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(57) Abstract: A magnetic sensor includes a freelayer, a reference layer and a front shield. The freelayer has a magnetization di-
rection substantially perpendicular to the planar orientation of the layer and extends to the media confronting surface. The refer-
ence layer has a magnetization direction substantially in the plane of the layer and substantially perpendicular to the magnetization
direction of the freelayer. The reference layer is recessed from the media confronting surface and a front shield is positioned be-
tween the reference layer and the media confronting surface thereby reducing the shield-to-shield spacing and increasing the areal
density of the reader.
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MAGNETIC SENSOR WITH A RECESSED REFERENCE LAYER ASSEMBLY
AND A FRONT SHIELD
BACKGROUND

In a magnetic data storage and retrieval system, a magnetic recording head
typically includes a reader portion having a magnetoresistive (MR) sensor for retrieving
magnetically encoded information stored on a magnetic disc. Magnetic flux from the
surface of the disc causes rotation of the magnetization vector of a sensing layer or layers
of the MR sensor, which in turn causes a change in electrical resistivity of the MR
sensor. The sensing layers are often called “free” layers, since the magnetization vectors
of the sensing layers are free to rotate in response to external magnetic flux. The change
in resistivity of the MR sensor can be detected by passing a current through the MR
sensor and measuring a voltage across the MR sensor. Depending on the geometry of
the device, the sense current may be passed in the plane (CIP) of the layers of the device
or perpendicular to the plane (CPP) of the layers of the device. External circuitry then
converts the voltage information into an appropriate format and manipulates that
information as necessary to recover the information encoded on the disc.

The essential structure in contemporary read heads is a thin film multilayer
containing ferromagnetic material that exhibits some type of magnetoresistance.
Examples of magnetoresistive phenomena include giant magnetoresistance (GMR), and
tunneling magnetoresistance (TMR).

GMR sensors have a series of alternating magnetic and nonmagnetic layers. The
resistance of GMR sensors varies as a function of the spin-dependent transmission of
conduction electrons between the magnetic layers separated by the nonmagnetic layer
and the accompanying spin-dependent scattering which takes place at the interface of the
magnetic and nonmagnetic layers and within the magnetic layers. The resistance of a
GMR sensor depends on the relative orientations of the magnetization in consecutive
magnetic layers, and varies as the cosine of the angle between the magnetization vectors
of consecutive magnetic layers.

A typical GMR read sensor configuration is the GMR spin valve, in which the
GMR read sensor is a multi-layered structure formed of a nonmagnetic spacer layer
positioned between a synthetic antiferromagnet (SAF) and a ferromagnetic free layer.
The magnetization of the SAF is fixed, typically normal to an air bearing surface (ABS)
of the GMR read sensor, while the magnetization of the free layer rotates freely in

response to an external magnetic field. The SAF includes a reference layer and a pinned
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layer which are magnetically coupled by a coupling layer such that the magnetization
direction of the reference layer is opposite to the magnetization of the pinned layer. The
resistance of the GMR read sensor varies as a function of an angle formed between the
magnetization direction of the free layer and the magnetization direction of the reference
layer of the SAF.

TMR sensors have a configuration similar to GMR sensors, except that the
magnetic layers of the sensor are separated by an insulating film thin enough to allow
electron tunneling between the magnetic layers. The tunneling probability of an electron
incident on the barrier from one magnetic layer depends on the character of the electron
wave function and the spin of the electron relative to the magnetization direction in the
other magnetic layer. As a consequence, the resistance of the TMR sensor depends on
the relative orientations of the magnetizations of the magnetic layers, exhibiting a
minimum for a configuration in which the magnetization of the magnetic layers are
parallel and a maximum for a configuration in which the magnetizations of the magnetic
layers are anti-parallel.

For all types of MR sensors, magnetization rotation occurs in response to
magnetic flux from the disc. As the recording density of magnetic discs continues to
increase, the width of the tracks on the disc must decrease, which necessitates smaller
and smaller MR sensors as well. As MR sensors become smaller in size, particularly for
sensors with dimensions less than about 0.1 micrometers (pun), the sensors have the
potential to exhibit an undesirable magnetic response to applied fields from the magnetic
disc. MR sensors must be designed in such a manner that even small sensors are free
from magnetic noise and provide a signal with adequate amplitude for accurate recovery
of the data written on the disc.

