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Abstract

The angular dependence of the magnetoresistance effect has been measured on bicrystalline
Lag.75S1925Mn0O; films. The measurements have been performed on an electronically
lithographed Wheatstone bridge. The study of the angular dependence of both the
magnetoresistance and the resistance of single-crystalline and grain-boundary regions of the
samples allowed us to isolate two contributions of low-field magnetoresistance in manganites.
One of them is associated with the spin—orbit effect, i.e. the anisotropic magnetoresistance of

ferromagnetic compounds, and the other one is related to spin-disorder regions at the grain
boundary. Complementary x-ray diffraction, ferromagnetic resonance and low temperature
magnetization experiments contribute to the characterization of the magnetic anisotropy of the

samples and the general comprehension of the problem.

1. Introduction

In the last few years, the perovskite manganites have attracted
renewed attention, mainly due to the huge magnetoresistance
that they exhibit near the ferromagnetic (FM) ordering
point [1]. The Curie temperature (7¢) signals, in these
compounds, a transition from a high temperature paramagnetic
(PM) insulator to a low temperature, ferromagnetic metal
regime. High magnetic fields, typically of the order of
several teslas, can induce the FM-PM transition above
Tc. As a consequence, a huge magnetoresistance (MR) is
observed around the magnetic transition, i.e. the so-called
colossal magnetoresistance (CMR). In addition to CMR,
it was found that these compounds also develop a low-
field magnetoresistance (LFMR) very suitable for application
purposes that, as shown by several studies performed on
powders and polycrystalline films [2, 3], is related to the
physical properties of the grain boundaries. In this context,
bicrystalline substrates are especially appropriate to investigate
the LFMR of manganite compounds [4], by isolating an
unique artificial grain boundary (AGB). During the last
few years a large amount of experimental effort has been
devoted to investigate the electronic and magnetic properties
of these particular systems. The LFMR of ferromagnetic
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perovskites, its temperature and field dependence, and
the nonlinear character of the [-V curves have been
studied on (La, Ca)MnO; [4-9], (La, Sr)MnO; [6, 10-12]
and SrpFeMoOQOg [13] bicrystalline films by using different
lithographed patterns of diverse size, shape and complexity.
The microstructural properties have been investigated by
local techniques such as x-ray microdiffraction [14] and
atomic and magnetic force microscopies [15, 16], adding
experimental evidence that demonstrates that film thickness,
strain distribution and magnetic domain structure are closely
related to the LFMR of bicrystalline manganite films. A
very recent paper [17] reports on the domain wall depinning
and magnetoresistance in Lag7Sro3MnO;3 thin films. In
these systems, nanoconstrictions were created intentionally by
focused-ion-beam milling.

Different theoretical approaches have been used to explain
the nature of the LFMR in these systems: a Julliere-like
model to explain the ‘two-level ideal switch’ character of the
LFMR when the magnetic field is parallel to the AGB [7],
spin-polarized transport with ‘band bending’ at the AGB [18]
and the existence of a disordered narrow paramagnetic grain-
boundary layer [9] have been claimed to explain the features
of LFMR in manganite bicrystalline films. Garcia et al
[19] have proposed a two-crystal model that estimates the

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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pinning of domain walls to the grain boundary between them
and the tunnelling across the AGB in terms of the angle
between the crystal orientation of the grains. It shows that
the orientation of the applied magnetic field (H) relative to
the anisotropy axes at both sides of the AGB determines the
tunnelling process between the two domains, thus governing
the LFMR. Later, further work based on a similar Stoner—
Wolfhart model [20] incorporating biaxial anisotropy [21]
explored the magnetization reversal process for the magnetic
field oriented parallel and perpendicular to the AGB.

The purpose of this work is to contribute to the
comprehension of the subtle mechanisms underlying the
LFMR of ferromagnetic manganites. To pursue this goal
we have chosen the approach of exploring the relation
between the magnetic anisotropy of the films and the angular
behaviour of the LFMR. Therefore, we have performed
very careful transport measurements as a function of the
orientation of the samples on an (La, Sr)YMnO; bicrystal.
These were complemented with ferromagnetic resonance
(FMR) and low temperature magnetization experiments carried
out to identify and quantify the different anisotropy terms
(magnetocrystalline, shape, substrate-induced, etc).

