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Comparison of Shingled Heat-Assisted Magnetic Recording
and Three-Dimensional Heat-Assisted Magnetic Recording

T. Kobayashi, Y. Nakatani*, and Y. Fujiwara
Graduate School of Engineering, Mie Univ., 1577 Kurimamachiya-cho, Tsu 514-8507, Japan
*Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan

In this work we examine grain arrangement and medium structure, temperature profile during writing, adjacent
track interference, information stability during 10 years of archiving, information stability in a high Curie temperature
(HO) layer during writing in a low Curie temperature (LC) layer, and writing sensitivity on 4 Tbpsi shingled heat-
assisted magnetic recording (HAMR) with a bit aspect ratio of 1.5 and 2 Tbpsi/layer (total density of 4 Tbpsi) three-
dimensional (3D) HAMR with bit aspect ratios of 1.0 and 2.0. A small bit aspect ratio is preferable in 3D HAMR. The
grain aspect ratios for both HAMR and 3D HAMR may be too large when it comes to manufacturing the recording
layer. The low Curie temperature of the LLC layer may be disadvantageous with respect to the writing property. The
readout field is small for both the LC and HC layers in 3D HAMR. The writing sensitivity for HAMR is worse than
that for 3D HAMR because the statistical factor is affected by the readout grain number and erasure-after-write is
affected by the grain column number. Although both HAMR and 3D HAMR have disadvantages, the poor writing
sensitivity in HAMR 1is a serious problem.

Key words: 3D HAMR, temperature profile, ATI, 10 years of archiving, LC writing, writing sensitivity, bit aspect ratio

1. Introduction

Heat-assisted magnetic recording (HAMR) has
potential as a next-generation magnetic recording
method with a high recording capacity. HAMR 1is a
recording technique in which the medium is heated to
reduce coercivity during the writing period. Three-
dimensional HAMR (3D HAMR) has been proposed?
where the medium consists of a high mean Curie
temperature Tyc (HC) layer with a grain height hyc, a
low mean Curie temperature T;c (LC) layer with a
grain height h;c, and an isolation layer inserted
between the two layers to suppress exchange coupling
between them. With 3D HAMR, once data have been
written in the HC layer (HC writing), other data can be
written in the LC layer (LC writing) by employing lower
temperature heating. Yamane et al reported a dual
structure, namely 3D HAMR on bit patterned media?.

We have previously discussed the medium layer
structure in 3D HAMR on granular media®, and
adjacent track interference in HAMR#. Our research has
led us to believe that the upper LC / lower HC layer
structure is preferable if the problem of heat resistance
can be solved.

It is important to establish whether or not 3D HAMR
has an advantage over conventional HAMR. In this
paper, we compared 4 Tbpsi shingled HAMR with 2
Tbpsi/layer (total density of 4 Tbpsi) 3D LC/ HC HAMR,
since 3D HAMR must be combined with shingled
magnetic recording because of the large adjacent track
interference in the LC layer during HC writing.

We must comprehensively consider all the factors

Corresponding author: T. Kobayashi (e-mail: kobayasi
@phen.mie-u.ac.jp).

when comparing shingled HAMR and 3D HAMR.

Therefore, we examine

1.1 grain arrangement and medium structure,

1.2 temperature profile during writing,

1.3 adjacent track interference,

1.4 information stability during 10 years of archiving,

1.5 information stability in the HC layer during LC
writing, and

1.6 writing sensitivity

on 4 Tbpsi shingled HAMR (3 x 2 = 6 grains/bit) in

section 3.1, 2 Tbpsi/layer 3D HAMR (3x3 = 9

grains/bit) in 3.2, and 2 Tbpsi/layer 3D HAMR (4 x 2 =

8 grains/bit) in 3.3, where one bit has m grains in the

cross-track direction and n grains in the down-track

direction, 1.e., there are m X n grains/bit.

2. Calculation Method and Conditions

2.1 Magnetic properties

The temperature of the
magnetization M; was calculated by employing mean
field analysis®, and that of the medium anisotropy
constant K, was assumed to be proportional to MZ26.
M,(T,, T) is a function of the Curie temperature T, and
temperature T. My (T, =770K T =300K) = 1000 emu
/em3 was assumed for FePt, which is a potential HAMR
medium material thanks to its large K, and relatively
low T.. Based on this assumption, the Mg value can be
calculated for all values of T, and T.

We have introduced an HAMR medium parameter,
namely, the medium anisotropy constant ratio K,/
Kpuk? in place of K, since the K, value at the storage
temperature is a function of T, which is strongly related
to the writing property. K,/Kpux 1s the intrinsic ratio of
the medium K, to bulk FePt K, which is independent
of T, and is valid for any temperature from zero Kelvin

dependence medium
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to the Curie temperature.

The K (T.,K,/Kpux T) value is a function of T., K,/
Kpui, and T. Ky(T. = 770K, Ky/Kpuie = 1,T = 300K) =
70 Merg/cm? was assumed for bulk FePt. Using this
assumption, the K, value can be calculated for all
values of T., K,/Kpuk, and T. No intrinsic distribution
of K, was assumed. However, there was a fluctuation in
K, caused by T, variation.

The T. value can be adjusted by changing the Cu
composition z for (FeqgPtgs);_,Cu,.

2.2 Temperature profile

The thermal gradient during the writing period can be
adjusted by changing the medium structure for HAMR.
For simplicity, the thermal gradients aT/dy of 8, 10,
and 12 K/nm in the cross-track direction and 9T /dx of O
in the down-track direction were assumed to be constant
when we examined adjacent track interference. The
dT/dx of 8, 10, and 12 K/nm and dT/dy of 0 were
assumed to be constant when we examined writing
sensitivity.

On the other hand, for 3D HAMR, since there is a
correlation between the thermal gradients in the upper
and lower layers, we used a previously published
temperature profile®, in which a heat transfer
simulation was carried out using Poynting for Optics
software (Fujitsu Ltd.). The light spot diameter was
about 9.0 nm (FWHM) in the down-track and cross-track
directions. The linear velocity was 10 m/s. The ambient
temperature T,n, 1s the maximum working
temperature of the hard disk drive, and was assumed to
be 330 K.

We also focused on the medium surface temperature
Tours at the track center during HC writing, and the
layer temperature difference ATy;, between the HC and
LC layers at the track edges during LC writing.

2.3 Information stability

We assumed the medium to be granular. One bit has
m grains in the cross-track (row i) direction and n
grains in the down-track (column j) direction, i.e., there
are m X n grains/bit.

The information stability was estimated using the
grain error probability P9,

2
P=1—exp (—fot exp (_ Kfrffv (1 + %) )) W
(IHw| < Hyefr)

taking account of the shape anisotropy M Hy/2 using a
self-demagnetizing field Hy, where f;, t, Kyetr, V, k, T,
and H,, are,respectively, the attempt frequency!?, time,
effective anisotropy constant, grain volume, Boltzmann
constant, grain temperature, and writing field. The f;
value is a function of the Gilbert damping constant al®.
The a value used here was 0.1 without temperature
dependence, since the a value and its temperature
dependence for FePt near the Curie temperature are not
currently  known. Kuett = Ky — MgHy /2, Hy =

INDEX

8Marctan (D?/(hvV2D2 + h2)), V=D xD X h where D
and h are the grain size and height, respectively.
However, Hy does not affect the results, as reported in
a previous paper!V, since K, » MgH4/2. Therefore, the
magnetostatic field from surrounding grains can also be
ignored. It was assumed that there was no exchange
coupling between grains.

To evaluate the grain error distribution, we calculated
the expected value of the magnetization E[Mg],

E[M,] = (1 = P)My + P(=M) = (1 — 2P)M,. (2)

Since there is a temperature distribution in the cross-
track direction during LC writing, the E[Mg] value was
averaged over one row of grains as

n
r (1-2P;)Mg;i(T¢ii» 330K)
E[Msi] = =1 J ;U i (3)

at a readout temperature of 330 K.

The bit error rate bER was also calculated by
employing P. For example, for 4 grains/bit, the bit error
rate 4sbER1 for 1 grain error is expressed as

sbER1 = ErfPi(1—P)(1—P3)(1 —P) + -~
+E1,(1 — P))(1 — P,)(1 — P;)P,, @

the bit error rate sbER2 for 2 grain errors as

1bER2 = Er,PP,(1—P3)(1—P) +---
+E134(1 — P)(1 — P,)P3P,, (5)

the bit error rate sbERs for 3 grain errors as

sbERs = Ery,3P P,Ps(1—P) + -
+E7334(1 — P)P, P3Py, ®)

and the bit error rate sbER4 for 4 grain errors as
sbERs= P,P,P;P,, @)
where

2
2ijMsij(Tcij, 330 K)D;

Er, =1, 1if <E 8
e = S )M (Tem, 330 K)DZ, — -t ®
and
¥iiMsij(Teij, 330 K)DZ
Er, =0, if —2—2- = L > By, (9)

(Mmxn)Mg(Ter, 330 K)DZ,

where T, and D, are the mean Curie temperature
and the mean grain size, respectively. Errors occur in
some grains of a bit. We assumed that if the ratio of
Y Myi;(Teij, 330 K)DY to (m X n)Ms(T,, 330K)DE is
greater than a calculation parameter named error
threshold Ey, as shown in Eq. (9), the bit will be error-
free, namely Er, =0, where the numerator
i Msi;(Teij, 330 K)Dizj is the surface magnetic charge of
the grains that are magnetized in the recording direction,
and the denominator (m X n)Mg(T.,, 330K)D2 is the
total surface magnetic charge. My, T, and D;; are,
respectively, the magnetization, the Curie temperature,
and the grain size of the ij-th grain. The total bit error
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rate sbER is the summation of each bit error rate sbERx
as follows

sbER = X 4bERz (10)

Therefore, the bit error rate is a function of Ey,. The
calculation bit number was 107. The criterion
determining whether or not information was stable was
assumed to be a bER of 1073.

We defined the normalized readout field H, as a
readout magnetic field normalized by that from the
grains where all the grains possess T, and D, and all
the grains are magnetized in the recording direction,
which corresponds to the denominator in Egs. (8) and (9).
Therefore, H, can roughly be represented by Ey, as

Hy = 2Egq — 1. 11

For example, assuming all the grains are homogeneous,
Ey, equals one when the magnetization directions of all
the grains are parallel to the recording direction. The H,
value becomes one. When the magnetization directions
of half the grains are parallel, and those of the other half
are antiparallel to the recording direction, Ey equals a
half. The H, value becomes zero. The minimum
normalized readout field, which must be readable
without error after writing in the adjacent track (AT
writing), after 10 years of archiving, and after LC
writing, can be estimated with Ey to have a bER of
103,

We also defined the information degradation rate R,
during 10 years of archiving as

_ bER(10.0 yrs)—bER(0.001 yrs)

0 bER(0.001 yrs) ’ 12)

where 0.001 years corresponds to about 9 hours. For
example, the R, values are 99, 9.0, and 0.11 when the
bER(0.001yrs) values are 10%, 104, and 9 X 104,
respectively, since the bER(10.0 yrs) value is 103. The
R, value for no information degradation is less than
about 0.1.

2.4 Field strength

The flying height was 4.0 nm, which is the distance
between the magnetic head reader and the recording
layer surface.

