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We calculate the writing field dependence of the bit error rate for Gilbert damping constants of 0.1 and 0.01 in

heat-assisted magnetic recording (HAMR) using a new model calculation. The attempt period used in the new model
calculation is considered in detail. The writing properties are examined for various thermal gradients, linear

velocities, and anisotropy constants. When the damping constant is equal to 0.1, write-error is smaller, and
erasure-after-write is larger than that for 0.01 since the attempt period is short. The physical implication of the

results is discussed. We also compare the results of the new model calculation and the conventionally used
micromagnetic calculation. The overall tendencies of the results are the same. Therefore, the outline of the impact of

the damping constant on the bit error rate in HAMR can be understood by the grain magnetization reversal
probability and the attempt period used in the new model calculation.
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1. Introduction

Heat-assisted magnetic recording (HAMR) is a
promising candidate for high-density magnetic
recording beyond the trilemma limit?.

We have already proposed a new HAMR model
calculation? using the grain magnetization reversal
probability for each attempt. The new model calculation
can obtain the bit error rate (bER) as a function of the
writing field H, for a given anisotropy constant ratio
K, /K, ?. We discussed the physical implication of the

recording time window using the new model calculation.

And then, we provided the allowable ranges of H,, and
K, /K, forvarious Curie temperatures.

The grain magnetization reversal probability and
the attempt period, whose inverse is the attempt
frequency f,, are key physical quantities in the new
model calculation. The reversal probability is a function
of the anisotropy field H,, and H, is a function of
temperature. The temperature dependence of
experimental H, values can be represented by a mean
field analysis?. On the other hand, the f, value is a
function of the anisotropy constant K, , and K, is a
function of temperature, and then f, at the writing
temperature is necessary. Furthermore, f, is a
function of the damping constant a?, and «a is also a
Therefore, although
knowledge of « at the writing temperature is
necessary, it is unknown.

In this study, we calculate the f, value at the

function of temperaturet 7.

writing temperature employing the conventionally used
micromagnetic calculation, and then we calculate the
writing field dependence of the bER for ¢ = 0.1 and
0.01 in HAMR using the new model calculation, and
discuss the physical implication of the results for
various thermal gradients, linear velocities, and

anisotropy constants. We also compare the results with
those obtained using the micromagnetic calculation.

2. Calculation Method

2.1 Calculation conditions

The medium was assumed to be granular. The
calculation conditions are summarized in Table 1. Since
we assume high-density magnetic recording such as 4
Tbpsi, we suppose the grain number per bit n and the
bit pitch dy to be 4 and 6.8 nm, respectively. The
grain volume V_ for the mean grain size D, is
sz xh = 193 nm3 where h is the grain height. The
standard deviations of the grain size o,/D, , the
anisotropy constant, and the Curie temperature are
assumed to be 10, 0, and 0 %, respectively.

Errors occur in some grains of a bit. We assume that
if the area ZD,.2 of the grains where the magnetization
turns in the recording direction is more than 50 %
(signal threshold) of an2 in one bit, the bit is
error-free. The bit error rates in this paper are useful
only in a comparison.

The medium can be designated by the Curie
temperature 7, = 700 K and the anisotropy constant
ratio K,/K,, = 0.4 or 0.8 where K /K, is the
intrinsic ratio of the medium anisotropy constant K,
to bulk FePt K 2.

Figure 1 shows schematic illustrations of the writing
field switching timing and grain arrangement. Four
grains are arranged in the cross-track direction. It is
assumed that the thermal gradient is zero for the
cross-track direction. H, and T, =dg/v are the
writing field and the minimum magnetization
transition window, respectively, where Vv 1is the linear
velocity. There are fluctuations of switching timing ATt
and position Ax in a granular medium as shown in
Fig. 1 (a). However, we assume AT =0 and Ax =0
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for our discussion of the intrinsic phenomenon as
shown in Fig. 1 (). The H_ direction (recording
direction) is upward when O<t <7, and downward
otherwise. When the medium temperature T becomes
T, the time T is set at zero.

Table 1 Calculation conditions.

Grain number per bit n (grain / bit) 4
Bit pitch d;; (nm) 6.8
Mean grain size D, (nm) 49
Grain height 4 (nm) 8
Standard deviation of grain size o, /D, (%) 10
Signal threshold 0.5
Curie temperature T, (K) 700
Anisotropy constant ratio K, /K, 04,08
T . T .
Ho| |H Y| H | H|H [ H
b Ar 7=0whénT =T, (At =0)
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Fig. 1 Writing field switching timing and arrangement
of grains for (a) a granular medium and (b) this model.

