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Frequency-dependentEPRexperimentshavebeenperformedon TMMC
with themagneticfield perpendicularto thechainaxis. The frequency
dependenceof the linewidthdiffers considerablyfrom thenormalbehav-
iour found in three-dimensional(3D) paramagnets.The frequencydepen-
denceof the linewidth canbe explainedwitha mode-couplingtheory. The
dynamicshiftshavebeeninferredfrom the experimentaldata.

1. INTRODUCTION Recentlyit hasbeendemonstratedthat in lD
systemstheexchangenarrowingis soineffectivethataIT IS WELL KNOWN by nowthat the dimensionalityof remnantof the dipolar spectrumcanbe foundandthe

hemagneticinteractionsis extremelyimportantfor the first observationof suchasateffitewasreportedin the
d~!lamicalpropertiesof paramagnets[1]. At hightem- samestudy[4]. An interestingaspectof theseadditional
peraturesthis becomesvery apparentfor the long- resonanceis that thetheoryof Kubo andTomitafails
wavelengthmodes.The expectedhydrodynamicbehav- completelyin describingthesenewresonances.An
jour of thesecorrelationsdependsheavilyon the extensivemode-couplingcalculationhasshownthat the
dimensionality.The long-wavelengthcorrelationsdomi- mode-couplingcanbe usedto describeall magnetic-
natethespectralfunctionswhich areobservedin anEPR resonancephenomenaof low-dimensionalparamagnets
or NMRexperimentin theselow-dimensionalmaterials includingthesatellites [2]. It is thepurposeof this
[1 , 2]. Magneticresonancein paramagnetsis anexcel- paperto showthat the mode-couplingis also superiorto
lent exampleof motionalnarrowingandis referredto as theKubo andTomitatheoryin thedescriptionof the
exchangenarrowing.In 3Dsystemsonedealswith a normal EPRresonance.
weak-couplingcase.Themain featuresof sucha situ- An importantexperimentaltool for the studyof the
ationare a Lorentzianlinethapeandvery effective long-wavelengthdynamicsof I D paramagnetsis the
narrowing.An importantaspectof theweakcoupling studyof the frequencydependenceof the EPRline-
approximationis that the correlationfunction describing widths andlinepositions.Usingthis techniquethe
thenarrowing(the “local correlationfunction”) is being presentauthorshavefound very clearevidencefor spin
propagatedin time by thebathHamiltonian (in this diffusion of somefour-spincorrelationfunctions [5].
case:theHeisenberginteraction)only andnot also by Thisexperimentwas performedwith the externalmag-
the interactionHamiltonian (in this case:thedipole— netic field makinganangleof 54.7°(“magic angle”)
dipole interactionbetweentheelectronicspins).The with thechainaxisof the ID paramagnet.Only at this
local correlationfunction is a pureHeisenbergcorre- orientationa Lorentzianlineshapeis observedand an
lationfunction within theweak-couplingapproach.For interpretationwith thehelp of a weak-coupling’
ID paramagnetsthe simpleweak-couplingapproachcan- approachis possible.The frequencydependenceof the
notbe usedanylonger to explainthe magneticreson- linewidth at otherorientationsis also interestingbut
ance.The Kubo and Tomita theory [3] canbe classified less simpleto interpret.It hasbeenpointedouthowever
as asophisticatedweak-couplingapproach.This theory that the mode-couplingtheoryandtheKubo and
canbe usedto describethenormal EPRresonancern Tomitatheorypredictsverydifferent resultsfor the
paramagnetsof anydimensionality. frequencydependenceof the EPRllnewidthwith the
* On leaveof absencefrom the University of Antwerp magneticfield makinganangleof 90°with the chain

(UIA), B2610Wilrijk, Belgium. axis (0 = 90°)[2]. The orientationU = 0°is less
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— 450 ________________________________________________ causedsincean extradecaychannelhasbeenintro.
duced.Thiseffect opposesthenormalextensionof the
local correlationfunctionandno a priori predictionis

400 possibleconcerningthe influenceof thenon-secular
terms.A changein WL effectsthenon-secularcontri-

LU bution to the local correlationfunctionbut also influ-

encestheevolutionoperatorsof the secularandnon-
NG secularcontributionto the local correlationfunction.

This indicatesthat in 1D paramagnetsan anomalous~300.J,1tThHE~.

frequencydependenceof the linewidth is expectedfor
orientationsof the magneticfield wherebothsecular

250 ____________________________________________andnon-seculartermscontributesubstantiallyto the
0 5 10 15 20 25 30 linewidth. For this reasonthe0 = 90°orientationis very

LARP-IOR FREQUENCY V (GHz)
suitablefor the searchfor an anomalousfrequency

Fig. 1. EPRlinewidthof TMMC asa functionof micro- dependence.The predictedanomalousfrequencydepen-
wave frequencywith themagneticfield perpendicularto dencewas referredto as the “inverse 10/3 effect” [2].
the chainaxis. The drawncurvesreferto calculated
linewidths.

