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Phase coexistence, magnetic inhomogeneity, and disorder in the charge-ordered state
of Pr2Õ3Ca1Õ3MnO3
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The coexistence of ferromagnetic metallic and antiferromagnetic charge-ordered~CO! states in
Pr2/3Ca1/3MnO3 has been investigated using zero-field muon spin relaxation, neutron diffraction, calorimetric,
and magnetic measurements. Calorimetric data evidence a high degree of disorder below the CO transition.
The data are consistent with large antiferromagnetic~AFM! CO regions containing structural and magnetic
inhomogeneities densely scattered. Below the charge order temperature (TCO'220 K) the dominant relaxation
mechanism of the muon polarization is based on ferromagnetic Mn-Mn correlations and the spin-lattice relax-
ation rate is peaked atTC instead ofTN . The results agree with a spatial distribution of ferromagnetic and
AFM regions strongly interpenetrated. The presence of local magnetic order in the whole sample is only
achieved just belowTC'120 K.
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I. INTRODUCTION

The very rich phenomena accompanying the structu
magnetic, and transport properties of manganese oxides
perovskite-type structure ~Ln12xAxMnO3 with
Ln[lanthanide andA[alkaline earth! have been the subjec
of a large research effort during the last years. As a dir
consequence of the twofold degeneracy of theeg electrons
and the remarkable competition among the relevant inte
tions, a large variety of ground states are being found in
family of compounds. In addition to the ferromagne
double exchange interactions, favoring a ferromagn
ground state, Coulomb repulsion, and Jahn-Teller distor
favor the localization of the charges and the antiferrom
netic coupling of the moments. The tilt of the MnO6 octahe-
dra when the mean size (RA) of the cations at the lanthanid
site is reduced favors the localization and ordering of
charges. With this, at low temperatures, La0.7Ca0.3MnO3
(RA51.15 Å) is ferromagnetic and metallic, whil
La0.35Y0.35Ca0.3MnO3 (RA51.10 Å) presents no net magne
tization. In the middle Pr0.7Ca0.3MnO3 (RA51.12 Å) pre-
sents a charge order transition at 200 K, accompanied
antiferromagnetic order below 150 K and the appearance
net ferromagnetic moment below 100 K. This last transit
was attributed to a canting of the collinear-CE-type magn
structure below 100 K.1 In the line of some other evidence
for phase separation phenomena between two characte
states with well defined energy minima, Kiryukhinet al.2
PRB 620163-1829/2000/62~5!/3381~8!/$15.00
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and Coxet al.3 have reported the induction of phase seg
gation in Pr0.7Ca0.3MnO3 when exposing it to x-ray radiation
at low temperatures. The ferromagnetic phase created
sists when the exposure disappears and is only remo
when the system is annealed above 40 K. This photoindu
phase separation leads to a persistent photoconductivity.4 To-
mioka et al. reported5 that, for a single crystal at low tem
perature, a fully ferromagnetic metallic state is achiev
~first order transition! with the application of a magnetic field
of about 4 T. Moreover, the charge order state is not rec
ered when the field is switched off. Slow thermal relaxati
effects from the metastable metallic phase to the insula
CO phase were reported by Ananeet al. below 50 K.6 The
ferromagnetic metallic state can also be achieved by the
plication of an electric field,7 high pressure,8 irradiation with
a laser pulse9 with visible light,10 or electrons.11 In contrast
with the final state of Pr0.7Ca0.3MnO3 after x-ray irradiation,
the existence of two segregated types of cells of differ
characteristic volume has not been observed by synchro
x-ray powder diffraction. Instead the presence of latt
strain was associated with trapped ferromagnetic clusters
addition, the high level of noise measured recently in
sample Pr2/3Ca1/3MnO3 has been attributed to phas
separation.12

In the present work we have investigated the nonhomo
neous nature of the charge ordered manga
Pr2/3Ca1/3MnO3. Using neutron diffraction, muon spin relax
ation, magnetic, and calorimetric measurements, we pre
3381 ©2000 The American Physical Society
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results that, in particular, contribute to a more precise
scription and understanding of the spatial distribution of
existing FM and CO phases in this system with unus
properties.

