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Abstract: The structure, magnetic and magnetotransport properties of Lay;Sr;3MnO3(LSMO0)/0.33(CuO, ZnO, Al,03) composites
were investigated to explore the role of second introduced phase. The microstructural analysis shows two kinds of grain boundaries:
LSMO/LSMO and LSMO/second phase/LSMO. Two maximal resistivities appear in LSMO/0.33CuO and LSMO/0.33ZnO
composites while the resistivity of LSM0/0.33A1,0; decreases monotonically with increasing the temperature from 200 K to 400 K.
Moreover, the temperature dependence of magnetoresistance(MR) of LSMO/0.33A1,0; that decreases monotonically with increasing
the temperature is different from that of LSMO/0.33CuO and LSMO/0.33ZnO. A developed two-channel model consisting of
scattering model and tunneling model was proposed to fit the resistivity—temperature curves of these composites. The role of second
introduced phase and the magnetotransport mechanism of these composites were elucidated.
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1 Introduction

Manganites exhibit ferromagnetic and metallic
properties below Curie transition point because of double
exchange(DE) interaction between neighboring Mn®** and
Mn** ions through oxygen sites[1]. The decrease in the
resistivity of these compounds at high magnetic fields is
attributed to an improvement of spin order and the
magnetoresistance(MR) reaches maximal value near the
Curie transition(7;). The effect of doping ionic radius,
doping level and doping sites at either A site or B site in
ABO; perovskite compounds on the magnetotransport
properties of the compound has been extensively
investigated[2—3]. However, low transition temperature,
low room-temperature MR and high magnetic field are
enormous challenges for many researchers.

Recently, manganite-based composites have
stimulated a surge of researching due to tunneling effect
of grain boundaries, which opens a new researching
field. In La,;3Sr;sMnO; (LSMO) compound, the decrease

in resistivity at low magnetic field is attributed to the

spin-polarized tunneling across the potential barrier of
grain boundaries[4]. Many research groups have
prepared manganite-based composites by incorporating
some insulating materials, such as ALO;[5], TiO,[6],
NiO[7], Si0,[8], Ce0,[9], ZrO,[10], ZnO [11] and
BaTiOs[12—15], into the manganite oxides to explore the
effect of second phase on magnetotransport properties of
manganites. There are three opinions about the role of
second introduced phase in manganite-based composites.
ESHRAGHI et al[6—7] attributed the increase in
resistivity and the decrease in metal-insulator transition
(T,) to the substitution of cations for Mn ions to reduce
or dilute the DE interaction. HUESO et al[5] thought that
there exists strong electronic scattering created by
alumina particles. There are also some reports[16—18]
about two-channel model related to intragrain and
intergrain conduction. However, the effect of the
temperature and potential barrier of grain boundaries on
magnetotransport of manganite-based composites has not
been considered. If only the spin-dependent scattering
and tunneling process dominate the magnetotransport
mechanism, the resistivity should increase with the
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increase of temperature. However, the resistivity of the
composites usually decreases at the temperature above
metal-insulator transition temperature(7,) up to 7. of
pure manganites.

In the present work, the effect of potential barrier
between ferromagnetic(FM) and second incorporated
phases on magnetotransport properties of manganites-
based composites is investigated. Second introduced
phases such as CuO, ZnO and Al,O; with different
bandgap and the same mole ratio are respectively
incorporated into LSMO matrix. The effect of
temperature on bandgap of second phase and potential
barrier of grain boundaries should be neglected
compared with large in bandgap. A
two-channel model composed of parallel scattering
model and tunneling model is used to fit the resistivity—

difference

temperature curve and the magnetotransport mechanism
is elucidated.

2 Experimental

The LSMO0/0.33(CuO, ZnO, Al,O3;) composites
were prepared by three steps. Firstly, LSMO compound
was prepared by conventional solid-state reaction
method. High-purity powders of La,O;, SrCO; and
MnO, were mixed in stoichiometric proportions. The
mixture was ball-milled for 4 h, pelletized at a pressure
less than 30 MPa and calcinated at 1 100  for 12 h.
The pellet was crushed and ground. The same procedures
were repeated twice. X-ray diffraction(XRD) patterns
show that the perovskite-like phase was formed.
Secondly, the powders of 33%(mole fraction) CuO, ZnO,
Al,O; were respectively introduced into LSMO matrix
and were ground to form a homogeneous powder. Finally,
the mixture was pelletized at a pressure of 300 MPa and
sintered at 1 250 for 12 h.

