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In the first part of this paper, we discuss the effects of grain boundaries on the properties of bulk colossal magnetoresistive 
(CMR) manganites. We compare the electrical resistivity and AC magnetic susceptibility of perovskite La-Ca-Mn-O samples 
with the same nominal stoichiometry but differing in their microstructure: (i) a single grain sample, (ii) a sample containing 
two grains and (iii) a polycrystalline sample. Emphasis is placed on information that can be deduced from the 
measurements in each case. In the second part of the paper, we report the data measured on composite samples 
containing a CMR phase (La-Ca-Mn-O) and an insulating phase (Mn3O4). The results are discussed in the framework of 
percolation theory. We show how the grain boundaries affect the electrical properties of these materials, and we highlight 
the crucial role of geometric (demagnetization) effects on the resistance vs. magnetic field measurements.  
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1. Introduction 
 
The Ln1-yAyMnO3-d family (where Ln is a large 

lanthanide and A generally an alkaline-earth) has been 
extensively studied since the early nineties [1,2]. These 
perovskites had already been characterized in the 1950s 
[3,4], but the interest was renewed by the discovery of 
colossal magnetoresistance (CMR) properties in some of 
these materials [5]: the electrical resistance, exhibiting a 
maximum at a given temperature TMI, is drastically 
suppressed under the application of a magnetic field. The 
magnetoresistance is defined as (R0-RH)/R0, where RH and 
R0 denote the resistance with and without a magnetic field, 
respectively. These materials are also characterized by a 
ferromagnetic-paramagnetic transition at a temperature TC 
close to TMI. The magnetic and electrical transport 
properties of CMR materials are known to be influenced 
by several parameters, e.g. the Mn4+/Mn3+ ratio and lattice 
distortions [6-9]. In addition to these intrinsic parameters, 
the physical properties are strongly influenced by extrinsic 
parameters, i.e. by the microstructure of the material, as 
proved by comparative studies of thin films, bulk 
ceramics, and single crystals [10-12]. On the one hand, the 
magnetoresistance of single crystals and epitaxial thin 
films is quite large, but concentrated within a temperature 

range around the paramagnetic /ferromagnetic transition 
temperature TC. On the other hand, polycrystalline 
materials, either bulk ceramics or thin films, display a 
significant magnetoresistance at low fields and all 
temperatures below TC (Low-Field Magnetoresistance - 
LFMR). These differences are generally attributed to the 
presence of grain boundaries in the granular materials, the 
interfaces between grains being considered as a barrier for 
the exchange interaction between Mn4+ and Mn3+ ions. 
Different models have been proposed to describe the 
electrical conduction through the grain boundaries (see 
[13] for a review). 

Due to the small size of the grains usually found in 
bulk polycrystalline materials, it is generally impossible to 
isolate the behaviour of grain boundaries. Most of the 
systematic investigations on isolated grain boundaries 
have thus been carried out on films. Mathur et al., for 
example, have studied thin film devices that isolate the 
contribution of a single grain boundary [14]. Such studies 
on thin films allow efficient control of the grain boundary 
misorientation. The grain boundaries in bulk materials, 
however, may behave differently from those in thin films, 
in particular because the bulk material is free from 
crystallographic strains introduced by the film substrate 
[15]. 
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In the first part of this paper, we report, summarize 
and extend our previous work [12,16] on individual grain 
boundaries in bulk CMR manganites. We compare the 
electrical resistivity and AC magnetic susceptibility of 
perovskite La-Ca-Mn-O samples with the same nominal 
stoichiometry, but differing in their microstructure: (i) a 
sample containing one single grain, (ii) a sample 
containing two grains separated by an isolated grain 
boundary and (iii) a polycrystalline sample. 

In the second part of this paper, we report the 
electrical and magnetic properties of composite samples 
containing a CMR manganite phase and an insulating 
oxide secondary phase. The reason for studying such 
composites is that the presence of the insulating phase 
forces the electric current to meander through the CMR 
grains, thereby increasing significantly the contribution of 
the grain boundaries to the conduction process. This leads, 
in turn, to an enhancement of the low-field 
magnetoresistance (LFMR) effect [17-26]. In our group, 
we are interested in the La0.7Ca0.3MnO3/ Mn3O4 composite 
system, where La0.7Ca0.3MnO3 is the manganite phase and 
Mn3O4 the insulating phase [27,28]. This system is 
particularly convenient for studying the electrical transport 
properties of CMR/insulator composites because, as will 
be shown in the short literature review below, it has 
unique properties compared to other combinations of 
materials.  

