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Abstrceetr - Spin-dependent tunnel  magn ¢ tortw'sisaancc of

Co(1Onm)fA1203(2.6nmYM(tnm)f NiFe(1Onni) "･ith  M  =i

C'o or  CoFe was  studied  as  n  ftmctinii of. the thickness Df

Mt. [['1ie thickness  (t) of  thc  doped Co off ()eFe "ns  
E;aried

bet"'cen e and  3 nm.  XAvic h:"'c expcri'mcna,alay s}no"'ed
{iiat Elte polarization of  UEniicling clectrons  can  be k'arged

by iaodify'ing  the interfticiiiE co/,iditioai  betweeti the

insultatoff and  inagnetic  la}'ers. The  eii'hanceincnt of the

tunneling inagnetoresistance  ip sanipies  of  ()o(j.Onin)1
Ai203(2.6nm)ICoFc(tnmYNiFc(!Onm) is grcater lkan

that in sall]ples of  Co(XOnm)/ AI203(2.(inm)/Co(tnm)1
NiFc(10nm) for t bet-,een O.S a"d  2.() rgTn. The

eiiliartccd tunneling magnetorcsistance  inay  be attributed
to th¢  increase in the  ¢ flk)cti-,e pol.arization of  lhe tumiel

eiectrons  duc ao the  spii}-fillering  efVect  fi/om the

addiaional  magiietic  la>,cr M.  Bcsides, from the

oxidation  process study  ef  the Al-0  insuSator gayer ori
Corning glass, we  have shou,n  ¢ xperiinentatl.y that the

optamal  condition  for the oxidation  of  the Al-0  iiisulator

la}'cr iia FMIAI-OfFM  systcm  can  be  ebtained  Emcier  the

pressure of 5xlO'2 tori/ for 509'6 of  Ar  +  )"O%  og' Oi.

cnx'ironnicnt  "'ith  both natural  and  plasina eNidatioll.s.

For optimag  oxidation  of  ahe  AI-O  insuiator aas･er in a

spin-dependent  tunnel systerii.  its thickness shoLsld  be less
lh:m 3 nni

Ke.x' nz{va"cas/ TMR.  tulincL iiiagncleresistancc.  spin-

fiileri [1.g effect,

S. ffMtrede]etion

  Tlie studies  of spin-dcpendcnt  turkneging jemc{iogis
(SDT) are  currcntly  an  active  ficlci of  rcsearch  b¢ cause  of

Els possibie technoLogical  appRcations  in data storage

t1.2l. In gcneral, the large lutineling n}agtietoreslstai]ce

(TMR) ralio  betu'een two  ferroinagiictic metal  layers

(FMI and  FM2)  separated  b}, a  thin  irisugaeer (I) can  be
explaincd  by the JllIKere modei  E3.1. tiiat polarization of

mngnctic  la},ers plays the  domanant  role.  Howv,'ver,

inany  esgential  factors such  as  the  Em(erfiici.al cf{'ect  in
TMR  have  not been  cleurly undcrstood  duc te the

fl)brication difficuaties of  SDT  junctioiis. O"e of  {hc

importagi{ iritcrlacial cffkcts  is the  gpin-fiip  scattering  b],
nietallic  impurities at thc interface bctu,ecn tlic insulator
and  forromagnetic eSectTodes.  It is vcT),' inlcrcstang to

gnN'estigat¢  the exchailge  mechanism  in FtsallVFM2

21.0

s},,ste:n by addimg  a  rTuagnetic  or  a  neninngRetic  inctRl

interface Ia],,er into Ehe insulating layer or betwecn thc

insiilnting and  magnetic  gayers as M'ela  as  b},, thc qut]lity of

thc  insulnting lay･er. The presence of  metallic  impurities.
such  as Co. Ni, (/1i, er Pd  in the  tunncl barriei' of

(]ofAl;03fNigoFc2o SDT  junction hm,c been reported  ao

result in a redttctiosi  of TMR  ratio due to the spgn-fiip in
the spin-scntteritig process [4-61. An  enhanceimcnt  of
'I'rvlR

 ratio at hEgh bias voltage  has been experiiiientalg},
studied  in CofA120YColA1203fNisoFe2o s},stcnd7i;  and

in the Coulomb blockade rcgign ¢  has been aheorcticnlly
studied  in insulating Co-Al-0  granular fi1ins igl. In this

paper, we  repora  an  experiincntal  study  oii the

enhtinccnient  of  the  polarization of  the tunnetiing electrop

by the  addiition  of  aii extra  Co or  CoFe ia}'er An thc

interfiice of  the A120i and  NiFe lai'ers in the

(]ofAI203fNiFe s>,stem. We  also repout  oxidatioM  cffecE

en  an  alu.ininum  oxide  insulator.

