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The structural properties of {4Ca; sMnO; were studied by x-ray synchrotron and neutron-powder diffrac-
tion as a function of temperature (&3 <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 bel@wy~ 180 K, followed by antiferromagnetic ordering beldy
~140 K, similar to what was previously observed foryk8a sMnO;. Below To~120 K, the magnetic
structure develops a ferromagnetic component alongtagis on the Mn ions. At low temperatures, a small
ferromagnetic moment of 0.4 ug oriented in the same direction appears on the Pr ions as well. The
observation in RyCa, ;MnO; of significant lattice strain developing beldliy, as well as the development
of a ferromagnetic component to the magnetic structur€at120 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 smaller
lattice parameter and unit-cell volumeAY/V~0.4%) than that of the charge-ordered phase.
[S0163-182698)00106-4

[. INTRODUCTION complex combination of charge, orbital, and magnetic
ordering??#-1°0n the other hand, the CD state is ferromag-
In the last few years, a significant research effort has beenetic (FM), and displays relatively small JT distortiohs
undertaken toward the understanding of the unusual magFhe ferromagnetic properties of these compounds have been
netic and transport properties of manganate perovskites. Thexplained in the context of the so-called double-exchange
prototype compound of this family LaMnQis an antiferro-  model, originally proposed by Zener in 1951and further
magnetic insulator characterized by a strong structural disdeveloped by Anderson and Haseg&¥and by de Genne¥.
tortion interpreted in terms of a cooperative Jahn-Telld  When heated above a characteristic temperature, both the CO
effect, all the manganese ions being in the formal valenceind the CD states transform to a “charge-localize®l)
state of+3.1? Upon partial substitution of La with a divalent paramagnetic phase, characterized by low electronic carrier
alkaline-earth metal, a corresponding fractioof Mn*3is  mobility, semiconducting behavior of the electrical resistiv-
formally replaced with Mri®. For compositions 02X ity, and significant lattice distortions, which are mainly of the
<0.4 the compounds are ferromagnetic and exhibit colossahcoherent typél1418The CD-CL transition is character-
magnetoresistancé€CMR).*>* The doped systems, with gen- ized by a significant increase in the electrical resistivity upon
eral formulaA; ,A;MnO; (A=La, rare earthA’=Ca, Sr, heating, and is rather sensitive to the application of an exter-
Ba), are characterized by a strong competition between twmal magnetic field, giving rise to the so-called colossal mag-
different ground states: a charge-order@@O) insulating netoresistance effett.
state, where the electric charges are localized and tend to The nature of the CL paramagnetic phase has been one of
order onto separate crystallographic sublattices, and the main focuses of the experimental and theoretical work in
charge-delocalized(CD) state, having metalliclike dc this field. In particular, some calculations have suggested
conductivity’>~’ The magnetic and structural properties of that the value of the electrical resistivity in this phase is too
these two states are also quite different: the CO state is afigh to be explained by spin scattering aldfie?* and con-
tiferromagnetic(AFM), and the Mn"3 sublattice retains a sequently alternative charge localization mechanisms have
cooperative JT distortion, thereby giving rise to an oftenbeen sought. Millis and co-workers have proposed that, in
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the CL phase, charge carriers may be localized by lattice A detailed neutron single crystal of 2Ca MnO; study
distortions of the JT typ&:#?4the existence of which has by Yoshizawaet al® confirmed the CO transition at about
been confirmed by several techniques, including200 K from the appearance of tk&/2 0 2 reflection, and the
diffraction 1113141825 neytron-diffraction pair-distribution- AFM and FM transitions at 140 and 110 K, respectively,
function (PDP analysist?> extended x-ray-absorption fine from the behavior of thé1/2 1/2 Q and (110 reflections.
structure (EXAFS),?%?" optical conductivity’®?® infrared  They interpreted these results in terms of a canted AF struc-
reflectivity>® muon spin relaxatiod! photoemissioi? and  ture, but because of the rather small total moment of
oxygen isotope effect®* More recently, Lynnet al®® and ~ ~2.4ug, they suggested that some fraction of the moments
De Teresat al® have demonstrated the existence in the CLformed a spin-glass state due to the presence of excess
phase of ferromagnetic clusters well beyond the conventiona¥in *2 ions. Application of a magnetic field & K resulted in
fluctuation regime, and interpreted them in terms of magneti@an enhancement of the FI10 peak and a large decrease
polarons. This theoretical and experimental work has not yein the AF(1/2 1/2  and CO(1/2 0 2 peaks, consistent with
led to a unified model of the CL phase. However, the JTa field-induced CO-CD transition; however, the intensity of
polaron model and the magnetic polaron model could béhe CO peak did not vanish completelyt B K the FM state
reconciled under the assumption that the JT polatasso- was retained when the field was released. In a neutron-
ciated with fluctuating JT distorted regions of the lattice powder-diffraction study of Ry¢Ca, ;MnO; Leeset al** ob-
break the long-range ferromagnetféM) coherence, leaving tained rather similar results, namely, a CO transition at 250
relatively small(10-20 A FM clusters where the lattice is K, an AFM transition at 160 K, and a field-induced
relatively undistorted. We shall see in the remainder of thisAFM-FM transition at~5 T. Tomiokaet al** mapped out
paper how this model can help to explain the unusual propthe H-T phase diagram in detail for single crystal samples
erties of Pg .Ca, sMnO;. with 0.3=x=<0.5 and showed that for PyCa, ;MnO; the

