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Mesoscopic and microscopic phase segregation in manganese perovskites
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Mesoscopic~500–2000 Å! and microscopic~5–20 Å! phase segregation with temperature and magnetic
field was studied in the model manganite Pr0.7Ca0.3MnO3 by high-resolution neutron diffraction and inelastic
neutron scattering. Intragranular strain-driven mesoscopic segregation between two insulating phases, one of
which is charge ordered~CO!, sets in below the CO temperature in zero field. The CO phase orders antifer-
romagnetically, while the other insulating phase shows spin-glass behavior. After field-induced metallization,
the CO phase coexists with a ferromagnetic metallic phase.

DOI: 10.1103/PhysRevB.63.172419 PACS number~s!: 75.30.Vn, 61.12.2q
es
ite

a
la
u
at

ni
h

in
x,
ha
ar
e
re
d
g

ta

n,
,

d
-

ng
e

it
o

er

s

tic

v-
l-
ini-

-
-
e

tion

es
lso
la-

pic
lar
wo
ator.

r
ctor

o
eld,
ot

cted
al
ro

rs-
The issue of phase segregation~PS! has recently come to
the forefront of the discussion in the field of manganit
both in theory and experiments. Although PS in mangan
was already hypothesized by De Gennes1 in 1960, recent PS
models directly stem from the application of computation
techniques to the double-exchange/ferromagnetic Kondo
tice theory.2 In these models, some charge densities co
not be stabilized, leading to an inhomogeneous ground st3

One of the two coexisting phases is a ferromagnetic~FM!
metal, while the other is an insulator. This type of electro
phase segregation cannot become long-range, due to the
Coulomb energy cost. Therefore, amicroscopically inhomo-
geneousstate develops, whereby FM clusters, 10–20 Å
diameter, are interspersed into a charge-localized ‘‘matri
the latter associated with much larger lattice distortions t
the former, due to the Jahn-Teller effect. The PS scen
bridges the gap between double exchange-type mod
which do not take lattice energy into account, and more
cent polaronic models,4 where lattice distortions are treate
as associated with a single charge. Microscopic phase se
gation is now supported by significant experimen
evidence,2 in particular from neutron scattering.5,6 At the
same time, a number of experimental papers have show
the ‘‘narrow-bandwidth’’ region of the phase diagram7

phase coexistence at a much larger length scale~300–2000
Å! in perovskites8,9 and, more recently, in layere
manganites.10 Until now, the more or less implicit assump
tion has been that thismesoscopic phase segregationis simi-
lar in nature and in origin to the microscopic one, arisi
from the very close energetic proximity between a FM m
tallic phase and an insulating phase.

The narrow-bandwidth manganese perovsk
Pr0.7Ca0.3MnO3 provides perhaps the best-known example
‘‘tunable’’ mesoscopic phase segregation.8,11 In fact, its
transport and magnetic properties can be dramatically alt
by an external action. In zero field, Pr0.7Ca0.3MnO3 under-
goes a charge-ordering ~CO! transition at TCO
;180– 210 K, to a more disordered variant of the ‘‘C-E’’
phase8,12 ~found, for instance, in La0.5Ca0.5MnO3!, accompa-
nied by a sharp upturn of the resistivity curve.13 Upon further
cooling, AFM order sets in atTN;140 K, with a FM com-
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ponent developing atTC;80– 100 K, long interpreted a
arising from spin canting,12 while the electrical resistivity
continues to rise. Pr0.7Ca0.3MnO3 can be irreversibly turned
into a FM metal by application of an external magne
field,14,15 pressure13 or illumination with x-ray radiation at
low temperatures.8,16 The pristine properties can be reco
ered by warming above 100 K.5 This compound is an appea
ing test system, because chemical disorder should be m
mal ~Ca12 and Pr13 have almost identical ionic radii!. Also,
unlike the La-substituted analogues,9,17 Pr0.7Ca0.3MnO3 has
low lattice degeneracy~the three orthorhombic lattice param
eters are significantly different!, which is a considerable ad
vantage for high-resolution powder diffraction studies. W
have reexamined this compound by means of high-resolu
neutron powder diffraction~hr-NPD!, which enabled us to
determine the structural, magnetic and~by inference! elec-
tronic properties ofeachof the coexisting mesoscopic phas
across a significant portion of the phase diagram. We a
determined the local magnetic static and dynamic corre
tions ~a good indicator of microscopic PS! by quasi-elastic
small angle neutron scattering~QESANS!. Our conclusion is
that the two types of PS have different origins. Mesosco
PS arises primarily from the need to minimize intragranu
lattice strain, and was found to occur either between t
charge-localized phases or between a metal and an insul