II. EXPERIMENTAL

Polycrystalline Pr2/3Ca1/3MnO3 ceramics were prepare
by conventional solid-state reaction. A mixture of CaCO3,
Mn2O3, and Pr6O11 at the desired ratio was prefired at 750
in air. After some intermediate treatments, the powder w
pressed into pellets, fired at 1400 °C for 15 h, cooled to ro
temperature and ground again for several times. With
purpose of comparing the macroscopic and microscopic
local information we have combined the following types
measurements. Neutron diffraction~ND! measurements wer
performed at the Lab. Leon Brillouin~Paris! and the Institut
Laue-Langevin ~Grenoble! using G4.1(l52.426 Å) and
D1B(l52.52 Å) diffractometers at different selected tem
peratures. ND data were analyzed using the prog
FULLPROF.13 Differential scanning calorimetric~DSC! mea-
surements have been done using a noncomme
calorimeter.14 DSC data were taken warming the sample,
the temperature interval 90 K<T<340 K. La2/3Ca1/3MnO3
was used as reference sample because it does not pr
phase transitions below its ferromagnetic critical tempera
TC5274 K. In order to determine the error bars we have a
used Pb as a reference sample. A self-consistent method
been used for the determination of the baseline. This met
takes into account that the ratio between the thermal po
(dQ/dt) and the heating rate (dT/dt) is given by
(dQ/dt)/(dT/dt)5dQ/dT5DC, where DC is the differ-
ence between the heat capacities of the sample and the
erence. Macroscopic magnetic measurements were
formed using a SQUID magnetometer. Muon spin relaxat
(m1SR) measurements were conducted at the ISIS pu
muon facility ~Rutherford Appleton Laboratory, Chilton
UK! using the MUSR instrument. A 10 g powder samp
was mounted on an Al plate with a silver mask in a clos
cycle refrigerator, and the measurements made over the
perature range 15–350 K. In these measurements fully
larized positive muons are implanted in the sample. The s
sequent evolution of muon polarization occurs in respons
the coupling between the muon spin and the internal m
netic fields. The decay of the muon (tm52.2ms) is accom-
panied by positron emission preferentially along the mu
spin direction. Two rings of positron detectors, with the
axis coinciding with the direction of the initial polarizatio
of the muons, are placed at either side of the sample.
resulting positron count rate, collected in time histograms
forward ~F! and backward~B! detectors, is used to monito
the evolution of the implanted muon polarization via the
laxation function Gz(t)5a0P(t)5@ I F(t)2aI B(t)#/@ I F(t)
1aI B(t)#, whereI F andI B are the time differential positron
counts in theF andB detectors, respectively.a is a calibra-
tion factor anda0 the initial asymmetry.

III. RESULTS

Figure 1 shows the temperature dependence of the
grated ND intensities of some peaks, which have been
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dexed referred to thePbnmsetting. Fig. 1~a! shows the in-
tensity of the superlattice reflection~2 3

2 0!, which gives
definitive evidence of the development of charge orde
~CO! regions in the sample below;220 K. As expected the
charge order superlattice reflections can be indexed on
basis of a double orthorhombicax2bxc cell ~Pbnm
setting!.15 The perfect form of this charge order can only b
achieved when the fractions of Mn31 and Mn41 ions are
equal. The magnetic reflections at positions~1

2 0 0! and~1
2

1
2 0!

@Fig. 1~b!# appear atTN'155 K and are consistent with th
development of a collinear CE-type antiferromagne
~AFM! structure.15 This magnetic structure is characterize
by two distinguishable manganese positions: Mn~I! with
propagation vector~1

2, 0, 0! ~mainly occupied by Mn31 ions!,
and Mn~II ! with propagation vector~1

2,
1
2, 0! ~mainly occu-

pied by Mn41 ions!. The integrated intensity of some nuclea
reflections@for instance,~0 2 0! and~0 0 2!# @Figs. 1~c!, 1~d!#
are suddenly enlarged indicating the appearance of some
romagnetic~FM! order belowTC'120 K. Partial FM order
of the Pr ions (mPr50.4mB) has been described below 30 K3

