Chapter 9
Perpendicular Magnetic Recording Medium
for a Density Beyond 1 Tera Bit/inch?

Kazuhiro Ouchi and Naoki Honda

9.1 Necessity of Patterned Media

Perpendicular magnetic recording was proposed by Professor S. Iwasaki in 1977
[1] as a scheme superior to that of longitudinal recording in terms of high density
recording performances. The new HDD (hard disk drive) system of perpendicular
recording was commercialized in 2005. The area recording density started at
133 Gbit/inch? [2], which far surpassed the achieved density of the conventional
HDD of longitudinal recording. In 2006, successful demonstrations of the highest
density at around 350420 Gbit/inch? were announced, one after another, by HDD
manufacturers [3]; no other new information storage technology superior to mag-
netic recording has been proposed as yet. Thus, perpendicular recording is expected
to dominate over the existing information storage technology in the near future.
Perpendicular magnetic recording (PMR) has the great advantages of a single pole
high writeability of recording in the gap between the head and the medium soft under
layer, a high recording resolution of anti-parallel magnetization transition with no
demagnetizing field, and a high thermal stability with a rather thick recording layer,
when compared with the longitudinal magnetic recording (LMR) used so far . These
advantages in PMR and the lately diagnosed limitation of thermal stability of the
LMR media accelerated the commercialization of PMR at around a density of over
100 Gbits/inch?,where the PMR media have a large-enough margin for the limit of
thermal stability. Construction of the commercialized PMR system is based on the
original principle of PMR, in which the combination of a single pole head and a
composite medium with a soft magnetic back layer was essential. Presumably, how-
ever, as long as granular type media are used, even the PMR system would face thermal
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instability of the media or the restriction of writing by single pole heads when a high
density over 1 Tera bits/inch? is designed. The former issue can be answered by
employing very high anisotropy energy materials such as Fe-Pt, Sm—Co, Fe-Nd-B,
etc. But it means an extremely high switching field of such media; thus, the latter
issue of head writeability would, in the final outcome, become very serious.

In order to solve the dilemma of the PMR system design, heat-assisted magnetic
recording (HAMR) [4], discrete track or bit-patterned media have been proposed
[5]. HAMR is inevitably based on perpendicular magnetic recording that makes
magnetization switching easy with the aid of thermal energy provided by some
probe light beams irradiated bit by bit locally or over a wider area. However, there
is neither a proper light beam source of 10 nm spot nor practical media with the
required thermal properties. Furthermore, a medium of lower coercivity due to an
increased temperature may, in principle, show a slower switching speed. Thus, a
high speed and a high density may hardly coexist by HAMR.

A discrete track medium has been successfully developed in order to form a very
narrow recording track without any adjacent track interference even for a fairly wide
track head [6, 7]. However, it has been reported that the discrete media can improve
the track margin by around 10% when compared with the conventional media [8].
Furthermore, the technologies to fabricate a few ten nanometer grooves on the disk
media have almost the same difficulties as those for a so-called patterned medium.
Therefore, it may be necessary to think that bit-patterned array media, rather than
the discrete track media, should take over the granular recording layer, as the sec-
ond-generation perpendicular recording media; hence, introduction of HAMR
should preferentially be taken up after the development of patterned media.

The fundamental idea of bit-patterned media was first proposed by 1. Nakatani
et al. in 1991 [9] followed by a demonstration of the fabrication of 65 Gbits/inch?
columnar dots by S. Y. Chow et al. in 1994 [10]. However, its superiority in the area
density when compared to conventional recording media has not yet been proved.
Around the same period, Y. Nakamura [11] proposed a “Tera bit spinic storage”
that stores a bit per grain, indicating preferred perpendicular anisotropy in terms of
magnetostatic interactions between bits, but with no suggestions for fabrication and
design of the media. In 1997, R. L. White et al. [12] refocused attention on pat-
terned media in terms of thermal stability after the suggestion of the thermal stabil-
ity limit of conventional longitudinal magnetic recording at around 100 Gbit/inch?
by S. H. Charap [13]. Early studies on patterned media [ 14, 15], with the exception
of the study by Y. Nakamura, had not focused on the media with perpendicular
anisotropy. Although many papers on the fabrication of magnetic dot arrays have
been published [16, 17], few have focused either on the thermal stability design, the
influence of magneto-static interaction between dots, or the recording conditions
such as writability of heads. Especially, write conditions without a bit interference
with neighbor dots, which may determine the dot array configuration, such as dot
separation, shape and magnetic properties have not been discussed. Fundamental
read-write simulations were first performed by G. H. Hughes [18], aiming at
recording on a 100 Gbits/inch? patterned bits array, which had a large margin of the
energy ratio of more than 500 for thermal stability of recorded bits. Hence, thermal
stability issues were not taken up for discussion. However, since an area density of
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more than 300 Gbits/inch? has become possible with conventional perpendicular
media of a granular type, the target area density should be increased to more than
1 Tera bits/inch?, where the bit size is roughly within 25x25 nm square or less.

