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Abstract

Epitaxially grown magretic tunnd junctions (MTJs) with a stacking structure of
Co,MnSi/MgO/CoFe were fabricaed Their tunnel magneteresistance(TMR) effects were
investigated. The TMR ratio and tunneling conductancechaacterstics of MTJs were
considerabhydifferent beweenthose with an MgO barrier preparedusing sputteing (SPMTJ)
andthose preparedisng EB evaporationEB-MTJ). The EB-MT J exhibitedthe very large TMR
ratio of 217% at room temperatug and 7536 at 2 K. The bias voltage dependencef the
tunneling conductancén the pardlel magneic configurationfor the EB-MTJ swggeststhatthe
observedlarge TMR ratio at RT resuls from the coherenttunnelling processthrough the
crystaline MgO barrier. The tunnelling conducancein the anti-parallelmagneticconfiguration
swggeststhat the large temperatue dependenceof the TMR ratio resuts from the inelasic

spin-flip tunnellingprocess.

1. Introduction

Magndic tunnel junctions (MTJs) are key devices in the spintronicsfield becauseMTJs are
fundamentatlevices usedfor maghetic randomaccesanemory(MRAM), magneticsersors and
innovative spintionics devices,such as spirttransstors and microwave genergors. High spin
polarization materialsare necesatry to increaseTMR effects andto enhancespintronicsdevice
performanceldeal high spn polarization materals are half metallic ferromagnets (HMFs)" 2,

which haveabandgapat the Fermi level for onespinband.Severafull-Heusleralloy compounds



such as Co,Mn(Al, Si), Co,MnGe, Co,(Cr, Fe)Al arepredictedto be HMFs theoetically® if they
hawe theordered_2, structure.In addition,someCo-basedfull-Heusleralloys havea high Curie
temperature Experimentlly, somegroupshaveusedHeusleralloys asMTJ eledrodeswith an
amorphousAl-oxide barier*®. We have achieveda large TMR ratio of 159%at 2 K in the
optimized MTJ with Co,MnSi/Al-O/CoFe structue’. This result proved the half-metallic
property of Co,MnS (CMS) experinentally. However, in this MTJ, the large temperatug
dependencef the TMR ratio was a serbusproblem;the TMR ratio at roomtempeature (RT)
wasonly 70%.

Accordingto Jullierés modef®, for MTJswith anamoiphoustunneling barier the TMR ratio
depend®nly onthedensty of states(DOS)atthe Fermilevel of theferromagneti@lectrodesOn
the other hand, in MTJs with a (001)oriented crystalline MgO tunneling barrier and
bcestructuredferromagietic eectrades, Al-band selective coherait tunneling occurs and
enhancethe TMR ratio drasticdly compare with anMTJ with anamorphoudarier®*!. Some
groupshavereportedvery largeTMR ratios greatethan200%at RT in the MTJswith Fe, CoFeB
electrodesanda MgO barier? 3, Re@niy, somegroupshaveatenptedto useHeusle alloy
electrodesand a crystalline MgO barrier togeher in the MTJs. Yamamotoet al. observed
oscillation of TMR ratio againstthe MgO barrier thickness®; Tezukaet a. observedTMR ratio
over200%at RT". Theseresultsareappaertly related to thecoherentunnellingprocesshrough
the crystalline MgO barrier. In addtion, Miura et al. suggestedheoreticdly that coherent

tunneling can enhane the TMR ratio in a MTJ with Heusleralloy electrods and a MgO



barrig™®.

This review article presens our recentwork on TMR effectsin high-quality eptaxially grown
Co,MnSi/MgO/CoFe MTJ. Particdarly, we note that the CMS/MgO interface structureis
important for realizing a large TMR effedt, andthat the interfacestructue is sensiive to the
electroddabricationconditiors andthe preparatioomethodfor theMgO barriet Furthermorewe
discusghe coherentunnellingprocessandinelagic tunnellingprocessgonsideringesultsof the

tunneling conductanceneasurement.

