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1. Introduction

Spin-polarizedelectrontunnelingisan experimentaltechniquewhichhasusedspecialproperties
of the superconductingstateto probe spin-dependentfeaturesof the electrondensityof statesof
superconductors,magneticmetals,andmagneticsemiconductors.The developmentof this tech-
niqueandapplicationof themethodto thestudyof varioussuperconductingor magneticsystems
are describedherefrom an experimentalpoint of view. Brief summariesof theoreticalideasare
presentedasneededfor anunderstandingof thevariousexperiments;detailedtheoreticaltreatment
of thesetopics is provided by the references.A review by Fulde [1] describesearlier work on
spin-polarizedelectrontunnelingandmuch of the theory of spin effectsin superconductors.Wolf
[2] gives an extensivereview of the general field of electrontunneling spectroscopy.Books by
Burstein andLundqvist [3] and Duke [4] are sourcesof earlier work on tunnelingin solids.
Conventionalsuperconductivityis treatedin booksby Tinkham [5], Rickayzen[6], de Gennes
[7], and Schrieffer [8]; Superconductivity,edited by Parks [9], is still an excellent reference.
Discussionsof superconductivityfrom amore applied point of view can be found in booksby
Solymar[10], Van DuzerandTurner [11] andby Delin andOrlando [12].

Becausean understandingof theexperimentsrequiressomeknowledgeof electrontunnelingand
of the responseof superconductorsto appliedmagneticfields, a briefdiscussionof thesetopicsis
includedin the introduction.In addition, somebasicconceptsof the Bardeen—Cooper—Schriefer
(BCS) [13] theoryof superconductivityarerequired,suchas singletpairing,theenergygapin the
densityof electronstates,the coherencelength,andthemagneticpenetrationdepth.In this review,
mostlysuperconductorsthatareknownto be of theconventionalBCStypeareconsidered,sincein
the morerecentlydiscoveredhigh-temperatureor heavy-fermionsuperconductors,spin effectsare
not well understoodor havenot yet beenobservedexperimentally.

1.1. Superconductingbehaviorin a magneticfield

In discussingthe responseof superconductorsto a magneticfield it is useful to divide the
materialsinto two classes,typeI andtype II. The typeI materialsareusuallypuresingle-element
metals,which canhavearelativelylongelectronmeanfreepath 1, andalow transitiontemperature
in zerofield, T~O•When placedin amagneticfield, thesematerialssupportasurfacecurrentthat
generatesa magneticfield which cancelsthe applied field within the body of the superconductor.
Thecurrent flows in asurfacelayerwhosethickness,the penetrationdepthA, is the depthto which
theexternalfield penetratesinto thesuperconductor.At somecritical valueof the appliedmagnetic
field H~(fl,theenergyassociatedwith this surfacecurrentequalsthe condensationenergyof the
superconductingstateat the temperatureT, the surfacecurrent disappears,andthesuperconduc-
tor revertsto thenormalstatevia afirst-ordertransition.TypeI superconductorsarecharacterized
by apenetrationdepth)~which is shorterthan the coherencelength i~.The coherencelength is
ameasureof the averagesize of the electronpairs and the minimum lengthscaleoverwhich the
superconductingwavefunctioncanchange.It is roughly proportionalto T

1~0
1andcanrangefrom

aboutananometerto amicrometer.
Type II materialsare generallyalloys, compounds,or dirty (shortmeanfree path)materialsin

which i~> ~. Whentheappliedfield exceedsavalueH~
1,thesematerialsadmit the externalfield in
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the form of units of magneticflux calledvortices.Thesevorticeshaveanormalcorewith adiameter
~ anda distributionof circulatingcurrentssurroundingthe corewhich hasacharacteristicsize

given by 2. As thefield increases,morevorticesenteruntil the coresareclosepacked.At thatfield,
the superconductorbecomesnormalvia a second-ordertransition.Sincethe vorticeseachcontain
onequantumof magneticflux ~ = h/2e,the critical field for T ~ T~0is

H~2~ 4o/2it~
2. (1)

Type II materialsgenerallyhavemuchhigher critical fields than typeI materialsfor the same
valueof T~

0.A descriptionof the energeticsinvolved in typeI andtypeII behaviorcanbe found in
refs. [5—12]andin many elementarysolidstatephysicstexts.The critical fields in bulk materials
and thin films are often best calculated by using the phenomenologicalequations of the
Ginzburg—Landautheory [5, 7, 9, 14] which precededthe microscopictheory.

Thus far in the discussion,we haveconsideredonly the interactionbetweenthe field and the
motion of the electrons.If the critical field is high enough,however,the interactionbetweenthe
field and thespin magneticmomentji of theelectronsmustbe takeninto account.If ,iH~2� kT~0,
the spin energyis comparableto the superconductingcondensationenergywhena field nearthe
critical valueis applied.It is materialsthat fall into this regimethat areof interestfor this review.

A furthercomplicationarisesif the superconductorsarein thin-film form. If the film thickness
d is lessthan the penetrationdepth2 andthe field is appliedin the planeof the film, the Meissner
[15] screeningcurrentsaregreatly reducedandthe field penetratesthe film nearlyuniformly. As
a result, the critical field H~21~can be much higher than for abulk sampleof the samematerial.
Theseadditional spin andthin-film effects on the responseof a superconductorto an applied
magneticfield will be discussedmorefully in section2.

1.2. Electron tunnelingspectroscopy

The tunneling experimentsof Giaever[16] in 1960 followed by thoseof Shapiro et al. [17]
introduceda techniquewhich hasproved to be an extremelypowerful and subtleprobe of the
superconductingstate. The theoreticaljustification of Giaever’s intuitive interpretationof the
experimentalresultswasfurnishedby Bardeen[18]. An introductorysketchof thephenomenologi-
cal theory andexperimentaltechniqueis presentedhere.

Electron tunneling is a quantumphenomenonin which electric current can passfrom one
electrodethrougha thin insulatingbarrier layerinto asecondelectrode.This three-layersystem—

electrode,barrier, andcounterelectrode— is referredto as a tunneljunction. For technicalreasons,
thesejunctionsusually havebeenfabricatedusinga thin metalfilm as the first electrodewith an
oxide providing the barrier. Although other geometriesare possible,most of the significant
spin-polarizedtunnelingeffectshave beenobservedin planar thin-film junctions.

The quantity usually measuredin a tunneling experimentis the current or its derivativeas
afunctionof appliedvoltage.The startingpoint for the calculationof the tunnelcurrentis similar
to thatusedin describingsemiconductorjunctions.With no voltageapplied,the Fermilevelsof the
two electrodesmust be equal.An appliedvoltagemanifestsitself as adifferencein energybetween
the two Fermi levels. The current is found using Fermi’s goldenrule; that is, the numberof
electronstunnelingis given by theproductof the densityof filled statesat agiven energyin one
electrodeandthedensityof emptystatesin the otherelectrodeatthe sameenergymultipliedby the
squareof a matrix elementdescribingthe probability of tunneling.Usually, this matrix elementis
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takento be independentof energy.Becausethe energiesinvolved in superconductivityare only of
theorderof millivolts, while the oxide barriersareusuallya few volts in height,anychangein the
barrier with voltageis ignored, in contrastto the semiconductorcasewherethe biasvoltagesare
muchlarger.For this model,[2, 3, 16] thecurrent of tunnelingelectronsat energyE flowing from
electrode1 to electrode2 is then,

I+(V, E) N1(E — eV)N2(E)IMp
2f(E— eV)[l —f(E)] . (2a)

HereVis thevoltageon thefirst electrodewith respectto thesecond,N
1 andN2 arethedensitiesof

statesof the first andsecondelectrodes,andf is the Fermi function,andthe energyE is measured
from the Fermi energy.Similarly, the tunnelcurrentfrom electrode2 to electrode1 is given by

I_(V, E) N1(E — eV)N2(E)1M1
2[1 —f(E — eV)]f(E). (2b)

Assumingthat MI2 is independentof energyin theregionof interest,the totalcurrentthenis given
by 1+ — I_ integratedover all energieswhich reducesto

1(V) IMI2JN! (E — V) N
2(E) [f(E — V) —f(E)]dE. (3)

There are threecasesto be considered:(i) both electrodesnormal metals,(ii) one electrode
normalandonesuperconducting,and(iii) bothsuperconducting.Rememberingthat the effect of
the appliedvoltage is to slide the densityof statesof oneelectrodepast that of the otheras the
electronpotentialenergyis changedand thatelectronstunnelat constantenergyfrom afull state
on onesideof thebarrier to an emptystateon the other,onecanpredictthe voltagedependenceof
the tunnelingcurrent with the help of figs. 1—3.

Whenboth electrodesarenormal (fig. 1), eq. (3) becomes

I N~iN~2Jf(E— eV)f(E)dE. (4)

For T = 0, onecan easily deducegraphically that eq. (4) gives I ‘~ V, that is, ohmic behavior.
Equation(4) canalso be evaluatedanalyticallyfor T � 0 if V is not too large,andagain,I ‘~ V.
Using the diagramsin fig. 1, onecan see that increasingthe bias voltage simply increasesthe
numberof full statesfacingemptystatesacrosstheinsulator,giving alinearincreasein currentwith
voltage.

Themostimportanttunnelingcasefor thisreview ariseswhenoneelectrodeis superconducting
andoneis normal.The BCSsuperconductingdensityof stateshasagapin the excitationspectrum
of A on eachsideof the Fermilevel andcharacteristicsingularitiesin N~(E) forE = ±A. TheBCS
densityof statesfor thesuperconductorhasthe form [13]

N E — J(N~(E)E)/(E
2— A2)112 El � A ,~( ~io Ep<A, ()
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Fig. 1. Schematicrepresentationof the density of statesnear Fig. 2. Superconductor—normal-metaltunneling. (a) BCS den-
EF of two closely spaced normal metals with a potential sity of statesof a superconductoras a function of voltage.
differenceand the resulting linear current—voltage tunneling (b) Temperature-dependentkernelin theintegralexpressionfor
characteristic, theconductance.(c)TheoreticalnormalizedconductancedI/dV.

Voltage is measuredfrom theFermi energyof thesuperconduc-
tor. Note that the electron energy decreasesas the voltage

increases.After [92].

whereN~is the densityof statesof the metal in the normalstate.Forsimplicity, the normalstate
densityof statesis assumedto be independentof energyandcanbe removedfrom the integralin
eq. (3). In this case,eq. (3) becomes[16]

I NnJNS (E) [f(E + eV) —f(E)] dE. (6)

Little current canflow when levi < A becausethereare only a few thermally filled statesin one
electrodefacingasimilar numberof emptystatesin theother.WheneVexceedsthe gapenergy,the
current rapidly increases.At higher voltages,the current againapproachesa linear dependence
onV.
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Fig. 3. Semiconductormodel oftunnelingbetweentwo superconductors.Theupperdiagramsshowthedensityof statesnearEFof two
superconductorswith differentenergygapsata finite temperaturewell belowT~.Theshadedregionscorrespondto filled electronstates.
ThebottomdiagramshowstheconductancenearEF asa function ofvoltageaboutEF.At thesumof thehalfgapsthereis a very sharp
peakand at thedifferenceof thehalf gapsthereis an inflection point causedby thetemperature-excitedstates.

Theimportanceof thisexperimentalconfigurationcanbe appreciatedby takingthederivativeof
I with respectto V in eq. (6). The result can be written in the form

~(V) JN. (E)K(E + eV)dE. (7)

Thus,dI/dV is the convolutionof the superconductingdensityof statesN~(E)andK(E — V), the
derivativethe Fermi functionf (E — eV) with respectto V,

K = flexp[fl(E + eV)]/{1 + exp [/3(E + eV)]}
2.
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Here fi = 1/kT. The functionk peaksat E = eVandapproachesa 5-functionas the temperature
T —~ 0. Thus, in the limit of low temperature,the conductancedI/dV( V) approachesN5(V) and
a measurementof tunneling conductanceclosely reflects the density of excited statesof the
superconductor.Indeed, by a deconvolutionthe density of statescan (at least in theory) be
reconstructedfrom the conductancedata[19]. Figure2, basedon the semiconductormodelof the
excitedstatesof asuperconductor,showsthe directnessandpower of this sort of measurement.

The third case of interest involves two superconductingelectrodes.The mathematicsnow
becomestoo involved for this introduction[2, 16, 17] becauseof thesingularitiesin N~,sowe rely
on the semiconductormodel.At T = 0 no currentcanflow if leVi <(A1 + A2), onehalfof the sum
of the energygaps of the two superconductors.For T << T~thereis a very small current for

leVi <(A1 + A2) and at leVi ~ (A1 + A2) thereis a very sharp increasein current.For higher
voltages,ohmic behavioris again approached.At higher temperatures,a peakappearsin the
currentat leVI ~ (A1 — A2), the differenceof the gapenergies.Thispeakis causedby the presence
of thermallyexcitedquasiparticlesin theotherwiseemptystatesjust abovethe gapenergyandthe
consequentholesin thefilled statesjustbelowthegap.Thesethermallyfilled andemptystatesline
up at the same energywhen the bias voltage reaches(A1 — A2)/e. Figure 3 again shows the
conductancedI/dV that is observedin this sort of measurement.The inflection points are at
leVi ~ ±(A2 — A1) and the very sharpsum peaksare ateV~±(A2 + A1).

Most of the data in this review are in the form of dI/dV plots versus V for S/I/N junctions
becausethey reflect most directly the densityof statesof the superconductor.However,conduc-
tancecurvesfor N/I/N and S/I/Sjunctionsare includedin sometopics.

1.3. Fabrication of tunneljunctions

The experimentaldifficulties in making tunneljunctionsgenerallyfall into two categories.First,
thereis the problemof makinga barrier thatis uniform andfree from holesand is not too thick to
allow tunneling.The thicknessrequiredis of theorderof 1—2nm. The secondproblemis to make
the surfaceof the superconductorgoodenoughsothat thejunction characteristicsrepresentthe
interior propertiesof the metalandnot thoseof asurfacelayer whosecomposition,structureand
electrical propertiesare not well characterized.This requirementfor surfacequality generally
meansthatanyundesirablesurfaceconditionsmustextendmuchlessthanacoherencelengthinto
the superconductor.However,for ferromagneticmetalsthe toleranceto surfacedegradationis of
theorderof amonolayer.

Thesetwo problemscanbesolvedmosteasilyif thefirst-depositedelectrodeformsan oxidelayer
whosethicknessis suitablefo.r tunneling.Aluminium hasbeenthe mostusefulandreliablematerial
becausethe oxide layeris chemicallyself-limiting in the tunnelingthicknessrange,besidesbeing
uniform andpinhole-free.Tin, indium,andlead arealsouseful, althoughmore difficult thanAl.
Compoundsandalloys are more challenging.Often an “artificial” barriermust be used,that is,
a depositedinsulating film not related to the electrode material [2]. Aluminium oxide and
amorphoussiliconaretwo materialswidely usedfor this purpose[2, 20,21].MaterialssuchasNb,
whichhasametallic oxide phase,andmagneticmaterials,whichform magneticoxidelayers,create
specialproblemsin barrier formation [2]. When thermalprocessingconstraintsarenot prohibi-
tive, it is usualto useAl or Pbas thefirst-depositedelectrodeandto providethe barrierwhenmore
complicatedmaterialsarebeingstudied.Compoundsandalloys oftenhaveshortcoherencelengths
~ 10 nm, so the demandson the surfacepreparationcan be severe.The very short coherence
lengthsin high-Tacompoundsareoftencitedas thereasonfor thedifficulties in tunnelingstudiesof
thesematerials.Nearly all of thejunctionsdescribedin this reviewareplanar thin-film junctions,
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Al (40A) Al
2 03 (18A)

Fig. 4. Cross-sectionof anAl/A1203/Ag tunneljunction andplan view of a set of threejunctions with contact pads.

and most of them involve Al as one electrodeand A12O3 as the barrier. For most of these
measurements,the magneticfield mustlie as closelyaspossiblein theplaneof thetunneljunction
to minimize orbital depairing.This alignmentis most easily accomplishedif ahorizontalfield is
availablesothatthecryostatcansimplyberotatedto bringtheverticallymountedfilm sampleinto
coincidencewith the field direction.More commonly,however,a vertical solenoid providesthe
field so thata sampleholderwith angularadjustmentis required.

Typical junction fabrication is as follows. First,an Al film is depositedthroughamaskto form
a long, narrowstrip (usuallyabout0.2mm wide). Next, the Al film is subjectedto an oxygenglow
dischargeto form the tunnel barrier. Then a counter-electrodematerial is evaporatedthrough
a mask to form aseriesof crossstrips,makinganumberofjunctions. Finally, somematerialsuch
as In solderor Au is evaporatedthrougha mask to makecontactpadsat the ends of all the
electrodesfor attachingwires for the electrical measurements.A schematicrepresentationof
a tunneljunction is shownin fig. 4. Variationson this procedureareincorporatedto take into
accountthe propertiesof the materialsto be studied.For instance,in many of the experiments
reportedhere,theAl film mustbedepositedon asubstratecooledto liquid-nitrogentemperaturein
order to makeuniform andcontinuous4 nm-thick films.

Many tunnelingresultshavebeenobtainedwith circuits which measurethe derivativesof I or
V [2]. Most of thedatapresentedherearein theform of plotsdI/dVasafunctionof V. Thesedata
areobtainedby biasingthejunction with avoltagesourcethatconsistsof aslow rampandasmall
constantamplitude,audio frequencymodulation.The AC current throughthejunction is meas-
ured usinga lock-in detector.The output of the lock-in detectoris thenproportionalto dI/dV.
Many workersprefermeasuringdV/dI, the incrementalresistanceof the junction, becausethis
techniqueinvolves a true four-terminal measurement.Measuring dV/dI requirestwo current
sources,oneaslow ramp,andtheotherasmall, constant-amplitudeAC signal. The AC voltage
acrossthejunction is measuredusingalock-in amplifier.The outputcanthenbe invertedto yield
dI/dV for comparisonwith theory.The advantageof this techniqueis thatthe leadresistancedoes
notenterinto the measurement.Thedisadvantagesarethathigh-resistancejunctionsaredifficult
to measure,andfeatureslike thedifference-of-the-gapspeakin S/I/S tunnelingcannotbe studied
becausethe voltage becomesa double-valuedfunction of the current and, hence,cannot be
resolvedusingacurrentbias. In addition,avery largedynamicrangeis neededto examineboth
conductancemaximaand the gapregionsof the tunnelingconductance.The disadvantageof the
dI/dV techniqueis thatjunctionsmusthaveresistancemuchlargerthanthe leadresistanceto be
measuredaccuratelybecausethedI/dV measurementis a two-terminal one.
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1.4. Design of this review

Becausethe centralbody of experimentalwork describedhereis theauthors’own, the develop-
mentof eachtopic hasa historicalpointof view, with complexityanddetailsaddedasthenarrative
progresses.We feel that this type of organizationpresentsmore clearly the power of the spin-
polarizedtunnelingtechnique.The requiredspecializedknowledgeof superconductivity,magnet-
ism, or experimentalmethodsis introducedwith eachtopic in brief form, alongwith referencesto
moredetailedand rigorous treatmentsof the material.

2. Spin paramagnetism in superconductors

The BCStheory [13] establishedthatthesuperconductingelectronpairsinvolvedtime-reversed
states.Oneconsequenceof this assumptionof (k ~, — k.~)pairing was shownby Yoshida[23] to
bethat the spin susceptibilityx~of superconductingelectronsshouldapproachzeroexponentially
as T approacheszero.The vanishingof x~implied that the Knight shift should vanishwell below
T~.However,theexperimentalvaluesof thechangein Knight shift in Hg by Reif [24] andin Sn by
AndroesandKnight [25] werefoundto bevery small. In arelatedtheoreticalstudyit was pointed
out by Clogston[26] andChandrasekhar[27] that the spin pairing of the BCStheory implied an
upperlimit of thecritical field calledthe Pauli or paramagneticlimit H~,which often was exceeded
in high-field superconductors.

To explain why a vanishing of the Knight shift had not beenobserved in experiments,
Ferrell [28] andAnderson[29] introducedthe conceptof spin—orbit scatteringinto the theory,
a mechanism which could eliminate the effect of superconductivity on the normal-state
paramagnetismwithout destroying the time-reversal invariance of the superconductingstate.
The mathematical technique of incorporating spin—orbit scattering into the microscopic
theory wasprovided by Abrikosov and Gor’kov (AG) [30] andwas applied to the critical field
of type II superconductorsby Maki [31] andWerthameret al. [32]. The AG theory suggested
that spin—orbit scatteringshould increaseapproximatelyas Z4, whereZ is the atomic number
of the superconductingelement.For this reasonAl was expected to have strong spin effects
similar to those implied by the BCS theory. Indeed Hammond and Kelly [33] and later
Fine et al. [34] observedin Al a substantialfraction of the knight shift changepredictedby
Yoshida[23].

