SA9-91:014 4. : _ -1 MAGNETORESI STl VE SENSOR
BASED ON OSCI LLATI ONS - ' I N THE MAGNETORESI STANCE -

This inention relates in general to magnetoresistive sensors and in .
particular to sensors which exhibit high values of saturation RTMmP%s co)
magnet or esi st ance. . - The prior art discloses a magnetic transducer
referred Sagasl-®#14agnetoresi stive (MR sensor or head which has been shown

to be capable of reading data froma magnetic surface at great.|inear
densities. An . -
- : MAGNETORESISTIVE SENSOR BASED ON OSCILLATIONS

IN THE MAGNETORESISTANCE

This invention relates in general to magnetoresistive semsors and
in particular to sensors which exhibit high walues of saturation
magnetoresistdnce. '

The prior art discloses a magnetic transducer referred to as a

) magnetoresiéti#e (MR) Sensor.or.head which_has been shown to be capable
of reading data from a magnetic surface at gtgat-linea; densities. An
MR sensor detects magnetic field signals through the resistance changes
of a read elemenf made from a magnetic material as a function of the
amount and direction of magnetic flux being sensed by the element.
These prior art MR sensors operate on the basis of the anisotropic
magnetdresistive (AMR) effect in which a component of the resistance
varies as cos2 of thehangle between the magnetization and the direction
of curfent flow. These MR sensors have operated on the basis of the AMR
effect even though this effect produced only a very small percéntage
change in the resistance.

More recently, reports-have been published of techniques for i
obtaining enhanced MR effects.” One of these publications, "Enhanced
M&gnetoresistanée:in Layered Magnetic.étructures with Antiferromagnetic
Interlayer Exchange", G. Binasch, et al, Physical Review B. V39, p. 4828
(1989) describes a layered magnetic structure which yields enhanced MR
effects caused by antiparallel alignment of the magnetization.. However
the saturation fields required to obtain these changes in resistance
were too high .and the effect too nonlinear and therefore unsuitable for
producing a practical MR sensor.

Another of these publications, "Layeréa Magnetic Structures:
'Exchange Coupling of Ferromagnetic Layers Across Interlayers", :
P. Grupbérg et al., MRS Intl. Mtg. Adv. Mats., V. 10, p. 255 (1989), and

studies dating back to thg 1960fs have shown ferromagnetic coupling in



MR sensor detects magnetic fiel d signal s through the resi stance changes -of
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enhanced MgaghdtQe! fayetd ool a 11186 apgdloeCaiistomrs, " Enhanced .Magnet or esi st ance:
in Layered ghetic Struct ures with Antiferromagnetic Interlayer Exchange",

G Binasch, et al, Physical Review B. V39, p. 4828 (1989) describes a
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enhanced saturation magnetoresistance in two metallic superlattlce

systems, Co/Cr and Co/Ru. In_these systems amd in Fe/Cr superlattices
both the magnitude of the interlayer magnetic exchangé coupling and the
saturation magnetoresistance oscillate with the Cr or Ru spacer layer
thickness. The superlattice structures described comprise a Silicon
substrate on which is deposited alternatlng tayers of either Co and Cr,
Co and Ru, or Fe and Cr. For tru SA the value for saturation
magnetoresistance attained was 6.5% with a saturation.field of greater
than 70 KOe. '
Thé present invention employs the basic principle of i
magnetoresistance oscillations as described in the S. Parkin paper but
provides new structures and/or material combinations whlich exhibit

unexpected advantages over those structures described in the paper.

Accordingly, the invention provides, in one aspect, a
magnetoresistive sensor comprising a substrate and a multilayered
structure formed on the substrate comprising alternating layers of a
ferromagnetic material and a non-magnetic metallic material, the
ferromagnetic material and the non-magnetic material forming bilayers
wﬁich.exhibit the property that the magnetoresistance of the
multilayered structure oscillates as a function of thickness of the
layers of non-magnetic material and characterised in that the

non-magnetic metallic material is Cu.

‘The use of copper as the non-magnetic metallic layer provides
significant advantages over the previously disclosed structures. By

choosing_the thickness of:. the copper layer to that corresponding to a
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Exchange Coupl i ng of Ferromagnetlc Layers Across Interlayers", P. Gunberg .
et al., MRS-Intl. Mg. Adv. Mats:, V. 10, p.” 255 (1989) and studi.es dating -

‘batk to the 1960's have shown ferromagnetlc coupling in ‘Such. .
systems decayi-ng nonotonically with i ‘ncreasi ng HHBBHEETMAD BEERG nagnetic
| ayers for a w de range of systens. - REPLACED $SUMVARY . COF
THE II\I\/EN"S'JAQBQI-OM According to one @spect of ~+-he—+Avenrtt+on—thdre is .

di scl osed a mul tilayered magnetic - structure conprising: at |least two
bi | ayers,” each bilayer conprising a |layer of a ferromagnetic nmaterial and
a | ayer opesk ﬁnmmgnamecomﬂatdnce, resctegdrdinalnly Agrge saturation

magnetoresistance can be achieved, reaching values greater-than 50%
which is larger than any previously observed in multilayer structures.
At the same time, the magnitude of saturation field required to produce
these changes in resistance is sufficiently low for use as a practicable
MR sensor. ’

In a second aspect of the invention, there is provided a
magnetorésistive sensor comprising a substrate and a multilayered-
structure formed on the substrate comprising alternating layers of a
first and a second ferromagnetic material and a non-magnetic metallic
material, the first and second ferromagnetic materials and the
non-magnetic material forming quadlajers which ‘exhibit the property that
the magnetoresistance of the multilayered structure oscillates as a

function of thickness of the layers of the non-magnetic material.

In a fﬁrther aspect of the invention, there is provided a
magnetoresistive sensor comprising: a substrate and a multilayered _
structure formed on said substrate comprising alternating layers of a
ferromagnetic material and a non-magﬁetic metallic material, the
ferromagnetic material and the non-magnetic material forming bilayers
which exhibit the property that the magnetoresistance of the
multilayéred structure oscillates as a function of thickness of the
layers of non-magnetic material and characterised in that the

non-magnetic metallic material is chosen from the group comsisting of
Ir, Re and Rh. '

Preferred embodiments of the invention will now be described, by

way of example only, with reference to the accompanying drawings in
which:

Fig. 1 is a graph showing saturation magnetoresistance és-a
function of the thickness of the non-magnetic spacer layer in structure

comprising ferromagnetic layers separated by a non-magnetic spacer layer
according to the prior art; '
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predet erm ned thi ckness, the value of the magnetoresistance of said -. .
mul tilayered  structure exhibiting the.property that its nmagnitude '
osCillates as a function of thickness of said |ayer of nonmagnetic

metal lic material, the thickness of said | ayer of nonmagnetic netallic
material selected to correspond to a peak of said oscillatory functlon
According to anot her aspect of the invention there is disclosed a
nultllayere§AQh§E'_ﬁ|c structure_conprl%lng. at | east two quadl ayers, -each
quadl ayer conprising a layer of a first ferromagnetic nmaterial, a first

| ayer of a non ﬁgetz' @gﬂgh‘ Sh rﬂh@' satﬁaf-adigx en[aﬁgito?‘%éigggﬂanﬁrsus -

ferronagnetlc r|a second” | ayer nanfragnet

material, tmenvieERREis! 1aveE thigheassr 67 &t tANYY of seletedimmititeyear ed structure
exhi bi ti ng -tgeuctRFrePatiordif@itol tise phédeat OWbddiahes as a function of

t hi ckness of said | ayers of nonmagneti.c netallic material, the thicknesses

of said first and second | ayers of nonmagnetic netallic¢
Fig. 3 is an end view of a specific embodiment of a

magnetoresistive sensor comprising a bilayer structure according to the

present invention.

