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Field-induced insulator-to-metal transitions have been found in Pr12xCaxMnO3 ~0.3<x<0.5! single crystals,
which are accompanied by a melting of the insulating charge-ordered~i.e., Mn31/Mn41 ordered! state. The
transition is of the first order with a hysteresis and is even irreversible at low temperatures. Thex-dependent
metal-insulator phase diagrams in theH-T plane indicate that a deviation ofx from 0.5 modifies the robustness
of the charge-ordering state, which is argued in terms of the effect of discommensuration of the charge
concentration on the charge-ordered state.

In narrow-band systems, such as 3d transition-metal ox-
ides, the correlation among the charge carriers brings a con-
siderable modification of the electronic properties. In addi-
tion to the well-known case of the Mott-Hubbard insulator,
the real-space ordering of charge carriers~charge ordering!
in a crystal is one of the representative phenomena as a result
of the predominant Coulomb interaction over the kinetic en-
ergy of the charge carriers. Such a charge-ordering phenom-
enon has been observed mostly when the concentration of
charge carriers takes a rational value of the periodicity of the
crystal lattice.1–4 In addition to the correlation strength
among the charge carriers, the commensurability of the car-
rier concentration with a periodicity of the crystal lattice is
thus related to the robustness of the charge-ordered state.

In this paper, we describe the metal-insulator phenomenon
induced by a magnetic field in the hole-doped perovskite-
type manganese oxide Pr12xCaxMnO3 ~0.3<x<0.5!. The
observed features are relevant to the real-space ordering of
1:1 Mn31/Mn41 species accompanying a lattice structural
change and to the magnetic-field-induced melting of such a
‘‘charge crystal’’ state. Although the charge-ordering phe-
nomenon is optimized atx51

2, a deviation ofx from 1
2 ~i.e.,

discommensuration! weakens the charge-ordered state,
which manifests itself as the criticallyx-dependent metal-
insulator phenomenon under a magnetic field. Since the con-
duction carriers are strongly coupled with the local spins in
terms of double-exchange interaction,5–7 the resistive state is
strongly affected by the local spin state and can be controlled
to some extent by an external magnetic field.

Single crystals of Pr12xCaxMnO3 ~0.3<x<0.5! were
grown by the floating-zone method. The crystal growth was
performed in a 100% O2 atmosphere at a rate of 3–5 mm/h
with rotation of the seed and feed rods in opposite directions.
The middle part of the rod was cut out and characterized by
the x-ray Laue and neutron-diffraction measurements, which
confirmed the formation of single crystals. The x-ray powder
analysis indicated that all the samples were in a single phase
with the orthorhombically distorted perovskite lattice. The
orthorhombic distortion was observed to decrease withx in

accord with results in the literature.8 The electron-probe
microanalysis~EPMA! indicated a nearly identical composi-
tion with a prescribed one for each crystal.

Figure 1 shows the electronic phase diagrams of
Pr12xCaxMnO3 crystal ~right! and, for comparison, that of
La12xSrxMnO3 crystal ~left! ~Refs. 9 and 10!, which is a
prototypical double exchange ferromagnet without charge-
ordering instability. The phase diagram of Pr12xCaxMnO3
has been determined by measurements of the resistivity,
magnetization, and neutron diffraction.11 In La12xSrxMnO3
the ferromagnetic~fm! metallic state becomes prevailing for

FIG. 1. The magnetic as well as electronic phase diagrams of
La12xSrxMnO3 ~Refs. 9 and 10! ~left!, which is cited from Ref. 10,
and Pr12xCaxMnO3 ~right!. The PI, PM, and CI denote the para-
magnetic insulating, paramagnetic metallic, and canted insulating
states, respectively. The FI and FM denote the fm insulating and
fm metallic states, respectively.TC and TN denote the fm Curie
and afm Ne´el temperatures, respectively. For 0.3<x<0.5 in
Pr12xCaxMnO3, the afm insulating~AFI! state exists in the charge-
ordered insulating~COI! phase.TCO andTN denote the charge or-
dering and afm transition temperatures, respectively. The magnetic
state forTN,T,TCO is paramagnetic. The canted afm insulating
~CAFI! state also shows up below the AFI state in the COI phase
0.3<x<0.4.TCA denotes the canted afm transition temperature.
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x.0.17.10 Such an appearance of the fm metallic state with
an increase inx ~Ref. 12! has been described by the double
exchange theory.5–7 Recent investigations on the magne-
totransport property10,13 have shown that the large negative
magnetoresistance~MR! is observed around the fm transition
temperature. The application of an external magnetic field
reduces the spin scattering in conduction carriers,14 which is
expected to be most pronounced around the Curie tempera-
tureTC , and hence causes a large negative MR as observed.

