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Abstract
In this work, micromagnetic simulations were used to model magnetic phenomena such
as magnetic nanoparticle behavior and magnetic recording processes. These simulations were
used to optimize the heating properties of the nanoparticles as well as to design and simulate a
new shingled recording head meant for recording densities in the multiple Tbit/inch2 regime.
Magnetic hyperthermia for treatment of tumors would benefit greatly from increased
heating of the superparamagnetic particles, coupled with reduced incident electromagnetic wave
power. Previous micromagnetic simulations based on the Landau–Lifshitz–Gilbert equation with
thermal fluctuations showed that the use of incident square waves greatly increases the
normalized heat. Experimentally generating a square waveform may produce a trapezoidal
waveform due to an inherent rise and fall time. It is found that the normalized heating power
given by this wave shows a 30% improvement over the sinusoidal waveform for an anisotropy
distribution of 20%. A static magnetic field applied perpendicular to the incident oscillating
magnetic waveform was shown analytically to be able to improve the normalized heat. Previous
simulations showed that the static field was indeed able to increase the effectiveness of a
sinusoidal waveform. This work, using a square waveform, showed that the addition of the static
field gives little added benefit to the square waveform’s effectiveness.
A shingled recording head design is proposed that makes use of a saturation
magnetization gradient to focus flux into the corner of the writing pole. This design yields field
gradients of 800 Oe/nm and can write more than 2.5 Tbits/Inch2 of user data onto a 10 nm thick
exchange couple composite (ECC) recording layer with 6 nm Voronoi grains. Maximum user
densities were predicted to be over 4.66 Tbits/Inch2 with 8 nm grains and 12 Tbits/Inch2 with 5
nm grains using a perfect read and write scheme at a 1:1 bit aspect ratio. Previous work explored
the read back process by using finite difference method (FDM) simulations to simulate
ii

magnetoresistive head technologies followed by the use of reciprocity theory to recover
information previously written to the recording layer. A micromagnetic study was completed to
prove that the FDM approach was indeed suitable for these small scale simulations. The study
showed that for a conventional recording, the normalized read back waveforms using the FDM
approach and using the micromagnetic simulation approach were the same.
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CHAPTER 1
INTRODUCTION
The discovery of magnetism was one of the most important discoveries in human history.
Without magnetism, technologies such as electric generators, compasses, computer hard disk
drives, and many other important technologies that are used every day would not be possible.
The two applications that will be the focus of this work are magnetic hyperthermia for cancer
therapy and two dimensional magnetic recording (TDMR), which is a type of perpendicular
magnetic recording. Before discussing these two specific applications, it is important to build a
general knowledge of where those ideas stem from.

This introduction section will give the

required background to understand the fundamental concepts behind the research done in this
thesis.

1.1 Origins of Magnetic Moments and Magnetic Fields
Everyone has had experience with a magnet at one point or another, for example, a
simple refrigerator magnet or a compass. So why do magnets have an affinity to the metallic
refrigerator and why does the magnetic compass needle align with the Earth’s magnetic field to
point north? The answers to these questions are, in general, relatively simple. It all comes down
to a magnetic moment at the atomic scale. Atoms are made up of nuclei with a cloud of orbiting
electrons at set energy levels. The magnetic moment of an atom is defined in equation 1.1.

⃑⃑

(⃑

)

Equation 1.1

where e and me are the charge and mass of an electron respectively, ⃑ and

are the orbital

angular momentum and the spin moment produced by orbiting electrons, and lastly, c is the speed
of light (3x1010 cm/s). Electrons are negatively charged particles and when charges move about
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the nucleus, a moment is generated. This moment is often given in units of emu, which is an
erg/Oe. These units are all in the centimeter-gram-second (cgs) unit system where erg is an
energy unit and an Oersted (Oe) is a line of force per area (Maxwell/cm2). If the object is quite
small in terms of its volume, then its moment is given in terms of Bohr magnetons, μb, which is
1.27x10-21 emu. For larger objects on the other hand, the magnetization, ⃑⃑ , is more commonly
used than the moment. The magnetization is the average of the moments from all atoms in the
material divided by its volume. One benefit to the moment of a magnet is its ability to generate a
field that can do work. An object with a simple dipole moment generates the magnetic flux
density, ⃑ , shown below in equation 1.2, which is given in units of Gauss (G).

⃑

̂( ̂ ⃑⃑⃑ ) ⃑⃑⃑

Equation 1.2

| |

where ⃑⃑ is the moment of the source, ̂ is the normal vector pointing from the source location to
the observation point that the flux density is passing through, and is the vector pointing from the
source location to the observer location. In free space, the flux density is equal to the magnetic
field, ⃑ and the units become Oe. As described above, atoms have electrons moving around
their nucleus and each of the electrons has its own spin. Both of these processes can be thought of
as small Amperian currents and these currents cause small magnetic moments as a result of
Amperes Law. This idea also is true on the macro scale and we make use of these benefits every
day [1].

1.2 Governing Equations in Electro-Magnetism
In 1826 Andrè-Marie Ampère discovered what is now known as Ampère’s circuital law
where the total electrical current passing through a wire is related to the line integral of the field
around that wire [2]. The differential form of Ampère’s circuital law is shown in equation 1.3
where the curl of the magnetic vector field is related to the current density, .
2

⃑⃑⃑

⃑

Equation 1.3

Using Stoke’s theorem, equation 1.3 can easily be converted to the integral form of Ampère’s
circuital law as shown in equation 1.4 relating the current, , to the line integral of the magnetic
field enclosing the current.

∮ ⃑ ⃑⃑⃑

Equation 1.4

Ampère’s circuital law was expanded upon by James Clerk Maxwell who did the initial
development of Maxwell’s equations. The full form shown in equation 1.5 includes the time
changing electric displacement field, ⃑ , which along with the current density, creates a magnetic
field. A joint effort between James Maxwell and Michael Faraday produced an equation that
related the time changing magnetic flux density to the curl of the vector electric field, ⃑ . This
relation is shown in equation 1.6.
⃑⃑⃑

(⃑

⃑⃑⃑

⃑⃑⃑

⃑⃑⃑

)

Equation 1.5
Equation 1.6

Although equation 1.5 is the most general form that shows how a magnetic field can be
generated, it can often be reduced to its more simple form shown in equation 1.3 for the case of
electrostatic and magnetostatic systems where the electric or magnetic fields vary slowly. This
quasi-static environment is present in many situations like in magnetic recording for example, so
Ampère’s circuital law is commonly used [2][3][4]. Understanding that current can produce
magnetic fields, this idea can be used to generate fields with controlled magnitudes, which can in
turn do work on magnetic materials. As given by Ampère’s circuital law, a loop of current
carrying wire can produce a magnetic dipole. If many loops are combined, like they are in a
solenoid, which is made by coiling a wire into a spring shape, larger fields can be created. All of
3

the fields encircling every wire in the solenoid are superimposed onto one another creating a
relatively uniform field within the solenoid and dipole fields around the solenoid. Equation 1.7
shows that the field within the solenoid is proportional to the number of turns in the solenoid, n,
the current passing through the solenoid coil, I, and the length of the solenoid in the direction of
the field, L.

Equation 1.7
The power to produce the field is proportional to the current squared multiplied by the resistance
of the wire. The benefit to the solenoid is that the field can be continually increased by increasing
the number of turns instead of the current magnitude. Doubling the number of turns to double the
field will double the power, but doubling the current to double the field will quadruple the power.
Ultimately, lowering the power requirements is always beneficial, so this idea is used heavily in
direct current (DC) or low frequency alternating current (AC) applications where the inductance
is a not an issue [1][3].

1.3 Magnetic Materials and Electromagnets
Now that fields can be generated using currents, it is important to find how these fields
can be used to do work. These magnetic fields can do work on magnetic materials such as iron.
An external field will cause a given magnetization to align with itself, which is how for example
the needle on a compass will rotate to point North. This is done because of something called
Zeeman energy, which is shown in equation 1.8, where the Zeeman energy is equal to the
negative dot product of the magnetization, ⃑⃑ , dotted with the applied field, ⃑⃑⃑⃑⃑ .

⃑⃑ ⃑⃑⃑⃑⃑

Equation 1.8

Therefore, the maximum Zeeman energy occurs when the applied field is at 90º to the
magnetization. The Zeeman energy will be minimum when the field is aligned with the
4

magnetization so until the two are aligned, there will be a torque on the magnetization to rotate it
towards the applied field. The torque from the applied field,

, is defined as the cross

product between the magnetization and the applied field as shown in Equation 1.9. When the
magnetization is aligned with the applied field, the torque will go to zero.

⃑⃑

⃑⃑⃑⃑⃑

Equation 1.9

As described in section 1.2, magnetic fields can be generated by current carrying wires,
but the field strengths that can be generated are limited. One benefit of magnetic materials is that
some of these materials actually amplify the fields produced within a coil. Equation 1.10 shows
that the total flux density, ⃑ , is equal to the combined field generated by the current, ⃑ , and the
field generated by the magnetization, ⃑⃑ , of the magnetic material.

⃑

⃑

⃑⃑

Equation 1.10

So for example, if a magnetic material was used as a core within the coil of wires described in
section 1.2, then the total flux density produced by the field generating current can be increased
or decreased depending on how the material reacts to the field. The total flux through a surface is
then described as the flux density multiplied by the area of the surface that the flux is passing
through. Materials can be diamagnetic, paramagnetic, antiferromagnetic, ferrimagnetic, or
ferromagnetic. Below, paramagnets and ferromagnets are discussed.
Diamagnetic materials like glass produce a magnetic flux that is less than the flux
generated by the current in the windings. This is because the field produced by the windings
induces atomic moments that at anti-aligned to the field, which ultimately means they are
negatively magnetized. This is why it does not work to put refrigerator magnets on windows.
Paramagnetic materials such as aluminum are slightly more interesting in the sense that
they are attracted to magnetic fields, even if it is weakly. In the absence of a field, they do not
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exhibit any magnetic properties, but in the presence of a magnetic field, they have a slightly
positive magnetization proportional to the applied field. This positive magnetization gives a flux
density that is slightly greater the field-only flux density. The probability that any one of the
atoms within one of these materials aligns with the applied field can be described by Boltzmann
statistics where the probability, P, is dependent on the energy barrier, ΔE, that each atom in the
material must overcome and the thermal energy that is affecting the particle, kBT. The Boltzmann
constant is represented by kB with a value of 1.38x10-16 ergs/K, and T is the temperature in Kelvin
(K). This relationship is shown in equation 1.11.

(

)

Equation 1.11

Antiferromagnets are paramagnetic above a certain critical temperature, called the Neel
temperature, TN, where they change from being antiferromagnetic to being paramagnetic. At the
lower temperatures below TN, the thermal energy is small leading to very small probabilities that
the atoms in the lattice of the material will align with the field. In fact the lattice divides into two
sub-lattices denoted by the A and B sub-lattices that have anti-parallel moments leading to a zero
magnetization even in the presence of a field. Ferrimagnetic materials also have sub-lattices like
antiferromagnets, but instead yield positive net magnetizations. This type of material is formed
with ferrites that have Tetrahedral (A) sites and Octahedral (B) sites where the sites are aligned
anti-parallel to one another, but the moments in the two sites are unequal leading to a net
moment. This ordering is similar to what is seen in ferromagnetic materials except for that the A
and B sub-lattices actually have parallel moments leading to large positive magnetizations in
ferromagnets. Ferromagnets, like ferrimagnets produce a total flux density that is larger than the
flux created by the field due to the contribution from their magnetization. Ferromagnetic
materials are the focus of the work in this thesis. The reason why ferromagnets have larger
magnetizations is due to a positive coupling between neighboring atomic spins. This net moment
6

occurs in the transition metals such as Iron (Fe), Cobalt (Co), and Nickel (Ni) due to an
imbalance in the density of states at the Fermi energy level leading to a spin imbalance where
there would be more majority spins that minority spins.
Ferromagnets, antiferromagnets, and ferrimagnets all have one thing in common and this
commonality is known as exchange coupling. There is an energy associated with this coupling
that becomes zero when neighboring atomic moments are either aligned or anti-aligned
depending on the sign of the exchange couple constant, J, in units of ergs. The exchange couple
parameter, AMs2, is also often used to calculate exchange and this is given in units of ergs/cm.
Ferromagnets have positive values of J and therefore have neighboring atomic spins that prefer to
align with one another. Equation 1.12 defines the total exchange energy per volume, which is the
sum over the exchange energy between all nearest neighboring, nn, atomic spins where atomic
spin i is dotted with the spin of atom j.
∑

(

⃑⃑⃑ ⃑⃑⃑ )

Equation 1.12

This shows that if the neighboring spins are aligned, then the exchange energy is zero. The
ordering within the crystal lattice is due to this exchange coupling, which ultimately leads to the
larger magnetizations in ferromagnetic materials.
By far, the most important materials for many useful applications are antiferromagnets,
ferrimagnets and ferromagnets. Both ferromagnets and ferrimagnets can be used for strong
electromagnets in large scale devices like electric generators or in small scale applications like
magnetic recording write heads. In this work, the focus will be on superparamagnetic materials
that exhibit ferromagnetic properties at high frequencies for cancer therapy applications or on
ferromagnetic materials for magnetic recording applications. Ferromagnetic materials have large
magnetic susceptibilities that decay with increased temperature as shown in fig. 1.1 [5]. This
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figure shows how the moment per volume of the material, known as the saturation magnetization,
Ms, varies with temperature, T.

