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Areal density in magnetic data storage can be increased by the scaling method.
However, the increase cannot continue indefinitely, due to the limit of fabrication
technology and thermal stability. To postpone the onset of thermal instability, mate-
rials with high magnetic anisotropy are required for recording media in conven-
tional longitudinal magnetic data storage. Nevertheless, this method is limited in
further increasing the recording density because it requires extremely huge write
field for high anisotropy media. Therefore, to achieve ultrahigh density magnetic
data storage, alternative methods has to be explored. This chapter highlights recent
advanced technologies and research work proposed for ultrahigh density magnetic
data storage, including perpendicular recording, patterned media storage, self-
assembling media and molecule-based magnets.

1. Introduction

In order to meet the rapid growing capacity of data storage, ever-increasing
areal densities and data rates are needed. Magnetic recording, as one of
the most important technologies in data storage, has received enormous
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attention. Figure 1 shows the trend in areal density of magnetic data storage
during the past 30 years. Before 1990, the data storage capacity increased
at about 30% per year, which arose from the introduction of the thin-film
head and advanced data coding. Then a 60% growth rate began in 1991,
which was caused by the applications of the magnetoresistive head (MR)
and thin-film recording media.1 During the late 1990s, the areal density of
the hard disk increased by over 100% per annum through the introduction
of a giant magnetoresistive (GMR) reading sensor.

Since then, higher areal density has been achieved by scaling the com-
ponents of the disk drive and/or using high Ku (magnetic anisotropy) alter-
native recording media. Scaling methods can decrease the dimension of
recording media, the geometry of the read–write head and the head–media
spacing. However, scaling cannot continue indefinitely because of the
limit of fabrication technology and thermal stability. Higher Ku materials
maintain thermal stability at smaller grain size, but require stronger mag-
netic field to switch the magnetization of bits, which could be beyond the
capability of the write head. In fact, we are already approaching the limi-
tation of thermal stability for the conventional longitudinal recording
method.3,4 In order to further increase the areal density of magnetic data
storage, alternative method must be explored for ultrahigh density data

2 H. Wu, L. Zhang and Y. Song

Fig. 1. Areal density for magnetic data recording. (Adapted from Ref. 1 with permission,
© 1999, Academic Press).
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storage. In September 2006, an areal density of 345 Gbits/in2 in perpendi-
cular recording was demonstrated in laboratory by Hitachi Global Storage
Technologies.2 Nonetheless, this still cannot fulfill the rapidly increasing
requirement of information capacity. The pursuit of ultrahigh density data
storage still continues. Furthermore, other approaches are proposed besides
perpendicular recording.

This chapter will begin with the basic theory of magnetic recording. This
will be followed by the current magnetic recording technologies and the
limitation set by the thermal instability. Then, some of the recently imple-
mented and promising technologies and research work for ultrahigh density
data storage will be reviewed. This chapter focuses primarily on the record-
ing media and some recording mechanisms will also be discussed.

2. Theory of Magnetic Recording

2.1. Magnetic states of matter

Magnetic moment of electrons originates from two kinds of electron
moments. One, associated with an intrinsic angular momentum of the
electron, is called the intrinsic spin magnetic dipole moment. The other,
associated with the electron orbit surrounding the nucleus, is called orbital
magnetic dipole moment. The total moment of the electron is the combi-
nation of those two. Typically, spin magnetic dipole moment is much
greater than the orbital one. Consequently, the orbital magnetic dipole
moment may be neglected. The magnetic moment of an atom is the total
magnetic moments of all the electrons inside the atom. Finally, all the
atoms’ magnetic moments in a substance combine collectively to produce
the magnetic moment of the substance. Therefore, the differences in elec-
tron configurations determine the different magnetic properties of a sub-
stance. Based on various electronic configurations, magnetic materials
can be categorized into several types: diamagnets (e.g. copper and gold),
paramagnets (e.g. aluminum and manganese), ferromagnets (e.g. iron,
cobalt, nickel, gadolinium, dysprosium and permalloy), ferrimagnets
(e.g. Fe3O4) and antiferromagnets (e.g. MnO).

Diamagnetic materials have paired electrons and compensated elec-
tron moments. When an external magnetic field is applied, their magnetic
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moments prefer to align opposite to the field and create a weak, negative
magnetic susceptibility. Magnetic susceptibility χ is defined by χ = M/H,
where M is magnetization of the material, a measure of the magnetic
moment per unit volume; and H is the external magnetic field. The value
of χ is the extent to which a material may be magnetized in response to a
given applied magnetic field. Typically, diamagnetic molar susceptibili-
ties are very small and independent of the strength of the external mag-
netic field and temperature.

Unlike diamagnets, other magnets contain unpaired electrons. The
alignment of the unpaired electrons spinning through the exchange inter-
action in each magnetic domain generates a spontaneous magnetization.
The interaction between the two unpaired electrons can be described by
the following equation:

where s p
i and s p

j are electron spin vectors of atoms i and j respectively, and
Jij is the exchange integral determined by an integration over the overlap-
ping wave functions of those two electrons. If Jij = 0, there is no inter-
action and the substance exhibits the paramagnetic property. If Jij > 0, the
spins tend to be parallel, leading to ferromagnetism. If Jij < 0, the spins
are in antiparallel, leading to anti-ferromagnetism.

For paramagnets, each dipole on each atom or ion does not interact
with other one in the absence of an external field. When placed in a field,
those random oriented dipoles will align and result in a net magnetization.
However, when the field is removed, the alignment will be quickly dis-
rupted by thermal perturbation, resulting in a zero net magnetization.
Paramagnetic susceptibility is temperature-dependent. When the temper-
ature increases, the magnetic susceptibility χ will decrease because the
thermal agitation makes aligning the individual magnetic moments diffi-
cult. When the temperature is fixed and the applied field is increased, the
magnetization will increase because the external field can suppress ther-
mal agitation and align magnetic moments. Generally, magnetic suscepti-
bility of paramagnets is weak.

For ferromagnets, individual atomic spin moments interact with each
other and align spontaneously in the absence of an external field. In each

E J s sij i jex = - ◊2
r r
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magnetic domain, the spin moments align in the same direction and create
a net magnetization. But the alignment of spin moments varies in different
domains, resulting in an unmagnetized bulk sample in most cases. When
an external field is applied, the magnetic domains line up with each other
and a magnetic field will be generated inside the material. The internal
magnetic field can be even stronger than the external applied one. This
signifies that these materials have a large positive magnetic susceptibility.
Unlike paramagnets, when the applied field is removed, ferromagnets will
still keep a portion of magnetization in the direction of the external field.
However, when the temperature increases to a certain point (called the
Curie temperature, TC), the thermal energy exceeds the spin coupling
(exchange) energy, and the arrangement of magnetic domains breaks
down. Thus, at high temperature, ferromagnets will lose their ferromag-
netism and behave like a paramagnet.

Since the exchange coupling of individual atomic spin moments in
each magnetic domain does not always lead to parallel alignment of all
spins, antiferromagnets and ferrimagnets should also be considered.

In antiferromagnets, each atomic spin moment is opposite to adja-
cent ones spontaneously. As a result the net magnetic moment of the
material is zero. But due to spin canting, lattice defects and frustrated
surface spins in nanoscale particles, antiferromagnetic materials may
exhibit a weak net magnetization. The spontaneous antiparallel cou-
pling of atomic magnets can be disrupted by heating. At a very low
temperature, an antiferromagnetic material exhibits no response to the
external field, because the antiparallel ordering of atomic spin moments
is rigidly retained. But at higher temperature, some atomic magnetic
moments break free from the orderly arrangement and align with the
external field. When temperature further increases to the transition
temperature (called the Néel temperature, TN), the material reaches a
maximum magnetization. Beyond this temperature, thermal energy pro-
gressively prevents alignment with the magnetic field. Then the mag-
netism caused by the alignment of atomic magnetic moments
continuously decreases as temperature is increased. The typical Néel
temperatures are low, e.g. TN of MnO is 122 K. While some antiferro-
magnetic materials can have very high Néel temperatures, even several
hundred °C above the room temperature.

High Density Magnetic Data Storage 5
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The exchange interactions in ferrimagnets lead to parallel alignment of
atomic spin moments in some crystal sites and antiparallel alignment in
others. Unlike antiferromagnets, the opposing moments in ferrimagnets
are not equal and generate a net magnetization. Compared with a ferro-
magnetic material, a ferrimagnetic material has a very similar magnetic
behavior, but a different magnetic ordering. Actually, ferrimagnetism is
observed only in some compounds that have complex crystal structures.
One important example is magnetite (Fe3O4), in which two trivalent iron
ions align with opposite moments and cancel each other, and so the net
moment arises from the divalent iron ion.

2.2. Magnetic hysteresis

As mentioned before, a ferromagnetic material can keep its magnetization
to some extent in a given direction after removal of the external magnetic
field. This property is displayed by a magnetic hysteresis loop (M–H loop).

A typical M–H loop is shown in Fig. 2, which describes the change of
the magnetization (M) of a ferromagnetic material with the variation of
the intensity of an external magnetic field (H ). If the initial magnetic
state of a material is never magnetized or fully demagnetized (M = 0), the

6 H. Wu, L. Zhang and Y. Song

Fig. 2. A typical M–H loop for a ferromagnetic material.
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magnetization will increase with increase of H, following the dashed line
(called the initial magnetization curve). The maximum value of M is Ms

(called saturation magnetization). At this point, all magnetic moments in
the material are aligned and the material is magnetized to saturation.
When H drops to zero, M will follow the solid line and have a little
decease. At the point where the external field is zero (H = 0), some mag-
netization will still remain in the material. This is called remnant magne-
tization (Mr), which is very important for magnetic memory devices. Then
H goes to the opposite direction, and the magnetization will keep decreas-
ing until it reaches zero. The external force required to remove all of the
remnant magnetization from the material is called the coercive force, or
coercivity (−Hc). After this point, H continues to increase in the negative
direction, and magnetization in the opposite direction will be generated
until it reaches another magnetic saturation (−Ms). Then H reduces to zero,
and the magnetization will decrease to another remnant magnetization
(−Mr). When H increases to Hc in the positive direction, the magnetization
of the material will be removed again. After that, if H keeps increasing, the
curve will take a different path (the solid line) to the saturation point
to complete the loop. Generally, the M–H loop of a magnetic material is
symmetrical relative to the center origin point O, i.e. the absolute values of
Mr, Ms and Hc in both the positive and the opposite direction are the same.

As mentioned above, the M–H loop is characterized by remnant
magnetization (Mr), saturation magnetization (Ms) and coercivity (Hc),
which are all crucial magnetic properties of a material. Mr is the remain-
ing magnetization of a ferromagnetic material when the applied magnetic
field is removed. Ms is the maximum magnetization that a material could
generate. Both Mr and Ms are dependent on the composition of the mag-
netic material and the processing, such as the nature of the atoms and
electron structures of materials and also the crystal structures. Hc is the
intensity of the external field required to remove all the magnetization of
a material after saturation. Rotation and domain wall motion are two pri-
mary processes of magnetization reversal. The value of Hc is determined
by these processes.5 Magnetic materials with Hc < 10 Oe are usually
called soft materials; if Hc > 100 Oe, called hard magnetic materials.
Since high Hc means that the materials are hard to demagnetize (good
stability), high Hc magnetic materials are naturally used as magnetic
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recording media. On the contrary, low Hc magnetic materials are good
candidates for the recording head, because it is easy to reverse the
magnetization by external field.

