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Abstract. The storage capacity of hard disk drives has increased tremen-
dously over the last decade. However, the rate of increase has reached a
bottle-neck as the technology approaches a theoretical limit known as the
super-paramagnetic limit. Heat-Assisted Magnetic Recording (HAMR) has
emerged as one of the important technologies to overcome this limit. The
process of heating while writing brings about certain unique characteristics
when compared to conventional schemes. In this paper, we introduce heat-
assisted recording, explain the techniques used to numerically model the two-
dimensional magnetization process in longitudinal HAMR and extend it to
perpendicular recording. Utilizing these models, we investigate the transition
characteristics that depend, among other factors, on various thermal param-
eters. In particular, we determine the effects of change in peak temperature
and laser spot position on transition length and center.

1. Introduction

Over the last 40 years, hard drives have clearly emerged as the primary means
of data storage. A basic hard drive consists of a disk made of magnetic material
and a recording head. The disk is divided into many equally spaced tracks where
the data is stored as a binary sequence utilizing the two directions of magnetization
possible. The process of storing and retrieving information using magnetic recording
is illustrated in Fig. 1. The write current to the recording head is modulated
according to the information to be stored and consequently it induces a series of
magnetic transitions in the medium. During the read process, magnetic transition
in the medium induces a readback signal in a magneto-resistive sensor flying over
it.

There have been tremendous increases in the storage capacity of hard disk
drives over the last few years. Such increases were almost always achieved by scaling
down the area of a bit by reducing its length and width. The medium consists of
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Figure 1. Illustration of write and read process in a magnetic
recording drive

tiny magnetic particles whose volume needs to be correspondingly scaled down to
maintain sufficient signal-to-noise ratio. The anisotropy energy of a grain is defined
as Ea = KuV , where Ku is the anisotropy of the grain and V its volume. Since
anisotropy energy determines the particle stability; scaling down the volume of
magnetic particles reduces their stability. The magnetic industry has reached a
critical point where the particle size can no longer be reduced. This is known as
the super-paramagnetic limit. The use of a high anisotropic medium to counter this
problem makes it difficult to magnetize. Therefore, in order to further increase the
areal density, radically new technologies need to be adopted. In this regard, Heat-
Assisted Magnetic Recording (HAMR) was proposed as a very attractive option [1]
where, a high anisotropy medium is heated by a laser at the location of transition
during the write process. It is believed that it is possible to achieve an areal density
of 1 terabits per square inch (Tb/in2) with this technology.

In order to exploit the enormous potential of HAMR, there are many challenges
that need to be resolved. It is important to study and analyze the system, so as
to identify and understand its characteristics. In this paper we introduce HAMR,
explain the numerical models used to analyze the system and illustrate some of its
important characteristics. The paper is organized as follows. Section 2 describes
the principle of heat-assisted magnetic recording. Section 3 introduces the thermal
Williams-Comstock model, which is shown to represent a HAMR system appropri-
ately by incorporating all thermal and magnetic properties. Using this model, we
show how to determine the magnetic transition characteristics for a given system.
Further, in order to accurately capture the effects of finite-width magnetic tracks,
we utilize microtrack model described in Section 4. These models enable us to
characterize HAMR, especially their dependence on the thermal profile, which is
illustrated in Section 5. Finally, we conclude the paper in Section 6.

2. Principle of Heat-Assisted Magnetic Recording

In heat-assisted magnetic recording, during the write process the magnetic me-
dia is heated by a laser attached to the write-head assembly. After magnetizing, the
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Figure 2. Example of an MH loop, illustrating its dependence on temperature

medium is rapidly cooled down to room temperature. The resultant magnetization
of the medium is determined by its hysteresis loop (MH loop), which shows the
relationship between the applied field (Ha) and the resultant magnetization (M).
An example of an MH-loop is shown in Fig. 2. For stable magnetic transitions, a
certain field is applied so that even after removing the field, the medium retains
a certain level of magnetization. This is called remnant magnetization (Mr). The
ease of making a transition in a medium is measured by its coercivity (Hc), which
is the field required to reverse the direction of magnetization. The coercivity and
remnant magnetization are known to vary approximately linearly with temperature.
Therefore, if a transition is written at a temperature higher than room temperature,
a smaller field is required to make a transition. But, almost instantaneous cooling
ensures that the medium saturates at Mr corresponding to the room temperature.