Figure 1.1 – General behavior of a ferromagnetic material as a function of the temperature. This figure
shows the relationship of both the magnetization and the inverse of the magnetic susceptibility as a function
of temperature [5].

As the temperature rises, the ferromagnetic ordering continues to decrease until a
temperature called the Curie temperature, TC. At TC, the ferromagnetic material loses its ordering
and becomes paramagnetic. The magnetic susceptibility, χ, given in units of emu/Oe∙cm3, is equal
to the ratio between the magnetization and the applied field. The magnetic permeability, μ, shown
in equation 1.13 is the ratio between the flux density and the applied field and is also related to
the magnetic susceptibility.

Equation 1.13
Magnetic flux prefers to travel in the path with the highest magnetic permeability, which
can be used in beneficial ways that will be described later in this thesis. Therefore, the materials
that have larger magnetic permeability create the strongest magnetic flux densities in the presence
8

of an applied field. The Slater-Pauling curve shown in fig. 1.2 gives predicted moments in units
of bohr magnetons for each element and composite element as a function of the number of
electrons per atom [6].

Figure 1.2 – (Slater-Pauling Curve) – Shows the moment in Bohr magnetons per atom as a function of the
number of electrons per atom. Many element configurations are shown with the maximum moment
resulting from FeCo(bcc) [6].

FeCo is commonly used as a high permeability core in electromagnet applications such as
magnetic write heads in magnetic recording because it is shown to have the largest peak moment
compared to all other materials. This magnetic permeability multiplication factor becomes very
important in applications like magnetic recording because, for example in perpendicular magnetic
recording, flux is driven through the air bearing surface of the pole tip to magnetize the magnetic
grains within the recording layer. Data can then be stored in the polarizations of the grains on the
recording disk.
The cgs unit system is commonly used, but it is also beneficial to know how the cgs
system relates to the meters-kilogram-seconds (mks) units. There are simple conversions between
the two systems and in some cases both sets of units should be used. For example, one amp per
meter, A/m, in the mks unit system is equivalent to 4π x 10-3 Oersteds in the cgs unit system [1].
9

It is very necessary to know and understand both sets of units to understand data shown in the
literature [1][7].

1.4 Hysteresis Loops
One way to explore the properties of a magnetic material is to measure its hysteretic
properties. The process by which this measurement is done starts with the application of an
external applied field. The magnetization of the sample is then measured along the direction of
the applied field as a function of the applied field strength.
The maximum magnetization that the sample can reach is known as the saturation
magnetization, Ms, because this is the magnetization that is reached when the moment of the
sample is fully saturated by the applied field in the direction of the applied field. So as the field
goes to a magnitude of positive infinity, the sample reaches a magnetization with a magnitude of
Ms in the direction of the applied field. The applied field can be either positive or negative in a
given direction, so therefore the sample can saturate to ±Ms.
Ferromagnetic materials can be magnetically soft or magnetically hard. Magnetically
soft materials only require small external fields to switch from a negative saturation to a positive
saturation whereas hard materials are much more difficult to switch. In magnetic recording, the
recording head is usually a soft material that can have its magnetization easily switched and the
recording layer is made with hard material so that the bits can be stored in a stable way for over
10 years. These hard and soft properties come from something called anisotropy.
An anisotropic material by definition is a material that exhibits different properties in
different directions as opposed to an isotropic material that exhibits the same properties in all
directions. For magnetic materials, this means that anisotropy refers to a preferred magnetization
direction. The simplest type of anisotropy is uniaxial anisotropy, which means that magnetization
prefers to align itself with the single anisotropy axis, also referred to as the easy axis. The axis
10

orthogonal to the easy axis is known as the hard axis, which of course is due to the fact that it is
difficult to saturate a magnetic sample orthogonal to its easy axis. The anisotropy energy, Eani, is
only zero when the magnetization is aligned along the single anisotropy axis. The total anisotropy
in a sample comes from the materials crystal structure, the surface anisotropy due to the
disordering of the lattice near the surface compared to the bulk, and the shape anisotropy due to
the demagnetizing fields that will be described later. In most cases, for thicker samples, the
surface anisotropy can be ignored because the bulk crystalline anisotropy dominates. So basically,
the total anisotropy would be a combination of the shape anisotropy and the crystalline
anisotropy. This anisotropy is ultimately what causes remnant magnetizations in ferromagnetic
materials which will be discussed below.
Fig 1.3 shows two example hysteresis loops where fig. 1.3a shows how a ferromagnetic
particle with uniaxial anisotropy would respond to a field applied along its hard axis and fig. 1.3b
shows how a that material would respond to an external applied field if the external field is
applied along its easy axis. Aside from the saturation magnetization described above, there are a
few other important parameters to pay attention to, especially for ferromagnetic materials. The
field at which the net magnetization in the direction of the applied field is equal to zero is known
as the coercivity field, Hc. For a material with uniaxial anisotropy, K, if the external field is
applied along the easy axis, the coercivity field is equal to the anisotropy field. The anisotropy
field, which is shown in equation 1.14, is the field required to overcome the particles anisotropy
energy.

Equation 1.14
The magnetization at which the applied field returns to zero after the sample has been saturated to
Ms is known as the remnance magnetization, Mr. This magnetization is due to the magnetization
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Figure 1.3 – Hysteresis loops where the sample magnetization in the direction of the applied field is plotted
against the applied field strength. The loop in (a) represents a ferromagnetic material with the field applied
along its hard axis and (b) represents a ferromagnetic material with the field applied along its easy axis.

relaxing back to the direction of anisotropy axis. This magnetization is why magnets, such as
refrigerator magnets and other permanent magnets, continue to produce fields. This concept
becomes very important in magnetic recording because after the recording layer grains have been
magnetized, they store the information by staying in a remnant state. Then when the read sensor
gets close to that grain, or set of grains, it senses the field produced by the M r, which is how
information can be read back from the hard disk drive in our computers.
The switching field, Hsw, is the field strength at which the magnetization, which was
originally in a negative Mr state, stays switched to its positive Mr state after a positive external
field was applied. In fig 1.3b, the switching field is equal to the coercivity field because the
squareness of the hysteresis loop, (Mr/Ms), is equal to one, but this is not always the case [7]. If
the angle between the applied field and the anisotropy axis, also referred to as the easy axis, is
small, the switching field is equal to the coercivity field. For greater angles between the applied
field and the anisotropy axis, this assumption no longer holds true. The switching field is an
important quantity in many cases such as in magnetic recording. The grains within the recording
layer have to not only hold information in a stable way for extended periods of time, but must
12

also switch in the field strength that can be produced by the write pole. If the switching field of
the grains is too low relative to the field produced by the write pole, then bits adjacent to the bits
currently being written will be erased and if the switching field is too high relative to the field
produced by the write pole, then no information would ever be written and stored to the hard disk
drive.
To gain an understanding as to why ferromagnetic materials have hysteresis, it is good to
start with a simple uniaxial single domain particle. The expression for the energy of the particle is
given in equation 1.15.

⃑⃑ ⃑⃑⃑⃑⃑

Equation 1.15

The variable, , is the angle between the magnetization of the particle and the easy axis of that
uniaxial particle.
The energy diagram for the case of a simple uniaxial particle is shown is shown in fig.
1.4 as a function of θ for two different applied field values where the field is applied along the
particles easy axis. Fig. 1.4a shows the case where there is a zero applied field and fig. 1.4b
shows the case where there is an applied field that is less than the anisotropy field, which is
shown in equation 1.14. If the applied field is zero, then the anisotropy energy is the only energy
contribution, so equation 1.15 would indicate that the minimum energies would occur at a θ value
of zero and π. The red circle in fig. 1.4 represents the magnetization of the uniaxial particle. There
are two desired magnetization states for a uniaxial particle, which were shown to be at a θ of zero
and π, and the energy barrier that must be overcome in order to switch between the two states is
ΔE. In fig. 1.4a, the two states are at the same energy level and the magnetization lies within only
one of the two states at any point in time. Fig. 1.3b shows the hysteresis loop for this particle
where in one of the states, the magnetization is positive Mr, and in the other state, the
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Figure 1.4 – Energy diagrams graphically representing a uniaxial particle energy as a function of the angle
between the easy axis and the magnetization. The energy diagram in (a) assumes an applied field of zero
leaving two stable energy states with an energy barrier of ΔE and (b) assumes an applied field with a
strength less than the anisotropy field leading to almost switched particle with and energy barrier of ΔE 1.

magnetization is –Mr. As the applied field increases towards HK, the energy barrier that needs to
be overcome to switch is decreased from ΔE to ΔE1. The magnetization however does not change
until the particle switches states, which is why the hysteresis loop in fig. 1.3b is square and
therefore has hysteretic properties. If the Zeeman energy becomes larger then ΔE, which for this
simple case is the anisotropy energy of the particle, then the magnetization switches states. As
described previously, the thermal energy, kBT, can help the particle overcome the energy barrier
ultimately lowering the applied field needed to switch the particle.
Given that ferromagnetic materials have a remnance magnetization, it is sometimes
important to know how to demagnetize it. For example, if the write pole was magnetized to write
a sequence of bits to the recording layer, then after writing the bits, the head must be
demagnetized so that it does not continue to write undesired bits. One way to demagnetize
ferromagnetic materials, which was described earlier, is to heat them up beyond Tc. This is not
always a feasible approach depending on the application, so another way to demagnetize the
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sample is to use a decaying alternating current, AC, applied field. The field continuously switches
the material from its positive to its negative magnetization state repeatedly while continuing to
decrease the amplitude of the applied field from a large amplitude above the value of the
switching field to a field much lower than the switching field. This will in turn run the sample
through a set of minor hysteresis loops, which are loops nested within the major hysteresis loop
until the magnetization of the sample approaches zero. This would lead to a demagnetized
magnetic write head that would not write undesired bits. If a sample starts in a demagnetized
state, the maximum field applied during the switching process must be equal to the closure field
in order to exhibit major hysteresis loop switching. If the maximum field applied to the
demagnetized sample is less than the closure field, the sample will only exhibit minor hysteresis
loop switching. This AC demagnetization process is one way to bring the sample from a
magnetized sate to a zero magnetization state. This applied demagnetizing field is different from
the demagnetizing fields produced by the sample itself, which are described in the next section
[1][7].

1.5 Demagnetizing Fields
The demagnetizing field, Hd, results from the buildup of magnetostatic charges on the
material surface. This demagnetizing field is equal and opposite to the magnetostatic field
produced by the magnet. The demagnetizing field is found within the magnet, so for example in a
bar magnet, the demagnetizing field is equal to the field found outside of the magnet because the
net magnetic flux across any surface is equal to zero. This is shown graphically in fig. 1.5.
The image in fig. 1.5 shows a bar magnet uniformly magnetized towards the right causing
magnetostatic charges to build up where there is magnetization normal to a surface. These
magnetostatic charges are the cause of the external and internal magnetic fields produced by the
sample. These charges are analogous to electric charges that build up on the plates of a capacitor,
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which ultimately produce the electric fields between the capacitor plates. However, these
magnetostatic charges generate magnetic fields instead of electric fields.

Figure 1.5 – Bar magnet uniformly magnetized towards the right by an applied field. the demagnetizing
field, Hd, is produced with the bar due to a magnetostatic charge build up at the surfaces that the
magnetization is normal, which is at the N and S poles.

