ISSN 10637761, Journal of Experimental and Theoretical Physics, 2012, Vol. 115, No. 5, pp. 876–884. © Pleiades Publishing, Inc., 2012.
Original Russian Text © A.M. Petrzhik, V.V. Demidov, G.A. Ovsyannikov, I.V. Borisenko, A.V. Shadrin, 2012, published in Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, 2012,
Vol. 142, No. 5, pp. 994–1004.

ELECTRONIC PROPERTIES
OF SOLID

SpinDependent Electron Transport
in Manganite Bicrystal Junctions
A. M. Petrzhika,*, V. V. Demidova, G. A. Ovsyannikova,b, I. V. Borisenkoa, and A. V. Shadrina,b
a

Kotel’nikov Institute of Radio Engineering and Electronics, Russian Academy of Sciences,
Mokhovaya ul. 11, Moscow, 125009 Russia
bChalmers University of Technology, SE41296, Gothenburg, Sweden
*email: petrzhik@hitech.cplire.ru
Received December 31, 2011

Abstract—Magnetic bicrystal films and junctions of magnetic La0.67Sr0.33MnO3 (LSMO) and
La0.67Ca0.33MnO3 (LCMO) films epitaxially grown on NdGaO3 substrates with the (110) planes of their two
parts misoriented (tilted) at angles of 12°, 22°, 28°, and 38° are investigated. For comparison, bicrystal
boundaries with a 90° misorientation of the axes of the NdGaO3 (110) planes were fabricated. The directions
of the axes and the magnetic anisotropy constants of the films on both sides of the boundary are determined
by two independent techniques of magnetic resonance spectroscopy. The magnetic misorientation of the axes
in the substrate plane has been found to be much smaller than the crystallographic misorientation for tilted
bicrystal boundaries, while the crystallographic and magnetic misorientation angles coincide for boundaries
with rotation of the axes. An increase in the magnetoresistance and characteristic resistance of bicrystal junc
tions with increasing misorientation angle was observed experimentally. The magnetoresistance of bicrystal
junctions has been calculated by taking into account the uniaxial anisotropy, which has allowed the contribu
tions from the tunneling and anisotropic magnetoresistances to be separated. The largest tunneling magne
toresistance was observed on LCMO bicrystal junctions, in which the characteristic resistance of the bound
ary is higher than that in LSMO boundaries.
DOI: 10.1134/S1063776112100093

1. INTRODUCTION
Magnetic junctions are a basic element of spin
tronic devices, where the manipulations are made not
with the system’s charge state but with its spin state
[1]. Ferromagnets with a spin polarization of carriers
close to 100% are the most attractive materials for use
in magnetic junctions. When such materials are used
in magnetic junctions, one may expect record magne
toresistances and observe the strongest effects caused
by strong spin injection (see, e.g., [2]).
Doped La1 – xAxMnO3 (where A = Sr, Ca, Ba, …)
manganites at an optimal doping level x ≈ 0.33 are fer
romagnetic materials with a high polarization of carri
ers close to 100% (see, e.g., [3]). In the ferromagnetic
state, these materials are semimetal ferromagnets in
which the electron density of states at the Fermi level
is completely spinpolarized, so that the conductivity
is governed mainly by spinpolarized carriers [4].
Films fabricated from such materials are most attrac
tive from the viewpoint of applications. A large num
ber of works on the magnetoresistance in manganite
films, as a rule, grown on SrTiO3 (STO) substrates are
known [5–15]. In addition to studying the lowfield
anisotropy of films, the magnetic junctions in such
films are studied in a number of papers. The creation
of magnetic junctions from manganites is complicated
by their high sensitivity to both degradation of the

