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For its Second Amended Complaint, plaintiff Siemens AG (“Siemens™),

appearing through its undersigned counsel, alleges as follows:
PARTIES

l. Plaintiff Siemens is a German corporation headquartered in Berlin and
Munich with substantial business operations in the United States and specifically
within Orange County, California and this district.

2. Defendant Seagate Technology (“Seagate™) upon information and
belief is a corporation organized under the laws of the Cayman Islands and has an
address of P.O. Box 309GT, Ugland House, South Church Street, Georgetown,
Grand Cayman, Cayman Islands, and maintains offices in California at 920 Disc
Drive, Scotts Valley, California.

JURISDICTION

3. This Court has subject matter jurisdiction pursuant to 28 U.S.C.

§§ 1331 and 1338(a) because this action arises under the patent laws of the United
States, including 35 U.S.C. § 271 et seq.

4. The Court has personal jurisdiction over Seagate in that it has
committed acts within Orange County, California, and this Judicial district giving
rise to this action and Seagate has established minimum contacts with the forum
such that the exercise of jurisdiction over Scagate would not offend traditional
notions of fair play and substantial justice.

VENUE

5. Seagate has committed acts within Orange County, California, and this
Judicial district giving rise to this action and does business in this district, including
one or more of the infringing acts prohibited by 35 U.S.C. § 271 et seq. Venue is
proper in this district pursuant to 28 U.S.C. §§ 1391(b), (c) and (d), and 1400(b).

60121919.1 _1-
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FIRST CLAIM FOR RELIEF
(Infringement of U.S. Patent No. 5,686,838)

6. The allegations in paragraphs 1 through 5 above are incorporated
herein by reference as though fully set forth.

7. On November 11, 1997, United States Patent No. 5,686,838 (the ‘838
Patent) was duly and legally issued for an invention entitled “Magnetoresistive
Sensor Having at Least a Layer System and a Plurality of Measuring Contacts
Disposed Thereon, and a Mecthod of Producing the Sensor.”  Siemens
Aktiengesellschaft was assigned the ‘838 Patent, and continues to hold all rights,
title and interest in the ‘838 Patent. A true and correct copy of the ‘838 Patent is
attached hereto as Exhibit A and incorporated herein by reference.

8. Seagate has infringed and continues to infringe the ‘838 Patent in
connection with disk drives incorporating Giant Magnetic Resistance (“GMR™)
sensors and particularly what Seagate calls GMR Read Heads and TGMR/TMR
Read Heads. The infringing conduct includes one or more of the following: (i) the
manufacture, use, sale, importation, and offer for sale of products and services and
the practice of the methods claimed in the ‘838 Patent; (ii) inducing and
contributing to the manufacture, use, sale, importation, or offer for sale of such
products and services and the practice of the methods claimed in the ‘838 Patent;
(111) supplying or causing to be supplied in or from the United States one or more
components of the invention claimed in the *838 Patent where such components are
combined outside the United States by Seagate or at Seagate’s direction and the
combination would infringe the ‘838 Patent if the combination were made in the
United States; and, (iv) supplying or causing to be supplied in or from the United
States one or more components of the invention claimed in the ‘838 Patent that is
especially made or especially adapted for use in the claimed invention, and is not a
staple article or commodity of commerce suitable for substantial non-infringing use,

where such components are combined outside the United States by Seagate or at

60121919.1 _ 2 _
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Seagate’s direction in such manner that if the combination were made in the United
States the combination would infringe the ‘838 Patent and the combination is made
with Seagate’s knowledge that such components are so made or adapted such that
Seagate intends that the combination would infringe the ‘838 Patent. Seagate 1s
liable for infringement of the ‘838 Patent pursuant to 35 U.S.C. § 271.

9. Scagate’s acts of infringement have caused damage to Siemens, and
Siemens is entitled to recover from Seagate the damages sustained by Siemens as a
result of their individual wrongful acts in an amount subject to proof at trial.
Seagate’s infringement of Siemens’ exclusive rights under the ‘838 Patent will
continue to damage Siemens, causing irreparable harm, for which there is no
adequate remedy at law, unless it is enjoined by this Court. Siemens is entitled to
equitable injunctive relief.

10. Neither Siemens nor its authorized licensees have shipped or sold
patented articles in the United States within the meaning of 35 U.S.C. § 287(a).

1. Siemens provided actual notice of infringement to Seagate pursuant to
35 U.S.C. § 287(a) at least as early as July 7, 2003, and, has otherwise complied
with any and all obligations arising under 35 U.S.C. § 287(a).

12, Seagate’s infringement is willful.

PRAYER FOR RELIEF
WHEREFORE, Siemens prays for judgment and seeks relief against Scagate

as follows:

1. For judgment that the *838 Patent has been and continues to be
willfully infringed by Seagate;

2. For an accounting of all damages sustained by Siemens as the result of
the acts of infringement by Seagate;

3. For preliminary and permanent injunctions enjoining the aforesaid acts

of infringement by Seagate, its officers, agents, servants, employees, subsidiaries

60121919.1 -3-
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and attorneys, and those persons acting in concert with it, including related
individuals and entities, customers, representatives, OEMs, dealers, distributors;

4. For actual damages together with prejudgment interest;

5. For enhanced damages pursuant to 35 U.S.C. § 284;

6. For an award of attorneys’ fees pursuant to 35 U.S.C. § 285 or as

otherwise permitted by law;

7. For all costs of suit;

8. For post-judgment interest as allowed by law; and,

9. For such other and further relief as the Court may deem just and
proper.

JURY TRIAL DEMAND

Siemens hereby demands a trial by jury pursuant to Fed. R. Civ. P. 38.

JOHN A. O'MALLEY
BRANDON C. FERNALD
FULBRIGHT & JAWORSKI L.L.P.

