
ABSTRACT 

JOHNSTON-PECK, AARON CHARLES. Synthesis, Processing, and Characterization of 
Magnetic Nanoparticles for use in Bit-Patterned Media. (Under the direction of Dr. Joseph B. 
Tracy). 
 

 Self-assembled monolayer arrays of ferromagnetic nanoparticles (NPs) may enable 

future magnetic recording with areal densities in the terabits per square inch regime.  A 

transition from conventional granular media to bit patterned media (BPM) presents numerous 

engineering challenges to which unsatisfactory solutions will result in read and write errors 

and self-erasing media.  To successfully implement monolayer arrays of ferromagnetic NPs 

as BPM, the following are required: (1) NPs assembled into a regular pattern with 

circumferential periodicity and equal spacing between bits, (2) uniform magnetic response, 

which requires uniform volume, shape, composition, crystalline phase, magnetic anisotropy 

constant and orientation of the crystal axes, (3) minimal interparticle magnetostatic 

interactions, and (4) thermal stability for extended periods of time (resistance to 

superparamagnetism).   

 This dissertation presents a series of studies that address several of the 

aforementioned engineering challenges. The basis of these studies is the wet-chemical 

synthesis of ligand-stabilized Ni, Co, and FePt NPs.  Two projects examine the synthetic 

control of Ni(core)/NiO(shell) and Co(core)/CoO(shell) NPs and their magnetic properties.  

Control of synthetic reactions conditions, specifically ligand type and concentration, dictates 

NP size.  Subsequent magnetic characterization revealed that magnetic properties and 

exchange bias in particular strongly depend on NP size and oxide shell thickness.  In another 



project, the feasibility of self-assembly of NP monolayers via spin-casting and the 

implementation of analytical techniques to quantitatively characterize the structure of NP 

monolayers was investigated.  The final two projects involve incorporation of FePt NPs into 

alumina thin films.  The alumina thin film stabilizes monolayers of FePt NPs and facilitates 

sinter-free phase transformation into FePt intermetallic phases.  Transmission electron 

microscopy characterization reveals that phase transformations from the alloy into 

intermetallic phases strongly depend on the NP composition.   

 The application of analytical, structural and magnetic characterization techniques to 

magnetic NPs elucidated how NP synthetic and self-assembly conditions determine the 

material structure and properties.  These studies provide solutions and insight into 

overcoming superparamagnetism, controlling the structures of NPs, and fabricating periodic 

NP assemblies for the application of BPM. 
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CHAPTER 1 

Bit-Patterned Media 

 

1.1 Introduction to Magnetic Storage Media 

 Hard disk drives (HDDs) used in devices such as personal computers are possibly the 

most recognizable and widely implemented form of magnetic storage.  Magnetic storage 

utilizes magnetization patterns in magnetizable media to store data.  In digital devices, two 

stable magnetic states, specifically the positive and negative remnant magnetized states, are 

used to encode the data in the binary numeral system of 0’s and 1’s.  The first HDD became 

commercially available in 1956 from IBM, since then the capacity and areal density have 

dramatically increased while the access time, power consumption, and price have decreased 

drastically.  To continue this trend of ever increasing areal density and associated benefits 

(cost reductions, faster access times, etc.) intrinsic limitations of the architecture and 

materials used in the fabrication of HDDs must be addressed.   

 HDDs consist of a platter made from a non-magnetic material that is supported on a 

spindle whose function is to spin the platter.  The platter is coated with a thin polycrystalline 

film of magnetic material, in which data is stored.  Read and write heads move closely over 

the surface of the platter and detect and modify the magnetization of the polycrystalline film.  

Data is encoded by orienting magnetic moments of the ferromagnetic material along specific 

directions. Therefore the data is stored as binary bits as a function of changes in 

magnetization direction.  

 
 

1



 

 The ferromagnetic polycrystalline film is comprised of non-uniform grains that vary 

in size and crystallographic orientation.  Bits are comprised of assemblies of 50-100 of these 

grains.  The magnetic field of the write head orients the magnetic moments within the 

individual grains toward the applied field direction, such that the average remnant 

magnetization within a magnetic bit points along one of two possible directions.  The 

boundary between each bit does not have a straight-line boundary but rather follows grain 

boundaries in a transition that only approximates a discrete straight line.  This results in jitter 

(modulated noise).1  Therefore, increasing storage density by decreasing the number of grains 

that make up a single magnetic bit will increase noise levels because the boundary roughness 

becomes a greater fraction of the bit length.  Consequently, the signal to noise ratio of each 

magnetic transition would increase preventing accurate readback and therefore is not a 

feasible option.  An alternative approach to increase the storage density necessitates 

decreasing the grain size.  This route has been pursued vigorously, and present grain sizes are 

now approximately 8-10 nm in diameter.  Further reduction in grain size is not option due to 

thermally induced instabilities in the magnetization of the individual grains, an effect known 

as superparamagnetism, whose onset is a function of volume and the magnetic anisotropy of 

a material.  Instabilities of the magnetization directions are unacceptable because this results 

in data corruption. 

 To reiterate two significant challenges are posed that inhibit the further increases in 

storage density of HDDs.  The current format of the magnetic media is inherently inefficient 

due to the fabrication process that produces a random granular film requiring collective 

averaging of several grains to get predictable and uniform magnetic response.  The second is 
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an intrinsic material property limitation that becomes prevalent as grain sizes are reduced to 

the nanoscale.  This means the architecture of magnetic storage needs to be redesigned as 

well as the implementation of more thermally stable magnetic materials. 

  

1.2 Introduction to Bit-Pattern Media 

 Bit-patterned media (BPM) using high magnetic anisotropy materials offers a solution 

to both these problems.  The idea of using discrete ferromagnetic entities in magnetic media 

and specifically BPM was suggested in the early 1990’s.2-4  BPM consists of a periodic array 

of discrete single-domain magnetic elements where each element functions as its own bit. 

Through appropriate material selection each magnetic element can have a uniaxial magnetic 

anisotropy.  This reduces the number of possible magnetization directions to two, for 

example up and down orthogonal to the plane of the substrate, which could represent 1 and 

0.5  This format has numerous advantages over conventional granular media.  First, in some 

regards the write process is simpler because the location and shape of the magnetic bit is 

predefined, and only the magnetization direction needs assigning.  Second, transition noise is 

eliminated because the bits are now defined by the discrete isolated physical location of the 

magnetic elements and not by the contacting irregular grain boundaries in a thin film.  Third, 

very high areal densities are achievable because the onset of superparamagnetism is 

determined by the volume and anisotropy of the magnetic element representing the entire bit, 

rather than by individual grains that comprised the bit.  Therefore, a bit can be represented by 

a single entity measuring several nanometers in each dimension rather than 50-100 grains 
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measuring several nanometers in each dimension.  In BPM, bits would be smaller and could 

be packed more densely, allowing areal densities above 1 Terabit/in2.2-4  

  

1.3 Technological Challenges of Bit-Patterned Media 

 BPM is a promising solution to overcome the insurmountable limitations of 

continuous granular magnetic media.  The paradigm shift of moving from granular to discrete 

media presents unique challenges that must be addressed before BPM can be implemented.  

By switching storage formats from continuous to BPD media, physical limits are traded for 

engineering challenges.  

 An important design criterion for any storage media is to minimize the occurrence of 

read and write errors.  Understanding the origins of these errors in BPM will identify the 

engineering challenges of BPM.  In BPM, the bits are now physically defined by the 

fabrication process, whereas in conventional media, the bit positions are defined by the head 

position at the time when the write field is applied.  This difference will manifest itself in the 

form of many engineering challenges because during the writing process the applied field 

must be synchronized with the physical location of the elements.6  During the read process 

several sources of noise exist.  These sources are due to variations in (1) bit spacing, (2) bit 

diameter, thickness, and shape, and (3) saturation magnetization this corresponds to a signal 

to noise ratio (SNR) of  

  2 2

1
( 7)( ) ( )

Ds D D

SNR
s Dπ σ σ

=
− + 2      (1.1) 
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where 
Ds Dsσ  and D Dσ  are the variations in bit spacing and size, and which are treated as 

Gaussians functions that are considered statistically independent.5  During the write process, 

as the write-head travels over the bits only during a small window of time will the intended 

bit be properly recorded.  Deviations from this write window will result in the bit not being 

properly written or another bit being written instead.  As a practical issue one cannot adjust 

the timing individually for each bit but rather an average time between dots must be defined,7 

therefore necessitating periodic control of bit locations.  Write-in errors are a result of (1) 

variations in dot spacing, (2) variations in switching field (switching field distributions of the 

individual bits cause variations of the writing position or times which can lead to written-in 

errors due to lack of synchronization due anisotropy field variations for single domain 

particles following the model of coherent rotation), (3) if the required switching field is 

larger than what the write head can apply, and (4) bit interactions (magnetostatics) changing 

the required switching field.6-12   

 These factors impose several requirements that need to be satisfied when fabricating 

the media.  For an ideal case:  First, the magnetic bits must be assembled into a regular 

pattern with circumferential periodicity with equal spacing between bits.  Second, the 

magnetic bits should have a uniaxial magnetocrystalline anisotropy axis.  Third, the magnetic 

bits should have uniform magnetic response meaning that the volume, shape, composition, 

crystalline phase, magnetic anisotropy constant and orientation of the crystal axes are the 

same.  Forth, interparticle magnetostatic interactions should be eliminated.  In practice, 

however it is impractical (e.g. eliminating all magnetostatic interactions would limit the areal 

density) and unnecessary, as small levels deviations can be present without introducing 
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unacceptable levels of writing and reading errors.  Fifth, the magnetic bits are thermally 

stable for extended periods of time.    

 

1.4 Nanoparticles as a Bit-Patterned Media 

 Several techniques have been considered for BPM fabrication including lithography 

(optical, X-ray, and electron beam) and templates.  Direct production of BPM by lithography 

depending on the specific technique used would suffer from one or multiple of the following 

limitations: expense, resolution limitations with respect to patterning features in the 

nanometer size range, and long write times.  Templating or patterning approaches using 

diblock copolymers or anodic anodized alumina while cost effective tend to have issues with 

achieving precise and reproducible long range ordering, and structures with circular 

geometry has not been reported yet.  Using lithography to create a master and then stamp 

replicas, much like how CDs are produced is another approach that shows promise but may 

be difficult to implement due to engineering requirements associated with the materials used 

in magnetic media and the feature size needed in BPM.13 

 Nanoparticles (NPs) provide an exciting and promising opportunity to address the 

engineering challenges associated with BPM.  Self-assembled monolayer arrays of NPs could 

be implemented as the recoding media where each NP then functions as a bit.  NPs have the 

ability to self-assemble into periodic monolayer structures.  Several techniques have been 

reported to successfully fabricate monolayers structures with long range ordering including 

Langmuir-Blodgett,13 dip-coating,14 spin coating,15 and assembly at liquid-air interfaces with 

no lateral pressures applied.16  Additionally, the presence of ligands on the NP surface 
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enables engineering of the assembly process and facilitates control over parameters including 

the packing configuration and interparticle spacing.17  Size tunable NPs can be achieved 

through wet-chemical synthesis with narrow size distributions (≤ 5 %).18  NP materials with 

applications in magnetic storage such as Co19 and high-magnetic-anisotropy materials 

including FePt20 and CoPt18 have been synthesized.   

 While immense progress in the field of NP synthesis, assembly, and magnetism has 

been made, significant hurdles still exist before NPs can be used in BPM.  Assembly of NPs 

into monolayers on the wafer scale remains a challenge.  While reports of patterning entire 

substrates with NPs exists21 these reported assemblies are closed packed in geometry and 

contain imperfections such as voids, point and line defects, multiple layers, and domain 

boundaries.  Furthermore, the magnetic easy axis of the NPs when assembled through these 

techniques is random rather than lying along a preferred direction. Ferromagnetic NPs are 

susceptible to superparamagnetism.  Therefore, there is a lower size limit for NPs, before 

they are no longer useful for BPM.  To address this problem, materials must be used that 

have very high magnetocrystalline anisotropy such as the L10 phases of FePt or CoPt.  

Alternatively, exchange bias can be used to enhance anisotropy thus preventing the onset of 

superparamagnetism.22,23  In both cases, several engineering challenges exist.  High-

anisotropy L10 NPs they are typically synthesized in the A1 phase rather than the 

intermetallic phase and must be thermally treated for conversion into the intermetallic phase, 

which can induce sintering between NPs and a loss of their monodisperse size distribution. 

To implement exchange bias requires incorporation of an antiferromagnetic material. 
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 In summary, NPs offer great promise for BPM, but additional research is needed to 

overcome (1) the onset of superparamagnetism, (2) uniform easy axis alignment, (3) 

synthetic control of NPs, and (4) scale and quality of assembly into monolayers.               

          

1. 5 Thesis Goals and Overview 

 This thesis covers a series of studies that deal with the synthesis, assembly, and 

engineering of magnetic NPs with the explicate goal of their incorporation into magnetic 

storage media.  Specifically, the studies here attempt to address or provide solutions to 

overcoming the superparamagnetic limit, synthetic control of nanoparticle properties, studies 

of exchange bias, as well as the self assembly of NPs.   

 Following this chapter on the motivations for this thesis are chapters introducing the 

basic science of magnetism, assembly of NPs, film growth, and characterization tools.  Each 

project will then be presented in a self-contained chapter that covers pertinent background 

information, experimental methodology, results, discussions, and conclusions.  Two projects 

examine the synthetic control of Ni and Co NPs and the subsequent control of the magnetic 

properties.  Next a project investigates the feasibility of the formation of NP monolayers by 

spin-casting.   Following these are two projects on the incorporation of NPs and thin films, a 

relatively unexplored field that holds great potential.  Monolayers or multilayers of NPs 

incorporated into matrices provides many unique properties including extrinsic control of the 

NPs, high temperature stability, and many other applications not yet realized.   Finally, the 

report will conclude with a summary of the findings and their significance.       
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CHAPTER 2 

Introduction to Magnetic Materials 

 

2.1 Origin of Magnetism 

 The magnetic properties of a material are dictated by electron motion.  Even though 

the nuclear magnetic moments of the nuclei exist, in a material the magnitude of those 

moments are negligible by comparison to the electrons’ magnetic moments and can be 

neglected for the purpose of discussing and understanding the macroscopic magnetic 

properties of bulk materials.  Electrons both move around a nucleus (orbital angular 

momentum) and exhibit spin (spin angular momentum).  The manner in which the electrons 

and their associated momentums interact and align with respect to one another defines the 

magnetic response.  Diamagnetism occurs when all the magnetic moments of all the electrons 

are oriented such that the vector sum of the magnetic moments is zero.  For instance, filled 

atomic subshells will have no net moment because the electron pairs have opposite spin 

(Pauli exclusion principle) and the net orbital motion is also zero.  Therefore every material 

has a diamagnetic component which manifests as a magnetic moment opposing the applied 

field (a linear negative magnetic susceptibility) because an applied field will increase the 

orbital magnetic moments of those electrons aligned opposite the field, and decreases the 

ones aligned parallel to the field, as described by Lenz’s Law.   

