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PC'T/US99123119  The invention relates to magnetic recording heads 5 and
more specifically to a differential VGMR sensor. 10 15 20 25 Background of
the Invention The change in resistance caused by a magnetic field is called
magnetoresistance. This phenomena has been exploited in recording head
technology, for example, in computer mass storage devices such as tape and
disk drives. Magnetoresistive recording heads are well known to be useful
in reading back data from a magnetic media mass storage device such as a
disk drive or magnetic tape drive. A magnetoresistive ("MR") sensor detects
magnetic field signals by measuring changes in the resistance of an MR
element, fabricated of a magnetic material. Resistance of the MR element
changes as a function of the strength and direction of magnetic flux being
sensed by the element. Changes in resistance axe then converted to
determine the flux radiated from the magnetic medium. This measurement
determines the signal stored on the medium. Conventional MR sensors operate
on the basis of the anisotropic magnetoresistive effect ("AMR") in which a
component of the element's resistance varies as the square of the cosine of
the angle between the magnetization vector of the MR element and the vector
of a bias or sense current through the element: p=po+Dpcos28  30 where Dp
is the component of resistance of interest and po is the base resistance of
the MR element. IVV,VV   1 B MAR 2003 WO 00l30077 PCT/US99123119 



A variety of multilayered structures demonstrate significantly greater
sensitivity to magnetic fields from the recording medium. This effect is
known as the giant magnetoresistive ("GMR") effect. One type of sensor 5
based on the GMR effect is called a vertical GMR ("VGMR") sensor. The GMR
effect is due to spin dependent scattering of electrons from two or more
magnetic Dyers, separated by nonmagnetic spacer layers. 10 As systems are
pushed to higher read density, higher magnetic bit size or decreased
recording media size, the available magnetic flux is decreased. In
addition, sensitivity may be decreased from thermal noise. For example,
while the head is flying over the 15 disk surface, it may hit a particle
(contamination). The energy of this collision will be dissipated in the
form of heat causing the temperature of the head to increase, causing an
increase in the resistance of the head , ultimately resulting in a signal
that may be even higher 20 than the magnetic signal from a transition. In
order to sense these smaller signals and increase areal density, read heads
with greater sensitivities are needed. Summary of the Invention Various
implementations of the invention may 25 include one or more of the
following features. In general, in one aspect, the invention feature an
apparatus for reading data including a first magnetoresistive element, a
second magnetoresistive element formed substantially parallel to the first
30 magnetoresistive element, a nonmagnetic spacer interposed between the
first and second magnetoresistive elements, wherein the first and second
magnetoresistive elements are comprised of a first magnetic layer, a second
magnetic layer formed substantially parallel to the first   WO 00I30077 - 3
:~ a t zoo3 PCT/US99/23119 magnetic layer and a conductive spacer
interposed between the first and second magnetic layers, wherein a bias
current applied to the conductive spacer of the first magnetoresistive
element is substantially equal and 5 opposite to a bias current applied to
the conductive spacer of the second magnetoresistive element. In an
implementation, the apparatus can further include a permanent magnet formed
between the first and second magnetoresistive elements and adjacent the 10
nonmagnetic spacer, a current strip formed between the first and second
magnetoresistive elements and in between the nonmagnetic spacer and the
permanent magnet, a current strip formed between the first and second
magnetoresistive elements and adjacent the nonmagnetic 15 spacer. In an
implementation, the first magnetic layer of at least one of the first and
second magnetoresistive elements includes a first magnetic material, a
second magnetic material, a spacing material interposed between 



