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bstract

a0.7Ca0.3MnO3/Mn3O4 composites can be synthesized in one step by thermal treatment of a spray-dried precursor, instead of mixing pre-synthesized

owders. Another advantage of this composite system is that a long sintering step can be used without leading to significant modification of the
anganite composition. The percolation threshold is reached at ∼20 vol% of manganite phase. The 77 K low field magnetoresistance is enhanced

o ∼11% at 0.15 T when the composition is close to the percolation threshold.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The magnetoresistance properties of the perovskite mangan-
te compounds La1−xAxMnO3 (where A is an alkaline-earth
ation) have recently attracted considerable research interest.1

ntrinsic colossal magneto resistance (CMR)1 is observed when
rather large (>1 T) magnetic field is applied to the mate-

ial in the temperature range corresponding to the transition
etween a low-temperature metallic–ferromagnetic state and a
igh-temperature insulating-paramagnetic state. Polycrystalline
amples display an additional extrinsic magnetoresistance
ffect, which is not as large as the CMR but is obtained for much
maller magnetic field (typically less than 0.2 T) and all tempera-
ures below the transition temperature.2 Several authors3–9 have
ried to enhance this low field magnetoresistance (LFMR) by
ixing the manganite phase with an insulating phase. In order

o prevent interdiffusion between the phases, these “compos-
tes” are submitted to very short sintering treatment (typically

h).3–6 This results in a large porosity of the samples and a poor
onnectivity between the manganite grains. On the other hand,
hen long sintering times are used to reach proper densification,

t is usually observed that the composition and properties of the
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anganite phase are drastically modified due to interdiffusion
etween the phases.7–9

The present paper reports the synthesis and properties of
composite system that can be submitted to long sinter-

ng treatment without leading to significant modification of
he manganite composition: these unique properties of the
a0.7Ca0.3MnO3/Mn3O4 system result from the fact that no
ompound with Mn/(La + Ca) > 1 exists in the composition, tem-
erature and pressure ranges used during the synthesis of the
omposite samples.10 An additional advantage of this system
s the possibility to synthesize the composite samples in one
tep by thermal treatment of a spray-dried precursor, instead of
ixing pre-synthesized manganite and insulating powders.

. Experimental

Samples with nominal composition “La0.7Ca0.3MnO3 + n
nOz

′′
(0 ≤ n ≤ 7) were synthesized by thermal treatment of

recursor powders prepared by the spray drying technique.11

he aqueous feedstock solution was prepared by dissolving in
ater stoichiometric amounts of lanthanum acetate and cal-

ium acetate whose exact stoichiometry had been determined

y thermogravimetric analysis. For each sample, an appropriate
mount of manganese acetate was added to a known volume
f the lanthanum and calcium solution. The final concentration
La3+ + Ca2+ + Mn2+] was in the 0.4–0.8 mol/l range.

mailto:b.vertruyen@ulg.ac.be
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.061
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phase and the insulating phase7–9. This indicates that the com-
position of the manganite phase is almost constant throughout
924 B. Vertruyen et al. / Journal of the Euro

Spray drying was performed through a co-current flow atomi-
ation process in a Büchi B-191 apparatus using a 0.7 mm nozzle.
he inlet temperature was 200 ◦C. The liquid feed rate was
.4 ml/min. The spray drying was carried out in air, using a flow
ate of 600 normal l/h. The outlet temperature during spraying
as 140–145 ◦C.
After spray drying, each powder was heated in air at 600 ◦C

uring 5 h in alumina crucibles. A slow heating rate (10 ◦C/h)
as used in the 200–350 ◦C temperature range. After grinding,

ach powder was calcined at 900 ◦C during 10 h. The powders
ere then pressed uniaxially into 13 mm diameter pellets and

intered in air at 1250 ◦C during 12 h and 1300 ◦C during 40 h.
Powder X-ray diffraction patterns were collected with a

iemens D5000 diffractometer (Cu K�) and analysed with
he Bruker TOPAS software. The morphology of the samples
as studied by scanning electron microscopy (Philips XL30
EG-ESEM). The cationic composition was checked by energy
ispersive X-ray analysis (EDAX system). The density of the
ellets was measured by Archimedes’ method in 1-butanol. The
lectrical and magnetic properties were measured as a func-
ion of temperature and magnetic field using a Quantum Design
PMS (Physical Property Measurement System) and a Keithley
17 Programmable Electrometer.

. Results and discussion

In the following, samples with nominal composition
La0.7Ca0.3MnO3 + n MnOy

′′
(0 ≤ n ≤ 7) will be labelled Mn-#,

here # = n × 100 corresponds to the Mn excess, given as a per-
entage of the stoichiometric Mn amount in La0.7Ca0.3MnO3.

Powder X-ray diffraction (XRD) patterns of all samples
xcept Mn-0 reveal the presence of two phases: a perovskite
hase with composition close to La0.7Ca0.3MnO3 and a Mn3O4
hase. The cell parameters of the perovskite phase are not con-
tant throughout the series but increase slightly when the Mn3O4
ontent increases. The cell volume data are plotted as a func-

ion of Mn excess in Fig. 1. The crystallographic parameters of
he single-phase manganite sample (Mn-0) and the sample Mn-
00 agree well with literature values12 for La0.7Ca0.3MnO3 and
a0.72Ca0.28MnO3, respectively.

ig. 1. Manganite volume fraction and crystallographic cell volume (Pnma
pace group) as a function of the manganese excess.

t
o

F
f
M
p

ig. 2. Electron micrograph of a polished cross-section of the Mn-100 sample.

