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GRANULAR MULTILAYER MAGNETORESISTIVE SENSOR

The present invention relates generally to magnetic transducers for

reading information signals recorded in a magnetic medium.

It is well-known in the prior art to utilize a magnetic read

5 transducer referred to as a_magnetdresistive (MR) sensor or head for
reading high density recorded data from magnetic media. An MR sensor
detects magnetic field signals through the resistance changes of a read
element fabricated of a magnetic material as a function of the strength
and direction of magnetic flux being sensed by the read element. These

10 prior art MR sensors operate on the basis of the anisatropic
magnetoresistive (AMR) effect in which a component of the read element
resistance varies as the square of the cosine (cosz) of the angle between
the magnetization and the direction of sense current flow through the
read element. A more detailed description of the AMR effect can be found

15 in "Memory, Storage, and Related Applications", D.A. Thompson et al.,
IEEE Trans. Mag. MAG-11, p. 1039 (1975).

U.S. Patent No. 4,896,235 entitle “"Magnetic Transducer Head

Utilizing Magnetoresistance Effect”, granted to Takino et al cn January
23, 1990, discloses a multilayered magnetic sensor which utilizes the AMR

20 and comprises first and second magnetic layers separated by a non-
magnetic layer in which at least one of the magnetic layers is of a
material exhibiting the AMR effect. The easy axis of magnetization in
each of the magnetic layers is set perpendicular to the applied magnetic

_ signal such that the MR sensor element sensor current provides a magnetic

25 field in the magnetic layers parallel to the easy axis -thus eliminating
or minimizing Barkhausen noise in the sensor. "Thin Film MR Head for
High Density Rigid Disk Drive” by H. Suyama et al, IEEE Trans. Mag., Vol.
24, No. 6, 1988 (pages 2612-2614) discloses an multilayered MR sensor
similar to that disclosed by Takino et al.

has

cr

;30 2 second, different and more pronounced magnetoresistive effac
_also been described in which the change in resistance of a layered
-magnetic sensor is attributed to the spin-dependent transmissicn of

conduction electrons between ferromagnetic layers via a nonmagnetic layer

separating the ferromagnetic layers and the accompanying:spin-Zependent

4]

35 scattering at the layer interfaces. This magnetoresistive effsct i

11

variously referred to as the "giant magnetoresistive® or "spin wvalv
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1039 (197 separated by a non-magnetic layer varies as the cosine (cos) f the angle
between the magnetization in the two layers.

U.S. Patent No. 4,949,039 to Grunberg describes a layered magnetic
structure which yields enhanced MR effects caused by antiparallel
alignment of the magnetizations in the magnetic layers. As possible

10 materials for use in the layered structure, Grunberg lists ferromagnetic
transition metals and alloys, but does not indicate preferred materials
from the list for superior MR signal amplitude. Grunberg further
describes the use of antiferromagnetic-type exchange coupling to obtain
the antiparallel alignment in which adjacent layers of ferromagnetic

15 materials are separated by a thin interlayer of Cr or Y.

Co-pending U.S. Patent Application serial no. 07/625,343 filed

December 11, 1990, assigned to -International Business Machines

Corporation (IBM), discloses an MR sensor in which the resistance between

two uncoupled ferromagnetic layers is observed to vary as the cosine of
20 the angle between the magnetizations of the two layers and which is

independent of the direction of current flow thrgugh the sensor. This

mechanism produces a magnetoresistance that is;baséd on the spin valve

effect and, for selected combinations of materials, is greater inw

- magnitude than the AMR. |

25 U.S. Patent No. 5,159,513 granted to Dieny et al ap October 27,
1992, assigned to the instant assignee, discloses an MR sensor based on
the above-described effect which includes two thin film layers of
ferromagnetic material separated by a thin film layer of a non-magnetic
metallic material wherein at least one of the ferromagnetic layers is of

30 cobalt or a cobalt alloy. The magnetization of the one ferrcmagnetic
layer is maintained perpendicular to the magnetization of the other
ferromagnetic layer at zero externally applied magnetic field by exchange

coupling to an antiferromagnetic laver.

The spin valve structures described in the above-cited U.S. patent
35 and patent application require that the direction of magnetization in one

s

of the two ferromagnetic layers be fixed or "pinned" in a selected



U. S Pat ent No. 4,896,235 entitte "Magnetic Transducer Head Utili zing
tMagnet or esi stancqﬁﬂgﬂ‘eg "nogranted to Takino et al on January 23, 1990,
: ;

di scl oses a nult ¢¢h Benlaced sensor which utilizes the AVR and
conprises first ar‘MH& :
| ayer in which at

btic | ayers separated by a non- magnetic

' he magnetic layers is of a materi al
exhibiting the AVMR effect. The easy axis of magnetization in each of the
magnetic | ayers is set perpendicular to the applied magnetic signal such
that the MR S8#S671%I enent sensor current3 provides a magnetic field in the
magnetic | ayers parallel to the easy axis thus elimnating or mnim zing
Bar khausen noise in the sensor. "Thin Film MR Head for H gh Density Rigid
Di sk Drive" loyiddtagpasvghethag|undpEBERn-Frignel civilgtionyaihe Qigecton of, 1988
(pages 2612- Z@dkkiflits6l Qf eheddtndd| feirt apghadc MAysens (ried vati | Ripdraidnat
di scl osed by tIaéﬂen;%.ngéd %LYer magnetization. Additionally, in both the AMR and

spin valve structures, in order to minimize Barkhausen noise, it is

5 necessary to provide a longitudinal bias field to maintain at least the
sensing portion of the read element in a single magﬁetic domains state.
Thus, a means for both fixing the direction of the magnetization and
providing a longitudinal bias field is required. For example, as
described in the above-cited patent application and patents, an

10 additional layer of antiferromagnetic material can be formed in contact
with the ferromagnetic layer to provide an exchange-coupled bias field.
Alternatively, an adjacent magnetically hard layer can be utilized to

provide hard bias for the ferromagnetic layer.

More recently, the giant magnetoresistance effect has been observed

15 in both single- and multi-layer heterogeneous films of ferromagnetic
particles embedded in a nonmagnetic metallic matrix. GMR has been
reported in inhomogeneous, single layer alloy systems such as cobalt-
copper {(Co-Cu), cobalt-silver (Co-Ag) and nickel-iron~silver (NiFe-Ag).
For exzample, see "GIANT MAGNETORESISTANCE IN NONMAGNETIC MAGNETIC

20 SYSTEMS", John Q. Xiao et al, PHYSICAL REVIEW LETTERS, Vol. 68, No.
25,pages 3749-3752 (June 22, 1992); "GIANT MAGNETORESISTANCE IN
HETEROGENEOUS CU-CO ALLOYS", A.E. Berkowitz et al, PHYSICAL REVIEW
LETTERS, Vol. 68, No. 25, pages 3745-3748 (June 221 1992); "'GIANT'
HAGNETORESISTANCE OBSERVED IN SINGLE LAYER CO-AG ALLOY FILMS", J.XL

25 Barnard et al, Letter to the Editor, JOURNAL OF MAGNETISM AND MAGNETIC
MATERIALS, 114 (1992), pages L230-L234; and J. Jaing et al, APPLIED
PHYSICS LETTERS,-Vol. 61, page 2362 (1992). The Co allqys are of
materials that arériﬁmiSEibie at low temperatures. However, annealing
the metastable alloy causes the formation of fine Co precipitates, i.e.,

30 ‘“grains", in a Cu or Ag matrix. The MR effect appears to vary inversely
with the diameter of the average particle diameter. While the "granular"
alloy is an attractive approach to achieve a GMR sensor with only a
single film in contrast to the more complex multilayered spin valve
sensors, the Co alloys require saturation fields of several thousand

35 Oersted (Oe) and would not be useful in a low field MR sensor
application. Recently reported work with granular NiFe in a Ag matrix
has yielded MR ((delta R)/R) of 10 percent at room temperature with the
half-height width of the MR peak of about 400 Oe. More recent work with



A secdond, different and nmore pronounced magnetoresistive effect has al so

been described in which the change in resistance of a |aye €1 Replaced
sensor is attributed to the spin-dependent transm ssion of N
el ectrons betwagry,fesd onagnetic |ayers via,a nonmagnetic |a

the ferromagnetic |layers and the acconpanyi ng spin-dependent scattering at
the layer interfaces. This magnetoresistive effect is variously referred to

"gi .esistive" or,"spjnvalyve"
as the "giant aggéglgécy;gglﬁa égaayers in apAg matrix has yielded a granular

multilayer structure which exhibits an MR of approximately 17 percent at
room temperature with a saturation field of about 100 Oe. See
"MAGNETORESISTIVE PROPERTIES AND THERMAL STABILITY OF NI-FE/AG

5 MULTILAYERS", B. Rodmacq et al, Letter to the Editor, JOURNAL OF
MAGNETISM AND MAGNETIC MATERIALS, 118(1993), pages L11-L16. Although the
saturation fields for the single- and multiple-layer NiFe alloys are
lower than the reported value for Co alloys, it is still above the range

that is useful for MR devices (about 10 Oe or less).

10 In accordance with the present invention, there is now provided a
multilayer magnetoresistive sensor comprising a magnetoresistive sensing
element including at least one discontinuous layer of ferromagnetic
material embedded in a layer of nonmagnetic, electrically conductive

material.

15 Viewing the present invention from another aspect, there is now
provided a method for manufacturing a multilayer magnetoresistive device
comprising the steps of: depositing on a suitable substrate a pluralitf
of bilayers, each said bilayer comprising a first layer of a nonmagnetic
conductive material and a second layer of a ferromagnetic material; and

20 annealing the resulting multilayer device at a predetermined temperature,
each said second layer of ferromagnetic material breaking up into a
plurality of ferromagnetic particles during said énnealing cycle, said
nonmagnetic conductive material in said first layers flowing inbetween

and surrounding said ferromagnetic particles.

25 Viewing the present invention from yet another aspect, there is now
provided a magnetic storage system comprising: a magné%ic storage medium
having a plurality of tracks defined on a surface thereof for recording
of data; a magnetic transducer maintained in a closely spaced position
relative to said magnetic storage medium during relative motion between

30 said magnetic transducer and said magnetic storage medium, said magnetic
transducer including a granular multilayer magnetoresistive sensor
comprising a magnetoresistive sensing element- including at least one
layer of generally flat particles of a ferromagnetic material embedded in
a layer of nonmagnetic, electrically conductive material, a bias layer of

35 a magnetic material for providing a magnetic bias field for said
magnetoresistive sensing element, a spacer layer of a nonmagnetic

material disposed between said bias layer and said magnetoresistive
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2 effect. Such a magnetoresistive sensor fabricated of _the appropriate
mat eri al s provides inproved sensitivity and greater change in resi st.ance
t han observed in sensors utilizing the AMR effect. I n thThs EmdkmMR=hwd
sensor, the in-plane resistance between a pair of ferrona
separated by a non-megnetic |layer varies as the cosine (c
bet ween the magnetization in the two | ayer at ent
4,949,039 to G unberg describes a | ayered nagnetrc structure whi ch yields
enhanced MR efA¥€8Esi%aused by antiparallel5 alignnment of the magnetizations
in the magnetic |layers. As possible

sensing element magnetically decoupling said bias layer from said
magnetoresistive sensing element, and conductive leads connected to
opposite ends of said magnetoresistive sensing element, respectively, for
connecting said granular multilayer magnetoresistive sensor to external

5 circuitry and for coupling a sense current to said magnetoresxstlve
sensing elements; actuator means coupled to said maqnetlc transducer for
moving said magnetic transducer to selected data tracks on said magnetic
storage medium; and detection means coupled to said granular multilayer
magnetoresistive sensor for detecting resistance changes in said

10 magnetoresistive sensing element responsive to applied magnetic fields
representative of data bits recorded in said magnetic storage medium

intercepted by said granular multilayer magnetoresistive sensor.

Viewing the present invention from still another aspect, there is
now provided a granular multilayer magnetoresistive sensor comprising: a
15 substrate; an isolation layer deposited on a major surface of said
substrate; a bias layer of a magnetic material deposited on said
isolation layer for providing a magnetic bias field for said
magnetoresistive sensing element; a magnetoresistive sensing element
deposited over said bias layer and comprising a plurality of layers of
20 flat particles of a ferromagnetic material embedded in a nonmagnetic,
electrically conductive material; and a spacer layer of a nonmagnetic
material deposited on said bias layer and disposed between said bias
layer and said magnetoresistive sensing element for magnetoresisﬁive

sensing element.

25 The present invention further provides a low field MR magnetic
sensor based on the GMR effect in granular multilayer s&ructures. The
present invention further provides an MR sensor in which it is not
required to provide additional structure means for fixing the
magnetization orientation in one or more ferromagnetic layers or to

.30 provide a longitudinal bias field for the field sensing element.

In a preferred embodiment of the present invention, there is
provided an MR read sensor incorporating a granular multilayer sensing
element comprises a layered structure formed on a suitable substrate
including an magnetoresistive sensing element comprising a plurality of

35 layers of flat plate- or disc-like particles or islands of a
ferromagnetic material embedded in a nonmagnetic electrically conductive

material and a bias laver for providing a magnetic Ffield to bias the
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fromthe list for superior MR signal anplitude. G unberg fu IMESs
the use of antiferromagnetic-type exchange coupling to obta ‘
antiparallel alignment in which adjacent |ayers of ferromagnetic materials
are separated by a thin interlayer of C or Y. Co- pendi ng U. S.
Pat ent Appli &@Pr&niQ®%erial no. 07/625,343 §iled Decenber 11, 1990, assigned
to International Business Machi nes Corporation (IBM, discloses an MR
sensor in which the resistance between two uncoupl ed ferromagnetic | ayers
i s observed tagvetpyesistivresarsnigielalent ke angsieebatonesignt heoiregnetei Ziatki ons
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based on t he "SPTIFGEICV EPISFF SEY aftEPoF ST “REPREEF colli ABTCBTR 6T materi al s,
is greater imaterial and the nonmagnetic material are chosen such that the two )
) 5 materials are mutually immiscible. Alternatively, the magnetic and non-
magnetic materials can be miscible or partially miscible under
equilibrium conditions processed in a controlled manner to limit
interdiffusion. The magnetoresistive sensing element is formed by
alternatively depositing layers of ferromagnetic material and layers of
10 nonmagnetic conductive material on a substrate, over the bias and spacer
layers. When deposition is complete, the multilayer magnetoresistive
sensing element is annealed. During the annealing cycle, the
ferromagnetic layers break up into flat plate-like particles as the
immiscible layers of nonmagnetic material above and below the
15 ferromagnetic layers penetrate at grain boundaries and break the
continuity of the ferromagnetic layers to form layers or planes of
ferromagnetic particles embedded in a matrix of nonmagnetic material.
The structure can be further annealed in the presence of an applied
magnetic field to orient the preferred or easy magnetic axis of the
20 magnetoresistive sensing element parallel to the width of a data track on
an adjacent storage medium. Each layer of ferromagnetic particles
behaves as a collection of magnetic domains with the magnetic moments
being randomly oriented. When a magnetic field is applied in the plane
of the particle layers, the magnetic moments will align parallel to the
25 applied field reducing the resistivity of the magnetoresistive sensing
element. A current source provides a sense current to the MR sensor
which generates a voltage drop across the sensing element proportional to
the variations in the resistance of the MR sensor due tg, the rotation of

the magnetic moments in the layers of ferromagnetic particles as a
30 function of the applied external magnetic field being sensed.

