Who7pl-2. TPoS

SA9-93-034 o 1

MAGNETORESISTIVE FILM, METHOD OF ITS FABRICATION AND
MAGNETORESISTIVE SENSOR

The present invention relates generally to magnetic transducers
for reading information sighals recorded in a magnetic medium
and, more particularly; to a magrnetoresistive film, te a method
of fabricating said film and to a magnetoresistive sensor
employing said film. )

It is well-known in the prior art to utilize a magnetic
read 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. These prior art MR
sensors operate on the basis of the anisotropic 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 elenient. 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 entitled "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 ﬁy a2 nonmagnetic 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 magneétic signal such that the
current in the MR sensor element provides a magnetic field in

the magnetic layers parallel to the easy axis thus eliminating

or minimizing Barkhausen noise in the sensor. "Thin Film MR
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Head for High Density Rigid Disk Drive" by H. Suyama et al, IEEE
Trans. Mag., Vol. 24, No. 6, 1988 (pages 2612-2614) discloses a
multilayered MR sensor similar to that disclosed by Takino et
al.

A second, different and more pronounced magnetoresistive
effect has also been described in which the éhangé in resistance
of a layered magnetic sensor is attributed to the spin-dependent
transmission 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 effect is variously
referred to as the "giant magnetoresistive” or "spin valve"
effect. Such a magnetoresistive sensor fabricated of the
appropriate materials provides improved sensitivity and greater
change in resistance than observed in sensors utilizing the AMR
effect. In this type of MR sensor, the in—plané resistance
between a pair of ferromagnetic layers separated by a
nonmagnetic layer wvaries as the cosine (cos)- of 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 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 amblitude. Grunberg further describes the use of
antiferromagnetic-type exchange <coupling to obtain 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, 1990, assigned to the instant assignee,
discloses an MR sensor in which the resistance between two
uncoupled ferromagnetic layers is observed to vary as the cosine
cf the angle between the magnetizations of the two layers and
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which is independent of the direction of current flow through
the sensor. This mechanism produces a magnetoresistance that is
based on the spin valve effect and, for selected combinations of
materials, is greater in magnitude than the AMR.

U.S. Patent No. 5,159,513 granted to Dieny et al on October
27, 1992, assigned to the. instant assignee, disclosés 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 nonmagnetic metallic material wherein at least
one of the ferromagnetic layers is of cobalt or a cobalt alloy.
The magnetization of the one ferromagnetic layer is maintained
perpendicular to the magnetization of the other ferromagnetic
layer at zero externally applied magnetic field by ekchange
coupling to an antiferromagnetic layer.

The spin valve structures described in the above-cited U.S.
patent and patent application require that the direction of
magnetization in one of the two ferromagnetic layers be fixed or
"pinned" in a selected orientation such that under non-signal
conditions the direction of magnetization in the other
ferromagnetic layer is oriented perpendicular to the pinned
layer magnetization. Additionally, in both the AMR and spin
valve structures, in order to minimize Barkhausen noise, it is
necessary to provide a longitudinal bias field to maintain at
least the sensing portion of the read element in a single
magnetic domain 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 eapplication and patents, an 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.

Granular Giant Magnetoresistance (GMR) was first observed
in thin films of nickel (Ni) in a quartz matrix prepared by co-
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deposition. More recently granular GMR has been reported in co-
deposited phase segregating thin films incorporating a metallic
matrix, such as single layer alloy heterogeneous systems such as
cobalt-copper {(Co-Cu), cobalt-silver {(Co-Ag) and nickel-iron-
silver (NiFe-Ag). For example, see "GIANT MAGNETORESISTANCE IN
NONMAGNETIC MAGNETIC SYSTEMS", Johnh Q. Xiao et al, PHYSICAL
REVIEW LETTERS, Vol. 68, No. 25,pages 3749-3752 (June 22, 1992);
"GIANT MAGNETORESISTANCE IN HETEROGENEQUS CU-CO ALLOYS", A.E.
Berkowitz et al, PHYSICAIL REVIEW LETTERS, Vol. 68, No. 25, pages
3745-3748 (June 22, 1992); "'GIANT’ MAGNETORESISTANCE OBSERVED
IN SINGLE LAYER CO-AG ALLOY FILMS", J.A. Barnard et al, Letter
to the Editor; JOURNAL OF MAGNETISM AND MAGNETIC MATERIALS, 114
{1592), pages L230-L234; and J. Jaing et al, APPLIED PHYSICS
LETTERS, Vol. 61, page 2362 (1992). The Co alloys are of
materials that are immiscible at low temperatures. Annealing

