;e3e\D| Xz6T\~i - 1 TITLE OF THE | NVENTI ON MAGNETI C FI ELD SENSOR AND
MAGNETI C DI SK APPARATUS BACKGROUND OF THE | NVENTI ON The present invention

relates to a j &l d 5 sensor and a nagnetic disk apparatus. In a
magneti c diSkn@ﬁmmm%m“mw§¥Ch as an HDD, it is always required to inprove
the recording density. h i nprovenent in the recording density, a
recording bit si z&%%¢torded in a magnetic gisk is dimnished, 10 which
weakens a magnetic field. Such being the situation, an inprovenent in
sensitivity is required for a magnetic field sensor (reproduction head) for

detecting the signal magnetic fi hgt i jc field sensor at the
present 15 tine has a structureTﬁ = gmgﬁgﬁfq! gnetoresistive elenment (GWR

el ement) is arrﬁﬂgﬁgﬂﬁt ﬁEEDaSE%bROWQﬁ%E@%I%hiD@S‘?{SA\ﬁ%‘r%.(ﬁ)z\%gyge GW\R

elenent is used 1n such a nmannér that a sense current 1S in the

pl current-in-pl aggexbrSuNp DF t¥PCINvERTEBNt he other hand, it
isjmgm@,@%ﬁ@‘m t a GWR elenent 1n which a sense current is flowed
per ] 0 therpleapec@bnitha fR Al ates to a magnetic field
(current?P@rpendi cul ar-to-plane, i.e., CPP type) pernits a

magnet or esi st angenkati anfi gheeghban ct Bakk2appbiraicied by the CIP type GWR
elenment. Likewise, it is reported that a tunneling magnetoresistive el enent
(TVMR el enent) al so pé@nmat magnkitdl @EGke appeasiati@GRich as Z4n HDD,0.itUnder
the circunstances, it is being studied to use the CPP type GWR el enent or
the TMR el ement isAadhWiagkdreypéredgtet ampsiovel tbeheadofdémgodensiity .head)
using a CPP type magnetoresistive element is 5 constructed such that a

| oner magnetic YAtEl dmpgonenangnéni theonegeridiad deaslity magrecordinsgtive
el enent, a nonnmgneti c conductive | ayer, and an upper. nmagnetic_shield are
formed on a subBtfaféZeTRECRRGRE: dFesi BEIREterefdft HEs ATHadiSEeSrruct ure

10 compriging a, fmapellzgbha"a’ [egneB e (1618 ' 868 belng the
situation, an improvement in sensitivity is required
for a magnetic field sensor (reproduction head) fqr
detecting the signal magnetic field.

A typical magnetic field sensor at the present

15 time has a structure that a giant magnetoresistive
element (GMR element) is arranged between a pair of
magnetic shields where the GMR element is used in such
a manner that a sense current is flowed in the plane
thereof (current-in-plane, i.e., CIP type).

20 On the other hand, it is reported that a GMR
element in which a sense current is flowed
perpendicular to the plane of the GMR element
(current-perpendicular-to-plane, i.e., CPP type)
permits a magnetoresistance ratio higher than that

25 obtained by the CIP type GMR element. Likewise, it 1is
reported that a tunneling magnetoresistive element

(TMR element) also permits a high magnetoresistance



nonmagnetic intermedi ate | ayer, a magnetization pinned | ayer (pinned

| ayer), and an antiferronmagnetic layer. In the GWR el enent, a nonmagnetic
conductive material such as Cu is used for the nonmagnetic internediate 15
| ayer. In the TMR elenent, an insulating nmaterial such as alum na is used
for the nonmagnetic internmedi ate |ayer. Each of the | ower magnetic shield
and the upper magnetic shield is fornmed_of ,a soft nagnetic material and
serves as an electrode (a 20 positive electrode or a negative el ectrode)
for flow ng a sense current into the magnetoresistive el enent through the

nonmagneti ¢ conductive er. . The l.ower nmagnetic .shi.eld and t pper
magneti c shieler&éOConhgéfédt 5 5168H$F§ &y é tlgr%€3ﬁ§i§%$d%§pvoltage
power sour ce sugh 63 c3 fead BMRLLL ehr ANdRENYI0fHN BeS SRS Of Lhe
magnet oresi stive element 1 s detécted as a ghange i n voltage or a change in
- 3 current. Conventy ld1%s 153G +G j eﬂépgg ajpged
bet ween the | ower naéh%??gléhsgﬁghg%' t he néﬁ%gﬁggggﬁ%#yv% Ieﬁ%ﬁ?ﬁgﬂg

bet ween the uppglpBINElhg 3 hipekdpanaalme toReReeied Shicer® ament is
formed of a stacked film Such as TaFAu/Ta. Au, which has a high electrical
conducti vty andongtexetkheruichn thedt ar adwald ek gpeitfier miead,centributes to
suppress heat of the elenent. A netal material having the charac 10
teristics sinml abnnaghktse ebnlucticleudeyedq anthaGue tlorearidarivieo suppress
the heat generated by the elenent, a stacked structure including a thick Au
| ayer (or a thi eReAgnd;r, Gunbayegheits cusetduort iviee layemragred @nc opdect | ve

| ayer in any of the positive 15 el ectrode and the negative el ectrode.
However, it hashaeeeticustiefst arien formedppnt vp&ubpgdraiter-esiTde ve el enent,
Au, Ag or Cu, which is a nmetal material form ng a nonnmagnetic conductive

| ayer, havi ng aMRiggRteresisitiye edraedti Wady 2aRd SdehiSHitiGt# T8 20 hi gh heat
radi ati on _performance, ,is |iKkel Q b%,subjecte to electro '%;ation wth
the flowt8f theCOBPFeSLRITRe MLDELEIER Rt iLER SexFYstt < Idisted@YErdli &y,
where the migration of Au, Ag or C%.f&onhﬁhe nonmagneti ¢ _cqnducti.ve %@yer
for the positiv8oPBAGPELEFodl tEEHERE Ahe tREGTet 6r 85194 NIE 24 oM B PNESes
probl ens. Parti Ly, sl h net i.Sti : r at eat with
the flow of the&% %FGAP15R954§a§%g%{ %ﬁe g%h |?ﬁ§%%?%%%g%%§ﬂé?é%§ﬁ?'is
exposed to a high tBEPEMA! WikmeAt, AJnBhmEynk@id %%ddﬁ%ﬂy¥%rﬁ¥%@fﬂél

conductive layer for the positive electrode diffuses into the

magnet or esi sti vgueheaBntu Wst diskhe foestthle Dohfrignielte ageirtlREiatleance
ratio is lowered. Also, it is possible for the nonmagnetic conductive | ayer

for the p6sitiveagkect ragdethe TMRaklgmeheak anl tinsmdultd nge maatead atihat t he
el ectrom gration is made prom nent wth decrease in the thickness of the
nonmagneti ¢ 10 coctuasi wéulayer igs utlkd dap Tdeweeommalgadtdwer magnetic
shield and the upper magnetic shield is decreased with inprovenent in the
recordi ng densi tipteamedipitieqdeyes -al Eachpeifaithe dowstr Magnetdst
periodically, which is disclosed in US, Patent 15 No._ 5,793,550, may be
effective to suppfesdet HEPEIreB2IBRtdCatthd® dHive O™k Ofhé 5O riti es of

the el ectrod Ltered periodically, th tic field applied
o the f1ee | ayBROFRt e RABRAPD: BOFSTITE ol ARoAP 0 et on (Grea 0

periodicably, zgogkkqv%h%lgg%%%het%%tap%E%%Eq%%C%i%%&r@%%qu%& field
flowing a sense current into the magnetoresistive
element through the nonmagnetic conductive layer. The
lower magnetic shield and the upper magnetic shield
are connected to a constant current or constant
25 voltage power source such as a head amplifier, and a

change in resistance of the magnetoresistive element

is detected as a change in voltage or a change in



detection of the magnetoresistive elenent is adversely affected. Al so, the
magnet oresi stive el enent cannot be operated while the polarities of the

el ectrodes are altered, which |l eads to a poor response. Therefore, 25 it is
inpractical to enploy the particular technique. BRI EF SUWARY OF THE

| NVENTI ON According to an aspect of the present invention, -5 thereis
provided a magnetic field sensor conprising a pair of magnetic shields
arranged apart fromeach other with a gap and serving as a negative

el ectrode and a positive electrode, respectively; a magneto s resistive

el ement arrangeqngg$%@@n the pair of magnetic shields and including a
magneti zation free lTayer, a nonmagnetic internediate |ayer, a nagnetization

pi nned | ayer and an i i C ; ngt,4 cili | ayer
for the negative 10 e eﬁ@gﬁ%@@fﬂ, eé%‘%%omﬁ‘a?ﬁ@ﬂ?@ ééh&uEQBGéJl thyer

e arrahged t ween e magnetic shield Tor the
negative el ectr ogerabd hee tRANEHH ES] Shd ¥ en el e ]dcingifigea first
netal |ayer forned in contact with the nagnetoresistive elenent and a
second netal | ayeigietdmskidt contadment hot Neefwsst Ré ahppay efiagddtibe
first netal |ayer containing at |east one netal selected fromthe group
consi sting of Tashiléld Gind \thdVimagree W redis t Inee setanshirei sl foayed of a
containing at | east one netal selected fromthe group consisting of Au, Ag
and Cu; and a nosteckest | T loonsludt iae Tadfr/Tar 200t héhposilhavea ehbgh r ode
arranged between the magnetic shield for the positive el ectrode and the
magnet or esi st i veelkdaninalampridiigiiv 0ty sand rk3 eweel leniyein hertfirst netal
| ayer containing at | east one netal selected fromthe group consisting of
Ta, Ti, Cr, V, ZPWRERP Weririanfifot | Ol SKOWphar &R uSURREDT i IRpt o
enbodi ments of the present inventit(jégL conprise magneti c di sk and a
t

.- b6
magnetic field s o‘?led‘i‘?h%'ged*%e Sva %r@eafﬁga‘ﬁﬁb%eiflf‘% t&k3CT he
ragnet | 4o 4 S, L0 A 1 o, SEPSTLPRL PP WS,
how h i i.el i f
showi ng the magngtic {d.e &Sﬂlgooxfe Cﬂ{g'}?e%ae ﬁ%%ﬁ%g?ﬁbef rfdie present

invention; FIG IS a plan virew show ng d'sensor

according to Exam & of; the pr&sent dwventdionii i G {Skapl an view
showi ng the nagnetic rftl'elah sensor accrolgf% ng to Exanjf)rfée 3 %% t]ﬁe pr esent
I nvention, layer (or a thick Ag or Cu layer) is used for the

nonmagnetic conductive layer in any of the positive
15 electrode and the negative electrode.