Our resistance versus field (R versus H) curves are
strongly angle-dependent. They are also hysteretic for all
the measured angular orientations, as are the others reported
in the literature [4, 10, 11, 13, 20]. The shape of all
our curves is smooth, in contrast to some other previous
results [6, 10, 11], where a very abrupt, switch behaviour was
observed. Surprisingly, it is very clear for certain orientations
of our bicrystals that there are two pairs of peaks instead
of the unique pair of maxima found in previous references
[4, 6, 10-13, 20].

The shape of resistance versus angle curves (at fixed H)
suggests that there are multiple mechanisms contributing to
the MR at low field and temperature. We have identified
first the CMR component that is intrinsic to FM manganites,
while the LFMR itself presents two contributions. The first
one correlates well with the magnetocrystalline anisotropy,
as it presents similar angle dependence to the magnetization
hysteresis loops. Therefore, it should not be strictly associated
with the AGB, and could be attributed to the re-orientation
of magnetic domains. The second contribution is indeed
purely ascribed to the presence of the AGB as it exhibits the
same uniaxial symmetry along the junction. Our experimental
results demonstrate that, while the first (magnetocrystalline)
component of the LFMR tends to vanish at the higher magnetic
fields explored, the AGB component remains almost constant.

2. Samples and experimental set-up

Lag.75S19.2sMnO; films of 1200 A thickness were deposited by
dc sputtering on 0.5 x 0.5 cm bicrystalline SrTiO3 substrates,
at a temperature of 760 °C. The films are ferromagnetic below
Tc = 300 K with a saturation magnetization of Mg(T =
5 K) = 530 emu cm™>. The films undergo a metal—insulator
transition at Tyy = 265 K. The critical temperatures and
magnetic parameters are comparable to values reported in the
literature for similar (La, Sr)MnO; compounds [22].

X-ray diffraction measurements were performed in order
to orient the samples using a four-circle diffractometer.

Ferromagnetic resonance spectra were measured at 7 =
125 K in a Bruker ESP300 spectrometer, at a working
frequency of 9.5 GHz (X band). The sample was rotated
around an axis normal to the plane of the film. The static
magnetic field (H) remained always parallel to this plane
during the whole experiment. DC magnetization was measured
at 85 K in a vibrating sample magnetometer (VSM) using the
same geometry.

The transport measurements were done by using the
standard four-contact method. In order to measure the
resistivity of the artificial grain boundary (AGB), Wheatstone
bridges of micrometric track widths were defined by electron
lithography and patterned by argon ion milling. They were
designed in such a way that two arms of the bridge crossed
the AGB several times (type I, or AGB arms) and the other
two did not (type II, or SC arms). The SEM micrograph in
figure 1 shows the dimensions and details of the lithography
and the right panel schematizes the electronic circuit. The
current (typically 1 pwA) was injected across the pattern and,
due to the geometry of the bridge, the experimental voltage
Vip gives a direct measure of the resistivity of the AGB [4, 11].
More precisely

Rcp

Vee = 71. (D

This equivalence implicitly assumes an ideal situation
where the four resistances Rsc (see figure 1) that constitute the
single-crystal contributions to the total resistance are identical.
Under this hypothesis, their corresponding voltages cancel out
when measuring Vg, leaving only the pure AGB contribution
to the resistance. By selecting the current and voltage contacts
properly, we can also measure the single-crystal contribution
(Vsc) coming from one-half of the film, without crossing
the AGB. Therefore, resistivity measurements from both the
AGB region and from the single-crystalline film have been
obtained. In both cases, the angular variation of the signal
was collected by recording the resistivity for different angles
between the AGB and the magnetic field (H). We kept fixed
the direction of (H) always parallel to the plane of the films
and allowed the sample to rotate. In this way we obtained a set
of magnetoresistance curves at 77 K for different values of the
angle between H and the AGB.

3. Structural characterization

3.1. Orientation of the SrTiOs bicrystalline substrates

The SrTiOj3 substrates employed in this work are commercial
bicrystals with a nominal 24° misorientation angle between
crystalline axes at both sides of the AGB. In order to
accurately specify the meaning of this statement, we performed
careful x-ray diffraction measurements on the substrates.
The characterization procedure of a clean SrTiO; substrate
was done in a four-circle diffractometer, especially adequate
for single-crystalline samples. We probed the substrate in
three different regions: at each side, far from the AGB,
and on the junction itself. On one side we identified the
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Figure 1. SEM image of the Wheatstone bridge lithographed from an Lag 75Srp2sMnO; (LSMO) bicrystalline film (dark grey zig-zag path).
The light grey background is the STO substrate. The position of the AGB is indicated by a dashed line; the type of arms (I and II) and the
different voltages and resistances are also indicated. Bar = 20 wm. Right panel: electrical circuit representing the bridge.

