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ABSTRACT

In mary systemdor which thereareseseralatomsin theunit cell, the displacementsf theatoms
maybelocally correlatedeventhoughthereis nolong rangecoherenceSuchdisplacementsan
play animportantrole in determiningvariousmacroscopigroperties We considerseveral
examplesto demonstratéhis phenomenathelocal distortionsin the colossaimagneto-resiste
(CMR) andchage-orderednanganitesmagnetidield induceddistortionsin CMR materialshat
areconnectedo macroscopienagnetostrictionandcorrelateddisplacementsf tetrahedralinits
within the negative thermalexpansionmaterialZrw,0Og. Thedistortionsin the CMR materials
obsenedusingXAFS changerapidly justbelov T, andareattributedto theformationof polarons
asthetemperaturés increasedhroughT,. In theferromagneticstate thelatticeis moreordered
for CMR systemsgonsequentlapplyinga magnetidield for T ~ T, shoulddecreas¢helocal
distortions.Suchaneffect hasbeenobseredandis a muchlargereffectthanthe measured
macroscopienagnetostrictionFinally, in Zrw,Og thetetrahedrabhndoctahedraunitsarefound
to beveryrigid asexpected.More surprisingis thatthe width of the pair-distancedistribution for
theW-Zr atom-pairis alsoquite small,indicatingthatthe W-Zr linkageis stiff. In contrastfor the
W-W pair, thedistribution width grows rapidly with T, indicatingcorrelateddisplacementsf two
WO, tetrahedralnits.

INTRODUCTION

Correlationsof the motionsanddisplacementsf the constituentatomsin a crystaloccurfor
all materials put their relevancein determiningsomeof the macroscopigropertiesof a material
have only recentlybegunto be understoodFor simplematerialssuchasthe alkali halidesalts,the
dominantvibrationalmodesatlow temperaturearetheacoustigphononsFor thesemodes,
particularlyfor long wavelengthmodesthedisplacementsf the neighboringatomsarehighly
positively correlated thatis atary instantin time, theseatomsaremoving in thesame
direction[]. At highertemperatureghe opticalphononsbecomeexcited;for thesemodesthe
motionsof theatomsarenegatively correlated[23], particularlyfor shortwavelengthmodesnear
theBrillouin zoneboundaryIn this casethe neighboringatomsmove towardsor away from each
otherandif chaged(ionic), couplestronglyto electromagneticadiation(i.e. visible andinfrared
light). Eventuallyat high enoughtemperaturethata large numberof shortwavelengthmodesof
varioustypesareexcited,the netmotionsof the neighboringatomsshouldbecomeessentially
uncorrelatedFor simplesystemsapartfrom the couplingto opticalradiation,the correlated
motionsof theatomsdo not appeato play a majorrole in mostmacroscopi@roperties.

Howeverfor othersystemspftenthosewith largermorecomplex unit cells, the situationis
changedAdditional correlationgnay be presentandin unit cellscontainingmary atoms there



areavery large numberof opticalmodes[4 which caneasilydominatethe acousticvibrations.
Oneexampleof anothettype of atomiccorrelationis the setof displacementthatfollow a
hoppingpolaron- typically anelongationof the bondsin two directionsanda shorteningof the
bondsin the otherfour directionsfor perovskite systemsTheseocal distortionsare
electronicallydrivenandshouldnot be confusedwith the normalmodesof the system(solutions
of thedynamicalmatrix) thatproducethe phonons Howevertheremaybea small
electron-phonorouplingbetweerthe polaronandthe phonons Whenthe opticalphononmodes
dominatethe system someof themmaybe soft modeg(low frequeng)[4] andin this casesome
of thedisplacementsf atomsin the unit cell canbe negatively correlatedevenatlow
temperaturesWe considermboth situationshere.