2.1. Critical magneticfield of Al thin films

Theseearlierexperimentsandtheorysuggestedthatmeasurementsof the critical field of thin Al
films might be a crucial test of the microscopictheory including spin effects. It is ironic that
aluminiumshouldprove to be the ideal material for elucidatingthe spin propertiesof high-field
superconductors.Its transitiontemperatureT~is only 1.18K andits critical field in bulk is about
100g! However, theconfluenceof severalmaterialpropertiesmakeAl uniquein its suitability for
thishigh-field study.Aluminium films canbemadeas thin as4nm with little difficulty, andthe fact
thatfor suchthin films T~= 2.5K [35, 36] allowslow reducedtemperaturesto bereachedwithout
the needof dilution refrigeration. For such thin films the critical field increasesby orders of
magnitudeto allow measurementsin substantialmagneticfields (seefig. 5) [35, 37]. In addition,the
electronsin Al havelong spin lifetimes, [38] allowing thefull rangeof spin effectsto bestudied.Of
greatimportanceis thefact that the self-limiting oxide thicknessof Al is ideally suitedto making
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Fig. 5. Critical magneticfield H, ofAl thin films asa function ofd. The dashedline hasa slopeof — 3/2 in theregionfrom 2000 to
200A [35].

tunneljunctions.Finally, being a pure element,films of Al can be repeatedlyandreproducibly
madewithout extensivemetallurgicalexperienceor equipment.

The mostfamiliar responseof asuperconductorto amagneticfield is the Meissnereffect [15] in
whichcirculatingcurrentsareestablished,muchlike eddycurrentsin anormal conductor.These
currents,beingnon-dissipative,raisethe free energyof thesuperconductorandleadto the critical
field. For superconductingfilms of thicknessd, whend ~ 2 andd <~, amagneticfield parallelto
the planeof the film penetratesthe film almostuniformly andthe screeningcurrentsareminimal.
Fromamicroscopicpoint of view, the magneticfield breaksthe time-reversalsymmetryandtends
to breakup superconductingpairs. Maki [31,39] showedthatin theshort-mean-free-pathlimit the
strengthof an interactiondetrimentalto superconductivitycan be includedin thetheory in terms
of the depairingparameter~x.In thin films, the orbital depairingparameterc~has two forms
dependingon whetherthe field is parallelor perpendicularto thefilm plane.Thus otP~~P= eDH/3
while OtparaIleI = e2d2DH2/6h[1,39,40]. Whenthe thicknessandthemeanfree path1 (andhencethe
diffusion constantD = vFl/3) are small, ~para11e1 is small and H~

2~1becomeslarge. Here A is the
superconductingorderparameterand vF the Fermi velocity. In this casethe qualitativecriterion
for the critical field is thatthereis oneflux quantumin an area ~ ~d.In addition, if the meanfree
path 1 4 ~ and / ~ d, then~ ~ (~0d)”

2,where~ = hvF/IIA. Thus eq. (1) becomes

H~
211 2m~,~/

2d312 8)

Figure5 showsthatthed312dependenceof H~
11predictedby eq. (8) wasfound in Al films from 200

to 10 nm, but for thethinnestfilms H~21~becomesindependentof d [35]. At d = 4 nm, H~211= 4.8 T,
whereas,for orbital effects only, we would expectHc2l1 ~ 20 T. This limitation in H~211is mainly
attributableto the electron-spinmagneticmoment.

In the very thin film limit, d ~ 2, the orbital effects of screeningcurrentsbecomesmall, and
electronspin effectscandominate.Clogston[26] andChandrasekhar[27] proposedthatwhenan
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Fig. 6. Experimentalvaluesof H, for a 5 nm Al film as a func- Fig. 7. Theoreticalfield dependenceof the orderparameteras
tion of 1 — [(1 — t2)/(1 + t2)]~2(the two-fluid temperaturede- a function of spin—orbit scattering. For l/t,,A < 2.32 the
pendence).Correspondingvaluesof t = T/TC are shownat the order parameteris double valued due to the first-order
top of thefigure. Dashedline assumesd 3/2 dependenceof H,~

1 natureof the transition giving rise to a superheatingand
and no paramagneticlimiting. Solid line is thetheoreticalsee- supercoolingtransitionaswell asthethermodynamictransition.
ond-ordertransition curvefor a = 5, ~, = 0; dash-dottedline, After [50].
first-ordertransition; dottedline, supercoolingfield curve. The
inset shows the small, but sudden increaseat t = 0.34 that
probablymarks thefirst-ordertransition [45].

appliedmagneticfield actingon the magneticmomentsof the electronslowers the energyof the
paramagneticnormal state by an amount equalto the superconductingcondensationenergy,
a transitionto the normal stateshouldoccur. Thiscritical field causedby Pauli paramagnetismis
given, at T = 0, by

H~= Ao/,/~i= 1.86T~0(teslas) (9)

where2A0 is theenergygapatT = 0 andji is themagneticmomentof theelectron.Paulilimiting of
H~2was first demonstratedby StronginandKammerer[37] by ameasurementof H~211versusTof
Al thin films. Theeffect is alsoshownin fig. 5 wherethe critical field at low thicknessis causedby
Paulilimitation [35]. In this case = 4.6 T from eq. (10), which agreesqualitativelywith H~2as
measuredat low value of thicknessand temperature.

Further theoreticalwork by Sarma [41] and Maki and Tsuneto [42,43] showed that the
transitionto the normal stateshould be a first-orderphasetransitionat sufficiently low temper-
atureand high magneticfield. The field and temperatureat which the order of the transition
changesis atricritical point. The tricritical temperatureis denotedT1 [44]. Measurementsof the
temperaturedependenceof H~2of thin Al films (fig. 6) showedthe presenceof this first-order
transitionaspredicted[45]. Suzukiet a!. [46] havemadeadetailedstudyof the resistanceof thin
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Al films as a function of thicknessin the neighborhood of the tricritical point. This work
demonstratesthe movementof the tricritical point with increasingorbital depairing.

The theory was further developedfor bulk type II materialsby Werthameret al. (WHH) [32]
(seealsoref. [47]) andby Maki [31,42,43] to includethe temperaturedependenceof H~2and the
effect of spin—orbit scattering.EnglerandFulde [1,40,48,49] extendedthis work to thetunneling
propertiesof superconductingthin films. Figure7 showstheoreticalvaluesof theorderparameter
as afunction of field andspin—orbit scattering[1,48,50]. In this theory,H~211(I)is calculatedas
a function of several parameters:the transition temperaturein zero magneticfield, T~0the
normalizedspin—orbit scatteringrateb h/3Ar50 andanormalizedorbital depairingparameter,
c e

2d2DA/6h~u2.(Thenormalizedspin—orbit scatteringrateis denotedby ~ in the WHH paper
and in most experimentalwork on bulk materials;~ 2h/3ickT~

0’r50or ~ = 1.12b for a BCS
superconductor.)[47] HereA is the superconductingorder parameterand;~is the spin lifetime
causedby spin—orbit scattering.In comparisonsof the theory with experiment(see,for instance,
Hake [51] andNeuringerandShapira[52]), the spin—orbit scatteringparameterb could not be
measuredindependentlyandwas usedonly as afitting parameter.This problemandits resolution
arediscussedbelow and in later sections.The theory is only qualitatively correctin this form,
becausemany-bodyeffects havebeenneglected.Later sectionswill examinethe proceduresfor
obtainingquantitativecalculationsof the critical field.

2.2. Fluctuations

In the late 1960s,it was realizedthat thermodynamicfluctuationsof the orderparametercould
playa major role in determiningthe shapeof the resistivetransitionof asuperconductingthin film
as it passedfrom the normal to the superconductingstate.Such fluctuation effects had been
expectedto be small in superconductorsbecauseof the largecoherencevolume ~. However,thin
films with thicknessd much less than ~ were easily madeandhad a much-reducedcoherence
volume of ~

2d,allowing fluctuationeffectsto be easilyobservable.Sincethe temperature-depend-
entcoherencelengthdivergesat T = T~as(T — T~)1/2 [53], thequantitiesaffectedby fluctuations
in thin films tend to divergewith a (T— Ta)’ dependence.This divergencetakesplace along
asecond-orderphaseboundary;sincefilms lessthanthepenetrationdepth2 haveasecond-order
transitionin an appliedmagneticfield [54], the resistivetransitionasafunctionof H at constant
Tsimilarly showsfluctuationbroadening.Thispropertyof thin films thencanbeusedto studythe
Pauli-limited regime because,as in section 2.1, the phaseboundarybetweenthe normal and
superconductingstatesfor suchfilms is of first orderatlow Tandof secondorderat highT. Thus,if
the resistanceR of a film is measuredas a function of H at various temperatures,it will show
a broadenedtransition for T> T

1, the tricritical temperature,and a much less broadened
transitionfor T < T1.

The theoryof the fluctuationconductivity wasaddressedby Aslamazovand Larkin [55], who
found, for a thin film in zerofield, aconductivity

aAL(r) = e/l6htd, (10)

wherer = ln(T/T~)~ (T — T~)/T~for Tnot too far from T~.With afield appliedin theplaneof the

thin film at constanttemperature,this expressiontook the form [56]
e

2 3kT
tTAL(H) = 2ird De2d2 [H2 — H~(T)] (11)
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Anothercontributionto the fluctuationconductivitydescribedby Maki [57] andThompson[58]
is suppressedat low temperaturesandhigh fields and will not be importantfor this discussion.
Fluctuationsin superconductorswhosecritical field is limited by Pauli paramagnetismwas first
consideredby FuldeandMaki [59]. Aoi et al. extendedtheseresultsandshowedthatin thecaseof
a paramagneticallylimited film, the d2 factor in the denominatorof the secondparenthesisof
eq. (11) should be replacedby an expressionfor effective thickness[53,60]

d*2 = d2 + 3p.hT~/De2H~T. (12)

For the thin films used in these studies, the second term is much larger than d2, so d*2 is
independentof d and eq. (11) can be written as

tTAL(H) = 2ithdH~kT2[H2 — H~(T)]’. (13)

Thus the dependenceof t~AL on H is not changedin the Pauli-limited case,but the prefactor
involving temperatureis differentfrom that in eq. (11). Aoi et al. [53] also analyzedtheangular
dependenceof H~of Pauli-limited superconductors.

The first experimentalevidencethat therewas achangein the order of the phasetransition in
thin Al films was obtainedby Tedrowet al. [45] from measurementsof the resistivetransitionat
varioustemperaturesas afunctionof field appliedin the planeof thefilms. Typicaldataareshown
in fig. 8, whereR is plottedagainstH. Forhigh temperatures,the transitionsarequitebroadbut,
for T<~1.5 K, the transitionsbecomesharp,evenrising abovethe curvesfor higherT. Thissudden
sharpeningof the transitionalso coincideswith the slight rise in H~ata reducedtemperatureof
0.34 shownin fig. 6.

For T < T
1, the critical field measuredby the resistivetransitioncorrespondsto the first-order

transition;however,the critical field calculatedby the Fulde theory (seerefs. [1,48] and references
therein)correspondsto the second-ordertransitionwhich is often calledthe supercoolingfield H5~
in analogywith similar phenomenain the thermodynamicsof fluids.Here,~ is the lowestfield in
which the normalstatecanbe microscopicallystableatagiventemperature.Usingthefluctuation
phenomenadescribedbefore,onecan measurethis supercoolingfield.

1/K) L
“~1 A 21?

~/o2Cc4fl/C/O~

H(kOe)

Fig. 8. Recordertracesof R versusH for a 5 nm Al film at severaltemperatures[45].
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Fig. 9. a~/a
1versusH

2 for a thin Al film at threetemperatures.T
1 for this film is 1.08K [60].

Equation(13) implies thato~plotted againstH
2 is astraightline whoseslope variesas T2.

Theintercepton the H2 axis is H~if T is greaterthan T
1 andit is H~for T < T1. To obtain~AL

from raw datasuch as thoseshownin fig. 8, aparallelconductancemodelis used in which the
measuredconductanceo(H) is given by the parallelcombinationof the (constant)normal-state
conductancea0 andthe fluctuationconductancea~jso that

a(H) = a~,+ a~. (14)

Then

= a0/[a(H) — a~]= R(H)/[R0 — R(H)] , (15)

wherethe resistancesR(H) = a(H)’ and R0 = a~1 arethe quantitiesactuallymeasured.Figure9
shows the result of plotting the datasuch as in fig. 8 in this way [60]. As expected,the data,
representedby solid lines, lie on straightlines at high field. The line for T = 1.0 K reachesthe H

2
axis,but thelines for low temperaturesareinterruptedby thefirst-order transition.The extrapola-
tion of theselines to theH2 axisgivesvaluesfor H~which canbeplottedon anH versusTdiagram
as shownin fig. 10. Thus,both the first- andsecond-ordercritical fields canbe measured,andthe
second-orderfield can becomparedwith theoryevenfor temperaturesbelowT

1. Figure10 shows
a fit of Fulde’scritical field theory to the data.We seethat thethermodynamicfluctuationsof the
order parameter,although not fundamentallya spin effect, can be used to probe the spin-
paramagnetically-limitedstate.

2.3. Zeemansplitting of the densityofstates

Near T~0,the theory predictsthat atH~2the transitionto the normalstateis of secondorder,
whereasatlow temperaturesthe transitionisof first order,asdiscussedin theprevioussection.The
small rapidchangein H~2versusTin fig. 6 andthebehaviorof the fluctuationconductivityin fig. 8
are subtleconsequencesof this first-order transition.A more convincingtest is to measurethe
energygapasafunctionof field at low temperatures.Theorypredictsthat for T4 T~0and for no
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Fig. 10. The measuredparallelfirst-order(opencircles)andsecond-order(full circles)critical fieldsfor thesamefilm asin fig. 9. (a) The
low-temperatureregionshowingthesupercoolingportionofthesecond-ordercritical field. (b) Thefull critical field curve.The solidlines
in both (a) and(b) arethe theoreticalresultsfor b = 0.18 andc = 0.12 [60].

spinscatteringthe orderparameterandthe energygapshouldremainessentiallyconstantuntil the
first-ordertransitionis reachedatH~2,as shownby the top curvein fig. 7 [50]. The first tunneling
experimentto observethis effect found in additionsomethingmuch moreinteresting,the Zeeman
splitting of the quasiparticledensityof statesof thesuperconductor[61].

Generally, in a tunneling experiment in a magnetic field, the orbital depairing parameter
dominatesandthe measuredconductancesimply reflects a broadeningof the density of states
with increasingfield. In the caseof a thin Al film with the magneticfield parallel to the film
plane,the orbital responseis largely suppressed,as we haveseenearlier in connectionwith the
discussionof the critical field. The effect of thespin interactionwith the field canthenbeobserved.
Theenergysplitting of the quasiparticledensityof statesthat wasfirst observedby Meserveyet al.
[61] is shownin fig. 11 [62]. Although the splitting of the densityof stateswas implied by the
microscopic theory, the observability of this phenomenonwas not anticipated.The unique
propertiesof Al thin films werevery importantin allowingdatasuchas thoseshownin fig. 11 to be
obtained.

Figure 11 shows that this Zeemansplitting of the densityof statespeaksas reflectedin the
conductanceof an Al—A12O3—Ag junction at various values of magneticfield H. Figure 12
demonstratesthattheenergydifferencebetweenthesplit peaksis equalto 2pH[61], where,u is the
magneticmoment of the electron.The semiconductormodel diagramsof fig. 13 show how the
two-peakedstructuredevelopsfrom the spin density of statesin a way very similar to that
describedin fig. 2. The explanationof the resultsis that the paired quasiparticlesmust be in
time-reversedstates.Thus,whenthe field is applied,theykeeptheir k ~, — k .~ pairing,but now the
spin-up andspin-downmembersof the pair havedifferentenergy,onebeing raisedin energyby
1iH, andtheotherloweredby pH. The excitedstatesremainseparatedfrom the pairedstateby A,
so that in a tunneling measurementthe peaks of the BCS density of statesappearat different
voltagesfor quasiparticlesof differentspin. This Zeemansplitting of the spin statesprovidedthe
basisfor spin-polarizedtunneling,sinceat an energyof A — pH the electronsin thetunnelcurrent
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VOLTAGE (10 V) H (koe) C

Fig. 11. Conductanceversus voltage measurementsfor an Fig. 12. Voltage correspondingto the maximaof the spin-up
AI/A1

203/Ag tunneljunction at variousvaluesof magneticfield and spin-down density-of-statescurves of a thin Al film as
H appliedparallelto theplaneof thefilms. Thesymbolson the afunctionof magneticfield. The line representsthetheoretically
curvescorrespondto the valuesof H in teslas:a = 0, b = 1.5, expectedresultthat eV = A ±gH [61].
c = 2.24, d = 2.99, e = 3.72, andf= 4.31 [62].
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Fig. 13. (a) Magnetic field splitting of the quasiparticlestatesinto spin-up(dashed)and spin-down(dotted)densities.(b) Spin- and
temperature-dependentkernel in tunneling current integral.(c) Spin-up conductance(dashed),spin-downconductance(dotted), and
total conductance(solid line). After [92].
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Fig. 14. TunnelingconductancedI/dVversusvoltageofV—Ti alloy films for variousmagneticfieldsappliedperpendicularto theplane
of the films [74].

will be almostentirelyof onespin directionandat — A + pH almostentirelyof the oppositespin
direction.To observethis splitting, it is requiredthatc~be smallin the directionof theappliedfield
andthat the spin lifetime of the quasiparticlesnot be too short.

The main limitation of spin lifetime in systemsnot containingmagneticimpuritiesis spin—orbit
scattering,which will be discussedbelow. In the absenceof spin—orbit scatteringand orbital
depairing,the measuredconductanceis the sum of that for eachspin in the form of eq. (7):

~(V)~ INS (E + pH)K(E + eV)dE+ N5 (E — pH)K(E + eV)dE. (16)

Incidentally,fig. 12 alsodemonstratesgraphicallythat the transitionto thenormalstateis first
orderbecausetheorderparameterA is constantuntil H = 0.94H~2andthendrops to zeroat H~2.
Following the discoveryof the splitting of the densityof statesof Al, this effect was observedin
a numberof othermaterialswhich satisfiedtheconditionsmentionedabove.An interestingspecial
caseinvolvesVTi alloys, whicharetypeII superconductorswith smallspin—orbit scattering.Here,
spin splitting is observedevenwhen the applied field is perpendicularto the planeof the film as
shownin fig. 14 [63]. The very short meanfree path in the alloy reducesthe orbital depairing,
allowing the spin splitting to be the dominantpart of the magneticfield response.

2.4. Spin—orbitscattering

Spin—orbit scatteringhas already beenmentionedin connection with the discussionof the
Pauli-limitedcritical field, H~.This interactionwas first suggestedby Ferrell [28] andAnderson
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[29] asaway of accountingfor the non-vanishingof the Knight shift in superconductorsas T is
lowered. It alsoexplainswhy H~2(0)can be far larger than H0. The qualitative model for the
spin—orbit mechanismin superconductorsis as follows. Consideran electronmovingin aperfect
latticeof aconductor.If anon-magneticimpurity is presentin the otherwiseperiodic structure,
adistortionof theperiodic (in space)electricfield will result. This distortion hasthe effect on the
rapidly movingelectronof atime-varyingmagneticfield whichcanthenflip the electronspin. Note
that this processis time-reversal invariant, in contrastto scatteringby magnetic impurities.
Abrikosov and Gorkov [30] (AG) calculated the strengthof this processandfound that the
scatteringrate~ ‘—j (e

2Z/hc)4r~,wheree2/hcis thefine structureconstantand1/r is therateof
momentumscattering.This Z4 dependenceexplainswhy Al is a good material for studying
spin-dependentproperties,while In, Snand Pb arenot; its intrinsic spin—orbit scatteringrate is
very small. MeserveyandTedrow [38] showedby usinga compilationof data for surfacespin
scatteringthat theAG expressionis a reasonablygood representationof the availabledatawhen
boundaryscatteringpredominates[64]. Gallagher[65] hasdoneamore detailedcalculationof
l/;~andpredictsaperiodicdependencefor the elementssuperimposedon a rising background.

