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Therenectionofneutronshommagneticsubstancesisdescribedusingtherenectionmatrixwithnondiagonal,ingeneral,

mamxelementswhichdetennineneutronspinreversal・ Inextemalfieldthespinreversalisaccompaniedbychangesof

theneutronkineticenergyandrenectionangle. Thepal･ticularcaseofrenectionfomamagneticmirrorwith
magnetization.noncollmeartotheextemalfieldisconsidered.Theprobabilityofspmreversalandadeviationof
renectionanglesfromthespecularonearecalculated. TheexperimenttoobservethiseiYbctisdescribedanditsresults

arereported.
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§.11ntmduction

SincethetimeofthefirstworksbyHughesandBulgy'),
specularrenectionhasbeenusedtopolarizeneutrons.With

polarizedneutrons onecan investigate, fbr instance,

magnetization profiles of films andmultilayered

systems.2-6) Itwaspointedout7-'3)thatrenectionfromfilms
withnoncollinearmagneticstructuresismorecomplicated
thanrenectionfromfilmswithcollinearones. Inthe

noncollinearcasetherenectionischaracterizedbythe
renectionmatrix:

ofspinflipping,energyconservation,andtheconsewation

ofcomponentsofneutronmomentumparallel to the
interfnce.

Letusdenotek=(A|,,k上)thewavevectoroftheincident

neutrOnwith脆土andk,,beingitsnormalandparallel to
sulfacecomponents. IntheextemalfieldBtheneutron

hasthepotenUalenergy-oB,whereBismeasuredin

/iz/2"7似（脚,"are theneutronmassandmagnetic
moment, respectively)andoarethePaulimatrices・ On

spinreversalthepotentialenergychangesinmagmmdeby

=t2B.Becauseofenergyconservationitchangesthekinetic

energy: k2->"2±2B. IntherenecUonfroman
interfacethecomponents",,arealsoconserved. Thusthe
changeofthekineticenergymeansachangeinthenormal

,/ki±2B,andasaresultaCOmPOnentkL:kL→kf=
subsequentchangeinthereflectionangle､ ItisnotdiHicult

tocalculatetheangulardeviationofshiftedbeams. Fora

smallgrazinganglejo=10~2-103radwehave

A，± ML±一 J'±2B/"'-1二二

偽 洗上

瞳
へ

R=

withnonzeroelementsR+_andR_+・Tbmeasureallmatrix
A

elements inRis themaingoalof polarizedneutron

reflectometly.

In thenext section, theangular characteristics of

reflectionwithspin-nipinexternalfieldsareconsidered.
A

Intheunirdsection、 themamxelementsofRandthe

intensitiesofconstimentbeamsfbrthecaseofrenection

fromamagneticmrrorwithmagnetizationnoncollinearto
theextemalfieldarecalculated. Inthefburthsection､ the

experimenttoobserveorspecularrenecUonisdescribed.
１
１
Ｖ1±14710-loB"/" －1二二
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HeretheneutronwavelengthA, ismeasuredinA,Bin
§.2AngularsplittingOftheIEneCtedbeam
Therenectionofneutrons fi･oman intelface inan

extemalmagnetic fieldcanbeorspecular (though

coherent)ifitisaccompaniedbyspinnipping.Ingeneral,

theincidentbeamafierrenectionundergoestnplesplitting,

aSshowninFig.l.ItContainsthemiddlepartwhichis

specularandtwosidelobeswhicharcoHLspecularand

perfeCtlypolarized. TheintensityofIhesidelobesare

determinedbythematrixelementsR+_andR_+. ofthe
A

matnxRandbytheincidentbeampolarization. Ifthe

incidentbeamisperfectlypolarized､oneofthesidelobes

vanishes. Iftheincidentbeamisnonpolarized, Iwoside

beams inweakexternal fields have almost equal

intensities. Thesplittingofthebeamlakesplacebecause
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Fig.1 FollowingthereHeCtionfromamagnetizedmirrorw'th
themagnetizationハfnoncollineartotheexternalmagnetic
6eld4thenonpolarizedincidentneutronbeamwithawave
vectorhsplitsintothreebeams.Twooffspecularbeamswith
thewavevectors"andkareideallypolarized. Thesplitting
ofthebeamgivesthedistributionoverheightノjofthe
renectedneutrons.
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R=(f･＋〃!+)-'("+一ル･),
●

ナ=(f*+")-'2〃→
盆

HereweshallconsiderindelailsonlythematrixR

It is possible toelilmnate themamcesdin the
公

denominatorbyrepresentingRinthefbrm

R=(f-+f'-)-'("-ル半)/Ⅳ三』/ﾉV(3.3)

where"iSthenumber､andit isusefilltocalculateitasa

matrixelement:

Ⅳ＝<+|"ﾙｰ＋〃'￥f'一+f'-だ＋ﾙｰﾙ'≠'千>，
wherel±>representtheeigenstatesofthemamxoBo:

oBo l±＞・

Evaluationgives

Ⅳ＝(ﾙ+＋〃+)(た-＋え!-）
（3．4）

－(ん'--〃'十)(〃一ル-)sin2(X/2)

イル2±βb,Ar｡=J"'-脚±a are c-where ル±＝

numbersnowlandZistheanglebetweenthevectorsBoand
Bl .

