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Mesoscopic and microscopic phase segregation in manganese perovskites
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Mesoscopic(500—2000 A and microscopiq5—20 A phase segregation with temperature and magnetic
field was studied in the model manganitg fa ;MnO; by high-resolution neutron diffraction and inelastic
neutron scattering. Intragranular strain-driven mesoscopic segregation between two insulating phases, one of
which is charge orderetCO), 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.
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The issue of phase segregati®® has recently come to ponent developing af c~80-100K, long interpreted as
the forefront of the discussion in the field of manganites,arising from spin Cantinéz, while the electrical resistivity
both in theory and experiments. Although PS in manganitegontinues to rise. BrCa, ;MnO; can be irreversibly turned
was already hypothesized by De Gennies1960, recent PS into a FM metal by application of an external magnetic
models directly stem from the application of computationalfield,}**® pressur&® or illumination with x-ray radiation at
techniques to the double-exchange/ferromagnetic Kondo latew temperature&® The pristine properties can be recov-
tice theory? In these models, some charge densities couldered by warming above 100 KThis compound is an appeal-
not be stabilized, leading to an inhomogeneous ground $tateing test system, because chemical disorder should be mini-
One of the two coexisting phases is a ferromagnéfiel) mal (Ca'? and P# 2 have almost identical ionic ragliAlso,
metal, while the other is an insulator. This type of electronicunlike the La-substituted analogu®¥, Pr, Ca, ;MnO; has
phase segregation cannot become long-range, due to the hilghw lattice degeneracfthe three orthorhombic lattice param-
Coulomb energy cost. Thereforep@croscopically inhomo-  eters are significantly differentwhich is a considerable ad-
geneousstate develops, whereby FM clusters, 10-20 A invantage for high-resolution powder diffraction studies. We
diameter, are interspersed into a charge-localized “matrix,”have reexamined this compound by means of high-resolution
the latter associated with much larger lattice distortions thameutron powder diffractior{thr-NPD), which enabled us to
the former, due to the Jahn-Teller effect. The PS scenaridetermine the structural, magnetic afiy inferencg elec-
bridges the gap between double exchange-type modelsonic properties oéachof the coexisting mesoscopic phases
which do not take lattice energy into account, and more reacross a significant portion of the phase diagram. We also
cent polaronic modelwhere lattice distortions are treated determined the local magnetic static and dynamic correla-
as associated with a single charge. Microscopic phase segréens (a good indicator of microscopic P®y quasi-elastic
gation is now supported by significant experimentalsmall angle neutron scatterif@ESANS. Our conclusion is
evidence in particular from neutron scatterifg. At the  that the two types of PS have different origins. Mesoscopic
same time, a number of experimental papers have shown, iRS arises primarily from the need to minimize intragranular
the “narrow-bandwidth” region of the phase diagrdm, lattice strain, and was found to occur either between two
phase coexistence at a much larger length s(06—-2000 charge-localized phases or between a metal and an insulator.
A) in perovskite&® and, more recently, in layered A polycrystalline sample of BxCa, ;MnO; was prepared
manganites® Until now, the more or less implicit assump- using a standard ceramic route. hr-NPD data/d<0.1%
tion has been that thimesoscopic phase segregatiersimi-  for 0.7 A<d<2.4 A) were obtained on the diffractometer
lar in nature and in origin to the microscopic one, arisingHRPD at ISIS. The simultaneous use of the three detector
from the very close energetic proximity between a FM me-banks gave a continuous coverage in the range &@A
tallic phase and an insulating phase. <12.2 A, which includes all the magnetic reflections. Two

The narrow-bandwidth manganese perovskiteseries of measurements, all in zero applied magnetic field,
Pry Ca MnO; provides perhaps the best-known example ofwere performed(the HRPD detector technology does not
“tunable” mesoscopic phase segregatfolt. In fact, its permit to measure in an applied figldn the first series, data
transport and magnetic properties can be dramatically altereglere collected at various temperaturescoolingfrom room
by an external action. In zero field, 2€& ;MnO; under-  temperature to 3 K. In the second series, data were collected
goes a charge-ordering (CO) transition at Tco  on warming from 3 K, after the application of an external
~180-210K, to a more disordered variant of th€-E’ magnetic field of 7 T for 4 h, followed by ramp-down to zero
phasé&? (found, for instance, in LgCa, sMnOj3), accompa- field. Data sets were also collectedi®K after the applica-
nied by a sharp upturn of the resistivity cu’dJpon further  tion of intermediate field values, confirming that an irrevers-
cooling, AFM order sets in afy~ 140K, with a FM com- ible transition to a FM state occurs above 5see below.

