the p(T) curve. Here the MR value is defined by
100% X [p(0)-p(H)]/p(0), where p(0) and p(H) are the re-
sistivities with and without a magnetic field of 5 T, respec-
tively.

Figure 6 displays the magnetic-field dependence of MR
at room temperature for the y=0.3, 0.5, 0.8, and 0.9 films.
In this case the MR value is defined by 100% X [p(H)
—p(0)]/p(0). Tt is seen that a magnetoresistive effect at room
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FIG. 6. Magnetic-field dependence of the MR ratio for
La(m(Cal,}.Srv)(]_gMnO3 films, measured at room temperature. Inset displays
the experimental (solid lines) and the theoretical (dashed lines) MR(H) de-
pendence for the films with y=0.3 and 0.9.

temperature is enhanced with the increasing of Sr doping and
the MR(H) dependence changes from almost parabolic (y
=0.3 and 0.5) to close to linear (y=0.8 and 0.9). The similar
variation of the MR(H) behavior at T= T have already been
observed in these lanthanides and explained by a transition
from the insulating to metal-like state with the increasing of
Sr concentration.** ™’

V. DISCUSSION

Figure 7 exhibits the magnetic phase diagram for
Lag7(Ca,_,Sr,)o3 MnO; films deposited on the LAO sub-
strate. The triangular symbols display 7p, the MI transition
temperature. It is seen that a decreased Sr doping, in general,
leads to a reduced T, which is coincident with the published
results for the bulk'> and the thin films deposited on
NdGaO3.27 Since the FM ordering is governed by the trans-
fer interaction of the e,-orbital carrier between the neighbor-
ing Mn sites, which should be determined mainly by the
Mn-O bond length and the Mn-O-Mn angle,24 Tc~W
~cos ¢/ di,‘lsn_o, where W is the bandwidth, ¢ is the tilt angle
on the bonding plane, and dy,_o is the Mn-O bond
length.z&29 Consequently, the change of the crystal lattice
from rhombohedral to orthorhombic, due to the substitution

300
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0.0 02 04 06 08 1.0
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FIG. 7. Magnetic phase diagram for the Lay,(Ca;_,Sr,)o;MnOj; thin-film
system. Solid squares and open triangles correspond to the Curie points and
the MI transition temperatures, respectively. The concentration range for
structural phase-separated state is crosshatched.
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of Ca for Sr, which is usually accompanied by a decreased
tilt angle, must lead to a narrowed W and a reduced T¢. It is
known that the parent Laj;Sry3MnO; compound is in the
rhombohedral crystal structure with ¢@=165° while
Lay ;Ca(;MnOj is orthorhombic with ¢=155°. However, in
contrast to the bulk which shows the structural R3c
— Pnma transition at a certain y concentration," the pre-
pared films manifest a sufficiently broad concentration range
(0.3=y=0.5), where both crystalline phases coexist. It was
already suggested that the observed multiple clustering in
these films is probably governed by a nonuniform distribu-
tion of the lattice strain and triggered off by a ferroelastic
phase transition in the LAO substrate, which occurs at T
=544 °C.> Consequently, for the films with 0.3=y=0.5, it
is reasonable that, with decreasing temperature, the FM
phase appears at first in the rhombohedral clusters and then
in the orthorhombic regions of film, providing the two-stage
M(T) behavior. The slight rise of magnetization at T; for
the film with y =0.3 (curve labeled with 0.3 in Fig. 4) can be
explained by a decreased amount of clusters in the ortho-
rhombic structure. The analyses on Figs. 4 and 5 present the
magnetic and electronic transition temperatures (T, =Tp,
=130 K) are almost coincident for the orthorhombic regions
in the films with y =0.3 and 0.5, confirming the typical MI
transition resulted from the DE mechanism.” At the same
time, a significant discrepancy between the FM and the MI
transition temperatures is observed for the rhombohedral
clusters: 71 =260 K against 7p; =180 and 210 K for y
=0.3 and 0.5, respectively. This can be supported with the
percolating mechanism of the MI transition, which is fre-
quently observed in the inhomogeneous manganites, inde-
pendent of the physical nature of inhomogeneity.11

Let us consider the field-dependent magnetoresistance of
films at room temperature. According to the phase diagram,
the films with a significant Sr doping (y =0.65) manifest the
onset of FM transition at 7= 300 K. Therefore, the MR(H)
obeys the DE mechanism of charge transport, which predicts
a square dependence on the magnetization: MR(H)
=C(M/M)2>" Here M is the magnetization, M, is the satu-
ration magnetization, and C is a constant, nearly independent
of field and temperature. The films with a large Cacontent
(y=0.5), on the other hand, have a Curie point below room
temperature, and at 7> T demonstrate the thermally acti-
vated polaronic transport of carriers (see Fig. 5), expressed
by R(T,H)=R,T exp(E,/kgT). R is a constant, which is in-
versely proportional to the polaron hopping frequency, E, is
the activation energy, and kg is the Boltzmann constant. Con-
sequently, the films with y=0.5 can be treated as the para-
magnetic insulators at room temperature. The MR(H) behav-
ior of such materials is explained, as a rule, by two
approaches. The first approach, based on an idea that the
hopping probability of the insulator with a short-range mag-
netic ordering should be modified with a multiplicative term
(1+M?/ M%)/ 2.% In this case the negative magnetoresistance
ratio also has a square dependence upon the magnetization,
with C=1, and expressed by MR(H)=(M/M,)>. The second
approach assumes that the trapping of charge (treated as fer-
romagnetic polaron) can be minimized by the transition of
the paramagnetic neighborhood from random disorder to

J. Appl. Phys. 101, 053708 (2007)

spin alignment due to an applied magnetic field.** In this
case the activation energy has to be changed in the presence
of the magnetic field, EA=E2(1—<cos 6;;)), where Eg is the
field-independent activation energy and 6;; is the angle be-
tween the i and the j ion spins. Taking into account that, for
the uncorrelated  spins, (cos 6;)=(cos 6)*=(M/M,)?,
MR (H)=exp[-a(M/M,)*] where a=Eg/kBT.

