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The soft/hard composite patterned media have potential to be the next generation of magnetic recording, but the
composing modes of soft and hard materials have not been investigated systematically. L1y FePt-based soft/hard composite
patterned media with an anisotropic constant distribution are studied by micromagnetic simulation. Square arrays and
hexagonal arrays with various pitch sizes are simulated for two composing types: the soft layer that encloses the hard dots
and the soft layer that covers the whole surface. It is found that the soft material can reduce the switching fields of bits
effectively for all models. Compared with the first type, the second type of models possess low switching fields, narrow
switching field distributions, and high gain factors due to the introduction of inter-bit exchange coupling. Furthermore,
the readout waveforms of the second type are not deteriorated by the inter-bit soft layers. Since the recording density of
hexagonal arrays are higher than that of square arrays with the same center-to-center distances, the readout waveforms of
hexagonal arrays are a little worse, although other simulation results are similar for these two arrays.
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1. Introduction

In the research area of magnetic recording, bit-patterned
media (BPM) technology!!~*! has attracted much attention
in recent years since it is expected to be a promising ap-
proach to solving the contradiction between thermal stabil-
ity and writability. To realize this technology, magnetic ma-
terials with high uniaxial anisotropy constant are necessary.
One of the candidates is the ordered L1y phase of FePt,
which possesses a very high anisotropy constant K, = 5 ~

—7 11471 Whereas, how

7 x 107 erg/cm?, the unit 1 erg=10
to reduce its coercivity (about 110 kOe for individual bit, the
unit 1 Oe=79.5775 A-m~!) to below the writing field that the
magnetic head could supply (about 20 kOe)3! is also a chal-
lenge. Composite patterned media (CPM) is a possible method

19101 This method is similar to the ex-

to solve this problem.
change coupled composite media (ECC media)!'!~'3 which
have been widely investigated for improving the performances
of continuous media. However, the composing mode of CPM
could be different from the traditional ECC media. For CPM,
soft material could enclose the hard dots and also cover the
trench between recording bits. Therefore, the introduction of
soft material may not only reduce the coercivity but also af-
fect the interaction between bits. Unfortunately, the effect of
soft material on the properties of L1y FePt-based CPM has
not been investigated systematically. This article reports the

micromagnetic simulation for two composing modes of Llg
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FePt-based CPM with a distribution of K,,. A commercialized
micromagnetic software “LLG Micromagnetic Simulator” is
adopted to create models and simulate reversal processes while
a self-written program is used to simulate readout processes.

2. Simulation methods

Two types of composing are studied (Fig. 1). One is that
the soft materials enclose the hard dots only (A-type), the other
is that the soft materials cover the whole surface of the medium
(B-type). Traditionally, the array of recording units for BPM
is square, but the hexagonal array is also applicable since this
type of media with good dimensional uniformity and narrow
switching field distribution can be fabricated by block copoly-

14,15

mer directed assembly.!'%!13] Thus, both the square array and

hexagonal array are simulated for each type.
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Fig. 1. Models of simulation. Dark parts and grey parts are hard materials
and soft materials, respectively.
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Table 1. Pitch sizes and recording densities of models. The unit

1in=2.54 cm.

Square array Hexagonal array
Pitch size in x direction/nm 16 20 24 16 20 24
Pitch size in y direction/nm 16 20 24 14 18 20