Notice that, in Fig. 1~a!, the intensity of the superlattice re
flection ~2 3

2 0! systematically increases when decreasi
temperature through the Curie point. According to the cal
lations, this peak is purely structural in origin with no con
tribution from AFM order. Figure 1~a! gives evidence that
there are no changes in the evolution of this intensity acr
TC . Therefore, the crystallization process of CO regions
apparently unaffected by the appearance of static ferrom
netic moments in the sample. A similar conclusion can
drawn from the temperature evolution of ferromagnetic a
antiferromagnetic sublattices. Namely, the growth rate of
perlattice AFM peaks~1

2 0 0! or ~1
2

1
2 0! @purely AFM, Fig.

1~b!# is not altered by the freezing of the ferromagnetic co
ponent. Figures 1~c! and 1~d! show the development of two

FIG. 1. Thermal evolution of the integrated neutron diffractio
intensities for~a! ~2 3

2 0! @CO superlattice#, ~b! ~1
2 0 0! and ~1

2
1
2 0!

@AFM CE#, ~c! ~0 0 2!, and ~d! ~0 2 0!. ~c! and ~d! have a contri-
bution from FM ordering and are used to monitor the structural a
magnetic transitions.
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peaks with a magnetic contribution due to FM freezing. It
clear from these observations that a thermally driven s
reorientation~from a pure collinear CE AFM structure to
canted magnetic ordering! should be completely ruled out i
this system.

The picture of two separated magnetic regions is con
tent with the observation of large ferromagnetic droplets
Pr0.7Ca0.3MnO3 after exposure to x-ray beam,2,3 where the
ferromagnetic phase has a smaller volume than that of
CO phase.3 In an attempt of clarifying whether it is or no
possible to distinguish different lattices~as would happen in
the case of phase separation! to, respectively, FM and AFM
ordered regions in Pr2/3Ca1/3MnO3, we performed different
sets of Rietveld refinements of the low temperature ND d
Allowing for two differentiated cells, the reliability factor
(Rwp58.4) did not improve significantly and a clear conve
gence to two well-defined sets of lattice parameters was
obtained. The ordered magnetic moments obtained f
the refinements were mAFM~I!51.9(2)mB , mAFM~II !
51.8(2)mB , and mFM51.5(3)mB . Therefore the total or-
dered moments,m~I!52.5 and m~II !52.3mB / ion, are
clearly below the expected saturation values„4mB@Mn~I!#
and 3.33mB@Mn~II !#…. Their thermal evolution has been d
picted in Fig. 7~a!. On the other hand, as expected, t
mAFM /mFM ratio in our sample withx5 1

3 is larger than in
the samples with lower hole concentration previou
reported.1,3

One of the purposes of the present work has been to u
local magnetic probe to give insight into the real spatial d
tribution of the FM ordered regions with respect to the AF
coupled charge-ordered zones. With this objective in mi
mSR spectra were collected in zero external field~ZF! over
the temperature range 15–350 K. Longitudinal fields up t
kOe were also applied at selected temperatures without
preciable changes in the relaxation. In Fig. 2, we show
evolution of themSR asymmetryGz(t) at various tempera
tures. Single exponential decay@Gz(t)5a0 exp(2lt)# char-
acterizes the depolarization aboveTN'155 K. l is the dy-
namic spin-lattice relaxation rate, proportional to t
amplitude of the local field (Hl) fluctuations at the muon sit
@l5(gmHl)

2t; t being the primary correlation time betwee
fluctuations andgm the gyromagnetic ratio ofm1#. Below
155 K, a stretched exponential~SE!, @Gz(t);exp$2(ls t)b%#
function is required to describe the muon decay~solid lines
in Fig. 2!. The variation with temperature of the SE rela
ation ratels and the initial asymmetry (a0) are shown in
Fig. 3. The solid line reproducingls(T) above the ferromag
netic transition in this figure is a fit by the functionls(T)
5l0(T/Tc21)2g which givesTc5120(3) K, g50.51(1),
and l050.066(1)ms21. This transition temperature agree
very well with that determined from magnetization and ne
tron measurements. Though this power-law dependenc
expected only very close to the Curie transition temperat
it represents a phenomenological description of the re
ation rate aboveTc . Moreover, the asymmetry loss belo
TN is shown in Fig. 3. The appearance of a spontane
nonzero static field causes a precession of the muon s
Because of the pulsed structure of the ISIS beam, the su
quent muon spin rotation falls beyond the accessible
quency window at ISIS~high frequency cutoff!. As a result,
below the magnetic transition the initial asymmetrya0 re-
in

s-
n

e

a.

