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Technical Field This invention relates in general to magnetoresistive
devi ces, and nore particularly to nmagnetoresistive devices that use
exchange- coupl ed antiferromagnetic/ferronagnetic (AF/F) structures, such
as current-in-the-plane (ClP) read heads and current-perpendi cul ar -
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(AF) film is a phenomenon that has proven to have many useful applications in magnetic
devices, and was first reported by W. H. Meiklejohn 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 coercivity 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 detailed 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 structure is a spin-valve (SV) type of giant magnetcresistive (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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15  structure is a SV GMR sensor proposed for use as magnetic recording read heads. The

proposed CPP SV read head is structurally similar 1o 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.

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,CrogFegsAl (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”,
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includes a half-metallic ferromagnetic Heusler alloy.
15

Suminary 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(1.0Al, the intermediate ferromagnetic layer is CoogFesp 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.



What is needed is a magnetoresistive device with an exchange-coupl ed
sfructure that includes a half-netallic ferronmagnetic Heusler alloy. 15
Summary of the Invention The invention is a nmagnetoresistive device with an
exchange- coupl ed antiferromagnetic/ferromagnetic (AF/F) structure that
Uses a half-metallic ferromagnetic Heusler alloy with its near 100% spin
pol ari zation as the ferromagnetic (F) |layer. The 20 exchange-coupl ed
structure includes an internedi ate ferromagnet ic layer between the F and
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invention as it would appear if taken through a pl ane

Fig. 2B is a section view perpendicular to the view of Fig. 2A and with the sensing
surface of the device to the right.

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 CosgFe oCrisAlss
half-metallic ferromagnetic Heusler alloy layer thickness for an intermediate CogoFe ;o 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 CosgFeoCrisAlzs
half-metallic ferromagnetic Heusler alloy layer thickness for an intermediate CoggFe o layer

thickness of 12 A.



10 whose edge is showmn as line 42 in Fig. | and viewed fromthe disk
surface. Fig. 2B is a section view perpendicular to the view of Fig. 2A and
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portion. 5 The head 25 is |lapped to forma sensing surface of
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type of head carrier. The sensing surface or ABS is
yp ate in Conitact with the ME sensor 4&) anLch are f'ocated between MR sensor 40 and the gap

layers G1, G2. The gap layers G1, G2 thus electrically insulate the electrical leads from the
shields S1, S2. The write head includes a coil layer C and insulation layer 12 which are
sandwiched between insulation layers 11 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 adjacen: 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 maguetizes 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 bead 25 shown in Fig. 1 is a "merged” head in which the second shield layer

25 82 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 MT]J read head or a CPP SV GMR
read head.



spaced fromthe surface of the rotating disk in the disk drive. The read
head i ncl udes a MR sensor 40 sandw ched between first and second gap

| ayers G 1 and & which are, in turn, sandw ched between first and second
magnetic shield layers Si and S2. The electrical 10 conductors (not shown)
t'hat | ead out fromthe MR sensor 40 to connect with sense circuitry are in
contact with the MR sensor 40 and are | ocated between MR sensor 40 and the
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magnet or das degtieallyespnducting leads fersomnestion el KIMTJ 100 to sense circuitry. This | ls

shown in Fig. 2A by the arrows showing the direction of sense current flow through the first
15  shield S1, perpendicularly through spacer 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-



MR read head according to the present invention as it would appear if taken

t-hrough a plane whose edge is shown as line 42 in Fig. | and viewed from
the disk surface. Thus the paper 5 of Fig. 2Ais a plane parallel to the
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junction, of the MIJ MR read head to reveal the layers that make up the
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in the pregermandimdRié hBbunt of tunneling current, which is reflected as a change in

electrical 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  a ferromagnetic 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, I'MnCr, 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;CrosFeqsAl 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.



