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DIFFERENTIAL SPIN VALVE SENSOR STRUCTURE /
BACKGROUND OF THE INVENTION

1; Field of the Invention
The present invention relates to a differential spin valve sensor structure and
Ihore particularly to a playback head which employs a pair of spin valves for
differentiaJ detection and common mode rejection. .
2. Description of the Related Arxt . :
-A spin valve sensor is employed by a read head for senSing magnetic fields
from moving magnetic media, such as a magnetic disk or a magnetic tape.: Such a
sensor includes a nonmagnetic conductive layer, hereinafter referred to as a spacer
layer, sandwiched between first and second ferromaénetic layers,. hereinafter referred
to as a pinned layer and a free layer. First and second leads are connected to the spin
valve sensor for conducting a sense current therethrough. The magnetization of the
pinned layer is pinned 90° to the ma'gnetizaﬁon.of the free layer and the magnetization
of the free layer is free to respond to external magnetic fields. The magnetization of
“the piﬁned layer is typically pinned by exchange coupling with an antiferromagnetic
layer. The thickness of the spacer layer is chosen to be less than the mean free path
of conduction electrons through the sensor. With this arrangement, a portion of the
conduction electrons are scattered by the interfaces of the spacer layer with the pinned
-and free layers. When the magnetizations of the pinned and free layers are parallel
with respect to one another, scatteﬁng is minimal; when the magnetizations of the
pinned-and free layers are antipafallel, scattering is maximized. Changes in scattering
change the resistance of the spin valve sensor proportional to cos 8, where 6 is the
angle between the magnetizations of the pinned and free layers. A spin valve sensor

has a significantly higher magnetoresistive (MR) coefficient than an anisotropic



2z - .Description of the Related Art A spin val ve sensor is enployed
by a read head for sensing nagnetic fields from noving magnetic nedia,. such
as a magnetic disk or a magnetic tape.; Such a sensor includes a
nonmagneti ¢ conductive |layer, hereinafter referred to as a spacer |ayer,
sandwi ched between first and second ferromagnetic |ayers, hereinafter ’
referred to as a pinned |ayer and a free layer. First and second | eads are
connected to the spin valve sensor for conducting a sense current

t her et hrough. The magneti zati on of the pi-nned |layer is pinned 90[err] to
the magneti zation of the free | ayer and the magneti zation of the free | ayer
Is free to respond to external magnetic fields. The nmagnetization of the
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| ess than ihagnétbrsBistive (GRE) se@forconducti on el ectrons through the sensor.
Wth this arrangenment, a portion of the conduction electrons are scattered
by the interfaclsresl hagd employing &gpin vilve,senser Mherginaftesra "spin valveyread.  \When
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to one ano terrng 1s mnina e magneti zations O

pi nned- andcdmbiged hyal map havette shtchire of eitlee anietpedlgeads on®siggybask headanges
in scattering change t he resi stance of the spin _val ve sensqor proportional

to cos [erina egdiacsingle lasiey servevesihicldifor thagenad headiand #s adirst palepi nned
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first pole piece for the write head. In a magnetic disk drive an air bearing surface
(ABS) of a combined head is supported adjacent a rotating disk to wﬁte information
on or read information from the disk. Information is written to the rotating disk by
magnetic fields which fringe across a gap between the first and second pole pieces of
the write head. In a read mode the resistance of the spin valve sensor -changes
proportionally to the maghitudes of the magnetic fields from the rotating disk. When
the sense current is conducted through the spin valve sensor, the resistance changes
cause Potential changes that are detected and processed as playback signals.

A scheme to increase the signai to noise ratio of a spin valve head is to employ
first and second spin valve sensors which are differentially detected for common mode
nqise rejection. Each spin valve sensor includes a thin non-magnetic conductive layer
sandwiched between free and pinned layers. In order for this scheme to work, the
pinned layers have to be pinned antiparallel with respect to one another. This requires
that the antiferromagnetic layers, which pin the pinned layers, be constructed of
different materials with different blocking temperatures. The antiferromagnetic layer
with the highest blocking temperature is constructed first and then the

“antiferromagnetic layer with the lower blocking temperature is constructed so as not
to change the magnetic orientation of the first.constructed antiferromagnetic layer.
Unfortunately, there are no presently known different materials with sufficiently

different blocking temperatures to accomplish the féregoing scheme.



-2- ‘magnet oresi stive (AVMR) sensor. For this reason it is sometines

referred to as a gi ant magnet oresi stive (GNR) sensor. A read head
enpl oying a sm*n*val—ve—seﬂser—@herel nafter "spin valve read head") may be
conbi ned vvith ductlve wite head to form a conbi ned head. The conbi ned

head may have ceélther a nerged head, or a piggyback head.
In a nmerged head | serves as a shield for the read head and as
a first pole pie te head. A pi ggyback head a'ﬁISiSHE NAAGE

| ayer which serves as the first pole pi.gce for the witefhead. ‘R FF"'WS BEEN
magnetic disk drive an air bearing surface (ABS) of a co

supported adjacent a rotating disk to wite information on or read
informati on fromthe disk. Eﬁ%ﬁﬁ the rotating disk by
magnetic fields which fri ﬂ%@@w et enqlﬁe first and second pol e
pi eces of the wet Sreb@R%nvértion piRAfHeSTRSpih hRilvee SirsdhCemployinpefiedei andval ve
sensor changes proportionally to t he magni tudes of the nmagnetic fields from
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al ve sensor, the tanc ause potential chan
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by a differential amplifier for common mode rejection of noise and for producing an

enhanced combined signal. The first and second spin valve sensors are magnetically
separated by a gap layer. The first spin valve sensor is connected in series with first
and second leads and the second spin valve sensor is connected in series with third
and fourth leads. The second and fourth leads are electrically interconnected and the
first and third leads are adapted for connection to the differential amplifier. The first
~ spin valve sensor includes a first non-magnetic electrically conductive spacer :layer
which is sé.ndwiched between a first laminated free layer and a first ferromagnetic
 pinned layer. The second spin valve sensor includes a second non-magnetic
electrically conductive spacer layer which is sandwiched between a second laminated
free layer and a second ferromagnetic pinned layer. Orientations of magnetic
moments of the first and second .pinne'd layers are pinned by first and second
- antiferromagnetic layers respectively parallel with respect to one another and
perpendicular to an air bearing surface (ABS) of aread head that incorporates the spin
valve structure. _
The first laminated free layer includes a very thin first ruthenium (Ru) layer
"sandwiched between first and second ferromagnetic free layers and the second
laminated free layer includes a Qery thin second ruthenium (Ru) layer sandwiched
between third and fourth ferromagnetic free layers. Each of the first and second
" ruthenium layers are on the order of 4-10 A thick so that the first and second free
layers are strongly exchange coupled, with their magnetic moments antiparallel with
respect to one another, and the third and fourth free layers are strongly exchange
coupled, with their magnetic moments antiparallél with respect to one another
respectively. The magnetic moments of the first, second, third and fourth

ferromagnetic free layers are oriented parallel to the ABS. Accordingly, in the



A.schefre to increase the signal to noise ratio.of a spin valve head is to
e%ploy first and second spin valve sensors which are differentially
detected for comopn node noi se rejection. Each spin val ve sensor includes a
thin non-rmagneti c conductive | ayer sandw ched between free and pi nned

| ayers. In order for this schenme to work, the pinned | ayers have to be

pi nned antiparallel wth respect to one another. This requires that the

antiferromagnetic layers, which pin the pinned | ayers, -be—e-e-ne-t—r—cre-t—eﬂ—tr\lf-
different materials with different blocking tenperatur¢dHISTREEET HAS BEE
antiferromagnetic layer with the highest bl ocking.tenpérat urRERLACED

constructed first and then the antiferromagnetic |ayer WtTh the I ower
bl ocki ng tenperatyure is copstructed so as not to change, the netic
ori ent at i JHEEACE ﬁfga maggﬁtl%ﬁﬂéiﬁheme%morr@fltsmmasr ang %F;?@Fg%%e ayers
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schene. together. TheFecénd\adiRHirdHerkbinagnéiic/fiiee @hyers are thicker than tHe first amd obj ect

of the present jnvention o anmeliorate one or. nore di sagvant ages qf
P fourth ferromagnetic %ree ayers, respectively, so that the magnet?c mome%ts o? the

second and third ferromagnetic free layers rotate in response to a magnetic field and
the magnetic moments of the first and fourth ferromagnetic free layers follow along.
The first spacer layer is sandwiched between the first pinned layer and the
second ferromagnetic free layer and the second spacer layer is sandwiched between
the second pinned layer and the fourth ferromagnetic free layer so that in the presence
of an applied magnetic field, a first spin valve effect occurs between the first pinned
layer and the second ferromagnetic free layer of the first spin valve and a second spin
valve effect occurs between the second pinned layer and the fourth ferromagnetic free
layer of the second spin valve. The first and third ferromagnetic free layers are
beyond the mean free path of conduction electrons and do not contribute the spin
valve effect. As stated hereinabove the orientations of the magnetic moments of the
first and second pinned layers are parallel and perpendicular to the ABS. The
orientations of the magnetic moments of the second and fourth ferromagnetic free
layers are antiparallel to each other and parallel to the ABS. Accordingly, in the
presence of a magnetic field, the magnetic moment of the second ferromagnetic free
layer rotates in one direction relative to the magnetic morﬁent of the first pinned layer,
and the magnetic moment of the fourth ferromagnetic free layer rotates in an opposite
direction relative to the magnetic moment of the second pinned layer. ‘The result is
tha't. the first spin valve produces a response signal of one polarity and the second spin
valve produces a response signal of an opposite. polarity. The response signals are
then processed by the differential mﬁpliﬂer for common mode rejection and for
enhanced signal output. With the foregoing arrangement the first and second
antiferromagnetic layers are of the same material with the same blocking temperatures.
The ﬁrst' and second laminated free layers are fully described in a commonly assigned

