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A detailed investigation of mesoscopic magnetic and crystallographic phase separatign,ihadnO;,
0.00=x=0.20, is reported. Neutron powder diffraction and dc-magnetization techniques have been used to
isolate the different roles played by electrons doped inteetlevel as a function of their concentratianThe
presence of multiple low-temperature magnetic and crystallographic phases within individual polycrystalline
samples is argued to be an intrinsic feature of the system that follows from the shifting balance between
competing ferromagneti@M) and antiferromagnetiCAFM) interactions as a function of temperature. FM
double-exchange interactions associated with degealectrons are favored over competing AFM interactions
at higher temperatures, and couple more strongly with the lati#cerbital polarization. These FM interactions
thereby play a privileged role, even at lasy electron concentrations, by virtue of structural modifications
induced above the AFM transition temperatures.
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. INTRODUCTION AFM [C-AFM, Fig 1(b)].#¢%%In C-AFM, FM DE becomes
long range in one dimension via delocalizdglz_ > orbital
The physical properties of mixed valent perovskite man-chains, into which the dopeé, electrons are stabilized,
ganites such as ¢a,La,MnO; are dominated by the strong while AFM SE is maintained perpendicular to these chains.
coupling of charge-orbital and spin degrees of freedom. Thi§ his leads to a cooperative Jahn-TelléT) distortion along
results in a family of materials that shows pronounced physithe FM chain direction, lowering the symmetry from ortho-
cal property responses to chemical doping, temperaturehombic fimato monoclinic P2/m.
pressure, and magnetic field. Of these responses, colossal These two papers report a detailed investigation into the
magnetoresistand€€MR)—a dramatic drop in resistivity in  nature of, and the relationships among, the rich variety of
an applied magnetic field—at optimal dopirg-0.7 has at- phases found in the electron-doped regime of
tracted the most attention as it raises the possibility of appliCa, _,La,MnO3. This is of interest both as a model for spin-
cations such as data storage devices and sensors. lattice coupling in the dilute limit of lattice polarons, and due
At the “electron-doped” end of the phase diagram ( to reports in many systems CgA,MnO; of large magne-
~0), the light doping of charges into the well understoodtoresistance  effects** and metamagnetic phase
G-type antiferromagneti€G-AFM, Fig. 1(a)] ground state transitions>'® Part | concerns principally the relationships
provides an opportunity to test the relevance of physicabmong the various crystallographirthorhombic and
models of manganites. It was originally argued by demonoclinig and magneti¢G-AFM, liquid-like FM clusters,
Gennesthat a small concentration of doped carriers into theFM cluster glass and C-AFMphases. High-resolution NPD
ey band(which is fully polarized due to the strong Hund’s and dc-magnetization techniques are used to address ques-
coupling of localizedt,y electrons gives rise to ferromag- tions of sample homogeneity arising out of the observation
netic (FM) double-exchang€DE) interactions, which for of multiple crystallographic and magnetic phases in indi-
lightly doped systems competes with AFM super-exchangeidual polycrystalline samplest®1® necessary in order to
(SB to produce a spin canted G-AFM stat&his is consis-  correctly interpret local phenomenon observed using bulk
tent with a coexistence of FM and G-AFM components ob-probes. It is found that the inability to attain a unique ther-
served by neutron powder diffractiéNPD).3~" The applica- modynamic ground state is an intrinsic feature of the system
tion of simple DE across the whole of the phase diagramresulting from the extremely fine balance between competing
however, contradicts experimental evidence by predicting eistates. In Part It® we find using neutron scattering that for
ther homogenous canting or the pure FM state at all pointdjght electron-doping 0.8x=<0.1, the G-AFM matrix con-
in contrast with the rich phase diagram experimentallytains a well-organized liquid distribution of FM clusters
observed In fact, the(ostensibly spin-canted state only sur- ~10 A in diameter. These clusters can be aligned by an
vives tox~0.1, beyond which the degeneracy of tligz(,>.  external applied magnetic field to produce a long-range FM
andds,2.2) e, orbitals causes it to be supplanted by C-typemoment, as seen at the opposite end of the same phase
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FIG. 1. Schematic representations of the [dBwnagnetic ground .
= id i i 0.0 s BFies oo scevsunes. 1
states of C@LX_LaXMnos (x=0.2). Sc_Jlld lines show _the unl_t cell 0 T S
and dashed lines show nearest-neighbor Mn-Mn interacti@s. T(K)
Ideal G-AFM. (b) C-AFM, in which e, electrons delocalize into
d3,2_y2 orbital chains along the (1Q1direction, allowing 1D FM FIG. 2. (a) MagnetizationM vs T measured altl = 2000 Oe for

