
Volume 123,number1 PHYSICS LETTERSA 13 July 1987

CRITICAL DYNAMICS OF DIPOLAR FERROMAGNETS
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Thedynamicalscalingfunctionsfor ferromagnets withdipolar interactionsarecomputedby modecouplingtheory abovethe
critical temperatureT~.On thebasisof this theorywe explainapparentlyconflictingfeaturesof neutronscatteringexperiments
on EuO,EuS andFe.Theposition of thecrossoverfrom isotropicto dipolar criticaldynamicsis determinedand furtherexperi-
mentsareproposed.

Thedynamicsof isotropicferromagnetsasEuO,EuSandFehasbeenin focuseversincetheverybeginnings
ofthefield of critical dynamics.Despitethelargeamountof experimental[1—6]andtheoreticalinvestigations
[7,8], thereremainimportantopen problemswhichhavenotbeenresolvedup to now. (i) Theexpectedcross-
over from isotropicto dipolarcritical behaviour,accompaniedby achangeof the dynamical criticalexponent
z from 5/2 to 2, hasnot beendetectedby neutronscattering experiments.(We disregardtermsof order ~.)

(ii) Thecritical exponentdeducedfrom neutronscatteringdatais 5/2 [2—5].But neverthelessthe datacould
notbefitted by theResibois—Piette[7] scalingfunctionfor isotropicferromagnets[2]. (iii) A completetheory
for the relevantscalingfunctions,whichdependon two scalingfields, is still lacking. Hencethe interpretation
of the experimentaldatahasbeendifficult if not impossible.Thoseapparentdiscrepanciesremainedapuzzle
up to now andprompteda variety of interpretationsincluding suggestionsthat dipolar forcesmightnot be
relevantfor the dynamicsof thesemagnetsand thatthe datashowedsignaturesof randomnessandadditional
relaxationmechanisms.

In thispaperwecomputethedynamicalscalingfunctionsforweakdipolarferromagnets.Our theoryisbased
on the modecoupling theory,which hasbeen verysuccessfulin pure isotropicferromagnets.On thebasisof
ourresultswe will beable to explainin aunifying fashionthe apparentlyconflictingexperimentalresultsand
will makefurtherpredictionsfor experiment.

Thehamiltonianfor a spin systemwith dipolar interactionsis givenby

H= j• (2)~((r+Jq2)o,j+Jg)s,(q)sj(_q), (1)

whereS,(q) is theFourier transformof the cartesiancomponentsof the spin operator,r a coefficientwhich
doesnot enterexplicitly In the equationsof motion,J the exchangeinteractionand

g=a1(gL4uB)
2/2Ja3

characterisestheratio of dipolartoexchangeinteractions.Hereais thelatticeconstantandg~.theLandéfactor.
The coefficienta

1 dependson thelatticestructure:a1 = 4x (sc),3

3~’2it (bcc),2~’¼(fcc). The wavenumbers
aremeasuredin unitsof a-‘. In eq. (1) weassumedthatthe dipolarforcesareweakerthantheexchangeinter-
action [9]; i.e. g4z1.

Now we decompose5(q) into alongitudiüal andtwo transversecomponents
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S(q)=S~4+S~~u1(4)+S~2I2(4), (2)

where

4=q/q, I’(4) =qxe3/(q~+q~)
112, j2(4) =4X1’(4) . (3)

Forvanishingcomponentsthe limitsaretakenin theorderof increasingcartesiancomponents.TheHeisenberg
equationsof motion are found to be

jJ (2)~~ (4a)

~ =~J(2)~~ [q(2k_q)((k~~I,
2 {S~a,Sk}+k1{S~i~,S~2}

+ k2(k3q—k
2) sT2 ~ 4 k

2q S’~ SL ! k2~ 5T2 ST2
q—kI(k~+k~)”

2{ q-k, ~} 2 lq—kI { q-*, 2 Iq—kI { q-k, k }

+ ( —k
1k3 S

TI S’~ + k
2(k3q—k

2) ST2 ~ 4b
k~+k~)h/2{ q—k, k} q—kI(k~+k~)”2{ q—k, ic , ( )

andfor S~2correspondingly,where { , } denotesthe anti-commutator.
The quatitiesof interestare thelongitudinalandtransverseKubo relaxationfuncitons

i L(T)( )~L(T)(q,w,g) J’dte1c0t~(S~T;S~T1,t)=~ ‘ (5)

where

~(A,B,t)=ilimJdre~T<[A(r),B(0)t]>.