The process of heating while writing enables sharper magnetic transitions to
be made on high-coercive materials, thereby achieving higher stability and areal
density. The read process in HAMR is identical to that of conventional magnetic
recording systems. Though the fundamental idea behind HAMR is simple, the
process of rapid heating and cooling brings about a number of practical challenges.
More information on these can be obtained from [4, 5, 6].

3. The Thermal Williams-Comstock Model

The William-Comstock model is a well-known approximate analytical model
that describes the transition characteristics in a conventional magnetic recording
system. In [2], this model was extended by incorporating thermal gradients in
order to determine the transition characteristics of a longitudinal HAMR system.
Specifically, this model, known as the thermal Williams-Comstock model, captures
the effects of heating through the thermal gradients of coercivity and remnant
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Figure 3. MH loop with effective field

magnetization. Application of this model to perpendicular HAMR system is also
discussed in this section.

As mentioned earlier, the MH loop of a magnetic material is dependent on the
temperature. In order to account for this behavior a new quantity called effective
field (h) is introduced. It is defined as the ratio of applied field and coercivity,

(1) h(x, T ) =
Ha(x)

|Hc(T (x))|
where T (x) is the temperature profile along the direction of the movement of head
(x). Note that the dependence of coercivity on temperature is shown explicitly.
The new MH loop defined using h is shown in Fig. 3, where irrespective of the
temperature, h is 1 at the point of reversal of magnetization. The magnetization
gradient with respect to position is defined as,

(2)
dM

dx
=

dM

dh

dh

dx
.

Following a similar approach as in the Williams-Comstock model, the resultant
equation, known as the slope equation is derived as,

(3)
dM(x)

dx
=

dM(x)
dHa

[
dHh(x)

dx
+

dHd(x)
dx

− dHc(T )
dT

dT

dx

]

where, M(x) is magnetization, Hh, Hd are the head and demagnetizing field respec-
tively. Demagnetizing field is defined as the field from the magnetized medium,
which opposes the field from the head. Note that the magnetization gradient de-
pends on the coercivity thermal gradient.

Two quantities that completely characterize a magnetic transition are its tran-
sition center (or location) and length. Transition center is defined as the point
where the magnetization of the medium reverses its direction. It occurs when the
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net applied field equals the coercivity of the medium. The net applied field is de-
fined as Ha = Hh + Hd. Therefore, the transition center is the solution to the
equation

(4) Hc(x) = Hh(x) + Hd(x)

.
Traditionally, magnetic transitions are described using an arctangent profile.

Sometimes, hyperbolic tangent is argued to be better suited [13]. An arctangent
transition is described as

(5) M(x) =
2Mr(T (x))

π
tan−1

(
x − x0

a

)

where, x0 is the transition center, a is known as the transition parameter and the
expression πa is known as the transition length. The goal of the thermal Williams-
Comstock model is to determine a and x0 of a transition for a given HAMR system
set-up. As mentioned before, transition center can be evaluated using Eqn. 4. The
transition parameter is evaluated using the slope equation. See [2] for the derivation
of each quantity of the slope equation.

Demagnetizing field is known to depend on both transition center and param-
eter. Therefore from Eqn. 3 and Eqn. 4, it can be seen that the two unknowns,
transition center and parameter are dependent on each other and cannot be solved
analytically. But, if the thermal spot size of the laser used for heating is assumed
to be large, then the equations can be simplified and solved analytically. For large
spot size, since the thermal gradients are small, demagnetizing field can be ignored
in the calculation of transition center, thus making x0 independent of a. Also, the
demagnetizing field gradient equation simplifies, which in turn simplifies the slope
equation.