The energetic balance between the CO, CD, and CICO state could not be restored until the temperature was
phases can be altered not only by changing the electronincreased abovd;,~60 K, the low-temperature FM state
doping, but also by other physical and chemical means; fobeing considered as metastable. From thermal expansion and
example, the CD phase is stabilized by the application of amagnetostriction measurements on a polycrystalline sample
external magnetic field or pressure, whereas the CO or Clith x=0.33, De Teresat al** noted a crossover from a CL
phases are stabilized by an increase in the structural distote a CO state in the 200 K region aboVegs~210 K, and a
tion from the ideal cubic perovskite-type lattice. The latterfirst-order field-induced transition from the CO to a CD state
effect can be obtained by replacing La with smaller rare-accompanied by a volume decrease~dd.14%. In a recent
earth ions, such as Pr, Y, and Tb, thereby reducing the aveneutron single crystal experiment, Yoshizawet al**
ageA-site ionic radiugr »). For instance, it has been shown observed a pressure-inducedi-M  transition  for
that for x=0.3, a low-temperature metal-insulatoM ¢l) PryCasMnO; at 0.7 and 2 GPa. In the latter case, no CO
transition occurs as a function @f ) at a critical radius or AFM peaks were seen aboWe~ 150 K.
rm—1~ 1.2 A’ The region of the phase diagram near the A recent paper by Kiryukhinet al*® reports an x-ray
low-temperatureM-1 transition is particularly interesting, photoinducedi-FM transition @ 4 K in a Pg+CaysMnO;
since the strong competition between CO and CD phasesingle crystal, characterized by a rapid decrease in the inten-
gives rise to a number of unique features, and the electricality of the CO(3/2 0 2 peak as a function of exposure time
resistivity changes by several orders of magnitude as a funda a synchrotron x-ray beantenergy 8 keV, flux~5
tion of applied magnetic field or applied presstifé3®In %10 photons/mri/s), together with a large decrease in re-
this region of the phase diagram, the compositionsistivity. These effects were not reversible at 4 K, but the
Pr,CaMnO; is an ideal test system, due to the almostinduced conductivity could be annealed out above 60 K. The
perfect matching of thé\-site ionic radii, and has been the CO (3/2 0 4 peak was also monitored with neutrons, but did
subject of several studies. The first comprehensive structuraot show any unusual behavior.
study of the Py_,CaMnO5 system was carried out by con- In this paper, we present synchrotron x-ray and neutron-
ventional x-ray-powder-diffraction techniques by Pollert powder-diffraction data for BrCay MnO; powder samples
et al,®® who noted the disappearance of the strong cooperaas a function of temperature, and x-ray-diffraction data as a
tive JT distortion forx=0.3 and proposed the formation of function of x-ray exposure time. Our data clearly show that
local JT distortions. A subsequent neutron-powder-the photoinduced CO-CD low-temperature phase transition
diffraction study by Jirk et al® revealed a CO transition in is associated with phase segregation. The as-cooled sample is
the region 200—-250 K, followed by AFM and FM transitions single phase, but the Bragg peaks display a significant aniso-
at~ 130 and 110 K, respectively. Jk@t al.interpreted this  tropic strain. The presence in the powder patterns of super-
as the coexistence of two phases in about equal amounlattice peaks, which can be indexed on a unit cell withdahe
rather than a transition from an AFM to a canted structureaxis doubled, provides clear evidence of charge ordering.
They also noted that the 200 K transition was characterize@oon after opening the x-ray shutter, this anisotropic strain
by the appearance of weak superlattice reflections whickeads to the development of two well-defined crystallo-
could be indexed on the basis of a doubled orthorhombic celjraphic phases with different unit cell volumes. Upon further
(a,2b,c-Pbnm setting or &,b,c-Pnma settind®). Their  exposure to x-rays, the proportion of the two phases gradu-
proposed structure shows shifts of the Mn atoms qualitaally changes, and the intensity of the superlattice peaks de-
tively similar to those found in LgCa, sMnO;,'% although  creases with a similar time constant. The proportion of the
they assigned a different symmetry to this superstructur@hase having the smaller unit cell volume increases as a
(Pbmmvs P2, /m). function of time, strongly suggesting that the latter is the
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ferromagnetic metallic CD phase. In the light of these resture, medium-resolution neutron-powder-diffraction data
sults, the very large values of the magnetoresistance in thiwere collected as a function of temperature on the D1B dif-
and similar compounds can be explained assuming that thfeactometer at the Institut Laue-LangeviiiLL ), using a
field-induced transition has a similar two-phase nature. Irwavelength of 2.520 A. High-resolution neutron-powder-
fact, in this case, the electrical resistivity would drop diffraction data were collected at 1.5 K on the D2B diffrac-
abruptly as soon as the CD phase attains the percolaticilometer at the ILL. In order to optimize both resolution and
threshold. We believe that the presence of significant anisaeciprocal space range, data sets were collected at two dif-
tropic strain in the as-cooled samples is also an extremelferent wavelengths and instrument configurations=1.594
important feature. This strain, which gradually develops beA in the high-intensity mode, with no primary beam colli-
low the charge-ordering temperatufgo~180 K, indicates mation, a monochromator mosaic spread FWHM~of5’,

the presence of structural inhomogeneities, which may proand 5 collimation between sample and detector, and
vide an alternative explanation for the simultaneous presence,=2.400 A in the high-resolution mode, using a 3-cm thick
of ferromagnetic and antiferromagnetic magnetic peaks imighly oriented pyrolytic graphite filter in the primary beam
this compound. In this scenario, the ferromagnetic peakso eliminate\/2 and \/3 contamination(less than 0.1 and
would be associated with frozen-in clusters characterized bg.2 %, respectively For these measurements, the monochro-
a smaller-than-average unit-cell volume, rather than with anatic beam divergence, was limited to~0.2° by means of
uniform canting of the antiferromagnetic structure. a slit system positioned-15 cm after the monochromator,
but otherwise the same configuration was used for the pri-
mary beam and detector collimation as for the 1.594 A data
collection. This allowed a resolution &f26 of ~0.2° to be

