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The microstructural and the magnetotransport properties of Lay;Cag3;MnO5 and Lag 7Sty 3MnOj5 films, de-
posited on a BaTiO; layer (LCMO/BTO and LSMO/BTO, respectively), and on LaAlO; and SrTiOz (001)
single crystals (LCMO/LAO, LSMO/LAO and LSMO/STO) by rf-magnetron sputtering using the “soft” (or
powder) targets, have been investigated. The films grown on BTO demonstrate biaxial tensile in-plane and
compressive out-of-plane strains, while those grown on LAO show the opposite trend, i.e., compressive
in-plane and tensile out-of-plane strains. The films with a biaxial tensile in-plane strain undergo the magnetic
transition at a higher temperature than those with a biaxial compressive one. This implies that the variation of
Mn-O-Mn bond angle, controlled by the lattice strain, plays a more important role in the formation of spin
ordering in the manganite film than the modification in the Mn-O bond length does. It was shown that the
magnetic inhomogeneity, observed through the difference between field-cooled and zero-field-cooled
temperature-dependent magnetization, is not greatly relevant to the electronic nature, but is controlled by the
lattice distortion and the microstructural defects. The observed enhancement of magnetoresistance for the
LSMO/BTO bilayer at room temperature makes this material system promising in the development of new

hybrid ferromagnetic/ferroelectric devices.
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I. INTRODUCTION

The discovery of colossal magnetoresistance (CMR) in
doped manganite perovskites' with the general formula
R,_,A.MnO3;, where R is a rare-earth cation and A is alkali or
alkaline earth cation,>? stimulated numerous investigations
because of not only their interesting fundamental science but
also their possibility for device applications. For the potential
industrial applications, these materials should be prepared in
the form of thin films or multilayered hybrid systems. How-
ever, thin manganite films frequently exhibit different mag-
netotransport properties from those of the bulk materials.
The observed discrepancy is mainly explained by the lattice
strain, due to the epitaxial growth of the film, which greatly
affects the formation of the spin-ordered state and the value
of the CMR effect.*!? It was argued that, for example, a
lattice compression would reduce the electron-phonon inter-
action and increase the electronic hopping probability by de-
creasing the Mn-O bond length and increasing the Mn-O-Mn
bond angle, all leading to an increase of the Curie tempera-
ture (7). In contrast, the Jahn-Teller distortion induces a
localization of electrons and reduces T..* This phenomenon
can be described basically by the Millis model,'? developed
for materials with a weak lattice strain and a cubic symmetry.
On the other hand, the recently observed suppression of a
contribution from the Jahn-Teller distortion to the ferromag-
netic ordering, with increasing the lattice mismatch between
substrate and film,”'>!%!> manifests a physical limit of the
weak-strain approach!® in describing the magnetic properties
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of manganite films. Moreover, it was shown that the micro-
structure features™'>!® and the oxygen content®7-?? could
lead to considerable changes in the magnetotransport prop-
erties of films, as well. Although the influence of single-
crystalline substrates on the magnetic and the electronic
properties of manganite films has been extensively investi-
gated, the development of hybrid devices such as
ferromagnetic/ferroelectric ones, which are very promising
for modern applications,”® needs more detailed information
on the microstructure of interfaces and the mutual influence
between adjacent layers.

In this paper, we report our experimental results for
ferromagnetic/ferroelectric hybrid films of La,;Cay3MnO;
and La-Sr)3;MnO;, deposited on a BaTiO;5 layer (LCMO/
BTO and LSMO/BTO). For comparison, we also present the
same data for the films deposited on bare LaAlO5 (001) and
SrTiO;  single-crystalline substrates LCMO/LAO and
LSMO/LAO, and LCMO/STO and LSMO/STO, respec-
tively. The observed difference in growth mechanism of the
LCMO and the LSMO films, and the effects of lattice strain
and microstructure peculiarities on the magnetotransport
properties will be discussed in detail.