Fig. 4 is a graph showing saturation magnetoresistance versus
non-magnetic layer thickness for a specific embodiment of a bilayer

structure according to the present invention.

Fig. 5 is an end view of a specific embodiment of a
magnetoresistive sensor comprising a quadlayer structure according to

the present invention.

Fig. 6 is a gr?ph showing éaturation-magnetoresistance versus i
non-magnetic layer thickness for a specific embodiment of a quadlayer

structure according to the present invention.

‘Fig. 7 is an end view of an alternate embodiment of &
magnetoresistive sensor comprising a bilayer structure accordiné to the

present invention.

Fig. 8 is a graph showing magnetoresistance versus in-plane
magnetic field for four similar structures of the type shown in Fig. 7.

Fig. 9 is a graph showing the saturation magnétoresistance versus
non-magnetic layer thickness for the family of structures shown in Fig.

2, but taken at a temperature of 4.2 K.

Fig. 10 is an end view of an alternate embodiment of a
magnetoresistive sensor_comprising'é quadlayer spructﬁre according to

the present invention.



materi al- sel ected to correspond to a peak of‘said oscillatory function.
According to yet another aspect of the invention thére i-s disclosed a
magnet or esi stive sensor conprising: a substrate; and a nmagnet or esi stive

| ayer formed on -said substrate, ;said nagnetore3|st|ve l"ayer conpr|3|ng a
plurality of N bilayers, each bllayer conprising a Iayer of - a
ferromagnet igagret-@1aal and a | ayer of. g nonmagnetic ‘metallic material.
havi ng a predetermined thickness, the val ue of the magnetoresi'stance of
said nultilayered structure exhibltrng the property .that its magnitude
oscillates as aFiguddtison gxraphi¥hokings saviratizndfielyeversis monnagneticc

metal | i ¢’ maygyd,aknidii€ss BbE aNBERcRhires 8 Ghe ! @@rs&wﬂnﬁfﬁgnﬁlc metal i c
mat eri al sel ected to correspond to a peak of said oscillatory function.
Fig. 12 is a series of graphs (a)- (f) showing the’ magnetores;stance
versus in-plane magnetic field for six representative structures of the
type shown in Fig. 7. '
Fig. 13 is a graph showing the magnetoresistance versus
non-magnetic layer thickness for a structure of the type shown in Fig.
7.

Fig. 14 is a graph showing the magnetoresistance versus magnetic
.field for a structure of the type shown in Fig. 7 which shows high
magnetoresistance at low field.

Fig. 15 is a gfaph showing magnetoresistance versus iﬂ plane
magnetic field for three structures of the type shoﬁn in Fig. 7, but
with varying thickness of the ferromagnetic layer.

As shown in Fig. 1, the prior art teaches that the saturation
magnetoresistance for these layered structures decreases monotonically
with non-magnetic layer thickness. In addition, the prior art also
discloses certain suberlatticé strxuctures in which the magnitude of the

saturation magnetoresistance oscillates with non-magnetic layer "
thickness.

~ By the use of the materials that exhibit this oscillatory
characteristic it is possible to build an MR sensor which produces large
changes in magnetoresistance by selecting the thickness of the

non-magnetic metallic layer to coincide with that for one of the peaks

as shown in Fig. 2, for example.

Specific examples of those material systemé which exhibit improved

characteristics over prior art structures will now be given. A specific-



REPLACEMENT SHEET 3 M
According to still another aspect of the invention there is disclosed a °
magnet or esi stive sensor conprising: a substrate; and a nagnetoresistive

| ayer fornmed on said substrate, said magnetoresistive |ayer conprising a
plurality of N quadlayers, each quadlayer conprising a |ayer of a first
ferromagnetgan-optoaai al, a first |ayer ¢f a nonnagnetic netallic material,
a layer of a second ferromagnetic material and a second |ayer of a
nonmagnetic netallic material, the value of the magnetoresistance of said
nul ti | ayer edbstiment @fea ewbizé:ﬁotésﬁgtlm (PR persoy iahowd In\FiglLIE3.0STHd MRt €S as

a“function g@fgod ljl_b Q:mgﬁ%egfa ﬁﬁi gg&ﬁs %Q}mngglq‘rl?&]! £ 0Ll b | c mat eri al,

t he thicknesses .of sald.first secon ayers of nonnagne "metallic
material sé&Pitabdg ﬁ"éSE’atPeéb&ﬁmgoa%Feﬁewenéflagam ofowrpmmew function.

material 12 and non-magnetic metallic material (in the form of .copper)
14.. A chosen number N of. the material combimatjon of layérs”lf_and 14
is formed and the assembly is provided with a capping laysr.16 which

serves as a protective layer to the sensor 10,

A specific embodiment of the invention shown in Flg ‘3 comprises a
bilayer structure of the following materials: ;
Si/48ACu/[9ACo/Cu(tcu)]/nSOACu
This structure was prepared in some samples having 20 bilayers, and
others haviﬁg 16 bilayers and the magnetoresistance of these structures
is shown in Fig. 4. The magnetoresistance is somewhat less for the
structures having 16 bilayers, but the oscillation is in the same
pattern for both the 16 and 20 bilayers structires with pesks around 10
20 and a little over 30 angstroms of copper. Shunt1ng through the
buffer layer and the capping layer reduces the magnltude of the
magnetoresistance, but the magnitude of the magnetoresistance can be
maximized by choosing the buffer layer and capping layer materials to be -
of high resistivity and by choosing a large number N of the material
layer combinations (40-60, for example).

The specific embodiment of the invention shoﬁn in Fig. 5 comprises
a quadlayer structure deposited on substrate 11 which includes a first
layer of ferromagnetic material 12, a first 1ayer of non-magnetic
metallic material 14, a second layer of ferromagnetic material 13, and a
second layer of non-magnetic metallic material 15. A chosen number N of
the materials combinations of layers 12, 13, 14 and 15 is formed and the
aésembly is provided with a capping layer 16.

A specific embodiment of a quadlayer structure according to the
invention comprlses the f0110W1ng structure:
§i/[Co 10A/Cu(t )/N1 11, SA/Cu(t )] /



DESCRI PTI ON OF. THE PREFERRED EMBCDI MENT( S) Preferred enbodi ments of
the invention will now be descri bed, by way of i th :
reference: to the acconpanyi ng drawi'ngs in whi ENI s a graph’
showi ng saturation nmagnet or esi st.ance 'as a fun i dkness of the
non- magneti c spacer layer in structure conprising ferromagnetic |ayers
separat ed lssgag{u@agnagneti c spacer .l-ayer according to the prior art;

Note that ‘this structure shows, in the graph of Fig. 6, a definite
oscillation versus thickness with peaks just below 10 and 20 angstroms.

It has also been discovered that the gxant magnetoresistance
effects observed in the layered structures described above can be
substantially enhanced. by dep081t1on upon cettaln buffer layers.

Fig. 7 shows a bilayer structure similar to that shown in Fig. 3 w1th
the exception that a buffer layer 18 is provided on substrate 11 prior
to forming the first ferfomagnetic layer 12.'Fb110wing deposition of the
capping layer. 16, electrical leads 20 and 22 are provided to form a
circuit pattern between the MR sensor structure, current source 24 and

sensing means 26.

