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WhatWhat we we willwill discussdiscuss ……

•• FromFrom GMR GMR towardstowards spinspin--polarizedpolarized tunnelingtunneling

•• Spin Spin polarizationpolarization

•• Few Few wordswords onon preparationpreparation//oxidationoxidation

•• Interface/Interface/barrierbarrier sensitivitysensitivity

•• MRAMMRAM’’ss andand applicationapplication issuesissues

•• Spin filtering (Spin filtering (if if time time allows allows me me ……))



The The ““smellsmell”” of of electronselectrons:: chargecharge, , butbut alsoalso spinspin
2 QM spin 2 QM spin directionsdirections:: magnetimagnetic momentc moment up/downup/down

Spin Spin electronicselectronics::
combiningcombining spin transport & spin transport & magnetizationmagnetization



GiantGiant MagnetoResistance  MagnetoResistance  (GMR)(GMR)

magnetic field

resistance V / I

firstfirst observationobservation
in Fe/Cr in Fe/Cr MLML’’ss

((FertFert et al. 1988)et al. 1988)

•• magnetic engineering magnetic engineering 
•• spinspin--dependent scatteringdependent scattering
•• (nanometer) layer thickness(nanometer) layer thickness
•• matching electronic structure  matching electronic structure  



Example of matching: Co and CuExample of matching: Co and Cu

strong strong 
similaritysimilarity

forfor
majoritymajority

bandsbands

reality much reality much 
more complicatedmore complicated

though though ……



GMR is very large for magnetic GMR is very large for magnetic multilayersmultilayers
(world record 110%)(world record 110%)

Parkin / IBM



Magnetic engineering: couplingMagnetic engineering: coupling

•• Oscillatory interaction observed by Oscillatory interaction observed by MOKEMOKE effecteffect
•• Due to spinDue to spin--dependent interference effects at interfacesdependent interference effects at interfaces

(see e.g. models by Bruno and others)(see e.g. models by Bruno and others)



ManyMany routes routes toto mmagneticagnetic engineering engineering 
e.g.: e.g.: exchangeexchange biasingbiasing toto anan antiferromagneticantiferromagnetic layerlayer



SpinSpin--dependentdependent scatteringscattering and GMRand GMR

Current carried mostly by sCurrent carried mostly by s--electronselectrons

perturbationsperturbations
of latticeof lattice

periodicity

large numberlarge number
of d statesof d states

to scatter intoperiodicity to scatter into



A simple twoA simple two--current model to explaincurrent model to explain GMRGMR

H H smallsmall H H largelarge

R R largelarge R R smallsmall

Since its discoverySince its discovery: : ongoing ongoing research (research (physicsphysics & & applicationsapplications))



MidMid--nineties: a new scientific breakthroughnineties: a new scientific breakthrough

CoCo

AlAl22OO33

CoFeCoFe

11--2 nm2 nm

Moodera - MIT



Beyond classical conduction .......Beyond classical conduction .......



Tunneling current: Tunneling current: (again) spin dependent(again) spin dependent



Tunneling current in (magnetic) junctionsTunneling current in (magnetic) junctions



Simple Simple ((JulliJullièèrere) model ) model forfor tunneltunnel magnetoresistancemagnetoresistance

parallel
antiparallel



PPMM :  tunneling polarization:  tunneling polarization
magnetic metalmagnetic metal

PPMM = 50 % = 50 % →→ TTMR MR ≈≈ 67%67%

NoteNote: GMR of : GMR of 
spinspin--valvevalve trilayers trilayers < 15%< 15%



How to measure spin polarization?How to measure spin polarization?

UltrathinUltrathin superconducting Al can do the job superconducting Al can do the job ……..