the metastable alloy causes the formation of fine Co
precipitates, i.e., "grains", in a Cu or Ag matrix wherein the
MR effect appears to vary inversely with the diameter of the
average particle diameter.

It is an object of the present invention as claimed to
provide &a magnetic film in which isolated particles of
ferromagnetic material are embedded in a nonmagnetic, conducting
matrix.

This and other objects and advantages are attained in
accordance with the principles of the present invention, in
which a granular magnetoresistive film comprises a first layer
of a discontinuous or granular ferromagnet, consisting of
isolated particles of ferromagnetic material, such as Ni or Co,
for example, formed on &a heated insulating substrate. A
nonmagnetic conductive matrix material, such as Cu, for example,
is subsequently deposited onto the cooled substrate to provide
conduction between the ferromagnetic particles. This bilayer
structure differs significantly from co-deposited phase
segregating thin films as reported in the prior art. The
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separate deposition of the ferromagnetic material provides
control of the size and shape of the isclated ferromagnetic
regions in the film, resulting in a reduction of the magnetic
field required to observe magnetoresistance and eliminates the
need for mutual insolubility of the ferromagnetic and matrix
materials. v )

The granular magnetic film is forméd by depositing a
ferromagnetic film which 1is sufficiently thin and under
conditions of sufficient surface mobility to provide a
discontinuous thin £film consisting of physically separated
particles of ferromagnetic material on an insulating substrate.
The ferromagnetic particles in the resulting film are not {or
very poorly} electrically connected to one another or are non-
percolating. Further, the ferromagnetic particles are not
magnetically ' exchange-coupled to each other, and the

magnetization of each particle is random in direction. The

granular ferromagnetic thin film is then overcoated with a thin

.film of a non magnetic, i.e., nonferromagnetic, electrically
g '

conductive material under conditions sufficient to provide a
continuous overlaying thin film. The resistivity of the
composite film will be high when the net magnetization of the

ferromagnetic film is zero due to the spin dependent electron

scattering of the randomly oriented ferromagnetic particles.
Spin dependent scattering will decrease and the resistivity will
be lowered when an external magnetic field is applied as the
local magnetic moments tend to orient in the direction of the
applied magnetic field and hence are locally aligned.

A preferred embodiment of the siqgle layer granular
magnetoresistive film according to the principles of the present
invention comprises a thin layer of a ferromagnetic material,
such as cobalt (Co}, for example, deposited on a silicon oxide
(Sioz) coated silicon (Si) substrate by vacuum (UHV) deposition
technigues at an elevated temperature. The film and substrate
are then cooled and a thin film of a nonmagnetic conductive
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material, such as copper (Cu), for example, is deposited by UHV
evaporation at room temperature. Since the deposition
conditions for the ferromagnetic film are controlled to produce
a discontinuouslfilm, the resulting thin film structure provides
ferromagnetic particles or islands embedded in a nonmagnetic
conductive ‘matrix. The structure can be subsequently annealed
to promote further phase separation of the ferromagnetic layer
to control particle size, shape and spacing. It is important to
control the particle size and, to a lesser degree, the particle
shape by careful processing (i.e., substrate temperature during
deposition, deposition rate, anneal temperatures, for example)
to obtain optimal magnetoresistive effect. It is desirable
that the particle spacing within the conductive matrix be less
than the mean free path of the carriers within the matrix
material while insuring magnetic isolation between the
particles. Additionally, it is desirable to have the
ferromagnetic_material be the largest possible volume fraction
to avoid conduction without spin polarization.. The coercivity
of the ferromagnetic particles is also determined by particle
size and shape, and other magnetic anisotropic characteristics
of the material.

