
Title: SPIN VALVE SENSOR WITH SPECULAR ELECTRON SCATTERING IN FREE LAYER
[err] [err] [err] [err] [err]  [err]  [err] [err] [err]    [err] Abstract
[err] [err] [err] A spin valve sensor (70) is disclosed, comprising a
ferromagnetic free layer (76), a ferromagnetic pinned layer (80), a layer
of  non-ferromagnetic material (78) positioned between the free layer (76)
and the pinned layer (80), and an antiferromagnetic pinning layer  



(82) positioned adjacent to the pinned layer (80) such that the pinning
layer (82) is in direct contact with the pinned layer (80). The  free layer
(76) comprises a multi-layer stack including a non-magnetic insulating
spacer (96) positioned between a first and a second  ferromagnetic sublayer
(94 and 98). The non-magnetic insulating spacer (96) provides a specular
electron scattering effect. The first and  the second ferromagnetic
sublayers (94 and 98) each have passive end regions separated by a central
active region. The spin valve sensor  (70) further includes bias means (86
and 88) positioned between the first and the second ferromagnetic sublayers
(94 and 98) in the passive  end regions. The bias means (86 and 88)
produces a longitudinal bias in the passive end regions of a level
sufficient to maintain the active  central region of the ferromagnetic
sublayers (94 and 98) in a single domain state. [err]     WO 00/63715
PCT/US99/20151 SPIN VALVE SENSOR WITH SPECULAR  ELECTRON SCATTERING IN FREE
LAYER BACKGROUND OF THE INVENTION The present invention relates generally
to a  5 magnetoresistive (MR) sensor based on the spin valve effect for
sensing  magnetic fields, and more particularly, to such a sensor having a
laminated, ferromagnetically coupled free layer with specular electron
scattering and an improved longitudinal bias for crosstalk noise
suppression. 10 A magnetic read head retrieves magnetically-encoded
information that is stored on a magnetic medium or disc. The magnetic  read
head is typically formed of several layers that include a top shield,  a
bottom shield, and a read sensor positioned between the top and  bottom
shields. The read sensor is generally a type of magnetoresistive 15 sensor,
such as a giant magnetoresistive (GMR) read sensor. The  resistance of a
GMR read sensor fluctuates in response to a magnetic  field emanating from
a magnetic medium when the GMR read sensor  is used in a magnetic read head
and positioned near the magnetic  medium. By providing a sense current
through the GMR read sensor, 20 the resistance of the GMR read sensor can
be measured and used by  external circuitry to decipher the information
stored on the magnetic  medium. A common GMR read sensor configuration is
the spin  valve configuration in which the GMR read sensor is a
multi-layered 



25 structure formed of a ferromagnetic free layer, a ferromagnetic pinned
layer and a nonmagnetic spacer layer positioned between the free layer  and
the pinned layer. The magnetization direction of the pinned layer  is fixed
in a predetermined direction, generally normal to an air bearing  surface
of the spin valve head, while a magnetization direction of the 30 free
layer oscillates freely in response to an external magnetic field. An  easy
axis of the free layer is generally set normal to the magnetization
direction of the pinned layer. The resistance of the spin valve read WO
00/63715 2 PCT/US99/20151 sensor varies as a function of an angle formed
between the  magnetization direction of the free layer and the
magnetization direction  of the pinned layer. This multi-layered spin valve
configuration allows  for a more pronounced magnetoresistive effect than is
possible with  5 anisotropic magnetoresistive (AMR) read sensors.
Typically, the magnetization of the pinned layer is fixed in  the
predetermined direction by exchange coupling an antiferromagnetic  pinning
layer to the pinned layer. The antiferromagnetic pinning layer  is
positioned upon the ferromagnetic pinned layer such that the pinned  10
layer and the free layer form distal edges of the GMR spin valve. U.S.
Patent No. 5,206,590 (the '590 patent) discloses a  spin valve sensor
referred to as a magnetoresistive sensor based on  the spin valve effect.
The spin valve disclosed in the '590 patent  includes a free layer with a
thickness in the range of 50-150A. The '590 15 patent discloses two
longitudinal bias schemes for stabilizing a domain  structure of the free
layer. One of the schemes is based on an  application of,hard ferromagnetic
films deposited on the edges of the  free layer. Alternatively, the '590
patent discloses that the films  deposited on the edges of the free layer
may be antiferromagnetic  20 material. The relatively large thickness of
the free layer of the spin  valve sensor disclosed in the '590 patent
results in a reduced giant  magnetoresistance due to shunting of a sense
current, which causes a  reduced output signal. The spin valve sensor
according to the prior art 25 also has increased sensitivity to crosstalk
noise from adjacent tracks  recorded on a medium. 