20 the first and second magnetic materials. In another implementation, the
first and second magnetic materials are comprised of synthetic
antiferromagnetics and the spacing material is ruthenium. In another
implementation, the second magnetic 25 layer of at least one of the first
and second magnetoresistive elements includes a first magnetic material, a
second magnetic material, a spacing material interposed between the first
and second magnetic materials. 30 In still another implementation, the
first magnetic layer is a single layer, wherein the single layer can be
comprised of at least one of NiFe, CoF, and NiFeCo. In yet another
implementation, the apparatus of 35 claim 1 wherein the first magnetic
layer is a bilayer.   1 8 MAR 2003 WO 00I30077 PCTNS99/23119 - 4  In
another implementation) the apparatus further includes a first thin layer
adjacent interposed between the first magnetic layer and the conductive
spacer and a second thin layer interposed between the second magnetic 5
layer and the conductive spacer) wherein the first and second thin layers
can be comprised of at least one of Co and CoFe. In another aspect, the
invention features a VGMR sensor, including a first VGMR stack, a second
VGMR stack 10 and a nonmagnetic and nonconductive spacer interposed between
the first and second VGMR stacks. In an implementation, the first and
second VGMR stacks includes a first SAF stack, a second SAF stack and a
conductive spacer interposed between the first and 15 second SAF stacks. In
another implementation, each of the first and second SAF stacks includes a
first SAF layer, a second SAF layer and a spacer layer interposed between
the first and second SAF layers, wherein the conductive spacer can 20 be
copper. In another implementation, a current source to apply a first bias
current to the first VGMR stack and a _ second bias current to the second
VGMR stack are included. 25 In another implementation, the VGMR sensor can
include a differential amplifier for summing the first and second bias
currents and a detector for detecting changes in the first and second
magnetizations. In another aspect, the invention features a 30 differential
GMR sensor, including a plurality of spaced GMR stacks and means for
biasing the magnetization of respective stacks to respond to external
magnetic fields by increasing resistance in one stack and decreasing
resistance in adjacent stacks.   18 MAR 2003 WO 00/30077 



- 5  PCTNS99/23119 The invention may provide one or more of the following
advantages. A differential VGMR sensor provided with two VGMR sensors which
respond differently to an external field, 5 thus producing a differential
signal proportional to the field are provided. The sensor produces a better
signalto-noise ratio compared with a standard VGMR sensor. This better
signal-to-noise ratio increases the read density of the sensor. 10 The
details of one or more embodiments are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages
of the invention will be apparent from the description and the drawings,
and from the claims. 15 Brief Description of the Drawings Fig. lA is a
perspective view of a conventional VGMR sensor. Fig. 1B is a perspective
view of a conventional VGMR sensor. 20 Fig. 1C is a side view of a
conventional VGMR sensor. Fig. 2 is a schematic diagram of an
implementation of two VGMR sensors producing a differential signal output.
Fig. 2A is a perspective view of a differential VGMR sensor utilizing a
permanent magnet. 25 Fig. 2B is a perspective view of a differential VGMR
sensor of Fig. 2A. Fig. 2C is a side view of a differential VGMR sensor of
Figs. 2A and 2B.   WO 00I30077 - 6  18 MAR 2003 PCTNS99IZ3119 Fig. 2D is a
side view of a differential VGMR sensor of Figs. 2A and 2B in the presence
of a magnetic field. Fig. 3A is a perspective view of another
implementation of a differential VGMR sensor utilizing a current strip. 5
Fig. 3B is a perspective view of a differential VGMR sensor of Fig . 3A. '
Fig. 3C is a side view of a differential VGMR sensor of Figs. 3A and 3B. 



Fig. 3D is a side view of a differential VGMR sensor of 10 Figs. 3A and 3B
in the presence of a magnetic field. Fig. 4A is a perspective view of yet
another implementation of a differential VGMR sensor utilizing a permanent
magnet and a current strip. Fig. 4B is a perspective view of a differential
VGMR 15 sensor of Fig. 4A. Fig. 4C is a side view of a differential VGMR
sensor of Figs. 4A and 4B. Fig. 4D is a side view of a differential VGMR
sensor of Figs. 4A and 4B in the. presence of a magnetic intensity. 20 Fig.
5A is a perspective view of another implementation of a differential VGMR
sensor utilizing a thin nonmagnetic spacer. Fig. 6A is a perspective view
of an enhanced differential VGMR stack.   WO 00I30077 Fig. 6B is a
perspective view of the enhanced differential VGMR stack of Fig. 6A. 18 MAR
2003 PGTlUS99123119 Fig. 6C is a side view of the enhanced differential
VGMR stack of Fig. 6A. 5 Fig. 7A is a perspective view of a enhanced
differential VGMR stack. ' Fig. 7B is a perspective view of the enhanced
differential VGMR stack of Fig. 7A. Fig. 7C is a side view of the enhanced
differential VGMR 10 stack of Fig. 7A. Fig. 7D is a view of the enhanced
differential VGMR stack of Fig. 7A. Fig. 8A is a perspective view of an
implementation of a folded differential VGMR sensor utilizing two folded 15
Differential VGMR stacks. Fig. 8B is a perspective view of another
implementation of a folded differential VGMR sensor utilizing two enhanced
differential VGMR stacks. Fig. 8C is a side view of the folded differential
VGMR 20 sensor of Fig. 8A. Fig. 8D is a side view of the folded
differential VGMR sensor of Fig, 8A in the presence of a magnetic
intensity. Detailed Description  