U.S. Patent 5,408,377. The laminated free layer is commonly referred to as a
_ e e
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the prior art. According to one aspect of the present invention
there is provided an MR read ~——..head W th an air hearing surface (ABS),
conprising: first and second Jﬁiiihii\’ﬂ&}:x/@mge ! for producing

response signals wth opposi{e polREAAR g | i

"t pact i on (Tbis Sheewi{ps Been Refliced d;
a gap |l ayer sandw che : | and sec -
sensors; first and second | eads connected in seri t
spin valve sensor and third and fourth | eads connected I'n es to

t he second spin valve sensor; the firstsand third | eads being
el.ectrically interconnected; the first spin valve sensor including a first
pi nned | ayer and a first antiferromagnetic |ayer interfacing one
another tg form an xchange cou

lin .t herebetween and the second spin
val ve sensmthetic| derimpenes eéB’ﬁg Bi g%eah ‘}033}’&3'%18}}(10 tiyers mﬂécadﬁiggﬂﬁfgp
anti f er r opRONEEIatioh8 ¥ Lnd ‘iﬁz{%ﬁﬁtﬂ one another to form an exchange
coupling m tﬁﬁeregg?%?é{eag; e ?'isrst and second antiferromagnetic |ayers
pi Nni ng nagnet iAn objeetndfsthefpresent invention is to provide a spin valve read head which

‘employs first and second spin valve sensors for differential detection of an applied
magnetic field. _

Another object is to provide a spin valve read head which employs first and
second spin valves which have first and second antiferromagnetic layers of
substantially the same material with substantially the same blocking temperature.

A further object is to provide a spin valve sensor which provides common
mode rejection and an enhanced signal output.

Still another object is to provide a spin valve read head which significantly
improves the signal-to-noise ratio of a readback 'signal over prior art spin valve read

" heads. -

Still a furi:hezi object is to provide a spin valve read head capable of areal
densities of 10 Gb/in? and higher. - '

Other objects and advantages of the present invention will become more
apparent upon reading the following description taken together with the accompanying

drawings.

BRIEF DESCRIPTION.OF THE DRAWINGS

Fig. 1 is plan view of a magnetic disk drive.

Fig. 2 is a view taken along plane II-II of Fig. 1.

Fig. 3 is a side view of the magnetic disk drive of Fig. 1.

Fig. 4 is a view taken along plane IV-IV of Fig. 2. |

Fig. 5 is an ABS view of the read head of Fig. 4 taken along plane V-V of
Fig. 4.

Fig. 6 is an enlarged schematic ABS illustration of the spin valve read head
portion of Fig. 5.

Fig. 7 shows a schematic ABS illustration of a prior art spin valve sensor.



the fivyst and second pinned |ayers in the same direction; the first spin

val ve sensor having.a first non-magnetic conductive spacer |ayer and
a first lamnated free | ayer and t he second spin val ve sensor having
a second non-nmagneti c conductive spacer |ayer and a second | am nat ed

free layer; the first spacer |ayer being sandw ched between the first

| am nated free |ayer and the first pinned | ayer and the second spacer |ayer
bei ng sandwi ched between the second |am nated free | ayer and the
second pinned | ayer; the first |-&m nated free |ayer having a first
rut heni um | ayer sandw ched between first and second ferromagnetic
free layers and the second |lam nated free | ayer having a second
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magnetic disk drive 30. The drive 30 includes a spindle 32 which supports and rotates
a magnetic disk 34. The spindle 32 is rotated by a motor 36 which, in turn, is
controlled by motor controller 38. A magnetic head 40, which may be a merged MR
head for recording and reading, is mounted on a slider 42 which, in turn, is suppqi‘ted
by a suspension 43 and actuator arm 44. A plurality of disks, sliders and suspensions
may be employed in a large capacity direct access storage device (DASD) as shown
in Fig. 3. The suspension 43 and actuator arm 44 position the slider 42 to place the
magnetic head 40 in z; transducing relationship with a surface of the magnetic disk 34.
When the disk 34 is rotated by the motor 36 the slider is supported on a thin

* (typically, .075 pm) cushion of air (air bearing) by an air bearing surface (ABS) 46. i
The magnetic head 40 is then employed for writing information to multiple circular
tracks on the surface of the disk as well as for reading information therefrom.
Processing circuitry 48 exchanges signals representing said information with the head
40, provides motor drive signals, and provides control signals for moving the slider
42 to various tracks.

Fig. 4 is a side cross-sectional elevation view of a merged MR head 50 which
has a write head portion and a read head portion, the read head portion employing a
sensor structure inéorporating a dual spiri valve MR sensor 52 according to the present
invention. The MR sensor 52 is sandwiched between first and second gap layers 54
and 56, the first and secorid gap layers, in turn, being sandwiched between first and
second shield layers 58 and 60. In response to external magnetic fields, the resistance
of the MR sensor 52 changes. A sense current conducted through the sensor causes
these changes to be manifested as potential changes. These potential changes are

processed by the processing circuitry 48 shown in Fig. 3.



ferron'agnetlc free layer being thicker and having a greater magnetization

than the first ferromagnetic free layer and the third ferronmagnetic
free layer being thicker and having

4 a greater magnetization than the fourth ferronagnetlc free layer so that
the first ferromagnetic free |ayer follows magnetic rotation of the second
ferromagnetic free layer and the fourth ferromagnetic free |layer follows
magnetic rotation of the third ferronmagnetic free layer; and the first
spacer | ayer being sandw ched between tbg first pinned |ayer -and the
second ferromagnetic free layer and the second spacer |ayer is sandw ched
bet ween the second pinned |ayer and the fourth ferromagnetic free | ayer.

The write head portion of the head includes a coil layer 64 which is
sandwiched between first and second insulation layers 66 and 68. A third insulation
layer 70 may be employed for planarizing the head to eliminate ripples in the second
insulation layer caused by the coil layer 64. The coil layer 64, and the first, second
and third insulation layers 66, 68 and 70 are sandwiched between first and second pole

_piece layers 72 and 74. The first and second pole piece layers 72 and 74 are
separated by a write gap layer 76 at the ABS and are magnetically coupled at a back
gap (not shown) which is spaced from the ABS. As shown in Fig. 2 first and second
solder connections 80 and 82 connect leads (not shown) from the MR sensor 52 to
leads (not shown) on the suspension 43 and third and fourth solder connections 84 and
86 connect leads (not shown) from the coil 64to leads (not shown) on the suspénsion.

Fig. 7 illustrates a prfor art embodiment 100 of a magnetoresistive (MR) spin
valve sensor which will be described as background for the present dual spin valve
sensor 52 to be described hereinafter. The MR sensor 100 has first and second
ferromagnetic layers which are a free layer 102 and a pinned layer 104. A non-
magnetic electrically-conducting spacer layer 106 is sandwiched between the free layer
102 and the pinned layer 104. An antiferromagnetié (AFM) layer 108 has'a film
surface which interfaces a film surface of the pinned layer 104 so that the
magnetization 110 of the pinned layer 104 is pinned in a predetermined direction, such
as perpendicular to the ABS, by exchange coupling with the antiferromagnetic layer
108. The free layer 102 has a magnetization 111 which is free to rotate under the
influence of field signals from the rotating disk. The free and pinned layers 102 and
104 are typically made of Permalloy (NiFe) and the spacer layer 106 is typically made

- of copper. The antiferromagnetic layer 108 may be made of a material selected from
the group of NiMn and FeMn. First and second leads 112 and 114 are electrically
connected to the sensor 100 by any suitable means, such as contiguous junctions so
that the space between the leads defines the track width of the read head. A sense
current source 118 is electricaﬂy connected to the first and second leads 112 and 114

for providing a sense current (I,) which is conducted through the spin valve sensor.
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BRI EF DESCRI PTI ON. OF THE DRAW NGS Fig. 1is
plan view of a magnetic disk drive. Fig. 2 is a view taken al ong
plane I1-11 of Fig. 1. Fig. 3 is a side view of the nmagnetic disk
drive of Fig. 1. Fig. 4 is a view taken along--plane V-1V of Fig. 2.