Fig. 8 shows four graphs of bilayer structures which have identica}
numbers of Co and Cu layers but which have various combination of Fe and
Cu for the barrier layer 18 and the capping layer 16. These graphs show
a variation in the saturation magnetoresistance by more than a factor of
three. These differences are due to reduced current shunting through

the buffer layer and by changes in the growth morphology of the thin
films of the structure. -

The buffer layer material must be chosen for optimum
magnetoresistance. The first consideration is that it must not react
with the substrate material; and the second requirement is flatness
since this appears to be important, pdrticularly for thin non-magnetic
spacer layers (ie, in the vicinity of the first peak). In addition, the
buffer layer should be as thin as possible to minimize shunting effects
while at the same time insuring that the buffer layer is a continuous -
layer. The buffer layer may comprise Fe, Ru, Cu, Rh, Ir, Re, or Cr, for
example, and suitable thicknesses for Fe comprise a range of about 15 to
50 angstroms.

The graph of Fig. 2 is a specific example.of a structure having a
buffer lgyer and has the following structure:
-] .
Si ' '
/Fe.hSA/FCo 10A/Cu(tcu)]n

Sheet Has Been Re laced

T



SA9-91- 014 4 Fig. 2 is a graph showi ng the
saturation magnetoresi stance versus non-nmagnetic |ayer thickness for a
family of related nmultilayer structures .according to the present invention.
Fig. 3 is an-end view of a specific enbodi nent  of a nmagnetoresi stive sensor
conprising a bilayer structure according to the present invention.

Fig. 4 is agggagbomhowi ng saturation nggnetoresistance versus non- nagnetlc
| ayer thickness for a specific enbodi nent of .a bilayer structure according
to the present invention. Fig. 5is anend view of a specific

enbodi nent Tie datwaghwited olsi Bis.v@ wasn taken cunpedus itagpeaatred 389, structure

according tﬂldt BEEPEFRF Bhe IsANE Mk @dture, but operated at Helium temperature
(4.2K), is shown in Fig. 9. These two graphs are similar and
demonstrate that the peaks in magnetoresistamce are independent of
temperature. It can-be seen from Fig. 2 that there is a first peak. in
magnetoresistance in this sgecific embodiment between 9 andoloz, a
second peak around 19 or 20A and a third peak just above 30A.

Fig. 10 shows an' MR sensor comprising a qﬁadiayer structure similar
to that shown in Fig. 5 with the exception that a buffer layer 18 is
provided'on substrate 11 prior_to forming the first ferrcmagnetic layer .
12. A specific embodiment of a quadlayer structure having a buffer
layer comprises the following structure '

Si/Ru 100A/[Co 16A/Ru(t )/N145A/Ru(t )]10/Ru50A

The saturation field vs thickness of the buffer layer 18 for this
structure is shown in Flg 11. Note that there are peaks in the
saturation field below 10A below 20A and near 30A This graph
demonstrates that the saturation field and the saturation
magnetoresistance are closely related and that their mdgnitude
oscillates as a function of thickness of the Ru buffer layer with a
period of approximately 8-103. The peaks in the saturation field fall
off more quickly with non-magnetic spacer layer thickness than do.the
peaks in magnetoresistance Whereas the peaks in saturation field vary

/(t ) , where P is approximately 1.7 to 2, the peaks in

magnetores1stance vary as approximately /t .

Fig. 12 shows magnetoresistance vs field curves for six identical
Co/Cu bilayer structures with varying copper spacer - layer thickness.
This structure comprlses ' . )

Si/Fe AOA/[Co IOA/Cu(t )]16 Clearly the magnitude of the
magnetoresistance is very small for Cu layer thickness of S. 3A but
becomes large for a thickness of. 9. 3A With increasing Cu layer
thickness the magnitude of the magnetoresistance oscillates from small

to large values as shown in Fig. 12,



Fig. 6 is a graph showi ng saturation nagnetaoresistance versus non- nagnetlc
| ayer thickness for a speC|f|c .enbodi nent of -a quadlayer structure
according to the present invention. o Fig. "7 is.an end view of an

al ternate enbodi nent of a nmagnetoresistive sensor conprising a bilayer
structure according to the present invention. . .Fig. 8 is a graph
showi ng nma@A8+9L-®dAst ance versus in-pl&ne magnetic field for four simlar
structures of the type shown in Fig. 7. Fig. 9 is a graph showi ng
the saturation nagnetore3|stance versus. non-magneti c | ayer thi.ckness for

the famly of JErtA% 81¥sPeRARR thetrthy fieldipeauirad tp producedhor ature of 4.2
K. Eagpetafbsistauteenebpnnanwadﬁozyaridstwﬂthathlckﬁéh@dofncné cof layer.

magnet o eSS} i kEmSR)SBHe ERRRY bolGe . 9HAW AMCh BlehLTULRALEOLH Gt O the

present I nventi on
55%. However, the field required is "3 KOe. °The second peak at 19. IA

Cu has a lower magnetoresistance of about 45%, and also a lower field of

about “0.5 KOe. By the use of this data, a choice can be made in Cu

layer thickness to operate at the first peak for maximum

magnetoresistance, or at the second peak for large maguetoresistance but
. at a lower field.

Fig. 13 shows data for a specific embodiment of an MR sensor having

the following structure.
Si/Ru 50A/[Co 10A/Cu(t )] /Ru 15A
This data shows oscrllations in the magnetoresistance, and these
oscillations are éubstantially damped at a copper layer thickness of
about: 602. At larger copper layer thickness, the magnetoresistance '
varies as tﬁe inverse copper layer thickness. This data also shows

i large values of magnetoreéistance for extremely large copper layer

thickness of up to more than 400 angstroms.

An example of a structure that produces somewhat lower
magnetoresistance of 28% at still lower fields is shown in Fig. 14.
This structure comprlses
Si/50A Ru/[104 Co/17.4A Cu] 20/151; Ru

Cu'will generally work with most ferromagnetic materials such .as
Co/Cu, NiFe/Cu, NiCo/Cu, Co/Cu/Ni/Cu, Co/Cu/Fe/Cu, Co/Cu/NiFe/Cu and
Co/Cu/NiCo/Cu, for example. Ir, Re, and Rh also generally work with most
ferromagnetic materials. In general, the material combinations employed
in the structures of the present invention should be chosen so that they

do not form compounds with one another.

The thickness of the ferromagnetic layer also has an influence on
the magnetoresistance and it can be shown that the thickness of the

ferromagnetic layer should be as thin as possible. However, Fig. 15



SA9-91- 014 | 5 Fig. 11 is a graph showi ng
saturation field versus non-magneti c. layer- thickness-for a structure of the

type shown in Fig. 10. Fig. 12 i's a series of graphs (a)-(f) show ng
t he magnet oresi stance versus in-plane magnetlc field for six representative
structures of the type shown in-Fig. © Fig. 13 is a graph show ng

t he magnetSﬁ%@ilsQlénce versus non- rragrl@trc layer ‘thickness for a structure
of the type shown in Fig.

shows transverse magnetoresistance versus in~plane field for three

‘ bilayer structures of the form: Si/Fe&OA[Co{t )/Cu 9. 3A]16/Cu 19A
These curves show a large variations in both magnetoresistance and field
wiih.ferromegneric layer thickness. As the cobalt layer-fhickgeSS.is
increased above “10A, the magnitude of the saturation magnetoresistance
decreases approximately as the inverse cobalt layer thickness. ‘

We have thus described an MR sensor which in one series of
embodiments utilizes combinations of bilayers of ferromagnetic material
layers and copper layers which exhibit the property that the
magnetoresistance of the multilayered structure. oscillates as a function
of the thickness of the non-magnetic material layer. Such structures
including the copper layers exhibit improve& characteristics over
previously described structures. By choosing the thickness of the copper
layer to that corresponding to a peak in the magnetoresistance, a very
large magnetoresistance, in excess of 60%, can be achieved. Furthermore,
the saturation fields required to oBta;n these high values of saturation
magnetoresistance are sufficiently low'that the structure is useful as

an MR sensor for use in reading data recorded on magnetic disks.



