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process, information is written and stored as
magnetization patterns on the magnetic recording
medium. This is done by scanning the write head over the
medium and energizing the write head, which is basically
an electromagnet, with appropriate current waveforms.
Next, in the read-back process, the stored information is
retrieved by scanning a read head over the recording
medium. The read head intercepts magnetic flux from the
magnetization patterns on the recording medium and
converts it into electrical signals which are then detected
and decoded. A very important performance criterion for
a disk recording system is the amount of information it
can store per unit area. Since information is typically
stored as abrupt magnetization changes, designated as
transitions, along a track on the disk (Figure 1), the areal
density is the product of the linear bit density and the
track density. The former is the density with which
magnetic transitions can be packed along a track; the
latter is the density with which these tracks can in turn
be packed together. A high track density therefore
implies recording with narrow tracks. The areal density
performance of disk recording systems has increased
consistently and dramatically for the last thirty years,
culminating in an improvement by more than five orders
of magnitude from 2 Kb/in.” for the first disk drive (the
RAMAC*) introduced by IBM in the late 1950s to more
than 1 Gb/in.” for the company’s 1996 DASD products.
Such rapid and sustained progress has been made possible
by a continuous series of improvements and revolutions in
disks and especially heads.

Traditionally, the recording head is a single inductive
element energized as an electromagnet for writing and
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used according to Faraday’s effect for reading. Early
inductive heads were made primarily from individually
machined polycrystalline ferrites (e.g., MnZn ferrite)
wound with fine wires as write and read coils. As areal
density increased, the requirements of narrower track
geometries and higher write fields led in the late 1970s
and early 1980s to the development of metal-in-gap (MIG)
ferrite heads for higher write fields, and thin-film inductive
heads using photolithographic techniques for narrow track
definition and mass production as well as higher write
fields. In the early 1990s, after decades of research and
development, dual-element heads with inductive write
elements and magnetoresistive (MR) read elements were
successfully introduced into IBM’s DASD products.

In these dual-element heads, writing is performed by
energizing the inductive element as an electromagnet as
before, but reading is performed by the interception of
magnetic flux by a magnetoresistive sensor [1]. This leads
to a modulation of the sensor resistance through the
magnetoresistance effect, which is in turn converted into
voltage signals by passing a sense current through the
sensor. In comparison with the single inductive recording
heads, the dual-element heads have the advantages of
separate optimization of read and write performance, as
well as a signal sensitivity which is several times larger
because of the use of MR sensors. These improvements
have led to even more rapid advances in recording areal
density [2-5], as exemplified by the recent publication of a
5-Gb/in.” recording demonstration [5] by IBM using dual-
element heads, low-noise thin-film disks, and PRML
channels.

Since the early 1990s, the limits of MR sensor
performance have been drastically expanded by the
discovery of the giant magnetoresistance (GMR) effect
[6-20], also known as the spin-valve effect [7], for a
particular class of sensor configurations. In contrast to the
conventional MR effect, which is based on anisotropic
magnetoresistance (AMR) present in homogeneous
ferromagnetic metals or alloys, the GMR effect is present
only in heterogeneous magnetic systems with two or more
ferromagnetic components and at least one nonmagnetic
component. The spin-dependent scattering of current
carriers by the ferromagnetic components results in a
modulation of the total resistance by the angles between
the magnetizations of the ferromagnetic components.

An example is the trilayer permalloy/copper/permalloy
system [7], where the GMR effect operates to produce

a minimum resistance for parallel alignment of the
permalloy magnetizations, and a maximum resistance for
antiparallel alignment of the permalloy magnetizations.
The first and most attractive feature of the GMR effect
for recording head applications is a large increase in the
available sensor output, made possible by the large
magnitude of the GMR coefficient. The GMR coefficient
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for a multilayer system is defined as the fractional
resistance change between parallel and antiparallel
alignment of the adjacent layers. This coefficient can be as
high as ~10% [7] for trilayer systems and more than 20%
[8] for multilayer systems, in comparison with conventional
MR coefficients of only 2-4%. Additionally, the GMR
systems are usually optimal at very small magnetic layer
thicknesses (~50 A), resulting in enhancements of
magnetic sensitivity from flux concentration effects. Also,
in contrast to the quadratic nature of the conventional
MR effect, the GMR effect is intrinsically linear in a
spin-valve sensor configuration. This in principle should
simplify sensor designs in the area of transverse biasing
considerations. Finally, in the GMR sensors, the direction
of the sense current is unimportant to the operation of the
GMR effect. This new feature gives the GMR sensors
additional design flexibilities and options. There are,
however, also serious technical challenges in applying the
GMR sensors to the recording environment. First, most of
the high-GMR-coefficient systems have to date exhibited
low permeabilities because of strong coupling between