18 MAR Z003 wo oor~oo~~ PCT/US99123119 Figs. lA, 1B, and 1C are alternate
perspective side views of a conventional Giant Magnetoresistive (GMR) stack
10. Referring to Fig. lA, the conventional sandwiched GMR 10 is typically
comprised of a conductive 5 spacer material 11, such as copper, sandwiched
in between two magnetic layers or bilayers 12, 13 such as NiFe, CoFe, and
NiFeCo. A bias or sensing current density Jb as depicted by a vector 14
runs through the GMR stack 10 via the conductive spacer 11. Referring to
Figs, lA and 1B, 10 the magnetic layers 12) 13 have a magnetization Ml and
MZ represented by vectors 15A and 15B. The magnetization vectors 15A and
15B are shown in two orientations represented by a solid and a dashed line.
In the absence of bias current density 14, the magnetization vectors 15
15A, 15B orient themselves perpendicular to an air bearing surface 16A
(ABS) which is the surface of the head facing recording media 16. The
perpendicular orientation is due to the inherent anisotropic properties of
the magnetic layers 12, 13. 20 In the presence of the bias current density
14, a resultant magnetic field B has a vector 17 that "curls" around the
current density vector 14. This magnetic field B acts in opposite
directions on each of the two magnetic layers 12 and 13. Consequently, the
25 magnetization vectors 15A and 15B of the magnetic layers 12, 13 will
orient themselves in the direction of the magnetic field vector 17, which
is the direction of the magnetic flux created by the field B. As a result,
angles Al and 62 are formed between the magnetization 30 vectors 15A and
15B and a vector 18 normal to the ABS 16A. A further result is that the
magnetization vectors 15A and 15B form a scissoring orientation with
respect to each other as shown in Fig. 1C. The function of the bias current
density 14 is to 35 provide an output signal and assist in biasing the
sensor   WO 00I30077 _ g 18 MAR 2003 PCTNS99/23119 in its sensitive
operating regime. Resistance depends on the angle between magnetization
directions in the magnetic layers. As the magnetization of the magnetic
layers changes direction as it senses the magnetic flux 5 from the
recording medium, its resistance will change. Therefore when a magnetic
field density H represented by a vector H radiates from the magnetic medium
16 the magnetization vectors will attempt to align themselves with that
field. Consequently, as the vector 18 varies 10 in its intensity, the
magnetization vectors 15A and 15B will change their orientation. There will
be a corresponding change in resistance due to the GMR effect, which will
be indicated by a change in the bias current density 14. These changes in
resistance are measured and 15 a signal is obtained. This embodiment
describes GMR detection. 



