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Micromagnetic Simulation of Head-Field and Write
Bubble Dynamics in Perpendicular Recording

Werner Scholz, Member, IEEE, and Sharat Batra, Member, IEEE
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We have developed a finite-element micromagnetics model to investigate the magnetization and field dynamics of perpendicular
recording heads. We have used a finite-difference micromagnetic recording model to study the influence of the head-field rise time and
media velocity on the recording process. An analytical expression for the write bubble expansion velocity has been derived based on a
linearized model, and we have compared it with dynamic micromagnetic simulations. It has been found to be directly proportional to
the rate of change of field with time and inversely proportional to the head-field gradient. The write bubble expansion velocity needs to
match or exceed the media velocity to minimize transition curvature.

Index Terms—Dynamics, micromagnetics, perpendicular recording, write bubble, write head.

I. INTRODUCTION

THE continuous increase in areal density and data rate in
magnetic recording is made possible by the reduction of

the typical dimensions and time scales of various components
of the recording system. However, this also requires an ever-
more detailed understanding of the magnetic recording media,
write and read heads, electronics, and their interactions. In per-
pendicular magnetic recording systems, the interaction between
the head and the soft underlayer (SUL), which provides a flux
return path to the return pole, plays an important role since it
has a strong influence on the head-field rise time [1], [2]. In this
paper, we have studied the recording process on the media as a
function of head field, the head-field gradient, and the head-field
rise time using finite-element and finite-difference dynamic mi-
cromagnetic models.

II. MICROMAGNETIC MODELS

We have developed a finite-element (FE) micromagnetic
model to study magnetization reversal processes in write heads
for perpendicular recording. The finite-element head model
is based on the parallel micromagnetics code “magpar” [3],
[4], which has been updated to include the magnetic field of
the coils, which can be driven with an arbitrary current wave-
form, and a (discretized, fully micromagnetic) SUL. The head
geometry is imported from a Flux3D [5] model. The current
distribution in the coils and their corresponding magnetic field
are calculated in Flux3D and then imported into the micro-
magnetic model. By simple scaling of the magnetic field of the
coils, any current waveform can be simulated. The dynamic
response of the recording head to the coil currents is obtained
by numerical integration of the Landau–Lifshitz–Gilbert equa-
tion of motion for the magnetization using a preconditioned
backward differentiation formula. In addition to the external
magnetic field (of the coils), magnetocrystalline anisotropy as
well as exchange and magnetostatic interactions (which include
the mutual interaction between the head and the SUL) are taken
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Fig. 1. Model of a single-pole-type write head for perpendicular recording.
The single-turn coil is wrapped around the main pole. The magnetic circuit is
closed through the SUL (not shown) to the return pole (on top).

into account. The recording layer has been omitted and eddy
current or thermal effects are not taken into account.

Throughout this paper, we have used the model of a single-
pole-type (SPT) write head (cf. Fig. 1) with a pole width of 40
nm, a pole thickness of 320 nm, and a yoke length of 3.5 m
[6]. The recording head has been designed to maximize the head
field and minimize the head-field rise time, but it does not ad-
dress other effects, such as skew. The dynamic response of the
head magnetization, which determines the head-field rise time,
depends on the material properties of the head (including the
damping constant), its size and shape, and the current wave-
form, for example, as well as the properties of the SUL. The
material parameters of the pole tip have been set to a satura-
tion magnetization of 1910 kA/m ( 2.4 T), an
exchange stiffness of J/m, and an in-plane
anisotropy of 4800 J/m , which gives an anisotropy field
of 0.005 T. The yoke and return pole have a saturation
magnetization of 796 kA/m ( 1 T), an exchange
stiffness of J/m, and an in-plane anisotropy
of 800 J/m , while the SUL has a saturation magneti-
zation of 1592 kA/m ( 2 T), an exchange stiff-
ness of J/m, and an in-plane anisotropy of

2400 J/m . We have assumed a thickness of 300 nm for
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the SUL and a head-to-soft underlayer spacing of 25 nm. The
damping constant in the head and SUL has been set to .
The head is driven by a single-turn coil, which is energized with
a maximum current of 150 mA.