Besides, the M–H loop also provides a great deal of other information
about magnets. The shape of the initial magnetization curves displays the
magnetic characteristics of materials. The curve also shows the processes
of domain wall motions. There are two different modes of domain wall
motions: nucleation and pinning.6 In the nucleation-type, magnetic satu-
ration is reached quickly at a low field. This shows that the domain wall
can be easily moved and not pinned significantly. In the pinning-type,
the saturation magnetization is reached only when a strong field is applied.
Here domain wall is substantially pinned and a relatively strong field is
needed to remove pinning sites.

Remnant squareness (S) and coercive squareness (S*) are used to
measure how square the loop is.

Usually, large S and S* are required for magnetic recording media since the
parameter S characterizes the flux available for reading and the parameter
S* characterizes the ability of the medium to sustain sharp transition.7,8

2.3. Magnetic anisotropy

The magnetization of magnetic materials always exhibits direction-
dependence. This is called magnetic anisotropy, which comes from the
different internal energies of the magnetization of a material in different
directions. The direction, where the lowest field is required to reach the
saturation magnetization is the easy axis. The direction where the highest
magnetic field is required is the hard axis. Magnetic anisotropy has a
strong effect on the properties of magnetic materials, such as coercivity
and remnant magnetization. Therefore it is essential in the design of com-
mercial devices based on magnetic materials.

Generally, magnetic anisotropy is influenced by the structure and sym-
metry of a material, known as magnetocrystalline anisotropy, which is
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generated by the coupling between the electron orbital and the lattice (spin
orbit coupling). Thus magnetization will be coupled to electron orbitals,
resulting in the lowest or highest energy state along certain symmetry axes.1

This can be easily determined from the different magnetization curves along
different directions. For example, for a single crystal hexagonal closed-
packed (hcp) cobalt, the magnetization along the [0001] direction (i.e. the
c-axis) is much easier than along other directions; while in the basal plane
(〈1010〉, 90° from the easy direction) the magnetization is much more diffi-
cult. So the c-axis is the easy axis and the 〈1010〉 type directions are the
hard axis.9 The energy required to deflect the magnetization from the mag-
netocrystalline easy axis to other directions is called magnetocrystalline
anisotropy energy.

Also, magnetic anisotropy can be related to the mechanical stress in the
system and the external magnetic field. This effect is known as magne-
tostriction, defined by the change of physical dimensions of materials in
response to the magnetization change. The process is dominated by the
migration of domain walls and the rotation of domains within the material
in response to an external field, which in turn causes the change of dimen-
sions.8 The inverse effect is the change of magnetization of a material when
it is subjected to a mechanical stress. One example of magnetostriction
application is that the easy axis of the face-centered tetragonal (fct) FePt
nanoparticle can be expected to align after annealing in the presence of
a magnetic field.10

The shape of magnetic grains is the third factor that affect the magnetic
anisotropy. At the surface of a magnetized material, there are magnetic
charges or poles, and a demagnetizing field forms in an opposite direction
to the original magnetization. The magnitude of the demagnetizing field
is related to the shape of the grain, resulting in the shape anisotropy. For
example, considering a long needle-shaped grain, the demagnetizing field
is weaker along the long axis than that along the other directions. So the
magnetization easy axis is along the long axis of the grain.

2.4. Temperature dependence

The hysteresis curve mentioned above measures the magnetization of a
magnetic material by varying the applied field. From the curve, a lot of
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important information about the system can be obtained. Besides the hys-
teresis curve, the variation of temperature can also provide other impor-
tant information. Temperature affects the thermal motion of atoms, which
leads to the disruption of the alignment of molecular magnetic moments.

2.4.1. Curie’s law

The dependence of the magnetic moment on temperature for paramag-
netic materials is known as Curie’s law: 

Here χ is the magnetic susceptibility, M the resulting magnetization,
H the applied magnetic field, C a material-specific Curie constant, and
T is the absolute temperature in Kelvin. The Curie constant can be deter-
mined through experiments by plotting a χ vs. 1/T curve. Curie’s law is
valid only for materials whose magnetic moment is localized at the atomic
or ionic sites and where there is no interaction between neighboring mag-
netic moments. This law indicates that the paramagnetic susceptibility
decreases as temperature increases.

2.4.2. Curie–Weiss law

For paramagnetic materials, the relationship between magnetic moment
and temperature can be described by Curie’s law. The Curie constant C is
the slope of the line, which is proportional to the effective magnetic
moment for paramagnets. However, the law will not be valid when inter-
molecular interactions, such as ferromagnets, are involved. In such a
system, the susceptibility obeys the Curie–Weiss law: 

Here θ is the Weiss constant. When θ = 0, the Curie–Weiss law becomes
the Curie’s law. When θ ≠ 0, the magnitude of θ indicates the strength of
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the intermolecular interaction among neighboring magnetic moments. If θ
is positive, the material is ferromagnetic when the temperature is below
the transition temperature (called the Curie temperature, TC, which is equal
to θ ); if θ is negative, the material is antiferromagnetic when the temper-
ature is below the transition temperature (called the Néel temperature,
TN). The Curie temperature is important in magnetic recording, which
indicates on the energy required to disrupt the long range magnetization
ordering in the material.

2.4.3. Van Vleck’s equation

The total magnetic moment of electron is composed of both spin magnetic
moment S and orbital magnetic moment L. Typically, only spin is consid-
ered since the spin moment is much greater than the orbital moment like
transition metal ions: high spin Mn2+ or Fe3+; Ni2+, Cr3+ or Mn4+ in an octa-
hedral field; Cu2+ and Mn3+ as Jahn–Teller distortion.11 However, for some
other ions, such as octahedral Co2+, the orbital contribution is significant
to the magnetic moment. In that case, Van Vleck’s equation is applied.

To derive the equation, the energy term can be expressed as a power
series of the applied field (H0): 

En = En
(0) + En

(1)H0 + En
(2)H0

2 + … .

Here En
(0) is the energy of state n when H0 = 0; En

(1) is the first order
Zeeman coefficient (a measure of change in the energy of state n due to
interaction with H0); En

(2) is the second order Zeeman coefficient (a meas-
ure of change in the energy of state n due to field-induced interaction of
state n with higher energy states). After several approximations, the mag-
netic susceptibility can be described as:

c =
-

È

Î
Í
Í

˘

˚
˙
˙

-Ê

ËÁ
ˆ

¯̃

-Ê

ËÁ
ˆ

Â
N

E

kT
E

E

kT

E

kT

n
n

n

n

n

( )
exp

exp

( )
( )

1 2
2

0

0

2

¯̃̄
Â
n

.

High Density Magnetic Data Storage 11

b689_Chapter-01.qxd  3/16/2009  3:14 PM  Page 11



HIGH DENSITY DATA STORAGE - Principle, Technology, and Materials
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/materialsci/7014.html

From this equation, the magnetic susceptibility is determined by taking a
population-weighted average of the specific level susceptibility. (Van
Vleck’s work12,13 is recommended for further reading.) 

3. Conventional Magnetic Storage Technology and Its Challenge

In current magnetic hard disk drives (HDDs), longitudinal recording is
employed as the basic method. In this recording mode, the magnetization
of recorded bits is parallel to the surface of the disk, as shown in Fig. 3.
The recording head moves over the medium at a small fly height.
Nowadays, the performance of longitudinal recording has been improved
by the giant magnetoresistive (GMR) head. The new recording head con-
sists of separate reading and writing elements, which can be optimized
individually. Using the inductive ring type write head can record data
along a track with either positive or negative direction in the medium. The
resulting stray field pattern is read back by a GMR reading sensor that is
located in a narrow gap between two magnetic shields. The shields are
used to decrease the interference of the undesired magnetic fields gener-
ated from the medium. GMR sensor can therefore “read” only the mag-
netic field from the desired data bit.14

The GMR effect can be explained by the interaction of electron spin
and magnetic field. It is well known that an electron can either spin up or
spin down. If the spin direction of conduction electrons is parallel to the

12 H. Wu, L. Zhang and Y. Song

Fig. 3. A typical longitudinal recording model. δ is the medium thickness, W is
the track width and B is the bit length. (Adapted from Ref. 9 with permission,
© 2000, IBM)
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magnetic orientation of the material, it will move with less resistance. On
the contrary, if the spin direction of conduction electrons is opposite to the
magnetic orientation, it will collide with atoms frequently, resulting in a
high resistance. This phenomenon is called the GMR effect, which was
first discovered in the Fe/Cr multilayer15 and later also found in other
inhomogeneous materials, such as the Co/Cu multilayer.16

The application of the GMR effect led to a new development — the
spin-valve read head, with a multilayer structure. Generally, it consists of
the following layers. The first is an antiferromagnetic exchange film (e.g.
FeMn). It is used to “pin” the Co layer magnetization in a certain direc-
tion. The ferromagnetic Co layer is called a pinned layer. Next is a copper
spacer layer, followed by the second ferromagnetic layer, called a free
layer. Typically CoFe or NiFe is used as a free layer because it is magnet-
ically soft and can be aligned parallel or antiparallel by very small fields.
Finally, there is an underlayer (e.g. Ta), which gives a good surface to
grow on and a cap to avoid oxidization in air.17 The exchange coupling
between the two ferromagnetic layers can be mediated by conduction
electrons in the spacer layer. When a strong external field is applied, the
direction of the magnetization in both magnetic layers will be aligned,
from an antiparallel to a parallel configuration, which will exhibit a
distinct change in resistance, with a concomitant change in current (for a
constant applied voltage). For the Fe/Cr multilayer, the experiment
demonstrated that the change of resistance is more than 50%.15 (For the
physical description of GMR, please check Ref. 7.)

The discovery and application of the GMR effect in the read head
improved the ability to sense a change in the magnetic field that occurs
within a very small distance. Thus the GMR read head can detect small
recorded bits and read them at higher data rate. It creates more room to
reduce the size of bits and increase the areal density of magnetic record-
ing. However, the optimization of the areal density is still limited by the
material of the recording media.

As the candidate of magnetic recording media, several aspects must be
considered: high signal-to-noise ratio (SNR), high thermal stability, very
smooth surface and small magnetic grains with uniform size. The most
common one is a thin film medium, with complex multilayers. The struc-
ture, material and function of each layer are shown in Table 1. Underlayer
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can promote the growth of a particular crystallographic texture, grain size
and morphology in the magnetic layer. As a result, it increases the coer-
civity and squareness of the magnetic layer. Because of the similar atomic
orientation and size relationships between hcp Co grains and bcc Cr grains,
Co alloy films can grow with a significant degree of heteroepitaxy on the
Cr underlayer.18 The crystallographic texture of Co alloy can be controlled
by modifying the microstructure of the Cr underlayer, which depends on
growth process conditions, such as the base vacuum, the temperature of
the substrate, the pressure of the sputter gas and the film thickness.19

Besides the Cr underlayer, NiAl is used as an alternative underlayer
because it produces finer grains in the magnetic layer.20 The carbon over-
coat is used to protect the magnetic film from mechanical damage and
corrosion during the start and stop point of the reading and writing
processes. A layer of NiP, deposited on the substrate, is used to enhance
the durability of the combined film structure.