Fig. 2 illustrates a schematic diagram of two differential VGMR sensors
200, 201 biased by bias current densities Jbl and Jb2 respectively through
lines 205 and 20 210 respectively, with a common ground 215. The resultant
change in the bias currents that result from an increase (decrease) in
resistance of one VGMR sensor 200, and a decrease (increase) of resistance
in the other VGMR sensor 201 are combined at differential amplifier 220 to
25 produce differential signal 225. Fig. 2A depicts an implementation
having two VGMR sensors connected in parallel. The magnetizations of a
first VGMR sensor VGMR1 21A and a second VGMR sensor VGMR2 21B are oriented
in opposite directions. An 30 external magnetic field from a recording
medium applied perpendicular to the ABS will cause an increase/decrease of
the angle between the magnetization directions in the ' magnetic layers of
VGMR1 and a corresponding decrease/increase in the magnetization directions
of the 35 magnetic layers in VGMR2.   18 MAR 2003 WO 00I30077 PGTNS99rL3119
. - 10  Fig. 2A depicts a differential VGMR sensor 20 with a permanent
magnet 22 and a nonmagnetic spacer 24 sandwiched between a first VGMR stack
21A ("VGMR1") and a second VGMR stack 21B ("VGMR2"). A Cartesian coordinate
5 system has been added to the figure for ease of discussion. The
nonmagnetic spacer 24 is thick enough so as not to cause ferromagnetic
orange peel coupling between the adjacent magnetic layers of'VGMR1 and
VGMR2. Orange peel coupling is due to the topography of the GMR 10 stack
itself giving rise to parallel coupling between the magnetic layers in the
GMR stack. The nonmagnetic spacer is typically 10 - 40 Angstroms but is not
limited to this thickness. The spacer 24 is located near the ABS edge 16A
of VGMR1 21A and VGMR2 21B. The permanent magnet 22 15 is located away from
the AHS 16A edge in order to prevent disruption of the recording medium 16
and to prevent a decrease in sensitivity of the sensor 20. The
magnetization of the permanent magnet 22 is directed parallel to the ABS
and normal to the VGMR layers 21A and 20 21B. The presence of the permanent
magnet 22 is to achieve opposite magnetizations in VGMR1 21A and VGMR2 21B.
A magnetic field vector 23 from the permanent magnetic 22 will orient the
magnetization vectors 15A, 15B (see Fig. 2B) in VGMR1 21A and 15C, 15D (see
Fig. 2B) 25 in VGMR2 21B in the opposite directions. As seen in Fig. 2A,
the magnetic flux from the permanent magnet 23 is generally directed in the
y direction with respect to VGMR1 21A and in the -y direction with respect
to VGMR2 21B. Thus the magnetization vectors 15A, 15B of VGMR1 30 21A will
orient themselves along the field lines of vector 23 in the y direction. In
contrast, the magnetization vectors 15C, 15D of VGMR2 21H will orient
themselves along the field lines of vector 23 in the -y direction. Then, in
the presence of bias currents 25, 26 35 in each of VGMR1 21A and VGMR2 21B
respectively, the   18 I~AR 2003 WO 00I30077 - 11  



PCT/US99/23119 magnetizations of the respective layers of VGMR1 21A and
VGMR2 21B will scissor with respect to each other (ie M1 ' 15A scissors
with Ms 15B and M3 15C scissors with M,~ 15D). Referring now to Fig. 2D, in
the presence of a ' 5 magnetic field density H represented by vector 18
from a recording medium 16 perpendicular to the ABS 16A, a11 magnetizations
will attempt to align themselves in the direction of the recording medium
magnetic flux along vector 18 in the y direction. In the Fig. 2D, M1 15A
and 10 Mz 15B will decrease the angle ~1 between them, and Ms and M, will
increase the angle ~2 between them as a11 magnetization vectors attempt to
align themselves in the y direction. As a result of the change in the
magnetization 15 directions in VGMR1 21A and VGMR2 21B there will be a
corresponding change in resistance in each of VGMR1 21A and VGMR2 21B. As
stated above, as the magnetization vectors 15A, 15B, 15C, 15D orient
themselves in a direction antiparallel to each other, the resistance of 20
the stacks will increase. As the magnetization vectors orient themselves
parallel to each other, the resistance will decrease. Since the
magnetizations in the VGMR stacks 21A, 21B have been oriented antiparallel
due to the presence of the permanent magnet 22, one of the 25 stacks will
increase its resistance and one of the stacks will decrease its resistance
as the field intensity of the vector 18 varies due to the GMR effect. As a
result there will be a differential signal produced by the stacks. Since
the layers are experiencing an opposite 30 resistance change, the
differential signal will be large . in comparison to stacks that experience
a corresponding resistance change. The resulting output signal will be
further removed from the noise floor, thereby increasing the sensitivity of
the VGMR sensor 20.   wo oor3oo~~ - 12  18 MAR 2003 PGT/US99/Z3119 Fig. 3A
depicts another implementation of a differential VGMR sensor 30 with a
current strip 31 and a nonmagnetic spacer 24 sandwiched between VGMR1 21A
and VGMR2 21B. In an implementation of the invention the 5 current strip 31
provides a magnetic flux from a magnetic field B represented by vector 32
having a similar effect to the flux caused by the permanent magnet (see
Figs. 2A, 2B, 2C). A current density Js runs through the strip 31 in the -z
direction as indicated by the current density 10 vector 33. The current
strip creates the magnetic field 32 that curls around the strip 31 as
indicated. The magnetic field B caused by the current strip 31 results in a
field flux in one direction with respect to VGMR1 21A (generally in the y
direction) and in the opposite 15 direction with respect to VGMR2 21B
(generally in the -y direction). Thus, the respective magnetizations of
VGMR1 and VGMR2 will orient themselves in the opposite directions, M1 15A
and MZ 15B (Fig. 3B) in the y direction and M3 15C and M, 15D (Fig. 3B) in
the -y direction. In 20 this implementation the current strips orients the
magnetizations 15A, 15B of VGMR1 21A and the magnetizations 15C, 15D of
VGMR2 21B antiparallel to each other achieving the same effect as with the
presence of a permanent magnet (Figs. 2A, 2B, 2C). The use of bias 25
current densities represented by vectors 25, 26 is the same as described
above. The current densities 25, 26 cause a respective orientation of
magnetization vectors 15A, 15B and 15C, 15D respectively. Referring now to
Fig. 3D, in the presence of a 30 magnetic field density H represented by
vector 18 from a recording medium 16 perpendicular to the AHS 16A, a11
magnetizations will attempt to align themselves in the direction of the
recording medium magnetic flux along vector 18 in the y direction. In the
Fig. 2D, M1 15A and 35 Ms 15B will decrease the angle ~1 between them, and
Mz and   