MR sensors are designed with top and bottom shields that block undesirable
magnetic fields from the recording medium from entering the sensing area of the reader.
The active area of MR readers, as a result, is a function of the separation of the shield
layers. Minimizing the shield-to-shield spacing in contemporary readers is a pressing
design concern.

SUMMARY

The present invention relates to a magnetic sensor including a freelayer, a
reference layer and a front shield. The freelayer has a magnetization direction
substantially perpendicular to the planar orientation of the layer and extends to a media

confronting surface. The reference layer assembly has a magnetization direction
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substantially in the plane of the layer and substantially perpendicular to the
magnetization direction of the freelayer and is recessed from the media confronting
surface. A front shield is positioned between the reference layer and the media
confronting surface.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-12A are cross section views of magnetic sensors having a recessed
reference layer, a front shield, and a freelayer with magnetic anisotropy perpendicular to
the plane of the layer.

FIGS. 1B-12B are media confronting surface views of the magnetic sensors of
FIGS. 1A-12A, respectively.

FIG. 13A is a top view of a magnetic sensor showing the geometrical relationship
of the side shield to the freelayer and reference layer assemblies.

FIG. 13B is a top view of a magnetic sensor showing another aspect of the
geometrical relationship of the side shield to the sensor stack.

DETAILED DESCRIPTION

FIG. 1A shows a schematic cross section of MR sensor 10, which is a current
perpendicular to plane (CPP) GMR or TMR sensor stack. MR sensor 10 includes bottom
shield 12, seedlayer 14, freelayer assembly 16 (formed by freelayers 17 and 19), spacer
layer 20, reference layer assembly 22 (formed by reference layer 24, nonmagnetic layer
26, pinned layer 27, antiferromagnetic layer 28, and cap layer 29), front shield 32,
insulator layer 34, and top shield 36. Shields 12 and 36 also act as electrodes for CPP
MR sensor 10. During operation in the presence of a bit field from recorded media, the
magnetization direction of freelayer assembly 16 will change in relation to the fixed
magnetization of reference layer 24 of reference layer assembly 22 and will be detected
as a change in electrical resistance (and voltage) between shields 12 and 36.

In the sensor stack, spacer layer 20 separates freelayer assembly 16 and reference
layer assembly 22. If spacer layer 20 is a conducting layer, MR sensor 10 is a GMR
sensor. If spacer layer 20 is an electrically insulating layer, MR sensor 10 is a TMR
sensor. Freelayer assembly 16 comprises first freelayer 17 under second freelayer 19.
Second freelayer 19 is separated from reference layer assembly 22 by spacer layer 20.
Reference layer assembly 22 is recessed from media confronting surface 100 wherein the
space between reference layer assembly 22 and media confronting surface (MCS) 100 is
occupied by front shield 32. Front shield 32 is separated from reference layer assembly

22 and spacer layer 20 by insulator layer 34. Top shield 36 is on reference layer
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assembly 22 and front shield 32. First freelayer 17 is separated from bottom shield 12 by
seedlayer 14. Reference layer assembly 22 comprises a synthetic antiferromagnetic stack
comprising reference layer 24 and pinning layer 27 separated by nonmagnetic layer 24.
Pinning layer 27 is exchange coupled to antiferromagnetic layer 28 which, in turn, is
under cap layer 29.

The linear dimension of the down track sensing area of MR sensor 10 is, in this
case, defined by the spacing between front shield 32 and bottom shield 12 at MCS 100.
This distance is less than the distance between top shield 36 and bottom shield 12 due to
the presence of front shield 32.

FIG. 1B shows the media confronting surface view of MR sensor 10. Side
shields 38A and 38B are shown on both sides of the active sensor area containing seed
layer 14, first freelayer 17, second freelayer 19 and spacer layer 20. Insulator layer 34
separates side shields 38A and 38B from the active area of the sensor. The track width
of MR sensor 10 is defined by the lateral separation of the side shields.