Thus, the present invention provides a MR sensor in which the
magnetoresistive sensing element constitutes a plurality of magnetic
domains in which the individual magnetic moments rotate in respond to an
applied magnetic signal. Since the response is the result of the

35 rotation of the magnetic moments with limited domain wall moticn, the
need for a longitudinal bias field to minimize Barkhausen noise is
eliminated.
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Figure 1 is a simplified block diagram of a magnetic disk storage

c

system embodying the present invention;

5 Figure 2 is a view in perspective of a preferred embodiment of a
granular multilayer'ma@netoresisﬁive sensing element according to the

principles of the present invention;

Figure 3 is a cross-sectional view illustrating the multilayer

sensing element shown in Figure 2 prior to the anneal process;

10 Figure 4 is a perspective view of the annealed multilayer sensing
element shown in Figure 2 illustrating the orientation of the individual

magnetic domains;

Figure 5 is a cross-sectional view illustrating a specific
embodiment after anneal of the multilayer sensing element shown in Figure
15 2; '

Figure 6 is a graph illustrating the magnetoresistance versus an
applied magnetic field as a function of annéal temperature for a specific
embodiment of the multilayer sensing element shown in Figure 2;

Figure 7 is a graph which illustrates the magnetoresistance versus

20 an applied magnetic field for a preferred embodiment of the

magnetoresistive sensing -element shown in Figure 2; ~

Figure 8 is a graph which illustrates the magnetoresistance versus
an applied magnetic field for a preferred embodiment of the

magnetoresistive sensing element shown in Figure 2;:

25 Figure 9 is a graph which illustrates the magnetoresistance versus
the anneal temperature as a function of silver layer thickness for a
preferred embodiment of the magnetoresistive sensing element shown in
Figure 2;

Figure 10 is a graph which illustratas the magneicresistance versus

{s)
Q

the anneal temperaturs as z functicn of nickei-iron layer thickness Zfor 3
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preferred embodiment of the magnetoresistive sensing element shown in

Figure 2;

Figure 11 is a graph which illustrates the magnetoresistance versus
the number of bilayers for a preferred embodiment of the magnetoresistive .

sensing element shown in Figure 2;

Figure 12 is a graph which illustrates the magnetoresistance versus

an applied magnetic field as a function of anneal temperature for a

preferred embodiment of the magnetoresistive sensing element shown in

Figure 2; and

Figure 13 is a sectional view of a preferred embodiment of a
magnetoresistive magnetic sensor according to the principles of the

present invention.

Referring now to Fig. 1, although the invention is described as
embodied in a magnetic disk storage system as shown in Fig. 1, it.will be
apparent that the invention is also applicable to other magnetic
recording systems such as a magnetic tape recording system, for example,
or other applications in which a sensor is utilized to detect a magnetic
field. A magnetic disk storage system comprises at least one rotatable
magnetic disk 12 is supported on a spindle 14 and rotated by a disk drive
motor 18 with at least one slider 13 is p051t10ned on theé disk 12 each
slider 13 supporting one or more magnetic read/write transducers-il,
typically referred to as read/write heads. The magnetic recording media
on each disk is in the form of an annular pattern of concentric data

tracks (not shown) on disk 12. As the disks rotate, thexsliders-13 are

‘moved radially in and out over the disk surface 22 so that the heads 21

may access different portions of the disk where desired data is recorded.
Each slider 13 is attached to an actuator arm 19 by means of a sﬁspensiop
15. The suspension 15 provides a slight spring force which biases the
slider 13 against the disk surface 22. Each actuator arm 19 is attached
to an actuator means 27. The actuator means as shown in Fig.l may be a
voice coil motor (VCM), for example. The VCM comprises a coil moveable
within a fixed magnetic field, the direction and velocity of the coil
movements being controlled by the motor current signals supplied by a
controller.
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small, substantially constant spacing during operation.

The various components of the disk storage system are controlled in
operation by control signals generatéa.by control unit 29, such as access
control signals and internal clock signals. Typically, the control unit

10 29 comprises logic control circuits, storage means and a microprocessor,
for example. The control unit 29 generates control signals to control
various system operations such as drive motor control signals on line 23
and head position and seek control signals on line 28. The control
signals on line 28 provide the desired current profiles to optimally move

15 and position a selected slider 13 to the desired data track on the
associated disk 12. Read and write signals are communicated to and from

read/write heads 21 by means of recording channel 25.

The above description of a typical magnetic disk storage system,
and the accompanying illustration of Fig. 1 are for representation
20 purposes only. It should be apparent that disk storage systems may
contain a large number of disks and actuators, and each actuator may
support a number of sliders. ~ _
Referring now to Figs. 2, 3 and 4, Fig. 2 is a perspective view
illustrating a granular multilayer magnetic structure 30 comprising
25 layers of generally flat or oblate "pancake"” or disc-like magnetic
particles or islands 31 suspended or embedded in a nonmagnetic matrix 33
of an electrically conductive material., As shown in Fig. 3, a-ﬁultilayer
structure 34 of layers 35 of a ferromagnetic material alternatively
deposited with layers 37 of a nonmagnetic conductive material is
30 prepared, such as by sputter deposition, with the thickness of the
individual layers being controlled by a quartz monitor, for example. The
magnetic material and the nonmagnetic material are chosen such that the
two materials are immiscible. Alternatively, the magnetic and nen-
magnetic materials can be miscible or partially miscible under
35 equilibrium conditions processed in a controlled manner to limit
interdiffusion. After deposition, the structure 34 is then annealed.

During the annealing process, the magnetic layers 35 break up into flat
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sfngl e- and multi-layer heterogeneous filns of ferromagnet.i.c ascéeenR laced
enbedded in a nonmagnetic netallic matrix. GVR has been rep mﬂ, jﬁ‘]iilce

i nhonogeneous, single layer alloy systens such as cobal t- c
cobal t-silver (Co-Ag) and nickel-iron-silver (N Fe-Ag). For
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are of materials that are imm sci bl e at | ow tenperatures. However,
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a§ platlng, ion deposition, evaporation, or pastes or other mechanical
methoeds. Additionally, it is not required that the anneal process be
performed after completion of the deposition process. Deposition may be
dome at elevated temperatures or on heated substrates to achieve the

10 desired granular magnetic structures.

A substantial MR effect is achieved in the granular structure 30 if
the spacing between the magnetic particles 31 is comparable to the mean
free path of conduction electrons in the matrix material, preferably
being less than the electron mean free path. As in the well-known

15 magnetic/nonmagnetic multilayer spin valve systems described above, the
origin of the MR observed in the granular multilayer structure 30 is
believed to be primarily due to spin-dependent scattering of conduction
electronics traversing the matrix between the magnetic regions or
particles 31. While it is recognized that larger particles may comprise

20 more than one or multiple magnetic moments, for analysis, it can be
assumed that each of the flat particles 31 behave as if it constituted a
single magnetic moment or domain, as shown in;Fig: 4. 1If the magnetic
moments of the particles 31 are randomly oriented, spin dependen{.
scattering from particle to particle is increased resulting in a

25 relatively high resistivity for the structure 30. The greatest
resistivity is observed when the magnetic moments of the.particles 31 ars
oriented antiparallel from layer to layer. On the othéf hand, if the
magnetic moments of the particles 31 are aligned in é parallel
orientation, the resistance decrease to a relatively low value. While it

30 is recognized that magnetostatic and exchange coupling exists between the
particles in the matrix, a single particle model analysis which neglects
interactions between particles is sufficient to show the that the
observed MR is strongly dependent on the particle 31 size, shape and

anisotropy.

35 It can be shown that an oriented collection of flat plate-like
magnetic particles are much more easily polarized, i.e., szligned, than a

similar collection of spherical magnetic particles. ' Adaltlona;ly, a high



3,

"grains", in a Cu or Ag matrix. The MR effect appears to var |nversel
with the di ameter of the average particle dianmeter. Wile laced
alloy is an attractive approach to achieve a GVWR sensor w
filmin contrast to the nore conplex nultilayered spin val
Co alloys requiggy._gatigeation fields of sevenal thousand Oersted (Oe) and
woul d not be useful in a low field MR sensor application. Recently reported
work with granular NNFe in a Ag matri x has yielded MR ((delta R/R) of 10

percent at. 1 oom. fAPEr A G LiLibNR oBall ellekBkeyiodt thal dhisodbpipericnef

f1eld requ1red for allgnment of the particles moments. For example, for
a plate thickness of 30 Angstroms (a), a major aiis dimension of
approximately 500 A is required. This particle size is quite large when
5 compared to the 40 A particle size reported in the above-cited literature
with large values of MR (and accompanying large values for the saturation
fields)awl ‘
With continuing reference to Fig. 4, a conceptual diagram of an MR
sensor 40 arranged in sensing relationship with a data track 44 defined
10 on a magnetic recording media surface (not shown) is illustrated. The MR
sensor 40 comprises an MR sensing element 41, a bias layer 45 separated
from the sensing element 41 by a nonmagnetic spacer layer 43 and is
connected to a current source (not shown) by conductors 49 to provide a
sensing current I to the MR sensor 41. The MR sensing element 41 is a
15 granular multilayer magnetic structure as described above with reference
to Figs. 2 and 3 including a number of layers or planes of plate-like
particles 31 in a metallic conductive matrix 33. The magnetic moments of
the particles 31 may be partially oriented along an. induced anisotropic
axis, as shown by arrow 47. An anisotropic axis may be induced in the MR
20 sensing element 41 by a second annealing cycle in the presence of a
magnetic field in the direction of the desired anisotropic axis, as is
known in the art. The bias field provided by the. bias layer 453 will
further align the moments of the particles 31 :in a desired direction to
adjust the operating point of the MR sensor at a linear portion of its
25 response characteristic. The MR sensor 40 is suspended above a data
track 44 by a suspension apparatus (not shown) such that the magnetic
field H at a data transition 46 will be applied in the-plane of the
sensing element 41.. When the field H is intercepted, the magnetic
moments rotate to align with the applied field H resulting in a decrease
30 in the resistivity in the sensing element 41. Since rotation of the
magnetization of the magnetic particles occurs with limited domain wall
motion, a longitudinal bias field for the sensing element is not
required.

Referring now also to Figs. 5 and 6, a multilayer structure 50 of
35 layers 51 of a ferromagnetic material alternatively deposited with layers
53 of a nonmagnetic conductive material having-the form
AQ‘(Y/Z_)/NlFe(x/z)[NlFe(x)/Ag(y)] /N1Fe(x/2)/Ag(y/2) deposited over a Ta
underlayer 55 on an oxidized sillcon (si) substrate 54. A 100 A Ta
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4 annealed NiFe nultilayers in a Ag matri x has yiel ded fhi%aréﬂl

rrul tilayer structure which exhibits an MR of approxinmate epiaced
roomtenperature with a saturation field of about 100 Ce. m

" MAGNETORESI STI Vg RRORERTI ES AND THREVAL STABI LI TY OF NI -

MULTI LAYERS"', B. Rodnacq et al, Letter to the Editor, JOURNAL OF MAGNETI SM
AND MAGNETI C MATERI ALS, 118(1993), PAGES L11-L16. Although the saturation

fields for the sciagpqil

nS‘f%QQr 57 minimizes oxidation during the anneal process. The
anneal process promotes penetration on the non-nagnetic material, Ag
layers 53, at the grain boundaries 56 of the magnetic layers 51 producing
discontinuities in the magnetic layers to provide planes of flat, island-
5 like particles 59. Thus, each layer of magnetic material is broken-up
into a multidomain or granular state. Within a magnetic layer, as long
as the layer of magnetic material is discontinuous, the spacing between
. the particles does not appear to strongly influence the observed
magnetoresistance for the structure provided that the spacing is less
10 than the mean free path for the conduction electrons in the non-magnetic
material. Discontinuities in the magnetic layers 51, particularly if the
discontinuities are arranged into columns from layer to layer in the
structure, prompts an interlayer magnetostatic interaction that strongly

favors antiferromagnetic order.

15 No significant MR was observed in any structure examined prior to
annealing. As shown in Fig. 6, for a structure having 5 layers of NiFe
of the form Ag(20a)/[NiFe(20A)/Ag(40a)] 4/WiFe(208)/Ag(208) MR develops
after annealing to achieve magnitudes of typically 5-6 percent. The
applied magnetic field is in the plane of the structure and perpendicular

20 to the sensing current. Arrow 58 indicate the ramping direction of the
field. Typically, the resistance of the as-deposited structure decrease
by about 15 percent after annealing at any temperature in the 300-400
degrees C range, and there is no significant.diffé}ence in the resistance
of any annealed structure. A difference in the magnitudes of thé“MR for

25 magnetic fields applied parallel and perpendicular to the sense current
direction indicates a persistent AMR effect of a magnitude of about 0.3-
0.5 percent in both the unannealed and annealed structuges. For the
structure shown in Fig. 6, a maximum MR of 5.34 percent*is observed after
annealing at 335 degree C with a width at half maximum of 22 Oé. While

30 exhibiting a lower maximum value for MR, when annealed at 315 degrees C
the greatest change in resistance per unit field, 0.8 percent per Oe with
a width at half maximum of about 5 Oe was observed.

Referring now also to Figs. 7 and 8, Fig. 7 is a diagram
illustrating the observed MR as a function of applied magnetic field for
35 a granular multilayer structure 30 (as shown in Fig. 2) comprising 3
bilayers of NiFe(20 2)/Ag(40 A) sputter deposited on an oxidized Si
substrate and annealed at 310 degrees C. The MR of the structure is
defined as the ratio of the structure resistivity at the applied field,
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5 multiple-layer NiFe alloys are |lower than the reported val ue for

alloys, it is still above the range that is useful forTMW&deth
10 Ce or less). In accordance with the present re
i's now provided a method for
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R(H), minus the resistivity of the structure at an applied field of 200
Oe, R(MIN), to the R(MIN). The structure exhibits a maximum value for -
the MR of approximately 3.0 percent with the curve 52 having a half-
height width of approximately 10 Oe for fields applied along the hard

5 axis. Similarly, the structure exhibits a max1mum va1u° for the MR of
approximately 2.7 percent with the curve 54 hav1na a half- height w1d;h of
approximately 7 Oe for fields applied along the easy axis. Fidg. 8 is a
.diagram illustrating‘the observed MR for a granuléf multilayer structure
30 comprising 5 bilayers of NiFe(20 A)/Ag(35 &) on an oxidized Si

10 substrate and annealed at a temperature of 315 degrees C. This structure
exhibits a maximum MR value of approximatsly 3.4 percent with the MR
curve having a half-height width of approximately 4.75 Oe and & slope of

0.71 percent per Oe.

