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EErrrroorr  FFaaccttoorrss  ffoorr  WWrriittaabbiilliittyy  
iinn  HHeeaatt--AAssssiisstteedd  MMaaggnneettiicc  RReeccoorrddiinngg  

  
T. Kobayashi, I. Tagawa*, and Y. Nakatani** 

Graduate School of Engineering, Mie Univ., 1577 Kurimamachiya-cho, Tsu 514-8507, Japan 
*Electrical and Electronic Engineering, Tohoku Institute of Technology, 35-1 Yagiyama-Kasumicho, Sendai 982-8577, Japan 

**Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan 
 

  We analyze the error factors, namely erasure-before-write (EBW), erasure-after-write (EAW), Curie temperature 𝑇𝑇! 
variation, write-error (WE), statistical factor, and anisotropy constant, for writability in heat-assisted magnetic 
recording (HAMR) employing a stochastic calculation. We separate the bit error rate bER for each grain column in 2 
bits of data. We focus on the mean magnetization reversal numbers per unit time 𝑁𝑁" and 𝑁𝑁# for the magnetization 
reversal in the recording direction and in the opposite direction to the recording direction, respectively, and the 
medium writing time 𝜏𝜏$%&, which is a time where the 𝑁𝑁" value is large during writing. EBW and EAW are related to 
the 𝑇𝑇! variation through the 𝑁𝑁" value. WE can be improved by increasing the 𝑁𝑁" and 𝜏𝜏$%& values and reducing the 
𝑁𝑁# value. The increase in the grain number per bit is advantageous for reducing the bER value in terms of the 
statistical factor. The 𝜏𝜏$%&  value is increased and the 𝑁𝑁#  value is reduced by reducing the anisotropy constant. 
However, EAW increases due to the long 𝜏𝜏$%& value. Since the influence of EAW is large in HAMR, we may not reduce 
the anisotropy constant in HAMR as is possible in heated-dot magnetic recording. 
 
KKeeyy  wwoorrddss:: HAMR, stochastic calculation, erasure-before-write, erasure-after-write, Curie temperature variation, 
write-error, statistical factor, anisotropy constant 

 
 

11..  IInnttrroodduuccttiioonn  
 

  Heat-assisted magnetic recording (HAMR) is a 
promising candidate as a next generation magnetic 
recording method that can operate beyond the trilemma 
limit1). HAMR is a recording method where the medium 
is heated to reduce anisotropy during the writing period. 
There are many error factors that can affect writability 
in HAMR media. 
  Zhu and Li pointed out erasure-after-write (EAW)2) as 
an error factor employing micromagnetic simulation. 
EAW means that when the writing field magnitude is too 
large, some grain magnetizations are reversed in the 
opposite direction to the recording direction caused by 
changing the writing field direction after writing. 
  Li and Zhu also discussed the impact of Curie 
temperature variation3) on writability employing 
micromagnetic simulation. 
  Akagi et al. reported writability in heated-dot 
magnetic recording (HDMR), namely HAMR on bit 
patterned media, employing micromagnetic simulation. 
They assumed the medium material to be FePt. However, 
the anisotropy constant 𝐾𝐾' was smaller4) than that of 
bulk FePt. 
  We have discussed the influence of 𝐾𝐾' on writability 
in HDMR employing a stochastic calculation based on 
the Néel-Arrhenius model with a Stoner-Wohlfarth dot. 
We explained why HDMR with a small 𝐾𝐾' exhibits good 
writability using the mean magnetization reversal 
number per unit time in our stochastic calculation5). 

  A feature of our stochastic calculation is that it is easy 
to grasp the physical implication of HAMR writing 
including HDMR. 
  In this paper, we analyze the effect of error factors, 
namely erasure-before-write, erasure-after-write, Curie 
temperature variation, write-error, statistical factor, 
and anisotropy constant, on writability in 4 Tbpsi 
shingled HAMR using the mean magnetization reversal 
number per unit time. We have already analyzed the 
error factors using ordinary write-error (WE) and EAW2). 
Previous WE included erasure-before-write (EBW). Here, 
we consider WE and EBW separately. We confirm the 
stochastic calculation result by employing a 
micromagnetic simulation. 

 
22..  CCaallccuullaattiioonn  CCoonnddiittiioonnss  aanndd  MMeetthhoodd  

 
22..11  GGrraaiinn  aarrrraannggeemmeenntt  aanndd  mmeeddiiuumm  ssttrruuccttuurree  
  The grain arrangement and medium structure in 4 
Tbpsi shingled HAMR are shown in Fig. 1. We chose a 
mean grain size 𝐷𝐷$ of 4.2 nm, a mean grain spacing Δ( 
of 1.0 nm, a grain arrangement of 3 (row 𝑖𝑖) × 2 (column 
𝑗𝑗) = 6 grains/bit. The grain height ℎ was 8.5 nm, taking 
account of 10 years of archiving and adjacent track 
interference (ATI) as described in section 2.3. The bit 
length 𝐷𝐷) and track width 𝐷𝐷* were 10.4 and 15.6 nm, 
respectively. The 𝑥𝑥, 𝑦𝑦, and 𝑧𝑧 directions were the down-
track, cross-track, and film normal, respectively. The 3rd 
row (𝑖𝑖 = 3) grains were used as a guard band and the net 
grain number was 2 × 2 = 4 grains/bit. 
  We generated each grain size 𝐷𝐷+, so that it had a log-
normal distribution with a standard deviation 𝜎𝜎-. We 
used a 𝜎𝜎-/𝐷𝐷$ value of 15 %. 
 

                                             
Corresponding author: T. Kobayashi (e-mail: kobayasi 
@phen.mie-u.ac.jp). 
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FFiigg..  11 Grain arrangement and medium structure in 4 
Tbpsi shingled HAMR. 
 

 
FFiigg..  22 Temperature dependence of anisotropy constant 
𝐾𝐾'. 
 
22..22  MMaaggnneettiicc  pprrooppeerrttiieess 
  The temperature 𝑇𝑇  dependence of the medium 
magnetization 𝑀𝑀.  was calculated by employing mean 
field analysis6) for (Fe/.1Pt/.1)2"3Cu3, and that of the 𝐾𝐾' 
value was assumed to be proportional to 𝑀𝑀.

47). 𝑀𝑀.(𝑇𝑇! =
770	K, 𝑇𝑇 = 300	K) = 1000 emu /cm3 was assumed for FePt. 
Based on this assumption, the 𝑀𝑀.  value can be 
calculated for all values of 𝑇𝑇! and 𝑇𝑇. 
  We used a mean Curie temperature 𝑇𝑇!$ of 750 K and 
a standard deviation 𝜎𝜎*!  of 2 %. The 𝑇𝑇!  distribution 
was assumed to be normal. Since each grain has a 
different 𝑇𝑇!, the 𝑇𝑇! value of each grain was adjusted by 
changing the Cu composition 𝑐𝑐  for (Fe/.1Pt/.1)2"3Cu3 . 
We used a 𝐾𝐾' value of 51 Merg/cm3 and an anisotropy 
field 𝐻𝐻5 of 107 kOe at a readout temperature of 330 K. 
The temperature dependence of 𝐾𝐾' is shown in Fig. 2. 
 
22..33  TTeemmppeerraattuurree  pprrooffiillee  aanndd  wwrriittiinngg  ffiieelldd  
  For the sake of simplicity, we used a thermal gradient 
𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 of 12 K/nm in the down-track direction and 
assumed it to be constant anywhere when we calculated 
the writing field |𝐻𝐻6| dependence of the bit error rate 
bER. A constant thermal gradient 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 of 12 K/nm in 
the cross-track direction was also used for ATI. We also 
assumed the 𝐻𝐻6 value to be spatially uniform, the 

TTaabbllee  11 Standard calculation conditions. 