The polycrystalline sample of PfCa, MnO; was pre- attained up to 2<100°. The complete X-ray ano_l neutron
pared by conventional solid-state techniques and was part Gatterns were analyzed by the Rietveld meffiasing the
the same batch of material described in Ref. 7. Synchrotro§SAS (Ref. 48 and FULLPROF (Ref. 49 programs.
x-ray-powder-diffraction data were collected at the X7A
beamline at the National Synchrotron Light Source at IIl. MAGNETIC STRUCTURE
Brookhaven National Laboratory, from a flat-plate sample
mounted in symmetric reflection geometry in a closed-cycle The Pp/Ca MnO; thermodiffractogram, obtained from
He cryostat. The instrument configuration consisted of ghe D1B neutron-powder-diffraction data by subtracting the
double-crystal GE11) monochromator and a flat @20 150 K data set from the data sets collected at lower tempera-
analyzer crystal in the diffracted beam set for a wavelengtfiures, reveals the appearance, on cooling, of two sets of
of 1.2003 A. The intrinsic resolution with this configuration Bragg peaks affy~140 K and T¢~120 K, respectively.
is about 0.01° in the low-anglef2range between 10—40°. The 120 K peaks have the propagation ved®)0,0 (G
Step scans were made over selected low-angle reflections p@int of the first Brillouin zong and are consistent with FM
a number of temperatures between 15-325 K during botlsoupling of the moments on the Mn sublattice. The 140 K
cooling and heating cycles, and extended data sets were cdleaks can be indexed using the two propagation ve¢tdrs
lected at 300, 160, 80, and 15 K. The step interval was,0,1/2 (U point of the first Brillouin zongand[0,0,1/2 or
0.005°, and the sample was rocked through a few degrees E#/2,0,0 (Z or X point of the first Brillouin zong which are
each point to ensure proper powder randomization. Becaugssociated with the previously described AFM *“pseudo-
of the gradual evolution of a second phase during data colCE” or “CE-type” magnetic structure§.Unlike the case of
lection at 15 K, believed to result from the photoinducedlay sCa sMnO;, both sets of magnetic peaks are resolution
transition recently reported by Kiryukhiet al,*® subsequent limited even for the high-resolution D2B data set collected at
measurements were made on the same sample after coolidgt00 A. A close inspection of the D1B data reveals the
from 300 to 20 K. Two data sets were obtained as a functiofpresence of a third rather subtle magnetic transition in the
of x-ray fluence: the first immediately after cooling the region 40-60 K, which manifests itself as an increase in the
sample to 15 K, the second after equilibrating it at 20 K forratio between the simple perovskit@10) and (100 mag-
44 h before exposure to the x-ray beam. For the latter mearetic Bragg peaks, which are split int@00,002,12}1 and
surements, a $i11) monochromator was used at a wave- (101,020 sets, respectively, in the orthorhombic cell using
length of 1.1997 A, and the evolution of the second phase @he Pnmasetting. This effect can be attributed to the devel-
20 K was followed by repeated scans of {220/(022) pair  opment of a ferromagnetic moment on the Pr ions, located on
of reflection® as a function of time. The lattice parametersthe perovskiteA site, parallel to the FM-coupled Mn mo-
at each temperature were determined from a least-squares ffitents. The magnetic and crystal structures were simulta-
to the positions of several low-angle peaks obtained from fits/eously refined at 1.5 K using the two D2B data sets. The
to a pseudo-Voigt peak shape functi§iThe latter process intensity ratios between the AF peaks clearly indicate that
was complicated by the fact that some of the closely adjacerthe moments are oriented along theaxis, as previously
peaks, such as th@02)/(040 pair derived from splitting of reported*? The AFM moments on the two sublattices were
the pseudocubiq200 reflection, were observed to have refined independently, but turned out to be almost identical
markedly different widths and shapésee Sec. ¥, necessi- within the error bars. As far as the FM moments are con-
tating the use of individual full widths at half maximum cerned, the best fits were obtained with the moments aligned
(FWHM’s) and mixing parameters as well as peak positionsalong thea axis. A significant improvement of the agreement
and integrated intensities in the fits. factors was obtained with a refined FM moment of

In order to determine the evolution of the magnetic struc-0.452) g on the Pr site, oriented in the same direction as the

II. X-RAY AND NEUTRON DIFFRACTION
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TABLE |I. Refined magnetic moment for the c axis
PryCa 3MnO; magnetic structure at 1.5 KD2B) data at\, -
=1.594 A and\,=2.400 A. The magnetic moments are expressed
in Bohr magneton, and the site coordinates are expressed as frac-
tions of the 22X bXc magnetic cell.