magnetic fields in the range of interest. The sensing ferromagnetic |ayer
132 is fabricated so as to have its magnetic nonent or magneti zation
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 in Fig. 2B)
and general ly perpendicular to the magnetization direction of the pinned
ferromagnetic |ayer 118 in the absence of an applied nagnetic field. The

magneti zation MédsRe bilow ke R .S thrhfid gg%?gg L%‘?el % (ri)C %%13(3 isiﬂori ent ed

generally perpendicular"to the AB S, I.e., er in
Fig. 2A (atustiosaThby.2actysnal staichurd &4 be deséribensdottintegfdnelratif dibicdbed from
t he electricall¥conductive materjal making up the first shield S1to

first spaddfkq tufesconyacirdasifeliows: the £ Zlﬁﬁriép @)‘%cﬂi%ir?gbicfmspﬂ patked
t t | ' t ' r net i
Cayer 135 Smdrd, I YAORE o8BSy inhe bl Sk A0 obIEr HPRHIR LSRR ©

shi el d5S2 bylthe Zntdyfls] andiihieeX atoasi wtipiethe dtiahe®al JiflR€ - BFQAter 8f the lé[is@é]éﬂ?lgd
current through the tunnel barrier layer 120 is a function of 10 the

rel ative &¥ifedr hapdfaurdrateme Higgdshowsna Hondersflloy loeyspillogephiznatiticele
ferromagnetic | r 132 t hat. e .adjacent to.and in contact with the
tunnel barrier ﬁég‘éﬁ‘rﬂé@%"%‘”ﬂ%&j‘ﬁé? %USI?ﬁ %F‘l’éfs P‘P‘Eﬂ‘r‘i‘ frﬂ@%@gé%%fcdat a causes
t he magnethkalations 4k PEhS®EnPNiNIhS (Hoth R BAARLA t away
fromthe di rectli on 133, i.e., lei t heg into or g%ﬁ Ha(%#ﬁ%éﬁ%erp%%g%g%faﬁ‘%iog%%EA.
Thi s chandiesXtsublattisenisi emptyrandfiaMnSi, M, ¥ Al Fepdipe CogFeSirGmMnAlf aridhe
ferromagnet | yers.15.1 32 and thus the anmpunt of tunneling current,
which'I's g@f*@é@e?"&? 13 %ﬁﬂa&laﬁﬂmtg’ﬂ'@ ¢rrerpagnet, sice ity plestromic depsitymf stags .
Thi s changgethe FefSleod13fi5itd ﬁa&?% ' dehve ;. el ect .cs and
processed i.ntoedata read lgafé)lig?%g@nht% e ll’rg%}&%ﬁ%ﬁhléwglgsueﬁtzgﬁ%g\r%ﬁf|° "the
pi nned f espiorchgmred.isey thapeel 2L IBoriGo,Coklr¥crepfesanth@bf Y Orpimd 7. iA¢. Heuipdseibletl Oy

with a neay, 100% spin pol grization, and the intermediate |layer 116 is 20 a
ferr orragnghag' RS OY?IQB@ﬁf%'Et‘“ fng ?P”Pﬁg“ﬂéhé Pydoping fpoGedlevittuencaghl the
ggd: :};yziﬂﬂe?igéxks‘;%ghﬁg@? ?@ﬁhﬁ:n’c@ﬁﬁ sHiftéd ordS 2k i e rclgm]o‘?t‘tsla?csl if ¥pin- 112 can
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,Feg¢Crp4Al 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 CoyFexCri-xAl 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 CosgFe,¢CrisAlys (where the
subscripts represent approximate atomic percent and which thus correspond to
CozFeg ¢CrosAl) 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 He typically less than 10 Oe), making them useful for
-8



material, such as PtWVh, PdPtM1, RuMh, NiVh, IriWh, IrMCr, FeWh, NiOQ or
CoO and the internediate ferromagnetic |ayer 116 can be any ferromagnetic
all oy of one or nore of Co, N and Fe. 25 This exchange-coupl ed structure
110 arose fromthe discovery that the recently reported half-netallic
flerromagneti c Heusl er alloy Co2Cr0. 6Fe0. 4Al does not becone exchange

bi ased when deposited directly on a layer of PtMh antiferromagnetic

terial. i t A i it , ible to f
T conveni PRI PbOEd O AR CRNER Gl ke MBI o BT e ¢
Heusl er aktigingabidsing vrasl oby@ved.-Smbatlp he Ex@iah@é’ﬁiaﬂﬁ%ﬁraﬁ bBseritof RiiMh9h Ul &