An important consequenceof spin—orbit scattering,the modification of the spin-dependent
densitiesof statesof excitedquasiparticles,waspointed out by EnglerandFulde [48]. Figure 15
showsthe effect of spin—orbit scatteringon the spin-splitdensityof statesfor differentvaluesof the
normalizedspin—orbit scatteringratesb = h/3Ar

50 in a constantapplied field as calculatedby
BrunoandSchwartz[1, 50]. As b increases,someof the higher-energyspin statesaremoveddown
in energyby 2pH. Thusthe higher-energypeakis decreasedrelativeto the lower-energypeak.
This processcontinuesas b growslarger,and,at the sametime, the energyseparationof thepeaks
decreases.Whenb exceeds1 (whenthe spin—orbit scatteringlengthl~~ ~),the splitting vanishes,
and the superconductorbehavesas thoughthe quasiparticleshadno spin.

Becauseof the closerelationshipbetweenthe tunnelingconductanceandthe superconducting
densityof states,spin-polarizedtunnelingis apowerful methodof studyingspin—orbit scattering.
Detailedtheoreticaltreatmentsareto be found in the review articleby Fulde [1] andin thepaper
by Bruno and Schwartz [50]. Severaltypes of experimentsare possible.First, the tunneling
conductanceof an S/I/N junction can be measuredfor various applied fields and the results
comparedwith theoreticallycomputedconductances,allowing the value of b to be determined.
Second,an S/I/Sjunction can be studied.In this case,featuresappearin the conductancewhich
indicatedirectly the strengthof the normalizedspin—orbit scatteringrateb = h/3Ar50. Finally, an
S/I/Fjunction canbestudied,F beingaferromagneticmetal.This typeof experiment,describedin
detail in section3, allowsthe separatespin conductancesto beobtainedexperimentallywhich can
thenbe comparedwith theoreticalpredictionsto obtainb. A by-productof theseproceduresis to
give avaluefor c, thenormalizedorbital depairingparameter,thusallowingthe theoreticalcritical
field to be calculated quantitatively without adjustable parameters using the WHH—
Maki—Fulde theory [1,31,32,48]. We will now describein more detail the first two types of
spin-polarizedtunnelingmeasurementsof b.

The most extensivemeasurementsof b havebeenmadeon Al becauseof the easeof making
tunneljunctions,the smallintrinsic valueof b in Al, theconvenientrangeof H andT involved,and
the longcoherencelengthwhich allowssurface“doping” of thethin films. Thegeneralexperimental
procedureis the sameaswasdescribedearlier for observingthe splitting of the densityof states.
When the conductanceof the S/I/N junction as a function of voltage has been obtained,
acalculatedcurveis fitted to the measuredoneandthe valueof b is obtained.It is possibleto add
spin—orbit scatteringsites to the superconductingfilm by evaporatinga coatingof the desired
impurity lessthanan atomiclayerthick ontothecooledsubstratebeforeevaporationof theAl film.
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Fig. 15. Theoreticaldensityofstatesfor spin-down(solid line) andspin-up(dashedline) electronsin a magneticfield H = 0.
24/pwith

thespin—orbitparameterb asfollows: (a) 0.02, (b) 0.1, (c) 0.3, (d) 0.6, (e) 1.5, and (f) 7.0 [62].

Theresultsof suchan experimentusingPt are shownin fig. 16 [66]. The sequenceofdl/dVcurves
for increasingPt thicknessshowsclearly the gradualdisappearanceof the spin splitting. Fitting
thesecurvesyieldsvaluesof b whichincreaselinearly with thenumberof Pt atomsadded,asshown
in fig. 17 [66].
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Fig. 16. Tunnelingconductancecurvesdl/dVversusVforjunc- Fig. 17. Values of spin—orbit scattering parameterb versus
tionsmadeon Al films coatedwith Pt thicknessesof 0—0.1 nm. averagePt thickness.The arrow marksthe value of ~ corres-
A magneticfield themagnitudeofwhich is listed on the figure ponding to one monolayer[66].
for eachjunction wasappliedparallelto the plane of thefilms
[66].

The theory alsopredictsan increaseof H~2if spin—orbit scatteringlifts the Pauli limitation.
Figure 18 showsthat the critical field is more thandoubledby abouthalf of amonolayerof Pt
[67]. For thicker layersthe proximity effect of the Ptstartsto dominateandT~andH~decrease.
Usingthe parametersobtainedby fitting fig. 18,H~2canbe calculatedfrom the WHH theoryand
comparedwith the measuredvaluesin fig. 18.Thesecalculatedvaluesof H~aremuchlower than
the measuredvalues,implying aseriousdiscrepancyof thetheoryof H~.It hadbeenpointedout by
OrlandoandBeasley[68] that, in orderto fit H~(T)of Nb3Snwith the WHH theory [69], it was
necessaryto use a spin—orbit scatteringlength shorter than the momentumscatteringlength,
a choicethat makes no physicalsense.A way out of this dilemmawas found by Rainer [70]
throughtheintroductionof aFermi-liquid correctionto thequasiparticlespin magneticmoment.
Thiscorrectionthenproducesquantitativeagreementwith experiment.The correctioncanalsobe
measuredusingspin-polarizedtunnelingandwill be describedin section4.

Measurementsof b have been obtainedby tunneling for the superconductorsBe [71], Al
[62,72], V [73], V—Ti alloys [63, 74], V3Ga [75], VN [76], Ga [77], Al(Pt) [66] andthe high-Ta
materialsBa1_XKXBiO3 [78]. The valuesarelisted in table 1. Only the valuesfor Al, V andGa
havebeencorrectedfor Rainer’sFermi-liquid renormalization.The effect of dopingon the values
of b for Al hasbeenobservedfor a numberof elementsincluding Cu, Ag, Pd, Pt andseveral
rare-earths[79]. The resultsarequalitativelyasexpectedfrom theatomicnumbersof theelements,
but no quantitative analysisof the data has been done except in the case of Pt [66]. For
superconductorsotherthanthoselistedabove,suchasNbN, In, SnandPb,no sign of splitting is
seenin the tunnelingcurvesin highH, makingthe derivationof ab valuedifficult. Valuesof b have
beenobtainedfor many superconductorsby fitting H~2(T);however,aswe haveseen,thesevalues
arequalitativeat best.

A secondtype of tunnelingstudyof spin—orbit scatteringusesS/I/S junctionsandgraphically
demonstratesthe qualitativeeffect of b on the densityof states.The conductanceof an S/I/S
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Fig. 18. The parallel critical field of identical Al films, one of which has been coatedwith 0.2nm of Pt, demonstratingtheeffect of
spin—orbitscatteringon H,

2. After [67].

Table 1
Normal spin—orbit scatteringrate b, spin scatteringprobability t/t,,, and Fermi-
liquid parameterG°from tunneling measurements(referencenumbersarein square

brackets)

Superconductor 6’ c/i,, x 10” G°

Al 0.05 [72] 5 0.3 ±0.05 [144]
Be (amorphous) — 0 [71] 8
Ga (amorpous) 0.16 [77] 7 0.81 ±0.14 [146]
V 0.07 [73] 4 0.0 [73]
Ba06K0,4BiO3 0.20 [78] 40
V3Ga 0.20 [75] 6
VN 0.32 [76] 14

0.13 [74] 3
A(Pt)” 0.05 + 15d [66]
V3Ga(Pt,Nb,Ti,Ta) 0.2 [80]

= h/3c,,A.
bCalculatedusing therelation i/i,, l/~ (c = transportscatteringtime).

°x= ~0.6.
d = Pt thicknessin nm.
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Fig. 19. Densitiesof statesof two identical spin-pairedsuperconductingfilms in a magneticfield areshowndisplacedby an amount
correspondingto someappliedvoltage V. W~ienV/e is increasedto 24, thequasiparticlescan tunnelinto statesofthesamespin andthe
largeconductancepeak shownat thebottom is expectedin theabsenceof depairingby the magneticfield. After [62].

junction in zero field hasa largesharppeakat the voltages V = ±(A1 + A2)/e. These“sum of
gaps”peaksarenot affectedby amagneticfield in the absenceof spin—orbit scattering,exceptfor
gradualbroadeningdueto orbitaleffects.Thisresultcanbeunderstoodfrom thediagramof fig. 19.
The splitting of the densityof statesof the two superconductorsdoesnot affect the conductance
becauseeachsplits by thesameamountandspin is conservedin tunneling.Thus,the spin-uppeak
in the“filled” statesof onesuperconductorat an energyof —A — pH andthe spin-uppeakin the
“empty” statesof theotherat an energyof A — pH areseparatedby an energyof 2A, independent
of H.

This situationchangeswhenspin—orbit scatteringis introduced.Now, for example,therewill be
somespin-upfilled statesat —A + pH (seefig. 15) [1,50]. Thesestatesarenow only 2A — 2pH
away from the empty spin-up states. Thus there will be a small peak in conductanceat
V = ±(2A — 2pH)/e, the height of which will be a measureof b. In fig. 20, a sequenceof
conductancecurvesat V< 2A of ajunction betweentwo nearlyidenticalpureAl films for different
field valuesis shown[62,80]. The smallpeakrepresentingthe intrinsic strengthof b in Al is shown



196 R. Meserveyand P.M. Tedrow, Spin-polarizedelectron tunneling

:~~J~1 :~

VOLTAGE V(10
4 VOLTS)

Fig. 20. Expandedplot of conductanceg versus V of anAl—Al Fig. 21. Conductanceg versus V for the samejunction as in
junction for various applied magnetic fields and for fig. 22. The peakat V = (4, + A

2)/e (labeledb) hasbeendisplaced
V< ~ + 42)/e showing thepeak causedby themixingof spin downwardby 2.45 (in units of thenormal-stateconductance),
states.Thearrowsmarkthepositionof V= (A~+ 4~— 2 pH)/e while theportion labeledchasbeendisplaceddownwardby 0.73
for eachvalueof H. Thecurveshavebeendisplacedhorizontally units. Theabsenceof a peak at V = (4, + ~2 — 2 pH)/e shows
for clarity [62]. that spin flipping doesnot takeplaceduringtunneling [62].

as it evolveswith increasingH. Of course,as b —* 1, the separationof this peakfrom the sum-
of-the-gaps peak will decrease. Note that in fig. 15 there is no peak predicted at
V = ±(2A + 2pH)/e becausethereare no statesof oppositespin addedto the densityof states
peaks at ±(A + pH). In fact, the absence of a peak in tunneling conductanceat
V = ±(2A+ 2pH)/everifiesthat spin is conservedin tunneling.If spinscouldflip while tunneling,
a sort of anti-Stokesline would occur at thesevoltages.Figure 21 is an experimentalverification
that such apeakdoes not occur [62].

Figure 22 showsresultsof asimilar experimentwith Al dopedwith afew percentMn to increase
the spin—orbit scattering[62]. Theincreasein the size of the spin—orbitpeakcomparedto thatin
fig. 20 is clearlyseen.The Mn alsolowersthe T~0of the Al, however,so the critical field is lower,
reducingtherangeof theexperiment.An interestingmagneticscatteringeffectwasobservedduring
the courseof theAl (Mn) tunnelingexperiments.Figure23 showsthe conductancecurvesfor an
Al(Mn)—Al(Mn) junction with about6% Mn [62]. At low fields, the conductancehascharacter-
isticsof magneticimpurity scattering,with the sum-of-the-gapspeakbroadeningandno spin—orbit
peakdeveloping.However,atafield of about1.5T the conductanceabruptlychangesform to the
shapeof figs. 22 and 20: the sum-of-the-gapspeaksharpensandthe spin—orbit scatteringpeak
appears.Apparently, the Mn changesits role from that of a magneticimpurity at low fields to an
ordinarynon-magneticscattererat high fields.

Althoughthesimplepictureof spin—orbitscatteringappearsto work reasonablywell for thecase
of impuritiesin Al, it cannotyield evenqualitativepredictionsfor morecomplicatedsystems.For
example,the A15 superconductorV3Ga is Pauli-limited evenin bulk form [81]. The spin—orbit
scatteringparameterb is about0.2, relatedpresumablyto thelow atomicnumberof its constitu-
ents.The spin meanfree path i~,~ ~0/b is about 10 nm, much greaterthan the atomicspacing.
Thus,if afew percentof impuritieswith highZ areaddedto V3Ga,the naiveexpectationmight be
that b would be increased.Such an experimentis attractivebecause,as Bending, et al. [75] first
observed,the density of statesof V3Ga splits in an applied field, allowing the sametunneling
techniquesas applied to Al to be used.However, when the experimentwas attempted,neither
tunnelingnorcritical field measurementsindicatedanychangein b [82]. Both, verythin films with
surfacelayersof impuritiesandthick films with impuritiesco-deposited,wereused.A wide rangeof
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Fig. 22. Magneticfield dependenceofthestructureofdI/dVfor Fig. 23. ConductanceofanAl(Mn)—Al(Mn) junction for several
an Al(Mn)—Al(Mn) junction asHapproachesH,. The peaksaa’ valuesofmagneticfield. In low H (curves0, 2,4)theconductance
are due to spin mixing, while bb’ are the usualmaximawhich peakat V= (A, + 4

2)/eis quite broad. In higherfields(curves
occurat V = ±(A, — A2)/e.The maximaat V= ±A, + A2)/e 6,8, 10) thepeakbecomessharperandthespin—orbitinteraction
are shown displaced vertically for reference, with peakappears.The curveshavebeendisplacedhorizontally.The
H = 51.17kOe, film 2 is normal and the maximacc’ are the valueof H in teslasfor eachcurvecanbe found by multiplying
spin-split peaks describedearlier for normal-metal—supercon- thenumberof thefigure by 0.379 [62].
ducting tunneling.The curveshavebeendisplacedvertically for
clarity [62].

impurities was tried. The zero-field transition temperatureswere affected, in agreement
with publishedmeasurementson bulk samples,indicatingthat the impuritieswerebeingincorpor-
ated into the structureof V3Ga. While it is possible that metallurgical problemscould have
influencedthe results,it seemsunlikely, becausethe zero-field propertiescorrespondedto those
observedin bulk investigations.A more complexview of the spin—orbit scatteringprocessis
probably needed.

Tkaczyk [79] summarizes attempts to put the theory of spin—orbit scattering on a
firmer foundation.First, oneassumesthatatight-bindingmodelwouldbetterdescribetheprocess,
sincethe interaction is strongestnearthe atom cores.Then the atomic matrix elementof the
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Fig. 24. Thebase-tenlogarithmof theatomicvalencep-orbitalandmetallicd-bandsplittingstakenfromYafet [83] andAnderson[84],
respectively.After Tkaczyk [79].

spin—orbit Hamiltonian

A~0 Jdr~J5(r)H5o(r)~Jn(r)

canbe calculated,where1118(r) is an atomicorbital and the spin—orbit Hamiltonian

H50(r) = 2m
2c2sx(VV(r)).p,

with s being the electron spin operator, V(r) the electrostaticpotential andp the momentum
operator.The spin—orbit scatteringrate

b~~~ClA
50I2,

whereC is theimpurity concentration.Valuesof A~0for atomic s,p electronsandmetallicd-band
splittings were assembledby Tkaczyk [79] from thework of Yafet [83] andof Mackintoshand
Anderson[84], andareshownin fig. 24. Thesedataindicateageneralincreasein A~0with Z

2 with
a superimposedperiodic variation dependingon the valenceof the atom. Thus b would have
a generalZ4 dependencefor a given impurity concentrationas proposedby Abrikosov and
Gor’kov [30].
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Gallaghersuggestedthatin sampleswith at leastonedimensionsmallercomparedto the mean
free path,surfacescatteringwill dominateandtheeffective impurity concentrationis replacedby
a quantity relatedto the ratio of the atomic spacingto the limiting sampledimension[65]. For
example,a thin film madeof grainswhosediameteris roughly the film thicknessd, an electron
wouldencounterscatteringeventson thatlengthscale,giving an effective“impurity” concentration
of (d/a)2~1/d3 1/da2, wherea is the atomic spacing.He found agreementwith experimentfor
severalsimple metalswithin abouta factorof 5.

Althoughtheideasof Gallaghermayhelpquantifythespin—orbitinteractionfor s—pmetals,they
do not help in interpretingthe V

3Ga results. However, taking the tight-binding approximation
doespoint to apossibleexplanation.The superconductingpairedelectronsin A15 superconduc-
torsareof astronglyd character;consequently,their wavefunction is smallat the scatteringsites
nearthe ion cores,resultingin severelyreducedspin—orbit scattering.

2.5. Spin—orbitscatteringandweak localization

Another useful techniquefor measuringspin—orbit scatteringin very thin or disorderedfilms
involvesmeasurementof themagnetoresistanceatlow temperaturesin modestperpendicularfields
(‘-..~ 1 T). Thepredictionsof the theory of weaklocalizationare thenfitted to the data,yielding the
spin—orbitrate asa fitting parameter.Thistechniquehasbeenusedextensivelyby Bergmannand
collaborators[85]. Alexanderet al. [86] demonstratedthat the ratesmeasuredby this technique
andby spin—polarizedtunnelingareat leastqualitatively the same.

Weak localization is aquantumphenomenonobservedin disorderedsystemsat low temper-
atureswhenthe timebetweenelectronelasticscatteringeventsbecomesshortcomparedto the time
betweeninelasticevents [85]. In this regime, the electroncan traversea closedpath in aphase-
coherentway by experiencinga seriesof elastic scatteringevents.An electrontraveling the same
pathin a time-reversedwaycaninterferewith thefirst one;theresultis alossof conductivity.This
lossincreasesas thetemperatureis reducedbecauseof the decreasein inelasticscatteringrate. The
applicationof amagneticfield destroysthephasecoherenceof the electronandits time-reversed
partnerrestoringthelostconductivity. Thusa signatureof weak localizationin theabsenceof spin
scatteringis a negative magnetoresistance.This negative magnetoresistancewas observedby
Tedrow and Meservey in 1969 in thin Al films in a perpendicularfield, but no theoretical
explanationwas thenavailable [87].

The additionof spin scatteringcausesaqualitativechangein the magnetoresistance.The perfect
cancellationof time-reversedpairs no longer occursin zero field. The applicationof a magnetic
field thenproducesa positivemagnetoresistanceat low fields. The magnetoresistancecan again
becomenegativeat higher fields, dependingon the scatteringrate. Fitting the theory to thedata
producesamagneticfield parametercharacteristicof the scatteringprocess.The derivedrate of
scatteringis relatedto the characteristicfield by the relationship

= 4H~jhepN,

wherep is the resistivity, N is thedensityof statesat EF, andH~0is thecharacteristicmagneticfield
for spin—orbit scattering[88]. This relationshipbetweenscatteringtimeandcharacteristicfield led
Bergmannto describetheseexperimentsas time-of-flight measurements.

A seriesof measurementsby Geier, Bergmann,andothers [89] of the magnetoresistanceof
quench-condensedMg films containingasubmonolayeramountof anon-transitionelementmetal
demonstratesthe utility of this technique.The authorsdeducedthe spin—orbit scatteringrate
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causedby anumberof s—pmetalsrangingfrom Cuto Bi in atomicnumber;theyalsocalculatedthe
spin—orbitcrosssectionfor sp impuritiesin Mg. The observedratesreflect the effect of the valence
of the impurities as well as the effect of the atomic numberin away qualitatively similar to the
theoreticalexpectationshownin fig. 24 [79]. The scatteringcrosssectionvariesas Z5 for the
noblemetals.

3. Metallic ferromagnets

3.1. Measurementsof 3d transition metals

After the discoveryof spin splitting of thequasiparticlestatesin superconductingAl [61], it was
apparentthat using Al with a ferromagneticcounterelectrodeshould lead to interestingresults.
Nickel waschosenas the ferromagnetfor the initial experiments,becauseit wasbelievedthat the
majority spin (spin-up) d band waS filled and was locatedbelow the Fermi energy,whereas
the minority spin (spin-down)d bandwas partiallyfilled andhadavery largedensityof statesat
the Fermi energyasshownin fig. 25 [90]. In addition,thepartiallyfilled s bandwasexpectedto
providemany of the tunnelingelectronsandbecauseof s—d interactionsit was believedthat the
conductionelectronsshould be polarized,but the amount andeventhe sign of the polarization
were subject to controversy.It wasexpectedthat apolarizationof the tunnelingcurrent would
result in an asymmetryin the tunnelingconductanceto an Al film in amagneticfield andmight
reflect the relativedensityof spin statesin the ferromagnet.

