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Abstract:ThebehaviorofthemetallicmultilayersofSi/[Fe(10nm)/Nb(4nm)/Fe(4nm)/

Nb(4nm)]2/[Fe(4nm)/Nb(4nm)]4 under2 MeV Xe灢ionirradiationhasbeeninvestigatedby
depthprofileanalysisofAugerelectronspectroscopy,X灢raydiffractionandvibratingsamplemag灢
netometer.Theobtainedexperimentalresultsshowthattheinter灢mixingbetweenFeandNblay灢
ersoccursinthe1.0暳1014ions/cm2irradiatedmultilayersamplewhichresultsintheformationof
Nb灢basedandFe灢basedFeNbsolidsolution.Forthesamplesirradiatedtofluencelargerthan1.0
暳1014ions/cm2,amorphisationisobserved,andmoreover,thelayeredstructureofthemultilayer
samplesisbrokenupcompletelyforthesamplesunder1.0暳1016or2.0暳1016ions/cm2irradia灢
tion.Vibratingsamplemagnetometermeasurementalsorevealsthatthemagnetizationofthesam灢
pleschangeswiththeevolutionofthestructureofmultilayers.Possiblemechanismofthemodifi灢
cationinFe/NbmultilayersinducedbyXe灢ionirradiationisbrieflydiscussed.
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1暋Introduction
Metallic multilayers with modulation wave灢

lengthinthenanometerrangeshowspecialproper灢
ties[1—8].Extensiveexperimentalandtheoretical
worksindicatedthattheinterfacialqualityplaysa
veryimportantroleindeterminingtheproperties
ofthemultilayers[9—16].Forinstance,perpendicu灢
larmagneticanisotropycausedbysurface灢anisotro灢
pyisverysensitivetothemorphologyattheinter灢
faces[17]. Giant magnetoresistance in magnetic
multilayersisrelatedtothescatteringofconduc灢
tionelectronsatorneartheinterfacesintheanti灢
ferromagneticphase[18,19].Sotheinvestigationof

interfaceisofimportancetounderstandtheorigins
ofmultilayerproperties.

Inordertoclarifytheroleofinterfaceinprop灢
ertiesofmultilayers,techniquestomodifythein灢
terfacialstructurearerequested.Ionirradiation,
asanonequilibrium processingtechnique,could
depositenergytoahighdensityinmatter,which
couldinduceenhancementofatomicdiffusionas
well as phase formation and phase segrega灢
tion[20—28].Therefore,ionirradiationcouldbeused
tostudytherelationshipbetweentheinterfacial
structureandmultilayerproperties.

Inthepresentwork,Fe/Nbmultilayerswere
irradiatedatroomtemperature(RT)with2 MeV
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Xe灢iontodifferentfluences.Fromtheinvestiga灢
tionsofdepthprofileofFe/Nbatoms,crystallite
structuresandmagneticpropertiesofthemultilay灢
ers,themodificationofFe/Nbmultilayersinduced
byionirradiationwasstudied.

2暋Experiment

Si/[Fe(10nm)/Nb(4nm)/Fe(4nm)/Nb(4
nm)]2/[Fe(4nm)/Nb(4nm)]4(thesubscriptre灢
ferstolayernumbers)multilayerswereprepared
byalternatingdepositionsofpureiron(99.99%
Fe)andniobium(99.95% Nb)oncleanedSi(100)

substratesby magnetronsputteringatRT.The
basevacuumwaslessthan2.4暳10-4Pa,andthe
vacuumduringdepositionwaskeptatabout0.68
Pa.Thethicknessofthefilmwasmonitoredin灢si灢
tubyafilmthicknessmonitorduringthedeposi灢
tion.

Theprepared multilayers wereirradiatedat
RTwith2MeVXe灢ionsto1.0暳1013,1.0暳1014,

1.0暳1015,1.0暳1016or2.0暳1016ions/cm2,re灢
spectively.Thenthesamples werecharacterized
usingdepthprofileanalysisofAugerelectronspec灢
troscopy(AES),X灢raydiffraction(XRD)andvi灢
bratingsample magnetometer(VSM).TheAES
measurementswereperformedonanAugerMicro灢
probePHI700withtheelectronsof3keVimpin灢
gingat30曘tothespecimensurface.Thesamples
weresputteredwithargonions.TheXRDanalyses
werecarriedoutonaPhilipsExpertProspectrom灢
eterunderaglanceangleofabout1degree,andCu
Kalinewasselectedastheincidentlight.Thehys灢
teresisloopsweremeasuredusingaLakeshore730
VSM withtheexternalfieldappliedinthesample

plane.Bothcrystallitestructurechangeandinter灢
facialatomdiffusionofthemultilayerscorrespond灢
ingtoirradiationfluencewereobserved.