A polycrystalline sample of Pr0.7Ca0.3MnO3 was prepared
using a standard ceramic route. hr-NPD data~Dd/d<0.1%
for 0.7 Å<d<2.4 Å! were obtained on the diffractomete
HRPD at ISIS. The simultaneous use of the three dete
banks gave a continuous coverage in the range 0.7 Å<d
<12.2 Å, which includes all the magnetic reflections. Tw
series of measurements, all in zero applied magnetic fi
were performed~the HRPD detector technology does n
permit to measure in an applied field!. In the first series, data
were collected at various temperatures oncooling from room
temperature to 3 K. In the second series, data were colle
on warming from 3 K, after the application of an extern
magnetic field of 7 T for 4 h, followed by ramp-down to ze
field. Data sets were also collected at 3 K after the applica-
tion of intermediate field values, confirming that an irreve
ible transition to a FM state occurs above 5 T~see below!.
©2001 The American Physical Society19-1
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FIG. 1. Phase segregation in Pr0.7Ca0.3MnO3 from nuclear and magnetic high-resolution neutron powder diffraction data at room temperature~a1!–~a4!,
4 K after zero-field cooling~b1!–~b4! and 3 K after application of a 7 T magnetic field followed by ramp-down to zero field. The data, normalized to
scattering of a 6 mm vanadium rod, were originally on the same dimensionless intensity scale, but were normalized to 1 for multiplotting.~a1!–~c1!: (I 0

50.03) The nuclear 040-202 doublet~orthorhombic lattice constants;A2aC3;2aC3;A2aC, space groupPnma!, which is sensitive to phase segregatio
~a2!–~c2!: (I 050.005) A multiplet containing the~1/2, 2, 2! peak, which has a large contribution from the structural distortions associated with th
superstructure and a smaller magnetic contribution.~a3!–~c3!: (I 050.05) A multiplet arising from the~1, 1, 1! peak of the pseudocubic cell, which is sensitiv
to ferromagnetic ordering.~a4!–~c4!: (I 050.03) A region of the pattern containing three strong antiferromagnetic peaks. Crosses are experimental p~a
few were omitted for clarity!. Solid lines are calculated patterns from full-pattern Rietveld refinements. Dotted lines show the contributions of individual
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The powders were strongly compacted in a vanadium tu
and the absence of field-induced preferred orientation
experimentally confirmed. A few representative powder p
terns, together with calculated profiles from full-pattern R
etveld refinements,18 are shown in Fig. 1. At room tempera
ture @Fig. 1~a1!–~a4!# the data are consistent with a sing
crystallographic phase, albeit associated with some an
tropic symmetric broadening, which accentuates on coo
to 200 K. At 150 K, we observed a dramatic change in
line shapes, which is preserved down to low temperatu
The new profiles@Fig. 1~b1!# are well represented by a two
phase model. However, in this context, the notion of crys
lographic ‘‘phases’’ must be somewhat broadened to incl
a continuous bimodal distributionof lattice parameters, with
significant intensity at intermediate values. The peak wid
imply that these phases, bothstructurally well distinctfrom
the room-temperature phase, are correlated at mesosc
length scales~500–2000 Å!. Characteristic superlattic
Bragg peaks arising from CO@Fig. 1~b2!# are observed be
low 200 K, while magnetic peaks are consistent with a la
AFM and a smaller FM contributions. The AFM and C
peaks can be attributed to one of the two crystallograp
phases~labeled CO!, both from an analysis of theird spac-
ings and from the subsequent evolution as a function of m
netic field ~see below!. The attribution of the smaller FM
component is more difficult, but it is likely to be associat
with the second crystallographic phase~labeled ROO, for
reverse orbital order; see below!. At low temperatures, the
CO an ROO phases occur in roughly equal proportions~Fig.
2!. The line shape and the magnetic intensities undergo
other major change upon application of the magnetic fi
@Fig. 1~c1!–~c4!#. Now, most of the intensity~85%! is asso-
ciated with a new phase@labeled CD for charge-delocalize
in ~c1!#, which is ferromagnetic~c3! and has yet differen
lattice constants. The remaining 15% of the sample is
residual CO phase~c1!, with the CO ~c2! and AFM ~c4!
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peaks scaling accordingly. On warming, there is a first tr
sition occurring at 40 K, whereby the proportions of CD a
CO phases become almost equal, with a correspond
growth of the CO and AFM peaks~Fig. 2!. This first transi-
tion is associated with the metal-insulator transition in res
tivity. The remaining CD phases then transforms into t
ROO phase with onset at 120 K, closing the hysteresis lo