Mn AFM Mn AFM
[1/2,0,0 propagation vector  [1/2,0,1/2 propagation vector
sites My sites My
01/40 1.482) 1/4 1/4 1/4 1.5%)
1/21/40 3/4 1/4 3/4
03/41/2 1/4 3/4 3/4
1/2 3/4 1/2 3/4 1/4 1/4
01/41/2 —1.492) 1/4 1/4 3/4 -1.532) 2]
1/2 1/4 1/2 3/4 1/4 1/4 s
03/40 1/4 3/4 1/4 "
1/23/40 3/4 3/4 3/4
Mn-FM Pr-FM y
y=2.20(2) myx=0.45(2)

FIG. 2. Schematic representation of thg g ;MnO; charge-
and orbitally-ordered superstructure, assumed to have space group
Mn FM moment. The crystallographic structural parametersymmetryP2;/m (Ref. 10. Mn*® and Mn"* are shown as dark
refined from the D2B data are published elsewh&amd the  and light octahedra, respectively. The Mhand Mr(2) sites, which
magnetic parameters are reported in Table I. Thehave twofold multiplicity, are occupied only by M. The d,2
temperature-dependent magnetic moméhtg. 1) were ob-  Orbitals on this site are ordered in the-c plane as in

tained from sequential Rietveld refinement based on the D1#20.5C&.sMnO;. The Mn(3) site (central columi, which has four-

S . . 3
data, with the structural parameters fixed at the low-old multiplicity, is randomly occupied by Mn* (60%) and.Mn*
140%), the latter havingl,2 orbitals oriented along the axis.

temperature values determined using D2B data. The smal

value of the Pr moment did not permit a precise location of
. . . structure could be constructed from the charge-ordered struc-
the A-site FM ordering transition, and the FM Pr moment g

was accordingly refined only below 60 K. ture by assuming that the Mn-O-Mn superexchange interac-

tion is ferromagnetic when one of the Mn-O bonds is
In the case of Lg:Ca sMnQO;, early work demonstrated a w0 16 to the JT distortion(involving a filled Mn™3d»

close link between the magnetic ordering on the one har.‘grbital), and antiferromagnetic when both Mn-O bonds are

and the charge and orbital ordering on the other. Already INyort. The recentl : .
g . y determined charge-ordered and orbitally
1955, Goodenoughproposed that the CE-type magnetic ordered superstructure of §.&Ca, sMnO; (Ref. 10 has fully

confirmed this hypothesis. It is interesting to apply to
PryCa sMnO; the same qualitative considerations that led
to the hypothesis of charge and orbital ordering in
20 ¢ ] Lag <Ca sMnO; on the basis of its magnetic structure. The
" antiferromagnetic component of the RP€a ;MnO; mag-
netic structure, known as the “pseudo-CE” structure, is
closely related to the CE-type structure, the magnetic cou-
pling in the a-c plane being identical in each case, with
FM-coupled zig-zag AFM chains running along theor ¢
axes. Apart from the orientation of the magnetic moments
the main difference between the two structures is the way the
, , , layers are coupled along the direction: the coupling is
Y 50 100 150 200 AFM in the CE structure and FM in the pseudo-CE structure.
Temperature (K) Based on the Goodenough modelne would conclude that
the orbital ordering is the same for the two structures in the

FIG. 1. Magnetic moments as a function of temperature for I but that th do-CE d
Pry L& 3Mn0O3, obtained from a sequential Rietveld refinement of a-c plane, but that the pseudo- structure accommodates a

the D1B temperature-dependent neutron powder diffraction dat&ignificant number of long Mn-O bonds directed along bhe
(A=2.520 A). The symbols are Mn-FM momeribpen circleg XIS, _y_|eld|ng a net FM mterlayer couplmg_. The following
Mn-AFM moments with propagation vectof1/2,0,1/4 (open simplified model, shown schematically in Fig. 2, may there-
squares Mn-AFM moments with propagation vectdd/2,0,0  fore be proposed for the PiCa sMnO; superstructure(l)
(filled squarel Pr-FM moments(open triangles Solid lines are  As in the case of LgCa gMnO; the superstructure would
guides to the eye. The structural parameters were kept fixed at tHege made up of three sublattices Mjy Mn(2), and Mn(3),
low-temperature values determined from the D2B data. with all the Mn*304 octahedra assumed to be JT distorted

2.5 .
Pr0.7Ca0.3MnO3

Magnetic Moments (u)

0.5 g -

0.0
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(4 short and 2 long MiA3-O bonds. (2) The Mn(1) and 14

Mn(2) sublattices would contain only Mi? as in the case of Pro,08,MnO,

12 (0.5,2,3) reflection

Lay sCa sMnO3, and would have the same orbital ordering, s : T=160K
with all the long Mn*3-O bonds oriented in tha-c plane. S |« faefssgeesfesffaastsiestatinnan e,

(3) The Mn(3) sublattice, which for LgsCa sMnO; was oc- ’§ 10 1, ; T_80K ]
cupied by Mn"* alone, would now contain 40% of MY & 1 . . % gt W ]
and 60% of Mn"*, all the long Mn*3 -O bonds being di- 5 sy ] Pt e

rected along thé axis. As we shall see in Secs. IV and V, & f Pyt T=15K(start)