Y(AGB)

Figure 2. Orientation of laboratory frame (x, y, z) and crystalline
axes (a, b, ¢) corresponding to the left half of the bicrystalline
substrate (n indicates the normal to the xy plane).

reflections (0, 0, 1), (0,0, 2), (1,0, 1), (0, —1, 1), (0, —1,2),
(1,1,2) and (1, —1,2) of the substrate; while on the other
far side the observed reflections were (0,0,1), (0,1, 1),
(=1,0,1), (=1,1,1), (=1,—-1,1), (—=2,0, 1), (=2, 1, 1) and
(=2, —1, 1). As expected, when measuring on the AGB region
we could clearly observe reflections coming from both halves
of the film. The analysis of the observed reflections revealed
that the orientation of the cubic axes of the SrTiO3 substrates
is the one shown in figure 2.

The AGB direction is parallel to the b axis, which is
common to both halves of the substrate. Each of the ¢
axes are not perpendicular to the plane and form angles
of approximately +12° with the film normal. As deduced
from the spatial position of the (0 O 1) reflections, the ¢
axes determine a misorientation angle of 25.3°. In previous
reports [4, 10, 11, 13, 20], the nominal misorientation angle
of the bicrystals (12°, 24°, 36°, etc) was always contained in
the plane of the substrate. It is important to note that, in our
case, instead, this angle is confined to the plane perpendicular
to the AGB, configuring a different geometry. The laboratory
coordinate frame that we will use to describe our experiments
is shown in the inset of figure 2: the xy plane coincides with

the substrate plane and the y axis has been chosen coinciding
with the AGB. The polar () and azimuthal (¢) angles orient
the magnetization vector M in this coordinate frame. In what
follows, the azimuthal angle ¢y (not shown in figure 2) is
measured from the x axis to the magnetic field vector, H.

3.2. Structure and epitaxy of films and substrates

Once we have deduced that the normals to the (001) planes
at each site of the AGB are 12° off the substrate normal, we
performed conventional 626 scans in a powder diffractometer
to explore the epitaxy of the (La, Sr)MnO;3; (LSMO) films.
For this purpose it was necessary to modify the usual set-up
employed to collect powder diffractograms. We adapted the
experiment by introducing an offset of 12° to the 6 angle of the
detector. With this procedure we ensure that the (00k) planes
(k an integer number) of the STO substrate are set into the
Bragg condition. The spectrum was collected for 20 ranging
from 22° to 78° with a resolution of 0.02°, using Cu Ko
radiation. Figure 3 shows a diffractogram obtained with this
set-up, illuminating only one-half of the bicrystal. By doing
this we can be sure that we are not collecting reflections from
both sides of the substrate into the same diffractogram.

All the peaks can be identified exclusively as (00k)
reflections of the substrate and the manganite film. No other
types of reflections are observed. This confirms that the film
grows textured along the ¢ direction of the substrate. The
inset in figure 3 shows a shorter 6—26 scan where both the
(002) reflections of film and substrate are displayed in more
detail. Note that the splitting of the substrate peak is due to
the natural splitting of the incident Cu Ko radiation. From the
26 value of the (002) peaks we have deduced that the ¢ lattice
constants are 3.905 A and 3.853 A for the cubic STO substrate
and the pseudo-cubic (La, Sr)MnO; film, respectively. We
find that the value of the ¢ lattice constant of the films
represents a contraction of 0.4% with respect to bulk LSMO
samples of similar composition. The measured values are in
good agreement with previously reported cell parameters of
SrTiO3 and LSMO films [23, 24]. We have also collected
rocking curves of the bicrystalline STO substrates from several
different Bragg reflections, and from (00k) reflections of the
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Figure 3. Room temperature diffractogram showing the (00k)
reflections of the SrTiO; substrate (denoted by S) and the manganite
film (denoted by LSMO). Inset: detailed spectrum of the (002) peaks
(step = 0.01°).

bicrystalline film. For a few specific reflections, the rocking
curves of the substrate show some distortion in the peak
shape. Though the films are seen to grow well textured
along the ¢ direction of the substrate, this observation suggests
that probably small crystalline misorientations exist that could
induce some degree of misorientation in the films.

