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Colossal resistive relaxation effects in a Pr0.67Ca0.33MnO3 single crystal
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We report here on an experimental study of slow thermal relaxation effects from the metastable metallicferromagnetic phase to the insulating one in a charge-ordered manganese oxide, Pr0.67Ca0.33MnO3. The metalinsulator transition is evidenced by an abrupt jump of the resistivity by several orders of magnitude at a
well-defined time t while there is no apparent singularity in the magnetization relaxation. This supports the
view of a percolative behavior of current transport. The magnetic relaxation is discussed in terms of a two-level
phenomenological model with a distribution of energy barriers.
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Since the observation of the so-called phenomenon of colossal magnetoresistance ~CMR! in thin films of mixedvalence Mn perovskites,1,2 the interest in these compounds,
already studied in the 1950s,3 has been strongly renewed.
Indeed, the manganites of general formula R 12x M x MnO3
~R5rare earth, M 5alkaline earth! exhibit a remarkable behavior in which structural, transport, and magnetic properties
are closely and intricately related.4
Whereas LaMnO3 is an insulating antiferromagnet with
orbital order between the Mn31 ions, the substituted compounds La12x M x MnO3 ~M 5Ca,Sr,Ba!, with x;0.2– 0.4,
are metallic ferromagnets which undergo a metal-insulator
transition around their Curie temperature, T c . The CMR effect is simply related to the forced alignment of the Mn magnetic moments by the external field, which allows the easy
hopping of carriers between neighboring Mn sites. It is qualitatively explained by the double-exchange mechanism,5 but
the coupling of charge carriers to phonons is likely to be of
importance for quantitative interpretation of the transport
properties.6 This is supported by the large isotopic effect
recently evidenced by the shift of T c in 18O-enriched
La12x Cax MnO3. 7
In the RMnO3 perovskites, the double-exchange interaction is mediated by the overlap of the 2p orbitals of O and
the e g orbitals of Mn ions that is strongly dependent on the
tolerance factor t ~where t5d R-O /&d Mn-O and d denotes an
interatomic distance!. Decreasing t leads to an increasing departure from 180° of the Mn-O-Mn angle value, leading to a
reduction of the double-exchange transfer integral. This favors the occurrence of an insulating noncollinear Mn spins
phase at low temperature with localized carriers. Furthermore, at certain concentrations, this charge localization can
be achieved in an orderly way leading to a charge-ordered
~CO! phase.
Such a CO phase, originally observed in oxides belonging
to high-T c superconductor families,8 was at first proposed to
explain the low-T behavior of Pr0.5Sr0.5MnO3 ~Ref. 9! and
studied in detail in La0.5Ca0.5MnO3.10 In these manganites,
the equal number of Mn ions in the valence states 13 and
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14 is highly favorable for the establishment of the CO state.
However, in manganites with a still smaller tolerance factor,
t<0.91, the CO state occurs in a relatively wide range of
concentrations. In Pr12x Cax MnO3 (t>0.89), the CO phase
takes place in the range 0.3<x<0.5 with T CO;220– 240 K
and a relatively complex magnetic phase including antiferromagnetism and/or canted antiferromagnetism has been
observed.11,12 At low temperature, the application of a magnetic field induces a transition from insulating to metallic
phase resulting from the forced alignment of the Mn spins.
This phase transition is of first order and the corresponding
~T,H! phase diagram displays a strong hysteresis. This hysteresis is especially striking at x;0.3 where the fieldinduced metallic phase is maintained in a metastable state
when suppressing the field at T,50 K. 12
In this paper, we report the first experimental observation
of slow dynamical effects at the transition from the metastable metallic phase to the stable insulating CO phase. The
experiments were performed on a single crystalline sample
of Pr0.67Ca0.33MnO3 cut from a several-cm-long crystal
grown in an image furnace by the floating-zone method.13,14
All the measurements were carried out on a parallelepiped of
size 23238 mm. The relative Ca/Pr concentration was
checked by energy dispersive x-ray analysis in a scanning
electron microscope. Four small gold contacts were sputtered
on the sample. Electrical resistivity measurements were carried out by the standard four-probe technique, in a variable
temperature cryostat ~1.4–320 K! equipped with a 10-T superconducting coil. The magnetization of the same sample
was measured by superconducting quantum interference device ~SQUID! magnetometry.
Resistivity measurements were performed either in fixed
applied field versus temperature, or at fixed temperature versus field. In these latter experiments, the sample was first
cooled in zero field from room temperature down to the
working temperature T 0 . The sample is then set in the insulating antiferromagnetic ~AF! phase. At increasing magnetic
field up to 10 T, the transition from the insulating AF phase
to the metallic ferromagnetic ~FM! phase occurs at a well77
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FIG. 1. Resistivity vs magnetic field at T540 K in
Pr0.67Ca0.33MnO3 cooled from 300 to 40 K in zero field. The phase
diagram in the ~H,T! plane is shown in inset. Notice the large hysteresis region ~the hatched area! in which the insulating antiferromagnetic and the metallic ferromagnetic phases can coexist.