 However if unpaired electrons exist the diamagnetic component is negligible and the 

vector sum of all the moments is nonzero, the material is then para-, ferri-, ferro-, or 
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antiferromagnetic.  If the unpaired electrons do not interact, when an external magnetic field 

is applied the magnetic moments align in the same direction as the applied field (a positive 

linear magnetic susceptibility), a response known as paramagnetism.  If the unpaired 

electrons interact, the material is ferri-, ferro-, or antiferromangetic.  Unique to these forms of 

magnetism is the existence of spontaneous ordering of the magnetic moments in a solid 

below a critical temperature, for both ferro- and ferrimagnets, it is known as the Curie 

temperature (TC) and for antiferromagnets is the Néel temperature (TN).  In the case of 

ferromagnetism, the spins align parallel to one another, and their moments add. If the spins 

have antiparallel alignment and their moments cancel, then the material is antiferromagnetic. 

If there are two different sublattices, where the magnitudes of the opposing moments are 

different, then the material is ferrimagnetic.  Above the Néel and Curie temperatures, 

magnetic ordering vanishes and the materials become paramagnetic.   

 This collective response of the moments is the result of exchange interactions.  A 

direct exchange interaction occurs when electron orbitals overlap.  This interaction is a 

quantum mechanical effect between sub-atomic particles, in this case electrons, which 

influences magnetic behavior.   

 A model can be assumed of two unpaired electrons on neighboring atoms with 

wavefunctions ψa(r1) and ψb(r2), where r1 and r2 indicate their positions.  Because electrons 

are fermions and cannot occupy the same quantum state an antisymmetric wave function will 

be produced.  Therefore either a singlet state (antisymmetric spin with a symmetric wave 

function) or triplet state (symmetric spin with an antisymmetric wave function) will form.  

The corresponding wavefunctions and energies are:          
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  ( ) ( ) ( ) ( )1
2S a b a b Sψ ψ ψ ψΨ = +⎡⎣ 1 2 2 1r r r r χ⎤⎦    (2.1)  

  ( ) ( ) ( ) ( )2
1

2T a b a b Tψ ψ ψ ψΨ = −⎡⎣ 1 2r r r r χ⎤⎦1    (2.2) 

         (2.3) * d dS S SE H= Ψ Ψ∫ 1 2r r

         (2.4) * d dT T TE H= Ψ Ψ∫ 1 2r r

where H  is a Hamiltonian.  Then taking into account the spin contributions  

       (2.5) 2 2 2
1 2 = (  + )  = S + S + 2 · 2

1 2 1S S S S S2

for which the scalar product is 

  
3 if 0 (singlet)
4
1 if 1 (triplet)
4

1 3( 1)
2 4

total

total

S

total total S
S S

− =

+ =

⎧
= + − = ⎨

⎩
1 2S · S    (2.6) 

An effective Hamiltonian describing the energy can be expressed as1 

  1 = ( 3 ) ( )
4 S T S TH E E E E+ − − 1 2S ·S      (2.7) 

where the second half the equation is spin dependent.  In order to determine which state is 

lower in energy, we define a term known as the exchange integral, J: 

    (2.8) ( ) ( ) ( ) ( )* *
12 d

a bS T a bJ E E Hψ ψ ψ ψ= − = ∫ 1 2 2 1r r r r r d 2r

If the exchange integral J is positive then the triplet state with Stotal = 1 is energetically 

favored and the material is antiferromagnetic or ferrimagnetic.  However if the exchange 

integral J is negative then the singlet state with Stotal = 0 is energetically favored and the 

material is ferromagnetic.  However, this model is not suitable for all types of materials due 

to differences in the nature of bonding within each material.  Longer-range indirect exchange 
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(superexchange, double-exchange, RRKY exchange) is important in specific material classes 

(e.g., ionic compounds, metal oxides, and rare earths).   Therefore multiple models are 

necessary to describe the different physical phenomena.  

 

2.2 Magnetic Anisotropy 

 The magnetic anisotropy of a material will strongly influence its response to applied 

magnetic fields.  There are several sources of magnetic anisotropy including 

magnetocrystalline (crystalline), shape, mechanical stress, processing (annealing, 

deformation, irradiation), and exchange anisotropy (exchange bias).   

 

2.2.1 Magnetocrystalline Anisotropy 

 Of particular importance is the magnetocrystalline anisotropy because of its intrinsic 

nature.  Experimentally, a single crystalline material will magnetize differently along 

crystallographic orientations.  The crystal directions along which the moments preferentially 

point are called “easy” axes; the energetically unfavorable directions are called “hard” axes.  

This behavior has its origins in the spin-orbit interaction (an interaction of electron spin with 

its motion).  Since electron orbitals are linked to crystal structure, the moments (spins) will 

tend to align along well-defined (easy) crystal axes.  To switch the direction of the moments 

lying on an easy axis (as would occur when the direction of an applied external field is 

switched) a certain amount of energy is necessary, known as the magnetocrystalline energy 

(EA).  The magnetocrystalline energy per unit volume is represented by a power series of the 

form 

 
 
14



 

  2sin no
a un

no

EE K
V

θ= =∑       (2.9) 

but it is generally satisfactory to discard higher order terms, thus simplifying the equation to  

  2
1 sina uE K θ=        (2.10) 

where Ku1 is called the first magnetocrystalline anisotropy constant or when higher order 

terms are neglected it is rewritten as K , the magnetocrystalline anisotropy constant.  The 

angle between the magnetization direction and the easy axis is denoted by θ.  The 

magnetocrystalline anisotropy constant depends on temperature and decreases to zero upon 

approaching the Curie or Néel temperature, because the material becomes paramagnetic at 

these temperatures, and the magnetic ordering is consequently isotropic.  Furthermore, the 

magnitude of the K can be used to separate materials into the classifications, specifically as 

hard or soft materials.  Hard magnets have large magnetocrystalline anisotropy constants 

(therefore large coercivities) and soft materials have small magnetocrystalline anisotropy 

constants (therefore small coercivities) but often have large saturation magnetizations. 

  

2.2.2 Exchange Anisotropy 

 Exchange anisotropy, also known as exchange bias, is of particular technological 

importance because it can increase the coercivity and superparamagnetic blocking 

temperature, as well as define an arbitrary unidirectional anisotropy direction in 

ferromagnetic materials.  It is an interfacial phenomenon, in which an exchange interaction 

occurs between coupled ferromagnetic and antiferromagnetic materials.  Exchange bias was 

first reported in the Co/CoO system by Meiklejohn and Bean in 1956.2  While the 
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phenomenological origin of exchange bias is understood, the microscopic manner in which 

this exchange interaction between the spins then manifests itself into exchange bias is not 

thoroughly understood, and many competing models explaining this behavior exist.3-6  In 

simple terms, exchange bias can be described as the alignment spins at the interface of a 

ferromagnetic/antiferromagnetic couple.  When this couple is field cooled through the Néel 

temperature of the antiferromagnet, the spins at the interface of both the ferromagnet and 

antiferromagnet will align parallel to each other.  The ferromagnet is strongly exchange-

coupled to the antiferromagnet and will have its interfacial spins pinned.  Because 

antiferromagnets generally have higher magnetocrystalline anisotropy than ferromagnets, this 

pinning requires extra energy to overcome and reverse the moment of the ferromagnet, which 

increases the coercivity.  However, the pinning occurs in one direction only, and this 

asymmetry causes the hysteresis loop to shift from the origin (H=0).  A shifted hysteresis 

loop is the classical signature of exchange bias, but as previously stated, the coercivity and 

superparamagnetic blocking temperature of the ferromagnet can increase as well. 

 

2.3 Superparamagnetism 

 Superparamagnetism is a pertinent and persistent phenomenon in the nanoscale 

regime because is it a volume effect.  In bulk ferromagnetic materials, ordering of the 

moments becomes random above the Curie temperature, but in nanomaterials a transition 

from the ferromagnetic state to a paramagnet-like (the superparamagnetic state) can occur 

well below the Curie temperature.  Superparamagnetism can have serious implications for 

products that rely on the moments of the material to be stable (e.g. magnetic data storage).  
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This phenomenon occurs as thermal energy (kBT) becomes comparable to the 

magnetocrystalline anisotropy energy (EaV), which removes confining energy barriers and 

allows the moments to fluctuate between easy axes.  The average time between flips, known 

as the Néel relaxation time, is described by: 

  expn o
B

KV
k T

τ τ
⎛ ⎞

= ⎜
⎝ ⎠

⎟        (2.11) 

where τn is the average time between flips and τo is the material-dependent attempt frequency 

with an approximate value of 10-9 s.  This equation can be rewritten to give the temperature 

at which the material will transition from ferromagnetism to superparamagnetism.  The 

temperature at which this occurs is referred to as the superparamagnetic blocking temperature 

and is defined as: 

  b
B

KVT
k C

⎛ ⎞
= ⎜
⎝ ⎠

⎟            (2.12) 

where ( 0ln nC )τ τ=  and is typically defined by experimentalists as being equal to 25 

(corresponds to ~ 1 min), whereas the magnetic storage industry requires C to be 50-70 

(corresponds to > 10 years).7  Therefore, for the purposes of magnetic storage, it can be 

rewritten to estimate the magnetocrystalline anisotropy a material must possess to remain 

stable at given temperature for a given size 

  b bT CkK
V

=          (2.13) 

If one assumes room temperature, C=50, and a spherical particle of 10 nm, a material 

possessing a magnetocrystalline anisotropy of greater than 1.2×106 J/m3 would be necessary.  
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This means that only intrinsically very hard materials or those with additional anisotropy 

sources, can be used for ultra-high density BPM. 

 

2.4 Single-Domain Limit 

 In the previous section it was stated of ferromagnetism all the magnetic moments will 

point in the same direction due to the exchange interaction, but domain formation is a process 

that must also be considered for sufficiently large NPs and bulk ferromagnets.  In the absence 

of a saturating applied magnetic field, a sufficiently large ferromagnetic material will not be 

uniformly magnetized but rather will split into domains, individual regions where all the 

moments align.  The net moment of each individual domain will align in different directions 

with respect to one another.  This behavior is driven by energy minimization, specifically 

from magnetostatics.  The moments in a domain generate a dipolar field, which will tend to 

align moments lying side-by-side in the opposite direction.  The formation of domains 

requires energy to form domain walls.  Therefore, small NPs consist of a single domain, if 

the savings in magnetostatic energy ( ( ) 2 3
04 9ms sE M rμ πΔ ≈ , assuming a spherical particle) is 

less than the energy cost associated with forming a domain wall ( ( )1 22 24dw r r AKσ π π= ) 

where Ms is the saturation magnetization and A is the exchange stiffness constant (a measure 

of strength of coupling between neighboring spins).  This assumes the domain wall in the NP 

is the same structure as that of a bulk material which is an acceptable approximation if the 

anisotropy of the NP is large enough to maintain the orientation of the moments along the 

easy axis.  If the anisotropy is small, the moments will align along the surface poles and 
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follow the NP surface and this confinement effect increases the exchange energy contribution 

and a different equation is needed.  Therefore a NP with large K ( 2
0 6SMμ≥ ) will have a 

corresponding critical radius of 

  
1 2

2
0

( )9c
S

AKr
Mμ

≈         (2.14) 

whereas a NP with small K will have a critical radius of 

  2
0

299 ln c
c

S

rAr
M aμ

⎡ ⎛ ⎞= ⎜ ⎟⎢ ⎝ ⎠⎣ ⎦
1⎤− ⎥        (2.15)    

above which multiple domains will form.  Calculated-single domain limits for Co, Ni, and 

FePt are 80, 85, and 55 nm, respectively.  Therefore, all materials reported in this dissertation 

are in the single domain regime.8   

 

2.5 Magnetic Measurements 

2.5.1 Temperature Dependent Measurements 

 A representative M vs. T curve is shown in Figure 1.  The DC measurement of 

magnetization (M) versus temperature (T) in a small applied field is performed on magnetic 

NPs in order to determine the transition temperature between ferromagnetism and 

superparamagnetism. The sample is cooled in zero applied field to low temperature below the 

superparamagnetic blocking temperature.  A small measuring field (100 Oe in our case) is 

applied, and the sample is heated, while measuring the magnetization as a function of 

specimen temperature.  First, when the sample is cooled it becomes ferromagnetic as the 

temperature is lowered below the superparamagnetic blocking temperature.  When the field 
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is applied, the magnetic moments are driven to align in the direction of the field due to the 

Zeeman energy ( 0ZE MHVμ= − ).  However, the magnetocrystalline anisotropy dominates at 

low temperatures and keeps the moments aligned with the randomly-oriented NPs easy axes, 

which gives a low measured moment.  Upon heating, the increased thermal energy provides 

magnetic moments sufficient energy to overcome the magnetocrystalline anisotropy energy 

and to point toward the magnetic field direction.  However, at the superparamagnetic 

blocking temperature, there is a greater mean component of the fluctuating moments oriented 

in the field direction, which causes the magnetization to reach a maximum value.  Upon 

further heating, the proportion of moments pointing in the applied field direction decreases, 

and the measured magnetization accordingly decreases.  The magnetization behavior of 

superparamagnets obeys a Langevin function, which also describes the behavior of classical 

paramagnets.  The temperature at which the magnetization peaks is assigned as the blocking 

temperature (TB).            

 

 

 

 
 
20



 

 

Figure 1. Schematic temperature-dependent magnetization (M vs. T) curve of a 
ferromagnetic material. 
 