The field produced by a magnetic material can be produced by a spatially varying magnetization
within a sample because the divergence of that magnetization field would be non-zero. This
spatial variation in magnetizations is caused by something called magnetic domains that form
within a ferromagnetic sample.
Domain formation occurs to minimize magnetostatic charge build up and ultimately the
magnitude of magnetostatic energy. However, this domain formation does not come with an
energy cost because it requires energy to form the magnetic walls between domains. Therefore,
there is an energy balancing that occurs to minimize magnetostatic energy, domain wall energy,
and anisotropy energy. Atoms within each domain couple together and align themselves with the
anisotropy axis. Domain wall energy,

, for a 180º domain wall in a uniaxial particle

where the adjacent domains are anti-parallel, is shown in equation 1.16. There is also a domain
wall width associated with this domain wall and relation for the length of this wall,

, is

shown in equation 1.17.

√

Equation 1.16
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√

Equation 1.17

Fig. 1.6 shows an example of how magnetic domains would form in a material with inplane anisotropy to minimize magnetostatic energy because there is no net charge build up in this
configuration. Ultimately, in larger magnetic samples, there will always be multiple domains
when there is zero applied field, but as the size of the sample decreases,

becomes wider

than the sample, so therefore, the particle becomes single domain.

Figure 1.6 – Example domain formation in a sample with in-plane anisotropy. The magnetostatic energy is
minimized due to a cancellation of magnetostatic charges at the domain wall interfaces.

Aside from a divergence in the magnetization of the sample, magnetizations that have
components parallel to the normal of a surface create a build-up of magnetostatic charges on that
surface just as shown in fig. 1.5 and this build up produces magnetic fields. Equation 1.18
describes the magnetostatic fields, ⃑⃑⃑ ( ) found at an observer coordinate (unprimed),
resulting from a magnetization at a source coordinate (prime), .

⃑( )

∰

⃑⃑ ( ) (
|

)

(
∯ ⃑⃑ ( ) ̂ |

|

)
|

Equation 1.18
⃑ ( ) is therefore the magnetic field felt at the location of the observer. ⃑⃑ ( ) is the
magnetization at the source location and ̂ represents the vector normal to the surface being
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integrated in the second part of the expression. So in fig. 1.5, the surfaces that would be
integrated over are the N and S surfaces. The field felt at the observer location is dependent upon
the volume integral of the divergence of the magnetization at the source,

⃑⃑⃑ (⃑ ), and surface

integral of all magnetostatic charges at the source location, ⃑⃑ ( ) ̂. The

⃑⃑⃑ (⃑ ) in a

uniformly magnetized body is zero which simplifies the overall expression to the second part
only. This is the case for the example shown in fig. 1.5.
The demagnetizing fields within the sample depend on the shape of the magnet because
varying shapes will lead to a difference in how the magnetostatic charges build up on the surfaces
of the sample. This leads to something known as shape anisotropy which is added to the
crystalline anisotropy and the surface anisotropy energies. For magnetostatic conditions, these
demagnetizing fields can be related to the constant magnetization of a sample through the
demagnetization tensor, ⃡⃑⃑⃑ . This tensor relates the magnetization of the sample to the
demagnetizing fields it produces. This relationship is shown in equation 1.19. The magnetostatic
energy associated with this demagnetizing field is given by one half times the difference between
the demagnetization tensor along the hard and easy axis multiplied by the square of Ms. This
relationship is shown in equation 1.20 and from this, the shape anisotropy energy can be derived.

⃑⃑⃑⃑⃑

⃡⃑⃑⃑ ⃑⃑

Equation 1.19
Equation 1.20

In R3 space, ⃑⃑⃑⃑⃑ and ⃑⃑ are both 3 component vectors and ⃡⃑⃑⃑ is a square three by three
tensor matrix. The diagonal components of the demagnetization tensor are Na, Nb, and Nc. For all
magnetostatic tensors, the trace of the tensor is equal to 4 π. For a spherical objects, such as
idealized magnetic nanoparticles, the diagonal components of the demagnetization tensor are all
equal and therefore equal to 4π/3, which means that the magnitude of the demagnetizing fields in
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any direction are the same. If the single element is spherical like for example when modeling a
spherical magnetic nanoparticle, the self-demagnetization fields can be ignored because the
demagnetization fields are equal no matter what direction the sphere is magnetized in. Therefore,
from equation 1.20, Ems is equal to zero.
Although, equation 1.18 seems complex, which would lead to time consuming
calculations in micromagnetic simulations, this can be pre-calculated into a set of tensors that
relate the magnetizations of each micromagnetic element to the field they inflict on all
micromagnetic elements in the simulation. The fact that these tensors can be created and used
makes models with many micromagnetic elements feasible to simulate.

Micromagnetic

modeling will be described more thoroughly in the next section [1][7].

1.6 Micromagnetic Modeling
The main concepts in micromagnetic are that a magnetic object can be broken into
smaller components, known as micromagnetic cells, and that the competition of energies between
and within all of these micromagnetic cells governs the system behavior. These micromagnetic
cells can come in many forms like cubes or spheres for example. These cells can be thought of as
micro-domains where each micro-domain is a single domain with a finite volume.
The behavior of magnetizations of these magnetic cells can be modeled with the
differential equation known as the Landau-Lifshitz-Gilbert (LLG) equation, which is shown in
equation 1.21. The backbone to this equation, known as the LL equation, was initially developed
by Landau and Lifshitz in 1935 to model the precessional motion of a given magnetization in the
presence of a magnetic field. In 1955, Gilbert added the damped motion component to the LL
equation to create the LLG equation. His addition was the second term in equation 1.21 with the
damping coefficient, α, which is the torque component forcing the magnetization towards the
effective field. He also added the 1/(1+α2) coefficient to the expression, which models a viscous
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force on the magnetization. This equation ultimately describes how the magnetization changes in
the presence of different torques.
→
(

)

( ⃑⃑ ⃑ )

(

)

̂ ( ⃑⃑ ⃑ )

The variable α is the damping constant and

Equation 1.21

is the gyromagnetic ratio, which is the ratio of the

magnetic dipole moment to its angular momentum. ⃑ is the field like before, but it will be equal
to the sum of all fields affecting the magnetization, ⃑⃑ . So for example, this will include
anisotropy fields, applied fields, magnetostatic fields, etc [8].
To describe the mechanics of equation 1.21, Fig. 1.7 is used as a visual aid. In this figure,
the effective field is represented by the red vector and the magnetization is represented by the
black vector. The precessional term is the first term in the LLG equation given by the cross
product of the magnetization with the effective field. This is shown in green in fig. 1.7 because in
the absence of a damping force, the magnetization will continue to precess around the effective
field. The damping torque is the second term in the LLG equation and is given by the cross
product between the unit magnetization vector and the precessional torque vector.

The blue

vector in fig. 1.7 shows the direction of the torque on the magnetization vector, which is towards
the field. After some time, t, the magnetization vector will relax and align itself with the effective
field vector.
In micromagnetic simulations, each micromagnetic cell is its own domain that can be modeled
with the LLG equation. The LLG equation can only be numerically integrated to find how each
domain will respond to the magnetic field. This numerical integration calculates a change in
magnetization given a specific time step. Using these micromagnetic simulations, many magnetic
processes can be analyzed. These simulations, based on first principle calculations, can be used to
explain experimental data as well as push technology further. Micromagnetics are used in many
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Figure 1.7 – Graphical representation of the torques present in the Landau-Lifshitz-Gilbert equation. The
magnetization vector, ⃑⃑ , precesses around the effective field vector, ⃑ , and the damping causes ⃑⃑ to fall
towards ⃑ .

areas and are vital to the results explained in this thesis.
Depending on whether there in only one cell or many cells there will be different energies
affecting the micromagnetic elements. For a single micromagnetic element, there is Zeeman
energy from applied fields, anisotropy energy, self-demagnetization energy and thermal energy.
For larger, more elaborate magnetic simulations, many coupled micromagnetic cells need to be
simulated. For example, in magnetic recording simulations, the writing pole tip and the simulated
recording layer grains must be simulated with anisotropy energy, magnetostatic energy, and
exchange energy.

1.7 Energies Associated with Micromagnetic Modeling
Many of these energies used in micromagnetic models have been described in previous
sections. These energies all produce fields, which are all part of the effective field in the LLG
equation. Once the total energy,

, is calculated for the system, the effective field can be

found using equation 1.22.
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⃑

Equation 1.22

⃑⃑

At every numerical integration step in the micromagnetic simulation, the energies in the system
are re-computed and then the effective field is found to ultimately continue the numerical
integration of the magnetization. In these simulations, the anisotropy is uniaxial and therefore
represented by

in equation 1.15, the magnetostatic energy is found using equation 1.20, the

exchange energy is found using equation 1.12 where each micromagnetic element is a separate
spin, and Zeeman energy calculated using equation 1.8 [1][7].

1.8 Thermal Energy Effects
Thermal energy, usually represented by kBT, as described earlier is another energy that
can be considered in micromagnetic simulations. Some of these effects have already been
described in previous sections. The main concept behind this thermal energy is that it adds a
sense of randomness to the behavior of the magnetization to create a more probabilistic
simulation. This thermal energy also leads to the question of particle stability because, like for
example with the magnetic grains in magnetic recording, they must retain their magnetization
even in the presence of thermal agitation. This leads to the notion of the superparamagnetic limit.
A superparamagnetic particle is a particle that is ferromagnetic, but due to its size, and
therefore its volume, V, the particle becomes paramagnetic at a given temperature. This is the Tc
as described previously. Fig. 1.1 showed a particle approaching the paramagnetic limit by
showing how the value of Ms decreased with the increase in temperature up to Tc. The
superparamagnetic limit has everything to do with the energy barrier, ΔE, which is equal to KV.
This is the barrier that the magnetization must overcome to switch between stable states as shown
in fig.4. As the ratio of KV/ kBT becomes small, the particle is much more likely to switch
between the stable states. This probability is known as the Boltzman probability function and
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was shown as the proportionality in equation 1.11. The equation for this probability at the
coercivity point where the probability of switching between stable states is equal to one half is
shown in equation 1. 23.

(

)

The attempt frequency is denoted by

Equation 1.23
and the time scale being considered is represented by .

This temperature leads to lower coercivity in particles at non-zero temperatures compared to the
same particle at a zero temperature. This superparamagnetic limit plagues the magnetic recording
industry because this limits the particle size and therefore the minimum size of the bit on the hard
disk drive [1][7]. The thermal effect can be represented as a thermal fluctuation field, which
becomes part of the effective so that it can be modeled with the LLG equation. This becomes very
useful in simulations of magnetic nanoparticles as will be described more in depth in chapter 2 of
this work.

1.9 Applications
The first application that will be described in this work involves the use of ferromagnetic
nanoparticles to induce hyperthermia for cancer therapy. The main idea is that these
ferromagnetic particles, which are superparamagnetic due to their incredibly small volumes, show
hysteretic properties in the presence of a high frequency applied magnetic field. This hysteretic
energy becomes energy that is used to heat cancer cells. This heating causes death of the damaged
cancer cells and could ultimately lead to the recovery of the patient. The purpose of this work
was to improve the heating efficiency of these particles by means of applying varying types of
waveforms to the nanoparticles [9][10][11].
Magnetic recording is a large scale magnetic application. Magnetic write poles are
magnetized to record information onto magnetic grains in a recording layer. The magnetizations
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of these grains rotate in the presence of field applied by the recording head and therefore become
switched into a stable state corresponding to information that the user desires to store. The
magnetic read head is then used to sense the fields produced by the remnant magnetization of the
recording layer to ultimately read back the information from the recording layer. The goal in
magnetic recording has also been to increase areal densities to be able to fit exceedingly large
amounts of information onto a single disk. Two dimensional magnetic recording (TDMR) is one
idea to continue to improve areal densities. TDMR would make use of shingled writing, which
will be described further in chapter 3, and signal processing algorithms to read back the
information from the disk even with a very low signal to noise ratio. The purpose of this work
was to design a shingled recording head for densities towards 10 Tbits/in2 [13][14][15][16].

