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PolarizedNeutronRenectometryonExchangeCoupledSuperlattices
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Followingabriefmtroductiontothetheoryofpolarizedneutronrenectometlywi山polarizationanalysis,applicationsof
theteclmquetoexchangecoupledsuperlatticeswithvariousdiiYbrentmagneticstnlcturesarepresented.First, the
sensitivityofthemethodtotheorientationofthem-planemagneticmomentisdemonstratedquantitativelybystudying
theeilbctofsamplereorientation・ TTlenresultsontheoscillatoIyexchangecouplmginCo/Cu(lll)superlatticesare
discussed.Fmally,weshowhowthecouplmganglemnon-collinearlycoupledFe/Cr(001) superlatticescan.be
detemmedquantitatively.
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fbrthecaseofanextemalmagneticfieldinthesample

plane, i.e, _Lz. Here"oismeatomicnumberdensitylb"
isthecoherentnuclearscatteringlength,pisthemagnetic

scatteringlength,andp=p"' isamagneticscattering

lengthvectorresultingfrommagneticmomentsILinone
magneticdomainwhichareparalleltotheunitvector"2
inthesampleplanewiththegeometlyshowninFi9.1.
FromEq.(2)itfbllowsthat,apartfromaconstantfactoI;

thescatteringpotCntial If/corresponds toascattering
lengthdensity"｡beII="0(6n+pk).
Thefbllowingconclusionscanbedrawn． WhentheIT/

with/fiarezero,Eqs.(la)and(lb)aredecoupledandno

”"/"p(SF)occurs, i.e., theneutronsmaintaintheirspin
stateuponinteractionwiththeSample. Thiscase is
called"o"-"/"て/7jP(NSF)scattering. FromEq. (2)and

Fig.l itfbllowsthatanynon-vamshingpwouldhavetobe

oriented along the jﾉ-axis. Alternatively, anyx-

componentofpwouldinduceSFscattering. Thus、bv

distinguishing between NSF and SF scattering,

quantitativeanalysisofPNRdatayieldstheo"e"rα"o〃”
α砂m""e"c〃ﾉo"Je"応/〃〃7esα"Ip/ep/α"e. InFig.1

§.1.Introduction
The reCent increase in popularity of neutron

reflectometry(NR)hasbeendrivenbyamassivegrowth
ofinterestinthepropertiesoflayeredthinfilmstructures

wmch growers have leamed to prepare with
unprecedentedqualityduringmel980's. Forthesmdy
ofmagneticminfilmsystemspolanzedbeamtechniques
werequicklyadded.') Inthispaperwewanttodiscuss
recentpolarizedneutronrenectometry(PNR)resultson
exchangecoupledmagneticmultilayersystemsofvarious
magneticstructures inascendingorderofcomplexity.
SpecialemphasiswillbegiventoPNRwithpolarization
analysiSsinceitprovidesthemostdetailedinsights into
themagneticstnlcmres. Atthesametimethispaperwill

giveanoverviewofmagneticcouplingphenomenawhich
canbeencounteredinmagneticthinfilmsystems.

§2.Theory
In(specular)reflectometryweconsiderthecondition

thattheanglesOofincidenceandrenectionofneutronsof

wavelengthiwithrespecttothesamplesurfaceareequal,

i.e., the scatteringvector lQI =47t /入 ・sj〃O is

perpendiculartothesample surface. Theprocessof

reflectionofpolarizedneutrons isdescribedby the

coupledsystemofSchrOdingerequations
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wherethezaxisispeIpendiculartothesamplesulface