the intensities of the superlattice reflections and the temperaz
ture dependence of the lattice parameters are in qualitatiw% 4 [ B e S LI OO T = 15 K {end)|
agreement with this model, once the effects of structural dis-= Hoaggtaimtati o SRLIEH,
order are taken into account. We should remark, however 2 | . . . . .
that for this model only the Mn ions on the NB) sites give '
rise to FM coupling along the axis, since the coupling for
the Mn(1) and Mn(2) sites along thév axis continues to be
AFM. For this kind of highly frustrated system, the observed FIG. 3. Portions of the synchrotron x-ray-powder-diffraction
magnetic structure is therefore explicable only if it is as-patterns for Ry;Ca, ;MNnO; at 160, 80, and 15 K, in the region of
sumed that an overall FM coupling results from the compethe (1/2 2 3 superlattice peak. The two data sets at 15 K were
tition between FM and AFMb-axis coupling. Furthermore, obtained immediately after cooling dowstart and after~17 h
significant structural disorder could be introduced becaus@xposure to the x-ray beam, corresponding to a fluence of 8.5
of the tendency of the Mh3(1)-O-Mn*3(1) and x10'° photons/mr (end.
Mn *3(2)-0-Mn*3(2) linkages(two emptyd,2_,2 orbitals
to be shorter than the Mi?(3)-O-Mn ™ linkage (one filled ~ the matriy. Therefore, the observation of increased lattice
d,2 and one emptyl,2_,2 orbital). strain belowT g (see Sec. Y constitutes an indirect confir-
The neutron-diffraction data reveal an increase in the inmation of the inhomogeneous model.
tensity at the nuclear peak positions beldw~ 120 K, con-
sis_tent with the development_ of a ferromagne_tic moment. IV. SUPERLATTICE PEAKS
This FM component has previously been described either in
terms of two coexisting phasesr a noncollinear canted Previous neutron-diffraction measurements by "Kiira
structure!®#2 |t is important to point out that, although the et al® and Yoshizawat al® showed that the CO structure is
spin orientation as determined from previous studies and theharacterized by doubling of the axis and the appearance
present one is not incompatible with spin canting, it is ex-of additional peaks of the typen(2 k I). The presence of
tremely difficult to discriminate between the two phase andhese superlattice reflections is evident in both the x-ray and
the canting models in the absence of accurate polarized neneutron-diffraction data. In the latter, however, the intensity
tron studies. However, it is clear from the present diffractionresulting from the nuclear superstructliessociated, for in-
data that no long-range phase segregation, either spontargance, with the1/2 0 2 and (3/2 0 2/(1/2 2 2 peakg is
ous or photoinduced, takes place betwdgnandT;,, indi-  always accompanied beloiy by a magnetic contribution
cating that a simple two-phase model is not valid. Also, thedue to the AFM structure. For this reason, we have used the
larger value of the FM moment compared to the average-ray data to characterize the superstructure. A careful search
AFM moment, 2.2(®) vs 1.52) .5, allows one to conclude was made for superlattice peaks associated with charge or-
that it can arise only from the double-exchange interactionglering of Mn*2 and Mn** below To~ 200 K. Because the
and not from other possible mechanisms, such as nexsuperlattice peaks were expected to be very weak, the search
nearest-neighbor interactions. was limited to narrow regions covering the strongest of these
The canting model, which results from the competitionpeaks observed in our previous measurements on
between ferromagnetic double-exchange and antiferromag.-ao_5CaO,5Mn03.1° The initial measurements were carried out
netic superexchange, has been extensively discussed inah 80 K where the superlattice intensity is approaching
classic paper by de GennEsHowever, as de Gennes points saturatiol and well above the temperature range where the
out, uniform canting can be achieved only in the presence gfhotoinduced *“charge-melting” transition occufs.With
free carriers, i.e., in a metal, whereas the present system is ary long counting times of 120 sec per step, definite evi-
insulator. Bound carriers would give rise to a local ferromag-dence of charge ordering was seen at positions corresponding
netic distortion of the spin system, which would thereforeto the(3/2 0 2/(1/2 2 2 pair and the(1/2 2 3 peak, which
become inhomogeneotiSin the latter case, the bound Zener are the strongest of the superlattice reflections observed for
electrons would form small ferromagnetic clusters in an oth-Lag sCa, sMnO4.2° Furthermore, in contrast to the findings
erwise antiferromagnetic matrix, and the cluster spins wouldor the latter compound, the modulation vector was commen-
then align parallel to each other @.. The presence of surate within an experimental error of 0.003. The intensity
ferromagnetic clusters in perovskite manganates above thdata for the(1/2 2 3 peak, which is well resolved from
spin ordering temperature is now well documentetfAlso,  adjacent fundamental peaks, are displayed in Fig. 3, together
there is evidence that these clusters may be associated withngth the results of similar scans at 160 and 15 K. In the latter
local lattice “distortion”3® (the term is rather misleading, case, the elapsed times at the midpoint of the scan w@@
since the FM regions are expected to be relatively undisand ~1020 min, respectively, for the scans labeled “start”
torted with respect to the JT distorted polaronic regions inand “end” (see Sec. \Jl Because of the long counting times

43.3 435 43.7 43.9
26 (degrees)
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FIG. 4. Intensity of thg1/2 2 3 peak as a function of decreas- ) ) )
ing temperature for BECa, MnOs. The data point at 15 K was FIG. 5. Lattice parameters and unit cell volume as a function of
obtained immediately after cooling. The solid line is a guide to thetémperature for BrCa MnO; determined from synchrotron x-ray
eye. powder diffraction data. The filled symbols at 15 K indicate the

values for the single phase obtained immediately after cooling. The

. empty symbols connected by vertical dotted lines represent the val-
needed for complete scans of the CO peaks, it was not fea s at 20 K for the two coexisting phases obtained aft&1 h

sible in the time available to make detailed measurements xposure to the x-ray beam, corresponding to a fluence of 15.9
thelr.temperature dependence. quever, an approximate d§:<—1013 photons/mrA. The solid lines are guides to the eye.
termination of the(1/2 2 3 intensity was made at several
temperatures from measurements at the peak position and,[ﬁle : : : :

