EXTRACRDI NARY MAGNETORESI STANCE SENSOR W TH PERPENDI CULAR MAGNETI C BI ASI NG
BY AN ANTI FERROVAGNETI C/ FERROMAGNETI C EXCHANGE- COUPLED STRUCTURE BACKGROUND
OF THE INVENTION Field of the Invention [0001] This invention rel ates
generally to a magnetoresistive sensor, and nore particularly to such a
sensor based on extraordi nary magnetoresi stance (EMR). Description of the
Rel ated Art [0002] A nagnetoresistive sensor based on extraordinary
magnet or esi stance (EMR) has been proposed as a read-head sensor for

magneti c recording hard disk drives. Because the active region in the EMR
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does not suf MAGNEITCIEIASINGOB ¥ AN ANHEFRRR OCMXGNETIOHERROMAGNETIEad- head
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magnet or esi stance (TVMR), both of which use nagnetic filnms in their active

regions. [0003] The EMR includes a pair of voltage | eads and a pair of
current leads in contact wwth one side of the active region and an

el ectrically conductive shunt in contact with the other side of the active
region. In the absence of aﬁRQE&R(gQN%EHWNﬂ 1EI,OI‘%ense current through
the current |eads passes into the sem conductor active region and is

shunt ed tWi%Hr@Pth@iﬁv?ﬁ?Jymt- VWen an applied magnetic field is present,
current is deflecte romthe shunt and passes primarily through the

sem conductor active region. The change in electrical resistance due to the
appl i ed rfgﬂni field | e N ol . |
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Description of the Related Art

[0002] A magnetoresistive sensor based on extraordinary magnetoresistance (EMR) has been
proposed as a read-head sensor for magnetic recording hard disk drives. Because the active
region in the EMR sensor is formed of nonmagnetic semiconductor materials, the EMR sensor
does not suffer from the problem of magnetic noise that exists in read-head sensors based on
giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR), both of which use

magnetic films in their active regions.

[0003] The EMR includes a pair of voltage leads and a pair of current leads in contact with one
side of the active region and an electrically conductive shunt in contact with the other side of the
active region. In the absence of an applied magnetic field, sense current through the current
leads passes into the semiconductor active region and is shunted through the shunt. When an
applied magnetic field is present, current is deflected from the shunt and passes primarily
through the semiconductor active region. The change in electrical resistance due to the applied
magnetic field is detected across the voltage leads. EMR is described by T. Zhou et al.,
“Extraordinary magnetoresistance in externally shunted van der Pauw plates”, Appl. Phys. Lett.,
Vol. 78, No. 5, 29 January 2001, pp. 667-669. An EMR sensor for read-head applications is

described by S. A. Solin et al., “Nonmagnetic semiconductors as read-head sensors for



Vol . 78, No. 5, 29 January 2001, pp. 667-669. An EMR sensor for read-head
applications is described by S. A Solin et al., "Nonmagnetic

sem conductors as read-head sensors for | ultra-high-density magnetic
recordi ng", Appl. Phys. Lett., Vol. 80, No. 21, 27 May 2002, pp. 4012-4014.
[ 0004] One of the problens of the EVMR sensor is that its nagnetoresistance
is an approximtely quadratic function of the applied nagnetic field. Thus
t he magnetoresi stance response is small and nonlinear in the presence of
the small nmagnetic fields fromthe recorded magnetic nedia. Biasing of the
EMR sensor ulfahidhedsipy @paRa6 rdayrdaiy” applnreiys.iIerl, MoRt800N0 of1, 27 May\2002,3pe

| eads. Biasing of the EMR sensor has al so been proposed by use of a single
f er r onagnetq1@-40dger that applies a perpendi cul ar nagnetic field to the
sensor, as described in U S. Patent 6,714,374. [0005] What is needed is an
EMR sensor with inproved magnetic field biasing so the sensor has higher
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vs. field response of the EMR sensor.
U.S. Patent 6,714,374,

[0005] What is needed is an EMR sensor with improved magnetic field biasing so the sensor
has higher magnetoresistance in small applied magnetic fields and a more linear response to the

applied magnetic field.

SUMMARY OF THE INVENTION

[0006] The invention is an EMR sensor that uses an antiferromagnetic/ferromagnetic
exchange-coupled bilayer structure to provide perpendicular magnetic biasing for the sensor.
The ferromagnetic layer in the bilayer structure has perpendicular magnetic anisotropy and is
exchange-biased by the antiferromagnetic layer. The antiferromagnetic/ferromagnetic bilayer
structure is on top of the EMR active film and provides a magnetic field perpendicular to the

plane of the active film to bias the magnetoresistance vs. field response of the EMR sensor.

[0007] The ferromagnetic layer may be formed of any ferromagnetic material or multilayer that
can be prepared in a way that its magnetization can be oriented substantially perpendicular to
the plane of the layer. Magnetization substantially perpendicular-to-the-plane can be achieved
by selecting a ferromagnetic material having an intrinsic substantial out-of-plane magnetic

anisotropy. The antiferromagnetic layer is formed of any of the known Mn alloys, such as PtMn,



f 0007] The ferromagnetic |ayer may be formed of any ferronmagnetic material
or nultilayer that can be prepared in a way that its magnetization can be
oriented substantially perpendicular to the plane of the |ayer.

Magneti zati on substantially perpendicul ar-to-the-plane can be achi eved by
selecting a ferromagnetic material having an intrinsic substanti al

out - of - pl ane nmagnetic anisotropy. The antiferromagnetic |ayer is formed of
any of the known M alloys, such as Ptivnh, 2 N W, FeMnh, IrM, PdWh, PtPdVh
and Rhivh, or any of the insulating antiferromagnetic materials, such as

t hose baseNidn, FéMn,deNia | Hd Mxx iPtRIMun hd RIEMe) oraxiy dethaisufading antEgme@haghetic
materials. Either the ferromagnetic |ayer or the antiferromagnetic |ayer
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figures. B?iftgﬁ’_“ﬁ%%ﬁ‘ K a@etfﬁ@mcﬂl&gﬁlbwg] Fig. 1is an isometric
view of the prior art EMR sensor. [0010] Fig. 2 is a top schematic view of
the prior art EMR sensor of Fig. 1 through a section of the EMR active film
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magnet or esagbaipaeyinvstigiresel d response for a prior art EVMR sensor wth
asynmetric voltage | eads.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Fig. 1 is an isometric view of the prior art EMR sensor.

