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Effect of Island Geometry on the Replay Signal in
Patterned Media Storage

Paul W. Nutter, David McA. McKirdy, Barry K. Middleton, Member, IEEE, David T. Wilton, and Hazel A. Shute

Abstract—In a move to extend the storage capabilities of mag-
netic storage systems beyond 1 Tb/in2, the use of patterned media
has often been cited. Here, recorded domains are constrained by
the geometry of the magnetic island and not the geometry of the
recording head. Conventional two-dimensional readout modeling
techniques, using the reciprocity integral, rely on the assumption
that the across-track medium magnetization is uniform under the
giant magnetoresistive replay head. However, in the case of a geo-
metrically constrained medium this is not the case. This paper in-
vestigates the effect that the island geometry has on the characteris-
tics of the replay signal in perpendicular patterned magnetic media
storage through the extension of the reciprocity integral to three
dimensions. The paper describes replay pulses that offer different
characteristics from those obtained by conventional two-dimen-
sional techniques. The origins of these differences are explained by
the variation in medium magnetization across the track.

Index Terms—Magnetic recording, patterned media, perpendic-
ular magnetization, reciprocity.

I. INTRODUCTION

I N THE QUEST for reliable ultrahigh-density magnetic
storage media, the use of patterned media is widely rec-

ognized as offering the potential to overcome some of the
physical limitations imposed on conventional continuous mag-
netic media. Increased storage density in continuous media
requires the recorded transitions to be packed as close together
as possible without having any detrimental effect on the system
performance in terms of replay signal-to-noise ratio (SNR) and,
hence, bit-error rate (BER). Replay SNR is affected by many
factors, including transition noise and bit shifts due to strong
intergranular magnetic coupling [1]. In addition, increased
storage density can result in a reduced number of magnetic
grains per bit, which in turn results in increased media noise and
poor SNR. In order to maintain an acceptable level of SNR in
high-density systems, a reduction in grain size is required such
that there are a sufficient number of grains per bit. However,
studies have shown that a reduction in magnetic grain size can
lead to increased thermal instability [2], [3], leading to the
random magnetization of the magnetic particles; the so-called
superparamagnetic limit [4]–[6].
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Magnetic media are constantly being refined in order to
extend the limits of continuous media. For example, the intro-
duction of antiferromagnetically coupled (AFC) longitudinal
media [7], and a potential move to perpendicular media [8], have
demonstrated improved storage capabilities. However, such
techniques still offer limited storage density due to the physical
limitations of continuous media. An alternative approach that
offers vastly improved storage densities, while overcoming the
physical limitations imposed on continuous media, is the use of
patterned magnetic media [6], [9]. In a patterned medium, each
data bit is recorded to an isolated, submicrometer-size magnetic
island, which is magnetized longitudinally or perpendicularly
[6], [10], [11]. Since each island acts as a single bounded
domain, the grains are strongly coupled, and consequently the
grain size need not be reduced and each island can theoretically
contain a single magnetic grain and still remain thermally stable
[9]. Furthermore, transition noise, due to magnetic coupling
between recorded marks, is effectively removed as a result of
the nonmagnetic barrier between islands, resulting in an overall
reduction in media noise and improved replay SNR [6].

While much attention has been paid to the fabrication of pat-
terned media, little attention has been focused on the readout
and recovery of data from such media. Some researchers have
analyzed the replay process in patterned media systems. Here,
work has concentrated mainly on longitudinal media [12], [13]
or analysis has been performed using conventional two-dimen-
sional (2-D) approaches to replay modeling [14], [15], using the
reciprocity integral [1], [16]. However, when analyzing the re-
play process in ultrahigh-density storage systems, such as pat-
terned media, it is essential that accurate models of the replay
process are utilized, otherwise subsequent analysis, such as the
design of the data recovery channel, may be inaccurate.

