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Based on the phase separation scenario, cluster percolation mode is introduced to simulate the percolative
conduction of La0.9Te0.1MnO3 and La2/3Ca1/3MnO3 thin films with the abrupt metal-to-insulator transition of
resistivity, while standard percolation mode, which seems to work well for La0.9Te0.1MnO3 bulk with smooth
transition, fails in it. The agreement between the simulation and the experimental data reveals that the sizes of
the paramagnetic domains in the films increases, but the number of those domains does not change with the
increased temperature. This process is very different from the case in the bulk, where the domain sizes almost
remain unchanged and the domain number increases with the increased temperature. The present results also
further verify that phase separation plays a crucial role in the transport process and the size of coexisting phase
may be related to the size of the crystal grains.
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I. INTRODUCTION

Perovskite manganites are currently under considerable
experimental and theoretical investigation due to the obser-
vation of colossal magnetoresistance �CMR�.1 Those manga-
nites usually have a metal-to-insulator transition �MIT� ac-
companied by a simultaneous phase-to-phase transition, such
as a ferromagnetic �FM� metallic to paramagnetic �PM� in-
sulating transition2–4 or a FM to charge ordering �CO�
transition.5,6 Furthermore, when applying an external mag-
netic field H, the temperature T of the MIT will move to a
higher value and the resistivity will decrease correspond-
ingly. However, these properties remain a matter of specula-
tion. The double exchange model �DE�,7 describing the hop-
ping of the eg electrons in the system and the electron-lattice
coupling8 leading to the Jahn-Teller �J-T� polaron formation,
seem not to be sufficient for explaining the phase transition
and the enormous magnitude of magnetoresistance for some
materials such as La5/8−yPryCa3/8MnO3.4

A promising description is the percolative transport
through the mixed-phase domains, suggesting that the man-
ganites have a strong tendency toward phase separation with
intrinsic inhomogeneity. Experimentally, phase separation
phenomenon has been observed in many systems of
manganites,5,9–11 such as the coexistence of PM and FM
phases on a large submicrometer scale just below Tc in
La0.73Ca0.27MnO3 thin film.12 Furthermore, it is found that
the resistivity of thin film usually has a rather abrupt charac-
ter change near the MIT13 compared with that of bulk
material.2,4,5,14,15 Theoretically, Mayr et al.16 used a random
resistor network to study the resistivity of manganite and
obtained qualitative agreement with some experiments.
Burgy et al.17 further proposed a semiphenomenological de-
scription based on coexisting clusters with smooth surfaces
to explain the abrupt percolative transition and even first
order discontinuities of Mn oxides. However, those theoreti-
cal studies are of qualitative simulations, lacking in the quan-
titative investigation. Therefore, based on the standard per-
colation mode,18 we have simulated and obtained
quantitative agreement with our experimental data for

La0.96Te0.04MnO3 bulk.19 Although standard percolation is a
good random statistical model for a variety of systems, this
percolation mode seems unsuitable to simulate the abrupt
change in the resistivity near the transition of the thin films.
In the present work, the cluster percolation mode is intro-
duced to depict the electrical transport in La0.9Te0.1MnO3
and La2/3Ca1/3MnO3 thin films with abrupt MIT, as well as
for standard percolation for La0.9Te0.1MnO3 bulk with
smooth transition. The obtained results indicate that cluster
percolation can show more of the physical mechanism of the
thin film than the standard percolation. It shows the PM clus-
ter sizes of the film increase, but the cluster number is nearly
unchanged with T. In Sec. II, the random network model, the
corresponding method for calculating resistivity, and two dif-
ferent percolation modes are described briefly. In Sec. III, the
simulated results and the corresponding experimental data
are displayed, including the snapshots of the phase transition
process for standard and cluster percolations. A discussion of
results is presented in Sec. IV and the main conclusions are
given in Sec. V.