II. EXPERIMENTAL TECHNIQUES

Several different films were prepared by on-axis rf-
magnetron sputtering using the so-called “soft” (or powder)
target.”* The substrate was a LAO(001) single crystal with an
out-of-plane lattice parameter of ¢=0.379 nm for the

©2006 The American Physical Society
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FIG. 1. (a) #-26 XRD pattern of the BTO/LAO system. (004)
Bragg peaks for (b) the LCMO and (c) the LSMO films, deposited
on BTO (1) and LAO (2).

pseudocubic symmetry. The total pressure in the chamber
was 4 X 1072 Torr with a gas mixture of Ar and O, (2:1). The
substrate temperature during deposition was 750 ‘C. The
LCMO/BTO and the LSMO/BTO bilayers were prepared
with thicknesses for LCMO, LSMO, and BTO of d=160,
160, and 100 nm, respectively. For comparison, the bare
BTO, the LCMO, and the LSMO films with the same thick-
nesses were also deposited on the LAO substrate under simi-
lar conditions. The LSMO films on STO had a thickness of
d=70 nm. The #-26 x-ray diffraction (XRD) patterns were
obtained using a Rigaku diffractometer with Cu K, radiation.
The high-resolution electron-microscopy (HREM) studies
were carried out by using a Philips CM300UT-FEG micro-
scope with a field emission gun operated at 300 kV. The
point resolution of the microscope was in the order of
0.12 nm. The cross-sectional specimens were prepared by
the standard techniques using mechanical polishing followed
by ion-beam milling at a grazing incidence. All microstruc-
ture studies were carried out at room temperature. The resis-
tance measurements were performed by using the four-probe
method in the temperature range of 4.2—300 K under a mag-
netic field up to 5 T. The in-plane field-cooled (FC) and the
zero-field-cooled (ZFC) magnetization curves under an ap-
plied magnetic field of 100 Oe and the magnetization hyster-
esis loops at 10 K were taken with a Quantum Design super-
conducting quantum interference device magnetometer.

III. MICROSTRUCTURES OF THE FILMS

Figure 1(a) shows the #-260 XRD scan for the BTO film
deposited on the LAO substrate. The high intensity of the
(00]) peaks manifests that the deposition results in highly
c-oriented films. The obtained out-of-plane lattice parameter
(¢=0.407 nm) is not very different from the bulk value at
room temperature ¢==0.4033 nm.>> Figures 1(b) and 1(c)
display the (004) Bragg peaks in detail for the LCMO/BTO
and the LCMO/LAO, and the LSMO/BTO and the LSMO/
LAO films, respectively. The analysis of XRD data reveals
that the out-of-plane lattice parameter for LCMO/LAO cor-
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FIG. 2. (a) Low-magnification cross-sectional HREM image for
the BTO/LAO system. (b) High-magnification cross-sectional
HREM image for the BTO/LAO interface. The dashed line indi-
cates the interface. Inset: FFT. (c) Misfit dislocation formed in the
BTO film near the interface. The associated Burger’s circuit is in-
dicated as a white line.

responds to ¢ =0.3900 nm, while ¢=0.3857 nm for LCMO/
BTO. Similar, ¢=0.3891 nm for LSMO/LAO, while c
=0.3872 nm for LSMO/BTO.

Figure 2 presents (a) the low-magnification cross-
sectional HREM image of the BTO film and (b) a high-
magnification image of the interface with fast Fourier trans-
formation (FFT) as inset. The FFT image across the BTO/
LAO interface reveals elongated and slightly split spots in
both ¢ (normal to the interface) and a (parallel to the inter-
face) directions (indicated by black arrows). This is an evi-
dence for semicoherent (or weakly coherent) lattice coupling
between LAO and BTO. Due to the large mismatch between
substrate and film, the misfit dislocations are formed in the
BTO near the interface, as displayed in Fig. 2(c). An associ-
ated Buerger’s circuit is indicated by the white line. The
measurement of various interspot spacings on the high-
magnification HREM image allows us to obtain the average
values of lattice parameters. Analysis reveals that the BTO
film has a tetragonal crystal lattice with ¢=0.407 nm and
c/a=1.020. The obtained lattice parameters are in good
agreement with those for the bulk® and for BTO films de-
posited on SrTiO5 (a=0.391 nm).?° A slightly enhanced te-
tragonal ratio in our case can be explained by larger in-plane
compressive lattice strain in the film deposited on the sub-
strate with a smaller lattice constant.