In the case of conventional replay modeling techniques, it is
often assumed that both media magnetization and the head field
are uniform across the data track (infinite width approximation);
in this case, the reciprocity integral may be expressed as a
function of the scan direction only [16]. However, in the case
of patterned media, the shape of the recorded magnetic mark
is constrained by the geometry of the patterned island and not
the recording head. Hence, the assumption that the medium
magnetization is uniform under the replay head is invalid,
since the width of the patterned element may be comparable
or even less than the track width of the (typically) giant
magnetoresistive (GMR) sensor. In order to accurately predict
the form of the readout signal, analysis needs to be performed
over three-dimensional (3-D) space. Here, we present a thorough
analysis of the replay process from perpendicular patterned
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Fig. 1. Geometry of the shielded GMR head structure and patterned magnetic
medium.

media using conventional GMR replay heads. The analysis
predicts the replay response to an isolated magnetic island and
takes into account the effects of the geometrically constrained
media through the use of a 3-D evaluation of the reciprocity
integral. This paper is organized as follows. In Section II,
conventional replay modeling techniques are discussed and the
proposed 3-D reciprocity approach is introduced. In Section III,
the results produced using the 3-D model are analyzed in terms
of the characteristics of the response due to an isolated magnetic
island. In Section IV, conclusions are drawn as to the effect of
the island geometry on the characteristic of the replay pulse
in patterned media using conventional GMR heads.

II. REPLAY MODELING

Fig. 1 illustrates the 3-D geometry for the shielded GMR head
and the patterned magnetic medium being modeled.

Here, the GMR element (of unit reciprocity potential) is of
length (along-track direction ), width (across-track di-
rection ), of semi-infinite height, and lies a distance above
the surface of the patterned magnetic medium, of thickness ,
and a distance above any (semi-infinite) magnetic soft under-
layer (SUL) of infinite permeability. In the case of a medium
with an SUL, no interlayer is assumed, i.e., . The side
shields are assumed to be of infinite width (across-track direc-
tion), of semi-infinite height, and separated from the GMR el-
ement by gaps of width ; the total shield-to-shield separation
being . In the rectangular coordinate system adopted,
the along-track direction is , the across-track direction is , and

is the vertical position under the air-bearing surface (ABS) of
the GMR head. The midpoint of the GMR sensor element along
the ABS is assumed to be the coordinate origin.

The replay voltage signal due to any change in magnetization
in the recording medium can be derived using the reciprocity
integral [1]. In the case of a GMR head, the voltage signal is
simply proportional to the signal flux injected into the GMR
sensor at the ABS. In this simple (2-D) case, the signal flux in
the GMR sensor when the medium is at position is
given by the scalar correlation integral [16]

(1)

where is the perpendicular magnetization component of the
medium which varies in only, is the head sensitivity func-
tion, is the effective track width (i.e., where is nonzero),
and is the permeability of free space.

Since the head sensitivity function is related to the differen-
tial of the scalar magnetic field potential , then the reciprocity
formula may be expressed in the form

(2)

Evaluating the integral over gives

(3)

and identifying that the integrals in (3) are correlation integrals
gives

(4)

Hence, the reciprocity formula for the GMR head may be
expressed in the form

(5)

where and are Fourier transforms pairs, is the
complex conjugate of , IFT is the inverse Fourier transform
operation, and is the Fourier transform wavenumber in .

To derive the signal flux in the GMR sensor due to any mag-
netization change in the medium, the scalar potential distribu-
tions at the top and the bottom of the
magnetic medium need to be determined. A number of tech-
niques for predicting the scalar magnetic potential distribution
are documented. In the case of no SUL present, an expression
commonly used is that of Potter [17], whereby the GMR head is
considered to be two inductive Karlqvist heads. In this case, the
potential along the ABS can be expressed as a linear
variation of the potential from the sensor to the side shield across
the gap, i.e.,

(6)

A more accurate ABS approximation is that of Ruigrok [18],
who proposed the equally weighted sum of a linear potential
and the potential of an infinitely thin head, whereby, the linear
variation in potential across the gap is modified to include a
curvature term, i.e.,

