‘EXTRAORDI NARY MAGNETORESI STANCE SENSOR W TH PERPENDI CULAR MAGNETI C BI ASI NG
BY AN ANTI FERROVAGNETI C/ FERROVAGNETI C EXCHANGE- COUPLED STRUCTURE BACKGROUND
OF THE INVENTION Field of the Invention [0001] This invention relates
-generally to a magnetoresi stive 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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magnet or esi stance (TMR), 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 sh Lh..caont ac i r side of the active
region. In the absence of ;ﬂxgg&ﬁmmmﬁ?ﬂgense current through
the current |eads passes into the sem conductor active region and is

shunt ed tfpigygimgmgﬁﬁéﬁnt. When an applied nagnetic field is present,
current i € romthe shunt and passes primarily through the

sem conductor active region. The change in electrical resistance due to the
applied pe fiel.d | e I . '
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(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

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 sénsor 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




1 ultra-high-density magnetic recording”, Appl. Phys. Lett., Vol. 80, No.

21, 27 May 2002, pp. 4012-4014. [0004] One of the problens of the EMR
sensor is that its magnetoresistance is an approxinmately quadratic function
~of the applied magnetic field. Thus the magnetoresi stance response is small
and nonlinear in the presence of the small magnetic fields fromthe recorded
magneti c nedia. Biasing of the EMR sensor has been proposed by an asymmetric
| ocation of the voltage |eads. Biasing of the EMR sensor has al so been
proposed by use of a single ferromagnetic |ayer that applies a

per pendi cwiltra-highegensityemégneticirecordingd, Anph Ftys. Lett., Yol 80i Nell, A7 May 200Rppent

6, 714, 374. 4}804@3’]‘ What is needed is an EMR sensor with i nproved nmagnetic
field bi astHg the sensor has hi gher magnetoresi stance in small applied
magnetic fields and a nore linear response to the applied magnetic field.
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can be oriﬁgtﬁ g’f |aIIy perpendi cular to the plane of the |ayer.

(Magnet i zat a?rdr 1Iy per pendi cul ar-to-the-pl ane can be achi eved by
selecting a ferromagnetic material having an intrinsic substanti al

out - of - pl ane_magnet.i c
[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,



. anisotropy. The antiferromagnetic layer is forned of any of the known Mh

all oys, such as PtMh, 2 N M1, FeMh, IrM, PdMh, PtPdVh and RhMWh, or any of
the insulating antiferromagnetic naterials, such as those based on the
“cobalt oxide and nickel oxide antiferromagnetic nmaterials. Either the
ferromagnetic layer or the antiferromagnetic |ayer may be the |lower |ayer in
the bilayer structure. A diffusion barrier nay be |ocated between the EMR
active filmand the antiferromagnetic/ferromagnetic exchange-coupl ed

bi |l ayer. [0008] For a fuller understanding of the nature and advant ages of

t he presenNiMayEeMn.divn, RdMmp PedMn sndbRhMner angi @bthe dnsulating antiferpmagngtic ai | ed

e e 1

sensor. [ OGHifhkr fheJerrotndgietc lag of theQiiffeBmyugftic Wyef MBy B¢ theloviértlayeMr thensor  of
Fig. 1 through a section of the EMR active filmillustrating the basic

oper at i on bilayenstructre. oA diffusiombarmigr gnay ba locatedrhstween drediMRactivgafilieanst the i st ance
vs. fieldr f i Of,. ith symmetric current and 1
vol t age | e3@5%{3%%%egélfegr.o%g}?éuct%%éhaﬁ@%‘?@?@g{a}l%gnet oresi stance vs. field |

response for a prior art EMR sensor wth asymmetric voltage | eads. [0013]

Fig. 41is bLsanetzi.c view of. t he EMR sensor, accor dj to this j.nvention.
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i sometric ydferéh@fshbia be hia@é toPtht (HYRisEdttAled Hescriphién falén peaRG willdthencl udes  a
structure 20 that is a Ill-V heterostructure forned on a sem conducting

substrat e agompehying figures.
(
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.