EnergyEnergy diagramsdiagrams metalmetal / superconductor / superconductor junctionjunction

BCS 
density
of states

Superconductor band gap Superconductor band gap ∆∆ determinesdetermines currentcurrent onsetonset



Current Current II

•• G G ∝∝ NNleftleft ×× NNrightright

direct direct probe probe of of 
superconductor DOSsuperconductor DOS

ConductanceConductance
GG == ddII / / ddVV

•• SuperconductorSuperconductor
band gapband gap probedprobed
in I/Vin I/V curvescurves

•• Thermal broadeningThermal broadening



Effect ofEffect of
Magnetic field:Magnetic field:

ConductanceConductance
asymmetryasymmetry
measure formeasure for

spin polarization

P = 0P = 0

P P ≠≠ 00

spin polarization

signsign of of PPMM
measuredmeasured

as as wellwell



SuperconductingSuperconducting junctionsjunctions measuredmeasured at at TT = 0.3 K= 0.3 K

Issues: superconductor Issues: superconductor propertiesproperties TTC C , , BBC C , , ∆∆
in in relationrelation toto layerlayer growthgrowth, field, field alignment alignment 



Example:Example: polarization in Al / polarization in Al / AlOxAlOx / Co (/ Co (CoFeCoFe))

→→ TMR TMR ≈≈ 30 % for Co/Al30 % for Co/Al22OO33/Co !/Co !



Tunnel Tunnel magnetoresistancemagnetoresistance (TMR): follows (TMR): follows JulliereJulliere!!
protection

layers

TU/eTU/e –– 19991999
LeClairLeClair et al.et al.

T = 300 K

exchange
biasing
and seed
layers

record record JanuaryJanuary 2004:  > 70% at RT   2004:  > 70% at RT   →→ applicationsapplications!!



Most appealing application: Most appealing application: memories memories ……..

MagMag--RAMRAMNNonon--volatilevolatile, super, superfastfast,,
veryvery smallsmall, , ……....



2 2 resistanceresistance statesstates correspondcorrespond toto logicallogical ““00”” and and ““11””

HoweverHowever: : only one only one state at state at H H = 0 ?= 0 ?



TMR for storage: read/write strategyTMR for storage: read/write strategy



MagMag--RAM RAM 

Issues: Issues: •• waferwafer uniformityuniformity
•• reductionreduction bit bit sizesize →→ R R increasesincreases

→→ thinner thinner barriersbarriers !!



IBM 2003IBM 2003

TowardsTowards ultrathinultrathin barriersbarriers

•• uniformityuniformity

•• pinholespinholes

•• voltage breakdownvoltage breakdown

•• magneticmagnetic couplingcoupling

•• ……....

FabricationFabrication crucialcrucial!!



UHV lab UHV lab ““EUFORACEUFORAC”” at TU/eat TU/e ((atomic       atomic       ))



ShadowShadow maskmask evaporationevaporation & UHV & UHV sputteringsputtering



Few words on preparation ....Few words on preparation ....

line widths: 0.2 line widths: 0.2 –– 0.5 mm0.5 mm

1. deposition bottom electrode1. deposition bottom electrode2. deposition aluminum 12. deposition aluminum 1--2 nm          2 nm          3. thermal/plasma oxidation      3. thermal/plasma oxidation      4. top electrode deposition & capping      4. top electrode deposition & capping      



Oxidation key to device performanceOxidation key to device performance

sample

high-voltage

oxygen plasma



Oxidation key to performance: Oxidation key to performance: 
no overno over-- or underor under--oxidationoxidation

CoCo9090FeFe1010 based based MTJMTJ’’ss
((KollerKoller TU/e)TU/e)



InIn––situ Xsitu X--ray Photoelectron Spectroscopyray Photoelectron Spectroscopy

SensitiveSensitive probeprobe ((betterbetter thanthan 1 ML) of 1 ML) of oxidationoxidation stage stage 



•• inin--situsitu

•• nonnon--destructivedestructive

•• oxidation dynamicsoxidation dynamics
can be probedcan be probed

Differential ellipsometryDifferential ellipsometry, , 
measuring polarization changesmeasuring polarization changes

Optical determination of Al oxidationOptical determination of Al oxidation



UltrathinUltrathin Al Al forfor applicationsapplications (MRAM)(MRAM)

OverOver--oxidationoxidation cancan bebe directlydirectly probedprobed!!

Al fully oxidized



courtesy KK

AlOxAlOx basedbased junctionsjunctions: : TMR vs. RTMR vs. R××A productA product

•• plasma plasma oxidationoxidation givesgives highesthighest TMRTMR
•• otherother oxidationoxidation processesprocesses yieldyield lowerlower RR××AA



Back Back toto physicsphysics ……

JulliereJulliere’’ss formulaformula

PPMM :  tunneling polarization magnetic metal :  tunneling polarization magnetic metal 

Is Is thatthat allall??