The magnetic field strength from the medium at the
center of readout row my (see Fig. 1) grains and at the
reader position was calculated using mg x 30 grains
with no grain size distribution and no T, variation when
calculating the field strength.

2.5 Writing sensitivity

We examined the writing field H,, dependence of the
signal to noise ratio SNR by employing a micromagnetic
calculation using the Landau-Lifshitz-Gilbert (LLG)
equation where the magnetic properties used here
change with temperature. The temperature dependence
was calculated using mean field analysis. We believe

that the use of the LLG equation that includes the
temperature dependence of magnetic properties is a
suitable replacement for the Landau-Lifshitz-Bloch
(LLB) equation. We also examined the H,, dependence
of the bER using our model calculation!?, with the aim
of grasping the physical implications of the writing
property in HAMR.

The a value used here was 0.1 without temperature
dependence. The linear velocity v was 10 m/s. For
simplicity, the thermal gradients dT/dx and 9T/dy of
0 were assumed to be uniformly constant. The writing
field was assumed to be spatially uniform, the direction
to be perpendicular to the medium plane, the recording
frequency to be v/(2Dg), and the rise time to be zero,
where Dy is the bit length. The demagnetizing field
inside the grain was included, but the magnetostatic
field from surrounding grains during writing was
neglected.

In the LLG calculation, the output signal, media noise,
and media SNR were calculated using a sensitivity
function!®, which is the same as the cross-track width of
the simulation region, a magnetoresistive read head
with a 15 nm shield-shield spacing, and a 4.0 nm head-
medium spacing for 2 Thpsi and 6 grains/bit shingled
HAMR with a Dg of 14.7 nm?. Since the SNR value is
also affected by the resolution of the read head, we
changed the shield-shield spacing to (Dg/14.7) X 15 nm
for other calculations. The number of the grains for the
down-track direction was fixed at 2304. Simulation was
repeated 32 times for each condition with different grain
size distribution patterns with same averaged size and
deviation, and the averaged SNR value was obtained.

In the model calculation, the resolution of the read
head corresponds to infinity. The calculation bit number
was 106. The bER value in this paper is useful only for
comparisons such as information stability and writing
sensitivity between various media.

3. Calculation Results

3.1 4 Thpsi shingled HAMR (3 x 2 = 6 grains/bit)
3.1.1 Grain arrangement and medium structure

There is a trade-off relationship between adjacent
track interference (ATI) and writing sensitivity, since
ATI means writing in the adjacent track®:

(1) Grain number per bit

Reducing the grain number per bit improves ATI,
since the grain temperature can be reduced due to the
larger grain pitch.

Reducing the grain number per bit worsens the
writing sensitivity. The bER increases with decreasing
grain number, since the probability of a simultaneous
error in grains becomes statistically higher.

(2) Grain height (recording layer thickness)

Increasing the grain height h improves ATI, since the
thermal stability factor K,egV/(kT) becomes larger due
to the larger V =D X D X h value.

Increasing the h value
sensitivity for the same reason.

worsens the writing
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DB =104 nm 4 Tbpsi
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Fig. 1 Grain arrangement and medium structure in 4
Tbpsi shingled HAMR (3 x 2 = 6 grains/bit).

Table 1 Grain and bit sizes in 4 Tbpsi shingled HAMR
(3 x 2 = 6 grains/bit).

Shingled

HAMR
Grain height 42 (nm) 8.5
Mean grain size D, (nm) 42
Standard deviation oy, /D, (%) of D, 15
Grain aspect ratio h /D 20
Grain volume V (nm?) 149
Track width D (nm) 15.6
Bit length Dy (nm) 104
Bit aspect ratio D /Dy 1.5

(8) Grain aspect ratio

Furthermore, the simultaneous realization of a small
D, value, large grain aspect ratio h/Dp, and large
anisotropy constant appears to make it too difficult to
manufacture a recording layer.

The design of grain number per bit and grain height is
affected by above factors (1), (2), and (3). We chose a
grain arrangement of m Xxn = 3 X 2 = 6 grains/bit and
an h value of 8.5 nm, taking account of factors (1) and
(2) (see Figs. 3 and 6), respectively, as shown in Fig. 1.
Factor (3) is currently being experimentally investigated
by many researchers'419,

The writing temperature of the grains at the edge of
the writing track was assumed to be T, + 207, taking
account of the standard deviation oy, of the mean Curie
temperature T.,,. Based on this assumption, almost all
grains in the writing track are heated to above their
Curie temperatures during the writing period.

The bER value is a function of the readout track width
after AT writing. We therefore calculated the bER and
the H, values for readout rows mg of 1 (i =1),2( =1
and 2),and 3 (i =1, 2, and 3).

The grain and bit sizes are summarized in Table 1. The
D, value was determined by

Table 2 Temperature profile in 4 Thpsi shingled HAMR
(3 x 2 = 6 grains/bit).

Shingled

HAMR
Anisotropy constant ratio K, / K, 0.8
Mean Curie temperature 7, (K) 750

Standard deviation o, /T, (%) of T, 2

(Temperature profile)

Thermal gradient 97 / dx (K /nm) 8,10, 12
Thermal gradient 97 / dy (K /nm) 8, 10, 12
S
D, = - A 13
m mxn G (13)

where S is the bit area for 4 Tbpsi. We assumed the
intergrain spacing Ag to be 1.0 nm regardless of the
recording density and the grain number per bit. The
grain size distribution was log-normal with a standard
deviation op/D,, of 15 % for D,. The bit aspect ratio
was Dr/Dg = m/n where Dy = m(Dy,+Ag), Dg =
n(Dp + Ag), and Dy, + Ag are the track width, bit length,
and grain pitch, respectively.

The large h/D,, value of 2.0 may make it too difficult
to manufacture the recording layer!®.

3.1.2 Temperature profile

We used a K, /Kpuk value of 0.8 as shown in Table 2.
When the T, value is low, the anisotropy field obtained
by the experiment does not decrease steeply toward T
compared to that predicted by the theory!®. Since this
may be disadvantageous in terms of jitter to the writing
property, a T, value of 750 K was used. The T,
distribution was normal with a standard deviation
0rc/Tem 0f 2 % for T.p,. The T, variation means that the
writing time is advanced or delayed. For example, the
advanced and delayed times correspond to or./(v-
0T /0ox) for grains with T, =T, + oy, and T, = Ty, —
ore, respectively!?. Therefore, the o, is equivalent to
the standard deviation g, of the grain position as g, =
orc/(0T /0x). For example, o,/D,, is about 30 % when
the or./T.m and 9T /dx values are 2 % and 12 K/nm,
respectively. Therefore, the value of 2 % includes
JTC/Tcm and Jx/Dm'

3.1.3 Adjacent track interference

Figure 2 shows the minimum normalized readout field
H, for various numbers of readout rows my (see Fig. 1)
after AT writing. Time t and the writing field H,, were
assumed to be 1 ns and —10 kQOe, respectively.

There is no H, greater than O that satisfies a bER of
103 for mg of 3. Therefore, the 3rd row (i = 3) grains is
used as a guard band. The 9T/dy value of more than
about 12 K/nm is necessary to improve ATI. The
temperature at the 1st row (i = 1) is obviously lower
than that at the 2nd row (i = 2). However, when 9T /dy
equals 12 K/nm, Fig. 2 shows the H, value for an mp of

4 Journal of the Magnetics Society of Japan Vol.47, No.1, 2023
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2 (i =1 and 2) to be greater than that for an my of 1 (i
= 1) for a statistical reason.

For an my of 2 (mg xn = 2x 2 = 4 grains), Fig. 3
shows the bER value as a function of Ey before and
after AT writing for various grain heights h. The second
horizontal axis is the H, value estimated using Eq. (11).

ATI t=1ns, H, =-10kOe
@ H0<d 6T/(1)y=81£/nm I1><2
Z1@ 0T | 9y =10 K /nm
*; | o7 /9y =12 K /nm
S |H,<0 2%2
221
o R |
o}
—qé Hy<0 myg xn =3x2 grains
S 3 |Hy<0
SR L) R R R

0 0.1 0.2 0.3 04 0.5

Minimum normalized readout field
Fig. 2 Minimum normalized readout field H, for various
numbers of readout rows my (see Fig. 1) after adjacent
track (AT) writing in 4 Tbpsi shingled HAMR 3 x 2 =6
grains/bit).

Normalized readout field

00 02 04 06 08 10
10 E T | T | T | T | T ?
Ft=1ns 3
107! LH,, =-10kOe _
Q = E
£ F oT 1y 1
S 107 1050 =12K/nm—
2 = & before 3
B g3 Lol AT writing i
€ " after 3
E Vs AT writing ]
104 Al Ty
05 06 07 08 09 10
Error threshold

Fig. 3 Bit error rate as a function of error threshold Ey,
and normalized readout field H, before and after AT
writing for various grain heights h in 4 Tbpsi shingled
HAMR (2 x 2 = 4 grains).

Table 3 Adjacent track interference in 4 Tbpsi shingled
HAMR (3 x 2 = 6 grains/bit).

Shingled

HAMR
(Adjacent track interference)
Thermal gradient 97 / dy (K /nm) 12
Readout grain number my xn 2x2
Readout track width Dy (nm) 94
Minimum normalized readout field H 0.20
Peak z component H ., (Oe) 1197
Dyy xHy x H 0y (knmOe) 23

The bER value increases as the h value decreases, since
the KyerV/(kT) value becomes smaller due to the
smaller V=DxDxh value?. There is almost no

INDEX

increase in the bER after AT writing for an h of 10.5 nm.

On the other hand, a considerable increase can be seen
in the bER for an h of 6.5 nm.

The ATI results are summarized in Table 3 for a
dT/dy of 12 K/nm. The resultant readout grain number
mg X n and readout track width Dgr are 2 X 2 and 9.4
nm, respectively. The H, value, that must be readable
without error after AT writing, and the peak 2z
component Hg,e, of the readout field for an mg of 2 are
0.20 and 1197 Oe, respectively. We roughly evaluated
the readout property using the Dgr X Hy X Hypeak
product. The Drr X Hy X Hzpeak Product is 2.3 knmOe.

3.1.4 10 years of archiving

We examined the information stability for 10 years of
archiving with no H,,. The storage temperature was 350
K. We took a certain temperature margin into account.
Figure 4 (a) shows that since 2 grains in 6 grains/bit are
used as a guard band, the bER value after 10 years of

Normalized readout field

0 0 0.2 0.4 0.6 0.8 1.0
10 E T T | T | T | T ?
F Ty, =350K 3
1 [t=10 |
, 10 = yrs =
= Filwy = 3
= r 2x2 =4 graing/ 7
g 102 E oo 3 x2 =06 grains
he F oo < o E
= r oo ]
A 1073 bmfloniine B .
10-4 L | | | | L]
0.5 0.6 0.7 0.8 0.9 1.0
Error threshold
(a)
10_1 E T |||||||| T ||||||| T TTTTTT T IIIIIE
-7, =350K 3
102 LHy =0 -
go] E 3
= F ;
B 10 3 Py Py 0
5 = H, =026, R, <0.1
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Fig. 4 (a) Bit error rate as a function of error threshold
Ey4 and normalized readout field H, after 10 years of
archiving and (b) time dependence of bit error rate
during 10 years of archiving in 4 Tbpsi shingled HAMR
(2 x 2 =4 grains).
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Table 4 10 years of archiving in 4 Tbpsi shingled HAMR
(3 x 2 =6 grains/bit).