Manganite-insulator composites studied in the 
literature can be sorted into two groups, depending on the 
synthesis method: (i) some are sintered at high temperature 
to achieve densification, while (ii) others are submitted to 
minimal thermal treatment in order to prevent 
interdiffusion between the insulator and manganite phases. 
A lot of results obtained so far provide evidence of the 
difficulty of combining both properties (i.e. dense samples 
with no interdiffusion). 

In samples sintered at high temperature, for example, 
ionic diffusion results in drastic modification of the 
manganite composition. When the nominal insulating 
phase is ZrO2 [17,18] or SiO2 [19], well-defined phases 
such as La2Zr2O7 or Ca2La8(SiO4)6O2 are formed at the 
interfaces between the manganite and ZrO2 or SiO2. The 
La/Ca (or La/Sr) ratio of the manganite phase is modified, 
as confirmed by a significant decrease of the Curie 
temperature [17,18]. The alteration of the physical 
properties of the manganite phase is even more drastic 
when the insulating phase contains cations that can enter 
the Mn-O network of the manganite phase [17,18,20] and 
suppress the double-exchange mechanism responsible for 
ferromagnetism and metallic-like behaviour of the 
manganite phase. In brief, thermal treatment at high 
temperature appears to induce a pronounced composition 
shift of the manganite composition when the proportion of 
the insulating phase in the mixture is increased.  

Conversely, several authors have prepared composites 
using a very short thermal treatment in order to prevent 
these interdiffusion phenomena, e.g. 
La2/3Ca1/3MnO3/Al2O3 (1h 1100°C) [22,23], or other 
combinations [24-26]. The consequence of the short 

sintering treatment is a large porosity of the samples and a 
poor connectivity between the manganite grains.  

Taking into account the experimental results 
mentioned above, we have studied the La0.7Ca0.3MnO3/ 
Mn3O4 composite system, because no compound with 
Mn/(La+Ca) > 1 exists in the composition, temperature 
and pressure ranges used during the synthesis of this kind 
of composite [29]. Therefore, long sintering at high 
temperature can be used without leading to significant 
modifications of the manganite phase. Our composite 
samples were obtained in one step and in a reproducible 
manner, by spray drying [30] an aqueous solution 
containing La and Ca in a stoichiometric ratio, and Mn in a 
suitable excess, followed by high temperature thermal 
treatment of that precursor. In so doing, composite 
samples could be prepared with almost constant manganite 
compositions throughout the series [27]. In this paper, we 
present the electrical and magnetoresistive properties of 
such composites, with an emphasis placed on the impact of 
demagnetization and sample shape effects on the electrical 
behaviour under a magnetic field. 

 
 
2. Experimental 
 
The floating zone method was used to prepare a 

cylindrical rod (length 30 mm, diameter 4mm) of La-Ca-
Mn-O CMR material. The details of the synthesis 
procedure have been described previously [12]. Small 
samples (typically 0.1 × 0.2 × 0.8 mm³) were excised from 
the rod using a wire saw. Their microstructures were either 
single grain (S1), double grain (S2) or polygranular (S3). 
The cationic composition of the manganite material, 
determined by EDX analysis, was close to the 
La0.78Ca0.22Mn0.9Ox stoichiometry, resulting in a slightly 
lower TC (~ 190 K) than that which can be expected for 
the nominal La0.7Ca0.3MnO3   composition (~ 250 K). Note 
that an oxygen deficiency may also be responsible for a 
smaller TC [31].  

The composite La0.7Ca0.3MnO3/Mn3O4 materials were 
synthesized from precursor powders obtained by the spray 
drying technique. This consists of spraying an aqueous 
solution of metallic cations into droplets, which are dried 
by a hot air flow. The detailed synthesis process has been 
described previously (see [27] and references therein).  

The samples were characterised by various 
techniques. Powder X-ray diffraction patterns were 
collected with a Siemens D5000 diffractometer (Cu Kα 
radiation). Whole Powder Pattern Decomposition (WPPD) 
and Rietveld analysis of the X-ray diffraction patterns 
were performed with Bruker TOPAS software. The 
morphology of the samples was studied by scanning 
electron microscopy using a Philips XL30 FEG-ESEM. 
The cationic composition was checked by an Energy 
Dispersive X-ray Analysis (EDAX system), coupled to the 
electron microscope. 