In addition, we have used a micromagnetic recording model
to study the write process. It uses a pseudo-Voronoi construc-
tion to generate the grain structure. The magnetic properties of
the grains are defined by their saturation magnetization and av-
erage and variance of the magnetocrystalline anisotropy and in-
tergranular exchange constants. The individual grains are mod-
eled as Stoner–Wohlfarth particles with uniform magnetization.
The magnetostatic interactions between the grains are calcu-
lated using a fast Fourier transform (FFT) technique. In this
recording model, the SUL is included as a high-permeability
layer, which is separated from the media layer by a nonmagnetic
interlayer. It is not discretized micromagnetically. The head field
is imported from a Flux3D or micromagnetic simulation as a
static field map, which is suitably scaled. The recording model
does not include any thermal effects.

The recording media properties were set to a media layer
thickness of 12 nm, a grain diameter of 6 nm, a saturation mag-
netization of 579 kA/m, an anisotropy field of
1.5 T with a log-normal distribution and , and an
intergranular exchange field of 0.67 T. We assumed a head-to-
media spacing of 5 nm and took the head-field map at a distance
of 10 nm from the air-bearing surface (ABS) approximately at
the center of the media layer.

III. FOOTPRINTS AND WRITE BUBBLES

Fig. 2 shows a “footprint,” which has been recorded with the
write head at a fixed position and a single long current pulse
on a dc-erased medium. The contour lines show the isolines for

1.4 and 1.6 T. In the following, the area within these
contour lines will be referred to as the “write bubble.” The ef-
fective field

(1)

can be used to determine if the applied field is strong enough
to switch the magnetization of a single domain particle, which
follows the Stoner–Wohlfarth astroid [7]. The in-plane compo-
nent of the external field reduces the energy barrier and enables
switching below the anisotropy field 2 / as has been
shown in longitudinal [8] and perpendicular [9]–[11] recording.
As shown in Fig. 2, the footprint is considerably larger than
the write bubble, which has to be attributed to the distribution
in magnetocrystalline anisotropy of the grains, magnetostatic
interactions between the grains, which (especially in the case
of a dc-erased background) reduce the switching field, and in-
tergranular exchange interactions. However, the perpendicular
component of the head field is everywhere smaller than the
anisotropy field of the media, which could not explain the pres-
ence of the footprint let alone its size. Thus, the effective field
is the relevant field to compare the anisotropy field with.

IV. HEAD FIELD AND WRITE BUBBLE DYNAMICS

After obtaining an initial magnetization distribution in zero
field by static energy minimization, we excite the head with

Fig. 2. Footprint and time dependence of the downtrack field profile of the
effective field and field gradient of the effective field in saturation (t > 2.32 ns).

Fig. 3. Perpendicular and effective head field at the trailing edge 10 nm from
the ABS as a function of time for current pulses with a decreasing steady-state
period of constant current. The peak-to-peak current rise time is 0.4 ns.

the magnetic field generated by the coils and integrate the
Landau–Lifshitz–Gilbert equation of motion to obtain the time
evolution of the magnetization. There can be a considerable
phase lag between the current waveform and the head-field
response [2]. We have calculated the head field as a function
of time at the trailing edge of the write pole 10 nm from the
ABS. Fig. 3 shows the results for a series of current pulses with
a peak-to-peak rise time of 0.4 ns and increasing frequency.
Below a steady-state period of 0.8 ns, the field amplitude starts
to drop, because the magnetization of the head cannot keep
up with the current waveform and relax to its saturated state
in the pole tip (cf. Fig. 4). Thus, the head cannot generate its
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Fig. 4. Perpendicular and effective field amplitude as a function of the
steadysstate period (“cell time”).

maximum field, which means reduced performance. However,
the performance can be improved, and the head-field rise time
can be reduced by a shorter yoke, improved coil geometry, and
a faster current rise time [2].

In addition to the time dependence of the head field at a single
spot at the ABS (cf. Fig. 3), the micromagnetic simulation can
provide the complete field map around the write pole at any
time. It is very common to calculate the write field of the satu-
rated pole using a finite-element magnetostatics program like
Flux3D and scale the field map according to some assumed
head-field rise time [12]. In contrast, a micromagnetic simula-
tion provides information about the magnetic domain structure
and its dynamic behavior self-consistently [13], [14]. We have
checked both aspects with our time-dependent micromagnetic
simulation and found that the field rise time at several spots
along the pole shows a very consistent behavior. Fig. 2 illus-
trates this with the snapshots of the downtrack field profiles at
four different points in time. The largest variations are found
during reversal, when the head field is close to zero. However,
this does not have an important impact on recording simulations,
because then the fields are far below the switching field of the
media. As the head field gets closer to its saturated state, linear
scaling of the head-field profile in saturation according to the
head-field rise time is a good approximation.