Recording density/(Tbit/in?) 2.5 1.6 1.1 29 18 13

We consider arrays of 4 x 4 bits for all models. Each bit
has a total size of 12 nmx 12 nmx8 nm in which the hard
dot is 8 nmx8 nmx6 nm and soft layer has a thickness of
2 nm. For B-type models there is also a 2-nm-thick soft
layer between bits. Pitch sizes and corresponding recording
densities are listed in Table 1. The pitch sizes of the y di-
rection for hexagonal arrays are smaller since the center-to-
center distances should be the same. The size of the micro-
magnetic cells was set to be 2 nmx2 nmx2 nm. The sat-
uration magnetization (M) of soft layer is 1900 emu/cm?,
which is the highest value of FeCo alloy. The magnetocrys-
talline anisotropy of the soft layer is ignored. For hard dots,
the magnetic parameters of L1y FePt are adopted: the M is
1140 emu/cm?; the uniaxial perpendicular anisotropy constant
K, is 5 x 107 erg/lem 3~ 7 x 107 erg/cm>. Due to the astric-
tion of bit number, the K, of hard dots follows a simple dis-
tribution as shown in Fig. 2 and is randomly assigned. The
exchange coupling constants for soft and hard parts and be-
tween soft and hard parts were all set to be 1 x 107¢ erg/cm.
External field is in the direction parallel to the easy axis of bits.
To avoid numerical instabilities, the initial magnetic moment
directions of all cells have a 3°-angle with respect to the per-
pendicular direction. Since we focus on the switching fields
of recording bits, only the descending branches of hysteresis
loops are simulated.

Bit number

50 55 60 65 70
K,/(Merg/cm?)

Fig. 2. Distribution of K, for the hard parts of bits in simulation.

The readout waveforms of the media of different types
are also simulated. For each type, a new model with 3 tracks
along the x direction and 12 dots for each track are established.
A giant magnetoresistive (GMR) reading head model with a
shield-to-shield separation of 6 nm, sensor width of 12 nm,
and sensor length of 3 nm is adopted to replay the signal.

3. Results and discussion

Figure 3 shows the simulation results of square and
hexagonal arrays for A-type models. The curves of the two
arrays are similar. At the beginning the magnetizations of all
models keep constant, and then decrease when the external
field reaches the switching fields of the bits with the weak-
est anisotropy. After the reversal of the bits with the highest
anisotropy, the magnetization becomes constant again. Due to
the limited number of bits, all of the curves show steps in de-
creasing processes, which correspond to the individual rever-
sal of bits. These curves indicate that the exchange coupling
between soft and hard materials is strong enough to ensure the
coherent reversal of one bit. On the other hand, the slopes of
the decreasing parts of curves increase with increasing pitch
size. For analyzing precisely, the switching field of every
bit is recorded. The results are shown in Fig. 4. Compared
with the individual composite bits, the in-array-bits with small
anisotropy constants (below 6 x 107 emu/cm?), which also re-
verse earlier, have smaller switching fields. Oppositely, the
bits with high anisotropy constants (above 6 x 107 emu/cm3)
have higher switching fields than the individual bits. With the
decrease of pitch size, the differences in switching field be-
tween individual bits and in-array-bits become more obvious.
These phenomena are all consistent with the characteristics of
magnetostatic interaction.

square array
pitch size:
—— 16 nm
——————— 20 nm
24 nm
-1 0
H/10%* Oe

hexagonal array

pitch size:
— 16 nm
"""" 20 nm
24 nm
-3 —2 —1 0

H/10* Oe
Fig. 3. (color online) Descending branches of hysteresis loops for A-

type models.

Simulation results of B-type models are shown in Fig. 5.
For the models with a pitch size of 16 nm, the magnetization
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keeps constant at the beginning, and then decreases slowly as
the external field increases. The decrease corresponds to the
tilt of the magnetic moment of the inter-bit soft layer. These
soft cells have weak exchange coupling with hard dots, so
their magnetic moments cannot keep the perpendicular state
under the joint action of the external field and demagnetiz-
ing field. When the pitch size increases to 20 nm and 24 nm,
the exchange coupling between these soft cells and hard dots
is so weak that the magnetic moments of these soft cells be-
come declining even the external field is zero. Meanwhile,
the area of the inter-bit soft layer increases with increasing
pitch size, so the total magnetization of the model with larger
pitch size decreases more distinctly before the reversal of bits.
For these models the reversal of bits also leads to the steps
of curves. Figure 6 shows the switching fields of bits. The
switching fields of bits for B-type models are about one quar-
ter lower than those of the individual composite bits with the
same anisotropy constant. Most of the bits have lower switch-
ing fields than the writing field of magnetic head (20 kQOe).
The larger the pitch size, the lower the switching fields are.
This result may come from the fact that the inter-bit soft lay-
ers also help to reduce the switching fields. When the pitch
size increases from 16 nm to 20 nm, the decrease of switching
fields is obvious. However, the further increase of pitch size
could not reduce the switching fields very much. It can be de-
duced that only the soft cells close to bits (the distance is less
than 4 nm) could affect the switching fields of bits obviously.

