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ABSTRACT OF THE DISSERTATION

Measuring and Improving the Properties of Magnetic Nanoparticles.

by

Jetfrey Alexander Kurish
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2022

Professor Sarah H. Tolbert, Chair

Magnetic nanoparticles show promise in a vast array of devices that utilize control of nano
magnetism. For these devices to properly function, the magnetic properties of the nanomaterials
must be precise and uniform across the synthesized materials. The focus of the work that is
presented here is to develop ways of characterizing nanoparticles to better understand the materials.
Further to the work is to show how to create improved nanoparticles which can be used in eventual
nanoscale magnetic devices.

The first three chapters of this work show ways to improve the nanoparticle materials used
in eventual nanoparticle based magnetic devices. Chapter one is concerned with improving a method
for adhering nanoparticles to surfaces to later manipulate their magnetic moments. The method
alters a synthetic method for nickel nanoparticles to remove a phosphorus impurity allowing for an
air-free adhesion method. Thus, the method avoids oxidation damage to the nanoparticle magnetic
properties. The second chapter displays the development of a new nanoparticle synthetic method
for cobalt ferrite nanoparticles. The new method improves size dispersity and shows a higher degree

of size control. Further, the magnetic properties of these crystals are shown to be superior. The third



chapter shows the adaptation of a known magnetostrictive material galfenol, an iron gallium alloy,
into a nanoparticle. This is the first synthesis of such a material as a processable solution
nanoparticles and is shown to be able to be adhered to surfaces using the methodology in chapter 1.
The remainder of the chapters of this work are methodologies of measuring nanoparticles to
generate a better understanding of the structure of those nanoparticles and how this can help
improve magnetic nanoparticle systems downstream. Chapter 4 involves using combined surface
sensitive and bulk stoichiometry measurements to create a picture of the nanoparticle atomic
distribution. The example system of annealing of FePt nanoparticles is used to show the value of
this method. Finally in Chapter 5 a novel mathematical fitting of nanoparticle anisotropy
distributions is shown. This method is used to calculate a temperature dependent anisotropy
constant inherent to the chemical structure of the nanoparticles revealing important information
about the synthetic process. Further surface and shape anisotropies are propped to provide a fuller

picture of nanoparticle quality and thus understand methods of improving synthesis.
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INTRODUCTION:

The creation of materials in the nano regime has led to profoundly unique emergent
properties and thus countless recent developments. Many commonly understood physical properties
of bulk materials fundamentally change when compressed into systems with countable numbers of
atoms. This is particularly true of magnetic materials where the high surface area to volume ratio and
increased degree of intersystem interaction inherent to nanoscale materials can cause a vastly altered
menagerie of magnetic energies. Alteration of the relevant energy is particularly valuable to devices
in a ferroic system, such as magnetism, where the property of the material is not linearly dependent
on the application of a relevant field.

Outstanding among types of nano structures are magnetic materials that are nano in all
dimensions; so called 0D materials or nanoparticles, have unique emergent properties even within
the nanoscale regime. Magnetic nanoparticles below a material dependent threshold size become
magnetically randomized by ambient thermal energy leading to a material that mixes different
magnetic orderings in an exciting way. The magnetization of these materials has high saturation field
propagation like a ferromagnetic material, but will align quickly to any applied external field like a
paramagnetic material creating “superparamagnetism’ Since the discovery of superparamagnetism,
scientists have sought to explain its relevant properties and create ways of harnessing it to the
benefit of new and interesting devices and applications. Particularly valuable in nanoscale magnetic
materials is the generation of nanoscale multiferroics wherein the ferroic ordering of magnetization
is controlled through its coupling with another ferroic ordering, thus making a multi-ferroic. These
are of particular import due to the potential for low energy manipulation of magnetic moments at
the nanoscale with device implications for computer memory, sensors, and microscopic antenna

systems.



The work presented here focuses on superparamagnetic nanoparticle systems. Herein, the
process by which nanoparticles are generated is investigated showing methods of improving the
synthesis of nanoparticles as well as the generation of novel nanoparticles. Further, the means of
characterizing these complicated nanoparticle systems are presented both in measurements of
nanoparticle properties as well as specifically the magnetic properties of the superparmagnetic
systems through multiple different magnetic material systems. The overarching theme of the work
presented herein is to improve our understanding but also our control of the relevant energies of
magnetic nanoparticles. The work seeks to show that the messy systems inherent to the art of
chemistry can be harnessed in the pursuit of necessarily precise magnetic properties required for a
working device. These systems show that we can precisely control the creation of these systems and
thus show the possibility of applying these systems to computer memory, magnetic sensors, precise
drug delivery, or many other applications that require very precise control of distributions of energy.

Chapter one is an expansion on methods for the fabrication of nanoparticle based
multiferroic systems. A method for developing chemically bonded partial monolayers of
nanocrystals on surfaces in air free conditions is presented. The method is shown to be able to
preserve the magnetic properties of oxygen sensitive nanocrystals while still creating covalent bonds
between the nanocrystal surface and the substrate. The adhered nanoparticles are shown and the
magnetic properties are shown before and after adhesion. It is shown that while the method does
alter the magnetic properties of the crystals it is done in a way that preserves the general magnetic
behavior and can be used as the basis for creating interesting magnetic structures of interacting
magnetic grains of nanocrystals.

Chapters two and three are concerned at the chemical synthetic level of nanoparticles.
Chapter two shows a novel lower temperature method for generating a well-known nanoparticle

material, cobalt ferrite. The particles are synthesized through first generating an oxo-metallic cluster
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of cobalt and iron decorated with ligands. The ligands are then reacted through a simple
esterification process. The method is shown to produce a higher quality of nanocrystal at smaller
sizes than other methods while giving easy access to a large range of sizes as well as stoichiometries
of the material. The mechanism of formation for the nanoparticles is probed to show that it differs
fundamentally from the classical LaMer type mechanism by which most nanoparticle synthesis is
understood. Further, the new mechanism is used to explain why the nanoparticle size dispersions are
improved and explains the result of multiple different temperature syntheses. Growth and
nucleation processes in the synthesis are probed and presented. The magnetic properties of the
particles are also probed to show the variable qualities accessible through this synthesis as well as the
general higher quality of the nanoparticles produced through this method as opposed to earlier
systems.

Chapter three reports the first chemical synthesis of an iron gallium, or “galfenol” material in
nanoparticle form that is processable in solution for multiferroics. The nanoparticle is made through
the rapid reduction of iron and gallium precursors made possible through the removal and exclusion
of oxygen source ligands. The nanoparticles produced are superparamagnetic at room temperature
and extremely susceptible to oxygen. Due to the ease of the material to oxidize, it was necessary to
work entirely within an oxygen and water free glove box and utilize dry and degassed solvents.
Finally using the methods described abstractly in Chapter one, the potential to adhere the
nanoparticles to substrates for their use in multiferroic devices was shown. The magnetic properties
of the adhered nanoparticles are presented to show the change in the magnetism inherent to the
adhesion process for the iron gallium nanoparticles.

Chapter four shows an interesting manner of investigation on the structure of an iron
platinum nanoparticle. It is presented with an alteration of the synthetic method driven by this

investigation that leads to an improvement in the desired aspects of that particle Iron platinum is a
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well-studied material in nanoparticles due to its absurdly high magnetocrystaline anisotropy as well
as its uniaxial easy axis magnetization. These properties make it a highly desirable computer memory
material; however, these properties only exist in a specific intermetallic phase, L1, FePt. Generation
of this phase is done through a high temperature annealing of the nanoparticles, which is generally
done at too high a temperature to use the particles in computer memory applications. This chapter
shows that by through a specific investigation of a nanoparticle’s stoichiometric distribution, one of
the root causes of this high annealing temperature requirement can be discovered. An unintended
partial core-shell structure likely common in iron platinum nanoparticles turns to be the likely cause
of the high annealing temperature. Further, this can be improved by ensuring simultaneous reaction
of iron and platinum precursors.

Chapter five is concerned with a novel mathematical expression for the fitting of
nanoparticle magnetic anisotropy distribution curves. The distribution of anisotropies for a set of
nanoparticles is generated by finding the derivative of the difference in zero field cooled and field
cooled cutves for the nanopatticles. The -d(FC-ZFC)/dT cutves ate calculated for high
magnetocrystaline anisotropy (MCA) cobalt ferrite nanoparticles and low MCA nickel nanoparticles.
It is shown that the anisotropy distribution for the cobalt ferrite is primarily driven by volumetric
crystalline anisotropy whereas the nickel nanoparticles require an understanding of surface and
shape anisotropy as well to fully understand the distribution shape. Valuable magnetic data can be
gathered through the fitting of the curves, from which we are able to gather important chemical
information about the nanoparticles that otherwise would be easy to overlook. This analysis is
shown to be valuable in determining problems within nanoparticle synthetic methodology that

prevents the use of the particles in multiferroic devices.



CHAPTER 1: AIR-FREE ADHESION OF OXYGEN SENSITIVE NANOPARTICLES

FOR INCOROPRATION INTO MULTIFERROIC STRUCTURES

1.1 INTRODUCTION

Nanoparticle research is a vast field that expands yearly. A wide range of 0 dimensional
materials have found specialized utilization in many fields."” Nanopatticles have exciting
developments in drug delivery systems as well as magnetic sensors and magnetic memory.”” The key
to the sudden generation of novel devices via nanoparticles is accessing the novel physics emergent
from quantum confinement effects in nanoscale materials.*” These effects are particulatly
exploitable in magnetic materials where nano size leads to the creation of the phenomenon of
superparamagnetism (SPM).” A superparamagnetic material is a material that is so small the
ferromagnetic moment is no longer stable to thermal fluctuation, and thus, despite having an aligned
magnetic domain, the magnetization averages to zero over any relevant time measurement. These
physics give access to the exciting devices mentioned above. As such, magnetic nanoparticles have
already seen utilization in many systems. However, efforts to create viable devices from solutions of
nanoparticles have been stymied by the lack of processing methods for interfacing nanoparticles
with other relevant materials.""

The problem of integrating nanocrystals into devices is made even more acute by the general
sensitivity of nanocrystals to ambient contamination, which can ruin the magnetic properties of the
particles. > Interfacing thin film growth systems typically struggle with nanoparticle methods due
to high energy or highly reactive precursors which may oxidize nanocrystals or fail to penetrate
surface capping ligands. '*'” Furthermore, direct physical methods of attaching nanoctystals to
preformed substrates through high temperature annealing tends to sinter nanocrystals into larger

structures unless the surfaces are coated through additional reactive steps. '** As such, the exclusion
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of oxygen from nanocrystal adhesion methods is an important development toward possible
multiferroic devices."

In this work, we show a facile method to the generation of controlled partial monolayers of
metallic nickel nanocrystals using only the reactive surface of the nanocrystal to drive the reaction in
air-free conditions. Rather than being driven by ambient bonding oxygen to create chemical bonds
between the crystals and the substrate the naturally high reactivity of the crystal surface is exploited
to make covalent bonds to oxygen rich substrates capable of supporting multiple oxidation states.
The adhesion is made possible through the synthesis of a bare nickel surface nanocrystal via an
altered synthetic method presented here. The magnetic properties of the crystals are measured
through SQUID magnetometry to show the effectiveness of the method in retaining nanocrystal
properties. Finally, the retention of a clean magnetic surface is also shown through the magnetic
properties of the crystals when coated with various materials. Further this shows the utility of the
method in creating potential magnetic devices via capping layers.

1.2 EXPERIMENTAL

1.2.1 Synthesis of nickel nanocrystals: Nickel nanocrystals were synthesized using a modified
procedure from Carenco, S. et al.*! A 50 mL Schlenk flask was charged with 2 mmol nickel
acetylacetonate as well as 9.5 mmol oleylamine (3.0 mL, Sigma 70%), 1 mmol oleic acid (0.315 mL,
Sigma 90%), and 7.3 mL n-octyl ether (24.3 mmol, Aldrich, 99%). The total solution was dried at
100° C and purged with argon three times. 0.45 mmol trioctylphosphosphine (0.2 mL) was injected
into the solution via air free injection. The solution was then refluxed under an inert atmosphere at
220 °C for 45 minutes (ramp rate 3 °C/min) and then rapidly cooled to room temperature. 200
proof ethanol was added to the flask. The nanocrystals were precipitated from solution by use of a
neodymium magnet. The nanopowder was resuspended in 4 ml of hexanes. The nanoparticles were

washed again with addition of 50 mL of 200 proof ethanol and precipitation via a neodymium
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magnet. The resultant nanopowder was then resuspended in hexanes.

1.2.2 Synthesis of bare surface nickel nanocrystals: For bare surface nickel nanocrystals, a similar
process as described above in section 2.3 was used with the following modifications. The same
precursors and solvents were injected into solution and dried at 100° C. After injection only 0.18
mmol trioctylphosphosphine (0.08 mL., Aldrich 95%) was injected into the solution via air free
injection. The solution was then ramped to 190° C at a rate of 1.5 C/min. The reaction temperature
was held for 120 minutes and then cooled to RT. Purification of the nanopowder was done as
described above. The flask was transferred to an air free glove box. 50 mL of 1:9 dry
isopropynol:dry methanol (Fisher, 99.7%:Fisher, 99.8% ) solution was added to the flask and
particles were precipitated with a neodymium magnet. The solution was decanted and 4 mL dry
hexanes were added to solution. The nanoparticles were washed again with addition of 50 mL of 1:9
dry isopropynol:dry methanol and precipitation via a neodymium magnet. The nanopowder was
then resuspended in dry hexanes.

1.2.3 Preparation of magnetometry samples: Magnetometry samples of nanocrystals were
prepared through the suspension of nanocrystals into paraffin wax (Fisher). The wax was melted and
a solution of nanocrystals in hexanes were added to the melted wax. The hexanes were driven off at
elevated temperature for 10 minutes. The wax was then allowed to cool freezing the dispersed
nanoparticles far apart. A fraction of the total wax was injected into a pill capsule, where it solidified.
The pill capsules were then fitted in straws for measurement in the SQUID magnetometer. For air
sensitive nickel nanoparticles, the same process was followed except inside an oxygen excluding
glovebox with an argon atmosphere. To ensure a complete lack of oxidation of the nanocrystals,
SQUID magnetometer samples were also prepared in an argon atmosphere box. The pill capsules

set in straws were fit into centrifuge tubes within the box, and brought to the SQUID magnetometer
7



under argon atmosphere. The wax was briefly exposed to oxygen only during transfer from the
centrifuge tube to the SQUID magnetometer. The magnetometer was then purged for analysis
removing all oxygen.

