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Charge and magnetic ordering in the electron-doped magnetoresistive materials
CaMnO,_; (6=0.06,0.1)
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The magnetoresistive “electron”-doped materials CaMn®(5=0.06,0.11) have been investigated using
powder neutron diffraction. The two materials argype semiconductors which exhibit antiferromagnetic
ordering atTy~ 125K, but they have different magnetic structures. The Capp®ample orders in a simple
G-type antiferromagnetic structure, which is also observed in CaMi@®e CaMnQ gg sample, on the other
hand, exhibits two magnetic features: Beype reflections as noted above, and a set of reflections that can be

indexed on &= (0,0,%) ordering wave vector. A model for the magnetic structure is proposed which involves
Mn3*/Mn*" charge ordering concomitant with the magnetic ordering. The presence of a set of weak, tempera-

ture independent structural reflections which can also be indexedkeﬂﬁ,o,%) supercell suggests an oxygen
vacancy ordering which may play a role in the charge ordering.

DOI: 10.1103/PhysRevB.64.064421 PACS nuni®er75.25+z, 75.30—m, 75.50--y

INTRODUCTION one-dimensional properties in these materils.
The demonstration of magnetoresistance in the
The search for new magnetoresistive materials has conf=aMnG;_ s system which is heavily dependant on the oxy-

manded much attention for the past few years due to thgen vacancy concentration has rekindled interest in this ma-
enormous variety of fascinating physical propertiesterial, and the connection with magnetic double exchange
exhibited~3 The need for new magnetic recording devicesinteractions and possible CMR Magnetic susceptibility
has provided a further impetus for the discovery of CMR andmeasurements have indicated the presence of a large and
GMR materials, and an understanding of the phenomena &€9ative Weiss constant and several unusual low-temperature
some fundamental level. In recent years, the perovskitéeatures' which include a divergence in the field-cooled and

LaMnO; has been the target of extensive doping, usually by?€"o-field-cooled data at abolif,~125K.™ This has been
“hole” doping, i.e., substituting the L3 ion by M2* ions interpreted as an antiferromagnetic phase transition, as noted

such as Ca, Sr, Ba, or Pb. TheLaM,MnO; system has by Wollan and Koehler in the parent compound CaMgO
: . ... but as of yet no magnetic neutron scattering measurements
been studied extensively, and has been found to exhibit

id f . d ing level ﬁave been made on this series of materials.
Vn\?aen;?gr%esisotar:rézaguceﬁsetgscugeesén?jri]n Vg:\y'tnhge z\ée :nto This work details a study of CaMnQ . An understand-
con?:entratior?“s The interpla bet\rf)veen r?]a netic chgr o ing of the subtle ordering in these materials is c.ruual

. T play 9 ’ 90 a complete understanding of the magnetoresistance
and orbital ordering in particular has been the target of in- henomena
tense activity leading to the discovery of a rich and varied seP '
of phase diagrams of these materials in different doping re-
gimes.

In contrast, the system CaMgO; offers another route to
explore the mechanisms of magnetoresistance by providing a Powder samples of CaMnQ; (6=0.06,0.11) were pre-
means to control the electron doping levels rather than theared by the Pechini citrate gel procésStoichiometric
hole concentrationsThe CaMnQ_ s system has been stud- quantities of MiiNO,), (Aldrich, 49.7% w/w aqueous solu-
ied for stoichiometric concentratiorisuch asé=0 andé  tion) and CaCQ (Aldrich, 99+ %) were dissolved in excess
=0.5% but it has been only recently that other compounds iramounts of nitric acid, citric acid, and ethylene glycol. After
this series have been revisited. Previous electron diffractiodrying, the resin was heated to 600 °C to decompose the
experiments have revealed the existence of possible oxygearganic impurities, and the resultant material was pressed
vacancy ordering for commensurate valuessé@.2, 0.25, into pellets for firing. The samples were sintered in air to
0.33, 0.5 as evidenced through observed superlatticel100°C for 24 h, and then quenched, at 1100 and 1000 °C
reflections’ As each oxygen vacancy creates twoiVisites,  for the 5=0.11 and 0.06, respectively, to room temperature.
this indicated that there should exist exchange pathways of The products were characterized using the facilities at
Mn(II1)-O-Mn(1V), which could possibly lead to interesting Rutgers University. Powder x-ray-diffraction data were ob-

EXPERIMENTAL PROCEDURES
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TABLE I. Room-temperature lattice parameters and magnetic properties of CaMrithe Nesl temperatures and ordered moments are
quoted from the refinements. The two values under the CalMnEmpound are for the M and Mr?* sites, respectively. The lattice
constants for the CaMnQg impurity phase are listed for comparison.

