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In electron-phase-separated Pr0.7Pb0.3MnO3 single crystals, nonlinear current effects have been
observed above a critical current �Ic�, beyond which a metal-insulator transition could be induced by
the applied electrical current. We found that the square of Ic was linearly related to the external
temperature, which can be well understood based on a local heating-cooling model. Furthermore,
the surface area and mass of the current paths in the phase-separated systems were obtained by
fitting our experimental data to the model, and a temperature-dependent topology of the current
paths was found. In addition, interesting oscillatory behaviors in differential resistance �dV /dI� were
observed at temperatures slightly above the metal-insulator transition temperature, which can be
attributed to electron tunneling between isolated ferromagnetic clusters embedded in the insulating
paramagnetic matrix. © 2006 American Institute of Physics. �DOI: 10.1063/1.2372762�

I. INTRODUCTION

Since the discovery of colossal magnetoresistive
effects,1,2 perovskite manganites Ln1−xAxMnO3 �Ln=La, Pr,
Nd, etc., A=Ca, Sr, Ba, Pb, etc.� have been studied exten-
sively due to not only their rich physical properties but also
their potential applications in magnetic memory and sensors.
Usually, large magnetoresistance appears near a
ferromagnetic-paramagnetic phase transition accompanied
by a metal-insulator �MI� transition, as has been explained
based on the double exchange model.3 In the double ex-
change model, the hopping of itinerant eg electrons from
trivalent Mn3+ to tetravalent Mn4+ sites facilitates both the
ferromagnetism and metallic conductivity. Experimentally,
some external factors such as magnetic field, electric field,
and even hydrostatic pressure can affect the phase transition
and transport properties.4 Recently, the effects of electrical
current on both the phase transition and transport properties
have attracted a large amount of interests5–21 particularly in
charge-ordered systems.

In our previous studies,22,23 it was found that single

crystalline Pr0.7Pb0.3MnO3 displays an electronic phase sepa-
ration near the MI transition temperature �TMI�. With increas-
ing temperature, this system experiences an unconventional
sequence of phase transitions, ferromagnetic phase
→ ferromagnetic+paramagnetic phase→superparamagnetic
+paramagnetic phase→paramagnetic phase. The ferromag-
netic phase→ ferromagnetic+paramagnetic phase transition
takes place at the Curie temperature �TC�205 K�, and the
ferromagnetic+paramagnetic phase→superparamagnetic
+paramagnetic phase transition takes place at TMI

��235 K�. In the temperature region slightly above TMI, a
large low-field magnetoresistance due to spin-dependent
electron tunneling between isolated ferromagnetic clusters
was observed. Moreover, by combining voltage-current �V
-I� and specific heat measurements, nonlinear current effects
were observed, which indicates that a solely Joule heating
process cannot be completely responsible for the nonlinear
current effects.24 V-I curves measured from 5 to 235 K are
shown in Fig. 1 �and also Fig. 1�a� in Ref. 24�. When the
temperature is below 150 K, V-I curves are linear up to
0.3 A. When the temperature is higher than 150 K, a nonlin-
ear V-I behavior is observed. For example, at 170 K, the
resistance �V / I� remains relatively constant below 0.15 A,
then increases sharply up to �0.9 �, after that it decreases
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again upon increasing current. We define the current at which
the resistance begins to decrease as the threshold current �as
shown in Fig. 1�.

In this article, based on a heat transport equation taking
into account Joule heating and Newtonian cooling processes,
we have derived the linear relationship between the square of
the threshold current and the external temperature, which
agrees well with the experimental results. Some information
about the surface area and mass �volume� of current paths in
the phase-separated systems has been obtained. Furthermore,
oscillating behaviors in the differential resistance �dV /dI�
were observed at temperatures slightly above TMI.

II. EXPERIMENTAL DETAILS

The Pr0.7Pb0.3MnO3 single crystals grown by the flux
method have been used in our previous studies �Refs.
22–24�. The size of the sample for V-I measurements was
approximately 6�2�1.5 mm3. dc V-I curves were mea-
sured using a standard four-probe method. Four Cu elec-
trodes with a width of �0.4 mm were prepared by thermal
evaporation. For each V-I data point, two current pulses with
duration of 1 s were used in opposite directions to obtain an
average.