 
 
direction to be perpendicular to the medium plane, and 
the rise time to be zero. 
  The standard calculation conditions are summarized 
in Table 1. The linear velocity 𝑣𝑣 was 10 m/s. The Gilbert 
damping constant 𝛼𝛼  was 0.1. When we choose an ℎ 
value, 10 years of archiving, ATI, and writability must 
be dealt with simultaneously, since they are in a trade-
off relationship. We assumed the storage temperature to 
be 350 K for 10 years of archiving, for which we took a 
certain margin into account. The maximum temperature 
of the grains at the edge of the writing track was 
assumed to be 𝑇𝑇!$ + 2𝜎𝜎*!  for ATI. Based on this 
assumption, almost all grains in the writing track are 
heated to above their Curie temperatures during the 
writing period. The 3rd row (𝑖𝑖 = 3) grains were used as 
a guard band as described in section 2.1. The 
temperatures of the 1st and 2nd row (𝑖𝑖 = 1 and 2) grains 
at the adjacent track were 𝑇𝑇!$ + 2𝜎𝜎*! − (4 − 𝑖𝑖)(𝐷𝐷$ +
Δ()𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 = 593 and 655 K, respectively. We used an 
exposure field of 10 kOe and a time of 1 ns for ATI. We 
fixed the ℎ value at 8.5 nm8), taking account of 10 years 
of archiving and ATI. The limiting factor was ATI. The 
grain aspect ratio ℎ/𝐷𝐷$ was 2.0. 
 
22..44  SSttoocchhaassttiicc  ccaallccuullaattiioonn  mmeetthhoodd  
  The information stability for 10 years of archiving has 
been discussed employing the Néel-Arrhenius model 
with a Stoner-Wohlfarth grain1). During writing in 
HAMR, the magnetization reversal is the non-Néel-
Arrhenius type where |𝐻𝐻6| > 𝐻𝐻5. However, the duration 
for the non-Néel-Arrhenius type is very short, and most 
of the writing time is the Néel-Arrhenius type where 
|𝐻𝐻6| < 𝐻𝐻5. Therefore, stochastic magnetization reversal 



49Journal of the Magnetics Society of Japan Vol.49, No.4, 2025

INDEXINDEX

under thermal agitation is dominant even as regards 
writability. 
  The mean magnetization reversal number per unit 
time 𝑁𝑁 is expressed as 
   
  𝑁𝑁 = 𝑓𝑓7	expP−𝐾𝐾8Q,   (1) 
   
based on the Néel-Arrhenius model with a Stoner-
Wohlfarth grain, where 𝑓𝑓7  is the attempt frequency9) 
and 𝐾𝐾8  is the thermal stability factor. The 𝑓𝑓7  value 
gives an attempt number per unit time for 
magnetization reversal, and the Boltzmann factor 
expP−𝐾𝐾8Q  is interpreted as the probability of 
magnetization reversal. 
  When the |𝐻𝐻6| value is less than 𝐻𝐻5, 𝑓𝑓7 ≡ 𝑓𝑓7#, 𝐾𝐾8 ≡
𝐾𝐾8#, and 𝑁𝑁 ≡ 𝑁𝑁# are given by 
   

 𝑓𝑓7# = 𝛾𝛾𝛾𝛾
1+𝛾𝛾2

S𝑀𝑀s𝐻𝐻k
3𝑉𝑉

2𝜋𝜋𝜋𝜋𝜋𝜋 T1 − V|𝐻𝐻w|𝐻𝐻k
W
4
X V1 + |𝐻𝐻w|

𝐻𝐻k
W, (2) 

   
  𝐾𝐾8# = 𝐾𝐾u𝑉𝑉

𝜋𝜋𝜋𝜋 V1 + |𝐻𝐻w|
𝐻𝐻k

W
4
, and  (3) 

   
  𝑁𝑁# = 𝑓𝑓7#	expP−𝐾𝐾8#Q,   (4) 
   
respectively, for magnetization reversal in the opposite 
direction to the recording direction, where 𝛾𝛾, 𝛼𝛼, 𝑉𝑉, and 
𝑘𝑘 are the gyromagnetic ratio, Gilbert damping constant, 
grain volume 𝑉𝑉 = 𝐷𝐷+,4 × ℎ,  and Boltzmann constant, 
respectively. We used a 𝛾𝛾 value of 1.76×107 rad s-1 Oe-1. 
For magnetization reversal in the recording direction, 
𝑓𝑓7 ≡ 𝑓𝑓7", 𝐾𝐾8 ≡ 𝐾𝐾8", and 𝑁𝑁 ≡ 𝑁𝑁" are given by 
   

 𝑓𝑓7" = 𝛾𝛾𝛾𝛾
1+𝛾𝛾2

S𝑀𝑀s𝐻𝐻k
3𝑉𝑉

2𝜋𝜋𝜋𝜋𝜋𝜋 T1 − V|𝐻𝐻w|𝐻𝐻k
W
4
X V1 − |𝐻𝐻w|

𝐻𝐻k
W, (5) 

   
  𝐾𝐾8" = 𝐾𝐾u𝑉𝑉

𝜋𝜋𝜋𝜋 V1 − |𝐻𝐻w|
𝐻𝐻k

W
4
, and  (6) 

   
  𝑁𝑁" = 𝑓𝑓7"	expP−𝐾𝐾8"Q,   (7) 
   
respectively. 
  In our stochastic calculation, we used the effective 
anisotropy constant 𝐾𝐾'%99  instead of 𝐾𝐾'  and the 
effective anisotropy field 𝐻𝐻5%99  instead of 𝐻𝐻5,  taking 
account of the shape anisotropy10), as 
   

  𝐾𝐾'%99 = 𝐾𝐾' +
(4𝜋𝜋−3𝑁𝑁𝑧𝑧)𝑀𝑀s

2

4 ,  (8) 
   

  𝑁𝑁: = 8	arctana
𝐷𝐷𝑥𝑥𝐷𝐷𝑦𝑦

ℎ;𝐷𝐷𝑥𝑥2+𝐷𝐷𝑦𝑦2+ℎ
2
b, and (9) 

   
  𝐻𝐻5%99 =

2𝐾𝐾ueff
𝑀𝑀s

.   (10) 
   
The magnetostatic field from surrounding grains was 
ignored. 
  Although there is a period during writing where 
|𝐻𝐻6| > 𝐻𝐻5%99, the duration is relatively short. The factor 

c𝑀𝑀.𝐻𝐻5</𝑇𝑇 in Eqs. (2) and (5) has a strong impact on the 

temperature dependence of 𝑓𝑓7± ,  and (1 − (|𝐻𝐻6|/
𝐻𝐻5)4)(1 ± |𝐻𝐻6|/𝐻𝐻5) is a weakly impacting factor since 
the 𝐻𝐻5 value is considerably larger than |𝐻𝐻6| for most 

of the writing time. Although the c𝑀𝑀.𝐻𝐻5</𝑇𝑇 value 

becomes zero at 𝑇𝑇!,  (1 − (|𝐻𝐻6|/𝐻𝐻5)4)(1 ± |𝐻𝐻6|/𝐻𝐻5) 
reaches zero at a temperature where 𝐻𝐻5 = |𝐻𝐻6|.  We 
employed the Néel-Arrhenius model for the entire 
writing time. To achieve this, we extended the 𝑓𝑓7± 
formula to 𝑇𝑇! as follows 
   

  𝑓𝑓7± = 𝛾𝛾𝛾𝛾
1+𝛾𝛾2

S𝑀𝑀s𝐻𝐻keff
3 𝑉𝑉

2𝜋𝜋𝜋𝜋𝜋𝜋 V1 − e |𝐻𝐻w|𝐻𝐻const
f
4
W e1 ± |𝐻𝐻w|

𝐻𝐻const
f, 

(11) 
   
so that the 𝑓𝑓7± value become zero at 𝑇𝑇!. 𝐻𝐻!>?.@ in Eq. 
(11) is a fitting parameter for Eqs. (2) and (5) and we 
used a 𝐻𝐻!>?.@  value of 60 kOe. When |𝐻𝐻6| > 𝐻𝐻5%99 , we 
assumed that 
   
  expP−𝐾𝐾8"Q = 1.   (12) 
   
  The calculation procedure for the |𝐻𝐻6| dependence of 
bER, namely writability, is described below. The dot 
temperature fell with time from 𝑇𝑇! according to 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 
and 𝑣𝑣.  The attempt times were calculated using 𝑓𝑓7±. 
The probabilities expP−𝐾𝐾8±Q were calculated for every 
attempt time. The magnetization direction was 
determined by the Monte Carlo method for every 
attempt time. Then the bER value was obtained. The 
calculation detail has already been reported11). 
  The bER value in this paper is useful only for 
comparison. 

