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Abstract

We review our work on the characterization and modeling of the extrinsic and intrinsic contributions to the magnetoresitance

of La–Ca manganites near the optimal doping. Firstly, we propose a macroscopic model for the electronic transport that

parametrically quantifies the intrinsic and extrinsic contributions to the magnetoresistance, when grain boundaries are present.

Then, we complete this model by considering the effects of Coulomb blockade in the electronic transport at low temperatures

in polycrystalline samples. Secondly, we explore at a microscopic scale the existence of intrinsic inhomogeneities and the possibility

of controlling the electron–lattice coupling by introducing controlled chemical defects. Finally, we describe the effects that

these artificially built-in barriers have on the magnetoresistive properties of the system at very low magnetic fields.

r 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Rare-earth (R)-doped manganites with general for-
mula R1�xAxMnO3, where A is an alkaline earth cation,
show an intricate phase diagram with a broad phenom-
enology [1] that, depending upon the level of doping and
some structural parameters, ranges from ferromagnetic
(FM) to antiferromagnetic (AF) interactions and from
metallic or semiconductor behavior to charge ordered
insulators.

La–Ca compounds with 0:15oxo0:5 present a metal
insulator transition, at TMI; and a paramagnetic (PM)
to FM ordering, at Tc; both about 265K for x ¼ 0:33;
the region near the optimum doping where Tc is close
to room temperature and reaches its maximum for this
series. This makes optimal doped compounds particu-
larly interesting from the application point of view, since
intrinsic magnetoresistance effects are associated to the
above-mentioned transitions. This intrinsic magnetor-
esistive behavior have been understood in terms of the
double exchange mechanism describing the FM metallic
state plus the strong phonon–electron coupling, parti-

cularly relevant in the insulator regime, where the
conduction is achieved by hopping of small polarons.
Also, within the basic framework of a double exchange
mechanism plus an electron–phonon interaction, recent
theoretical developments start to draw a unified picture
of the whole R2A perovskites series. The proposed
scenario confers a prominent role to the strong tendency
towards phase separation exhibited by these systems and
caused by intrinsic inhomogeneities [2]. The particular
transport and magnetic properties of a given composi-
tion would be then determined by the specific equili-
brium sustained between competing segregated
domains: typically FM metallic, AF orbital or charge
ordered, and PM insulating patches [2]. Within this
framework, polarons would play the role of inhomo-
geneities and the magnetoresistive properties would
be also explained as a result of altering the initial
equilibrium between phases. In particular, for the x ¼
0:33 La–Ca compound, the applied magnetic field
would reinforce and enlarge the FM and metallic
domains at the expense of the insulating ones (PM),
therefore inducing the observed colossal magnetoresis-
tance effect.

In addition to these intrinsic magnetoresistive effects,
extrinsic effects are of paramount importance since they
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are responsible for the large values of the magnetore-
sistance observed at low magnetic fields. Such effects are
known to be due to spin-dependent scattering process at
the grain boundaries, artificially built-in frontiers,
microcracks and mesoscopic and macroscopic defects.

In this paper, we review our work on the character-
ization and modeling of the extrinsic and intrinsic
contributions to the magnetoresistance of these systems.
Firstly, we propose a macroscopic model for the
electronic transport that parametrically quantifies the
intrinsic and extrinsic contributions to the magnetore-
sistance [3–5], when grain boundaries are present. Then,
we complete this model by considering the effects of
Coulomb blockade (CB) in the electronic transport at
low temperatures in polycrystalline samples [6]. Sec-
ondly, we will explore at a microscopic scale the effect
of intrinsic inhomogeneities [7] and the possibility of
controlling the electron–lattice coupling by introducing
controlled chemical defects [8]. Finally, we describe the
effects that these artificially built-in barriers have on
the magnetoresistive properties of the system at very low
magnetic fields.