It is immediately clear that this pattern of phase coex
ence is not consistent with electronic phase segregation
fact, the two-phase behavior is first observed just bel
TCO, associated with anincrease in electrical resistivity.
This is totally incompatible with the ROO phase being m
tallic, since its fraction is well above the percolation thres
old. More information about the electronic nature of the c
existing phases can be gathered from their structu
properties. However, since an unconstrained refinemen
the individual internal coordinates is most likely unreliab
our analysis will be based only on lattice parameters, as
tracted from two-phase Rietveld refinements. We have c
sen two structural indicators. The first~‘‘charge localiza-
tion’’ ! parameter is the unit cell volume, which is goo
indicator of charge delocalization.19 The effect of tempera-
ture has been factored out by extrapolating all the volume
zero temperature: V05V(T)/@EDebye(T,QD)3avol11# ,
where EDebye(T,QD) is the Debye lattice energy.QD ~the
Debye temperature!, andavol ~the volume Gru¨neisen param-
eter! were chosen to be 600 K and 9.9531026, respectively,
by fitting the volume temperature dependence of the typ
manganese perovskite La0.75Ca0.25MnO3 aboveTC and up to
800 K.20 In the case of La0.75Ca0.25MnO3, V0 is constant
aboveTC and drops by about 0.3% belowTC due to charge
delocalization. The second~‘‘orbital order’’ ! parameter is the
unit cell anisotropy,n5b/Aa21c2 ~Pnmaspace group set
ting!, which sharply drops atTCO in charge-ordered com
pounds such as La0.5Ca0.5MnO3 due to preferential ordering
9-2
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BRIEF REPORTS PHYSICAL REVIEW B 63 172419
of filled eg orbitals in thea-c plane.21 There is a close cor
respondence between these parameters and the line s
shown in Fig. 1~a1!–~c1!. Changes inn affect thesplitting of
the 202-040 doublet~a decrease inn will increase the split-
ting!, while changes inV0 affect its position ~a decrease in
V0 moves the doublet to the left!. The temperature depen
dence of the ‘‘charge localization’’ and ‘‘orbital order’’ pa
rameters is shown in Fig. 3~the room temperature value
V0

RT and nRT were subtracted,22 and the volume was als
divided byV0

RT!. The values for the CO and CD phases a
clearly consistent with our previous knowledge of the
phases: the CO phase is charge-localized~large volume! and
shows conventional ‘‘C-E-type’’ orbital ordering ~negative
Dn5 large splitting!, whereas the CD phase has zero orb
ordering and small unit cell volume. It is noteworthy that t
CO phase surviving after field processing shows more ‘‘
treme’’ structural characters, perhaps associated with gre
stability. For the ROO phase, the volume parameters in
cates an intermediate degree of localization, whereas the
cell anisotropy is consistent with a larger-than-random p
portion of the filledeg orbitals beingperpendicularto thea-c
plane ~reverse orbital ordering!. A straightforward bond
length calculation shows that the expected values ofDn,
compatible with the overall stoichiometry, are2531023

and 17.431022 for fully ordered C-E-type-CO and ROO
phases, respectively. Our observations are therefore co
tent with a largelyordered C-Ephase, confirmed by the larg
refined atomic shifts associated with the CO superstruc
peaks@Fig. 1~c2!#. Conversely, the ROO phase is a large
disorderedorbital ‘‘glass’’ with a small degree of preferen
tial orbital ordering along theb axis. Both structural orde

FIG. 2. Fractions and magnetism of the coexisting phases
Pr0.7Ca0.3MnO3 from multiphase Rietveld refinements of neutron data.Top:
phase fractions of the charge-ordered antiferromagnetic phase~squares!,
charge-delocalized ferromagnetic phase~circles! and reverse-orbital-ordered
weakly ferromagnetic spin-glass phase~triangles! on zero-field cooling
~filled symbols! and warming after 7 T field processing at 3 K~open sym-
bols!. Arrows indicate the direction of cooling/heating.Bottom: magnetic
moments per manganese atom for the individual phases~symbols as in top
panel!. When not shown, error bars are smaller than the symbols. Lines
guides to the eyes.
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parameters show opposite behavior in the ROO and
phases. This immediately points tointragranular strainas a
possible origin of CO-ROO phase coexistence, as previou
suggested by Littlewood.23 In this scenario, growing nucle
of the CO phase would apply stress to other regions of
same crystallite, effectively preventing them from transfor
ing and favoring a reverse orbital arrangement. It is poss
that these phases may be pinned to local chemical inho
geneities, which would explain the difficulty in annealin
one of them out after field processing and the pronoun
sample dependence of some properties.