2. Exgeergmentae

  Thc  NiFe(1O mn)IM(OfAl-O(2.6  nm)ICo(lO  nm)  SDT

jt}nclgops kvith  Nig being e"iier  Co or  CoFc. aiid 1 x,ary,ing.

f'rom (} to 3 mn  "'erc gro",n bts a rf  and  dc mngnetroi)

sputtcriiig, s}'steni  en  705Y  corning  glass sttbsarates. Thc

bt]se prcssurc "as  io"'cr than 3 x  i()" torr, ('e and  Ni["c

"'erc  dcpositcd b}, DC  inagiietroti  sputtering  "iah  a

d ¢ position rnle  ol' O.3 -- O.4 niiVs  and  the  insultitor is
madc  b}' RF  gao-' discharge (50g<) of  Ar +  )-C}%  oir Oi) ol'
the A! dcposited on  tl)e bottom Co elecirodc. 

rl'hc

oxidlzatio"  oftlic  aEuiuiiiuin  Ea}'cr v'as  performcd by beili

plasnitu nud  nat"]raa oxidizatioll. Cross sErip jitnclaorvs
"'ith lmiiixlinm djimensien "'as designed to ener,sure

juiictioi) rcsistance  b.y currcnt  perpendicnlar to plaiic
({]PP) and  4-probe methods.  Elcctrical properties
including Tma  and  currcnt-voliag ¢  relaaioEi  (E-Ev' curN'c)

"'cre nieasurcd  b.v using  a DC  source. Afrrv.r (ntomic
forcc inicroscopy)  ",as used  to check  thc morphology'  of

figms. All of  measurements  were  madc  at room

telilperature.

3. Resutt and  Piscussaon

  The tLannel resistancc  of thc ftibricaacd SDT  .iugictions,
glass subsirate  h' Co (Z() ngTi) f .hLg-(])  (2.6 inn) fCo or CoFe
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(a nm)  ! NiFe (10 nm),  ranges  from  2x}OL to 10' g'2.

This resistancc  is much  larger than ihe resistance  of

ferroinagnetic clcctrodes  (-- IC} to 30 uC2). Hence, the
effect  of  thc "on-uniform  current  distribution in SDT

j"nctions [9] during measurenLent  of the resistance  of

SDT  junctions by the 4-probe method  can  be exciuded.
Th ¢  product of  the resistance  and  thejunclion aren  (RA)
was  found in the samc  raiige of  2-10 g)-cm2 for all the

junctions. As an  example,  Figs. I(a) nnd  (b) sho",  lhe

TMR  loep fbr SDT  of  the Co (1O Rm)  1 Al-O (2.6 nm)  IM

(t nm)fNiFe  (10 nm)  systcm.  In };ig. e(a), BA =:
 Co, for

sample  with  t = O.O iim,  the tunneling resistlN,it.v which  is
defined as the product o/f the tunmel resistance  and

junction area  and  the 
'TMR

 ratio are  3.6 S)-cm2 and  3.5 `>(l,

respectively.  The coercivit}, of  the top and  bottom
electredes  is approximatel>,  6 and  23 Oe, respectiveay.

A  TMR  efapproximately  9 9{) for thc sample  w･ith t =,'
 1.2

nm  is sho"'n  in the niiddle part of  Fig. 1(a). Iii the

iower pnrt of  Fig. T(a), the Tevff( ratio  for the samplc

with  t =!
 3.0 nm  is --  4%, however, undef  tliis conditioii,

the coercivity  of  the top and  bottom electrodes  is

approximately  tlie same,  because the  inserted 3.0 niii

thick Co layer will  be enough  to demjnate the  top

electrodes.  Fig. 1(b) preserits similar  TMR  behayior for
samples  with  M  '-  CoFe. A  Tpt(R ef appioximately

14 W} for the saAnples  witht  
='-
 1.3 nm  is shown  iii the

middle  part of  Fig. 1(a). An  eiihancement  of  the Tma

for saniplcs  with  t less than 2 tifii "'ere  obsein'cd.  This

may  bc a"ributed  to the increasing ef  the spin

poiarization of  the top  NiFe  layer due to the additional  Co
or  CoFc  layer between  the iLnsulator and  tli¢  NiFe  layers.