[0010] Fig. 2 is a top schematic view of the prior art EMR sensor of Fig. 1 through a section of

the EMR active film illustrating the basic operation of the sensor.

[0011] Fig. 3A is the theoretical magnetoresistance vs. field response for a prior art EMR

sensor with symmetric current and voltage leads

[0012] Fig. 3 is the theoretical magnetoresistance vs. field response for a prior art EMR sensor

with asymmetric voltage leads.

[0013] Fig. 4 is an isometric view of the EMR sensor according to this invention.



[0013] Fig. 4 is an isonetric view of the EMR sensor according to this
i nvention. 3 DETAILED DESCRI PTION OF THE I NVENTION Prior Art [0014] Fig. 1
is an isonetric view of the prior art EMR sensor 10. The EMR sensor 10

includes a structure 20 that is a |lll-V heterostructure forned on a
sem conducting substrate 12 such as GaAs. However, the EMR sensor descri bed
in this invention is not restricted to Il11-V sem conductor materials. For

exanple, it nmay also be forned on the basis of silicon. The heterostructure
20 includes a first layer 22 of sem conducting material having a first
band-gap, a second | ay®ET3ILED BESCRIPTHONIOMTHEANYENAIIONor mred on top of the
first layer 22 and having a second band gap snaller than the first band
gap, and a third layer 24 of sem conducting material formed on top of the
second | aymior2@t and having a third band gap greater than the second band
gap. The materials in first and third layers 22, 24 may be simlar or
identical. An energetic potential well (quantumwell) is created by the

first, seqoomd]ang 1tiBad Womewit oRAAIfald pHdpr BREMR dnsbraly)e The BMR §edsdrh® iskilfideer ent
band-gaps of the different materials. Thus carriers can be confined inside
| ayer 30, aftiuehirg 20 thatis p didrVelpterpeiruciire foempd an ¢ sempiconducting subsisase 12 9ichpg015]

The T1rst GaYey&feved tﬁé@ﬁﬁ%ym}éf hALRS IR%E%HRIeﬁ{ onds Ry Es%ctl;aa%éeih\% that may

be one or noreé ayers ayer conprises several ‘periods of a
super | at t isemi®hdutdriheridiat Fémamptemt ity apb&¢doimed BRUlid hasRDf piliesenThd n t he
substrate fron1nlgrat|ng into the functional |ayers 22, 24 and 30. In
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addi ti on, hefEosyyeiues2Qig des pefirpdayen 38 ehsamiconduaimestpE! biving W%QPW&&P,
di f1erent As%aéﬂdqsyer%%?;eﬁﬁ&oﬁldg tl@%atM%Imh%n% ; ref @*mtahe Hinkgyers

of the heterostructure 2 as a ayer en the
subst r at e sachdtbhed gmmailarthiin t|ha§dESIt Band gap, and a third layer 24 of semiconducting material
formed on top of the second layer 30 and having a third band gap greater than the second band
gap. The materials in first and third layers 22, 24 may be similar or identical. An energetic
potential well (quantum well) is created by the first, second and third semiconducting

material layers due to the different band-gaps of the different materials. Thus carriers can be

confined inside layer 30, which is considered the EMR active film in the sensor 10.

[0015] The first layer 22 is typically formed on top of a buffer layer 26 that may be one or more
layers. The buffer layer 26 comprises several periods of a superlattice structure that function to
prevent impurities present in the substrate from migrating into the functional layers 22, 24 and
30. In addition, the buffer layer 26 is chosen to accommodate the typically different lattice

constants of the substrate 12 and the functional layers of the heterostructure 20 to thus act as a

strain relief layer between the substrate and the functional layers.

[0016] One or more doped layers are incorporated into the semiconducting material in the first
layer 22, the third layer 24, or both layers 22 and 24, and spaced apart from the boundary of the
second and third semiconducting materials. The doped layers provide electrons (if n-doped) or
holes if (p-doped) to the quantum well. The electrons or holes are concentrated in the quantum

well in the form of a two-dimensional electron-gas or hole-gas, respectively.



[0016] One or nore doped layers are incorporated into the sem conducting
material in the first layer 22, the third layer 24, or both layers 22 and
24, and spaced apart fromthe boundary of the second and third

sem conducting materials. The doped | ayers provide electrons (if n-doped) or
holes if (p-doped) to the quantumwell. The electrons or holes are
concentrated in the quantum well in the formof a two-dinensional

el ectron-gas or hol e-gas, respectively. 4 [0017] As described in the
previously-cited references, the layers 22/30/24 may be a
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sem -insulating GaAs  substrate 12 with a buffer layer 26 .in_between. InSb
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mass is gre uce narr ow gap materials are InS
| nAs. For Naevoavrmlné‘,gap kﬁemcmmimtbsrmlﬁczdtywmbibﬁlmm lniglne]ﬁutbori mbliliof, sihceShe and I nAs

are 70,000  cpRJVs and 35, 000 cn®/ Vs, ectl Vv 0018 The bot
Al 0. 091n0 c8e&fye|cligison Bossiis grcatly & “‘ieﬂe élﬁff?\a@éﬁ/d Nale lglstaﬁ eﬁ‘h%@? inthe

range of M%@%@ﬁlé’tﬂe&om fefn! @Hﬂ%ﬁﬂ%t?@h@%laﬁﬁ’h?@ e h@wey 24 has a
thi ckness in the range of approximately 10 to 1000 nm typically 50 nm The

dopi ng Iawnz@»/ﬂamdéﬁﬁ@@améfHS,lrnmactNedi}yer 22 or 24 have a thickness from one
nonol ayer (delta-doped layer) up to 10 nm The doping |ayer is spaced from
the I nSb/ Al 0, 091 n0. 91Sb boundaries of first and second or second and third
sem condud0018y Thebatana A% o§Ixo. mhjiaser@ﬁcfemmﬁ O]JOhe?;lﬁﬂfeAlayN'- Zolps raghflckneps afthe r ed,

