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In Pr2/3Ca1/3MnO3, we have found a crossover from a charge-localized state to a charge-ordered~CO! state.
Linear-thermal-expansion and magnetostriction measurements up to 14 T show that for temperatures below
Tp;400 K a charge localization is present as in the case of La2/3Ca1/3MnO3. Below TCO'210 K, a charge
ordering, as found in someR0.5A0.5MnO3 (R-A5La-Ca, Pr-Ca, Pr-Sr, Nd-Sr! compounds, is observed. A
magnetic field suppresses the CO state belowTCO giving rise to a first-order structural transition. A continuous
change in volume is measured betweenTCO,T,Tp . The electrical behavior is similar to the structural
behavior, and is the result of the strong spin-charge-lattice coupling present in the colossal-magnetoresistance
perovskites.@S0163-1829~96!50242-0#

One of the keys to understanding the colossal magnetore-
sistive ~CMR! behavior of manganese perovskites is to un-
derstand the role that the coupling between the carriers and
the lattice plays in these compounds. Since the simple
double-exchange picture is unable to explain the experimen-
tal results,1 several models have been proposed, including
one based on lattice-carrier coupling.2 In this article we
present experimental results on the relationship between the
electrical and structural behavior in Pr2/3Ca1/3MnO3. This
compound has been found to be an example where a cross-
over from a charge-localized~CL! state to a charge-ordered
~CO! state takes place. It was found in pure and doped
La2/3Ca1/3MnO3 ~Refs. 3–5! compounds that an anomalous
linear thermal expansion~LTE! over the phonon Gru¨neissen-
like contribution to the LTE is present. That was associated
to the onset of charge localization. Below a certain tempera-
ture (Tp), there is a gradual charge localization which brings
about a local distortion. When the long-range ferromagnetic
order appears in La2/3Ca1/3MnO3, the charge localization
and the associated distortion are released with a;0.1% re-
duction of the cell volume atTc . That CL state occurs with-
out a real-space ordering of the Mn31 and Mn41 ions as has
been shown by electron diffraction in La2/3Ca1/3MnO3.

6 The
existence of CO states has been found inR0.5A0.5MnO3
@R-A5La-Ca ~Ref. 6!, Pr-Ca~Ref. 7!, Pr-Sr~Ref. 8!, Nd-Sr
~Ref. 9!# compounds. The CO states had been predicted from
transport and magnetic susceptibility measurements. How-
ever, the detection of superlattice spots belowTCO by elec-
tron diffraction in La0.5Ca0.5MnO3 has provided a direct evi-
dence of their existence.6

Although CL and CO states have in common that they
both reduce the mobility of the carriers there are important
differences between them. It is commonly accepted that
some type of polarons are present in the CL state. However,
the nature of these polarons is still a matter of speculation.
Mn31 is a Jahn-Teller ion whose three low-energyt2g
states are occupied while one of the twofold degenera-
ted high-energyeg states can lower its energy if the octa-

hedron formed by the O22 ions around the Mn atom is
distorted. This low-energyeg state can house an electron
~or hole! that becomes localized, which would be the origin
for a small Jahn-Teller-type polaron.10 Zhao et al.11 have
measured a shift of.20 K on Tc replacing

16O with 18O
in La12xCaxMnO3, which supports their existence. Park
et al.12 claim that other kinds of small polaron effects
would be more important. Such small polarons would
arise when theeg electrons~or holes! are localized and
then a charge fluctuation energy appears in the process of
hopping of the electrons between Mn31 and Mn41 sites. In
La2/3Ca1/3MnO3 it has been found that this CL state happens
simultaneously with the interplay of a short-range ferro-
magnetic order.5 That gives rise to magnetic clusters. Their
presence and the associated anomalous LTE well above
Tc were related to the conductivity, whose behavior can
be explained aboveTc as due to hopping of magnetic
polarons.13 On the other hand, the mechanism which gives
rise to the appearance of CO states with real-space ordering
of the Mn31/Mn41 ions is still an open question. Tomioka
et al. 14 suggested that the repulsive Coulomb interaction
between electrons or the electron-lattice interaction may ex-
plain the CO state but, as mentioned above, no mechanism
for the CO state has been really developed so far. The CO
state has been found in ferro-antiferromagnetic transitions
like in La0.5Ca0.5MnO3 ~Ref. 15! or Pr0.5Sr0.5MnO3 ~Ref. 14!
and in the paramagnetic state like in La1-xCaxMnO3
~0.63<x<0.67! ~Ref. 16! or in Pr0.5Ca0.5MnO3.

