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Structural changes, clustering, and photoinduced phase segregation in Pr0.7Ca0.3MnO3
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The structural properties of Pr0.7Ca0.3MnO3 were studied by x-ray synchrotron and neutron-powder diffrac-
tion as a function of temperature (15,T,300 K!, and as a function of x-ray fluence at 15 and 20 K. The
temperature evolution of the lattice parameters and of the superlattice reflections is consistent with the devel-
opment of charge and orbital ordering belowTCO;180 K, followed by antiferromagnetic ordering belowTN

;140 K, similar to what was previously observed for La0.5Ca0.5MnO3. Below TC;120 K, the magnetic
structure develops a ferromagnetic component along thea axis on the Mn ions. At low temperatures, a small
ferromagnetic moment of 0.45~2!mB oriented in the same direction appears on the Pr ions as well. The
observation in Pr0.7Ca0.3MnO3 of significant lattice strain developing belowTCO, as well as the development
of a ferromagnetic component to the magnetic structure atTC;120 K, can be interpreted in terms of the
presence of ferromagnetic clusters with an associated lattice distortion from the average structure. At low
temperatures, exposure to the x-ray beam produces a phase-segregation phenomenon, whereby the ferromag-
netic droplets coalesce into larger aggregates. Further exposure results in a gradual melting of the charge-
ordered phase and the formation of a second phase, recently shown to be a ferromagnetic metallic phase by
Kiryukhin et al. @Nature ~London! 386, 813 ~1997!#. The ferromagnetic phase has a significantly smallera
lattice parameter and unit-cell volume (DV/V;0.4%) than that of the charge-ordered phase.
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I. INTRODUCTION

In the last few years, a significant research effort has b
undertaken toward the understanding of the unusual m
netic and transport properties of manganate perovskites.
prototype compound of this family LaMnO3 is an antiferro-
magnetic insulator characterized by a strong structural
tortion interpreted in terms of a cooperative Jahn-Teller~JT!
effect, all the manganese ions being in the formal vale
state of13.1,2 Upon partial substitution of La with a divalen
alkaline-earth metal, a corresponding fractionx of Mn 13 is
formally replaced with Mn14. For compositions 0.2<x
<0.4 the compounds are ferromagnetic and exhibit colo
magnetoresistance~CMR!.3,4 The doped systems, with gen
eral formulaA12xAx8MnO3 (A5La, rare earth,A85Ca, Sr,
Ba!, are characterized by a strong competition between
different ground states: a charge-ordered~CO! insulating
state, where the electric charges are localized and ten
order onto separate crystallographic sublattices, and
charge-delocalized~CD! state, having metalliclike dc
conductivity.5–7 The magnetic and structural properties
these two states are also quite different: the CO state is
tiferromagnetic~AFM!, and the Mn13 sublattice retains a
cooperative JT distortion, thereby giving rise to an oft
570163-1829/98/57~6!/3305~10!/$15.00
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complex combination of charge, orbital, and magne
ordering.1,2,8–10On the other hand, the CD state is ferroma
netic ~FM!, and displays relatively small JT distortions.11–14

The ferromagnetic properties of these compounds have b
explained in the context of the so-called double-excha
model, originally proposed by Zener in 1951,15 and further
developed by Anderson and Hasegawa16 and by de Gennes.17

When heated above a characteristic temperature, both the
and the CD states transform to a ‘‘charge-localized’’~CL!
paramagnetic phase, characterized by low electronic ca
mobility, semiconducting behavior of the electrical resist
ity, and significant lattice distortions, which are mainly of th
incoherent type.11–14,18 The CD-CL transition is character
ized by a significant increase in the electrical resistivity up
heating, and is rather sensitive to the application of an ex
nal magnetic field, giving rise to the so-called colossal m
netoresistance effect.4

The nature of the CL paramagnetic phase has been on
the main focuses of the experimental and theoretical wor
this field. In particular, some calculations have sugges
that the value of the electrical resistivity in this phase is t
high to be explained by spin scattering alone,19–24 and con-
sequently alternative charge localization mechanisms h
been sought. Millis and co-workers have proposed that
3305 © 1998 The American Physical Society
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the CL phase, charge carriers may be localized by lat
distortions of the JT type,21,23,24 the existence of which ha
been confirmed by several techniques, includ
diffraction,11,13,14,18,25 neutron-diffraction pair-distribution-
function ~PDF! analysis,12 extended x-ray-absorption fin
structure ~EXAFS!,26,27 optical conductivity,28,29 infrared
reflectivity,30 muon spin relaxation,31 photoemission,32 and
oxygen isotope effect.33,34 More recently, Lynnet al.35 and
De Teresaet al.36 have demonstrated the existence in the
phase of ferromagnetic clusters well beyond the conventio
fluctuation regime, and interpreted them in terms of magn
polarons. This theoretical and experimental work has not
led to a unified model of the CL phase. However, the
polaron model and the magnetic polaron model could
reconciled under the assumption that the JT polarons~asso-
ciated with fluctuating JT distorted regions of the lattic!
break the long-range ferromagnetic~FM! coherence, leaving
relatively small~10–20 Å! FM clusters where the lattice i
relatively undistorted. We shall see in the remainder of t
paper how this model can help to explain the unusual pr
erties of Pr0.7Ca0.3MnO3.