Spin tunneling, a closer inspectionSpin tunneling, a closer inspection

•• DOS in reality not simpleDOS in reality not simple
•• d electrons more localized:d electrons more localized:

CONCLUSION:CONCLUSION:
tunneling spin polarization certainly not tunneling spin polarization certainly not 
directly related to directly related to ““staticstatic”” DOS!!!DOS!!!



Nice example:  Nice example:  fccfcc -- NiNi

However: However: PPNiNi > 0> 0
in tunneling devicesin tunneling devices
with Alwith Al22OO33 barriers;barriers;
s wave functions dominant for tunneling!s wave functions dominant for tunneling!



Tunneling Spin Polarization NOT intrinsic Tunneling Spin Polarization NOT intrinsic ……..

at EF

……. but weighted with transmission probabilities,. but weighted with transmission probabilities,
and thus depends on:and thus depends on:

•• barrier height/shapebarrier height/shape
•• disorder in barrierdisorder in barrier
•• bonding at FM bonding at FM –– I interfacesI interfaces
•• electronic structure (s,d, electronic structure (s,d, ……) of insulator) of insulator
•• …………



Role of barrier for Role of barrier for P ?P ?

A
lA
l 22OO

33

Other barriers than AlOx Other barriers than AlOx ??



AmorphousAmorphous AlAl22OO33, , MgOMgO

•• MgOMgO also yield positive also yield positive 
PP (above +30% for Co)(above +30% for Co)

•• for similar barriersfor similar barriers
(amorphous, no d (amorphous, no d orbitalsorbitals))
no great differencesno great differences

•• tunneling dominatedtunneling dominated
by s wave functionsby s wave functions



BarriersBarriers withwith dd--orbitalsorbitals: TMR : TMR maymay even even reversereverse!!

Co / SrTiOCo / SrTiO33 junctionjunction

De Teresa et al.

TunnelingTunneling duedue toto dd--d nature of interfacesd nature of interfaces

ThereforeTherefore: : negativenegative d d polarizationpolarization of Co is of Co is probedprobed



Role of the interfaces for Role of the interfaces for P P ??

A
lA
l 22OO

33

““dustingdusting”” with nonmagnetic thin layerswith nonmagnetic thin layers



OnlyOnly locationlocation of Cu of Cu differsdiffers: : probablyprobably growthgrowth relatedrelated!!

Interface Interface dustingdusting withwith Cu Cu ……..

substrate (+ engineering layers)

substrate



Cu Cu onon top of Altop of Al22OO33: : nono intrinsicintrinsic polarizationpolarization decay decay 

•• clustercluster--like growth like growth of Cuof Cu
•• Co in direct contact Co in direct contact withwith AlAl22OO33
•• decaydecay of TMR of TMR artificiallyartificially inflatedinflated: NOT : NOT intrinsic intrinsic 

side view

top view

(courtesy Paris group)



•• FormationFormation of Cuof Cu
oxides oxides oror CoCo--CuCu
alloysalloys cancan bebe tracedtraced
withwith XPSXPS

•• InIn--situsitu XPS:XPS:
-- Cu Cu aboveabove AlOxAlOx
-- Cu Cu belowbelow AlOxAlOx
-- RefRef. Cu, . Cu, CuOxCuOx

No Cu oxide, No Cu oxide, nono alloysalloys!!

XPS: XPS: anyany Cu oxides Cu oxides oror alloysalloys at at barrierbarrier? ? 



Cu Cu onon Co: Co: extremelyextremely fastfast lost of lost of polarizationpolarization

1 ML of Cu 1 ML of Cu reducesreduces TMR TMR byby factor 2factor 2

substrate (+engineering layers)



WhyWhy is is decaydecay lengthlength soso fastfast??

•• loss of coherence (Zhang, Levy),loss of coherence (Zhang, Levy),
kk//// conservation violated (amorphous barriers)conservation violated (amorphous barriers)

•• contradictory to freecontradictory to free--electron calculations,electron calculations,
showing strong QWshowing strong QW--oscillations oscillations 



Quantum oscillations in TMR: resonant tunnelingQuantum oscillations in TMR: resonant tunneling

Coherent reflection/Coherent reflection/
transmission attransmission at
interfacesinterfaces

…… usingusing epitaxialepitaxial layerslayers
Yuasa et al. Yuasa et al. 



