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-SUMMARY

The relatibnship between macroscopic magnetic properties and magnetic
couplings is investigated using various spinel ferrit¢ nanoparticles. The results of this
thesis contribute to the knowledge of nanomagnetism in spinel ferrites by systematically
investigating the effects of magnetocrystalline anisotropy, exchange coupling
interactions, surface chemistry and anisotropy, and interparticle interactions ﬁpon the
magnetic iaroperties of spinel ferrite nanoparticles. In Chapter 3, the synthesis of
CoCryFe,.x04 nanoparticles with variable size and composition is described and the
magnetic characterization performed as a function of size and composition. This serves
as an example of the effects of exchange energy and magnetocrystalline anisotropy.
Chapter 4 details neutron diffraction studies of bulk CoCrFeO; prepared from
nanoparticles precursors and provides a further example of the effect of exchange energy
upon the magnetic structure and properties. Chapter 5 describes the effects of surfaqe
ligand modiﬁcafion upon the magnetic properfies of MnFe,04 nanoparticles, while
Chapter 6 provides further surface chemistry studies on CoFe;O4 and Fe;04
nanoparticles. These studies are the first experiments that systematically v-ary the surface
chemistry in order to deduce a correlation between surface ligands and magnetic |
properties. Chapter 7 describes the dilution studies of CoFe;O4 and MnFe,04

nanoparticles in eicosane and provides a general understanding of the effects of

XX



interparticle interactions for differing ferrite systems. In Chapter 8, the synthesis of
MnFe,04/polystyrene core/shell nanoparticles is described, while the interparticle
inferaction effects as a function of shell thickness are addressed in Chapter 9. Chapter
10 describes the synthesis énd magnetic characterization of silica coated CoFe;O4 and
MnFe,04 nanoparticles. The magnetic properties of this materials system result primarily
from the contributions of magnetocrystalline anisotropy and surface chemistry.
Appendix A summarizes the synthesis and characterization of MgAl,O4, a nonmagnetic
spinel and introduces the preliminary work on the synthesis and magnetic
characterization of MgAl,04/CoFe,04 core/shell ferrites, which Were 'prepared in order to
isolate the influence of surface interactions upon the magnetic properties of ferrite
nanoparticles. Appendix B describes the preliminary temperature depehdent small angle
neutron scattering (SANS) experiments on Zng sCog 9sFe204/ZnFe, 04 core/shell

nanoparticles.
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CHAPTER 1

INTRODUCTION TO MAGNETISM AND SUPERPARAMAGNETISM

1.1 Introduction

The mineral magnetite (Fe304v) was perhaps the first magnetic material to be
éxploited for its magnetic properties. The ancient Chinese spoon compasses shown in
Figure 1.1 were made of spoon-shaped magnetite that rotated on polished “earth plates”
and stopped in the North-South direction.! From this ancient device, navigational
compasses were developed. Today magnetite is still used in many applications such as |
laser printing technologies.? Its uses continue to expand when the materials dimensions
are reduced to the nanoscale. For example, ultra-small, less than 20 nm, magnetite
particles are the lead materials investigated in biomedical applications such as
magnetically taréeted drug delivery and magnetic resonance imaging (MRI) contrast
agents.>® While magnetic materials of all types have been used for centuries for a wide
range of applications, due to the unique size and physical properties when materials
dimensions are reduced to the nanometer length, many new avenues for diverse
applications have been opened.

Over the past 70 years efforts have been devoted to understanding the unique

physical phenomenon appearing in nanosize particle systems. The motivation for such



Figure 1.1 Ancient Chinese spoon compass composed of magnetite rotated on a brass
plate and stopped in the North-South direction and is one of the first known application
for a magnetic material.

attention is the changes in physical properties that occur when the critical length
governing some phenomenon (magnetic, electric, transport, etc) is comparable to the
nanoparticle size. Often novel size dependent properties are f‘ound in nanoscale
materials, which may be draxﬁatically different from those of their bulk counter;.)arts.g'12
The behavior of bulk magneticlma}tcrials is determined and influenced by the formation
of domains and domain wall mbvément. As a result, interpreting the magnetic response
of bulk materials is complicated by the fact that domain wall moment can be impeded or
pinned by impurities, grain boundaries, etc. in the sample, and a direct correlation
between the observed magnetic feature and the quantum origins of magnetism is not

readily achievable. Below a critical size, domain formation is no longer energetically



favored and the particles exist in a single domain state."'*

As a result new magnetic
_physical parameters emerge and gives rise to new magnetic features. Some of the unique
and/or enhanced magnetic properties that may occur when the material dimensions are
-reduced to the nanoscale are giant magnetoresistance (GMR), coerciVity enhancement,
magnetocaloric.effect enhancement, superparamagnetism and quantum tunneling of

magnetization."**? Figure 1.2 outlines the changes in magnetic behavior over a variety of

length scales.”

Macroscopic - » Nanoscopic
Fosccmmmmes PlanarFilms === =-=-=-=-------~ '
' Fase--- Nanoparticles - - - - - - - '
Magnetic E v E Biomagnetic entities i
Material  Bulk crystals Micron particles Lithographic Patterns ¢ Atomic Islands .
Length 100 pm 10 um 1pm 100 nm 10 nm  4nm
Scale i
Physical Paramagnetic Nucleation and Propagation Superparamagnetism Quantum
Dynamics Spin Waves of Domain Walls Tunneling

Figure 1.2 Survey of magnetization processes from meso- to nanoscale dimensions

Fundamentally, due to the single domain nature of magnetic materials below a
critical size, magnetic nanoparticles p_rovide a unique opportunity to understand and

measure the quantum origins of magnetism. As a result of their novel magnetic

properties magnetic nanoparticles also offer attractive potentials not only for fundamental



science value But also for technological innovations. While magnetic information storage -
is perhaps the most familiar application associated with magnetic nanoparti.cles, other
unique uses for magnetic particle impact everyday life. For example, magnetic
nanoparticles are ﬁsed in industrial applications such as magnetic sensors, refrigerant
materials, permanent magnets, and toner.2*?® Other applications include ferrofluids,
catalysts, cell separation, mégnetically guided drug delivery, and MRI contrast
enhancement agents.3'g’29'3 3

This chapter provides an overview of general magnetism fundamentals and a
description of issues important to magnetism on the nanoécale - superparamagnetism,
single domain theory, and anisotropy mechanisms.
1.2 Fundamentals of Magnetism““

A magnetic field is produced whenever there is an electrical charge in motion. In

atoms, the magnetié moment originates from the motion of the electron spin and the

orbital angular momentum around the nucleus. When a material is placed in a magnetic

field, the flux density (or magnetic induction B) is given by
B=H+4n M (1.1)

where H is the magnetic field and M is the magnetization. The susceptibility of a

material 7 is the ratio between the magnetization and the field given by

x=M/H (1.2)



The permeability of a material relates the magnetic induction to the field by
B=pH (1.3)
and relates to the magnetic susceptibility by

n=p(4)  (14)

where |, is the vacuum permeability. When characterizing magnetic properties, the
susceptibility is the main parameter that is usually considered as it provides a measure of
the response of the sample to an applied magnetic field. The differences in fnagnetic '
behavior of materials are most often described in terms of the temperature and field

dependence of the susceptibility.

1.2.1 Magnetic Ordering34'36'

Magnetic materials can essentially be divided into two groups. Diamagnetic and
paramagnetic materials belong in the first group, in which there is no interact.ion between
individual magnetic moments and each moment acts independently of one another.
Diamagnetic materials have no unpaired electrons and hen.ce no moment. Copper,
bismuth, boron, phosphorous, sulfur, and N, are all diamagnetic. Most organic
compounds are also diamagnetic. Paramagnetic materials have an uﬁpaired electron
oriented randomly within the sample (Figure 1.3a). Examples of paramagnetic materials

include O,, NO, and chromium. In the second group, the magnetic moments couple with



one another and form magnetically ordered states. Magnetic ordering can Atake the férm
of ferromagnetism, antiferromagnetism, or ferrimagnetism. When magnetic interactions
favor parallel alignment Qf the spins (Figure 1.3b), the material is called ferromagnetic,
and the material exhibits net magnetization even in the aBsence of an external magnetic
field. Common exampies of materials with ferromagnetic o_rdering include iron, nickel,
and cobalt. Antiferromagnetic materials have their magnetic spins aligned antiparallel
(Figure 1.3c). These materials do not have a net magnetization in the absence of an
external magnetic. field. Many transition metal compounds such as CoO, MnO, NiO, and'
CuCl, are antiferromagnets. The final class of magnetic materials with ordered moments
are ferrimaghets. Like antiferromagnets, ferrimagnetic materials have their magnetic
moments aligned antiparallel. However, the magnitude of the magnetic dipole or the
number of moments pointing in one direction differs from the magnitude or number
‘pointing in the opposite direction (Figure 1.3d). Hence a net magnetization is present in
the absence of an external magnetic field. Spinel ferrites, the materials investigated in
this thesis, are the most common exainple‘ of ferrimagnetic materials.

The magnetic response of materials with differing magnetic ordering is summarized in
Table 1.1. Diamagnetic materials have a small, negative magﬁetic susceptibility, while
paramagnetic materials have a small, positive magnetic susceptibility. Ferro- and
ferrimagnetic materials have large, positive magnetic susceptibilities, while

' antiferromagnetic matefials, have small magnetic susceptibilities comparable to
paramagnetic materials. As a result of their differing susceptibilities, diamagnetic

materials are repelled by an external magnetic field, paramagnetic and antiferromagnetic



RARAR2RY

SRARARAR
IRARAR2RA

ALARARAR,

Fg 13Mg mmtornt
paramagne (b)frrmg ¢, (c) an f

tions for

IRARARRAN

PAAALILAY]
TN

AARARARNI

L R B
I N N

ettt

TR N N N

d

ypfg

g G))

d(d)f mg c.



Table 1.1 Comparison of Magnetization Behavior for Differing Magnetic Ordering™

Class Critical Magnitude of Temperature Variation of
Temperature %
Constant
Diamagnetic None -10%t0-10° 1
X
T
x=C/T
Curiey =CT
Paramagnetic None 10%t0 107 1 ) A
0 T
Above T¢ : ¢ =C/T-0)
1
Curie Large below | M x|
Ferromagnetic | Temperature Tc
T(
Above Ty : = C/(T1O)
Néel
Antiferromagnetic | Temperature | - 10'5 to 107
: j Ty T
Above T¢ : y = C/(TxO)
. i 1
Curie N M Z
Ferrimagnetic Temperature || Large below '
| TC
T, T




materials are somewhat attracted by a magnetic field, and ferromagnetic and
ferrimagnetic materials are strongly attracted by an applied magnetic field.

Materials with differing magnetic ordering also display varying temperature
dependences of the susceptibility. Paramagnetic materials obey the Curie law, given in

Equation 1.5,
x=C/T (1.5)

where C is the Curie constant. Although the magnetic moments do not interact in -
paramagnetic materials, they do align in a magnetic field. With increasing temperature,
alignment is more difficult, and hence from 1.5, the susceptibility decreases with
temperature. For ferromégnetic ordering, the temperature dependence follows the Curie-

Weiss law
»=C/T-0) (1.6)

where 0 is the Weiss constant. For ferromagnetic materials, the Weiss constant and the
Curie temperature are nearly identical. At and below the temperature T the materials
magnetically order. Above this temperature, they loose their magnetic ordering and

display paramagnetic behavior.



1.2.2 Exchange Interactions**?’

Two factors are primarily responsible for the magnetic properties of materials -
exchange interactions and spin-orbit (L-S) couplings. Exchange interactions determine
the magnetic ordering of a material,. while spin-orbit couplings defermine the
magnetization orientation within a material (further detail in Section' 1.5.1). The nature
and magnitude of exchange interactions between neighboring magnetic ions determines
how the individual moments will align and will force the moments to align either parallel
(positive exchange) or antiparallel (negative exchange) to vits neighbors. The exchange

energy U is dependent upon the orbital overlap of electron spins S; and S; and is given by
U; =-2 J;SiS; (1.7)

where J is the exchange integral relating the degree of orbital overlap. Three types of-

exchange energy are known - direct exchange, indirect exchange, and superexchange.

1.2.2.1 Direct Exchange

‘Direct exchange occurs between moments that are close enough to have sufficient
overlap of their wavefunctions. When the atoms are very close together the Coulomb
interaction is minimized when the electrons reside between the nuciei (Figure 1.4a). By
Pauli’s exclusion principle, the electrons must have opposite spin, giving rise to
antiparallel (antiferromagnetic) ordering. If the atoms are far apart, the electrons are
localized far from one anothef i.n'order to'rﬁinimize electron-electron repulsion, giving

rise to parallel (ferromagnetic) alignment (Figure 1.4b). For direct exchange the

10
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Figure 1.4. Direct exchange for (a) small interatomic distances yields antiparallel
alignment of spins, while (b) large interatomic distances result in parallel alignment.

Figure 1.5. Blethe-Slater curv? showmg positive and negative exchange integral for
assorted transition metals. Negatlve interactions yield antiferromagnetic order, while

positive exchange J gives rise to ferromagnetic ordering.
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exchange coefficient J can be positive or negative depending on the balance between
Coloumb and kinetic energies. The Bethe-Slater curve shown in Figure 1.5 represents
the magnitude of direct exchange as a function of atomic sbacing. Iron, cobalt, and
nickel all havé positive exchange and thus ferfomagnetic ordering, while manganese has

negative exchange and thus displays antiferromagnetic ordering.

1.2.2.2 Indirect Exchange

Indirect exchange couples moments over relatively large distances via conduction
electrons. It is the dominant exchange interaction in metals where there is little to no
direct overlap between neighboring magnetic electrons. Indirect exchange, more
commonly known as the RKKY interaction (named after Ruderman, Kittel, Kasuya, and
Yosida), is the primary exchange mechanism for rare-earth metals. The exchange
coeffecient J for RKKY interactions oscillates between positive and negative with a
dampening as shown in Figure 1.6. Therefore, the magnetic ordering could either be

ferromagnetic or antiferromagnetic depending upon the ion separation.

NN
N

Figure 1.6. Exchange integral for RKKY exchange shows damped oscillatory response.
' Magpnetic ordering dependent upon ion spacing. '

12



1.2.2.3 Superexchange -

Superexchange involves the interactions between moments that are too far apart
to couple via direct exchange. Instead coupling occurs through a non-magnetic material,
such as oxygen.' The exchange integral J depends upon the distance between the ions and
the symmetry and arrangement of the cation and anion orbitals. The simplest view of
superexchange is when the orbital symmeiry is 180° (this arrangement also yields the
strongest superexchange). An examplg of a material meeting this requirement is MnO,
an antiferromagnet whose rock salt structure is shown in Figure 1.7. A schematic of the

3d,2.y2 and 2py orbitals involved in the superexchange in MnO are shown in Figure 1.8.

Figure 1.7. Schematic of MnO unit cell with antiferromagnetic ordering shown

13
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Figure 1.8. Schematic of superexchange interaction in MnO.
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the metal 3d orbital. The 3d and p orbitals exchange electrons by exciting one of the py
electrons into an empty d state, forming a (p-d) ¢ or ¢" bond (Figure 1.8b). When the p
electron is excited into the empty d state, the remaining electron of opposne spin may
now exchange with the other metal orbitals (Figure 1.8c). The complete exchange of the
electrons is accomplished by Figures 1.8 c&d. For d ions with the same ground state
‘configuration (in this example d), antiferromagnetie coupling results.

| The magnetic ordering in spinel ferrites occurs via superexchange. In ferrites,
three exchange interactions Ja.a, J5.5, and Ja.p are present due to the two lattice sites (A
and B) in the crystal structure (see Chapter 2). Interestingly, the exchange integral is
negative for all three interactions, meaning antiparallel alignment of spins for all the N
sublattices is preferred, an orientation which-cannot occur. However, superexchange is |
dependent upon the symmetry of the orbitals, their spatial orientation, and the distance
between ions. A 180° linear arrangement as described abolve for MnO yields the
strongest overlap and exchange. In spinels the A-O-B bond angle is 125°, the B-O-B
bond angle is 90°, the A-O-A bond angle is 79° (and the A-A separation is ~ 4A).>” Due
to the degree of orEital overlap resulting from these geometrical considerations, the Ja.p
exchange integral is the dominant exchange, followed in magnitude by Jp.g, then Jo.a. As
a result, the arrangement of spins between the A and B lattice sites is antiparallel, thereby

forcing the spin arrangement on the A and B sites to (unfavorably) be parallel.

15



13 Single Domain Theory and Superparamagnetism

1.3.1 Single Domain Particles
Bulk magnetic materials contain magnetic domains, consisting of groups of spins
all pointing in the same direction. The domains are separated by domain walls which

form to minimize magnetostatic energy and have a characteristic width.**®

Magnetization
reversal occurs through the nucleation and movement of the domain walls shown in
Figure 1.9a. Below a critical length scale, the energy required to produce a domain wall
becomes greater than the corresponding reduction in magnetostatic energy. As a result
domain formation is no longer supported and the particle becomes a single domain."
Magnetization reversal may occur by coherent rotation of spins, curling, or quantum
tunneling of the magnetization vector (Figure 1.9b).38

In 1930, Frenkel and Dorfman first predicted the existence of single domain
particles,® while, Kittel in 1946 provided the first estimates of the critical size for the
existence of a single domain." The critical diameter (D¢;) depends upon the saturation

magnetization (Ms), the anisotropy energy density (K), and the exchange energy density

(A) as given in Equation 1.8.3%3
Der =36 (KA)'?/pMs®  (1.8)
a :

The values of D¢ cover a wide sizq féljlge — from 10 — 800 nm, though for most materials

it falls below 100 nm. Table 1.2 llsts the critical diameter for a number of common

magnetic materials. 23941
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Figure 1.9. (a) Bulk magnetic materials reverse through domain wall movement, while
(b) the magnetization direction in single domain particles may reverse through coherent
rotation (left) or curling (right).
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When D < Dy, the material will be uniformly magnetized. .The magnetic moments
in each particle will point to the same preferred direction known as the easy axis. The
easy axis is usually a preferred crystallographic direction determined by the
magnetocrystalline anisotropy (K) of the material, which arises from spin-drbit couplings.
The easy axis is given for a material and is independent of shape.* Table 1.2 also lists
the easy axis directions and magnetocrystalline anisotropy for common magnetic

materials.

Table 1.2. Critical Size, Easy Axis, and Magnetocrystalline Anisotropy of Common

Magnetic Materials
Material D¢, (nm) Easy Axis K| (erg/em’) x 10°
Co (hep) 60 ‘0001 53
Fe (bec) ' 15 100 5
Ni (fec) 55 100 0.5
Nd,Fe 4B 230 001 500
SmCos 750 0001 1700
FePt (L10) 340 001 660-1000
CoFe;04 - 50 100 18
Fe304 128 111 1.2
MnFe;04 50 111 0.25

18



1.3.2 Stoner-Wohlfarth Theory

In 1948, Stoner and‘ Wohlfarth described th¢ case of magnélization reversal
through the coherent rotation of the magnetization vector for an assembly of single
dbmain, non-interacting particles with uniaxial anisotropy.*? In the simplest form, the
energy barrier for coherent magnetization reversal of single domain magnetic

nanoparticles is given as
Ea=KV sin’ 0 (1.9)

where E, is the energy barrier, K is the magnetic anisotropy of the particle, V is the
particle volume, and 0 is the angle between the magnetic moment and the easy axis of the
particle. The anisotropy energy barrier E4 may be viewed as a simple potential well

model as shown in Figure 1.10. In reality, there may be many minima, corresponding to

Figure 1.10. Potential well schematic of Stoner-Wohlfarth anisotropy energy barrier for
magnetization reversal.
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differing crystallographic directions, in which the magnetization vectof may poiﬂt. In
thermal equilibrium, the resulting magnetization of the particle will point along the
direction that will minimize the total anisotropy energy (typically the easy axis). .If a
magnetic field H is applied along the easy axis direction, the energy of the particles

bécomes
Ex=KVsin®0-puHcosd  (1.10)

where [ is the total magnetic moment of the particle.20

The energy barrier Ex may become comparable to the thermal energy ksT, where
kg is the Boltzmann constant, when K or V is decreased to a critical value. At this point, .
the magnetic moment can overcome the énergy barrier separating fhe easy directions. As
a result, the direction of the particles moment fluctuates and behaves like a paramagnetic
material. However, instead of a single magnetic moment per atom as in the case of a
paramagnetic material, each particle contains many spins magnetically coupled.
Therefore the particle béhaves asa ‘superspin’ with a relatively enormous moment per
particle. Bean coined the term superparamagnetism to differentiate and describe such
behavior.® Further details on the ‘discovery’ and developments in superparafnagnetism

can be found in classic reviews by Bean and Livingston]9 and Jacobs and Bean.?’
1.3.3 Néel Theory

In 1949, Néel described the rate at which the magnetic vector of single domain

particles will overcome the energy barrier E, as

20



=10 exp (EalksT) (1.11)

where 7 is the attempt frequency for the magnetization vector to ﬂip.44 1o depends upon
a number of factors including temperature, the gyromagnetic ratio, saturation
magnetization, app]ied field, particle volume, and damping constant, but is typically
considered a constant. Néel’s calculations for to was 10 s, although in recent years 10™'°
s has been used as the acéepted theoretical value.* Experimental values ranging from 10°
210" s have been reported.*®* |

If the characteristic measurement time of an experiment is much shorter than 1 at
a fixed temperature, then the particle moments are said to remain blocked during the
observation period, i.e. the magnetic hnoments do not relax. When the measurement time
window is longer than T, rapid fluctuation of the particle moment occurs, and the particles
behave superparamagnetically. The blocking temperature is defined as the temperature

for a given measurement time at which the moments are no longer blocked and are able

to overcome the energy barrier Eo. (See Figure 1.11) For measurement times of 1 —
1000 s and 1o = 107 — 10710 s, E4 ranges from 21k5T to 30k5T. From equation 1.9, the

conditions for superparamagnetism relates to the particles properties and become

KV=NkT (1.12)

21



where N is the appropriate scalar for‘the respective measurement time. As a common
measurement time for dc magnetization measurements is 100 s, traditionally the
condition for superparamagnetism is cited as KV = 25 kT."”

For practical engineering applications such as data storage, the time the
magnetization of a system remains in a certain state at a giveﬁ temperature is critically
important. For example, an iron particle of size 11.5 nm has a relaxation time of 0.1 s at
room temperature and will therefore reach thermal equilibrium almost immediately. On
the other hand if the size is 15.0 nm, the room temperature relaxation time for the iron

particle is 10° s, and the magnetization will be extremely stable.**

(or T, << 1) (or Ty >> 1)

Figure 1.11 Schematic of particle moment with blocking temperature Ty and
measurement time 1. Below Tg, the particles moment points along its easy axis. Above
Tg, the moments can overcome the energy barrier E4 and flip orientations between any
crystallographic direction. Figure from reference 3.
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1.4 Superparamagnetism and Implications upon Applications

1.4.1 Data Storage
In 1956, IBM introduced the first commercial hard drive using 1-2um y-Fe,O;

particles. The total storage capacity was SMB .with‘ an aerial density of 2 kbit/in.’!
Through the reduction of particulate size, larger areal densities have been achieved.
Currently by using CoPtCr granular media, areal densities are on the order of Gbit/in®.%!
However, continued growth in areal density is limited by the onset of
superparamagnetism. By Stoner-Wohlfarth theory as the volume of the magnetic
particles decreases, the energy barrier for magnetization reversal also decreases. Upon
decreasing the particles volume to a critical size, thermal activation is significant enough
to overcome the anisotropy energy barrier and the particles display superparamagnetism.
Hénce the magnetization direction will rapidly ﬂuctqate from one direction to another,
and data integrity is lost. To push the superparamagnetic limit materials with larger K are
being developed to counteract the effect of decreasing V upon the energy barrier Ea.

. However, materials with larger K require larger write fields, which then présent new

issues to be addressed in the information storage industry. Extensive reviews on

developing materials for information storage have been recently published.’'-*

1.4.2 Magnetic Resonance Imaging (MRI) Contrast Agents
Image contrast in MRI is a result of the different signal intensity each tissue
produces in response to a particular sequence of applied radiofrequency (RF) pulses and

is dependent on proton density and magnetic relaxation times.>* The magnetic relaxation
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times for MRI are described by the time constants T1 (longifudinal — resulting from the
relaxation of the proton nuclei to the lowést energy state of alignment with the applied
magnetic field By) and T2 (transverse — resulting from the decay of echo amplitudes of
the transverse magnetic precession about ]3-0).33 Contrast agents generally achieve
enhancing effects by modifying these characteristic relaxation times. If the fractional
decrease in T1 is greater than T2, the intensity of the MRI image increases, and the
material is said to be a positive contrast agent. If the fractional decrease for T1 is less
than T2, the intensity of the MRI image decreases and the material is said to be a negative
contrast agent.

Most contrast agents are traditionally paramagnetic ions, where the unpaired
electrons act as small magnets within the main magnetic field to effect the relaxation of
T1 and T2. Above the blocking temperature, superparamagnetic nanoparticles beﬁave
like paramagnetic materials, but with an exttemg:ly large moment and are expected to
create larger local field inhomogenuties and influence the magnetic relaxation times.?* In
1‘978, dextran-coated superparamagnetic iron oxide (Fe304) were shown to be extremely
effective T2 proton relaxation enhancers.> In fact superparamagnetic iron oxide has
demonstrated a very high relaxivity, even surpassing that of current paramagnetic
contrasf agents.® For example, superparamagnetic iron oxide particles relaxivity is 100
l/mﬁol Fe s compared to monomolecular gadolinium complexes (5 1/mmol Gd s) or
macromolecular gadolinium contrast agents (20 1/mmol Gd s).6 Due to the lack_of
hysteresis in superparamagnetic materials (above their blocking temperature), advantages
of using magnetic nanoparticles in superpararﬁagnetic regime include the lack of

remanence in the magnetic material upon removal of the magnetic fields used in MRL%’
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Iron oxide nanoparticles are the most commonly used magnetic nanoparticle contrast
agent and are currently available commercially. Lumirem® and Resovit®, are magnetic

contrast agents of maghmeite (y-Fe,O3) used for gastro-intestinal tract imaging and for

the detection of liver or spleen lesions/tumors respectively.>’

1.4.3 Magnetic Refrigeration

The technology of magnetic refrigeration depends upon the magnetocaloric effect,
which was discovered in pure iron by Warburg in 1881.%° The magnetocaloric effect is a
matefials adiabatic temperature change upon application of a magnetic field and is an
intrinsic property of a magnetic solid. Application of a magnetic field causes the
materials magnetic moments to align and the magnetic entropy is lowered. Under
adiabatic conditions the total entropy change is zero, and thus the sample heats up. When
the field is removed the resulting reduction in magnetic spin alignment means_the
magnetic entropy is increased and hence the temperature is lowered.”’