. GaAs. However, the EMR sensor described in this invention is not restricted
to Il11-V sem conductor nmaterials. For exanple, it nay also be forned on the
basis of silicon. The heterostructure 20 includes a first |ayer 22 of

'sem conducting material having a first band-gap, a second |ayer 30 of

sem conducting material fornmed on top of the first layer 22 and having a
second band gap snmaller than the first band gap, and a third | ayer 24 of
sem conducting material formed on top of the second | ayer 30 and having a
third band gap greater than the second band gap. The materials in first and
third layers 22, 24 may QHM-EDBESGRIHH@N@EZH%INNEMH%EH c potenti al

well (quantumwell) is created by the first, second and third sem conducting
material |ayers due to the different band-gaps of the different naterials.
Thus carriPuior Athn be confined inside layer 30, which is considered the EMR
active filmin the sensor 10. [0015] The first layer 22 is typically forned
on top of a buffer layer 26 that may be one or nore |ayers. The buffer

| ayer 26 cio0pd]i Bigsl isar spmetricsiawoofthoprica ast BMR satsor 102 The BEMR s¢mot Tenclidesct i on
to prevent inpurities, present in the substrate fromm.grating into the
funct i onal  f84F g2é§1,at12& ,n\ﬁhetsr@.stn}cmagﬁmﬁleﬁ,aselﬁgo g 4 a?%ﬂ%euqhsaschosen
to accommogale Vel REBURYeHid: HEkhld b ifiRntiGiA3abARLAcRA W liEySubstrat e
12 and the functiona ayers of the heterostructure 20 to thus act as a
strai n r el sesficdndyetor inateride n Fohexappixs itrmatyealsorist folnedfanrtb¢ basisadf silivger The [ 0016]
One or nore doped | ayers are jncorporated into the sem conductjn terial
in the fi r%ﬂttemﬁa%ve l,nclsﬁ%s % ¥irst layer 49 Of semicongucting materigldaxing 2 %ﬁ%ﬁﬁmnd
spaced ap LS, 12l S5 L ] j '
materi al s%élcﬁze’ﬁ%éer?g Iogger S pdE(l Selligdﬁeﬂg?aélct r ongm?laf O%@ggl%é??g}ogpﬁﬂo% giggiqf

(p- doped) decoridimnd gapsimaticrehhi the Tinet baidgapy andsa third lapéréd ofisemicomineting matedali n
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grown onto sem -1 nsulating G
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.




_substrate 12 wth a buffer layer 26 in between. InSb is a narrow band-gap
sem conductor. Narrow band-gap sem conductors typically exhibit have high
el ectron nmobility, since the effective electron nass is greatly reduced.
"Typi cal narrow band-gap materials are InSb and [InAs- For_exanpl e, the
roomtenperature electron mhilityof 1nSh and I nAsam 70, 000. cn2/Vs and
35,000 cnR/Vs, respectively. [0018] The bottom Al 0.09l no. 9i Sb | ayer 22
formed on the buffer layer 26 has a thickness in the range of approximately
1-3 microns and the top Al 0.09lno.91Sb | ayer 24 has a thickness in the

range of d@ftDxAsdesaibed imthe previrpslyrited roferences. the Bpern A2/30R24 mrydieag | ayer s

i ncor por at i Nt | 2 have, a t hi ckness fr.om one ol ayer
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sem conducting materials by a distance of 10-300 A. N-doping is preferred,

since el d¥arrombandygap semicondustass typigaly exhiint have highielastro mebility;isince thei cal

N-dopant is.sj.ligon with a _concentration in the r e of 1.to [enmB. The
deposi 11 orf et 8pH i & @R ERHEDARa GoPbniRdF splorhy'Se 88 2

nol ecul ar -laaanFeitixhaie, the uhord tehejeraie eRxird] maliBWidT IISH H@AABAS 2R 70@00sed.
[0019] A capping |ayer 40 is fornmed over the heterostructure 20 to protect

t he devi cectt Y ¥nind35/08 smofYs, mspecti¥gdpi ng | ayer is formed of an insul ating
material such as oxides or nitrides of alumnumor silicon (e.g., Si3M,
A1203) or a non-corrosive sem -insulating sem conductor. [0020] Two current
| eads 50, [9018ikhetbatiom AlimlpesiSkiaysr Zhforraed on the bufiferdayes 36 bowa thipknessiinitheof t he

EMR structure 20 so th ey. make ectrical cqntact ~with th uantum wel | .
Aot ol | obhde franprogiy AR Snf S AR ainagRIae 2 b Iipe i e

