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PROTONICE-MODEFLUCTUATIONS AS THE DOMINANT MECHANISM FOR ELECTRICFIELD
GRADIENTS IN KH2AsO4-TYPECRYSTALS

S. Havlin andY. Yeshurun

Departmentof Physics,Bar-hanUniversity,Ramat-Gan,Israel

(Received30 September1975;in revisedform 5 January 1976byP.G. de Gennes)

Incorporatingthe proton—oxygencoupledE-modefluctuationsfor all
wavevectors,we explaintheexperimentalresultsfor the temperaturede-
pendenceandtheeffect of deuterationof theelectric field gradientsin
KH2AsO4-typecrystals.

MEASUREMENTSof electricfield gradients(EFG), Table1. Valuesofa and‘y [equations(1) and(6)] asde-
V~,are proving tobe of greatimportancein furthering termmedtheoreticallyandexperimentallyfor the various
ourunderstandingof the natureof the ferroelectrictran- KDA-typecrystals
sition in KDA-type crystals.Theexperimentaldata

1of — determined a — c~cubt~ a — determined
~ at theAs site,in the paraelectricphaseis well des- from ~ from theory from V~
cribedby theformula experiments experiments

= AT(T—aT~)’, (1) KDA 0.30 0.22 0.22
I(D*A — — 0.25

wherea is an experimentallydeterminedconstant ~A — — 0.29
characteristicof a given ferroelectricandrangestypically RD*A — — 0.36
between0.2 to 0.45 (seeTable 1). To providea theoreti- CDA 0.5o~ 0.40 0.40
cal basisfor equation(1), Blinc etal.’ relatedV,~to the CD*A — — 0.43
ferroelectricB

2-modeaccordingto theequation

= CB(~j> (2) ~ThoughPollinaandGarland
6fitted their datawith

= 0.40,thedatacanalsobe fitted with~ = 0.50if
where~is the normalcoordinatedescribingtheB

2-mode. thebackgroundlevel is takento be e~= 13 insteadof
In addition, they calculatedV~,directly, within the 15.3. A valueof 13 is a reasonableone for e~sinceit
Slatermodel,andobtainedanexpressionof theform matchesthebackgroundlevel below Ti,.
equation(1), butwith a constanta= 0.45 for all KDP-
typeferroelectrics.Further,the modelof Blinc etal. 1 experiment;(ii) leadsto an increaseof awith deuter-
doesnot explain the increasein aupon deuteration. ation,in agreementwithexperiment;(iii) explains
ScottandWorlock

2 consideredtheeffect of modes qualitatively why the temperaturedependenceof V~measured5at theCssitein CsH
2AsO4is insignificant as

otherthanq = 0 on V~2andconcludedthat inclusionof
thesemodesleadsto qualitativeagreementbetween comparedto thatmeasuredat theAs site.Thegeneralizationof equation(2) includingthe
theoryandexperiment. E-modecontributionis

In this note we considerthe contributionto V2~of
fluctuationsfrom theprotonicE-modesymmetry, V~= CB(~)+ CE(~): (3)
hithertoneglectedin theoreticalconsiderations.This FollowingScottandWorlock’s

2 procedurefor evaluating
E-modehasrecentlybeenstudiedby Havlin etal.3 From (~j>,we write (~)in termsof theE-modecontribution
considerationssimilar to thosegivenby Kobayashi,4it to thesusceptibilityaccordingto therelation
canbe shownthat thereis a coupledoxygen—protonic
E-modein which the oxygensmove in phasewith the = ~i’Jd3q>~(q,c~= 0)n~(q,T)/ Jd3qn~(q,7).
protons.*(seeFig. 1). By incorporatingthisprotonic-
oxygenE-modecontributionwe find that our theoreti- (4)
cal expressionfor V~(i) is in very goodagreementwith wheren~(q,7) = (expj3w~(q,7) — 1)’. The quantity
_____________ = 0) was obtainedrecently3as
* Thegeneralproblemof couplingbetweentheprotonic

E-modeandthelattice vibrations,wasrecentlydis xx(q, ~., = 0) ~ I’(tanh l31’)/w~(q,7). (5)
cussedby Havlin andSompolinsky(Ferroelectrics,in Fortheregime$31’ ~ 1,press).
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Fig. 1. Displacementsof theoxygenatomsandthe pro- 016 -/ 2
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tons in the two possibleE-modesof KH2AsO4both a
havethe sameeigenfrequencies. 015 ~‘.