7 Up to
now only the CO state was proposed to occur in
Pr2/3Ca1/3MnO3. In this article we will show that both states,
CL and CO, are present in Pr2/3Ca1/3MnO3, with the CL
state across the temperature rangeTCO,T,Tp and the CO
state belowTCO (Tp;400 K, TCO'210 K!.

The series Pr12xCaxMnO3 has been exhaustively stud-
ied. Pollertet al.17 performed a pioneer study of the struc-
tural properties. Jira´k et al.7 proposed a phase diagram of the
series with the help of magnetic and neutron diffraction mea-
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surements. Tomiokaet al.18 and Leeset al.19 studied the
magnetic and magnetoresistive behavior of the series and
Yoshizawaet al.20 studied Pr0.7Ca0.3MnO3 with neutron dif-
fraction. From these studies the following information is ob-
tained. The structure is orthorhombic and can be indexed in
the space groupPbnm~there is lack of data of the evolution
of the lattice parameters with temperature!. At T'210 K
there is charge order reminiscent of the 1:1 ordering of
Mn31/Mn41 in Pr0.5Ca0.5MnO3. The compound is an insu-
lator down to low temperature, but a first-order insulator-
metal transition can be obtained belowTCO by applying a
magnetic field. AtT;150 K the compound orders antiferro-
magnetically and atT;100 K a canted magnetic structure is
developed. Much effort has been devoted to show the close
relationship between the magnetic and electrical behavior.
We aim to include the lattice effects in this intriguing spin-
charge-lattice coupling in CMR perovskites. In that direc-
tion, the thermal expansion and magnetostriction measure-
ments are very valuable.

Polycrystalline Pr2/3Ca1/3MnO3 samples were prepared
by standard solid-state reaction techniques. Stoichiometric
quantities of Pr6O11, CaCO3, and Mn2O3 were ground and
reheated several times at 1400 °C for 24 h. Then the powder
was pelletized and heated in air for another 24 h at the same
temperature. The structure and phase purity were checked by
x-ray diffraction. Linear thermal expansion, magnetoresis-
tance, and magnetostriction up to 12 T measurements were
performed in a superconducting coil that produces steady
fields up to 12 T. Magnetostriction up to 14 T was measured
by using a pulsed magnetic field setup. The resistance was
measured with the four-points technique using a dc current
parallel to the applied magnetic field. The contacts were
made with silver paste. The LTE below room temperature
and magnetostriction measurements were done with the
strain-gauge technique.3 In the magnetostriction measure-
ments the strain was measured parallel (l i) and perpendicu-
lar (l') to the applied magnetic field. The volume magne-
tostriction v is calculated asv5l i12l' . Above room
temperature the LTE was measured with a push rod and dif-
ferential transformer method.

In Fig. 1~a! the LTE of Pr2/3Ca1/3MnO3 at 0, 6, and 12 T
is presented. Without an applied magnetic field, the LTE
does not show any abrupt change. However, two features are
clearly detected. We have calculated the anharmonic lattice
contribution by fitting the high-temperature LTE. That gives
a Debye temperatureQD'500 K. It allows detecting the
presence of extra-lattice effects when the measured LTE
curve differs from the anharmonic lattice contribution. Be-
low T;400 K there is an extra contribution in the LTE that
is a hallmark of charge localization, similar to that found in
La2/3Ca1/3MnO3.

3–5 The process of localization takes place
gradually below Tp as the temperature is lowered. In
La2/3Ca1/3MnO3 this process was accompanied by the ap-
pearance of short-range ferromagnetic correlations.5 From
the susceptibility measurements in Pr2/3Ca1/3MnO3 ~Ref.
19! a positive Weiss temperature is deduced aboveTCO,
which can be an indication of such ferromagnetic correla-
tions. The localized charge orders spatially atTCO as is seen
by neutron diffraction.20 It is remarkable that the crossover