DATED: September 29, 2008 GCZ e~
2T
By: i //

‘Brandon C. Fernald
Attorneys for Plaintiff Siemens AG

60121919.1 _4 -
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United States Pawent [19] (11 Patent Number: 5,686,838
van den Berg 1451 Date of Patent: Nov. 11, 1997
[54] MAGNETORESISTIVE SENSOR HAVING AT 0498 668 8/1992 Puropean Pat. Off. .
LEAST A LAYER SYSTEM AND A 00550306  7/1993 European Pat. Off. .
PLURALITY OF MEASURING CONTACTS OTHER
DISPOSED THEREON, AND A METHOD OF PUBLICATIONS
PRODUCING THE SENSOR Physical Review B, Condensed Matter, vol. 44, No. 10, 1
Sep. 1991, New York, US, pp. 5358-5361, V.S. Speriosu et
{751 Inventor: Hugo van den Berg, Bundesrepublik, al.: Nonoscillatory Magnetoresistance in Co/Cu/Co Layered
Germany Structures with Oscillatory Coupling.

. . N . Physical Review Letters, vol. 61, No. 21, 21 Nov. 1988, pp.

[73]  Assignee: Siemens Aktiengesellschaft, Miinchen, 2472 2475, M.N. Baibich et al Gions Magnetoresistance of
Germany (001) Fe/(001) Cr Magnetic Superlatiices.

21 1. No.: 454,340 Physical Review Letters. vol. 63, No. 6, 7 Aug. 1989, pp.

211 Appl. No 4 664-667, R. E. Camley et al.: Theory of Giant Magnetore-

(22} PCT Filed: Dec. 16, 1993 sistance Effects in magnetic Layered Structures with Anti-
erromagnetic Coupliing.
(86] PCTNo:  PCT/DES3/01204 T OF Applicd Phsics, vol. 70. No. 10, 15 Nov. 1991,
§371 Date:  Jun. 19, 1995 Pp- 5864~-5866, P. Lubitz et al.: The Magnetoresistance of
Uncoupled FE-Cu—Co Sandwiches.
§ 102(e) Date: Jun. 19, 1995 Physical Review B, vol. 46, No. 1, 1 Jul. 1992, pp. 548-551:
{871 PCT Pub. No.: WOS4/15223 S.F. Lee et al: Field-Dependent Interface Resistance of

Ag/Co Multilayers.

PCT Pub. Date: Jul. 7, 1994 . .
(List continued on next page.)

B30] Foreign Application Priority Data Primary Examiner—Sandra L. O’shea
Dec. 21. 1992 [DE] Germany ......ocoormaeeeee..... 42 43 358 4 Assistant Examiner—Jay M. Patidar
{51 It CLS .o GOI1R 33/06: HOLL 43/08 Attorney, Agent, or Firm—Kenyon & Kenyon
{521 e 3241252 3241207.21; 3604113 [571 ABSTRACT
58] 338/‘35_}{32 3%2(;]/12115 215226 A magnetoresistive sensor includes at least one measuring
’ ' ’ layer having a magnetization M,, in the plane of the layer,
156} References Cited and a bias layer having a fixed magpetization M, in the
plane of the layer, which are exchange-decoupled from one
U.S. PATENT DOCUMENTS another by am interlayer. To achieve magnetostatic decou-
pling of the measuring layer and the bias layer coupled

5.014,147  5/1991 Parkin et al. wooooererooon 3607113 N N : [Py . .
5287238 2/1994 Ba tetal 3452 anti-ferromagnetically in an “artificial anti-ferromagnet™ to

5296987  3/1994 Anthony et al. . 3247252 a magnetic layer through a coupling layer. In a preferred
5,408,377 471995 Gumey et al. ... ... 3247252 embodiment, the magnetizations of the measuring layer

5,462,795 10/1995 Shinjo et al. oo 324/252 M, and of the bias layer M, are at least approximately
orthogonal to cach other. The resulting sensor has a linear
FOREIGN PATENT DOCUMENTS characteristic and maximum sensitivity.
0346 817 12/1989 European Pat. Of. .
0432890 6/1991 European Pat. Off 22 Claims, 3 Drawing Sheets
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OTHER PUBLICATIONS land, D.H. Mosca et al.: Oscillatory Interla yer Coupling and

J. Appl. Phys., vol. 67, No. 9, 1 May 1990, pp. 5680_5682; Giant Magnetoresisiance in CofCu Multilayers.
C. Dupas et al: Very Large Magnetoresistance Effects Journal of Magnetism and Magnetic Materials, vol. 93,

induced by Antiparallel Magnerization in o Ulirathin 1991, pp. 101-104, Elsevier Science Publishers B.V., North
ums. .
journal of Magnetism and Magnetic Materials, vol. 94, Holland, B. Dieny et al.: Spin—Valve Effect in Soft Ferro-

1991, L1-L5, Elsevier Science Publishers B.V.,, North Hol magnetic Sandwiches.
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MAGNETORESISTIVE SENSOR HAVING AT
LEAST A LAYER SYSTEM AND A
PLURALITY OF MEASURING CONTACTS
DISPOSED THEREON, AND A METHOD OF
PRODUCING THE SENSOR

BACKGROUND OF THE INVENTION

The invention relates to a magnetoresistive sensor and a
mecthod for fabricating it.

In ferromagnetic transition metals such as nickel (Ni),
iron (Fe) or cobalt (Co) and in alloys containing these
metals, the electrical resistance depends on the magnitude
and direction of a magnetic field permeating the material.
This effect is referred to as anisotropic magnetaresistance
(AMR) or anisotropic magnetoresistive cffect. Physically, it
is based on the different scattering cross sections of electrons
having diffcrent spins which are referred to as majority
clectrons and minority electrons of the D band. A thin layer
made of a magnetoresistive material having a magnetization
in the plane of the layer is gencrally used for magnetore-
sistive sensors. The change in resistance as the orientation of
an applicd magnetic ficld rotates with respect to the direction
of the current may amount to several percent of the normal
isotropic resistance.

Multilayer systems are known which comprise a plurality
of ferromagpetic layers which are arranged in a stack and are
separated from one another by metallic interlayers, and
whose magnetizations in cach case coincide in orientation
with the plane of the layer. The respective layer thicknesses
in this arrangement are chosen o be considerably smaller
than the mean free path of the conduction electrons. Each
layer displays not only the anisotropic magnetoresistive
effect described above, but also the so-called giant magne-
toresistive effect or giant magnetoresistance (Giant MR).
Giant MR arises due to the differential scattering of majority
and minority conduction electrons in the bulk of the layers,
especially in alloys, and at the interfaces between the
ferromagnetic layers and the interlayers. This Giant MR is
an isotropic effect and may be considerably larger than the
anisotropic MR, with values of up to 70% of the normal
isotropic resistance.