1.2.4 Substrate preparation: Substrates of titanium dioxide active surface were produced through
electron beam evaporator deposition of titanium (25 nm) on as-purchased silicon wafers. The
surfaces were then allowed to ambiently oxidize over a 6-month period. After this period the
titanium surface was assumed to be completely oxidized.

1.2.5 Preparation of adhered nanocrystal samples: Freshly purified solutions of fully suspended
nanocrystals were used exclusively in order to ensure reactive surface. For air free adhesion, A
silicon wafer with a titania surface layer was brought into the inert atmosphere box and introduced
into the purified nanocrystal solution in hexanes. The sample was left to soak for one to three days.
A slight change in color of the substrate surface was noted due to the presence of nanocrystals
physiosorbed onto the substrate. SEM imaging was used to confirm the existence of a sub
monolayer of nanocrystals. There was no clear difference between this range of soak times.

After the monolayers were developed, the substrate was removed from the solution of nanocrystals
and then repeatedly rinsed. This washing was performed multiple times with fresh hexanes until
clean.

1.2.6 Preparation of surface capped samples: Samples were placed in a small dram vial cap and
coated in dry hexanes within an air-free glove box. The dram vial cap and sample were then placed
inside the lid of a scintillation vial. The vial was sealed and closed before removing from air-free
conditions. The samples were then quickly moved from the scintillation vials into a sputterer
without removing the dry hexane blanketing layer. The atmosphere of the sputterer was reduced to
vacuum levels evaporating the hexane without exposing the nanoparticles to ambient conditions. A

capping layer of gold was then sputtered onto the nanoparticles. For wax coated samples melted wax
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was poured around the adhered nanoparticle sample and allowed to solidify around the sample at
ambient conditions.

1.2.7 Instrumentation: Magnetic measurements were conducted using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design, MPMS XI.-5). Electron Dispersion
Spectroscopy (EDS) data was taken via JEOL JSM-6700F FE-SEM. Transmission Electron
Microscopy (TEM) images were collected using an FEI Tecnai T12 quick room temperature
microscope. X-ray diffraction (XRD) made use of a Panalytical X'Pert Pro X-ray Powder
Diffractometer operating with a Cu source.

1.3. Results and Discussion: Prior to development of an oxygen free adhesion method, it was
necessary to ensure the nickel nanocrystals had a completely bare and highly reactive surface. Thus,
it was necessary to ensure the crystals have no capping phosphorus layer—commonly seen via EDS
on nanocrystals synthesized at high temperature with surface capping trioctylphosphine ligands.'>'**
In earlier methods, nanocrystals synthesized at 220° C with high levels of trioctylphosphide showed
limited reactivity in air free conditions with titania substrates. Rather, to form covalentaly bound
crystals in reasonably dense monolayers, exposure to ambient oxygen over long periods was
required."

As such, the method developed by Carenco et al. used prior was modified primarily by
dropping the reaction temperature to 190° C and reducing the amount of trioctylphosphine. It was
found to be impossible to completely remove trioctylphosphine as the nanoparticles would undergo
uncontrollable growth leading to large size dispersions without the surface capping ligand. EDS
measurements confirm a far lower amount of phosphorous in the subsequent nanoparticle samples

below the detection limit. The method produced a large number of Ni nanocrystals and at a larger

size for the given conditions as would be expected by the lower number amount of capping ligand.



A TEM image of the produced nanoparticles appears as figure 1.1 along with an XRD of the

crystals. All nanocrystals are superparamagnetic as evidenced by a
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Figure 1.1 a) TEM images of Ni nanocrystals produced at 190° C with low
trioctylphosphine. Crystals are 15 nm in average diameter. b) XRD pattern for
nanocrystals after air exposure. 111 and 200 peaks can clearly be seen.

lack of coercivity when measuring magnetization at varying fields.

With sufficiently bare surface nanocrystals it became possible to generate monolayers of
adhered crystals in air free conditions on reactive titania surfaces. The adhesion process is described
above in section 1.2.5. Images of the partial monolayer formed during the adhesion process appear
in figure 1.2. The nanocrystals are chemically attached to the substrate and impossible to remove via
washing even when submerged in solvent with sonication. Furthermore, there is a clear magnetic

difference between the nanoparticles before and after adhesion.
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Figure 1.2 a) ZFC measurements of air excluded nanocrystals prior to adhesion and
adhered nanocrystals measured in-plane. Blocking temperature increases from 94K to 256K
due to increased sources of anisotropy. b) SEM images of nanocrystals after adhesion
process. Nanocrystal size is not substantially altered. Monolayer coverage can be increased
with longer soak times.

Because all nanoparticles are ubiquitously superparamagnetic, the blocking temperature of the
nanocrystals was measured using zero field cooled measurements. An ensemble of nanocrystals is
cooled to cryo temperatures in the absence of a magnetic field freezing the superparamagnetic
moments into ferromagnetic directions. A small magnetic field is applied and the temperature is
raised. As nanoparticles transition back to superparamagnetic, they align with the applied field
increasing measured magnetization. The peak of the curve is the blocking temperature for the
sample and is indicative of the anisotropic energy of the nanocrystals. The nanocrystals show a very
large increase in blocking temperatures a result from adhesion, larger than has been observed in the
case of oxygen rich adhesion processes.'’ The large increase of blocking temperature in the sample is
indicative of a large increase in the anisotropy energy of the crystals. In the case of adhesion, this is
likely due to strain applied to the nanocrystals by the adhesion process. The otherwise spherical
crystals likely deform to create a larger interaction surface with the oxygen rich titania surface

creating an oblong gumdrop shape.
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The utility of the air-free method is obvious when exploring the potential to cap the
nanocrystals to avoid oxidation of the nanocrystals. Figure 1.3 shows the results of the adhered

nanocrystals with different capping layers as well as compared to a control of air exposed
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Figure 1.3 a) ZFC measurements of air excluded nanocrystals adhered nanocrystals
measured in-plane. Nanocrystals were coated in sputtered gold (black), as well as in wax
(red). Measurement was also done on adhered nanoparticles after exposure to air (blue). The
blocking temperature of the crystals is lowered by air exposure due to conversion of metallic
nickel to nickel oxide. Gold coated nanocrystals are highest due to exchange coupling.

nanocrystals. Exposure to oxygen generates a native oxide layer on the nanocrystals turning a
portion of the crystals to NiO thus lowering the total volume of nickel for the crystals. The loss of
nickel volume for the nanocrystals results in a greatly reduced blocking temperature of the crystals
due to a lowering of the magnetocrystaline anisotropy from a smaller volume of nickel. Compared to
the air-free wax coated nanocrystals, the oxygen exposed nanocrystals have a lower average blocking
temperature due to the oxidation of the nanoparticles. However, the gold coated nanocrystals have
an increased blocking temperature as compared to even the air free wax coated nanocrystals. The

increased blocking temperature is due to a larger amount of exchange coupling anisotropy between
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the nanocrystals as a result of the gold interstitial filling. Gold, as a highly conductive medium,
allows for a high degree of electron hopping between the nanocrystals meaning an increased degree
of exchange coupling and therefore higher blocking temperature. *** From this figure it is shown
that different distributions of anisotropies can be generated simply through control of the
environment made possible by air free adhesion of nanocrystals.
1.4 CONCLUSIONS

Thus, we have demonstrated an improved self-assembly method to adhere magnetic
nanoparticles to substrates in an air-free process that is able to retain high quality of nanocrystal
despite oxygen sensitivity of the crystal. The adhesion process takes advantage of the reactive
nanoparticle surface of bare nickel nanoparticles. Adhered nanoparticles show increased blocking
temperature due to strain applied to the crystal from the adhesion process. Further it can be shown
that the air-free quality of the crystals can be retained through processing and can even be exploited
by choice of capping medium. This shows a great deal of potential in creating multiferroic

structures.
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CHAPTER 2: LOW POLYDISPERCITY, SCALABLE SYNTHESIS OF VARIED

STOICHIOMETRY COBALT FERRITE NANOPARTICLES VIA CONTINUOUS

SOLVOTHERMAL GROWTH

2.1. INTRODUCTION: Magnetic nanoparticles are a widely researched development.

25-29

Medicinally, they have been used for direct drug delivery devices™ " as well as hyperthermia

treatment by generating heat through AC magnetic fields applied to high coercivity materials.”?**
Beyond biology, nanoparticles offer an efficient path to constructing high bit density computer
memory with extremely low write energies.” Magnetostriction, the change in a particles shape via
applied magnetic field, offers even more possibilities for applications.”* These particles are capable
of minute energy harvesting and translation of electromagnetic waves through the coupling of
magnetics and physical structure. **

Many of these new applications stem from the emergent behavior of nanoscale magnets of
superparamagnetism. In a sufficiently small magnetic crystal, high energy domain walls are excluded
leaving the material with only one magnetic domain.” Because the alignment energy of a
ferromagnet is proportional to the volume of the material, at even smaller sizes, the energy barrier
between the alignment directions of this domain becomes smaller than thermal energy. Thus, the
magnetization direction fluctuates at random creating a superparmagnetic (SPM) material. > The
result is a ferromagnetic material with a time averaged net magnetization of zero. Additionally,
because the magnetization is net zero, the magnetic attractive forces between the particles dissipate.
Therefore, the particles are able to remain suspended in solution. The fluctuating ferromagnetic
moment will still align with any applied field like a paramagnetic material but with high saturation
characteristic of ferromagnets.” This generates rapid heating under small AC fields in

32,39,40

hyperthermia , negligible write energy for non-volatile computer memory,” and low field size

% However, superparamagnetism only exists at negligible anisotropy
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energy. The anisotropy energy barrier between alignment directions is the sum of many energies,
including shape, surface, and particle-particle interaction. A small increase in nanocrystal average
volume or agglomeration of nanocrystals can induce an increased anisotropy energy transitioning the
superparamagnetism back to ferromagnetism at ambient temperature removing the utility of the
material. Therefore, precise control of the shape and size distribution of generated nanoparticles is
absolutely necessary.

Magnetic nanoparticles are made myriad ways. Synthetic approaches can be classified as top
down, where the desired materials compositions are achieved and then reduced to nanoscale sizes,*”
* and bottom up where elemental precursors are coprecipitated into nanomaterials.”>**" While top
down approaches such as ball milling excel at maintaining stoichiometric control for specific phases,
they tend towards poor size and shape dispersion and long synthesis times.*”*~" Bottom up
approaches generally rely on creating unstable precursors and causing sudden precipitation of these
precursors into particles.”””"’ This can take the form of rapid reduction of metals to form zero-
valent metal nanoparticles or rapid decomposition to form an oxide. All methods employ various
extra efforts to try to maintain low size dispersion of particles. Typically, this means use of surface
capping ligands or micelle isolated growth. However, low size dispersion remains a constant goal.” >’

Cobalt ferrite (CFO) offers specific promise as a nanoscale magnetic material. As with any
oxidized ferrite, CFO even remains remarkably air and water stable in the nanoscale. The stability
allows for compatibility with capping layers such as silica leading to a reliably biocompatible
magnetic nanoparticle.”®” Additionally, CFO tends to good ionic ordeting where cobalt occupies the
2+ charge state of the spinel structure of the ferrite with very little cation mixing due to cobalt’s

33,56

instability as a 3+ cation.”* Finally, the structure has a high inherent crystalline anisotropy, up to an

otrder of magnitude higher than ferrite, and substantial magnetostrictive behavior creating

% The high anisotropy can be further enhanced by altering
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the stoichiometric ratios of iron to cobalt.>*

A peak in anisotropy occurs around CogsFe24O, for a
material which has a crystal anisotropy tivaling rare earth magnets.”

Due to this value as a research material, many bottom-up methods have been used to
synthesize nanoscale cobalt ferrite nanoscale cobalt ferrite (CFO),”*""=* Surfactant based synthetic
methods have been developed using a constant concentration of micelle forming surfactants to limit
growth of particles and produce nanoparticles of sizes 2-15 nm. The particle size is limited by
growth occurring only within the confines of the micelles.”*” Other methods have used high
temperature decomposition of organic metal complexes through calcination or combustion to
achieve average sizes from 12 nm to as large as 90 nm with high saturation magnetizations and
coercivities.”*”” Wet chemical methods using hydrothermal autoclaves have shown morphological
control at size ranges of average 16 nm to up to 200 nm.***! Finally, a large number of methods have
used straightforward “heating up” processes where organic metal precursors are reacted in a high
boiling point solvent and precipitated particles are capped with surface ligands to hinder
growth.57,62,63

Generally, the specific chemical process to form nanoparticles is described as being a LaMer
mechanism of burst nucleation and growth.*** Decomposition of precursor creates a dissolved
“monomer” base unit of a nanoparticle. Concentration of monomer increases during heating until it
reaches supersaturation. At that point, nucleation becomes energetically favorable, and small clusters
called nuclei form rapidly dropping monomer concentration. Because concentration returns to
below the supersaturation point, nucleation is again energetically unfavorable and ceases. All
remaining monomer can only react through growth of the already existing particles. The sudden
onset and quick end of the nucleation conditions is what creates a finite size distribution of particles.
Because no new particles form, the earlier ones grow at similar rates resulting in a clustering of final

sizes rather than a continuous size distribution from zero. This mechanism was originally proposed
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as a justification for the formation of monodisperse sulfur hydrosols and not as a generalized
nanostructure formation mechanism.*>*

For the past 50 years, LaMer-based mechanisms have typically been used as the foundation
to explain nanocrystals synthetic procedures.****""> Generally the mechanism is only stated with
minute details as a means of justification for an observed finite size distribution.**” The mechanism
has been theoretically defined and proven effective in Monte Carlo simulations and defined with
numeric expressions in certain systems.”*” Expansion of the fundamental concept of the mechanism
has led to some creative forms of size control as well.””"" Average nanoparticle size was increased in
metal oxides nanoparticles through controlled addition of precursor only during the growth stage of
the mechanism.””""" Additionally, the mechanism has been used as the basis for nanoparticle
mechanisms leading to shape control. Surface capping ligands can modulate the rate of growth at
different crystal facets leading to controlled shapes. ">

However, while the original LaMer mechanism is extremely specific, most wet chemical
nanoparticle syntheses are profoundly messy and likely occur through a number of simultaneous
pathways.” Where LaMer presents mathematical justification for the separation of nucleation and
growth, in most syntheses the processes are far from mutually exclusive. ™ For example, LaMer e#
al. clearly identify sulfur monomers in the formation of colloidal sulfur, the exact identity of a LaMer
mechanism monomer is often glazed over in nanoparticle synthesis; this is especially true when
creating an oxidized nanocrystals where the source of oxygen is neglected.”* Often, substantial
modifications to the mechanism are required to bridge the gap from understanding of
decomposition to a full kinetic picture. *>*%%9 7% A guch, more recent studies have started to
evaluate the assumptions behind the LaMer mechanism and further have proposed using more
designed mechanistic nanoparticle synthetic regimes to ensure low size dispersion, and higher quality

crystals.{’5 66,70
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To circumvent the problems of LaMer assumptions, recent work by Chang e7 4/ has used a
designed non-LaMer chemical mechanism to create a continuous growth process can be used to

05068182 This process removes a discrete nucleation event by growing

form ferrite nanoparticles.
crystals from a tri-metal-oxo carboxylate cluster. Metal precursors are condensed into three metal
atomic clusters. The clusters are decorated with terminal long chain carboxylic acid ligands. A
primary ethanol is added, which reacts with the carboxylic acid ligands via an esterification reaction.
After the reaction, the ligand is removed, and the cluster is left with a reactive radical end leading to
continuous growth of the clusters into nanoparticles.” The formation of the initial cluster is
energetically favorable due to the strong binding energy of the carboxylic ligands but slows as
precursor cluster population drops compared to nanoparticle population, creating good size
control.*" Esterification has also been shown to produce manganese oxide nanoparticles of varying
phase depending on varying amount of alcohol.”