24

CHAPTER 2
MAGNETIC NANOPARTICLE HYPERTHERMIA
In this chapter, the use of ferromagnetic nanoparticles to induce hyperthermia for cancer
therapy along with the methods for improving the efficiency of the heating ability of the
nanoparticles will be described. The important concepts involved in this work along with a brief
background and motivation for this work will be presented. An overview of the previous work in
this field will be given and lastly, the new results from this work will be presented along with the
micromagnetic model used to attain those results.

2.1 Introduction
The overview of this work was to find waveforms that will cause ferromagnetic nanoparticles to
have the highest specific heating power. These nanoparticles will cause hyperthermia in localized
areas due to two main types of losses. The two main types of losses are hysteresis losses and
relaxational losses [9].
When an oscillating magnetic field is applied to ferromagnetic nanoparticles, the energy
from the oscillating magnetic waveform is transferred to the ferromagnetic nanoparticle lattice,
which causes the nuclei to vibrate. These vibrations are known as phonons and these phonons
cause the localized areas to increase in temperature. The energy associated with this heating is
given by equation 2.1.

∮ ⃑⃑ ⃑⃑⃑⃑⃑⃑⃑⃑

Equation 2.1

This equation shows that the line integral of the magnetization of the particle around the
hysteresis loop curve gives the energy that the particle gives off as phonon energy when an
external field is applied to it. Essentially, the energy given off by a particle is equal to the area
found within the particle hysteresis loop. If the particle has no hysteretic properties as shown in
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fig. 1.3a then the particle does not give off any useful heating energy, but if the particle has the
hysteretic properties as shown in fig. 1.3b, then the energy is equal to Mr*Hc. These hysteresis
loops can become more complicated than in fig. 1.3b when processes like thermal fluctuations are
modeled. An example of this type of minor hysteresis loop is shown in fig. 2.1.

Figure 2.1 – Minor hysteresis loop resulting from a particle that has been introduced to thermal
fluctuations and a small amplitude applied field for many wave cycles. The loop is a product of the average
over all wave cycles.

The challenge now is finding the area within a complicated loop like this one. To do this, a
discrete integration technique was used, which can also be thought of as a Riemann sum
technique. The idea of this technique is to divide the loop into vertical rectangles as shown in fig.
2.2. If the area of all of the rectangles is summed, an approximate loop area can be found. As the
number of rectangles increases, the approximation of the loop area becomes increasingly more
accurate.

This energy calculated from the area of the hysteresis loop is given in ergs/cm3.
This energy is multiplied by the volume, in cm3, of the particle being switched and then
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Example Area of H vs M Plot

M

H
Figure 2.2 – Graphical representation of how the area of the hysteresis loops were calculated using
Riemannian summation.

by the frequency, in Hz = 1/s, of the incident wave to give an output power in units of
ergs/s, which is a power because this is units of energy per time. Now that we know the
output power given off by a particle subject to an incident oscillating magnetic field, it is
important to normalize this output power by an input power to facilitate a comparison
between different types of incident waveforms that could have varying levels of input
power. To found the power within an incident magnetic waveform, the Poynting vector
is used [3]. The input power density can be found using the relation in equation 2.2 where
the input power density,

, is equal to the cross product between the electric field

component of the incident wave, ⃑ , and the magnetic field component, ⃑ , of the incident
wave.

⃑

⃑

Equation 2.2
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In this work, the normalized power was left in units of squared nanometers. To find the
normalized power, the cross sectional area of the nanoparticle in the plane orthogonal to the
propagation direction of the oscillating magnetic wave can be divided by this value.
Assuming a group of these ferromagnetic nanoparticles were focused in one location,
there would be high heat concentrations in that area.

Cancerous cells have terrible blood

circulation compared to healthy cells, so these cancerous cells could be destroyed or badly
damaged by this increase in temperature. A simulation was created to model the behavior of the
nanoparticles and this process was based on the numerical integration of the Landau-LifshitzGilbert (LLG) equation. The Runge-Kutta 4th order (RK4) method was used for the numerical
integration of the LLG equation. The anisotropic field effects were modeled as well as the effects
of thermal fluctuations on the nanoparticles.
It is important to note that there are limitations on the frequencies and amplitudes that can
be used when applying an oscillating field due to the risks of harming the patient [9]. Owing to
this limitation in field amplitude, the field alone is not strong enough to switch the uniaxial
particle between stable states. This work considers thermal fluctuations, which are very large in
amplitude relative to the applied field amplitude due to the small particle volumes used. Without
the thermal fluctuations, the particles would never be able to overcome the ΔE associated with
their anisotropy and volume to be able to switch from one local energy minimum to another [17].
The thermal fluctuation field can be modeled by a Gaussian white noise with a mean of zero and
a standard deviation given by equation 2.3 [10].

√

Equation 2.3

The standard deviation of the Gaussian white noise thermal fluctuation field is dependent on the
Boltzmann constant, kB, the temperature, T, the damping constant, , the gyromagnetic ratio, γ,
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the volume of the particle, V, the saturation magnetization, Ms, and the numerical integration time
step used to numerical integrate the LLG equation, Δt.
The Gaussian distribution of thermal fluctuation noise was generated using the Marsaglia
Polar method [18][19] shown in equations 2.4-2.6.

Equation 2.4

√

( )

√

( )

Equation 2.5

√

Equation 2.6

√

This method is very computationally efficient because two uniformly distributed random
variables (U1 and U2) found within a unit circle can generate two Gaussian distributed random
variables (G1 and G2). There is no need to use trigonometric functions (Box Muller Method) [20]
or summations over a large number of uniform random variables (Central Limit Theorem) [12].

2.2 Background and Motivation
Cancer is a rising problem in the world. It is the leading cause of death in developed
countries and the second leading cause of death in developing countries [21]. Around the
world, there were an estimated 12.7 million cancer cases and 7.6 million cancer deaths in
2008 alone. In developing countries, breast cancer is most prominent type of cancer among
woman and lung cancer is the most prominent type of cancer among men. In developed
countries, the most prominent type of cancer is prostate cancer [22]. The statistics for the
estimated number of new cancers cases just in the United States from 1975 to 2007 is
shown in fig. 2.3. There were over 450 incidences of cancer per 100,000 and almost 200
mortalities per 100,000 people in 2007 [23]. Given this data, there is a very large need for
new cancer treatment methods, one of which will be discussed in the following work.
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Figure 2.3 – Cancer Incidence and Death Rates in the United States [23].

Hyperthermia caused by ferromagnetic nanoparticle heating within the body can be a
potential treatment for patients suffering from cancer. Research using sinusoidal waveforms has
shown that cancer cells can be damaged, if not killed, due to increased temperatures with minimal
injury to the patient's healthy cells. If a more efficient method for increasing the specific heat
loss in the particles were to be found, it could make this treatment more successful, viable, and
effective in the future. Also it is important to maximize the benefit to the patient while
minimizing the incident radiation applied to the patient. To induce this heating, an external
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oscillating magnetic field is applied to the magnetic nanoparticles within a cancer patient as
shown in fig. 2.4.

Figure 2.4 – Graphical representation of a magnetic nanoparticle subject to an applied field and thermal
fluctuations. Heat is given off when the magnetization switches between energy minimums

The main idea is that these ferromagnetic particles, which are superparamagnetic owing
to their incredibly small volumes, show hysteretic properties in the presence of a high frequency
applied magnetic field. This hysteretic energy becomes energy that is used to heat cancer cells.
This heating causes death of the damaged cancer cells and could ultimately lead to the recovery
of the patient.
Under ac bias of a magnetic field, ferromagnetic nanoparticles switch from one local
energy minimum to another [17]. The magnetic crystalline nanoparticles generate appreciable
heating effects caused by the superposition of Nèel and Brown relaxation loss, which is a source
of hyperthermia for cancerous tumors [9]. This hyperthermia, paired with precise placement of
the particles next to cancerous cells, can be used to destroy these cells owing to their close
proximity to the damaging heat source and their inability to dissipate heat as quickly as healthy
cells. Nèel losses are due to a reorientation of the magnetic moment in a particle [24]. Brown
losses are due to the reorientation of the particle itself and was not considered in this work owing
to the high frequencies that we used and an anticipated core shell structure [9][25].
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2.3 Review of Previous Work
The purpose of this work was to improve the heating efficiency of these particles by
means of applying varying types of waveforms to the nanoparticles. The nanoparticles simulated
had a saturation magnetization of 2000 emu/cm3 and an anisotropy on the order of 1 Merg/cm3.
These parameters yield an energy barrier KV = 7 kBT. This value corresponds to particles that
would be described as superparamagnetic [7] at typical frequencies , such as those used by
vibrating sample magnetometers, but show hysteresis at high frequencies where thermal
fluctuations have less impact. This value has previously been shown [11] to be optimal for wave
frequencies of about 1 MHz. From the relaxation mechanisms, the general expression of specific
loss power (SLP) in a suspension of nanoparticles has been previously derived [26]. According to
the specific loss power (SLP), the final goal, which is increasing power dissipation, is easily
accomplished by applying a large AC magnetic field and/or frequency. However, for
biocompatibility, physical limits do not permit the use of large applied magnetic field amplitudes
and frequencies in order to boost SLP [9]. Current research has made use of the sinusoidal
waveform [9] and the ideal square waveform [10] to switch these nanoparticles. Increasing
heating efficiency is important in order to maximize the beneficial effects of this heating without
increasing the incident applied radiation.

2.3.1 Incident Multiple Harmonic Waveforms
The previous work using the ideal square waveform as the incident AC magnetic
waveform was done by Morgan and Victora. They showed that the use of incident square
waveforms instead of sinusoidal waveforms resulted in an increased normalized heating
efficiency of 50% as well as a more constant heating efficiency over the spectrum of particle
anisotropies due to the infinite number of harmonics contained in an ideal square wave [10]. The
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analytical expression for the imaginary part of the magnetic susceptibility is given in equation 2.7
[9].
(

Equation 2.7

)

The maximum energy loss occurs when ωτ=1 where ω is the angular field frequency and
τ is the relaxation time of the particle. [10][25]. The multiple harmonics contained in the square
wave cause more of the particles to contribute to the energy loss due to many different harmonic
periods matching the multitude of particle relaxation times.

Figure 2.5 – Simulated applied field waveforms: (a) trapezoidal waveform, (b) 5 harmonic waveform, and
(c) 50 harmonic waveform.

So basically, the more harmonics contained in the incident AC waveform, the higher the
normalized output power. The higher frequencies contained in the normalized square wave may
be a potential issue, but their magnitude is quite small, i.e., the number of photons depends
inversely on the frequency to the cubed power [12]. In physical applications, generation of a
square waveform may produce a field ramp time, which causes the generated square wave to have
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the trapezoidal shape shown in fig. 2.5a. This can be compared to the 5 and 50 harmonic
waveforms shown in fig. 2.5b and 2.5c, respectively, which were previously simulated [10].
The methodology used by Morgan and Victora was to find the normalized power of the
nanoparticle as a function of the particle anisotropy. Doing this showed optimum anisotropies. In
practice, there would be a large grouping of these nanoparticles with uniaxial anisotropy. The
particles, when placed inside of a patient, will have their anisotropy axis randomly orientated
relative to the incident magnetic field and this angular dependence plays a large role in
determining the average normalized output power. They modeled this in simulation by doing tests
where the anisotropy axis was at 11.25°, 33.75°, 56.25°, and 78.75° relative to the applied field.
Then the weighted average was found to give the average resulting normalized output power [10].
A similar methodology was used in this work.

2.3.2 Perpendicular Static Fields
On the topic of improving normalized heating power, Sohn and Victora previously have
shown that a static field applied perpendicular to a sinusoidal applied field improves the
normalized output power at the optimized anisotropy value by 20% [11]. In their work, a 500 kHz
sinusoidal waveform with the 20 Oe static field was applied to a particle with a volume of
5.24x10-19 cm3 and a saturation magnetization of 1845 emu/cm3. The static field increases the
normalized power at the optimized anisotropy and decreases the standard deviation of the
anisotropy versus average power function. Therefore, the static field results in a lower power
further away from the optimized anisotropy and a higher power around the peak anisotropy [11].
In view of these benefits, it is important to understand why the application of the static field
improves the normalized output power and this analysis was done in this work [12].
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2.4 Micromagnetic Simulation Methods
A micromagnetic simulation based on the numerical integration of the Landau–Lifshitz–
Gilbert (LLG) equation shown by equation 1.21 was created to model the behavior of the
magnetic nanoparticles. The Runge–Kutta 4th order (RK4) method [27] was used for the
numerical integration of the LLG equation. All simulations employed a temperature, T, of 300 K,
gyromagnetic ratio,γ, of 1.76x107 rad/s/G, a damping constant, α, of 0.1, and an oscillating
applied field amplitude of 10 Oe. The thermal fluctuation field was included as a white noise as
described in section 2.1 with a standard deviation found using equation 2.3 along with the known
simulation parameters [10]. This field was serially added to the applied field and the anisotropy
field Hk to form the total field H in equation 1.21.
If the Magnetization, ⃑⃑ , of the particle is defined as shown in equation 2.8, equation 2.9
and 2.10 can be derived from equation 1.21 so that the change in the magnetization with respect
to time can be found using the change in the spherical coordinate system angles, θ and φ. The
angle θ is the angle from the positive z-axis and the angle φ is the angle from the positive x-axis.