Shingled
HAMR
(10 years of archiving)
K itV 1 (KT) (T =350 K) 152
Minimum normalized readout field H, 0.26
Dypr xHg xH 0, (knmOe) 30
Information degradation rate R, <0.1

archiving for mg Xn = 2 X 2 = 4 grains is higher than
that for m xn = 3 x 2 =6 grains for a statistical reason.
Table 4 shows that the H, value for my of 2 that must
be readable without error after 10 years of archiving is
0.26, and the Dgr X Hy X Hypeqx product is 3.0 knmOe.
Since the Dgr X Hy X Hypeak Product is 2.3 knmOe for
ATTI as shown in Table 3, the limiting factor is ATI.

Since the KV /(kT) value of 152 is sufficiently large,
the R, value is less than 0.1 as shown in Table 4.
Therefore, no information degradation can be seen
during 10 years as shown in Fig. 4 (b).

3.1.5 Writing sensitivity

For an my of 2 (mgxn = 2Xx2 = 4 grains), Fig. 5
shows the writing field H, dependence of (a) SNR
calculated using the LLG equation and (b) bER using our
model for various 9T /dx values. Our model calculation
can almost entirely explain the results of the LLG
simulation. Therefore, the physical implications of the
writing property can be grasped by employing our model.

A relatively large H,, is needed to increase the SNR
or to reduce the bER, which means that the writing
sensitivity i1s worse. Furthermore, the influence of
erasure-after-write (EAW) is strongly evident in the
relatively large H,, region. EAW consists of grain
magnetization reversal in the opposite direction to the
recording direction. This is caused by the change in the
writing field direction at the end of the writing time.
EAW thus occurs after writing. A 9T /dx value of more
than about 12 K/nm is needed to suppress EAW1?,

The H,, dependence of the bER for various grain
heights h is shown in Fig. 6. The bER value increases
as the h value increases, which means that the writing
sensitivity worsens as the h value increases, since the
KyetsV /(kT) value becomes larger due to the larger V =
D XD X h value?. As regards h, there is a trade-off
relationship between ATI as shown in Fig. 3 and writing
sensitivity as shown in Fig. 6, since ATI means writing
in the adjacent track.

Figure 7 shows the H,, dependence of the bER for 1
bit (“010” data using 2 X 2 =4 grains) and 2 bits of data
(“0110” data using 2 X 4 = 8 grains). The bER value for
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h=85nm
_5 111 1 I 11 1 1 I 111 1 I 111 1
0 5 10 15 20
Writing field (kOe)
(a)
100 T 1T T 1T | 1T 17T | T 17T
8 K /nm
107! 10K /n

07 / ox =12 K'/nm

IIIIIIlIl 1 1l

Bit error rate
—
S
38

IIIIIIIII TTTIT

= h=85nm
- E, =05

| I T | I | I | | 111 | I I |

0 5 10 15 20
Writing field (kOe)
(b)

Fig. 5 Writing field H,, dependence of (a) signal to noise
ratio and (b) bit error rate for various thermal gradients
0T /0dx in 4 Tbpsi shingled HAMR (2 x 2 = 4 grains).
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Fig. 6 Writing field H,, dependence of bit error rate for
various grain heights h in 4 Tbpsi shingled HAMR
(2 x 2 =4 grains).

2 bits of data is considerably smaller than that for 1 bit
of data. Since the readout resolution corresponds to
infinity, the bER value is not affected by the resolution
of the read head. The reasons for the difference in bER
are the statistical factor affected by the grain number
and EAW affected by the grain column number!?.
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Fig. 7 Writing field H,, dependence of bit error rate for
1 bit (“010” data using 2 x 2 = 4 grains) and 2 bits of
data (“0110” data using 2Xx 4 = 8 grains) in 4 Tbpsi
shingled HAMR.

3.2 2 Tbpsi/layer 3D HAMR (3 x 3 = 9 grains/bit)
3.2.1 Grain arrangement and medium structure

Figure 8 shows the grain arrangement and medium
structure in 2 Tbpsi/layer 3D HAMR (3x3 = 9
grains/bit). The grain heights were revised for the LC
and HC layers®, taking account of ATI and 10 years of
archiving. The grain and bit sizes are summarized in
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Irlmil 1 . ..II Cross track y
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i-2[@][@][@]
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A
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Down track x

Film normal z

Down - track x

Fig. 8 Grain arrangement and medium structure in 2
Tbpsi/layer 3D HAMR (3 x 3 = 9 grains/bit).

Table 5 Grain and bit sizes in 2 Tbpsi/layer 3D HAMR
(3 x 3 =9 grains/bit).

LC / HC

LC HC
Grain height 4 ¢, hye (nm) 50 5.5
Mean grain size D, (nm) 50
Standard deviation o, /D, (%) of D, 15
Grain aspect ratio (A ¢ +hyc)/ D, 2.‘1
Grain volume V (nm*) 124 137
Track width D (nm) 18.0
Bit length Dy, (nm) 18.0
Bit aspect ratio D / Dy 1.10

Table 5. The (hic + hyc)/Dm value of 2.1 is relatively
large as well as the h/D, value of 2.0 for HAMR as
shown in Table 1.

3.2.2 Temperature profile

Figures 9 (a) and (b) show the temperature profiles
calculated by employing a heat transfer simulation for
the cross-track direction during HC and LC writing,
respectively.
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Fig. 9 Temperature profile for cross-track direction
during (a) HC and (b) LC writing in 2 Tbpsi/layer 3D
HAMR (3 x 3 =9 grains/bit).

Table 6 Temperature profile in 2 Thpsi/layer 3D HAMR
(3 x 3 =9 grains/bit).

LC / HC

LC HC
Anisotropy constant ratio K, / K, 0.8
Mean Curie temperature T, (K) 650 750
Standard deviation oy /T, (%) of T, 2
(Temperature profile)
Surface temperature T (K) 959
Layer temperature difference ATy (K) | —42
Thermal gradient 97 / dx (K /nm) 119 8.8
Thermal gradient 97 / dy (K /nm) 11.8 8.8
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The solid lines indicate the temperatures at the layer
boundaries, and the dotted lines indicate those at the
layer centers. The temperature profile results are
summarized in Table 6.

(a) HC writing

The temperature at the track edge and the HC layer
center is Tyc + 20tuc = 780 K at which 0Ty /dy is 8.8
K/nm. The Ty, ¢ value of 959 K is relatively high, since
HC is the lower layer. This is disadvantageous in terms
of the heat resistance of the writing head and/or the
surface lubricant.

(b) LC writing

The temperature at the track edge and the LC layer
center is Tic + 2071Lc = 676 K at which 9T, /dy is 11.8
Kmm. The negative ATy value of —42 K means that
the temperature in the HC layer is lower than that in the
LC layer, and this is advantageous in terms of
information stability in the HC layer during L.C writing.

We have previously reported the thermal gradient in
3D HAMR?®:

(1) The thermal gradient for the upper layer is
intrinsically larger than that for the lower layer due to a
heat flow in the in-plane direction in the deep part of the
layer.

(2) The thermal gradient for the HC layer is intrinsically
larger than that for the LC layer due to their respective
Curie temperatures.

Although Tyc > Ty, the 0Ty /0y value of 8.8 K/nm is
smaller than the 9T /dy value of 11.8 K/nm as shown in
Table 6, since HC is the lower layer.

The low Ty value of 650 K may be disadvantageous
as regards the HAMR writing property, since the
temperature dependence of the anisotropy field is
somewhat smaller than that predicted by the theory!6.

3.2.3 Adjacent track interference

The H, value for various my values after AT writing
is shown in Fig. 10. There is no H, greater than 0 that
satisfies a bER of 103 for an my of 3 as well as the result
for HAMR as shown in Fig. 2. Therefore, the 3rd row (i
= 3) grains is used as a guard band.

ATI t=1ns, H, =-10kOe

| I [ |
T LC 1x3

[ HC

| LC 2x3
[ HC

Hy<0 LC mypxn=3x3 grains
Hy,<0 HC
| | | |

0 0.1 0.2 0.3 04 0.5
Minimum normalized readout field
Fig. 10 Minimum normalized readout field H, for

various numbers of readout rows my after AT writing in
2 Thpsi/layer 3D HAMR (3 x 3 = 9 grains/bit).
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Fig. 11 Bit error rate as a function of error threshold Ey,

and normalized readout field H, before and after AT
writing in 2 Tbpsi/layer 3D HAMR (2 X 3 = 6 grains).

Table 7 Adjacent track interference in 2 Tbpsi/layer 3D
HAMR (3 x 3 =9 grains/bit).

LC / HC

LC HC
(Adjacent track interference)
Readout grain number my xn 2x3 | 2x3
Readout track width Dy (nm) 11.0 11.0
Minimum normalized readout field H, 026 | 0.30
Peak z component H ., (Oe) 1142 401
Dyr xHy x H ;e (knmOe) 32 1.3

For an mg of 2 (mg Xxn = 2 X 3 = 6 grains), the bER
value as a function of Ey, before and after AT writing for
the LC and HC layers is shown in Fig. 11. The bER value
for 3D HAMR is smaller than that for HAMR as shown
in Fig. 3 for a statistical reason affected by the grain
number.

The ATI results are summarized in Table 7. The
mgXn and Dir values are 2x3 and 11.0 nm,
respectively. For the HC layer, although the H, value of
0.30 is relatively large, the H,peac value of 401 Oe is
small due to the lower layer. The Dgr X Hy X Hypeak
product of 1.3 knmOe is small when compared with that
of 2.3 knmOe for HAMR as shown in Table 3.

3.2.4 10 years of archiving

For an my of 2 (mg Xxn = 2 X 3 = 6 grains), the bER
value as a function of Ey, after 10 years of archiving for
the LC and HC layers is shown in Fig. 12 (a). The bER
value for the LC layer is larger than that for the HC layer,
since the h;c and/or T values are small. Table 8
shows that the H, value of 0.13 for the L.C layer is small,
and therefore, the Drr X Hy X Hypeqw product of 1.6
knmOe is also small. Since the Dgr X Hy X Hypeak
product is 3.2 knmOe for ATI as shown in Table 7, the
limiting factor for the LC layer is 10 years of archiving.
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Fig. 12 (a) Bit error rate as a function of error threshold
Ey and normalized readout field H, after 10 years of
archiving and (b) time dependence of bit error rate
during 10 years of archiving in 2 Tbpsi/layer 3D HAMR
(2 x 3 =6 grains).

Table 8 10 years of archiving in 2 Tbpsi/layer 3D HAMR
(3 x 3 =9 grains/bit).

LC / HC
LC HC
(10 years of archiving)
K oV /1 (kT ) (T =350 K) 87 137
Minimum normalized readout field H, 0.13 | 038
Dyr xHyx H 0y (knmOe) 1.6 1.7
Information degradation rate R, 21 <01

Since the KoV /(kT) value of 87 for the LC layer is
rather small, the R, value is 21 as shown in Table 8.
Therefore, some information degradation can be seen
during the 10 years as shown in Fig. 12 (b).

