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Abstract

Magnetic nanoparticles have been extensively studied over the last half century and

continue to sustain interest due to their potential use in different fields. This research

explores Magnetic Field Directed Self-Assembly of magnetic nanoparticles using a

magnetic disk drive. The magnetic fields generated by the bits in a magnetic disk drive

have rapidly changing field gradients that can self-assemble magnetic nanoparticles

into various shapes. We demonstrate the ability to record and read field gradients on

a commercial disk drive medium and to use monodisperse iron oxide nanoparticles

to achieve self-assembly. We use image analysis techniques to quantify parameters

related to self-assembly, and real-time optical measurements to monitor changes in

optical diffraction signal as nanoparticles self-assemble into two-dimensional parallel

arrays. In addition, we compare our experimental results to Langevin dynamics

simulations and show that small changes to the magnetic or colloidal force change

the self-assembly from ordered hexatic phase assemblies to disordered features. Our

results demonstrate the ability to precisely control and tune the self-assembly of

magnetic nanoparticles to achieve features with sub-200 nm resolution for various

applications.
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Chapter 1

Motivation and Introduction

I was inspired to pursue a degree in experimental condensed matter physics when I

listened to Richard Feynman’s lecture "There’s Plenty of Room at the Bottom." His

quote became a roadmap for what we know today as nanoscience. Nanoscience is

the study of structures and materials with unique and exciting properties on ultra-

small scales.[17] In the last couple of years of my research, I have realized that there

is plenty of room as we explore the world’s smallest scales, and the deeper we dive

to the bottom, new physics phenomena with unique properties appear. Physics at

the nanoscale differs from bulk materials because nanomaterials have a significantly

higher surface-to-volume ratio. For example, a cube with 1 nm size on each side has

a surface area of 6 nm2 and a volume of 1 nm3, which makes it surface-to-volume

ratio 6:1. In contrast, a cubic particle of 2 nm sides with 6 × 4 nm2 surface area and

8 nm3 volume has a surface to volume ratio of 3:1. Therefore, the smaller materials

get, the surface area increases. As a result, the surface effects get more dominated

and quantum effects influence materials’ properties.

Today Nanoscale Physics is considered a branch of Condensed Matter Physics

which is a collaborative venture between multiple disciplines such as Chemistry, Bi-

ology, Material Engineering, Electrical Engineering, etc. This field of physics plays a

crucial role in achieving nanoscale functional materials.[87]

Top-down and bottom-up approaches often achieve material fabrication at such

a nanoscale. In top-down methods, crystals from materials are removed layer by

layer to achieve well-ordered nanostructures. This is usually done by Electron Beam

1



Lithography (EBL), which yields atomic-scale precision, but this method is expensive

for large-scale patterning, and achieving periodicity and high reproducibility is chal-

lenging [63]. In the bottom-up approach, nanostructures are fabricated using single

atoms or molecules as pieces forming a larger assembly ranging from single to a few

micrometers. [55]. Today, electronic components reach below 10 nm in length scale

with top-down methods. Bottom-up self-assembly is also limited at scales beyond

100 nm because the larger structures get, the more defects in the structures become

more dominant. An optimal limit is required where both top-down and bottom-up

approaches are used for nanomanufacturing. As a well-known bottom-up approach,

the self-assembly of nanoparticles allows large-scale nanofabrication with high control

and nanoscale precision. [58]

This research explores the self-assembly of magnetic nanoparticles and how they

interact when placed in an extreme magnetic field gradient found on a disk drive

media. In this approach, colloidal particles above the patterned disk drive medium

are pulled down to its surface by sizeable magnetic field gradients that occur when

the medium magnetic moment switches direction, also known as a transition or "bit".

Initial investigation of Magnetic Field Directed Self-Assembly (MFDSA) involved

using a Longitudinal Magnetic Recording media (LMR); a media that was used in old

disk drives, where the magnetic moments are oriented in-plane to the disk. The goal

was to develop a low-cost nanomanufacturing alternative to fabricate nanoparticle-

based diffraction gratings and monitor the self-assembly of aqueous nanoparticles via

changes in the diffraction signal in real-time. [21], [42], [41] [86]

Modern disk drives store approximately 105 Gbits in a single square centimeter, a

density enabled by a technology known as Perpendicular Magnetic Recording (PMR).

[45] Because of the higher aerial density and sharper transitions in Perpendicular Mag-

netic Recording media (PMR), the MFDSA studies transitioned from using LMR as a

template to PMR. Also, MFDSA of aqueous magnetic and non-aqueous nanoparticles
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onto pre-recorded templates on PMR media with fixed spacing (750 nm) was studied,

and the magnetic properties and the growth of nanoparticles as a function of time

were explored in detail.[66] The PMR media was also used to record user-defined mag-

netic templates for self-assembly into various shapes.[94] For all these experiments,

self-assembly happens due to single and fixed magnetic transitions. The next chapter

will cover basics of self-assembly and these magnetic recording techniques.

Magnetic transition of the disk drive media is one of the critical elements of

this type of field-directed self-assembly, and in this research, we explore and cover

its importance in detail. One way to tune and control self-assembly is to add and

adjust the spacing between transitions. Unlike previous experiments where a single

transition was obtained by raster scanning the write head to obtain a region with

all up magnetization and an adjacent region with all down magnetization, here we

completely erase the disk drive medium with a very high external magnetic field; thus,

achieving media with all the magnetic moments aligned in one direction. Then, we

record a single stripe by dragging the write head once to achieve a region of opposite

magnetization and two transitions with the width corresponding to the write head.

Based on our initial hypothesis, with two transitions, we expected to see self-

assembly of two distinct features, i.e., two arrays of nanoparticles equally spaced

apart. However, our experimental results show a single array covering the region be-

tween two transition. Our collaborators Dr. Karen Livesey and Jonathon Davidson,

confirmed this hypothesis with simulations. The existence of a wide self-assembled

stripe spanning both transitions that was observed experimentally puzzled us for

many months. Turning our attention to the chemistry of nanoparticles solution and

properties of the magnetic recording medium, we have learned that slight changes to

the diameter of nanoparticles and a soft magnetic layer of the disk drive medium can

drive self-assembly from a single feature to two distinct features. These results that

are recently been accepted for publication in Advanced Materials Interfaces journal,
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are explained in detail in Chapter 3.[20]

In chapter four, we discuss additional tunable parameters and quantify width

growth, edge defects, and non-specifically self-assembly as a function of periodicity

and spacing between recorded stripes, applied voltage to the write head, and lu-

brication of the disk drive medium. We explore the reason behind the bridging of

nanoparticles when recorded stripes are close together and the formation of double

layers when they are far apart.

We quantitatively calculate parameters related to nanoparticle order and the pos-

sibility of achieving hexatic self-assembly in chapter five. The hexatic order happens

in specific spacing where the edge roughness of the nanoparticles arrays and the

number of non-specifically assembled particles are minimal. Our experimental results

with 25 nm diameter iron oxide nanoparticles show that these defects and order in

self-assembly can also be tuned.

To further investigate the cause of these defects, we employ a read head to map

out the fields due to the underlying magnetic templates. These measurements are

covered in chapter six. And finally to better understand the overall dynamics of the

process, in chapter seven, we cover results from real-time self-assembly monitoring of

nanoparticles optical diffraction.
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Chapter 2

Basic Concepts

2.1 Self-Assembly of nanoparticles

Self-assembly of nanoparticles is a process in which nanoparticles organize into com-

plex structures. The particles are guided to specific locations by a balance of at-

tractive and repulsive forces that result from their electric, magnetic and surface

properties. Self-assembly or bottom-up method of fabrication utilize physical forces

and interactions to arrange superstructures that span many hierarchical levels and

help scale up from the nano to the macroscale. [74], [84], [4], [73] Nanoparticles act

as building blocks for the fabrication of more advanced materials when mixed with

other materials, such as super-conducting wires, semiconducting quantum emitters,

and nanocrystal superlattices with tunable optical properties. [39],[16]

In general, nanoparticle self-assembly can happen in two ways: It can happen due

to their intermolecular interactions, such as covalent and noncovalent bonding with

their capping ligands, and Van der Waals forces where the system tends to achieve

its lowest energy state. [34],[11] Self-assembly can also happen due to external fields

where nanoparticle assembly is driven by an external electric, shear, and magnetic

forces. [23], [46]

Magnetic Field Directed Self-assembly (MFDSA), which is the main purpuse of

this research, is a technique where magnetic nanoparticles (MNPs) are guided to self-

assemble into ordered 1D chains, 2D layers, and 3D stacked materials with the help

of external magnetic field.[73],[31],[26],[88] These assembled structures represent a
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new class of advanced materials whose properties are determined by a combination of

intrinsic nanoparticle properties, mutual interactions, and nanoparticle interactions

with external fields. [74],[8]

2.1.1 Magnetic Nanoparticles

Colloidal magnetic nanoparticles under the influence of external fields are mostly used

in bottom-up self-assembly. When placed on external magnetic fields, MNPs arrange

into nano- to mico-meter size assemblies. [62], [76], [70] MNPs with controlled diam-

eter and surface properties have been synthesized for specific applications including

information storage, photonic crystals, cancer therapy, targeted drug delivery and

bio-engineering.[40],[83],[67],[61],[28] Materials with higher saturation magnetization

are preferred in bio-sensing due to their higher sensitivity and efficiency [52]. Ma-

terials with larger coercivity are preferred in magnetic storage devices to avoid the

random flips caused by demagnetizing or stray field of the material. Furthermore,

one wants to have a large enough remnant magnetization for data storage so that

moments are not flipped upon removal of the external field.

The crystal structure of magnetic nanoparticles gives detailed information on their

magnetic properties. The most commonly used magnetic nanoparticles are Iron Oxide

nanoparticles such as magnetite Fe3O4, maghemite γFe3O4, or hematite αFe2O3.

Iron oxide nanoparticles present a non toxic alternative to other magnetic nanoparti-

cles and thus are widely used in medicine for drug delivery, cell targeting and cancer

therapy. [80]. Further details on crystal structure, magnetic properties of nanoparti-

cles, and steric interaction can be found in Appendix A.

A number studies showed that the synthesis and controlling of iron oxide nanopar-

ticles through their preparation had been known to be a factor in the final magnetic

properties of nanoparticles. The most evident changes as nanoparticle size decreases

are the surface effects. The spins of a magnetic nanoparticle can be viewed as a
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core-shell structure, where the surface spins are canted or disordered because of the

incomplete coordination, and broken symmetry. [6], [69],[33] ,[95],[35] Several the-

oretical and experimental efforts have explored magnetic field-driven self-assembly

of these particles.[92],[79] Examples include self-assembly via field gradients from

an electromagnet, a nickel micro-grid array, a ferrite garnet film, and helical mag-

netic fields .[24],[85],[90], [2],[81] However, achieving highly ordered structures with

single-nanoparticle precision is still elusive experimentally and requires improved un-

derstanding to precisely control the balance between external magnetic field gradients

and inter-particle colloidal forces.[65], [6], [82]

Magnetic nanoparticles that we use in this research are highly monodisperse 25

nm oleic acid capped magnetite nanoparticles. These particles are well known for

their high colloidal stability in non-polar solvents such as hexane. The carboxylic

acid group of oleic acid binds to the magnetite while the aliphatic chain extends out

into the non-polar solvent, thus providing steric force between the particles. [38]

2.2 Interactions During Self-assembly

Nanoparticles are often considered as scale models of atoms but there are notable dif-

ferences between them. Firstly, the forces between colloidal nanoparticles are differ

greatly from those between atoms. Secondly, unlike atoms that exhibit ballistic mo-

tion in vacuum, colloidal particles undergo Brownian motion without a well-defined

velocity. [59] Predicting the self-assembly of colloidal nanoparticles computationally

is very challenging because such tiny particles are influenced not only by a compli-

cated superposition of deterministic forces, but also by random Brownian forces and

torques. External magnetic or electric fields can be applied to provide additional

controllability of self-assembly of nanoparticles. [60]
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Some of the interactions during self-assembly are: magnetic force due to external

field source F⃗m , force due to gravity F⃗g, viscous drag force F⃗d, inter-particle effects

such as dipole-dipole interaction F⃗dd, electric double layer force F⃗e, steric force F⃗a,

Van der Waals forces F⃗vdw, etc. Langevin’s model is the most common approach to

predict particle’s motion in a magnetophoretic system [92].

mi
d2xi
dt2

= F⃗b,i + F⃗m,i + F⃗d,i + F⃗g,i(t) +
N∑
j=1

(F⃗dd,ij + F⃗vdw,ij + F⃗a,ij + F⃗e,ij) (2.1)

Further details about these interactions can be found on Appendix A.2.

2.3 Magnetic Recording Technology

Using magnetic recording media as a template for self-assembly is powerful and cost-

effective technique. Here we go briefly on the process and some properties of magnetic

recording media. The critical measure of magnetic recording is areal density. Data

on magnetic recording media is stored through recording certain spatial variations of

magnetization [50].

There are two types of recording systems:

Longitudinal Magnetic Recording (LMR): In this kind of magnetic recording, the

preferred direction of the magnetization i.e., easy axis, lies in the plane of the record-

ing layer. Using an inductive ’ring-type’ writer, the magnetization of the grains is

aligned along the track in either a positive or negative direction. Change in magne-

tization is represented by "0" and "1".

Perpendicular Magnetic Recording (PMR): In this kind of magnetic recording,

the easy axis lies perpendicular to the recording layer and is typically written with a

Single Pole Head (SPH). Schematic representation of both LMR and PMR is shown

in Figure 2.1.
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Figure 2.1 Schematic representation of longitudinal (left) and perpendicular
(right) recording (reproduced with permission from [50])

The geometry of the ’ring’-type recording head in LMR defines the upper limit

of the writing field of 2πMs, where Ms is the saturation magnetization of the write

pole material. However, in PMR media, the upper limit of the write filed is doubled

or 4πMs because it is generated between the trailing pole of a single-pole head and a

Soft Under-Layer (SUL).

Several aspects make perpendicular recording superior to the longitudinal record-

ing, such as higher areal density, sharper write field gradients, absence of demagne-

tizing fields, etc. According to the law of scaling, higher areal density require smaller

grain sizes. However, reducing grain size can cause a superparamagnetic effect, espe-

cially in longitudinal media where the demagnetizing field achieves its maximum. A

typical magnetic medium consists of magnetic granular structures made of polycrys-

talline material, which are randomly packed.

For a media to be thermally stable, energy barrier or KV should be substantially

greater than or equal to 40 times than the energy of a single quantum of thermal

fluctuation kBT [15]. For example, for a Co-based thin film medium with anisotropy

constant K = 2 × 106erg/cm3 and T = 300K and kBT = 1.14 × 10−14erg the

minimum volume V for a grain should be greater than 800 nm3.

Most of perpendicular magnetic recording media are divided in two types: 1) Alloy
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Figure 2.2 Perpendicular Magnetic Recording (PMR) media layers [89]

based media such as CoC-alloys and 2) media based on magnetic multilayers (Figure

2.2), such as Co/Pt, Co/Pd or other materials. In general following properties are

required for high density magnetic recording media:

• High Coercivity, to accommodate very sharp transitions.

• High Remanent Magnetization, Mr, to provide large enough readback signals.

• Nearly Squared hysteresis loop, to achieve sharp transition and satisfactory over-

write ratio.

• Smooth Surface and reliable mechanical stability, to attaining small magnetic

spacing with acceptable tribological performance.

In this research we use perpendicular magnetic recording media as a basis for

magnetic field directed self-assembly. Magnetic fields of magnetic recording media

is analytically evaluated by principle of linear superposition and Laplace’s equation.