4. Magnetic characterization

4.1. Low temperature magnetization

The low temperature magnetization of the non-patterned
(La, Sr)MnO; bicrystalline films was studied as a function
of the orientation of H relative to the AGB. To this
purpose, a sequence of hysteresis loops was performed in the
ferromagnetic phase at 7 = 85 K by rotating the sample
around an axis perpendicular to the film, and keeping H in
the plane of the film. A selection of these loops is shown in
figure 4, where by M we actually mean the projection of the
total magnetization vector M along the direction of H. The
data of coercive field (H;) and remnant magnetization (Mep )
values were extracted from these loops and plotted in figure 4
(bottom) as a function of the azimuthal angle ¢ .

A clear dependence of both parameters on the orientation
of the sample is observed.  The local minima (‘hard’
magnetization directions) are ¢y = 0°, 90° while ¢y =~ 60°
is a local maximum (‘easy’ magnetization direction). The
difference of the values of H. and M, at the AGB direction
(pg = 90°) and its perpendicular (¢ = 0°) is understood
by assuming the existence of an uniaxial anisotropy along the
AGB, superimposed on a fourfold anisotropy associated with
the pseudo-cubic structure of the LaSrMnO compound. It is
well known that substrate-induced stresses and morphologies
give rise to additional anisotropy terms of different symmetries
in manganite films [25-27]. Therefore, we attribute the
uniaxial anisotropy term to film strains [27]. The deviation
of the easy axes from the expected +45°, which are found
in pseudo-cubic (La, Sr)MnOs; films [21], is also explained by

r (a)
1.0 =
[ Inner loop:  ¢,,=0"
0.5 I Center loop: ¢, =90° T
5 [ Outerloop: Oy =-60°
g 0.0 0.8
o
2 o
0.7
05F _
0.6 ©
AGB
10k 0.5] o 1 3 a

-90-45 0 45 90 1351802252’

=)

260

240

220

200

(4

H_(Oe)

180

160

140-I 1 1 I-
90 45 0 45 90 135 180 225 27

¢y (deg)

Figure 4. (a) Some hysteresis loops for particular orientations of the
bicrystal. Inset: normalized remnant magnetization (Men / Mia:)
versus ¢y. (b) Angular variation of the coercive field, H.. The lines
are guides to the eye. T = 85 K.

the presence of this uniaxial anisotropy, which bends the easy
direction closer to the ¢y = 90° direction. These conclusions
are in good qualitative agreement with the FMR experiments,
as we will see below.

4.2. Ferromagnetic resonance

We have studied in detail the FMR spectra at T = 125 K,
well below the ferromagnetic—paramagnetic transition (which
occurs close to room temperature), as the experimental
conditions such as the coupling of the radio frequency cavity
and the quality of the resonance signal are simultaneously
satisfactory at this temperature. Let ¢y be the angle between
the x axis and the static magnetic field, H. The left panel of
figure 5 shows some selected FMR spectra for different values
of (b[-].

The main feature of each spectrum is a broad, essentially
single, FMR line. This is consistent with previous electron
paramagnetic resonance (EPR) results on polycrystalline [28]
and single-crystalline manganites [29]. A subtle superstructure
that cannot be resolved may be originated from minor
crystalline misorientations coexisting in the manganite films,
as discussed at the end of the section 3. As seen in the figure,
H,s varies with the orientation of the sample. It is maximum
for ¢y = 0° and minimum for ¢y = 45°. These mean
that the {110} directions of the cubic substrate are easy axes
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Figure 5. (a) FMR spectra for different orientations. (b) Angular variation of H,. The filled and empty circles are two sets of measured

values; the solid line is the numerical calculation. T = 125 K.

of magnetization of the films, while the {100} directions are
difficult. This observation is in good agreement with previous
literature data reported on single-crystalline (La, Sr)MnOj3
grown on SrTiO; [21].

The magnetic anisotropy of the films was investigated by
analysing the angular variation of H.s. We have performed
a systematic FMR study, recording the spectrum for different
orientations of the sample and taking the value of the resonance
field. The results obtained from two independent sets of
measurements are shown in the right panel of figure 5. The
angular variation of H presents a sinusoidal-like shape,
where the measured values approximately span an 800 Oe
amplitude range, between 1300 and 2100 Oe. A dominant
fourfold symmetry with a superimposed 180° periodicity of
smaller amplitude is evident. As noted above, the minima are
located near the {110} directions (45° off the AGB), while the
orientations parallel (90°) and perpendicular (0°) to the AGB
are local maxima. However, these directions are not equivalent;
the difference in height between these maxima indicates the
existence of an uniaxial anisotropy whose easy axis is parallel
to the AGB.