. . superlattice peak intensity actually arise from structural
background point at each side. These values, scaled by tlzﬁ P P y y

0 of the | 4 and K val 80 K otted i sorder. As we shall see in Sec. V, the observation of sig-
ratio of the integrated and peax values at 80 K, are plotted Iyificant stain broadening in the diffraction data strongly sug-
Fig. 4, from which it can be seen thait lies in the region

X : ests the existence of regions of the lattice where the local
of 180—200 K(for the 15 K point, the data recorded imme- g g

) . _ ; structure differs significantly from the average one.
diately after cooling down were used as described in Sec. g y g

VI). The observed intensities in five regions are qualitatively
accounted for by a structural model similar to that previously ~ V- STRUCTURAL PARAMETERS AS A FUNCTION
proposed? in which the MnQ; octahedra around the Mt OF TEMPERATURE

sites are shifted along towards two neighboring Mh® at- The temperature dependence of the lattice parameters, as
oms by~0.05 A, and two of the surrounding Pr/Ca atoms getermined from the synchrotron x-ray-powder-diffraction
are shifted in the same direction by0.03 A (Table Il). It gata, is shown in Fig. 5. Their behavior, which is in qualita-
Sh0u|d be noted that these ShlftS are Only about one half qfve agreement W|th previous'y pub“shed data on Sim“ar
those observed for ls@Ca sMNnO;, and that the intensities of  compound<? is rather complex. Near room temperature, the
the CO peaks are=~0.1% of those of the strongest funda- eyolution of the lattice parameters is typical for orthorhom-
mental peak(a factor of 3—4 lower than in the case of pic perovskites, i.e., the axis and the unit-cell volume de-
Lag sCa sMNnOs). Although it is possible to interpret this dis- crease while the orthorhombic strain increases with decreas-
crepancy in terms of a uniformly reduced JT distortion of thejng temperature. However, the low-temperature behavior is
Mn *0¢ octahedra, it is very likely that the reductions in characterized by the presence of a number of changes in
slope corresponding to the characteristic structural and mag-
TABLE Il. Comparison of observed and calculated intensitiesnetic ordering temperatur@%.o, Ty, andTc. In contrast to
for the charge-ordered structure of,RCa, gMnO; at 80 K, based  La;Ca sMnOs, which also undergoes charge ordering
on the monoclinic structure with doubleal axis proposed for (Teo~230 K), the P Ca, ;MnO; lattice parameters behave
LagsCasMnO; in Ref. 10, with Az=0.1 andAz'=0.05. Esti- jn a strikingly different fashion. In particular, for
mated errors foi (ob9 are given in parentheses. Valuesl¢talc) Lay Ca, sMnO; the b axis rapidly drops in the vicinity of
were scaled based on a Rietveld fit to the average structure witﬁrcc;, while thea andc axes increase, consistent with the
Pnma symmetry. absence of a volume anomaly. In contrast, for
Pry Ca sMnO5 the behavior is opposite in sign, namely, the

hkl 1(obs) I (calc) b axis increases a@f.p, and the change is much smaller in
121,127 4(5) 7 absolute value. This observation can be explained within the
102,107 framework of the proposed model for theyRCa, ;MnO4
{ 4(5) g superstructure. The increase in theaxis atT¢o suggests

_ that the decrease expected because of orbital ordering of
302’302_ Mn *3in the a-c plane is more than compensated for by
122,122 25(5) 21 alignment of thed,2 orbitals of the excess Mt along theb
123,123 15(5) 15 axis, resulting in roughly the same fraction of such orbitals in
323,323 16(10) 14 both the disordere@aboveTo) and CO phases. The pa-

rameter exhibits opposite behavior, whidedecreases fairly



FIG. 6. Anisotropic strain broadening belowlco for
Pry Ca, sMnO; showing the evolution of th€202)/(040 doublet as

a function of decreasing temperature.

steadily with decreasing temperature, showing only a rela
tively weak inflection point in the vicinity off . In com-
mon with Lg Ca sMnO;, there is little evidence of any i, ras \where as we shall see
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8 %% & 8 %% FIG. 8. Rietveld refinement pattern and difference plot of the
S 200 ; 5, ﬁg’g 8 200 ; i @; high-resolution neutron-powder-diffraction data= 2.400 A), re-
- k3 - . . . . . .
2 PR z § W‘g fined with FuLLPROF (Ref. 49 using an orthorhombic anisotropic
2100 & : 2100t § i strain broadening model. The anisotropic broadening is clearly vis-
o ‘ . _h_,.p‘l‘ll si‘s.-_ ible in the inset, which shows a pseudo-Voigt fit to {2€0/(022
® Te60 62 64 366 368  Tieo 62 64 366 368 doublet. The FWHM'’s were 0.259° and 0.337° f@20 and(022),
20 (degraes) 20 (degrees) respectively. The instrumental resolution at this angle is

~0.2°(AQ/Q~2.8x10"%). Mon. cts. refers to the counts recorded
in the incident beam monitor.

comparison to LasCa, sMnO3, the broadening is more dif-
fuse and does not show the pronounced structure previously
described in terms of multiple discrete “phases.” Further-
more, the strain remains large down to the lowest tempera-
it is closely related to the

anomalies in the cell volume, and the orbital ordering pro'photoinduced phase segregation. In this context, it is impor-

cess, as evidenced by the lattice constant anomalies, is
sentially complete aff. BetweenTy and T;, the lattice

parameters resume the trend seen aligug with a notable

absence of any anomalies B¢ . Below T, , the values of
the lattice parameters and the unit-cell volume, as dete
mined from the synchrotron data, are strongly dependent on
sample history, due to the photoinduced phase segregati

phenomenon described in Sec. VI.

