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This review paper provides a survey of material development of perpendicular recording (or perpendicular
magnetic recording, PMR) as it relates to the ‘areal density’ of hard disk drives (HDDs) with high amounts of
information stored per unit area. Conventional longitudinal recording has reached its limits in terms of increas-
ing the areal density. Hence, perpendicular recording promises to achieve high areal density, which is the cur-
rent goal for both the academic and industrial sectors. Development of perpendicular recording can be
considered in terms of the 3 primary parts of HDDs: the medium, write head and read head. Experimentation
and computer simulations were used to optimize the parameters for improving the areal density of HDDs.
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1. Introduction

Magnetic material has long played an important role in
data storage industry, especially in hard disk drives
(HDDs). Since 1956, when the first commercial HDDs
(IBM 350 RAMAC Disk Storage) were introduced by
IBM [1], these HDDs have been the primary secondary
storage device in computers and data centers, and also
have been expected to continually grow in number of
shipments in 2019 [2]. HDDs store information through
the magnetization of a circular recording disk. Each
domain or bit cell stores only one magnetization, which
represents a binary number (0 or 1). On the recording
disk, bit cells are usually aligned in two directions, with
one positioned in a circumferential direction (down-track
direction) and the other in a radial direction (cross-track
direction). The density of the bit cells on the recording
disk is celled the ‘areal density’. The areal density has
been developed over a long time [3-23], as shown in Fig.
1. Perpendicular recording (perpendicular magnetic record-
ing, PMR) technology is one of the keys to increasing the
areal density.

Perpendicular recording is a way to store magnetization
in a direction perpendicular to the medium plate [24].
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This approach allows the perpendicular recording to con-
tain more data bit than a longitudinal recording. Although
perpendicular technology has introduced many advantages
compared with longitudinal recording technology since
1955, it was not successfully used in manufacturing for
mass production until 2005 by Toshiba Co. [25].

In this review paper, we have focused on the develop-
ment of perpendicular recording technology in the view-
point of materials and their developments for the medium,
write head and read head in the period of 1955 to present.
Although, the perpendicular recording technology was
intensively studied, especially for an academic perception,
during the period from 2000 through 2010.

2. Brief History of Perpendicular
Recording Technology

In 1955, the advanced disk file (ADF) project was started
by San Jose Research Laboratory. The ADF project aimed
to find the next generation of HDDs with ten time higher
in data capacity and ten time faster in access time com-
pared to the IBM 350 Disk Storage [26]. There were
several technologies that were applied into the IBM 350
Disk Storage, such as a flying magnetic head that em-
ployed Bernoulli’s principle to control the spacing between
the head and the storage disk, called “head-to-media
spacing”. The flying head was key to reducing the head-
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Fig. 1. (Color online) Development in the areal density of
HDDs [3-23].

to-media spacing form 800 micro-inches (approximately
20 pm) to 250 (6.35 pum) micro-inches, providing the
higher areal density [27]. With the flying head, the areal
density went up to 520 bits per inch or 0.026 Mb/in* [28].

From the beginning, the ADF project considered using
a perpendicular recording on a steel disk for IBM 1301
Disk Storage, but before its launch (in 1960), the ADF
changed back to using aluminum disks based on the IBM
350 RAMAC longitudinal recording technology [26]. The
reasons were that technology required a longer develop-
ment time and that the magnetic properties of the steel
disk were unpredictable.

In 1977, Iwasaki and Nakamura showed that it was
possible to make a high areal density HDDs by using
perpendicular recording technology [29]. They showed
that a single pole-type head design was more suitable for
the high areal density system. However, no one succeeded
in increasing the areal density by using perpendicular
technology at that time.

In addition, there were other technologies that got
attention over the perpendicular recording technology to
increase the areal density. For example, in 1979, IBM
introduced IBM 3370, which consisted of the first thin-
film read/write heads [30]. The thin-film heads used a
lower current to write data and read faster than the old
ferrite Metal-In-Gap (MIG) head. It was established that
the size of the read/write head was reduced, and that the
areal density was increased beyond 7.8 Mb/in? [28].