3.2.5 LC writing

For an my of 2 (mg xn = 2 x3 = 6 grains), Fig. 13
(a) shows the number of bits plotted against the expected
value of magnetization E[M;] averaged over one-row
grains for the HC layer before and after LC writing.
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Fig. 13 (a) Number of bits plotted against expected value
of magnetization E[M;] and (b) bit error rate for the HC
layer as a function of error threshold E,; and
normalized readout field H, before and after L.C writing
in 2 Thpsi/layer 3D HAMR (2 x 3 = 6 grains).

Table 9 LC writing in 2 Tbpsi/layer 3D HAMR (3 x 3 =
9 grains/bit).

LC / HC
LC HC
(LC writing)
Minimum normalized readout field H, 0.32
Dy xHy x H 0y (knmOe) 14

Time t and the writing field H,, were assumed to be 1
ns and —10 kOe, respectively. It also shows the grain
error distribution. The negative E[M,;] represents more
than half of 3 grain errors, since the number of one-row
grains n is three. The peaks in the figure represent the
grain error for the grains with the mean Curie
temperature. The grain error for the 2nd (i = 2) row is
larger than that for the 1st (i = 1) row, since the
temperature for the 2nd (i = 2) row is higher. There is
no significant information degradation even in the 2nd (i
= 2) row grains.

The bER value as a function of E, for the HC layer
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Fig. 14 Writing field H,, dependence of bit error rate in
2 Thbpsi/layer 3D HAMR (2 x 3 = 6 grains).

before and after L.C writing is shown in Fig. 13 (b). There
is little information degradation for the HC layer during
LC writing.

The H, values of 0.30, 0.38, and 0.32 for the HC layer
are large for ATI, 10 years of archiving, and L.C writing
as shown in Tables 7, 8, and 9, respectively. However,
the Dy X Hy X Hypeax products of 1.3, 1.7, and 1.4
knmOQe for the HC layer are small as also shown in
Tables 7, 8, and 9, respectively, since the H,peqx value of
401 Oe is small as shown in Table 7 due to the lower HC
layer. The limiting factor for the HC layer is thus the
Hypear value.

3.2.6 Writing sensitivity

The bER value for 3D HAMR as shown in Fig. 14 is
considerably smaller than that for HAMR as shown in
Fig. 5. This means that the writing sensitivity for 3D
HAMR is better than that for HAMR. Since the V
values are 149, 124, and 137 nm3 for HAMR, the L.C, and
HC layers as shown in Tables 1 and 5, respectively, the
reasons for the difference in bER are the statistical
factor affected by the grain numbers myz X n of 4 and 6,
and EAW affected by the grain column numbers n of 2
and 3 for HAMR and 3D HAMR, respectively. EAW,
which appeared in the relatively large H,, region, is
rather large for the HC layer, since the dTy/dx value is
rather small.

3.3 2 Tbpsi/layer 3D HAMR (4 x 2 = 8 grains/bit)
3.3.1 Grain arrangement and medium structure

Before comparing HAMR and 3D HAMR, we examined
the bit aspect ratio on 3D HAMR.

Figure 15 shows the grain arrangement and medium
structure in 2 Tbpsi/layer 3D HAMR (4x2 = 8
grains/bit). The grain and bit sizes are summarized in
Table 10.

3.8.2 Temperature profile

Figures 16 (a) and (b) show the temperature profiles
for the cross-track direction during HC and LC writing,
respectively. The temperature profile results are
summarized in Table 11.

Dy =127 nm
D, +Ag

=6.4nm
IMII
i=2 Cross track y
—254nm

i-3[@][@]
i-4[@][@]

Writing

track l D |:|T “Tem + 2OT°

LC layer hic=4.5nm
Isolation I ;ﬁ =1.0nm
HC layer =6.0 nm

AG=1.0nmﬂ>H<»—>l

D, =54nm

2 Tbpsi/layer

Down track x

Film normal z

Down - track x

Fig. 15 Grain arrangement and medium structure in 2
Tbpsi/layer 3D HAMR (4 x 2 = 8 grains/bit).

Table 10 Grain and bit sizes in 2 Tbpsi/layer 3D HAMR
(4 x 2 = 8 grains/bit).

LC / HC

LC HC
Grain height iy, hyc (nm) 45 6.0
Mean grain size D, (nm) 54
Standard deviation oy, /D,, (%) of D,, 15
Grain aspect ratio (A ¢ +hyc)/ Dy, 2.‘0
Grain volume V (nm?) 129 172
Track width D (nm) 254
Bit length Dy, (nm) 127
Bit aspect ratio Dy / Dy 20

(a) HC writing

The Ty ¢ value of 1009 K in Fig. 16 (a) for 3D HAMR
with 4 x 2 = 8 grains/bit is higher than that of 959 K in
Fig. 9 (a) for 3D HAMR with 3 x 3 =9 grains/bit. Since
the temperatures Tyc + 20tnc = 780 K at the track edge
are the same, the Ty, s value increases as the Dy value
increases as shown in Figs. 9 (a) and 16 (a). Increasing
the bit aspect ratio is disadvantageous in terms of the
heat resistance of the writing head and/or the surface
lubricant.
(b) LC writing

The |ATy| value of 29 Kin Fig. 16 (b) is smaller than
that of 42 K in Fig. 9 (b). The temperature difference
between the LC and HC layers becomes smaller as the
cross-track position is far from the track center as shown
in Fig. 16 (b). Therefore, the |ATy.| value decreases as
the Dy valueincreases as shown in Figs. 9 (b) and 16 (b).
Increasing the bit aspect ratio is also disadvantageous in
terms of the information stability in the HC layer during
LC writing.

Furthermore, since the |ATy| value is small, the
difference between the 9T /dy values of the LC and HC
layers is relatively small.
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Fig. 16 Temperature profile for cross-track direction
during (a) HC and (b) LC writing in 2 Tbpsi/layer 3D
HAMR (4 x 2 = 8 grains/bit).

Table 11 Temperature profile in 2 Tbpsi/layer 3D HAMR
(4 x 2 = 8 grains/bit).

LC / HC

LC HC
Anisotropy constant ratio K, / K 0.8
Mean Curie temperature T, (K) 650 750
Standard deviation oy /T, (%) of T, 2
(Temperature profile)
Surface temperature T, (K) 1009
Layer temperature difference ATy, (K) | -29
Thermal gradient a7 / dx (K /nm) 122 11.3
Thermal gradient 97 / dy (K /nm) 122 114

3.3.3 Adjacent track interference

The H, values for various mgy values after AT
writing are shown in Fig. 17. A comparison with the
result in Fig. 10 shows that ATI can be improved by
increasing the bit aspect ratio. However, the 4th row (i
= 4) grains is still used as a guard band. The readout
grain numbers mg Xn = 2xX3 =6grainsand 3 X2 =6
grains are still the same for 3D HAMR with 3x3 =9
grains/bit and 4 x 2 = 8 grains/bit, respectively.
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Fig. 17 Minimum normalized readout field H, for
various numbers of readout rows my after AT writing in
2 Thpsi/layer 3D HAMR (4 X 2 = 8 grains/bit).
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Fig. 18 Bit error rate as a function of error threshold Ey,
and normalized readout field H, before and after AT
writing in 2 Tbpsi/layer 3D HAMR (3 x 2 = 6 grains).

Table 12 Adjacent track interference in 2 Tbpsi/layer 3D
HAMR (4 x 2 = 8 grains/bit).

LC / HC

LC HC
(Adjacent track interference)
Readout grain number my xn 3x2 | 3x2
Readout track width Dy (nm) 18.1 18.1
Minimum normalized readout field H 031 | 038
Peak z component H ., (Oe) 1100 377
Dyr xHy x H ;e (knmOe) 6.1 2.6

For an my of 3 (mg Xxn = 3 X 2 = 6 grains), the bER
value as a function of Ey, before and after AT writing for
the LC and HC layers is shown in Fig. 18. There is
almost no information degradation of the HC layer
during AT writing.

The ATI results are summarized in Table 12. The
mg Xn and Dy values are 3x2 and 18.1 nm,
respectively. For the HC layer, although the H,peax
value of 377 Oe is small, the Dgy X Hy X Hypeax product
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of 2.6 knmOe is large when compared with that of 2.3
knmOe for HAMR as shown in Table 3, since the Dip
value of 18.1 nm is large.

3.3.4 10 years of archiving

When 3D HAMR with 3 X 3 = 9 grains/bit and with
4 x 2 = 8 grains/bit are compared, the results for 10
years of archiving, as shown in Figs. 12 and 19, are
almost the same, since the V values of 124 and 129 nm3
are almost the same for the L.C layer as shown in Tables
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Fig. 19 (a) Bit error rate as a function of error threshold

E4, and normalized readout field H, after 10 years of

archiving and (b) time dependence of bit error rate

during 10 years of archiving in 2 Tbpsi/layer 3D HAMR

(3 x 2 =6 grains).

0.01

107
0.001

Table 13 10 years of archiving in 2 Thpsi/layer 3D HAMR
(4 x 2 = 8 grains/bit).

LC / HC
LC HC
(10 years of archiving)
K otV / (KT) (T =350 K) 89 172
Minimum normalized readout field H, 0.17 | 038
Dyr xHy x H ;5 (knmOe) 34 2.6
Information degradation rate R, 15 <0.1

5 and 10, and the K.V /(kT) values of 137 and 172 are
sufficiently large for the HC layer as shown in Tables 8
and 13, respectively. Although the H, value of 0.17 for
the LC layer is small, the Dgpr X Hy X Hypeax product of
3.4 knmOe is large as shown in Table 13, because the
Drr value is large. Since the Dy X Hy X Hypeax product
is 6.1 knmOe for ATI as shown in Table 12, the limiting
factor for the LC layer is 10 years of archiving. The
Drr X Hy X Hypear product of 3.4 knmOe for the L.C layer
is larger than that of 2.3 knmOe for HAMR as shown in
Table 3.

For the HC layer, the Drp X Hy X H,peqr Products for
ATI and 10 years of archiving are almost the same as
shown in Tables 12 and 13. The Drr X Hy X Hypeak
product of 2.6 knmOQe for the HC layer is larger than that
of 2.3 knmOe for HAMR as shown in Table 3.

3.3.5 LC writing

For an mg of 3 (mg xn = 3x 2 = 6 grains), Fig. 20
(a) shows the number of bits plotted against the expected
value of magnetization E[M;] averaged over one-row
grains for the HC layer before and after LC writing.

107 T | T | T TTT | T T TTT | LI | T
10 g1 =1ns | before 3
2 10° H, =-10kOe . [ C writin :
3 : |
3 10* [ after
5 . 3 : LC writin
< 10
£ 1)
z 10
1 :
10 i erTors . §O
100||5||||||||||||||||||5||
-1200 -600 0 600 1200
Expected value of magnetization (emu/cm®)
(a)
Normalized readout field
0 0 02 0.4 0.6 0.8 1.0
10 —3
t=1ns =
5 101 LH, =-10 kOe -
5 3
8 102 _
5 10 after  .“before 3
2 .
107 =
10 ]
0.5 0.6 0.7 0.8 0.9 1.0
Error threshold
()

Fig. 20 (a) Number of bits plotted against expected value
of magnetization E[My;] and (b) bit error rate for the HC
layer as a function of error threshold E; and
normalized readout field H, before and after LC writing
in 2 Tbpsi/layer 3D HAMR (3 x 2 = 6 grains).
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Table 14 LC writing in 2 Tbpsi/layer 3D HAMR (4 x 2 =
8 grains/bit).