M  M s  xˆ sin( ) cos( )  yˆ sin( ) sin( )  zˆ cos( )

Equation 2.8

d
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Equation 2.9
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Equation 2.10
The anisotropy field can then be found using Eani from equation 1.15 and the relation
from 1.22. These fields are then given by equation 2.11 representing the three base components
of the anisotropy field.
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Equation 2.11
Using the applied field, the anisotropy field, and the thermal fluctuation field found using
equations 2.3-2.6, the expressions in equations 2.9 and 2.10 can be numerically integrated to
model the mechanics of the superparamagnetic nanoparticle.
Given that the thermal fluctuation field is much larger than the applied field, the
hysteresis loop for a single incident wave period would be all noise. In order to discern a
hysteresis loop that can be used to find the output power given off by these particles as described
in section 2.1, averaging must be done. The mean of the thermal fluctuation field variable is zero
given that it is a Gaussian white noise variable. Averaging over many incident wave periods,
improves the signal to noise ratio of the hysteresis loop by the square root of the number of wave
periods that were averaged. This averaging leads to the hysteresis loop shown in fig. 2.1. Using
the methods described in section 2.1, the normalized output power for the particle is found.

2.5 Trapezoidal Waveforms
As described in section 2.3.1, incident square waves were shown to improve the heating
efficiency of the magnetic nanoparticle by 50% over the use of an incident sinusoidal waveform
[10]. In physical applications, generation of a square waveform may produce a field ramp time
that causes the generated square wave to have the trapezoidal shape shown in fig. 2.5a. The goal
of this work was to find how this trapezoidal waveform compared to the sinusoidal and the square
waveform previously simulated. A trapezoidal waveform was simulated over a range of particle
anisotropies to find the SLP that non-ideal square waves would yield in comparison to the
sinusoidal waveform. Weighted averaging over a variety of angles between the applied field and
the particle anisotropy was used just as described in section 2.3.1. The 1 MHz trapezoidal
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waveform simulated had a rise and fall time of 100 ns, which is 10% of the field period and the
particles had a volume of 2.68x10-19 cm3 with a saturation magnetization Ms of 2000 emu/cm3.
Fig. 2.6 shows the comparison between the hysteresis loops of the square wave and the
trapezoidal wave at the optimized particle anisotropy. At the optimized anisotropy, the
trapezoidal waveform showed a 10% improvement in peak normalized heating power over the
sinusoidal waveform [12].

Figure 2.6 – Simulated hysteresis curves (no static fields): (red solid line) trapezoidal wave curve and (blue
dashed line) square wave curve.

Fabricating nanoparticles to be at a specific anisotropy yields a distribution of particle
anisotropies centered on that target anisotropy. Fig. 2.7 shows the performance of a trapezoidal,
sinusoidal, square waveform, and 5 harmonic waveform incident on a nanoparticle array with a
standard deviation of anisotropy equal to 20%. The units of the vertical axis, as described in
section 2.1, are in units of squared nanometers and the anisotropy is an energy density given in
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both Mergs/cm3 and MJ/m3. To find the exact normalized power, the vertical axis value of the
plot needs to be multiplied by one over the cross sectional area of the particle in the plane
orthogonal to the incident wave propagation direction. The square wave of course yields the
highest normalized output power given that it contains an infinite number of harmonics, but the
trapezoidal waveform, although not as good as the square waveform, shows a 30% improvement
over the sinusoidal waveform [12]. The results of the trapezoidal waveform are very comparable
to the results given by Morgan and Victora [10] with the 5 harmonic AC waveform.

Figure 2.7– The normalized output power as a function of mean anisotropy, K, with a standard deviation of
20%.

2.6 Perpendicular Static Fields
Previous work by Sohn and Victora [11] that was described in section 2.3.2 showed that
the addition of a static field perpendicular to an incident sinusoidal magnetic field could improve
the heating efficiency of the particle by 20%. In this work, we wanted to find if the benefits of the
square wave could be added to this static field benefit to achieve even greater particle heating
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efficiency. Before doing this it is important to understand why the application of the static field
improves the normalized output power.

2.6.1 Analytic Expression for Total Power Loss
The total energy density of a nanoparticle with uniaxial anisotropy can be defined by
equation 1.15 where ⃑

⃑

⃑

, K is the anisotropy constant, the easy axis is assumed to

be along ̂ , θ denotes the angle between the magnetization and the anisotropy direction, ⃑⃑ is the
magnetization vector, ⃑

stands for the static applied field, and ⃑

stands for the oscillating

applied field. In analogy to the work of Sohn and Victora [11], we find the maximum and
minimum energies for small applied fields and high values of K, which are shown in equations
2.12 and 2.13. These derivations were done with the assumption that
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Equation 2.12
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Equation 2.13

Below, we derive the expression for the power found in the first half of the hysteresis
loop. The difference between

and

is denoted by

in equation 2.14, which is the

energy barrier the particle must overcome in order to switch from the first local energy minimum
to the other in the first half of the hysteresis loop. The energy diagram shown in fig. 1.4 has two
energy minimums that have the same magnitude, but it possible that the two stable states are at a
slightly different energies. Therefore

, found in equation 2.15, which is the energy difference

between the two energy minimums, represents the energy lost in the first half of the hysteresis
loop.
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Equation 2.14

Equation 2.15

The change with time of the fraction N of un-switched particles is given by equation 2.16.

(

)

Equation 2.16

The attempt frequency is denoted by A, Psw1 is the probability that the magnetization will switch
in the direction of the field, and Psw2 is the probability that the magnetization will switch in the
direction opposing the field. The power can then be found as shown in equation 2.17 and 2.18.
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Equation 2.17
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]

Equation 2.18

The values of N and (1-N) can be derived by solving the differential equation in equation 2.16.
The solution is shown in equations 2.19 and 2.20.

N
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Equation 2.19

Equation 2.20

Equation 2.21

Using the relation in equation 2.21 where t is one half of the magnetic switching field period
assuming a square waveform, N0 can be derived as shown in equation 2.22.

N0 

Psw1  Psw2  e  A( Psw1  Psw 2 ) t
Psw1  Psw2  1  e  A( Psw1  Psw2 ) t





Equation 2.22

Returning back to equation 2.18, we can use equations 2.19, 2.20, and 2.22 to obtain equation
2.23.

 e  A( Psw1  Psw 2 )t
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1 e
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Equation 2.23

We then time average over half the switching period from t = 0 to t = t to find the
average power expression in equation 2.24, which is the power in the first half of the
hysteresis loop.
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Equation 2.24

Taylor series expansion can then be done on the exponential Boltzmann probability terms,
(

), to obtain equation 2.25, which becomes 2.26 with substitution of equation 2.14.
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Equation 2.25
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Using Taylor series expansion once again, Psw1  Psw2  can be derived as shown in equation 2.27
where  denotes the angle between the ac field and the anisotropy direction.
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Equation 2.27
Equation 2.27 can then be inserted into equation 2.26 to arrive at equation 2.28, which is the final
expression for the average power in the first half of the hysteresis loop.
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Equation 2.28
The average power in the second half of the hysteresis loop, P2 , can be derived similar to the
way that P1 was derived. The frequency dependent component of the total averaged power is
represented by F   and is shown in equation 2.29. The total average power dissipation
becomes the expression shown in equation 2.30.
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Equation 2.29
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Equation 2.30

Equation 2.30 shows that the addition of a static applied field increases the total power dissipation
without increasing the incident wave oscillating wave power [12].

2.6.2 Incident Square Wave with Perpendicular Static Fields
Now that equation 2.30 had been derived, it was now understood why a static field
applied perpendicular to the incident oscillating magnetic field improves particle normalized
heating power. The static field was then tested with the incident square waveform. Fig. 2.8 shows
the comparison between the averaged normalized output power for a square waveform with and
without a static field. The figure reveals, for the case of the square wave, that the addition of a
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Figure 2.8 – Comparison between the normalized output power for the square waveform with and without
a 20 Oe static field applied.

static field does not result in further benefits. As shown on the falling slope in fig. 2.8, there is a
small increase in power gained but not a substantial gain. It makes sense that there is not more of
an effect because a major benefit of the square wave relative to the sinusoidal waveform is that
the heating power becomes more constant over a range of particle anisotropies [10]. Therefore the
benefits of the square wave compete with the benefits of the static field discussed in section 2.3.2,
which in turn results in the static field having little or almost no effect on the square waveform
even though Sohn and Victora [11] showed that it did for the sinusoidal waveform [12].

2.7 Conclusion
We have shown that the trapezoidal waveform gives about a 30% increase in normalized
heating power compared to the sinusoidal waveform for an ensemble of particle anisotropies. An
analytic expression for the beneficial effects of a static field was derived. These calculations
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suggest the need for experimental measurement of the heating power of trapezoidal waves as well
as the addition of a static field perpendicular to the sinusoidal oscillating applied field.
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CHAPTER 3
SHINGLED RECORDING FOR TDMR
3.1 Introduction
The need to store exceedingly large amounts of information is constantly increasing, especial in
the age where “the cloud” is continuing to grow. “The cloud” is the term that refers to all the
storage space that holds everyone’s stored emails and all of the online media we all make use of
everyday. This growing need will require memory storage technologies that have extreme
densities while at the same time maintaining a low cost. One of the most cost effective storage
methods is the use of a hard disk drive (HDD). The cost per megabyte on an HDD has decreased
from $15,000 in its beginning down to $0.0001 today [28] while at the same time; the density has
continued to increase as shown in fig. 3.1 [29]. The vertical axis shows the density in Gigabits
(Gb) per square inch as a function of the year. As shown by the pink dotted line, the increase in

Figure 3.1 – The areal density history of magnetic recording from 1980 to the present where the areal
density in Gb/in2 is plotted as a function of the year [29].
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areal density is approaching a plateau that will have to be overcome with new technologies and
methods.
The voice of Valdemar Poulsen, which was recorded onto a steal wire in 1898, was the
first thing recorded onto a magnetic medium [1][30]. The first HDD was the IBM 350 disk
storage unit and was announced on September 4th in the year 1956. This storage unit was a major
piece in the development of the IBM 305 RAMAC (Random Access Memory Accounting)
system. This drive had 50 magnetic disks with a total of 5 megabytes of storage [31]. Modern day
HDD hold orders of magnitude more information since that first HDD system.
Much has changed in 50 years with the cutting edge technology now approaching
1Tbit/in2. The basis of magnetic recording involves a set of information encoding bits that are
stored onto a magnetic recording layer in the polarization of magnetic grains. The grains are
polarized using fields applied from a recording write head, which is essentially a mini
electromagnet like what was described in section 1.3 [1]. When the head is magnetized by the
write currents, the stray fields from the recording head polarize the magnetic grains on the
recording layer. Then the information is then read back using a magnetoresistive read head, which
will be described later in this section. The bits are laid down in tracks of information to be stored.
The overall structure of an HDD system is shown in fig. 3.2 [28]. The platter contains the
magnetic thin film recording layer where the bits are recorded onto tracks that surround the
spindle at a specific radius from the center of the disk and have a certain width. Rotation of the
platter is done using an electric motor, which rotates the platter at rates of 7500 revolutions per
minute around the spindle. The write and read head is at the tip of the actuator arm that rotates
around the actuator axis. The actuator arm positions the heads directly over the track currently
being written or read from. The focus of this work will be on the head design and the simulations
of those designs writing to a modeled recording layer.
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Figure 3.2 – Hard disk drive (HDD) technology with each important component labeled [28].