Onecanexperimentallyprobethe degreeof correlationof the displacementsf somepair of
atomsby combiningresultsfrom XAFS (X-ray AbsorptionFine Structure)with thoseof
diffraction[2. Considertwo atomsin thecrystal,A andB, andlet theirlocal displacementalong
aline betweerntheatomsbedz 4 anddx g respectrely. In XAFS oneobtainsthewidth of the pair
distribution function,o 45, by fitting the datato standardsThevariances? , is the averageof
(6z 4 - 6z 5)? overthelattice,givenby:

02y =< (624 — b6zp)? >=< 622 > + < 624 > —2 < bw40xp >, (1)

where< > denotes spatialaverage.In diffraction,thethermalparameters )%, U%, arethe
averageof the squaredlisplacementabouta lattice site- for examplefor atomA, U? ~
<(6z4)*)>. Thereis actuallyaslight differenceherein thedefinitionof iz 4 - for XAFSiit is
measuredrom eachatomicsite but in diffractionit is the displacementrom a uniformly spaced
setof mathematicapoints. Whenthe samplels homogeneoughesearethe samebut for some
inhomogeneousystemghedistinctionmaybeimportant,asthenU? ando? 5 have different
staticcontributions.In Eqgn. 1 theimportantquantityfor correlationeffectsis thelastterm
-2<dx 402 g>. If themotionsof theatomsA andB areindependen(i.e. uncorrelatedjhenthis
termis zero;if thedisplacementarepositively correlatedhis termwill make 0% ; smallwhile if
the correlationsarenegative, 0% 5 is greatethanthe sumU? +U%. We have defineda correlation
parametep by setting[2, 3]

< 0z a0 >= ¢UAUB. (2)

By comparingthe valuesof o2 5z with U% +U% onecandeterminep.

If oneis interestedn therelative correlationsof the displacementsvhich aregeneratedby
differentphononmodesbeingexcited, (i.e. anacousticandoptic mode)thendz , anddzz must
eachbewritten asa superpositiorof the displacementfor eachof the excitedmodesm;;

533A=5$Am1+5$,4m2"'. 3)

To carryoutthe calculationoneneedgo know how the motionsof the atomsfor eachmodeare
correlated Assumingthe displacementfor a givenmodearecorrelatecbut thoseof thetwo
modesarenot, then

2 _ 2 2
O4B = 0AB,,, T OAB,, (4)



Figurel: Units within crystalstructureghathave correlateddisplacementsA: The HgO, dumb-
bellin theHTC superconductadgBa,CuO,. s (the O neighborsaboutHg arelabelledO(2))which

movesasarigid unit. Normally this unit is alignedalongtheverticalaxis(c-axis),but the Cu-O(2)
linkageis verydisorderedsosomerotation(exaggeratedhere)maytake place.B: The(correlated)
displacementsf O aroundMn in a JT configuration.As the polaronhops,this distortionfollows

thechage. C: Theunitswithin ZrwW,Og thatareimportantfor negative thermalexpansion.There
is anoctahedrorof O abouteachZr andatetrahedrorof O abouteachw atom. Thetwo W atoms
areW; andW, andthe(111)axisis verticalin thisfigure.

where
Oapn, =< (024, — 675, )" > (5)

Someexamplesof correlateddisplacementareshovn in Fig. 1. Ontheleft sideis a partof
the structurefor the singleCuG, layerHg superconductoiHgB&CuO,, 5. TheHgO, dumbbellis
situatedbetweerntwo CuG, layersandmovesasa singleunit - the motionsof theHg andthetwo
O(2) atomsarevery highly correlated[2 In contrastthedisplacementsf the O(2) atoms(and
hencethe HgO, unit) relative to Cu arenegatively correlated Whetherthis correlatednotionis
relevantto superconductity is notclear

Theunit thatrepresentshe lattice displacementsurroundinga polaronat someinstantin
time is shovn in themiddle of Fig. 1. Thereis a Mn atomin the centerandsix O atomsaroundit
in adistortedoctahedra 2 long and4 shortMn-O bonds.Within the polaronmodelthelocal
ervironmentabouta givenMn atomfluctuatesdetweerthis unit anda nearlyundistorted
octahedrorof O atomsasthe polaronhopsfrom siteto site. In contrasto the HgO, dumbbell
consideredibove, thesecorrelateddisplacementstronglyinfluencethe obseredmacroscopic
properties they enhancehe metal/insulatotransitionandproduceunusuakhermalexpansion
andmagnetostrictie effects.

