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SA9-'_9'_" -041+ - b : IVAG\IETO?ESTSTQ\&'O&ENSGZ . This invention. (P
retates in general to magnetic transducers for reading information signals

fr'o a magnetic nediumand, in particular, to an inproved magnetoresistive.
' ,transducer o The prior art di scloses a magnetic- transducer
referred tosws-Ba ﬁﬂgnetoresr stive.(MR) _sehsor or ‘head which has :been shown
to be capabl e of -reading dat'a -froma - n‘agnetrc sur face ‘at . great Irnear

densities.  An MR sensor det ects i nars throu h the
resi stance changes. "I MH@»%%HSCHHV% QF .oﬂ g

This invention relates in genernl to magnetic transducers for _

reading information signals from a magnotic medium and, in particular,_'c
" to an- improved magnetoresist1ve read transducer. o ' '

The _prior art discloses a magnet:c transducer referred to as a
magnetoresistive (MR) sensor or ‘head wh:ch has’ been shown to be capable _
of reading data from a.magnetic surface at great: linear densities. An
MR sensor detects magnetic f1e1d slgnals through the resistance changes .
of a read element made from a magnetic material as a function of the
amount and direction of magnetic flux heing sensed by the element.

These prior art MR sensors operate on the basis of the_aniSotrog;c...

magnetoresistive (AMR) effect in which a component of the.resistsnce

varies as cosziof the angle between the magnetization and the dlrection

of current flow These MR sensoxs have operated on the basis of the AMR
i effect even though this effect produced ounly a very small. percentage

change in the res1stance. . , L -

More recently, reports have been puhlished of technlques for
obtalnlng enhanced MR effects. One of these publlcatlons, "Enhanced
Magnetoresistance in Layered Magnetic Structures with Antlferromagnetic
Interlayer Exchange", G. Binasch et at.. Thys. Rev. B. V39, p. 4828
'(1989) and U.S. patenf 4,949,039 describe a layered magnetic structure
nhich yields enhanced MR effects-cnused by antiparallel alignment of the
magnetization. However the saturation fields required to obtain these
changes in resistance were too high aund the effect too nonlinear and

‘therefore unsuitable for producing a practical MR sensor.

In order for the MR phenomena in multilayered structures to be of
technological importance, it is necessary to achieve large changes in
resistance at relatively low satiration fields, so that the rate of

.change of MR vs. applied field can be optimizad.
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of a read .el errent made froma. magnetlc materi al as a functloh of the anount
and dFrecti.on- of - rragnetrc f1 ux béing sensed by the el ement. These prior . art

MR Sensors operate -on_t he -basis of the ani sot ropi.c’ magne qr T _‘ {w-
effect i'n whicth n*corponent of the resistance vari'es as. £0S erl{ 1 Qb h’e"‘
angl e bet\/\e@g-t,{tqmr{agnetlzatlon and the djrection of curlent el hese |

MR sensors have operated on the basis of the AMR ef fect even thaugh this
ef f ect produced only a very small percentage change i n" the ‘resi.st ance.
More recently,. Iefdsrtisedefore b:henpmbimﬂedhpi-rtcsthnisqdmdtéonctlotamﬁung

enhanced ef. Qfof. hese publications, Enhanced Magnet or esi st ance
I n Layere%é&é"ﬁcﬁdﬁg& Ures with Anti ferromagnet I c. I.nterlayer. Exchange",

G Binasch et al., Phys. Rev. B. V39, p. 4828 (1989) and U.S. patent .
4,949, 039 descriig ant-atse%mbrlasagmt hcmssgt,wﬁteaf&melsehsw ebfigrisghgrced. MR

effects caused b nt i AMent. o atio ver the
sat uration 4% éltﬁ‘is? ‘?‘F&d d‘nﬁb?t qﬁa?'hé'g" i"h@t’hﬁes‘ﬂ’l é‘ st%ﬁggl-l\%\eﬁe t 00
hi gh and t heilef 6£:cﬁertmgnetliq meteriaddid Hetteffecmlunmnat:abﬂehf&)ﬁemmhl!thilng a
practical I\@o eQFQ-{onferroﬁag:reglﬁcﬂ{t‘iﬁhé Hhed HG1 MRANGROOENR4I gy BHLti | ayered

structures o be al inportance, "it.is necessary to achieve
| ar ge ‘changleklaypar copprigigngce third dibdpi (idmyof BW%r&f‘hrWalH‘Hh spigifdest £Jippat

the rate of film.of ferromagnetic material, said third thin film having a thickness
of between a fraction of a monolayer and several monolayers and being
located at a predetermined distance x from the Jnterface between said
first and said second thin f£ilm ]ayere :
"A current flow is produced throngh the MR sensor, and the
variations in "résistivity of the MR qpnan produced by rotation of the
magnetization" in the first thin Eilm_layer of ferromagnetic material is

sensed as a function of the magnetic field being sensed.

In a specific embodiment of the invention, the MR sensor comprises
a trilayer_stﬁﬁcture having a first and a second thin film layer of
ferromagnetic material separated by and iu interfacial contact with a
third thin film of non-magnetic wetallie material. In this case a thin
film layer of material is provided in eithet or both of the

ferromagnetic layers.

In a further specific embodiment. »f the invention, the MR sensor
comprises a trilayer struckture having a First and a second thin f£ilm
layer of ferromagnetic material separated by and in interfacial contact
with a third film of non-magnetic metallic material. In this case a
.thin film layer of ferromagnetic materinl is provided at either or both
of the interfaces between the ferromasnetic layers and the thin film

layer of non-magnetic material.

All of the describedlambodiments produce an MR response in which

the magnitude of the reSponée is high and the field required to produce

- r"s bneH Has Been Repla"eu

i!illll!lll' {11
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change of- MR vs. appl i ed field can be oth m zed ' ' :
REPLACEMENT SHEET . el SUMW\RY @ THE lN\/El\rI'I O\I

It is an object of the present [ nvent I on t.o- amel | orat.e -one ahd ré?f:'r HIAS BFW
di sadvantages of the prior art. - “According” to One aspect tPER E; B
present | nvg;rgt.gprm,tlhere i.s provi ded a nmegnetoresi'stive senser—eoRpPH Sthg—a—

| ayered structure having at |east two biiayers each" sal d bi'l ayer
conprising a first thin film of ferromagnetic material . i nterfacial .
rel ati onshi-¢hisi ¢Hange Sixc easlistinee fisl fio ngtedilﬁﬁ'f efdmﬁn@meartcsmtcahtescwhmmrl al ,

said first ﬁé&hﬂce much lower MR response- . ) . o A -

The invention will be further descrihed in the'fdllowing more
particular description of embod:mentq nf thp 1nvention a8 111ustrated in -
accompanylng drawings, - wherein

Fig. 1 is a diagrammatic schematic Giew of a specific embodiment of

the magnetoresistive sensor according to.the present invention;

Fig. 2 is an end view of an alternate embodiment of the

magnetoresistive sensor according to the present invention;

Fig. 3 is a diagrammatic schematic view of a further embodiment of

the magnetoresistive sensor according to the present invention;

Fgg. 4 comprises four related graphs a-d which show magnetic and
resistive chdracteristics for a specific embodiment of the

magnetoresistive sensor of Fig. 1;

Fig 5. is a graph showing magnetoresistance vs magnetic field at

half saturation for a plurality of magneLoreq:stlve sensors of the type
shown in Fig. 1;

Fig. 6 is a graph showing a comparison of two structures of the
type shown in Fig. 3 for which only one of the structures has interface

layers;

Fig. 7 is a graph showing the variation in MR response with

thickness of a Co interface layer;

Fig. 8 is a graph showing the room temperature magnetoresistance
versus magnetic field for two specific structures of the type shown in
Fig. 3; ' '

—_—
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films-of ferroma,gnetlc mat eri-al~ éach-incl udi ng-therein at l east one thin
filmof material,: ' said thin film havi ng a thickness of- between a fraction
of- a nonol ayer: - and several nonol: -ayers, said thin filmbeing spaced a -

di stance x fromtheinterface bet ween sald first and said second thin film

| ayers; ng@neifgy produci ng a current fhow through said magnetoresistive.
sensor; and neans-for sensing the variations in voltage across said
nagnetore5|st|ve sensor produced by changes i.n resistance of -said

magnet or esi st¥i® 9sinsogranhe showingt tid garotietse intneespeass wathn said first

layer as g, fMRGld OF Plool Nere MBgIGLESCd gL} bEi NG sensed. Accor ding to
anot her aspect of the p?@zseﬁ? i nvention there.is provided-a. -~

nmagnet or esi stive sensor conprising a |ayered structure having at |east one
trilayer conpig simg:.sat&b risilated gaplec @heliinRi thef iriﬂihtﬂyeﬂ.ndm fespoosmagneti c

material SERARIGHelY orAltd Rab LI ARl dof AL Rrath ! Bho? shdlireled NI N

fllmlaye nagnet |
layers (top) and with structures having one interface layer (bottom);

Fig. 11 is a graph which show the B-H loop and the MR response for
a specific embodiment of a layered magnetic structure similar to that of
Fig. 3;

Fig. 12 is a graph which shows that B-H loop and the MR response
for a further specific embodiment of a layered magnetic structure

similar to that of Fig. 3.