2.2 Model calculation
The grain magnetization reversal number N during
T is given by?

N-=frt exp(—Kﬁ), 1)

where f, and K s are the attempt frequency and the
medium thermal stability factor. When 7 = 10 years,
Eq. (1) is frequently used as a guideline for 10 years of
archiving. And, when 7=1/f,=7,, (attempt period),
Eq. (1) becomes

P= exp(—Kﬁ ) , (2)

which can be used as a guideline for writing and for the
grain magnetization reversal probability P for each
attempt. This will be confirmed later employing the
conventionally used micromagnetic calculation. K'/j .
where the grain magnetization M is parallel to H ,
and Kﬁ_ where M is antiparallel to H, , are
expressed by

2
K/,+(T,HW)=K“(T)V(1+ H, ) (3)

kT H, (T)

and

2
_K,@V|( _H, .
Ky T Hy) ==~ (1 Hk(T)) (H,=H,D),
K,(T,H,))=0 (H T)<H,), (4)

respectively, where K , V, k, and H, = 2K, /M,
are the anisotropy constant, the grain volume, the
Boltzmann constant, and the anisotropy field,
respectively. The probability P, for each attempt

where M, and H_, change from parallel to
antiparallel is expressed by

P = exp(—Kﬂ+ ) (5)
On the other hand,

P= exp(—K 5 7) 6)

is the probability for each attempt where M  and H,,
change from antiparallel to parallel.

The key physical quantities in the new model
calculation are P, , f,, and their temperature
dependence. The temperature dependence of M, was
determined using a mean field analysis?, and that of
K, was assumed to be proportional to Msz. T, can be
adjusted by the Cu simple dilution of (FePt,),_.Cu,.
M. T, T) is a function of 7, and T , and
M T, =T7T10K, T =300K) = 1000 emu/cm?® was
assumed. On the other hand, K, (T, K, /K, . T) is a
function of T, , K,/K,, , and T , and
K,T.=T7TI0K, K, /K, =1, T =300 K) = 70
Merg/cm? was assumed. P, is a function of H, . If the
Curie temperature is high, the temperature dependence
of the experimental H, values can be represented by a
mean field analysis? 4.

On the other hand, since f; is a function of K, and
K, is decreased by elevating the temperature during
writing, we require f; at the writing temperature
rather than that at room temperature. We calculate the
fo value at the writing temperature with a
micromagnetic calculation using the Landau-Lifshitz-
Gilbert (LLG) equation?.

Furthermore, f, is a function of the Gilbert
damping constant «?®. We have already presented the
formula for the temperature dependence of a for
ferrimagnetic materials®. This was confirmed
experimentally?. The temperature dependence of «
can also be expected for ferromagnetic materials used
in HAMR. Although a at the writing temperature is
necessary, it is unknown. Therefore, we deal with o =
0.1 and 0.01 in this paper.

The calculation procedure is described below. First,
the medium is determined by 7, and K /K, . The
grain temperature falls from 7, according to the
thermal gradient JT /dx for the down-track direction

and according to v during the writing process. The
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magnetic property and then P, are calculated by
employing a mean field analysis for each 7,,. The
magnetization direction can be determined by the
Monte Carlo method for each t,,. The bit error rate
(bER) is obtained from the mean value of 108 bits since
the results are scattered. Then the bER can be
calculated as a function of H 2.

2.3 Micromagnetic calculation

We carried out a micromagnetic calculation using the
LLG equation and the temperature dependences of the
magnetic properties used in the model calculation. The
calculation conditions were also the same except that
thirty-two grains were used in the cross-track direction
instead of four to achieve a good signal-to- noise ratio
(SNR). The writing field is assumed to be spatially
uniform, the direction is perpendicular to the medium
plane, and the rise time is zero. Both the demagnetizing
and the magnetostatic fields are neglected during
writing.

The output signal, media noise, and media SNR were
calculated using a sensitivity function® of 218 nm,
which is the same as the cross track width of the
simulation region, a wide magnetoresistive read head
with a 15 nm shield-shield spacing, and a 4.0 nm
head-medium spacing.