Fig. 5is an ABS view of the read head of Fig. 4 taken al ong plane V-V of

Fig. 4.

val ve read head
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In parallel with the sense current source 118 is a sensing circuit 120 for sensing
potential changes across the spin valve sensor 100 when field signals are induced into
the spin valve sensor by the rotating disk 34 shown in Fig. 1. The sense current
source 118 and the sensing circuit 120 are part of the processing circuitry 48 in Fig.
3. | | |
Each of the layers 102, 104, 106 and 108 conduct a portion of the sense
current between the first and second leads 112 and 114. A key parameter in the’

‘operation of a spin valve sensor is that the spacer layer 106 have a thickness which

is less than the mean free path of conduction electrons flowing between the first and
second leads 112 and 114. The degree of electron scattering, which depends upon the
relative angle between the magnetization 111 of the free' layer 102 and the
magnetization 110 of the pin-ned layer 104, determines the resistance of the MR sensor
to the sense current I, The greatest scattering and the corresponding maximum
resistance occurs when the magnetizations 110 and 111 are antiparallel and the least
scattering and the corresponding least resistance occurs when the magnetizations 110
and 111 are parallel with respect to one another. The magnetization 111 of the free
layer 102 is typically oriented parallel to the ABS so that upon receiving positive and
negative field signals from a rotating disk the magnetization 111 rotates upwardly or
downwardly to increase or decrease the resistance of the sensor. This would be an
opposite situation if the maghetization 110 of the pinned layer 104 was .oriented away
from the ABS instead of toward the ABS.

Because of the thinness of the spacer layer 106 and the roughness at its

interface with the pinned layer 104, there is a ferromagnetic coupling Hyc which is

- induced on the free layer 102 by the pinned layer 104. Another field acting on the

free layer 102 is a demagnetization field from the pinned layer 104 which causes an
induced demagnetization field Hpgyag On the free layer. This is typically on the order
of 51 Oe when the spin valve sensor is centered between the first and second shield
layers 58 and 60 as shown in Fig. 4. By appropriately controlling the thicknesses of

the layers 102, 104 and 106 and the amount of sense current I, the aforementioned

Fig. 6 is an enlarged schematic ABS illustration of the spin



portion of Fig. 5.
prior art spin valve sensor.
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now to the drawi ngs wherein |ike-reference nuneral s designate |like or

simlar parts throughout the several

2 and 3 a magnetic disk drive 30. The drive 30 includes a spindle 32 which
supports and rotates a nagnetic disk 34. The spindle 32 is rotated by a

motor 36 which, in turn, is controlled_gy notor controller 38. A nagnetic

head 40,

nmounted on a slider 42 which, in turn,

act uat or

whi ch may be a nerged MR head for recording and reading, is -

%{eﬂs%in lﬁ: mlatlig %l) i51t1 ste(x)tItiaﬂiy Sc‘é%hte%aﬁa%%{e ‘one g.got?lgrs ks Sait A magnetic
moment 111 of the free layer lies parallel to the ABS, as shown in Fig. 7, when the
read head is in a quiescent state (sensé current, but no applied signal).

The problem with the prior art épin valve sensor 100 in Fig. 7 is that noise
picked up by the sensor is processed along with the signal. It would be desirable if
this noise could be reduced or eliminated so as to increase the signal-to-noise ratio
(SNR). If a pair of prior art sensors 100 could be properly eniplo_yed, the noise could
be eliminated by common mode noise rejecﬁoi The pair of prior art sensors would

be required to produce signals of opposite polarities in response to a magnetic field

- of one polarity. The response signals would be processed by a differential amplifier

in order to reject common mode noise, thereby increasing SNR. The pinned layers,
one of which is shown at 104 in Fig. 7, would have to be pinned antiparallel with
respect to one another. This would require that the antiferromagnetic layers, one of
which is shown at 108 in Fig. 7, would have to be set with their magnetic orientations
180° out of phase with respect to each other.

During fabrication, the setting of the orientation of a magnetization is
accomplished by applying a magnetic field to the layer in the desired direction during
a heating phase. For instance, if the antiferromagnetic layer is FeMn its magnetic

orientation would be established during fabrication by heating the layer to 200°C -

while it is subjected to a magnetic field in the desired direction. The 200° level is
referred to as the blocking temperature of FeMn. If the two antiferromagnetic layers
were of the same material, it would be impossible to orient their magnetizations

antiparallel with respect to one another. Both antiferromagnetic layers are subjected

“to the same temperature and the same magnetic field. Accordingly, it would be

desirable if the antiferromagnetic layers had blocking temperatures which were
sufficiently different so that the magnétic orientations of the layers could be
established antiparallel with respect to one another. A pair of such antiferromagnetic
layers with sufficiently different blocking temperatures is not presently known to exist.

Accordingly, common mode noise rejection is a desirable feature for a spin valve read

Fig. 7 shows. a schematic ABS illustration of a

views there is illustrated in Figs.

1,

IS supported by a suspension 43 and



may be" enployed in a large capacity direct access storage device (DASD) as
shown in Fig. 3..The suspension 43 and actuator arm 44 position the slider
42 to place the magnetic head 40 in a transducing relationship with a
surface of the magnetic disk 34." Wherr the disk 34 i's rotated by the notor
36 the slider is supported on a thin (typically, .075 [err]m cushion of
air (air bearing) by an air bearing surface (ABS) 46. The nagnetic head 40
is then enployed for witing information to nultiple circular tracks on the
surface of the disk as well as for readiong i nformation therefrom
Processing circuitry 48 exchanges signals represent-ing said information
with the head 40, provides notor drive signals, and provides control
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si de cros8%% nview of a nerged 0 which has a
write heagn@Riohfiignetisllayefscad head portion, the read head portion enploying

a sensor structure |nc_olrfporati ng a dual spin, valve I\ﬁ{hé%{%gr 52 according
to the present AsshowmiinFigstfeS pid cthe Bresent spin alyrsra ERROYS f$tst  and
second gap_Lkayers o4 &S i HN,

bei ng sangﬂﬁ% 5%%888&“\/\%2%% r%r%qgg égé%%g“ﬁ?g?%%‘g?gaﬁf’ g’ﬁcliﬂgg%)%l n
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changes. A sense current:conducted through_the sor, causes,t hese, changes
to be nanicpracted inseries withifisst and second 1 ééé%igtai“glth%??&ﬂ’é%@%r@h’e

processed by | He) Bl 066 eAtn SbfiHiith ¥rifdPa ORI 18ads' 40 shd 142. The type

of connections may be contiguous junctions, as shown in Fig. 6. The leads 138 and
142 may be interconnected to ground and the leads 136 and 140 inay be connected
across a differential amplifier 144 via first and second capacitors 146 and 148. First
and second sense current sources 150 and 152 are connected to the second and fourth
leads 136 and 140 respectively so that a sense current I, is conducted through each of
the spin valve sensors 130 and 132 to ground. In a preferred embodiment, the sense
currents I, are equal and the resistances of the first and second sensors 130 and 132
are equal in a quiescent state (no sense current). The spin valve sensors 130 and 132
are configured so as to produce response signals with opposite polarity so that the
response signals can.be differentially processed by the differential amplifier 144 to
achieve common mode noise rejection. The differential ax;lpliﬁer 144 is part of the
processing circuitry 48 shown in Fig. 3. The 180° out of phase' response signals
produced by the spin valve sensors 130 and 132 are added by the differential amplifier
144 while the common mode noise is cancelled.
The spin valve sensor 130 includes a first thin spacer layer 154 which is
sandwiched between a pinned layer 156 and a laminated free layer 158. The spin
- valve sensor 132 includes a thin spacer layer 160 which is sandwiched between a
pinned layer 162 and a laminated free layér 164. The spin valve sensor 130 further
includes an antiferromagnetic layer (AFM) 166 which interfaces with the pinned layer
156 to pin its magnetic orientation into the paper by exchange coupling, as shown by
the arrow 168. In a like manner, the spin valve sensor 132 includes an

antiferromagnetic layer (AFM) 170 which interfaces with the pinned layer 162 to



-7- ¢ The wite head portion of the head includes a coil |ayer 64
whi ch is sandwi ched between first and second insul ation |layers 66 and 68. A
third insulation | ayer 70 may be enpl oyed for planarizing the head to
elimnate ripples in the second insul@ation |ayer caused by the coil |ayer
64. The.coil layer 64, and the first, second and third insulation |ayers

66, 68 and 70 are sandw ched between first and second pole piece |layers 72

and 74. The first and second pole piece layers 72 and 74 are separated by a
wite gap layer 76 at the ABS and are 4mgnetically coupled at a back gap
(not shown). which is spaced fromthe-ABS. As shown in Fig. 2 first and
second sol der connections 80 and 82 connect | eads (not shown) fromthe MR

sensor 52 I : ' f th
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I re;gdz (nohh?gtgwl)cth@ﬁh&helﬁusmlpi&en% inventionZitige aﬂtlfei-rbmagneﬁoelayerspllﬁéor art
enbodi nent of a magnetoresistive | ve whj Il b
gescrl bedagd é#@g‘?%‘é’ﬁﬂctf:@)!" theesameng ﬁ‘é?q‘ %spﬁl%awgrg@%%? t’g)fklyl\{g be ©
escri bed I “MIEI‘ t

| ayers whl are é rﬂéae&Fl %ﬁg% t;gg%gl]?\é;\ge%d ayer ﬁw%ﬂfi?&srp%@gne '

non-
to one another and preferably perpendicular to the ABS. Opuonally, the magnetic