Here~L(T) (q,g) are thelongitudinalandtransverse staticsusceptibilitiesandJ~L(T)(q,w, g),thecorresponding
dampingfunctions.Becauseof the rotationalsymmetryaroundthe wavevectorq the correlationfunctionsof
S~’andS~2are equal.

Nowwe apply thestandardprocedureof modecouplingtheory [11]: (i) We writedown theKubo formula
for the transportcoefficientsf~~(T)(q, w, g). (ii) We considertwo mode decay processes, whichamountsto
afactorisationof theKuboformulas[12]. (iii) Wemakethelorentzianapproximation;i.e. wereplacer~~(T)(q
w, g) by rL(T)(q, g) rL(T)(q, 0, g). This leadsto two coupled integral equations(a~T,L):

fa(q,g) = 2~a(q g) S d~5 dk k2 ~ ~ v~(k,q, g, ~)(~T + ôa,Tôfi,L~,L)

~P(k,g)~~~(Iq_kI,g) - 6( )

where ‘i = cos(k,q). Thevertex functionsv~,for the decayof the modea into the modesfi and ci arepro-
portional to O~,the scaled vertexfunctionsdefinedby V~g= q4O~. In an attemptto derive mode coupling
equationsfor dipolar ferromagnetsBorckmanset al. [8] used adecompositionof the spin operator(see eq.
(2)) withone perpendiculardirectionu(q) only,which thenis timedependent.Lackinganequationofmotion
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Table 1
Asymptoticbehaviourofthescalingfunctions.

DC IC DH IH

yT y”
2 1 y”2x2 x~’2

y512 1 y512 x”2

for u(q), the verticesin the modecouplingequationsnecessaryfor the computationof the scalingfunctions
could not be determined.

As for thepure isotropic ferromagnet,themodecouplingequationsdo not acccountforeffectsof thecritical
exponent,~,which will be neglectedin the following. In the numericalcalculationswe will use the Orn-
stein—Zernikeforms for the staticsusceptibilities

(7)

where~= ~[ ( T—T~)/T~J “. The staticcrossoveris containedin ~ throughthe effectiveexponentv= Veffi2

[13].
The mode couplingequations(8) are consistentwith thegeneraliseddynamicalscaling law

fa(q,g) =Aqz y”(x, y) (8)

introducedby RiedelandWegner[12] for anisotropicmagnets, where thescalingvariablesare

x=l/qc5 and y=gt2/q

in the presentcaseandz= 5/2. The dynamicalscalingfunctionsfor the line widths dependon two variables.
Theycanbedeterminedanalyticallyfromeqs.(6) in thedipolar(D) andisotropic(I) critical (C) andhydro-
dynamic(H) limiting regions.These aredefinedby DC:y~’1, x~*z1; IC:y’* 1, x~1; DH:y~x,x~.1;
IH : y .i x, x~. 1. The resultsaresummarisedin table 1.

Introducingeqs. (8) and(7) as well as
~a(q,g)J_1q_2ja(x, y) (9)

into eq. (6), wefind

2~t2 r C
j d,~jdp~~ 0~c,(Y,P,~l)(öc,T+öa.Tc5p.Lôa.L)x (x,y) p

< p:2jP(x/p,y/p)jQ(x/p,y/p_) (10)

p512?~(x/p,yip) +p~2~°(~p_,YIP~)

andthe non-universalfrequencyscaleof eq. (8)

A=a5~’2(JkBT/21t4)1’2=gL~B(kBTa
1i4ic

4)”2iq~.