the magnetic layers. Until this coupling is significantly
reduced, these systems would not be attractive for

head applications despite the large size of the GMR
coefficients. Second, the magnitude of the GMR effect
depends critically on the thicknesses of the thin (<100 A)
magnetic layers and the even thinner (<30 A) spacer
layers. This dependence escalates the quality control
requirements of thin-film deposition processes to an
unprecedented level. The thinness of the multilayer
components also renders the GMR system especially
vulnerable to thermal degradation effects caused by
interdiffusion, as well as chemical and electrical damage
during fabrication and testing. Finally, since the output

of a GMR sensor depends on the relative magnetic
orientations of two or more very thin magnetic layers,

the resultant device behavior could quickly become very
complicated compared with that for AMR sensors. This
could create new issues in linearization and magnetic
noise suppression.

In this paper, using the spin-valve sensor configuration
as our reference, we explore its potentials as well as
challenges as magnetic recording read heads. We first
examine the data rate and areal density potentials of large
readback signals due to increases in the MR coefficient.
We then discuss the associated magnetic sensor
performance, including linearity and noise suppression.
Finally, we study in detail the magnetic and recording
performance of a spin-valve read head designed for
1-Gb/in.* density performance [15].

Data rate and areal density potentials

The main advantage of a spin-valve sensor over an AMR
sensor is that a significant increase occurs in signal output
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because of the larger magnitude of typical spin-valve
coefficients compared to AMR coefficients. To explore the
effects of such a signal increase in extending data rate and
areal density performance, we consider the recording
system in the published 3-Gb/in.” recording demonstration
as our reference [4]. In the reference recording
demonstration, an AMR read head with a 120-A-thick
permalloy MR layer was used. In addition, the sensor had
a read track width of 1.1 um, a stripe height of 0.5 um,
and a total read gap of 0.20 um. The resultant read head
exhibited a total sheet resistance of 17 £3/1] and an MR
coefficient of 1.8%. In recording tests on a medium of
0.60 memu/cm’ in areal moment, a read-back sensitivity
of ~520 pV/um was achieved with a sense current
corresponding to a temperature increase from ambience of
about 30°C. Using a PRML channel at low on-track error
rates (107" and reasonable off-track tolerance, the linear
density of 180 Kbpi and the track density of 16.7 Ktpi
were achieved, corresponding to an areal density of 3 Gb/in.”
at a data rate of 5 MB/s. In the present study, we assume
that the AMR sensor is replaced by a spin-valve sensor,
resulting in an increased MR coefficient in the range of
2-8%, but having a similar sheet resistance. To analyze
the data rate and data density impacts of such a change,
we use the peak jitter performance projection algorithm
described in a previous work [3]. In this algorithm, low-
error-rate performance can be projected from high values
of a figure of merit (F) given by

(1a)

where TW is the “timing” window assuming peak
detection and is inversely proportional to the linear
density of operation, while j_ is the total peak jitter of the
read-back waveform. For our reference system, TW is

46.2 nm, j.. is 7.3 nm, and F is about 6.3 for 107" on-track
error. The total jitter (j,) is composed of jitter from head
and electronics noise (j) and jitter from disk noise (j,),

as follows:
=N (1b)

To study the impact of the MR coefficient on recording
performance, we need to know its effects on both types of
peak jitter. Assuming the active parameters to be the MR
coefficient (s), linear density (D)), track density (D), and
data rate (r) only, we can simplify the expression for the
head and electronics noise jitter to

DD \r

JC:a s s

(22)

where s, D, D, and r are normalized relative to our

reference 3-Gbyin.” system. Next, the expression for the 105

C. H. TSANG ET AL.




106

80
§ 60
s |
a2
2 401
g
8 [  3Gbin?