In this work, we utilize the continuous growth method developed by Chang et al., to show
the broad scope of this mechanism by synthesis of a well-studied material, cobalt ferrite (CFO) from
a heteroatomic metal-oxo cluster previously synthesized.**’ We utilized the clusters to synthesize
cobalt ferrite nanoparticles at varied stoichiometries using this novel methodology. It is shown that
stoichiometrically precise CFO can also be synthesized via the same method. The synthetic method
uses low cost acetylacetonate precursors and oleic acid ligands. It is straightforward in performance,
scalable in synthetic size, and capable of precise size control. It is shown that the new method is
superior in shape control and size dispersion than previous methods. We investigate some of the
growth and nucleation mechanisms that simultaneously exists in this method. Finally, we show that

the anisotropy constant of the as synthesized particles is higher than particles synthesized in a more

conventional burst methodology. The anisotropy of the cobalt deficient nanoparticles is remarkably
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high. Ultimately this all leads to a distribution with more uniform magnetic characteristics improving
utility for magnetic applications.

2.2 EXPERIMENTAL:

2.2.1 Preparation of esterification active precursor: Esterification active precursor was formed
through the reaction of metal acetylacetonate salts with oleic acid under vacuum. In a 50 mL standard
Schlenk flask, 0.194 mmol cobalt (II) acetylacetonate (Aldrich, 97%) and 0.399 mmol Iron (III)
acetylacetonate (Aldrich, 99.9%) were mixed with a stir bar in a solution containing 5 mL oleic acid
(15.75 mmol, Panreac, purified by distillation) and 6 mL n-octyl ether (19.95 mmol, Aldrich, 99%).
The solution was degassed at room temperature (RT) for ten minutes. Following a 15-minute ramp
up from RT, the solution was further dried under vacuum at 100 °C for 30 minutes.

2.2.2 Esterification Based Synthesis of CFO nanocrystals: Under argon, 4 mL 1-decanol (20.95
mmol, ‘Baker’, 99%) was added to a solution of esterification active precursor synthesis described
above. The mixture was heated to reaction temperature (180 °C or 200 °C) with a 15-minute ramp
period and held for a reaction time (30 - 600 minutes). The resulting nanoparticles were cooled to RT.
To the solution, ethanol was added and the particles were centrifuged and the solution was decanted.
The product was then re-dispersed in hexanes and washed with ethanol twice before being dispersed
in hexanes.

2.2.3 Literature Conventional Synthesis of CFO nanocrystals: All nanoparticles prepared by the
classical solvothermal method were synthesized following an oxygen-free procedure adapted from Lu
et al.”® In a 50 mL standard Schlenk flask, 63.0 mg cobalt (II) acetylacetonate (0.245 mmol, Aldrich,
97%), 125 mg Iron (III) acetylacetonate (0.354 mmol, Aldrich, 99.9%), and 155 mg 1,2-hexadecandiol
(0.600 mmol, Aldrich, 90%) were dissolved with a magnetic stir bar in a mixture of 6 mL oleylamine
(18.24 mmol, Panreac, purified by distillation), 2 mL oleic acid (6.3 mmol, Panreac, purified by

distillation), and 4 mL n-octyl ether (13.30 mmol, Aldrich, 99%). The solution was degassed at room
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temperature (RT) for ten minutes. Following a 15-minute ramp up from RT, the solution was further
dried under vacuum at 100° C for 30 minutes. Under argon, the mixture was heated to 250 °C with a
15-minute ramp period and held for 30 minutes. The resulting nanoparticles were cooled to RT,
centrifuged, decanted, and dispersed in hexanes. The product was then washed with ethanol twice
before being re-dispersed in hexanes.

2.2.4 Preparation of Magnetometry samples: Magnetometry samples were prepared through the
suspension of nanocrystals into paraffin wax to reduce interaction between the crystals. Paraffin wax
was melted in a scintillation vial. A concentrated solution of washed nanoparticles suspended in
hexanes was then injected into the paraffin wax. the hexanes were evaporated from the mixture by
sustained heat over ten minutes. A fraction of the total wax was injected into a pill capsule, which was
then fitted for measurement in the SQUID magnetometer. The wax was resolidified at ambient
temperature before use.

2.2.6 Instrumentation: Magnetic measurements were conducted using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design, MPMS XI.-5). Oxidation potential of
surfaces and samples carried out using X-ray Photoelectron Spectroscopy (XPS) from a Kratos Axis
Ultra DLD spectrometer with a monochromatic Al (Ko) radiation source. Scanning electron
microscope (SEM) images taken via JEOL JSM-6700F FE-SEM. TEM (cnsi tencai T12)

2.3 RESULTS AND DISCUSSION: The crux of esterification nanoparticle synthesis is the
esterification of a carboxylate-ligand heteroatomic tri-metal-oxo precursor.’™ To create an
esterification active precursor, acetylacetonate-ligand metal precursors were mixed with oleic acid
under vacuum at high temperatures. The acidic proton of the oleic acid protonates acetylacetonate

ligands, removing them, and generating an oleate ligand for the metal. Protonation and replacement
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of acetylacetonate ligands then, is driven by evaporation of acetylacetone from the system via vacuum.

Figure 2.1. 2) TEM of CFO nanoparticles produced through conventional nucleation and growth method
showing high agglomeration and high variation in size and shape. b) TEM of CFO nanoparticles produced
through esterification at 200° C synthesis showing low agglomeration and size dispersion ¢) TEM of CFO
nanoparticles produced through esterification at 180° C synthesis showing low agglomeration and small
dispersion. d) esterification synthesis method nanoparticles with excess cobalt leading to stoichiometrically
precise CoFe,O4 Cobalt Ferrite.

The esterification of carboxylate acid ligands on the metal-oxo cluster leads to growth of the

1.81

precursor clusters into nanoparticles as described by Chang et al.” TEM images of particles
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synthesized via an esterification process appear in Figure 2.1. These particles were compared to
particles synthesized from a conventional method from Lu et al. using reducing agents at high
temperatures representative of heat-up methods in literature.” The specific synthetic method for the
conventional nanoparticles is listed in Section 2.2.3. Figure 2.1 features TEM images of these
differently sourced nanoparticle samples. Visual inspection thereof shows stark contrast between the
esterification nanoparticles and those of the conventional method. Regardless of stoichiometry,
esterification nanoparticles are uniform and well dispersed. Likely, the relatively slow growth kinetics
of esterification leads to a more facet averaged particle with a more spherical shape. However, for
conventional synthesis, growth occurs rapidly leading to in a larger kinetic distribution of shape. Thus,
synthesis results in more oblong and lumpy particles. Further, there is an apparent increase in
agglomeration of the nanoparticles from the conventional synthesis. Particles in figure 2.1b are
synthesized at 200° via esterification whereas those in figure 2.1c are at 180° to show that low
temperatures successfully create visually indistinguishable particles. Particles of CFO precise
stoichiometry via esterification appear in figure 2.1d showing the method is viable to multiple
stoichiometries. The specific stoichiometries of the particles is controllable through a combination of

synthesis temperature, and precursor ratio.

22



The nanoparticle sizes are quantified in figure
2.2, wherein histograms of the size distribution of the
nanoparticles are presented. The conventional method
produces a much broader distribution of sizes than any
of the wvariations on esterification method.
Conventionally derived nanoparticles have an average
diameter of 7.6 nm with a standard deviation of 3.0 nm
whereas as an example, the 180 °C 3-hour esterification
particles averaged 6.7 nm in diameter with a standard
deviation of only 1.3 nm. The esterification method
shows small size distribution at several size regimes
through variation of reaction time and temperature.

To demonstrate continuous growth as a means
of generating precise size control, a set of syntheses
were run with nanoparticles aliquots taken at various
time points. Nanoparticles from each aliquot were
isolated and size was measured via TEM. For
esterification at 180° C or 200° C the average size of
the particles shows continuous size growth over a long
period of time, which contrasts with conventional

methods. Generally, heat up synthesis is understood to
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Figure 2.2 Size distributions for nanoparticles of
varying design from esterification synthesis
compared to conventional particle synthesis.
Histograms for 200° C and 180° C synthesis are
presented in black and blue respectively as well
as stoichiometrically precise CFO in red.
Histograms in a) represent an hour of synthesis
whereas b) shows three hours of synthesis.
Conventional particles presented are the same in
each graph.

follow a burst nucleation event, which quickly reaches a final size dictated by the interplay of surface

ligands and exhaustion of precursor. Figure 2.3 shows the result of time point studies. The average

size of crystals at the sampled time is reported in figure 2.3. For crystals grown at either 180 °C or 200
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Figure 2.3. a) Average nanoparticle size as a
function of time as determined by aliquot removal
from an ongoing synthesis. All esterification
based synthetic methods
growth of nanoparticles over a long period.
Growth is not affected by scale up of method. b)
Time dependent volume growth of nanocrystals
over time in both 180°C and 200 °C synthetic
methods. At 180 °C growth follows a continuous
kinetic-limited process within the studied region.
For 200°C nanocrystal growth is linear but slows

show continuous

°C reaction temperature, nanocrystal diameter
increases continuously over a long region. Figure
2.3b shows that volumetrically the 180 °C
synthesized particles grow linear over the studied
period expected of continuous growth. Linear
growth is reproduced in a scaled-up synthesis as
well (red) with double the volume of that shown
in the blue curves. The linear growth implies
stable growth kinetics leading to easy size control
in both small and large batches important for
industrial applications. In addition, figure 2.3
shows that particles grown at 200 °C are
noticeably smaller throughout the observed time
period. The different growth pathways imply that
temperature asymmetrically affects nucleation
and growth mechanisms of the particles. At 200°
C the precursor is disproportionately susceptible
to new nucleation of particles such that more
nuclei are formed. With more nucleation the
same degree of growth systematically leads to
smaller particles during the same time period.

It was suspected that at 200 °C the

enhanced nucleation was due to metal-oxo cluster

precursor to spontaneously decomposing without primary alcohol esterification leading to a
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supersaturated solution of metal atoms, and thus LaMer type synthesis on top of the esterification. If
so, the amount of precursor consumed by nucleation would increase, reducing the amount of material
available for growth, thereby, decreasing the final size of the nanoparticles as was seen. To investigate
the possibility of direct thermal decomposition at 200° C, synthesis was carried out without any
alcohol, precluding esterification. The method described in section 2.2 was followed but without
decanol addition for a three-hour soak, However, at either 180 °C or 200 °C no particles could be
created from this altered method. Therefore, the metal-oxo cluster precursor must be stable at 200°
C and does not decompose thermally into nanoparticles without the presence of an alcohol.
Additional nucleation mechanisms were investigated to justify the differences in 180° C and
200° C synthesis. In many nanoparticle systems there is the possibility that previously formed crystals
can catalyze decomposition of the precursor, thereby leading either to growth of the crystal or even
generation of new nuclei called seed-mediated nucleation.”*** To investigate the possibility of seed-
mediated nucleation of nanocrystals, previously synthesized nanoparticles formed through
esterification synthesis were added to a flask of metal precursors. Again, alcohol was excluded from
the reaction to prevent esterification from occurring. The solution was heated to 180° C or 200 °C.
In either case the exact same distribution of seeds was used. After thirty minutes of soak at high
temperature, the nanoparticles were extracted and imaged. A comparison between the yielded new

nanoparticle distributions appears in figure 2.4.
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Figure 2.4. a) TEM of CFO nanoparticles after heating seed CFO nanoparticles at 180° C for 30 minutes
in a precursor solution with no decanol present. Most visible particles are large with some very small new
particles being visible. b) TEM of CFO nanoparticles after heating seed CFO nanoparticles at 200° C for
30 minutes in a precursor solution with no decanol present. Some visible particles are large but the majority
are very small new particles. c) Size histograms on a logarithmic scale through image] analysis of TEM
images of nanoparticles generated through heating of seeds at 180° C or 200° C in oxo-metallic precursor
solution as well as size histogram of the initial seed distribution. Distribution shows 200°C heating
preference for nucleation and 180° C preference for growth.

From the TEM images new small particles appear after a thirty-minute soak at either 200°C
or 180° C; thus, it is apparent that seed-mediated decomposition of metal-oxo precursor occurs in
both 200 °C and 180 °C synthesis. At 200 °C, seed-mediated decomposition of precursor generates a
large number of new nanocrystals. As can be seen in the TEM images in figure 2.4b, the original
nanocrystal seeds appear but there is a large number of new smaller average size nanocrystals.
However, for the 180 °C soak synthesis, the majority of observable crystals are simply larger seeds
while very few small particles appear.