Mer(€XP)
a b c TN Mordered Iueff(calc) Oc
CaMnQ,q, 5.27296) A 7.44166) A 5.25546) A 126.08) K 2.36(4)ug 4.44(1)ug —5291) K
3.99ug
CaMnG, g9 5.2702) A 7.4732) A 5.2842) A 126(2) K 2.45(20)ug 4.89(1)ug —4502) K
1273) K 4.00(30)ug 4.10ug
CaMnGy g  5.2202) A 7.4833) A 5.3252) A
impurity

tained using a SCINTAG PAD V diffractometer with €y  positions of & symmetry[Table Il and figure &)]. The
radiation and a silicon standard. The resultant lattice pararrdefect concentration correlates well with the titration analy-
eters were refined using a least squares minimization tecisis (roughly 6% oxygen defects or 12% Mhconcentration
nique. The magnetic susceptibility from 4—400 K was meafor CaMnQ, o). Each O defect creates two Ffnsites in the
sured using a SQUID magnetometéViPMS, Quantum lattice, which effectively provides a method for electron dop-
Design, and magnetoresistive properties were observed udng these materials, in contrast to hole doping as in the
ing a standard four-probe technigle. La,_,CaMnO; series?

Magnetic measurements were confirmed at McMaster Structure of CaMn@g, The full refinement of the
University using a Quantum Design MPMS SQUID magne-CaMnG, gg sample proved to be much more difficult than the
tometer. Field cooledFC) and zero field cooled run&FC) CaMnG, o, member in the series. Attempts were first made
were completed in a temperature range of 5 to 350 K with anusing the lattice constants and space group Pnma as reported
applied magnetic field of 0.01 T. previously’ The results of these refinements were not unrea-

Neutron scattering experiments were completed on theonable, but upon closer examination, it was clear that some
powder samples at the Dualspec C2 beamline operated hglatively strong reflections, in particular the strong second-
the Neutron Program for Materials Research of the Nationaary peak at Z2~66° could not be indexefsee Fig. 20)].
Research Council of Canada at the Chalk River Laboratoryl'here were also a set of weak peaks which were first thought
The wavelength of the neutrons was-2.37086(9) A. The to be due to an impurity phase.
samples were sealed in vanadium cans in a He atmosphere
with an indium wire gasket. Data were taken over a tempera-
ture range of 11 K to room temperature, covering a range in
26 of 10° to 90°. The room temperature data sets were ob-|
tained out to 2=120° to obtain a very accurate determina- ’
tion of the crystallographic unit cell. The Rietveld refine-
ments of the datasets were completed usmgLPROF
(FULL98). The CaMnQ g sample was found to have two
very similar crystallographic phasésne of them comprising
approximately 25% of the materjalvhich was confirmed by
x-ray experiments done at McMaster using aKGy source
and a Guinier-Hgg camera with Si as an internal standard.
As a result, a three-phase refinement was carried out on thit
material, two crystallographic and one magnetic in origin.