2. A macroscopic model for electronic transport: intrinsic

and extrinsic effects

We have measured the magnetic and transport
behavior of two sets of ceramic pellets with the same
grain size (several microns). Both series were prepared
as follows: One-half of the available La0.7Ca0.3MnO3

(LCMO) powder was annealed at 12001C for 24 h to
clean the surface of the grains. The pellets obtained from
this powder are labeled C (clean). The other half of the
powder was stored in air for several weeks (samples
labeled D for dirty surface) in order to degrade the
surface of the grains by absorbing CO2 and water. With
each kind of powder we conform four pellets by
sintering for 4 h at different temperatures: 2001C,
5001C, 8001C and 11001C for 4 h. Samples were fully
characterized from the structural, magnetic and trans-
port points of view. The magnetic transition tempera-
ture, Tc; is identical for all the samples, whether they are
dirty or clean samples. However, as seen in Fig. 1, the
normalized resistance and the magnetoresistive ratios
present severe differences not only between both series,
but also within the same series, depending on the
annealing temperature.

Our phenomenological model for the electronic
transport proposes the existence of two kinds of
channels connected in parallel (Fig. 2). One kind is
related to the intrinsic transport properties of the
system, their resistance does not depend on the
connectivity of the sample and are dominant between
well-connected grains. The other kind of channels
present energy barriers to electronic transport that

behave as capacitors and inhibit metallic conduction
at all temperatures, due to poor connectivity, disorder or
contamination at the grain surfaces. This model leads to
the following expressions that reproduces the measured
resistance (see Fig. 1):

1=R ¼ ðSm=rm þ Si=riÞ;
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where rm stands for the intrinsic resistivity of the
channels that, as expected from a double exchange
system, become metallic below Tc and ri is the resistivity
corresponding to the channels that, due to the presence
of extrinsic defects or boundaries are insulators with an
activation energy Ei: Sm and Si are the respective
effective sections for each sort of channel. rm should
correspond to the resistivity of a quality single crystal
but for this study we take rmðTÞ ¼ rðC1100;TÞ þ
A exp ðEa=kbTÞ; i.e., the resistivity of our best powdery
sample, in series with a component that takes into
account the low temperature (below 50K) increase of
the resistance. We will show that this latter component is
due to charging effects that can rigorously be taken into
account by a renormalized CB model. The insulating
paths with resistivity ri are simply modeled by a
semiconductor-like resistivity: exp ðEi=KBTÞ with
Ei ¼ 100meV (the activation energy usually reported
for the PM phase). Continuous lines in Fig. 2 show the
best fit for several samples at 0 and 9T, where the only
fitting parameters are Sm=Si and A: The activation
energies being the same for all the samples. Note that, in
order to fit the 9T measured resistance we only modify
the ratio of the effective sections of metallic and
insulating channels (Sm=Si).

Common feature of all these polycrystalline samples is
the existence of two different regimes in the field
dependence of the magnetoresistance, as can be easily
spotted in Fig. 3. At low temperatures and low field (the
steep slope region in Fig. 3), up to near the fully
magnetization of the sample, the chief process in the
electronic transport is the spin polarized tunneling at
grain boundaries [9] which, in turn, depends on the
relative orientation of the magnetic moments of the
grains. Therefore, the magnetoresistance at low fields,
basically follows the measured magnetization. Simulta-
neously, when the magnetization has technically reached

saturation, the progressive ordering of just a few Mn
spins blocked at the grain surface switch on new
channels for metallic conduction, as the field increases,
that work in parallel to those already conducting at zero
field. The latter effect explains the progressive and
smooth decrease of the resistance in the high-field
region. The main hypothesis of our model is that the
opening of these new conducting channels is propor-
tional to the applied field (Snew ¼ fH). Following these
lines, we have developed a model for the magnetic field
dependence of the magnetoresistance that with just one
fitting parameter (f =Sm) fits the measured values, as it
is described in detail in Ref. [3]

Following these lines, we have also demonstrated that
the field dependence of the magnetoresistance at a fixed
temperature, MR(H), can be expressed as