The energetic balance between the CO, CD, and
phases can be altered not only by changing the electr
doping, but also by other physical and chemical means;
example, the CD phase is stabilized by the application o
external magnetic field or pressure, whereas the CO or
phases are stabilized by an increase in the structural di
tion from the ideal cubic perovskite-type lattice. The lat
effect can be obtained by replacing La with smaller ra
earth ions, such as Pr, Y, and Tb, thereby reducing the a
ageA-site ionic radiuŝ r A&. For instance, it has been show
that for x50.3, a low-temperature metal-insulator (M -I )
transition occurs as a function of^r A& at a critical radius
r M2I; 1.2 Å.7 The region of the phase diagram near t
low-temperatureM -I transition is particularly interesting
since the strong competition between CO and CD pha
gives rise to a number of unique features, and the electr
resistivity changes by several orders of magnitude as a fu
tion of applied magnetic field or applied pressure.9,37,38 In
this region of the phase diagram, the composit
Pr0.7Ca0.3MnO3 is an ideal test system, due to the almo
perfect matching of theA-site ionic radii, and has been th
subject of several studies. The first comprehensive struct
study of the Pr12xCaxMnO3 system was carried out by con
ventional x-ray-powder-diffraction techniques by Polle
et al.,39 who noted the disappearance of the strong coop
tive JT distortion forx>0.3 and proposed the formation o
local JT distortions. A subsequent neutron-powd
diffraction study by Jira´k et al.8 revealed a CO transition in
the region 200–250 K, followed by AFM and FM transition
at ; 130 and 110 K, respectively. Jira´k et al. interpreted this
as the coexistence of two phases in about equal amo
rather than a transition from an AFM to a canted structu
They also noted that the 200 K transition was characteri
by the appearance of weak superlattice reflections wh
could be indexed on the basis of a doubled orthorhombic
(a,2b,c-Pbnm setting or 2a,b,c-Pnma setting40!. Their
proposed structure shows shifts of the Mn atoms qua
tively similar to those found in La0.5Ca0.5MnO3,

10 although
they assigned a different symmetry to this superstruc
(Pbmmvs P21 /m).
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A detailed neutron single crystal of Pr0.7Ca0.3MnO3 study
by Yoshizawaet al.9 confirmed the CO transition at abou
200 K from the appearance of the~3/2 0 2! reflection, and the
AFM and FM transitions at 140 and 110 K, respective
from the behavior of the~1/2 1/2 0! and ~110! reflections.
They interpreted these results in terms of a canted AF st
ture, but because of the rather small total moment
;2.4mB , they suggested that some fraction of the mome
formed a spin-glass state due to the presence of ex
Mn 13 ions. Application of a magnetic field at 5 K resulted in
an enhancement of the FM~110! peak and a large decreas
in the AF ~1/2 1/2 0! and CO~1/2 0 2! peaks, consistent with
a field-induced CO-CD transition; however, the intensity
the CO peak did not vanish completely. At 5 K the FM state
was retained when the field was released. In a neutr
powder-diffraction study of Pr0.6Ca0.4MnO3 Leeset al.41 ob-
tained rather similar results, namely, a CO transition at 2
K, an AFM transition at 160 K, and a field-induce
AFM-FM transition at;5 T. Tomiokaet al.42 mapped out
the H-T phase diagram in detail for single crystal samp
with 0.3<x<0.5 and showed that for Pr0.7Ca0.3MnO3 the
CO state could not be restored until the temperature
increased aboveTirr;60 K, the low-temperature FM stat
being considered as metastable. From thermal expansion
magnetostriction measurements on a polycrystalline sam
with x50.33, De Teresaet al.43 noted a crossover from a CL
to a CO state in the 200 K region aboveTCO;210 K, and a
first-order field-induced transition from the CO to a CD sta
accompanied by a volume decrease of;0.14%. In a recent
neutron single crystal experiment, Yoshizawaet al.44

observed a pressure-inducedI -M transition for
Pr0.7Ca0.3MnO3 at 0.7 and 2 GPa. In the latter case, no C
or AFM peaks were seen aboveTC;150 K.

A recent paper by Kiryukhinet al.45 reports an x-ray
photoinducedI -FM transition at 4 K in a Pr0.7Ca0.3MnO3
single crystal, characterized by a rapid decrease in the in
sity of the CO~3/2 0 2! peak as a function of exposure tim
in a synchrotron x-ray beam~energy 8 keV, flux ;5
31010 photons/mm2/s!, together with a large decrease in r
sistivity. These effects were not reversible at 4 K, but t
induced conductivity could be annealed out above 60 K. T
CO ~3/2 0 4! peak was also monitored with neutrons, but d
not show any unusual behavior.

In this paper, we present synchrotron x-ray and neutr
powder-diffraction data for Pr0.7Ca0.3MnO3 powder samples
as a function of temperature, and x-ray-diffraction data a
function of x-ray exposure time. Our data clearly show th
the photoinduced CO-CD low-temperature phase transi
is associated with phase segregation. The as-cooled sam
single phase, but the Bragg peaks display a significant an
tropic strain. The presence in the powder patterns of su
lattice peaks, which can be indexed on a unit cell with thea
axis doubled, provides clear evidence of charge order
Soon after opening the x-ray shutter, this anisotropic str
leads to the development of two well-defined crystal
graphic phases with different unit cell volumes. Upon furth
exposure to x-rays, the proportion of the two phases gra
ally changes, and the intensity of the superlattice peaks
creases with a similar time constant. The proportion of
phase having the smaller unit cell volume increases a
function of time, strongly suggesting that the latter is t
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ferromagnetic metallic CD phase. In the light of these
sults, the very large values of the magnetoresistance in
and similar compounds can be explained assuming that
field-induced transition has a similar two-phase nature.
fact, in this case, the electrical resistivity would dro
abruptly as soon as the CD phase attains the percola
threshold. We believe that the presence of significant an
tropic strain in the as-cooled samples is also an extrem
important feature. This strain, which gradually develops
low the charge-ordering temperatureTCO;180 K, indicates
the presence of structural inhomogeneities, which may p
vide an alternative explanation for the simultaneous prese
of ferromagnetic and antiferromagnetic magnetic peaks
this compound. In this scenario, the ferromagnetic pe
would be associated with frozen-in clusters characterized
a smaller-than-average unit-cell volume, rather than wit
uniform canting of the antiferromagnetic structure.

