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ABSTRACT

Currently, a conventional magnetic recording
system is approaching its storage capacity known as a
super paramagnetic limit. Heat-assisted magnetic
recording (HAMR) is one of new technologies that can
achieve an areal density beyond this limit. In HAMR,
the heat is applied in a medium during writing process
resulting in unique transition characteristics if compared
to a conventional system. This paper studies the effect of
peak temperature and cross-track variations on the
transition characteristics of a perpendicular HAMR
system. Numerical results based on thermal
Williams-Comstock and micro-track models show that
these two variations cause the transition center and the
transition parameter to vary, thus affecting the transition
response of the HAMR system.
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1. INTRODUCTION

A perpendicular magnetic recording (PMR) technology
will soon reach its super paramagnetic limit at about 1
Th/in® [1].  Several new technologies that can surpass
this limit have been proposed in literature, for example,
heat-assisted magnetic recording (HAMR), bit-patterned
media recording (BPMR), and two-dimensional magnetic
recording (TDMR) [1]. Nevertheless, HAMR is chosen
by hard disk drive manufacturers to be the next
technology that will replace the PMR because it can be
implementable with reasonable investment.

In practice, high areal densities can be achieved by
reducing a volume of a grain size (V) required to store
one single bit in magnetic medium. A magnetic grain is
characterized by its uniaxial anisotropy coefficient (K,)
such that the higher the K, the harder the magnetization
of the media to be changed.  Generally, the magnetic
energy (K.\V) can determine the therma stability of a
magnetic grain.  Specifically, magnetic grain is stable
when the magnetic energy is much greater than the
thermal energy (kgT), i.e.,
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where kg = 1.38x102 is a Boltzmann's constant, T is a
temperature in Kelvin, and « is any large positive integer,
eg., 60[2-3]. Apparently, if we reduce V to increase an
areal density, K, must be increased to keep K,V constant.
Unfortunately, because the medium coercivity (Hc) is
proportional to K,, increasing K, will require higher
magnetic field density to change the direction of medium
magneti zation.

Since H. is inversely proportional to the temperature
[3], we heat the medium during writing process so that
H. can be reduced, which leads to a lower magnetic field
required to write a data bit into that medium. After the
data bit has been written, the medium is rapidly cooled
down until it reached the ambient temperature at which
H. returnsto its typical high value so as to guarantee the
thermal stability of the stored data bit. With this
technique, it is possible to write a data bit into the medium
with high K by using a small amount of magnetic field.

Many works have investigated the behavior of the
HAMR system [2-8]. Rausch et al. [2] proposed a
thermal Williams-Comstock model (TWCM) to study
the transition characteristics of longitudinal recording
systems.  Results indicated that many parameters such
as alignment, write current, and laser power, are needed
to be optimized to obtain high performance in HAMR
implementation.  The effects of cross-track transition
location and transition parameter in longitudinal HAMR
systems were investigated in [3]. The variation of
transition responses of HAMR systems as a function of
laser spot position was studied in [4].  Furthermore,
many crucia parameters (e.g., peak temperature, media
coercivity, write head gap, deep gap fidd, and fly height)
were investigated in longitudina HAMR systems [5].
Finally, the behavior of the transition location and the
transition parameter in a perpendicular HAMR system
has been extensively investigated in [6-8].

This paper investigates how peak temperature and
crosstrack variations affect the behavior of transition
characteristics in perpendicular HAMR systems.  To do
so, we use the TWCM and a microtrack model to study
the effect of these parameters on the transition center, the




transition parameter, and the PWso [2].  This study will
serve as a guideline for a system designer to carefully
design an HAMR system to avoid these variations so as
to obtain the best system performance.

The rest is organized as follows. A perpendicular
HAMR system, including TWCM and a microtrack
model, is summarized in Section 2.  Section 3 presents
simulation settings and results. Finally, Section 4
concludes this paper.

2. PERPENDICULAR HAMR

PMR is a conventional magnetic recording system that is
currently used in hard disk drives. By integrating a
laser in the read head to heat a medium before writing a
data bit, we arrive at a perpendicular HAMR system.
Figure 1 displays the structure of both PMR and
perpendicular HAMR systems.  To analyze the HAMR
system, TWCM and a microtrack model are needed.

2.1 Thermal Williams-Comstock M odel
The thermal Williams-Comstock model (TWCM) was

proposed in [2], which captures the effect of temperature
variations on H; and the remanent magnetization M, of

the medium.  The analytical expression of the TWCM
isexpressed as[2]
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where Hy is total applied field, Hy, is head field, Hq is
demagnetization field, M is medium magnetization, and
T(X) isthe temperature profile in a medium.