9.2 Materials for Patterned PMR Medium

The medium design for a patterned-medium should be reconsidered because the fine
granular structure used in the recent PMR system will no longer be required even
though the same perpendicular recording scheme will be used. Since the patterned-dot
is used for recording a bit unit, the individual dot itself should show very ideal single
domain behavior without any magnetic defects for a high-quality signal bit. Moreover,
the dot array should be precisely fabricated in terms of the arrangement, the dot pitch,
and the dot size. Hence, the original thin film for the patterning of either a single crys-
tal, amorphous or multilayered, should show very high homogeneity without any
imperfection. Even where a self-organized dot array is concerned, the individual dots
must show exactly the same shape and magnetic properties. The candidate materials
have to be chosen from the view point of conditions to simultaneously satisfy the long-
term thermal stability of magnetization, a large saturation moment, and the magnetiza-
tion switching feasibility. For practical use, chemical stability, namely, a high corrosion
resistance and mechanical strength are also very essential.

Figure 9.1 shows the relationship between saturation moment M and anisotropy
energy K for various candidate magnetic materials. The larger anisotropy energy
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provides a smaller critical particle diameter for superparamagnetic behavior
independently from the saturation moment M . Hence, smaller single domain dots
can be realized for materials of a large anlsotropy energy constant, K , such as
Sm-Fe, Sm—Co, Fe-Pt, Co—Pt and so on. Among them, Co—Pt or Fe—Pt alloy would
be much better for the patterned-media because of not only a large K with high
saturation moment M_but also a high corrosion resistance as a th1n film state,
differing from Sm—Co Nd-Fe-B, etc.

It has been reported, for example, that a dot pattern array of Co—Pt films, whose
deposited film state showed a maze-pattern-like domain structure implying a single
crystal-like structure, has been tentatively fabricated by a focused ion beam (FIB)
technique [19].

9.3 Dot Shape and Arrangement

Dot shape of the bit-patterned media could be generally a circular plate, a columnar
type or a square type. The shape depends principally upon the fabrication process and
the method. A columnar type of Ni dot array is typically obtained by using micro-
photolithography [10]. A column-like dot array has been realized by a self-organized
chemical synthesis method for Fe—Pt nanometer-scale particles [20, 21]. This type can
also be fabricated by an electro-deposition method in the hole of the anodic oxidized
layer of Al [22]. The size of the alumite hole can be easily controlled by the conditions
of anodic oxidation [23]. A further improved technique, which is based on Si wafer
holes etched by electron beam lithography with electroless deposited Co—Ni—P or
electrodeposited CoPt, FePt, has been developed recently [24, 25]. The square dot is
the most popular shape as in the original patterned medium [9]. This shape has been
fabricated by electron beam lithography. Two types of arrangements have been thought
of for the bit-patterned media. One is a honeycomb-like arrangement with hexagonally
close packed dots obtained for plated dots or self-organized dot patterns. This hexagonal
dot array has been found to have the most efficient arrangement to achieve the high-
est area density in terms of reproducing S/N ratio [26]. However, as far as the writing
process is concerned, the hexagonal array is inconvenient to discriminate the neigh-
bor tracks with proper timing, while the influence of the write head on the adjacent
tracks is the same. Thus, in the case of e-beam lithography or FIB fabrication, the
square-shaped dot might be preferred for either the cost or the fabrication feasibility.
The transition width can be small enough for the square-shaped dots when compared
with the other shapes in the down track direction.