For samples  ",ith  t larger than 2.0 nni, its 1'?v!R dccr¢ ases
mmiifestl>, as shown  ifi the liower part ofFig.  i. It is no{
clear  },et that the polarizatioii is a vew)' stcp fiinctioii of  t.

Further quantitative analyses  arc in progress now  and

-'ill be reported  iater.

  The  I-V cwx'cs  for these  junclions sho"'ed

approxiniatel.y  the saine  bchavior, "'ilh a s{ight s'nrintion

of  the ba;'rier "'idth  and  hcight. IVe can  fi1 the cert'es b.s'
Siintnon's appropriatc  forinula l10]/ J =  (xV  t  z･'V'' to

obtain  the effectivc barrier "'idth (`O and  height ("bj.
where  J is the currcnt  density in the  SD:['junction and  V

is the bias betwccn thc t"'o forromagnetic electrodes.

Here, two coeflicients,  ct aftd  y, ar ¢  functions of  d and  "fi
The effective barrier ",idth and  barricr h¢ iglti by fitting I-

V  curv'es from SiiRnlon's fbrniuia as  shoiv  iii Fig. 2 are

2.1 nm  alld  1.2 cV  for undoped  saniples.  2.6 nm  and  i.3

eV  for samples  deped  with  
/Co.

 and  2.4 nm  and  l.3 eV  for
samples  doped -vith  CoFe, respectivcly  These valu ¢ s

are  coiisistent  with  those  of  the previous studics [11,12l,
indicating an  insulating bcliavior,

  From  the AFM  measuremena,  the rooa-mean-square

roughncss  is g  l nm  foralt the samples.  In gener{il, it is

 smaller  than  thc  thickness  of  the  Ag-O insulator lnyer.
To  further understand  th¢  insulator la},eT, the oxidation

effect  of  an  oxidized  aluminutt}  la},cr formed by cither

 natural  or  plasma  oxidization  of  aiuminum  fiIJns Lvns

 studied  bv in-s'itu resisiance  iiieasurement  of  oxide        '
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Fig. Ia TMR  Ioeps of  the SDT  junctions with  the
thickness  of Co  doped layer between NiFe and  AI-O
la},ers as O.O -tft, 1.2 nrri, and  3.0 nin,
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Fig. Ib IXMR  Ioops of  the  SDTjunctions  with

the  t/hiekness of  CoP"e doped layer bet,ween
NiFe  and  Ai-O ]ayers as  O.O nm,  1.3 nm,  an(l
3.e Ilm.

gro"lh of  Ai  films as a fiinctioii of the film thickness.
Five sampaes  with  the thickness of  the Ag iayer as 67.4,
90, ]50, 200, and  3OO A  have been studied  systematically.

Tlic variation  of  Al  ahickness was  calculatcd  from  the
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sheet  resistance  DfAl.  In general, ts¢ forc oxidi;moie  the

rcsistance  of  the filfiis increascd approxifft2stely from l, to
20 ,C.2 foi fi1rris with  thickfiess k'aued  i"roffn 67.4 to 3eO A
as  sheu'n  ip the top part ofFig  3. Lfiidcr ahc pressuico{'
S)r.aO'2 t･orr for 50%  of  Ar  +  SO`X) of  C2  ei'k'vregnncii'L.

samples  start  to oxadi7c  natumngjy,  and  the  resistancc

ancreases nbruptl>･  wiahin  a few secends.  Ef "･c  kccp ihe

saglle pressurc condi"oig,  tl}e resistance  gs no'x chariged,

which  rricans tl}at oxidation  is g.c'igt)rEitedi  A.gter fittiiig
Chese  experin)ciital  dftt3 ao the rclniaon  of  the rcsistnncc  ns

a functieEi of  thc thickiiess oi" Al fo{ nSl t, ilie sai]iplcs, ns
sliowii  in  Fig. 3, the oxidaagen  ga}'"r, ft]r "U  teie Al/ flgElls is

appFeximatel}  6 A  Ap. oi;.vgc:': Ek]bic  EainvE･es  aftL'T

natoral  oxidiiation  cotEld  bc oxidl･7ccS  ,'igtgi  b> plasn}:
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FEg. 3 Thc  vanatEon  of  the res]stamce  and  AL
thickness  of  thc  oxidation  as  fimctioii of  timc

for Al filn}s -'ith  thickncss  of  67."-. 9U. 150.
20(]. and  300 A.

