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After twenty years study of the exchange spring effect, this effect has shown strong potential in application on
the perpendicular record process. It satisfies all the necessary properties required by the perpendicular record
process. The exchange coupled patterned media also provide a new way to further increase the data storage in
the future. Although studies involve many aspects of the exchange spring effect are taken by experiments and
theoretical simulations, a systematic study on a magnetic island perpendicular switching for patterned media is
not present. We studied the in-plane and out-of-plane switching process with domain wall movement coupling
with the finite boundary condition. Many details like magnetic domain wall, coercive field, remanent magneti-
zation and hysteresis loops are discussed to enhance the magnetic device design. An in-plane vortex domain
wall was reported in the simulation and the magnetic loops can be artificially designed.
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1. Introduction

Since the perpendicular magnetic recording technology
was proposed by Iwasaki and Takemura in 1975 [1], it
has been applied in the magnetic recording industry
recently [2]. The perpendicular recording mode is an
accumulation of the relatively well-aligned easy axis of
each magnetic grain in the direction perpendicular to the
plane of the disk [3], thus relaxes the stringent require-
ments of the write field for achieving sharp transitions for
conventional longitudinal recording, provides a new
technique to reduce the limitation of thermal stability [4],
and significantly increase the data storage capacity. How-
ever, the demagnetization field generated by the neigh-
boring bit makes the bit smaller. For keeping their memory,
it requires a high magnetic anisotropy material to avoid
the superparamagnetization effect [5].

Recent years, high magnetic anisotropy materials, such
like the tetragonal phase of L1,-FePt, can overcome the
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superparamagnetic limits and achieve an ultrahigh-density
perpendicular media beyond 1 Tbit/in? [6, 7]. The mag-
netocrystalline anisotropy of FePt can reach 5 MJ/m’.
However, this material has a high coercive field of 30
kOe which is impossible for any magnetic write head to
write on [8]. A solution for this is the multi-layered ex-
change spring thin film structure [6, 9, 10]. The presents
of the exchange spring media have been proposed to
decrease the high switching field of FePt L1, phase.

To receive higher areal density for the future magnetic
recording technology, bit patterned media, which was
firstly proposed by New et al. [11] and Chou et al. [12] in
1994, enables highest potential due to each island contains
a single bit of information [13]. The biggest challenge for
bit patterned media is the cost-effective production of
patterned islands. Alternatively, shingled magnetic record-
ing technology [14] promises areal density beyond 10
Tbit/in?> whereby data tracks are squeezed by overlapping
the written tracks. The lithographic technologies, includ-
ing optical lithographic [15-17], x-ray lithographic [18,
19], electron beam lithographic [20-22] and the nano-
imprint lithographic [23, 24], or the self-assembly method,
like template growth [25-27], block co-polymer assembly
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[28, 29], and self-assembled nanoparticles [30, 31], can
be potentially used to fabricate the patterned magnetic
media for future commercial applications.

By employing these manufactory lithographic techno-
logies, bit patterned media has a well-defined bit bound-
ary, which makes its recording process greatly different to
conventional recording process. For conventional record-
ing process, the bit boundaries is decided by the magnetic
grain boundary, as if the exchange coupling system is
introduced, the bit boundary will get very wide. However,
for patterned media, as the bit boundaries are fixed, the
strong exchange coupling in the magnetic entity of a bit-
patterned media does not affect the bit boundary, due to
the exchange interaction, the magnetic moments in the
magnetic entity coupled strongly to act as a single domain.
There are some review articles in this field [32-34].

In the domain structure, domain wall, and in particular
the switching process of the exchange coupled system in
patterned media, i.e., in a magnetic island structure with
fixed boundaries, have not been investigated yet. In terms
of the evolution of the magnetic domain structure, such as
mandatory field and remanent magnetization, is to describe
and understand the focus of the switching process. Jiang
et al. [35] and Suess et al. [36] used theoretical model or
micromagnetic simulations to explore the role of internal
magnetic structures on the magnetic switching process in
exchange coupling systems. Zhang uses Stoner-Wohlfarth
model to describe the effect of compressive stress on
magnetization of alloys [37]. In the Kim and Kim’s micro-
magnetic simulation [38], they discussed the formation of
quasicrystals from the perspective of two different
topological charges based on the modeling of magnetic
vortices in soft magnetic nanodisks. In the model of
Wibowo et al. [39], not only the effect of temperature on
the magnetization reversal characteristics was studied, but
also the effect of spin structure nano dots on the mag-
netization switch was proposed. At the terms of the ap-
plication of mass data storage, Goll et al. [40-42] started
to propose and prove that the stress field of flat plate
isolated nanocomposites composed of FePt/Fe structure is
lower than that of traditional Exchange Coupled Com-
posites (ECC) structure materials. Additionally, Goll pro-
posed that L1,-FePt's thin film/nanometer point structure
not only has the advantages of high density, chemical
stability and magnetic stability, but also has the charac-
teristics of low price, which also means that this material
is the most promising future product among magnetic
recording media materials. Wu et al. [43] further studied
how the L1,-FePt achieved low obstinacy and high vertical
ratio by using the Object-Oriented Micro Magnetic Frame-
work (OOMMEF).