First of all, let us analyze the field-dependent MR of low
Sr-doped films. Since it is assumed that these films turn
out to be in the paramagnetic state, the magnetization
can be expressed by the Brillouin function Bg(gugSH/kgT),
where g =2 is the Landé factor and up is the Bohr
magneton. The average spin for this composition is
S=\,/O.3SI(SI+1)+O.7SZ(S2+1) = 2.3076, where S§,=3/2
and S,=2 are the spin values of Mn** and Mn** ions, respec-
tively. The previous analysis on the p(7) dependence for
y=0 at T=T.,Tp allows us to estimate the field-
independent activation energy as Eg: 1500 K, and therefore,
a=5 at T=300 K. Inset in Fig. 6 displays both experimental
(solid line) and theoretical (dashed lines) MR(H) curves for
y=0.3. For a better agreement between theory and experi-
ment S ;=NS was employed as the fitting parameter. Here,
Ser is treated as the effective polaron spin which consists of
N single ions.”® It is seen that both approaches describe the
MR(H) behavior for y=0.3 with the same degree of accu-
racy. Moreover, the fitting parameters are close to each other,
N=3.5 and 2.35 in Appel32 and for the field-dependent
activation-energy model, % respectively.

Unfortunately the MR(H) dependence for the film with
y=0.9 is not adequately described in the framework of the
DE model, since a parabolic MR(H) dependence was pre-
dicted, instead of a nearly linear one in the experiment.31 The
main reason for this is probably the inhomogeneous (phase-
separated) magnetic state of high Sr-doped (y=0.65) films at
room temperature. It is confirmed by the anhysteretic MR(H)
behavior in the low-field range, which contradicts with the
results for the similar films in the completely FM state.** The
hysteresis becomes apparent in the form of two split peaks
near the coercive field, which are provided by the hysteretic
behavior of the magnetization loop for the ferromagnet.35
Therefore, it is concluded that the films with y=0.65 at
room temperature represent the magnetic phase-separated
system, containing the FM and the paramagnetic (PM) clus-
ters. As discussed previously, the formation of the multiphase
magnetic state can also be affected by a nonuniform distri-
bution of the lattice strain. The description of magnetoresis-
tance for such a magnetic phase-separated system can be
understood in the framework of Wagner et al.®® According to
this phenomenological model, the activation barrier (they
considered the Mott hopping mechanism of conductivity,33
but it is not a principal point in our case) includes two main
field-affected terms. The first is similar to that considered
above for the PM state, revealing E, ~ Bi(guzH/ksT), while
the second one (the so-called Weiss magnetization contribu-
tion) becomes dominant in the FM state and manifests a
linear magnetic-field dependence of the activation energy
E,~ Bg(gupH/kp). The experimental MR(H) dependence
for y=0.9 (see inset in Fig. 6) was fitted with the expression
MR(H)=exp[-a(M/M,)] with the number of single ion
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spins, N, as a fitting parameter and a:Eg/ kgT=5 again. It is
seen that the theoretical curve is practically coincident with
the experimental data for N=1.2.

Therefore, the magnetotransport properties of the
Lay(Ca;_,Sr,)o 3 MnO5 films at room temperature can be
excellently described within the framework of field-affected
activation-energy approximation, taking into account a com-
petition between the spin-dependent trapping of charges in
the PM state and the Weiss-magnetization contribution to the
FM state.

VI. CONCLUSIONS

We have studied the magnetic and the transport proper-
ties of Lag;(Ca,_,Sr,)(3MnOs5 films on LaAlO; (001) single
crystal substrate. The microstructural analysis reveals that
the films with 0.3=y=0.5 are phase-separated at room tem-
perature in nanoscale clusters with the orthorhombic and the
rhombohedral crystal structures. The observed clustering is
accompanied by the two-stage magnetic and electronic tran-
sitions. It is suggested that the main reason for structural
phase separation is the accumulation of nonuniformally dis-
tributed lattice strains during the epitaxial growth of film and
the ferroelastic transition of substrate. It was shown that, for
the films with 0=y=0.5, a nonlinear (nearly parabolic)
MR(H) dependence is typical while, for 0.65=y=1.0, the
linear MR(H) behavior is observed at 300 K. The magne-
totransport properties of Laj;(Ca;_,Sr,)o3MnO; films at
room temperature can be explained on the basis of field-
dependent activation-energy model, considering simulta-
neously the spin-dependent trapping of charges in the PM
state and the Weiss-magnetization contribution to the FM
ordering. From the experimental data, the magnetic phase
diagram is constructed for the Laj,(Ca,_,Sr,),;MnO; thin-
film system.
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