212

tlie Dxiclatgon  condiition is sensitivc  to thas atxala,sis 
ri'iic

plasm･a oxidiiiat]on staAts roughly  ndcr 5 trunuEcs  of thc
naUiral  oxidatgop  nnd  uEider  thc  samc  pressurc med  g:}s
condieioiis  We  obsepm'ed  thRt thc rcsfisattncc  iitgreases

agaihi 
"i"hi･s

 nieans  oxidation  contjnues  for the Al  fi1ins.
In gcrecr',}g, al)c AE Ehiclcness drops abftiptg}, b.v -- A 1imes
cognpar-.",ti te th2it b}' naturRl  oxadgiatigiE Thc  total'
thickness gftlie  oxidation  of{he  A] filfns iE -- 3,O A

  Fig 
･t/
 shoii's  g}uc TEM  pEcture o.f 

'ca
 cross  section  og' aen

undopcd  sampee  en  a  Si substrate  "･itlu n 11um SiO? buiTer
12iyeff A  Sg substratc  was  used  insteE}ci of !R gaass

Fig 4 
"rEIk4

 cross-seetien  pictuTe  ot' a  N'LF(YAg-
O,f('osg)]tt-(k.g)endentjunctEon

subsaratc  te []bri:,'ite nniple  preparaeion. Tl'te thickncss
oi' thc  lait ers  for NiFe, Al-Q  Co, and  Si02 arc  l3.66. 2 66,

r Z 38. Eind  1.66 mn,  rcspeckvel}'  (resolatioii is ±O 02 nill).

Tl}c i.nl¢ rftlci,'al reuglgn ¢ ss of  nll  the ln}'ers is (tt g ;itu)

q.Liile sniatl ei' ivc  coimparc  it "'ith  the thigk'ncsg og' tke

indLtlctLEal ia'ierg Thc Al-(/) ]ayctr M';ag foriiiecl u!ider          t t
bolh giattzraS  av.d  plasnuil oxidiiatgon.  Tkc  tlnckness ol,'
At-C) is qautc utiiforin  Beth  TEM  nnd  AFM

obscTi'zi]osis  clcarly  gliosv  tl]e gocd  qualtt/v og' thc

lllllCIIOIIh'

  T'he TfuIR uiiio  itieasurcd  as  a f;ur･,ctio" of, i gho"g  a

limxnnuin  {'or SDT  jllgictieEis. glass substs"{･e /' Co (1(}
niu)  / ,4e･C) (El (> nnk)  ICo or (/leFe <a iiin)  1 NiFc  t10 iirEi).

"ith  t bet"cekn () O and  3 O nni  arc  sEioii ii i:i FEg. 5 For

tlumier  samplcs  with  t lcss thim  npproKEn]ateiy  {) g nm

(rcgif:jFi I sji Ftg 5), the  Twa  Encreases "'ith  tbc  tbEckncsg

of  ehe  m,scntcci  Co  om  CoFe  ln}'er 1'his nidicntcs  
'.,
 hat ihc

spin-fi11ermg  ab:,,eaty of  the inserted  Ce  or  CoF･.-. Ia},'cv

incrc:ses  u  ith  arLc.re:}sing  its thickness  froni O to -C g nn2

Th･e pola:,iz;stion ef  trans;llited clcctTons  i',1 thc

ferroin,ngncs-iiisulntor giiicri'acc should  bc eiilitmccd b} a
kmd  of  spm  tiGtenEi.v edect  due to tTne extstefice  of  tgu;

msert,ed  Ce or  CoFe lnyer Upadih}'a}' et n/  
fig13i

reported  that Ehe poiarAzntioii of  Co increases  rapidfty

froni O ao 3S %  "･ith  increasing  ihc lhickikcss of Co froni
O {o I nin  b.L fiatiyhg thc spin  up  andi do"gi trniesgv.issioii
coefi'icgeuts ofthe  transport experiment  of supercoieductor

(Pb)1 gnerrognagnetic matcrgal  (Co)lnornial metaK(]u)  kE
rcgtofi  gl. thc spin  filt¢ ring  cffoct is donimaacd ft?r SDT

junictioEz This is bccausc thc inscticd C'o or (]oF¢  la}･c'r
is 11}icl{ cnough.  to p;a) the spin-filtcnng  EiiechanEs:ffi.
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Fig. S The  variat'ion  ofthe  TMR  fis a g'vncEion ef' thc
thickness of  deped Co and  CoFe la},crs.