Finally on theright sideof Fig. 1 we shav a combinationof largerunits-WQO, tetrahedra
locatedwithin trianglesof ZrO4 octahedrdthisis justa partof theunit cell). For Zrw,Og, we
proposehatit is thethe correlatednotionsof theseunitsthatproduceshe obserednegative
thermalexpansion We considerthe lattertwo examplesin moredetailin thefollowing sections.

POLARON SYSTEMS

Polaronsarechage carriersthatcarrya local distortionof the lattice with themasthey
move throughouthe crystal. The understandin@f thesequasiparticlesndtheirlocal distortions
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Figure2: A plot of ¢%,,,, for the 21% Ca sample,asa function of temperature The datawere
collectedin two differentexperimentalrunson two Si monochromators(220)’'s- T up to 300K,
and(111)’s- T from 180K to 690K. Thetwo runswerenormalizedfor temperaturebetweer200
and 300K, to correctfor the small differencesobtainedusingtwo differentmonochromatorga
multiplicative factorof 1.025wasincludedfor the high temperaturedata). The solid line is a fit
of the hightemperaturelatato the correlated>ebyemodelusingoy; .., = L0032 astheeffective
staticcontribution.

have greatlyincreaseaverthelastdecadeasa resultof theintensestudyof the manganite
systemswhich exhibit colossaimagnetoresistand€MR) (for the quasicubiananganites
(perosskites)La; _,Ca,MnO;, CMR is obseredfor 0.2 < x < 0.5). At low temperatureghese
materialsareferromagnetianetalsandthelatticeis highly ordered(the Mn-O pair distribution
functionis narrav). Above T, conductiontakesplacevia polaronhoppingandthe sampleshave
a high resistancésemiconducting-lik behaior) andareparamagneticThe couplingbetween
transporiandmagnetisms generallymodeledusingthe doubleexchangg DE) model[5 6, 7].

Whenpolaronsform thereis alarge additionalincreasen thelocal distortionsabouta lattice
site,generallyreferredto asa Jahn-Eller (JT) distortion[3 8, 9, 10,11, 12]. Thisdistortion
enhancegheincreasen resistvity asthe samplebecomegparamagnetic[1314, 15]. Thusthereis
astrongcouplingbetweerthe spins,the chage,andthelatticein thesematerials.In XAFS this
resultsin anincreasan the broadeningr ..o, of the Mn-O pair distribution functionasT
increaseshroughT..

In Fig. 2 we plot o,, , asafunctionof temperaturaip to 700K for a21% Casubstituted
sample.If we ignorethelow T datathe slow increaseof o%,,,, athightemperaturesdicatesa
large Debye(or Einstein)temperaturef order900K. This meanghe averageMn-O bonds
(springs)arequite stiff. Howeverthelargedropin o%,,, belav T, = 190K indicatesthe situation
is morecomple; thelarge changen o3, , from 50K to T,, is the signaturefor the formationof
polarons.To separatéhesecontributions,onemustconsiderthe correlationsn thelocal
distortions.We assumehatthelocal displacementproducedoy phononspolaronsandstatic



distortions(causedy defects)areuncorrelatedThend?,, , will bethe sumof severalterms:

2 2
OMno = statzc + 0 polarons + Jphonons‘ (6)