(i.e., I IQ), ﾉ"" istheneutron'smass,+(-)denotestheup

(down)spinstateoftheneutronsinamagneticfield,and

thescatteringpotentialsI/jare
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Fig. 1.SchematicofthescatteringgeometIy. Thescattering
trianglewiththeincidentand6nalwavevectorsんandAris
shownwiththescatteringvectorQparallel toz.Asmall
externalneutronguidefield"F isorientedalongyto
provideapolarizationaxisoftheneutronmagnetiC

moments解nparallel toJJENSFscatteringoccursfbrJzandSF

scatteringfbrxwacomponentsofanymagneticmoments"ina

singledomaininthesampleplane.
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§3.Experimental
Thedatadiscussedinthispaperweretakenonthe
renectometerBT-73) at theResearchReactorofUle

National lnstitute of Standards andTbchnology in

Gaithersburg, USA. InFig.2 a schematic of the

instmment is shown. Amonocllromaticbeam()L=

2.367A) ispolarized, passingthroughaspinnipper'),
renectedbythesample,passingthroughanother spin

nipper,polarization-analyzed, andthendetected. Qis

variedinstandarde/2emode. Collimationslits (not

showninFig.2) provideahorizontal angularbeam

divergenceA⑧-0．3mrad. Polarizationanalysis is

essenUaltodistinguishbetWeenNSFandSFscattering,

whichinmmprovidesthesensitivitytotheorientationof

magnetic in-planemoments, asdiscussedabove. By

settingbothspinflippersto'oH'or!on', the(++)and(--)

crosssectionscanbedistinguished. The lattercaseis

depictedinFi9.2.Ontheotherhand,thecombinationof

nippers 1on'-'oH' and 1oH'-1on1 yields the (-+)and(+-)

crosssections,respectively.

ThefbllowingcorrectionSwereappliedtothedata.8)Tb
obtainthetruespecularreflectivity,adiHilse(oHLspecular)

backgroundrenecUvitymeasuredin[(G－60)/201mode,

i.e.,withasmalloHSet6e=0.1 to 0.2o ine,was

subtracted. Tbaccountfbrthenever-perfecte価ciencVof

the polarizing elements an elaborate correction

fbrmalism4)wasused,yieldinge伍cienciesinthe95-99%
range fbr all polanzingelements. Afinal simple
correctionaccounts fbr the increase inthemeasured

intensitywmchisinducedbythechangeofthesample

crosssectionwithrespect tothe incomngbeamwith

growing⑧．
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Fig. 2. SchematicofthereHeCtometerBT-7showing the
elementsbehindthemonochromator. ~l.heinstrument is

shownreHectingthe(-)crosssectionwithbothspinnippers
on.Thesmallarrowsdenotethespinstateof.individual.
neutrons.Thepolarizingsupermirrorsonlyreflectthe(+)
splnstate.
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§4.ReSultS

餌.ノ"Io"αノ

AninstrucUveexamplefbrthesensitivityofPNRwith

polarization analysis to themoment orientation is

provided inFig.3.8) Thedatawere takenusing a
[Cu,s/Co34]7)multilayerwhichhadbeensputteredontoa

Al203(1120) substrate using tecmiques described

elsewhere.'0)Asfbrtherestofthispaper､thesubscripts
denotetheindividual layerthicknessesinAwhereasthe

superscriptMgivesthenumberofbilayers. Astrong

umaxialin-planeanisotropyalignsallComomentsalong
oneeasyaxis, thusprovidingacomparativelysimple

magneticstmcture. Bysimplyrotatingthesample, the
orientationdependenceofPNRdescribedin@.2cannow

becheckedquantitatively. InFig.3(a)theComoments

wereorientedalongtheNSFaxisasindicatedbytheinset.