RESULTS

Structure of CaMn@g, The crystal structure and lattice
parameters of CaMnf, were consistent with the values
found using x-ray diffraction at Rutgers University.
CaMnG, g, crystallizes in an orthorhombic perovskite struc-
ture with space group Pnm@able ). The Mn ions form a
network of corner-shared octahedra, with Ca ions occupying
the interstitial positiongFig. 1). The increased size of the
unit cell as oxygen defects are introduced is expected as the
Mn®" ion has a slightly larger radius than K'? The oxy-
gen defects are found from refinement to be on the shared
corners of the equatorial plane of the Mn octahedra; the O2 FIG. 1. The crystal structure of CaMpQ@,
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TABLE II. Refined atomic positions and their estimated stan-
dard deviations at T=11K (CaMnQg) and T=14K 60000 -
(CaMnQ,4). The thermal parameters were refined from the { CamnO,,,
CaMnQ, o, data and left constant in the CaMpg3 refinements. 50000

40000 | J
30000 T=130K 4 ﬂ 2y N

G-type peak
20000 {

CaMnG; g9 X y z Occ.

Ca 0.0438) 0.25 -0.00412) 1.0
Mn 0 0 0.5 1.0
o(1) 0.48Q7) 0.25 -0.0796) 1.0
0(2) 0.2719) 0.01806) —0.2936) 0.924)

10000 H JJ
CaMnGy g, X y z Occ. B, (AP 0_- T=14K il i k.l )lﬂ, }
I I
I I

Ca 0.0381) 0.25 —0.0133) 1.0 0.5821) ——— T
0 20 40 60 80

Mn 0 0 0.5 1.0 0.0827) @) 20 (degrees)

o(1) 0.4891) 0.25 0.0582) 1.0 0.4222) 9

o2 0.2881) 0.0381) —0.2871) 0.962) 0.4222

Intensity (arbitrary units)

60000 —

CaMnOm

In a first attempt to analyze the data the presence of ¢ %]

structurally similar impurity phase was assumed. In this dop-
ing regime, reports of impurity phases are not uncommon.;
For example, Chiang and Poeppelmeier found such an impu
rity phase in CaMn@-5* Santhoshet al. investigated the
series of related materials CgBi,MnO3 in the regimex
=<0.25, and found that for the Bj{Ca, g2MnO3 compound in
particular, a crystallographically similar impurity phase was
present at about 29 wt. % concentratiSrClearly, this re-
gion of the phase diagram is prone to phase separation. T 'Ah \ IHW .ﬁ ‘1 ﬁ

Cell constants for a perovskitelike orthorhombic impurity _10000' PR R A ek
phase were refined from powder x-ray data obtained with o 10 20 a0 4 s e 70 8 9%
CuK,, radiation and a Guinier-Hm camera [a (b)
=5.228(1) A, b=7.488(1) A, andc=5.3302(9) A atT
=290K]. In the two phase refinement the atomic positions FIG. 2. () The neutron diffraction pattern of CaMn@ at T
of the impurity phase were fixed to those of CaMnand =14 K andT=130K. The upper set of tickmarks are for the crys-
the scale factor was varied. The concentration of the impurityallographic reflections, and the lower are for the magnetic phase.
phase was seen to be25 wt. % by comparison of the scale (b) The neutron diffraction pattern of CaMp@ at T=11K and
factor for the two phases. Final atomic positions for the ma-T=130K. The upper set of tickmarks are for the primary
jority phase are listed in Table lllb. The temperature factor<caMnG; g phase, the middle set are for the crystallographic impu-
were found to be unstable in the refinements, and were set {§y: and the bottom set is for th&-type+charge-ordered struc-
the values found for CaMngQ,, tures.

While the two phase approach accounts for the strong
reflections in the powder pattern, several very weak reflec-
tions (<1% intensity of a strong reflectiomemained unin-

40000

ts)

1 T=130K
30000 - H

1 charge Ordered  G-type peak
200004 (0, 1, 1/4) peak \

Intensity (arbitrary un

10000 — J

T=11K
04

26 (degrees)

TABLE lll. Selected interatomic distances and bond angles.

