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The resistivity of the heavy-doped La, j3Cas/3MnOs (LCMO) is simulated using a random resistor network model,

based on a phase separation scenario.

The simulated results agree well with the reported experimental data,

showing a transition from a charge-disordered (CDO) state embedded with a few ferromagnetic (FM) metallic
clusters to a charge-ordered (CO) state, corresponding to the transition from a high-temperature paramagnetic
(PM) insulating state to a low-temperature antiferromagnetic (AF) insulating state. Furthermore, we find that
the number of AF/CO clusters increases with decreasing temperature, and the clusters start to connect to each
other around 250 K, which causes percolating in the system. The results further verify that phase separation
plays a crucial role in the electrical conductivity of LCMO.

PACS: 64.75.+g, 75.47. Lx, 84.37. +q

Manganite doped LaMnOgs has been intensively
studied due to its rich phase diagram and the colossal
magnetoresistance effect.['=8] For La;_,Ca,MnOg, at
x = 0, parent compound LaMnOj is insulating at all
temperatures. It is paramagnetic at high tempera-
ture, but at low temperature it becomes antiferromag-
netic. At ~ 0.2 < z < 0.5, the compound undergoes a
phase transition from the low-temperature ferromag-
netic (FM) phase to the high-temperature paramag-
netic (PM) phase with a metal-to-insulator transition
(MIT) of resistivity. Furthermore, the material gener-
ally exhibits a paramagnetic (PM) charge-disordered
(CDO) state at high temperature and an antiferro-
magnetic (AF) charge-ordered (CO) state at low tem-
perature for ~ 4/8 < z < 7/8.91% Many publications
have given analyses of MIT behaviour of the trans-
port properties of the slight-doped La; ,Ca,MnOgs
such as ~ 0.2 < z < 0.5. Mayr et al.'* obtained the
good qualitative results of MIT behaviour by using
a random resistor network based on the mixed-phase
theory. In our previous work, we presented a calcu-
lation method based on the random network model
by introducing a breadth-first traversal (BFT) algo-
rithm to simulate the MIT behaviour, and good quan-
titative agreements with experimental data have been
obtained.1213]

However, few quantitative studies have been car-
ried out on the resistivity of « = 2/3 heavy-doped
compound since the transport properties of CO state
remain unsolved and theoretical calculation of the re-
sistivity is notoriously difficult. Hence, it is neces-
sary to understand the true physical mechanism of
CO state formation of the manganite which under-
goes a PM charge-disordered state to an AF charge-
ordered state transition. Zhou et all'¥ have mea-

sured electron spin resonance spectra of manganese
perovskite La;/3Cay/3sMnO3 (LCMO) and observed
the existence of a few FM clusters embedded in the
paramagnetic background in the temperature range
from 210K to 270 K. It is believed that the magnetic
field can enlarge the FM clusters a little, but they
are not large enough to connect each other to create
metallic regime. Furthermore, it is regarded that the
strain from lattice distortions has a large effect on CO
formation, and CO can induces a lattice distortion
through the electron-lattice coupling manifested by
the Jahn-Teller effect.['®16] Fernandez-Diaz et al.['”]
have studied the resistivity, magnetic susceptibility,
and specific heat of the compound LCMO from 1.5 K
to 400 K, and found a charge-ordering transition tak-
ing place at around 270K. At 250K, the change of
CO state is obvious, and an antiferromagnetic order
is mainly established at 170 K. A promising descrip-
tion of the mechanism of those transport properties
is the phase separation scenario, suggesting that the
manganite has a mixed-phase state property with in-
trinsic inhomogeneity.

