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‘Technical Field This invention relates in general to magnetoresistive

. devices, and nore particularly to nagnetoresistive devices that use
'exchange- coupl ed antiferromagnetic/ferromagnetic (AF/ F) structures, such as
current-in-the-plane (CEP) read heads and current-perpendicul ar -
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but bel oy, {aeplaNE@IPPY mdFRENEHinfeGUAGIdRUnd RIFRHAILr € of the AF film The

detai |l ed nmechani smthat ~ determ nes the magnitude of the exchange bias field
and e increased coercive field arises froman interfacial interaction

between the F and AF fil ns. Tge Egst confwgnICI P magnet oresi stive device that
uses an exchange-coupled 25 al ve (SV) type of giant
e oL =L NE P RSB TR A REd) ARGl BRI o gpalD o
t hi n noniAgnfim &5 ccptedomenovethaphaseprotvayterhave upng abdfyl apphipstions\id alaghdtict he
electrical resistivity for té]% %snﬁl neik(l:gr rnentd i.n_the plane of the |ayer s
depends Gﬁﬁﬁest pd was fifst reported by Jjohn and C. P. Bean, Phys. Rev. 102, 1413
15  (1959). Whereas the magnetic hysteresis loop of a ferromagnetic single-layer film is

centered about zero field, a F/AF exchange-coupled structure exhibits an asymmetric

magnetic hysteresis loop which is shifted from zero magnetic field by an exchange-bias

field. In addition to an offset of the magnetic hysteresis loop of the F film, the F film in a

F/AF exchange-coupled structure typically shows an increased coercix;ity beloW the blocking

20 temperature of the AF film. The blocking temperature is typically close to but below the

Neel or magnetic ordering temperature of the AF film. The ‘detajled mechanism that

determines the magnitude of the exchange bias field and the increased coercive field arises

from an interfacial interaction between the F and AF films.

The most common CIP magnetoresistive device that uses an exchange-coupled
.25  stmucture is a spin-valve (SV) type of giant magnetoresistive (GMR) sensor used as read

heads in magnetic recording disk drives. The SV GMR head has two ferromagnetic layers

separated by a very thin nonmagnetic conductive spacer layer, typically copper, wherein the

electrical resistivity for the sensing current in the plane of the layers depends upon the

relative orientation of the magnetizations in the two ferromagnetic layers. The direction of

30  magnetization or magnetic moment of one of the ferromagnetic layers (the “free” layer) is

free to rotate in the presence of the magnetic fields from the recorded data, while the other
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relative orientation of the magnetizations in the two ferroma netlg gers
The direction of 30 nagnetization or magnetic nonent of one 20
ferromagnetic layers (the "free" layer) is free to rotate |n the presence
of the magnetic fields fromthe recorded data, while the other -1 15 March
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proposed for use as nagnetic recording read heads proposed CPP SV read
head i0s seadibtads adnidyin spmdviokatile metmiogy elemienty onsals O ﬁlagtv:troeadddmad;ess with the

rimary differe hes se s directe endlcularl
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current - per pendi cul ar -t o- pl ane node for ultr hlgh densi'ty recording",
| EEE TRANGACTHAONENENE MREGINEESLITBE 18 8he(ekrhargé-c@8ple@atrtictire] AN 2002. I n these :

P o e e S Y e AR AR 52 Pafle e s
for hisgh structure is a SV GMR sensor proposed for use as magnetic recording read heads. The
proposed CPP SV read head is structurally similar to the widely used CIP SV read head,
with the primary difference being that the sense current is directed perpendicularly through
the two ferromagnetic layers and the nonmagnetic spacer layer. CPP SV read heads are
described by A. Tanaka et al., “Spin-valve heads in the current-perpendicular-to-plane mode
20  for ultrahigh-density recording”, IEEE TRANSACTIONS ON MAGNETICS, 38 (1): 84-88
Part 1 JAN 2002.

f In these types of magnetoresistive devices, high spin polarization of the
ferromagnetic materials adjacent the nonmagnetic spacer layer is essential for high
magnetoresistance. The most common type of materials used for both the free and pinned

25 ferromagnetic layers are the conventional alloys of Co, Fe and Ni, but these alloys have only
relatively low spin-polarization of approximately 40%. More recently, certain half-metallic
ferromagnetic Heusler alloys with near 100% spin polarization have been proposed. One
such alloy is the recently reported alloy Co,Crg¢Feg 4Al (T. Block, C. Felser and J. Windeln,
“Spin Polarized Tunneling at Room Temperature in a Huesler Compound — A non-oxide

30  Material with a Large Negative Magnetoresistance Effect in Low magnetic Fields”,
2.
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Summary of the Invention

) The invention is a magnetoresistive device with an exchange-coupled
antiferromagnetic/ferromagnetic (AF/F) structure that uses a half-metallic ferromagnetic
Heusler alloy with its near 100% spin polarization as the ferromagnetic (F) layer. The

20  exchange-coupled structure includes an intermediate ferromagnetic layer between the F and
AF layers, which enables the half-metallic ferromagnetic Heusler alloy F layer to exhibit
exchange biasing. In one embodiment the half-metallic ferromagnetic Heusler alloy is
CozFe,Cr(.x)Al, the intermediate ferromagnetic layer is CogoFe o and the antiferromagnetic
layer is PtMn. Magnetoresistive devices that can incorporate the exchange-coupled

25  structure include current-in-the-plane (CIP) read heads and current-perpendicular-to-the-
plane (CPP) magnetic tunnel junctions and read heads. The exchange-coupled structure may
be located either below or above the nonmagnetic spacer layer in the magnetoresistive

device.