The study of polished cross-sections by electron microscopy
nd EDX analysis confirmed the XRD results. Fig. 2 presents
n electron micrograph for a representative sample, where the
anganite phase and Mn3O4 phase appear in light and dark

rey, respectively. The porosity of the samples (measured by
rchimedes’ method) is less than 10% for Mn excess below
00% and progressively increases to ∼25% for the sample with
he largest Mn3O4 content (Mn-700). That porosity was taken
nto account when calculating the manganite volume fraction
alues plotted in Fig. 1.

The results of magnetic measurements are summarised
n Fig. 3. The Curie temperature TC corresponding to the
aramagnetic–ferromagnetic transition decreases slightly when
he Mn excess is increased. This ∼20 K decrease is very small
hen compared to the drastic drop usually observed in such

omposites as a result of interdiffusion between the manganite
he series, as already observed by XRD. This is further corrob-
rated by the inset of Fig. 3, where the experimental values of

ig. 3. Curie temperature (TC) and resistive transition temperature (TIM) as a
unction of Mn excess. Inset: Magnetization at 2 T and 10 K as a function of

n excess: comparison of experimental data (black symbols) with theoretical
rediction (plain line).
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3. Petrov, D. K., Krusin-Elbaum, L., Sun, J. Z., Feild, C. and Duncombe, P.
ig. 4. 300 K electrical resistivity as a function of Mn excess. Inset: Nor-
alised electrical resistance R/R(0) as a function of applied magnetic field

−0.15 T < μ0H < 0.15 T) for the sample Mn-633 at 77 K.

he magnetization at 2 T, 10 K are in good agreement with a the-
retical line calculated by considering that the composites are
ade up of mixtures of La0.7Ca0.3MnO3 and Mn3O4.
In La0.7Ca0.3MnO3-type manganites, the magnetic transition

s usually coupled to a resistive transition between a metallic-
ike state at low temperature and an insulating-like state at high
emperature.1 The resistive transition temperature TIM of the
omposites is shown in Fig. 3. It agrees with TC within a few
egrees. However no resistive transition is observed when the
n excess exceeds 633% (i.e. when the manganite volume frac-

ion is smaller than ∼20%). Besides, the disappearance of the
esistive transition is coupled to a dramatic increase of the elec-
rical resistivity (more than five orders of magnitude), as shown
n Fig. 4 where the resistivity values at 300 K are plotted as

function of the manganite volume fraction. These phenom-
na correspond to the crossing of the percolation threshold, i.e.
he disappearance of a continuous conductive path through the
anganite phase. That ∼20% value for the critical percolation

olume fraction is close to the values predicted13 for three-
imensional continuum media from the theoretical results for
arious regular lattices: it has been shown that all usual 3D lat-
ice types display a critical volume fraction Φc in the range
16 ± 2)%, where Φc = ν Pcs with ν the filling factor and Pcs the
ritical site occupation probability.13

Fig. 5 shows the influence of a magnetic field on the electrical
esistance of a sample with composition close to the perco-
ation threshold (manganite volume fraction just larger than
0%). The data are presented as R/R0 values, where R0 is the
lectrical resistance in the hysteresis loop at H = 0. The curve
ollected at 10 K displays a large hysteresis effect. Starting from
he low-resistance state at positive magnetic field, the resistance
ncreases when the magnetic field decreases and reaches a max-
mum value for a slightly negative field rather than at 0 T. When
he field is scanned from negative to positive values, a simi-
ar dependence is observed, with a resistance peak occurring

or a slightly positive magnetic field. This behaviour is com-
on in manganite samples and several authors11,14 have shown

hat the resistivity maxima occur at fields corresponding to the
oercive fields +μ0HC and −μ0HC. In the present case, the main
ig. 5. Normalised electrical resistance R/R(0) as a function of applied magnetic
eld (−2 T < μ0H < 2 T) for the sample Mn-633 at different temperatures.

ause for the significant coercive field is the presence of Mn3O4,
hich is ferrimagnetic and shows a strong magnetic irreversibil-

ty below 44 K. At 77 K, the hysteresis effect is much smaller, as
hown in Fig. 5 and the inset of Fig. 4. The magnetoresistance
ffect (MR = {R/R0}− 1) at 77 K reaches −11% at 0.15 T and
24% at 2 T. The magnetoresistance close to room temperature

270 K) is smaller (−11% at 2 T) and displays the parabolic-like
(H) shape usually observed in manganite samples close to the

ransition temperature.1 At all temperatures, the LFMR effect is
ignificantly larger in the sample close to the percolation thresh-
ld than in the single-phase manganite sample, as observed by
ther authors in different composite systems.3–6

. Conclusion

La0.7Ca0.3MnO3/Mn3O4 composites were synthesized in one
tep by thermal treatment of a spray-dried precursor. A long
intering step was used without leading to significant modifica-
ion of the manganite composition. The percolation threshold is
eached at ∼20 vol% of manganite phase. The 77 K low field
agnetoresistance is enhanced to ∼11% at 0.15 T when the

omposition is close to the percolation threshold.
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