 
33..  CCaallccuullaattiioonn  RReessuullttss  

 
33..11  EErraassuurree--bbeeffoorree--wwrriittee  aanndd  eerraassuurree--aafftteerr--wwrriittee  
  Figure 3 (a) shows the |𝐻𝐻6| dependence of the bER for 
1 bit (“010” data using 2 × 2 = 4 grains) and 2 bits of 
data (“0110” data using 2 × 4 = 8 grains). The readout 
signal to noise ratio depends on the bit length and reader 
resolution. However, our bER depends on the 
magnetization direction and area of grains11). Therefore, 
the bER for 1 bit of data is intrinsically larger than that 
for 2 bits of data. 
  2 bits of data consist of 8 grains and 1 column consists 
of 2 grains. We calculated the bER value using 2 of the 8 
grains for each column in 2 bits of data. Figure 3 (b) 
shows the |𝐻𝐻6| value dependence of the 2 grain bER 
value for a column number 𝑗𝑗 of 1 to 4. 
  We calculated the mean magnetization reversal 
number per unit time 𝑁𝑁" = 𝑓𝑓7"	expP−𝐾𝐾8"Q as a function 
of time during writing to analyze the result in Fig. 3, and 
the results are shown in Figs. 4, 5, and 6. The 𝑁𝑁" value 
is for the magnetization reversal to the 𝐻𝐻6 direction 
from the antiparallel direction to the 𝐻𝐻6 direction. At a 
time of zero, the 𝐻𝐻6 direction changes from downward 
to upward. At a time of (𝑗𝑗 − 1)(𝐷𝐷$ + Δ)/𝑣𝑣, the grain 
temperature for 𝑗𝑗 is 𝑇𝑇!$. At a time of 2.07 ns, which is 
the field writing time, namely the writing time defined 
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(a) 

 

 
(b) 

FFiigg..  33 (a) Writing field |𝐻𝐻6| dependence of bit error rate 
bER for 1 bit (“010” data using 2 × 2 = 4 grains) and 2 
bits of data (“0110” data using 2 × 4 = 8 grains) in 4 
Tbpsi shingled HAMR. (b) |𝐻𝐻6|  dependence of bER 
value (2 × 1 = 2 grains) for each column number 𝑗𝑗 = 1 
to 4. 
 
by 𝐻𝐻6, for 2 bits of data, the 𝐻𝐻6 direction changes from 
upward to downward. Figure 4 shows the result for 𝑇𝑇! = 
𝑇𝑇!$ + 𝜎𝜎*!, 𝑇𝑇!$, and 𝑇𝑇!$ − 𝜎𝜎*! where 𝑗𝑗 = 1 and |𝐻𝐻6| = 
10 kOe, Fig. 5 shows the result where 𝑗𝑗 = 4 and |𝐻𝐻6| = 
20 kOe, and Fig. 6 shows the result where 𝑗𝑗 = 2 and 
|𝐻𝐻6| = 20 kOe. The grain temperature for 𝑗𝑗 = 1 is also 
shown in Fig. 4. If there is a 𝑇𝑇! variation, the time is 
advanced by 𝜏𝜏*! = 𝜎𝜎*!/((𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕) ∙ 𝑣𝑣)  for a grain with 
𝑇𝑇! = 𝑇𝑇!$ + 𝜎𝜎*! , and is delayed by 𝜏𝜏*!  for a grain with 
𝑇𝑇! = 𝑇𝑇!$ − 𝜎𝜎*!. 
  As shown in Fig. 3 (b), the 2 grain bER value for 𝑗𝑗 = 1 
decreases as the |𝐻𝐻6| value increases, and the bER 
value at |𝐻𝐻6| = 10 kOe is larger than those for other 𝑗𝑗 
values. When the temperature of a grain with 𝑇𝑇! = 𝑇𝑇!$ 
in 𝑗𝑗 = 1 decreases to just 𝑇𝑇! at a time of zero as shown 
in Fig. 4, the magnetization 𝑧𝑧 component is in the 
recording direction with a probability of 50 % and in the 
opposite direction also with a probability of 50 % since 
the grain almost shows paramagnetism. The 𝐻𝐻6 
direction changes from downward to upward at a time of 
zero, and the magnetization in the opposite direction 
reverses to the recording direction with a certain 

 
FFiigg..  44 Mean magnetization reversal number per unit 
time 𝑁𝑁" = 𝑓𝑓7"	expP−𝐾𝐾8"Q as a function of time during 
writing for Curie temperatures of 𝑇𝑇!$ + 𝜎𝜎*! , 𝑇𝑇!$ , and 
𝑇𝑇!$ − 𝜎𝜎*!  where 𝑗𝑗  = 1 and |𝐻𝐻6|  = 10 kOe. Grain 
temperature for 𝑗𝑗 = 1 is also shown. 
 
 

 
FFiigg..  55 Mean magnetization reversal number per unit 
time 𝑁𝑁" = 𝑓𝑓7"	expP−𝐾𝐾8"Q as a function of time during 
writing for Curie temperatures of 𝑇𝑇!$ + 𝜎𝜎*! , 𝑇𝑇!$ , and 
𝑇𝑇!$ − 𝜎𝜎*! where 𝑗𝑗 = 4 and |𝐻𝐻6| = 20 kOe. 
 
 

 
FFiigg..  66 Mean magnetization reversal number per unit 
time 𝑁𝑁" = 𝑓𝑓7"	expP−𝐾𝐾8"Q as a function of time during 
writing for 𝑗𝑗 = 2 where |𝐻𝐻6| = 20 kOe. 
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probability. However, the temperature of a grain with 
𝑇𝑇! = 𝑇𝑇!$ + 𝜎𝜎*!  decreases to 𝑇𝑇!  at a time of −𝜏𝜏*! . The 
𝐻𝐻6  direction is downward between times of −𝜏𝜏*!  and 
zero as shown in Fig. 4. Therefore, more than half of the 
grains are magnetized in the opposite direction to the 
recording direction at a time of zero. We call this 
erasure-before-write (EBW). The bER value is increased 
by EBW. 
  Next, we discuss the 2 grain bER value in 𝑗𝑗 = 4. The 
bER value for |𝐻𝐻6| > 10 kOe is larger than that for 𝑗𝑗 = 
2 or 3 as shown in Fig. 3 (b). This is due to EAW2) as 
shown in Fig. 5. The magnetization reverses to the 
downward direction with a certain probability after a 
field writing time of 2.07 ns, at which the 𝐻𝐻6 direction 
changes to downward, before the grain temperature 
decreases and the magnetization direction is fixed. Since 
the 𝑁𝑁"  value increases as the |𝐻𝐻6|  value increases, 
EAW also increases as shown in Fig. 3 (b). 
  For 𝑗𝑗 = 2, the 2 grain bER value is small as shown in 
Fig. 3 (b), since there is no EBW and no EAW as shown 
in Fig. 6. There is also no EBW and no EAW for 𝑗𝑗 = 3. 
Therefore, the bER values are the same for 𝑗𝑗 = 2 and 3 
as shown in Fig. 3 (b). 
 

 
(a) 

 

 
(b) 

FFiigg..  77 (a) Writing field |𝐻𝐻6| dependence of bit error rate 
bER for 1 bit of data where 𝜎𝜎*!/𝑇𝑇!$ = 2 and 0 %. (b) |𝐻𝐻6| 
dependence of 2 grain bER value for each column 
number 𝑗𝑗 = 1 to 4 where 𝜎𝜎*!/𝑇𝑇!$ = 0 %. 
 

  The bER for 1 bit of data corresponds to those for 𝑗𝑗 = 
1 and 4. Therefore, the bER value for 1 bit of data is 
intrinsically larger than that for 2 bits of data as shown 
in Fig. 3 (a). 
 