In order to quantitatively interpret the FMR results we
must first consider the free energy density of each half of
the bicrystalline film (Ep,¢). Let us write the different
contributions as follows:

@)

Enar = Ezeeman + Eshape + Eanisotmpy

where Ezeeman = —H M = —MH cos(¢p — ¢p), M being
the magnitude of the macroscopic magnetization vector. The
shape term can be written as

Ehape = R M* + K,,) cos® @ (3)

where the 27t M? term is the usual expression that accounts for
the demagnetizing energy of a thin slab. The K,, term has been

added to account for an extra contribution to the ‘out-of-plane’
uniaxial anisotropy that could arise from substrate effects.

As Eqisowopy 1 (2) should account for the symmetries
observed in the angular variation of H.., we must include both
the uniaxial and cubic anisotropy contributions:

Euniaxial = Ku[1 — cos*(¢ — ¢y) sin 0] “)
Ecwic = K4 sin® @ sin’ (;S(sin2 6 cos’ o+ cos? 0)

+ (sin® @ cos® ¢ cos® o + cos? 0 sin® «

+ % sin 26 sin 2« cos ¢) (sin” 6 cos” ¢ sin® o

+ cos? 6 cos® « — L sin 26 sin 2« cos b) 5)

2

where « is the bicrystal angle that, depending on the half
being considered, is £12°; 6 and ¢ are the magnetization
angles shown in figure 2, and ¢, is the angle that orients the
uniaxial anisotropy axis, which in this case coincides with the
AGB (¢, 90°). K, and K, are the uniaxial and cubic
anisotropy constants, respectively. For writing down explicitly
the mathematical form of the cubic term, we have made the
assumption, supported by experimental evidence from x-ray
diffraction, that the three pseudo-cubic axes of the manganite
film are oriented in the same way as the crystallographic axes
of the substrate (see the previous section). In this context,
a positive K4 will give easy axes along the {100} directions,
while a negative K, will give easy axes parallel (or almost
parallel) to the {110} cubic directions.

From independent magnetization measurements (see the
previous section) we observe that the values of the resonance
field are such that the magnetization is saturated when the
system attains resonance, i.e. that it is possible to define one
macroscopic magnetization vector of a given magnitude on
each side of the boundary, and whose spatial orientation will
be given by the balance between the anisotropy, Zeeman and
shape energies at each side. Note, however, that the cubic
term (5), which is the only one that actually depends on «,
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is quadratic in «. This means that the magnetocrystalline
cubic energy density, and therefore the total energy density,
has exactly the same expression for each half of the bicrystal.
This means that both halves of the sample will tend to
align their corresponding magnetization vectors according to
the same minima of the energy density. Assuming values
for the saturation magnetization and the anisotropy constants
compatible with previous results found in (La, Sr)MnO;
films [30] we observe that the Zeeman term dominates and
therefore the energy density has only one minimum, close to
the external field direction. Therefore, the FMR spectrum will
consist of two coinciding resonance lines, as supported by our
experimental findings. This assumption can be accepted with
reasonable safety by recalling the x-ray diffraction results from
the bicrystalline substrate and the mathematical expression
of the cubic anisotropy energy given above. This fact
warns about the important role that an appropriate structural
characterization of the bicrystals plays in the problem. In what
follows we will concentrate on the hypothesis of a single FMR
line.

Magnetic resonance frequency (wres) is a direct measure of
the free energy density at the equilibrium point (¢eq, Ocq) of the
macroscopic magnetization vector. The Smith—Beljers (SB)
equation (6) gives the relation between ws and the second
derivatives of the energy density, when a ferromagnetic system
is at resonance [31]. It is

Wres : 1 2
y ) = m[EeeEw — (Egp)°] (6)
sat

where y is the gyromagnetic ratio and

9%E 92E

00 — W(‘beq’ eeq)a E¢¢ = W(‘beq’ eeq)a

7
2L N

Egp = —— (Peq» Oeq)-
0¢ 898¢(¢q q)