 
 
2.5.2 Field-Dependent Measurements 

 A representative M vs. H curve is shown in Figure 2.  As the applied field increases, 

the magnetization increases when the moments align in the direction of the field.  At high 

fields, if all the moments are aligned in the same direction, the magnetization reaches a 

maximum value and approaches a constant value, known as the saturation magnetization 

(MS).  Upon decreasing the field, the moments no longer align in the same direction, but there 

is hysteresis.  At zero field, there remains a net magnetization, the remanace or remnant 

magnetization (MR).  Increasing the field in the opposite direction will eventually drive the 

sample’s magnetization to zero; the magnitude of this field is known as the coercivity (HC).  

This process is then repeated as the loop is traversed going from negative to positive applied 

field or positive to negative applied field.  Below the superparamagnetic blocking 

temperature, the specimen will present an open loop (HC > 0), while above the 
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superparamagnetic blocking temperature the specimen will present a closed loop (HC = 0) 

because the moments are now fluctuating causing a loss of hysteresis. 

 

 

 

Figure 2. Schematic field dependent magnetization (M vs. H) curve of a ferromagnetic 
material. 
 
 
 
2.6 Stoner-Wohlfarth Model 

 In bulk specimens, magnetic hysteresis is understood through domain wall motion 

and lossy processes known as Barkhausen jumps, as the domain walls jump between local 

energy minima.  However, the materials studied here are single domain and do not have 

domain walls.  Hence, another model for understanding the origin of hysteresis is necessary.  

In single domain NPs, the magnetic response is described by the Stoner-Wohlfarth (SW) 

model.  The SW model assumes an ellipsoid-shaped particle with uniaxial anisotropy along 

the long axis.  The particle is uniformly magnetized, and the moments have a strong 
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exchange interaction such that the moments coherently rotate (all moments change direction 

in unison).  The magnetization can be represented by a vector M and in the absence of a field 

would lie along the anisotropy axis.  In the presence of an applied field, the magnetization 

orients in a direction that would serve to minimize the energy of the system.  The total energy 

is the sum of the magnetocrystalline anisotropy energies (EA) and Zeeman energies (EZ): 

  0sin( ) cosA Z eff sE E E K V M VHφ θ μ= + = − − φ    (2.16) 

where θ is the angle between the direction of the magnetization and easy axis, while φ is the 

angle between the direction of the applied field and 2 2[ 2 ( )]sineff sK K M N Nπ θ⊥= + −  

where N are demagnetization factors that are determined by the aspect ratio of the ellipsoid.  

This equation can be expressed using normalized variables:    

  ( )1 cos 2 cos
4

hη φ θ φ= − − −⎡ ⎤⎣ ⎦      (2.17) 

where η represents the variable energy, 2S eh HM K ff= .  A stable energy minimum occurs if 

0η φ∂ ∂ =  and 2 2 0η φ∂ ∂ > .  By solving ( ) ( )1 2 sin 2 sinhη φ φ θ∂ ∂ = − +⎡ ⎤⎣ ⎦ φ  for h as a 

function of φ, a hysteresis plot can be generated.     

 

2.7 Magnetic Materials 

 Storage media for BPM require a combination of several physical properties.  Not 

only does the material need to have an intrinsically high magnetocrystalline anisotropy (or an 

additional anisotropy mechanism), but are also stable against oxidation and a remanent 

magnetization that is sufficient enough for detection.   Numerous ferromagnetic materials 
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exist, some of which are listed with their properties in Table 1.  The intermetallic L10 FePt 

phase is an attractive choice, owing to its high saturation magnetization and 

magnetocrystalline anisotropy.   However magnetic properties are not the only characteristic 

must be taken into consideration and as a result there currently is not an ideal material for 

ultra-high density BPM.   

 FePt NPs when synthesized by wet-chemistry techniques typically produce 

disordered (A1) phase or partially ordered L10, whose magnetic properties are inferior to 

well-ordered L10 FePt.  In the L10 phase there is a large spin-orbital coupling of the Pt 

electrons and hybridization between the Fe-d and the Pd-d states that significantly enhances 

the magnetocrystalline anisotropy.9  Transforming the NPs to the L10 phase while preventing 

sintering is a significant challenge.  Moreover, the complete phase conversion from the A1 

phase into the L10 phase becomes especially challenging as the size of the NP decreases.10  

The bulk order-disorder reaction in FePt is first order,11 but it has been shown 

experimentally12 and theoretically13,14 that it is a continuous (second order) transformation in 

NPs and dependent on size with the smallest dimension being the determining factor.12,15  

This behavior is thought to originate from surface-induced disorder, wherein the reduced 

bond coordination at the surface reduces the driving forces for ordering, and configurational 

entropy favors a disordered NP,13,14 which has been supported experimentally.16 Furthermore 

chemically synthesized FePt NPs have a Gaussian-like distribution of individual NP 

compositions.17,18  A substantial portion of the NPs will therefore be unable to form a 

structure with perfect long range order (S = 1) since equimolar concentration is required to do 

 
 
24



 

 
 
25

so.  Consequently, the magnetocrystalline anisotropy will be reduced from the value expected 

for perfect ordering.19,20   

 Alternatively, unary ferromagnetic species eliminate these issues of compositional 

control but have lower magnetocrystalline anisotropy.  Fe, Co, and Ni are susceptible to 

varying extents of oxidation.  Fe NPs are generally unstable at room temperature and will 

oxidize completely, while Co and Ni NPs will form passivating oxide layers of CoO and NiO 

respectively.  Since Co and Ni have lower magnetocrystalline anisotropy than L10 FePt, 

external sources of magnetic anisotropy could be considered for use to augment the intrinsic 

magnetocrystalline anisotropy.  Enhanced anisotropy through shape control (shape 

anisotropy) is possible but complicates both self-assembly and the NP synthesis.  Exchange 

bias could also be considered; the obvious antiferromagnet coupling choices would be CoO 

and NiO, whose extent of formation and subsequently magnetic properties can be controlled 

systematically through intentional oxidization.21  However, the Néel temperature CoO 

imposes significant limitations as it is approximately room temperature, and the anisotropy 

enhancement would not occur or could be easily reset during normal ambient operation 

conditions.



 

Table 1. Magnetic properties of select transition metals and metal oxides that are of interest for use in nanotechnology applications 
including bit-patterned media.  The critical diameter is the minimal stable grain size, (60kBT/K)1/3 (τ=10 years).22  Except where 
noted, all data are from reference.23     
 
 
Material Magnetic Structure Crystalline 

Structure 
MS (290K) 
(emu/cm3) 

μB TC or TN 
(K) 

K (J/m3) @ 
RT 

Critical 
Diameter (nm) 

Co Ferromagnetic FCC 1440 1.75 139024   
Co Ferromagnetic HCP 1440 1.72  4.1 * 106 8.5 
Co Ferromagnetic Cubic  1.7025  (1.5 * 106)26 11.8 
CoO Antiferromagnetic Rocksalt   29127   
Co3O4 Antiferromagnetic Spinel   4028    
Ni Ferromagnetic FCC 485 0.606 627 -4.5 * 104  38.1 
NiO Antierromagnetic Rocksalt   52527   
Fe Ferromagnetic BCC 1707 2.22 104424 4.8 * 105 17.3 
FePt Ferromagnetic FCC    (1.1 * 105)29 28.3 
FePt Ferromagnetic FCT 114030  75030 (6.6 *107)30 3.4 
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CHAPTER 3  
 
Self-Assembly of Nanoparticles 
 
 
 
 Many proposed applications of nanomaterials require organization into ordered 

structures.  It is an immense challenge to controllably arrange potentially trillions of NPs that 

cannot be seen or controlled using established fabrication methods.  Allowing naturally 

occurring forces to spontaneously organize disordered NPs into ordered structures, a process 

known as self-assembly, is arguably the most promising method to overcome this challenge.  

A great deal of research has been conducted in this field, and much progress has been to 

improve the length scale and quality of assemblies.  To fabricate these higher-ordered 

structures from nanomaterials in a controlled fashion requires both an understanding of 

interparticle interactions and the ability to modify them. 

 

3.1 Forces Guiding Self-Assembly 

 Different interaction forces may exist between NPs whose magnitude and range of 

interaction will have implications if the NPs assemble into order structures or agglomerate 

into disordered arrangements.  In terms of ferromagnetic ligand-stabilized NPs, the most 

relevant forces are van der Waals, magnetic dipole-dipole, and steric, but other forces may 

contribute.  

 Van der Waals forces originate from electromagnetic fluctuations and therefore exist 

between any two NPs. Van der Waals interaction can be described by three kinds of 

interactions, Keesom forces (two permanent dipoles), Debye forces (permanent dipole and a 
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corresponding induced dipole), and London dispersion forces (two instantaneously induced 

dipoles).  To approximate the net interaction energy, one can integrate these forces over the 

volumes of two NPs represented by two spheres of radii r1 and r2, separated by a center-to-

center distance d1: 

  
2 2

1 2 1 2 1 2
2 2 2 2 2

1 2 1 2 1 2

( )1 ln
3 ( ) ( ) 2 ( )vdW

r r r r d r rAU
d r r d r r d r r
⎡ ⎤⎛ ⎞− +

= + +⎢ ⎥⎜− + − − − −⎝ ⎠⎣ ⎦
2 ⎟  (3.1) 

where A is the Hamaker coefficient which is equal to  

  
2

1 2

vdWCA
v v
π

=         (3.2) 

where CvdW is a constant and v is the molar volume of a material.2  For a monodisperse 

sample of NPs with radii that are approximately the same (r1≈r2), the interaction energy can 

be simplified to  

  
2 2 2 2

2 2 2 2

1 4ln
3 4 2vdW
A r r d rU

d r d d
⎡ ⎤⎛ −

= + +⎢ ⎥⎜− ⎝ ⎠⎣ ⎦

⎞
⎟     (3.3)

 However, this model may not be completely appropriate for NPs because the faceted 

surfaces and discrete arrangement of atoms in a NP violates the continuum assumptions 

made, specifically the presence of smooth geometric surfaces and constant dielectric 

properties.3  Therefore, a more rigorous mathematical treatment rather than a simple 

integration may be more appropriate.4 

 Columbic forces unexpectedly can occur between ligand stabilized NPs in nonpolar 

solvents because electric charges may be present5,6 and are tunable by changing the 
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chemistry of surface ligands.7  The interaction energy between two point charges, in this case 

assumed to be on the surface of two NPs, is described by the Columbic potential  

      1 2

04Coul
q qU

Dπεε
=        (3.4) 

where q is a point charge, ε the dielectric constant, and D the distance between the two 

charges.  Columbic and charge-dipole forces have been attributed with the formation of 

ordered structures whose packing is less dense than if van der Waals forces solely dictated 

the assembly.8   

 
 Ferromagnetic NPs will experience magnetic dipole-dipole interactions that can also 

influence the assembly process.  The dipole-dipole energy between two spherical NPs can be 

written as 

  ( )( )1 2
1 23 2

31
4 dDDU
π

⎛ ⎞
= −⎜

⎝ ⎠

m d m d
m m

d
i i

i ⎟     (3.5) 

where m is the moment of each NP and d is the separation between the NPs.  Depending on 

the spatial relationship between two NPs and orientation of the dipoles the dipole-dipole 

interaction may be attractive or repulsive,9 but if the NPs are sufficiently mobile to reorient, 

the interactions will generally be attractive.  NP size will strongly influence the dipolar 

coupling behavior because the moment of the single-domain NPs scales with the volume 

(m=MsV).  Moreover, if the NPs are superparamagnetic rather than ferromagnetic the dipolar 

coupling is weakened due to the fluctuating moments.  The interactions of superparamagnetic 

NPs can be approximated by  
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2

1 2
3

0

1
3 4dd

B

m mU
k T rπμ

⎛ ⎞
= − ⎜

⎝ ⎠
⎟       (3.6) 

if 3
1 2 02 6 Bm m r k Tπμ .   

 Between van der Waals and magnetic dipole-dipole interactions, there can be strong 

( ) attractive forces that could cause agglomeration rather than the formation of 

ordered assemblies.  Repulsive forces can balance these attractive forces and enable ordering.  

Steric repulsion is the force generated when two or more species overlap and occupy less 

volume than their separated structures.  In the case of NPs stabilized with ligands, when NPs 

are brought into contact the surface ligands begin to interact and the configurational freedom 

of the ligands is decreased, reducing the configurational entropy, which produces a repulsive 

force.10  For two spherical NPs the repulsion would be described by   

Bk T

  ( ) ( ) ( )
3 3

30 1 2
2

1 2

9 1 1ln 1 1 1
3 ( ) 5 3 30

B
s

k T h r rU u u u
Nb r r

π Γ 6u⎡ ⎤≈ − − − + − − −⎢ ⎥+ ⎣ ⎦
   (3.7)    

where 1 2 ,u d r r h= − − 0  h0 is the equilibrium thickness of the ligand shell, Γ is the density of 

the ligands on the surface, and N is the number of “Kuhn monomers” (the basic repeat unit of 

the ligand) each with a characteristic length b.1          

 In systems where the NP sample is polydisperse, entropic forces can drive ordering, 

where the NPs organize into regions of different sizes.  If there are two sizes of NPs in a 

solution, with radii r1 and r2 where r1 < r2, as the distance between two NPs of size r2 

decreases such that a NP of size r1 can no longer insert itself between the two, a depletion 

layer forms, as shown in Figure 1.  The depletion layer, where the ligands shells of the two 

larger NPs interdigitate, increases volume accessible to the smaller NP, by decreasing the 
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amount of inaccessible volume to the smaller NP, which decreases the energy of the system.  

The interaction energy between spheres of two different sizes is described by     

  ( ) ( )3 2 30
2 1 2 12 2 3 2

12dep
pU r r r r d dπ ⎡= − + − + +⎣

⎤
⎦    (3.8) 

where p0 is the osmotic pressure ( 0 B 0p Nk T V= , N is the number of small NPs and V0 is the 

volume of the system) and Equation 3.7 is valid over the length scales  .  