V_0| tage | %ﬂge&fapﬁxbﬁmﬁ $0 fdquarxﬁl,Zﬁ)i&ﬂg_sbhaﬁ The dgpdﬁgiaﬁ}sﬁlﬁédrﬁcﬁﬁ’tkd fifedt act
with the quantum wel | . e applied nagnetic field H 1.€e., the nmagnetic
field to bHayes@doed4 have aghighmeshfromnme manglayerddelta-doppd layer) up ¢o 1hempThere of the

films in the. ENMR structure 20 hg | ead ical l rise metallic
contacts, Ogﬁnggi’(%?ﬁﬁlsgacﬁﬁ, Oﬂut&,ln%ﬁ"'é““&‘sp?’é‘gggnfsn‘%gﬁ%{ﬁgd 8%?9?{%.8 dand o ds
are typi cahin sémicomplcifg Bitefisls Bh dRtneéd oft 1023008 PNDpin@)i§ 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., Si3N4, Al,03) 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.



40, "and sonetines after renoval of sone of the capping |ayer material. 5
[0021] Fig. 2 is a top schematic view of the EMR sensor 10 through a section
of active film30 and will illustrate the basic operation of the sensor. In
't he absence of an applied magnetic field H, sense current through | eads 50,
52 passes into the sem conductor active film30 and is shunted through
shunt 70, as shown by line 80. Wien an applied nmagnetic field His present,
as shown by the arrowtail into the paper in Fig. 2, current is deflected
fromshunt 70 and passes primarily thr ihe.sem ci ) )

nduct or act[PG23 iKigr20s a teprsehematic vievesithe EM& seasnydi0through asectipe of actize film 3 ce

due to the L.ed netic field i det ect ed,acr oss t Lt.age | g 60,
52 [o0o2pa e e B Has optdh SRRy, Buf EORRS, QIR aPreGime0afife s
nmagnet or eﬂ,%bﬁd@%ﬁn&ﬁtlﬂmugneadd 58752 pasSesanitRedeifécidictat R filh 3@ andisf unct i on
of the applied magnetic field. Therefore, in applied magnetic fields in the

range of ishurtedthrough sbunt 70has shewn by HagBt When pdpplied magneticdieldt Hdsipreseghet i c

nmedi a, the net o i St e r on .S »Sal | n d - i Sl shown
by t he ¢ naSPRRTEey op gtk BfE GERREERFIE 2 WRient P AENGRREGHE Bhunt TR fafpes
EMR s ensorprinvirily thsotighehd denicihdli@oi aclRefioB0, a8 shdvarlislind 402 Theaharfgeen i N

Figs. 1-2 and in the diagramin Fig. 3A _[0023] Biasing of the EMR sensor
has been plespirsbugsipianegrflug 4q theapplied magaeticifisld is fleteeied gaspssdpvoltagedgads 68562 hown
by the diagramin Fig. 3B. Fig. 3B shows the theoretical magnetoresistance
vs. field response for an EVMR sensor with asymetric voltage | eads. The
sensor of [P22] (3@ df the probleing hEthe prigrast EMEBssenson10ds thatdtssmagnetordsistange r esponse

3 LI b e R bl .
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described in U S. Patent 6,714,374. The |Invention
recorded magnetic media, the 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



- [0025] The EMR sensor of this invention includes a |ayer of ferromagnetic
material that is exchange-biased perpendicular to the plane of the |ayers
with an antiferronmagnetic |ayer and |ocated on top of the EMR film
‘structure. This antiferronmagnetic/ferromagnetic (AF/F) bilayer structure
provi des a magnetic field that biases the nagnetoresistance vs. field
response of the 6 EMR sensor. Perpendicul ar-to-the-plane exchange-bi asi ng
with coercivity enhancenent and hysteresis |oop-shifts in AF/F structures
for which the ferronmagnetic | ayer has an out-of-plane ferromagnetic easy
axis i s deEMR ssaspri Rerpeslicertorthe-plagsexchange-biasingmigineaerairitymhangement and

er pendi cu] ar _exchangezbi a ffect is cC able to that found in simlar
R R ot o ilea P SRS i RPR strphuet For SRR A Feromtogpeeihyer Bn o plibt o' ¢ e
pl ane of tRerohAykitic-eady3a5ik dédcAbeddin (L5S. Ftdn® 6850,513. Themagituddér tid/R sensor
according to this invention. The EMR sensor 110 is like the prior art