MRðHÞ ¼ 100½RgðHÞ=Rgð0Þ � 1�

with

RðHÞ=Rð0Þ ¼ 1=½1þ ðC=sgð0ÞÞ ðMðHÞ=MsÞ2�
	 ½1þ fH=SmÞ�;

where sm is the conductivity for the good metallic
channels (intrinsic), Ms and MðHÞ is the saturated
magnetization for the sample and the field-dependent
magnetization, respectively, and C is a constant for a
given temperature. Sm is the effective section for the
good conducting channels and the only fitting para-
meters are C=Sm; that is fixed for all compounds to
0.33, and f =Sm:

A further proof of the crucial role of the extrinsic
(connectivity effect) in the electronic transport of
manganites is provided by the frequency dependence
of the modulus of the complex AC impedance Z; as
shown in Fig. 4. The observed decrease for the sample
that has been annealed at 2001C is reproduced using
a pure resistance and capacitor in parallel as the
equivalent circuit. This behavior is not observed for
the sample annealed at 11001C, whose resistance is
independent of the frequency. This behavior can be
explained taking into account that, for poorly connected
samples, carriers are localized within the grains since, in
order to overcome the intergrain barriers, some energy is
required but not available at low temperatures. Conse-
quently, the measured impedance decreases as the
frequency increases since the carriers can follow the
AC field within a grain without need to cross over
the intergranular barriers. The barrier to intergrain
conduction are higher for samples badly connected
(sintered at lower temperatures). For the high-tempera-
ture annealed sample, we do not see this effect since it is
macroscopically well connected and carriers do not
localized within the grains. This picture should be valid
for all kinds of artificial boundaries, like grains,
scratches, microcracks, etc.
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3. Extrinsic charging effects in the electronic transport

of manganites

As already mentioned, charging effects are important
for small grain size polycrystalline samples. It is well
established that the electrical conduction in granular
metals results from the transport of electrons or holes
from charged to neutral grains. This requires the
generation of a charge carrier by removing an electron
from a neutral grain and placing it in a neighboring
neutral grain, some electrostatic energy being involved
in the process, the so-called charging energy Ec: As the
temperature decreases or the grain size decreases, it is
increasingly difficult to activate the electronic transport
and this situation may evolve to a point in which the
transport could be effectively blocked (CB).

We have measured and modeled these effects for a
set of thin films of LCMO with grain sizes in the
nanometric lengthscale. Fig. 5 shows the resistance for
different magnetic fields corresponding to our smallest
grain size film (diameter=12 nm). The inset shows also
the resistance at zero field normalized to the room
temperature value for representative films in the set. All
of them share the same basic features: a neat MI
transition at a temperature slightly below the FM
transition, as expected for a bulk manganite [1], and
an upturn of the resistance that starts to develop below
40K, that could be assigned to the existence of a
Coulomb gap. The latter being more prominent as the
grain size diameter of the sample decreases. As expected,
a decrease of the resistance is observed upon application
of an external magnetic field.

In order to get some insight into the physics of the
low-temperature behavior of the resistance we have

analyzed, the portion of the curves, up to T ¼ 150K,
as the sum of two contributions RðTÞ ¼ AR0 þ
BexpðD=TÞ1=2 where R0 stands for the resistance of the
bulky target, which does not present the upturn below
40K, and A is an amplitude factor. Regarding the
exponential contribution, we mention that fits improve
assuming a T�1=2 dependence in the argument of the
exponential instead of the T�1 dependence postulated
for a pure CB effect. B is an amplitude factor and D
is a fitting parameter that is related to the charging
energy Ec:

The model reproduces the data below 150K, as can
be seen in the inset of Fig. 2 where the fitted line lays
below the experimental points.

In order to give account of the strong variation with
the applied field is observed in the low-temperature
upturn of the resistance, which is not expected for a pure
CB process, we have extended the standard CB model
developed by Helman and Abelles in the early seventies
[10], along the lines given in Ref. [6]. Our model keeps
the charging energies constant while enhancing the
coupling between grains, leading to a delocalization of
the charges to neighboring grains, as the applied field
increases. The outcome of this process can be under-
stood as a reduction in the effective capacitance of
the grains by the applied field that, as seen in Fig. 6,
follows an exponential function.