orientations 168 and 172 could be directed out of the paper if desired. With this |
arrangement, the magnetic orientations of the antiferromagnetic layers 166 and 170
are established during fabrication by subjecting these layers to heat of 200°C under
‘a magnetic field which is directed out of the paper. |
The laminated free layer 158 includes a very thin ruthenium (Ru) layer 174
~ which is sandwiched between first and second ferromagnetic free layers 176 and 178.
The lamin-ated free layer 164 includes a vefy thin ruthenium (Ru) layer 180 which is
sandwiched between third and fourth ferromagnetic free layers. 182 and 184. : The
ruthenium layers 174 and 180 have a thickness in the range of 4 A to 10 A. There

is a strong exchange coupling between the first and second ferromagnetic free layers
176 and 178 and between the ferromagnetic free layers 182 and 184. It is important
that the second ferromagnetic free layer 178 be thicker thanthe first ferromagnetic
free layer 176 and that the third ferromagnetic free layer 182 be thicker than the
fourth ferromagnetic free layer 184 for a purpose to be described hereinafter.
Dliring faibrication the orientations of the magnetic moments of the second and
third ferromagnetic free layers 178 and 182 are aligned parallel with respect to one
another in the same direction parallel to the ABS, such as shown by the magnetic
moments 186 and 188. Optionally, these magnetic moments could be aligned in an
opposite direction. Since the second ferromagnetic free layer 178 is antiferromagnet
exchange coupled to the first ferromagnetic free layer 176, the magnetic moment 190
of the first ferromagnetic free layer 176 is antiparallel to the magnetic moment 186.
In the same manner, since the third ferromagnetic free layer 182 is antiferromagnet
exchange coupled to the fourth ferromagnetic free layer 184, the magnetic moment

192 of the fourth ferromagnetic free layer is antiparallel to the magnetic moment 188



magnetic el ectrical | y-conducting spacer layer 106 is sandw ched between the
free | ayer 102 and the pinned--layer 104. An antiferronmagnetic (AFM | ayer
108 has a filmsurface which interfaces a filmsurface of the pinned | ayer
104 so that the magnetization 110 of the pinned layer 104 is pinned in a
predeterm ned direction, such as perpendicular to the ABS, by exchange
coupling with the antiferromagnetic |ayer 108. The free | ayer 102 has a
magneti zation 111 which is free to rotate under the influence of field
signals fromthe rotating disk. The fre@-and pinned |ayers 102 - and 104 are
typically nade of Permalloy (N Fe) and the spacer |ayer 106 is typically
made of copper. The antiferromagnetic |ayer 108 may be nade of a materi al

selected fr.ogmzth roup of,. Ni d ;FeM... Fi and
S ar o el ta S B iReRtic b 10 T S bieeklet e BB TR fead B Ry
such as c@utingdense cuHest doddictich Bulab applledsifat themapaetid dertatisls offtld nes
the track wdth of the read head. A sense current source 118 is

el ect ri calfrep layswa ers asoshownt aidl 86; 188, 19Q@ndd93nInascaxsitation by g field sigpal

provi di NG 267 Sy G0 eebd Sllghdiidloilbals> P BY461a6h HILRORD baesdd "
magnetic moments 168 and 172 of the pinned layers 156 and 162. The spin valve
effect for the first spin valve 130 occurs only between the relative rotation of the
magneﬁc moment 186 of the second ferromagnetic free layer 178 and the magnetic
moment 168 of the pinned layer 156. Since the first free layer 176 is located outside
of the mean free path of the conduction electrons of the sense current, the rotation of
its magnetic moment 190 has no influence upon the spin valve effect. In a like
manner, it is the rotation of the magnetic moment 192 of the fourth ferromagnetic free
layer 184 relative to the magnetic moment 172 of the pinned iaye;' 162 which causes
a spin valve effect for the spin valve sensor 132. In a like nanner, since the third
ferromagnetic free layer 182 is beyond the mean free path of the conduction electrons
of the sense current, the rotation of its magnetic moment 188 has no influence upon
the spin valve effect.

When encountering a magnetic field from a rotating disk, the thicker free
layers 178 and 182 will rotate in the same direction. Since the thinner ferromagnetic
free layers 176 and 184 are strongly exchange-coupled to the thicker layers 178 and
182, their magnetic moments 190 and 192 will follow the magneti;: morﬂents 186 and
188 respectively. The force of the exchange coupling between the thick and thin layer
of each spin valve sensor is on the order of 10,000 Oe. F1 is rigidly. antiparallel-
coupled to F2 and similarly F3 is rigidly antiparallel-coupled to F4. These layers

 maintain antiparallel magnetization orientation while responding to magnetic fields.
Assuming a magnetic field directed into the paper, the magnetic moment 186 of the
second ferromagnetic free layer 178 will rotate into the paper toward saturation, as
shown by the arrow 194. When the magnetic moment 194 of .the second
ferromagnetic free layer is parallel to the magnetic moment 168 of the pinned layer

156, the resistance of the spin valve sensor 130 is minimum. The magnetic moment



-8- “Yn parallel with the sense current source 118 is a sensing circuit
120 for sensing potential changes across the spin valve sensor 100 when
field signals are induced into the spin valve sensor by the rotating disk
34 shown in Fig. 1. The sense current ‘'source 11 8 and the sensing circuit
120 are part of the processing circuitry 48 in Fig. 3. Each of the

| ayers 102, 104, 106 and 108 conduct a portion of the sense current between
the first and second | eads 112 and 114. A key paraneter in the operation of
a spin valve sensor is that the spacer _{siyer 106 have a thickness which is
| ess than the mean free path of conduction electrons flow ng between the
first and second | eads 112 and 114. The degree of electron scattering,

whi ch d th | ati | t th tizati f th
ree | ayoriohoet e ermaghtiie fies JEYe 1 76 B b oo AP 6 siectiy 16 1! 1
det er m nesnidiRtit GROMEANES Of tHehRcHiA FRRMMgnbic FRE 15RPITSCHY SifWn blahe] . The

greatest scattering and the correspondi ng maxi mum resi stance occurs when
t he magnetarmew i186s 1@ likednarrerawithaan applied| sigral antd the dpapers she magnetie | ng

Snd 515 cBOBRRA i BA BB aR Bre i P e AR AR 0
the free |gyRhticd)%s! showhPbg thé ¥irew £98.cHRamagdetic hemehie 19835 Ihe fB@ith upon

receiving positive and negative field signals froma rotating disk the
magnet i zatferomagaeticofree kayer p8hmill yotate ans ofi therpapgr, s shown b dbe amrowatllease

e oo, e ol e RORSRE e 0 Rk RBRRR e B e e
paper, and the magnetic moment 172 of the pinned layer 162 is into the paper, they
are antiparallel and the resistance of the spin valve sensor 132 isata maximum to the
sense current. If the field signal from the rotating disk was out of the paper instead
of into tﬁe paper, the arrows 194, 196, 198 and 200 would be reversed in direction.
Accordingly, when the spin valve read head 52 is subjected to a magnetic field

: of one polarity, the spin valve sensér 130 will produce a response signal’ of one
polarity and the spin valve sensor 132 will produce a second signal of opposite
polarity. The response signals are 180° out of phase with respect to one another and
are differentially detected by the differential amplifier 144 which combines the

- response signals to produce an enhanced response signal free of the noise picked up

by the sensors due to common mode noise rejection. The laminated free layers 158
and 164 are described in a commoniy assigned U. S. Patent 5,408,377. With the
present invention the antiferromagnetic layers 166 and 170 can be constrﬁcted of the
same material and simultaneously set in their magnetic orientations during fabrication.
_ Clearly, other embodiments and modifications of this invention will occur
reédily to those of ordinary skill in the art in view of these teachings. Therefore, this
invention is to be limited only by the following claims, which include all such
embodiments and modifications when viewed in conjunction with the above

specification and accompanying drawings.



fromthe ABS i nstead of toward t he ABS Begause of the thinness of

t he spacer | ayer-106 and the roug sssmg*riﬂﬁs BEENgGr face wth the pinned.
| ayer 104, there is a ferromagnetjc compm@[ﬁ[err] Whl ch is induced on
the free layer 102 by the pinned!

free layer 102 is a demagnetization field from the plnned | ayer. 104 mhlch
causes an induced demagnetization field Herr] on the fikmﬁ f“ﬂT cedg
typically on the order of 51 Ce when the spin valve sens
between the first and second shield |ajérs 58 and 60 as

By appropriately controlling the thicknesses of the Iayers 102, 104 and
106 and the anmpbunt of sense current I[err] the aforenentioned

-9O- fields can be nade to subst ant tﬁ‘mgounterbal ance one anot her so
t hat the nmagnetic
I CLAIM:

1. An MR read head with an air bearing surface (ABS), comprising:
first and second spin valve sensors for producing response signals with
opposite polarities in reaction to a magnetjc field;
a gap layer sandwiched between the first and second spin valve sensors;
first and second leads connected in series to the first spin valve sensor and
third and fourth leads connected in series to the sécond spin valve sensor;_
“the first and third leads being electrically interconnected;
the first spin valve sensor. including a first pinned layer and a first
aritiferromagnetic layer interfacing one another to form an exchange coupling
-therebetween énd the second spin valve seﬁsor including a second pinned layer and
a second antiférromagnetic layer interfacing one another to form an exchange coupling
therebetween; and _ |
the first and second antiferromagnetic layers pinning magnetic moments of the

- first and second pinned layers in the same direction.

2. An MR read head as claimed in claim 1, wherein the first and second

_ antiferromagnetic layers are substantially the same material with substantially the same
blocking temperature.