In this Letter, we present a calculation by us-
ing BFT algorithm['2:13:18] to simulate the resistiv-
ity of LCMO according to the random resistor net-
work model, based on phase separation scenario.
The theoretical simulation results are in quantita-
tive agreement with the experimental data reported
by Fernandez-Diaz et all'™ in the temperature range
from 80 K to 350 K, showing a transition from a high-
temperature PM/CDO insulating state embedded
with a few FM metallic clusters to a low-temperature
AF/CO insulating state. It is believed that CO state
formation with the decrease of the temperature sup-
presses FM clusters, so that FM clusters disappear
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Fig. 1. Simulated T-dependent resis-
tivity (solid line) of LCMO compared
with the experimental data (circles)
obtained from Ref. [17] with denary co-
ordinate in the y axis.

Fig. 2.

soon. All these results indicate that the coexistence
of phases is crucial for the behaviour of the transport
in LCMO.

The main concept of the random network model in
the system, a two-dimensional N x N matrix, is com-
posed of two phases with different conductive prop-
erties. One is the PM/CDO insulating region, the
other is the AF/CO insulating region. Because the
number of the FM clusters which are almost engulfed
by the surrounding PM/CDO insulating state is very
small, we can presume that the FM clusters embed-
ded in the paramagnetic insulating state background
as impurity enhances the electrons scattering slightly
in PM/CDO insulating state. In order to simplify the
model, it is reasonable to assume that the FM clusters
are not of independent phase, and they only enhance
the resistivity of PM/CDO insulating state. A quan-
tity p, defined as the ratio of the number of AF/CO
lattices to the number of the total lattices, represents
the fraction of AF/CO sites (0 < p < 1), and de-
creases with the increasing temperature 7. At low
temperature, p is equal to 1 due to the complete anti-
ferromagnetic charge-ordered state, and equal to 0 at
high temperature due to the complete paramagnetic
charge-disordered state. For the intermediate temper-
ature range, p is between 1 and 0, representing the
coexistence of PM/CDO and AF/CO states. Hence,
p is a T-dependent function, and this T-dependent
variation of AF/CO component is not linear. With
the decreasing T', AF/CO phase starts to appear, and
its fraction increases slowly. However, the sample is
still mainly occupied by the PM/CDO state. Ouly
below the temperature at which AF/CO clusters be-
gin to percolate, the fraction of AF/CO phase in-
creases rapidly, and the AF/CO state is dominant in
the sample. The variation of AF/CO fraction on the
temperature dependence described above is just what
happened in the phase transition process observed in
Ref.[15]. Therefore, for simplification, it is reason-
able to assume that the fraction of AF/CO sites, p,
is a Fermi distribution function of temperature T as
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Simulated result of the AF/CO (black) and PM/CDO (white) of
LCMO for (a) at ~ 250K and for (b) at ~ 170K, in the mixed-phase descrip-
tion on 100 X 100 clusters.

follows:

p= {1+ Bexp[A(T — Tar/co)l}

where Txr/co denote the temperature of AF/CO
states at which current starts to percolate. A and
B are the constants depending only on the material.

We assume that the PM/CDO insulating re-
gions have the resistance Rpy (T'), and the AF/CO
insulating regions have the resistance Rar (7).
The total effective resistance R.g is determined
by the parallel connection of Rp; (T) and Rag
(T). To calculate Rp; (T) and Rar (T), we as-
sume ppi(T) = ppioexp/Epo/(ksT)] and pu(T) =
Paio €Xp[Eao/(kpT)] are the T-dependent resistiv-
ities for each PM/CDO site and AF/CO site,
respectively.[12=14] Here ppio and FE,, are the high-
T residual resistivity and activation energy for the
PM/CDO state respectively; Correspondingly, paio
and E,q are those for the AF/CO state, respectively;
kp represents the Boltzmann constant. These param-
eters (ppio, Epo/kp) and (paio, Eqo/kp) can be fitted
by the experimental data in the high-T and low-T ex-
perimental data, respectively. Considering the effect
of the FM clusters, the activation energy E,q is en-
hanced due to the reason mentioned above. Using
the BFT algorithm,'213:18] the path lengths of the
PM/CDO and AF/CO domains are found, then the
resistances Rpr(T) and Rar(7T') are derived from the
obtained path lengths, respectively. Finally, the ef-
fective p can be obtained according to the size of the
sample.