K2YZ and have a cubic L21 crystal structure. The L21 crystal structure can
be descr idspepigd ondigMn i r(abalierogt pihg Magsewresistaned of NafnSH-basedumtiltil syars

constructed as fol |l gws: ,t he Z_ ato first cubic closed packed

structur@?gﬁﬂg"@?‘gfdﬁ' ggcﬁﬁyﬁw@?@%ﬁgﬁgdﬁﬁf(@% s - the center of the

cube edges defy 3 : t edr al
Si tesg- t he cerlrryté g?esg?ﬁ%ﬁﬁ%ﬁlﬁgﬁ:gﬂﬂgglﬁﬁg?&%@@%gﬁépﬁ%ﬂgﬁcdﬁ ?‘%ﬁgbﬁgn@ﬁ& I'g. 3
shows a ldetiel minnel layor in eycihagd-coppdgrhitmctunésthydabdrtinglneintatiedizet al | i ¢

ferromagneti c Heusber ﬁfla%s kn@wn from band, structure calcul ations are
Pt MhSb  adeTMPAENSHC (ayst WERL (Bg apigrrmagngtic Jayes and thedlf-weteligse one of

the X-su ' [ ' . F | ,,.Co2FeSi 2MhAl
AN e A i L e S e T T S e
el ect r onibetveten i RWinadntisdradnaagnetid layybreander thin Ce¥ed ¢Crs Al lajek.© VaAbusAmphddi N

channel, say _channel 1, while it is zero for the other spin channel, say
chand8 vergfbricgiodand comparedhwith aspmplehavingmo, intenmediata ferrpmagnetipdayei.bl e t o
obtain a - i ' ' . spi n-channel 1 by doping Co2CrAl with
enough gﬁ%@?ﬁ%ﬁgﬁﬁgg%%%é%ﬁgb@se% energy is shifted onto a peak in the
density of st atacSOA)PtyRI(ZOOLA)/CERAEREosIFe WY, {28,505 Ayends APTA(106'A9, density of

states in spin-channel 2, so that the alloy renains {?a?f metal I'i c.
Al t hough ThetCulares esrigsertgd beigvegn gl €osplesndinisddzs layer andethe dia cappinplayenig
prevent Ta diffusion into the CosoFe oCrisAlys layer. All samples were annealed at 250 °C
15 in an external field of 1 Tesla for 4 hours.
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 witha 6 A CoggFe o 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 CogFe o layer is shown in Fig. 5as a

function of the intermediate ferromagnetic layer thickness for a
Ta(50A)/PtMn(200 A)/CoFe(t)/CoFe}(Cr15Alp0(20 A)/Cu(5 AYTa(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 magnetizat:on of zero) of the exchange-coupled

25  structure. With increasing CogoFe; 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 oCrsAlys couples ferromagnetically to the CoggFep

layer rather being a dead layer, H" and H™ were measured for the exchange-coupled structure
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a van-Hove singularity may be an advantage as it is present in sone

col ossal magneto- resistance materials, which exhibit |arge
magnet or esi st ance val ues and spin-polarized tunneling. 20 More recently
t he Heusl er all oy Co2Fe0.6Cr0.4Al was postulated to be a half-netallic
f'erromagnet with a van-Hove singularity and experinments on bul k sanpl es
showed conpelling evidence for high spin-polarization. In Co2FexCr(1-x)Al

substitutional disorder Fe a Cr atons is_present_on the Y sites,
whi oh roahr (RgP L EFete e drye thigiess forapo SHTBRF T otice lapea fickoesseg
1-x, respggtd. 6ehi 7). Pordsie fighies e phgIfate1d Al h @i have
applicati ﬁ% I n mag)gnet oresilgit]i ve %y&i cdgs,etgﬁéfcze%?% Grr(xistho IC%E%)'IS—!%%%O 15Al 25
(wher e t h€oscgBerbCnsAlpt layareprexpected.appr oxi mat e at om ¢ percent and which thus
correspond to _Co2Fe0.6Cr0.4AI) were fabricated by sputter deposition.