On the contrary, a more complex feature appears in the
phase diagram of Pr12xCaxMnO3: the 1:1 ordering of
Mn31and Mn41 species~charge ordering! takes place at
TCO'230 K for x>0.3.15 The charge-ordering transition ac-
companied by a change~0.6–2.4 %! in lattice parameters is
followed by the antiferromagnetic~afm! and canted afm or-
dering at lower temperatures~,TCO!.15 By contrast, the fm
phase appears at low temperatures for 0.2,x,0.3, though
the resistivity remains semiconducting even belowTC . In
general, the cations with smaller ionic radii in (R,A) sites of
R12xAxMnO3 cause a larger alternating tilting of the MnO6
octahedra in a distorted perovskite crystal~of the GdFeO3
type! and then a one-electron bandwidth is reduced in a
distortion-dependent manner.16 In the crystal with the re-
duced one-electron bandwidth, the charge-ordered state tends
to show up as observed in La12xCaxMnO3 ~x' 1

2!,
17

Pr1/2Sr1/2MnO3,
18,19 Nd1/2Sr1/2MnO3,

20 and also in the
present Pr12xCaxMnO3 crystal.

8,15 The charge-ordered state
is expected to be most stabilized when the nominal hole
concentration (x) takes a commensurate value with the
lattice periodicity ~x51

2 in the present case!. In
Pr12xCaxMnO3, however, the charge ordering with the
~p,p,0! pattern occurs even forx50.3 significantly away
from 0.5.12 The charge and spin ordering for 0.3<x<0.75 is
basically represented by their afmCE-type17 structure of
Pr0.5Ca0.5MnO3,

15 where Mn31 and Mn41 are arranged alter-
natively within the~001! plane, i.e., with the~p,p,0! pattern,
and the magnetic lattice is expanded to 43432 in the
pseudocubic setting.

Figure 2 shows the temperature dependence of resistivity
~r-T curve! for Pr12xCaxMnO3 ~x50.5, 0.4, 0.35, and 0.3!
crystals in the absence of a magnetic field and under mag-
netic fields of 6 and 12 T. The zero-field resistivity is insu-
lating for all thex values: Ther-T curves forx50.5, 0.4,
and 0.35 show a distinct increase around 220–230 K and that
for x50.3 shows a small but discernible change in the slope
around 200 K, which are all corresponding to the onset of
charge ordering. Asx increases toward 0.5, the resistivity
anomaly due to the onset of charge ordering becomes clearer.
Although the charge ordering forx50.3 is barely observed
as the small anomaly in the resistivity, a superlattice structure
has been confirmed below'200 K as further evidence for
the charge ordering by neutron-diffraction measurement.11

Application of a magnetic field drastically modifies such
an insulating charge-ordered~and in some cases magneti-
cally ordered! state. Let us first see the variation ofr-T
curves withx under 6 T. Forx50.5 the charge-ordering tem-
perature becomes lower than that under zero field and the
resistivity remains insulating down toT50. Forx50.4, 0.35,
and 0.3 a similar behavior ofTCO is seen. However, they
show a large resistivity drop by several orders of magnitude
at some critical temperature~below 100 K!, which indicates

that a charge-ordered state collapses at low temperatures
even in case the charge-ordering transition once takes place
at a higher temperature.

A further variation withx appears under 12 T. Forx50.5
the r-T curve is metallic at high temperatures, but still
shows a jump at 160 K, perhaps corresponding to the onset
of the charge ordering and the semiconducting behavior per-
sists down toT50, On the contrary, forx50.4 and 0.35 a
trace of charge ordering is completely removed from the re-
sistivity curve and the metallic conduction continues down to
low temperatures. Such versatile metal-insulator behaviors as
observed in Fig. 2 imply that the deviation ofx from 0.5
plays an important role for a melting of the charge-ordered
state from a low-temperature side.

To quantify the observed metal-insulator phenomenon, the
isothermal MR was measured for these crystals. Figure 3
exemplifies typical traces of ther-H curves forx50.35. As
shown here, the application of a magnetic field causes the
transition from the charge-ordered to metallic state with a
temperature-dependent hysteresis. Note that a change of the
resistivity upon the field-induced transition exceeds several
orders of magnitude, in particular, more than ten orders of
magnitude at temperatures below 30 K. Furthermore, the
hysteresis is pronounced with a decrease in temperature and
it becomes so large, e.g., at 4.2 K, that in the field-decreasing
process the resistivity no longer recovers to the insulating
state. In accord with the metal-insulator phenomenon inr-H
curves, theM -H curve measurements at 30 K showed the

FIG. 2. The temperature dependence of resistivity under
m0H50, 6, and 12 T for Pr12xCaxMnO3 ~x50.5, 0.4, 0.35, and 0.3!
crystals. The resistivity was measured in a field cooling~FC! run.
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metamagneticlike transition from the canted afm to fm state
at '5 T and vice versa at'2 T in the field-increasing and
-decreasing runs, respectively, as indicated on the upper ab-
scissa of Fig. 3. Such a resistive transition associated with
the magnetic transition from a canted afm to fm state seems
to be well in accord with the description of the double-
exchange model,6,7 in which the spin-dependent transfer (t)
between the neighboring sites is expressed ast5t0cos~Du/2!,
whereDu is a relative angle of the localt

