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We investigated conduction through an artificial grain-boundary junction made in La0.67Ba0.33MnO3

thin films, deposited on a 36.7° SrTiO3 bicrystal substrate using a laser ablation technique. The grain
boundary exhibits substantial magnetoresistance at low temperatures and also shows nonlinearI –V
characteristics. Analysis of temperature dependence of the dynamic conductance allows us to
identify three carrier transport mechanisms across the grain boundary. These mechanisms exist in
parallel, and at a given temperature one mechanism may dominate. Particularly, at higher
temperatures (T.175 K) the transport across the grain boundary involves spin–flip scattering,
which we establish leads to decrease of the bicrystal grain-boundary contribution in
magnetoresistance. At lower temperature~4.2–45 K!, tunneling through a disordered oxide at the
grain boundary dominates, whereas in the temperature range from 100 to 175 K, carrier transport is
dominated by inelastic tunneling via pairs of manganese atoms.
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Observation of colossal magnetoresistance~CMR! in
perovskite manganese oxides has generated a lot of scie
interest.1–3 Epitaxial thin films of hole-doped LaMnO3 show
large magnetoresistance at a large field~; few tesla! and in
a narrow temperature range at the ferromagnetic trans
temperature.4 Unlike epitaxial thin films, bulk samples an
polycrystalline films of doped LaMnO3 show large magne
toresistance effects in the low-field region and even at a t
perature much lower than the ferromagnetic transit
temperature.4–6 Recently, artificially created grain bound
aries in epitaxial CMR films such as the bicrystal junction
La0.7Ca0.3MnO3 ~LCMO! or La0.7Sr0.3MnO3 ~LSMO!
films,7,8 edge junction in LCMO film9 have been found to
exhibit substantial low-field magnetoresistance at a low te
perature. In polycrystalline film or in bulk samples electric
transport across the grain boundaries is proposed to be d
spin-polarized tunneling5 or due to spin-dependent scatterin
of polarized electrons at the grain boundaries.3,4 A mesos-
copic magnetoresistance model based on a grain-boun
region with strongly suppressedTc has also been proposed.10

Realization of a single artificial grain boundary in CMR e
itaxial film provides a good opportunity for studying the ro
of the grain boundary in CMR materials. Toddet al.11 stud-
ied the current–voltage characteristics of a bicrystal gr
boundary in La12x(Sr/Ca)xMnO3 film and found that the
results cannot be fully explained by direct tunneling acr
an insulating barrier.12 Particularly, they found that the mag
netoresistance might be uncorrelated to grain-bound
transport. Zieseet al.9 proposed a model of spin-polarize
tunneling in a ferromagnet/spin-glass/ferromagnet geom
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to account for the observed nonlinear current–voltage ch
acteristic across a step-edge junction in LCMO films. T
letter reports the temperature dependence of magnetor
tance and dynamic conductance of a bicrystal grain bound
in La0.67Ba0.33MnO3 ~LBMO! thin film. Our study indicates
that the mechanism of grain-boundary transport strongly
pends on the temperature. At low temperatures carrier tra
port across a bicrystal grain boundary in LBMO thin film
dominated by inelastic tunneling, whereas at higher temp
tures spin–flip scattering dominates. In the past, the temp
ture dependence of nonlinear transport through the g
boundary led to contradictory results.9,11 This letter attempts
to resolve the issue through an independent measureme

A thin film of LBMO was prepared on a 36.7° bicrysta
substrate of SrTiO3 from a stoichiometric LBMO target us
ing a pulsed-laser deposition technique in 400 mTorr oxyg
partial pressure with the substrate at 750 °C. For studying
effect of the grain boundary on the transport characterist
two microbridges (width;700mm) have been fabricated
One microbridge was created across the bicrystal g
boundary and the other one away from the bicrystal gr
boundary. The resistance–temperature (R–T) and current–
voltage (I –V) characteristics of these microbridges we
studied using a four-probe technique. For magnetoresista
~MR! measurements, a magnetic field was applied in
plane of the film, parallel to the grain boundary.

Figure 1~a! shows theR–T curves for both micro-
bridges. The microbridge across the bicrystal grain bound
~referred to as bridge A! showed a larger resistance and
smaller value of peak temperature (Tp;236 K) in theR–T
curve. For the microbridge away from the grain bounda
~referred to as bridge B!, R was distinctly lower andTp was
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higher~;250 K!. The observed smaller value ofTp of bridge
A is most likely due to an oxygen-deficient layer at the gra
boundary. Figure 1~b! shows the temperature dependence
the magnetoresistance for both microbridges at a 1 kOe mag-
netic field. Microbridge A shows a peak in MR–T curves at
T5215 K, whereas microbridge B shows a peak at 225
At lower temperatures in microbridge B the value of the M
decreases with the decrease in temperature, and foT
,100 K MR→0, as one expects for an epitaxial thin film.
sharp contrast, the value of the MR for bridge A shows
large rise as the temperature is lowered to 175 K. At 77
the value of the MR for bridge B is 0.02%, which is muc
smaller than the MR of 6% for bridge A. The grain-bounda
contribution in total MR is found to decrease with the i
crease in temperature and it becomes negligibly small ab
175 K.