2. Experimental procedure

The(001)orientedepitaxial Co,MnSi bottomelectrog wasgrown on Cr-bufferedMgO (001)
substrate at ambient tempeature by inductively coupled plasma (ICP)assistedmagneron
sputtering. The depositionpressuravas 0.1 Pa andthe ratewas about0.03nnvs. The film was
subsequenthannealedt 500°Cto reducesite-disorderandcreatehighly orientedfilm. To obtain
the stoichiometricfil m compositon, we usal a compositon-adjustedCo-Mn-Si alloy sputtering
target (Co, 43.7% Mn, 27.95% Si, 28.35%. The crystallographic structure and surface
mormhology of the battom CMS were observedusing x-ray diffraction (XRD) with Cu K,
radiation surfaceroughnesswasverified usingatomicforce microscopy(AFM). We measired
magnetizaton curvesusirg a vibrating samplemagnetometer(VSM) and a superconducting
quantuminterferencedevice (SQUID) magnetometeiilm compositionsvere examinedusing

inductively coupledplasna (ICP) analyss. X-ray absorpion spectroscopymeaurementsvere



performedon beamine 6.3.1 at the AdvancedLight Source,Lawrence Berkeley National
Laboratory,usingtotal eledronyield detection.

Theresultof the XRD 6/26 measuremat for the bottom electrodeshowedonly the (002) Cr
peakand (002) and (004) CMS peals exceptfor the peaksfrom MgO subgrates, indicating
perfed (001)orientationof the CMS. Additionally, we confirmedepitaxialgrowth and highly L2,
orde of CMS film from the ¢-scanmeasuement.Thelong rangeorderparameter$g, andS;»;
are regectively,ca.1.0andca.0.8.Results of AFM measwementshowedthatthesurfaceof the
CMSwasvery smooth R, and peak-valley (P-V) valueswere,respedtely, about0.2nmand2.0
nm. The magnetizatio of CMS wasalmost5 U, as predictedby the Slate—Pauing curvefor
Heusle alloys. Theseresuts showthat the preparedCMS thin film is suitablefor the bottom
electrodeof theMTJ"".

The epitaxally grown MTJs with the structue of MgO(001)subs/Cr(40 nm)/CaMnSi (30
nmMYMgO (tmgo)/CoFe (5 nm)ArMn (10 nm)/Ta(5 nm) were preparedThe all-metalthin films
were depogted usinga direct-magnetion sputteringsystemThe MgO barrier wasformedusinga
directmagnetronsputering andelectronbeam(EB) evaporabn sysem. We desribe the MTJs
with asputteredgO bariier as SRMTJ andthe EB-evaporated/gO barrierasEB-MTJ. TheAr
pressuravas0.1 Pain the MgO sputering andthe depositionrate was about0.008 nm/s. The
pressureduring evaporation wasabou 2 x10° Paandtypical evaporation ratewas 0.01 nmés. The
MTJ fil ms werepattenedinto 8 x 8 — 90 x 90 pm? elementausing photolithography combined

with Ar ion etching.After micro-fabrication,the MTJs were annealedundera high vacuumand



an external magneticfield of 1T. We measuredTMR effect using a standarddc four-probe

methodat a biasvoltageof 1 mV anddifferenial conductaceusinganaclock-in technique.

3. TMR effects

Figures1(a) and 1(b) depid cross-sectonal high-resolutiontransmissiorelecton micrograph
(TEM) imagesalongthe[1-10] directionof the CMS film for the SRMTJ anneale&t400°Cand
the EB-MTJ annealedt 475°C,respectivelyBoth TEM imagesreveal epitaxial growthfromthe
bottom Cr/CMS electrodeto the CoFetop electrode.However, for the SRMTJ, a disarray
structurewasobservedtthe CMS/MgO interface Ontheotherhand for theEB-MTJ, extremely
smoothandabruptinterfacesvereformed,asshown in the TEM image.