Two basic types of such Giant-MR multilayer systems are
known. In the first type, the ferromagnetic layers are anti-
ferromagnetically coupled to one another via the interlayers,
so that the magnetizations of two adjacent ferromagnetic
layers (which coincide with the planes of the layers) align
themselves antiparallel with respect to one another in the
absence of an cxternal magnetic field. An example of this
type are iron-chromium superlattices (Fe-Cr superlattioes)
having ferromagnetic layers consisting of Fc and anti-
ferromagnetic interlayers consisting of Cr. An applied exter-
nal magnetic field causes the magnetizations of adjacent
ferromagnetic layers to rotate against the anti-ferromagnetic
coupling forces and to align themselves in parallel. This
reorientation of the magnetizations by the maggetic field
results in a steady decrease of the Giant MR. The magnitude
of this decrease corresponds to the magnitude of the external
applied magnetic field. Once a saturation field strength H_ is
reached. no further change in the Giant MR takes place,
because all magnetizations are then aligned in parallel with
respect to one another. The Giant MR ia this situation
depends solely om the magnitude of the field strength
(“Physical Review Letters™. Vol. 61, No. 21, Nov. 21, 1988,
pages 2472-2475).

This type of system comprising anti-ferromagnetically
coupled ferromagnetic layers has also been the subject of
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theoretical calcnlations which show that the current coeffi-
cients and the transmission coefficients for spin-up and
spin-down electrons scattered at the interfaces depend on the
angle between the magnetizations in adjacent ferromagnetic
layers. According to these calculations, the Giant MR
increases steadily as the angle between the two magnetiza-
tions increases from 0° to 180°, and is greatest at an angle
of 180° (“Physical Review Letters™, Vol. 63, No. 6. August
1989, pages 664 to 667)-

In the second type of a Giant-MR multilayer system,
ferromagnetic layers whose magnetizations in the planes of
the layers are, on average, parallel to onc another, are
separated from one another by diamagpetic or paramagnetic
intcrlaycrs consisting of metal. The thickness of the inter-
layers is chosen to be sufficiently large for the magnetic
exchange coupling between the magnetizations of the fer-
romagnctic layers to be as small as possible. In each case,
adjacent ferromagnetic layers have different coercive field
strengths. As a result, the mean values (initially parallel in
saturation) of the magnctizations M1 and M2 of the mag-
netically softer measuring layers and the adjacent magneti-
cally harder bias layers, respectively, are rotated differen-
tially by a magnetic field H. An angle Phi between the mean
values of the magnetizations M1 aed M2 is established
which depends on the magnetic field H. The dependence of
the individual magnetizations M1 and M2 on the magnetic
field H in the process results from the comesponding hys-
teresis curves of both the magnetically softer and the mag-
netically harder material. Between the coercive field
strengths H_, of the magnetically soft and H,, of the
magnetically hard layers, and between ~H_, and -H_, there
is in cach case a region in which the magnetization M1 is
already saturated and the magretization M2 still has its
value corresponding to saturation and is aligned antiparaliel
to the magnetization M1, i.c., Phi=180°. In this region, the
MR signal is at a maximum and is comstant. Different
coercive field strengths IH_1SH_| can be set by selecting
different materials, by different fabrication processes, or by
selecting different thicknesses of the same material. Known
layer structwes comprising different materials are, for
example, NiFe-Cu-Co layer structures and Fe-Cu-Co struc-
tures. A known layer system based on different fabrication or
different thicknesses is a Co-Au-Co system (“Journal of
Applicd Physics™, Vol. 70, No. 10. Nov. 15, 1991, pages
5864-5866). The MR signal of these known layer systems
then. however, depends on its previous history, ie.. along
which path and between which values for the magnetic field
and in which direction the hysteresis curves are traversed. It
is therefore not possible to implement an MR sensor having
an unambiguous characteristic curve using these systems.
Morcover, in these known layer systems, part of the mag-
netic flux of the harder bias layers forms a circuit above the

- softer measuring layers. The resulting magnetic interference

65
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field reduces the measuring sensitivity of the sensor and
results in an undesirable shift of the sensor characteristic
curve.

It is therefore an object of the present invention to devise
a magnetoresistive sensor layexr system that has at least one
measuring layer and at least one bias layer. The bias layer is
exchange-decoupled from the measuring layer by an inter-
layer so that the sensor has an unambiguous characteristic
curve. Any interference fields of the bias layer are largely
suppressed in the measuring layer. The present invention
also includes a method for fabricating such magnetoresistive
sensors, and in particular linear magenetoresistive sensors.

SUMMARY OF THE INVENTION

The present invention provides a magnetoresistive seasor
comprising a multi-layer system, and a method of fabricat-

Exhibit “"A”
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ing the sensor. The sensor has at least one measuring layer
having a magnetization M,, oriented in the plane of the
layer. This magnetization assumes a predefined ground state
M,,,, in the absence of an external applied magnetic field.
When such an external field is applied, the magentization of
the measuring layer 1eversibly depends upon the intensity
and direction of the external field. The sensor also has a bias
layer disposed om ome side of the measuring layer with an
interlayer between the bias layer and measuring layer. The
bias layer has a magnetization M, in the plane of the bias
layer that is at least approximately constant in the measuring
range of the external applied magnctic field, and at least
approximately magaetically exchaage-decoupled from the
measuring laycr by the interlayer. A coupling layer is dis-
posed on the side of the bias layers facing away from the
measuring layer. A magnetic layer is then disposed op the
coupling layer on the side of the coupling layer facing away
from the bias layer. The coupling layer anti-
ferromagnetically couples the magnetic layer to the bias
layer.