III. RESULTS AND DISCUSSIONS

As discussed in Ref. 24, the V-I and specific heat data
indicated that the heating/conductance in the phase-separated
sample was not uniform and that Joule heating only warmed
part of the sample to TMI. The nonuniformity of the heating/
conductance might have come from two sources. One was
the coexistence of two phases with different conductances.
The other was nonuniform temperature distribution from the
center to the boundary of the sample due to the cooling by
the external environment. For the latter, if the boundary zone
was of a low temperature �below TMI�, the resistance and
specific heat in the zone would have been less than those in

the center part �see Fig. 1 in Ref. 22 and Fig. 3 in Ref. 24�,
and thus more current would have been redistributed to the
boundary zone. As a result, the Joule heat and low specific
heat increased the boundary zone temperature more rapidly
so that the temperature difference was compensated. There-
fore, the second explanation along does not satisfactorily ex-
plain the nonuniformity of the heating/conductance. Based
on this consideration, we believe that the phase separation is
responsible for the inhomogeneous heating/conductance.
When approaching TMI, the continuous ferromagnetic metal
phase is separated from the paramagnetic insulating matrix.
The current was distributed mainly in the continuous metal-
lic ferromagnetic phases. As a result, only the conducting
paths �around the ferromagnetic metallic phases� are ex-
pected to contribute to the measured conductance and are
heated effectively. In our previous investigations, the same
sample was found to be homogeneously ferromagnetic below
TC �205 K� based on magnetization, transport, and electron-
spin-resonance measurements. However, the homogeneity
might be broken by applying a current even if the external
temperature remains below TC. This may be due to a few
possibilities. �1� One phase separation happened while the
sample �or a part of it� was heated up to TC due to the
applied current. �2� The current distribution was possibly in-
homogeneous even when the effective temperature was be-
low TC. According to the double exchange framework, the
metallic conductance and ferromagnetic ordering in perov-
skite manganites are due to the transferring of eg electrons
between Mn3+ and Mn4+ sites. Without the applied electrical
field, eg electron hopping occurs with an equal possibility in
all directions and establishes a homogeneous ferromagnetic
phase. However, under an applied electric field, eg electrons
hop preferentially along the direction of the applied electric
field. The oriented eg electron hopping might result in an
oriented distribution of Mn3+/Mn4+ ions considering the un-
equal ratio of Mn3+/Mn4+ �7:3�. In other words, a current/
field-induced optimized conducting phase might form and
collect most of the current flowing through the sample under
an external electric field. Further theoretical studies are
needed.

Based on the arguments above, we summarize the fol-
lowing. �1� Due to the phase separation or the possible
current-/field-induced inhomogeneity, the applied current
mainly passed through a specific part of the sample �current
paths� and heated effectively the current paths. �2� In the
remaining part of the sample �with a high resistivity�, a very
small current flowed and its heating was ascribed to the heat
conduction from the current paths. Thus, two different tem-
perature zones exist within the sample and the temperature
varied sharply from a higher value in the current paths to a
lower one in the remaining insulating parts. �3� The mea-
sured resistance from the V-I curves actually came mainly
from the contribution of the current paths where almost all
the current passed through. �4� The increase of the tempera-
ture in the current paths due to Joule heating increased the
resistivity correspondingly so that the current was redistrib-
uted. It is apparent that the current paths can change due to
an increase in the applied current.