dexed(Fig. 3). Thus, an attempt was made to index these on CaMnO; o, CaMnO, g

a supercell. Again, Chaing and Poeppelmeier observed a set (T=14K) (T=11K)

of weak reflections in CaMng,5 which could be indexed on

aaxbx4c supercel(Pnma settingwhich they attributed to  Mn-O(1) 1.8840(14) A<2 1.9173(74) A2
the ordering of oxygen vacancies. They were not successfuMn-O(2) 1.9077(14) A2 1.965(40) Ax2
however, in refining an unique model for the vacancy order- 1.8986(52) A< 2 1.806(45) Ax 2
ing. Using 8—10 weak reflections of the type shown in Fig. 3,0(2)-Mn-0(2) 88.8936) 89.8279)

a supercell, also of dimensioas<bXx 4c (Pnma subcell set- 91.1%39) 90.1891)

ting) could be assigned to the major phase in CaMgOAs  O(1)-Mn-O(2) 87.6339) 84.1686)

in the case of Chiang and Poeppelmeier, attempts to refine a 92.3734) 95.8488)
uniqgue model for the vacancy ordering were unsuccessful 91.7522) 95.2084)

due in part to the weakness of the superlattice reflections and 88.2536) 85.8180)

the complicating factor of the second phase. It is thus likelywvin-0(1)-Mn 161.85064) 154.0431)

that even at room temperature there exists oxide vacanqyn-o(2)-Mn 155.8722) 163.2892)

ordering in the majority phase in CaMgg) but a detailed
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FIG. 3. Evidence of possible vacancy order-
ing in CaMnG, g The superstructure peal® 0,
(0, 1, 7/4) 1), (0, 0, ), and (0, 1, %) are shown here af
=130 K, which along with other weak reflections
can be indexed on the cellxbXx4c.

2000

1000 = e T e
—
2
c
3
Pl
©
=
£ 07
L
>
=
[72]
c
O
7]
£

-1000 —MW

2000 T T T T T 1
48 50 52

29

model is not available. Although it has been suggested thataMnO, ¢, and CaMnQ g¢ data setsFig. 4). The sharp cusp
oxide vacancy ordering may induce RftMn** charge or- in the ZFC susceptibility aT ~125K is a tell-tale sign of
dering, this cannot be confirmed from the present data.  antiferromagnetic ordering in both materials. The values for
Magnetism in CaMnggy, The magnetic structure of the effective moments and the Weiss constants extracted
CaMnQ; was among the first to be studied with neutronfrom high-temperature Curie-Weiss fitsT £ 300— 350 K)
diffraction!! The magnetic Mfi" sublattice consists of two agreed well with the published results, indicating a mixture
interpenetrating face centred arrays of moments with antipaef Mn3* and Mrf* moments and strong antiferromagnetic
allel nearest neighbor spin arrangements, the so-called typeteractions. The differences between the experimental and
G structure(Fig. 5. The Nesl temperature is 130 K, and the calculated effective moments have been attributed to ferro-
effective magnetic moment is 2.43, which agrees well magnetic interactions from MA—Mn*" clusters:’
with the spin-only value for Mf"(3.00ug). 1! From the neutron diffraction data, Fig(a? the magnetic
Previous magnetic susceptibility measurements indicatedtructure of CaMn@q, was readily identified as thé type
a feature at 125 K which implied the possibility of long found for CaMnQ (Fig. 5. The Rietveld refinements pro-
range antiferromagnetic ordering in both CaMn@®and duced very acceptabR values for the crystallographic and
CaMnQ, g, Our measurements confirm this in the FC/ZFC magnetic phase¢R,=4.02, R, ,=5.58, Rpg=2.12 atT

064421-4



CHARGE AND MAGNETIC ORDERING IN THE . .. PHYSICAL REVIEW B 64 064421

1.0 .
Cavin0, 6 CavinO, g,
o8 " 154 LN
% . ZEC % . ZFC
a o F 1 Du o
0.6— o FC
= o . 1.0 %
5 044 e 5 3
E o E o
w 8 W o5 :
» 0.2 g = o
00 Je
.0~ goocano 00— aens
#‘ ﬁUDDDDDUDDDDDDDDD oo
-02 T M T T T T T T 1 T T M T T T T ]
i} 100 200 300 400 0 100 200 300 400
Termperature (K) Temperature (K)

FIG. 4. The magnetic susceptibility of CaMpg) (left) and CaMnQ g, (right) for an applied field oH=0.01T.