9.4 Demagnetizing Field Effects of Magnetic Dots Array

Patterned-media have non-magnetic boundaries between the dots so as to discriminately
switch and detect the magnetization of each individual dot as an information bit. The
localized demagnetizing field around the dots is a very important factor to determine the
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Fig. 9.2 Simulated model for evaluation of the demagnetizing effect on M—H loops assumed for
a highly packed dots array [27]. © 2002 IEEE

write margin as well as the writing feasibility. Therefore, micromagnetic demagnetizing
field or magnetostatic interaction effect on the M—H loop is considered first [27].

The media were assumed to consist of a monolayer of hexagonal dots with
saturation magnetization of 300 emu/cc, a perpendicular magnetic anisotropy field
H, of 6.5 kOe, a hexagon size of 10 nm, and a height of 20 nm as shown in Fig. 9.2.
This model has been used for the design of a perpendicular granular type medium
[27]. However, the results can be applicable to the fundamental demagnetization
effect on the M—H loops of the patterned-media if we assume that the exchange
interaction between the grains, that is, the patterned dots, is neglected. It is to be
noted that the M and the H, are smaller than those required for a patterned-medium,
suggesting a slightly underestimated interaction compared to the practical case.

The hysteresis loops of the dot arrays with the net demagnetizing field are simulated
as shown in Fig. 9.3. Figure 9.3a shows the net M—H loops of the array indicating that
the net smaller saturation magnetization is observed for a larger separation d. The
loop inclination, ¢, does not seem to change so much with the separation d changes.
This means that the change in the net M—H loop can be understood by the packing
fraction change with the d variations. On the contrary, if we pay attention to mag-
netization reversal of the individual dot, each dot should have the same M_ as that
of the original material for any value of d, while the loop inclination ¢, changes
drastically with the increase in the dot separation, d, as shown in Fig. 9.3b.
Consequently, the magnetization of each dot switch obeys the grain M—H loop but
not the net M—H loop.

A dramatic increase in the M—H loop slope, o, is seen with increase in the grain
separation, d, while H_and o change a little. According to the increase in «, the
required maximum magnetic field, namely, the saturation field, H, to reverse the dot
magnetization in the hardest case becomes small. This can be explained by the
reduced magneto-static interaction between the dots as the separation d increases.
This means that even for a rectangular-shaped M—H loop in a state of isolated dots, the
M-H loop for the dot array is sheared by the dot by dot magnetostatic interaction,
indicating the dispersion of the switching field. The slope a, is the major factor to
determine the writing feasibility of the patterned media. Therefore, a very important
design factor is paying attention to the separation d between dots. It is also implied
that the higher M_ of dot material induces much larger magnetostatic interaction
while it increases the stored magnetic energy of the dot.
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Fig. 9.3 Hysteresis loops for various values of separation d of hexagonal dots array (a) net M—H loops
with net demagnetizing field, (b) the M—H loops in average of individual dot [27]. © 2002 IEEE

9.5 Thermal Stability and Write Feasibility

Let us consider the condition for thermal stability of the patterned-media with
perpendicular anisotropy, based on a perpendicular M—H loop [28]. The net M—-H
loop for a dot array is the statistic result of small Stoner—Wohlfarth model like
square M—H loops of each magnetic dot. The thermally stable condition for a magnetic
dot array is just that of the condition for a dot, which is the easiest to reverse among
the whole dots. Using the beginning field of the reversal, namely, the nucleation

field of the magnetic dot array, H , the condition is expressed as,

1

E, /KT =2HMYV /KT 260
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where, E_, M, V, k, and T represent magnetic energy, saturation magnetization of
dot, dot volume Boltzmann constant, and temperature in K, respectively. The
nucleation field H_is defined as the value at the time of zero second in the present
study. Equation (9.1) assumes the error rate of less than 1077 in 30 years for the
weakest dot according to the thermal decay theory of magnetic particles proposed
by M. P. Sharrock [29]. The energy ratio E_/k,T was set at 70 for =300 K so that
it can maintain the value to be greater than 60 even at +70°C.