~ a M AR 200 WO 00I30077 - 13  M, will increase the angle ~z between them
as a11 PCT/US99/23119 magnetization vectors attempt to align themselves in
the  y direction. The magnetic field H vector 18 from the magnetic medium
16 will cause variations in the  5 magnetoresistance of the VGMR stacks
21A, 21B, ultimately creating a differential signal. Fig. 4A depicts a
differential VGMR sensor 40 with a current strip 31, a permanent magnet
2'2, and a nonmagnetic spacer 24 sandwiched between VGMR1 21A and 10 VGMR2
21B. A current density Js runs through the strip 31 as indicated by the
current density vector 33. The current 31 strip creates a magnetic field
that curls around the strip represented by vector 32. The magnetic field B
caused by the current strip 31 results in a field 15 flux in one direction
with respect to VGMR1 21A and in the opposite direction with respect to
VGMR2 21B. Thus the respective magnetizations of VGMR1 21A and VGMR2 21B
will orient themselves in the opposite directions. The permanent magnet is
oriented away from the ABS edge. The 20 magnetization of the permanent
magnet 22 is oriented parallel to the ABS 16A and normal to the VGMR layers
21A, 21H. The magnetic field flux from the permanent magnetic 22 layer will
orient the magnetization in the VGMR1 21A and the VGMR2 21B stripes in the
opposite 25 directions. In an implementation of the invention, the
combination of fluxes from the respective B fields of the permanent magnet
22 and the current strip 31 represented by vectors 23 and 32 respectively,
orient the magnetizations 15A, 15B (Fig. 4B) of VGMR1 21A and the 30
magnetizations 15C, 15D (Fig. 4B) of VGMR2 21B in opposite directions,
similarly to how the permanent magnet 22 or the current strip 31 would
orient the magnetizations 15A, 15B, 15C, 15D alone. Referring now to Fig.
4D, in the presence of a 35 magnetic field density H represented by vector
18 from a   18 MAR 2003 WO 00I30077 - 14  PCTNS99I23119 recording medium 16
perpendicular to the ABS 16A) a11 magnetizations will attempt to align
themselves in the direction of the recording medium magnetic flux along
vector 18 in the y direction. In Fig. 2D, M1 15A and Mz 5 15B will decrease
the angle ~1 between them, and M= and M~ will increase the angle ~z between
them as a11 magnetization vectors attempt to align themselves in the y
direction. The magnetic field H vector 18 from the magnetic medium 16 will
cause variations in the 10 magnetoresistance of the VGMR stacks 21A, 21B,
ultimately creating a differential signal. Once again the bias currents
through the VGMR 21A, 21B stacks will sense the change in the resistance of
the stacks as a field intensity H 18 varies from the medium 16. 



