Lithuanian Journal of Physics, Vol. 55, No. 2, pp. 132-141 (2015)
© Lietuvos moksly akademija, 2015

ELECTRICAL RESISTANCE AND MAGNETORESISTANCE OF
HIGHLY ORIENTED AND POLYCRYSTALLINE La__Sr,, MnO,/
MgO(001) THIN FILMS

B. Vengalis % I. Cerniuké %, A. Maneikis %, A.K. Oginskis %,

and G. Grigalitinaité-Vonseviciené

@ Center for Physical Sciences and Technology, A. Gostauto 11, LT-01108 Vilnius, Lithuania
®Vilnius Gediminas Technical University, Saulétekio 11, LT-10223 Vilnius, Lithuania
E-mail: veng@pfi.lt

Received 6 February 2015; revised 28 February 2015; accepted 15 June 2015

La Sr

0.67770.33

MnO, thin films exhibiting a highly (001)-plane oriented and polycrystalline structure with a variable amount of

(011)-textured crystallites have been grown in situ by RF magnetron sputtering on crystalline MgO(001) substrates by changing
deposition temperature from 550 to 800 °C. Competing contribution of grains and grain boundaries to resistivity and magneto-
resistance of the films has been investigated at T = (78-330) K. A model based on two parallel channels of current flow across
grain boundaries has been applied to explain coexistence of low (LFMR) and high field (HFMR) magnetoresistance effects in the
polycrystalline films at low temperatures. The LFMR effect has been understood assuming tunnelling of spin-polarized carriers
via magnetic field-driven tunnelling barriers formed naturally between neighbouring misoriented grains. Meanwhile, the HFMR
phenomenon has been associated with magnetic field-dependent hopping of carriers via the intergrain regions with reduced car-
rier density. Importance of the phase separation phenomenon on possible inhomogeneity of the material at grain boundaries has

been discussed.
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1. Introduction

Lanthanum manganites referred to as La, A MnO,
(A=Ca, Sr, Ba) are attractive due to the paramagnet-
ic-ferromagnetic (PM-FM) phase transition and the
large so-called colossal magnetoresistance (CMR)
observed in the vicinity of the Curie temperature
T.. CMR is an intrinsic effect originating from dou-
ble exchange between neighbouring manganese
ions. Strontium-doped manganite, La  Sr . .MnO,
(LSMO), exhibiting the highest T value (~350 K)
among the member compounds, provides special
interest for room temperature applications although
operation of the devices based on the CMR effect
in high crystalline quality material is limited due to
a relatively strong magnetic field (u H > 1.0 T) and
a narrow temperature range just below T, [EI, ﬁ].
During the last years, increasing attention has
been paid to polycrystalline manganites demonstrat-
ing a significant grain boundary-governed (extrin-
sic) magnetoresistance at low fields. The low field

magnetoresistance (LFMR) values up to about 30%
have been measured for bulk ceramics and thin films
at relatively low magnetic fields (4 H < 0.1 T) and
low temperatures (T << T,) where the CMR ratios
are vanishingly small for single crystals or epitaxial
films of the same composition [Ié]. Investigation
of single grain boundaries (GBs) formed by growing
the manganite films on bicrystal substrates revealed
gradual decrease of the LFMR values with tempera-
ture increasing up to T,. Clearly defined nonlinear
current-voltage (I-V) relations have been reported
additionally for the device structures containing the
artificially formed GBs [@].

In addition to the LFMR phenomenon, polycrys-
talline manganites demonstrate magnetoresistance
at high magnetic fields (HFMR). In contrast to the
intrinsic CMR effect, significant HFMR values were
indicated in the whole temperature range below
T, []. A great number of bulk ceramic samples,
polycrystalline thin films, step edge junctions and
single artificial GBs have been investigated although
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the origin of complex magnetotransport phenomena

in_polycrystalline manganites is still under debate
[, @ tﬁl.