The magnetization M,, of the measuring layer depends, at
feast in one direction, reversibly and therefore unambigu-
ously on the magnetic field to be measurcd, and the bias
layer is provided with a magnetization M, which is at least
approximately constant in the measuring range. As a result,
a resistance signal is obtained which depends unambigu-
ously on the magnetic field. In order to prevent part of the
maguetic flux of the bias layer, especially at a large M, from
forming a circuit above the measuring layer, the bias layer
is coupled anti-ferromagnetically, at its side facing away
from the measuring layer, to a magnetic layer via a coupling
layer. The bias layer. the coupling layer and the magnetic
layer form an “artificial anti-ferromagnet” which to the
outside is magneticaily largely neutral, ie. virtually all of its
magnetic flux forms a circuit between the biag layer and the
magnetic layer. A particular advantage of this “artificial
anti-ferromagnet” is the stabilization of the magnetization
M, of the bias layer, even in the case of strong external
magnetic fields H. For the purpose of measuring the resis-
tance of the layer system, at least two measuring contacts are
provided.

These measuring contacts may be arranged at a distance
from ome another, preferably of the uppermost layer, so that
the test current on average flows parallel to the planes of the
layers (cip=current-in-planes). In another embodiment, the
measuring contacts are amranged on the uppermost and the
lowermost layer so that the test current flows perpendicular
to the planes of the layers (cpp=cunrent-perpendicular-to-
planes). A layer system having cpp measuring contacts thus
arrangced is known from “Physical Review B”, Vol 46, No.
1 (1992), pages 548-551.

In a preferred embodiment with symimetrical construction
there is arranged. on the other side of the magnetic layer, a
fusther bias layer which is coupled anti-ferromagnetically to
the magactic layer via a coupling layer.

Preferably, the measuring layer is provided with a mag-
netic preferred axis A,,. Alternatively, though, the measuring
layer may also be selected from a superparamagnetic mate-
tal In that case its magnetization M,, in all directions
depends reversibly on the magnetic field.

In the ground state, ic. if no magnetic field is applied, a
ground statc magnetization M,,, of the measuring layer is
established. This ground state magpetization M,,,, of the
measuring layer then, in oae embodiment. is aligned parallel
to the magnetization or the magnetizations M, of the bias
layer or bias layers. To this end, the measuring layer is

s
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4
magnetized in line with a preferred axis aligned parallel with
the magnetization M,

In a particularly advantageous embodiment, the ground
state magnetization M,,, of the measuring layer and the
fixed magnctization My, of the bias layer are aligned at
least approximately perpendicalar to each other. As a result,
the working point of the sensor, if no magnetic field is
present, H=0, is set in a range in which the characteristic
curve is at least approximately linear and has a maximum
ascent.

In arder to align the magnetizations M., and M,, at least
approximatcly perpendicular to one another, the measuring
layer is preferably provided with a magnetic preferred axis
A,y which is aligned at least approximately perpendicular to
the fixed magnetization M, of the bias layer, and is mag-
netized along this preferred axis A,

In another preferred embodiment, use is made of the
so-called 90° coupling. The thickness of the interlayer is set
to a value at which the magnetic exchange coupling between
measuring layer and bias layer changes in sign, i.e., switches
over from a ferromagnetic coupling to an anti-ferromagnetic
coupling or vice versa. Owing to the random fluctuations of
the thickness, the ground state magnetization M,,; of the
measuring layer on average is established automatically at
an angle of 90° with respect to the magnetization M, of the
bias layer.

In the case of various materials and various geometries of
the layers it may be necessary, in order to compensate for the
arising demagnetizing fields, for the angle between M0
and Mj, to be set to a value slightly differing from 90° in
order to achieve that working point which is optimal for
linearity and seasitivity of the sensor.

Major deviations from the at Jeast approximately perpen-
dicular alignment of the magnetizations M,,, and M, with
respect to one another impair the seasitivity and linearity of
the sensor.

A possible cause for such troublesome deviations of the
angle between the two magnetizations M,,,, and M, from
the desired approximate 90° may reside in a residual mag-
netic flux of the bias layer still forming a circuit above the
measuring layer. The ground state magnetization M, . in the
measuring layer is then, in the most adverse case of this
magnetostatic coupling of measuring layer and bias layer.
aligned antiparallel to the magnetization M, in the biasing
layer even if no magnetic field is applied.

In a preferred embodiment, the measuring layer, for the
purpose of additional magnetostatic decoupling from the
bias layer, is shorter, at least in the direction of the magne-
tization M, of the bias layer and preferably all around on the
outside, than at Ieast the bias layer. Preferably, the transitions
between the border regions without measuring layer and the
central measuring zone having the measuring layer are
designed to be fluid in character, For example. the thickness
of the measuring layer in these transition zones may increase
continuously towards the center.

In another embodiment, for the purpose of further mag-
netostatic decoupling, the magnitude of the magnetization |
M, of the bias layer is chosen to be smaller than that of the
ground state magnetization {M,,,| of the measuring layer.

Deviations from the predefined alignments for the mag-
netizations M,,, and M,, are also possible as a result of
demagnetizing fields, particularly in the boundary zones of
the layers and in particular in the bias layer. Therefore, in a
preferred embodiment. the measuring contacts for measur-
ing the resistance have been moved into an inner measuring
zose of the layer system, in order to prevent the effect of
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Case 8:06-cv-00788-JVS-AN Document 351 Fited-09/29/68—Page-t4of 19—Pagetb———

#:8107
5,686.838

5

these boundary zones on the test signal. In a particularly
advantageous embodiment the layers are of elongated
design, their longitudipal direction running perpendicular to
the ground state magnetization M, of the measuring layer.
As a result, the relative orientation of the ground state
magnetization M), and the magretization M, with respect
to one another is particularly stable. At the same time, a high
sensitivity of the sensor is achieved and the shift of its
characteristic curve is reduced, because the demagnetizing
ficlds generated by the peasuring layer and the bias layer are
greatly atienuated and their effect counteracting the mag-
netic field to be measured is reduced.

For the purpose of deflecting the magnetic flux and to
reduce the formation of domains it is possible, in a further
embodiment, to replace at least one measuring layer by two
mecasuring layers whose magnetizations are aligned antipar-
aliel with respect to one another and which are separated by
an interlayer. Preferably, both magnetizations are inclined in
such a way with respect to the direction of the aormal of the
magnetization M, of the bias layer that they enclose an
angle of Icss than 180°. This reduces the formation of
domains in the measuring layess.