The details on calculation of the gradient forces due to a single and double transitions

are mentioned in Appendix A.3.
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Chapter 3

Tunability in Two-dimensional arrays of

Magnetic Nanoparticles Assembled via Extreme

Field Gradients

In the previous chapter, we mentioned the possibility of self-assembling nanoparti-

cles from colloid onto perpendicular hard disk drive media at locations where the

magnetization switches from up to down. This is due to the extreme magnetic field

gradients above these so-called transitions. Previously, magnetic nanoparticles were

always seen to assemble directly above transitions in theoretical and experimental

studies. Here, we instead show experimentally that when there are two transitions

close together – say at the two edges of a long reversed stripe region of the recording

media – then the self-assembly may fill the stripe region, rather than forming two

distinct lines above the two transitions. We compare our experimental results with

Langevin dynamics simulations performed by our collaborators Dr. Karen Livesey

and Jonathon Davidson, and find that the magnetic underlayer of the hard disk drive

media results in this broad quasi-2D ordering of the specific 25 nm diameter monodis-

perse particles. By changing the polarity of the solvent, the deposited nanoparticles

form two disordered lines above the two transitions. In this way, the self-assembled

structures can be tuned by changing the magnetic recording media and/or the colloid

characteristics by small amounts. [20]
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3.1 Preparing Magnetic Templates

To prepare the media we uniformly magnetize, i.e. erase, a commercial disk drive

medium (Figure 3.1 a). Then we record the medium with a single pass of the recording

head, yielding a reversed magnetization region along a line whose ∼ 100 nm width is

determined by the write head’s physical width (Figure 3.1 b).

This process creates a ‘stripe’, that consists of two 3-4 nm wide transitions be-

tween “up” and “down” magnetization, spaced approximately 100 nm apart. This

process is then repeated many times across the disk drive surface yielding multiple

stripes or two-transition features. Medium is recorded with varying stripe spacing

d = 200–1600 nm in order to test how the deposited features change with d. To

deposit nanoparticles, the recorded medium is rotated and translated via automated

rotating stage in a beaker containing nanoparticle solution of 25 nm diameter Fe3O4

nanoparticles stablized with oleic acid and suspended in hexane (Figure 3.1 c). More

details on preparation of the medium and nanoparticles solution is mentioned in

Appendix B.

With two transitions close together we expect to observe two separate lines of

nanoparticles upon exposing the recorded pattern to a colloidal dispersion. The ex-

pected pattern is shown schematically in Figure 3.2 a (side-view) and as simulated

using Langevin dynamics in Figure 3.2 b (top view), both for two stripes. Contradict-

ing our hypothesis, experiments yield only single lines of self-assembled nanoparticles

spanning the 100 nm stripe between the two transitions, independent of recorded fea-

ture spacing d. One such example is shown in Figure 3.3 (inset), a Scanning Electron

Microscopy (SEM) image of the self-assembled particles for d = 500 nm. Two stripes

are shown, each displaying a single assembly of particles rather than two as expected

for two transitions. When exposed to white light at a fixed angle, rectangular regions

with different spacing display colors due to diffraction. The differently colored bars

in Figure 3.3 each correspond to many stripes all with the same spacing.
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Figure 3.1 Template recording procedure: a) Disk drive medium
is placed perpendicular to a large magnetic field to erase or align
the magnetization in one direction. b) 3D sketch of the recording
process using a write head and an erased disk drive medium on a
2D motion stage. A single stripe with opposite magnetization is
produced by dragging the head slider the disk drive medium while
applying current to the write head. (inset: Front cross-sectional
view of magnetic head slider producing magnetic field to
magnetize stripes with line spacing d.) c) the recorded medium is
dipped inside a beaker containing nanoparticle solution and
translated and rotated for 20 minutes via automated rotating
stage. (3D graphics courtesy of Ghazal Mohtasebzada)

3.2 The Importance of Soft Under Layer

This hypothesis and the simulations supporting it, both shown in Figure 3.2, as-

sume the only magnetic materials impacting nanoparticle assembly are the recorded

grains that comprise the perpendicular medium. However, as mentioned in previous
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Figure 3.2 a) Schematic of self-assembled
nanoparticles from colloidal dispersion on
two side of a stripe based on hypothesis. b)
Langevin dynamics-based simulations (top
view) appear to confirm this hypothesis.
Here the blue spheres are particles on the
hard drive and red spheres are particles still
suspended above in the colloid

chapter there is another, thicker magnetic layer beneath the recording layer in the

perpendicular recording system .[89],[71] This soft underlayer (SUL), combines with

the recording head during the write process, producing a magnetic ‘image’ of the

write head below the medium to boost the size of the write field. Yet once recorded,

the SUL also produces an image of the medium magnetization as well, which mod-
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Figure 3.3 Photograph of the resulting media displaying
diffracted light from the nanoparticles arrays (left), and Scanning
Electron Microscopy (SEM) image of nanoparticle arrays filling
two entire stripes that are separated by d = 500 nm.

ifies the field above the medium. Therefore it must be included in simulations to

model the true effect of the medium stray field on self-assembly. In fact, we found

that including the SUL was necessary to obtain agreement between simulations and

experiment. To illustrate the SUL’s importance, Figure 3.4 shows spatial maps of the

magnetic field magnitude for an isolated stripe without (panel a) and with (panel b)

the SUL. The color contours show the field magnitude. The black arrows depict the

magnetic force on a nanoparticle in space above the medium and suggest stronger

forces localized to the two transitions in panel a, but a wider and overwhelmingly

downward force centered between the transitions in panel b. Note, to calculate the

analytic magnetic force on the particles one can assume the nanoparticle moment is

pointing in the same direction as the medium field due to its high magnitude when

the particles are close to the surface [29]. One can see how particles are pulled away

from the center and toward the two transitions when the SUL is absent (Figure 3.4

a), but uniformly downwards across the ∼ 100 nm wide stripe region when the SUL’s

15



effect on the magnetic field gradient is included (Figure 3.4 b).

 
a) b) 2.0 

1.4 

1 

0.6 
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Figure 3.4 The magnitude of the field of the given substrate with a) the field due
to the hard layer and b) the field of the hard and soft layer. The black arrows over
the plot are the direction and magnitude of the force on the MNPs. The geom-
etry of the hard and soft layer are shown underneath the plots to show the location
of the magnetic regions with the black region being a nonmagnetic coating over
the substrate and the green being an exchange breaking layer between the hard
and soft layers. The separation of magnetized region in both these plots are d =
1000nm. (Courtesy of K. Livesey and J. Davidson)

As shown in Figure 3.3, 25 nm diameter particles tend to assemble into single

lines of particles. The upper two panels in Figure 3.5 show Scanning Electron Mi-

croscope (SEM) images of self-assembled nanoparticles while the lower panels show

simulations of self-assembly that include the SUL. Panels a and b show stripes with

d = 500 nm and 1000 nm, respectively. Increasing stripe spacing to 1000 nm in-

creases the number of particles assembled per stripe (pattern width) and causes a

second layer of nanoparticles to self-assemble on top of the first layer. Panels c and

d show similar assemblies in the simulations, with second layer formation occurring

at d = 500 nm spacing and nearly a complete second layer at d = 1000 nm. For the

current experimental conditions, the second layer forms when line spacing is increased

beyond 700 nm, i.e. where the forces are increasing.

3.3 Sensitivity of self-assembly to the diameter of particles

To demonstrate the sensitivity of the assembly process, we reduce the hydrodynamic

radius of the nanoparticles. In a non-polar solvent like hexane the hydrophobic alkyl
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Figure 3.5 SEM images of self-assembled iron oxide nanoparticles in hexane
solution compared to simulations for 500 nm spacing (a and c) and for 1000 nm
spacing (b and d)

chains of the oleic acid dictate the nanoparticle-solvent interface, making solvent-

ligand interactions energetically favorable. It has been shown via molecular dynamics

simulations that interactions between polar solvents and oleic acid ligands decrease

the tail extension length by half, reducing hydrodynamic size and affecting nanopar-

ticle self-assembly. [30],[56] While these studies looked at hexane and ethanol sep-
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arately, they indicate what will occur when ethanol is added to hexane. Therefore,

we add ethanol (2% by volume) to our hexane solution and measure how the mod-

ified colloid affects the resulting nanoparticle patterns. The features in Figure 3.6

a demonstrate that the nanoparticles are no longer hexagonally close-packed. More

importantly, they no longer form a single stripe, but rather a gap opens at the center

of the stripe. We hypothesize that the reduction of the effective nanoparticle diame-

ter caused by adding the ethanol transforms the assembly pattern from a single line

into two mostly-distinct assemblies with loss of quasi-crystallinity.
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Figure 3.6 SEM images compared to simulations for self-assembly of iron oxide
nanoparticle in hexane with added ethanol for d=400 nm (a and b). c) Field
magnitude with both hard and soft layer for d = 400 nm (the lines are referenced
in panel d). d) Horizontal force on the MNPs at heights 15.5 nm (blue dashed line)
and 12.5 nm (green solid line) above the disk surface. The red dashed lines show
the stable equilibrium positions.

18



These two changes in the assembly are also observed in simulations (Figure 3.6

b) where the only alteration to the computer program was to reduce the particle

hydrodynamic radius from 15.5 nm to 12.5 nm, to mimic the reduction of ligand

length caused by adding the ethanol. The ligand length appears explicitly in the

equation for the steric repulsion, (Equation (A.15) of Appindex A.1) and thus this

length changes the overall effective Lennard-Jones interaction between particles, mak-

ing it more attractive and making the equilibrium separation of particles smaller. The

features formed are less disordered in simulation compared to in experiment, again

likely because in simulation all particles are perfect spheres of the same size. Note

that deposited particles are blue in Figure 3.6 b and a few particles still in colloidal

solution are red. The changes to the self-assembled features caused by reducing the

particles’ hydrodynamic size can be explained as follows. Figure 3.6 c shows a con-

tour plot of the magnetic field magnitude including both the hard layer and SUL,

for stripes with d = 400 nm. Only one stripe is shown, with magnetization down.

Two horizontal lines are drawn at heights of 15.5 nm (blue dashed line) and 12.5 nm

(solid green line) above the medium surface to indicate where the center of a particle

is located when deposited: in hexane (15.5 nm) and with the addition of ethanol

(12.5 nm). Figure 4d then shows the in-plane component Fx of the magnetic force

at these two heights (horizontal lines in panel c). The force outside the stripe (that

is |x| > 50 nm) drives particles inwards toward the stripe, as indicated schematically

by the black arrows. The force inside the stripe region (|x| < 40 nm) instead weakly

pushes particles outwards towards the transitions. At a height of 15.5 nm (hexane),

the maximum horizontal force inside the stripe is 7 pN , while for a height of 12.5 nm

(with the addition of ethanol) it has a maximum of 10 pN . In other words, there is a

larger force driving particles outward from x=0 and towards the transitions. Further-

more, the particles are able to pack more tightly together when their hydrodynamic

diameter is reduced, meaning that geometrically there is room for a single-particle
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width gap in the assembly above the center of the strip at x = 0. There is no room

for such a gap when the particles are larger. Computer simulations confirm this ex-

planation for the different self-assembly behaviors. For example, our collaborators

ran simulations for artificial scenarios where the magnetic particles have increased

Lennard-Jones attraction, as also occurs with a reduced ligand length, and with vari-

ous hydrodynamic sizes. Changes in the Lennard-Jones strength could not reproduce

the different assembly structures, while the reduced hydrodynamic size could.

Apart from filling the entire stripe, another important observation of nanoparticles

from SEM images, particularly in Figure 3.5 a and b, is the formation of second

layers, non-specific assembly between line, and rougher edges as the spacing increases.

There are several ways to control the formation of the second layer, including by

controlling nanoparticle deposition time, employing particles with different diameters,

or changing the medium thickness. Furthermore, both simulation and experiment

show the particles form a two-dimensional "hexatic" array within a single layer and

a hexagonal-close-packed array if there are multiple layers. The hexatic arrangement

is more perfect in simulation because the particles all have the same size, which is

not true in experiment. The match between experiment and theory will be made

quantitative in the coming chapters.
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Chapter 4

Space Dependence and Structural

Charectarization of Self-assembly of Iron

Oxide Nanoparticles

Having demonstrated the extreme sensitivity of self-assembly templated by disk drive

media to field and nanoparticle geometry, both theoretically and experimentally, we

next demonstrate the sensitivity to feature spacing with d varying from 200 nm–

1600 nm for both cases: with and without added ethanol. We also include the smaller

stripe spacing for 50 nm and 100 nm, and larger spacing 1900 nm and beyond in the

same disk drive medium and same nanoparticles solution.

4.1 Space dependence in pure hexane solution

Dark field optical microscopy was used to confirm the dimension of each rectangular

region and Zeiss Gemini500 Field Emission Scanning Electron Microscope (FE-SEM)

was employed to check the self-assembly for each pattern within the sample. No

distinguished lines are noticed for the first two rectangles, i.e., the regions with 50

and 100 nm spacing, because the write head dimensions are between 50 to 100 nm

and the fringing fields due to the head overwriting the magnetized regions. Only at

300 nm spacing is where nanoparticle arrays start to distinguish; however, at this

spacing still, nanoparticles are bridging the adjacent lines near the edges.

This is best seen when comparing the corner of the rectangular regions. Figure

4.1 shows the corner for the rectangles with 50 nm spacing (Figure 4.1 a), 100 nm
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a) b) 

c) d) 

Figure 4.1 SEM images of nanoparticles self-assembled at the corner of the
rectangular regions with spacings: (a) 50 nm, (b) 100 nm, (c) 200 nm, and (d) 300
nm spacings

spacing (Figure 4.1 b), 200 nm spacing (Figure 4.1 c), and 300 nm spacing (Figure 4.1

d). As seen in this figure, at 50 nm spacing, nanoparticles in the edge of the rectangle

self-assemble in multilayers, where the first layer covers a large area. Although the

edge assembly is not defect-free, however; crystalline assembly with high order is very

noticeable. The multilayer assembly is still noticeable at 100 nm spacing but gets

less noticeable at 200 nm spacing and disappears at 300 nm. At 200 nm spacing,

self-assembly in the corner of the rectangle is almost entirely covered by ’super-

crystal-like’ assemblies of nanoparticles with different orientational orders. Figure

4.1 suggests that by changing the spacing between the magnetic stripes, one can
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a) b) 

c) d) 

Figure 4.2 SEM images of nanoparticles self-assembled at the corner of the
rectangular regions with spacings: (a) 500 nm, (b) 700 nm, (c) 1000 nm, and
(d) 1500 nm spacings

control self-assembly to achieve a rectangular region with sharp edges filled with a

monolayer of particles. When the spacing increases to 500 nm, lines are separated and

do not bride. The first few lines in the rectangle are wider and bridged because of the

large opposite magnetization region near the edges. Therefore, to quantify structural

properties such us width growth and edge roughness of arrays, one must consider

the most central region within each rectangle. Figure 4.3 shows electron microscope

images of the lines in the central area for the rectangles with 200 nm - 500 nm spacing.

At 200 nm (Figure 4.3 a), magnetic nanoparticles assemble near transition and form

long continuous arrays with an average of 2-3 nanoparticles width. Self-assembly at

this spacing provides the first evidence of hexagonal nucleation of nanoparticles onto
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parallel lines.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) b) 

c) d) 

Figure 4.3 SEM images of nanoparticles self-assembly at: (a) 200 nm, (b) 300
nm, (c) 400 nm, and (d) 500 nm spacings

At 300 nm, spacing lines are distinct and have no particles or joined edges in

between. In some regions, particles form a perfect line edge. In contrast, in other

areas, they include triangular-tip edges and the possibility to self-assemble sub-100

nm feature sizes over a limited distance. As the spacing between arrays increased to

400 nm and 500 nm (Figure 4.3 b), the quasi-crystalline nature of self-assembly with

hexagonal order is more pronounced. At this spacing, particles have minimal edge

roughness and defects with no nonspecifically assembled particles between lines.

Bridging between adjacent strips for the smallest spacing d = 200 nm can occur

because the interparticle attractive force is comparable in magnitude to the horizontal
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Figure 4.4 Horizontal force due to the magnetic field gradient for
different spacing

component of the magnetic gradient force from the recording medium. The horizontal

(in-plane) component of the magnetic gradient force is more significant for larger

line spacings, meaning that particles are more likely to be pulled toward the strips

rather than joining together to form bridges between the strips. Figure 4.4 shows the

calculated horizontal component of the magnetic force for different line spacings. In

the regions outside the transitions, the force pulling the particles towards the strip

is lower in magnitude for d = 200 nm than d = 400 nm. While the bridges between

the adjacent stripes may make it hard to visualize the spacing, using averaged line

profiles from the SEM images, the center-to-center spacing is 192 nm +/- 26 nm

or approximately one nanoparticle. (Details on this measurement can be found in

Appendix C.1)

At 600 nm - 700 nm (Figure 4.5 a - b), lines start to have discontinuity and

form distinct nanoparticle "super-crystal-like" structures, each with distinct degree of
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a) b) 

c) d) 

Figure 4.5 SEM images of nanoparticles self-assembly with: (a) 600 nm, (b)
700 nm, (c) 1000 nm, and (d) 1200 nm spacings

nucleation that grow as wide as 7 – 8 nanoparticles on average. As spacing is increased

to 1000 nm and 1200 nm (Figure 4.5 c and d, respectively) lines grow thicker, and

nanoparticles start to self-assemble on second layers. At 1000 nm spacing and beyond,

the width of the lines saturates with 9 - 10 nanoparticles.