Figure 3 presents the low-magnification cross-sectional
HREM image of (a) the LCMO/BTO bilayer, (b) the high-
magnification one, and (c) the FFT pattern for the interface.
It is seen that FFT of the LCMO/BTO interface produces a
rectangular pattern of the spots, which are elongated only
along the out-of-plane direction without a visible splitting or
an elongation along the in-plane one. This indicates that an
almost coherent interface is formed between BTO and
LCMO. The analysis of interspot spacing, and angles be-
tween the rows and the columns reveals that the LCMO layer
has a tetragonal crystal structure with ¢=0.386 nm, which is
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FIG. 3. (a) Low-magnification cross-sectional HREM image for
the LCMO/BTO film. (b) High-magnification cross-sectional
HREM image of the LCMO/BTO interface. The dashed line indi-
cates the interface. (c) FFT of the HREM image in (b).

in good coincidence with the XRD data, and has a reversed
(with respect to BTO) tetragonal ratio, ¢/a=0.980. The es-
timated in-plane lattice parameter for LCMO, a=0.394 nm,
turns out to be very close to that for BTO, a=0.399 nm.
For comparison a similar microstructural analysis has also
been carried out for a LCMO film deposited directly on
LAO. As displayed in Fig. 4, the FFT image of this case
produces a rectangular pattern similar to that for the LCMO/
BTO interface, with well-defined spots split along the out-of-
plane direction and slightly elongated spots along the in-
plane one, manifesting a nearly coherent interface between
the film and the substrate. The LCMO/LAO film reveals a
tetragonal structure with ¢=0.390 nm, which is perfectly co-
incident with the corresponding XRD data, and c¢/a=1.015.
The same cross-sectional HREM images for LSMO/BTO
and LSMO/LAO are displayed in Figs. 5 and 6, respectively.
For both films the FFT images exhibit slightly elongated

FIG. 4. (a) Low-magnification cross-sectional HREM image for
the LCMO/LAO system. (b) High-magnification cross-sectional
HREM image of the LCMO/LAO interface. The dashed line indi-
cates the interface. (c) FFT of the HREM image in (b).
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FIG. 5. (a) Low-magnification cross-sectional HREM image for
the LSMO/BTO film. (b) High-magnification cross-sectional
HREM image of the LSMO/BTO interface. The dashed line indi-
cates the interface. Inset shows moire pattern across the interface
with misfit dislocations (indicated by white arrows). (c) FFT of the
HREM image in (b).

spots along the in-plane and out-of-plane directions, where
this effect is slightly larger for the LSMO/LAQO film. The
analysis of the high-magnification images reveals that the
tetragonal distortion of the LSMO layers is significantly
smaller than that for LCMO ones: ¢/a=0.996 for LSMO/
BTO and c¢/a=1.008 for LSMO/LAO. Insets in Figs. 5(b)
and 6(b) display moire patterns (inverse Fourier
transforms®’) of the high-magnification HREM images
across the interfaces of LSMO/BTO and LSMO/LAO, re-
spectively. It is seen that in both cases misfit-edge disloca-

FIG. 6. (a) Low-magnification cross-sectional HREM image for
the LSMO/LAO system. (b) High-magnification cross-sectional
HREM image of the LSMO/LAO interface. The dashed line indi-
cates the interface. Inset shows moire pattern across the interface
with misfit dislocations (indicated by white arrows). (¢) FFT of the
HREM image in (b).
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TABLE 1. Results of the XRD and the HREM analysis for the investigated films.

Out-of-plane lattice Tetragonal ratio In-plane  Out-of-plane Jahn-Teller

parameter ¢ (nm), cla, strain strain Bulk strain strain
Samples XRD data HREM data €100 (%) €01 (%) eg (%) et (%)°
BTO/LAO 0.407 1.02 0.12 -0.92 —-0.68 —-0.84
LCMO/BTO 0.3857 0.99 -0.93 0.46 -1.4 1.14
LCMO/LAO 0.39 1.015 0.57 —-0.64 0.49 -1.0
LSMO/BTO 0.3872 0.996 -0.36 0.53 -0.2 0.73
LSMO/LAO 0.3891 1.008 0.6 -0.19 1.01 -0.65
LSMO/STO 0.3869 0.993 -0.1 0.6 0.41 0.57
LSMO/BTO¢ 0.3864 0.98 -1.29 0.73 -1.86 1.66
LSMO/LAO¢ 0.3903 1.01 0.72 -0.27 1.17 -0.81

“ep=(2€100+ €001)-
Perr=12/3(€yo1— €100)-
“The thickness of LSMO layer is d=70 nm.

tions are formed in the LSMO film (noted by white arrows).
Moreover, these dislocations can be in opposite directions.
Therefore, one can conclude that the semicoherent interface
between the substrate and the film is formed during the depo-
sition of LSMO.