In a particularly advantageous embodiment such materi-
als are choscn for the layers of the scnsor that the resistivity
for that clectron type which is scattered but little in the
measuring layer if the magpetizations M,, and M,, in the
measuring layer and bias layer are aligned parallel with
respect to one another, is ikewise as low as possible in the
other layers, especially the magnetic layer of the artificial
anti-ferromagnet and at its interfaces. Such a choice affords
a very good contrast between the maximum and the mini-
Toum magnetoresistive signal. The decisive pararneters set in
this context are the ratios of the resistivity for the minority
carriers and the resistivity for the majority carriers in the
individual layers and at their interfaces. These parameters
are determined by the respective host materials and impu-
rities as the scattering centers. The parallel alignment of the
magnetizations M,, and M, may in this case remain even in
the ground state or not until a maguetic field is applied
parallel to M.

The embodiments of layer subsystems described hitherto
can be combined with one another and be arranged in a stack
comprising a multiplicity of such subsystems. The number
of these layer subsystems is generally chosen to be between
1 and 100. The base subsystem is the system measuring
layer-interlayer-“artificial anti-ferromagnet”, where the
“artificial anti-ferromagnet™ may comgprise bias layer, cou-
pling layer and magnetic layer or, in a symmetrical
construction, two bias layers with a magnetic layer arranged
therebetween and in each case coupled anti-
ferromagaetically to the bias layers via a ooupling layer. The
alignments of the magnetizations MB of the bias layers are
identical in all embodiments. The ground state magneliza-
tions M,,,, of the measuring layers arc cither collinear or
aligned perpendicular to the magnetizations My, of the bias
laycrs. The subsystems are in cach case separated from one
another by a further interlayer.

A magnetoresistive sensor according to the invention; in
particular the “artificial anti-ferromagnet™, can be fabricated
in various ways. One possibility is that of selecting materials
having different coercive field stengths for the bias layer
and the magnetic layer of the “artificial anti-ferromagnet™.
The two layers are saturated in a uniform biasing magnetic
ficld which is greater than the two coercive ficld strengths.
As the magnetic field decreases, the magnetization of the
magnetically softer material then, owing to the anti-
ferromagnetic exchange coupling, aligns itself antiparallel to
the magnetization of the magnetically harder material.
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A second possibility is that of impressing the field-
induced preferred axis on the bias layer by a biasing mag-
netic field during the deposition of the layers in a vacuum
system and subsequent magnetization of the bias layer along
said preferred axis. The magnetization of the anti-
ferromagnetically coupled magnetic layer is then antomati-
cally established antiparallel to the magnetization M, of the
bias layer. Conversely, though, the magnetic layer may be
provided with a preferred axis and be magnetized along said
preferred axis.

A third possibility of fabricating the artificial anti-
feromagpet is provided by selecting two magnetic materials
having different Curie temperatures and at least approxi-
mately equal magnetization at room temperature or gener-
ally the operating temperature of the sensor for the bias layer
and the magnetic layer. The bias layer and magnetic layer,
together with the coupling layer arranged thercbetween, are
brought to an impressing temperature at which the magne-
tizabilities of the two materials differ. and are saturated in a
temperature-dependent biasing magnetic ficld whose mag-
nitude for saturation is different from zero, at least at the
impressing temperature, and which may depend. for
example, in a continuous or discontinuous manner on the
temperature. If the impressing temperature is above the
operating temperature, the layer having the higher Curic
temperature is magnetized more strongly. In the event of an
impressing temperature lower than the operating
tempcrature, generally the layer having the lower Curie
temperature is magnetized more strongly. If the temperature
then changes to the operating temperature, the magnpetiza-
tion of the more strongly magnetized layer will no longer
change and the magnetization of the other layer will be
aligned antiparallel as a sesult of the anti-ferromagnetic
coupling. In general, the impressing temperature chosen is
higher than the operating temperature.

The three possibilities mentioned for selecting the mate-
rial properties for the “artificial anti-ferromagnet” may, of
course, also be combined at will.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts a first embodiment of a
magnetoresistive sensor according to the invention in a
cross-sectional view;

FIG. 2 schematically depicts a second cmbodiment of a
magnpctoresistive seasor according to the invention in a
cross-scctional view;

FIG. 3 schematically depicts an embodiment of the
present invention having measuring contacts moved inwards
in a plan view;

FIG. 4 schematically depicts an embodiment of the
present inventior having boundary zones without a measur-
ing layer in a cross-sectional view; and

FIG. § schematically depicts an embodiment of the
present invention having two adjacent measuring layers in a
cross-sectional view.’

DETAILED DESCRIPTION

FIG. 1 shows an embodiment of a magnctoresistive
sensor comprising a layer subsystem which is formed from
a magnetic measuring layer 2 and a magnetic bias layer 6,
a non-magnctic interlayer 4 aranged therebetween and a
magnetic layer 18 which is coupled anti-ferromagnetically,
via a coupling layer 8, to that side of the bias layer 6 which
faces away from the measuring layer 2. All layers consist of
an electrically conductive material, and their thicknesses are

Exhibit “A”



Case 8:06-cv-00788-JVS-AN Document 351 Filed 09729708 Page 15 of 19 PagetD—

#:8108

5,686,838

7

considerably smaller than the mean free path of the con-
ducting electrons. The measuring layer 2 has a ground state
magnetization M, along a preferred axis, which is indi-
cated by A, and runs in the plane of the layer of measuring
layer 2. The bias layer 6 is provided with a fixed magneti-
zation My in the plane of the layer, which is aligned at least
approximately perpendicular to the preferred axis Ay, of the
mcasuring layer 2 and is shown in the plane of projection.
The magnctization M, may, however, alternately have the
opposite direction. Owing to the at least approximately
orthogonal alignment of the preferred axis A,, and thus of
the ground state magnetization M,,,, relative to the magne-
tization M, the working point of the sensor in this preferred
embodiment is located in an at least approximately linear
region of the characteristic curve which at the same time has
the greatest ascent. For the purpose of compensating for
demagnetizing ficlds, the angle between the two magneti-
zations My, and M, may deviate slightly from 90°.