II. X-RAY AND NEUTRON DIFFRACTION

The polycrystalline sample of Pr0.7Ca0.3MnO3 was pre-
pared by conventional solid-state techniques and was pa
the same batch of material described in Ref. 7. Synchro
x-ray-powder-diffraction data were collected at the X7
beamline at the National Synchrotron Light Source
Brookhaven National Laboratory, from a flat-plate sam
mounted in symmetric reflection geometry in a closed-cy
He cryostat. The instrument configuration consisted o
double-crystal Ge~111! monochromator and a flat Ge~220!
analyzer crystal in the diffracted beam set for a wavelen
of 1.2003 Å. The intrinsic resolution with this configuratio
is about 0.01° in the low-angle 2u range between 10–40°
Step scans were made over selected low-angle reflectio
a number of temperatures between 15–325 K during b
cooling and heating cycles, and extended data sets were
lected at 300, 160, 80, and 15 K. The step interval w
0.005°, and the sample was rocked through a few degre
each point to ensure proper powder randomization. Beca
of the gradual evolution of a second phase during data
lection at 15 K, believed to result from the photoinduc
transition recently reported by Kiryukhinet al.,45 subsequent
measurements were made on the same sample after co
from 300 to 20 K. Two data sets were obtained as a func
of x-ray fluence: the first immediately after cooling th
sample to 15 K, the second after equilibrating it at 20 K
44 h before exposure to the x-ray beam. For the latter m
surements, a Si~111! monochromator was used at a wav
length of 1.1997 Å, and the evolution of the second phas
20 K was followed by repeated scans of the~220!/~022! pair
of reflections40 as a function of time. The lattice paramete
at each temperature were determined from a least-squar
to the positions of several low-angle peaks obtained from
to a pseudo-Voigt peak shape function.46 The latter process
was complicated by the fact that some of the closely adjac
peaks, such as the~202!/~040! pair derived from splitting of
the pseudocubic~200! reflection, were observed to hav
markedly different widths and shapes~see Sec. V!, necessi-
tating the use of individual full widths at half maximum
~FWHM’s! and mixing parameters as well as peak positio
and integrated intensities in the fits.

In order to determine the evolution of the magnetic str
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ture, medium-resolution neutron-powder-diffraction da
were collected as a function of temperature on the D1B
fractometer at the Institut Laue-Langevin~ILL !, using a
wavelength of 2.520 Å. High-resolution neutron-powde
diffraction data were collected at 1.5 K on the D2B diffra
tometer at the ILL. In order to optimize both resolution a
reciprocal space range, data sets were collected at two
ferent wavelengths and instrument configurations:l151.594
Å in the high-intensity mode, with no primary beam coll
mation, a monochromator mosaic spread FWHM of;158,
and 58 collimation between sample and detector, a
l252.400 Å in the high-resolution mode, using a 3-cm thi
highly oriented pyrolytic graphite filter in the primary bea
to eliminatel/2 and l/3 contamination~less than 0.1 and
0.2 %, respectively!. For these measurements, the monoch
matic beam divergencea2 was limited to;0.2° by means of
a slit system positioned;15 cm after the monochromato
but otherwise the same configuration was used for the
mary beam and detector collimation as for the 1.594 Å d
collection. This allowed a resolution ofD2u of ;0.2° to be
attained up to 2u<100°. The complete x-ray and neutro
patterns were analyzed by the Rietveld method47 using the
GSAS ~Ref. 48! andFULLPROF ~Ref. 49! programs.

III. MAGNETIC STRUCTURE

The Pr0.7Ca0.3MnO3 thermodiffractogram, obtained from
the D1B neutron-powder-diffraction data by subtracting t
150 K data set from the data sets collected at lower temp
tures, reveals the appearance, on cooling, of two sets
Bragg peaks atTN;140 K andTC;120 K, respectively.
The 120 K peaks have the propagation vector@0,0,0# (G
point of the first Brillouin zone!, and are consistent with FM
coupling of the moments on the Mn sublattice. The 140
peaks can be indexed using the two propagation vectors@1/
2,0,1/2# (U point of the first Brillouin zone! and@0,0,1/2# or
@1/2,0,0# (Z or X point of the first Brillouin zone!, which are
associated with the previously described AFM ‘‘pseud
CE’’ or ‘‘CE-type’’ magnetic structures.8 Unlike the case of
La0.5Ca0.5MnO3, both sets of magnetic peaks are resoluti
limited even for the high-resolution D2B data set collected
2.400 Å. A close inspection of the D1B data reveals t
presence of a third rather subtle magnetic transition in
region 40–60 K, which manifests itself as an increase in
ratio between the simple perovskite~110! and ~100! mag-
netic Bragg peaks, which are split into~200,002,121! and
~101,020! sets, respectively, in the orthorhombic cell usi
the Pnmasetting. This effect can be attributed to the dev
opment of a ferromagnetic moment on the Pr ions, located
the perovskiteA site, parallel to the FM-coupled Mn mo
ments. The magnetic and crystal structures were simu
neously refined at 1.5 K using the two D2B data sets. T
intensity ratios between the AF peaks clearly indicate t
the moments are oriented along theb axis, as previously
reported.42 The AFM moments on the two sublattices we
refined independently, but turned out to be almost ident
within the error bars. As far as the FM moments are co
cerned, the best fits were obtained with the moments alig
along thea axis. A significant improvement of the agreeme
factors was obtained with a refined FM moment
0.45~2!mB on the Pr site, oriented in the same direction as
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Mn FM moment. The crystallographic structural paramet
refined from the D2B data are published elsewhere,50 and the
magnetic parameters are reported in Table I. T
temperature-dependent magnetic moments~Fig. 1! were ob-
tained from sequential Rietveld refinement based on the D
data, with the structural parameters fixed at the lo
temperature values determined using D2B data. The s
value of the Pr moment did not permit a precise location
the A-site FM ordering transition, and the FM Pr mome
was accordingly refined only below 60 K.