The lattice parameters and the estimated values of in-
plane  [€00=(dbuk—0fim)/apui] and out-of-plane  [€y,
=(Cpuik—Critm)/ Cou] lattice strains for investigated samples
are summarized in Table I. Table I also includes the data for
the LSMO/STO thin films with d=160 nm and for the
LSMO/BTO and the LSMO/LAO thin films with d
=70 nm, for the comparison. The following bulk lattice pa-
rameters are employed in this evaluation: ay,;=0.3864 nm
and ¢ =0.3875 nm for Lay,Cay,;MnO; (Ref. 28) and
ap™=0.5480 nm and aR™=60.3° for Lay,Sry;MnO;.%
Here, the subscript “R” stands for rhombohedral.

Therefore, two kinds of films with different signs of lat-
tice strain have been prepared: LCMO/BTO and LSMO/BTO
have biaxial tensile in-plane and compressive out-of-plane
strains while the LCMO/LAO and LSMO/LAO films are ex-
posed reversely to compressive in-plane and tensile out-of-
plane strains. On the other hand, it is seen that the LCMO
films are more susceptible to the crystal structure of the sub-
strate and the lattice strains are accumulated more than the
LSMO ones during deposition. The observed difference in
the lattice-strained state for these films can be governed by
the peculiarities of the growth mechanism. Recently, it has
been shown that the LSMO films tend to stress relaxation
during the growth by the formation of misfit dislocations
while the LCMO ones form a columnlike strained
microstructure.’*-3? These results absolutely agree with ours,
testifying that the LCMO films demonstrate a dislocation-
free epitaxial-growth mode with the formation of a strong
lattice-strained state. These biaxial strains are accommo-
dated, during the film growth, by forming a coherent colum-
nar microstructure directed normal to the interface, which
can be treated as prismatic antiphase boundaries. However,
in the LSMO films the strain accommodation is realized by
the misfit-dislocation formation.

IV. EXPERIMENTAL RESULTS OF THE TRANSPORT
AND THE MAGNETIC PROPERTIES

Figure 7 shows the in-plane FC and ZFC temperature-
dependent magnetization curves, M(T), for (1) the LCMO/
BTO and (2) the LCMO/LAO systems. The applied magnetic
field was H=100 Oe. The LCMO/BTO bilayer manifests the
onset of the ferromagnetic ordering at 7-=250 K while
LCMO/LAO has T at a lower temperature, T-=230 K,
which is typical for the lattice-strained as-deposited
film.>10:1233 The inset of Fig. 7 displays the in-plane hyster-
esis loops, measured at 7=10 K, for the LCMO/BTO and the
LCMO/LAO films. The LCMO/BTO film has narrower
M(H) curve than LCMO/LAO (the coercive field, H,=100
and 300 Oe, respectively) and saturates (saturation field, H,
=3000 Oe) twice as fast as LCMO/LAO (H,=6000 Oe).
This can be explained by a strain-driven magnetic anisotropy
in these films.>3
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FIG. 7. Temperature dependence of the FC (solid symbols) and
the ZFC (open symbols) magnetizations for LCMO/BTO (1) and
LCMO/LAO (2). The inset displays the in-plane magnetic hyster-
esis loops for LCMO/BTO (solid symbols) and LCMO/LAO (open
symbols) at 10 K. Lines guide the eye.
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FIG. 8. Temperature dependence of the FC (solid symbols) and
the ZFC (open symbols) magnetizations for LSMO/LAO (1),
LSMO/BTO (2), and LSMO/STO (3). The inset displays the in-
plane magnetic hysteresis loops at 10 K. Lines guide the eye.

Figure 8 displays the same magnetization dependencies
for (1) the LSMO/LAO, (2) the LSMO/BTO, and (3) the
LSMO/STO films. The maximal temperature of the ferro-
magnetic ordering is observed for LSMO/STO, T-=315 K,
while the lowest one belongs to LSMO/LAO, T-=296 K.
The LSMO/BTO film has T¢=310 K. The inset in Fig. 8
shows that the coercive field is the same for all LSMO films,
H_ =100 Oe, while the saturation one is considerably depen-
dent on the substrate: H,=4000, 1200, and 800 Oe for
LSMO/LAO, LSMO/STO, and LSMO/BTO, respectively.