33..22  CCuurriiee  tteemmppeerraattuurree  vvaarriiaattiioonn  
  𝑇𝑇!  variation is important for EBW and EAW. We 
compared the result for 𝜎𝜎*!/𝑇𝑇!$ = 0 % with that for 2 %. 
Figure 7 (a) shows the |𝐻𝐻6| dependence of the bER for 1 
bit of data. The bER values for 𝜎𝜎*!/𝑇𝑇!$ = 2 and 0 % were 
4.4 × 10"4  and 1.0 × 10"4,  respectively, at |𝐻𝐻6|  = 10 
kOe. Figure 7 (b) shows the 2 grain bER value for 
𝜎𝜎*!/𝑇𝑇!$ = 0 % in 2 bits of data. The bER values with and 
without 𝑇𝑇!  variation are the same for 𝑗𝑗  = 2 or 3 as 
shown in Figs. 3 (b) and 7 (b), respectively, since there is 
no EBW and no EAW. When 𝜎𝜎*!/𝑇𝑇!$ = 0 %, the bER 
value for 𝑗𝑗 = 1 is the same as that for 𝑗𝑗 = 2 or 3, since 
there is no EBW. And the bER value for 𝑗𝑗 = 4 is smaller 
than that for 𝑗𝑗 = 4 in Fig. 3 (b), since there is no 𝑇𝑇! 
variation. 
  One cause of EBW is 𝑇𝑇! variation. However, EBW 
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FFiigg..  88 (a) Mean magnetization reversal number per unit 
time 𝑁𝑁 = 𝑓𝑓7	expP−𝐾𝐾8Q as a function of time where 𝑁𝑁/ = 
4.6 ns-1 at 0.55 ns (746 K) and (b) time dependence of 
magnetization 𝑧𝑧 component 𝑀𝑀:/𝑀𝑀. at 746 K (0.55 ns) 
where |𝐻𝐻6| = 0 and 𝐻𝐻5%99 = 13 kOe. 
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may also occur in granular media with no 𝑇𝑇! variation, 
since the grain position fluctuates. And 𝑇𝑇!  variation 
makes EAW large. 
 
33..33  WWrriittee--eerrrroorr  
  If there is no EBW and no EAW, the 2 grain bER value 
for 𝑗𝑗 = 2 or 3 decreases as the |𝐻𝐻6| value increases as 
shown in Fig. 3 (b), since WE decreases. WE can be 
explained using the mean magnetization reversal 
number per unit time 𝑁𝑁. 
  First, Fig. 8 (a) shows the 𝑁𝑁 = 𝑁𝑁" = 𝑁𝑁# ≡ 𝑁𝑁/ value for 
|𝐻𝐻6| = 0 as a function of time during writing for 𝑗𝑗 = 2. 
The magnetization reversal numbers are the same in the 
recording direction and in the opposite direction to the 
recording direction, since the 𝑁𝑁# and 𝑁𝑁" values are the 
same for |𝐻𝐻6| = 0. The 𝑁𝑁/ value exhibits its maximum 
value at 0.55 ns where the temperature is 746 K. We 
confirmed the meaning of 𝑁𝑁/ in Fig. 8 (a) by employing 
a micromagnetic simulator, EXAMAG LLG (Fujitsu 
Ltd.)12), in which the Landau-Lifshitz-Gilbert (LLG) 
 

 
(a) 

 

 
(b) 

FFiigg..  99 (a) Mean magnetization reversal number per unit 
time 𝑁𝑁 = 𝑓𝑓7	expP−𝐾𝐾8Q as a function of time where 𝑁𝑁" = 
8.5 ns-1 and 𝑁𝑁# = 1.6 ns-1 at 0.56 ns (745 K) and (b) time 
dependence of magnetization 𝑧𝑧  component 𝑀𝑀:/𝑀𝑀.  at 
745 K (0.56 ns) where |𝐻𝐻6| = 5 kOe and 𝐻𝐻5%99 = 15 kOe. 
 

equation is solved by the finite-element method. We 
added the equivalent field for the thermal agitation 
energy. The calculation step time was 10-16 s. We focused 
on the magnetization motion at 746 K where the time in 
Fig 8 (a) is 0.55 ns. Figure 8 (b) shows the time 
dependence of magnetization 𝑧𝑧  component 𝑀𝑀:/𝑀𝑀., 
which was calculated by employing a micromagnetic 
simulation and that indicates the magnetization motion 
as a function of time. The initial magnetization direction 
is the −𝑧𝑧  direction. The calculation temperature was 
constant at 746 K where 𝐻𝐻5%99 = 13 kOe. Since 𝑁𝑁/ = 4.6 
ns-1 at 746 K, we can expect there to be 46 mean 
magnetization reversals within 10 ns. Although we 
cannot count the magnetization reversal number exactly 
from Fig. 8 (b), several dozen magnetization reversals 
can be seen. 
  Next, the 𝑁𝑁/  (|𝐻𝐻6| = 0), 𝑁𝑁", and 𝑁𝑁#  values as a 
function of time when |𝐻𝐻6| = 5 kOe are shown in Fig. 9 
(a), where the 𝑁𝑁# value is the mean magnetization 
reversal number per unit time in the opposite direction 
 

 
(a) 
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FFiigg..  1100 (a) Mean magnetization reversal number per 
unit time 𝑁𝑁 = 𝑓𝑓7	expP−𝐾𝐾8Q as a function of time where 
𝑁𝑁" = 13.7 ns-1 and 𝑁𝑁# = 0.20 ns-1 at 0.58 ns (743 K) and 
(b) time dependence of magnetization 𝑧𝑧  component 
𝑀𝑀:/𝑀𝑀. at 743 K (0.58 ns) where |𝐻𝐻6| = 10 kOe and 𝐻𝐻5%99 
= 18 kOe. 
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to the recording direction. The 𝑁𝑁" value is larger and 
the 𝑁𝑁#  value is smaller than the 𝑁𝑁/  value. We 
introduced a medium writing time 𝜏𝜏$%& , namely the 
writing time determined by medium where the 𝑁𝑁" 
value is larger than 1 ns-1 as shown in Fig. 9 (a). A value 
of 1 ns-1 is tentative. Since the writing time has an order 
of 1 ns, we chose this value as a guideline. The 𝜏𝜏$%& 
value was 0.18 ns. On the other hand, the 𝑁𝑁"  value 
exhibits its maximum value of 8.5 ns-1 at 0.56 ns, which 
corresponds to a temperature of 745 K. The 1/𝑁𝑁" value 
represents the mean time between stochastically 
induced magnetization reversals under thermal 
agitation13), and 1/𝑁𝑁" = 0.12 ns. The 𝜏𝜏$%& value of 0.18 
ns, which corresponds to the duration to write data in 
the medium, is comparable to 1/𝑁𝑁"  = 0.12 ns. This 
means that there is no margin for writing. Therefore, 
WE occurs. Figure 9 (b) shows the time dependence of 
𝑀𝑀:/𝑀𝑀. at 745 K where |𝐻𝐻6| = 5 kOe and 𝐻𝐻5%99 = 15 kOe. 
The writing field direction is the 𝑧𝑧 direction. Since 𝑁𝑁# 
= 1.6 ns-1 at 745 K, we can expect there to be 16 mean 
magnetization reversals within 10 ns in the −𝑧𝑧 
direction. If we employ a definition stating that the 
magnetization is reversed when the 𝑀𝑀:/𝑀𝑀. value falls 
below −0.9, the magnetization reversal number is about 
11 or 12 times for the example shown in Fig. 9 (b). It can 
be seen that the magnetization motion in the −𝑧𝑧 
direction is reduced compared with that in Fig. 8 (b). 
  When |𝐻𝐻6| = 10 kOe, 𝑁𝑁" exhibits its maximum value 
of 13.7 ns-1 at 0.58 ns, which corresponds to a 
temperature of 743 K, as shown in Fig. 10 (a). The 1/𝑁𝑁" 
value was reduced to 0.073 ns and the 𝜏𝜏$%& value was 
increased to 0.25 ns compared with 1/𝑁𝑁" = 0.12 ns and 
𝜏𝜏$%& = 0.18 ns for |𝐻𝐻6| = 5 kOe. Therefore, the writing 
margin increases and WE decreases. Figure 10 (b) shows 
the time dependence of 𝑀𝑀:/𝑀𝑀. at 743 K where |𝐻𝐻6| = 
10 kOe and 𝐻𝐻5%99 = 18 kOe. Since 𝑁𝑁# = 0.20 ns-1, we can 
expect there to be 2.0 mean magnetization reversals 
within 10 ns in the −𝑧𝑧  direction. The magnetization 
reversal number is 3 times for the example shown in Fig. 
10 (b). The magnetization motion in the −𝑧𝑧 direction is 
further reduced compared with that in Fig. 9 (b). 
  Figure 11 is a schematic illustration of the 
magnetization motion during writing. At the initial time 
of writing, the magnetization direction is antiparallel 
(a1) or parallel (b1) to the 𝐻𝐻6 direction. There are many 
cases with respect to the magnetization motion. There is 
a small probability that the magnetization maintains its 
initial direction antiparallel (a1) to 𝐻𝐻6 until the end of 
writing. The magnetization direction changes from 
antiparallel to parallel (a2) with a large probability 
determined by 𝑁𝑁".  After (a2), the magnetization 
direction reverses to antiparallel again (a3) with a very 
small probability determined by 𝑁𝑁#. On the other hand, 
there are also many cases for an initial direction parallel 
to 𝐻𝐻6 where the magnetization maintains its direction 
(b1), changes to antiparallel (b2), and reverses to parallel 
again (b3). If the 𝑁𝑁# value is small, the opportunity for 
realizing (a3) or (b2) is small. 