In 1990, the IBM 9345 disk storage was introduced
with the first anisotropic magnetoresistive (AMR) read
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head, which used the magnetoresistive effect [31], dis-
covered by Willian Thomson (Lord Kelvin) [32]. The MR
effect results in changing electric resistance with an ap-
plied magnetic field. The AMR read head, which was
made of NiFe ferromagnetic film, changed the MR ratio
(electric resistance change, 4R/R) by approximately 2 %
when the magnetic field was applied [33, 34]. Compared
to a conversional head, the MR read head required less
magnetic field to read and allowed the inductive write
head to use fewer copper coils. As a result, the new head
design led to an areal density of greater than 132 Mb/in’
[35].

In 1997, a giant magnetoresistance (GMR) head was
introduced by IBM [36]. The GMR involves the effect of
two parallel ferromagnetic layers on the electric resistance,
which was discovered in 1988 by Albert Fert and Peter
Griinberg [37, 38]. When the magnetizations of the parallel
ferromagnetic layers are aligned in an identical direction,
the resistance will be decreased. However, the MR ratio
will be increased to about 10 % [39] when there are
unaligned magnetizations. The GMR head consisted of 4
layers, a free layer, a non-magnetic metal layer (spacer), a
pinned layer and an anti-ferromagnetic layer. The GMR
head increased the areal density to approximately 1000
Mb/in? or 1 Gb/in® in 1997 [35].

At that time, the goal of the industry had been to increase
the areal density beyond 1.0 Tb/in* (1000 Gb/in®). This
goal had led to the perpendicular recording technology
being considered to develop again.

3. Material Development for Perpendicular
Recording Technology

The limit that the longitudinal approach meets when
increasing the areal density is the tri-lemma limit. The tri-
lemma limit is a trade-off between the signal-to-noise
ratio (SNR) of the medium, the thermal stability and the
writability [40]. Material development of perpendicular
recording technology is based on the tri-lemma approach.
This development can be considered in terms of 3 parts:
(3.1) the read head, (3.2) write head and (3.3) medium.

3.1. Read head

Conventional GMR read heads have 4 multi-layers
perpendicular to the disk, as shown in Fig. 2(a) and 2(b).
The first layer is made of ferromagnetic material, which
is called the free layer. The free layer exhibits variable
magnetization, which is changed by the recording media’s
magnetic field. The second layer is a very thin, non-
magnetic metal spacer usually made of metal, particularly
copper. The thickness of this layer was less than the mean
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Fig. 2. (Color online) Schematic structures of (a) CIP-GMR,
(b) CPP-GMR and (c) TMR geometries.

free path of an electron, which allows electric current to
pass though it easily. The third layer is called the pinned
or fixed layer. The fixed layer also made of ferromagnetic
material, similar to the free layer, but its magnetization is
fixed. To fix the magnetization of the pinned layer, a
fourth layer is required. The fourth layer is made of an
antiferromagnetic material, which exerts an antiferromag-
netic exchange-coupled effect to maintain the direction of
magnetization. It was well known that the ferromagnetic
material for the free and pinned layer was usually NiFe
[41-43].

Figure 2(a) shows schematic structure of a current-in-
plane giant magnetoresistive (CIP-GMR) head sensor.
Both ends of the CIP-GMR structure are contacted with
magnetically hard electrodes, which are usually composed
of alloy consisting of chromium, platinum, cobalt, and
boron. To reduce the magnetic domain noise, the electrical
current is applied in the longitudinal direction.

To increase the areal density (smaller grain of the bit
cell), a new head structure was introduced. The current-
perpendicular-to-plane (CPP) structure, as shown in Fig.
2(b), applies an electrical current in a perpendicular direc-
tion to the layer. This CPP-GMR structure has 2 primary
advantages, which are, better temperature control and
higher signal output. The CPP-GMR structure has more
constant power consumption, which provides a stable
temperature in the read head structure. The cross-
sectional area of the CPP-GMR structure is also higher,
which leads to higher sensitivity and higher signal output
[45]. However, the CPP-GMR has a problem, that is,
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lower controllability of the hysteresis loop and magnetic
domain [44].