20 exchange-coupl ed structure includes an internedi ate ferronggnetic | ayer

- between the F and AF |ayers, which enables the hal f-metallicl¥Maf etic
Heusler alloy F layer to exhibit exchange biasing. In one enbodi nent the
‘half-nmetallic ferromagnetic Heusler alloy is CO2Fe,Cr(1_" )A, the
i-nternedi ate ferromagnetic |ayer is CogoFelo and the antiferronmagnetic

| ayer is PtMh. Magnetoresistive devices that can incorporate the

exchange- coupl ed 25 structur inglude current-in-the-plane (ClP) read heads
and current - pE?fp"éWEH‘I‘d&FS—t?‘Bﬁ?%& thengfice preRsvaRRgRLeS tge PIRSFRYIINYSREERi ons and
' ead headgeedinsaiR a0 Rl flloWit il dRYipdh thRGAbEdne! Witk inde! oW Of
above the nonmagnetic spacer |ayer 1h the nagne?ore5|st| e device. -3 15
Mar ch 20@&omparyiag fighlesr under st andi ng of the nature and advantages of the
present invention, reference should be nade to the foll ow ng detailed
description taken together with the acconpanying figures. 5 Brief

Description of the Draw ng FKi | S ectio iew of a prior art

integrated read/wite head t il fﬁeéc ﬁ_o(f%e .r 4 esistive (MR) read head
portion and apjg 'l‘fi'silﬁdcﬁ@pwdv\!i@fbﬁﬁ& #Pinltdg@ited Fa@/writl hedd thabRehidegaVvi ew of a
CPP magnet oresi stive device in the formof an MIJ MR read head according to

t he pr esemgndtoresistiveaRsread hoadipeitiap pad an ifductkewritehhead gortionpl ane 10 whose

edge is shown_as_Li.ne 42 in.Fi nd viewed fromthe disk surfa Fig. 2B
"aa sect!on TiRednier e ains bt e SPBTRedieltF o ive s o o ohes REG ends ng

surface gfg Peﬁﬁh@ﬁi@&@rcﬁ% tf(ﬂfﬁe i3t inVérGion 3s itSwéuld PSR t5ked thdbugh a plane .

crystall ographic unit c of a Heusler alloy. Fig. 4 shows th gnetic
hyst 80 esivhodecalge i shownaasiline 4238 iid. d sandfviexahfromehe disklsedacel5 st ruct ures

according to the_present. inyention with an inter iate ferromagnetjc | ayer
and fora st PiEc2Ries sretinB e RepRAdPHAGRIE VieBt S o FRE W By Bs seneing, 5

shows th&rﬁ%ébﬂh\é%e(]i’éélo%Qi%&ﬁgati ve (H) reversal fields of the exchange-
coupl ed structure according to the present invention as a function of the

i nt er medi at e Fig. 3 is a schematic of a crystallographic unit cell for a Heusler alloy. :

Fig. 4 shows the magnetic hysteresis loops for various samples of exchange-coupled

15  structures according to the present invention with an intermediate ferromagnetic layer and
for a structure without an intermediate ferromagnetic layer.

Fig. 5 shows the positive (H") and negative (H') reversal fields of the exchange-
coupled structure according to the present invention as a function of the intermediate
ferromagnetic layer thickness.

20 Fig. 6 shows the positive (H") and negative (H') reversal fields for the exchange-
coupled structure according to the present invention as a function of the CosoFewCrlsAlzs
half-metallic ferromagnetic Heusler alloy layer thickness for an intermediate CogoFe g layer
thickness of 6 A.

Fig. 7 shows the positive (H") and negative (H') reversal fields for the exchange-

25  coupled structure according to the present invention as a function of the CosoFe1oCrisAls
half-metallic ferromagnetic Heusler alloy layer thickness for an intermediate CogoFeo layer

thickness of 12 A.



ferromagnetic | ayer thickness. 20 Fig. 6 shows the positive (H) and

- negative (H) reversal fields for the exchange- coupled struct reRc208P di ng
to the present invention as a function of the Co50Fei oCri 5A125
“half-netallic ferromagnetic Heusler alloy |ayer thickness for an

internedi ate CoyoFeio |ayer thickness of 6 A Fig. 7 shows the positive
(H) and negative (H) reversal fields for the exchange- 25 coupl ed

structure according to the prege inyentiotn as a function of the

Co50Fei 0Cr 15A125  hal f - met d2§taKe ?M—i—‘&-"-i@l@l‘-&‘l all oy layer thickness
for an IE}B o Apdi at e CoyoFej o layer thickness of 12 A -4 15 March 2006
Detail ed ption of the Invention Prior Art Fig. | is a cross-sectional
schematic vi eWigfl ian crcmsesgct&tmﬂsqhemdlmmeueoﬁmadte@ﬁatadﬁeadh/writad:hzutlewalch
magnetore3|st|ve (MR) read head portion and an inductjive wite head portion.
5 The hedtflydss pdnazag %ﬁl%twef(M%raads'&?é.mgl%@rfda?é\eme‘ectméwwééea%a?rﬂlioef such
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carrier ace or he surface o

rotating sﬁiﬂf&'é (A!Bst) € aflafrkbedfihy Slidef eroealeadweﬁdeﬂ nmdgéﬁﬁngsmce&ﬁmlsm

sandw ched between first and second gap |ayers Gl and which are, in turn,
sandwi chepachéfragethefshrface efitbe %@mﬁcﬂlﬁa@ﬁ@ dcsksimvel d hbaqaérlsrpa@lmclm adR The

electrical 10 uct.o not ad o 8 MR sepnsor 40 to
connect WA %@f@@wd?‘}ﬁéfﬂ E‘?’V“ 5Ft %ﬁt%’@tﬁaW§ Q%E‘@H%‘? B ng are
| ocat ed @ﬁ{d@ﬁa&dmatﬁ&mst&w@e&mﬁgme shie@d’ﬁ&érs@l an@%2. MR fRpriddyers Gl,
& thus electrically insulate the electrical leads fromthe shields S 1,

S2. The wpndustdreaudt sew ndbat laadz@nlfrdnaglerMR ﬁnsbr|4ﬁstuIcamne@nwﬁtaysemsemcuinnych are
sandw ched between in ulﬁ%on I %g)er and ar e, Iﬁ@ t(ir n,

sandwi chéE?’BéPW@%th’ﬂ]ﬁhﬂt SeRMY r?&e Iospted Ft&?&g SEfiRqr P9 anchthe-83P| ayer G3
s Sandwq@gﬁ%mm %%ﬂawrg 8, @adhusseqeaﬂelalﬁ%&mh%@eeaeé?acalﬁ’gadétfr&ﬁﬁie pol e

tips adj nt to the for providing a magnetic gap. During witing,
si gnal culmekdsaﬁh $2.cThelwritebeadrindudds a dvil lepérl C had/msul@iambhyéd 1kwhichiandluced -

sandwiched between insulation layers I1 and I3 which are, in turn, sandwiched between first