. Recently, giant value of magnetoresistance have been identified:in
multilayered structures of the form [F/NNln where F is a thin layer ?f
ferromagnetic material such as iron (Fa) or cobalt (Co) and NM is a
non-magnetic spacer layer such as chromium (Cr) or copper (Cu).
Observation of large values of magnetoresistance in such multilayers is
found for structures in which the F layers are exchange coupled
antiparallel to one another via the NM layer. Typically, magnetic files
in the range of several hundred Qe are requived to obtain these changes

in resistance.

A specific embodiment of a multilayared structure, according to the
present invention, is shown in Fig. 1. The magnetoresistive (MR) sensor
10 shown in Fig. 1 comprises repeated bilnyérs of a thin layer of a
ferromagnetic material 12 amd a non-magnetic.material 14.. According to
the present invention, a thin layer of material 16 is located within the
layer of ferromagnetic material 12 at a distance x from the interface
between ferromagnetic layer 12 and non-magnetic layer 14. As will be
shown in greater detail below, the addition of this thin layer of

material 16 within the ferromagnetic laver 12 jncreases the magnitude of
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matertal; a fourth th| n filmil ayer of materl al -incl uded Wlthl - sald f| rst
thin filmlayer of ferromagnetic-rmterial, said fourth thin filtiayer::
hdving a thickness of between a fraction ofa nonol .ayer: and several - :
monol ayers, said fourth thin filml ayer being spaced 'a distance. x fromthe
interface lsabvepmsasai d. first and said thigd thin filmlayers; rreans for
producing a current flow through sai d magnet oresi stive sensor;:.and nmeans
for sensing the variations in voltage across said ma netoresi stive sensor
pr oduced b)ﬁhecmeereais‘tweswéﬁwtcﬁ“'&a#'ti:'nhl}hétl?ﬁeeg ng the apphedr due to

rotation ofpdoheryrrgngid.zation in'said first layer as a function. of the
magnetic fietd bei ng sensed. . ' '

Another structure that has recently hoen 1dentif1ed comprlses a
sandwich strgcture of the form Fl/MN/FZIAF. Low saturation fields have
been obtained for these sandwich strnctures by exchange biasing the F2
layer with an antiferromagnetic (AF) layer such as MnFe. Values of MR
in the range of 3-5% can be obtained for these structures for fields in
the 10 Oe range. Other structures require a much larger saturation

field, by a factor of appréximately 5 times larger.

A specific embodiment of sandwich structure, according to the
present iﬁvention, is shown in Fig. 2. The MR sensor 20 shown in Fig. 2
comprises a first layer of ferromagnetic material 22, a layer of
non-magnetic material 24, a second layer of ferromagnetic material 26,
‘and a layer of antiferromagmetic material 28. Electrical leads 29 are
,provided to form a circuit path between the MR sensor structure, current
source 19 and sensing means 21. Other layers (not shown) may also be
provided for various biasing Fields, for example, as is known in the
art. Current source 19 produces a current flow through the MR semsor,
and sensing means 21 provides circnits to sense the variations in
voltage across the MR sensor produced by changes in resisténge of the MR
sensor due to rotation of the magnetization in the first ferromagnetic

layer 22 as a function of the magnetic Field being sensed.

Acéording to the presemt invention, a thin layer of material 23 is
located within the first layer of farromagnetic material 22 at a
distance x from the interface between farromagnetic layer 22 and
non-magnetic layer 24. A second thin layer of material 25 may also be
located within the second layer of ferromagnetic material 26 at a
distance y from the interface betweeu ferromagnetic lajer 26 and
non-magnetic layer 24. The addition of these thin layers of material
23, 25 substantially increases the magnitude of the magnetoresistahce

with a low applied field.




3 - According to still another aspect -of the present- invention there is’.
provided:a nmagnetoresistive.sensor conprisiing a |layered structure having’
at® | east -one trilayer " conprising a first and a second thin film:l ayer .of.
-f eeromagneti c naterial separated by a  thirdthin filmlayer of _

non- rragn_et.isg %@"*2' c.material; a fourth thin filmlayer of ferromagnetic
mat eri al * di -Bos t the interface betwedh said first and said third thi n

film layers; means for producing a current flow through said

magnet or esi st i e SRERRA niilnel® 2% M RERSENAEIANATLA IO BReddhey Ol t 20C
across sai d nmagnetoresistive sensor pr oduced ' by changes In resistance of
sai d magnetigvertiop; 48 shoppAndfis-t 3-r JhatRofrurerndfyfbeirz 4R iTd8- 3 n said
first |ayercorprizelUslGpeeiaDiatd® fTBRE Qlrbeinlik Bf deb@iiBEd SRBSEShents in
According Lo ol idh, SIQLAEL LIREY 197,42 LGS Prugdles né({mggg:[ege-% Seirse
provi ded a .imagnetoresi stive sensor.- conmprising a fifst yer o
f er r omagnetliageywifeférromagnpticyeatendal 32. a laver of non-magnetic material 34,
and a second layer of ferromagnetic material 36, A thin layer of
ferromagnetic material 33 is located at the interface betwsen
ferromagnetic layer 32 and the layer of non-magnetic material 34. A
second thin layer of ferromagnetic material 35 may also be located at
the interface between the second layer of ferromagnetic material 36 and

the layer of non-magnetic material 3&.

The purpose of thin layers of matervial 16, 23, 25; 33 and 35 is to
produce a localized region whose spin dependent scattering properties
are different from the layer of ferrnmagnétic material into which the
localized regions are introduced. The thin 1ayeré of material- 16, 23,
25, 33 and 35 have a thickness of a fraction of a monolayer to several
monolayers or more of material, so these layers will be referred to as
nanolayers. The materials -for the nanclayers are metallic, and their
characteristics are chosen based o ghé ferromagnetic materials into
which they are introduced. The honk, FRRROMAGNETIC MATERIALS, Vol. 3,
edited by E.P. Wohlfarth, North-Holland (1986) has on pagés 766-9,
Tables 1,2 and 3 which report the residual resistivity and temperature
dependence of resistivity for a number of impurities in nickel(Ni), Co,
and Fe as well as spin dependent impnrity scattering resistivities.
These tables provide examples of materials that are candidatés for use
as the nanolayers for the vespective forromagnetic materials, as well.
These and other materials maf'alsn be chosen because of their spin
dependent electron scattering properties derived from induced strain, or
introduced defects, or caused by the change in eléctronic band structure
that the nanolayer introduces.. Note that some of these materials are
ferromagnetic and some of these materials are non-magnetic. Only the
ferromagnetic materials are suitable for use as thin film layers 33 and
35.
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| ayer of ferromagnetic material, said first and second ferromagnetic |ayers
separated by a spacer layer of non-magnetic material, each of said first
and second ferromagnetic |ayers being in contact with an adjacent surface
of *sai d non-nmagnetic |layer, an interface being formed therebetween, at

| east one-of. said first ‘and second ferromagnetlc Lbayers :i ncludi ng. theren N

athin| ayerSA%Tgler{”al lic material sandw ¢Red .wit:hin said. fertomagnetic -,

| ayer, said thin:layer of netalljc material spaced fromsal d inpterface-

bet ween said fer 1,0 i I’ldSldS cer di.st.anc sald'
thin | ayer of rre'l{ H ggrrfa%grllg%l% ™ _'.'maf'g'%a ?sziesgxrcg ?%tr?iW'?a]ﬁ' ﬁy)s%atﬁed

f er r omagnet Pée#we#n\mé#%natmcsﬁim "{!Ilbwb‘ndehtnfs'@dttlimengd Sﬁr@ff@ﬂ# @s are

different fgRowd Ag 181@ ng dfeﬁethcw%nmw:.ngrm nktfm eISiliv Ckomed of
f err omagnet PTI ON: ERRE