3暋ResultsandDiscussion

Thestructuralevolutionofmultilayersisin灢
vestigatedasfunctionofirradiationfluence.AES

depthprofilesoftheas灢depositedsample,along
withthemultilayersirradiatedatRTwith2MeV
Xe灢ionareshowninFig.1(a)—Fig.1(f).Theab灢
scissaandordinaterepresentthesputtertimeand
concentrationsofSi,Fe,andNbatomsrespective灢
ly.Consideringthesurfacesputteringduringirra灢
diation,theAESresultsarerevisedtomakesure
thatthemaximumratiobetweenFe灢concentration
andNb灢concentrationatthesurfaceFelayerarelo灢
catedatthesameabscissa.Fig.1(a)showsthe
measureddepthprofileofas灢depositedmultilayers.
Itisfoundthattheinterfacesoftheas灢deposited
multilayersarenotsharp,andtheratherwidein灢
terfacesbetweentheFeandNblayerscouldbeob灢
served,whichmaybecausedbyinter灢diffusionof
FeandNbatomsduringdeposition,whereasthe
layeredstructurealsocouldbeobservedasexpec灢
ted.Fig.1(b)showsthatuponirradiationwithXe灢
ionto1.0暳1013ions/cm2,noevidentchangeofthe
AES depth profilesis observed. However,as
showninFig.1(c),afterirradiatedto1.0暳1014

ions/cm2,theconcentrationofFe(Nb)inNb(Fe)

layersincreases,whichindicatesthattheinter灢
mixingbetweenFeandNblayersstartstooccur
whenfluenceupto1.0暳1014ions/cm2.Thecon灢
centrationchangeofFe(Nb)inNb(Fe)layersis
moreevidentinFig.1(d),itiscertainthatirradia灢
tionresultsininter灢mixingbetweenFeandNblay灢
ersafterirradiatedto1.0暳1015ions/cm2.Upto
fluenceof1.0暳1016or2.0暳1016ions/cm2,itis
obviouslythattheinter灢mixingbetweenFeandNb
layerresultsinthelostoftheconcentrationpeaks
ofFeandNblayers.

Fig.2showstheXRDpatternsrecordedonthe
as灢depositedas wellasirradiatedsamples.The
peakssituatedattheregionfrom 50to60arise
fromSisubstrate,soithasbeenomittedfromthe
figure.Fortheas灢depositedsample,TheFe(100),

Fe(200),Fe(211)andNbpeaksarevisible,but
thepeaksarebroadened.This maybefromthe
smallgrainsize.Afterthe1.0暳1013ions/cm2irra灢
diation,thepositionofallthepeakshasnoevident
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Fig.1 AESdepthprofilesofSi/[Fe(10nm)/Nb(4nm)/Fe(4nm)/Nb(4nm)]2/[Fe(4nm)/Nb(4nm)]4.

Fig.2 XRDpatternsofSi/[Fe(10nm)/Nb(4nm)/Fe(4

nm)/Nb(4nm)]2/[Fe(4nm)/Nb(4nm)]4.

shiftcomparingwiththatoftheas灢depositedmul灢
tilayers.Afterirradiation with1.0暳1014ions/

cm2,appearanceofanewpeakat2毴~35.97o,ac灢
companyingwiththeNbandFe(100)peaksshifted
toloweranglescomparingwiththatoftheas灢de灢
positedmultilayers,whichindicatethepositionof

thepeaksmaycorrespondtotheNb灢basedandFe灢
basedFeNbsolidsolutionrespectively.Afterirra灢
diatedwith1.0暳1015or1.0暳1016ions/cm2,be灢
sidesabroadhumparisingfromamorphousFeNb
alloyonlythecrystallinepeakcorrespondingtothe
Fe灢basedFeNbsolidsolutioncouldbefound.In
thesamplesirraliatedwith2.0暳1016ions/cm2,

onlyaclearbroadhumpindicatingformationof
amorphousFeNballoycouldbefound.Allthese
resultsrevealthationirradiationinducestheinter灢
mixingbetweentheFeandNblayersandforma灢
tionofNb灢basedandFe灢basedFeNbsolidsolution
andamorphousFeNballoy.

Ionirradiationinducestheatomictransport
throughtheinterfacesandthephasetransforma灢
tioninmultilayers,whichdirectlyaffectsthemag灢
neticpropertyof multilayers.Fig.3showsthe
hysteresisloopsmeasuredinthedirectionofparal灢
leltothefilmplaneofthesamplesatRT.Only
thereductionofthesaturationmagnetizationcould
beobservedafterirradiatedupto1.0暳1013 and
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1.0暳1014ions/cm2,forlargerfluencesof1.0暳
1015or1.0暳1016ions/cm2,bothsaturationmag灢
netizationandthecoercivitydecreaseobviously.At
fluenceof2.0暳1016ions/cm2,themagnetization
displaysaparamagneticbehaviorwithamonotone
increaseasafunctionoftheappliedmagneticfield;

exhibitsnohysteresisandnosignofsaturation.
Themodificationofthemultilayersinducedbyion
irradiationcanbedividedintotwosteps:atomic
collisioncascadestepandconsequentrelaxation
step.Atomiccascade,aprocessoffar灢fromequi灢
libriumstate,enhancesFeand Nbinterdiffusion
andinducesatomictransportthroughinterface,