defined field at which the resistivity drops by several orders
of magnitude. This metallic phase is maintained when removing the field at T 0 <45 K ~Fig. 1!. From these experiments, a phase diagram in the ~H,T! plane, consistent with
that previously established12 was obtained ~Fig. 1!. It shows
three distinct regions: a first one at high fields and low T
where the FM phase sets in, a second one at low fields and
high T corresponding to the CO phase, and a hysteresis region limited by two H(T) borderlines, where both phases
can be encountered depending on the T or H variation procedure.
Inside the hysteresis region, striking time aftereffects are
observed close to the borderlines. These effects were systematically studied at the upper borderline by using the following procedure: after cooling in zero field to a fixed temperature T 0 , the crystal is driven into the metallic state by a 10-T
applied field; then the field is quickly decreased ~2 T/min! to
zero or to a final field H 0 and the resistance R is recorded as
a function of time t. Typical R(t) curves, taken either in zero
field and at various temperatures T 0 or in various fields H 0
and at T 0 545 K, are shown in Figs. 2 and 3. The most
salient feature is a sudden jump of the resistance by several
orders of magnitude at a well-defined time t. This transition
time from a metallic to an insulating phase exhibits a strong
dependence on T 0 and H 0 . The experimental zero-field data
are well described by the activation law t 5 t 0 exp(E0 /kBT)
where k B is the Boltzmann constant, with t 0 52.1310211 s
and E 0 /k B 51380 K ~inset of Fig. 2!. The field dependence
is also consistent with an exp(m0mH/kBT) activation law ~inset of Fig. 3!. Finally, all experimental data can be fitted by
the following equation @Eq. ~1!#, which includes both temperature and field dependences:

t 5 t 0 exp@~ m 0 mH1E 0 ! /k B T # ,

~1!
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FIG. 2. ~a! Logarithmic plot of resistance vs time in zero field
and at various temperatures in Pr0.67Ca0.33MnO3. The sample was
initially driven into the metastable metallic state by a 10-T applied
field ~as indicated in the text!. ~b! Characteristic time t of the metalinsulator transition in a logarithmic scale as a function of 1000/T.
The straight line is a fit to the activation law t 52.1
310211exp(1380/T).

where m'330m B and E 0 /k B 51380 K. m B is the Bohr magneton.
The time dependence of magnetization was investigated
on the same sample following a similar procedure. Starting
from the metallic phase established at low temperature and
high field, here 5.5 T, the sample is quickly driven to a
T 0 ,H 0 point inside the hysteresis region of the phase diagram and the magnetization s is recorded versus time. Most
measurements were carried out at a low-field value, m 0 H 0
50.003 T, and at various temperatures ranging from 35 to
44 K. In addition, a measurement was performed at m 0 H 0
50.5 T and T 0 545 K in order to provide a direct comparison with the time dependence of resistivity. In all cases, the
magnetization was found to decrease slowly with increasing
time, the long-time behavior being consistent with a log(t)
linear dependence, often observed in soft ferromagnets15 and
spin glasses.16 The absolute value of the slope of s vs log(t)
increases with T but the number of data is insufficient to
determine this variation precisely.
The most striking feature is revealed by the comparison of
R(t) and s (t) at m 0 H 0 50.5 T; T 0 545 K. At the time
where R(t) changes abruptly by several orders of magnitude,
there is no apparent singularity in the magnetization curve
~Fig. 4!. This strongly suggests that the metastable phase
obtained by demagnetizing the crystal at low T is spatially
inhomogeneous. It is likely to be composed of a mixture of
metallic and insulating regions that may lead to a high electrical conductivity providing that the proportion of ferromagnetic metallic state is large enough to ensure percolation
across the sample. Upon increasing time, the proportion of
the metallic ferromagnetic phase slowly decreases as shown
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FIG. 3. ~a! Logarithmic plot of resistance vs time at T545 K
and in various applied fields in Pr0.67Ca0.33MnO3. The sample was
initially driven into the metastable metallic state by a 10-T applied
field ~as indicated in the text!. ~b! Characteristic time t of the metalinsulator transition in a logarithmic scale vs applied field H. The
straight line is a fit to the activation law t 5 t 0 exp@(m0mH
11380)/T # .