This force tends to be small for spherical NPs and insufficient to induce aggregation.1,11  

Nonetheless depletion forces are strong enough to create ordered assemblies such that large 

NPs will form the center of an assembled region, while the smaller NPs will assemble at the 

periphery.12      

2 22 2r d r r< < + 1

 

 

 

Figure 1. Schematic of an entropy-driven depletion region 
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3.2 Self-Assembly of Nanoparticle Monolayers 

 For the purposes of BPM, the desired structure would be a monolayer of NPs with a 

fixed interparticle spacing and a circular geometry.  The presence of stabilizers, whether they 

be aliphatic carbon chains with functional head groups (commonly referred as ligands), 

polymer chains, or DNA on the NP surface provides a facile means of controlling the 

interparticle spacing from ~1-20 nm.13,14  Ordered NP monolayers will typically form into 

close-packed structures, but through control of the surface ligands four-fold (square) close-

packed structures can be obtained under certain conditions.12,15  The use of patterned tracks 

or templates could conceivable enable arrays with circular geometry.16  

 Perhaps the most difficult engineering challenge associated with the self-assembly of 

NPs into monolayers for use in BPM is the length scale (>cm2) of defect-free assembly that 

would be necessary because structural defects would result in read and write errors.  Current 

reports of NP self-assembly on these types of length scales are limited and defects such as 

multilayer regions, gaps, and domain boundaries.17-20  All of these reports use the approach 

of self-assembly at a liquid-air interface, which allows the NPs time to rearrange into a well-

ordered structure before the monolayer film is transferred onto the solid substrate.  These 

reports of wafer-scale assembly reportedly took ~5-20 min of assembly time, and increasing 

the assembly time generally facilitates equilibrium ordering rather than producing assemblies 

with kinetically trapped states.21   Such long times for achieving equilibrium could be a 

bottleneck in a commercial scheme, if each HDD required the self-assembly of its BPM 

component.                 
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 One final consideration is magnetic dipole-dipole interactions and their influence on 

the assembly process.  In the previously cited reports, the large-scale assembly was 

performed using gold or superparamagnetic NPs, which had weak magnetic dipole-dipole 

interactions.  Ferromagnetic (rather than superparamagnetic) NPs have much stronger 

magnetic dipole-dipole interactions and consequently will assemble in a different fashion.  

The NPs tend not to form continuous, close-packed monolayers but instead form chain or 

ring-like assemblies, as shown in Figure 2, that minimize the magnetic interactions.9,12,22,23 

These types of assemblies are unacceptable in their current form, which presents a significant 

challenge for BPM because NPs that are ferromagnetic at room temperature are required, but 

strong dipolar coupling could destabilize bits, when magnetically-coupled neighboring bits 

are written.  Therefore, alternative routes may be necessary to form appropriately patterned 

monolayer arrays.  Hypothesized solutions to the problem may include (1) conducting self-

assembly at higher temperatures where the NPs are superparamagetic, (2) utilizing the flux-

closure behavior (which has the added benefit of naturally forming loops with the desired 

circular geometry) and controllably generating loops of appropriate dimensions and 

arrangement, or (3) assembling NPs that are superparamagnetic at room temperature and 

subsequently increasing their anisotropy post assembly through additional processing (e.g. 

phase conversion of FePt from the disordered to intermetallic phase or introduce an 

antiferromagnetic layer such that exchange bias occurs).  In this study, Route 3 was pursued 

and is discussed further in Chapters 9 and 10.  
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Figure 2. Schematic of ferromagnetic nanoparticles and their associated dipoles arranging 
themselves into (a) rings and (b) chains, thereby reducing their magnetostatic energy.   
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CHAPTER 4 
 
Thin Film Growth  
 
 
 
 For this thesis, two deposition techniques were used to grow thin films.  Atomic layer 

deposition (ALD) and pulsed laser deposition (PLD) can be classified under the general 

deposition methodologies of chemical vapor deposition (CVD) and physical vapor deposition 

(PVD), respectively.  An overview of both techniques follows.     

 

4.1 Atomic Layer Deposition 

 ALD has become an attractive choice in the semiconductor industry for the deposition 

of gate oxides in devices such as metal–oxide–semiconductor field-effect transistors 

(MOSFETs) because of the high level of control and conformality that ALD films provide.  

The high quality of the films arises from the growth mechanism. ALD (also sometimes 

referred to as atomic layer epitaxy though this terminology is less common because not all 

films grown have an epitaxial relationship) produces films in a stepwise fashion, in which a 

pair of reactants react in sequential, self-limiting steps.  The growth of metal oxides consists 

primarily of four steps: (1) metal precursor exposure (2) purging residual precursors and by-

product molecules from the growth chamber (3) exposure of the other reactant species (the 

nonmetal precursor) and (4) purging the residual reactants and by-product molecules from 

the growth chamber.  The reactions can only occur at the surface of the growing film because 

only one of the two gaseous precursors is in the growth chamber at a time.  Through 

appropriate selection of the precursor gases, the surface reactions are self-limiting because 
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the precursors are only be able to react with a finite number of surface sites.  Once an 

available surface site has reacted with a precursor gas molecule, the site becomes inactive 

and any additional precursor will not be able to react with the surface.  Even if the flux of 

precursor molecules over the surface is non-uniform, the entire surface will eventually react 

and create a uniform conformal coating due to this self-limiting behavior. 

 The ALD growth process depends on the reactions kinetics, precursor adsorption and 

steric hindrance, self-termination, and growth modes.  Precursor molecules can either attach 

to a surface through physisorption (a weak van der Waals interaction) or chemisorption (a 

chemical bonding interaction).  Physisorbed molecules can form multilayers, while 

chemisorbed molecules can only form monolayer because chemical bonds are formed with 

the surface of the deposited film.  Furthermore, both physisorption and chemisorption can be 

reversible but for growth and self-termination to occur, the precursor molecule must 

irreversibly chemisorb to the surface.  The manner in which the precursor molecule attaches 

to a surface can be described as ligand (organic group) exchange – a ligand reacts with a 

surface group forming a volatile compound that is release while the remaining portion of the 

precursor molecule chemisorbs to the surface, dissociation – a precursor molecule is split 

onto reactive two or more surface sites, or association – a precursor molecule forms a 

coordinative bond (a dipolar bond) with a reactive site on the surface and is chemisorbed 

without loss of any ligand.1,2  The surface becomes saturated when the number of surface 

sites are completely filled or the ligand steric hindrance impedes any further reactions.3     
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 The rate at which the surface becomes saturated can be modeled by assuming 

reversible adsorption at identical surface sites, no interactions between adsorbed molecules, 

and only one site can adsorb one molecule.  Therefore, the adsorption rate can be defined as  

       ( )d 1
d a d a d
Q r r k p Q k Q
t
= − = − −      (4.1) 

where Q fraction of “filled” surface sites (the site becomes filled by adsorbing a precursor 

molecule or being unable to react due to the steric hindrance of a precursor molecule 

adsorbed on a adjacent surface site), ra is the adsorption rate, rd is the desorption rate, p is the 

partial pressure of the precursor, ka is the adsorption rate constant, and kd is the desorption 

rate constant.  If we integrate equation 4.1 as a function of time and assume a irreversible 

adsorption (kd =0, which gives Q=1 at equilibrium) 

  .          (4.2)  1 ak ptQ e−= −

 The surface saturates before all the surface sites have completely reacted with 

precursor molecules because steric hindrance prevents the formation of a full monolayer.  

Consequently the growth rates per cycle observed will always be less than a full monolayer 

(e.g. ~1.1-1.2 Ǻ per cycle for the growth of Al2O3 in the trimethylaluminum (TMA) and H2O 

reaction4 whereas a full monolayer would be roughly three times as thick).  This behavior has 

been modeled, and the general consensus is that the growth rate increases as the size of the 

reactant molecules and/or adsorbed species decreases.5-7  Reaction temperature and density of 

active surface sites will influence the growth rate per cycle.  Both parameters can enhance or 

retard growth rates, depending on specific details of the reaction.             
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4.2 Growth of Al2O3 by Atomic Layer Deposition  

 In the reported research, ALD was used to grow amorphous Al2O3, for which the 

growth reaction commonly employs TMA as the metal precursor and water vapor as the non-

metal precursor (oxygen source).  Growth of Al2O3 with TMA and water vapor is a rather 

ideal reaction, because it is a thermally-activated process that requires no additional 

activation source, such as plasma or ozone.  Furthermore, TMA is a highly reactive (and 

pyrophoric) precursor whose reactions are truly self-terminating (due to the large, negative 

reaction enthalpy for the formation of a Al-O bonds), while its by-products (e.g. methane) are 

relatively inert.8  However TMA is susceptible to decomposition at temperatures above 300 

°C which can lead to side reactions9 and the inclusion of H and C impurities into grown 

films.10,11   

 The chemical reaction that produces Al2O3 can be described by two half reactions12,13  

     (4.3) *
3 3 3 2 4AlOH +Al(CH ) (g) AlOAl(CH ) +CH (g)→ *

       (4.4) * *
3 2 4AlCH +H O(g) AlOH +CH (g)→

where asterisks indicate surface sites.  Under appropriately selected reaction conditions, these 

half reactions will occur separately (due to avoiding simultaneous exposure to TMA and 

water) and the growth will occur in a linear fashion.4  The growth of Al2O3 is regarded as 

two-dimensional, but initial nucleation and growth of the film may follow another growth 

mechanism depending on the initial number of reaction sites available.  In cases where the 

number of active sites is limited the initial growth mode is island growth and only after 

additional growth cycles does the film become uniform.14    
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4.3 Atomic Layer Deposition of Al2O3 on Nanoparticles  

 ALD has been reported to coat both supported NPs15 and unsupported NPs.16  Such 

growth has been reported, on metals,15,17-19 metal oxides,16,20,21 as well as non-metals22 

suggesting that the nucleation and growth of Al2O3 using TMA and water vapor is a versatile 

and robust system for coating applications. Al2O3 coatings grown by ALD have been 

reported to impart thermal stability15,18,19 and inhibit oxidation,17,23 both of which are 

particularly important for magnetic NPs that may require annealing (e.g. to drive phase 

conversions or restructure morphology or crystallographic orientation) or are susceptible to 

oxidation, which significantly alters the magnetic properties.    

 

4.4 Pulsed Layer Deposition 

 PLD a non-equilibrium process that provides many unique opportunities when 

coupled with its versatility.  This process can be applied to a wide swath of material classes 

(e.g., superconductors, ferroelectrics, and semiconductors) to generate many different film 

structures (e.g., amorphous, polycrystalline, and epitaxial films, meta-stable phases, and 

discrete islands or embedded structures).        

 Experimentally, PLD is relatively simple technique. The main components of the 

process include a high-energy pulsed laser beam that is typically in the ultraviolet optical 

spectrum. Through the use of optical components the laser beam is focused at a target of the 

material for deposition, which is located in a vacuum chamber. The focusing optics and 

windows that the laser beam passes through are constructed from materials such that there is 

minimum attenuation of the laser light.  The target material is vaporized in the region where 
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the laser struck and forms a plasma plume, which then deposits onto a substrate which is in 

close proximity opposite from the target.  Several experimental parameters are available to 

control the growth conditions, including interactions of the plume with the vacuum chamber 

atmosphere (deposition can occur in vacuum or a background gas), interaction between the 

laser light and target, which depends on both the laser beam parameters (e.g. wavelength, 

pulse duration, power density) and the physical properties (e.g. refractive index) of the 

material. 

   

4.5 Pulsed Layer Deposition Coating of Nanomaterials 

 Reports of coating NPs (not grown by PLD in conjunction with the coating) by means 

of PLD appear to be rather limited.24 However the ability to grow amorphous metal oxide 

films such as Al2O3 is well reported.25-27 Presumably the disconnect between the ability to 

grow films that could impart attractive properties such as thermal stability and resistance to 

oxidation as cited in Section 4.3 arises from the line-of-sight nature of PLD, which does not 

produce highly conformal coatings like ALD.  For this reason, ALD has often been chosen 

for coating NPs.  
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CHAPTER 5 
 
Transmission Electron Microscopy  
 
 
 
 Transmission electron microscopy (TEM) is a technique in which a beam of electrons 

is transmitted through a thin specimen.  The electrons interact with the specimen through 

various mechanisms. An image is then formed from the transmitted electrons collected by 

sensors, such as a CCD camera.  TEM has become an invaluable tool in the field of 

nanotechnology because of its unique capabilities to provide imaging with atomic-spatial 

resolution, crystallographic information, and spectroscopic data.  Recently, the development 

of the tools that allow in-situ studies now facilitate the observation of processes real-time, 

thus providing unparalleled insight into physical phenomena.1    

 

5.1 Transmission Electron Microscopy  

 The wave-particle duality of the electron and strong Columbic interactions are the 

origin of the electron microscopes’ capabilities.  Louis de Broglie first presented the idea that 

electrons have a wave-like nature.  Specifically, the electron wavelength is much shorter than 

that of light and is a function of its energy.  This is important because according to the 

Rayleigh criterion, the smallest feature resolvable is inversely proportional to the wavelength 

of the probing radiation.     

 The path of the electrons is determined by electromagnetic lenses that serve to focus 

the electrons and magnify the image once it has been formed at the objective lens.  The 

condenser lens system controls the illumination of specimen, which is inserted between the 
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upper and lower pole pieces that make up the objective lens.  The objective lens contains the 

reciprocal space information (diffraction pattern) on its back focal plane, while the real space 

information (image) is on the image place.  The post objective lenses (intermediate and 

projection lens system) magnify and determine whether the information from image plane or 

back focal plane of the objective lens will be projected onto the viewing screen.      

 

5.1.1 Imaging Modes in Transmission Electron Microscopy  

 Numerous types of electron-specimen interactions occur in the transmission electron 

microscope that are responsible for provide the contrast in images.  Transmitted electrons can 

experience changes of amplitude and/or phase through specimen interactions.  Amplitude 

contrast can be divided into two classifications, mass-thickness and diffraction.  Mass-

thickness contrast arises from incoherent (no phase relationship between the incident and 

scattered electrons) elastic scattering of electrons.  Therefore mass-thickness contrast will be 

generated as a function of changes to atomic number and thickness.  Diffraction contrast 

occurs from coherent elastic scattering.  Therefore, diffraction contrast will be generated 

when Bragg’s law ( 2 sinn dλ θ= ) is satisfied.  Any change in specimen thickness or 

crystallographic orientation due to lattice defects, planar defects, and dislocations will 

produce contrast.  Due to diffraction, the electrons will be scattered at specific angles.  By 

inserting an aperture, specifically the objective aperture, into the back-focal plane of the 

objective lens one can select which electrons will form the final image.  By using the 

objective aperture to select the direct electrons (electrons that remain parallel to the incident 

beam), the (000) spot, a bright-field image is formed while selecting scattered electrons from 
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a (hkl) spot will generate a dark-field image.  Diffraction can be used not only to generate 

image contrast but also for structure determination because the angle of scattering in a 

specimen is directly related to its crystal structure.        