4. Intrinsic inhomogeneities at nanoscopic scales

As already mentioned, due to the strong interplay
between magnetic, lattice and electronic degrees of
freedom in manganites, the existence of non-homoge-
nous states in manganites is put forward by the most
recent theories. In particular, the equal electronic
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density phase separation induced by disorder would
configure a mixed phase scenario around a first-order
metal–insulator (MI) transition in the intermediate hole
doping range. Here the level of disorder is the chief
variable defining the length scale of each phase.

La2/3Ca1/3MnO3 (LCMO) appears to be a good
realization of a system where disordered induced phase
separation may take place. Non-homogenous states
have been inferred in LCMO from different experiments
[11–12] but all lacking a microscopic description of the
inhomogenities. In order to get such a description of the
inhomogeneous state, we have combined neutron
powder diffraction techniques and reverse Monte Carlo
(RMC) [13] modeling of the Bragg (nuclear and
magnetic) and diffuse scattering intensities. The main
novelty of this approach is the feasibility to find local
departures from the single cell description of the
crystalline and magnetic structures. Detailed account
of the experiments and simulations can be found in Ref.
[7]. It has been found that distortions with respect to the
averaged Pnma structure exist and are basically localized
within the (a,c)-plane of the perovskite. Also, the
analysis of the magnetic intensities draws an inhomoge-
neous scenario in which three different phases coexist
(FM and AF domains within a PM matrix) in LCMO
near TMI: This microsegregation is probably driven by
the distortion in the positions of the Mn atoms within
the (a,c) plane that develops around Tc and TMI: As
a result, there are Mn atoms whose distance to the
nearest-neighbor Mn atom is shorter than that corre-
sponding to the averaged structure. These atoms present
also shorter Mn–O distances and above Tc hold short-
range FM interactions within the PM matrix.

As the temperature decreases below Tc; these FM
clusters increase their coherence length and the matrix
becomes FM. Also, within the ða; cÞ plane we have
found a significant number of Mn atoms separated from
their Mn nearest neighbors a distance longer than the
averaged Rietveld distance. These pairs (about 15% of
the nearest neighbors at 280K) interact AF around Tc

and display longer Mn–O distances making double
exchange less efficient, as overlap decreases. The

temperature dependence of the FM and AF correlations
is given in Fig. 7 where a correspondence with the local
distortion of the octahedra can be easily seen. It is worth
mentioning that the AF domains show a phenomenol-
ogy similar to that reported for the CE state in
La0.5Ca0.5MnO3 near the Neel temperature [14], making
plausible to identify these islands as probable precursors
of the CE phase.

Note also, Fig. 7, that the onset of the metallic state
does not occur until the AF correlations considerably
weaken, pointing out that the AF entities act as strong
electron scatterers that add extra restrictions to the
electron transport in the PM phase. It is realistic also to
think that the application of an external field would
inhibit the formation of this exotic AF phase resulting
in the decrease of the electron scattering and lowering
the resistivity.

5. Raman phonons—intrinsic inhomogeneities

and microphases

Theories converge in the necessity to include electron–
lattice interactions, which are able to localize the carriers
into small polarons through their coupling to lattice
distortions, disorder or phonons. The involved phonons
are even stretching modes, identical to the lattice
distortions achieved by Mn3+ ions in order to split the
eg electronic level (JT effect). It is therefore important to
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identify these phonons and follow them through the
different structural phases and doping levels.

Fig. 8 shows the strong dependence of the Raman
spectra as the Ca content increases in the PM phases, at
RT, of La1�xCaxMnO3 compounds. The width of the
stretching mode peaks (symmetric stretching and Anti-
symmetric stretching) increases and their intensity
decreases and even disappears for substitutions at and
above 50%. The drastic changes observed in a series of
compounds with the same Pnma average structure can
be understood in the following way: As the Ca content
increases, the static cooperative JT distortion is reduced
and the intensity of the high-frequency peaks decreases.
But the Raman effect is a very rapid process so that the
technique exploring the ‘‘instantaneous’’ atomic posi-
tions in the lattice, that are changing due to the polaron
hopping, has to be considered. The instantaneous
distribution of Mn–O distances is the origin of the
width of these Raman peaks. The reduction of the
activation energy for conduction in the PM phase when
Ca content increases (Fig. 9) indicates that the binding

energy of the lattice polarons is decreasing. The
reduction of the polaron energy implies the collapse of
the amplitude of the dynamic distortions in the lattice.
Therefore, for doping concentrations of 50% and above
the lattice is, in fact, even instantaneously, much more
regular than at low doping. As can be seen in the figure
we then recover similar features to those appearing in
the CaMnO3 or LSMO type spectrum.