In an FMR experiment, the working microwave frequency
is fixed, while the static magnetic field is continuously swept.
Therefore, the left-hand side of (6) is a constant. For given
M, the value of H. for each set of parameters (K, K, K4)
is obtained by solving (6) and (7) in a self-consistent way by
minimizing the energy density. The collection of consecutive
iterations of this process for each orientation of the sample
constitutes a simulation of the angular variation Hies(¢p)-
By comparing the simulation with the experimental data, and
varying (K, K,,, K4) appropriately, we found the optimum set
of values for the anisotropy constants. Taking a value of M =
380 emu cm 2 obtained from magnetization measurements, we
verified that an energy density given by the expressions (2), (4)
and (5) nicely reproduces the experimental angular variation of
H. if we set

K4 = (—1.0540.03) x 10° erg cm™
K, = (1.52+£0.20) x 10* erg cm™® (8)
K, = (6.2 +0.40) x 10* erg cm>.

The magnetocrystalline anisotropy constant is in good
agreement with previously reported data, obtained in epitaxial

3.90 —(a)

R (a.u.)

1 . 1 . 1 . 1 . 1
-1000 0 1000 2000

r V' st\hl

6.0

R (au.)

59F

58

-1000 0
H (Oe)

Figure 6. Magnetoresistance curves for the (a) SC and the (b) AGB
arms, measured at 77 K.

thin films of similar (La, Sr)MnO3; composition [23, 27, 38]. A
uniaxial anisotropy of the same magnitude has been generally
measured in (La, St)MnOs; films grown on SrTiOs3 [23, 27].
The perpendicular anisotropy constant, K,, is comparable
with values measured in other (La, Sr)MnQO; films, like
LaO.GSr0.4MnO3 [25]

5. Transport measurements

The magnetoresistance has been measured in two regions of
the bicrystalline film by means of the lithographed Wheatstone
bridge. The SC arm traverses the single-crystalline region of
the sample while the two AGB arms are the ones that cross
the artificial grain boundary. In figure 1 the corresponding
measured voltages (Vsc and Vgp) are indicated. Typical
magnetoresistance curves obtained for these two cases are
shown in figure 6. All the transport results shown in this section
were obtained at 7 = 77 K.

The resistance in both cases decreases with increasing
magnetic field and is hysteretic at low field. Moreover,
the magnetoresistance curves are strongly dependent on the
magnetic field direction. To get a deeper insight into this
aspect and to contribute to the comprehension of the low-field
magnetoresistive effect in manganites, we have studied the
dependence of the magnetoresistance curves and resistance on
the angle ¢ (see section 2). The field was rotated in the plane
of the films, from 0° < ¢y < 360°, while the current direction
was kept constant.



J. Phys.: Condens. Matter 22 (2010) 346007

G Alejandro et al

4 ———r———— —
(@) | (b)
CMR
[
[ J
3F T J
[ 2N ] [ J
s o ® o0 *
S e LIPS [ J .
&
= | (©)
o O MR|
) AR,
1 " " 1 " " 1 " " 1 " 1 "
0 45 90 135 180 -2 -1 0 1 2
0 (deg) H (kOe)

Figure 7. Angular (a) and field ((b) and (c)) dependence of the magnetoresistance components at the SC arm, measured at 7 = 77 K.

(®) CMR; (0) MR,;.

Due to the zig-zag geometry of the circuit, the resistance
measured in each branch, R, is given by

R=R,+R, 9)

where R, is the resistance of the paths where the electrical
current flows parallel to the AGB, while R, corresponds to
the paths where the current is perpendicular to the AGB. The
length/width ratio of the R, paths is six times larger than
that of the R, ones. For this reason, the measured value is
approximately equal to R,.

The magnetoresistance curves measured at the single-
crystalline (SC) region (figure 6(a)) can be described by a
sum of two contributions, a high-and a low-field component as
shown in the right panel of figure 7. The high-field component
varies linearly with the magnetic field and is reversible. This
contribution is associated with the colossal magnetoresistance
(CMR) effect [1, 32] observed in ferromagnetic manganites.
These compounds have a ferromagnetic to paramagnetic
transition together with a metal-insulator (MI) transition that
occurs close to the Curie temperature. A huge drop of
resistivity as a function of magnetic field is observed around
the magnetic ordering temperature, as a consequence of the
MI transition. For this reason, the CMR peaks around Tyi.
The angular dependence of the CMR ratio, defined as CMR =
(R(H =0) — R(H = 2kO0e))/R(H = 0) *x 100, is shown
in figure 7 (a). No appreciable change of the CMR with ¢ is
observed, within the experimental scatter of the data.