Prior art MR sensors require substantially single domain
behavior of the ferromagnetic MR element and suffer from
Barkhausen noise when domain wall motion (rather than
.magnetization rotation) occurs thus reguiring the use of
magnetic bias fields to maintain the signal sensing portion of
the MR sensor in a single magnetic domain state. The inherent
multi-domain nature of the granular MR film of the present
invention with independent ferromagnetic particle switching,
rotation, results in minimum or no domain wall motion within the
individual particles. Any noise associated with the rotation of
a single particle will be small as long as the sensor area is
sufficient to allow many such particles.

Thus, the present invention provides a MR sensor in which
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the magnetoreéistive sensing element constitutes a plurality of
magnetic domains in which the individual magnetic moments rotate
in response to an applied magnetic field 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 The foregoing and other objects,
features and advantages of the present invention will be
apparent from the following detailed description of the
‘ preferred embodiments of the invention, reference being made to
the accompanying drawings, in which like reference numerals
indicate like parts and in which:

Figure 1 is a cross-sectional view illustrating a single
layer granular magnetoresistive film £abricated by vacuum
evaporation technigues according. to the principles of the
present invention;

Figures 2 and 3 are cross-sectional views illustrating
multilayer granular magnetoresistive films fabricated according
to the principles of the present invention;

Figure 4 is a graph illustrating the magnetoresistance
versus.applieq magnetic field and magnetic moment versus applied
magnetic field for the granular magnetoresistive film shown in
Figure 1;

Figure 5 is a graph illustrating the magnetoresistance as
a function of the substrate temperature during the magnetic
material deposition for the granular magnetoresistive film shown
in Figure 1;

Figure 6 is .a cross-sectional view of another preferred
embodiment of the granular magnetoresistive film shown in Figure
1;

Figure 7 is a cross-sectional view illustrating another
preferred embodiment of the granular magnetoresistive film of
the present invention fabricated by co-deposition techniques;

Figure 8 is a graph which illustrates the magnetoresistance

versus applied magnetic field for the granular magnetoresistive
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film shown in Figure 7; and

Figure 9 is a view in perspective of a conceptugl MR sensor
employing the granular magnetoresistive film of the present
invention. .

Referring now to Figs. 1, 2 and 3, Fig. 1 is a cross-
sectional = view ~illustrating a single layer granular
magnetoresistive (MR) £film fabricated according to the
principles of the present invention. The granular MR film 10
comprises a discontinuous layer of ferromagnetic material, such
as NiFe or Co, for example, deposited on a nonconductive layer
13 over a suitable substrate 11 to form a layer of ferromagnetic
islands or particles 15. The layer of ferromagnetic material is
deposited by evaporation or sputtering under ultra high vacuum
conditions (UHV) and high substrate temperatures to provide
sufficient mobility to allow the particles 13 of ferromagnetic
material to form on the substrate overlayer 13. The substrate
is then cooled and a continuous layer 17 of a nonmagnetic,
electrically conductive material, such as Cu or Ag, for example,
is deposited over the layer of ferromagnetic particles'ls by
vacuum~ evaporation deposition thus forming a granular MR film
wherein ferromagnetic ©particles 15 are embedded in a
nenmagnetic, conductive matrix 17. .

Suitable. ferromagnetic materials are Fe, Co, Ni, NiFe and
ferromagnetic alloys based on Fe, Cc, Ni oxr NiFe. Suitable
matrix materials are Au, Ag, Cu, ruthenium (Ru), palladium (P4},
rhodium (Rh) and conductive oxides such as cobalt oxide and
nickel oxide, for example.