chemical composition and change of the electronic
state near the bicrystal boundary. One way to produce
magnetic junctions is to create a bicrystal boundary in
a thin epitaxial film by epitaxial growth of a film on a
substrate consisting of two misoriented singlecrystal
pieces. In recent years, much attention has been given
to studying manganite junctions at bicrystal bound
aries produced in epitaxial films grown on STO bicrys
tal substrates with rotation of the crystallographic axes
of manganites around the normal to the substrate
plane (rotated bicrystal (RB) junctions) [16–18].
The magnetoresistance is traditionally defined as
MR = (R1 – R0)/R0, where R0 is the resistance in zero
magnetic field (H = 0) and R1 is the resistance at H ≠
0. The magnetoresistance depends on the magnetic
field. However, in several cases, for example, for the
tunneling and anisotropic magnetoresistances, to
operate not the function but a specific value, it is con
venient to define the lowfield tunneling magnetore
sistance as MR = (Rmax – R0)/R0. Here, Rmax is the
maximum resistance. A large number of works on the
magnetoresistance in manganite films, as a rule,
grown on STO substrates are known [5–15]. The pro
duced bicrystal junctions had a tunneling magnetore
sistance of several tens of percent at fields below 1 kOe
and a characteristic resistance varying in a wide range,
depending on the quality of the bicrystal substrate
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2. SAMPLE FABRICATION
AND EXPERIMENTAL TECHNIQUE
Epitaxial LSMO and LCMO films 50–70 nm in
thickness were grown by laser ablation on symmetric
bicrystal NdGaO3 (NGO) substrates with rotation of
the (110) NGO planes around the [ 110 ]NGO direc
tion through angles 2θ = 12°, 22°, 28°, and 38°
(TB junctions, see Fig. 1). Bicrystal substrates with a
90° misorientation were produced by rotating the axes
of the (110) NGO plane around the normal to the sub
strate (RB junctions).
The films were grown in an oxygen atmosphere
with a pressure P = 0.2 mbar at a substrate temperature
T = 750°C followed by cooling in oxygen at a pressure
of 1 bar [23, 24]. When the manganite films were
grown on NGO substrates, the same epitaxial relation
ships held for both LSMO and LCMO films. For
example, for the LSMO films we have
(001)LSMO || (110)NGO,
[100]LSMO || [ 110 ]NGO.
The pseudocubic lattice constant is aL = 0.388 nm for
LSMO (aL = 0.3858 nm for LCMO), while the lattice
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boundary (10–7–10–5 Ω cm2). After annealing, the
tunneling magnetoresistance increased to 300% [19].
Its value also grew with increasing misorientation
angle from zero to 45° [20]. At such a high tunneling
magnetoresistance, the contributions from the colos
sal and anisotropic magnetoresistances of the manga
nite films may be neglected, because they are small
compared to the tunneling one. As previous studies of
bicrystal boundaries of cuprate semiconductors [18,
19] showed, by rotating the basal planes around the
bicrystal boundary line (tilted bicrystal (TB) junc
tions), the microstructure of the boundary can be
improved significantly compared to RB junctions and
its faceting can be reduced. This type of bicrystal
boundary has a low density of dislocations in the
boundary plane and a better boundary morphology
[21]. The first experiments carried out on TB junctions
showed high tunneling magnetoresistances (up to
150%) for La0.67Ca0.33MnO3 TB junctions with a
rather large resistance of the bicrystal boundary (3–
5 × 10–5 Ω cm2) [22]. At the same time, the tunneling
magnetoresistance for La1 – xSrxMnO3 TB junctions
was several percent and was comparable to the contri
bution from the anisotropic magnetoresistance [23].
The goal of this paper is to study the magnetic
parameters of manganite bicrystal films and the mag
netoresistances of La0.67Sr0.33MnO3 (LSMO) and
La0.67Ca0.33MnO3 (LCMO) bicrystal junctions on
NGO substrates with TB misorientation and to com
pare the results with those for RB misorientation. We
also study the contributions from the colossal and
anisotropic magnetoresistances of films to the total
magnetoresistance of bicrystal junctions.
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Fig. 1. (a) Schematic view of a tilted bicrystal boundary
(BB) in manganite film 2 and NdGaO3 substrate 1. The
crystallographic [001] directions of the two halves of the
manganite film for TB junctions are indicated by the
arrows. The misoriented (010) planes are also indicated by
the arrows RB junctions. The misorientation angles for TB
(2θ) and RB (2θ') junctions are marked. The angles α and
ϑ specifying the external magnetic field direction are
shown. The x and y axes coincide with the current direc
tion and the bicrystal boundary, respectively. (b) A photo of
a bicrystal junction connected to a logoperiodic antenna.
The lead lines for a fourpoint junction resistance mea
surement are shown schematically.