20l system o« (AR/R)?

0 1 1 | 1 Il 1

2 4 6 8

g 20 .
g L Track density (D) .
§ I
% T Linear density (D} )
g 1o} -
%‘ | 3-Gb/in.?
g os system
0 | L | 2 | .
2 4 6 8

disk noise jitter is relatively simple, since it depends upon
only the track density,

ja=BND; . (2b)

Finally, the timing window can be expressed in terms of
the linear density as

1
TW=1vy—. 2c
D, (2¢)
Using Equation (1b) and Equations (2), we can rewrite
Equation (1a) as
D!DLr 2
2 LT 2 Y
a —+ D_= - 3
sz B T DiF2 ( )
This equation expresses the relationship among the MR
coefficient, data rate, and data densities at a given figure
of merit F for recording performance. We are now ready
to investigate the exploitation of MR coefficient increases
for data rate and data density improvements.
First, to investigate data rate improvements, we assume
that the linear and track densities are constant and thus
set D; and D to unity. We obtain

ayr

in which the data rate (r) increases rapidly as the square
of the MR coefficient. This dependence is plotted in
Figure 2(a), showing a rapid increase in data rate from
the reference value of 5 MB/s to beyond 50 MB/s for an
MR coefficient of 6% or higher. Clearly, the increase of
MR coefficients from spin-valve sensors should be very

L
1l

s (4a)
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effective in extending recording performance toward
high-data-rate regimes. We should note, however, that
in focusing our analysis on the impacts of the MR
coefficient, our model has considered only read-back
signal-to-noise performance. In practice, for high-data-rate
operations, the degradation of the write head performance
due to eddy current and inductance effects, the limitations
of the read/write electronics, and the availability as well as
the noise performance of the data detection channel will
constitute important or even dominant issues over read-
back signal-to-noise performance, and will require
solutions beyond the improvement of the read head
achieved by using a spin-valve rather than an AMR sensor.
Next, to investigate track density improvements we set
the data rate and linear density to unity, obtaining

=T (4b)

We observe that the track density varies sublinearly with
the MR coefficient because of the increasing importance
of disk noise effects (B8) as the track widths become
narrower. In fact, the improvement reaches an asymptotic
ratio of D ~ (v/BF )* that cannot be exceeded regardless
of the size of the MR coefficient. The resultant behavior
can be plotted as in Figure 2(b), which shows an
asymptotic track density improvement ratio of about 2
from the reference 3-Gb/in.” system. As a result, track
density improvements of almost a factor of 2 should be
possible for MR coefficients of 6% or more. Clearly,
increases in MR coefficients should also be very helpful in
improving track densities, although not as dramatically as
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in improving data rates. Also, as the track density is
increased, narrow-track writing, side-track reading, and
head-to-track misregistrations should be important or
might even become dominant over read-back signal-to-
noise performance in limiting the actual track densities of
a recording system.

Finally, to investigate linear density improvements we
set data rate and track density to unity, obtaining

P — (4c)

We observe that the linear density varies less rapidly than
the square root of the MR coefficient because of the
combined effects of increasing noise effects and reducing
timing windows as the linear density of operation becomes
higher. Also, the improvement reaches an asymptotic ratio
of D, ~ vy/BF that cannot be exceeded regardless of the
size of the MR coefficient. This asymptotic ratio is the
square root of that for track density improvements, so that
distinctly less potential improvement is available for linear
density. The resultant behavior is also plotted in Figure 2(b),
showing an asymptotic linear density improvement

ratio of about 1.5 from the reference 3-Gb/in.” system. As
a result, track density improvements of about 1.4 should
be possible for MR coefficients of 6% or more. Therefore,
increases in the MR coefficient should also be quite
helpful in improving linear densities, although
comparatively, the increases might be much more
efficiently exploited for data rate or track density
improvements. In summary, data rate improvement should
be the most effective exploitation of the large MR
coefficient associated with the use of spin-valve sensors,
followed by track density and, finally, linear density
improvements. In practice, in an optimal recording system,
increases in the MR coefficient are likely to be exploited
for a combination of both data rate and data density
improvements that can effectively complement the
strengths and limitations of other recording components.