—-33 -

Micromagnetic simulations of magnetic domain struc-
tures during the switching process in exchange coupled
patterned media were performed in this work. Especially
the influences of island lateral size, soft/hard layers ratio,
island shape and stacking structure on the remanence and
coercivity of hysteresis were simulated. We also studied
the domain wall structure in the exchange coupled islands,
a three-dimension vortex domain wall structure was
observed in the switching process in the present study.
Moreover, if the external magnetic field was applied
along [100] or [110] directions, the exchanged coupled
islands exhibit a constricted or a stretched loop, the
switching characteristic of these domain structures becomes
even more dramatic.

2. Simulation Method

To reveal the domain structures for patterned media, the
magnetization vector M; (i=1, 2, 3) is chosen as order
parameter. The three-dimensional micromagnetic simulation
is carried out by solving the Landau-Lifshitz-Gilbert
(LLG) equations numerically:

oM a
(1+ )57 =M Hyp= D2 x (Mx Hyp), (1)

where « is the damping constant, j, is the gyromagnetic
ratio, M is the saturation magnetization, and Hy is the
effective magnetic field
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where 14 is the permeability of vacuum, F is the total free
energy in magnets, in this work, we take into account four
energetic contributions, thus the total free energy is given
by

E=F +E h+Ems+Ezeeman9 (3)

anis exc

where Eqnis, Eexchs Ems» aNd Ejeeman are magnetocrystalline
anisotropy, magnetic exchange, magnetostatic and Zeeman
energies, respectively.

The anisotropy energy for a cubic magnetic crystal is
given by

E, . = I[K] (mlzm§ +mim; +mim; ) + K,mlmim; JdV , 4

where K, K, are anisotropy constants, m; are the com-
ponents of unit magnetization vector, i.e., m; = Mi/M;. V is
the total volume. The exchange energy is determined
solely by the spatial variation of the magnetization orient-
ation and can be written as:

Eexch = AJ.(vm )dee (5)
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where A is the exchange stiffness constant. To calculate
the magnetostatic interaction energy, we used a convolu-
tion of magnetization with the three-dimensional LaBonte
interaction matrix, the analytic formula developed by
Schabes and Aharoni [44] is written in the form

E =Ly B (6)

ms 2 ijk,i'j'k ijk,i'j'k

The details of the calculations of magnetostatic energy
for the fixed boundary magnets can be obtained from Ref.
[45].

The Zeeman energy is taken into account through the
interaction between the magnetization and the external
field H.,:

Ezeeman = _ﬂOMstgx -mdV . (7)

The temporary evolution of the magnetic domain struc-
ture and the magnetization vector map are obtained by
solving Eq. (1) numerically with Gauss-Seidel projection
method [46].

3. Results and Discussions

3.1. Typical hysteresis loops of FePt/Fe exchange
spring media and the vortex domain wall structure

We first consider a FePt/Fe bilayer magnetic island with
a system size of 8Ax x 8Ax x 64Ax, where Ax ~4 nm is
the simulation grid spacing. The thickness of the hard
layer and soft layer were both 32Ax. For the FePt layer,
the saturation magnetization My, = 1.050 x 10° A/m, the
anisotropy constants K, = 1.7 x 10° J/m?, Ky, =0 J/m’,
and exchange stiffness constant 4, = 107" J/m; For the
iron layer, the corresponding parameters are assumed to
be My =1.575 % 10° A/m, K;s=4.7 x 10* J/m?, K»,,=0J/
m®, and 4,=10""" J/m. For the damping constant in the
LLG equation, a value of a=1.0 is used in this simu-
lation. The schematic figure of the system is shown in
Fig. 1(a), the initial domain structure was polarized along
[001] direction at a field of 3 x 10° A/m. We decreased
the external field to -3 x 10> A/m by a step of 5 kA/m,
then reverse its direction and created the hysteresis loop.
A typical exchange coupled hysteresis is presented in Fig.
1(b); a discontinuity in the slope of the demagnetization
curve can be clearly seen. The magnetization sharply
decreased to zero at =250 kA/m, then slowly reaches full
saturation.