by the magnetization measurements. When this proportion
falls below the percolation threshold, the continuous metallic
paths connecting the ends of the sample are suppressed and
the resistivity drastically increases.
The temperature dependence of Eq. ~1! can be interpreted
by a phenomenological model of thermally activated twolevel systems, as was previously proposed for the
Nd0.5Sr0.5MnO3 system.17 In this model, the metallic phase
and the insulating phase each occupy a minimum in an
asymmetrical double well, the lowest minimum being here
occupied by the insulating phase. Obviously, only a nonvanishing interaction with the thermal bath enables the system
to climb up the energy barrier.18 In Eq. ~1!, the t 0 coefficient
is expected to be related to the microscopic mechanism involved in the metal-insulator transition, and therefore should
contain the electron-phonon coupling. Recently, the essential
role played by the electron-phonon interaction in determining the transport properties of these materials has been
clearly evidenced by a huge isotope effect.19
The effect of an applied magnetic field is to lower the
energy of the ferromagnetic metallic phase and, at least for
small field values, to increase the height of the energy barrier
between the two minima of the well. Clearly, the transition
from the metallic to the insulating phase cannot take place in
a single step in the whole sample since this would require
overcoming a rather high barrier. More likely, one has to
consider a collection of a large number of small two-level
subsystems with a distribution of energy barriers. The thermally activated transition for a given subsystem should take
place at a time longer and longer as the energy barrier is
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FIG. 4. Comparison between the time dependences of magnetic
moment and resistance in Pr0.67Ca0.33MnO3 ~T545 K and m 0 H
50.5 T!. The system was initially driven in the metallic FM phase
by a 10-T applied field ~as indicated in the text!. Notice the absence
of any singularity in magnetic moment at the time t 54600 s,
where the resistance jumps by several orders of magnitude.

higher. This is consistent with the continuous slow time decrease of the magnetization. A characteristic size of these
subsystems at the percolation threshold could be deduced
from the effective magnetic moment m involved in Eq. ~1!.
Expressing it as

m5n effg m B ^ S & ,

~2!

where ^S& is the average spin of the Mn ion ( ^ S & 522x/2
51.83) and g52; the experimental m value leads to n eff
590, which might be interpreted as the number of Mn ions,
the transition of which breaks a percolation path at the percolation threshold.
In the present study, the energy barriers are overcome by
thermal activation. Recent experiments have evidenced a
transition from the insulating to the metallic phase by illumination with x rays at low temperature.20 The stabilization of
the metallic phase is somewhat unexpected since its energy
is higher than that of the insulating phase in zero field. However, in the frame of the two-level model, a subsystem can
overcome the energy barrier by absorption of a high-energy
photon and the populations of the two levels tend to equalize
by this process. It results that the final proportion of the
metallic phase in the sample could reach about one half,
which is likely above the percolation threshold and large
enough to achieve a low resistivity state.
In summary, we report here the first experimental study of
slow thermal relaxation effects at the metal-insulator transition of a charge-ordered manganite. The experimental results
support the view of the coexistence of metallic and insulating
phases in Pr12x Cax MnO3. The time variation of the resistivity provides evidence for a percolative behavior of current
transport. The experimental data are consistent with a simple
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phenomenological two-level model with a distribution of energy barriers. A microscopic study by high-resolution imaging techniques would be of great interest to improve the
understanding of these phenomena.
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