Linearization of spin-valve sensor response

To discuss the issue of linearization, we consider the spin-
valve sensor configuration [7, 14, 15] shown schematically
in Figure 3. It consists of a ferromagnetic free layer and a
ferromagnetic reference layer separated from each other
by a thin spacer layer. The magnetic moment M, of the
reference layer is pinned along the transverse direction,
typically by exchange coupling with an antiferromagnetic
layer (e.g., FeMn), while the magnetic moment M, of the
free layer is allowed to rotate in response to signal fields.
The resultant spin-valve response is given by

AR = cos(9, — 0,) = sinf, , (5)
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¢ Schematic illustration of a spin-valve sensor.

where 6, and 9, (= 7/2) represent the directions of free-
and pinned-layer magnetic moments, respectively (Figure 3).
If the uniaxial anisotropy hard axis of the free layer is
oriented along the transverse signal field direction, the
magnetic signal response is linear (sin 8, « H), yielding in
turn a linear spin-valve sensor response through Equation
(5). This linear spin-valve sensor response is in contrast to
the parabolic signal response of conventional AMR
sensors [2, 5]. We note, however, that the linearity of the
spin-valve response depends first on the precise transverse
magnetic orientation of the reference layer and second on
the linearity of the magnetic behavior of the free layer

in the transverse direction. If the pinning field of the
reference layer is not high enough compared with the
transverse demagnetization field, the reference layer will
become nonuniformly demagnetized from the transverse
direction near the upper and lower edges of the sensor.
Also, if the exchange-bias pinning field is misaligned

from the transverse direction, the magnetization of the
reference layer will be canted as a whole from the
transverse direction. In both cases, the 6, terms in
Equation (5) will not be m/2, resulting in a nonlinear spin-
valve response. In addition, if the uniaxial anisotropy easy
axis of the free layer were canted from the longitudinal
direction or if the free layer were under the influence of a
strong longitudinal bias direction, the magnetic response
(sin8,) of the free layer would no longer be linear with
the external magnetic field, resulting also in nonlinearities
in the spin-valve response. Finally, the spin-valve sensor
typically incorporates free layers that also exhibit AMR
responses, although the net AMR response might be
rather weak because of the thinness of the free layer and
the shunting of the other layers. If the AMR response is
not completely negligible compared with the spin-valve
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response, the resultant sensor response is modified from
the simple linear spin-valve response by the presence of a
parabolic nonlinearity from residual AMR response. This
discussion shows that the maintenance of a linear spin-valve
response characteristic is an important task requiring proper
operation of various components of the spin-valve sensor.
We now assume that a linear spin-valve response
characteristic has indeed been established to allow linear
detection of magnetic signals about the quiescent state.
The linear operation of the spin-valve sensor terminates
when the free-layer magnetic moment becomes saturated
along either the up or the down transverse direction. To
maximize the signal range capability, it is therefore
important to design the spin-valve sensor with the
magnetic moment of the free layer oriented along the
“unbiased” longitudinal direction in the quiescent state

C. H. TSANG ET AL.

[14]. This magnetic arrangement constitutes optimal
biasing for the spin-valve sensor, which is very different
from optimal biasing for an AMR sensor, where the
magnetic moment of the AMR layer would be canted at
~45° from the longitudinal direction. The achievement of
a longitudinal alignment for the free layer is, however,

in practice every bit as challenging as achieving a 45°
alignment for a conventional AMR sensor. The reason is
that for a small sensor such as that used in the read head,
at least three forces are at work to induce transverse
orientation of the free layer. First, the magnetostatic
coupling between the free layer and the pinned layer
along the upper and lower edges of the sensor is usually
very substantial for micron-size sensor geometries. This
coupling favors antiparallel alignment of the two layers,
and its magnitude depends mainly on the thicknesses and
the height of the sensor, as well as the presence of shields
around the sensor. It also varies quite nonuniformly along
the height of a shielded sensor, being strongest near the
center and falling off toward the edges. Second, because
of the thinness of the conductive spacing between the free
layer and the reference layer, a ferromagnetic interlayer
coupling is usually also present, brought about presumably
by magnetostatic coupling across ripples as slight
departures from perfect flatness in the two layers. This
ferromagnetic coupling favors parallel alignment, and its
magnitude depends upon variables such as substrate
flatness and film morphologies, which are quite difficult to
measure or control precisely. Third, the application of a
sense current in the spin-valve device typically creates a
significant transverse bias field. This current-induced bias
field may favor parallel or antiparallel alignment
depending on the current polarity, and its magnitude
depends on both the sense current and the sensor stripe
height. The final magnetic state of the free layer depends
on the sum of the magnetostatic edge coupling, the
ferromagnetic coupling, and the current bias field. For an
optimal spin-valve design, the sum of the three effects
must be close to zero to allow a net longitudinal
orientation of the free layer. For small sensors, since