15 and second pole pieces P1 and P2. A gap layer G3 is sandwiched between the first and
second pole pieces P1, P2 at their pole tips adjacent to the ABS for providing a magnetic
gap. During writing, signal current is conducted through the coil layer C and flux is induced
into the first and second pole layers P1, P2 causing flux to fringe across the pole tips at the
ABS. This flux magnetizes regions of the data tracks on the rotating disk during a write

20 operation. During a read operation, magnetized regions on the rotating disk inject flux into
the MR sensor 40 of the read head, causing resistance changes in the MR sensor 40. These
resistance changes are detected by detecting voltage changes across the MR sensor 40. The
voltage changes are processed by the disk drive electronics and converted into user data.
The combined head 25 shown in Fig. 1 is a "merged" head in which the second shield layer

25  S2 of the read head is employed as a first pole piece P1 for the write head. In a piggyback
head (not shown), the second shield layer S2 and the first pole piece P1 are separate layers.

The MR sensor 40 may be a CIP SV GMR read head, an MTJ read head or a CPP SV GMR

read head.



into the first and second pole layers P1, P2 causing flux to fringe across
- the pole tips at the ABS. This flux magnetizes regions of thk Mafd3008cks
on the rotating disk during a wite 20 operation. During a read operation,
_magnetized regions on the rotating disk inject flux into the MR sensor 40
of the read head, causing resistance changes in the MR sensor 40. These

resi stance changes are detected by detecting voltage changes across the MR

sensor 419. Th% vol f.a etschanges are processed by the disk drive el ectronics
and cowﬂé@—rﬁ@@@gp—e Biae data. The combined head 25 shown in Fig. | is a
" mer ged” headFi'ngZMéQBedti&ﬂ_v@@ﬁ@ﬂdC?'ﬂxﬂh kY Qs RO eth thRrheAdn Nes i S

enpl oyed as a first pole piece PI for the wite head. In a piggyback head
(not  shoMiR read headsascoriingstoi the grelsentanvedrionms ittwienld appear fidhkenpthemgh Riplanee
separate |ayers.. The MR sensor 40 may, be a C? SV | read head, an MIJ
read hea\ﬁl‘%%/: eggw-l;g\y“@?/ﬂé“e ?‘26\8 K %&&ﬁ-ﬁwﬁgﬂﬂrtgﬁd‘%g%ﬁacﬁr eﬂ%‘? ?I&Paper
Enbodi e c . . . et o, e in
the. ror e g B PR R A Rl SRl s PR B Rplint WP avEE. ||
woul d apjeahe tdnnebjuactid) o6 tigiMa] MRnead wad serevdgiahé aysisahat maskel upthe A2ad. n
Fig. 1 and viewed fromthe disk surface. Thus_the paper. 5 of Fig. 2Ais a
pl ane paf?8 2B|is pseetios Vigss PaRgndisian ihthe yisdy abhFigaPAyand pethathe sersingensi ng
region, _j J: ANC : J l, .t he
| ayers t%deg{ag%%‘l)((segﬁ%hg Egﬂkeelg . %?%lnggo F%gaaggz i oénﬁ\?;ﬂel{/lv?{g%? %gﬁa@%‘gﬁ%g?s to

t he vi evarpéledtiigallyodndoelivaisphcer Meyes €05 foithed dirfkadeor? (e first rAiiinetio shiBRI ST, gt -
Referring to Figs. 2A-2B, the MIJ MR read head includes an electrically

condlftt i electsgrllbyeqonfugtivie spacer {ayepdlr belpwandyn diseetigentapt with secgndmagnetic el d SI

an 10 el.e Lcal }V | r 104 bel q nd, i.n direct nt act
with sec%“eg& %g%bdt%gijgﬁfm Oéfégﬁgg{aﬁ%gmxerigﬁt‘%&’ﬁgg%ﬁ?l %pag?ral@%er%ﬂ&?’ayers |
bet ween g4eqh fihis 8ibs@inek tHey Sirtetid ORields 51452 kérve Both £ letTE BhieldS @ndRgGNet i C
shields S 1, S2 serve both as magnetic shields and as the electrically

conduct i thg elecaipally epndusting teadbfpr gpnnastionpl thedd T $0Q emsease tirauiry.r ThisThi s i s

shown in_ Fig.. 2f he arr how he. di r.ection_of sense curre fl ow
t hr ough sthﬁg%flp%?%‘l}yﬁg%ﬁ’lee 3%\éy%,l)8”5‘en\rgpt§%8%r%cﬁ1ogrqf§e?sﬁr08{f§w @%‘5@3?"%&98?{@02,
MIJ {90, shsfdSe! pdrpsiiiculdly mpshgBlpacer layer 102, MTJ 100, spacer layer 104 and out

through the second shield S2.

The MTJ 100 includes the exchange-coupled structure 110 according to the present
invention. Structure 110 includes ferromagnetic layer 118 whose magnetic moment is
pinned by being exchange biased to antiferromagnetic layer 112 through intermediate

20 ferromagnetic layer 116. The ferromagnetic layer 118 is called the fixed or pinned layer
because its magnetic moment or magnetization direction (arrow 119) is prevented from
rotation in the presence of applied magnetic fields in the desired range of interest. MTJ 100
also includes an insulating tunnel barrier layer 120, typically formed of alumina, on the
pinned ferromagnetic layer 118 and the top free ferromagnetic layer 132 on barrier layer 120.