 Phase contrast is a result of interference of elastically scattered electrons with one 

another.  Therefore multiple beams (electrons that have undergone different scattering 

events) are required to form an image, and a small objective aperture that prevents multiple 

beams from being transmitted cannot be used.  Since these phase differences of the electron 

waves after passing through the specimen determine the contrast of the image, it is important 

that they would remain unperturbed. However the microscope does not do so and convolutes 

the information as a function of the microscope conditions, as described below.  Assuming 

the sample functions as a weak phase object, the transfer function, in this specific case 

referred to as the contrast transfer function (CTF) is described by   

  ( ) ( ) ( )2 sinT A χ=u u u ,      (5.1) 

where u reciprocal-lattice vector, the spatial frequency for a particular direction, A(u) is the 

aperture function and χ(u) is the phase distortion function.  The phase distortion function 

strongly depends on how the microscope is configured and is independent of the specimen.  

The phase distortion function is described by  

  2 1
2 s

3 4f u C uχ π λ π λ= Δ +       (5.2) 

where Cs is the coefficient of the spherical aberration and Δf is the extent of defocus.  The 

oscillatory nature of the CTF, as demonstrated in Figure 1, causes contrast reversals, which 

occur at each zero-crossing. The point resolution is typically expressed in terms of the first 
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zero crossing of the CTF because it is the smallest directly interpretable spatial frequency, 

while the information transfer limit is defined as the frequency at which the CTF decays to 

zero.  At each spatial frequency where the CTF crosses zero no information transfer occurs, 

so to minimize these, the defocus can be balanced against the contribution of the spherical 

aberration.  This defocus value is calculated as 

  1 21.2( )sch sf C λΔ = − ,       (5.3) 

and known as the Scherzer defocus. These phase changes coupled with thickness effects 

make it difficult to directly interpret HRTEM images.  The use of computer simulated images 

and information about the sample are critical for accurate interpretation.   

 

 

Figure 1. Simulated damped contrast transfer function. 

 

 
5.2 Scanning Transmission Electron Microscopy  

 In scanning transmission electron microscopy (STEM), rather than parallel 

illumination, a highly focused probe is scanned across the sample.  The transmitted electrons 

are collected by detectors, and an image is generated serially.  While the image is made from 
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scanning the beam across the sample, it still gives an image (contrast) comparable to a TEM 

image due to the principle of reciprocity, which states that the amplitude of radiation at the 

point 1 due to a source at point 2 is identical to that, if the source had been placed at point 2 

while detecting the radiation at point 1.2 

 

5.2.1 Imaging Modes in Scanning Transmission Electron Microscopy  

 Bright-field images are formed in STEM using the central beam and electrons 

scattered to low angles (<~10 mrad).  These images are similar to bright-field TEM images 

and contain amplitude and phase contrast.  Phase contrast (HRTEM) imaging is possible 

because interfering beams are present.  If an annular detector is used, electrons scattered 

through specific annular ranges can be collected.  If low-angle scattered electrons (~10-50 

mrad) are collected (low-angle annular dark field), the image is analogous to a dark-field 

TEM image where diffraction contrast dominates.  However if images are instead composed 

of electrons scattered to high angles (>50 mrad), a technique known as high-angle annular 

dark-field (HAADF) STEM, the contrast mechanism changes.   

 In this regime, the image formed is incoherent, and the intensity is a function of 

atomic number and sample thickness.  This imaging mode is appropriately also known as Z-

contrast STEM.  This occurs because the HAADF detector primarily only collects the 

electrons that have been scattered through Rutherford and thermal diffuse scattering, which is 

nearly proportional to the square of the atomic number, Z2.  The reason for the incoherency 

in the image, which means no contrast reversals will occur and the atomic positions are 

directly interpretably, is due to the detector geometry.  Lord Rayleigh showed that effectively 
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incoherent imaging could be achieved with a convergent source of illumination.  An 

analogous situation is obtained in a STEM using a HAADF detector. For each position of the 

electron probe upon the sample, the detector integrates the distribution of electrons which is 

analogous to a convergent beam electron diffraction pattern (Figure 2) and gives an image 

that reflects the total scattered intensity.3  Integrating over a large annular range essentially 

averages the transverse coherence effects. Moreover, the thermal vibrations (which cause 

thermal diffuse scattering) reduce the remaining coherence longitudinal to the beam.4  The 

end result is an image whose intensity is directly interpretable, as no contrast reversals exist, 

and the intensities can be directly correlated to atomic structure.    

 

 

 

Figure 2. Schematic of overlapping diffraction discs on an high-angle annular dark field 
detector.    

 

 
 The intensity in an incoherent image is the convolution of  
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         (5.4) 2( ) ( ) ( )i p o= ⊗r r r

where p(r) is the probe function and o(r) the object function.  Since i(r) depends on p(r), the 

size of the probe is critical for defining the resolution.5  Therefore, aberrations are the 

primary factor that limits the resolution.  From a wave-optical formulation based on the 

Scherzer aberration function, one can calculate the best attainable resolution in an 

uncorrected microscope to be  

  1 4 3 4
0 0.43 sd C λ=        (5.5) 

when the convergence angle is optimally tuned.6       
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CHAPTER 6  
 
Size-Controlled Synthesis of Cobalt Nanoparticles  
 
 
 
6.1 Introduction 

 Size is a critical parameter in determining the properties of many kinds of materials 

including magnetic NPs, for which properties such as the superparamagnetic blocking 

temperature, total moment, coercivity, and interparticle interactions all strongly depend on 

size.  The current prevalent production scheme of monodisperse cobalt NPs can be traced to 

the late 1990’s-early 2000’s.  In 1999, Sun1 and Dinega2 both published reports on the 

synthesis of a new phase of cobalt, referred to as ε-cobalt.  The structure of ε-cobalt is cubic 

(space group P4132) with a unit cell parameter a=6.097 Å and of similar structure to that of 

β-manganese.  The magnetic properties of ε-cobalt are similar to that of FCC-Co, while the 

HCP-Co phase has larger magnetocrystalline anisotropy.  They cited the tight coordination of 

alkyl phosphines that were used as the coordinating ligand to change the growth energetics 

such that this metastable phase formed, though later reports indicate that neither alkyl 

phosphines3 nor a wet-chemistry synthetic process4 are necessary to form the ε-cobalt phase.  

A report from 2001 by Puntes5 integrates the use of trioctylphosphine oxide and oleic acid as 

the coordinating ligands with the use of dicobalt octacarbonyl as the cobalt precursor and 

created the synthetic routine that is most widely used and adapted today.  The general routine 

can be described as a hot-injection synthesis where the reagent (dicobalt octacarbonyl) is 

injected into a hot solvent (1,2 dichlorobenzene) containing coordinating ligands 

(trioctylphosphine oxide and oleic acid) and rapidly decomposes, thereby producing a 
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discrete homogeneous nucleation event.  The nucleation and subsequent growth is strongly 

influenced by the coordinating ligands (trioctlyphoshine oxide and oleic acid). 

 The influence of ligands on the growth and nucleation process of Co NPs has been 

the focus of several previous reports.  Both the size and morphology of cobalt nanoparticles 

can be tuned via the ligands because they influence decomposition of the precursor and NP 

nucleation and growth.  The ratio of the trialkylphosphine ligand (typically 

trioctylphosphine) and carboxylic acid ligand (typically oleic acid) controls the size.  

Increasing the ratio of carboxylic acid to trialkylphosphine decreases NP size,6,7 which has 

been attributed to the carboxylic acid binding more tightly to the NP surface, thereby slowing 

the rate of material addition.1,7  Morphology control is possible as well.  Formation of non-

spherical NPs has been reported though the use of amine ligands which interact differently 

with different crystallographic planes of the NPs, hence altering growth rates along specific 

crystallographic directions.8-10  

 Here, another experimental parameter than can be used to control size of Co NPs is 

reported.  Holding all reaction parameters the same but varying the carbon chain length of 

unsaturated carboxylic acid-terminated ligands enables direct control of the Co NP size.  

Subsequently, the size-dependent magnetic properties of the Co NPs were measured, which 

showed that exchange interactions between the Co core and native oxide shell influence the 

magnetic properties.   
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6.2 Methods 

6.2.1 Nanoparticle Synthesis 

 Co NPs were synthesized by modifying a method by Puntes et al.5 Syntheses were 

performed using standard airless (Schlenk) techniques and as-purchased reagents without any 

further purification.  First 11 ml 1,2 dichlorobenzene (DCB, anhydrous, EMD Chemicals) 

and 0.20 g (0.51 mmol) of trioctylphosphine oxide (TOPO, 99%, Strem) were added to a 100 

mL three-necked, round-bottomed flask equipped with a magnetic stir bar. The contents of 

the flask were degassed for 60 min at room temperature before backfilling with nitrogen.  A 

mixture of 1 ml DCB and 0.62 mmol aliphatic carboxylic acid terminated ligand were then 

added by syringe.  Hexanoic acid (99% Alfa Aesar), dodecanoic acid (99.5%, Alfa Aesar), 

and docosanoic acid (97%, TCI) were used, which are linear carboxylic acids that consist of 

chains of 6, 12, and 22 carbons atoms, respectively.  Upon heating to 181 °C (the boiling 

point of DCB), 0.54 g (1.50 mmol) dicobalt octacarbonyl (stabilized with 1-5% hexane, 

Strem) freshly dissolved in 3.0 mL DCB was quickly injected by syringe. After injection the 

temperature of the reaction dropped ~30 °C and returned to boiling after ~3 min. The 

reaction was carried out for a total of ~6 min and was then quenched to room temperature 

using a water bath.  Methanol was added to flocculate the NPs, followed by centrifugation to 

separate the NPs through sedimentation. The supernatant was discarded, and the NPs were 

dispersed in hexanes.  This process was repeated once more to ensure removal of reaction by-

products.   
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6.2.2 Structural Characterization 

 TEM was used to determine the phase, structure, and size of the NPs.  A JEOL 

2000FX microscope operating at 200 kV was used to acquire bright-field (BF) images and 

selected area electron diffraction (SAED) patterns.  The camera length was calibrated using 

an evaporated Al standard (Ted Pella).  HRTEM images were acquired on a JEOL 2010F 

operating at 200kV.   

 

6.2.3 Magnetic Characterization  

 The magnetic properties of the Co NPs were measured using a super conduction 

quantum interference device (SQUID) magnetometer (Quantum Design MPMS-XL).  For 

mangetrometry, NPs were dispersed in a diamagnetic polymer (poly(lauryl methacrylate) 

cross-linked with ethyleneglycol dimethacrylate) to minimize dipolar coupling.11  Dried Co 

NPs were dispersed into a  ~1 mL solution of 83% lauryl methacrylate and 17% ethylene 

glycol, by mass, to which an initiator, 0.40% (by mass), 2,2’-azobisisobutyronitrile (AIBN) 

was added.  The sample was sonicated vigorously to ensure the NPs were dispersed before 

initiating polymerization.  The glass vial containing the solution was then placed in an oven 

set at 120 °C until the solution had polymerized (~5 min).  The sample cooled before it was 

removed from the vial, cut into small pieces (~ 3 mm × 3 mm × 5 mm) and placed into a 

plastic drinking straw, which is a standard sample holder for SQUID measurements.  The 

concentration of the NPs was low (~0.1 wt %) and quantitatively measured by inductively 

coupled plasma optical emission spectroscopy (ICP-OES, conducted by Galbraith 

Laboratories, Inc.).   
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 Two general types of measurements were performed, magnetization as functions 

variable or applied field.  Temperature-dependent measurements were conducted after first 

cooling the sample from 300 K to 5 K in zero field.  After cooling, a small field of 100 Oe 

was applied and the moment was measured a function of temperature while warming the 

samples to 300 K.  Use of zero-field during cooling results in “zero-field cooled” 

measurements, while application of a field during cooling gives “field-cooled” 

measurements.  For field-dependent measurements, ZFC and FC measurements were also 

performed, in these measurements, the sample was cooled from 300 K to 5 K in zero or an 

applied field of 50 kOe, respectively.  A field of 50 kOe was then applied and the field was 

incrementally stepped from 50 kOe to -50 kOe and back to 50 kOe, while measuring the 

magnetic moment of the sample. 

   

6.3 Results and Discussions 

6.3.1 Structural Properties and Cobalt Nanoparticle Growth Mechanism  

 Representative BF TEM images are shown in Figure 1.  The average size was 

determined for each batch of NPs by measuring the diameters of 100 NPs in Image J.12  The 

measured NP diameter decreases as the number of carbons atoms in the ligand reduced from 

22 (docosanic acid, Figure 1a), 15.6 nm (σ = 11.7%), to 12 (dodecanoic acid, Figure 1b), 

11.3 nm (σ = 11.5 %), to 6 (hexanoic acid, Figure 1c), 9.0 nm (σ = 8.7 %), the relative 

standard deviation is provided.  Electron diffraction indicates the NPs are in the ε-cobalt 

phase.  A representative diffraction pattern is shown in Figure 2.  HRTEM indicates the NPs 
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have a core-shell structure with a single crystalline ε-cobalt core and a polycrystalline shell 

comprised of rocksalt CoO.13  Representative HRTEM images are shown in Figure 3.             

 

 

Figure 1. Bright-field TEM images of Co nanoparticles synthesized using (a) docosanic acid, 
(b) dodecanoic acid, and (c) hexanonic acid. 
 
 
 

 

Figure 2. Representative selected area electron diffraction pattern of ε-Co nanoparticles  

59 



 

 
 
 

 

Figure 3. HRTEM images of Co nanoparticles synthesized using (a) docosanic acid, (b) 
dodecanoic acid, and (c) hexanonic acid. 
  