In the early 1990s, Shull, et.al. predicted that superparamagnetic matefials would
show an enhanced magnetocaloric -effect.s 8 Superparamégnetic materials are esséntially
an assembly of spins and the ent_ropy of the group of spins, for certain ranges of size,
temperature, and applied fields, fmay be more easily changed by an application of a field
than paramagnetic systems. Furthérmore, ca]cu].ations predict that superparamagnetic
materials may be used at lower applied fields and higher temperatures, which would
improve the opefation capability of magnetic refrigerators.’® Experimentally, it was

found that the superparamagnetic magnetic nanocomposite Gd;Gas.Fe<O;, displays
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magnetocaloric effects 3-4 times larger than th‘ose of Gd3Gas0,,, the most commonly

used low temperature paramagnetic refrigerant.'®

1.5 Anisotropy Mechanisms

Magnetic nanoparticles have use in a range of applications from high-density
information storage to magneticaily guided drug delivery and each application demands
unique often vastly different magﬁetic properties as illustrated by the examples outlined
above. lImproving such applications requires understanding and controlling the
fundamental magnetic properties of the nanoparticles, such as superparamagnetism. In
this study, the relationship between macroscopic magnetic properties and magnetic
couplings is investigated using various spinel ferrite nanoparticles. Specifically, the
effects of magnetocrystalline anisotropy, exchange energy, surface chemistry, and
interpafticle interactions updn the superparamagnetic properties of the nanoparticles are
examined. A brief description of anisotropy mechanisms responsible for the magnetic

properties of nanoparticles is outlined here.

1.5.1 Magnetocrystalline and Shape Anisotropy

Magnetocrystalline and shape anisotropy were the anisotropy mechanisms
considered in the development of Stoner-Wohlfarth and Néel theory as described above.
Magnetocrystalline anisotropy arises from spin-orbital couplings from the interactions of
the magnetic moments with the crystal lattice symmetry. While exchange interactions
determine the fnagnetic ordering of a material, the magnetocrystalline anisotropy

determines the magnetic orientation in a material.  The specific crystallographic direction
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that gives rise to the lowest magnetocrystalline anisotropy energy is called the easy axis.
Moving the moment away from the easy axis increases the anisotropy energy. An
example of the impact of the magnetocrystalline energy upon the magnetization of Fe is
presented in Figure 1.12. The (100) direction is the easy axis for Fe, and hence it is easy
to magnetize Fe in that direction (i.e. a large M(H) value). The (111) direction of iron is
the hard axis and therefore it is difficult to align the magnetic moment along the (111)
direction. As a result, the value of the magnetization under the same applied magnetic

field is lower than that of the magnetization along the (100) direction.

[130] 1] pio]  [1i]
I | I
1.6 |—
M(H)
12
0.8 I ] l

45 90 135 180

O (degrees from [100])

Figure 1.12 Schematic of magnetization for iron measured in a field of 80 Oe as a
function of crystallographic orientation. Figure modeled from reference 35.
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- The magnetocrystalline anisotropy is intrinsic to the material and its magnitude
affects the hysteresis response of the material. Magnetic materials with large
magnetocrystalline energy are classified as hard magnetic materials and display large
coercivity. Materials with weak magnetocrystalline anisotropy energy have small
cdercivity and are called soft magnetic materials.

Shape anisotropy results from magnetostatic energy and is an extrinsic
propertym’40 Spherical shapes do not produce any shape anisotropy. The shape
anisotropy (Ky) affects the demagnetization energy (E4) within samples and for spheroids

is given by
Eq = Ky sin®0 + (1/2)NipoMs? (1.13)

where Mg is the saturation magnetiiation and N; is the demagnetization factor along the i
direction. For infinite wires K¢= poM52/4, and for infinite disks K= qu52/2.4° Both

circular and ellipsoidal shapes were considered by Stoner-Wohlfarth theory.

1.5.2 Surface Anisotropy

The surface chemistry is of %gre;at jmportance to the chemical and physical
properties of nanoparticlea. Surfacéfe afffe;ts become more significant as the size of
nanoparticles decreases, due to tﬂe;inareased volume ratio of surface atoms to the total
number of atoms in the particle. l\jlléelj ﬁrst proposed the concept of surface anisotropy

i
arising from the reduced coordination and lower symmetry of surface atoms with respect

to the core of the nanoparticle in 1954.%° The surface anisotropy had a crystal-field
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~ nature and the symmetry breaking at the surface as well as the atomic disorder induces
local crystal fields with easy axis normal to the surface of the particle.24- As a result of
the local crystal fields, tfle lower coordination number of metal ions at the surface, and
the broken magnetic exchange bonds, spins at the particle surface are often canted and/or
disordered and do not align with the core spins of the particle.®"*

Due to the size dependence of the surface effects, often the effects of particle size
(V in equation 1.9) and surface effects are mixed and difficult to isolate. An effective

anisotropy constant (Ky¢) is used to describe the additional anisotropy due to the surface.

For sphefical particles, Ky is given by
Knet = Kyt + (6/ d) Ks (1 -14)

Where Ks is the surface anisotropy, Kyt fs the magnetocrystalline anisotropy, and d is the
- diameter of the particle. In general, the surface anisotropy causes the surface to be
mégnetically harder than the core of the particle.

Many unique magnetic properties of magnetic nanoparticles have been attributed
to the surface anisotropy and its effects. The reduction in the saturation magnetization,
observed for nearly all magnetic nanoparticle systems, is usually attributed to the
magnetic “dead-layer” co_n.sisting of randomly canied spins caused by the surface
anisotropy. Monte Carlo simulations performed by Kachkachi, et.al. confirm the reduced
saturation magnetization results from surface aniso’tropy.63 64 ‘Nével’s early calculations as -
well as several recent theoretical studies, have pointed out that increasés in coercivity are

expected if the surface anisotropy is increased.®$2% The atypical trend of increases in _
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coercivity with decreasing particle size are suggested to result from increasing
contributions of surface anisotropy as the particle size is reduced.®®’ Calculations by
Iglesias and Labarta investigating changes in shape of hysteresis loops with particle size
show that the reversal of the particle moment is strongly influenced by the reduced
atomic coordination and disorder at the surface.®® As a result of the misaligned surface
spins, the ideal model of Stoner-Wohlfarth of magnetization reversal by the coherent
rotation of all spins pointing along one direction is no longer valid.
1.5.3 Interparticle Inferaction524’69’7°

Interparticle interactions are known to affect the magnetic properties of materials
and will contribute to the magnetic response in the powder samples reported here.
Interparticle interactions may arise from dipole-dipole interactions or exchange
interactions between surface ions of neighboring particles. When a capping surfactant
such as oleic acid is used, the excharige interactions become negligible and the primary
interaction is due to dipole-dipole coupling.”' The energy associated with dipole-dipole

interactions (Eq4.4) given by

Egq=- (Ho my>) / (4m IP) (1.15)
where L, is the permeability, m, is the magnetic moment, and 1 is the particle-particle
'separatior'l. This energy modifies the anisotropy energy barrier for magnetization reversal

E, and is argued to introduce local minima in the energy barrier.?* Although it is

generally understood that particle-particle interactions affect the magnétic properties of
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nanoparticles, correlating the effects of interparticle interactions with observed magnetic
propérties has still provided a challenge.

Three primary theoretical models developed for understanding the effects of
interparticle interactions exist: the Shtrikman-Wohlfarth (SW) n;odel developed in 1981,
the Dormann-Bessais-Fiorani (DBF) model developed in 1998, and the Mﬂrup-Troné
model devefoped in 1994. Both the SW and DBF models show that increasing

interparticle interactions will lead to an increase in the energy barrier, Ex by
Ex =KV sin’0 + B (1.16)

where B; is the interaction term, whose form varies according to the respective model and
fheir subsequent revisions. The MT model however, indicates that increased interparticle
interactions should decrease the energy barrier. Considerable argument between the
authors of these models as to the validity of their conclusions are present in the
literature.@’j0

Experimentally, the effects of interparticle interactions are determined by varying
the interparticle interactions through dilution of ferrofluid samples. Most studies show
that the blocking temperature and coercivity decrease with dilution, i.e. weaker
interparticle interactions. These findings collaborate the SW and BDF models that
increasing interparticle interactions results in an increase of the energy barrier for
magnetization reversal. However, other experimental results show mixed results. For

example, SQUID relaxation measurements show that t (see equation 1.11) increases with

increasing interactions, which also further supports the SW and DBF models. However,
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Mdssbauer studies indicate that T decreases with increasing interactions and these studies
are cited as support for the MT model.

Other experimental results show inconsistency between the reduced remanence
(MRr/Ms) and particle interactions. Held et.al. report that Mgr/Mg decreases with
increasing interactions, while studies reported in this thesis find that Mr/Ms can increase
with increasing particle interactions.”’ Other discrepancies include the correlation
between particle size and interparticle interaction strengths. Most studies report that the
interaction energy should decrease with increasing particl¢ size since there is greater void
space with increasing size, thereby increasing the particle-particle distance and
decreasing the energy by equation 1.14. However, Taketomi and Shull point out that the
moment per particle increases with size, and as such the interparticle energy should
z'ncfease by two orders of magnitude by increasing the particle size from 3 nm to 10
nm.”” Although interparticle interactions are discussed as if they are well understood,
insight as to the effects of interpaticle interactions upon the observed magnetic properties

has still not been achieved.
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" CHAPTER 2

SPINEL FERRITES AND INSTRUMENTATION

2.1 Spinel Ferrites

2.1.1 Spinel Structure

Spinel ferrites (MFe;O4; M = Mg, Co, Mn, etc) are an ideal magnetic system for
understanding and controlling superparamégnetic properties at the atomic level through
chemical manipulations." The spinel structure contains two cation sites for metal cation
6ccupancy. (Figure 2.1). There are eight A sites iﬁ which the metal cations are
tetrahedrally coordinated by oxygen, and sixteen B si;(es which possess octahedral
coordination. Due to the exchange couplings, the magnetic moment of cations in the A
sites are aligned parallel with respect to one aﬁother and all the magnetic moments of the
cations in the B sites also align parallel, while between the A and B sites the arrangement
is antiparallel (§ee Section 1.2.2). As there are twice as many B sites as A sites, there is a
net moment of spins yie;lding ferrimagnetic ordering for the crystal.> When the A sites
are occupied by M?* cations and the B sites are occupied by Fe®* cations, the ferrite is

called a normal spinel. If the A sites are completely occupied by Fe** cations
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Figure 2.1 Schematic of spinel structure, A"B,"'04. Metal cations are located in

~ tetrahedral (A) and octahedral (B) coordination sites within an FCC lattice of oxygen.

Magnetic moments between the A and B sites are arranged antiparallel yielding
ferrimagnetic ordering for the system.
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and the B sites are randomly occupied by M?* and Fe* cations, the structure is referred to
as an inverse spinel. In most spinels, the cation distribution possesses an intermediate
degree of inversion where both sites contain a fraction of the M?* and Fe** cations. The

choice of metal cation and cation distribution therefore offers a tunable magnetic system.

2.1.2 Magnetic Properties
Variation of the cation distribution between the A and B sites may lead to

different magnetic properties even though the chemical composition may not change.
MnFe,04 nanoparticles are a prime example.3 MnFe;04 nanoparticles with a 61%
inversion for the cation distribution, or (Mn0,39Fe0.61)[Mno.nge|_{8]04 where\ cations in
parenthesis () represent A site occupancy and in brackets [ ] B site occupancy, have an A
site moment of 3.2 up and B site moment of 2.5 upas detenﬁined from powder neutron
diffraction. On the other hand MnI'e;0O4 nanoparticles with a 29% inversion for the
cation distribution, i.e. (Mng 71Fep29)[Mng spFe 50]O4, have an A site moment of 3.3 pp
and B site moment of 2.3 pg. These differences results in a blocking temperature change
of ~50°C.

~ The zinc-doped cobalt f:‘é;"‘rité,(.Covl.xanFezOlg) system illustrates the influence of
choice of metal cation and catioﬁj site distribution upbn magnetic properties. The |
saturation magnetization of Col;xZﬁxFé;O4 increases up to 50% zinc doping.*® These
trends can be understood in terms of thé distribution of cations between the A and B
lattice sites. Due to site preferences, Zn®* ions occupy the tetrahedral A sites. The
replacement of Co* (3up) with nonmagnetic Zn** (Oup) leads to a decrease in the A site

moment. As the A and B lattices are coupled antiparallel, a decrease in the A site
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moment causes the B site contribution to the magnetic moment of the unit cell to be more
significant. Hence the saturation magnetization of the unit cell increases although a non-
magnetic ion is introduced.

Zinc-doped cobalt ferrite (Coj.x<ZnsFe;04) also serves to demonstrate the
influence of choice of metal cation as a means to tune the magnetocrystalline anisotropy

K. Co** contributes 3pp and has a strong spin-orbital contribution while Fe** contributes

five unpaired d electrons (5pp) and has a moderately strong spin-orbital contribution.

The resulfing spin-orbital contributions from Co?* and Fe** thus contribute to the value of
K. On the other hand, Zn>* has no unpaired electrons and does not contribute to the
overall value of K. Therefore as Zn** replaces Co*" in the crystal lattice, K is expected to
decrease. The blocking temperature of Col.xanFez‘O4 particles decreased over the entirg
doping range 0 < x < 1, which is consistent a reduction in E4 resulting from the lowering

of K with increasing Zn** doping.6

For materials with similar cation distributions, such as CoFe;O4 and MgFe,0,, a
clear correlation between the spin-orbital couplings of the catiohs and superparamagnetic
properties can be demonstrated.' The cation distributions determined from neutron

diffraction are (Cog31Feq.69)[Coo.gsF€1.32]04 and (Mgo 32Feo.68)[Mgo.70Fe1.30]O4 where
cations in parenthesis ( ) occupy A sites and in bracket [ ] B sites.! The difference
between CoFe;04 and MgFe,0; are the chemical components Co?* and Mg**. Co?*
cations have seven d electrons, three of them unpaired, as well as a large spin-orbital
coupling. Mg®* has no unpaired electrons and hence contribute zero total electron spin.
Recall that the magnetocrystalline anisotropy K comes from spin-orbit couplings (L-S

couplings) in the crystal lattice. Due to the stronger L-S couplings in CoFe;04, a larger K
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is expected for the material, which from Stoner-Wohlfarth theorsf would give rise to a
larger anisotropy energy barrier E4. For all sizes of CoFe;04 and MgFe;04
nanoparticles, the blocking temperature for CoFe,0y4 is ~150 K larger than that of
MgFe;04. This observation is consistent with an increase in E4 resulting from the |
stronger L-S couplings (K) in CoFe;O4. M&ssbauer experiments at 400 K, show only a
sextet for CoFe,0s, while for MgFe,04, the pattern is a doublet, with only a very weak
small fraction of a sextet.! The existence of only a sextet at 400 K for CoFeZO4 indicates
that the relaxation time 7 is longer than the measurement time of 10 ns, while the
presence of a doublet at 400 K for MgFe,04 suggests that the relaxation time 7 is shérter

than 10 ns. From Néel theory, these observations are consistent with a larger K value for

COF6204.

2.2 Synthesis of Spinel Ferrites Using Microemulsion Methods

In addition to microemulsion methods, spinel ferrite nanbparticles have been
synthesized by a wide variety of methods including gas condensation, aerosol reduction,
chemical precipitation, sol-gel processing, thermal decomposition of organometallic
precursors, and continuous hydrothermal processing.>”'> Although these methods are
able to produce nanoscale ferrites, often the quality of the nanoparticles is poor — in many
cases a large size distribution is reported and size control is arbitrary. In many of these
procedures size variation is achieved through post-synthesis annealing at various
temperatures. Zhang, et. al. have demonstrated that although nanoparticle sizé changes

according to the annealing temperature, the cation distribution between A and B lattice
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sites also is affected by annealing temperature.’ *As discussed above, the magnetic
properties of the spinel ferrites are highly dependent upon the distribution of cations
between the A and B sites. Therefore when annealing temperature is used to control
nanoparticle size, a direct correlation between size effect and magnetic response is not
possible due to the extra variable of cation re-distribution. If multiple sizes are produced
through the synthesis without thermal annealing or without varying thermal annealing
temperature, often large changes in thé synthesis procedure are needed.

In order to correlate size effects with changes in magnetic properties it is critical »
to have a synthesis method that allows for control over the nanoparticle size and yields
nanoparticles with a narrow size distribution .'® Microemulsion methods are suitable for
such purposes. Microemulsion procedures have been commonly used over the past 20
years to form high quality metal and semiconductor nanoparticles with a small size
distribution.'?® Furthermore, by minor adjustments to the synthesis conditions, size
control is readily achievable. Microemulsion methods can be classified into normal
micelle methods also called oil-in-water (o/w) methods and reverse micelle methods also
referred to as water—in;oil (w/o) methods. In both cases surfactants are used and the
surfactant molecules aggregate to form micelles, whose size typically ranges from 10 —
100 nm, when their concentratioﬁ ié above the critical micelle concentration (cmc).'®"”
Normal micelles are shown in Figure 2.2a, and reverse micelles are shown in Figure 2.2b.
Normal micelles form with the oily chain the surfactant molecule pointing to the inside of
the micelle, with the poiar end directed outwards towards the aqueous solvent. Reverse
micelles contain the polar end of the surfactant molecule directed in towards the

hydrophilic water interior and the oily chain directed outward towards the organic
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Figure 2.2 Schematic of (a) normal micelle structure and (b) reverse micelle structure.

solvent. The first report of utilizing microemulsion methods for the synthesis of
nanoparticles was in 1982 by Boutonnet et. al. who prepared 3 — 5 nm samples of Pt, Pd,
Rh, and Ir nanoparticlés by a reverse micelle method.!” Since that time, reverse micelle
. methods have been used to form high quality Cu, Ni, Fe, and ‘Co metallic nanoparticles;
semiconductor nanoparticles such as CdS and Cd,;.,Mn,S; and Y-Ba-Cu-O
superconductors.'®*** Normal micelles have been used to prepare Cu and CdS
nanoparticles.'8’2' |

This section covers some resqlts from the synthesis of a variety of spinel ferrite
nanoparticl.es using both normal and jréverse micelle microemulsion methods. The sizes
of the nanoparticles ail fall well belmiv the critical diameter listed in Table 2.1 and

therefore are single domain. The conditions required for size control as a function of

synthesis method are addressed.
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Table 2.1. Estimated and Experimental Single Domain Critical Size
for Common Magnetic Materials

Estimated , Experimental
Material Derit (nm) , Material D¢sit (nm)
Co 70,22 557 NiFe,04 40-60*4%
Fe 14,2 20% CoFe,04. 5022
Ni 55,2 65% Fe304 <100%
y - Fe;03 166 %
Fe304 128,22 507

2.2.1 Normal Micelle (Oil — in — Water)

2.2.1.1 Synthgsis Overview

Normal micelle methods have been used to prepare a wide range of spinel ferrite
nanoparticles including iron o>‘(idés, cobalt ferrite, and cobalt ferrites doped with various
cations such as chromium, zinc, and the lanthanides. For quick comparison, Table 2.2
summarizes the general reaction conditions such as microemulsion method, surfactant
system, énd choice of iron salt for all ferrite synthesis using microemulsion methods. As
seen in Table 2.2, the most common surfactant for normal micelle procedures is sodium

| dodecylsulfate (SDS, CH3(CH2)|0CHZOSO3Na_). In these reactions, the metal cations

(e.g. Fe¥', Co*") are associated at the polar head of the surfactant chain and above the
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Table 2.2. Synthesis Conditions for the Preparation of Ferrite Nanoparticles.

Ferrite Microemulsion | Surfactant® Oxidation Size (nm)
Method® - State of Iron
Salt
Fe;04/v-Fe,03|  nm SDS +2 3-12%%
m AOT +2 516
Brjj +2;43 273
CoFe,04 nm SDS +2 3 35 21,3233
+3 4-10%
m AOT +2 12-18%
MnFe;04 m DBS +3 4153
AOT +2 5,10 '637
MgFe;04 m DBS + CTAB +3 2-45"
CoCrFeOy nm SDS +3 62078
m DBS 43 4-11%
~ CorxZngFe;04 nm SDS +2 3-4,15%
CoLn,Fe;.104 nm SDS +2 2037

’nm and rm represent normal and reverse micelle method respectively

®SDS = sodium dodecylsulfate; AOT = sodium bis(2-ethylhexyl) sulfosuccinate
CTAB = cetyl trimethyl ammonium bromide; DBS = sodium dodecylbenzene sulfonate
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critical micelle concéntration, the surfactant molecules aggregate to form micelles.
Examples of the critical micelle concentration are 1.52 x 10 M for Co(DS); and 1.56 x
IQ'3 M for Fe(DS), at 25°C.*® Such a low concentration for micelle formation, with the
metal cations ‘.‘conﬁned” in solution, allows for much lower reactant concentratio.ns to be
used compared to co-precipitation methods. At concentrations below the cmc, spinel
ferrite formation does not occur.? In order to vafy the size of the nanoparticles, minor
adjustments to the synthesis procedure are generally made as micelles can increase in size
with addition of salts, én increase of surfactant concentration, and/or addition of

~ alcohols.'®

2.2.1.2 Size Control

Rondinone, et. al. used chemometrié modeling to quantitatively correlate the
effects of experimental conditions with nanoparticle size.® Over forty reactions were
performed in which surfactant concentrafion, metal salt concentration, methylamine
concentration, and reaction temperature were individually varied. The range of
conditions studied yielded nanoparticles with sizes 5 —32 nm. From this study, the effect
of surfactant concentration W;IS defermined to be negligible. This obs‘ervation isin
agreement with other reports j“Lhat varying the SDS concentration while maintaining a
constant concentration of CotDS)z and Fe(DS); on.ly marginally decreased the size of
CoFe,04 nanoparticles. For example, the CoFe,;04 nanoparticle size decreases from 2.8
nm when 1.56 M SDS is used to 2.4 nm after the SDS concentration was dramatically-

increased to 16.5 M.*!
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Ovther results from the chemometric study included correlations between increases
in nénoparticle size and increase§ in reaction temperatur_e, metal cation concentration, and
methylamine concentration. T}he_ model’s findings are consistent with other reported
experimental data. For example, a reaction temperature of 25°C, 50°C or 80°C results in
Fe304 nanoparticle size of 5.6 nm, 6.8 nm, and 8.3 nm respectively.?> For room
temperature reactions, increasing the Fe(DS), concéntration by a factor of 2 and 4 alters
the size of Fe304 nanoparticle from 3.7 nm to 5.6 nm and 7.4 nm respectively.29
Performing the synthesis at 80°C results in Fe;O4 particles with size 6.6, 8.3, and 11.6 nm
upon increasing the concentration again by a factor of 2 and 4.2 Similarly, an increase
the concentration of Fe(DS), by a factor of 2 while maintaining a 2:1 molar ratio with
Co(DS); increases the size of CoFe;04 nanoparticles from 2 nm to 3 nm, while increasing
the Fe(DS), concentration by a factor of 4 increases the size to 5 nm.*"? X-ray
absorption near edge spectroscopy (XANES) énd small angle x~réy scattering (SAXS)
studies indicated the oxidation state of iron and cobalt ions increase when the Fe(DS),
concentration is increased. Furthermore, an increase in micelle size is reported when
Fe(DS). concenfration is increased. These factors are suggested to induce an increase in
the number of nuclei formed thus favoring the formation of larger particles.‘il

By plotting the three-dimensional cross sections of the chemometric model,
correlations between the experimental conditions and nanoparticle size are available.*
For example; the 3-D surface plot comparing effects of thé métal cation and methylamine
conccntraﬁons at constant temperature (Figure 2.3) shows a saddle shape, indicating
strong interactions between the metal salts and methylamine. This means that the

" nanoparticle size could either increase OR decrease with increasing metal salt
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Figure 2.3 Three-dimensional cross section showing effects of metal cation [S(M)] and
methylamine [A(M)] concentration on nanoparticle‘size.33

Size (nm)

Figure 2.4 Three-dimensional cross section showing effects of metal cation
concentration (S) and reaction temperature (T) on nanoparticle size.?®
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concentration depénding on the methylamine concentration for that reéction. In another
cross sectional plot shown in Figure 2.4, the effect of temperature and metal salt
concentration were compared at constant methylamine concentrations. The shape of the
surface curve indicates the factors are independent of one another. Therefore if the
reaction temperature increases, the nanoparticle size increases at any choice of metal salt
concentration and vice versa, increasing the metal salt concentration yields larger sized
nanoparticles at all choices of reaction temperature.
From this model the best approach to varying nanoparticle size is suggested to be

. varying the metal salt concentration and the reaction temperature. > Because the rate of
size change is different for these two factors, adjusting the reaction temperature should be
used for rough tuning of the nanoparticle size as changing this factor results in large
changes in nanoparticle size. Adjusting the metal salt concentration effects smaller
changes in particle size and therefore should be used for fine-tuning of nanoparticle s.ize.
The model was tested on subsequent CoFe,04 synthesis as well as the synthesié of Co,.
xZnsFe;04 and ZnFe,04 nanoparticles. By using specified reaction conditions, the size of

the prepared nanoparticles agreed with the models predictions + 1 -3 nm.>

2.2.2 Reverse Micelle (Water — in — Oil)

2.2.2.1 Synthesis Overview
As shown in Table 2.2, a wide variety of surfactants have been used in the reverse
micelle synthesis to form various spinel ferrite nanoparticles. Many ferrites such as

CoFe204, CoCrFeQy4, and Fe;04 have been synthesized by both normal and reverse
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micelle methods. Interestingly, there are a few spinel ferrite nanoparticles that can only
be formed by reverse micelle methods. For example, to date attempts at forming

MnFe;04 and CuFe;04 have proven unsuccessful using normal micelle methods.*

2.2.2.2 Size Control

Most reverse micelle syﬁtheses report varying the size of nanoparticle by varying
the water/surfactant or water/dispersing solvent ratio, thereby changing the diameter of
the water droplet. The- most common surfactant for reverse micelle prbcedures is
Na(AOT) principally because the Na(AOT)-water-isooctane phase diagram shows a large
size range (0.5 — 18 nm) for the diameter of the water droplets.'® The size of the water

droplet is related to the ratio of water to surfactant (w = [H,0] / [AOT]) by
D (mm)=03w 2.1

~ MnFe,04 nanoparticles prepared with AOT/isooctane with a size of 10 nm are formed
when w = 10, while 5 nm MnFe,O4 nanoparticles are reported when w = 0.01.'%*’

Other surfactant systems show similar observations between changing the water
pool diameter and the nanoparticle size. A size of 8 nm is obtained when the
water/toluene ratio was 5/100 for MnFe,04 nanoparticles prepared with DBS in to]uene‘.36
Adjusting the ratio of cyclohexane/water using the relation (93-x)/ 7/ x (cyclohexane/ Brij
/aqueous iron solution) results in Fe304 nanoparticle sizes rénging from 1.9 nm, 2.4 nm,

3.6nm, 5.6 nm, and 7.3 nm when x varies as 1, 1.5, 2, 2.5, and 3 respectively.3 Ptis

interesting to note that changing the surfactant concentration affects the size of the
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nanoparticles in the reverse micelle synthesis, while this factor had no effect on size in
the normal micelle synthesis. Certainly it appears that the mechanism for nanoparticle
formation and thus size control is different between thc two microemulsion procedures.
A systematic model detailing the effects of specific experimental conditions as developed

for normal micelle reactions has not been conducted for reverse micelles synthesis.