Consistentwiththediscussionof§2,noSFscatteringwas
detectedduetotheabsenceofanymomentcolnponent

alongtheSFaxis. Ontheotherhand,theNSFscattering

isstronglysplitasaconsequenceofthelargediagonal

terms inEq.(2). The splitting is ameasureof the

magnimdeofthemagneticmoment. InFig3(b) the

enective scattering lengthdensiWprofiles /706efr are
shown, fromwhich the fitted lines inFi9.3(a)were

calculated. Fig.3(b) is the potentialwall stmcture

mentioned in@.2 CIose inspectionshowshowtlle

， 1 ， 1 ， ， 1 ， 1 1 ト ， ｜ ｜ ， ｜ ， ！ ’ ｜ I l

0 50 1(nl5O2叩2503帥3504帥
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Fig.3(a) PNRofaCO/Cumultilayerwith
frromagneticallyorderedComomentsorientedalongthe
NSFaxiswithfitstothedata.Themomentorientationsare

indicatedintheinset.NoSFreHectivitywasdetectedin(a).
(b)Scatteringlengthdensitypro61esfromwhichthelines in
(a)wherecalculated; (6,)correspondstothe(++)and(62)to
the(-)crosssection.Thesamplesurfaceisatz=0.

thescatteringgeometlyissummarized. Theyandxaxes

aredenotedastheNSFandSFaxes, refemngtothekind

ofscatteringtherespectivecomponentofpcauses.

Solutions ofEq.(1) have beenprovidedbyvarious
authors.'~5)Tbanalyzedata､heoreticalrenectivitiesare

calculatedassumngapotentialwallstructureI'j(z)made
upofslabsofconstantpotentialwithsharpinterfacesin

between. Interfacerouglmess, as itoccurs inrealistic

samples, canbestbe includedviaa largenumberof

infinitelythinslabsofgraduallyvalyingpotentia1.6)Then
I'j(z) isvaliedtofit thecalculatedrenectivitiestothe
measureddata. 6-8)
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stmcturewascoIIsirucにdfromlhinslabs tomodel a

periodicmultilayerwithroughinterfaces.

Tbfitthedata,anon-magneticoxidelladtobeassumed

nearthesamplesurfaceatz=Q Inthe40A≦z≦370A
regionlllepenodic structureofthesubsequentCo/Cu

layerscanbeseenfbrbefr=6"-pinFig.3(b2). Atlargest
zthelayersequenceterminateswiththesubstrate・ The

profileinFig.3(b2)cauSesUle(--)crosssectioninFig.3(a),

leadingtopronouncedoscillations. Thepeakaround

g皿-0.125A~1 isduetotheperiod/1 ofthemultilayer
whichisthesumoftheindividualCoandCuthicknesses.

Thefittedvalueof/iisfbundtocoincidewiththenomin31

one(49A)withinafewpercent Theoscillationsof
peri0d27t/Dbetweenthesuperlatticepeakandthecritical

goftotalexternalrenectiongc-0015A~!arethelVA-2
Kiessigfringeswhichareameasureofthetotal thickness

Dofthefilmonthesubstrate. Theyoriginatefromthe

intelferenceofbeamsrenectedfromthesamplesurface

andthesubstrate. Themultilayerpeakisshifteddueto

thetotalexternalrenectionregime:
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Forben=6"+p(Fig.3(b,))nocontrastexistsbetweentheCo
andCulayers. AIsothecontrastbetweentheCo/Cu

regionandthesubstrateissmall,explainingthelackof

stnlctureinthe(++)datainFig.3(a).

ThedrasticeHectofsamplereorientationisvisiblein

Fig. 4.8)Tllesamplehasbeenturnedclockwiseby90｡,
aligmng the Co moments with the SF axis.

Consequendyi strongSFscatteringisobservedwhereas

thesplittingoftheNSFrenectivitiesvanishescompletely,

filllyconsistentwithEq.(2). Thesuperlatticepeakand

theKiessigmngesarenowobsen'edinallcrosssections.