The alternative CPP head design is a tunnel magneto-
resistive (TMR) head, as shown in Fig. 2(c). The TMR
head uses the tunnel magnetoresistance effect, which was
discovered in 1975 by M. Julliere et al. [46]. The TMR
effect occurs in a magnetic tunnel junction (MTJ). The
MTIJs have a thin insulator of a few nanometers between
2 ferromagnetic layers (pinned and free layers) instead of
the metal layer in the GMR head structure. The TMR
head allows only the electrons to tunnel though the
potential barrier of thin insulator and into the subband of
the same spin orientation. In the case of a parallel mag-
netic configuration, spin-up electrons, which make up the
majority of the first layer, can tunnel easily into the
second layer, which also has a majority of spin-up states.
With an antiparallel configuration, fewer spin-up electrons
can tunnel into the second layer, which has a minority of
spin-up electron state. Thus, a parallel magnetic configu-
ration exhibit resistance (Rp) lower than that of an anti-
parallel magnetic configuration (R,p). A high MR ratio,
which is identified by (R4r-Rp)/Rp, represents a high
sensitivity of the read head to a small magnetic field of
medium.

The MTJ insulator layer is usually made up of AlO and
MgO [47]. In case of AlO insulator layer, the tunnel
electrons are scattered by the amorphous AlO structure,
which has a disordered atomic arrangement. This causes
the MR ratio of the AlO-based insulator MTJ to be less
than 100 %. On the other hand, MgO is a single crystal,
and electrons do not disperse, leading to a higher MR
ratio. With a use of the MgO insulator layer, the MR ratio
is increased up to approximately 140 % [48]. To fabricate
the crystalline layer, the deposition of MgO barrier layers
commonly requires ferromagnetic layers with a precise
crystalline orientation. The ferromagnetic layers are usually
made of Co, Fe or their alloys, with body-centered cubic
(bee) structure. To reduce the electron scattering at the
interface, a (001)-oriented surface is suitable because of
its relatively small lattice mismatch with MgO (001) [47,
49].

The structure of the MTJ in the TMR head is illustrated
in Fig. 3. The antiferromagnetic (AF) layer is a seed layer
made up of a few monolayers of Fe-Mn or Pt-Mn. The
synthetic ferrimagnetic (SyF) structure consists of anti-
ferromagnetically coupled Ferromagnetic/Non-magnetic/
Ferromagnetic (FM/NM/FM) layers. Exchange biasing
between the AF layer and the SyF structure makes the
SyF structure into the pinned layer. This type of pinned
layer is an important key to the TMR head because of its
strong exchange bias. Unfortunately, a reliable AF/SyF
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Fig. 3. (Color online) Schematic of the cross-sectional struc-
ture of an MTJ for practical applications. (layers are not to
scale) [50].

has a face-centered cubic (fcc) (111) texture, while the
MgO tunnel layer had a bce structure. Because of differ-
ences in the crystal structures, depositing the MgO tunnel
layer on the SyF pinned layer is difficult [50].

To obtain a single crystalline MgO tunnel layer,
Djayaprawira et al. [50-53], developed a novel CoFeB/
MgO/CoFeB MTJ by sputtering deposition method (Fig.
4) [51]. With this technique, the top and bottom CoFeB
electrode layers were observed to exhibit an amorphous.
The MgO tunnel layer was found to be (001)-preferred
polycrystalline. This result is a very unusual because the
MgO layer grown on other amorphous layers is normally
amorphous. To investigate this growth mechanism, the in
situ reflective high energy electron diffraction (RHEED)
was used and the growth mechanism is displayed in Fig.
4 [54]. In Fig. 4(a), it was evident that at first, the MgO
film was amorphous MgO. At a thickness of 1 nm, MgO
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Fig. 4. (Color online) The growth process for a CoFeB/MgO/
CoFeB MTIJ film. (layers are not to scale) [50, 54].
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begins to crystallize to the (001)-preferred texture, shown
in Fig. 4(b). After the deposition of the CoFeB top layer
(Fig. 4(c)), the 1.0-nm amorphous MgO exhibited the
(001)-preferred crystal orientation, as shown in Fig. 4(d).
Furthermore, the other advantage of the CoFeB amorphous
is that it can be deposited on various underlayers, and on
the standard SyF pinned layer.