since electro s t ypi calyl have hi jty JHF Eﬁ caI
N-dopant "&&° %3 TUHRERHE tg‘f fOBr{B (Hi"f’ ﬂ@g 3 3 thi The
deposi ti 0Ra ik Qf %O)Ilfﬁ'étetyhﬁ) tBQU@(ﬁ Rl fypfchiny ﬁ) mf. The ddﬁﬁﬁ% Ryab lui(:orporated into
mol ecul ar - beam epi t axy, but other epitaxial growth hods can be used.
layer 22 or 24 have a thickness from one monolayer (delta-doped layer) up to 10 nm. The
doping layer is spaced from the InSb/Alp g9Ing 9;Sb boundaries of first and second or second and
third semiconducting materials by a distance of 10-300 A. N-doping is preferred, since
electrons typically have higher mobility than holes. The typical N-dopant is silicon with a
concentration in the range of 1 to 10'°/cm®. The deposition process for the heterostructure 20 is

preferably molecular-beam-epitaxy, but other epitaxial growth methods can be used.

[0019] A capping layer 40 is formed over the heterostructure 20 to protect the device from
corrosion. The capping layer is formed of an insulating material such as oxides or nitrides of

aluminum or silicon (e.g., SizN4, ALO3) or a non-corrosive semi-insulating semiconductor.

[0020] Two current leads 50, 52 and two voltage leads 60, 62 are patterned over one side of the
EMR structure 20 so that they make electrical contact with the quantum well. A metallic shunt
70 is patterned on the side opposite the current and voltage leads of the EMR structure 20 so
that it makes electrical contact with the quantum well. The applied magnetic field H, i.e., the
magnetic field to be sensed, is shown by the arrows and is normal to the plane of the films in the
EMR structure 20. The leads typically comprise metallic contacts, for example Au, AuGe, or
Ge diffused into the device. The leads are typically formed after formation of the capping layer

40, and sometimes after removal of some of the capping layer material.



[0019] A capping layer 40 is forned over the heterostructure 20 to protect
the device from corrosion. The capping layer is formed of an insulating

mat erial such as oxides or nitrides of alumnumor silicon (e.g., Si3M,
Al208) or a non-corrosive sem -insulating sem conductor. [0020] Two current
| eads 50, 52 and two voltage | eads 60, 62 are patterned over one side of the
EMR structure 20 so that they nake el ectrical contact with the quantum wel | .
A netallic shunt 70 is patterned on the side opposite the current and

vol tage | eads of the EMR structure 20 so that it nakes electrical contact
wi th the qoeij dig. Q&Sl:itop'ﬁbl&anipIVie&dofnhﬂgEMﬂ?i smnédraowrbhglia@ctioﬂdsfactivmij;lmemc
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are typi caIIy formed after formation of the capping |ayer 40, and sometines
aft er rensinaitedothraaighshunt 76,ine sheayppbnling 8y &V hereansapipkiéd mBgjedio th]d Hisgpres@ni, s a
top schenat | of the.ENR sensor. ect.i.on tive film30
and w11 o P BASRE WRRgn bk oreorhe s SrEerEd o e o et an
appl i ed n@ﬁﬂﬁﬂﬁﬂ@gb&amm&éﬁ%ﬁﬂh 3NeOUBnlyade 0 Thechhgshes into
the sem conductor active film30 and is shunted through shunt 70, as shown

by |ine 8Gleciisalresisianeg gh¢ wdhernphied magrctie figldip deteqindeaseass the vakiages iepdm 6By02t he
arrow tail into the paper in Fig. 2, current is deflected fromshunt 70 and
passes primary throughi he_sem conductor_active film 30, as shown by |ine
82. The cHe2gt Onn of e @eabl¢randf th@Bﬂi(staariﬁ‘éRGGI@OtbOtSHbatélpmaigedomgnmei c field
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Therefore, in appl ied magnetic fields in the range of interest, i.e., the
smal | mag m@prc@dfmagp@g: medygnthe magnetoresistance response is small and nonlinear. "This is

shown by the theoretical magnetoresistance vs. field response in Fig. 3A for an EMR sensor

with symmetric current and voltage leads like that shown in Figs. 1-2 and in the diagram in

Fig. 3A.

[0023] Biasing of the EMR sensor has been proposed by an asymmetric location of the voltage
leads, as shown by the diagram in Fig. 3B. Fig. 3B shows the theoretical magnetoresistance vs.
field response for an EMR sensor with asymmetric voltage leads. The sensor of Fig. 3B has a

higher magnetoresistance and a more linear response at zero applied magnetic field than the

sensor of Fig. 3A.

[0024] Biasing of the EMR sensor has also been proposed by use of a single ferromagnetic layer

that applies a perpendicular magnetic field to the sensor, as described in U.S. Patent 6,714,374.
The Invention

[0025] The EMR sensor of this invention includes a layer of ferromagnetic material that is
exchange-biased perpendicular to the plane of the layers with an antiferromagnetic layer and
located on top of the EMR film structure. This antiferromagnetic/ferromagnetic (AF/F) bilayer

structure provides a magnetic field that biases the magnetoresistance vs. field response of the



recorded magnetic nmedi a, the magnetoresi stance response is small and
nonlinear. This is shown by the theoretical nagnetoresistance vs. field
response in Fig. 3A for an EMR sensor wth synmetric current and vol t age

| eads |ike that shown in Figs. 1-2 and in the diagramin Fig. 3A [0023]

Bi asi ng of the EMR sensor has been proposed by an asymetric | ocation of the
vol tage |eads, as shown by the diagramin Fig. 3B. Fig. 3B shows the

t heoretical magnetoresistance vs. field response for an EM R sensor with
asymmetric voltage | eads. The sensor of Fig. 3B has a higher
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6, 714,374. The Invention [0025] The EMR sensor of this invention includes a
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t he pl ane gf. it |ayers with an antiferro etic layer. and |ocated on top
of t he. Enet et F oiEielel i Lo ARk ST RARE bl o AN rire i ¢ (e F)
bil ayer structure provides a magnetic field that biases the

magnet or esi e vs. field response the 6 EMR sepsar. ..
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has an out-of-plane ferromagnetic easy axis is described in U S. Patent

6, 650, 513. therfiest searjenmdueiindayer 22, phersetndisemicanduckion and EMK aetivefayerct3; and
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ferromagnetic layer 1s ex ngé-biased in e’ plane of the layers.
substrate 112. Two current leads 150, 152 and two voltage leads 160, 162 make electrical
contact with EMR active film 130 and metallic shunt 170 makes electrical contact with EMR
active film 130 on the side opposite the current and voltage leads. The applied magnetic field

H, i.e., the magnetic field to be sensed, is shown by the arrows and is normal to the plane of the

films in the EMR structure 120. A capping layer 140 is on top of sensor 110.