When spacing is increased to 1200 nm and beyond, an intermediate assembly

happens between the lines, where the horizontal magnetic force is minimal. This

intermediate assembly happens when nanoparticles form a discontinuous line as they

land halfway between two parallel lines. This is obvious in Figure 4.6, when the

spacing is 1900 nm. Another significant observation from SEM images is that for

spacings 300 nm to 600 nm, there are very few or almost no particles between the
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lines. The number of non-specific assembled particles between the lines increases

exponentially as the spacing is increased. The arrangement and different geometries

that these nanoparticles assemble are shown in Figure 4.7. While there are few single

nanoparticles at 300 nm to 600 nm spacing, the number of single nanoparticles, as

well as doublets and triplets of nanoparticles, is exponentially increasing.

 
 
 

Figure 4.6 SEM images of nanoparticles secondary self-assembly
between the lines at 1900 nm spacing

4.1.1 Effects of applied voltage on self-assembly

While the change in spacing between magnetized regions shows different self-assembly,

the applied voltage to the write head is kept at 0.7 V for all spacings. Here we

demonstrate how the change in applied voltage to the head affects the width growth

of magnetic nanoparticles. We use the same disk drive medium, nanoparticle concen-

tration, and coating time but change the applied voltage to the write head. Figure

4.8 shows nanoparticles self-assembled on a disk drive medium with 500 nm spacing,
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Figure 4.7 Different configurations and number of
non-specifically assembled nanoparticles for different spacing

and patterns are written with different applied voltages to the write head. When

0.2 V is applied to the head (Figure 4.8 a), the media seem to be magnetized and

produces a weak field gradient. As a result, nanoparticles’ self-assembly is discon-

tinuous, and many particles land non-specifically. As the voltage increases to 0.5 V

(Figure 4.8 b) more particles fill the lines, and very few land non-specifically; how-

ever, self-assembled lines still show a discontinuity. At 0.7 V and 1 V (Figure 4.8 c

and d), nanoparticles fill the lines with four nanoparticles and five nanoparticles on

average, respectively, and no particles between the lines.

Applied voltage plays a critical role in the way nanoparticles grow. This growth

is also dependent on how far apart magnetized strips are located. While with 0.2 V

applied voltage nanoparticles seem to self-assemble non-specifically at 500 nm spacing,

at 50 nm spacing, they grow vertically and form long chains of particles. Figure 4.9

shows this behavior for the same disk drive medium, nanoparticle concentration, and

coating times. As seen in these images, chaining is associated with how much voltage
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0.5 V 

0.7 V 1 V 
d) 

0.2 V 

c) 

b) a) 

Figure 4.8 SEM images of nanoparticles self-assembled for 500
nm spacing with a) 0.2 V, b) 0.5 V, c) 0.7 V, and d) 1V applied

is applied to the write head. At 0.2 V applied voltage (Figure 4.9 a - and inset b), the

chain length of nanoparticle assemblies is shorter than when 1 V is applied (Figure

4.9 c - and inset d).

We employ image analysis using the image processing program ImageJ to calculate

the width and length growth of nanoparticles as a function of voltage for both cases

with 500 and 50 nm spacing. Figure 4.10 shows nanoparticle width growth at 500 nm

spacing for four different voltage values (top) and length growth on nanoparticles

at 50 nm spacing for 0.2 V and 1 V (bottom). Width growth seems to be linearly
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b) d) 

50 nm Spacing 1V  

b) a) 

50 nm Spacing 0.2V  

Figure 4.9 SEM images of nanoparticles self-assembled at 50 nm
spacing for: a) 0.2 V and c) 1 V. Insets b and d show the zoomed in
image for both cases

increasing as applied voltage to the write head is increased. Higher applied voltage

leads to a more intense fringing field produced by the write head, and more area

is magnetized. An extended magnetized region has stronger field gradients, and

consequently, the region fills more magnetic nanoparticles.
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Figure 4.10 Calculated a) width and b) length, of nanoparticles as a
function of voltage

4.1.2 Effects of media lubrication on self-assembly

Lubricants have been widely used for numerous special tribological applications be-

cause of their superb oxidative and thermal stability properties in magnetic recording

disks, mostly for topical lubrication to reduce the wear of rigid disks. Commonly used

lubricants include Fomblin Z and Demnum, as well as their polar derivatives contain-

ing various reactive end groups, e.g., hydroxyl (Fomblin Z-DOL, Demnum SA), and

piperonyl. [47] [9]

When we initially record patterns on the disk drive medium, we apply 0.01 % Zdol-

Vertrel solution—increasing the percentage of Zdol from 0.01% to 0.1% increases the

lubrication layer that significantly changes the assembly of nanoparticles.

As seen in Figure 4.11, for a 1000 nm line spacing, nanoparticles form distinct two-
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Scan 1 

Figure 4.11 SEM images of nanoparticles self-assembly at the surface
of the media with 1000 nm spacing but with higher concentration of
Zdol lubricant

particle assemblies with some discontinuity. The increased percentage of lubricant

creates a layer that repels nanoparticles, and only in the region with maximum force

field does nanoparticle self-assembly happens. The lubricant layer burns out when

the coated medium is exposed to the SEM beam. Upon coating media for the second

time, the lubricant-free region (that was burnt on the first SEM scan) self-assembles

nanoparticles into broader features and double-layers which is demonstrated in Figure

4.12.

4.2 Space dependence in pure hexane and ethanol solution

Figure 4.13 shows the SEM images of self-assembly with added ethanol for a) 300 nm,

b) 500 nm, c) 1000 nm, and d) 1500 nm spacings. The features in this figure show
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Scan 2 

Figure 4.12 Second scan images of nanoparticles self-assembly with
higher concentration of Zdol lubricant after initial exposure to the SEM
beam, lower images show the regions that were exposed to the beam
have increased nanoparticles assembly

that the nanoparticles are no longer hexagonally close-packed. More importantly,

they no longer form a single stripe, but rather a gap opens at the center of the stripe,

with the increased number of non-specifically assembled particles between the lines.

To compare self-assembly when ethanol is added to the solution, we quantify

parameters such as features width, edge roughness, and a number of non-specific

assembled particles between lines with ImageJ software. Details of these calculation

can be found in Appendix C.1.

Figure 4.14 a, b, and c show line width, edge roughness, and the number of non-

specifically particles as a function of line spacing for the solution with (blue curves)
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a) b) 

c) d) 

Figure 4.13 SEM images of nanoparticles self-assembly in hexane with added
ethanol at: (a) 300 nm, (b) 400 nm, (c) 1200 nm, and (d) 1600 nm spacings

and without (red curves) ethanol. For the case with no ethanol, 200-300 nm spacing

yields features 1-3 particles wide, while spacing 500 nm or larger yields features

greater than five nanoparticles wide. Edge roughness is minimum for line spacing

200 nm to 600 nm with values of 25 to 50 nm and is at maximum for spacing 800

nm and beyond with values of nearly 125 nm. For the case when ethanol is added

to colloid, at 200 nm spacing, features are 3-4 nanoparticles wide and at 500 nm

spacing, features yield six nanoparticles. Edge roughness increases for all spacings

when ethanol is added, varying from 60 to 90 at 200 nm spacing to nearly 175nm

for spacing 800nm and beyond. The number of non-specifically-assembled particles

between lines for the hexane solution on average is 1 – 6 nanoparticles for 200 – 500nm
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spacings and slowly increases to 15 nanoparticles at 1000nm. For the hexane solution

with ethanol, the number is similar at 200 – 500 nm spacing. However, it increases to

65 nanoparticles at 1000 nm spacing. One possible reason for this increased number

could be the aggregation of the particles due to the modified surfaces of the particles

and absence of strong fields between the stripes.

 

a) b) 

c) 

Figure 4.14 a) Line width, b) Line edge roughness, and c) number of
non-specifically assemble particles for nanoparticles in hexane (red curves)
and hexane plus ethanol (blue curves) as a function of line spacing

35



Chapter 5

Order in Magnetic Nanoparticles Arrays

One of the characteristics of monodisperse nanoparticles is the ability to form an

ordered, close-packed structure. Polydispersity and defects such as dislocations or

vacancies between particles within lines preclude the long-range order in 2D systems,

thus leading to a hexatic-like phase of self-assembly. In the previous chapter, we

demonstrated that magnetic patterns of the disk drive medium drive self-assembly

into ordered nanoparticle arrays, specifically at 400 - 700 nm spacings. This chapter

discusses and quantitatively measures order in these quasi-crystalline nanoparticle

self-assemblies.

5.1 Introduction

In colloidal systems, the system’s dimensionality is essential in describing the physical

properties of self-assembled structures. A notable example is when a system under-

goes melting or crystallization. Such phase transition occurs in different situations

ranging from ice formation in clouds and the preparation of rapidly quenched metallic

alloys to the production of window glass. [64]

During the last centuries, vast technical experience in quite different areas has

been earned where freezing and melting phenomena are used to facilitate everyday

life. Despite this rapidly increasing experimental and phenomenological knowledge,

molecular aspects were addressed only in the last decades, aiming at a microscopic

understanding of the solid-liquid phase transformation.
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5.2 Statistical Mechanics of Two dimensional systems of particles

It has been known that when solid melts through heating, microscopical lattice waves

are generated, which are known as phonons. When the amplitude of vibration exceeds

a certain fraction of lattice constant (i.e., Lindemann Criterion), solid is no longer

stable, and the state of matter changes to liquid. When the temperature is increased,

lattice excitation is not the only thing that can happen; the other thing that might

happen are topological defects.

Examples of topological defects happen a lot in nature, such as vortices of su-

perfluid, dislocations in a solid, skyrmions, etc. If such topological defects can be

generated thermally, can they give order to disordered transition? This problem has

been addressed by John M. Kosterlitz and David J. Thouless. [54] They have shown

that such transition can happen in the two-dimensional (X, Y) spins model through

the neighboring interactions. The topological defects in such a system are vortices,

where the sum of the twist in the angle around the edges is ±2π, and no vortex or 0

when there is no twist. The energy required to create such vortices is

Ev = (Js2 π lnN) (5.1)

with N total number of spins in the system and Js interaction strength. Such

vortices can be nucleated anywhere in the N sites, and the entropy of the system goes

as S = kB lnN with the free energy of:

F = E − TS ≈ (2J − kBT ) lnN (5.2)

At low temperatures, the prefactor (2J − kBT ) is positive, and creating a vortex

is energetically unfavorable, leading to a ferromagnetic state. When the temperature

crosses 2J
kB

, the prefactor (2J − kBT ) becomes negative; the free energy reduces and

creates an energetically favorable vortex. As a result, it leads to dislocations’ sudden
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proliferation and magnetization drop to zero. Although it appears from such vari-

ation that it is a first-order transition, the free energy appears smooth and doesn’t

have a discontinuity. Such transitions are knows as Berezinsky, Kosterlitz, Thouless

transition.

Halperin, Nelson, and Young predicted that melting could proceed through an

alternate route [68] via two continuous phase transitions mediated via topological

defects. The first transition involves the proliferation of thermally excited free dis-

location in the lattice and creating an intermediate state between a crystalline and

liquid. Then the second transition dislocations separate into isolated disinclination,

thus producing an isotropic fluid. The intermediate state is called ’hexatic’. Such a

state has zero shear modulus and short-range positional order, like that of a liquid,

and quasi-long-range orientational order like a crystal. Much effort has been put into

testing the BKTHNY theory in two-dimensional systems. Such as electrons over a

liquid helium surface, Wigner solids, vortices in superconducting thin films, magnetic

skyrmion lattices, and colloidal nanoparticle systems.

According to Nelson, the defects in such systems are usually dislocations and

disclinations. These are characterized by a Burgers vector a0⃗b, defined as the amount

by which a contour integral of the displacement field around the dislocation fails to

close. Therefore,

˛
du⃗ = a0⃗b(r) (5.3)

where a0 is the lattice spacing, a dislocation occurs; for example, when a row of

particles from a perfect lattice is removed. Topological defects and Burger’s vector

loop around them are shown in Figure 5.1. Figure 5.1 a shows self-assembled magnetic

nanoparticles on a line where adjacent lines are 1000 nm apart. The defects due to

disclination are marked with circles. Disclinantions can have a profound influence on

breaking orientational order. Figure 5.1 b shows self-assembly of the same particles
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Figure 5.1 Topological defects of triangular lattice in nanoparticles
arrays in a) 1000 nm spacing, b) 400 nm. Burger’s vector in a region:
d) with no defects forming a closed loop, and e) with defects where the
particles can have 5 and 7 neighbors.

with narrower width at 400 nm spacing; note the dislocations can split nanoparticles

(marked with circles) and can be pretty effective at breaking up translational order.

Disclinations in Figure 5.1 a can be tested with Burger’s vector method (Figure 5.1

d and e). The original image has an adjusted contrast and window level to find

the center points better and generate a Delauney triangulation mesh. In the region

where there are no defects, vector a⃗ forms a closed loop; however, in the areas where

two isolated points of 5- and 7-fold symmetry are embedded, the loop around the
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dislocation fails to close.

All three thermodynamic phases (solid, liquid, and hexatic) and their correspond-

ing symmetries can be visualized using the structure factor:

S(q⃗) = 1
N
<

∑
ij

eiq⃗(r⃗i−r⃗j) > (5.4)

The isotropic phase is characterized by concentric rings at q = 2π
a
, with a = 1

2π , the

average particle distance calculated by the two dimensional particle density ρ. The

structure factor of Figure 5.2 is calculated from the positions of a colloidal monolayer

(crosses at high intensity are artifacts from the Fourier transformation due to the

finite field of view of the ensemble). [49] [53]

Figure 5.2 Structure factor of a) an isotropic fluid, b) the hexatic phase, c) a
crystal in two dimensions. (With permission from [49])

5.2.1 Order in nanoparticles

Different correlation functions provide the quantitative measure of order in nanoparti-

cle assemblies. Translational and rotational symmetries characterize crystalline solids.

These two are not entirely independent: Rotating one patch of the perfect crystal

relative to another disrupts translational order. However, translating one patch of
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the crystal relative to another keeps the orientational order intact. The translational

order parameter is given by:

ρG(r) = eiG⃗·r⃗ (5.5)

where G⃗ is a reciprocal lattice vector and r⃗ is the position of a particle. To examine

translational order, the Radial Distribution Function (RDF) G(r) is often calculated.

The radial distribution function is the probability distribution to find the center of

a particle in a given position at a radius r from the center of a reference sphere.

[37] This measurement is widely used to characterize packing structures and contains

information about long-range interparticle correlations and their organization. [78]

Bond-orientational correlation function in two dimensions G6(D) can be defined

as

G6(D) = ⟨ψ∗
6(0)ψ6(D)⟩ (5.6)

with ψ6 a complex local orientation order parameter at site i:

ψ6(D) = 1
N

∑
j

e6iθij , (5.7)

where the sum over j is the sum over all the nearest neighbor particles to site i and

θij is the angle made by the line joining the center of i to the center of j, relative to

a reference axis (Figure 5.1 c). Once ψ6 is calculated for all particles i, one can then

calculate the orientational correlation ψ∗
6(0)ψ6(D) between a particle pair which is

located at a distanceD apart. All particle pairs are thus calculated, allowing sufficient

statistics to determine the mean value of the correlation G6(D) = ⟨ψ∗
6(0)ψ6(D)⟩.

In a perfect crystal G6(D) is equal to 1 and independent of the distance D.