Thescatteringlengthdensityprofiles,whichdiHErfrom

theonesdiscussedpreviouslyonlybysettingetozero(see

Fig. 1.andEq. (2)),showapurelynuclearprofilefbrNSF

(Fig.4(6,))andapurelymagneUcprofilefbrSFscattering

(Fig. 4(62)). Aninterestingenectcanbeobsewedin

the total reilectivity regionbelowgc. TheNSF

renectivityisstronglyreducedintheregionofmaximum
SFrenectivitV. This isaresultofthe fact that the

conditionsoftotalreflectionnowareR(++)+R(+-)=land

R(--)十R(-+)=1,sincethepossibilityofaspinniphastobe

includedfbreacllofthespinstates (+)and(-)ofthe
incidentbeam. '1)

TbmodelUledataareductionof"oofCoandCuanda

significant intermixingofbothmatenals had tobe

assumed.8)ThiscanbeseenmostdrasticallyinFig4(b2)
wherethepurelymagneticscatteringlengthdensity"(p
doesnotgotozeroevenintlleCulayers. However,due

totheirstronguniaxial anisotropythesesampleswere

ideallysuitedtoquantitativelycomparethetheoretically
expected orientation dependence of the in-plane

magnetizationonthePNRwithexperiment. Actually,

thisuniaxialanisotropyturnedouttobeveryinteresting

byitself ltseemstobedueloapartial inlemaloxidation

ofCoatomsat theCo/Al203 inlerfacebythe lopmost

oxygenatomsoftlleAl203,whicllappeartobe

Fig4. (3) PNRofaCO/Cumultilaycrwith
ftrromagneticallyorderedComomentsorientedalongthe
SFaxiswith6tstothedata.TheSFdatahavebeenoffSetby
10･2andareplottedagainstthescaleontherighthandaxis.
Themomentorientationsareindicatedintheinset. (b)
Scatteringlengthdensityprofilesfromwhichthelines in(a)
wherecalculated; (6,)corresPondstotheNSFand(6Z)tothe
SFCrosssections.

linedupwiththehardaxisoftheamsotropyintheCo.
''''2) Furthermore,thestrongumaxialanisotropyfavours
amagneticone-domainstateeveninremanence. This

propertyconsiderablysimplifiesthedataanalysis・ More

compliCatedcaseswillbediscussedbelow.

"2.Osc///"o'fyexc力α"gecoz(p""g
Oneofthemostintriguingdiscoveriesintheresearchon

Ulinlnagneticfilmswasthatofanoscillatolyexchange
couplingbetweenFMlayerso,･ernon-FMlayers. Itwas

fbundthatperiod,phase,andintensiWoftheoscillations
sensitivelydependon thematerial in the non-FM

interlayer, ilsthiCkness,andonthegrowthdirecUon. '3)
ThesystemCo/Cuwasanimportantmodelsystem, since

itcanbegrownepitaxiallyinthe[OO1],lll0l,and[lll]

directions inacoherent/bc structure. Furthennore,

strongoscillatolycouplingwaspredictedtheoreticallyfbr
allgrowthdirections.'4) However,whereasthecoupling
waseasilyfbundfbr the [001]15) and [110]'6) growth
directions, the initial resultswereverydiscouragingfbr
epitaxiall)'grown,wellordered{lll]samples.
Asiswellknown,neutronmethodsareideallvsuitedto

providedirect proofofAFstmctures. InPNRthe

doublingofthemagneticperiodoverthechemicaloneis

renectedby additional superlattice peaks ofpurely

magneticorigin,occurringroughlyatpositionshalfway

between(heQ""andbetwcengcandQML'.
InFig.5thePNRdataarepresented,whicllfinally
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sections,whichis typical fbrferromagneticallycoupled

Co/CusuperlatticeswiththeComomentsalignedalong

the NSF axis (see discussion of Fig.3 above).

Consequently, at leastamajorpartofthesamplearea

mustbeFMinallsamples･ WhereasinFig.5(b)nopeak

intheSFscattering isobserved, thescans shown in

Figs.5(a) and (c)bothclearlyexhibit apeakat the
respectivehalfordernuclearpeakposition. Therefbre

thesedataunambiguouslyprovethatthesampleswithrcu=

98Aandwithrcu=20Acontaincoherentspinstructures,
whichareconsisにntwithanAFCouplingbetweentheCo
lavers・ SincetheSFcrosssectionscontaininfonnation

ヴ

solelyonthecomponentsoftheComomentswhicllare

paralleltotheSF-axis, theAFcoupledregionshavebeen
fbrcedintothespinflopstatebytheinitiallyappliedfield.

