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ABSTRACT

In many systemsfor which thereareseveralatomsin theunit cell, thedisplacementsof theatoms
maybelocally correlatedeventhoughthereis no long rangecoherence.Suchdisplacementscan
playanimportantrole in determiningvariousmacroscopicproperties.Weconsiderseveral
examplesto demonstratethis phenomena- thelocaldistortionsin thecolossalmagneto-resistive
(CMR) andcharge-orderedmanganites,magneticfield induceddistortionsin CMR materialsthat
areconnectedto macroscopicmagnetostriction,andcorrelateddisplacementsof tetrahedralunits
within thenegative thermalexpansionmaterialZrW � O� . Thedistortionsin theCMR materials
observedusingXAFS changerapidly justbelow T � andareattributedto theformationof polarons
asthetemperatureis increasedthroughT � . In theferromagneticstate,thelatticeis moreordered
for CMR systems;consequentlyapplyingamagneticfield for T � T � shoulddecreasethelocal
distortions.Suchaneffecthasbeenobservedandis amuchlargereffect thanthemeasured
macroscopicmagnetostriction.Finally, in ZrW � O� thetetrahedralandoctahedralunitsarefound
to bevery rigid asexpected.More surprisingis thatthewidth of thepair-distancedistribution for
theW-Zr atom-pairis alsoquitesmall,indicatingthattheW-Zr linkageis stiff. In contrast,for the
W-W pair, thedistributionwidth growsrapidlywith T, indicatingcorrelateddisplacementsof two
WO� tetrahedralunits.

INTRODUCTION

Correlationsof themotionsanddisplacementsof theconstituentatomsin acrystaloccurfor
all materials,but their relevancein determiningsomeof themacroscopicpropertiesof amaterial
haveonly recentlybegunto beunderstood.For simplematerialssuchasthealkali halidesalts,the
dominantvibrationalmodesat low temperaturesaretheacousticphonons.For thesemodes,
particularlyfor longwavelengthmodes,thedisplacementsof theneighboringatomsarehighly
positively correlated- thatis at any instantin time, theseatomsaremoving in thesame
direction[1]. At highertemperatures,theopticalphononsbecomeexcited;for thesemodesthe
motionsof theatomsarenegatively correlated[2,3], particularlyfor shortwavelengthmodesnear
theBrillouin zoneboundary. In this case,theneighboringatomsmovetowardsor away from each
otherandif charged(ionic), couplestronglyto electromagneticradiation(i.e. visibleandinfrared
light). Eventuallyat highenoughtemperaturesthata largenumberof shortwavelengthmodesof
varioustypesareexcited,thenetmotionsof theneighboringatomsshouldbecomeessentially
uncorrelated.For simplesystems,apartfrom thecouplingto opticalradiation,thecorrelated
motionsof theatomsdo notappearto playa majorrole in mostmacroscopicproperties.

However for othersystems,oftenthosewith largermorecomplex unit cells,thesituationis
changed.Additional correlationsmaybepresent,andin unit cellscontainingmany atoms,there



areavery largenumberof opticalmodes[4] whichcaneasilydominatetheacousticvibrations.
Oneexampleof anothertypeof atomiccorrelationis thesetof displacementsthatfollow a
hoppingpolaron- typically anelongationof thebondsin two directionsandashorteningof the
bondsin theotherfour directionsfor perovskitesystems.Theselocal distortionsare
electronicallydrivenandshouldnotbeconfusedwith thenormalmodesof thesystem(solutions
of thedynamicalmatrix) thatproducethephonons.However theremaybeasmall
electron-phononcouplingbetweenthepolaronandthephonons.Whentheopticalphononmodes
dominatethesystem,someof themmaybesoftmodes(low frequency)[4] andin this casesome
of thedisplacementsof atomsin theunit cell canbenegatively correlatedevenat low
temperatures.We considerbothsituationshere.