0163-1829/2001/637)/1724194)/$20.00 63172419-1 ©2001 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 63 172419

10

o8 040\ e a.1/\/— a. /\/—' a.3/\/—' a.4
0.0 J :‘\ it o

08 040702- ROO b,1/\/7 b.2/\/7

N

T=300 K

b.e{\/‘ 6.4

(114,0,1/4) ]
(12.00),
(40304

o40.co P 172,22

T=4 K

| |as cooled
i iL il
c.S/\/— I o7
(1/4,0,14) ] T=3 K
(1/2,(1,0)C
l after 7 Tesla

(114,0,304) 1
A A

2,%/\/ 4‘“5'5‘ 7 ‘B g 10 1“1 12
d-spacing (A)

FIG. 1. Phase segregation ingRCa, ;MnO; from nuclear and magnetic high-resolution neutron powder diffraction data at room tempéadiz(ad),
4 K after zero-field coolingb1)—(b4) and 3 K after applicationfoa 7 T magnetic field followed by ramp-down to zero field. The data, normalized to the
scattering ba 6 mm vamdium rod, were originally on the same dimensionless intensity scale, but were normalized to 1 for multiglaiir@1): (1,
=0.03) The nuclear 040-202 doubletrthorhombic lattice constants \2ac X ~2ac X ~v2ac, space groufPnma, which is sensitive to phase segregation.
(a2—(c2): (1,=0.005) A multiplet containing th€l/2, 2, 3 peak, which has a large contribution from the structural distortions associated with the CO
superstructure and a smaller magnetic contributi@aB—(c3): (1,=0.05) A multiplet arising from thél, 1, 1) peak of the pseudocubic cell, which is sensitive
to ferromagnetic orderingad)—(c4): (1,=0.03) A region of the pattern containing three strong antiferromagnetic peaks. Crosses are experimental points
few were omitted for clarity. Solid lines are calculated patterns from full-pattern Rietveld refinements. Dotted lines show the contributions of individual phases.
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The powders were strongly compacted in a vanadium tubeyeaks scaling accordingly. On warming, there is a first tran-
and the absence of field-induced preferred orientation wasition occurring at 40 K, whereby the proportions of CD and
experimentally confirmed. A few representative powder patCO phases become almost equal, with a corresponding
terns, together with calculated profiles from full-pattern Ri-growth of the CO and AFM peak#ig. 2). This first transi-
etveld refinement¥ are shown in Fig. 1. At room tempera- tion is associated with the metal-insulator transition in resis-
ture [Fig. 1(al)—(a4)] the data are consistent with a single tjyity. The remaining CD phases then transforms into the
crystallographic phase, albeit associated with some anisqgzgQ phase with onset at 120 K, closing the hysteresis loop.
tropic symmetric broadening, which accentuates on cooling |t js immediately clear that this pattern of phase coexist-
to 200 K. At 150 K, we observed a dramatic change in thegnce s not consistent with electronic phase segregation. In

lT";]e shapes, fvlvhg:h IS pbrﬁerved dltlnwn to IOV;’ ':jegwper?ture§act, the two-phase behavior is first observed just below
e new profilegFig. I( .) are well represented by a two- Tco, associated with arincreasein electrical resistivity.
phase model. However, in this context, the notion of crystal-

I - . . This is totally incompatible with the ROO phase being me-
ographic “phases” must be somewhat broadened to mclud?aIIiC since its fraction is well above the lation thresh-
a continuous bimodal distributioof lattice parameters, with ' . : percoiation thres
significant intensity at intermediate values. The peak Widthé)lq More information about the electronic natur(_a of the co-
imply that these phases, bastructurally well distinctfrom eX|st|ng phases can .be gathered from the|r_ structural
the room-temperature phase, are correlated at mesoscogifoPerties. However, since an unconstrained refinement of
length scales(500—-2000 A. Characteristic superlattice the |nd|V|dl_JaI |.nternal coordinates is most likely unreliable,
Bragg peaks arising from C(Fig. 1(b2)] are observed be- Our analysis will be based only on lattice parameters, as ex-
low 200 K, while magnetic peaks are consistent with a |argéracted from tWO—phase Rietveld refinements. We have cho-
AFM and a smaller EM contributions. The AEFM and CO sen two structural indicators. The firgtcharge localiza-
peaks can be attributed to one of the two crystallographidion”) parameter is the unit cell volume, which is good
phaseglabeled CQ, both from an analysis of theit spac- indicator of charge delocalizatidfl.The effect of tempera-
ings and from the subsequent evolution as a function of magure has been factored out by extrapolating all the volumes to
netic field (see below. The attribution of the smaller FM ze€ro temperature: Vo=V(T)/[Epenyd T, Op) X ayo+1],
component is more difficult, but it is likely to be associatedWhere Epen,d T,0p) is the Debye lattice energyp (the
with the second crystallographic phagabeled ROO, for Debye temperatujeanda,, (the volume Groeisen param-
reverse orbital order; see belpwAt low temperatures, the ete) were chosen to be 600 K and 92930~ °, respectively,

