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The staticanddynamicaspectsof the Electric FieldGradient(EFG) in
ionic perovskite(anti-)ferroelectriccrystalshavebeenstudiedwith
particularemphasisonthe PerturbedAngularCorrelationmethod.We
analyzethe effectof the lattice fluctuationsonthe temperaturebehavior
of the EFG.Theproperaveragingprocedureof theperturbationfunction
is outlined.Thisresultsin asimple relationshipbetweenthe electric(sub-)
latticesusceptibilityandthe measuredEFG,predictinga critical behavior
of EFG on approachingT~.In additionto this dynamicaleffectwe show
thatwell below T~,thetemperaturedependenceof EFG is dominatedby
P,~,thesquareof thespontaneouspolarizationof the (sub-)lattice.These
predictionsare shownto bein qualitativeagreementwith published
experimentaldata.

THE INTERACTIONbetweentheElectricNuclear ~is the separationbetweenthe positiveandnegative
QuadrupoleMomentof a nucleuswith the Electric chargecentres,in the deformedcubicunit cell.The size
FieldGradient,V~2,at the nuclearsiteis avaluabletool of the dipole,~, is proportionalto the ionic
for the investigationof the local structureandits displacements.
changesin a solid [1] . The EFGbeingdeterminedby Thetime dependenceof ~canbeexpressedin the
the distributionof the chargesservesasamicroscopic following way:
probesensitiveto anychangesor rearrangementsof

~(t, T) = zo(T) + E~.z(t,T); (1)
thechargedistribution occurringin thevicinity of
the probenucleus.Specifically,in an ionic crystalthe z0(T)is theaveragechargeseparationat temperature
changesin EFG reflectthe deviationsof the ionic sites T, ~.z(t, T) expressesthetime dependentfluctuations
from ahigherto alower symmetryconfigurationduring aboutz0. Both theamplitudeand frequencyof ~z
astructuralphasetransition. dependon thetemperatureT.

Theoreticalcalculationsof the local EFG areusually Theinstantaneouslocal EFGcanbeexpandedin
performedby a latticesumcalculationtaking into powersof ~:
accountthe Sternheimerantishieldingcorrection [2]. dV~~~+ 1 / ~i2v
However,calculationsof this typeare of a staticnature, v’~= V~(~= 0 + U zz ~2 +
beingbasedon theassumptionof astatic ionic lattice. ) (~)~~ d~

2/ ~zz

In this work weshowthat the latticesumcalcu- (2)
lationcanbe generalizedandextendedto describealso Accordingto the definitionof ~, theconstantterm in
thedynamicalnatureof the lattice,namelyto incorpor- this expansioncorrespondsto aninstantaneouscubic
atein the calculationthe time-dependentfluctuations symmetryconfiguration,thusbeingequalto zero.
of the ionic coordinates.Ourinterestin this work is

Furthermore,it canbeshown [3] that for cubicsym-
the descriptionof V~inperovskite-type(anti-) metry V~is symmetricin ~andthus(dV~~/dfl

0
ferroelectricionic crystals.Above T~thesecrystals vanishesalso.Thus equation(2)canbewritten as:
possessacubic symmetry.Below 7’, theyundergoa
structuralphasetransitionresultingin a slight defor- V~’~°’~~ = 4 +

2zoz~.z+ (i~z)2. (3)
mationof thecubic symmetry. The connectionbetweentheinstantaneouslocal V~

In the following wedeveloparelationshipbetween [equation(3)] andthe averagedmeasuredEFGvalues
thefluctuationof the EFGandthe macroscopic dependson theexperimentaltechniqueused.Thusit is
dynamicalpropertiesof the lattice.Theshift of the ions importantto specify,at this stage,the experimental
from theircorrespondingcubicsitesgeneratesanelectric methodappliedto measureV~.Weconcentratein this
dipolemomentof theunit cell.Thismomentcanbe work on theDifferentialPerturbedAngular
expressedasq~whereq is theeffectiveionic chargeand
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Correlation[4] technique,thoughmostof the con- Thesignificanceof this result restsin the factthat
clusionsare of moregeneralcharacterandapplyto it predictsa non-vanishingV,~(andcorrespondingly—
othertechniques(NQR,Mössbauer,etc.)aswell. In the a non-vanishingw~)evenat temperatureswell above
abovetechniquethe probenucleusis radioactiveand T~(whichcorrespondsto the fastregime)in the cubic
emits two successive7-rayphotonsin cascade.The phase.Thisresult is incontrastto thepredictionof
angularcorrelationbetweenthesetwo photonsis vanishingV~accordingto the rigid lattice sum
measuredasa function of the lifetime of the inter- calculation.
mediatelevel. The ordinaryangularcorrelationfunction Extendingour discussionto the temperatureregion
is modified,due to thestaticelectricquadrupoleinter- below 7’~(in the antiferro-or ferroelectricphase)it
action,by a time dependentfactor: becomesevidentthat thez0 termin equation(3)is

relatedto the dipolemomentof the (sub-)unit cell and
G22(t) = U2fl cos (w~t). (4) thusproportionalto the spontaneouspolarizationof

the(sub-)lattice.Eachprobeexperiencesa locally time-

Thefrequenciesw~correspondto the quadrupolesplit- averagedinteraction,which upon applyingthe
ting of thelevel andfor a cylindrically symmetricstruc- FluctuationDissipationTheorem,aswell asrecognizing
ture they areproportionalto V~.The time-dependent that~i = 0 locally, leadsto:
factorG22(t) arisesdue to thequadrupoleinteraction
inducedprecessionof the nuclearspinin the inter- V,~= aP~+ bT ~ Xq (5)
mediatenuclearstatein a static ~