The spectrum corresponding to the insulating opti-
mally Ca-doped LaMnO3 can only be understood as a
combination of two components. The narrow peaks
indicated by arrows do not have the same origin as the
broad features at high frequencies. These broadbands,
which are similar to those of high-temperature LaMnO3

where the JT orbital order is melt, correspond to the
PM matrix with octahedra dynamically distorted
by polaron hopping. The second kind of spectrum
indicates that part of the sample has a structure
similar to the metallic FM phase with regular MnO6

octahedra. It very probably corresponds to the
magnetic clusters or magnetic polarons discussed in
the previous section. In the present context of phase
segregation or inhomogeneous intrinsic phase in man-
ganites, it is realistic to think that the second spectrum
corresponds to FM metallic droplets in the PM matrix
with polaronic (lattice polarons) conduction. At low
temperatures, well in the FM metallic regime, the
hopping carriers become delocalized and do not induce
lattice distortions (Fig. 7). Only sharp phonon peaks are
observed below 450 cm�1 as it occurs in CaMnO3 and
corresponds to MnO6 octahedra with no static or
dynamic distortions. The Raman spectra of the metallic

200 400 600 800

BT

T

0%

R
am

an
 In

te
ns

ity
 (a

rb
. u

ni
ts

)

Raman Shift (cm-1)

SS
AS

10%

33%

50%

66%

B
(b)

100%

0.0

0.2

0.4
0 20 40 60 80 100

Ca content (%)

(a)

2*
(l-

s)
/2

1/
2

Fig. 8. (a) Cooperative static JT distortion, from diffraction for

La1�xCaxMnO3 series; and (b) RT Raman spectra of La1�xCaxMnO3

samples, as function of Ca content. The arrows point the narrow

peaks corresponding to the tilt and bending modes of the R-3c phase.

200 250 300 350 400
1

10

100

5%
20%
33%
50%
66%

R
/R

(4
00

K
)

Temperature (K)

0 20 40 60

60

120

E
a 

(m
eV

)

Ca content (%)

Fig. 9. Normalized resistance of samples with several Ca content.

Lines are fits to the PM state resistance with: R ¼ R0 exp ðEa=KBTÞ:
The inset shows the obtained activation energies Ea vs. Ca content.

M. Garc!ıa-Hern !andez et al. / Journal of Solid State Chemistry 171 (2003) 76–83 81



phases is independent of the averaged crystallographic
structure: the same spectrum is observed for metallic
Pnma LCMO or metallic R-3c LSMO at RT and at low
temperature.

The identification of these types of spectra and their
correspondence with particular octahedra configura-
tions are the keys to understand the Raman spectra of
most manganese perovskites. Moreover, this allows to
detect the simultaneous presence of several different
phases and to obtain insight in their local structure.

6. Intrinsic magnetoresistance and electron–phonon

coupling

In order to obtain insight in the metallic–insulator
transition in medium bandwidth systems, where the
electron–phonon coupling is essential, we studied
optimally Ca-doped (LCMO) epitaxial thin films with
controlled chemical defects.

LCMO epitaxial films (thickness=270 Å) were grown
by dc sputtering on SrTiO3 (100) substrates at room
temperature. All films were annealed in O2 at 8001C for
10min. LCMO/Al2O3/LCMO trilayers were also ob-
tained with different insulating layer thickness (between
6 and 100 Å) and always 270 Å thick LCMO.

The MR, at 5K, is lower than 5% at 9T for the
discussed samples: a typical optimized LCMO sample
(A), an oxygen-deficient film (B) and three trilayers
(Al-6, Al-18 and Al-36, the number indicates the Al2O3

layer thickness in Å. For Al2O3 thickness up to 36 Å, the
conduction is achieved through the contact regions
between both LCMO layers.