These authors also reported a structural phase trans-
formation in CogFeyB,y from an amorphous to a bce
structure by an annealing process. Due to the influence
from the MgO (001) layer, the CogyFeyBsg layer crystallized
as bee (001)-preferred polycrystalline after annealing at
250 °C, even if the thermodynamically stable crystal
structure of CogyFeyBy had an fcc structure. Not only
does the MgO (001) have an influence on the CoFeB
structure, but a cap layer, which is the layer deposited on
the top CoFeB electrode, also influences the crystallization
of CoFeB. Tsunekawa et al. demonstrated the deposition
of various materials, such as NiFe, Ru and Ta, for the cap
layer [52]. They reported that a Ru or Ta cap layer, which
is the same material as the space layer in the SyF struc-
ture, does not show an influence on the CoFeB electrode
(Fig. 5(a)). Additionally, a NigoFe,o (permalloy) cap layer,
which has a fcc structure, was significantly affected upon
the crystallization of CoFeB after annealing at 200 °C.
Thus, when the annealing temperature increases up to 250
°C, CoFeB, which has a stable fcc structure, does not
change to bee structure (Fig. 5(b)). This behavior causes
the MTJ with a Ru or Ta cap layer to exhibit a giant MR
ratio.

As grown After annealing

cap layer (Ta or Ru) cap layer (Ta or Ru)
amorphous CoFeB ’:>
textured MgO (001) stallization textured MgO (001)

amorphous CoFeB l

NN\
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textured MgO (001) textured MgO (001)

(b)
Fig. 5. (Color online) The structure of CoFeB/MgO/CoFeB
MT]J in the as-grown state and after annealing at 250 °C. (a)
The cap layer is made of Ta or Ru. (b) The cap layer is
NiggFeq, (permalloy). (layers are not to scale) [50, 54].
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The MR ratio of this MTJ also depends on the com-
position and the thicknesses of the CoFeB film. For
example, Lee Y. M. reported that the MR ratio of MTJ,
which consists of 4- and 4.3-nm-thick (CoysFess)g0B2o
electrodes and a 2.1-nm-thick MgO tunnel layer and was
annealed at 475 °C, is 500 % at room temperature (300
K) and would reach up to 1010 % at 5 K [55]. Con-
sequently, with the material development of the TMR
head, the areal density of HDD was raised to 200-520 Gb/
in® for the MgO-based tunnel layer [53, 56].

3.2. Write head

In perpendicular recording technology, the magnetizations
of the recording layer are perpendicular to the recording
disk. The writing recording field must align in the
identical direction (perpendicular to the recording disk) to
change the magnetization of the recording layer. Iwasaki
and Nakamura suggested the write head structure for the
perpendicular recording medium, which was called a
‘pole-type write head’ [29, 57]. To complete the loop of
magnetic flux, the pole-type head has a main pole and a
return pole. The writing magnetic field of the pole-type
head is generated when the electrical current is applied to
copper coils. The writing magnetic field goes out from the
main pole and comes back to the return pole. However, this
design aligned the main pole and return pole on opposite
sides of the recording disk. The main pole has a small
width to create a high magnetic flux density. Additionally,
the return pole is much wider compared with the main
pole to avoid causing a disturbance on another bit cell.
This design showed the possibility to archive the areal
density of 20 kilobits (kb) per inch [58]. However, the
pole-type head, which had the main pole and return pole
on opposite side of the recording medium disk, was
difficult to fabricate in real devices.

In 1982, Ohtsubo and Satoh introduced a new pole-type
head with single sided structure, which called a ‘trapezoidal
head’ or a ‘tapered pole head’ [59]. Instead of using the
opposite side of poles, a soft magnetic underlayer (SUL)
was added to underneath the recording layer to complete
the loop of magnetic flux. The cooperation with the SUL
moves the return pole to the same side of the main pole
and allows for the use of both sides of the disk for the
recording layer. The purpose of the SUL is to create an
image head, and the magnetic writing field occurs in the
gap between the real and image heads (Fig. 6). This
concept leads the maximum writing magnetic field to be
equal to 4zMs, while the maximum writing field from the
ring-type head in longitudinal recording head is equal to
2zMs, where Mg is the saturation magnetization of the
write head material [60].
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Fig. 6. (Color online) Schematic of the magnetic imaging head
in the SUL.

To obtain the maximum field from the tapered pole-
type head, the write head was developed in terms of the
following 2 important parameters: (3.2.1) the magnitude
of the write magnetic field in the recording layer and
(3.2.2) the gradient of the write magnetic field.

