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MAGNETORESTSTTVE SENSOR - - -

This invention relates in genernl to magnetic transducers for _
reading information signals from a magnotic medium and, in particular, o
" to an- improved magnetoresistive 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 field signals through the resistance changes .
of a read element made from a magnetic material as a function of the
amount and direction of magmetic flnx heing sensed by ‘the element.

These prior art MR sensors operate on the basis of the_anisotropic ..
magnetoresistive (AMR) effect in which a component of the.resistance
varies as cosziof the angle between the magnetization and the direction
of current flow These MR sensoxs have operated on the basis of the AMR
effect even though this effect produced only a very small percentage

change in the res1stance. . , L -

More recently, reports have been puhlished of techniques for
ohtaining enhanced MR effects. One of these publications, "Enhanced
Magnetoresistance in Layered Magnetic Structures with Antiferromaghetic
Interlayer Exchange™, G. Binasch et al.. Thys. Rev. B. V39, p. 4828
'(1989) and U.S. patent 4,949,039 doscx1bo a layered magnetic structure
which yields enhanced MR effects cnusod 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 phenomona in muILllayored structures to be of
technological importance, it is necessary to arhieve 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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It is therefore the principal ob1pcr of. this invention to produce
an improved MR sensor. 0

This invention provides a-magnetoreeietive sensor comprising a
layered structure having "at least ona h11ayer comprising a first thin

film of ferromagnetic material in 1ntorFac1a1 contact with a second th1n

film of nonferromagnetlc metallic material, characterised. .by the

bilayer comprising a third thin film of material within said first thin
film of ferromagnetic material, said third thin £ilm 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.

SR i .
In a specific embodiment of the invention, the MR sensor comprises
a trilayer_structure 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 metallic: 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 structure having a first and a second thin £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 ferrowaguetic material is provided at either or both

of the interfaces between the ferromagnatic layers and the thin film

layer of non-magnetic material.

All of ‘the described embodiments produce an MR response in which

the magnitude of the response is high and the field required to produce
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this change in resistance is no greatar lhan prior art structures which

produce much lower MR respomse - . ) o . . -

The invention will be further descrihed in thejfdllowing-moré
particular description of embodiments nf the invention as illustrated in )
accompanying drawings, wherein . .

Fig. 1 is a diagrammatic schematic 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

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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) Fig 9 is a graph showing the var1nruonq in MR response w1th
thickness of a Gs7o_F 30 interface layer;
Fig. 10 is two related graphq <how1ng the variation in MR response.
with thickness of a Co interface laver For structures with two interface

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 of
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 ferromagnetir laver 12 jncreases the magnitude of
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the magﬁetoresistdnce without substantially increasing the applied
magnetic field. ' : - - '

Another structure that has recently Beeﬁ‘identified comprises 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 patﬁ 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.

According to the presemt jinvention, 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 magnetoresistance

with a low applied field.
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A further embodiment of an MR sensor, accérding to the present
_invention, is shown in Fig. 3.. "The MR sensor 30 shown in Fig. 3 .
‘compriseé a special case of the previously described embodiments in
_Whiéh fﬁe distancé x and y is zero. This Structuré,coﬁprises-a-fifst
:léyer of_ferrbﬁagnetic'méteriél 32, a laver of ndn;magneﬁic material 34,
and a second layer of ferromagnetic material 36, A thin layer of
ferromagnetic material 33 is Iécated at- the interface betwsen
ferromagnetic layer 32 and the layer of non-magnetic maﬁeri&l 34. A
second thin layer of ferromagnetic matearial 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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: 7jTo-denonstrare the increasc “in maynnfbrésiétnnee'bntainabie'by the .
present’ invention, a specific nmbodimont nr muItilayered structures as'
shown in Fig. 1 were produced with tho fnrromagnetic layer 12 “formed of
Fe, the non—magnetrc layer 14 formed nF Pr. nnd the nanolayer of~
-material 16 was also formed nf Ct. The’ quuctures were prepared on a
silicon (S1) substrate with a Cr undorlayer as.. follaws'

'31/Cr(3oz3([re(x2)/cr(12)/Fecad-zxZ)/dr(1X)/FétxZ)/éf(gcf)]30/ Cr(504)

- Films comprising Fe/Cr-ﬁultilayers With-tnin_dr nanolayers'placed :
within the Fe layers were deposited by r £ sputtering'en Si sﬁbétrntes,
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 from the Fe/Cr interface that was -systematically varied
from O to 17. SZ 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 npplied field, (c) is .the relative
change in resistivityAP/P (typically refocred to as a giant
magneteresistance), 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 cha.nge in
resistivity AP dramatically increases as the rianolayer is positioned
further from the interface. This increase saturates once the nanolayer

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

The magnetoresistance values for a given saburation field obtained
by nanolayering are consistently larger than those obtained from
conventional 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
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. filmsithat;we have éroduced fall into a narrow band around the d@stéd
line. Shown for comparisoﬂ are the nanolayer films with t, = 154..
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 8 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 tﬁe 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.
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Fig. 7 shows the dependence of lho MR response on the thickness of
the interface layer 23, 25 which in this nmhod1ment is Co. The
structure is of the same form as thar considered in Flg. 6 and '

comprlses : . . o :e- .
B . '° ’ o - o . ° o - . ) ° B o .
NiFe(60-XA)/Co(XA)/Cu(304)/Co(XA)/NiFa(25-XA)/MaFe(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)
1
and a NiFe/Cu/NiFe/MnFe structure with a thin Co interface layer of the
form:

P

NiFe(SSZ)/Co&SA)/Cu(ZSA)/CO(SZ)/NiFe(ZOR)/HnFe(1002)/Cu(102)

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 strcture js of the form:

NiFeCo(62-XA)/CozoFeso(XA)/Cu(ZSA)/Fo (XA)/NxPeCo(ZS-XA)/
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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Fig. 10 shows a comparison of a structnre. that has an interface
layer at both interfaces with a similar structure which has an interface
layer at one.of the. F/NM interfaces. 'The Enp figure shows data for a

structure ‘comprising: . . S -

NiFe(60-XZ)/Co(XZ)/Cu(3OK)/Co(5XXj/NiFe(ZS-XR)/ﬁnFe(lOOZ)Cu(102)

-

The bottqm 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 thal. the useful range of thickness
o o

of the Co nanolaver is between about 3*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
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within ‘the ferromagnetic layer at a distance X Erom the interface

. between the ferromagnetlc layer and the non-magnetlc layer. We have

also shown that, for the speécial case in which the distance X=0 and the
thin layer 1is a ferromagnetic_materia1 the magnltude of the MR. fesponse
is also substantially increased. ‘In hoth cases there is substantlally

no increase in the magnetic field roqu:rod to produce the change in
resistance. o _ .

There has been described a magnetoresistive sensor ctmprising a
layered structure having at least two bilayers each comprising a first
thin film of ferromagnetic material in 1nterfac1a1 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.
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1. A magnetores:Lstlve sensor compr151ng a layered structure having at
least one b1layer 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.
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7. A magnetoresistive sensor as c1a1med in any preced1ng cla1m wherein
'said distance x is from 0 to about 17 5 angstroms.

8. - A magnetoresistive sensor as claimed in aﬁy preceding claim wherein
sa1d flrst thin film 1ayer is Fe, sa1d second th1n film layer 1s Cr and
sald third thin film layer is Cr. ' '

-

-~

9. A magnetores1st1ve sensor as claimed in Clalm 2 or Claim 3 wherein
said distances x and/or y are zero and said third andfor said fifth thin

film layers 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 béing sensed.

Th.s Sheet Has Been Replace

R