[12] For imperfect crystals, the decay of G6(D) as a function of distance provides

information about the degree of orientational order. For example, a hexatic phase is

an intermediate between the liquid and solid phase, typically found in liquid crystals
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and colloidal systems.[13],[25] In the hexatic phase G6(D) ∼ D−η where 0 < η <

1/4.[36],[27]

5.3 Translational and Bond orientational correlation calculation

We use image analysis to quantify order in nanoparticle assembly. The center points

for each particle are needed in both translational and orientational analysis described

in the previous section. These points are taken from SEM images using the Image

Science library’s Fiji (ImageJ) software. For each stripe, a rapid change in intensity

of the features was detected using the FeatureJ function followed by Gaussian blur.

Home-built Mathematica code (see Appendix C.2) was then used to calculate the

bond orientation correlation parameter G6(D) for multiple stripes for a given spacing

from experimental data for the case with hexane solution and the case where ethanol

is mixed with the solution.

To test the radial distribution function and Fourier transform of the patterns, we

use a similar approach to [51] with ImageJ (Figure 5.3). The resulting fast Fourier

transform pattern that is shown in Figure 5.3 b shows sharp peaks, indicating the

nature of high order and crystalline assembly. Similarly, defects due to dislocations

and disinclination in our sample for 400 nm spacing are shown in Figure 5.4. Here,

the lack of translational order, quasi-long-range orientational order, and the Fast

Fourier Transform (FTT) diagram seem to show the hexatic phase assembly. The

FFT pattern does not have sharp peaks like in the crystal case and does not have a

spreading ring like in liquid. (Figure 5.4 b) . The radial distribution function for this

sample shows a high correlation over 250 nm distance (90 pixels).

Furthermore, for the bond orientational correlation function, we computed G6(D)

as a function of spacing for multiple images. Figure 5.5 shows the calculated cor-

relation function for different spacing. Each plot represents an averaged G6(D) for

multiples lines, and fit plot (G6(D) = 1
Dη ). Calculated fit parameters η with corre-
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sponding fits are shown in the inset for each plot. From these plots, the sample with

400 nm has the lowest η parameter, while the 1000 nm spacing has the highest η

parameter. The corresponding η parameter for all spacings for both cases, with and

without added ethanol, are shown in Figure 5.7.

Figure 5.3 Example of calculated RDF from a nearly
perfect crystalline assembly a) by Kimyujin et al, and b) its
corresponding fast Fourier transform pattern. (With
permission from [51])

Figure 5e shows calculated G6(D) as a function of distance within a nanoparticle

feature for simulation (triangles) and experiment with hexane (circles) and with hex-

ane and ethanol (squares). Spacing between stripes are d = 400 (red) and 1000 nm

(black). We find that η = 0.21 for stripe spacing between 400-600 nm, suggesting

these nanoparticles are in a hexatic phase. However, for 1000 nm spacings, η increases

to 0.33, outside the typical hexatic phase range. For the simulation at 400 nm spacing,

G6(D) maintains a large, nearly constant value compared to 1000 nm spacing, with

minimal η values that are well within the hexatic limit. The reasons for the large

discrepancy between the simulated and experimental G6(D) values are twofold is

because: Firstly, the simulated dynamics lack poly-dispersion in the size of nanopar-
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Figure 5.4 Calculated RDF plot from a) SEM image of
nanoparticles self-assembly at a stripe with 400 nm spacing
(scale bar 200 nm), b) corresponding fast Fourier transform
pattern

ticles, allowing particles to pack together in a more ordered fashion, increasing the

G6(D) value calculated. Secondly, the transitions in magnetization are modeled as

perfectly parallel. In contrast, in reality, the medium grains have abnormal sizes

and shapes, creating a meander in the lines of magnetic transitions. Even excluding

these details from the simulation, the decay does follow the same trend found in the

experimental G6(D) for stripe spacing; for the case of a 2 % ethanol solution, η ∼

0.63, much larger than hexatic phase limit. This quantitative result matches our

earlier observation from the SEM image (Figure 3.6) that the addition of ethanol

largely destroys hexatic order. The G6(D) analysis demonstrates that although the

nanoparticle features are limited in their width, the quasi-crystalline assembly can be

achieved within the stripes.
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Figure 5.5 Calculated G6(D) for hexane case and corresponding fit plots for
four spacings
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Figure 5.6 Calculated G6(D) for the case of added ethanol and corresponding
fit plots for four spacings
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Figure 5.7 Calculated η parameter for different spacing for both cases
with ethanol (blue marks) and no ethanol (red marks)
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Figure 5.8 Comparison of calculation of G6(D) for simulation in
hexane (triangles), experiment in hexane (circles) and experiment in
hexane and ethanol (squares). For each of these three cases, line spacing
d = 400 nm (red symbols) and 1000 nm (black symbols) are considered
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Chapter 6

Magnetic read back process of the recorded

templates

In this chapter, we focus on the underlying recorded templates to investigate the cause

of the defects in self-assembled structures. In a hard disk drive, the head assembly

contains both write and read head elements; here, we demonstrate the possibility

of simultaneously writing and reading the recorded region. This way, one can test

and confirm the recorded area without depositing nanoparticles. Furthermore, the

read-back signal shows sensitivity and quality of recorded patterns.

6.1 Introduction

In the recording method that was mentioned in chapter two, the transitions are

obtained by applying DC voltage (± 0.7 volts) to the write head coil while scanning

the head across the disk drive medium. This method is mainly used to produce

large regions of parallel magnetized lines, such as templates for a diffraction grating.

Another method to record templates is called Bitmap Recording, which was developed

by Adam Fischer (et al.) at MagAssemble (LLC). In this method, a bitmap image

can be loaded to LabView software and converted to an array of on and off signals

that dictate both Arbitrary Waveform Generator (AWG) to the output voltage to

the write head and the (X, Y) stage to move accordingly. The software compares

the bitmap image dimension to the stage motion via pixel coupling; each pixel in the

bitmap image (either black or white) becomes a particular current and is converted
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to the nanometer distance that allows the write head to move accordingly. Some

examples of the medium recorded using bitmap images can be found in Appendix

B.8.

6.2 Giant Magneto-Resistance and read back of single sharp

transition

Bound currents create the field inside a magnetized medium [89]. The magnetic

medium extends horizontally in the (x, y) plane, and for a single-step transition below,

the following relation for M as a function of position holds

M(x) =


−Mr for x < 0

Mr for x > 0
(6.1)

Typically, the information is read by a process called "Giant Magneto Resistance".

GMR head is typically consists multiple layers with different magnetic materials and

a nonmagnetic layer known as Spacer. These layers have two configurations to sense

the magnetic field produced by the transitions (0’s and 1’s), and control the resistance

of the entire read head is controlled by "Spin-valve" which consists of four laminated

metal layers: an anti-ferromagnet pinning layer, a pinned layer whose magnetization

is fixed by an exchange-coupling field from the anti-ferromagnet layer, a Cu interlayer,

and a free layer whose magnetization rotates according to the signal field from the disk

media [48]. Heads in modern high aerial density disk drives read the information with

Tunneling Magnetoresistance (TMR). TMR head is similar to GMR but with higher

magnetoresistance and has an additional separating layer that acts as an obstacle

for electrons to pass. The conduction happens when electrons tunnel through this

insulating layer. [1]
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6.2.1 Read-back process

We have significantly improved the head assembly extracting the process from a disk

drive to protect the reader from Electrostatic Discharge (ESD). The removal process,

ESD protection circuit, and grounding tools are mentioned in Appendix B.

Once the disk drive medium is magnetized and desired templates are achieved, the

read head can be employed to map the magnetized pattern. This step is essential as

it tells how well the transitions are recorded. The read head element is a rectangular

shape that is narrow in one direction, and scanning resolution is more sensitive in

the down track (i.e., scanning in the y-direction in Figure 3.1 b). If a template

is recorded with lines, such as diffraction grating where lines are parallel in the y-

direction, then to read-back a recorded line, one must re-orient the disk drive medium

to be perpendicular to the read head scanning. However, locating the pattern with

the reader is challenging, especially for smaller patterns. To overcome this, either

the recording template must have multiple reference points for easier detection or

to record the template with the arbitrary bitmap method (with an image where the

lines are parallel to the x-direction). Thus, there is no need to re-orient the medium

perpendicular to the read element. Recording large line templates in cross-track,

i.e., moving the head in the x-direction, is not often recommended and may require

further suspension stiffening and lubrication.

First, for the parallel line or diffraction grating pattern recording, we test the read

head by writing a large 2 × 2mm2 with 830 nm spacing. Upon completion of writing,

the coupon is rotated 90 degrees. The read head outputs the change in the resistance

as the head scans the media and passes transitions of oppositely magnetized regions.

Figure 6.1a shows four line scans of a segment of a 2×2mm2 region. Here the number

of steps in the down-track scan is 4 nm, while the resolution in Cross track is 15 nm.

Figure 6.2 b shows corresponding resistance profiles for each scan, where resistance

averages to 6.3 ohms for each peak. Such profiles can give information on the write
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Figure 6.1 a) Readback 2D image of four line scans, and b) corresponding
resistance profiles, for parallel recorded lines with 830 nm spacing

width and separation between two transitions. For this, we use IgorPro software

signal analysis function to get the Gaussian fit profile for each line scan and get

(Figure 6.3). Then we calculate the full-width half-max (FWHM) for each peak for

multiple line scans (Figure 6.4). The FWHM data is averaged for 35 peaks for a

single scan, which averages to 102.5 nm ± 12.10 nm.

The low voltage output could be due to the lift-off of the head after recording.

That is why testing the reader is preferred when the template is recorded using an

arbitrary bitmap image. The reader is not lifted after the recording, and the distance

between the head and the medium is fixed. Figure 6.4 demonstrates a recorded

arbitrary bitmap image (in this case, the logo of the University of South Carolina),

its corresponding read-back image that is recorded with 15 nm pixel coupling, and

the read-back signal of the individual line scans within the recorded regions. Figure

6.5 shows the resulting assembled nanoparticles with a 15 nm diameter on the same

recorded areas with four different pixel couplings (15, 20, 30, 60 nm). The recording

with 60 nm pixel coupling shows clear self-assembly, while the recording with 15 nm

does not clearly show the logo. While this bitmap image was used to demonstrate
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Figure 6.2 Applied fit to the resistance profile for a single line scan

the ability to record and read a well-known pattern with detailed features, it is not

ideal to quantitatively measure the sharpness and quality of the recording.

To better test the sharpness of transition with the read-back, we prepare a more

detailed bitmap image to record (Figure 6.6). The image is 1500 × 1500pixels2 with

squares and lines. At the top left corner of the image, the square with a line across

its diagonal is a reference to locate the pattern quickly. There is also 3 set of lines,

each with different pixel spacing. We record three different pixel coupling values for

this image: 15, 45, and 60 nm. The same head that the patterns were written is used

for read-back.

Figure 6.7 shows the 2D image plot for the top left region of the original bitmap.

As seen in the figure, head scans in both down-track and cross-track. Profiles are

plotted to confirm and compare the output resistance for each scan in the down-track
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Figure 6.3 Averaged full width half max for 35 peaks of resistance profiles

line. Three line sets in the bitmap image show the resistance output by the read head.

The lines with 5 pixels spacing seem to have higher resistance output according to

the heat map scale, the 1- and 2- pixels spacing has less resistance. Note that the

line profiles for the square that contains 2-pixel line spacing are similar to the case

of line recording (Figure 6.1). This is because lines are located between two squares

(to the left, a square with a line in diagonal, and to the right, a thick square). The

sudden sharp jumps in resistance (nearly 50 ohms) represent the space between the

lines and the squares (i.e., the spacing is a sharp transition itself).

Figure 6.8 shows averaged line profiles for each set. For a line set with 5 pixels

spacing, the average resistance is 16.3 ohms; for 2 pixels spacing, resistance averages

8 ohms; for lines with 1-pixel spacing, it averages 10.2 ohms. Although the lines
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are distorted in two-dimensional images, the averaged line scans show the sensitivity

of the read head for each spacing. The recorded bitmap pattern with 60 nm pixel

coupling is coated with magnetic nanoparticles and observed with SEM to confirm

the self-assembly. We use iron oxide nanoparticles of 15 nm diameter and coat the

recording media for 20 minutes. The nanoparticle preparation and media coating

follow the same recipe used in previous chapters.

Figure 6.9 shows the Scanning Electron Microscope (SEM) image of the disk

drive medium coated with 15 nm diameter iron oxide nanoparticles in hexane for 20

minutes. As seen in this image, the patterns’ edges are sharp, confirming that the

distortion in the read-back map is not due to the recording. We confirm the pixel

coupling by calculating the spacing between the lines in the rectangle with 5 pixels

spacing (corresponding to 300 nm in SEM images). Figure 6.9 b shows zoomed-

in images of the line set with 5 pixels spacing, and Figure 6.9 c shows averaged

line profiles of image inset b. The full-width half-max of the spacing shows the

average spacing of 295 nm with ± 11 nm standard deviation, which is close to 5px×
60nm
1px = 300nm. From Figure 6.9 c, one can see the double peaks on the line profiles

that are also visible in the SEM image on each line. This is due to the size of

the nanoparticles. With smaller nanoparticles, the lateral x-directed magnetic force

pushes the nanoparticles on the two sides of the transition. As a result, nanoparticles

do not fill the regions between transitions. This confirms the sensitivity of MFDSA

to the change in diameter of particles that was mentioned in Chapter 3. Figure 6.10

shows all three regions with three different line spacing, 5- pixels and 1- pixel (top),

and 2- pixels (bottom).

From the read-back map, the defects in the two-dimensional image may not nec-

essarily be due to the writing. Further experiments can be done to improve the

quality of the read-back by adjusting the time constant of the signal in the lock-in or

controlling the read-back speed.
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Figure 6.4 a) A bitmap image of the University of South Carolina, b)
corresponding read-back image full scale and inset is a zoomed in
portion with heatmap range from 420 to 520 Ohms, c) a portion of the
read-back image with changed aspect ratio to emphasize resistance
profiles that are shown in d). d) resistance profiles for three scans.
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Figure 6.5 a) SEM image of three the assembled magnetic
nanoparticles on the recorded UofSC logos from a bitmap image with 4
different pixel coupling values.
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Figure 6.6 a) Full bitmap image with 1500px× 1500px for recording and
read-back b) zoomed in top left reagion with rectangular line sets each
with 5, 2, 1 pixel spacing

58



Figure 6.7 Read-back map of top left part of the bitmap image
with averaged line scans
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Figure 6.8 Read scans averaged for 5 pixels spacing (black curve), 2 pixels
(green curve), one pixel (blue curve). The shaded area for each plot is
representing standard deviations
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Figure 6.9 SEM image of 15 nm diameter particles self-assembled on the
bitmap-recorded image. a) Full scale image, b) zoomed in region of lines with 5
pixels spacing, and c) corresponding line profiles
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Figure 6.10 SEM images of three line regions for 5 pixels spacing (top left), one
pixel spacing (top right), and 2 pixels spacing (bottom)

62



Chapter 7

Real Time Monitoring of Magnetic

Nanoparticles Self-assembly

In previous chapters, the self-assembly of nanoparticles was studied with electron

microscopy techniques. Since the assembly of the nanoparticles happens rapidly,

imaging does not provide detailed information about the dynamics of the process.

One way to see how and how fast nanoparticles self-assemble is to monitor diffraction

and scattering of the particles. This chapter explores the real-time self-assembly of

iron oxide nanoparticles in hexane onto the parallel recorded lines with 1000 nm

spacing on perpendicular disk drive media. We also show that this technique can be

used to see the effects of the addition of polar solvent to nanoparticle solution and

study the hydrophobic interaction of magnetic nanoparticles with colloidal quantum

dots.

7.1 Experimental Setup for real-time measurements

First, a Polytetrafluoroethylene (PTFE) fluid cell with high resistance against solvents

is designed. The fluid cell contains an inlet that allows the flow of nanoparticles to

a 1 cm cavity where the disk drive medium is placed and has an outlet that removes

the fluid from the chamber. The chamber is sealed with a class top via a vacuum

pump. Three syringe pump systems can be used to control nanoparticle flow. A

laser beam with 632 nm wavelength is chopped at 2.5kHz, and two lock-in amplifiers

read the scattering and diffraction outputs, respectively. The diffracted light (spot)
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is then observed by a CMOS camera and a photodetector (to monitor the diffracted

pattern). Another detector controls the scattered light (to eliminate the background

scattered light), and the whole process is monitored by a CCD camera attached to a

TV. The fluid cell and real-time measurement setup are demonstrated in figure 7.1.