2.3 Instrumentation

2.3.1 Powder X-Ray Di'ffraction“‘v"45

- X-ray diffraction was a primary tool used for the characterization of the spinel |
ferrite nanoparticles. For all experiments reported here, a Bruker D8 Advance X-ray
diffractometer with .Cu K, radiation was used. To produce the x-rays, a current is passed
through a tungsten filament causing the filament to heat and thermionic emission of
electrons occurs. These electrons are directed at a copper target, which has an applied

voltage of 40 kV. (See Figure 2.5) The tube current (the flow of electrons from the
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Figure 2.5 Schematic of x-ray tube
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- filament to the copper target) is maintained at 40 mA. The electrons ﬁit the copper target
| with high velocity. If the electrons have sufficient energy, they may knock an electron of
the copper target out of its orbital. As an outer electron falls from its orbital into the
vacancy it er;rxits x-ray radiation. Depending upbn the target anode, x-rays characteristic
of target are generated. Here Cu K, radiation was used, which has a wavelength of 1.54
A.

The X-ray radiation will diffract from the powder sample following Bragg’s law.
W.L. Bragg demonstrated that diffraction could be visualized as x-rays “reflecting” off of
crystal planes as shown in Figure 2.6. The difference in path length traveled through the
crystal and/or the phase differences between the incident and scattered beams gives rise

to scattered waves that are in phase or out of phase. A diffracted beam is essentially a

Incident
plane wave

2d sin 0

Constructive interference
when '

e © © © o o nA=2dsin O
Bragg’s Law

Figure 2.6 Schematic of crystal planes and Bragg’s Law. Figure from
http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/bragg.html
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group of scattered x-rays from the crystal that mutually reinforce on another. Bragg’s

law accounting for the diffraction physics is given in equation 2.2
n.=2dsin®  (22)

where A is the waveléngth, d is the plane spacing and 6 is the angle shown in Figure 2.6.
The recorded diffraction pattern essentially is composed of peaks at specific -
angles and with varying intensity. Crystal symmetry, the space group symmetry and the
unit cell dimensions determine the peak position. The peak intensity is primarily
determined by the contents of .the unit cell and can be determined by the structure factor

Fix.

n .
_ 2xiChu,+kv,+lw,)
Fy=) e | 23
I

where f; is the electron scattering density for element n, hkl are the Miller indices, and
uvw, are the coordinates of element n. Other factors may contribute to the intensity of

the diffraction pattern as shown in equation 2.4

] =lF|2 p 1+ COS2 20 e_ZIM (2.4)
- sin” @ cos @
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where F is the structure factor given in 2.3, p is the multiplicity, the Lorentz-polarization
factor is in parenthesis, and the temperature factor ¢ M. Phase identification for all
samples here was performed by matching the peak vpositions and intensities in the
experimental diffraction pattém to those patterns in the JCPDS (Joint Commiitee on
Powder Diffraétion Standards) database.*

In addition to providing information about phase purity, the x-ray diffraction
pattern can provide information about crystallite size. Diffraction peaks for crystals
smaller than 0.1 pum will show broadening of the peak. The size broadening of the
diffraction peak can be related to the crystallite size by the Scherrer equation, given in

equation 2.5
B=0.9A/tcosO 2.5)

B is the .broadening of the x-ray diffraction peak measured at half max (in radians), \ is

the wavelength, t is the diameter of the particle, and 6 is the diffraction angle.

232 Powder Neutron Diffraction

In addition to x-réys, neutrons may be used as a probing wavelength for
diffraction. Neutrons can be geh:c{r‘fd_";‘;:d by nuclear reactors or by spa]latibn sources.
Neutrons are produced frém njuc]»e;a?ﬁreactorS from the fission reactions of 2°U. Nuclear

reactors yield 2-3 neutrons/ﬁs'sifo‘n;ai':t%ZMeV kinetic energies. Moderators such as D,O or

H,O are used to slow down the neutrons to thermal (0.025eV) energies. At nuclear
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reactors, the neutrons supply is continuous and a wide range of energies is produced. By
using monoghromators, a small energy is selected for the diffraction wavelength. For
efcample, at the BT-1 powder diffractometer at NIST, wavelengths of 2.0784 A, 1.5401 |
A, and 1.5903 A, can be selected by using a Ge(311), Cu(311), or Si(531)
monochromator.*” In spallation sources, a pulsed high energy proton beam is smashed
into a heavy metal target such as 183w or 238U, generating bursts of neutrons. In general,
spallation sources produce about 10-30 neutrons/proton with energies about 1MeV.
These neutrons are then moderated as is usually done in a nuclear reactor. Spallation
sources oﬁerate in pulses, and the intensity of neutrons is not constant as for nuclear
reactors. As a result, 'the whole range of energies that is generated with each burst of
neutrons is used in the diffraction experiments. Figure 2.7 compares the two neutron

production methods.

Neutron diffraction will occur in accordance with Bragg’s law detailed above for
x-rays. However, while x-rays are scattered by electrons, neutrons are scattered by the
nucleus of the atoms. As a result, neutron scattering varies irregularly with atomic
number Z of the scattering angle, while x-rays scatter linearly with Z (See Figure 2.8).
Therefore, atoms that are nearly indistinguishable by x-ray may be analyzed using
neutron scattering. This is show schematically in Figure 2.9. This contrast enhancement
is useful in investigating the cation distribution of transition metal ions between the A

and B lattice sites in spinel ferrite nanoparticles.
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Figure 2.7. Comparison of nuclear reactor sources (left) and spallation sources
(right) for the generation of neutrons.
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Figure 2.8. (a)
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ATOMS SEEN BY X-RAYS .
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Figure 2.9 Schematic of scattering contrast for x-rays and neutrons.
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Neutrons also have a small magnetic moment. When a neutron interacts with an
atom with a net magnetic moment, the two interact and the total scattering is affected. As
a result, peaks due to magnetic scattering may be present in the diffraction pattern (or
intensities of nuclear peaks may be increased due to the magnetic scattering). An
example of a neutr(;n diffraction pattern for antiferromagnetic MnO is shown in Figure
2.10. The bottom pattern was collected above the Curie temperature of MnO. Thereforé
no magnetic ordering is present and only nuclear reflections are observed. In the top
pattern, taken below the Curie temperature, magnetic ordering occurs, and new peaks
reflecting the magnetic structure appear. The technique of neutron diffraction provided
the first concrete evidence that the proposed antiparallel alignment of magnetic moments

in antiferromagnets really existed.
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Figure 2.10 Neutron diffraction pattern of MnO (top) below the Curie temperature and
- (bottom) above the Curie temperature.
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In this thesis neutron diffraction studies were carried out both at a spallation
facility and at a reactor facility. Neutron diffraction studies reported in Chapter 3 were
perform‘ed on the Special Enviromﬁent Powdef Diffractometer (SEPD) at the Intense
Pulsed Neﬁtron Source (IPNS) at Argonne National Laboratory. A schematic of the
instrument is show in Figure 2.11. Like most experiments performed at spallation
sources, the experiment is a time of flight design. Since the neutrons with a range of
energies come in pulses, their ehergy (ar;d thus their wavelength) can be determined by
measuring the time it takes for the neutron to reach the detector bank. Data from multiple
detector banks, such as the backscatter detector at 145° (Bank1) and the Bank 3 detectors
at 44° are used in the Rietveld refinement. Using multiple banks allows for a wide range

of d-spacing to be analyzed (0.33 — 4.02 A for Bank 1 and 0.85 — 10.21 A for Bank 3).*®
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Figure 2.11 Schematic of the SEPD instrument at IPNS.
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Neutron diffraction data reported in Chapter'4 were collected on the BT-1 powder
diffractometer at the National Center for Neutron Research (NCNR) at NIST. A
schematic of the instrument is shown in Figure 2.12. A bank of detectors measures the
scattered beams and intensities as a function of scattering angle are recorded. The
Ge(31 1)7 monochromator with 15’ arcmin of inpile collimation was used to select an
incident wavelength of 2.0784 A. This monochromator setting was selected as it
provided the highest neutron intensity and the 1argest diffraction intensities and is widely
used for magnetic scattering. Thé high diffraction intensity is required for nanoparticle

samples as peak broadening effects generally lower the maximum intensity of the

diffraction peaks.
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Flgure 2.12 Schematic of the BT-1 powder diffractometer at NIST. The
diffractometer radius is ~ 1m.
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2.3.3 SQUID Magnetometry*”°

Superconducting quantum intereference devices (SQUIDs) are the most sensitive
instrument for the measurement of magnetic ﬁelds‘. In fact, SQUID magnetometry can
even detect neuromagnetic fields in the brain. The threshold resolution for the SQUID is
~ 1fT. The magnetic field of the heart is 50,600 {fT and the magnetic field of the brain is
a few fT. Figure 2.13 summarizes the range of magnetic fields for various objects and

the SQUID noise levels.

The SQUID operates on two principles — quantization of magnetic flux in a |
superconducting ring and the Josephson junction. A Josephson junction consists of a thin
insulating material between two superconductors where the insulating material is thin
enough that the electron wave propogating in the superconducting material can tunnel
through the insulating later and overlap with the electron wave in the other
superconducter. In the SQUID coil, two Josephson junctions are used as shown in Figure
2.14. As a magnetic sample is moved through the coils, it induces an electric current in
the coils. When the current changfes in response to the magnetic flux from the sample,
phase differences across the Jospheson junction occur. Because the current through the
superconducting circuit is quantized, ihterference betWeen the current in the two sides of
the superconducting ring will occur énd the total current through the superconducting
circuit will change. These detectable changés in current can be ;:oyrelated to the magnetic

flux.
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Figure 2.13. Compariéon of magnetic field of different objects
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Figure 2.14 Schematic of superconducting coil with two Joshepson junctions (A and B).

Two types of magnetic measurements can be performed using the SQUID
magnetométer. The first measurement is the field dependénce of the magnetic material at
constant temperature M(H) and the second is the temperature dépendence of the materiél
under constant field M(T). Two_ types of temperature dependent measurements are
typically performed — zero ﬁeld Sc_oéled (ZFC) and field cooled (FC). In zero field-cooled
measurements, the sample is cbbled frém room temperature in the absence of a magnetic
field. A weak magnetic field 1s ;gppliéd, and the magnetization recorded as the
temperature is increased. In ﬁeld-qooled measurements, the sample is cooled from room

temperature under an applied magnetic field. In this thesis, measurements are performed
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on a Quantum Design MPMS-5S SQUID magnetometer. Temperature dependence was

measured from 5 — 780K and field dependence with applied fieldsupto+ 5 T.

2.3.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a useful tool for the characterization
of nanoparticles. While x-ray diffraction caﬁ pfovide information about the average
particle size of the crystallites from the peak broadening information, TEM is useful for
the visualization of the nanoparticle size and morphology. Furthermore, TEM studies
prbvide pertinent information about the particle size distribution. Here, TEM studies
were performed on a JEOL 100C operating at 100kV at the Georgia Institute of
Tgchnology Microscopy Center. Samples were dispersed onto holey carbon grids. Over

100 particles were counted by hand for the particle size distribution measurements.

2.3.5 TPhotoacoustic Infrared Spectroscopy51

Photoacoustic infrared quétroscopy (PAS-IR) is a useful alternative to
transmission infrared spectroscoi)y techniques for samples that are highly absorbing.
Additionally, the spectra can be obtained without modifying the sample and does not
require sample preparation such as pressing pellets. The ferrite powder samples are
placed’ into an aluminum cup, which is then placed into a chamber containing nitrogen.
Modulated infrared radiation is focused on the sample and the radiation is absorbed by

the sample and is converted into heat. The heat diffuses to the surface and then into the
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surrounding nitrogen atmosphere. The heating of the gas causes expansion. As the
infrared signal is modulated, intermittent thermal expansion of the gas occurs which
generates pressure waves. These waves are detected using a microbhone and converted
into a PAS signal. In this thesis, photoacoustic infrared spectra were collected in the
frequency range of 400 to 4000 cm™ ﬁsing a Biorad FTS-6000 Fourier transform infrared

(FRIR) spectrometer equipped with a MTEC model 300 photoacoustic (PAS) detector.

2.3.6 Thermal Analysis

Two thermal analysis methods were utilized — thermogravimetric analysis (TGA)
and differential scannihg calorimetry (DSC). In TGA experiments, the mass of a sample
is recorded as the temperature of the sample is increased. TGA measurements are used
here to investigate the mass loss resulting from the decomposition of surface bound |
ligands in order to determine the grafting density of the ligands onto the nanoparticles.
TGA measurements (in conduction with DSC) also provided infoﬁnation about the
possible mechanism for the conversion of MgAlz(OH)g to MgAl,0O4 reported in Appendix
A. In DSC experiments, heat flow into a sample and into a reference material as a
function of temperature is measured. Separate heaters are used to keep the temperature
of the sample and reference equal. The difference in power required to keep the
referencé aﬁd sample at the same temperature is measured and plotted as a function of the
sample temperature. Information about endothermic and exothermic reaction processes

can be determined. ‘ .
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CHAPTER 3

SYNTHESIS OF CHROMIUM-DOPED COBALT FERRITE NANOPARTICLES
“USING MICROEMULSION METHODS AND SIZE DEPENDENT STUDIES OF

THEIR MAGNETIC PROPERTIES

Abstract
‘Normal and reverse micelle microemulsion methods were used to
synthesis single phase CoCrFeO, nanoparticles with controlled size range of 6-16
nm and with a size distribution of 14%. The size dependent magnetic properties
were charactefized and found to agree well with Stoner-Wohlfarth theory. The

results from nanoparticles prepared by the normal micelle and reverse micelle

microemulsion methods were consistent with each other. The CoCrFeO4
nanoparticles did not display the types of anomalous magnetic properties reported
for their bulk phase material. Room temperature neutron diffraction studies
confirm their superparamagnetic behavior. The cbmpositional influence
(CoCryFey.xOy4; 0'< x < 1) upon the magnetic properties is consistent with the

effects of the magnetocrystalline anisotropy energy in Stoner-Wohlfarth fheory.
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3.1 Introduction

Nanometer scale materiais have generated considerable interest due to their
unique relationship between size and physical properties.' Superparamagnetism is an
interesting phenomena that occurs usually in magnetic nanoparticles.>> Understanding
and controlling this behavior is critically important in the technological applicaiions of
magnetic nanoparticles suéh as data storage,” magnetocaloric refrigeration,” drug
delivery,6 and magnetic resonance imaging (MRI) contrast enhancement.7. From a
fundamental standpoint, magnetic nanoparticles below a criticél diameter possess a single
domain magnetic structure which may provide.insights‘ to the qu.antum origins of
magnetism arising from magnetic couplings at the atomic level such as thé coupling
between the spin of electron and quantum momentum of its atomic orbital (L-S
- coupling).

Spinel ferrite MFe;O4 (M = Mn, Co, Ni, Zn etc.) nanoparticles are an ideal system
for investigating the relationship between magnetic properties and crystal chemistry of
matAerials.8 The spinel structure contains two cation sites for metal cation occupancy.
There are eight A sites in which the metal cations are tetrahedrally coordinated by
oxygen, and sixteen B sites which possess octahedral coordination. When the A sites are
occupied by M?* cations and the B sites aré occupied by Fe** cations, the ferrite is called
a normal spinel. If the A sites are completely occupied by Fe** cations and the B sites are
randomly occupied by M?* and Fe** cations, the structure is referred to as an inverse
spinel. In moSt spinels, the cation distribution possesses an intermediate degree of
inversion where both sites contain a fraction of the M and Fe** cations. Magnetically,

spinel ferrites display ferrimagnetic ordering. The magnetic moment of cations in the A
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sites are aligned parallel with respect to one another and all the magnetic moments of the
cations in the B sites also align parallel. Between the A and B sites the arrangement is
antiparallel and as there are twice as many B sites as A sites, there is a net mement of
spins yielding ferrimagnetic ordering for the crystal. The choice of metal cation and the
distribution of ions between the A and B sites therefore offers a tunable magnetic system.
A type of interesting nanoparticle for investigating the changes of magnetization
in a single domain magnetic structure is the mixed spinel ferrite CoCrFeOj in which Fe**
is partially replaced by cr*. Cr* ions usually occupy the octahedral B sites in spinels.’
A decrease in the total magnetic moment at the B-sites is expected as Cr*" has a weaker
magnetic moment (3 pg) than Fe’* (5 pg). Cr’* has an electron configuration of ty e’ in
the spinel s-tructure, which theoretically has no orbital angular momentum. Fe** at the B
site has tyg°e,” in the spinel structure, which aleo theoretically has a zero orbital angnlal'
mornentum. Therefore substitution of Fe3* by Cr3+ will not offer information on the
contribution from the orbital angular momentum towards the Inagnetic properties.
However, such substitutions can introduce variations of the exchange coupling into this
mixed spinel ferrite system. Therefore, the collinear model may not be correct, and

10-12 3 substitution

triangular or sniral arrangement may dominate the magnetic order.
could be complicated since the exchange couplings between Cr’* ions display a large
negative exchange constant (J B.B).9 A strong negative Jp.p interaction favors antiparallel
alignment of spins on the B sites. Such en arrangement is typically hindered in spinel
ferrites due to the dominance of the large negative Jop couplings (which gives rise to the
net ferrimagnetic ordering for the system), but it could disrupt the parallel aligment of

spins on the B sites to various extents and lead to spin canting. In the case where Cr has
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completely replaced Fe (CoCr,0y4), the antiferroniagnetic alignment between the A and B
sites is completely destroyed and the system displays a screw ordering.” When Fe is
partially replaced by Cr (CoCrFeQy), the bulk magnetic properties have been reported to
be anomalous due to a frustrated magnetic structure.'® Examples of the anomalous
behavior include sharp decreases in the saturation magnetization versus temperature
curve at ~100 K and at 330 K. Also, a cpsp in the susceptibility curve is usually observed
at 330 K, just before the reported Curie transition temperature, T¢ of CoCrFeQ,.'* ' The
decrease at ~100 K Was believed to be a result of a transition from a sperimégnetic phase
(a frustrated structure) into a cluster spin glass. The anomaly at 330 K is a transition from
cluster spin glass to a paramagnetic state. To further complicate the issues, a wide range
of Curie temperatures of 330-360 K, 475 K, and 780 K have also been reported.”']5
CoCrFeO4 nanoparticles should have a single domain magnetic structure, which
may offer a simpler system for understanding the magnetic behavior of CoCrFeO4
materials. Xiong, et. al. have recently reported the synthesis and magnetic
characterization of CoCrFeOy4 nanoparticles with a size of 8.1 nm by using a sol-gel

method."® However, the size dependence of magnetic properties and the issues regarding

to the anomalous behavior remain untouched. Although a variety of spinel ferrite

1621 icroemulsion methods

nanoparticles have been synthesized by various methods
provide a synthetic approach that allows for making high quality nanoparticles with a
narrow size distribution. Furthermore, by minor adjustments to the synthesis conditions,
this approach easily allows for controlling the size of nanoparticles by means other than

thermal annealing of nanoparticles at various temperatures.”" > Variable temperature

annealing of samples not only changes the size of the nanoparticles, but may also result in
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differen"t cation redistribution depending upon the annealing temperature.” The magnetic
properties of spinel ferrites closely relate to the magnetic couplings between the mégnetic
cations at the A and B sites. They are affe;:ted by redistribution of cations between these
two sites. Therefore, a direct correlation between magnetic properties and the size of

| spinel ferrite nanoparticles is not straightforward when variable temperature annealing is
used to control the size variation.

This chapter reports the use of microemulsion methods to synthesize CoCrFeO4
nanoparticles with controlled sizes ranging from 6 to 16 nm and a size distribuﬁon of
14%. Their corresponding magnetic properties as a function of size have also been
studied. The CoCrFeO, nanoparticles did not display the types of anomalous magnetic

properties reported for their bulk material.
3.2 Experimental

3.2.1 Nanoparticle Synthesis

Both normal and reverse micelle microemulsion methods were used to synthesize
CoCrFeOy spinel ferrite nanoparticles. Aqueous solutions containing CoCl-6H,0
(Fisher, 98%), CrCl3-6H,0 (Aldrich, 98+%), and Fe(NO3)3:9H,0 (Alfa Aesar, 98+%)
were mixed in an equimolar ratio. To form the normal micelles, an aqueous solution of
sodium dodecyl sulfate (Aldrich, 98%) was added to the cation mixture and stirred
constantly. A dark slurry was formed after the addition of methylamine (Acros, 40%. in
water). Following the chemometric model developed by Rondinone, et.al., the size of the

CoCrFeO4 nanoparticles was controlled by adjusting the temperature at which the .
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mixture was heated and stirred over the next several hours.”? To form the reverse
micelles, an aqueous solution of sodium dodecylbenzenesulfonate (Aldrich, 98%) was
added to the equimolar caﬁon solution, followed by a large volume of toluene (JT Baker,
ACS grade). The solutibn was stirred overnight to complete the formation of reverse |
micelles. Methylamine was added to precipitate the nanoparticles followed by reﬂuxing
the solution for several hours. Varying the water to toluene ratio controlled the size of
the nanoparticles. In both microemulsion procedures, the samples were washed‘ with
ethanol and water to remove excess surfactant. Then, the nanoparticles were collected by
centrifugation. The samples were heated to 600 °C in air for 20 hours to form crystalline

nanoparticles.

3.2.2 Instrumentation

X-ray diffraction data were collected with a Bruker D§ ADVANCE X-r'ay
diffractometer using Cu K-a radiation. Particle sizes were determined from tlﬁe average
peak broadening of the five strongest diffraction peaks by using the commercial program
TOPAS.

Transmission electron mip(oécopy (TEM) study has been performed using a.
J EQL 100C operating at 100 kV.:; Néndiié:rticles were dispersed onto a holey carbon grid.
Particle size distributions were determined by manually counting over 100 particles.

Magnetic measurements were performed with a Quantum Design MPMS-5
SQUID magnetometer. Zero field cooled (ZFC) susceptibility measurements were
conducted by cooling the sample from room temperature to 5 K under no applied field.

Then, a field of 100 G was applied and the change in magnetization recorded as the
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nanoparticles'we.re slowly warmed up. Field cooled (FC) susceptibility experiments were
performed by applying a 100 G field before cooling the sample to 5 K. Hysteresis
measurements were carried out at 5 K and 300 K in applied fields up to 5 Tesla. In the
low temperature hysteresis measurements, the nanoparticles Were mixed with eicosane
(C20Hyz, Aldrich) to prevent physical shifting of nanoparticles.

Room temperature neutron diffraction studies were performed on the Special
Environment Powder Diffractometer (SEPD) at the Intense Pulse Neutron Source (IPNS)
at Argonne Natibnal Laboratory. The magnetic and nuclear structures were determined

by Rietveld reﬁnement using the General Structure Analysis System (GSAS) program.
3.3 Results and Discussion

3.3.1 Nanoparticle Synthesis and Size Dependent Characterization

Both normal and reverse micelle microemulsion methods produced CoCrFeO4
nanoparticles consisting ofa pure spinel phase as indicated by the results from X-ray
diffraction studies (Figure 3.1). Average particle sizes were determined from the
broadening of X-ray diffraction peaks using Séherrer equation and found to range from 8
— 16 nm when the normal micelle method was employed, and from 6 — 11 nm when the
reverse micelle method was used. Particle sizes were confirmed using TEM (Figure 3.2)
and the size distribution was ~14% (Figure 3.3). Advantages of using the reverse micelle
method include being able to form smaller sized particles and also the relative ease in
control over the size of nanoparticles. However, the reverse micelle synthesis involves

| handling and disposal of large quantities of organic wastes. The normal micelle method
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Figure 3.2 TEM micrograph of CoCrFeQO4 nanoparticles with an average size of ~6 nm
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Figure 3.3 TEM size distribution histogram with a size distribution of ~14%.

allows for easier formation of larger sized nanoparticles and a ‘green’ cleanup. In terms
of quality of the nanoparticles such as size distribution, these two methods generated
similar results. Elemental_analysis by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) confirmed an equimolar ratio of metal cations in the

nanoparticles and provided a chemical composition of CoFej.01+.03Cr1.00+.0304.

A room temperature neutron diffraction pattern is shown in Figure 3.4 for 10 nm
CoCrFeO, nanoparticles. Although Co®* and Fe®* distribute at both the A and B sites,

Cr** cations occupy only the B sites. From the Rietveld refinement fit, the site -
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Figure 3.4 Neutron diffraction pattern of 10 nm CoCrFeO,4 nanoparticle's at room

temperature. The “goodness of fit” xz is 1.44 and R(f2) for the data fitting is 0.0348.
Below the pattern the first row of ticks marks the peaks from the magnetic scattering.
The second row of ticks corresponds to the peaks from the nuclear scattering.

occupancy is (Cog76Fep.24)[Coo 1 ﬁFeo.33Cr0.5]2O4 where the cations in parentheses () "
- occupy the tetrahedral A sites and cations in brackets [ ] occupy the octahedral B sites.