40 _~

014

7) = 4f
2[T+

7J(q)1/T (6) 013 ~

whereF is the proton tunnelingintegral,J(q)is the
proton—protoninteraction,andy= (1/3)(2U2/U3 — 1),
whereU1 andU2 describetheinteractionsbetween
nearestneighborprotonsin the sameand different OIl 0

04 02 03 04 05 06xy-planes,respectively. T-Tc
T

The centralpoint of this paperis that themost im-
portantcontributionof theE-modefluctuationin equa- Fig. 2. Curvesa andb describeV~and(y,~Tf~for
tion (4) arisesfrom thevicinity of the Brillouin zone CsH2AsO4.Thepoints referto theexperimentaldata.

1’6’7
boundary(Bzb)at qB~b~This is to be contrastedto the The solid linesare thepredictionsof thetheory, calcu-
dominantcontributionarisingfrom q 0 for the lated from equation(4) andequation(5). Curvesc andd

describethe samequantitiesas abovefor KH
2AsO4.

B2-mode.
By taking into accountthedominantcontribution

associatedwith ~Bzb in equation(5) andsinceJ(q) (5), (6)] while x~(q)decreases,y~shouldbe evenmoredominantnear theBzb.
changesignat ~B~b we obtain The idea that themajor contributionto ~ at the

CET As site comesfrom theprotonic—oxygenfluctuations
VZZ = T—yT~ (7) associatedwith theE-mode,also canexplain the

temperature-independenceof ~ measuredat Cs site in
We candeterminey from the experimentaldatafor ~ CsH2AsO4.

5If the B
2-modemakesthe larger contri-

usingthe relationx~ (T + yT~)~.The availablesus- bution to ~ one would expectsimilar temperaturede-
ceptibiltydatafor CDA

6 andKDA7 are shown in Fig. pendenceat As and Cs sitesdue to their relativefluctu-
2. Now, thecontributionfrom ~Bzb alonealreadygives ations.In our model, themajorcontributionarisesfrom
a valueof ‘y reasonablyclose to experimentalvalues the protonic oxygencoupledF-modewhich introduces
0.2<a <0.45 (seeTable 1). We cannumericallytake asymmetrybetweenthe Cs and As ions due to therela-
into accountthecontributionfrom all q-wavevectors. tive proximity of the oxygensto the As.
This wasdoneby usingthe determinedvaluesfor y and The effect of deuterationis to increasethevalueof
the simplifiedexpressionJ(q) J(0)cos (qd) in con- ain equation(1), asseenfrom Table 1. This canbe
junctionwith equations(3)—(6). This procedureleadsto qualitatively understoodby extendingthe theoretical
excellentagreementbetweenour theoryandthe experi- expression
mentaldatafor ~ asshown in Fig. 2 andTable I. TF(tanh131’)

It will be notedthat in the abovewe havecorn- Vzz = CE r — yJo(tanhj3f)

pletely ignoredthe contributionof theB
2-modeto ~

Thiscanbe understoodfrom the fact that CB andCE in (which is the contributionof ~B~b to V2~)from above
equation(3) dependupontheinversecubeof the dis- T~,to whereit intersectsthetemperatureaxis. In this
tancesof the Cs ionsand theoxygensfrom the As-probe, wayone obtainsfor f3~r’< I
respectively.Becauseof theproximity and thenon-ionic
natureof the chemicalbondof the oxygensto the As a — ~(l — y)($3~F)2. (8)
(as comparedto the largeCs—As distance)it follows However,since1

3CF decreaseswith deuterationand
that CB ~ CE. It shouldalso benotedthat for KDA it is y < 1, it follows thata increaseswith deuterationas
known experimentally8that y.~(q= 0) > ~(q = 0) in foundexperimentally.
themajorportionof thetemperaturerangeof interest The differencesin the value of V~for thevarious
here. Since~(q) increaseswith increasingq [equations crystalsat T,~,canbe qualitatively explainedon thebasis
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of their different lattice constants.In theXH2AsO4-type stants,thusdecreasingV~.This predictedbehaviourof
crystals,the latticeconstantsincreaseasX is consecutive- V~is indeedborneoutby experiment.

1
ly replacedby K, Rb and Cs. It is reasonableto assume
that theoxygen—- As distancesincreasein thesame
manner.SinceCE in equation(3) is proportionalto the Acknowledgments— We wishto acknowledgemany

helpful discussionswith ProfessorM. Klein. We also wish
inversecubepowerof thedistances,we expectthe larger to expressour thanks to ProfessorM. Luban for a critical
latticeconstantsto matchthesmaller ~ Interchanging readingof themanuscriptand to Dr. E. Litov andH.
theprotonswith deutronsalso increasesthelattice con- Sompolinsky,for severalvaluablecomments.
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