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By means of magnetization, resistance, and electron-spin-resonance measurements at various temperatures
it was found that, with increasing temperature, single crystalline Pr0.7Pb0.3MnO3 experiences an unconven-
tional sequence of phase-transition processes, ferromagnetic phase→ ferromagnetic+paramagnetic phase
→superparamagnetic+paramagnetic phase→paramagnetic phase. Moreover, in the phase-separated tempera-
ture range, the metal-insulator transition and the magnetoresistance value are sensitively dependent on the
specific processes of temperature change and magnetic field application. On the contrary, the magnetization is
process independent. All experimental results can be well understood qualitatively based on a free-energy
model considering the distribution of the ferromagnetic phase in the paramagnetic matrix.
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I. INTRODUCTION

Colossal magnetoresistancesCMRd, discovered in ferro-
magnetic sFMd metallic perovskite manganites
Ln1−xAxMnO3 sLn=La, Pr, Nd…, A=Ca, Sr, Ba, Pb…d, oc-
curs usually accompanied by a metal-insulator transition.
The basic microscopic mechanism responsible for this be-
havior is believed to be the double-exchange interaction,
where the hopping of an itinerant eg electron from the triva-
lent Mn3+ to the tetravalent Mn4+ site facilitates both the
ferromagnetism and metallic conductivity.1 In a fully homo-
geneous double-exchange system, one would expect a sharp
metal-insulator transition from the low-temperature metallic
FM phase into the high-temperature insulating paramagnetic
sPMd phase at the Curie temperaturesTCd. However, contro-
versial cases appeared usually in the real samples. Some-
times, the metal-insulator transition temperaturesTMId is
lower than TC, even an FM insulating phase appeared in
some samples, which is quite difficult to understand only
based on the double-exchange mechanism. There is now
compelling experimental evidence that the complex interplay
of the electronic degrees of freedomscharge, spin, and or-
bitald and the lattice leads to a phase separation rather than a
single homogeneous phase.2–12 For example, Ueharaet al.13

gave an explanation why the magnetoresistance response in-
creased dramatically whenTC was reduced from the view-
point of percolative phase separation. By small-angle
neutron-scattering experiments, De Teresaet al.14 found for
La0.67Ca0.33MnO3 that, when the temperature was slightly
aboveTC, there were FM metallic clusters imbedded in the
PM insulating matrix, and the size of FM clusters changed

with increasing temperature and magnetic field. In general,
the phase-separation scenario, as an intrinsic feature of per-
ovskite manganites, has been acknowledged gradually. On
the other hand, though the appearance of the phase separa-
tion in perovskite manganites was verified by various experi-
mental investigations, the evolution process of the magnetic
and electric phases with temperature or magnetic field re-
mains an interesting topic.

The competition between the coexisting phases opens the
possibility for the appearance of interesting time-dependent
effects,15,16 and even process-dependent effects, which may
cause serious influences on physical properties in a phase-
separated system.17,18 More efforts are needed to shed light
on the relevance between the configuration of coexisting
phases and physical properties. In our previous
investigations,19 it was found that a large low-field
magnetoresistance effect appeared in single-crystalline
Pr0.7Pb0.3MnO3 when the temperature is slightly aboveTMI.
This result was attributed to spin-dependent electron tunnel-
ing between isolated FM clusters. In this article, we focus on
the evolution process of the magnetic and electronic phases
with temperature and magnetic field. In the single-crystalline
Pr0.7Pb0.3MnO3, the phase transition process and its process
dependence have been investigated systematically by means
of magnetization, transport, and electron-spin-resonance
sESRd measurements. It was found that, with increasing
temperature, Pr0.7Pb0.3MnO3 experiences an uncon-
ventional phase-transition sequence, FM→FM+PM
→SPMssuperparamagneticd+PM→PM. Interestingly, the
metal-insulator transition and the obtained CMR values de-
pend intimately on the specific process of temperature
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changes and/or magnetic-field applications in the phase-
separated temperature region, however, the magnetization is
process independent. These results suggest that the specific
distribution of the FM phase in this phase-separated system
should be a considerably important factor and plays a signifi-
cant role in transport properties.

II. EXPERIMENTAL DETAILS

Single crystals of Pr0.7Pb0.3MnO3 were grown by the flux-
growth method. The growth process and characterization of
the structure and composition were described in detail
elsewhere.19,20 Temperature and magnetic-field dependences
of the magnetization were measured in a commercial super-
conducting quantum interference devicesSQUIDd magneto-
meter. ESR measurements were carried out at 9.50 GHz us-
ing a Bruker-200D spectrometer equipped with a continuous
gas-flow cryostatsnitrogend. The ESR spectra were recorded
from 200 to 280 K. The dc resistivity was measured using a
standard four-probe method. Cu electrodes were prepared by
thermal evaporation. The magnetization and resistance were
measured in different processes. In processs5→T,H0d, the
sample was cooled to 5 K from room temperature without
applied magnetic field, then the magnetization/resistance was
recorded with increasing temperature under an applied field
H0. In processsT0,0→Hd, the sample was cooled to the
desired temperatureT0 without applied magnetic field, then
the magnetic-field dependence of the magnetization and/or
resistance was recorded at this desired temperatureT0.