=14K). The value for the ordered moment was found to beegories: the sameG-type” reflections as CaMngy,, albeit
slightly smaller,u=2.36(4)ug, compared to the value for of slightly altered intensities, and a set of reflections that can
CaMnO; of 2.43ug.** This is somewhat surprising as the be indexed on €0, 0, 7) ordering wave vectdsuch ag0, 1,
average Mn moment should be larger, given that a largef), (1, 1,%) and(0, 1, 3)]. Since the CaMn@gy Sample has a
spin-only moment (4.@g) should be associated with Mh  higher concentration of oxygen defects, and hence a larger
which comprise~12% of the Mn sites. density of M#" moments than CaMnQ,, it was hypoth-
The behavior of the ordered moment as a function of temesized that the new Bragg peaks were due to an ordering of
perature is typical of three-dimensional Heisenburg-like or\in3* moments in the Mh" G-type network. The strongest
dering (Fig. 6). More precise measurements of the order panew magnetic reflection in the diffraction pattern can be in-
rameter are needed to get an exact determination of thgayed ag0, 1, 3). This points to an arrangement of Rfn
phenomena, but a guide to the eye has been drawn basgthments that are antiferromagnetically coupled in rows
upon the following scaling relationshif: along theb direction and stacked with a periodicity of four in
M(T)~{(T—To)/ T2 the c-axis direction(Fig. 5. This model is app-ealing in that
the G-type structure of CaMn@and CaMnQ g, is preserved
The values extracted from the fif3=0.32(4) andTc  for low Mn®" doping levels while allowing for charge-
=126.0(8) K, are consistent witf=0.33 andTc~125K,  grdering at higher doping levels. The full refinement of this

as determined from the magnetic susceptibility measureq,qel for the CaMnQg, dataset was complicated by a num-
ments. . . . ber of factors. Among them include the existence of a second

Magnetism inCaMnG; g The magnetic Bragg peaks crystallographic phas@omprising 25% of the sampleand
which appear belowy~125K can be divided into two cat- a set of weak supercell reflections indicative of oxygen va-
cancy ordering. Several refinements were completed of the
magnetic and charge ordered structures independently of one
another until a suitable model was found to describe the
observed diffraction pattern. Once a proper model was
found, the charge and spin ordered phases were combined
into one coherent modéR,=7.86%, R,,,=10.71%, Ry4q
=25.6% atT=11K).

However, the concentration of ordered #nions in the
model, 12.5%, is not consistent with the concentration, 22%,
expected from the chemical analysis if one assumes that the
electrons are completely localized on the Mrsites. This
suggests only partial charge ordering, with the residual™n
moments distributed randomly on the lattice. Previous works
have indicated that there is a significant reduction in the
resistivity of this sample as compared to CaMr®’ which
suggests that there is an increase in the density of states at

FIG. 5. The magnetic structure of CaMpg) (G-type structure, the Fermi energy even below the ordering temperature. Fur-
on the lefy and CaMnQ g4 (G-type charge-ordered structire ther transport studies are needed to resolve this problem.

e Mn 4+
e Mn 3+
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FIG. 6. The ordered moment as a function of temperature for CaMn@eft) and CaMnQ g, (right) as determined from neutron
scattering measurements. The fits are guides to the eye based on the powkfTiaw{(T—Tc)/Tc}?A.

Although the magnetic structure described above appearhis shows either that the, electrons are much less mobile
to be unique for manganate perovskites, there is a recemt that the nominal carrier density is much lower in the oxide
report by Santhosket al. which indicates that a weak mag- vacancy than in the cation doped systems. Nonetheless, the
netic superstructure has been reported foyBla, gMnO; observed negative magneto-resistances are of the same order
of the form axXbXx4c but no detailed model has been pf magnitude, 40—50% for both series.
proposed’ As well, aC-type, notG-type AF order is found. Concerning the issues of charge and magnetic ordering,
There is clearly a structural analogy between the two matefoy the cation doped compounds anomalies in the resistivity
rials, and further work is needed to unQerstand them_both. and magnetization at temperatures abdye for magnetic

The ordered moments for the two kinds of magnetic SPear order have been taken as evidence of charge ordéring.