II. MODEL AND METHOD

The main concept of the random network model is that
the system, i.e., a two-dimensional �2D� N�N matrix, is
composed of two phases with different conductive proper-
ties. One is the FM metallic phase with resistance RM�T�, the
other is the PM insulating phase with resistance RI�T�. The
total effective resistance Ref f is determined by the parallel
connection of RM�T� and RI�T�. A quantity f , defined as
f= �the number of FM lattice sites�/�the total number of lat-
tice sites�, represents the fraction of FM metallic sites
�0� f �1�. Naturally, the fraction of PM insulating sites is
�1− f�. As a matter of fact, f is a function of not only T, but
also of H.19 Since the metallic component triggered by fer-
romagnetism is sensitive to the temperature, the fraction of
FM metallic phases is assumed to be proportional to the
T-dependent magnetization.20 Mayr et al. have pointed out
that f should decrease with the increased T and change rap-
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idly near Tc. They have also found that the qualitative results
using several functions to describe the FM fraction f are
similar, showing agreement with some experiments.16 For
simplification, we use the Fermi distribution-like function to
describe f because the shape of this function is very similar
to the T-dependent magnetization obtained from the experi-
mental data. The FM metallic fraction f is in the form of
f =1/ �1+B exp�A�T−Tc+TMI

0 −TMI
H ���, where TMI

H and TMI
0

are the MIT temperature with and without H, respectively.
We assume this function is adaptive in the whole studied
temperature region. In the formula of f , parameter B is re-
lated to the critical concentration f0 for percolation, satisfy-
ing B= �1− f0� / f0. In Ref. 21, it is mentioned that this perco-
lation threshold value f0 is 0.5 in 2D. In our simulation, f0 is
0.5 or changes to 0.45 for fitting. Parameter A reflects the
temperature width for the coexisting phases, being the result
of a fitting procedure.

To calculate RM�T� and RI�T�, we assume �m�T�
=�m0+�m1T2+�m2T4.5 and �i�T�=�i0 exp�E0 / �kBT�� are the
T-dependent resistivities for each FM site and PM site, re-
spectively. �m0 is the residual resistivity at T�0 K, the T2

term indicates the electron scattering22 with the coefficient
�m1, and the T4.5 term denotes the magnon scattering involv-
ing the phonon scattering23 with the coefficient �m2. The co-
efficient �i0 is the high-T residual resistivity, E0 is the acti-
vation energy, and kB represents the Boltzmann constant.24,25

Although there are five parameters in FM and PM resistivi-
ties, in fact, the low-T residual resistivity �m0 and the high-T
residual resistivity �i0 can be obtained directly from the ex-
perimental data of the low-T and high-T regions, respec-
tively. In the simulation procedure, those two parameters re-
main unchanged, so only three parameters ��m1 ,�m2 ,E0�
need to be adjusted. Using the Breadth First Traversal
algorithm,26 the path lengths of the metallic and insulating
domains are found to calculate RM�T� and RI�T�, respec-

tively. The effective resistivity is then obtained according to
the size of the sample.

With the temperature evolution, the distribution of FM
and PM components can be accomplished by standard per-
colation and cluster percolation modes. In the standard per-
colation mode, the occupation of the square is random; that
is, each square is occupied by a FM or PM site independent
of the occupation status of its neighbors. At a fixed initial
low T, each square in the matrix is occupied randomly by an
FM site with the probability f�T�. With increasing T, FM
metallic squares are randomly selected to convert into PM
insulating squares. However, in the cluster percolation mode,
the occupation of the square is correlated with the status of
its neighbors. When T is increased, only those FM sites
which have at least one PM neighbor can turn into PM
squares, resulting in the growth of the PM domain. The main
difference between these two modes lies in the variation of
domain size and domain number under the temperature evo-
lution. During the warming process, cluster percolation dem-
onstrates a process that the PM domain size increases but the
domain number stays unchanged, while standard percolation
embodies a process in which the domain size is nearly un-
changed but the domain number increases.

III. RESULTS

To show the mixed-phase percolative conduction from the
phenomenological view, the standard percolation scenario
obtained from the simulation is illustrated in Fig. 1 for the
transition from the FM phase to PM phase with the increased
T. The small dark squares represent the FM metallic sites and
the white ones denote the PM insulating areas. The arrows
indicate a warming process. As shown in Fig. 1, the system
undergoes a transition from a FM state with few PM domains
at low T to a PM state with few FM domains at high T,

FIG. 1. Simulated process of
standard percolation from low-T
FM �black� to high-T PM �white�
phase transition in the mixed-
phase description in a 100�100
matrix. The arrows indicate the
warming process.
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showing the mixed-phase characteristics when the FM to PM
transition occurs. During warming, the size of the PM re-
gions are nearly unchanged, except that the PM number is
large enough to naturally connect those PM regions.