(7)
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Using either of these expressions, the potential at any point
below the ABS can be easily calculated using the well-known
spacing loss expression [1]

(8)

While these approximations can produce reliable results, they
do not take into account the effect that any SUL present has
upon the replay process. As an approximation, the effect of the
SUL may be introduced by considering the sensitivity function
of the replay head and the sensitivity function of the replay head
image in the SUL [19]. Other, more accurate, approaches in-
volve the calculation of the potential distribution below the ABS
with an SUL present. For example, in [20], the effect of the
SUL is introduced through a weighted sum of the potential vari-
ation between the pole corner and the SUL, rather than between
the pole corner and the shield. In [21], an explicit ABS poten-
tial function is given which is in the style of (7) but has three
parameters. These parameters, which depend on the ratio ,
are determined from a finite-element model. Both of these tech-
niques have been shown to produce very accurate results; how-
ever, neither are appropriate in three dimensions where track
edge effects are significant, since they provide no potential vari-
ation in the across-track direction.

In the case of a patterned medium, the size and shape of the
recorded domains are constrained by the geometry of the mag-
netic island. In this situation, a more accurate replay model is
required which takes into account variation in magnetization in
both the along-track and across-track directions; this re-
quires the extension of the reciprocity integral over 3-D space.

The reciprocity integral of (1) can be easily extended into 3-D
space by reintroducing the across-track coordinate , i.e.,

(9)

which gives

(10)

The signal flux is now dependent on the 3-D potential distri-
bution at the top and the bottom of the magnetic medium and the
magnetization distribution in the medium. Equation (10) takes
into account the magnetization variation across the width of the
medium, rather than simply along the track as in standard 2-D
approaches [17], [18].

In order to predict the potential distribution at any point below
the plane of the ABS of a GMR head, the approach described
in detail in [22] is followed. There, a technique for predicting
the 3-D head field for a perpendicular magnetic recording head
with an SUL is proposed. The method initially assumes forms
for the variation in the scalar magnetic potential between the
GMR sensor and the SUL and between the side shields and the
underlayer, based on the 2-D approximations developed in [20].
Fourier techniques are then employed to give an exact solution
to this simplified approximate problem, and in particular the
solution in the plane of ABS is found. If the ABS lies in the

TABLE I
GMR HEAD DIMENSIONS

plane and the SUL is at , the Fourier transforms of
the potentials, , in these planes are related by [1]

(11)

where and and are the wavenumbers in
the (along-track) and (across-track) directions, respectively.
The resulting potential in any plane below the ABS can thus
be predicted using Fourier transform operations. Equation (11)
partially corrects the approximate potentials originally assumed
under the GMR sensor and shields.

In the case of no SUL, we use the above method but with
a large, but finite, value of to predict the ABS potential (for
large relative to the shield-to-shield separation the underlayer
is effectively an infinite distance away from the replay head).
Equation (11) is then taken with infinite to give the familiar
exponential spacing loss of [1]

(12)

III. REPLAY PULSE ANALYSIS

In order to understand how the island geometry affects the
replay signal characteristics, the replay pulse due to an isolated
magnetic island has been investigated using the two GMR head
structures listed in Table I. These head dimensions have been
taken from designs proposed for future ultrahigh-density ap-
plications [23]–[25]. The pulse responses have been generated
using the approaches described in Section II, assuming a single
isolated magnetic island of single domain and perpendicular
magnetization. The volume surrounding the island is assumed
to be free-space.

Figs. 2 and 3 illustrate simulated replay responses to an iso-
lated magnetic island of length nm using the replay
head structure of GMR1, for a head width of nm
and a head-to-medium separation of nm. The responses
were generated from the analysis in Section II, using the 2-D
(Ruigrok) and 3-D approaches (where the island is assumed to
be square). Fig. 2 illustrates the case of no SUL present for (a) a
thin film ( nm) and (b) a thick film ( nm). Fig. 3
illustrates the case of an SUL present below the magnetic film
for (a) a thin film ( nm) and (b) a thick film ( nm).
In the case of the 2-D analysis, the potential below the ABS was
calculated using the 2-D equivalent of (11), i.e., in only, when
an SUL is present.