from the CL state to the CO state occurs without a discon-
tinuous change in volume. In the LTE curve forH50 T, the
onset of the CO state is detected only with the appearance of
a small kink. An abrupt change in the lattice parameters may
occur atTCO, but without a significant change in the cell
volume. At 6 T and above 80 K the LTE is basically identi-
cal to the one at zero field. But atT'80 K a structural
transition with a'0.14% change in volume takes place.
With H512 T the onset of this transition is shifted to
T'220 K. From our experimental results we cannot infer
whether the CO state sets in at 12 T. This behavior can be
understood as follows: within the double-exchange frame-
work, the magnetic field favors the charge delocalization, as
the field is able to align the magnetic moments. The distor-
tion linked to the localized charge is also suppressed and
consequently a change in volume is observed. At low tem-
peratures the 6 and 12 T LTE curves essentially coincide
with the lattice contribution as no localized charge is present.
In the inset of Fig. 1~a! the extra contribution to the LTE
over the phonon one at different magnetic fields is shown.
The LTE results are in close agreement with the resistance

FIG. 1. ~a! Linear thermal expansion (DL/L) vs temperature at
magnetic fields of 0, 6, and 12 T. The phonon lattice contribution
~see text! is also shown. The inset shows the difference curves
(DL/L)(H)2(DL/L) lattice for the same magnetic field values.~b!
Resistivity vs temperature at magnetic fields of 0, 6, and 12 T.
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data. In Fig. 1~b! the resistivity as a function of temperature
is shown. In zero magnetic field the compound behaves as a
semiconductor below 300 K. AtTCO a kink is seen in the
resistance curve. At 6 T aninsulator-metal transition appears
at T'80 K in agreement with the LTE data. Under 12 T the
transition occurs atT'200 K and it is rather smooth accord-
ing to the LTE behavior.

The analysis of the magnetostriction and magnetoresis-
tance isotherms allows us to obtain complementary informa-
tion. In Fig. 2~a! the volume magnetostriction aboveTCO is
shown. The volume magnetostriction in the paramagnetic re-
gime shows a continuous volume change with applied
magnetic field. It has the same origin as in
La2/3Ca1/3MnO3,

3–5 where a progressive charge delocaliza-
tion is produced by the magnetic field. A magnetic field
greater than our maximum available field~14 T! would be
necessary to delocalize the charge completely. In Fig. 2~b!
the volume magnetostriction belowTCO is shown. The
change in volume with applied magnetic field is a first-order
transition as suggested by the hysteretical behavior that ac-
companies the transition. The CO state is destroyed when a
high-enough magnetic field is applied and the charge is de-
localized, which brings about the volume change.

The close relationship between the lattice and the charge
is confirmed by the magnetoresistance isotherms~see Fig. 3!.
AboveTCO ~inset! the resistance decreases continuously with
the magnetic field as in La2/3Ca1/3MnO3.

4,5 Below TCO a
first-order insulator-metal transition occurs. The extraordi-
nary resemblance between the MS and MR isotherms sup-
ports the idea of a strong charge-lattice coupling in this com-
pound and consequently the possible Jahn-Teller origin for
the underlying polaronic behavior. The set of results of
Pr2/3Ca1/3MnO3 reveals that there are many competing in-
teractions in this system. AboveTCO the positive Weiss tem-
perature supports the presence of a ferromagnetic double-
exchange interaction. BetweenTCO,T,Tp a charge
localization, arising from small polarons formation effect, is
observed. BelowTCO a charge ordering takes place possibly
owing to repulsive Coulomb interaction between electrons.
BelowTN the compound orders antiferromagnetically due to
the superexchange interaction. It is not surprising that the
magnetic fields affect the magnetic, electrical, and structural
properties so greatly.

To sum up, remarkable lattice effects have been found in
Pr2/3Ca1/3MnO3 which stem from the strong spin-charge-
lattice coupling in this CMR perovskite. For the first time, to
the best of our knowledge, a crossover from a charge-
localized state to a charge-ordered state is reported, the result
of the different competing interactions in this system. That
crossover takes place without a change in volume whereas a
first-order structural transition occurs belowTCO if a high
enough magnetic field is applied.

The Spanish authors are grateful to J. Garcı´a and J. Blasco
for fruitful discussions on the subject and the Spanish
DGICYT for financial support under projects APC95-123
and MAT96-826.

FIG. 2. ~a! Volume magnetostrictionv at temperatures above
TCO. ~b! Volume magnetostrictionv at temperatures belowTCO.

FIG. 3. Resistivity as a function of the applied magnetic field
belowTCO. The inset shows the isotherms aboveTCO.
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