EMBODI MENT( Ey s “°“rFf%3’fer’f\}8n’tﬁY8i‘i . |ff’"b"é‘ f’f:r t"he?“ddé'é‘t E‘Pb‘é’d‘YPﬁ "tf

fol |l owi ng rmataeqjaltlécuharaldesfnmpﬂlm(‘r “The quuctures were prepared on &
silicon (S1) substrate with a Cr undorlayer as.. follaws '

. o o o ° .o e . -
Si/c::(soA.J_/_[Fe(XA)/cr(1A)/Fe(40'-zxz\)/dr(J.A)_/Fe(xm/c'r(_rcf)]_30/ Cr(soZ)

- Films comprising Fe/Cr-ﬁultilayers With-thip_dr nanolayers'placed :
within the Fe layers were deposited by r £ sputterigg'en Si sﬁbétrates,
and the resistance as a function of applied field measured. The Cr
nanolayers consisted of 1 K of material'depoeited within the Fe layer at
at distance x Srom the Fe/Cr interface that was -systematically varied
from O to 17.5A. Three serles of fl|m< were deposited with the Cr layer
thickness, t__, of 10A 12. SA. and lsA Note that, for films made
within each of these three; types, the only change is in the location of
the nanclayer, and the total amount of each eiement is kept fixed. The
_results of the measurements on these structures is shown in Fig. 4 in a
set of four related graphs in which (a) is the observed film resistance
at high applied field, (b) is the change in resistivity A#Z whén the
magnetic layers were saturatea in an nppli%d field, (c) is .the relative
change in resistivityAP/P (typically refocred to as a giant
magnétdresistance), and (d) is the Fierld vequirasd to reduce the
resistivity'by half of its totél oxrnrqfon, 1/2 (roughly half the
saturation field). It can be seen from Lhese graphs that the change in
resistivity AP dramatically increases as the rianolayer is positioned
further from the interface. This increase saturates once the nanolayer

) o .
is positioned more than about 10A from the interFface.-

The magnetoresistance values for a given saburation field obtained
by nanolgyering are consistently larger than those obtained from
conventioﬁal Fe/Cr films. This is easily seen by plottJng the
magnerores1stance A R/R vs Hl/Z for films Fabricated in each of these -

ways. Fig. 5 shows this comparison in which all conventional Fe/Cr



of enbodi rrents of - the [ nventlon as: i I Iustrat edin accorrpanyl ng draw ngs;,.
wherein - Flg 1li-s adlagramratlc schematic view of- a specific
errbodl ment of. the fragnet or esi sti ve- sensor according to the. pr esent E
i nvéntion: -j-'j."-" Fi’ g. 2 is an end view.of an alternate enbodi nent of the
magnet or esi mgm-aeﬁsor -~ according to thegpresent invention; .. .

3a Fig 3 is-a diagrammtic schematic :view of ‘a furt her enbodl rrent of
t he nagnetore5|st|ve sensor. according to the present invention; ' Fi-g.
4 conpri ses fiday thet arelayy agpduceddfalili titoshowrnug heed arownd Fiss ﬂsgﬁ%’e

line. Shown for comparison are the nanolayer films with t = 15A..
These films clearly deviate from the dotted line toward h1gher .
magnetoresistance for a given saturation field. This data shows. that
'by the- addltion of the nanolayer. an improvement by a factor of two in

magnetore81stance is obtained, for a given saturation field over that

obtainable with any conventional Fe/Cr film.

It cgn'be seen from Fig. 4 that the increase in ﬁagnetpresistance.
is hot'gfeat for X=0. wagyer, this data is taken for a structure in
which the nanolayer is non-magnetic matérial, Cr. It has been .
discovered that, with x=0 (ie, a nano]ayef at the interface between the
ferromagnetic layer 22 and the non-magnetic layer 24) and where the thin
layer of material 23 is a ferromagnetic matevial, a substantial increase
in magnetoresistance is produced, for certain magnetic and non-magnetic

materials.

This increase in magnetoresistance that can be obtained by this
structure is graphically demonstrated in Fig. 6 in which the bottom
curve shows the MR response for a strncture without nanolayering and the
top curve shows the MR response for the same structure with the addition

of nanolayers. The structure for the hottom curve comprises:
-] (-] o o 2
NiFeCo(704)/Cu(25A)/NiFeCo(30A) /MnFe(B80A)/Cu(104)
The structure for the  top curve comprises:
[-] o } o o -] o °
NiFeCo(674)/Co(3A)/Cu(25A) /Co(3A )/NiFeCo(27A) /MnFe(80A)/Cu(104)
The data in Fig. 6 clearly demonstrates a doubling of the MR
. ]
response by insertion of a Co layer just 3A thick at the NiFeCo/Cu

interfaces. The field required to ohtain the doubled MR is not

significantly increased.



characterlstlcs for.a speC|f|c enbodlnent of the nagnetore5|st|ve sensar “of "N

Fig. -1 S Fig- 5. is a graph. shomﬂng nagnetore5|stance s magnhetic- field. -
at® hal f saturatlon for a pIurallty of  magnet or esi-st i ve:-sensors. of : the type
shewn in Fig. 1; .. ~:Fig. 6is a- graph showi hg a conparlson of “two
structures of the type shown in Fi.g.." 3 for .which only one of t he

struct ures $433° ]iﬁf‘ rface.l ayers; ‘ F|’g 7 is a graph .show ng the

variation in MR responsé with thickness.of a Co interface:|ayer;

Fig. 8 isagr . SPUHRE éﬂledél%ﬁhﬁ&”a?rm Wi rBRBRSE. %eaiesmﬂﬂ@eyero&us
magnetic fiel or-two specific structures of the tgpe éhomghln Fig. 3;
the interface layer 23, 25 which in this ocmbodiment 'is
structure is of the same form as thar considered in Flg. 6 and

comprlses : . . o :e- : .
NiFe(60-XZ)/Co<xZ)'/Cu(3oZ)'/Co(XA)(Ni.l-'a(zs-xm/unFe(100A) /Cu(104)

The data of Fig. 7 shows that the MR response increasee rapidly with
increasing Co thickness and then levels ont with further increasing
thickness.. Increased Mr- response has been noted for the thin interface
layers from O. 5 to 20A and the preferred thickness range is from about
3 to about 20A_

Fig. 8 shows a comparison of the MR response for a Co/Cu/Co

sandwich structure of the form:

o o -] o L]
Co(60A)/Cu(30A)/Co(25A)/MnFe(100A)/Cu(10A) |
and a NiFe/Cu/NiFe/MnFe structure with a thin Co interface layer of the
form:

P

NiFe(SSZ)/Co&SZ)/Cu(ZSZ)/CO(SZ)/NiFe(ZOA)/HnFe(100A)/Cu(10A)

The data clearly shows that, while the magnitude of the MR response have
similar values, the NiFe/Co based strnctnre has a much smaller

saturation field.