15 Fig. 5A depicts a Differential VGMR sensor 50 with a thin nonmagnetic
spacer 24 sandwiched between VGMR1 21A and VGMR2 21B. The thin spacer 24 is
located near the ABS 16A. At a certain thickness of the spacer 24,
typically 7-9 A, there is exchange coupling between the 20 magnetic layers
12, 13 of the VGMR sensors 21A, 21B. Exchange coupling is parallel or
antiparallel magnetic coupling between magnetic layers separated by a
nonmagnetic spacer. This exchange coupling between the magnetic layers
12,13 of VGMR1 21A and VGMR2 21B adjacent 25 to the spacer 24 will have a
negative value. The negative exchange coupling between the magnetic layers
will orient the magnetization vectors 15A, 15B, 15C, 15D in the respective
sensors 21A, 21B in the opposite directions. In an implementation) to avoid
magnetic 30 coupling and magnetic pinholes farther from the ABS the spacer
24 widens from 7 - 9 Angstroms to about 100 - 400 Angstroms. In an
implementation of the invention, the use of negative exchange coupling
using a thin spacer can be   18 MAR 2003 WO 00I30077 - 15  PCT/US99/23119
used in conjunction with the permanent magnet 22 and the current strip 31.
' In another embodiment of the invention the magnetizations of the two VGMR
sensors are in opposite ' 5 directions by changing the material composition
of one of the sensors. In this embodiment the need for additional
components such as the permanent magnet and the current strip are not
necessary because the inherent magnetic qualities of the materials will
orient the 10 magnetizations. In this embodiment at least one of the stacks
in the differential sensor incorporates synthetic antiferromagnetic ("SAF")
layers. Fig 6A depicts an enhanced Differential VGMR sensor 60 with a
conductive spacer 11 sandwiched between 15 a first arrangement of SAF
layers 61A and a second arrangement of SAF layers 61B. Both SAF
arrangements 61A, 61B are comprised of a thin nonmagnetic spacer 63A, 63B
sandwiched between a first SAF layer 62A, 62B located adjacent to the
conductive spacer 11 and a thicker SAF 20 layer 64A, 64B. The nonmagnetic
spacers 63A, 63B can be any suitable nonmagnetic material such as
ruthenium. The ferromagnetic material used in the layers 62A, 62B, 64A,
64B, which are antiferromagnetically coupled through the spacers 63A, 63B,
produce a magnetic orientation in the 25 absence of any magnetic field such
as a permanent magnet 22 (see e.g. Fig. 2A), a current strip (see e.g. Fig.
3A), negative exchange coupling (see e.g. Fig. 5A), or any combination
thereof. In an implementation, the thicker outer layers 64A, 64B have a
magnetization M1, Ms 30 oriented in a first direction as represented by
vectors 65A, 65B (Fig. 6B) respectively. The thinner inner layers 62A, 62B
are coupled to the outer layers 65A, 65B and have a magnetization Ml', Ms'
represented by vectors 66A, 66B (Fig. 6B) respectively opposite the   WO
00/30077 - 16  



18 MAR 2003 PCT/US99/23119 magnetization vectors 65A, 65B of the outer
layers 64A, 64B. As described above, the presence of the current density
bias Jb in the conductive spacer 11, creates a 5 magnetic field (not shown)
about the VGMR stack. Thus the magnetization vectors 65A, 65B of the outer
layers 64A, 64B orient themselves in the direction of the magnetic flux
(not shown). Since the inner SAF layers 62A, 62B are oriented antiparallel,
the magnetization 10 vectors 66A, 66B will orient themselves opposite the
vectors 65A, 65B respectively. The outer layers 64A, 64B have a greater
magnetization than the inner layers 62A, 62B, due to the fact that they are
thicker SAF layers. Thus there is a net magnetization of M1 and M1' in the
15 direction of the M1 vector 65A. Similarly there is a net magnetization
of Mz and M,' in the direction of the M= vector 65B. Fig. 6C depicts a side
view of the VGMR sensor 60 showing the orientations of the magnetizations
65A, 65B, 20 66A, 66B. Net magnetization M".tl, Maa~ vectors 67A, 67B are
shown. Referring now to Fig. 7A, in another implementation of the
invention, the inner layers 62A, 62B of the SAF arrangements 61A, 61B are
made thicker 25 than the outer layers 64A, 64B. In this configuration,
since the inner layers 62A, 62B are thicker, the magnetization vectors 66A,
66B will be larger than the magnetic vectors 65A, 65B (Fig. 7B) of the
outer layers 64A, 64B (Fig. 7B), thereby creating a net magnetization 30 in
the direction of Ml' and M='(Fig. 7B) respectively. Fig. 7D depicts an
implementation of VGMR sensor 70 having a cap layer 68 and a buffer layer
69. Cap layer 68 is typically Ta and has an approximate thickness of 35 A.
Buffer layer is typically Ta in the range of 35 30-40 A or NiFeCr in the
range of 25-50 A. Magnetic   18 MAR 2003 WO 00/30U77 - 17  PCT/US99/23119
layers 64A, 64B are typically NiFeCo or NiFe are in the range of 40-60 A.
Nonmagnetic spacer layers 63A, 63B are typically Ru and are in the range of
7-10 A. The inner magnetic layers 62A, 62B are typically NiFeCo, NiFe, CoFe
5 or some combination and are in the range of 15-40 A. The Cu conductive
spacer 11 is typically 25-40 A. Fig. 7C depicts a side view of the VGMR
sensor 70 showing the orientations of the magnetizations 65A, 65B, 66A,
66B. Net magnetization Maetl, Maat2 vectors 67A, 67B 10 are shown. As
compared to Figs. 6A, 6B, and 6C the net magnetizations 67A, 67B are
oriented in the opposite directions. Referring now to Fig. 8A, a folded
differential VGMR 80 sensor is shown combining the VGMR stacks similar 15
to the stacks depicted in Figs. 6A and 7A. A first VGMR stack 81 and a
second VGMR stack 83 sandwich a nonmagnetic spacer 82. With the
magnetization in the first stack 81 oriented in one direction and the
magnetization in the second stack 83 oriented in the 20 opposite direction,
a differential signal can be obtained. Each of the VGMR stacks 81 and 83
two SAF layers 81a, 81b and 83a, 83b respectively. The SAF layers include
non magnetic spacers 91a, 91b, 94a, 94b which is sandwiched by individual
SAF layers 90a, 92a, 