DE while maintaining AFM interactions among the chains andx=0.00 and 0.20 sample3y(C) andTy(G) are indicated(b) A
causing a symmetry-lowering from orthorhombiorRato mono-  similar plot (note the change in scaléor x=0.03, 0.09 and 0.12
clinic P2;/m. samples, with an inset showilg vs H for x=0.00, 0.03 and 0.06.

For theM vs H loops, lines were drawn through the low and high
diagramg_lg The higher density of these clusters at field regions of the data, and the intersection taken as the saturation

x=0.09 leads to a spontaneous £ 0) long-range FM mo- MomentMs, at 5 K used in Fig. 3.
ment due to the formation of a FM cluster gl&8she orien-
tation of which is coupled to the G-AFM matrix. were collected on the Special Environment Powder Diffrac-
tometer (SEPD at Argonne National Laboratory’s Intense
Pulsed Neutron Sourc@PNS). Data were analyzed by Ri-
ll. EXPERIMENTAL DETAILS etveld refinement using the program suite FullProf. 1-2-
Ceramic samples of Ga,LaMnO; with nominal com- Wt % Marokite (CaMpO,) (Refs. 21 and 2Rimpurities
positions 0.08:x=<0.20 were prepared by solid state reac-W€re included in all refinements as both nuclear eatdow
tion. Stoichiometric quantities 0f99.99% purity or bettgr ~t€mperaturgsmagnetic phasegdetails of the lowT AFM
CaCQ, La,0; and MnQ were weighed(to yield 7 g structure of Marokite are published elsewhére
samples and mixed in an agate mortar for 15 min followed

by reaction for 20 h at 1100°C. The specimens were re- 05 T ok

ground for 10 min, reacted for 20 h at 1150 °C, reground for

10 min, reacted for 20 h at 1250 °C, reground for 10 min, Ot

reacted for 46 h at 1300 °C, reground for 10 min, reacted for T sl GAM CAR NGARN | GARM ]

46 h at 1300°C, reground for 10 min, pressed into pellets, gim () (V)

reacted for 17 h at 1300°C, and cooled at 0.4 °CThito 5 o2

30°C. Identically prepared samples in the same composition = '

rangé® were iodometrically titrated to measure the average 01 C

Mn valence, indicating that the oxygen content of all speci- /

mens fell within the range 3.600.01. 0.0 : ‘ - &
dc-magnetization measurements were conducted using a 000 P inca Lamo, °%

commercially available superconducting quantum interfer- el

ence device magnetometer. Specimens were coolBdtin FIG. 3. Magnetic saturation momernit,,; determined fronmvi

zero field, then warmed to the highest measurement tempergs H curves at 5 K for the samples used in the present stoggn

ture in an applied field oH=2000 Oe. Magnetization wd squaresand in the study by Neumeier and CotRef. 25 (solid