After anneal i nghtdatashpwn g described aboyeisder amenphargeesawplsidtstryctire with a thin

anne: ) d e
Fenperar uilet Eori8Hfort & (R B pBbarbE BN SHRAEELAERETF o bufihakrialang
were 30 rsigReditathe/halfimytatiaf ﬂcnbﬁﬁgﬁaic\ﬁr?_%édﬁqs hothévaBle by udsfutidipgr 10 Ce),

maki ng them useful for -& applications. wever, when t'he CoS0Fel0Cr 15A125
filnms werppiepusielet)%of Fhel\ﬁgr groms by Fhzasgepdsteddn the pesiontdy eitadsT. Blscked adr | y

h I asi .0b d f i VhSb_ d i ted F J. A
Cabal | o ouBten oW SRRy FEL et e DrPtised B aactiins Ao Fay et e hpnd
Spi n- val V@fucture of a MateriaPeibnifil A& OFherefork G raﬂ&oéf“c%ﬁ%siﬁ%g?%é}efeée fhe present

invention enables hal f-netallic ferromagnetic Heusler al s to function
as t h pi GokaHeaysk with Osx<halt gseexpoctpd it iy entireirarge b compasitiong gs ahalf-

intermediate .. ferromagnetic |ayer 116 between fhe antiferromagnetic |ayer
and t he. HEPRUPEPRRBICURY: ghaHEAP COPBOLYEN With FpPIoXFBAELY cquh e O alert nent
a thin CogdisisQ J-avues Vﬁfguflzﬁft RebWgeM @ PtMh antiferronmagnetic |ayer
and a thin Co2FeO. GCrv('): A Iayg?rgsp\llarlﬁous sanples 10 were fabricated and

conpar ed wi t h Fhesexchirgelaupled stroctivet H0rie sticstreinfRigy. Qra2ih & it MRayead head

embodiment of an MTJ magnetoresistive device. However, the exchange-coupled structure

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 fayers 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-



The general structure of the sanples was: Ta(50A)/ Pt vn(200

A) [ CoFe(t)/ Co50Fel0Cr 15A 25(45 A)/Cu(5 Arra(loo A). The Cu | ayer was

i nserted between the Co50Fel0Cr 15AI 25 | ayer and the Ta capping |ayer to
prevent Ta diffusion into the Co50Fel0Cr 15A125] ayer. All sanples were
anneal ed at 250 C 15 in an external field of 1 Tesla for 4 hours. Magnetic
hysteresis | oops for the various sanples are shown in Fig. 4. Loop Ais for

th t M | ' fer, ti d sho
exchange -k AtHal ApiitlCdipel A olefieR BN afa belhedaeheom of
i nt er medithd @ndcare shnslin Fig2 £1d provite seh® cubehtinlthd ﬁaﬂ\é Ef‘th@_fér?orﬁ%rgggt?cp Fel0

I nternmedi ate | ayer. 20 The effect of inserting an 1T nternedi ate yer of
CoqOFej Olaygyeet18, 432hown in Fig. 5 as a function of the internediate

ferromagnetic,l ayer .t hi ckness for a Ta(50A)/ Pt Mn(200 A)/ CoFe(t)/ CoFe

10Cr 15A%20( 20 1‘,@{ 8&&@ ¢ W&t‘i’ﬁﬁ)a‘ﬂ)exg%-?%F'éP&wd A Nm%‘)gﬁo‘ﬂlé pfnnéé Fdayervel y,
t he Si tal : ' ' S .naqgnetic i.el ds
that " meed b Be B0 EARE UuCTRIRGIpFshE Y Bfionla il intehlEuRUR hfa bt

exchange mxtallit Bduder dloylayen(s.deWribediabove) as mgmmﬂ@ia'g&tfcmilfgiﬂﬁé&(ﬁ#}e
pinning field, which is (H+H)/2, initially increases, peaks at
appr oxi mitreftyreg Iman Afestrughies. dbaspigned H {ayer eqreprisse e fertoagnblicfilniss

He-H )/ 2, i ' T trate that t 50Fe10Cr 15Al 25
Coupl cn. FEROMLBNANEY ORFCARER el BB ETRRBRRE B FPineted Spch K dner ayer
H+ and HRheTe foRamagmec fih ddvestes aRaB fryePiRkEthnst ESGHI & m?m%\&é}mﬂ ion

of Co50Fel0Cr 15Al 25 Tayer thickness for two different Co94Felo |
t hi ckPes semprigesitasabogealaerribpd biayer sediureiof theeimfermbdiate fambmggrietie lafeglecr eases

ith thickp f Co5 L 0Cr 15Al.25_ | ted. The dat h
and desciibaanuBe AT e B R nATmalE enSbr oy dhvct ciincsniabe mesalcavplings
film compng). tIBMsf. S PAERS, £65, B5UBEcrIRE AieSEP BAMnSLENGI Enicalreul ati ons of

bul k nateri al
In all of the embodiments described and shown above, the exchange-coupled

structure 110 is located on the bottom of the magnetoresistive device. However, it is well