X-ray absorption(XA) measurementsvere usedto investigatethe CMS/MgO interfacefor
both CMS/MgO multilayers prepaed using direct sputteringand the EB-evaporation MgO
thicknessonbothpremredsanpleswas 2 nm. TheCo L, 3 XA spedraareshownin Figure2. For
the CMS/MgO layer prepared using sputering, the shoulderfeaure just after the main L;
absorpion peakthat originatesfrom L2; ordeing of the CMS *® wasvery weak indicaing the
disaray pertainingat the CMS/MgO interface.On the other hand, for the CMS/MgO layer
preparedising EB-evapoation this shoulderwasclearlyvisible, indicaing thatthe CMS at the
MgO interfacehasanL2; orderedstructuré®. TheMn L, 3 XA spetraare shownin Figure3. The
XA peaksattheMn L, ; alsorptionedgewerealsomeasuredo investigae the oxidaion of the

CMS attheMgO barrier interface Forthe CMSMgO layerpreparedisng sputterng, additional



featuresaroundthel ; absorptionpe&k werecleaty visible indicatng thatoxidationof Mn atoms
occurred For the CMS/MQO layer preparediusing EB-evaporation the Mn abrption spectrum
doesnotcontainthis additionalstructure suggestinghata cleanCMS/MgOinterfaceis formed?®.
We notethatthe XAS resultsare consstentwith the HR-TEM images.

Figure 4 portrays the anneding tempeature(T,) dependece of the TMR ratio at RT and the
MR curveson the eachMTJs The TMR ratio increasedwith increasing anneahg tenperature.
Previousinvedigations haveindicaed that the improvementof TMR ratio by annedéing results
from improvanens of bath crystallinity and (001)orientaton of the MgO barrig at the
electrodébarrier interface®. Furthermore, the degradatin of TMR by high-temperature
anneding wascaugdby atomicdiffusion, especiallyof Mn atomin thepinninglayer®. TheTMR
ratio of the asdepositedEB-MTJ is almostthe sameasthat of the asdeposied SRMTJ even
though the anti-paralel magnett configurationin the EB-MTJ is poor. This meansthat the
quality of MgO layer in the EB-MTJ shouldbe beter thanthat of the SRMTJ. Forthe SRMTJ,
the TMR ratio showeda maximum of 80% at T,=375°C,this TMR ratio wasrathersmaller than
thoseof the MT Jswith CoFeBelectrodesanda MgO barrier,repoted previousy™. In addiion,
the RxA valueis aimog 10° Q pm? and large thanthe EB-MTJ (~10° Q pm?) and the previous
CoFeB/MgQ/CoFeBMTJ (~10° Q pm?), althoughthe MgO barrierthicknesswassamée®. Both the
small TMR ratio andthe large RxA valuefor the SRMTJ arethoughtto resultfrom tunnelling
electon scatteringatthe MgO barier interface.

On the other hand,the EB-MTJ showeda maximumTMR ratio of 217%at T.=475°C This



TMR ratio is much larger than tha of the SPMTJ; it is comparableto that of the
CoFeB/MgO/CoEB-MTJ reported previously. Both good crystallnity and high
(001)orientationof the MgO barrier canpromotethe coherentunneling procesghroughthe Al
bandof the CMS. We note tha the reducton of tunnelresstanceby the coherenttunndling
proces enhanceghe TMR effed at RT, comparedwith the SP-MTJ with the worse MgO
interface.In addition, the themal enduranceof the fabricated MTJ is betterthan those of the
spn-valve type MTJswith othe ferromagneticelectodes?®, suchasCoFeB.This goodthernal
endurancés afeatureof MTJswith crystalineHeusleralloy electodes.

Figure 5 depictsthe tenperature dependencef the TMR ratio both for the SRMTJ and
EB-MTJ exhibited a maximum TMR ratio at RT. As a reference, data for both the
CoFeB/MgO/CoEB prepaedusingEB-evaporabn are alsoshownin figure5. TheTMR curves
measired at varioustempeatures on the SRMTJ andthe EB-MTJ are shownin figure 5. The
TMR ratio drastcally increasedvith decreasingemperaturdor both MTJs. We observedhe
large TMR ratio of 330%for the SRMTJ andverylargeTMR ratio of 753%for theEB-MTJ at2
K. The TMR ratio of 753% at2 K is highin the MTJs using Heusleralloy electrodesandmuch
larger than those of CoFeB/MgO/CoFeBMTJ (400% at 2 K). This result reveak that the
half-metalicity of the CMS canbe realizednot only in the MTJ with an amorphousAl-oxide
barrier,aspreviousy repoted,butin the MTJwith acrystlline MgO barrier.Howe\er, contrary
to our expectatio, the tempeaturedependenceof TMR ratio is strong,evenin the MTJ with

MgO barrier.