ot
m

a
-

,

2
p-
e

-
is

e,
x-

s
in.
se-
-

duces to1
3 of its value at higher temperature. Only the com

ponent of muon polarization parallel to the local magneti
tion is preserved. Integrating over all directions in
multidomain or powder sample gives the factor1

3.
Figure 4~a! shows the DSC thermogram obtained wh

La2/3Ca1/3MnO3 is used as a reference sample. The area

FIG. 2. Time dependence of the ZF muon relaxation spectr
some selected temperatures. Solid lines are fits as explained i
text.

FIG. 3. Temperature dependence~warming! of the fitted relax-
ation ratelS and the initial asymmetry for Pr2/3Ca1/3MnO3. The
solid line is a fit to the power-law dependencelS(T)5l0(T/Tc

21)2g ~see text!. The SE exponentb is shown in the inset.
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low the peak isDh'93.1 J/mole. The measured change
entropy across the transition isDs'0.06R. This result was
confirmed using Pb as reference sample in additional D
measurements.

Finally, the effects of the CO and magnetic transitions
the susceptibility~x! are shown in detail in the Fig. 5. In
commensurate Ln1/2Ca1/2MnO3 compounds with separate

FIG. 4. ~a! Heat flow ~warming! obtained by DSC using
La2/3Ca1/3MnO3 as reference sample and calculated base
~dashed!. ~b! Relative~%! entropy change due to the CO transitio
for Pr2/3Ca1/3MnO3 ~referred to the theoretical expected value!.

FIG. 5. Detail of the dc susceptibility~open circles! and its
inverse~squares! of Pr2/3Ca1/3MnO3 ~20 Oe! around the CO tran-
sition.
C

n

TN andTCO, the susceptibility decreases when the sampl
cooled down through the CO transition. The reason is
switch from FM to AFM correlations that accompanies t
electronic reorganization,16 and the Curie temperatur
changes its sign from positive to negative. The CO anom
with x5 1

3 can be seen in Fig. 5. Althoughuc has decreased
below TCO, at variance with the commensurate case,
Curie temperatures estimated at both sides of the trans
are both positive:uC5170 K (T.TCO) and uc5110 K
(150 K,T,TCO).

IV. DISCUSSION

The coexistence of ferromagnetic metallic and antifer
magnetic CO states in doped manganites is being extens
investigated within the framework of double-exchan
theory, phase segregation and electronic phase separ
phenomena. Pr2/3Ca1/3MnO3 is, within this context, a para
digmatic compound representative of the intermediate-x re-
gion in samples of a moderate distortion~bandwidth placed
close to the boundary that separates metallic and insula
low-temperature behavior!. A feature to be emphasized i
the present compound is that the two cations sharing
A site in the structure have very similar ionic siz
(1.126 Å@Pr31# and 1.12 Å@Ca21#!. This represents a very
important advantage or simplification because it allows d
regard the strain effects and local structural modulations
to size distribution and mismatch present in most of
(Ln,Ln8)12xAxMnO3 compounds with coexistence of FM
and AFM ordering@~La, Y!, ~La, Tb!, etc#. Local strain ef-
fects with origin at the size distribution of theA-site cations
are thus completely minimized in the present compou
Hence, the presence of structural inhomogeneities in
case should be ascribed to an inhomogeneous ground-sta
a microscopic level ~charge-delocalized versus charg
localized or charge-ordered states!.