LC / HC
LC HC
(LC writing)
Minimum normalized readout field H N/A
Dyr xHy x H ;0 (knmOe) N/A

Significant information degradation can be seen in the
2nd (i = 2) and 3rd (i = 3) row grains when compared
with the result shown in Fig. 13 (a), since the HC grain
temperature during LC writing shown in Fig. 16 (b) is
higher than that shown in Fig. 9 (b). Although the
temperatures for the 1st and 2nd row grains in Fig. 9 (b)
are 634 and 655 K, those for the 1st and 2nd (3rd) row
grains in Fig. 16 (b) are 647 and 690 K, respectively.
Temperature has a strong impact, since the T value is
related to the Kyes(T) value and the denominator T in
the Kuerr(T)V/(kT), and Ke(T)V/(KT) is a variable in
the exponential function shown in Eq. (1). Accordingly,
Fig. 20 (b) and Table 14 show that there is no Ey,
greater than 0.5, namely, no H, greater than 0 that
satisfies a bER of 103 for the HC layer after LC writing.

A large bit aspect ratio is advantageous in terms of
ATI and the Dy X Hy X Hypeax product. However, the
information degradation in the HC layer during LC
writing is large. Therefore, we believe that a small bit
aspect ratio is preferable in 3D HAMR.

3.8.6 Writing sensitivity

The H, dependence of the bER for the LC and HC
layers is shown in Fig. 21. The writing sensitivity is also
better than that for HAMR as shown in Fig. 5.

The reason for the difference between the bERs of the
LC layers in Figs. 14 and 21 is that EAW is affected by
the n values of 3 and 2, respectively. EAW can be
suppressed by increasing the n value. On the other
hand, the reasons for the difference between the bERs of
the HC layers are the V values of 137 and 172 nm3 as
shown in Tables 5 and 10, and that EAW 1is affected by

].00 E T 1T T 1T | T 17T I 1T I§
j: He :
o 10 F E
s E 3
g 1072 = LC =
o E a1y /ox 3
= 1073 I » 122K/nm ........... i
FE, =05

10‘4 111 1 | 1 111 | 111 1 | I -

0 5 10 15 20
Writing field (kOe)

Fig. 21 Writing field H,, dependence of bit error rate in
2 Thpsi/layer 3D HAMR (3 x 2 = 6 grains).

the 0Ty/dy values of 8.8 and 11.3 K/nm as shown in
Tables 6 and 11, respectively, as well as by the n values
of 3 and 2. EAW can be suppressed by increasing the
dTy /0y value.

3.4 Comparison of shingled HAMR and 3D HAMR

We think the medium for comparison with 4 Tbpsi
shingled HAMR is 2 Thpsi/layer 3D HAMR with 3 x3 =
9 grains/bit. The comparison results are summarized in
Table 15.
(1) Grain aspect ratio

The (hic + huc)/Dy values for both HAMR and 3D
HAMR may be too large to allow us to manufacture the
recording layer.
(2) Mean Curie temperature

The low T value of 650 K may be disadvantageous
as regards the writing property, since the temperature
dependence of the anisotropy field is somewhat smaller
than that predicted by the theory.

Table 15 Comparison of 4 Tbpsi shingled HAMR (3 x 2
= 6 grains/bit) and 2 Tbpsi/layer 3D HAMR (3x3 =9
grains/bit).

Shingled | LC/HC

HAMR LC HC
h (nm) 8.5 5.0 5.5
D, (nm) 42 50
op /D, (%) 15 15
(hie +hye) /D, 20 2.1
V (nm?) 149 124 137
Dy (nm) 15.6 18.0
D, (nm) 10.4 180
Dy /Dy 1.5 | b
K, /Ky 0.8 O.‘S
T, ) 750 650 750
O ! Topy (%) 2 2
(Adjacent track interference)
Mg Xn 2x2 2x3 | 2x3
Dy (nm) 94 110 11.0
H, 0.20 026 | 030
H . (Oe) 1197 1142 | 401
Dyp xH x H o (knmOe) 23 32 13
(10 yrs of archiving)
K otV / (kT) (T =350K) 152 87 137
H, 0.26 0.13 | 038
Dyr xHox H e (knmOe) 30 1.6 1.7
R, <0.1 21 <0.1
(LC writing)
H, 0.32
Dyy xHy x H .,y (knmOe) 14
(Writing sensitivity)
Bit error rate High Low | Low
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(3) Readout property

In HAMR, the H, values are 0.20 and 0.26 for ATI
and 10 years of archiving, respectively. Therefore, the
limiting factor is ATI, since the grain pitch is small.

For the upper LC layer in 3D HAMR, the H, values
are 0.26 and 0.13 for ATI and 10 years of archiving,
respectively. Therefore, the limiting factor is 10 years of
archiving, since the h;: and/or T;; values are small.

For the lower HC layer in 3D HAMR, the H, values of
0.30, 0.38, and 0.32 are large for ATI, 10 years of
archiving, and LC writing, respectively. However, the
Drr X Hy X Hypeae products are small, since the Hypeak
value of 401 Oe from the lower HC layer is small due to
the limitation of thinning the upper LC layer related to
the information stability in the L.C layer. Therefore, the
limiting factor is the H,peax value.

(4) Writing sensitivity

The bER for HAMR is higher than that for 3D HAMR.
The reasons for the difference in bER are the statistical
factor affected by the my X n value and EAW affected by
the n value. This means that the writing sensitivity for
HAMR is worse than that for 3D HAMR.

4, Conclusions

We compared 4 Tbpsi shingled HAMR and 2
Thpsi/layer 3D HAMR.

Prior to the comparison, we examined the bit aspect
ratio on 3D HAMR. A large bit aspect ratio is
advantageous in terms of ATI and the readout property.
However, there is considerable information degradation
in the HC layer during LC writing. Therefore, we
consider a small bit aspect ratio to be preferable in 3D
HAMR.

For the upper LC layer in 3D HAMR, the minimum
normalized readout field is small for 10 years of
archiving, since the LC grain height and/or LC Curie
temperature are small.

The peak z component of the readout field from the
lower HC layer is small due to the limitation of thinning
the upper LC layer related to the information stability in
the LC layer.

INDEX

The writing sensitivity for HAMR is worse than that
for 3D HAMR because of a statistical factor affected by
the readout grain number and erasure-after-write
affected by the grain column number.

Although both HAMR and 3D HAMR have
disadvantages, we think that the poor writing sensitivity
in HAMR is a serious problem.
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Synthesis and Analyses of Acicular Spinel Iron Oxide Particles with Core-Shell Structure

Containing Manganese Ferrite and Magnetite
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Acicular spinel iron oxide particles with a core-shell structure containing manganese ferrite (MnFe>O4) and
magnetite (Fe3O4) were synthesized by uniformly crystallizing MnFe>O4 on the surface of the magnetite particles in an
alkaline dispersion. Crystallizing 50 wt% of MnFe,O4 on Fe3O4 led to an increase in the apparent lattice constant from
0.839 nm to 0.841 nm. Transmission electron microscopy (TEM) observations of the particle shape and lattice images
showed that MnFe,O4 was uniformly crystallized on the surface of the magnetite particles and their acicular shape was
maintained. The coercive force and saturation magnetization were almost constant at 29.5 kA/m and 80-81 Am?%kg,
respectively, when the crystallized MnFe,O4 content ranged from 0 to 30 wt%. When the MnFe,O4 content was increased
to 50 wt%, the coercive force and saturation magnetization slightly decreased to approximately 28.0 kA/m and 74.1
Am?*/kg, respectively, reflecting the lower magnetization of MnFe>O4 compared to that of Fe;Oa.

Key words: magnetic nanoparticles, core-shell structure, spinel ferrite

1. Introduction

There are many reports on particles synthesized with a
core-shell structure that find applications in a variety of
fields, such as electronics, biomedical, optics, and
catalysis)>. Among them, particles containing cobalt
ferrite (CoFe,04) are of particular interest from a practical
standpoint due to the high magnetic anisotropy of
CoFe,049'D. To synthesize particles with a core-shell
structure containing CoFe»Os, precipitation methods have
been reported to be effective for controlling the magnetic
anisotropy'?!%,

Several studies have investigated to improve the
recording density of particulate magnetic recording tapes
by increasing the coercive force through the addition of
Co ions to spinel iron oxide particles'®. Initially, this was
achieved by the substitution of Co ions in maghemite
(y-Fe203) particles'. However, the magnetic anisotropy
resulting from this method was cubic, whereas a uniaxial
magnetic anisotropy is essential for recording tapes. To
overcome this problem, particles with a core-shell
structure were synthesized. In these particles, the CoFe;O4
layer was epitaxially crystallized on the surface of the
seed y-Fe O3 particles with the same spinel structure!®. In
this method, y-Fe,O3; was reduced to magnetite (Fe3O,) in
an alkaline dispersion.

The lattice constants of CoFe,O4 and Fe3;O4 are close in
value, at 0.838 and 0.839 nm, respectively. Therefore, we
explored the possibility of epitaxially crystallizing another
spinel oxide with a significantly different lattice constant
from that of Fe;O4. Manganese ferrite (MnFe,Oy4) is
known to possess the lattice constant of 0.851 nm, which
is significantly different from that of Fe;O4. In this study,
we tried to epitaxially or uniformly crystallize MnFe;Oy4

Corresponding author: Hideto Yanagihara (e-mail:

yanagihara.hideto.fm@u.tsukuba.ac.jp).

on the surface of acicular Fe;Oy4 particles, and examined
the changes in the lattice constant, particle shape, and
magnetic properties of the resulting acicular iron oxide
particles with a core-shell structure containing MnFe;O4
and Fe3Os.

2. Experimental procedures

2.1 Sample preparation

Commercially available acicular y-Fe,Os particles
(Titan Kogyo, Ltd. AV-60) were used as the raw material.
The Fe** ions in the y-Fe;O; particles were partially
reduced to Fe?* ions under a H, atmosphere at 300 °C for
2 h. Acicular iron oxide particles with a composition close
to that of FesO4 were obtained, which were used as seed
particles in this study.

MnFe,04 was crystallized on the Fe;O4 particles as
follows: One gram of Fe;04 particles was dispersed in 100
mL of water using an ultrasonic disperser. Manganese
chloride and ferrous chloride were dissolved in a 1:2
molar ratio in the above dispersion, following which three
times the equivalent of sodium hydroxide required to form
Mn(OH), and Fe(OH), was added under continuous
stirring. The dispersion containing the Fe;O4 particle,
Mn(OH),, and Fe(OH), was treated hydrothermally in an
autoclave at 110 °C for 24 h, where Fe?" was oxidized to
Fe’', and MnFe,O4 was crystallized in the dispersion.
Using the above method, four samples containing
different contents of MnFe,O4 were synthesized. In this
report, the composition of the samples is defined as
MnFe;O4(x wt%): Fe;04(100- x wt%) (x =10, 20, 30, and
50). The expressed compositions of the samples are the
amounts prepared upon the synthesis.