29
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Fig. 4. (color online) Switching fields of bits with various values of
K, for A-type models. For the bits with the same K, the values are
averaged.
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Fig. 5. (color online) Descending branches of hysteresis loops for B-
type models.
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Fig. 6. (color online) Switching fields of bits with various values of K, for
B-type models. For the bits with the same K, the values are averaged.

Normally the value of switching field distribution (SFD),
which could be obtained by fitting the derivative of reversal
curves using certain equations, can reflect the interaction be-
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tween recording bits. However, in our simulation the SFD val-
ues are hard to calculate due to the limit of bit number. So we
define a parameter AH = Hpgx — Hpin, Where Hyax and Hyipn
are the maximal and minimal switching fields of bits, respec-
tively, to signify the range of switching fields. The values of
AH for all simulated models are shown in Fig. 7. It can be ob-
served that the values of AH for all models are almost the same
when the pitch size is 24 nm. With the decrease of pitch size,
AH increases significantly for A-type models, whereas it does
not change very much for B-type models. It is easy to under-
stand that the increase of AH for A-type models is caused by
strengthening the magnetostatic interactions. However, for B-
type models the exchange coupling interactions between bits
also exist due to the inter-bit soft layers. On the contrary to the
magnetostatic interaction which forces two dipoles to aline an-
tiparallelly, the exchange coupling interaction makes dipoles
point to the same direction, so that AH will be reduced. Fig-
ure 8 shows the magnetostatic energy and exchange energy of
one bit obtained from other bits and the soft layer. The mag-
netostatic energy is calculated when all bits point to the same
direction, while the calculation of the exchange energy is a lit-
tle complex since the exchange interaction between bits is not
direct but through the soft layer. In this investigation the ex-
change energy of one bit obtained from other bits is defined as
the difference value in exchange energy between two states:
other bits point to the same direction as or to the one opposite
to the chosen one. It can be observed that when the pitch size
is 24 nm, the exchange coupling interactions between bits of
B-type models are very weak so their AH values are mainly
affected by magnetostatic interactions which is the same as
those of A-type models. With the decrease of pitch size, the
two interactions increase simultaneously. Since the exchange
coupling interaction counteracts the magnetostatic interaction,
the AH values of B-type models remain unchanged. Whereas,
the AH values of B-type models are all larger than those of
the individual bits. That means that the magnetostatic interac-
tions are still the main interactions. It is noticed that although
the exchange energy is much smaller than the magnetostatic
energy, it still has a very obvious influence on switching field
and AH.
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Fig. 7. (color online) Values of AH of all models versus pitch size.
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Fig. 8. (color online) Variations of magnetostatic energy (Emag) and
exchange energy (Eexc) of one bit obtained from other parts of B-type
medium with pitch size.

Under the same pitch size, the recording density of a
hexagonal array is about 1.15 times that of a square array.
However, the differences in switching field and switching field
distribution between square and hexagonal arrays with the
same pitch size are not found in our simulations very much.
For A-type models, the coercivities of the two arrays are the
same, but the AH of hexagonal arrays are a little larger than
those of square arrays with the same pitch size. This is be-
cause the hexagonal arrays possess higher densities of bits and
stronger magnetostatic interactions. Whereas for B-type mod-
els, the switching fields of hexagonal arrays are a little higher
than or equal to those of square arrays since the hexagonal ar-
rays are of less inter-bit soft materials. When the pitch size
is 24 nm, the AH of the hexagonal array is larger than that
of the square array. This result is the same as that from the
A-type models and is also caused by stronger magnetostatic
interaction of the hexagonal array as shown in Fig. 8. With the
decrease of pitch size, the AH values of two types of arrays
become closer. Although the exchange coupling and magneto-
static interactions both increase with decreasing pitch size, the
exchange coupling interaction of hexagonal arrays increases
more obviously (increases by 0.92 x 10~!2 erg for hexagonal
arrays and 0.83 x 10~ !2 erg for square arrays) so that the coun-
teraction to magnetostatic interaction is stronger and the AH
becomes smaller.