Figure 7.1 a) Real-Time Nanoparticle Diffraction Measurement Setup b) cartoon
of diffracted and scattered light in the fluid cell

Once the magnetic nanoparticles are injected into the fluid cell, particles assemble

within the lines onto the media and form a grating. The incident light hits the

media with angle α less than 5◦ and then diffracts with angle β, which is related to

wavelength and grating spacing a with the following equation:

mλ = a(sinα + sin β) (7.1)
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here m is diffraction order, both CMOS camera and diffraction detector detects light

from m = 1 or first order diffraction. The relationship between diffraction detection

and scattered detection is linear in each detector; the correct magnitude to subtract is

found by calibrating the relative difference in scattered signal between the diffraction

detector and the scattering detector:

Id,DD = Id −mIs,SD (7.2)

.

where Id,DD is first order diffraction, Id is measured diffraction intensity with

diffraction detector and Is,SD scattered light measured by scattering detector (Id =

Id,DD+Is,DD),m is linearity between two actual measured values. In our measurement

for 4 concentrations or nanoparticles (7 µL , 14 µL , 21 µL , 28 µL) the value of m

is averages to 4.28.

7.2 Concentration Tests

To test the setup, different concentrations of aqueous nanoparticle solutions were

made. Three concentrations (5 µL , 15 µL and 30 µL) of PrecisionMRX particles were

added into three beakers containing 20 mL Di water. Each beaker is first vortexed for

30 seconds, then injected into the fluid cell and left on the media after the injection

ends. When the fluid reaches the recorded region of the disk drive, forces due to the

extreme field gradient pull nanoparticles towards the transition, and the diffraction

signal starts to pick up almost instantly. Fluid injection/flow is continuous for 250

seconds and shows a smooth curve for diffraction (Figure 7.2). When the flow stops,

the diffraction signal slows down and continues to increase and oscillate at a slower

rate. The continuous flow shows the exponential increase in diffraction; however,

adding another flowing force to the recorded media is not ideal when studying the

self-assembly of nanoparticles due to the magnetic forces. Therefore, we proceed with
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the rest of the experiments by stopping the injection when the fluid cell chamber is

filled with nanoparticle solution. That way, we only consider the magnetic force due

to the recorded patterns on the medium.

Figure 7.2 Diffraction signal for 3 concentrations in aqueous solution
compared for flowing and non-flowing solution

7.3 Monitoring non-aqueous self-assembly in real-time

In this section we consider non-aqueous suspension of 25 nm iron oxide nanoparticles

coated with oleic acid in hexane. Four concentration (7 µL , 14 µL , 21 µL , 28 µL)

of non-aqueous PrecisionMRX particles were added into four beakers each containing

5 mL anhydrous hexane.
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Figure 7.3 Diffraction signal for four concentrations in hexane

We monitor diffraction and scattering signals for about one hour for each con-

centration. Figure 7.3 shows diffraction profiles over time for four concentrations.

Although the lowest concentration (7 µL red curve) has the lowest diffraction inten-

sity, diffraction from the lines is still visible to the eyes after the experiment. The

diffraction curve for this concentration is separately plotted in Figure 7.5. For con-

centrations (14 µL , 21 µL, 28 µL) the diffraction intensity doubles at 3600 seconds,

from 500 µV for 14 µL, to 1000 µV for 21 µL, and to 2000 µV for 28 µL. The highest

concentrations show more noise because nanoparticles scatter light more. Figure 7.4

shows the scattering signal as a function of time for the same concentrations. Note

that the scattering signal stays flat over time and is much less than the diffraction
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Figure 7.4 Scattering signal for four concentrations in hexane

From Figure 7.3, It is evident that 7 µL barely triggers self-assembly at short

times; as concentration increases, the diffraction signal increases. Also, the behavior

of the diffraction plots for each concentration shows an initial boost at 1000 seconds,

becomes steady until 2000 seconds, and eventually starts to increase again beyond

2000 seconds. To see these changes in the curves, compare them by taking the first

derivatives of the diffraction. For that, each signal was averaged and interpolated to

reduce the background noise.

Figure 7.5 shows the diffraction plot for 7 µL, which has been averaged using Ig-

orPro software with Interpolate function. The function converts the extensive uneven
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Figure 7.5 Scattering signal for 4 concentrations in
non-aquesous (hexane) solution

data set into evenly spaced (x,y) pairs, first without averaging (blue curve) and then

with averaging (black curve). Figure 7.6 shows the first derivative for each concen-

tration. For the lowest concentration (top left plot in Figure 7.6), it seems that the

self-assembly happens at larger times. For 14 µL concentration, the slope change is

positive for the first 1400 seconds, is steady for 300 seconds, and suddenly increases

at 2000 seconds and beyond. Similarly, for 3 and 4 times, concentration slope change

rapidly increases but eventually drops at 1500 seconds and slowly increases and drops

again at 3600 seconds.

First derivative for all concentrations are compared together in Figure 7.7. Note

that all four plots follow the same behaviour.

From these results, we hypothesize that the first formation or the first increase

in the diffraction graph, regardless of the time it takes, is pulling the particles out
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Figure 7.6 First derivative plots of diffraction signal for four concentrations
after noise is removed, each derivative plot is compared to the original noisy
signal

of the lower layer of the fluid, following with self-assembly. As they assemble, they

get more diffraction, and consequently, diffusion happens, and other particles have

to come down, fill in the space, and self-assemble. The diffusion process takes time

compared to the assembly process. As the particles come from the upper layers of

the fluid, they block and scatter the incident light and prevent it from reaching the

diffraction grating. Therefore, the diffraction signal increases and then momentarily

decreases as all the particles diffuse down and assemble onto the grading. Notice the

decrease happens sooner when the concentration is high; the higher the concentration
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Figure 7.7 First derivatives for all concentrations in 5 mL hexane compared
together

of nanoparticles, the faster self-assembly and the diffraction signal drop.

The diffusion equation, also called Fick’s second law of diffusion, is a second-order

differential equation for space and a first-order differential equation for time.

∂c

∂t
= D

∂2c

∂x2 (7.3)

Therefore, there are two boundary conditions for spatial dependence and a single

initial condition for the time-dependence. The first boundary condition is that the

concentration must be finite everywhere, and the total number of particles in the

solution is fixed n0. For the time-dependent solution, the initial condition is that at
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t = 0, all particles are concentrated at the yz plane. As such, the solution for the

differential equation is:

c(x, t) = n0

A(πDt)1/2 e
− x2

4Dt (7.4)

Here A is the area, and D is the diffusion constant.

The diffusion equation shows that the rate of change of concentration is propor-

tional to the second derivative; if the concentration changes sharply from point to

point, then the concentration changes rapidly with time.

The solutions of the diffusion equation can be used to predict the concentration of

particles at any location. We can also use them to calculate the net distance through

which the particles diffuse in a given time or vice versa.

To calculate the net distance traveled on average by particles in a time t with

the diffusion constant D, one needs to calculate the probability that a particle will be

found at a certain distance from the origin and then calculate the average by weighting

each distance by that probability. The number of particles in a in a thickness dx area

A at x, with c = cANAdx the probability that any of the particles is in the slab is

therefore cANAdx.

<x> =
´∞

0
xcANA

N0
dx =

´∞
0

x
N0

n0
A(πDt)1/2 e

− x2
4Dtdx = 1

(πDt)1/2

´∞
0 xe− x2

4Dtdx = 2(Dt
π

)1/2

The average distance of diffusion varies as the square root of the lapsed time.

Using the Stokes-Einstein relation for the diffusion coefficient D, the time it takes for

a particle with radius r in a solvent with viscosity η is:
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t =
(3π2ηrx2

2kT

)
(7.5)

For a particle with 12.5 nm radius, in hexane with viscosity 0.000297 Ns
m2 at room

temperature, the time it takes to travel 100 nm is 14 ms, indicating that self-assembly

happens rapidly for the particles near the surface of the media. However, the fluid is

nearly 500 µm; for the particles to diffuse from a layer located at that distance, the

total time it takes to diffuse is 3552 seconds.

7.4 Real-time monitoring diffraction signal when ethanol is added

to the solution

In the previous chapters, we showed that small changes to the polarity of nanopar-

ticle solution could dramatically change the self-assembly. To determine how the

diffraction signal changes when ethanol is added to the solution, we pick a fixed

concentration 14 µL and add different ethanol volumes to the solution.

Figure 7.8 shows the diffraction signal for 14 µL with different volumes of added

ethanol. The lowest concentration with zero ethanol is compared when 50 µL, 75

µL, and 100 µL are added to the solution. The diffraction signal is reduced overall

compared to the case with no ethanol. However, the diffraction signal triggers much

faster in the case when 50 µL added ethanol, such that at 1000 seconds, the diffraction

signal is nearly 150 µV . It takes 500 more seconds for the cases with 75 µL and 100

µL added ethanol and 1000 seconds for cases with zero ethanol to reach such value.

Such rapid increase in diffraction when colloid is destabilized with a specific volume

of ethanol has been observed in the case of aqueous nanoparticles when the colloidal

suspension was destabilized with added salt (PBS). [93] Note that the diffraction

signal for 100 µL added ethanol, behaves similar to the case with no added ethanol.

A possible reason is ethanol reduces the oleic acid layer of the particles and forces
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Figure 7.8 Real-time diffraction signal curves for the case where three
concentrations of ethanol is added to the base nanoparticle solution

them to aggregate and form larger clusters of nanoparticles. These large clusters

diffuse faster to the disk drive surface but like with the case with no ethanol, they

initially form the first layers, and then the uppermost particles diffuse down to start

the second layers. This behavior could be observed in the case where 50 µL ethanol

is added as well if the experiment is set to run for longer times. Figure 7.9 shows

the first derivative of the diffraction signal for 14 µL with different volumes of added

ethanol.

7.5 Real-time monitoring of Iron Oxide and Cadmium Selenide

quantum dots self-assembly

Recently, there has been an interest in developing materials where metal oxide and

semiconductor nanoparticles are assembled via strong interparticle interactions. Such
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Figure 7.9 First derivatives of diffraction signal for the case where three
ethanol concentrations are added to 14 µL in 5 mL hexane

materials can be achieved using various techniques, such as evaporation, lithographic

patterns, Langmuir Blodgett, and molding techniques. Here, we demonstrate the hy-

drophobic assembly of fluorescent semiconducting cadmium selenide (CdSe) / Cad-

mium Sulfide (CdS) core/shell quantum dots (QDs) onto magnetically patterned

substrates of iron oxide nanoparticles with oleic acid coating.

CdSe/CdS quantum dots are light-emitting nanoparticles with diameters between

1 to 10 nanometers. These quantum dots are usually functionalized with surface cap-

ping ligands that vary in structure, making them colloidally stable. They show high

optical tunability properties through their size and surface functionalization, which

have significant effective dielectric constant and adsorption coefficients. Quantum

dots with such properties are usually used in photovoltaics, light-emitting diodes,

and photodetectors. Our goal here is to assemble fluorescent quantum dots into
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patterns using iron oxide nanoparticles as templates to measure nanoparticle-surface

interactions and ultimately control the emission of fluorescence light.

First, we prepare a magnetic template with magnetic recording, consisting of 8,

500 × 50 µm2 rectangular regions with different spacings. The surface of the template

was coated with oleic acid-capped iron oxide nanoparticles in hexane for 20 minutes.

The media is observed with dark-field optical microscope to confirm the assembly

of iron oxide nanoparticles (Figure 7.10 a). Next, 1 mL of CdSe quantum dots in

toluene were deposited on the magnetic template with iron oxide nanoparticles and

was spin-coated for 1 minute at 1800 RPM. Figure 7.10 b shows the media with iron

oxide and deposited quantum dots; the solid line is the result of the dried quantum

dots solution after the spin coating (inset shows the fluorescent image of the same line.

Figure 7.10 d shows the fluorescent image of the 1000 nm and 500 nm spacing, showing

that oleate-coated quantum dot emitters assembled on iron oxide nanoparticles. At

1000 nm spacing, quantum dots seem to assemble very well and show distinct lines,

whereas, for 500 nm spacing, distinct lines are not as visible. Emission intensity for

both spacings is shown in Figure 7.10 c, which corresponds to the wavelength of 570

nm. For 500 nm spacing, the intensity is higher because of the large aggregates for

particles on the surface of the media. Note that for the coupon before quantum dots

deposition, the emission is flat.

With the first evidence of quantum dots assembly on iron oxide nanoparticles

observed with fluorescent microscopy, we next study the self-assembly of iron oxide

and quantum dots in real-time. For that, we use the fluid cell set up in Figure 7.1

to measure the change in diffraction efficiency after the quantum dots solution is

injected into the fluid cell. We use three syringe pumps, as shown in Figure 7.1:

First, for pure hexane, to clean the surface of the media and any residual particles

from previous runs. Second, for oleic acid capped iron oxide nanoparticle solution,

and third, for oleic acid capped quantum dots nanoparticles solution. We disperse
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Figure 7.10 Optical image for a) iron oxide self-assembly b) when quantum
dots deposited on iron oxide self-assembly, c) emission intensity plot for
before, and after quantum dots deposition for 500 nm spacing region (red
curve) and 1000 nm space region (yellow curve), d) Flourescent microscope
image of quantum dots self-assembled on iron oxide with 500 and 1000 nm
spacings

the quantum dots stock solution into hexane instead of toluene to observe real-time

diffraction change and quantum dots assembly with iron-oxide nanoparticles.

Figure 7.11 shows a one-hour real-time observation of diffraction and scattering

signals for iron oxide nanoparticles and cadmium selenide quantum dots. At first, 10

mL, clean hexane is injected into the fluid cell, and the sharp peak for both diffraction

(blue curve) and scattering signal (red curve) at 100 seconds happens when the fluid

reaches the laser spot on the media. Then 10 mL of iron oxide is injected, and at 300

seconds, the flow of iron oxide stops. At this time, all the tubing is clamped, the fluid

cell is in equilibrium, and the iron oxide solution stays on top of the media until the

diffraction signal reaches 12 µV . Next, the iron oxide solution is pushed to waste with
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Figure 7.11 Real-time diffraction (blue curve) and scattering (red curve) signal of
iron oxide nanoparticles and cadmium selenide quantum dots

clean hexane solution, and at 1350 seconds, the diffraction signal rapidly increased

from 12 µV to 15 µV . This is significant because the scattering signal does not change

or increase. This means that clean hexane flow removes the non-specific assemblies

between the grating where the magnetic field gradient is minimal and thus enhancing

the diffraction efficiency. At 1500 seconds, clean hexane flow stops and let sit on the

media. As expected, the diffraction signal from 1500 - 2000 seconds stays steady.

Finally, the clean hexane is removed, and a solution of quantum dots is introduced to

the fluid cell. As quantum dots flow past the medium, the diffraction signal linearly

increases (2000 s - 2100 s). When quantum dots solution flow stops on the medium,

the diffraction signal increases but not linearly until it reaches 23 µV at 3600 seconds.

These results show a strong hydrophobic interaction between oleate-caped cadmium

selenide quantum dots and oleic acid-coated iron oxide nanoparticles.

To confirm even further, we remove the quantum dots solution from the fluid cell
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in the same experiment and inject pure hexane into the fluid cell to wash the media’s

surface. If the quantum dots are assembled to the iron oxide nanoparticles, then the

diffraction signal should not decrease.

This is shown in Figure 7.12. The quantum dots are set in the fluid cell for 1500

seconds beyond 3600 seconds, and the diffraction signal increases from 23 µV to 28

µV . When the solution is removed and the fluid cell left empty for 1500 seconds,

the diffraction signal drops to 24 µV and is not steady. This is due to the increased

scattering as the fluid dries. However, when clean hexane is injected once again, the

scattering signal drops, and the diffraction signal is increased back to 29 µV and stays

steady up to 3600 seconds.
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Figure 7.12 Continued Real-time diffraction (blue curve) and scattering
(red curve) signal of iron oxide nanoparticles and cadmium seleninde
quantum dots after cleaned with hexane
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Chapter 8

Summary and conclusion

In this dissertation we have conducted experimental studies to better understand and

control self-assembly of magnetic nanoparticles using extreme field gradients at the

surface of the disk drive medium. Forces due to the field gradients at the transition

where media magnetization is switching its orientation were theoretically described

and plotted.