Referring now also to Figs. 9-12, the value of MR obtained for the

15 granular multilayer structure 30 is dependent on a number of factors in
addition to the materials chosen for the ferromagnetic and nonmagnetic
layers. For example, the number of ferromagnetic/nonmagnetic bilayers,
the thickness of the ferromagnetic layers, the thickness of the
nonmagnetic layers and the temperature at which the structure 30 is

20 annealed all affect the MR characteristics obtained for a specific
structure. Fig. 9 is a diagram illustrating the value of MR versus
anneal temperature as a function of the nonmagnetic layer thickness for a
granular structure comprising 5 bilayers of Ag_(tX A)/NiFe(ZO A) df?osited
on an oxidized Si substrate. Generally, the maximum MR for a given

25 nonmagnetic layer thickness is obtained at an anneal temperaturse of about
335 degrees C, with the maximum MR obtained being about 5.3 percent rfor &
nonmagnetic layer (Ag) thickness of 35 A. Fig. 10 is a diagram
illustrating the value of MR versus anneal temperature as a Eungtion exf
the thickness of the ferromagnetic layer thickness for a granular

30 structure 30 comprising 5 bilayers of Ag(40 A)/NiF (L A) deposited on an
oxidized Si substrate. Generally, the maximum MR va lue for a given
thickness was achieved at an anneal temperature in the range of 31ZI tco
335 degrees C, with a maximum MR value of about 5.3 percent observed for
a ferromagnetic layer (NiFe) thickness of 20 A at 23S

s a diagram illustrating the value of MR wversus the number of

(¥ 1

Fty

ferromagnetic/nonmagnetic bilayers for a granular structure comerising

D‘

ilayers of NiFe(20 A)/Ag(40 A) deposited on an cxidized Si substratea.
The function starts with a relatively iow MR waliue of about §.Z sercent

or a1 singie bilaver, depocsited on i layer 3I ig, Incresses rapldly o
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about 5.3 percent for 5 bilayers, and then flattens out having a value of
about 6.1 percent for 10 bilayers. The low value for MR observed for a
structure having a single bilayer compared to the relatively high MR
values observed for multiple bilayers appears to indicate that scattering

5 of conduction electrons at the particles 31 in the layers above and below
"the layer in which the conduction electrons ‘originate is much more |
important than the scattering at particles 31 within the same layer.
Fig. 12 is a diagram illustrating the MR value versus applied magnetic
field as a function of anneal temperature for a granular structure 30

10 comprising 5 bilayers of NiFe(20 A)/Ag(40 A) deposited on an oxidized Si
substrate. As would be expected from the curves shown by Figs. 9 and 10,
the maximum value 61 of about 5.3 percent for MR is observed at an anneal
temperature of 335 degrees C. However, while the maximum observed MR
value is lower, about 3.2 percent, at an anneal temperature of 305

15 degrees C, a much.sharper characteristic curve 63 having a half-height

width of less than 5 Oe is produced.

Referring now also to Fig. 13, an MR magnetic sensor incorporating
a granular multilayer sensing element according to the principles of the
present invention is shown. The MR sensor 70 comprises a bias layer 73

20 of a suitable magnetic material, a nonmagnetic spacer or isolation layer

75 and granular MR sensing layer 79 deposited on a suitable substrate 71.
The substrate provides a major surface 72 wh1ch func ions as a support or
carrier for the subsequent layers making up the MR sensor. The substrate
71 may be glass, sapphire, quartz, magnesium oxide, silicon, silicon

- £}

25 dioxide or other suitable material. An underlayer 73 is first deposited
over the substrate surface 72. The purpose of the underlayer 73 is to
optimize the texture, grain size and morphology of the subseguent layers
75, 77 and 79. The underlayer 73 must have & high resistivity to
minimize electrical current shunting effects. Generally, nonmagnetic,

30 high resistivity materials such as tantalum (Ta), ruthenium (Ru) cr
aluminum oxide, for example, are suitable materials.

The granular MR sensing layer 79 comprises multipie layers cf flaz,
plate-like magnetic particles 31 embedded or suspended in a ncnmagneti

conductive matrix 33 as described above with rsfersncs to Figs. 2z, I and .

[TY]
n

1

4. The granular structure is made up of multipie

ferromagnetic/nonmagnetic bilayers formed depositing thin layers of a

nonmagnetic material alternatively with thin layers cf a farromagnetic

= -~ =1 - S - - -1 - - my - - - - - - sem wmlay -
materizl and -hen znnezling the zTrucTurs 3T 3 lamperzture within the
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conprising a first layer of a nonnmagnetic conductive mat eg nd a second
Yayer of a ferromagnetic material; and anneallng t
mul til ayer device, each said second |ayer of ferronagnetl
breaking up into a plurality of ferromagnetic particles du
anneal i ng cycle, said nonmagnetic conductive material in said flrst | ayers
flowing 1inbetween and surrounding said ferromagnetic particles.
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range of about 100 to 500 degrees C. While the granular MR sensing layer
79 preferably comprises 5 or 6 bilayers, MR values suitable for use in an
MR sensor can be obtained with as few as 3 or more bilayers. As
deposited, prior to the anneal cycle, the ferromagnetic layers are of a

5 thickness in the range of about 10 to 30 A, while the thickness of the
nonmagnetic layers are in the range of about 20 to 50 A. The
ferromagnetic layer is preferably of NiFe, but can be of any suitable
ferromagnetic material such as Ni, Co, Fe and ferromagnetic alloys based
on Ni, Fe or Co, for example. The matrix 33 is a nonmagnetic, conductive

10 material and should allow a long mean free path for conduction electrons
in the material. Additionally, the ferromagnetic material and the matrix
material are mutually immiscible. Alternatively, the magnetic and non-
magnetic materials can be miscible or partially miscible under
equilibrium conditions and processed in a controlled manner to limit

15 interdiffusion. The matrix material is preferably Ag, but may be
selected from the group consisting of Cu, Ru and Au and other conducting
metals and alloys. Suitable semiconductor, conductive oxides and
intermetallic compounds may alsoc provide materials which are potential
candidates.

20 Alloying the ferromagnetic material with a suitable material can
enhance the breakup of the layer into particles during the anneal cycle.
For example, alloying NiFe with 1 to 20 percent. Ag or 0.1 to 20 percent
lead (Pb) enhances the breakup of the NiFe layer in a Ag matrix. Since,
for example, Ni-Pb and Fe-Pb have very limited mutual solubility, it

25 appears that the Pb concentrates at the NiFe grain boundaries during
processing thus enhancing the NiFe layer breakup and allowing the use of
lower process temperatures. The use of NiFePb at lower.process
temperatures may allow the use of other materials, such as Cu,_ as the
matrix material in which the rate of solubility with NiFe is less at

30 lower temperatures than at higher temperatures.

The bias layer 73 provides a bias field for the MR sensing layer 79
to provide a linear response for the sensor. As is known in the art, the
bias layer may be of a magnetically hard material (hard bias), such as
CoPt or CoPtCr, for example, or of a magnetically soft material (soft

35 bias), such as NiFe or NiFeRh, for example. Thé spacer layer 77 serves
to magnetically decouple the bias layer 75 from the MR sensing layer 79
and also to optimize the texture, grain size and mornholoqy of ‘the MR

sensing layer. The spacer layer 77 should be of a nonmaanet_ﬂ, high
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resistivity material such as Ta, 2r, Ti, y, Hf or other suitable material

having the desired crystalline structure.

A preferred embodiment of the MR sensor 70 comprises an granular MR
sensing layer 79 of 5 bilayers of NiFe(20A)/Ag(35A) annealed at 315
degrees C, a soft bias layer 75 of NiFe deposited on an underlayer 73 of
A1203 and separated from the MR sensing layer 79 by a spacer layer 77 of
Ta having a thickness of approximately 50 A. The sensor 70 is deposited
on a ceramic éubstrate.7i by sputter deposition or other suitable
deposition process as is known in the art. The thickness of the
underlayer 73 preferably is in the range of 50 to 100 A, while the NiFe
soft bias layer 75 thickness is 100 A. Conductor terminals 81 of Cu or
other suitable material, such as Ag or Au, formed at opposite ends of the
sensor 70 connect the sensor to current source 85 and signal sensing
circuitry 83 via lead conductors 87. The current source 85 provides a
seﬁse current to the MR sensor 70 which senses the changes in resistance
of the MR sensing element 79 when an external magnetic field is applied
(for example, as described above with reference to Fig. 4). A capping
layer (not shown) of a high resistivity material such as Ta or Zr, for

example, can also be deposited over the MR sensor 70.

While the present invention has been particularly shown and
described with reference to preferred embodimenxs:thereof, it will be
understood by those skilied in the art that various changes in form and
detail may be made therein without departing from the invention. For
example, while the preferred embodiment shown is described as an
unshielded device, the MR sensor of the present invention is equally
applicable to a shielded or flux-guided structure. Aceordingly, the
invention herein disclosed is to be considered merely as illustrative and

limited in scope only as specified in the appended claims.
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CLAIMS

1. A multilayer magnetoresistive sensor comprising a magnetoresistive
sensing element including at least one discontinuous layer of
ferromagnetic material embedded in a layer of nonmagnetic, electrically

conductive material.

2. A sensor as claimed in claim 1 wherein said ferromagnetic material

and said nonmagnetic material are mutually immiscible.

3. A sensor as claimed in Claim 1 wherein said discontinuous layer of
ferromagnetic material forms a layer of oblate particles of said

ferromagnetic material.
4. A sensor as claimed in Claim 3 further comprising:

a bias layer of a magnetic material for providing a magnetic bias

field for said magnetoresistive sensing element; and

a spacer layer of a nonmagnetic material disposed between said bias
layer and said magnetoresistive sensing element magnetically decoupling
said bias layer from said magnetoresistive sensing element.

5. A sensor as claimed in Claim 3 wherein 'said magnetoresistive
sensing element comprises a number N of said layers of said ferromagnetic

particles embedded in N+1 layers of said nonmagnetic conductive material.

6. A sensor as claimed in Claim 5 wherein.said number N is selected

from a range of 2 to 10. -
7. A sensor as claimed in Claim 6 wherein said number N is 5.

8. A sensor as claimed in Claim 3 wherein said ferromagnetic particles
are comprised of a ferromagnetic material selected from the group
consisting of iron, cobalt, nickel, nickel-iron and ferromagnetic alloys
based on iron, cobalt, nickel or nickel-iron.

9. A sensor as claimed in Claim 8 wherein said ferromagnetic particles

are comprised of nickel-iron.
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Figure 5 is a cross-sectional viewillustrating a specific—enbodinment after

.anneal of the multilayer sensing elenment shown in Figure 2; Figure
"6 is a graph illustrating the magnetoresistance versus af
field as a function of anneal tenperature for a speC|f|c ﬂm

multilayer sensing el enent shown in Figure 2; Fig L
which illustratem-bhaosagnet or esi stance versas an applied magnetic fle

for a preferred enbodi nent of the magnetoresistive sensing el enent shown in
Fi gure 2;

10. A sensor as claimed in Claim 8 wherein said ferromagnetic particles

are comprised of nickel-iron-cobalt.

11. A sensor as claimed in Claim 5 wherein said ferromagnetic particles

are comprised of nickel-iron-lead.

5 ..12. ..A sensor as claimed in Claim 11 wher€in“the amoiunt of lead
contained in said nickel-iron-lead alloy is selected from the range of
0.1 to 20 percent by weight.

13. A sensor as claimed in Claim 5 wherein said ferromagnetic particles

are comprised of nickel-iron-silver.

10 14. A sensor as claimed in Claim 13 wherein the amount of lead
contained in said nickel-iron-silver alloy is selected from the range of

1 to 20 percent by weight.

15. A sensor as claimed in Claim 1 wherein said nonmagnetic
electrically conductive layer is of a material selected from the group
15 consisting of silver, gold, copper and ruthenium.

16. A sensor as claimed in Claim 15 wherein said nonmagnetic

electrically conductive layer is of silver. -

17. A sensor as claimed in Claim 4 wherein said bias layer comprises a
layer of magnetically soft material for providing said magnetic bias
20 field.
. —~
18. A sensor as claimed in Claim 17 wherein said madhetically soft
material comprises a material selected from the grodp consisting of

nickel-iron and nickel-iron-rhodium.

19. A sensor as claimed in Claim 4 wherein said bias layer comprises a
25 layer of magnetically hard material for providing said magnetic bias
field.

20. A sensor as claimed in Claim 19 wherein said magnetically hard
material comprises a material selected from the group consisting of
cobalt-platinum and cobalt-platinum-chromium.

_——’—‘_‘—7—;-_‘_-_7-_‘
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Figure 8 is a graph which illustrates the nagnetoresistance—versus—an————

_applied magnetic field for a preferred enbodi nrent of the nmagnetore ishi\{ed
sensing el ement shown in.Figure 2; Figure 9 is a ﬁ"‘t D Ece
SR

illustrates the nmagnetoresistance versus the anneal tenpe

function of silver layer thickness for a preferred enbodi

magnet or esi sti ve,£68Sipgg el enent shown in Fijgure 2; Figure 10 is a
graph which illustrates the magnetoresi stance versus the anneal tenperature
as a function of nickel-iron [ayer thickness for a

21. A sensor as claimed in Claim 3 wherein said ferromagnetic particles

have a thickness within the range of about 10 angstroms to about 30

angstroms.

22. A sensor as claimed in Claim 3 wherein said ferromagnetic particles .

5 have a thickness of about 20 angstroms.

23. A sensor as._claimed in Claim .3 wherein said nonmagnetic conductive
layer has a thickness less than the mean free path length of conduction

electrons in said nonmagnetic conductive material.

24. A sensor as claimed in Claim 23 wherein said nonmagnetic conductive
10 layer has a thickness within the range of about 10 angstroms to about 50

angstroms.

25. A sensor as claimed in Claim 24 wherein said nonmagnetic conductive

layer has a thickness of about 35 angstroms.

26. A sensor as claimed in Claim 4 wherein said spacer layer comprises
15 a material selected from the group consisting of tantalum, zirconium,
titanium, yttrium and hafnium.

27. A sensor as claimed in Claim 26 wherein said spacer layer comprises
tantalum. ol

28. A magnetic storage system comprising:

20 a magnetic storage medium having a plurality of ~tracks defined on a.

surface thereof for recording of data; ) -

a magnetic transducer maintained in a closely spaced position
relative to said magnetic storage medium during relative motion between
said magnetic transducer and said magnetic storage medium, said magnetic

25  transducer including sensor as claimed in any preceding claim;

actuator means coupled to said magnetic transducer for moving said
magnetic transducer to selected data tracks on said magnetic storage
medium; and

AR
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detection means coupled to said sensor for .detecting resistance
changes in said magnetoresistive sensing element responsive to applied
magnetic fields representative of data bits recorded in said magnetic

storage medium intercepted by said sensor. .

29.- A magnetic storage system as in Claim 28 wherein the magnetic easy
axis for said magnetoresistive sensing element is oriented substantially
parallel to said data track trackwidth, said easy axis parallel to said
magnetoresistive sensing element longitudinal axis.

30. A method for manufacturing a multilayer magnetoresistive device

comprising the steps of:

depositing on a suitable substrate a plurality of bilayers, each
said bilayer comprising a first layer of a nonmagnetic conductive

material and a second layer of a ferromagnetic material; and

annealing the resulting multilayer device at a predetermined )
temperature, each said second layer of ferromagnetic material breaking up
into a plurality of ferromagnetic particles during said annealing cycle,
said nonmagnetic conductive material in said first layers flowing
inbetween and surrounding said ferromagnetic particles.