The lattice constant for the cubic spinel unit cell is 8.347 A at room temperature. The

average magnetic moment is —1.3(3) pp at the A sites and 1.4(5) pp at the B sites.
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The temperatufe dependent ZFC measurement of magnetic susceptibility for
CoCrFeOy4 nanoparticles with varying sizes is shown in Figure 3.5. For all samples, the
magnetic susceptibility init.ially increases as temperature increases and at a certain
temperature reaches a maximum. This maximum pointris referred to as the blocking
temperature, Tp. At temperatures above the blocking temperature the magnetization

decreases, and nanoparticles display paramagnetic behavior. Figure 3.6 shows the
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Figure 3.5 Temperature dependence of ZFC susceptibility for CoCrFeO4 nanoparticles of
various sizes under a magnetic field of 100 G.
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Figure 3.6 Size dependence of blocking temperature under a 100 G field for
nanoparticles prepared by the normal and reverse micelle procedures

blocking temperature increasing as the size of the nanoparticles increases and also the
good agreement between the results for the particles synthesized by the reverse micelle

method and by the normal micelle method.

At temperatures below the blocking temperature, the field dependent
magnetization of CoCrFeO, nanoparticles displays hysteresis. Figure 3.7 shows the

hysteresis curves at 5 K for CoCrFeO4 nanoparticles with different sizes. The remnant
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Figure 3.7 Field dependent magnetization of CoCrFeO4 nanoparticles with various sizes
at5 K

magnetization (Mg) clearly increases as size increases as shown in Figure 3.8a.
Furthermore, there is good agr;je;c:ament between the results for the samples synthesized by

“the two microeﬁlulsion methoélé.. Altﬁough there is a bit more scatter in the saturation
magnetization tMs) and coercivity :(Hc) trends, it is clear that the saturation
magnetization increases as a fﬁnction of size while the coercivity decreases (Figures 3.8b
& c). In all samples, the hysterésis disappears at temperatures above the blocking

temperature.
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Figure 3.8 (a) Size dependence of remnant magnetization for CoCrFeO4 nanoparticles;
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open circles (0) represent nanoparticles prepared by the reverse micelle procedure and
open squares (0) represent nanoparticles synthesized by the normal micelle procedure.
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The size dependent relationship of the blocking temperature (Figure 3.7) is
consistent with the size dependence of the magnetocrystalline anisotropy energy (Ea).

According to Stoner-Wohlfarth theory, E of a single domain particle is given by

Ea =KV sin’0 (3.1

where K is the anisotropy energy constant and reflects the strength of the L-S couplings,
V is the volume of the nanoparticle, and 0 is the angle between the applied magnetic field
and the easy axis of nanoparticles.”® Below a critical size the magnetocrystalline
anisotropy energy becomes comparable with the thermal activation energy, kgT, where kg
is the Boltzman constant, and the magnetization direction of the nanoparticle can easily
be moved away from its easy axis by thermal activation. Tg represents the point at which
thermal activation is strong enough to overcome the anisotropy energy, Ea. Since Ex
increases with increasing size of the nanoparticles, more energy is needed to overcome
this increasing energy barrier, and hence the threshold point of thermal activation (Tg)

increases with nanoparticle size (Figure 3.7).

A blocking temperature of 249 K in a 100 G field was reported by Xiong, et.al.
for their 8.1 nm CoCrFeO, nanoparticles synthesized by the sol-gel method.'® This
temperature is ~90 K above our nanoparticles with a similar size. Although the exact
reasons for this discrepancy are not clear, it is well known that particles produced by

different synthesis routes may show different magnetic and structural properties due to a
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variety of reasons including whether kinetic versus thermodynamic control is affecting
cation distributions in the chosen synthesis route.? In addition, post-synthesis annealing
may also change cation distribution and hence affect the magnetic results.? In the current
case, 600 °C was used to anneal our nanoparticles while Xiong, et.al. have annealed their

samples at 500 °C.

The cation distribution was approximated from SQUID susceptibility

measurements using equation 3 .2

X = os/(3ksT) (3.2)

where o is the saturation magnetization and p is the magnetic moment.?® It was assumed
that all Cr’* ions occupied octahedral sites as reported for chromium containing spinel
ferrites’ and' also that the distribution followed Néel’s two-sublattice model for
ferrimagnetism. Using the above conditions, the distribution was approximated to be
(Cog.42Fen s8)[Cog.57F e 43Cr]O4 where the cations in parenthesis occupy A sites and the
cations in brackets occupy B sites. This distribution is within the range that‘ has been
reported for the bulk systems.' " Since Xiong, et.al. did not provide information on
catioﬁ distribution of their nanoparticles, a direct comparison can not be conducted. The
“true” cation distribution and mégnetic order was determined by neutron diffraction
studies. The observation of magnetic ordering above the blocking temperature

unambiguously shows that these magnetic nanoparticles are truly superparamagnetic.

- 88



The Cr** ions indeed have partially replaced the Fe** cations at the octahedral sites. The
small mément at the B site suggests that the strong Jp.g couplings may have caused the
magpetic dipoles at the B sites to become canted, and consequently, the moment wavs
reduced. The discrepancies between the cation distributions determined from
magnetization data and neutron diffraction data are likely due to strong couplings
between chromium ions on the octahedral sites (Jg.5). Since Cr’* containing spinel
ferrites éﬁen have canted magnetic spins, and deviations from Néel’s rhédel are
'common,g the éalion distribution from the magnetization approximations are not valid.

The cation distributions of the bulk CoCrFeO4 were derived from fnagnetization data and

are likewise expected to be inaccurate representation of the true cation distribution.

The hysieresis behavior of the CoCrFeOy4 nanopafticles is also consistent with the
temperature dependence of the magnetocrystalline anisotropy energy. Since the
magnetocrystalline anisotropy is overcome at temperatures above the blocking
temperature, the nanoparticlermagnetization direction changes concurrently with the
direction of applied field. As a result, the hysteresis disappears. The size dependent
 trends for the field dependent magnetization agree well with Stoner-Wohlfarth theory for -

the coercivity Hc of a single-domain h_anoparticle, which is presented as the following:

1 HE

Ho= 2K / (1M9) 63

89



where |1, is a universal constant of permeability in freé space and Mg is the saturation
magnetization of the nanopartic‘le:.27 Figure 3.8b shows that the saturation magnetization
of the CoCrFeQ4 nanoparticles increases as the size increases. From the inverse
relationship betv-veen saturation magnetization and coercivity (Equation 3.3) and
assuming the magnetocrystalline anisotropy constant remains constant, it is expected. the
coercivity should decrease as size increases. This trend indeed is observed in Figure 8c.
Certainly, it is highly questionable that th¢ anisotropy constant K would remain
unchanged as the'size of nanoparticles changes. Howe.ver, as long as the K value does not
change drastically, the trend should still be consistent with the prediction of Stoner-

Wohlfarth theory.

3.3.2 Studies of Nanoparticles Regarding Anomalous Bulk Properties

The field dependent magnetization of CoCrFeQO4 nanoparticles with a size of ~10

nm was measured over a temperature range of 5 — 180 K (The blocking temperature for

these nanoparticles was 180 K). Figure 3.9 shows the saturation magnetization

decreasing smoothly with increasin'g temperature. »The more rapid decrease at very low
‘temperature suggests that the Bloéh’é 773/ ? Law is not followed, which is commonly

observed in nanoparticulate magnetic systems. High temperature suscéptibility

measurements indicate that the Curie temperature of these nanoparticles is ~780 K.

Previous studies on the magnetic properties of bulk CoCrFeO, materials have
reported some interesting but complex anomalous magnetic properties. The most

distinctive features include a cusp in the susceptibility measurements at ~330 K, just
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Figure 3.9 Saturation magnetization as a function of temperature for ~10 nm CoCrFeO4
' nanoparticles

before the reported Curie transition temperature 358 K. Also the saturation
magnetization versus temperature curve usually shows sharp decreases at 100 K and at
this cusp temperature of ~330 K.'* 14 It was reasoned that these anomalous properties are
due to the magnetic transitions related to the frustrated structure in CoCrFeO4 material.
In some types of frustrated magnetic structures, spontaneously separated regions exist
and each region has its own distinct magnetic phase. Magnetic ordering does not go
through the whole sample space. Sperimagnetic materials possess one type of frustrated
structure in which the isolated regions display ferrimagnetic ordering. CoCrFeOq4 bulk
materials have been considered to have the sperimagnetic structure. CoCrFeO4 contains

three different magnetic cations, and therefore, various combinations of magnetic
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exchange interaction between lattice sites can occur. The magnitude of magnetic
exchange interactions can vary greatly. For instance, the exchange coupling between cr*t
cations at B lattice sites has a large negaﬁve exchange constant Jg.5. Moreover, different
magnetic cations also possess different anisotropy strengths. Co** cation usually acts as a
highly anisotropic ion. Due to the presence of such metal cations with different
aﬁisotropic strength and very diverse exchange couplings, different magnetic states may
exist in mixed spinel ferrite CoCrFeO4 and result in a frustrated magnetic structure.®?
The anomalous properties have been considered as the indications of such a frustrated
structure. The transition at ~100 K was reported to be the result of a magnet‘ic transition

from a sperimagnetic phase into a cluster spin glass. The anomaly around 330 K was

believed as a transition between cluster spin glass and a paramagnetic state.

Interestingly, none of these anomalous properties are observed in CoCrFeO4
nanoparticles. It iAs highly likely that the limited size and also the single magnetic domain
nature of magnetic nanoparticles severely restrict the formatipn of isolated regionsv with
different magnetic orderings as observed in typical frustrated materials. Due to the lack
of observable anomalous properties, the magnetic moments in CoCrFeO4 nanoparticles

probably do not order into a frustrated structure.
3.3.3 Compositional Dependent Characterization

CoCryFey.x04 (0 <x < 1) were prepared using normal micelle methods detailed

above, but varying the molar ratios of Cr**: Fe*" in the cation solution. Figure 3.10

shows the temperature dependent magnetic susceptibility of CoCrsFe;.«O4 nanoparticles
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with varying Cr composition. Figure 3.11 clearly indicated that the blocking temperature
decreases with increasing Cr**. Figure 3.12 shows the field dependent magnetization of 8
nm CoCryFe,.x04 with variable Cr** doping, while Figure 3.13 displays the composition

dependence of the magnetization parameters.
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“Figure 3.10 Temperature dependent susceptibility under 100G field for variable
chromium compositions
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The observed decrease in T upon increasing the Cr** concentration implies a
reduction in E4 (equation 3.1) resulting from the weakened L-S couplings (weaker K).
Incorporation of more Cr*" ions into the B sites weakens the L-S couplings due to the
weaker magnetic moment of Cr** compared to Fe** as well as the strong negative Jp.g
coupling. The reduced Ja.g causes spin canting and the collinerity between the A and B
lattice sites is somewhat disrupted. This weakening of the magnetic ordering within the

crystal will weaken the L-S couplings and hence the energy barrier E4 will decrease.

The observed decrease in the coercivity (Figure 3.13c) can be explained by a
reduction of L-é ‘coupling stréngth as well. The magnitude of the coercivity can be
considered as a measure of the magnetic field strength that is required to overcome the
anisotropy energy barrier in order to change the magnetization direction in a material.
The lowering of the coercivity upon doping agrees with a reduction of the magnetization
reversal energy barriers as discussed above. The decrease in the saturation and remnant
magnetization (Figure 3.13a &b) upon .incorporation of more Cr’* is consistent with a
decrease in the new magnetic moment as a result of substitution of Fe¥* (5 Hp) with a
magnetically weaker Cr’* (3up) and increasing the canting of magnetic dipoles because

of the strong negative Jg_g contribution.

3.4 Conclusions

Microemulsion methods were used to synthesize single phase CoCrFeO4
nanoparticles over a size range of 6-16 nm. The size dependent magnetic properties were
characterized and found to agree well with size dependence of the anisotropy energy in

Stoner-Wohlfarth theory. Room temperature neutron diffraction confirms their
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superparamagnetic behavior and suggests spin canting is present. Tﬁe CoCrFeO4
nanoparticles did not display the types of anomalous magnetic properties reported for the
bulk CoCrFeQO,4 materials. Due to the weaker rnagnetic moment of Cr** and the strong
negative Jg. couplings, substitution of Cr** for Fe** weakens the L-S couplings. The
magnetic properties of the nanoparticles upon doping with chromium are consistent with

a weakening of the anisotropy constant K in Stoner-Wohifarth theory.

97



3.5 References

1)
@
®3)

4)
©)
©)

™)
(8)
)

(10)
(11)
(12)

(13)

(14)
(15)

(16)

17

Service, R.F. Science 1996, 271, 920.
Awschalom, D.D. and DiVencenzo, D.P. Phys. Today 1995, 48 (4), 43.

Aharoni, A. Introduction to the Theory of Ferromagnetism. Oxford University
Press: New York, 1996; p.92.

Sun, S.; Murray, C.B.; Weller, D.; Folks, L.; and Moser, A. Science. 2000, 287,
1989.

McMichael, R.D.; Shull, R.D.; Swaertzendruber, L.J.; and Bennett, L.H. J.
Magn. Magn. Mater. 1992, 111, 29.

Hifeli, U.; Schiitt, W.; Teller, J.; and Zborowski, M. Eds. Scientific and Clinical
Applications of Magnetic Carriers. Plenum: New York, 1997.

Mitchell, D.G. J. Magn. Reson. Imaging. 1997, 7, 1.
Liu, C.; Zou, B.; Rondinone, A.J.; Zhang, Z.J. J. Am. Chem. Soc. 2000, 122, 6263

Broese Van Groenou, A.; Bongers, P.F.; and Stuyts A.L. Mater. Sci. Eng.
1968/69, 3, 317.

Yafet, Y.; Klttel, C. Phys. Rev. 1952, 87, 290.
Kaplan, T.A. Phys. Rev. 1960, 116, 888.

Kaplan, T.A.; Dwight, K.; Lyons, D.H.; Menyuk, N. J. Appl. Phys. 1961, 32,
13S.

Belov, K.P.; Goryaga, A.N.; Annaev, R.R.; Kokorev, A.lL.; and Lyamzin, A.N.
Sov. Phys. Solid. State. 1989, 31, 785.

Mohan, H.; Shaikh, I.A.; Kulkarni, R.G. Physica B. 1996, 217, 292.

Xiong, G.; Mai, Z.; Xu, M,; Cui, S.; Ni, Y.; Zhao, Z.; Wang,X and Lu, L.
Chem. Mater. 2001 13,1943.

Moumen, N. and Pileni, M.P. Chem. Mater. 1996, 8, 1128.

Pileni, M.P. and Moumen, N. J. Phys.‘ Chem. B. 1996, 100, 1867.

98



(18)

(19)
(20)

)
@2)
@)
4)
@)
6)
en

(28)
(29)

Perez, J.A.L.; Quintela, M.A.L.; Mira, J.; Rivas, J.; and Charles, S.W. J. Phys.
Chem. B. 1997, 101, 8045.

Chen, Q. and Zhang, Z.J. Appl. Phys. Lett. 1998, 73,3156.

Chen, Q Rondinone, A.J.; Chakoumakos, B.C.; and Zhang, Z.J. J. Magn. Magn.
Mater. 1999, 194, 1.

Liu, C.; Zou, B.; Rondinone, A.J.; and Zhang, Z.J. J. Phys. Chem B. 2000 104,
1141.

Rondinone, A.J.; Samia, A.C.S.; and Zhang, Z.J. J. Phys. Chem. B. 2000, 104,
7919.

Zhang, Z.J.; Wang, Z.L.; Chakoumakos, B.C.; and Yin, J.S. J 4Am. Chem. Soc.
1998, 7120, 1800. '

Stoner, E.C. and Wohlfarth, E.P. Phil. Trans. R. Soc. A. 1948, 240, 599;
reprinted in JEEE Trans. Magn. 1991, 27, 3475.

Pandya, P.B.; Joshi, H.H.; and Kulkamni, R.G. J. Mater. Sci. Letters. 1991, 10,
474, ,

Chen, J.P.; Sorenson C.M.; Klabunde, K.J.; and Had_upanayls G.C. Phys. Rev.
B. 1995, 5] 11527.

. McCurrie, R.A. Ferromagnetic Materials — Structure and Properties; Academic:

London, 1994; p.16.
Shellmyer, D.J. and Nafis, S. J. Appl. Phys. 1985, 57, 3584.

Chudnovsky, E.M. J. Appl. Phys. 1988, 64, 5770.

99



CHAPTER 4

NEUTRON DIFFRACTION STUDIES ON THE ANOMALOUS MAGNETIC
PROPERTIES OF COBALT CHROMIUM IRON OXIDE PREPARED FROM

NANOPARTICULATE PRECURSOR

Abstract

Bulk CoCrFeQOj4 has been prepared using nanoparticulate precursors. The
temperature dependence of the saturation magnetization does not display the anomalous
properties repoﬁed for bulk CoCrFeQy4 prepared by conventional ceramic methdds, while
temperature dependent susceptibility measurements show transitions at 287 K and at 780
K. Powder neutron diffraction shows ferrimagnetic ordering present below 295 K.
However, the spins are highly non-collinear. Above 295 K, ferrimagnetic ordering is no
longer observed, but a new peak at 58° 2-Theta appears. The transition at 287 K is
* suggested to be from an ‘unstable’ ferrimagnet to cluster spins, while the transition at 780

K is the Curie transition temperature.
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4.1 Introduction

Spinel ferrites, MFe,Os (M = Zn, Cd, Ni, etc), have been widely employed as
electronic materials over the past half-century.! The magneti'c properties of spinel ferrites
can be controlled through chemical composition and bonding.> The spinel structure
contains two cation sites in the lattice; the A sites are tetrahedrally coordinated by
oxygen, énd the B sites have octahedral coordination. The magnetic properties of spinels
are determined by the exchange interactions of the metal cations on the A and B sites and
can therefore be manipulated through choice of cation and the cation occupancy site. For
most of the commonly used ferrites (e.g. CbFe204, MnFe,0;), the magnetization is
ferrimagnetic - the net moment is a result of antiparallel arrangement of magnetic
moments of the cations between the A and B sites.”> However, the probability of forminé
frustrated magnetic structures is increased in systems that contain two or more types of
metal cations.>* Bulk CoCrFeQ, prepared by traditional ceramic routes in which
stoichiometric ratios of CoO, Cr,03, and Fe,05 are annealed at 1000 — 1200 °C for 12 -
24 hours have been reported by various groups to display anomalous magnetic properties .
resulting from such a frus.trated magnetic structure.>® Examples of reported anomalies
include a sharp decrease in the sau;ration magnetizatién versﬁs temperature curve at ~
100 K and at 330 K.” Furthermore, a cusp in the susceptibility curve is usually obsérved
at 330 K, just before the reported Curie transition temperature, T¢ of CoCrFeQ4 (although
a wide range of Curie temperatures of 330-360 K, 475 K, and 780 K have been |
reported).”®

Due to strong couplings between thomium ions on the octahedral sites (Jp.p),

chromium containing spinels often have canted magnetic spins and deviations from
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2 The increased canting of

Néel’s collinear ferrimagnetic ordering model are common.
the magnetic spin away from the longitudinal direction (z-axis) has been suggestéd to
cause magnetic frustration by preventing long range ordering, which reduces the system
into finite regions of spin clusters.® The lower temperature transition observed in the
magnetization data for bulk CoCrFeO4 prepared by conventional ceramic methbds has
been interpreted Mohan, et.al. as a transition between finite regions of these cluster spins
into an unstable ferrimagnetic state and the higher transition temperature as a transition
.between the unstable ferrimagnetic state to a paramagnetic state.’ On the other hand,
Belov, et. al. suggest that the decrease observed in the temperature dependent saturation
magnetization at ~ 100 K is a result of a transition from a sperimagnetic phase (a
frustrated structure) into a cluster spin glass and the anomaly at 330 K is a transition from
a cluster spin glass to a paramagnetic state.’” The correlations between the anomalous
magnetic data and -the proposed magnetic ordering were determined through
interpretations of Mossbauer and magnetization data and their consistency '(6r lack
thereof) with Néels ferrimagnetism model as well as through similarities between the
observed magnetization measurements and reported characteristics of spin glasses.
Recently the synthesis ahd magneﬁc characterization of CoCrFeQO4 nanoparticles
was reported.® Interestingly, none of the anomalous features reported for bulk CoCrFeOy4
prepared by conventional ceramic methods were observed for the ﬁanoparticles, which
suggests that the magnetic moments in CoCrFeO4 nanoparticles probably do not order
into a frustrated structure. Due to their limited size an‘d also the single magnetic domain
nature of magnetic nanoparticles, the formation of isolated regions with different

magnetic orderings as observed in typical frustrated materials may be restricted in
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nanoparticles. However, bulk CoCrFeO, samples prepared using the CoCrFeO,
nanoparticles as a precursor do show some unusual features, although they differ from the
features observed for the bulk ferrite prepared by conventional ceramic methods.® In
order to understand the correlations between mégnetic ordering and the magnetization
properties in the. nanoparticle and bulk CoCrFeO,4 samples, powder neutron diffraction
studies were performed. Herein the findings of the neutron diffractioh studies as well as
magnetic characterization of the bulk CoCrFeO, samples prepared from the nanoparticle

precursors are reported.

4.2 Experimental

CoCrFeOy4 nanoparticleé were prepared using reverse micelle micrbemulsion
methods described previously.® To prepare the bulk phase, nanoparticles with size ~ 10
nm were annealed at 1100°C for 24 hours.

Magnetic measurements were performed on a Quantum Design MPMS-5S
SQUID magnetorﬁeter. Temperature dependent susceptibility measurements were

conducted from 5 — 780 K under an applied field of 100 G. Field dependent hysteresis

measurements were performed from 5 — 400 K in applied fieldsupto 5 T. -

Neutron powder diffraction data were collected using the BT-1 32 detector
neutron powder diffractometer at the National Center for Neutron Research (NCNR) at
NIST. A Ge(311) monochromator with a 75° take-off angle, 2 =2.0775(2) A, and in-
pile collimation of 15 minutes of arc were used. Data were collected over the range of
1.3-166.3° 26 with a step size of 0.05°. The instrumentvis described in the NCNR WWW

site (http://www.ncnr.nist.gov/). The CoCrFeOy sample was sealed in a vanadium
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container of length 50 mm and diameter 6.0 mm inside a dry He-ﬁlled glovebox. A
closed-cycle He refrigerator was used for temperature control. The nuclear and magnetic
structures of the sample were refined using the General Structure Analysis System
~ (GSAS) program.” In the Rietveld refinement, Cr** cations were confined to the
octahedral (B) sites as this occupancy preference is well established for chromium

containing spinels.2
4.3 Results and Discussion

4.3.1 Magnetic Measﬁrcméhts

Variable temperature hysteresis measurements from 5 —400 K for bulk CoCrFeOy
prepared by annealing CoCrFeOy4 nanoparticles to 1100 °C for 24 hours are presented in
Figure 4.1. No unusual features are apparent in the hysteresis curves. Furthermore, the
inset in Figure 4.1 shows that thé temperatufe dependence of the saturation magnetization
clearly decreases in a smooth manner. No sharp decreases ét 100 K and 330 K as
reported for the bulk CoCrFeC4 prepared by cqnventional ceramic methods are observed.
Figure 4.2 displays the temperature dependent susceptibility under an 100 G applied field
for bulk CoCrFeO4 prepared from the nanoparticulate precursor. A peak at 287 K is
evident in the low temperature region, while the inset of high temperature measurements
shows a Curie transition temperature > 780 K. Interestingly the temperatu’re dépendence
of the saturation magnetization (inset of Figure 4.1) does not sho§v any features reflecting
the transition at 287 K. For comparison, temperature dependent susceptibility

measurements under an applied field of 100 G for 10 nm CoCrFeO4 nanoparticles used as
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Figure 4.1. Hysteresis measurements for bulk CoCrFeO, from 20 — 380 K in 40 K
increments (top to bottom). Inset shows temperature dependence of saturation
magnetization (Ms).
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Figure 4.2. Temperature dependent susceptibility under a 100G applied field. Inset
displays high temperature measurements.
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the precursor show superparamagnetic behavior with a blocking temperature T ~ 180 K

‘and a Curie temperature of ~ 780 K.?

It is Qery intriguing that the CoCrFeO4 sample with a bulk phase prepared from
CoCrFeOy4 nanoparticles did not display the same anomalous properties as reported for’
the bulk materials made by the ceramic routes.‘ .Unlike the ceramic bulk materials that
displayed a sharp decrease of saturation Iﬁagnetization at 100 K and 330 K, the saturation
magnetization versus temperature trend decreases smoothly in the bulk material here
(Figure 4.1). A peak at 287 K in the low temperature susceptibility measurement was
found, which may be comparable to the cusps at 330 K for the ceramic bulk CoCrFeOs.
However, it is interesting that no consequence of this transition is observable around this
temperature in the temperature dependent saturation magnetization trend. The
differences bétween the bulk samples prepared from nanoparticles versus conventional
ceramic methods may be the consequence of a lack of frustrated structure in the precursor
nanoparticles. When the nanoparticles were heated at 1100 °C, the crystal grains were

homogenous and the magnetic structure was always similar. In the bulk materials

different magnetic structure may have formed due to the inherent inhomogeneity of the
process, i.e. one magnetic structure may have initially formed at the CoO/Fe,QOj interface
while another type of orderiﬁg may have occurred at the Cr,03/Fe,O; grain interface..
Certainly, it is not clear solely from the magnetization data the exact nature of the
magnetic ordering, nor the reasoning for the differences in the magnetic behavior
between bulk CoCrFeOj prepared from nanoparticle precursors versus cbnventional

ceramic methods.
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4.3.2 Neutron Diffraction Studies

Powder neufron diffraction was utiliéed in order to determine the magnetic
structure of CoCrFeO4 over the temperature range in which the anomalous magnetic
features were observed in the SQUID magnetometry experiments. Figure 4.3 shows
examples of the Rietveld refinements for diffraction patterns collected at 200 K and 350
K. A refinement of the 50 K neutron diffraction pattern suggests a formula
(Coo,g5Feo,15)[C00_03Feo,42Cr0,5]204 where cations in pare‘nthesis () occupy the tetrahedral
A sites of the spinel structure and the cations in brackets [ ] occupy the octahedral B sites.
This distribution is similar to the cation distribution reported by Mohan determined from
a combination of x-ray diffraction, magnetization and Mdssbauer results
{(Coo_7Feo.3)[Coo_15Feo,35Cr0_5];;_O4},6 but differs from the distribution suggested by Bela,
et.al. from magnetization results {(Coo,5Feo,5)[C00,25Feo,25Cr0,5]2O4}.5 Table 4.1
summarizes the structural parameters determined from the Rietveld refinements for all of
the tempe'ratures studied. As seen in Table 4.1, the cation distribution did not vary with
temperature. On the other hand, the magnitude of the magnetic moment clearly decreases

with increasing temperature. The refinement of the 50 K neutron diffraction pattern
éhows a clear ferrimagnetic or_d\eri{ng,'while at temperatures above room tempefature, no
ferrimagnetic ordering is obsefvéd (alsp see Figure 4.3). For comparison, room
temperature neutron diffractiozn for CéCrFeO4 nanoparticle samples with size ~ 10 nm
clearly shows ferrimagnetic ordering well above the blocking temperature (Tp ~ 180 K),
which confirms the observed transition at 180 K is a superparamagnetic transition.'?