constants for (110) NGO (an orthorhombic cell, a =
0.5426 nm, b = 0.5502 nm, c = 0.7706 nm) along the
[001] and [ 110 ] directions are aN = 0.3853 nm and
bN = 0.3863 nm, respectively [25, 26]. During epitaxial
growth, nonuniform compression is observed in the
substrate plane in LSMO films [24, 25]. Heteropolar
mechanical strains arise in LCMO films, compressive
along the [001] NGO direction and tensile along the
[ 110 ] NGO direction, because aN < aL < bN. During
epitaxial growth, the crystal structure of the bicrystal
substrate is repeated in the manganite film and a bic
rystal boundary is formed in the film.
Bridges 6–8 μm in width crossing the bicrystal
boundary were formed by ionbeam etching using a
photoresist mask (see the central part of Fig. 1b). All
electrophysical measurements were made by a four
point method using platinum or gold contact pads. A
dc current flowed in the film plane perpendicular to
the boundary, and the direction of the external mag
netic field was varied and was specified by two angles:
the polar α and azimuthal ϑ (see Fig. 1a).
To determine the magnetic anisotropy parameters,
we applied two independent techniques based on the
resonance absorption of electromagnetic radiation by
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Fig. 2. Angular dependences of the resonance fields for two
FMR lines in an LSMO film.

ferromagnetic films. First, we used a standard Xband
(a frequency ~10 GHz) Bruker ER200 EPR spec
trometer to take the angular dependences of the ferro
magnetic resonance (FMR) spectra in the socalled
parallel orientation. In this case, the samples were
rotated through 360° around an axis perpendicular to
the substrate plane, while the dc magnetic field and the
magnetic component of the microwave field were
always mutually perpendicular and remained in the
film plane. This technique allows both the directions
of the magnetic anisotropy axes and the anisotropy
constants to be determined with a good accuracy [24].
However, the spindependent transport in manga
nite bicrystal junctions suggests using much weaker
external magnetic fields than those required for the X
band FMR spectra to be observed (about 2 kOe).
Therefore, we also used the second technique based on
a sharp increase in the dc magnetic susceptibility of a
uniaxial ferromagnet for an external magnetic field
direction along the hard magnetization axis [24, 27]
under conditions where the field strength is varied near
the uniaxial anisotropy field. To implement the second
technique, we used a homemade magnetic resonance
spectrometer whose operation is based on a Qmeter
[28]. The angular dependences of the absorption spec
tra were also taken under parallel orientation condi
tions. The external magnetic field was varied in the
range from –300 to 300 Oe. When its direction
approached the direction of the hard magnetization
axis of uniaxial magnetic anisotropy, the electromag
netic radiation absorption signal increased sharply in
the range of values equal to the uniaxial anisotropy
field strength.

3. FERROMAGNETIC RESONANCE
IN BICRYSTAL JUNCTIONS
The angular dependences of the FMR spectra were
studied at room temperature. Complex spectral curves
were generally observed when FMR was recorded on
manganite films grown on bicrystal substrates. Never
theless, we always managed to identify the main dou
blet of lines and to trace their evolution during the
sample rotation. Figure 2 shows an example of the
angular dependence of the resonance fields for the
FMR lines corresponding to the two parts of the
LSMO film separated by the bicrystal boundary pro
duced by a 90° RB misorientation of the NGO sub
strate.
First of all, it should be noted that the uniaxial
(with π periodicity) magnetic anisotropy dominates
over the cubic (with π/2 periodicity) one. This is typi
cal of manganite films grown on NGO substrates [11–
13, 24, 25, 29]. In addition, Fig. 2 shows that we failed
to separately identify the lines (there are no experi
mental points) for certain angles α. At the same time,
we can assert with confidence that the easy axes of
uniaxial magnetic anisotropy from the film areas on
different sides of the boundary are misoriented at an
angle close to 90°. The relation between the electro
magnetic radiation frequency and FMR magnetic
field H can be derived in analytical form with an
explicit dependence on the soughtfor anisotropy
parameters [24]:
2
2K
2
⎛ω
 ⎞ = ⎛ 4πM 0 + H 0 + u cos ϕ u
⎝
⎝ γ⎠
M0
2

2K 1 + cos 2ϕ
+ c c ⎞
⎠
2
M0

(1)