T

31. A method as claimed in Claim 30 wherein: said nonmagnetic conductive
material and said ferromagnetic material are mutually immiscible.

32. A method as claimed in Claim 30 wherein said ferromagnetic
particles are generally flat, disc-like particles beimg~spaced apart
within each said layer by less than the mean free pathllength for
conduction electrons in said nonmagnetic conductive material.

33. A method as claimed in Claim 30 wherein the number of bilayers is

selected from the range of 2 to 10 bilayers.

34. A method as claimed in Claim 33 wherein the number of biiayers is
5.

35. A method as claimed in Claim 30 wherein said predetermlned
Lemperature is selected from the range of 100 to 500 degrees C

| % [ L M s *



F|gUre 11 is a graph which illustrates the nagnetore5|stance versus the
“nhunber of bilayers for a preferred enbodi nent of the il éQeDHssBeeiR Bced
sensing el ement shown in Figure 2; Figure 12 is
il lustrates the magnetoresi stance versus an applied nmag
function of anneal tenperature for a preferred embodi nent of t
magnet or esi stive senS|ng el enent shown in Figure 2; and Figure 13
is a sectional PP b a preferred embodi nefft of a nagnetoresistive
magneti c sensor according to the principles of the present invention.
36. A method as claimed in Claim 30 wherein said first layers of
ferromagnetic material are of a material selected from the group
consisting of iron, cobalt, nickel, nickel-iron and. ferromagnetic alloys

based on iron, cobalt, nickel or nickel-iron.

5 37. A method as clalmed 1n Claim 36 wherein said first layers of
ferromagnetlc materlal are of nickel-iron.
A
38. A method as claimed in Claim 36 wherein said first layers of

ferromagnetic material are of nickel-iron-lead.

39. A method as claimed in Claim 36 wherein said first layers of

10 ferromagnetic material are of nickel-iron-silver.

40. A method as claimed in Claim 30 wherein said first layers of
ferromagnetic material have a thickness selected from the range of about-

10 to 30 angstroms.
41. A method as claimed in Claim 30 wherein said second layers of
15 nonmagnetic conductive material have a thickness selected from the range
of about 20 to 50 angstroms.
42, A method as claimed in Claim 30 wherein the step of annealing
includes the step of annealing said multilayer device in the presence of
an applied magnetic field oriented along the longitudinal axis of said
20 multilayer device.
43, A sensotr as claimed in any of Claims 1 to 27 comprising:

a substrate; and

an isolation layer deposited on a major surface of said substrate.

T O 0



Reﬁerring now to Fig. 1, although the invention is described as enbodied in
.~3a magnetic di sk storage systemas shown in Fig. 1, it will be apparent that
the invention is also applicable to other magnetic recording systens such
as a magnetic tape recording system for exanple, or other applications in
whi ch & sensor is utilized to detect a magnetic field. A magnetic disk
storage system conprises at |east one rotatable nagnetic disk 12 is
supported on ®38piFidte 14 and rotated by a%4isk drive motor 18 with at-

| east one slider 13 is positioned on the disk 12, each slider 13 supporting
one or nore magnetic read/wite transducers 21, typically referred to as
read/ wite heads. The nagnetic recordi ngB¥R8fR on each disk is in the form
of an annul ar pattern of concentric data tracks (not shown) on disk 12. As

the disks rotate, the sli %ﬂ@éﬁé@éﬁu@é@qﬁﬁ%ﬁéiI[%LFfI(,g_Sg%Rout over the

di sk surface 22 so that the ad may access erent portions of the
di sk where desired data is recorded. Each slider 13 is attached to an '
actuator arm 19 byaAmsamnstarbsistius pesssermsot Sincdirauspegsamial Tuptideyees a
slight spring g vihedt BbdSeSinyNe plurality of layers of generally flat
. 5 particles of a ferromagnetic material embedded in a nonmagnetic
electrically conductive material. A bias layer separated from the’
magnetoresistive sensing element by a spacer layer provides a magnetic
field to bias the magnetoresistive sensing element at a desired non-
signal point. The ferromagnetic and the nonmagnetic materials are
10 mutually immiscible, or may be miscible or partially miscible and
processed in a manner to control interdiffusion. The magnetoresistive
sensing element is formed by alternatively depositing layers of
ferromagnetic material and layers of nonmagnetic conductive material on a
substrate and then annealing the structure. During the annealing cycle,
15 the layers of nohmagnetic material above and below the ferromagnetic
layers penetrate at grain boundaries and break the continuity of the
ferromagnetic layers to form layers or planes of ferfoﬁagnetic particles

embedded in a matrix of nonmagnetic material.

i



sl.ifer 13 against the disk surface 22. Each actuator arm 19 is attached to
*.apf actuat or nmeans 27. The actuator nmeans as shown in Fig.1l nay be a voice
- ¢oil motor (VCM, for exanple. The VCM conprises a coil noveable within a

fixed magnetic field, the direction and velocity of the coil novenents

being controlled by the notor current signals supplied by a controller.
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~During operation of the disk storage system the rotation of the

DA

9

13 and the disk surface

lift on the slider.

disk 12 generates an air bearing between the slider

22 which exerts an upward force or

The air bearing thus

count er bal ances the slight spring force of the suspension 15 and supports
13 off and slightly above the disk surface by a small

the slider

The vari ous
unit 29, such as access

conmponents of the disk storage systemare controlled in operation by
signal s generated by control :

control

substantially constant spacing during operation.
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control signals and internal clock signals. Typically, the control unit 29
conprises logic control circuits, storage neans and a m croprocessor, for
“‘exanpl e. The control unit 29 generates control signals to control various
system operations such as drive notor control signals on |line 23 and head
position and seek control signals on line 28. The control signals on |line
28 provide the desired current profiles to optinmally nove and position a
selected slider 13 to the desired datadiyﬁyk on the associated disk 12.
Read and wite signals are communicatedto and fromread/wite heads 21 by
means of recording channel 25. The_ab&be~description of a typica
magnetic di sk storage systeml and the_aetonpadyi ng™~J.lustlration of Fig. 1
are for repg)asefn‘t"aﬁé@oéurpg%es QN

storage systens—ne ' ,
actuator may suppo

cl [] St

Ag(zoyurbel of sliders. | 1 59

I
1
55— Ta(40) |

Si02 s
S ST S S
FIG 5




Referring nowto Figs. 2, 3 and 4, Fig. 2 is a perspective view

il lustrating a granular nmultilayer nmagnetic structure 30 conprising |ayers
of generally flat or oblate "pancake" or disc-like magnetic particles or

i sl ands 31 suspended or enbedded in a nonmagnetic matrix 33 of an

el ectrically conductive material. As shown in Fig. 3, a nultilayer
structure 34 of layers 35 of a ferromagnetic material alternatively
deposited with layers 37 of a nonmagnetic CQZQQctive material is prepared,
such as by sputter deposition, with the thickness of the individual |ayers
being controlled by a quartz nonitor, for exanple. The magnetic materi al
and the nonmagnetic material are chosen such that the two naterials are
imm scible. Alternatively, the magnetic and non- nagnetic materials can be
m scible or partially m scible under equilibriumconditions processed in a
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During the anneal i ng process, the magnetic layers 35 break up into flat
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pl ate-1i ke particles 31 as the i mi sci bl e | ayers 37 above and bel ow t he
magnetic |l ayers 35 penetrate at grain boundaries and break the continuity

of the magnetic layers 35 thus forming |ayers or planes of nagnetic

f particles 31 enbedded in a matrix of nonnmagnetic nmaterial 33. Q her
¢ deposition or filmformng processes may al so be used, such as, plating,

evaporation, or pastes or other nechani cal nethods.

is not required that the anneal process be perforned after
Deposition nmay be done at el evated
8ve t he desired granul ar

£ jon deposition,

. Additionally, it
. conpl etion of the deposition process.
. tenperatures or on heated substrates to a ?H

: magnetic structures.
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A substantial MR effect is achieved in the granular structure 30 if the
spaci ng between the magnetic particles 31 is conparable to the nmean free
path of conduction electrons in the matrix material, preferably being |ess
than the electron nmean free path. As in the mell-knomn magnet i ¢/ nonmagneti c
mul tilayer spin valve systens described above, the origin of the MR
observed in the granular nultilayer structure 30 is believed to be
primarily due to spin-dependent scattering of conduction el ectronics
traversing the matri x between the nagnetic regions or particles 31.. Wile
it is recognized that |arger particles may ?i rise nore than one or

mul tiple nmagnetic nonents, for analysis, ? n be assuned that each of the
flat particles 31 behave as if it constltuted a single magnetic noment or
dormain, as shown in Fig. 4. If the nmagnetic nonents of the particles 31 are
random y oriented, spin dependent scattering fromparticle to particle is
increased resulting in a relatively high resistivity for the structure 30.
The greatest resistivity is observed when the magnetic nonents of the
particles 31 are
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oriénted antiparallel fromlayer to layer. On the other hand, if the
magnetic nmonents of the particles 31 are aligned in a parallel ori‘entation,
t’he .resi stance decrease to a relatively low value. Wiile it is recognized

t hat magnet ostati c and exchange coupling exists between the particles in
the matrix, a single particle nodel analysis which neglects interactions
between particles is sufficient to show the that the observed MR is
strongly dependent on the particle 31 size, shape and ani sotropy. _

It can be shown that an oriented collgquon of flat plate-like magnetic
particles are nuch nore easily polarizéd, i.e., aligned, than a simlar
col l ection of spherical magnetic particles. Additionally, a high
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width to thickness ratio reduces the effects of shape anisotropy on the
field required for alignnment of the particles nonents. For exanple, for a

Pl ate thickness of 30 Angstronms (A), a nmjor axis dinension of

approximately 500 A is required. This particle size is quite |arge when
conpared to the 40 A particle size reported in the above-cited literature
wi-th -l-arge val ues of MR (and acconpanying | arge values for the saturation
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fields). Wth continuing reference to Fig. 4, a conceptual diagram
of an MR sensor 40 arranged in sensing relationship with a data track 44
defined on a magnetic recording media surface (not shown) is illustrated.
The MR sensor 40 conprises an MR sensing elenent 41, a bias |ayer 45
separated fromthe sensing element 41 by a nonnagnetic spacer |ayer 43 and
is connected to a current source (not shown) by conductors 49 to provide a
sensing current | to the MR sensor 41. The MR sensing elenment 41 is a
granular multilayer magnetic structure as described above with reference

to Figs. 2 and 3 including a nunber of |ayers or planes of plate-Iike
particles 31 in a netallic conductive matri x 33. The magnetic nonents of
the particles 31 may be partially orientﬁhfﬁlong an i nduced ani sotropic
axis, as shown by arrow 47. An anisotropic axis nmay be induced in the MR
sensing element 41 by a second annealing cycle in the presence of a
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It is well-known in the prior art to utilize a magnetic resad

transducer referred to as a magnetoresistive (MR) sensor or head for

reading high density recorded data from magnetic media. An MR sensor

detects magnetic field signals through the resistance changes of a read

element fabricated of a magnetic material as a function of the strength

and direction of magnetic flux being sensed by the read element,

prior art MR sensors operate on the basis of the anisotropic

-

These

magnetoresistive (AMR) effect in which a component of the resad element

. . . 2 -
resistance varies as the square of the cosine (cos®) of the angle

betwaen

the magnetization and the direction of sense current flow through the
read element. A more detailed description of the AMR effect can be found

in "Memory, Storage, and Related Applications®, D.A. Thompson et al.,

IEEE Trans. Mag. MAG-11, p. 1039 (1975).

U.S. Patent No. 4,896,235 entitle "Magnetic Transducer Head

Utilizing Magnetoresistance Effect", granted to Takino et al on January

23, 1990, discloses a multilayered magnetic sensor which utilizes the AMR

and comprises first and second magnetic layers separated by a non-

magnetic layer in which at least one of the magnetic layers is of a
material exhibiting the AMR effect. The easy axis of magnetization in
each of the magnetic layers is set perpendicular to the applied magnetic

signal such that the MR sensor element sensor current provides a magnetic

field in the magnetic layers parallel to the easy axis -thus elimina
or minimizing Barkhausen noise in the sensor. "Thin Film MR Head -
High Density Rigid Disk Drive" by H. Suyama et al, IEEE Trans. Mag.,

ting

for
Vol.

24, No. 6, 1988 (pages 2612-2614) discloses an multilayered MR sensor

similar to that-disclosed by Takino et al.

A second, dlffnrent and-more pronouncnd magnﬂtore51stvv effe

also been descrlbeé,ln whlchqtpe change in re51stanc= o: a layered

¢t has

magnetic sensor is attributed teo the spln dependeqt t*ansm1ss‘cn of

conduction electrons between ferromagnetic layers via a nonmagnetic layer

separating the ferromagnetic layers and the accompanying- spin-dependent

scattering at the layer interfaces. This magnetoresistive effec

is

variously referred to as the "giant magnetoresistive” or "spin valve®
' This is the replacement sheet
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| ayers 51 of a ferromagnetic material alternatively deposited with | ayers
53 of a nonmagnetic conductive material having the form '
Ag(y/ 2)/ Ni Fe(x/2)[Ni Fe(x)/Ag(y)][err] /N Fe(x/2)/Ag(y/?2) deposited over a
Ta- under| ayer 55 on an oxidi zed silicon (Si) substrate 54. A 100 A Ta

12 . 2

effect. Such a magnetoresistive sensor fabricated of the appropriate

materials provides improved sensitivity and greater change in rasistance

25 ]

than observed in sensors utilizing the AMR effect. 1In this &type of M
sensor, the in-plane resistance between a pair of ferrcmagnetic layers
separated by a non-magnetic layer varies as the cosine (cos) of the angle

between the magnetization in the two layers.

U.5. Patent No. 4,949,039 to Grunberg describes & layerad macnetic

-

structure which yields enhanced MR effects caused by antiparaliel
alignment of the magnetizations in the magnetic layers. As pessible
materials for use in the layered structure, Grunberg lists ferromagnetic
transition metals and alloys, but does not indicate preferre i

from the list for superior MR signal amplitude. Grunber

o q
Hh
=

[To RIS BEe N
[

i
N

describes the use of antiferromagnetic-type esxchange cou
the antiparallel alignment in which adjacent layers of ferromagnetic

materials are separated by a thin interlayer of Cr or Y.