In the case of La0.5Ca0.5MnO3, early work demonstrated
close link between the magnetic ordering on the one h
and the charge and orbital ordering on the other. Already
1955, Goodenough2 proposed that the CE-type magne

TABLE I. Refined magnetic moment for th
Pr0.7Ca0.3MnO3 magnetic structure at 1.5 K~D2B! data at l1

51.594 Å andl252.400 Å. The magnetic moments are express
in Bohr magneton, and the site coordinates are expressed as
tions of the 2a3b3c magnetic cell.

Mn AFM Mn AFM
@1/2,0,0# propagation vector @1/2,0,1/2# propagation vector

sites my sites my

0 1/4 0 1.48~2! 1/4 1/4 1/4 1.53~2!

1/2 1/4 0 3/4 1/4 3/4
0 3/4 1/2 1/4 3/4 3/4
1/2 3/4 1/2 3/4 1/4 1/4
0 1/4 1/2 21.48~2! 1/4 1/4 3/4 21.53~2!

1/2 1/4 1/2 3/4 1/4 1/4
0 3/4 0 1/4 3/4 1/4
1/2 3/4 0 3/4 3/4 3/4

Mn-FM Pr-FM
mx52.20(2) mx50.45(2)

FIG. 1. Magnetic moments as a function of temperature
Pr0.7Ca0.3MnO3, obtained from a sequential Rietveld refinement
the D1B temperature-dependent neutron powder diffraction d
(l52.520 Å!. The symbols are Mn-FM moment~open circles!;
Mn-AFM moments with propagation vector@1/2,0,1/2# ~open
squares!; Mn-AFM moments with propagation vector@1/2,0,0#
~filled squares!; Pr-FM moments~open triangles!. Solid lines are
guides to the eye. The structural parameters were kept fixed a
low-temperature values determined from the D2B data.
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structure could be constructed from the charge-ordered st
ture by assuming that the Mn-O-Mn superexchange inte
tion is ferromagnetic when one of the Mn-O bonds
‘‘long’’ due to the JT distortion~involving a filled Mn13dz2

orbital!, and antiferromagnetic when both Mn-O bonds a
short. The recently determined charge-ordered and orbit
ordered superstructure of La0.5Ca0.5MnO3 ~Ref. 10! has fully
confirmed this hypothesis. It is interesting to apply
Pr0.7Ca0.3MnO3 the same qualitative considerations that l
to the hypothesis of charge and orbital ordering
La0.5Ca0.5MnO3 on the basis of its magnetic structure. Th
antiferromagnetic component of the Pr0.7Ca0.3MnO3 mag-
netic structure, known as the ‘‘pseudo-CE’’ structure,
closely related to the CE-type structure, the magnetic c
pling in the a-c plane being identical in each case, wi
FM-coupled zig-zag AFM chains running along thea or c
axes. Apart from the orientation of the magnetic mome
the main difference between the two structures is the way
layers are coupled along theb direction: the coupling is
AFM in the CE structure and FM in the pseudo-CE structu
Based on the Goodenough model,2 one would conclude tha
the orbital ordering is the same for the two structures in
a-c plane, but that the pseudo-CE structure accommodat
significant number of long Mn-O bonds directed along theb
axis, yielding a net FM interlayer coupling. The followin
simplified model, shown schematically in Fig. 2, may the
fore be proposed for the Pr0.7Ca0.3MnO3 superstructure.~1!
As in the case of La0.5Ca0.5MnO3 the superstructure would
be made up of three sublattices Mn~1!, Mn~2!, and Mn~3!,
with all the Mn13O6 octahedra assumed to be JT distort

d
ac-

r
f
ta

he

FIG. 2. Schematic representation of the Pr0.7Ca0.3MnO3 charge-
and orbitally-ordered superstructure, assumed to have space g
symmetryP21 /m ~Ref. 10!. Mn13 and Mn14 are shown as dark
and light octahedra, respectively. The Mn~1! and Mn~2! sites, which
have twofold multiplicity, are occupied only by Mn13. The dz2

orbitals on this site are ordered in thea-c plane as in
La0.5Ca0.5MnO3. The Mn~3! site ~central column!, which has four-
fold multiplicity, is randomly occupied by Mn14 ~60%! and Mn13