 
FFiigg..  1111 Schematic illustration of magnetization motion 
during writing. 
 

 
FFiigg..  1122 Comparison of two cases of writing field |𝐻𝐻6| 
dependence of 2 grain bER for column number 𝑗𝑗 = 2. 
The bER value was calculated using both 𝑁𝑁" and 𝑁𝑁#, 
and the bER"  value was calculated using only 𝑁𝑁" 
where 𝑁𝑁# = 0. 
 
  𝑁𝑁# is a value that cannot be ignored. A comparison of 
two cases in the 2 grain bER for 𝑗𝑗 = 2 is shown in Fig. 
12, where the bER value was calculated using both 𝑁𝑁" 
and 𝑁𝑁#, and the bER" value was calculated using only 
𝑁𝑁" where 𝑁𝑁# = 0. The bER" value is smaller than the 
bER value, and the difference ΔbER = bER − bER" 
becomes large as the |𝐻𝐻6| value decreases. As shown in 
Fig. 9 (a), when the |𝐻𝐻6| value is small, the difference 
between the 𝑁𝑁"  and 𝑁𝑁#  values is small and the 𝑁𝑁# 
value is large. This means that there is a high 
probability of magnetization reversal in the opposite 
direction to the recording direction. The bER and bER" 
values are 5.6 × 10"4 and 4.8 × 10"4, respectively, and 
the ΔbER value is 8 × 10"<  at |𝐻𝐻6| = 10 kOe. When 
aiming for a bER of 10"<, a value of 8 × 10"< is large. 
Therefore, the 𝑁𝑁# value has a large influence on WE. 
  The 1/𝑁𝑁"  value must be short and the 𝜏𝜏$%&  value 
must be long to increase the probability of magnetization 
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reversal into the recording field direction. Moreover, the 
𝑁𝑁#  value must be small to reduce the magnetization 
reversal in the opposite direction to the recording 
direction. As seen in Figs. 9 (a) and 10 (a), the 𝑁𝑁" and 
𝜏𝜏$%& values increase and the 𝑁𝑁# value decreases as the 
|𝐻𝐻6| value increases. As a result, WE decreases as the 
|𝐻𝐻6| value increases as shown in Fig. 3 (b) for 𝑗𝑗 = 2 or 
3. 
 
33..44  SSttaattiissttiiccaall  ffaaccttoorr  
  The statistical factor means that the bER value 
decreases as the grain number increases. If one bit 
contains many grains, the bER value becomes low since 
the probability of a simultaneous error is very low for 
more than half of the grains in one bit. 
  The 4 grain bER value for 𝑗𝑗 = 2 and 3 with no EBW 
and no EAW is smaller than the 2 grain bER value for 𝑗𝑗 
= 2 or 3 as shown in Fig. 13 due to the statistical factor. 
The 4 grain bER value in Fig. 3 (a) is larger than the 4 
grain bER value in Fig. 13, since the 4 grain bER value 
in Fig. 3 (a) corresponds to those for 𝑗𝑗 = 1 and 4. The 
bER value for 2 bits of data with 8 grains in Fig. 3 (a) is 
even smaller than the 4 grain bER value in Fig. 13. 
  The increase in the grain number per bit is 
advantageous for reducing the bER value in terms of the 
statistical factor. However, that is disadvantageous as 
regards manufacturability, since it is difficult to 
manufacture grains with a small 𝐷𝐷$ and a large ℎ/𝐷𝐷$. 
  In short, the error factors for 2 bits of data in Fig. 3 (a) 
are erasure-before-write, 𝑇𝑇!  variation, and write-error 
for 𝑗𝑗 = 1, write-error only for 𝑗𝑗 = 2 or 3, and erasure-
after-write, 𝑇𝑇! variation, and write-error for 𝑗𝑗 = 4. The 
bER value in 1 bit of data corresponds to those for 𝑗𝑗 = 1 
and 4. Furthermore, 2 bits of data with 8 grains is more 
advantageous than 1 bit of data with 4 grains thanks to 
the statistical factor. Therefore, the bER value for 1 bit 
of data is intrinsically larger than that for 2 bits of data 
as shown in Fig. 3 (a). 
 
33..55  AAnniissoottrrooppyy  ccoonnssttaanntt  
  It has been reported that writability can be improved 
by using a medium with a small anisotropy constant 𝐾𝐾' 
 

 
FFiigg..  1133 Writing field |𝐻𝐻6|  dependence of bER for 
column number 𝑗𝑗 = 2, 3 (2 grains), 2 and 3 (4 grains). 

in HDMR4). We have explained the reason using the 𝑁𝑁" 
and 𝑁𝑁# values5). Therefore, we examined the effect of a 
small 𝐾𝐾' on writability in HAMR. Given that 10 years 
of archiving and ATI are worse when we use a small 𝐾𝐾' 
medium, the ℎ  value must be increased at the same 
time for practical use. However, here we discuss only the 
effect of a small 𝐾𝐾' and fixed the ℎ value at 8.5 nm. We 
used an anisotropy constant ratio 𝐾𝐾'/𝐾𝐾A'B511) instead of 
𝐾𝐾' in this section. The 𝐾𝐾'(𝑇𝑇) value as shown in Fig. 2 
corresponds to 𝐾𝐾'/𝐾𝐾A'B5 = 0.8. When the 𝑇𝑇! values are 
the same, the 𝐾𝐾'(𝑇𝑇) values for 𝐾𝐾'/𝐾𝐾A'B5 = 0.6 and 0.4 
are three quarters and one half of the 𝐾𝐾'(𝑇𝑇) value for 
𝐾𝐾'/𝐾𝐾A'B5 = 0.8, respectively, for all values of 𝑇𝑇. 
  Figure 14 (a) shows the |𝐻𝐻6| value dependence of the 
bER value in 1 bit of data calculated employing our 
stochastic calculation for various 𝐾𝐾'/𝐾𝐾A'B5  values. 
When |𝐻𝐻6| = 5 kOe, the bER value decreases as the 
𝐾𝐾'/𝐾𝐾A'B5 value decreases, and when |𝐻𝐻6| = 20 kOe, the 
bER value increases. The bER value around 10 kOe is 
important as regards practical use and the bER value 
appears to be at its minimum around 𝐾𝐾'/𝐾𝐾A'B5 = 0.6 at 
10 kOe. We also confirmed the result in Fig. 14 (a) by 
 

 
(a) 

 

 
(b) 

FFiigg..  1144 Writing field |𝐻𝐻6| dependence of (a) bit error 
rate bER for 1 bit of data calculated employing our 
stochastic calculation and (b) signal to noise ratio SNR 
calculated employing a micromagnetic simulation for 
various anisotropy constant ratios 𝐾𝐾'/𝐾𝐾A'B5 where the 
calculation step time Δ𝑡𝑡 = 0.2 ps. 
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FFiigg..  1155 The bER calculated employing our stochastic 
calculation as a function of SNR calculated employing a 
micromagnetic simulation. 
 