WhatWhat toto do do nextnext??

•• couldcould we we engineerengineer
interfacialinterfacial electronicelectronic
structurestructure??

•• Co/TM interfacesCo/TM interfaces
wellwell--knownknown;;
largelarge band mismatchband mismatch
e.g. Cr and Ru: e.g. Cr and Ru: majoritymajority
ss--p LDOS p LDOS suppressedsuppressed



CollapseCollapse and and recoveryrecovery of of polarizationpolarization byby Cr Cr 

•• rapidrapid decaydecay forfor Cr Cr interlayersinterlayers ((twicetwice as as fastfast as Cu);as Cu);
effectiveeffective polarizationpolarization nearlynearly 0 0 forfor 1ML Cr1ML Cr
duedue toto preferentialpreferential scatteringscattering of of minorityminority electronselectrons

•• TMR TMR restoredrestored withwith onlyonly 1010ÅÅ of Co: interface effect!of Co: interface effect!



EvidenceEvidence of of alteredaltered electronicelectronic structurestructure

•• largelarge zerozero--bias bias anomaliesanomalies
onlyonly forfor junctionsjunctions withwith CrCr

•• physicalphysical mechanism mechanism 
-- alteredaltered interface DOSinterface DOS
-- scatteringscattering of of conductionconduction

electronselectrons byby Cr d Cr d momentsmoments

Is the interface Is the interface responsibleresponsible??
WhichWhich interface is interface is responsibleresponsible??



EvidenceEvidence of of alteredaltered electronicelectronic structurestructure

anomaliesanomalies onlyonly whenwhen Cr is Cr is backedbacked byby Co and Co and nearnear barrierbarrier interfaceinterface
““buryingburying”” Co/Cr Co/Cr oror separatingseparating Co and Cr  (Co and Cr  (byby Cu) Cu) removesremoves themthem

soso: Co/Cr interface : Co/Cr interface responsibleresponsible, must , must bebe nearnear barrierbarrier



SimilarSimilar LDOS mismatch: Ru as LDOS mismatch: Ru as interlayer interlayer 

•• fastfast decaydecay: consistent : consistent withwith CrCr
((alsoalso zero bias zero bias anomaliesanomalies seenseen))

•• howeverhowever: : signsign reversalreversal at 1ML!at 1ML!
magneticmagnetic behaviorbehavior unchangedunchanged

WhatWhat couldcould makemake TMRTMR
negativenegative in the Ru case?in the Ru case?



5959Co NMR: Co NMR: probingprobing the interface the interface alloy alloy 

NMR NMR measuresmeasures locallocal field at Co nucleifield at Co nuclei
sensitivesensitive toto locallocal environment: bulk vs. interfaceenvironment: bulk vs. interface

•• Co/Ru Co/Ru multilayersmultilayers
withwith variablevariable ttCoCo

•• forfor vanishingvanishing bulkbulk
signalsignal: : contributioncontribution
onlyonly fromfrom interfacesinterfaces

•• resultresult: 4: 4--5 5 ÅÅ Co/RuCo/Ru
alloyedalloyed at interfaceat interface





ToyToy model model basedbased onon LDOS LDOS calculation calculation 

•• tunnelingtunneling polarizationpolarization trackstracks
dd--dominateddominated P P inverselyinversely

•• majoritymajority DOS DOS peakpeak shiftsshifts
throughthrough EEFF byby addingadding RuRu

thisthis explainsexplains negativenegative TMRTMR

•• withwith positivepositive bias, DOS bias, DOS aboveabove
EEFF is is scannedscanned of Coof Co--Ru Ru alloyalloy

explainsexplains sensitivesensitive bias bias dependencedependence
whenwhen P P reversesreverses signsign ((notnot shownshown))



ConclusionsConclusions onon interface/interface/barrierbarrier engineeringengineering

•• Spin Spin tunneling determined by combined tunneling determined by combined 
systemsystem ofof barrierbarrier & (& (magneticmagnetic) interfaces) interfaces

•• Engineering Engineering magneticmagnetic junctions forjunctions for ((largelarge) TMR:) TMR:
interfaces at interfaces at barrierbarrier are are keykey!!