The value of H_is always smaller than the coercivity, H_, for a dot array as
shown in Fig. 9.4. The fact comes from (1) dispersion in H_of individual dot and/
or (2) the magnetostatic interaction between dots. In case (1), the estimation of the
magnetic energy by (9.1) is reasonable. However, in case (2), the estimated value
may include error because the magnetic energy should be reduced by (1-H /H )*,
where H, is the demagnetizing field from the neighboring dot magnetization.
Nevertheless, the error is estimated as less than —10% for patterned-media with
substantial separation between dots, because H /H <1/10. The other case of the
error may come from incoherent reversal of the magnetization of the dots. The
extreme incoherent reversal for the exchange-coupled composite (ECC) medium
[30] would cause a 50% error in the estimation of the magnetic energy. However,
the error is estimated to be less than 10% even if the dot is stacked on a halved
anisotropy softer dot. When the M_is assumed as 600 emu/cc, the smallest nucle-
ation field — H =15 kOe is sufficient to keep thermal stability of magnetization for
square dots w1th 7x7nm and 11 nm height. The saturation field H_is estimated as
more than 21 kOe. Therefore, the required head field strength is more than 21 kOe
on track position and less than 15 kOe on the position of neighbor track of 25 nm
distance from the center of pole surface. A field gradient of 240 Oe/nm is, accord-
ingly, sufficient to write on the aimed dot without any interruption against the other
dot. This type of head field distribution could be realized only by the multisurface
pole head [31].
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Fig. 9.4 Model M—H loop and definition of H , H, K . [28]. © 2002 IEEE
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Finally, typical solution to keep thermal stability of the magnetization, together
with write feasibility by a perpendicular single pole head is to set the square dot,
placed on a soft magnetic underlayer (SUL), in a size of 7.5x7.5x 10 nm with
M =1,000 emu/cm’. Then, magnetic field strength to saturate the dot, H_is pros-
pected as 18 kOe with the nucleation field, H , of 11 kOe, where H, of 15 kOe is
required for the dot material under the consideration of magnetostatic interaction
between dots. The H, value of 15 kOe corresponds to an anisotropy energy
constant, K , of 7.5x10°erg/cc for M =1,000 emu/cm’.

These magnetic properties are easily obtainable with presently well-known high
K materials such as FePt [32] and Co-Pt alloy [33] as described in the previous
section. Consequently, it is very much possible to design a medium for a density of
1 Tera bits/inch? in terms of thermal stability, recording feasibility and applicable
materials without any corrosion problems.

9.6 Simulation Analysis on Basic Recording Conditions

The authors first simulated the recording process for a model of bit-patterned media
of 1 Tera bits/inch? as shown in Fig. 9.5. The single pole head main pole has
25x25 nm? square surface area. Karlqvist-type field distribution is assumed and the
perpendicular field H exhibited a half-height width of 42.5 nm with the maximum
field of 12.5 kOe in both down and cross track directions at a spacing of 25 nm
between the head pole surface and the soft magnetic underlayer (SUL). Various dot
models from M1 to M 13, shown in Table 9.1, were examined in order to investigate
the dot shape effect in terms of recording feasibility and recording characteristics.
Each magnetic dot is constituted with 2.5 nm size cubic elements. The elements are
exchange-coupled with the nearest neighbor elements with each other. Therefore,

A
Size
25x25 nm 7.5-22.5 nm

25 nm
Pole l——
head | | |<_'|
id o 1B
Il B B

!«D—F 3 /2510mm
S
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Fig. 9.5 Model scheme used for simulation of recording process on a patterned perpendicular
medium with a soft magnetic under layer by a single pole head
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Table 9.1 Simulated patterned dot array media of various shapes, sizes, magnetic properties

Volume H,
Media a[nm] b[nm] ¢[nm] [nm?] H _[kOe] H [kOe] H_ [kOe] [kOe]
M-1 7.5 7.5 10 563 15 12.0 14.8 18.0
M-2 12.5 12.5 5 781 15 84 9.9 12.0
M-3 15 15 2.5 563 22 11.4 13.2 15.0
M-4 17.5 17.5 2.5 766 19 84 9.9 11.7
M-5 75 12.5 10 938 10 72 8.4 10.5
M-6 7.5 15 5 563 19 11.4 13.8 16.5
M-7 7.5 17.5 5 656 18 10.2 12.4 15.0
M-8 75 20 5 750 17 9.6 11.0 13.5
M-9 7.5 22.5 5 844 16 8.1 9.7 12.3
M-10 12.5 15 5 938 15 7.8 9.5 11.1
M-11 12.5 20 5 1,250 13 5.1 6.3 8.7
M-12 12.5 20 2.5 625 21 10.2 12.0 14.1
M-13 12.5 22.5 2.5 703 20 9.0 10.8 12.6