First freelayer 17 exhibits a magnetization direction perpendicular to the planar
orientation of the layer and is comprised of, for example, TbFeCo. Other possible
materials for freelayer 17 are rare earth transition metal alloys such as GdFe, GdCoFe,
TbCo, TbCoFe, or alloys of Co, Fe, Pt and Pd or single or multiple bilayers of Co, Fe,
CoCr, CoFe coupled with Pt or Pd, such as (Co/Pt)n where n can be any number..
Second freelayer 19 also exhibits magnetization direction perpendicular to the planar
orientation of the layer and provides high spin polarization and tunneling
magnetoresistance and is comprised of, for example, CoFeB other possible materials for
freelayer 19 are Co, Fe, Ni or their alloys or CoX, CoNiX, CoFeX where X=B, Ru, Rh or
Pt. The perpendicular magnetization direction of freelayer 19 is enforced by the
exchange coupling with the freelayer 17. Top shield 36, front shield 32, bottom shield
12, and side shields 38A and 38B are preferably made of soft magnetic material such as,
but not limited to, NiFe, NiCoFe, and CoZrNb. In what follows, all like numbered layers
are of identical materials to those named here.

Spacer layer 20 is a nonmagnetic layer disposed between freelayer 19 and
reference layer assembly 22. Spacer layer 20 may be a nonmagnetic conductive material
such as Cu, Ag, Au, or Ru, making MR sensor 10 a giant magnetoresistive (GMR)
sensor. Alternatively, spacer layer 20 may be a nonmagnetic insulator or semiconductor
material such as oxides formed of Mg, Al, Hf, or Ti, making MR sensor 10 a tunneling

magnetoresistive (TMR) sensor.
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The magnetization direction of freelayer assembly 16 is perpendicular to the
fixed magnetization direction of reference layer 24 in reference layer assembly 22.
Reference layer assembly 22 may be a single ferromagnetic layer having an anisotropy
defined magnetization direction. Reference layer assembly 22 may also include various
combinations of layers to provide magnetization having a fixed direction such as a
ferromagnetic pinned layer with an antiferromagnetic pinning layer, a synthetic
antiferromagnetic pinned layer (i.e. two ferromagnetic layers coupled by a nonmagnetic
metal such as Ru), or a synthetic ferromagnetic pinned layer coupled to an
antiferromagnetic pinning layer. Ferromagnetic layers of reference layer assembly 22
may be made of a ferromagnetic alloy such as CoFe, NiFe, or NiFeCo and the
antiferromagnetic layer may be made of PtMn, IrMn, NiMn or FeMn. In what follows,
all like numbered layers are of identical materials to those named here.

In operation, a sense current is passed through sensor stack 10 via leads/shields
12 and 36 such that the current passes perpendicular to the plane of the layers of sensor
stack 10. The sense current may be a direct current (DC) bias current, an alternating
current (AC) bias current, or a current with a combination of DC and AC bias
components. As magnetization in freelayer stack 16 rotates in response to external
magnetic fields, the resistance of sensor stack 10 changes as a function of the angle
between magnetizations in sensor stack 16 and reference layer 24. The voltage across
sensor stack 10 is measured between leads/shields 12 and 36 by external circuitry (not
shown) to detect changes in resistance to sensor stack 10.

As shown in FIG. 1B, the active area of sensor stack 10 is defined by the area
between the front and bottom shields and the side shields which are electrically isolated
from the freelayer by insulator layer 34. The shield-to-shield spacing is defined by the
distance between bottom shield 12 and front shield 32. In order to provide good
electrical insulation, the thickness of insulating layer 34 is preferred to be about 4 to
about 8 nm, preferably about 5 nm. The thickness of freelayer assembly 16 is preferred
to be about 4 to about 8 nm, preferably about 8 nm. The thickness of seedlayer 14 is
preferred to be about 2 to about 5 nm, preferably about 2 nm. The thickness of spacer
layer 20 is preferred to be about 1 nm to about 5 nm, preferably 1 nm. Under optimal
conditions the shield-to-shield spacing can be about 16 nm for sensor configuration 10.

Free layer assembly 16, in this embodiment, has two layers. In other versions,

the free layer assembly can have more than two layers. In a similar fashion, reference
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layer assembly 22 is shown to have five layers here but could have a different number of
layers in other versions.