The observation of the coexistence of FM and AF
in Pr2/3Ca1/3MnO3 comes from the evolution of the integrate
intensities shown in Fig. 1. The (h/2 k/2 0) and
(h/2 k 0)AFM intensities continue to grow belowTC . From
ND data there is no evidence for a significant coupling b
tween the FM and AFM phases in Pr2/3Ca1/3MnO3. In addi-

tion, the characteristic broadening of the AFM peaks (1
2 0 l )

associated with the Mn31 sublattice observed in
Ln1/2Ca1/2MnO3 compounds is not appreciated
Pr2/3Ca1/3MnO3. The AFM Bragg peaks are very narrow
similar to the nuclear ones~see Fig. 6!. This is not surprising
if one considers that the magnetic domain boundaries bre
ing the magnetic coherence of the Mn31 sublattice~magnetic
spin flip for x5 1

2 ! are likely associated with structurala-b
twins at Mn41 sites. They break the coherence of the orbi
ordering but not that of the charge ordering withx5 1

2 . For
x5 1

3 a fraction of ideally Mn41 sites is now occupied by the
extraeg electrons, frustrating the mechanism of twin form
tion. In any case, the important point is that the cohere
length of the AFM domains is, from ND data, of the order
.500–1000 Å. The FM Bragg intensity at the~0 0 2! and~1
1 0! peaks have been shown in Fig. 6. From the differen
pattern at both sides ofTC we estimate that the FM coher

e
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ence length should be at least of the order of several h
dreds of angstroms. Therefore, in a first approximation
compound presents large AFM domains associated with
regions~origin of the observed structural~2 3

2 0! superlattice
peak!, which coexist with extensive regions~mesoscopic
rather than nanoscopic! with a ferromagnetic ordered com
ponent. In addition to this, it is important to emphasize t
the volume proportion containing magnetic disorder sho
be very high. Experimentally this is supported by the lo
values of the ordered moments at low temperature~between
1 and 1.5mB below the saturation values!. Although the re-
gions with magnetic disorder may be ascribed to dom
boundaries separating well ordered FM and AFM doma
we will demonstrate later that this picture is not supported
experimental data.

Before discussing the muon relaxation results we sho
recall that the dynamical relaxation ratel(T) in orthoferrites
showed minima and peaks, uncorrelated with the pro
phase transitions.17 The reason is that the muon starts slo
diffusion at about 250 K. Unlike these muon studies in orth
ferrites, we found no evidence for muon diffusion
Pr2/3Ca1/3MnO3 in the temperature range of our study~up to
350 K!. We are thus led to assume that possible effects
to muon diffusion can be neglected in the present compo
below the charge-ordering transition.

In the following we will focus on the important implica
tions that themSR results and the observed spin dynam
have with respect to the two most probable scenarios:~i! The
first scenario consists of CO regions, with a long range
herence and AFM ordered, spatially separated from the
domains or large clusters where the JT polarons have
frozen and which may have a broad size distribution. In
framework of ‘‘phase separation’’ models, the second
gions may be richer ineg electrons than the first.~ii ! The
second scenario is closer to a canted magnetic arrange
where AFM and FM regions have a spatial distributi
strongly overlapped. Namely, the volume occupied by
main boundaries is not negligible but, on the contrary, va
able size clusters of the minority phase are densely scatt
within the majority phase in a large fraction of the sampl

FIG. 6. Low angle detail of the ND data illustrating the width
the main magnetic peaks@AFM ~stripes! and FM ~black! Bragg
intensities atT568 K#.
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In oxides the coupling strength between muon and e
tron spins~either dipolar or hyperfine! depends on the par
ticular coupling between the electronic spins~FM or AFM!.
In polycrystalline charge-ordered manganites with the id
hole concentration Mn41/Mn3151 ~commensurate!, the ex-
ponential relaxation ratel in the PM/CO phase is alway
within the intervall;0.04– 0.06ms21, even very close to
but aboveTN .16,18,19We call to mind that these values a
significantly smaller than the relaxation values found in t
paramagnetic phase of ferromagnetic Ln-Mn
specimens.16,18–22In polycrystalline metallic manganites th
relaxationl falls within the interval 0.10–0.30ms21 above
TC .16,18–21In addition, the second relevant feature ofl(T)
in the paramagnetic regime ofx5 1

2 samples is a character
istic relative maximum coinciding with the CO
transition.16,18,19As occurs with the magnetic susceptibility
the spin-lattice relaxationl(T) drops belowTCO due to the
substitution of AFM by FM interactions.