7. Fig. 14 is a graph show ng the magnetoresistance versus magr\letlc
field for a structure of the type shown in Fig. 7 which shows high -
rragnetore5| stance at |ow field. Fig. 15 is.a-gtaph-show-hg—
magnet or esi st ance versus in’'plane magnetic field FHIS BHEET HASBEEN s of
the type shown in Fig. 7, but with varying thi ck'nés_s ofREPhACERI r 0 netic
| ayer. SA9-98s01dhown in Fig. 1,-thdlprior art. teachesthat—the
saturation magnet oresi stance for these |ayered stru ctures ﬂm“rrnﬁcpc

nonot onically wi th non-magnetic |ayer thickness. qls e?ﬂ ﬁi r art
ﬁ fl

al so discloses certain superlattice 4 tures i n V\:hl c
t he saturation nmagnetoresi stance oscillates wth non-

thickness. ; 5 naflecbP&ilsRreOleddde dRpEIHiAES that exh

atory
a substrate (11); and

a multilayered structure formed on the substrate ﬁomprising
alternating 1a§ers of a férrqmagnetic material and a hon-magnetic
metallic material (14), the férromagnetic material and the non-magnetic
material forming bildyers which exhibit the property that the
magnetoresistance of the multilayered structure osclllates as a functlon
of thickness of the layers of non-magnetic material; characterised in

that the non-magnetic metallic material is Cu.
2. A magnetoresistive sensor comprising:

a substrate (11); and
; {

a multilayered structure formed on said substrate comprising
alternating layers of a ferromagnetic material and a non-magnetic
metallic material, the ferromagnetid material and the non-magnetic
material forming bilayers which exhibit the property that the
magnetoresistance of the multilayered structure oscillates as a function
of thickness of.the layers of hon-magnetic material; characterised in
that the non-magnetic metallic material is chosen from the group

consisting of Ir, Re and Rh.

3. A magnetoresistive sensor comprising a substrate (11) and a
multilayered structure formed on the substrate comprising alternating
layers of a first (12) and a second (13) ferromagnetic material and a
non-magnetic metallic material (14), the first and second ferromagnetic
materials and the non-magnetic material forﬁing quadlayers which exhibit
the property that the magnetoresistance of the multilayered structuré
oscillates as a function of tﬁickness of the layers of the non-magnetic

material.

U



characteristic it is possible to build an MR sensor which produces | arge
changes in magnetoresistance by selecting the thickness of the non- magneti c
metal lic layer to coincide with that for one of the peaks as shown in Fig.
2, for exanple. Speci fic exanpl es of those material systens which

exhi bi t

gi ven.

enbodlnent

sensor

t

[ roved characteristics over prior art struytettt CH T
mé ¥ SA9- 91- 01ﬁp THIS SHEET I%A§ BEEN
g% a nagnetore5|st|ve (MR) “sensor is shown in REBLAGED The |
10 conprises a nmultilayered netallic structuré fornmed on a
4. A magnetoresistive sensor as claimed in any preceding claim,

wherein the variation in magnetofesistance_wersps thickness of the layer
of non-magnetic material comprises at least a first and a second peak.
S.- A magnetoresistive sensor as claimed in claim 4, wherein the
thickness of the layer of non-magnetic material is chosen so that the

magnetoresistive sensor operates at said first magnetoresistance pezak.

6. A magnetorésistive sensor as claimed in claim 4, wherein the
thickness of the layer of non-magnetic material is chosen so "that the

magnetoresistive sensor operates at the second magnetoresistance peak.

7. '.A magnetoresistive sensor as claimed in any of claims 4 to 6, as
dependent on claim 1, wherein the layer of ferromagnetlc material is
formed of a material taken from the group consistlng of cobalt, NiFe and
NiCo. ' .

8. A magnetqfesistive senscr as claimed in any o% claims 4 to 6, as
dependent on claim 3, wherein the layer of non-magnetic material is

formed of a material taken from the group consisting of Cu, Cr, Ru, Ir,
Re and Rh.

9. A magnetoresistive sensor as claimed in clalm 8, whereln the layer

of non- magnetlc material is copper

10. A magnetoresistive sensor:as claimed in claim 9, wherein the first
and the second layers of ferromagnetic material are formed of materials
taken from the group consisting of Co and Ni, Co and Fe, Co and NiFe,
and Co and NiCo.

11. A magnetoresistive sensor as claimed in claim 8, wherein the layer
of non-magnetic material is formed of a material taken fromfthe group

consisting of Ru, Ir, Re, and Rh.
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suitabl e substrate 11 having alternating | ayers of ferronmagnetic materi al
12 and non-magnet:ic netaliic material (in the formof copper) 14. A chosen

‘nunber N of tHe material conbination of |ayers 12 | d the

assenbly is provided WI th a capping | ayer 16 which Wt ive

| ayer to thg senég A specific enbodi nept of REFAACERRenti oh shown
4 a bllayer

in Fig. 3 g structut® of the faollowng materi al s:
Sl/48[err]Cu/[9[err]Cb/CM(t[err])]/ 50[err]cu - Cu n This
structure R A5 e's sé%esé@UP'a%Scﬂ%\{éd‘Qn%QaE% 3y GhSre aNthel RS

havi ng 16 Ia ers an gnetore5|stance of se structures I's shown _
in Fig. A4. mdrﬁ FegeRd &Flé%’issf’ rfegrorasaefiie tptprials are formed Lispatiritdses
havi ng 16 bakeay£xdm, tidiigrblie concisitling iof(Fe snd Oo} to adnRi,pes tapd INIC6[ daot h t he
16 and 20 S C w th peaks around 10, 20 and a little over 30
angstrons g?*?%%%eﬁﬁééﬁuéﬁiﬁé t hrough the buffer |ayer and the capping
| ayer reduces t-he magnitude of the magnetoresistance, but the nagnitude of
t he magnet m.estsﬁa'gﬂseo:@alsﬁefemﬂsai zaadcnymcdﬁaﬁsdnlsvgpﬁehedjhgfémﬁmJ ayer and
capplng | a Lials to be [ Vlt and hqo a large
nunmber ¥§4,ﬁqaﬁ£11 r°°mf’r’rsm§ 9 | na ’%%n%’ttk' %sg)éégga(r%“p? t?‘g

first layer of ferromagnetic material. :

14. A magnetoresistive sensor as claimed in claim 13, wherein the
buffer_léyer is formed of a material taken from the group consisting of
Fe, Cu, Cr, Ru, Rh, Ir and Re.