As in the case of LgCa gMnOs, the temperature region
betweenT-o and Ty is associated with the development of
significant and selective broadening of the Bragg peaks. Th
behavior is illustrated in Figs. 6 and 7, and is accompanie
by a buildup of additional scattering between the peaks. |

I-

n

&3int to remark that the peak broadening is also observed in

the neutron-diffraction data, and is therefore very unlikely to
be a radiation-induced effect. Figure 8 shows a Rietveld re-
finement pattern of the 2.400 A neutron data and, in the
inset, the individual fit to th€220)/(022) doublet. Both tech-

niques confirm the need to incorporate anisotropic strain

on

and/or particle-size broadening into the peak-shape model in
order to correctly fit the data. The presence of local lattice
distortions associated with FM clusters, as discussed in Sec.

iIII, could provide an explanation for the observed strain. It is

important to point out, however, that the strain is observed
well above T, indicating that, betweefioo and T, the
cluster spin directions are not correlated.

0.1 VI. PHOTOINDUCED PHASE SEGREGATION
014 Examination of the extended data set obtained at 15 K
T ooa2 | during the first set of measurements revealed that some of
g the peaks which are normally single fBnmatype symme-
g ooy try, such ag220) and(202), were in fact split. Since it was
S 008 | not possible to account for the splitting with a unit cell of
= lower symmetry, at first sight it appeared that the phase
0.06 formed initially at 15 K was metastable and transformed par-
004 | tially to a second phase during the 14 h period of data col-
lection. However, the observation at about that time by
0.02 ‘ : : : : : Kiryukhin et al*® of an x-ray photoinduced transition below
0 50 100 150 200 250 300 350

40 K in a single crystal of BrCa, s;MNnO; from an insulating

T K . . . 2
emperature () AFM to a metallic FM state made it seem likely that a simi-

FIG. 7. FWHM's as a function of temperature for tk202), lar phenomenon was occurring in our powder sample, and

(220), and(022) synchrotron x-ray peaks. The solid lines are guidesthat the second phase was in fact the ferromagnetic form. On
to the eye. this basis, the observed splittings can be attributed to a
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FIG. 9. Synchrotron x-ray diffraction scans of tk@20/(022) §
doublet at 15 K as a function of x-ray fluence. The elapsed times2 08 L
after the shutter was opened were 5, 132, 274, 393, 504, 677, ang
976 min for curvega)—(g), respectively. -g os |
: )
. . c
marked contraction+0.4% of the a axis of the ferromag- % 04 +
netic phasdFig. 5. The evolution of the second phase at 15 £
K was subsequently followed by scans over narrow angular 02 .
regions containing th€220/(022) and (202)/(040) pairs of
reflections as a function of time. A few representative scans 0.0 . . . . .
of the former region at various stages are shown in Fig. 9, as 0 2 4 6 8 10 12
a function of fluence, i.e., the cumulative number of Fluence (10" photons/mm?)

photons/mnt incident on the sample as estimated from the : .
count rates recorded by the ion-chamber monitor. Just afte%r FIG. 10. Photqmduced melting of the CO phase show_n_as a
cooling to 15 K, there are only two peaks with approximately unction of increasing x-ray ﬂuenCéBOtFom) Frac.t'on of the.or'g'_ "