The gain factor & is important for ECC media since it re-
flects the improvement in thermal stability compared with the
single layer media. It is defined as: (®!

_ 2AE
;A

g ey

where AE is the uniaxial anisotropic energy, which is also the
energy barrier for the thermal reversal of magnetic moment.
Mg and V are the average M, and total volume of particle, re-
spectively. To determine the & of our model, the energy barrier
AE for the thermal reversal of recording bits should be calcu-
lated first. It is easy to calculate the values of AE of the A-type
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models because their recording bits are separated so that the
magnetocrytalline energy and demagnetic energy of a single
bit determine the AE. Whereas for B-type models, the record-
ing bits are connected by soft material, so it is a little difficult
to figure out AE. To simplify the problem, we consider the de-
magnetized case. That is, the numbers of bits whose magnetic
moments point up and down are the same. In that case, for one
bit the exchange energy and magnetostatic energy from other
bits can be neglected since these energies from different bits
are offset by each other. Besides, it is also necessary to find
out the region of thermal reversal. Figure 9 shows that only the
soft layer which attaches to the hard core could keep a similar
moment direction to the hard part. Therefore, the values of
AE of B-type models are the same as those of A-type models.
The values of & for all models are listed in Table 2. It can be
observed that the values of £ of A-type models are very close
to 1. That means that there is no benefit of thermal stability
for A-type models compared with single material BPM due to
strong exchange coupling between soft and hard parts. How-
ever, for B-type models the thermal stability can be improved
by about 30% since the inter-bit soft layers are conducible to
the reversal of bits in applied magnetic field but have no con-
tribution to thermal reversal.

Fig. 9. (color online) Magnetic moment state for the bottom layer of a
square B-type model with a pitch size of 16 nm in zero field. Half the
bits are set to be reversed.

Table 2. Values of gain factor & for all models.

Square array Hexagonal array

Pitch size/nm 16 20 24 16 20 24
for A-type models  1.02  1.02  1.02 .02 1.02 1.02
for B-type models  1.23  1.28 1.28 122 127 1.28

The readout waveforms of the media of different types
are shown in Fig. 10. The signal of the middle track is set
to be 010011010011 (0: moment is down; 1: moment is up)
and the two side tracks are set to be opposite in direction. It
can be observed that the waveforms of A-type and B-type are
very similar. The inter-bit soft layer seems to have very little
interference on the replay signal. Compared with the wave-
forms of the media of square arrays, the results of hexagonal
arrays possess less distinctive transitions of peaks, especially
for the ones with the pitch size of 16 nm. According to the

investigation by Nutter et al.l'®! the readout performances of
hexagonal arrays should be better than those of square arrays if
their track separations are the same. Whereas in our research,
this phenomenon is not observed since the track separations
of hexagonal arrays are set to be smaller than those of square
arrays.
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—0— 16 nm B-type

—A— 20 nm A-type
20 nm B-type

—u— 24 nm A-type

A —0— 24 nm B-type
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pitch size:
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Fig. 10. (color online) Readout waveforms for the media of two types:
(a) square array, (b) hexagonal array.

4. Conclusions

Two composing types and two arrays of L1y FePt-based
CPM are studied by micromagnetic simulation. As a compar-
ison between the two composing types, the B-type in which
the soft material covers the whole surface of media can re-
duce the switching fields of bits more effectively. Due to the
exchange coupling interactions induced by inter-bit soft layer,
the switching field distributions of B-type models are smaller
and change little with the variation of pitch size. In addition,
the inter-bit soft layer of B-type models could help to improve
the gain factor but does not affect the readout signals obvi-
ously. For the square and hexagonal arrays with the same
center-to-center distance, the simulation results of magnetic
reversal are similar although the recording densities of hexag-
onal arrays are higher. However, the readout performance of
the hexagonal array is not as good as that of the square array
with the same pitch size due to the smaller track distance.
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