It is necessary to closely control the deposition
parameters for the ferromagnetic layer, such as substrate
temperature, deposition rate and layer thickness, for example,
to ensure formation of the ferromagnetic particles 15 having the
desired size, shape and distribution. Ideally, the particles
15 will be all of generally the same shape and size. The size
and shape of the particles 15 should be such as to form single
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magnetic domains within each particle and minimize shape
anisotropy within the film. The observed MR effect, in general,
is inversely proportional to the ferromagnetic particle size.
If the particle 15 dimensions are too large, the MR is reduced.
Conversely, if the particle 15 dimensions are too small, large
magnetic fields are required tJ produce an MR effect due to
superparamagnetism. A suitable range for the ferromagnetic
particles to provide a practical MR sensor is in the range of 10
A to 1000 A. The particles 15 should be separated by a distance
less than the mean free path length for a conduction electron in
the nonmagnetic matrix material, but having sufficient
separation to minimize magnetic coupling. In an actual sample,
there will be some varjiation in particle 15 size and shape and
in separation distance for a given structure 10.

In a specific embodiment, an 80 Angstroms (A) (equivalent
thickness) layer of Co is deposited on a 700 A thermal oxide
layer 13 (Sioz) of a Si substrate 11 at 200 degrees C to form a
discontinuous layer of ferromagnetic Co particles 15. The
deposition is by electron beam evaporation in a chamber having.

a base pressure less than 10 1°

mbar at deposition rates of
approximately 0.2 A/second. Sputter deposition or other
suitable vacuum thin film deposition techniques can also be
used. The characteristic diameter of the particles 15 is
approximately 300 A with an irregular oblate or pancake shape
with a diameter approximately three times the thickness and an
in-plane aspect ratio that is on the order of two. In general,
similar shapes were obtained at larger and smaller length scales
by simultaneous wvariation of the deposited ferromagnetic
material thickness and substrate temperature. The choice of
substrate is important, with the thermally oxidized wafer
surface 13 providing egquivalent structures at lower temperatures
than may be obtained with glass substrates. A nonmagnetic
conductive layer 17 of Cu, 80 A thick, is subsequently deposited
after the substrate is cooled to room temperature 20 degrees C,
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for example. Similar depositions of Cu on substrates without
prior Co or NiFe deposition were marginally or non-percolating,
indicating that the combined deposition of both layers is
required to form a contiquous matrix film.

Referring now also to Figs. 2 and 3, the magnitude of the
MR obtained with “'grandlar ferromagnetic 'fiilms can Dbe
significantly increased with additional layers of particles and
nonmagnetic material. Fig. 2 1is a cross-sectional view
illustrating another preferred embodiment of the granular MR
film 10 shown in Fig. 1. The granular MR film 10’ comprises two
discontinuous layers of ferromagnetic particles 15 and 16, each
covered with a continuous layer 17 and 18, respectively, of a
nonmagqgtic conductive material to provide multiple layers of
ferromagnetic particles 15, 16 in a nonmagnetic conductive
matrix. Multiple particle conductive layers 16/18 will enhance
. the MR obtained significantly, but the bulk of the increases
will be observed with the first two or three layers. Additional
iayers_ 15, 16 of ferromagnetic particles both increase the
number of particles 15, 16 and increase the number of near
neighbors for a particular particle thus increasing the number
of scattering sites for the conduction electrons. Additionally
the ratio of the volumes of ferromagnetic material to conductive
material decreases thus decreasing the amount of current
shunfing by the conductive matrix material. The granular MR
film 10’ is fabricated in the same manner using UHV deposition
techniques as described above with reference to Fig. 1. Since
the discontinuous ferromagnetic layer 16 is formed on a heated
substrate, the nonmagnetic conductive material forming the
underlaying matrix layer 17 must have a melting point that is
greater than the temperature required for formation of the
ferromagnetic particles 16 to minimize interdiffusion between
the previously deposited matrix layers and the ferromagnetic
material. For example, Ru which has a relatively high melting