Tunnelling of spin-polarized carriers across the
GBs described by the well-known Julliere theory
[] has been proposed to explain the LEMR phe-
nomenon in polycrystalline manganites [E, ]. The
origin of tunnel barrier has been associated with the
band bending effect due to the suppressed magnetic
order close to GBs [ﬁ]. The observed nonlinear I-V
behaviour of a single GB has been understood tak-
ing into account additional tunnelling of carriers
across an insulating barrier containing high density
of localized defect states [E, E, ]. However, signifi-
cant magnetoresistance of polycrystalline manga-
nites at high fields (HFMR) cannot be accounted for
by applying the proposed tunnelling model.

The alternative theories, i. e. the mesoscopic me-
dia model based on hopping of carriers in the GB
region polarized by the adjacent magnetically soft
grains [@] and the model based on spin-dependent
scattering of carriers at the edges of ferromagnetic
grains [5], have been used also to explain the LFMR
effect. Note, however, that nonlinear I-V character-
istics reported for the artificial junctions cannot be
explained within these models. There were also at-
tempts to explain magnetoresistance at high external
magnetic fields. The HFMR in polycrystalline man-
ganites has been associated with the evolution of
band structure at GBs taking into account the mag-
netic field-driven barrier height [, @]. The HFMR
effect in polycrystalline LSMO films grown on
polycrystalline AL O, substrates has been modeled
by applying a modified Mott’s hoping transport and
assuming that GBs might be ferromagnetic with re-
duced Currier temperature T in respect to that of
grains [@]

A concept based on a nonuniform current flow
across the GBs has been carried out by a number
of authors to explain the enhanced resistivity and
complex magnetotransport properties in polycrys-
talline manganites [@, ] and single GBs. A two-
channel model with current flowing via perfect in-
terconnections between grains exhibiting metallic
conductivity and those exhibiting poor connectiv-
ity has been suggested [@] although the origin of
nonuniform current flow via GBs has not yet been
tully understood. There is still a great need to study
complex magnetotransport properties of polycrys-
talline manganites taking into account different mi-
crostructure and preparation conditions of various
systems and particularly thin films. Certainly, GBs
in bulk ceramics and thin films are usually formed
under different technological conditions. The crys-

talline quality and grain size of bulk ceramics may
be tuned by varying either the synthesis temperature
or annealing duration while the microstructure of
thin films is usually defined by deposition tempera-
ture, T, crystallinity of a substrate and possible lat-
tice mismatch. The key importance of T, for crys-
tallinity and magnetotransport properties has been
pointed out recently for the LSMO films grown on
lattice-mismatched YSZ substrates [E].

The goal of this work was to investigate pos-
sible variation of magnetotransport properties of
(001)-plane textured LSMO thin films when grown
by RF magnetron sputtering on single crystal
MgO(001) substrates exhibiting significant lattice
mismatch (of about 8.0%) in respect to the film mate-
rial. It was found that the amount of (001)-plane mis-
oriented grains may be tuned in a controlled manner
by changing substrate temperature in the range 550-
800 °C. Grain boundary-governed magnetotrans-
port properties of the grown films, i. e. temperature
dependent enhanced resistivity as well as the LFMR
and HFMR eftects, were investigated for various films
in a wide temperature range below T.. Variation of
the observed magnetotransport properties has been
analyzed within the framework of the existing phe-
nomenological models.

2. Experiment

The LSMO films were grown in situ on cleaved (001)
faces of a cubic MgO single crystal (a. = 0.421 nm)
by radio frequency magnetron sputtering of a disk-
shaped ceramic target with a diameter of 25 mm and
chemical composition La Sr . MnO,. The Ar-O,
(1:1) gas mixture with partial oxygen pressure of
about 15 Pa was used for sputtering. During deposi-
tion, the substrates were kept at fixed temperatures
ranging from 550 to 800 °C. After the deposition,
all the films were cooled down slowly to room tem-
perature under oxygen pressure of about 5 x 104 Pa
to fully saturate the films by oxygen. Hereafter in the
text, the films are marked according to their depo-
sition temperatures 500-800 °C by L500-L800, re-
spectively.

