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Abstract

Composites of Lap ;3Caj ;3MnO3 (LCMO)/CuMn; O4 were synthesized through a sol-gel method. The effect of ferrimagnetic semiconducting
CuMnj0O4 on electrical and magnetic properties has been investigated in detail. The structure analysis shows CuMn,O,4 mainly segregates at
the grain boundaries of LCMO. With the increasing content of CuMn,Qy, the electrical transport behavior turns from T2 dependent to T3
dependent at low temperatures, which suggests electron—phonon and electron—-magnon scattering are becoming more important. In addition, the
suppression of magnetization and magnetic transition demonstrates the magnetic coupling has a sizeable influence on the composites. A significant
enhancement in magnetoresistance (MR) under an applied field 0.3 T is observed over a wide temperature range, which is considered to arise
from the enhanced spin-polarized tunneling caused by the addition of CuMn; Oy at the grain boundaries.
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1. Introduction

Recently, extrinsic magnetoresistance (MR) in polycrys-
talline manganites has attracted considerable attention due to
its potential practical application [1-6]. It was found that the
extrinsic MR is mainly contributed by the spin-polarized tun-
neling proposed by Hwang et al. [3], which exhibits a wide
temperature range MR under a low field. In order to get better
understanding of the underlying physics, a number of studies
of polycrystalline manganites with artificial grain boundaries
by introducing a second phase have been reported over the
past years [3-21], such as La;;3Ca; 3MnO3 (LCMO)/Ag [5],
Lag 7Srg 3MnO3/Prg 5Srg sMnO3  [6], LCMO/BaTiOsz [7],
LCMO/Ce0O; [8], LCMO/NiFe;0O4 [9]. The two-phase combi-
nation in polycrystalline could be an effective route for achiev-
ing better extrinsic MR and suitable for advanced investigation.

In this study, ferrimagnetic semiconducting CuMn,O4
has been observed as a second phase existing mainly at
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grain boundaries of LCMO. As CuMn,Oy is a ferrimagnetic
insulator, and its Curie temperature is much lower than that of
LCMO, the magnetic coupling should be different in different
temperature regions; this would strongly affect magneto-
transport behavior and contain abundant physics for advanced
investigation. The electrical and magnetic properties of the
composites have been investigated in detail, leading to a better
understanding of the effect of CuMn,O4 addition on the broad
temperature range MR.

2. Experimental details

Composites of (1 — x)LCMO/xCuMn;04 (x = 0, 0.04,
0.1, 0.2 and 1) were fabricated through three steps. Firstly,
the LCMO and CuMn,;04 nanopowders were prepared by the
sol-gel method [22] taking stoichiometric amounts of LayOs3,
CaCO3, Mn(CH3COO);-4H,0 and Cu(NO3),-3H,0, each of
99% purity, as starting materials, respectively. The pre-LCMO
powders were calcined at 1100 °C for 12 h to form a perovskite
phase while the pre-CuMn;0O4 nanopowders were calcined at
350 °C for 3 h to form a spinel phase. Then appropriate molar
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Fig. 1. Room temperature XRD patterns for (1 —x)LCMO/xCuMn;0Oy4 (x = 0,
0.04, 0.1 and 1) system.

amounts of LCMO and CuMn,0O4 nanopowders were mixed
properly and a homogeneous powder was formed. Finally,
the (1 — x)LCMO/xCuMn;04 powders were pelletized at a
pressure of 10 MPa and then sintered at 1000 °C for 2 h. A
low sintering temperature for a small duration was chosen to
avoid inter-diffusion of LCMO and CuMn;Oy.

The structural characterization of the samples was examined
by X-ray diffraction (XRD) at room temperature and
the surface morphology was investigated by transmission
electronic microscopy (TEM). The electrical transport and
magnetoresistance properties were measured with a standard
four-probe method in a commercial physical property
measurement system.

3. Results and discussion

The room temperature XRD patterns of the composite (1 —
x)LCMO/xCuMn,04 (x = 0, 0.04, 0.1, 0.2 and 1) are shown
in Fig. 1. The patterns show a single orthorhombic perovskite
phase for pure LCMO and a spinel phase for CuMn,0O4. For
x = 0.04, only LCMO patterns are revealed, which could
be due to the restriction of the XRD precision. While for
x = 0.01, both sets of perovskite LCMO and spinel CuMn;0O4
peaks appear in the patterns. It is worth noting that since no
other phases were detected in the samples by means of XRD,
the interdiffusion between LCMO and CuMn;O4 could be
negligible, therefore it could be expected that CuMn, O4 mainly
segregates at the grain boundaries of the LCMO grains.