Further study of the neutron diffraction patterns reveals a small peak at ~ 58° 2-

Theta, which begins to emerge in the room temperature diffraction pattern, although it is
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Figure 4.3. GSAS refinements of CoCrFeO4 at 200K (top) and 350K (bottom). In the
200K pattern, the top set of tick marks represent calculated magnetic reflections and the
bottom set of tick marks are the nuclear reflections. In the 350K pattern, only the nuclear
reflection ticks are present.
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Table 4.1. Structural Parameters from RietveldReﬁnement of Neutron Diffraction Data
for Bulk CoCrFeO4 Prepared from Nanoparticle Precursor

T (K) cation distribution® x (0) Moment (pg) a(A) R (F%)

A Sites B Sites" Asite B site

50 CopgsFeo s  CoposFeparCros  .2595(3) -2.6(6) 1.8(2) 8.365(33) .0717
200  CopgsFer7  CoppoFepsiCros  .2589(3) -2.3(2) 1.2(4) 8.369(3) | .0729
295  CopssFep1s  CoposFepsCros  .2598(33) -1.3(1)  0.6(2) 8.375(4) .1 020
350 CoogiFeorr  CopooFeoaiCros  .2598(2) na na 8.375(3)  .0455

450 COolgzpeo‘lg C00.09F60_4|CI'0A5 2598(3) na na 8.3 80(3) .0576

? Estimated standard uncertainties for site occupancies are +0.01.

® Cr occupancy fixed in B site

Table 4.2. Comparison of Sublattice and Net Magnetic Moments from Néel’s Collinear
Ferrimagnetic Model and Experimental Neutron Diffraction Data

T(K) A Site ' B Site Net Moment

Calc Expt Calc Expt Calc Expt
50 -33pg -2.6up 38pug 1.8 pp, 4.3 pp 1pp
200 23 pp 1.2 pg | 0.1 pp
295 . -1.3 1B 0.6 HUB -0.1 1B
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Figure 4.4. A weak peak not corresponding to the spinel reflections or ferrimagnetic
ordering appears ~ 58 20 upon increasing the temperature from 200K (top) to 350K
. (bottom). -
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not significantly above signal-to-noise. Thé peak is evident in the 350 K neutron
diffraction pattern, but then disappears at 450 K. Figure 4.4 shows a magnified view of
the refinement for neutron diffraction data collected at 200 K and 350 K showing the |
emergence of the peak at ~ 58° 2-Theta. No other new peaks were observed.

Using Néel’s collinear ferrimagnetic model for magnetic ordering, the ideal
magnetic moment of each sublaitice can be determined from the free ion moments of the
metal cations and the lattice site distributions in Table 4.1. Table 4.2 compares the
calculated magnetization using Néel’s model to the values determined from the Rietveld
refinements. Frdm Table 4.2, it is clear that the experimental values of the magnetic
moment are substantially smaller than the estimated values, which indicates that the
moments are highly non-collinear. Due to the strong negative Jg 5 couplings of Cr**, the
exchange coupling between the A and B lattice sites (Ja.g), which is responsible for
ferrimagnetic ordering, is weakened, As a consequence deviations from collinerarity are
common in chromium containing spinels.? In this case, the degree of spin canting
increases with temperature and above room temperature the canting becomes severe
enough to disrupt ferrimagnetic ordering. Because non-collinear spins inhibit
coofperative long range ordering and leave spins in a frustrated state, this observed
increase in spin canting will enhancé the frustration and thus clusters of magnetic spins
form.% "' Although such clusters should give rise to diffuse scattering at very small g’s,'"
Zinthe q fange studied h_ere such diffuse scattering is not observed. |

Additionally in systems with non-collinear spin, in which the magnetic spin cants
away from the longitudinal z direction, spatial ordering of the transverse spins (x <> y)

may occur. Such ordering would give rise to a (200) Bragg magnetic reflection,'"'?
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which would be present at ~ 29° 2-Theta under the conditions used in these neutron
diffraction experimenis. However, no (200) reflection is observed at any temperature,
indicating the spins are randomly .canted.

The new peak at 58° 2-Theta, which first emerges at 295 K, may be a reflection of
the 287 K transition observed in Figure 4.2. Because this peak begins to emerge at
temperatures in which ferrimagnetic ordering disappears, the presence of this peak may
suggest a new magnetic ordering ér phase. However,'with no other peaks to assist in
indexing and modeling this peak, no conclusions about the origins of this peak can be
made at this time.

The combination of SQUID magnetometery and neutron diffraction suggests
transitions between a ferrimagnetic state with a high degree of canting and an unknown
phase of magnetic clusters formed throﬁgh the decreased long range ordering resulting
from the increased canting with temperature. The transition observed at 287 K in the
SQUID susceptibility measurements is likely a transition from an “unstable” canted
ferrimagnetic state into cluster spins, while the transition at 780 K is a “Curie

temperature” transition to paramagnetic ordering.

4.4 Conclusions

Bulk CoCrFeOy4 nanoparticles prepared from single-domain nanoparticulate
precursors display magnetic properties that differ from both the nanoparticle precursor
and from bulk CoCrFeQ4 prepared by conventional ceramic methods. No unusual
features are present in the temperature dependent saturation magnetization, while

susceptibility measurements show two peaks at 287 K and 780 K. From neutron powder
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diffraction ferrimagnetic ordering is clear below 295 K. However,. the spins are highly
non-collinear. The ferrimagnetic ordering is destroyed above 295 K due to the increased
spin canting. Such an increasing degree of spin canting likely leads to the formation of
spin cll;sters. The transition at 287 K is suggested to be a transition between an |

‘unstable’ ferrimagnet into cluster spins and the transition at 780 K is the Curie transition

temperature.
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CHAPTER 5

EFFECTS OF SURFACE COORDINATION CHEMISTRY ON THE MAGNETIC

PROPERTIES OF MANGANESE FERRITE NANOPARTICLES

Abstract

In order to understand the inﬂuence of surface chemistry upon the magnetic
properties of magnetic nanoparticles, the surface of manganese ferrite, MnFe, 04,
'na'noparticles have been systematically modified with a series of para - substituted
~ benzoic acid ligands (HOOC-C¢H4-R; R=H, CH3, Cl, NO,, OH) and substituted
benzene ligands (Y-Cﬁiis, Y = COOM, SH, NH,, OH, SO3H). The co¢rcivity of
magnetic nanopérticles decreases up to almost 50% upon the coordination of the
ligands on the nanoparticle surface while the saturation magnetization increases. The
percentage coercivity decrease of the modified nanoparticles with respect to the
native nanoparticles strongly correlates with the crystal field splitting energy (CFSE)
A evoked by the coordination ligands. The ligand inducing the largest CFSE results in
the strongest effect on the coercivity of the magnetic nanoparticles. The correlations
suggest a decrease in spin-orbital couplings and surface anisotropy of magnetic

nanoparticles due to the surface coordination.
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5.1 Introduction

Surface chemistry is of great importance to the chemical and physical properties
of nanoparticles. As the size of nanoparticles decreases, surface effects could become
more significant due to the increased volume fraction of surface atoms within the whole
particle. The symmetry is reduced for the chemical surroundings of magnetic metal
cations at the surface due to the incomplete coordination sphere. Consequently, the
magnetic structure at the surface layer usually is greatly different from that in the body of
nanoparticle, and the magnetic interactions in the surface layer could have a notable
effect on the magnetic properties of the nanoparticle."® Understanding the influence of
surface chemistry on the magnetic properties of nanoparticles certainly facilitates our
fundamental understanding of the uniqué magnetic behavior in nénoparticles such as the
quantum origin of hysteresis in single domain magnetic nanoparticles. Furthermore,
understanding and controlling the effects of surface chemistry bon magnetic properties has
* become increasingly important for the technological applications of magnetic
nanoparticles such as high density mégnetic storage media, medical imaging, and drug
delivery. In the information storage industry, the drive for higher density by greatly
shrinking the size of data bits means surface effects become more dominant as smaller
magnetic particles are employed.7 For practical implementation in biomedical
applications of nanoparticles such as magnetically guided site specific drug delivery and
magnetic resonaﬁce imaging (MRI) contrast enhancement agents, the surface of the
nanoparticles have to be modified with biocompatible ligands and/or polymer matrices
that also serve as drug carrying vehicles.¥® Once internalized, the surfaces of

nanoparticles are inevitably encapsulated with biological ligands that are associated with
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the body’s defense system.'® Understanding the changes in magnetic behaviof from these
chemical interactions at surface is critical for developing magnetic nanoparticles in
biomedical techniques.

Early reports on the influence of surface interactions upon the magnetic properties
of nanoparticles arose from the desire to understand the role of adsorbate and metal
surface in;teractions in catalysis. Selwood, investigating the effects of adsorbed gases
such as N, H,, and O, upon magnetic propérties of Ni nanoparticles, first reported such
interactions.'' A 50% decrease on the saturation magnetization of 6.4 nm Ni
nanoparticles was reported when the ratio of O, pressure to the weight of Ni was 60
‘cm®/g at 300.K. When the adsorbéte was H,, the saturation magnetization of Ni, Ni-Si,
and Ni-Cu alloy nanoparticles decreased to various extents. Compared to O, a ratio of 17
cm® Hy/g caused a 13% decrease on the saturation magnetization of Ni nanoparticles. On
the other hand, the adsorption of H, increased the saturation magnetizationvof 1.5 nm Fe
nanoparticles."! IThe reasons are not understood for such effects on the magnetic
properties of metallic nanoparticles by gas adsorption. |

The effect upon the magnetic properties of oxide nanoparticles has not been well
established for ligands that are chemically bound to the particle surface. Tronc and
Jolivet demonstrated that magnetic anisotropy constant of 10 nm y-Fe,O3 nanoparticles
changes slightly with different surface chemical treatments such as NOj3", ClO4’, and
S(j)42',12 while Ngo et. al. recently reported that the anisotropy constant of 3 nm cobalt
ferrite nanoparticles coated with citrate did not change at all with respect to an uncoated
sample. At the same time, the saturation magnetization decreased 9.3% after citrate

coating.I3 Berkowitz et. al. have compared the magnetic response of bare nanoparticles
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versus those with attached ligands on ~10 nm NiFe,;O4 and CoFeZO4 nanoparticles. A
20% increase in saturation magnetizatic;n was observed for bare NiFe;O4 nanoparticles.
However, the bare particles in these studies were prepared by annealing the coated
samples at 700 °C."* Annealing treatments will not only remove the ligand and thus
create bare particles, but may lead to increase in nanoparticle size, cation re-distribution,
and “healing” effect of defects on the nanoparticle surface. Not surprisingly, the size of
the NiFe,O4 nanoparticles was reported to increase from 10 nm to 14 nm after the
theﬁnal annealing.'* Therefore, as Kodoma and Bgrkowitz et.al. have pointed out later,
annealing treatment complicated the direct correlations of magnetic properties to ligand
surface effectsf Overall, the effects of surface bound ligands upon the magnetic
properties are not clear and the origins of such effects certainly are not understood.

To study the effects of bound surface ligands upon the magnetic properties of
nanoparticles, a series of MnFe,04 nanoparticles was prepared with which the nature of
the surface ligands was varying systematically. MnFe,04 nanoparticles prepared by
reverse micelle microemulsion methods serve as a referénce and aliquots of the
nanoparticles from the same batch were subsequently modified with ligands, thereby
reducing errors resulting from po;ssil::I)Ie batch dependent variations upon shépe, cation
distribution, and size. The ligands chosen for the stﬁdy offer selectivity in the surface
binding moiety and the “body” (the iaart of the ligand not involved in surface binding)
coﬁponents. Substituted benzoic acid ligands (HOOC-CsHg-R; R=H, CH3, Cl, NO,,
OH) were chosen to investigate the effectsj due to the electron donating or withdrawing
capability from the ligands with the same éurface binding group (COO"). Certainly, the

dipole moment of the ligand can be tuned through the choice of the para R group and in
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fact such an approach has been ﬁsed to tune the electronic properties of semiconductor
surfaces.”” To compare the effects of the binding moiety, while maintaining a consistent
“body”, substituted benzenes (Y-C¢Hs, Y = COOH, SH, NH,, OH, SO;H) were
4investigated. This chapter reports the effects of these ligands on the magnetic properties
of 4, 12, and 25 nm MnFe;04 nanoparticles with emphasis on coercivity. The change on
coercivity clearly correlates with the coordination chemistry features of surface bound

ligands.

5.2 Experimental

MnFe;04 nanoparticles were prepared by reverse micelle methods with
controllable size and a size distribution less than 15%.1¢ Mean sizes of 4 nm, 12 nm, and
25 nm MnFezQ4 nanoparticles were used in this study. Benzoic acid (Aldrich, 99%),
benzenesulfonic acid (Aldrich, 90%), aniline (Aldrich, 95%), phenol (Fisher, Purified
Grade), benzenethiol (Aldrich, 97%), 4-chlorobenzoic acid (Aldrich, 99%), 4-
hydroxybenzoic acid (Aldrich, 99%), p-toluic acid (Aldrich, 98%), and 4-nitrobenzoic
acid (Aldrich, 98%) were used as received. Each of these ligands were chemically bound
to the nahoparticle surfaces by sti%rring ~ 20 mg MnFe;04 nanoparticles oyernight in
0.1M ethanol solutions of the resr;ective ligand. The nanoparticles were collected with a
magnet and washed with ethanol 3-5 timés to remove excess ligands. The samples were
then allowed to air dry at room temperature.

Magnetic measurements were performed with a Quantum Design MPMS-5S
SQUID magnetometer. Zero-field cooled (ZFC) susceptibility measurements were

- performed under an applied field of 100 G. Hysteresis measurements were performed at
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5 K with applied fields up to 5 T. For the hysteresis measurements, the nanoparticles
were miked with eicosane (CygHgz, Aldrich) to pfevent physical shifting of the
nanoparticles. |

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
were collected from room temperature to 1000 °C at a heating rate of 17 °C /min using a
Netzsch Luxx STA 409 PG. Surface photoacoustic infrared spectra were collected in the
frequency range of 400 to 4(‘)0.0 cm™ using a Biorad FTS-6000 Fourier t;ansform infrared
(FTIR) spectrometer attached with a MTEC model 300 photoacoustic (PAS) detector.
Transmission electron microscopy (TEM) studies were performed on a JEOL 100C

operating at 100 kV.
5.3 Results and Discussion

5.3.1 FTIR-PAS and TGA/DSC

Figure 5.1 presents a series of surface photoacoustic infrared spectra (FTIR-PAS)
for 4 nm MnFe,O4 nanoparticles ﬁodiﬁed with benzoic acid and benzene derivatives (Y;
C6Hs;v Y=COOH, SH, NH,, etc). Peéks corresponding to the characteristic stretching
frequencies of the respective ligand are evidenf for each sample and clearly differ from
.the native MnFe,O4 nanoparticle reference. Figure 5.2 shows a specific example of the
FTIR-PAS spectra in which the IR stretching frequencies from benzoic acid-modified
MnFe,04 nanoparticles are identified. Strong bands at 1640 cm™ and 1410 cm™' result
from the skeleton C-C vibrations of the benzene ring and the symmetric carboxyl COO

stretch respectively. A weak band at 1540 cm™ indicates the asymmetric carboxyl COO®
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Figure 5.1 The spectra of surface Photoacoustic Infrared Spectroscopy (FTIR-PAS) for 4
nm MnFe;04 nanoparticles with various ligands. The top curve is of the native 4 nm
MnFe,04 nanoparticles (a) followed by nanoparticles modified with aniline (b), benzoic
acid (c), phenol (d), benzenesulfonic acid (e), and benzenethiol (f) respectively.
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Figure 5.2 FTIR-PAS spectra of 4 nm MnFe;04 nanoparticles
modified with benzoic acid.

stretch. However, the C=0 stretching frequency of the parent benzoic acid ligahd usﬁally
at ~1700 cm™ is not observed in the spectrum. Such a disappearance of the C=0
stretching band has been observed in _ﬁ-nitrobenzoic acid adsorbed onto silver; benzoic
acid, m-hydroxy benzoic acid, or p-hydroxybenzoic acid adsorbed onto stainless steel;
and benzoic acid onto a-FeOOH."""? The disappearance has been suggested to result
from the surface binding of the ligands through the COOH group by release of a proton.
The lack of a band at 1700 cm™ in our spectra of benzoic acid derivatives is thereby
attributed to the benzoic acid ligand chemically bound to the nanoparticle surface through

the COO™ functionality. Similar results of missing and/or distorted bands comparable to
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literature reports for adsorbed aniline anci/or benzenethiol are observed. Thése results
indicate that the ligands indeed are chemically bound to the nanoparticle surface.2%!
Comparison studies by TEM analysis before and after surface modification have shown
that the nanoparticle size is not reduced, which indicates that there is no possible
dissolving of surface layers during the surface modification processes.

TGA and DSC studies have been carried out for the nanoparticles modified with
various ligands. Eacﬁ ligand modification case gives its distinctive TGA and DSC
curves, which certainly indicates that the respective ligands are truly bound onto the
surface of nanoparticles in contrast with the ligands simply depositing onto the surface.
As representative examples, Figure 5.3 shows the TGA and DSC curves of nanoparticles
modified with benzene’thiol and benzenesulfonic acid. Since the size of nanoparticles and
the molecular weight of ligands are well defined, the grafting density of the ligands on
nanoparticle surface éan been estimated from the TGA/DSC data. Table 5.1 lists the -
grafting density of representative ligands determined from the TGA/DSC data. These
results are in good agreement with the literature data of benzoic acid derivatives adsorbed
onto micron size particles of stainless steel. For instance, the grafting density was 1.17

molecules/nm?, 1.16 molecules/nm?, and 1.28 molecules/nm® on 8-10 pum stainless steel

particles for benzoic acid, m-hydroxybenzoic acid, and p-hydroxybenzoic acid
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Figure 5.3 TGA (solid line) and DSC (dashed line) curves for (a) benzenesulfonic acid
modified 4 nm MnFe,04 nanoparticles and (b) benzenethiol modified nanoparticles.
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respectively.'® Furthermore, Table 5.1 clearly shows that the gra;(ing density on our
nanoparticle surface is comparable among all the surface modification ligands that we
haQe used. The comparable grafting density allows for meaningful comparisons among
various surface-coordinating ligands. Vastly differing coverage density would represent
different surface environments and therefore will introduce uncertainty tp the magnetic

response of nanoparticles after the surface modification.

Table 5.1. Grafting Density of Selected Ligands on Surface of MnFe;O4 Nanopartlcles
Determined from TGA/DSC Data

Ligand * Grafting Density (molecules/nm?)
benzoic acid 1.20
p- toluic acid ’ 1.39
p = hydroxybenzoic acid | 1.40
Benzenethiol ' 1.29
Aniline , 1.52
benzenesulfonic acid 1.26
Phenol _ 1.19
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5.3.2 Magnetic Properties

Zero field cooled (ZFC) susceptibility measurements reveal that the blocking
temperature, Tp, of the native nanoparticles and the ligand modified nanoparticles
remains constant without any change beyond experimental error. However, the
hysteresis measurements show unmistakable changes upon surface coordination of
ligands. Figure 5.4 shows a typical hysteresis measurement at 5 K for native 4 nm
MnFe;04 nanoparticles and the same nanoparticles modified with benzoic acid. Upon
coating with benzoic acid, the coercivity of the particles is reduced. At the same time,
the addition of benzoic acid to the nanoparticle surface increases the saturation
magnetization. Table 5.2 lists the benzoic acid ligands with various para substituents and
the pércentage coercivity decrease of the modified MnFe,O4 nanoparticles with respect to
the coercivity of the native nanoparticles. The experimental error in terms of
reproducibility in coercivity measurement is £ 2%. It is clear from Table 5.2 that the
coercivity of nanoparticles decreases after surface coordination by modification ligands.

Furthermore, the percentage coercivity decrease gets smaller as the pK, of the ligand
decreases.

The nature of the moiety bmfmd to thé surface was also found to influence the

Co
hysteresis behavior of the nanopani;:ies. Figure 5.5 shows an example of the hysteresis
measurements, for reprentative ligapas attached to the surface of 4 nm MnFe;O4
nanoparticles. Like the substituted ;behzoic acid ligand series, the coercivity decreased
and.the saturation magnetization in?ci‘eased upon coating with various substituted benzene
| .

ligands. Table 5.3 lists the peréent%ée coercivity decrease with respect to the native 4 nm

MnFe;04 nanoparticles due to the results of attaching benzenes derivatives on surface.
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Figure 5.4. Field dependent magnetizatidn at 5 K for native 4 nm MnFe,04
nanoparticles (dashed lines; 0) and 4 nm MnFe,0O4 nanoparticles modified with benzoic
acid (solid line; o).
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Figure 5.5 Top right quadrant hysteresis curve at 5 K for native 4 nm MnFe,04
nanoparticles and 4 nm MnFe,0, nanoparticles modified with representative ligands.
Inset shows magnification of coercivity region. The choice of functional group bound to
the surface clearly results in distinctive differences in the magnitude of the coercivity
changes.
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- Table 5.2. Percentage Decrease in Coercivity from Surface Modification by para
Substituted Benzoic Acid Ligands with Respect to the Native 4 nm MnFe;04

Nanoparticles
Ligand pKa Hc (G) % Hc decrease

native 4nm MnFe,04 - 1563 _—

p —hydroxybenzoic acid (R = QH) 4.48 808 48.3
p— toluic acid (R = CHz) 427 871 443
benzoic acid (R = H) 4.19 885 43.4
p — chlorobenzoic acid (R = Cl) 3.98 975 37.6
P — nitrobenzoic acid (R=NO,) . 342 1058 323

Table 5.3. Percentage Decrease in Coercivity from Surface Modification by Benzene
Derivatives with Respect to the Native 4 nm MnFe,O4 Nanoparticles

Ligand Hc (G) % Hc decrease
native 4 nm MnFe,04 1563 —
benzenethiol (Y = SH) 814 47.9

' benzoic acid (Y = COOH) 885 43.4
benzenesulfonic acid (Y = SO3;H) 1005 -35.7
aniline (Y = NHy) 1091 "30.2

phenol (Y = OH) 1171 25.1
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Similar results are observed for the hysteresis behavior of 12 and 25 nm MnFe;04
nanoparticles. The influence on coercivity from representative ligands is listed in Table
5.4 for the three sizes of MnFe204 nanoparticles. Clearly, each ligand evokes a different
response in the rhagnitude of coercivity decrease for each of the three sized nanoparticles.
In addition, as the nanoparticle size increases, the percentage coercivity decrease from a
particular ligand gets smaller. The magnitude of percentage coercivity decrease er the
12 nm and 25 nm MnFe,;04 nanoparticles coated with the benzene derivative ligand
series follows the same trend as the 4 nm nanoparticles. The correlation between pK, and

percentag'e decrease observed for the substituted benzoic acid series in the larger sized

Table 5.4. Percentage Decrease in Coercivity of Variable Sized Modified Nanoparticles
with Respect to the Corresponding Native 4, 12, and 25 nm Mn[e;O4 Nanoparticles

Ligand | 4nmMnFe;04 | 121nmMnFe;04 | 25 nm MnFe,0,

Hc(G)| %He |Hc(G)| %He |Hc(G)| %Hc
decrease decrease " | decrease
native MnFe, 04 | 1563 — 799 — 354 ——
p - hydroxybenzoic 808 | 483 678 15.2 310 124
acid o N :
p- toluic acid 871 | 443 690 13.6 _' 313 11.5

benzenesulfonic acid | 1005 35.7 - 598 25.1 301 15.0

Aniline 1091 |- 302 602 24.7 314 11.3

Phenol 1171 | 25.1 767 | 4.0 345 2.5
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nanoparticles is not as clear as the correlation in using 4 nm MnFe;O4 nanoparticles. The
cbercivity does decrease upon coating with these ligands; nevertheless, the percentage of
coercivity deérease among all the ligands does not change as much as in smaller
nanoparticles and does not clearly follow the pK, values.

The observed decrease in coercivity of MnFe,O, nanoparticles after a series of
ligands are attached onto their surface is consistent With a reduction in the surface
magnetic apisotropy of nanoparticles. Coercivity is certainly related to
magnetocrystalline anisotropy of nanoparticles, ‘which has been explained clearly by thé
Stoner-Wohlfarth model.?? In 1954, Néel introduced an additional anisotropy term, the
surface anisotropy, to account for the effects of symmetry reduction at nanoparticle
surfaces upon spin-orbit couplings.® Néel’s early calculations as well as several recent
theoretical studies, have pointed out that decreases in coercivity are expected if the
surface anisotropy is decreased.>>* Figure 5.6 is the results of theoretical calculations by
Kodoma and Berkowitz for the effects of surface anisotropy upon the hysteresis of 4 nm
v-Fe,0s nanoparticles. Clearly, the coercivity decreases when the surface anisotropy is
reduced.

The oxygen coordination for metal cations in MnFe,O4 spinels is highly
symmetrical in the forms of tetrahedron and octahedron. For metal cations at the surface,.
some coordination oxygen atoms are missing and the coordination symmetry is greatly
reduced.A Consequently, the magnetic structure at the surface layer could be drastically
different than the one in the core of spinel nanoparticle and usually exhibits some degree
of spin disorder and pinning. Qualitati{/ely, adsorbed ligands can be viewed as

effectively taking the positions of the missing oxygen atoms, which results in the
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Figure 5.6 Theoretical model of surface anisotropy effects. (a) Calculated hysteresis
curve for material with surface anisotropy and (b) calculated hysteresis curve for
nanoparticle without surface anisotropy. From reference 25.



symmetry and crystal field of the surface metal ion more closely resembling that of the
core, and therefore reduces the spin disorder and pinning.