2K
2K
2
× ⎛ H 0 + u cos ϕ u + c cos 4ϕ c⎞ .
⎝
⎠
M0
M0
Here, ω is the angular frequency, γ is the gyromagnetic
ratio, M0 is the equilibrium magnetization, ϕu and ϕc
are the angles between the external magnetic field and
the easy axes of uniaxial and cubic (crystallographic)
anisotropies, respectively, and Ku and Kc are the uniax
ial and cubic anisotropy constants. In turn, these con
stants specify the uniaxial, Hu = 2Ku/M0, and cubic,
Hc = 2Kc/M0, anisotropy fields. Thus, the technique
based on the FMR spectra gives sufficient information
about the anisotropy parameters of the objects under
study (Table 1).
From the data in Table 1, it can be concluded that
the misorientation of the easy axes of uniaxial mag
netic anisotropy is in the range 4°–90° and depends on
both misorientation angle and type for the two parts of
the bicrystal substrate. It follows from the results of
[26] that cubeoncube growth is observed when
LSMO films are grown on the (110) NGO plane. Our
magnetic measurements [24, 25] and those in [12]
showed that the easy axis of the LSMO film deposited
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Table 1. Magnetic anisotropy parameters for LSMO bicrystal films and junctions determined by two independent tech
niques at T = 300 K
Sample
number

2θ, deg

2θ', deg

Hu, Oe

αeasy, deg

αhard, deg

Δα, deg

817

0

90

123
98.4

53.8
–37.6

146.4
54.3

91.4–92.1

866

12

0

90
137

–

89.4
90.6

1.2

junctions

843

0

90

154
248

48.7
–40.9

89.6–91.4

junctions

–47.4
44.0

Sample
type
film

Note: 2θ is the misorientation angle of the crystallographic (001) LSMO planes, 2θ' is the misorientation angle of the [010] LSMO
directions, Hu is the uniaxial magnetic anisotropy field, αeasy is the deflection angle of the easy magnetization axis of LSMO mea
sured from the normal to the bicrystal boundary obtained by the Xband FMR technique, αhard is the deflection angle of the hard
magnetization axis obtained by the microwave absorption technique at 300 MHz, and Δα is the misorientation angle of the mag
netizations in the substrate plane.

Figure 3 shows an example of the angular depen
dence of the absorption signal of electromagnetic radi
ation at room temperature with a frequency of
300 MHz for an LSMO bicrystal film with a misorien
tation angle of 90° as the external magnetic field is var
ied. To simplify the figure, only the positive range of
external magnetic fields is shown. Changing the mag
netic field in the opposite direction leads to similar
dependences.
Above, it has already been noted that all measure
ments based on this technique were made in the same
range of external magnetic fields at which the magne
toresistance of bicrystal junctions was investigated. In
addition, the narrowness of the absorption lines
depending on both misorientation angle (see the inset
in Fig. 3) and external magnetic field strength allows
the signals from the two parts of the bicrystal film to be
separated more reliably in some cases (in particular,
for the same direction of the magnetization axes). This
is particularly important for small misorientation
angles of the crystallographic axes of the substrate,
when the relatively large FMR widths do not allow the
resonance lines from the two parts of the film on dif
ferent sides of the bicrystal boundary to be separated.

It can be clearly seen from Fig. 3 that there are two
types of absorption lines that should be attributed to
the two parts of the bicrystal film. Numerical calcula
tions in the model of a uniaxial ferromagnet in a simi
lar geometry indicate that the angles corresponding to
the resonances when the angle is varied specify the
directions of the hard magnetization axes, while the
magnetic field strengths corresponding to the peaks
when H is varied give the uniaxial anisotropy fields.
Given that the hard and easy magnetization axes in a
uniaxial ferromagnet are perpendicular to each other,
both techniques yielded similar values for the mag
netic anisotropy parameters of the investigated bicrys
tal films (see Table 1). The deviation of the difference
between the measured angles of the anisotropy axes
from 90° for RB boundaries is due to the inaccuracy
(a few degrees) of the original sample installation on
the holder. Note that the presence of a cubic magnetic
anisotropy component in the samples shifts the real
peaks. However, first, this shift is negligible for films