FIGS. 2A and 2B show a schematic cross section and media confronting surface
view of sensor 10°, respectively. Sensor 10’ is structurally similar to sensor 10 in FIGS.
lA and 1B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32°. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. As in sensor 10, seedlayer 14
is under freelayer assembly 16 and the free and reference layer assemblies are between
top shield 36, bottom shield 12, and side shields 38A’ and 38B’. The shield materials in
this sensor configuration are different. Front shield 32’ and side shields 38A’ and 38B’
are made of magnetically soft insulating material such as nickel containing ferrite
materials or laminated films. As a result, the requirement for electrical insulation is
reduced due to the higher electrical resistivity of the ferrites and other equivalent
materials. The role of the insulating material between the sensor stack and shields is
mainly to break any magnetic coupling. As a result, the insulating layer can be thinner
and can be about 1 nm to about 4 nm, preferably about 1 nm. The shield-to-shield
spacing in sensor 10’ is about 12 nm compared to the shield-to-shield spacing of about
16 nm in sensor 10.

FIGS. 3A and 3B show a schematic cross section and media confronting surface
view of sensor 40, respectively. Sensor 40 is structurally similar to sensor 10 in FIGS.
lA and 1B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. As in sensor 10, seedlayer 14
is under freelayer assembly 16 and free and reference layer assemblies 16 and 22 are
between top shield 36, bottom shield 12, and side shields 38A and 38B. In comparison
to sensor 10, front shield 32 and insulating layer 34 extend toward bottom shield 12
through freelayer 19 such that the magnetic circuit from MCS 100 into sensor 40 is only
through freelayer 17 thereby reducing the active sensing area at MCS 100. As shown in
the media confronting surface view in FIG. 3B, this has the result of decreasing the
shield-to-shield spacing to the thickness of freelayer 17 and seedlayer 14. Since the
combined thickness of spacer layer 20 and freelayer 19 can be about 2 nm, the shield-to-

shield spacing can be as low as 14 nm in sensor 40.
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FIGS. 4A and 4B show a schematic cross section and media confronting surface
view of sensor 40, respectively. Sensor 40 is structurally similar to sensor 40 in FIGS.
3A and 3B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32°. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. As in sensor 40 seedlayer 14 is
under freelayer assembly 16 and the free and reference layer assemblies are between top
shield 30, bottom shield 12 and side shields 38A” and 38B’. As in sensor 40, front shield
32’ and insulating layer 34’ extend toward bottom shield 12 through freelayer 19 such
that the magnetic circuit from MCS 100 into sensor 40’ is only through freelayer 17
thereby reducing the active sensing area at MCS 100 as shown in the media confronting
surface view of FIG. 4B. This has the result of decreasing the shield-to-shield spacing to
the thickness of freelayer 17 and seedlayer 14.

The shield materials in sensor 40’ are the same as those in sensor 10°. Front
shield 32°, bottom shield 12 and side shields 38A’ and 38B’ are made of magnetically
soft insulating material such as nickel containing ferrite materials or laminated films. As
a result, the requirement for electrical insulation is reduced due to the higher electrical
resistivity of the ferrites and other equivalent materials. The role of the insulating
materials between the sensor stack and shields is mainly to break any magnetic coupling.
As a result, the insulating layer can be thinner and can be about 1 nm to about 4 nm,
preferably about 1 nm. Since the combined thickness of spacer layer 20 and freelayer 19
can be about 2 nm the shield-to-shield spacing can be as low as about 10 nm in sensor
40°.

FIGS. 5A and 5B show a schematic cross section and media confronting surface
view of sensor 50, respectively. Sensor 50 is structurally similar to sensor 10 in FIGS.
lA and 1B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. Seedlayer 14 is under freelayer
assembly 16, and freelayer and reference layer assemblies 16 and 22 are between top
shield 36, bottom shields 12A, 12B and side shields 38A and 38B. Sensor 50 is
distinguished from sensor 10 in that an additional shield layer 12B is deposited on
bottom shield 12A and extends away from media confronting surface 100 until it stops

and is replaced by insulating layer 13 distal from media confronting surface 100. The
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purpose of insulating layer 13 is to restrict the electrical conduction path between top
shield 36 and bottom shield 12 such that the current in the vicinity of MCS 100 is
enhanced where magnetization rotation due to the bit fields from the media transitions
are larger. In doing so, the increased current will increase signal amplitude from sensor
50. The shield-to-shield spacing of sensor 50 is defined in this case as the distance
between additional shield layer 12B and front shield 32 which is the same as sensor 10 in
FIGS. 1A and [B, namely about 16 nm.