Back Back toto MRAM MRAM applicationapplication issues issues ……....

•• waferwafer uniformityuniformity

•• dielectricdielectric breakdownbreakdown

•• barrierbarrier pinholespinholes

•• processprocess temperature Mag-RAM temperature



ImplemtentationImplemtentation intointo CMOS: highCMOS: high--temperaturetemperature steps steps 

MotorolaMotorola MRAMMRAM

Does TMR Does TMR survivesurvive highhigh--temperature treatmentstemperature treatments??



FirstFirst of of allall: : PP is is extremelyextremely thermallythermally stablestable ((upup toto 500500°°C)C)

•• taketake goodgood care of care of annealingannealing conditionsconditions!  !  

•• notenote: : PP changeschanges, , butbut NO NO otherother junctionsjunctions propertyproperty



HoweverHowever: : collapsecollapse of TMR of TMR beyondbeyond 300300°°CC

•• RR××A product A product notnot affectedaffected: : tunneling barriertunneling barrier OKOK

•• Mn Mn diffusiondiffusion fromfrom exchangeexchange--bias bias layerlayer involvedinvolved!!
((see see e.g. e.g. FreitasFreitas et al.)et al.)

Freitas et al. 2000



XPS on XPS on FeMnFeMn / Co(200/ Co(200ÅÅ) to probe surface composition) to probe surface composition

Mn Mn signalsignal emergesemerges afterafter annealanneal: : itit diffusesdiffuses!!



Mn/Co ratio Mn/Co ratio fromfrom XPS as XPS as functionfunction of  of  TTannealanneal

Mn Mn clearlyclearly diffusesdiffuses beyondbeyond TT = 300= 300°°C C ……..
Related to TMR (polarization) collapse!? Related to TMR (polarization) collapse!? 



Surprise: Al / Surprise: Al / AlOxAlOx / Co(Fe) / / Co(Fe) / FeMnFeMn junctionsjunctions

NNóó effect effect onon PP is is visiblevisible!  !  



No No conclusiveconclusive answersanswers yetyet whywhy TMR TMR collapsescollapses ……..

•• Mn at the Co(Fe) / Mn at the Co(Fe) / AlOxAlOx interface is NOTinterface is NOT
decrimentaldecrimental toto tunnelingtunneling spin spin polarizationpolarization

•• In In agreementagreement withwith MooderaMoodera, Kim et al. , Kim et al. (PRB 2002)(PRB 2002)



CurrentCurrent//futurefuture research research directionsdirections: few : few examplesexamples

•• switchingswitching dynamicsdynamics (MRAM(MRAM--cellscells) ) 

•• epitaxialepitaxial junctionsjunctions ((nicenice physicsphysics, high TMR !), high TMR !)

•• halfhalf--metallic metallic electrodeselectrodes ((PPMM→→ 100%)100%)

•• organic organic ((molecularmolecular)) spintronicsspintronics

•• barriersbarriers for semiconductorfor semiconductor spintronicsspintronics

RealReal--timetime
spin spin dynamicsdynamics
of of NiFeNiFe dotdot
byby currentcurrent pulsepulse
TU/e 2003TU/e 2003



Challenge for TMR materials: Challenge for TMR materials: PP →→ 100%100%

approaches infinity!approaches infinity!

Bowen et al.Bowen et al.

T = 4.2 KT = 4.2 K

LaLa2/32/3CaCa1/31/3MnOMnO33 / SrTiO/ SrTiO33 junctionsjunctions

““halfhalf--metallicmetallic”” candidates: LSMO, CrOcandidates: LSMO, CrO22, Fe, Fe33OO44, , ……....



CurrentCurrent//futurefuture research research directionsdirections: few : few examplesexamples
•• switchingswitching dynamicsdynamics (MRAM(MRAM--cellscells) ) 

•• epitaxialepitaxial junctionsjunctions ((nicenice physicsphysics, high TMR !), high TMR !)

•• halfhalf--metallic metallic electrodeselectrodes ((PPMM→→ 100%)100%)

•• organic organic ((molecularmolecular)) spintronicsspintronics

•• barriersbarriers for semiconductorfor semiconductor spintronicsspintronics

seesee recentrecent
Nature Nature paper (2004)paper (2004)



Spin injection into semiconductorsSpin injection into semiconductors

Spin LED (DMS) Spin transistor (Si, GaAs)

Spin logic

Semiconductor (GaMnAs) spin sources



Spin injectionSpin injection: : 
a fundamental obstacle ....a fundamental obstacle ....