III. RESULTS AND DISCUSSIONS

Figure 1sad shows the temperature evolution of the mag-
netization and resistance. It is clearly indicated that the
sample is ferromagnetic and metallic at low temperature, and
paramagnetic and insulating when the temperature is above
235 K. Though one would expect a metal-insulator transition
to occur at or belowTC in a homogeneous double-exchanged
system, it is not the case in our sample. IfTMI and TC are
defined as shown in Fig. 1sad, TMI is about 30 K higher than
TC. In other words, it seems that a “metallic PM phase”
appears in a narrow temperature region. The inset of Fig.
1sbd indicates ESR spectra measured from 205 to 270 K.
When the temperature is above 260 K, the ESR signals con-
sist of a single peak withg=2.0 nearly independent of the
temperature. This signal has been believed to be due prima-
rily to PM Mn ions.21,22 When the temperature is below 260
K, which is much higher than theTC s,205 Kd, a nascent
FM resonance peak appears at low field. In other words, the
FM phase appears when the temperature is below 260 K,
though no FM characteristic was detected by SQUID above
220 K fsee the inset of Fig. 1sadg. As shown in Fig. 1sbd, the
resonance field of the nascent FM phase is almost indepen-
dent of the temperature below 235 K, which is justTMI. This
suggests that the magnetic ordering in the nascent FM phase
is rather stable and hardly changes with increasing tempera-
ture below theTMI. Increasing the temperature further above
TMI, the resonance field of the nascent FM phase begins to
increase with temperature and disappears above 260 K.

Combining magnetization, resistance, and ESR results,
the phase-transition process of Pr0.7Pb0.3MnO3 can be ex-
tracted unequivocally. At low temperature, the sample is in a
homogeneous FM metallic phase. When the temperature ap-
proachesTC, phase separation occurs. A nascent FM phase
with a relatively rich hole concentration separates from the
PM matrix. BelowTMI s235 Kd, the FM phase fraction is
above the percolation threshold value and the sample exhib-
its metallic behaviors. The nascent FM ordering is relatively
stable so that an increasing temperature only decreases the
FM phase fraction, however, destroys hardly the FM order-
ing. When the temperature is aboveTMI, the FM fraction is
below the percolation threshold value and the connected FM
phase is broken into isolated FM clusters and behaves as a
superparamagneticsSPMd state. Consequently, the sample
acts as an insulator and no obvious FM characteristics can be
observed in the SQUID measurement due to its relatively
longer measuring time. An increasing temperature reduces
the sizes of these isolated FM clusters and destroys the FM
ordering. As a result, the FM phase fraction decreases and
the resonance field increases with increasing temperature. In
general, with increasing temperature, Pr0.7Pb0.3MnO3 experi-
ences an FM→FM+PM→SPM+PM→PM phase transition
sequence.

As shown above, the single-crystalline Pr0.7Pb0.3MnO3
experiences a complex and unconventional phase-transition
process with increasing temperature. Such a phase transition
should be sensitive to external disturbances, which can cause

FIG. 1. sad Temperature dependence of the magnetizationsunder
a field of 0.1 Td and zero-field resistance. The upright dash-dot lines
indicate the metal-insulator transition temperaturesTMId. The inset
of Fig. 1sad shows the magnetization as a function of the magnetic
field at various temperatures.sbd Temperature dependence of the
ESR resonance field. The inset of Fig. 1sbd shows ESR spectra
measured from 205 to 270 K.
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probably process-dependent effects in the physical proper-
ties. Here, the temperature and magnetic-field dependences
of the magnetization and resistance were measured in pro-
cess s5→T,H0d and sT0,0→Hd, respectively. Comparing
Figs. 2sad and 2sbd, one can find that:s1d the terminal resis-
tance value is quite different in both processes. For example,
under a magnetic field of 5 T, the resistance is 0.11V at 245
K in process s5→T,H0d, much smaller than in process
sT0,0→Hd s0.31Vd. In other words, the magnetoresistance
values MR sMR=fRs0d−RsHd /Rs0dg3100%, whereRs0d
andRsHd are the resistance at absence and presence of fieldd
calculated from the data of processs5→T,H0d and sT0,0
→Hd are remarkably different. In order to show this point
clearly, the MR as a function of temperature and magnetic
field is shown in Fig. 3. In general, the MR in processs5
→T,H0d is much larger than in processsT0,0→Hd. For ex-
ample, at 230 K, a magnetic field of 5 T induces a MR as
large as 90% in processs5→T,H0d and only 50% in process
sT0,0→Hd. Under a high magnetic field, the maximum of
the MR appears near 235 K in both processes. However,
under a lower magnetic field, for example, 0.2T, the maxi-
mum of the MR appears at 225 K in processs5→T,H0d, 10
K lower thanTMI under a zero field, and at 245 K in process
sT0,0→Hd. 20 K higher than in processs5→T,H0d. The