We turn to thex5 1
3 sample noting that both these tw

main characteristic features of the muon relaxation inx
5 1

2 CO manganites differ from the spin dynamics observ
in Pr2/3Ca1/3MnO3. ~i! It is apparent from Fig. 3 that the
relaxation rate of Pr2/3Ca1/3MnO3 does not present a clea
local maximum coinciding with the real space ordering
Mn31 and Mn41 ions around 220 K.~ii ! Furthermore, the
absence of a local maximum atTCO agrees with the fact tha
muon relaxation in Pr2/3Ca1/3MnO3 is clearly dominated by a
mechanism based on FM instead of AFM Mn-Mn corre
tions. This is shown in Fig. 3, where the measured relaxa
rates are remarkably larger than the characteristic va
found inx5 1

2 compounds. BelowTCO the values ofl in this
figure are totally comparable to the relaxation found in F
metallic Ln-Mn-O samples ~for instance,
La2/3Ca1/3MnO3!.

16,18–22Consequently, the FM Mn-Mn cor
relations are the dominant relaxation mechanism of the m
polarization at least belowTCO and, therefore, clearly abov
the Néel temperature.

At this point it is convenient to realize that the AFM
arrangement of thex5 1

3 andx5 1
2 CO phases is not strictly

identical. In the pseudo-CE magnetic structure of the form
the AFM Mn-O layers are ferromagnetically coupled alo
the c axis, whereas this coupling is antiferromagnetic forx
5 1

2 ~CE magnetic structure!. As mentioned in Ref. 3, this is
likely the result of a sizeable number of Mn31 ions at the
Mn~II ! site ~extra eg electrons! having thed3z22r 2 orbital
along thec direction instead of parallel to thea-b layer. By
looking at the tiny~ 1

2 0 1! and ~1
2

1
2 1! intensities in Fig. 6,

there is a very small fraction of cells witha-b layers AFM
coupled but that is negligible when compared with the inte
sity of ~1

2 0 0! and ~1
2

1
2 0! peaks. The magnetic couplin

between layers has some implications because the m
probable muon site, as determined on orthoferrites17 and in
pure LaMnO3,

21 is in the z5 1
4 mirror plane between Mn

layers, 1 Å from the apical oxygen O~1! of the Mn-O~1!-Mn
apical bond. Namely, the observed FM relaxation mec
nism might thus be related to the FM coupling between
jacenta-b layers, present in the CO phase. It is worthwh
noticing that if this was the main source of depolarization
the CO regions an abrupt drop of the relaxation rate sho
occur belowTN . Interestingly, Fig. 3 confirms that such
drop does not occur, signaling the unlikely CO origin of t
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FM relaxation. Furthermore, the close relationship betw
the FM relaxation mechanism belowTCO and the phase tha
orders belowTC , is also confirmed by the following resu
shown in Fig. 3: the peaked shape ofls(T) is centered atTc ,
not atTN as happens in homogeneous CO samples. Cons
the scenario of two magnetic subsystems~FM and AFM!,
spatially separated by domain walls of reduced extens
~disordered and/or canted!. Assuming a relative domain dis
tribution similar to the experimental@mAFM#2/@mFM#2 ratio,
or even below, an appreciable anomaly in the relaxation
would occur at the Ne´el temperature. Actually, the absen
of a relative maximum inls(T) at the Néel point is another
key result signaling the dominance in the sample of zo
with fluctuating internal fields caused by FM correlated M
moments. Close toTc the evolution ofls(T) in Fig. 3 de-
scribes the critical slowing down in the spin dynamics as
FM freezing is approached.

