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Astudywascamedout todetenninetheoptimal sputteringparametersfbrtheproductionofsingle layerneutron

polarizersconsistingofaCo60Fe401ayerwithahighremanenceonananti-renectinglayer.hlatriodesputteringmachine

theworkinggaspressure,thesubstratebias,andtheangleofmcidenceoftheatomsontothesubstratewerevaried.

Annealmgprocedureswereappliedtosomeofthesamples. Charactedzationwasdonebyneutronscattering,SQUm

magnetometry,x-raydiffaction, transmissionelectronmicroscopy,andRutherfbrdbackscatteringConditiollswere

detenninedlmderwhichthepolarizationvaluesofthesampleslaybetween89and99%aboveO3aainaparalleliieldof

3mT,andbetween80and95%aboveO.4"fbroppositefieldsof3mT,sometimesshowingnippmgfieldsashighas

13mT.

KEYWORDS:polorizersforneutrons,neutronoptics,mogneticloyers

sJ畑byRuthelfbrdbackscattering (RBS), andx-ray

renecUon. Themagneticpropertieswerestudiedby

SQmDmagnetometry. Hysteresisculvesweretakenfbr

twoperpendiculardirectionsindleplaneofthefilmwhich

correspondtotheverticalandhorizontaldirections inside

themachine.Theeasyaxisofmagnetizationliesalwaysin

theplaneofthefilm. Forthedirectionoutofplanethe
samrationfieldBsamountsto2.5T.

The strucmral properties were characterized by

transmission electronmicroscopy (TEM) and x-ray

diHiaction. Finally, themostpromisingsamplesandlater

allcoatedglassesfbrtheproductionoftheguidewere
testedwithneutronsattherenectometerV6atBENSC.

Sincestructuralandlnagneticpropertiesstronglydepend

ontheproductionparameters,wevanedworkinggas

pressure, substratebias,magnetic field, andangleof
incidenceoftheatomsontothesubstrate. Itwasalso

checkedwhat eHect theadditionofsma11 amountsof

tantalumcouldhave. Aiterwardsannealingprocedures

wereappliedtosomeofthesamples.

Introduction

Usingremanentneutronpolarizersandanalysersisa

novelpossibilityinpolarizedneutronwork')､whichhasnot
yetbeenrealizedinfilll-scaleexperiments， Onepotential

applicaUon is touseprepolarizingguides befbre a

transmissiOncavitypolarizer2'3) inorder topush the
thresholdwavelengthfbrpolarizationtolowervalues・ In

thiscasetheprepolarizerhastobemagnetizedoppositeto

theguidefieldtoavoidthenecessityofusingabroadband,

largecrosssectionspinnipperbetweenpolarizingguide

and the transmssionpolarizer. Another important

application is fbrbuilding laIge solidangleanalyser

syStems. Herethegoal istoavoidtheuseoflargegap

magneUzingcoils,whichwouldproducelargestrayfields,

particularlydisturbinginspinechospectroscopy.Thiscan

beacllievedwithcoatings inwhichsamrationcanbe

maintainedbyasmallguidefieldinthemTrange.We

reportonthedevelopmentofsputterdepositiontechniques
andperfbnnancesachievedwithsinglelayercoatingsfbr
thesetwokindsofuses.

Experimental

Thelayerswerepreparedinatriodesputteringmachine4)
withtwofixedtargets inbetween, ofwhicharotatable

substrateholderwasplaced. Thedistancebetweentarget
andsubstrateisl50mm.

Theabovementionedalloywaschosenbecauseithasfbr

thespindowncomponentaslightlynegativescattering

lengtll density Thus thecdUcal angle remains an

imaginalyquantityuntiltllemagnetizationfallsto90%of
thesaturationvalue.

Theguidewasmadeofpolishedborkronglass, the

standardmaterialfbrneutronguides,whicllcontainsabout

13weight%ofB20.Fortheanalyserlmmthickfloatglass

wasusedbecauseitismuchcheaperandsumcientfbrthis

application.However,nearlyalltheresults,whicharetobe

presentedinRef5refertolayerSwhichweresputteredonto

3mlnthicknoatglasseswiththedimensionsof500mmx

200mm. Insidethemachinethesubstrateswereplaced

withtheirlongersidebeingpelpendiculartotheground.

Thethicknessoftllesputteredlayerswascontrolledi"

3"〃byquartzbalances,thesputtercurrentonthetarget,ex

Gaspressures

Thepressureoftheargongaswasvariedintherange
fromO・05PatolPawheretendiHerentvalueswereused.