the magnetostatic effect is the strongest of the three
effects, the sense-current polarity is typically chosen

to result in an addition of the current bias effect and

the ferromagnetic coupling to counterbalance the
magnetostatic effects. Furthermore, since the three effects
in general exhibit quite different dependencies on sensor
parameters, the optimal biasing arrangement set up for a
given sensor configuration may be disrupted if one or
more sensor parameters is altered.

The rather complicated magnetic situation in spin-valve
sensor biasing is best studied by a detailed micromagnetic
model [14, 15]. Such a model uses as its inputs the
resistivities, anisotropies, coupling fields, and thicknesses
of the pinned and the free magnetic layers as well as the
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height of the sensor. It then employs a finite-element
algorithm to determine the biasing profile and the transfer
curve response to magnetic flux excitations, as from
transitions in recording. Results indeed show that
longitudinal alignment of the free layer can be achieved
when antiparallel tendencies from the magnetostatic

edge coupling are on the average canceled by parallel
tendencies from the sum of the interlayer coupling and
the sense-current biasing effect. Figure 4(a) shows the
magnetic bias profile of the free layer for such an
optimized spin-valve sensor design [15] (SOA Ta/100A
NiFe/25A Cu/22A Co/110A FeMn). For a positive sense
current of 6 mA, the free-layer magnetic moment is seen
to be roughly longitudinal (8, ~ 0). The nonuniformity of
the magnetostatic coupling effect, however, precludes its
perfect cancellation by the ferromagnetic coupling and the
current-biasing effects, so that the free-layer magnetic
moment actually varies by up to =20° about the longitudinal
direction along the height of the sensor. Figure 4(b) shows
the theoretical transfer curve of the optimized design, with
a linear response region terminated at both ends by
magnetic saturation effects. The quiescent state of the
sensor is around the middle of the linear response region,
yielding a maximum signal dynamic range for linear operation.

Magnetic stabilization of spin-valve sensors
The magnetic stabilization of AMR sensors has been an
important subject for research and development in the
past twenty years [21-26] because small-geometry MR
sensors exhibit a spontaneous tendency to break up

into complicated multidomain states, leading to serious
Barkhausen noise problems during sensor operations. Past
studies [23] had shown that, among many factors, the
shape demagnetization effect is the primary cause for
multidomain formation. This understanding has led to the
development of tail stabilization [24] (Figure 5), in which
the read region of the sensor is stabilized in a single-
domain state by preparing longitudinally aligned tail
regions on both sides of the read region. The
longitudinally aligned tail regions can be created by
exchange-biasing of a soft-magnetic layer with either an
antiferromagnet [Figure 5(a): NiFe/FeMn] or a hard
ferromagnet [Figure 5(b): NiFe/CoPtCr]. It can also be
created by using a longitudinally aligned hard-magnet
layer [Figure 5(c): CoPtCr] as the only magnetic layer in
the tail region [26]. For narrow-track-width geometries,
the longitudinal magnetostatic field created by the aligned
tail regions is usually strong enough to induce a single-
domain state in the read region.