The magnetic and electrical properties were measured 
as a function of temperature and magnetic field using a 
Quantum Design PPMS (Physical Property Measurement 
System). Precise AC susceptibility measurements as a 
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function of temperature were obtained in a home-made AC 
susceptometer based on a cryocooler [32]. For the analysis 
of the current transport across one single grain boundary, 
small electrical contacts were achieved by attaching thin 
gold wires (33 µm diameter) to the samples using DuPont 
silver epoxy paste annealed in flowing O2 for 5 min. The 
electrical characterization of the most resistive (ρ > 108 
Ωm) composite samples was carried out using a Keithley 
617 Programmable Electrometer. Their dielectric 
properties were measured using a Perkin Elmer 7260 
Lock-In amplifier.  

 
 
3. Results and discussion 
 
In this section, we first present the results obtained on 

large grain La-Ca-Mn-O CMR materials. Then we turn to 
analysing the electrical and magnetic characterization of 
the La-Ca-Mn-O /Mn3O4 composites. 
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Fig. 1. Temperature dependence of the electrical 
resistance inside the single grain (S1), across the grain 
boundary of the double grain (S2) and in the 
polycrystalline sample  (S3).  The  inset  shows  the  same  
                               dataon a linear scale.  
 

 
3.1. Large grain La-Ca-Mn-O 
 
Fig. 1 shows the temperature dependence of the 

electrical resistivity measured on 3 samples extracted from 
the La-Ca-Mn-O rod obtained by the floating zone 
method. All samples have similar chemical compositions – 
and display the overall characteristics of a metallic-like -
semiconducting-like transition at TMI of the order of 190 K 
– but differ in their microstructure. As can be seen in Fig. 
1, the behaviour of the single grain (S1) markedly differs 
from that of the double grain (S2) containing one single 
grain boundary : at T < TMI, the resistivity of the single 
grain (S1) is much lower than that of the boundary, and 
does not display any inflexion point. Conversely, the 
double grain sample (S2) exhibits a well-defined shoulder 
which is the signature of the presence of a single grain 
boundary in the bulk CMR sample [12]. The resistivity of 
the poly-granular sample (S3) lies one order of magnitude 
above that of the S1 and the S2 samples.  

In order to characterize the behaviour of a single grain 
boundary in bulk La-Ca-Mn-O material, we have 
compared, for the S2 sample, the resistance vs. magnetic 
field [R(H)] and the magnetization vs. magnetic field 
[M(H)] curves, both measured at T = 50 K (see Fig. 2). As 
can be seen, the R(H) data display a significant kink at 
some magnetic field H* separating the low-field 
magnetoresistance (LFMR) and the high-field 
magnetoresistance (HFMR). The H* field corresponds to 
the saturation field of the S2 sample.  
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Fig. 2. Magnetic field dependence of (a) the electrical 
resistance across the grain boundary in the S2 sample 
and (b) the DC magnetic moment of the S2 sample. The 
data are measured at 50K. The inset shows, for another 
double grain sample (S2bis), the influence of the 
magnetic   field   orientation   on   the   resistance  curves  
                                      (T=50K). 
 
 
It is of interest to note that such a behaviour differs 

from that of a single grain boundary in a thin film [33], for 
which the kink field H* corresponds to the coercive field 
of adjacent grains. The mesoscopic model of Evetts et al. 
[33], assuming that the grain boundary region is polarized 
by adjacent magnetically soft grains, seems to be 
appropriate to analyze the behaviour of the single grain 
boundary in our bulk material [12]. Note also that, if the 
bulk CMR sample has an anisotropic shape (e.g. 
parallelipipedic), the saturation field for H perpendicular 
to the sample long axis is larger than for H parallel to the 
long axis, because of demagnetizing effects. As a result, 
the kink field H* (coinciding with the saturation field), is 
dependent on the field direction with respect to the 
sample's long axis. This is illustrated in the inset of Fig. 2.  
Now we examine the AC magnetic behaviour of the three 
samples. Fig. 3 shows the temperature dependence of the 
in-phase AC susceptibility measured at 1 mT and 1 kHz, 
without a bias DC magnetic field. The data measured on 3 
samples display the characteristics of a classical 
ferromagnetic – paramagnetic phase transition [34] at TC 
~ 190 K. We emphasize that the differences in the AC 
susceptibility signal at T < TC are related to the sample 
dimensions (i.e. their demagnetization factor D) and not to 
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their microstructure [16]. This is visible for the S2 sample 
which was re-measured under the same experimental 
conditions but with a magnetic field oriented at 90° 
(dashed S2' curve in Fig. 3) with respect to the original 
measurement (plain S2 curve). In the ferromagnetic phase, 
the measured (apparent) susceptibility is bounded to a 
maximum value roughly equal to 1/D. The resulting signal 
is almost temperature-independent, as observed indeed in 
Fig. 3 for T < TC. Assuming that χ' ~ 1/D, one can extract 
the demagnetization factors for each sample, and the 
results are in agreement with the D values estimated from 
the sample dimensions [16].  
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Fig. 3. In-phase AC susceptibility measured at 1 mT and 
1 kHz for the S1, S2 and S3 samples. The dotted line (S2') 
shows, for the S2 sample, the data measured with the 
magnetic  field  perpendicular  to  the  sample  long  axis.    