curves were taken at 5 K. squarep as a function ofx. Regions(l)—(IV) discussed by Neu-
Temperature-dependent time-of-fligifOF) NPD data  meier and Cohn are labeled and defined by dashed lines.
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FIG. 4. (a), (c), and(f) T dependence of pseudocubic lattice parameters dbhg, (101), and(010 for (a) x=0.03, (c) x=0.12, and
(f) x=0.20, from Rietveld refinement of NPD data. Note(@ and(f) the elongation of the monoclinic unit cell along the () Girection
of ey electron polarization aly(C-AFM), and in(f) the elongation in the remaining orthorhombic phasd1@0) and (001) due to the
formation of a(twinned Wigner-crystal type phase, in contrast to the isotropic monotonic contraction of the G-AFM orthorhombic cell in
(). (d) and(g) T dependence of the phase fraction of symmetry-lowered monoclinig/(P2phase associated with the C-AFM magnetic
phase, from the same Rietveld-refinement of NPD détg.(e), and (h) T dependence of the integrated intensities of the characteristic
G-AFM (110/(011) (open circles and C-AFM (313%) (filled circles magnetic peaks from NPD data, normalized to the intensity of the
strong nucleaf220/(022 peak, for(b) x=0.03, (e) x=0.12, and(h) x=0.20.

Ill. RESULTS AND ANALYSIS B. Neutron powder diffraction

A. dc magnetization and resistivity At 300 K, the crystal structures of samples»at 0.00,
00.03, 0.06, 0.09, 0.12, 0.16, and 0.20 were Rietveld refined
samples foH = 2000 Oe are shown in Fig. 2. FRE0.20, a as single orthorhombicrimaphases with TOF NPD data. In

peak is observed dt~ 180 K. A similar feature observed for Préliminary refinements, the O fractional occupancies
a Cay gBig 1 MNO; single crystdl was ascribed to a change [¢»(O)] were reflneql and f_ound to lie betwegn _0.98 and 1.02
of character of the spin fluctuations from FM to AFM with for all samples, with typical standard deviations0.008.
decreasingr, due to the freezing of the charge carriers andThis result supports the absence of significant cation or oxy-
the consequent suppression of DE interactions. At lofyer ~ 9€n vacancies, consistent with chemical analysis performed
sudden enhancement in the dc magnetization is observed b@0 Similarly prepared samplésand »(O) was subsequently
low Tc~110-125 K forx<0.12, and is ascribed to a spin- fixed at 1. _

ordering transition with a FM component belof. The Figures 4d) and 4g) show the crystallographic phase
inset to Fig. 2 shows a dc magnetization at 5 K as a functioraction of the symmetry-lowered (f2m) phase associated
of H for x=0.00, 0.03, and 0.06, with clear signatures of gmWwith the C-AFM state, transformed from the orthorhombic
componentghysteresis Thex dependence of the dc magne- Pnma state, forx=0.12 and 0.20. This phase transition
tization at 5 K forH =2000 Oe is shown in Fig. 3; results for arises due to the polarization of,2.,» orbitals along the
the large samples used in this studpen markensare con-  (101) direction, facilitating DE along the FM chains charac-
sistent with those for smaller samples previously studiederistic of C-AFM. A monoclinic phase fraction with a simi-
(closed markens® lar T dependence could also be refinedXer0.09 and 0.16.