3. A combined MR read head and inductive write head including the MR
read head of claim 2, the combined head comprising:

an inductive coil embedded in an insulation stack;

the insulation stack and the inductive coil being sandwiched between first and
second- pole pieces; and

the first and second pole pieces being spaced by a write gap layer at an air

bearing surface.
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monent* 111 of the free layer lies parallel to the ABS, as shown in Fig. 7,
when the read head.is in a qui zﬁﬁ awme current, but no. applied
signal). The problem w %ﬁ‘agbs rpl n val ve sensor 100 In

Fig. 7 is that noise picked ud s |pr ocess ephighou HadBek iR dphBed

signal. It would be desirable if this noise co td be redu ed
Sso as to increase the signal-to-noise ratio (SNR). If a pHI Ilﬂ“mﬂuﬂmt
sensors 100 could be properly enployed, the noise could b

common node noi se rejection. The pair gfs_prior art sensors would be
required to produce signals of opposite poI arities dn response to a
magnetic field of one polarity. The response signals would be processed by
a differential anpllfler in order tqQ reject ¢o de noi se, thereby

i ncreasi ng SNR4- The At Mk aeadokead as Gaigegrin gat [Hm‘gdga’é‘ﬁn at 104 in Fig. 7,
woul d have to ant with respect to one another. This
woul d require t a&e{éﬁlgglan il%Ei‘gghn%gnetlc | ayers, one of which is shown at
108 in Fig. 7, thesdcondand fowthileadstonnietting the first and setond spini walve sénsoss

180[ err] out of hase with_ respect tgo, each other. Duri ng

fabricati & pateHel agessithe differeplial amplifictt i on of a magnetization is
acconpl i shed by applying a magnetic field to the layer in the desired
direction during a heating phase. For instance, if the antiferromgnetic
| ayer is FeMnh i&s rramm(read)héaﬂﬁsml'amdmwlainbé, iaclndbigr shed during
fabrication by heatlng t $ | ayer to q(gq(%!;err ]C while it is subjected to a
magnetic fiel d fimst andes SERFC FUFIERE $BKCeSirhe 200[err] level is referred to
as the bl ocki ngnd RELAY Rkt e Befng! bl 36 !thé sSR! kid Ry ©r S
were of the sane erla be I"possible to orient their _
magnet i zatsecorsl seasd cmmmlsbeﬂce\heidg campeted to thediourthdeadaer . Bot h
antiferromagnetic | ayers are subjected to the sane tenperature and the
same nmagnetic field. Accordingly, it would be desirable if the

antiferromagnetgc | aX?ﬁa%n@ﬁQko%@&lﬁﬁHQﬁfe%ﬁibﬁfcd‘ﬁ&h&Bséﬁtn@edmclaim
5, the drive comprising:
i a frame;
a magnetic disk rotatably supported on the frame;

-s_)

a support mounted on the frame for supporting the combined head in a
transducing relationship with the magnetic disk;

means for rotating the magnetic disk;

positioning means connected to the support for moving the head to multiple

- positions with respect to said magﬁetic disk; and

means connected to the heé.d, to the means for rotating the magnetic disk and
to the positioning means for exchanging signals with the combined head, for
controlling movement of the magnetic disk and for controlling the position of the

combined head.

7. An MR read head as claimed in claim 1, wherein:
the first spin valve sensor includes a first non-magnetic conductive spacer layer
and a first laminated free layer and the second spin valve sensor includes a second

non-magnetic conductive spacer layer and a second laminated free layer;
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sufflc’lently different so that the magnetic orientations of the Iayers

coul.d be established. antiparall eHM—Lh_u%_ngct to one another. A pal r
such antiferromagnetic |ayers wi tTHISLHHﬂEQ‘I ffereﬁf—bI—OtWTlg
tenperatures is not presently kngwn tOREP‘L r di ngl laced
noi se rejection is a desirabl e fecature—+ot :mn alve r I
-10- head but has not been achi evabl e because of the Iaéfﬁ’n mw
materials for the antiferromagnetic |ayers. As sho

and 6, the present spin valve read headig2 enploys first and second Spl n
val ve sensors 130 and 132 which are separated by a gap or insulation |ayer
134, such as A1203. As shown in Fig. 6, the first spin valve sensor 130 is

connected 1 Ser] o abidle! oot 12001 SRR Bt el Pfndid R ey > e00N

the first pinned layer and the second spacer layer is sandwiched between the second
laminated free layer and the second pinned layer;

the first laminated free layer includes a first ruthenium layer sandwiched
between first and second ferromagnetic free layers and the second laminated free layer
includes a second ruthenium layer sandwiched between third and fourth ferromagnetic
free layers wherein the first and second ruthenium layers are sufficiently thin so that
the first and second ferromagnetic free lﬁyers are coupled by exchange coupling and
the third and fourth ferromagnetic free layers are coupled by exchange coupling;

the second free layer has greater magnetization than the first ferromagnetic free
layer and the third ferromagnetic free layer has greater magnetization than the fourth
free laj-rer so that the first ferromagnetic free layer follows magnetic rotation of the
second' ferromagnetic free layer and the fourth ferromagnetic free layer follows
magnetic rotation of the third ferromagnetic free layer; and

the first spacer layer is sandwiched between the first pinned layer and the
second ferrorﬁagnetic free layer and the second spacer layer is sandwiched between

the second pinned layer and the fourth ferromagnetic free layer.

8. An MR read head as claimed in claim 7, wherein the first and second
antiferromagnetic layers are substantially the same material with substantially the same

blocking temperature.

9. A combined MR read head and inductive write head including the MR
‘read head of claim 8, the combined head comprising:

an inductive coil embedded in an insulation stack;

the insulation stack and the inductive coil being sandwiched between first and
second pole pieces; and

the first and second pole pieces being spaced by a write gap layer at an air
bearing surface.

e
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senst1132 is connected in series with third and fourth | eads 140 and 142.
The type of .connect.i ons may be contiguous junctions, as shown in Fig. 6.
The | eads 138 and 142 may be interconnected to ground™and the Teads 136 and

140 may be-connected across a di fiffers Lt Ak Br 14ﬂ1is"§h@etﬁ£srlﬁnl@éﬁﬂced

- second capacitors 146 and 148. Fi|r efise cu {50
and 152 are connected to the secdnd U | eads 136’|Hnlll '“ :
respectively so that a sense current I|err] is conducted : f

the spin valve sensors 130 and 132 to g{pund. In a preferred enbodi nent,
the sense currents I{err] are equal and the resistances of the first and
second sensors 130 and 132 are equal in a quiescent state (no sensé

current). The spin val ve sensors, 130 and, 132 are copnfjgured so as to
produce respons®-si gﬁalMRvﬁeF%h@%%’?@%}%éFWSSW°EWdASth he response

signal s can be (dj [ ¥ nrogessed by the differential anplifier 144
to achi eve comfagﬁﬁrsgégﬁ?}m é)(llamfgjag@t ion. The differential anplifier 144 is

part of the prohesetond anidrfouith leadd Somdeoting the firsgand3secdid spifi Fabrersensurs  of
phase response signals produced by the spin val ve sensors 130 and 132 are
added by tineamliel 8erons the diffepntial E‘F‘Pl_lﬁgr-whi | e the common node noise is
cancel | ed. The spin valve sensor 130 includes a first thin spacer

| ayer 154 which is sandw ched between a pinned | ayer 156 and a | am nat ed
free layer 158.1IThe ApiMR xead head asslimédBih claimh d0pinchudibg:n spacer | ayer 160
whi ch is sandw ghed (getwe n a ‘pinned |ayer 162 and a | am nated free | ayer
164. The spin Vst an é?f?&ﬁ SEAYF GUSFOR EPUICtSac| udes an anti ferromagnetic | ayer
(AFM 166 whi CyheMfit [s8i@Scutten shiifte Bt SohdbéRid 1ol 8 SoRll Nedd SnaAgECt | C
orientation into the paper by exchange. coupling, .as showmn by the arrow
168. | n asebomkksemse cerrentt soarcsepbeing abnrectedrto dhe f@gth leadudes an
antiferromagnetic |ayer (AFM 170 which interfaces with the pinned | ayer
162 to

12. A magnetic disk drive including the combined head as claimed in claim
11, the drive comprising: . |

a frame; ;

a magnetic disk rotatably supported on the frame;

a support mounted on the frame for supporting the combined head in a
transducing relationship with the magnetic disk;

means for rotating the magnetic disk;

positioning means connected to the support for moving the head to multiple
positions with respect to said magnetic disk; and

| means connected to the head, to the means for rotating the magnetic disk and

to the positioning means for exchanging signals with the combined head, for

controlling movement of the magnetic disk and for controlling the position of the

corhbined head.

13. An MR read head as claimed in claim 8, wherein the magnetic
moments of the pinned layers are oriented perpendicular to the ABS and the second
and third ferromagnetic free layers have magnetic moments which are oriented in the

same direction parallel to the ABS.