sensor 10 perpendiculangxchanggpibiag effactisicomparable da thatfoundinskgilar AK/F gurneteges fdie

first sem conducting |ayer,.122 the second.sgm condugting and EMR acti ve

| yver 350, VRiRh R ROmadeRt LhRS st b ndt R 19 F bR O B i "0 Dot for | ayer
126, formed on a sem conductor substrate 112. Two current |eads 150, 152
and two vo leads 160, 162 ma trical contact. wth. E active film
130 and_ neolo2R Fechfin 1L ArReY o e EMR stisSEasoRRiE Rtk on GBI | m
130 on thege’ﬁk&%l@%ﬂ&'tﬁ@pﬁ&i%ﬂ%é&fs@lﬁmﬂﬁ@hdé%'qtuwﬁnﬂ WaPfim sTﬁ@tu?d?EO', ﬁ@luﬂ%“et' c

field H 1i.e., the magnetic field to be sensed, is shown by the arrows and
i s nornal the firdteemicamductifig talyer 122; thersecond seidcdaidicting andtEMR agthv@. laytr ¢ 3 pindg

| 140 | t f . 27 he E 110 i.ncl pd
1 o7 omagnelE EufSrBRcoRut AR ep 1P an el a1 BAiEs Byet 126 REmebpR? S BB ar ment
of Fig. 4 {berfdRBtTws bakér 38 159, depinatind voRigeaes186, 1B hnkE elebmibd2  and

st1B
the ferromagnetic |ayer 180. Ferromagnetic |ayer 180 has perpendi cul ar
magneti ¢ comtasd with EMR achiverfilmuit30 ahd pietallic shuntrldOinzakes eheettical 8antagt iveith BMR
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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



field to which the EMR active film 130 is exposed. This shifts the

magnet oresi stance vs. field response curve so that at zero applied magnetic
field the sensor 110 has a higher nmagnetoresisitance and a nore |inear
Tesponse. The ferromagnetic |ayer 180 that provides the biasing nagnetic
field is exchange-biased by an antiferromagnetic |ayer 190. [0028] The
magnetic field H generated froma ferronagnetic | ayer nagneti zed
perpendicular to its plane can be approxinmated by the field of a uniformy
magneti zed square block of thickness t and length L. If the origin is at
the top surface of the square block, the ;ebd H along a Y-axis

perpendi cul ar to the layer is Iéiﬂ/‘élﬁswt@Lg‘T—h}B"@rf%t an( 92 - 9i / , where
1 +9igz J 4L +t) 1 +t 4 1z 9z 2+clLz an 199/ L 1 2+(L) and y is the

di stance along the Y-axis. As le, for a r
perpendi cul ar to its pl ate+tant Haw a_i nagnefdyzali gy of about 140a
emti/ce, a length of 22T =710 '@ﬁmaqﬁ Pﬂﬁck e§§i"§+§1ﬁ nm the magnetic
field His approximately 1400 Ce ‘at ‘y=10nm [0029] The’'material for

f er r omagnehidy RitRsSdifEndetsiig tASY-axRY AcomR¥aple! 0fa ColdyerMmaiRiizéd material s
useful for perpendicular magnetic recording, including FePt, Pt or
(FeCo) Pt ap¢rpeadicujas to Heplahe ahdhaving amdgnetidationd pfabeut 188Cemu/Cal | olgngth ol

orepar ed i k20" P BiokaSs o o0 by Rl WO HBERARGEb I BER o 2

so that ityksiogeqsi dered to have "perpendicul ar” magnetic anisotropy. These
alloys and nultilayers may al so be doped with additional elenents. For
exanple, CoCrPtX alloys are proposed for perpendicul ar recordi ng, where

=B, No, apfh29PTRY Rafehf thyRH6Mhg AP BRkihg layer 180 may be any of the ferromagnetic
materials useful for perpendicular magnetic recording, including FePt, CoPt or (FeCo)Pt alloys
in the chemically ordered L1, phase, CoCrPt alloys and Co/Pd, Co/Pt, Fe/Pd, and Fe/Pt

magnet i zed

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 IrtMn 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