25 A capping layer 134 is located on top of the free ferromagnetic layer 132. The free or
sensing ferromagnetic layer 132 is not exchange-coupled to an antiferromagnetic layer, and
its magnetization direction (arrow 133) is thus free to rotate in the presence of applied
magnetic fields in the range of interest. The sensing ferromagnetic layer 132 is fabricated so
as to have its magnetic moment or magnetization direction (arrow 133) oriented generally

30 parallel to the ABS (the ABS is a plane parallel to the paper in Fig. 2A and is shown as 200
-6



t hrough the second shield S2. The MIJ 100 i ncludes the exchange-coupl ed
structure 110 according to the present invention. Structure 1IMarotP0@fes
ferromagnetic | ayer 118 whose nagnetic nonent is pinned by bei ng exchange
.biased to antiferromagnetic |layer 112 through intermedi ate 20 ferronmagnetic
l'ayer 116. The ferromagnetic layer 118 is called the fixed or pinned |ayer
because its magneti c nonment or nmagnetization direction (arrow 119) is

prevent ed {f.r rqtati i h re Cc f i ed netic fields in the
Gesi r od P enaphsr Bl bphaioBh BIRE SaBin ARl S AR TR brner
barrier feapfiagdetld lajey Dil8 @l the aboertR@f ah applisdi Magnedd fiele THY MaaRtik/IgoMagneti c
| ayer 118 and the top free ferromagnetic |ayer 132 on barrier |layer 120. 25

A cappi ndjrdctige of thepinred|fercemaghetia laysp 168 istdrenfadegeneratly patpgndiculer fother 132.
The free qgr . sensi ferromagnetic | r 132 iis not e ge-coupled to an
antiferr%ﬁﬁgH%ﬂWEOFEQEVQ“ﬁﬁﬁgmﬂpgﬁﬁé§¥§§ﬁﬁgfpgﬁaHPV@@ﬁﬁgﬁf(arrOM(133) is
thus free to %Lﬁste%uhemtmgdﬂéﬁé@ﬁ%ﬁl @k eiaeemc'aﬁg%%ﬁqigngé ga;efrfaﬂer@ﬁigg%pttns range

of interest. The sensing ferromagnetic |ayer abri cat as to
have it sfirsaghiieltiSd tofine 8pacer layag hed, ipegehdinuidily dabuginthezxclmugd-s8ypled i ent ed
generally 30 parallel to . the ABS g&he ABS is a plane parallel to the paper
in Fig. Smchye !l e yppeldarmsgdayer d 29 podhe sensingderromagnetic laysy 13nandsar al | y
per pendi cul t i i ' i f i f tic
ayer 118 elngsBadep fyER AOE Al ibph Lieohi Olcl s 1, Y VIR thagREERRRADET 0
di rect i odevide, theanmpiuAneftuhrslingroagreet theough ks tuh@ basriciayentied igefimcadl yf
perpendicular to the ABS, i.e., out of or into the paper in Fig. 2A (as
showt® bytha relafiverqrientations of the magagtizations pEthe pinned aaf free fermomagnstie fnyers

howld | _ i o fice femma ;
Cpacer 1 E{fe) 4 BBFHENERATR0 A oSHRE) DeRe hael b )aRd0Bh! e bubPerc ure

110, t hefiéid el theaédordd datyedusdsiBe niptletiAeion Ansitis dfefdeavREMakcticla}er 132
and then to second spacer |ayer 104 and out through second shield S2. In an

MIJ megnb¥2deastataraway frameihiecdirecting 13 enteither intarpreaul of thewrapernf HigrZdugh t he.
tunnel bﬁgié'c rqgleéa%grr?la‘%ﬁeeér%n?atfoé%gﬁhgﬁag%et%Om&ggntg o ! fétohuice Ty ?sni?fz’f

t he magneti zat1rons oO nne erronmagnet| aye
t hatjsar el @)l 3Z &dd thu therghdunt 60Rinacling/durfent, WhidhiRRefledda 4si ¢hahgy@r 120. The

magnet! Celectrical resistance of the MTJ 100. This change in resistance is detected by the disk drive
electronics and processed into data read back from the disk.
In the present invention the pinned ferromagnetic layer 118 is formed of a half-
metallic Heusler alloy with a near 100% spin polarization, and the intermediate layer 116 is
20 aferromagnetic layer in contact with the Heusler alloy material and the underlying
antiferromagnetic layer 112. The antiferromagnetic layer 112 can be any antiferromagnetic
material, such as PtMn, PdPtMn, RuMn, NiMn, IrMn, IrMnCr, FeMn, NiO, or CoO, and the
intermediate ferromagnetic layer 116 can be any ferromagnetic alloy of one or more of Co,
Ni and Fe.
25 This exchange-coupled structure 110 arose from the discovery that the recently
reported half-metallic ferromagnetic Heusler alloy Co,CrgsFeo4Al does not become
exchange biased when deposited directly on a layer of PtMn antiferromagnetic material.

Thus, prior to the present invention it was not possible to form a conventional AF/F

exchange-coupled with a half-metallic ferromagnetic Heusler alloy as the F layer.



field fromthe recorded data causes the magnetization direction of free
ferromagnetic layer 132 to rotate away fromthe direction 1§%M4r?}b2.906either
into or out of the paper of Fig. 2A. This changes the relative orientation
~of the magnetic nonments of the ferromagnetic layers 15 118, 132 and thus the
~amount of tunneling current, which is reflected as a change in electrical
resi stance of the MIJ 100. This change in resistance is detected by the disk

drive elect! pRice: AsRRACARAlmic RriRiAxI PRAnP RS § LA LOPcAiak. | N Lhe

present invention the pinned ferromagnetic Tayer 118 Is forne a hal f-
met al | i ¢ strietsleeThal R oyrystilt doruatune ean HeOdEkesixdasfotainterpdrietmtingoubit biesed
I nternmedi ate layer 116 is 20 a ferromagnetic |ayer in_contact wth the

Hensl er Bpgke§ siragtares spnsinigtedins falleresy: iths A gtoams maks wp thediet fubiq dosed preked The

antiferr netj I C. Lfepr ' ' uch as
e b RAIEL I B e ] ERERRESH 0 s BELEH phonh

i ntergred 'b?‘ttﬁ: Z 8lohRREN@E DC atoA&ccipytths adtraBedranitek € thOfamgsieifitke @b @xfifdd one

or nore of Co, N and Fe. 25 This exchange-coupled structure 110 arose from

t he di scbyé&ny X hed fouh& aterosnFigy 3 shespoa Heuslemdloyresyssalldgeaphes vaitegdhet i ¢