Figure 3.3 – 3D Graphical representation of the recording head structure for (a) longitudinal magnetic
recording and (b) perpendicular magnetic recording. (b) also shows how the Soft Under Layer (SUL) is
used to image the recording head [32].

Fig 3.1 shows that methods such as device scaling and thin film technology increased
densities into the 100 Gbits/in2 regime. Then perpendicular magnetic recording was introduced at
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the turn of the century, which pushed areal densities into the 500 Gbit/in 2 territory. Before
perpendicular magnetic recording shown in fig 3.3b, the standard was longitudinal magnetic
recording as shown in fig 3.3a where bits are stored with their magnetization in the plane of the
recording layer [32]. The bits were written using the longitudinal stray fields created using the
“Ring” writing element shown by in fig 3.4a where the stray fields are represented by the blue
lines in the diagram [28]. The push to perpendicular magnetic recording led to the new method of
recording information with the magnetization of the grains out-of-plane as shown in fig 3.3b.

Figure 3.4 – Side view of the recording head structure and flux path for (a) longitudinal magnetic
recording and (b) perpendicular magnetic recording [28].

The field from the head is now driven straight down through the recording layer into an additional
layer called the soft under-layer (SUL). The SUL plays the role of imaging the magnetic
elements above it, which is analogous to how when a positive charge lies above a conducting
layer, a negative charge is imaged within it. This layer improves head field strengths and
provides a path for the head flux to get back to the return pole. This flux path is shown clearly in
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fig. 3.4b by the blue lines that pass through the bit being written down into the additional layer,
which is the SUL, and then back into the large return pole.
The magnetoresistive (MR) element shown in brown in fig. 3.3 was a very important
improvement in read head technology. This technology is a highly sensitive sensor that can be
used to measure fields from extremely small bits. The general structure design is made up of two
ferromagnetic magnetic layers that sandwich either an insulating layer like MgO for a tunneling
magnetoresistive (TMR) structure or a non-magnetic conducting layer for a giant
magnetoresistive (GMR) structure. The orientation of the two ferromagnetic layers relative to one
another effect the resistance of the stack. The GMR structure is shown in fig. 3.5 where current is
driven through the structure in a current perpendicular to plane (CPP) configuration [33]. The
stack structure shows that the incoming electrons have two spin states that are either aligned or

Figure 3.5 – Example CPP GMR structure in the (a) parallel configuration and (b) antiparallel
configuration. Assuming a two channel model, the resistive networks for the two configurations are also
shown [33].
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anti-aligned with the magnetization of the layers. In the parallel state, one spin direction is
scattered as it passes through both of the layers and in the antiparallel configuration, each spin
direction experiences a large amount of scattering in one of the two ferromagnetic layers. This is
known as the two channel current model where there is a lower resistance in the case where the
ferromagnetic layers are in the parallel state compared to the anti-parallel state where there is a
higher resistance. These types of MR stacks are used for read sensors in HDDs as shown in fig.
3.3 where one of the ferromagnetic layers known as the “fixed layer” is fixed in the vertical
direction relative to the media, Then, the second ferromagnetic layer known as the “free layer” is
set to have its magnetization at ninety degrees to the magnetization of the “fixed layer”. When the
sensor is positioned over a bit, the free layer rotates either towards the parallel or anti-parallel
orientation depending on the stray field from the polarized grains and then the voltage across the
stack is measured. The readback signal is then just a set of varying resistances. This concept will
be explored through micromagnetic simulations and finite difference method (FDM) simulations
in section 3.7.
Many obstacles such as the superparamagnetic limit described in section 1.8 plague the
recording industry. There are three main issues that continue to limit the densities that can be
reached in magnetic recording. These three issues are known as the “Trilemma” and are shown as
the three corners of the media design constraint triangle in fig. 3.6 [30]. The signal to noise ratio
(SNR) is also an important value that needs to be considered when information is passed through
a channel, whether that channel is the recording layer described above or the air in applications
like cell phone communication. In magnetic recording, the SNR is proportional to the number of
grains used for one bit, so as the bits decrease in size, the grains must also decrease in size to
maintain SNR. This then leads the grains to the superparamagnetic limit, which is in the lower
left corner of this Trilemma triangle. With smaller grains to maintain SNR, the volume of each
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grain is decreased, so therefore, the grain anisotropy must be increased to maintain thermal
stability.

Figure 3.6 – Graphical representation of the media trilemma plaguing the magnetic recording industry.
Grains must be small relative to size of the bit for good SNR, but as they become small, they become
thermally unstable leading to a need to increase the grain anisotropy. This in turn leads to a writability
problem. The three corners of the trilemma are in constant competition when increasing recording densities
[30].

With these first two corner stones in mind, the third part of the Trilemma is the writability of the
grains. As the bit sizes decrease, the writing pole tip must also decrease in size, which will limit
the magnitude of the fields that it will be able to produce. On top of this, if the grains have higher
anisotropy to maintain thermal stability, the anisotropy field that the writing pole must overcome
to switch the bits begin larger. These three tiers continue to compete with one another and in
order to continue to improve areal densities, these issues must be overcome. Some ideas for
overcoming these will be described in later sections.
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3.2 Background and Motivation
To overcome the superparamagnetic limit faced in conventional recording media, several
novel system architectures that include Bit Patterned Media Recording (BPMR), Heat-Assisted
Magnetic Recording (HAMR), and Two Dimensional Magnetic Recording (TDMR) have
recently been proposed as promising approaches for ultra-high densities towards 10 Tbits/in2. In
BPMR, bits are stored in single-domain magnetic islands to maintain thermal stability for very
small grain sizes [34]. HAMR uses laser heating to decrease the coercivity of the current bit while
maintaining ambient temperatures, and therefore higher coercivities at adjacent bits [35]. The
physics behind this decrease in coercivity was described in section 1.8. TDMR records a channel
bit in very few magnetic grains and relies on two dimensional signal processing. It can still use
conventional granular media to store data [13][14][15][16].
Shingled writing is a method that would be used for writing data in TDMR. The method
is shown graphically in fig. 3.7 [13]. This method makes heavy use of track overlap. During each
pass, the head overwrites multiple tracks at once and, as the head moves cross track just a single
track width, the head effectively writes smaller tracks [13]. The benefit to this approach is that the
field characteristics of only one corner of the write pole are important, which means that the
overall write pole can be larger than the bit being written. The conventional writing approach, on
the other hand, requires a comparatively smaller head in order to write the small bits. The main
focus with shingled writing is to have large head field gradients in the trailing down track and the
shielded cross track directions in order to minimize adjacent track erasure (ATE) [16].

52

Figure 3.7 – Overview of the shingle recording process. The head fields and field gradients are only
important at the trailing corner of the write pole due to how the bits are written in a shingled fashion onto
the recording layer [13].

3.3 Micromagnetic Recording Model
The LLG equation described in section 1.6 is the fundamental equation in micromagnetic
simulations. Without this equation to model the dynamics of magnetized objects, none of the
work explained in this chapter would be possible. A micromagnetic recording system contains
thousands of coupled finite magnetic cells. The simulation described in chapter 2 only included a
single spherical cell meaning that no exchange fields were included and being that it was a
sphere, there was no shape anisotropy to consider as described in section 1.5. In multi-cell
systems, such as in a micromagnetic recording system, energies such as exchange energy and
magnetostatic energy must now be considered. The exchange energy between two micromagnetic
cells is calculated using an equation similar to equation 1.12 found in section 1.3 where ⃑⃑ and ⃑⃑
are the unit vector magnetizations of the two cells being considered. The exchange field from
one cell to another can then be calculated using equation 1.22. Equation 1.18 found in section 1.5
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can be used to calculate the magnetostatic field produced by one micromagnetic cell onto another
or the demagnetizing field affecting itself. The magnetostatic field calculations have also been the
limiting calculation leading to long computation times. As described in section 1.5, tensors can be
used that do not depend on the magnetization direction. Therefore, the tensors can be calculated
once for every micromagnetic model and then using these tensors, the magnetostatic fields can be
calculated quickly at every time step. One point to keep in mind is that the tensors must be
recalculated every time cells in the micromagnetic system move relative to one another. For cubic
cells, there is a closed form solution to equation 1.18, which allows for quicker calculation of the
magnetostatic field tensors relating the cubic cells. For irregular shape cells, such as the Voronoi
cells described below, the magnetostatic tensors can be calculated using the method described by
Victora and Shen [35]. This method is used to calculate the tensors from cubic cells to Voronoi
cells and from Voronoi cell to Voronoi cell. After calculating the fields affecting each cell at
every time instant, the magnetizations of every cell in the system are updated using the RK4
numerical integration method.
The recording head is an electromagnet as described in section 1.3. An electromagnet
consists of a magnetic material wrapped with a current carrying conducting wire. This is shown
graphically by the gold wire wrappings in fig 3.3 and the red lines in fig 3.4. The entire recording
system is much too large to simulate micromagnetically, so instead, the important nano-features
of the system are simulated. For example, the recording head tip is simulated to limit the number
of cells in the simulation. In order to simulate the tip of the writing pole, a charge sheet is used at
the boundaries of the recording system because the electromagnetic behavior of the current being
driven from the magnetizing wires into the magnetic material is outside the scope the simulations
used. This charge sheet is meant to emulate the cells above the recording tip being magnetized by
the current-carrying windings. The charge sheet is a plane of magnetostatic charges, so the field
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affecting any cell in the recording system that is produced by the charge sheet can be calculated
using equation 1.18 in section 1.5. Each cell in the simulation is uniaxial is some specific
direction with a specified Hk, which is the anisotropy field described in section 1.4.
The cells in the recording head are all cubic cells and the recording layer consists of
Voronoi cell shapes with specified thicknesses that are meant to model the irregular grain shapes
in the recording layer. When generating the Voronoi grains, a mean grain diameter is specified
and then the media is generated with a given distribution of grain diameters around that mean
diameter. Also, a non-magnetic grain boundary spacing is specific to model the space that would
be filled with silicon to decrease the intergranular exchange. Fig. 3.8a shows an image of
magnetic grains actually in production today. The grains are shown to have irregular shapes as

Figure 3.8 – Granular media in the HDD recording layer. The image in (a) is of sputtered FePt grains [36],
(b) shows a distribution of Voronoi grain diameters around a mean grain diameter, and (c) is a set of
Voronoi grains used to model the granular media shown in (a).
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well as spacing between the grains [36]. In our simulations, an average grain diameter of 8 nm
was chosen with a distribution having a 20% standard deviation around that mean grain diameter.
This distribution is shown in fig. 3.8b. Lastly, the plot of the generated Voronoi grains that meant
to model the grains in fig. 3.8a are shown in fig. 3.8c. These modeled grains have a 1 nm nonmagnetic grain boundary. The black grains in this figure represent grains with a downward
perpendicular magnetization and the white grains represent an upward magnetization.
The recording head described in section 3.4 was optimized for something called
exchange coupled composite (ECC) media [35][37]. The structure of this media usually consists
of a bottom hard layer element and a top soft layer element that have a strong inter-layer
exchange coupling. The bottom layer has a large Hk relative to the top soft layer. As the
recording head passes over the ECC grain, the top soft layer starts to switch and then the
exchange between the two layers along with the magnetostatic field produced by the top soft
layer causes the bottom hard layer to switch its magnetization. Compared to a single layer
conventional media structure, this has much higher thermal stability. Another benefit, however, is
the angular relationship of the switching field relative to the anisotropy axis. In Conventional
media, there is a minimum switching field when the applied head field is at a 45° angle relative to
the recording layer anisotropy, but in ECC media, the minimum grain switching field occurs
when the applied head field is at a 0° angle relative to the recording layer anisotropy [35][37].
Therefore, the perpendicular fields from the recording head can be optimized along with the head
field gradients.
The last important part of the recording model is the consideration of the soft under layer
(SUL). This is shown in fig. 3.3 in the perpendicular recording head structure. This layer allows
the writing pole flux to have a path back to the return pole, which serves the purpose of
increasing the perpendicular head fields. Essentially, the recording is imaged as described in
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section 3.1. This can be modeled by using a perfect imaging scheme where a perfect infinite SUL
is assumed. Making this assumption speeds up computation time because the cells in the SUL do
not need to be simulated. The perpendicular components of the magnetizations of the
micromagnetic cells in the simulations are increased due to the imaging properties of the SUL
and the tangential components are decreased. Now that the modeling system has been described,
the work done using this model will now be described.