15. A magnetoresistive sensing system comprising:
a magnetoresistive, sensor (10) as claimed in any preceding claim;

means (24) for producing a current flow through said

magnetoresistive sensor; and

means (26) for sensing the variations in the resistivity of said
magnetoresistive sensor as a function of the magnetic field being

sensed.
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The specific enbodi nent of the invention shown in Fig. 5 conprises a.

guadl ayer structure dep05|ted on substrate 11 which includes a first |ayer
‘of " ferromagnetic material a first layer of non- mpanet i ¢ et allic
mat eri al 14, a second Iayer of f erromagneti c nat ef Tidls IFEETaHAS BEENdond
| ayer of non-nagnetic netallic material 15. A chogen nwgpgAcE{I}of t He
materi al s SRt 10gi4 ons of layers 12, {33, 14 and l5—t+s—formed—amd tHe
assenbly is prOV| ed with a capping Iayer 16. - A specific enbodi nent
of a quadl ayer structure according to the invention conprises the follow ng

structure: Si/] Co lﬁiasnm}okﬁsim ISENSOH BAISEDEQIEDS(}W]IDNSH] Ylerr]

IN THE MAGNETORESISTANCE

ABSTRACT

Described is a magnetoresistive (MR) sensor comprising a
multilayered structure formed on a substrate includes alternating layers
of a ferromagnetic material (12) and copper (14). The'ferromagnetic
material and the copper form bilayers which exhibit the property that
the magnetoresistance of the multilayered structure oscillates as a
function of thickness of the non-magnetic material. A current flow is
produced through the MR sensor, and the variatioms in the resistivity of
the MR sensor are sensed as a function of the magnetic field being
sensed. Also described is a sensor having a quadlayer structure which
comprises alternating layeré of a first and second ferromagnetic

material and a non-magnetic metallic material.

"l i



,7. Note that this structure shows, in the graph of Fig. 6, a definite
'OSCI||atI0n versus thickness with peaks just bel ow 10 and 20 .angstrons.

I't has® al so been discovered that the giant magnetoresistance effects
observed in the layered structures described above can be substantially
enhanced by deposition upon certain buffer layers. Fig. 7 shows a bilayer
structure simlar to that shown in Fig. i with the exception that a buffer
layer 18 is provided on substrate 11 pri f1to formng the first
ferromagnetic | ayer 12. Foll ow ng deposition of the capping |ayer. 16,

el ectrical leads 20 and 22 are provided to forma circuit pattern between
the MR sensor structure, .current .source 24 and sensi ng neans 26. Fig.
8 shows four graphs of bilayer structures which have identical nunmbers of
Co and Cu | ayers but which have various conbination of Fe and Cu for the
barrier layer 18 and the capping layer 16. These graphs show a variation
in the saturation magnetoresi stance by nore than a factor of .three. These
differences are due to reduced current shunting through '

FIG.1

NON-MAGNETIC LAYER THICKNESS

(o) 874V



the buffer | ayer and by changes in the growth norphology of the thin filns
of the structure. The buffer |ayer nmaterial nust be chosen for

opti murh magnet or esi stance. The first consideration is that it nust not

react with the substrate material, and the second requirenent is flatness
since this appears to be inportant, particularly for thin non-nagnetic
spacer layers (ie, inthe vicinity of tHMirst peak). In addition, the
buffer layer 18 should be as thin as possible to minimze shunting effects
while at the sane tine insuring that the buffer layer i,s a continuous

| ayer. The buffer |ayer may conprise Fe, Ru, Cu, Rh, Ir, Re, or C, for
exanpl e, and suitable thicknesses for Fe conprise.a range of -about 15 to 50
angstrons. The graph of Fig. 2 is a specific exanple of a structure .
having a buffer |layer and has the following structure: Si/Fe 45[err]/[Co
10[err]/Cu(tferr]) _ B '
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SA9-91- 014 8 The data plotted in Fig. 2 was taken
at room tenperature, 300[err]K, and data fromthe sane structure, but
opetated at Heliumtenperature (4.2K), is showm in Fig. 9. These two
graphs are simlar and denonstrate that the peaks in nmagnetoresistance are
i ndependent of tenperature. It can be geen fromFig. 2 that thereis a
first peak in nagnetoresistance in thi Iéaecific enbodi nent between 9 and
10[err], a second peak around 19 or 20A and a third peak just ‘above 30A.
Fig. 10 shows an MR sensgpgconprising a quadl ayer structure simlar to that
shown in Fig. 5 with th¢ exception that a buffer layer 18 is provided on
substrate 11 prior to } h-o—f jc—la A.specific
enbodi ment of a quadl -
foll owi ng structure:

T

R — - - —\

10

S1/48ACu /[9ACo/Cu(t )], /50ACU

25

L i t L { 1 1 1

N = 20 (o), 16 (o)

[
[T
(o]
o
x

AR/R(%)
15

10
;

Cu layer thickness (R)

FIG. 4



Si/Ru 100[err]/[Co 16[err]/Ru(t[err])/Ni 45A Ru(t[err])] /Ru50[err]

The saturation field vs thicknhess of -the buffer layer 18 for this structure
is Shown in Fig. 11. Note that there are peaks in the saturation field

bel ow 10[ err]., below 20[err] and near 30A. This graph denonstrates that the
saturation fietd and the saturation nagnetoresi stance are closely related
and that their magnitude oscillates as &/flinction of thickness of the Ru
buffer layer with a period of approximately 8-10[err]. The peaks in the
saturation field fall off nmore quickly with non-magnetic spacer |ayer

t hi ckness than do the petiks in magnetoresistance. \Wereas the peaks in
saturation field vary 1 P as [err], where P is approximately 1.7 to
2, the peaks in nmag 1 f : Fig.-
12 shows magnetoresiSTance Vs T1eld curves 1or six rdentical Co/ Cu ﬁglayer
structures with varying copper spacer layer thickness. This struct -
conprises: Si/Fe AoHerrJ/1Co 10lerr]/CUtl{err])Jerr] CTearfy {hel magnitude
of the nagnetoreﬁjstance i.s very snall for Cu l-ayer thickness off5734, but
becomes large for afthickness of 9 3A With increasing Qu layer 13

14 | , . N
. : 11 12
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20 C 0 \ °
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t hi ckness the magni tude of the magnetoresistance oscillates fromsmall to
| arge val ues as shown in Fig.. 12. _ SA9-91- 014 . '
9 * . It can also be seen that the field required to produce the
magnet or esi st ance response al-so varies with thickness of the.Cu | ayer. For
exanple, the first peak at 9. 3A Cu has a nmmgnetoresistance of about 55%
However, the field required is -3 KCe. S5/Mie second peak at 19.1[err] Cu has
a | ower magnet oresi stance of about 45% and also a lower field of about
-0.5 KCe. By the use of this data, a choice can be made in Cu | ayer
thickness to operate at the first peak for naxi mum magnetoresistance, or at
t he second peak for |arge nagnetoresistance but '

/26

SENSING /]
MEANS

CURRENT
SOURCE
/

-

10
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at a lower field. . . Fig. 13 shows data for a specific enbodi nent of an
MR sensor having the follow ng structure: Si/Ru 50[err]/[Co
10[err}/Cu(t[err])][err] /Ru 15A - cu n This data
shows oscillations in the nmagnetoresi'stance, and these oscillations are
substantially danped at a copper |ayer thickness of about 60[err]. At

| ar ger copper |ayer thickness, the n&gnehz si stance varies as the inverse
copper |l ayer thickness. This data also s | ar ge val ues of
magnet or esi stance for extrenely |large copper |layer thickness of up to nore

t han 400 angstrons. An exanple of a structure that produces sonmewhat
| ower nmagnet or esi stance of 28%at still lower fields is showmn in Fig. 14.
This structure conprises: Si/50[err]JRu/[10[err] Co/17.4 [err]][err]/ 15[ err]
Ru Cuwill generally work with nost ferromagnetic materials such as”

Co/ Cu, N Fe/Cu, N Co/Cu, Co/Cu/N/Cu, ColCulFelCu, ColCul/l.Ni Fe/Cu and
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Co/ Cu/ Ni Co/ Cu, for exanple. Ir, Re,- and Rh also generally work w th nost
ferromagnetic materials. In general, the material conbinations enployed in
the 'structures of the present invention shoulld be chosen so that.they do
not form conmpounds with one another. The thickness of the
ferromagnetic | ayer also has an'influence on the nmagnetoresistance and it
can be shown that the thickness of ‘the fedddmagnetic | ayer should be as
thin as possible. However, Fig. 15 SA9-91- 014 .