 

 The LaMer model has frequently been used to describe the growth of monodisperse 

NPs.  The model describes a two step process, where a temporally discrete nucleation event 

is followed by diffusional growth.  The single, discrete nucleation step causes uniform 

growth of all of the NPs, causing a narrow size distribution.14  The ligands control both the 

nucleation and growth steps of the process by influencing the decomposition of the 

precursors, forming ligand-metal complexes, adsorbing to the surfaces of the growing NPs, 

and facilitating interparticle mass transfer.  Since all the of the carboxylic acids have the 

same structure (linear) expect for the carbon chain length, one can reliably assume that the 
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strength of bonding interactions between the ligands and cobalt atoms will be the same,  but 

the reactivity will be different because a shorter chain has less steric bulk and is be more 

reactive.  The stability of the ligand-metal complexes is expected to depend on the ligand 

chain length, and the chain length could plausibly alter the structures of the complexes.  

Furthermore, due of the difference in chain length, the diffusion rate of the species in 

solution will be different according to the Stokes-Einstein equation.  A shape factor applied 

to the equation will account for changes in hydrodynamic behavior if the ligand does not 

behave as a sphere.15,16  As the chain length increases, the self-diffusion coefficient is 

expected to decrease.       

 From these considerations, as the carbon chain length of the carboxylic acid 

decreases, the reactivity of the metal-complexes increases.  For shorter chains, this could 

conceivably provide more free Co atoms for the nucleation event, thereby increasing the 

level of supersaturation, because ligand-metal complexes are more readily decomposed.17  

Increasing the extent of supersaturation increases the number of NPs formed during the 

nucleation step.18  Therefore, as the NPs grow there are more NPs competing for the 

remaining additional unreacted precursors, and the NPs will not grow as large.  Therefore, 

decreasing carboxylic acid chain length while holding all other reaction parameters constant 

causes the NP size to decrease.  This trend is depicted schematically in Figure 4. 
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Figure 4. Schematic representation of LaMer modeled growth of nanoparticles as a function 
of a supersaturation.  The reactivity of the coordinating ligands determines the extent of 
supersaturation.  As the ligand chain length decreases, the monomer reactivity and 
supersaturation increases.      
 

 
6.3.2 Magnetic Properties 

 In SQUID measurements, the polymer contributes a diamagnetic moment to the 

measurements that must be corrected in the field-dependent measurements.  A blank piece of 

polymer was measured and a correction was applied to remove the diamagnetic background 

of the polymer from the measurements.  The ZFC temperature-dependent magnetization 

curves are shown in Figure 5.  The superparamagnetic blocking temperature of the sample 

synthesized with hexanoic acid is 150 K, while the superparamagnetic blocking temperatures 

of the remaining samples are greater than 300 K.  Experimental limitations (warping of the 

plastic straw) prevent measurement of these above 300 K, but approximate 

superparamagnetic blocking temperatures can be estimated.  The magnetic anisotropy 

constant (assumed to arise from the magnetocrystalline anisotropy) of the hexanoic acid-

stabilized Co NPs can be calculated: 
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  25 b BT kK
V

=         (6.1) 

where Tb is the measured superparamagnetic blocking temperature and V is the NP core 

(ferromagnet) volume, the NPs were assumed to be spheres and the diameter was determined 

from the BF-TEM micrographs and magnetic measurements (discussion to follow).  The 

magnetic anisotropy was calculated to be 3.6×106 erg/cm3, which is slightly higher than a 

previously reported19 value of 1.5×106 erg/cm3.  The magnetocrystalline anisotropy constant 

depends on temperature, however.  The previously reported value was measured at 300 K; 

generally, K is expected to decrease as temperature increases.  Other anisotropy sources may 

also influence the measurement, such as exchange anisotropy.  Using this value for K 

equation 6.1 can be rearranged and solved for approximate Tb of the other samples.  Such 

calculations give approximate Tb of 597 K and 1373 K for the dodecanoic and docosanoic 

acid samples, respectively, which is still below the bulk Curie temperature of Co (1390 K).  
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Figure 5. Zero-field cooled magnetization as a function of temperature for Co nanoparticles 
synthesized using carboxylic acids with different chain lengths. 
 
 
 
 Field-dependent magnetization measurements were performed at 5 K and 300 K 

(Figures 6 and 7, respectively).  At 5 K both ZFC and FC measurements were conducted to 

discern the presence of exchange bias.  The hexanoic acid-stabilized NPs were not measured 

at 300 K because they are superparamagnetic at that temperature.  The saturation 

magnetization (Ms) of each sample was measured to be 59.8, 108.1, and 124.2 emu/g for the 

hexanoic, dodecanoic, and docosanoic acid samples respectively.  These values are 

significantly less than the Ms of cobalt, which is 162 emu/g.20  The significant decrease in Ms 

results from formation of an antiferromagnetic surface oxide (CoO) layer that has a very 

small linear susceptibility.  After correcting for the contribution from the CoO shell, Ms can 

be used to approximate its thickness using the equation,    

64 



 

  ,

,

S measuredCo

Co CoO S bulkCo

MN
N N M

=
+

,      (6.2) 

where NCo is the average number of Co atoms in an unoxidized core, NCoO is the average 

number of Co atoms in the CoO shell, and MS,BulkCo = 162 emu/g.  The linear contribution of 

the antiferromagnetic CoO shells was removed by fitting a straight line to the magnetization 

curve at high fields and subsequently removing this linear contribution to reveal the 

saturation magnetization value of the ferromagnetic core.  If spherical NPs are assumed then 

the shell thickness is then given by  
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cM c
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⎝ ⎠⎢ ⎥⎣ ⎦

⎥⎟ ⎥⎟       (6.3) 

where ( )(CoO Co Co CoOc MW Mδ δ= )W  and MW is the molecular weight and δ is the density.  

Using the average NP diameter measured from the BF-TEM micrographs, CoO shell 

thickness (core diameter in parentheses) of 1.6 (5.7), 0.7 (9.8), and 1.4 (12.7) nm were 

determined for the hexanoic, dodecanoic, and docosanoic acid synthesized samples, 

respectively. 

 At 5 K, the coercivity (HC) of the samples increases as the NP diameter decreases 

(Table1 and Figure 6).  NPs with diameters below the superparamagnetic limit will have 

coercivities of zero.  Upon increasing the NP diameter, the NPs will become ferromagnetic 

and have non-zero HC.  Assuming the NP moments reverse magnetization directions 

coherently, the HC will increase with increasing size as described by the Stoner-Wohlfarth 

model.  This increase will continue up to the single domain limit, whereupon multiple 
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domains form, and the HC will decrease.  Since the single domain limit of Co (~80 nm) is 

much larger than the diameters of the NPs reported here, the observed behavior (Table 1) is 

unexpected.  This trend might possibly originate from a transition in the mode of 

magnetization reversal from coherent to more energically favorably rotation modes, such as 

curling,20 which might cause HC to decrease even if the size increases.  A more likely 

explanation, thought to be the case due to the results of the FC field-dependent 

measurements, is that there is significant exchange anisotropy due to the presence of CoO 

shells.  FC measurements reveal the presence of exchange bias in the hexanoic and 

dodecanoic acid-stabilized samples but not the docosanoic acid-stabilized sample (Table 1 

and Figure 6).  In the hexanoic acid-stabilized sample both the increased HC and loop shift 

upon field cooling indicate the presence of exchange coupling.  The dodecanoic acid-

stabilized sample has an increase in HC but no loop shift, regardless, this indicates the 

presence of exchange coupling.  This exchange coupling between the ferromagnetic core and 

antiferromagnetic shell would increase the magnetic anisotropy of the samples.  The 

docosanoic acid-stabilized sample has neither a significant HC enhancement nor loop shift, 

indicating that exchange coupling is not sufficient to influence the magnetic behavior of the 

NPs.       

 While there have been numerous studies on exchange bias in NPs, there are many 

conflicting accounts.  Wide structural variations between or even within studies themselves 

make it difficult to clearly define structure-property relationships.21  The general consensus 

for core/shell NPs is that exchange bias becomes stronger as the core size decreases because 

direct exchange coupling is an interfacial phenomenon.  It is also generally accepted that 
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exchange bias will increase as the oxide shell thickness increases, up to a critical thickness.  

These trends agree with the results reported.  Furthermore, variations other than differences 

besides thickness (e.g. crystallinity, grain size, and defect density) of the oxide shell will 

influence the behavior.  

 Field dependent measurements at 300 K of the dodecanoic and docosanoic acid-

stabilized samples reveal the HC has significantly decreased in both samples (Table 1 and 

Figure 7) due to increasing thermal energy.  However, the NPs still have finite HC, which 

indicates ferromagnetic behavior and is consistent with values of Tb above 300 K.       
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Figure 6. Zero- and field-cooled magnetization as a function of field measured at 5 K. 
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Figure 7. Magnetization as a function of field measured at 300 K. 
 
 
 
Table 1. Magnetic and structural properties of cobalt nanoparticles.  The saturation 
magnetization (MS) values listed are those after accounting for the linear susceptibility of 
CoO.  *Indicates this was a calculated value, rather than a value measured by SQUID.     
 
  5 K 300 K   

  Hc 
ZFC 
(Oe) 

Hc 
FC 

(Oe) 

HEB 
FC 

(Oe) 

Hc 
ZFC 
(Oe) 

Tb (K) MS 
(emu/g)

Core Diameter 
measured from a 
SQUID and TEM 

(nm) 

Diameter 
measured 
by TEM 

(nm) 
Hexanoic 2446 3198 578 - 150 59.8 5.7 9.0 
Dodecanoic 432 474 3 9 597* 108.1 9.8 11.3 
Docosanoic 332 332 0 14 1373* 124.2 12.7 15.6 
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6.4 Conclusions 

 Monodisperse Co NPs can be produced by modifying an existing synthetic method.  

The NP size can be controlled by varying the chain length of the linear carboxylic acid ligand 

used during synthesis.  The chain length influences the reactivity of the ligand-metal complex 

intermediates, that form which controls the supersaturation level of the solution before 

nucleation and dictates the number of nuclei formed and the eventual size of the NPs after 

growth.  Magnetic measurements reveal significant size-dependent magnetic properties.  As 

the NPs increase in size, they become less susceptible to superparamagnetism.  The magnetic 

anisotropy of the NPs increases with decreasing size due to presence of exchange anisotropy.  

Exchange bias was observed in the two samples with the smallest NP sizes, while no effects 

were observed for the largest sample NP sizes.  This is due variations in the NP structure 

(CoO oxide shell thickness, Co/CoO interface, the ratio of ferromagnetic core diameter to 

antiferromagnetic shell thickness) which manifest itself in the ability of the antiferromagnetic 

shell to facilitate exchange bias.  
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CHAPTER 7 
 
Synthesis and Structural and Magnetic Characterization of 

Ni(core)/NiO(shell) Nanoparticles 

 

 The following material was published in ACS Nano (Vol. 3, No. 5, pp. 1074-1084, 

2009) as “Synthesis and Structural and Magnetic Characterization of Ni(Core)/NiO(Shell) 

Nanoparticles” by Aaron C. Johnston-Peck, Junwei Wang, and Joseph B. Tracy.  Johnston-

Peck’s contribution to the manuscript included collecting and analyzing the TEM and 

SQUID data and writing the manuscript.   

 

7.1 Motivation   

 In BPM, decreasing the bit size significantly increases the storage density.  Therefore, 

small bits are highly desirable, but bit size reduction must not cause the NPs to become 

superparamagnetic.  Therefore, it is imperative that the magnetic anisotropy of the NPs be 

sufficiently large to support ferromagnetism at room-temperature and above.  The intrinsic 

anisotropy of a ferromagnetic is its magnetocrystalline anisotropy.  If one would only 

consider materials with exceptionally high magnetocrystalline anisotropy, the number of 

potential materials is extremely limited.  Rather than utilizing such a limited set of materials, 

other ways exist to increase the magnetic anisotropy.  For instance, exchange anisotropy, a 

result of the exchange interaction between a ferromagnet and antiferromagnet, could also be 

used to increase the magnetic anisotropy of a ferromagnet.  Antiferromagnets generally have 
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higher magnetocrystalline anisotropies than ferromagnets, which make this approach 

feasible, such that the coupled ferromagnets will have the requisite extrinsic magnetic 

anisotropy for BPM.  The objective of was to demonstrate control of NP size and oxide shell 

thickness and to investigate their influence on the magnetic properties of the Ni/NiO NPs.           

 
7.2 Manuscript Reprint  
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CHAPTER 8 
 
Formation and Grain Analysis of Spin-Cast Magnetic 

Nanoparticle Monolayers 

 
 
 The following material was published in Langmuir (Vol. 27, No. 8, pp. 5040-5046, 

2011) as “Formation and Grain Analysis of Spin-Cast Magnetic Nanoparticle Monolayers” 

by Aaron C. Johnston-Peck, Junwei Wang, and Joseph B. Tracy.  Johnston-Peck’s 

contribution to the manuscript included synthesizing the FePt NPs, assembling the 

monolayers, collecting and analyzing the TEM data, writing the MATLAB code used for 

image analysis, and writing the manuscript.   

 

8.1 Motivation   

 In BPM it is critical that the bits be ordered in a periodic fashion.  For commercial 

applications, the required length scale of assembly would be on the magnitude of cm2.  The 

presence of defects such as grain boundaries, vacancies, and interstitials must be minimized 

or eliminated as they will cause read and write errors.  Self-assembly of NPs is a facile 

method that allows NPs to spontaneously form ordered assemblies.  Significant effort has 

been invested in long-range self-assembly of NPs, but there has been no report demonstrating 

greater than cm2 areas of assembled NPs with minimal defects.  Spin-casting, in comparison 

with other techniques, has been explored less for the purpose of generating self-assembled 
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monolayers of NPs.  Regardless, it is an attractive technique due to its high-throughput and 

low cost, which are both key considerations for commercialization.   

 Irrespective of the self-assembly technique employed, for optimizing the NP 

assembly, it is important to understand the relationship between the self-assembly 

experimental parameters and structural properties of the formed NP array.  Researchers 

frequently do not quantitatively characterize the arrays produced but rather use qualitative 

measures to draw conclusions.  Using analytical tools to evaluate the self-assembled 

structures is critical but it is not without challenges due to the relatively large length scales 

but small repeat unit associated with NP self-assembly.   