KV/k,T>70

25 nm period array

Element: 2.5x2.5x2.5 nm®, M =1,000 emu/cm’, A~1x10%erg/cm, oH, =15%, c6=2°,
t,, =5 nm, Analytic SUL

an in coherent rotation mode of magnetization reversal in the dot can be treated by
this model. Each element has a saturation magnetization of M_=1,000 emu/cm?, an
exchange stiffness of 0.98 x 10-°erg/cm, dispersion in H, and perpendicular orienta-
tion of 15%, and 1.5°, respectively. A non-magnetic intermediate layer of 5 or 1 nm
thick is assumed on the analytic SUL.

Series of M1-M4 are square dot arrays of various sizes of edge and dot thick-
ness. Media of M5-M9 have the same edge size of D, but different sizes of D, with
the same thickness of 5 nm except M5 of 10 nm for comparison. Series of M10—
M13 are for investigation of the elongation effect with an increased D|. The dot size
variety is from 7 nm to 22.5 nm, and the thickness is from 2.5 nm to 10 nm.

For these models, thermal stability conditions were first discussed as the abso-
lute prerequisite condition. Consequently, the nucleation field of the each dot arrays
H_has been determined to satisfy the stability conditions of E /kT>70 at room
temperature, where the required perpendicular anisotropy indicated by anisotropy
field H, has been, beforehand, decided by the simulation of the remanence curve
for the objective variety of the dots. Every patterned-medium has a soft magnetic
backlayer of infinite permeability. It is noted that the remanence coercivity H_ is
substantially smaller than the averaged anisotropy field H, as seen in Table 9.1.
This is caused by the shape anisotropy of the dots and assumed dispersion of 1.5°
in orientation. Hence, every dot has slightly different magnetic properties in com-
parison with the others. This implies occasional error of writing in some critical
conditions. Every dot pattern is, needless to say, designed to accommodate
1 Tera bits/inch? in terms of thermal stability.
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9.7 Recording with Karlqvist Head Field

The model media has three tracks of dots and the center track is just the recorded
track in the simulation. All the tracks are initially DC erased before recording. Only
the center track is written with all 1’s signal. The on-track write error rates for 25
recorded bits with a linear density of 1,016 kFCI (flux reversal per inch, namely,
25 nm bit length) were evaluated by shifting the reverse timing (position) of the
recording head field in the down track direction keeping the on-track condition.
Evaluation was performed for the four media (M1-M4) of different sizes but simi-
lar volume. The remanence nucleation field H_ value for thermal stability is also
not so much different among them. The maximum magnetic field required for
enough write-ability was at around from 9.6 to 13.7 kOe.

The write shift margin or the write window was 17.5 nm for dots less than
12.5 nm. However, error-free recording was not possible for a large dot of 17.5 nm
where the H_value was larger than the maximum head field of 12.5 kOe. Generally
speaking, the ideal shift margin should be 25 nm for a dot array with a period of
25 nm like this case. The write shift margin, W , is roughly estimated using
(H_—H_ ) and perpendicular write field gradient, dH /dx, as W =25-(H_-H_)/
(dH /dx) As (H —H )=3.6 kOe and dH (eff ) dx= 370 Oe/nm for M-2, where
effectlve field, Hy(eff ) compensating for the angular dependence of the switching
field of S—W particle, [35] was used instead of Hy, W was estimated as small as
15.3 nm for the simulation value of 17.5 nm. The difference between the estimated
and simulated values would be caused by the reduced saturation field in the record-
ing process. As decrease in the field gradient by averaging over the dot width was
estimated at about only 10%, the observed reduced W, for larger dots would be
caused by another reason such as, for instance, the incoherent reversal of magneti-
zation in large dots with a small thickness of 2.5 nm.