15  known that the exchange-coupled structure can be located on the top of the device. For
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.
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showed that the half-netallic ferromagnetic property is achi evabl e by
substitution of approximtely 40% of the O atons by Fe, as reported in
the previously cited T. Block et al. article. However, strains and defects
are always present in thin filns and can alter the band structure of a
material significantly. Therefore a range of conpositions is preferred: 10
Co2Cr,,Fel, Al with O<x<l. It is expected that this entire range of

conposi ti is a.half- netallic ferromagnet, but that a certain
a8 cfagmag

conpositi B¥oxi mately equal to 0.6 also exhibits a van-Hove
singularity in spin-channel 1. The exchange-coupled structure 110 i s shown
in Figs. 2A-2B in an MR read head enbodi nent of an MIJ magnetoresistive
devi ce. Howevetl, the mugieasresish@UPVRS hatingGhekehank8 chspld Sttuchith hyd
applicable to an MIJ nenory cell. In such an application, the structure
woul d becéﬁgﬁgﬁéoto that shown in Fig. 2A with the exception that the

| ayers 102, 104 uld function as the electrical |eads connected to bit and
word |ines, ther mou[g@fe no shields S 1, S2, and the magnetic nmoment 119
of the pinned Pé&b%ﬁﬁ&) ic layer 118 would be oriented to be either
parallel or antiparallel to the magnetic nonent of the free ferromagnetic

| ayer 20 132 i anexnhangssenupledotruatirempthesdbsmgn eiitl ctriiétatectomiptisagdi tion to
its application to the MIJ type of CPP nagnetoresistive device, the

exchange- coupl ed st s ugerbantitrdniagabBOmbaitial) applicable to a CPP SV-GWR
read head. In such an application the structure would be sinmilar to that

shown in Figs. 2A-2 i t ex tion that. the non netic spacer |ayer
(tunnel barrier | ayg}a\%}z%k)a 6]\%{]{“893@20 %PW&&“%F lgqys&rg@%giag |y conducting
material, typically 25 copper The exchange-coupled structure is also fully
appl i cabl e for use #Hyel¢f ferrpmaznesic sagterial between andin contashwith i@ P SV- GVR
read heads. In such an application, the structure would be simlar to that
shown in Figs. 2A-28itiferdmsgnetie neopial and sdidblldyne | ayers 102, 104 woul d
function as insulating material to electrically insulate the read head from

the 30 shields S 1, S2, the nonmagnetic spacer |ayer 120 woul d be formnmed of
an electrically

2, The device of claim 1 wherein the antiferromagnetic material is a material

selected from the group consisting of 'PtMn, PdPtMn, RuMn, NiMn, IrMn, IrMnCr, FeMn,

NiO and CoO.

3. The device of claim 1 wherein the ferromagnetic material is an alloy of one or

more of Co, Ni and Fe.

4. The device of claim 1 wherein said alloy is a material selected from the group
consisting of NiMnSb, PtMnSb, Co,MnSi, Mn; VAL, Fe;VAl, Co,FeSi, Co,MnAl,

CooMnGe, and Co,Fe,Cr; 5 Al, wheré'x is between 0 and 1.