If the spot size is not large, then the demagnetizing field cannot be ignored.
Therefore, the system of equations (Eqn. 3 and Eqn. 4) can only be solved iteratively
[3]. In the first iteration, for a random value of a, x0 is calculated using Eqn. 4.
Then using this value of x0, Eqn. 3 is evaluated for a. In the second iteration, this
new value of a is used to determine the new x0 and so on. The iteration continues
until both x0 and a converges to some required accuracy.

Thermal Williams Comstock Model can be applied for both longitudinal and
perpendicular HAMR. Irrespective of the direction of magnetization, the transi-
tion can be considered to follow an arctangent profile. In order to solve the slope
equation, the head and demagnetizing field needs to be evaluated. The field expres-
sions for both longitudinal and perpendicular recording is explained in the following
sections.

3.1. Longitudinal HAMR. In longitudinal recording, the medium is mag-
netized in the longitudinal direction (along the media). The set-up of a longitudinal
system is shown in Fig. 4, which shows the poles of the head and the medium be-
neath it. The longitudinal field between the two poles magnetizes the media in
the longitudinal direction. Assuming an infinitely long and wide head with a finite
gap width, Karlqvist derived an analytical expression for the field intensity in the
medium [8]. The expression for the longitudinal component of the field is given as

(6) Hx(x, y) =
H0

π

[
tan−1

(
x + g/2

y

)
− tan−1

(
x − g/2

y

)]
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Figure 4. Longitudinal head and field

where g is the gap width and H0 is the deep gap field. For the purpose of thermal
Williams-Comstock model, the field is evaluated at the center of the medium. If
t is the thickness of the medium and d the distance from the bottom of the head
to the medium surface, then Hx is evaluated at y = d + t/2. The effect of the
Hy component of the field is ignored in longitudinal recording. The demagnetizing
field from a transition can be expressed as [7]

(7) Hd(x) = −dM

dx
∗ Hstep

x (x)

where the field from a sharp transition at the center of the medium is given as

(8) Hstep
x (x) =

1
π

tan−1

(
t

2x

)
.

Therefore, assuming an arctangent transition, the demagnetizing field can be calcu-
lated as below. If the laser spot size is large, then the demagnetizing field equation
can be simplified, details of which are given in [2].

(9)
Hd(x) =

−2
π2

∫ +∞

−∞

[
Mr(x′)a

a2 + (x0 − x′)2
+ tan−1

(
x′ − x0

a

)

dMr(T (x′))
dx′

]
tan−1

(
t

2(x − x′)

)
dx′

3.2. Perpendicular HAMR. In perpendicular recording, the perpendicular
field of the head magnetizes the medium in the vertical direction. The actual set-up
of a perpendicular system is shown in the top of Fig 5. A highly permeable layer
(or keeper) is deposited beneath the medium through which the field is conducted
from one pole to the other. Note that the field is in the vertical direction in
the medium. The field intensity, derived by Westmijze [9], is given as a complex
function that needs to be solved numerically. But, by considering the equivalent
system set-up (bottom of Fig. 5), an analytical head field expression can be derived
[10, 11]. An image of the pole head can be considered to be symmetrically placed
beneath the medium. When this set-up is turned sideways, the similarity with
the longitudinal set-up can be readily seen. Therefore, to a good approximation
the field in a perpendicular head can be evaluated using the Karlqvist expression,
taking into account the change in coordinate system for the perpendicular recording.
Therefore, the perpendicular component of the head field is given as

(10) Hy(x, y) =
H0

π

[
tan−1

(
y + g/2

x

)
− tan−1

(
y − g/2

x

)]
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Figure 5. Perpendicular head and field: actual head configura-
tion and equivalent set-up

where g is the gap width between the pole head and its image. If d is the head-
medium distance and t is the medium thickness, then g = 2d + 2t. For the ther-
mal Williams-Comstock model, the field is evaluated at the center of the medium
(y = t/2). The effect of the Hx component of the field is ignored in perpendicular
recording. As mentioned before, the Karlqvist expression is not a reasonable ap-
proximation for fields close to the head gap. Therefore, Eqn. 10 is valid only for
x > 0. Since, in general, the transition occurs away from the pole edge this expres-
sion can be faithfully used in the thermal Williams-Comstock model for evaluation
of transition characteristics. The demagnetizing field can be calculated using Eqn.
7, but with the perpendicular field component of a sharp transition as shown below.