The observed increase in the saturation lmagnetizétion in all of our nanoparticulate
sampfes can also be considered in terms of reducing surface anisotropy. Surface |
anisotropy is often pictorially viewed in terms of the degree of spin disorder and/or spin
pinning at the surface as seen in Figure 5.7. It appears that coating fhe surface with the
ligands “frees” the surface spins, and hence they are more easily able to align with the
overall magnetization direction of the nanoparticle. As a result of such increasing
alignment, the magnetization of nanoparticles is observed to increase after surface
modification. Contrary to our findings, Ngo, et. al. reported a decrease in saturation
magnetization upon coating cobalt ferrite nanoparticles with citrate,'* while Spada, et. al.
-reported no change in saturation mégnetization in polyphosphate treated y-Fe203.5 The
reasons for such discrepancies in the studies of saturation magnetization are not entirely
clear. However, it is worth to notice the differences in the nanoparticulate samples used
in thbese studies. Ngo, et. al. reported a change in the chemical composition of the
CoFe,04 nanoparticles after the surface modification, Which was attributed to
preferentially dissolviﬁg Co cations from the surface layer in the modification process
and implied a completely different surface generated after the surface modification. In
the studies by Spada, et. al., the samples were acircular with a size of ~23 nm by ~200
nm. Certainly, the surface atoms and therefore surface effects are much less dominant in
the samples with such sizes. |

Although inter-particle interactions contribute to the magnetic responses observed

in our nanoparticles, the differences in magnetic response from various modified
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nanoparticles can not bé attributed to the possible variation of inter-particle interactions
because of the similar size, shape and grafting density of the ligand series chosen for this
study. If the body of the ligands were allowed to vary in length, cértainly inter-particle
separation faétors should be considered. |

For both ligand series presented here, a correlation can be established between the
percentage coercivity décrease of 4 nm MnFe,O4 nanoparticles and the crystal field
splitting energy of the coordination ligands at the particle surface. When the surfaces of
magnetic nanoparticles were coordinated by para -substituted benzoic acid ligand series
(Ta‘b]e 5.2), the largest decrease in coercivity occurred with ligands having higher pK,
values. The great advantage of utilizing substituted benzoic acid ligands is from the
existing correlation between the pK, value of the ligand and the electron
withdrawing/donatihg effects possessed by the R-substituent. The more electron
donating the R-substituent lis, the higher the pK, value. As pKa values increase, the-
substituted benzoic acid ligands becorhe weaker acids.

Ligand field theory considers how the energy levels of d orbitals in transition
metal are affected by the coordination of various ligands and the coordination symmetry.
After ligand coordination, the previously degenerate d orbitals split into different levels
according to the apprppriate symmetfy of the coordination environment. The magnitude
of the energy difference between the energy levels of d orbitals is referred to as the
crystal field splitting energy (CFSE) A and is determined by the ligands at a given
coordination éymmetry. Based upon ligand field theory, as a ligand becomes more.basic;
the strength of the metal-ligand ¢ bond increases, and consequenﬂy CFSE A associated

with the ligand increases.*® As the pK, of the ligands increases in para -substituted
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benzoic acid ligand series, the CFSE A induéed by those ligands is expected to increase.
Therefore, the trend in percentage decrease of coercivity with increasing pK, of
substitu;ed benzoic acid ligands corresponds to the increase of CFSE A associated with
the ligands that have coordinated onto the surface of the magnetic nanoparticles. Such

correlations are depicted in Scheme 5.1. -

Scheme 5.1

R=0H  omcmmmmmmmmees >» R=NO,

PKa=448 > pKa=419 >  pKy=3.42

Larger A ==----ssooeeseooces Smaller A
Smallh -----------memmine Larger A
Largest %H decrease - - - ---.----. Smaller %H,, decrease

The acidity of the coordination ligands is a major factor when different functional
groups are chosen for the binding moiety onto the surface of the nanoparticles (Table
5.3). Using different binding group onto surface could be a little more complicated since
different binaing modes are likely present at the particle surface. For example, benzoic

acid has been proposed in numerous reports to bind via chelation to surface cations.'*'*:
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2128 However, the non-chelating ligands of benzenethiol, aniline, and phenol offer a
straight forward comparison in the CFSE A and the coercivity response. Benzenethiovl is
a strong m-acceptor, while phenol is a weak m-acceptor, but a strong mt-donor.?’ In ligand
field theory, it is\ well established that -acceptors result in larger CFSE A than 7-
donors.% The CFSE decreases in the order of benzenethiol, aniline, and phenol.
MnFe,04 nanoparticles with benzenethiol as surface coordination ligand shows the
largest coercivity decrease followed by aniline, then phenol in agreement with the

decreasing CFSE A in these ligands. Such correlations are depicted in Scheme 5.2.

Scheme 5.2

Benzenethiol > Aniline > Phenol

n—acceptor <--------- > m-—donor
7 acidity »  Decreasing
CFSE A »  Decreasing

Extent of %Hg loss —»  Decreasing

In both coordination ligand series, the largest percentage decrease in coercivity is
displayed in the nanoparticles with a surface coordinated by the ligands that evoke the
biggest CFSE A. As ligand field theory has indicated, the transition metal having a larger

d orbital energy level splitting due to ligand coordination should have a smaller spin-orbit
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coupling parameter &, which measures the interaction strength of the spin and orbital
angular momentum.”® Magnetic anisotropy is ge.nerated by the spin-orbital couplings
~ occurred at magnetic cations, and the anisotropy decreases with decreasing spin-orbital
coupling.®® When the metal cations at the surface layer of nanpparticles are coordinated
with ligands, the spin-orbital coupling is reduced, and consequently the surface
anisotropy decreases and the coercivity of nanoparticles is reduced. As the CFSE A
resulted by the ligand gets larger, the spin-orbital coupling & becomes smaller. Therefore,
the surface anisotropy is reduced further and the coercivity Hc becomes even less. The
magnetic anisotropy in nanoparticles includes the anisotropy in the core and the surface
anisotropy. The results here indicate that the blocking temperature of magnetic
nanoparticles is predominately determined by the magnetic anisotropy in the core, while
the surface anisotropy mainly has the effect on coercivity of nanoparticles. Certainly, the
extent of the surface anisotropy effect shown here is asto;lishingly strong on magnetic
coercivity..

The effects of percentage coercivity loss as a function of nanoparticle size (Tablé
54) are consistent with surface effects. For 4 nm nanoparticles, surfacé atoms make up
~50 % of the total volume of atoms and therefore contribute to the net magnetiq response
to a large degree. The volume fraction of atoms at the surface is reduced as nanoparticle
size increases. As a result, the influence of atoms at the surface does not contribute to the
total magnetic response of larger nanoparticles as strongly as to 4 nm nanoparticles.
Hence for the same ligand, the coercivity does not decrease as dramatically when the size
of nanoparticles is increased. The loss of a clear correlation between the pK, of

substituted benzoic acid ligands and the coercivity decrease in 12nm and 25nm
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nanoparticulate samples may be attributed to the fact that the changes in surface
coordination bonding evoked by changing the para substituent are quite subtle. At larger
nanoparticle sizes, the overall surface influences are greatly weakened, and therefore
these slight variations may not be observable. When the electronic nature of the binding
moiety is more markedly changed, as in the case of the benzene derivatives in which the
atom attached to the surface is differeni, the electronic effects are likely stronger and
hence the variation in surface effects on the magnetic properties are still abie to be.

observed in larger nanoparticles.

5.4 Conclusions

Three sizes of MnFe;04 nan_oparticles have been modified with a series of
substituted benzoic acid and substituted benzene ligands. In all cases, the coercivit)'r was
found to decrease and the saturation magnetization increase upon coating with the ligand.
Furthermore, a correlation between the nature of the bound surface ligand and magnetic
response has been demonstrated. In both ligand series, the maximum coercive loss was
found in nanoparticles modified with a surface coordination ligand that is able to evoke a
larger degree of crystal field splitting energy. The extent of coercivity decrease correlates
with the capability of inducing crystal field splitting energy by surface coordination
ligand. Such correlations can be understood from the fact that the spin-orbit couplings of
magnetic cation.s decrease with increasing crystal field splitting energy evoked by the
coordination ligands. Certainly, the magnetic response of nanoparticles to the surface
modification elucidates the quantum origins of magnetic properties such as hysteresis.

Furthermore, the effects of surface éoordinat_ion chemistry upon the magnetic
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nanoparticles are important for the design of magnetoelectronic devices that make use of
spin exchange at surfaces. The surface effects should also have impacts on the potential
use of surface magnetism for tuning the magnetic properties of nanoparticles, and on the

development of bioligand-modified magnetic nanoparticles for biomedical applications.
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CHAPTER 6

COMPARING THE EFFECTS OF SURFACE CHEMISTRY ON THE MAGNETIC
PROPERTIES OF COBALT FERRITE, MAGNETITE, AND MANGANESE FERRITE

NANOPARTICLES

Abstract

In order to understand the influence of surface chemistry upon the magnetic
properties of magnetic nanoparticles, the surface of 4 nm cobalt ferrite (CoFe;0O4) and 30
nm magnetite (Fe3O4) nanoparticles have been'systeﬁ]atical_ly modified with a series of
substituted benzene ligands (Y-C¢Hs, Y = COOH, SH, NH,, OH, SO;H). The coercivity
decreased upon coating with the ligands for both particles. The maximum coercivity
decrease for 4 nm CoFe,0;4 hanopafticles was ~ 7.5%, which occurred for the
nanoparticle whose surface was m:o:diﬁ.’ed with beﬁzenethiol. Benzenethiol-modified
magnetite nanoparticles also showed the largest effect upon the coercivity decrease. The
effects upon the magnetic properties for cobalt ferrite and magnetite are comp_ared to the
results for manganese ferrite. The differences in magnetic response can be attributed to |

the magnetocrystalline anisotropy strength of the ferrite.
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6.1 Introduction

Surface chemistry is of great iniportancg to the chemical and physical properties
of nanoparticles. The magnetic structure at the surface layer usually is greatly different
from that in the body of nanoparticle, and the magnetic interactions in the surface layer
often have a ﬁotable effect on the magnetic properties of the nanoparticle.'
Understanding the ‘inﬂuence of surface chemistry on the magnetic properties of
nanoparticles not only facilitates our fundamental understanding of the unique magnetic
behavior in nanqparticles, but also is iﬁ1p0rtant for the épplications of magnetic
nanoparticles such as medical imaging and drug delivery. For practical implementation
in biomedical applications of nanoparticles such as magnetically guided site specific drug
delivery and magnetic resonance imaging (MRI) contrast enhancement agents, the
surface of the nanoparticles have to be modified with biocompatible ligands and/or
polymer matrices that also serve as drug can;ying vehicles.”® Once internalized, the
surfaces of nanoparticles are inevitably encapsulated with biological ligands that are
associated with t.he body’s defense system.!® Understanding the changes in magnetic
behavior from these chemical interactions at the surface is critical for developing
magnetic nanopérticles in biomedical techniques.

Recently, Vestal and Zhang' have reported a systematic study of the influence
of suﬁace chemistry upon the magnetic properties of manganese ferrite, MnFe,04,
nanoparticles.” The surface of MnFe,O, nanoparticles were modified with a series
of para - substituted benzoic acid ligands (HOOC-Cg¢Hs-R; R=H, CHj3, Cl, NO,, OH)
" and substituted benzene ligands (Y-C¢Hs, Y = COOH, SH, NH,, OH, SO3;H). The

coercivity of magnetic nanoparticles decreases up to almost 50% upon the
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coordination of the ligands on the nanoparticle surface while the saturation
magnetization increases. The percentage coercivity decrease of the modified
nanoparticles with respect to the native nanoparticles strongly correlated with the
crystal field splitting energy (CFSE) A evoked by the coordination ligands and the
ligand inducing largest CFSE resulted in the strongest effect on the coercivity of
magnetic nanoparticles. The correlations suggest a decrease in spin-orbital couplings
and surface anisotropy of magnetic nanoparticles due to the surface coordination.

In this chapter, the effects of surface chemistry are investigated for other
spinel ferrite ﬁanoparticle systems. The surface of CoFe,O4 and Fe;04 nanoparticles
are modified using substituted benzene ligands (Y-Cg¢Hs, Y = COOH, SH, NH,, OH,
SOsH) and the magnetic properties, with a focus on coercivity, are investigated. The

results are compared with the ﬁndings for MnFe;O4.

6.2 Experimental

CoFe,;04 and Fe;04 nanoparticles were prepared by normal micelle methods with
controllable size and a size distribution less than 15%.'2 Mean sizes of 4 nm CoFey 04
nanoparticles and 30 nm Fe3O4 nanoparticles were used in this study. Benzoic acid |
(Aldrich, 99%); bénzenesulfonic écid (Aldrich, 90%), aniline (Aldrich, 95%), phenol
(Fisher, Purified Grade), and benzenethiol (Aldrich, 97%) were used as received. Each
of these ligands were chémically bound to the nanoparticle surfaces by stirring ~ 20 mg
of MFe,0,4 (M=Co or Fe) ferrite nanoparticles overnight in 0.1M ethanol solutions of the

respective ligand. The nanoparticles were collected with a magnet and washed with
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ethanol 3-5 times to remove excess ligands. The samples were then allowed to air dry at
‘room temperature.
Magnetic measurements were performéd with a Quantum Design MPMS—SS
SQUID magnetometer. Zero-field cooled (ZFC) susceptibility measurements were
performed under an applied field of 100 G. ﬁysteresis measurements were performed at
5 K with applied fields up to 5 T. For the hysteresis measurements, the nanoparticles

were mixed with eicosane (CyoHaz, Aldrich) to prevent physical shifting of the

nanoparticles.

6.3 Results and Discussion
Figure 6.1 shows the hysteresis curves of 30 nm Fe;O4 before and after

modification with benzenethiol. It is clear that the saturation magnetization increases
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Figure 6.1 Hysteresis curve of native 30 nm Fe304 (solid line) and 30 nm Fe3;04

modified with benzenethiol (dashed line). Inset magnifies the coercivity regions.
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and that the coercivity decreases slightly. The effect of the choiée of ligand upon the
coercivity of Fe;O4 nanoparticles is shown in Figure 6.2. For all samples the
coercivity was reduced after ligand modification. The effect of the ligand upon the
coercivity are summarized in Table 6.1. Figure 6.3 shows the results for 4 nm
CoFe;04 nanoparticles before and after coating with benzoic acid. Again the
saturation magnetization increased, and the coercivity decreased slightly. The results

of the effect of the ligand upon the coercivity are summarized in Table 6.2.
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o
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~Figure 6.2 Magnification of the coercivity at 5 K for 30 nm Fe304 nanoparticles for
the entire substituted benzene series.
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~ Table 6.1 Comparison of the Effects of Ligands upon the Decrease in Coercivity
with Respect to Native 30 nm Fe3O4 and 25 nm MnFe,O4 Nanoparticles.

% Hc Decrease

Ligand % Hc¢ Decrease
for 30 nm Fe304 for 25 nm MnFe;04
Benzenethiol 11 3 13.0
Aniline 6.7 11.5
Benzenesulfonic acid 5.4 7.5
Benzoic Acid 3.8 12.0
Phenol 29 2.5
60 |- S
/ e / (4
40 |-
— 20}
K=
=3
E
L
=

]

Figure 6.3 Hysteresis curves at 5 K for native 4 nm CoFe,O4 (dashed line) and aniline-

H (G)

20

40x10°

modified 4 nm CoFe,O4 (solid line) nanoparticles.
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Table 6.2 Com.parison of the Effects of Ligands upon the Decrease in Coercivity
with Respect to Native 4 nm CoFe;04 and 4 nm MnFe,0,4 Nanoparticles.

Ligand % Hc Decrease : % Hc Decrease
for 4 nm CoFe,04 for 4 nm MnFe,O4
Benzenethiol , 7.5 . 47.9
Aniline 6.7 30.2
Benzoic Acid 6.4 43 .4
Benzenesulfonic acid 1.2 ' 35.7
Phenol 0.3 : 25.1

The observation that the saturation magnetization increased and the coercivity

" decreased after coating with a substituted benzene ligand agrees with results of MnFe,04
nanoparticles modified with these ligands.'' The obseryation of a decrease in the
coercivity after ligand modification is consistent with a reduction in the surface
anisotropy of the nanoparticles. Surface effects in nanoparticles result from the lack of
‘translational symmetry at the boundary of the particle and a lower coordination number

~ for the metal cations exists at the sﬁrface. The sﬁrface anisotropy is of a crystal field
origin and results from this lower symmetry at the nanoparticle surface. Néel first

- described the origins and effects of éurface anisotropy in 1954." Néel’s early
calculations as well as several receﬁt theoretical studies, have pointed out that decreases

in coercivity are expected if the surface anisotropy is decreased.*!>!
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A further consequence of the lack of translational symmetry at the surface is the
broken exchange interactions at the surface, which reéu]ts in surface spin disorder.
Anqther contribution to the surface anisotropy results from magnetostriction effects as
result of strain related to lattice deformations at the surfacle.]'5 Jacobs, et.al. have shown
that the surface sites of spinels are mainly the octahedral sites.'® Qualitative]y, adsorbed
ligands can bé viewed as effectively Binding to .the octahedral cations, which results in
the symmetry and crystal field of the surface rﬁetal ion more cibsely resembling the
octahedral sites of tBe core. Asa resu]t,.the surface ahisotropy is reduced.

A comparison of the coercivity decrease resulting from bound ligands on 4 nm
CoFe;04 and 4 nm MnFe,04 nanoparticles is shown in Figure 6.4 and in Table 6.2.
Although the coercivity of 4 nm CoFe,04 nanoparticles was reducéd after
modification with a ligand, the magnitude of the coercivity reduction was very small
compared to the effects upon MnFe,04 nanoparticles. For example, modification of 4 |
nm MnFe,O4 with benzenethiol resulted in a 47.9% decrease of the cbercivity with
resf)ect to the native pérticle, while for 4 nm CoFe,04 nanoparticles, the coercivity

was reduced by only 7.5%. . The response of the ligands follow a similar trend in the

reduction of coercivity — benzengthiol:éVokes the largest decrease in coercivity, while
modiﬁcatibn with phenol yields the smalleét response. However, the relationship of
the response of aniline was largef for CoFe;0O4 nanoparticles than for MnFe,04
nanoparficles. In other words, the coercivity decreased as benzenethiol, aniline,
benzoic acid, bezenesulfonic acid, phenol for CoFe,04 nanoparticles, while it
decreased as benzenethiol, benzoic acid, benzenesulfonic acid, aniline, phenol for

MnFe,04 nanoparticles.
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Figure 6.4. Comparison of the percentage decrease in coercivity upon ligand
modification for 4 nm CoFe,04 nanoparticles (dark bars) and 4 nm MnFe;O4 -
nanoparticles (light bars). BA = benzoic acid; BSA= benzenesulfonic acid.

The difference between the two spinel ferrite systems may originate from two
factors. The first factor is the difference between the natures of the A2* cation, such
as the difference in ligand binding affinity for Co?* and Mn*" as well as the different
single ion anisotropy of Co®" and Mn?*. Co?* atoms are known to have a much larger
stability product for amines than Mn**"."” This stronger affinity for the highly
‘anisotropic Co?" ion may be reflected in the larger decrease in the coercivity for
aniline within the ligand series for CoFe;O4 than in MnFe;O4. The large difference in

magnitude of the coercivity'decrease between CoFe,O4 and MnFe,O4 for all of the
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ligands could be a result of the different single ion anisotropies of Co** and Mn**,
Mn*" has an orbital angular momentum, L, equal to zero and also an L~.S coupling of
zero.'® Co® on the other hand has an L, # 0 and a large single ion anisotropy. The
weaker influence of the ligand crystal field upon the magnetic properties of CoFe,O4
may be a result of its large single ion anisotropy. |

Although the single ion anisotropy of the surface ions likely play a role in the
differences in the magnetic results, the primary contribution to the large difference in the
coercivity response is due to the magnetocrystalline anisotropy difference between the
two spinel ferrites. MnFe,04 has a bulk magnetocrystalline anisotropy of 0.25 x 10°
| erg/cm3 , while CoFe;04 has a bulk magnetocrystalline anisotropy energy value of 18 x
105,erg/cm3 8 An effective anisotropy constant (Kye) is used to describe the additional

anisotropy due to the surface for nanoparticles. For spherical particles, K is given by
Knet = Kyt + (6/d) Ks (6.1)

where Ks is the surface anisotropy, Kyal is the magnetocrystalline anisotropy, and d is
the diameter of the particle. The anisotropy for 7.5 nm MnFe,04 nanoparticles
synthesized using reverse micelle microemulsion methods was found to be 5.6 x 10°

erg/cm’ — a value 20 larger than the bulk magnetocrystalline anisotropy!! 1

Using
this value as a net anisotropy and the bulk magnetocrystalline anisotropy for
MnFe,0,, the surface anisofropy is calculated to be 0.066 erg/cmz. In comparison,

the net anisotropy for an 8.5 nm CoFe,04 nanoparticle prepared using normal micelle

microemulsion methods was determined to be 2.23 x 10® erg/em®?° Using this value
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and the bulk magnetocrystalline anisotropy for CoFe,04 given above, the surface
anisotropy was calculated as 0.061 erg/em’. These values for the surface anisotropy
are comparable with the surface anisotropy reported by Bakuzis and Morais at 100K
for 6.6 nm MnFe,O4 nanoparticles prepared by co-precipitation of 0.053 erg/cm2 as
well as the value reported by Badker, et.al. for 2.4 nm a-Fe nanoparticles_ of 0.09
erg/em?® 2! Tﬁe largest surface anisotropy for magnetic nanoparticles was reported
_ io be 1 emu/cm?.?!

Because the surface anisotropy is comparable between CoFe,04 and
MnFe;04, any changes in the surface énisotropy as a result of coating with a ligand,
will show a more pronounced effect in the MnFe,04 naﬁoparticles due to its smaller
magnetocrystalline anisotropy. For example, using equation 6.1, and assuming a
complete reduction in the surface anisotropy (i.e. Kg = 0), the net magnetocrystalline
of a 4 nm MnFe,04 particle is reduced from 9.9 x 10° erg/em? (for Ks = 0.066
erg/em?) to 0.25 x 10° erg/em? (for Ks = 0) — a 39.6 times decrease in the a.nisotropy
of the nanoparticle. In‘contrast, for a 4 nm CoFe,04 , nanoparticle, the anisotropy is
reduced by only a factor of 1.5. By this argument, any reducti“on in Kg due to the
ligand modification will have a larger‘ effect upon MnFe,O4 nanoparticles than
CoFe;04 nanoparticles. As the coercivity is related to anisotropy of nanoparticles,
which has been explained clearly by the Stoner-Wohlfarth model,?? the effect of a
reduction in the surface anisotropy term upon the coercivity will therefore be more
pronounced for MnFe204 nanoparticles.

Comparing the response of Fe;O4 nanoparticles with the results found for

MnFe, 04 tests the theory that the magnitude of the magnetocrystalline anisotropy is
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primarily responsible for the coercivity response. These two ferrites have a similar
magnitude of their bulk magnetocrystalline anisotropy energies, 0.25 x 10° erg/cm’
and 12%x10° erg/cm3 for MnFe;04 and Fe;04 respectively.18 A comparison of the
coercivity decrease due to ligand modification for 30 nm Fe3O4 and 25 nm MnFe,0y4
nanoparticles is shown in Figure 6.5 and Table 6.1. Like MnFe,04 and CoFe;04
nanoparticles, tﬁe coercivity of 30 nm Fe;Oy4 nanopartiéles was reduced after
modification with a ligand, which is consistent with the theories of surface
anisotropy. However, the magnitude of the coercivity decrease was comparable to
the effects upon 25 nm MnFe,04 nanoparticles within the error of measurement (+
2%) and the slight differences in nanoparticle size and magnetocrystalline anisotropy.
Modification of 25 nm MnFe,04 with benzenethiol resulted in a 13.0 % decrease of
the coercivity with respect to the native particle, while for 30 nm Fe;04 naﬁop'articles,
the coercivity was reduced by 11.3 % The effect of reducing the surface anisotropy
to zero following the calculations described above should result in a ~ 7 x decrease in
the anisotropy for 25 MnFe;04 nanoparticles‘, and a ~ 2 x decrease in the anisotropy
“for 30 nm MnFe,04 nanoparticles. Therefore, the observation that the ﬁ]agnitude of
the coercivity decrease for Fe3O4 :nanop;ar?t.icles., which is similar in magnitude yet
always smaller, is consistent with thé vbéléncing effects of the magnetocrystalline

anisotropy and the surface anisotropy contribution.
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Figure 6.5. Comparison of the percentage decrease in coercivity upon ligand
modification for 30 nm Fe3;04 nanoparticles (light bars) and 25 nm MnFe,04
nanoparticles (dark bars). BA = benzoic acid; BSA= benzenesulfonic acid.