The mesoscopic phases we observed always have sig
cant phase fractions, almost always above the percola
threshold. Therefore, the electronic properties must larg
be determined at the microscopic level. There is theref
great interest in understanding ifmicroscopicclustering phe-
nomena occur, and how they relate tomesoscopicphase co-
existence. We have studied the short-range spin static
dynamic correlations using QESANS. Data from the sa
powder sample used in the diffraction experiment were c
lected on warming at the IN5 chopper spectrometer at
Institut Laue-Langevin, using a 4.8 Å incident waveleng
~no magnetic field was applied!. For the determination of the
diffusion constant, we only analyzed data from the sma
angle detector, covering the momentum transfer ra
0.04 Å21<Qel<0.136 Å21. The energy transfer window
was 62 meV. We also collected a smaller number of da
sets on the D7 polarized-neutron diffractometer with pol
ization analysis(0.15 Å21<Q<2.5 Å21), to unequivo-
cally determine that the small-angle signal is of magne
origin, and to obtain an absolute-scale normalizati
Energy-integrated cross sections were fitted using
squared-Lorentzian spin correlation model proposed by V
et al.,24 yielding the short-range magnetic correlation leng
and the associated fraction of the magnetic moment per

n

re

FIG. 3. Structural indicators of the electronic properties for the coex
ing phases in Pr0.7Ca0.3MnO3. Bottom: normalized differential ground state
volume, a structural indicator of charge localization~see text!. Top: Differ-
ential unit cell anisotropy, which indicates the degree of orbital orderi
Symbols are as in Fig. 2. Arrows indicate the direction of cooling~in zero
field! or heating~after 7 T field processing!.
9-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 172419
mula unit~Fig. 4, bottom panel!. Quasielastic data were firs
converted inQ-v space, and then fitted at constantQ using
the sum of a Lorentzian contribution and a delta-funct
convoluted with the resolution function of the instrume
taking into account the thermal population factor. Followi
Lynn et al.,5 the Q dependence of the Lorentzian full widt
at half maximum was fitted with a quadratic law, yielding
magnetic ‘‘diffusion constant’’~Fig. 4, upper panel!. As in
the case of ‘‘conventional’’ manganites, the correlati
length increases with decreasing temperature, while the
fusion constant decreases, our data being in good quan

FIG. 4. Static and dynamic short-range magnetic properties of ph
segregated Pr0.7Ca0.3MnO3. Bottom: Magnetic correlation length~open
circles! and average magnetic moment per manganese ion~open squares! as
a function of temperature, from fits of energy integrated SANS data~see
text!. Top: magnetic diffusion constant~extracted from Lorentzian full
widths at half maximum! above the spin-glass temperatureTSG<TN ~filled
squares! and ratio between the elastic and the quasielastic integrated in
sity ratio atQel50.05 Å21 below TSG ~filled circles!. The insetshows rep-
resentative inelastic data sets at 300 and 1.5 K~positive energies represen
an energygain for the sample!. Lines are guides to the eyes.
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tive agreement with previous literature.5,25 Unlike the case of
La0.67Ca0.33MnO3 studied by Lynn et al., Pr0.7Ca0.3MnO3

never undergoes a spontaneous metal-insulator transi
which suppresses the small-angle magnetic scattering. In
data, therefore, the SANS is present down to the lowest t
peratures. A pronounced drop is visible atTN , where the
average magnetic moment per manganese ion decreas
66% of its original value, corresponding to 57% of the sp
no longer contributing to the SANS. This is in excelle
agreement with the phase fraction of the CO phase,
which the moments become long-range ordered. It is the
fore likely that, below 100 K, only the ROO phase contri
utes to the SANS. In addition, the elastic contribution to t
QESANS spectra starts to increase below 140 K, until,
low temperatures, the signal is mostly elastic~Fig. 4, inset!.
This behavior is similar to that observed in classic spin-gl
systems,26 suggesting that the ROO phase behave like a
romagnetic cluster glass, withTSG<TN . This interpretation
is consistent with the ‘‘orbital glass’’ structural nature of th
ROO phase.

In conclusion, we have studied the phase coexistenc
both microscopic~5–20 Å! and mesoscopic~500–2000 Å!
scales in Pr0.7Ca0.3MnO3. The structural characters of th
mesoscopic phases point to intragranular strain as the m
driving force for phase segregation. Ferromagnetic sh
range correlations, previously taken as evidence of mic
scopic phase segregation, occur in both phases at high
peratures, but are restricted to the ROO phase at
temperatures, since the spins of the CO phase display lo
range AFM order. The short-range spin dynamics at l
temperature is strongly reminiscent of spin glass behavio
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