determinestheatomsratioofdifferentmaterialsat
theinterfacialdisorderregion.Duringtherelaxa灢
tionprocess,controlledbythethermodynamicand
kineticfactors,theatomicrearrangementstake
placeattheinterfacialdisorderregion.Becausethe
processisextremelyshort,thedisorderregionre灢
laxationandphasetransferarenotcompleteand
thusapossibleintermediateor metastablestate
couldbeobtained.Atlowfluence,themixingis
limitedandthecrystallinestructureofthesamples
isnotdestroyedcompletely,thereareFe灢based
andNb灢baseddisorderdomainsatthenearsideof
the Felayer and Nblayer.During relaxation
process,itiseasytoformFe灢basedandNb灢based
FeNbsolidsolutionatthedisorderregion;Soafter
theirradiationof1暳1013ions/cm2,mixingbe灢
tweentheFeandNblayersandtheformationof
FeNballoysarenotobservedontheAESandXRD
patterns,butitmaybethatlimitedFeNballoys
formattheinterfaceofthemultilayers,whichin灢
ducesthedecreaseofthesaturationmagnetization
value.Forthesamplesirradiatedat1.0暳1014i灢
ons/cm2,theformationoftheNb灢basedandFe灢
basedFeNbsolidsolutionleadtoadecreaseinthe
saturationmagnetization.Forhighfluenceirradia灢
tion,thespatialsuperpositionofcascadesinduces
thelong灢rangemigrationandtheFeandNblayers
mixcompletely.Thecompletelydisorderedsam灢
plesrelaxinashortprocessandtheamorphous

FeNballoy mayform.Afterirradiatedat1.0暳
1015or1.0暳1016ions/cm2,theformationofamor灢
phousandcrystallineFeNbsolidsolutionleadto
thedecreaseofthesaturation magnetizationand
coercivity.Athighestfluence,onlyamorphous
FeNballoyformsasthelayeredstructurearebro灢
kenupandthehysteresisloopdemonstratespara灢
magneticcharacter.

Fig.3 HysteresisloopsofSi/[Fe(10 nm)/Nb(4 nm)/

Fe(4nm)/Nb(4nm)]2/[Fe(4nm)/Nb(4nm)]4.

4暋Summary

ModificationofSi/[Fe(10nm)/Nb(4nm)/
Fe(4nm)/Nb(4nm)]2/[Fe(4nm)/Nb(4nm)]4
multilayersunder2MeV Xe灢ionirradiationatRT
hasbeenrevealedbyuseofAES,XRDandVSM
measurements.Itisclearthatthemixingbetween
theFeandNblayerinducestheformationofthe
Nb灢basedandFe灢basedFeNbsolidsolutionata
fluenceof1.0暳1014ions/cm2.Amorphisationis
observedwhenthesamplesareirradiatedtofluence
largerthan1.0暳1015ions/cm2.TheFeandNb
layersarecompletelymixedaftertheXe灢ionirradi灢
ationfluenceupto2.0暳1016ions/cm2.Further灢
more,theVSMresultssuggestthattheformation
oftheNb灢basedandFe灢basedFeNbsolidsolution
leadstothedecreaseofthesaturationmagnetiza灢
tionandhysteresisloopdemonstratesparamagnetic
characterwhentheamorphousFeNballoyforms
afterirradiatedupto1.0暳1016ions/cm2.
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Fe/Nb多层膜中离子辐照效应研究*
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(1中国科学院近代物理研究所,甘肃 兰州730000;

2中国科学院研究生院,北京100049)

摘 要 :采用磁控溅射技术在Si衬底上沉积Si/[Fe(10nm)/Nb(4nm)/Fe(4nm)/Nb(4nm)]2/[Fe(4
nm)/Nb(4nm)]4多层膜。用2MeV的 Xe离子在室温下辐照多层膜。采用俄歇深度剖析、X射线衍射和

振动样品磁强计分析辐照引起的多层膜元素分布、结构及磁性变化。AES深度剖析谱显示当辐照注量达到

1.0暳1014ions/cm2时,多层膜界面两侧元素开始混合;当辐照注量达到2.0暳1016ions/cm2时,多层膜层

状结构消失,Fe层与 Nb层几乎完全混合。XRD谱显示,当辐照注量达到1.0暳1014ions/cm2时,Nb的衍

射峰和Fe的各衍射峰的峰位相对于标准卡片向小角方向偏移,这说明辐照引起 Nb基和Fe基FeNb固溶

体相的形成;当辐照注量大于1.0暳1015ions/cm2时,辐照引起非晶相的出现。VSM 测试显示,多层膜的

磁性随着结构的变化而变化。在此实验基础上,对离子辐照引起界面混合现象的机理进行了探讨。
关 键 词:离子辐照;Fe/Nb多层膜;AES深度剖面分析;XRD;VSM
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