The magnetic layer is essential in the recording system. The require-
ments for hard magnetic media to obtain very sharp transitions and high
readback signal are the following: high remnant magnetization (Mr), satu-
ration magnetization (Ms), coercivity (Hc), magnetic anisotropy, and small
thickness (δ ).21 So far, several materials have been selected as magnetic
recording media, such as γ-Fe2O3, Co alloy,23 CrO2 and barium ferrite.

To obtain a high areal density, one employs the scaling method by
shrinking the relevant head and medium dimension (including bit

14 H. Wu, L. Zhang and Y. Song

Table 1. Schematic illustration of the layer structure, material and
function of thin film used for longitudinal magnetic recording.21,22

Layer structure Material Function

Lubricant Perfluoropolyether Lubrication
Overcoat Carbon Protection
Magnetic layer Co alloy Recording 
Underlayer Chromium (Cr) Orientation control
Sublayer NiP Hardnesss
Substrate AlMg/glass
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length, track width, medium grain size, medium thickness, fly height
and head gap) by a factor s, which causes an increase of areal density
by s2. However, this approach cannot continue indefinitely, for several
reasons. First, current technologies are unable to achieve such dimen-
sions. Second, the scaling will lose the amplitude of the signal and
decrease the SNR rapidly, which has to be compensated for by a more
sensitive reading head design. Third, when the size is smaller than a crit-
ical value, the electronic and magnetic properties of the grain will
change dramatically. Moreover, when the distance between the head and
the medium becomes too short, the tunneling effect and surface rough-
ness will have to be considered. Finally, in recording bits, if the size of
the grain is too small, the medium will no longer be thermally stable and
data loss will occur. The distribution of grain size affects areal density.
If the size is not uniform, but spreads in a range, the information stored
in smaller ones will decay more quickly than that in larger ones.
Therefore, decreasing the distribution of grain size will improve the
SNR. An ideal magnetic medium should contain small grains with a nar-
row distribution of the size.

According to the physics of magnetics, two key factors must be consid-
ered in order to achieve very high areal density: (1) the superparamagnetic
effect (thermal stability) in recording media; (2) the finite sensitivity of the
readback head. In both cases, the limitation arises because the signal energy
becomes too small to be comparable with the ambient thermal energy.24

Thermal stability sets an upper limit on the areal density of the
medium in magnetic recording. The Arrhenius equation indicates the rela-
tionship between the relaxation time τ and the activation energy barrier of
magnetization reversal EB:23,25

In the absence of an external field H, E 0
B = KuV, where Ku is the magnetic

anisotropy and V is the volume of grains, + and − mean the “upward”
and the “downward” magnetization direction respectively, and τ0 is

t t±
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the characteristic relaxation time, determined by the intrinsic properties
of the recording medium. When the grain gets smaller, the energy barrier
in each grain (KuV ) becomes so close to the thermal energy (kBT,
where kB is Boltzmann’s constant and T is the temperature) that the
releasing time decreases dramatically. This is known as the superpara-
magnetic effect. With the presence of external magnetic field H,

EB can be either increased or decreased and 

the thermal decay will be affected. Here, H0 is the intrinsic switching field.
Generally, in order to avoid thermal instability, KuV/kBT ≈ 50–70 is required
for magnetic media.3,23 Several improvements have been tested to increase
thermal stability by improving epitaxy26 and perfecting the magnetocrys-
talline,24,27 or using magnetic materials with ultrahigh magnetic anisotropy
such as hexagonal close-packed phase CoPt oxide media with high Pt con-
tent, L10 phase-ordered CoPt and FePt alloys, or (Co/Pd)n multilayer struc-
tures.27,28 However, because of the constraint of the writing head, the
infinitely high Ku material is not reasonable.

To increase the sensitivity of the reading head, alternatives must be
explored to improve areal density. The tunneling magnetoresistance
(TMR) sensor may be applied in the future; it consists of an antiferro-
magnetic layer, a reference layer, a tunneling barrier and a free layer.29 The
challenge of applying it in recording systems is to obtain efficiently small
resistance. Since the resistance of a tunneling junction increases exponen-
tially with the thickness of the oxide tunneling barrier (e.g. a normal alu-
minum oxide monolayer), the barrier thickness must be uniform at the
atomic level. This presents a huge technical challenge.

In order to accomplish ultrahigh density data recording, the longitudi-
nal recording mode requires an infinitely thin recording layer combined
with an excessively high coercive force. However, the former implies a
deterioration of the SNR due to a drastic reduction of the reading flux
from the medium, and the latter is limited by the writing ability of the
inductive write head. In practice, these factors place an upper limit on the
areal density. Therefore, this becomes an obstacle to realizing ultrahigh
density longitudinal recording.
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4. High Density Magnetic Recording

As discussed above, the areal density of the conventional longitudinal
recording model is limited by the superparamagnetic effect. New approaches
are needed to fulfill the requirements of the rapid growth rate of information.
Perpendicular recording is technically the closest alternative to longitudi-
nal recording, in which the magnetization of recorded bits is normal to the
plane of the medium. It saves space and increases thermal stability.
Patterned media (the location and size of the magnetic features are prede-
termined by the medium manufacturing process) are used with one grain
as one bit, so the capacity is increased. To get even smaller patterned uni-
form grains, self-assembled magnetic nanoparticle arrays are the most
promising method due to their low cost and large area. Besides conven-
tional magnetic materials, new materials are explored. Molecular-based
magnets give more room for further increase of areal density data storage.

4.1. Perpendicular recording

The perpendicular recording technology was proposed by Prof. Iwasaki in
1975.30,31 It is a promising candidate for high density magnetic data
storage, since it is technically the closest to conventional longitudinal
compared with other technologies and methods. The significant difference
between perpendicular and longitudinal recording is that the former
orients the magnetization of the recording bit normal to the surface of the
medium, thereby saving space in the plane of the medium and increasing
thermal stability. Using perpendicular recording technology, an areal den-
sity of 345 Gbits/in2 was achieved in laboratory demonstration.2 Since the
maximum areal density achievable by perpendicular recording is expected
to be beyond 1 Tb/in2,32 there is room for further improvement. The fol-
lowing discusses the special design of the recording head, media and
advantages and challenges of perpendicular recording. Detailed reviews
can be found in Refs. 28, 33 and 34.

The typical perpendicular recording model is shown in Fig. 4. There
are three key elements in perpendicular recording: a single pole perpendi-
cular write head,31 a CoCr anisotropy recording film35 and a soft magnetic
underlayer (SUL).36

High Density Magnetic Data Storage 17
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4.1.1. Single pole write head

In conventional longitudinal recording, the maximum field generated from
a ring head (RH) is limited by 2π Ms, where Ms is the saturation magnetiza-
tion of the write-pole material while in perpendicular recording the write
field is generated between the trail pole of a single pole head and a soft
underlayer. In this geometry, the upper limit of the write field is 4πMs, twice
the field from the longitudinal recording head. The ability to generate higher
fields makes it feasible to record bits on a higher magnetic anisotropy
medium, which in turn further delays the superparamagnetic limit to a
higher areal density.37 Thereby, to realize higher-resolution writing, a strong
and sharp perpendicular field from a single pole type write head is
required.38–40 This requires that a single pole write head should be designed
to energize the recording medium. A recording layer should consist of a sin-
gle pole head and a double-layered medium. Also, a soft magnetic back-
layer is designed to effectively bring out the effect of magneto static
interaction between them. Besides, the recording layer of the medium
should be made to narrow the dispersion of the grain size and coercivity.

4.1.2. Perpendicular recording media

Perpendicular recording provides a new technique to postpone the
limitation of thermal stability. One of the important reasons in the

18 H. Wu, L. Zhang and Y. Song

Fig. 4. A typical perpendicular recording model: a magnetic recording medium and
a soft underlayer used together with a single-pole head. (Adapted from Ref. 9 with
permission, © 2000, IBM)
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perpendicular recording mode is the relatively well-aligned easy axis of
each magnetic grain in the direction perpendicular to the plane of the disk
[see Fig. 5(b)]. Thus, the bit transition in such a highly aligned film
relaxes the stringent requirements of the write field for achieving sharp
transitions for conventional longitudinal recording, where the magnetiza-
tion is randomly oriented in the plane [see Fig. 5(a)].41,42 Also, the oppo-
site states of magnetization in neighboring bits generate a minimum
demagnetization field, making the bits smaller without superparamagnet-
ism and keeping their memory. Since the demagnetization field in per-
pendicular recording decreases with increasing thickness, thicker media
with smaller grain can be applied in perpendicular recording than in lon-
gitudinal recording to achieve the same areal density. 

An ideal perpendicular recording medium requires:

(1) Sufficiently small and uniform grains with a small intragranular
exchange to increase the SNR

(2) A high anisotropy and texture control to improve thermal stability
(3) Unity squareness (S ≈ 1) of its M–H loop to avoid excess noise in the

DC saturated state.

The typical perpendicular recording medium has a double-layered
structure composed of a magnetic recording layer (a hard magnetic mate-
rial with high magnetic anisotropy) and a soft underlayer (a soft magnetic
material). The latter is a new component compared with the longitudinal
recording model. Its function will be discussed later.

High Density Magnetic Data Storage 19

Fig. 5. Schematic diagrams illustrating (a) a longitudinal medium with randomly oriented
easy axes and (b) a perpendicular medium with aligned easy axes. (Adapted with permis-
sion from Ref. 42, © 2004, Kluwer Academic Publishers)
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To optimize the specifics, the materials with high magnetic anisotropy
are used as magnetic recording layers. So far, two types41 of recording
magnetic materials have been used in the perpendicular recording model: 

(1) Alloy-based media, such as CoCr alloy,35 L10 phase FePt43 and CoPt.
The magnetic anisotropy is controlled by the magnetocrystalline
anisotropy, so it is highly textured.

(2) Multilayer-based magnetic media, such as CoCr/Pt,44 and Co/Pd45

multilayered films. The magnetic anisotropy is controlled by the inter-
facial interaction between a magnetic layer (such as Co) and a high
polarization nonmagnetic spacer (such as Pd or Pt). This type of media
is weakly textured. 

Comparing those two kinds of recording magnetic layers, the latter is
preferable because it has a significantly larger anisotropy and a remnant
squareness of one. Consequently, the anisotropy field, Hk, which keeps the
magnetization in the perpendicular-to-the-disk direction, is larger than the
maximum demagnetizing field, 4π Ms. Therefore, the thermal stability can
be improved and a higher areal density can be achieved.

4.1.3. Soft underlayer (SUL)

The use of the SUL, located below the recording layer, is a critical part
of perpendicular magnetic recording. It provides the possibility of
recording on media with high anisotropy, which increases the thermal
stability of the recorded information in the disk. The effect of the SUL is
like a mirror in both the write and the read process. It directs the mag-
netic flux from the write pole to the collector pole and generates a mir-
ror image of the write pole. This results in almost doubling of the write
field and reducing the demagnetizing field, thus recording bits at a higher
density than conventional longitudinal recording.

The characteristics of the longitudinal and perpendicular recording
models are summarized in Table 2.46,47 Perpendicular recording is consid-
ered as the promising alternative to conventional longitudinal magnetic
recording technology. The highly aligned anisotropy axis of individual
grains in perpendicular recording media facilitates recording narrow

20 H. Wu, L. Zhang and Y. Song
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tracks with sharp transitions into a thicker recording layer, reducing noise
and increasing readback signal. Moreover, the use of a soft underlayer
helps to stabilize the grain. The mirror effect of the SUL produces a dou-
ble writing field, which allows writing transitions in recording media with
higher anisotropy, resulting in more thermal stability. 