3. Calculation Results

3.1 Attempt frequency

First, we calculate the attempt frequency f, for
media where a =1and 7, =700 Kat T =650 K for
various K, /K, values. Figure 2 shows the grain
volume V dependence of f. Since we use the values
of V., =193 nm? and K,/K,, = 0.4 or 0.8 in this
paper, f, is about 4x10" st or 14x10" s,
respectively. Since f, is proportional to al/l+a®)?,
the 7,,=1/f, values used for a = 0.1 and 0.01 are
0.013 and 0.13 ns, respectively, when K /K, , = 0.4.
If K,/K,,, =0.8, 7,, is0.036ns for o =0.01.

a=1
—/‘\ 2000 L L | L T 1T | T 1T ]
@ C [K =10 7
U‘O L i
< B e 7y T.=701]
g N ‘ T =650K7
5 1000 — —]
g F 06 ]
e //l)_‘/:
g 500 ]
8 V. 0.4 1
< o L Lo vl v v v Ly 17

0 100 200 300 400
Grain volume (nm*)
Fig. 2 Dependence of attempt frequency on grain

volume for various anisotropy constant ratios

Ku /Kbulk .

3.2 Thermal gradient
Next, we examine the dependence of the bER on H

for various dT /dx values when v = 10 m/s. Figure 3
(a) shows the result for & = 0.1. The decreasing bER
as H, increases from 0 to about 5 kOe is caused by a
reduction of normal write-error (WE), and the bER that
increases as H,, increases to more than about 5 kOe is
caused by erasure-after-write (EAW)?2. WE occurs
during writing. On the other hand, EAW occurs after
writing ( 7, =7 ), and the grain magnetization
reverses in the opposite direction to the recording
direction by changing the H direction at 7, . No
dependence of WE on J7T /dx is observed, and EAW
can be suppressed by increasing JT /dx . This is
explained using the time dependence of H, as shown
in Fig. 4 and the time dependence of P for each
attempt as shown by filled circles in Fig. 5 (a). Since the
increase rate of H, with time becomes steep as
dT /dx increases as shown in Fig. 4, the decrease rate
of P with time becomes steep as JT /dx increases in
Fig. 5 (a). The writing time is the duration from 7 =0
to a certain time where the P value is relatively high,
for example 10" or 102. The 7,, value is only 0.013 ns
and much shorter than the writing time. The attempt
number of magnetization reversal N,, during writing
is sufficiently large regardless of the J7T /dx values.
Therefore, no dependence of WE on JdT /dx is
observed.
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E K, /Ky =04 »' 3
o 1E-1 §_TAP =0.013 ns '/ =
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1E+0 gt T 2
EK, /K., =04", /.’ 3
o 1E-1 §_'erp =0.13 ns 2
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Fig. 3 Dependence of bit error rate (bER) on writing
field H, for various thermal gradients JT /dx when
linear velocity v = 10 m/s where (a) damping constant
a =0.1and (b) 0.01.
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Fig. 4 Dependence of anisotropy field on time for
various dT /dx values.
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Fig. 5 Dependence of grain magnetization reversal
probability P on time for various dJT /dx values
where (a) a =0.1 and (b) 0.01.

EAW is determined by P after T
after T

min a0d Typ. P
. 1s decreased as JT /dx increases as shown
in Fig. 5 (a). Therefore, EAW can be suppressed by
increasing J7T /dx as shown in Fig. 3 (a).

The dependence of the bER on H, for a = 0.01 is
shown in Fig. 3 (b). The dependence of WE on dT /dx
can be seen, and EAW can be suppressed by increasing
dT /dx . This is also explained using the time
dependence of P for each attempt as shown in Fig. 5
(b). Although the time dependences of P are the same
in Figs. 5 (a) and (b), 7,, for o =0.01is 0.13 ns and
much longer than that for a =0.1. Since N,, during

writing is very small, writing becomes difficult and a
higher H_ is necessary?. Furthermore, since N,y
during writing depends on the J7T /dx values, the
dependence of WE on JT /dx can be seen.

Furthermore, EAW for a = 0.01 in Fig. 3 (b)
becomes smaller than that for @ = 0.1 in Fig. 3 (a)
when compared at the same H, value. Since N,y
after writing for o = 0.01 becomes much smaller than
that for a =0.1, EAW for o =0.01 becomes small.

We also compared the results of the new model
calculation and the conventionally used micromagnetic
calculation. Figure 6 shows the dependence of the SNR
on H,, which is calculated with a micromagnetic
simulation. Figures 6 (a) and (b) correspond to Figs. 3
(a) and (b), respectively. The bER value of 102 in Fig. 3
may be compared with the SNR value of zero or a few
dB in Fig. 6. When o = 0.1 (Fig. 6 (a)), writing is
possible in a low H , and the tendency of EAW in Fig.
6 (a) is the same as that in Fig 3 (a). On the other hand,
when a =0.01 (Fig. 6 (b)), the tendency for writing to
be difficult in a low H, is also the same as that in Fig.
3 (b).
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Fig. 6 Dependence of signal-to-noise ratio (SNR) on
H, for various JT /dx values where (a) a = 0.1 and
(b) 0.01.