Thenumeratorof(3.2)canbereducedtothefbrm:

ハ ハ ヘ ハ 八

44=k-ル十一ルI-"'++""+－たI~"
ハ ハ

=k+ﾙｰｰ〃た'~+(1/2)("'~+ﾙ'+)(〃一ル~)
ヘ ハ

-(1/2)(〃'千－た'~)("ob!+ob,")

wherethefirsttwotermsdonotcontaintheomatricesat

all,and6, istheunitvectorinthedirectionofB, .
A

Nowwecancalculatethematrixelementsof"4:

〈±|』|士>＝(ﾙｰ±た'一)(〃千"≠）

±(ﾙ1十一k'一)(ﾙ~+Ar-)sin2(X/2)

〈±|A|干>=-(〃叶-"'~)た菫sinjlr
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Fig.ZTherelativeangularsplittingofspinreversedbeamsin
U

dependenceonA. (inA)andtheexternalmagnetic6eldfbr'
0=4.2mrad. Thecrossesaretheexperimentalpoints(seesec.
4)．

gauss,andn---inradians.Thedependenceoftherelative

splittingA"/noniandBisshowninFig.2
Iftheexternalfieldissu飯cientlylarge,spinreversal is
fbrbiddenfbrAj<0.

‘
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§.3MatrixR

LetusfindthesolutionofmeSchrOdingerequationin

thepresenceoftheexternalmagneticfieldBoanda

magnetizedreflectingmirror:

（A－w8(z＞0)＋○忽(z)＋ル2)｡＝0(3．1）

wherelj isanopticalpotentialofthemirror,whichis

supposedtofillUlehalfspacez>0,8isthestepfimction

equal toumtywhenthe inequaliVinitsargument is

satisfiedandtozerointheoppositecase,

B(z)=49(z<0)+B,8(z>0),

andB, isthemagneticinductionofthemirror. We

considerthecasewhenBo#B,.

Thesolutionis"r)=exp(i上"r")g(z),where

lexp(i"Iz)gb+exp(-ifiz)"lg(z)=8(z<0)
ハ ハ

+9(z>0)exp(ﾉﾙ'iz)"
（3．2）

久 久

R, Tare the renectionand transmissionmatnces、

、/〃f±｡","'f=,/ﾙf-"±oB,andfis the
ハ

ルf=
spinorstateoftheincidentparticle・ Forsimplicityintlle

fbllowing,weshallomitthesubscript_L.

Matchingofwavefimctionat the interfacez=0 fbr
鼻 鉛

arbitrary5ogivestwoequationsfbrRandT:
ハ ハ ハ ヘ ハ ヘ ハ

I+R=7,"(I-R)=".

Thesolutionoftheseequationscanberepresentedas
fbllows:

InthecaseofX(andthesimilarlyfbrZ=Jr)theRbecomes

diagonalwiththeelementsR+=

(た+-k'+)/(h++"),R_=("-"･)/("~+"'.)､

ForthegeneralcaseUlefinalexpressionsfbrthematrix
八

elementsofRare:

｛凡零脚にI"}"…』’
1

尺手＝
C

l「 （た!÷-た1-)だ 1
R+千＝

1~(A-+ﾙ!~)("+kゞ)sln jlriC

C=1_(Ar'+一"!~)(k-ールや)sin2("/2)
（た~＋〃~)(〃＋〃+）

（3．5）

Thesefbrmulasareusefillincalculatingthebeamsplitting,
butthenotationsarenotappropriatefbranexperiment、
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Fig.3Thedependenceofthereflectedneutronintensityonthe

anglejofdetectorpositioning.

a)'0.2kGs,X=76｡, thedetectoraperture"=0.18mrad, the

grazingangleoftheincidentbeamisn=4.2mrad. The
intensitVdistributionmaximafbrdifIbrentAareobservedat

〃

thesamespecularangle"=n.

b)'6.3kGs,X=76｡,"0.18mrad,A=4.2mrad. Theangular
distributionoftherenectedintensityfbrtwodifftrent

intervalsofl. Inthevicinityofthespecularbeam('="),

ofIこspecularonesappear. Theangularshift"一′一向hasthe

quadraticdependenceontheaveragedwavelengthくわ．

becauseboth spinstates in the incident beamare

characterizedbythesamewavevector"=k~="witha
givennonnalcomponent". Thus， ifweconsiderthe

splittingofthepartofthebeaminitiall)'polarizedalongthe

field,wemustreplacef-Bobyfwhichmeansshifiingof
allfin(3.5)byBo. Thus,"fbrthatpartofthebeam

,/k3+28, ,ndbecomes"+=

0．0
｢~ 1 －－－1

2 4 6

Wavelength,A

8

Fig.4ThewavelengthdependenceofNJR+十/V尺inthespecular

direction'=4fbrZ=0andZ=76｡,andofIR_← |2fbrZ=76．
intheoffspeculardirection(△少0.7mrad.): a)E6.3kGs;b)
"3.2kGs.