BRIEF SUMMARY OF THE INVENTION A spin valve sensor is disclosed, comprising
a free layer,  a pinned layer made of ferromagnetic material, a layer of
non- 30 ferromagnetic material positioned between the free layer and the
pinned layer, and a pinning layer positioned adjacent to the pinned layer
such  that the pinning layer is in direct contact with the pinned layer.
The free WO 00/63715 PCT/US"/20151 3 layer comprises a multi-layer stack
including a non-magnetic insulating  spacer positioned between a first and
a second ferromagnetic sublayer.  The non-magnetic insulating spacer
provides a specular electron  scattering effect. The first and the second
ferromagnetic sublayers each 5 have passive end regions separated by a
central active region. The  spin valve sensor further includes bias means
positioned between the  first and the second ferromagnetic sublayers in the
passive end regions.  The bias means produces a longitudinal bias in the
passive end regions  of a level sufficient to maintain the central active
region in a single  10 domain state. The spin valve sensor of the present
invention provides a  larger GMR ratio and less sensitivity to crosstalk
noise than prior art spin  valve sensors. The increased GMR ratio is
provided by initiating a  specular electron scattering effect in the free
layer, and thereby 15 localizing electrons within a portion of the free
layer where a probability  of spin-dependent scattering is a maximum. A
reduction in sensitivity  to crosstalk noise is provided by positioning
means for producing a  longitudinal bias between end regions of thin
ferromagnetic sublayers  of the free layer stack. 20 BRIEF DESCRIPTION OF
THE DRAWINGS FIG. I shows a first embodiment of a prior art spin valve
sensor. FIG. 2 shows a diagram of spin dependent scattering in a  prior art
spin valve sensor. 25 FIG. 3 shows a graph of GMR magnitude versus Co layer
thickness in a (Co(t)/Cu(19A))20 multilayer stack. FIG. 4 shows a preferred
embodiment of a spin valve  sensor according to the present invention. FIG.
5 shows a diagram of spin dependent scattering in a  



30 portion of the spin valve sensor of the present invention. SEP 2003 WO
00/63715 4 PCT/US99/20151 FIG. 6 shows a graph of coercivity of the end
regions of  the ferromagnetic sublayers of the free layer versus thickness
of these  sublayers. FIG. 7 shows a graph of exchange coupling strength  5
between the antiferromagnetic biasing layers and the end regions of the
ferromagnetic sublayers of the free layer versus thickness of the
sublayers. DETAILED DESCRIPTION Prior to describing the spin valve sensor
of the present  10 invention, some specific embodiments of prior art spin
valve sensors will  be discussed. FIG. 1 shows a spin valve sensor
disclosed in U.S.  Patent No. 5,206,590. The spin valve includes a
multilayer formed of  two ferromagnetic layers 12 and 16 separated by
nonmagnetic metallic  spacer 14. Ferromagnetic layer 12 is free to
oscillate in response to a 15 magnetic field, whereas ferromagnetic layer
16 is pinned by  antiferromagnetic layer 18. The '590 patent discloses two
longitudinal  bias schemes for stabilizing a domain structure of free layer
12. One of  the schemes is based on an application of hard ferromagnetic
films 26  deposited on the edges of free layer 12. Alternatively, the '590
patent 20 discloses that films 26 may be antiferromagnetic material. The
thickness of free layer 12 is in the range of 50-150A. FIG. 2 shows a
diagram of spin dependent scattering in a  prior art spin valve sensor 40.
Spin valve 40 includes ferromagnetic  pinned layer 42, non-magnetic spacer
layer 44 and ferromagnetic free 25 layer 46. To improve the sensitivity and
thermal stability of the spin  valve 40, free layer 46 is made of two
ferromagnetic layers 48 and 50,  such as Co/NiFe, in direct contact with
each other. As shown by the  arrows in FIG. 2, at certain conditions, the
magnetizations of the  ferromagnetic layers 42 and 46 can be antiparallel.
Due to their large 30 thickness, ferromagnetic layers 42 and 46 provide a
high mean free  path for electrons 52, which results in a low GMR ratio.
The mean free WO 00/63715 