cies seem to correlate well with the expected spin-only VaIFor exam :
n T ple, Lg,dCa gMNO; shows such anomalies at
ues for Mrf" and MrP" [2.45(20g and 4.00(30ks, re- about 195 K whereas AF order sets in only belevi20

spectively. The Nel temperatures for the typ& and k K.1819 Similar results are found for BiCay s MNO; where

=(0,0,) components, as determined by power law fits,-|—CO (charge orderingis 210 K and Tc(AF)=160K. In
agree to Within_ experimental errpt262) K and 1273) K, sharp contrast CaMnQ, and CaMnQ go show only a single
respectively, Fig. anomaly in the susceptibility at 125 K which corresponds to
Tc(AF) already shown. There is no indication of a higher
DISCUSSION temperaturd oo up to 300 K for either material, although, as

It is natural to compare and contrast the results obtaine@as been argued, it is difficult to understand the magnetic
trivalent cation doped materials of similar electron doping'ating charge ordering. One is left wittat least two alter-
levels (Mn3* concentrations in terms of issues such as hatives, namely, thalco and Tc(AF) are coincident for
charge-ordering and magnetic ordering, including the magEaMnQ; g9 Or that Tco>300 K>Tc(AF). Possible support
netic structure and magneto-transport properties. In fact, daf@" the latter hypothesis is found in the form of the weak
on such systems are relatively sparse as most attention ha4percell reflections present already at 300 K which could be
been focused on the hole-doped regime, i.e.3Meoncen- attributed to oxide vacancy ordering which may induce
trations >50% where CMR effects are observed. Nonethe-charge ordering as well by trapping Mncenters in the vi-
less, the available data on systems suchMgsCa, gMNnOs, cmlty_ of the vacancy. It should be noted that the charge
where M=La®" or Bi**,'7 indicate that significant differ- ordering wave vector for Bi;dC& gMnO; was found to be
ences exist. incommensurate, while the oxide vacancy ordering wave

In the case of transport behavior, the CaMn@materi-  vector appears to be commensurate=(0,03). In
als are much less conducting than their cation doped cour-a, ,dCa, ggMNO5 two supercells were found from electron
terparts. As the previous study indicatethe room tempera- diffraction with “fourfold” and *“23-fold” periodicities
ture resistivities for CaMn@_; are in the range from 2 to 10 which were attributed to charge orderihglt is not clear at
Qcm even for relatively high doping levels§=0.11 present if the “fourfold” structure is truly commensurate or
(~22%Mr?*) whereas the corresponding cation doped maif it is related to the one found in CaMn@g in the neutron
terials show values which are lower by factors of 1010°,  diffraction data.

i.e., approachingbut not quite reachinghe metallic regime. Finally, the basic magnetic structures are different for the
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cation and oxide vacancy doped phases. THgpe structure  fraction. The CaMn@y, structure orders in th&-type AF
is found for both Lg,{Ca gMNO; and Bp18Ca gMNnO;,  structure as reported by Wollan and Koehler, but the
while the G-type structure of CaMn@is conserved for both  CaMnQ, g4 exhibits charge ordering of the MiYMn** mo-
oxide vacancy compounds_studigd herg. In@type struc- ments in a magnetic structurie=(0,0,;) that has not been
ture, one has ferromagnetic chains which are coupled amFeported before. ThE-type arrangement of the moments is
parallel to nearest neighbor chains while all near neighbo[ﬁreserved as in CaMng@, but now there is an ordering of
Ssgﬁlcz)ittéot?;iger qntlferrom?]%;letlac '_nlg?éypaelsfr:a%;ef_ the M+ moments in Ieiyers along theaxis. There is some
B.18C2,5MnOs, Oc= ' Y€ POSI-  qyjidence for an ordering of the oxygen vacancies, which has

tive value consistent with dominant ferromagnetic exchangerhe same supercell as the magnetic/charge ordered cell, illus-

vc\/hﬁ/lreas,60= _52?'(' andh._isg K fort Cial\/cljnq% a?d i trating the strong interplay between the structure, electronic,
amMnQ, g5 respectively, which demonstrate dominant anti-,§ ‘agnetic properties of these materials. A complete