Fig..9 shows that the interface lavar can also be an alloy rather

than an elemental layer. This structure is of the form:

o
NiFeCO(60-XA)/COZOFe30(XA)/Cu(2§A)/FO (XA)/NIPGCO(ZS-XA)/
p .
MnFe(100A) /Cu(10A) '
This structure shows a similar dramatic increase in MR response with

thickness of the Co701"e30 layer.
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SA9-91-041 = - 4. . - F|g 9.i's agraph shovmngthe
variations in MR response with thickness of a Col[err] Fe[err] interface. :
| ayer ; _ Fig. 10 is two related graphs showi ng the variation-in MR
resbonse with thickness-of a Co interface layer for: structures with two

i nterface | Hp8r&1-Otdp) and with structurew® having one interface layer .
(bottom; - . "~ Fg. 11 is a graph which show the B-H | oop.and the M
response for a s .eciflc enbodi nent of -a | ayered ma%netlc strycture simlar
to that of FEig. 1’2‘-3 showg-ia °°“;'1P2“F~§°"a"'§r'hﬁh"'\f\il‘ﬂ‘6‘f'1 bpbhes i dneengefyop and

the MR res paager far bethf liﬁté’}ﬁl’acésp@ﬁtlﬁ i« sefladi s@nt ek valﬂcayte:sedn nimg eeface-
structure si T le:vf'a‘ratt gnet %@t the. Fﬂﬂg 1n§9rfﬂreq The top figure shows data for a

structure comprising: . o ' -

' o, ° ° ° ° °
NiFe(60-XZ)/CO(XZ)/Cu(30A)/Co(5XAj/NiFe(ZS-XA)/ﬁnFe(lOOA)Cu(1OA)

-

The bottom figure shows data for-a similar structure comprising:
o o ° : ° ‘o ] o
NiFe(SO-XA)/Co(XA)/Cu(30A)/Co(35A)/MnFe(ISQA)/Cu(IOA)

In the bottom figure, since an interface layer is provided on only one
of the interfaces, the MR response only increases by 47% in this
embodiment, approximately half the increase found in the top figure in

which two interface layers were used.

The MR response is still substantial for a structur% in which a
single iﬁterfaée layer in used, and the value remains high with
increasing thickness of the interface layer as shown in Figs. 11 and 12.

The MR response shown in Fig. Ll is Ffar the Following stmcture:
(] -] ] [+ o
Si/NiFe(80A)/Co(10A)/Cu(22A)/Co(30A)/FaMn(150A)
o
This structure shows an MR response of ahout 5.3% with a 10A Co

interface layer. The MR response in Fig. 12 is for the follewing

structure:

-] L] -] -0 ]
Si/NiFe(60A)/Co(20A)/Cu(22A)/Co(30A)/FeMn( 150A)
i [+
This structure shows an MR response of ahout 5.8% with a 20A Co

interfdce layer. This demonstrates thnl the useful range of thickness

of the Co nanolayer is between abont ’A and about 20A

We have shown that the addition ol a thin layer of material will

substantially increase the magnitnde of the MR response when located



Recently, g| ant val ue of rragnetore5| stance have been rdentlfled in o
mul titayered-s$tructures of 'the form[F/NI\/][err] ‘where- Fis’a t hi .n. Iayer “of
ferrorragnetlc materlal such as i-ron (Fe) of .cobalt (Co) and NM:isa == .
nom- magneti c spacer | ayer such as chrom um(Cr) or copper - (Cu) . Ooservatlon .
of large vgbm-@,{ ‘iragnet-or esi st ance i-njguch nuttilayers is found for
structures 1.n whi ch the F layers are exchange coupl ed.antiparallel-to one
another via the NMlayer. Typically, magnetic files in the range of
several hungduds Qe Seeranagnetied lapsobt & dittese xC ligorg ehe | interfrcet ance.

A specific, &%% 'H%”Ee&{?m\%ﬁ:ﬁ%ﬁﬁc' ia§>’~°rr fikh hi %L‘M; leéﬁcﬁ? 19 §ORhdE
present inventlon oreS| stive (I\/R) sensor
10 shown i al¥i ghown shakr if9%stheepreiod ?J’I‘I“ayet“’kl%if the tdip pancgy¥T0 gpd fhe -
I ﬁr r omagne{:hfn rxa;-fxr gl a Jf%rmgiaeewmaa&nem th?ﬁ:%%hﬁldeléf théqm&dsl:ﬂ&stbo
e presen ntion in |ayer eria n the
| ayer of fdf r"gﬁﬁ %“%ﬁtﬁgﬁ’l’é‘lcr ?segt’ ﬂ'ﬁ%’%ﬁ"aﬁﬂ%"sxt{f?r&n%t ﬁ(‘-fgﬁﬁ“&hia .
bet ween fehbonngaﬁel tn | theemagi@ tan df irdA - meg hetdi to lpaydircelthe Abangel inbe shown
in greater gggq QHelow, the addition of this thin layer-of nmaterial 16
wi thin the erromagnetlc | ayer 12 increases the magnitude of

There has been described a magnetoresistive semsor comprising a
layered structure having at least two bilayers each comprising a first
thin film of ferromagnetic material in'inteifacial contact with a second
thin film of nonferromagnetic metallic material,

A third thin film of material within said first thin films of
ferromagnetic material, said third thin film having a thickness of
between a fractlon of a monolayer and seavaral monolayers and being

" located at a predetermlned distance x from the interface between said
first and said second thin film layers:

means for producing a current flow through said magnetoresistive
sensor; and

means for sensing the variations in voltage across said
magnetoresistive sensor produced by changes in resistance of said
magnetoresistive sensor due to rotation of the magnetization in said

first layer as a function of the magnetic field being sensed.

. While the invention has been particulacly shown and described with
reference to a preferred embodiment thercof, it will be understood by
those skilled in the art that various other changes in the form and
details may be made therein without departing from the scope of the

invention.



SA9-91-041 the magnetoresi stance w thout substantially increasing the: -
appl ied ragnetic field. Anot her ‘structure that: has recently been "."\"
i dentified. conprises a sandwi ch structure of tthe form F{ el r-,}mmgt@r}{r,\b/%y-w
Low saturation-fields have been obtained for these sandw ST TR WCRB.
exchange bi asi ng the Flerr] layer with an antiferromagneti . .
as MhFe. Val 888-¥-0R in the range of 3-5%%an be obtained fof these
structures for fields in the 10 Ge range. O her structures

| arger saturation field, by a factor of a r%xi mately 5 ““EMe“ﬁHmlr“mr
A specifi e enbodi nent of sandwich struct &ﬁ@'—a ccordi ng t

1. A magnetoresistive sensor comprisiﬁg a layefed' structure having at
least one biiayer comprising a first thin film of ferromagnetic material
in interfacial contact with a second thin film of nonferromagnetic
metallic material, characterised by the bilayer comprising a third thin
film of material within said first thin film of ferromagnetic material,
said third thin film having a thickness of between a fraction of a
monolayer and several monolayers and being located at a predetermined
distance x from the. interface between said first and said second thin

film layers.

2. A magnetoresistive sensor as claimed in Clainf 1 compris’ing a
layered structure having at least one trilayer comprising the bilayer
and a fourth -thin film layer of ferromagnet1c material separated by and
in interfacial contact with the second thin filim layer of non-magnetic

metallic material.

3. A magnetoresistive sensor as claimed in Claim 2 additionaliy
comprising a fifth thin £ilm layer of material within said fourth thin
film layer of ferromagnetic material, said fifth thin film layer having
a thickness of between a fraction of a monolayer and several monolayers
and-being located at a predetermined distance y from the interface

between said second and said fourth thin film layers.

4, A magnetoresistive sensor as claimed in Claim 3 wherein said

distance y is from 0 to about 17.5 angstroms.

5. A magnétoresistive sensor as claimed in any of Claims 2 to 4
wherein said third and/or said fifth thin film of material comprises a

metallic material.

6. A magnetoresistive swensor as claimed in any preceding claim wherein

said third thin film of material comprises a nonferromagnetic material.