5 PCT/US99/20151 path is mostly limited by the presence of boundary
scattering at the top  of ferromagnetic layer 42 and the bottom of
ferromagnetic layer 50. Giant magnetoresistance is a product of
spin-dependent  scattering of electrons in antiferromagnetically coupled
ferromagnetic  5 layers. The scattering is spin-dependent because up-spin
electrons are scattered differently than down-spin electrons. If an up-spin
electron  encounters a ferromagnetic layer with a downward magnetization,
the  electron will likely be scattered, resulting in a reduced mean free
path  and increased resistance. On the other hand, if the up-spin electron
10 encounters a ferromagnetic layer with an upward magnetization, the
probability of scattering is reduced and the resistance is lower.
Likewise, down-spin electrons are more frequently scattered by up-
magnetization ferromagnetic layers, and less frequently scattered by
down-magnetization ferromagnetic layers. 15 Spin-dependent scattering is
mostly localized in a few  monolayers of the ferromagnetic layers 42 and 46
adjacent to the  ferromagnetic/nonmagnetic interfaces with nonmagnetic
layer 44. The  larger the spin-dependent scattering, the larger the GMR
ratio. The  probability of the spin-dependent scattering and GMR decrease
with the  20 increase of the pinned or free layer thickness. FIG. 3 shows a
graph of AR or GMR (vertical axis) versus  Co layer thickness (horizontal
axis) in a (Co(t)/Cu(19A))20 multilayer  stack. As shown in FIG. 3, the
maximum of the giant  magnetoresistance occurs at a thickness of about
10-15A. GMR  25 decreases with an increase in ferromagnetic layer
thickness. In addition to producing a low GMR, a thick ferromagnetic  free
layer also results in a decrease of the exchange coupling field with  a
longitudinal bias means, such as layer 26 in the `590 patent (See FIG.  1).
The decrease in the exchange coupling field results in an increase  30 of
the free layer sensitivity to crosstalk noise. A preferred embodiment of a
spin valve sensor 70  according to the present invention is shown in FIG.
4. Spin valve sensor WO 00/63715 6 PCT/US99/20151 