Based on the standard percolation description, the simu-
lated results of the resistivity vs temperature ��-T� for
La0.9Te0.1MnO3 bulk are obtained, as shown in Fig. 2. The
parameters A and B in the FM fraction f are set to be 0.009
and 1.22, respectively. The corresponding experimental data
are also given in this figure, showing the MIT behavior ac-
companied with a FM to PM phase transition confirmed by
electron spin resonance studies.4,15 The simulated curves
�solid lines� show an agreement with the experiment data,
exhibiting the smooth MITs with and without H. After ap-
plying H, the magnetization of FM domains are aligned and
the random spin disorder, especially around Tc, can be re-
moved partially to cause a fraction of the insulating regions
to convert into metallic regions.5,12 Therefore, the resistivity
is reduced and the MIT temperature TMI is shifted from
�210 K to a higher value of �220 K with H. The corre-
sponding parameters used in simulation are listed in Table I
with and without H. From Table I, we can see that the low T
residual resistivity �m0 is reduced with H. It has been re-
ported that the low T residual resistivity, �m0, originates from
scattering by impurities, defects, grain boundaries, and do-
main walls in the material.14,27 We think the magnetic-field-
induced motion of the domain walls can reduce those scat-
terings so that it can diminish the residual resistivity. In
addition, we find that the electron-electron scattering coeffi-
cient �m1 and the magnon scattering coefficient �m2 are
smaller than those without H, due to the fact that H reduces

the spin scattering in conduction carriers by driving the local
orientation of magnetization aligned.6 Furthermore, the result
reveals that H can induce the reduction of the activation
energy E0. The unchanged high T residual resistivity �i0 in-
dicates that H does not reduce the resistivity of the PM com-
ponents at very high T.

According to our simulated results, the magnetoresistance
�MR�, defined as MR= ���H�−��0�� /��H�, where ��H� and
��0� are the resistivities with and without H, respectively, is
plotted in Fig. 3 �solid line� for La0.9Te0.1MnO3 bulk. The
corresponding experimental results are represented by full
triangles, showing a pronounced negative MR of �−103% at
T�200 K and displaying a CMR effect. The results indicate
an approximate agreement between the experimental data
and the simulated results, especially near the MIT.

However, standard percolation fails to obtain the abrupt
change of resistivity near the transition when it is applied to
the La0.9Te0.1MnO3 thin film, as shown in Fig. 4 with dashed
line. We introduce another percolation mode “cluster perco-
lation,” and this percolation process with the increased T is
given in Fig. 5. Similarly, the small dark and white squares

TABLE I. Parameters used in the standard percolation simula-
tion for La0.9Te0.1MnO3 bulk with and without H, respectively.

H
�T�

�m0

�� cm�
�m1

�� cm K−2�
�m2

�� cm K−4�
�i0

�� cm�
E0 /kB

�K�

0 25.34 1.50�10−3 2.86�10−9 0.18 1520

4 14.78 1.24�10−3 0.45�10−9 0.18 1470

FIG. 2. Simulated T-dependent resistivity �solid lines� of
La0.9Te0.1MnO3 bulk compared with the experimental data �full
circles� with and without H, respectively.

FIG. 3. The T-dependence MR of La0.9Te0.1MnO3 bulk. Full
triangles are the experimental data and the solid line is the calcu-
lated result obtained by the simulated results.