The experimental T-dependent resistivity curves
of LCMO obtained from Ref. [17] with magnetic field
H = 9T are presented in Fig.1 with the logarithm
coordinate in the y-axis, where the circle symbols de-
note the experimental data observed in warming pro-
cess. Under an external magnetic field of 9T, the CO
state is stable.'”] Based on the model and method
mentioned above, we have used the corresponding pa-
rameters listed in Table 1. The simulated results of
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Table 1. Parameters used in simulation for LCMO.

A B ppio (Qcm)  paio (Qcm)

Epo/kp (K)  Fao/kp (K) Tar/co (K)

0.0128 0.773 0.0001 0.00019

1009.13948 1421.68811 250

the T-dependent resistivity are given in Fig.1 by the
solid line.

Based on our above-mentioned model, we can find
that the simulated curve in Fig.1 is in good agree-
ment with the experimental data, exhibiting a transi-
tion of a PM/CDO insulating phase embedded with
a few FM metallic clusters to an AF/CO insulating
phase. It is found that the AF/CO clusters are ini-
tially formed with decreasing temperature in para-
magnetic charge disordering phase, and the AF/CO
fraction increases as the temperature decreases. Then
the AF/CO clusters percolate at Tar/co ~ 250K, and
the AF/CO state is mainly established at low tem-
perature. It should be pointed out that the effect of
FM metallic clusters is weak due to the very small
number of clusters. Moreover, the AF/CO state for-
mation, the lattice distortion and the super-exchange
driven antiferromagnetic spin fluctuations with de-
creasing temperature all can restrict the hopping of
eg electrons, which induces ferromagnetic correlations
through the double-exchange mechanism, so that the
FM clusters disappear soon.'5~17l Under an exter-
nal magnetic field of 9T for LCMO, the CO state is
stable. These are very different from the MIT be-
haviour of many compounds such as La;_,Ca,MnQO3
at ~ 02 < z < 05191019200 Considering the
changes in the corresponding parameters values of the
resistivities for each PM/CDO site and AF/CO site,
it is found that ppio and Epy are smaller than pg;o and
FE.o, respectively. Thus, we can conclude that the
electrical transport property in the PM/CDO state is
entirely different from that in the AF/CO state. The
free electrons in the AF/CO states are more difficult
to move than those in the PM/CDO states, although
the resistivity of the two states are of similar formula.
All these results indicate that intrinsic inhomogeneity
plays a crucial role in the electrical transport prop-
erty in the formation of the coexisting of CDO and
CO insulating phases.

To further understand the coexistence of the
phases and the percolative conductive behaviour from
the phenomenological view, a simulated result is
demonstrated in Fig.2 at ~ 250K and at ~ 170K
on a 100 x 100 matrix, respectively. The number of
AF/CO squares is determined by the T-dependent p.
The position of the AF/CO square on the 100 x 100
network is random. With the decrease of 7', PM/CDO
squares are randomly selected to be converted into
AF/CO squares. The small dark squares represent the
AF/CO sites and the white ones denote the PM/CDO
areas. We can find that the number of AF/CO sites
is only slightly more than that of PM/CDO sites at
250 K. However, only a few PM/CDO domains near a

AF/CO state can be observed at 170 K.

In summary, by using the random network model
based on the phase separation scenario, we have sim-
ulated the resistivity of the LCMO. It is found that
the number of AF/CO clusters increases with the de-
creasing temperature, and the clusters start to connect
to each other around 250 K. The agreement between
the simulated results and experimental data indicates
that our model is appropriate for describing transport
behaviour of the material with phase separation and
phase separation indeed exists in LCMO, and that the
intrinsic inhomogeneity plays a crucial role in the elec-
trical conductivity.

We would like to thank Professor Jin K. J. for her
helpful discussion.
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