Heusl er al |l oy 0. 6Feq..4Al doe t becone. exchan bj ased when

oposi teq di + SBERGIEGHPIELE SEPnAReRt U UslAt fIRS KBRRG IR CoMLRBERAr  — Thus,
prior toc}BRafeRSLOPIMASERid RIMKSD (Bih BRlsoRQfIed Rhig He‘ﬂsﬁe?ﬁl‘l‘%'_)é HeCdh¢E Bﬁé[ gnal
AF/ F exchange-coupled wth a half-netallic ferromagnetic nsler alloy as

the F | ayerX-subid8ichascmmycad CelvbiSerMabV Al FepdAlk GdEelih€mMaAl fand mul a X2YZ
and have cubic |21 crystal structyre. The L21 crystal structure can be
desc F‘?beg%ébé[“ u FLOFMH% alsep rhéH’H@’aﬁ'ﬁgf’%o@P%f?é(f‘“cﬁd@l@g?ft@flﬁf@f’ﬁ%gf states
const ruchegle 8kl Sfinitdior SnBANRNARIER P chdifiel | OiIEHR forf IR HIoRACK e
structure, the Y atonms occupy In the octahedral sites - the center of the

cube edgsgindbirimgdapcimnntliz Forafm@sAl, dhrkptdsentX Cat §nGr, aad @p4l. tihes gossibiehedr al

sites - the. centey. of the cuhe defi,negl b){ four Y and four Z atons. Fig. 3
shows a PR@Y)&Yany P‘é‘i/meg‘{j%”c“éﬂm&@? SPIRTCQaRps d bydopingteCrAl ithengysh ¢ :

LA S B FA MM AT S M UL i

15 channel 1, while maintaining a zero density of states in spin-channel 2, so that the alloy
remains half metallic. Although not necessary, using a half-metallic ferromagnet exhibiting
a van-Hove singularity may be an advantage as it is present in some colossal magneto-
resistance materials, which exhibit large magnetoresistance values and spin-polarized
tunneling.

20 ~ More recently the Heusler alloy Co,Feq 6Crg 4Al was postulated to be a half-metallic
ferromagnet with a van-Hove singularity and experiments on bulk samples showed
compelling evidence for high spin-polarization. In Co,Fe Cr(;.x)Al substitutional disorder
among Fe and Cr atoms is present on the Y sites, which means that probabilities of an Fe or
Cr atom on site Y are x and 1-x, respectively. In determining whether this material would

25  have applications in magnetoresistive devices, thin films of CosoFe oCrisAlys (where the
subscripts represent approximate atomic percent and which thus correspond to
Co,Feq ¢Crg4Al) were fabricated by sputter deposition. After annealing at 250 °C for 4 hrs,
these samples exhibited a magnetization close to 800 emu/cc at room temperature and a

Curie temperature close to 350 °C as postulated from work on bulk samples, and were

30  magnetically very soft (coercivity Hc typically less than 10 Oe), making them useful for
-8-



the X-subiattices is enpty) and Co2MWhSi, M2VAI, Fe2VAI, Co2FeSi, Co2MAl,
~and 10 Co2MiGe. Co2CrAl is also a half-netallic ferromagnet, b3 Maechi3006
el ectronic density of states at the Ferm level is finite for one spin
.channel, say channel 1, while it is zero for the other spin channel, say
channel 2. For Co2CrAl, X represents Co, Y C, and Z Al. It is possible to
obtain a van-Hove singularity in one spin-channel I by dopi ng Co2CrAl with

enough gl S e i f to eak in the
density %ﬂpw%taatn qowgg??hfyaﬁ% Wﬂ%loﬁﬂs‘{‘/\ﬁ%ﬁemsr%l rﬁtdgp Sltﬁﬁ 3@%@0 "Yensity of
states iéxchfige wm:gwhs Sbsepedt s@;marbamaéxlcﬁyngerbemgw%ms%w@atfa} NiMns# t hough
not necessary, using a half-netallic ferromagnet exhibiting a van-Hove

si ngul arfﬂQppSlmﬁlyOIbEel\ém (hévenaballgeo efsali, { Magngipresistance of NivinSk-bhesdgailtitaygrset o-

resi stance mater.i al,s bi t i stance val ues and
spi n- pol 3% SPEEVal¥Grnet | ﬁ@cﬁégxf)ﬁ'fé @e@egﬁwagéﬁzl er alloy

Co2Fep. 6Cr 0. 4191119, é@&npﬁ%H iGH Echbldd HAf- lﬂetlaﬁicffé%ﬁ r}e'tle HduSfek qugtfu o]l @
van- Fbve singularity and experinments on bulk s es showed Tconpelling
evi denceasftbe pllnngnhlaspl m-qxolhangez:atlpl@d strhctuﬁsb?mﬂ‘t(ng_a,n ipkmsdiaet i t uti onal

di sorder_ anong gr atons is resent aon the Y sites, which neans that
pr obabi Iﬁefrp@ég’éﬁ“c ﬁyepél lbet“ﬁe"élﬁeo?ﬁt Frrapggnetc laygr %‘da‘ll?ﬂ halfymetallicpect i vel y. In

determ at

magnet or SEOHRRUEHeklts QGPIGE. fh R hiBofihel e BB RuE =it budsTorme

subscr i pheswésnpd PEm antifpromsgnaicdayer and a thig(keRd, andAMuyeh Vhtisusaampgspond to
Co2Fe0.6Cro_4Al ) were fabricated by sputter deposition. After annealing at