(11) Hd(x) = −dM

dx
∗ Hstep

y (x)

where the field from a sharp transition at the center of the medium is given as [12]

(12) Hstep
y (x) =

1
π

tan−1

(
2x

t

)
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Therefore, considering an arctangent transition the demagnetizing field can be cal-
culated as,

(13)
Hd(x) =

−2
π2

∫ +∞

−∞

[
Mr(x′)a

a2 + (x0 − x′)2
+ tan−1

(
x′ − x0

a

)

dMr(T (x′))
dx′

]
tan−1

(
2(x − x′)

t

)
dx′

For a large laser spot size, the second term becomes insignificant. Consequently,
the demagnetization field can be reduced to,

Hd(x) ≈− 2
π2

∫ ∞

−∞

Mr(x′)a
a2 + (x′ − x0)2

tan−1

(
2(x − x′)

t

)
dx′

=
2Mr(T (x))

π
tan−1

(
x − x0

t/2 + a

)(14)

and the gradient of the demagnetizing field can be simplified if we ignore the thermal
gradient of the remnant magnetization, i.e.,

(15)
dHd(x)

dx
≈ −2Mr(T (x))

π(a + t/2)

Furthermore, similar to the derivation for longitudinal recording in [2], we can
show that the analytical expression for the transition parameter in perpendicular
recording is,

(16) a = −γ

2
+

1
2

√
γ2 +

4Hc(1 − S)t
∆π

∣∣∣∣
x0

,

where,

∆ =
dHh

dx
− dHc

dT

dT

dx

∣∣∣∣
x0

=
Hgg

π(x2
0 + (g/2)2)

− dHc

dT

dT

dx

∣∣∣∣
x0

,

γ =
2Mr

∆π
− t

2
+

2Hc(1 − S)
∆π

.

(17)

4. Microtrack Model

The process of heating and magnetization of a medium is two-dimensional.
But, the Williams-Comstock model provides only a one-dimensional solution to
the problem of determining the transition characteristics. Therefore, they do not
accurately model the magnetic transition of a track with finite width. In this
section, we explain the microtrack model that closely captures the effects of this
two-dimensional process. In this model, a magnetic track is divided into several
sub-tracks of equal width as shown in Fig. 6. The temperature profile resulting
from the heating is denoted by T (x, y) where, x and y represent the directions
along and across the track respectively. If N is the number of sub-tracks and ∆z
their width, then for each sub-track, the temperature profile is approximated by
the one-dimensional function T (x, y = i · ∆z), −N/2 ≤ i ≤ N/2. The more sub-
tracks, the better the approximation. For a given system set-up, thermal Williams-
Comstock model is applied independently to each of these sub-tracks to determine
the corresponding transition parameter and center. If the readback response for
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Figure 6. Microtrack modeling of HAMR channel

each of these sub-tracks is h(t, a), then the total response of the transition is given
as,

(18) p(t) =
1
N

N∑
i=1

h(t − τi, ai)

where, τi and ai are the transition center and parameter of the ith sub-track. The
isolated transition responses for longitudinal and perpendicular recording are ex-
pressed using Lorentzian and error functions respectively [14].

5. Transition Characteristics

Designing a HAMR system for optimal performance is a multi-dimensional
problem. The system performance is dependent not only on magnetic properties like
coercivity and remnant magnetization, but also on their variation with temperature,
heating profile (peak temperature, width at half of peak temperature) [3], and also
on the position of peak temperature [2]. The position of the laser spot needs to
be properly chosen in order to obtain the optimal performance. Since the laser is
attached to the head assembly, it is not known whether it is possible to align the
peak temperature with the gap center or whether it is the best possible set-up. In
this section, we report on some of the unique characteristics of longitudinal HAMR
induced by thermal spot.