The T dependencies of the dc magnetization of all studie
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(Forx=0.06, although the presence of a weak C-AFM mag-difference profiles using a magnetic model with phase-
netic Bragg peak indicates the presence of a small moneseparated G- and C-AFM structures. Deficiencies in the fit
clinic phase fraction, this fraction was too small to meaning-shown in the upper set of Fig. 5 are accounted for when a
fully refine) The transition from the room-temperature FM sublattice with spins perpendicular to those of the
orthorhombic Bma phase in the C-AFM regime is also G-AFM lattice is included in the magnetic mod&wer sej.
shown in the plots of refined lattice parametersTia Figs. ~ Significant FM intensities were also observed for0.06
4(c) and 4f). Note that forx=0.20[Fig. 4f)], in addition to ~ @nd 0.09(not shown. This is consistent with our DC-
the monoclinic distortion undergone by the majority of the Ma@gnetization measurements, where the strongest FM signal
sample, the remaining orthorhombic phase fraction under¥Vas observed fox between 0.06 and 0.1&ee Fig. 3 No
goes a different lowF distortion, characterized by an elon- €vidence was found for a FM moment in the monoclinic
gation along(100 and (001). This type of distortion has Phase, as expected, &) electrons participating in FM DE
been observed for GglLa;sMnO; (Refs. 26 and 27and  along the (10} chain directions of C-AFM rather than form-
Ca_,Bi,MnO; (x=0.22 and 0.25(Ref. 4 at low T, and  ing FM clusters.
has been ascribed to superstructures inab@lane caused Figures 4b), 4(e), and 4h) show theT dependencies of
by charge and orbital ordering of the l?/rneg electrons(a  characteristic Bragg reflections associated with G- and
“Wigner Crysta|”_type or WC_type phage In order to ac- C-AFM Spin structures fox=0.03, 0.12, and 0.20 respec-
count for the enlarged unit cell of WC-type without exces-tively. The magnetic ordering temperatures for G-AFM,
sively complicating the refinement, the 011 site was splitTn(G), correspond to the FMTc observed by dc-
evenly across the 4 position. [Although the distortion ~Mmagnetization measuremeritee Fig. 2 within experimen-
clearly identifies this phase, no corresponding superstructur@l error. In contrast, the C-AFM order parameter for
Bragg peaks were identified for onr=0.20 sample below =0.12, besides showing a rather peculfadependence, is
the orbital-ordering temperature of the WC phaggWC) far more evident in the NPD than in the magnetization data.
~165 K, possibly due to the small phase fraction and/ofNote nonetheless that for=0.20, Ty(C)~180 K obtained
disorder] by NPD is clearly associated with the peak in the dc magne-
Final refined crystallographic phase fractions, unit cellstization[compare Figs. &) and Za)].
atomic positions, displacement parameters, Mn-O bond dis-
tances, and magnetic moments at 20 K¥er0.03, 0.12, and
0.20 are given in Table |. The differences between the Mn-O IV. DISCUSSION
bond distances are very small for the orthorhombic G-AFM
phase ak=0.03 and 0.12, i.e., the MnQbctahedra are not . ) ) )
significantly distorted. The same was true of the orthorhom- The relationships among crystal lattices, crystallographic
bic phases ak=0.06 and 0.09 at 20 Knot shown. Con- phase fractlons. anq magnetic order parameters as functions
versely, for the monoclinic C-AFM phase a&t=0.20 and of T preggnted in Fig. 4 reyeal relationships tha_t bear on the
0.12, as well the monoclinic phasesat0.16, 0.09, and comp_03|t|qnal homogene_|ty of the polycrystalline samples
0.06 (not shown, the Mn1-012 and Mn2-O12 bonds are used in this study. In particular, for 012 and O[H'lgs_. 4d)
longer than the other Mn-O bond distances byand 49)]., the growth of the monoclinic phase fraction does
~0.01-0.05 A, ie., the MnQ octahedra are elongated not continue down to the lowest temperatures. ¥e10.12

= . ) . the phase fraction does not change significantly below
along the (10} direction. This follows from the co-operative ~T(G-AFM), and forx=0.20 it does not change signifi-