 
 
In order to obtain an AC magnetic signal which is not 

bounded by geometric effects, a DC magnetic field can be 
applied in addition to the AC field. In such a case (Fig. 4), 
the main AC susceptibility signal is drastically suppressed, 
allowing the emergence of a universal signal contribution 
arising from critical fluctuations [34,35]. For the single 
grain (S1) and the polygranular (S3) samples (not shown 
here), a well-defined peak appears at around the transition 
temperature, as usually observed in dilute magnetic 
systems and CMR ceramics [34-37].  

Remarkably, the double grain sample (S2) displays a 
shoulder structure (see the arrows in the inset of Fig. 4) 
which is not observable in the S1 and the S3 samples. This 
peculiar behaviour can be attributed to a slight difference 
(~3K) in the critical temperatures of the two grains of the 
S2 sample [16].  
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Fig. 4. AC in-phase magnetic moment of the double grain 
sample (1 mT and 1 kHz) under various superimposed 
DC  fields  ranging  from  0  to 0.4 T. The inset shows the  
                              shoulder structure.   
In the polygranular (S3) sample containing numerous 

small grains, one can also expect small TC 
inhomogeneities, but the magnetic signal is averaged over 
a length scale which is much larger than the grain size. 
The result shown in Fig. 4 is particularly significant, and 
demonstrates that specific features can be observed in the 
magnetic properties when the size of the grains is 
comparable to that of the sample. 
 
 

3.2. Composite materials 
 

A series of dense composite La0.7Ca0.3MnO3/ Mn3O4 
samples with different proportions of the two phases was 
synthesised using a one-step spray-drying synthesis 
followed by a long thermal treatment at 1300°C. The 
chemical composition of the manganite (LCMO) phase 
was shown [27] to be weakly influenced by the proportion 
of the insulating phase (Mn3O4). The typical 
microstructures of two composite samples are shown in 
Fig. 5 : for a small Mn3O4 content, the material displays 
Mn3O4 islands in a LCMO matrix (Fig. 5a), whereas for a 
higher Mn3O4 content, the microstructure consists of a 
labyrinthine pattern of the two phases (Fig. 5b). As shown 
in Fig. 5, the materials inevitably exhibit some porosity. 
Density measurements by the Archimedes method allowed 
us to determine the volume fraction of each phase, i.e. the 
LCMO phase, the Mn3O4 phase and the pores. The results 
hereafter are discussed in terms of the dimensionless 
manganite (LCMO) volume fraction, denoted by fM 
(0 < fM < 1). 
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(a) (b) 

 
Fig. 5. Electron micrographs of polished cross-sections 
of composite samples with two LCMO volume fractions. 
(a) : fM ~ 0.83; (b) : fM ~ 0.34. The light and dark grey 
regions correspond  to  LCMO  and  Mn3O4  respectively. 

 
 