Co-pending U.S. Patent Application serial no. 07/625,343 filed
December 11, 1920, assigned to International Business Machines
Corporation (I3M), discloses an MR sensor in which the resistance between
two uncoupled ferromagnetic layers is observed to vary as the cosine of
the angle between the magnetizations of the two layers and which is

independent cf the direction of curresnt fiow throuch the sensor. This

£
mechanism produces a magnetoresistance that is.based on the spin vaive
effect and, for selected combinations of materials, is greater in

magnitude than the AMR.
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U.S. Patent No. 5,159,
1992, assigned to the ins
the above-described sffec

ferromagnetic material separatsd by a thin Fil layer of a ncn-magnetic

metallic materizl wherein at least cne of the farromagnetic lavers is o
cobalt or a cobalt allo The magnetization of the one ferrcmacnetic
layer is maintained perpendicular to the magnetization of the other

ferromagnetic layer at’zero externally applied magnetic fi=ld 5v sxchange

coupling to an antiferrcmagnetic laver. T

The spin valve structures described in the above-cited U.Z. patent
ana patent application require that the direction of magnetization in one

of the two ferromagnetic lavers be Zixed or ‘'zinned" in 3z selec==d

This is the replacement sheet
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capping layer 57 minimzes oxidation during the anneal process. The anneal
process pronotes penetration on the non-nagnetic naterial, Ag |ayers 53, at
the grain boundaries 56 of the magnetic layers 51 produ0|ng di scontinuities
in the nagnetic |layers to provide planes of flat, island- |ike particles
59. Thus, each |ayer of magnetic material is broken-up into a nultidomain
or granular state. Wthin a magnetic |ayer, as long as the |ayer of
magnetic material is discontinuous, the sf)aci ng between the particl es does
not appear to strongly influence the observed nagnetoresistance for the
structure provided that the spacing is less than the nean free path for the
conduct i on el @depigison aughhghatowrdengneet $ignpacerdifonsihecdrerHertdfes in the
magneti c | ayedisgmétlizapidht irCuheabtieri ferlrbagee SieOMyk AUist dré8n tekiepaabémiIgEIG ri Nt O

columms from | aygl ol&nhaﬁfa‘%h QO‘iJ%?ze?tHFr‘r’Ct k{id%tld%ﬁ)ﬂ}pt& BOtH B LEMRYRE

nagnetostatlc I.nterfaction’that ~st ron g favors ant’i f erronagnetlc or der.
spin valve structures, in orde 0 minimize Barkhausen noi it is

necessary to provide a longitudinal bias field to maintain at lsast the
sensing portion of the read element in a single magnetic domains state.
Thus, a means for beoth fixing the direction of the magnetization and
providing a longitudinal bias field is required. For ekample, as
described in the above-cited patent application and patents, an
additional layer of antiferromagnetic material can be formed in contzact
with the ferromagnetic layer to provide an exchange-coupled bias field.
Alternatively, an adjacent magnetically hard layer can be utilized to

provide hard bias for the ferromagnetic layer.

More recently, the giant magnetoresistance effect has been observed
in both single- and multi-layer heterogeneous films of ferromagnetic
particles embedded in a nonmagnetic metallic matrix. GMR has been
reported in inhomogeneous, single layer alloy systems such as cobalt-
copper (Co-Cu), cobalt-silver (Co-Ag) and nickel-iron-silver (NiFe-2qg).
For example, see "GIANT MAGNETORESISTANCE IN NONMAGNETIC MAGNETIC
SYSTEMS", John Q. Xiao et al, PHYSICAL REVIEW LETTERS, Vol. &8, No.
25,pages 3749-3752 (June 22, 1992); "GIANT MAGNETORESISTANCE IN
HETEROGENEQOUS CU-CO ALLOYS", A.E. Berkowitz et al, PHYSICAL REVIZW
LETTERS, Vol. 68, No. 25, pages 3745-3748 (June 22, 1992); "'GIANT'

. MAGNETORESISTANCE OBSERVED IN SINGLE LAYER CO-AG ALLOY FILMSY, J.X.
Barnard et al, Letter to the Editor, JOURNAL OF MAGNETISM AND MAGNETIC
MATERIALS, 114 (1992), pages L230-L234; and J. Jaing et al, APPLIED

PHYSICS LETTERS, Vol .61, paa= 2362 (1992). The Co allqys are of
materials that are 1mm15c1b1= at low temperatures. However, annealing
the metastable alloy causes the formation of fine Co precipitates, i.e.,
"grains", in a Cu or Ag matrix. The MR effect appears to vary Zinvarsely
with the diameter of the average particle diameter. While the "granular"
alloy is an attractive approach to achieve a GMR sensor with oniy a
single film in contrast to the more complex multilayered spin valve
sensors, the Co alloys require saturation fields of several thousand
Oersted (Oe) and would not be useful in a low field MR sensor
application. Recently reported work with granular NiFe in a Ag matrix
has yielded MR ((delta R)/R) of 10 percent at room temperature with the
ha;f-height width of the MR peak of about 400 Oe. Mors recent work with
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Nazsignu—i—e&ﬁ{—*wﬁ‘xm‘s"ﬁb’served In any structure exam ned.-prior to

I el 9- 6, for a structure having 5 layers of N Fe of
vWzm‘ZOA)/AgMOA)] 4/ Ni Fe(20A)/ Ag(20A) MR devel ops after-
i

anneal i ng. As_sho

t he forims

anneal i‘rW 'Izﬁh gnitudes of typically 5-6 percent. The applied
magneti c e plane of the structure and perpendicular to the

sensing current. Arrow 58 indicate the ranping direction of the field.
Typically, the resistance of the as-depositted structure decrease by.about
15 percent after annealing at any tenperature in the 300-400 degrees C
range, and there is no significant difference in the resistance of any
anneal ed structuregledANifief h@téhaers rint hdgmagnid hadeyiofdethre gMRUL®r nagneti c
fields appliednparddjee!scdictuperpeatiegnibats bR HrNEr SEHSRiMdteILNy wireaet dON

i ndicates a pershStGRL- AR Ghlel oAl A, TRGILI4I0R BL.ARGY - 35, 0.5 per cent
in both the unanfeal 6d and anneal ed StTUCtUF€S.  FOF e structure shown in
Fig. 6, a maxi MAFNWVIRREIISZIVE,PROFEREE A0 DISEWAL, 8TRBAR1TE OF NI-FE/AG -

‘MULTILAYERS'", B. Rodmacqg et al, Letter to the Editor, JOURNAL OF
MAGNETISM AND MAGNETIC MATERIALS, 118(1993), pages L11-L16. Balthough the
saturation fields for the single- and multiple-layer NiFe alloys are '
lower than the reported value.for Co alloys, it is still above the range

that is useful for MR devices (about 10 Oe or less).

In accordance with the present invention, there is now provided a
multilayer magnetoresistive sensor comprising a magnetoresistive sensing
element including at least one discontinuous layer of ferromagnetic
material embedded in a layer of nonmagnetic, electrically conductive

material.

Viewing the present invention from another aspect, there is now
provided a method for manufacturing a multilayer magnetoresistive device
comprising the steps of: depositing on a suitable substrate a plurality
of bilayers, each said bilayer comprising a first layer of a nonmagnetic
conductive material and a second layer of a ferromagnetic material; and
annealing the resulting multilayer. device at a predetermined temperature,
each said second layer of ferromagnetic material breaking up into a
plurality of fefromagnetic particles during said énnealing cycle, said

nonmagnetic conductive material in said first layers flowing inbetween

and surrounding said ferromagnetic particles.

Viewing the present invention from yet another aspect, there is now
provided a magnetic storage system comprising: a magnéfic storage medium’
having a plurality of tracks defined on a surface thereof for recording
of data; a magnetic transducer maintained in a closely spaced position
relative to said magnetic storage medium during relative moticn between
said magnetic transducer and said magnetic storage medium, szid magnetic
transducer including a granular multilayer magnetoresistive sensor
comprising a magnetoresistive sensing element including at least one
layer of generally flat particles of a ferromagnetic material embedded in
a layer of nonmagnetic, electrically conductive material, a bias layer of
a magnetic material for providing a magnetic bias field for said
magnetoresistive sensing element, a spacer layer of a nonmagnetic

material disposed between said bias layer and said magnetoresistive
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anneal i ng at 335 degree Cwith a width at half maxi nrumof 22 Ce. Wile
exhi bi t1 ng;ay loMeip gBXLmum val ue for MR when anneal ed at 315 degrees C the

greatest ¢ ‘fance per unit field, 0.8 percent per Ce with a
width at h nmﬂm Iﬂ'm about 5 Ce was: obser ved. Referring now
also to Fi lg. 7is adiagramillustrating the observed MR as
a function of applied magnetic field for a granular nultilayer structure 30
(as shown in Fig. 2) conprising 3 bil ayers®> of Ni Fe(20 A)/Ag(40 A) sputter

deposited on an oxidized Si substrate and anneal ed at 310 degrees C. The MR

of the structure is defined as the ratio of the structure resistivity at
the applied fissheiing element magnetically decoupling said bias layer from said

magnetoresistive sensing element, and conductive leads connected to
opposite ends of said magnetoresistive sensing element, respectively, for
connectlng said granular multilayer magnetoresistive sensor to external
c1rcu1try and for coupling a sense current to said magnstoresistive
sensing elements; actuator means coupled to said magnetic transducer for
moving said magnetic transducer to selectsd data tracks on said magnetic
storage medium; and detection means coupled to said granular multilayer
magnetoresistive sensor for detecting resistance changes in said
magneteresistive sensing element responsive to applied magnetic fields
representative of data bits recorded in said magnetic storage madium

intercepted by said granular multilayer magnetoresistive sensor.

Viewing the present invention from still another aspect, there is
now provided a granular multilayer magnetoresistive sensor comprising: a
substrate; an isolation layer deposited on a major surface of said
substrate; a bias layer of a magnetic material deposited on said
isolation layer forﬁproviding a magnetic bias field for said
magnetoresistive sensing element; a magnetoresistive sensing element
deposited over said bias layer and comprising a plurality of layers of
flat particles of a ferromagnetic material embedded in a nonmagnetic,
electrically conductive material; and a spacer layer of a nonmagnetic
material deposited on said bias layer and disposgq;between said bias
layer and said magnetoresistive sensing element for magnetoresistive

sensing element.

The present invention further provides a low field MR magnetic
sensor based on the GMR effect in granular multilayer s&ructures., The
present invention further provides an MR sensor in which it is not
required to provide additional structure means for fixing the
magnetization orientation in one or more ferromagnetic layers or to

provide a longitudinal bias field for the field sensing element.

In a preferred embodiment.of the present invention, there is
provided an MR read sensor incorporating a'granular multilayer sensing
element comprises a layered structure formed on a suitable substrate
including an magnetoresistive sensing element comprising a plurality of
layers of flat plate- or disc-like particles or islands .of a
ferromagnetic material embedded in a nonmagnetic electrically conductive

material and a bias layer for providing a magnetic field to bias the
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13 TR(H, mnus the resistivity of the structure at an applied field of

200 Ce LN ARk (M N). The structure exhibits a maxi nrum val ue for
qh t Beell R

the MR q I[I l'ii‘ o2 y 3.0 percent with the curve 52 having a half-

magnetoresistive sensing element at a desired non-signal point, the bias

layer being separated from the magnetoresistive sensing element by a
nonmagnetic spacer layer disposed therebetween. The ferromagnetic
material and the nonmagnetic material are chosen such that the two
materials are mutually immiscible. Alternatively, the magnetic and non-
magnetic materials can be miscible or partially miscible under
equilibrium conditions processed in a controlled manner to limit
interdiffusion. The magnetoresistive sensing element is formed by
alternatively depositing layers of ferromagnetic material and layers of
nonmagnetic conductive material on a substrate, over the bias and spacer
layers. When deposition is complete, the multilayer magnetcresistive
sensing element is annealed. During the annealing cycle, the
ferromagnetic layers break up into flat plate-like'particles as the
immiscible layers of nonmagnetic material above and below the
ferromagnetic layers penetrate at grain boundaries and break the
continuity of the ferromagnetic layers to form layefs or planes of
ferromagnetic particles embedded in a matrix of nonmagnetic material,
The structure can be further annealed in the presenée of an applied
magnetic field to orient the preferred or easy magnetic axis of the
magnetoresistive sensing element parallel to the width of a data track on
an adjacent storage medium. Each layer of ferromagnetic particles
behaves as a collection of magnetic domains with the magnetic moments
being randomly oriented. When a magnetic field is applied in the plane
of the particle layers, the magnetic moments,will-align parallel to the
applied field reducing the resistivity of the magnetoresistive sé;sing
element. A current source provides a sense current to the MR sensor
which generates & voltage drop across the sensing element proportional to
the variations in the resistance of the MR sensor due tg, the rotation of
the magnetic moments in the layers of ferromagnetic particles as a

function of the applied external magnetic field being sensed.

Thus, the present invention provides a MR sensor in which the
magnetoresistive sensing element constitutes a plurality of magnetic
domains in which the individual magnetic moments rotate in respond to an
applied magnetic signal. Since the response is the result of the
rotation of the magnetic moments with limited domain wall motion, the
need for a longitudinal bias field to minimize Barkhausen noise is

eliminated.
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hei ght wi dth of approximately 10 Oe for fields applied along the hard axis.
Simlarly, the structure exhibits a maxi num val ue for the MR of
approximately 2.7 percent with the curve 54 having a hal f-hei ght w-dth of
approximately 7 Ce for fields applied along the easy axis. Fig. 8 is a
diagramillustrating the observed MR for a granular multilayer structure 30
conprising 5 bilayers of NiFe(20 A)/Ag(35 A) on an oxidized Si substrate
and anneal ed at a tenperature of 315 degrees C. This structure exhibits a
maxi mum MR val ue of approxi mately 3.4 per cént with the MR curve havi ng a
hal f- hei ght wi dth of approximately 4.75 Ce and a sl ope of 0.71 percent per
Ce. Referring now also to Figs. 9-12, the value of MR obtained for
the granul ar mul ti |ByéFrr&e rambediment3oof £hedpyerrdntnsAtPrntiBerovoPe factors in
addition to théesaited @ity ifesawefor thhecdmprmnagnizbvingandnngrigagneti c

| ayers. For exanple, the nunber of ferromagnetic/nonmagnetic bil ayers,

Figure 1 is a simplified block diagram of a magnetic disk storage

system embodying the present invention;

Figure 2 is a view in perspective of a preferred embodiment of a
granular multilayer magnetoresistive sensing element according to the

principles of the present invention;

Figure 3 is a cross-sectional view illustrating the multilayer

sensing element shown in Figure 2 prior to the anneal process;

Figure 4 is a perspective view of the annealed multilayer sensing
element shown in Figure 2 illustrating the orientation of the individual

magnetic domains;

Figure 5 is a cross-sectional view illustrating a specific
embodiment after anneal of the multilayer sensing element shown in Figure
2;

Figure 6 is a graph illustrating the magnetoresistance versus an
applied magnetic field as a function of annéal temperature for a specific
embodiment of the multilayer sensing element shown in Figure 2;

Figure 7 is a graph which illustrates the magnetoresistance versus
an applied magnetic field for a preferred embodiment of the
magnetoresistive sensing-element shown in Figure 2; ~e

Figure 8 is a graph which illustrates the magnétoresistance versus
an applied magnetic field for a preferred embodiment of the
magnetoresistive sensing element shown in Figure 2;

Figure 9 is a graph which illustrates the magnetoresistance versus
the anneal temperature as a function of silver layer thickness for a
preferred embodiment of the magnetoresistive sensing element shown in
Figure 2;

Figure 10 is a graph which illustrates the magnetoresistance versus
the anneal temperature as a function of nickel-iron layer thickness for a
This is the replacement sheet
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t he thickness of the ferromagnetic |ayers, the thickness of the nonmagnetic
| ayers and the tenperature at which the structure 30 is annealed all affect
thhe MR characteristics obtained for a specific structure. Fig. 9 is a
di:-agramillustrating the value of MR versus anneal tenperature as a
function of the nonmagnetic |ayer thickness for a granular structure
conprising 5 bilayers of Ag(t[err] A /N Fe(20 A) deposited on an oxidi zed
Si substrate. Generally, the maximum MR f@gr a given nonmagnetic | ayer

t hi ckness is obtained at an anneal tenperature of about 335 degrees C, with
t he maxi num MR obt ai ned bei ng about 5.3 percent for a nonmagnetic | ayer

(Ag) thicknesg itrda dwoafiedt o%otﬂesmggnémggmibéIsgﬁi{r@tém fdenyal ug of MR
versus anneal Fterggezr_ature as a function of the thickness of the

f erronmagneti c*t9Yyer“’t hi ckness for ‘a granul ar structure 30 conprising 5

bil ayers of Ag(40 A)/N Fe(t[err] A) deposited on an oxidized Si substrate.