Because of the anti-ferromagnetic coupling, the magne-
tization A, of the magnetic layer 10 is aligned antiparallel 1o
the magnetization M, of the bias layer 6. The bias layer 6,
the coupling layer 8 and the magnetic layer 19 together form
an “artificial anti-ferromagnet”, which is largely magpeti-
cally peutral to the outside, because the magnetic flux
essentially runs only between the bias layer 6 and the
magnetic layer 19. The direction of the magnetization M, of
the bias layer 6 is therefore very stable, even in the presence
of high intensity externaily applied magnetic fields.

If a magnetic field , not shown in FIG. 1. is applied in the
plane of the layer. the magnetization M,, in the measuring
layer 2 changes from the ground state magnetization
M, 0. and the magnetization M s Of the bias layer 6 remains
essentially unchanged. A component H, of the magnetic
field perpendicular to the preferred axis A,y of the measuring
layer 2 rotates the magnetization M,, of the measuring layer
2 in the direction towards the magnetization M, or —-M,,. in
accordance with the field direction. At saturation. the two
magnetizations M, and M, are then aligned parallel or
antiparallel. This rotation process generates a Giant Mag-
netoresistive signal as a function of the angle of rotation. A
component Hp of the magaetic field parallel to the preferred
axis A,,, in contrast, causes a domain wall shift and thus
merety a change in direction of the magnetization M, at the
domain walls. This does not cause a magnetoresistive signal
to be generated. In the case of a magnetic field perpendicular
to the plane of the layer, given the high demagnetizing fields
in the measuring layer 2, likewise virtually no rotation
processes take place and consequently no magnetoresistive
signal is measured. The magnetoresistive sensor is therefore
essentially sensitive only to that component H, of the
magnetic field. which is aligned orthogonally to the pre-
ferred axis A, in this embodiment or generally to the ground
state magnctization M,,,, of the measuring layer 2.

The magnetization M, of the bias layer 6 is to remain
constant in the measuring zoue of the applied ficld H and, in
particular. is not to rotate in the plane of the layer. To this
end, in one embodiment. the at least one bias fayer may be
impressed with a magnetic. uniaxial anisotropy, preferably a
crystal anisotropy. a field-induced anisotropy, or a voltage-
induced anisotropy. The bias layer is then magnetized along
the anisotropy axis.

In an embodiment according to FIG. 2, an “‘artificial
anti-ferromagnet™ of symmetric construction is shown. The
magnetic layer 10 is again anti-ferromagnetically coupled to
the bias layer 6 via the coupling layer 8. On the other side
of the magnetic layer 10 a further coupling layer 8' and
thereon a further bias layer 6' are disposed. The bias layer 6'
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and the magnetic layer 10 are likewise coupled apti-
ferromagneticaly, so that the magnetizations M, and M, of
the two bias layers 6 and 6' are aligned paraliel to one
another and are both aligned antiparallel to the magnetiza-
tion A of the magnetic layer 10, Disposed on the bias layer
6 there is again the interlayer 4 and thereon the measuring
layer 2. The bias layer 6' may likewise be followed by a
further interlayer and further measuring layer. In the
embodiment shown, the magnetization M, of the measuring
layer 2 is aligned paralie] to the magnetizations M, and
M, of the bias layers 6 and 6. The magnetization M,; may
have been rotated into this orientation from the ground state
magnetization M, ,, orthogonal to M, by 2 magnetic field or
alternatively, in an embodiment not shown, may have been
preset in the ground state, for example by impressing a
corresponding preferred axis. For the purpose of measuring
the resistance, two measuring contacts are disposed (not
shown), preferably on the uppermost layer of the layer
system, at a distance from each other which is preferably
considerably greater than the thickness of the layer system
(cip). In another embodiment (not shown), the measuring
contacts are disposed on the upper side and the underside of
the layer system (cpp). Their distance apart then corresponds
to the thickness of the layer system. The typical thickness of
the layer system as a whole is preferably between 3 nm and
400 om, and the typical distance between the measuring
contacts is preferably in the range from 3 nm to 1 mm.
Between the two measuring contacts (not shown in FIG. 2),
an electrical current of conduction electrons is formed in the
entirc layer system. This current can be superposed from two
non-interacting component currents which are composed of
clectrons of different spins. In the magpetized layers there is
then a component current of majority electrons whose spins
on average arc aligned in paraflel with the magpetization of
the corresponding layer, and a component current of minor-
ity carriers whose spins are, on average, aligned antiparaliel
to the magupetization. In magnetic transition metals which
are preferably used as materials for these layers, the scat-
tering cross sections of the scattering centers formed from
impurities are of different magnitude for electrons having
different spins. Such scattering centers are situated both
within the magnetic layers and at their interfaces. The
scattering of the electrons in the nonmagnetic interlayers and
the coupling layers in contrast is spin-independent. Thus
both the magnetic layers and the interfaces to these layers
have different resistivities RHOMAJ and RHOMIN for
majority electrons and minority electrons, respectively. The
ratio ALPHA=RHOMIN/RHOMAIJ of the resistance
RHOMIN for the minority carriers to the resistance
RHOMALJ for the majority camriers depends on the host
material and the defects.

To obtain as large a difference as possible between
minimum and maximum Giant Magnetoresistive signal,
materials are selected for the individual layers such that the
electrons having the lower resistance in the measuring layer
2 (if the magnetizations M, and M, of the measuring layer
2 and bias layer 6 arc aligned parallel to one another) are
equally scattered to a lesser extent in all the other magnetic
layers and at all of the interfaces between the layers. This is
achieved by host materials and defects for the layers having
magnctizations parallel to the measuring layer 2 and for their
interfaces such that each of the ALPHA parameters for these
layers are either larger or smaller than one. In the embodi-
ment shown in FIG. 2. this means that the ALPHA param-
cters for the measuring layer 2. its fnterface to the interlayer
4. for the bias layer 6 and its two interfaces to the interlayer
4 and the coupling layer 8. and for the bias layer 6’ aad its
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interface to the coupling layer 8' are each set to be larger or
smaller than one.

