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Spin—fluctuationsnfluencemary physicalpropertiesof solids, for instancethe electronicspe-
cific heatandthe electricalandthermalresistvities. Evenfor high-T'. superconductity, spin—
fluctuationsseemto be the mostimportantfor the pairing. Centralfor the descriptionof spin—
fluctuationsis the wavevector and frequeng dependentinear spin—susceptibilityx (q,w). De-
spite pastefforts to develop methodsfor ab initio calculationof x (q,w), quantitatve estimates,
emplogying realisticelectronicenegy bandsandwavefunctions,aswell asmatrix elementof the
self—consistentlyscreenecelectron—electrorinteraction,have beenrare. The major obstacleis
undoubtedithelack of a properdescriptionof exchange—correlatioaffects. But the poorcorver-
genceof the standardperturbatie treatmentwhich involves summationover high—enegy states
andmatrix inversion,alsoposesarealhindrance.

| have developedand applied a methodwhich circumwents the latter problem. This method
is a time—dependengeneralizatiorof the Sternheimempproachthat hasbeenappliedto static
linear-responsedensityfunctional(DF) calculationgfor insulatorsandsemiconductorby Baroni
etal. [Phys. Rev. Lett. 58, 1861(1987)] andfor metals,by myself. In the past,this staticscheme
wasprovento be very efficient for ab initio calculationsof phonondispersionsglectron—phonon
interactionsand phonon-relatedransportpropertiesof crystals. The schemepresentechere
employs a basissetof muffin—tin orbitalsandis thereforeefficient alsofor systemscontainingd
andf electrons.

Considetthesituationin which a small,external time—dependeragnetidield 6B (r, t) is ap-
pliedto thecrystal. Theresponsés the changeof spin—density

sm(r,t) = [ [*__ dt'x (r,r',t —t') Bex (', 1),

with x(r,r’,t) beingatensor In orderto find dm(r, t), time—dependerdensityfunctional the-

ory is used. The unperturbedchage and spin—densitiesp (r) andm (r), are describedaccu-
rately by the corventional,staticdensityfunctionaltheoryandareexpressedn termsof occupied
Kohn—Shanorbitals,; (r). With thetime—dependemtensityfunctionalSternheimeapproachno

knowledgeof therealelectronicexcitations(enegiesandlifetimes)is required but only thekernel

It(r,r’',w) describingdynamicalexchange—correlain effects. Unfortunately this is unknavn

andl have adoptedhe so—calledadiabatidocal densityapproximation(ALD A) anda generalized
gradientapproximationGGA).

For time—dependerexternalfieldsthe action,S, is considereda functionalof p(r, t) andm(r, t),
andthesefunctionsare expressedn termsof the occupiedKohn—Sharrspinors,& (r,t), which
aresolutionsof the time—dependenBchibdingerequation. If the externalfield is small, the per
turbedwavefunctionanbewrittenas: v; (r) exp (—&;t)+di; (r, t), wherethefirst-orderchanges
&Ei (r,t) definetheinducedchage andspin—densities:



op = ) {OUi|TIi} + {dhi[1]69} (1)
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Here,{||} denotesaveragingover thespin—dgreesof freedomonly, 1 is theunit 2 x 2 matrixanda
is the Pauli matrix. Sincethe1); areknown, computing&/?i (r,t) solvestheproblemof determining
dp anddm.

In orderto do that, a variational linear responsdormulationis used. First, | derive a so—called
‘time-dependenn+ 1 theorem’which stateghatary (2n+ 1)th—orderchangean theactionfunc-
tional involves only (n)th—orderchangesn v; (r, t) andthe correspondinghangesn the chage
andspin—densitiesAny (2n)th—orderchangen Sis thereforevariationalwith respecto the nth—
orderchangesn U (r,t). Theproofinvolvesexploiting the stationaritypropertyof S andstandard
time—dependenperturbationtheory Specifically for n=2 this theoremstatesthat the second—
orderchange S\?, of the actionis variational with respecto the first—orderchangesSzﬁ-1 (r,t).
Finally, S is directly relatedto Re x(q + G, q + G,w)g/—g, andthis allows a variational
estimateof thelatter.

Thedifferentialequationfor 5?;1 (r,t) is derved from the stationarypropertyof S®@ andis given
by:
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This is thetime—dependentersionof Sternheimes equationwhich itself is Schibdingers equa-
tion to linear orderin the perturbation.Equation(3) caneasily be solved on the frequeny axis,
which substitutes-i9/0t by ¢; + w. Thesolutionof thewhole problemassumeself-consistenc

In thefirst iterationEqg. (3) is solved with 6B.g beingthe externalfield 6By, anddp(r,w) and
dm(r,w) arefound accordingto Egs. (1) and (2). Then the screenedields, 0V g(r,w) and
0B.g(r,w), arefound. This cycle is finally repeateduntil self—consistencis reached.Finally,

evaluationof S(?) yieldsthe variationalestimateof the susceptibility

Theadwantage®f this methodare:First, Eq. (3) doesnot requireexpansiorof 6151 overacomplete
setof unperturbedva/efunctionsw}, asin standargerturbatiortheory but only knowledgeof the
occupiedandunoccupiedtatesvith enegy below er + w. Secondtheinversionis substitutedy
self—consistenciterationsfor 6V.g anddB.g.

Finally, to demonstratehe numericalefficiengy of the method,spin—susceptibifies were calcu-
latedat zerotemperaturdor the transitionmetalFe. Figure1 shavs for ferromagnetidocc Fethe
calculatedrans\ersespin—susceptibily, Im x;_(q,w) g'=g=0, for q = (0,0, x) QT” At smallq,
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the nondecayingpin—vwavesareseento persistin the structureof Im y exhibiting a standardlis-

persionaw: w(q) = Dq?, whereD is the spin—wave stiffness. Thespin—wavesrapidly decaywhen

q exceedsapproximately>. A similar picturehasbeenfoundfor g alongthe (111)—direction.The

deducednagnonspectrum(line) is shavn atthetop of thefigure. It agreeswell with experiment.
Moreover, in contrastwith earliermodelcalculationgdJ.F Cooke, Phys.Rev. B7, 1108(1973) based
ontherandomphaseapproximationno structures foundressemblingpticalspin—wave branches,
in agreementvith currentexperimentgL.W. Lynn, Phys.Rev. B11, 2624(1975);, C.-K. Loongetal., J.

Appl. Phys.55, 1895(1984).