Jahn-Teller ordering along (191hat allows FM DE in the cantly below To(WC). Furthermore, for x=0.12,
C—AFM state, and is consistent witg8 prgvious diffraction T\(G-AFM) (marked by the dashed lin@ppears to influ-
studies for. electron-doped CaMp®?® Finally, fpr the  gnce both the C-AFM magnetizatiofFig. 4e)] and the
orthorhombic WC-type phase a=0.20, bond distances onoclinic lattice parametef§ig. 4(c)]. These relationships
from Mn1 to the split O11 site illustrate the alternately short—imp|y that the different magnetic states are competing for the
ened and elongated bonds alafi@1) and (10) character- same domains within the sample, rather than simply forming
izing this structure type and causing the elongatioaahd  in mutually exclusive, compositionally segregated, domains.
c relative tob/ /2 [see Fig. 4f)]. The widex interval over which Rma and P2 /m crys-
The magnetic phases of the samples were also identifiegllographic phases coexist, which is typical of doped
and Rietveld-refined by NPD, magnetic Bragg peaks beingnanganites, e.g., ¢aBi,MnO; (Ref. 4 and
observed at lowl for all samples. Observed magnetic reflec- Ca,_,SmMnO;,*2 cannot be understood in terms of meso-
tions were consistent with G-AFM for=0.00 and 0.03, and scopic inhomogeneities in compositiarwithin polycrystal-
with C-AFM for x=0.20 and 0.16. For intermediate dopings line samples; rather, mesoscopic phase separation af lsw
x=0.06, 0.09, and 0.12, G- and C-AFM Bragg reflectionsan intrinsic feature of electron-doped manganite perovskites,
were observed simultaneously at IGw(an extremely weak or at least of these systems where electron doping is accom-
G-AFM peak was also observed for=0.16). Figure 5 plished by compositional variatio(phase separation might
shows a portion of the TOF NPD pattern at hidispacing be favored by local chemical variationsThe very recent
(low Q) at 20 K forx=0.12, illustrating the coexistence of study of Ca_,SmMnO;, x=0.15, by Algabarelet al?°
Bragg peaks from distinct C- and G-AFM structurgets); provides similar evidence for the existence of monoclinic
the solid lines in the upper set correspond to calculated an@-AFM and orthorhombic FM-canted G-AFM in phase sepa-

A. Sample homogeneity
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TABLE |. Results from Rietveld refinements of TOF NPD data collected at 20 K fqr {La,MnO5
samples at selected valuesxoRefinements were carried out in space groupsR (#62) (atomic positions:
011 in &, 021 in 4c) and P2 /m (#12) (atomic positions: O11 in# O12 in 4f, 021 in 2, 022 in ).
G-AFM moments refined alon@01), FM along(010), and C-AFM along (10 Superscript letters indicate

constraints.

X 0.03 0.12 0.20

Phase fraction 1 0.5184) 0.48414) 0.80713) 0.1933)

Space group Pma Pnma P2, /m P2, /m Pnma

w (g /Mn) G-AFM 2.473) G-AFM 2.458) C-AFM 2.297) C-AFM 2.895) -

+FM 0.92)

a (A 5.2794Q9) 5.29335) 5.31006) 5.3449%17)  5.39169)

b (A) 7.4402912) 7.47316) 7.45377) 7.46172) 7.45855)

c (A) 5.259788) 5.27773) 5.321898) 5.33475%18)  5.35612)

B (°) - - 90.845718) 91.310919) -

LaCalx 0.03273) 0.032314) 0.0303) 0.0192) 0.036Q16)

LaCalz 0.99568) 0.996419) 0.9893) 0.0042) 0.987716)

LaCa2x - - 0.5243) 0.5232) -

LaCa2z - - 0.5103) 0.5092) -

011x 0.286@2) 0.28799) 0.279917) 0.279911) 0.28812)/
0.2715)

Ol1ly 0.0343319) 0.03145) 0.037815) 0.040210) 0.0226)/
0.0426)

011z 0.71283) 0.71168) 0.716217) 0.721412) 0.7436)/
0.6996)

012x - - 0.780718) 0.7839(6F -

012y - - 0.035512) 0.02948) -

012z - - 0.779617) 0.7839(6¥ -

021x 0.48994) 0.486612) 0.4953) 0.486419) 0.4944)

021z 0.06785) 0.067813) 0.0652) 0.063918) 0.0534)

022x - - 0.9982) 0.995118) -

0227 - - 0.4472) 0.4382) -

Mn Bigo 0.2033) 0.22(7¥ 0.22(7} 0.20(6) 0.20(6)