Figure 9 is the temperature-dependent resistance R(T) for
(1) the LCMO/BTO and (2) the LCMO/LAO films with and
without an applied magnetic field of 5 T. The magnetic field
was directed parallel to the film surface and perpendicular to
the transport current. It is seen that the LCMO/BTO bilayer
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FIG. 9. Temperature dependence of the resistance for LCMO/
BTO (1) and LCMO/LAO (2) without (solid symbols) and with
(open symbols) an applied magnetic field of 5 T. The inset includes
the temperature-dependent MR ratios. Lines guide the eye only.
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FIG. 10. Temperature dependence of the resistance for LSMO/
LAO (1) and LSMO/BTO (2) with d=70 nm, and LSMO/LAO (3)
and LSMO/BTO (4) with d=160 nm without (solid symbols) and
with (open symbols) an applied magnetic field of 5 T. Inset (a)
includes the temperature-dependent MR ratios. Inset (b) displays
the temperature-dependent first derivative dR/dT. The MI transition
temperatures are indicated by arrows.

undergoes the metal-insulator (MI) transition at 7p=230 K
while the LCMO/LAO film manifests 7p=195 K. In both
cases the temperature of MI transition is lower than the cor-
responding T, and this can be understood by a percolating
nature of the MI transition.*> The inset of Fig. 9 presents the
temperature dependence of negative magnetoresistance (MR)
for (1) LCMO/BTO and (2) LCMO/LAO. The MR value is
defined by 100% X[R(0)-R(H)]/R(H), where R(H) and
R(0) are the resistances with and without, respectively, a
magnetic field of 5 T.

Figure 10 displays the same R(7) dependencies with and
without an applied magnetic field of 5 T for the thin (d
=70 nm) (1) LSMO/LAO and (2) LSMO/BTO, and thick
(d=160 nm) (3) LSMO/BTO and (4) LSMO/LAO films. In-
set (a) shows the temperature dependence of the MR value
for these films. Because the LSMO manganite did not un-
dergo a real MI transition near 7- and manifests only a
change in the slope of the R(T) dependence, the MI tempera-
tures were obtained from the analysis of the first derivative
of R(T), which is represented by the inset (b). It is seen that,
for thick LSMO/BTO and LSMO/LAO, Tp=275 and 250 K,
while, for the thin ones, Tp=260 and 220 K, respectively
(denoted by arrows). Some magnetotransport characteristics
of the investigated films are summarized in Table II.

V. DISCUSSION

Let us analyze the obtained results on the basis of the
Millis model.!® For a weak lattice strain € and a cubic sym-
metry T¢ can be expressed as

1
Tc(f) = Tc()(] — (X€g — EAé ),

where Teo=Tc(€=0), a=(1/Tgy)(dTc/deg), and A
=(1/T¢o)(d*Tc/d€ly). The magnitudes of @ and A represent
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TABLE II. Magnetotransport characteristics for the investigated films.

Curie Coercive Saturation Maximum

point field field Remanence magnetoresistance MI transition
Samples Tc (K) H, (Oe) H, (Oe) MM (%) MR (%)* Tp (K)
LCMO/BTO 250 100 3000 61 550 (17) 230
LCMO/LAO 230 300 6000 59 760 (9) 195
LSMO/BTO 310 100 800 73 80 (65) 275
LSMO/LAO 296 100 4000 31 50 (43) 250
LSMO/STO 315 100 1200 70 40 (38) 280

“In parentheses are the MR values at 300 K.

the relative weights for the symmetry-conserving bulk strain
eg and the symmetry-breaking Jahn-Teller strain €y, respec-
tively. According to the model,'*> a=10 for a reasonable
electron-phonon coupling (0.5<X<1) in these compounds,
where \ is the electron-phonon-interaction constant, and A
=5000. Taking into account the fact that 7 for the strain-
free bulk La,,Cay;MnO; compound is To=265 K (Ref.
36) and using the obtained values of eg, €, and T, we
estimated A as 3000 and 1500 for LCMO/BTO and LCMO/
LAO, and 7000, 5000, and 800 for LSMO/BTO, LSMO/
LAO, and LSMO/STO, respectively. T, of 375 K was used
for the strain-free bulk Lag;Sro;MnO5 compound.?® Those
values, firstly, greatly differ from the model prediction (ex-
cept the LSMO/LAO film) and, secondly, are strain depen-
dent, which is impossible to treat in the framework of this
model. A similar strong discrepancy between the model and
the experiment was recently observed for the LCMO films
deposited on STO and NdGaO,.!'*!> The most plausible ex-
planation for this disagreement is based on the existence of a
dead layer or a parasitic phase located at the film/substrate
interface, which leads to an additional influence on T to-
gether with lattice strain.'*!'337 However, the cross-sectional
HREM images did not manifest the appearance of any inten-
sive defects close to the interface in the investigated films,
and the temperature-dependent magnetization curves were
testifying only the existence of a single-phase magnetic state.
We argue that the following reasons lead to the observed
discrepancy. First, it is connected with the relatively random
selection of the bulk lattice parameters for the estimation of
the in-plane and the out-of-plane strains, owing to strong
variations between the experimental data found in the
literature.20-28-32.36.38-40 Second, even the annealed strain-free
films have a different unit-cell volume from that of the bulk
materials.’”-3 Therefore, we are sure that the correct testing
of the Millis model'? for the CMR films must be carried out
by using the lattice parameters of annealed films as a “bulk,”
rather than the real bulk materials.