The coercivity response of the ligand series also follow a similar trend

between the two ferrite systems — benzenethiol shows the largest decrease in
coercivity, whilé modification with phenol exhibits the smallest response. However,
the relationship of the response Qf ‘a'rii'line was again larger for Fe;O4 nanoparticles
than for MnFe,;O4 nanoparticles.:i lew coércivity decreased as behzenethiol, aniline,
bezenesulfonié acid, benzoic acid, phenol for Fe3O4 nanoparticles, whiie it decreased
. as benzenethiol, benzoic aqid, anilifljé, benzenesulfonic acid, phenol for MnFe,04
nanoparticles. Like CoFe;Oy4, the d_ifference can likely be attributed to the higher

affinity of amines for Fe?* ions than Mn*" ions.!’
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6.4 Conclusions

The surface of 4 nm CoFe,04 nanoparticies and 30 nm Fe304 nanoparticles
have been modified with a series of substituted benzene ligands (Y-C¢Hs, Y =
COOH, SH, NH,, OH, SO;H) and their hysteresis curves measured. For both ferrite
nanoparticle systems, the coercivity decreased after coating with a ligand, a finding
consistent with previous reports for 4, 12 and 25 nm MnFe,04 nanopérticles. The
decrease in coercivity can be attributed to a reduction in the surface anisotropy of the
nanoparticles in agreement with theory. The magnitude of the coeréivity response
waé quite different for 4 nm CoFe;04 and 4 nm MnFe,04 nanoparticles, while the
magnitude of the coercivity reduction was similar for 30 nm Fé304 and 25 nm
~ MnFe;04 nanoparticles. The difference in magnetic behaviorlcan be attributed to the
larger contribution of the bulk mgnetocrystalline anisotropy of CoFe;Q4 to the net

anisotropy of the nanoparticles.
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CHAPTER 7

EFFECTS OF INTERPARTICLE INTERACTIONS UPON THE MAGNETIC

PROPERTIES OF COBALT FERRITE AND MANGANESE FERRITE

Abstract

Dilution experiments have been performed on 8.5A nm CoF’e204 and MnFep_O4
spinel ferrite nanoparticles dispersed into eicosane. For both samples, the blocking
temperature decreased with dilution, suggesting a decrease in Athe anisotropy energy
barrier Ex. The blocking temperature for MnFe204 nénopaﬂicles decreased continuously
over the whole dilution range. However, the blocking temperature for CoFe,04 remained
| constant until ~15% (wt%) below whiqh the blocking temperature decreased. The
reduced remanence (Mr/Ms) decreaséd :with interparticle interactions for MnFe,Oa, while
it increased for CoFe;O4. The differenééé in magnetic response upon dilution between the
two samples are attributed to the strength of the dipole interactions. The behavior of
CoFe,04 nanoparticle system is suggested to arise from the formation of nanoparticle

clusters.
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7.1 Introduction
Interest in nanosized magnetic particles has inéreased in the past few years due to
their wide range of appliéations such as high density information storage, ferrofluid
" technology, magnetically guided drug delivery, and magnetic resonance imaging (MRI)
;:nhancement."6 Improving such applications requires control over the fundamental
properties of the nanoparticles, such as supérparamagnetism. The superparamagnetic
state occurs when the anisotropy energy Ex of the nanoparticles is overcome thermally.

This energy has been defined by Stoner and Wohlfarth as
Ex=KV sin?0 (7.1)

where K is the anisotropy energy constant, V is the volume of the ﬁano_particle, and O is
the angle between the magnetization and the nanoparticles easy axis.” The blocking
temperature, Tp, represents the threshold of thermal activation and can be used as an
indication of the superparamagnetic state. At temperatures above Ty the magnetic
moment of each nanoparticle fluctuates with no preferred orientation and the assembly of
nanoparticles behaves as a common paramagnetic material. Previous work By the Zhang
group has established that modulating K through the use of crystal chemistry can control
the energy barrier, Ex.¥ Examples of the effects of size and magnetocrystalline _
anisotropy K upon the magnetic properties have been demonstrated in Chapter 3 usiné,
CoCryFe,.<Oy4 spinel ferrite nanoparticleé. In addition to crystalline anisotropy, other
factors contribute to the observed magnetic properties of nanoparticles. For example,

Chapters 5 & 6 demonstrates the effect of surface chemistry upon the magnetic properties
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of various spinel ferrite nanoparticles. In the powder nanoparticle samples reporled in
- this thesis, particle-particle interactions are likely to be present and contribute to the net
magnetic properties.

Interparticle interactions are known to affect the magnetic properties of materials
and may arise from dipole-dipole interactions or exchange interactions between surface
ions of neighBoring particles. When a capping surfactant such as oleic acid is used, the
exchange interactions become negligible and the primary interaction is due to dipole-

dipole coupling.” The energy associated with dipole-dipole interactions (Eq.q) given by
Egq=- (Homo’) / (4 1) (7.2)

where p, is the permeability, m, is the magnetic moment, and 1 is the particle-particle
separation. The dipole-dipole energy term lnodiﬁes the anisotropy energy barrier for
magnetization reversal E4 and is argued to introduce local minima in the energy barrier.'°
Although it is generally understood that particle-particle interactions affect the magnetic
properties of nanoparticles, correlating the effects of interparticle interections with
observed magnetic properties .has still provided a challenge.

Three primary theofetlcal medels: have been developed to .model the effects of
interparticle inleractions upon the rrlagncjetic properties of magnetic nanoparticles — the
Shtrikman-Wohlfarth (SW) model developed in 1981, the Dormann-Bessais-Fiorani
(DBF) model developed in 1998, arld the l\/Iﬂrup-Tronc model developed in 1994. Both

the SW and DBF models show thatfinéreasing interparticle interactions will lead to an

increase in the energy barrier, E4 by
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Ex =KV sin’0 + B (7.3)

where B; is the interaction term, whose form varies according to the respective model and
their subsequent revisions. The MT model however, indicates that increased interparticle
interactions.should decrease the energy barrier. Coqsiderable argument between the
authors of these models as to the validity of their conclusions are present in the
literature.'"!?
Experimentally, the effects of interparticle interactions are determined by varying |
the particle-particle distance through dilution of ferrofluid samples or dispersion of
nanoparticles into a non-magnetic matrix. Most studies show that the blocking
temperature and coercivity decrease with dilution, i.e. weaker interparticle interactions.
The-se"ﬁndings collaborate the SW and DBF modLeIS that increased interparticle
interactions results in an increase of the energy barrier for magnetization reversal.
However, other experimental results show mixed results. For example, SQUID
relaxation measurements show that t (see equation 1.11) increases with increasing
interactions, which also further supports the SW and DBF models. However, Méssbauer
studies indicate that t decreases with increasing interactions and these studies are cited as
support for the MT model. A summary of the magnetic behavior of many magnetic
samples as a function of increasing interparticle interactions is summarized in Table 7.1
Clearly there are discrepancies in the magnetization trends even for materials with the

same composition! In this chapter, dilution measurements were performed on 8.5 nm

CoFe;04 and MnFe;0O4 spinel ferrite nanoparticles. The effect of interparticle
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"Table 7.1 Effects of Increased Interparticle Interactions upon the Blocking Temperature:
Tg, Néel’s Relaxation Time 7, the Coercivity Hc and the Reduced Remnance Mr/Ms for

a Variety of Magnetic Samples.

Sample TB T Hc MR/MS Ref.

y-Fe,03 Increases R
1-Fe;03 in hydrocarbon oil increases m

y-Fe,03 in silica Constant Increases | Decreases |
v-Fe 03 Decreases 14
Fe;04 Increases | Increases 1
Fe;04 Increases »
Fe304 (ac susceptibility)  Increases 10
Fe304 (Mssbauer) Decreases 10
Fe304 in kerosene Increases R
Fe Increases 1
e-FesN Increases i
Co Decreases ?
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interactions upon these ferrite samples has not previously been reported. Specifically, the
effect of interparticle interaction upon the blocking temperature and the reduced

remanence is discussed.

7.2 Experimental
CoFe;04 and MnFe,04 spinel ferrite nanoparticles with size 8.5 nm were prepared
by the thermal decomposition of metal-acetylacetonate complexes. Details of this
synthesis method have been reported elsewhere.lg’w- Advantages of this preparation
method in(.:lude.a very narrow size distribution (< 5%) aqd an oleic acid ’coated surface.
Thq cépping of the nanocrystals by oleic acid facilitated their dispersion into eicosane
[CH3(CH,)5CH3] as well as eliminated exchange interactions between particles. The
nanocrystalline samples used in this chapter were synthesized and provided by Qing
Song. For the dilution measurements known amounts of eicosane were added to
measured amounts of ferrite nanoparticles. The eicosane and nanocrystals were heated to
100°C, thereby melting the eicosaﬁe and allowing the ferrite nanocrystals to disperse into
the liquid. The samples were then allowed to cool forming a solid eicosahe matrix
containing dispersed ferrite nanolcry‘stals. Dilutions were performed down to 0.005 % (wt
% of MFe,04in eicosane).
Magnetic measurements were pefformed on a Quantum Design MPMS-5S SQUID
magnetometer. Hysteresis measurements were performed at 5K in applied field up to +

5T. Susceptibility measurements were performed from 5 — 300K under an applied field

of 100G.
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7.3 Results

The temperature dependent susceptibility measurements for 8.5 nm CoFe;04
- nanoparticles are shown in Figure 7.1. It is clear that the value of the susceptibility
decreases with increasing dilution. A slight shift in the blocking temperature towards
lower temperatures occurs with in;:reasing nanoparticle dilution. The value of blocking
temperature is plotted against dilution percentage in Figure 7.2. - The blocking
temperature remained at 236 + 1 K down to a dilution of 15%. Below 15% dilution, the
blockiﬁg teniperature began to decrease and at 0.005 % reachedr 224 K. The effect of

dilution upon the reduced remanence (Mr/Ms), which was determined from the hysteresis
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Figure 7.1 Temperature dependent susceptibility measurements for various dilutions
from 100% to 0.05% (wt%) of 8.5 nm CoFe,O4 nanoparticles.
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Figure 7.2. Plot of blocking temperature Ty as a function of dilution percentage for 8.5
nm CoFe,04 nanoparticles. The line serves only to guide the eye.

measurements performed at 5 K, is shown in Figure 7.3. It is clear that the reduced
remanence dc_creasés with dilution.

- The temperature dependent susceptibility for 8.5 nm MnFe,O4 samples is shown
in Figure 7.4. Interestingly, the magnitﬁde of the susceptibility varies with dilution
percentage. The susceptibility initially increases with dilution, but then begins to
decrease below 40% dilution! Despite the difference in the \;alue of the susceptibility,
the blocking temperature shifts to lower temperatures with increasing dilutions over the
entire dilution range. Figure 7.5 shows that the blocking temperature as a function of
dilution decreasing smoothly. The effect of dilution upon the reduced remanence
(MRr/Ms) determined from hysteresis measurements at 5 K is shown in Figure 7.6. It is

clear that the reduced remanence increases with dilution.
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Figure 7.3 Plot of reduced remnance Mg/Ms as a function of dilution percentage for 8.5
nm CoFe,04 nanoparticles. The line serves only to guide the eye.
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Figure 7.4. Temperature dependent susceptibility measurements for various dilutions of
8.5 nm MnFe,;O4 nanoparticles '
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Figure 7.5. Effect of dilution upon the blocking temperature
of 8.5 nm MnFe,04 nanoparticles. The line serves only to guide the eye.
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1.4 Discussion

Changing the particle-pafticle interaction of CoFe;O4 and MnFe,O,4 by dilution
into e.icosane affects the magnetic properties of the two sampies quite differently. One
similarity between the two samples is the fact that their blocking temperature decreases
with dilution. A decrease in the blocking temperature suggests that the energy barrier for
magnetization reversél Ea is lowered with decreasing interparficle interactions. These
results are consistent with the Shtrikman-Wohlfarth (SW) and the Dormann-Bessais-
Fiorani (DBF) models for interparticle interactions given in equation 7.3."" As a result,
all data interpretation and discussions from this point forward will be based upon
calculations by Dormann, et.al.

One difference between the %(T) dilution measurements of CoFe,04 and
MnFe;0; is the dependence of the blocking temperature “decay” with dilution
percentage. Figure 7.7 overlays the blocking temperature data for the two samples. For
CoFe,04 nanoparticles, there is no change within experimental error in the bloéking
{emperature, until ~15% dilution, while the blocking temperature for MnFe;O4
nanoparticles continuously decreases over the entire dilution range. The difference in the
blocking temperature decay behavior with dilution for CoFe;04 and MnFe,04
nanoparticles can be understood in terms of their interaction strengths. The gradual
decrease in Ty for MnFe,04 nanoparticles is comparable to previous reports on Fe;O4
nanoparticles.”” Both of these materials have similar magnitude of their
magnetocrystalline anisotropy energies, 0.25 x 10° erg/cm3 and 1.2x 10° erg/cm’
respectively. CoFe;O4 on the olther hand has a magnetocrystalline anisotropy energy

value of 18 x 10° erg/cm3 . MnFe,O4 and Fe304 nanoparticles behave as weakly
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Figure 7.7. Comparison of dilution effects upon the blocking temperature for 8.5 nm
MnFe;O4 (m, solid line) and 8.5 nm MnFe,O4 (#, dashed line).

interacting systems; while CoFe,04 nanoparticles are strongly interacting systems.
Dormann et.al. has described the effect of dipblar interaction strength upon magnetic
properties for weakly and strongly coupled systems. The change in the energy barrier E4

for weakly interacting systems is given by’

EA

KV +

<n, SM;‘.V" <(Bcos’y,—1)* >

3k<d >

(7.3)

where <n> is the average number of next nearest neighbors, i is the location of a first
neighbor particle and d, is the average interparticle separation. Using this expression, the

blocking temperature of a system of weakly interacting particles is then given by'
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where & is <n> VARS € cos? v — 1)2 >/<d,%> and 1, 7, have been defined from the Néel
equation (1.11). The non-interacting case is for &, — 0. The blocking temperature for

strongly coupled systems, such as CoFe,04 nanopzirticles,‘ is given by'
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kin(t 7.°)
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The difference between the models is that the value of the blocking temperature at a
given separation is different for weakly interacting versus strongly interacting systems.
The “decay” behavior of the blocking temperature with increased interparticle separation
d, however, is consistent between these two models.

An important feature of strongly interacting systems is that the majority of
particles form clusters. Therefore two types of interactions are present — particle-particle
interactions and cluster-cluster interactions.'*® For highly concentrated samples cluster-
cluster interactions are dominant and the blocking temperature is determined by th.e
collective cluster behavior. The decay of the blocking temperatufe with separation for -
Mnfe204 closely resembles that expected from equation 7.4 Because the blocking

temperature of CoFe,O4 nanoparticles do not display the same fall off/decay behavior as
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would be expected from equations 7.4 and 7.5 the difference is likely due to the presence
of clusters of nanoparticles. As a result even upon dilution, interactions are present
within the clusters an‘d the blocking temperatﬁre remains ~ 236K. Below 15% dflution,
the system may be dilute enough that the interparﬁcle interaction effects are finally
observable.

Another unique diffefence between the magnetic responses of the CoFe,;O4 and
MnFe,0y; is their reduced remanence trend. The reduced remanence for CoFe;04
decreases with dilution (see Figure 7.3), whilé the reduced remanence for MnFe,O4
increases with dilution (see Figure 7.6). The value of Mr/Ms depends upon the
symmetry of the easy axis and the orientation of the easy axis with respect to the applied
magnetic field. For a particle with randomly oriented uniaxial easy axis, the value of
Mgr/Ms will be 0.5.7 For particles with cubic anisotropy and randomly oriented cubic
easy axes, the value of Mr/Ms will be 0.83.” The maximum value for the reduced
remanence for MnFe,04 was ~Of3, well below the theoretical value of 0.5, while for
CoFe;04, a material with a very strong cubic anisotropy, the maximum reduced
remanence value also falls below the theoretical value. Mr/Mg value;s that fall below the
theoretical reduced remanence are commonly observed in many magnetic nanoparticle
samples and are attributed to frustration of surface spins.

An increase in the feduced remanence with dilution as observed for 8.5 nm
MnFe;04 has also been reported for 7 nm Co nanoparticles dispersed in paraffin and for 4
nm y-Fe, O3 nanoparticles embedded into a silica matrix.>"® The values of MRr/Ms
increased from ~0.3 to 0.49 for Co dilutions of 100% and 2% respectively and from 0.37

to 0.45 for y-Fe,03 nanoparticle dilutions of 20% and 5% respectively.”"> In both cases,
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the Mgr/Ms value approaches the theoretical value of 0.5. Monte-Carlo simulations by ‘El-
Hilo, et.al. show that dipolar interaction effects decrease the reduced remanence.”'
Monte Carlo simulations by Kechrakos and Trohidou also show a decrease in Mr/Ms
with inéreasing particle concentration for moderate dipolar interailctions.22 This trend has
been explained by Held, et.al.’ as a result of the frustration of the surface magnetic
moments due to the competition between the interparticle dipolar interactions and the
individual anisotropy energy of the nanoparticle. In the very dilute samples, the surface
spins are not frustrated and the moment of the particle relaxes independently of its
neighbors. However, for the higher concentrations, the moments are no longer
independent and the spins relax to a local minimum in the energy barrier. As a result the
moment of some particles may not lie along their easy axis. Since the moment must
_move greater than 90°, from geometric considerations, the value of Mg/Ms falls below
0.5. Such an argument could apply to the MnFe;O4 nanoparticles, which display
increasing Mr/Ms values with incfeasing interparticle interactibns.

The opposite trend in reduced remanence occurs in CoFe;04. Compaction sfudies
on maghemite have also demonstrated increases in the reduced remanence with particle
concentration.?? Thié opposite respohse was quite surprising, ho.wever, Monte Carlo
simulations by Kechrakos and Trohidou demonstrates that the debendence of the reduced
remanence with sample concentration may vary depending upon the competitidn between
anisotropy and dipolar interac_tions.zz‘ For example, a decrease in M'R‘/Ms with increasing
particle concentration occurred for moderate dipolar interactions, while an increase in
Mgr/Ms with increasing particle concentration was observed for weakly interacting

systems. While the CoFe,;O4 nanoparticle system is certainly not a weakly interacting -
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system, another result from Kechrakos and Trohidou’s Monte Carlo simulation was that
dipole clusters also give rise to an increase in the reduced remanence of the
magnetization. If the CoFe,O4 nanoparticles form clusters at high concentrations as
suggested by their blocking temperature trend, such an increase in reduced remanence
may be attributed to the cluster collective behavior. |

One final difference between the magnetic response of CoFe;O4 and MnFe;04
naﬁoparticles upon dilution in eicosane is the behavior of the hlagnitude of the
susceptibility. ‘The magnitude of the susceptibility decreases with dilution for CoFe,O4
while it increases then decreases with dilution for MnFe,Q4. Previous dilution studies on
Fe304 ferrofluids show that the susceptibility increases with dilution.' The decrease in
susceptibility with increasing interactions was attributed to fhe increase in the energy
barrier for magnetization reversal Ex thereby decreasing the fraction of particles that
could overcome the energy barrier, thus lowering the susceptibility. This argument is not
useful for the differences observed here and may not be valid. The blocking tefﬁperature
data for both samples reported here show an increase in the energy barrier with
interactions, yet their susceptibility behavior varies. Furthermore, the susceptibility
generally ipcreéses with nanoparticles size (see Figure 3.5). By the argument of El-Hilo,
* the increasing energy barrier height resulting from the increased volume of the
nanoparticles should lead to a decrease in the susceptibility, which is not observed in
Figure 3.5. The fact that the susceptibility for CoFe,04 decreases with dilution could be
attributed to the cluster interactions. However, the unusual observation that the MvnFe204
nanoparticles increases and then decreases (like Col'e;O4) at low concentrations suggests

another origin. At this time though the reason for this behavior remains unclear.
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7.5 Conclusions

The effects of interparticle interactions upon the magnetic properties of CoFe;O4
and MnFé204 nanoparticles have been investigated via the systematic dilution of the
particles in eicosane. The blocking temperature for both spinel ferrite systems decreased
with dilution, i.e. decreased interparticle interactions. This finding is consistent with
Shtrikman-Wohlfarth (SW) and Dormann-Bessais-Fiorani (DBF) models which conclude
that interparticle interactions lead to an increase in the anisotropy energy barrier for
magnetization reversal Ex. The blocking temperature for MnFe;O4 nanoparticles a
decreased steadily with dilution, while the blocking temperature for CoFe;O4
nanoparticles remained constant until 15% at which point it then decreased with dilution.
This finding suggests the formation of particlé clusters in the strongly interacting
CoFey04 syste_m. The reduced remanence (MR/MS) decreased with interactions for
MnFe,04 nanoparticles, while it increased with interactions for CoFe;O4 nanoparticles.
The increase in reduced remanence for CoFe204 nanoparticles is also consistent with the

formation of nanoparticle clusters.
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CHAPTER 8

SYNTHESIS OF POLYSTYRENE COATED MANGANESE FERRITE

NANOPARTICLES USING ATOM TRANSFER RADICAL POLYMERIZATION

Abstract

MnFe,04/polystyrene core/shell nanoparticles have been prepared using atom
transfer ljadical polymerization methods. When 3-chloropropionic acid is used as the
surface initiator group, well-defined core-shell architecture is observed. Qn the other
hand, when the particle is modified with i-chlorobroprionic acid, a bimbdal distribution
of ~50 nm and ~70 nm polystyrene spheres containing 4-10 MnFe204 nanoparticl_es are

produced. The difference in architecture corresponds with the stability and reaction rate

- of the generated free radical.
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8.1 Introduction

in recent years there has been increased interést in coating surfaces of
nanoparticles with a thin shell material in order to reduce the increased surface reactivity
that occurs upon reduction of size, to tune the optical, magnetic, or catalytic properties of
nanopartiéles, and for the potential use of core-shell type materials in a wide range of
applications such as ordered composite films for electronic applications to biomedical
applications such as drug delivery.! Recently, methods to coat gold and silica
nanoparticles with polyméric shells for organized assembly have been reported.z’3 |
Methods to coat magnetic nanoparticles with a controllable siz.ed shell may aid in the
development of ordered arrays of magnetic nanoparticles and may open avenues for
exploring tunable magnetic properties for electronic applicatiohs. In electroﬁic
applications, magnetic couplings may be controlled through interparticle interactions and
~ processable films with ordered assemblies of particles may be cast.>* For in vivo
applications such as magnetic resonance imaging (MRI) éontrast agents and magnetically
guided drug deliVery,‘ coating with a polymer shell serves not only to protect the
nanoparticle from biological degradation, but may also serve as a targeting agent and/or '
drug release matrix.** To be viable for biomedical applications routes to improved
polymeric coatings on magnetic nanoparﬁcies are néeded. Currently, methods to form
magnetic polymer drug delivery systems results in particles that are too large to pass
through cell men.lbranesﬁ’7 The gaps in the endothelial lining of the blood vessels of the
liver, through which nanoparticles could pass, for example have been estimated to range
from 100-150 nm.® Therefore, for biological applications, the net size of the ma.gnetic
nanoparticle/polymer structure should ideally be below 100 nm. For efficient diffusion

through tissue for MRI applications, the size of the particles should be less than 20 nm.’
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* Previous studies prepared magnetic-polymer particles by using techniques such as
emulsion polymerization and solvent evaporation.”® These methods yield polymer
composites containing variable amounts of the magnetic nanoparticies and the size and
shape of the magnetib polymer composites is inconsistent. Furthermore, Vmost polymer
coating studies on magnetic nanoparticles form the nanoparticle core (typically Fe, Fe,O3,
or Fe;0y) in situ, which requires developing and/or testing new experimental conditions -
when another choice of maghetic core is desired.'®'? In this.study the MnFeZO4 -
nanoparticles were prepared by a reverse micelle microemulsion procedure, details of
which have been previously reported.'? Like iron and iron oxide nanoparticles, spinel
ferrite MnFe,O4 magnetic nanoparticles have a low blocking temperature that results in
superparamagnetism being exhibited at room temperature, thereby making them useful
" for biomedical applications.”*' Coating MnFe,04 with polystyrene requires an
additional synthesis step cbmpared to the in situ reactions used to coat magnetic
nanoparticles discussed above, but advantagés of using spinel ferrite nanoparticlés
synthesized by microemulsion methods include forming higher quality nanoparticles with
improved size distribution.'> Furthermore, by using microemulsion methods, a Qide
range of magnetic nanoparticle core materials méy be designed with a specific
superparamagnetic response.'® | | 7

Von Werne and Patten have applied atom transfer radical polymerization (ATRP)
methods to polymerize polymethyln%et}iacrylate and polystyrene from the surface of silica
nanoparticles, forming an inorgani(j: core surrounded by the respectful polymer.3 17 In this
method, polymerization initiators areg_clilemically bound to the surface of the inorganic
nanoparticles, and these modified Il)e;ftiiczles are then used as macroinitiators in the -

polymerization reaction. ATRP offers several advantages over other polymerization
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routes including surface initiation and control over molecular weight and molecular
weight distribution.'™'® Furthermore, the polymers can be end-functionalized and/or
block co-polymerized upon the addition of other monomers.'® Not only does this feature
offer tailorability of the polymer coating with a wide range of possibilities for
composition and functionality, but this feature may be important in biomedical
applications in order to derivatize the polymer shell with biological moieties for specific
cellular interactions.

This chapter discusses the synthesis of MnFe;04 nanoparticles coated with
polystyrene using atom transfer radical polymerization (ATRP) methods. The reaction
conditions are important in developing core/shell structures. Differences in the core/shell

structure are clear and are discussed in terms of radical concentration effects.

8.2 Experimental

MnFe,04 nanoparticles were separately prepared using a reverse micelle
microemulsion procedure.'3 To modify the'surface, ~9 nm MnFeZO,; nanoparticles were
stirred in 1.0 M NaOH for 12 hours. The particles were collected using a magnet and the
aqueous solution decénted. The particles weré then re-suspended ina 1.0 M aquebus
solution-of either 3-§hloropropﬁonic acid (Aldrich, 98%) or 2-chloropropionic acid
(Aldrich, 92%) and the pH adjusted to 4. After stirring overnight, the particles were
collected with a magnet aﬁd washed 3-4 times to remove any excess ligand. Copper (1)
chloride (0.3 mmol, J.T. Baker, 96%) and 4,4’-dinonyl-2,2’-dipyridyl (1.1 mmol, Aldrich,
97%) were dissolved in 4 mL p-xylene (Aldrich, 99%) or xylenes (Aldrich, AR). Dried
modified nanoparticles and 8 mL styrene (J.T. Baker, 99%, inhibitors removed) were

added to the xylene solution and the mixture heated to 130°C for 20-30 hours. All
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experiments were conducted under nitrogen atmosphere. The particles were collected
with a magnet and repeatedly washed with toluene.

Transmission electron microscopy was conducted using a JEOL 100C instrument
operating at 100 kV. Samples suspended in toluene wefe dispersed onto a holey carboﬁ
grid. Particle sizes were determined by manually counting over 100 particles. Hysteresis
measurements were performed at 5K in applied fields up to 5T using a MPMS-58 SQUID
magnetometer. Thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were collected from room temperature to 1000 °C at a heating rate of 17 °C /min

using a Netzsch Luxx STA 409 PG.