250 10 f owemﬁhrscatedtané sempased| veith @ sHnple having npdpfreredisie frromagnstic ayeB0o
enu/ cc ahaero aﬁ?t?ﬂ)%r@ 'ﬁ%%ﬁ@@s wg.lrl e tenperature close to 350 C as
b

post ul at TR l'es, and were 30 magnetically very soft

(coercivity rﬁ(smfmumooe&gx:amyctgof@m,sﬁwsg&)mﬂmmimbot&or -& 15
March 2006 applications. However, when the Co5oFet oCri 5A125 filns were

deposi t eBhegpu ané%qﬁldm‘ée%i the ﬁ@@ﬂﬁ@@r:@bbelawopndshwp &?H’B}ngll?)’é&'@hange
D 25100 R PR a5 SRR s R Ao SRRSO L
Sci . 15Tecianglextefnal GieldISTOL TdshOfor A1), ) -
Magnetic hysteresis loops for the various samples are shown in Fig. 4. Loop A is for
the structure without an intermediate ferromagnetic layer and shows no exchange biasing.
Loop B is for the structure with a 6 A CogoFe, intermediate layer and loop C is for the
structure with a 12 A CogFe o intermediate layer.
20 ‘ The effect of inserting an intermediate layer of CogFeyg layer is shown in Fig. 5 as a

function of the intermediate ferromagnetic layer thickness for a
Ta(50A)/PtMn(200 A)/CoFe(t)/CoFe (Cr15Alr0(20 A)/Cu(5 A)/Ta(100 A) sample. H*
and H- denote, respectively, the positive and negative magnetic reversal fields (the magnetic
fields that need to be applied to obtain a magnetization of zero) of the exchange-coupled

25  structure. With increasing CogoFe)o thickness the pinning field, which is (H+*+H")/2, initially
increases, peaks at approximately 9 A, then decreases, while the coercivity, which is

(H+-H-)/2, continuously increases.
To demonstrate that the CosoFe oCr;5Alys couples ferromagnetically to the CogoFesg

layer rather being a dead layer, H" and H™ were measured for the exchange-coupled structure

-9-



5 The present invention enables half-netallic ferromagnetic Heusler alloys

. to function as the pinned |layer in exchange-coupl ed structurbsMsych2096rting
an internediate ferromagnetic |layer 116 between the antiferronmagnetic |ayer
.and the half-nmetallic ferromagnetic Heusler alloy layer. In one enbodi nent
a thin Co90Fel o | ayer was formed between a PtM antiferronmagnetic |ayer and
a thin Co2Feo, 6Cro. 4Al | ayer. Various sanples 10 were fabricated and

conpared with a sappl e_haying, no internmediate ferromagnetic |ayer. The
Gener a8t P IREHIPR SbF omFEG H TS YRR KB UGS Y RN G contelolayel thicknesses

A) | CoFe( (dipCenRiaen 0ot BARIRLAG, A ftkliae AldRCAAAith HiGes bRyer was

I nserted between the Co50FelOCr 15A125] ayer and the Ta capping layer to
prevent TasdefCosAbnlayat, as expec@ui50Fei oCri 5AI 25 | ayer. All sanples were
annealed at 250 C 15 in an external field of 1 Tesla for 4 hours, Magnetic
hysteresi s | odfs dpigsheya apdApssaded ahpeds fofran cxbineerqoupled stuctureoyph A thig £ o
the stru r 1.1 bt ' ' I no
exchange By s ekoy e §8,¢1i G R Ph s B RENR e d s 2 e

i nt er nediskdwed thytehe Afld rhealfic erramigietit Peoperty isiadhigvabi Bylsudstitdtidh 60qOFej O
intermedi ate |ayer. 20 The effect of inserting an internediate | ayer of
CoqOFej Qappipeimdtely $AGvef the CrptpmssbigEe, as reported iiw hegrevipesly pites Feldliogk et al.

21 Corog Aieo AW Eler RS 58 Bslctts P AMapS Rl MRf AL s an pam i ghe bargl o
respect i ¥@hdturelof@ e dlisigaifaaadiipe Tatichse ARARIIfCofnPYsitiond isfprétbded:(t he

magnetic fields that need to be applied to obtain a nmagnetization of zero)
of the exobEnba-ddwpthdixzd. dtis ggpented theythis dantice mage nfcaop@iEn®is hhalfness t he

pi nning fi el which is, (H++H )/ initially .increases eaks, a

Db ox miegil: GRmaEntn b Aeain ihpsTionividh BPRPGR A=A O-6 also

(H+-H) 7 2xhis R4 VARLAESE YinkMIaHBARaPin-dianf@NPNst rat e that the Co50Fel oCrj 5Al 25
coupl es ferromagnetically to the Co90Felo |ayer rather being a dead | ayer,

H and. H wer @hereschangeicoupled stauctyre Haf deshowmpndiigs 2AGZB i an MROre28 hkéd ch 2006

?Zygr f ,l[J Eg%&ﬁ@gg:fgggp a511015ﬁ41 C}n%g})g orezs?stljv%%%{/iccte.hh%l\(avréegr? tlIeOerxc é\xll\PgegcloL{)l%crl gtr}ttlctgx%QOFel 0

15  is also fully applicable to an MTJ memory cell. In such an application, the structure would
be similar to that shown in Fig. 2A with the exception that the layers 102, 104 would
function as the electrical leads connected to bit and word lines, there would be no shields S1,
S2, and the magnetic moment 119 of the pinned ferromagnetic layer 118 would be oriented
to be either parallel or antiparallel to the magnetic moment of the free ferromagnetic layer

20 132 in the absence of an applied magnetic field. In addition to its application to the MTJ
type of CPP magnetoresistive device, the exchange-coupled structure 110 is also fully
applicable to a CPP SV-GMR read head. In such an application the structure would be
similar to that shown in Figs. 2A-2B with the exception that the nonmagnetic spacer layer
(tunnel barrier layer 120) would be formed of an electrically conducting material, typically

25  copper.

The exchange-coupled structure is also fully applicable for use in CIP
magnetoresistive devices, such as CIP SV-GMR read heads. In such an application, the
structure would be similar to that shown in Figs. 2A-2B with the exception that the layers
102, 104 would function as insulating material to electrically insulate the read head from the

30 shields S1, S2, the nonmagnetic spacer layer 120 would be formed of an electrically
-10- .