25 90b, 92b, 93a, 95a, 93b, 95b. Each of the SAF pairs, 90a and 92a, 90b
and 92b, 93a and 95a and 93b and 95b are strongly antiparallel coupled. The
magnetization vectors Ml and Ml' , Mz and Ms' , M3 and M;' , M, and M,' are
oriented antiparallel as shown in Figs 8A and 8B. 30 As described above
with respect to Figs. 6A - 7C, the presence of bias currents Jbl and Jba,
through conductive spacers 100 and 110, creates a magnetic field in which
the magnetization vectors attempt to align themselves creating net
magnetizations as discussed 35 below.   WO 00I30077 - 18  ~ a MAR zoo3
PCTNS99IZ3119 Fig 8B is another perspective view of the differential VGMR
sensor 80 shown in Fig. 8A. Fig. 8C depicts a side view of the folded
differential VGMR sensor 80. This view of the sensor 80 5 shows the
relative orientations of the magnetization vectors 84A, 84B, 84C, 84D, 85A,
85B, 85C, 85D in the presence of bias currents (not shown). Also depicted
axe net Magnetization vectors, >~y~tl, Mnatl, ~at3, ' uatt $6A) 86B, 86C,
86D respectively. As seen in the figure there is 10 scissoring of the
magnetization vectors. Referring now to Fig. SD, a side view of the folded
differential VGMR sensor is shown in the presence of a magnetic intensity
H~represented by vector 18. With a magnetic field vector 18 perpendicular
to the ABS (not 15 shown) of the magnetic medium not shown), the scissoring
between M,a,t~ and Mn,t, in the first sensor has decreased, and the
scissoring between I~et3 and i~at, has increased in the second stack. In
the first stack the angle ~l between the two magnetization vectors 86A, 86B
will decrease 20 while the angle ~Z in between the magnetization vectors
86C, 86D in the second sensor will increase. In the implementation shown in
the diagrams, the first VGMR sensor 81 will increase the resistance as the
magnetization vectors 86A, 86B align with the magnetic 25 vector 18. In
contrast, although the magnetization vectors 86C, 86D in the second VGMR
stack 83 are attempting to align with the magnetic vector 18, they are
actually moving farther out of alignment, therefore the resistance will
decrease. As a result there will be a 30 differential signal produced by
the stacks. Since the layers are experiencing an opposite resistance
change, the differential signal will be large in comparison to stacks that
are experience a corresponding resistance change. Therefore the signal will
be further removed   WO 00/30077 - 19  18 MAR i)03 PCT/US99123119 from the
noise floor, thereby increasing the sensitivity of the VGMR stack. 