In thc magnetic Iayer 10 thc magnetization A, is then
aligned antiparallel to the magnetizations M,,, M, and
My’ of the other magnetized layers. Electrons which are
majority carriers in the measuring layer 2 and the bias layers
6 and 6 therefore become minority carriers in the magnetic
layer 10 and vice versa. Thexefore, the parameters ALPHA
for the magnetic layer 10 and its two interfaces to the
coupling layers 8 and §' are chosen to be greater than one if
the ALPHAs of the other magnetized layers and their
interfaces are smaller than one and smallexr than one if the
other ALPHAs are greater than one. Preferably, the ALPHASs
of the mcasuring layer 2 and the bias layers 6 and 6' and their
interfaces are chosen to be greater than one, and those of the
magnetic layer 10 and its interfaces are chosen to be smaller
than one. In that case, the main contribution to the current
between the measuring contacts comes from the component
current of the majority carriers if the magnetization M, is
paraliel to M.

If an external magnetic ficld then rotates the magnetiza-
tion M, the measuring layer 2 into an orientation which is
antiparallel to the magnetization M of the bias layer 6, the
previous majority electrons in the measuring layer 2 become
migority clectrons in the bias layers 6 and arc therefore
strongly scattered in the entire layer system. Consequently,
the giant-resistance signal rises to its maximum value.

In a preferred embodiment according to FIG. 3, the layers
are constructed as clongated strips whose longitudinal direc-
tion runs perpendicular to the ground state magnetization
M,; of the measuring layer 2 and thus also parallel to the
magnetization M, of the bias layer 6. As a result of this
sizing, the demagnetizing fields directed counter to the
measuring field are distinctly aticnuated and the sensitivity
of the sensor is thus increased. Any shift of the measuring
characteristic curve is avoided. However, demagnetizing
ficlds still occur which falsify a measurement in the vicinity
of the ends 1S and 16 of the mcasuring layer 2.
Consequently, two measuring contacts 11A and 11B that are
provided for the measurement of the resistance are moved
inwards in the longitudinal dircction by a distance a and b,
respectively, as shown in FIG. 3. Preferably, the two dis-
tances a and b are of equal size. The measuring contacts 11A
and 11B are preferably positioned on the measuring layer 2,
but may alternatively be positioned on a bias layer or an
interlayer.

In an embodiment (not shown) comprising cpp measuring
contacts as described above, the measuring contacts may
likewise have been moved into an inner measuring zone.

To further suppress the magnetic flux of the bias layers 6
above the measuring layers 2, a preferred embodiment
according to FIG. 4 provides for two boundary zones 21 and
25 in which no measuring layer 2 is present, and for a central
measuring zone 23 having measuring layers 2. This short-
ening of the measuring layers 2 is cffected at Icast in the
direction parallel to the magnetization My, of the bias layer
€ and preferably in all directions, so that the bias layers 6
project all around beyond the measuring layers. The inter-
layers 4 are preferably as long as the bias layers 6. The
“artificial anti-ferromagnet” in the embodiment depicted
comprises two bias layers 6 and € and a central magnetic
layer 10 having a magnetization A, which is coupled
anti-ferromagnetically to the bias layers 6 and 6,
respectively, via one coupling layer 8 or 8 in each case. In
the measuring zone 23 there is disposed, on each bias layer
6 and 6', an interlayer 4 and thereon a measuring layer 2. Of
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course, again a phmality of subsystems may be provided in
accordance with the embodiments depicted in FIG. 1 or 2.
The magnetizations M,, of the measuring layers 2 are
aligned parallel to the magnetizations M, preferably by
means of an external saturating magnetic field (not shown).

Between the boundary zones 21 and 25 and the measuring
zone 23 a transition zone 22 and 24, respectively, is provided
in each case, in which the thickness of the measuring layers
2 increases continuously inwards from the outside. Whereas
the bias layers 6 and the interlayers 4 have at Jeast approxi-
mately the same thickness in the transition zones 22 and 24
as in the boundary zones 21 and 25 and in the measuring
zone 23, the thicknesses d of the measuring layers 2 increase
linearly in the transition zomes 22 and 24 under a specific
flare angle from d=0 in the boundary zones 21 and 25 up to
a constant value d=dM in the measuring zone 23.

In another embodiment (not shown), the boundary zones
21 and 25 and the measuring zone 23 may in cach case have
a step between them, whose height corresponds to the total
thickness of the measuring layers 2 missing in the boundary
zones 21 and 25.

In an embodiment in accordance with FIG. 5, at least one
measuring layer 6 has been replaced by two measuring
layers 2’ and 2". The ground state magnetizations M,,,,' and
M,," of these two measuring layers 2' and 2* are pow
aligned antiparallel with respect to one another, preferably
by impressing appropriate preferred axes, and are preferably
of equal magnitude, ic. M,,,;=—M,,,". Subsequently, the
magnetic flux of the measuring layers 2' and 2" remains
esscatially confined to the measuring layers 2" and 2" and
does not encroach on the adjacent bias layers 6. The bias
layers 6 are in each case provided with equidirectional
magnetizations M, which are aligned at least approximately
perpendicular to the ground state magnetizations M, and
M,,," of the measuring layers 2' and 2", respectively.

Because of fluctuations in the directions of the preferred
axes and an ambiguous sense of rotation resulting therefrom
for the magnetizations M,/ and M,," from the ground state
magnetizations M, and M, ", respectively, domains are
generally formed in the measuring layers 2° and 2" after
saturation at smaller field values. In a particular embodiment
(not shown), this domain formation is avoided by setting the
ground statc magnetizations M, and M,,," of the two
measuring layers 2' and 2" respectively, at a small angle with
respect to the direction perpendicular to the magaetization
M, of the bias layers 6. This small angle is sct so that
M, and M,,," are no longer cxactly anti-parallel to each
other, but rather cnclose an angle of slightly less than 180°.
This can be achieved by impressing on the corresponding
measuring layers 2' and 2" preferred axes which are suitably
inclined with respect to one another. As a result, for each of
the two magnetizations M, and M,,," an unambiguous sense
of rotation is predefined from the saturation when an exter-
nal magnetic field is applied.

The magnetic materials provided for the measuring layers
may be, for example, Co, Fe, Ni, SmCo or TbFeCo, and for
the bias layers Ni80Fe20 or Ni66CoFe can be used. The
interlayers preferably comprise Cu, Au, Ag or Cr.