The thickness of the prepared films measured by
a DEKTAK 6M profillometer ranged typically from
150 to 200 nm. The growth rate of the films was
2-3 nm/min. The crystalline structure of the films
was investigated by measuring X-ray diffraction pat-
terns in ©-20 geometry using CuK_ radiation. Sur-
face morphology of the grown films was investigated
by a scanning probe atomic force microscope (AFM)
Dimension 3100 (Digital Instruments) operating in a
taping mode regime.
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Stripe-like films with typical square dimensions
(1.5 x 7.0 mm?) were used for electrical measurements.
Electrical resistance and magnetoresistance defined
as MR = [R(H)-R(0)]/R(0) were measured in a wide
temperature range (T = 78-350 K) by applying the
four-probe method and using DC current of 0.1 mA.

3. Results

Typical ®-20 XRD scans measured for the L800 and
L600 films are shown in Fig. E] Clearly defined (001)
and (002) XRD patterns seen for the L800 film certify
highly oriented oxide material with crystallograph-
ic planes of (001) type oriented parallel to the film
plane. Meanwhile, relatively weak additional (011)
XRD reflexes have been indicated for the films grown
at 750 °C and lower temperatures. Intensity of these
reflexes was found to increase with substrate temper-
ature decreasing although the (001) texture has been
indicated as dominating for all the grown films. The
out-of-plane lattice parameter of a pseudocubic unit
cell, a, of about 0.3875 nm estimated for the highly
textured L800 film from the (002) reflection patterns
is in good coincidence with that indicated for the bulk
material of the same composition. It means that the
lattice strain caused by the MgO substrate was nearly
relaxed in the films. Slightly higher a_value (of about
0.3890 nm) indicated in this work for the L550 film
may, probably, be associated with increased density
of point defects due to relatively low film growth tem-
perature.

I, arb. units

20, deg

Fig. 1. ©-20 XRD reflexes measured for the
L800 and L600 films grown on MgO(001)
substrates at 800 and 600 °C, respectively.

Typical AFM surface images of two LSMO films
grown on MgO substrates at 800 and 600 °C are dis-
played in Fig. @(a, b). The averaged surface roughness
of the films ranged from 2.51 nm for the L800 film to
about 4.22 nm for the L550 film.

(a)

“A% 25 nm
% 0 nm

o
29 W

(b)

J.t-_, 25 nm
‘©
% 0 nm

2.9 e
$.

Fig. 2. AFM surface images of the L800 and
L600 films grown on MgO(001) substrates at
800 (a) and 600 °C (b).

The averaged grain size estimated for various films
was found to decrease from about 286 to 45 nm with
substrate temperature, T, decreasing from 800 to
550 °C (see Table 1).

Table 1. Thickness d, average roughness R, and grain
size d, of the LSMO films grown at different substrate
temperatures T, as found from AFM surface images.

T, °C 800 750 700 650 600 550
d, nm 210 180 220 215 195 160
R,nm 251 283 260 32 395 422
de,nm 286 133 95 69 57 45

Resistivity versus temperature, p(T), of the LSMO
films grown on MgO(001) substrates at different tem-
peratures (T = 550-800 °C) is shown in Fig. E(a). The
measured p(T) dependence of the highly oriented
L800 film seen in the figure is typical for the highest
quality epitaxial LSMO films when grown on SrTiO,
or other lattice-matched crystalline substrates [ﬁ].
The characteristic resistance peak seen for the film
at T=T = 330 K and significant p decrease with T
decreasing from T down to about 270 K are a result
of a paramagnetic insulator to ferromagnetic metal
transition at the Curie temperature T = T while
almost linear p decrease with temperature lowering



135 B. Vengalis et al. / Lith. . Phys. 55, 132-141 (2015)

Fig. 3. Resistivity (a) and magnetoresistance (i H, =
0.73 T) (b) vs temperature measured for the LSMO films
grown on MgO substrates at different temperatures,
T, = 550-800 °C. Lines in Fig. 3(b) are guides for an eye.

from 270 K down to 78 K is defined by temperature-
dependent scattering process [@].