General |y, the nmaxaigure VR :ak URapiD th &n0i MABE Aaltk € KRG Sfa gh@S r 8&T SV Ay Al @n
anneal tenper AileY hGnie P c;fhﬁilragg&efc?tr aﬂr%rfgrQ-e§3e§1bgg§'|réggsofcthewm§grr]1e@or@i(sltqyg] MR

val ue of about 5,3 percent serve
sensing element shown in Figure 2;

Figure 12 is a graph which illustrates the magnetoresistance versus
an applied magnetic field as a function of anneal temperature for a
preferred embodiment of the magnetoresistive sensing element shown in

Figure 2; and

Figure 13 is a sectional view of a preferred embodiment of a
magnetoresistive magnetic sensor according to the principles of the
present invention.

Referring now to Fig. 1, although the invention is described as
embodied in a magnetic disk stbtage system as shown in Fig. 1, it.will be
apparent that the invention is also applicable to other'magnétic
recording systems such as a magnetic tape recording system, for example,
or other applications in which a sensor is utilized to detect a magnetic
field. A magnetic disk storage system comprises at least one rotatable
magnetic disk 12 is supported on a spindle 14 and rotated by a disk drive
motor 18 with at least one slider 13 is positione&.on the disk 12, each
slider 13 supporting one or more magnetic read/write transducers‘zl,
typically referred to as read/write heads. The magnetic recording media
on each disk is in the form of an annular pattern of concentric data
tracks (not shown) on disk 12. As the disks rotate, ths.sliders 13 are
moved radially in and out over the disk surface 22 so that the heads 21
may access different. portions of the disk where desired data is recorded.
Each slider 13 is attached to an actuator arm 19 by means of a suspension
15. The suspension 15 provides a slight spring force which biases the -
slider 13 against the disk surface 22. Each actuator arm 19 is attached
to an actuator means 27. The actuator means as shown in Fig.1 may be a
voice coil motor (VCM), for example. The VCM: comprises a coil moveable
within a fixed magnetic field, the direction and velocity of the coil -

movements being controlled by the motor current signals supplied by a
controller.
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a.ferromagnetic layer (N Fe) thickness of 20 A at 335 degrees C. Fig. 11 is
a diagramillustrating the value of MR versus the nunber of
ferromagneti c/ nonmagnetic bilayers for a granular structure conprising

bi:l ayers of Ni Fe(20 A)/Ag(40 A) deposited on an oxidized Si substrate. The
function starts with a relatively I ow MR value of about 0.2 percent for a
single bilayer, deposited on a |l ayer of Ag, increases rapidly to

9

During operation of the disk storage system, the rotation of the
disk 12 generates an air bearing between the slider 13 and the disk
surface 22 which exerts an upward force or lift on the slider. The air
bearing thus counterbalances the slight spring force of the suspension 15
and supports the slider 13 off and slightly above the disk surface by a

small, substantially constant spacing during operation.

The various components of the disk storage system are controlled in
operation by control signals generated by control unit 29, such as access
control signals and internal clock signals. Typically, the control unit
29 comprises logic control circuits, storage means and a microprocessar,
for example. The control unit 29 generates control signals to control
various system operations such as drive motor control signals on line 23
and head position and seek control signals on line 28. The control
signals on line 28 provide the desired current profiles to optimally move
and position a selected slider 13 to the desired data track on the
associated disk 12. Read and write signals are communicated to and from
read/write heads 21 by means of recording channel 25.

- The above description of a typical magnetic disk storage system,
and the accompanying illustration of Fig. 1 are for representation
purposes only. It should be apparent that disk storage systems may
contain a large number of disks and actuators, and each actuator may

support a number of sliders.

Referring now to Figs. 2, 3 and 4, Fig. 2 is a perspective view
illustrating a granular multilayer magnetic structure 30 comprising
layers of generally flat or oblate "pancake" or disc-like magnetic
particles or islands 31 suspended or embedded in a nonﬁégnetic matrix 33
of an electrically conductive material. As shown in Fig. 3, a-hultilayer
structure 34 of layers 35 of a ferromagnetic material alternatively
deposited with layers 37 of a nonmagnetic conductive material is
Prepared, such as by sputter deposition, with the thickness of the
individual layers being controlled by a quartz monitor, for example. The
magnetic material’and the nonmagnetic material are chosen such that the
two materials are immiscible. Alterhatively, the magnetic and ncn-
magnetic materials can be miscible or partially miscible under
equilibrium conditions processed in a controlled manner to limit _
interdiffusion. After deposition, the structure 34 is then annealed.

'During the annealing process, the magnetic layers 35 break up into flat
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14- about 5.3 percent for 5 bilayers, and then flattens out having a
val ue of about 6.1 percent for 10 bilayers. The | ow value for MR observed
for a structure having a single bilayer conpared to the relatively high M
val ues observed for nultiple bilayers appearsto indicate that scattering
of conduction electrons at the particles 31 in the | ayers above and bel ow
the layer in which-the conduction electrons originate is much nore
i mportant than the scattering at particle5031 within the sane |layer. Fig.
12 is a diagramillustrating the MR val ue Versus applied nagnetic field as
a function of anneal tenperature for a granular structure 30

plate-like partiéles 31 as the immiscible layers 37 above and below the

magnetic layers 35 penetrate at grain boundaries and break the continuity

of the magnetic iayers 35 thus forming layers or planes of magnetic

particles 31 embedded in a matrix of nonmagnetic material 33.

Other deposition or film-forming processes may also be used, such
as, plating, ion deposition, evaporation, or pastes or other mechanical
methods. Additionally, it is not required that the anneal process be
performed after completion of the deposition process. Deposition may be
dome at elevated temperatures or on heated substrates to achieve the

desired granular magnetic structures.

A substantial MR effect is achieved in the granular structure 30 if
the spacing between the magnetic particles 31 is comparable to the mean
free path of conduction electrons in the matrix material, preferably
being less than the electron mean free path. As in the well-known
magnetic/nonmagnetic multilayer spin valve systems described above, the
origin of the MR observed in the granular multilayer structure 30 is
believed to be primarily due- to spin-dependent scattering of conduction
electronics traversing the matrix between the magnetic regions or
particles 31. While it is recognized that larger particles may comprise
more than one or multiple magnetic moments, for analysis, it can be
assumed that each of the flat particles 31 behaggrqs if it constituted a
single magnetic moment or domain, as shown in;Fig: 4. If the magnetic
moments of the particles 31 are randomly oriented, spin dependenf-
scattering from particle to particle is increased resulting in a
relatively high resistivity for the structure 30. The greatest _
resistivity is observed when the magnetic moments of theg.particles 31 are .
oriented antiparallel from layer to layer. On the other hand, if. the
magnetic moments of the particles 31 are aligned in a parallel
orientation, the resisténéé decrease to a relatively low value. While it
is recognized that magnetostatic and exchange coupling exists between the
particles in the matrix, a single particle model analysis which neglects
interactions between particles is sufficient to show the that the
observed MR is strongly dependent on the particle 31 size, shape and

anisotropy.

It can be shown that an oriented collection of flat plate-like
magnetic particles are much more easily polarized, i.e., aligned, than a
) similar collection of spherical magnetic particles. Additionally, a high
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conprising 5 bilayers of Ni Fe(20 A)/Ag(40 A) deposited on an oxidi zed Si
substrate. As would be expected fromthe curves shown by Figs. 9 and 10,
t he maxi mum val ue 61 of about 5. 3 percent for MR is observed at an anneal
temperature of 335 degrees C. However, while the nmaxi num observed MR val ue
I's lower, about 3.2 percent, at an anneal tepperature of 305 degrees C, a
much sharper characteristic curve 63 having a hal f-height width of |ess
than 5 Ce is produced. Referring now also to Fig. 13, an MR

magneti c SeNsor iAEwrtporMtkgs ara@i Adhies MKkt i drayes &%’ib@gn%&@}t orI\VRthe
sensor 70 compri SQ“ DSRRLES AL OGRS e PRl P e Tap1e  For
nonmagnet i ¢ spacePle F%F%ﬁslso?lf PRyegstrgma{8) gramiogr atiR dieariieg dfayer 79

deposited on a sipbtedihetedylionrmtie rehuirkde IHDSpaAtiR1pPrave GRSqAE tEBja@he when
surface 72 whi choh 5] &nﬁh@ioﬂx AT sPfe ?QﬁJr'tgé ihOfhet g@ovgu&%ggliﬁgerature

T e ubstr at
layers making Up G\large va ues of MR accompany:.ng large values for the saturation

fields).

With continuing reference to Fig. 4, a conceptual diagram of an MR
sensor 40 arranged in sensing relationship with a data track 44 defined
on a magnetic recording media surface (not shown) is illustrated. The MR
sensor 40 comprises an MR sensiﬁé element 41, a bias layer 45 separated
from the sensing element 41 by-a nonmagnetic spacer layer 43 and is
connected to a current source (not shown) by conductors 49 to provide a
sensing current I to the MR sensor 41. The MR sensing element 41 is a
granular multilayer magnetic structure as described above with reference
to Figs. 2 and 3 including a number of layers or planes of plate-like
particles 31 in a metallic conductive matrix 33. The magnetic moments of
the part1c1es 31 may be partlally oriented along an induced anisotropic

‘axis, as shown by arrow 47. An anisotropic axis may be induced in the MR
sensing element 41 by a second annealing cycle in the presence of a
magnetic field in the direction of the desired anisotropic axis, as is
known in the art. The bias field provided by the. bias layer 45 will
further align the moments of the particles 31 :in a desired direction to
adjust the operatlng point of the MR sensor at a linear portion of its
response characteristic. The MR sensor 40 is suspended above a data
track 44 by a suspension apparatus (not shown) such that the magnetic
field H at a data transition 46 will be applied in the~plane of the
sensing element 41.. When the field H is 1ntercepted the magnetic
moments rotate to align with the applied field H resulting in a decrease
in the resistivity in the sensing element 41. Since rotation of the
magnetization of the magnetic particles occurs with limited domain wall
motion, a longitudinal bias field for the sensing element is not
required.

Referring now also to.Figs. 5 and 6, a multilayer structure 50 of
layers 51 of a fefromagnetic material alternatively deposited with layers
53 of a nonmagnétic conductive material having the form
AQ(Y/Z)/NJ.Fe(x/Z)[NJ.Fe(x)/Ag(y)] -1/NiFe(x/2)/ag(y/2) deposited over a Ta
underlayer 55 on an oxidized 5111con (si) substrate 54. a 100 A Ta -
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71 may be gl ass, sapphire, quartz, magnesi um oxide, silicon, silicon
di oxi de or other suitable material. An underlayer 73 is first deposited
over the substrate surface 72. The purpose of the underlayer 73 is to
optim ze the texture, grain size and norphol ogy of the subsequent |ayers
75, 77 and 79. The underlayer 73 nust have 1@ high resistivity to mnimze
el ectrical current shunting effects. Generally, nonmagnetic, high
resistivity materials such as tantalum (Ta), ruthenium (Ru) or al unm num
oxi de, for exanmph@ingrieysust atihininet exidetéon during theTlisegl pmotess. MRhgensi ng
| ayer 79 conpri ges AUl LEALHlAYEISp@etfdtabn dil Bleenbd-kifgliRENGLIG1RRr Ry Cl €S
31 enbedded or suspended in a nonng‘g_‘rﬂllggrl.%sc ngl C‘_%I ve ”eatt'r'f% 3135 as q_g§&cr.|nbed
above with ref el 88 3 o ¥ ége g53ing 4% The 5r RUPEPSSE r e UT &7 i “hade® up
of nultiple ferdisrghionitiesoinmimannetis layrssstd oreide drdpers of fdgathimland-
| ayers of a nongmgnpgéiticrat 89. athual tRERaAlayyeloy Mighdtikchmatet Bjlets bodkea-up
ferromagnetic into a multidomain or granular state. Within a magnetic layer, as long
as the layer of magnetic material is discontinuous, the spacing between
the particles does not appear to strongly influence the observed
magnetoresistance for the structure provided that the spacing is less
than the mean free path for the conduction electrons in the non-magnetic
material. Discontinuities in the magnetic layers 51, particularly if the
- discontinuities are arranged into columns from layer to layer in the
structure, prompts an interlayer magnetostatic interaction that strongly

favors antiferromagnetic order.

No significant MR was observed in any structure examined prior to
annealing. As shown in Fig. 6, for a structure having 5 layers of NiFe
of the form Ag(ZOA)/[NiFe(ZOA)/Ag(40A)]4/NiFe(20A)/Ag(20A) MR develop§
after annealing to achieve magnitudes of typically 5-6 percent. The
applied magnetic field is in the plane of the structure and perpendicular
to the sensing current. Arrow 58 indicate the ramping direction of the
field. Typically, the resistance of the as-deposited structure decrease
by about 15 percent after annealing at any tempé;q;ure in the 300-400
degrees C range, and there is no significant .difference in the rggistance
of any annealed structure. A difference in the magnitudes of the MR for
magnetic fields applied parallel and perpendicular to the sense current
direction indicates a persistent AMR effect of a magnitude of about 0.3-
0.5 percent in both the unannealed and annealed structuges. For the
structure shown in Fig. 6, a maximum MR of 5.34 percenfﬁis observed after
annealing at 335 degree C with a width at half maximum of 22 QOe. While
exhibiting a lower maximum vaiue for MR, when annealed at 315 degrees C
the greatest change in resistance per unit field, 0.8 percent per Oe with
a width at half maximum of about 5 Oe was observed.

Referring now also to Figs. 7 and 8, Fig. 7 is a diagram
illustrating the observed MR as a function of applied magnetic field for
a granular multilayer structure 30 (as shown in Fig. 2) comprising 3
bilayers of NiFe(20 A)/Ag(40 A) sputter deposited on an oxidized Si
substrate and annealed at 310 degrees C. The MR of the structure is
defined as the ratio of the structure resistivity at the applied field,
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mat erial and then annealing the structure at a tenperature within the

13

R(H), minus the resistivity of the structure at an applied field of 200
Oe, R{MIN), to the R(MIN). The structure exhibits a maximum value for
the MR of approximately 3.0 percent with the curve 52 having a half-
height width of approximately 10 Oe for fields applied along the hard
axis. Similarly, the structure exhibits a maximum value for the MR of
approximately 2.7 percent with the curve 54 having a half-height width of
approximately 7 Oe for fields applied along the easy axis. Fig. 8 is a
diagram illustrating the observed MR for a granular multilayer structure
30 comprising 5 bilayers of NiFe(20 A)/Ag(35 A) on an oxidized Si
substrate and annealed at a temperature of 315 degrees C. This structure
exhibits a maximum MR value of approximately 3.4 percent with the MR
curve having a half-height width of approximately 4.75 Oe and a slope of
0.71 percent per OQOe.