~Simlarly, the Co layers in Co/Pd and Co/Pt multilayers often include an
elenment Y, so that the Co is a Co-Y alloy, where Y=B, Ta, C, 0, Cu, Ag,
Pt, Pd. Oher 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 |ayer needs to be used to separate the EMR
heterostructure fromthe ferromagnetic biasing |ayer 180. [0030] The
antiferromagnetic layer 190 may be a sufficiently thick Mh alloy |ayer
(PtMh, N M1, FeMh, IrWn, PdMh, PtPdVh or RhWh). A Pth | ayer needs to be
t hi cker t hamiferequpagneticmatetials fdihéd bba behattvride enicke bkide cmdan edidaod an alloy
antiferromagnet.ic en_anneal ed, and an Irivh layer is antiferromgnetic as
deposi ted 9%‘?3]?9" wckeli cker than approxi mately 40A.  These
antiferromagnetic M alloys may al so include small anmounts of additional
el enents, such as Cr, V, Pt, Pd and N that are typically added to inprove
corrosi on [0831kThafewomagretie lagersl80 has aintringigicoereiyity Pgﬂce Wiga ¢xchaage-prupled

ot 1 er r onBgReter Ot A<D 0 I R vullnefhie Bftaf @R 0 AR oo iy WML "7
known e anfobp &vill BEEIGfED by-theBkchangd field B "THe Sichangediedd Hy detéemindd by etiee!

oxi de, and an oxide of an alloy of cobalt and nickel. [0031] The )
f er r omagnempgnetig geypling gtrength hybetwieen; theferomagnetic layer 180 angithe anfifesrpmagnetic

becons  on a0 50 GRGH RIEPREHE My e bitinadh B BRI ot g

field HE. tbhie Pollok@ipge field HE is determned by the nmagnetic coupling
strength JA between the ferromagnetic |ayer 180 and the antiferromagnetic

(I ayer 190, and the thickness tF and magneti zation M- of the ferromagnetic

| ayer 180 accorgingy jgy phe follow ng: HE =JAIMtF [0032] Thus, when the EMR
sensor 110 is intendéd fdr use in a magnetic recording read head,

[0032] Thus, when the EMR sensor 110 is intended for use in a magnetic recording read head,
the value (Hg + Hc) 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 Hc of

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

coercivity Hey 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
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‘the value (HE + Hc) nust be greater than the field fromthe nagnetic
“transition on the magnetic nedia, i.e. the sensing field which is typically
in the range of +/- 200 to +1-500 Ce, but |ower than the nagnetic field
‘that is required to reverse the bits of the magnetic nedia. A value of (HE
+ Hc) greater than the field fromthe nmagnetic transition assures that the
nmonment 181 of ferromagnetic |ayer 180 will not be swi tched when exposed to
the applied nmagnetic field. Thus, due to the exchange-biasing field HE,
which can be relatively large, the intrinsic coercivity Hen of the

f er r omagnethe targeapemeit®@ theCo dnd Feaindithemiich snmfler iftinced ahdmens ofitheiPtier Pd; hei ce of
material s hj cknesses for ferro netic.| 180. . F t he use
of = [ ol 0%l Hiips b rEstiapmy e eniing PLIPERe orice BY DY BloBb R adicmg a
15 nm thi C&Md@@fm@wl}mop@ﬂﬁt ﬁﬁ%@gﬁgﬁlﬁ&ﬂ&s layﬁfe r;@@omﬁluﬁénm n HE of
approxi mately 200 appr oxi na O7 nm/Pt(0

nm 13 nul t saheated mosrentis clobailvel y | ow i ntrinsic coer CI VI ty Hco of

approxi mately about 100 Ce, which is even |l ess than the sensing field.