MnFe;04 particles were prepared without the FesOs
seed particles using the above method in order to compare
the particle shape with that of the core-shell-structured
manganese ferrite particles (CSMPs) and magnetite
particles.
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2.2 Measurement

Transmission electron microscopy (TEM: JEN2010F,
JEOL) was used to observe the shapes of the Fe;O4
particles, MnFe,O4 particles, and CSMPs, and lattice
images were acquired to examine the crystal structure of
the product formed on the CSMPs and magnetite particles.

X-ray diffraction (XRD; MiniFlex600, Rigaku) using
CuKo radiation was conducted in the 26 range of 20° -
60° for structural analyses. The lattice constants (a) of the
CSMPs and magnetite particles were calculated from the d
values of the 311 peak for each particle; this peak is the
strongest peak in the spinel structure. This allowed the
examination of the variation in the lattice due to the
crystallization of MnFe;O4 on the surface of the Fe;O4
particles.

The particle size distribution was obtained by
measuring the length and width of approximately one
hundred particles on the corresponding TEM image. The
data were used to examine the particle shape variation due
to the crystallization of MnFe,O4 on the Fe;O4 particles.

The coercive force and saturation magnetization were
measured using a vibrating sample magnetometer
(TM-VSM2106-HGC, Tamakawa) under a maximum
magnetic field of 1353 kA/m.

3. Results and discussion
3.1 Structural analyses
The XRD patterns measured in the 26 range of 20° -
60° for the MnFe,O4 particles, FesO4 particles, and
CSMPs (containing different content of MnFe,O4 in the
range of 10 to 50 wt% with respect to Fe3O4) are shown in
Figure 1. These patterns show typical peaks representative

MnFe,0,

I W

MnFe,0,: 50 wt%

MnFe,0,: 30 wt% '\
MnFe,0,: 20 wt% n
MnFe,0y: 10 wt% n

Fe 0, n

20 30 40 50 60
20 (deg.)

Intensity (a.u.)

Fig. 1 XRD patterns measured in the 26 range of 20 to
60°  for MnFe,O,4 particles, Fe;Os particles, and
crystallized MnFe;O4 (10 to 50 wt%) on the surface of
Fe304 particles.
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of iron oxides with a spinel structure. We note that the
observed 311 peaks could be the combined 311 reflections
of both MnFe,Os and Fe;Os. The apparent lattice

0841 | [0
g °
i o
@
=
S o084 f
[
g o)
o
o)
0-839 1 1 1 1
0 10 20 30 40 50

MnFe,0,(x wt%)/Fe,0,(100-x wt%)

Fig. 2 Relationship between the crystallized MnFe,O4
content (ranging from 10 to 50 wt%) on the surface of
Fe;04 particles and the lattice constant.

Fig. 3 TEM images of (a) Fe3O4 particles used as
the seed particles and (b) crystallized 30 wt%
MnFe,04 on the surface of Fe3O4 particles.
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Fig. 4 TEM image of MnFe,O4 particles synthesized
without Fe30O4 seed particles.

70
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Particle diameter (nm)

Fig. 5 Particle size distribution of Fe3O4 seed particles.
The particle size distribution was obtained by
measuring the (a) length and (b) width of
approximately one hundred particles on the
corresponding TEM image.

constants (@) of MnFe,04 calculated from the d values of
the 311 peak seems 0.846 nm, slightly lower than the
value of 0.851 nm reported for bulk MnFe;Os.

Figure 2 shows the relationship between the MnFe,O4
content and apparent lattice constant of the respective
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Fig. 6 Particle size distribution crystallized 30 wt%
MnFe;O4 on FesOs particles. The particle size
distribution was obtained by measuring the (a) length
and (b) width of approximately one hundred particles
on the corresponding TEM image.

CSMPs. The apparent lattice constant of the CSMPs
increased with increasing amount of MnFe,O4 from 0.839
nm in the Fe;O4 particles to 0.841 nm in the sample with
50 wt% MnFe,0q, reflecting the larger lattice constant of
the crystallized MnFe;O,4 compared to that of the Fe;O4
particles. Although the experimental error in the apparent
lattice constant could be in the order of ~0.0005 nm, the
apparent lattice constant appears to increase with
increasing MnFe,O4 content, for which reproducibility
was verified by several measurements.

3.2 Particle shapes and lattice images

The TEM images of the Fe3;O4 particles used as seed
particles and CSMPs crystallized with 30 wt% MnFe;O4
on the Fe;O4 particles are shown in Figures 3(a) and (b),
respectively. Compared with the Fe3O4 particles, the
CSMPs are clearly thicker because of the crystallization of
MnFe,;04, while their acicular shapes were maintained.
Figure 4 shows the TEM image of the MnFe,O4 particles
synthesized without the seed Fe;O4 particles. The
MnFe,0O4 particles are hexagonal in shapes with a
diameter of approximately 50 nm, which is distinctly
different from those of CSMPs. These results show that
the CSMPs have a core-shell structure in which MnFe;O4

17

INDEX



Fig. 7 Lattice image of crystallized 30 wt% MnFe;O4
on seed Fe30y4 seed particles.

is uniformly crystallized on the surface of the Fes;O4
particles.

3.3 Particle size distribution

The particle size distributions measured along the
length and width of the Fe;O4 particles are shown in
Figures 5(a) and (b), respectively. The median length and
width are approximately 200 nm and 30 nm, respectively.
Figures 6(a) and (b) show the particle size distribution
measured along the length and width, respectively, of the
CSMPs crystallized with 30 wt% MnFe,O4 on the Fe;O4
particles. The particle size distribution of the MCFPs is
broader compared to that of the Fe;O4 particles due to the
crystallization of MnFe,O4. The median length and width
of the CSMPs are approximately 300 nm and 40-50 nm,
respectively.

The lattice image of the CSMPs crystallized with 30
wt% MnFe,O4 on the Fe;O4 particles (as shown in Figure
3(b)) is shown in Figure 7. The lattice image is clear with
a lattice spacing of 0.243 nm, which corresponds to that of
the 222 peak in the spinel structure. The lattice constant
calculated from the lattice spacing is 0.843 nm, which
falls between the lattice constants for the Fe;O4 particles
(0.839 nm) and MnFe,Oj4 particles (0.846 nm).

3.4 Magnetic properties

Figures 8 (a) and (b) show the relationship between the
coercive force and saturation magnetization and the
amount of MnFe,O4 in the CSMPs, respectively. The
coercive force is approximately 29.5 kA/m, the same as
that of the Fe;Oy4 particles with 10 to 30 wt% MnFe;Oy in
the CSMPs, as shown in Figure § (a). When the amount of
MnFe,04 is increased to 50 wt%, the coercive force
slightly decreases to approximately 28.0 kA/m. A similar
dependency on the amount of MnFe,Oj is observed for the
saturation magnetization, which remains 80-81 Am%kg in
the range of 0 to 30 wt% MnFe;O4 in the CSMPs and
decreases to 74.1 Am*/kg for 50 wt% MnFe;O4, as shown
in Figure 8 (b).

The coercive force in acicular particles depends on the
shape magnetic anisotropy, which in turn is a function of
the acicular ratio (ratio of the length and width of the
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Fig. 8 Relationship between the (a) coercive force and
(b) saturation magnetization, and crystallized MnFe>O4
content on Fe304 seed particles.

particles) and the saturation magnetization. The
almost-constant coercive force (Figure 8 (a)) is an
indication that both, the acicular ratio and saturation
magnetization, also do not change significantly with the
use of 0 to 30 wt% MnFe;O4 in the CSMPs. The average
acicular ratios calculated from the particle size distribution
shown in Figures 5 and 6 are approximately 7 and 6 for
the Fe;O4 particles and CSMPs with 30 wt% MnFe,Oy,
respectively. The almost- constant acicular ratio and
saturation magnetization with 0 to 30 wt% MnFe,O4 in the
CSMPs corresponds to the almost-constant coercive force
in the same range of MnFe;O4 in the CSMPs. The
significant decrease in the coercive force and
magnetization at 50 wt% MnFe,Oy4 is attributed to the
large amount of MnFe,Os, whose magnetization is
significantly lower than that of the Fe;O4 particles.

The results obtained from TEM and the magnetic
properties indicate that MnFe;Oy4 is uniformly crystallized
on the surface of Fe;Oy4 particles, preserving the acicular
shape of the particles.

4. Conclusion
MnFe,O4 was uniformly crystallized on the surface of
acicular Fe;Oy4 particles in an alkaline dispersion. TEM
observations of the particle shape and the lattice images
confirmed the uniform crystallization of MnFe,O4 on the
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Fe;04 particles. The lattice constant increased with the
crystallization of MnFe,O4, reflecting the considerable
difference between the lattice constants of MnFe,O4 and
Fe;O4 particles. The coercive force and saturation
magnetization were almost constant for 0 to 30 wt%
MnFe;04 and decreased at 50 wt% MnFe,O4, reflecting
the smaller magnetization of MnFe,O4 compared to that of
the Fe;0y4 particles.
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Topological spin textures on artificial pinning landscape may show unique static and dynamic properties. Here,
we computationally show that the helicity of frustrated skyrmions on an artificial square-grid obstacle pattern can be
switched by a spin current pulse. The obstacle pattern is formed by defect lines with enhanced perpendicular magnetic
anisotropy, which could protect the skyrmion from being annihilated at the sample edge. It is found that the skyrmion
driven by a moderate current shows a circular motion guided by the boundary of the obstacle pattern, while it shows
an almost straight motion toward the sample edge in the absence of the obstacle pattern. By applying a short pulse
current to drive the skyrmion in a sample with the obstacle pattern, we find that the helicity of the skyrmion could be
switched between Bloch-type configurations favored by the dipole-dipole interaction. Besides, we demonstrate the pos-
sibility of switching the helicity of an array of skyrmions on the square-grid obstacle pattern using the same method.
Our results could be useful for the helicity control of topological spin textures, and may provide guidelines for building

future helicity-based spintronic functions.