In Fig. H(a) one can notice that p values of all poly-
crystalline LSMO films in the whole temperature
range are significantly higher compared to that of the
highly oriented L800 film. Gradual increase of p with
T, decreasing from 800 to 550 °C demonstrate an in-
creasing role of grain boundaries on resistivity of the
grown polycrystalline films [, E].

Magnetoresistance, MR = [R(H)-R(0)]/R(0)], mea-
sured for the same films at a fixed magnetic field
(4,H, = 0.73 T) applied parallel to a film plane, is
shown in Fig. H(b). Following Fig. E(b) we point out
peak-like MR(H) anomalies with the highest negative
MR of about 14% measured at T'= 305 K for the high-
est crystalline quality L800 film. Polycrystalline films
grown at 750, 700 and 650 °C showed similar MR(T)

anomalies with reduced peak amplitudes while negli-
gibly small MR values have been measured in the same
temperature range for the films grown at low tempera-
tures (T, = 600 and 550 °C).

In contrast, highly resistive polycrystalline L550
and L600 films demonstrated the highest MR values
at low temperatures while a rather small negative MR
value (£0.2%) has been measured at 78 K for the highly
oriented L800 film.

Figure H shows MR of the highly oriented L800 film
and polycrystalline L650 film measured at T'= 300 K
as a function of magnetic field applied parallel (H,)
and perpendicular (H,) to a film plane (see solid and
open points in Fig. H, respectively). Significant MR
anisotropy seen for the films in Fig. @ can be attrib-
uted to shape-related magnetisation anisotropy [@,

|. Higher negative magnetoresistance MR, values
measured by applying magnetic field parallel to a film
plane certify that easy axis of magnetization should
be parallel to a film plane.

H,

Fig. 4. Magnetic field-dependent magnetoresistance
measured for the L800 and L650 films at 300 K.

MR of the highly oriented L800 film and poly-
crystalline L750, L650, L550 films measured at 78 K
as a function of magnetic field applied parallel (H)
and normal (H)) to a film plane is displayed in
Fig. E(a, b, c). In the figure we point out the follow-
ing: 1) clearly defined peak-like MR(H) anomalies at
low magnetic fields (4 H < 0.25 T); 2) significant hys-
teresis of the MR(H) curves; 3) MR anisotropy with
applying magnetic field parallel and normal to a film
plane; and 4) almost linear MR(H) behaviour for all
the films at high magnetic fields (4 H > 0.25 T).

It is important to note that the characteristic
MR(H) peaks observed for all polycrystalline LSMO
films at low magnetic fields decreased gradually with
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Fig. 5. Magnetic field-dependent magnetoresistance
measured at 78 K for the highly oriented L800 film (a)
and polycrystalline L750 (a), L650 (b), L550 (c) films.
Magnetic field was applied parallel (H) and normal
(H)) to a film plane.

temperature increasing from 78 K up to 300 K (see
the MR(H) dependence in Fig. H measured for the
L650 film at 300 K). Similar peak-like MR(H) behav-
iour at low magnetic field known as low field magne-
toresistance (LFMR) has been reported earlier both
for polycrystalline ceramics and thin films [@].

The LEMR values have been defined in this work
as a difference between the MR peak values corre-
sponding to the coercive field H  and those obtained
by extrapolating linear MR(H) slopes (at high field)
to the corresponding zero field values (see Fig. H(a)).

The MR peak values have been associated with the
zero magnetisation state at the characteristic co-
ercive fields, HCII [E]. Major parameters, namely,
magnetoresistance of the films, MR”(305 K), mea-
sured at ”och =0.73 7T, LFMR”(78 K), HFMR”(78 K)
at /,tOH” = 0.73 T, and the coercive fields, Hc|(78 K),
corresponding to the MR maxima are disp{ayed in
Table 2.

Table 2. Magnetoresistance MRH(305 K), measured at
305 K (‘I/IOHH =0.73T) and MR*H(305 K) estimated from
(2), LFMRH and HFMRH (u,H=0.73 T) measured at 78 K
and the characteristic coercive field HC” estimated for
various LSMO films at 78 K.