Inthispressurerangethenumberofcollisionsoccurring
betweenargonatomsandsputteredatomsonthewayfrom
targettosubstratevanesfromaboutonetotwenty.
Whilethelayerthicknessdidnotdependstronglyonthe
gaspressure, themagneticpropemesshowedremarkable

eHects.ForpressuresuptoO.lPathesaturationfieldswere

slightlyaboveO.1T, theremanencesat 50%andthe

coercivefields(Htjaround20mT.AthigherpressuresHCf

fell toaround5mTwithremanencessometimesabove

90%. Unexpectedly， at particularpressures lnagnetic

anisotropieswerefbund. Inthepressureregionranging
fi･omO.3 -0.5Patheeasyaxiswas intheverlical, and
rangingfromO.7-0．8Paitwasinlhehorizontaldirection.

SubStrateBiaS

Thesputteringmachineallowsustoapplyeitherdcorrf
biastothesubstrate. Thisacceleratesargonionstothe
Surfaceofthegrowingfilmwllereb)' Iooselyboundatoms,
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e.9.,fromgases,arepreferentiallyremovedandthegrovth

ismiluencedbytheincreasedamountofenergyavailableat
thesurface.

Asexpected, thegrowthrateofthelayerswasreduced

whenabiaswasappliedanddecreasedto50%ateither
250Vdcor250Wrf.

AtagaspressureofO.1Pa,arfbiasrangingfifomlOOW

and500WdecreasesHCffrom22mTtol5mT,whileit

increasesHCffbrpressuresof0.2PafromlOmTto20mT,

andfbrO.75Pafi･omStol8mT.Thusthefinalvalueisthe

samefbrthesepressures,i.e.,thestnlcmreofthegrowing

filmisdetenninedbythebiasandnotbytheenergyofthe

amvingatoms.

AdcbiasintherangeoflOOVIo200Vsllowedsimilar

butnotsopronouncedeHects.

However,neitherananisotropywasinducednorahigh

remanencereachedinanyofthesebiasexpenments.

Collimators

Acollimatorwithalengthof50mmandaslitwidthof
15mmwasconstnlcted

Ifinstalledinfrontofthesubstrate, stronganisotropies
canbeproducedalallthreetestedpressures:0.06,0.2,and

0.75Pa. Ifthecollimatoristurnedby90｡, theanisotropy
turnsaswell. Theeasyaxiswas fbundtobealways
pemendiculartothedirectionoftheslits.
Inallcasesremanencesabove97%weremeasuredwith

HCfrangingfromltolOmT.

ThisisonceagainexplainedbytheshadowingeHectof
groMngislandsorcolumns. Iftheangleoftheincident

atomsisrestrictedinonebutnotintheotherdirection,the

strucmregrowsanisotropically. Byourcollimator this

angleinterval isreducedfrom70ointheverticalor43。in

thehorizontaldirectionto9operpendicular totheslit
directionwhileitdoesnoIchangeintheotherdirection.

Afferremovingevery'othersegmentofthecollimatorthe
eHectwmishes.

However, thiswholesempreducesthegrowthratebya
factorofnearlyfiveandleadstoaninhomogeneouslayer
thicknessduetotheshadowsofthesegmentS. Ifthe

collimatorismovedabitintothedirectionofthetargetto
reduce this inhomogeneity, the anisotropy isquickly
destroyed. Thisphenomenonevenoccursatapressureof
0.06Paandatadistanceof25mmfromthesubstraに、

althoughthetransmittedangle intewal isnot altered.

Nearlynoadditionalcollisionsoccur;otherwisetllenigllt
directionmightbealteredsincethemeanfreepathofthe
atomsisaboutlOOmm.

Thus, ftlrtherdevelopmentisnecessalybefbrethiseHect

canbeutilizedinourmachine. Itshouldbenotedherethat,
duetothelinesourcecharacterofthesputteredtrench,this
eHectoccurs!Inaturally'! inmagnetronsputteringmachines
withamovingsubstrate.

ObliqueinCidenCe

Itiswellknownthatmagneticanisotropiesoccurinfilms

grownfromatomswithobliqueincidenceonthesubstrate.
Ourmachineallowsustorotatethesubstrateholder.Thus

itcanbemmedatdiiferentanglesrelativetothetargets.

Howevel;sincethetargetsarefixed, thedistancebetween

thetargetandthesubstratedimers,dependingontheangle,
byafactoroftwotofburoverthehorizontalofthesample.
DiHerent solidanglesofthe target as seenfromthe

substrateleadtodiHerentlayerthicknesses. Iftherequired
propertiesdependonthethicknessofthelayers(asfbr
supennirrors)thismethodcannotbeused. Sincefbrsingle
layerpolarizersthethicknessofthelayersislesscriUcalwe

producedlayerswiththesubstrateholderrotatedtoangles
of30oand70｡betweenthedirectionoftheincidentatoms

andtllenormaltothesulfaceoftheSubstrate.