FIGS. 6A and 6B show a schematic cross section and media confronting surface
view of sensor 50°, respectively. Sensor 50’ is structurally similar to sensor 40’ in FIGS.
4A and 4B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32°. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. As in sensor 40°, seedlayer 14
is under freelayer assembly 16 and freelayer and reference layer assemblies 16 and 22
are between top shield 36, bottom shields 12A, 12B, and side shields 38A’ and 38B’.
Front shield 32° and insulating layer 34° extend toward bottom shield 12 through spacer
layer 20 and freelayer 19 such that the shield-to-shield spacing extends from bottom
shield 12B to front shield 33 and is on the order of 10 nm. As in sensor 50, bottom
shield 12A has additional shield layer 12B extending back from MCS 100 until it
confronts insulating layer 13. The purpose of insulating layer 13 is to restrict the
electrical conduction path between top shield 36 and bottom shield 12B such that the
current in the vicinity of MCS 100 is enhanced where magnetization rotation due to bit
fields from the media transitions are larger. In doing so, the increased current will
increase signal amplitude from sensor 50°.

The shield materials in sensor 50” are the same as those in sensor 40’ in FIGS 4A
and 4B. Front shield 32°, bottom shields 12A and 12B and side shields 38A” and 38B’
are made of magnetically soft insulating material such as nickel containing ferrite
materials or laminated films. As a result, the requirement for electrical insulation is
reduced due to the higher electrical resistivity of the ferrites and other equivalent
materials. The role of the insulating materials between the sensor stack and shields is
mainly to break any magnetic coupling. As a result, the insulating layer can be thinner
and can be about 1 nm to about 4 nm, preferably about 1 nm. Since the combined
thickness of spacer layer 20 and freelayer 19 can be about 2 nm the shield-to-shield

spacing can be as low as about 10 nm in sensor 51.
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FIGS. 7A and 7B show a schematic cross section and media confronting surface
view of sensor 60, respectively. Sensor 60 is structurally similar to sensor 10 in FIGS.
lA and 1B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. As in sensor 10, seedlayer 14
is under freelayer assembly 16 and freelayer and reference layer assemblies 16 and 22
are between top shield 36, bottom shield 12 and side shields 38 A and 38B. The structure
of sensor 60 is distinct from the structure of sensor 10 in that the back edge of front
shield 32 is not vertical but is sloped which allows for gradual opening of the front shield
into the sensor. As a result, the bit flux from the media can propagate further into the
freelayer and, in doing so, increase reader efficiency and output signal. All materials
used in sensor 60 are identical to those in sensor 10. As a result, the shield-to-shield
spacing of sensor 60 is approximately equal to the shield-to-shield spacing in sensor 10
or 16 nm.

FIGS. 8A and 8B show a schematic cross section and media confronting surface
view of sensor 60°, respectively. Sensor 60’ is structurally similar to sensor 40’ in FIGS.
4A and 4B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32°. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. As in sensor 40°, seedlayer 14
is under freelayer assembly 16, and freelayer and reference layer assemblies 16 and 22
are between top shield 36, bottom shield 12 and side shields 38A’ and 38B’.

The shield materials in this sensor configuration are different from the shield
materials in sensor 60. Front shield 33 and side shields 40 and 41 are made of
magnetically soft insulating material such as nickel containing ferrite materials or
laminated films. As a result, the requirement for electrical insulation is reduced due to
the higher electrical resistivity of the ferrites and other equivalent materials. The role of
the insulating material between the sensor stack and shields is mainly to break any
magnetic coupling. As a result, the insulating layer can be thinner and can be about 1 nm
to about 4 nm, preferably about 1 nm. The structure of sensor 60’ is similar to the
structure of sensor 60, shown in FIG. 7A in that the front edge of the reference structure
is not vertical, but is sloped which allows for gradual opening of the front shield into the

sensor. In so doing, the magnetic flux from the bit fields on the media propagate further
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into the freelayer and, by doing so, increase the reader efficiency and output signal. Ina
fashion similar to sensor 40°, in FIG 4A front shield 32’ and insulating layer 34° extend
toward bottom shield 12 through spacer layer 20 and freelayer 19 to freelayer 17 such
that the magnetic circuit from MCS 100 into sensor 60’ is only through freelayer 17
thereby reducing the active sensing area at MCS 100 as shown in the media confronting
surface view of FIG 8B. The shield-to-shield spacing of sensor 60’ is similar to the
shield-to-shield spacing of 40°, namely about 10 nm.