The magnetic stabilization of spin-valve sensors is
conceptually similar to that of AMR sensors, so that the
various tail-stabilization approaches should also apply in
principle. There are however, several differences in detail.
First, in the spin-valve sensor, there is only one magnetic
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Schematic illustration of means to achieve tail stabilization: (a)
Exchange bias; (b) hard-magnet bias; (c) pure hard-magnet tail.

layer that needs stabilization: the free layer. The reference
layer is already well pinned in the transverse direction for
proper spin-valve operation and so should not constitute
a concern for magnetic stability. This represents a
considerably simpler situation than typical soft-adjacent-
layer-biased AMR sensors, for which both the MR layer
and the soft adjacent layer need stabilization. Second, the
thickness of the spin-valve free layer is typically much

less than that of an AMR sensor. As a result, the tail-
region stabilization layer is also much thinner and
therefore more difficult to control precisely to obtain the
appropriate tail-to-read-region moment ratio. Third, the
stabilized spin-valve sensor typically comprises two pinned
layers set along orthogonal directions: the read-region
reference layer in the transverse direction and the tail-
region magnetic layer in the longitudinal direction. This
creates the issue of how to separately orient these two
layers without mutual interference. Since the read-region
reference layer is typically pinned by exchange-bias with
an antiferromagnet [25] (e.g., FeMn, IrMn), it can be
oriented by first heating the sensor to beyond the blocking
temperature of the antiferromagnet and then cooling the
sensor in a transverse aligning field. If the tail region is
also pinned by exchange-bias with an antiferromagnet, the
tail-region antiferromagnet must have, for example, a
distinctly higher blocking temperature than the read-
region antiferromagnet. This allows longitudinal
orientation of the tail region at a high temperature, to be
followed by transverse orientation of the read region at a
lower temperature. This requirement of a distinctly higher
blocking temperature severely limits the choice and
availability of antiferromagnets for the tail regions. To
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performance of a typical GMR recording head. The head
L was fabricated using dc magnetron sputter-deposited spin-
valve films with a 50A Ta/100A NiFe/25A Cu/22A
Co/110A FeMn structure. The magnetic and spin-valve
responses of the free layer along its easy axis are
{ characterized by the low-field measurements shown
e respectively in Figure 7, parts (a) and (b). Both responses
& exhibit hysteresis loops shifted from zero field. The shift
k corresponds to a moderate ferromagnetic interlayer
( coupling field of 8 Oe, equivalent to a coupling energy of

8w

P2
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Shield 2

—

Shield 1 GMR layer 5 X 107 ergs/cm’. Figure 7(b) also shows the spin-valve
coefficient to be ~4.6% and the easy-axis coercivity to be
(a) ~1 Oe. Other measurements show the uniaxial anisotropy
of the free layer to be 3 Oe, the sheet resistivity of the
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avoid such blocking-temperature conflicts, the tail region
could be stabilized instead by the use of hard magnets.

Study of a spin-valve read head for 1-Gb/in.’
applications

Spin-valve performance was evaluated by fabricating a
GMR read head which incorporated the structural
elements of its shields for linear resolution, longitudinal
bias for stabilization, and lithography for track-width
definition. The fabrication of GMR heads is roughly the
same as that of AMR heads [27, 28]; both are thin-film
sensors with similar operating requirements, differing only
in the details of the sensor layers. A GMR head structure
is illustrated in Figure 6, where P1 designates the lower Field (Oe)
write pole-tip, P2 designates the upper write pole-tip, W, ®
designates the width of the upper right pole-tip, and W,
designates the track width of the GMR sensor.

ARIR (%)

i Low-field BH loop (a) and spin-valve response (b) of the
i NiFe/Cu/FeMn spin-valve sensor.

® Spin-valve sensor configuration
Using the 1-Gb/in.” spin-valve read head described in [15]
as an example, we now discuss the design, fabrication, and
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SEM micrograph of spin-valve read head air-bearing surface after
lapping.

entire structure to be 15.5 O/, and the exchange-bias
field of the Co/FeMn pinned layer to be as high as
400 Oe.

To optimize the linear operating region of the
NiFe/Cu/Co spin-valve sensor, the thicknesses of the
free and the pinned layers were determined by a
micromagnetic modeling study of the sensor behavior in a
shielded read head environment, as described earlier.
Application of this modeling study to the spin-valve
system yielded an optimum thickness combination of
100 A for the NiFe free layer and 22 A for the Co pinned
layer. Figure 4(a) shows the magnetic bias profile of the
free layer, and Figure 4(b) shows the theoretical transfer
curve of the optimized design. As discussed in more detail
in an earlier section, the quiescent state of the sensor at a
6-mA sense current is close to the center of the linear
operating region, resulting in a maximum dynamic range
for signal detection.