In order to study the dynamic recording process and the for-
mation of transitions on the recording media, it is useful to
study the “write bubble.” As discussed previously, it is a rea-
sonable approximation to use the field map of the write head
in saturation and scale it according to the calculated head-field
rise time function . A dynamic micromagnetic simulation
(which includes the SUL and media layer [1]) can be used to
study the writing process, but with a few approximations, we
can calculate the write bubble dynamics in part analytically and
compare it with the media velocity to draw some conclusions
about the dynamic recording process. The write bubble expan-
sion velocity (in downtrack direction) can be approximated an-
alytically by linearizing the problem. Fig. 5 shows an enlarged
image of the downtrack field profile (cf. Fig. 2 at two dif-
ferent instants in time: and . We assume that the field profile

Fig. 5. Linearized model of write bubble expansion. The solid and dashed lines
represent downtrack field profiles at time t and t , respectively. The thick lines
emphasize the linearized portion. At time t , the write bubble with H = H
extends up to x . By time t , it has expanded to x . Thus, the write bubble
velocity is given by v = (x � x )=(t � t ).

is given by simple “scaling” of the field profile in sat-
uration , where (al-
though this is a good approximation only for close
to saturation, but this is valid when the writing takes place).
Thus, the effective-field profile at time and is given by

and ,
as shown in Fig. 5.

The position of the write bubble with at
is , and at , it has expanded to . Thus, the

write bubble velocity is given by

(2)

We can derive the write bubble velocity by writing

(3)

If we take the derivative of (3) with respect to , we find

(4)

Solving for gives

(5)

The negative sign stems from the fact that a field profile with
negative slope gives rise to a positive bubble expansion velocity
as shown in Fig. 5. In summary, the bubble velocity is propor-
tional to the rate of change of the field with time and inversely
proportional to the field gradient.

If we assume a media anisotropy field of 1.5 T and
a head saturation field of 1.66 T (at the position ,
where we want to calculate the bubble velocity for the bubble
with ), we find . For a
rate of change of the field scaling factor /ns, and
a downtrack field gradient of

400 Oe/nm 360 Oe/nm (6)

we arrive at a bubble velocity of

23.06 m/s
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V. RECORDING

Once the write bubble velocity has been calculated analyti-
cally as shown in the previous section or by a dynamic micro-
magnetic simulation, its effect on the recording process can be
studied in more detail. The write bubble concept can answer the
two basic questions concerning the transition location and the
time, when the transition has effectively reached its final posi-
tion [15], [16]. Both depend on the media anisotropy field ,
media velocity , and the bubble expansion velocity .

In the following discussion, we neglect any effects of
anisotropy distribution, exchange, or magnetostatic coupling
between grains.

1) : A transition occurs as soon as the effective
field exceeds the anisotropy field approx-
imately at the location of the write bubble with

(cf. footprint in Fig. 2). Since the write bubble ex-
pands faster than the media velocity, the transition is con-
tinuously shifting. Its final location is reached when the
bubble velocity drops below the media velocity
(i.e., at 7 ns in Fig. 6 close to head-field saturation). The
shape of the transition is determined by the shape of the
write bubble at this time.

2) : If the write bubble velocity equals the media
velocity, the transition gets written as soon as
(beginning of the pulse) at a location determined by the
initial write bubble. As the write bubble expands and the
media moves at the same speed, the transition stays at its
initial location. However, since the write bubble expands
also in the crosstrack direction, the transition changes its
shape (curvature) as shown in Fig. 7(a) and (b). Initially,
the transition shows strong curvature due to the narrow
write bubble. As the bubble expands, the write bubble be-
comes wider, and the transition curvature is reduced.

3) : If the bubble velocity is slower than the media
velocity, the transition gets written as soon as .
Even though the bubble continues to expand, the tran-
sition location does not change any more, because the
initial transition on the media moves away faster than
the write bubble expands. This observation has an impor-
tant effect on transition curvature. The initial transition is
written with a very narrow write bubble with strong cur-
vature. The write bubble continues to expand, but since
the media moves away faster, the growing (and wider)
write bubble cannot “reshape” the transition and reduce
its curvature (as it did in the case ). Strong
transition curvature is not desirable, because it increases
the readback pulsewidth and requires a narrower reader.
Narrow readers and higher readback pulsewidth reduce
the signal-to-noise ratio [17], [18].