@) ) Lo 22 0

| 82| 82| 22| 22| &

= = = & & 3
800 -6 - 03 02 -
750 80 90 54 25 45
700 70 72 79 31 70
650 30 41 102 _-65 75
600 20 11 -105 47 97
550 03 07 141 _-80 _ 90

4, Discussion

The highest crystalline quality, i. e. highly (001)-plane
oriented crystalline structure, has been identified in
this work for the L800 film when grown by RF mag-
netron sputtering on MgO(001) single crystal sub-
strate. This our finding is inconsistent with earlier re-
port [@] certifying growth of high crystalline quality
LSMO films on MgO(001) substrates at 800 °C in
spite of large lattice mismatch (~8%). Resistivity ver-
sus temperature measurements also show high crys-
talline quality of the L800 film (see Fig. E(a)). Cer-
tainly, a clearly defined resistance drop seen for the
film with temperature decreasing below T, (~330 K)
is typical of the highest quality epitaxial LSMO films
when grown on SrTiO; and other lattice-matched
substrates [ﬁ]. Therefore we conclude that a significant
resistance drop seen for the film at T' < T, related to
the PM-FM phase transition at the Curie temperature
(Tc = T,) and the observed peak-like MR behaviour
below T, (the so-called CMR effect) represent intrin-
sic properties of highly (001)-plane oriented grains.
We associate enhanced resistivity of all LSMO
films grown in this work at lower temperatures with
high angle grain boundaries which may be formed be-
tween dominating (001)-oriented grains and a certain
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relatively small amount of grains with (011) or other
textures. We do believe that in the case of significant
mismatch between LSMO and MgO lattice para-
meters high angle grain boundaries could be formed
during early crystallization stages to reduce strains
accommodated at the edges of (001)-plane oriented
grains. High electrical resistance of these high angle
grain boundaries may be caused by distorted chemi-
cal bonds, reduced crystallinity and occurrence of
oxygen vacancies or other point defects in a close vi-
cinity to the GBs. One can expect also that double ex-
change mechanism responsible for the ferromagnetic
state might be suppressed at GBs giving rise to the
appearance of highly resistive intergrain media [[]].

The enhanced electrical resistivity of polycrystal-
line manganite film, p(T), with current flowing via an
array of grains and grain boundaries, can be under-
stood by applying a simple quasi-linear 1D approxi-
mation [p]:

AT = ps (T)+(%JpGB(T)' (1)

G

Here p (T) and p,(T) represent partial resistivity de-
fined by grains and highly resistive GBs, d, dgp are
the averaged dimensions of grains and grain bounda-
ries, respectively. It has been assumed for simplicity
that d >> dgs.

It can be seen from Fig. H(a) that resistivity of the
L550 and L600 films at all temperatures is significant-
ly higher compared to that of the L800 film. Therefore
resistivity of these films should be defined mainly by
the second term in ({1) while the first term needs to be
taken into account for the L750, L700 and L650 films
demonstrating significantly lower resistivity values.

To reveal additional resistivity of polycrystalline
LSMO films governed by GBs, in Fig. § we show the
Ap(T) plots obtained for various films by eliminating
contribution of internal grain resistivity of the highest
crystalline quality L800 film from the corresponding
p(T) curves displayed in Fig. E(a). Presence of the char-
acteristic maxima in the Ap(T) plots with relatively low
peak temperatures ( Tp) may be associated with the PM-
FM phase transition in the intergrain regions charac-
terized by reduced carrier density compared to that in-
side the grains. Rather low T values seen in the Ap(T)
plots of the L600 and L550 films and semiconductor-
like p(T) behaviour observed for these films in a wide
temperature range (down to Tp) may be understood
assuming reduced carrier density in the intergrain
region due to relatively low deposition temperatures.
Certainly, lowering of the PM-FM transition tempera-
ture, T, with carrier density decreasing is known to be
a common feature of all manganite films [m, E].

Fig. 6. Temperature-dependent additional resistivity of
polycrystalline LSMO films, Ap, evaluated by eliminat-
ing internal resistivity of the highest crystalline quality
L1800 film from the corresponding p(T) plots in Fig. 5(a).