4. Tunnelling conductance char acteristics

The bias voltage dependenceof the differential conductanceg(G-V) curves at 10 K was
measiredfor bothparalld (Gp) and anti-parallel(Gap) magnett configuratiors to investigatethe
tunneling proces medtarism. The Gp andGpp curvesfor the SPRMTJ areportrayedrespectively
in figures 6(a) ard 6(b). In figure 6(a) the previously repoted Gp-V curve for the
CMS/Al-oxide/CoFeMTJ is shown alsa For the CMS/Al-oxide/CoFeMTJ, the Gp was
definitely asymmetic with respet to the sign of bias voltage and the crucial rise of Gp was
observedtthebiasvoltage of -10 mV and 350 mV. We suggestdthatthe valuesof -10 mV and
350mV correspondo the bottomedge of the conducion bandandthe top edge of the valence
band respectivelyfor the half-metallicbandgapof the CMS electrode Furthemore ,we inferred
thatthe smallenegy separatia betweerthe Femi level andthe edgeof the half-metalic gapis
the origin of the large temperéure depemlenceof the TMR ratio for the MTJ with Al-oxide
barrie®’. Forthe SRMTJ, the Gy charactéstic resembed thatof the MTJ with Al-oxide barrier,
althoughthecrucialrise of G at negative biasvoltage wassuppressesdiightly. Thatfactindicates
that the coherenttunndling process doesnot occurin the SRMTJ. In figure 6(b), the Gap-V
curvesfor both CMS/Al-oxide/@FeMTJ and CoFeB/MgO/CoFeBMTJ are showntogether.
TheGup exhibitedacrucialriseat thelow biasvoltagefor all MTJs,calledthezercbiasanonaly.
However,for CMS/MgO/CoFeMTJ, the Gap increased more significantly at lower bias than

thoseof otherMTJs Thezero-biasanomalyof Gur originates from inelagic tunneling processes



andtwo possibleexplanatonsexist for thelargeinelasic tunndling probabilityin the M TJIswith
CMSeledrodes;maghonexcitationsatiributable to thelow Curietemperaturatthe CMS surface
and magretic impurity scaterings causedby someMn and Si oxides**. The large zerobias
anomaly for the SRMTJ is consideredo resut mainly from impuritiesof Mn or Si-oxidesatthe
CMS/MgOinterface consideringtheresultsof XAS measurements.

Figure 7(a) showsthe Gp-V curvemeasuredt both RT and10K forthe EB-MTJ anneatdat T,
= 475°C. For comparisonthe Gr for the CMS/AI-oxide/FeMTJ is also shown. The G-V
curve of the CMS/Al-oxide/CoFeMTJ changesbetweenRT and 10 K becauseof the thermal
broadeningf the Fermi level, patticulary atthelow biasvoltage.Ontheotherhand for EB-MTJ,
the shapeof Gp-V curvewasalmost identical betweerRT and10K. Furthermorethecrucial rise
of Gp at the negativebiasvoltage,which is the origin of the largetemperaturedependencef
TMR ratio for the MTJ with Al-oxide barrief*, seemsto be suppressedit both RT and LT.
Therdore, the origin of the large tenperaturedependencef TMR ratio for the EB-MTJ is
thoughtto be differentfrom that of the CMS/Al-oxide/GFeMTJ. Figure7(b) showsGr curves
for the EB-MTJ annealed at varous T, For comparien, the Gp curve for the
CoFeB/MgO/CoEB-MTJ is alsoshowvn. Thecrucialriseof the G, in the negativebiasvoltageis
suppressedy increasingT,. In addtion, the dip structure obsened at +400 mV is enhancedy
increasingT,; this dip structureresenblesthat for the CoFeBMgO/CoFeB-MTJ*"%. We infer
thatthis dip structue is related to the coherentunneling procesghroughthe crystallineMgO