70 includes substrate 72, seed layer 74, ferromagnetic free layer 76,
non-magnetic spacer 78, ferromagnetic pinned layer 80,  antiferromagnetic
pinning layer 82, capping layer 84, antiferromagnetic  tabs 86 and 88 and
conductor leads 90 and 92. Free layer 76 is 5 preferably a multi-layer
structure including ferromagnetic sublayers 94  and 98 separated by
non-magnetic insulating spacer 96. Ferromagnetic  sublayers 94 and 98 may
be made from NiFe, Co, CoFe, NiFeCo, CoZr  as well as other similar soft
magnetic materials. In a preferred  embodiment, ferromagnetic sublayer 94
is NiFe and ferromagnetic 10 sublayer 98 is CoFe. Ferromagnetic sublayer 98
may also comprise a  multilayer structure including two ferromagnetic
layers, such as Co/NiFe,  CoFe/NiFe, Co/NiFeCo or CoFe/NiFeCo. In such
cases, the Co or  CoFe layer of ferromagnetic sublayer 94 is preferably
positioned  adjacent to spacer 78. Non-magnetic metallic spacer 78 is
preferably  15 Cu, Ag or Au. To maintain a magnetization orientation in the
pinned layer  80 perpendicular to the ABS, the pinned layer 80 is exchange
coupled  with the antiferromagnetic pinning layer 82. A capping layer 84,
preferably made of Ta, is deposited over pinning layer 82 and protects 20
the multilayer structure of sensor 70 from oxidation. Conductor leads 90
and 92 are provided to form a circuit path between the sensor 70,  current
source and sensing means (not shown). Seed layer 74 is deposited prior to
deposition of free layer  76. Seed layer 74 is preferably made of Ta,
NiFeCr, Ru or CrV. Seed  25 layer 74 preferably has a high resistivity to
minimize a shunting effect. The purpose of seed layer 74 is to optimize a
texture, grain size and  morphology of the subsequent layers. For example,
it is desirable to  have a certain degree of roughness at the interface
between  ferromagnetic layer 80 and spacer 78, and between ferromagnetic
layer 30 76 and spacer 78. The roughness facilitates transfer of electrons
from  spacer 78 to the ferromagnetic layers 76 and 80, where spin-dependent
scattering occurs. However, the interfaces can not be made too rough WO
00/63715 PCT/US99/20151 7 or the GMR effect is lost. The morphology is
critical in obtaining a large  GMR effect since it permits the use of very
thin free layer 76 and non- magnetic spacer 78. 



In the spin valve sensor 70 of the present invention, the  5 conventional
single layer or Co/NiFe bilayer structure of the free layer  is replaced by
a laminated structure comprising at least two  ferromagnetic sublayers 94
and 98 separated by a thin insulating film 96  providing ferromagnetic
coupling between ferromagnetic sublayers 94  and 98. The laminated free
layer 76 according to the present invention 10 preferably has a general
structure of Co/MOx/NiFe, where MO., is an  insulator. The insulating film
96 is of an appropriate type and thickness  to allow the two ferromagnetic
films 94 and 98 to be ferromagnetically  coupled to one another. In a
preferred embodiment, insulating film 96  is an A1203 film of approximately
2-10A thick. The insulating spacer 96 15 can alternatively be made of a
thin film of Fe2O3, Fe3O4, NiO, Ta2O5,  SiO2, Si3N4, CoO, TiO2, or other
insulating material. Free layer 76 with  the laminated structure has lower
coercivity and a more stable domain  structure than a bilayer or
single-layer structure due to a ferromagnetic  coupling between
ferromagnetic films 94 and 98. 20 Moreover, the laminated structure of free
layer 76 with  insulating spacer 96 improves the GMR effect in spin valve
sensor 70.  Insulating spacer 96 initiates a specular electron scattering
effect at its  interface with ferromagnetic layer 98. Specular electron
scattering in  spin valves is discussed in H.J.M. Swagten, G.J. Strijkers,
R.H.J.N. 25 Bitter, W.J.M. de Jonge, J.C.S.Kools, Specular Reflection in
Spin Valves  Bounded by NiO Layers, IEEE Transactions on Magnetics, v.34,
No. 4,  pp. 948-953 (1998). By placing insulating spacer 96 between
ferromagnetic sublayers 94 and 98, the mean free path of electrons in  free
layer 76 is considerably reduced, as can be seen in FIG. 5. 30 FIG. 5 shows
a portion of spin valve sensor 70, including  ferromagnetic pinned layer
80, non-magnetic spacer layer 78, and free  layer 76 comprising
ferromagnetic sublayer 98, insulating spacer 96 and 6 SEP 2003 WO 00/63715
8 PCTIUS99/20151 ferromagnetic sublayer 94. The arrows in FIG. 5 represent
the  magnetization directions of the various ferromagnetic layers.
Electrons  100 are localized in the thin portion of free layer 76 formed by
the  ferromagnetic film 98 adjacent to the metallic non-magnetic spacer 78,