3.2.1. Magnitude of the write magnetic field

To reach a high magnitude of the magnetic write field,
the write head should be made of high-saturation magneti-
zation material. The saturation magnetization (M) is the
maximum of a generated magnetic field of a material
when an external magnetic field is applied. Therefore,
with the same electric current applied to copper coils, the
high-saturation magnetization write head can produce a
higher writing magnetic field than the head made of low-
saturation magnetization material. The current high-
saturation magnetization material is a Co-Fe alloy, which
can reach up to about 2.45 T/u, [61]. Additionally, there
are several reports that show the alternative materials
which are promising to produce a higher saturation
magnetization for the write head, such as the FeCoAlO
[62], a’-Feg(NC) [63] and Fe 4N, [64].

Furthermore, the design of the write head is also important
for obtaining a high magnitude of the write magnetic
field. In early 2000’s, the concept of a multi-tapered pole
head was purposed. The multi-tapered pole head is the
head which has a tapered shape in both the down-track
and cross-track directions. The different shapes of the
multi-tapered pole head are shown in Fig. 7 [40]. Head
(a) has a stepped structure, which is actually not a multi-
tapered pole head, but the magnetic write field is very
similar to the multi-tapered pole [65]. However, it is also
considered as a multi-tapered pole. Head (b) has two
sides with tapered shape, with the same breakpoint length
or neck [66]. Where, breakpoint length is defined as the
distance between the write pole and the tapered nick.
Head (c) has two sides with tapered shapes, but it has no
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Fig. 7. (Color online) Schematic of several types of multi-
tapered pole heads [40].

neck (no breakpoint) in the down-track direction [67].
Head (d) has two sides with the tapered shape without the
breakpoint length or neck [68]. The write field from head
(a) is the lowest, whereas this design is the easiness to
fabricate. So, the design of head (b), (c) and (d) are chosen
for the high areal density perpendicular recording write
head. The different in these head designs are the different
in the breakpoint length.

Many publications have shown an optimization of the
multi-tapered pole design. The first optimization is the
size of the main pole. Gao and Bertram showed the
reduction of the write magnetic field with a smaller write
head, especially when it was smaller than 120 nm [69].
To overcome this limit, the length of the breakpoint must
be reduced. These researchers compared the write magnetic
fields for different lengths of the breakpoint and different
pole widths. The 120-nm width write head with the break-
point length of 200 nm has a more highly normalized
write magnetic field than the 320-nm width one with the
same breakpoint length. The write magnetic field with a
120-nm width and 40-nm breakpoint length head was
clearly higher. However, the reduction in the breakpoint
length led to a broadening of the magnetic write field in
the recording layer due to the greater number of surface
charges on the side of the tapered nick.

3.2.2. The Gradient of the write magnetic field

The gradient of the magnetic field is defined as the
change rate of the magnetic field per distance. A write
head with a high gradient of magnetic field is good for a
small gain size in a high areal density medium. The high
gradient of the magnetic field prevents the data erasure
problem in adjacent bits. To increase the gradient of the
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write magnetic field, careful design of shields and coils is
needed. Several coil designs have been developed [40].
The unbalanced coil design induces an unbalanced write
magnetic field. This unbalanced magnetic field causes the
erasure of stored data in the medium. To counter this
problem, the balanced pancake design and the helical
coils were used.

A shield is also important for increasing the gradient of
the magnetic field. The conventional model of a shield is
a trailing shield. The write magnetic field from the tapered
pole head can be varied by the gap between the shield and
the pole head. Greaves et al. showed that the distribution
of the write field becomes narrower when the trailing
shield is closer to the pole head [70]. The highest magnetic
field comes from the head with a 30-nm trailing gap.
Notably, this shield reduces the vertical magnetic field
from the pole-type head by 2 kOe comparing with no
trailing shield.

In 2012, Bashir ef al. used a computer simulation to
optimize the head design for a high areal density medium.
They reported that the head with their optimizations can
produce an effective write magnetic field for media with
2.5 Tb/in? of areal density [71].