However, it has been found that, in the CPP type
magnetoresistive element, Au, Ag or Cu, which is a
metal material forming a nonmagnetic conductive layer,
having a high electrical conductivity and exhibiting a

20 high heat radiation performance, is likely to be
subjected to electromigration with the flow of the
current. The electromigration exhibits
directionality, where the migration of Au, Ag or Cu
from the nonmagnetic conductive layer for the positive

25 electrode toward the magnetoresistive element poses
problems. Particularly, if the magnetoresistive

element generates heat with the flow of the current



FIG 4 is a plan view show ng the magnetic field 15 sensor according to
Exanple 4 of the present invention; FIG 5 is a plan view showi ng the
magnetic field sensor according to Exanple 5 of the present invention; and
20 FIG 6 is a perspective view show ng the construction of the magnetic
di sk apparatus according to Exanple 6 of the present invention. DETAILED
DESCRI PTI ON OF THE | NVENTI ON Enbodi nents of; the present invention will now
be 25 described. The magnetic field sensor according to each enbodi nent of
the present invention conprises a pair of magnetic shields arranged

apart fromeach other with a L. a mRanet,or e i,st.ive ele t,. arranged
bet ween the pai ru%(glfe nﬁ:\gﬁﬁeﬁoéldg‘%’lgends%%gﬁd |ncleul |mneg ta lnsngen C’lslz’re:'ic{]itoon ree

| ayer, a nonmag i C 4l I i.at e I r 1pquﬁpi t, i yer and
an antifer ronag%gtg:hc Hegl%gr&%r%énég’cur I‘gl’]l:t%l s al'l olv{ég %h%]frﬁoﬂ\?v&f\g%éaﬁce
direction perpeRdincilan vie0 102 PIrRNe tofe (R IMARLIAIRYRIdY/ @ ied /IR - The
magnet oresi stive el enent includes a 10 nagneti zation free |ayer, a
nonmagneti c i nt amiRditdiee rady@itord sTeaieid zatdn@htyi Wiath [taerraid tan
antiferromagnetic |ayer, which are stacked one upon the other. It is

possi bl e Bor t hehaagnéieo magnsitiore sdlstniiitie rati® 4 sgilanensgnetzarsesi sitti ve

el emrent (GWR elenent) or a 15 tunneling nmagnetoresistive el ement (TMR

el enent). A fer iempgeetibd erdtoar ithle swoimaas eCdigOeainduart iGeyRete® NicgOFe20 i s
used for the magnetization free layer. It is possible for the magnetization
pi nned | ayer 20 the pesfidrimed edfecd rosler droadligtald Y dypeakor d tstshekdd
structure of a ferromagnetic |ayer, an exchange coupling layer and a
ferromagnetic | ®pemotrdF dhadmigeeteile armoariga 1gs mesloRa @ igyent

CogOFel O Ni gOFe20Q i s used for the ferromagnetic |ayer. 25 A material such
as Ru or O is Wdd COSCIERE SethdfiGe [dGHNeT odydhe RANER I e &S gned to

permt t magneti zatiaons qf the _upper and lLower ferro netic

| ayers tg%be anﬁofléi?ﬂ‘:&r}ﬁ@ng‘taiy@gl Iaf ?Fgﬁ?plg&? \Hettﬁ]eéeé’cﬁh& rw.erAW%ég‘é:a
antiferromagnetig .nateri al C I .l .i d t ;
anti f err omagnet isglllgg;(/jeral,n%’st Lé| gﬁ%%%g?nt%glige%ﬂnlteatcﬁé‘%né{ge%reﬁelazadl cgvnltc})’f
ferromagnetic | ayef EBIREL I;7ath@n Jai | AR s i be pinned in one
di rection. Inci geﬁ)trgl ly, l?Ll%n lt tet %ase 0 usnlgﬁg anSlu derl ayer formed of Ni Fe

or NiFeCr for pronotingLhsifle HPWIt A dhaantiderdomanelicetldbdayer .,
the particular underlayer is regarded as a part of the antiferromagnetic

| ayer. periodically, which is disclosed in U.S. Patent

t he

15 No. 5,793,550, may be effective to suppress the
electromigration. However, i1if the polarities of the
electrodes are altered periodically, the current
magnetic field applied to the free layer in the
magnetoresistive element is also altered periodically,

20 with the result that performance for magnetic field
detection of the magnetoresistive element is adversely
affected. Also, the magnetoresistive element cannot
be operated while the polarities of the electrodes are
altered, which leads to a poor response. Therefore,

25 it is impractical to employ the particular technique.

BRIEF SUMMARY OF THE INVENTION

According to an aspect of the present invention,



A nonmagnetic nmetal |ayer such as a Cu |layer is used as the nonnmagnetic
internmediate |layer in the case of a GWR elenent, and an insulating | ayer
such as an 15 alunmina layer is used as the nonmagnetic intermediate |ayer
in the case of the TMR elenent. In the magnetic field sensor according to
each enbodi nent of the present invention, the nonmagnetic conductive | ayer
for the negative el ectrode between 20 the mpgnetic shield for the negative
el ectrode and the magnetoresistive el enent and t he nonnagnetic conductive
| ayer for the positive el ectrode between the magnetic shield for the
posi ti ve el ectr odg, And, { Mo, TRORES oL &Rl SLLVE: CEEIPA! <AL &L MRLg¥ el $05aS Lo
25 suppress el ectrom gration. Particulrarry, the nonnagnef|c conductPve

| ayer for the posif.i . 1 Sqil e p i h -9
electronigrationg ?%,g%ﬁgéiggg}&n%%g$¥§¥sgﬁ£%%g§grQéﬁgéng%%%gﬁgch

conductive Iayerogﬂgrtﬁft@ogi&éﬂeaﬁéegéf99§ (o] erné8§t?§ 2%1ggt§%ggtrode

are classified 5 1nto a first " nmetal materral that 1s unli y to bring
about the el ectromd o apd o Pdl &1 SEEPHEe et abp 8Bt evE B ; t hahageags-t 0 bring
about the electromigration easily. The first netal material that is

unli kely t® bri ngegbotivé hel @hect ront gigéd opetwsendele ToaidiofCr, V, M 10
and W It is possible for the first nmetal material to be an alloy or to be
a stacked structmagnetnct ush hgl dsvoarmd ime budiyers. mddpee sezatnidonefate nat eri al
that tends to bring about the electrom gration easily includes Au, Ag and
Cu. It is possiblayéor aheonmegret hetahtabnediatealayerbeaan alloy or to be
a stacked structure including two or nore |ayers. Concerning the
nonmagnet i ¢ condlRINSlel 73RN fRinned hayek i 3od ciecarbibernehagretia t he
magnetic field sensor according to, each enbodi nent of the present 20
invention, it isl¥eRFT abIRPIRIRHe G R FRtEE T2YRF %%igb%ilh@%th‘vgh

electrical.conductivity.and a hi heat radi.ation performance.to be thicker
Cha T heg for et et dgd e Aol RERe G LR LRNGRSH LRIt for St
elenent. 25 In the etic field sensor, according to.the first enbodi ment
of the present i%ﬁ%n |d%,ef %Fé%ﬁ%%ﬁﬁﬁ%t?%36%%%%%¥$5%5+%5%Yef ?eT%% positive

- 10 | ectrode 1,54f t L LSt I i t ' th
R e

second netal |ayer. sensor accor di ng t he second

enbodi nent  of t hei i eSeNtmd VSR i Ok s t N Se NORERENS &l Ca CODEICH I e d pyer for
the positive electrode is omtted so as to permt the nmagnetoresistive

el ement to be forapsk i fosthd®cin cosvivedt Wiith t fige nBONSt iBe 5] elgyépy the
positive electrode. In the case of this enbodinment, the antiferromagnetic
10 | ayer litncl udetthe nfitet megreel okege stcoret &1l eimentat hbvasty enstmeked
structure of antiferromagnetic |ayer/ magnetization pinned |ayer/nonmagnetic
i nternedi ate | ayzeVenipretfren i Ure foreup ayensiseidoro®dlan BireCt, cont act
with the magnetic shield for the 15 positive electrode. In the nmagnetic
field sensor acd¥ i Wo adhthg $9reond regtahdl aebrerridbeinems of the

present invention, the nonmagnetic conductive | ayer for the posjtive
el ectrode does r'ﬂo?aﬁ?thcqrtﬁjé“eﬁg%l s%‘%:]o‘?fbt??gt’ét‘fom thé group consisting of

Au, Ag and Cu; and a nonmagnetic conductive layer for
20 the positive electrode arranged between the magnetic

shield for the positive electrode and the magneto-

resistive element and formed of a first metal layer,

the first metal layer containing at least one metal

selected from the group consisting of Ta, Ti, Cr, V,
25 Mo and W.

The magnetic disk apparatus according to

embodiments of the present invention comprises a



20 layer that tends to bring about the electromgration easily, or the
nonmagneti c conductive |layer for the positive electrode is omtted. As a
result, it is possible to effectively suppress the electrom gration during
operation of the magnetic field sensor under 25 high tenperatures.

I ncidental ly, where the nonmagnetic conductive |layer for the positive

el ectrode does not include the second netalg | ayer, the - 11 electrical
conductivity is lowered so as to increase heat generation to sone extent.
However, the heat generatlon is not so hlgh t hat poses problens. In the

magnetic field SENSRQ %?Ccﬁr& lr};‘q}I VetnPa plt‘:ﬁe@oéjé 141 aog Ipqee&)gsegent

i nvention, a non |c cond pos i've

including a firsg q_xlgaaéadé;\ytq{e |n{59(}%glacctd e f| rst%%c}ﬁf eﬂéfdl ve el enent

and a second neta yer in contact wth ayer 1s formed,
10 in which the Jg|aji mmdgo drdy Cﬂﬂlﬁ%ﬂl@é VeelLAfsed i isdvdetal layer and
e

the second netal |ayer fined so as to suppress the el ectrom gration.
To be nore speci BrRgerwheseripre o okness ghviERralf viswsmeralrHEaYRAWINGL Nm
or less, the thickness of 15 the second netal |ayer should not be greater
t han the tshi ckness ofFite Tiista nElat voyershothie tihe maiekinessfoéld he
first nmetal layer falls within a range of between 1 nmand 10 nm the

t hi ckness of theasmndamtalidayer Edempice riotobhet ) mressdrer t han t he
square of the thickness of the first netal |ayer divided by two. Further,
where the thickrgsergfiahe first netal layer is 10 nmor nore, the

t hi ckness of the second netal layer is not particularly limted. If the 25
thi ckness of the firdstiGretalis ayarlan ewnskewing ethe Heagnsgital fialdy of

the first netal is i roved and, thus, the first netal [|ayer
ef fectively peerﬁﬁ%Pr acco ding to ExXample '2 of the present

10 invention;

FIG. 3 is a plan view showing the magnetic field
sensor according to Example 3 of the present
invention;

FIG. 4 is a plan view showing the magnetic field

15 sensor according to Example 4 of the present
invention;

FIG. 5 is a plan view showing the magnetic field
sensor according to Example 5 of the present
invention; and

20 FIG. 6 is a perspective view showing the
construction of the magnetic disk apparatus according
to Example 6 of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention will now be

25 described.