I claim:

1. A magnetoresistive sensor comprising:

a} a layer system, wherein said layer system includes:

al) at least one mcasuring layer which, in the plane of
said measuring layer, has a magnetization which at
least in omc direction depends reversibly on an
applied magnetic ficld, and in the absence of said
magnetic ficld, said magnetization corresponds to a
predefined ground state magnetization;

Exhibit “"A”



Doctment 351—Filed-00/20/08Page 170f 19 Page!D
Case 8:06=Cv-00788-3VS-AN Pa

#:8110

5,686,838

1

a2) at least on one side of the measuring layer a bias
layer having a magnetization in the plane of said bias
layer, said magpetization being at least approxi-
mately constant in the measuring range of the mag-
nctic field; 5

a3) an interlayer. disposed between the bias layer and
the measuring layer, by which interlayer the bias
layer is at least approximately magnetically
exchange-decoupled from the measuring layer; and

a4) a magnetic layer which js coupled asti- 10

ferromagnetically to the bias layer through a cou-
pling layer, said coupling layer being disposed
between the bias layer and the anti-ferromagnetically
coupled magnetic layer; and

b) mecasuring contacts at the layer system to detect a 15

resistance signal which is a measure for the applied
magnetic field.

2. The magnetoresistive sensor of claim 1, with a second

coupling layer disposed on the side of the magnetic layer

facing away from the bias layer, and a second bias layer 20

disposed on the side of the scoond coupling layer facing
away from the magnetic layer. whereby the second coupling
layer anti-ferromagnetically couples the sccond bias layer to
the magnetic layer.

3. The magnetoresistive sensor of claim 2, wherein the 25

Curie temperatures of said bias layers differ from that of said
magnetic layer.

4. The magnetorcsistive sensor of claim 1. wherein the
Curie temperatures of said bias layer differs from that of said

magnetic layer. 0

5. The magnetoresistive sensor of claim 1. wherein said
bias layer has a coercive field strength which differs from
that of said magnetic layer.

6. The magnetoresistive sensor of claim 1. wherein said

bias layer is magnetized along a preferred axis. 35

7. The magnetoresistive sensor of claim 1, wherein the
ground state magnetization of said measuring layer and the
magnetization of the bias layer are aligned at least approxi-
mately perpendicular to each other.

8. The magnetoresistive sensor of claim 1, wherein the 40

ground state magnetization of said measuring layer and the
magnetization of said bias layer arc aligned parallel to each
other.

9. The magnetoresistive sensor of claim 1, wherein the

materials for the layers are chosen in such a way that when 45

magnetizations of the measuring layer and the bias layer are
aligned in at least approximately a parallel fashion, the
minority spin state for the electrons in the measuring layer
is also the minority spin state for the electrons in all the other
magnetic layers and at the interfaces thereof.

10. The magnetoresistive sensor of claim 1, wherein the
roagnitude of the magnetization of the bjas layer is chosen
to be smaller than that of the ground state magnetization of
the measuring layer.

11. The magnetoresistive sensor of claim 1, wherein the 55

measuring layer and the bias layer extend in a longitudinal
direction that is perpendicular to the ground state magneti-
zation of the measuring layer.

12. The magnetoresistive sensor of claim 1, wherein the

measuring layer is shorter than said bias layer in at least one 60

dircction parallel to the magnctization of the bias layer.
13. The magnetoresistive sensor of claim 12, wherein the
layer system further comprises an edge zone without a
measuring layer disposed towards the edges of said layer
system. a measuring zone with a measuring layer and a

12

transition zone between the edge zone and a measuring zone,
wherein the thickness of the measuring layer increases
continuously.

14. ‘The magnetoresistive sensor of claim 1, wherein the
measuring contacts are arranged at a predetermined distance
from the edges of said layer system.

15. The magnetoresistive sensor of claim 1. wherein said
measuring contacts are arranged on an outer layer of said
Sensor.

16. The magnetoresistive sensor of claim 1, wherein said
measuring layer is replaced by a first measuring layer and a
second measuring layer with an interfayer disposed therebe-
tween so that the interlayer exchange-decouples the first
measuring layer from the second measuring layer.

17. The magnetoresistive sensor as claimed in claim 16,
wherein the ground state magnetization of the first measur-
ing layer and the ground state magnetization of the second
measuring layer are aligned at least approximately antipar-
allel with respect to one another in the absence of an external
applied magnetic ficld.

18. The magnetoresistive sensor as claimed in claim 17,
characterized in that the ground state magnetization of the
first measuring layer and the ground state magnetization of
the second measuring layer are each inclined by at least
approximately the same angle with respect to the direction
perpendicular to the magnetization of the bias layer and
together enclose an angle of less than 180°.

19. The magnetoresistive sensor of claim 1, wherein the
measuring layer is magnetized in the direction of a preferred
axis in the absence of an external applied muagaetic ficld.

20. The magnetoresistive sensor of claim 1. wherein each
magnetic layer is magnetized along a preferred axis.

21. A method for fabricating a magnetoresistive seasor
having a multilayer structure including a measuring layer, a
bias layer, an interlayer between said measuring layer and
bias layer, a magnetic layer and a coupling layer between the
bias layer and the magnetic layer, comprising the following
steps:

a) selecting magnetic materials for the bias layer and the
magnetic layer having different Curie temperatures and
at least approximately cqual magnetizations at a given
operating temperature and different ma gnetizabilities at
a magnetizing temperature that differs from the oper-
ating temperature;

b) bonding together the bias layer, the coupling layer, and
the magactic layer by:

i) bringing the bias layer in contact with one side of the
coupling layer, and bringing the magnetic layer in
contact with the other side of the coupling layer;

i) bringing the assembly of step i} to the magnetizing
temperature; and

iii) arranging said assembly in a temperature-dependent
biasing magnetic ficld which has a predetermined
value at least at said magnetizing temperature;

c) bringing said assembly to the operating temperature.,

22. A method for fabricating a magnetoresistive seasor of
claim 21, comprising the following steps:

a) sclecting said magnetic materials that have different

coercive field strengths;

b) saturating the bias layer, the coupling layer. and the
magnetic layer are in a saturation magnetic field when
they are bonded together.

* * * * *
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