10 shows transverse nagneH%resistance versus in-plane field for three

FIG. 10

Si/Ru(100A) /[ Co(16K)/Ru(t)/Ni(454)/Ru(ts)] o /Ru(50A)

i ! LB Ll 1 1 L i
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T T
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Ru layer thickness (R)
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0] 0 bilayer structures of the form Sl/Fe40[err][Cb[err])/CU
9.3[err]]116/Cu 19[err]. These curves show a large variations in both

magnet oresi stance and field with ferromagnetic |ayer thickness. As the
cobalt layer thickness is increased above -10[err], the nagnitude of the
saturati on nmagnet or esi stance decreases approximately as the inverse cobalt
| ayer thickness. We have thus de { bed an MR sensor which in one
series of enbodinents utilizes conbinations of bilayers of ferromagnetic
material |ayers and copper |ayers which exhibit the property that the
magnet oresi stance of the nultilayered structure oscillates as a function of
the thickness of the non-magnetic material |ayer. Such structures including
t he copper | ayers exhibit inproved characteristics over previously
described structures. By choosing the thickness of the copper |ayer to that
corresponding to a peak in the nmagnetoresistance, a very |large
magnet or esi stance, in excess of 60% can be achieved. Furthernore, the
saturation fields required to obtain these high values of saturation
magnet or esi stance are sufficiently .low that the structure-is useful as an
MR sensor for use in reading data recorded on magnetic di sks.
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CLAIMS 1. A nultilayered nagnetic structure conprising: - at |east
two bilayers, each bilayer conprising a |ayer of a ferromagnetic materi al
and"a + ayer of a nonmagnetic nmetallic material having a predeterm ned
‘thickness, the- value of the magnetoresistance of said nultilayered
structure exhibiting the property that its nagnitude oscillates as a
function of thickness of said |layer of noffdYnetic-metallic material, the
t hi ckness of said |ayer of nonnagnetic netallic material selected to
correspond to a peak of said oscillatory function. = 2. ° A nmultilayered
magnetic structure as in claim1l wherein sald oscillatory function
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conprises at least a first and a second peak value for the
magnet or esi stance.of said nultilayered structure. 3. A nmultilayered
magneti'c structure as in claim2 wherein the thickness of said nonmagnetic
metallic layer is selected to correspond to said first peak of said
oscillatory function. 4. A nultilayered.magnetic structure as in claiml
wherein the thickness of said nonmagnet§flinetallic llayer is selected to
correspond to said second peak of said oscillatory function. 5. A

mul tilayered magnetic structure as in claim2l wherein said |ayer of
nonmagnetic netallic material is fornmed of a material selected fromthe
group consisting of copper, chromum ruthenium iridium rhenium and
rhodium 6. A nmultilayered magnetic structure as-in claimb5 wherein said
| ayer of nonmagnetic : '

Q
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metallic material is formed of copper. 7. A nultilayered magnetic
structure as.in ., claim 6 wherein said |ayer of ferromagnhetic material is
formed” of a material selected fromthe group consisting of cobalt,

ni ckel -iron -and ni.ckel -cobalt. 8. A nultilayered nagnetic structure as in
claim5 wherein said | ayer of nonmagnetic netallic material is forned of
rut heni um : 9. A mnultilayerediq/qpgnetic structure as in claim

8 wherein said I|ayer of

3A)}y5/Cu(19A)

H (kOe)

FIG. 15
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ferroimagnetic material is formed of a material selected fromthe group
consisting.of iron, nickel, cobalt, nickel-iron and nickel-cobalt. 10. A
mul til ayered nmagnetic structure conprising: . 1wo quadl ayers,

.each quadl ayer C QS+ pof a first ferrb REb| AL ET
first layer of a ﬁbﬂ&ﬁ@h&i“@sm ic material, a |layer L CEM@&E@?&EJ’

ferronmagneti c matleri al REMdACEDseconll | aydé4 of a non Ih&k | 2 AY 11996
material, the val ot he nmagnet oresi stance of sai LAvered: -
structure exhibiting the property that its value oscillates as a Tunction
of thickness of said |ayers of nonmagnetic netallic material, the

t hi cknesses of saigAGNEFO ar i I'lic
material selected to cor rgﬁsl%?gﬁ@%%gggbﬁ& %%@Wf uncti on.
11. A nultilayered magneti c Struc 1S ™1 R wherein said

oscillatory function conprises at least a first and a second peak val ue

for the magnet oresi stance of said
: TRACT

Described is a magnetoresistive (MR) sensor comprising a multilayered structure -
formed on a substrate includes alternating layers of a ferromagnetic material (12) and copper
(14). The ferromagnetic material and the copper form bilayers which exhibif thé property
that the magnetoresistance of the multilayered structure oscillates as a function of thickness
of the non-magnetic material. A current flow is produced ihrough the MR sensor, and the
variations in the resistivity of the MR sensor are sensed as a function of the magnetic field
being sensed. Also described is a sensor having a quadlayer structure which comprises

alternating layers of a first and second ferromagnetic material and a non-magnetic metallic

. material.

Fig. 3
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miktilayered structure. 12. A multilayered magnetic [#é?ﬂ: re-as ieral m
11 Wwherein the thickness of said nonmagnetic netalli EMENTBRERTRd t o
correspond to said first peak of said oscillatory fu L on

mul til ayered magnetic structure as in clzaim11l wherei %"'!'A’lﬁﬁe&q%f
said nonmagnetic nmetallic layer is selected to correspond to said second
peak of said oscillatory function, 14, A nultilayered magneti¢ structure
as in cl aPHE 8ysiEmRs decayng; monotgricallyswith increasing sepasatinn off the magpetls féaprsar e

f or med offa materi al SFIe ted fromthe group consisting of copper,
chrom um P R&M @8ee Oof FE*“M: rheni um and rhodium  15. A nultil ayered

magnetic structure as in cl @WAW%@MW%I@ of

~ According to one aspect of the invention there is disclosed a multilayered magnetic

structure comprising: at least two bilayers, each bilayer comprising a layer of a
ferromagnetic material and a layer of a nonmagnetic metallic material having a
predetermined thickness, the value of the magnetoresistance of said multilayered
structure exhibiting the property that its magnitude oscillates as a function of thickness of
said layer of nonmagnetic metallic material, the thickness of said layef of nonmagnetic
metallic material selected to correspond to a peak of said osciIlatory function.

According to another aspect of the invention there is disc}osed a multilayered

- magnetic structure comprising: at least two quadlayers, each quadlayer comprising a
layer of a first ferromagnetic material, a first layer of a nonmagnetic metallic m:aterial, a
layer of a second ferromagnetic material and a second layer of a nonmagnetic metallic
material, the value of the magnetoresistance of said multilayered structure exhibiting the
property that its value oscillates as a function of thickness of said layers of nonmagnetic
metallic material, the thicknesses of said first and second layers of nonmagnetic metallic
material selected to cofrespond to a peak of said oscillatory function.