[0027] The EMR sensor 110 includes a ferromagnetic layer 180 also on substrate 112. In the
preferred embodiment of Fig. 4 the EMR structure 120 is depicted between the substrate 112
and the ferromagnetic layer 180. Ferromagnetic layer 180 has perpendicular magnetic
anisotropy and an out-of-plane magnetic moment 181 oriented perpendicular to the plane of
EMR active film 130. The moment 181 from ferromagnetic layer 180 is a biasing magnetic
field to which the EMR active film 130 is exposed. This shifts the magnetoresistance vs. field
response curve so that at zero applied magnetic field the sensor 110 has a higher
magnetoresisitance and a more linear response. The ferromagnetic layer 180 that provides the

biasing magnetic field is exchange-biased by an antiferromagnetic layer 190.

[0028] The magnetic field H generated from a ferromagnetic layer magnetized perpendicular to
its plane can be approximated by the field of a uniformly magnetized square block of thickness
t and length L. If the origin is at the top surface of the square block, the field H along a Y-axis

perpendicular to the layer is given by



[0026] Fig. 4 is an isonmetric view of the EMR sensor according to this

i nvention. The EMR sensor 110 is like the prior art sensor 10 in that has a

guantumwel | filmstructure 120, including the first sem conducting |ayer

122, the second sem conducting and EMR active |ayer 130, and the third

sem conducting |layer 124, as well as buffer layer 126, fornmed on a

sem conduct or substrate 112. Two current |eads 150, 152 and two vol t age

| eads 160, 162 make electrical contact with EMR active film 130 and

metallic shunt 170 nakes el ectrical contact with EMR active film 130 on the

si de opposite the current and voltage |epads.gThe applied magnetic field H,

i.e., the magnetic field to héy§éH§eﬁcmPE I'§ he arrows and i s nornal

to the plane of the filns in the EMR st uc@%&e 120. A capping layer 140 is

on top of sensor 110. [0027] ensor 110 in a ferromagnetic

| ayer 180 al so on substﬂ@t601?24( ﬁ4ghe%(preferﬂedleng jlnent of Fig. 4 the
t 2

EMR structure 120 i s'depi ¢t ed/ bet wee e sugbtq@t and t he
ferromagnetic | ayer 180. Ferronagnetic |ayer 180 has perpendi cul ar nagnetic
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the plane of EM actlve film 130. The npnment 181 from ferromagnetic Iayer
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at zero applied magnetic f d the sensor 110 has a

magnet or esy sildance and a nore |inear response. The ferronagnetlc | ayer 180
that provides the biasing magnetic field is exchange-biased by an
antiferromagnetic layer 190. [0028] The magnetic field H generated froma
f er r omagnef0029] ‘Bheanatond atfez@dagnetipbinsghg lalyar180anayi Hesinp bfthe ferannd@etic
approxi mat ed h
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multilayers. The ferromagnetic layer is prepared in a way that its anisotropy axis is significantly
out-of-plane, so that it is considered to have “perpendicular” magnetic anisotropy. These alloys
and multilayers may also be doped with additional elements. For example, CoCrPtX alloys are
proposed for perpendicular recording, where X=B, Nb, and Ta are the typical dopants.
Similarly, the Co layers in Co/Pd and Co/Pt multilayers often include an element Y, so that the
Co is a Co-Y alloy, where Y=B, Ta, Cr, O, Cu, Ag, Pt, Pd. Other suitable ferromagnetic
materials are ferrites, such as Co-ferrite or Ni-ferrite. These ferrites have the advantage that they

are insulating and thus no insulating layer needs to be used to separate the EMR heterostructure

from the ferromagnetic biasing layer 180.

[0030] The antiferromagnetic layer 190 may be a sufficiently thick Mn alloy layer (PtMn,
NiMn, FeMn, IrtMn, PdMn, PtPdMn or RhMn). A PtMn layer needs to be thicker than
approximately 100A to become chemically-ordered and antiferromagnetic when annealed, and
an IrMn layer is antiferromagnetic as deposited when it is thicker than approximately 40A.
These antiferromagnetic Mn alloys may also include small amounts of additional elements,
such as Cr, V, Pt, Pd and Ni that are typically added to improve corrosion resistance or increase
electrical resistance. Because these antiferromagnetic materials are metallic, it may be desirable

to form the antiferromagnetic layer 190 of an electrically insulating material, such as known



7 H= 4M5 arctan~ g2 - g, where | + q,q, 4 +t 1 + 4 1 2 qz= ~L ) Z+(yL
and g, L 2+(L~ and y is the distance along the Y-axis. As one exanple, for a
Co | ayer nmagnetized perpendicular to its plane, and having a nagnetization
Mb of about 1400 enmu/cnB, a length of L = 100 nmand a thickness oft =10
nm the magnetic field His approximately 1400 Ce at y 10 nm [0029] The
material for ferromagnetic biasing |ayer 180 nay be any of the ferromagnetic
mat eri al s useful for perpendicul ar nagnetic recording, including FePt, CoPt
or (FeCo)Pt alloys in the chemcally ordered L10 phase, CoCrPt alloys and
Co/ Pd, Col &ittiferrevdgd¢ticamalefds formedrof 2 cdball oxsle, aliiiekel exide,mad ae bkide loyrallays

prepared | N4 Its anisotropy axis is significantly out-of-plane,
so that it° b%%ﬁ’ﬂ@?ﬂ&d to have "perpendi cul ar" magnetic ani sotropy. These