。

Thefactthatlhesamplewithrcu=16.1A(Fig.5(b))does
notexhibitahalf-orderpeakconfirmsthespacerthickness

dependence expected fbr an oscillatoly exchange

coupling.

Inthefbllowingwewilldiscussthemodelingofthedata

inmoredetail thaninour initialpublications.'7'18)The
theoreticalrenectivitiesinFig.5werecalculatedassumng

thepresenceofamMorityFMcoupledcolnponent inthe

samples. 'Ib reproduce the obsel-ved intensities a

significantintennixingoftheCoandCulayershadtobe

assumedfbrall threesamples,consistentwithx-raydata.

The intennixing reduced the (--) scatteringcontrast

betweenCoandCu, leadingtoasignificantreductionof

therespectivefirst superlatticepeakintensities to the

obselvedvalues. Themost imponant result is thata

reductionofthescatteringlengthdensityoftheCuspacer

layers byup to 25%was fbund togetherwith a

correspondingnonzeromagneticmoment due to the

presenceofCointhesupposedlynon-magneticspacer.

Ina scanningtunnelmicroscope (STM) smdyitwas

demonstratedat thesametimethat theobServedlarge

intermixingisaresultofthegrovthofCoislandson

Cu(lll)insteadofasmoothfilm.'9)
SincethesamplehasFMandAFcoupledregions、 the

questionariseshowthescatteringfromUleseregionshas

tobesuperimposedinthecalculations. Inprinciplethere

aretwoways. Inthefirstcaseit isassumedthatboth

regionsscatterj"co"eだ"r", i.e.,nocoherent interaction

between the reflectedamplimdesmi# fromregions
ﾉ=1,2,3,.． occurs. Then, theaverageofthe renected
〃〃e"‘s/〃gs

Rik=|mikl2=Zﾉ引虫i#|2 （4）

istaken,wheretheC/denotetherelativecontributionfrom

region/withZ/9=L In theother caseco/7e花"r

interactionoftlleα"Ip/""(lesmi#isassumed, i.e., the

averagingisperfbrmedbefbresquaringtheamplitudes:

Rik=|頭液|2=|zj9-|' （5）

Animportantconsequenceis, tllat inthelattercasethe

presenceofdomainswithvariousorientationscanleadto

areducedaveragemagneticscatteringlengthdensityand

lllustoareducedQcNsFcomparedtoapureone-domain
case・

DuetothemeasuredQcNsF, thedataofFig.5(a)and(c)
canbebetter filledbycohercnt supelpositionandby