2. EXPERIMENTAL RESULTS

interestingfrom our standpointbecauseno frequency We have performedEPRexperimentson TMMC
dependenceis expectedin this case.The difference (tetra-methyl-ammonium.manganese-chloride)in the
betweenthe modecouplingandthe Kubo andTomita frequencyrangev = 2—18 GHzat room-temperature
theoryfor the0 = 90°orientationcanbe understood with U = 90°.Fortheexperimentaldetailson thehelix-
readily. Thebroadeninginteraction,for instancethe type spectrometerwe referto [6]. In Fig. 1 we present
dipolarcouplingbetweenthe spins,canbe partitionedin the resultsof the linewidths.It is clearthatindeedan
secularand non-secularcontributions.The local corre- anomalousfrequencydependenceis observed.The fre-
lation functiondeterminingthespectrumwill alsohave quencydependencedeviatessubstantiallyfrom a
secularand non-secularcontributions.If the evolution monotousdecreaseof linewidth asa functionof
operatorof this local correlationfunction doesnot con- increasingLarmorfrequency.To amplify this anomalous
tam thebroadeningmechanism,theintroductionof the dependencewe havecalculatedthe frequencydepen-
non-seculartermswill alwaysgive riseto anextra dencewith the helpof theKubo andTomitatheory [3]
broadening.Thesenon-secularcontributionsare depen- and with thehelpof the mode-couplingasdevelopedby
denton the Larmor frequencyWL, andtheexperimen- one of us [2]. In principle boththeoriesdo notcontain
talist canreducethe influenceof the non-secularterms anyadjustableparameter,sothelinewidthscanbe calcu-
by increasingWL. WhenOiL is very largethenon-secular lated in an absoluteway. However,theseabsoluteline-
termscanbeneglected.In cubic paramagnetsthis effect widths areabout80%too largecomparedto experiment.
is known asthe“10/3 effect”. In the Kubo andTomita This discrepancyhasbeendiscussedin severalplacesand
theorytheevolutionoperatorof the local correlation severalpossibleexplanationshavebeenput forward. To
functiondoesnot containthe broadeningmechanism circumventthis problemoneusually introducesone
and for that reasonthe non-seculartermswill always adjustableparameter.Oneshouldrealizethat only one
give rise to a “normal” dependenceon the Larmor fre- adjustableparameteris usedto explain a wealthof
quency.In the mode-couplingtheorythelocal corre- experimentaldata.The parameterwe will use is the
lation function(the “memoryfunction”) is propagated one-dimensionalityparametert~.

by a muchmorecomplicatedevolutionoperator.The 2

mode-couplingtheory takesthe dipole—dipoleinter- p3/2 = S(S+ 1) 2 ~,, , (1)
action into accountto infinite orderdueto a summation C ti=i
of an infmite subsetof diagrams.The evolutionoperator

in which c is the latticeparameterand WD = g~i~/c3h.of the local correlationfunction doescontainthe dipolar
D is the spindiffusion coefficient.Wehaveusedinteractionin the mode-couplingtheory.In sucha

= 3.4GHz for theKubo and Tomitacalculationand
theorythe influenceof the introductionof thenon- = 3.0GHzfor themode-couplingcalculation.These
seculartermsis muchmoredifficult to predictbecause

valuesare chosenbecausefor thesevaluesthe exper-in additionto the normalextensionof the local corre-
imentallinewidth at 0 = 0°agreeswith experimentforlation functionon introducingthe non-secularterms
boththeories.The calculatedfrequency-dependentEPR

thereis the changeof evolutionoperators.A more linewidthsare shownin Fig. 1, too.
effectivedecayof the local correlationfunction is
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Fig. 2. Thedynamicshift of the EPRlinepositionof TMMC asa function of microwavefrequencywith themagnetic
field perpendicularto the chainaxis. Thedrawnline refersto a leastsquarefit of thedatato equation(2).

In additionwehavemeasuredthelinepositionsof approachlike theKubo andTomitatheorywould pre-
the EPRlinesas a function of the Larmorfrequency. dict a completelydifferent frequencydependence.The
The dynamic shift is onlydue to thenon-secularterms, result of the mode-couplingtheory is muchcloserto the
andthesecanbetreatedwith thehelpof a weak- experimentalpoints,althougha somewhatlesserper-
couplingapproach.For this reasonboththeoriesgive formanceis observedin the low-frequencyregion.The
rise to thesamefrequencydependenceof thedynamic trendof theexperimentalresultsis completelyin agree-
shift. TheexperimentallinepositionHres(p) was fitted to mentwith~themode-couplingresult andin disagreement
the following relation, with theKubo andTomitaresult.

—1/2 Thedynamicshift doesnot differ muchin thetwoHr~(V) = 7v+6v . (2) . .

theones.The experimentaldynamicshift is somewhat
A leastsquarefit to theexperimentaldatagives largerthan thecalculatedone in themode-coupling

= 358(1)x 10~Gsec theory. We haveno explanationfor this,althoughone
must be carefulin calculatingthe lineposition,because

and thereare manystaticcontributionsto thelinepositions.

6 = (—04 ±0 1) x IO~Gsec~2 Onemight refer to theobservedfrequencydepen-- denceof the linewidthasto a “reverse10/3 effect” to

The dynamicshift, defInedasHres(v) — 7V,hasbeen indicatea reversefrequencydependencecomparedto
presentedin Fig. 2, togetherwith thefit of equation(2). 3D materials.Recentlya reverse10/3 effecthasalso
If we would havecalculatedthelinepositionswith the beenfoundin thelinewidthsof thedipolar induced
help of the mode-couplingthe parameter6 would have satellitesin the EPRspectrumof TMMC [8].
been

6 — — 0 2 101 ~ -1/2 Acknowledgement— Thiswork was partly supportedby— - x ec - the DeutscheForschungsgemeinschaft.
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