The low-field magnetoresistance ratio is calculated as
MR; = AR;/R(H = 0 Oe) x 100. AR; is estimated after
subtracting the CMR background component?, see figure 7(c).
MR; does depend on ¢y, with a fourfold symmetry plus a
uniaxial anisotropy along the y axis (AGB direction). The MR
anisotropy is quite similar to that of the magnetic anisotropy of
the LSMO thin film.

3 The CMR component is extrapolated assuming a linear dependence of R(H)
from the high fields to zero.

The magnetoresistance curves determined by measuring
the Vgp voltage across the two AGB arms exhibit a partially
different aspect (figure 6(b)). A third magnetoresistive
component arises from the R versus H curves which is more
noticeable in a narrow window of angles, close to ¢y = 0°.
The MR; term presents almost the same angular dependence
as the one measured in the single-crystalline arm. The other
low-field contribution, defined as MRy = ARy/R(H =
0 Oe) x 100 (see inset in figure 8) changes strongly with the
orientation of the magnetic field. The MRy ratio is similar to
the MRy ratio and varies roughly from one to three percent
in the detectable angle range. Both the MR; and the MRy
ratios were calculated after subtracting the CMR background
contribution. The colossal magnetoresistance is still present
in the measurements performed across the AGB arms, but due
to the field window of the measurements and the appearance
of a third magnetoresistance effect commented on above, it is
difficult to quantitatively estimate its ratio.

Figure 9 shows the dependence of the magnetoresistance
switching fields on the angle ¢y. The switching fields,
Hgw_1 and Hsw_y1, were defined as the magnetic field values
where the corresponding local magnetoresistance maxima are
observed in the R(H) curves (see figure 6). The distinction
of the MRy and the MRy components is difficult when the
maximum positions of both effects, Hgw_; and Hsw_yy are very
close. However, the rapid increase of Hgw_y for —1/4m <
¢u < 1/4m allows us to distinguish both phenomena. The
angular dependence of the switching field at the MR; maxima,
Hgsw_1, is similar to that of the coercive field (see figure 4).
The Hgw-i, instead, increases rapidly as the magnetic field
direction approaches the perpendicular to the AGB (i.e. ¢y =
0°).

The R(H) curves reveal the existence of more than
one magnetoresistive component at the AGB. However, the
difficulty to accurately uncouple the different components from
the R(H) curves limits the analysis. For this reason, and in
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order to determine the origin of the different magnetoresistive
effects, we performed complementary experiments where the
angular dependence of the resistance was measured, keeping
the temperature and the magnitude of the magnetic field
constant.

The resistance measured at the single-crystalline arm
of the Wheatstone bridge presents a twofold symmetry that
does not change appreciably with magnetic field, for H >
500 Oe. The resistance maxima appear in the direction
perpendicular to the grain boundary, as shown in figure 10.
The angular dependence of Rsc does not follow a cos” ¢
law at this low temperature, as expected for the anisotropic
magnetoresistance observed in transition metal alloys [33]
and manganites [34-36]. We note that this non-cos’ ¢y
behaviour persists even for H values much higher than
the typical anisotropy fields of manganites, suggesting that
the microscopic anisotropy parameters can be very different
from the macroscopic ones [37], for example due to the
microfabrication process. However, as the temperature is
raised, the curves progressively approach this behaviour.

As discussed in a recent paper [35] the AMR effect in
manganites is strongly affected by the symmetry of the crystal,

1.850

1.845

R (103Q)

1.840

-45 0 45 90 135 180 225
¢y (deg)

Figure 10. Angular dependence of the resistance measured on the
SC arm at 77 K, and under an applied field H = 8 kOe.

due to the hybridization of the e, orbitals through the spin—
orbit interaction. In LSMO films grown onto (001) SrTiO;
substrates, most of the authors [26, 35, 38] report that

Pperp > Ppar (10
where ppar (Pperp) are the resistance values measured with the
magnetic field parallel (perpendicular) to the electric current
direction, respectively.

This relation depends not only on the angle between the
electrical current and the magnetization, but also on the angle
between the current and the manganite crystalline axes as
shown by Fuhr et al [35] and Ziese and Sena [39]. The
relation (10) is observed when the current direction is parallel
to the [100] cubic axis. In our bicrystals, the Pperp/Opar Tatio
is inverted and this result can be explained by the fact that the
electrical current is oriented 12° off the [100] axis and so the
problem does not have the same orbital symmetry of previously
studied samples.