3.1.1. Early measurementsand analysis
Measurementsof tunnel conductanceversus voltage were made at 0.4K on Al/Al

203/Ni
junctions in which the Al films were about5 nm thick andthe Ni was about 50 nm thick [91].
Becauseof thethinnessof theAl films andtheiralignmentwith the magneticfield, fields up to 4 or
5 T could beappliedas previouslyexplained.In fields largeenoughto resolvethe spin splitting of
the density-of-statespeaks,the domains of the Ni were completelyaligned. Figure 26 shows

Ni DENSITY OF STATES
I I I I

1ev F

MINORITY MAJORITY

Fig. 25. CalculatedNi densityof statesadaptedfrom ref. [90].
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Fig. 26. Measuredconductanceversusvoltagefor an A1/A1
203/Ni junction in severalvaluesof magneticfield in teslas.Adapted from

[92].

measurementsof thetunnelingconductanceas a functionof thevoltagefor variousmagneticfields
[92]. The spin splitting of the quasiparticlestatesbecomesobviousat the higher fields and the
asymmetryof the conductanceabout V = 0 is alsoapparent.This asymmetryimplies that the
tunnelingelectronsarepartially spin polarized.

The resultswereinitially analyzedby usingessentiallythe sameform as with aspin—splitdensity
of statesas in eq. (16) but in which the conductanceis the sum of contributionsby spin-up and
spin-downelectrons:

dI flexp[fl(E+eV)]
= a(V) jaNs(E + pH) {1 + exp[~(E + eV)]}

2 dE

/3exp[J3(E+eV)]
+ J(l — a)N~(E— pH) {1 + exp[f1(E + eV)]}2 dE. (17)

Here fi = 1/kTanda is the fraction of theelectronswhosemagneticmomentis in thedirectionof
the appliedmagneticfield. The spin polarizationP is then definedas

~ ‘~ =2a—1. (18)
nt+n.~.

Heren ~ andn ~ arethe numberof electronswhosemagneticmomentsareparallelandantiparallel
to the field, respectively.This analysisis basedon two assumptions:(1) The densityof statesof the
superconductorfor eachspindirectionin agivenmagneticfield hasthesamefunctionalform andis
merelydisplacedin energyby ±pH. This assumptionneglectseffects of spin—orbit or spin-flip
scatteringin the superconductor,which is agood first approximationfor pure Al films, as was
previouslyshown.(2) Thereareno spin-flip tunnelingprocesses,whichwasshownto betruefor Al
films with Al

203 barriers [62]. With theseassumptions,the resultsin fig. 26 canbe understood
qualitatively by referringto fig. 27. The dashedcurve in fig. 27(a) shows the spin-up densityof
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Fig. 27. Superconductor—ferromagnetic-metaltunneling.(a) BCS density of statesof a superconductoras a function of voltage in
amagneticfield. (b) Temperature-dependentkernelsfor eachspin directionin theintegralexpressionsfor conductance.(c)Theoretical
normalizedconductancefor eachspin direction (dottedand dashedcurves)andthetotal conductance(solid line). After [92].

states;the dotted curve shows the spin-downone, identical but displacedin energyby 2pH. In
fig. 27(b)derivativesof the two spin densitiesof statesin the ferromagnetareshownnearthe Fermi
energywith alarger amplitudefor spin-upelectronsthan for spin-down.In the phenomenological
theory the convolution of onespin function in fig. 27(a) with the correspondingspin function in
fig. 27(b) gives the conductanceat the voltage V shownin fig. 27(c). The sum of the two spin
contributionsgives the total conductance.In this figure the voltageis measuredfrom the Fermi
energyof the ferromagneticfilm and thefact that the innerpeakat positivevoltageis larger than
the peakat thecorrespondingnegativevoltageshowsthatelectronswith theirmagneticmoments
in the field direction(spin-up)predominatein the tunnelingcurrent.

It is important to note that in refs. [92,93] and in some other publicationsthe voltage was
measuredfrom the Fermienergyof Al film ratherthanthat of the ferromagneticone,as in figs. 26
and 27. However, all data and analysisin this review are presentedin a mannerconforming
to the two conventionscurrentlyadopted.The first is that “spin-up” designatesthe electronspin
direction in which the electronmagneticmoment is in the directionof the appliedmagneticfield
and has a lower energy than the “spin-down” electron whose magnetic moment is directed
oppositelyto the field. The secondconventionis that the voltageis to be measuredwith respectto
the ferromagneticelectrode. With these conventions,a ferromagneticmetal whose tunneling
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current is predominantlymadeup of majority electrons(that is, “spin-up”) will give a result
qualitativelylike fig. 27.

Morequantitatively,wecan analyzetheconductancecurveto obtainthe spin densitiesof states
of the Al andthe spin polarizationof the tunnelingcurrentprovidedassumptions(1) and(2) made
abovearevalid. Referringto fig. 27(c), if g ( V) is the unsplitconductancefunction, we assumethat
ag(V— h) is the conductancecontributedby spin-up electronsshiftedin voltageby the Zeeman
splitting h = pH/e. Here a is the fraction of spin-up electronsin the tunnel current and the
spin-downfraction hasaconductance(1 — a)g(V+ h). The total measuredconductanceG(V) is
then the sum of the two spin contributionsandis shownas the solid curve in fig. 27(c). We can
write, for any value of V, four equationsfor the total (measured)conductancea at the points
— V — h, — V + h, V — h, and V + h in terms of the unsplit functiong(x) [92]:

a1 = G( — V —h) = ag( — V) + (1 — a)g( — V — 2h), (19a)

a2 = G(—V+h)=ag(—V+2h)+(1 —a)g(—V), (19b)

a3 = G(V—h) = ag(V) + (1— a)g(V—2h), (19c)

a4=G(V+h)=ag(V+2h)+(1—a)g(V), (19d)

Assuming,as in the microscopictheory, that g(V) = g( — V) for the unsplit function, we obtain
from eqs. (19) the spin polarizationP asafunctionof the measuredconductancesa1, a2, a3, and
a4:

P=2a— 1 (a4—a2)—(a1—a3) (20)(a4 — a2) + (a1 — a3)

Using this analysis,it was found that the curvesin fig. 26 gaveavalue of P = 11 ±1% [92,93]
signifying that the electronsin the tunneling current were predominantlyspin-up, with their
magneticmomentsparallelto themagnetizationin the Ni films. Latermeasurements[21,94,95]
havegiven a largervalue of P for Ni becauseof betterjunction preparation,as will be discussed
later.

Fromeqs.(19a)and(19d) we canobtain the conductanceof onespin directionat anyvalue of
V in termsof the quantitya andthe measuredtotal conductancesG( V) and G( — V).

g( V — h) = [aG( — V) — (1 — a)G(V)]/(2a — 1). (21)

It should be realizedthat, sincethereis finite depairingin the Al film from the applied field, the
function g( V) will be different for different values of the magneticfield and temperature.If the
assumptionson which thedecompositionof the tunnelingcurvesis basedare valid, wecanobtain
the conductancein eachspindirection,although,asdescribedbelow,the resolutioninto separate
spin statesmust be slightly generalizedin the presenceof spin—orbit scattering.

Equations(19) imply thatanyarbitraryvalueof voltageVandmagneticfield could beselectedto
obtainP from eqs.(19) and(20). In practice,the valuesof V andH which arechosenareimportant
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dI/dV Table2
Spin polarization of electrons tunneling

- from ferromagneticmetals

Metal Spin polarization(%)

4 Er +5.5±1
VAI_VFe (10 V) Dy +7.0±1

Tm 2.7±1

Fig. 28. Measuredconductanceversus voltage for a typical
Al/A1

203/Fe junction at several values of magnetic field in
teslas.After [92].

in that theydeterminethe accuracyof the result. Forvery low valuesof H the fringing field of the
incompletelysaturatedferromagneticfilm depairsthe Al film and the small amount of splitting
decreasesthe accuracy.Theeffect of this depairingbecauseof the fringing field of Ni canbe seenin
fig. 26, in which the density-of-statespeaksat smallbut finite fields is sharperthanthatat H = 0,
showingthe decreaseddepairingwith this increasein H. For valuesof H very closeto the critical
field of the Al film, the depairingof Al broadensthe density-of-statescurves and eventually
obscuresthe effect of themagneticfield splitting.Selectingvaluesof Vso that a1,a2, a3,and a4 are
closeto themaximaof theconductancecurvesor atleastin regionswherethe absolutevalueof the
slopeis smallmakesthe resultsmuch less sensitiveto randomexperimentalerrors.The valuesof
V chosenstandardlyin calculatingP are shownin fig. 27.

In additionto theresultson Ni, measurementsweremadeon Fe,Co, andGd [92,93]. ForFe the
conductanceis shownfor variousmagneticfields in fig. 28. The polarizationfor Fe is evidently
muchlargerthanfor Ni. In theseearlymeasurementsthe valuesobtainedfor the spinpolarization
of Fe,Co, Ni, andGd were,respectively,+ 44, + 34, + 11,and + 4.3%[92]. Although therewas
considerablescatterin the results,therewasno evidencethatthepolarizationvariedwith magnetic
field. Perhapsthe mostimportantresult is that for all of thesemetalsthe polarizationwas positive,
that is, thatthe majority spinelectronsin all caseswerepredominantin the tunnelcurrent,a result
which hadnot beenpredicted.Sincetheseearly measurements,the techniquesof junction forma-
tion andmeasurementas well as the theoreticalanalysisof the resultshavebeenimproved.With
thesechangessomevaluesof polarization havechangednumerically [94], althoughthe overall
qualitativeresultsremainunchanged.Theselatervaluesfor the 3d metals(correctedfor spin—orbit
scattering)are shown in table 2.

The early measurementsrelied on oxidizing the Al films in laboratory air saturatedwith
watervapor to form thetunnelbarrierand resultedin low valuesof P for Ni. Later,barrierswere
formedin situ with aglow dischargein pureoxygen,a techniquewhichwas introducedby Rogers
[96], who obtainedvalues of polarization for Ni from 17 to 25%. This improved technique
increasedour value of P for Ni from about 11 % to about 23% (when correctedfor spin—orbit
scattering)andalsoincreasedthe reproducibility. It wasconjecturedthatin the oldermethod,OH
ions werepresentin theAl203 andled to acontaminationof theNi surface.The lower valuesof the
early results on the rare-earthmetalsand their scatterare also probably the result of surface
contamination.



R. Meserveyand P.M. Tedrow, Spin-polarizedelectron tunneling 205

3D

20 ~, k

E
0 25 50

Pt concentration ( ~i,

Fig. 29. SpinpolarizationPandthenormalizedmagneticmomentsofNi—Pt andNi—Pd alloys asafunction of Ptconcentration.After
Akimitsu et al. [97].

An interestingresult by Akimitsu et al. [97] was found in Ni/Pt andNi/Pd alloys. Figure29
showsP versusPt concentration.The Al film wasoxidizedin a refrigeratorat 10°CandpureNi
counterelectrodesgaveratherscatteredresultsaveragingP = 11%.ForNi alloys therewasasharp
maximumin P of 25% at about3% Pd or Pt. In addition,thevaluesof P for thealloys was much
less variable than for pure Ni. The results showed that in this case the value of P was not
proportional to the saturationmoment of thesealloys in bulk, unlike other 3d ferromagnets.
Akimitsu [97] suggestedthattheexplanationof theseresultsis thatalloyscontainingPt or Pdalter
the Ni surfaceso that it is not contaminatedasa resultof impuritiesin A12O3. Additional Pt is
expectedto reducethemagneticmomentandthevalueof Pmuchmorerapidly thanadditionalPd,
aresultfoundin themeasurements.Thisdiscoverymaybe usefulin the protectionof ferromagnetic
surfaces.

3.1.2. Effectof spin—orbitscattering
The simple analysis given above is no longer exactly correct when there is spin—orbit

scatteringin the superconductingfilm becausethe density of states (and the conductance)
of the two spin states is not the same function of energy. The separatespin densities of
statesin a magneticfield havebeenderivedby Engler and Fulde [1,48] from the microscopic
theory including spin—orbit scattering.Figure 15 shows such densitiesof state as calculated
by Bruno and Schwartz[50] for variousvalues of spin—orbit scattering,assumingno orbital
depairing. It is to be noted that with spin—orbit scattering the separatespin densitiesof
statesarenot symmetricalaboutthe Fermi energy,but that the spin-updensityof statesN5(E)I
is equal to the spin-down density of states N,( —E)~. and that for the corresponding
conductances,

= g( — V)~, (22)

as shown schematically in fig. 30. For a ferromagneticcounterelectrode,if we know the
value of a, we can use eq. (22) to calculate g( V) ~ or g( V) .~ algebraically from the
measuredtotal conductancesG( V) andG( — V) at any two valuesof voltagesymmetricalabout
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VAI~VFM ~‘~)

Fig. 30. Theoretical total density of statesand individual spin densities of statesin a magneticfield H = 0.6A/p for spin—orbit
interactionparameterb = 0.2.Spin-updensityof statesshownby dashedcurves,spin-downby dottedcurves,andtotal densityof states
by solid curves.

V= 0 to be [92,98]

g(V)I=(2a1)[aG(+V)_(1_a)G(_V)], (23)

g( V) ~ = (2a—1)[aG( — V) — (1 — a)G( + V)]. (24)

It shouldbe notedthatthis resolutionof thespin conductancesdependsonly on the assumedvalue
of a anddoesnot dependon thetheoryof superconductivity.Thisfacthasprovedto beparticularly
valuablenear the critical field where the curves are greatly depaired,as will be discussedin
section4.

To obtain values of P from the conductancecurveswe haveusedthe Maki—Fulde theory. In
practicewe assumedvaluesfor the polarizationP andthe spin—orbit scatteringparameterh and
calculatedtheconductancefor theknown temperature,magneticfield, andtransitiontemperature
of the superconductorusingthe theory. Usingthe bestfits to the experimentaldataasacriterion,
thevaluesof P, b and themagneticfield depairingparameterweredetermined.By usingdifferent
values of magneticfield theseparameterscould be determinedwith little ambiguity. Another
methodof determiningthe value of a or P from the spin-resolutionmethodof eqs. (23) and (24)
suggestedby RogersandSullivan[99] is alsobasedon the Engler—Fuldedensity-of-statestheory.
It is assumedthat thecorrectvalueof P is onewhichresolvesthe densityof spin statessothat there
is no observablepeakin the spin-updensityof statesata highervoltagethanthatcorrespondingto
themainpeak,acharacteristicpredictedby thetheory.In practice,wehavefoundthatwith sharply
peaked tunneling conductances,small experimentalerrors can make this criterion somewhat
ambiguous.

From numericalcalculationsit was found that for the aluminumfilm thicknessusedin these
studies,the true valueof Pcalculatedfrom the full theory was alwayslessthanthe valueobtained
from the simple analysisthat neglectedspin—orbit scatteringthat was given in the last section,
whichwewill designate~ In fact for valuesof b <0.15,theempiricalequationP = P*(1 — 1.67b)
agreedwith the numericalcalculationof P within the errorsencounteredin fitting the measured
curves.Sincethis correctionis independentof the magnitudeof P in the rangeinvestigated,ratios
of thevaluesof P for differentmaterialscanbeobtainedfrom the ratiosof the valuesof ~* without
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Fig. 31. Electron spin polarizationP for variousNi—Fe alloys (circlesand solid line). Dashedline givesacceptedvaluesof saturation
magnetizationper atomin Bohr magnetonsatT = 0 (right-handordinate)for similaralloys. Squarepoint is currentvalueof Pfor pure
Ni. Adaptedfrom [100].

correction,provided the value of b remainsconstant.This result proved useful in the study of
ferromagneticalloys [100], but must not be used for values approaching100% and will be
discussedin section5.2. For theAl films usedin mostof thesestudiesof ferromagnetsb = 0.05and
thevalueof P wasabout8%less than~ In themostrecentexperimentswe haveusedthetheory
of Rainer [101] which includesaFermi-liquid correction. However, thesecorrectionsare of no
importancefor T ~ T~wherethe polarizationmeasurementsaremade.

3.1.3. Resultsfor 3dmetalsandalloys
Thebestcurrentvaluesfor themeasuredelectronspin polarizationfor tunnelcurrentsfrom thin

films of Fe,Co, andNi aresummarizedin table 2. Thesemeasurementswereall madeonjunctions
whosebarrierswereformedby oxidizing Al with apure oxygenglowdischargeimmediatelybefore
theferromagneticfilm wasdeposited.Thevaluesof P given havebeencorrectedfor the effects of
spin—orbitscatteringin theAl film. ForFe thereis little changefrom theoriginalmeasurements,for
Co thereis perhapsaslight increasein P, andfor Ni, P is approximatelytwice thatobtainedin
earlymeasurements.With Ni the changeis certainlyattributableto thechangein thetechniquein
forming thejunctions.Theinclusionof H2O in theA12O3 andthesubsequentcontaminationof the
Ni surfaceis probably the causeof the decrease.

In theearlyresults therewas a rough proportionalitybetweenthe valueof P and the known
saturationmagneticmomentM of the ferromagnet.Even with the improvedvaluesof P there
seemsto be an almostlinear relation betweenPandM. To studythe relation betweenP andM,
measurementsof P weremadefor various3d alloys. Resultsfor Fe—Ni alloys areshownin fig. 31
[100]. Herethevaluesof P andPB~themagneticmomentperatomof the bulk alloys,areplottedas
afunctionof the atomicfraction of Fe.Thedashedline correspondsto PBat T = 0 K andis taken
from ref. [102]. The circlesaretheoriginally measuredvaluesof P; the revisedvalueof P for pure
Ni is included(shownasasquare).Using this revisedpoint for pureNi, bothPandPB arelinearin
the Fe concentrationbetween0% and 60% Fe. In this range Ni andFe are known to form
acontinuousseriesof solid solutionsandthe magneticanisotropyconstantK1 is closeto zerofor
bothcrystallineandpolycrystallinealloys.PBandP eachhasa maximumatlessthan100%Fe,but
the maximado not coincide. Whetherthis is the result of structuraldifferencesbetweenthe films
andtheannealedbulk alloys isnot known.Therevisedvalueof P for pureNi makesthecorrelation
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Fig. 32. P”’ asa functionof atomicfractionofTi in Ni Ti alloys Fig. 33. P~as a function of atomic fraction of Mn in Ni—Mn
is shownby thepointsandsolid lines. The dashedline showsthe alloys is shownby the points andsolid lines. The dashedline
saturationmagneticmomentp for thesealloys asmeasuredby showsthe known valuesof p for thesealloys [100].
others[100].

better,andit is probablethat theresultsfor alloys with smallamountsof Fe shouldbe increased
becauseof the sensitivityof the Ni surfaceto the old methodof junction formation.

Alloys of Mo, Ti, Cu, Cr,or Mn in Ni werealsomeasured[100]. The resultsfor Ti andMn are
shownin figs. 32 and33. Thedashedcurvesin thesefiguresaremagnetizationversusconcentration
resultstakenfrom the literaturefor bulk alloys. The maximain fig. 33 in both PandM arestrong
evidenceof the closerelationshipof theseproperties.In thesefigures the normalizedpolarization

= (P~10~/P~1)<Prn,> andthe bulk magneticmomentareplottedas afunctionof concentration.
<P~>is thevalueof Pfor Ni averagedovermanydepositions.Thisnormalizationis veryusefulfor
alloys with low concentrationsof theelementalloyedwith Ni andfor low polarizations.Absolute
changesin polarizationcausedby variationsin the film preparationmethodtendto be eliminated,
as well as the effect of spin—orbit scatteringandmagneticfield depairing.

SullivanandRogershavemeasuredthespin polarizationin theHeusleralloy systemMn~Sb1 -

for Mn fractionsof x = 0—100%[103]. Figure 34 showsthe variationof Pwith Mn concentration.
The maximumvalueof P(correctedby spin—orbitscattering)was about + 25%.A correlationwas
found betweenthebulk magneticmomentper Mn ion and P.

3.2. Interpretationof the 3d tunnelingresults

Whenit becameclearthatthe spin polarizationP was positivein all tunnelingmeasurementsof
3d ferromagneticmetals,various theoreticalexplanationswereproposed.In the contextof field
emission,it hadbeensuggested[104] that in Ni the tunnelingprobability of the s electronswas
100—1000times that of the d electronsandthusexplainedthe lack of a very high negativespin
polarizationin Ni field emission.HertzandAoi [105] alsoarguedthat the s electronsarefavored
over d electronsin tunnelingand that with the addition of s—d hybridization and spin-wave
self-energyeffects could, with “reasonableguesses”of bandproperties,give valuesof P of + 8,
+26, and + 37% for Ni, Co, and Fe, respectively.Chazalviel and Yafet [106] assumeds—d

hybridizationandfirst, by completelyneglectingthe contributionof thed electrons,foundvaluesof
P in different crystallinedirections between+25 and+ 45% for Ni. They then suggestedthat
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Fig. 34. Spin polarizationresultscomparedto bulk magnetizationdataof MnSb alloys. After [103].

acontributionfrom thelargedensityof spin-downstatescould decreaseP to asmallandnegative
valueandthusapproximatelyagreewith field emissionresults.