To understand the relationship between the domain
structure and the demagnetization loop, a sequence of
magnetic domain structure evolution during the switching
process are demonstrated in Fig. 1(c). The domain struc-
tures cl-c8 are corresponding to the points 1-8 in the
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Fig. 1. (Color online) (a) A schematic of the exchange coupled
island employed in the simulation. (b) A typical exchange
spring hysteresis loop of the exchange coupled island. (c) The
magnetic domain structure evolution during the reversal pro-
cess, the yellow, orange, green, dark green, light blue, and
dark blue color represent domains with the magnetization
along +x, —x, +y, =y, +z, and —z directions. c1-c8 are corre-
sponding to the point 1-8 in Fig. 1(b), respectively.

hysteresis loop, respectively. It is interesting to note that a
vortex shape domain structure was observed at the top of
the soft layer when the magnetization starts to decrease,
as seen in Fig. 1(c2). With the decrease in the external
field, the vortex structure grows and lead to the decrease
of the magnetization, however, ‘-z’ domain was not
observed in this stage (Fig. 1(c3)). Further decrease the
external field, the ‘-z’ domain nucleates and grows with
the vortex structure moves to the soft/hard layer interface
(Fig. 1(c4)), and hence the magnetostatic energy could be
reduced. At a magnetic field of —250 kA/m the soft layer
was switched to [001] direction, and the vortex structure
stays at the soft/hard interface (Fig. 1(c5)). In the follow-
ing switching process, the vortex domain wall movement
produced changes in total magnetization, noted that the
thickness of the vortex domain wall was reduced to 20
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nm. The whole system reaches full saturation at a field of
—300 kA/m, only ‘-z’ domain was observed in the final
domain structure (Fig. 1(c8)). The vortex domain wall
structure also could be observed in the nanowire or nano-
tubes. However, the details of the domain wall structure
in the exchanged coupled systems are less reported. Fig.
2(a-c) shows the vector distributions in the cross-section
view and the magnetizations along the first column
during the switching process. When the switching process
starts in the soft layers, it is seen a thick domain walls
across the soft layer, the thickness is around 80 nm (20
grids). At a field of —250 kA/m, the domain wall moves
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Fig. 2. (Color online) Left: Cross-sectional vector map of the
exchange coupled island, (a-c) are corresponding to the
domain structure of Fig. 1(c4-c7). Right: The magnetization
along the X, y, z direction for the first column of the vector
map.

—35—

to the hard/soft layers interface. An unsymmetrical domain
wall was observed. As seen in Fig. 2(b), the magneti-
zation slowly rotates to x direction in the soft layer with a
domain wall thickness of 50 nm, then quickly switched to
-z direction in the hard layer, and the domain wall
thickness is reduced to only 20 nm.

3.2. Lateral Size effect

The magnetization switching process of exchange
coupled islands with lateral size of 64 nm and 128 nm
were also studied. Different hysteresis loops were obtain-
ed as shown in Fig. 3a. Further increase the lateral size of
the islands, very small changes were obtained in the
coercive field. It is interesting to see that the magneti-
zation starts to decrease earlier for large sized magnetic
islands, which implying that the vortex structures is easier
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Fig. 3. (Color online) (a) Hysteresis loops for exchange cou-
pled island with lateral size of 32 nm, 64 nm, and 128 nm, (b,
¢) Magnetic domain evolution during the switching process
with the lateral size of 64 nm and 128 nm respectively.




-36 - Vortex Domain Wall Structures and Exchange Coupled Magnetization Switching in Bit Patterned Media — Zijun Wang et al.

to nucleate due to the decrease of the demagnetization
field. It should be noted that the formation of the vortex
arises from in-plane magnetization due to the in-plane
demagnetization field. In the in-plane direction, with the
increase of the size of the magnetic island, the demagneti-
zation field decreases, and lead to the vortex structure
nucleation earlier. We also note that the domains firstly
nucleate at four corners for large size islands, as seen in
Fig. 3b and Fig. 3c. When the size of the island was
extended to 128 nm, the magnetization starts to decrease
at a positive field of 180 kA/m, and the demagnetization
process can be separated into two stages: in the first stage,
the vortex domain structure nucleates and grows in the
soft layer, as seen in Fig. 3a, which slowly reduced the
total magnetization; in the next stage, the nucleation
and growth of ‘-z’ domain led to a drastically decrease in
the magnetization. The whole hysteresis loops show a
parallelogram-liked shape, implying this effect can be
potentially employed on the design of magnetic drivers.