０
１
２
３
４
５
６

（
ご
胃
一
己
⑪
臣
⑭
餡
酷
の
ｚ
）
。
面
○
一

ｊ
’
二
二
二
二
二
三
二

20％AF ［CO15.4/Cu9.8］
（
ご
写
冨
Ｑ
坐
』
の
“
，
堅
の
）
○
面
皇

０
Ｊ
ｚ
３
４
５
石
〃

(-,-）

'1 ．'
ル(+,+）

ワ

↑vW
(+,-)(-,+）

０
１
２
３
４
５
６

（
ご
一
息
ぢ
⑫
壷
の
餡
幽
め
ｚ
）
Ｃ
面
昌

81 '2 (b)
＝

弓

＝

＝

三

宝

＝

（
ご
宮
一
己
の
匡
の
“
山
辺
②
函
○
一

０
乳
２
３
４
月
）
も
〃

｡Y狐,、 （-,-）

(萌緬鞠蝿継幽蜘

W｜ ’柵
(+,-)(-,+）

０
１
２
３
４
５

－
一
画
一
一

（
ご
宮
一
己
⑪
壷
の
崖
酷
の
ｚ
）
Ｃ
函
○
一

034/Cu20]10 (c)
て

＝

＝

＝

＝

て

I ！ ’ ， ’ ！

（
ら
宮
一
己
の
一
℃
堅
座
り
Ｃ
面
○
一

ｌ
２
３
４
５
６

ｎ
Ｕ
一
一
画
一
』
一
句
。

(-,-）

男

(+,+）

扉珊

(+,-)(-,+）

0.2 0．250 0．05 0．1 0．15

Q(A･')

0

Fig.5.PNRofthreeCo/Cu(111)superlatticeswiththestructure
indicatedineachofthe6gurestogetherwithmodel fits

(solidanddottedlines)asdiscussedinthetext.Thedotted
lines in(a)and(c)werecalculatedassumingapurelyFM
structure.Thedataweretakeninasmallneutronguide6eld

ofl4G.AgaintheSFdatahavebeenofEetbylO-2andare
plottedagainstthescaleontherighthandaxis.

confinned the existence ofanoscillatolyexchange

couplingalsoinCo/Cu(111).'7) ShowninFig.5arethe
PNRofthreeCo/Cu(111)superlatticesofincreasingCu
interlayer thicknesses. Befbrestartingthescanseach
samplehadbeenmagnetizedinafewhundredsGauss
alongtheNSFaxis. Since, asexpected, theSFcross

sectionswereequalinthisexperiment,theywereaddedto

improvecountingstatistics. Insomeregionsofthedata
nospecularintensityisobselvedduetothebackground

subtraction. Thedatapointsadjacent totheseregions

shouldtherefbrebetakenasupperlimitsfbrtheactual

intensiq/ in tlleseregions,whichwas too lowtobe

detectable. AllNSF(--)datasetsshowaregimeoftotal

externalrenectionuptoQcNsFat lowQ,Kiessigfringes,
andthefirstsuperlatticepeakaroundthehighestgatg=
Q皿'. TheNSF(++)andSFdata,ontheotherhand,
exhibitweakornosuperlatticepeaksatg皿'. This
fbaturecanonlybeexplainedasaconsequenceofat leasi

amajorpartoftheComomentsbeingalignedparallelto
theinitiallyappliedfieldalongtheNSF-axis. Thisleads

tothelackofcontrastbetweenCoandCufbrtheNSF(++)

cross sectionsand to the splittingof theNSFcross
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assumngthatonly48%(a)(67.5%(c))ofthemagnetic
moment isalignedalongtheNSFaxis. 0n1y20%(a)
(10%(c))ofthemomentsarefbundtobecoupledAFand

orientedalongtheSFaxis,causingthebroadhalfOrder
peaks. The remaimn932%(a) (22.5%(c)) oftlle
moment areorientedalongtheSFaxisandareFM

coupled. ForthepurelyFMdataofFig5(b)80%ofthe
moment was assumed to be parallel and 20%

perpendicular to theNSF axis. The incomplete

alignmentof山esampleIsFMcomponents， despitethe
initial magnetization along theNSFaxis， 1S nOt

unexpectedsinceFMsysにmsarewellknowntohavea

lowermagnetizationintheremanent statethaninthe

saturatedstate、 due toenergeticallyfworabledomain

fbrmation. Whereas the fittingresults regardingthe

significanCeoftheFMSFcomponentmaybesomewhat

ambiguousduetothelargeerrorbarsandmissingdata

points resultingfrOmthebackgroundsubtraction, the

resultsfbrthemagnitudeofUleAFcomponentsarenot
aHiectedbv theseuncertainties. Tbaccount fbr the

″

obseIvedbroadneSsofthehalforderpeaksinFi9.5(a)and

(C),areductionofthecoherencelengthsoftheAFcoupled

regionsto40%ofthenuclearcoherence length(=total

thickness)hadtobeassumed. Therefbre, only6(4)of

theColayerswerefbundtobecoupledAFfbrthecasesof

Fig.5(a)and(c),respectively.