The magnetic field sensor according to each

embodiment of the present invention comprises a pair



- 12 as a barrier to diffusion of the second netal layer. In the third
enbodi ment, if the first netal layer and the second netal |ayer
constituting the nonmagnetic conductive |ayer for the positive 5 el ectrode
satisfy any of the relations in thickness noted above, it is possible to
effectively suppress the electrom gration of the second netal |ayer during
operation of the magnetic field sensor under high tenperatures. 10 In the
third enbodi nent, the nonmagnetic conductive |ayer for the positive

el ectrode is not limted to the two-layered structure of first netal

| ayer/second netal |ayer.. Alter ivel it.is also.possible for the
nonmagneti c con tW%’n?%V%rsq%§¥%%eaﬁ%??ﬁﬁ$t?@%rélEﬁé?o%%c?oogger a
three-l ayered of fixs al yer .layer/first tal | ayer, or
to be of a mul tivg{%@e“}re St rahAc ut el{l?s%ﬁ g%%%{%héfe oeriér%%%él%yﬁ?%ge wever,

regardl ess of t f}‘}‘e%%’ete? \C}%he% ;tg%lrsf ]?cgfr‘er?ahiﬁéﬁ’fé ”él?i@f?é Oé[r‘?ﬁ'dj;x?é}@@fn

. a
nonmagnetic 20 con positive electro sufffces

thickness with trkl&‘(%ﬂ@b’fia’&{br?_‘:’fma&&r,t | Mok iRa PRV AL L ENEL PR 4 P2 0Ol Y the
relationship in between the first netal |ayer in contact nmagnetoresistive

el ement argl t he sepond deiadnSOtaciompinide fadyst amdadn! ayelrabes-it the
function of suppressing the electromgra The first nmetal |ayer in contact

with the - 13 mamgetoriesyst | VA et@mentcumyebte foraklbwed acsi Aigbwe in
deposition process or in two deposition processes. For exanple, a |ower
nonmagnet i ¢ conducdinext iayrerpdigpemii cu k4 ackedelse rpkdne eoDf tihide second net al
|l ayer 5 and the first nmetal layer is deposited on a | ower magnetic shield,
fol | owed by procesgigiprdrsldtoiies eememhet i c conductive |ayer by a
photol i t hography process. Then, the first netal |ayer is deposited on the

| oner nonnagnetic conthRtTaEne5yees kst hre 19! efperet | Beludest e

magnet oresj stive el enent, followed b depositir%%the magnet or esi stjve

el ement ot the fIFECHAHI I hydree |1 ¥His TRITIFHL T KHRTHAIA TR first
metal |ayer defined above neans. the sum of EQ?H%PiCknﬁfs of the first metal
t

layer formed in 1hET5 HERHET AR B RERH vt SRyt 5 ©

ducti | : t hi ; i th
corcuct 'l ever e {ivekncse el Lhe Iissioavial e iorm s e
i s deposited, 20r old qysk iy depasididdditeddrsd SBEA 4 AURL,

Se&
protective filmon the magnetoresistive el ement and su sequenf?y pggéessing
the protective fdlgnand ddyhdRONS] QIESIStd M@ndd ¢ MdAMR & phed:of § tdhoat aphy

process. Then, the upper nonmagnetic conductive |ayer having a 25 stacked
struct urasof thedridesltimetned grl etyefe Aingt ive Sleaarct et 4 eanesn t)S. deposi t ed

on the protective filmof the first netal layer. In this case, the
t hi ckness A ferromagnetic material such as CoggFejg or
CogpFejo/NiggFeog is used for the magnetization free
layer.
It is possible for the magnetization pinned layer
20 to be formed of a ferromagnetic layer or a stacked
structure of a ferromagnetic layer, an exchange
coupling layer and a ferromagnetic layer. A
ferromagnetic material such as CoggFejqg or
CoggFe1p/NiggFegp is used for the ferromagnetic layer.
25 A material such as Ru or Cr is used for the exchange

coupling layer, which is designed to permit the

magnetizations of the upper and lower ferromagnetic



- 14 of the first netal |ayer defined above neans the sum of the thickness
of the first nmetal layer formed in the process of depositing the upper
nonmagneti ¢ conductive |layer and the thickness of the first nmetal 5 |ayer
formed as the protective filmof the nmagnetoresistive elenent. In each
case, it is possible to use two types of netal materials selected fromthe
first metal materials in the two depositiorg processes. For 10 exanple, it
is possible to formthe first nmetal |ayer as a stacked structure conprising
two | ayers including a Ta | ayer and anot her |ayer fornmed of a netal

materi al sel ected,§ r - 1.5t ] T . and 15

Al so, the nagnet?%y%ggL&ggﬁgfg?ggﬁggé%ﬁ% %%t?%a%%% é%%%%%%gg%gﬁo?g¥%e
present inventi agkicoppri ses the magnetic field sensor described above and,
t hus, the reproduction characteristics thereof are not deteriorated even
during the operation anderbisah 20t1eaPesmhyhesic!hafollansstibat zLkhe
magneti ¢ di sk apparatus exhibits an excellent reliability over a |l ong
period of tinme. ExenmdesIainthe psaserdr i tivendh onr i Hdmagne Hec desee i ped
with reference to the acconpanying drawi ngs. 25 Exanple 1: FIG 1 is a plan
vi ew showiing t hevltiortstsarcté ontofpd e negnetnagiétel thisensosf (she el d type -
15 magnetoresistive head) the air-bearing surfac the substrate 1 forned
magneti ¢ shi el d Zeridradathiec QWY et efragnelt; 1 24l amdoimeediphbeye nagnethe i n
this Exanple as viewed from aéﬁ:\rBS).. As shown in FIG 1, on of A1203-TiC,
the | ower nonmadgheti&d cohdig idderechijan 3, Honrdemetl by corluthe veasayef 5,
shield 6 are forned. Each of the |ower magnetic shield 2 and the upper
magneti ¢ shi el d i fa H’B’HjQﬁlaaY%fﬁo?%géﬁ N¥ie mali BRES £ar an

el ectrode for supplying an electric 10 current into the GVR element 4. In
this Exanpl e, tépq%%@%%qacl HWP 2 e’?q?Fesa‘h"sl HRPR IR EF ect r ode

dth ' ield.6 it I de. Th
alement 4% nel Lae e SRAT DA G (FO Ry oS AT DR ATe
internedi ate |aygr 42, 1he #@ééiog piﬁrg[e_d | ayer 43 and the
e magnet’ za]t

antiferromagnetic |ayer 44. 1'on of the pinned |ayer 43 is

pi nned downward towarg ﬂ&ﬁnﬁ%%tﬁ: RSt | Lo GEY SOLEIPPYs Io? éﬁﬂ?ﬁ%ﬂ J}g t he

free layer 41 20 along the S, and the magnetization ¢ _ ayer 41
is freely rotatalde ias ageontaneRMdti: a sl analqrmonetd wef i 8l RO @ssd 0 be

rendered parallel or antiparallel to the magnetization of the pinned | ayer
43. The | ower maghet iGMFstelainbrit archd b uipparl 25 madngtde sibteldk Gar e
connected to a constant current or constant voltage power source such as a
head anplliSfi er, adwiimnacHawpy iis nesidteandhomdimo@dR ic -iMtereddingrd 4 i s
detected as a change in voltage or as a

layer in the case of the TMR element.

In the magnetic field sensor according to each
embodiment of the present invention, the nonmagnetic
conductive layer for the negative electrode between

20 the magnetic shield for the negative electrode and
the magnetoresistive element and the nonmagnetic
conductive layer for the positive electrode between
the magnetic shield for the positive electrode and the
magnetoresistive element are improved so as to

25 suppress electromigration. Particularly, the

nonmagnetic conductive layer for the positive

electrode is improved for suppressing the



change in current. The nonmagnetic conductive layer 3 for the negative

el ectrode between the magnetic shield 2 for 5 the negative el ectrode and
the GWR el enment 4 has a stacked structure of the Au | ayer (second netal

| ayer) 31 and the Ta layer (first netal layer) 32, in which the Ta |ayer 32
is in contact with the free layer 41 of the GWR elenent 4. It is possible
to arrange a 10 protective filmforned of first metal material such as Ta
bet ween the magnetic shield 2 for the negative el ectrode and the Au | ayer
31 in the nonmagnetic conductive |layer 3 for the negative el ectrode. The
nonmagneti ¢ cond ' .5 for the 15 positive el ectrode between the
GWR e?enent 4 aﬁ%f%¢£§§éf éﬁ?%?éhield 6 foP the positive el ectrode has a

stacked structure of %%Pegﬁtkﬁyﬁétéﬁgﬁégefggfé ﬂgg&r%oéltﬁgd the Au | ayer

(second netal |ayer) ayer Is'Irn contact with the 20

anti f erromagnet i gl ay@le At Ao i e (VR e gpBntsdy el SoPPSELPI € to arrange

a protective filmfornmed of a first netal” material such as Ta between the

Au layer 52 in tdireOFBERINSE | £oX OFKBIGId YAt 1 vy a1 &cf Bbad NerPOSiddyeried
el ectrode and the nmagnetic shield 6 for the 25 positive el ectrode. First,

various nmegneti cifteld Sensiorme el end odrr i £at tht ebs huol i kél ¢ htd et Lges t he
nonnmagneti c - 17 conductive layer 3 for the negative el ectrode having a
st acked struct urabmit arheA\le1ayeromilg twivicrg and ha ckeessd afie il mma aguchi a1 Ta

| ayer 32 having a thickness of 3 nmand the nonmagnetic conductive |ayer 5
for the 5 positittekltanddde Havinmy asbattackes slecttomigoit oTedayky. 51
and an Au layer 52. As shown in Table 1, the thicknesses of the Ta layer 51
and the Au | ayerTiB® fwepst drefrijedna tediad ousat abhiwnki ke hitofbrirg magneti ¢
field sensors thys 10 fabricated was operated for several hours under high
tenperatures in W 1R SHR TROBEHR R el Rl et t Tomi G atGlon. VT

occurren of the el ectromgration s judged from wheth or,_ not the
el enent rﬁvesosi st ar?ééfvbg's i]ﬁtcrjgsas%%s%]fk\flﬁer %Op‘é?g?‘? o%“fﬁt tlﬁeeta(erS PrlgHetdt el d
ensor for sever . 0 he c i nations of 1he thickne
fl gf t he TZ Yaybgér %ﬁ%fnldjgﬁgt Ollc}ié]ne%is‘{afe%?&@erﬁé %éflelrn%]ti@lnnq Ih%wo >
ti t I f jti I i i
o oot Lom orat | on naite FYRne. | Ond NediR G EIEEE) bt fhdTon o
nonmagneti ¢ conduetd Med ausiutl AhdPQsidd ot pedt ode M p SUPRiEssed

el ectrom gration Thickness t1 of Ta |ayer 51 (nnm) Thickness t2 of Au | ayer
52 (nm 0.50, 0.2u 0GR du./, & 9Fl poksiBbk fBor &hd Whordd mek/a1 341030,

50, 80, 100
15 material to be an alloy or to be a stacked structure
including two or more layers.