Hard Layer Thickness=

—a— 164 %

1 5x10° —e— 244x
— —a— 324%
€ 1.0x10° —v— 404%
3 —a— 484X
c 50xI0°
S
T oo
N '
=
Q 5oxi0°
&)
m =3
S -1.0x10°

-1.5x10°

-500 —4IDD —SIDD -QIDD -1IDD Ell 1DIEI 2EIIEI 3EIID 460 SD‘D
Magnetic field (kA/m)

(@)

—m— Coercive Field
3504

. —e— Ramenent Magnetization
\ / 413
300 4
-\
250 /
112
200 / g

- .
150 1 / e
S 411

100 - e

Coercive field (kA/m)

(w/v s01) uoneznasubew jusueway

Hard layer thickness (Ax)
(b)
Fig. 4. (Color online) (a) Hysteresis loops for different
exchange spring magnets with hard layer thickness of 16Ax,
24Ax, 32Ax, 40Ax, and 48Ax. (b) Plot for simulated coercive
field in exchange coupled island as a function of hard layer
thickness.

3.3. Coercive field design by adjusting ratio

Adjusting the coercivity of magnets has become a
feasible method to design new functional magnetic materials.
In order to design a switching-able magnetic island for
patterned media, an adjustable coercive field material is a
good option. For double-layered exchange spring struc-
tures, the coercive field can be easily adjusted by change
the ratio of the hard/soft layers.

To examine the influence of the hard/soft ratio on the
coercive field of the exchange spring magnets, we fixed
the total thickness of the bi-layered structure, and adjusted
the thickness of the hard layer. Five hysteresis loops for
different exchange spring magnets with hard layer thick-
ness of 16Ax, 24Ax, 32Ax, 40Ax, and 48Ax are presents in
Fig. 4(a). All these hysteresis loops exhibit exchange
spring behavior. It is interesting to observe that unlike the
coercive field, the remanent magnetization has minor
changes as the hard/soft ratio varies. Simulation results
show that a small amount of domains were seen on the
top of the soft layer to decrease the demagnetization
energy.

To investigate the relationship between the coercive
field and the exchange coupled structure, we plot the
coercive field and ramanent magnetization versus hard
layer thickness in Fig. 4(b). Quite remarkably, the coercive
field, varies from —100 kA/m to —-350 kA/m, linearly
changes with the thickness of the hard layers. This coer-
cive field-controlled exchange spring magnetic islands
suggest a pathway for the design and implementation of
patterned media storage devices.

3.4. Triple layer structures

Triple layer exchange spring magnets can be also used
for perpendicular recording media, which have advant-
ages on achieving high signal-noise ratio and signal
stability [47, 48] or facilitate the fabrications and to
improve magnetic switching properties [6]. Triple layer
also can be used in the field of thermally assistant ex-
change spring media [49], micro-electro-mechanical system
(MEMS) [35] and spintronics [50]. The unitization of the
triple layered exchange systems for the patterned media
also requires an understanding of the magnetic switching
properties and the related magnetization distributions for
enhanced properties.

The comparison of the hysteresis loops of classical bi-
layer structure, hard-soft-hard structure, and soft-hard-soft
structure illustrate several interesting features about the
loop shape (Fig. 5(a)). The hard/soft ratios for all these
structures are kept at 1, i.e., the fraction of the hard and
soft layers is the same. Loop for hard-soft-hard triple
layers (blue triangle) has smaller remanent magnetization
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but higher coercive field than traditional bilayer structure
(black square). The hard-soft-hard layer has smaller nu-
cleation field due to bi-vortex structure nucleated in one
soft layer with different handedness directions for reduced
the demagnetization field, as shown in Fig. 5(b). Further
increase the magnetic field accelerate the speed of the
decrease of the magnetization, which is because two
magnetic domain wall moves simultaneously. Compared
to bilayer structure, there is no obvious jump for the soft
layer switching process due to there is no room for two
vortex structure grows. The coercive field is higher means
that the two-vortex domain wall motion prevent the
growth of the ‘-z’ domain.
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Fig. 5. (Color online) (a) Hysteresis loops for triple layered
exchange spring structure. (b-c) Domain evolutions of Hard-
Soft-Hard and Soft-Hard-Soft triple layered exchange coupled
island.
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For soft-hard-soft structure, it’s shown that a very high
nucleation field as it requires two vortex structures nu-
cleated at both side of the island. The soft layer switching
process is similar to bilayered structure, as we can see the
domain wall moving in both soft layers, as shown in Fig.
5(c). The loop shows a higher coercive field than bilayer
structures. This can be explained by the domain structure,
as we can see in Fig. 5(c). Two vortex structures with
different handedness meet at the center of the hard layer,
which prevents the demagnetization field and increase the
coercive field. We also noticed that the core magneti-
zation firstly switched through the triple layer structure
near coercive field, and in the following stage, the mag-
netization of the in-plane vortex rotated toward to the -z
direction quickly.