Nevertheless、 thedottedlines inbothfigures,which

werecalculatedfbrapurelyFMstructure,clearlyconfinn

thatanAFcomponenthastobeincludedtoexplainthe

data, proving theoscillatorynatureof thecoupling.

These results agree well withMOKE hysteresis

measurementsyieldinganoscillationperiodof9A,
consistentwiththeolyandanAFcolnponentofthesame

magnitudeasdetectedbyPNR. '7) It shouldbestated,
however, thatMOKEcannotprovidedirectproofofAF
Structures.
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Fig6PNRofa｢Fe52/C｢1719)superlatticegrowna[250｡Ctaken
inasmallncutronguide6eldofl7Gtogetherwithmodel

calculations fbracouplingangleof90｡(dottedlines)and
50｡(solidlines).Thelattercaseisdepictedintheinsetwhich
showsatopviewofthesamplewithitsin-Planeeasyaxesof
themagnetoc,ystallineanisotropy(dashedlines).Againthe
SFdatahavebeenofBetbylO-2andareplottedagainstthe
scaleontherighthandaxis.

momentsalongthetwoeasyaxes (dashedlines inthe

inset). Nevertheless, the calculated SFandNSF

renectivities fbr thismagneticstructure (smalldots in

Fig.6)showthatthedataarenotconsistentwithsucha

90omodel. Ontheotherhand, ifnon-pelpendicular
orientationisallowed, thedatacanbewell fitted(solid

lineinFig.6)byassumingacouplingangleof(pc=50｡±4．
betweentheadjacentFelayers,asschematicallydepicted

bythesolidarrows intheinsetofFig､6. Inputtothe

modelcalculationwasthesamplestructureasdetennined

fromthex-rayfitsandtheFemagneticmomentasfbund

byPNRinthesaturatedstate. Theonlyfitparameters
lefiaretheo"e"/α"o"softhemomentsintheFelayer.
BypelfbnningmeasurementsasinFig.6asafimction
ofexternalmagneticfield、wewereabletoobtainnew

detailedinfionnaUonabouttheexchangecouplingenergy
intheFe/Crsvstem.22'23)Suchdatacontainsmuchmore

infbnnaUonthananyothermagnetometlymethodsince
theseonlyyieldaresultantmagnetization

Asdetailedelsewhere23)domainsonlycomplicatedthe
modelingvelyclosetoremanence. At slightlyhigher
fieldsthesamplewasinasingledomainstate. However,

eveninthemulti-domainstatedetailedanalysisshows

thatonlytwodomaintypescontributetothescattering.
Furthennore, incollerent averaging (Eq.(4))hadtobe

assumedinthiscase・ UsingEq.(5)orassumingother
domainqpeswouldhaveledtomassivecontradictions

with themeasured field dependent PNR data.23)
ComparingthecontradictolyrcsultsfbrCo/Cu(lll)and

Fe/Cr(001)ontheaveragingprocess,twofactscanbc

stated. First, the coherence lengthof the incident

neutrons/cl l parallel tothesamplesu'fIceascalculaled
fromnrstprinciples24)cannotbetherelevantparameter

".3.A/り"-CO"j"gqrco"p/ﾉ"g
Inl991strongevidencewas fbundthat apart from

collinearFMandAF,non-collinearmagneticstructures

canalsoexistintransitionmetalsuperlattices. 20,21)Dueto
itssensitivitytothein-planemomentorientation,PNR

withpolarizationanalysisis ideallysuitedtostudysucll

structures. InFig.6PNRdatafromanon-collinearly
ううう､、

coupledFe/Cr(001)superlatticeareshown¥'&｡ノ

AgainUlesamplewasmagnetizedalongtheNSFaxisin

7.3 kGbefbre the experiment. Clearly, theNSF

reflectivitiesaresplitandadditionalstrongSFscattering
is observed. All reflectivities exhibit first-order