We explored field equations due to medium transitions and effects of soft un-

derlayer on self-assembly. We showed that when two magnetic transitions are near

each other, magnetic nanoparticles can self-assemble above them in two different

ways. The final self-assembled structure is sensitive to minute adjustments in local

magnetic field, field gradient, and/or nanoparticle ligand length/folding (via the ad-

dition of ethanol). These adjustments are able to completely transform the observed

nanoparticle pattern: a single wide stripe spanning both transitions (hexane) can be

converted to two separated stripes above the two transitions (hexane with ethanol).

In particular, the formation of the self-assembled wide stripe is not expected if one

thinks of magnetic transitions as sources of very large magnetic field gradients that

pull particles to the surface. However, the magnetic field gradient is “smoothed" out

between the two transitions due to their relative closeness (roughly 100 nm) and due

to the existence of the thick, soft magnetic underlayer component of the hard disk

medium.

The observed changes in the assemblies can be understood with the aid of particle-

level Langevin simulations and a careful calculation and analysis of the stray field gra-
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dient produced by the disk drive template. The same trends are seen in simulation as

in experiment, provided the soft underlayer is included and the ligand length shrinks

with addition of ethanol. A decrease in ligand length brings magnetic nanoparti-

cles closer to the disk surface, altering the magnetic force sufficiently to make the

nanoparticles assemble in different locations.

Change in parameters such as spacing between magnetic stripes, applied voltage

to the head, lubrication, allows control over self-assembly to achieve mono- or bi-

layer assembly, nanoparticle chains with varying width and lengths, or single line

assembly. At specific spacing, we have shown that nanoparticles achieve minimum

edge roughness with highly ordered features that form two-dimensional layers with

so-called "hexatic ordering”. The degree of hexatic ordering was quantified using the

G6 bond-orientational order parameter, and is found to deteriorate when ethanol is

added. The hexatic phase is also less ordered for wider spacing d between lines. For

both cases, with and without added ethanol, we quantitatively calculated line width

growth and number of non-specifically assembled particles.

We have also demonstrated two approaches to record magnetic patterns on a

disk drive medium: Bitmap recording, that outputs positive and negative voltage

based on pixel intensity of a bitmap image to magnetize the medium, and parallel

line recording, where the DC current is applied to the write head to magnetize the

medium grains as it is pushed and pulled across the disk drive surface.

The importance of the read head in both methods was explained. Read-back

profiles from the recorded regions for each approach to confirm the quality of the

recording were demonstrated. The write head width was calculated from FWHM of

the read-back signal of parallel lines, and head sensitivity was tested for 3 line sets

with different spacing from a bitmap image. The distortion in the read-back images

could be due to the read scans itself. The heads are designed to process information in

picoseconds, writing with longer times allows weaker fields to reverse medium grains
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and create noisier features. Therefore, the time resolution can be tuned and adjusted

to improve the overall equality or recording and reading.

To better understand the dynamics of self-assembly we studied the process in

real-time by measuring change in diffraction and scattering intensity as nanoparticles

self-assemble. We were also able see the increase to the initial diffraction intensity

as a result of hydrophobic assembly of Cadmium Selenide quantum dots on Iron

Oxide nanoparticles arrays. While we confirm the sensitivity of self-assembly to

the concentration and polarity of the base nanoparticles solution, the change in the

diffraction signal for different concentration of added ethanol to the solution is still

not clearly understood, further experiments need to be done to explain this behavior.

The knowledge gained from these experiments can be used to design recording

head and media deliberately for self-assembly instead of data storage, in order to

produce features below 200 nm for specific applications including (but not limited

to) MRI contrast agents, superconducting wires, and sensors for magnetic fields.

There are many material parameters in the recording system that have yet to be

adjusted and explored for nanoparticle assembly, in principal allowing a system with

even smaller feature sizes, improved feature quality, and that limit sensitivity to

external influences.These include the specific thickness, saturation magnetization,

and coercivity of both the medium and the soft underlayer, as well as the size of

the recording head and the field it produces. Furthermore, nanoparticle diameter,

material, and magnetic behavior can be widely tuned as well.
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Appendix A

Details on the magnetism of magnetic

nanoparticles and interactions during

self-assembly

A.1 Magnetic Nanoparticles

From a magnetism point of view, materials are divided into two main types: Dia-

magnetic Materials and Paramagnetic Materials. [18] Materials such as iron, cobalt,

or magnetite, display a spontaneous magnetization that arises from magnetic dipoles

due to itinerant electrons and unclosed atomic electron orbitals. Dipoles are coupled

in parallel by the exchange interaction between electrons:

Heisenberg formulated a Hamiltonian to represent the interaction of two neighbor-

ing atoms, based on Pauli’s principle whose total electronic spins, in units of Planck’s

constant.

Eex = −2JijS⃗i · S⃗j (A.1)

This originates from the Pauli exclusion principle in quantum physics and Coulomb

energy for two electron i and j. The Jij is the exchange integral. In ferromagnetic

material Jij > 0 where the spins tend to orient parallel to minimize the exchange

interaction energy. In anti ferromagnetism Jij < 0, the spins tend to orient an-

tiparallel. When Jij = 0 thermal energy aligns magnetic dipoles randomly, resulting

paramagnetism with no spontaneous magnetization.

The most striking manifestation of magnetism in solids is the spontaneous mag-
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netization of ferromagnetic materials such as iron or magnetite, and this is usually

associated with hysteresis. Hysteresis information contribute to the control and opti-

mization of key parameters such as saturation magnetization MS (Maximum allowed

magnetization in a given temperature), coercivity Hc (Magnetic field strength re-

quired to completely demagnetize a material), blocking temperature TB , remanent

magnetization Mr (The magnetization left after field is removed), etc. Figure B.1

shows the magnetic hysteresis for different materials.

Figure A.1 Hysteresis Loops and representation of moment orientation for
different magnetic materials. (Reproduced with permission from [46] and [5])

The spontaneous magnetization due to alignment of the atomic magnetic moments

depends on temperature, and it falls precipitously to zero at the Curie temperature

TC . At temperature higher than TC the ferromagnetic order collapses, and material

becomes paramagnetic. The magnetic response to an applied field of materials which

do not order magnetically may be either paramagnetic or diamagnetic. In isotropic

paramagnets, the induced magnetization M⃗ is in the same direction as H⃗, whereas
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in diamagnets it is in the opposite direction.

Ferromagnetic, ferrimagnetic, and antiferomagnetic materials have a non-zero co-

ercivity at bulk. They consist of domains (regions) in which magnetic moments are

oriented to a specific direction. One of the most important parameters is usually the

size of magnetic nanoparticle. This usually leads to another class of magnetic materi-

als with Superparamagnetic properties. When material reaches saturation magnetiza-

tion, domains are rotated such that all moments are aligned even after external field is

removed. As the particle’s diameter gets smaller the coercivity goes up until particle

reaches a critical diameter where coercivity falls to zero. In such diameter particle has

a single domain and is called "Superparamagnetic" and magnetization of the particle

can randomly flip direction under the influence of temperature. Superparamagnetism

follows the behavior of the Langevin function and is related to Blocking Temperature

TB (the minimum energy at which the magnetic moments become blocked).

TB = KV

akB
(A.2)

In which K is the effective anisotropy constant, V is particle’s volume, kB is

Boltzmann constant and a = ln τm

τ0
depends to typical time between magnetization

flips Néel relaxation time τ :

τm = τ0e
KV
kBT (A.3)

Where τm is measurement time and τ0 is attempt time with a typical value be-

tween 10−9s and 10−10s. The net magnetic moment of a nanoparticle is determined

by considering several factors such as crystal structure, magnetic interaction among

the surface spins, the exchange coupling at the core-shell interface, the magnetic

anisotropy of the core and the surface anisotropy [44]. Magnetic anisotropy energy is

the energy that keeps the magnetic moment in a particular orientation. At a charac-

teristic size for each type of MNP, the anisotropy energy becomes equal to the thermal

94



energy, which allows the random flipping of the magnetic moment [52]. These param-

eters are usually determined by cooling nanoparticles to very low temperature with

and without applied fields (Zero Field Cooled (ZFC) and Field Cooled (FC) curves)

[7] [75].

Crystal structure of MNPs is shown in figure A.2.

Figure A.2 Iron oxide atom sites

Magnetite essentially has a spinal crystal structure (Fe3+(Fe2+Fe3+)O4) , which

is essentially a cubic structure with the O− ions forming a FCC lattice [91]. The

cations (usually metals) occupy 1/8 of the tetrahedral sites and 1/2 of the octahe-

dral sites and there are 32 O-ions in the unit cell. This simply means there are

two types of cubic building units inside a big FCC lattice, filling all 8 octants

(Fe3+)tetr8[Fe3+Fe2+]oct8O32. From the magnetic moment configuration point of

view, magnetite is categorized as ferrimagnetic materials. Its magnetic properties

is reflected by the splitting of the 5d orbitals as visualized in Figure B.2 b. The

5d orbitals are split into two subsets due to the influence of oxide ligands, implying

that all Fe3+ and Fe2+ ions have valence electrons and four unpaired electrons re-

spectively. Octahedral coordinations are coupled ferromagnetically, opposite spin in
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Fe2+ is exchanged to Fe3+ However, electrons in Fe3+ tetrahedral and octahedral are

coupled anti-feromagnetically by O2− atoms resulting cancelation of spins in Fe3+.

Therefore unpaired spins in octahedral coordination contributes to magnetization.

A.2 Interactions during self-assembly

A.2.1 Brownian Motion

Nanoparticles in a solution will perform movements in random directions. The motion

is due to unequal bombardment of the particles caused and the molecules of the

surrounding media. The thermal energy dictates the magnitude of these stochastic

forces molecules change their mutual position and can rearrange to the state with

minimal free energy and need to be small enough to exhibit Brownian motion

limx→∞ < ∆r2(t) >= 6D0t = kBTt

πηR
(A.4)

Where D0 is the Stokes-Einstein diffusivity, k is Boltzmann’s constant, T is tem-

perature, t is time, R is the particle radius, and η is the solvent viscosity. Brownian

force in one dimension modeled with Gaussian white noise process, with ζ a random

number with Gaussian distribution is

F⃗b,i = ζ

√
2D0kBT

∆t (A.5)

A.2.2 Gravitational and Bouyant Force

Thegravitational F⃗g and buoyant F⃗b forces are respectively calculated as

Fg = 4ρπRp
3g

3 (A.6)

Fb = 4ρfπRp
3g

3 (A.7)
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where, Rp is particle diameter, ρ is density of particle and ρf density of fluid.

A.2.3 Drag Force

F⃗d = −6πηRpv⃗ (A.8)

where v⃗ is the particle velocity and η is the viscosity of the fluid.

A.2.4 Magnetic Force

The magnetic force can be predicted using an "effective" dipole moment method in

which the particle is modeled as an "equivalent" point dipole with an effective moment

meff = VpMp

F⃗m = µfVp(M⃗p · ∇⃗)H⃗a (A.9)

Here µf is permeability of fluid and Ha is applied field. The magnetic force in

three dimension can be written as:

F⃗m(x, y, z) = Fmx(x, y, z)x̂+ Fmy(x, y, z)ŷ + Fmz(x, y, z)ẑ (A.10)

where

Fmx(x, y, z)x̂ = µ0Vpf(Ha)
[
Hax(x, y, z)

∂Hax(x, y, z)
∂x

+Hay(x, y, z)
∂Hay(x, y, z)

∂y

+Haz(x, y, z)
∂Hax(x, y, z)

∂z

]
(A.11)

similarly for Fmy(x, y, z)ŷ and Fmz(x, y, z)ẑ [92].

A.2.5 DLVO Theory

The DLVO theory that comes from two Russian (Derjaguin and Landau) and two

Dutch (Verwey and Overbeek) is a main theory for colloidal stability. The assumption
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is that the total force between colloidal particles is addition of the Van der Waals

(attractive) and repulsive forces,

wDLV O(r) = wA(r) + wR(r) (A.12)

Where wA is VDW attractive force and wR is repulsive force either Electrostatic

Double Layer (EDL) force or steric force, as a function of distance r.

The van der Waal’s interaction energy between spherical particles with radius Rp

with distance D is given by:

wA(D) = −α

6

[ 2Rp
2

D2 − rRp
2 + 2Rp

2

D2 + ln(D
2 − 4Rp

2

D2 )
]

(A.13)

Where α is the Hamaker’s constant that depends on the shape, medium of inter-

action and the material that particles are made.

Electrostatic Double Layer :

The forces due to the EDL are caused by the overlap of the electric potential

distribution and the overlap of the ion concentration [72, 43] The interaction energy

per unit area in EDL repulsive force is given by

wa
EDL(D) = 64πkBTRpρinfγ

2

κ2 e−κD (A.14)

where kB is Boltzman’s constant, T is temperature, ρinf is the ionic concentration

in the bulk solution, and γ = tanh( zeψ0
4kBT

) with z and e ionic number and electron

charge respectively [14] [19]. For a surface charged particle the surrounding fluid is

given by ψ(x) = ψ0e
−κ where 1/κ is the characteristic Debye length which depends

on temperature. At room temperature it is 0.304√
I(M) with M is ionic strength in molar.

Steric Interaction:

The steric or polymer mediated interaction is rather more complicated involving a

great deal of statistical mechanics. There are many theories have been proposed [14]
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[19]. The most famous approach was proposed by De Gennes (nobel prize in physics

1991) in which he theoretically explained the mechanism of steric interaction [32].

In his model polymers chains are considered as blobs; inside the blob the chain

is self-avoiding but the blobs themselves can overlap and essentially ideal in a good

solvent.

Figure A.3 A schematic representation of
polymer brush model

Steric forces are due to the surfaces of colloidal particles that are prevented from

aggregating by adsorption of large molecules at the particle surface, such as polymers

or surfactants.

wa
steric(D) = 100RpL

3

(D − 2Rp)πh3kBT exp
[
−−π(D − 2Rp)

L

]
(A.15)

Where L is the average length of the ligands, h is the mean distance between two

ligand head groups on the surface of the particles. [3]

Figure B.4 shows calculated van der Waals and steric forces for two nanoparticles

with 12.5 nm radius, 2 nm ligand length, and 2 nm ligand spacing.
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Figure A.4 Plots of van der Waals (green dashed) and steric
force (blue dashed) and their sum for two spherical particles with
1 nm separation and Hamaker constant α = 29 × 10−21J

A.2.6 Dipole-Dipole Interaction

The long-range order dipolar inter-particle interactions is another important parame-

ter in the magnetic response of the NPs, because they are usually not enough spatially

separated to follow the behavior of an ideal superparamagnet [7] [22]

Dipole− dipoleinteraction ∝ m1m2

r3 (3 cos2 Θ − 1) (A.16)

the strength of the dipole-dipole interaction is not only proportional to magni-

tudes of the individual dipoles, but also proportional to the distance, the relative

orientation and the spectral overlap of resonances that satisfy the conservation of

angular momentum and energy.
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A.3 Theoretical calculation of the field gradients in PMR

In a perpendicular magnetic recording media for a single transition in two dimensions,

the general solution to the Laplace equation ∇2Φ(x, y, z) = 0 is given by:

Φ(x, z) =
∞∑
n=1

An sin(nπ
a
x)(1 − e−( nπ

a
)δ)e−( nπ

a
)z (A.17)

and corresponding fields in x, and z are:

Hx(x, z) = −8Mr

π2

∞∑
n=1

[ 1
n

cos(nπ
a
x)(1 − e−( nπ

a
)δ)e−( nπ

a
)z

]
,

Hz(x, z) = 8Mr

π2

∞∑
n=1

[ 1
n

sin(nπ
a
x)(1 − e−( nπ

a
δ)e−( nπ

a
)z

]
(A.18)

with Mr remnant magnetization, a width of the magnetized region in x direction,

and δ is the media thickness [50]. This is a simple case where there is a single transition

(Figure A.5 a). For the modified geometry used in this research, where there are two

transitions located close together instead of one, and both soft and hard magnetic

layers of magnetic recording media are considered, the field expressions are changed.