CO an ROO phases occur in roughly equal proportidtig. by fitting the volume temperature dependence of the typical
2). The line shape and the magnetic intensities undergo armanganese perovskite §.aCa ,gVinO3 aboveT¢ and up to
other major change upon application of the magnetic field300 K?° In the case of LgzsCay 29Mn0Os, V is constant
[Fig. 1(c1)—(c4)]. Now, most of the intensity85%) is asso- aboveTc and drops by about 0.3% beloW due to charge
ciated with a new phaséabeled CD for charge-delocalized delocalization. The secoriiorbital order”) parameter is the

in (c1)], which is ferromagneti¢c3) and has yet different unit cell anisotropy,y=b/\/a’+c? (Pnmaspace group set-
lattice constants. The remaining 15% of the sample is théing), which sharply drops aTcg in charge-ordered com-
residual CO phasécl), with the CO(c2) and AFM (c4)  pounds such as lgaCa sMnO; due to preferential ordering
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FIG. 2. Fractions and magnetism of the coexisting phases in FIG. 3. Structural indicators of the electronic properties for the coexist-
Pr, -Ca, ;MnO, from multiphase Rietveld refinements of neutron daiap ing phases in BrCa ;MnO;. Bottom normalized differential ground state

phase fractions of the charge-ordered antiferromagnetic ptsperes volume, a structural indicator of charge localizatisee text Top Differ-
charge-delocalized ferromagnetic phésiecles and reverse-orbital-ordered ~€ntial unit cell anisotropy, which indicates the degree of orbital ordering.
weakly ferromagnetic spin-glass phaégiangles on zero-field cooling ~ Symbols are as in Fig. 2. Arrows indicate the direction of cooliingzero
(filled symbols and warming afte7 T field processing at 3 Kopen sym- field) or heating(after 7 T field processing

bols). Arrows indicate the direction of cooling/heatinBottom magnetic

moments per manganese atom for the individual phésesbols as in top  parameters show opposite behavior in the ROO and CO

pane). When not shown, error bars are smaller than the symbols. Lines arphases. This immediately points ittragranular strainas a
guides to the eyes. possible origin of CO-ROO phase coexistence, as previously
, ) , ” ) suggested by Littlewoot? In this scenario, growing nuclei

of filled ey orbitals in thea-c plane™ There is a closg €O~ ©f the CO phase would apply stress to other regions of the
respondence between these parameters and the line shaggge crystallite, effectively preventing them from transform-
shown in Fig. 1lal)—(c1). Changes i affect thesplitting of  jng and favoring a reverse orbital arrangement. It is possible
the 202-040 doubleta decrease in will increase the split-  that these phases may be pinned to local chemical inhomo-
ting), while changes iV, affect its position (a decrease in  geneities, which would explain the difficulty in annealing
Vo moves the doublet to the lgftThe temperature depen- one of them out after field processing and the pronounced
dence of the “charge localization” and “orbital order” pa- sample dependence of some properties.