400

Absorption

on the (110) NGO plane coincides with the
[ 110 ]NGO direction. As a result, for bicrystal films
with RB boundaries and a misorientation angle of the
[ 110 ]NGO axes 2θ' = 90°, the directions of the easy
axes should differ by 90°. In our experiment, the mis
orientation of the magnetization axes is in the range
89°–92°. In symmetric bicrystal RB films, misorienta
tion of the easy magnetization axes is also observed in
the substrate plane, but it is much smaller than that of
the (110) NGO planes [12, 24, 25]. It may well be that
the tilt of the (110) NGO plane changes the magnetic
anisotropy of the LSMO film [24]. A similar misorien
tation of the axes was observed in LSMO films on bic
rystal substrates [18].
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Fig. 3. Field dependences of the absorption signals at
300 MHz for a bicrystal film with an RB misorientation
angle 2θ' = 90° at various angles α between the external
magnetic field and the x axis. The inset shows the angular
dependence of the amplitude of the absorption peak (in
rel. units) near α = 144°).
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Fig. 4. Temperature dependences of the resistance for
manganite bicrystal junctions on LSMO RB (2θ' = 90°)
and LCMO TB (2θ = 28°) films. The measurements were
made in the Earth’s magnetic field (H ≈ 0.5 Oe).

grown on NGO substrates and, second, it can be easily
taken into account in numerical calculations.
It should be noted that the measured absorption is
due to the imaginary part of the dynamic magnetic
susceptibility. The latter, in turn, is the product of the
static magnetic susceptibility, whose resonant behav
ior is used in the technique under consideration, and a
function dependent on the relaxation time τ and
defining the magnetization decay. This function has a
maximum at ωτ = 1. In the films being investigated,
these times presumably lie in the range 10–9–10–8 s,
which determined the choice of the frequency for the
second technique. This technique allows τ in uniaxial
ferromagnets to be obtained in principle when the
absorption spectra are taken at different frequencies. A
signal of the same nature was also observed at 10 GHz,
but its amplitude was much smaller, which did not
allow the required sensitivity to be achieved.
4. MAGNETORESISTANCE OF BICRYSTAL
BRIDGE JUNCTIONS
4.1. Temperature Dependences
Figure 4 shows the temperature dependences of the
resistance for LCMO and LSMO bicrystal bridge
junctions produced in the absence of an external mag
netic field.
The transition of manganites to a ferromagnetic
state near the Curie temperature TC is generally
accompanied by an insulator–metal transition, which
manifests itself as a peak in the temperature depen
dence of the resistance at TP. TP and TC usually coin
cide to within a few degrees [12, 30]. The Curie tem
perature for epitaxial LCMO and LSMO films was
determined from the temperature dependence of the
electron magnetic resonance field using the technique
described in detail in [24, 25]. As can be seen from
Fig. 4, for the bicrystal junctions under consideration,

TP is 210 K for LCMO and more than 300 K for
LSMO. Comparison of the temperature dependences
of the resistance for LCMO bicrystal junctions and an
epitaxial film bridge shows that near the boundary TP
decreases to 130 K compared to TP = 210 K in the
films forming the bicrystal boundary. This manifests
itself most clearly when the resistance of the lead bic
rystal junction films is taken into account [26, 31].
The high characteristic resistance of the LCMO
junction, RA = 10–7–10–5 Ω cm2 (where R and A are
the resistance and crosssectional area of the bicrystal
junction, respectively), at T = 4.2 K suggests the pres
ence of a barrier layer with a transparency of 10 ⎯4–
10 ⎯3 (determined by the parameter RA). A dramatic
decrease in charge density to its critical value at which
a ferromagnetic material with a reduced temperature
TC is formed is most likely responsible for the appear
ance of such a barrier. In LSMO bicrystal junctions,
no clear second peak is observed in the dependence
R(T). This suggests a negligible contribution from the
transition layer with suppressed ferromagnetism near
the bicrystal boundary, while the lower (than for
LCMO) characteristic resistance of LSMO junctions,
RA = 10–7–10–5 Ω cm2, indicates that the transpar
ency of the barrier layer is higher than that of LCMO
junctions. Nevertheless, it should be noted that more
detailed measurements of the temperature depen
dence of the resistance for RB junctions on STO [20]
revealed a boundary layer with a reduced Curie tem
perature (TP ≈ 250 K) in LSMO.
4.2. Dependence of the Magnetoresistance of Bicrystal
Junctions on External Magnetic Field
Figure 5 shows the field dependences of the mag
netoresistance of an LSMO bicrystal junction with a
misorientation angle 2θ = 12° for three directions of
the magnetic field (α = 5°, 51°, 85°) lying in the sub
strate plane (ϑ = 90°) at T = 77 K. The magnetoresis
tance was normalized to the junction resistance at an
external magnetic field H = 1 kOe.
It can be seen from Fig. 5 that the resistance
decreases with increasing field at fairly large external
magnetic field strengths. Such a decrease is commonly
explained by the presence of colossal magnetoresis
tance in these materials [5, 6, 9], which is decisive in
strong magnetic fields (~10 kOe).
In weak magnetic fields (several hundred Oe), a
magnetic field hysteresis typical of ferromagnets is
observed (see Fig. 5). In the case of coincidence
between the directions of the external magnetic field
and the passing current, maximal positive bellshaped
resistance peaks were observed. These can be
explained both by the tunneling magnetoresistance
when the current passes through the boundary [32]
and by the anisotropic magnetoresistance of the film
itself. The latter can be caused by anisotropy in the
spin–orbit interaction between the eg↑ and e2g↑ orbitals
of manganese ions [7, 14], the scattering of spin