temperature compared to Co is a suitable matrix material for
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this embodiment 10‘. Fig. 3 illustrates a second embodiment of
a multilayer granular MR film 10" which includes an isolation
layer 14 of a suitable material, such as S5i0,, for example,
deposited over the matrix layer 17 to provide a surface for
deposition of the discontinuous ferromagnetic layer 16. While
the use of the isolation layer 14 eases the deposition
condit;ons regquired to form the subseguent layexrs of
ferromégnetic particles 16, the improvement in MR magnitude is
not as great as observed for the granular multilayer film 10’
because the isolation layer 14 effectively prevents any
interlayer scattering between the ferromagnetic particles 15 and
16.

Referring now also to Figs. 4 and 5, Fig. 4 illustrates the
magnetoresistance and magnetization measurements versus applied
magnetic field for a granular MR structure 10 (as shown in Fig.
1) with a 50 A Co layer 15 deposited at 150 degrees C on a
thermal oxide layer 13, overcoated with 80 A of Cu 17 and having
a sheet resistance of 12 Ohms/square. All measures of the
structures 10 were made at room temperature. Magnetoresistance
was measured both perpendicular (curve 16) and parallel (curve
18) to the applied magnetic field. The difference between the
two magnetoresistance measurement directions indicates residual
anisotropic magnetoresistance (AMR)} while the GMR is given as
the average of the two measurements. A GMR of approximately 2.8
percent is observed. The full width at half maximum (FWHM) of
each peak is 470 Oersteds (Oe)} and the saturation field (Hsat’
defined as the field axis intercept of the tangent at half
maximum) is 700 Oe. For structures 10 with a 50 A layer 15 of
NiFe deposited at substrate temperatures between 200 and 300
degrees C on glass substrates and overcoated with a 80 A layer
17 of Cu, a smaller GMR of 0.8 to 1.4 percent is observed, but
at lower applied fields, with H_ between 80 and 110 Oe, FWHM of
180 to 300 Oe and Hoat of 350 to 450 Oe.

Fig. 5 illustrates the GMR and AMR as a function of
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substrate temperature during deposition of the ferromagnetic
layer 15 for a structure 10 having a 25 A layer 15 of NiFe on
thermal oxide with an overcoat layer 17 of 40 A of Cu. The GMR
peaks at a substraté temperature of approximately 150 degrees C.
The decrease in GMR at higher deposition temperatures is due to
the coarsening of the NiFe island structuré  at thé -higher
temperatures.

Table I provides results for structures 10 of different
deposition thicknesses and clearly illustrates the effect of
ferromagnetic island size. The larger GMR effect obtained for
structures containing Co is expected from comparisons of Co and
NiFe in continuous layer GMR structures. The lower saturation
fields (as coﬁpared-to the prior art cited above) obtained in
the granular GMR structures of the present invention can be
attributed to the reduced in-plane demagnetization of the
pancake shape of the ferromagnetic particles 15. The fields
required for magnetoresistance changes of NiFe structures are
less than that for Co structures indicating that the crystalline
anisotropy plays a role in the Co structures. The lower Hc of
the smaller particles may result from a more uniformly round
shape, which is shown by Scanning Electron Microscope
cbservations. This more uniform shape is expected from the
relative importance of surface energy reduction in smaller
particles. However, thermally assisted switching in smaller
particles is also likely to contribute to reduced HC and the 25
A NiFe structures are clearly superparamagnetic having increased
FWHM and no residual moment. The structures having smaller
ferromagnetic particles produce a larger magnitude of GMR,
consistent with a smaller spacing between particles and larger
area for interaction.
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NiFe Co Cu AMR GMR Hc  FWHM H_
A A A % % Oe Oe Qe
100 - 70 0.45 0.44 200 485 800
50 - 80 06.38 0.90 80 180 350
25 - 4Q 0.25 2.10 <4 380 550
- 80 80 6.48 2.08 390 700 1100
- 40 40 0.28 2.71 141 500 700
TABLE I