The  maximum  T.MR  is reached  t) and  l4 %  for SDT

.iunctions with  O.g -  2 nm  thickness  ef  imserted Co  and

CeFe, respectivcly.  T'1]is indicates that the sgeia} filtering
effect is larger for inserting CoFe than. thae of  Co. Ifi
regLon  III. the thi ckness  of  the inserted Cg or CoFe la.ver
is >  2.0 nm,  which  is khick enongh  to dominnte the
magnctic  be'h,'gvior of  the  top fxiagiietic  el ¢ ctrode  in

FMflnsvlator,fFM SDT  jimctiort. 

'I'hEs
 cEm  be

demonstrated from the variation  of  the coercivily  gf  the

top and  bottom magnetic  gayers. Wc  hax,e cbser',,cd tliat
thc dit'ference of the coercivit,'y I}et",een tine Eop afid

botloin inagiketic  layers dccreases svith the lhickness o{'
the  inserted Co or  CoFe !ayer. In otkter  ",ords.  tke aiiti-
ferromagnetic interaction bel'",een the  {op  NiFt' and  th ¢

bettoin Co  layers separuted  b.s,' a lhi'Li Al-O  insv.Eator veN'ith

tkickness <  3.0 nin  is reduced  bi,' incr¢ asiitg  thc tliickn¢ ss
of  the inscrtcd C.o or  CroFc lnx,cr. This cnn  be nlso                         '
r ¢ lated to the shrinking  oi' the  plal¢ nu  of the iuaxhnuTn
I'bL{R region  as  s'nev,n iii Fi.a.. E. 

'Thc
 p}ateau of  the

{naximL}m  

'I'OvlR
 is - 2C} Oe  f'o]' s.npnple  "ilh  t -,, O.O nm.

hov'c'ver. ii is apprexi[riate]}'  ,fero  for s.niuplc's  "'itg'i t .=
 3.0

ntit. The easil.y  arid  hardl} .ciagne{ized spins  exilsl ji'i
both top nnd  bottoni electrodes. Tn thc rcgion  ss'Lth

thicker gnserted Co or CoFe la}'er, tlie s" itching magnetic

ficld of easily magnetiz ¢d spins  of tu'o t'erromagi'ietic
elcctredes  are  atntost th¢  saine.  

'Fhe
 lmrd}.v magnetiz ¢d

spins  can  be explaiTicd  iii ihe oT:tnge  p¢ el medcl  b}, lhe
prcsence ol' roughncs.s  o{' f'en'on'ia.tJ,net-insulator iigEer.F'ace
[14I. In regioii  IEI. thc: l'eriualiu" oE' a  perfect
antiparallel  inke'gnetic  alignreieiit  gf  the tep  ai'td bottoru

electrodes  gs ",caker  than that iii Tegion  II. and  Qnt>' lhe
rotation  of  hnrdl.v･ magnelized  spiiis  coatribules  to

tunnelingmagnetoresistancc.

  In summary.  from  the oxidation  process study  ef' the

Al-O  insnlator inyer and  nn  extma  inagnctic  La/s'er iyi thc

interince of  the  Al-O and  NiFc lavers in CelAi-OfNiFe
systcm.  we  have shown  experii"entaRy  that tllte eptininl

condition  for the oxidatian  of  tiic A!-O  insulator gavcr ki                                       '
a  spgn  dcpendent ttmnel  system  and  the cnhanced  spiv

J. Magn.  Soc. Jlipan, XioL 25. Ne. 3-2. 2C)Ol

polarization in SDT  junctiens by an  exlra  Co or  CeFe
iayer. The  polaTizatiott of  tuilneling  e]cctrons  can  be

varied  hy properly modi'fy'ing  the  inl.erfacial condition

bctw¢ cn  the insulttting and  magiigetgc  Eayers; and  "'c  have
obscured  that this egl'ect is greaecr for iiiserting CoFc
la}'er than  tliat of  inserting Ce Enyer.
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