In the case of the 2-D modeling approaches, Potter (not
shown) and Ruigrok, identical responses are observed. How-
ever, in the case of the 3-D approach, where the across-track
variation of magnetization is taken into account, a difference in
pulse shape is clearly observed, particularly in the no SUL case.
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Fig. 2. Simulated pulse responses due to an isolated island of length a = 50

nm, using 2-D Ruigrok (dashed line) and 3-D (solid line) approaches for (a) a
thin film (� = 20 nm) and (b) a thick film (� = 100 nm), with no SUL present,
using the head structure of GMR1.

In the no SUL case, the 2-D pulse in particular is charac-
terized by the presence of large overshoots either side of the
main pulse. This “triplet” pulse shape arises due to the opposite
charges present at the top and bottom surfaces of the magnetic
islands. The charge along the bottom surface introduces a broad
pulse of opposite polarity and reduced amplitude to the pulse
introduced by the charge along the top surface [14]. In the case
of a medium with an SUL present, the charge along the bottom
surface of the medium is shifted further away from the head by
the presence of the SUL, and its resulting contribution to the
shape of the replay pulse response is insignificant; as a conse-
quence, the overshoots are removed, as evident in Fig. 3.

In the case of a medium with no SUL, it can be seen in Fig. 2
that for the 2-D modeling, the amount of overshoot present in
the replay pulse is significantly overestimated compared with
the responses generated using the 3-D approach. In the case of a
thick medium [Fig. 2(b)], the 3-D model predicts that these over-
shoots are effectively removed; whereas the 2-D approaches still
predict a considerable contribution. This result is interesting,

Fig. 3. Simulated pulse responses due to an isolated island of length a = 50

nm, using 2-D Ruigrok (dashed line) and 3-D (solid line) approaches for (a) a
thin film (� = 20 nm) and (b) a thick film (� = 100 nm) with an SUL
immediately below the patterned magnetic film, using the head structure of
GMR1.

since channel studies have shown that the presence of these
overshoots gives rise to a degraded performance (in terms of
BER) from the replay channel [14].

In the case of a medium with an SUL (Fig. 3), no significant
difference is observed between the 2-D and 3-D approaches,
although some (slight) difference is observed as the film thick-
ness increases [Fig. 3(b)]. A similar result was observed in
the analysis of GMR2 for the same size island (although the
pulse responses produced using the two head structures differed
slightly in shape). The reason for the similarity between the
results produced using the 2-D and 3-D approaches can be
easily explained. With an SUL present, the magnetic field
below the ABS of the GMR head is focused within a narrow
area centered below the sensor element. However, when there is
no SUL present, the magnetic field is spread over a wider area
and so the edges of the islands have a much greater influence on
the readback performance. Hence, we can conclude that in the
case of a medium with no SUL present, the finite width of the
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island affects predominantly the amount of overshoot present
in the replay pulse. In the case of a medium with an SUL, the
finite island width has little effect due to the removal of the
overshoots by the presence of the SUL itself.

It is well known that the use of an SUL improves the writing
performance by providing a large field gradient through the
magnetic medium [26]. While the presence of the SUL results
in an increased readback signal amplitude (borne out using
the described model), theoretical observations show that the
resulting pulse response is in fact wider than the corresponding
case with no SUL present. Using the GMR head structure of
GMR1 for a 50 nm square island, the pulsewidth is
47.9 nm with no SUL present and 52.1 nm with an SUL (
nm, nm, no interlayer in the SUL case). These results
are in agreement with published results, which also show that
the use of an SUL has a detrimental effect on the readback
performance, particularly at high densities [27], [28].