Referring now also to Fig. 6, a cross-ssctional view
illustrating another embodiment 20-of the single layer granular
MR film described with reference to Fig. 1 1is shown. As
described above, a discontinuous layer of ferromagnetic
particles 15 is formed on a nonconductive layer 13 over
substrate 11 with an overlayer 17 of a nonmagnetic, conductive
material formed over the layer of ferromagnetic particles 15.
A continuous layer 19 of magnetic material is then formed over
the overlayer 17 of conductive matrix material. Use of the
magnetic overlayer 19 provides a substantial increase of the
magnetoresistance observed for the structure 20. However, since
the magnetic overlayer 19 is likely to be multi-domain, in an
actual sensing device, noise due to domain wall movement will be
present. In a sensing device, the magnetic overlayer 19 will be
of a high coercivity material with its magnetic anisotropy
initialized in a desired orientation to minimize Barkhausen
noise.

Referring now also to Fig. 7, a cross-section view of
another preferred embodiment 30 of a single layer granular MR
film fabricated according to the principles o0f the present
invention is shown. A single layer £ilm 25 of & ferromagnetic

material and a nonmagnetic, conductive material is formed by co-
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sputtering from separate targets on a nonconductive layer 23
over a suitable substrate 21. The ferromagnetic and nonmagnetic
conductive materials are co-deposited at room temperature and
subsequently annealed at an elevdted temperature to produce a
heteroéeneous film 25 of ferromagnetic particles 27 in a
nonmaghetic conductive matrix 29. The"férromagnetid.materfél“
and the nonmagnetic material are chosen such that the two
materials are mutually immiscible in which phase separation of
the materials will occur. Alternatively, the ferromagnetic and
matrix materials can be miscible or partially miscible under
equilibrium conditions processed in a controlled manner to limit
interdiffusion. _

In a specific embodiment, a 25 percent Co granular GMR film
25 is formed by co-sputtering Co and Cu from separate targets
onto an oxidized Si substrate 21 and is subsegquently annealed
at temperatures in the range of 200 to 600 degrees C. Fig. 8 is
a graph which illustrates the MR versus applied magnetic field
obtained in the granular film having the above structure. While
the higher anneal temperatures produce a lower MR value, both
the magnetic fields required &and the FWHM -achieved are
significantly lower. Since both Ni and Fe show very limited
solubility in Ag and, conversely, Ag shows very little
solubility in Ni or Fe at temperatures less than approximately
500 degrees C, granular MR films of NiFe/Ag are expected to show
good results. However, because of the large crystal anisotropy
exhibited by Co, compared to NiFe, NiFe systems are expected to
exhibit lower wvalues of MR. Other deposition or film-forming
processes may also be used, such as, plating, ion deposition or
pastes or other mechanical methods. Additionally, it is not
reguired that the anneal process be performed éubsequent to
completion of the deposition process. Deposition may be done at
elevated temperatures or on heated substrates to achieve the
desired granular magnetic structures. _