Such geometry is shown in Figure A.5 b. The in-plane component of the stray field

above the hard disk (z > 0) is given by:

Hx(x, z) =
∞∑
n=1

[
− 1

2nπe
−( −2nπ(th+tc+z)

d
)e( −2nπth

d
−1))Ms,h

(
sin(2nπ)

+2(sin(bhnπ
d

+ sin(nπ(bh − 2d)
d

)sin(2nπx
d

)
)

− 1
2nπe

−( −2nπ(th+ts+tsp+tc+z)
d

)e( −2nπts
d

−1))Ms,s

(
sin(2nπ)

+2(sin(bsnπ
d

+ sin(nπ(bs − 2d)
d

)sin(2nπx
d

)
)]

(A.19)

and the out of plane component of the stray field above the hard disk (z > 0) is

given by:
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Figure A.5 Perpendicular recording media geometry a) only recording layer
with periodic single transition b) recording layer and soft-under layer with
periodic stripes containing double transition

Hz(x, z) =
∞∑
n=1

[
− 1

2nπe
−( −2nπ(th+tc+z)

d
)e( −2nπth

d
−1))Ms,h

(
sin(2nπ)

+2(sin(bhnπ
d

+ sin(nπ(bh − 2d)
d

)cos(2nπx
d

)
)

− 1
2nπe

−( −2nπ(th+ts+tsp+tc+z)
d

)e( −2nπts
d

−1))Ms,s

(
sin(2nπ)

+2(sin(bsnπ
d

+ sin(nπ(bs − 2d)
d

)cos(2nπx
d

)
)]

(A.20)

where d is the separation between reversed magnetic regions, bh is the distance

between two transitions in hard layer, bs is the distance between two transitions in

soft layer, tc, th, tsp, ts, are the thickness of the capping, hard, spacer, and soft layer

of the hard disk drive respectively Ms,s and Ms,h are the saturation magnetization of

the soft under-layer and hard layer respectively.

The soft under layer (SUL) combines with the recording head during the write

process, producing a magnetic ‘image’ of the write head below the medium to boost
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the size of the write field. Yet once recorded, the SUL also produces an image

of the medium magnetization as well, which modifies the field above the medium.

Therefore this layer plays an important role for magnetic field directed self-assembly of

nanoparticles and must be taken into account for theoretical and simulation purposes

to model the true effect of the medium stray field on self-sssembly.

Next, we plot the fields, gradients and forces generated by perpendicular recording

media with inclusion of soft under layer, and compare them to the case for the case

with a single transition that can be found in [94]. The magnetic force that assembles

the magnetic nanoparticles depends on the magnetic field, its gradient at the medium

surface, and how both vary with respect to the recorded transitions.

F⃗m = µ0Vp(M⃗p · ∇⃗)H⃗a (A.21)

Here µ0 is the permeability of free space, Vp is the volume of the nanoparticle,

Mp is its magnetization, and Ha is the external field. We neglect the interaction

of the supporting fluid with the field gradient because the diamagnetic hexane used

here has a molar susceptibility three orders of magnitude smaller than the iron oxide

nanoparticles, but note that its diamagnetism would actually enhance nanoparitcle

assembly due to negative magnetophoresis.

In two dimensional geometry, forces on particles due to media magnetization has

two components:

F⃗m(x, y) = Fmx(x, y)x̂+ Fmy(x, y)ŷ (A.22)

where

Fmx(x, y)x̂ = µ0Vpf(Ha)
[
Hax(x, y)∂Hax(x, y)

∂x
+Hay(x, y)∂Hay(x, y)

∂y

]
(A.23)
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f(H) is a function that allows for variation and saturation of the the NPs magnetic

susceptibility as a function of magnetic field. [29]

Figure A.6 a) z component, b) x component, of the Magnetic field as a function
of x, c) z component of z-directed field gradient as a function of z, and d) x
component of the z-directed field gradient as a function of x

For a 27 nm diameter iron oxide nanoparticle coated with oleic acid in hexane,

corresponding field profiles and forces due to a media with parameters that are shown

in Table A.1 are as following. Figure A.4 a and b shows z and x components of

magnetic fields in horizontal (x) direction, the z component of the field is negative on

both side of the stripe with two transitions, the x component of the field is negative

on one side and positive on another side.

Magnetic nanoparticles in such fields are oppositly magnetized along x direction

but have the same magnetization along the z direction near a single transition.

Figure A.6 c and d, show the z-component of the gradient of the z-directed mag-
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Table A.1 Parameters table for d = 500 nm

ρ [ kgm3 ] th [nm] ts [nm] tc [nm] bh [nm] bs [nm] Ms [Am ] Mh [Am ]

5.255 15 200 3 100 90 1.8×106 2.8×106

netic field as a function of z (height above the disk drive medium), and as a function

of x (panel d at a height of z = 30 nm away from the medium surface) respectively.

Note that at 30 nm close to surface the z component of the field gradient is nearly

30 MT
m

and falls off rapidly with height.

Figure A.7 shows force profiles on a nanoparticle with 27 nm diameter. The x

directed magnetic force (Figure 2.5 a) peaks to 90 pN , drops to 40 pN at 100 nm,

and persists beyond each double transition. The peaks on two sides from the center of

double-transition, at (x = −50) and (x = +50), push the nanoparticles horizontally

close to transitions. The force acting on a magnetic nanoparticle is sensitive to the

diameter of the nanoparticle. Figure A.7 b shows a comparison of the horizontal force

on particles with 3 different radii. As we will see in the next chapter, this force can

transform self-assembly of nanoparticles when we change the hydrodynamic radius

of nanoparticles. The z directed force (Figure A.7 c) which is negative, pushes the

particles downwards close to transitions. The net force on the particles, shown in

Figure A.7 d, peaks beyond 110 Pn and maximum around stripe with two transitions

but with a dip right at the center of the double transition.

A.4 Electron Microscopy

In this research we extensively used Scanning Electron Microscope (SEM) as a tool

to observe self-assembly of mangetic nanoparticles. It is worth mentioning the basic

concept of electron microscopy. SEM scans a focused electron beam over a surface

of a target to create an image. For the measurement of nanoparticle properties and

see how nanoparticle patterns grow with time, it is important to have high resolution
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Figure A.7 For a 27 nm particle a) x- component of the magnetic force, b)
comparison of horizontal component of the magnetic force for particles with 3
different radii, c) z- component of the magnetic force, d) net force.

images. In SEM, electrons are produced by filament, usually tungsten [77]. Electrons

then accelerated towards the sample. During this process electrons are focused by

different lenses and apertures. The position of the beam is controlled by coils that

allow the beam to be scanned over the sample surface. The incident electron beam

will interact with the sample surface sample and produce back-scattered secondary

electrons which are collected by detector [77]. Figure A.8 shows the SEM structure.
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Figure A.8 Components of a Scanning Electron Microscope
(SEM)
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Appendix B

Experimental section details

B.1 Preparing Nano-Particles Solution for self-assembly

experiments

Magnetic nanoparticles in our experiments are purchased from PrecisionMRX. The

Magnetite (Fe3O4) nanoparticles coated with oleic acid (50.8mg) are mixed with 2.54

mL hexane (Sigma Aldrich Anhydrous 95 percent) to obtain stock solution. Aqueous

Magnetite (Fe3O4) are coated with a monolayer of oleic acid and a monolayer of an

amphiphilic polymer with carboxylic acid functionality and have 20 mg
mL

concentration.

The diameter for both type of nanoparticles are determined by TEM. Amount of 12.2

µL of stock solution for type particles were mixed with 5 mL of hexane or DI water

and 200 µL of each sample was poured on two TEM grids. Image analysis are

performed using ImageJ, suggesting that the diameter averages to 27.03 nm with ±

4.1 nm standard deviation for nanoparticles in hexane and 28.1 nm with ± 4.4 nm

standard deviation for nanoparticles in DI water. Figure A.1 shows TEM image and

size distribution for both kind of particles.

B.2 Nanoparticles pattern transferring methods

While it has been shown that aqueous nanoparticles can be transferred to a polymer

film for further studies [66],[21], for non-aqueous nanoparticles there are two alter-

native methods. One way is to coat the surface of the disk drive with Poly-methyl

methacrylate (PMMA) and use Polydimethylsiloxane (PDMS) to lift nanoparticles or
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Figure B.1 TEM images and Size Distribution for particle dispersion in Hexane
(left) and DI Water (right)

transfer to desired substrate. Another approach is to use Silicon Nitride (SiN) TEM

window grid. This window grids have a 10 nm robust SiN membrane that can be

placed on recorded templates and allows nanoparticles to self-assemble and be trans-

fered for further application. Figure B.2 shows results of nanoparticles self-assembly

using SiN membrane.

B.3 Required tools for HDD disassembly

The required tools to disassemble a disk drive are shown in Figure B.3. It is important

to operate in electrostatic free environment. For that using a grounded metallic tray,

Electro-Static Discharge (ESD) wrist band, and ESD ionizer blower can be very

useful. For all magnetically recorded templates in this research, the head assembly
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Figure B.2 a) Optical image of a window wafer after
nanoparticles self-assembly at 100x magnification and b)
corresponding TEM image. c) to d) TEM images of self-assembly
at 1000 nm spacing

and magnetic medium is extracted from HGST Travelstar7000 (Figure B.4). This

hard disk drive comes with two disk platters and four head assemblies.

B.4 Hard Drive Disassembly Steps

Step 1: Using T6 torx bit remove 6 screws at the corners of HDD and one screw in

the lower part under the label (Figure B.5).

Step 2: Using T6 torx and tweezers carefully remove the spindle.

Step 3: Using tweezers, carefully remove the filter.

Step 4: Using plastic tweezers, carfelly remove media and place them in a safe

container. The media can be cut into desired pieces and used for magnetic patterning.

Step 5: Carefully place the head comb in head assembly hole on a swing arm.
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Figure B.3 Tools and environment for disk drive disassembly

Step 6: Move the swing arme to one side and using T6 torx remove the parking

ramp.

Step 7: Remove magnet that holds the swing arm, there are three screws, use

T6 torx. Carefully lift the magnet with pliers.

Step 8: Remove the swing arm screw located in the back of Hard Disk Drive

marked in yellow (Figure B.6).

Step 9: Remove the circuit board and carefully lift the swing arm.

Step 10: Mount the swing arm to a clamp.

Step 11: Observe the electric pads of heads under the stereoscope and desolder

them to remove from circuit board. To avoid read head damage due to Electrostatic

Discharge (ESD), make sure to short the electric pads with soldering material, i.e.

cover electric pads with soldering material.

Step 12: Once circuit board is disconnected, carefully bend the lower head with

pliers until the aluminum swing arm is broken.

Step 13: Mount the broken arm to a clamp and slowly drill through the hole
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Figure B.4 Hard Disk Drive parts

that keeps the head attached until head is completely detached. Repeat the process

for other heads. Note that, two middle heads are attached to a single aluminum arm,

one has to carefully drill through one head to release the other one.

Step 14: Place the heads in a ESD protected container. Make sure heads are

facing up.

Step 15: Mount the head to the external arm with a screw. Solder read and

write head wires. For the write head, solder sixth and seventh pads. These pads
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Figure B.5 Steps 1 to 6

should read 6 - 7 Ω. For the read head solder third and fourth pads. The read head is

typically around 450- 550 Ω. Read head should never be measured with multi-meter

directly. (Figure B.7)

B.5 Improving recording speeds

As shown in Figure B.8, read/write heads are embedded in a slider which is held

by a suspension assembly. The assembly of a suspension and a slider forms a head

gimbal assembly (HGA) that are held with load beam. The suspension enables the

slider to fly just above the surface of the spinning disk with a flying height of five

nanometers. [96] When HGA is used to record magnetic patterns for self-assembly,
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Figure B.6 Steps 7 to 12

achieving high speeds recording becomes challenging, mainly because of tribological

failure. To prevent this, one way is to stiffen the suspensions with mounting was.

The recommended wax is Mounting Wax 80 which has high hardness and is typically

used for polished metallic surfaces.

Once head is connected to the holder follow these steps:

Step 1: Cut small peices of Mounting Wax 80 and place on HGA near the

suspensions.

Step 2: Apply low heat with soldering tip until wax covers holes from top.

Step 3: Apply higher heat until wax melts and penetrates under the suspensions.

Check the rosin flow and make sure it reaches suspensions and holds them with load
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Figure B.7 Steps 13 to 15

beam from bottom. Never allow rosin to flow behind the line indicated in (Figure

B.9). Never apply heat to the rosin and HGA from bottom.

If mounting wax is not available, one can use rosin core soldering wire to stiffen

the suspensions. Hold the wire on top of HGA near the suspension holes, and touch

the wire with hot soldering tip until rosin flows under the suspension (at 60 - 80

degrees of Celsius).

B.6 Details on recording parallel magnetized lines

The medium is cut into desired pieces, erased using a 2 T external magnetic field

applied by a Quantum Design Physical Property Measurement System (PPMS), and

cleaned with deionized water and methanol. An Aerotech3000 XY stage with 10 nm

resolution was employed to record patterns on the disk drive medium. Prior to

recording, the sample is coated with a thin layer of lubricant. For lubrication, we

apply 1mL of 0.01% Zdol-Vertrel XF mixture on the surface of the sample and spin

coat for 1 minute at 8000 RPM. The mixture contains 10µL Z-dol in 9900µL Vertrel

XF solvent. Zdol is a class of Fombilines that are random copolymers with very high

thermal stability and low viscosity, and Vertrel XF is a proprietary hydrofluorocarbon
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Figure B.8 Microscope image of a head assembly and zoomed in
image of slider. The read and write head elements that are
embedded in the slider are imaged with SEM

(HFC) fluid ideally suited for vapor degreasing equipment for cleaning, rinsing, and

drying. They are the most common lubricant used in hard disk drives [57]. Patterns

with area A = 1000 × 100 µm2 consist of parallel magnetized lines with spacing d.

Additional patterns of area A are made with d ranging from 50 nm to 2000 nm.

Single written lines have widths corresponding to the write head width (∼ 100 nm)

and were recorded by dragging the head across the media (along the Y-direction) at a

speed of 750 µm s−1 while applying 0.7 V to the write head. The process is repeated

for different X (incremented by d) until the region of area A is filled with parallel

magnetized lines.

Table B.1 shows parameters imported to the LabView software for recording. As

seen in this table, 21 rectangular regions with 1 mm length and 0.1 mm width are

recorded with 750 µms−1 speed and 0.7 Volts of applied voltage. The first rectangle
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Figure B.9 Stiffening steps 1 to 3. Lower right image indicating
the line where mounting wax should not reach.

Table B.1 Patterns on sample with varying line spacing, fixed voltage and
fixed recording speed.

No. Length
of
Pattern
[µm]

Width
of
Pattern
[µm]

Number
of Lines

Line
Spacing
[nm]

Applied
Voltage
[V]

Speed
in Y
[µms ]

Speed
in X
[µms ]

1 1000 100 1 50 0.7 750 10
2 1000 100 1 100 0.7 750 10
3 1000 100 1 200 0.7 750 10
... ... ... ... ... ... ... ...
21 1000 100 1 2000 0.7 750 10

has a spacing of 50 nm, and the spacing for the remaining 20 rectangles is increased

from 100 nm to 2000 nm. To remove the lubricant after the disk medium is recorded,

we clean the surface of the medium by sonicating the medium with Galden Perfluo-

rosolv PFS-2 solvent.
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Next, the entire sample is submerged in the nanoparticles solutions and stirred for

20 minutes using the spin/rotating machine. The nanoparticle solution concentration

is 14.5µL stock solution in 10mL Anhydrous Hexane. After the coating is completed,

the sample is lifted straight upwards at a constant rate, and the remaining solution

on the medium is evaporated.

B.7 Read-back ESD circuit

Figure B.10 shows a circuit to use for protecting head from the Electro-Static Dis-

charge (ESD). Never measure the resistance of the head directly with a digital multi-

meter. Instead, use a lock in amplifier. The 500KΩ resistor is used to prevent sudden

current flow. For 10 mV it inputs 0.02 mA to the read head. That is enough for a

typical head that has 500Ω resistance.