3.3. Medium

A medium of an HDD is made of an anisotropic mag-
netic material. An anisotropic material has a preferential
direction for its magnetization (easy axis), while an
isotropic one has no easy axis. In longitudinal recording
medium, the easy axis aligns with the plane of the record-
ing disk, whereas in perpendicular recording, the easy
axis aligns perpendicular to the disk. The conventional
longitudinal recording medium used a CoCr alloy which
has a granular structure that consists of several magnetic
grains or clusters. The magnetic grains are randomly shaped
over a rage from 15 to 40 nm [72-73]. These imperfec-
tions cause noise in the reading signal. The signal-to-
noise ratio (SNR) of the media is approximately equal to
10 log(N), where N is the number of grains in a bit [74].
The SNR is one of the important parameters representing
the performance of the recording media. To increase the
SNR of the recording media, the number of gains per bit
area must be increased, which means the gain size and the
gain magnetization distribution must be reduced.

The other key parameter is the magnetic anisotropy
energy, which is defined as the amount of energy needed
to change the direction of a bit’s magnetization. This
energy is equal to K, ¥, where K, is the anisotropy constant
and V is the volume of the grain. When the anisotropy
energy K,V is low, the thermal energy (kz7) begins to
have an effect. This influence leads to the reversion of the
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grain’s magnetization without applying any external
magnetic field, which is called ‘superparamagnetism’. In
late 1990’s, the superparamagnetic limit for longitudinal
recording medium is predicted over a range from 40 to 60
Gb/in? [75-76]. To solve this problem, perpendicular
recording was considered.

According to Iwasaki and Nakamura, the ring-type head
is not suitable for perpendicular recording [57]. A suitable
tool should be a single pole-type head which produces a
magnetic field straight to the medium and returning to the
head again. Thus, the medium for perpendicular recording
has to add a soft magnetic underlayer (SUL) under a
recording layer to maintain the part of the magnetic flux
and increase the write field. The SUL is made of high-
permeability material.

In cooperation with the SUL, the pole-type head can
produce twice the maximum magnetic field compared
with longitudinal recording. This increase in the field
magnitude can be understood by assuming infinite perme-
ability for the SUL. In this case, the currents in the write
head, which generate the vertical magnetic field, create a
mirror ‘image’ in the SUL, which can be modeled by a
second imaginary write head, as shown in Fig. 6. The
higher upper limit for the pole-type head’s magnetic field
allows for a higher K, material for the recording medium.
In effect, the perpendicular recording medium can reduce
the grain size with less of a superparamagnetic effect.

In 1990’s, the CoCr [78] and its alloys (e.g., CoCrNb
[79], CoCrPt, CoCrTa [80-81]) were studied for use in
perpendicular media. To obtain grain boundaries, the Cr
composition was increased. A high Cr composition caused
a reduction in the anisotropy constant, K,, and the grain
size could not be decreased less than 12 nm, while the
longitudinal recording medium had a grain size of ap-
proximately 8-9 nm [74]. Thus, perpendicular recording
technology was not considered to be a product with mass
commercial potential until the longitudinal recording
medium reached the areal density limit of 130 Gb/in? in
early 2000’s [77].

The practical design of the perpendicular medium is
approximately displayed in Fig. 8. The substrate of the
medium platter was made of an AIMg alloy or glass with
an amorphous NiP electrode layer. To attach smoothly to
the SUL layer and the upper layers, the next layer is an
adhesion layer or interface layer, which is usually made
of Ta, Ti or their alloy. The intermediate layer is used to
reduce the exchange-coupled effect between the SUL
layer and the recording layer. Another purpose of this
layer is to provide an epitaxial growth condition for a
recording layer. The recording layer for the perpendicular
medium made of the hexagonal Co-based alloy has the
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Fig. 8. (Color online) Schematic of layers of the perpendicular
recording medium. (layers are not to scale) [74].

(0002) orientation. For this reason, the intermediate layer
should have the fcc (111) [82] or hep (0002) orientation
texture [83]. The top layer of the perpendicular recording
medium is coated with a diamond-like carbon (DLC)
layer and a lubricant layer with a thickness of a few nano-
meters. The purpose of these layers is to reduce media
wear caused by the flying head. All the layers are
deposited by a sputtering process except for the lubricant
layer, which is deposited using a dip-coat process.

The material development of the perpendicular record-
ing medium can be considered in terms of three parts.