Onecanexperimentallyprobethedegreeof correlationof thedisplacementsof somepair of
atomsby combiningresultsfrom XAFS (X-ray AbsorptionFineStructure)with thoseof
diffraction[2]. Considertwo atomsin thecrystal,A andB, andlet their local displacementsalong
a line betweentheatomsbe
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respectively. In XAFS oneobtainsthewidth of thepair
distribution function, � 	�� , by fitting thedatato standards.Thevariance� �	�� , is theaverageof
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over thelattice,givenby:
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. Thereis actuallyaslightdifferenceherein thedefinitionof
���
	

- for XAFS it is
measuredfrom eachatomicsitebut in diffractionit is thedisplacementfrom auniformly spaced
setof mathematicalpoints.Whenthesampleis homogeneous,thesearethesamebut for some
inhomogeneoussystemsthedistinctionmaybeimportant,asthenU

�
and � �	�� havedifferent

staticcontributions.In Eqn.1 theimportantquantityfor correlationeffectsis thelastterm
-2
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. If themotionsof theatomsA andB areindependent(i.e. uncorrelated)thenthis
termis zero;if thedisplacementsarepositively correlatedthis termwill make � �	�� smallwhile if
thecorrelationsarenegative, � �	�� is greaterthanthesumU
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+U
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. Wehavedefinedacorrelation
parameter& by setting[2, 3]
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By comparingthevaluesof � �	�� with U
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onecandetermine& .
If oneis interestedin therelativecorrelationsof thedisplacementswhicharegeneratedby

differentphononmodesbeingexcited,(i.e. anacousticandoptic mode)then
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must
eachbewritten asa superpositionof thedisplacementsfor eachof theexcitedmodesm+ ;
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To carryout thecalculationoneneedsto know how themotionsof theatomsfor eachmodeare
correlated.Assumingthedisplacementsfor agivenmodearecorrelatedbut thoseof thetwo
modesarenot, then
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Figure1: Units within crystalstructuresthathave correlateddisplacements.A: TheHgO� dumb-
bell in theHTC superconductorHgBa� CuO�76�8 (theO neighborsaboutHg arelabelledO(2))which
movesasarigid unit. Normally thisunit is alignedalongtheverticalaxis(c-axis),but theCu-O(2)
linkageis verydisordered,sosomerotation(exaggeratedhere)maytakeplace.B: The(correlated)
displacementsof O aroundMn in a JT configuration.As thepolaronhops,this distortionfollows
thecharge. C: Theunitswithin ZrW � O� thatareimportantfor negative thermalexpansion.There
is anoctahedronof O abouteachZr anda tetrahedronof O abouteachW atom.Thetwo W atoms
areW � andW � andthe(111)axisis verticalin thisfigure.

where � �	��/,.-9����� ���
	�,
-:�;���
�<,.-=� � � (5)

Someexamplesof correlateddisplacementsareshown in Fig. 1. On theleft sideis apartof
thestructurefor thesingleCuO� layerHg superconductor, HgBa� CuO�76�8 . TheHgO� dumbbellis
situatedbetweentwo CuO� layersandmovesasasingleunit - themotionsof theHg andthetwo
O(2)atomsareveryhighly correlated[2]. In contrast,thedisplacementsof theO(2)atoms(and
hencetheHgO� unit) relative to Cuarenegatively correlated.Whetherthis correlatedmotionis
relevantto superconductivity is not clear.

Theunit thatrepresentsthelatticedisplacementssurroundingapolaronat someinstantin
time is shown in themiddleof Fig. 1. Thereis a Mn atomin thecenterandsix O atomsaroundit
in a distortedoctahedra- 2 longand4 shortMn-O bonds.Within thepolaronmodelthelocal
environmentaboutagivenMn atomfluctuatesbetweenthis unit andanearlyundistorted
octahedronof O atomsasthepolaronhopsfrom siteto site. In contrastto theHgO� dumbbell
consideredabove,thesecorrelateddisplacementsstronglyinfluencetheobservedmacroscopic
properties- they enhancethemetal/insulatortransitionandproduceunusualthermalexpansion
andmagnetostrictiveeffects.

Finally on theright sideof Fig. 1 weshow acombinationof largerunits-WO� tetrahedra
locatedwithin trianglesof ZrO> octahedra(this is just apartof theunit cell). For ZrW � O� , we
proposethatit is thethecorrelatedmotionsof theseunitsthatproducestheobservednegative
thermalexpansion.Weconsiderthelattertwo examplesin moredetail in thefollowing sections.