Fig. 2 gives the representative TEM photographs for the
x = 0 and 0.2 composites. From Fig. 2(a), it is revealed that
the mean grain size of the LCMO grains is about 400 nm.
The large grains in Fig. 2(b) are assigned to the LCMO phases
and the small grains are insulating CuMn;0Q4, whose average
grain size is about 50 nm. Although some small CuMn;0Oq4
grains are clumped together, the LCMO grains are randomly
distributed and well surrounded by small CuMn;QO4 grains.
From the structural analysis, we consider that CuMnyOy is
mainly distributed at grain boundaries of LCMO.

Fig. 3 shows the electrical transport in (I — x)LCMO/x
CuMn, 04 composites. The inset of Fig. 3 shows the CuMn;0O4
concentration dependence of Ty and the peak resistivity.
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Fig. 2. TEM microphotograph of the (1 — x)LCMO/xCuMn;0O4 samples with
(@x=0,(b)x=0.2.
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Fig. 3. Temperature dependence of the resistivity for (1—x)LCMO/xCuMnyO4
(x =0,0.04, 0.1 and 0.2). Inset: the peak temperature 773, and peak resistivity
PIM Versus x.

The Ty value decreases from 247 K for pure LCMO to
211 K for the sample with x = 0.2. The peak resistivity
increases with the increasing content of CuMn;O4 up to x =
0.2. These transport properties are the same with that of the
other composites composed of manganite and insulating oxide
[23,24].

In order to obtain better understanding of the electrical
transport, the mechanism of conduction has been extensively
studied. Schiffer et al. [25] had investigated the low temperature
resistivity of Lag75Cap25MnO3 and found the empirical
expression p(T) = po + p1 T2 for T < 0.5T¢ range. The
term py is the resistivity derived from domain boundaries and
other temperature-independent scattering mechanisms, and the
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Fig. 4. Relationship between Inp and T3 for (1 — x)LCMO/xCuMn,Oy4
(x =0, 0.04) at zero field. The inset is the relationship between In p and T2 for
(1 — x)LCMO/xCuMn,O4 (x = 0.1, 0.2). Solid lines indicate the best fits to
p1 T" for (T < Tyy).

p1T% term is an empirical fit to the data which represents a
combination of electron—electron (72), electron—phonon (7),
and electron—magnon scattering (T4'5 ) [26]. We have tried to
fit the low temperature resistivity for all the samples by using
different exponents for the term p; 7", but there is no uniform
parameter n able to fit all the samples well. The results displays
that the term p; 72 is found to be the best fit for x = 0 and 0.04
as seen in the inset of Fig. 4, while the term ,01T3 turns to be
the most adequate fit for x = 0.1 and 0.2. As a result, it can be
inferred that for pure LCMO, electron—electron scattering is the
most important factor controlling the low temperature electrical
behavior, while for the composites with increasing content of
CuMn;0yq4, electron—phonon and electron—-magnon scattering
can not be ignored and seem be of greater importance.

Fig. 5 displays the temperature dependence of the
magnetization M for CuMn,O4 under a low magnetic field 0.01
T. The zero-field-cooling (ZFC) curve shows an obvious peak
at Tr = 48 K, which is nearly absent under FC (field-cooling)
conditions. This result is similar to the previous literature
report [27]. The difference between ZFC and FC indicates that
some small ferromagnetic ordering is forced on field cooling
and it hinges on Cu**-Mn3t and Cu*-Mn**t interactions,
which confirms our sample CuMn,O4 to be ferrimagnetic. The
inverse susceptibility as a function of temperature is shown
in Fig. 6 and the susceptibility data can be approximated by
X_l = [xo + C/(T — 0)]~1, where X0 1S a temperature-
dependent component of the susceptibility and C is a constant.
From the extrapolation of the approximated fitting in Fig. 5, it
is clear that the CuMn;O4 sample shows a PM to ferrimagnetic
transition at about 80 K.

In order to get more information about magnetic coupling at
the grain boundaries, the magnetic behavior of the samples have
been investigated. Fig. 6 presents the temperature dependence
of magnetization M for x = 0, 0.1 and 1 under an applied
field of 3 T. The Curie temperature T¢ is defined as the
temperature corresponding to the minimum in dM/dT-T
curves. The inset shows the derivation of magnetization dM /dT
as a function of temperature for x = 0.1, as shown in
Fig. 6. It obviously presents two different magnetic transitions:
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Fig. 5. Temperature dependence of the magnetic suscepbility x —1 and
magnetization for ZFC and FC at 0.01 T for CuMn,QOy; Solid line is the best fit
for the suscepbility date by)(*1 =[xo+C/(T — 0L
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Fig. 6. Magnetization as a function of temperature in an applied field of 5 T
for the (1 —x)LCMO/xCuMny04 (x = 0, 0.1 and 1) samples. The inset shows
Curie temperatures and resistance vs. temperature for x = 0.1 sample.