LaCaBig, 0.392) 0.35(7¢ 0.35(7F 0.36(6Y 0.36(6¥

011B;, 0.299) 0.19(7Y 0.19(7Y 0.508) 0.32)

012B;, - - 0.19(7) 0.297) -

021/22Bis, 0.454) 0.19(7) 0.19(7) 0.31(8) 0.4(2)

Mn1-011(A) 1.897Q13 1.9045) 1.8889) 1.9086) 2.032)/

~[I(101) 1.833)

Mn1-012(A) 1.903413 1.9064) 1.921(9) 1.9383) -

~[/(102)

Mn1-022(A) 1.89475) 1.903513) 1.8852) 1.8952) 1.8863)

~[/(010)

Mn2-011(A) - - 1.9149) 1.8986) -

~[/(101)

Mn2-012(A) - - 1.92809) 1.9393) -

~[/(102)

Mn2-021(A) - - 1.8962) 1.898Q18) -

~|/(010)

Rg 0.0672 0.0612 0.0833

WRg 0.0700 0.0574 0.0843

e 1.69 1.88 3.16
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lographic polymorph. Similarly, in th&=0.20 sampldFig.

, 1101/(011 AR 4(d)], the monoclinic phase fraction stops growing at
8900 1 No FM in model G-,)AE:M ) (C-AFM) To(WC) because the distortion required to form the W-C
) i ai A phase is less energetically costly than that required to form
E 6000, | A f‘\_ . C-AFM.
a e S~ e e The effects of Ty(G-AFM) on the distortion of the
S 4000 -(200)/(002) (020) | pseudo-cubic lattices, as seen in Fig®) 4nd 4c), are also
= (121)/(121)  (101)/(107) of interest. The G-AFM structure is isotropic and therefore
% Nuclear+FM  Nuclear+FM . , should not effect the lattice, as is indeed the casexfor
g 2000 ﬂ 4; j. }Ai &, =0.03[Fig. 4@)]. Forx=0.12, however, there seems to be a
Sy i i small but significant magnetostrictive effect B{(G-AFM)
oL o ]L _i%\. e [Fig. 4(c)], whereby thg010) axis elongates slightly relative
‘ to (101). This effect may be real, given th&d10 is the
2 ® 2 6 preferred direction of the net FM moment in the FM cluster
d-spacing (A)

glass observed in this composition rarnge be discussed in

FIG. 5. Observed+), calculated, and differenc@elow) plots Part Il) (Ref. 16; however, since the effect is small, specu-
of Rietveld-refined time-of-flight NPD data (60° detector bank of lation on a mechanism will be avoided. More surprising is
SEPD for thex=0.12 sample at 20 K. Prominent magnetic reflec- the large effect o \(G-AFM) on the distortion of the mono-
tions are labeled. The upper set shows the fit using a G-AFM clinic lattice [Fig. 4(c)], where no FM clusters are involved.
C-AFM magnetic model only, and the bottom set shows the fit withNote, first, that the monoclinic phase does not adopt the fully
an additional FM component perpendicular to the G-AFM moment.ordered C-AFM state immediately upon symmetry lowering.
Magnetic reflections due to the AFM Marokite impurity phase areThis is clear for thex=0.20 sample, for which the magnetic
marked(*). order parametefFig. 4(h)] and monoclinic distortiorjFig.

4(f)] show strondl dependencies beloWo(WC) [Fig. 4g)],
rated regions of compositionally homogeneous samples bglespite the fact that the monoclinic phase fraction no longer
demonstrating that their relative phase fractions could be ingrows. In this light, the refined monoclinic cell far=0.12
fluenced by an external applied magnetic field. There may bgFig. 4(c)] might actually represent aaveragemonoclinic
some compositional separation at lewbecause lighter dop- cell, for which a reduction in the monoclinic distortion
ing gives a higher probability of La clusterifgs recently would not necessarily represent a deterioration of established
demonstrated in La ,Sr,MnO; (Ref. 30], however, the sig- C-AFM ordered domains. It could simply be a convolution
nificance of this decreases with increasindhe competing of the delay between symmetry lowering and the establish-
magnetic states are extremely finely balanced over a broaatent of a fully ordered C-AFM state on the one hand, and
crossover regime 0.66x<0.16, within which samples do the increasing strength of the competing G-AFM state on the
not settle into single thermodynamically stable phases at lowther hand.