Practically, a transition from —M; to +M; is assumed
to occur when the total applied field Hy: = Hy + Hg is
equal to coercivity Hg, i.e.,

He(T (%)) = H (%) + Hq (T (%)) ©)

where T(Xg) = Ty is the temperature at the transition
center Xo.  For large spot thermal recording where the
thermal gradient and the effect of the demagnetization
field are small, (4) reducesto

H, (T (%)) = Hi (%) - (4)

Generaly, (4) can be solved numerically for the transition
center Xo, whereas (2) is used to solve for the transition
parameter a, where the transition length is defined as na
[2]. Therefore, both the transition center x, and the
transition parameter a can completely characterize the
HAMR system.

To solve (2), each term in (2) is needed to be
evaluated, which can be summarized as follows. The
derivative of head field Hy, at the transition center x = X,
isgiven by [6, 9]
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Fig. 1. Perpendicular magnetic recording (PMR) and
perpendicular HAMR system.
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where Hy isdeep gap field, A=y—-g/2, B=y+0/2,g=
2d + 2t is a spacing between the head pole and its image
pole, d isthe fly height, t is medium thickness, andy = d
+ t/2 is the distance between the bottom of the pole and
the center of the medium. Next, the derivative of
demagnetization field at the transition center Xyis[9]

dH, (x)] _ 2M,(T(x) ©
dx |XO r(a+t/2)’
where M, is remanent magnetization of media.  Findly,

for large spot HAMR, the transition during recording can
be described as an arctangent magnetization transition
[2], whose magnetization gradient at X is

dm (x)‘
dx
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Also, the derivative of the magnetization with respect to
the total applied field evaluated at X, is given by

dM (H)|

where S is a parameter associated with the squareness of
the hysteresis (M-H) loop [2].

2.2 Microtrack Model

In general, TWCM aone is not enough to describe the
HAMR process because it ignores variations in the
transition.  Since the thermal profile is assumed to be
Gaussian, there is not only an aong-track variation in
H,, but also a cross-track variation.  To account for these
variations, a microtrack model was used to approximate
transition curvature [2].  Specifically, a magnetic track
is divided into N subtracks with equal width as depicted
inFig. 2. Then, the TWCM isapplied for each subtrack to
determine atransition center and a transition parameter.
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Fig. 2. A microtrack model with thermal profile.

Table 1. Parameters setting.

Coercivity (H) -2000 T(X) + 21x10° A/m
Remanent magnetization (M) -1200 T(x) + 12x10° A/m
Coercive squareness (S) 0.7

Media thickness (t) 17 nm

Write head to keeper layers(g) | 80nm

Head field (H) 19x10° A/m

Width of the track (W) 180 nm

Number of subtracks (N) 14

The transition responses of each subtrack are sufficient
to determine the characteristics of HAMR system.  If

the system response of an individual microtrack is h(a,t),

the total response for the whole track will be expressed
as[2]

N
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where h(t) is the microtrack response, g is the transition
parameter, and t-z is a relative location of the
transition center for each microtrack.

3.NUMERICAL RESULTS

The parameter settings used to investigate the transition
characteristics of the perpendicular HAMR system when
experiencing peak temperature and cross-track variation
areshownin Table 1.

To study the effect of peak temperature variation, we
assume that the peak temperature Tpex USed to heat the
medium is a white random process with mean T, = 400

C° and variance ¢ i.e, T, ~(T,.c?). Here, we set

o = 2(1 £ x/100) to capture the peak temperature variation
of x% in the HAMR system, and truncate the resulting
peak temperature to Tpex + 20 C°.

Fig. 3 illustrates the transition center xy and the
transition parameter a for all subtracks when the peak
temperature variation is 10%. Clearly, xo varies within
several nanometers, whereas a changes only few
nanometers. Moreover, it seems that small variation is
occurred at the track edge, but large variation isfound in
thetrack center. Thisisbecause the laser position is
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Fig. 3. (Top) The transition center and (Bottom) the transition
parameter with peak temperature variation of 10%.
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Fig. 4. (Top) The transition center and (Bottom) the transition
parameter with peak temperature variation of 10% at the 1-t,
4-th-and 8-th subtrack.

pointed at the track center.  To confirm this result, we
plot the values of x, and a at the 1-st, 4-th-and 8-th
subtrack for 12000 magnetic transitions.  Again, same
result is obtained.