3.4 Head Design for Shingled Writing
In this work, a shingled head design is proposed that makes use of saturation
magnetization (Ms) gradients in the head and shield to maximize head field gradients. This head
is then used to micromagnetically write to a simulated ferromagnetic ECC recording layer to
explore what densities the high gradient shingled head design can attain [16][35][37].

3.4.1 Geometry Specifications
A shingled recording head is presented in fig 3.9. As described in section 3.2, it is
important to optimize the field gradients in the trailing down track and the shielded cross track
directions in order to obtain the minimum bit sizes in magnetic recording. Given that only one
corner of the head requires large head field gradients as shown in fig. 3.7, all optimization was
done to maximize the gradients at the writing corner. Fig. 3.9a shows the cross track profile of the
head design. The down track profile of this head design looks identical to the cross track profile
because the design is symmetric about the line of symmetry shown by the dotted line in fig. 3.9b.
The soft under-layer (SUL) is shown in gray and the 10 nm recording layer is shown in black,
which is separated from the SUL by a 2 nm seed layer. There is a 3 nm magnetic fly height
(MFH) between the air bearing surface (ABS) of the writing pole and the top surface of the
recording layer. The shield is the trapezoidal shape on the left and the writing pole is shown on
the right. There are charge sheets at the top of the write pole and shield to emulate the recording
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Figure 3.9 – Shingled recording head (a) geometry and (b) magnetic specifications. The dotted line in (b)
represents the line of head design symmetry and the motion of the head relative to the recording layer is
shown to be in the down track direction.

system that would be above that boundary. The base of the shield has a width of 220 nm, the base
of the writing pole is 80 nm and there is a 10 nm shield to head spacing. An L-shape shield
structure is used in this design to shield the writing corner of the head because it was found to
yield the largest head field gradients [38]. Also, the leading down track and the unshielded cross
track edge of the head have no slope. The head is inclined at a 45° angle in both the trailing down
track and the shielded cross track direction. It was found that the optimal incline angle for this
design is anywhere between 45° and 56°, but 45° was chosen because the ratio of maximum head
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field to maximum head field gradient is the largest. The shield has the same incline slope as the
head. An incline on the back edge of the shield was used to minimize the flux build up at the
shield corners. One key feature to mention is that this design makes use of a zero throat height,
which allows for about 150-200 Oe/nm head field gradient improvement. In conventional
recording, the pole tip width is vital for defining track width, but the shingled writing process is
insensitive to pole-width variation [13], so therefore, a zero throat height is acceptable. Now that
the geometry of the shingled head has been discussed, the magnetic specifications of the head will
be outlined [16].

3.4.2 Magnetic Specifications
In the optimized design, an Ms gradient is used to direct flux within the head and shield.
Ultimately, this control allows for further optimization of the head field gradients. Fig. 3.9a again
shows the cross track profile of the system and fig. 3.9b shows the writing pole by itself. The
different shades in the figures, which are numbered 1-6 are representative of different Ms
magnitudes where the parts labeled with 1 have the highest value of Ms and the parts labeled 6
have the lowest. The values of Ms used in the micromagnetic simulations were 2000, 1200, 1000,
700, 400, and 100 eum/cm3 for the parts labeled 1-6 respectively, but they have not been fully
optimized. In fig. 3.9b, the dark center labeled with a 1 is the writing corner of the head and the
increase in Ms from 3 (red) to 1(darker red) allows for flux to be focused into that corner. In
addition, the low Ms value found in the trailing down track and the shielded cross track edges
minimizes the amount of flux that leaks onto previously written bits. An Ms gradient is also used
in the shield as shown in fig. 3.9a where the different Ms values used allow for efficient removal
of flux from the previously written adjacent bits. The fields resulting from this design will be
described in the next section [16].
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3.4.3 Field Profiles
The shingled recording head described in section 3.4 was simulated micromagnetically
and yielded fig. 3.10, which is a contour plot of the perpendicular field when the write pole is
driving flux in the downward perpendicular direction. The outline of the head and shield are
shown with black lines.

Figure 3.10 – Shingled head perpendicular field profiles resulting from micromagnetic simulations. The
outline of the head and shield structure is shown by the black lines.

Due to the Ms variations throughout the head and shield, the field is strongest in the writing
corner of the write pole at about -10 kOe and almost immediately in the adjacent track, where the
shield has a large saturation magnetization value, the field is positive. This causes improved field
gradients at the writing corner. Another important point to bring to light is that the field under the
shield stays near or under 2 kOe, which is less than the expected recording layer switching field.
To look a little more in detail at the field profiles of this head, fig 3.11a shows a slice of the down
track field profile and fig 3.11b shows a slice of the down track field gradient profile. The profiles
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given by the Ms gradient shingled head design are shown by the solid red lines and the negative
down track side in these two plots is the trailing edge. In the field profile plot shown on fig 3.11a,
the field is brought up to zero very quickly from its peak negative value and this is due to the Ms
gradient in the shield along with the low Ms value of the trailing head incline. This steep rise in
perpendicular field from -10 kOe to almost 0 Oe yields gradients that are over 800 Oe/nm as
shown by the minimum peak of the solid line in fig. 3.11b. If the point at which the maximum
gradient occurs is mapped to the field profile shown in fig. 3.11b, there is about a 6.4 kOe field
where the maximum gradient occurs. When writing to the recording layer, the switching field of
the recording layer would be optimal when it is set equal to the 6.4 kOe field so that adjacent bits
are least likely to be overwritten [16].

3.4.4 Benefits of Graded Moment
Given that an Ms gradient in the recording head may be difficult to produce, it is
important to look at what benefit that challenge will quantitatively produce. The red solid line
shown in fig. 3.11 represents the field and field gradient profiles for the graded Ms head design.
The blue dotted line is obtained by removing the Ms gradient from the design. To keep the Ms
values constant, the writing pole had an Ms value of 2000 emu/cm3 and the shield had an Ms
value of 400 emu/cm3. Firstly, the gradient profile in fig. 3.11b shows that the use of the Ms
gradient in the head increases the maximum head field gradient by over 200 Oe/nm. This is due to
the upward trend of the red solid line in the field profile plots of fig. 3.11a, which occurs between
-50 nm and -10 nm. The Ms gradients in the head and shield along with the low Ms value present
in the head incline allows for a quick reversal in perpendicular field strength, which does not
occur in the case where there is no Ms gradient present. The addition of the Ms gradient
throughout the head and shield produces larger field gradients that will ultimately allow for
higher recording densities [16].
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Figure 3.11 – (a) Shingled head down track perpendicular field profile (b) and down track head field
gradient profile for the Ms gradient design and the design with no Ms gradient.

3.5 Shingled Head Design Recording Simulations
The shingled head design has now been introduced and at this point, the focus will
change from field profiles to simulated recording. Before using this head to write to a recording
layer, predictions were done to find what memory capacities were feasible given certain grain
sizes [16]. A perfect write and read scheme to and from Voronoi grains was used to complete this
capacity study and this scheme is shown graphically in fig. 3.12. To describe the perfect writer, as
shown in fig. 3.12a, a bit sequence to be written was chosen and that sequence was mapped onto
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Figure 3.12 – Graphical representation of the (a) perfect write and (b) perfect read back schemes.

the Voronoi grains by finding which bit the centroid of each grain fell within. For example, if the
centroid of the grain fell within a bit with downward perpendicular magnetization, then the grain
was written to have a downward magnetization. The perfect reader shown in fig. 3.12b on the
other hand starts with the bit grid, which is overlaid onto the grains that were previously written.
Then, each bit is divided into micro-tracks so that the grain area within a bit cell can be
approximated. A threshold detector is used for determining the value of the read back bit, i.e., the
value of each bit is found to be the majority grain magnetization found within it [15]. So if the
majority of the area within a bit is downward magnetization, then the bit is read back as
downward magnetization and vice versa if the majority of the area is upward magnetization.
Using this perfect write and read scheme, all different bit sizes and bit aspect ratios (BAR) can be
written to and read from Voronoi grains.

63

3.5.1 Predicted Bit Error Rates
Following the work of Chan in [15], Momsen and Victora showed, using the perfect write
and read scheme, the predicted bit error rate (BER) as a function of the number of grains per
channel bit and the BAR where the BAR is the ratio between the cross track bit width and the
down track bit length [16]. Thousands of writes and reads were done and averaged for each data
point shown. The results show that the BER increases as the number of grains per channel bit
decreases. Also, it shows that a BAR of 1:1 produces lower BER compared to the higher BARs.
One interesting piece of information to point from their work is that the BERs shown are much
higher than the BERs in recording systems today by orders of magnitude, a difficulty that must be
addressed to be able to accomplish recording densities towards 10 Tbits/in2 [16].

3.5.2 Shannon Capacity Limit
After detection using the threshold detection perfect read back scheme, the Shannon
Capacity Limit [39] was used to find the number of user bits per grain as a function of the BER
and the number of channel bits per grain. Equations 3.1 and 3.2 show how the Shannon Capacity
Limit was used for this calculation.

(

(

)

(

)

(

)) Equation 3.1
Equation 3.2

In the work of Momsen and Victora, it was shown that the optimal number of grains per channel
bit is 1.59 and that the optimal BAR is 1:1 for the perfect writer and reader. Assuming 8 nm
grains, the maximum areal density was 4.66 Tbits/in2 and assuming a 5 nm grain size, the
maximum predicted areal density was 12 Tbits/in2. This means that in order to reach 10 Tbits/in2
user areal densities, even with an ideal writer and reader, the grains must have an average grain
diameter of less than 8 nm while maintaining thermal stability [16].
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3.5.3 Simulation Setup
Using the predicted capacity limitations completed by Momsen and Victora as a
reference, the perfect writer they used was replaced with the shingled recording head presented in
section 3.4. The structure shown in fig. 3.9a was used for the micromagnetic simulations with the
SUL replaced by an ideal imaging scheme assuming an infinite SUL with a permeability of 100.
In contrast to [14], our recording layer was ferromagnetic ECC media with a top soft layer being
6.7 nm thick and the bottom hard layer being 3.3 nm thick as shown in section 3.3. Voronoi
grains were used with an average grain diameter of 8 nm and a standard deviation of 20%. There
was a nonmagnetic grain boundary of 1 nm between the grains, and the effective recording layer
Ms was 450 emu/cm3. The bottom layer was the hard layer with Hk = 300 kOe and Ms = 150
emu/cm3. The top layer was the soft layer with Hk = 66.67 Oe and Ms = 750 emu/cm3. There was
an intergranular exchange constant of Jex = 0.3 and an interlayer exchange coupling, Jex/V = 6.0 x
106 [35]. This media structure behaves very similarly to the structure shown in [40] and [41] with
a ferromagnetic in place of the synthetic antiferromagnet. For each trial, a 100 bit pseudo random
bit sequence (PRBS) was generated and written to the recording layer using micromagnetic
simulations based on the Landau Lifshitz Gilbert (LLG) equation. The perfect reader was used for
read back. This process is shown graphically in fig. 3.13.
Fig. 3.13a shows the 100 bit PRBS pattern that the shingled recording head will attempt
to write to the 8 nm Voronoi recording layer that has been AC erased. The red squares are the
individual bits with a BAR of 1:1. After the sequence has been written using the shingled
recording head, the grain configuration shown in fig. 3.13b results. The grains in this recording
layer are almost on the order of the bit size, which leads to the imperfect configuration written.
Using the perfect reader, the bit sequence read back from the Voronoi grains is shown in fig.
3.13c where the green squares represent bit errors that have occurred during the write and read
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Figure 3.13 – Overview of write and read back process where (a) shows an image of the bit sequence to be
written to the Voronoi grains, (b) shows the grain configuration after the pattern has been
micromagnetically written with the recording head, (c) shows the bit sequence read back from the grains
with the errors shown in green, and (d) shows the bit error rate (BER) as a function of the read back
position offset.
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process. The optimal read back position was found by minimizing the BER as shown in fig.
3.13d. The contour grid shows the BER as a function of the bit grid offset where the dark blue
represents the highest BER and the dark red represents the lowest BER. The minimum BER was
4% for this 100 bit sequence and the optimal read back position was where the grid was offset 1
nm in the leading down track direction and 7 nm towards the shielded cross track direction. The
results described in the next section included multiple 100 bit simulations for each bit size.