Consider the heat equilibrium equation,

FIG. 1. V-I curves measured from 5 to 235 K. The dashed line, which in-
dicates a resistance of 0.9 �, is used as a guide to the eyes.
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�u�r,t�
�t

= j2�r,t���r,t� − � · Ju�r,t� , �1�

where u�r , t�, j�r , t�, ��r , t�, and Ju�r , t� are the energy den-
sity, current density, resistivity, and energy current density at
a spatial-time point �r , t�, respectively. This equation can be
rewritten as

�mCp�T�
�T�r,t�

�t
= j2�r,t���T� − � · D�T� � T�r,t� , �2�

where �m is the mass density, Cp�T� is the temperature-
dependent specific heat of unit mass sample, and T�r , t� is the
local temperature at point �r , t�. Both the resistivity � and the
heat diffusion coefficient D are supposed to be only depen-
dent on the local temperature T�r , t�. Combining the heat
equilibrium equation, material properties ���T� and D�T��,
and the usual electromagnetic equations, in principle, the lo-
cal temperature T�r , t� and current distribution j�r , t� can be
solved under specific boundary conditions �here the external
environment temperature, the applied voltage, and the total
current�. However, in this paper, we employ some approxi-
mations to discuss the nonuniformity under different condi-
tions, rather than solving these equations exactly.

Based on the summaries above, we describe the sample
simply consisting of two sections, the current paths and the
remaining insulating part. For simplification, within each
part, the temperature, resistivity, and current density are as-
sumed to be uniform, and the interface between the two parts
is simplified as a geometric surface. This means that the
continuously varying physical variables �temperature, resis-
tivity, and current density� are described as two discrete val-
ues, specifically temperatures of T and T0, resistivities of �
and �, as well as current densities of j and 0 within the
current paths and the remaining insulating part, respectively.
These simplifications are expected to give some insights into
the nonuniformity of sample while applying a large current.
Based on this simple model, after integrating Eq. �2� in the
whole current paths, we obtain a heating-cooling equilibrium
equation,

m�T�Cp�T�
dT

dt
= I�t�V�t� − ��T�S�T��T − T0� , �3�

where m�T�, Cp�T�, ��T�, and S�T� are the effective mass,
specific heat, Newtonian cooling coefficient, and the effec-
tive surface area of current paths at temperature T, respec-
tively. Here, the change of current paths with time, dm /dt,
should also contribute to the equilibrium equation. However,
the contribution can be rewritten by replacing the mass and
surface areas of current paths by their effective values. Equa-
tion �3� can be obtained if both m and S are thought to be
their corresponding effective values. The application of the
effective m and S values actually means a slightly different
division between current paths and the remaining part in our
present simple model, and this still gives a description of the
topological characteristics of the current paths. At the MI
transition point �threshold current Ic�, under the thermal equi-
librium, we have dT /dt=0 and

Ic
2 = a�TMI − T0� . �4�

This is simply the experimentally observed linear relation-
ship between the square of the threshold current and the ex-
ternal temperature �see Fig. 2, which is taken from the inset
of Fig. 1�b� in Ref. 24� with a coefficient of a=��TMI�
��S�TMI� /R�TMI��. It indicates strongly that the heat accu-
mulation is small at least while the current approaches Ic.
From the fitted coefficient a, we obtained the cooling coef-
ficient b=�S=0.0008 J /K at TMI by using R�TMI�=0.9 �
�see Fig. 1�. It should be noted that in the phase-separated
�La0.3Pr0.7�0.7Ca0.3MnO3,18 a similar linear relationship be-
tween the square of Ic and T0 was also found, as shown in the
inset of Fig. 2. This similar linear relation described in Ref.
18 can also be well explained by the similar model. There-
fore, this implies that the present heat equilibrium model
might describe some universal features of phase-separated
systems under a large applied current.

In the resistance measurements performed on the same
sample by applying a small current �1 �A�,22,23 the real tem-
perature T of current paths is the same as T0 as is expected
by the negligible Joule heating. In the present large current
case, T is not equal to T0 due to a large Joule heating con-
tribution. However, if the effective temperature T is used, the
resistivity-temperature relation ��T� is approximately the
same as that in the small current cases. We have calculated
the effective temperature T of current paths from the R�T�
curve measured in a small current limit,