S. The device of claim 1 wherein x is approximately 0.6.

-12-



-10 conducting material, typically copper, and electrical |eads would be

| pcated 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 nents the exchange-coupl ed AF/ F structure, the pinned F layer 5 can
be a basic bilayer structure conprising the ferromagnetic internediate

| ayer and a half netallic Heusler alloy |ayer (as described above) or an
antiferromagnetically pinned (AP) structure. In an AP structure, the

pi nned F | ayer conprises two ferromagnetic filnms antiferronmagnetically
coupl ed by an interpediate c | i filmof netal, such as Ru, Ir, or Rh.
The ferromagnefic fi WEY‘B"S%@#E%P&%WKF”F@’&OT 155 @reenbpgecedioghrg-the- t he
AF | ayer and 10 conprises the above-described bilayer structure of the

i nt er medi plape magnelomgsiséyd senbaryer (adj acent the AF |ayer) and the

hal f-metal lic Heusler alloy |ayer (adjacent the netal coupling film.
IBMs U S. patent 5,465,185 describes the AP exchange-coupled structure. In
all of the enbodi ments descri bed and shown above, the exchange-coupl ed

structure 110 4s |l o .on the bottom of the nagnetoresigtivye device.
However, it isteII?ﬁaggﬁﬁaﬂﬁﬂ?ﬂhfwhﬂgugiﬁHﬁﬂ&%ﬁgﬁﬁﬁﬁgh“§§¢ﬂ§¥ﬁre can be

| ocated on the top of the device. For exanple, referring to Fig. 2A, the
free -ferMARFGPIERSIFEVE AN 132 coul d be | ocated on layer 120, |ayer 120 on
free layer 132, pinned ferromagnetic |layer 118 on |ayer 120, internediate
ferromagnetic |layer 116 on pinned |ayer 118, and antiferromagnetic |ayer
112 on top of the internediate ferromagnetic |ayer 116. 20 Wile the
present inventgon 858 4G . ] ith _reference
to the prefer rsed erfbhgﬁ:)edi msntdsar,@i&itdt][1 lvu\#ﬁf&%letﬁgﬁ%@?ﬁg%olgf%%h{:E%grems% Tlgﬁa 'n the
art that various changes in formand detail may be made w t hout departing
fromthe spirit and scope of the invention. Accordingly, the disclosed

invention is to be considered nerelz as illustrative and
0. The device of claim 1 wherein the device is a magnetic tunnel junction

device,

10.  The device of claim 9 wherein the magnetic tunnel junction device is a

memory cell.

11, The device of claim 9 wherein the magnetic tunnel junction device is a

magnetic recording read head.

-13.



25 limted in scope only as specified in the appended clains. -11 Wat is
claimed is: 1. A magnetoresistive device having an exchange-coupl ed
structure and conprising: a substrate; and an exchange-coupl ed structure
on the substrate, said structure conprising a |ayer of antiferromagnetic
naterial, a layer of a half-metallic ferromagnetic Heusler alloy, and a

| ayer of ferromagnetic material between and in contact with the

antiferromagnejjc matgrial,an iv%%e%c@lc{ar%%ﬂsiﬁg: The device of claim1 wherein
IS a materla

the antiferromagnetic terra sel ected fromthe group

consi sting of Ptl@ PdPt Mn, RuMh, NiMWh, IrM, IrMCr, FeMh, N O and CoOQO.
3. The device BFUB8m 1 wherein the ferromagnetic material is an alloy of
one or nore of Co, Ni and Fe. 4. The device of claim1l wherein said alloy
is a material s#iremagdetic loyerdmghgsdhspratecnd Siasing g nefgnéiidmShenFiubbiaiially
Co2MWnSi, M2VAL, Fe2VAl, Co2FeSi, Co2WMnhAl, Co2WnGe, and Co2Fe,,Cr (I _,,)Al,

wher dx=i sfr&efoWs@Re i thdfredence of 1k 8pslRY] ic fikigl M 1 wherein x is
approxi mately 0. 6. -12&6. The devil)lge gsz?ggl gfm 1’ wherein the sensor is a

o claim 1 whetbih Bl Gubtd sPha0% GOF SHRAR. G comagRREor osi ot | ve
Sensor. a layer of antiferromagnetic material,
a layer of a half-metallic ferromagnetic Heusler alloy, and
a layer of ferromagnetic material between and in contact with the
antiferromagnetic material and said alloy, the layer of ferromagnetic alloy
having its magnetic moment fixed by being exchange biased with the
antiferromagnetic layer; and

a nonmagnetic spacer layer between and in contact with the free ferromagnetic layer

and the ferromagnetic alloy layer.

13. The device of claim 12 wherein the exchange-coupled structure is located
between the substrate and the spacer layer and the free ferromagnetic layer is on top of the

spacer layer.