alloys and nultilayers may al so be doped with addit i onal el enents. For

exanpl e, IIo S are sed for pe endlc recor wher e
X=B, Nb, gﬁ;ﬁ%ﬁt%ﬁ}% EreHesneypl az%l%ﬁgﬁ%?ﬂlgmns fF‘é{PYS) fﬂh@’héﬁe?‘g&ﬂég“scquﬁleéo/ Pd
and Co/ Pt guhd Aﬂtl@éfﬁfnﬁlgﬁéticqﬁyek ed ﬁgd&em@v@n%e&on% erh@ndel @ H% hey., GRd {tsmaCo- Y
all oy, where Y=B, T a Ag, . Ot her suitab ferromagnetic

mat eri al s pp Wﬁlébfr $lt1ﬁfsi bysthc: hxc:hsngﬁcfleﬂchﬁl ’tfbe mchmgeffekkh{ﬁ B defEhemed bya thei t es

h the ad hat th t |
noeds o DEMERLAC B IBENanaT RE e e BB v B0 o g HE P Ratinet i
bi asi ng | ay@dr 198 hnd HROBRknebH G 280 i deBEHAANGOMS bE ﬁlelf@y&ﬁagla&ﬁb maaf 188 adcording

sufficiently thick M all oy layer (PtM,
to the following:

H,=J,/M_,

[0032] Thus, when the EMR sensor 110 is intended for use in a magnetic recording read head,
the value (Hg + H¢) must be greater than the field from the magnetic transition on the magnetic
media, i.e. the sensing field which is typically in the range of +/- 200 to +/-500 Oe, but lower
than the magnetic field that is required to reverse the bits of the magnetic media. A value of
(Hg + Hc) greater than the field from the magnetic transition assures that the moment 181 of
ferromagnetic layer 180 will not be switched when exposed to the applied magnetic field. Thus,
due to the exchange-biasing field Hg, which can be relatively large, the intrinsic coercivity Heo
of the ferromagnetic layer 180 can be relatively low. This allows a wider choice of materials
and thicknesses for ferromagnetic layer 180. For example, the use of a [Co(0.7 nm)/Pt(0.5
nm)]; multilayer as ferromagnetic layer 180 and a 15 nm thick PtMn layer as the
antiferromagnetic layer 190 results in Hg of approximately 200 Oe and H¢ of

approximately 450 Oe. A [Co(0.7 nm)/Pt(0.5 nm)]; multilayer has a relatively low intrinsic

coercivity Heg of approximately about 100 Oe, which is even less than the sensing field.

[0033] The [Co(0.7 nm)/Pt(0.5 nm)]; multilayer in the above example is one of the group of
Co/Pt, Co/Pd, Fe/Pt, and Fe/Pd multilayers that exhibit intrinsic perpendicular-to-the-plane
magnetic anisotropy. These multilayers are especially useful in the present invention because
they can be prepared within a wide range of coercivities and effective magnetizations, even

when deposited at room or low temperatures. The high tunability of these multilayers is due to

9



‘Ni Mh, FeWn, IrM1, PdMh, PtPdVh or RhWh). A PtMWh | ayer needs to be thicker
than approximately 100A to becone chemi cally-ordered and antiferromagnetic
when anneal ed, and an IrM layer is antiferromagnetic as deposited when it
i's thicker than approximately 40A. These antiferromagnetic M all oys may

al so include small anounts of additional elements, such as C, V, Pt, Pd
and NI that are typically added to inprove corrosion resistance or increase
el ectrical resistance. Because these antiferromagnetic materials are
metallic, it muy be desirable to formthe antiferromagnetic |ayer 190 of an
el ectri cal thsflamsruma@nt@@tw%mdéﬁ‘e and thefmugh smawnnwaﬁmomnt ohthe Reer R, as

material s féif mge E éfl ?erfo%%%ﬁtlc.?ﬁ)f?hp ne & tﬁe lgek(?r C001>2(1I <=,Crlse acré g]a)éa ﬁ or)ﬁdd?n L{dlt%n al I oy

of cobalt and ni¢ ronagnetlc ayer as an 1At nsic

coer ci vi t ythede niitglaydRive M GhRBFEhaORAIE Bikh shréress, aat fhk estioosragmatentctol ayer 190
its coercivity will beconme enhanced to He > Hco and its MH loop wll be
shifted bysatustedmemgpdecipsedpd- HE. The exchange field HE is deternined by the
magneti c coupling strength JA between the ferromagnetic |ayer 180 and the

[ | ayer 190, and the thickness tF and magneti zati on MF of

antiferromagnetic
the ferr onlﬁgﬁlultﬂh@ EW@?DSQIBﬂOaIE@’o&l%ﬁ opsionally ipelude adiffyipn farrieEl Sbeoxeenithq 0032]

Thus, f I ng
read head, TR e 20 AR il b AP QicaMB ikl SRRk b Rl
magnet i ¢ tr8arisdlidexides ahdgitrideg OLiluminuieshidailidon ge.g. TABOS 8104 mgl $itdel. d which is
typically in the range of +/- 200 to +1-500 Ce, but lower than the magnetic
field that is required to reverse the bits of the nagnetic nedia. A val ue of

(HE + Hc) [g03AteFig hake hiiferkdedGefi¢/Rfomagnatia Bilgfer ¢80/1 908 idepioRd aadures t hat
the moment 181 of
antiferromagnetic layer 190 above the ferromagnetic layer 180. However, the
antiferromagnetic layer 190 may be located below ferromagnetic layer 180. In such an
arrangement then if the antiferromagnetic layer 190 is electrically insulating, the diffusion

barrier 182 may not be required.