The XAFS datafor the CMR samplesareeasilydecomposeth this way; the static
contributionis very smallwhile the polaroncontribution dominatesuntil quite high temperatures
arereachedThelargeincreasan thewidth of the pair distribution functionnearT, is also
connectedvith theunusuakhermalexpansionobsened, but the local structurechangesre
roughlyanorderof magnituddarger. Thisis expected- if anO atommovestowardsoneMn
atomandaway from anotheythenthe Mn-O distribution would broaderevenif thelattice hasnot
expanded However, thelongerMn-O bondis expectedo lengthenmorethanthe shortbond
contracts thisleadsto the netexpansionobsenedin diffraction. Theresultingdistribution of
long andshortbondsthroughouthe crystalis the microscopidbasisfor theincreasedhermal
expansionobsenedjustbelow T,.. Notethis contritution to thethermalexpansionis
electronicallydriven- it is notananharmonighononeffect.

MAGNETOSTRICTION

In the CMR materialsthe distortionsof the Mn-O bondsareobseredto decreasasthe
temperatures loweredbelown T,; atthe sametime, the samplemagnetizationncreasesWe have
shown previously thatfor T < T,, thedecreasén the polaroncontritutionto O3 n0r DO giarons 1S
exponentiallyrelatedto the samplemagnetizationM (Ac? ..., = AM/M, + B, whereA andB
areconstantandM, is thesaturatiorvalueof M atlow T). Thisis attributedto a decreasén the
numberof Mn sitesthathave a JT distortionin regionswherethe samplebecomesnagnetic[9.
Consequentlyit suggestshat,at afixedtemperaturethe sampleshouldbecomemoreordered
whenamagnetidield is applied.Thisis in factthe case- asmalldecreaséin o3, is obseredin
alT field[16]; however, dueto the smallmagnetidield used the effect wasdifficult to measure.
To improve our ability to probethis effect, we have developeda magnetidield modulation
technique[1Y which determineshe magnetic-fieldnducedchangen the XAFS whenamagnetic
field is pulsedon andoff (onandoff timesareafew seconds)This generatea differencefile that
is themagnetic-fieldnducedchangen the XAFS. If this changdas mainly theresultof achange
in o; (for shelli) thenwe canestimatethe differencefunctionusinga Taylor expansionof the
XAFS functionky. ky is definedby

5'2 —2k202
kx = Z sm(?kR + ;) Z/sz @)

whereN; is thenumberof atomsin shells, Sﬁ is anamplitudereductionfactor which correctsfor
mary-bodyeffects,R; is the averagedistanceo atomsin shelli, k is the photoelectrorwave
number o; is the pair distribution width, and®; is thetotal phaseshift in the centraland
backscatteringrocessThe Fourier Transform(FT) of this functionyieldspeaksn r-space
correspondingo thevariousshellsof neighbors.

Differentiatingthis expressiorwith respecto o; we canobtainthe changdn ky generated
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Figure3: Left: Thechangen ¢ inducedby a 1T magneticfield for the Mn-O bondasa function
of temperatureright: A comparisorof the FT of the differencedatawith ak®y functionat zero
field - thelatteris reducedby afactorof 625for comparison.
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Thusthedifferencefile obtainedexperimentally kx4 s ¢, shouldbeasumof termsA; £*x. The
amplitudeA; = -40;Ao;, is adirectmeasuref thesmallchangen Ag;. In Fig. 3awe plot

Ao o, Obtainedirom theamplitudeA ;, asafunctionof T. It shovsaclearpeaknearT,=190K,
with amaximumchangeof ~ 0.0023A. Theapplicationof a magnetidield hasreducedhe
disorder- we interpretthis asareductionin the numberof JT distortedsitesin thelattice.
Howeverfor al T field, only asmallfractionof the sitesareaffected.