For any system parameters, using the thermal Williams-Comstock model and
the microtrack model, the transition length, location and magnetization can be
determined across a track of finite width. Fig. 7 shows an example of a typical
magnetization pattern of a transition in the medium for a longitudinal recording
system. This figure illustrates several features of a transition that are induced by
heating and are unique to HAMR. Firstly, we note that the transition occurs at
different location across the track and secondly, the transition is sharp at the center
and decreases progressively toward the edges of the track. Since, the thermal profile
is Gaussian in both dimensions, maximum temperature occurs at the center of the
track and minimum at the edges of the track. As coercivity varies linearly with
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Figure 7. Magnetization of the medium after a transition is made

temperature, solution to Eqn. 4 varies for different sub-tracks, inducing the transi-
tion curvature across the track. The solution to transition location is a function of
y, since temperature T is a function of both x and y. Thermal Williams-Comstock
model suggests that high coercivity gradient induces sharper transitions. Since,
coercivity gradient along the track is small at the edges, we notice a significant
increase in transition length near the edges. From Eqn. 4, we note that the tran-
sition location also depends on the head field. Fig. 8 shows the shift in transition
location with respect to the gap center at various deep gap fields for a system with
Hc(x, y) = −500 ·T (x, y)+5 ·105 A/m and Mr(x, y) = −300 ·T (x, y)+3 ·105 A/m.
It also clearly shows the transition curvature across the track.

One of the most important quantity that determines the storage capacity of
HAMR is the width of the readback signal of its transitions. The width when
measured at half their peak value is denoted by PW50 and is commonly used for
purpose of comparison. Smaller the PW50, greater the storage capacity of the disk.
Therefore, it is necessary to investigate the effects of thermal profile on readback
signal width. In the following analysis we assume a high coercive material, where
Hc(x, y) = −2000 · T (x, y) + 1.6 · 106 A/m and Mr(x, y) = −1200 · T (x, y) + 1.2 ·
106 A/m. Other system parameters are shown in Table 1. Fig. 9 shows the
PW50 of the readback signal at various peak temperatures for different deep gap
fields. In general, higher temperatures lead to smaller PW50, but show signs of
saturating or even increasing at very high temperatures. Though not shown here,
this phenomenon is more pronounced with low coercive materials. For a given head
field, there is an optimal temperature that achieves minimum PW50. Since, higher
temperatures result in lower coercivity, it is natural to expect PW50 to be better
at high temperatures, but the reason for their saturation or increase at very high
temperatures is not obvious.
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Figure 8. Transition center curvature across the track for various
deep gap fields. For this system, Hc(x, y) = −500 ·T (x, y)+5 · 105

A/m and Mr(x, y) = −300 · T (x, y) + 3 · 105 A/m

The readback width not only depends on the peak temperature, but also on
the position of the laser (or consequently the position of the peak temperature)
with respect to the head gap. Along the track, the laser can be positioned either in
the direction of the head movement (up-track or +X) or opposite to it (down-track
or -X). For all cases, the laser is assumed to be at the center of the track in the
cross-track direction. Positioning anywhere else is undesirable and is not discussed
in this paper. Fig. 10 shows the PW50 for the same system as before with peak
temperature 350 ◦C, at different laser spot positions around the head gap center
(0 nm). Minimum PW50 occurs when the laser is positioned just to the right of
the gap center. Moving the laser away from the gap in either direction, greatly
increases the readback signal width, though it seems to decrease after reaching a
peak for down-track laser spot positions. To explain such a behavior needs careful
investigation. Without a proper understanding of the source of these changes, it
will be difficult to generalize the behavior of any HAMR system, which has many
degrees of freedom for optimization. In the following analysis, we identify the
reasons for such changes and argue that it is indeed a general behavior of HAMR
with high coercive materials.