POLARON SYSTEMS

Polaronsarechargecarriersthatcarrya localdistortionof thelatticewith themasthey
movethroughoutthecrystal.Theunderstandingof thesequasiparticlesandtheir local distortions
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Figure2: A plot of � �@"ACB 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 temperaturesbetween200
and300K, to correctfor the small differencesobtainedusing two differentmonochromators(a
multiplicative factorof 1.025wasincludedfor thehigh temperaturedata). Thesolid line is a fit
of thehigh temperaturedatato thecorrelatedDebyemodelusing � �DFEGEIHKJML = .0032Å astheeffective
staticcontribution.

havegreatlyincreasedover thelastdecadeasa resultof theintensestudyof themanganite
systemswhich exhibit colossalmagnetoresistance(CMR) (for thequasicubicmanganites
(perovskites)La �ONQP CaP MnOR , CMR is observedfor 0.2

�
x
�

0.5). At low temperatures,these
materialsareferromagneticmetalsandthelatticeis highly ordered(theMn-O pair distribution
functionis narrow). AboveT � , conductiontakesplacevia polaronhoppingandthesampleshave
ahigh resistance(semiconducting-likebehavior) andareparamagnetic.Thecouplingbetween
transportandmagnetismis generallymodeledusingthedoubleexchange(DE) model[5, 6, 7].

Whenpolaronsform thereis a largeadditionalincreasein thelocal distortionsabouta lattice
site,generallyreferredto asaJahn-Teller (JT) distortion[3, 8, 9, 10,11,12]. Thisdistortion
enhancestheincreasein resistivity asthesamplebecomesparamagnetic[13,14, 15]. Thusthereis
astrongcouplingbetweenthespins,thecharge,andthelatticein thesematerials.In XAFS this
resultsin anincreasein thebroadening� @"A�B , of theMn-O pair distribution functionasT
increasesthroughT � .

In Fig. 2 weplot � �@"A�B asa functionof temperatureup to 700K for a21%Casubstituted
sample.If we ignorethelow T datatheslow increaseof � �@"A�B at high temperaturesindicatesa
largeDebye(or Einstein)temperatureof order900K.ThismeanstheaverageMn-O bonds
(springs)arequitestiff. However thelargedropin � �@"A�B below T � = 190K indicatesthesituation
is morecomplex; thelargechangein � �@"ACB from 50K to T � , is thesignaturefor theformationof
polarons.To separatethesecontributions,onemustconsiderthecorrelationsin thelocal
distortions.Weassumethatthelocaldisplacementsproducedby phonons,polarons,andstatic



distortions(causedby defects)areuncorrelated.Then � �@"ACB will bethesumof severalterms:

� �@"A�B � � �HSLUT7L +V� � � �WIDFXYT7ZFD A H � � �WI[GD A D A H ) (6)

TheXAFS datafor theCMR samplesareeasilydecomposedin thisway; thestatic
contribution is verysmallwhile thepolaroncontributiondominatesuntil quitehigh temperatures
arereached.Thelargeincreasein thewidth of thepair distribution functionnearT � is also
connectedwith theunusualthermalexpansionobserved,but thelocal structurechangesare
roughlyanorderof magnitudelarger. This is expected- if anO atommovestowardsoneMn
atomandaway from another, thentheMn-O distributionwouldbroadenevenif thelatticehasnot
expanded.However, thelongerMn-O bondis expectedto lengthenmorethantheshortbond
contracts- this leadsto thenetexpansionobservedin diffraction.Theresultingdistributionof
longandshortbondsthroughoutthecrystalis themicroscopicbasisfor theincreasedthermal
expansionobservedjust below T � . Notethis contribution to thethermalexpansionis
electronicallydriven- it is not ananharmonicphononeffect.