The reverse rates at an adjacent track, when the head was shifted in the cross
track direction, have been also simulated. The error occurrence in this case was
different from that in down track writing where the field gradient determines the
discriminability of bit writing. The full shift margin in the cross track direction was
less than 1/3 of that in the down track direction. The small shift margin in the cross
track direction is mainly attributed to the broad field distribution in the cross track
direction. Therefore, it is essential to use a write head with a high field gradient in
the down track direction and a narrow field distribution in the cross track direction.
One of the solutions would be to use shield type heads.

The shift margins were investigated for media in Table 9.1 including dots with
elongated shapes in the down track direction as summarized in Fig. 9.6.

It was found that less decreased or even increased shift margin in the down track
direction was obtained for the dots with the elongated shape compared with the
square dots (solid line indicated by D, =D,). The dot length in down track direction,
D,, could be elongated to over 20 nm for dots with the size in the cross track direc-
tion, D, of less than 12.5 nm. At the same time, the shift margin in cross track
direction is larger than that of the square dots. In this case, the dot volume can be
increased so that the required H_for thermal stability could be reduced. In order to
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understand the effect of elongation of the dot, angular dependence of the remanent
coercivity for the M-6 medium was calculated for both in the cross track and the
down track directions comparing with a so-called Stoner—Wohlfarth model as
shown in Fig. 9.7. The angular dependences in ¢ direction (DT) are similar to that
of S—W model. However, the variation of the remanence coercivity is larger for ¢
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direction (DT) than that for theta direction (CT), meaning that CT direction is
harder to reverse the dot magnetization than that of DT. The fact makes the dot to
show a larger shift margin in the cross track direction compared with square dots.
It could be concluded that the elongated dot shapes are useful for obtaining pat-
terned-media with larger shift margins in the cross track direction than square dots
in terms of the head design.

9.8 Recording with Multi Surface Pole Head

Recording simulation has been carried out using the head field distribution obtained
by 3 D-FEM analysis for a multisurface pole head proposed by S. Takahashi et al
[36]. The head has a front side shield to make the head field narrower in the cross
track direction than conventional single pole heads. The head core and the shield
material are assumed to have a saturation flux of 2.4 T. Needless to say, combina-
tion with a soft magnetic backlayer of the medium is essentially assumed. The
bump core size is 14 x45 nm and the head-medium magnetic spacing is assumed as
6 nm. The half-height width of the field in the cross track direction was 34 nm,
which was smaller than the field for Karlqvist one by 8.5 nm. This multisurface
pole head can provide the very strong maximum magnetic field by the flux concen-
tration effect and/or back- side core field superposition effect of the pole shape even
for a very narrow track width. This is a large discriminatory property in the cross
track direction compared with the conventional single pole head.

The shift margin is wider than that obtained for Karlqvist type head field in both
directions. The elongation effect of dots to increase the shift margin in the cross
track direction has also been verified for the multisurface head with side shields.

Although our simulation does not include the dynamic reversal of magnetization
of the dot, the result means that bit-patterned media of variety of size and shape can
realize, principally, an area density of at least 1 Tera bits/inch?. Furthermore, it is
important that considering the shift margins in both cross and down track direc-
tions, the size and pitch of the patterned-dot are very much essential for the design
of array. In order to make a large margin of healthy recording scheme, the spacing
of the dot has some critical conditions from the view point of write feasibility
implied by larger M—H loop slope of the dot arrays through the reduction of interac-
tion field from the neighboring dots.

9.9 Experiments on Patterned Media

There are many reports on fabrication of patterned-media. However, few papers have
discussed the dot-spacing effect in terms of the M—H loop shape. From the view point
of importance of write feasibility of media, we have investigated experimentally
effect of the dot spacing on magnetization reversal. A typical machined pattern
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Fig. 9.8 Co,-Pt, patterned dots
array fabricated by focused ion beam
technique. Pitch of the dots is 200 nm
and the dot size is 70 nm [38]

observed by magnetic force microscopy is shown in Fig. 9.8. The source material is
Co-Pt as has been mentioned in Sects. 9.1 and 9.4 [19]. The original Co—Pt film
showed a continuous structure, which has a maze like domain structure and very low
coercivity compared with the anisotropy field, suggesting that wall motion reversal of
magnetization is dominant. The 1 um square was patterned as an array of 16 dots of
70 nm in edge size. The dot shape should be square but seems an edge-rounded
shape due to the resolution limit of the used MFM (magnetic force microscopy).
The designed size of the dots is at around 70 nm with a dot-by-dot spacing of 200 nm.
The bright dots, for instance, represent the reversed domains from the original direction
of magnetization of the dark dots by applying external field.