This dichotomy is better represented by the histogram distributions of the measured particles
as seen in figure 2.4c. While the distribution of seeds fits well to one log-normal curve of average
diameter of 6.7 nm, the distribution the distributions after a second soak require two log normal curves
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to fit, one for new nuclei and one for the slightly larger original seeds. For 200° C synthesis, the
average sizes via these two distributions are 5.1 nm and 7.2 nm diameters respectively. For 180 °C
growth soak with seeds, the mean sizes are 4.8 nm and 7.7 nm. More importantly than the modest
differences in average diameter are the relative sizes of these peaks within the distribution. As a
normalized curve, the size of the curves corresponds to the population of particles within that curve.
For the 200 °C soak, the smaller distribution has twice the population of the large diameter
distribution. However, for 180° C soak the smaller diameter particles only account for roughly a
twentieth of the total population. Thus, the additional seed mediated decomposition pathways at 180
°C favor growth whereas at 200° C nucleation is favored leading to smaller final size in 200° C than
180° C.

Finally, to show that esterification is the primary process by which nanoparticle nucleation
occurs in 180° C synthesis the seed mediated reaction was run with reintroduction of decanol. The
resulting nanoparticle population can be seen in green in figure 2.4c. The distribution closely resembles
that of the 200 °C seed-based synthesis. The distribution again requires two lognormal curves to fit
due to seeds and new nuclei, with average sizes of 4.3 nm and 7.2 nm diameter. Thus, the decanol is
necessary not just for the initiation of the reaction but also helps to lower the energy barrier towards
growth of nanocrystals from precursors allowing nucleation to occur at 180 °C.

In addition to evaluating the size distribution of the nanoparticles, testing was done to evaluate
the magnetic quality of the esterification generated nanoparticles. A series of magnetic tests was
performed using a SQUID magnetometer. Measurement of magnetization with applied field was
performed to show the particles were indeed SPM. The magnetization under applied field of the
particles passes through the origin as is expected for SPM nanoparticles. All distributions of

nanoparticles in this work are superparamagnetic.
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Because the randomization of magnetization direction is a thermal effect, there is a transition
temperature referred to as the blocking temperature. Below that temperature, the particles return to a
normal ferromagnetic state. Blocking temperature of the superparmagnetic particles was probed
through zero field-cooled and field-cooled tests. Generally, to acquire a zero-field cooled curve,
particles are cooled with randomized magnetization direction and heated with a small applied field.
Magnetization increases as the particles near their SPM transition temperature and can align with the
applied field. The maximum observed magnetization is listed as the ensemble blocking temperature.
An example of this curve appears in figure 2.5a for a representative sample showing a blocking

temperature of around 175 K.
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Figure 2.5. a) Example FC and ZFC curves of nanoparticles synthesized through esterification at 180°C
b) FC-ZFC curve (black) showing cumulative population distribution of un-blocked nanoparticles.
Derivative curve (blue) showing population of blocking temperatures in an example sample.

To visualize the average individual blocking temperatures of the particles, -d(FC-ZFC)/dT
curves have been calculated for the different syntheses. As implied by the name, these curves are
generated by taking the derivative of the difference between a field cooled (FC) measurement and a

zero-field cooled (ZFC) measurement. This derivative corresponds to the population of nanoparticles
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that is switching from a blocked ferromagnetic state to a SPM state at the measured temperature
differential. The height of the curve generated shows the relative population of nanoparticles with that
blocking temperature and as a whole the graph represents a population distribution of number density

of particles with the given temperature as a blocking temperature.”***> An example of these curves is
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Figure 2.6. 4(ZFC-FC)/dT graphs are shown from SQUID magnetometry of three representative samples
of conventional(a) esterification of CFO stoichiometry at 200° C (b) 180°C off stoic esterification (c) and
200°C stoichiometric CFO esterification synthesis(d). Fitting functions have been applied to each of the
curves in order to glean the average blocking temperature of the sample. The two peaks in conventional
correspond to two peaks in the volumetric distribution and therefore have two average blocking
temperatures and two anisotropy constants.
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shown in figure 2.5b. The FC and ZFC curves used to generate the figure are the same as appear in
figure 2.5a.

The average blocking temperature allows for a calculation of the anisotropy constant for the
nanoparticle distributions. The effective anisotropy constant of the crystals serves as a good volume
normalized metric by which the quality of the nanoparticles can be compared. An average effective
anisotropy constant can be calculated from the average blocking temperature with the average

volume as determined by TEM distributions as described in eq 1.7
)Ty = L=

As such representative d(FC-ZFC)/dT curves with distribution fittings are shown in figure
2.6 for Cobalt Ferrite nanoparticles synthesized via conventional, 180°C esterification, 200°C
esterification methods, and stoichiometric CFO via esterification. The average blocking temperature
of each is found from fitted curves. For 180° C and 200° C esterification these average blocking
temperatures are 188 K and 182 K respectively. The average volume of the particles is found by taking
the TEM image derived volumetric histogram for a given synthesis and fitting a lognormal distribution
to it.” The esterification derived stoichiomettic cobalt ferrite samples had an average volume of 105
nm’ and blocking temperature of 87.6K, thus a K of 287. kJ/m.” For the 180°C and 200°C
esterification from figure 2.6 the average sizes are 137 nm’and 118 nm’. Thus, the effective anisotropy
constants are 422 kJ /m’and 321 k] /m’ respectively. These values are much larger than stoichiometric
bulk values of ~225 kJ/m’. %

For the conventionally synthesized nanoparticles two peaks appeat in the d(FC-ZFC)/dT’
curve complicating the same calculation. These two peaks are mirrored in the volumetric distribution
and so the average blocking temperature can be matched for each peak to the two separate lognormal

distribution peaks to calculate two effective anisotropy constants, which then can be population

averaged. The first average blocking temperatures from the two fitted peaks are 105K and 231K
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cotresponding to size peaks of volumes 301 nm’and 537 nm’. Using again eq 1 for these individual
peaks the effective anisotropy constants are 120 kJ/m’ and 148 kJ/m’ and when normalized for
population density of the two peaks that the average ke for conventional particles is 121 kJ/m’.
There are many possible reasons nanoparticle anisotropy constants deviate from that of the
bulk measurements. Generally, throughout literature, it is common for CFO nanoparticles to have
anisotropy constants lower than the bulk due to varied crystalline defects at the surface of the particles
dominating the anisotropy. The anisotropy constant for the esterification particles is ubiquitously

higher than the conventionally grown particles.”

it is possible that the slower growth of the
esterification particles leads to a more thermodynamic product with a more uniform surface of lower
defects. Regardless of the reason the esterification process offers a method to generate a higher quality
magnetic material than is seen in conventional methods.
4. CONCLUSION: We have shown a facile method for low temperature size-controlled synthesis
of cobalt ferrite nanoparticles as a natural expansion on the work of Chang et al. The mechanism of
formation is shown to be primarily through esterification of precursors, particularly at low
temperature, and no auto decomposition of the precursor occurs. A varied range of nanoparticle sizes
and with low size dispersion can be made with this method and batch scalability is shown. Multiple
stoichiometries are accessible for further tuning of nanoparticle properties. Furthermore, we have
shown that magnetic nanoparticles generated through these means also have improved magnetic
properties. This has been shown through a d(ZFC-FC)/dT curve analysis on magnetic nanoparticle
data. Through this analysis we show that the particles herein created have a higher inherent crystalline
anisotropy than those made from literature heat up methods.

We anticipate both that this method for producing CFO nanoparticles will be an improvement

from earlier methods in both quality and ability to produce large quantities of particles. It expands the

growing field of continuous growth methodologies, which utilize chemical properties for greater
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control of nanoparticle properties. We expect this method to be widely applicable to form a wide

variety of cobalt ferrite nanoparticles for a wide range of applications.
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CHAPTER 3: CHEMICAL SYNTHESIS AND ADHESION OF MAGNETOSTRICTIVE

IRON GALLIUM NANOPARTICLES

3.1 INTRODUCTION: Nanoscale magnetostrictive materials have many exciting potential
applications, particularly when formed into composite multiferroic systems.*”* Magnetostrictive
materials have been proposed to power the internet of things by functioning as minute energy
harvesters”””"* These materials also have been shown to be a logical choice for a new generation of
minute field sensors, particularly, for materials that show a high strain response to small applied
fields.” Nanoscale magnetostrictives have even found their way into biomedical applications
where strain from an alternating magnetic field applied to magnetostrictive have been used to induce
bone growth.””” As the application space continues to expand, the demand for new and better
nanoscale magnetostrictive materials continually expands.

Broader nanoscale adaptation of magnetostrictive materials has been slowed by
magnetostrictives tendency to have high magnetic crystalline anisotropy, and a tendency to utilize
rare-earth elements.* Most commonly, high magnetostriction derives from strong spin orbit coupling
in a strong magnetic crystalline anisotropy (MCA) energy. A minor distortion of the lattice in a high
MCA material result in a large magnetic energetic change, and thus, high magnetostriction.®’
However, a high MCA intrinsically means that a large field is required to saturate the magnetization
of the material and thus reach maximum lattice distortion from the magnetostriction. Such, high
MCA precludes many multiferroic applications. ***” Additionally, the strong spin orbit coupling
needed for many magnetostrictives tends to be a product of the incorporation of rare-earth
elements.””'"This is true of the particularly prevalent magnetostrictive, Terfenol-D, which takes
advantage of a partially frustrated intermetallic of terbium dysprosium and iron to create a low
coercivity high magnetostrictive material. However, the difficulty of synthesis combined with the

price of rare earths creates a large incentive toward alternative magnetostrictive of more common
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elements in less specific lattice structures.'*""

Iron gallium alloys are an attractive alternative to rare earth magnetostrictives due to
impressive magnetostrictive coefficients at low saturation fields and using earth abundant elements;
although the origin of this magnetostriction is not entirely understood.'”™"'* Magnetostriction
constants for iron gallium alloys can reach as large as 400 ppm with saturation magnetic fields in the
range of 100-200 Oe with strong tensile strength, making it an ideal system for many multiferroic
applications."'>"” Initial measurements of high magnetostriction in single ctystal systems showed
magnetostriction increased monotonically with gallium content up until around 17% gallium.'"*'” In

single crystals, the magnetostriction was thought to increase with gallium effects on the band

structure of the material until high gallium content induced the create of negative magnetostrictive
Fe;Ga DOs crystal grains.">'"™'"'"* 1) Initiomodeling of o-Fe alloy FeGa have reproduced high
magnetostriction, implying the effects of gallium on the iron electronic band structure is alone
sufficient to generate high magnetostriction.'">'"” More recent experiments have shown that
artificially stabilizing the structure against DO; formation at high gallium content, via doping of
copper or epitaxial pinning of structure, show an even larger enhancement of magnetostriction.''"
However, investigations into polycrystalline samples have implied that a great deal of the
magnetostriction could stem from DOs nanocluster grains undergoing a tetragonal shift to DO
within a largely A2 cubic matrix.""""* The puzzle is further complicated where papers have shown
doping effects to increase FeGa magnetostriction possibly due to enhancement of crystal defects or
further alterations to single crystal band structure. '*'*

The implications of the debate extend to the design of nanoscale systems wherein creation of
single crystal materials encounters new challenges. Sputtered polycrystalline thin films were made

showing magnetostriction values lower than bulk single crystal materials but high enough for

multiferroic .zlpplica).tions.m*125 Electrodeposition methods were shown to be able to generate both
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thin film and nanowire architectures.'”"**"** Thin film deposition methods were improved with
introduction of epitaxy through underlayers or sputtered beam epitaxy to make single crystal forms
improving the magnetostriction.'”*~"! Even more recently the electrodeposited thin film iron
gallium layers have been incorporated into multi-layer stacks to keep high magnetostriction while
lowering the formation of eddy currents under applied voltages in multiferroic devices."”>'”> The
vast majority of nano-structuring in iron gallium systems has focused on 2D and 1D architectures
with little work in OD nanostructures such as nanoparticles.

Nanoparticle architecture is an obvious next step in new nano structuring of iron gallium.
Aside from the possible applications from nanoparticle architecture magnetostrictive, an accurate
measurement of magnetostriction in intrinsically single crystal nanoparticles could offer a valuable
data point in the debate over the origin of magnetostriction in iron gallium. To make a
magnetostrictive multiferroic based synthesized nanoparticles need to be proper iron gallium
composition and solution processable onto a strainable surface. So far, intermetallic Fe;Ga particles
have been chemically grown in carbon nano tube substrate. A stoichiometric metal nitrate
precursors were soaked into carbon nanotubes and then annealed at 500° C in a 50:50 argon H,
mixture.'' The nanopatticles generated in this method were monodisperse in size but adhered
irreversibly inside the carbon nanotube matrix preventing use for generating a multiferroic device.
To the best of our knowledge this is the only chemical or mechanical method reported for FeGa
nanoparticles.

In this work, we show a wet chemical method for the synthesis of iron gallium nanoparticles.
The method relies on the rapid reduction of stable iron and gallium precursors while excluding all
potential sources for oxygen at the high reaction temperature. the particles described herein are
mono disperse in size distribution, crystalline, and magnetically superparamagnetic. The

nanoparticles are extremely susceptible to oxygen and it was necessary to conduct all work within an
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argon atmosphere glove box. Finally, using the method developed by Sasaki et al. the particles were
chemically adhered to a titania surface to show the potential for integration into multiferroic
structures.'’ This has been shown to be a valuable first step to generating a multiferroic structure
from nanoparticles.*

3.2 EXPERIMENTAL:

3.2.1 Preparation of oleate precursor: Metal acetylacetonate precursors were converted to oleate
precursor through the reaction with benzoic acid under vacuum. In a 50 mL standard Schlenk flask,
0.35 mmol gallium (III) acetylacetonate (Aldrich, 99%) and 0.70 mmol Iron (III) acetylacetonate
(Aldrich, 99.9%) were mixed with a stir bar in a solution containing 384 mg (3.15 mmol) benzoic acid
(Aldrich, 99.5%) and 8 mL n-octyl ether (26.6 mmol, Aldrich, 99%). The solution was degassed at
room temperature (RT) for ten minutes. The system was a 15-minute ramp up from RT, the solution
was further dried under vacuum at 100 °C for 30 minutes. Acetylacetonate was recollected in a dry ice
cooled trap.