On the other hand, the elastic stress intensity in these
films can be identified with the tetragonal distortion of the
lattice. Table I shows that the tetragonal ratios are larger for
the LCMO than those for the LSMO films. This can be ex-
plained by the different growth mechanism in these films.
The HREM data reveal that LCMO demonstrates the epitax-
ial mode with an almost coherent interface between the sub-
strate and the film, while the growth of LSMO is accompa-
nied by dislocation formation, resulting in a semicoherent
interface.

Let us consider in detail the influence of the lattice-
strained state and the microstructure features on magne-
totransport properties of the investigated films. Figure 7
shows that LCMO/BTO with a biaxial tensile in-plane lattice
strain undergoes the magnetic transition at a higher tempera-
ture than that observed in LCMO/LAOQO with a biaxial com-
pressive strain. It is well known that the electron-transfer
integral in CMR materials is determined mainly by Mn-O
bond length and Mn-O-Mn angle.*! The final result for T
can be approximately written as 7~ cos ‘P/di/f?q-o» where ¢
is the tilt angle in the plane of the bond, and dy, o is the
Mn-O bond length.*>* It is reasonable to assume that the
tetragonal elastic deformation of a crystal lattice, provided
by compressive and tensile strains, results in the simulta-
neous change of the Mn-O bond length and the Mn-O-Mn
angle, owing to the distorted vertex sharing of MnOgq
octahedra.** Taking into account the fact that the biaxial ten-
sile in-plane lattice strain increases the Mn-O bond length, it
would be reasonable to expect a significant reduction instead
of the observed increase in 7. Therefore, one can conclude
that the variation of the Mn-O-Mn bond angle, controlled by
lattice strain, plays a more important role for the spin order-
ing in CMR films than the attendant modification of the
Mn-O bond length.

Table II shows that the LCMO/BTO film has a smaller
saturation field and a larger remanent magnetization than the
LCMO/LAO one. This is due to the magnetic anisotropy of
strained epitaxial films, which is strongly correlated with the
nature of the substrate-induced lattice-strain state. It is well
known that the easy axis of the magnetization is always par-
allel to the direction of a tensile strain.>® Consequently, in
the LCMO/BTO film, an in-plane biaxial magnetic aniso-
tropy is observed, while the easy axis is perpendicular to the
LCMO/LAO film plane. The observed increase of the coer-
cive field for LCMO/LAO can be connected with the
column-like texture of the film,3*-3? which can play a role of
additional pinning centers for magnetic domain walls during
a magnetization reversal.

The LSMO films also demonstrate the influence of the
substrate-induced lattice strain state on the magnetic proper-
ties, however, this effect is less manifested than for the
LCMO ones. Similar to LCMO, the LSMO/BTO and the
LSMO/STO films with biaxial tensile in-plane lattice strain
demonstrate a higher 7 than the LSMO/LAO. This implies
that in the LSMO films the ferromagnetic ordering is also
governed by the tilt bond angle rather than the Mn-O bond
length.
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The relatively small value of the saturation field and the
high remanence field testify that the LSMO films, in contrast
to LSMO/LAO, deposited on BTO and STO have the in-
plane easy axis, which is also coincident with data for the
LCMO films. On the other hand, the coercive field remains
the same for all films and does not depend on the substrate
material. Therefore, the prepared LSMO films do not have
large-size microstructural faults [for example, such as col-
umnlike texture in LCMO/LAO (Refs. 30-32)] that can pin
the magnetic domains during the magnetization reversal.