Figure 2~a! shows theI –V curves for both bridges at 4.
K. Bridge A exhibits a nonlinearI –V characteristic, wherea
bridge B shows a linearI –V characteristic. It is evident tha
this nonlinearity is due to the presence of the grain bound
Figure 2~b! shows the normalized dynamic conductan
(G/G0; G5dI/dV) versus voltage curves for the bicryst
junction at different temperatures. Here,G0 is the conduc-
tance of the junction at zero-bias voltage. It is clear that
nonlinearity inI –V curves is a strong function of temper
ture, and above 175 K the nonlinearity becomes very sm
We fitted the normalized conductance to the phenomenol

FIG. 1. ~a! R–T curves for the LBMO thin-film microbridges. Inset shows
close up forT,60 K. ~b! Temperature dependence of the magnetoresista
~MR! of the LBMO thin film microbridges across the bicrystal grain boun
ary and away from the grain boundary. MR5@R(0)2R(H)#/R(0)
3100%; whereR(H) and R(0) are the resistance of the microbridge
presence and in the absence of the magnetic field, respectively.
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cal relation, which quantifies the contribution of the nonli
ear part:

G/G0511kuVua, ~1!

wherek anda are constants. Figure 3 showsa as a function
of temperature from 4.2 to 300 K. In the same graph we a
show the temperature dependence ofk, which measures the
relative components of the nonlinearity. The value ofk be-
comes very small asT approaches 300 K. The value ofa is
0.6 at 4.2 K, and it has a weak temperature dependence
T550 K. As the temperature is further increased,a increases
sharply and approaches 1.0 atT'80 K. For 100 K,T
,175 K, a reaches a distinct plateau'1.3 and then in-
creases again forT.175 K. At higher temperatures,a ap-
proaches a plateau'1.8. Our result on the temperature vari
tion of a is similar to that of Zeiseet al.9 for a step-edge
junction in La0.7Ca0.3MnO3 film. These results, however, ar
in sharp contrast to that observed by Toddet al.11 on the
bicrystal junction in a La12x(Sr/Ca)xMnO3 film, where the
value ofa was'2.0 and it was independent of temperatu

In order to explain our results, we propose that a laye
oxygen-deficient LBMO with lowerTc ~or with canted spin
structure! is present at the grain boundary. The observed
havior suggests that there are essentially three types of
rent transport through the grain boundary, which may oc
in parallel, but one of the mechanisms may dominate o
the other in a given temperature range. In temperature ra
I ~4.2–45 K!, a'0.6. Such behavior has been observed
the past in tunneling experiments on a number of disor

e
FIG. 2. ~a! I –V curves for the LBMO thin-film microbridge across th
bicrystal grain boundary and for the microbridge away from the gr
boundary.~b! Variation of normalized dynamic conductance (G/G0) with
voltage drop across the bicrystal junction at different temperatures.
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oxides, which has been explained as due to an electr
electron interaction in disorder systems.13 It is likely that the
region immediately close to the grain boundary or the gr
boundary itself acts like a disordered metallic oxide. T
also is clearly visible in the temperature variation of the
sistance of the grain boundary forT,20 K @inset in Fig.
1~a!#. This is a very common occurrence in a number
disordered metallic oxides.14 In region II (45 K,T
,175 K), the dominant contribution comes from quasipa
cle tunneling via the localized state where one expecta
'4/3.15 In region III (T.175 K), spin–flip scattering in the
grain boundary becomes dominant.16 It is suggested that the
relative contribution of the three processes will depend
the temperature as well as on the nature of the grain bou
ary itself. The junction region in the microbridge of Ref. 1
may be different from ours so that at low temperatures dir
tunneling occurs and at higher temperature spin–flip sca
ing dominates. In such a situation one getsa'2 for all tem-
peratures.

The MR from the bicrystal grain boundary increases
low 175 K. A comparison of Figs. 1 and 3 shows that th
occurs in a temperature region where the dominant gr
boundary transport mechanism is via single, or multiple-s
tunneling and also tunneling through a disordered layer.
spin-polarized tunneling mechanism can give rise to M
which will increase on cooling because of the following re
sons:

The tunneling MR is a strong function of the spin pola
ization of the ferromagnetic layers on the two sides of
grain boundary. The spin polarization increases on cool
leading to an increase of MR from the grain boundary.17,18

Dependence ofa on T indicates that the spin–flip scatterin
process becomes dominant at higher temperatures. The
in a junction is suppressed by the spin–flip scattering in
grain-boundary region. On cooling, the spin–flip scatter
rate is reduced, leading to an increase of the MR. The t
sition probability at the grain-boundary junction also d
pends on the difference of the work function~Dw! between

FIG. 3. Variation ofa and k with temperature. The values ofa and k at
different temperatures are obtained by fitting the equationG/G051
1kuVua to the experimental curves of (G/G0) vs V shown in Fig. 2~b!.
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the grain-boundary material~which is paramagnetic or a
low-Tc material! and the material~which is ferromagnetic!
on the two sides. This difference is a function of the diffe
ence of the magnetization (DM ) of the two materials. On
cooling, DM increases leading to an increase inDw and an
increase in MR.19

To summarize, it has been found that the presence
bicrystal grain boundary in the LBMO epitaxial film en
hances low-field magnetoresistance and introduces non
earity in I –V characteristics. We could identify three mech
nisms of grain-boundary transport that may operate
parallel. The mechanism of the transport across the g
boundary is found to be temperature dependent. At low te
peratures~4.2–45 K! the dominant carrier transport acro
the grain boundary is due to tunneling through a disorde
oxide at the grain boundary and for temperatures 100–17
the dominant mechanism for transport is inelastic tunnel
via Mn pairs of atoms. At temperatures above 175 K, spi
flip scattering becomes dominant. The increase of gra
boundary MR with the decrease in temperature (T,175 K)
is due to an increase in spin polarization and suppressio
spin–flip scattering on cooling.
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