ForapressureofOO6(0.73)PawefbundathicknessraUo

ofthethicktothethinsideamountingtol.15(l.4)at30o
and3at70o.

AtapressureofO.06Patheanisotropyincreasedonly
slightly,whileitwasmuchstrongerat0.75Pawherevalues
ofBs=20(80)mT､HCF9(4)mT,andremanenceR=96

(18)%weremeasuredfbrthethin(66nm)andUlethick

(200nm)side,respectively. ItisinteresUngtonotethatin
thiscaseat0.75Patheeasvaxiswasinhorizontaldirection、

i.e., perpendicular tothenonnallyoccumngdirection.
ThismeansthattheeHectofobliqueincidenceisstronger
thanthe- still unknown - emectwhich leads tothe

amsotropyoccumnginourmachine1!naturally'1atO.75Pa.

Alreadyinl9700kamotoeta1.6)explainedtheeHectof
obliqueincidencebyatiltoftllecolumns inwhichthe

materialgrows. Duetoshadowingenectsastrucmre

developswithaneasyaxispelpendicular toboththe
directionoftheincomingatomsandthesurftlcenormal.

TEMpicturesofoursamplesshowedcolumnsUltedbylOo

fmmthesulfacenorlnalatasamplerotationangleof70o.
ThisalsoexplainswhytheenectisstrongeronUlesideof

thesubstratewllerethelayerwasthinner:duetothelarger
distancetothetargetthesolidangleandhencetheangular
spreadoftheincomingatomsareSmaller・ Thisandalso

anotherexperilnentalfindingledustofilrtherexperiments
wheretheanglesoftheatomswerebetterdefinedby
placingacollimatorbelweenthetargetandthesubstrate.

Additionoftantalum

Theadditionofsmallamountsoftantalumincreasesthe

magnetichardnessofiron.7)Weaddedtantalumduringthe
sputteringprocessatfburdiHerentpressurevalues. The
amount of tantalumaddedwasdeterminedafier the

sputteringbyRBStobel.0±0.lat%.

Byaddingtantalum, thesaturationmagnetizationwas
reduced by nearly lO%and the saturation field

significantly increased to0.2T. Most strikingly, the
normallyoccurringanisotropiesvanished・ Theother
valueswere:HCf=100mTandR=50%.

Since the saturalionmagnetizationwas already
signmcantlyloweredbyaddingnomorethanlat%Thand
theannealingofthesesample､seebelow)didnot leadto

betterresultseither､ thismethodwaSnotpurSuediilrther

Anncaling

Annealingprocessesintroduceadditionalenergyintothe
matenalwhichcanimprovetheclystalstruclure, remove

obstaclesibrthemovementofBIochwalls,andthuslower
thecoercivitv,

ヴ

Tlleannealingwasdonebyputtingsamples,cutfbrthe
SQUmmeasurelncn(sIoanareawithdimensions4.5mm

x4.5mm, ontoa thicksteel plate ina lemperature
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controlledoven. Thecoatedsideoftheglasstouchedllle

platetoguaranteelllatthetemperaturewouldquicklyreach
thedesiredvalueandtoreduceoxidation.

Annealingat l50｡Cfbr lOOhalreadyshowedthe

expectedbehaviourbutonlyfbrsamplesproducedwilll
bias:"cfwasreducedbyabout20%,Rincreasedby5to
10%.Nooxidationwasdetected.

However,duetooxidation,annealingat250｡Cfbr68h

ledtoasaturationmagnetizationreducedby3%. The

layers producedwithrfbias oxidizedmost quickly,

fbllowedbythosewithdcbiasandthosewithoutbias. For

allsamplesthecoercivitydecreasedfromlSto20mTto
around lmT. Within the first 2.5hthe remanence

increasedby30to50%andaher6811roughlydecreasedto
theinitialvalue.

Annealinginvacuumofoneofthesesamplesledtothe

samesaturationmagnetizationasbefbreannealing,buttoa

reductionofHcffrom24tol.SmT.

Annealingoftendiferentsamplesat230｡Cfbr68hina

magneticfieldof66mTshowednoothereHectscompared

toannealingwithoutamagneticfield. Sputtering in

magneticfieldsbetween25and95mTalsoshowedno

additional eHectsat twodimerent sputteringpressures

comparedtosputteringwithoutfield.

Thesampleswitll tantalumaddedwereannealedfbr4

andl8hat200oC,againwithandwitlloutamagneticfield.

Aiierl8hthesaturationmagnetizationdidnotdecrease.

However、 in these totally isotropic samples a strong

anisotropydevelopedinverticaldirectionatproduction

pressuresof0.5and0.73Pa. Again,whetheramagnetic

fieldwasappliedornotduringannealingdidnotmakea
diHbrenCe．

SingleLayerPolarizer(Guide)onanti-reflectinglayer
MagneticFieldhistory: -52ﾉ+3mT
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Fig.1Experimentalrenectivitiesofasinglelayerpolarizeron
ananti-reflectinglayerusedfbrtheprepolarizingguidefbr
spin-upandspin-downneutronsandthecorresponding
polarization・ARerhavingmagnetizedthesampleto-52mTa
6eldof3mTwasappliedduringmeasurement.