As in the well-known magnetic/nonmagnetic multilayer spin
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valve systems_described in the prior art, the origin of the MR
observed in the granular single layer structures 10, 20, 30 is
believed to be primarily due to spin-dependent scattering of
conduction electronics traversing the matrix between the
magnetic regions or particles. 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
particles behave as if it constituted a single magnetic moment
or domain {(as shown in Fig. 7). If the magnetic moments of the
particles are randomly oriented, spin dependent scattering from
particle to particle is increased resulting in a relatively high
resistivity for the structure. Oon the other hand, if the
magnetic moments of the particles are aligned in a parallel
orientation, the resistance decreases 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 that the observed MR is strongly dependent on
the particle size, shape and anisotropy. '
Referring now also to Fig. 9, a conceptual diagram of an MR
sensor 40 arranged in sensing relationship with a data track 44
defined on a magnetic recording media surface, for example, 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 granular
magnetic structure as described above with reference to Figs. 1-
3, 6 or 7 including a layer of ferromagnetic particles 15 in a
metallic conductive matrix 17. The magnetic moments of the
particles 15 may be partially oriented along an induced magnetic
anisotropy axis, as shown by arrow 47. A magnegtic anisotropy
axis may be induced in the MR sensing element 41 by an annealing
cycle in the presence of a magnetic field in the direction of
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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 15 in a desired direction to adjust the
operating point of the MR sensor at a linear-porticn of its
response characteristic. The MR sensor 40 is suspended above a
data track “44 by a suspension apparatus (not shown) suth that
the magnetic field H at a data transition 46 will be applied in
the plane of the sensing element 4¢1. When the field H is
intercepted, 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. ) ’
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 various
changes in form and detail may be made therein without departing
from the spirit, scope and teaching of 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.
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CLAIMS
1. A magnetoresistive film (30) comprising a plurality of

particles (27) of ferromagnetic material embedded in a matrix
(29) of nonmagnetic electrically conductive material.

2. A magnetoresistive film (30) as in Claim.l wherein said
ferromagnetic material and said nonmagnetic electrically
conductive material are mutually immiscible.

3. A magnetoresistive film (30) as in Claim 1 or 2 wherein
said ferromagnetic particles (27} are comprised of a
ferromagnetic.material selected from the group consisting of
iron, cobalt, nickel, nickel-iron and magnetic alloys based on
iron, cobalt, nickel or nickel-iron.

4. A magnetoresistive film as in any Claim from 1 to 3 wherein
said nonmagnetic electrically conductive material comprises a
material selected from low resistivity metals and alloys.

5. A magnetoresistive film as in Claim 4 wherein said
nonmagnetic electrically conductive material comprises a
material selected from the group consisting of silver, gold,
copper, palladium and rhodium and alloys of silver, gold,
copper, palladium or rhodium.

6. A magnetoresistive film (30) as in eny Claim from 1 to 5
wherein said ferromagnetic particles (27) have a dimension in
the major @lane of said magnetoresistive film (30) in the range
of about 10 Angstroms to 1000 Angstroms.

7. A magnetoresistive film (30) as in any Claim from 1 to 6

wherein said ferromagnetic particles have a major dimension of
about 300 Angstroms.
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8. A magnetoresistive film (30) as in any Claim from 1 to 7
wherein said ferromagnetic particles (27) within said

nonmagnetic electrically conductive matrix (25) are separated by
a distance less than the mean free path length of conductidn
electrons in said nonmagnetlc electrically conductive material
(257.

9. A magnetoresistive film (10) as in any Claim from 1 to 8,
wherein said plurality of particles are in the form of a
discontinuous layer (15) of ferromagnetic material énd said
matrix. is in the form of a 1layer (17) of nonmagnetic
electrically conductive material.

10. A magnetoresistive film (10} as in Claim 9 wherein said
discontinucus layer (15) of ferromagnetic material forms a layer
of oblate particles of said ferromagnetic material.

11. A magnetoresistive film (10) as in Claim 9 or 10 wherein
said disconﬁinuous layer (15) of ferromagnetic material has an
equivalent thickness selected from the range of about 25
Angstroms to about 150 Angstroms.

12. A magnetoresistive film (10} as in any Claim from 9 to 11
wherein said layer (17) of honmagnetic electrically conductive
material has a thickness selected from the range of about 30
Angstroms to about 100 Angstroms.