5 where a probability of the spin-dependent scattering is a maximum.
Localizing electrons 100 in ferromagnetic film 98 results in an increase
of the spin-dependent scattering and the giant magnetoresistance.
Insulating spacer 96 is preferably positioned close to the interface
between non-magnetic spacer 78 and ferromagnetic layer 98 to 10 increase
the number of passes of electrons 100 through the region of  high
spin-dependent scattering. Ferromagnetic film 98 is preferably in  the
range of 10-20A thick, which is the thickness producing the  maximum GMR as
shown in FIG. 3. Ferromagnetic film 94 is preferably  20-60A thick. 15
Referring again to FIG. 4, means for producing a  longitudinal bias are
provided to maintain free layer 76 in a single  domain state as indicated
by the arrows on free layer 76. In the specific  embodiment shown, the
means 86 and 88 for producing a longitudinal  bias comprise a layer of
antiferromagnetic material having a high 20 blocking temperature and
exhibiting a high exchange coupling with the  ferromagnetic films 94 and
98. The antiferromagnetic tabs 86 and 88  are positioned between and in
direct contact with end regions of the  ferromagnetic films 94 and 98. The
thickness of each ferromagnetic film  94 and 98 is lower than the total
thickness of the free layer 76 consisting  25 of these films and the
insulating spacer 96. FIG. 6 shows a graph of the coercivity (HCE) of the
end  regions of ferromagnetic layers 94 and 98 versus thickness of these
layers. FIG. 7 shows a graph of the exchange coupling strength (HEX)
between the antiferromagnetic tabs 86 and 88 and the end regions of 30
ferromagnetic sublayers 94 and 98 versus thickness of ferromagnetic
sublayers 94 and 98. The broken lines in FIGS. 6 and 7 represent data  for
a NiFe ferromagnetic film 98 of varying thickness and a 30nm thick WO
00/63715 9 PCT/US99/20151 NiMn antiferromagnetic tab 86. The solid lines in
FIGS. 6 and 7  represent data for a NiFe ferromagnetic film 94 of varying
thickness and  a 30nm thick NiMn antiferromagnetic tab 86. Thus, forthe
broken lines,  the ferromagnetic film is positioned above the
antiferromagnetic tab, and 5 for the solid lines, the ferromagnetic film is
positioned below the  antiferromagnetic tab. 



As shown in FIG. 6 and FIG. 7, the exchange coupling  field (HEX) and
coercivity (HIE) increases with a decrease in the  thickness of the
ferromagnetic sublayers 94 and 98. In the present 10 invention, the
antiferromagnetic tabs 86 and 88 are placed between the  ferromagnetic
films 94 and 98 forming free layer 76. The thickness of  each ferromagnetic
sublayer 94 and 98 is less than the total thickness  of free layer 76, and
less than the thickness of prior art free layers.  Thus, the exchange
coupling HEX and coercivity HcE of the end regions 15 of the thin
ferromagnetic sublayers 94 and 98 is much higher than in the  prior art. As
a result, the magnetic sensitivity of the end regions of free  layer 76 in
the present invention is considerably lower than in the prior  art, which
results in better suppression of crosstalk noise. Although the present
invention has been described with  20 reference to preferred embodiments,
workers skilled in the art will  recognize that changes may be made in form
and detail without  departing from the spirit and scope of the invention.
16SEP2003 10 5 CLAIM(S):  1. A spin valve sensor comprising: a spin valve
stack including a multi-layered free layer; and  means positioned within
the multi-layered free layer for providing  a specular electron scattering
effect at an interface within the  multi-layered free layer. 2. The spin
valve sensor of claim 1 wherein the multi-layered free layer  comprises: 10
a multi-layer stack including a non-magnetic insulating spacer  positioned
between a first and a second ferromagnetic sublayer, and  wherein the
non-magnetic insulating spacer provides the specular  electron scattering
effect. 15 3. The spin valve sensor of claim 2 wherein the spin valve stack
comprises:  a pinned layer; a layer of non-ferromagnetic material
positioned between the free  layer and the pinned layer, the layer of
non-ferromagnetic material in  direct contact with the first ferromagnetic
sublayer of the free layer; and 20 a pinning layer positioned adjacent to
the pinned layer such that  