FIGS. 9A and 9B show a schematic cross section and media confronting surface
view of sensor 70 respectively. Sensor 70 is structurally similar to sensor 60 in FIGS.
7A and 7B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. As in sensor 60 in FIG 7A,
seedlayer 14 is under freelayer assembly 16 and the free and reference layer assemblies
are between top shield 36, bottom shield 12 and side shields 38A and 38B. As in sensor
60, sensor 70 has an additional shield layer 12B on shield layer 12A extending away
from MCS 100 until it abuts insulating layer 13. A distinguishing feature of sensor 70 is
that the front edge of the reference structure is not vertical but is sloped which allows for
a gradual opening of the front shield into the sensor away from media confronting
surface 100. By doing so, the magnetic bit flux from the media transitions propagates
further into the freelayer and increases the reader efficiency and output signal. The
shield-to-shield spacing of sensor 70 is similar to the shield-to-shield spacing of sensor
10 and is about 10 nm.

FIGS. 10A and 10B show a schematic cross section and media confronting
surface view of sensor 70°, respectively. Sensor 70’ is structurally similar to sensor 60’
in FIGS. 8A and 8B in that reference layer assembly 22 is recessed from media
confronting wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32°. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. Seedlayer 14 is under freelayer
assembly 16, and freelayer and reference layer assemblies 16 and 22 are between top
shield 36, bottom shields 12A and 12B and side shields 38A’ and 38B°. As in sensor
60’, the front edge of the reference structure is not vertical but is sloped which allows for
gradual opening of the front shield into the sensor. In doing so, the magnetic flux from

the bit fields on the media propagate further into the freelayer and increase the reader
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efficiency and output signal. In addition, front shield 32° and insulating layer 34’ extend
toward bottom shield 12A through spacer layer 20 and freelayer 19 to freelayer 17 such
that the magnetic circuit from media confronting surface 100 into sensor 70° is only
through freelayer 17 thereby reducing the active sensing area at MCS 100 as shown in
the media confronting surface view of FIG. 10B.

The shield materials in sensor 70’ are the same as those in sensor 10” in FIGS. 2A
and 2B. Front shield 32°, bottom shields 12A and 12B and side shields 38A” and 38B’
are made of magnetically soft insulating material such as nickel containing ferrite
materials or laminated films. As a result, the requirement for electrical insulation is
reduced due to the higher electrical resistivity of the ferrites and other equivalent
materials. The role of the insulating materials between the sensor stack and shield is
mainly to break any magnetic coupling. As a result, the insulating layer can be thinner
and can be about 1 nm to about 4 nm, preferably about 1 nm. Since the combined
thickness of spacer layer 20 and freelayer 19 can be about 2 nm, the shield-to-shield
spacing can be as low as about 10 nm in sensor 70°. As in sensor 70 in FIG 9A, sensor
70’ has an additional shield layer 12A on shield layer 12A extending away from MCS
100 until it abuts insulating layer 13. The purpose of insulating layer 13 is to restrict the
electrical conduction path between top shield 36 and bottom shields 12A and 12B such
that the current in the vicinity of MCS 100 is enhanced whereas the magnetization
rotation due to the bit fields from the media transitions are larger. In doing so, the
increased current will increase the signal output from sensor 70°.