The temperature dependence of the MR at low (0.5 T)
and high (9T) fields for the different samples is shown in
Figs. 10a and b). Note that the changes in the MR at 9T
from one sample to the other have mainly occurred
below 0.5 T. The maximum of the MR at 0.5 T occurs at
temperatures lower than that of the high-field (9 T) MR
which is closer to the metal–insulator transition TMI

(Fig. 11a). Fig. 10c presents the relative increase of the
resistivity in the doped films compared to A sample vs.
temperature at 0T. The contribution of the impurities is
basically limited to temperatures around Tc and below
TMI in coincidence with the maximum MR at 0.5 T,
while not affecting the conductivity at low temperatures.
This evidences that these low levels of chemical
impurities are enhancing the localization of carriers
below Tc: To a lesser extent this also occurs in ‘‘pure’’
LCMO (A sample). Polaron clusters form in the FM
phase around Tc by the drastic reduction of the
bandwidth due to lattice distortions around the defects.
It is reasonable to think that these polarons are weakly
bounded in the FM phase and therefore can be
delocalized by a relatively weak field, explaining the
unexpected component of the MR below 0.5 T. These

small polarons can only be formed near Tc when the
carrier bandwidth is reduced by (1) the spin disorder and
(2) the lattice fluctuations. Fig. 11b shows the correla-
tion between TMI and the activation energy (Ea) for
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conduction in the PM phase, which is proportional to
the polaron binding energy (Ep). The lattice distortions
around the defects favor the localization of the polarons
(Ep increases). This becomes apparent in the PM phase
as an increase of Ea and a decrease of the temperature at
which metallic behavior is observed (TMI), even main-
taining Tc almost unchanged. A huge number of cases
can be found in the literature showing that Tc and TMI

do not coincide. TMIoTc occurs in polycrystalline or
granular samples or films where the metallic conduction
is hindered because of carrier scattering at grain
boundaries and/or because of poor connectivity between
grains, i.e., extrinsic effects. TMI4Tc is observed in
single crystals, well-sintered pellets and epitaxial thin
films. In the present case, this occurs for samples
without structural barriers (up to Al-36). We conclude
that in samples without grain boundaries the MI
transition temperature is related to the electron–lattice
interaction, which is increased by the introduction of
chemical defects. Coming back to Fig. 10b, it is
important to note that MR at 0.5 T begins to be
significant at the temperature (T�) at which the
resistance deviates from the activated conduction (see
inset) corresponding to polaron hopping. As mentioned
above, at these temperatures percolation between
metallic clusters occurs so the sample can be
sketched as two resistances in parallel, one insulating
and another metallic, with an effective section for
metallic conduction that increases as the temperature
decreases and/or as the magnetic field increases. It
should be remarked that MR at 0.5 T is only observed
when percolation is achieved (at T�). This points
out that it corresponds to a different process than
the high-field MR that is already about its maximum at
T�: While high fields suppress spin fluctuations
and induce magnetic order, low fields change the
balance between localized and delocalized states.
This effect can only be detected when percolation
is achieved: a small increase in the size or number
of disconnected metallic clusters (series equivalent
circuit) does not change substantially the overall
resistivity, while a small increase of the section of the
low resistive metallic filaments can be detected as soon
as percolation occurs.

7. Conclusions

We have reviewed the intrinsic and extrinsic contribu-
tions to the magnetoresistive properties of La–Ca
manganites near the optimal doping. We have effectively
modeled both contributions in terms of a two-channel
model of resistances parallel connected. CB effects at
low temperatures for nanometric grain sizes have been
explicitly considered. We have searched for intrinsic
inhomogneities, as predicted in the most recent theories,
and have found definite evidence of the presence of
phase segregation, form our neutron scattering results
and Raman scattering experiments. Finally, we have
shown that in samples without grain boundaries the MI
transition temperature is related to the electron–lattice
interaction which can be tuned by the introduction of
chemical defects.
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