Correlation of Ap with the inverse grain size, 1/
di (see Table 1), at T = 300 K and 78 K is shown in
Fig. E] Both gradual increase of the Ap values with
1/ds (Ap ~ 1/d;) seen in Fig. H for the L750, L700
and L650 films with the largest grains and almost
parallel shift of the Ap(T) plots for the same films
in Fig. Ecertify that in a wide range of deposition
temperatures (T, = 650-750 °C) Ap depends mainly
on the density of GBs. This experimental finding is
inconsistent with similar data reported for polycrys-
talline LCMO films [H] when grown on polycrystal-
line substrates. Meanwhile significantly enhanced
Ap values indicated for fine-grain films grown at the
lowest temperatures (T, = 600 and 550 °C) demon-
strate significant change of the additional resistivity
with deposition temperature variation in the range
600-650 °C.

Specific GB-governed additional resistivity (Ap - d.)
of about 10® Q) cm? (at T = 78 K) can be evaluated
from Fig. ﬁ for the L750, L700 and L650 films exhib-
iting the highest grain size. Meanwhile, significantly
higher values (of about 10° 2 cm* at T'= 78 K) can be
estimated from the same figure for the fine-grained
films grown at T < 650 °C. The estimated values may
be compared to the specific grain boundary resistiv-
ity of 2 x 10° Q) cm? reported earlier for polycrystal-
line La ,Ca, ,MnO, (LCMO) films (at T = 10 K) [E]
although significantly higher values (ranging from
107 to 1 Q cm?) at T << T_have been found for the
artificial GBs formed by growing the LCMO films on
bicrystal substrates [ﬂ].

We turn now to the discussion of contribution of
grains and grain boundaries to MR of the prepared
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Fig. 7. The grain boundary-governed additional resistiv-
ity of various polycrystalline LSMO films at T = 78 and
300 K as a function of the inverse grain size, 1/d o Simpli-
fied drawing of the GB model suggesting the phase sepa-
rated state at GBs and possible carrier transport across
GBs via two parallel channels is shown in the inset.

LSMO films. From (1) we get the following expres-
sion to estimate MR of a polycrystalline manganite
film:

MR = aMR_+ (1 - @) MR_, )

where MR, and MR _, are constituent parts of film
magnetoresistance defined by grains and grain
boundaries, respectively, and a = p_/p.

Let us concentrate in the beginning on high tem-
peratures (just below T,), where the highest nega-
tive CMR values of about 14% (at T = 305 K and
u;H, = 0.73 T) have been measured for the L800 film.
It has been pointed out earlier that magnetoresistance
defined by grain boundaries in both polycrystalline
ceramics and LSMO thin films is the highest at low
temperatures while the MR _, reduces down to negli-
gibly small values at room temperature [E, @, B, é].
Therefore the first term in (2) is dominating and MR
of polycrystalline LSMO films at room and higher
temperatures below T should be defined mainly by
grains rather than by GBs. It can be seen from (2) also
that MR of polycrystalline films containing highly re-
sistive GBs should be reduced compared to that of the
highest quality L800 film by the factor a = p /p (<1).

The MR values estimated for all polycrystal-
line LSMO films at T = 305 K from (2) referred to
as MR*(305 K) are displayed in Table 2. The highest
intrinsic magnetoresistance of grains (MR ) of -14%
measured for the L800 film at 305 K has been used
for the estimation while the « values for various poly-
crystalline films were obtained from the correspond-

ing p(T) plots in Fig. E(a) assuming for simplicity that
grain resistivity of all polycrystalline films at 305 K is
the same as that of the L800 film (p_ = 6.0 mQ cm).
Taking into account good coincidence of the esti-
mated MR*(305 K) values with the corresponding
MR(305 K) data measured directly (see Table 2) we
conclude that magnetoresistance of polycrystalline
LSMO films at high temperatures (just below T ) is
defined mainly by the intrinsic CMR effect of grains.
We certify also that a role of grains in MR of polycrys-
talline LSMO films at room and higher temperatures
(T < T,.) is reduced due mainly to a significant (mag-
netic field independent) series resistance of GBs.