barrig andthatthis coherehtunnellingplaysanimportantrolein reaizing thelarge TMR effect.
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Figure 8 showsGap-V curvesmeasuredt both RT and10K for the EB-MTJ annealedat T, =
475C. The Gyp at 10 K increagdshaply at low biasvoltagecomparedvith the Gyp at RT. This
large zero-biasanomalyat 10 K for the EB-MTJ is thoughtto resut mainly from the inelasic
tunneling proces$’ cawsedby magnorexcitation becauseimpurities’* suchasMn andSi oxides
were not found (as inferred from the XAS results described previously). Furthermore,
theoreically, the exchang interaction enegy of the CMS at the CMSMgO interfaceis small,
indicatingthatthemagnorcanbeexcitedeasiy”. At RT, thezerobiasanomalyof the Gap almost
disappearedecauseheseinelastictunndling processesre stimulatedby themal excitation
energy.Therefore we suggestel thatthe inelastic tunnellingproces attributéle to the magnon
excitationcanbethedomnantreasorfor thelargetemperatue dependencef the TMR effectfor

EB-MTJ.

5. Summary

In summary,we hawe fabricatal epitaxally grown Co,MnSi/MgO/CoFeMTJs with a MgO
barrig preparedisng bath direct sputteéing andEB-evaporatiortechniquesForthe MTJ with a
MgO barrierprepaedusingsputterirg, the TMR ratiowascomparake to thoseof theM TJsusing
an Al-oxide barrier. From HR-TEM images,XA measurementand conductane curves, we
foundthatthe CMS/MgO interfacehasa disarayedstructureand containsoxides. This poorer
interfacestructurds thereasorfor thelow TMR ratio andlarge resistancéor theMTJ with MgO

barrig preparedoy sputtering.On the otherhand,for the MTJ with the MgO barrier prepared

11



usingEB-evapor&on, we obseredthehighestTMR ratio of 753%at2 K anmongthe MT Jsusing
Heusle alloy electrodesHoweer, unfortunately the temperatue dependene of TMR ratio
remaned large.We discussdthe origin of the largetemperaturelependencef the TMR ratio.
Resultsof this study suggesthat this problemis attributable to inelastictunndling processes

becageof magnorexcitationatthe CMSMgO interface.
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Figure captions

Figurel

HR-TEM imagesof (a) SPMTJ with T, = 375°C and(b) EB-MT Jwith T, = 475°C.

Figure 2

The XA specta of the half SRMTJ and the half EB-MTJ atthe Co L, ; absorptionedgesThe arrow

indicaesa shoutlerfeatureassociatel with anL2; orderedHeuskr fil m.

Figure3

The XAS spectraof the half SP-MTJ andthehalf EB-MTJ attheMn L, sabsorptioredges.Theamrow

indicatesafeauretypically of MnO formation.

Figure4

Annealing temperaturedependenc®f the TMR ratio. The MR curvesare sampks of various

anneding temperaturefor the SP-MT Jsandthe EB-MTJs.

Figure5

Tempeatue dependencef theTMR ratiofor theSRMTJ with T, = 375°C andthe EB-MTJ with

T, = 475°C. For reference, previowsly repoted MTJ using the Al-oxide barrier and

CoFeB/MgO/CoEB-MTJ are showntogetherThe MR curvesareshownatvarioustemperatures

for SRMTJs andEB-MTJs

Figure6
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Conducaincecurves on the SRMTJ sample.(a) The parllel configuraton at 10 K. (b) The

antipardlel configurationat 10K.

Figure7

Conductaincecurveson the sampleof the EB-MTJ with the parallel configurationat 10 K. (a)

Comparisonwith the previous MTJ using an Al-O barier. (b) Dependencef the annaling

temperature.

Figure8

Conducancecurvesonthesanple of the EB-MTJ with theantiparallelconfiguraion at 10K and

300K.
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