Referring now also to Figs. 9-12, the value of MR obtained for the
granular multilayer structure 30 is dependent on a number of factors in
addition.to the materials chosen for the ferromagnetic and nonmagnetic
layers. For example, the number of ferromagnetic/nonmagnetic bilayers,
the thickness of the ferromagnetic layers, the thickness of the
nonmagnetic layers and the temperature at which the structure 30 is
annealed all affect the MR characteristics obtained for a spécific
structure. Fig. 9 is a diagram illustrating the value of MR versus
.anneal temperature as a function of the nonmagnetic layer thickness for a

 granular structure comprising 5 bilayers of Ag(tx A)/NiFe(ZO R) dSPosited
on an oxidized Si substrate. Generally, the maximum MR for a given
nonmagnetic layer thickness is obtained at an anneal temperature of about
335 degrees C, with the maximum MR obtained being about 5.3 percent for a
nonmagnetic layer (Ag) thickness of 35 A. Fig. 10 is a.diagram
illustrating the value of MR versus anneal temperature as a function of
the thickness of the ferromagnetic layer thickness for a granular
structure 30 comprising 5 bilayers of Ag(40 A)/NiFe(tx A) deposited on an
oxidized Si substrate. Generally, the maximum MR value for a given
thickness was achieved at an anneal temperature in the range of 315 to
335 degrees C, with a maximum MR value of about 5.3 percent observed for
a ferromagnetic layer (NiFe) thickness of 20 A at 335 degrees C. Fig. 11
is a diagram illustrating the value of MR versus the number of
ferromagnetic/nonmagnetic bilayers for a granular structure comprising
bilayers of NiFe(20 A)/Ag(40 A) deposited on an oxidized Si substrate.
TP; function starts with a relatively low MR value of about 0.2 percent
for a single bilayer, deposited on a layer of Ag, increases rapidly to
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range of about 100 to 500 degrees C. Wiile the granular MR sensing |ayer
79 preferably conprises 5 or 6 bilayers, MR values suitable for use in an
MR sensor can be obtained with as few as 3 or nore bilayers. As
deposited, prior to the anneal cycle, the ferromagnetic |ayers are of a

t hi ckness in the range of about 10 to 30 A, while the thickness of the
nonnagnetic |ayers are in the range of about 20 to 50 A The
ferromagnetic layer is preferably of N Fe, but can be of any suitable
ferromagnetic material such as Ni, Co, Fe and ferromagnetic- all oys based
on Ni, Fe or Co, for exanple. The matrix 33 is a nonmagnetic, conductive
mat eri al and should allow a long nean free path for conduction el ectrons

in the material ypoRd8list perBahd ¥or Mg 1E@EMQNBENERANC rTERItEKS Blit &BdlnTgh&? vaRid X

material are m'ltlil{laltl g 1I rgpcgrg;t Qo 10 b%.llg.eerrg?t[ IT}{xFl%W \;J}E Qse@l?éh @an a
nagnetlc naterlé § can € m SCi n1SCI n

equi | i bri um conebmuesirs ‘éﬁYd”ﬁ!)Foé’é@é%d’lil‘ﬁ’eé %‘H‘ﬁf"f"(ﬂ F‘éd:hﬁa‘ﬁﬁé?lvfby high IR
i nterdi ffusion. valllae divaédvied foatmerlkidlei lsilpyefscapdelys Ag, ilitateayhdyescattering

of conduction electrons at the particles 31 in the layers above and below
the layer in which the conduction electrons originate is much more
important than the scattering at particles'31'within the same layer.

Fig. 12 is a diagram illustrating the MR value versus applied magnetic
field as a function of anneal temperature for a granular structure 30
comprising 5 bilayers of NiFe(20 A)/Ag(40 A) deposited on an oxidized Si
substrate. As would be expectéé from the curves shown by Figs. 9 and 10,
the maximum value 61 of about 5.3 percent for MR is observed at an anneal
temperature of 335 degrees C. However, while the maximum observed MR
value is lower, about 3.2 percent, at an anneal temperature of 305
degrees C, a much sharper characterlstlc curve 63 hav1ng a half-height

. w1dth of less than 5 0Oe 1s produced.;:_;ﬂ;;»:,g;;33§tﬁj,-

Referring now also to Fig. 13, an MR magnetic sensor incorporating
a granular multilayer sensing element according to the principles of the
present invention is shown. The MR sensor 70 comprises a bias layer 73
of a suitable magnetic materiai, a nonmagnetic spacer or isolation layer
75 and granular MR sensing layer 79 deposited on a suitable substrate 71.
The substrate provides a major surface 72 whichﬂfqgctions as a support or
carrier for the subsequent layers making up the MR sensor. The substrate
71 may be glass, sapphire, quartz, magnesium oxide, silicon, silicon
dioxide or other suitable material. BAn underlayer 73 is first deposited
over the substrate surface 72. The purpose of the underlayer 73 is to
optimize the texture, grain size and morphology of the subsequent layers
75, 77 and 79. The underlayer 73 must have a high resistivity to
minimize electrical current shunting effects. Generally, nonmégnetic,
high resistivity materials such as tantalum (Ta), ruthenium (Ru) or

aluminum oxide, for example, are suitable materials.

The granular MR sensing layer 79 comprises multiple layers of flat,
plate-like magnetic particles 31 embedded or suspended in a nonmagnetic
conductive matrix 33 as described above with reference to Figs. 2, 3 and
4. The granular structure is made up of multipie
ferromagnetic/nonmagnetic bilayers formed depositing thin layers of a

-- -. nonmagnetic material alternatively with thin layers of a ferromagnetic

material and then annealing the structure at a temperature within the
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selected fromthe group consisting of Cu, Ru and Au and ot her conducting
nmetals and alloys. Suitable sem conductor, conductive oxides and.
internetal | ic conpounds may al so provide materials which are potenti al

candi dat es. Al'loying the ferromagneti'c material with a suitable
material can enhance the breakup of the layer into particles during the
anneal cycle. For exanple, alloying NNFe with 1 to 20 percent Ag or 0.1 to
20 percent |ead (Pb) enhances the breakup ak the N Fe layer in a Ag
matrix. Since, for exanple, N -Pb and Fe-Pb have very |limted nutual
solubility, it appears that the Pb concentrates at the Ni Fe grain

boundaries duri p&gepépesaﬁl 1 tdhuso efRhanei 69 tzmel\h{éegéawﬁarr fak e,akm areq,

al I owi ng the us?9 process te

r, e
| ower process Lrefeart"’ﬁ:a\irayeg PRy Al P °rnF%1?a eés of o‘f""hues Suf N altjs;r k] h“ 38

Cu, as the nat MR éeAERTefimpe ﬂ'?tmleéﬁ’ltthésréﬁwea%ﬁ 8oImabs i iayeii ¢ hAN Fe is

| ess at deposited, prior to the anneal cycle, the ferromagnetic layers are of a
thickness in the range of about 10 to 30 A, while the thickness of the
nonmagnetic layers are in the range of about 20 to 50 A. The
ferromagnetic layer is preferably of NiFe, but can be of any suitable
ferromagnetic material such as Ni, Co, Fe and ferromagnetic alloys based
on Ni, Fe or Co, for example. The matrix 33 is a nonmagnetic, conductive
material and should allow a long.mean free path for conduction electrons
in the material. Additionally, the ferromagnetic material and the matrix
material are mutually immiscibié. Alternatively, the magnetic and non-
magnetic materials can be miscible or partially miscible under
equilibrium conditions and processed in a controlled manner to limit
interdiffusion. The matrix material is preferably Ag, but may be
selected from the group consisting of Cu, Ru and Au and other conducting
metals and alloys. Suitable semiconductor, conductive oxides and
intermetallic compounds may also provide materials which are potential
candidates. i

Alloying the ferromagnetic material with a suitable material can
enhance the breakup of the layer into particles during the anneal cycle.
For example, alloying NiFe with 1 to 20 percent. Ag or 0.1 to 20 percent
lead (Pb) enhances:- the breakup of the NiFe layer in a Ag matrix. Since,
for example, Ni-Pb and Fe-Pb have very limited mutual solubiiity, it
appears that the Pb concentrates at the NiFe grain boundaries during
processing thus enhancing the NiFe layer breakup and allowing the use of
lower process temperatures. The use of NiFePb at'lowegsprocess
temperatures may allow the use of other métériais, such as Cu, as the
matrix material in which the rate of solubility with NiFe is less at

lower temperatures than at higher temperatures.

~ The bias layer 73 provides a bias field for the MR sensing layer 79
to provide a linear response for the sensor. As is known in the art, the
bias layer may be of a magnetically hard material (hard bias), such as
CoPt or CoPtCr, for example, or of a magneticaiiy soft material (soft
bias), such as NiFe or NiFeRh, for example. The spacer layer 77 serves
to magnetically decouple the bias layer 75 from the MR sensing layer 79
and also to optimize the texture, grain size and morphology of. the MR

- . -'Sensing layer. The spacer layer 77 should be of a nonmagnetic, high
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| ower tenperatures than at higher tenperatures. The bias.layer 73
provides a bias field for the MR sensing layer 79 to provide a |inear
response for the sensor. As is known in the art, the bias |ayer may be, of
a magnetically hard material (hard bias), such as CoPt or CoPtCr, -for
exanple, or of a magnetically soft material (soft bias), such as N Fe or
Ni FeRh, for exanple. The spacer |ayer 77 sern¢es to magnetically decouple
the bias layer 75 fromthe MR sensing layer 79 and also to optim ze the
texture, grain size and norphol ogy of the MR sensing |ayer. The spacer

| ayer 77 shoul drpﬁs‘eivi@ym@mgmestutzﬁ:ashi‘ag,hzh Ti, y, Hf or other suitable material

having the desired crystalline structure.

A preferred embodiment of the MR sensor 70 comprises an granular MR
sensing layer 79 of 5 bilayers of NiFe(20A)/Ag(35A) annealed at 315
degrees C, a soft bias layer 75 of NiFe deposited on an underlayer 73 of
A1203 and separated from the MR sensing layer 79 by a spacer layer 77 of
Ta having a thickness of approximately 50 A. The sensor 70 is deposited
on a ceramic substrate 71 by sputter deposition or other suitable
deposition process as is known in the art. The thickness of the
underlayer 73 preferably is in the range of 50 to 100 A, while the NiFe
soft bias layer ;5 thickness is: 100 A. Conductor terminals 81 of Cu or
other suitable material, such as Ag or Au, formed at opposite ends of the
sensor 70 connect the sensor to current source 85 and signal sensing
circuitry 83 via lead conductors 87. Thé current source 85 provides a
sense current to the MR sensor 70 which senses the changes in resistance
of the MR sensing element 79 when an external magnetic field is applied
(for example, as described above with reference to Fig. 4). A capping
layer (not shown) of a high resistivity matérial such as Ta or Zr, for

example, can alsc be deposited over the MR sensor 70.

While the present invention has been particularly shown and
described with reference to preferred embodiments. thereof, it will be
understood by those skilled in the art that warious changes in form and
detail may be made therein without departing from the invention. For
example, while the preferred embodiment shown is described as an
unshielded device, the MR sensor of the present invention is equally
applicable to a shielded or flux-guided structure. Aaceordingly, the
invention herein disclosed is to be considered merely és illustrative and
limited in scope only as épecified in the appended claims.
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resistivity material such as Ta, Zr, Ti, y, H or other suitable material
havi ng the desired crystal l'ine structure A preferred enbodi nent of
the MR sBurheet PG BraRplag@s an granul ar MR sensing layer 79 of 5 bilayers of

o A *

17

CLAIMS

1. A multilayer magnetoresistive sensor comprising a magnetoresistive
sensing element including at least one discontinuous layer of
ferromagnetic material embedded in a layer of nonmagnetic, electrically

conductive material.

2. A sensor as claimed in claim 1 wherein said ferromagnetic material

and said nonmagnetic material are mutually immiscible.

3. A sensor as claimed in Claim 1 wherein said discontinuous layer of
ferromagnetic material forms a Iayer of oblate particles of said

ferromagnetic material.
4. ‘A sensor as claimed in Claim 3 further comprising:

a bias layer of a magnetic material for providing a magnetic bias
field for said magnetoresistive sensing element; and

a spacer layer of a nonmagnetlc ‘material disposed between said bias
layer and said magnetoresistive sensing element magnetically decoupllng
‘said bias layer from said magnetoresistive sensing element.

5. A sensor as claimed in Claim 3 wherein :said magnetoresistive
sensing element comprises a number N of said layers of said ferromagnetic
particles embedded in N+1 layers of said nonmagnetic conductive material.

6. A sensor as claimed in Claim 5 wherein said number N is selected

from a range of 2 to 10. ' -
7. A sensor as claimed in Claim 6 wherein said number N is 5.

8. A sensor as claimed in Claim 3 wherein said ferromagnetic particles
are comprised of a ferromagnetic material selected from the group
consisting of iron, cobalt, nickel, nickel-iron and ferromagnetic alloys
based on iron, cobalt, nickel or nickel-iron.

9. A sensor as claimed in Claim 8 wherein said ferromagnetic particles

are comprised of nickel-iron.
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degrees C, a soft bias layer 75 of N Fe deposited on an under| ayer 73 of
‘Al [err ] {fRhée HABerRPREAt ed from the MR sensing |ayer 79 by a spacer |ayer

77 of Ta ness of approximately 50 A. The sensor 70 is
deposi tekl' m‘mgﬂaﬂnrsubstrate 71 by sputtéer deposition or other suitable
deposi ti s known in the art. The thickness of the underl ayer
73 preferably is in the range of 50 to 100 A8 while the N Fe soft bias

| ayer 75 thickness is 100 A Conductor terminals 81 of Cu or other suitable
material, such as Ag or Au, forned at opposite ends of the sensor 70

connect the sens@r to seddresd cPOthe§ EnSoaaRdE Sixé}ré&h SR AStRPorighedik tgayt Bl e¥i a
| ead conductors 87conThgsec r ent our ce 0%5 prow des a sense current to the

el-1lron-cC
MR sensor 70 whfc nses 'ﬁ ges In resistance of the MR sensing

el enent 79 when an ext er naI magnetlc field is applied (for exanple, as
descri bed aboveiw t hA sefisrrenceldimefiig. Ch)in SAvbappnngikafeerrofagottishpmniclet a

hi gh resistivity.dmabfiridda quﬁcﬁg {@nOfeadr, for exanple, can also be
deposited over the sensor

12. A sensor as claimed in Claim 11 wherein the amount of lead

contained in said nickel-iron-lead alloy is selected from the range of

0.1 to 20 percent by wéight.

13. A sensor as claimed in Claim 5 wherein said ferromagnetic particles

are comprised of nickel-iron-silver.