~40%!, the latter havingdz2 orbitals oriented along theb axis.
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~4 short and 2 long Mn13-O bonds!. ~2! The Mn~1! and
Mn~2! sublattices would contain only Mn13 as in the case o
La0.5Ca0.5MnO3, and would have the same orbital orderin
with all the long Mn13-O bonds oriented in thea-c plane.
~3! The Mn~3! sublattice, which for La0.5Ca0.5MnO3 was oc-
cupied by Mn14 alone, would now contain 40% of Mn13

and 60% of Mn14, all the long Mn13 -O bonds being di-
rected along theb axis. As we shall see in Secs. IV and V
the intensities of the superlattice reflections and the temp
ture dependence of the lattice parameters are in qualita
agreement with this model, once the effects of structural
order are taken into account. We should remark, howe
that for this model only the Mn ions on the Mn~3! sites give
rise to FM coupling along theb axis, since the coupling fo
the Mn~1! and Mn~2! sites along theb axis continues to be
AFM. For this kind of highly frustrated system, the observ
magnetic structure is therefore explicable only if it is a
sumed that an overall FM coupling results from the com
tition between FM and AFMb-axis coupling. Furthermore
significant structural disorder could be introduced beca
of the tendency of the Mn13~1!-O-Mn13~1! and
Mn 13~2!-O-Mn13~2! linkages~two emptydx22y2 orbitals!
to be shorter than the Mn13~3!-O-Mn14 linkage ~one filled
dz2 and one emptydx22y2 orbital!.

The neutron-diffraction data reveal an increase in the
tensity at the nuclear peak positions belowTC;120 K, con-
sistent with the development of a ferromagnetic mome
This FM component has previously been described eithe
terms of two coexisting phases8 or a noncollinear canted
structure.18,42 It is important to point out that, although th
spin orientation as determined from previous studies and
present one is not incompatible with spin canting, it is e
tremely difficult to discriminate between the two phase a
the canting models in the absence of accurate polarized
tron studies. However, it is clear from the present diffract
data that no long-range phase segregation, either spon
ous or photoinduced, takes place betweenTC andTirr , indi-
cating that a simple two-phase model is not valid. Also,
larger value of the FM moment compared to the aver
AFM moment, 2.20~2! vs 1.50~2!mB , allows one to conclude
that it can arise only from the double-exchange interacti
and not from other possible mechanisms, such as n
nearest-neighbor interactions.

The canting model, which results from the competiti
between ferromagnetic double-exchange and antiferrom
netic superexchange, has been extensively discussed
classic paper by de Gennes.17 However, as de Gennes poin
out, uniform canting can be achieved only in the presenc
free carriers, i.e., in a metal, whereas the present system
insulator. Bound carriers would give rise to a local ferroma
netic distortion of the spin system, which would therefo
become inhomogeneous.17 In the latter case, the bound Zen
electrons would form small ferromagnetic clusters in an o
erwise antiferromagnetic matrix, and the cluster spins wo
then align parallel to each other atTC . The presence o
ferromagnetic clusters in perovskite manganates above
spin ordering temperature is now well documented.35,36Also,
there is evidence that these clusters may be associated w
local lattice ‘‘distortion’’36 ~the term is rather misleading
since the FM regions are expected to be relatively un
torted with respect to the JT distorted polaronic regions
,
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the matrix!. Therefore, the observation of increased latt
strain belowTCO ~see Sec. V! constitutes an indirect confir
mation of the inhomogeneous model.

IV. SUPERLATTICE PEAKS

Previous neutron-diffraction measurements by Ji´k
et al.8 and Yoshizawaet al.9 showed that the CO structure
characterized by doubling of thea axis and the appearanc
of additional peaks of the type (h/2 k l). The presence of
these superlattice reflections is evident in both the x-ray
neutron-diffraction data. In the latter, however, the intens
resulting from the nuclear superstructure@associated, for in-
stance, with the~1/2 0 2! and ~3/2 0 2!/~1/2 2 2! peaks# is
always accompanied belowTN by a magnetic contribution
due to the AFM structure. For this reason, we have used
x-ray data to characterize the superstructure. A careful se
was made for superlattice peaks associated with charge
dering of Mn13 and Mn14 belowTCO;200 K. Because the
superlattice peaks were expected to be very weak, the se
was limited to narrow regions covering the strongest of th
peaks observed in our previous measurements
La0.5Ca0.5MnO3.

10 The initial measurements were carried o
at 80 K where the superlattice intensity is approach
saturation9 and well above the temperature range where
photoinduced ‘‘charge-melting’’ transition occurs.45 With
very long counting times of 120 sec per step, definite e
dence of charge ordering was seen at positions correspon
to the ~3/2 0 2!/~1/2 2 2! pair and the~1/2 2 3! peak, which
are the strongest of the superlattice reflections observed
La0.5Ca0.5MnO3.

10 Furthermore, in contrast to the finding
for the latter compound, the modulation vector was comm
surate within an experimental error of 0.003. The intens
data for the~1/2 2 3! peak, which is well resolved from
adjacent fundamental peaks, are displayed in Fig. 3, toge
with the results of similar scans at 160 and 15 K. In the lat
case, the elapsed times at the midpoint of the scan were;30
and;1020 min, respectively, for the scans labeled ‘‘star
and ‘‘end’’ ~see Sec. VI!. Because of the long counting time