The origins of the variation in shape of the pulse responses
generated using the 3-D approach, in particular the amount of
pulse overshoot, can be further investigated by analyzing the re-
sponse to a rectangular island of varying width . Fig. 4(a) illus-
trates pulse responses for an isolated island of length nm,
( nm, nm) with no SUL present for varying bit
width of 50 nm (square island), 150, 300, and 600 nm (rect-
angular). Also illustrated is the 2-D response (Ruigrok) to an
island of length 50 nm (assumed infinite width).

It is evident from Fig. 4 that as the width of the island becomes
large compared with the width of the GMR sensor (

nm for GMR1), the shape of the resulting pulse response ap-
proaches that produced using the 2-D approaches (in this case
Ruigrok). A similar result was also observed when using the
head structure of GMR2, as illustrated in Fig. 4(b).

Thus, it can be concluded that the difference in the response
arises due to the finite track width imposed by the geometry
of the magnetic island; in such cases, the 2-D approximations,
which assume constant magnetization across track under the
head, are inaccurate.

To further this investigation, we analyzed how the width of the
GMR sensor element affects the pulse shape. Fig. 5 illustrates
pulse responses due to an isolated island of length nm
and width nm (square), with no SUL present, for varying
GMR sensor width, , using the head structure of GMR1.
Also illustrated is the pulse response obtained using the 2-D
approach (Ruigrok).

It can be seen that as the head width is increased (from a size
comparable to the fixed size of the island), then the shape of the
resulting pulse response approaches that of the 2-D approxima-
tions (as previously for a fixed head width and increased island
width). Further analysis shows that for a very large bit width ,
the pulse response is always the same as that obtained using the
2-D approaches, irrespective of the GMR sensor width; this re-
sult is in agreement with previous results presented.

Since these results appear to indicate that the bit width is the
major factor affecting the shape of the replay pulse (with no
SUL), further analysis was performed to investigate how the
bit width affects the shape of the replay pulse in terms of the
pulsewidth and percentage overshoot (with respect to
the peak amplitude) for both GMR heads.

Fig. 4. Simulated pulse responses due to an isolated island of length a =

50 nm and varying width, with no SUL present, using the head structures of
(a) GMR1, and (b) GMR2.

Fig. 5. Simulated pulse responses due to an isolated island of length a = 50

nm and width b = 50 nm, with no SUL present, for varying GMR sensor width
2W , using the head structure of GMR1.
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Fig. 6. Comparison of pulsewidth (PW ) against bit width b for varying bit
length a using the head structures of (a) GMR1 and (b) GMR2. ( indicates
the pulsewidth measured from the responses generated using the 2-D Ruigrok
approximation).

Fig. 6 illustrates pulsewidth (nm) versus bit width at
four different island lengths of , , , and nm for
GMR1 in Fig. 6(a) ( nm) and GMR2 in Fig. 6(b) when
no SUL is present. From Fig. 6, it can be seen that the pulsewidth
appears slightly larger for small bit widths, and in the case of
GMR2 [Fig. 6(b)], this reaches a peak when the bit width is the
same as the width of the GMR sensor, nm.
Overall, the effect of the island width on the pulsewidth is very
small. For large bit widths, the pulsewidth approaches that mea-
sured using the 2-D approaches (shown in brackets). In the case
of a patterned medium with an SUL present, a slight difference
in pulsewidth is observed as the island width is varied; but this
differs little from the pulsewidth obtained using conventional
2-D approaches for the same island length.

Fig. 7 illustrates percentage overshoot (with respect to the
absolute peak amplitude) versus bit width at four different bit
lengths of , , , and nm for GMR1 in Fig. 7(a)
( nm) and GMR2 in Fig. 7(b).

Fig. 7. Comparison of percentage overshoot (%), with respect to the absolute
peak amplitude of the pulse, against bit width b for varying bit length a

using the head structures of (a) GMR1 and (b) GMR2 (asterisk indicates the
percentage overshoot measured from the responses generated using the 2-D
Ruigrok approximation).