The resistance measurements performed across the AGB
arms present three peaks at low fields, centred at ¢ p; = 0°,
¢r.p2 = 90° and ¢y p; = 180°. The intensity of the P1 and P3
peaks decreases strongly with increasing magnetic fields, being
negligible for H = 8 kOe. The resistance component peaking
at ¢ = 90°, on the other hand, increases with magnetic field
and saturates above 3 kOe, as seen in figure 11.

The twofold negative magnetoresistance, peaked at Pl
and P3, can be explained by the existence of spin-disordered
regions at the AGB. This magnetoresistance component would
vanish as the magnetic field overcome the pinning induced by
defects at the AGB:

RGB + AR — RGB
(11)

H — oo.

The appearance of this effect has been suggested by
Schiffer and co-workers in [40] but has been only clearly
differentiated from the other magnetoresistive components in
the present work.

Instead, the maximum of resistance observed for
¢y = 90° ie. the electrical current perpendicular to
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Figure 11. Angular dependence of the resistance, as measured from the Vg voltage at 77 K. The curves have been measured at different
magnetic fields, from H = 0.5 kOe (bottom curve) to H = 8 kOe (top curve).
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Figure 12. Field dependence of the MR, ratio, as extracted from
figure 11. Calculated from R values measured at ¢y = 0° (W) and
¢n =90° (O).

the magnetization direction, could be associated with an
anisotropic magnetoresistance effect (AMR). This effect has
the same symmetry as the one observed at the SC arm and
therefore we assume the same physical origin. However, it
is interesting to remark that the symmetry axes of both AMR
effects are rotated 90°, suggesting the existence of differences
in the microstructure of both regions of the sample [35, 37].
These results are summarized in figure 12, where the ratios
MR, = [R(max,i) — R(min)]/[R(min)] x 100 (i

AR, GB) calculated from the resistance versus ¢y curves are
plotted.

R(min) varies linearly with H, scaling the high-field CMR
curves mentioned above. The MRy ar curve shows clearly
the progressive magnetic ordering of the AGB region with
the magnetic field. The MR,z B, instead, saturates at H ~
3 kOe. These last measurements allow us to clearly distinguish
between the two low-field magnetoresistance effects observed
across the AGB arms: one associated with spin disorder at the
grain-boundary zone (MRgy,g Ar) and the other one MR, GB
probably associated with the anisotropic magnetoresistance of
the AGB region.

6. Conclusions

We have performed x-ray diffraction, low temperature
magnetization, FMR measurements and transport experiments
on bicrystalline (La, Sr)MnO; films. We have characterized
the crystal structure and orientation, and identified and
quantified the magnetic anisotropies of the unpatterned films.
The angular dependence of the parameters of the magnetization
hysteresis loops and the FMR spectra is consistent with a
picture in which the macroscopic magnetic anisotropy consists
of a (magnetocrystalline) cubic term whose axes coincide
with the crystalline axes of the substrate, and a much smaller
(probably stress-induced) uniaxial contribution along the AGB
direction.

All the magnetoresistance curves present a colossal
magnetoresistance (CMR) component that varies linearly with
the magnetic field. Once the CMR has been subtracted
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from the measured curves, the low-field magnetoresistance
contributions were studied and characterized. The R versus
H curves are hysteretic at low field and present, depending
on whether they were measured on the single-crystal (SC) or
on the grain-boundary (AGB) regions of the sample, one or
two pairs of peaks with different physical significance. The
low-field magnetoresistance measured at the SC region and
one of the contributions measured across the AGB arms were
associated with spin—orbit effects, i.e. the so-called anisotropic
magnetoresistance (AMR). The twofold symmetry of this
effect was observed in the R versus ¢y curves, measured at
fixed magnetic field.

The other low-field component measured at the grain
boundary is actually inherent to the presence of spin-disorder
regions at the AGB. In fact, we have succeeded in isolating
a resistive component that decreases as the magnetic field
value is increased and saturates at fields higher than H ~
8 kOe. This contribution is only clearly observed in a narrow
¢y range around the direction perpendicular to the AGB. It
is worth mentioning that the peculiar crystalline orientation
of our bicrystals allowed us to successfully identify a new
magnetoresistive component which has arisen at the grain
boundary and is associated with spin disorder.

In summary, our results indicate that the AGB structural
and magnetic characteristics, which could be very com-
plex [15], dominate and explain the low-field magnetoresis-
tance effect.
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