This Sheet Has Been Replaced
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pr esent |nventron ] 3 -shown | n ensor 20 shown in-Fig. 2.
comprises a first-layer of fer mumnmwm X r‘rﬁi’ﬁ‘ef '

ron- nagnetrc mat erial” 24, -a second | &yef of f’érronagne iCc mat Tr IASZFGT\'
a,l ayer of" antrferrorragnetrc mat erial  28. Electrical. ¥
to forma Ci 1540+914041h bet ween the MR senstg structure current sour.ce 19
and sensing ‘means 21. Qther |ayers (not shown) may al'so- ‘be provided for-
various biasi'ng-fields, for exanple, as‘is known in the art. -Current .
source 19 prdduces mgmeatsqwewmpe@clmmnsm GFeceéﬁﬂg <IAin Hherpims
21 provi des Gizh§Uistahde e0$ &rbliep VR bBdutOPs, 5i Qn%\é/%t:&@e across the MR
sensor. produced by changes i'n resistance of-the sensor due to rotation
of the magnetization in the first ferromagneticc |ayer 22 as a function of

t he magnetic zFr eld xdagnagareem&e sensor asActaimgidnip &uy.ipirecqitiagedaim wherein

I nventi ton, [, ls 29, 1 h t r
of ferronagn& | ‘E fr}ﬁ: @}’é‘h i g lggéta'ls T c%a%(cpgg %qt%tni *ﬁtié'lr ?g’é% E)'gt(:'/\r}]e?r‘l&
ferronagnetr(salldy@t’lrézﬂmwdfhb\hlﬁmétsr @rl ayer -24. . A second t hin: | ayer of.
material 25 may al so be located within the second |ayer of_ferromagnetic
material 26 at a dr stance y fromthe |nter§.ace bet en ero gjéneg Iaé '
26 and non- négnet? (?aﬁa?/tét’eihs"l‘]'ﬁes%ﬂf&?’t?%ﬁ "t')‘lmeflh’é’s 5 A 9% g@ fWHREESP| al
23, 25 subst aguidadistahesy @aswd oihy amegpédoudnl ehid Ithiﬂngnetm:r ssid fafice thin h
a | ow appli GQEfl eié%ers of ferromagnetic material have a thickness within the range

of 0.5 to 20 angstroms.

10. A ﬁagnetoresistive sensor as claimed in any preceding claim
comprising means for producing a current flow through said
magnetoresistive sensor; and

means for sensing the variations in voltage across said '
magnetoresistive sensor produced by changes in resistance of said
magnetoresistive sensor due to rotation of magnetization in said first

layer as a function of the magnetic field being sensed.

Th is Sheet Has Been Replaced
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SA9- 91- 041 : ' 6 . _Afurther: enbodlnent of an MR
sensor, accordlng to the present invention, i's shomn in Fig. 3." The NR
sensor 30 shown in-Fig. 3 conprises a. speC|aI case of t] .c;icuC*"
destri bed enbodi ments in which the distance x-and y is" é?%%s Wﬁ'gASBEEN
structure: STy ggs a first layer of ferpromagnetic mate LEPLACER v er ¢
non- magnet i ¢” naterlal ‘34, and a second |ayer of ferronagnetlc material 36.
A thin layer of ferronmagnetic material 33 is located at  the interface

bet ween ferromagnetic | ayer 32 and the |ayer of non-magnetic material 34. A
second thin layer of ferromagnetic material 35 may al so be |ocated at the

i nterface between the second | ayer of ferronagnetlc naterlal 36 and the

| ayer of non-nmagnetic material 34. : '

—

ABSTRACT

MAGNETORESISTIVE SENSOR

A magnetoresistive sensor comprising a layered structure having at
least one bilayer comprising a first thin €ilm of ferromagnetic material
in_interfaciai contact with a second thin film of nonferromagnetic
metallic material, characterised by the hilayer comprising a third thin
film of material within said Eirst. thin rilin of ferromagnetic material,
said third thin film having a thickness of between a fraction of a
monolayer- and several monolayers aund heing Hocéted at a predetermined
distance x from the interface between <aid firét and said second thin

£film layers.
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a | oghlized regi.on whose spin dependent scattering properties are different
frofmthe |l ayer of ferromagnetic material into which the |ocalized regions
ar& introduced. The thin layers of material 16, 23, 25, 33 and 35 have a

t hi ckness: of a- ‘fraction of a-nonol ayer 'to several monol ayers or nore of

mat eri-al, “so these layers will be referréd to ‘as nanol ayers. The materials
for the nanolayers are metallic, and their characterlstlcs are .chosen based
on the ferromagnetic naterlals into which they. are-introduced. The book,
FERROMAGNETI C MATERI ALS, Vol. 3, edited by E. P.. Whlfarth, North-Holland
(1986) has on pages 766-9, Tables 1,2 and 3 which report the r esi dual
resistivity and tenperature dependence of resistivity for a nunber of
impurities in nickel'(Ni), Co, and Fe as well as spin dependent .i-npurity
scattering.resistivities. These tables provide exanpl-es of material that
are candidates for use as.the nandlayers for the respective ferromagnetic
materials, as well. Thepe and ot her naterlals nay al so be chdsen because of
t heir spin. dependent el pettepr—secatte : ed—f{rom.i fpfluced
strain, or introduced defects, or caused by the change im-eldctronic band
structure that the nano] ayer introduces: Note that sone of ttese,np%erials
are ferromagnetic and sprme of these material s are non-nmagnetijc Only the
ferromagnetic materialsfare suitable for use as thin filmlayers 33 and 35.

Theﬁ;gfpdée of thin iayers of material 16, 23, 25, 33 and 35 is to produce
0

16 — — Y
|
X | | | X.
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To denonstrate _the increase in magnet or.esi. stance obt ai nabl e by the pr esent :_

I nvention, a speC| fic embodinent of nultilayered structurés-as shown i\
Fig. 1 were produced with the ferromagnetic | ayer 12 forned-of Fe, the.
non-magnetic- | ayer 14 formed of Cr, and the nanol ayer- of material. .16 was

al so formed of Cr. The structures were. prgpgred on a srllcon (SI) substrate

with a O underlayer as follows: - Si/Cr(30A
[ [Fe(XA)/ Cr (1A)/ Fe(40- 2XA)/Cr(1A)/Fe(XA)/Cr(t[err])][err]/Cr(50A)
Films conprising Fe/Cr multilayers with thin G nanol ayers placed
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wi-t hi n the Feé- Iayers wer.e dep05|ted by "-ffsputterlng on Sl substrates and
t he reS|stanCe as*a-function-of ‘applieéd.field nmeasured. The: & - nanolayers
comsi sted of 1 A‘of- raterj.al- depOSIted wi.thin.the Fe-l'ayer- at-at: di stance x |
fromthe Fe/Cr. |nterface t hat- Wwas.- systenatlcally varied. fromO to 17.5A
Three .series of fi.lms were- deposlted with f Cr layer thickness, t[err],.

of 10A, 12.5A, and 15A. Note that, .for f71 05 nade within each-of these
three types, the only change-is in the Iocatlon of the-nanol-ayer, and the
total anmount of each elenent is kept fixed. " The results of the
nmeasurenments on these structures LS shown in Fig. 4 in a set .of four

rel ated graphs iFn which (a) is the observed filmresistance at high applied
field, (b) is that change in resistivity [.err] when the magnetic |ayers
were saturated in an applied field, (c) is the relative change in- -
resistivity [err] (typically referred to as a .giant magnetoresistance), and
(d) is the field required to reduce the reS|stIV|ty by half of its total
excursion, Herr] (roughl . be seen from
t hese graphs that the chqnge in reS|st|V|ty AP dranatlcally-lncre es as
t he nanol ayer is positioged further fromthe interface. Thisfncredde
saturates once the nanol gyer is positioned nore than about 104 fromthe

i nterface. The magnet oresi stance val ues for a given satjuration field
obt ai ned by nanol ayeringlare consistently larger than those oltai ned from
conventional Fe/Cr filmsj This is easily seen by plotting the 35

34—t

~— 33




magnetor ési-stance [err] RRRvs Herr].  for filns fabricated i-n-each of ..: .-
these ways: Fi dg. 5 shows this conparison in which all conventional Fe/.Cr-
SA%-91-041  filns thHat we have produced f-all into a narrow band around-the
dotted line..' Shown for conparison are the nanolayer. filnms with t{err] =
15A. These filns clearly deviate fromthe dotted l.i ne toward higher

magnet or esi stance for a given saturation E{B d. Thi s data shows that., by
the addition of ‘the nanol ayer, an inprovenent by a factor of two in '
magnet or esi stance i s obtained,. for a given saturation field, over that

obt ai nabl & wi th any conventional Fe/C film :
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't can be seen. from Fi g. 4 “t hat. the, increase’in nagnet or esi stance is not.
great for X=0.. 'However, this.data |s taken ‘for a structure in:which the
napol ayergi.s non-. magnetl c material, "G. .1t~ has been di scovered that, -with
- x=0 (ie, a-nanolayer at the |nterface between ‘the ferrorragnetlc Iayer 22
and t.he non- magnetlc | ayer 24) and V\/nereét}tﬁ thin layer of material 23 is a.
ferromagnetic material, a substantial sein magnet oresi stance is
produced, for. certain magnetl c and non-magnetic materials. .. Thi s

i ncrease in magnetoresi stance that can be obtained by this structure is
graphically denmonstrated in Fig. 6 in which the bottom curve shows the MR
response for a structure w thout nanolayering and the top curve shows the
MR response for the sane structure with the addition of nanol ayers. The
structure for-t.he bottom curve conpri ses:

N FeCo(?OA)/Cu(ZSA)/ Ni FeCo(SOA)/ MiFe( 80A) / Cu( 10A) The structure for
the top curve conprises:: Ni FeC0(67A)/C0(3A)/Cu(25A)/C0(3A

)/ Ni FeCo( 27A)/ VhFe( 80A) / Cu( 10A)
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The data in. F| g 6.cl earl y dermnstrat es a doubl-i ng .of: the MR response by
i nserti.on of a Co layer just 3A thick at the Ni FéCo/Gu.interfaces. The
fietd required to obtain the doubled MR is not. significantly increased. .-
SA9-91-041- =~ . Fig. 7 shows the dependence of the MR response on the -

t hi ckness of ‘the interface |l ayer 23, -25 V\@( Jp in this enbodinent is Co. The
structure is of -the sane: formas that con dered in Flg 6 and corrprlses
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>

Ni Fe( 60- XA)/CO(XA)/CU(SOA)/CG(XA) /' Ni Fe(25- XA) ): MhFe( 100A)/ Cu(10A) . The.

data of. Fig.. 7 shows that the MR Tesponsé increases rapi-dly wth i ncreasi ng ;

Co thi ckness and-tFen levels out with further increasi ng -t hi ckness.
| ncreased M response has been noted for the.thin interface |ayers fromo. 5_
~to 20A, and the pref erred thickness range |.Z/irom about 3 to about 20A.

Fig. 8 shows a conparison of "'the MR.respons a Co/ Cu/ Co sandw ch
structure of the form Co( 60A) / Cu( 30A)/Co(25A)/thFe( 100A) / Cu(10A) and a
Ni Fe/ Cu/ Nl Fe/ M\nFe structure with-a thin Co interface |ayer of the form -

0 0 . -0 0 -0 - 0 0. - '
Ni Fe(55A)/ Co(5A)/ Cu(25A)/ Co(5A)/ Ni Fe( 20A) / \nFe( X00A)/ Cu(10A)
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The dat a clearly shows™ t hat ;: mhlle the nagnltude of - the MR résponse have
simlar val ues; t’he Ni Fe/ Co based structure has a ruch smaller saturation -
fiald. - Flg '9 shows that the i:nt erface Iayer can al so be an aIon
rather ‘than an.elenental layer. This.structure is of ‘the form
M%@@OMMQMHWQHHMNWM%N%ﬂHH%MHHMHM%@Q5Mﬂ
MhFe( 100A) /.Cu( 1.0A) This striucture sho sifilar dramatic increase in
MR response with thickness of the Co[err]Fe[err] Iayer
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SA9 91+041. = - 10 Fig. 10 shows a conpari son of a
struct uyre-, t hat ‘has an |nterface Iayer at both’interfaces with a- simlar..
strécture which has an interface 1ayer-at one of the F/ NM |nterfaces ~The
top. flgure shows data for a structure conprising: -

Ni Fe(60- XA)/CD(XA)/CU(SOA)/CD(SXA)/N|Fe(2§ )/NhFe(lOOA)Cu(lOA) The
bottomfigure shows data for a simlar str ure conpri si ng:

Ni Fe(80-XA)/ Co( XA)/ Cu(30A)/ Co(35A)/ MhFe(130A)/ Cu( 10A) In the bottom
figure, since an interface layer is provided on only one of the interfaces,
the MR'response only increases by 47%in this enbodi ment, approxi mately
half the increase found in the top flgure in which two |nterface Iayers

wer e used..
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The MR response -i s;’still. substantl al for a struct ur : -
interface layer.in used, and the  val ué teémai ns. hi gh Wi h- lnCI’eaSI ng
t hi.ckness of the interface |ayer-as shown i n"Figs. - 11 and 12 The
response-shown in Fig. 11 is for-the follow ng structure S S
Si I'Ni Fe(80A) /.Co(10A) / Cu(22A)/ Co( 30A) / Fel\/h(.lp Thi's:str uct ur e shows -an
MR response of about 5.3%w th a 10A Co.in face Iayer ‘The MR- response in
Fig. 12 is for t £

Si /i Fo( 60 { colIoARa SRR EaRTRA Rotsi) NFelai=x/: MoEe(HOOAAoRuCGH)
MR responsée of about 5.8% w th a. 20A Co interface layer. This denonstrates
that the useful range of thi ckndss off The fCo nanol ayler 1 o bet ween apout 3A
and about 20A. W\ have .shown that- the addition of a thin |aygr of
material will " e ) .
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W have al so shown that,

a distance x fromthe interface between the ferromagnetic layer and the
the distance X=0 and the thin |ayer

magni t ude of the MR response is also su

non- magneti c | ayer.
cases there is
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substantially increase the magni tude of the MR response when | ocated -

produce the changefin r

magnet or esi sti.ve s¢nsor
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| ayered structure having at |east two bi Fgmogiack conprising a first thin
filmof ferromagnetic material in interfacial contact with a second thin
filmof nonferromagnetic netallic material, Athird thin film of
material within said first thin filns of ferrorragnetlc mtw
thin filmhaving a thickness of between a fraction of a ngng

several nonol ayers and being | ocated at L4 predet er m ned dijstftance x fromtle
i nterface between said first and said second thin filmlayeqs:2 4 MAY #9ns

- for producing a current flow through said nmagnetoresistiveé gensor; and
means for sensing the variations in voltage across sai d npgnetoresistive
sensor produced by changes i nagSNETORESICITVIASENRBRNEt Or Bsstive sensor
due to rotation of the nagnetization in said first layer as a function of
the magnetic field being sensed. VWil e the invention has been

parti cul arl,i( shown and described with reference to a preferred enbodi nent
t her eof ,AB T be under st ood by those skilled in the art that various

ot her changes in the formand details nay be nmade therein wthout

departing fromthe scope.of the jnventiq
A magnetoresistive sensor (1 comprlsmg a layered structure having at least one

bilayer comprising a first thin film of ferromagnetic material (12) in int;rfacial contact with a
- second thin film of nonferromagnetic metallic material (14), characterised by the bilayer
comprising a third thin film of material (16) within said first thin film of ferromagnetic
material (12), said third thin film (16) having a thickness of between a fraction of a monolayer
~and several monolayers and being located at a predetermined distance X from the interface
between said first (12) and said second (14) thin film layers.
Fig. 1
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'12 s | CL%I@OI.%S'—% magnetaresistive

sensor conprising a layered structure having at least two bi REPMCEMENT SHEET
€ f+at—+R

said bilayer conprising a first thin filmof ferromagnetic ma
interfacial relationship wwth a second tgin filmof nonferronpg
netallic material, said first thin“filnms of ferromagnetjc

each including therein at | | | rial, shi
havi ng a thickness of bet V\ew}cx %W err and peveral

AT

ﬁbitérﬂ&w 1997

thin film

nonol ayers, said thin film being spaced a distance x from t helnte+face—_|

betveen sald 145k st SFERAC Bl . S o e R of

the prior art. _

According to ome aspect of the present invention there is provided a
magnetoresistive sensor comprising a layered struéture havihg at least two bilayers each
said bilayer comprising a first thin film of fei'romagnetic material in interfacial
relationship with a second thin film of nonferromagnetic metallic material, said first thin
films of ferromagnetic material each including therein at least one thin film of material,
said thin film having a thickness of between a fraction of a monolayer and several
monolayers, said thin film being spaced a distance x from the interface between said first
and said second thin film layers; means for producing a current flow through said
magnetoresisﬁvé sensor; and means for sensing the variations in voltage across said
magnetoresistive sensor produced by changes in resistance of said magnetoresistive
sensor due to rotation of the magnetization in said first layer as a function of the
" magnetic field being sensed.