We have verified these effects using a micromagnetic
recording model. Fig. 6 shows four different normalized field
rise time functions and their rate of change , which
we have assumed in the different recording simulations. These
field rise time profiles have been chosen to generate a single
bubble velocity corresponding to the three cases discussed
previously. The field map (downtrack field profile shown in
Fig. 2) of the head (Fig. 1) in saturation has been

Fig. 6. Head-field rise time function f(t) used for the recording simulations.
The legend gives the rate of change df=dt for 6 < t < 7 ns, which is
proportional to the write bubble expansion velocity. “dyn” corresponds for
f(t) > 0 to the head dynamics shown in Fig. 3.

used and scaled according to the field versus time behavior
shown in Fig. 6 as . For 6 ns, we
applied the full head field and wrote a mark on the ac-erased
recording medium, which was moving at 25 m/s. Then, we
switched the head field according to a given field versus time
curve and wrote a transition as shown in Fig. 7(a) and (b). This
process has been repeated 30 times on media with identical
properties only with different grain and anisotropy distributions
to mimic the recording at different locations on the media.

For a step function , the head field switches instanta-
neously while the recording media continues to move. Thus, the
write bubble does not “expand,” and after the switch.
As a result, the shape of the transition corresponds to the shape
of the footprint. However, if we assume that the head field has a
finite rise time, the dynamic effects described previously come
into play.

We have run micromagnetic recording simulations of all
cases shown in Fig. 6 and observed the predicted behavior. In
the last case (dashed–dotted line) with , the write
bubble expansion velocity is about 46 m/s (if we just up-
date in the calculation in the previous section), and thus,
considerably larger than the media velocity of 25 m/s,
which we have assumed in our simulations. As a result, we find
the expected behavior: the write bubble expands continuously
(after and moves the transition until the head field
saturates at 7 ns and the write bubble velocity drops to zero.
Fig. 7(a) shows the average of 30 transitions. The transition
curvature corresponds to the footprint shown in Fig. 2 because
the largest write bubble effectively writes the transition as
shown in Fig. 7(c).

For the intermediate case with (dotted line in
Fig. 6), the write bubble velocity is 23 m/s, which is al-
most equal to the media velocity. Thus, the transition (once it
is written when ) remains at its initial position and
changes only its shape. By the end of the simulation, its shape
is comparable to that of the previous case.

The head-field rate of change gives rise to a
write bubble expansion 11.5 m/s, which is slower than
the media velocity. As discussed previously, we can expect
strong transition curvature, because the expanding write bubble
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Fig. 7. Write bubble curvature for (a) fast (v = 46 m/s > v = 25 m/s) and (b) slow (v = 11.5 m/s < v = 25 m/s) write bubble expansion. (a) and (b)
show an average of over 30 transitions on randomized grain structures. The grayscale is not proportional to the magnetization but emphasizes the transition shape.
(c) and (d) show the write bubbles (enlarged for clarity) as they expand and shift corresponding to (a) and (b), respectively.

is slower than the media, and the shape of the transition is
determined by the envelope of the write bubbles as the media
move past the head. The micromagnetic simulation confirms
this hypothesis as shown in Fig. 7(b) and (d). Similarly, an
increase of the media velocity to 50 m/s (while the
head-field rate of change is set to ) caused strong
transition curvature.

Finally, the head-field rise time function taken from the dy-
namic micromagnetic head simulation (Fig. 3) has been used for
the recording simulations (Fig. 6). It shows a very steep rise time
up to . Thus, the write bubble expansion velocity is
still larger than the media velocity, when the write bubble has
already grown very large. By the time drops below 0.5
(when the write bubble velocity gets smaller than the media ve-
locity), the large bubble has already written a transition with low
curvature comparable to the one shown in Fig. 7(a).

VI. CONCLUSION

We have studied the head-field and write bubble dynamics
of a single-pole-type write head for perpendicular magnetic
recording and the effect of head-field rise time and media
velocity on the recording process of isolated transitions. The

Stoner–Wohlfarth effective field, rather than the perpendicular
head field alone, is the appropriate field for the recording
process, when it exceeds the anisotropy field of the media.
The write bubble expansion velocity of the head has been
derived analytically and verified with dynamic micromagnetic
simulations. It has been found to be proportional to the rate of
change of the field with time and inversely proportional to the
field gradient. For a fast rate of change of the head field, the
write bubble velocity is greater than the media velocity and the
recorded transitions show curvature, which corresponds to the
footprints on static media. However, for a slow rate of change
of the head field, the write bubble velocity was smaller than
the media velocity and increased transition curvature has been
found. The effect of the field gradient on media jitter is well
known [10], [19]. However, in addition to maximizing the field
gradient our study shows that the bubble velocity needs to be
higher than the media velocity to minimize transition curvature.
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