3.2.2 Synthesis of Feo9yGao: nanocrystals: Air free transfer of 0.5 ml (1.12 mmol) of
trioctylphosphine (Aldrich 97%) was injected into the solution to acts a surface caping ligand. Under
argon, the 8 ml solution of oleate precursor was heated to 210° C. 4 ml of 1.0 M solution of lithium
triethylborohydride in n-octyl ether solution was injected at temperature to the solution of oleate
precursors. The reaction instantly turned black but was left at temperature for 30 to 120 minutes. The
resulting nanoparticles were allowed to cool to ambient temperature. The solution was brought into
an argon atmosphere glove box. A 1:9 dry isopropynol:dry methanol (Fisher, 99.7%:Fisher, 99.8% )
solution was added to the flask. The nanocrystals were forced to crash out from solution by use of a
neodymium magnet. The nanopowder was resuspended in 4 ml of dry hexanes. 1:9 dry
isopropynol:dry methanol was added to the hexanes and the nanocrystals were again forced to crash

out by a neodymium magnet. The resultant nanopowder was then resuspended in hexanes.
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3.2.3 Preparation of adhered nanocrystals: For chemical adhesion of nanoparticles to a substrate,
the ambient oxygen free method desctibed by Sasaki et al. was used." A silicon wafer with a ~100 nm
titania surface layer was brought into an inert atmosphere box and submerged into a solution of
nanocrystals suspended in hexanes. The sample was left to soak for 24 hours days. During this time,
the substrate changes color and a partial monolayer of nanocrystals forms on the substrate in an inert
atmosphere environment. A protective layer of gold was sputtered on top of this substrate to reduce
oxygen contamination of the FeGa particles.

3.2.4 Preparation of air free XRD: A sample for XRD was prepared by drop-casting nanopowder
from nanoparticles suspended in hexanes on a piece of aluminized mylar inside an oxygen free glove
box. Another piece of aluminized mylar was used to cover the sample and the edges were sealed by
heating the mylar to form an air tight seal. The XRD pattern was taken and background subtracted
from an aluminized mylar standard.

3.2.5 Preparation of magnetometry samples: Magnetometry samples were prepared through the
suspension of nanocrystals into paraffin wax (Fisher) to ensure an oxygen free environment. A
concentrated solution of washed nanoparticles suspended in hexanes was then injected into melted
paraffin wax. The wax was left at temperature as a liquid for ten minutes to evaporate excess hexanes.
A fraction of the total wax was injected into a pill capsule, where it solidified and was then fitted for
measurement in the SQUID magnetometer.

3.2.7 Instrumentation: Magnetic measurements were conducted using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design, MPMS XI.-5). Scanning electron
microscope (SEM) images taken via JEOL JSM-6700F FE-SEM. Transmission Electron Microscopy
(TEM) images were collected using an FEI Tecnai T12 quick room temperature microscope. X-ray
diffraction (XRD) made use of a Panalytical X'Pert Pro X-ray Powder Diffractometer operating with

a Cu source.
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3.3 RESULTS AND DISCUSSION: The crux of FeGa nanoparticle synthesis is the importance of
excluding oxygen in various forms from the system. To remove trace air and water from the reaction,
the synthesis of nanoparticles was performed on an air free Schlenk line set up where all precursors
were dried under vacuum at temperature. Furthermore, it has been proposed in the literature that
acetylacetonate ligands generally are able to participate in reactions with reducing agents during high
temperature nanoparticle synthesis.'> As such, it was quickly discovered that any attempts at synthesis
of FeGa particles using acetylacetonate precursors would yield oxidized nanoparticles regardless of
the strength of reducing agent used. Therefore, the switch from a dicarbonyl metal ligand to a more
stable carboxylate ligand was necessary to prevent oxygen scavenging during the reaction and
formation of oxide nanoparticles.

TEM images of synthesized particles appear in figure 3.1. The particles show very low
dispersion of size and shape and have an average diameter of 5.5 nm and a standard deviation of 1
nm. An XRD pattern is shown in figure 3.1d showing the characteristic peaks of a BCC alloy of iron
gallium. The <110> peak being the most intense and also shifted to slightly lower 26 due to the
introduction of large gallium atoms into the lattice. Additionally, EDS measurements of the
nanoparticles indicate that the particles are Feo9Gaoi. The final iron to gallium ratio is lower than the
to the stoichiometric ratio of the precursors used for synthesis of 2:1 Fe:Ga. This is likely due to the
relative difficulty of reducing gallium during the synthesis. It is possible to yield a set of stoichiometries

by changing the precursor stoichiometries.
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Figure 3.1 2),b) TEM of FeGa nanoparticles showing low dispersity of size. EDS confirms
particles are FeooGaoi ¢) Histogram of nanoparticle diameters determined through image] d) XRD

of synthesized particles
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Figure 3.2 a) MH loops of as
synthesized nanocrystals suspended n
paraffin wax. At room temperature the
particles are clearly superparamagnetic
with no detectable coercivity. At 5K the
ferromagnetic  particles  show a
coercivity of around 500 oe. b) Zero
field cooled (black) and field cooled
(red) curves for FeooGao1 Particles. The
ensemble blocking temperature from
ZFC is G65K. blocking temperature
distribution (-d[FC-ZFC]/dT) shows an
average blocking temperature at 49K
and a narrow distribution of blocking
temperatures indicating good chemical
uniformity of particles.

Magnetic analysis of the nanoparticles showed
that the particles were superparamagnetic at room
temperature and became ferromagnetic at extreme low
temperature. Particles suspended in paraffin wax were
measured using a SQUID magnetometer. MH loops
for the as synthesized particles appear in figure 3.2a.
The particles are clearly ferromagnetic at low
temperature, 5K, with a coercivity of ~500 Oe. The
coercivity disappears quickly with elevated temperature
and the particles return to superparamagnetic with zero
measurable coercivity. A room temperature MH loop
appears as well to show the superparmagnetic nature of
the particles.

The distribution blocking temperatures were
probed through zero field cooled and field cooled
measurements. Because the measurements were
performed on particles spaced with paraffin wax, there
should be no contributions to anisotropy from inter
particle interaction. The ZFC curve shows an ensemble
blocking temperature of 65K. Average blocking
temperature can be more accurately judged via a

calculated d(ZFC-FC)/dT curve wherein the derivative

of the difference between the field cooled and zero field cooled measurements is calculated as

described by Micha et al.* This curve, in blue in figure 3.2b, shows the population of nanoparticles
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with the given blocking temperature and thus can be seen as a way of more precisely calculating a
true average blocking temperature. The calculated average blocking here was 49K.

From the average blocking temperature and using the size distribution seen above an
effective anisotropy constant for the particles can be calculated by use of equation 1.

KeffV
t
kpln (a)

M Tp =
Here the natural log of the sampling frequency can be estimated at 25 as is described in
literature.*"** Calculating the effective anisotropy constant yields 194 k] /m’ While this is higher than
the anisotropy associated with bulk iron, 48 kJ /m’ it is far lower than measured anisotropy constants
of iron nanoparticles. Nanoparticle effective anisotropy constants are generally much higher as they
are enhanced by anisotropy contributions from surface and shape. As such a pure iron nanoparticle
anisotropy has been measured closer to 550 kJ/m”."”* The nonmagnetic gallium while increasing the
magnetostriction, should have this effect of lowering the effective anisotropy constant by both being

non-magnetic and growing the lattice through the size of gallium. The calculated anisotropy constant

from this work mirrors the relationship seen between iron and iron gallium in bulk systems where

3 136

iron gallium magnetocrystaline anisotropy has been measured to be near 30 kJ/m
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To show the applicability of the iron gallium nanoparticles to multiferroic structures the

nanoparticles were chemically adhered to a substrate. Adhesion was done through a passive chemical

reaction between the iron gallium nanoparticle surface
and a surface of titania rich in oxygen as has been
previously described." The passive adhesion allows for
the creation of a partial monolayer of nanocrystals on a
substrate surface while maintaining the magnetic
properties of the nanoparticles. After the adhesion
reaction the nanoparticles were coated in a protective
layer of gold sputtered onto the entire substrate. While
the gold prevents visual inspection of the nanoparticles
via SEM, the magnetic properties of the particles were
probed through SQUID magnetometry the results of
which appear in figure 3.3.

The MH loop of adhered particles shows that
post adhesion the particles are no longer
superparamagnetic, but rather have a coercivity of
around 300 oe. This is likely due to a number of new
sources of anisotropy. Most simply, the adhered
particles are much more densely packed and dispersed
in a conductive medium, gold. The close proximity
naturally increases any potential dipole coupling

between the particles adhered to the plate. Further, it
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Figure 3.3 MH loops of nanoparticles
after adhesion to a titania surface on a
silicon substrate. a) a comparison of the
as synthesized nanoparticles (red) and
an in-plane measurement of the
nanoparticles on a substrate. as
synthesized nanoparticles are
superparamagnetic, however, adhered
particles have noticeable coercivity. b)
comparison of magnetic properties in-
plane and out-of-plane. The adhered
particles show a preferential axis in
plane.

has been shown that a highly conductive medium between near nanoparticles can increase coercivity
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by increasing the exchange coupling between the particles.” However, even more importantly than
interparticle forces, adhesion of the particles to a surface involves a reaction between the surface of
the particles and oxygen in the titania surface. This likely causes deformation of the nanoparticles as
they elongate to interact with the titania surface to a larger degree, effectively wetting the surface.
The additional strain applied to the particles thus can act as a new source of anisotropy. Additionally,
this strain can cause the particles to be pinned by the substrate increasing the anisotropy due to the
inability to change shape as the wax enmeshed particles can.

Further elucidation to the new anisotropy can be seen in figure 3.3b which features a
comparison of an in-plane and an out-of-plane magnetization measurement. The adhered
nanoparticle ensemble shows a preferential direction in-plane resulting in a squarer curve with lower
coercivity in this geometry. In-plane preference further implies that newly applied strain is the culprit
for the increased anisotropy of adhered nanoparticles as any applied strain should be positive in the
in-plane direction. Because iron gallium is a positive magnetostrictive, strain of the nanoparticles in
plane would contribute to the preferred axis in the plane of the adhesion. Finally, this is a promising
result for later integration of the nanoparticles into functional multiferroic structures as adhesion to
a strainable substrate is straight forward.

3.4 CONCLUSION: We have shown a facile method for the synthesis of an iron gallium, galfenol,
nanoparticle with low size and shape dispersion and promising magnetic properties. The material
was characterized through both crystal structure, stoichiometry, microscopy and through effective
magnetocrystaline anisotropy constant. The work is a natural next step in the creation of galfenol
nanostructures. Further, the nanoparticle was shown to be easily integrated into potential devices.

The work here should show the ease of generating iron gallium nano structures through wet
chemical methods. it shows too that these materials can be utilized in the fabrication of the

multiferroic systems. We anticipate that the nanoparticles will show excellent magnetostrictive
43



properties. Further it is likely the measurement of their magnetostriction could further help add to

the ongoing investigation of the source of giant magnetostriction in galfenol alloys.
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CHAPTER 4: INVESTIGATION OF NANOPARTICLE STRUCTURE TO LOWER

PHASE CONVERSION ANNEALING TEMPERATURE

4.1 INTRODUCTION: The key to a large portion of computer memory devices remains
magnetic moments. Magnetism offers high information density in a non-volatile format.
Unfortunately, these systems require high energy for both the deposition methods used for their
construction and also for their write functions."”””® Wet chemical synthesis of nanoparticles offers a
low energy route towards high density bits which have potential to have low write energies."”"'*
Chemical synthesis too circumvents high energy deposition of elements."”

Specifically, in the last twenty years iron platinum nanoparticles have been heavily

investigated as a potential high-density data storage material."”’

These particles are easily synthesized
and also show extremely high out of plane coercivity. However, common in the literature is the need
for extremely high annealing temperatures to achieve these coercivities."*”'*' The high uniaxial
coercivity is a result of the high magnetocrystaline anisotropy of the L1o phase of FePt. The high
annealing temperature required for this transformation in FePt nanoparticles has provided a road
block for many years.

In bulk and even thin film samples of FePt, this required annealing temperature is vastly lower.'*
While nanopatticle literature tends to anneal at 700° C, temperatutes as low as 230° C have been
used effectively in specifically designed thin film structures.'** However, phase transformation in
most nanoparticle studies becomes pinned by regions of atomic composition imbalance.'*’ These
imbalances in structure require long distance atomic diffusion which creates the need for the high
temperature annealing. '’ The source of these imbalances in synthetic method generally is not
addressed and it is important to investigate possible sources for the high annealing temperature.

The high temperature annealing is likely a symptom of the general difficulty of synthesizing

binary or higher nanoparticle systems."*™"*’ Particularly for an alloy of highly differential metal
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properties, the simultaneous reaction and mixing of a bulk stable alloy can be complicated by
reaction kinetics. The problem is augmented by the difficulty in precise measurement of nano
materials. As such, it is necessary to both precisely measure nanoparticles to get a full picture of the
nanostructure and then to tailor synthesis to control kinetic difficulties arising from high energy
synthesis.'**'*

In this work, we report a method of investigating nanoparticle properties combined with other
nanoparticle defining analysis which can provide vital information in improving the quality of the
nanoparticles. The reduction in required annealing temperature for FePt L1, nanoparticles is used as
an example system by which the value of this investigation is shown. It is clear from the analysis of
the nanoparticles through combined EDS and XPS measurements it is possible to greatly improve
the value of the nanoparticles. Annealing conditions are made less extreme by a change in the
architecture of the nanoparticles via a reworking of the method.

4.2 EXPERIMENTAL

4.2.1 Synthesis of heat up FePt nanoparticles: Synthesis of heat up FePt nanoparticles was done
through a modified method by Sun et al. a 50 ml Schlenk flask was charged with 1.0 mmol (0.250
grams, Aldrich 95%) hexadecanediol dissolved in 8 ml of dioctyl ether (TCI), 3 ml (11 mmol, Sigma
90%) of oleic acid and 5 ml (15 mmol, Sigma 70%) oleylamine. 0.6 mmol (0.235 g, Sigma 99%) of
Pt(acac), was dissolved into the solution. The solution was heated to 110° C and dried under vacuum
for 30 minutes. In a separate container, 2ml (6 mmol, Sigma 70%) of dry oleylamine and 2 ml n-
octyl ether was used to dissolve 0.6 mmol (0.08 ml Sigma 99%) of Fe(CO)s At the end of the drying
process the 50 ml Schlenk flask was purged three times with argon. The Fe(CO)s solution is injected

into the Schlenk flask and the flask was ramped to 300° C. The solution turns black before the end

of the ramp. After a 45-minute soak at temperature the solution is cooled to room temperature. The

46



nanoparticles are then washed three times with ethanol and nanoparticles are collected through
centrifuging. The product is then resuspended in hexanes.

4.2.2 Synthesis of hot injection FePt nanoparticles: Synthesis of hot injection FePt nanoparticles
is done in an identical way except that the Pt(acac) is not added to the 50ml Schlenk flask but rather
to the injected solution. Further, the Schlenk flask solution is heated to 300° C prior to injection.
Injection is done as rapidly as possible to attempt to ensure reaction occurs instantaneously. The
solution turns black immediately after injection. The solution is left to soak for 45 minutes and then
cooled to room temperature. The solution is washed three times with ethanol and nanoparticles are
collected through centrifuging. The nanoparticles are resuspended in hexanes.