In agreement with the magnetic diffraction data, some
the muon results presented above could be taken as evid
for the existence of FM domains independent or decoup
from the AFM regions. This is the case of the FM corre
tions observed, when cooling the sample, betweenTCO and
TN while the system approaches the critical slowing do
leading to the AFM transition. In the scenario of spatia
separated FM and AFM zones and neglecting muon di
sion, the final relaxation would be the sum of the contrib
tions from muons implanted in each zone. The depolariza
of muons in FM zones is more rapid than in pure AF
zones. Thereby, the contribution toGz(t) from the first is
expected to decay more rapidly than that from the AF
zones. Nevertheless, the relaxation values belowTCO con-
firm that the predominant contribution toGz(t) comes from
muons seeing FM correlations. Since muons in the sam
are randomly distributed, we are thus led to conclude t
below TCO the volume fraction occupied by cells that exp
rience FM fluctuating fields is very large, clearly much larg
than the corresponding to pure AFM correlations. The i
portance of the FM and AFM interpenetrated regions in t
compound is thus confirmed. This fact seems to be very a
to the lack of two well defined cells in neutron and synch
tron diffraction data.3 Instead, lattice strain is particularl
apparent in the diffraction patterns belowTCO.

In Fig. 7~b! we show the temperature dependence of
relative fraction of muons feeling a local static field at th
site. This fraction, obtained from the evolution of the initi
asymmetry, is related to the relative volume fraction exh
iting some degree of magnetic order. For comparison,
dependence for Pr0.5Ca0.5MnO3 is also shown in the figure
and the temperature is referred to the Ne´el point. Forx5 1

3

static fields develop over the interval 100–180 K. The ex
tence of frozen moments in the whole volume is only
tained close to but belowTc . Moreover, it is worthwhile
noticing that in contrast with the abrupt behavior at the on
of local AFM order in the manganite withx5 1

2 , the onset in
Pr2/3Ca1/3MnO3 is very rounded. A significant change o
slope seems to occur close toTc . In fact a very small frac-
tion of this sample exhibits local order below;180 K
@above the emergence of magnetic Bragg peaks; inset of
7~b!#. From the evolution of the entropy changeDs(T)
shown in Fig. 4~b! this is the temperature at which the C
transition has come to completion. This represents an a
n
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tional confirmation of intrinsic structural and magnetic inh
mogeneities in the sample. The round transition in Fig. 7~b!
may be ascribed to a distribution of Ne´el temperatures with
origin at the lattice strain and/or possibly driven by loc
fluctuations of the density ofeg electrons. On another hand
a very low density of tiny~nanometric! clusters with trapped
electrons and blocked moments that may have nucle
through the inhomogeneous CO transition could be the
gin of the small ordered fraction detected below 180 K.

Finally, although the results suggest that the spatial dis
bution of AFM and FM regions strongly overlaps, th
ground state is clearly far from a quasihomogeneous ca
magnetic arrangement. Additional information that sugge
significant local fluctuations of the density of carriers as
source of disorder comes from the DSC measurements@see
Fig. 4~b!#. The entropy change throughTCO (Ds'0.06R) is
considerably smaller than the expected change associat
the ordering of theeg electrons in this system:Dstheor
'0.32R. Namely, Ds,1/5Dstheor. The theoretical estima

FIG. 7. ~a! Thermal dependence of the ordered FM a
pseudo-CE AFM magnetic moments for Pr2/3Ca1/3MnO3 ~from ND
data!. ~b! Thermal dependence of the fraction of muons sensin
static magnetic field in incommensurate Pr2/3Ca1/3MnO3 ~tempera-
ture refers to the Ne´el transition point:TN5155 K!. For comparison
the same dependence is shown for the commensu
Pr1/2Ca1/2MnO3 case (TN5190 K). Temperature markers corre
spond tox5

1
3 . Inset: different evolution aroundTN of thex5

1
3 and

x5
1
2 compounds.
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tion comes from the assumption that aboveTCO the eg elec-
trons are freely placed among the Mn positions, while bel
TCO all the Mn~II ! positions are occupied byeg electrons and
the Mn~I! sites are randomly occupied by the remaining el
trons. This assumption is very crude but such a huge dif
ence between these two values cannot be easily just
without significant local inhomogeneties in the electron
distribution and disorder. To illustrate this it is worth me
tioning that numerical integration of the specific heat
La0.35Ca0.65MnO3 reported in Ref. 23 reveals an entrop
change through the CO transition clearly closer to its th
retical valueDs;1/2Dstheor @hereDstheorhas been calculate
taking as low-temperature phase the CO proposed
La1/3Ca2/3MnO3 ~Ref. 24!.