SingleLayerPolarizer(Guide)at0.4｡onanti-reflectinglayer
MagneticFieldhistory: -52/OmT
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Production

Afiermorethan500SQUIDmeasurementsdescribed

abovewecheckedthemostpromisinglayerswithneutrons.

Ittumedoutthatonlythelayersputteredat0.4Pafillfilled

therequirementsfbrtheprepolarizingguide. Thefirst

sampleshowingtheproperqualiUeswasremeasuredllalfa

yearlaterandtherenectivitywasstillibundtobethesame,

whichleadstotheassumptionthattheremanencedoesnot

decaywithinthisperiodoftime.

Finallywestartedtocoattheglasseswhichwillbeused

fbrtheprepolarizingguideatthepositionlNl3atthelLL,

Grenoblewithanantireflectinglayerof300nmGdl6Ti84

andthepolarizinglayerofl50nmCo60Fe40Eachpiece

ofcoatedglasswastcstedonaneutronrenectometer・ First

eachofthesampleswasmagnetizedinafieldof-521nT.

Aherreversingthedirectionofthemagneticfieldthe

renectivitywasmeasuredinafieldof3mT.Figurelshows

atypicalexamplewiththetwospincomponentsandthe

resultingpolarization. InFig.2therenectivityatanangle

of0.4． isgivenfbrdiHerentmagneticfields、 revealinga

nipofthemagnetizationat l3111T. Somesalnplesdidnot

changetheirdirectionofmagnetizationevenat l3mT.
Theneutrontestsrevealedthatonlvabouttwothirdsoftlle

glasses showed tllerequiredpropertieswhile fbr the

remainingthirdan insuHicient remanence lead loan

intolerablyhighspindowlIcomponelltUntilnowwehave

0 5 10

MagneticField[mT]

15

Fig.2. Experimentalrenectivitiesofasinglelayerpolarizeron
ananti-reHectinglayerusedfbrtheprepolarizingguidefbr

spin-upandspin-downneutronsatagrazingangleof0.4.．
Thefieldwassetto-52mT6eldbefbrethismeasurement.

notfbundthereasonofthisscatterinproperties.Wetned

twicetocoattheseglasseswithinsuHicientmagnetization

againbutgainednoimprovement. Finallyweetchedthe

layersawaywithoutdamagingthesurfaceoftheglassand

coatedlllepieceSagain. Luckilythisseriesconverged
rapidlytozero.

TheglasseSfbrtheanalyserhavenotbeencoatedyetbut
thereproducibilityofthecoatingprocedurehasbeenにsted

several times. Figs.3～39ivethecurvescorrespondingto
thetwofiguresaboveThesamplewiththerenectivity
cuIve shown inFi9.3was inasecondmeasuremen(

measuredat60mTwhichresults invirtuallvthesalne

curve, i.e., thesampleisfilllyremanentat3mT. Fig.4
showsthebehaviourofthelayerahermagnetizationinan

oppositefield, indicatingthataiieldof201nTisneededto

saturaにlhe la)'er. Fig.5reveals thatafieldof3mTiS

already Su伍cient to keep themagnetization afier
applicationofafieldintllesamedirection.
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SingleLaye[PolarizeI(Analyser)onanti･reflectinglayer
MagnetiCFieldhiStory:+60ﾉ+3mT
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Fig. 3Experimental reflectivitiesofasinglelayerPolarizeron
ananti-renectinglayerusedfbrtheanalyserfbrspin-upand
spin-downneutronsandthecorrespondingpolarization.
Afterhavingmagnetizedthesampleto+60mTa6eldof3mT
wasappliedduringmeasurement.

SingleLayerPQlarizer(Analyzer)at0.4oonanti-reflectinglayer
MagneticFieldhistory: -120/OmT
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Fig. 4Experimental renectivitiesofasinglelayerpolarizeron
ananti.reflectinglayerusedfbrtheanalyserfbrspin-upand
spin-downneutronsatagrazingangleof0.4o. The6eldwas
setto.120mTbefbrethemeasurement.

SingleLayerPolarizer(Analyzer)at0.4｡onanti-reflectinglayer
MagneticFieldhistory:+120/OmT
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Fig. 5Experimental reflectivitiesofasinglelayerpolarizeron
ananti-renectinglayerusedfbrtheanalyserfbrsPin-upand
spin-downneutronsatagrazingangleofO.4o. The6cldwas
setto+120mTbefbrethemeasurement.