Concerning the nonmagnetic conductive layer for
the negative electrode included in the magnetic field
sensor according to each embodiment of the present

20 invention, it is desirable for the second metal layer
exhibiting a high electrical conductivity and a high
heat radiation performance to be thicker than the
first metal layer, in order to suppress heat generated
by the element.

25 In the magnetic field sensor according to the

first embodiment of the present invention, the

nonmagnetic conductive layer for the positive



The nonmagnetic conductive |layer 3 for the negative el ectrode, including
the Au layer 31 thicker than the Ta | ayer 32, was satisfactory in

el ectrical 10 conductivity, low in resistance, and excellent in heat

radi ati on performance so as nake it possible to suppress heat generation.
On the other hand, where the thicknesses of the Ta |ayer 51 and the Au

| ayer 52 constituting the nonmagnetic condugtive layer 5 for 15 the
positive electrode were set to neet the conbinations shown in Table 1, it
was possible to suppress the electromgration of Au fromthe nonmagnetic

conductive | ayerebﬁe&?fo&é‘elé)%ﬂxﬁé’& & egld ofer d et e ALl el 4. 20 As

apparent from Tabl I's reasonable to sunmari ze the Telationship

bet ween t he thlq$igﬁ5hgIuéﬂngrgh@%gééaﬁa wdt AN e t hi ckness t2 of the Au
| ayer 52 as follows: (1) Wiere tl is 1 nmor less, i.e., tl s 1 nm - 19

t2 shoul d not be greatertidamaddeticefield §eﬁ§or(£&cmi@gtﬂof@hés wi thin
a range of between 1 nmand 10 nm i.e., 1 nms tl S 10 nm t2 should not

be greater than ddwmsdjuatdifimddt i itded gdyederd; inwentHor 2 thd 12/ 2; and
(3) Wiere tl is 10 nmor nore, t2 is not particularly limted. Next,
prepared i5 10 anmthridunela  ondubictviere hsayped for ddoirpeiceiwar i ous magneti c
field sensors were z which the thicknesses of the Au | ayer 31 | ayer 32
constituting thelrgimagtetic dmiidied Foras Heo regyanitetled atagmeieo ver e

various fashions, in order to exam ne of electromgration. Table 2 shows
t he resistive element to be formed in direct contact with

the magnetic shield for the positive electrode. 1In
the case of this embodiment, the antiferromagnetic

10 layer included in the magnetoresistive element,
having a stacked structure of antiferromagnetic
layer/magnetization pinned layer/nonmagnetic
intermediate layer/magnetization free layer, is formed
in direct contact with the magnetic shield for the

15 positive electrode.

In the magnetic field sensor according to each of
the first and second embodiments of the present
invention, the nonmagnetic conductive layer for the
positive electrode does not include the second metal

20 layer that tends to bring about the electromigration
easily, or the nonmagnetic conductive layer for the
positive electrode is omitted. As a result, 1t is
possible to effectively suppress the electromigration
during operation of the magnetic field sensor under

25 high temperatures. Incidentally, where the
nonmagnetic conductive layer for the positive

electrode does not include the second metal layer, the



conbi nations of the thickness of the Au layer 31 and 15 the thickness of
the Ta |ayer 32 constituting the nonnmagnetic conductive layer 3 for the
negative el ectrode in which the electromgration did not take place. 20 25
Tabl e 2 Construction of nonmagnetic conductive |ayer for negative el ectrode
W th sunnressed el ectrom aration Thickness of Au layer 31 (nm Thi ckness of
Ta layer 32 (nm) 86105124403 As shown in.Tapje 2, if the Au layer 31 is -
20 thicker than the Ta layer 32 in the nonmagneti c conductive |layer 3 for
the negative electrode, it is possible to suppress the electrom gration of

Au fromthe non i.c., conductijve layer. 5 f osjtiyve g! ect [ ode,
havi ng a stac kecr?al g%rq“lullcltcua(rie C%‘%Cet%féaﬁyaylesrs ]':f%searﬁ]eg;ﬁ?oe % 1%/oayleﬁ} éo t he
conbi nati on sho j gﬂ% o me rt hdd+ 1S
effective to us\gﬁsg@ogr reaeg(lcoeri Inc'tedr)ltggl}[ﬁe e ecet%l?f'calrﬁocwgenv ufé't iﬁ\}%yhéaafst a second

metal 10 materi geddi e i 3t dd HigRluefdRsdd Y diordiie, an al | oy
containing at | east two of Au, Ag and in place of "Au. Exanple 2: FIG 2

is a plan vieM/shomﬁngluhgaq%ﬁﬁéﬂgaifgbgﬁ dendde I@INedikq ft&lehsensor

(shield type magnetoresistive head) in this Exanple as viewed fromthe

ai r-bearing surftage.d Assdwent) il Ghe . prdsdite istthsitiade, 1la formed of
A1203-Ti C, the |lower magnetic shield 6, the nonnagnetic conductive |ayer 5,

the GVR 20 el enmeninmbgridtel cm@umyratiive deaytuctiore tlayeroS3itiard t he upper
magnetic shield 2 are formed. In this Exanple, the | ower magnetic shield 6
serves as a posialiact nsidectimgdaidiare & Hel ngdpare rrlgnetyer shi elahtaater ves as a
negati ve el ectrode. 25 The GWR el enent 4 has a stacked structure of the
anti f er r omagnet v thayidye e onate nasgfdtlvaats lenesi eyl |aayaacysl nefal
nonmagnetic internmedi ate | ayer 42 and - 21 the magnetizatjon free | ayer

41, in which t hé-F¥&e IaFa@rtertcstidth thed Pt dffe sty S5yt . Famadi s
central At on Bt HETG S HUARSTIHE iy R RE It TR posi {1 ve
first metal layer and the second metal layer is
defined so as to suppress the electromigration.

To be more specific, where the thickness of the

first metal layer is 1 nm or less, the thickness of
15 the second metal layer should not be greater than the
thickness of the first metal layer.

Where the thickness of the first metal layer
falls within a range of between 1 nm and 10 nm, the
thickness of the second metal layer should not be

20 greater than the square of the thickness of the first
metal layer divided by two.

Further, where the thickness of the first metal
layer is 10 nm or more, the thickness of the second
metal layer is not particularly limited. If the

25 thickness of the first metal layer is 10 nm or more,
the crystallinity of the first metal layer is improved

and, thus, the first metal layer effectively performs



el ectrode and the magnetic shield 2 for the negative el ectrode, the
nonmagneti ¢ conductive |layer 5 for the positive electrode is formed thinner
t han the nonmagnetic conductive |ayer 3 for the negative 10 el ectrode. The
nonmagneti ¢ conductive layer 5 for the positive el ectrode between the
magnetic shield 6 for the positive el ectrode and the GWR el enent 4 has a
stacked structure of the Au layer (second ygtal layer) 15 52 and the Ta

| ayer (first netal layer) 51, in which the Ta layer 51 is in contact with
the antiferromagnetic |ayer 44 of the GWR el enent 4. The nonmagnetic

conductive | ayer f X at .y, ectro et i.c. shield 2
for 20 the negatafs\S/ea cei{ae%{lreorgg&anddlﬁlg&%oefgnkgentggﬁﬂ%%qgegggﬁé%ec%t ructure
of the Ta layer (fir I rdmidd fhch ¢ hey y

| ayer) 31, in which t %%QI%%%&B% is 1N c%'nt%é?tﬂ&métﬁ%ﬁ%eﬁgg%l In%/}gérr4l of

the GWR el ement 4 g 29, /ald Qg TRanet 1 1G Jd £l dsansaisiyerend abri cated, each
i ncl udi ng the nonmagnetic conductive |ayer 3 for the negative el ectrode

having a stackethginaidtias Aortlucti v ldhped afer &2 hRyvdigiwe t hi ckness of 3
nm and an Au |l ayer 31 having a thickness of 18 nm and the nonnagnetic

conducti ves | ayerelledttoddesgtais iy e el et trhod er dileat inghsa &1 attidaskrséggict ur e of
an Au layer 52 and a Ta layer 51. 5 As shown in Table 1, the thickness t2
of the Au | ayer rExehdclbddies t hittkiregsoddilofe tte cfafdayiere bl svprradmnged in
various fashions. It has been found possible for the particular
construction to i srlessndwl gtadcitqrorm fyridie grecend masahplayver dworimanpl e
3: FIG 3 is a plan view show ng the construction of the magnetic field
sensor (shield tSRAE Rt ddismagHedd)finid manSsangdendAgewed from
the air-bearing surface. As shown in FIG 3, on the 15 substrate 1 forned
of A1203-Ti C, tHETRAAA Hhtireti c shield 2, the nonmagnetic conductive |ayer

3, the el ement 4,_t nonmagneti.c conductive |ayer 5 nd the upper
magnet i (?Ys%ni eld 6 are' (I;%’erheedtf}ut%é]te?ﬁ'%o ‘?ﬁ)tr’e,trf%en %%?n%ﬁ]g%eti c shield 2
serves as a nhegati.Vv ect Yolo! @?ﬁg i el serves
as a positive elaéedcr%(ﬁlo%cei.‘%rhlgaﬁy(ﬁ%gefeqrg%n% rb%#ﬁ@l Udes e]'lof%e;nme irgoaxfi on free
| ayer 41, the NOMFRANG! G WHLTHIRA Bl ddy HeAfrbie SR Zad N Pi Nned

| ayer 43 and the antiferro 25 magnetic | ayer 44. The nonmagneti c conductive
layer 3 for the nggatjisceRleaidiade ketaveen Ahe raaneld oy shitelik 2 fey - 23
the negative electrode and the GWR el enent 4 has a stacked structure of the
Ta layer (first pedsilblay®Ryy thl ridignaAthd taikeredisRoonidraTel et aferr )thkl and
the Ta layer (first nmetal layer) 32. 5 The nonmagneti c conductive |layer 5
for the pdsiti verasidritven del dydtnwebn ttchéo G & driarde 4l ey ddeo firafinetti ¢
shield 6 for the positive electrode has a stacked structure of the Ta | ayer
51, the Cr | ayemsRladdaie seedrg sretmil lagenff inat Inglerls ity foF ned of
10 the first netal material. In the magnetic field sensor, in this Exanple,

t he nonmagnetic CORRIAT e MEhfe~ 13 ¥eRed R P s e i 3 it £ Ye L ot
contain any of Au Agt;)|1 and Cu assified as the seccg]? net al matirial and,
thus, it 15 is aé’etros‘prglf’éfﬁvet%e TS Ir i%?‘ﬁ BERESe We
stacked structure employed for the nonmagnetic
20 conductive layer for the positive electrode, it
suffices to pay attention to only the relationship in
thickness between the first metal layer in contact
with the magnetoresistive element and the second metal
layer in contact with the first metal layer when it
25 comes to the function of suppressing the electromigra-
tion.