Itiseasvtoestimatetheintensitvofreflectedbeamsinthe
ヴ ジ

casewhentheinsidefieldisstrongenoughtomake"'-

imaginaly,andleave"+real. Inthefirstapproximation
withrespecttoBo/f,thedenominatorcanbereplacedbyl
and the intensityof theofspeCularbeambecomes

proportionalto
2

－だ,sin2jlr
（A.z"?",'m"|R_≠|'=k ’ 2("+BI) '

､vherey-|2k/(Af+")|2-l.
§.4Experiment
TheexperimentwaSperfbnnedwidlthetime-offlight

renectometerofpolarizedneutronsattllelBR-2reactorin
Dubna.

ThesamplewasathinanisotropicFeCofilmonaglass

substrate. Theexternalfieldwasappliedeitherparallel lo

theanisotropyaxisinthefilmplane(X=0)oratanangleof

76deg. toit(outofplane). Themagnitlldeoftheexternal

,/k'-"十βb±BIル'工＝ Forthepartoftheincident

beampolarizedintheoppositedirectionwemusttake虎十三

A],cn"=Jk2_2a, ,and

,/k｡-"-Bb土β，ル'±＝

X=ず
△･訓m『．
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fieldcouldbevariedintherange0.01-7kGs. The

polarizedneutronbeamwithawideMaxwellianspectmm

wasincidentonthefilmatagrazingangleA=42mrad.

ThepolanzationofthebeamP(",)wasa
○

InonotonousfimcliondecreasingfromP=0.98atlFl.8A
○

toP=0.5atl=7A. ThedetectorwiUlacadmiumslitof0.5

mmMdthwasplacedat2.68mfromthesample・ Thus、

theangularapemreofthedetectorwas"=0.18mrad.Tb
determinetherenectioncoe伍cientstheintensitVofthe

incidentandrenectedneutronsweremeagllredatdij千Erent

orientationsandmagnimdesoftheextemalfieldB.

ForX=0, the dependence ofMR++MR_ on the

wavelengthwasmeasured. Here,M(4)areproportionalto

the intensitiesofthe incidentneutronswithtwospin

prqjectionsontheexternalfield,and凡arethesquaresof

modulesoftherelatedrenectionamplitudes.

ForI=76｡､heangulardistdbutionsoftherenected

neutronsweremeasuredfbrtwomagmmdesoftheexternal

field:0.2and6.3kGs. (Fig.3).

InthefieldB=6.3kGs,oHLspecularneutronswere

observedatl>'0.TbdeterminethedependenceofA'='

-'oonltheenergyrangeofthecountedneutronswas

restrictedtotwointervals△えland△え2aroundll=2.6and

J2=3.5Arespectively. Themeasuredratioof tlle
magmmdes△例(4,)and△企(la) (Fig3b) satisfies the

relationA伽(JI)/△の(l2)=(ﾉ1,//l2)2withaprecisionbetter
than0.5%,andcorroboratesUlequadraticdependenceof

A'onl. ThemeasurementsofA'atfixedJanddiHerent

Bcorroboratethelineardependence△′“β・

ForthefixedpositionofthedetectoratA〆0.7mradand

twomagmtudesoftheexternalfield:B=6.3and3.2kGsthe

spectraldependenceofthesquaremodulesofRｨ_+,R+_,and

R_+weremeasured(Fig.4).Thespectralintervalofthe

measurementswasdetenninedbytheangulardetector

aperture6f0.18mrad.

Theprobabilities l凡零(/l)|'werea,s｡measuredatA'
=1．06mradfbrtwomagnitudesoftheexternalmagnetic
field(Fig. 5). Thepositionsandspectralwidthsofthe

imctions l凡零(/l)|'corroboratetheexpectcdilleoretica1
へ

dependenceA'"βえ4. Itisevidentthatthemeasurement

ofthenondiagonalelemcnts lRt¥(/l)|'inawidespectra1
intelvalofJlintheorspeculardirectionrequiresdetectors

with awide angular aperture, contrarily to the

measurementofthesumMR+(4)+"R_(ﾉl)inthespecular
direCtion.

§.5Conclusion

Theobtainedexperimentaldatademonstratethat the

renectometryinllighextemal fields (β≧2kGs) from

noncollinear structures with nondiagonal renection

matricesrevealsstrongangulardispersionofthereflected
neutronswith reversed spins． For thecaseofa
nonpolarized incident beamthe obseIvationof this

dispersion gives the opportunity tomeasure Ule

nondiagonalelements l凡干(ﾉl)|2int,,e｡fspecu'arbeams
andthesumM_R+(J,)+MR_(ﾉl)inthespecularone・ Italso
givestheopportunitytogetinformationonthedismbution

ofmagnetizationinfilmsusingnonpolarizedneutrons.
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