MAGNETOSTRICTION

In theCMR materialsthedistortionsof theMn-O bondsareobservedto decreaseasthe
temperatureis loweredbelow T � ; at thesametime, thesamplemagnetizationincreases.Wehave
shown previously thatfor T

�
T � , thedecreasein thepolaroncontribution to � �@"ACB , \]� �WGD^X_T`ZOD A , is

exponentiallyrelatedto thesamplemagnetization,M ( \]� �WIDFXYT7ZOD A = AM/M D + B, whereA andB
areconstantsandM D is thesaturationvalueof M at low T). This is attributedto adecreasein the
numberof Mn sitesthathaveaJT distortionin regionswherethesamplebecomesmagnetic[9].
Consequently, it suggeststhat,at afixedtemperature,thesampleshouldbecomemoreordered
whenamagneticfield is applied.This is in factthecase- asmalldecreasein � �@"A�B is observedin
a1 T field[16]; however, dueto thesmallmagneticfield used,theeffectwasdifficult to measure.
To improveourability to probethis effect,wehavedevelopedamagneticfield modulation
technique[17] whichdeterminesthemagnetic-fieldinducedchangein theXAFS whenamagnetic
field is pulsedonandoff (onandoff timesarea few seconds).Thisgeneratesadifferencefile that
is themagnetic-fieldinducedchangein theXAFS. If thischangeis mainly theresultof achange
in ��+ (for shell i) thenwecanestimatethedifferencefunctionusingaTaylor expansionof the
XAFS functionk a . k a is definedby

b a �dc +
e +Sf �g�h N<�Oi

0Fj=0kl �+ mCn^o � ! b l +
�qp + � �rc + b as+ ) (7)

whereN + is thenumberof atomsin shell n , S
�g is anamplitudereductionfactor, whichcorrectsfor

many-bodyeffects,R+ is theaveragedistanceto atomsin shell n , k is thephotoelectronwave
number, ��+ is thepair distributionwidth, and

p + is thetotal phaseshift in thecentraland
backscatteringprocess.TheFourierTransform(FT) of this functionyieldspeaksin r-space
correspondingto thevariousshellsof neighbors.

Dif ferentiatingthisexpressionwith respectto ��+ wecanobtainthechangein k a generated
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Figure3: Left: Thechangein � inducedby a 1T magneticfield for theMn-O bondasa function
of temperature.right: A comparisonof theFT of thedifferencedatawith a k R a functionat zero
field - thelatteris reducedby a factorof 625for comparison.

by amagnetic-field-inducedchangein � .
b � \]as+ � �~� ��� b � ��+ � e +Sf �g�h N<�Oi

0Fj=0kl �+ mCn^o � ! b l +
�qp + � \���+ � ��� ��+S\]��+ � b R as+ �I) (8)

Thusthedifferencefile obtainedexperimentally, k a��O+ EIE , shouldbeasumof terms��+ b R a . The
amplitude��+ = -4��+�\���+ , is a directmeasureof thesmallchangein \]��+ . In Fig. 3aweplot\]� @"A�B , obtainedfrom theamplitudeA � , asa functionof T. It showsaclearpeaknearT � =190K,
with amaximumchangeof � 0.0023Å. Theapplicationof a magneticfield hasreducedthe
disorder- we interpretthis asa reductionin thenumberof JT distortedsitesin thelattice.
However for a1 T field, only asmallfractionof thesitesareaffected.

In Fig. 3bwecomparethedifferencedatawith ak R a trace,with thelatterreducedin
amplitudeby a factorof 625to beon thesamescaleasthedifferencedata.TheMn-O and
Mn-Mn peaksareclearlyobservedin thedifferencedataat � 1.6and3.4Å respectively.
However, theMn-La peakwhichoccursnear3.1-2Å is notobservedin thedifferencedata-
changesin this peakareat leasta factorof 10 smaller.

Theratioof thechangein broadeningto thebondlength, \]� @"A�B / � @"A�B � 10
N R , is very large

comparedto macroscopicmagnetostrictionmeasurementswhichmeasuretheaveragerelative
changeof thelatticeconstant

� � / � whenafield is applied;magnetostrictionresultsaretypicalat
leastanorderof magnitudesmaller. Therelativechangeof thepair-distributionwidth for Mn-Mn
in thedifferencedatais comparableto thatfor Mn-O.