large MR appearing slightly aboveTMI in processsT0,0
→Hd has been attributed to the spin-dependent electron tun-
neling between isolated FM clusters, which was reported in
detail in Ref. 19. Therefore, considering the considerable
process dependence, the MR value cannot be extracted
strictly from processs5→T,H0d. s2d As shown in Fig. 4,TMI

increases linearly with magnetic field in processs5
→T,H0d. The application of magnetic field of 5 T increases
TMI from 235 K to 280 K. If we define the peak temperature
in resistance-temperature curve in processsT0,0→Hd as
TMI* fsee Fig. 2sbdg, the magnetic field even up to 5 T
changes slightly theTMI* . Generally, both the metal-insulator
transition and MR value are obviously process dependent.

Completely different from the resistance, the magnetiza-
tion is independent of the measuring process. As shown in
Fig. 5, the magnetization values measured in both processes
coincide with each other completely. Considering the differ-
ent process dependences of the magnetization and resistance,
one can conclude that the concentration of the FM phase is
independent of the measuring process. However, the distri-
bution of FM clusters in the PM matrix may be affected by
the measuring process and plays a critical role on transport
properties, i.e., metal-insulator transition and CMR. In the
phase-separated temperature range, the system tends to trans-
form from a connected distribution state to an isolated dis-

FIG. 2. Resistance as a function of the temperature and
the magnetic field insad process s5→T,H0d and sbd process
sT0,0→Hd.

FIG. 3. Temperature dependence of the MRsMR=fRs0d
−RsHd /Rs0dg3100%, whereRs0d and RsHd are the resistance at
absence and presence of field, measured under various magnetic
fields in processs5→T,H0d shollow symbolsd and processsT0,0
→Hd ssolid symbolsd.

FIG. 4. Magnetic-field dependence of metal-insulator transition
temperature in processs5→T,H0d sTMId and processsT0,0→Hd
sTMI* d.

FIG. 5. Magnetization as a function of the temperature and mag-
netic field in processs5→T,H0d shollow symbolsd and process
sT0,0→Hd ssolid symbolsd.
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tribution state in processs5→T,H0d while there is a reversal
tendency in processsT0,0→Hd. The process dependence of
transport propertiessor say the distribution of the FM clus-
tersd implies that there exist free-energy barriers between dif-
ferent cluster distribution states, so that the transition be-
tween these different distibution states is first order.

As an example, we consider only two kinds of regular
distributions of the FM clusters:sid droplike distributionsiso-
lated FM clustersd and sii d stripelike distributionsconnected
FM clustersd. The free energy of a unit volume phase-
separated system can be written as

Df = yfm + fs + fc

wherey is the volume concentration ratio of the FM phase,
fm is the magnetic free energy of the FM phase,fs is the
interface energy between FM clusters and the PM matrix,
and fc is Coulomb energy intra- and/or inter-FM clusters. In
an electronic phase-separated system, the rich-hole FM phase
separating from the PM matrix is favorable to lower the
magnetic free energy. The interface energyfs favors to form
a single FM phase, while the Coulomb energyfc tends to
break the FM phase into small clusters. As a result, the com-
petition among these energies determines the phase compo-
nents and their specific distributions.23 It is known thatfs is
proportional toy2/3/d in the droplike distribution state and
y1/2/d in the stripelike distribution state, respectively, andfc
is proportional tod2 only with a small difference in the co-
efficients in both distribution states aforementioned,24 where
d is the average distance between drops or stripes. Notably,
wheny is above one certain critical value, the stripelike dis-
tribution state is of a smaller interface energy and a compa-

rable Coulomb energyseven with a macroscopic size in one
or two dimensions24d than the droplike distribution state.
Therefore, the transition can occur between the two distribu-
tion states. The transition must be accompanied by the defor-
mation of the FM clusters. In other words, the system will
experience some transition states with deformed FM clusters,
which are of higher interface energy as well as possible Cou-
lomb energy and serve as energy barriers between the drop-
like and stripelike distribution states. As a result, the transi-
tion between different distribution states is first order and
causes the process dependence in transport properties.

IV. SUMMARY

We have investigated the temperature evolution of the
magnetic and electronic phases and the process dependence
of magnetic and transport behaviors in single-crystalline
Pr0.7Pb0.3MnO3. It was found that, with increasing tempera-
ture, Pr0.7Pb0.3MnO3 experiences an FM→FM+PM→SPM
+PM→PM phase-transition sequence. The metal-insulator
transition and the MR values are process dependent. A free-
energy model considering the distribution of FM clusters has
been proposed to understand qualitatively the phase-
separation and process dependences of transport properties.
In other words, considering only phase separation and usual
random percolation may not be sufficient to understand the
rich experimental phenomena in perovskite manganites.
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