According to another aspect of the present invention there is provided a
magnetoresistive sensor comprising a 'layered structure having at leaSt one trilayer
comprising a first and a second thin film layer of f_erromagneﬁc material separated by
and in interfacial relationship with a third thin film layer of non-magnetic metallic
material; a fourth thin film layer of material included within said first thin film layer of
ferromagnetic material, said fourth thin film layer having a ‘thickness of between a
fraction of a monolayer and several monolayers, said fourth thin film layer being spaced
a distance x from the interface between said first and said third thin film layers; means
for producing a current flow through said magnetoresistive sensor; and means for
sensiﬁg the variations in voltage across said magnetoresistive sensor produced by
changes in resistance of said magnetoresistive sensor due to rotation of the magnetization

in said first layer as a function of the magnetic field being sensed.



nmeans for sensi ng the variations in voltage across said mgnet%&%ﬁﬁmgﬁy SHEET
sensor produced by changes in resistance of said nagnetoresijstfive sensor
due to rotation of the magnetization in said first layer as fa ff up&t pigyy 997
the magnetic field being sensed. 2. The magnetoresistive siensor of claim
1 wherein said third thin filmof material conprises a nonf¢grromagnetic—
material. 3. The magnet oresi stive sensor of claim1l whereijn_said

di stance x i s Adotdifg t8NAAI fihomer Absuet IF MBISresRRENVEntidAOMerel Is Providsd r0Ns.
4. The magnetoresistive sensor of claim1 wherein said first thin film

| ayer is heagnémiskistiveCsegor lebiptising) h aAupdred Sstfdctuae chavitigd at Neasd drei Erilayém

| ayer is Cr. 5. A magnet oresi stive sensor conprising a layered structure
havi ng at comasisingreefirst rant aysecond thin iftinnigyer d¢f fesomagoets metevialiseparated by ra

| ayer of ferromagnetic material separated by and in interfacial

rel at i onstiipd thinh filmt layer) of Hion-magnetic apetallist matatiakpgnourth thin film layer of

ferromagnetic material disposed at the interface between said first and said third thin film

layers; means for producing a current flow through said magnetoresistive sensor; and
means for sensing the variations in volfage across said magnetoresistive sensor produced
by changes in resistance of said magnetoresistive sensor due to rotation of magnetization
in said first layer as a function of the magnetic field being sensed. ]

According to still another aspect of the present invention there is provided a
magnetoresistive sensor comprising a first layer of ferromagnetic material and a second
layer of ferromagnetic material, said first and second ferromagnetic layers separated by a
spacer layer of non-magnetic materi;al, each of said first aﬁd second ferromagnetic layers
being in contact with an adjacent surface of said non-magnetic layer, an interface being
formed therebetween, at least one of said first and second ferromagnetic layers including
therein a thin layer of metallic material sandwiched within said ferromagnetic layer, said
thin layer of metallic material spaced from said interface between said ferromagnetic
layer and said spacer layer a distance x, said thin layer of metallic material forming a
localized region within said ferromagnpetic layer wherein the spin dependent. scattering
properties are different from the spin dependent scattering properties of said
ferromagnetic material.

DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

The invention will be further described in the following more particular description
of embodiments of the invention as illustrated in accompanying drawings, wherein

Fig. 1 is a diagrammatic schemétic view of a specific embodiment of the
magnetoresistive sensor according to the present invention;

Fig. 2 is an end view of an alternate embodiment of the magnetofesistive sensor

according to the present invention;
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K Mor i
metal lic material; a fourth thin filmlayer of material REH;AGEM&NT SHEtTi
wthin said first thin filmlayer of ferromagnetic material, |[s@§id fourth

thin filmlayer having a thickness of between a fraction of. 1B0% NBY 1997
and several nonol ayers, said fourth thin filmlayer being spagefl a
distance x fromthe interface between s&Pd first and said thi{d"Thrm—i+m

| ayers; means for producing a current flow through sai
nagnet or esi st p{e 3en$of Edi§£l‘3ﬂ1matic schematic view orf a further embodimgnt of the
13 means Tor sensing the varirations in voltage across sal

nmagnet or emaphbiofesistive @EnsoP A6Eb18RE t6 Yhe rasae snvefitiogsi st ance of said
magnet or esi stive sensor due to rotation of the S
Fig. 4 comprises four related graphs a-d which show magnetic and resistive
characteristics for a specific embbdiment of the magnetoresistive sensor of Fig. 1;
Fig 5. is a graph showing magnetoresistance vs magnetic field at half saturation for
a plurality of magnetoresistive sensors of the type shown in Fig. 1;
Fig. 6 is a graph showing a comparison of two structures of the type shown in Fig.
3 for which only one of the structures has interfa;:e layers;
Fig. 7 is a graph showing -the.variation in MR response with thickness of a Co
interface layer; .
Fig. 8 is a graph showing the room temperature magnetoresistance versus magnetic

field for two specific structures of the type shown in Fig. 3;
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magkhetization in said first layer as a function of the magnetiﬁ' 'g},,,b\, giém.{
] ! : |

sensed. 6. The magnetoresi stive sensor of claim5 additiona
conprising a fifth thin film layer of material included wthin sai d second ]
thin filmlayer of ferromagnetic materlﬁl said fifth thin film 0ayi3y 1997
havi ng a thi ckness of between a fractio 2of a nonol ayer and s$eyeral

nonol ayers, said fifth thin filmlaye Wspacedadlstanc y fromthe
interface between said second and sa {3& dthin filmlayers 7z The

1

magnet or e§i st iy ﬁg%ﬁﬁ)%s veC s B %o%ﬁ%ﬁhnﬁslgﬂ'&ﬁ%kﬁré Haid, g bM&fst two

material “conpr a netallirc nmate e magnet oresi sti ve .sensor
of clai m BieE &daBh SAid bﬂh?éla pisihg d Pirktéhik FNEE o?ffen%ﬁﬁghetﬂ: ARSI OfE t O

about 17.5 anhgstrons. ?ragnet oresi stive sensor of claim®6 wherein
said fift Ehtéffhéialf ﬂeldﬁoﬁéhlﬁﬁhﬁfa aécon@ QiR &St rdnfettothdgnetichietillicinaterial,
said first. thin films of ferromagnetic material each including therein at least one
thin - film of material, said thin film having a thickness of between a fraction of a
monolayer and several monolayers, said thin film being spaced a distance x from the
interface between said first and said second thin film layers;
means for producing a current flow through said magnétoresistive sensor; and
means for sensing the variatiohs in voltage across said magnetoresistive sensor
produced by changes in resistance of said magnetore_sistive sensor due to rotation of the
magnetization in said first layer as a flinction of the magnetic field being sensed.
2; The magnetoresistive sensor of claim 1 wherein said third thin film of material
compiises a nonferromagnetic material.
3. The magnetoresistive sensor of claim 1 wherein éaid distance x is in the range from
about 0 angstroms to about 17.5 angstroms.
4.  The magnetoresistive sénsor of claim 1 wherein said first thin film layer is Fe, said
second thin film layer is Cr and said third thin film layer is Cr.
5. A magnetoresistive sensor comprising a layered structure having at least one
trilayer comprising a first and a second thin film layer of ferromagnetic material
separated by and in interfacial relationship with a third thin film layer of non-magnetic
metallic material; _

a fourth thin film layer of material included within said first thin film layer of
ferromagnetic material, said fourth thin film layer having a thickness of between a
fraction of a monolayer and several monolayers, said fourth thin film layer being spaced
a distance x from the interface between said first and said third thin film layers;

means for producing a current flow through said magnetoresistive sensor; and

T

i

IRy



10. The magnetoresi stive sensor of claim6 wherein said distanc aBEP(L%EMﬁNT SHEE
are in the range of about 0 angstrons to about 17.5 angstrons. 1. A
magnet or esi stive sensor conprising a |layered structure having a ey MO 1997
trilayer conmprising a first and a second_thin filmlayer of fer|ojfragnetic
material separated by a third thin fil nﬁ’ayer of non-magnetic petat++e

mat eri al ; a fourth thin filmlayer of ferromagnetic mater{al disposed

at the interf ea&é%aefegeﬁsingﬁithé ffdrfaﬁbﬂsa’i‘ﬂ v%ﬁh%el B&ioﬁéj shid! MagrerRelisti@d Sensor