T = R−1�V/I� , �5�

where R−1�V / I� is the reverse function of the R�T� curve
measured in the small current regime �Fig. 1 in Ref. 22 and
Fig. 1�a� in Ref. 23�, and V and I are the voltage and the
applied current in the large current measurements, respec-
tively. In addition, in our measurements, since the time de-
pendence of the applied current I�t� was linear, the calculated
effective temperature T�I� at each current I can be rewritten

FIG. 2. The square of the threshold current �Ic
2� as a function of temperature,

which is taken from the inset of Fig. 1�b� in Ref. 24. The inset shows
a similar linear relationship between the square of the threshold current in
the increasing current process and the external temperature in
�La0.3Pr0.7�0.7Ca0.3MnO3 �data from the Fig. 3 of Ref. 18�.
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as T�t�. The calculated results from Eq. �5� by using the
measured I-V data at eight different external temperatures are
shown in Fig. 3. All T�t� or T�I� curves are found to break at
TMI, and almost all dT /dt approach to zero at this point,
which is in agreement with Eq. �4�. Considering that the
effective mass and surface area of the current paths are de-
pendent on the effective temperature T, we can fit the param-
eters C�T�=m�T�Cp�T� and b�T�=��T�S�T� in Eq. �3� at any
T by using the T�t� curves. In the fitting procedure, for each
selected T0 value, we used appropriate I�t�, V�t�, T�t�, and
dT /dt values obtained from the T�t� curve. In order to mini-
mize the fitting error, we used a few data points in a small
temperature region �T-� /2, T+� /2� for each T0 to get the
average value of the parameters C�T� and b�T� at the small
region around T, where � was chosen to be very small so
that the parameters only varied slightly. In Fig. 4, we show
the obtained b�T�, which is the product of the Newtonian
cooling coefficient and the effective surface area of the cur-
rent paths. We found that b increased by roughly one order of
magnitude while increasing the temperature from
190 to 230 K. In the inset of Fig. 4, the effective mass of the
current paths was also found to increase by about an order of
magnitude, from 0.6 mg at 190 K to 6 mg at 233 K. How-
ever, the mass between the two electrodes for the voltage
acquisition in V-I measurements was estimated to be
�37 mg. These results are clearly consistent with the partly
heating/conducting description proposed above.

Additionally, oscillatory behavior of differential resis-
tance �dV /dI� was observed and is shown in Figs. 5�a� and
5�b�. At 240 and 245 K, i.e., slightly above the TMI for zero
magnetic field, oscillations in the differential resistance ap-
peared at the current was higher than �0.1 A. The oscilla-
tion period decreased with increasing temperature. At tem-
peratures above 250 K, no clear oscillation was observed
�see Fig. 5�c��. The oscillation was closely dependent on the
magnetic field �not shown here�. Notably, it was also at 240
and 245 K where unusually large low-field magnetoresis-

tance effects appeared �Ref. 22�, which has been attributed to
spin-dependent tunneling between isolated ferromagnetic
clusters embedded in the insulating paramagnetic matrix.
Therefore, it is reasonable to attribute the aforementioned
oscillatory behaviors to electron tunneling.

FIG. 3. �Color online� Effective temperature T of the current paths vs the
applied current �I�/time �t�. FIG. 4. The obtained cooling coefficient b�T� as a function of the effective

temperature of the current paths. The inset shows the mass of the current
paths as a function of the effective temperature. Here, m�T� is calculated
from the fitted C�T� and our measured specific heat Cp�T� data �Ref. 24�.

FIG. 5. Current dependence of the differential resistance �dV /dI� and volt-
age at 240 K �a�, 245 K �b�, and 250–260 K �c�, respectively.
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IV. SUMMARY

In summary, in electronically phase-separated
Pr0.7Pb0.3MnO3 single crystals, nonlinear current effects were
found above a threshold current. The square of the threshold
current decreased linearly with the external temperature. Us-
ing heat equilibrium theory, we have proposed a simple
model to explain the experimental results and subsequently
obtained insights into the topological characteristics of the
current paths and their dependence on the applied current.
More detailed studies based on the model are expected to
give further insights into the phase-separated systems while
applying an electrical current/field.
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