[0036] The EMR sensor 110 is fabricated in the following manner. A heterostructure as
previously described is grown onto a semi-insulating substrate. A mesa defining the shape of
the EMR sensor to be fabricated is etched by reactive-ion-etching (RIE) or ion-milling. The
leads 150, 152, 160, 162 and shunt 170 are then deposited, for example by use of shadow masks.
Next, an insulating material such as alumina is deposited as diffusion barrier 182 above the
mesa, leads and shunt. The structure is then planarized, for example by chemical-mechanical
polishing (CMP). The ferromagnetic layer 180 and antiferromagnetic layer 190 are deposited
on top of the planarized surface by sputtering, ion-beam deposition, evaporation, molecular
chemical vapor deposition (MOCVD) or a combination of these techniques. The ferromagnetic
layer 180 and antiferromagnetic layer 190 are then partially removed by RIE or ion-milling so
that only the part of these layers directly above the EMR mesa structure, and in particular above
the EMR active region, remains. If a chemically ordered antiferromagnet like PtMn or NiMn is
used for layer 190 then the structure is annealed in the presence of a magnetic field oriented
perpendicular to the planes of the layers. The alloy chemically orders and undergoes a
paramagnetic-to-antiferromagnetic phase transition. Upon cooling to below the blocking

temperature of the antiferromagnet, i.e., the temperature at which the exchange-coupling
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ferromagnetic layer 180 will not be sw tched when exposed to the applied
magnetic field. Thus, due to the exchange-biasing field HE, which can be
relatively large, the intrinsic coercivity Hco of the ferromagnetic |ayer
180 can be relatively low. This allows a w der choice of materials and
t hi cknesses for ferromagnetic |ayer 180. For exanple, the use of a [Co(0.7
nm/Pt(0.5 nm]3 nultilayer as ferromagnetic |layer 180 and a 15 nmthick
Ptvh | ayer as the antiferromagnetic layer 190 results in HE of
approxi mately 200 Ce and Hcof approxi mately 450 Ce. A [Co(0.7 nnLéF&(O.S
nm 13 nul thefvegea rtherfagomag@tiataiyvrel%ﬂ and \phei antlfqrmmagneti@d@fecil% develdps t

el

apprOX|nateI ut 10 fi
R o R S A R R R T R T A
of the grawgr m@o mérﬂtlvegqhafé;roﬁﬁgﬁam 1@@61869;{nlacanmanbkﬂagy@rc3a}teha90 Exlviebi t
|ntr|n5|c(§erpend|cular to-the-plane magnetic ani sotropy. These nultllayers
are especi®posjiediglerienatedricmpratpiecsodhat chamie ordsn ub@eaufsférromnwﬂeéayelb@ df epar ed

Wthin a %E?djlﬁ‘é\%d B{Jm%qzié Glpbhiofi S TROGRG qurtﬁféttﬁ\ﬁ[ unag’}ﬁﬁ% ?St{lﬁloneven when

deposi ted at room or eratures ese
mul t i | ayertsmpaatdieghiongh ﬂleﬂ)lhﬁkingl’tgﬁpd’fﬁlﬂﬁﬁh amfaghdstfc fisdd anﬁdltd%ﬁpeapsuﬁdtchlar touthéd
smal | er i nduced noment of the or as_ .t he high ferrona%netlc

coupl i ng dtanchel elayprscl a %by@ﬂ%ﬂ&é%@grefi ﬁ%ﬂfpfmlaegmahkq EMaiFeMads used
mul ti | ayengyehaaeindh kb AReRmH tlbaéce&aksﬁ 4 aﬁlmﬁhg@mﬁ it fie ferfo gﬁéfc'l:%/epf

remanent to saturated no Is close to e EMR sen 1170 may
al so opti dﬁalahoyantlfczirmdagnatldiayéru%mnthlaepraser@n olsmageettwdeaﬂd o lientediivipesdiculat ur e

120 and the fe etlc I 180. Suitable ma er als for the di ffusion
barrier  19ePHBFTRIARYS TRy ot Past-geRosibpn ap RIRRS qfiapagnetie fipld

A1203, Si Qeid %&MGUI&QQ%]pldn@S Ef tlle Ia¥ers WG b@@%%lfa%fermgﬂﬁﬁ}’ fatlsdertpragnet i
bi | ayer 180/190 is depicted wth the
biasing field Hg.

[0037] 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 limited in

scope only as specified in the appended claims.
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antiferromagnetic |ayer 190 above the ferronmagnetic |ayer 180. However, the
antiferromagnetic |ayer 190 nmay be | ocated bel ow ferromagnetic |ayer 180. In
such an arrangenent then if the antiferromagnetic layer 190 is electrically
insulating, the diffusion barrier 182 may not be required. [0036] The EMR
sensor 110 is fabricated in the follow ng manner. A heterostructure as
previously described is grown onto a sem -insul ating substrate. A nesa
defining the shape of the EMR sensor to be fabricated is etched by
reactive-ion-etching (RIE) or ion-mlling. The |[|eads 150, 152, 160, 162 and
shunt 170 are then deposited, for exanple by use of shadow nmasks. Next, an
i nsul ati ng na¥batisklagnethisas al unina is deposited as diffusion barrier 182
above the nesa, |eads and shunt. The structure is then planarized, for
exanpl e by chem cal -nmechanical polishing (CW). The ferromagnetic |ayer 180
and antiferromagnetic |ayer 190 are deposited on top of the planarized

surface by sputtening, AhQRrREAILGERREHICRIanE&Y, hen &gyl ar  chem cal
vapor deposition ( MOCVD) o; a c&%bination 3? t eséﬂ%echﬁ?gggs.gThe

ferromagnetic Ila ; iferromagnetic layer 190 are then partially
removed by RIE orXS%H%ﬁgrﬁgﬁéaggmethat only the part of these layers

directly above the Ewgtnesa ?tructurﬁ, an |n.§§é i cul ar ,above the EMR
active region, ref&PNR aqiveSingathesypripie fhacy FABPSTHEIIMABNE Pt M or
Ni M is wused for |ayer 190 then the structure is annealed in the presence
of a magnet i eemicendiictor matpriabrespaasipe ool magngtic figdd gerergdlynsmenditularfe theagtives. The
alloy chemcally orders and undergoes a paranmagnetic-to-antiferromagnetic

phase transi tfilon. Upon cooling to bel ow the blocking tenperature of the
antiferromagnet, i.e., the tenperature at which the exchange-coupling 10

bet ween the ferropReeatitdly A¥@ictid8Shdns dohacawin fhent@regpeti c | ayer 190
devel ops, the
a pair of current leads in contact with the active film;
a pair of voltage leads in contact with the active film;
a ferromagnetic layer on the substrate and having its magnetic moment oriented
generally perpendicular to the planes of the ferromagnetic layer and active film; and
an antiferromagnetic layer in contact with the ferromagnetic layer, the magnetic

moment of the ferromagnetic layer being perpendicularly biased by the antiferromagnetic

layer.