The first metal layer in contact with the



FIG 4 is a plan view show ng the construction of the magnetic field sensor
(shield type magnetoresistive head) in this Exanple as viewed fromthe 20
air-bearing surface. As shown in FIG 4, on the substrate 1 fornmed of
A1203-Ti C, the |l ower nagnetic shield 6, the nonmagnetic conductive |ayer 5,
the GWR el enent 4, the nonmagnetic conductive |ayer 3, and the upper
magnetic shield 2 are forned. In this Exanpl e, 25 the | ower magnetic shield
6 serves as a positive electrode, and the upper magnetic shield 2 serves as
a negative el ectrode. - 24 The GWR elenent 4 includes the

antiferronagnetg%ﬁ%§¥§%g§#§§%pg4g?g§%hkfﬁggog PleARGd dl 3yer, 43y hl

e
nonnmagneti c int e na&netlza tion frée-lrayer 41, in

which the free Laygtifiof EOBSELLULES ibNe,UPRRLARS!: oAV Biodel oLl s Bxampl e,

in order to arr e the ayer 41 of t el enen in the centra

portion of the gap bgbyeeRahieeMagnebive S ot @ ctqc HonRRYihie/ 8 aflegCt r 0de
and the magnetic shield 2 for the negative electrode, the 10

anti f erromagnet hevhayeh 44acfehokmrdcsulbi eiremhky skbek mEta1naRRRENet i c
conductive layer 5 for the negative el ectrode between the nagnetic shield 6

for the pesitivanal eaer gdesanslethe ChReel égedbpédsised dn 2 ngerl ayer of Ta
havi ng a thickness of 5 nm The nonmagneti c conductive layer 3 for the
negati ve el ect rmdgnbétineshithd, GiRlébereEnbydpandetisengaghet ilowslri el d 2 for
the negative el ectrode has a stacked structure of the Ta layer (first netal
| ayer) 20 32 antonhegnstigyeenfuectomd Aevek bayyer phatolindoumiepkyess of the
Ta layer 32 was set at 3 nm and the thickness of the Au |ayer 31 was set
at 15 nm or 45 REPCRAStheThBBnethe fi&PE Befser lpyerhis BeREERLESD281t he
nonmagneti ¢ conductive layer 5 for the positive electrode does not contain
any of Au, Ag amBechoysrt RenBegBRdirefaPINELteVralaYRd, 26hG8, it is possible

to 10 underlayer of the magnetoresistive element, followed

by depositing the magnetoresistive element on the
first metal layer. 1In this case, the thickness of the
first metal layer defined above means the sum of the
thickness of the first metal layer formed in the

15 deposition process of the lower nonmagnetic conductive
layer and the thickness of the first metal layer
formed as the underlayer of the magnetoresistive
element.

Also, the magnetoresistive film is deposited,

20 followed by depositing the first metal layer as a
protective film on the magnetoresistive element and
subsequently processing the protective film and the
magnetoresistive f£ilm by a photolithography process.
Then, the upper nonmagnetic conductive layer having a

25 stacked structure of the first metal layer and the
second metal layer is deposited on the protective film

of the first metal layer. In this case, the thickness



- 25 prevent the electromgration. Exanple 5: FIG 5 is a plan view
showi ng the construction of the magnetic field sensor (shield type nagneto
s resistive head) in this Exanple as viewed fromthe air-bearing surface.
As shown in FIG 5, on the substrate 1 fornmed of A1208-Ti C, the | ower
magnetic shield 6, the GVR elenent 4, the nonmagnetic conductive |ayer 3,
and the upper nmagnetic shield 2 10 are forygd._In this Exanple, the |ower
magnetic shield 6 serves as a positive el ectrode, and the upper nagnetic
shield 2 serves as a negative electrode. The GWR el enent 4 includes the
antiferromagnetic. l.gyer..44 ' i.on pinned | ayer 43,, the 15
nonnmagneti c int eorfrre%%/eatfel satyﬁe%f?%}%%ﬁ%é%%%ﬁ zog‘ﬁ %e r}segt}?%ysg%mﬂ, in

which the antifess ATRONSHGASNETo A4S ¢1L A nEAL LONAR! MikLg he, magnet i c

shield 6 for the positive electrode and t ree layer 41 constitutes the

upper most | ayer .tjen fﬂ&&@%@lcf‘epdﬂtzi%@rﬁ?é dh e it d e {4 ee layer 41
of the GWR el enent in the central portion of 'the gap between the nmagnetic

shield 6 for thedraidiiMe al8edr gl ank the IBened iof stiel 8 25 f Qletidre

negative el ectrode, the antiferromagnetic |layer 44 is fornmed sufficiently

25 thick. 5sThe namggnetdeneDiIGHe ettt i3rd of i Iheoheagas i ve el ectrode
between the GWR el enent 4 and the - 26 magnetic shield 2 for the

negati ve el ectr odeyrieo e ssitsaciked etemerttur e of the Ta |ayer (first netal

| ayer) 32 and the Au |l ayer (second netal layer) 31, in which the Au | ayer
31 is forned thicker Ithagrdtheadze 5 1tayies 355 Ihke nagnesé ctwo et bsensbr in
this Exanpl e does not include a nonmagnetic conductive |ayer for the
positive el ectr@ftadndatsfiils sqlegiedsifian ttderighnsit nefal

el ectrom gration. 10 Exanple 6: FIG 6 is a perspective view show ng the
construction of H& i t&%l@“ﬁ’p&ﬁpﬁﬁjstliq{l tHCEESH €. F%Bs shown in

the d i.ng, within th i 100,..t.h tic.disk 101 i ted to th
Spi ndi o 19102 SFUBNS 1 e PP HHE dha Mhrke hg o Mg her
[ 105 dt j d 106 ted .to th ivot 103 | .n
\s“uilogIn;s Iyogf the%%agang%lazék:ﬁd‘ssrkstfglftﬂlrﬁee@ﬁ'gng)nrgltsilcno%eté"go Ivoﬁrﬁclluncflflﬁbé]ﬁleg
reproduction head .Iadncliﬁ}erre%q{gpia%ﬁ%qd fa%zécrorf]i}qﬂ%&éﬂ"ea tidr of the 20
in a |

slider 106. The arm can be nove t'he radi rection of the

magnetic di sk 1Gkh tiBans 1c e Mnf & HPidr I WorkOG t iy id¥ Tecaidi ng
and reproduci ng operations, the magnetic head i ncluding the reproduction
head and the recgr dichgrkead is 25 positioned in a floated state over a
target track on the surface of the magnetic disk 101. The magnetic field
sensor adb5described iAMls=achthd naogiies didlo dpparatus according to

the embodiments of the present invention comprises the
magnetic field sensor described above and, thus, the
reproduction characteristics thereof are not
deteriorated even during the operation under high
20 temperatures. It follows that the magnetic disk
apparatus exhibits an excellent reliability over a
long period of time.
Examples of the present invention will now be
described with reference to the accompanying drawings.
25 Example 1:
FIG. 1 is a plan view showing the construction of

the magnetic field sensor (shield type



- 27 is used as the reproduction head included in the magnetic head 107.

I n the magnetic di sk apparatus having such a construction, the reproduction
characteristics are not 5 deteriorated even if the apparatus is operated
under high tenperatures. Naturally, the nagnetic di sk apparatus of the
present invention is excellent in reliability for a long tinme. Additional
advant ages and nodifications will 10 readi{y occur to those skilled in the
art. Therefore, the invention in its broader aspects is not limted to the
specific details and representatlve enbodi ments shown and descri bed herein.

Accordi ngly, var|o |f| y he nmd tho artin romthe
15 spirit or scop eft%]ﬁ le‘feal n%’en |v€r?lc§(;nce%?p %sgfl ee"‘c’je(g%
appended cl ai ms ,3nd i S

magnetic field sensoatrﬂgogrspa&?%q\:gglﬁa%%:a? r p(‘)]? rragn iT 035 ds arrangedn apart

from each ot her wid b aamand SRS 86 R f190ak e 5.6l fopspde and a

positive el ectrode, respectively; a magnetor ive el enent arranged

bet ween the pai mafndrighedi e 5hiz| dshantbrimedrikit N9 Gonmedetveatd gor- f3 ee
| ayer, a nonmagnetic internedi ate |ayer, a magnetization pinned |ayer and

an antiferyomagnaid GMO dlaedrit & hathegi@indgeonidticéonvdud tyes Togedt e,
negative el ectrode arranged between the magnetic shield for the negative
el ectrode and t hendragreetuppest sidorees tel ersnte ladhdb 1awd ufbmmged. first met al
| ayer fornmed in contact
Each of the lower magnetic shield 2 and the upper
magnetic shield 6 is formed of a soft magnetic film
and acts as an electrode for supplying an electric
10 current into the GMR element 4. 1In this Example, the
lower magnetic shield 2 serves as a negative electrode
and the upper magnetic shield 6 serves as a positive
electrode.
The GMR element 4 includes the magnetization free
15 layer 41, the nonmagnetic intermediate layer 42, the
magnetization pinned layer 43 and the antiferro-
magnetic layer 44. The magnetization of the pinned
layer 43 is pinned downward toward the ABS. A
magnetic anisotropy is imparted to the free layer 41
20 along the ABS, and the magnetization of the free layer
41 is freely rotatable in accordance with a signal
magnetic field so as to be rendered parallel or
antiparallel to the magnetization of the pinned layer
43. The lower magnetic shield 2 and the upper
25 magnetic shield 6 are connected to a constant current

or constant voltage power source such as a head

amplifier, and a change in resistance of the GMR



15 with the magnetoresistive elenent and a second netal |ayer forned in
contact with the first nmetal |ayer, the first netal |ayer containing at

| east one nmetal selected fromthe group consisting of Ta, Ti, C, V, M and
W and the second netal |ayer containing at 20 | east one netal selected
fromthe group consisting of Au, Ag and Cu; and a nonmagnetic conductive