Atlow temperatures,i.e.at T=78 K (<< TC), onecan
notice in Fig. g(a, b) that p >> p_and [MR_|<<|MR_|
for all polycrystalline LSMO films prepared in this
work. So, we conclude that at T = 78 K the first term
in (2) can be neglected and MR of all the grown poly-
crystalline LSMO films at low temperatures should be
defined mainly by GBs.

To explain the LEMR effect indicated in this work
for polycrystalline LSMO films at low temperatures
(see Fig. B) we concentrate on the most widely ac-
cepted model based on tunnelling of spin-polarized
carriers between neighbouring ferromagnetic grains
[ﬁ, B]. It can be seen from Fig. E that clearly defined
peak-like p(H) anomalies at low fields have been in-
dicated for all polycrystalline LSMO films although
their resistivity varied in a surprisingly wide range
and they demonstrated different p(T) behaviour (ei-
ther metallic or semiconductor-like). So, following
the proposed tunnelling model we are forced to as-
sume the presence of sharp GBs acting as high quality
tunnel junctions with an ultrathin (~1-3 nm) bar-
rier and the adjacent FM electrodes exhibiting spin-
polarized carriers for all polycrystalline LSMO films
independently on their resistivity.

It is important to note, however, that semiconduc-
tor-like p(T) behaviour indicated for the L550 and
L600 films in a wide temperature range cannot be
accounted for within the tunnelling model [ﬁ]. Cer-
tainly, high resistivity values and p(T) relations mea-
sured for the films show unambiguously the formation
of highly resistive regions with reduced carrier density
at GBs. Therefore semiconductor-like p(T) behaviour
observed for the films may be understood assuming
hopping carrier transport via the intergrain regions
[[Lq]. At the same time, magnetoresistive properties
of GBs measured for the films at high fields, i. e. the
HEMR effect, may be ascribed to an alignment of dis-
ordered spins in the intergrain regions (with lower
magnetic order and reduced density of carriers) under
the applied magnetic field favouring hopping carrier
transport and thus reducing the GB resistance [].
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Complex magnetotransport properties of GBs
in the prepared LSMO films, i. e. coexistence of the
LFMR and HFMR effects, may be easily understood
following the concept of spatially nonuniform cur-
rent flow across the GBs via coexisting low and high
conductivity channels [@, @, @, @]. We associate
the presence of two kinds of conductivity channels at
GBs with the well-known phase separation phenome-
non in doped manganites [E, ]. Thermodynamic
modelling of phase separation in manganites predicts
two kinds of phase separation scenario: a) electron-
ic phase separation leading to coexisting clusters of
a nanometre scale with high and low carrier densities
and b) disorder-induced phase separation with per-
colative characteristics of the FM clusters with a typi-
cal size up to 1.0 ym embedded in a highly resistive
paramagnetic (PM) matrix. [E, @]. Importance of the
phase separation phenomenon leading to coexistence
of the highly resistive PM phase with the metallic FM
phase has been manifested by a number of authors to
explain complex transport properties of polycrystal-
line manganites [EI, @, ].

We do believe that the most favourable conditions
for the phase-separated state in the grown LSMO films
could be realized at GBs due to a number of factors
such as reduced carrier density, nonuniform strains
caused by a substrate and possible microscopic struc-
tural nonhomogeneities [ﬁ, @]. Taking into account
reduced carrier density in the intergrain region, it is
natural to expect that the FM state in the vicinity of
GBs at T < T appears in a form of FM clusters with
a fixed carrier density embedded in the highly resis-
tive PM matrix. Schematic drawing of a single GB (at
T < T) demonstrating coexistence of highly conduc-
tive (FM) and highly resistive (PM) regions at the in-
terface between the adjacent misoriented FM grains
G1 and G2 is shown in the inset to Fig. H

Following the simplified model of GB one can ex-
pect that spin-polarized tunnelling of carriers across
GBs may only be realised via the FM regions located
in front of each other at both sides of the interface.
The LFMR effect may be easily understood taking
into account current flowing in the conductive chan-
nel, i. e. via the conductive FM regions and a certain
partial square (S, ) of the FM-I-FM tunnel junction.
Similarity of peak-like MR anomalies at low magnetic
field seen in Fig. B(b) for the L750, L650 and L550
films exhibiting different resistivity (see Fig. E(a))
can be understood assuming that carrier density in
phase separated FM regions of various films is almost
the same although partial volume of the FM phase
regions is significantly reduced with deposition tem-
perature decreasing.