4.2.3 Creation of partial monolayer samples: Nanoparticles were deposited on silica plates by
dipping silica in a dilute solution of nanoparticles in hexanes. The hexane was allowed to slowly
evaporate depositing a sub monolayer of nanoparticles onto silica plates. The nanoparticles were
then coated using a sputterer to apply 20 nm of gold to the surface of the plate over the
nanoparticles.

4.2.4 Annealing Studies: Films were annealed in alumina tube, under flowing forming gas (5% Hz,
95% Ar). A magnetic field of ~3000G was applied via an electromagnet surrounding the alumina
tube containing the sample. The samples were held in place with a holder so that a field was applied
perpendicular to the sample.

4.2.5 Instrumentation: Magnetic measurements were conducted using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design, MPMS XI.-5). Oxidation potential of
surfaces and samples carried out using X-ray Photoelectron Spectroscopy (XPS) from a Kratos Axis
Ultra DLD spectrometer with a monochromatic Al (Ko«) radiation source. Scanning electron
microscope (SEM) images taken via JEOL JSM-6700F FE-SEM. Transmission Electron Microscopy

(TEM) images were collected using an FEI Tecnai T12 quick room temperature microscope. X-ray
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diffraction (XRD) made use of a Panalytical X'Pert Pro X-ray Powder Diffractometer operating with

a Cu source.

4.3 RESULTS AND DISCUSSION: The general synthetic method for the wet chemical
production of FePt uses a fast-heating ramp from low temperatute on a precursor solution.'*>'*!
However, despite common literature consensus that iron carbonyls decompose rapidly at low
temperatures, the ramping rate gives precursors a window wherein platinum can reduce before iron
carbonyl decomposes. Precursor mixtures as described in section 4.2.1 when heated to 220° and
soaked for 45 minutes yield entirely platinum nanoparticles.”'” The implication being that from
220° C until sufficiently high temperature platinum precursors are forming nanocrystal nuclei while
iron precursors are inert.

The general wisdom surrounding the use of iron carbonyls in nanoparticle synthesis is that they
are so reactive as to form iron nanoparticles at room temperature. Thus, the idea that the only
decomposing precursor by 220° C remains platinum, flies in the face of this understanding of iron
carbonyls. It has been theorized that the iron carbonyl readily complexes with free oleylamine during
the initial mixing of precursors to form a far more stable transition metal complex.” While the iron
oleylamine complex becomes less reactive it also becomes less volatile, necessary for nanoparticle
synthesis at 300° C. Reactions carried out with iron carbonyl but without oleylamine at elevated
temperatures have yielded wildly fluctuating iron atomic percent as iron carbonyl untreated with
oleylamine escapes the reaction mixture due to evaporation.

Because of this early opportunity for platinum nucleation, nanoparticles formed through heat up
methods described in 4.2.1 generate a core-shell like structure for the final particle. In this structure
a majority platinum core forms as the synthesis mixture ramps to reaction temperature. these cores
are then coated by iron at sufficiently high temperature leading to a nanoparticle with poor atomic

mixing. the atomic nanostructure of the synthesized particles can be probed through the combined
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use of both XPS and EDS compositional studies. Key to this technique are the subtle differences
between the two compositional spectroscopies. EDS spectroscopy uses accelerated high voltage
electrons to remove core electrons from atoms. The valence electrons of the species relax into the
core emitting x-rays. Because the ejected electrons propagate further and the x-rays are not
reabsorbed by the materials, this technique suffers from spot size growth. Thus, it senses the
material through a large depth giving a full picture of the composition of the total particle. However,
XPS spectroscopy uses energetically precise x-rays to excite core electrons. The instrument detects
the energies of emitted electrons. Any electrons that are emitted from the interior of the material are
reabsorbed by that material, meaning the only signal generated by the instrumentation is that of

surface atomic sites.

XPS Intensity
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Figure 4.1 XPS results for heat up method synthesized FePt nanoparticles. Despite EDS

measurements showing the nanoparticles are 1:1 Pt:Fe, the XPS results show only 9% Pt against
91% Fe implying a core shell structure.

Figure 4.1 shows XPS results for nanoparticles synthesized through a heat ramp rate. The XPS
shows a ratio of 9% Pt compared to 91% Fe despite an EDS measurement showing 50:50 Pt:Fe.
This is due to the high surface sensitivity of the XPS therefore implying a strong core shell local

structure.
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The platinum core formation can be eliminated by changing to a hot injection synthesis, as
described above in section 4.2.2 The crux of the hot injection is that the reaction of the iron and the
platinum is forced to occur simultaneously by only introducing both precursors when the reaction is

at high enough temperature to cause the decomposition of both.
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Figure 4.2 XPS results for hot injection method synthesized FePt nanoparticles. Despite EDS
measurements showing the nanoparticles are 1:1 Pt:Fe, the XPS results show 38% Pt against 62%
Fe much closer to a true randomized alloy.

Figure 4.2 shows the XPS results for hot injection nanoparticles. Again while the nanoparticles via
EDS are 1:1 Fe:Pt, the XPS now shows 38:62 Pt:Fe. Clearly while, the method does not generate a
perfectly stoichiometrically mixed nanoparticle, likely because the precursors do not react at the
same rate, the particle is much closer to the desired randomized alloy necessary for annealing.
Furthermore, polydispersity and size are improved in the hot injection synthesis. As seen in
figure 4.3, the as synthesized FePt nanoparticles are on average ~6 nm in diameter. All measured
particles are within 5 to 7 nm in diameter implying a high degree of monodispersity. Figure 4.3

shows the physical properties of the nanocrystals through TEM imaging as well as XRD pattern of
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the nanocrystals. Additionally, all particles were spherical, precluding the possibility of nanorods

confounding the magnetic properties of the particles.
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Figure 4.3 a) TEM images of FePt nanoparticles showing small size dispersity and size. b) XRD
pattern for FePt nanoparticles showing <111> and <200> peak cleatly.

Further investigation of the structure of the nanoparticles from the two methods was performed
by comparison of the anisotropy distributions of the synthesized nanoparticles. This is done by
generating a d(ZFC-FC)/dT graph as per Micha et al.* By taking the derivative of the difference in a
field cooled and zero field cooled SQUID magnetization measurement, a graph of the distribution
of nanoparticle blocking temperatures is generated. The blocking temperature can be assumed to be
the product primarily magnetocrystaline anisotropy for the nanoparticles and generally shows a
nearly log normal distribution due to the log normal distribution of nanoparticle sizes. The d(ZFC-

FC)/dT graph appears in figure 4.4

51



0.016 4

0.014
—a— Heat up method

—e— Hot Injection .

/

[
0.012 4
0.010 /

0.008 4

d(ZFC-FC)/dT
rbitrary Units)

0.006 <

(
o
o
o
4

]

0.002 4

0.000

-0.002 T T T T T T T T T T
0 50 100 150 200 250 300

Temperature (K)
Figure 4.4 d(ZFC-FC)/dT graph for nanopatticles generated through a heat up method (black) vs
a hot injection method (red). The hot injection method shows predominately one single peak of
anisotropies implying one nanoparticle product, whereas the heat up method shows two clear peaks
at extremely low temperature and another near 200K. This implies that in heat up methods multiple

anisotropies exist due to the more complicated system of a core shell nanoparticle.

After magnetic annealing of the nanoparticles at a range of temperatures, magnetometry data
indicates nearly complete conversion to the L1y FePt phase. M-H loops for a sample annealed at
550° C are shown in figure 4.5a. The remaining A1 phase material and the L1, material were fit
separately to obtain the fit for the experimental data. The coercivity (H.) for the sample via fitting
was 10043. Oe, substantially more than has been seen at this temperature previous. The L1, phase
from the fit has a H. of 12695 Oe. From the difference in saturation magnetization of the fits for
two phases we can determine the total percentage conversion of the sample. Because the L1, phase
has a higher per atom magnetization, the saturation of the two phases must be weighted for this
difference. After weighting, the it can be calculated that 85% of the sample is converted to the L1,
phase.

The results of a series of annealing temperatures are shown in figure 4.5b. The hot injection

method shows a clear lowering of the required annealing temperature. Clearly the change to hot
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injection method has reduced the annealing temperature required to generate the L1, structure.
Furthermore, use of combined EDS XPS shows high potential to reveal important structural

information in bimetallic nanoparticles.
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Figure 4.5 a) M-H loop out of plane of nanoparticle sample annealed at 550° C. Black curve is raw
data showing 10kOe coercivity. Fitting of superparamagnetic unconverted signal (red) and
ferromagnetic signal (blue) reveals true coercivity of ferromagnetic particles is ~13kOe and that
conversion is 85%. b) results of annealing studies compared to literature values of nanoparticles
synthesized via methods described by Sun et al. Hot injection nanoparticles show much lower
required annealing temperatures.

4.4 CONCLUSION: We have demonstrated a form of nanoparticle analysis, which shows a great
deal of utility toward revealing important nanoparticle attributes. This has been shown to be useful
in the case of FePt nanoparticles, by revealing information about the nanoparticles that lead better
potential for the particles to be used in devices. The presentation of this methodology should
emphasize the potential of using this along with other methodologies such as anisotropy distribution
curves to create a better quality of nanoparticle. The hope is to increase the utility of nanoparticles

by showing better ways to analyze the product of nanoparticle synthesis.
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CHAPTER 5: NOVEL MATHEMATICAL FITTING FUNCTION FOR

TEMPERATURE DEPENDENT d(ZFC-FC)/dT NANOPARTICLE DISTRIBUTIONS

INTRODUCTION: Magnetic nanoparticles are essential to applications in many quickly growing
fields. For many years drug delivery applications have utilized the unique properties of lipid or
inorganic nanoparticles for exciting new cancer treatments.”***"*'"">* Filtration and harvesting in
aqueous systems has been accomplished with ease using clever design of nanoparticles.'”"*
Nanoparticles have potential as sensors of magnetic fields, due to inherent rapid saturation of a
nanomagnet, and as a minute energy source for nanoscale devices via energetic harvesting.””" ™’
Further, minute but stable magnetic bits made from nanoparticles can be used as a cost effective
way to rapidly engineer computer memory devices.”™"””"*'" Naturally, all of these application
spaces are contingent on our ability to generate and accurately measure high quality synthesized
nanoparticles.

Engineering a quality device from a given nanoparticle distribution is largely dependent on
not just the average quality of the particles, but by the total range of the distribution. Whether made
through top-down approaches such as ball milling or bottom-up approaches such as ligand mediated
chemical growth, nanoparticle synthesis ubiquitously creates a dispersion of sizes and frequently a
range of physical properties. The high energies required for synthesis of nanoparticles naturally leads
to a variety of formation mechanisms and thus intrinsic variety of produced particles. ' Research
continues on any improvements toward narrowing nanoparticle size and thus, trait dispersions as in
chapter 2.7 Emphasis on uniformity of properties is especially true in nanomagnetic applications,
where simple polycrystallinity can preclude certain materials from systems.'*'"" As such, the
measurement of averaged or summed properties of nanoparticle distributions does not always

suffice to describe a system, but rather, it is necessary to describe the entire distribution of particles

and the many different physical properties within distributions.
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A prime example of a physical property in magnetic nanoparticles wherein the ensemble and
individual nanoparticle effects diverge importantly is in superparamagnetic attributes.
Superparamagnetism is a magnetic behavior observed in nanoscale systems where the magnetic
anisotropic energy of a ferromagnet is negligible compared to thermal energy.*'” Thus, the
magnetization direction of the nano domain fluctuates at random just from thermal energetic
randomization. The main result of the thermal switching is a superparamagnetic material has a time
averaged net magnetization of zero. Thus, the magnetic attractive forces dissipate between particles
and they are dispersible in a solution. Further, without any anisotropy the material will magnetically
align with any applied magnetic field like a paramagnet, but with a high saturation magnetization like
a ferromagnet.*'”” Because the main contribution to magnetic anisotropy is the crystalline anisotropy,
generally the superparamagnetism only exists in nanosystems where total anisotropy of the system is
only sufficiently low. As such, the phenomenon is greatly size dependent, meaning that size
dispersion within of nanoparticles can lead to a dispersion of superparamagnetic and ferromagnetic
behaviors within the same synthesis.*'”

However, size dispersion is not the only complicating variable on nanoparticle anisotropy as
many different anisotropy energies exist in magnetic nanostructures.*'” Aside from
magnetocrystaline anisotropy (MCA), nanoparticles shape and surface can be a source of magnetic
anisotropy. Magnetization direction is most energetically favorable along the longest axis of a
structure creating shape effects, while surface defects can create a different anisotropy energetic
landscape than seen in the bulk crystal.*'” Both of these effects are particularly pronounced in the

39,172—

nanoscale due to the relatively high ratio of surface area to volume. ' Additionally nanocrystals

are particularly susceptible to magnetic interaction between other local grains creating exchange and

8,23,173,176—

dipole anisotropy. ' As such clusters of nanocrystals can have distinctly different magnetic

behaviors from these interaction anisotropies.'””"* Finally, magnetostriction can add an additional
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form of anisotropy, but this is rare since this anisotropy is dependent on application of strain on
nanocrystals."