[0033] The [Co(O 7 nm/Pt(0.5 nm]3 nmultilayer in the above exanple is one
of the gr 0pp34]fThe(EMRtscns6D11TIina)Fﬂé<Pbpnoaﬂl@ inelutRela dii'fufsioha»)mfes 18hbétweenithdi t
intrinsic perpendicul ar to-the-p gneti C anisotrop These rrul tilayers

are especi tryeture A 20;apd m@éerm%ﬁ@chaw R9- Sntableangierials Pdagicgpar ed
i thi A wh
WL, 2 Hipd 0GR SORAAILLS MRy 60 VE, RBEL abé%#@f‘ﬁgsve“ en
mul tilayers is due to 9 the | ar ge nonent of the Co and Fe and the nuch

Zoupl i ng OPVAn Fib oy et ipadneBromfiens Sigter Jho B s HelitycoBE G ©

Tl til ayer&nf@tbm%éﬁdlwva htive iR RrrbinGghe G €I1461E180S However, thet he rati o of

remanent to saturated nonent is close to 1. [0034] The EMR sensor 110 may
al sa opti oMIfﬁrsﬂmmﬂu‘de}’ealm oy 8¢ Ingated belpwiferignagneticlarer 18Ae In sviRast r uct ur e

120 and ¢ hg f oL QTRANTH b abdURlmaic Ry 3B PR, Wk, ARl uS on

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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182" include oxides and nitrides of alumnumand silicon, e.g., Al1203, SiQ2
and Si3N4. [0035] In Fig. 4, the antiferromagnetic/ferromagnetic bil ayer
180/ 190 is depicted with the antiferromagnetic |ayer 190 above the
‘ferromagnetic |ayer 180. However, the antiferromagnetic |ayer 190 nay be

| ocat ed bel ow ferromagnetic layer 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 followi ng manner. A heterostructure as previously described is grown
onto a se nbetwmhafdmguasnmmlam &30 amdntbs antifefomagngtic lagersliffdevelops, thhe EMR

to be fab t t,chi L .
Con o 1|1 ngeeneRgsop dydtioneis T of Atongnbc sy 801 Btef By piehaRoametibs ¢ ea,
for exanpl gydyions Altefafiia e forRsis eud\ﬁyéms@and Rttbdhdefi®laféri 19b cBisd as

alumna is dep05| ted as diffusi on arrier 182 above the nesa, |eads and
shunt . Thedepositedtati clevated temqanrapiraﬂalthalz@dmlchbwrd@aarﬂ;ﬂ @tllﬁgnomﬂgnetudhyemé%am cal

L S ) S R Bl RO a2
deposi ti ong _m%rﬁﬁﬁ’é ﬁﬁdn%ﬁ,thé“i% Rir H&ﬁhﬁé‘incﬁh g@%tﬁeﬁeﬂ%?ﬁﬁt'ea ?g;gcﬁdril/%ﬁé(@ thel a

conbi nati on “these techni ques. ferromaghetic I ayer

ant i f er r onplgmestof thellayees: Iwehmlealtyhhsorqlmcdanalfdrsom&gnw&dlﬂynﬂﬁm isivged for | | i ng
so that o art of .these | ayer ctl bove t nesa.

St uct ur o, RudidS0 FheB 3piapicaing S ey, i SR seduehdd peaget e TFeRRTEe lyer,
chem cal | y14y Saffefdmalfiiic MYROTSY in!thdSrefhdd ot mbhic fifld oviefdd pepeddict®lr 190
then the structure is ahnealéd in the presence of a nagnetic field oriented
(Per pen di cutoahe plunes lo&thp layerss HoWwevédra pbstydzpesitimmedl lirothe ptesenice af 4 magnetie fisldand

undergoes a. ramagneti c-t ntiferr netic transition. n
cooling to 'Efé’l ng‘ﬁ\ﬂa{:ﬁ’l "Eeggl gi‘)(??%m bg ‘Efé“% £ SIRES It 1Y JpfEeas g&‘ he
t enper at Urﬁaﬁfn . t he exchange coupling 10 between the ferronagneti c
| ayer 180 an % he antiferromagnetic | ayer 190 devel ops, the
[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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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.temerg ature in a magnetic field 9riened
per pendi cYWhat isclaimed ist anes of the layers. |If a chenically 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 antiferromagnetic layer 190 in the presence of a magnetic field oriented

perpendi cul ar qto thﬁeﬂﬁ@&&ﬁa@im@@t&r&m&e(Em@y&lgmacoa@ﬁsmgeposi tion anneal
in the presence of a magneticfield oriented perpendicular to the planes of

the | ayers may ! I pace it may increase the biasing field HE
[ 0037] Wile tﬁg&’ﬁgg@%‘% isﬁl?/g?ﬁ@fon has been particularly shown and descri bed