In Fig. 3bwe comparehedifferencedatawith ak®y trace,with thelatterreducedn
amplitudeby afactorof 625to be onthe samescaleasthedifferencedata. TheMn-O and
Mn-Mn peaksareclearlyobsenedin thedifferencedataat ~ 1.6 and3.4A respectrely.
However, the Mn-La peakwhich occursnear3.1-2A is notobseredin thedifferencedata-
changesn this peakareatleastafactorof 10 smaller

Theratio of thechangen broadeningo thebondlength,Ac 3,07 1o ~ 1073, is very large
comparedo macroscopienagnetostrictionmneasurementshich measurehe averagerelative
changeof thelatticeconstantr/r whenafield is applied;magnetostrictiomesultsaretypical at
leastanorderof magnitudesmaller Therelative changeof the pair-distribution width for Mn-Mn
in thedifferencedatais comparabldo thatfor Mn-O.

This differencein magnitude®f thelocal structuredistortionsandthe macroscopic
elongationobsenedin thermalexpansiomandmagnetostrictiorarisefrom the differencein the
guantitybeingmeasuredChangesn o2 areproducedvhenthe bondlengthslocally are
lengtheneabr shortenedwhereaghe netchangen dr is averagedover mary unit cells. Consider
achainof Mn-O-Mn atomsin which the Mn-O bondsarerandomlyshortenear lengthened
correspondingo differentlocal orientationsof the JT distortion. This producesa distribution of
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Figure4: A schematidinear chainmodelto shaw thedistributionsof long (L) andshort(S) Mn-
O bondsand Mn-Mn distances.The net elongationis a weightedaverageof the differentbond
lengthsandthe netrelative lengthchangeis muchsmallerthanthe variationsof the Mn-O bond
lengths.

long andshortMn-Mn distancesBecauseheincreasan lengthfor thelong bondsis largerthan
thedecreasén lengthfor the shortbonds(includingweightingfactors)thereis a netsmallchange
in theaverageMn-Mn distanceasdeterminedn thermalexpansionor magnetostriction
measurement$Me illustratethisin Fig. 4. Thetop line shavs the undistortecchainof Mn-O-Mn
while thelower oneshavsthe (exaggeratedjlistortionswhensomeJT distortionsarealongthe
chain(shortMn-O bonds)andothersareperpendiculato it (long Mn-O bonds).Therelative
changesn thelocal distances$vin-O andMn-Mn canbelarge, but the averagerelative changdn
thelattice constantwhichis aweightedaverageof thelong andshortMn-Mn distancess small.

NEGATIVE THERMAL EXPANSION MATERIALS

Thethird examplewe consideris the systemZrW,0Og which hasa negative thermal
expansionover avery wide temperatureange0.5K to 1000K[18. This materialhasanopen
crystalstructureandit is composeaf large cornersharingunits- WO, tetrahedrgtwo types
W(1)O, andW(2)O,) andZrO4 octahedraThe ZrO4 octahedrdorm a FCClattice (theoctahedra
aretilted) andareconnectedogethewia the WO,. However, oneof the cornersof eachWO,
(orientedalonga (111)direction)is not connectedcindleavesthe WO, partially unconstrainedin
particularit caneasilyvibratealongthe corresponding111) axis. For this systenthetetrahedra
andoctahedrainitsareconsideredo berigid units;it is the correlatednotionsof thesdarger
unitsthatleadsto the unusuakhermalcontractionproperties.Theresultingoptical vibration
modesarecalledRigid Unit Modes(RUM) andhave beenusedto describehe ZrwW,Oq
system[19. Howevertheexplicit modeor sumof modeshatleadsto thethermalcontractionhas
notbeenclear