Stearns[107] extendedtheseconceptsinto a very simplequantitativemodelin which thenearly
free-electron-likes—dhybridizedbandsareassumedto provideessentiallyall of the tunnelcurrent.
Thepredictionsof this modeluseknown banddataandleadto reasonablyunambiguousresults,
unlike previoustheoriesthat had flexible parameters.This model usesthe expressionfor the
tunneling current I and conductancedI/dV used by Giaever [16] to analyze his results for
superconductors:

~= AJN1(E).N2(E).D[f(E)_f(E + eV)]dE, (25)

whereD is the tunnelingprobability.
Harrison [108] had predictedthat for independentparticles in one dimension,the density-

of-states(DOS) factor in the aboveexpressions,which is proportional to 1/k, would be exactly
cancelledby a factor in the tunnelingprobability D, which is proportional to k. To explain the
appearanceof the DOS in thesuperconductingtunnelingresults,Bardeen[18] showed,by using
thetunnelingHamiltonianmethod,thatthe tunnelingprobability factorcomesfrom theoverlapof
thewavefunctionsdeepin thebarrier region,wherethesuperconductingmany-particleinteraction
is not present. As a result, the tunneling probabilities D of the metals in the normal and
superconductingstateareidenticalandthetunnelingcurrentis proportionalto thesuperconduct-
ing DOS.

In the ferromagneticcaseStearns[107] used Harrison’sanalysisbut, citing Bardeen’smany-
body argument,assumedthat the one-dimensionalDOS for the two spin directions,k1

1I and
k11 .~, areidenticalandthereforedrop out of the spin polarization,leaving

P = (kfl — kf.j,)/(kfl + kf.L) . (26)
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Fig. 35. Bandstructureof Fe in the(111) direction abstractedfrom calculationsof Callaway and Wang[110].

This expressionfor P is the sameas that obtainedby assumingthat P is determinedby the
polarizationof thethree-dimensionalDOS of theferromagnet,if weassumethe tunnelingelectrons
comefrom a parabolicband. It should be pointed out that accordingto Bardeen[18] it is the
tunnelingprobability, proportionalto kf, whichcancelsout andthe densityof statesfactor which
survives.Whenthis argumentis applied to the one-dimensionalcase,whosedensityof statesis
proportional to l/kf, eq. (26) would not result. However,in the three-dimensionalcase,eq. (26)
would seemto resultfrom the Stearnsargument.

The predictionsof eq. (26) are especiallyclear in the [111] direction of Fe in which only the
highly mobile s—d hybridized bands cross the Fermi energy and so are the only electrons
contributing to the tunneling in this direction, as shown in fig. 35. Stearnsdesignatesthese
electronsas itinerant d electronswhich lead to the RKKY interactionin the 3d metals [109].
Figure 35 is abstractedfrom abandstructurecalculationof CallawayandWang andshowsthe
bandsin the [111] direction,wherethe situationis particularlyclear [110]. By insertingthevalues
of kI andk .~from thefigure into eq. (10), weobtainP = + 40%.To obtainan ideaof the average
valueof thekvector for thesebandsoverotherdirections,we canusethe cross-sectionalareasin
k spacearoUndthe [100], [110], and[111] directionsas calculatedby CallawayandWang[110]
for theball-like partsof theFermi surface(majority andminority spin arelabelledI andVI in this
reference).Table3 showsthe calculatedvaluesof P for Fe obtainedby assumingthatthe average
kvectoris proportionalto the squareroot of theareain kspacefor thenearlysphericalareas.Also
shownareresultsderivedfrom areasobtainedfromde Haas—vanAlphenmeasurements[111, 112].

Thesevaluesof P comparevery favorably with thoseobtainedfrom tunneling andstrongly
supporttheview that thetunnelingcurrentsfor thetwo spin directionsareproportionalto kI and
k ~,. Although thismodelfits thedatafor Fe andthe original datafor Ni, therecentmeasurements
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Table 3
Spin polarizationof electronstunneling from Fe calculatedaccordingto the Stearnsmodel [107] using bandstructure

information from Callawayand Wang[110]

Crystaldirection A 1’ = area~of surfacei~ A~ = areaof surface ~ = ~ i — \/~i~)/k~~t + ~ ~)

Theory
4 Experimente Theory4 Experiment’ Theoryd Experiment’

100 412 436 76 64 0.40 0.42
110 310 349 64 58 0.375 0.42
111 373 370 59 52.2 0.43 0.45

369 51.8
Averageof 3 directions 0.40 0.43

Areaexpressedin frequencyunits (mG) appropriateto de Haas—vanAlphenmeasurements.

bFermi surfacecross-sectionalareaof largeF-centeredmajority-spin electronsurface(surfaceI of ref. [110]).

‘Fermi surfacecross-sectionalareaof centralminority-spinelectronsurface(surfaceVI of ref. [110]).
4Callawayand Wang [110].
‘de Haas—vanAlphenmeasurements,refs. [111, 112].

of Ni in which P = 23% (correctedfor spin—orbit scattering)is almosttwicethat expectedfrom the
modelbasedon bandstructurecalculations.Thevalueof P for Cois roughlywhatis expectedfrom
this simplemodelbasedon thebandstructure,which unfortunatelyis not knownas well as thatof
Ni andFe.

Accordingto Stearns[107], theapproximateproportionalityof the polarizationto the satura-
tion momentsin 3d metalsandalloysis alsoto be expected.Sincetheexchangesplitting of the s—d
electronsis aboutthesameas thatof the localizedd electrons(which probablyprovide95% of the
magneticmoment),it follows that the polarizationof the s—d electronsis approximatelypropor-
tional to thesaturationmagneticmomentof the 3d ferromagneticmetal.As afirst-orderapproxim-
ation, eq. (26) providesstrongevidencein its favor,but more detailedcoincidenceof predictions
from bandstructureandpolarizationmeasurementsareneededto test it further.

3.3. Rare-earthmetals

Measurementsof P weremadein the heavyrare-earthmetalsEu,Gd, Tb, Dy, Ho, Er, Tm, Yb,
andLu [113]. The techniqueusedwas thesameas with the 3d metalsdescribedabove.ForYb and
Lu, which are not ferromagnetic,P = 0; for the other elements,values of P were all found
to be positive, as in the case of the 3d ferromagnets.For the ferromagnetic4f metals, the
magneticmoment is mainly provided by the 4f electrons,which are much too localized to
contributeto the tunnelcurrent.An indirect interactionbetweenthe 4f and 6s andSd conduction
electronscausesthe conductionelectronsto be positively polarized.Figure 36 shows that the
valuesof P for thevariouselementsarepositiveandareroughly proportionalto theknownvalues
of thesaturationmomentof the conductionelectronsof theseelements.It shouldbe notedthat the
originalvalueof Pfor Gd [92] wasratheruncertainandmuchlower thanlatervalues,presumably
becauseof thelater improvementin preparationtechniques.Oneresultof thesemeasurementson
the rare-earthmetals was that it was definitely shownthat positively polarizedelectronsin the
ferromagnetgavea positively polarizedtunnelcurrent,a result which eliminatedcertainconjec-
turesaboutspin flips in the tunnelingprocessthathadbeenadvancedto explainthe resultsin the
3d metals.Further experimentsusing rare-earthmetals and their compoundsare discussedin
section5.
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Fig. 36. MeasuredpolarizationP asa functionof the magneticmomentof theconductionelectronsfor the heavyrare-earthelements.
Eachvalueof Prepresentsadifferentevaporation.Thesolid line is theleast-squaresfit to theaverageofthepointsofeachferromagnetic
elementandis constrainedto passthroughzero. For Tb theolder value of OCE is usedin fitting thenewervalue is showndisplacedto
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3.4. Ultra- thin films offerromagnets

Spin polarizationmeasurementsof ultra-thinfilms wasundertakenin responseto claimsthatthe
surfaceof a ferromagnetmight not be ferromagnetic,that is, might havea surface“dead layer”
[114, 115].On theotherhand, Shinjoet al. [116] found asmallamountof 57Coto be ferromag-
netic on bulk Co. Spin-polarizedphotoemissionof verythin layersof Ni on Cugaveno evidenceof
deadlayers [117]. Actually, the fact that spin polarizationwas observedin tunnelingseemedto
precludesuchdeadlayers,at leastwhenin contactwith A1

2O3, sincethe tunnelingprocessdepends
on the wave functionof thefirst atomic layer. However,the characteristicsof ultra-thin layers of
ferromagnetswere not known andcould evidentlybe studiedby tunneling.

In the first experimentstunneljunctions were formed by depositinga thin layer of Co over
oxidizedAl films heldat about80K and immediatelycoveringthe Co with Al [118]. The average
thicknessof the Co varied from 0.1 to 2 nm (a monolayerbeing about0.22 nm) and down to
2 monolayersthevalueof Pdecreasedaccordingto theareacoveredby theCo film ascalculatedby
assumingaPoissondistributionof theCo atomsastheyweredeposited.By onemonolayer,P was
closeto zero,a resultwhichprobablymeansthe breakingof continuity in the monolayerfilm and
with it the suppressionof theexchangeinteraction.The resultsgaveno indication of adecreaseof
the ferromagnetismwith thickness.Furthermeasurementsof ultra-thin layersof Ni andFe were
stimulatedby anomalousHall effectstudiesby Bergmann[119], who foundthatNi lessthan three
monolayersthick on a Pb substratewas not ferromagnetic.Tunnelingmeasurements[120,121]
gavesimilar resultsfor Ni on Al as shownin fig. 37 [121]. Below 3 monolayersP ~ 0, whereas
above 3 monolayers,P increasesrapidly, but only approachedthe bulk value at a thicknessof
3 nm. In greatcontrastto theseresultswith Ni on Al were thosewith Ni on Au; P = 3% was
measuredat 1 monolayerandP = 70% of its bulk valuewas foundat two monolayers[121]. Ni
backedby Mn or Cr also depressedP to almost zero at up to 2 monolayers.This behavior
contrastedsharplywith thatof Fe(seefig. 38) [120], in which the valueof Pat 1 monolayerwas
about30% andby 2 monolayershadreached85% of its bulk value.With Co [118], andwith Gd
and Tm [122], the behaviorwas similar to that of Fe and there was no clear indication of
non-ferromagneticbehaviordown to onemonolayerwhen in contactwith Al. Theseresultsalso
agreedwith thoseof Bergmann[119, 123].
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The tunneling[120—122]andanomalousHall effect measurements[119, 123] bothareconsist-
ent with the following interpretation.Polyvalentmetalssuch as Al, Pb, Sn, and In suppressthe
magneticinteractionin Ni so that thefirst 2 to 3 layersof Ni arenon-magnetic.Onthe otherhand,
monovalentmetalssuchasAu, Ag, andCuhavemuchlessor no effect in suppressingthe magnetic
interactionof Ni. A previousphotoemissionmeasurementof Ni on Cu by PierceandSiegmann
[117] hadfoundno suppressionof theNi moment.Feis affectedlittle, if any,by thebackingmetal;
for Co the value of P appearsto be slightly suppressedby Al.

The resultsfor the minimumonsetthicknessfor P in Ni backedby Al, Au, Mn, andCr fit very
well with thetheoreticalpictureasproposedby TersoffandFalicov [124] andby Cox et al. [125]
basedon the hybridizationof s—p electronsof thebackingmetalwith d electronsin the ferromag-
net.It was suggestedby TersoffandFalicov [124] that theoperativemechanismwhichsuppresses
theferromagnetismin Ni films on non-magneticmetalsubstratesis substantiallythe sameasthat
which suppressesimpurity magnetismin a non-magnetichost andthat which determinesthe
magnetismin alloys of Ni. The suppressionof the magneticmomentin Ni alloys increasesonly
slowly with Au, Ag, andCu; the suppressionis much more rapid with polyvalentmetals.One
experimentalresult that is inconsistentwith the above theoreticalpicture is the slownesswith
whichP derivedfrom thetunnelingconvergestowardits bulk valuewith increasingNi thickness
whenit is backedwith Al [120, 121].The suppressionof Pandpresumablythe magneticmoment
to morethan10 atomiclayers cannotbe explainedby theusualrangeof an exchangeinteraction.
Diffusion of thenormalmetalinto theAl might createsuchan effect,but theexperimentalevidence
is againstthis explanation.

3.5. Single-crystalexperimentsandartificial tunnelbarriers

Although thebandstructureexplanationof themeasuredvaluesof P hasconsiderableexperi-
mentalsupport,particularlyfor Fe,amoredetailedagreementbetweentheoryandexperimentis
neededbeforethis modelcandefinitely be confirmed.Tunnelmeasurementson single crystalsas
a function of crystal direction as comparedwith the known band structureshould confirm or
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disprovethis model. Someinitial experimentswere tried with Ni single crystals.When NiO was
usedasabarrier with an Al counterelectrode,the Al film wasevidently depaired,little or no spin
splitting was observed,and no interpretableresults were obtained.Consequentlydepositionof
A12O3 onto the Ni crystal was attemptedas a tunnel barrier. The difficulty of forming such an
artificial barrier on the surfaceof an existing crystal is very much greaterthanusing the barrier
whichformsnaturallyon theAl surfacewhenit is exposedto oxygen.In fact we producedonly one
tunneljunction which did not haveanomalousfeatureson the conductancecurveswhich made
their interpretationambiguous.This onejunction on the Ni (110) face,which hadbeenion-milled
beforecoatingwith theAl203 tunnelbarrier,gaveavalueof P = + 13% [126]. Theconclusionof
thisprogramwas that improvedequipmentwasneededin which the surfacecould be cleanedand
annealedbeforethejunction was formedwith the wholeprocesscarriedout in ultra-highvacuum.

3.6. Tunnelingbetweenferromagnets

3.6.1. Experimentalresults
A logical extensionof the tunnelingbetweenferromagneticmetalsandsuperconductorsis the

tunnelingbetweentwo ferromagneticmetals.A simplemodelproposedby Julliere [127] assumes
thatthe spin is conservedin thetunnelingprocessandthat the conductanceof eachspindirection
is proportional to the densitiesof statesof that spin in eachelectrode.In this model oneexpects
that the tunnelcurrentwill be largerwhenthe magnetizationsof the two metalsareparallel than
whenthey areantiparallel.Analyzing theresultsin muchthe sameway as with tunnelingbetween
a ferromagnetand asuperconductor,the conductancesin the parallelandantiparallelarrange-
mentsG~and GAP arethen

G~= a1a2 + (1 — a1)(1 — a2), (27)

GAP = a1(1 — a2) + (1 — a1)a2 (28)

wherea1 and a2 arethe fractionsof majority spin electronsin the DOS of the two ferromagnets.
The fractional differencein conductivity wasdefinedby MaekawaandGãfvert [128] to be

AG/G—2P1P2, (29)

wherethe polarizationsof the two metals are P1 = 2a1 — 1 andP2 = 2a2 — 1.
Julliere [127] formed Fe/Ge/Cojunctions and measuredthe conductanceat T = 4.2 K in

different magneticfields as function of applied voltage. At V = 0, AG/G was about 14%. This
changein conductancedecreasedrapidly with increasedvoltageand at 6 mV was about 2%.
Apparently, AG/G was an effect of a zero-biasanomaly [2], which is believedto be causedby
magneticmomentsin thebarrier, but whoseprecisenatureis still not entirelyunderstood.In later
studiesby Kabani et al. [129] using Fe/amorphousGe/Cojunctions, i~G/G<0.1%. There is
considerableevidencethatamorphousSi andamorphousGe barrierslead to spin scatteringin the
tunnelingprocess[130].

MaekawaandGäfvert[128] measuredtheconductanceof Ni/NiO/ferromagnetjunctionswith
Ni, Fe, or Co as the ferromagneticelectrode.For Ni/NiO/Co at 4.2 K avalueof AG/Gequalto
about2% was observed,which correlatedwell with the paralleland antiparallelorientationsas
shownby the hysteresisin the magneticinduction of the Ni and Co films, which havedifferent
coercivefields (fig. 39). Sincetheresistanceof thejunction was about1000 ~ as comparedto about
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Fig. 39. Magnetoresistanceof Ni/NiO/Co junction versusmagneticfield. After MaekawaandGäfvert [128].

1 ~ for the resistanceof the films, the effect of the magnetoresistancein the films wasneglected.
~G/G decreasedrapidly with temperature,but was still observableat 77 K for Ni/NiO/Co
junctions.The observedeffectswith Ni andFe counterelectrodesweresmallerandmorecomplex.
Furthermeasurementsof Ni/NiO/Co junctionsweremadeby SuezawaandGondo[131] in which
the films were depositedto give very squarehysteresiscurves.Magneticfield dependenceof the
resistancewas observedat 77 and 300K, but becauseof the low resistanceof thejunctions, the
effect of the magnetoresistanceof the leadsmayhavebeenimportant.

For higher resistancejunctions, Kabani Ct al. [132] have obtainedresults on Ni/NiO/Co
junctions similar to thoseof Maekawaand Gäfvert [128]. The largest value of AG/G = 2%
observedwas at 4.2K and0.11% was found at 77K. For thesejunctionswhoseresistancewas
about90011, the effect of magnetoresistancein the leadswasnot morethanonetenthof junction
effects.For low-resistancejunctions the magnetoresistanceeffects in the leadscan dominateand
give curvesquite similar to thoseof the junctions.One result which may be pertinent to such
junctions is that in Ni/NiO/Al junctions no spin polarization was observedand in fact the
superconductinggapstructureof theAl film wasseenonly as arathershallowdepressionnearzero
voltage,andthejunctionswere oftenunstable[133]. It was conjecturedthat therewas inelastic
spin scatteringin tunnelingthroughtheNiO barrier. In this regard,it is interestingthatmagnon
effects in NiO havebeenseenby tunneling. [134].

Nowak andRauluszkiewicz[135] havemeasuredthe hysteresisof the tunnelingresistanceof
Gd/GdO~/FeandFe/GdO~/Fejunctionsin amagneticfield. The domainstructuresandmagnet-
ization reversalprocesswere investigatedusing defocusedelectronmicroscopy.Theseauthors
concludedthatthehysteresisof theresistancewith field wasattributableto aspin-filter effect in the
GdO~barrierratherthanto theparallelandantiparallelalignmentof the electrodes.Thespin-filter
effect will be discussedin section5.

An experimentusingthe techniqueof the scanningtunnelingmicroscopehasbeenreportedby
JohnsonandClark [136]. A magneticallyalignedNi crystal is broughtcloseto apermalloytorus
whosemagnetizationvectorcanbe madeparallelor antiparallelto thatof Ni by acoil on thetorus.
The experimentis carried out in air, so that presumablythere is a coating of oxide on each
electrode.It was thought that the coatingsof NiO and iron oxides were in contactduring the
measurement.The authorsreport valuesof AG/G rangingfrom 24 to 70% at room temperature.
The sensitivemodulationtechniqueshowspromise,but furtherexperimentsin highvacuumwith
clean surfacesare neededto clarify the results.

A recentexperimentby Wiesendangeret al. [137, 138] used ascanningtunnelingmicroscope
with a Cr02 tip to investigatethe spin polarizationof the tunnelingelectronsinto the terraced
surfaceof Cr(001). The terraceswere separatedby monatomicsteps and were of alternating
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Fig. 40. Cr single-line scansover the samethreemonatomicstepsof Cr (001) with a Cr0
2 tip (lower right) showing alternationof

magnitudeof tunnelcurrentfor spin-upandspin-downterraces.Upperleft showstwo stepsscannedwith a W tip showingequalcurrent
for eachterrace.After [137].

magneticmoment.The tunnelingdistancesfor alternatelayers were differentwhenscannedin the
constant-currentmode,implying thatthetunnelingcurrentwas largerfor onespindirectionthanfor
the other(fig. 40). Using the measuredvaluesof the tunnelbarrierand the heightof the monatomic
steps,a value of the polarizationof the tunneling electronswas calculatedto be P = 20 ±10%.
Assumingthat the electronsemitted by the Cr02 are nearly 100% polarized as measuredby
photoemissionby Kämperet al. [139], this measurementcan be interpretedin the Stearnsmodel
[107] as measuringthe relativedensitiesof spin statesof the itinerantelectronsin Cr at EF.