with reference t he.preferred enbodi nents, it W ll he understood by those
Ski l1ea it noas EMR agi¥e, Bl on dhe AlGae T s Firkhomeetiag B TRAFegEitn e

wi t hout departing fromthe spirit and scope of the invention. Accordingly,

t he di scl semigondugtontmaeriglsresponpive do Asmagnetig figld gegerally perpgadiewer tpethgnd
limted in scope only as specified in the appended clainms. 11 What is

cl ai ned i sctive.fildy extraordi nary nmagnet oresi stance (EMR) sensor conpri sing:

a sem conductor substrate; an EMR active filmon the substrate, the active

fil m conpri si ngn aletgioalbgsontluctive Skt Grocuhtaet with et Ktivefilm;esponsi ve to a
magnetic field generally perpendicular to the active film an electrically

conducti ve shuglajr Bf EiHnR feadsn'cdnfabiGwiaf it Metive! fil;

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.

3. The sensor of claim 2 wherein the material of the ferromagnetic layer is a

multilayer selected from the group of Co/Pt, Co/Pd, Fe/Pt and Fe/Pd multilayers.
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a pair of current leads in contact wwth the active film a pair of voltage
| eads in contact wth the active film a ferromagnetic |ayer on the
substrate and having its nagnetic nonent oriented generally perpendicul ar
to the planes of the ferromagnetic |ayer and active film and an
antiferromagnetic layer in contact wwth the ferromagnetic |ayer, the
magnetic nonent of the ferromagnetic | ayer being perpendicularly biased by
the antiferromagnetic I|ayer. 2. The sensor of claim|l wherein the nmateri al
of the ferromagnetic layer is selected fromthe group consisting of a
cobal t - pl 4t i nuithe bensori efralaiim byherzin the omteriah of thefemomagnetic dayer isrseleoted

cobal t-pl ati num bil ayers, one or nore cobalt-palladiumbilayers, one or nore
i ron- pl at ifidrith® gloAp b&sistiRg df (4)®ne br Mbrecbilay s opaCbady didparddBtand (bybne The
sensor of claim2 wherein the material of the ferromagnetic layer is a

mul tilayeg, ;,%r@qﬁﬁgiefg rota A9 AWy Afd P8/ RherefPAPH séi6héd fidff tlFeeéPoﬁp

mul tilayers. 12 he sensor of ¢laim 1 wherein the nmaterial of "the

ferromagn%Asgsﬁégxgﬁcj.’oi@g{)fegé’e’g%é{té@m,& he group consisting of (a) one or

nore bil ayer and (b) one or nore bilayers of a Co-Y
alloy and Pd, wherein Y is selected fromthe group consisting of B, Ta, Cr,
0, Cu, Ag, Pt and Pd. 5. The sensor of claim1l wherein the material of the
ferromagnetic layer is the chemcally ordered Ll o phase of a materi al
sel ect ed Hrom The seseupf chaimi §wherein the-gmterial obthe farpmagactis) Byer &, thehe
sensor of claim1l wherein the material of the ferromagnetic layer is an
el ect ri calkhemicallyubrderied d. 1 phasetof.a Matefiiblesetested dronp thec graupncbnsistmgaif iFePhe
ferromagnetic layer is | ocated between the

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.

9, The sensor of claim 1 wherein the EMR active film is located between the

substrate and the ferromagnetic layer.

10.  The sensor of claim 1 wherein the antiferromagnetic layer is selected from the
group consisting of a cobalt oxide, a nickel oxide, and an oxide of an alloy of cobalt and

nickel.
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EMR active filmand the antiferromagnetic |ayer. 8. The sensor of claim1l
wherein the antiferromagnetic |layer is |ocated between the EM active film
and the ferromagnetic layer. 9. The sensor of claim1l wherein the EMR active
filmis |ocated between the substrate and the ferronmagnetic |ayer. 10. The
sensor of claim 1l wherein the antiferromagnetic |ayer is selected fromthe
group consisting of a cobalt oxide, a nickel oxide, and an oxide of an all oy
of cobalt and nickel. 13 11. The sensor of claim1 wherein the
antiferromagnetic layer is an alloy conprising M and at | east one el enent
sel ect ed fllom fThe sepsougf daims] herein e aptiferrmagmitic 18ker id an alloy comprising. The
sensor of claim1l further conprising a diffusion barrier between the EMR
active fi Ivn andlattlbast bre elomagtselected lffoyethe gidup consistignsOPt, Bh, Ni,dHenIrlandher ei n
the diffusion barrier is selected fromthe group consisting of alum num