According to yet anothér aspect of the invention there is disclosed a
magnetoresistive sensor comprising: a substrate; and a magnetoresistive layer formed on
said substrate, said magnetoresistive layer comprising a plurality of N bilayers, each
bilayer comprising a layer of a ferromagnetic material and a layer of a nonmagnetic
mefﬁllic material having a predetermined thickness, the value of the magnetoresistance of
said multilayered structure exhibiting the property that its magnitude oscillates as a
function of thickness of said layer of nonmagnetic metallic material, the thickness of said
layer of nonmagnetic metallic material selected to correspond to a peak of said

. oscillatory function.



nonmagnetic netallic material are formed of copper.

~k6=—A mul-tilavered
magnetic structure as in claim15 wherein said first) s#EbipeemidiT diser §) of
ferromagnetic material are forned, respeét ively, of terisal E ﬁgl@g}ed from
the group consisting of cobalt and nickel, fapal (! &h&0G 1A cobalt
and nickel-iron and cobalt and nickel-cobalt. 17. ' etic

LT actr® 22 YRS it M Bl Al e i ASIPONE RIS
r ut heni uMmdghkrésistive RemNor Bb@PElsinSO @ suBdtrate; and a magnetoresistive layer formed on
said substrate, said magnetoresistive layer comprising a plurality of N quadlayers, each
quadlayer comprising a layer of a first ferromagnetic material, a first layer of a
nonmagnetic metallic material, a layer of a second ferromagnetic material and a second
layer of a nonmagnetic metallic material, the value of the magnetoresistance of said
multilayered structure exhibiting the property that its value oscillates as a function of |
thickness of said layers of nonmagnetic metallic material, the thicknesses of said first and
second layers of nonmagnetic metallic material selected to correspond to a peak of said
oscillatory function.
DESCRIPTION OF THE PREFERRED EMBODIMENT(S)
Preferred embodiments of the invention will now be described, by way of example
only, with reference to the accompanying drawings in which: _
Fig. 1 is a graph showing saturation magnetoresistance as a function of the !,
thickness of the non-magnetic spacer layer in structure comprising ferromagnetic layers

separated by a non-magnetic spacer layer according to the prior art;



18. A multilayered magnetic structure as in claim17 wherein said first-and

Second |ayers-.of ferromagnetic material are faorne émeéé{hﬁpf
materi al's sel ected fromthe group consisting of ci b%%‘tﬁan% r%-r cohal t
and ni ckel, cobalt and nickel-icron, and nickel an QHQ ...................... )
nagnetore5|st|ve sensor conpri sing: a substrait 2l and: -~

magnet or esi stive | ayer formed on sai & substrate, said nagnetoresistive
| ayer corrprl sing a plurality of N bil ayers each bil ayer conprising a

| ayer of e material and.a | on etjc netallic
material Bavi %h&”@ﬂ{ls lé RS T hite kRS s a¥€ °f0% rrg%%m{e
magnet or eeﬁ"s}tlbﬁéeno’fe@aii dbagknssh aWidhepeaks riyet Lheéme)dﬁl mdt Fhgngsterompr oper ty

that its magnitude oscillates as a function of thickness of said |ayer of

It has also been discovered that the giant magnetoresistance

effects observed in the layered structures des§ribed above can be

substantially enhanced by dep031t1on upon cerxtain buffer layers.

Fig. 7 shows a bilayer structure similar to that shown in Fig. 3 with

the exception that a buffer layer 18 is provided on substrate 11 prior

to forming the first ferfomagnetic layer 12. Following deposition of the

céapping 1ayer.16, electrical leads 20 and 22 are provided to form a

circuit pattern between the MR sensor structure, current source 24 and

sensing means 26.

Fig. 8 shows four graphs of bilayer structures which have identical
numbers of Co and Cu layers but which have various combination of Fe ana
Cu for the barrier layer 18 and the capping layer' 16. ‘These graphs show
a variation in the saturation magnetoresistance by more than a factor of
three. These differences are due to reduced current sﬂunting through

the buffer layer and by changes in the growth morphology of the thin
films of the structure. :

The buffer layer material must be chosen for optimum
magnetoresistance. The first consideration is that it must not react
with the substrate material, and the second requirement is flatness

spacer layers (ie, in the vicinity of the first peak). In add1tlon, the
buffer layer 18 should be as thin as possible to minimize shunting effects
while at the same time insuring that the buffer layer is a continuous

layer. The buffer layer may comprise Fe, Ru, Cu, Rh, Ixr, Re, ox Cr, for

example, and suitable thicknesses for Fe comprise a range of about 15 to
50 angstroms.

The graph of Fig. 2 is a specific example.of a structure having a
buffer lgyer and has the following structures
(-]
Si/Fe 45A
./ e /FCo 104/Cu(t_ )]



nonmagnetic netallic material, the thickness of said |layer.. tic
metallic material selected to correspond to a pea @ép b T BHERT OF ¥
function. 20. The nagnetoresistive sensor of clai urther c iBing a
buffer layer formed on said substrate difsposed betl\wagp .shidd ARb and
said magnetoresistive layer. 21. The nmagnetoresi st sensar—cf 20
wherein said buffer layer is fornmed o terial selected fromthe group
consisting of iron, copper, chromum “ruthenium rhodium iridiumand
rhenium 122. Arﬁﬁlm?@?g& ﬁ{agﬁéﬁztétﬁﬁuﬁ@%lﬁgriﬁﬁg:d aim 19 further conprising a
cappi ng | ayer overlaying ncf covering sald nagnetaqresistive |layer. 23.
The magnet or eqt fdasty @ve Bilgfeis, dach | bilaferconYiRi 4 I5Rr Of GaRPioRthghetie maketial
fornmed of a material having a relatively high electrical resistivity.

and a layer of a nonmagnetic metallic material having a predetermined thickness, the

ol

value of the magnetoresistance of said multilayered structure exhibiting the property that

its magnitude oscillates as a function of thickness of sai_d layer of nonmagnetic metallic

material, the thickness of said layer of nonmagnetic metallic material selected to

correspond to a peak of said oscillatory function.

2. A multilayered magnetic structure as in claim 1 wherein said oscillatory function

comprises at least a first and a second peak value for the magnetoresistance of said

multilayered structure.

3. A multilayered magnetic structure as in claim 2 wherein the thickness of said

nonmagnetic metallic layer is selected to correspond to said first peak of said oscillatory
; function.

4. A multilayered magnetic structure as in claim 1 wherein the thickness of said

nonmagnetic metallic layer is selected to correspond to said second peak of said

oscillatory function.

5. A multilayered magnetic structure as in claim 1 wherein said layer of nonmagnetic

metallic material is formed of a material selected from the group consisting of copper,

chromium, ruthenium, iridium, rhenium and rhodium.

6. A multilayered magnetic structure as in claim 5 wherein said layer of nonmagnetic

metallic material is formed of copper.

7.7 A multilayered magnetic structure as in claim 6 wherein said layer of

ferromagnetic material is formed of a material selected from the group consisting of

cobalt, nickel-iron and nickel-cobalt.