3.5. Shape Effect in a non-magnetic matrix

Using a non-magnetic matrix, the shape of the magnetic
island can be assumed to be any shape in the simulation.
The magnetic properties of circle-, square-, and rectangle-
shaped exchange coupled bi-layered magnetic island in a
non-magnetic matrix were studied. Fig. 6 shows the
hysteresis loops of the three different shaped magnetic
islands. Compared to the original hysteresis loop for
square- shaped island with no matrix in 3.1, we observed
similar hysteresis for the circle- and square- shaped
island. The simulation results show that a non-magnetic
matrix has little influence on the hysteresis and the
domain structure of exchange coupled system throughout
the magnetization switching process.

3.6. In-plane and Out-of-plane exchange effects in bi-
layered magnetic island

For a conventional exchange spring structure, the in-
plane magnetization switching can be used in longitude
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Fig. 6. (Color online) Magnetic hysteresis for exchange cou-

pled islands in different shaped matrix.
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Fig. 7. (Color online) (a) Comparison of hysteresis loops with
external field applied along [001] and [100] direction. (b)
Magnetic domain evolution during switching process with
applied field along [100] direction.

magnetic recording process. Compared to conventional
exchange spring effect, we performed a micromagnetic
study on the free-standing exchange coupled island to
investigate the influence of the fixed boundary on the
switching process of the exchange spring structure. In
plane switching technology of exchange coupled magnets
have numerous applications, including spin configuration
[35, 51, 52], spin-flop transitions [53], and negative
coercive fields [54, 55].

Two types of hysteresis loops are presented in Fig. 7(a),
classified by the direction of external field: in-plane easy
axis [100] and perpendicular [001] direction. Please note
that the domain structure in the simulation was initially
polarized along the in-plane [100] direction. Compared to
previous perpendicular switching loops, in-plane hysteresis
loops show very narrow hysteresis due to the strong
demagnetization field induced by size effect of the mag-
netic island. A double hysteresis magnetization loop is
observed when a magnetic field is applied along the [100]
direction, both the remanent magnetization and coercive
field return to zero when applied field is completely

removed.

To understand the improper coercive field and remanent
magnetization, we analyzed the domain structures during
the switching process, as shown in Fig. 7(b). With the
decrease in the external field, the z domains first nucleate
at the side of the magnetic island, with a further decrease
in magnetic field, the domain wall motion take place and
a vortex structure is observed on the top of the soft layer.
When the applied field return to zero, we observed a
vortex structure on the top the soft layer and a ‘z/-z’
domain structure, separated by a 180 degree Bloch wall in
the hard layer, which lead the remanent magnetization
back to zero. When the magnetic field was applied in the
opposite direction, the magnetization in the soft layer is
switched to -x direction firstly, and then the magneti-
zation switching in the hard layer occurs with a jump in
the magnetization. Finally, the magnetization of the
exchange coupled system is switched to the -x direction.

4. Summary

We reported studies of magnetization switching process
in exchange coupled island for bit patterned media by
using micromagnetic simulation. A vortex domain wall
structure appears during the switching process. It was
found that the magnetic vortex nucleation, growth and
movement will lead the magnetization change during the
switching process. The effects of lateral size of the island,
the soft/hard ratio, triple layered structure, non-magnetic
matrix, and in-plane external field on the switching
process are also investigated in this work. These results
indicate that the magnetic properties of exchanged couple
island, including the hysteresis loop, remanent magneti-
zation, and coercive field are strongly influenced by these
factors. It is shown that one can also design the exchange
coupled magnetic island by changing its geometric
structure and the soft/hard ratio. This work opens a new
avenue to designing exchange coupled magnetic bit in
patterned media to realize high density storage devices at
the nanoscale. It also provides a framework for exploring
new magnetic materials and new exchange coupled
structures to control the magnetic switching process in
order to achieve functional magnetic applications in the
future.
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