 
FFiigg..  1166 Writing field |𝐻𝐻6| dependence of 2 grain bER for 
each column number 𝑗𝑗 = 1 to 4 where 𝐾𝐾'/𝐾𝐾A'B5 = 0.4. 
 

 
FFiigg..  1177 Mean magnetization reversal number per unit 
time 𝑁𝑁" = 𝑓𝑓7"	expP−𝐾𝐾8"Q as a function of time during 
writing for Curie temperatures of 𝑇𝑇!$ + 𝜎𝜎*! , 𝑇𝑇!$ , and 
𝑇𝑇!$ − 𝜎𝜎*!  where 𝐾𝐾'/𝐾𝐾A'B5  = 0.4, 𝑗𝑗 = 1, and |𝐻𝐻6| = 10 
kOe. 
 
employing a micromagnetic simulation in which we 
solved the LLG equation. The LLG calculation method 
has already been reported in detail8). Figure 14 (b) shows 
the |𝐻𝐻6| value dependence of the signal to noise ratio 
SNR calculated employing a micromagnetic simulation 
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(b) 

FFiigg..  1188 (a) Mean magnetization reversal number per 
unit time 𝑁𝑁 = 𝑓𝑓7	expP−𝐾𝐾8Q as a function of time where 
𝑁𝑁" = 10.7 ns-1 and 𝑁𝑁# = 0.01 ns-1 at 0.68 ns (730 K) and 
(b) time dependence of magnetization 𝑧𝑧  component 
𝑀𝑀:/𝑀𝑀. at 730 K (0.68 ns) where 𝐾𝐾'/𝐾𝐾A'B5 = 0.4, |𝐻𝐻6| = 
10 kOe, and 𝐻𝐻5%99 = 30 kOe. 
 
where the calculation step time Δ𝑡𝑡 was 0.2 ps. 
  The relationships between the bER and SNR values 
are shown in Fig. 15. We observe a good correlation 
between them. 
  The |𝐻𝐻6| value dependences of the 2 grain bER value 
for column numbers 𝑗𝑗 of 1 to 4 are shown in Fig. 16 for 
𝐾𝐾'/𝐾𝐾A'B5 = 0.4. 
  The bER value for 𝑗𝑗 = 1 in Fig. 16 where 𝐾𝐾'/𝐾𝐾A'B5 = 
0.4 is small compared with that for 𝑗𝑗 = 1 in Fig. 3 (b) 
where 𝐾𝐾'/𝐾𝐾A'B5 = 0.8. The reasons for this are as follows. 
Figure 17 shows the 𝑁𝑁"  value as a function of time 
during writing for 𝐾𝐾'/𝐾𝐾A'B5 = 0.4, 𝑗𝑗 = 1, and |𝐻𝐻6| = 10 
kOe. The 𝜏𝜏$%& value in Fig. 17 is long compared with 
that in Fig. 4. Since the 𝜏𝜏$%&  value is long, the 
probability increases that the magnetization reverses 
into the recording field direction even if there is EBW. 
Since the 𝑁𝑁" value is sufficiently small at the end of the 
field writing time of 2.07 ns, the bER caused by EAW is 
negligible. 
  On the other hand, the bER value for 𝑗𝑗 = 2 in Fig. 16 
(𝐾𝐾'/𝐾𝐾A'B5 = 0.4) is smaller than that for 𝑗𝑗 = 2 in Fig. 3 
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FFiigg..  1199 Comparison of two cases of writing field |𝐻𝐻6| 
dependence of 2 grain bER for column number 𝑗𝑗 = 2 
where 𝐾𝐾'/𝐾𝐾A'B5  = 0.4. The bER value was calculated 
using both 𝑁𝑁"  and 𝑁𝑁#,  and the bER"  value was 
calculated using only 𝑁𝑁" where 𝑁𝑁# = 0. 
 
(b) (𝐾𝐾'/𝐾𝐾A'B5 = 0.8) when the |𝐻𝐻6| value is small, and 
the bER value in Fig. 16 is larger when the |𝐻𝐻6| value 
is large. The 𝑁𝑁" value is small at the end of the field 
writing time of 2.07 ns at 10 kOe. However, the 𝑁𝑁" 
value becomes large at 20 kOe. Therefore, EAW is large 
when the |𝐻𝐻6| value is large. 
  When 𝐾𝐾'/𝐾𝐾A'B5  = 0.4 and |𝐻𝐻6|  = 10 kOe, the 𝑁𝑁" 
value for 𝑗𝑗 = 2 exhibits its maximum value at 0.68 ns, 
which corresponds to a temperature of 730 K, as shown 
in Fig. 18 (a). The 1/𝑁𝑁" value was 0.093 ns at 730 K and 
the 𝜏𝜏$%&  value increased to 0.55 ns compared with 
1/𝑁𝑁" = 0.073 ns and 𝜏𝜏$%& = 0.25 ns for 𝐾𝐾'/𝐾𝐾A'B5 = 0.8 
and |𝐻𝐻6| = 10 kOe as shown in Fig. 10 (a). Therefore, 
WE decreases due to the longer 𝜏𝜏$%& . Figure 18 (b) 
shows the time dependence of 𝑀𝑀:/𝑀𝑀. at 730 K where 
|𝐻𝐻6| = 10 kOe and 𝐻𝐻5%99 = 30 kOe. Since 𝑁𝑁# = 0.01 ns-1 
at 730 K, only 0.1 mean magnetization reversals occur 
within 10 ns in the −𝑧𝑧 direction. Therefore, it can be 
seen that there is no magnetization motion in the −𝑧𝑧 
direction for the example shown in Fig. 18 (b). 
  Figure 19 shows the bER value calculated using both 
𝑁𝑁" and 𝑁𝑁#, and the bER" value calculated using only 
𝑁𝑁" where 𝑁𝑁# = 0. The difference between the results in 
Figs. 12 and 19 can be explained in terms of the 
difference between the results in Figs. 10 (a) and 18 (a). 
The bER" values are 4.8 × 10"4 for 𝐾𝐾'/𝐾𝐾A'B5 = 0.8 and 
1.0 × 10"4 for 0.4 at |𝐻𝐻6| = 10 kOe as shown in Figs. 12 
and 19, since the 𝜏𝜏$%& values are 0.25 and 0.55 ns as 
shown in Figs. 10 (a) and 18 (a), respectively. The ΔbER 
values are 8 × 10"< for 𝐾𝐾'/𝐾𝐾A'B5 = 0.8 and 1 × 10"< for 
0.4 at |𝐻𝐻6| = 10 kOe as shown in Figs. 12 and 19, since 
the maximum value of 𝑁𝑁# for 𝐾𝐾'/𝐾𝐾A'B5 = 0.8 is larger 
than that for 0.4 as shown in Figs. 10 (a) and 18 (a), 
respectively. 
  When compared with the bER values for 𝑗𝑗 = 4 in Figs. 
3 (b) and 16, the bER value for the medium with 
𝐾𝐾'/𝐾𝐾A'B5 = 0.4 is rather large, since the 𝑁𝑁" value is very 
large at the end of the field writing time of 2.07 ns as 
shown in Fig. 20. 

 
FFiigg..  2200 Mean magnetization reversal number per unit 
time 𝑁𝑁" = 𝑓𝑓7"	expP−𝐾𝐾8"Q as a function of time during 
writing for Curie temperatures of 𝑇𝑇!$ + 𝜎𝜎*! , 𝑇𝑇!$ , and 
𝑇𝑇!$ − 𝜎𝜎*!  where 𝐾𝐾'/𝐾𝐾A'B5  = 0.4, 𝑗𝑗 = 4, and |𝐻𝐻6| = 20 
kOe. 
 