3.3 Linear velocity

The dependence of bER on H, for various v values
when JT /dx =15 K/nm is also examined. Figure 7 (a)
shows the result for a =0.1. WE and EAW are almost
independent of v. This is explained using the time
dependence of P for each attempt as shown by the
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filled circles in Fig. 8 (a). Since 7., is dg/v, T,
changes and decreases with v. However, since dj
and JT /dx are constant, the temperature at T, ,
that is T, —dg -dT /dx, does not change with v. The
P values at 7T, are the same regardless of the v
values. In addition, 7,, is very short, and N,y
during writing is sufficiently large regardless of the v
values. Therefore, WE and EAW have almost no
dependence on V.

The bER dependence on H, for o« = 0.01 is shown
in Fig. 7 (b). The WE dependence on v can be seen,
and is suppressed by decreasing v . This is also
explained using the time dependence of P for each
attempt as shown in Fig. 8 (b). Although N,y is only
two when O=st<7,
for v = 5 m/s. Therefore, N, during writing is

for v = 20 m/s, it becomes ten

increased as v decreases, and WE can be suppressed
by decreasing v. In other words, since 7,, is long, it
is effective to write slowly by reducing v on the
reduction of WE.

Figure 9 shows the SNR dependence on H, which
is calculated with a micromagnetic simulation. Figures
9 (a) and (b) correspond to Figs. 7 (a) and (b),
respectively. When o = 0.1, the tendency of the bER
value of 102 in Fig. 7 (a) is the same as that of the SNR
value of zero or a few dB in Fig. 9 (a). Furthermore,
when a = 0.01, the tendency for SNR to improve by
decreasing v in Fig 9. (b) corresponds to the fact that
WE decreases as v decreases in Fig. 7 (b).
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Fig. 7 Dependence of bER on H, for various v
values when J7T /dx =15 Kmnm where (a) a =0.1 and
(b) 0.01.
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Fig. 8 Dependence of P of grain on time for various
v values where (a) a =0.1 and (b) 0.01.
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Fig. 9 Dependence of SNR on H,, for various v
values where (a) @ =0.1and (b) 0.01.
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Fig. 10 (a) Dependence of bER and (b) dependence of
SNRon H, for a =0.01and K, /K, , =0.8.
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Fig. 11 Dependence of P of grain on time for a =
0.0land K, /K, =0.8.

3.4 Anisotropy constant

When a =0.01, t,, is too long to write with a low
H, . Since f, can be increased, then 7,, can be
reduced by increasing K, /K, , as shown in Fig. 2, we
examine the writing properties for a high K, /K, -

Figure 10 shows (a) the dependence of bER and (b)
the corresponding dependence of SNR on H, for a =
0.01 and K,/K,, = 0.8 instead of K /K, =04 in
Fig. 7 (b) and Fig. 9 (b), respectively. The overall
tendencies for WE are the same in Fig. 10 (a) and Fig. 7
(b). This can be explained using Fig. 11. The t,, value
for a =0.01 and K,/K,, = 0.8is 0.036 ns, which is
decreased from 0.13 ns by increasing K, /K, -
However, the reduction rate of P becomes steep by
increasing K, /K, asshown in Fig. 11 in comparison

with Fig. 8 (b). Therefore, the WE values are almost the
same for K /K, =0.4and0.8.

A comparison of Fig. 10 (a) and Fig. 7 (b) shows that
EAW is suppressed by increasing K, /K, , . This can
be understood clearly from the steep P decrease in Fig.
11.

4. Conclusions

We calculated the writing field dependence of the bit
error rate (bER) for the Gilbert damping constants o
= 0.1 and 0.01 in heat-assisted magnetic recording
(HAMR) using a new model calculation.

When a = 0.1, write-error (WE) is smaller, and
erasure-after-write (EAW) is larger than that for a =
0.01 since the attempt period t,, is short. EAW
decreases as the thermal gradient increases.

When o =0.01, writing becomes difficult and a high
writing field is necessary since t,, is long. WE
decreases as the thermal gradient or the linear velocity
decreases.

EAW can be decreased by increasing the anisotropy
constant.

We confirmed the results of the new model
calculation by comparison with those of the
conventionally used micromagnetic calculation. The
overall tendencies were the same. Therefore, the
outline of the impact of @ on bER in HAMR can be
understood by the
probability and the attempt period used in the new

grain magnetization reversal
model calculation.
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