> . o . nal CO phase determined from the ratio of the integrated intensities
equal integrated intensities, b(220) is much broader than f (220 and (220 at 15 K (squares and 20 K (circles. (top)
022 (FWHM's of 0.079° and 0.046°, respectivglyndica- . \-=) & . : ©9, [1oP
(, . . ; R ; intensity ratio 1/(0) for the (1/2 2 3 superlattice reflection at 15 K.
tive of considerable microstrain alopg tIaeaX|s_ direction  ggjid lines are guides to the eye.
[Fig. 9, curve(a)]. After ~2 h, there is clear evidence of a
shoulder on the high-angle side of t220) peak[Fig. 9, similar fashion, and the two sets of results are plotted in Fig.
curve (b)], which becomes a recognizable second peak aftet0 (bottom panel as a function of incident photons. It is
~6 h[Fig. 9, curve(d)], and continues to grow at the ex- noteworthy that no transformation had occurred during the
pense of the original220) peak until the end of this set of 44 h period of annealing at 20 K when the sample was not
measurements after 17 h had elapsefFig. 9, curvese)—  exposed to the x-ray beam. The overall trends at 20 K are
(9)]. A least-squares fit to the last data set with three peakquite similar to the previous ones, the main difference being
showed some residual discrepancies which were markedighat the 20 K data appear to show a saturation effect when
reduced when a fourth peak was added flecreased from about half of the original phase has transformed, which is
2.0 to 1.4, consistent with the presence of a sec¢f@?) also apparent from plots of the raw data. It is not clear if this
peak at a slightly lower angle than the original one. Theeffect is due to the slightly higher temperature, the prolonged
FWHM of the first (220 peak (0.064°) is still relatively annealing period, or some other factor. The lattice param-
large compared to those of the other three0(04°), and eters of the charge-ordered and the photoinduced ferromag
changes comparatively little throughout the evolution of thenetic phases at the end of the 20 K run were respectizely
second phase. Because of this and the long tail to the peak5.48179), b=7.660§4), c=5.4244(10) A, V
which is evident on the low-angle side, the ratio of the inte-=227.79(6) A and a=5.458%2), b=7.66533), ¢
grated intensities of the tw@20) peaks obtained from the fit =5.4250(3) A,V=226.99(2) & based on least-squares
(0.92 is much higher than appears from the relative pealits to 9 and 6 reflections, respectively. Taeaxis and cell
heights in Fig. 9curve(g)]. Although it is difficult to extract volume of the ferromagnetic phase are seen to be signifi-
guantitative values of all the parameters of the two phasesantly reduced by 0.42 and 0.35 %, respectively. Three-point
from the fits with a four-peak model because of severe corscans of about 20 min duration were also made over the
relation problems, especially in the earlier stages, a generél/2 2 3 CO peak at selected intervals in an attempt to check
picture of the progress of the transformation can be obtained this gradually decreased in proportion to the decrease in
from the fractions of the two phases calculated from the inthe amount of the initial phase. The initial intensit0) at
tensities of the respecti@20) reflections, which are reason- 15 K was assumed to be equal to that determined at 80 K
ably well-determined once the second peak is recognizablfrom the data shown in Fig. 4. A complete scan of about 2 h
resolved. The data from the later set of measurements olaluration was made at the end of the r@aportion of this
tained after annealing for 44 h at20 K were analyzed in a scan is shown in Fig.)3 and the intensity ratidé/1(0) as a
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function of incident photons is plotted in Fig. {®p pane). is very similar to other manganates in the same doping range.
Although the error bars are quite large, it is clear that theThe large difference between inequivalent Mn-O bond
trend closely parallels that for th€20/(022 pair in the lengths and the large room-temperature Debye-Waller fac-
bottom panel. tors indicate the presence of both static and dynamic JT dis-
The picture of the low-temperature photoinduced effectgortions.
emerging from the present powder data, in conjunction with Ty<T<T¢g. In contrast to the “metallic’ manganates
the previous single-crystal data presented by Kiryukhinsuch as Lg/CayMnO3, PrCa ;MnO; undergoes a CO
et al,*is rather complex, and can be viewed as consisting ofransition before the FM transition. The JT polarons freeze
two distinct processes occurring simultaneously. The first isnto a long-range coherent charge-ordered and orbitally or-
a “phase segregation” or “phase organization” process,dered superstructure. The development of lattice strain indi-
which manifests itself in the evolution from a single broadcates the presence of inhomogeneities, probably associated
(220 peak into two sharper peaks that can be attributed tavith trapped ferromagnetic clusters.
the CO and CD phases. There is no unique real-space de- To<T<Ty. The Mn spins in the CO regions order anti-
scription of this effect, but a useful model is that of the ferromagnetically into the pseudo-CE structure.
gradual coalescence of “droplets” of the two species into T, <T<T.. The spins in the FM clusters become corre-
larger homogeneous regions. The second process is the ilated, giving rise to a net ferromagnetic moment on the Mn
tensity transfer from th€220) to the(220) ' peak, which can  sublattice.
be described in terms of “melting” of the CO phase. The T<T,,. Exposure to x rays induces a complex structural
latter effect can be monitored from the intensity of both therearrangement which can be described in terms of two dis-
superlattice reflections and the main ped&ace they are tinct processes. First, the bro&a20) peak splits into two
split), yielding essentially the same dependence as a functiosharper peaks, consistent with the coalescence of the preex-
of x-ray fluence(Fig. 10. The first process is more difficult isting clusters into larger regions. Then, the relative intensi-
to follow quantitatively, as the relevant parameters, i.e., theies of the two peaks and the superlattice peaks change with
FWHM's of the (220 and (220" peaks, are highly corre- a longer time constant, consistent with the buildup of the
lated in the early stages of phase segregation. However, ferromagnetic CD phase at the expense of the antiferromag-
can be argued that phase segregation occurs more rapidietic CO phase.
than phase melting, since the FWHM’s of the two peaks are This complex behavior is quite different from that dis-
essentially stable after 6 h of exposure to x rays, at which played by other manganese perovskites at the same level of
point only about 50% of the CO phase has transformed to thdoping, where a single CL-CD transition is observed. We

ferromagnetic CD phase. should stress the critical role played in this respect by the
electronic bandwidth, controlled through the distortion from
VIl. SUMMARY cubic symmetry. The unusual properties of & ;MnO;

. ) . arise because, due to the narrow bandwidth, the CL-CD tran-

The observation of photoinduced phase segregation as dggion is suppressed below the freezing point of the JT po-

scribed in Sec. VI constitutes a significant step toward thgarons. However, the richer phase diagram of the narrow-
unde(standing qf the photoinduced insulator-metal trar_‘s?tiorﬂ)andwidth manganates stems essentially from the same
described by Kiryukhiret al*> From the present data it is physics as that of the broad-bandwidth ones. The experimen-
clear that the transition occurs by growth of the metalliciy| evidence we have presented can be explained, at least in a

phase in the insulating matrix rather than by uniform metal'qualitative way, by an extended model in which the essential

lization of a single phase. This mechanism might help tOeatyres of the JT and magnetic polaron models are taken
account for the extreme sensitivity of the electrical propertie$ntg account.

to x-ray exposure, since the conductivity would increase

drastically as soon as the percolation threshold is attained for

thg metallic phgse fraction. It is also r.eason.able to hypoth? ACKNOWLEDGMENTS
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