14. A sensor as claimed in Claim 13 wherein the amount of lead
contained in said nickel-iron-silver alloy is selected from the range of

1 to 20 percent by weight.

15. A sensor as claimed in Claim 1 wherein said nonmagnetic
elecﬁfically conductive -layer is of a material selected from the group
consisting of silver, gold, copper and ruthenium.

16. A sensor as claimed in Claim 15.wherein said nonmagnetic
electrically conductive layer is of silver. -

17. A sensor as claimed in Claim 4 wherein said bias layer comprises a
layer of magnetically soft material for providing said magnetic bias
field.

.. ~ps
18. A sensor as claimed in Claim 17 wherein said maghetically soft
material comprises a material selected from the group con51st1ng of
nickel-iron and nickel-iron-rhodium.

19. A sensor as claimed in Claim 4 wherein said bias layer compfises a
layer of magnetically hard material for providing said magnetic bias
field.

20. A sensor as claimed in Claim 19 wherein said magnetically hard
material comprises a material selected from the group consisting of
cobalt-platinum and cobalt-platinum-chromium. :
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Whil e the present invention has been particularly shown and described with
ref erence treis BikeBf 5 B&A rESRQA! ments thereof, it will be understood by those

skilled int rious changes in formand detail nay be nade
therein wt dmmm g fromthe invention.” For exanple, while the
preferred e I s described as an unshi el ded device, the MR
sensor of the present invention is equally applicable to a shielded or
fl ux-guided structure. Accordingly, the invertion herein disclosed is to be
considered nerely as illustrative and limted in scope only as specified in
t he appended cl ai ns.

21. A sensor as claimed in Claim 3 wherein said ferromagnetic particles

have a thickness within the range of about 10 angstroms to about 30

angstroms.

22. A sensor as claimed in Claim 3 wherein said ferromagnetic particles

have a thickness of about 20 angstroms.

23. A sensor as claimed in Claim 3 wherein said nonmagnetic conductive
layer has a thickness less than the mean free path length of conduction

electrons in said nonmagnetic conductive material.

24. A sensor as claimed in Claim 23 wherein said nonmagnetic conductive
layer has a thickness within the range of about 10 angstroms to about 50

angstroms.

25. A sensor as claimed in Claim 24 wherein said nonmagnetic conductive
~ layer has a thickness of about 35 angstroms.
j 26. A sensor as claimed in Claim 4 wherein said spacer layer comprises
a material selected from the group consisting of tantalum, zirconium,
titanium, yttrium and hafnium.

- 27. A sensor as claimed in Claim 26 wherein sagg spacer layer comprises
tantalum. oo

-

28. A magnetic storage system comprising:

a magnetic storage medium having a plurality of ~tracks defined on a.
surface thereof for recording of data; i - |
a magnetic transducer maintained in a closely spaced position
relative to said magnetic storage medium during relative motion between
said magnetic transducer and said magnetic storage medium, said magnetic

transducer including sensor as claimed in any preceding claim;

actuator means coupled to said magnetic transducer for moving said
magnetic transducer to selected data tracks on said magnetic storage
medium; and

T This is the replacement sheet
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17 Cainms Wctatm 1. A method for manufacturing a
granul ar nubistShbRUE R HT toreS| stive device conprising the steps of:

deposi tion bstrate a plurali ty of bilayers, each said
o (AN

20

detection means coupled to said sensor for detecting resistance
changes in said magnetoresistive sensing element responsive to applied
magnetic fields representative of data bits recorded in said magnetic

storage medium intercepted by said sensor.

29. A magnetic storage system as in Claim 28 wherein the magnetic easy
axis for said magnetoresistive sensing element is oriented substantially
parallel to said data track trackwidth, said easy axis parallel to said
magnetoresistive sensing element longitudinal axis.

30. A method for manufacturing a multilayer magnetoresistive device

comprising the steps of:

depositing on a suitable substrate a plurality of bilayers, each
said bllayer comprising a first layer of a nonmagnetic conductive
material and a second layer of a ferromagnetic material; and

-annealing the resulting multilayer device at a predetermined .
temperature, each said second layer of ferromagnetic material breaking up
into a plurality of ferromagnetic particles during said annealing cycle,
said nonmagnetic;conductive material in said first layers flowing
inbetween and surrounding said ferromagnetic particles.

P
.

31. A method as claimed in Claim 30 wherein: said nonmagnetic conductive
material and said ferromagnetic material are mutually immiscible.

32. A method as claimed in Claim 30 wherein said ferromagnetic
particles are generally flat, disc-like particles beingwspaced apart
within each said layer by less than the mean free pathflength for
conduction electrons in said nonmagnetic conductive material.

33. A method as claimed in Claim 30 wherein the number of bilayers is
selected from the range of 2 to 10 bilayers.

34. A method as claimed in Claim 33 wherein the number of bilayers is
5.

3s. A method as claimed in Claim 30 wherein said predetermlned
temperature is selected from the range of 100 to 500 degrees C.

\ : ‘ This is the replacement sheet
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conpr i sing—a—+++st—layer—of a nonmagnetic conductive material and a second
| ayer of_a ferromaﬁnet ic material; and anneal ing the resulting

mul tilaye S ee edai d second | ayer of ferromagnetic materi al
br eaki ng ml ality of ferromagnetic’particles during said
anneal i ng I onmagneti c conductive material in said first |ayers
flow ng inbetween and surrounding said fergonmagnetic particles. 2.
The nethod of claim 1 wherein said nonmagnetic conductive material and said
ferromagnetic material are i nm scible. -
36. A method as claimed in Claim 30 wherein said first layers of
ferromagnetic material are of a material selected from the group

consisting of iron, cobalt, nickel, nickel-iron and. ferromagnetic alloys

based on iron, cobalt, nickel or nickel-iron.

37. A method as claimed in Claim 36 wherein said first layers of

ferromagnetic material are of nickel-iron.

38. A method as claimed in Claim 36 wherein said first layers of

ferromagnetic material are of nickel-iron-lead.

39. A method as claimed in Claim 36 wherein said first layers of

ferromagnetic material are of nickel-iron-silver.

40. A method as claimed in Claim 30 wherein said first layers of
ferromagnetic material have a thickness selected from the range of about
10 to 30 angstroms.

41. A method as claimed in Claim 30 wherein said second layers of
nonmagnetic conductive material have a thickness selected from the range

of about 20 to 50 angstroms.

42. A method as claimed in Claim 30 wherein ;h§ step of annealing
includes the stép of annealing said multilayer device in the presence of
an applied magnetic field oriented along the longitudinal axis of said
multilayer device.

43. A sensor as claimed in any of Claims 1 to 27 comprising:

a substrate; and

an isolation layer deposited on a major surface of said substrate.

. e
e

A
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3 ZFhe_nEUIod of claim1 wherein said ferromagnetic particles are

gener al | fI at m particles being spaced apart within each said

| ayer by lseettHhaBeén =ty free path length for conduction electrons in -
sai d non | ve material. 4. The nethod of claim1 wherein
t he nunb s selected fromthe range of 2 to 10 bilayers. 5.
The net hod 0 erein the nunber 28f bi | ayers is 5. 6. The

nmet hod of clalml vvhereln the step of annealing is at a tenperature in the
range of 100 to 500 degrees C.

GRANULAR MULTILAYER MAGNETORESISTIVE SENSOR

ABSTRACT

A magnetoresistive read sensor incorporates a granular multilayer sensing element
(30) comprising a plurality of layers of generally flat particles of a ferromagnetic material
(31) embedded in a nonmagpetic electrically conductive material (33). A bias layer separated
from the magnetoresistive sensing element by a spacer layer provides a magnetic field to bias
the magnetoresistive sensing element at a desired non-signal point. The ferromagnetic and
the nonmagnetic materials are mutually immiscible, or may be miscible or partially miscible
and processed in a manner to control interdiffusion. The magnetoresistive sensing element is
formed by alternatively depositing layers of ferromagnetic material and layers of nonmagnetic
conductive material on a substrate and then annealing the structure. During the annealing
cycle, the layers of nonmagnetic material above and below the ferromagnetic layers penetrate
at grain boundaries and break the continuity of the ferromagnetic layers to form layers or
planes of ferromaghetic particles embedded in a matrix of nonﬁagnetic material.

Fig. 2

This is the replacement sheet

Date: 0 3 MAY 1996



7. - The method of claim1 wherein said first |layers of ferronagnetgecs
material are of a material selected fromthe group consisting of iron,
cobal t3¥ nickel, nickel-iron and ferromagnetic alloys based on iron,
cobalt, nickel or nickel-iron.

REPLACEMENT SHEET ' 18 8.
The nmethod of claim7 wherein said first Tayers of ferromagnetic materi al

ar e

annealed NiFe multilayers in a Ag matrix has yielded a granular multilayer structure
which exhibits an MR of approximately 17 percent at room temperature with a
saturation field of about 100 Oe. See “MAGNETORESISTIVE PROPERTIES AND
THREMAL STABILITY OF NI-FE/AG MULTILAYERS”, B. Rodmacq et al, Letter to

the Editor, JOURNAL OF MAGNETISM AND MAGNETIC MATERIALS,

118(1993), PAGES L11-L16. Although the saturation fields for the single-and

REPLACEMENT SHEET
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of nickel-iron. 9. The nethod of claim7 wherein said first |ayers of
ferromagnetic nmaterial are of nickel-iron-lead. 10. The net hod of
claim9 whefein the anount of |ead contained in said nickel- iron-lead is
selected fromthe range of 0.1 to 20 percent by weight. 11. The met hod
of claim7 wherein said first layers of ferromagnetic material are of

ni ckel -iron-silver. 12. The nmethod of claim 11 wherein the anmount of
silver contained in said nickel-

multiple-layer NiFe alloys are lower than the reported value for Co alloys, it is still
above the range that is useful for MR devices (about 10 Oe or less).

In accordance with the present invention, there is now provided a method for
manufacturing a granular multilayer magnetoresistive device
comprising the steps of:

deposition on a suitable substrate a plurality of bilayers, each said bilayer

REPLACEMENT SHEET
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iTon-silver is selected fromthe range of 1 to 20 percent by weight. 13.
The nmethod of claim1l wherein said first |ayers of ferronagnetic nateri al
have % thi‘tkness selected fromthe range of about 10 to 30 angstroms. 14.
The nethod of claim1 wherein said second |ayers of nonmagneti c conductive
materi al have a thickness selected fromtge range of about 20 to 50
angstrons. 15. The met hod of claim 1l wherein the step of annealing

i ncludes the step of annealing said multilayer device in the present of an

appl i ed mgg@ﬁipﬁs{rfgei Brs? rla{ﬁpto?g noﬁl'ngglget{c SntBHe AL a2 s?econd Tayer of a

mul til ayer

ferromagnetic material; and

annealing the resulting multilayer device, each said second layer of
ferromagnetic material breaking up into a plurality of ferromagnetic particles during
said annealing cycle, said nonmagnetic conductive material in said first layers flowing

inbetween and surrounding said ferromagnetic particles.
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6. ° The nethod of claim 1 wherein said nonmagnetic, electrically

conductlve

material is a nmaterial selected fromthe group. consi sting of

silver, gold, copper and ruthenium 17. The net hoP HEPLR@WENHSHE\EWH

[ | ducti terial is A A
;?;gurgmwmllmﬂﬂ!ﬂMLgfgr e)s/i S?PvgcdgxﬁgemnanL:‘ acturged by anEC 1%90f t

precedi g ¢l at ns"

ein

he

Claims
We claim:
1. A method for manufacturing a granular multilayer magnetoresistive device

comprising the steps of:

deposition on a suitable substrate a plurality of bilayers, each said bilayer
comprising a first layer of a nonmagnetic conductive material and a second layer of a
ferromagnetic material; and

annealing the resulting multilayer device, each said second layer of
ferromagnetic material breaking up into a plurality of ferromagpetic particles during
said annealing cycle, said nonmagnetic conductive material in said first layers flowing
inbetween and surrounding said ferromagnetic particles.
2. The method of claim 1_wherein said nonmagnetic conductive material and said
ferromagnetic material are immiscible.
3. The method of claim 1 wherein said ferromagnetic particles are generally flat,
disc-like particles being spaced apart within each said layer by less than the mean free
path length for conduction electrons in said nonmagnetic conductive material.
4, The method of claim 1_wherein the number of bilayers is selected from the
range of 2 to 10 bilayers.
5. The method of claim 4 wherein the number of bilayers is 5.
6. The method of claim 1 wherein the step of annealing is at a temperature in the
range of 100 to 500 degrees C.
7. The method of claim 1 wherein said first layers of ferromagnetic material are
of a material selected from the group consisting of iron, cobalt, nickel. nickel-iron and

ferromagnetic alloys based on iron, cobalt, nickel or nickel-iron.



A REPLACEMENT SHEET
N D Y 0 100EC B9 |

18

8. The method of claim 7 wherein said first layers of ferromagnetic material are
of nickel-iron.

9. The method of claim 7 wherein said first layers of ferromagnetic material are
of nickel-iron-lead.

10. The method of claim 9 wherein the amount of lead contained in said nickel-
iron-lead is selected from the range of 0.1 to 20 percent by weight.

1. The method of claim 7 wherein said first layers of ferromagnetic material are
of nickel-iron-silver.

12. The method of claim 11 wherein the amount of silver contained in said nickel-
iron-silver is selected from the range of 1 to 20 percent by weight.

13. The method of claim 1 wherein said first layers of ferromagnetic material have
a thickness selected from the range of about 10 to 30 angstroms.

14. The method of claim 1 wherein said éecond layers of nonmagnetic conductive
material have a thicknc;:ss selected f.rom the range of about 20 to 50 angstroms.

15. The method of claim 1 wherein the step of annealing includes the step of
annealing said multilayer device in the present of an applied magnetic field oriented
along the longitudinal axis of said multilayer device.

16. The method of claim 1 wherein said nonmagnetic, electrically conductive
material is a material selected from the group consisting of silver., gold, copper and
ruthenium.

17. The method of claim 16 wherein said nonmagnetic, electrically conductive
material is silver.

18. A granular multilayer magnetoresistive device manufactured by any one of the

preceding claims.
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GRANULAR MULTILAYER MAGNETORESISTIVE SENSOR

ABSTRACT :

A magnetoresistive read sensor incorporates a granular mmitilayer sensing element
(30) comprising a plurality of layers of generally flat particles of a ferromagnetic material
(31) embedded in a nonmagnetic electrically conductive material (33). A bias layer separated
from the magnetoresistive sensing element by a spacer layer provides a magnetic field to bias
the magnetoresistive sensing element at a desired non-signal point. The ferromagnetic and
the nonmagnetic materials are mutually immiscible, or may be miscible or partially miscible
and processed in a manner to control interdiffusion. The magnetoresistive sensing element is
formed by alternatively depositing layers of ferromagnetic material and layers of nonmagnetic
conductive material on a substrate and then annealing the structure. During the annealing
cycle, the layers of nonmagnetic material above and below the ferromagnetic layers penetrate
at grain boundaries and break the continuity of the ferromagnetic layers to form layers or
planes of ferromagnetic particles embedded in a matrix of nonrhagnetic material.

Fig. 2