Morerecently,Wiesendangeretal. [140, 141] haveshownthatthespinconfigurationof an Fe
2+

or Fe3~ion in Fe
304 could be detectedusing an Fe tunnelingtip. This is the first time that

spin-polarizedtunnelinghasbeensuccessfulon an atomiclevel. The methodsof preparationof
tunnelingtips of Fe andCr aredescribedby Wiesendangeret al. [140] andprovideacomparat-
ively simpleway of attainingspin-sensitivetunnelingwith atomicresolution.An importantfeature
of this developmentis that the spin polarizationcanbe measuredasa functionof energyfrom the
Fermi energyby changingthe voltagebias. This may allow detailedspectroscopyof magnetic
materialson an atomiclevel.

3.6.2. Interpretationand theory
The simplemodel of Julliere[127] wasbasedon the Stearns[107] argumentthat the ferromag-

netic many-bodyinteractionswould be turnedoff at the ferromagnetic—barrierinterfaceandthat
the wavefunctionsin the barrier regionwould be the samefor spin-up andspin-downelectrons.
This model,which assumedthat the tunnelcurrentis proportionalto thedensityof statesof each
spin of the highly itinerantelectronsin the ferromagnet,seemedto explainthe superconducting—
ferromagneticresults.However,manyof theferromagnetic—ferromagnetictunnelingresultsto date
havenot correlatedwell with this simplemodel.Slonczewski[142] hassuggestedadifferentmodel
to explain the F/I/F results. Electronsare treatedas independentparticles with spin-up and
spin-down electronshaving different wave vectors k I and k .~ inside the ferromagnet,but
the sameattenuationcoefficient k in the barrier region. The wave function matching at the
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ferromagnet—insulatorboundariesisdoneseparatelyfor eachspindirectionandthetotalcurrentis
the sum of thesetwo independentcurrents. The resultingrelative changein conductancefor
parallelandantiparallelmomentsis the sameas eq. (29) with two additionalfactors:

AG2(k1I—k1(k
2—k

1Ik1(k
2—k

2Ik2~(k2I—k2~ 30
G0 ~k1I ~ +k2~ ( )

Dependingon the relativemagnitudesof k, k I andk ~., the predictedvalue of AG/G can vary
greatlyandcanbe of oppositesign. Datawhichappearto fit this patternarepresentedin ref. [143].

At presentthe dataare too conflicting to decideif either of thesemodelscorrespondsto the
physicalsituation.Conductanceanomalies(which areusually consideredto be the result of spin
scatteringof electronsfrom localizedmagneticmomentsin the barrier region)havebeenpresentin
many of the experimentsand may be essentialto some of the results. In the Julliere [127]
experiments,theeffect seemsto bepresentonly in theconductanceanomalyregionandapparently
neithermodel shouldapply. The Slonczewskiassumption[142] that wavefunctionswhich result
from a many-bodyexchangeinteractioncanbematchedatthe boundaryof aferromagnetas if they
wereindependentparticleswith identified spin needsmorequantitativebackingby F/I/F experi-
mentsas well asexplanationof theS/I/F results.ThepolarizationobtainedbyJohnsonandClarke
[136] is largerthanpredictedby eitherof thesetheoreticalmodels.The newtechniquesintroduced
by Wiesendangeret al. with ultra-highvacuumtunnelingandcharacterizedsurfacesshouldhelpto
resolvetheseuncertainties.

4. Fermi-liquid effects

Sinceits introductioninto thetheoryof H~2by Ferrell [28] andAnderson[29], the spin—orbit
scatteringrateb hadbeenusedas afitting parameterto obtainagreementbetweenmeasuredvalues
of H~2(T)andthe WHH theory [32]. The apparentsuccessof the theorywasthusonly qualitative.
Unphysicallyhigh rateswererequiredto obtainagreementin many cases,aswas pointedout by
Orlando and Beasley[68]. Further,valuesof b obtainedfrom spin-polarizedtunnelingwith Al
filmswereafactorof 5 smallerthanthoseobtainedfrom fitting theWHH theoryto H~2of thesame
films [67]. Consequently,the critical fields calculatedusingparametersobtainedfrom tunneling
were about 40% lower than the measuredones. Orlando and Beasleyalso pointed out that
inclusion of many-bodyeffects, in particular enhancedspin paramagnetism,could reducethe
amountof spin—orbit scatteringneededto fit the critical fields of sometransitionmetalsupercon-
ductors.The theoreticalanswerto thisproblemwas suppliedby Rainer[70], who pointedout that
Fermi-liquid correctionsto the quasiparticlespin magneticmomenthadto be included, if the
theory was to bequantitative.In addition,he showedthat the tunnelingdensityof statesis changed
qualitatively by the inclusion of Fermi-liquid effects, allowing quantitativemeasurementsto be
madeof the underlyingFermi-liquid parameter,G°.Here G°is the 1 = 0 antisymmetricFermi-
liquid parameterandis equalto N(y)/N(~) — 1, whereN(y) is the densityof statesobtainedfrom
thenormal-stateelectronicspecificheatandN(~) is thatobtainedfrom thespin susceptibility.The
applicationof Rainer’s ideasto thin-film superconductorswas demonstratedexperimentallyby
Tedrow et al. [144] andAlexanderet al. [101, 145] Rainer’s theory is describedin ref. [101].

The singlet pairing of electronsin a BCS superconductormakes such a material useful for
studyingnormal-stateFermi-liquid effects which involve the electronspins.At low temperatures,
T ~ T~, the spinsare all pairedandthe Fermi-liquid effects are turned off. As T —* T~,however,
quasiparticlesare excited and their densityapproachesthe normal-statecarrier concentration.
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Thus, right at the (second-order)superconductor-to-normalstatephaseboundary,the Fermi-
liquid effects arefully turned on andbecomeequalin strengthto thosein the normal state.The
energysplitting of the quasiparticledensityof statesof a thin superconductingfilm in a parallel
magneticfield is a measurablequantitywhichexhibitsthis “turn-on” effect,and,further, it is easily
measuredby spin-polarizedtunneling.If the splitting 5 is measuredat low temperaturesin a small
field, the result is ~ = 2pH. However, if the field is increasedat constanttemperatureto near
H~2(T),5 is foundto be2pH(1 + G°)-j. At highertemperatures,5 ~ 2pH,evenin small fields. The
valuesof ó(T,H) arepredictedby the theoryandfitting of the measureddatagivesavaluefor G°.
Thisprocedurehasbeencarriedout for Al by TedrowCt al. [144] andAlexanderetal. [101, 145],
for Ga by Gibsonet al. [146], and for V by Gibsonand Meservey[73].

Two methodscanbe usedto extractö(T, H) from the tunnelingdata.First, if S/I/F junctions
canbe made,andif b is not too large,the algebraicseparation[92, 98] of theconductanceversus
voltagecurvesinto spin-upandspin-downpartscanbeobtainedfrom eqs.(23) and(24) andusedto
determinethe splitting,providedweknowthepolarizationof theferromagnet.No recourseneedbe
madeto the theory of superconductivity.Figure 41 shows the separationinto spin-up and
spin-downconductancefunctionsfor an Al/Al2 03/Ni junction ata field closeto H~11.This method
is usableevenwhen thereis largeorbital depairingas is found nearH~11(T). If b is not smallor if
technicalreasonsprecludethe making of a S/I/F junction, then 5 can be obtainedby fitting
atheoreticalconductancecurveto themeasuredone[101]. In this case,valuesfor the parameters
b and c arealsoobtained,allowing calculation of H~2( T).

Valuesof 5 for Al asa functionof H andfor varioustemperaturesareshownin fig. 42 [144]. The
diagonalline denotes5 = 2pH.Thedatafall underthis line for high H andT, showingthat G°is
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Fig. 43. Parallel critical field versustemperature(solid circles).Dashedline is thetheoreticalcurveusingtheparametersb = 0.04 and
= 0.0043H

2derivedfrom tunneling measurements.The solid curveis in thetheoreticalresultusing therenormalizationsuggested
by Rainer [70] with G°= 0.3. The lowest temperaturepoint is in thefirst-order transition region [66].

positive,i.e., thequasiparticlesbehaveas thoughtheirmagneticmomentswerereducedrelativeto
that of free electrons. Equivalently, the results indicate that the local field experiencedby
a quasiparticleis reducedfrom the value of the applied field by the antiparallel alignment of
neighboringquasiparticles.We can now understandwhy the calculatedcritical field for Al films
was too low whenthecorrectvalueof b was usedbut Fermi-liquid effectswereneglected.With the
effectivemagneticmomentdecreasedby the Fermi-liquid effects, ahigherappliedfield is required
to producethe equivalentenergydifferencebetweenspin-up andspin-downstates.

We rememberthat spin—orbit scatteringalso decreases5; however,in this case,there is also
achangein the shapeof the density of statesfor each spin direction. Thus, althoughonecan
increasethe calculatedH~

2by increasingb, onecannotsimultaneouslyfit the tunnelingconduc-
tancecurvesbecauseincreasingb producesadifferentshapefromthatproducedby introducingG°.
Figure43 showsacomparisonof theoreticalH~2curvescalculatedusingthe tunnelingvaluesfor
b andc with andwithout G°= 0.3 included[66]. The curveincluding the G°parameterfits quite
well. Rainer’sinclusion of G°in the theory of H~2makesit quantitativelycorrect.

As mentionedbefore,theparameterG°is relatedto the ratio betweenthedensityof statesat the
Fermi level N(~)obtainedfrom ameasurementof the spin susceptibilityand N(y) obtainedfrom
the specificheat. A spin-fluctuationmodelpredictiongives 1 + G° (1 +

2ep + ~) (1 — I), where
the first parenthesisrepresentsthe enhancementof the specificheatdue to the electron—phonon
interactionandspin fluctuationswhile the secondis from the Stonerenhancementof the spin
susceptibility[146]. For Al, both theseenhancementsare small with 1 + G° 1.4~0.9 1.3 in
agreementwith the tunnelingmeasurements.Two superconductorswith moreextremeproperties
and which were studiedusing the spin-polarizedtunneling techniqueare vanadium [73] and
amorphousgallium [146]. Vanadiumhasamodestelectron—phononcouplingconstantof about
0.8, and its Stonerfactor is about0.6. Thus, the predictedvalue of G°is nearzero.Amorphous
gallium, on the other hand,hasoneof the largestvalues of 2ep = 2.25 while its Stonerfactor is
estimatedto be 0.5. Thus, G°~ 0.7.
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Fig. 44. Dynamic conductanceversus bias voltage for an Fig. 45. Individual spin conductancesofthe 3.10-Tcurvefrom
Al/A1

203/V tunnel junction ata numberof fields.The dashed fig. 7 of ref. [73]. Thedottedline is thepredictionof thetheory
curvesarefit to thetheory.Herewe haveusedG°= 0, CF = 0.9, using thesameparametersusedto fit thecurvesin that figure.
and~ = 0.1. The vanadiumfilm is 100 A thick [73]. Horizontal bar represents205H/e for the appliedfield [73].

The vanadium junctions were made conventionally by depositing Al, oxidizing it, and
then depositing lOnm of V. Although bulk V has a 1~of 4.5K, in very thin films the 7~
is reduced,presumably due to the magnetic oxides which form readily. Figure 44 shows
the measuredtunnel conductancefitted by Rainer’s theory. The value of G°obtained from
the four junctionsanalyzedat various fields and temperatureswas G°~ 0. Additional measure-
mentswere madewith Fe counterelectrodesandwere analyzedby separatingthe conductances
for the two spin directionsusing eqs.(23) and (24). The results of this separationare shownin
fig. 45 at onevalue of the magnetic field andgive a valueof G°~ 0.2, which is of the expected
magnitude.

AmorphousGa presentsa different experimentalproblem becausethe films, andhencethe
junctions,mustbemadeon the substratecooledbelow15 K andmustbe keptcold until measured
or theGawill crystallize[147, 148]. A specialevaporator[146, 149], constructedto allow in situ
depositionof a film onto a substratecooled to 1 K in the bore of aBitter solenoid,is shownin
fig. 46. Thesubstratewasfirst preparedwith Au contactpadsandtheAl counterelectrodeandthen
was mountedin theevaporator.After thejunctionswereformedby evaporatingtheGaonto the
1 K substrate,the substratewas rotatedinto the parallelorientationfor the high-field measure-
ments.The films had Ta’s near8K andH~2(0) near20 T.

The tunnelingdatawere fitted usinga programbasedon Rainer’s extensionof the theory of
high-field superconductivity[1,31,32] to include Fermi-liquid interactions[101]. The input
parametersto the theoryarethe Fermi-liquid parameterG°,the spin—orbitscatteringrateb~0,and
two depairingparameters[146]. Fulde’s parameter[1] is c = De

2d2z1o/R~h (where the diffusion
constantD = (VF/3) and ~ is afield-independentparameter,which was foundto be necessaryto
fit tunneling data on Al [62] and V [73]. The total depairing is then given by ~ =

De2d2H2/zloh+ ~. For thesefilms measuredin high fields, c~ctwas found to be negligible in the
determinationof G°.Table4 lists thepropertiesof theGafilms. Figure47 showsthefitting of the
tunnelingconductance.Becauseof theextremedisorderof theseamorphousverythin films, effects
of weak localization andCoulomb repulsionwere observedand had to be correctedfor before
analyzingthe tunnelingdata.Critical-field measurementsandcalculationsarecomparedin fig. 48.



R.Meserveyand P.M. Tedrow, Spin-polarizedelectron tunneling 221

Low Temperature Evaporator

LN~ L
4He

Sanrple
~ P tutu
Contrul ElectrIcal

Feedth a gh
Ru gtrPu

~__—Sample L’l~

I eitter
~-J Magnet Rotatable

Stage Sample

AGA IrI’I Cryopump -
Sonrce

Fig. 46. Schematicview of low-temperatureevaporatorusedto makeAl/A1
203/a-Gatunnel junctions (left). Cross-sectionalview of

modified Janis dewarin which samplewas mounted[146].

Table 4
Fitting parametersfor five bestamorphousgallium/alumi-

nium junctions

Junction G° b,0 CF 0~ T~ T~0

1 0.724 0.17 0.17 0.155 7.22 8.25
2 0.667 0.21 0.235 0.055 7.27 7.6
3 0.818 0.19 0.35 0.04 7.75 8
4 0.818 0.16 0.325 0.11 7.66 8.4
5 0.95 0.16 0.13 0.07 6.8 7.2

Onceagain,thetheoryprovedto be quantitativelyconsistentandtheG°valuewasof theexpected
magnitude.The measurementsgive G°= 0.8 comparedto the estimateof 0.7, and the calculated
critical field is in goodagreementwith the measuredH~2( T).

To summarize,the high-field tunneling measurementson three disparatesuperconductors
demonstratethe usefulnessandversatility of using the superconductingstateto measurepara-
metersof the normalstatewhich otherwisearedifficult to obtain.Also, themodel equationfor G°
appearsto work reasonablywell for this broad spectrumof materials.Onemight imaginethat
a similar studycould be madeby simply measuringthe normal-statespin susceptibility and
electronicspecificheat.Unfortunately,the measuredquantitiescontaincontributionsnotdepend-
ing on the spin densitiesof states,such asorbital contributionsto the susceptibilityand lattice
contributionsto the specificheat.Separatingout the variouscontributionsis not straightforward.
The tunnelingmethodhasthe advantageof usingvery little theoreticalinput to obtain aunique
valueof G°.
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than 200H [146]. ing data. (G°= 0.818, b,0 = 0.16, CF = 0.325, and z~= 0.11)

[146].

5. Exchangeeffects at interfaces and barriers

5.1. Exchangeinteractionproximity effects

Becausemagneticorderandsuperconductivityareoften incompatible,the interactionbetween
superconductivityandmagnetismhasbeena topic of interestfor manyyears.Thedepairingeffect
of magnetic impurities in conventionalsuperconductorswas understoodthrough the work of
Abrikosov andGor’kov [150] andothers[151]. Exotic magneticfield behaviorhasbeenfound in
superconductorswith rare-earthcomponentssuch as the rhodium borides[152] ternary molyb-
denumchalcogenides[153], andCePb3[154]. A tunnelingexperimentusing a Ho(OH)3 barrier
betweentwo Pb films hasbeeninterpretedasshowingthe formationof aboundstatein the Pb
becauseof theferromagnetismof the barrier [155]. The observationsof interesthere,whichwe call
the exchangeproximity effect, stem from the discovery that a thin Al film in contact with
a ferromagneticsemiconductorbehaveslike aBCSsuperconductorwith auniform exchangefield
[156]. This discovery, supported by an earlier theoretical description by de Gennes,[157],
provided the impetusfor a numberof tunnelingexperimentsexploring the ramificationsof the
behaviorof a thin-film superconductorin contactwith aplaneof magneticmaterial.

5.1.1. First demonstrationof the exchangeproximity effect
Experimentswereperformedfirst on thin Al films in contactwith EuO in tunneljunctionsof the

form EuO—Al/A1203/Al (or Ag, or Fe) [156]. Europiummetal (5 nm thick) was first depositedon
aglasssubstrateat 77 K and,after warmingto 300K, was treatedwith anoxygenglow dischargeto
form EuO.The Al film (4—10nm thick) wasthendepositedat 77K,warmedto 300K, andpartially
oxidizedin a glow dischargeto makethe tunnelbarrier.The final Al film (4—10nm thick) was then
depositedat 77 K. The useof low-temperaturedepositionswas necessaryto producereasonably
uniformfilms at thesethicknesses.EuO is aferromagneticsemiconductorwith aCurietemperature
of 69 K, but it is probablethat the more stablecompoundEu203(an antiferromagnet)wasalso
presentin the films.
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203/AI junction with anappliedfield of0.44 Tand from spin-polarizedconductancesfor severalrare-earthoxides.
a voltage splitting equivalentto 1.73 T. After [156]. After [158].

For an Al/A12O3/Al junction without the EuO, the tunnelingconductanceat low temperatures
showsonly two sharppeaksat voltagesV = ±2z1/e,as shownin fig. 19, evenin amagneticfield
which spin-splitsthe densitiesof states.The reasonis that, as explainedin section2.3, the spin
splitting in thetwo films is identical.(Theverysmall spin—orbit peakshownin fig. 20 is too small to
be seenat this scale).On the otherhand, fig. 49 showsthe tunnel conductanceversusvoltagefor
aEuO—Al/Al203/Al junctionin aparallelmagneticfield of B = 0.44T [156]. Therearetwo distinct
peaksin eachvoltagedirection,whichimply that the EuO—A1 film hasaspin splitting equivalentto
that of an appliedfield of B + B* = 0.44 + 1.73 T! In addition,the sharpnessof the peaksindicates
that the magneticfield depairingis no greaterthan that dueto theactualappliedfield.

This resultcanbe interpretedby referringto fig. 19,but with the superconductorin contactwith
the EuO actedon by an additionaleffective field B*, resultingin asplitting of eachconductance
peakby 2pB*. A plot of this additionalfield actingon theelectronspinsas afunctionof theapplied
field is shownin fig. 50 for EuO andotherrare-earthoxides[158]. Thefact thatthe valueof B* in
high fields is fairly closeto the saturationmagnetizationM of the ferromagnetappearsto be
a coincidence,and it is thought that this effect is causedby an exchangeinteraction between
conductionelectronsin the Al andthe EuO moment.This view is supportedby the fact that the
high-fieldvalueof B* is inverselyproportionalto thefilm thicknessd as predictedfor an exchange
modelproposedby deGennes[157]. Themodelcanalsoaccountfor thesizeof the splitting within
an orderof magnitude.Also, the fact that the tunnelcurvesof thesuperconductorwith enhanced
splitting arenot additionallydepaired(seefig. 49) showsthatthis superconductoris not subjected
to an additionalrealmagneticfield. Finally, measurementswith EuS showedthat the valueof B*
actually could exceedM [159]. The slight decreaseof B* at high applied fields (fig. 50) is
attributableto the well-understoodFermi-liquid correctionsto the magneticmomentof the Al
quasiparticles[144] (seesection4). It wasfound that 2nm of A1203 betweenthe rare-earthoxide
andthe Al destroystheeffect as onewould expectfrom an exchangeinteractionmodel. Rainerand
co-workers[160] alsohaveanalyzedthis systemon thebasisof an exchangeinteraction.