Tc1 derived from the LCMO phase while T¢» corresponds to
CuMn;, Oy, indicating that CuMn;QOy still retains its individual
magnetic phase despite the combination with LCMO. If we
assume that there is no spin coupling and interfacial diffusion
between neighboring LCMO grains and CuMn;0O4 boundaries,
the magnetization My ¢ for (1 — x)LCMO/xCuMn;0O4 should
be as below:

Mpc(T)=0—-x)Mp(T)+xMc (T) (D

where M; and Mc, are the magnetization of LCMO and
CuMn;Oq4, respectively. The predicted Myc(T) is inserted
in Fig. 6 for a comparison. The predicted Mpc(T)-T
and measured Mpc(T)-T curves are similar in shape but
differences could not be ignored for the value of magnetization
and the magnetic transition temperature. The magnetization
value of the measured curve is about 8§ emu/g smaller than
that of the predicted curve nearly over the whole temperature
range. Furthermore, the magnetic transition temperature of
the measured curve T¢1(225 K) displays an obvious shift to
low temperature as compared with the Curie temperature of
the predicted curve (250 K). We considered these obvious
differences can be attributed to the suppression of the
ferromagnetic alignment of Mn ions inside LCMO grains
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Fig. 7. Temperature dependence of MR for (1 —x)LCMO/xCuMn; 04 (x = 0,
0.04, 0.1, 0.2) at H = 0.3 T. Inset: field dependence of MR for (1 —
x)LCMO/xCuMn,0y4 (x =0, 0.1) at 90 K.

near the contacting boundaries caused by magnetic disorder
attributed to CuMn;Oy.

Fig. 7 presents the temperature-dependent MR curves for
the composites of (I — x)LCMO/xCuMn,0O4 with x = 0,
0.04, 0.1, and 0.2 under an applied magnetic field of 0.3 T,
respectively. Here MR is calculated by M Ry(%) = [p(T,0) —
o(T, H)]/p(T,0) x 100%, where p(T,0) and p(T, H) are
resistivity values in zero and applied fields of H. Inset shows
field dependence of MR for (1 — x)LCMO/xCuMn;04 (x =
0, 0.1) at 90 K. All the composites exhibit a MR peak near Tjs
and this kind of MR is the so-called colossal magnetoresistance
(CMR) due to the double exchange mechanism [28]. However,
the intrinsic CMR effect in the grains has little influence
on MR at low temperatures [3], and what we focus on is
the extrinsic MR value for the composites with CuMn;Oq4
addition. The results show that extrinsic MR of the composites
is much larger than that of pure LCMO. Especially for the
x = 0.1 sample, the extrinsic MR is nearly two times larger
than that of the pure LCMO sample. To the best of our
knowledge, the grain boundaries of pure polycrystalline LCMO
are mainly due to the imperfect crystallization, which shows
an insulating behavior. Consequently, spin-polarized tunneling
gives an appropriate explanation for the electrical transport of
polycrystalline manganites. We consider there are two aspects
strongly affecting the spin-polarized tunneling. One is the
thickness of insulator barrier, and the other is the magnetic
coupling at the grain boundaries. As a result, the addition of
CuMn; Oy results in increased thickness of the insulating grain
boundaries and much stronger magnetic coupling between
LCMO and CuMn,O;4 at grain boundaries, which leads to the
enhancement of the extrinsic MR.

4. Conclusions

In conclusion, composites of (1 — x)LCMO/xCuMn,O4
(x = 0, 0.04, 0.1, 0.2 and 1) have been fabricated.
Microstructural studies show the CuMn,O4 appears as a
separate phase mainly at LCMO grain boundaries for
concentrations x > 0.1. For concentrations x < 0.04,
the X-ray diffraction studies indicate the presence of only
the LCMO phase. Our results show that both the electrical

transport and magnetic properties are strongly affected by
the ferrimagnetic insulating CuMn,O4 addition. A significant
enhancement in extrinsic MR is observed for the composites
at a wide temperature range below Tpy. Especially for the
x = 0.1 sample, the extrinsic MR is nearly two times larger
than that of the pure LCMO sample. This could be attributed to
the enhanced spin-polarized tunneling induced by the modified
grain boundaries caused by the CuMn,O4 addition.
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