the pinning layer is in direct contact with the pinned layer. 4. The spin
valve sensor of claim 2 wherein the first and the second  ferromagnetic
sublayers each have passive end regions separated by a 25 central active
region, the spin valve sensor further comprising bias  means positioned
between the first and the second ferromagnetic  sublayers in the passive
end regions of the first and the second  ferromagnetic sublayers, the bias
means producing a longitudinal bias in  the passive end regions of a level
sufficient to maintain the central active 30 region in a single domain
state. 1 6 SEP 2003 11 5. The spin valve sensor of claim 2 wherein the
first and the second  ferromagnetic sublayers are each one of NiFe, Co,
CoFe, NiFeCo and  CoZr. 6. The spin valve sensor of claim 3 wherein the
first ferromagnetic sublayer  5 comprises a multilayer structure including
a first and a second  ferromagnetic layer. 7. The spin valve sensor of
claim 6 wherein the first ferromagnetic layer of  the first ferromagnetic
sublayer is one of Co and CoFe and the second 10 ferromagnetic layer of the
first ferromagnetic sublayer is one of NiFe and  NiFeCo, and wherein the
first ferromagnetic layer of the first  ferromagnetic sublayer is
positioned adjacent to the layer of non- ferromagnetic material. 15 8. The
spin valve sensor of claim 2 wherein the non-magnetic insulating  spacer is
one of Si02, Fe203, Fe304, NiO, Ta205, A1203, Si3N4, CoO, and  T102. 9. The
spin valve sensor of claim 2 wherein the non-magnetic insulating  20 spacer
is of an appropriate thickness to allow ferromagnetic coupling  between the
first and the second ferromagnetic sublayers. 10. The spin valve sensor of
claim 9 wherein the non-magnetic insulating  spacer is about 2-10A thick.
25 11. The spin valve sensor of claim 2 wherein the first ferromagnetic
sublayer  is about 10-12A thick. 12.The spin valve sensor of claim 11
wherein the second ferromagnetic  30 sublayer is about 20-60A thick. 13.The
spin valve sensor of claim 3 wherein the layer of non-ferromagnetic  



material is one of Cu, Ag and Au. 1bSEP20,11 12 14.A spin valve sensor
comprising: a spin valve stack including a multi-layered free layer, the
multi  layered free layer comprising a multi-layer stack including a first
and a  second ferromagnetic sublayer, the first and the second
ferromagnetic 5 sublayers each having passive end regions separated by a
central active  region; and bias means positioned between the first and the
second  ferromagnetic sublayers in the passive end regions of the first and
the  second ferromagnetic sublayers, the bias means producing a
longitudinal 10 bias in the passive end regions of a level sufficient to
maintain the  central active region in a single domain state. 15. The spin
valve sensor of claim 14 wherein the free layer further  comprises a spacer
sublayer positioned between the first and the second 15 ferromagnetic
sublayers in the central active region of the first and the  second
ferromagnetic sublayers. 20 16-The spin valve sensor of claim 15 wherein
the spacer sublayer provides a  specular electron scattering effect. 17.
The spin valve sensor of claim 14 wherein the spin valve stack  comprises:
a pinned layer; a layer of non-ferromagnetic material positioned between
the free  25 layer and the pinned layer; and a pinning layer positioned
adjacent to the pinned layer such that  the pinning layer is in contact
with the pinned layer. 30 18. A spin valve sensor comprising: a spin valve
stack including a multi-layered free layer; and  means positioned within
the multi-layered free layer for localizing  electrons within a portion of
the free layer where a probability of spin- dependent scattering is a
maximum. 