3.3.1. Soft magnetic underlayer (SUL)

Due to the SUL material is made of a larger magneti-
zation material and it is thicker than the recording layer, it
raises the noise in the playback signal, which comes from
the SUL domain walls. The noise problem was one of the
serious problems for the perpendicular recording medium
because the domain that causes the noise spike can move,
and thus, it cannot be marked as a bad sector on the HDD
[84]. To counter this problem, the first solution is a
magnetic biasing, which was introduced by Dmitri Litvinov
et al. [85]. Magnetic biasing forces the SUL into a single
magnetic domain. This process can employ either an
external magnetic field or built-in permanent magnets in
the SUL. The magnetic biasing helps the SUL reach
complete saturation. For example, two permanent NdFeB
magnets are placed in the vicinity of the medium, which
must be far enough away to avoid the effect on the
recording head (approximately 2 cm). This technique
could reduce the noise of the SUL by at least 10 dB.

The second solution for the SUL noise problem is
finding a novel material that has fewer domains. Honda et
al. noted that the medium with a Co-Ta-Zr SUL shows
low noise [86]. Co-Ta-Zr, with Ta concentration of ap-
proximately 6 to 12 % and Zr concentration of approxi-
mately 2 to 6 %, is one of the candidate materials for
SULs [74].
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The alternative solution to eliminate SUL noise is to
employ a laminated SUL structure (SUL multi-layer). The
laminated SUL was found to have a magnetostatic inter-
action between adjacent magnetic layers, which leads to
low coercivity. Hence, this structure has a much lower
spike noise than a single-layer SUL [74]. For example,
Acharya et al. investigated the spike noise on a sample
with CoTaZr SULs and with an anti-parallel-coupled (APC)
SUL [87]. The results showed that the sample containing
the APC SUL has a lower spike noise compared to a
single SUL.

The SULSs produce not only the domain-boundary noise
but also cause an exchange interaction with the recording
layer, which can lead to large noise during a read process.
An intermediate layer is needed to eliminate this exchange
interaction. So the intermediate layer was introduced to
reduce the noise.

3.3.2. Intermediate layer

In 2000, there are several publications reported that
only a few nanometer-thick intermediate layer can reduce
the magnetic interaction between the SUL and the record-
ing layers [88-90]. For example, Honda ef al. showed that
introducing a 2-nm-thick nonmagnetic intermediate layer
can reduce the magnetic interaction between a CoTaZr
SUL and a CoCrPt recording layer, which reduces the
noise by approximately 20 % [91].

The intermediate layer is also used to induce a structure
in the perpendicular recording layer, which is usually
made of the hcp Co-based alloy [92]. The Co-alloy-based
recording layer has an easy c-axis in the hcp ([0002]-
orientation). The c-axis oriented dispersion of the record-
ing layer (Afsp), which was observed by using X-ray
diffraction rocking curves, represents the quality of the
magnetic recording layer. A narrow dispersion (or small
ABs) leads to a high coercivity, H, and a high SNR in the
medium [93].

To reduce Afs, the intermediate layer must be optimized.
The first optimization is performed on the thickness of
intermediate layer. Some papers report on variations in
the thickness of the Ru intermediate layer with a CoPtCrO
recording layer [93-94]. They noted that an increase in
the Ru thickness leads to a smaller Afs,. However, a
thicker intermediate layer causes increasing head-to-keeper
spacing, which leads to a reduction in the write field.
Thus, an optimized thickness is needed. Choe et al.
reported that Ta/Ru intermediate layers for the Co
recording layer can obtain a Afs, of 3° [93].

3.3.3. Recording magnetic layer
Since the 1970s, CoCr-alloys, such as CoCrNb [58],
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CoCrPt and CoCrTa [80-81], have been used in perpendi-
cular recording layer. One major barrier to using the CoCr
alloy is the switching field (the field required to change
the magnetization) [74]. The low switching field of the
CoCr alloy material make it easy to change the magneti-
zation of the recording layer. Some of the gains in the
recording bit could be reversed, leading to high noise in
the medium. The improvement of the CoCr alloy with
high K, and high thermal stability is an importance key to
countering this problem. Some studies have shown that a
decrease in Cr concentration increases K, [95]. However,
reducing the Cr concentration leads to problem in the
exchange-coupled interaction [96].