  As the 𝐾𝐾'/𝐾𝐾A'B5  value decreases, the bER value 
becomes smaller when the |𝐻𝐻6| value is small, and it 
becomes larger when the |𝐻𝐻6| value is large as shown 
in Fig. 14 (a). When using a small 𝐾𝐾'/𝐾𝐾A'B5 medium, the 
ℎ value must be increased, taking account of 10 years of 
archiving and ATI for practical use. Nevertheless, 
reducing 𝐾𝐾'/𝐾𝐾A'B5 may improve the bER value even in 
HAMR. However, since the influence of EAW is large in 
HAMR, we may not reduce the 𝐾𝐾'/𝐾𝐾A'B5 value to 0.4 in 
HAMR as is possible in HDMR4,5). 

 
44..  CCoonncclluussiioonnss  

 
  We analyzed the error factors for writability in HAMR 
in terms of erasure-before-write (EBW), erasure-after-
write (EAW), Curie temperature 𝑇𝑇!  variation, write-
error (WE), statistical factor, and anisotropy constant 
𝐾𝐾' with a constant grain height. 
  One cause of EBW is 𝑇𝑇!  variation. However, EBW 
may also occur in granular media with no 𝑇𝑇! variation, 
since the grain position fluctuates. And 𝑇𝑇!  variation 
makes EAW large. 
  An increase in grain number per bit is advantageous 
for reducing the bit error rate in terms of the statistical 
factor. However, that is disadvantageous as regards 
manufacturability. 
  HAMR with a small 𝐾𝐾' is advantageous for EBW and 
disadvantageous for EAW because of the long medium 
writing time 𝜏𝜏$%&. 
  HAMR with a small 𝐾𝐾'  has an advantage for WE 
thanks to the long 𝜏𝜏$%& value and small magnetization 
reversal number per unit time 𝑁𝑁#  in the opposite 
direction to the recording direction. 
  
AAcckknnoowwlleeddggeemmeenntt  We acknowledge the support of the 
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AAttoommiissttiicc  SSppiinn  SSiimmuullaattiioonn  ooff  NNééeell  VVeeccttoorr  RRoottaattiioonn  
  bbyy  SSppiinn--OOrrbbiitt  TToorrqquuee  iinn  SSppiinn--FFllooppppeedd  FFeerrrriimmaaggnneettiicc  TThhiinn  FFiillmmss  

  
T. Mandokoro*, Y. Shiota*,**, I. Sugiura*, R. Hisatomi*,**, S. Karube*,**, and T. Ono*,** 

* Institute for Chemical Research (ICR), Kyoto Univ., Gokasho, Uji, Kyoto 611-0011, Japan 
** Center for Spintronics Research Network (CSRN), Kyoto Univ., Gokasho, Uji, Kyoto 611-0011, Japan 

 
   Spin superfluidity is a phenomenon suitable for long range transport of spin angular momentum and requires 

rotation of the Néel vector within magnetic easy-plane. Recently, we demonstrated Néel vector rotation induced by 
spin-orbit torque in a spin-flopped ferrimagnet, which can be regarded as an ideal easy-plane antiferromagnet. 
However, the detailed dynamics of the Néel vector with respect to material parameters have remained unclear. In this 
paper, we investigate the effect of damping constant, magnetic anisotropy, current density, thickness and spin 
diffusion length on Néel vector rotation using atomistic spin simulation. While magnetic anisotropy can be disregarded 
for current densities well above the threshold, its influence becomes significant near the threshold current density. 
These results provide important insights into Néel vector rotation and spin superfluidity. 
 
KKeeyywwoorrddss:: Néel vector, spin dynamics, ferrimagnet, spin-orbit torque, atomistic spin simulation   

 
11..  IInnttrroodduuccttiioonn  

    
  Spintronics have garnered considerable attention as a 
novel technological foundation that surpasses 
conventional electronics by harnessing not only the 
charge but also the spin of electrons1.2). Unlike charge 
currents, pure spin currents carry no net charge and thus 
generate no Joule heating, avoiding thermal energy 
losses. Therefore, spin currents are considered as a 
highly efficient means of information transfer and 
expected to play an important role in low-power next 
generation devices 3-5). 

Spin transport can be mediated by spin waves or by a 
more exotic mechanism known as spin superfluidity 6-11). 
They exhibit markedly different transport characteristics. 
Spin wave exhibits exponential attenuation with 
distance, limiting their potential for long-range transport. 
In contrast, spin superfluidity enables extended spin 

transport due to its linear attenuation. In this 
phenomenon, spin angular momentum is transmitted 
through the rotation of magnetization within the 
magnetic easy-plane 7-11). 

In ferromagnets, long-range dipolar interactions affect 
spin superfluid transport, limiting its propagation over 
long distance. Therefore, antiferromagnets are an ideal 
platform for spin superfluidity 9-11). To realize the spin 
superfluidity in antiferromagnets, the Néel vector 
rotation within the magnetic easy-plane is required. Its 
excitation has been examined in several theoretical and 
experimental studies on both collinear and non-collinear 
antiferromagnets 12-15). Recently, we have demonstrated 
the Néel vector rotation by spin-orbit torque (SOT) in the 
spin-flop phase of amorphous ferrimagnets 16). The use of 
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FFiigg..  11 Schematic illustration of simulation setup.  

 

TTaabbllee  11 Parameters used in simulations  
Parameter Value (Co/Gd) 

Atomic composition [%] 72/28 [16] 
Spin diffusion length λ 

 [nm] 
5 [19] 

Intra-lattice exchange energy 
[J/m3] 

4.28×107/1.08×106 
[20] 

Inter-lattice exchange energy 
[J/m3] 

-9.25×106 [21] 

Magnetic moment [𝜇𝜇B] 1.85/4.85 [16] 
Gyromagnetic ratio 𝛾𝛾 

[rad Hz/T] 
1.86×1011/1.78×1011 

[21] 
Gilbert damping constant 𝛼𝛼 0.01-0.10 [20,22,23] 
Effective spin Hall angle 𝜃𝜃SH 0.21/0.03 [24] 
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spin-flopped ferrimagnets allows the design of systems 
with tailored magnetic properties – such as magnetic 
anisotropy, damping, and composition – offering greater 
experimental flexibility than intrinsic easy-plane 
antiferromagnets, which are limited in materials choice. 
The detailed dynamics of the Néel vector rotation with 
respect to the material parameters, such as damping 
constant, magnetic anisotropy, film thickness, and spin 
diffusion length, remain unclear while there have been 
several studies. 

In this paper, we investigated the time evolution of 
spin dynamics associated with the Néel vector rotation 
induced by SOT in ferrimagnetic thin films under various 
conditions using the atomistic spin simulation 
“VAMPIRE” 15,16). In contrast to macroscopic simulations, 
atomic simulations incorporate spin diffusion length and 
describe systems in which two magnetic atoms are 
randomly arranged, such as amorphous materials. 
Accordingly, we employed the atomistic spin-dynamics 
package “VAMPIRE” to construct a realistic model of the 
system under investigation. It was found that magnetic 
anisotropy causes the Néel vector rotation to deviate 
from a sinusoidal behavior near the threshold current 
density. As the current density increases, the influence 
of magnetic anisotropy becomes negligible, and the 
rotation frequency approaches that observed in the 
system without magnetic anisotropy. Furthermore, the 
rotation frequency decreases monotonically with 
increasing thickness. 

  
22..  SSeettuupp  aanndd  ppaarraammeetteerrss 

  
  Based on the experimentally demonstrated system we 
have previously reported 16), we consider a Ta / GdCo 
(𝑡𝑡: 3 − 19 nm) / Pt trilayer structure, as shown in Fig. 1. 
The two heavy metal layers with different signs of spin 
Hall angles are attached to the top and bottom of the 
magnetic layer to efficiently excite the Néel vector 
rotation. In the simulation setup, the spin current was 
injected into the GdCo layer from the top and bottom 
layers in an equal ratio. The in-plane direction of the unit 
cell was modeled under periodic boundary conditions. 
Due to the limitations of the simulation program, the 
thin film was divided into 49 segments along the 
thickness direction. 