Key words: magnetic skyrmion, frustrated spin system, helicity, obstacle, pinning, spintronics, micromagnetics

1. Introduction

Skyrmions were predicted theoretically to exist in mag-
netic materials more than three decades ago ! 2, which
are now in the vanguard of next-generation spintronic
technologies 322, They can be found in different types of
magnetic materials 322 including chiral magnets and
frustrated magnets. In chiral magnets, skyrmions are
stabilized by the asymmetric exchange interaction 2329,
which is also called the Dzyaloshinskii-Moriya interac-
tion 2627, In frustrated magnets, skyrmions are stabi-
lized by the exchange frustration induced by the compet-
ing exchange interactions 289, The salient features of
magnetic skyrmions include nanoscale size, low energy
consumption, and most importantly, multiple degrees of
freedom that can be controlled by external stimuli.
Therefore, it is expected that skyrmions can be used as
versatile building blocks in different information pro-
cessing applications 322,

Most recently, it was suggested that frustrated skyr-
mions could be utilized as qubits in quantum computing
55,60) where the manipulation of information is achieved
through the precise control of the helicity degree of free-
dom. However, a frustrated skyrmion usually shows both
center-of-mass and helicity dynamics when it is driven by
an applied current 29 30. 36, 42, 45,57 Namely, the helicity

Corresponding author: Y. Zhou (e-mail: zhouyan@cuhk.
edu.cn), M. Ezawa (e-mail: ezawa@ap.t.u-tokyo.ac.jp), X.
Liu (e-mail: liu@cs.shinshu-u.ac.jp).

dynamics is coupled to the center-of-mass dynamics.
Such a feature may limit the applications of frustrated
skyrmions in helicity-based quantum computing and rel-
evant devices. Hence, it is vital to find an effective way to
control and manipulate the helicity degree of freedom of
frustrated skyrmions. We note that the helicity state of a
nanoscale skyrmion can be experimentally observed by
using the Lorentz transmission electron microscopy
(TEM) 6V,

Possible solutions to avoid the translational motion of
a frustrated skyrmion include the pinning of the skyr-
mion by an artificial defect and the geometric confine-
ment of the skyrmion. For example, a ferromagnetic
skyrmion in a nanodisk with the diameter close to the
skyrmion diameter may show limited translational mo-
tion due to the confinement effect provided by the skyr-
mion-edge repulsion 62, However, skyrmions could be de-
stroyed by touching the edge. Recently, it has been shown
that a more effective strategy to confine, protect, and con-
trol skyrmions in magnetic thin films is to construct de-
fect lines with different magnetic properties 6374, which
can be realized in engineered multilayer nanostructures
75 or by using focused irradiation 7. However, the helic-
ity dynamics of a frustrated skyrmion confined by defect
lines have not yet been explored. It is important to study
such a problem, which is highly relevant to the realiza-
tion of the skyrmion helicity-based applications.

In this work, we report the current-induced dynamics
of isolated frustrated skyrmions on a square-grid obsta-
cle pattern, which is made of orthogonal defect lines with
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Fig. 1 The total energy of a frustrated skyrmion in the
systems with or without the DDI. (a) The total energy of
a frustrated skyrmion as a function of the helicity num-
ber 7 in the system with the DDI. The energies are given
in units of J; = 1. (b) The total energy of a frustrated skyr-
mion as a function of the helicity number 7 in the system
without the DDI. (c) Schematic illustration showing the
spin configurations of skyrmions with the helicity num-
bers of =0, 7/2, m, 37x/2. The out-of-plane spin component
m; 1s color coded: blue is into the plane, red is out of the
plane, white is in-plane. The total energy is calculated by
assuming a fixed helicity number .

enhanced perpendicular magnetic anisotropy (PMA). We
show that the helicity states of a single isolated frus-
trated skyrmion as well as an array of isolated frustrated
skyrmions can be switched between Bloch-type configu-
rations by a short current pulse. Our results could be a
basis for future storage and computing device applica-
tions based on the manipulation of the helicity degree of
freedom of topological spin textures.

2. Simulation and system

We focus on the dynamics of isolated skyrmions in a
two-dimensional (2D) frustrated magnetic spin system,
where the skyrmions are stabilized by a delicate compe-
tition among ferromagnetic nearest-neighbor (NN), anti-
ferromagnetic next-NN (NNN), and antiferromagnetic
next-NNN (NNNN) exchange interactions. The system is
a Ji-h-Js classical Heisenberg model on a simple square
lattice 30.33,36,49 The Hamiltonian H is given as

H = —JIZm,- ‘m;—J, Z m; ‘m;
<ij> <<i,j>>

. )2

) m; -m; — K, Z(m[)
<<<, j>>> i

1
— _MS Z BD m;,
2 "4 1)

where m; represents the normalized spin at the site i,
[m;| = 1. (i, j), {(i, )}, and {{(i, j))) run over all the NN, NNN,
and NNNN sites, respectively. Ji, J2, and J3 are the
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Fig. 2 Typical current-induced motion of a frustrated
skyrmion in the system with the DDI. (a) A typical tra-
jectory of a frustrated skyrmion in the system with the
DDI, which shows the skyrmion moves almost straight
toward the left edge of the sample. A relaxed skyrmion
with 5 = 7/2 is placed at the sample center as the initial
state at r = 0 ps. The sample size is 51 X 51 spins. The
skyrmion is driven by a current density of j = 70 MA/cm?2.
The insets show the zoomed-in view of the skyrmion at ¢
=0 ps and =50 ps. Note that the insets only focus on the
skyrmion texture instead of the whole sample. The arrow
indicates the motion direction of the skyrmion. (b) The
helicity of the skyrmion as a function of time during =0
— 50 ps. The skyrmion helicity slightly varies with time
due to the current-induced deformation of the skyrmion
during its motion toward the left sample edge. The skyr-
mion is annihilated by touching the left sample edge at ¢
= 66 ps, where the skyrmion position and helicity cannot
be tracked due to the significant deformation and annihi-
lation.

constants for the NN, NNN, and NNNN Heisenberg ex-
change interactions, respectively. Ku is the easy-axis
magnetic anisotropy constant, and the z-axis direction is
defined as the easy axis. Bp is the demagnetizing field re-

INDEX

sulting from the magnetic dipole-dipole interaction (DDI).

Ms denotes the saturation magnetization. We note that
we do not consider the interface-induced Dzyaloshinskii-
Moriya interaction in this work as it could be suppressed
for an ultrathin monolayer 7.

The spin dynamics is governed by the Landau-Lifshitz-
Gilbert equation augmented with the damping-like spin-
orbit torque 788D,

m X hegp+ a(m X 0m) + 74,

2

where ¢is the time, yois the absolute gyromagnetic ratio,
and «a 1is the Gilbert damping parameter.
— 03 /(omu Ms) is the effective field with uo and ¢ being
the vacuum permeability constant and average energy

om = —y,

he =

density, respectively. The saturation magnetization Ms =
580 kA/m. The damping-like spin-orbit torque is ex-
pressed as za = u (m x p x m), where the coefficient u
=|(yoh/uoe)|(jOsu/2aMs). h is the reduced Planck constant, e
is the electron charge, a is the sample thickness, j is the
current density, and 6fsu is the spin Hall angle. The spin
polarization direction p = +y. For the sake of simplicity,
we assume that su = 1 so that the driving force is simply
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Fig. 3 Current-induced motion of a frustrated skyrmion
in a sample with the obstacle pattern. (a) The trajectory
of a frustrated skyrmion in a sample with the square-
shaped obstacle pattern, which is formed by edge spins
with enhanced PMA (.e., Ko/Ky = 10 with K, being the
PMA of the obstacle defect line). A relaxed skyrmion with
n = /2 is placed at the sample center as the initial state
at ¢ =0 ps. The skyrmion moves in an almost circular path
guided by the obstacle pattern, which is driven by a cur-
rent density of j = 40 MA/cm?2. The sample size is 21 x 21
spins. The width of the obstacle line is 3 spins. (b) The
helicity of the skyrmion as a function of time during =0
— 200 ps. The skyrmion helicity changes between Bloch-
type and Néel-type configurations during the motion of
the skyrmion along the inner edge of the obstacle pattern.
(c) Selected top-view snapshots showing the spin configu-
rations of the skyrmion at r = 0, 43, 55, and 75 ps. The
obstacle pattern with enhanced PMA is indicated by the
orange area.

determined by j, i.e., u ~ j. In this work, we do not con-
sider the effect of the field-like spin-orbit torque consid-
ering the helicity dynamics of a frustrated skyrmion is
driven by the damping-like torque 3% 36, The simulation
is done by using the Object Oriented MicroMagnetic
Framework (OOMMF) 8 upgraded with our extension
modules for the Ji-/-J3 classical Heisenberg model 39. In
all simulations, the mesh size is ¢> with ¢ = 0.4 nm being
the lattice constant. Other default parameters are 30: 36. 45,
51,52: J; = 30 meV, J> = —0.8 (in units of J1 = 1), J5 = —0.6
(in units of Ji = 1), Ku = 0.02 (in units of Ji/a>* = 1), « = 0.3,
and yo = 2.211 x 105 m/(As).

3. Results and discussion

The helicity is an important degree of freedom of frus-
trated skyrmions, which can be used to perform helicity-
based storage and computing. As shown in Fig. 1, we first
review the total energy of a frustrated skyrmion as func-
tion of its helicity in the systems with or without the DDI.
In the simulation, we first place a single isolated skyr-
mion with the skyrmion number of O = -1 at the center
of a sample with 21 X 21 spins with open boundary

22

Fig.4 Current-induced motion of a frustrated skyrmion
in a sample without the obstacle pattern. Selected top-
view snapshots showing the spin configurations of the
frustrated skyrmion at =0, 10, 20, 30, 35, 38, 40, 42, and
45 ps in a sample without the obstacle pattern. A relaxed
skyrmion with # = 7/2 is placed at the sample center as
the initial state at t = 0 ps. The sample size is 21X21
spins. The skyrmion is driven by a current density of j =
40 MA/cm?. The skyrmion moves toward the sample edge
and annihilates when touching the sample edge.

conditions in the x and y directions. The skyrmion num-
ber is defined as Q= 1/4x /m: (6,m*d,m)dxdy. As the
skyrmion can be parametrized as m(r) = m(6, ¢) = (sinfcos
@, sinfsin ¢, cosd), where ¢ = Owptn with ¢ being the azi-
muthal angle (0 <¢ <27z). Hence, the skyrmion considered
in our work has a vorticity of Ov = $cd ¢/2z = +1. 5 € [0,
2x) denotes the skyrmion helicity defined mod 2z. It can
be seen that the total energy of a frustrated skyrmion de-
pends on its helicity number 7, where the Bloch-type con-
figurations are favored by the DDI. Namely, the total en-
ergy of a frustrated skyrmion is independent of # only in
the system without the DDI [see Fig. 1(b)]. Such a prop-
erty is important for the dynamics of the frustrated skyr-
mion as the center-of-mass dynamics of frustrated skyr-
mions is coupled to the helicity dynamics 3?. Namely, the
skyrmion will move in a straight path with its helicity
being fixed at the energetically favored Bloch-type con-
figurations (i.e., = 7/2, 37/2) in the system with the DDI
36)

Therefore, in order to switch the helicity of a frustrated
skyrmion in the system with the DDI, one will need to
apply a driving current larger than a critical value to in-
duce the helicity switching when the skyrmion can over-
come the energy barrier between two different Bloch-type
configurations 36, However, the critical value of the driv-
ing current density could be high, although the DDI-

Journal of the Magnetics Society of Japan Vol.47, No.1, 2023

INDEX



induced energy barrier may be reduced by reducing the
value of the saturation magnetization. Note that the
skyrmion stability may also be dependent on the satura-
tion magnetization. Meanwhile, the position of the skyr-
mion may not be controlled due to the center-of-mass mo-
tion coupled to the helicity dynamics 39. For example, in
Fig. 2 we show the current-induced dynamics of a frus-
trated skyrmion at a moderate driving current density in
the system with the DDI, where the skyrmion with
Bloch-type helicity moves in an almost straight path

toward the left edge of the sample. The trajectory and
time-dependent helicity number of the skyrmion are
given in Figs. 2(a) and 2(b), respectively. The skyrmion
will be annihilated when it touches the edge of the sam-
ple. Hence, we propose an effective way to protect the
frustrated skyrmion from being annihilated at the sam-
ple edge, and at the same time, to realize the current-
induced switching of the skyrmion helicity in the system
with the DDI.