2. The sensor of claim 1 wherein the material of the ferromagnetic layer is
selected from the group consisting of a cobalt-platinum-chromium alloy, an iron-platinum
alloy, one or more cobalt-platinum bilayers, one or more cobalt-palladium bilayers, one or

more iron-platinum bilayers, and one or more iron-palladium bilayers.
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magneti zation direction 181 of ferromagnetic |layer 180 is set and fixed by
antiferromagnetic |ayer 190. Alternatively the ferromagnetic |ayer 180 and
antiferromagnetic layer 190 can be deposited at el evated tenperature so
that chemi cal order in the antiferromagnetic layer 190 is already induced
during the deposition. The structure is then cooled fromthe deposition
tenperature through the bl ocking tenperature in a nagnetic field oriented
perpendicular to the planes of the layers. If a chemcally disordered
antiferromagnet like Irvnh or FeMh is used for |layer 190 then no annealing
is necessary. It is sinply enough to deposit the ferromagnetic |ayer 180
and antiferromagnéti c [Thyemsaod claim Ziveheprie thermeateril of thedigrmemagoetiq leyat ivg i ent ed
perpendi cular to the planes of the | ayers. However a post-deposition anneal
in the presenmdtibferacleagh&binahé g@hplof Os/Petogkt, PePpentiFegPd multilayetshe pl anes of
the layers may be desirable since it may increase the biasing field HE

[ 0037] Wile the present invention has been particularly shown and descri bed
with reference to the preferred enbodinents, it will be understood by those

skilled in the ar t4 thatfp%%nis&%.cfaﬂgﬁgﬁgreiﬁ Hlefn?art a‘fligfithg%rfgngaﬁq@ﬁ/c 19 erqsa.de

wi t hout departing fromthe spiri cope 0 e 1nventl Actor di ngly,

t he disclosed jnventiopn is to be consjdered nmerely as illustrative an
linmited in §E‘88€‘? EHWR%?OB%‘EHSfSP%OﬁS ) ?Weor%&ﬁaéﬁrscqfai%?sf alley bRt

clained is: 1. An extraordi nary nma netoresistance‘gENRaﬁsensor conpri si ng:
a seni conduct(Bronggpsrorgbigzyersiof EUR-BetoxandiRd, whergin hés selested frgprethe grapact i ve
filmconprising a nonmagnetic sem conductor material responsive to a
magneti ¢ fi elcdngemgoéBl Ya,g&r Pefidi AglPaandBd.t he acti ve

5. The sensor of claim 1 wherein the material of the ferromagnetic layer is the
chemically ordered L1, phase of a material selected from the group consisting of FePt,

CoPt and (FeCo)Pt.

6. The sensor of claim 1 wherein the material of the ferromagnetic layer is an

electrically insulating ferrite.

7. The sensor of claim 1 wherein the ferromagnetic layer is located between

the EMR active film and the antiferromagnetic layer.

8. The sensor of claim 1 wherein the antiferromagnetic layer is located

between the EMR active film and the ferromagnetic layer.

13



film an electrically conductive shunt in contact with the active film a
pair of current leads in contact wwth the active film a pair of voltage

| eads in contact with the active film a ferronmagnetic |ayer on the
substrate and having its magnetic nonent oriented generally perpendicul ar
to the planes of the ferromagnetic |ayer and active film and an
antiferromagnetic layer in contact with the ferronagnetic |ayer, the
magneti c nonent of the ferromagnetic |ayer being perpendicularly biased by
the antiferromagnetic I|ayer. 2. The sensor of claim1 wherein the materi al
of the ferromagnetic layer is selected fromthe group consisting of a
cobal t - pl ati num ct om Uihe atrdsonyof ctaimilrolrergh slic MR actbd fily isdoratedrbetwee the
cobal t-plati num bil ayers, one or nore cobalt-palladiumbilayers, one or
nore iron-pl aubdka RidltRYRHSmagitéic @yer.or nore iron-pall adi um bilayers. 12 3.
The sensor of claim2 wherein the nmaterial of the ferromagnetic layer is a
mul til ayer selected fromthe group of Co/Pt, Co/Pd, Fe/Pt and Fe/Pd

mul tilayers. 4. The sensor of claim1 wherein the nmaterial of the
ferromagnetic layer, is,. selected frqmthe group.consist] of e or
ot e bt Payer o of 40co PRy Aty Wirdin ds Bt oo enstdehst iy BheS B oo v
alloy and Pd, wherein Y is selected fromthe group consisting of B, Ta, Cr,
0, Cu, Ag, Ptthegfgupepnsistingpfea cobtexidep nickel, q?ﬁd% skanenilerof an aHoyef peftaltgndt he
ferromagnetic layer is the chemcally ordered LI o phase of a nmateri al

sel ect ed fromitkek group consisting of FePt,

11.  The sensor of claim 1 wherein the antiferromagnetic layer is an alloy
comprising Mn and at least one element selected from the group consisting of Pt, Rh, Ni,

Fe, Ir and Pd.

12.  The sensor of claim 1 further comprising a diffusion barrier between the

EMR active film and the ferromagnetic layer.
13. The sensor of claim 1 wherein the diffusion barrier is selected from the

group consisting of aluminum oxides, aluminum nitrides, silicon oxides, and silicon

nitrides.
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CoPt and (FeCo)Pt. 6. The sensor of claiml| wherein the material of the
ferromagnetic layer is an electrically insulating ferrite. 7. The sensor of
claiml1 wherein the ferronmagnetic |ayer is |ocated between the EMR active
filmand the antiferromagnetic |ayer. 8. The sensor of claiml wherein the
antiferromagnetic layer is |ocated between the EVMR active filmand the
ferromagnetic layer. 13 9. The sensor of claim1l wherein the EMR active film
is located between the substrate and the ferromagnetic layer. 10. The
sensor of claim1l wherein the antiferromagnetic |ayer is selected from the
group consisting of a cobalt oxide, a nickel oxide, and an oxide of an all oy
of cobalt and nickel. 11. The sensor of claim1l wherein the
antiferromagnetic layer is an alloy conprising M and at | east one el enent