FIGS. 11A and 11B show a schematic cross section and media confronting
surface view of sensor 80, respectively. Sensor 80 is structurally similar to sensor 70 in
FIGS. 9A and 9B in that reference layer assembly 22 is recessed from media confronting
surface 100 wherein the space between reference layer assembly 22 and media
confronting surface 100 is occupied by front shield 32. Reference layer assembly 22 is
separated from freelayer assembly 16 by spacer layer 20. As in sensor 70, seedlayer 14
is under freelayer assembly 16 and the free and reference layer assemblies are between
top shield 36, bottom shield 12 and side shields 38A and 38B. As in sensor 70, the front
edge of the reference layer is not vertical but is sloped which allows for a gradual
opening of the front shield into the sensor away from the media confronting surface. In
doing so, the bit flux from the media transitions propagates further into the freelayer and
increases the reader efficiency and output signal. In contrast to sensor 70 wherein shield

layer 12B and insulator 13 were on shield layer 12A and wherein insulator layer 13
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abutted shield layer 12B distal from media confronting surface 100, bottom shield layer
12 is a single layer that gradually decreases in thickness distal from MCS 100 and is
replaced by insulator layer 13. The purpose of insulating layer 13 is to restrict the
electrical conduction path between top shield 36 and bottom shields 12A and 12B such
that the current in the vicinity of MCS 100 is enhanced so that the magnetization rotation
due to the bit fields from the media transitions are larger. In doing so, the increased
current will increase the signal output from sensor 70°. The gradual sloping of bottom
shield layer 12 away from media confronting surface 100 assists in concentrating the
field and the magnetic circuit in freelayer assembly 16 in response to bit flux from
transitions written on the media. The shield-to-shield spacing of sensor 80 is similar to
the shield-to-shield spacing of sensor 10 in FIGS. I A and 1B, namely about 16 nm.

FIGS. 12A and 12B which show a schematic cross section and media confronting
surface view of sensor 80°, respectively. Sensor 80’ is structurally similar to sensor 80 in
FIGS. I1A and 11B in that reference layer assembly 22 is recessed from media
confronting surface 100 wherein the space between reference layer assembly 22 and
media confronting surface 100 is occupied by front shield 32°. Reference layer assembly
22 is separated from freelayer assembly 16 by spacer layer 20. As in sensor 80,
seedlayer 14 is under freelayer assembly 16 and the free and reference layer assemblies
are between top shield 36, bottom shield 12 and side shields 38A’ and 38B’. As in
sensor 80, the front edge of the reference structure is not vertical but is sloped which
allows for a gradual opening of the front shield into the sensor away from the media
confronting surface. By doing so the magnetic bit flux from the media transitions
propagates further into the freelayer and increases the reader efficiency and output
signal. The shield-to-shield spacing of sensor 80’ is similar to the shield-to-shield
spacing of sensor 70’ in FIGS. 10A and 10B and is about 10 nm. Bottom shield 12 in
sensor 81 is a single layer that starts to decrease in thickness at a point distal from MCS
100 wherein the decreased thickness is replaced by insulating layer 13. The purpose of
insulating layer 13 is to restrict the electrical conduction path between top shield 36 and
bottom shield 12B such that the current in the vicinity of MCS 100 is enhanced where
the magnetization rotation due to the bit fields from the media transitions are larger. In
doing so, the increased current will increase signal amplitude from sensor 70. The
sloped contour of bottom shield 12 away from media confronting surface 100 aids in
magnetic circuit flow through freelayers 17 and 19 enhancing signal output of sensor
8D’.

12
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FIG. 13A is a top view of the magnetic sensor layout showing the geometrical
relation between the side shield and the sensor stack. The sides of the side shield, in this
case, are straight and are parallel to the sides of reference layer assembly 22 and
freelayer assembly 16.  This geometry is preferred from the standpoint of
manufacturability. An enhanced geometry from the standpoint of performance is shown
in FIG. 13B wherein the thickness of insulating layers 34 and 34’ in the vicinity of
reference layer assembly 22 is increased. This has the advantage of allowing easier flux
penetration from the media transitions and resulting improved reader efficiency.

In summary, a number of configurations of a CPP magnetic sensor comprising a
freelayer assembly, a reference layer assembly, top, bottom, side and front shields are
described. Magnetization orientation of the freelayers is substantially perpendicular to
the planar orientation of the layers. A distinguishing characteristic of the reader designs
is that a front shield is positioned between the reference layer assembly and the media
confronting surface thereby reducing shield-to-shield spacing and increasing areal
density of the reader. Configurations are described that enhance media flux flow into the
reader and electrical current flow proximate the media confronting surface of the
magnetic sensor.