*x € L M S8 *



orj ent “t he magnetizati:on of the pinned |ayer into the paper by exchange

co'upl I ng, as shown by-t-he arrow 17'W nvention, the
antiferromagnetic | ayers 166 and 1? GTHIP SHEER of the sanme natert+als
such as FeM, with the same bl ockirjg tenBBPeAtile, soithat 4h i

preferably perpendicular to the ABS. Optionally, the magne
168 and 172 could be directed out of the paper if desired.
arrangenent, the magnetic orientations-t§ the antiferromagnetic |ayers 166
and-170 are established during fabrication by subjecting these |layers to
heat of 200C under a nagnetic field which is directed out of the paper.

The | am nated fiyee '&ﬂm%ﬁé; e #088infed' R faitd BN whiteEBIH TetrBHa rghémer 174

whi ch is sandwi ched ‘between first and second ferromagnetic free rayers 176
and 178. free layer is NiFe.

net |
~orientations 168 and 172 are paral 8T~ W th respect to one a’mﬁm Replaced
t H ms

15. An MR read head as claimed in claim 8, wherein each of the ruthenium
layers is 4-10 A thick.

16.  An MR read head as claimed in claim 8, including:
first and second sense current sources; i

the first sense current source being connected to the second lead and the

second sense current source being connected to the fourth lead.

17.  An MR read head as claimed in claim 16, wherein the magnetic
moments of the pinned layers are oriented in the same direction and perpendicular to
the ABS and the second and third ferromagnetic free layers have magnetic moments
which are oriented in the same direction fafallel to the ABS.

18. -An MR read head as claimed in claim 17, wherein each ferromagnetic
free layer is NiFe.

19. © An MR read head as claimed in claim 18, wherein each of the
ruthenium layers is 4-10 A thick.

20. A combined MR read head and inductive write head including the MR
.- read head of claim 19, the combined head comprising:
an inductive coil embedded in an insulation stack;
the insulation stack and the inductive coil being sandwiched between first and
second pole pieces; and |

the first and second pole pieces being spaced by a write gap layer at an air

bearing surface.
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The«laminated free layer 164 includes a very th| n ruthenium (Ru) |ayer 180
whi ch is sandw ched between third ane orBagheti c

and 184. The rutheniumlayers 174 a dT!-!lS(B'HEE\Td'lASBEEN ness in the range of
4 Ato 10 A There is a strong exchyg gen th Replaced
second ferronagnetic free layers 17673 ‘en t he m Imll
free layers 182 and 184. It is inportant that the second ferr

| ayer 178 be thicker than the first ferromagnetic free |ayer 176 and t

the third ferromagnetic free |layer 182 -b® thicker than the fourth
ferromagnetic free layer 184 for a purpose to be described hereinafter.
During fabrication the orientations of the magnetic nonents of the second
and third ferr gn r a ned parallel with
respect to one Qgﬁot %‘é‘rﬁ& e?ﬁe“eé%r%‘gealrg g‘%&‘géﬁ)aﬁ% Iﬁ% the ABS, such as

shown. by t he rraglaqtférgmlﬂwif&rlﬁﬁ and 188. Optionally, these nmagnetic
nonments could be aligned in an opp05| te di regtlon Si nge .t he, second

ferronagnetic fthese P%I;deim 1fpgrthdeads and, sa¢q @lﬁﬂéﬂeesén?%s;he
first ferroneaq&?é os@?ﬁeé éntnjaf%n hﬁg magneti c nonent 190 of the first

ferronagne?ﬁ ayer |s a paraIIeI to the magnetic nonent 186.
In the sane manner, since the third ferronagnetic free Iayer 182 is

anti f err omagnet exchange coupled . tg the fourth fer gne te Jayer
184, the magnet 22 mﬁeﬁﬁ@ei@ziolikdﬂ‘fﬁnﬁlb‘d%ﬁh? B‘Hﬁfg gd Iy

anti par al Iﬂ e (ﬁ,ﬂg c%ﬁﬂ:'?ﬁfﬂ nonent 188

a frame; _

a magnetic disk rotatably supported on the frame;

a support mounted on the frame for supporting the combined head in a
transducing relationship with the magnetic disk;

means for rotating the magnetic disk;

positioning means connected to the support for moving the head to multiple i
positions with respect to said magnetic disk; and

means connected to the head, to the means for rotating the magnetic disk and
to the positioning means for exchanging signals with the combined head, for
controlling movement of the magneti¢ disk and for controlling the position of the

combined head.

R



-12-> v of the third ferromagnetic free | ayer THIS §H Egé‘g%ﬁate of the
nQ

réad head 52, nanely during sense current cofducti : | ied signal,
t he magnetic orientations of the free |layers are as shown at 186, 188, 190
and 192. Upon excitation by a field signgyd froma rotating disk, these
magnetic nonents will be rotated relative to the fixed nagnetic nonents 168
and 172 of the pinned |ayers 156 and. 162. The spin valve effect for the
first spin val ve 130DIEFERENHIAL SPINCCALVE-SENSOR STRUGCTEUREN of the
magneti ¢ nonent 186 of the second ferromagnetic free |ayer 178 and the
magneti c nonent 168 ofthe pinned | ayer 156. Since the first free |layer 176 -
is located outside of the nean free pat la& hﬂe conduction el ectrons of the
sense current, the rotation of its n&d}ﬁ CHoment 190 has no influence
upon the spin valve effect. In a like manner, it is the rotation of the
magneti c nonent 192 of the fourth ferromagnetic free layer 184 relative to

e eanct e, TRIGA i et Ry PASEH | gt 5t T Sy Aol

effect for the's vé sensor I’ Ké nanner,” si nce

ferr orragneﬁ;{s@ taﬁa SEcdndYépin ¥Hive sEnddpy P9, 189) SHAftdd BF aRdbsulive £ BYEHEET On

el ectrons 0 e sense"current, the rotation of Its” magnetic nbrmenf 188 has
no i nfl uenGeJHRORedpdRseR PO opFdst® Filadds: in reaction to a magnetic field of a single

polarity. The opposite polarity responses are fed to a differential amplifier (144) where

they are combined for enhanced signal output and common mode noise rejection.

FIG. 6
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When eficountering a magnetic field froma rotating disk, the thicker free

| ayers 178 and 182 will rotate in the sane direction. Since the thinner
ferromagnetic free layers 176 and 184 are strongly exchange-coupled to the
thicker layers 178 and 182, their magnetic nonments 190 and 192 will follow
t he magnetic nonents 186 and 188 respectively. The force of the exchange
coupling between the thick and thin Iaye[ of each spin valve sensor is on
the order of 10,000 Ce. FlI is rigidly antiparallel- coupled to F2 and
simlarly F3-is rigidly antiparallel-coupled to F4. These | ayers maintain
antiparall el magnetization orientation while responding to nmagnetic_fields.
Assuming a magpetic field directed into the paper the_rmgnetig’,mfnﬁﬁt 186
of the second tferromagnetic free |layer 178 wi rotate into th paper
toward saturatfon, as shown by the ar t he magng¢ti c nonent
194 of the secpnd ferromagnetic fr o thejmagnetic
nonment 168 of jhe pinned |ayer 1 spi i val ve sensor
130 is mninuni The nagnetic no '

194.
| ayer is parallel
the resistance of th

1 FIG, 7
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- 13- 190 of the ferromagnetic free layer 176 will rotate in an opposite
direction to the magneti c nonent 186 of the second ferromagnetic free | ayer
178, as shown by the arrow 196. In a |ike manner, with an applied signal
into the paper, the magnetic nonment 188 of the third ferromagnetic free

| ayer 182 will rotate into the paper toward saturation,-as shown by the
arrow 198. The magnetic nonent 192 of t '%nf ourth ferromagnetic free | ayer
184 will rotate out of the paper, as sh by the arrog/ 200. Since the
magneti ¢ nonent 200 of the fourth ferromagnetic f‘r,eﬁ"l 9er is out of the
paper, and the magneti¢qg nt 172 of the pinned? ayjer 16?1_ i },o th
paper, they ampﬂ@%;f t he—sp 8 E ﬂe

132 is at a maximumto the sense_cyrrent. If the fidld signal fromth
rotating di sk was®8ut 7@ t hg,pafér Pnstgad of into the paper, the arrgus
194, 196, 198 and[ 200 fwoul d e nevdrsede i n direction. Accordi ngly,
when .t he spin fal Ye rehd heay 52 15| subpegted to a gétic field of gne
pol-arity, the ®pin val ye sendor 130§ wil |l a.a riesponse signal of jone

or

polarity and tpe—gptr—iet-re—spPrsoer econggsi gnal of e\
opposi te pol arfT e Tespon T af of phase wit
respect to one\pnothelf an ré i ffrerentfarny the differential
anplifier 144 i chi cpnbi heg t h¢ rfespdnge sijgna : ed
response signalt fre f _thefnoi defpic up fby t on
node noi se rejgction. The lam nated free layers 158 and 16 bed
in a comonly @ssigned U. S. Patent 31408,377. Wth the prése ™ef80
the anti f er r onprgmetic—tayers—te6—and O—caRr—be—66h Heted—otMhe—SaiR g
material and sknu ously set in i L magnetic orientations- duglng
fabrication. } @ Hﬁgz ' PTi
A A 152
58 ) \ S |
LA {
FIG. 4
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Clearly, other enbodinments and nodifications of this invention will occur
readily to those of ordinary skill in the art in view of these teachings.
Therefore, this invention is to be limted only by the-follow ng clains,
whi-ch i-nclude all such enbodinents and nodi'ficati ons when viewed in
conjunction with the above specification and acconpanyi ng draw ngs,