Figures 7 and 8 show that the difference between
ZFC and FC magnetization curves at low temperature essen-
tially depends on the substrate material. This phenomenon is
usually treated as an existence of intrinsically inhomoge-
neous magnetic (or “cluster” glass) state governed by the
electronic phase separation in the CMR materials.> The de-
gree of magnetic inhomogeneity in the films can be ex-
pressed by AM5S.=100% X [MC(T)-M?(T)]/ MF(T),
where MFS(T) and M?FC(T) are FC and the ZFC magnetiza-
tion at a certain temperature. The AM5c. values turn out to
be significantly different for investigated films: 93, 74, 37,
20, and 0 % for LCMO/LAO, LCMO/BTO, LSMO/LAO,
LSMO/BTO, and LCMO/STO, respectively. The higher de-
gree of magnetic inhomogeneity is observed in the LCMO
films with a larger tetragonal distortion of crystal lattice (see
Table T) and a columnar microstructure,*324> which is
formed through the biaxial in-plane strain accommodated
during deposition. In contrast, the LSMO films demonstrate
smaller tetragonal distortion due to the introduction of misfit
dislocations during their growth, resulting in a more regular
microstructure and a smaller degree of magnetic inhomoge-
neity. Therefore, this kind of magnetic inhomogeneity, which
is connected with the observed difference in the FC and ZFC
M(T) dependences, has a crystallographic rather than an
electronic nature, and is controlled by the lattice distortion
and the microstructure defects.

The temperature dependencies of resistance represented
by Figs. 9 and 10 are typical for the CMR films. For ex-
ample, the MI transition temperature, which is determined at
the peak of the R(T) curve [for the LSMO films it is the peak
of the first derivative dR(T)/dT curve], is strongly correlated
with T and can be expressed by a simple empirical relation
in our case: Tp=0.92T-—11.6 K. On the other hand, the
usual increase of MR value with the decreasing MI transition
temperature is observed only for the LCMO films. Insets (a)
and (b) in Fig. 10 display that the LSMO/BTO films demon-
strate larger MR values compared to the LSMO/LAO ones,
even though their MI transition temperatures are higher.
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Thus, MR=80 and 110%, and Tp=275 and 260 K for
LSMO/BTO with d=160 and 70 nm, respectively, while
MR=50 and 91%, and Tp==250 and 220 K for LSMO/LAO
with d==160 and 70 nm, respectively. The deposition of the
LSMO film on the BTO layer leads to an increase in mag-
netoresistance. Moreover, the LSMO/BTO bilayered film
demonstrates the maximal MR value at room temperature of
about 65%.

VI. CONCLUSIONS

We have performed magnetotransport measurements on
LCMO/BTO and LSMO/BTO bilayered films deposited by
rf-magnetron sputtering using the “soft” (or powder) targets.
For comparison, LCMO/LAO, LSMO/LAO, and LSMO/
STO films have also been prepared. The HREM analysis
reveals (i) the BTO layer has a tetragonal structure with the ¢
axis normal to the film plane, (ii) LCMO/BTO and LSMO/
BTO have the biaxial tensile in-plane and compressive out-
of-plane strains, while LCMO/LAO and LSMO/LAO are ex-
posed reversely to compressive in-plane and tensile out-of-
plane strains, and (iii) LCMO has a coherent interface
between the substrate and the film, while LSMO has a semi-
coherent one, owing to the accumulation of misfit disloca-
tions during the deposition.

It was shown that the films with a biaxial tensile in-plane
lattice strain underwent the magnetic transition at a higher
temperature than those with biaxial compressive ones. This
implies that the variation of Mn-O-Mn bond angle, con-
trolled by the lattice strain, plays a more important role in the
formation of spin ordering in the CMR film than the modi-
fication in Mn-O bond length.

The LCMO/BTO, LSMO/BTO, the LSMO/STO films
manifest an in-plane magnetic anisotropy, while the easy
axis of magnetization is out-of-plane for the LCMO/LAO the
LSMO/LAO systems. It was understood that the mag-
netic inhomogeneity, connected with the observed difference
between FC and ZFC M(T) dependences, is controlled
by the lattice distortion and the microstructural defects.
The obtained enhancement of magnetoresistance for the
LSMO/BTO bilayered film at room temperature provides a
significant contribution to the development of new hybrid
ferromagnetic/ferroelectric devices.
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