Characterization of the total anisotropy of a distribution of nanoparticles can be done
through analysis of a zero-field cooled (ZFC) and field cooled (FC) magnetometry measurement.
The temperature at which a nanoparticle transitions between a ferromagnetic and superparamagnetic
state is called the blocking temperature (T}). It can be determined from zero-field cooled
experiments by freezing a nanoparticle ensemble under zero applied field, applying a small field, and
then increasing the temperature of the sample and measuring the increasing magnetization of a
sample aligning with the field as the nanoparticles of the sample transition to superparamagnetic.®
Figure 5.1a shows a ZFC curve in black. The blocking temperature for the polysized ensemble is

determined by the highest magnetization measured.
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Figure 5.1 a) Example zero-field cooled (ZFC) (black) and field cooled (FC) (red). Blocking temperature
for a polysized sample is at the peak of the ZFC curve. b) Difference between FC and ZFC curve shown
in a). Derivative curve of the difference curve is shown in blue. Average blocking temperature of the
nanoparticles in the ensemble is the peak in this curve. Determination of blocking temperature through
this method results in a much lower calculated blocking temperature than in the curve from a.
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After this point the magnetizations of the nanoparticles are further randomized by temperature and
total signal drops. Because the sample of nanoparticles has particles of many different sizes, many
different total anisotropies and thus blocking temperatures are expected. The smallest nanoparticles
of the sample transition back to random magnetization before the ZFC curve reaches a peak, thus
leading to difficulty measuring blocking temperature just through ZFC. The return to random
magnetization can be measured using a Field cooled (FC) sample, which is the same experiment
except performed on an ensemble that is fully aligned prior to measurement. By taking the
difference between these two measurements, figure 5.1b, a measurement of only nanoparticles
aligning to the field can be made. The derivative of the difference as is seen in blue in figure 5.1b,
thus is a representation of the blocking temperatures of the sample by showing the temperatures at
which the signal is changing the fastest.*>'® Generally this blocking temperature is considered a
better representation of the real distribution blocking temperatures of the individual particles.”
The shape of the derivative curve should be determined by the distribution of total
anisotropy for each individual nanoparticle.”'"** If it is assumed that the largest contribution to the
anisotropy should be magnetocrystaline anisotropy then the curve should follow the shape of the
size distribution of the nanoparticles, which is generally a log-normal distribution."*"® Thus, fitting
the derivative cure to a log-normal function generally works, particularly in systems where the
blocking temperature is at a low enough temperature that the entire derivative curve cannot be
measured. >**15 1 However, frequently a lognormal curve fails to fully characterize the shape of
the blocking temperature distribution curve, as is the case of the curve presented from experimental
data in figure 5.1b. *"*'® So while these curves can retain the general asymmetric peak shape from
MCA and a lognormal volume distribution, for systems with additional anisotropies the curve will
deviate from a log normal shape.”'**'® The various sources of anisotropies also add difficulty to

calculation of single anisotropy constant for a nanoparticle material. Generally, calculation of an
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“effective” anisotropy constant has been done as a means of avoiding this complication but the

values for these constants can vary wildly between papers and synthetic methods.?*'*1#-"!
Attempts to reconcile the many interacting physics in blocking temperature distributions of

nanoparticles have become more common as a precise calculation of average anisotropy constant

218018192 A understanding of

can give vital information about a synthetic method for nanoparticles.
the entire distribution of anisotropies in an ensemble of particles is even more elucidating. Recently,
Batley et al. used fitting of anisotropy constants across a number of nanoparticle distributions
partially to understand the fine structure of nickel nanoparticles with a nickel phosphide coating.”
Work has also used anisotropy constants to describe observed changes in lattice or stoichiometry in
difficult to characterize systems.'”>"* Precisely calculated anisotropy constants can also be used to
display differences in synthetic mechanism of particles as in chapter 2. However, difficulties remain.
One main issue is the method for measuring blocking temperature, FC-ZFC curves, is a
temperature-based measurement while magnetic anisotropy is a known to be temperature
dependent.'” Calculating a temperature dependent anisotropy constant for nanoparticles has been
shown to be useful in justifying the effective anisotropy constants calculated for nanoparticles. "%
" However, most work has stopped short of combining temperature dependence of anisotropy with
a rigorous way of calculating multiple forms of anisotropy in nanoparticle full distributions.

In this paper, we mathematically fit expetimental -d(FC-ZFC)/dT curves of multiple
nanoparticle distributions including two different materials as well as many variations on those main
materials. The mathematical fitting is done with a novel formulation of a -d(FC-ZFC)/dT curve
fitting function, which is able to calculate the relevant anisotropies for an entire distribution of
nanoparticles and create a fuller energetic picture of the nanoparticles. The main two test systems

are high intrinsic MCA material, cobalt ferrite, as well as a low MCA material of metallic nickel

nanoparticles. To determine the fitting function of the derivative curves from MCA, the
58



nanoparticle distributions are carefully characterized for size through TEM. Further, it is shown that
for low MCA materials such as nickel, both shape and surface anisotropies must be added to the
fitting function in order propetly characterize the a -d(FC-ZFC)/dT curves. The shape distributions
are also found via the analysis of TEM images. In addition, intrinsic anisotropy constants are
justified using EDS data. With all this information we explicitly model the temperature dependent
anisotropy for the nanoparticle distribution. From these it is shown that many chemically valuable
conclusions can be drawn using this fitting system.

5.2 EXPERIMENTAL:

5.2.1 Low temperature synthesis of cobalt ferrite nanocrystals: Low temperature synthesis was
carried out as described in chapter 2. In a 50 mL standard Schlenk flask, 0.194 mmol cobalt (II)
acetylacetonate (Aldrich, 97%) and 0.399 mmol iron (III) acetylacetonate (Aldrich, 99.9%) were
dissolved in a mixture of 5 mL oleic acid (15.75 mmol, Panreac, purified by distillation) and 6 mL n-
octyl ether (19.95 mmol, Aldrich, 99%). The solution was degassed at room temperature (RT) for
ten minutes. The temperature was increased to 100° C over 15 minutes and dried under vacuum for
an additional 30 minutes. Under argon, 4 mL 1-decanol (20.95 mmol, ‘Baker’, 99%) was added. The
mixture was heated to 200 °C with a 15-minute ramp period and held for 180 minutes. The resulting
nanoparticles were cooled to RT. 50 mL ethanol was added to the reaction mixture and the mixture
was centrifuged at 4000 RPM to induce precipitation of the nanocrystals. The solution was decanted
from the particles. The product was then re-dispersed in hexanes and washed with ethanol twice
before being dispersed in hexanes.

5.2.2 High temperature synthesis of cobalt ferrite nanocrystals: High temperature synthesis of
CFO nanocrystals was performed following an oxygen-free procedure adapted from Lu et al.'” 63.0
mg cobalt (II) acetylacetonate (0.245 mmol, Aldrich, 97%), 125 mg Iron (III) acetylacetonate (0.354

mmol, Aldrich, 99.9%), and 155 mg 1,2-hexadecandiol (0.600 mmol, Aldrich, 90%) were dispensed
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to a 50 ml Schlenk flask. A mixture of 6 mL oleylamine (18.24 mmol, Panreac, purified by
distillation), 2 mL oleic acid (6.3 mmol, Panreac, purified by distillation), and 4 mL n-octyl ether
(13.30 mmol, Aldrich, 99%) was added to dissolve the metal precursors, The solution was heated
and then dried under vacuum at 100° C for 30 minutes. The flask was purged with argon three
times. Under argon, the mixture was heated to 250 °C with a 15-minute ramp period and held for 30
minutes. The reaction was cooled to RT. 50 mL Ethanol was added and the solution was centrifuged
at 4000 RPM to precipitate particles. The solution was decanted, and dispersed in hexanes. The
product was then washed with ethanol twice before being re-dispersed in hexanes.

5.2.3 High temperature synthesis of nickel nanocrystals: Nickel nanocrystals were synthesized
using 2 modified procedure from Carenco, S. et al."**' A 50 mL. Schlenk flask was charged with 2
mmol nickel acetylacetonate as well as 9.5 mmol oleylamine (3.0 mL), 1 mmol oleic acid (0.315 mL),
and 7.3 mL n-octyl ether (24.3 mmol, Aldrich, 99%). The total solution was dried at 100° C and
purged with argon three times. 0.45 mmol trioctylphosphosphine (0.2 mL) was injected into the
solution via air free injection. The solution was then refluxed under an inert atmosphere at 220 °C
for 45 minutes (ramp rate 3 °C/min) and then rapidly cooled to room temperature. The flask was
closed to atmosphere and transferred to an air free atmosphere glovebox. A 1:9 dry isopropynol:dry
methanol (Fisher, 99.7%:Fisher, 99.8% ) solution was added to the flask. The nanocrystals were
precipitated from solution by use of a neodymium magnet. The nanopowder was resuspended in 4
ml of dry hexanes. The nanoparticles were washed again with addition of 50 mL of 1:9 dry
isopropynol:dry methanol and precipitation via a neodymium magnet. The resultant nanopowder
was then resuspended in hexanes.

5.2.4 Low temperature synthesis of nickel nanocrystals: For bare surface nickel nanocrystals, a
similar process as described above in section 2.3 was used with the following modifications. The

same precursors and solvents were injected into solution and dried at 100° C. After injection only
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0.18 mmol trioctylphosphosphine (0.08 mL) was injected into the solution via air free injection. The
solution was then ramped to 190° C at a rate of 1.5 C/min. The reaction temperature was held for
120 minutes and then cooled to RT. Purification of the nanopowder was done as described above In
section 5.2.4.

5.2.5 Preparation of magnetometry samples: Magnetometry samples of oxide nanocrystal were
prepared through the suspension of nanocrystals into paraffin wax (Fisher). The wax was melted and
a solution of nanocrystals in hexanes were added to the melted wax. The hexanes were driven off at
elevated temperature for 10 minutes. The wax was then allowed to cool freezing the dispersed
nanoparticles far apart. A fraction of the total wax was injected into a pill capsule, where it solidified.
The pill capsules were then fitted in straws for measurement in the SQUID magnetometer. For air
sensitive nickel nanoparticles, the same process was followed except inside an oxygen excluding
glovebox with an argon atmosphere. To ensure a complete lack of oxidation of the nanocrystals,
SQUID magnetometer samples were also prepared in an argon atmosphere box. The pill capsules
set in straws were fit into centrifuge tubes within the box, and brought to the SQUID magnetometer
under argon atmosphere. The wax was briefly exposed to oxygen only during transfer from the
centrifuge tube to the SQUID magnetometer. The magnetometer was then purged for analysis
removing all oxygen.

5.2.6 Instrumentation: Magnetic measurements were conducted using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design, MPMS XL-5). Electron Dispersion
Spectroscopy (EDS) data was taken via JEOL JSM-6700F FE-SEM. Transmission Electron
Microscopy (TEM) images were collected using an FEI Tecnai T12 quick room temperature
microscope. X-ray diffraction (XRD) made use of a Panalytical X'Pert Pro X-ray Powder
Diffractometer operating with a Cu source.

5.3 RESULTS AND DISCUSSION: Several distributions of nanoparticles were generated and
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characterized to investigate different sources of anisotropy represented in AFC-ZFC)/dT cutrves and
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Figure 5.2. a) example TEM image of low temperature cobalt ferrite nanocrystals with low
size dispersion and small size. b) high example TEM image of high temperature cobalt ferrite
nanocrystals. Crystals remain small while having higher dispersity. C) XRD representative of
those for CFO nanoparticle synthesis. d) TEM image of low temperature nickel nanocrystals
after exposure to air. E TEM image of high temperature nickel nanocrystals after exposure to

understand what chemical properties can be derived from in depth fitting of the curves. The main
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characterizations of the nanoparticle distributions appear in figure 5.2. TEM images were used along

with image] software to generate nanoparticle size data sets for each distribution. Electron Dispersive

Spectroscopy and X-ray diffraction were used to investigate potential structural differences between
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the nanoparticles.

Each described nanoparticle distribution
was measured via SQUID magnetometry to
generate zero field cooled and field cooled curves
from which -4FC-ZFC)/dt cutves can be extracted.
The curves are full of qualitative information about
the differences in nanoparticle distributions.
Example curves from low temperature CFO and
low temperature nickel can be seen in figure 5.3 as a
means of better explaining the curves.

The -d(FC-ZFC)/dT curve has been
described as being analogous with the volumetric
distribution in literature. Generally, the average
volume of the distribution can be related to the

measured blocking temperature using equation 1.

K,V
25k,
The equation works on the assumption that the

MTp=

blocking temperature is a representation of the
anisotropy energy of the nanoparticles and that the

anisotropy energy is only generated through the
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volume of the crystals and the magnetocrystaline anisotropy (MCA) of the material.>"***" With this
assumption a number of different qualitative insights can be gathered via -AFC-ZFC)/dT curves
when comparing extremely different nanoparticle distributions.

Using the CFO and nickel distributions as an example in from figure 5.3, the largest
difference in the two distributions in figure 5.3 are that the CFO nanoparticle distribution has a
much higher average blocking temperature of 183K vs the Ni nanocrystals which have an average
blocking temperature of 62K. High blocking temperature is largely due to the high intrinsic
magnetocrystaline anisotropy of CFO.®**"' So, while the nickel nanoparticles are nearly an order of
magnitude larger in volume than the CFO, the blocking temperature of the CFO far exceeds that of
the nickel nanocrystals. Further the discrepancy in anisotropy constant is largely responsible for the
difference in width between the nickel and CFO. While the standard deviation in nanoparticle
diameter for nickel is 1.6nm against 1.3nm for CFO, the CFO anisotropy distribution is still much
wider. Even slight changes in the nanoparticle size are responsible for largely different blocking
temperatures. Finally, it is important to note that the CFO distribution does not have a lognormal
shape in the blocking temperature curve as would be expected of the curve being simply
representative of size distribution. This is commonly seen in -AFC-ZFC)/dT curves at elevated
temperatures.”***"* However, for subtly different nanoparticle distributions, a more quantitative
understanding of the curves is required.

Quantitatively fitting the curves to find a total anisotropy constant for the nanoparticle set
should be possible by applying equation 1 to the known volumetric distribution of nanoparticles.
The majority of synthetic nanoparticle methods produce lognormal size distribtuions.'®’ Thus, for a
given distribution it is trivial to generate a large data set of sizes and fit to a lognormal function and
this is frequently done. However, fitting a single anisotropy constant to the entire distribution fails to

recover the shape of the -4(Fc-ZFC)/dT cutves, which tend to not be log normal. The failure of this
64



method to propetly fit equations is illustrated in figure 5.4a. A -d(FC-ZFC)/dT curve has been fit
using a lognormal function generated from TEM images and equation 1. The data was fit using
Origin graphing software. For the blue curve the average anisotropy constant calculated from
average volume and average blocking temperature was used to fit the entire curve and for the red
curve the anisotropy constant was allowed to optimize the fitting of the curve. In either case, the
experimental anisotropy distribution is much narrower than any of the fitting functions, which do
not decay before room temperature. The implication of this is that some of the nanoparticles in the
distribution should be non- superparamagnetic at room temperature, which is untrue for these
distributions.

One trouble that complicates the application of eq 1 to find an anisotropy constant is that
the experiment sweeps through a temperature range to find a series of energies, but volumetric
magneto crystalline anisotropy constant decays substantially as a function of temperature. As such

the attempts to measure the anisotropy across the entire distribution must be adjusted by the
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changing. Anisotropy constant decay can be calculated by its relationship to the saturation

magnetization (M), which is also temperature dependent. Magnetization decay is described by

Bloch’s law, which appears as eq 2.