As summarizedby Tkaczyk [79], therearethree physicaleffectswhich are observableconse-
quencesof the exchangeproximity effect. If the rare-earthmomentsare aligned, there is an
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interactionof the form <ka/Hex/ka> which hasthe effect of splitting the densityof statesof the
superconductorjustas anappliedmagneticfield does.HereHex is the s—dexchangeHamiltonian.
Thiseffect is what wasobservedin theinitial experiments.Therearealsonon-spin-flip first-order
contributions of the form <k’KY/Hex/ka> which lead to the well-known RKKY [109] response
causingaspin polarizationof theconductionelectronsproportionalto Sdr’x(r — r’) Bex(r’), which
is localizedwithin aboutoneFermi wavelengthof theinterface.Here,x is the spin susceptibilityof
the electronsystemand Bex is the effectiveexchangefield. Both of theseeffects arelinear in the
exchangecouplingJ. Finally,thereis spin-flip scatteringwhichdependson J2. In zeroappliedfield,
the spin-flip scatteringrate r~ is that calculatedby Abrikosov andGor’kov [150]. Spin-flip
scatteringdecreasesT~andbroadensthe densityof states.Fitting the AG theoryto the tunneling
conductanceis agoodway to measurer~’.

5.1.2. Exchangesplitting with rare-earth oxides
One expects from de Gennes’ theory [157] that the superconductingAl in contact with

aferromagneticsemiconductorwouldhaveZeemansplitting of thedensityof statesin zeroapplied
field. In fact, in manyexperimentswith EuO,no suchsplitting wasobservedwhenthefield wasfirst
applied.However, in some cases,splitting was observedin zero field after the applicationand
removalof a field of afew kG. Theseresultsareprobablyattributableto imperfectionsof the EuO
films. SinceEuO is not as stableas the non-ferromagneticoxide Eu

203,someEu203is presum-
ably present.In addition, the thinnessand low-temperaturedepositionare expectedto give the
films afine-grainedstructure,which will limit the magneticdomainsize.For domainssmaller in
sizethanthe superconductingcoherencelength(which is about50nm for theseAl films), cancella-
tion of differently directeddomainswill leave asmall net exchangefield and little splitting. The
applicationof amagneticfield canalign thesedomains,allowing theproximity-inducedsplitting to
beobserved.Wenoticefrom theseresultsthatthesplittingobservedwhile thefield is appliedis not
dependenton whetheror not the magneticmaterialis ferromagnetic,as long as the field is large
enoughto align the moments. The increaseof B* shown for the (mostly antiferromagnetic)
materialsin fig. 50 is amanifestationof this alignmenteffect. The saturationvalue of B* can be
correlatedto someextent with the propertiesof the particular rare-earthatomsinvolved. The
largesteffectsareseenwith Eu andGd, which havethe largestspinsin the rare-earthseries.The
saturationvaluethendies off roughlywith decreasingspin. Why Tb producessosmallan effect is
not understoodat this time; however,the natureof the interfacebetweenthe superconductorand
themagneticmaterialis very important. If thecontactis not sufficiently good,the proximity effect
will not be observed.

For EuS,which can be depositedwithout major stoichiometricimperfections,Mooderaet al.
[159,161] discoveredthatZeemansplitting of the densityof statesof superconductingAl is often
observedbefore anyfield is appliedprovided the Al/EuS interfaceis clean.Even in this casethe
splitting rapidly increaseswith appliedfield as the domainsalign and increasein sizecomparedto
the coherencedistancein the superconductor.Experimentswith EuSandEuSewill be describedin
section 5.2. -

5.1.3. Rare-earthmetals
Becausethe stateof orderof the rare-earthatomsdoesnot affect the splitting with amagnetic

field applied,Tkaczyk reasonedthat one could usemetallic rare-earthsas well as the oxides.
A further complication entersthe experiment,however,becausemetallic magneticatoms exert
a strongdetrimentaleffect on the superconductingstate.The depairingeffect of magneticimpu-
rities was first demonstratedin tunnelingexperimentsandin measurementsof the depressionof T~
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Fig. 51. The measuredtunneling conductance(solid curve), and fits by the AG theory(dashedcurvesa—d) of Gd—Al/A1
203/Ag

junctions correspondingto Gd coveragesof 0, 1, 2, and 3 nm 2, respectively.After [164].

by ReifandWoolf [162]. Theeffects of magneticimpuritieson superconductivityhavesincebeen
studiedin detail [163]. The physicsof this strongdependenceon spin-flip scatteringwasexplained
theoreticallyby AbrikosovandGor’kov [150, 151],whosepredictionof thedensityof statesof the
superconductorcanbe usedto fit tunnelingresultsin which spin-flip scatteringis present.This
form of the densityof statesmust be usedfor understandingthe following experimentsin which
avery smallamountof therare-earthmetalitself is in contactwith the Al film. Figure51 illustrates
the effect of differentthicknessesof Gd metalandfits of theAG theory to theconductancecurves
[79, 164]. The tunnelingconductancebroadenswith increasingGd coverageandthe shapeof the
curvesis well describedby the AG theory. The curvesclearly showthat asubmonolayerof Gd
0.05nm thick acts like ametallic impurity andcompletelydifferentfrom the oxide.

A by-productof this fitting procedureis a valuefor the spin-flip scatteringtime. When these
junctionsarethensubjectedto amagneticfield, theresultantsplitting of thedensityof statesyields
avaluefor B~.Tkaczyk[79] developedamethodfor analyzingthesetwo piecesof informationby
noticing that Bex —~cJB0(q)while r~’—~cJ

2. Herec is theconcentrationof magneticatoms,B
0 is

the Brillouin functionand~ = 1uB/kT.If oneplots thesaturationB*( Bex)versusthe scattering
rate measuredfrom the zero-field tunnelingconductance,oneshould obtain for eachmagnetic
material straight lines of constantJ radiating from the origin, with the distancealong a line
a measureof theconcentrationc. Becausethe impurities are non-interacting,it is important to
obtainthesaturationvalueof B*. Thismeasurementmustsometimesbe madeindirectly because
B* mayexceedthe critical field of the superconductor.One thenfits theBrillouin function to the
B* datato getthe saturationfield. An exampleisshownin fig. 52,whereB* versusBapplied is shown
for threeGd concentrations[164]. The critical field of the Al is near4T, sothat the extrapolated
saturationvalueof Bex = 8.1T cannotbe observeddirectly. An exampleof Bex versusr~’ for Eu
and Gd is shown in fig. 53 [79]. This figure also illustratesthat the main difference between
measurementsusingoxidesandthoseusingmetallic impurities is the effectiveconcentration.

5.1.4. Observationof the RKKYpolarization
The experimentswhich we havediscussedso far concerningthe exchangeproximity effect have

involved tunnelinginto the side of the superconductoraway from the magneticlayer. In this
section,we review results of experimentsin which the tunnel junction is formed on the same
side of the film as the rare-earthdopants[79, 165].This geometryallows the polarizationof the
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fig. 51. The curve drawnthroughthepoints correspondingto [82].
thelowest Gd coveragesaturatesat B~, 3.5T.This curvewas
scaledby a constantfactor to obtain the saturationcurvesfor
thegreatercoverages.Inset:The Zeemansplitting oftheconduc-
tancefor thelowestGd coverageandafit (dashed)by thetheory
with no spin-flip scattering [164].

conductionelectronsdueto the RKKY [109] interactionto be observed.As wasmentionedearlier,
thisinteractionis localizedat theinterfacebetweenthe superconductorand themagneticlayerand
extendsinto the superconductoronly a distancecomparableto a Fermi wavelength.An added
featureof the experimentsarisesfrom the fact that the spin susceptibilityof the superconductor
goes to zero when the spins are paired in the superconductingstate. As we have seen, the
polarizationdependson thespin susceptibility,andthusmustvanishin thesuperconductingstate
of a spin-pairedsuperconductor.Thejunctions used in this part of the study are of the form
Al/A1

2O3/Gd—Al.
Figure54 showsthe conductanceof suchajunction at two differentvaluesof appliedmagnetic

field. In curve(a), bothAl films arein the superconductingstate.The curveis symmetricalabout
zerovoltage,andthepeakat the sum of thegapsis split becausethe top Al film is in contactwith
the Gd. When the field is increasedabove the critical field of the Gd—Al film, however, the
conductance(curveb) becomesasymmetricand lookssimilar to thecurveswehaveseenearlierin
thesectionon tunnelinginto ferromagneticmetals.In this case,the observedpolarizationis a few
percent.This experimentbearsout our expectationthat the polarizationcausedby the RKKY
interaction can be seenin the normal state but not in the superconductingstate. To further
investigatethisphenomenon,werecall that wecanalter the spin susceptibilityof thesuperconduc-
tor by addingspin—orbit scatteringwith asubmonolayerof Pt on the Al [66]. A junction of the
form Al/Al203/Al—Pt (with no Gd) in amagneticfield hasaconductanceas shownin fig. 55 [165].
Now the peakatthe sumof thegapsis split becausethe densityof statesof theAl—Pt film doesnot
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Fig. 54. The conductanceof an Al/Al
203/Gd—Al junction Fig. 55. The conductanceof an Al/A1203/Al—Pt junction,

(3 Gd ions/nm
2)measuredin anappliedmagneticfield for which wheretwo monolayersof Pt mix thespin statesof theelectrons

the top electrode (Gd—Al) is (curve a) superconducting, in the Al-Pt electrode. The voltage splitting of the sum-of-
B= 0.17 T, and(curve b) normal, B = 3.72 T [164]. the-gaps peak correspondsto the Zeemansplitting of the

electronsin theAl electrode,2gB = 0.25meV [165].
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Fig. 56. The conductanceof anAl/A1203/Gd—Al—Pt junction Fig. 57. The conductanceof the samejunction usedin fig. 56
measuredin a magnetic field whereonly the Al electrodeis but at a lower magneticfield for which both electrodesare
superconducting.The asymmetrywith respectto zero bias is superconducting.The asymmetryindicatesa spin polarization
associatedwith a spin polarization of the electrons in the of theelectronsin theGd—Al—Pt electrode.The conductanceof
Gd—Al—Pt electrode[165]. the correspondingcontrol junction (i.e., no Gd) is shown in

fig. 55 [165].

split in the appliedfield. Note that the peaksaresharperin this casecomparedto thosein fig. 54,
becausethereis no depairingdueto the presenceof amagneticmaterialin thiscase.Now if Gd is
addedto thejunction of fig. 55, theconductancebecomes~sshownin fig. 56 [165]. Whenthe field
exceedsthe critical valuefor theGd—Al—Pt film, the asymmetricalpolarizedS/I/N conductanceis
observedas before. This time, however,when the field is reducedbelow the critical value, the
conductanceremainsasymmetricalwith the samevalueof polarizationasshownin fig. 57 [165].
Thus,the theoreticalexpectationsare in fact borne out by the experiments.
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Fig. 58. Measuredpolarization P versusaveragethicknessd of the Au layer coveringFe. Solid and long-dashedlines give P as
calculatedfor two limits oftheproposedmodel.Thesmall dashedline is expectedfor randomAu depositionandnospinleakageinto the
Au [166].

5.1.5. Ferromagnetic-metal--nonmagnetic-metal interface
In adifferent sort of experiment,Mooderalet al. [166] haveusedspin-polarizedtunnelingto

concludethat, in a thin film of Au covering an Fe film, the conductionelectronsin the Au are
partiallyspin polarizedby anexchangeinteractionat the Fe/Auinterface.Thevaluesof P attheAu
surfacevariedinverselyas theAu thicknessandcould bedetectedto athicknessof 10 nm,as shown
in fig. 58. The proposedexplanationof the effect is that conductionelectronsin the Au are
polarizedby the scatteringat the Fe—Au interfaceand remain polarizeduntil thereis a spin-
scatteringcollision, mostprobablyat theAu surface.Thepolarizationof theconductionelectrons
would thereforedecreaseinverselywith theAu thicknessfor essentiallythe samereasonasin thede
Gennes[157] analysisof a ferromagneticinsulator—superconductorinterface.It is to be empha-
sizedthat thisis an equilibrium spin polarizationof theconductionelectronsin the Au, but implies
no ferromagneticinteractionin the Au.

5.1.6. Spindependenceof the superconductor—normal-metalproximity effect
Whena superconductoris placedin intimatecontactwith a normalmetal,the superconductivity

leaks into the normal metal for a distancewhosescale is given by the coherencelength. This
intrusionof superconductingpropertiesinto the normalmetal is called the proximity effect [2].
Gallagheret al. [167] haveinvestigatedthe spin propertiesof the quasiparticlesin aproximity-
effect doublelayer. This effect is different from the exchangeproximity effect describedearlier in
thatbothmaterialsaremetallicandno magneticions areinvolved.The phenomenapredictedarise
only from the superconductinginteractionsexperiencedby the quasiparticlesas theymove from
onemetalto the other.The motivationfor thestudywas partlydueto theexistenceof thetricritical
point in the magneticfield behavior of thin superconductorswith low spin—orbit scattering,
mentionedin section2.2. The theory of the proximity effect in a thin doublelayerin amagnetic
field thenwasanalogousto that of other systemsin which a staggeredfield waspresent[167].
Propertiessuch asspin susceptibilityanddensitiesof stateswerecalculatedfor bothsides of the
sandwich.The mostrelevantresultfor thisreviewwasthepredictionthatthedensityof statesof the
normalmetalwould besplit by the magneticfield in responseto the splitting of thedensityof states
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Fig. 59. Normalizeddynamicconductance(dI/dVSN)/(dI/dVNN) Fig. 60. Conductanceversusvoltagefor a Au/EuS/Al junction
in variousappliedmagneticfieldsfor aAu/EuS/Aljunction.The atT= 0.4 K for variousvaluesof H. A fit oftheoryto thecurves
curvetaken in zerofield (0T curve)shows a small internal field givesP = 80% ±5%. Notethehighvalueofzero-fieldsplitting.
which can be determinedby fitting thecurve to theory; B? is Curveswere all taken in increasingfield. Hysteresiswas ob-
foundto be0.5 T. RemanentZeemansplittingcorrespondingto servedin decreasingH, but is not shown[161].
an internal field of about 2.OT is seen in this junction (O’T
curve).The inset shows thedependenceof theinternal field on
the applied field. The saturation magnetization of EuS,
4itM0 = 1ST, is indicatedby an arrow [159].

on the superconductingside, and, furthermore,that at high fields, the splitting could be large
enoughto causestatesto crossthe Fermi level. This crossingarisesfrom the reducedgapon the
normalsidecombinedwith the usualmagnitudeof thesplitting.The superconductivityof theother
halfof thesandwichmaintainsthesuperconductingstatethroughout.Calculationsof the resulting
tunnelingconductanceweremade,thesalientfeatureof which is apeakin theconductanceat zero
biasas themagneticfield approachesH~2.Experimentson Mg—Al sandwichesdemonstratedthe
existenceof this peak[167].

5.2. Spin-filter tunnelbarriers

WhenEuS wasusedas a tunnelbarrier in Au/EuS/Aljunctions, not only was theresplitting of
the Al densityof states,but the tunnel current was strongly spin polarized [159, 161]. This is
illustratedin fig. 59 for ajunction in which Au 11 nm thick wascoveredby EuS3.3nm thick, both
depositedat room temperature,followed by depositionof the 4.2nm Al counterelectrodeat 77 K.
When thetunnelingconductancewasmeasuredat 0.5K, therewas initially asmallspin splitting
(B~= 0.5T) before any magneticfield was appliedandagreatly enhancedsplitting appearedat
higher fields. When the field was againreducedto zero,shownin curve0’, the remanentsplitting
(B* = 2T) was much larger than the initial value. The inset in fig. 59 showsthe value of the
enhancedfield B* asa functionof the appliedfield. Oneresult is thatB* exceedsgreatly the value
of thesaturationmagnetizationof bulk EuS ( = 1.5T) andunambiguouslyconfirms theassump-
tion that the observedeffect is that of an exchangeinteractionandcannotbe attributedto the
magneticfield of the ferromagnet.

The polarization obtainedby fitting the curves of fig. 59 to theory is P = 80 ±5% [159].
A Ag/EuS/Aljunction with P = 85% hadthe highestvalueof initial zero-field splitting,B~= 3 T,
asshownin fig. 60 [160]. In previousspin-polarizedtunnelingstudies,polarizationof the tunnel
current comesfrom the different densitiesof spin-upandspin-downconductionelectronsat the
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EVAC

Fig. 61. Schematicrepresentationof thetunnel barrier of a Au/EuS/Al junction. W
1 and W2arethe work junctions of Au and Al,

respectively.yis theelectronaffinity of EuS.The barrierheightsin theAu andAl interfacesareshownas~, and42 atthebottomof the
EuSconductionband (dashedline) atT> 16.7 K. The bottomof thetwo bandsshownatT ~ T~by thesolid lines separatedby AEcX

are the barriersseenby the two spin directions[161].

Fermilevel in the ferromagneticelectrode.In the presentcase,the polarizationarisesfrom different
barrierheightsfor electronswith differentspin orientation,whentheconductionbandof EuSsplits
into spin-downsub-bandsbelowthe Curie temperatureT0 = 16.6K. In the schematicdiagramof
fig. 61,4~and /2 arethebarrierheightson the Au andAl sidesof the barrierandthe dashedline
showsthebottomof the unsplitconductionbandat T = 20K. For T <~T~the solid linesshowthe
barrier height for the two spin directions split in energy by AE~5.Since the tunnelingprocess
dependsexponentiallyon the barrier height, the splitting of the EuS conductionband greatly
increasesthe probability of tunneling for spin-up (majority) electronsandreducesthat of the
spin-down(minority) electrons.

Severalpreviousstudiesof this spin-filter effect are closely relatedto the tunnelingresults.Esaki
etal. [168] reportedan internal-field-emissionstudyofjunctionshavingthemagneticsemiconduc-
torsEuSandEuSeas barriers20—60nm thick. Theyobservedan increaseof internalfield-emission
currentas thetemperaturewas loweredto belowthe magneticorderingtemperatureof the barrier
andinterpretedthis changeascausedby thedecreasein barrierheightwhentheconductionbandis
split by the exchangeinteractionbelowthe Curie temperature(Ta). Other tunnelingresultswere
obtainedby Thompsonet al. [169]. Field-emissionstudiesby Muller et a!. [170] andKisker et a!.
[171] on EuS-coatedtungstentips showeda high degree of polarization of the field-emitted
electronsbelow the Curie temperatureof EuS and wereexplainedby a spin-filter effect in EuS
causedby the exchangesplitting of the conductionband.

The spin polarizationof the tunnelingelectronswas obtainedby fitting the conductancecurves
to the Maki—Fulde—Rainertheory aspreviouslydescribed.All of the curvesfor onejunctionwere
fitted with a single value of polarization P, but B* was varied for different applied fields.
Theoreticalfits weremadeto threeof the conductancecurvesshownin fig. 60. The valueobtained
for the polarizationfor thisjunctionwas80 ±5%. Table 5 containsthe valuesof thepolarization
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Table 5
Comparisonof valuesof polarization. Pmean is obtainedfrom thetunnel conductance
asymmetry.~ou1. is calculatedfrom Simmons’ theoryandtheoptically measuredLIE

Junction PmnaS Pcaic R~(2K) R~(
2K) S ~

(%) (%) R~(35K) (k!~) (nm) (eV)

Au/EuS/Al 80 ±5 84.9 0.51 0.3 17.8 1.56
Ag/EuS/Al 85 ±5 90.8 0.40 0.47 19.8 1.32
Al/EuS/Al 85 ±5 91.6 0.38 2.2 20.4 1.32
Al/EuS/Al 85 ±5 92.6 0.36 14.4 21.9 1.42
Al/EuS/Al 60 ±5 80.4 0.58 3.0 17.6 1.96
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Fig. 62. Junctionresistanceasa functionof temperature.The sharpdecreaseof R
1 indicatestheonsetof theferromagnetictransitionin

theEuS barrier, which is approximatelybetween14 to 15K for thesefilms [159].

obtainedfrom this fitting process(which we havedesignatedPmeas)for 5 differentjunctions for
which resistanceversus temperaturewas also measured(fig. 62) [159, 172]. For all of these
junctionsthe EuSwasdepositedat 300K; depositionof the EuSat 80K gavelower valuesof P. It is
importantto realizethatthevaluesof Pmeasdependentirelyon the superconductingpropertiesand
containno assumptionsas to the barrieror otherelectrodeexceptassumingthat the tunnelingis
elastic,for which thereis strongevidence[62].