Whenthe quadrupoleinteractionis time-dependent, wherethe averagingis performedbothlocally in timeas
the situationis morecomplicated.In suchcaseit is well as experimentallyovera largenumberof sites.
importantto distinguishbetweentwo typesof time Hence,theexperimentallyobservedc~reflectstwo
dependence:stochasticandregular-periodic.Thecase kindsof temperaturedependentfeaturesof thelattice.
of stochasticfluctuationshasbeenextensivelytreated Farbelow 7’~,w~follows the temperaturedependence
in literature [4—6]andis knownto leadto anexponent- of the squareof thespontaneouspolarizationP~(in the
ially dampedG22 due to a partiallossof spin “memory” caseof an antiferroelectriccrystal1~correspondsto the
On theotherhand,in the caseof regular-periodicfluc- spontaneoussublatticepolarization).Thesecondterm
tuations,thespin“memory” is retainedandthusG22 in equation(5) predictsacritical behaviourof w~in
possessesa definiteperiodiccharacteraswill be thecloseproximity of thetransitiontemperature.This
demonstratea. is dueto the dominantcontributionof ~, the (sub.)

In the following wedivide our discussioninto two lattice susceptibility,which is connectedwith thesoft
frequencyregimes. mode[13] frequency~ by the relationx~

(a) Fastregime,fL~~ 2ir/r, wherer is themean where a T— T~.In a ferroelectrictransitionthe
lifetime of the intermediatenuclearlevel and f~qis the dominantsusceptibilityXq0 is connectedwith thewave
frequencyof a latticemodewith a wavevectorq. In vectorq0 = 0 while for anantiferroelectriccrystalq0
this casethelattice fluctuation period2ir/flq is much correspondsto the Brillouin zoneboundarywave vector
smallerthanthe time of measurement(which is of the and is the sub-latticesusceptibility.
orderof i-). Therapidmotionof the ions(bothperiodic (b) Slowregime,flQ ~2ir/r. In this caseeach
aswell asrandom)relativeto theprobeis reflectedby nucleussensesanessentiallyconstantperturbation.
thecorrespondinglyrapid changesof V~.During the However,asthereis no correlationbetweenthephase
timeof interaction,thenucleusexperiencesaneffective, of thefluctuatingmodeand theinstantof the emission
timeaveragedinteractionproportionalto V~(where of the photon,the strengthof the interactionat each
thebarindicatestime averaging), site is different.Thusthe experimentperforms

In the cubicphase(aboveT~)of a perovskitecrystal, effectivelya randomsamplingof the phasesof the
thefirst two termsin equation(3) vanishandthusthe fluctuatingmodes.Althoughthis situationis obviously
measuredprecessionfrequencyw~ ~ is also different from that in thefast regime,wewill beable
proportionalto ~ [7] . However,accordingto the to showthat themeasuredG22 shouldpossessaperiodic
FluctuationDissipationTheorem [8—10]the mean characteralsoin the slow regime.Moreover,wewill
squareof the fluctuationsisproportionalto the suscepti- showthatin this caseaswell the observedperturbation
bility summedoverall q vectors[11, 12] hence frequencyc~aboveT~is simply relatedto the(sub-)

lattice susceptibilityy~(~
Vz~~ ~ T ~ Xq’ The experimentallyobservedperturbationfunction

is given [4, 14] by theaverageof equation(4)overthe

frequencydistributionfunctionf(~,):
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follow thecritical temperaturedependenceof themean
~ = f G22(wt)f(w)d~. (6) squareof the fluctuationamplitude,to whichit is

proportional.Thus,accordingto the fluctuation
Thus,in orderto predict thebehaviourof ~ in the DissipationTheorem,this frequency~ is again
slow regime,it becomesessentialto calculatethe proportionalto thesusceptibilityat a given temperature
distributionfunctionf(~) from which the distribution asexplainedpreviously.
f(~)canbeobtainedin a straightforwardway. In theargumentthat follows we showthat if there

Weexpecttheslowregimeto exist only very close existsin the polarphase(T< T~)a significantcontri-
to thetransitiontemperature,dueto the softeningof bution to V~from theslowmotionof the lattice,no
thepolarizingmode.Thus,assumingthat the dominant conclusiveresultscanbe obtained,dueto thelimitation
fluctuationsare dueto a single(soft)mode,V~canbe of the experiment(limited statistics,narrowtime-range,
written as: etc.).Reasoning,identical to that presentedabovefor