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

Vol. 115

No. 5

2012

SPINDEPENDENT ELECTRON TRANSPORT
R/RH = 1 kOe
1.004

881
MR, %
150

R, kΩ
1

2

2.0

1.003

100
α = 5°

51°
1.5

1.002

50
1.001

1.0

85°
1.000
−1000

−500

0

0
500

−1

1000
H, Oe

Fig. 5. Magnetoresistance of an LSMO bicrystal junction
with a misorientation angle 2θ = 12° at T = 77 K for vari
ous external magnetic field directions: α = 5°, 51°, and
85°; the angle θ = 90° did not change. The arrows indicate
the direction of the change in external magnetic field.

polarized electrons when passing through moving
magnetic domain walls [33–36], the Hall effect [37,
38], and other mechanisms. In our case, the maximum
magnetoresistance was observed at α = 5° and was
0.05%. When the magnetic field direction deflected
from the direction of the current, the magnetoresis
tance decreased.
Figure 6 shows the field dependence of the magne
toresistance of an LCMO bicrystal junction with a
misorientation angle 2θ = 28° at a temperature of
4.2 K. In this case, the external magnetic field was
directed along the normal to the film (along the z axis,
see Fig. 1). The effect for the LCMO film is seen to be
much larger. The maximum magnetoresistance was
about 150%, which corresponds to the record values
for LCMO bicrystal junctions [19].
Figure 7 shows the magnetoresistance variation for
an LSMO bicrystal junction with a TB misorientation
angle 2θ = 12° for an external magnetic field direction
parallel to the electric current (ϑ = 0, α = 90°, see
Fig. 1) and a temperature T = 4.2 K. The external
magnetic field was changed many times in the
±1.3 kOe range. In our case, two positive magnetore
sistance peaks symmetric relative to the zero field are
observed. This directly points to the contribution from
both the boundary (tunneling magnetoresistance) and
the film itself (anisotropic magnetoresistance) to the
magnetoresistance. The derived maximum value of
MR ≈ 0.1% is close to the values reached on epitaxial
LSMO films [8]. Table 2 presents the magnetoresis
tances at low temperatures for the investigated bridge
junctions. The characteristic resistance RA and mag
netoresistance tend to increase with increasing misori
entation angle. Such an increase was observed when
the misorientation angle was varied in the range 4°–
40° on LSMO films grown on STO bicrystal TB sub

0
H, kOe

1

Fig. 6. Magnetoresistance of an LCMO bicrystal TB junc
tion with 2θ = 28° at T = 4.2 K; the external magnetic field
is directed along the z axis.

strates [20]. An increase in RA is also observed. Sample
905 (2θ = 22°) is disregarded in the dependence of RA
and magnetoresistance on misorientation angle due to
the presence of a large number of defects in the bicrys
tal boundary of the substrate observed through an opti
cal microscope.
To quantitatively describe the tunneling magne
toresistance in magnetic junctions, we used the
approach proposed in [39]. In fact, the tunneling con
ductance between two ferromagnetic media with spin
polarized carriers separated by tunneling barriers
should be considered. It should be taken into account
that the magnetizations on both sides of the barrier are
directed at different angles β1 and β2 relative to the
R, Ω
120.2

120.1

120.0

119.9
−1.0

−0.5

0

0.5

1.0
H, kOe

Fig. 7. Magnetoresistance of an LSMO bicrystal junction
with 2θ = 12° (sample 866, see Table 1) at T = 4.2 K; the
magnetic field is parallel to the flowing current. The arrows
indicate the direction of the change in external magnetic
field. The results of calculation (thick line) are shown only
for a field increasing from –1300 to 1300 Oe.
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Table 2. Magnetoresistance of bicrystal junctions at low temperatures
Sample
number