The structures of LSMO/0.33(ZnO, CuO, Al,O3)
samples were characterized by X-ray diffractometer
(Cu K,). The microstructures of the samples were taken
by HITACHI S—3000N scanning electron microscope
(SEM). The magnetotransport properties were measured
in a magnetic field range of 0—5 T and a temperature
range of 200—400 K using a four-probe method with
physical properties measurement system(PPMS).

3 Results and discussion

3.1 Structures of LaysSrysMnO;(LSMO)/0.33(CuO,
Zn0O, Al,O3) composites
Fig.1 shows the XRD patterns at room temperature
for pure LSMO and three doped samples. One can see
from Fig.1 that the diffraction peaks related to CuO

phase appear. It is hard to see the peaks related to ZnO
and Al,O; phases. In order to analyze the microstructures
of pure and doped samples, the fracture sections of
doped samples were examined by SEM, as shown in
Fig.2. Compared with pure LSMO compound shown in
Fig.2(a), the doped compounds form the second phases
such as CuO, ZnO, ALO; on the grain boundaries and
grain surfaces of LSMO as shown in Figs.2(b), (¢) and
(d). ZnO and Al,0O; doping has no obvious effect on the
grain size of LSMO. However, the grain size of LSMO
in CuO-doped sample is larger than that of pure and two
other doped samples. CuO has a melting point of 1 325

near the 1 250
sintering promotes the grain growth of LSMO.
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Fig.1 XRD patterns of pure and CuO, ZnO, Al,O; doped
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3.2 Magnetotransport properties of LSMO/0.33(CuO,

Zn0, Al,O3) composites

The temperature dependence of resistivity of the
LSMO0/0.33(Cu0O, ZnO, AlL,O;) is shown in Fig.3. One
can see that the resistivity of CuO-doped composite is
higher than that of ZnO-doped composites and the
resistivity of Al,Os-doped composite is higher than that
of other two systems. There are two peaks in resistivity
—temperature curve for CuO-doped and ZnO-doped
while the
composite decreases monotonically with the increase of
temperature in the range of 200—400 K. The
temperatures of peak resistivity for CuO-doped
composites are 360 and 256 K and the temperatures of

composites, resistivity of Al,O;-doped

peak resistivity for ZnO-doped composite are 349 and
259 K. The higher temperature of peak resistivity for
CuO-doped and ZnO-doped composites is near the
metal-insulator transition point(7,=369 K) of LSMO
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Fig.2 SEM micrographs of pure and doped LSMO samples: (a) Pure LSMO sample; (b) LSM0/0.33CuO composite; (¢) LSMO/

0.33Zn0O composite; (d) LSMO/0.33A1,05 composite
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Fig.3 Temperature dependence of resistivity of LSMO/
0.33(CuO, ZnO, Al,0O3) composites

compound and therefore should be the metal-insulator
transition temperature(7,). Compared with the 7, of
LSMO compound, the decrease in 7, of CuO-doped and
ZnO-doped composites should be due to the substitution
of cations for Mn sites to reduce or dilute the DE

interaction between Mn®>" and Mn*". How is the
low-temperature peak resistivity formed?

3.3 Discussion

For manganese oxides, the resistivity(p) increases
with the increase of temperature due to temperature-
dependent  structural disordered scattering and
spin-dependent scattering. The variation of p with
temperature is expressed in the expression p=p,+p; T+
psT*, where the temperature independent part p, is the
resistivity due to domain, grain boundary and other
temperature independent scattering mechanism; p, 7
represents the resistivity due to the electron-electron
scattering process. p3T* is a combination of electron-
electron,  electron-magnon and electron-phonon
scattering process[19—20]. The equation is used to fit the
resistivity—temperature curve in the temperature range
of 200—320 K and the fitted curve is almost overlapped
with measured curve shown in Fig.4(a). It can not be
used to fit the p—T curve in the range of 200-360 K
described in bold line.