As the bit length is increased a corresponding increase in the
amount of overshoot is observed; this is what would be expected
as the island length increases and the dipulses produced at each
edge of the bit along the track interfere less. However, what is
evident from Fig. 7 is that the amount of overshoot in the re-
sulting response is dependent upon the width of the island. In
the case of GMR2 [Fig. 7(b)], the minimum overshoot is ob-
served when the island width is comparable to the width of the
sensor element, nm. Again, for large bit widths
the percentage overshoot approaches that measured using the
2-D approaches (shown in brackets).

The many patterning options available for the production of
patterned media permit a wide variation in the array period, is-
land size, and island shape. In particular, most patterning tech-
niques will produce square or circular islands over a regular
array. In order to investigate how the shape of the island (as a
consequence of the lithographic process employed) affects the
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Fig. 8. Plot of the difference in pulsewidth produced by a circular and square
island against island length using the head structure of GMR2.

Fig. 9. Simulated pulse responses due to a 168-nm-diameter circular
island (dashed-dotted line), a 168-nm square island (dashed line) and a
190-nm-diameter circular island (solid line).

replay pulse shape, the difference in pulsewidth produced from
a circular and square island for varying bit length was deter-
mined as illustrated in Fig. 8, using the replay head structure
GMR2.

The overall effect on the pulse response in this case is a re-
duction in the pulsewidth for a circular mark; this result is sen-
sible considering the reduction in magnetic material along the
island edge due to the circular geometry. A peak difference is
observed when the island size is approximately 168 nm; at this
point the pulse shapes are quite different, as illustrated in Fig. 9,
where the pulse responses have not been normalized. It should
be noted that round and square islands of equal dimensions will
exhibit different magnetic properties. Also illustrated in Fig. 9
is the pulse response due to a round island of diameter 190 nm;
this island has a surface area identical to that of the 168 nm
square island. It is evident that the pulse shape is strongly de-
pendent upon the size and shape of the island. While this effect

is most dramatic at large bit lengths, it may become more evi-
dent as storage densities increase toward the goal of 1 Tb/in ,
where reduced replay head geometries may be required.

IV. CONCLUSION

A 3-D evaluation of the reciprocity integral has been de-
veloped and used to analyze the characteristics of the replay
response from patterned media storage using perpendicular
magnetic media. It has been shown that in the case of a
medium with an SUL, the shape of the replay pulse is largely
independent of the width of the island. However, in the case
of a perpendicular medium with no SUL, the characteristics of
the pulse response depend largely on the shape of the magnetic
island, in particular its width. For a constant bit length, it has
been shown that as the bit width becomes very large com-
pared to the width of the GMR read head sensor element, the
resulting response becomes similar to the response generated
using conventional 2-D approaches (Potter and Ruigrok). A
similar result is observed as the GMR sensor width is in-
creased for a fixed bit width. However, in the case where the
island width is comparable to the width of the head sensor
element width, the amount of overshoot present in the isolated
response is overestimated using conventional 2-D approaches.
In particular, the minimum overshoot is observed when the
island width is the same as the width of the sensor element.
However, analysis has shown that at this point the pulsewidth
is also at its greatest. Hence, a compromise must be made
between the pulsewidth required and the amount of overshoot
that can be tolerated, i.e., by the channel electronics.

Since the width of the island in patterned media affects the
shape of the resulting replay pulse for the case of a perpendicular
media with no SUL present, a 3-D replay model must be used
in order to accurately predict the resulting replay pulse shape.
Such a model is essential in the situation where the width of the
replay sensor becomes comparable to the bit width, as in future
ultrahigh-density applications.

Further work will include the extension of this analysis to
model sensor characteristics, such as sensor efficiency, which
will permit a thorough investigation of replay amplitude and
SNR characteristics. In addition, due to the flexible nature of the
3-D model described, the effect of off-track reading in patterned
media storage, and its effect on the performance of the Viterbi
read channel will be investigated.
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