•• semiconductor high R, semiconductor high R, 
conductivity mismatchconductivity mismatch

•• effectively no injection, spin effectively no injection, spin 
lost in semiconductorlost in semiconductor



Some solutions Some solutions ……..

Spin filtering by DMS Spin filtering by DMS -- FiederlingFiederling 1999 1999 

Ferromagnetic semiconductorsFerromagnetic semiconductors
OhnoOhno 19991999

Injection over tunnel barriers,Injection over tunnel barriers,
SchottkySchottky barriersbarriers

JonkerJonker 20002000

Injection over tunnel barriers,Injection over tunnel barriers,
AlAl22OO33 barriersbarriers
De De BoeckBoeck 20022002

N

gµH

EF

Cd1-xMnxTe
EF

Ga1-xMnxAs

EF

Ψ

EF

Fe   /  GaAs

Co /Al2O3 / GaAs



Present approach:Present approach:
combining (near) 100% spin polarization andcombining (near) 100% spin polarization and
large resistance of magnetic semiconductorslarge resistance of magnetic semiconductors

-- EuSEuS: model magnetic semiconductor: model magnetic semiconductor
-- novel novel magnetoresistancemagnetoresistance effecteffect
-- possibility of spin injectionpossibility of spin injection



-- Why Why EuSEuS, why 100% spin polarization?, why 100% spin polarization?

-- How to make a new spinHow to make a new spin--dependent device?dependent device?

-- Can we use Can we use EuSEuS for spin injection?for spin injection?



Magnetism of Magnetism of EuSEuS: model Heisenberg : model Heisenberg ferromagnetferromagnet
S = 7/2 (4fS = 7/2 (4f77)    J)    JNNNN ~  +~  +0.22K,   J0.22K,   JNNNNNN ~ ~ --0.1 K 0.1 K 

-- 30 nm 30 nm EuSEuS on on PbSPbS: bulk: bulk--like behavior, like behavior, TTCC ~~ 17 K17 K

-- ferromagnetism down to very thin layers ferromagnetism down to very thin layers (Story et al., 2000)(Story et al., 2000)



Band structure of Band structure of EuEu chalcogenideschalcogenides

After:
Mauger, Godart ‘86

SpinSpin--splittedsplitted 5d conduction bands key!5d conduction bands key!



SpinSpin--dependent transmission: semiconductor spin polarizationdependent transmission: semiconductor spin polarization

using

realistic
ϕ↑↓

with



Au/Au/EuSEuS/Al: superconductor probes /Al: superconductor probes EuSEuS spin splittingspin splitting

semiconductorsemiconductor
spin polarization spin polarization PPSS

more than 80%more than 80%
((MooderaMoodera '88)'88)



Construction of a new Construction of a new magnetoresistancemagnetoresistance devicedevice

MagnetoresistanceMagnetoresistance::



Device preparation: shadow masks & UHV sputteringDevice preparation: shadow masks & UHV sputtering



Spin Filtering: T dependence of the junction resistanceSpin Filtering: T dependence of the junction resistance

Exchange splitting:   Exchange splitting:   ∆ϕ∆ϕexex ∝∝ MM((T,BT,B))

Therefore: spinTherefore: spin--up electrons tunnel preferentially below up electrons tunnel preferentially below TTCC



Independent switching of magnetic constituents?Independent switching of magnetic constituents?

GaAs(001) / 5 nm GaAs(001) / 5 nm EuSEuS / 5 nm / 5 nm GdGd
Coupling mechanism Coupling mechanism 
under investigation under investigation 
(may depend on growth)(may depend on growth)

EuSEuS and and GdGd seem to beseem to be
decoupleddecoupled

However, ...... However, ...... 



Spin filter Spin filter magnetoresistancemagnetoresistance

5050ÅÅ Ta / 30Ta / 30ÅÅ Al / 50Al / 50ÅÅ EuSEuS / 150/ 150ÅÅ GdGd Irregular switching:Irregular switching:
magnetism magnetism GdGd (interface (interface EuSEuS))

not well under control!not well under control!