FIG. 3. Portions of the synchrotron x-ray-powder-diffractio
patterns for Pr0.7Ca0.3MnO3 at 160, 80, and 15 K, in the region o
the ~1/2 2 3! superlattice peak. The two data sets at 15 K we
obtained immediately after cooling down~start! and after;17 h
exposure to the x-ray beam, corresponding to a fluence of
31013 photons/mm2 ~end!.
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needed for complete scans of the CO peaks, it was not
sible in the time available to make detailed measurement
their temperature dependence. However, an approximate
termination of the~1/2 2 3! intensity was made at severa
temperatures from measurements at the peak position a
background point at each side. These values, scaled by
ratio of the integrated and peak values at 80 K, are plotte
Fig. 4, from which it can be seen thatTCO lies in the region
of 180–200 K~for the 15 K point, the data recorded imme
diately after cooling down were used as described in S
VI !. The observed intensities in five regions are qualitativ
accounted for by a structural model similar to that previou
proposed,10 in which the MnO6 octahedra around the Mn14

sites are shifted alongc towards two neighboring Mn13 at-
oms by;0.05 Å, and two of the surrounding Pr/Ca atom
are shifted in the same direction by;0.03 Å ~Table II!. It
should be noted that these shifts are only about one ha
those observed for La0.5Ca0.5MnO3, and that the intensities o
the CO peaks are<;0.1% of those of the strongest funda
mental peak~a factor of 3–4 lower than in the case o
La0.5Ca0.5MnO3). Although it is possible to interpret this dis
crepancy in terms of a uniformly reduced JT distortion of t
Mn 13O6 octahedra, it is very likely that the reductions

FIG. 4. Intensity of the~1/2 2 3! peak as a function of decreas
ing temperature for Pr0.7Ca0.3MnO3. The data point at 15 K was
obtained immediately after cooling. The solid line is a guide to t
eye.

TABLE II. Comparison of observed and calculated intensiti
for the charge-ordered structure of Pr0.7Ca0.3MnO3 at 80 K, based
on the monoclinic structure with doubleda axis proposed for
La0.5Ca0.5MnO3 in Ref. 10, with Dz50.1 and Dz850.05. Esti-
mated errors forI ~obs! are given in parentheses. Values ofI ~calc!
were scaled based on a Rietveld fit to the average structure
Pnma symmetry.
a-
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he
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c.
y
y

of

the superlattice peak intensity actually arise from structu
disorder. As we shall see in Sec. V, the observation of s
nificant stain broadening in the diffraction data strongly su
gests the existence of regions of the lattice where the lo
structure differs significantly from the average one.

V. STRUCTURAL PARAMETERS AS A FUNCTION
OF TEMPERATURE

The temperature dependence of the lattice parameter
determined from the synchrotron x-ray-powder-diffracti
data, is shown in Fig. 5. Their behavior, which is in qualit
tive agreement with previously published data on simi
compounds,18 is rather complex. Near room temperature, t
evolution of the lattice parameters is typical for orthorho
bic perovskites, i.e., theb axis and the unit-cell volume de
crease while the orthorhombic strain increases with decr
ing temperature. However, the low-temperature behavio
characterized by the presence of a number of change
slope corresponding to the characteristic structural and m
netic ordering temperaturesTCO, TN , andTC . In contrast to
La0.5Ca0.5MnO3, which also undergoes charge orderin
(TCO;230 K!, the Pr0.7Ca0.3MnO3 lattice parameters behav
in a strikingly different fashion. In particular, fo
La0.5Ca0.5MnO3 the b axis rapidly drops in the vicinity of
TCO, while the a and c axes increase, consistent with th
absence of a volume anomaly. In contrast,
Pr0.7Ca0.3MnO3 the behavior is opposite in sign, namely, th
b axis increases atTCO, and the change is much smaller
absolute value. This observation can be explained within
framework of the proposed model for the Pr0.7Ca0.3MnO3
superstructure. The increase in theb axis at TCO suggests
that the decrease expected because of orbital orderin
Mn 13in the a-c plane is more than compensated for
alignment of thedz2 orbitals of the excess Mn13 along theb
axis, resulting in roughly the same fraction of such orbitals
both the disordered~aboveTCO) and CO phases. Thea pa-
rameter exhibits opposite behavior, whilec decreases fairly

e

ith

FIG. 5. Lattice parameters and unit cell volume as a function
temperature for Pr0.7Ca0.3MnO3 determined from synchrotron x-ra
powder diffraction data. The filled symbols at 15 K indicate t
values for the single phase obtained immediately after cooling.
empty symbols connected by vertical dotted lines represent the
ues at 20 K for the two coexisting phases obtained after;31 h
exposure to the x-ray beam, corresponding to a fluence of 1
31013 photons/mm2. The solid lines are guides to the eye.
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steadily with decreasing temperature, showing only a re
tively weak inflection point in the vicinity ofTCO. In com-
mon with La0.5Ca0.5MnO3, there is little evidence of any
anomalies in the cell volume, and the orbital ordering p
cess, as evidenced by the lattice constant anomalies, i
sentially complete atTN . BetweenTN and Tirr the lattice
parameters resume the trend seen aboveTCO, with a notable
absence of any anomalies atTC . Below Tirr , the values of
the lattice parameters and the unit-cell volume, as de
mined from the synchrotron data, are strongly dependen
sample history, due to the photoinduced phase segrega
phenomenon described in Sec. VI.

As in the case of La0.5Ca0.5MnO3, the temperature region
betweenTCO and TN is associated with the development
significant and selective broadening of the Bragg peaks. T
behavior is illustrated in Figs. 6 and 7, and is accompan
by a buildup of additional scattering between the peaks

FIG. 6. Anisotropic strain broadening belowTCO for
Pr0.7Ca0.3MnO3 showing the evolution of the~202!/~040! doublet as
a function of decreasing temperature.