CoCrPt-oxide-based materials were introduced as candi-
dates for use in the recording magnetic layer. Additional
oxide materials, such as Si oxide and Cr oxide, surround
the CoCr alloy grain as a grain boundary. The oxide-
based grain boundary effectively isolates the CoCr alloy
recoding gains. This boundary reduces the exchange-
coupled interaction between the recording grains without
reducing the Cr concentration. The addition of oxide-
based material can reduce the recording gain size and
increase the SNR simultaneously [97-99].

Even though, a high K, medium is needed to increase
the SNR, it causes a problem in the writability. To improve
the writability of the recording layer without decreasing
the K, or thermal stability, an exchange-coupled composite
(ECC) medium was introduced [100-101]. The ECC
medium consists of a low K, layer, called a soft layer, and
a high K, layer, called a hard layer. The soft layer, which
is deposited on the top, has an exchange interaction with
the hard layer. When magnetic writing field is applied, the
soft layer will be switched at first. After that, the soft
layer will induce the hard layer switching via the ex-
change interaction. This mechanism requires a lower writ-
ing magnetic field than a single layer magnetic recording
layer. The ECC medium not only reduces the switching
field to improve the writability but also can improve the
thermal stability [102].

In 2008, Qiu et al. developed an ECC medium by using
multi-layer nanocomposite structures [103]. They used
Ta/Ru/CoCr,/FeCoTaCr as soft magnetic layers and Ta/
Ru/CCo,/CoCrPt-SiO,/CoCr,/FeCoTaCr/C for the hard
layer and performed a comparison with a conventional
perpendicular medium. The noise of the ECC remains
constant when the linear density of the recording layer is
increased, which leads to the ECC having a higher SNR.
Furthermore, Greaves et al. used a computer simulation
to determine and optimize suitable parameters for the
ECC medium [104]. They reported that an increase in the
oxide content of the ECC medium can improve the SNR.
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Table 1. Comparison of specifications for a hard disk drive
(HDD) and a solid-state drive (SDD) [109].

Attribute HDD SSD
Power Draw 6-7 watts 2-3 watts
Maximum 2 TB for notebooks and 1 TB for notebook
Capacity 10 TB for desktops and 4 TB for desktops
Write Speed 50-120 MB/s 200-550 MB/s
Failure Rate 1.5 million hrs 2.0 million hrs
Cost $0.03 per GB $0.20 per GB

With an oxide concentration of 32.8 %, the minimum bit
area of the recording bit is 60 nm x 12.1 nm = 726 nm?,
or 890 Gb/in? in areal density.

4. Future View

Although perpendicular recording technology is expected
to overcome the tri-lemma limit to increase the areal
density, no publications about high areal density HDDs of
over 1 Tb/in? exist. The big problem is reducing the bit
size without reducing the SNR and thermal stability.
Other design media are being introduced to solve this
problem, such as heat-assisted magnetic recording (HAMR)
[105], track discrete medium (TDM) [106], shingled mag-
netic recording (SMR) [107] and bit patterned media
(BPM) [108].

Another storage device has begun to replace the HDD
in computers, such as a solid-state drive (SSD). Com-
paration of specifications for SSD and HDD is shown in
Table 1 [109]. Main advantage of HDD over SSD is a
lower cost per areal density. To keep this advantage, an
increasing of the areal density is needed to be simultane-
ously improved.

5. Conclusions

Material development of perpendicular recording medium
is reviewed in this paper. To maintain its advantage over
other recording technologies, such as solid-state drives
(SSDs) or memory cards, the areal density must be increased
continually. The areal density has a tri-lemma limit con-
sisting of the SNR, thermal stability and writability. To
overcome this problem, three primary parts (the read
head, write head and medium) of HDDs must be subject
to research in relation to their materials and design.

With the cooperation of the TMR read head, pole-type
write head, anti-parallel-coupled soft underlayers and
ECC recording layer, the areal density can be increased
and exceed the areal density obtained with conventional
longitudinal recording technology. As an expectation,
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industry has already been shipping drive over 1.0 Tb/in’
to the market at the moment [110]. To increase the areal
density, another technology is required. Although the
performance of SSDs is better than that of HDDs (in
terms of energy efficiency and write speed), the capacity
(areal density) per cost of the HDD still has an advantage
over the SDD.
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