Completelyindependentfrom the aboveanalysis,we canobtainanothervalueof the polariza-
tion (designatedPeaiein table5) basedon Simmons’ [173] approximateexpressionfor the tunnel
currentdensityJ asafunctionof the biasvoltageV and theheight4 andwidth sof atrapezoidal
tunnelbarrier as illustratedin fig. 62:

J = J0(~— ~eV)exp[ — A(çb — ~eV)’
12] — J

0(4 + ~eV)exp[ — A(4 + ~eV)
112], (31)

whereJ
0 = (e/2mh)S

2andA = (4~tS/h)(2m)112with S beingthe thicknessof thebarrier,h Plank’s
constant,andm the electron effective mass in the conductionband. In thesecalculationsthe
free-electronmasswas used.The valuesusedfor ~ and S to fit the currentversusvoltagecurves
well aboveT

0 accordingto the Simmonstheory areshownin table 5.
For T ~ T0 theconductionbandof EuS is split by the exchangeinteractionandthe barriersfor

spin-up and spin-downelectronsbecome~1 = 4o — -~AEand 4~= 4~+ ~AE. Using eq. (31)
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and the bulk value of exchangesplitting AE = 0.36eV [174], we can calculatethe spin-up and
spin-downcurrent densitiesft andJ.~.The calculatedpolarizationis then

Peaie= (ft — f~)/(Jt + Jfl. (32)

The valuesof Peatearelisted in table5 andarein reasonableagreementwith Pmeasobtainedfrom
superconductingtunnelingtheory.The valuesfor 4’o from fitting the current—voltagecurvesfor
T >~ T~aremuchlower thanthe valuesobtainedfrom the knownpropertiesof bulk EuS.Usingthe
valuesfor the work functions WAI = 4.1eV and WAU = 5.0eV [175], and the electronaffinity for
EuS,XEuS = 2.5 eV [176], weinfer valuesof the barrierheightsat the interfacesof 4 = 2.5eV and
42 = 1.6eV. The averagebarrier height would be 4 = (4~+ 4~)= 2.05eV. The averageof the
rathervariablevaluesof /~in table5 is 0.4eV lessthanthe theoreticalvaluefrom bulk EuS. This
differenceprobablyreflectsthe structuralimperfectionsof the 3.3nm films of EuSandis generally
found in barrierheightsof vapor-depositedbarriers.

As a result of the exchangesplitting of the barrier height in EuS, thereis a large decrease
in the resistanceof the tunnel junction at temperaturesbelow T0 as shownin fig. 62. We can
comparethesemeasurementswith the calculatedfractionalchangein resistanceobtainedby using
eq. (31),

R(T)/R(40K)= [ft (40K) + J.~(40K)]/[J1 (T) + J.~(T)]

The resistanceaboveT0 was takenat 35 or 40 K, which areabovethe region in which transition
width andfluctuationeffectsarepresent.Valuesfor thisresistanceratio asmeasuredandcalculated
aregiven in table 5. The agreementof themeasuredandcalculatedvaluescanbe consideredgood
eventhoughthe theoreticaldecreasein resistanceat 2 K is about 10% greaterthan the measured
values.

Othermetalelectrodesthatwereusedin placeof Au areAg, Al, andFe.A film of VTi wasusedin
placeof thin Al. The resultswith Ag werevery similar to thoseobtainedwith Au. An increasein
polarizationwhen using Fe was expectedbut not observed,althoughthis resultmay be attribu-
tableto surfacecontamination.With an Al film depositedfirst at 80 K followed by a EuS film and
anotherAl film, it was usuallyfound thatonly the top Al film was Zeeman-splitby the exchange
interaction.Apparently a thin layer of A12O3 was formed on the first-depositedAl film and
preventeddirectcontactbetweenthe Al andthe EuSwhich is neededfor anexchangeinteraction.
It was difficult to preventthe formationof the Al203 because,to form thin uniform Al films, the
substratewas cooledandthenwarmedto 300K for the EuS deposition,aproceduretakingtwo
hoursandinviting condensationof water vaporat the 10-0-v torr systempressure.Sincethe
layersof Al203 wereat mostafew monolayers,this resultis consistentwith the assumedexchange
interaction.Furtherexperimentsin vacuumsof 10_b0~~10_h1torr are neededto complete this
study.A Ag/EuS/VTi junction showedZeemansplitting of the VTi as well as asymmetryfrom the
spin-filtereffect [159]. However,becauseof very highleakagecurrent,no valueof spinpolarization
could be obtained.

WhenbothelectrodeswereAl, thetunnelingconductancewascharacteristicof superconducting/
superconductingjunctionswith the Al film depositedon the EuS having an enhancedZeeman
splitting.Theconductanceat H = 0 for two differentjunctionsis shownin fig. 63 [159]. For abias
voltageof either sign thereis onedifferencepeakand two sum peakspredominantlyof the spin
direction indicatedby the arrows.Varying the top Al thicknessd from 4 to 14 nm allowed the
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Fig. 63. NormalizedS—I—S tunnel conductancecurvesfor two Al/EuS/Al junctions(madein the sameevaporation)in zeroapplied
magneticfield. Thespin directionsof thepeaksarelabeled by theup or downarrows.B? = l.9T andP= 85% for sample4 (table 5),
andB? = 2.6Tand P = 60% for sample5 [159].

magnitudeof thesaturationexchangefield B* to bemeasuredasafunctionof d asshownin fig. 64
[177]. The approximatevariation of B* proportional to 1/d agreeswith the prediction of de
Gennes[157] for asuperconductingfilm betweentwo ferromagneticinsulatorsandwith dataof
Tkaczyk using EuO [79].

By fitting thetunnelingconductancecurvesto the Maki—Fuldetheory,valuesfor the supercon-
ductingorderparameterwereobtainedas afunctionof thetotal appliedeffectivefield actingon the
Al quasiparticles.Figure65 showsaplot of thesquareof the reducedorderparameterasafunction
of thesquareof reducedeffectivefield [177]. For thethinnerfilms, therapiddecreaseof A nearT~is
indicative of a first-order transitioncausedby the exchangefield, whereasthe behaviorof the
thicker films is consistentwith asecond-ordertransitionto the normalstate.Additional evidence
for a first-ordertransitionin the thinner films is seenin the suddenappearanceof apeakat zero
voltagein the conductancecurvesjustbeforetheAl becomesnormalwith appliedfield. Thispeakis
the resultof thepartial coincidencenearH~of thetwo innerpeaksformedby theZeemansplitting
aspreviouslyshownby measurementsof V—Ti alloys in fig. 14 [63] andof vanadium[73]. These
resultsshow thata first-ordertransitioncan be inducedby the exchangefield actingonly on the
electronspinsandcanbe observedat greaterthicknessof thesuperconductorthanwith only an
appliedmagneticfield andcould perhapsbe applied to thestudy of the spin propertiesof other
superconductorsat very low appliedfields

EuSe,anothermagneticsemiconductor,hasin bulk single-crystalform a rathercomplicated
phasediagramat low temperaturesat H = 0, havinga transitionto antiferromagnetismat 4.6K,
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Fig. 64. The dependenceof the saturationinternal field on the Fig. 65. The squareof the reducedorder parameterplotted
Al film thickness.The linein thefigure is a least-squaresfit to the againstthe squareof the reducedfield. The data points show
data points[177]. that the 10 and l4nm thick Al films becomenormalthrough

a second-ordertransition, which is expectedfrom theoretical
calculations. The superconductor—normaltransition in the
EuS/Al bilayers (eachwith 8 and 10 nm of Al, respectively)and
in a 4nm thick Al film is of first order as indicated by the
sharpnessof thetransitionnearthe critical field [177].
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Fig. 66. Conductanceversusvoltagebiasin a Ag/EuSe/Aljunction for various applied magneticfields for a high resistancetunnel
junction showingonly spin-uppeaks,indicating near 100% electronspin polarization [179].

a transitionto aferrimagneticstateat 2.8K [178], andatransition to anotherantiferromagnetic
stateat 1.8K [178]. Recentexperimentswith thin films havedemonstratedZeemansplitting of Al
films in contactwith EuSein all but the lowest applied fields in which the EuSeis presumably
antiferromagnetic.At fieldsabove0.1T, EuSeis ferrimagneticbelowabout1.8K andpolarizations
as high as 97% have been observedin a field of 1.2T [179]. The very high values of spin
polarizationsometimesobservedare perhapsthe result of a low effective tunnel barrier height,
which accentuatesthe effect on the barrierheight by the exchangesplitting. Figure 66 showsthe
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conductanceof aEuSebarrier in whichthe spin-downpeaksareonly marginallyvisible andwhich
hasapolarizationclose to 100% [179].

With EuSe, the value of P increasedwith magneticfield, in contrast to EuS (or metallic
ferromagneticcounterelectrodes)wherethe valueof P remainsessentiallyconstantfrom very low
fields, even though B* increaseswith field [179]. EuS is a ferromagnetwhose domains have
a constantvalue of magnetizationwhich is only alignedby the field. For EuSethe value of the
domainmagnetizationapparentlyincreaseswith field. Ontheotherhand,if thereis no ferromag-
neticexchangeinteractionbetweenmomentsaswith a Gd203barrier,whichis antiferromagnetic,
thereis no polarizationfrom the spin—filter effect eventhough thereis Zeemansplitting in the
superconductorfrom thefield alignmentof the Gd ions [179].

6. Relation to other techniques

Many differenttechniqueshavebeenusedto studyspin-polarizedelectronsemittedfrom solids.
In this section we will mention some results from thosetechniqueswhich are related to the
tunnelingresults.Discussionof many of the techniquesis also to be found in abook edited by
Feder[180].

6.1. Field emission

In 1930 Fues and Hellman [181] suggestedthat application of a strong electric field to
a ferromagnetshould producespin-polarizedemitted electrons,but it was not until 1964 that
Hofmannet a!. [182] observedspinpolarizationin electronsfield-emittedfrom Gd. Thevalueof
PGd = + 8% agreedreasonablywell with the theoreticallypredictedvalue [183]. Field emission
measurementsfrom Ni by Gleich et al. [184] found amaximumpolarizationof + 13%, whereas
Muller [185] andCampagnaandco-workers[186, 187] foundpolarizationof lessthan5% andof
bothsigns.Measurementsof Ni, Co, Fe,Gd, andotherrare-earthmetalsandcompoundsmadeby
Chroboket al. [188] gavevery different valuesof the electronspin polarizationthat were both
positiveandnegativeandoften of largemagnitude,andfitted no simplepattern.Measurementsby
Landolt and co-workers[187, 189] on Ni showedmoreconsistentresults andgave PN((

100)=

—3±l%,PNI(llO)=+S±2%,PFe(100)=+25±S%,PFe(lll) +20±5%,andP~~(110)=
—5 ±10%. Theseresultsare perhapsqualitatively understandableby the theoreticalideasthat
wereapplied to explainthe tunnelingresults[190], but the analysisis complicatedby theeffect of
thehigh electricfield on thesurfaceelectronicstructure.Field emissionmeasurementsfrom the Eu
chalcogenidefilms on a metal tip gavehigh valuesof positivepolarization[170, 171, 191].

6.2. Photoemission

Photoemissionprobestheelectronicstatesin metalsin a regionabout 1.2nm from the surface
andis thusless dependenton the final surfacelayerthanfield emissionor tunneling. In 1969, the
first photoemissionexperimentto observespin-polarizedelectronsby Buschet a!. [192] obtained
a value of P = + 5.5% for Gd. Shortly thereafterBanningeret a!. [193] obtaineda value of
P = + 15.5% for polycrystallinefilms of Ni. Buschet al. [194] measuredthe spin polarizationof
photoelectronsfrom Fe, Co, andNi and found P = + 54, + 21, and + 15%, respectively.The
valuefor Fewasin reasonableagreementwith asimplebandmodel.However,thevaluefor Ni was
puzzlingbecauseof thehighdensityof statesof minority spinsat theFermienergy.In 1976 Eib and
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Alvarado [195], by increasingthe sensitivityandthe energyresolution,showedthat very closeto
the thresholdenergy,a largepreponderanceof minority spinswas foundwhile at slightly higher
energyP becamepositive.Qualitatively thismeasurementwasas expected,but theresultsgavean
exchangesplitting of only about 0.33eV that was smaller than expected from band theory
calculations.This discrepancyhas been explained as resulting from many-body interactions
[196,197]. For Fe andBCC Co the resultsof spin-polarizedphotoemissionhavebeenshownto
agreereasonablywell with single-particleband structurecalculations.Recentphotoemission
techniquewith angle,energy,andspin resolutiontogetherwithhigh-intensitylight sourcesis avery
powerfulmethodof studyingthebandstructureof theferromagnets.The basicdifferencebetween
photoemissionandtunnelingmeasurementsseemsto be thatphotoemissionsamplesmainly the
highdensityof statesof localizedbandsin the 3d metals,whereastunnelingsamplesonly thehighly
itinerantstates.Theagreementof theearlierresultsof photoemissionandtunnelingmeasurements
of polarizationwas apparentlycoincidence.Reviewsof spin-polarizedphotoemissionstudiesare
listed in ref. [198].

6.3. Electroncapturespectroscopy

In electroncapturespectroscopy150keV deuteriumions arereflectedfrom amagneticcrystalat
nearthe grazingangle.D + ions extractan electronduringreflection from thesurfaceandthe spin
of the electronis determinedthroughthe effectof the hyperfineinteractionon anuclearreaction.
This techniquewas pioneeredby Rau andSizmann [199]. Details of the techniqueand many
resultsarefound in Rau’sreview article. [200]. The spin polarization of electronscapturedfrom
variouscrystaldirectionsin Ni variedfrom P = + 15 to —96%;for Co, P= +33 to —41%; for
BCC Fe,P = 31% to 13%. Theseresultshavebeeninterpretedas reflecting the tail of the wave
function 0.2nm outsidethemetalsurface,but theoreticalanalysisis difficult becauseof thestrong
perturbationsof the electronic system during the capture process.A variation of ECS uses
two-electroncapture,which detectslocal magneticorderratherthan long-rangeorder [200,201].
Relativevaluesof P versustemperaturehavebeenusedto studyphasetransitionsandfluctuations
above T~in ferromagnets.

6.4. Secondaryelectron emission

Unguris et al. [202] first demonstratedthe detection of spin polarization of secondary
electronsfrom a ferromagnet.Fe andCo werestudiedby Kisker et al. [203] andNi by Hopster
and others [204]. As a function of the energyof the emitted electrons, the spin polarization
of the 3d metals is always positive, with a maximum value at the escapethresholdenergy
anddecreasingrapidly with increasingenergy to apositive value which approximatelyreflects
the averagepolarizationof thebandsfor Fe,Co andNi. At the thresholdenergythe experimental
resultsare ‘~Fe= +44±2%, Pc0 = +34±2%, and PNI = +24±3%. Explanationsof these
resultshave beenproposedin terms of a spin-dependentmeanfree path [205], the formation
of Stonerexcitations[206,207], and the fact that the low-energysecondariesreflect the band
structurenear EF [208]. It alsohasbeensuggestedthat the close agreementof the threshold
polarizationsof Fe, Co, andNi with thosemeasuredby tunnelingis the result of the highly
mobiles—delectronsplayingadominantrole in thetransportof theemittedelectronsto thesurface
[209]. Spin-polarizedAuger electronshave the important property that the atom type from
which the electronsoriginate can be identified [210]. Spin-polarizedsecondaryelectronshave
beenusedto mapmagneticdomainswith high resolution[211]. A relatedbut differenttechnique
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is that of measuringthe spin polarization of electronsscatteredfrom surfacesand has been
reviewedby PierceandCelotta [212].

6.5. Spin-polarizedmetastable-atomde-excitationspectroscopy

SPMDS is a techniqueoriginatedby Onellion et al. [213] in which spin-polarizedmetastable
thermal-energyHe(23s) atomsincidenton aferromagneticmetalsurfaceeject secondaryelectrons
by an Augerprocess.Changingthe spin direction of theincidentmetastableatom with respectto
the magnetizationdirection of the ferromagnetresultsin achangein the numberof secondary
electrons.A theory by PennandApell [214] whenapplied to thedataon Ni (110)gavea valueof
spin polarizationof — 20% for thehighest-energysecondariesthatresultedfrom Augerneutraliza-
tion at positionsabout0.45nm outsidethe metal. Hammondet al. [215] haveaddedthe useof
adirect measurementof the polarizationof the secondaryelectronswith aMott detectorandgive
resultson an Fe (110)surfacewith andwithout oxygencontaminationanddiscussthe analysisof
resultsin detail. Resultsfor Fe (110)canalsobe comparedwith thetheoreticalcalculationsof the
densityof statesat EF by Wu and Freeman[216]. SPMDS is a promising techniquethat is
confinedto the surfacemorethanphotoemission,but the complexityof the interactionsandthe
largeperturbationexpectedfrom an ion close to a metal surfacemakethe interpretationof the
resultsdifficult. Whetherthe resultsarecloselyrelatedto thoseobtainedby tunnelingisnot clearat
present.

6.6. Photodetectionof injectedelectron spins

AlvaradoandRenaud[217] haverecentlyreportedtheresultof measuringthe spin polarization
of electronsinjectedfrom aNi tip into GaAswhoseopticaloutputactsas aspindetector.Thespin
polarization found for the field-emittedelectronsat 0.3 V was P = —31 ±5.6%. Theseresults
demonstratethe feasibility of this attractivetechniqueof spin detection[218].

7. Summary

Spin-polarizedelectrontunnelingisatechniquethatprovidesinformationaboutspin-dependent
propertiesof superconductors,normal metalsand ferromagnetsat energiesclose to the Fermi
energy.In addition to furnishingquantitativetestsof theoriesconcerningthe densityof statesand
critical magnetic field of superconductors,this method allows measurementof normal-state
propertiessuch as spin—orbit scatteringratesand Fermi-liquid correctionsto the electron spin
magneticmomentwhich aredifficult to determineby otherexperimentaltechniques.In addition,
theconsequencesof theexchangeinteractionbetweenmagneticions andconductionelectronsare
shownin averygraphicway by tunnelingexperiments.Theeffectivemagneticfield is evidentin the
extrasplitting of the densityof states.The broadeningof the BCSdensity-of-statespeakmeasures
theexchangescatteringrate.Spin polarizationdueto the RKKY interactioncanalsobe observed
directly in thetunnelingconductance.Thespin-filter effect demonstratesquantitativelytheeffect of
theexchangesplitting of thebarriermaterialon thetunnelingcurrentandalsoprovidesasourceof
highly polarizedelectrons.The applicationof spin-polarizedtunnelingto ferromagneticmetals
uniquelyyields quantitativeinformation about the polarizationof theconductionelectronsvery
close to the Fermi surfacein thesematerials.The applicationof this information to the caseof
ferromagnetic—ferromagnetictunnelingremainsanuncompletedtaskfrom bothexperimentaland
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theoretical points of view. We hope that this overview demonstratesboth the power of the
tunnelingtechniqueandthe transparentsimplicity of interpreting the resultsof such measure-
ments.

8. Futuredirections

Experimental results of tunneling from ferromagnets to superconductorsare incomplete.
Measurementsusingvacuumtunnelingin the differentcrystal directionsof ferromagneticmetals
with well characterizedsurfaces should clarify the experimental situation. Ferromagnetic—
ferromagnetictunnelingis an outstandingproblemboth experimentallyand theoretically.Here
again,vacuumtunnelingand fabricationof planar tunneljunctionswith modernepitaxial tech-
niques promise experimentaladvancesin this field. With more detailedexperimentalresults in
ferromagnetism,theoristsmay turn moreattentionto this field.

For superconductors,the whole areasof high- T0 andheavy-fermionmaterialsremain to be
explored,andhereagainprogresswill rely on improvedjunction formationor vacuumtunneling.
Another interesting area that has not beenaddressedas yet is the spin dependenceof non-
equilibrium effects;for instance,how the recombinationtime is affectedby non-equilibriumspin
distributions. In addition, spin-filter sourcesof spin-polarizedtunnel currentscan be used in
non-equilibriumstudiesof normalmetalsandsemiconductors.

In amoregeneralway, recenttechnicaladvancesareleadingto greatly broadenedpossibilities
in spin-polarized tunneling. The scanning tunneling microscope [219] has allowed the
study of topographyand spectroscopyon an atomic scaleat the surface of solids. Recently,
spin-polarizedvacuumtunnelingwas shown to be possibleat room temperatures[137] and,
more recently, atomic resolution of magnetic structureshas beendemonstrated[139, 140]. It
appearsthat spin-polarizedelectron tunneling can be applied to solid surfaceswith atomic
resolution as a function of energy,magnetic field, temperature,and crystal direction. These
developmentsshould lead to many scientific advancesin surfacescience,magnetism,solid state
studies,and tunneling.
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