Multiple patterned array areas were formed on the same Co,~Pt,, perpendicular
anisotropy film to evaluate the DC remanence curve by counting the number of
reversed dots with changing applied magnetic field. The Co—Pt film thickness is
15 nm.

Figure 9.9 shows remanent magnetization curves of dot arrays with the same
size of 70 nm and various spacing of 20-200 nm. In case of the composite-patterned
dots array with a soft magnetic backlayer of Co—Zr—Nb, when the spacing changes
from 200 nm to 20 nm, the inclination of the curve decreased as shown in Fig. 9.9a,
while the remanence coercivity changed a little. According to these facts, the nucle-
ation field H_decreases and the saturation field H_increases when the dot spacing
becomes small. The tendency coincides with that of the simulation results shown in
Fig. 9.3. Therefore, recording feasibility becomes worse for the high packing of dot
arrays of small spacing, while thermal stability of magnetization of the dots also
decreases although situation at the recording scheme by a head must differ from
that in this experiment of a uniform applied field. On the other hand, the dot array
of 200 nm spacing still exhibits a finite inclination and not like S—W model even
though, the spacing seems large enough to isolate magnetostatically each dot.
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Fig. 9.9 Remanent magnetization curves for (a) with SMBL and (b) without SMBL [38]

Hence, it was thought that anisotropy distribution for the dots might still be broad
presumably by the non-uniformity or fluctuation of machining process by the FIB
technique.

On the other hand, in case of single layer of Co—Pt without a soft magnetic back
layer, showed different remanent coercivity H_ when the spacing changes, while H_
does not changes but H_dramatically increases for a larger spacing. According to the
calculation considering the surface charges of dots, the magnetostatic interaction
from the neighbors is 80 Oe, and 430 Oe for the dot with a soft magnetic backlayer,
and without the layer, respectively, for a dot spacing of 200 nm. Consequently, it is
suggested that the slope of the curve is larger in the former case than the latter case.
However, the experimental results showed similar inclination for both the cases. This
discrepancy of the results may come from the too-thick intermediate layer between
Co-Pt and Co—Zr-Nb layers. When we aim at 1 Tera bits/inch?, the intermediate layer
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should be thinner than present. The other reasons for imperfection in fabrication and
so on would also possibly exist. Hence, further study in this direction is very much
necessary in the future. In any case, the present experimental study implies that
magnetostatic interaction is the key factor to design a proper dot array for the devel-
opment of a high density recording media.

9.10 Future Issues for 1 Tera bits/inch? Density

Patterned dots should be an ideal information-recording medium in terms of ther-
mal stability and write feasibility. This article has discussed writing possibility and
thermal stability simultaneously for the patterned media of various dot shapes and
sizes, considering interaction effects on the magnetization reversal of the dot.
Finally, it was concluded that 1 Tera bits/inch? could be realized by using the proper
size and shape of dots combined with an advanced head design.

The main phenomena to govern the recording performance of the media are
magnetostatic interaction and head medium separation. Both should be reduced to
achieve a higher density in perpendicular scheme of recording. It is also concluded
that perpendicular recording seems the best to make easy writing on thermally
stable high anisotropy dot media. The most important breakthrough in the future
should be nano order fabrication technology since the candidate materials with a
high thermal stability are very realistic. The head structure is also an important
issue to be improved so as to have higher field strength and gradient. A planar type
head proposed recently would have great advantages in this regard.

Because we have not yet found out a hopeful information storage system with a
low cost and a high capacity except HDD systems, magnetic recording technology
should be advanced more than 20 years at least to answer the demands in the informa-
tion society in the future. If the manufacturing method is enhanced, patterned-media
will be the most hopeful media to realize a density higher than 1 Tera bits/inch?.
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