A number of embodiments of the present invention have been described.
Nevertheless, it will be understood 5 that various modifications may be
made without departing from the spirit and scope of the invention.
Accordingly, other embodiments are within the scope of the following
claims.   18 MAR 2003 -20 What is claimed is: 1. An apparatus for reading
data comprising: a first magnetoresistive element; a second
magnetoresistive element formed substantially parallel to the first 5
magnetoresistive element; a nonmagnetic single spacer adjacent to both the
Frst and second magnetoresisitve elements; wherein the first and second
magnetoresistive elements are comprised of: a first magnetic layer; 10 a
second magnetic layer formed substantially parallel to the first magnetic
layer; a permanent magnet formed between the first and second
magnetoresistive elements and adjacent the nonmagnetic spacer; and 15 a
conductive spacer interposed between the first and second magnetic layers,
wherein a bias current applied to the conductive spacer of the first
magnetoresistive element is substantially equal to a bias current applied
to the conductive 20 spacer of the second magnetoresistive element. 2. The
apparatus of claim 1 further comprising a permanent magnet formed between
the first and second magnetoresistive elements and adjacent the nonmagnetic
spacer. 25 3. The apparatus of claim 2 further comprising a current strip
formed between the first and second magnetoresistive elements and in
between the nonmagnetic spacer and the permanent magnet. 30 4. The
apparatus of claim 1 further comprising a current strip formed between the
first and second magnetoresistive elements and adjacent the nonmagnetic
spacer.   



i 8 LIAR 2003 -21  5. The apparatus of claim 1 wherein the first magnetic
layer of at least one of the first and second magnetoresistive elements is
comprised of: 5 a first magnetic material; a second magnetic material; a
spacing material interposed between the first and second magnetic
materials. 10 6. The apparatus of claim 5 wherein the first and second
magnetic materials are comprised of synthetic antiferromagnetics. 7. The
apparatus of claim S wherein the spacing material is ruthenium. 15 8. The
apparatus of claim 5 wherein the second magnetic layer of at least one of
the first and second magnetoresistive elements is comprised of: A first
magnetic material; A second magnetic material; A spacing material
interposed between the first and second 20 magnetic materials. 9. The
apparatus of claim 1 wherein the first magnetic layer is a single layer.
10. The apparatus of claim 9 wherein the single layer is comprised of at
least one of 25 NiFe, CoFe, and NiFeCo. 11. The apparatus of claim 1
wherein the first magnetic layer is a bilayer. 12. The apparatus of claim 1
further comprising: 30 A first thin layer interposed between the first
magnetic layer and the conductive spacer; and   18 MAR 200; -22 a second
thin layer interposed between the second magnetic layer and the 



conductive spacer. 13. The apparatus of claim 12 wherein the first and
second thin layer are comprised of 5 at least of Co and CoFe. 14. A
Vertical Giant Magnetoresistive (VGMR) sensor, comprising: a first VGMR
stack; a second VGMR stack; and 10 a nonmagnetic and nonconductive single
spacer adjacent to both the first and second VGMR stacks; and a permanent
magnet formed between the first and second VGMR stack and adjacent the
spacer. 15. The VGMR sensor of claim 14 wherein each of the first and
second VGMR 15 stacks comprises: a first Synthetic Antiferromagnetic (SAF)
stack; a second SAF stack; and a conductive spacer interposed between the
first and second SAF stacks. 20 16. The VGMR sensor of claim I 5 wherein
each of the first and second Synthetic Antiferromagnetic (SAF) stacks
comprises: A first SAF layer; A second SAF layer; and A spacer layer
interposed between the first and second SAF layers. 25 17. The VGMR sensor
of claim 15 wherein the conductive spacer is copper. 18. The VGMR sensor of
claim 14 further comprising a current source to apply a first bias current
to the first VGMR stack and a second bias current to the second 30 VGMR
stack.  



1 8 MAR 2003 - 23  19. The VGMR sensor of claim 18 further comprising: a
differential amplifier for summing the first and second bias currents; and
a detector for detecting changes in the first and second magnetizations. 5
20. A differential GMR sensor, comprising: a plurality of spaced GMR
stacks; and means for biasing the magnetization of respective stacks to
respond to external magnetic fields by increasing resistance in one stack
and decreasing resistance in adjacent stacks. 10 21. The apparatus of claim
1 wherein the nonmagnetic spacer is adjacent to the first and second
magnetoresistive elements. .A .AR.AY.A>3.AUy.A3e.AF.AF?.AUY?.A.A
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