If A is expressed byqD —_g“2/a, thelatticestructuredependenceof a
1 hasto beconsidered,which increasesthe

theoreticalA of Fe by afactorof 1.14. In eq. (10) we introducedp=k/q, p...= Iq—kliq,,~=cos(k,q)andthe
scaled vertexfunctions

= [2~ô~+(l —~~)(JpT+l/2p:
2)JaT](p~7—~)2, (1 la)

V~T= [2(1 ~f(SaL) —(1 —,f)(l + l/p:2)ôaT](p~l—~+ ~y2)2. (1 lb)

For both longitudinalandtransversemodes,the dipolar interactionentersonly in decaysinto a longitudinal
and atransversemode.
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lo

0 4
Fig. 1. Scaling function for transverse width yT versus Fig.2. Scalingfunctionfor longitudinalwidth yL versusrand ~,

r= (q~)‘(1 +g~
2)’2andç~=arctg(gt/2~) Inset:yT versusq/gU2 definedincaptiontofig. 1.

atthecritical temperatureT~.

For the numericalsolutionof the coupled integralequations(10) we introduce polarcoordinates

r=(x2+y2)”2 and ~,=arct(y/x)

ThetransverseandlongitudinalscalingfunctionsyT and yL areexhibitedin figs. 1 and2, in conformancewith
theanalyticexpressionsoftable 1. All results are givenin unitsofthevalueatcriticality y~= yL(T) (0, 0)= 5.1326.
In figs. 3 and4 wedisplaythe scaling functionsversusx= 1/q~for differentvaluesof y = arctg(gb’2c~)=N~/40
with N=0, 1 , 19. ThecurveN= 1 isindistinguishablefrom theResibois—Piettefunction,N= 0.If g is finite,
the curvesapproachthe Resibois—Piettefunctionfor small x anddeviatetherefromwith increasing x.For a
givenmaterial,g is fixedandtheparameterisationby q’ correspondsto aparameterisationby T—T~.Theexper-
imentalresultsof Mezeion iron (fig. 3 of ref. [21 andfig. 4 of ref. [3]) show preciselythe (q~)— I dependence
for different temperaturesasexhibitedby the transversescalingfunction (fig. 3). We areconvincedthat the
uncertaintyin the valueof ~, the improvementpossibleby takinginto account theeffectivecritical exponent

T 15 10 191~

4~ O’5’x

Fig.3. Scalingfunction for transversewidth yT versus(q~)—‘ for Fig. 4. Scalingfunction for longitudinal widthq~versus(ge)—‘

valuesof ~,= N7r/40with N indicatedin thegraph. for ~=N~t/40with N indicatedin thegraph.
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[13] v~y~i2andthe limitsof theexperimentalaccuracy,altogetherleave enoughroomfor acompletequan-
titative agreementwith thetheory.

In the insetto fig. 1 wedisplaythetransversewidth against the wavenumber;i.e.: y ~= qig 1/2, precisely at
the critical point.The most importantconclusionto bedrawn thisgraphis that the crossoverfrom isotropic
to dipolarcritical dynamics occursat awavenumbersmallerthanq~,the position of the staticcrossover,by
almostan orderof magnitude.This explainswhy this crossover escapedthe detectionby neutronscattering
experimentsup to now. As matterof fact, thereis an indication of anincreasein the data withthe smallest
momentumtransfer[6], asrequiredby the theory.

In conclusionwe notethat theapparently contradictingexperimentalresultscanbe explainedin the frame-
work ofthepresenttheoryin the lightofwhich theavailabledataalreadygive evidencefor theexpecteddynam-
ical isotropic—dipolarcrossover. Certainly,realsamplesmaycontainimperfectionsgiving rise to randomness;
however,thepurerthesample.themoreit shouldobey theabovetheory. Itshouldnow bepossibleto reanalyse
the experimentsandinvestigatethose areas wheredipolar effects arepredictedby the theory. Aninteresting
checkwouldbe the measurementof thelongitudinal width.

Thiswork hasbeen supportedby theGermanFederalMinisterforResearchandTechnology(BMFT) under
contractnumber03-IOlAl9-l.
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