3.5.4 Simulation Results
The results of the recording simulations using the shingled recording head and the perfect
read back scheme are shown in fig. 3.14. The three graphs in fig 3.14 show how the number of
grains per channel bit and the BAR effects the number of user bits per grain (left vertical axis)
and ultimately the achievable user areal density in Tbits/in2 (right vertical axis). To generate the
data shown in fig 3.14, an error grid like the one shown in fig. 3.13d was generated for each 100
bit dataset and then the grids from all trials at each bit size were averaged to find the optimal
averaged read back location. This optimal averaged BER was used to find the user densities. Each
data point at each bit size and BAR shows the average value of 3 trials with each trial having a
different 100 bit PRBS. The error bars in the figure denote the standard deviation of the three
trials used for that data point at the optimal averaged read back position. For both 5 nm and 8 nm
grain diameter, Momsen and Victora found that a 1:1 BAR was optimal [16]. This is also true in
the case of our shingled head design and for an 8 nm grain diameter; the optimal number of grains
per channel bit is shown to be 3.18 in fig. 3.14a. At this optimal number of grains per channel bit,
the head can record 0.154 user bits per grain and a user areal density of 1.98 Tbits/in 2. This is less
than half of the predicted maximum value (4.66 TBit/inch2) for 8 nm grains [16], which is
partially due to the fact that the 3.18 grains per channel bit value is larger than the predicted
optimal 1.59 grains per channel bit value and partially caused by an increase in BER to 15%.
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Figure 3.14 – (a) shows the simulated areal densities of the shingle recording head using 8nm grains, (b)
show the simulated densities found using 6 nm grains, and (c) shows the simulated densities found using 8
nm grains assuming that the magnetization of the recording layer was reduced to 10% of its value in (a).
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The designed head provides sufficient write fields to accommodate 6 nm grains, while retaining
thermally stable composite media grains. Fig. 3.13b shows the data from 6 nm trials in the same
way the data from the 8 nm trials is presented. This shows that an areal density of 2.52 Tbits/in2
can be achieved with 6 nm grains which is about 33% larger than that achievable with 8 nm
grains.

3.5.5 Grain Fringe Fields
Clearly, the designed shingle head, despite the large gradients, is only obtaining 50% of
optimal density. We find that much of this discrepancy is caused by magnetostatic interactions
from neighboring grains that is exaggerated by the relatively large bits left by the head, before the
next track is written. For example, after a single bit of upward magnetization is written to an ACerased media, the mean of the field distribution becomes -800 Oe and the standard deviation of
this distribution exceeds 2 kOe. This may be compared to the head field gradient dHh/dx
multiplied by ½ the average grain diameter of 8 nm, yielding 3200 Oe. This crude argument
yields an increased error probability of 10%, close to the observed value. Incidentally, this issue
becomes even more significant for conventional media that is also subject to strong longitudinal
fringing fields [16]. Fig. 3.14c shows that if the effective recording layer magnetization is
reduced to 10% of its original value, then the peak user areal density is increased by 50% from 2
Tbits/in2 to almost 3 Tbits/in2.

3.6 Finite Difference Method Read Back vs. Micromagnetic Read Back
For TDMR, it is necessary to have a two-dimensional detection scheme to handle the
impact of not only inter-symbol interference (ISI), but also adjacent-track interference (ATI) in
the playback signal because adjacent tracks become very close at linear densities towards 10
Tbits/in2. High density read back will require very good down track and cross track resolutions
for a written magnetization pattern. Giant Magneto-resistive (GMR) heads are widely used as
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read sensors in high density magnetic recording applications. However, the GMR reader needs
further improvements in the spatial resolution for these high densities. As with other processes,
many types of theoretical work are being done to improve this read back process [15][16].

3.6.1 Single Head FDM Model and Reciprocity
The finite difference method (FDM) is one method used in many types of modeling
simulations from electromagnetic modeling to thermodynamic modeling. FDM is a fast method
for finding system equilibriums assuming a set of initial boundary conditions. Realistic read back
in magnetic recording simulations is required to do analysis necessary for improving read back
technologies. Usually, a large amount of statistics is required, which may be challenging if
micromagnetic simulations are used due to the reasons described in section 3.3. Therefore it
would be ideal to use the FDM method for readback. Given the small size of these MR read head
structures, the validity of these FDM simulations should be tested next to micromagnetic
simulations of the same structure. The structure that was modeled is shown in fig. 3.15. The read
head had a shield to shield spacing (SSS) of 15 nm, free layer thicknesses (t f) of 5 nm. The free
layer of the read head is taken to have a track width (TW) of 12 nm, which is larger than the 8 nm
bit width assumed in the cross track direction. The height of the free layer is taken to be 12 nm,
which is the same as the TW. Unlike reference [42], we include an SUL, thus suppressing high
frequency content and read back resolution. We again assume a MFH of 3 nm, a recording layer
thickness of 10 nm and a seed layer thickness between an SUL and a recording layer of 2 nm. We
assume that the SUL is infinitely thick with perfect imaging, which means the surface potential of
the SUL is zero. For the boundary condition at the top of the head (12 nm above ABS), we
assume that the magnetic potential of the read head gradually varies from zero at the left shield up
to negative unity at the free layer, and then it varies from +1 at the free layer to zero at the right
shield. In other words, the permeability of the shields is assumed to be infinite so that no potential
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Figure 3.15 – The single free layer conventional MR head read back system simulated using the finite
difference method and with micromagnetic simulations.

drop occurs. The value at the ABS of the free layer is assumed to be unity so that the
magnetization of free layers is aligned perpendicular to the recording layer [16].

3.6.2 Method For FDM readback
As done by Cho and Victora, playback signals for the read head are numerically
evaluated using the reciprocity principle applied to a potential acquired from a finite difference
method (FDM) code [16][43]. The reciprocity principle states that the playback signal is equal to
the convolution of its head magnetic potential and the written magnetization pattern on the
recording media [44]. Following the work of Cho and Victora, ECC media with high soft layer
magnetization relative to the hard layer magnetization was assumed [40][41]. This means that the
desired head potential, Φhead, could be obtained by subtracting the head potential at the hard/soft
interface from the potential on the top of the recording media (Φtop - Φmiddle). After the design
shown in fig. 3.15 was simulated in a FDM simulation, which results in a 3D mesh of nodes that
all have a certain normalized potential, we found the voltage waveform that would result from a
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single 8 nm x 8 nm bit using the integral equation shown by equation 3.3, where

is the

divergence of the magnetization at the evaluation surface.

∮

Equation 3.3

Using the voltage waveform found with equation 3.3, the signal waveform can be found by
convolving the voltage waveform with a PRBS [16].

3.6.3 Micromagnetic Read Back and Method Comparison
The system shown in fig 3.15 was simulated micromagnetically as described in section
3.3. The head, shields, and recording bits were simulated with cubic micromagnetic cells. Each
bit was 8 nm x 8 nm and the values of the bits were stored in the magnetizations of the square
bits.

Figure 3.16 – the comparison between a micromagnetic read back and the finite difference read back.
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As explained, the same conventional read head design was simulated both micromagnetically and
with the FDM to compare the output waveforms. Fig. 3.16 shows the normalized waveforms
obtained using the two methods. The waveform attained from the micromagnetic simulation
shown with the red dotted line is evaluated at the center of the free layer where head and shields
were moved, 1 nm at a time, over the bit sequence to attain the full read back signal. The FDM
waveform shown with the blue solid line is found using the method described in section 3.8.2. As
shown in fig 3.16, the comparison of the normalized read back signals shows that the two
methods give very comparable results [16].

3.7 Conclusion
A shingled writer with shielded track and trailing down track gradients of over 800
Oe/nm was presented. A path to 2.5 TBit/inch2 magnetic recording was proposed assuming 6 nm
grains that does not depend on the revolutionary changes to the media or the writer that are
demanded by HAMR and BPMR. Further, potentially large increases in capacity are available if
magnetostatic interactions during the write process can be mitigated. With 8 nm average grain
diameter the 2 TBit/inch2 densities achieved with the graded moment head design can be
increased by 50% to 3 TBit/inch2 if magnetostatic media fields are controlled. For suitable
applications, it appears that TDMR has tremendous potential to advance magnetic recording into
the multiple TBit/inch2 regime.
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CHAPTER 4
CONCLUSION
In this thesis, the main concepts covered dealt with micromagnetic simulations of
magnetic processes. Chapter 1 gave an overview into some fundamental properties of magnetic
materials and explained how these materials are used every day in all of our lives. The energies
associated with magnetic material were explored and then the fundamental equation in
micromagnetics, namely the LLG equation, was introduced. The work described in this thesis
was in two different categories; the first dealt with magnetic processes for medical applications
and the second was in magnetic recording for high density memory storage. The medical
application, which was discussed in chapter 2, focused on magnetic nanoparticles and how these
particles can be used to destroy cancerous tumors. The high density magnetic recording
application, which was described in chapter 3, introduced the concept of TDMR and how
shingled recording is used to squeeze a large number of bits into a small area on the disk.
Hyperthermia for cancer therapy using high frequency magnetic fields with small
amplitudes incident on magnetic nanoparticles has been previously explored. This work built off
the work done by Morgan and Victora, which showed that the normalized heating efficiency of a
magnetic nanoparticle could be increased by 50% if an incident square waveform was used in
place of a sinusoidal waveform. Given that generation of a square wave in a practical setting
would lead to inherent rise and fall times, we showed what benefits a trapezoidal waveform
would give compared to a sinusoidal waveform. We showed in chapter 2 that this waveform is
able to give about a 30% increase in normalized heating power compared to the sinusoidal
waveform for an ensemble of particle anisotropies. This is still very beneficial because ultimately,
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the goal is to limit the amount a radiated power applied to the patient while at the same time
maximizing this magnetic nanoparticle heating.
Another method found by Sohn and Victora in previous work that improves heating
efficiency of these magnetic nanoparticles was to apply a static magnetic field perpendicular to
the incident sinusoidal magnetic field. Following their work, we derived the analytic expression
for the beneficial effects of a static field. This derivation led to a total power expression, which
showed that if the static field was applied orthogonal to the incident AC field while at the same
time having the angle between the AC field and the easy axis being non-zero, the static field can
increase output power without increasing input power. The static field was tested with an incident
square AC waveform and showed that the benefits of the square waveform compete with benefits
of the static field. This ultimately led to a normalized particle output power with and without the
static field that was very similar. The calculations that were done in chapter 2 suggest the need for
experimental measurement of the heating power of trapezoidal waves as well as the addition of a
static field perpendicular to the sinusoidal oscillating applied field.
The next phase of this work dealt with magnetic recording and the idea of TDMR.
Previously, this idea was proposed to continue to increase areal densities. The idea will make use
of a shingled recording scheme where large tracks are written and then smaller tracks are
squeezed onto the disk using an overlapping scheme to write the data. Then read back will rely on
two dimensional signal processing algorithms to decipher the written information in the presence
of very low SNR. In order to squeeze nanometer sized bits onto the recording layer, the corner of
the shingled writer pole must be optimized to obtain large fields and large field gradients. In this
work a shingled writer with shielded track and trailing down track gradients of over 800 Oe/nm
was presented. This shingled writer also has maximum fields of over 10 kOe, which is important
when considering media stability. This head uses a graded moment structure, which helps focus

75

the flux into the corner and increases the squareness of the field profiles. Using this graded
moment writer design, a path to 2.5 TBit/inch2 magnetic recording was proposed assuming 6 nm
grains that maintain thermal stability. This proposal does not depend on the revolutionary changes
to the media or the writer that are demanded by both HAMR and BPMR. It was also shown that
potentially large increases in capacity are available if magnetostatic interactions during the write
process can be mitigated. The shingled recording head design was simulated with an 8 nm
average grain diameter leading to achievable densities of 2 TBit/inch2. This density can be
increased by 50% to 3 TBit/inch2 if magnetostatic media fringe fields are controlled. For suitable
applications, it appears that TDMR has tremendous potential to advance magnetic recording into
the multiple TBit/inch2 regime.
From the work done in this thesis, insights into how to improve efficiencies in
nanoparticle heating were developed and presented. This could lead to better hyperthermia
therapy in cancer cases around the world, which could ultimately lead to higher survival rates
among cancer patients. Also, the new ideas proposed in the shingled recording head design could
be used to continue to raise the ceiling on density limitations in the magnetic recording industry.
The storage needs of enterprise companies such as Google will continue to grow and ideas such
as the ones presented in this work must be explored to continue to feed that growing need.
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