T. An intriguing extension of this argument is the possibility
that the increasing strength of AFM SE interactionsTas
decreases not only slows the establishment of long-range FM
DE (i.e C-AFM) in the monoclinic phase, but actually leads

The competition between orthorhombic G-AFM and to the establishment of G-AFM there instead. In the extreme
monoclinic C-AFM[Fig. 4(d)] reflects the balance of gains case, G-AFM would replace established C-AFM domains.
and losses associated with the cooperative JT distortion divhile there is no direct evidence for this in the present data,
the latter; a lowering in exchange energy on the one hanahe reader’s attention is brought to the highly analogous “bi-
and an increase in elastic energy on the other. This balance ligyered” manganite perovskite La,,Sr, ,,Mn,0;, where
affected by the relative strengths of FM DE and AFM SEthe C-AFM phase also requires a symmetry-lowering transi-
interactions. The formation of the monoclinic phase belowtion (from tetragonal to orthorhombjié* A 10% electron-
Tn(C-AFM) corresponds to the ordering of FM DE interac- doped sample in this system=0.90) exhibited not only a
tions (which exist as short-range fluctuations aboVg  structural transition followed by two magnetic transitions
[C-AFM) (Ref. 24] into infinite one-dimensional(lD)  Ty(C-AFM) =110 K andTy(G-AFM) =60 K, but a clear
chains, by AFM SE interactions perpendicular to them. Thedecreasen the C-AFM order parameter beloW(G-AFM);
monoclinic phase fraction grows aB decreases because i.e., the G-AFM state “colonizes” the monoclinic regions
these AFM SE interactions become stronger, decreasing thestablished by C-AFM orbital polarization at higher
exchange energy of the monoclinic phase and making its Low-T phase inhomogeneities ultimately arise because
total energy less than that of the paramagnetic orthorhombishort-range FM DE correlations appear at higAethan
phase. AtT\(G-AFM), however, the monoclinic phase frac- AFM SE correlations, as has been noted in studies of weak
tion of thex=0.12 sample stops growing because AFM SEdiffuse neutron scattering above the magnetic long-range-
interactions become strong enough to stabilize G-AFM in theordering transition temperaturé$?*2?° The C-AFM mag-
remaining orthorhombic phase fraction. This lowers the exnetic state can form at a higher temperature than the G-AFM
change energy and therefore the total energy of the orthcstate because the AFM interactions only have to be strong
rhombic phase, restoring its status as the more stable crystanough to create AFM order in two-dimensions, rather than

B. Spin-lattice coupling and frustration
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samples of Ca ,La,MnO; (0.00=x=<0.20). The following
Part Il presents a neutron-scattering study of short-range fea-
tures of these phasé$The samples appear to be composi-
tionally homogeneous and yet display multiple ldwmag-
netic states, exemplifying the delicate balance among
competing interactions characteristic of the CMR mangan-
ites. The results, in conjunction with those of Part Il, have
been used to construct a ground state phase diagram.