2θ, deg

2θ', deg

Material

RA, Ω cm2

α, deg

ϑ, deg

MR, %

Hmax, Oe

865
843
866
905
5
904

0
0
12
22
28
38

90
90
0
0
0
0

LSMO
LSMO
LSMO
LSMO
LCMO
LSMO

7 × 10–8
2.9 × 10–7
1.2 × 10–6
1.3 × 10–5
3 × 10–5
8 × 10–6

0
0
0
0
–
0

90
90
90
90
0
90

0.04
0.015
0.07
0.0017
150
6.57

240
180
200
140
600
262

Note: MR is the magnetoresistance; Hmax is the magnetic field for which a local resistance peak is observed; RA is the product of the
junction resistance by its area; the designations for the angles α and ϑ are given in Fig. 1; 2θ and 2θ' are the misorientation angles;
the measurement temperature is T = 4.2 K

boundary. The analytical expression for the spin con
ductivity Gsp in this situation is [40, 41]
0

2

G sp = G sp [ 1 + P cos ( β 1 – β 2 ) ].

(2)

0

Here, G sp is the conductivity of polarized spins
directed at 90° to each other and P is the polarization
of these spins. Taking into account, for completeness,
the contribution of nonpolarized carriers, Gns, to the
conductivity, we can write the following expression for
the tunneling barrier resistance RTMR [39]:
R sp
1
R TMR =  = 
, (3)
2
G sp + G ns
1 + P cos ( β 1 – β 2 ) + g
where Rsp = 1/Gsp and g ≡ Gns/Gsp.
The following formula is used to describe the
anisotropic magnetoresistance RAMR in ferromagnets:
2

R AMR ( α M ) = R ⊥ + ( R || – P ⊥ ) cos α M ,
(4)
where R⊥ and R|| are the resistances measured for cur
rents flowing perpendicular and along the magnetiza
tion, respectively, and αM is the angle between the
magnetization and current, which coincides with the
angle α between the magnetic field and current for
strong magnetic fields. In [15], dependence (4) was
generalized through the phenomenological introduc
tion of a fourthorder tensor for the resistance, which
made it possible to take into account the crystallo
graphic symmetry of the samples.
To explain the observed field dependence of the
magnetoresistance, both tunneling and anisotropic
magnetoresistances should be taken into account
simultaneously. For a magnetic field direction perpen
dicular to the boundary (these are the conditions of the
experiment whose results are shown in Fig. 7), the
coherent rotation of the magnetizations on both sides
of the boundary plays a crucial role in the magnetore
sistance of the bridge crossing the boundary [9, 39].
Therefore, we will use dependence (3). However, it
should be taken into account that, apart from the
bridge itself, the lead areas of the film also contribute
to the resistance (see Fig. 1). We will associate their

resistance with the anisotropic magnetoresistance, for
which Eq. (4) should be applied. Thus, our numerical
analysis of the experimental data was performed using
the formula
⊥

||

⊥

2

R = R 1 + ( R 1 – R 1 ) cos α 1
R sp
+ 

2
1 + P cos ( θ 1 – θ 2 ) + g
⊥

||

⊥

(5)