 This study shows that NP monolayers can be generated by spin-casting.  Techniques 

were also developed to aid in the quantitative characterization of NP monolayers.     

 

8.2 Manuscript Reprint  

89 



 

 

90 



 

 

91 



 

 

92 



 

 

93 



 

 

94 



 

 

95 



 

 

96 



 

 

97 



 

 

98 



 

 

99 



 

 

100 



 

 

101 



 

 

102 



 

 

103 



 

 

104 



 

 

105 



 

 

106 



 

 

107 



 

 

108 



 

8.3 Addendum  

 In the research presented, BF-TEM images were acquired and analyzed.  The use of 

HAADF-STEM images in the place of BF-TEM images could also be beneficial. 

Specifically, the HAADF-STEM images are incoherent, and the contrast mechanism is only 

mass-thickness and does not contain diffraction contrast as BF-TEM images do.  This means 

all the NPs will always appear bright on a dark background regardless of microscope 

conditions such as defocus (assuming the thickness and or mass of the substrate are lower 

than that of the NPs).  Moreover without any diffraction contrast mechanism contributing, 

the NPs will be approximately uniform in appearance.  All of these properties of HAADF-

STEM images would make conversion from the raw image into the required binary image for 

analysis simpler than for a BF-TEM image.        
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CHAPTER 9 
 
Sinter-Free Phase Conversion and Scanning Transmission 

Electron Microscopy of FePt Nanoparticle Monolayers 

 
 
 The following material was published in Nanoscale (Vol. 3, No. 10, pp. 4142-4149, 

2011) as “Sinter-free phase conversion and scanning transmission electron microscopy of 

FePt nanoparticle monolayers” by Aaron C. Johnston-Peck, Giovanna Scarel, Junwei Wang, 

Gregory N. Parsons, and Joseph B. Tracy.  Johnston-Peck’s contribution to the research 

included synthesizing the FePt NPs, assembling the NP monolayers, heat treating the 

samples, collecting and analyzing the TEM data, and writing the manuscript.   

 

9.1 Motivation   

 NPs are very susceptible to thermally induced aggregation and sintering due to their 

high surface area to volume ratio.  This proves to be a significant challenge in several fields, 

including catalysis1-3 and phase conversions.  The L10 intermetallic phase of FePt is very 

attractive as a material for use in BPM because of its extremely large magnetocrystalline 

anisotropy.  Wet-chemistry synthesis methods produce an alloy phase, however, whose 

magnetic properties are not useful for of BPM.  The ligands coating the surface of FePt NPs 

after wet-chemical synthesis are amiable to self-assembly, yet if the NPs were to be in the 

L10 phase, they would be ferromagnetic at room temperature, which would complicate self-

assembly due to the strong magnetic dipolar interactions among the NPs.  Therefore, an 
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approach that would facilitate self-assembly into ordered monolayers followed by conversion 

into the L10 intermetallic phase, while maintaining NP size and translational order of an array 

is highly desirable.    

 In this research we developed a procedure where, alloy phase FePt NPs were 

synthesized and self-assembled into a ordered monolayer.  Coating by a refractory material 

and subsequent thermal annealing converted the NPs into L10 and L12 intermetallic phases 

while maintaining NP size and order of the monolayer array.  These demonstrate significant 

progress toward the preparation of arrays of L10 FePt NPs, and they also highlight important 

challenges that remain.    

 

9.2 Manuscript Reprint  
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9.3 Addendum  

 Due to limitations of the transmission electron microscope at NCSU, we were unable 

to conclusively determine whether the origin of behavior observed in Figure 8 is an effect of 

the NP composition or a thermodynamically driven phenomenon.  A transmission electron 

microscope that could simultaneously visualize the atomic structure and acquire localized 

spectroscopic was required.  Through the SHaRE (Shared Research Equipment) user facility 

at Oak Ridge National Laboratory, access was granted to use one of their transmission 

electron microscopes with the necessary capabilities to address this issue. 

 

9.3.1 Methods  

 The same approximately equimolar (Fe47Pt53) sample introduced previously was 

analyzed with a JEOL 2200FS TEM/STEM equipped with a CEOS aberration corrector (on 

the probe forming side). The microscope was operated at 200 kV in STEM mode.  For image 

acquisition, the probe size was ~1 Å, and a HAADF detector was used.  For acquiring EDS 

data, a Bruker-AXS X-Flash 5030 silicon drift detector was used, the probe and beam current 

were both larger.  The EDS data were quantified using a standardless routine in the Bruker 

software suite.  

 

9.3.2 Results and Discussion  

 EDS data were collected from NPs that were mixed phase FePt L10/FePt3 L12, as well 

as from the surrounding NPs, even if their phase could not be determined.  A total of 26 NPs 

were measured, for which the results of which are shown in Figure 9.  The measurements 
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support previous reports that a distribution of individual NP compositions exist when Fe and 

Pt precursors simultaneously decompose.4,5  The average composition was 57.7 atomic 

percent Pt (σ = 3.8 %), and there was no apparent relationship between NP diameter and 

composition.  This average composition is different from the ICP-OES value of 53 atomic 

percent Pt.  This may be a result of the quantification process or the relatively small sample 

size.  Regardless, a clear trend was present in the data which revealed then origin of the 

mixed phase, L10/L12, NPs.  

 The average composition of the NPs whose phase could not be determined was 56.5 

atomic percent Pt (σ = 3.1 %).  Since the phase was unknown, it is conceivable that NPs 

containing the L12 phase were present in this subset of NPs.  By comparison the average 

composition of the NPs that were known to contain some of the Pt-rich L12 phase was 61.7 

atomic percent Pt (σ = 3.3 %).  A collage of images of this latter set of Pt-rich NPs is shown 

in Figure 10.  The images show varying proportions of the L12 phase present.  Within this 

subset of NPs the NPs that contain the lowest amount of Pt generally have the lowest 

proportion of the L12 phase, while the NPs with the most Pt are primarily L12 phase NPs.  

These results support the hypothesis that the mixed phased NPs are a result of the distribution 

of individual NP compositions and not a thermodynamic phenomenon related to the 

preferential surface segregation of Pt interfering with the formation of the L10 phase.6,7  NPs 

that exhibited the L12 phase were enriched with Pt in comparison to average over all 26 NPs.             
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Figure 9. A plot of nanoparticle diameter versus composition.  The data points in red aare 
those nanoparticles that contain the Pt-rich L12 phase, while those in black could not have 
their phase identified because they were not oriented on a zone axis.      
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Figure 10. Atomic resolution HAADF-STEM images of FePt nanoparticles that contain the 
Pt-rich L12 phase.  The individual nanoparticle composition is listed with each image.   
 
 
 
9.4 Conclusions 

       The structure and composition of individual phase-converted FePt NPs were 

investigated using aberration corrected HAADF-STEM and EDS.  HAADF-STEM showed 

the presence of mixed-phase NPs that contain both the L10 and Pt-rich L12 intermetallic 

phases of FePt.  EDS results indicate a distribution of individual NP compositions, which 

leads to the formation of mixed-phase NPs.  Phase conversion of chemically-synthesized NPs 

will likely produce some mixed-phase NPs, even if the ensemble average composition 

predicts formation of the L10 phase only.  Pure, L10-phase NPs are expected to form over a 

window of compositions (41-57 atomic percent Fe), which can be narrower than the range of 

compositions expected for chemically-synthesized NPs.  This study conclusively shows that 

precise compositional control during the synthetic process is crucial for producing a product 

with a homogenous L10 phase, which is required for NPs to be used in BPM.  New synthetic 
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procedures need to be developed that allow for control of the ensemble average, as well as 

produce a very narrow distribution of individual NP compositions.  Ideally, there would be 

no composition distribution.     
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CHAPTER 10 
 
Phase Transformation of Alumina-Coated FePt Nanoparticles 
 
 
 
 The following has been accepted for publication in J. Appl. Phys. (as an article in the 

2011 Conference on Magnetism and Magnetic Materials proceedings) as “Phase 

Transformation of Alumina-Coated FePt Nanoparticles” by Aaron C. Johnston-Peck and 

Joseph B. Tracy.  Johnston-Peck’s contribution to the research included synthesizing the FePt 

NPs, assembling the NP monolayers, depositing the alumina films, heat treating the samples, 

collecting and analyzing the TEM data, and writing the manuscript.   

 

10.1 Motivation   

 As a continuation of the work presented in Chapter 9, the generality of the technique 

developed was investigated.  Extending this technique of creating monolayers of FePt NPs 

and embedding in alumina to different kinds of NP, deposition processes, and coating 

materials would make a wide range of potentially useful materials available for various 

disciplines.  Here the deposition technique, was the specific focus.  Instead of using ALD, the 

thin alumina film was deposited by pulsed laser deposition (PLD).  

 In this research, alloy phase FePt NPs were synthesized and self-assembled into an 

ordered monolayer.  Coating alumina deposited by PLD and subsequent thermal annealing 

converted the NPs into the intermetallic phase, while maintaining the NP size and the order 

of the monolayer array. 
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10.2 Abstract 

 Monolayers of FePt nanoparticles (NPs) were coated with 10 nm-thick layers of 

Al2O3 by pulsed laser deposition (PLD).  The Al2O3 coating prevents diffusion and stabilizes 

the NP monolayer against sintering.  Annealing converts the FePt NPs from an alloy phase 

(A1) into intermetallic phases.  Atomic resolution high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) shows that Pt-rich A1 Fe29Pt71 NPs 

convert into the FePt3 L12 intermetallic phase upon annealing and develop faceted 

morphologies.  HAADF-STEM also reveals the presence of structural defects and Pt-rich 

shells.  These results, in conjunction with prior studies of Al2O3 deposition by atomic layer 

deposition (ALD), demonstrate that coating arrays of FePt NPs with thin Al2O3 films by PLD 

or ALD imparts thermal stability and provide comparable results. 

 

10.3 Introduction 

  Areal densities greater than 15 Tbit/in2 can potentially be achieved using bit-patterned 

media.1  Intermetallic FePt nanoparticles with equimolar stoichiometry have the L10 structure 

that gives them extremely high magnetocrystalline anisotropy, which stabilizes their 

magnetization against thermal fluctuations (superparamagnetism) to diameters as low as 4 

nm. Wet-chemical methods produce monodisperse, ligand-stabilized FePt NPs that can be 

patterned into monolayers through self-assembly2 and can extend across regions in excess of 

cm2.3  However, wet-chemical methods generally result in chemically-disordered, alloy (A1) 

FePt NPs whose magnetic properties are not useful for magnetic storage without conversion 

into the thermodynamically-favored L10 phase. 
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  Annealing converts the A1 phase into intermetallic phases, depending on the 

composition (L10 for equimolar composition or L12 for FePt3 or Fe3Pt composition), but the 

NPs coalesce if no special precautions are taken.4  Several approaches have been developed 

for the phase conversion of FePt NPs with minimal sintering.5-7  We recently reported the 

atomic layer deposition (ALD) of thin, amorphous Al2O3 films on monolayers of FePt NPs 

supported on SiN membranes.8  The Al2O3 coating serves as a diffusion barrier that prevents 

the NPs from agglomerating and coalescing, while allowing conversion into the L10 or L12 

phases and facilitating characterization by TEM using the SiN membrane.  The group of 

Kong et al. also recently reported closely related results when coating FePt NPs deposited on 

Si wafers with Al2O3 thin films by ALD.9 

  Here, we have use pulsed laser deposition (PLD) for deposition of the Al2O3 coating 

to demonstrate the generality of this approach.  In comparison to ALD, PLD has higher 

deposition rates and is also useful for depositing a wide range of materials.10  Al2O3 

deposited by PLD also eliminates sintering between NPs at elevated temperatures. 

Monolayers of FePt NPs were formed on SiN membranes and subsequently coated in 

amorphous Al2O3 by PLD.  Annealing drives conversion of the A1 FePt NPs into the FePt3 

L12 intermetallic phase.  The Al2O3 barrier prevents sintering between NPs and maintains 

translational order within the monolayers.  Measurements by high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) provide insight into phase 

transformations within single NPs and reveal unanticipated structures after annealing that are 

potentially technologically significant. 
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10.4 Experimental Methods 

  FePt NPs were synthesized by modifying a method reported by Sun, et al.11  The 

synthesis was performed using standard airless procedures and commercial reagents without 

further purification: 200 mg (0.5 mmol) platinum(II) acetylacetonate (97 %, Sigma Aldrich) 

and 20.0 mL benzyl ether (99%, Acros) were combined in a 100 mL three-necked, round-

bottomed flask with a magnetic stir bar.  The contents of the flask were degassed for 90 min 

at room temperature before backfilling with N2 and heating to 100 °C.  Immediately upon 

reaching 100 °C, 4.0 mL (12.5 mmol) oleic acid (99%, Alfa Aesar), 3.5 mL (10.3 mmol) 

oleylamine (97%, Acros), and 135 µL (1 mmol) iron pentacarbonyl (99.5%, Alfa Aesar) 

were added by syringe.  The temperature was increased at a rate of 3 °C/min to 200 °C for 

2.5 h.  The NPs were purified by adding methanol and centrifuging, followed by redispersion 

in hexanes.  

  NPs suspended in hexanes (~1 wt%) were drop cast onto SiN membranes (DuraSiN 

DTF-05523) supplied by Protochips, Inc.  The as-received membranes were first treated in a 

Jelight Model 144-A ultraviolet light with ozone (UVO) cleaner operating at ambient 

atmosphere for 5 min.  After depositing the FePt NPs, the SiN substrates were treated with 

UVO for another 5 min to remove the ligands and any residual organics.  The FePt NP layers 

were then coated with thin amorphous Al2O3 films via PLD.  The deposition chamber was 

evacuated to a base pressure of 1.0 × 10-5 Torr, while an atmosphere of 20 mTorr Ar was 

maintained during growth. An Al2O3 target was used, and a target-substrate distance of 9 cm 

was maintained.  For deposition of 10 nm-thick Al2O3 films, 1300 pulses of a KrF excimer 

laser (λ = 248 nm, τ = 20 ns) with a pulse energy of 150 mJ were applied at a rate of 6 Hz.  In 
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control experiments, the deposition rate was established by growing a thin Al2O3 film on an 

Si(100) substrate with a native oxide layer, and measuring the film thickness with a Veeco 

Dektak 150 profilometer. The samples were annealed in a tube furnace under forming gas 

(5% H2 in 95% N2) in a step wise fashion, first at 650 ºC for 3 h, then at 575 ºC for 2.5 h, and 

finally at 500 ºC for 2 h.  