FIG. 4. Simulated result of the T-dependent resistivity obtained
by cluster percolation �solid line� for La0.9Te0.1MnO3 thin film
without H. Full circles are the corresponding experimental data and
the dashed line represents the simulated result obtained by standard
percolation.
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represent the FM metallic and PM insulating domains, re-
spectively. The arrows indicate a warming process. It can be
seen that the sizes of the PM domains can increase with T,
but the number of the domains remains nearly unchanged.
Further increasing T, these PM clusters will connect to each
other and their number will decrease correspondingly, sug-
gesting an abrupt change in resistivity. Based on the above
cluster percolation description, the �-T curve of
La0.9Te0.1MnO3 thin film is obtained, as presented in Fig. 4
with a solid line. Full circles denote the corresponding ex-
perimental data. It can be seen that the simulated result ob-
tained by the cluster percolation mode shows the abrupt
character near the MIT. The above result indicates that the
size of the PM domain in thin film increases with T. The
corresponding parameters used are listed in Table II for
La0.9Te0.1MnO3 thin film in standard percolation and cluster
percolation modes, respectively.

In order to further verify our assumption, we apply the
cluster percolation scenario to the La2/3Ca1/3MnO3 thin film
deposited on the SrTiO3 substrate to study its T-dependent
resistivity property. It is well known that for the doping of
x�1/3, this material shows an MIT from low-T FM metallic

phase to a high-T PM insulating phase. La0.9Te0.1MnO3 ma-
terials and La2/3Ca1/3MnO3 thin film are the different mate-
rials, so the difference of resistivity between their experi-
mental data is rather remarkable. The experimental data of
resistivity and the cluster percolation results are given in Fig.
6 for La2/3Ca1/3MnO3 thin film. The parameters A and B in
the FM fraction f are set to 0.019 and 1.0, respectively. To
compare the difference between those two percolation

TABLE II. Parameters used in simulations for La0.9Te0.1MnO3

thin film without H in standard percolation and cluster percolation
modes, respectively.

Percolation
mode

�m0

�� cm�
�m1

�� cm K−2�
�m2

�� cm K−4�
�i0

�� cm�
E0 /kB

�K�

Standard 0.26 2.14�10−5 6.54�10−11 1.5 860

Cluster 0.26 1.76�10−5 4.90�10−11 1.5 90

FIG. 5. Simulated process of
cluster percolation from low-T
FM �black� to high-T PM �white�
phase transition in the mixed-
phase description on a 100�100
matrix. The arrows indicate the
warming process.

FIG. 6. Simulated T-dependent resistivities obtained by cluster
percolation for La2/3Ca1/3MnO3 thin film without �a� and with �b�
H, respectively. Full circles are the corresponding experimental data
and the dashed lines represent the simulated results obtained by
standard percolation.
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modes, we also give the simulated results using the standard
percolation mode �dashed lines�. Figure 6�a� shows the re-
sults of La2/3Ca1/3MnO3 thin film without H. It can be seen
that the results are similar to those of La0.9Te0.1MnO3 thin
film, presenting cluster percolation results in agreement with
experimental data, while standard percolation cannot obtain
the abrupt change in resistivity below the TMI. After applying
H, the resistivity is decreased, as presented in Fig. 6�b�. The
simulated results show that cluster percolation is also suit-
able for the La2/3Ca1/3MnO3 thin film with H. Certainly, the
corresponding coefficient parameters used in cluster percola-
tion are changed compared with those without H, as listed in
Table III. The changing rule of the parameters in cluster per-
colation is identical with that in standard percolation �see
Table I�. It should be noted that the H induced decrease of
low-T residual resistivity in thin film is not remarkable com-
pared with that in bulk, because the single crystal thin film
with high quality has no obvious grain boundaries or defects
different from the polycrystalline bulk. Those results further
demonstrate that the abrupt transition in La2/3Ca1/3MnO3 thin
film can also be obtained by the cluster percolation mode
rather than the standard percolation mode, indicating the do-
main size in thin film increases, but the domain number re-
mains almost unchanged with the increased T. Figure 7 gives
the curve of magnetization vs temperature with the magnetic
field of 0.1 T parallel to the plane of the La2/3Ca1/3MnO3
thin film. From Fig. 7, we can see that the highest resistivity
��280 K� corresponds to the occurrence of a large number
of the PM components, which is identical with our transport
model presented above.