| ayer for the positive electrode arranged petween the magnetic shield for
the positive electrode and the magnetoresistive elenment 25 and fornmed of a
first netal layer, the first nmetal |ayer containing at |east one netal
selected fromt [ cansi st Ta,. T . - 29 2.
The magnetic fi %ﬁcfgnsegﬁcgér qﬁc%&cﬁq%ge%{ oasglaaid%af%’evml?aﬁr e‘%@% \sétlarcoansd arzret al

| ayer is fornmed qy er; than the first metal layer in the nonmagnetic
conductive IayerCt (?g%t ﬁLen negatelthve' el ectrode. 5 3. The magnetic field sensor

according to clai m 2,pihel Sl die NONBEHIEL Sy Eonget i yerdayege for the

negative el ectrode includes a second netal |ayer formed of Au and a first
netal |ayer formRai0fivEa.e14ctitRidB@eideh firR] haaftSOlc antiii ng gy 10
claim1l1, wherein the nonmagnetic conductive |ayer for the negative

el ectrode shas a HH¥ erRdaayeree@ 1dotteidy earnf tha! AMRI&ldmenkthel magnetic field
sensor according to claiml, wherein the nonmagnetic conductive |ayer for
15 the positive stHaedadodd et e fufeeHaayer dd st uctarendimefa/ 1CY/akaer)6. The
magnetic field sensor according to claim1, wherein the nonnagnetic
conductive | ayedl end hdaepdsi tlapere| (Ginsddaneterlmeld xsfr Ja 3/ ngire Wheydy of Ta.
20 7. A magnetic field sensor, conprising: a pair of magnetic shields
arranged apart fihemIgadiRystthey? wigt Hra aitd weidihy i the a‘gr%ﬁ ey Ve

el ectrode and a positive el ectrode, reSfoec,ti vel y; a magnetoresistive

el ement arr ange®hétife SR fd X8 ait- of! ndgh &< Shi%el'® HfdH9%14udi ng a
mgnet 2341 on {66 LS, 810Gl ¢ ) I i) et JPUIEH 01

pi nned

L€

as Ta between the magnetic shield 2 for the negative
electrode and the Au layer 31 in the nonmagnetic
conductive layer 3 for the negative electrode.
The nonmagnetic conductive layer 5 for the
15 positive electrode between the GMR element 4 and the
magnetic shield 6 for the positive electrode has a
stacked structure of the Ta layer (first metal layer)
51 and the Au layer (second metal layer) 52, in which
the Ta layer 51 is in contact with the
20 antiferromagnetic layer 44 of the GMR element 4. It
is possible to arrange a protective film formed of a
first metal material such as Ta between the Au layer
52 in the nonmagnetic conductive layer 5 for the
positive electrode and the magnetic shield 6 for the
25 positive electrode.
First, various magnetic field sensors were

fabricated, each of which includes the nonmagnetic



- 30 layer, the antiferromagnetic |ayer being fornmed in direct contact
with the magnetic shield for the positive electrode; and a nonmagnetic
conductive layer for the negative 5 el ectrode arranged between the nagnetic
shield for the negative el ectrode and the magnetoresistive el enent and
including a first netal layer fornmed in contact with the magnetoresistive
el ement and a second netal layer formed im-fontact with the first netal

| ayer, 10 the first netal |ayer containing at |east one netal selected from
the group consisting of Ta, Ti, C, V, Mo and W and the second netal |ayer
containing at | t t,al _selected . fromt aroup cqnsi sti.ng .of Au, Ag
and Cu. 15 8. T%g)%r%%%gtvi%g lfaiye%% Bngtﬁgrorthzfcglt?rggaﬁ:nlgleto chalrr%d% h\ﬁ’ %eq if t he
second netal | ayer Ji,s 4 Qf iC han, t i rst : l_ayer. i the
nonmagneti c con?ﬁtgtcjik\%g %écﬁgtﬁl?re t&%re atrllleg%élt il\%/efefl e3(S:lt r%%’teﬂ%.a eldn}glgléange?sti C
field sensor acee dingud AnR0 Clai Mafhe WIST @iditNE NYUHRIRRILL FHOrdyg i ve

| ayer for the negative el ectrode includes a second netal |ayer forned of Au
and a first netand aper nfodmRehedfi cTaonbhctA vEadnsidc 5 ifRrd tgrnsor
conprising: a pair of magnetic shields arranged apart from 25 each ot her
with a gap and perditigecaslactegae havinecta edacked & Hresithirnee ofl ectmaode,
respectively; a nmagnetoresistive el enent arranged between the - 31 pair
of magnetic shi dlagyerand iamcl aci Ag 4 ayegné2i.zatisorshowee imyleiblea Inoruggnet i c
internedi ate | ayer, a nmagnetization pinned |layer, and an antiferronagnetic
Layer; 5 a nonnddriekinessesdodt ithe [Taydaykear Sthendeddts Va1 dlagetr &e arr anged
bet ween the magnetic shield for the negative el ectrode and the

magnet or esi st i v&e&ee gBANILAd inndegdiong dashdonsyetal |ayer formed in

contact with the magnet ?Lesi stive element and a second netal 10 | ayer
formed in contact w tRIhET ithe maRatigyfdeld mensqsy ttsal | ayer

oY "M%ana WEaRnd PRE O iR AEREEEd APl ey PRsIR i T metal
sel ected from t e goup cansisal L.0f (15 Ay A0 and Qi and 3 nonmagnet i ¢
r €

conductive | aye rrthe positive el'ectro arranged bet weelY t he magneti c

shield for the %Q%icttir\é‘ﬁli%'r%‘%% de %@‘é to*&%u%%%%teoé%\f\;@tﬁi ;éﬁ.g@t%qtgr%rld

including a first netal Fayer fornmed in contact 2

magnet or esi sti ve ighejRR! jAlded FeANUnERERL LY ehbtf ehEEdlidep@ntact with
the first netal layer, the first nmetal |ayer containing at |east one netal

sel ected from t hesgs@UpceoRaksStindgedkelaattier @Fer\é,til& ?%d t¥e the second
netal |ayer containing at |east 25 one netal selected fromthe group

consistihg of AmaghAgtadrdfCeldasensbe tfhirclseesesadf hvluesf.i r Thblet al | ayer
being 1 nmor |less and the thickness of the second - 32 netal |ayer
bei ng not great éhowalthehgombfingfdopisr off the thickness tl of the Ta

layer 51 and the thickness t2 of the Au layer 52 in
the nonmagnetic conductive layer 5 for the positive
electrode in which the electromigration was not

20 brought about.



metal layer. 11. The magnetic field sensor according to claim 10, wherein
the second netal layer is forned 5 thicker than the first nmetal layer in

t he nonmagneti c conductive |ayer for the negative el ectrode. 12. The
magnetic field sensor according to claim 11, wherein the nonmagnetic
conductive layer for the negative electrode includes a second netal |ayer
10 forned of Au and a first netal l|ayer_fo d_of Ta. 13. The nmagnetic
field sensor according to claim 10, wherein the nonmagneti c conductive

| ayer for the positive electrode includes a second netal |ayer forned of Au
and a first netal layer forned of Ta. liF&gﬁ A magnetic field sensor
conprising: a pair of nmagnetic shields géd apart fromeach other with
a gap and serving as a negative el ectrode and a positive el ectrode,
respectively; a nmagnetd %%?E??%%l%me%%n@o%?i%%?Eﬁcb%@Q%%ﬁt%H% 20 pair of
magnetic Z?ields and i %%?ngoﬁ.ﬁ%%hE}Y%af SRCFPER WhLRr, a nonnagnetic
intermedi ate |ayer, a pEgNESSSedpletRRUBIULARION a0y an antiferr omagnetic
| ayer; a nonmagnetic conthictknvess aykrofor t helmegatese 25 ef ect rjode
arranged between the na%geﬁb%e§h5qtqn59r EheAﬂegg&Exeﬁglqghbode and the
magnet or esi sti ve el emgnt—and-inctuding—afrst—retar—t+ayer—formgd in

cont act - 33 with tlhe magne?oPesistive el eneht Gl &0 skcond retal | ayer
formed in contact withh the firsi{ netal |ayer, ghe foret gesal |ayer

contai ning at |east onemetal——setectedfrfomthegroup consrsting of Ta, Ti,
Cr, V, 5 M and W and_the secohd nmetal llayer contaidhing at |east one netal
selected fromthe group consisting of Au, Ag angl Qi; @ndyg

8 9, 20, 27, 34
10 30, 50, 80, 100

The nonmagnetic conductive layer 3 for the
negative electrode, including the Au layer 31 thicker
than the Ta layer 32, was satisfactory in electrical

10 conductivity, low in resistance, and excellent in heat
radiation performance so as make it possible to
suppress heat generation. On the other hand, where
the thicknesses of the Ta layer 51 and the Au layer 52
constituting the nonmagnetic conductive layer 5 for

15 the positive electrode were set to meet the
combinations shown in Table 1, it was possible to
suppress the electromigration of Au from the
nonmagnetic conductive layer 5 for the positive
electrode into the GMR element 4.

20 As apparent from Table 1, it is reasonable to
summarize the relationship between the thickness tl1 of
the Ta layer 51 and the thickness t2 of the Au layer
52 as follows:

(1) Where tl1 is 1 nm or less, i.e., tl = 1 nm,



a nonmagneti c conductive |ayer for the positive el ectrode arranged between
the magnetic shield for the 10 positive el ectrode and the nmagnetoresistive
el enent and including a first netal layer forned in contact with the
magnet oresi stive el enent and a second netal |ayer forned in contact with
the first netal layer, the first netal |ayer containing at |east one netal
15 sel ected fromthe group consisting of g Ti, G, V, M and W the
second netal |ayer containing at | east one netal selected fromthe group
consi sting of Au, Ag and Cu, and the thickness of the first netal |ayer

falling within a5 a 3 gpen 15 n.a qﬁ&p qﬁ1%n% Zotkpqgt ickness of
ot ater

t he second net al |§y S'e squdre of t Reé’ t hi ckness

of the first nmetal | r vi de by nsor
according to claim 13}%\/\hgjrheélr% 1e fsael\(/:fgsncr;]l ;;{]ea] ayer or rre‘%%g t hi cker

than the first qﬁ;%EfBQbe ﬂ nithe nonoponetic goq@pg&;szl%%%hlgpho&he
0

negative el ectr e ‘magnet’i ¢ field sensor according t

claim 15, whereija 1@ RAPRENEG! itheC ARG VT taY &fi fidled B &Q&ﬁt llveé
el ectrode includes "a second netal |ayer forned of Au and a first metal

| ayer formed of ha.< 1712he am@netic field sensor according to 5 claim 14,
wherei n the nonmagneti c conductive |ayer for the positive el ectrode

i ncl udes a second net(@) | aperrd arlneids dfo Aun and meofd,r 2 net alotl ayer fornmed
of Ta. 18. A magnetic field sensor, conprising: a pair of nagnetic shields
arranged apart feorhit®leadly dtivértedi.th a gap and serving as a negative

el ectrode and a positive el ectrode, respectively; a nagnetoresistive

el ement arranged bet W&ttt @ pggius @fa%@m il e e ans ol W% udl ng a
magneti zation free Iayer a nonnagpetlc |nterned|ate Iayer

magneti zati on pPFEE@Lesy dn WhiEhak hén i ensfEgTealc they du la'@‘Yr“r‘tfnﬁia'Lgnet| c
hi el d 18D 1 he. ABEaHFe T8 SEMRBHO A RTTTHa MRS GriEs FOrTAE B ent 20 and
including a flr%§nﬁﬁs%£ve %&é&ogn%%r %h%O%%%%klve electrode were
changed in various fashions, in order to examine
occurrence of electromigration. Table 2 shows the
combinations of the thickness of the Au layer 31 and
15 the thickness of the Ta layer 32 constituting the
nonmagnetic conductive layer 3 for the negative
electrode in which the electromigration did not take

place.