(Figs. 6 and 7). For both figures, the pinning field decreases with

t hi ckness of the Co50FelOCr 15Al 25 | ayer, as expected. The datla MAsRO%hd
descri bed above is for an exchange-coupled structure with a thin 5 film
_conposi tion of Co2Fe0.6Cr0.4A because band structure cal cul ations of bulk
material showed that the half-nmetallic ferromagnetic property is achievable
by substitution of approximately 40% of the Cr atonms by Fe, as reported in
the previoysly cited T, Block et al., -article.. Ho er, strai and defects
are ol S ibedn e DRI Epiteraing i s PRURE neoBih Bofe 1,

mat eri al s keiinkleGHHWh Yn FiEN@AabPrévide 56 8uREnt G MRGRhld SMBe FgrdMihetni¢ ed: 10
Co2CrFel, ,Al with O<x<l. Tt is expected that this entire range of

conposi tlapms11& 182hal f- netallic ferronmagnet, but that a certain conposition
with x approxi mately equal. to 0,6 also exhibj van- Hove singularity in
api - channel 12 At sRhigE sl Padag G RO EREr O PiORF dSrer 2A. 28
in a . : ver,
the SxoRane s Lacs e AR R ortlri e Mt ST e TRk b Re I8 5L (R ey
cel I, | netidie Heuskpplloxhyeas dédeeibed abveyoeanaitifeirtraagrienichldy pinped (¥aR) shown

in Fig. 2Awith the exception that the |ayers 102, 104 would _function as
the el ectRrigg ISP sEpiieis: B pirnedif laxgrFomprises iwpefsrroprgretiaiing be no

shields Si.. S : ti - e Di e etic
hyer 1R ufe e vLRp BRERG hin TR ke b0 APORRAAE Sl P REAANE 1
magnet i RO er@agherid filgeclosdst anhe P Jager id ¥ REhad e diplédotthe AFIGRRGAdOf an
applied magnetic field. In addition to its application to the MIJ type of

CPP Ifagrmemprised teiabeveidescrdbed bifpyeextaissing of theupleanedinie feromegnetio laysr al so

fully I icabl e a .CPR SV- read..head. Jn.such an application the

st r bt ur@EuR aaF TuRniang % B el SRR BRRAS: oD 4 8/eF G el e SRRk | on
that theqgNIBENEULS paRAE 165 ABS eschibbiihel AP 8xdhafife-tcipRid strlRjur¥oul d be
formed of an electrically conducting material, typically 25 copper. The

exchange- couphadl of theembedimentsaiesaibied ang shgyph roas) thefegehange-conplei P
magnet or esi St i device h L P SV- read heads..,ln such. an
ool cataRor KD et B4RR0PE ebemierditet SN SORE S Al 531 . o5
Wi t hyst hexrRwgaRAt RO etdhahgd-buplay@nsiurd 02 belDéatd@Bh ehe tap OF kiR dedscel oWl at i ng
material to electrically insulate the read head fromthe
example, referring to Fig. 2A, the free ferromagnetic layer 132 could be located on layer
120, layer 120 on free layer 132, pinned ferromagnetic layer 118 on laYer 120, intermediate
ferromagnetic layer 116 on pinned layer 118, and antiferromagnetic layer 112 on top of the
intermediate ferromagnetic layer 116. .
20
While the present invention has been particularly shown and described with reference
to the preferred embodiments, it will be understood by those skilled in the art that various
changes in form and detail may be made without departing from the spirit and scope of the

invention. Accordingly, the disclosed invention is to be considered merely as illustrative and

25 limited in scope only as specified in the appended claims.



30 shields S1, 52, the nonmagnetic spacer |ayer 120 woul d be formed of an
electrically -10 15 March 2006 conducting material, typicallby\goppess and
electrical |eads would be located on the sides of the structure shown in
Fig. 2A to provide sense current in the plane of the ferromagnetic |ayers
118, 132. In all of the enbodi ments the exchange-coupled AF/F structure, the
pi nned F“hﬁ¥%ﬂﬂﬂ§wﬁ%ﬂ be a basic bilayer structure conprising the
ferromagnetic Internediate |layer and a half- netallic Heusler alloy |ayer
(as described above) or an antiferronmagnetically pinned (AP) structure. In
an AP structure, the pinned F |l ayer conprises two ferromagnetic filns

antifer ronagncf-jti cal ly coupl ed by &Mr%te?déé?ﬂ%d%w&%%%@%nﬂ | mof netal,

such as Ru, Ir, or Rh. The ferromag cl osest t°o the AF layer is
exchange GenplRddplddi@rutiurk an8tompdsike: conpri ses the above-descri bed

bi | ayer structure of the internedi ate f’erromagneti c layer (adjacent the AF
| ayer) and the shidtfateyendl | i ¢ Heusl er alloy |layer (adjacent the netal
coupling film. IBMs U.é. pat ent 5,465,%85 describes the AP

exchange- coupf@Xdipgerawged sRugire o e R Mo dR IS Mescri bed and shown
above, the hange-coupled structure 110 is located on the bottom of the
magnet oresi st1ve device. However, it is well 15 known that the

exchange- coupl ed o lauatafragtibarorisneoc aiaeehadn the top of the device. For
exanple, referring to Fig. 2A, the free ferronagnetic |ayer 132 could be

| ocated on | ayer a&lzyer afgyhwlf-metall ferroseagog e Hepster abonpked ferromagnetic

| ayer 118 on | ayer~120,~integrnmediate, ferro tic,layer 116 on pinned

| ayer 118, and antTVEF dha eﬁn&@)&;&&&&@g@ﬁgagpm& the internediate
ferromagnetic | ayersiatddof féQoabhauctNfcRheseRben ANERE éibch@gthbBen
particularly shown and described with reference to the preferred

enbodi ments, it widntifeseoroegististoendpendisoidelioki |l ed in the art that various
changes in formand detail nmay be nade wi thout departing fromthe spirit and
scope of the invention. Accordingly, the disclosed invention is to be
considered mepely as illughedkeiie ofBRiAT Whetetrethel MuKGRPEoARIY as specified
in the appended cl ai ns. '

matenal 1s a material sélecled from the group consisting of PtMn, PdPtMn,
RulMin, NiMn, IrMn, Ir'MnCr, FeMn, NiC and CoCQ.

3. The device of claim 1 wherein the ferromagnetic

‘material is an alloy of one or more of Co, N1 and Fe.
4. The device of claim 1 wherein X is approximately 0.6.

5. The device of claim 1 wherein the sensor 1s a current-

perpendicular-to-the -plane magnetoresistive sensor.

6. - The device of claim 1 wherein the device is a current-

in-the-plane magnetoresistive sensor.