@ ==
For bulk systems p is 1.5 however due to
quantization of magnons within a nano material the
decay is often accelerated to up to p of 2 for
nanoparticles.”**>"" In this work, the decay of
magnetization saturation has been fit independently
for each of the samples. Values consistently remain
between 1.5 and 2 for p as is expected.

The altered Bloch’s law for calculating a
temperature dependent anisotropy constant appears
ineq3."”

3 o=@ -nr
The value of n in equation 3 is determined by the
symmetry of the system in question. As the thermal
energy applied to the system increases, the
magnetization increases in probability of hopping
from an initial magnetic easy axis to an adjacent easy

axis. Thus, the constant decays faster in systems with

lowest angle between adjacent easy axes. Thus, for a
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Figure 5.4. a) Fitting -d(FC-ZFC)/dT curve
data by use of a log normal function where
volume is calculated using equation 1. Blue
curve uses the calculated average anisotropy
constant of the distribution whereas the red
curve the anisotropy constant is allowed to
change to best fit the data. b) successful
fitting of the same data set by use of a
combined equation.

highly symmetric bulk cubic crystal, n is10. However, because the aspect ratio of the nanoparticles
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tends to be high, the decay of the crystalline anisotropy constant is suppressed and the particles act
as though uniaxial in crystalline anisotropy. Therefore, n of three is typically seen for nanoparticles.
As such, equation 1 can be rewritten to reflect this shifting anisotropy constant as the temperature

relationship to volume as is seen in equation 4.

T* 25kp
4 V=—r
) Ko(1-7)P)"

This is a more accurate calculation of nanoparticle volume from temperature and can be used with
the volumetric distribution to fit the d(FC-ZFC)/dT curve much more accurately.

However, in addition to using an accurate anisotropy constant, the d(FC-ZFC)/dT is not
weighted in the same way as a typical volumetric distribution of nanoparticles would be.
Nanoparticle size distributions are a number count lognormal distribution of volumes, but -4(FC-
ZFC)/dT curves are measurements of magnetization of a sample. Thus, the measured signal is
weighted by volume of the nanoparticles rather than by the number of nanoparticles switching. Any
equation used to fit these curves then must also be weighted with a volume term added to the
volumetric lognormal to accurately represent this source of the signal. Additionally, the
magnetization of the particles is weighted by the temperature related decay of magnetization as
described by equation 2. The full fitting equation then can be seen in equation 5 with the
temperature dependent anisotropy constant as well as magnetization signal weighting where all

appearances of [ are substituted with equation 4.

2

Al —[ln(%)] T
5) —d(FC — ZFC)/dT = |yo + oo W XV X (1_T_O)p

With the proper cotrections applied to the d(FC-ZFC)/dT curves for volume and the two

types of decay, these curves can be used to calculate a temperature independent anisotropy constant
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and simultaneously analytically fit a volumetric distribution of nanoparticles from a SQUID

magnetometry sample. The fits of the magnetometry d(FC-ZFC)/dT curves appear in figure 5.4b.

Qualitatively it is clear that the fitting function is able
to encapsulate the shape of the d(FC-ZFC)/dI curves
accurately. More quantitatively, The 1 for the red and
blue curves in figure 5.4a are 0.72 and 0.85
respectively, whereas the temperature dependent
fitting has an 1 of .97. furthermore, the accurate
shape fitting allows for a more expected anisotropy
constant. Bulk CFO has a magnetocrystaline
anisotropy constant ranging between 180 to 300
kJ/m’, but for nanoparticles the anisotropy constant
should be greater due to shape and surface
contributions. *"***"**” For the fittings in figure 5.4a
the anisotropy constants yielded are 213 kJ/m’ and
182 kJ/m’, lower than would be expected for
anisotropy constant, whereas the fitting in figure 5.4b
is 358 kJ /m’ which is elevated and therefore more in
line with what would be expected for a nanoparticle
distribution. "'

The high accuracy calculation of anisotropy
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Figure 5.5. a) Fitting -d(FC-ZFC)/dT curve
of stoichiometrically precise CFO from low
temperature synthesis by use of a
temperature dependent fitting function. b)
Fitting -d(FC-ZFC)/dT curve of low cobalt
CFO from low temperature synthesis by use
of a temperature dependent fitting function.

constant also allows for investigation into material properties, which may otherwise be difficult to

prove. The effect of stoichiometry of cobalt ferrite on anisotropy constant in nanoparticles has

recently been shown to be large with a local maximum of magnetocrystaline anisotropy at a
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stoichiometry of Co¢Fe2404'” Direct comparisons of blocking temperature can be confounded from
volumetric differences when changing synthetic parameters, and further measurements of anisotropy
constant are dependent on temperature, meaning higher blocking temperature anisotropy constants

are depressed compared to the true figure. Two

Low temp 1 samples of different stoichiometry cobalt ferrites

»
Q |
—

-
o
1

C0F8204 | synthesized in the low temperature synthesis

o
oo
1

described above in section 2.1 are shown in figure

5.5. A simple calculation of the average anisotropy

o
=
1

constant using equation 1 for these two distributions
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with the -d(FC-ZFC)/dT fitting function, the
anisotropy constants yielded are 358 kJ/m’ and 619

Figure 5.6. a) Fitting -d(FC-ZFC)/dT curve kJ/m’ for the red and blue curves respectively. These
of stoichiometrically precise CFO from low

temperature synthesis by use of a anisotropy constants are in much better agreement
temperature dependent fitting function. b)

Fitting -d(FC-ZFC)/dT curve of with literature and it is clear that without accounting
stoichiometrically precise CFO from low

temperature synthesis by use of a for the temperature dependence of the measurement,

temperature dependent fitting function.
the wrong values are obtained.
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Fitting the full -d(FC-ZFC)/dI crve becomes even more valuable when approaching an
even more complicated system. Higher temperature nanoparticle synthesis can often generate
multiple products as a result of the fast reaction speeds and high free energy. Figure 5.6 shows a
comparison between two distributions of CFO where one is made at a high temperature and the low
temperature CFO that has been shown in figures 5.4 and 5.5. While the volumetric distribution for
the high temperature CFO fits best to wo different lognormal distributions, the -d(FC-ZFC)/dT
curve cannot be fit with one anisotropy constant. However, by allowing the distribution to consist
of two different temperature dependent expressions two anisotropy constants can be extracted from
the magnetization data, 304 k] /m’ for the low temperature peak and 756 kJ /m’ for the higher
temperature peak. With such a large discrepancy between the anisotropy constants required to
properly describe the data the obvious implication is that multiple species of nanocrystal are being
produced in this high temperature synthesis. So, while EDS data shows a stoichiometrically pure
mixture within the error of the measurement, the magnetization data presented here betrays the
broad variety of nanoparticles that actually exist in the distribution. Thus, temperature dependent
fitting of d(FC-ZFC)/dT cutves can generate information about a distribution that is otherwise
difficult to detect.

Fitting of CFO is specifically easy due to the high intrinsic magnetocrystaline anisotropy of
the material. However, in systems where multiple anisotropies exist at comparable energies, fitting
using just the temperature dependent anisotropy constant no longer becomes possible. As an
example of this difficulty a distribution of low temperature nickel nanocrystals was synthesized. The
volumetric distribution for these nanocrystals was defined as with the CFO nanocrystals and TEM
images of these crystals are available in the SI. The results of fitting the AFC-ZFC)/dT cutrve with a
temperature dependent anisotropy constant can be seen in in figure 5.7. In the case of nickel, the

fitted distribution, in red, is far more narrow than experimental 4(FC-ZFC)/dT cutve due to a
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number of anisotropies which add artificial broadness to the actual distribution of blocking

temperatures. As such it is necessary to incorporate these anisotropies to propetly fit the shape of

the nickel AFC-ZFC)/dT cutve. The sutface anisotropy is known to be a relevant anisotropy in
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Figure 5.7. a) Fitting -d(FC-ZFC)/dT cutrve
of nickel nanoparticles from low temperature
synthesis by use of a temperature dependent
fitting function. (blue) and the same function
but with a shape anisotropy term added. b)
Fitting -d(FC-ZFC)/dT cutrve of the same
nickel np data, but with a function including
both surface and shape anisotropy with
temperature dependent MCA. The fit is
oreatly improved in the green curve.

nanocrystals and is often cited as the reason K
in nanocrystals vastly exceeds the MCA constant
in bulk. #5222 ncluding a surface
anisotropy term in the fitting distribution requires
that the term be calculated through the
volumetric distribution. Typically, the surface
anisotropy of a system is expected to relate to the

total anisotropy following equation six.

6 K
G)Kéff:: R%'+ —Ei

The relationship clearly stems from the
relationship between the volume and the surface
ratio of nanoparticles and therefore favors surface
anisotropy at smaller total volumes. The equation
can be incorporated into the fitting function by
expanding the anisotropy term in the volume
calculation of equation 4 as is seen in equation 7

which is then plugged into equation 5 as

T* 25kp

nV =
) Ko((1-7)P) 425"

before.?!! The diameter then at a given

temperature can be estimated from an estimate
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for volume from equation 5. The additional anisotropy term which does not decay at the same rate
as the MCA anisotropy results in the broadening of the blocking temperature disttibution.”"' The
results of this addition can be seen in the blue curve of figure 5.7a. Clear from this figure is that the
shape alone as an addition to the curve is insufficient to justify the distribution of blocking
temperatures.

Therefore, shape anisotropy, must be added to the fitting function to better encapsulate the
shape of the d(FC-ZFC)/dT curve. Shape anisotropy is particulatly relevant in nanoscale regime and
has been used as well to justify high K seen in nanoparticles and other nanostructures.””'>*" To
approximate shape anisotropy for the nanoparticles, the aspect ratio of the particles was gathered
from the same TEM image data sets analyzed via image]. The demagnetizing factor of a given shape
can be calculated using equation 8 where m is the aspect ratio of the particle as defined by the largest
diameter of the particle divided by the smallest.*"*

2_1)%/2
8) Ly = m?zl (2(mzr:l1)1/2 In <Zt$z-3m> N 1)

From the demagnetizing factor the shape anisotropy can be calculated via the application of

equation 9) which is related to the square of the saturation magnetization and therefore decays at

elevated temperature as with Bloch’s law.

(3Lx—4m)
9) Kshape = _Tmazc

Thus, the entire equation is identical to equation 5 but in the place of volume fits the entire function
as written in equation 10

Tp*25ky

100V = —4TT
) KS+KO((1—%)1°)"+((3L’274)* (MS(l—%)p)z)

In order to encapsulate the varying aspect ratio distribution of the nanoparticles the data set was
divided into four quartile sets. Thus, four average aspect ratios for the different parts can be

separately fit and a composite curve can be linearly combined to fit the total data. To show that all
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four quartiles of aspect ratio have the same size distribution, separate histograms were checked for

each fitted data set. These histograms appear in figure 5.8
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The combined equation is used to fit the function in figure 5.7b in green showing a much-
improved agreement with the shape of the d(FC-ZFC)/dT cutrve. The remainder of the broadness of
distribution of blocking temperatures is likely due to interparticle interactions, both dipole and
exchange coupling, which also have the effect of elevating and broadening blocking temperature
distribution.””® ™ ™ Furthermore, the added anisotropies fit with physically meaningful numbers.
For the red curve the fitted anisotropy constant is 51.8 kJ/m?, which is much higher than the bulk
figure of 23.6 kJ/m’ whereas for the green curve the volumetric anisotropy contribution is only 22.5
k] /m’with an additional surface anisotropy of 6.1x107 J/m® in near agreement with the literature

value of 2.5x107 J/mz, 216,217
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To show the utility of the method,
another nanoparticle synthetic trial was
prepared. For nickel nanocrystals prepared as
described in sections 2.3 and 2.4 there is some
debate about the prevalence of a nickel
phosphide shell surrounding the nanoparticles.
19212 Therefore, to elucidate this possibility
nickel nanoparticles were synthesized at high
temperature where phosphorous remnant can be
confirmed via EDS post washing and then again
at a lower temperature where EDS does not
detect the presence of phosphorous. The 4(FC-
ZFC)/dT curves for both nanopatticle
distributions appear in figure 5.9. As mentioned
before, the end result of fitting function in figure
5.9a generates a volumetric anisotropy constant
of 22.5 kJ /m’with a sutface constant of 6.1x10”
J/m?both in good agreement with literature
values for these constants. However, the

calculated anisotropy constants for volume and
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shape for the high temperature nickel are 17.5 k] /m’ and 2.0x10""]/m? Indicating that both

magnetic anisotropy terms are depressed across the entire dispersion of nickel nanocrystals. This

further adds to the conclusion that the phosphorous detected via EDS is not simply remaining

attached ligand, but rather attributable to a nickel phosphide outer shell that increases the volume of



each nanocrystal while acting as a magnetically dead layer that does not contribute to the anisotropy
energy. The ability to differentiate between these two possibilities just through fitting of ¢(FC-
ZFC)/dT curves shows the potency of this fitting methodology.

CONCLUSION: Here a new fitting function for d(FC-ZFC)/dI curves was proposed unifying the

volumetric lognormal distributions of nanoparticles with the blocking temperature distributions. The
new method utilized a temperature depended anisotropy constant as well as particle volumetric
weighting. It was shown that this method could more successfully generate physically reasonable
anisotropy constants for various cobalt ferrite nanoparticle distributions from d(FC-ZFC)/dT’
magnetization data sets. Furthermore, it was shown that this functional form could be expanded
upon with physically relevant terms to further increase the accuracy of fitting for nanoparticle
distributions with smaller inherent magneto crystalline anisotropy. This function was shown to
accurately fit (FC-ZFC)/dI curves for nickel nanocrystals and was shown to be able to further
elucidate the subtlety different chemical structures of nickel nanoparticles synthesized in slightly
different syntheses.

The fitting functional form is expected to help explain the large disagreement of anisotropy
constants that are listed for nanoparticle distributions. Further it should help generate more
physically meaningful anisotropy constants without the need of quoting varied forms of anisotropy
for justification. Furthermore, the method is effective in defining the chemical composition of
nanoparticles. It is useful in explaining possible reasons for overly broad nanoparticle blocking
temperature distributions, which can prevent the application of nanoparticles into useful devices. We
expect this functional form to be useful for a wide variety of magnetic nanoparticles both oxides and

metallic and to help expand the utility of the d(FC-ZFC)/dT cutrves for nanoparticles as a whole.
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