Finally, MR of the grown polycrystalline LSMO
films at high fields (HFMR effect) could be associ-
ated with magnetic field-driven hopping of carriers
across the GBs and the adjacent highly resistive PM
regions. Note also that MR of GBs at high magnet-
ic fields could depend additionally on the magnetic
field-driven partial volume of the FM phase in phase-
separated material at GBs.

4. Conclusions

LSMO thin films exhibiting a highly (001)-plane ori-
ented and polycrystalline structure have been grown
by magnetron sputtering on MgO(001) single crystal
substrates at T = (550-800) °C. Competing contri-
bution of grains and grain boundaries on tempera-
ture-dependent resistivity and magnetoresistance of
the films has been elucidated. The highest negative
MR values up to 14% at 300 K under magnetic field
#,H, = 0.73 T have been measured for highly orient-
ed L800 films. Reduced MR values measured for all
polycrystalline LSMO films (at 300 K) have been ex-
plained assuming additional magnetic field indepen-
dent series resistance of grain boundaries.

Our investigations revealed the key importance of
grain boundaries in polycrystalline LSMO films on
both increased resistivity values and magnetoresist-
ance at low temperatures. A model based on two par-
allel channels of carrier transport across grain bound-
aries has been used to explain coexistence of the
LFMR and HFMR effects for polycrystalline LSMO
films at low temperatures. The LFMR effect has been
explained assuming tunneling of spin-polarized car-
riers via tunnelling barriers formed naturally between
misoriented grains, while significant HFMR values
measured for the films at T << T have been associ-
ated with magnetic field-dependent hopping of car-
riers via the intergrain regions with reduced carrier
density. We point out the key importance of the phase
separation phenomenon for both microstructure of
GBs and the resultant GB-governed complex magne-
totransport phenomena in thin films of polycrystal-
line manganites.
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Santrauka

Plonieji (100) plokStumoje orientuotiLa, Sr, .. MnO,
(LSMO) sluoksniai, taip pat polikristaliniai LSMO
sluoksniai su papildomais (110) plok$tumoje orien-
tuotais kristalitais buvo uzauginti magnetroninio dul-
kinimo budu keiciant kristaliniy MgO(100) padékly
temperatirg nuo 550 iki 800 °C. Istirta kristaliniy
grudy ir tarpkristaliniy sri¢iy jtaka sluoksniy elektrinei
varzai ir magnetovarzai 78-330 K temperatiiry ruoze.
Tarpkristaliniy riby magnetovarzai silpnuose (LFMR) ir
stipriuose (HFMR) magnetiniuose laukuose paaiskinti
buvo pasitelktas dviejy lygiagreciy elektrai laidZiy
kanaly modelis. LFMR rei$kinys polikristaliniuose

LSMO sluoksniuose paaiskintas kravininky su orien-
tuotais sukiniais tuneliavimu per magnetiniu lauku
valdomg tunelinj barjers, susidarantj technologinio pro-
ceso metu tarp gretimy skirtingai orientuoty kristaliniy
gridy. Zymi polikristaliniy sluoksniy magnetovarza,
esant Zemoms temperatiroms ir stipriems magne-
tiniams laukams, buvo susieta su Suoliniu kravininky
transportu per tarpkristalines sritis, pasizymincias
sumazinta kravininky koncentracija. Aptarta galima
fazinio issisluoksniavimo reiskinio jtaka nevienalytei
tarpgradinei terpei susidaryti tirlamuosiuose polikrista-
liniuose LSMO sluoksniuose.
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