20 Table 2

Construction of nonmagnetic conductive
layer for negative electrode
with suppressed electromigration

Thickness of Thickness of
Au layer 31 (nm) | Ta layer 32 (nm)
8 6
10 5
4
3

12
40

25
As shown in Table 2, if the Au layer 31 is



wi th the magnetoresistive el enment and a second netal l|ayer formed in
contact with the first netal layer, the first netal |ayer containing at

| east one nmetal selected fromthe group consisting of Ta, Ti, C, V, 25 M
and W and the second netal |ayer containing at |east one netal selected
fromthe group consisting of Au, Ag and Cu; and - 35 a nonnagnetic
conductive |layer for the positive el ectrodg,arranged between the nagnetic
shield for the positive el ectrode and the magnetoresistive el enent and
including a first netal layer formed in contact 5 wth the magnetoresistive

el erent and 2 sesand el el LOMRALL HAAH A0e Wdihddiedid St reta

| ayer, the first |"ayér cont'al ni east one neta sélected from

the group consi PG vE1aler gs’eﬁO\é %% Huh Wi Jd& 5eaauhdietal dayer

containing at |east 10 one netal ect fromthe group consisting of Au,

Ag and Cu, and te di1KReS S Wpldis filste BRI orl RYEI L A NOE L e nore.
19. The magneti ¢ field sensor according to claim 18, wherein the second

metal layer is fudre@dnkbdritakercdimntiie fliawdr et ldeerpddi tihe
nonmagneti ¢ conductive |layer for the negative electrode. 20. The magnetic
field sensor acedreitngdey daatimdgl® sterleidy dtheratonmmagnettile dendictawe

| ayer for the negative el ectrode includes a second netal |ayer 20 forned of
Au and a first rEt and daper Horlekenf52Taf Zhe Toeukiamteitdre shand igensor
according to claim 18, wherein the nonnagnetic conductive |ayer for the
positive el ectrd@®liandl,udes-ca Hec AR miedentay’er formed of Au and a first
metal layer formed of Ta. 25 22. A magnetic di sk apparatus, conprising: a
magneti c di sk; and a Fegfianc ¥t el %&%‘b‘?l‘éﬁ:c‘%ﬁ 3R AD X ditn 1

excellent in electrical conductivity as a second metal
10 material in place of Au. It is also effective to use
an alloy containing at least two of Au, Ag and Cu in
place of Au.
Example 2:
FIG. 2 is a plan view showing the construction of
15 the magnetic field sensor (shield type magneto-
resistive head) in this Example as viewed from the
alr-bearing surface. As shown in FIG. 2, on the
substrate 1 formed of Al,03-TiC, the lower magnetic
shield 6, the nonmagnetic conductive layer 5, the GMR
20 element 4, the nonmagnetic conductive layer 3, and the
upper magnetic shield 2 are formed. 1In this Example,
the lower magnetic shield 6 serves as a positive
electrode, and the upper magnetic shield 2 serves as a
negative electrode.
25 The GMR element 4 has a stacked structure of the
antiferromagnetic layer 44, the magnetization pinned

layer 43, the nonmagnetic intermediate layer 42 and



- 36 arranged so as to face the magnetic disk. 23. A magnetic disk
apparatus, conprising: a magnetic disk; and a magnetic field sensor
according to claim7 5 arranged so as to face the magnetic disk. 24. A
magneti c di sk apparatus, conprising: a magnetic disk; and a magnetic field
sensor according to claim10 arranged so as to face the magnetic disk. 10
25. A magnetic di sk apparatus, conprising:,a magnetic disk; and a magnetic
field sensor according to claim 14 arranged1 so as to face the magnetic
di sk. 26. A magnetic di sk apparatus, conprising: 15 a nagnetic disk; and a
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conductive layer 5 for the positive electrode having a
stacked structure of an Au layer 52 and a Ta layer 51.
5 As shown in Table 1, the thickness t2 of the Au layer
52 and the thickness tl of the Ta layer 51 were
changed in various fashions. It has been found
possible for the particular construction to suppress
the electromigration as in Example 1.
10 Example 3:

FIG. 3 is a plan view showing the construction of
the magnetic field sensor (shield type magneto-
resistive head) in this Example as viewed from the
air-bearing surface. As shown in FIG. 3, on the

15 substrate 1 formed of Al»03-TiC, the lower magnetic
shield 2, the nonmagnetic conductive layer 3, the GMR
element 4, the nonmagnetic conductive layer 5, and the
upper magnetic shield 6 are formed. In this Example,
the lower magnetic shield 2 serves as a negative

20 electrode, and the upper magnetic shield 6 serves as a
positive electrode.

The GMR element 4 includes the magnetization free
layer 41, the nonmagnetic intermediate layer 42, the
magnetization pinned layer 43 and the antiferro-

25 magnetic layer 44,

The nonmagnetic conductive layer 3 for the

negative electrode between the magnetic shield 2 for
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stacked structure of the Ta layer (first metal layer)
32, the Au layer (second metal layer) 31 and the Ta
layer (first metal layer) 32.

5 The nonmagnetic conductive layer 5 for the
positive electrode between the GMR element 4 and the
magnetic shield 6 for the positive electrode has a
stacked structure of the Ta layer 51, the Cr layer 53
and the Ta layer 51, any of the layers being formed of

10 the first metal material.

In the magnetic field sensor in this Example, the
nonmagnetic conductive layer 5 for the positive
electrode does not contain any of Au, Ag and Cu
classified as the second metal material and, thus, it

15 is possible to prevent the electromigration.

Example 4:

FIG. 4 is a plan view showing the construction of
the magnetic field sensor (shield type magneto-
resistive head) in this Example as viewed from the

20 air-bearing surface. As shown in FIG. 4, on the
substrate 1 formed of Al203-TiC, the lower magnetic
shield 6, the nonmagnetic conductive layer 5, the GMR
element 4, the nonmagnetic conductive layer 3, and the
upper magnetic shield 2 are formed. 1In this Example,

25 the lower magnetic shield 6 serves as a positive

electrode, and the upper magnetic shield 2 serves as a

negative electrode.
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4455s6t 6u6v6} [ MlictO[ffree layer 41, in which the free layer 41
5 constitutes the uppermost layer. In this Example, in
order to arrange the free layer 41 of the GMR element
4 in the central portion of the gap between the
magnetic shield 6 for the positive electrode and the
magnetic shield 2 for the negative electrode, the
10 antiferromagnetic layer 44 is formed sufficiently
thick.

The nonmagnetic conductive layer 5 for the
negative electrode between the magnetic shield 6 for
the positive electrode and the GMR element 4 is a

15 single layer of Ta having a thickness of 5 nm.

The nonmagnetic conductive layer 3 for the
negative electrode between the GMR element 4 and the
magnetic shield 2 for the negative electrode has a
stacked structure of the Ta layer (first metal layer)

20 32 and the Au layer (second metal layer) 31. The
thickness of the Ta layer 32 was set at 3 nm, and
the thickness of the Au layer 31 was set at 15 nm or
45 nm.

In the magnetic field sensor in this Example,

25 the nonmagnetic conductive layer 5 for the positive
electrode does not contain any of Au, Ag and Cu as the

second metal material and, thus, it is possible to
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prevent the electromigration.

Example 5:

FIG. 5 is a plan view showing the construction of
the magnetic field sensor (shield type magnheto-

5 resistive head) in this Example as viewed from the
air-bearing surface. As shown in FIG. 5, on the
substrate 1 formed of Al,03-TiC, the lower magnetic
shield 6, the GMR element 4, the nonmagnetic
conductive layer 3, and the upper magnetic shield 2

10 are formed. 1In this Example, the lower magnetic
shield 6 serves as a positive electrode, and the upper
magnetic shield 2 serves as a negative electrode.

The GMR element 4 includes the antiferromagnetic
layer 44, the magnetization pinned layer 43, the

15 nonmagnetic intermediate layer 42, and the magnetiza-
tion free layer 41, in which the antiferromagnetic
layer 44 is in direct contact with the magnetic shield
6 for the positive electrode and the free layer 41
constitutes the uppermost layer. In this Example, in

20 order to arrange the free layer 41 of the GMR element
4 in the central portion of the gap between the
magnetic shield 6 for the positive electrode and the
magnetic shield 2 for the negative electrode, the
antiferromagnetic layer 44 is formed sufficiently

25 thick.

The nonmagnetic conductive layer 3 for the

negative electrode between the GMR element 4 and the
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32 and the Au layer (second metal layer) 31, in
which the Au layer 31 is formed thicker than the Ta
5 layer 32.

The magnetic field sensor in this Example does
not include a nonmagnetic conductive layer for the
positive electrode and, thus, it is possible to
prevent the electromigration.