13. A method of fabricating the magnetoresistive £ilm (30)
according to any Claim from 1 to 8 comprising the steps of:

depositing on a substrate (23) a mixture of said
ferromagnetic material and said nonmagnetic electrically
conductive material to form a magnetoresistive film comprising
a plurality of ferromagnetic particles {27) in a nonmagnetic
matrix (29); and
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annealing said film to promote phase separation between
said ferromagnetic and nonmagnetic electrically conductive
materials thereby forming said plurality of ferromagnetic
particles (27).

14. Theé method of Clraim 13 wherein the''step of depositing said-
mixture comprises co-depositing said ferromagnetic and
nonmagnetic electrically conductive materials. ’

15. The method of Claim 14 wherein the step of co-depositing
said mixture comprises co-sputtering from separate targets
wherein a first target is of said ferromagnetic material and a
second target is of said nonmagnetic electrically conductive
material.

16. The method of any Claim from 13 to 15 wherein said film is
annealed at a temperature selected from the range of 100 to 500
degrees C.

17. A method for fabricating the magnetoresistive film (10)
according to any Claim from 9 to 12 comprising the steps of:
forming. said discontinuous layer (15) of ferromagnetic
material on an electrically nonconductive substrate {13); and
depositing said layer (17) of nonmagnetic electrically
conductive material over said discontinuous layer (15} of
ferromagnetic material thereby forming a heterogeneous £ilm (10)
comprising a plurality of ferromagnetic particles embedded in a

matrix of nonmagnetic electrically conductive material.

18. The method of Claim 17 wherein the step of forming said
discontinuous layer (15) of ferromagnetic material comprises the
steps of:

heating said substrate (13) to a first predetermined

temperature;
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depositing a layer of ferromagnetic material on said heated
substrate (13) forming isolated particles of ferromagnetic
material on the surface of said heated substrate {(13); and

cooling said heated substrate (13} to a second temperature.

19. The method of Claim 18 wherein said first predetermined " -
temperature is within the range of 100 to 500 degrees C.

20. The method of any Claim from 17 to 19 wherein said
substrate (13) includes an oxide layer formed on its surface,
said discontinuous layef {15} of ferromagnetic material
deposited on said oxide layer.

21. The method of any Claim from 17 to 20 wherein said
discontinuous layer {15) of ferromagnetic material is deposited
by electron beam evaporation.

22. A magnetoresistive film (10') accroding to any Claim from
9 to 12 further comprising: .
a second discontinuous layer {16) of ferromagnetic material
embedded in a second layer (18) of nonmagnetic electrically
conductive material, said second layer (18) overlaying said
layer (17).

23. A magnetoresistive film (10‘“) as in Claim 22 further
comprising an isolation layer (14) of a nonconductive material
deposited over said layer (17) and separating said layer (17)
from said second layer (18), said second layer (18) deposited
over said isolation layer (14).

24, A magnetoresistive film {(10’‘) as in Claim 23 wherein said

isolation layer (14) is of silicon oxide.

25. R magnetoresistive film (10‘) as in any Claim from 22 to
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24 wherein said second discontinuous layer (16) of ferromagnetic
material forms a layer of oblate particles of said ferromagnetic
material.

26. A magnetoresistive film as in any Claim from 22 to 25
wherein said ferromagnietic " "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.

27. A magnetoresistive film as in any Claim from 22 to 26
wherein said nonmagnetic electrically conductive layer is of a
material selected from the group consisting of silver, gold,
copper, palladium and rhodium and alloys of silver, gold,
copper, palladium or rhodium.

28. A magnetoresistive sensor comprising:

a magnetoresistive sensing element (41) comprising the
magnetoresistive film according to any Claim form 1 to 12;

a bias layer (45) of a magnetic material for providing a
magnetic bias field for said magnetoresistive sensing element
(41); and

a spacer layer (43) of a nonmagnetic material disposed
between said bias layer (45) and said magnetoresistive sensing
element (41).
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