2

+ R 2 + ( R 2 – R 2 ) cos α 2 .
Here, the subscripts 1 and 2 refer to the two parts of the
film on different sides of the boundary. The angles α1, 2
and θ1, 2 are specified by the directions of the magneti
zations in both parts of the film. These directions were
determined for each magnetic field strength from the
minimum condition for the free energy
K
2
ˆ c ⋅ M ), (6)
F = – ( M ⋅ H ) – u2 ( M ⋅ n u ) + 1 ( M ⋅ N
2
M
which takes into account the Zeeman interaction (first
term), the induced uniaxial magnetic anisotropy (sec
ond term), and the cubic magnetic anisotropy (third
term) determined by the LSMO material structure. In
Eq. (6), M is the magnetic moment vector, H is the
external magnetic field strength, Ku is the magnetic
anisotropy constant, nu is a unit vector directed along
ˆ c is the crystallo
the easy magnetization axis, and N
graphic (in our case, cubic) anisotropy tensor. The
magnetic moment, the directions of the axes, and the
magnetic anisotropy required for this procedure were
found by analyzing the magneticresonance studies of
bicrystal junctions [24].
We performed the calculations numerically and
used the magnetization directions found for each
magnetic field strength to calculate the field depen
dence of the junction resistance from Eq. (5) by adding
the linear (in field) dependence due to the colossal
magnetoresistance effect. To obtain the curve describ
ing the experimental results in Fig. 7, we used the
directions of the hard magnetization axes derived from
our magneticresonance measurements at 300 MHz
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and given in Table 1 (see the fifth column for sample
866). Unfortunately, the angular dependence of FMR
does not allow us to separate the spectra from the parts
located on different sides of the boundary due to the
small misorientation of the magnetization axes (see
the caption to Fig. 3). As regards the numerical values
for the anisotropy fields, in the term describing the
anomalous magnetoresistance we took the values from
Table 1 (see the third column for sample 866)
increased approximately by 20%, while for the terms
corresponding to the tunneling magnetoresistance we
had to increase these values approximately by a factor
of 2.7. As a result, the resistance peak near the zero
field in Fig. 7 is described by the term corresponding
to the anisotropic magnetoresistance in the lead parts
of the film, while the sharp increase following by the
same sharp decrease near 200 Oe is described by the
contribution from the tunneling magnetoresistance of
the bicrystal junction.
Generally speaking, the increase in uniaxial anisot
ropy with decreasing temperature in LSMO films
grown on NGO substrates is not an obvious fact. There
are contradictory data in the literature on that score,
and they were obtained indirectly [10, 42]. Our results
can also be considered as an indirect argument for the
increase in uniaxial anisotropy with decreasing tem
perature. At the same time, more direct measurements
of the temperature dependence of the uniaxial anisot
ropy are required.
Several words should be said about the possibilities
of increasing the tunneling magnetoresistance effect in
LSMO films in which a significant spin polarization P
is reached already at room temperature. It follows
from our analysis of Eq. (3) that an increase in Rsp/R0
will lead to a growth of the effect. Of course, it is better
to increase this ratio through a decrease in the resis
tance of the lead areas of the film. In addition, it is
desirable to create a bicrystal film with aligned easy
magnetization axes on both sides of the boundary
while ensuring different anisotropy constants. In this
case, apart from the maximal effect for an external
magnetic field direction along the easy axes, the
sharpest jumps will be ensured as the magnetoresis
tance both increases and decreases. These jumps will
occur at external magnetic field strengths equal to Hu1
and Hu2, respectively (Hu1 < Hu2).

the basal planes around the bicrystal boundary line
(TB), the magnetic misorientation is much smaller
than the crystallographic one. In experiments with
bicrystal boundaries based on LCMO films, the tun
neling magnetoresistance reaches 160% at T = 4.2 K.
In LSMO junctions, the tunneling magnetoresistance
is much lower and is observed against a background of
the colossal and anisotropic magnetoresistances. The
temperature dependences of the resistances for
LCMO junctions exhibit an additional local peak due
to the resistance of the boundary layer comparable to
that of the films forming the bicrystal junction. In the
case of LSMO bicrystal boundaries, no features are
observed against a background of the resistance of the
film itself. Both facts, the absence of a contribution
and the sharp decrease in tunneling magnetoresis
tance, suggest that the width of the boundary (transi
tion) layer in LSMO bicrystal films is much smaller
than that in LCMO ones. At the same time, the pres
ence of two peaks in the dependence of the magne
toresistance for LSMO bicrystal junctions suggests
that the magnetic anisotropy in the boundary region is
determined by the boundary and does not depend on
temperature, while the uniaxial anisotropy in the film
far from the boundary increases with decreasing tem
perature. The large characteristic resistance of the bic
rystal boundary for LCMO restricts the observation of
highcurrent spinpolarized carrier injection effects.
One way to solve the problem may be the creation of a
bicrystal film with aligned easy magnetization axes on
both sides of the boundary but with different magnetic
anisotropy constants.

5. CONCLUSIONS
Our measurement of the angular dependence of the
magnetic field corresponding to FMR in bicrystal
films and junctions revealed two ferromagnetically
ordered spin subsystems with different directions of
the easy magnetization axes. For bicrystal boundaries
with rotation of the crystallographic axes of the basal
planes of manganites around a direction perpendicu
lar to the substrate plane (RB), the angles between the
axes coincide with the crystallographic misorientation
angles, while for bicrystal boundaries with rotation of
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