There are two kinds of conduction channels
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Fig.4 Fitting curves of polycrystalline LSM0/0.33(CuO, ZnO,
Al,O3) composites with scattering channel and tunneling

channel

connected in parallel in polycrystalline manganite-based
composites[16—18]. One is related to intragrain and the
other is related to intergrain hopping of the conduction
electrons between the neighboring sites. There are two
kinds of grain boundaries as shown in Fig.5. In channel 1,
electrons  hop boundaries between
ferromagnetic(FM) grains. In channel 2, the second

across the

phase separates the ferromagnetic grains and forms the
sandwich structure of FM/second phase/FM. The total
resistivity is expressed as the formation of 1/p=1/p,+
1/per, where p.; and p., are the resistivities of channel 1
and channel 2, respectively. For channel 1, electrical
behavior is dominated by spin-dependent scattering and
grain-boundary scattering. For channel 2, most carriers
are scattered by potential barrier of grain boundaries and
only few carriers can tunnel through the potential barrier.
The scattering channel consists of channel 1 and the
scattering part of channel 2. The total resistivity consists
of scattering resistivity and tunneling resistivity and is
expressed as the formation of 1/p=1/pst+ 1/p, where p
and p, are scattering resistivity and tunneling resistivity,
respectively. The system of LSMO-based composite is
similar to granular system and the variation of tunneling
resistivity p, with temperature is expressed in p=P;><
exp(P,T %) equation[21], where P, and P, are
parameters. The five parameters are obtained by fitting
the resistivity—temperature curves of the composite.

The combined transport model is used to fit the p
—T curves of different composites in the temperature
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Fig.5 Two-channel model consisting of scattering channel and
tunneling channel for LSMO-based composites

range of 200—320 K shown in Figs.4(b), (c) and (d). To
identify the difference between fitted curves and
measured curves, bold-solid fitted curves are adopted.
One can see that these fitted curves are almost
overlapped with experimental data, which indicates that
a combined transport model can express the true physical
mechanism of these composites in the temperature range
of 200-320 K. The electrical behavior of CuO- and
ZnO-doped samples in the temperature range of 320—360
K is similar to that of LSMO compound and is not fitted.

The fitted parameters were obtained including
parameters of scattering model and tunneling model.
These parameters vary with magnetic field and different
dopants. The temperature-independent p, increases
sharply when the second phase is incorporated. To
investigate the effect of the variation of these fitted
parameters on resistivity of these compounds, p; 7%, po T,
ps and p, were calculated respectively according to these
fitted parameters in the temperature range of 200—320 K
as shown in Fig.6 and Fig.7. One can see from Fig.6 that
the value of p,T° is larger than that of p,7*° for ZnO
doped sample while the value of p,T° is smaller than that
of p,T*° for CuO and ALOs-doped samples. It is well
known that p;7° and p,7*° represent electron-electron
scattering and electron-phonon scattering respectively.
Therefore, the bandgap width of second introduced phase
affects the potential barrier of grain boundaries and
dominates the scattering mechanism.

ps increases and p, decreases with the increase of
temperature as shown in Fig.7. For parallel circuit, the
total resistivity is dominated by the lower resistivity and
smaller than lower resistivity. One can also see that the p,
is larger than pg at low temperature and is smaller than p
at high temperatures in these composites. The result
indicates that the total resistivity at low temperatures is
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Fig.6 Calculated p,7* and p,T*° for LSM0O/0.33(CuO, ZnO,
Al,03) composites: (a) LSMO/0.33Zn0O composite; (b) LSMO/
0.33CuO composite; (c) LSM0O/0.33A1,03 composite
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Fig.7 Calculated scattering resistivity and tunneling resistivity
for LSMO0/0.33(CuO, ZnO, Al,O;) composites

controlled by ps and the resistivity is controlled by p; at
high temperatures. p probably has a peak resistivity at a
middle temperature.

For LSMO compound, the scattering mechanism
includes structural disordered scattering, grain-boundary

scattering and spin-dependent scattering. If second phase
is incorporated, electronic grain-boundary scattering and
tunneling process occur. Although the room-temperature
bandgap of ZnO (3.30 eV) is larger than that of CuO (1.1
eV), ZnO easily collapses to form the Zn interstitionals
and O vacancies during sintering process, which is
applied in ZnO-based varistor field[22]. Therefore, ZnO
ceramic is conductive while CuO ceramic is insulating at
room
between LSMO grains and ZnO grains is very weak and
the carriers can tunnel ZnO grains easily, which reduces
pr. Compared with p; (0.07 Q-m) of LSMO compounds,
the increase in pg (0.1 Qm) in ZnO-doped composite
should be attributed to grain-boundary scattering
between different phases due to structural disorder. p;
values at 200 K for CuO-doped and Al,O;-doped
composites are near 0.11 Q'm and 1.0 Q'm respectively.
These results show that the potential-barrier scattering is
enhanced for CuO-doped composite and is dominated for
AlyOs-doped Fig.7(b) shows that the
tunneling Al,O3-doped
decreases sharply with the increase of temperature due to
thermal tunneling effect.