From Fig. 6, we find that the main difference of the
T-dependent resistivity lies in the temperature range of
200 K to 260 K. We present the simulated processes of
phase transition without H from 200 K to 260 K for stan-
dard and cluster percolations, respectively, as plotted in Fig.
8. From the result of standard percolation process given in
Fig. 8�a�, we find that when T is increased to 260 K, the sizes
of PM domains are slightly enhanced due to the large num-
ber of PM domains distributed in the system. Although some
PM clusters begin to connect, there are still many separated
PM domains with small sizes imbedded in the large-size FM
clusters. Thus, the FM connecting paths still exist in this
system, resulting in the small and smooth enhancement in
the resistivity with the increased T. However, for the cluster
percolation process, as shown in Fig. 8�b�, many large-size
PM domains almost connect at the same time when T is
increased to 260 K. This connecting of PM clusters results in
many separated FM clusters in the system. The FM connect-
ing paths are rather rare, inducing a rapid enhancement in
resistivity with the increased T.

IV. DISCUSSION

On the basis of the above simulations, we find the abrupt
character of resistivity in the thin films originates from the
fact that the sizes of the PM insulating domains in thin film
increase, but the cluster number remains unchanged with the
increased T until those domain sizes are large enough to
result in domain connection and decreased domain number.
Furthermore, the size of cluster in thin film is correspond-
ingly large compared with that of the bulk material. This
characteristic is consistent with some experimental
phenomena5,9,10,12 and can be understood in the following
ways.

Energetically, it is not convenient to create FM-PM inter-
faces and from this perspective it is energy-favorable to keep
the number of FM-PM interfaces small by creating large
clusters. A region first favoring an FM or PM state will
nucleate at such a phase.28 Hence, for the mixed-phase ma-
terials, the cluster percolation mode should be more rational
than the standard percolation mode in general. We think that
the standard percolation mode seems to work well for bulk
material mainly because the crystal grain size limits the
growing size of the mixed-phase domains. In our experi-
ments, the La0.9Te0.1MnO3 bulk is a polycrystalline material.
A large number of random crystal grains in polycrystalline
material results in many grain boundaries in bulk. With the
increased temperature, to enlarge a PM domain around the
grain boundaries, additional energy is required to overcome
the grain boundaries, which is not energy favorable. On the
contrary, as the La0.9Te0.1MnO3 and La2/3Ca1/3MnO3 thin
films are single crystals without obvious grain boundaries, it
is easy to enlarge the sizes of the PM clusters around those
nucleated PM phases with the increased temperature. There-
fore, it is preferable to form the large-scale domains in thin
film, resulting in the abrupt change near the transition. More-
over, it has also been reported that a sample of
La0.7Ca0.3MnO3 with many small crystal grains has a very
wide transition with a smooth change in resistivity, but a
sample with no clear boundaries exhibits a narrow transition
with a sharp change in resistivity,29 which is consistent with
our results. It can be concluded that the cluster percolation
mode is necessary to describe the percolative transport of
thin film.

TABLE III. Parameters used in the cluster percolation simula-
tion for La2/3Ca1/3MnO3 thin film with and without H, respectively.

H
�T�

�m0

�m� cm�
�m1

�m� cm K−2�
�m2

�m� cm K−4�
�i0

�m� cm�
E0 /kB

�K�

0 0.15 8.82�10−6 2.45�10−11 7.5 70

1 0.13 7.44�10−6 1.75�10−11 7.5 50

FIG. 7. The magnetic momentum of La2/3Ca1/3MnO3 thin film
versus temperature.
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V. CONCLUSION

In summary, cluster percolation is introduced to explain
the abrupt change near the MIT in thin film while standard
percolation results in the smooth transition. After simulating
the resistivity of the La0.9Te0.1MnO3 bulk, La0.9Te0.1MnO3
thin film, and La2/3Ca1/3MnO3 thin film based on the phase
separation theory, we find that cluster percolation is suitable
for depicting the percolative conduction in thin film, indicat-
ing that the sizes of PM domains in thin film prefer to in-
crease but the domain number is unchanged with the in-
creased T. The agreement between the simulated results and

our experimental data further shows that phase separation
indeed lies in those studied materials and suggests that the
intrinsic inhomogeneity plays a crucial role in the electrical
conductivity and the CMR effect. Moreover, it is revealed
that the size of the crystal grains in bulk may have a signifi-
cant influence on the size of the coexisting clusters, resulting
in the larger domain size in thin film than that in bulk.
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