Fig. 6 shows the resistivity vs. temperature curves for 
the composites containing various LCMO volume 
fractions fM = 0.92, 0.57, 0.43, 0.26, 0.21 and 0.19. Note 
that a logarithmic scale is used for the resistivity axis. The 
5 composite materials with the largest LCMO volume 
fractions exhibit a clear transition from a semiconducting-
like behaviour above TMI (~ 250 K) to a metallic-like 
behaviour below TMI. On decreasing the LCMO content 
from 0.92 to 0.21, the bump appearing at low temperature 
(100K < T < 200K) progressively grows, clearly indicating 
an increasing contribution of the grain boundary 
contribution in the polycrystalline manganite [12,33]. The 
composite containing ~ 19% LCMO does not display any 
resistive transition in the temperature range where the 
resistivity could be measured accurately in our 
experimental system (ρ < 109 Ω.cm). The sharp increase in 
resistivity (4 orders of magnitude) indicates the existence 
of a percolation threshold. This feature is visible in the 
inset of Fig. 6, showing the resistivity measured at 
T = 300 K as a function of the manganite volume fraction 
fM. The percolation threshold is found to be ~ 0.18 ± 0.01. 
This value is remarkably close to the values calculated for 
regular three-dimensional periodic lattices for which the 
critical volume fractions lie in the range 0.16 ± 0.02 [38]. 
This suggests that the spray drying process used for 
synthesizing our composites produces a random "auto-
organization" of the two phases in the samples [27].  
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Fig. 6. Temperature dependence of the electrical 
resistivity of composite samples containing LCMO 
volume fractions ranging between 0.92 and 0.19. Inset : 
resistivity  at  300K  as  a  function of the LCMO volume  
                                    fraction.    

 
As can be seen in Fig. 7, the presence of a small 

proportion of a conducting LCMO phase (fM ~ 0.09) in the 
Mn3O4 composite also has a profound impact on the room-
temperature dielectric properties. The presence of the 
manganite phase produces an extrinsic interfacial or space-
charge polarization mechanism, resulting in an increase in 
the real part of the permittivity [39,40].  

The enhancement of the LFMR effect for low 
manganite volume fractions is observable in Table 1, 
which compares the magnetoresistance measured at an 
applied field of 0.2 T for 3 composite samples with 
different proportions of the two phases. The material with 
fM ~ 0.26 is seen to exhibit a relatively large 
magnetoresistance of ~ 17 %, attributable to the 
contribution of grain boundaries to the conduction process.  
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Fig. 7. Frequency dependence of the in-phase 
permittivity for pure Mn3O4 and for a composite sample  
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           with a LCMO volume fraction ~ 0.09.  
 

 
Table 1.  Magnetoresistance at T = 10 K and µ0H = 0.2 

T for 3 composite samples.  
 

Manganite volume 
fraction (fM ) 

MR (%) 
T = 10K - µ0H = 0.2 T 

0.92 6.0 % 
0.60 7.8 % 
0.26 17.2 % 

 
 
Fig. 8 shows a typical resistance vs. magnetic field 

plot, measured on a composite material (fM ~ 0.26) at 
T = 10 K, when the magnetic field is cycled with an 
amplitude of 0.2 T. The graph shows an enlargement 
between -0.1 T and 0.1 T and the arrows indicate the scan 
directions. A significant hysteresis effect is observable. 
Unlike the "classical" hysteresis usually reported in single 
phase polycrystalline manganite samples [30,41], the 
behaviour depicted in Fig. 8 is unusual : when the applied 
magnetic field is scanned from positive to negative values, 
the resistance peak occurs at a positive magnetic field. 
This effect can be attributed to the fact that Mn3O4 is a 
hard ferrimagnet for T < 42 K [42], whereas the LCMO 
phase is a soft ferromagnet in this temperature range. The 
hysteretic behaviour could be explained [28] by assuming 
that, at the resistivity maximum, the magnetization of the 
composite is due to that of Mn3O4 only. The maximum 
occurs when the internal magnetic field is zero, i.e. when 
the demagnetizing field of the Mn3O4 phase cancels the 
applied field in the LCMO phase. The fact that the 
demagnetization field, strongly dependent on the sample 
shape, is responsible for this unusual behaviour 
emphasizes the considerable influence of geometric effects 
on the magnetoresisitive properties of 
ferromagnetic/ferrimagnetic composites. 
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Fig. 8. Magnetic field dependence of the resistivity of a 
composite sample having  fM ~ 0.26. The temperature is 
10 K and the applied  field is  cycled  between  0.2  and – 
                                     0.2 T.  

 
 

4. Conclusions 
 

The set of results presented above highlights the 
effects of grain boundaries on the electrical and magnetic 
properties of bulk CMR manganites and manganite / 
insulator composites. In addition to the influence of the 
microstructure, geometric effects have been shown to 
sometimes play a significant role. It is therefore 
recommended that the properties of samples of different 
shapes should always be investigated, in order to 
determine whether the demagnetization effects are 
relevant. Finally, we emphasize the importance of 
explicitly reporting the field scan directions in hysteresis 
curves. 
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