® Read head fabrication

The optimized spin-valve sensor, with characteristics
described above, was incorporated into a shielded read
head configuration similar to the gigabit recording head
reported previously [2]. The sensor had a nominal read
track width of 2 um, and was stabilized by longitudinal
bias fields applied from the tail regions. The total read
gap was 0.25 um, with alumina as the gap material and
3-um-thick electroplated permalloy layers as the shield
material. The material deposition, lithography, and
patterning sequence for the spin-valve read head were
similar to those employed for a standard MR read head.
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Thermal cycles in the fabrication process were found to
result in a sizable reduction in the spin-valve coefficient,
yielding a final spin-valve coefficient of only ~3.5% for
the spin-valve read heads. After wafer fabrication, the
read heads were mechanically lapped to a sensor stripe
height of ~1 um. Figure 8 shows an SEM micrograph of
the air-bearing surface of one of the read heads after
lapping to final stripe height.

® Transfer curve performance
After slider fabrication and suspension, the heads were
studied for their transfer curve behavior under external

Experimental (a) low-field (=100 Oe) and (b) high-field (=300

%

transverse magnetic field excitation. Figure 9 parts (a) and

(b) show the low-field (=100 Oe) and high-field (=350 Oe})
transfer curves of a 2-um-track-width spin-valve head

at =6 mA sense current, which corresponds to a
temperature increase of ~25°C above ambient. The
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(a) Real-time and (b) averaged read-back waveform of spin-valve
head on CoPtCr disk.

transfer curves for the two opposite sense-current
polarities were indeed observed to be quite different,
reflecting the different quiescent bias states, as illustrated
in Figure 4(a). For these spin-valve sensors, the positive
current is the design-current direction. This is illustrated
by the fact that one sense-current polarity (bottom curves
of Figure 9) yielded a large small-signal response
amplitude [Figure 9(a)] and a quiescent state fairly close
to the middle of the linear operating region [Figure 9(b)].
In contrast, the opposite sense-current polarity yielded a
low small-signal response amplitude, and a quiescent bias
state closer to magnetic saturation. Next, the high-field
transfer curves show a mild convexity in the linear
operating region around zero field. This feature was
somewhat unexpected from the linearity of the basic GMR
behavior, and further analysis showed that it is probably
caused by either residual AMR contributions or a small
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canting of the pinned layer’s magnetic moment from the
transverse direction. Figure 9 also shows the GMR
response of these narrow-track spin-valve sensors to be
quiet, stable, and nonhysteretic for field excitations
(£300 Oe) strong enough to induce sensor saturation at
the air-bearing surface. This result indicates that the
application of a longitudinal bias field from the tail
regions is as effective in inducing quiet and single-domain
behavior in the spin-valve sensors as in the case of the
conventional MR sensors.

® Recording performance

The recording performance of these spin-valve read
heads was tested on CoPtCr thin-film disks with an areal
moment as high as 1.25 memu/cm?, coercivity of 2500 Oe,
and coercive squareness of 0.8. The read heads were
operated at currents corresponding to ~25°C temperature
increase above ambient, and they were flown at a
clearance of ~1.5 win., corresponding to a total head—disk
magnetic spacing of ~3.0 pin. A separate write head was
used for data writing. It had a relatively wide write track
width of ~5 pum to minimize read—write head
misalignment effects.

Very large track-width-normalized read-back
sensitivities of 750 wV/um to 1000 wV/um (peak-to-peak)
were observed for these spin-valve heads. This sensitivity
range was about a factor of 3 larger than that obtained in
our previous gigabit experiment with conventional MR
heads [2]. Figure 10 parts (a) and (b) show, respectively,
the real-time waveform and the averaged read-back
waveform for a 2-um-track-width spin-valve sensor.