FIG. 7. FWHM’s as a function of temperature for the~202!,
~220!, and~022! synchrotron x-ray peaks. The solid lines are guid
to the eye.
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comparison to La0.5Ca0.5MnO3, the broadening is more dif
fuse and does not show the pronounced structure previo
described in terms of multiple discrete ‘‘phases.’’ Furthe
more, the strain remains large down to the lowest tempe
tures, where, as we shall see, it is closely related to
photoinduced phase segregation. In this context, it is imp
tant to remark that the peak broadening is also observe
the neutron-diffraction data, and is therefore very unlikely
be a radiation-induced effect. Figure 8 shows a Rietveld
finement pattern of the 2.400 Å neutron data and, in
inset, the individual fit to the~220!/~022! doublet. Both tech-
niques confirm the need to incorporate anisotropic str
and/or particle-size broadening into the peak-shape mode
order to correctly fit the data. The presence of local latt
distortions associated with FM clusters, as discussed in
III, could provide an explanation for the observed strain. It
important to point out, however, that the strain is observ
well aboveTC , indicating that, betweenTCO and TC , the
cluster spin directions are not correlated.

VI. PHOTOINDUCED PHASE SEGREGATION

Examination of the extended data set obtained at 15
during the first set of measurements revealed that som
the peaks which are normally single forPnma-type symme-
try, such as~220! and ~202!, were in fact split. Since it was
not possible to account for the splitting with a unit cell
lower symmetry, at first sight it appeared that the pha
formed initially at 15 K was metastable and transformed p
tially to a second phase during the 14 h period of data c
lection. However, the observation at about that time
Kiryukhin et al.45 of an x-ray photoinduced transition belo
40 K in a single crystal of Pr0.7Ca0.3MnO3 from an insulating
AFM to a metallic FM state made it seem likely that a sim
lar phenomenon was occurring in our powder sample,
that the second phase was in fact the ferromagnetic form.
this basis, the observed splittings can be attributed t

s

FIG. 8. Rietveld refinement pattern and difference plot of t
high-resolution neutron-powder-diffraction data (l5 2.400 Å!, re-
fined with FULLPROF ~Ref. 49! using an orthorhombic anisotropi
strain broadening model. The anisotropic broadening is clearly
ible in the inset, which shows a pseudo-Voigt fit to the~220!/~022!
doublet. The FWHM’s were 0.259° and 0.337° for~220! and~022!,
respectively. The instrumental resolution at this angle
;0.2°(DQ/Q;2.831023). Mon. cts. refers to the counts recorde
in the incident beam monitor.
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marked contraction (;0.4%! of the a axis of the ferromag-
netic phase~Fig. 5!. The evolution of the second phase at
K was subsequently followed by scans over narrow ang
regions containing the~220!/~022! and ~202!/~040! pairs of
reflections as a function of time. A few representative sc
of the former region at various stages are shown in Fig. 9
a function of fluence, i.e., the cumulative number
photons/mm2 incident on the sample as estimated from t
count rates recorded by the ion-chamber monitor. Just a
cooling to 15 K, there are only two peaks with approximate
equal integrated intensities, but~220! is much broader than
~022! ~FWHM’s of 0.079° and 0.046°, respectively!, indica-
tive of considerable microstrain along thea-axis direction
@Fig. 9, curve~a!#. After ;2 h, there is clear evidence of
shoulder on the high-angle side of the~220! peak @Fig. 9,
curve ~b!#, which becomes a recognizable second peak a
;6 h @Fig. 9, curve~d!#, and continues to grow at the ex
pense of the original~220! peak until the end of this set o
measurements after;17 h had elapsed@Fig. 9, curves~e!–
~g!#. A least-squares fit to the last data set with three pe
showed some residual discrepancies which were mark
reduced when a fourth peak was added (x2 decreased from
2.0 to 1.4!, consistent with the presence of a second~022!
peak at a slightly lower angle than the original one. T
FWHM of the first ~220! peak ~0.064°) is still relatively
large compared to those of the other three (;0.04°), and
changes comparatively little throughout the evolution of
second phase. Because of this and the long tail to the p
which is evident on the low-angle side, the ratio of the in
grated intensities of the two~220! peaks obtained from the fi
~0.92! is much higher than appears from the relative pe
heights in Fig. 9@curve~g!#. Although it is difficult to extract
quantitative values of all the parameters of the two pha
from the fits with a four-peak model because of severe c
relation problems, especially in the earlier stages, a gen
picture of the progress of the transformation can be obtai
from the fractions of the two phases calculated from the
tensities of the respective~220! reflections, which are reason
ably well-determined once the second peak is recogniza
resolved. The data from the later set of measurements
tained after annealing for 44 h at;20 K were analyzed in a

FIG. 9. Synchrotron x-ray diffraction scans of the~220!/~022!
doublet at 15 K as a function of x-ray fluence. The elapsed tim
after the shutter was opened were 5, 132, 274, 393, 504, 677
976 min for curves~a!–~g!, respectively.
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similar fashion, and the two sets of results are plotted in F
10 ~bottom panel! as a function of incident photons. It i
noteworthy that no transformation had occurred during
44 h period of annealing at 20 K when the sample was
exposed to the x-ray beam. The overall trends at 20 K
quite similar to the previous ones, the main difference be
that the 20 K data appear to show a saturation effect w
about half of the original phase has transformed, which
also apparent from plots of the raw data. It is not clear if t
effect is due to the slightly higher temperature, the prolong
annealing period, or some other factor. The lattice para
eters of the charge-ordered and the photoinduced ferrom
netic phases at the end of the 20 K run were respectivea
55.4817(9), b57.6606(4), c55.4244(10) Å, V
5227.79(6) Å3 and a55.4585(2), b57.6653(3), c
55.4250(3) Å, V5226.99(2) Å3 based on least-square
fits to 9 and 6 reflections, respectively. Thea axis and cell
volume of the ferromagnetic phase are seen to be sig
cantly reduced by 0.42 and 0.35 %, respectively. Three-p
scans of about 20 min duration were also made over
~1/2 2 3! CO peak at selected intervals in an attempt to ch
if this gradually decreased in proportion to the decrease
the amount of the initial phase. The initial intensityI (0) at
15 K was assumed to be equal to that determined at 8
from the data shown in Fig. 4. A complete scan of about
duration was made at the end of the run~a portion of this
scan is shown in Fig. 3!, and the intensity ratioI /I (0) as a