Figure B.10 Read head protection circuit
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B.8 Additional examples of nanoparticles self-assembly on

templates recorded from bitmap images

Figure B.11 a) Original Bitmap Image. b) 10x and c) 100x, dark
field optical microscope image of assembled nanoparticles on
recorded pattern
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Figure B.12 a) Original Bitmap Image. Bright field optical
microscope image of assembled nanoparticles on small and large
recorded pattern with: b) 10x magnification and c) 100x
magnification.
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Appendix C

Image analysis and G6 calculation

C.1 Calculating spacing, width and edge roughness

To quantify parameters related to self-assembly such as feature width and edge rough-

ness, we use ImageJ Analyze Stripes Package with modification for the case with

nanoparticles. Upon smoothing a single line and properly applying threshold, the

macro first finds all edges, selects the outer most edges and places them in two groups

(Figure C.1). Then it finds the mean, standard deviation, minimum and maximum

values of each groups. For a 1 µm long stripe, Line width can be calculated by

subtracting the average of each group for. [10]

We also use ImageJ to measure the spacing for each stripe using the center-to-

center distance between peaks in horizontal line profiles extracted from the image.

Figure C.1 Width calculation steps: (a) an original SEM image (b) applied blur,
(c) adjusted threshold for edge detection separated into two line groups
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Figure C.2 a) Two SEM images of nanoparticles self-assembly at 200 nm spacing
and two rectangular scans p1 and p2. b) Horizontal profiles corresponding to the
rectangles p1 and p2.

To get the profiles, a rectangle with the height of 2 to 3 nanoparticles is vertically

scanned across multiple images (Figure C.2).
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C.2 Calculating bond oreintational parameter

To calculate the center-points of nanoparticles, import an the desired SEM image to

Fiji and measure the scale bar conversion factor from pixels. Crop the desired section

of the image, adjust window and level, and run the following macro. To run it you

should first enable “ImageScience” from the Fiji update sites, update, and restart

Fiji. This will enable the Laplacian command. If the center-points were not picked

up by macro, use the point selection tool and select them manually. Then measure

the points by pressing "Cmd + m" in mac or "Ctrl + m" in windows, and convert

data to ".txt" files.

setBatchMode ( true ) ;

run ( " Dupl i cate . . . " , " t i t l e=temp " ) ;

run ( "32−b i t " ) ;

run ( "Median . . . " , " r ad iu s=2" ) ;

run ( " FeatureJ ␣Laplac ian " , " compute␣ smoothing=3" ) ;

selectWindow ( " temp " ) ;

run ( " Gaussian␣Blur . . . " , " sigma=5" ) ;

setAutoThreshold ( " Intermodes ␣dark " ) ;

run ( " Create ␣ S e l e c t i o n " ) ;

run ( " S e l e c t ␣None " ) ;

selectWindow ( " temp␣Laplac ian " ) ;

run ( " Restore ␣ S e l e c t i o n " ) ;

run ( " Find␣Maxima . . . " ,

" prominence=0.20␣ l i g h t ␣output=[Point ␣ S e l e c t i o n ] " ) ;

run ( " S e l e c t ␣None " ) ;

c l o s e ( ) ;
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Figure C.3 (a) Illustration of θij for a particle i and it’s six nearest neighbors,
indexed by j. (b) One stripe of an original SEM image. (c) Center points detected
after edge detection and applying blur.

run ( " Restore ␣ S e l e c t i o n " ) ;

setBatchMode ( fa l se ) ;

All particle pairs are thus calculated, allowing sufficient statistics to determine

the mean value of the correlation G6(D) = ⟨ψ∗
6(0)ψ6(D)⟩. Note that particle pairs

all have different center-to-center separations so the data must be binned with bins

of D being roughly 27 nm wide.

The following Mathematica code was developed with the help of Dr. Karen

Livesey from New Castle University. It calculates bond orientation correlation G6(D)

from a text file containing two columns for (X,Y) coordinates in pixels. The pixel

value is converted to nanometers based on the scaling factor measured from the SEM

image scale bar.
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Figure C.4 Example of output of nearest
neighbors particles (red) for particle 8 (blue)

The code finds the nearest neighbors to all the points. The nearest neighbors with

angle θij (Figure C.3) can be seen using the "InteractivePoints" command (Figure

C.4). To run the program for a single desired file run the command "processFile["file

name.txt"].

Clear [ " Global ‘ ∗ " ]

SetDirectory [NotebookDirectory [ ] ]

f i l e s = FileNames [NotebookDirectory [ ] <> " ∗ . txt " ] ;

Do[ Print [ " Proce s s ing ␣ f i l e ␣ " , f i l e s [ [ n ] ] ] ;

p r o c e s sF i l e [ f i l e s [ [ n ] ] ] , {n , 1 , Length [ f i l e s ] } ]

(∗ Imports a f i l e to proces s ∗)

p r o c e s sF i l e [ fileName_ ] :=

Module [ { data } ,
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data = Import [ f i leName , "Data " ] ;

data = data ∗2 .335766423 ; (∗ data convers ion ∗)

neighbors500b [ i_ ] := (

l i s t S [ i ] = {} ;

Do[ d istX = Abs [ data [ [ i ] ] [ [ 1 ] ] − data [ [ j ] ] ] [ [ 1 ] ] ;

distY = Abs [ data [ [ i ] ] [ [ 2 ] ] − data [ [ j ] ] [ [ 2 ] ] ] ;

I f [ Sqrt [ d istX^2 + distY ^2] < 27 ,

AppendTo [ l i s t S [ i ] , j ] ,

Continue

] ,

{ j , 1 , i − 1}

] ;

Do[ d istX = Abs [ data [ [ i ] ] [ [ 1 ] ] − data [ [ j ] ] ] [ [ 1 ] ] ;

distY = Abs [ data [ [ i ] ] [ [ 2 ] ] − data [ [ j ] ] [ [ 2 ] ] ] ;

I f [ Sqrt [ d istX^2 + distY ^2] < 27 ,

AppendTo [ l i s t S [ i ] , j ] ,

Continue

] ,

{ j , i + 1 , Length [ data ] }

]

) ;

(∗Make a t a b l e o f neare s t p a r t i c l e s to i ∗)

Table [ ne ighbors500b [ i ] , { i , 1 , Length [ data ] } ] ;

(∗ L i s t mid po in t s ∗)

MidPoints [ i_ ] :=

ListPlot [ { Labeled [ data [ [ i ] ] , i ] } , AspectRatio −>

Automatic ,
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PlotStyle −> Di r e c t i v e [ PointSize [ 0 . 1 ] ,

Magenta ] , PlotRange −> All ] ;

(∗ L i s t surrounding po in t s ∗)

SurroundingPoints [ i_ ] :=

ListPlot [

Table [ Labeled [ data [ [ l i s t S [ i ] [ [ j ] ] ] ] , l i s t S [ i ] [ [ j ] ] ] ,

{ j , 1 , Length [ l i s t S [ i ] ] } ] , AspectRatio −> Automatic ,

PlotStyle −> Di r e c t i v e [ PointSize [ 0 . 1 ] , Red ] ,

PlotRange −> {{data [ [ i ] ] [ [ 1 ] ] − 40 ,

data [ [ i ] ] [ [ 1 ] ] + 40} , {data [ [ i ] ] [ [ 2 ] ] − 40 ,

data [ [ i ] ] [ [ 2 ] ] + 40}} ] ;

(∗ P lo t s the data po in t s t h a t are w i th in the range ∗)

a l l p t s = ListPlot [ data , AspectRatio −> Automatic ,

PlotStyle −> PointSize [ 0 . 0 8 ] , PlotRange −>

{Automatic } ] ;

(∗ Here f o r each p a r t i c l e i , c a l c u l a t e

hexagona l ang l e s ∗)

numneighbors [ i_ ] := Length [ l i s t S [ i ] ] ; (∗

number o f ne i ghbor s to s i t e i ∗)

distXX [ i_ , j_ ] := −data [ [ i ] ] [ [ 1 ] ] +

data [ [ l i s t S [ i ] [ [ j ] ] ] ] [ [ 1 ] ] ; (∗ d i s t ance in x

between ne i ghbor s ∗)

distYY [ i_ , j_ ] := −data [ [ i ] ] [ [ 2 ] ] +

data [ [ l i s t S [ i ] [ [ j ] ] ] ] [ [ 2 ] ] ; (∗ d i s t ance in y ∗)

\ [ Theta ] [ i_ , j_ ] :=

ArcTan [ distXX [ i , j ] ,

distYY [ i , j ] ] ; (∗ ang l e wi th x a x i s ∗)
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\ [ Psi ] [ i_ ] :=

1/numneighbors [ i ] Sum[

Exp [ I 6 \ [ Theta ] [ i , j ] ] , { j , 1 , numneighbors [ i ] } ] ;

(∗ Complex ang l e average at s i t e i ∗)

pa i r [ i_ , k_ ] := Chop [Conjugate [ \ [ Ps i ] [ i ] ] \ [ Ps i ] [ k ] ] ;

(∗ the pa i r c o r r e l a t i on , between a s i t e i

and a s i t e k ∗)

s epa ra t i on [ i_ , k_ ] :=

Sqrt [ ( data [ [ i ] ] [ [ 1 ] ] − data [ [ k ] ] [ [ 1 ] ] ) ^ 2 +

( data [ [ i ] ] [ [ 2 ] ] − data [ [ k ] ] [ [ 2 ] ] ) ^ 2 ] ;

(∗ how fa r apar t in p i x e l s are s i t e s i and k , chop :

r e p l a c e s approximate r e a l numbers in expr .

t h a t are c l o s e to zero by \ the exac t i n t e g e r 0 . ∗)

(∗ f i nd the maximum d i s t ance ∗)

max = 1 ;

Do[

I f [ s epa ra t i on [ i , k ] > max ,

max = sepa ra t i on [ i , k ] ,

Continue ] ,

{ i , 1 , Length [ data ] } , {k , 1 , Length [ data ] }

] ;

(∗ Binning p a r t i c l e s ∗)

bins [ b ins i ze_ ] := (

Do[

bin

[ b i n s i z e , kk ] = {} ,
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{kk , 1 , Quotient [max , b i n s i z e ] + 1}

] ;

Do[

num = Quotient [ s epa ra t i on [ i , k ] , b i n s i z e ] + 1 ;

AppendTo [ bin [ b i n s i z e , num] , pa i r [ i , k ] ] ,

{ i , 1 , Length [ data ] } , {k , i , Length [ data ] }

]

) ;

(∗ Set the b in s i z e ∗)

bins [ 2 7 ] ;

R = 27 ; (∗R i s b in number ∗)

LengthOfElements = Length [ data ] ;

(∗ Ca l cu l a t e the mean o f pa i r s ∗)

MeanOfPairs = Mean[Table [ pa i r [ i i , i i ] ,

{ i i , 1 , Length [ data ] } ] ] ;

(∗ save and expor t d a t a f i l e s ∗)

AbsPlotVals =

Table [ { ( i i R) − R∗0 .5 , Abs [Mean[ bin [R, i i ] ] ] } ,

{ i i , 1 , max/R} ] ;

Export [ FileBaseName@fileName <> " . csv " , AbsPlotVals ] ;

RealPlotVals = Table [ { i i R, Re [Mean[ bin [R, i i ] ] ] } ,

{ i i , 1 , max/R} ] ;

Export [ " Real_ " <> FileBaseName@fileName <> " . csv " ,

RealPlotVals ] ;

A l lRea lP lotVal s =

Table [ { i i R, Re [Mean[ bin [R, i i ] ] ] } , { i i , 1 , max/R} ] ;

Export [ "ARG6bin" <> FileBaseName@fileName <> " . csv " ,
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Al lRea lP lotVal s ] ;

(∗ p l o t and expor t r e s u l t i n g graphs ∗)

AbsolutePlot =

ListPlot [

Table [ { ( i i R) − R∗0 .5 , Abs [Mean[ bin [R, i i ] ] ] } ,

{ i i , 1 , max/R} ] ,

Frame −> True ,

FrameLabel −> { " r ␣ (nm) " ,

"Abs [ ␣ \ !\ (\∗ SubscriptBox [ \ ( g \) , ␣ \ ( 6 \ ) ] \ ) ( r ) ␣ ] " } ,

Labe lSty l e −> Di r e c t i v e [Black , Large ] ,

FrameStyle −> Di r e c t i v e [ Thick , Black ] ,

PlotStyle −> Blue ,

PlotLegends −> { "G6" <> FileBaseName@fileName

<> "_bin25 " }~

Placed ~{0 .5 , 1} , PlotRange −> {{0 , max} ,

{0 , 0 . 8 0 } } ] ;

A l lP lo t =

ListPlot [

Table [ { ( i i R) − R∗0 .5 , Abs [Mean[ bin [R, i i ] ] ] } ,

{ i i , 1 , max/R} ] ,

Frame −> True ,

FrameLabel −> { " r ␣ (nm) " ,

"Abs [ ␣ \ !\ (\∗ SubscriptBox [ \ ( g \) , ␣ \ ( 6 \ ) ] \ ) ( r ) ␣ ] " } ,

Labe lSty l e −> Di r e c t i v e [Black , Large ] ,

FrameStyle −> Di r e c t i v e [ Thick , Black ] ,

PlotStyle −> Blue , PlotLegends −>

{ " al lG6 " <> FileBaseName@fileName <>
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" _bin25 " }~

Placed ~{0 .5 , 1} , PlotRange −> {{0 , max/R} ,

{0 , 0 . 8 0 } } ] ;

RealPlot =

ListPlot [Table [ { i i R, Re [Mean[ bin [R, i i ] ] ] } ,

{ i i , 1 , max} ] ,

Frame −> True ,

FrameLabel −> { " r ␣ (nm) " ,

"Re [ ␣ \ !\ (\∗ SubscriptBox [ \ ( g \) , ␣ \ ( 6 \ ) ] \ ) ( r ) ␣ ] " } ,

Labe lSty l e −> Di r e c t i v e [Black , Large ] ,

FrameStyle −> Di r e c t i v e [ Thick , Black ] ,

PlotStyle −> Blue ] ;

G6plotZero =

ListPlot [Table [ { i i , pa i r [ i i , i i ] } ,

{ i i , 1 , Length [ data ] } ] ,

Frame −> True ,

FrameLabel −> { " p a r t i c l e ␣number " ,

" \ !\ (\∗ SubscriptBox [ \ ( g \) , ␣ \ ( 6 \ ) ] \ ) ( 0 ) " } ,

Labe lSty l e −> Di r e c t i v e [Black , Large ] ,

FrameStyle −> Di r e c t i v e [ Thick , Black ] ,

PlotStyle −> Blue ] ;

Export [ "G6_bin " <> FileBaseName@fileName <> " . png " ,

AbsolutePlot ] ;

Export [ "RP_bin" <> FileBaseName@fileName <> " . png " ,

RealPlot ] ;

Export [ " G6PlotAll_bin " <> FileBaseName@fileName

<> " . png " , G6plotZero ] ;
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NeighbsPlot =

Table [Show [Graphics [ SurroundingPoints [ i i ] ,

{ i i , 100 , 105} ] ,

Graphics [ MidPoints [ i i ] , {100 , 1 0 5 } ] ] ,

{ i i , 100 , 1 0 5} ] ;

I n t e r a c t i vPo i n t s =

Manipulate [

Show [Graphics [ SurroundingPoints [ i i ] ,

{ i i , 1 , 100} ] ,

Graphics [ MidPoints [ i i ] , { i i , 1 , 1 0 0 } ] ] ,

{ i i , 1 , 100 , 1 } ] ;

]

(∗EXECUTE THE CODE BELOW FOR A SINGLE FILE∗)

f i l e s = FileNames [NotebookDirectory [ ] <> " ∗ . txt " ] ;

Do[ Print [ " Proce s s ing ␣ f i l e ␣ " , f i l e s [ [ n ] ] ] ;

p r o c e s sF i l e [ f i l e s [ [ n ] ] ] , {n , 1 , Length [ f i l e s ] } ]
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Appendix D

Permissions
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