SuperlatticepeakSatg皿'-009A~'. Inaddition,half
order peaks at about Q皿'/2 are obsenn'ed in all
renectivities・ These result fromadoublingof the
magneticperiodicityover thenuclearone、 aswouldbe
sceninacollinearAFs(Iucture. SuchanAFstmcture

wouldllavenoresultingmoment. However､ Ihesplilting
oftheNSFdataandtheexistenccofafirst-orderpeakin

theSFdataclearly indicate thal annitemoment is

prQjectedalollgilleNSFandSFaxes inevely layer.

Therefbre, 1hehalforderpeakscanonlybecausedbya

non-collinear llloment orientation. The simplest

assumptionwouldbeaperpendicularorientationofthe
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sinceinbothcasesit isoftheorderofthesamplesize

(cm). Second,fbllowingSTMresults'9)inthecaseOf
Co/Cu(lll) thelateraldimensionoftheAFandFM

coupled regionswill beoforder lOOAwhereas fbr
Fe/Cr(001)themagneticdomainswerefbundtobeabout

20""indiameterbyKerrmiCroscopy. Thuswemay

coniecturethattheaveragingprocesSisdetenninedbythe

lateral lengthscaleofthemagneticdomainSwllereas/cll
onlyprovidesanupperlimitofcoherentaveraging

Finallyitshouldbepointedout that thedataofFi9.6

cannotbeexplainedbyassumingacoexistenceofAFand

FMdomainsasinthecaseofCo/Cu(lll). Theimtial

magnetizationofthesample in7.3 kGwouldhave

induCedFMdomainspredominantlyorientedalongthe

NSFaxisandAFdomainsonentedinaspinnopstate

alongtheSFaxis、 i.e., alongbotheasyaxesofthe
anisotropy. However, thisstructureneitheraccountsfbr

thestronghalforderNSFpeaknorfbrthestrongfirst

orderSFpeakinthedata. Model calculationswhicll

takeintoaccount theroleofthemagnetoclystallinein-

planeamsotropy22'23)confinnthat themomentsalignas
closelvwiththeeasvaxesasallowedfbrbvthenon-90o

シ ″ グ

couplingangle, leadingtothestructuredepictedinthe

insetofFig.6. Thus, theadditionalpeaksinFig.6area

directconsequenceofnon-collinearcoupling. Onthe

otherhand,howeverlwecannotexcludeanon-collinear

magneUcstructureintheCo/Cu(111)system. Duetothe

absenceofacomparablein-planeanisotropy, theinitial
magnetizationprocesscouldalso leadtotheobserved

spectrainFig. 5(a)and(c)inthecaseofanon-collinear

stnlcture・ Fortheobservationoftheoscillatolynatureof

thecoupling,howeve';thispointisofminorimportance.
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§5.Conclusions

Wehavedemonstratedquantitativeagreementbetween
theory and experiment concerning the orientation
dependenceofthe in-planemagneticmoment fbr the

example of the reorientaUonofanFMmultilayer.

Furthennorewellavediscussedindetailhowbyusing
polarizaUonanalysisAFandFMcomponentsofdiHbrent
orientations can be distinguished in Co/Cu(lll)

superlatticeswhichwereshowntoexhibit oscillatoly
exchange coupling． Finallywe demonstrated the
applicationofPNRwi山polarizationanalysis fbr the
detenninationofnon-collinearmagneticstnlctures・ It

canbestatedthatPNRwithpolarizationanalysiscan
provideinfonnationonthemagneticstmctureofthinfilm
systems which can hardly be obtained othel-wise.

CurrentlywearebuildingthenewCRG-Binstrument
ADAMat the皿L inGrenoble /Francewhich is

specificallydesignedfbrsuchexperiments.25)
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