10 Example 6;

FIG. 6 1s a perspective view showing the
construction of the magnetic disk apparatus in this
Example. As shown in the drawing, within the casing
100, the magnetic disk 101 is mounted to the spindle

15 102 so as to rotate. On the other hand, the arm 104,
the suspension 105 and the slider 106 are mounted to
the pivot 103 in the vicinity of the magnetic disk
101. The magnetic head 107 including a reproduction
head and a recording head is formed in the tip of the

20 slider 106. The arm 104 can be moved in the radial
direction of the magnetic disk 101 by means of the
voice coil motor 108. During recording and
reproducing operations, the magnetic head including
the reproduction head and the recording head is

25 positioned in a floated state over a target track on
the surface of the magnetic disk 101. The magnetic

field sensor as described in each of Examples 1 to 5
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is used as the reproduction head included in the
magnetic head 107.
In the magnetic disk apparatus having such a
construction, the reproduction characteristics are not
5 deteriorated even if the apparatus is operated under
high temperatures. Naturally, the magnetic disk
apparatus of the present invention is excellent in
reliability for a long time.
Additional advantages and modifications will
10 readily occur to those skilled in the art. Therefore,
the invention in its broader aspects is not limited to
the specific details and representative embodiments
shown and described herein. Accordingly, various
modifications may be made without departing from the
15 spirit or scope of the general inventive concept as

defined by the appended claims and their equivalents.
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a pair of magnetic shields arranged apart from

each other with a gap and serving as a negative
5 electrode and a positive electrode, respectively;

a magnetoresistive element arranged between the
pair of magnetic shields and including a magnetization
free layer, a nonmagnetic intermediate layer, a
maghetization pinned layer and an antiferromagnetic

10 layer;

a nonmagnetic conductive layer for the negative
electrode arranged between the magnetic shield for the
negative electrode and the magnetoresistive element
and including a first metal layer formed in contact

15 with the magnetoresistive element and a second metal
layer formed in contact with the first metal laver,
the first metal layer containing at least one metal
selected from the group consisting of Ta, Ti, Cr, V,
Mo and W, and the second metal layer containing at

20 least one metal selected from the group consisting of
Au, Ag and Cu; and

a nonmagnetic conductive layer for the positive
electrode arranged between the magnhetic shield for the
positive electrode and the magnetoresistive element

25 and formed of a first metal layer, the first metal

layer containing at least one metal selected from the

group consisting of Ta, Ti, Cr, V, Mo and W.



; @OWL & ()- 910946 & ()- 7@OWE& ()-"mMA"_6 |[:vU40  z 1098"& ()-3 |
108" & ()-3 | 1098"& ()- 1098"& ()- d9!'1098"& ()- & 109" & ()-6_Z
U [ vW40 | £):1098"& ()- !':1109%& ()- !:11098"& ()- <gl0%'& ()-3
<gl09B" & ()-3 <gl0%&' ()-3 "~ "aHaiava|[;vU40 /S10% ()- L-s109%& ()-z
L-s109%8" & ()-z +1098"& ()- 8 1098"& ()- s+ 1098" & ()-vaaaaaaaakK340 q

R/ S109%&' ()-/S10%& ()-q R/ S10%& ()-/S10%& (Jg/ S10%& () - aaaaaaaapX<40

/ S109&' ()-Sq R/ S10%&' ()-/S10%& ()-Sq R/ S109%& ()-/S10%&' () - aaaaaaaaa~qdC0
ssl 1098 & ()-10!10! 110! sF :10% & ()-S/ S10% ()-q

PSIOE () o0 92099000 Bl AP L) SRIOMALGR 0100 09
101100100 v . 2" H9%& (), Inlerednl e’ dekich £ th3%1&4 e 35 formed
thicker than the first metal layer in the nonmagnetic
conductive layer for the negative electrode.
5 3. The magnetic field sensor according to
claim 2, wherein the nonmagnetic conductive layer for
the negative electrode includes a second metal layer
formed of Au and a first metal layer formed of Ta.

4. The magnetic field sensor according to

10 claim 1, wherein the nonmagnetic conductive layer for
the negative electrode has a three-layered structure
of Ta/Au/Ta.

5. The magnetic field sensor according to
claim 1, wherein the nonmagnetic conductive layer for

15 the positive electrode has a three-layered structure
of Ta/Cr/Ta.

6. The magnetic field sensor according to
claim 1, wherein the nonmagnetic conductive layer for
the positive electrode formed of a single layer of Ta.

20 7. A magnetic field sensor, comprising:

a pair of magnetic shields arranged apart from
each other with a gap and serving as a negative
electrode and a positive electrode, respectively;

a maghetoresistive element arranged between the

25 pair of magnetic shields and including a magnetization
free layer, a nonmagnetic intermediate layer, a

magnetization pinned layer, and an antiferromagnetic
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positive electrode; and

a nonmagnetic conductive layer for the negative

electrode arranged between the magnetic shield for the

negative electrode and the magnetoresistive element
and including a first metal layer formed in contact
with the magnetoresistive element and a second metal
layer formed in contact with the first metal layer,
the first metal layer containing at least one metal
selected from the group consisting of Ta, Ti, Cr, V,
Mo and W, and the second metal layer containing at
least one metal selected from the group consisting of
Au, Ag and Cu.

8. The magnetic field sensor according to
claim 7, wherein the second metal layer is formed
thicker than the first metal layer in the nonmagnetic
conductive layer for the negative electrode.

9. The magnetic field sensor according to
claim 8, wherein the nonmagnetic conductive layer for
the negative electrode includes a second metal layer
formed of Au and a first metal layer formed of Ta.

10. A magnetic field sensor comprising:

a pair of magnetic shields arranged apart from
each other with a gap and serving as a negative
electrode and a positive electrode, respectively:;

a magnetoresistive element arranged between the

X! 10%H H& ()- s

c
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310% & () - magnetization pinned layer, and an antiferromagnetic
layer;
5 a nonmagnetic conductive layer for the negative

electrode arranged between the magnhetic shield for the
negative electrode and the magnetoresistive element
and including a first metal layer formed in contact
with the magnetoresistive element and a second metal
10 layer formed in contact with the first metal layer,
the first metal layer containing at least one metal
selected from the group consisting of Ta, Ti, Cr, V,
Mo and W, and the second metal layer containing at
least one metal selected from the group consisting of
15 Au, Ag and Cu; and
a nonmagnetic conductive layer for the positive
electrode arranged between the magnetic shield for the
positive electrode and the magnetoresistive element
and including a first metal layer formed in contact
20 with the magnetoresistive element and a second metal
layer formed in contact with the first metal layer,
the first metal layer containing at least one metal
selected from the group consisting of Ta, Ti, Cr, V,
Mo and W, the second metal layer containing at least
25 one metal selected from the group consisting of Au, Ag
and Cu, and the thickness of the first metal layer

being 1 nm or less and the thickness of the second
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metal layer.
11. The magnetic field sensor according to
claim 10, wherein the second metal layer is formed
5 thicker than the first metal layer in the nonmagnetic
conductive layer for the negative electrode.
12. The magnetic field sensor according to
claim 11, wherein the nonmagnetic conductive layer for
the negative electrode includes a second metal layer
10 formed of Au and a first metal layer formed of Ta.
13. The magnetic field sensor according to
claim 10, wherein the nonmagnetic conductive layer for
the positive electrode includes a second metal layer
formed of Au and a first metal layer formed of Ta.
15 14. A magnetic field sensor, comprising:

a pair of magnetic shields arranged apart from
each other with a gap and serving as a negative
electrode and a positive electrode, respectively;

a magnetoresistive element arranged between the

20 pair of magnetic shields and including a magnetization
free layer, a nonmagnetic intermediate layer, a
magnetization pinned layer, and an antiferromagnetic
layer;

a nonmagnetic conductive layer for the negative

25 electrode arranged between the magnetic shield for the
negative electrode and the magnetoresistive element

and including a first metal layer formed in contact
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6f ghi pE[ vU410 s layer formed in contact with the first metal layer,
the first metal layer containing at least one metal
selected from the group consisting of Ta, Ti, Cr, V,
5 Mo and W, and the second metal layer containing at
least one metal selected from the group consisting of
Au, Ag and Cu; and
a nonmagnetic conductive layer for the positive
electrode arranged between the magnetic shield for the
10 positive electrode and the magnetoresistive element
and including a first metal layer formed in contact
with the magnetoresistive element and a second metal
layer formed in contact with the first metal layer,
the first metal layer containing at least one metal
15 selected from the group consisting of Ta, Ti, Cr, V,
Mo and W, the second metal layer containing at least
one metal selected from the group consisting of Au, Ag
and Cu, and the thickness of the first metal layer
falling within a range of between 1 nm and 10 nm and
20 the thickness of the second metal layer being not
greater than the square of the thickness of the first
metal layer divided by two.
15. The magnetic field sensor according to
claim 14, wherein the second metal layer is formed
25 thicker than the first metal layer in the nonmagnetic
conductive layer for the negative electrode.

16. The magnetic field sensor according to
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formed of Au and a first metal layer formed of Ta.

17. The magnetic field sensor according to
5 claim 14, wherein the nonmagnetic conductive layer for
the positive electrode includes a second metal layer
formed of Au and a first metal layer formed of Ta.
18. A magnetic field sensor, comprising:
a pair of magnetic shields arranged apart from
10 each other with a gap and serving as a negative
electrode and a positive electrode, respectively;

a magnetoresistive element arranged between the
pair of magnetic shields and including a magnetization
free layer, a nonmagnetic intermediate layer, a

15 magnetization pinned layer, and an antiferromagnetic
layer;

a nonmagnetic conductive layer for the negative
electrode arranged between the magnetic shield for the
negative electrode and the magnetoresistive element

20 and including a first metal layer formed in contact
with the magnetoresistive element and a second metal
layer formed in contact with the first metal layer,
the first metal layer containing at least one metal
selected from the group consisting of Ta, Ti, Cr, V,

25 Mo and W, and the second metal layer containing at
least one metal selected from the group consisting of

Au, Ag and Cu; and
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electrode arranged between the magnetic shield for the
positive electrode and the magnetoresistive element
and including a first metal layer formed in contact
5 with the magnetoresistive element and a second metal
layer formed in contact with the first metal layer,
the first metal layer containing at least one metal
selected from the group consisting of Ta, Ti, Cr, V,
Mo and W, the second metal layer containing at least
10 one metal selected from the group consisting of Au, Ag
and Cu, and the thickness of the first metal layer
being 10 nm or more.
19. The magnetic field sensor according to
claim 18, wherein the second metal layer is formed
15 thicker than the first metal layer in the nonmagnetic
conductive layer for the negative electrode.
20. The magnetic field sensor according to
claim 19, wherein the nonmagnetic conductive layer for
the negative electrode includes a second metal layer
20 formed of Au and a first metal layer formed of Ta.
21. The magnetic field sensor according to
claim 18, wherein the nonmagnetic conductive layer for
the positive electrode includes a second metal layer
formed of Au and a first metal layer formed of Ta.
25 22. A magnetic disk apparatus, comprising:
a magnetic disk; and

a magnetic field sensor according to claim 1
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5 arranged so as to face the magnetic disk.
24. A magnetic disk apparatus, comprising:
a magnetic disk; and
a magnetic field sensor according to claim 10
arranged so as to face the magnetic disk.
10 25. A magnetic disk apparatus, comprising:
a magnetic disk; and
a magnetic field sensor according to claim 14
arranged so as to face the magnetic disk.
26. A magnetic disk apparatus, comprising:
15 a magnetic disk; and
a magnetic field sensor according to claim 18

arranged so as to face the magnetic disk.