However, before perpendicular recording can be extensively applied,
efforts need to make to resolve technical problems. For example, to over-
come the high sensitivity of the SNR to the switching field distribution in
perpendicular media, tilted media were proposed48,49; to optimize head

High Density Magnetic Data Storage 21

Table 2. Complementarity between the longitudinal and perpendicular recording
model. (Reprinted with permission from Ref. 47, © 2005, Elsevier)

(a) Longitudinal model (b) Perpendicular model

λ→0, Hd→4π M λ→0, Hd→0

Head Dipole (ring) type Single pole type

Medium Longitudinal anisotropy (2D random) Perpendicular anisotropy (uniaxial)
Thin δ Thick δ
Low Ms, high He High Ms, high He

Low squareness High squareness
Recording layer only Soft underlayer

Thermal Good at low density Good at high density
stability

Write Medium outside of write flux path Medium in write flux path

• Narrow spacing required • Efficient writing
• High frequency writing
• Wide temperature range
• Relaxed spacing; sharp

transition/narrow erase band
• High TPI servo writing

Read Low output High output

• High head sensitivity required; • High SNR
flux from head-on transition • Good tracking servo

• Wide reading • Relaxed head sensitivity; flux
from coupled transition

• Narrow reading
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design, heat-assisted magnetic recording (HAMR) and/or thermally
assisted magnetic recording were used.50 Perpendicular recording defers
the superparamagnetic limit in the conventional longitudinal recording
system, but still cannot meet the growing requirement of data storage.
Further increasing the areal density will be realized by new designs and
pathways. The following lists some new designs on the recording media,
which are believed as promising candidates for the future data storage.

4.2. Patterned media

In conventional longitudinal magnetic recording media [as shown
schematically in Fig. 6(a)], each bit contains 50–1000 grains to control the
SNR. And the size of each grain is limited by thermal instability of the thin
film medium. Assuming that the grain is about 10 nm (typically, a little
larger), the size of a single bit will be 0.5–10 µm in size, corresponding to

22 H. Wu, L. Zhang and Y. Song

Fig. 6. Schematic drawing of (a) a conventional thin film medium, consisting of single-
domain, exchange-decoupled grains. Bits are represented by the transitions between oppo-
sitely magnetized regions. Each bit cell contains tens or hundreds of grains. (b) A patterned
medium with in-plane magnetization. The single-domain bits are defined lithographically
with period p. They can be polycrystalline (indicated by dotted lines) with exchange cou-
pling, or single crystal. (c) A patterned medium with perpendicular magnetization.
Binaries 1 and 0 are shown. (Reprinted with permission from Ref. 51, © 2000, Annual
Reviews)
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an areal density of less than 15 Gbit/in2. The simulation predicted that the
superparamagnetic limit for longitudinal recording on thin films occurring
at the densities is about 200 Gbit/in2.3,4

One solution to this problem is patterned magnetic media [as shown in
Figs. 6(b) and 6(c)], in which data are recorded in an ordered array of
highly uniform magnetic islands separated by a nonmagnetic matrix or
material with altered magnets. Each island (also called the switching vol-
ume) is capable of storing an individual bit, depending on the direction of
magnetization. For example, magnetization up represents “1,” and mag-
netization down represents “0”.51 Unlike thin film media, this island may
contain one grain, or several exchange coupled grains, and each island
behaves as a single magnetic domain. This may effectively eliminate the
transition noise and statistical noise problems.23,52 Moreover, the transi-
tions are now defined by the patterning and not by the head field. Thus,
patterned media are much more stable than the conventional recording
media; even those islands are smaller than 10 nm. As a result, the areal
density can be increased dramatically compared to conventional recording
media. For example, a 50-nm-period patterned medium corresponds to a
density of 250 Gbit/in2, and a 25-nm-period one corresponds to a density
of around 1 Tbit/in2.53 Therefore, a patterned medium is a promising can-
didate for the future recording system with a capacity beyond 1 Tbit/in2.
However, there are a number of technical problems which need to be
resolved, such as fabrication of large-area arrays of magnetic grains with
size less than 50 nm at low cost, addressing of the array with high spatial
precision, and different recording and writing mechanisms and systems.
These issues will be discussed below.

4.2.1. Fabrication of patterned media by lithography

Nowadays, significant efforts are devoted to the fabrication of patterned
recording media. Many methods have been reviewed to fabricate nanoscale
or submicroscale patterned magnetic elements.51,55–57 Unfortunately, con-
ventional photolithography no longer meets the requirement for the high
resolution of patterned media. In conventional photolithography, a pattern
of a geometric shape is created in a mask, and then transferred to a thin
radiation-sensitive layer material (called resist), which is placed on the
surface of a semiconductor wafer. Finally, the areas which are not protected
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by the resist are removed through etching. The resolution in conventional
photolithography is limited by the wavelength of light (λ ) used and the
system numerical aperture (NA) with a minimum feature size of about
λ /(2NA). For generation of highly ordered arrays of uniform “islands”
with dimensions smaller than 50 nm, the conventional optical method
cannot work. Instead, some advanced nanolithography techniques, such as
E(electron)-beam lithography, X-ray lithography, nanoimprint lithography
and interferometric lithography, need to be used.

Among the aforementioned nanolithography techniques, E-beam
lithography is widely used to fabricate patterned media. Here, an electron
beam is used to write a desired structure directly on a thin resist layer.
Although the calculation from diffraction limitation predicts that an
E-beam lithography can be obtained as a spot as small as 1 nm by increas-
ing the energy of the electron beam, the secondary electrons produced by
high energy electrons58 and the following process57 limit its resolution.
Theoretically, 10 nm spots are possible, and so far the smallest spot
demonstrated is an array of 12 nm dots with a 25 nm period by E-beam
lithography on a AuPt layer,53 which suggests a potential density of
around 1 Tbit/in2 for patterned bits. Compared to other methods, E-beam
lithography has high resolution, excellent flexibility and reasonable pat-
terning speed. Due to low throughput and expense, when exposing large
areas, stitching errors between the different written fields will distort the
long range coherence of the array. Therefore, this method is not suitable
for the fabrication of large-area samples.51 However, E-beam lithography
can be applied for preparation of masks for master/replication methods,
such as nanoimprinting.

In X-ray lithography, UV light is replaced by X-rays, which are pro-
duced by synchrotron radiation from a bending magnet in a high energy
electron storage ring. The advantage of using X-rays is that diffraction
effects can be reduced significantly because the wavelength of X-rays
(0.4–5 nm) is much shorter than that of UV light (200–400 nm). Therefore,
higher resolution can be achieved. As with high energy electron beams,
X-rays have a photoelectron blur problem, which is caused by the excita-
tion of photoelectrons and the associated shower of secondary electrons.
Ultimately, this places a limit on the smallest achievable feature.58 The
resolution limit of X-ray lithography is about 20 nm. However, X-ray

24 H. Wu, L. Zhang and Y. Song
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lithography has a high throughput capability because parallel exposure
can be adopted.57

Nanoimprint lithography (NIL) includes two processes. One is
nanoimprinting. In this process, a mold with nanometer scale features is
imprinted on a thin resist film and creates a pattern with a thickness con-
trast in the film. The other process is ‘lithography’, which transfers the
pattern into the entire resist thickness by anisotropic etching.59 Although
the mold must first be patterned by E-beam lithography or other methods
which may be expensive and time-consuming, repeatable use with a long
lifetime (depending only on the limit of wear and contamination) will be
able to counteract this disadvantage. Therefore, this technique is inexpen-
sive and time-saving. Moreover, the duplicating process of nanostructures
on the mold in the resist film is not affected by wave scattering, diffrac-
tion and interference in a resist, and backscattering from a substrate.
Therefore nanoimprint lithography provides a way to fabricate sub-10-nm
structures. In the past few years, it has received considerable attention.
For example, metal patterns with a feature size of 25 nm and a period of
70 nm were made with a lift-off process by nanoimprint lithography.60

Interference lithography (IL), or holographic lithography, allows peri-
odic arrays of identical particles to be made over several square centime-
ters. For two-beam interference, two coherent beams interfere at an angle
2φ to produce a standing wave, which is recorded in a recording layer
(photoresist) with a period of λ/(2 sinφ). There are also three-beam inter-
ference and four-beam interference, which can create different patterns in
the photoresist. The minimum spatial period of a pattern is then half the
wavelength of the interfering light. Employing UV wavelengths, 200-nm-
period gratings can be obtained. For the spatial period of the order of
100 nm, a deep ultraviolet DUV ArF laser (λ = 193 nm) can be used.61 But
short excimer laser generates too broad a range of wavelengths to produce
sufficiently sharp interference patterns. To compensate for the diffraction
limit of λ/2, an achromatic interferometer lithography (AIL) system has
been developed, in which the radiation is diffracted by a set of three-phase
gratings. The period of the pattern is given by half the period of the grat-
ings, independent of the laser wavelength.62,63 For example, an array of a
30 nm nickel–chromium alloy with a period of 100 nm was made.64 To
further reduce the period, a new generation of the AIL system is under
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development for producing 50-nm-period patterns on a substrate, or even
as low as 10 nm.54

Lastly, one more appealing method, self-assembled block copolymer
lithography65–67 is discussed. A block copolymer polymerized from two
chemically distinct monomers can microphase-separate into a monolayer
of nanoscale domains.68 Then the structure is used as a template for the
following growth of magnetic patterns. The geometry of the template
depends on the length of each block. For example, a PS-PFS (poly-
styrene/polyferrocenyldimethylsilane) copolymer was used to fabricate
single domain cobalt dot arrays with the magnetic islands as small as
25 nm.69 The approach provides a simple and controllable process for
making an array of magnetic nanodots. However, the array lacks long
range order. To solve this problem, templated (or guided) self-assembly70–73

is proposed, in which a substrate with topographical features or chemical
heterogeneities74,75 is used to induce orientation and ordering of the self-
assembled block copolymer. A 2.5-inch disk patterned medium of
Co74Cr6Pt20 with ∼40-nm-diameter islands was prepared via a combination
of graphoepitaxy and self-assembly.76 A similar method reported for creat-
ing nanostructure is to orient a block copolymer under an applied electric
field. Here, the block copolymer comprises blocks with different dielec-
tric constants, such as a copolymer of polystyrene-polymethylmethacry-
late (PS-PMMA).77 Annealing under an applied electric field leads to a
hexagonal array of PMMA cylinders oriented parallel to the direction of
the field. Then, the removal of PMMA by acetic acid gives an ultrahigh
density nanoporous film. By electrodeposition, nanowires with a diameter
of 14 nm can grow in the porous template, which will create an ordered
array of nanowires, corresponding to an areal density beyond 1 Tbit/in2.

Without using a resist, the desired pattern can be directly written on the
magnetic film by ion irradiation. When different ions (He+, Ar+, Ga+, N+)
with varying exposure doses (fluency) interact with the surface, many
effects occur. These include radiation damage, elastic reflected ions,
implantation and ion etching (milling).55 One example is the perpendicu-
lar granular CoCrPt media with an ∼100 nm period and ∼70 nm islands
prepared by focused Ga+ ion beam (FIB).78 Irradiation with light ions typ-
ically results in a patterned magnetic structure separated spatially by
altered magnetic anisotropy, without changing the surface topography.