14.  The device of claim 12 wherein the free ferromagnetic layer is located
between the substrate and the spacer layer and the exchange-coupled structure is on top of

the spacer layer.

-14-



8. The device of claim1l wherein the device is a nmagnetic recording read
head. 9. The device of claim1l wherein the device is a magnetic tunnel
junction device. 10. The device of claim9 wherein the nagnetic tunnel
junction device is a nenory cell. 11. The device of claim9 wherein the
magneti c tunnel junction device is a magnetic recording read head. 12. A
magnet oresi stive device conprising: a substrate; a ferronmagnetic |ayer on

t he substrate grd hayi its neti ¢ nonment, substantially free to rotate
in the presencggbf a e%%ﬁ??88a%g%ﬁgfﬁ5“?$§FﬁkV5ﬁ‘%&Eﬁ&ﬂﬁEUEHHﬂmgﬁngﬂructure
on the substrate, said structure conprising a |ayer of antiferronmagnetic
mat eri al , dﬁ“F%lMWB?fe’a] the ppaceekayen if elepsicpliingwating Heusl er al l oy, and a

| ayer of ferromagnetic material between and in contact with the
antiferromagnetic material and said alloy, the |ayer of ferromagnetic all oy
having its magnetic nonent fixed by being exchange biased with the
antiferromagnetjgc | v ] Ll 6o Spacer r. bet weegn. and in
contact with tﬁg' frgzlggi g‘rqregrgr%g%@? ?Wgﬁtéé ﬁleand ng{ﬂce&ug é@ﬂ%ﬁ%@% "E°4 9 oy

| ayer. 13. The dq ice of claim 12 wherein the exchange-coupled structure is
| ocat ed HEP%E%ﬁerhe substrate and the spacer layer and the free
ferromagnetic layer is on top of the spacer layer. 14. The device of claim
12 wherein the free ferromagnetic layer is | ocated between the substrate
and the spacer |ayer and the exchange-coupl ed structure is on top of

17. The device of claim 14 wherein the magnetic tunnel junction device is a

magnetic recording read head.

18.  The device of claim 12 wherein the spacer layer is electrically conductive.

19.  The device of claim 18 wherein the device is a current-in-the-plane spin valve

magnetic recording read head.

20.  The device of claim 18 wherein the device is a current-perpendicular-to-the-

plane spin valve magnetic recording read head.

21.  The device of claim 12 wherein the antiferromagnetic material is a material

selected from the group consisting of PtMn, PdPtMn, RuMn, NiMn, IrtMn, IrMnCr, FeMn,

NiO and CoO.



t he spacer |l ayer. -14 15. The device of claim 12 wherein the device is a
magneti c tunnel junction device and wherein the spacer layer is
electrically insulating. 16. The device of claim 14 wherein the magnetic
tunnel junction device is a nenory cell. 17. The device of claim 14 wherein
the magnetic tunnel junction device is a magnetic recording read head. 18.
The device of claim 12 wherein the spacer layer is electrically conductive.
19. The devi ce, _of aim1l18 rein the device is a current-in-the-plane
spin val ve et | EedRsE of HER D HHGcia DegomRBRIG PSS o s e
wherein the device is a current-perpendicul ar-to-the plane spin val ve
magnet i ¢ or@awe of 69, Neardl Feead. 21. The device of claim 12 wherein the
antiferromagnetic material is a material selected fromthe group
consisting of Ptivn, PdPt M1, RuMh, NiVnh, IrM, IrMCr, FeWh, N O and CoOQO
-15 22. The device of claim12 wherein the ferromagnetic material is an
all oy of one nor.g of Co, -N .a Fe. .23.. . The device .of claim 12 wherein
caid alloy is 2 oD tevicd o Maisl 7 fiereif faia aB?wpa I RS CRE Y ey

Pt MiSb, Co2MhSi, M2VAl, Fe.2VAl , Co2FeSi, Co2MAl, Co2MGe, and

Co2Fe. , Crgroup copaistingplNBMsSh, PtMabheepeMnSnMniV AR Fe: WAL GelieSieCoMmAlai m 12
wherein x is approximately 0. 6.

CooMnGe, and CosFe CrnAl, where x is between 0 and 1.

24.  The device of claim 12 wherein x is approximately 0.6.