Furthermore, we show the averaged transition center
Xo and the averaged transition parameter a in Table 2 for
different peak temperature variations (average based on
14 subtracks), when there is peak temperature variation
in the HAMR system so as to understand the behavior of
Xoanda. We can seethat the mean of X, and a is almost
constant, but the standard deviation (std.) of X, and a is
increasing when variation islarge.  In addition, the std.
of X and a is getting large when the subtrack is close to
the track center (i.e, the 8-th subtrack). We aso show
the PWs, of the total response in (9) in Table 2, which is
the width at half of its maximum. It is clear that PWsx,
is not primarily affected by peak temperature variation.
Note that the smaller the PWsg, the higher the achievable
storage capacity [2].




Table 2. The averaged transition center and the averaged
transition parameter for different peak temperature variations.

Peak Temperature Variation

1% subtrack 0% 3% 5% 10%
X (nm) | -26.181 | -26.164 | -26.171 | -26.163
a (nm) 22557 | 22556 | 22556 | 22.556
S %o (NM) 0.0000 | 0.15335 | 0.19678 | 0.2206
" [ a(nm) 0.0000 | 0.0000 | 0.0000 | 0.0000
4™ subtrack 0% 3% 5% 10%
X (nm) | -37.559 | -37.526 | -37.539 | -37.523
a (hm) 21.363 | 21.366 | 21.362 | 21.365
S X (nm) | 0.0000 | 0.49845 | 06395 | 0.7172
" [ a(nm) 0.0000 | 0.01967 | 0.0252 | 0.0283
8" subtrack 0% 3% 5% 10%
Xo (nm) | -44.167 | -44.125 | -44.140 | -44.120
a (hm) 19759 | 19.768 | 19.763 | 19.768
X (nm) [ 00000 | 07282 | 09342 | 1.0478
a (hm) 0.0000 | 0.0568 | 0.0729 | 0.0818
PWs, 0% 3% 5% 10%
Maximum (nm) 79585 | 79.823 | 79.823 | 79.823
Minimum (nm) 79.585 79.312 | 79.314 | 79.312

Mean

Mean

Mean

Std.

Normally, the laser should point at the center of the
track to obtain best performance.  However, when the
laser is moved away from the track center, it causes
crosstrack variation, which affects the behavior of the
transition characteristics.  To study this effect, we define
X% of cross-track variation as the distance that the laser
position moves away from the track center by xW; /100
nm, where W, = 180 nm is the track width in this study
(seeTable 1).

Table 3 displays the averaged transition center X, and
the averaged transition parameter a at different cross-
track variations.  Clearly, the mean of X, and a is varied,
especially when cross-track variationislarge. It can be
implied that cross-track variation has more impact to the
Xo and a than peak temperature variation.  Furthermore,
we found that the standard deviation of x, and a is large
when the subtrack is further away from the track center.
Again for PWg, it seems that PWs, is not affected by
cross-track variation.

4. CONCLUSION

This paper studied the effect of peak temperature and
cross-track variation on the transition characteristics
(e.g., the transition center xo, the transition parameter a,
and the PWs;) of the perpendicular HAMR system,
based on the TWCM and the microtrack model.  From
our study, it is shown that these two variations cause the
Xo and a of each subtrack to vary, thus affecting the PWsg
of the total transition response.  In practice, the smaller
the PWs,, the higher the achievable storage capacity.
Consequently, the system designer should carefully design
all components to be robust against the peak temperature
and crosstrack variations that might occur in a
perpendicular HAMR system.  Additionally, it should
be noted out that there are till challenges to be overcome
(e.g., an efficient light delivery system, cooling system,
etc.) before areal implementation can be achieved.

Table 3. The averaged transition center and the averaged
transition parameter for different cross-track variations.

Cross-track Variation

1% subtrack 0% 3% 5% 10%
X (hm) | -26.181 | -26.828 | -27.268 | -28.393
a(nm) | 22557 | 22547 | 22533 | 22.478
S X (nm) | 00000 | 01988 | 05656 | 2.3700
* |[a(hm) | 00000 | 0.0000 | 0.0004 | 0.0061
4™ subtrack 0% 3% 5% 10%
%o (nm) | -37.559 | -38.165 | -38.551 | -39.448
a(hm) | 21.363 | 21.238 | 21.155 | 20.951
S X (hm) | 00000 | 01677 | 04420 | 15124
* [a(m) | 00000 | 00073 | 00203 | 0.0779
8" subtrack 0% 3% 5% 10%
%o (nm) | -44.167 | -44.032 | -43.913 | -43510
a(hm) | 19.759 | 19.797 | 19.830 | 19.940
X (hm) | 00000 | 00103 | 0.0404 | 03101
a(nm) | 00000 | 00008 | 00031 | 0.0228
PWso 0% 3% 5% 10%
Maximum (nm) | 79585 | 79.970 | 80.226 | 80.885
Minimum (nm) 79.585 79.232 78.997 78.498

Mean

Mean

Mean

Std.
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