The theme that emerges from this phase diagram is the
strong effect that the introduction of FM DE interactions has
on the AFM SE(for ideal G-AFM atx=0). In orthorhombic
G-AFM these FM interactions create OD correlations; they
have no influence on the long-range magnetic structure until
the AFM SE interactions become strong enough below
Tn(G-AFM) to create long-range 3D AFM order, at which
point they are “frozen in” as isolated FM clusters, @n
sufficient densitiesas an FM cluster-glas§o be discussed
in Part Il). In monoclinic C-AFM they become 1D in char-
acter, leading tods,22 orbital polarization and hence

0.00 0.05 0.10 0.15 0.20
xinCa ; VXLaXMnOS

symmetry-lowering. At the lowx end of the C-AFM regime,
the actual thermodynamic ground state is G-AFM, but this is
FIG. 6. (@) Refined monoclinic phase fraction at 20 K as a fTustrated by the irreversible structural phase transition fa-

function isx. (b) Ground state phase diagram of,CaLaMnO,, ~ VOring C-AFM. In each case, FM DE interactions play a
0.0=x=<0.2, mapped onto the crystallographic and magnetic phas®rivileged role because they appear at highéran the com-
transitions determined from NPD data. Closed circles represent theeting AFM SE interactions, allowing them to influence the
coincident magnetic transitiony(G-AFM) and T, and open  Structure on cooling and pre-dispose the system to a particu-
circles represent the coincident magnetic transifigtC-AFM) and  lar low-T state.
structural transitionT 5. Monoclinic (as opposed to orthorhombic The changing dimensionality of the FM DE interactions
regions are dark gray. Isolated FM clusters and a FM cluster glaswith x, from OD in the electron-doped G-AFM regime to 1D
(to be discussed in Paryl(Ref. 16 are indicated by diagonal black in the C-AFM regime, foreshadows the subsequent change to
lines and black diagonal cross-hatching, respectively. The WC-typ@D [for the A-AFM state a~ 3 in Ssome manganite perov-
phase is black. Note that at the higrend of the G-AFM regime,  skite systems, e.g., Sr,PrL,MnOj; (Ref. 14] and finally 3D
the stability of the C-AFM state is very high, and therefore very (for the FM state a§<x<1 in most such Systemgetween
little G-AFM is actually observeda); the same is true for the W-C- e fully-electron-doped(exhibiting a different type of
type atx=Q.20, and the converse is true at the Irvend of the A-AFM) and stoichiometric CaMn§(G-AFM) end mem-
C-AFM regime. bers, these changes in DE dimensionality wéghelectron
oncentration underlie the magnetic phase diagram of the
’\%MR manganites. At the same time, the ordering of thegse
electrons via the JT effect underlies the crystallographic
hase diagram. The C-AFM, A-AFM, and FM magnetic
tates are examples of cooperation between these spin and
. . . orbital ordering effects, while the phase diagram is also
tion and symmetry-lowering &ty(C), but where AFM DE is punctuated bygregions in which thei;/ competeg, notably the

strong enough to create 3D order beldy(G-AFM). This C-E state ak~0.5 and its WC variants between the C-E and
frustration is illustrated by Fig. 6, where the phase diagra”b-AFM regimes

[Fig. 6(b)] shows orthorhombic G-AFM to be the ground
state forx up to 0.16, but Fig. @ shows that less than 20%
of thex=0.16 sample is actually in this state at |@w(The
incorporation of the FM component observed in electron- This work was supported by the U.S. Department of En-
doped G-AFM into this phase diagram as isolated FM clus€rgy, Basic Energy Sciences - Materials Sciences, under

ters and a FM cluster-glass is the subject of Pat Il. Contract No. W-31-109-ENG-38CDL, DNA), by the Na-
tional Science FoundatiodNSP under CAREER Grant

DMR 9982834 (JJN and by CNPqg and FAPESP-Brazil
(EG). Work at the University of Maryland was supported in

Part | of this study used TOF NPD data in conjunction part by the NSF MRSEC, DMR 00-80008. The authors thank
with physical property measurements to identify and characS. Short of IPNS for technical support in the collection of
terize the long-range-ordered loW-phases present in NPD data.

three-dimensions. At the same time, the strength of the F
SE interactions is obviously related to the concentration o
ey electrongx) facilitating it. Magnetic and crystallographic
ground states are frustrated in the region where 1D FM S
interactions are strong enough to caegeorbital polariza-
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