A peak-to-peak signal of ~2000 wV was achieved,

with excellent signal-to-noise conditions free of magnetic
instability or noise [Figure 10(a)]. Figure 10(b) shows that
both the positive and the negative signal responses exhibit
sharp peaks and similar half-widths (PW50), revealing no
sign of magnetic saturation despite the high areal moment
of the recording media. However, the negative peak is
larger than the positive one, yielding a mild amplitude
asymmetry of ~10%. This amplitude asymmetry might

be attributed to the slight transfer curve convexity, as
discussed earlier. Next, the variation of the spin-valve
head read-back performance with sense current was
studied by measuring the signal amplitude [Figure 11(a)]
and asymmetry [Figure 11(b)] as a function of the sense
current. Figure 11(a) shows the signal amplitude to be
roughly linear with sense current along one current
direction, but highly sublinear along the other current
direction because of the movement of the quiescent bias
state from the center of the linear operating region
[Figure 3(b)] toward magnetic saturation. This behavior is
revealed even more clearly in Figure 11(b), where the
amplitude asymmetries decrease rapidly and monotonically
as the sense current varies from one direction to its
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opposite. These results agree with expectations from
our micromagnetic modeling study, highlighting the
importance of operating the spin-valve sensor along the
correct sense-current direction.

Next, the linear and track density resolutions were
studied. Figure 12 shows the linear density roll-off
behavior of three spin-valve heads. The signal amplitude
decreases monotonically with linear density in a manner
typical of the conventional MR sensors as well. To analyze
the roll-off data, the transition width was estimated by the
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Read-back signal amplitude (a) and peak asymmetry (b) of spin-
. valve read heads vs. sensor current (amplitude for negative current
¢ plotted as negative for clarity; asymmetry defined as difference
* over sum of the positive and the negative peaks).
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Williams-Comstock model with error-function transition
profiles, while the read-back process was modeled by the
reciprocity principle. Good agreement was found between
experimental and theoretical roll-offs at a total head-disk
spacing of 3.1 pin., which was estimated from the flying
conditions in our experiment. This agreement between the
experiment and the linear read-back model indicates that
the spin-valve heads are not magnetically saturated even
on disks with areal moments as high as 1.25 memu/cm’.
It confirms the large signal range capability for spin-valve
sensors, as expected when the magnetic moment of the
free layer is along the longitudinal direction. The 50%
roll-off densities were around 4200 fC/mm, which are
toward the lower end of the roll-off densities measured in
the previous gigabit experiment [2]. This was mainly the
result of broader transition profiles from a higher areal
moment. To improve the linear resolution, therefore,
some of the amplitude performance might be traded off
by using a medium with a lower areal moment (e.g.,

~1 memu/cm’). A better approach is to redesign the
spin-valve sensor with a thinner free layer so that it fits
optimally with a lower-areal-moment medium. Finally, the
track resolution was studied by measuring the microtrack
profile of the spin-valve heads. In this measurement, the
data track was first reduced to ~0.2 um in track width by
erasure from the sides. The spin-valve head was then
scanned over this microtrack while the signal at the
fundamental data frequency was recorded. Results

(Figure 13) show well-behaving read head profiles obtained
with rapidly and monotonically decreasing signal amplitudes
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as the head was moved off-track. The profiles were also
symmetrical between the two opposite off-track directions
because of the orientation of the free-layer magnetic
moment along the longitudinal “unbiased” direction.
This behavior was in distinct contrast to those for the
conventional MR heads, which often exhibit pronounced
left-right asymmetries as well as compensation-point
behaviors {2]. The half widths of the profiles yielded read
track widths around 2 um, in agreement with the design
target. The widths of the profiles at —30 dB were only
~4.5 um, much smaller than those for the conventional
MR sensor in the previous gigabit experiment [2]. This
reduction of side reading is a result of several factors,
including the thinness of the free layer, the magnetic
rigidity of the pinned layer, and the “unbiased” quiescent
state of the free layer.

Conclusions

In this paper, we have analyzed the potentials of GMR
sensors for very high-data-rate and very high-density
magnetic recording. We have also highlighted the
multitude of technical issues related to the biasing,
stabilization, and fabrication of such sensors. In all,

we have shown that the immense promise of the GMR
sensors is matched by significant challenges in their
materials, processing, and sensor design. However, just as
inductive read heads of the present are giving way to MR
heads, so MR heads in the future will almost certainly
give way to GMR heads in order to satisfy the pressing
need for increases in data densities and data rates.

C. H. TSANG ET AL.

Indeed, judging from the intensity of industry-wide efforts
and the rapidity of progress in GMR head design,
materials, and processes, this second transition is expected
to be forthcoming in the near future.

*Trademark or registered trademark of International Business
Machines Corporation.
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