-12-



-". 15 March 2006 What is clainmed is: 1. A magnetoresistive device having
an exchange-coupl ed structure and conprising a substrate; and>5aviarch 2006
exchange- coupl ed structure on the substrate, said structure conprising a

| ayer of anti ferrornagnetic material, a layer of a half-netallic
ferromagnetic Heusler alloy of Co;Fe.Cr(,.,)A, where x i s between 0 and
., and a laver of ferromagnetic matenal between and in contact wth the
antiferromagnetic material_and said alloy. 2. The device of claiml wherein
the antiferr o?mgnet i c matBita @g vie&solalmm éf»‘ﬂ@relséhleem\édi Kraom t he group

consisting}of Pt Mh eﬁﬂé Ruwvn, NiMh, Irivlin, IrvnC, FeMh, N O and CoOQO
3. The de a&%etbfﬁé?rzgl’%i“a Adin the ferromagnetic material is an alloy of
one or nore of Co, Ni and Fe. 4. The device of claiml wherein x is
approximately 0.6. 5. The device of claiml| wherein the sensor is a
current- perpéndi cul ar - t 0. Fiehdeviteaotec lmmghetheras itlsd deisesignsor . 6. the device
of claiml wherein the device is a current- in-the-plane magnetore3|st|ve
sensor. - TRZAFIMEARH JROBED dEVicRhe device of claim| wherein the device is a
magneti c recording read head. 8. The device of claiml| wherein the device is
a

9. The device of claim 8 wherein the magnetic tunnel

junction device 15 a memory cell.

10. The device of claim 8 wherein the magnetic tunnel

Jjunction device is a magnetic recording read head.

11 - A magnetoresistive device comprising;
a substrate;
a ferromagnetc layer on the substrate and having its magnetic moment
substantially free to rotate in the presence of an applied magnetic field,
an exchange-coupled structure on the substrate, said structure
comprising
a layer of antiferromagnetic matenal,
a layer of a half-metaliic ferromagnetic Heusler alloy of
Cosbe,Crj1.0Al, where x Is between 0 and 1, and
a layer of ferromagnetic matenal between and in contact with the
antferromagnetic matenal and said allay, the layer of
ferromagnetic allov having 1ts magnet:c moment fixed by being
exchange biased with the antiferroragnetic layer; and
2 nonmagnelic spacer layer between and in contact with the free

ferromagnetic layer and the ferromagnetic alloy layer.



magneti c tunnel junction device. 9. The device of claim8 wherein the
magnetic tunnel junction device is a nenory cell. 10. The déviMarch2086ai m 8
wherein the magnetic tunnel junction device is a nmagnhetic recording read .
head 11. A nagretoresistive device conprising: a substrate; a ferronmagnetic
| ayer on the substrate and having its magnetic nonment substantially free to
rotate in the presence of an applied nagnetic.field; an exchange-c oupl ed
structure on the substrate, said structure conprising a |layer of .
antiferromagnetd.c nat eri al Theaddvinpent obfim@lhahdremehakkimngexoomadgnet i ¢ Heusl er
al | oy of ere X i's en 0 an and a | ayer of

Co, Fe,.Cr; i.,$A, wh beNve d 1
f er r onagn&FREPaf gq&éﬁd l?:?z‘f’?ﬁé'b‘il?e AHB YAt %‘F‘gé?acﬂ {aer apd tha fioes e
rrorri<.g i.c.maternlial : i | ayer of terromagnetic all oy
havi ng i tzﬁr%fg?%ﬁ@ 14‘?{%&3%@%%@%%3 l%ll ¢ exchange biased with the

antiferromagnelic layer; and a nonmagnetic spacer |ayer between and in
contact with the free ferromagnetic |ayer and the ferromagnetic all oy
layer. -13 15 March 2006 Tie demire efeléioe] bivhetew ive feebeemignatise

e and the spacer

exchange-¢coupl ed structure is |ocated . between . .the substra
Cayer and SHEI Pegel BEPHsR IR R 2 G0 D BP B AR | et 1o
The devi c@o@hle@k@idiik ik oM 6f tRe 5p&eek 88, Ferromagnetic layer is |ocated
bet ween the 'substrate and the spacer |ayer and the exchange- coupl ed
structure is on top of the spacer |ayer.
14. " The device of claim 11 wherein the device is a
magnetic tunnel junction device and wherein the spacer layer is electrcally

insulating,

15. The deviceofclaim 14 wherein the

magnetic tunnel junction device is a memory cell.

16. ' The deviceofclaim 14 whereinthe

magnetic tunnel junction device 15 a magnetic recording read head.

17. The device of claim 11 wherein the spacer layer is

electrically conductive.

18. The device of claim 17 wherein the device 1s 2

current-in-the-plane spin valve magnetic recording read head.

-14-



14. The device of claimi 1. wherein the device is a magnetic tunnel
junction device and wherein the spacer layer is electrically 17 NaghaG0eg.

15. The device of claim 14 wherein the nmagnetic tunnel junction device is a
menory cell. 16. The device of claim 14 wherein the nmagnetic tunnel
junction device is a magnetic recording read head. 17. The device of claim
11 wherein the spacer layer is electically conductive. 18. The device of
claim 17 whergjn the devi ¢ge hsy; ” ~WiRdihesddAne spi n val ve magnetic
recordi ng reagb'head. -14 ?ge E/gwﬁogglagﬁqt{gﬂaﬁlg%bﬁ% g? claim 17 wherein

t he devi ceuriest-perpendicdnt-toptrepeenk spihantveortdretipranelispiaediride magneti c
recording read head. 20. The device of claim 11l wherein the
antiferromagnetic material is a material selected fromthe group consisting
of PtN'n, PdPhiyh, — RuM, N,Me LELYER I LN ein ieMb DNk Gnafk 0O 21, The
device of clai‘m 11. wherein the ferromagnetic material isan alloy of one
or nore ahatedal Nia maatenidlgele22d Tromhiee glevp cenwftingl fifivinl Pdrtenei n x i's

appr oxi nmat el 0.6._-15 )
RuMiv'l,_Nan, IrMn, IrtMnCr, FeMn, N1O and CoO.

21. The dewvice of claim 11. wheremn the ferromagnetic

matenial is an alloy of one or more of Co, N1 and Fe.

22. . The device of claim 11" wherein X is approximately
0.6.
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