8. A multilayered magnetic structure as 'm_ claim 5 wherein said layer of nonmagnetic

metallic material is formed of ruthenium.
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14 _24. The magnetoresistive sensor of claim 19 wherpr=the=nunrbor_—Nof
said bilayers is in the range of forty to sixty. '
sensor of claim 19 wherein said magnetgresistive | gyer o) [ wefity
said bilayers forned on said buffer |aydf. 26. A =gﬁemoné£ﬁ@#faggéﬁﬁg0r
conpri si ng: a substrate; and a magnet or estSHvE—+ay orae
sai d subsigr at [ e i St yRrI ;. C I Qi 0l yral i of.¢N
orat g ﬁﬁltﬁgﬁ@é@d‘ C%ﬁe?ic. (shriSut YR in OQI{&Hﬁa ?i ;%g%e?elﬂ Whig! 1dpér Obf

guadl ayers, each quadl ayer nprising a |layer
ferromagnetic material is formed of a material selected from the group consisting of

iron, nickel, cobalt, nickel-iron and nickel-cobalt.
10. A multilayeréd magnetic structure comprising:

at least two quadlayers, each quadlayer comprising a layer of a first ferromagnetic
material, a first layer of a nonmagnetic metallic material, a layer of a second
ferromagnetic material and a second layer of a nonmagnetic metallic material, the value
of the magnetoresistance of said multilayered structure exhibiting the property that its
value oscillates as a function of thickness of said layers of nonmagnetic metallic material,
the thicknesses of said first and second layers of nonmagnetic metallic material selected
to correspond to a peak of said oscillatory function.
11. A multilayered magnetic structure as in claim 10 wherein said oscillatory function
comprises at least a first and a second peak value for the magnetoresistance of said
multilayered structure. | ;
12. A multilayered magnetic structure as in claim 11 wherein the thickness of said
nonmagnetic metallic layer is selected to correspond to said first peak of said oscillatory
function.
13. A multilayered magnetic structure as in claim 11 wherein the thickness of said
nonmagnetic metallic layer is selected to correspond to said second peak of said
oscillatory function.
14, A multilayered magnetic structure as in claim 10 wherein said layers of
nonmagnetic metallic material are formed of a material selected from the group
coriéisting of copper, chromium, ruthenium, iridium, rhenium and rhodium.
15. A multilayered magnetic structure as in claim 14 wherein said layers of
nonmagnetic metallic material are formed of copper.
16. A multilayered magnetic structure as ip claim 15 wherein said first and second

layers of ferromagnetic material are formed, respectively, of materials selected from the
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f.errogagnetic material, a first layer of a nonnmagn
' ayer of a second ferronagnetic material and a se
nonmagnetic netallic material, the val of the nj
mul til ayered structure exhibiting the property that Soa=c
as a function of thickness of said |layers of nonmagnetic netallic
mat eri al , grolip cohisistkipestesbaltfandadickel, cobhlt ARM ifoRs eobhll AxEhiRkélliraD MideotRll C

nmetallic material selected to correspond to a peak of said oscillatory

ond | 2y AUS
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f unct i on. and?mickéltvebatbgnet or esi sti ve sensor of claim26 further conprising a
buffer layer formed on said substrate between said substrate and said

magnet or ekl.st Avaenultilagered Bmgnatice strugiied dsedn selaive bernwherelnf saidailayezy of
wherein said buffer layer is formed of a material selected fromthe group

consi st i népnsnagneds, meailise material oare ufarmedt ok & material neplected from gthemezoup

r heni um

magnet or €LQnSistigg of gytenium, iri

29, .The.mn netoresd.st i ve senso& of ..claim 26 wherein said
um, rhenium and rhodium.

18. A multilayered magnetic structure as in claim 17 wherein said first and second
layers of ferromagnetic material are formed, respectively, of materials selected from the
group consisting of cobalt and iron, cobalt and nickel, cobalt and nickel-iron, and nickel
and iron.
19. A magnetoresistive sensor comprising:

a substrate; and

a magnetoresistive layer formed on said substrate, said magnetoresistive layer
comprising a plurality of N bilayers, each bilayer comprising a layer of a ferromagnetic
material and a layer of a nonmagnetic metallic material having a predetermined
thickness, the value of the magnetoresistance of said multilayered structure exhibiting the
property that its magnitude oscillates as a function of thickness of said layer of
nonmagnetic metallic material, the thickness of said layer of nonmagnetic metallic
material selected to correspond to a peak of said oscillatory function.
20. The magnetoresistive sensor of claim 19 further comprising a buffer layer formed
on said substrate disposed between said substrate and said magnetoresistive layer.
21. The magnetoresistive sensor of claim 20 wherein said buffer layer is formed of a
material selected from the group consisting of iron, copper, chromium, ruthenium,
rhodium, iridium and rhenijum.
22. The magnetoresistive sensor of claim 19 further comprising a capping layer
overlaying and covering said magnetoresistive layer.
23. The magnetoresistive sensor of claim 22 wherein said capping layer is formed of a

material having a relatively high electrical resistivity.
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conprj ses ten said quadl ayers forned on said buffej

magnet oresi stive sensor of claim26 further conpriging a ca | éyr

overlaying and covering said magnetoresistive |ayej.
magnet or esi stive sensor of claim 30 whetein said clappiag—ta Y ofimred of

a mterial having a relatively high electrical re5|st|V|ty

24. The magnetoresistive sensor of claim 19 wherein the number N of said bilayers is

in the range of forty to sixty.

25. The magnetoresi-stive sensor of claim 19 wherein said magnetoresistive layer

comprises twenty said bilayers formed on said buffer layer.

26. | A magupetoresistive sensor comprising:

a substrate; and
a magnetoresistive layer formed on said substrate, said magnetoresistive layer

comprising a plurality of N quadlayers, each quadlayer comprising a layer of a first
-ferromagnetic material, a first layer of a nonmagnetic metallic material, a layer of a

second ferromagnetic material and a second layer of a nonmagnetic metallic material, the

value of the magnetoresistance of said multilayered structure exhibiting the property that

its value oscillates as a function of thickness of said layers of monmagnetic metallic

material, the thicknesses of said first and second layers of nonmagnetic metallic material

selected to correspond to a peak of said oscillatory function.

27. The magnetoresistive sensor of claim 26 further comprising a buffer layer formed

on said substrate between said substrate and said magnetoresistive layer.

28. The magnetoresistive sensor of claim 27 wherein said buffer layer is formed of a

material selected from the group consisting of iron, copper, chromium, ruthenium,

rhodium, iridium and rhenium.

29. The magnetoresistive sensor of claim 26 wheréin said magnetoresistive layer

comprises ten said quadlayers formed on said buffer layer.

30. The magnetoresistive sensor of claim 26 further comprising.a capping layer

ovéﬂaying and covering said magnetoresistive layer.

31. The magnetoresistive sensor of claim 30 wherein said capping layer is formed of a

material having a relatively high electrical resistivity.
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MAGNETORESISTIVE SENSOR BASED ON OSCILLATIONS
IN THE MAGNETORESISTANCE

ABSTRACT

Described is a magnetoresistive (MR) sensor comprising a multilayered structure
formed on a substrate mcludes alternating layers of a ferromagnetlc material (12) and copper
(14). The ferromagnetlc material and the copper form bilayers which exhibit the property
that the magnetoresistance of the multilayered structure oscillates as a function of thickness
of the non-magnetic material. A current flow is produced through the MR sensor, and the
variations in the resistivity of the MR sensor are sensed as a function of the magnetic field
being sensed. Alzso described is a sensor having a quadlayer structure which corﬁprises
alternating layers of a first and second ferromagnetic material and a non-magnetic metallic
material.

Fig. 3