Using XAFS we have foundanunusuabehaior in the broadeningf the pair distribution
functionsfor someatompairswhile otherssuchasW-O andZr-O exhibit typical behaior. In Fig.
5 we plot o2 for theW-O, W-Zr andW(1)-W(2) neighbors o3, is essentialljindependenof T,
verifying thatthe WO, tetrahedrareindeedveryrigid. Theweaktemperaturelependence
indicatesa large Debye(or Einstein)temperatur®f order1000K.In contrastg? for the
W(1)-W(2) pairincreasesapidly with T, anda comparisorof o3,;, with the U? parameters[20
for W indicatethatthe displacementsf W(1) andW(2) arepartially negatively correlated ¢ ~
-0.4at300K). More surprisingis the behaior of o2 for the W-Zr atompairs(W(1)-Zr and
W(2)-Zr addediogether).Thislinkageis alsoquite stiff, clearly muchstiffer thanthe W(1)-W(2)
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Figure5: A plot of thebroadeningparameter?, for W-O, W-Zr, andW(1)-W(2) asa function of
temperatureThevery weaktemperaturelependencéor W-O indicateshatthis bondis very stiff
- consistentvith theassumptiothatWO, is arigid unit. o2 for W(1)-W(2) increasesapidly with
T andthelarge magnitudeof o2 athigh T indicatesthatthe W(1)-W(2) displacementarepartially
negatively correlated.

linkageeventhoughthe atompair distancesrenearlythe same.This suggestshattherigid units
thatneedto be consideredrelargerthanjust octahedrar tetrahedraFig. 6 shovs onepossible
largerunit - anequilaterakriangleof Zr surroundinga W atom(O atomsnotshavn). The XAFS
dataindicatethatthe W have largerelative vibrations- if the Zr-W linkageremainsquite stiff,
thenmotionsof the WO, tetrahedralonga (111)direction(perpendiculato the planeof the
figure)will drive the motionsof the ZrOq. In thisfigure,if the W movesout of the planeof the Zr
atomsthe Zr atomswould have to move closertogetherto keepthe W-Zr distancefixed. Thusin
this systemthe correlatednotionsof large arraysof atomsappearso be crucialfor
understandinghe macroscopi@roperties.

CONCLUSIONS

We have discussedhelocal atomicdistortionsin anumberof morecomplex systemsin
somematerialsthelocal distortionsarea superpositiorof displacementproducedoy two or
moredifferentmechanismsasis the casefor the quasi-cubiananganitesvhich exhibit both
colossaimagnetoresistand€MR) andchage ordering.For suchsystemst is usefulto
decomposéhe obsenedstructuralchangegbroadeningf the pair distribution function,thermal
expansionmagnetostrictionetc.) into componentgassociateavith eachmechanismfor the
CMR systemsthetwo mainmechanismarethermallygenerategghononsandthe motion of
polarons.Oncethe netdisplacementareviewedasa sumof componentsthereis no needto
considemunusualnharmonidehaior, atleastfor thesesystemsat temperaturebelov 300K.

We have alsodiscussedorrelationsn thedisplacementsf variouspairsof neighboring
atomsandgivenexamplesof both positive (in-phasexorrelationsandnegative (out of phasepr
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Figure6: A simplified modelof the unit formedof threeZrOq octahedraanda WO, tetrahedron.
The XAFS dataindicatethatthe W-Zr linkageis stiff. Thenif theW movesout of the page the Zr
atomsmustmovetogether

anti-) correlationsIn mary materialsthe nearesheighboratomsmove togetherasa unit. This
occursbothfor systemdor which the excited phononmodesareprimarily acousticandalsoin
morecomple crystalsin which the structurecanbe viewedasa numberof largerrigid units
(octahedratetrahedraetc.) connectedogether This producesn XAFS thewell-known, very
narrav width for the nearesheighboratomPDFE

Examplesf negatively correlateddisplacementarelesscommonbut arefoundin some
morecomple structuresHowever, the effectsof suchcorrelationsarelesswell understood.
Whenpresenthey leadto very large valuesof the broadeningparametes.

Oncerigid unitsareidentified,their displacementandrotationsneedto be considered
separatelyFor the negative thermalexpansionmaterialsghe displacementsf the nearesiv-wW
pair arepartially negatively correlatedvhile the W-Zr pair remainsquite stiff. This suggestshata
large unit composef 3 ZrOs anda WO, needdo be consideredWithin this largerunit,
displacementsf the W will make the Zr atomscontracttogether

Theimportanceof correlationdn thelocal atomicdisplacements beginningto be
recognizedarticularlyfor complex structuresHowever, the extentandnatureof therigidity of
variousunitshasnot yet beenexploredin a wide rangeof materialsandnegatively correlated
displacementbave seldombeeninvestigated.