ferromagnetic exchange. . . model of the MR mechanism in these materials is
Further work on these materials, especially CaMp& still elusive

should include high resolution x-ray diffraction, as for ex-

ample reported recently for several members of the series,

Bi,Ca ,MnO; and L 33Ca 66MNO;,*° in order to estab- ACKNOWLEDGMENTS

lish definitively the nature of the phase separated material ) _ _

near CaMnQg, Electron diffraction studies should be car- The authors Would_ like to_express the|_r grat|tude_ to Ron
ried out to determine if the formation of stripe domains, re-Donaberger who assisted with the technical work involved

ported recently for the cation doped systems, is also a featut¥ith the neutron scattering experiments. C. R. Wiebe grate-

of the vacancy doped materials. fully acknowledges support for this work from the Natural
Sciences and Engineering Research Council in the form of a
CONCLUSIONS PGS B. This project was also supported through a research

grant to J. E. Greedan through the Natural Sciences and En-
The electron-doped MR materials CaMyg and gineering Research Council. The work at Rutgdis G. and
CaMnQ, go have been investigated using powder neutron dif-Z. Z.) was supported by Grant No. NSF-DMR-96-13106.

1Y. Tokura and N. Nagaosa, Scien288 462 (2000. 12R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
23, Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh, Theor. Gen. CrystallogB2, 751 (1976.

and L. H. Chen, Scienc264, 413(1994). 13E. Herrero, J. Alonso, J. L. Martez, M. Vallet-Regiand J. M.
3R. von Helmolt, J. Wecker, B. Holzapfel, L. Schultz, and K. Sam- Gonzdez-Calbet, Chem. MatelL2, 1060(2000.

wer, Phys. Rev. Lett71, 2331(1993. 14C. C. K. Chiang and K. R. Poeppelmeier, Mater. Ldt2, 102
4Q. Huang, J. W. Lynn, R. W. Erwin, A. Santoro, D. C. Dender, V. (199)).

N. Smolyaninova, K. Ghosh, and R. L. Greene, Phys. R&LB  15p N. santhosh, J. Goldberger, P. M. Woodward, T. Vogt, W. Lee,
5P88|v|95 EZOOQ _ and A. Epstein, Phys. Rev. &, 14 928(2000.
P M. .evy, SC|ence25_a 972(1992. 16\, F. Collins, Magnetic Critical ScatteringOxford, New York,

P. Schiffer, A. P. Ramirez, W. Bao, and S.-W. Cheong, Phys. Rev. 1989.

7ZLeZtt. 5, ;332(1993' « and M. Croft. Phvs. Rev.58. 8784 7Y, Murakami, D. Shindo, H. Chiba, M. Kikuchi, and Y. Syono, J.
('19‘;;9' - oreenbiatl, and M. Lot FhyS. REv.95, Solid State Chem140, 331 (1998.
: 18p N. Santhosh, A. Arulraj, P. V. Vanitha, R. S. Singh, K. Soorya-

8K. R. Poeppelmeier, M. E. Leonowicz, J. C. Scanlon, J. M. dC. N. R Rao. J. Phvs. Cond Matter27
Longo, and W. B. Yelon, J. Solid State Cheds, 71 (1982. narayana, and C. N. R. Rao, J. Phys.: Condens. Mal{

9A. Reller, J. M. Thomas, D. A. Jefferson, and M. K. Uppal, Proc. (1999.

R. Soc. London, Ser. 894, 223 (1984. Wei Bao, J. D. Axe, C. H. Chen, and S.-W. Cheong, Phys. Rev.
9. Bridtco, B. Alascio, R. Allub, A. Butera, A. Caneiro, M. T. Lett. 78, 543 (1997).

Causa, and M. Tovar, Phys. Rev.53, 14 020(1996. P. G. Radaelli, D. E. Cox, L. Capogna, S.-W. Cheong, and M.
1E. 0. Wollan and W. C. Koehler, Phys. Re&\00, 545 (1955. Marezio, Phys. Rev. B9, 14 440(1999.

064421-7