14 /! AIM5S 1. An MRread head with
an air bearing surface (ABS), conprisiné? first and second spin val ve
sensors for producing response signals with opposite polarities in
reaction to a magnetic field, a gap |l ayer sandw ched between the

first and second spin val ve sensors;
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first and second | eads connected in series to the first spin val ve sensor
and third and fourth | eads connected in series to the second spin valve
sensor; the first and third | eads being electrically interconnected;
the first spin valve sensor including a first pinned layer and a first
antiferromagnetic layer interfacing one another to form an xchange
coupling therebetween and the second spin val ve sensor including a second
pi nned | ayer and a second antiferromagnetic |ayer interfacing one another
to form an exchange coupling therebetMﬁgn; the first and second
antiferromagnetic |ayers pinning nagneﬂ nmonents of the first and second
pi nned | ayers in the sane direction; the first spin val ve sensor
having a first non-nagneti§g<:onductive spacer layer and a first |am nated
free layer and the second in valve's%Qsor hg:ing.acgecond non-

o =]

w
- 8 e

L 5]
\

|

\

e

- /”"’,L/"'
N\ : ®
g_ g___ ®/ E
\Jg| \[] 5
gl N« e W o| B &
s -
.
B
P
Ry

12—~



-

it 43y ¥80l 2 - (Puste
magnetlc conductive spacer |ayer and a second | am nated e ’7
the - first spacer |ayer being sandw ched between the fi r 4t REBIA m&h-‘
| ayer ang L@esﬁ | ayer and the second spacer {l '
sandw cheo-ln- ﬂﬁpe secgnd |ami nated free |ayer andltfle 24 1 nd
| ayer; "““ st.lakinated free |layer having a fijrgt rUt’ﬁth

sandw ched betvveen first and second ferromagnetic free}l d J
second | am nated free | ayer SUNIMARY OFCPHE INVENTION llayer sandvm ched
between third and fourth ferromagnetic free | ayers wherermrtie—frrst—and
second r ut heni Gisl ayelsjsctaofethe pirdsent mvehtion toi amalmrath ane ton endrerdisadzamtagesesfond
ferromagnetic free layers are antiferromagnetically coupled and the third
and fourt ithe priemankgnetic free | ayers are antiferronmagnetically coupl ed;

According to one aspect of the present invention there is provided an MR read
head with an air bearing surface (ABS), comprising: first and second spin valve sensors
for producing response signals with opposite polarities in reaction to a magnetic field; a
gap layer sandwiched between the first and second spin valve sensors; first and second .
leads connected in series to thé first spin valve sensor and third and fourth leads
connected in series to the second 'spin valve sensor; the first and third leads being
electrically interconnected; the first spin valve sensor including a first pinned layer and a
first antiferromagnetic layer interfacing one another to form an xchange coupling
therebetween and the second spin valve sensor including a second pinned layer and a
second antiferromagnetic layer interfacing one another to form' an exchange coupling
therebetween; the first and second antiferromagnetic layers pinning magnetic moments of
the first and second pinned layers in the same direction; the first 'spin valve sensor
having a first non—rhagnetic conductive spacer layer and a first laminated free layer and
the second spin valve sensor having a second non-magnetic conductive spacer layer and a
second laminated free layer; the first spacer layer being sandwiched between the first
laminated free layer and the first pinned layer and the second spacer layer being
sandwiched between the second laminated free layer and the second pinned layer; the
first laminatéd free layer having a first ruthenium layer sandwiched between first and
second ferromagnetic free layers and the second laminated free layer having a second
ruthenium layer sandwiched between third and fourth ferromagnetic free layers
wherein the first and second ruthenium layers are sufficieﬁtly thin so that the first and
second ferromagnetic free layers are antiferromagneti_cally -coupled and the third and
fourth ferromagnetic free layers are aqtiferromagnetically coupled; the second
ferromagnetic free layer being thicker and having a greater magnetization than the first

ferromagnetic free layer and the third ferromagnetic free layer being thicker and having
: SRS _
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15 the second ferromagnetic -free |ayer being thicker and having a

greater magnetization than the first ferronagnet| he
third ferromagnetic free |ayer being thicker and s F aﬁ '
magneti zation than the fourth ferromagnetic free |l ayer & t _thelfirst

ferromagnetic free |ayer follows magnetic rotatioil of the second
ferromagnetic free layer and the fourth ferromagnetic free |ayer foll ows

- magnetic aogmhiep nmagndtizaetiomi thain fthe r foneth nferromagnetic Ifeeeeigyennmd that thet Fiest

- first spacer |ayer being sandwi ched between the first pinned | ayer and the
- second f er fammgaenetic freedayardplows magnetic rotationdfdhesasond fgreomagnetie fivgailayesd

© between the second pinpned | ayer and the fourth ferromagnetic free |ayer.
and the fourth ferromagnetic free layer follows magnetic “rotation of the third

ferromagnetic free layer; and the first spacer layer being sandWiched between the first
pinned layer and the second ferromagnetic free layer and the second spacer layer is
sandwiched between the second pinned layer and the fourth ferromagnetic free layer.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is plan view of a magnetic disk drive.

Fig. 2 is a view taken along plane II-II of Fig. 1.

Fig.3isa side view of the magnetic disk drive of Fig. 1.

Fig. 4 is a view taken along plane IV-IV of F1g 2.

Fig. 5 is an ABS view of the read head of Fig. 4 taken along plane V-V of Fig. 4.

Fig. 6 is an enlarged schematic ABS- illustration of tfle spin valve read head portion
of Fig. 5. ' ’

Fig. 7 shows a schematic ABS illustration of a prior art spin valve sensor.
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2. An MR read head as cl ai med inclaiml1l, wherein the first anfd

. C
antiferromagnetic | ayers are substantially the sane naterial W ﬁESLI&HﬁIIENT SHEET
substantially the same blocking tenperature. 3. A conbined|M} read head
and inductive wite head including the Mread head of claim|2,| t24 JUL 1998
.combi ned head conpri sing: an i nductive coil enbedded if 4n =
I nsul ati on stack; the insulation stack and the inducti e Tort—termy
sandwi ched between first and second pOLAIMSeces; and tihe first and
second pol e pieces being spaced by a wite gap |ayer at an air bearing
surface. 1. An MR rceddcibwithan ait béanimg shrfacq )3comprisingii ng: a

differential anplifier; and
first and second spin valve sensors for producing response signals with opposite

polarities in reaction to a magnetic field;
a gap layer sandwiched between the first and second spin valve sensors;
first and second leads connected in series to the first spin valve sensor. and third
and fourth leads connected in series to the second spin valve sensor;
the first and third leads bemg electrically interconnected,
the first spin valve sensor .including a first pinned layer and a first
antiferromagnetic layer interfacing ome another to form an xchange coupling
therebetween and the second spin valve sensor including a second pinned layer and a
second antiferromagnetic layer interfacing one another to form an exchange coupling
' therebetween,; |
the first and second antiferromagnetic layers pinning magnetic moments of the first
and second pinned layers in the same direction; |
the first spin valve sensor having a_first non-magnetic conductive spacer layer and
a first laminated free layer and the. second spin valve sensor having a second non-
magnetic coniductive spacer layer and a second laminated free layer;
the first spacer layer being sandwiched between the first laminated free layer and
the first pinned layer and the second spacer layer being sandwiched between the second
laminated free layer and the second pinned layer;
the first laminated free layer having a first ruthenium layer sandwiched between
first and second ferromagnetic free layers and the second laminated free layer having a -
second ruthenium layer sandwiched between third and fourth ferromagnetic free layers
wherein the first and second ruthenium layers are sufficiently thin so that the first and
second ferromagnetic free layers are antiferromagnetically coupled and the third and

fourth ferromagnetic free layers are antiferromagnetically coupled;
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the second and fourth | eads connecting the first and secon
sensors in parallel across the differential anplifier.
head as clainmed in claim4, including: first and s
current sources; the first sense girrent source beiln
the second | ead and the second. sense current source being connected to

the fourth | ead. 16 B

M

ﬁhremgpief/ iec di stke dsbooadi Medromagetichdreeotijene deingadhinkerc | anilmddving ¢l agrRatsy
magnetization than the first ferromagnetic free layer and the third ferromagnetic free
layer being thicker and having a greater magnetization than the fourth ferromagnetic free
layer so that the first ferromagnetic free layer follows magnetic rotation of the second
ferromagnetic free layer and the fourth ferromagnetic free layer follows magnetic
rotation of the third ferromagnetic free layer; and
the first spacer layer being sandwiched between the first pinned layer and the
~ second ferromagnetic free layer and the second spacer layer is sandwichéd between the
second pinned layer and the fourth ferromagnetic free layer.
2. An MR read head as claimed in claim 1, wherein the first and second
antiferromagnetic layers are substantially the same material with substantially the same
blocking temperature.
3. A corhbined MR read head and inductive write head including the MR read head of
claim 2, the combined head comprising:
an inductive coil embedded in an insuiation stack;
_the insulation stack and the inductive coil being sandwiched between first and
second pole pieces; and
the first and second pole pieces being spaced by a write gap layer at an air bearing
surface.
4. An MR read head as claimed in claim 3, including:
a differential amplifier; and
the second and fourth leads connecting. the first and second spin valve sensors in
paféllel across the differential amplifier.
5. An MR read head as claimed in claim 4, including:
first and second sense current sources; '
the first sense current source being connected to the second lead and the second

sense current source being connected to the fourth lead.