26 H. Wu, L. Zhang and Y. Song
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The disadvantage here is the lack of throughput and speed to meet the
requirement of manufacturing patterned media. Using mask techniques,
this issue might be addressed partially. Projection ion beam irradiation has
been used to produce a large area of a patterned Co/Pt multilayer.79,80 The
light ion lithography has been reviewed recently.81

Some other fabrication processes, such as the AFM (atomic force
microscopy)/STM (scanning tunneling microscopy)-based probe litho-
graphy system, have been developed. They are suitable for producing
small dots, but more efforts need to improve the lithography speed,
reproducibility and the ability to produce large-area samples.

4.2.2. Magnetic properties

The fabrication is not the only problem associated with patterned media.
Integrating patterned media into a disk drive presents another big chal-
lenge. When one analyzes the recording process, understanding and mod-
eling the magnetic properties of those small particles are very important.
The magnetic properties of nanostructured elements have been reviewed
recently.56 An ideal patterned medium should be composed of a thermally
stable and noninteracting single domain particle with two well-defined
remnant states for information storage. Besides, the switching field distri-
bution should be narrow enough to prevent the field gradient of the write
head from addressing more than one island, and the saturation magnetiza-
tion should be turned to optimize recording, thermal stability and read-
back signal amplitude.57

The coercivity Hc and the remnant-to-saturation magnetization ratio
Mr/Ms (also called remnant squareness, S ) of magnetic particles are
dependent of the size of particles,82,83 as shown in Fig. 7. The above two
properties have maximum values when the size of particles reaches the
critical value, depending on the chemical composition and crystalline
structure of the particles. For instance, the critical size is 20~40 nm for the
CoNi alloy system,84 where the nanoparticles have the highest coercivities. 

For polycrystalline particles, there should be exchange coupling exist-
ing inside to avoid formation of domain walls. When the size of particles
is less than the critical value, single domain remnant behavior is expected.
Otherwise, domain structures exist in particles and both coercivity
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and remnant magnetization of particles will be reduced. On the other
hand, when particles are too small, the nanoparticles gradually become
superparamagnetic due to random anisotropy. In order to obtain a high
areal density for data storage, the size of particles should be within the
range where the particles can be expected as a single domain, even in the
presence of some defects. 

Compared with continuous films, the bit size in patterned media is
defined by lithography, not the read/write head. Thus, a high coercivity is
not necessary, which provides a wide choice of magnetic materials.
Another difference is that in patterned media the structure and shape
anisotropies of islands are much more important than others. In particular,
shape anisotropy determines the easy axis of magnetic nanoparticles and
plays a key role in the process of magnetic reversal. Small variations in the
particle’s size, shape and microstructure and the magnetostatic interaction
between particles lead to changes of coercivity, width of the switching
field, etc. Therefore, controlling the size, shape, distribution and array of
particles is crucial in the design of patterned media.

4.2.3. Recording data in patterned media

The fabrication of patterned media is not the only issue that needs to
be investigated. The methods of recording data in patterned media
have also been explored in the last few years. Currently, patterned media
can be recorded by scanning probe microscopy (SPM) or MR head
technique.

28 H. Wu, L. Zhang and Y. Song

Fig. 7. Schematic curve of coercivity as a function of particle size.
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In SPM, an magnetic force microscopy (MFM) tip is used to address
patterned particles. The principle of MFM is similar to that of noncontact
atomic force microscopy (AFM) except that magnetic materials are used
for the sample and tip. Thus, the atomic force and the magnetic interac-
tion are both detected in MFM. Writing data can be realized through the
MFM tip (if the magnetization of the tip is strong enough) or by applying
an external field. The read-back process can be accomplished by detect-
ing the magnetic states from the change in the oscillation of the cantilever
that holds the magnetic tips. To improve the resolution of the writing, the
tip should be very close to the patterned element, so that the magnetic
field affects only one bit, not other nearby particles. To optimize the writ-
ing resolution and prevent inadvertent writing, a method of thermomag-
netic writing is used, by passing a current from an MFM tip to a magnetic
particle.85 To increase the recording rate, there is a new technology called
the Millipede (reported by IBM), where arrayed cantilevers are used. Each
cantilever is equipped with a heater on its tip and working in parallel.
Therefore, the Millipede provides a new approach to storing data at high
speed and with an ultrahigh density.86

The alternative method is the MR head technique; however, an issue
encountered is how to synchronize the writing signal with the physical
location of magnetic islands. So far, most experiments have been done
using a quasistatic write/read tester together with MFM to study pat-
terned media. The tester consists of a conventional longitudinal inductive
write/GMR read head and a piezoelectric x–y stage, which controls the rela-
tive position of the sample of the patterned medium.87 The synchronization
requirements for writing bits in patterned media were investigated on a sin-
gle row of islands.88 The study of the recording system in both longitudinal
and perpendicular Co70Cr18Pt12 patterned media (see Fig. 8) reveals that a
significant “writing window”, where islands can be written 100% correctly,
is of about half the island period.89 Quantitative analyses show that writing
patterned islands correctly in longitudinal media is easier than in perpendi-
cular media, which is consistent with the hypothesis that the window
strongly depends on the field gradient of the write head and the switching
field distribution (SFD) of islands. Therefore, to expand the writing window
or to increase the writing performance of patterned media, narrowing the
SFD and increasing the high head field gradients are required.89
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Patterned media present an intriguing possibility for ultrahigh density
data recording further delay of the limitation of superparamagnetic effect.
Several fabrication methods of nanoscale patterned particles have been
proposed. In addition, recording systems have been investigated on some
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Fig. 8. (a) Longitudinal Co (1010) medium. Top: AFM image of an island row with a
period of 87 nm. Bottom: MFM image after in-phase writing. (b) Perpendicular Co70Cr18Pt12

medium. Top: AFM image of an island row with a period of 103 nm. Bottom: MFM image
after in-phase writing. For the perpendicular case, the islands in the MFM image are either
black or white, depending on their magnetization, while for the longitudinal medium each
island appears as a dipole with a black-and-white contrast on either side of the island.
(c) Perpendicular CoCrPt medium: GMR readback signals, obtained after applying different
phase shifts. (d) Probability to address islands correctly as a function of the phase shift for
patterned longitudinal ( p = 60 nm) and patterned perpendicular ( p = 103 nm) media.
Corresponding results obtained from a simulation are indicated by dotted and dashed lines.
(Reprinted with permission from Ref. 89, © 2003, IEEE)
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key issues, such as read/write methods, synchronization and noise.
However, whether patterned media are practically adopted depends on
whether this set of complex fabrication, addressing and integration prob-
lems can be solved economically. Also, it is crucial to understand the mag-
netic properties of patterned nanoparticles completely. More explorations
and systematic studies are needed and new fabrication methods and
recording techniques are expected in the future.

4.3. Self-assembly of magnetic nanocrystal media

Patterned media present a potential application for ultrahigh density
magnetic storage. One of the challenges for patterned media is whether
economical methods exists to prepare nanoscale patterned particles, espe-
cially the fabrication of ultrafine, uniformly ordered nanoparticles.
To obtain the areal density of 1 Tbit/in2, a period with a spacing of 25 nm
is required. For 10 Tbit/in2, this spacing is reduced to 8 nm. It will be
difficult to realize such small spacing periods by the nanofabrication
methods. In addition, the high-cost and low throughput limit their appli-
cation. Therefore, new methods are needed. Chemical synthesis and self-
assembly on the substrate of the recording medium may be the most
cost-effective method. Compared with lithography, self-assembly of
magnetic nanoparticles is inexpensive with a rapid process. Also, by
this method, particles with smaller size can be well arrayed. By varying
synthesis conditions, different sizes (as small as 2 nm) and shapes of
magnetic dots can be prepared. And then, by controlling the conditions
of deposition, these monodisperse magnetic nanoparticles can self-
organize onto the surface of substrates with two-dimensional (2D) or
three-dimensional (3D) superlattice structures. Here, we will focus on
synthesis approaches and self-assembly process.

4.3.1. Chemical synthesis of nanoparticles

Monodisperse magnetic nanoparticles are of interest as promising candi-
dates to extend the density of data storage media into the range of terabits
per square inch.90 By careful selection of synthesis conditions, nanocrys-
tals with different shapes and sizes can be fabricated.
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So far, many magnetic nanoparticles have been made by the methods
above, such as Co,91 FePt ,92 FeCo, CoPt, FePd,93 MnFe2O4,

94,95 and Fe3O4

(see Fig. 9). Among them, L10 FePt is particularly desirable because of its
high magnetic anisotropy, small domain wall width (2.8–3.3 nm), small min-
imal stable grain sizes (2.9–3.5 nm) and chemical stability. In the ordered
intermetallic phase, the magnetic anisotropy Ku can reach values as high as
108 erg/cm3, indicating that the magnetic anisotropy energy KuV (V is the vol-
ume of the grain) is much larger than the thermal energy kBT at ambient tem-
perature. The first successful demonstration of monodisperse FePt
nanoparticles was synthesized by decomposition of iron pentacarbonyl
[Fe(CO)5] and reduction of platinum acetylacetonate [Pt(acac)2] in the pres-
ence of surfactant molecules, followed by the high temperature annealing
process.92 However, the chemical composition is difficult to control because
of the loss of Fe(CO)5 during the synthesis.96 Without using Fe(CO)5,
monodisperse FePt nanoparticles [shown in Fig. 9(a)] can be made by reduc-
ing the reaction of iron(II) and platinum(II) acetylacetonates with 1,2-
hexadecanediol97 as the reducing reagent. The stoichiometry can be adjusted
by controlling the molar ratio of Fe(acac)2 to Pt(acac)2. Among them,
annealed Fe55Pt45 nanoparticles have very high coercivity, Hc = 9500 Oe.98

The smallest size of FePt nanoparticles can be around 2 nm.99 To get larger
nanoparticles, seed-mediated growth can be employed, where smaller
nanoparticles are used as seeds and more FePt is coated over the seeds.92

Actually, the synthesis of nanoparticles can be controlled by the balance
between the nucleation rate and growth rate. If the nucleation period is
concurrent with the growth process, the final particle size and shape will be
poly-disperse. To realize the separation of the nucleation and growth
processes, different methods have been tested. One method is called
“injection method”. After injection, fast nucleation occurs, and this is fol-
lowed by a relatively long growth period. Upon nucleation, the concentra-
tion of reactant in solution drops below the critical concentration for
nucleation, and further material can only add to the existing nuclei. Growth
rate is controlled by the rate of diffusion of reactants to the particles and/or
by the reaction rate. Ultimately, the growth will be balanced by the solubil-
ity. The size, composition and shape of the particles are controlled by vary-
ing the synthesis parameters, such as the molar ratio of stabilizers to metal
precursors, the addition sequence of the stablilizers and metal precursors, the
heating rate, the heating temperature, the heating duration100 and the solvent.
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The first problem encountered in the synthesis process is the aggrega-
tion of nanoparticles, caused by van der Waals force of attraction existing
in the nanoparticle system. Magnetic interactions between magnetic
nanoparticles make this aggregation more serious. The result generates a
nondispersed fine powder. In order to avoid this problem, a repulsive or
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Fig. 9. (a) 3D assembly of a 6 nm Fe50Pt50 sample after replacing oleic acid /oleyl amine
with hexanoic acid/hexylamine.92 (b) Monodisperse FePt particles with a 3.01 nm diame-
ter and a standard deviation of 0.29 nm.97 (c) HRSEM image of an ∼180-nm-thick, 4 nm
Fe52Pt48 nanocrystal assembly annealed at 560°C for 30 min under 1 atm of N2 gas.
(d) High resolution TEM image of 4 nm Fe52Pt48 nanocrystals annealed at 560°C for
30 min on a SiO-coated copper grid.92 (e) Transmission electron microscope image of a
Co nanocrystal superlattice before annealing, show in an ∼4 nm interparticle distance (the
nanocrystal diameter is 10 nm). (f) Co nanocrystal superlattice after annealing (∼2 nm
interparticle distance).91 (Reprinted with permission from Refs. 91 and 92, © 2000,
American Association for the Advancement of Science)
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stabilizing force is needed. Organic ligands bearing long chain hydrocar-
bons chains (surfactants) provide a steric repulsion to increase the stabil-
ity of nanoparticles. Another way is to take advantage of the electrostatic
repulsion on the surface of nanoparticles.