Thisdifferencein magnitudesof thelocal structuredistortionsandthemacroscopic
elongationsobservedin thermalexpansionandmagnetostrictionarisefrom thedifferencein the
quantitybeingmeasured.Changesin � � areproducedwhenthebondlengthslocally are
lengthenedor shortened,whereasthenetchangein

� � is averagedovermany unit cells.Consider
achainof Mn-O-Mn atomsin which theMn-O bondsarerandomlyshortenedor lengthened
correspondingto differentlocalorientationsof theJT distortion.Thisproducesadistributionof
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Figure4: A schematiclinearchainmodelto show thedistributionsof long (L) andshort(S) Mn-
O bondsandMn-Mn distances.The net elongationis a weightedaverageof the differentbond
lengthsandthe net relative lengthchangeis muchsmallerthanthevariationsof theMn-O bond
lengths.

longandshortMn-Mn distances.Becausetheincreasein lengthfor thelongbondsis largerthan
thedecreasein lengthfor theshortbonds(includingweightingfactors)thereis anetsmallchange
in theaverageMn-Mn distanceasdeterminedin thermalexpansionor magnetostriction
measurements.We illustratethis in Fig. 4. Thetop line showstheundistortedchainof Mn-O-Mn
while theloweroneshowsthe(exaggerated)distortionswhensomeJTdistortionsarealongthe
chain(shortMn-O bonds)andothersareperpendicularto it (longMn-O bonds).Therelative
changesin thelocaldistancesMn-O andMn-Mn canbelarge,but theaveragerelativechangein
thelatticeconstant,which is aweightedaverageof thelongandshortMn-Mn distancesis small.

NEGATIVE THERMAL EXPANSION MATERIALS

Thethird exampleweconsideris thesystemZrW � O� whichhasanegative thermal
expansionoveraverywide temperaturerange0.5K to 1000K[18]. Thismaterialhasanopen
crystalstructureandit is composedof largecornersharingunits- WO� tetrahedra(two types
W(1)O� andW(2)O� ) andZrO> octahedra.TheZrO> octahedraform aFCClattice(theoctahedra
aretilted) andareconnectedtogethervia theWO� . However, oneof thecornersof eachWO�
(orientedalonga (111)direction)is not connectedandleavestheWO� partiallyunconstrained.In
particularit caneasilyvibratealongthecorresponding(111)axis.For thissystemthetetrahedra
andoctahedraunitsareconsideredto berigid units;it is thecorrelatedmotionsof theselarger
unitsthatleadsto theunusualthermalcontractionproperties.Theresultingopticalvibration
modesarecalledRigid Unit Modes(RUM) andhavebeenusedto describetheZrW � O�
system[19]. However theexplicit modeor sumof modesthatleadsto thethermalcontractionhas
notbeenclear.

UsingXAFS wehave foundanunusualbehavior in thebroadeningof thepairdistribution
functionsfor someatompairswhile otherssuchasW-O andZr-O exhibit typicalbehavior. In Fig.
5 weplot � � for theW-O, W-Zr andW(1)-W(2)neighbors.� ���B is essentiallyindependentof T,
verifying thattheWO� tetrahedraareindeedvery rigid. Theweaktemperaturedependence
indicatesa largeDebye(or Einstein)temperatureof order1000K.In contrast,� � for the
W(1)-W(2) pair increasesrapidly with T, andacomparisonof � ���� with theU

�
parameters[20]

for W indicatethatthedisplacementsof W(1) andW(2) arepartiallynegatively correlated( &��
-0.4at300K).More surprisingis thebehavior of � � for theW-Zr atompairs(W(1)-Zr and
W(2)-Zr addedtogether).This linkageis alsoquitestiff, clearlymuchstiffer thantheW(1)-W(2)
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Figure5: A plot of thebroadeningparameter� � , for W-O, W-Zr, andW(1)-W(2) asa functionof
temperature.Theveryweaktemperaturedependencefor W-O indicatesthatthis bondis verystiff
- consistentwith theassumptionthatWO� is a rigid unit. � � for W(1)-W(2) increasesrapidlywith
T andthelargemagnitudeof � � athighT indicatesthattheW(1)-W(2)displacementsarepartially
negatively correlated.