oxi des, alpgm numnitrides, silicon oxides, and silicon nitrides. 14. An
extraordi nary magnet oresi stance (EMR) sensor conprising: a sem conductor
substrate; an EMR active filmon the substrate, the active filmconprising a
nonmagnetic semi conductor material responsive to a magnetic field generally

per pendi cy the agctjve f an electri conducti ve

Bontact wileh ¢ Age sepyBF a1t Fomisiie 4 plfisiohoszaer e BEENR n ¢ ne

active fllm a_pair of voltage |leads in contact with the active film and
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.

14.  An extraordinary magnetoresistance (EMR) sensor comprising:

a semiconductor substrate;

an EMR active film on the substrate, the active film comprising a nonmagnetic
semiconductor material responsive to a magnetic field generally perpendicular to the
active film;

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

14



an antiferromagnetic/ferromagneti c exchange-coupl ed bilayer on the active
film providing a biasing nagnetic field substantially perpendicular to the
pl ane of the active film said bilayer conprising (a) a ferronagnetic |ayer
formed of a material selected from the group consisting of a

cobal t-plati numchrom umalloy, an iron-platinumalloy, one or nore

cobal t-platinum bilayers, and one or nore cobalt-palladiumbilayers; and (b)
an ant i f mateoplbsghested drana ther grevr ernsigting el eabalt\gixide, @ nickeleaxidarag exide of | ayer
and formed of a 14 material selected fromthe group consisting of a cobalt
oxi de, a an alkwyl ofacobale andanickelj atel @ allogreomiprising Mn emban element selected|fronand an
all oy conprising Mh and an el enent selected from the group consisting of

Pt, N, Fthe grdupasfisiftthg ofPt, NiBe, deawiord.of claim 14 wherein the material of
the ferromagnetic layer is one or nore bilayers of cobalt and plati num or
one or nore bilayers of cobalt and palladium and wherein the cobalt |ayers
in said bilayers include an elenent selected fromthe group consisting of

B, Ta, C,c0, P e : i M- rein the
mat eri al (1)? th@? seeﬁrg(gr%: @{&?1(34 lé?é'? tP% ngtezlgggﬁo@9 ?%orfogl{laladr‘?g? rlﬁl ﬁ%ﬁiou Fn%él | oy

t hat incl udes .an el nt selected fromthe group consisti f.. B, Nb and
Ta 17, TROSRIRYES o Ut antHPEATHOF OPO% Hore ey e o1 SRR ARY Palaingh and v des
an exchange field HE to the ferromagnetic |ayer, wherein the ferromagnetic
| ayer hasWhereimthejaebale layetseincsaid bilayersoinclyde an slapan seleeted yfrone theograup
coercivity He greater than Hco, and wherein the sumof HE and Hc is greater
t han t he oagisting of B Bd, €r1 0, G ApBtadl Bd; t he sensor. 18. The sensor of claim
17 wherein the intrinsic coercivity Hco of the ferromagnetic |ayer is |ess

than the magnetic field to be sensed. 19. The sensor of claim 14 wherein the
ferromagnetic layer is |ocated between the

16.  The sensor of claim 14 wherein the material of the ferromagnetic layer is a 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 Hco that is enhanced by Hg to a coercivity Hc greater than Hco, 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 17 wherein the intrinsic coercivity Heo 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.
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EMR active filmand the antiferromagnetic |ayer. 15 20. The sensor of claim
14 wherein the antiferronmagnetic |ayer is |ocated between the EM active
filmand the ferromagnetic |ayer. 21. The sensor of claim 14 further
conprising a diffusion barrier between the EMR active filmand the
antiferromagnetic/ferromagnetic bilayer. 22. The sensor of claim 21 wherein
the diffusion baffler is selected fromthe group consisting of alum num
oxides, alum numnitrides, silicon oxides, and silicon nitrides. 16

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

EMR active film and the ferromagnetic layer.

21.  The sensor of claim 14 further comprising a diffusion barrier between the EMR

active film and the antiferromagnetic/ferromagnetic bilayer.

22.  The sensor of claim 21 wherein the diffusion baffler is selected from the group

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