s
nd

FIG. 10. Photoinduced melting of the CO phase shown a
function of increasing x-ray fluence.~Bottom! Fraction of the origi-
nal CO phase determined from the ratio of the integrated intens
of ~220! and ~220! 8 at 15 K ~squares! and 20 K ~circles!, ~top!
intensity ratio I/I~0! for the ~1/2 2 3! superlattice reflection at 15 K
Solid lines are guides to the eye.
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57 3313STRUCTURAL CHANGES, CLUSTERING, AND . . .
function of incident photons is plotted in Fig. 10~top panel!.
Although the error bars are quite large, it is clear that
trend closely parallels that for the~220!/~022! pair in the
bottom panel.

The picture of the low-temperature photoinduced effe
emerging from the present powder data, in conjunction w
the previous single-crystal data presented by Kiryuk
et al.,45 is rather complex, and can be viewed as consisting
two distinct processes occurring simultaneously. The firs
a ‘‘phase segregation’’ or ‘‘phase organization’’ proces
which manifests itself in the evolution from a single bro
~220! peak into two sharper peaks that can be attributed
the CO and CD phases. There is no unique real-space
scription of this effect, but a useful model is that of th
gradual coalescence of ‘‘droplets’’ of the two species in
larger homogeneous regions. The second process is th
tensity transfer from the~220! to the~220! 8 peak, which can
be described in terms of ‘‘melting’’ of the CO phase. Th
latter effect can be monitored from the intensity of both t
superlattice reflections and the main peaks~once they are
split!, yielding essentially the same dependence as a func
of x-ray fluence~Fig. 10!. The first process is more difficul
to follow quantitatively, as the relevant parameters, i.e.,
FWHM’s of the ~220! and ~220! 8 peaks, are highly corre
lated in the early stages of phase segregation. Howeve
can be argued that phase segregation occurs more ra
than phase melting, since the FWHM’s of the two peaks
essentially stable after;6 h of exposure to x rays, at whic
point only about 50% of the CO phase has transformed to
ferromagnetic CD phase.

VII. SUMMARY

The observation of photoinduced phase segregation as
scribed in Sec. VI constitutes a significant step toward
understanding of the photoinduced insulator-metal transi
described by Kiryukhinet al.45 From the present data it i
clear that the transition occurs by growth of the meta
phase in the insulating matrix rather than by uniform me
lization of a single phase. This mechanism might help
account for the extreme sensitivity of the electrical proper
to x-ray exposure, since the conductivity would increa
drastically as soon as the percolation threshold is attained
the metallic phase fraction. It is also reasonable to hypo
esize that a similar two-phase mechanism might be the b
for both the extremely high values of the magnetoresista
for Pr0.7Ca0.3MnO3 and the strong pressure dependence
the conductivity.

On the basis of the experimental evidence described in
previous sections, the temperature evolution of the struct
properties of Pr0.7Ca0.3MnO3 can be summarized as follows

T.TCO. In the CL paramagnetic phase, Pr0.7Ca0.3MnO3
sh
e
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is very similar to other manganates in the same doping ran
The large difference between inequivalent Mn-O bo
lengths and the large room-temperature Debye-Waller
tors indicate the presence of both static and dynamic JT
tortions.

TN,T,TCO. In contrast to the ‘‘metallic’’ manganate
such as La0.7Ca0.3MnO3, Pr0.7Ca0.3MnO3 undergoes a CO
transition before the FM transition. The JT polarons free
into a long-range coherent charge-ordered and orbitally
dered superstructure. The development of lattice strain in
cates the presence of inhomogeneities, probably assoc
with trapped ferromagnetic clusters.

TC,T,TN . The Mn spins in the CO regions order an
ferromagnetically into the pseudo-CE structure.

Tirr,T,TC . The spins in the FM clusters become corr
lated, giving rise to a net ferromagnetic moment on the M
sublattice.

T,Tirr . Exposure to x rays induces a complex structu
rearrangement which can be described in terms of two
tinct processes. First, the broad~220! peak splits into two
sharper peaks, consistent with the coalescence of the pr
isting clusters into larger regions. Then, the relative inten
ties of the two peaks and the superlattice peaks change
a longer time constant, consistent with the buildup of t
ferromagnetic CD phase at the expense of the antiferrom
netic CO phase.

This complex behavior is quite different from that di
played by other manganese perovskites at the same lev
doping, where a single CL-CD transition is observed. W
should stress the critical role played in this respect by
electronic bandwidth, controlled through the distortion fro
cubic symmetry. The unusual properties of Pr0.7Ca0.3MnO3
arise because, due to the narrow bandwidth, the CL-CD t
sition is suppressed below the freezing point of the JT
larons. However, the richer phase diagram of the narro
bandwidth manganates stems essentially from the s
physics as that of the broad-bandwidth ones. The experim
tal evidence we have presented can be explained, at leas
qualitative way, by an extended model in which the essen
features of the JT and magnetic polaron models are ta
into account.
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