Another problem is to prepare nanoparticles with the desired crys-
tallinity. Thermal annealing is necessary to achieve the chemically
ordered, high anisotropy ferromagnetic L10 phase. The high temperature
annealing process can lead to nanoparticle agglomeration and sintering. It
makes aligning the nanoparticles along the easy axis difficult.101,102 In
other words, the high temperature annealing process limits the technolog-
ical applications. One way to decrease the L10 phase transformation tem-
perature is through addition of Ag to the FePt nanoparticles; yet, 350ο C
is still necessary for annealing.103 Other work included addition of Co
to the FePt nanoparticles to improve their physical and magnetic proper-
ties.103,104 A gas-phase-based process was used to prepare FePt nanoparti-
cles, where the preparation technique allows annealing of the particles
in the gas phase prior to their deposition. Higher coercivity was obtained
by enhancing the degree of the L10 order in the gas-phase sintered
particles.105

The solution phase synthesis mentioned above causes the nanoparti-
cles to be encapsulated by organic ligands (such as oleic acid
and oleylamine) to prevent aggregation. However, the organic ligand shell
can affect both the magnetic properties and the electron configuration of
the core. Recently, ligand-free FePt nanoparticles were prepared and their
electronic and magnetic properties were characterized.106 Also, the influ-
ence of the surface interaction upon the magnetic properties of MnFe2O4

nanoparticles with a series of ligands was reported.107

The biomineral strategy is a potential solution to the synthesis and
assembly of crystalline inorganic materials under environmentally benign
conditions by controlling the size, composition and phase, in which bio-
logical interactions control the nucleation of nanoparticles. So far, using
biological templates, narrow size distribution nanoparticles of CoPt108 and
FePt109 have been prepared. Compared with the approach of chemical syn-
thesis, the development of biological routes for the synthesis of magnetic
materials provides a “green” and cost-effective synthetic approach under
an ambient environment.
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4.3.2. Magnetic nanoparticle self-assembly

Self-assembly is an easy way to produce nanoparticle arrays. By mixing
all the chemicals together, nanostructure will be generated automatically
by the solvent evaporation. The forces involved in self-assembly include
generally weak interactions, such as hydrogen bonding and hydrophobic
interaction, steric repulsion, magnetostatic interaction, van der Waals
interaction and Coulombic interaction and so on. Among them, which
one dominates the behavior of self-assembly depends on the size, size
distribution, shape of nanoparticles, and also the properties of solvents.
Actually, self-assembled arrays can be fine-tuned. Using the same
nanoparticles, different packing styles from hexagonal close packing,
square packing, to linear chains were achieved by selecting appropriate
conditions.110

The problem here is that the arrays could be easily destroyed since the
self-assembly process is driven by weak interactions. This limits the avail-
ability and reproducibility of the method. To solve this problem, chemical
bonds or other strong interactions must be induced. Template-assisted
assembly90 was used to assemble the nanoparticles in a controlled manner
with robust mechanical properties, in which the substrates are functional-
ized by special molecules or pretreated to get particular surface structure.
For example, organosilane compounds can self-assemble on a hydroxy-
lated surface. Sulfur-containing surfactants are readily absorbed on the
surface of gold, silver or copper substrate. These strong molecule–substrate
interactions result in “chemical absorption.” Then, by exchanging stabiliz-
ers bound to the particles with the molecules that selectively bind to the
substrate, nanoparticles can assemble robustly on the surface of the sub-
strate. Alternating adsorption of polyethylenimine (PEI) and FePt
nanoparticles on a OH-terminated surface via surface ligand exchange
leads to 4 nm FePt nanoparticle assemblies with controlled thickness.96,111

As mentioned before, the use of biomolecules as templates for nanoparti-
cle assembly has been proposed recently. For example, a DNA molecule
was used as a template for the vectorial growth of a 12-mm-long, 100-nm-
wide conductive silver wire,112 and proteins have been reported to direct
nanocrystal assembly of semiconductors.113 The Langmuir–Blodgett
method114 was also reported to fabricate FePt nanoparticle media.
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4.4. Organic and molecular magnets

As mentioned above, all traditional magnetic materials are inorganic
materials, such as transition metals and metallic oxides. Their magnetic
properties are based on d/f orbital electron spins. The introduction of spins
into s/p orbitals opens up the development of molecule-based magnetic
materials, which is important for basic and applied research in science and
engineering. Compared with conventional inorganic magnets, molecular
magnets present several unique features, such as tunability of properties
by means of organic chemistry, easy processability, high mechanical flex-
ibility, low density, low environmental contamination, high compatibility
with polymers, high biocompatibility, transparency, semiconducting
and/or insulating direct current (d.c.) electrical conductivity, high mag-
netic susceptibilities, high magnetization and low magnetic anisotropy.115

In the last two decades, much attention has already been directed
to the research on molecule-based magnets. Based on the orbital in which
spins reside, molecule-based magnets can be grouped into two families.116

One is that the organic fragment is an active component with spin sites
contributing to both the high magnetic moment and the spin coupling. The
first metal-free organic ferromagnet was discovered 15 years ago. It was
a derivative of nitronyl nitroxide, the orthorhombic β-phase crystal of p-
nitrophenyl nitronyl nitroxide ( p-NPNN), which became magnetically
ordered at 0.65 K.117 Also, thiazyl radicals exhibit magnetic ordering tem-
peratures in excess of 50 K.118 The other group is that the organic fragment
only provides a framework to accommodate the spins (which reside solely
on metal ions) and facilitates coupling among the spin-bearing metal ions.
In the second family, the molecule-based magnets contain metal ions, but
are obviously distinct from conventional metal-based magnets, where the
organic fragments in the molecules are very important to their magnetic
properties. In the following subsection, the structures, the magnetic prop-
erties and some mechanisms of molecular magnets will be discussed.

4.4.1. Magnets with spins only on organic moieties (p orbitals)

4.4.1.1. Organic radicals

Being magnetic, at least one unpaired electron (or unpaired spin) exists
in the atom or molecule of materials. In organic magnets, organic free
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radicals possess an odd number of electrons. The regular array of organic
free radicals results in a net magnetization. Since most organic radicals
show very low anisotropy, a three-dimensional network of magnetic inter-
actions is required if the material exhibits bulk magnetic order.119 The
magnetic properties of organic magnets strongly depend on the exchange
interaction of organic free radicals and the solid state structure.120–122

However, most organic radicals are extremely unstable and reactive;
therefore, they are unable to be isolated in their solid state. To increase the
stability of organic radicals, synthetic chemistry is used. One solution is
to delocalize the unpaired electron by introducing aromatic rings or
adding bulky substituents. The following provides several important
organic ferromagnets.

4.4.1.2. Nitronyl-nitroxide-based organic magnets 

The first evidence of pure organic long range ferromagnetism was dis-
covered in the β-phase crystal of para-nitrophenyl nitronyl nitroxide
[p-NPNN; the molecular structure is shown in the inset of Fig. 10(a)].116

p-NPNN is a very soft ferromagnet [Fig. 10(a)], which saturates in a very
small field below the transition temperature (Tc = 0.65 K). The magnetic
moment in nitronyl nitroxides comes from the unpaired electron that is
delocalized over the O–N–C–N–O moiety.

The spin density map [Fig. 10(b)] shows that the positive spin
density is delocalized over the nitronyl nitroxide group and also the
nitrogen of the nitro group. The spin polarization effects are respon-
sible for the transfer of the spin density to the nitrophenyl group,
which means that the intermolecular ferromagnetic interaction passes
through both the nitro and the phenyl fragments. Therefore, the sub-
stituent group can affect the interaction between neighboring mole-
cules, resulting in modification of crystal structure and the magnetic
interaction between unpaired spins.123 Following this discovery, many
other nitronyl-nitroxide-based organic ferromagnets have been found.
Figure 11 shows some structures of these magnets. Although the chem-
ical modification of the substituent group provides an efficient method
for controlling the crystal structure, these nitronyl-nutroxide-based
organic radicals still need a very low temperature (below 1 K) to
achieve the ferromagnetic order.
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Other kinds of nitroxide-based radicals exhibiting ferromagnetic inter-
action have been found, such as the series of 4-(arylmethyleneamino)-
2,2,6,6-tetramethylpiperidin-1-oxyls (Ar-CH = N-TEMPO, where Ar =
C6H5, 4-Cl-C6H4, 4-C6H5-C6H4, 4-MeS-C6H4, 4-C6H5O-C6H4),

124,125 nitrox-
ide biradical N,N′-dioxy-1,3,5,7-tetramethyl-2,6-diazaadamantane126 and
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Fig. 10. (a) The magnetization curves of p-NPNN, measured at different temperatures
(TC = 0.65 K). (Reprinted with permission from Ref. 117, © 1991, Elsevier) The inset
shows the molecular structure of p-NPNN. (b) The spin density map of p-NPNN, obtained
from polarized neutron diffraction experiments. (Reprinted with permission from Ref. 123,
© 1994, Elsevier)
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Fig. 11. Some examples of nitronyl-nitroxide-based organic magnets and their transition
temperatures.
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asymmetric triradical molecules (2-[3,5-bis(Ntert-butylaminoxyl)phenyl]-
4,4,5,5-tetramethyl-4,5-dihydro-1Himidazol-1-oxyl 3-oxide, abbreviated
as PNNBNO).127 Their molecular structures are shown in Fig. 12. For
Ar-C = N-TEMPO, the ferromagnetism transition temperature is also very
low, which is believed to be due to the weak dipolar coupling between
ferromagnetic layers. The diradical exhibits the highest TC among them,
which order ferromagnetically at 1.48 K.126 PNNBNO includes an S = 1
and an S = 1/2 unit within a single molecule and the two units are con-
nected by intra- and intermolecular antiferromagnetic interactions. The
3D phase transition occurs at 0.28 K.127

Besides nitroxide-based radicals, verdazyl radicals and sulfur-based
radicals also show ferromagnetic intermolecular interactions. For exam-
ple, ferromagnetism has been observed in 3-(4-chlorophenyl)-1,5-
diphenyl-6-oxoverdazyl ( p-CdpOV; the molecular structure is shown in
Fig. 13) with TC = 0.21 K.128 The β-phase of the dithiadiazolyl radical
(p-NCC6F4CNSSN, the molecular structure is shown in Fig. 13) exhibits
noncollinear antiferromagnetism at 35.5 K.129 One interesting example is
1,3,5-trithia-2,4,6-triazapentalenyl (TTTA, the molecular structure is
shown in Fig. 13). It has a large first order magnetic phase transition over
the temperature range of 230–305 K from the high temperature paramag-
netic phase to the low temperature diamagnetic phase. The magnetic
bistability originates from different molecular arrangement and this prop-
erty is very helpful in data storage.130
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Fig. 12. Some examples of other kinds of nitroxide-based radicals.
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4.4.1.3. Fullerenes

Tetrakis(dimethylamino)ethylene-fullerene(60) (TDAE-C60) is a donor–
acceptor type magnetic material. The α-phase crystal shows a ferromag-
netic state with fully saturated s = 1/2 molecular spins at a relatively high
Curie temperature, TC = 16 K.131 The later research results showed that the
sample preparation was crucial for the magnetic properties.132 Fresh sin-
gle crystals of TDAE-C60 grown below 10°C (the α-phase), show no fer-
romagnetic behavior when cooled down to 2 K [Figs. 14(a) and 14(b)].132

The different properties between these two crystal forms come from the
different orientation of the C60 molecules in the two-phases [Fig. 14(c)].
By annealing at high temperature, the α-phase can turn into the ferro-
magnetic α-phase. After this discovery, much attention has been given to
fullerene and fullerides.