* [ L M S *




conpri si ng: a frane; a magnetic disk rotatably supported on the
frame; a support nmounted on the frame for supporting the conbi ned
head in a transducing relationship with the magnetic disk; means for
rotating the magnetic disk; posi ti ofy ng means connected to the
support for noving the head to multiple positions with respect to said
magnetic disk; and means connected to the head, to the neans for
rotating the mypeigheticdsk deive ihdudihg thepastinathhead asetaimed- 4 by
signal's with the combined head, for controlling novermeny BEPLAGEMENGSHEET
di sk and f @onmposingol | i ng the position of the conbined he dL 7. AT VRTgaf

head as cl ai med in claim2 wherein the magnetic nmonments ¢f |tige 'an?é
| ayers are ori enframeper pendi cular to the ABS and the secén an‘éﬂlr

a inagnetic disk rotatably supported on the frame;

a support mounted on the frame for supporting the combined head in a transducing
relationship with the magnetic disk;
means for rotating the magnetic disk;
positioning means connected to the support for moving the head to multiple
positions with respect to said magnetic disk; and
| means cbnnected to the head, to the means for rotating the magnetic disk and to the
positioning means for exchanging signals with the combined head, for controlling
movement of the magnetic disk and for controlling the position of the combined head.
7. An MR read head as claimed in claim 2 wherein the magnetic momen:ts of the
pinned layers are oriented perpendicular to the ABS and the second dnd third
ferromagnetic free layers have magnetic moments which are oriented in the same
direction parallel to the ABS. |
8. An MR read head as claimed in claim 2, wherein each ferromagnetic free layer is
NiFe.
9.  An MR read head as claimed in claim 2, wherein each of the ruthenium layers is 4-
10 A thick. |
10. An MR read head as claimed in claim ;, including:
first and second sense current soufces;
the first sense current source being connected to the se_cond lead and the second
sense current source being connected to the fourth lead.
11. An MR read head as claimed in claim 10, wherein the magnetic moments of the
pinned layers are oriented in the same dire;tion and perpendicular to the ABS and the
second and third ferromagnetic free layers have magnetic moments which are oriented in

the same direction parallel to the ABS.
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f§rronégnetip free layers have magnetic monments which are oriented in the
sane dlrectl_op parallel to the ABS. 8. An MR read head as clained in
claim2, wherein each ferronmagnetic free layer is N Fe. 9. An M read

head as claimed in claim2, wherein each,;of the rutheniumlayers is 4- 10
A thick. 10. An MR read head as claimed in claim2, including:
first and second sense current sources; the first sense current

source bei pg cARNER! RAd head hechiaanih dlsiat 1 Anehérbin ceh derdomagnesic frerlapert is
source being connected to the fourth lead. 11. An MR read head as cl ai med
I n clai ml1§jFsherein the magnetic nonents of the pinned |ayers are

oriented in the sane direction and perpendi cular to the ABS and the
13. An MR read head as claimed in claim 12, wherein each of the ruthenium layers is

4-10 A thick.
14. A combined MR read head and inductive write head including the MR read head of
claim 13, the combined head comprising:

an inductive coil embedded in an insulation stack;

the insulation stack and the ..'ind'uctive coil being sandwiched between first and
second pole pieces; and |

the first and second pole pieces being spaced by a write gap layer at an air bearing
surface. |
15. An MR read head as claimed in claim 14, including:

a differential Mpliﬁer; and

the second and folrth leads conhecting the first and second spin valve sensors in
parallel across the differential ﬁmpiifier.
16. A magnetic disk drive including the combined head as claimed in claim 15, the
drive comprising: |

a frame;

a magnetic disk rotatably supported on the frame;

a support mounted on the frame for supporting the combined head in a transducing
relationship with the magnetic disk;. |

means for rotating the magnetic disk;

positioning means connected to the support for moving the bead to multiple
positions with respect to said magnetic disk; and

means connected to the head, to the means for rotating the magnetic disk and to the
positioning means for exchanging signals _.with the combined head, for controlling

movement of the magnetic disk and for controlling the position of the combined head.
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sécond and third ferromagnetic free | ayers have magneti c nonents which are

oriented in the sane direction parallel to the ABS.

17 12. An MR read head as clainmed in claim11l, wherein each ferromagnetic

free layer is N Fe. 13. An MRread head as clainmed in claim12, wherein

each of the rutheniumlayers is 4-10 Ajghick. 14. A conbined MR read head

and inductive wite head including the MR read head of _ '
DIFFERENTIAL SPIN VALVE SENSOR STRUCTURE

ABSTRACT
A spin valve sensor structure for a magnetic read'hsad_;'is provided which eniploys

first and second spin valve sensors (130 132) separated by an 'iﬂsﬁlative gap 'layer that

produce responses of opposne polantles in reaction to a magnetlc field of a smgle :

polarlty The oppos1te polarlty responses are fed to a. dlfferentlal ainphﬁer (144) whcre .

they are combmed for enhanced signal output and common mode nmse_rejectlon




" clai ﬂHE%’LAﬂEMthbTOSﬁrEﬂ'ed head conpri sing: ~an inductive coil tegbpdded in

an ips the insulation stack and the inductive coil (Wr”
Pei np 23" Wﬂ;ﬂp tiwen first and seco pol e pi eces; and the first
and pefo WB des{ bei ng spaced by a ite gap Iayer at an air beari ng
surfhc rgdad head as clainmed in claim214, including:

di f f prential anplifierf and ISUMMm OF9ad Imlsjﬂ(mh | eads connect i ng

t he Frrst—amd—secomd—spi n val ve sensors in parallel across the

differential anpkiani sbject ofGhe Pro¥o@iriaiémiotits lantliove b€ bt gidre disaevarddes rgd
head as clained in cl a| m 15, the drive conprising:

. the prior art.

According to one aspect of the present invention there is provided an MR read
head with an air bearing surface (ABS), comprising: first and second spin valve sensors
for producing response signals with opposite-polaritiés in reaction to a magnetic field; a
gap layer sandwiched between the first and second spin valve sensors; first and second
leaﬁs connected in series to the first spin valve sensor and third and fourth leads
connected in series to the second spin valve sensor; the first and third leads being
electrically interconnected; the first spin valve sensor including a first pinned layer and a
first antiferromagnetic layer interfacing one another to form an xchange coupling
therebetween and the second spin valve sensor including a second pinned layer and a
second antiferromagnetic layer interfacing one another to form an exchange coupling
therebetween; the first and second antiferromagnetic layers pinning magnetic moments of
the first and second pinned layers in the same direction; the first spin valve sensor
having a first non-magnetic conductive spacer lé.yer and a first laminated free layer and
the second spin valve sensor having a second non-magnetic conductive spacer layer and a
second laminated free layer; the first spacer layer being sandwiched between the first
laminated free layer and the first pinned layer and the second spacer layer being
sandwiched between the second laminated free layer and the second pinned layer; the
first laminated free layer having a first ruthenium layer sandwiched between first and
second ferromagnetic free layers and thé second laminated free layer having a second
ruthéxﬁum layer sandwiched between third and fourth ferromagnetic free layers
wherein the first and second ruthenium layers are sufficiently thin so that the first and
second ferromagnetic free layers are antiferromagnetically coupléd and the third and
fourth ferromagnetic free layers are antiferromagnetically coupled; the second
ferromagnetic free layer being thicker and having a greater magnetization than the first

ferromagnetic free layer and the third ferromagnetic free layer being thicker and having



a frane; a magnetic disk rotatably supported on the frane; a
support nounted on the frane for supporting the conbined head in a
trransducing relationship with the magneti c di sk; means for rotating
t he magnetic di sk; . positioning neans connected to the support for
mavi ng the head to nultiple positions with respect to said nmagnetic disk;
and a e cuagnetzatidnt thanhehehéaudth tferrbmegnvdanted Qhiydrot@tthRO thd &irst
magnetic disk and to the positioning nmeans for exchanging signals with the
conbi ned Hemamagesticclser laget fallpwsrmagnetinrotafion bibtheaereatliferrdinagneaiedfréctaver
controlling the positiaon of the conbi ned head.

. anc the fourth ferromagnetic free layer follows magnetic rotation of the third
ferromagnetic free layer; and the first spacer layer being sandwiched between the first

pinned layer and the second ferromagnetic free layer and the second spacer layer is

sandwiched between the second pinned layer and the fourth ferromagnetic free layer.
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BRIEF DESCRIPTION.OF THE DRAWINGS
Fig. 1 is plan view of a magnetic disk drive.
Fig. 2 is a view taken along plane II-II of Fig. 1.
~ Fig. 3 is a side view of the magnetic disk drive of Fig. 1.

Fig. 4 is a view taken along plane IV-IV of Fig. 2.

Fig. 5 is an ABS view of the read head of Fig. 4 taken along plane V-V of
Fig. 4.

Fig. 6 is an enlarged schematic ABS illustration of the spin valve read head
portion of Fig. 5.

Fig. 7 shows a schematic ABS illustration of a prior art spin valve sensor.