V. SUMMARY

The unusual properties and mixed nature
Pr2/3Ca1/3MnO3 have been investigated combining neutr
diffraction, muon spin relaxation, magnetic, and calorimet
techniques. Analysis of the calorimetric data evidence
high degree of disorder below the CO transition.A priori,
one should expect less disorder in compounds with cha
orbital ordered state of very high symmetry, such
Pr2/3Ca1/3MnO3, than in systems that order with lower sym
metry, such as Ln1/3Ca2/3MnO3. Conversely, the disorde
kept in the system belowTCO is much more pronounced i
Pr2/3Ca1/3MnO3 than in Ln1/3Ca2/3MnO3. This disorder is not
related to chemical disorder or physical defects, but it is
electronic origin, probably due to the fact that FM metal
and AFM CO states are, in this case, quasidegenerat
energy.3 There is no doubt that a thermally driven spin reo
entation must be ruled out in favor of two coexisting pha
of similar energy.

The mSR technique has been used to get information
the real spatial distribution of the FM and AFM regions. T
n

s

.

-
r-
ed

f

-

or

f

c
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e-
s

f

in

s

n

microscopic development of static FM moments agre
within the error with the appearance of FM Bragg intens
in the ND data. Muon relaxation in Pr2/3Ca1/3MnO3 does not
exhibit the thermal dependence characteristic of commen
rate charge-order Ln1/2Ca1/2MnO3 compounds. The spin
lattice relaxationl(T) does not drop belowTCO. BelowTCO
the dominant relaxation mechanism of the muon polarizat
is based on FM Mn-Mn correlations and the relaxation rate
peaked atTC instead ofTN . Persistent FM correlations ar
clearly visible betweenTN and TCO while the system ap-
proaches the AFM freezing. Instead of confined mesosco
FM clusters and in consistency with noticeable lattice str
below TCO, these results suggest a model where FM a
AFM regions have a spatial distribution strongly interpe
etrated. In agreement with the results of Ref. 6, the la
coherent CO regions seems to contain structural and m
netic defects densely scattered. The nucleation of struct
disorder and magnetic frustration is favored by the quas
generacy of the ground state, the particular orbital occupa
of the extraeg electrons, and likely local fluctuations in the
spatial distribution.

We would finally like to mention that the picture consid
ered above is an static approximation. From a dynamic p
of view, the possibility of local slow fluctuations between th
CO and the FM states associated with the jumps from sit
site of the excesseg electrons~local AFM-FM transitions
entropically activated! requires further experimental efforts
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19J. L. Garcı´a-Muñoz, A. Llobet, C. Frontera, and C. Ritter, J. Appl.
Phys.85, 5639~1999!.



.
h-

,

a,

o,
ki,

-

3388 PRB 62C. FRONTERAet al.
20R. H. Heffner, L. P. Le, M. F. Hundley, J. J. Neumeier, G. M
Luke, K. Kojima, B. Nachumi, Y. J. Uemura, D. E. MacLaug
lin, and S.-W. Cheong, Phys. Rev. Lett.77, 1869~1996!.

21R. de Renzi, G. Allodi, M. Cestelli Guidi, G. Guidi, M. Hennion
L. Pinsard, and A. Amato~unpublished!.

22R.H. Heffner, D. E. MacLaughlin, G. J. Nieuwenhuys, T. Kimur
G. M. Luke, Y. Tokura, and Y. J. Uemura, Phys. Rev. Lett.81,
1706 ~1998!.
23A. P. Ramı´rez, P. Schiffer, S.-W. Cheong, C. H. Chen, W. Ba
T. T. M. Palstra, P. L. Gammel, D. J. Bishop, and B. Zegars
Phys. Rev. Lett.76, 3188~1996!.

24M. T. Fernández-Dı´az, J. L. Martı´nez, J. M. Alonso, and E. Her
rero, Phys. Rev. B59, 1277~1999!; P. G. Radaelli, D. E. Cox, L.
Capogna, S.-W. Cheong, and M. Marezio,ibid. 59, 14 440
~1999!.