At a 5 T high field, the decreasing magnitudes in p;
at 200 K for LSMO, ZnO-doped, CuO-doped and
ALOs-doped composites are about 0.01, 0.02, 0.03 and
0.17 Qm, respectively. It is well known that the
electrical behavior of channel 1 is similar to that of
LSMO compound and the decreasing value in ps due to
the improvement of spin order at 200 K is about 0.01
Q'm. So the decrease in p; of channel 2 makes larger
contribution to the decrease in total scattering resistivity
and should be attributed to the enhancement of
spin-dependent tunneling effect. For Al,O3;-doped
composite, the decreasing magnitude in pg is further
larger than other two systems, which indicates that
spin-dependent tunneling is more obvious for high
potential barrier of grain boundaries. The decrease in p;
should be the result of improvement of spin order near
second phase. At higher temperatures, magnetic field has
little effect on p, and p due to the spin-disordered
alignment.

The temperature-dependent MR for different
composites is shown in Fig.8. MR is defined as 100>
(po—pn)/po, where py and p, represent the resistivity with
and without an applied magnetic field respectively. The
low-temperature MR increases and high-temperature MR
decreases with the increase of potential barrier of grain
boundaries. The potential barrier of the grain boundaries
between LSMO and ZnO grains is very low because of
the conductive property of ZnO. So the MR of
ZnO-doped composite is dominated by spin-dependent
scattering and tunneling effect. The temperature depen-

temperature. The potential-barrier scattering

composite.

resistivity  for composite
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Fig.8 Temperature dependence of MR for LSM0/0.33(CuO,
Zn0, Al,05) composites

dence of MR of CuO-doped composites is similar to that
of ZnO-doped composite because of low potential barrier
of grain boundaries. For Al,Os;-doped composite, the
low-temperature MR is  dominated only by
spin-dependent tunneling and high temperature MR is
dominated by thermal tunneling mechanism.

Fig.9 shows the magnetic-field dependence of MR
at different temperatures. The low-field MR at 220 K and
in a magnetic field of 4><10°A/m shown in Fig.9(a) is
almost the same for three composites. For LSMO
compound, a sharp decrease in resistivity is attributed to
spin- polarized tunneling effect[4]. The low-field MR is
enhanced when some second phases are introduced[6—7].
However, the low-field MR disappears in the three
composites. It is very difficult for carriers to tunnel
across the thick second phase at high doping level and
low field, which has been found in other high-level
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Fig.9 Magnetic field dependence of MR at different
temperatures: (a) 220 K; (b) 260 K; (c) 300 K

doping systems[6—8]. With increasing the magnetic field,
the MR of the composites increases. The MR of
LSMO/0.33A1,0; composite is larger than that of other
two composites, which indicates that spin-dependent
tunneling through the grain boundaries of different phase
is dominated by potential barrier.

4 Conclusions

The structure and magnetotransport properties of
LSMO/0.33(Cu0,Zn0,Al,O3) composites were investi-
gated. There are two kinds of grain boundaries labeled as
LSMO/LSMO and LSMO/second phase/LSMO. The
temperature dependence of resistivity and MR of
LSMO/0.33A1,0; that decreases monotonically 1is
completely different from that of LSMO/0.33CuO and
LSMO/0.33ZnO. Two resistivity peaks appear for
LSMO/0.33CuO and LSMO/0.33ZnO composites and
their value is close to that of LSMO compound. A two-
channel model consisting of scattering channel and
tunneling channel was developed to fit the measured
resistivity—temperature curves. The fitted results show
that the total resistivity of LSMO-based composite is
dominated by scattering channel at low temperatures and
dominated by tunneling channel at high temperatures.
The potential barrier of grain boundaries of different
phases and bandgap of second phase play an important
role in resistivity and MR of the composite. Wide
bandgap of second phase increases potential barrier and
scattering resistivity, which strengthens spin-dependent
tunneling at high magnetic field and low temperature.
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