means for producing a curr ow t hrough s magnet or eSiI stive sensor;
and pRanced B cRaRes BY rdsianéa of 3hidOmsgrieforé@tvedensti ldu@Sto Sotation of the
magnet oresi stive sensor produced by changes in resistance. of .said

magnet or esmagnetieatianiosaidlfiest ifyer @ atfumstionfof tnmagieticdleldbeing semsed. f i r st

| ayer as a function of the magnetic field being sensed. 12. The

magnet or esb.st i The smagnetoresistive asensot lofntleine iSnaddifiohally usaphprisingn a ffifithmthiayfim of

layer of material included within said second thin film layer of ferromagnetic material,
said fifth thin film layer having a thickness of between a fraction of a monolayer and
several monolayers, said fifth thin film layer being spaced a distance y from the interface
between said second and said third thin film layers. _
7.  The magnetoresistive sensor of claim 5 wherein said fourth thin film of material
comprises a metallic material.
8.  The magnetoresistive sensor of claim 5 wherein said distance x is in the range of
about O angstroms to about 17.5 angstroms.
9. The magnetoresistive sensof of claim 6 wherein Séid. fifth thin film of material
comprises a metallic material. i
10. The magnetoresistive sensor of claim 6 wherein said distances x and y are in the
range of about 0 angstroms to about 17.5 angstroms.
11. A magnetoresistive sensor comprising a layered structure having at least one
trilayer comprising a first and a second thin film layer of ferromagnetic material
separated by a third thin film layer of non-magnetic metallic material; |

a fourth thin film layer of ferromagnetic material disposed at the interface between
said first and said third thin film layers;.

_. means for producing a current flow through said magnetoresistive sensor; and

means for sensirig the variations in voltage across said magnetoresistive sensor
produced by changes in resistance of said magnetoresistive sensor due to rotation of
magnetization in said first layer as a function of the magnetic field being sensed.
12. The magnetoresistive sensor of claim 11 wherein said fourth thin film layer of

ferromagnetic material has a thickness within the range of 0.5 to 20 angstroms. -

(e




fery'rbrragnetic material has a thickness within the range of O. 5 FMENT Sk
angstrons. 4 H PE&’.‘L T SH EE]
nagnet or esi stive sensor of claim 11l additionally conprising a th.t

film layer of ferromagnetic material ;@posed at the interfac beb\ﬁeeeﬁﬁ" 1397

said second and said third thin filmlayers. 14. The nmagnetoyfesistive
sensor of cI aim 13 wherein said fifth thin filmlayer of ferrjonagnetic
material hgs f['ﬁb%ﬁﬁfeﬁn@éﬁtﬁ)e”sén?@r 6006 An Al MaRidraliy CoRpising om[mra.%l fithe

magnetore3| stive sensor | aim 11 wherein said fourth th| n filmlayer of
layer of ferromagnetlc materlal disposed at the interface between said second and said

third thin film layers.

14. The inagnetoresistive sensor of claim 13 wherein said fifth thin film layer of

ferromagnetic material has thickness within the range of 0.5 to 20 angstroms.

15. The magnetoresistive sensor of claim 11 wherein said fourth thin film layer of

ferromagnetic material comprises a ferromagnetic alloy.

16. The magnetoresistive sensor of claim 13 wherein sa1d fifth thin ﬁlm layer of

ferromagnetic material compnses a ferromagneﬁc alloy.

17. A magnetoresistive sensor comprising a first layer of ferromagnetic material and a

second layer of ferromagnetic matérial, said first and second ferromagnetic layers
_ separated by a spacer layer of non-magnetic material, each of said first and second
| ferromagnetic layers being in contact with an adjacent éurface of said non-magnetic

layer, an interface being formed therebetween, at least one of said first and second

ferromagnetic layers including therein a thin layer of metallic material sandwiched within

said ferromagnetic layer, said thin layer of metallic material spaced from said interface

between said ferromagnetic layer and said spacer layer a distance x, said thin layer of

metallic material forming a localized region within said ferromagnetic layer wherein the

spin dependent scattering properties are different from the spin dependent scattering

properties of said ferromagnetic material. |

18. A magnetoresistive sensor as in claim 17 wherein said distance x is in a range from

greater than 0 Angstroms to 17.5 Angstroms.

19. A magnetoresisti\}e sensor as in claim 17 wherein each of said first and second

ferromagnetic layers includes therein a thin layer of material spaced from the interface

between said ferromagnetic layer and said spacer layer a distance X.

20. A magnetoresistive sensor as in claim 19 wherein said thin layer comprises a layer

of a non-magnetic material.

A



fer"r'omagneti c material conprises a ferromagnetic alloy. 16. Th -REPLACEMENT SHE
magnet oresi stive sensor of claim 13 wherein said fifth-thin filmn ayer of
ferromagnetic material conprises a ferromagnetic alloy. 17. A 05 MGY 1997
magnet or esi stive sensor conprising a fir1 t layer of ferromagnetjc|materi al,
and a second |ayer of ferromagnetic matéerial, said first and sgcend
ferromagnetic | ayers separated by a spacer |ayer of non-nmagnetfc material,
each of sajd i ;RbnAORsRAGOShsof &Y OETRIED 89 Whetell €41 thidi lager! dongsrives@ilayert N

an adj acent surface of said non-nagnetic |ayer, an interface being forned

t her ebet \A@ﬁam@heﬁ@ﬁﬁterﬁm,e of said first and second ferromagnetic |ayers
including therein a thin layer of netallic material sandwi ched within said
ferromagngs c Al amgnetoresistivé bénsot asyimrclaifn 2@ wheteir saidmagnetic mptesiali comprisesai d
interface between said ferromagnetic |ayer and said spacer |ayer a

di stance xobadtaid thin layer of netallic material formng a |ocalized

region within said ferromagnetic | ayer wherein the
? 23. A magnﬁ:torcsistivcgeJ sensor as n}{ claim 21 wherein said thin layer of cobalt has a

thickness in the range of about 0.5 Angstroms to 20 Angstroms. I

A

| “This Sheet Hias Been Replaced
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spinzdependent scattering properties are different fromthe Frgﬁﬂep “:r
scattering properties of said ferromagnetic material. 18. —ggﬁh CRIER Ci
magnet oresi stive sensor as in claim17 wherein said distancg X Is in a

range from greater than O Angstronms to 17.5 Angstrons. 19 !\{§5 p V19g7
magnet oresi stive sensor as in claim117 wherein each of saidjf
second ferromagnetic layers includes therein a thin |ayer of° -
spaced fromthe interface between said ferromagnetic | ayer jand sai d spacer_

| ayer a distance x. 20. A nmmgnetoresistive sensor as in clarm I9 Wieréern
.said thin |ayer conprises a |ayer of a non-magnetic material.

MAGNETORESISTIVE SENSOR

ABSTRACT

A magnetoresistive sensor (10) comprising a layered structure having at least one
bilayer comprising a first thin film of ferrorhagnetic material (12) in interfacial contact with a
second thin film of nonferromagnetic metallic material (14), characterised by the bilayer
comprising a third thin film of material (16) within said first thin film of ferromagnetic
material (12), said third thin film (16) having a thickness of between a fraction of a monolayer
and several monolayers and being located at a predetermined distance X from the interface
between said first (12) and said second (14) thin film layers. |
Fig. 1



5217 A'mbnetw in claim19 g\/\%erel n said thipTayer
corrpri ses a [ayer ﬂml c material. 22. A magnetore >| b ¢ |1v?2@§‘niggg

as in claim?2| ﬁm :
magnet or esi sti: as 1mclaim?22 waerein said thin | ayet—ef—eobatt

has a

3 ~a | AEPLAGEMENT onkct

gnetic material conprises cobalt

t hi ckness N t he range of about 0.5 Angstrons to 20 Angstrons.

i

21. A magnetoresistive sensor as in claim 19 wherein said thin layer comprises a layer
of a magnetic material. o

22. A magnetoresistive sensor as in claim 21 wherein said magnetic material comprises

cobalt.

23. A magnetoresistive sensor as in claim 22 wherein said thin layer of cobalt has a

thickness in the range of about 0.5 Angstroms to 20 Angstroms.