Time (ps)

1
150

t=0ps t=30ps

t=40 ps

t=50ps t =300 ps

Fig. 5 Helicity switching of a frustrated skyrmion in a sample with the obstacle pattern induced by a short current
pulse. (a) The helicity of the skyrmion as a function of time during # = 0 — 300 ps. A relaxed skyrmion with 5 = 7/2 is
placed at the sample center as the initial state at = 0 ps. The skyrmion is driven by a current density of j = 40 MA/cm?
for 50 ps, followed by a relaxation of 250 ps. The sample size is 21 X 21 spins. The width of the obstacle line is 3 spins.
The obstacle has an enhanced PMA G.e., Ko/Ky = 10). The skyrmion helicity switches from 5 = z/2 to 5 = 37/2 after the
application of the current pulse. (b) The in-plane spin components msxy as functions of time during ¢ = 0 — 300 ps. (c)
The out-of-plane spin components m. as a function of time during ¢+ = 0 — 300 ps. Note that m., m,, and m: are the
normalized in-plane and out-of-plane spin components for the whole sample. (d) Selected top-view snapshots showing
the spin configurations of the skyrmion at ¢ = 0, 30, 40, 50, and 300 ps. The obstacle pattern with enhanced PMA is

indicated by the orange area.
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Fig. 6 Helicity switching of an array of nine frustrated skyrmions in a sample with the square-grid obstacle pattern
induced by a short current pulse. Selected top-view snapshots showing the spin configurations of the frustrated skyr-
mions at ¢ =0, 50, and 300 ps. Nine relaxed skyrmions with # = /2 are placed in the sample as the initial state at 1 =0
ps. The system is driven by a current density of j = 40 MA/cm? for 50 ps, followed by a relaxation of 250 ps. The sample
size is 65 X 65 spins. The width of the obstacle line is 5 spins. The obstacle has an enhanced PMA (i.e., Ko/Ku = 10). The
helicity of all skyrmions switch from 7 = 7/2 to n = 37/2 after the application of the current pulse. The obstacle pattern

with enhanced PMA is indicated by the orange area.

As shown in Fig. 3, we first study the dynamics of a
single isolated frustrated skyrmion driven by a moderate
current of j= 40 MA/cm?2. The system is a sample of 21 x
21 spins, where an obstacle pattern is formed by defect
lines at the four edges. We assume that the obstacle pat-
tern has an enhanced PMA, i.e., Ko/Ku = 10, which could
be realized by locally modifying the PMA in principle.
Note that we assumed a large value of Ko/Ku in order to
make sure that the skyrmion cannot penetrate the obsta-
cle. In real experiments, it is unnecessary to realize a
large value of Ko/Ku. The width of the defect line is set to
3 spins. As the PMA of the obstacle area is larger than
that in the interior of the sample, the skyrmion-obstacle
interaction provides a repulsive force, which avoids the
skyrmion penetrating the boundary of the obstacle. Such
a feature also protects the skyrmion from be touching the
edge of the sample, which may result in a better dynamic
stability in the sample. It can be seen that the skyrmion
moves in a circular path driven by the current and guided
by the inner boundary of the obstacle pattern [see Fig.
3(a)]. We note that the skyrmion dynamics is affected by
the obstacle pattern as soon as the current is applied, be-
cause the obstacle is initially very close to the skyrmion.
Namely, the skyrmion is tightly confined by the obstacle
pattern. When the obstacle is initially far from the skyr-
mion, the skyrmion should, in principle, first move to the
left with a fixed helicity [see Fig. 2(a)] and then perform
the circular motion with varying helicity when it is close
to and guided by the obstacle.

As the helicity dynamics is coupled to the center-of-
mass dynamics of the skyrmion 39, the helicity of the
skyrmion also varies with time during the circular

motion of the skyrmion, as shown in Fig. 3(b). In Fig. 3(c),
we also show some selected top-view snapshots of the
spin configurations of the sample, which show that the
skyrmion helicity varies between Bloch-type and Néel-
type configurations although the Bloch-type ones are fa-
vored by the DDI. As long as the driving current is ap-
plied, the skyrmion will move in the circular path with a
varying helicity. However, it should be noted that the
skyrmion driven by the same current of j = 40 MA/cm?
will move toward the left edge and get annihilated from
the edge in the sample without the obstacle pattern, as
shown in Fig. 4. Namely, the circular motion and helicity
switching of the skyrmion are a result of the skyrmion-
obstacle interaction. We also note that the helicity
switching is mainly controlled by the driving current, the
dipole-dipole interaction, and the skyrmion-obstacle in-
teraction. The frustrated skyrmion is stabilized by the ex-
change frustration instead of the asymmetric exchange
interaction (i.e., the Dzyaloshinskii-Moriya interaction).
The exchange frustration is realized by a delicate compe-
tition between different exchange interactions, therefore,
the NNN and NNNN exchange interactions may affect
the stability of the skyrmion. However, they may not af-
fect the switching of the skyrmion helicity.

Based on the current-induced dynamic behaviors of a
frustrated skyrmion in a sample with the obstacle pat-
tern, we show in Fig. 5 that it is possible to switch the
helicity of a frustrated skyrmion between the Bloch-type
configurations favored by the DDI, i.e., n = n/2 — 3a/2.
To switch the skyrmion helicity, we apply a short current
pulse to drive the dynamics of a single isolated frustrated
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skyrmion in a sample with the obstacle pattern. The ge-
ometry and other system settings are the same as that
used in the simulation in Fig. 3. The current density is j
=40 MA/cm? and the pulse length is 7 = 50 ps. The pulse
length is determined based on the result given in Fig.
3(b). After the application of a single current pulse, the
system is relaxed for 250 ps. Namely, the total simulation
time is 300 ps. It can be seen in Fig. 5(a) that the helicity
of the skyrmion varies from 7 =7/2 to n =~ 37/2 during the
application of the current pulse G.e., #=0 — 50 ps). When
the current is off, the helicity of the skyrmion approaches
n = 3x/2 during the relaxation and finally remains as n =
37/2 at t = 300 ps. Namely, the helicity of the skyrmion is
switched from the Bloch-type configuration 5 = /2 to the
other Bloch-type configuration 5 = 37/2 after the applica-
tion of a 50-ps-long current pulse.

In Figs. 5(b) and 5(c), we show the time-dependent in-
plane and out-of-plane spin components of the system
during the helicity switching and relaxation of the sys-
tem. It shows that the system responds to the driving cur-
rent instantly during 1 = 0 — 50 ps and then relatively
slowly relaxes to the energetically favored state during ¢
=50 — 300 ps. In Fig. 5(d), we show several selected top-
view snapshots of the spin configurations of the sample.
It can be seen that the skyrmion shows opposite Bloch-
type helicities at the initial and final states. Namely, the
skyrmion helicity is changed from the initial value 5 = 7/2
to n = 37/2 at the final state.

In Fig. 6, we further demonstrate that it is possible to
switch the helicity of an array of frustrated skyrmions
between the Bloch-type configurations on a square-grid
obstacle pattern. The system is a sample of 65 X 65 spins,
where an obstacle pattern is formed by orthogonal defect
lines. The width of the defect line is set to 5 spins. Hence,
the distance between two nearest-neighboring parallel
defect lines is 15 spins. The geometry and other system
settings are the same as that used in the simulation in
Fig. 3. It should be noted that the width of the defect line
will not affect the results as we assumed a strong anisot-
ropy for the defect line in this work for the sake of sim-
plicity, 1.e., the skyrmion cannot penetrate the defect-line
obstacle.

We put nine relaxed skyrmions with # =#/2 in the sam-
ple as the initial state at = 0 ps. To switch the skyrmion
helicity, we apply a short current pulse to drive the sys-
tem. The current pulse profile is the same as that used in
Fig. 5, i.e., the current density is j = 40 MA/cm? and the
pulse length is = 50 ps. After the application of a single
current pulse, the system is relaxed for 250 ps. As shown
in Fig. 6, the helicity numbers of the nine skyrmions are
switched from 5 = 7/2 to # = 37/2 in a uniform manner
induced by the current pulse. We note that the nine skyr-
mions are far enough from each other, and the applied
spin current is uniform in the whole sample. As a result,
each skyrmion can be treated as an isolated skyrmion,
and the dipole-dipole interaction will not lead to different
dynamics for different skyrmions. Namely, the dynamics
of each skyrmion is similar to the helicity switching
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Fig. 7 A phase diagram showing the helicity switching
of a frustrated skyrmion induced by a short current pulse
in a sample with the obstacle pattern. A relaxed skyr-
mion with # = 7/2 is placed at the sample center as the
initial state at 1 = 0 ps. The skyrmion is driven by a cur-
rent pulse, followed by a relaxation until £= 500 ps. The
sample size is 21 X 21 spins. The width of the obstacle
line is 3 spins. The obstacle has an enhanced PMA G.e.,
Ko/Ky = 10). The number in the phase diagram indicates
the relaxed skyrmion helicity (in units of z) after the ap-
plication of the current pulse.

dynamics of a single skyrmion given in Fig. 5. Therefore,
in principle, it is possible to switch the helicity of an array
of many skyrmions in a large-scale sample with the
square-grid obstacle pattern. Such an array of many
skyrmions may be useful for building skyrmion-based
multistate memory devices.

We also point out that the current-induced switching
process of the skyrmion helicity on the obstacle pattern
depends on the applied current density and pulse length.
As shown in Fig. 7, for higher current density, the mini-
mum required pulse length to switch the helicity could be
reduced. Namely, for lower current density, the mini-
mum required pulse length to switch the helicity may be
increased. However, when the current density is smaller
than 30 MA/cm2, the skyrmion helicity cannot be
switched, indicating there is a critical current density be-
yond which the helicity switching can be achieved.

4. Conclusion

In conclusion, we have investigated the current-in-
duced dynamics of a frustrated skyrmion in a sample
with or without the obstacle pattern. The obstacle pat-
tern with enhanced PMA could provide the skyrmion
from being annihilated at the sample edge due to the
skyrmion-obstacle repulsion, and more importantly,
could lead to the circular motion of the frustrated
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skyrmion with time-varying helicity driven by a moder-
ate current density. Namely, the repulsive interaction be-
tween the skyrmion and the defect-line obstacle plays an
important role in the helicity dynamics of the skyrmion.
In the system without the obstacle pattern, the frus-
trated skyrmion will move with a fixed Bloch-type helic-
ity due to the DDI and may be annihilated at the sample
edge. We have also studied the current-induced helicity
switching of a single frustrated skyrmion in a sample
with the obstacle pattern, where we find that the helicity
of the skyrmion can be switched from a Bloch-type con-
figuration to the other Bloch-type configuration driven by
a short current pulse. In addition, we show that the cur-
rent-induced switching of the skyrmion helicity can be re-
alized for an array of frustrated skyrmions on a square-
grid obstacle pattern. Our results suggest that the helic-
ity degree of freedom of topological spin textures may be
effectively controlled on nanostructures with well-de-
signed obstacle patterns. Our results also show the pos-
sibility that the helicity of skyrmions may be used in
spintronic functions.
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