The two parameters that determine the PW50 of the readback signal of a tran-
sition are the transition curvature of the track and parameter of each sub-track.
Changing the position of the laser not only changes the temperature profile but also
the coercivity of the medium. Consequently, it alters both the transition center and
parameter. Fig. 11 shows an example of how the head field and the coercivity look
at different laser spot positions along the down-track direction. Observe that the
point of intersection of coercivity and head field is different at different laser spot
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Table 1. System Parameters

Full-width half-max of laser spot 70 nm
Write head gap 100 nm
Distance from pole to medium 20 nm
Read head gap 5 nm
Width of the track 160 nm
Number of microtracks 23
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Figure 11. Coercivity for various laser spot positions

positions. This figure is a one-dimensional illustration of how the coercivity changes
with laser spot, i.e. it is an illustration for one of the sub-tracks.

Fig. 12 shows the transition centers across the track at different laser spot po-
sitions in the down-track direction. It reveals two general trends. As the laser is
moved down-track from the gap center, transition location initially move away from
the gap center until they occur at the positive coercivity gradient region. There-
after, moving the laser further down-track, moves the location back closer to the
gap center. As the transition location moves away from the gap center, the curva-
ture deteriorates, since the center now occurs closer to the peak temperature, where
the variation in thermal gradient across the track is the highest. Consequently, in
this example, the transition curvature is at its worst when the laser is aligned at
around -96 nm (location closest to peak temperature) and improves on either side
of this position. Fig. 13 shows the cross-track transition parameter profile for the
same down-track laser spot positions. As before, two trends are identified. The
parameter generally increases when laser is moved down-track toward the lower
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Figure 12. Transition centers across the track at various laser
spot positions in the down-track direction

gradient region. In the figure, at an alignment of -96 nm there is a huge increase
largely contributed by almost-zero coercivity gradient and low head field. If the
transition location occurs when both coercivity gradient and head field gradient
are positive, then higher coercivity gradient would result in a higher transition pa-
rameter. Since, coercivity gradient decreases toward track edges, we observe that
the parameter at the center of the track increases much faster than the parameter
at the edges of the track, when laser is moved down-track. At an alignment of -128
nm, though the parameter at the center remains higher than at the edges, its values
have improved on account of better head field gradient at the transition location.

When laser is moved up-track, the coercivity gradient is always negative at
the transition location. Also, farther the laser is from the gap center, farther the
transition location is from the peak temperature. Therefore, as shown in Fig.
14, there is almost no curvature for positions far to the right of the gap center.
For the same reason, as shown in Fig. 15, the change in transition parameter is
almost identical throughout every sub-track. However, since the transition location
is pushed to the lower temperature regions, where the coercivity gradients are
smaller, transition parameter increases. PW50 is directly proportional to the
transition parameter and is inversely proportional to the extent of curvature. If the
transition location of the sub-tracks of a track are misaligned, then their combined
readback response will be much wider than the response of a track whose sub-
track locations are aligned with each other. As the laser is positioned along the
down-track direction, PW50 will increase on account of deteriorating curvature
though the transition parameter will be less. It will peak when the transition
location occurs, where the temperature of the medium is maximum. As the laser is
positioned along the up-track direction, PW50 will increase on account of increasing
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Figure 13. Transition parameter across the track at various laser
spot positions in the down-track direction
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Figure 14. Transition centers across the track at various laser
spot positions in the up-track direction
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Figure 15. Transition parameters across the track at various
laser spot positions in the up-track direction

transition parameter, though the curvature will improve. The minimum PW50 can
be obtained for laser spot alignments close to the gap center. This explains the
behavior observed in Fig. 10.

6. Conclusion

In this paper we introduced the thermal Williams-Comstock model for both
longitudinal and perpendicular heat-assisted recording. Using this model and the
microtrack model, several characteristics of HAMR were illustrated. Specifically,
the effects of peak temperature and laser spot alignment on the readback response
were discussed. By analyzing the underlying effects it had on the transition length
and location, we identified the general system behavior to changes in thermal profile.
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