  Bright-field TEM images andEDS  were acquired on a JEOL 2000FX microscope 

operating at 200 kV. The NP average edge lengths were determined by manually measuring 

150 NPs using Image J.12 The Cliff-Lorimer method was used for quantification of the EDS 

data. HAADF-STEM images were acquired on a JEOL 2010F microscope operating at 200 

kV.  

 

10.5 Results and Discussion 

  Cuboid FePt NPs were synthesized with an average aspect ratio of 1.3 (σ = 0.3), edge 

lengths of 7.7 nm (σ = 1.2 nm), and composition of Fe29Pt71.  The NPs were drop cast onto 

thermally-robust, electron-transparent SiN membranes.  The NPs assembled into monolayers, 

but the coverage was variable and ranged from sub-monolayers to partial multilayers, where 

NPs were stacked on top of each other, as observed in TEM images of overlapping NPs (e.g., 

Figure 1a).  The NP monolayers had short-range rather than long-range translational 

ordering, which may arise from the dropcasting process or the NP size and shape 

distributions, which can frustrate assembly.13  The average interparticle spacing between the 

inorganic surfaces of the NPs is approximately 2-3 nm in close-packed regions.  Al2O3 thin 

films were deposited onto the NP monolayers by PLD, which gave a ~10 nm-thick film in a 
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control specimen. 

  TEM images of the FePt NP monolayers after different stages of processing are 

shown in Figure 1.  After coating with Al2O3 (panel b) the arrays were unchanged from 

before the coating was applied (panel a).  After annealing (panel c), the NPs and the film 

morphology were preserved.  In comparison, heating an uncoated array of FePt NPs causes 

extensive agglomeration and coalescence into larger NPs (panel d).  Therefore, even after 

prolonged annealing, the Al2O3 thin film prevents sintering and thereby maintains the 

translational order within the array. 
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Figure 1. TEM images (common scale bar) of monolayers of FePt NPs: (a) before deposition 
of Al2O3, (b) with an Al2O3 layer, before annealing, (c) with an Al2O3 layer, after annealing 
(3 h at 650 °C + 2.5 h at 575 °C + 2 h at 500 °C), and (d) without an Al2O3 layer, after 
annealing. 
 
 
 
  Heat treatment induces morphological changes in the FePt NPs.  Prior to heating, the 

NPs are cuboids (projected as rectangles in the TEM images) with an average aspect ratio of 

1.3 (σ = 0.3) that decreases to 1.1 (σ = 0.1) upon annealing, and the projections of the NPs 

become an approximately circular shape.  Such restructuring was also observed in systems 

where the NPs were coated with Al2O3 by ALD and likely results from reducing the surface 

energy when the NP-Al2O3 interface relaxes.8  
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  The Al2O3 coating did not completely eliminate sintering between NPs, which agrees 

with our previous report.8  Sintering among NPs that were stacked on top of each other was 

not prevented.  The Al2O3 film would be unable to grow between the stacked NPs because 

PLD is a line-of-sight deposition process.  Stacked NPs fuse together because Al2O3 cannot 

be deposited between them by PLD.  Furthermore, stacked NPs were observed prior to heat 

treatment but rarely after annealing, which is consistent with the disappearance of stacking 

when the stacked NPs coalesce together.  Another potential source of sintering could be 

residual ligands that were not removed prior to deposition of the Al2O3 film and prevent 

complete coating of the NPs.  This phenomenon was also observed in a related study that 

reported sintering of FePt NPs coated by a sputter-deposited layer of SiO2, when the ligands 

were not completely removed prior to depositing the SiO2 layer.6  Therefore, sintering can be 

completely eliminated for monolayers that are defect and ligand free. 

  Annealing causes restructuring of the NP morphology. Three faceted FePt NPs are 

shown in Figure 2. The morphologies identified were cuboctahedron (Figure 2a and 2c) and 

truncated octahedron (Figure 2b). From Figure 2, it is clear the cuboctahedron and truncated 

octahedron are similar in nature; both contain 14 faces, of which 6 are square and the 

remaining 8 are triangles and hexagons, respectively.  The ratio of the edge lengths of the 

(100)-terminated facets to (110)-terminated facets is greater in the truncated octahedron 

structure, arising from the different ratios of the surface energies of the (100) and (110) 

surfaces as dictated by the Wulff construction.14  The change in surface energies may result 

from differences in NP composition or differences in surface stress states due to local 

variations in the interactions with the Al2O3 matrix, which would allow coexistence of both 
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morphologies. 

 

 

Figure 2. HAADF-STEM images (common scale bar) of FePt NPs after annealing: (a) 
cuboctahedron along [001], (b) truncated octahedron along [001], and (c) cuboctahedron 
along [101]. An antiphase boundary (planar defect) is indicated in the image, and surface 
steps are also present. 
 

 
  HAADF-STEM provides the unique ability to perform detailed structural and 

compositional characterization of individual NPs.  For certain zone axes, HAADF-STEM 

images can be used for phase determination by means of line intensity profiles and fast 

Fourier transforms (FFTs) in conjunction with simulations using JEMS software.15  Based on 

the Fe-Pt phase diagram, these NPs with average composition of Fe29Pt71 would be expected 

to convert into the FePt3 L12 phase.16  Conversion into the L12 phase was generally observed, 

but there were also significant deviations from L12 ordering.  For example, in Figure 3, the 

central region of a NP (marked by a black square) remains in the A1 phase.  Intensity profiles 

from the NPs in Figure 3 show that the NP surfaces are enriched in Pt, which was also 

observed for the NPs in Figure 2a and 2b (intensity profiles not reported.) For the NP with 

the [001] orientation in Figure 3, the atomic columns of a perfectly ordered L12 structure 
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would consist solely of Fe or Pt.  Therefore in this two-dimensional projection, an Fe atomic 

column will have 8 neighboring atomic columns of Pt, which appears in HAADF-STEM as a 

bright square (Pt) with a dark center (Fe), as depicted in the schematic in Figure 3.  

Therefore, a measurement of the intensity of atomic columns along a line parallel to the edge 

of the NP ([100] or [010] direction) would have approximately equal intensity (Pt only 

columns) or oscillating intensity (alternating between columns of Fe and Pt atoms) after the 

background intensity is removed.  Moreover, the line intensity profiles along neighboring 

rows of atomic columns should alternate between equal intensity (Pt only) and oscillating 

(alternating between columns of Fe and Pt).  If line intensity profiles for adjacent rows of 

atomic columns contain only equal atomic column intensities, indicative of columns 

composed solely of Pt atoms, then that region of the NP can be assigned as an FePt3 L12 

phase with a high density of Pt antisite defects (Pt on the Fe sublattice), or simply as a Pt-

enriched FePt3 L12 phase.  Intensity profile 1, along the edge of the NP, lacks oscillating 

column intensities, which implies that it is a row of Pt only columns.  Therefore, within the 

FePt3 phase, the second and fourth rows of columns from the NP edge (intensity profiles 2 

and 4, respectively) would be expected to contain alternating columns of Fe and Pt atoms 

because of the symmetry and periodicity of the unit cell.  However, intensity profile 2 does 

not show the expected oscillating intensity that is present in intensity profile 4.  Therefore, in 

the second row, the atomic columns of Fe atoms have been partially or wholly replaced by Pt 

atoms, indicating the presence of a large number of antisite defects, where Pt atoms take the 

place of Fe atoms.  The enrichment of Pt at the surface is likely driven by surface effects that 

favor having Pt atoms at or near the surface of the NP, such as reduced surface energy or 
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strain relaxation.17-20  While potentially of interest for catalysis, these surface effects may 

complicate ordering and are likely deleterious to the magnetic properties.  Diffusion of Pt to 

the NP surface upon annealing, which has been modeled18 and observed experimentally,19,20 

can decrease long-range ordering and inhibits the formation of perfectly-ordered NPs if Pt 

surface enrichment depletes other regions of the NPs such that the Fe:Pt ratio is no longer 

stoichiometric.21,22 

 

 

 
Figure 3. HAADF-STEM image with [001] zone axis of an FePt NP and line intensity 
profiles from rows of atomic columns parallel to the NP edge, beginning with the outermost 
row: (1) Pt atomic columns only, (2) alternating Fe and Pt atomic columns, containing a high 
density of Pt antisite defects, (3) Pt atomic columns only, and (4) alternating Fe and Pt 
atomic columns with few or no Pt antisite defects. The schematic shows the projection of the 
L12 FePt structure along the [001] zone axis without the presence of any defects and 
indicates the anticipated pattern of atomic columns in the line intensity profiles. 
 
 

144 



 

 
10.6 Conclusions 

  Layers of FePt NPs were coated with thin Al2O3 films by PLD.  The Al2O3 barriers 

prevent diffusion and sintering between NPs and preserve their assembly.  Annealing 

provides the necessary energy for intraparticle atomic diffusion, and the FePt NPs transform 

from the A1 alloy into the thermodynamically-stable FePt3 L12 intermetallic phase.  If FePt 

NPs of equimolar composition were used in this approach, monolayers of L10 FePt NPs 

could be produced, which are of significant interest for bit-patterned magnetic media.  

HAADF-STEM imaging confirms that the Fe29Pt71 NPs transform into the L12 phase and 

reveals diverse structures that include Pt-rich shells and incompletely converted A1 cores. 

The Pt-rich shells may also enhance the catalytic activity of the NPs. 

  In summary, overcoating FePt NP arrays with Al2O3 films deposited by either ALD 

or PLD can impart thermal stability against sintering. This approach can likely be extended 

to other deposition techniques, as well as to other refractory materials that could serve as 

sinter barriers. 
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CHAPTER 11 
 
Conclusions and Recommendations for Further Work 
 
 
 
11.1 Summary of Conclusions 
 
 This work was motivated by the engineering challenges associated with BPM.  In this 

dissertation, several different projects were presented, but all are connected to BPM.  In the 

most basic terms, these projects address at least one of the three main challenges of BPM 

media, (1) how to make a bit (2) how to assembly an array of bits (3) how to control a bit’s 

magnetic properties.  Solutions and insight were provided to all three challenges, a summary 

of which follows:     

• Size-controlled production of monodisperse Co NPs can be accomplished by 

varying the chain length of the linear carboxylic acid ligand used during 

synthesis.  The chain length influences the reactivity of the ligand-metal 

complex intermediates that form, which controls the supersaturation level of 

the solution before nucleation and dictates the number of nuclei formed and 

the eventual size of the NPs after growth. 

• Size-dependent magnetic behavior of Co(core)/CoO(shell) NPs was observed 

including the onset of exchange bias in small sizes.  This dependence is a 

result of the changing structure (oxide shell thickness, core volume, Co/CoO 

interface) of the NPs.  
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• The size and shell oxide thickness of Ni(core)/NiO(shell) NPs can be 

controlled through synthetic reaction parameters and post synthesis oxidation 

routines. 

• The magnetic properties of Ni(core)/NiO(shell) NPs are a function of size and 

oxide shell thickness. Additional oxidation reduces TB due to the reduction in 

ferromagnetic core volume but enhances the HC at low temperature from weak 

exchange bias.  The exchange bias does not cause an exchange shift because 

the structure of the NiO renders the shells unable to support the interfacial 

pinning strength necessary for an exchange shift.  Ordering is determined by 

NP size and shape and spin-casting conditions.    

• Spin-casting is a technique for that can be used for the self-assembly of NP 

monolayers with coverage greater than square microns. 

• Electron-transparent SiN membranes facilitate the assembly of NP 

monolayers and subsequent characterization by TEM. Image analysis 

techniques applied to TEM micrographs enable quantifiable analysis of the 

grain structure and defects in NP monolayers.  

• A thin film of amorphous Al2O3 deposited by either PLD or ALD onto 

monolayers of FePt NPs coated with a, prevents sintering and preserves 

assembly of the NPs at elevated temperatures.  

• Annealing drives the conversion of Al2O3-encapsulated FePt NPs from the A1 

alloy, into L10 and L12 intermetallic phases, depending on the composition.   
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• Wet-chemistry synthesized FePt NPs have a distribution of individual NP 

compositions.  This distribution leads to the formation of mixed-phase NPs 

demonstrating the necessity of precise compositional control during the 

synthetic process if a product with a homogenous L10 or L12 phase is 

required.   

 
11.2 Recommendations for Further Work 
 
 If FePt is to remain the material of choice for BPM, several processing improvements 

must be made.  The compositional distribution of wet-chemistry synthesized FePt NPs needs 

to be improved; ideally there would not be a distribution but rather each NP would have the 

same composition.  The use of a ligand that forms a metal complex of both Fe and Pt atoms 

or a novel precursor that initially contains both may narrow the NP composition distribution.  

Alternatively, microreactors show promise of being able to provide more precise synthetic 

control.  Heat treatments that drive the phase conversion from the alloy to intermetallic 

phases should be optimized, such that maximum ordering is attained.  This will involve a 

balance between sufficient thermal energy for diffusion while remaining below the order-

disorder critical temperature.   

 Systematic studies of exchange bias on the nanoscale are needed to understand the 

structure-property relationships.  A major challenge is limited ability to precisely and 

systemically control the size, morphology, etc. of NPs, especially in the case of wet-chemical 

approaches.  For the purpose of establishing these relationships, more controllable techniques 

such as ALD, which can also be used to deposit transition metals may be more appropriate.   
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In general, studies to understand the microscopic mechanism of exchange bias would be 

beneficial.  There have been numerous recent developments in the field of TEM that offer 

great potential to do so.  These developments include in-situ holders (apply magnetic field 

and or electrical bias, heat or cool), direct electron detectors (shorter integration time, 

improved efficiency and dynamic range), and aberration correction (improved resolution and 

the potential of Cc correctors to function as a phase plate for direct imaging of magnetic 

phase shifts caused by the sample). 

  
 