rameters is shown in Fig. &he room temperature values  The mesoscopic phases we observed always have signifi-
VST and vRT were subtracte®, and the volume was also cant phase fractions, almost always above the percolation
divided byV(FfT). The values for the CO and CD phases arethreshold. Therefore, the electronic properties must largely
clearly consistent with our previous knowledge of thesebe determined at the microscopic level. There is therefore
phases: the CO phase is charge-localidaye volumg and  great interest in understandingnificroscopicclustering phe-
shows conventional C-E-type” orbital ordering(negative  nomena occur, and how they relateni@soscopiphase co-
Av=large splitting, whereas the CD phase has zero orbitalexistence. We have studied the short-range spin static and
ordering and small unit cell volume. It is noteworthy that thedynamic correlations using QESANS. Data from the same
CO phase surviving after field processing shows more “expowder sample used in the diffraction experiment were col-
treme” structural characters, perhaps associated with greatégcted on warming at the IN5 chopper spectrometer at the
stability. For the ROO phase, the volume parameters inditnstitut Laue-Langevin, using a 4.8 A incident wavelength
cates an intermediate degree of localization, whereas the ur(iho magnetic field was appli¢d=or the determination of the
cell anisotropy is consistent with a larger-than-random pro<diffusion constant, we only analyzed data from the small-
portion of the filledey orbitals beingoerpendiculartto thea-c  angle detector, covering the momentum transfer range
plane (reverse orbital ordering. A straightforward bond 0.04 A '<Q.=<0.136 A"1. The energy transfer window
length calculation shows that the expected valuesAof  was £2 meV. We also collected a smaller number of data
compatible with the overall stoichiometry, are5x10 2  sets on the D7 polarized-neutron diffractometer with polar-
and +7.4x 102 for fully ordered C-E-type-CO and ROO ization analysis(0.15 A !'<Q=2.5 A1), to unequivo-
phases, respectively. Our observations are therefore consisally determine that the small-angle signal is of magnetic
tent with a largelyordered C-Ephase, confirmed by the large origin, and to obtain an absolute-scale normalization.
refined atomic shifts associated with the CO superstructur&nergy-integrated cross sections were fitted using the
peaks[Fig. 1(c2)]. Conversely, the ROO phase is a largely squared-Lorentzian spin correlation model proposed by Viret
disorderedorbital “glass” with a small degree of preferen- et al,?* yielding the short-range magnetic correlation length
tial orbital ordering along thd axis. Both structural order and the associated fraction of the magnetic moment per for-
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T, tive agreement with previous literatuté® Unlike the case of
o M ) % 2 Lag Ca 3gMINO5 studied by Lynnet al, Pry/Ca MnO;
ks \ ; & never undergoes a spontaneous metal-insulator transition,
o ' i =3 . . .
% 1510 g 1 o which suppresses the small-angle magnetic scattering. In our
% \ g e data, therefore, the SANS is present down to the lowest tem-
g o, 5“ 10?;T=‘_5K,,,§,%q_4>.ogzs ] B peratures. A pronounced drop is visible B, where the
< - %5 1301‘,; e Z average magn.etic moment per manganese ion decrea;es to
G 05\ ; eg 10 d b i 66% of its original value, corresponding to 57% of the spins
i B e e N It = no longer contributing to the SANS. This is in excellent
. R agreement with the phase fraction of the CO phase, for
1s § which the moments become long-range ordered. It is there-
< 5 5 g fore likely that, below 100 K, only the ROO phase contrib-
5 106 | | N § utes to the SANS. In addition, the elastic contribution to the
o P 12 8 QESANS spectra starts to increase below 140 K, until, at
£ / 8 low temperatures, the signal is mostly elagfdg. 4, inset.
® s 1 E This behavior is similar to that observed in classic spin-glass
3 e systemg?® suggesting that the ROO phase behave like a fer-
£ romagnetic cluster glass, wifhgg=Ty . This interpretation

0 50 100 150 200 250 300 350 is consistent with the “orbital glass” structural nature of the

Temperature (K) ROO phasle.. o died the oh .
FIG. 4. Static and dynamic short-range magnetic properties of phase- In conclusion, we have studied the phase coexistence at

segregated RrCa,MnO, Bottom Magnetic correlation lengthopen  POth microscopid5-20 A and mesoscopi¢500-2000 A
circles and average magnetic moment per manganeséjpen squargsas ~ scales in Ry;Ca MnO;. The structural characters of the

a function of temperature, from fits of energy integrated SANS (sea mesoscopic phases point to intragranular strain as the main
text). Top magnetic diffusion constantextracted from Lorentzian full driving force for phase segregation. Ferromagnetic short-

widths at half maximurhabove the spin-glass temperatig<T) (filled range correlations, previously taken as evidence of micro-
squaresand ratio between the elastic and the quasielastic integrated inten- . ’ . . . )
sity ratio atQg=0.05 A~1 below T (filled circles. Theinsetshows rep- scopic phase segregation, occur in both phases at hlgh tem

resentative inelastic data sets at 300 and 1.&dSsitive energies represent peratures, but _are reSt“C_ted to the ROO pha_se at low
an energygain for the samplg Lines are guides to the eyes. temperatures, since the spins of the CO phase display long-

range AFM order. The short-range spin dynamics at low
mula unit(Fig. 4, bottom panel Quasielastic data were first temperature is strongly reminiscent of spin glass behavior.
converted inQ-w space, and then fitted at constahusing We acknowledge the invaluable help we received from
the sum of a Lorentzian contribution and a delta-functionAmir Murani, who discussed with us the interpretation of the
convoluted with the resolution function of the instrument, QESANS. We also acknowledge the help of the ILL and
taking into account the thermal population factor. FollowingISIS technical staff, and we are particularly grateful to J.
Lynn et al.’ the Q dependence of the Lorentzian full width Chauhan and D. F. Bates for their help in the complex HRPD
at half maximum was fitted with a quadratic law, yielding a cryomagnet experiment. The work of D.N.A. and I.F.M. was
magnetic “diffusion constant’(Fig. 4, upper pangl As in  supported by the U.S. Department of Energy, Basic Energy
the case of “conventional” manganites, the correlationSciences-Materials Sciences, under Contract No. W-31-109-
length increases with decreasing temperature, while the difENG-38. S.W.C. is partially supported by Grant No. NSF-
fusion constant decreases, our data being in good quantit®MR-9802513.
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