~ (Az)
2 = A2 cos2q~ (7) thecubic phase,leadsto a distribution functionfor the

WQ, havingthe form:
where0 is the essentiallyconstantrandomphaseof the
fluctuationduring the time of interaction.Assuminga
uniform distribution of 0 overthe range0 ~ 0 ~ ir/2 f(WQ) = -~~-{w~[“rn — (WQ + wo — 2\/wQc~.io)]Y1’2
(justified by the assumptionof uniform distributionof (11)
thesampling-timeinstants),onecaneasily [15]obtain

wherew~is theperturbationfrequencydueto the
thedistribution for V~aboveT~andalsothe cor- static displacementin .theabsenceof fluctuations,and
respondingdistributionfor the precessionfrequency o, is themaximumfrequencydue to the fluctuations.

Thusthe experimentallyobservedperturbationfactor

= ir~’[w~(w~ax — WQ)]~12, (8) G~’(t)is obtainedby averagingequation(4) over the
frequencydistribution,with the weightingfunctioninTheform of this distributionfunctionindicatesthat
equation(11). Hence~ will be asumof expressions

therewill betwo principalcontributionsto the observed of the form:
perturbationfrequency:oneof low frequency(near

max)
=0) andoneof highfrequency(nearC&.)Q =

Following the commonprocedure,namelyexpressing f Jcs~)~)COS (i~QtdwQ
the experimentallymeasuredperturbationfactorG~?

2~
asthe averageof G

22 overthe distributionof frequencies = — j cos[(~J~+ ~ cos0)~ti dO. (12)
ir

[equation(6)], expressionsof the following typeare
obtained: Dueto the complexstructureof the above

max
expression,it would be futile to attemptto deriveaf f(c~)cosWQt dcoQ physicallymeaningfulparameterfrom theexperimental

0 datain the slowregimebelow T~.
= J0(~4ax t) cos(~4~t) (9) As a result of the analysisof bothslowand fast

regimes,the following conclusionscanbe drawn.Above
maxwhereJo isthe zerothorderBesselfunction andw~ ~ in bothregimes,thefrequencyWQ turns outto be

is proportionalto the squareof the fluctuation simply relatedto the(sub-)latticesusceptibility.This
amplitude. relationshipshouldbemanifestedby a non-vanishing

It canbe shownthatthe periodicityof the last frequencyWQ well aboveT~,andby a critical behaviour
expression(not toocloseto t =0, becauseof the of WQ on approachingT~from above.Below T~,in
particularbehaviourof ,~0in that region)is veryclose mostof thetemperaturerange,the interactionfrequency
to thatof cos

2(~~ t). Thus,approximately: w~follows the temperaturedependenceof the square

G!9 1 + cos t (10) of the spontaneous(sub-)latticepolarization;close
enoughto T~(still in thefast regime)it behaves

whichis anextremeform of theperturbationfunction critically dueto the (sub-)latticesusceptibility.
asalreadyindicatedaboveby equation(8). Equation(9) Finally,we wishto referto somepreviously
alsoindicatesthatcloseto thetransitiontemperature, reportedexperimentalresultswhich, asweshow,canbe
wherethe amplitudeof the polarizationfluctuations interpretedassupportingour model.Bhide and
variesrapidly with temperature,a temperaturedepend- Multani [16] found,by Mässbauereffectexperimentin
ent modulationshouldbeobservedin the perturbation BaTiO

3,that v~in thetetragonalphaseis closely
factor.Thefrequencyof thismodulationshouldclosely proportionaltoP~.The deviation from therelation
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cx P,2 which wasfound by Bhide andHedge [17] in electricKDP crystalswhich showthat for T> T~,the
PbTiO

3canbe attributedto the relativelyhighcovalency EFGis proportionalto (T— 7T~)’ [10] . Thisobser-
of this crystal.Thiswas alsopointedoutby Schaefer vation agreesqualitativelywithour predictions[12].
etal. [18]. TherearealsonumerousDPAC experiments Preliminaryexperimentalresults [22] on PbHfO3
[18—21]which reportanon-vanishingEFG in the cubic in closeproximity of T~exhibit definitely the
phaseof perovskitetypecrystals.Thisanomalyis (7’— Ta)’ behaviourof V~,substantiatingour theor-
commonlyattributedto thepresenceof defectsand eticalpredictions.The completereportonthe exper-
impurities.However,accordingto the modelpresented imental dataon PbHfO3 wifi bepublishedin thenear
here,the relationshipv~cx

TXQ,, impliesa non-vanishing future.
V~evenin thecubicphaseof aperfectcrystal. Acknowledgement— The authorswishto expresstheir
Indicationof this typeof behaviourcanbe foundin gratitudeto Dr. P. Gluck for critical readingof the
NMR~experimentson the order—disordertype ferro- manuscript.
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