2g
spins andt0 is the

transfer in a fully spin-polarized state.
Figure 4 shows the thus-obtained phase diagrams for

x50.5, 0.4, 0.35, and 0.3. The hysteretic region is shown by
the hatched area. In the case ofx50.5 where the carrier
concentration is commensurate, the charge-ordering phase
persists down toT50 at least form0H<12 T. In the case of
x50.4, 0.35, and 0.3, on the other hand, the discommensu-
ration makes the phase boundary shift toward low fields, as
shown in Fig. 4, which is pronounced for the lower-
temperature region. As another noteworthy aspect of the
phase diagram forx50.4, 0.35, and 0.3, the hysteresis grows
with a decrease in temperature~especially below 20 K!. Such
a tailing behavior of the phase boundaries towardT50 may
be accounted for in terms of a decrease of the thermal fluc-
tuation effect on the first-order phase transition.20 Namely,
the transition of the metastable state~e.g., field-induced me-
tallic state! is difficult or needs a higher field in case the
thermal energy is much less than the potential barrier.

At this stage, the variations ofr-T curves withx as well
as with a magnetic field in Fig. 2 are clearly understood in
terms of the present metal-insulator phase diagram in the
magnetic-field–temperature (H-T) plane. The insulator-
metal transition was caused from a low-temperature side
with increase of field forx50.4, 0.35, and 0.3. This is attrib-

uted to the traversal of the field-cooling~FC! run from the
charge-ordered to metallic phase, which is originated from
the invasion of the metallic phase in the low-temperature
region. In the case of the FC process at 12 T forx50.4 and
0.35, no trace of charge ordering is seen since the route is out
of the corresponding charge-ordered phase.

When a nominal carrier concentration is away from
x50.5, the afm structure of the charge-ordered state seems to
be modified in a criticallyx-dependent manner. Whenx re-
duces from 0.5 to 0.3, as an earlier neutron-diffraction study
has indicated,15 the spin arrangement within theab plane
preserves theCE-type feature but that along thec direction
changes from antiparallel to parallel. Such anx-dependent
afm structure has been discussed15 in terms of the double-
exchange interaction along thec direction mediated by the
extra electrons, the concentration of which is~ 122x!/Mn site
and measures the degree of the discommensuration. Another
consequence of discommensuration is that the canted afm
state11 positions lower than the afm state for 0.3,x,0.5, as
shown in the right panel of Fig. 1. The canting transition
temperature decreases withx approaching 0.5 and as a result

FIG. 3. Ther-H curves for the Pr12xCaxMnO3 ~x50.35! crys-
tal taken at 175, 140, 30, and 4.2 K. The hysteresis at 4.2 K is
hatched and those at other temperatures are shaded. These isother-
mal r-H measurements were performed after the sample was
cooled to a prescribed temperature under zero field. The magnetic
fields where the metamagnetic transitions are observed in the field-
increasing and -decreasing runs in theM -H curve measurements at
30 K are indicated on the upper abscissa asHi andHd , respec-
tively.

FIG. 4. The phase diagrams in the magnetic-field–temperature
plane for the Pr12xCaxMnO3 ~x50.5, 0.4, 0.35, and 0.3!. The tran-
sition from charge-ordered to not charge-ordered phase is denoted
with open squares while that from not charge-ordered to charge-
ordered phase is denoted with closed ones. These phase boundaries
were determined by the isothermal magnetoresistance~squares! as
well as by the resistivity measurements under magnetic field~tri-
angles!. The transition magnetic field in the isothermal magnetore-
sistance measurements is defined as that when the resistivity be-
comes 1021 V cm. The hysteresis is expressed as the hatched area.
Zero-field critical temperatures for afm and canted afm transitions
are also indicated.
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the spontaneous magnetization at 5 K in thecanted afm state,
which was estimated by extrapolating theM -H curve ~1
T,m0H,3 T! toward m0H50, decreases withx, about
1.7mB/Mn site for x50.3, 0.2mB/Mn site for x50.4. Such
critically x-dependent afm and spin-canting structures seem
to be related with the invasion of the metallic phase toward
low fields in the low-temperature region forx50.4, 0.35, and
0.3, as shown in Fig. 4.

In summary, we have found the metal-insulator phenom-
ena relating to the collapse of the charge-ordered state, which
are either canted afm, afm, or paramagnetic, under magnetic
fields in Pr12xCaxMnO3 ~0.3<x<0.5!. The metal-insulator
phase diagrams in theH-T plane were observed to be criti-
cally x dependent. In particular, the discommensuration of
the carrier concentration from the 1:1 ordering of

Mn31:Mn41 species makes the phase boundary shift toward
low fields, which is pronounced in a lower-temperature re-
gion. As a result, the magnetic-field-induced insulator-to-
metal transition is observed to take place irreversibly at low
temperatures with a resistivity drop of more than several or-
ders of magnitude, which may be viewed as a different sort
of colossal MR phenomenon.
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