T < TT < TCC :  MR > 100% observed:  MR > 100% observed
decreases as decreases as TT increasesincreases

T > TT > TCC :  no spin filtering, no MR:  no spin filtering, no MR

GdGd:: PPMM ~  ~  45% 45% 
(Kant(Kant et al. et al. 2002) PPSS > 80%> 80%2002)

agreement with agreement with MooderaMoodera et al.!et al.!



Conclusions so far ....Conclusions so far ....

-- EuEu chalcogenideschalcogenides can be grown as tunnelcan be grown as tunnel
junctions, compatibility with (some) metalsjunctions, compatibility with (some) metals

-- tunneling barriers act as strong spin filterstunneling barriers act as strong spin filters

-- can be used to create novel MR devicescan be used to create novel MR devices
(see (see LeClairLeClair et al. APL 2002) et al. APL 2002) 



Next step: spin injection into semiconductor Next step: spin injection into semiconductor 

Aim: allAim: all--semiconductor device structure!semiconductor device structure!



What would be a first semiconductor choice?What would be a first semiconductor choice?

Keller, von Molnar et al. (Keller, von Molnar et al. (IntermagIntermag 2002)2002)

EuSEuS on on GaAsGaAs? Optical detection of spin? Optical detection of spin--current current ……



Our startOur start--up choice: diamagnetic narrowup choice: diamagnetic narrow--gap gap PbSPbS

SmitsSmits, , KowalczykKowalczyk 20022002

T = 5 KT = 5 K

EpitaxialEpitaxial growth established growth established 
(Story, (Story, SipatovSipatov et al. PRB 2000)et al. PRB 2000)

Interlayer coupling acrossInterlayer coupling across
thin thin PbSPbS: sharp interfaces!: sharp interfaces!
((KepaKepa et al. et al. EurophysEurophys. . LettLett. 2001). 2001)



Proposed device, electrical detection scheme Proposed device, electrical detection scheme 

Materials issues: Materials issues: -- poor growth of metals on poor growth of metals on EuSEuS
-- good lattice matching good lattice matching EuSEuS / / PbSPbS

Device preparation still in progress .......Device preparation still in progress .......



AntiAnti--parallel magnetization: spin splitting in parallel magnetization: spin splitting in PbSPbS



Modeling the system Modeling the system (following Valet & (following Valet & FertFert))

-- spin relaxation current in spin relaxation current in PbSPbS::

-- current conservation:                                 andcurrent conservation:                                 and



PredictedPredicted
magnetoresistancemagnetoresistance: : 

Including finite resistance Including finite resistance PbSPbS::

Filip et al. APL 2002



Back to reality:Back to reality: first results on first results on EuSEuS / / PbSPbS / / GdGd

-- tunneling is obvious from tunneling is obvious from IVIV datadata
-- however: gap seems rather smallhowever: gap seems rather small



MagnetoresistanceMagnetoresistance:: clearly a magnetically related signal clearly a magnetically related signal 

Injection into Injection into PbSPbS present, although MR effect very small !present, although MR effect very small !



Improvements of Improvements of EuSEuS, , PbSPbS growth: ingrowth: in--situ XPSsitu XPS

-- large Eularge Eu3+3+ signal; defects?  signal; defects?  
-- larger growth temperature removeslarger growth temperature removes

defects .... (though bad for roughness)defects .... (though bad for roughness)
-- annealing seems to help!annealing seems to help!



Did it help for our devices?Did it help for our devices?

At least for the magnetism .....   (larger At least for the magnetism .....   (larger MMRR, smaller , smaller HHCC))



ConclusionsConclusions

-- spin injection may be feasible using spin injection may be feasible using EuSEuS barriersbarriers
-- first results are promisingfirst results are promising
-- need for improved growthneed for improved growth

OutlookOutlook

-- realization spin injection in double barrier systemsrealization spin injection in double barrier systems
-- study spin relaxation in study spin relaxation in PbSPbS
-- alternative semiconductorsalternative semiconductors



concluding:

Fundamentals of spin-polarized tunneling

• Rich physics has been observed, 
new phenomena are being explored

• Magnetic junctions suitable
for novel applications 

(see next talk!) 
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