The parameters used in simulations are summarized 
in Table 1. The atomic composition and magnetic 
moment of each Co and Gd sublattice were taken from 
the previous experimental values at 240 K 14). Other 
parameters were taken from the literature 19-24). For 
simplicity, the spin torque was assumed to be only 
damping-like torque, and the thermal fluctuations were 
neglected by setting the temperature to 0 K. 

The Néel vector rotation requires the magnetic easy-
plane. However, amorphous ferrimagnets such as GdCo 
alloy inherently lack magnetic easy-planes due to the 
absence of crystalline structure. To overcome this 
limitation, we utilize a pseudo-magnetic easy-planes 
induced by a spin-flop transition under an external 

magnetic field. First, the system was initialized with 
randomly oriented atomic magnetic moments and then 
relaxed under an external magnetic field (𝐻𝐻ext//𝑦𝑦) of 8 T, 
where the occurrence of spin-flop was confirmed. 
Simultaneously, an electric current was applied to the 
system to induce SOT, enabling the computation of the 
Néel vector dynamics. Finally, the rotation frequencies 
and the dynamics of the Néel vector were evaluated for 
various situations. 

 
33..  AAttoommiissttiicc  ssiimmuullaattiioonn  aanndd  ddiissccuussssiioonn    

  
33..11  DDeeppeennddeennccee  ooff  ddaammppiinngg  ccoonnssttaanntt  

Previous theoretical studies have shown that the 
frequency of the Néel vector rotation in biaxial 
antiferromagnet is inversely proportional to the damping 
constant 𝛼𝛼  25,26). However, in the case of spin-flopped 
ferrimagnets, it is not obvious whether the frequency 
depends on 1/𝛼𝛼 , therefore we investigated the 
dependence of the damping constant on the rotation 
frequency. 

The green dots in Fig. 2 show the dependence of the 
damping constant on the calculated rotation frequency 
for a thickness 𝑡𝑡 = 3 nm  without magnetic anisotropy 
under the current density of 7.69 × 1011 A/m2 . In this 
case, the rotation frequency exhibited an inverse 
proportionality to the damping constant, which is in 
accordance with theoretical prediction. Then, to 
investigate the effect of the uniaxial magnetic anisotropy 
along perpendicular to the film plane 𝐾𝐾u , we also 
performed calculations including a uniaxial magnetic 
anisotropy of 6.01 × 103 J/m3, which was experimentally 
obtained in previous study 16), as shown in red dots in Fig. 
2. In this case, the rotation frequency deviates from the 
ideal 1 𝛼𝛼⁄  behavior. This is because the applied current 
density of 7.69 × 1011 A/m2  slightly exceeds the 
threshold current density, and the Néel vector rotation 

  
FFiigg..  22 Dependences of rotation frequency on damping 
constant. Green and red dots represent calculation 
results for cases without and with magnetic anisotropy, 
respectively. Red and green dotted lines represent 1/𝛼𝛼 
fitting for each case.  
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deviates from the sinusoidal behavior, as will be 
discussed in Section 3.2. 
 
33..22  DDeeppeennddeennccee  ooff  ccuurrrreenntt  ddeennssiittyy  
  To investigate the effect of the uniaxial magnetic 
anisotropy on the rotational dynamics of the Néel vector, 
we calculated the current density dependence of the 
rotation frequency while fixing the damping constant 𝛼𝛼 
at 0.05. Figure 3 (a) shows the results for the systems 
with and without uniaxial magnetic anisotropy. In the 
absence of 𝐾𝐾u  (green dots), no threshold behavior is 
observed, and the rotation frequency increases linearly 
with current density (green dotted line). On the other 
hand, when 𝐾𝐾u is finite (red and blue dots), a threshold 
current density for the excitation of the Néel vector 
rotation appears, and the frequency rotation deviates 
from linearity near the threshold current density. This 
nonlinearity is further corroborated by the distortion of 
the magnetization dynamics from ideal sinusoidal 
behavior as the current density approaches the threshold, 
as shown in Fig. 3 (b). We also notice that the threshold 
current density increases with increasing the magnetic 
anisotropy, approximately doubling when 𝐾𝐾u is doubled. 
From the above, it can be considered that magnetic 
anisotropy has a significant effect only near the threshold 
current density. 
 
33..33  DDeeppeennddeennccee  ooff  tthhiicckknneessss  

Thus far, our investigation has focused on the 
dynamics of the Néel vector rotation in 𝑡𝑡 = 3 nm , 
corresponding to the experimental conditions used in our 
previous study 16). As the thickness of the magnetic layer 
increases, the total spin angular momentum increases. 
Therefore, the rotational frequency is expected to be 
suppressed because the applied energy density per spin 

angular momentum decreases. In the following, we 
examine the dependence of the rotation frequency on the 
film thickness and spin diffusion length to verify this 
expectation. 

Figure 4 shows the thickness dependence of the 
rotation frequency for the system without and with 
uniaxial magnetic anisotropy under the current density 
of 7.69 × 1011 A/m2 . The rotation frequency decreases 
with increasing film thickness because the injected spin 
current per unit volume decreases. It is noteworthy that 
in the case of the system with 𝐾𝐾u = 6.01 × 103 J/m3  (red 
dots), the total magnetic anisotropy energy of the entire 
system increases with thickness, resulting in more 
pronounced decrease in rotation frequency compared to 
𝐾𝐾u = 0 J/m3(green dots). This can be explained as follows. 
In systems with uniaxial magnetic anisotropy, the total 
magnetic anisotropy energy increases with increasing 

  

FFiigg..  33 (a) Dependence of rotation frequency on current density. Green, red, and blue dots represent calculation results 
for 𝐾𝐾u = 0 J/m3, 6.01 × 103 J/m3, and 12.02 × 103 J/m3, respectively. Green dotted line is a linear fit for case of 𝐾𝐾u =
0 J/m3. Inset shows an enlarged view at small current density. (b) Three lines show dynamics of Co magnetization at 
several current densities for case of 𝐾𝐾u = 6.01 × 103 J/m3 indicated by black arrows in Fig. 3 (a). 

 

  
FFiigg..  44 Dependence of rotation frequency on thickness. 
Green and red dots represent calculation results for 
cases of 𝐾𝐾u = 0 J/m3 and  𝐾𝐾u = 6.01 × 103 J/m3.  
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film thickness. As a result, the threshold current density 
also increases and approaches the applied current 
density, leading to a decrease in the rotation frequency. 
In the system with uniaxial magnetic anisotropy at 
𝑡𝑡 = 19 nm , the threshold current density exceeds the 
applied one, and thus the Néel vector rotation is no longer 
excited. 

Figure 5 shows the thickness dependence of the 
rotation frequency for several spin diffusion lengths. The 
rotation frequency decreases monotonically as the spin 
diffusion length is reduced. This behavior is attributed to 
the reduced volume fraction over which the injected spin 
current can exert torque, resulting in a dilution of the 
effective torque density. 

   
44..  CCoonncclluussiioonn 

 
  In this study, we investigated the effects of the 

damping constant, magnetic anisotropy, the current 
density, thickness and spin diffusion length on the Néel 
vector rotation. When a current large enough to overcome 
magnetic anisotropy is applied, magnetic anisotropy can 
be negligible in the Néel vector rotation. Magnetic 
anisotropy affects dynamics near the threshold current, 
causing it to deviate from the sinusoidal curve behavior. 
Furthermore, the rotation frequency decreases 
monotonically with increasing thickness. The rotation 
frequency also decreases with decreasing spin diffusion 
length. The results obtained in this study provide 
important insights into the Néel vector rotation and spin 
superfluidity. 
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FFiigg..  55 Dependence of rotation frequency on thickness for 
several spin diffusion lengths 𝜆𝜆. Blue, red and green 
dots represent calculation results for cases of λ =
7, 5, 3 nm, respectively. 
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