linkageeventhoughtheatompair distancesarenearlythesame.Thissuggeststhattherigid units
thatneedto beconsideredarelargerthanjust octahedraor tetrahedra.Fig. 6 showsonepossible
largerunit - anequilateraltriangleof Zr surroundingaW atom(O atomsnotshown). TheXAFS
dataindicatethattheW have largerelativevibrations- if theZr-W linkageremainsquitestiff,
thenmotionsof theWO� tetrahedraalonga (111)direction(perpendicularto theplaneof the
figure)will drive themotionsof theZrO> . In this figure,if theW movesoutof theplaneof theZr
atoms,theZr atomswouldhave to moveclosertogetherto keeptheW-Zr distancefixed.Thusin
this system,thecorrelatedmotionsof largearraysof atomsappearsto becrucialfor
understandingthemacroscopicproperties.

CONCLUSIONS

Wehavediscussedthelocal atomicdistortionsin anumberof morecomplex systems.In
somematerials,thelocaldistortionsareasuperpositionof displacementsproducedby two or
moredifferentmechanisms,asis thecasefor thequasi-cubicmanganiteswhichexhibit both
colossalmagnetoresistance(CMR) andchargeordering.For suchsystemsit is usefulto
decomposetheobservedstructuralchanges(broadeningof thepairdistribution function,thermal
expansion,magnetostriction,etc.) into componentsassociatedwith eachmechanism;for the
CMR systems,thetwo mainmechanismsarethermallygeneratedphononsandthemotionof
polarons.Oncethenetdisplacementsareviewedasasumof components,thereis no needto
considerunusualanharmonicbehavior, at leastfor thesesystems,at temperaturesbelow 300K.

Wehavealsodiscussedcorrelationsin thedisplacementsof variouspairsof neighboring
atomsandgivenexamplesof bothpositive(in-phase)correlationsandnegative(out of phase,or
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Figure6: A simplifiedmodelof theunit formedof threeZrO> octahedraanda WO� tetrahedron.
TheXAFS dataindicatethattheW-Zr linkageis stiff. Thenif theW movesoutof thepage,theZr
atomsmustmovetogether.

anti-) correlations.In many materialsthenearestneighboratomsmove togetherasaunit. This
occursbothfor systemsfor which theexcitedphononmodesareprimarily acousticandalsoin
morecomplex crystalsin which thestructurecanbeviewedasanumberof largerrigid units
(octahedra,tetrahedra,etc.)connectedtogether. Thisproducesin XAFS thewell-known, very
narrow width for thenearestneighboratomPDF.

Examplesof negatively correlateddisplacementsarelesscommonbut arefoundin some
morecomplex structures.However, theeffectsof suchcorrelationsarelesswell understood.
Whenpresentthey leadto very largevaluesof thebroadeningparameter� .

Oncerigid unitsareidentified,theirdisplacementsandrotationsneedto beconsidered
separately. For thenegativethermalexpansionmaterialsthedisplacementsof thenearestW-W
pairarepartiallynegatively correlatedwhile theW-Zr pair remainsquitestiff. Thissuggeststhata
largeunit composedof 3 ZrO> andaWO� needsto beconsidered.Within this largerunit,
displacementsof theW will make theZr atomscontracttogether.

Theimportanceof correlationsin thelocal atomicdisplacementsis beginningto be
recognizedparticularlyfor complex structures.However, theextentandnatureof therigidity of
variousunitshasnotyet beenexploredin a wide rangeof materialsandnegatively correlated
displacementshaveseldombeeninvestigated.
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[15] H. Röder, J.Zang,andA. R. Bishop,Phys.Rev. Lett. 76, 1356(1996).

[16] D. Cao,F. Bridges,C. H. Booth,andJ.J.Neumeier, Phys.Rev. B 62, 8954(2000).

[17] F. Bridges,G. Brown, D. Cao,andM. Anderson,J.SynchrotronRad.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. Hammonds,M. T. Dove,andV. H. etal, J.Physics:Condens.Matter
8, 10973(1996).



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