The fullerene-based materials showed a slight increased transition
temperature, such as 3-aminophenyl-methano-fullerene(60)-cobaltocene
with TC = 19 K133 But the transition temperatures were still very low until
the advent of the rhombohedral C60 polymer (Rh-C60).

134 The magnetic
carbon of Rh-C60 is prepared at high temperature and pressure; the mag-
netic phase appears when fullerene cages are about to break down and
form graphitized fullerene. The formation of the graphitized fullerene is a
2D rhombohedral polymer phase, composed of layers of covalently
bonded C60 molecules. The saturation magnetization and Curie tempera-
ture are determined by preparation conditions. The highest TC is 820 K.135

Ferromagnetic ordering in a hydrofullerite C60H24 with TC = 300 K has
also been found.136 The total concentration of magnetic impurities
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Fig. 13. Some examples of verdazyl radicals and sulfur-based radicals.
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reported in those studies appears to be too low to give rise to the observed
magnetization.134 However, the new experimental and theoretical results
concluded that the rhombohedral distortion of C60 itself cannot induce
magnetic ordering in the molecular carbon,137 and suggested that hydro-
gen may play an important role in the magnetic ordering found in
fullerenes.138 To fully understand the mechanism, further experimental
and theoretical work is required. Although the mechanism is still unclear
and the magnetism is very weak, the discovery of Rh–C60 still gives a new
perspective in the investigation of organic magnets with highly tunable
properties for use in magnetic devices.
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(a) (b)

(c)

Fig. 14. (a) Magnetization curves of the PM and FM samples of TDAE-C60 (dots and
squares, respectively). (b) The a.c. susceptibility χ of the PM and FM samples. The arrow
shows a dip in the susceptibility due to the onset of glasslike behavior, as suggested by the
model. (c) Schematic diagram of the C60 molecular orientations in the a–b plane for the
PM (left) and FM structures (right). (Reprinted with permission from Ref. 143, © 1987,
American Physical Society)
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4.4.2. Magnets with spins on both metal ions and organic moieties
(p and d/f orbitals)

One route to increase the transition temperature is to prepare hybrid mate-
rials, in which organic groups are bonded with transition metals and they
both have unpaired spins. This family of magnets includes charge transfer
(CT) salts and metal–radical complexes.

4.4.2.1. Charge transfer salts

The most famous type of CT salt ferromagnet is the metallocene-based
molecular magnet [MCp*

2][organic acceptor] (M = metal, Cp* =
C5Me5/pentamethylcyclo-pentadienide). The metallocenes mainly include
FeCp*2, MnCp*2 and CrCp*2.

The first MCp*2 CT salt discovered to have a ferromagnetic ground
state was [FeCp*2][TCNE] with TC = 4.8 K [TCNE = tetracyanoethylene;
the molecular structure is shown in Fig. 15(a)].139 The magnetization
shows hysteresis as a function of varying applied magnetic field, with a
coercive force reaching as high as 1000 G at 2 K [Fig. 15(b)]. Further stud-
ies, replacing Fe(III) with Mn(III)140 and Cr(III),141 yielded new ferromag-
nets, each having unpaired electrons ([FeCp*2]

+, S = 1/2; [MnCp*2]
+, S =

1; [CrCp*2]
+, S = 3/2). The transition temperatures decrease following the

order of Mn > Fe > Cr. The organic acceptor, TCNE, is a planar molecule
with strong electron withdrawing groups (–C≡N), which helps to stabilize
the radical anion formed through accepting an electron. One interesting
discovery was V(TCNE)x ⋅yCH2Cl2, obtained from the reaction of bisben-
zene vanadium with TCNE in dichloromethane, which exhibits a high
magnetic ordering temperature, TC = 400 K.142

The CT salts of MCp*2 (M = Fe, Mn, Cr, V,…) and organic acceptors
can be synthesized by a simply process, i.e. mixing the donor and accep-
tor in a polar solvent, and the CT salt can be precipitated by adding a
nonpolar solvent (see Fig. 16). The choice of solvent for the synthesis is very
important. It is believed that the solvent may affect the donor–acceptor
stacking structure.138 Considering the stability, synthesis of some CT salts
requires an inert atmosphere and a special low temperature. The electron
transfers from a metallocene to an organic acceptor and a CT salt forms
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with unpaired electrons on both the metallocenium ion and the organic
radical anion.

Since TCNE was used for the synthesis of CT salts, efforts on the
CT salts also resulted in the discovery of other organic acceptors with
similar structure. 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) is a typi-
cal organic electron acceptor (the molecular structure is shown in Fig. 17).
The difference from TCNE is spin in TCNQ was delocalized over more
atoms, resulting in lower spin density and weaker spin coupling. Actually,

High Density Magnetic Data Storage 43

Fig. 15. (a) Molecular structure of TCNE and (b) magnetization data for [FeCp*2]TCNE
at 2.0 K and 4.7 K. (Figure (b) is reprinted with permission from Ref. 143, © 1987,
American Physical Society).
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R

R

R

R

R

RR

R

Fig. 16. Formation of CT salt by electron transfer from a metallocene donor to an organic
acceptor (M = Fe, Mn, Cr, V,…; R = electron withdrawing group, such as –CN).
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the transition temperatures of TCNQ counterparts are lower than that of
TCNE salts. R1,R2-DCNQI (DCNQI = N,N′-dicayanoquinodimine) is
another example of an organic acceptor (the molecular structure is shown
in Fig. 17). Cu-(Me2DCNQI)2 was noted for high conductivity.144,145 The
strong interlattice interaction between the d electrons of Cu and the π elec-
trons in p orbitals from DCNQI delocalizes the electron energy. By chang-
ing the temperature, pressure or selective deuteration, conductivity and
susceptibility can be obtained from metal to insulator, from antiferro-
magnetic order to ferromagnetic state.144 Besides organic acceptors, CT
salts can also be formed by combining a metal complex with an organic
donor, such as tetrathiafulvalene (TTF) as an electron donor. TTF can be
combined with metal–anion complexes to form CT salts, such as
TTF14(MCl4)4 (M = Mn, Co)146 and TTF7(FeCl4)2.

147

4.4.2.2. Metal–radical complexes

Metal–radical complexes assemble the organic radical centers by means
of complexation with paramagnetic transition metal ions. One example is
MnII(hfac)2-nitroxide system (MnII(hfac)2 = bis(hexafluoroacetylaceto-
nato)manganese(II)), where a linear trifunctional nitroxide results in the
formation of 2D/3D structure ferro/ferrimagnets.

When [MnII(hfac)2] was treated with highly symmetric trinitroxide
radical 1 [the molecular structure is shown in Fig. 18)], the expected 3:2
complex with a 2D network structure was obtained. The complex became
a magnet with TC = 3.4 K, which was ascribed to the weak intramolecular
exchange coupling (Jintra = 6.8 K) of 1.149 When radicals with strong
intramolecular exchange coupling were used, such as 2 [Fig. 18(a)] with

44 H. Wu, L. Zhang and Y. Song

  R1R2-DCNQI   TCNQ TTF

NC
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CN

CN
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Fig. 17. Some examples of organic acceptors and donors.
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Jintra = 240 K, a 3D polymeric network was formed and magnetization was
obtained at TC = 46 K,148 which arose from ferro- and anti-ferromagnetic
coupling (in different directions) [3D packing structure is shown in Fig.
18(b)]. In these complexes, the 2p spins of the organic ligands and the 3d
spins of Mn(II) in ferrimagnetic coupling are the origin for the observed
magnetization.

4.4.2.3. Magnets with spins on organic moieties and metal ions
providing exchange pathways

Prussian blue, FeIII
4[FeII(CN)6]3⋅nH2O, and its analogues, Ax[B(CN)6]y⋅nH2O

(A = Cu, Ni, Co, Fe, Mn; B = Cr, Mn, Fe, Co), have attracted attention
due to their color, as well as their special properties, such as photo-
induced magnetic switching and tunable and high Curie temperatures.
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Fig. 18. (a) Molecular structure of radicals 1 and 2; (b) packing structure of the 3D poly-
mer complex [MnII(hfac)2]3⋅22. (Reprinted with permission from Ref. 148, © 1996,
American Chemical Society)
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These compounds are generally synthesized via Lewis acid–base reac-
tions in water:

x[A(CN)6]
y+ + y[B(H2O)6]

x− → Bx[A(CN)6]y⋅nH2O.150

Most of these hexacyanometalate-based products adopt a simple face-
centered cubic lattice, in which adjacent metals A and B are connected
through cyanide bridges forming the linear B–CN–A alignment. The
Kahn model applied to such a system realizes that only a t2g (π symmetry)
orbital exists on the B site, whereas on the A site both t2g and eg are pres-
ent [shown in Fig. 19(a)]. Two kinds of orbital pathways are possible:
antiferromagnetic ones, t2g-t2g [Fig. 19(b)], and ferromagnetic ones, t2g-eg

[Fig. 19(c)].151 The coupling constant, J, is the magnitude of the exchange
interaction, which can be tuned by tuning the electronic configuration of
A. Since TC ∝ z|J|,126,152 the Curie temperature can be adjusted. For exam-
ple, crystalline VII[CrIII(CN)6]0.86⋅2.8H2O has a TC value of 315 K, but the
TC of KIVII[CrIII(CN)6] is 376 K. Table 3 lists some representatives of
Prussian blue analogues, TC and their magnetic behavior.

4.5. Single molecule magnets

The above molecule-based magnetic compounds normally contain few
transition metal ions, such as Mn, Fe, V, Ni, Cr and Co. Another type of
molecule-based magnetic compounds is several polynuclear cage metal
complexes with a large spin S, resulting from the intramolecular exchange
between the transition metal ions in the cluster. This opened up a new area
of high spin metal clusters, termed “single molecule magnets” (SMMs).