ACKNOWLEDGMENTS

The experimentsvereperformedat the StanfordSynchrotrorRadiationLaboratory which
is operatedy theU.S. Departmenbf Enegy, Division of ChemicalSciencesandby the NIH,
BiomedicalResourcélechnologyProgramDivision of ResearcliResourcesSomeexperiments
werecarriedouton UC/NationalLaboratoriedRT beamtime. Thework is supportedn partby



NSFgrantsDMR-97-05117andDMR-00-71863 andby the Office of BasicEnegy Sciences,
ChemicalScience®ivision of theU. S. Departmenbf Enegy, Contractno.
DE-AC03-76SF00098.

References

[1] B. K. Teo,EXAFS Basic Principles and Data Analysis (SpringefVerlag,New York, 1986).

[2] C.H. Booth,F. Bridges,E. D. Bauer G. G. Li, J.B. Boyce, T. ClaesonC. H. Chu,andQ.
Xiong, Phys.Rev. B 52, R15745(1995).

[3] C.H. Booth,F. Bridges,J.Boyce, T. ClaesonB. M. Lairson,R. Liang,andD. A. Bonn,
Phys.Rev. B 54, 9542(1996).

[4] A. P. RamirezandG. R. Kowach,Phys.Rev. Lett. 80, 4903(1998).
[5] C.ZenerPhys.Rev. 82, 403(1951).

[6] P. W. AndersornandH. Hasgava, Phys.Rev. 100, 675(1955).

[7] P. G.deGennesPhys.Rev. 118, 141(1960).

[8] C.H.Booth,F. Bridges,G. H. Kweli, J. M. Lawrence A. L. Cornelius,andJ.J. Neumeiey
Phys.Rev. Lett. 80, 853(1998).

[9] C.H. Booth,F. Bridges,G. H. Kwei, J. M. Lawrence A. L. Cornelius,andJ. J. Neumeiey
Phys.Rev. B 57, 10440(1998).

[10] G.Subas,J.Garda, M. G. Proietti,andJ. Blasco,Phys.Rev. B 56, 8183(1997).

[11] S.J.L. Billinge, R. G. DiFrancescoG. H. Kwei, J.J. NeumeierandJ. D. ThompsonPhys.
Rev. Lett. 77, 715(1996).

[12] D. Cao,F. Bridges,D. C. Worledge C. H. Booth,andT. Geballe,Phys.Rev. B 61, 11373
(2000).

[13] A. J.Millis, P. B. Littlewood,andB. I. ShraimanPhys.Rev. Lett. 74, 5144(1995).
[14] A. J.Millis, B. l. ShraimanandR. Mueller, Phys.Rev. Lett. 77, 175(1996).

[15] H. Rodet J.Zang,andA. R. Bishop,Phys.Rev. Lett. 76, 1356(1996).

[16] D. Cao,F. Bridges,C. H. Booth,andJ. J. NeumeieyPhys.Rev. B 62, 8954(2000).
[17] F. Bridges,G. Brown, D. Cao,andM. Anderson,J. SynchrotrorRad.8, 366 (2001).
[18] T. A. Mary, J.S.O. Evans.,T. Vogt,andA. W. Sleight,Science272, 90 (1996).

[19] A. K. A. Pryde,K. D. HammondsM. T. Dove,andV. H. etal, J. Physics:CondensMatter
8, 10973(1996).



[20] J.D. JogensenZ. Hu, S.Teslic,D. N. Argyriou, S. Short,J. S.O. Evans,andA. W. Sleight,
Phys.Rev. B 59, 215(1999).