sel ected from t he 1gr oupnGRfSd8inhiyGnaphetBtesisiice (MMR) feisorlcbmphighhdd. 12. The
sensor of claim1l further conprising a diffusion barrier between the EM

active filmand tQ%mﬁﬁBﬁ&Hﬁﬂ@ﬁkh ol ayer. 13. The sensor of claim 1l wherein
the diffusion barrier 1s selecte Tron1the group consisting of al um num

oxi des, al um num n| EMI? %fVC%flIllllo(I:l?he su}lg ?e theHefive h m 8§nqprls?ﬁgarnoqlmagne 14c

semiconductor material responsive to a magnetic field generally perpendicular to the active
film;13

an electrically conductive shunt in contact with the active film;

a pair of current leads in contact with the active film;

a pair of voltage leads in contact with the active film; and

an antiferromagnetic/ferromagnetic exchange-coupled bilayer on the active film
providing a biasing magnetic field substantially perpendicular to the plane of the active
film, said bilayer comprising (a) a ferromagnetic layer formed of a material selected from
the group consisting of a cobalt-platinum-chromium alloy, an iron-platinum alloy, one or
more cobalt-platinum bilayers, and one or more cobalt-palladium bilayers; and (b) an
antiferromagnetic layer exchange-coupled with the ferromagnetic layer and formed of a
material selected from the group consisting of a cobalt oxide, a nickel oxide, an oxide of an
alloy of cobalt and nickel, and an alloy comprising Mn and an element selected from the

group consisting of Pt, Ni, Fe, Ir and Pd.
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14.. An extraordinary magnetoresi stance (EMR) sensor conprising: a

sem conductor substrate; an EMR active filmon the substrate, the active
filmconprising a nonnmagnetic sem conductor nmaterial responsive to a
magnetic field generally perpendicular to the active filnm 13 an
electrically conductive shunt in contact with the active film a pair of
current leads in contact wwth the active film a pair of voltage |leads in
contact with the active film and an antiferromagnetic/ferronagnetic
exchange- coupl ed bilayer on the active film providing a biasing magnetic
field substantially perpendicular to the plane of the active film said
bi | ayer conpri si nd5(a) The §eassrarialinel# evheayethe rertariatiofahe fermvatagndtizllaygeisect ed
from the group consisting of a cobalt-platinumchromum alloy, an

| ron-plat i nuEhaby Aire bAMRISE colBHl’tra%d oRBAIhoPbAL drituR Bilely@ﬁé%'f SobafRfld PABdRFm,MOr €
cobal t-pal | adi um bil ayers; and (b) an antiferromagnétic |ayer

exchange- cou 91}1? @gwe}n*}hé Bbal t%}}’e %9518 %}ilgyel‘sa%glfjgcﬁﬁ]]del%g&g%ge&gq(ﬁ‘j)m% oll]?l

sel ected from group consi s oXI anic oXl
oxide of an allo c t a d ni ckel nd an all oy conprising M and an
el enent sel e&?@dﬁ%g&ﬁﬁﬂ 5Po 'b%%%?‘ﬁ}i"ﬁg of Pt, Ni, Fe, it and Pd. 15 15.
The sensor of claim 14 wherein the nmaterial of the ferronmagnetic |ayer is
one or nore bilayers of cobalt and platinumor one or nore bilayers of
cobalt and palladium and wherein the cobalt layers in said bilayers
i ncl ude an el enentl6ésel &bt dsdrrof mlaioh@4 grhergn the aragiriat ofrthe feiroBagiaic 1Grr isGy  Cu,
Ag, Pt and Pd.

cobalt-platinum-chromium alloy that includes an element selected from the group

consisting of B, Nb and Ta.

17.  The sensor of claim 14 wherein the antiferromagnetic layer provides an
exchange field Hg to the ferromagnetic layer, wherein the ferromagnetic layer has an
intrinsic coercivity Hcy that is enhanced by Hg to a coercivity Hc greater than Hcg, and

wherein the sum of Hg and Hc is greater than the magnetic field to be sensed by the sensor.

18. The sensor of claim 16 wherein the intrinsic coercivity Hep of the

ferromagnetic layer is less than the magnetic field to be sensed.

19.  The sensor of claim 14 wherein the ferromagnetic layer is located between

the EMR active film and the antiferromagnetic layer.

20.  The sensor of claim 14 wherein the antiferromagnetic layer is located

between the EMR active film and the ferromagnetic layer.
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16. The sensor of claim 14 wherein the material of the ferromagnetic |ayer
is a cobalt-platinumchromumalloy that includes an el enent selected from
the group consisting of B, Nb and Ta. 17. The sensor of claim 14 wherein
the antiferromagnetic |ayer provides an exchange field HE to the
ferromagnetic |ayer, wherein the ferromagnetic |layer has an intrinsic
coercivity Hco that is enhanced by HE to a coercivity Hc greater than Hco,
and wherein the sumof HE and He is greater than the magnetic field to be
sensed by the sensor. 18. The sensor of claim 16 wherein the intrinsic
coercivity Hco of the ferromagnetic layer is less than the magnetic field
to be sensed. 19. The sensor of claim 14 wherein the ferromagnetic | ayer is
| ocat ed between the EVMR active filmand the antiferromagnetic |ayer. 20.

The sensor of clai 14T‘ﬁ’9§én‘§6{bftcﬁﬁn6}ﬂtfﬁ1fﬂ?e'}'& ! A&fﬂu?ﬁﬁﬁ%aﬂrér b aiae
between the EMR active filmand the ferromagnetic layer. 16 21. The sensor

of claim14 f her. ¢ npr di ffusi barri etween the EM active
filmand the %# té\Fer@naaélr‘ljé}[’l%V'?erfO%a o elrrgmﬁgqeglflle)?ayeb The sensor of
claim 21 wherein the diffusion barrler |s selected fromthe group

consi sting of alum num oxides, alumnumnitrides, silicon oxides, and

silicon nitrides. 17
22. The sensor of claim 21 wherein the diffusion barrier is selected from the

group consisting of aluminum oxides, aluminum nitrides, silicon oxides, and silicon

nitrides.
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