The first identified SMM was a manganese oxide cluster with acetate
ligands, Mn12O12(O2CCH3)16(H2O)4, which was synthesized by the reaction
of Mn(O2CCH3)2 with KMnO4 in CH3COOH and water solution. This clus-
ter has 4 Mn(IV), 8 Mn(III), 20 unpaired electrons, and crystallizes with
tetragonal (axial) symmetry162 [the structures are shown in Fig. 20(a)]. The
studies of the magnetic properties showed the low temperature magnetic
susceptibility163 and also magnetic hysteresis.164 The large ground state spin
is caused by the exchange interactions between the S = 2 spins of the Mn(II)
ions and the S = 3/2 spins of the Mn(IV) ions. Here the four central Mn(IV)
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centers spin in the opposite direction to those eight outer Mn(III) centers
[Fig. 20(b)]. Then the total S is equal to |(4 × 2/3) + [8 × (−2)]| = 10.165,166

The eight Mn(III) ions on the outer periphery undergo a Jahn–Teller
(JT) elongation in the z-direction, which leads to the magnetic moment of
an individual Mn12 molecule preferentially lying in the z-direction, or the
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Fig. 19. (a) Magnetic orbitals: (A) t2g in B(CN)6; (B) t2g in A(NC)6; (C) eg in A(NC)6.
(b) Interaction between overlapping t2g magnetic orbitals in (NC)5B(CN)A(NC)5.
(c) Orthogonal t2g and eg magnetic orbitals in (NC)5B(CN)A(NC)5. (Reprinted with per-
mission from Ref. 151, © 2001, Elsevier)
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easy axis. The magnetic anisotropy of this easy axis type is negative, D =
−0.5 cm−1. In zero-field splitting, the S = 10 ground state spin is divided
into 21 (i.e. 2S + 1) sublevels, the energy of each sublevel E = ms

2D (ms,
spin projection quantum number — S ≤ ms ≤ S ). So when ms = ±10 (spin

48 H. Wu, L. Zhang and Y. Song

Table 3. Some representatives of Prussian blue analogues.

Composition TC /K Ordering Reference

FeIII
4[FeII(CN)6]3⋅nH2O, Prussian blue 5.6 FO 153

CsINiII[CrIII(CN)6]⋅2H2O 90 FO 154

CsMnII[CrIII(CN)6]⋅H2O 90 FI 155

CrIII[CrIII(CN)6]0.93[CrII(CN)6]0.05 260 FI 156

VII
0.45V

III
0.53[V

IVO]0.02[CrIII(CN)6]0.69 310 FI 157
(SO4)0.23⋅3.0H2O⋅0.02K2SO4

Cs0.82V
II

0.66[V
IVO]0.34[CrIII(CN)6]0.92 315 FI 157

[SO4]0.203⋅3.6H2O

VII[CrIII(CN)6]0.86⋅2.8H2O 315 FI 158

KI
0.058V

II/III [CrIII(CN)6]0.79 372 FI 159
(SO4)0.058⋅0.93H2O

KIVII[CrIII(CN)6] 376 FI 160

FO = Ferromagnet
FI = Ferrimagnet

(a) (b)

Fig. 20. Structure of (a) the [Mn12O12(O2CCH3)16(H2O)4] complex and (b) the [Mn12O12]
16+

core — Mn(IV), green; Mn(III), blue; O, red; C, gray. (Reprinted with permission from
Ref. 161, © 2005, University of Florida)
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orientations: spin-up and spin-down), the energy of sublevels is lowest; and
when ms = 0, the energy is highest. As a consequence, there is a spin rever-
sal energy barrier, U = S2|D | (for the Mn12 cluster, U = 100|D | = 50 cm−1),
between the two spin orientations of the magnetic moment. 

The relationship between the relaxation time τ and U can be given by
the Arrhenius equation: τ =τ0 exp(Ueff / kBT ). When temperature T is greater
than U/kB, the magnetization can fluctuate. On the contrary, the magneti-
zation is stable. In the case of T << U/kB, the magnetization becomes
“fixed” because of the exponential in the equation. This is the reason that
SMMs exhibit slow (or temperature-independent) magnetization relax-
ation at low temperature. The a.c. magnetic susceptibility measurements
indicate that the slow magnetization relaxation present by an SMM is
intrinsic to the molecule itself and not to long range interactions.167,168

The slow relaxation of the magnetization in SMMs also leads to mag-
netic hysteresis. The magnetic hysteresis loops get narrow when the tem-
perature increases (see Fig. 21),165 so variation of temperature can strongly
affect the coercivity of the sample. The quantum tunneling of magnetization
(QTM) through the energy barrier U results in a loss of spin polarization
in the molecule. In Fig. 21, this effect is shown as the steps on loops.
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Fig. 21. Magnetic hysteresis loop measured on the Mn12 cluster at different temperatures:
1.77 K, 2.10 K and 2.64 K. (Reprinted with permission from Ref. 165, © 1996, Nature
Publishing Group)

b689_Chapter-01.qxd  3/16/2009  3:14 PM  Page 49



HIGH DENSITY DATA STORAGE - Principle, Technology, and Materials
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/materialsci/7014.html

The discovery of the SMM of Mn12 clusters has created great interest in
this field. Much work has been done to explore other molecules exhibiting
similar magnetic properties. Among them, the Fe8 cluster is another impor-
tant SMM.169 The formula of the Fe8 cluster is [FeIII

8O2(OH)12(tacn)6]
8+

(tacn = 1,4,7-triazacyclononane), with a ground spin state S = 10 ( two iron
atoms’ moments align opposite to the field and the other six parallel to the
field, i.e. S = 6 × 5/2−2 × 5/2 = 10), axial anisotropy D = −0.19 cm−1 and
the effective energy barrier Ueff = 15 cm−1. The weaker anisotropy makes
low temperature relaxation measurements experimentally feasible.
Compared with Mn12 clusters, ground state quantum tunneling (i.e. tunnel-
ing between the lowest energy ms (ms = ±10) levels) was first observed
in Fe8 clusters,169 but the QTM in Mn12 clusters occurs between higher
energy sublevels (−10 < ms < 10).170 The latter phenomenon is also called
thermally-assisted tunneling. During this tunneling process, molecules on
the ground state (ms = ±10, either one) sublevel are first thermally activated
to higher sublevels, through which tunneling of the magnetization occurs.
The difference between these two magnetic relaxations can be attributed to
the greater transverse antisotropy, which leads to a high degree of mixing
between the ms = ±10 levels and facilitates tunneling.

So far in the SMM family, the most salient structure is perhaps the Mn84

cluster,171 which is the largest SMM (with an outside diameter of 4.2 nm
and a thickness of 1.2 nm), synthesized by the reaction of Mn12 acetate
clusters with a premanganate salt. The cluster crystallizes in hexagonal
arrays, like a holiday wreath. The multiple layers align to form nanotubes
that offer various possibilities in future applications. Besides these oxide
bridging compounds, other clusters (such as cyanide bridging groups)
were also made. Mn4Re4

172 was the first example of a cube-shaped SMM
cluster and the first SMM containing 5d electrons. Table 4 lists some
examples of SMMs.

In summary, SMMs have uniform size, readily alterable peripheral lig-
ands and solubility in organic solvents. These properties are not easy to
obtain for conventional magnetic recording materials composed of metals,
metal oxides or metal alloys. The slow relaxation of the magnetization in
SMMs can be applied in data storage as the direction of spin in individual
molecules representing “0” and “1” states. To stabilize this bistability,
SMMs with larger S values and more negative D values are strongly
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needed. Numerous synthetic strategies aimed at the improvement of these
materials have been considered. It is well known that the minimum
dimension of a single recording bit is limited by the onset of superpara-
magnetism. In SMMs, magnetic properties are due only to intramolecular
rather than intermolecular interactions. Each single molecule acts as a tiny
magnet and stores one bit. This implies a 10,000 times greater storage
density capacity than that of the best current computer manufactures.182

5. Summary

This chapter provides a broad summary of recent research activities
in the area of ultrahigh density magnetic recording. Perpendicular

High Density Magnetic Data Storage 51

Table 4. Examples of single molecule magnets and their properties.

Formula S D (cm−1) Ueff (cm−1) Reference

[Mn12O12(O2CCH3)16(H2O)4] 10 −0.50 42 166

[Fe8O2(OH)12(tacn)6]
8+ 10 −0.19 15 169

[Mn84O72(O2CCH3)78(OCH3)24 — — — 171
(CH3OH)12(H2O)42(OH)6]

[Mn12O12(O2CCHCl2)16(H2O)4][PPh4]2 10 −0.27 27* 173

[Mn12O12(O2C-p-CH3C6H4)16(H2O)4 — — — 174

[Mn12O12(O2CCH3)8(O2PPh2)8(H2O)4] 10 −0.41 42 175

[Mn4(O2CCH3)2(pdmH)6](ClO4)2 8 −0.25 12 176

[Mn30O24(OH)8(O2CCH2But)32(H2O)2 7 −0.79 39 177
(CH3NO2)4]

[Fe19O6(OH)14(metheidi)10(H2O)12]
+ 33/2 −0.035 12 178, 179

[Ni12(chp)12(O2CCH3)12(H2O)6(THF)6] 12 −0.047 7 180, 181

[{MnCl}4{Re-(triphos)(CN)3}4] 8 −0.390 8.8 172

tacn = 1,4,7-triazacyclononane 
pdmH = pyridine-2,6-dimethanol
metheidiH3 = N-(1-hydroxynethylethyl)iminodiacetic acid
chp = 6-chloro-2-pyridonate
triphos = 1,1,1-tris(diphenylphosphinomethyl)ethane
*Estimated value, U = S2|D|

b689_Chapter-01.qxd  3/16/2009  3:14 PM  Page 51



HIGH DENSITY DATA STORAGE - Principle, Technology, and Materials
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/materialsci/7014.html

recording has been explored as the closest alternative to longitudinal
recording, where the write head field is enhanced by the combination
of a single pole write head and a soft underlayer. Patterned media pro-
vides a new way to further increase the storage density and reduce the
media noise by lithographic definition of the recording transitions,
hence enabling recording with one or several grains per bit. However,
advanced nanolithography technologies were limited by high cost and
low resolution.

To further decrease the grain size and reduce the cost of preparing
patterned nanoparticles, synthesis of magnetic nanoparticles and the
self-assembly method are proposed as a promising alternative. However,
there are still a number of new problems to be resolved before exten-
sive application, such as the control of the surface roughness, the
orientation of the easy axis and the repeatability of the large scale
manufacture.

Organic groups in organic and molecular magnets provide new
sources of magnetic moments or mediate magnetic exchange interaction,
which present several attributes unavailable in conventional inorganic
magnets. A self-assembled monolayer of single molecule magnets may
be used as a recording medium in the future by storing a single bit in an
individual molecule. It will lead to very high surface storage density,
since each molecule is only 1–2 nm in diameter. However, it remains a
tremendous challenge to read and write on bits with such small magnetic
moments.

In a word, superparamagnetic effect is the limitation on magnetic
data storage, but the onset can be delayed by using different recording
techniques. It is believed that ultrahigh density magnetic recording will
be realized by replacing conventional longitudinal magnetic data storage
with other alternative methods. Before this comes to fruition, further
experimental and theoretical work is required to develop all of these
possible methods.
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