In other configurations, the relative positions of freelayer assembly 16 and
reference layer assembly 22 may be reversed, so that reference layer assembly 22 is
closer to bottom shield 12. In that case, front shield 32 may be positioned adjacent
bottom shield 12 rather than top shield 36.

Although the present invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in form
and detail without departing from the spirit and scope of the invention. The
implementations described above and other implementations are within the scope of the

following claims.
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CLAIMS:
l. A magnetic sensor comprising:

a top shield;

a bottom shield;

a magnetoresistive stack positioned between the top and bottom shields and
including:

a first freelayer having a magnetization direction substantially
perpendicular to a plane orientation of the first freelayer, the first
freelayer extending to a media confronting surface;

a reference layer having a magnetization direction substantially in a plane
of the reference layer and substantially perpendicular to the
magnetization direction of the first freelayer, the reference layer
being recessed from the media confronting surface; and
a nonmagnetic spacer layer positioned between the first freelayer

and the reference layer; and

a front shield positioned between the reference layer and the media
confronting surface.

2. The magnetic sensor of claim 1 and further comprising:

An insulating layer positioned between front shield and the
magnetoresistive stack.

3. The magnetic sensor of claim 1 and further comprising:

first and second side shields positioned on opposite sides of the first
freelayer.

4, The magnetic sensor of claim 3, wherein the first and second side shields are in
magnetic contact with the front shield.

5. The magnetic sensor of claim 4, wherein the front shield is in magnetic contact
with one of the top and bottom shields.

6. The magnetic sensor of claim 5 and further comprising:

an insulating layer positioned between the magnetoresistive stack and the
front shield, first side shield, and second side shield.

7. The magnetic sensor of claim 3, wherein the top shield and bottom shield and
first and second side shields comprise a soft magnetic material.
8. The magnetic sensor of claim 3, wherein the top shield, bottom shield and first

and second side shields comprise magnetically soft insulating material.
14
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0. The magnetic sensor of claim 1, wherein the bottom shield is partially covered
with an insulating layer such that sense current flow is confined to a region proximate the
media confronting surface.
10. The magnetic sensor of claim 1, wherein a back wall of the front shield slopes
away from the media confronting surface to facilitate increased magnetic flux flow from
the media confronting surface into the magnetoresistive stack.
11. The magnetic sensor of claim 1, wherein the magnetoresistive stack further
includes:

a nonmagnetic layer adjacent the reference layer;

a magnetic pinning layer adjacent the nonmagnetic layer; and

an antiferromagnetic layer adjacent the magnetic pinning layer.
12. The magnetic sensor of claim 11, wherein the nonmagnetic layer, magnetic
pinning layer, and antiferromagnetic layer are recessed from the media confronting
surface, and the front shield is positioned between the media confronting surface and the
nonmagnetic layer, magnetic layer, and the antiferromagnetic layer.
13. The magnetic sensor of claim 1, wherein the front shield is also positioned
between the nonmagnetic spacer layer and the media confronting surface.
14. The magnetic sensor of claim 1, wherein the magnetoresistive stack further
includes a second freelayer.
15. The magnetic sensor of claim 14 wherein the first freelayer comprises GdFe,
GdCoFe, TbCo, TbCoFe, or alloys of Co, Fe, Pt and Pd or single or multiple bilayers of
Co, Fe, CoCr, CoFe coupled with Pt or Pd.
16. The magnetic sensor of claim 14 wherein the second freelayer comprises CoFeB,
Co, Fe, Ni, or their alloys or CoX where X=B, Ru, Rh or Pt.
17. The magnetic sensor of claim 14, wherein the second freelayer is positioned
between the first freelayer and the nonmagnetic spacer layer.
18. The magnetic sensor of claim 17, wherein the second freelayer is recessed from
the media confronting surface.
19. The magnetic sensor of claim 18, wherein the second freelayer is separated from
the front shield by an insulating layer.
20. The magnetic sensor of claim 1, wherein the nonmagnetic spacer layer comprises

at least one of Cu, Ag, Au, or Ru, and oxides of Mg, Al, Hf or Ti.

15
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