8.3 Results and Discussion

A scheme of the polymerization method is outlined in Figure 8.1. Using
carboxylic acid ligands that céntain a chlorine functionality allows for binding of an
initiator ligand onto the MnFeZO4 surface. Addition of Cu'Cl (stabilized by 4,4’-dinonyl-
2,2’-dipyridyl) results in the extraction of the cl group from the surface bound ligand,
forming the moré oxidatively stable Cu''Cl, and leaving behind a free radical localized on
the particle surface. This free radical will then initiate free radical polymerization with
the styrene monomer. Initial polymerization experiments were performed using 3-
chloropropionic acid as the surface initiator ligand and with xylenes as the solvent.
Photoacoustic infrared spectroscopy of the native MnFe,04 nanoparticles, the
- nanoparticles modified with 3-chloroproionic acid initiator ligand, and the nanoparticles

at the end of the polymerization reaction are shown in Figure 8.2. The photoacoustic
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Figure 8.1 Schematic of polystyrene coating procedure
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Figure 8.2. Photoacoustic infrared spectroscopy of as synthesized MnFe,O4 nanoparticles
(top), particles modified with 3-chloropropionic acid (middle), and after polymerization
(bottom) ’
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infrared spectra clearly demonstrate that 3-choloropropioic acid is attached to the

nanoparticle surface. After polymerization, the photoacoustic infrared spectra of the

dried product confirm the presence of polystyrene. Characteristic peaks of polystyrene at

2700-3500 cm™, 1000-1400 cm™, and 700 em™ are observed in the coated product spectra

that were not present in the spectra of the MnFe,0O4 nanoparticle precursors.

The TEM micrograph for the coated products prepared under these conditions is

-pre‘sented in Figure 8.3. Individual MnFe,O4 particles coated with a thin polystyrene

shell are observed. The average MnFe;O4 nanoparticle size was 9.3 1.5 nm witha 3.4 £

0.8 nm polystyrene shell. The few aggregates are likely due to chain entanglement during

solvent evaporation.3 Polystyrene phrticles without a MnFe,04 core were not observed.

2

4

et

Figure 8.3. TEM image of ~16 nm MnFe,;O4/polystyrene core/ shell nanoparticles
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Control experimérits were performed in which MnFe204 nanoparticles that had
not been modiﬁéd with 3-chloropropionic acid were used in thé polymerization reaction.
Although thermal polymerization will occur at the temperatures used in this reaction, the
control polymerization .reactions using unmodified MnFe,O4 nanoparticles showed no
observable polystyrene shell in the TEM micrographs. Funhermoré, no characteristic
polystyrene peaks were discernable in the photoacoustic infrared spectra.

In the above experiments, the 3-chloropropionic acid ligand was coupled to the
nanoparticle surfaée, in which the chlorine is in the B position. However, it is well known
that for atom transfer radical polymerizations, the best initiators are those alkyl halides
with the substitutent on the a — carbon.'® Therefore, synthesis of MnFe;O4/polystyrene
core/shell nanoparticles using 2-chloropropionic acid, an a — substituted ligand were
subsequently performed. The results indicate that MnFe,;O4 nanoparticles can be
successfully coated with polystyrene using either 2- or 3-chloropropionic acid. However,
the success in obtaining a discrete core/shell nanoparticle is dependent upon the initiator

“ligand. Figure 8.4 dispiays typical TEM images for MnFe,O4/polystyrene core/shell
samples prepared using 3-chloropropionic acid (Figure 8.4a) and 2-chloroproprionic acid
(Figure 8.4b) as the surface initiator‘groups. In both experiments, the solvent was p-
xylene and the reaction length was 30 hoﬁrs. It is clear that when 3-chloropropionic acid
is used as the surface initiator group a we]l-deﬁned core/shell architecture results. Figure
8.4a shows a‘ single ~ 10 nm MnFe204; nanoparticle surrounded by an ~ 15 nm
polystyrene shell; yielding a core/shell partic]e with size ~ 40 nm. However, when 2-
chloropropionic acid is used as the sur}‘face bound group, no core/shell structure is

observed. In Figure 8.4b, only a few ﬁanopatﬁcles consisting of a single MnFe,04
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nanoparticle with a polystyrene shéll are observed and the position of the MnFe204. is not
centered within the polymer shell. Instead of the core/shell structure, a polystyrene

| sphere containing 4-10 MnFe;O4 nanoparticles is observed. Most of the
MnFe,O4/polystyrene composite particles are ~ 51 nm, but a small fraction are ~ 79 nm.-
Polystyrene spheres without magnetic nanoparticies incorporated are also found,.which
was not observed when 3-chloropropionic acid was used as the surface initiator group.

As the reaction conditions for preparing polystyrene coated MnFe;04 |

. nanoparticles reported here are identical except fbr the surface initiator grbup, the
position of the chlorine (o or ) must aécount for the final architecture of the
MnFe,04/polystyrene particles. The main role of the alkyl halide is to determine the
number of initiated chains'® and as the formation of radicals is slow compared with
propagation, it is the rate-determining step.'® The effect of the surface initiators upon the
product properties has been demonstrated by von Werne and Patten. Surface
polymerization of styrene from 75 nm SiO; particles show good molecular weight control
while under the same conditions, poor molecular weight control was achieved when 300
nm SiO; particles were used.'” The differepce was attributed to a smaller amount of
initiator per gram of SiO; nanopafti;cles with incréased particle volume.

The difference between the fres:,ults of two differing initiator groups studied here is
likely due to the stability of the radical group. Secondary radicals are more stable than
primary radicals, have a faster reaction rate, and the transfer of the radic.al is more
efficient in secondary radicals than thé corresponding primary radical.'® 2-
chloropropionic acid, with the chlorine in the a —position will produce a secondary free
radical, while the nanoparticle with 3-chloropropionic acid coupled to the surface has the‘

chlorine in the B-position and hence will form a primary radical. The larger net size of
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the MnFe,04/polystyrene nanoparticles when 2-chloropropionic acid is used likely
.reﬂects this faster rate of reaction due to the increased radical stability. The probability of
radical interaction also is correspondingly higher with incréased free radical
concentration.' Due to the lower stability of the primary radical when 3-chloropropionivc
acid is used as the initiator species fewer radicals will exist. As a result, the probability
of ‘unfavorable’ interactions such as interparticle termination routes decreases and well-
defined core-shell structure is achieved. In the case of the alpha-linker, increased initiator
concentrations may lead to interactions between growing chains from different
nanoparticles and as such, large polystyrene particles which encapsulate many MnFe,04
nanoparticles are formed. By adjusting the reaction conditions with respect to the
initiator concentration, idealized core-shell samples méy be achieved using the o —linker
group. In the example of polystyrene grown from the surface 75 nm versus 300 nm SiO,
‘nanoparticles, von Werne and Patten found that addition of a small amount of free
initiator to the reaction solution of 300 nm SiO; nanoparticles improved the molecular

weight control.”

8.4 Conclusion

In summary, spinel ferrite MnFe,O4 nanoparticles have been coated with a thin
polystyrene shell using atom transfer radical polymerization. When the chlorine of the
surface ligénd is in the B position, well-defined core/shell architectures are observed.
However, when the chlorine is in the a position, the idealized core/shell architecture is
not achieved and a mixture of sizes of the MnFe,O4/polystyrene composite is observed.
Although MnFe,04 nanoparticles were used in this study, the selection of the magnetic

nanoparticle chosen for the core is dependent upon the desired superparamagnetic
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properties for a specific application. For examble, for data storage, the
superparamagnetic state must be avoided in order to retain data integrity, while in MRI
applications,‘superparamagnetism is crucial.>**! Using ATRP to coat MnFe;Oy4 With
polystyrene increases their potential for biomedical applications as the resﬁlting core-shell
nanoparticles are within the biological size restrictions. The polymer shel] may also be
easily modified for a particular biospecificity. Figure 8.5 demonstrates two routes for
bioengineering the surface. In the first example, in which styreﬁe-CHZCI is added dvuring
the polymerization, a chloromethylated polystyrene surface is created. The solid phase
peptide synthesis technique developed by Merrifield to syn;thesize vamino acids of any
length from chloromethylated polystyrene can be followed in order to easily added to
peptides to the MnFe;04/PS nanoparticle surface.” In the second example, a thiolated
alkene is added during polymerization in order to create a thiol—ri»ch surface. The using
dithiol exchange techniques, DNA can be attached to the MnFe,O4/PS nanoparticle

surface.
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Figure 8.5 Schematic of synthesis routes to biologically active surface
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CHAPTER 9

- MAGNETIC PROPERTIES OF MANGANESE FERRITE/POLYSTYRENE
CORE/SHELL NANOPARTICLES: A NON-DILUTION APPROACH TO

INVESTIGATE INTERPARTICLE INTERACTION EFFECTS
Abstract

MnFe,O4/polystyrene core/shell nanoparticles with variable shell thickness were
prepared using atom transfer radical polymerization methods. The magnetic properties
have been characterized as a function of shell thickness. The saturation maghetization
did not change upon coating, while the remnant magnetization and coercivity both
decreased upon coating with thicker polystyrene shells. The decrease in coercivity with
particle separation via thicker polystyrene shells is consistent with an decrease in the
anisotropy energy barrier Ex. The increase in the reduced remanence with interactions is

explained in terms of weakly interacting dipoles and Néel theory.

194



9.1 Introduction

Research into the properties of magnetic nanoparticles is of interest for both
fundamental studies as well as for their applicability in a number of industries such as
magnetic recording, voice coil motors, frictionless bearings, and biochemical
separétions.M Magnetic nanoparticles below a critical diameter exist as single domain
aﬁd the magnetizatioh vector no longer reverses by domain wall movement, but instead
through the coherent rotation of the magnetization vector. Single domain theories
describing the behavior of fine barticle magnetic systems have been developed since the
1940s.>7 Stoner and Wohlfa_rth first described thé behavior of a single domain particle
whose magnetization reverses through coherent rotation.” The energy barrier for

magnetization reversal E5 described by Stoner-Wohlfarth theory is
Ex =KV sin’0 9.1

where K is the magnetocrystalline anisotropy, V is the volume and 0 is the angle between
the easy axis of the nahoparticle and the magnetization direction. Control over the
magnetic properties, such as the superparamagnetic state, can be achieved by varying the
size of the nanoparticle or the magnetocrystalline anisotropy. Since the development of
Stoner-Wohlfarth theory, many factors such as surface anisotropy and iﬁterparticle
interactions have been found to contribute to the magnetic behavior of nanoparticles.
Knowledge of hovs} these factors contribute to or alter the magnetic properties of
nanoparticles is essential for the practical implementation of magnetic ﬁanoparticles in

applications such as magnetically guided drug delivery or magnetic resonance imaging

195



(MRI) contrast enhancement agents that require a modified surface and/or variable
concentration of particles in serum, for example.

Although interparticle interactions are known to affect the magnetic properties of N
magnetic nanoparticles, correlating the effect of particle-particle interactions with
changes in magnetization has still provided a challenge. The effects of interparticle
int;araction upon the magnetic properties of nanoparticles vary depending upon the
sample and in some cases, differing trends in magnetization with particle-particle
separation are 6bserved even for the same mate‘rial.s'14 In Chapter 7 differing magnetic
behavior was observed for 8.5 nm CoFe204‘ and 8.5 nfn MnFe,04 nanoparticles diluted
into eicosane. The different magnetic response upon dilution can be attributed to the
- strength of the dipolar couplings. CoFe,O4 has a large magnetocrystalline anisotropy and
is a strongly interacting system. In strongly interacting systems, clusters are known to |
form and the magnetic response of CoFe,QOj is suggested to result from collective cfuster
behavior. Although it is known that strongly interacting systems form clusters, recently
there has been increased evidence of cluster formation in weakly interactiﬁg systems,
such as magnetife and manganese zinc ferrite.!> The clusters form even at zero applied
field and the nanoparticles arrange into a cluster such thét a closed circuit or closed ﬂﬁx
loop forms."'® Computer simulations be Chantrell, et.al. support this finding. The
formation of closed chains of magnetic colloid; particles was predicted even under Zero
ﬁel‘d.”"8 Monte Carlo simulations by Kechralj(os and Trohidou also show that around a

percolation threshold, dipoles clusters form wiih a nose-to-tail ordering of their magnetic

I
|
|

moments.'” : -
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Experimentally, the effects of interparticle interactions upon magnetic properties
are typically investigated by dilution of ferrofluids. The rational is that there exists a
lower probability for particles to be located next to one aﬁother in the more diluted
samples and therefore it is assumed that interparticle interactions decrease with
increasing dilutions. However, the fact that even upon dilution, closed flux loop clusters
may form in weakly interacting nanoparticle systems, suggests that dilution of magnetic
nanoparticles may not i)rovide true particle separation and cannot yield a straightforward
analysis of interparticle interaction effects. In this chapter the magnetic properties of
MnFe,O4/polystyrene core/shell nanoparticles are reported. By adjusting the thickness of
the polymer shell, the particles can be physically separated by variable amounts thereby

providing a new approach for investigating interparticle interaction effects.

9.2 Experimental

MnFe,O4/polystyrene core/shell nanoparticles were prepared using atom transfer
radical polymerization methods reported elsewhere.2’ All samples were prepared using
3-chloropropionic acid and MnFe;O4 nanoparticle cores synthesized using reverse
‘ micelleA microemulsion methods with size 18.5 nm. Shell thicknesses were varied by
adjusting the reaction time, the choice of solvent, and th¢ volume of solvent used in the
synthesis. Transmission electron microscopy experiments were performed on a JEOL
100C operating at 100kV. Thermogravitemetric analysis used to quantify the mass of
polystyrene were collected from room temperature to 1000 °C at a heating rate of 17 °C
/min using a Netzsch Luxx STA 409 PG. Hysteresis measurements were collected on a

Quantum Design MPMS-5S SQUID magnetometer at 5 K with applied fields £ 5 T.
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9.3 Magnetization Results

Figure 9.1 shows a typical hysteresis curve of 18.5 nm MnFe,04 nanoparticles
before and after coating with polystyrene. The magnetization has been corrected for
polymer mass determined from thermogravimetric analysis (TGA) experiments and
therefore is reported in emu/g of MnFe,04. It is clear that the saturation magnetization
remains constant after addition of the polystyréné shell. However, from the inset, it is
clear that the remnant magnetization and the coercivity decrease after coating with

polystyrene. When the thickness of the polystyrene shell is allowed to vary, further
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Figure 9.1. Expanded region of hysteresis curve at 5 K for polystyrene coated (——, 0)
and native 18.5 nm MnFe,O4 (—,0).
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decreases in the coercivity and remnant magnetization occur. The percentage decrease in
the coercivity of the coated particles with respect to the native 18.5 nm MnFe,04
nanoparticle for a number of samples is shown in Figure 9.2. Due to the fact that
accurate measurements of small variations in shell thickness are difficult to achieve from
our TEM studies, the data is plotted in terms of mass loss determined from TGA
experiments. The coercivity of the MnFeéO4 nanoparticles decreases by ~ 5% upon
attaching the surface initiators ligand, in this case, 3-chloroproionic acid. Upon coating
with pdlystyrene, the percentage coercivity decrease jumps to 15 25 % in which the
percentage coercivity decrease becomes larger with increasing mass loss (i.e. a thicker

polystyrene shell).

20

15

% Decrease in Coercivity

o | | L 1 | | ]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Mass Loss (%)

Figure 9.2 Percentage decrease in the coercivity of polystyrene coated MnFe,04
nanoparticles (m) and 3-chloropropionic acid modified MnFe;04 (@) with respect to
native 18.5 nm MnFe,04. The line serves only to guide the eye.
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The reduced remanence (Mgr/Ms) of the magnetization determined from the .
hysteresis measurements at 5 K is shown as a function of polystyrene mass loss in Figure
- 9.3. The reduced remanence (Mr/Ms) decreases with increasing polymer coating, with
values ranging from 0.33 for the native MnFe,0O4 to 0.26 for the thickest coating of .
polystyrene on MnFe;O4. These values clearly fall well Be]ow the ideal theoretical value

of 0.5 for non-interacting randomly oriented particles.

0.32

0.30

Mg/Ms

0.28

0.26

I L1 I 1 1 1
00 05 10 15 20 25 30 35

Mass Loss (%)

Figure 9.3 Variation of reduced remanence (Mr/Ms) for native 18.5 nm MnFe;O4
nanoparticles (A ), 3-chloropropionic acid modified nanoparticles (®) and polystyrene
coated nanoparticles (m). The line serves only to guide the eye.
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9.4 Discussion

The reduced coercivity for 3-chloropropionic acid — modified MnFe;04 ‘
nanoparticles can be understood in terms of a reduction in surface anisotropy. Surface
anisotropy in nanoparticles results from the reducéd spin-orbital couplings at the particles
surface due to the incomplete coordinatioﬁ sphere of the surface jons.?' Qualitatively,
adsorbed ligands can be viewed as effectively taking the positions of the missing oxygen
atoms, making the symmetry and crystal field of the surface metal ion to more closely
resemble that of the core. Such changes certainly affect the surface anisotropy and
consequently the coercivity of ﬁanoparticles. Vestal and Zhang have recently reported a
correlation between the magnitude of coercivity decrease and the crystal field
stabilizatioﬁ energy evoked by the bound ligand.22 The results found here when 3-
chloroproprionic acid is attached to the surface of MnFe,04 nanoparticles is consistent
with the effects of substituted benzene ligands (Y-Cg¢Hs) attached to the surface of
MnFe;O4 nanoparticlc:s.22

The further decrease in the coercivity by 10 — 15% after the subsequent cbati;lg
with polystyrene is consistent with the effects of interparticle interaction. Several models
~have been deveioped to account for the effects of interparticle interactions upon magnetic
properties.9’23 The majority of dilution studies investigating the effects of interparticle
interaction show an increase in blocking temperature and coercivity with increasing
interactions.'>"*#?%  This data supports the Shtrikman-WohIfarth and Dormann-
Bessais-Fiorani models for interparticl‘e interactions. The results of these models suggest
that the Stoner-Wohlfarth single domain energy barrier for magnetization reversall Ea

increases due to the interparticle interactions as
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EA=KVsin®0+B; (9.2)

where B; is the interaction term whose form varies from model to model. Therefore,
increasing interparticle interactions would require higher temperatures and stronger fields
to oVercome the energy barrier, hence the blocking temperature and coercivity of the
nanoparticles increases. The fact that the coercivity decrease observed here correlates
with increasing particle separation resulting from a thicker polystyrene shell is consistent
with equation 9.2 and interparticle interactions effects described by Dormann, et.al.

It is clear from Figure 9.3 that the reduced remanence (MR/MSI) decreéses with
increasing polymer coating, with values ranging from 0.33 for the native MnFe,O4 to
0.26 for the thickest coating of polystyrene on MnFe,O4. These values clearly fall well
below the ideal theoretical value of 0.5 for non-interacting randomly oriented particles.
Reduced remaﬂence values falling below 0.5 are commonly observed in many ferrite
nanoparticle systems and are suggested to result from frustration induced by the effects of
competition between interparticle interactions and intraparticle anisotropy on the spin
relaxation process.® The fact that the redljlced remanence decreases with particle
separation was surprising. The reduced remanence of Co and y-Fe,O3 nanoparticles
increases, approaching the theoretical value, when the interparticle interactions are
reduced, by either reducing particle concentration or by dilution in a matrix.®3%3!
Furthermore, the results in Chapter 7 for dilution studies on 8.5 nm MnFe;04
nanoparticles also show an increase in the reduced remanence with decreasing particle-

particle interactions. An increase in reduced remanence with increased interactions like
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that observed in Figure 9.3 was observed for 8.5 nm CoFe;04. However, the reasoning
for such behavior was attributed to cluster phenomena. Here the particles are physically
isolated from one another by the polystyrene shell and cluster behavior cannot account
for the reduced remanence trend.

Monte Carlo simulations by Kechrakos and Trohidou show not only does cluster
behavior give rise to an increased reduced remanence, but that the reduced remanence
also increases with barticle concentrétion for weakly interacting systems. This increase is
only observed for a specific range of interaction strengths; For moderate interaction
strengths, the reduced remanence decreases with particle interactions. The results of the
Monte Carlo simulaﬁons agree with experimental reports. Fdr example, experiments by
Luo et.al. found that the reduced remanence of Fe304 nanoparticles decreased with
interactions.?”’ The interaction strength g/k (definitions not provided in the paper) for this
nanoparticle’s parameters was ~1 19 At this value, the Mohte Carlo sirhulation by
Kechrakos and Trohidou predicted a decrease. On the other hand, the reducedv remanence
of y-Fe;Oj3 nanoparticles reported by Merup et.al. increased with interactions.?> The
interaction strength corresppnding to th¢se particles was g/k ~0.34, which according to
the sirﬁulation should yield an increase in the reduced remanence as was observed. The
increase in reduced remanence for the bolystyrene coating MnFe;O4 reported here might
be a result of the weakly interacting dipolar strength. The difference between the trend
rgported here and that of 8.5 nm MnFe,04 nanoparticles in Chapter 7 may result from the
different synthesis methods used to prepare MnFe;O4 and the different size of the

nanoparticles. Furthermore, the presence of the polystyrene shell may weaken the
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exchange and dipolar interactions more than the oleic acid capping group and as a résult,

this system falls into the weakly interacting region described by Kechrakos and Trohidou.
The reduced remanence trend can also be understood in terms of the effects of the

spin relaxation process. The relaxation of a magnétic moment has been described by

Néel as
t=19 exp(Ea/kgT)  (9.3)

where 1¢ is the attempt time whose Qalue ranges from 10°-107"2 s, kg is the Boltzmann
constant, and E, is the energy barrier defined in equation 9.1.3 If E, increases due to
interparticle interactions as given in equation 9.2, the relaxation time t must increase with
increasing interparticle interactions.
Néel has also described the decay of the remnant moment of an assembly of

single domain particles as
Mg(t) = M(0) exp (-t/ 1) 9.4)

where Mg(t) is the remnant magnetization at time t, and T is the relaxation time given in
equation 9.3. The increase in 7 resulting from interparticle interactions as described
above will thereby lead to an increase in Mg(t) for a given measurement time. This result
is experimentally observed here. In Figure 9.3 it is clear that My, is larger for the native
MnFe,04 nanoparticle compared to the polystyrene-coated MnFe;Oj4 in which particle- -

particle interactions are reduced. Since the saturation magnetization Ms remains constant
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even after coating with polystyrene, the reduced remanence (Mr/Ms) must scale with Mg.
As such, for a consistent measurement time, the reduced remanence will decrease with
decreasing interparticle interactions due to the impact upon relaxation times. This trend

is observed in the polystyrene-coated MnFe,O4 samples.

9.5 Conclusiohs

Interparticle interaction effects were investigated using MnFe;O4/polystyrene
core/shell nanoparticles. The magnetic properties of the MnFe204/polystyrene core/shell
samples were dependent upon the shell thickness. The coercivity is increasingly reduced
for samples wi-th a thicker polystyrene shell. This observation is in accordance with
interparticle interaction effects suggesting a decrease in the energy barrier for
magnetization reversal with decreased interactions. The increasing reduced remanence
trend with pgrticle interactions observed here is consistent with Monte Carlo simulations
for weakly interacting systems. Furthermore, as the saturation magnetization does not

change upon coating, the reduced remanence trend can also be explained in terms of

Néel’s spin relaxation theory.
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CHAPTER 10

SYNTHESIS AND MAGNETIC CHARACTERIZATION OF MANGANESE AND
COBALT SPINEL FERRITE-SILICA NANOPARTICLES WITH TUNABLE

MAGNETIC CORE

Abstract

A silica coating method on CoFe;04 and MnFe,04 spinel ferrite nanoparticles has A
been developed by using a reverse micelle microemulsion approach. Since magnetic
nanoparticulate cores have been controllably synthesized prior to ihe encapsulation
process, a great flexibility in tuning the magnetic properties of this magnetic nano-
composite system can be achieved by independently controlling the magnetic properties

of nanoparticulate cores. For these spinel ferrite nanoparticles, the saturation and remnant
magnetizations decrease upon silica coating. The coercivity of silica-coated CoFe;O4
nanoparticles does not show any change after coating, while the coercivity of MnFe;O4

nanoparticles decreases by 10% after they have been coated with silica.
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10.1 Introduction-

, The unique physical properties of nanoscale magnetic materials such as
superparamagnetism have generated considerable interest for their use in a wide range of
diverse applications from data information storage to in vivo magnetic manipulation in
biomedical systeins."2 Many technological applications require magnetic nanoparticles
to be embedded in a non-magnetic matrix. Over the past few years, increaséd attention
has been focused on the preparation of various nanostructures With magnetic
nanoparticulate components and on understanding the magnetic behavior of nanoparticles
due to new possible surface, inter-particle, and exchange interactions in a magnetic/non-
magnetic matrix.’ Encapsulating magngtic nanoparticles in silica is a promising and
important approach in the development of magnetic nanoparticles for technological and
biomedical applications. For magneto-electronic applications, silica coated nanoparticles
could be used to form ordered arrays with inter-particle magnetic couplings controlled

"through the silica shell thickness.* The rich and well documented biocompatible
chemistry of silica colloids may allow for practical implementation of magnetic
nanoparticles in magnetically guided drug delivery, tumor targeting, and magnetically
assisted chemical separation of cells and{dr pro:teins.s'7 The silica'shell certainly provi.des
a chemically inert surface for the nanobafticulate system in biological systems.
Moreover, it greatly improves the hydrophilicity of the magnetic nanoparticles.

Methods to coat magnetic nanoparticles with silica that have been reported over
the past decade include sol-gel, aerosol pyrolysis, and Stober processes.”'> Many of the
early reported methods produced a mixture of coated and uncoated particles."” Very

recently, the preparation of magnetic nanoparticle-silica core-shell architectures has been
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reported by using surfactant microemulsion.'®'” Although advances have been achieved
in preparing silica-magnetic nanoparticle composites, the magnetic nanoparticles used in
the studies (typically Fe, Fe;0;, or Fe30,) are often prepared in situ 21" The in situ
preparation of nanoparﬁcles often suffers in the poor quality of the m.agnetic core. A
mixture of several iron oxide phases and poor crystallinity for the éore, and a large
dispersity in core nanoparticle size are commonly encountered in many of the synthesis
procedures, which certainly ;nuddle the interpretation of magnetic properties.””3

Furthermore, if a different magnetic core is desired, a new set of reactio-n conditions are

most likely required to be developed for each core material.

A two step Stober process has generated magnétite silica core-shell nanostructure
with good quality.'® But the magnetic features of this nanostructure were unknown since
no magnetic characterization was provided for the core nanoparticles and the core-shell
systems. There even was no crystallinity information for the core. The microemulsion
method using surfactant sodium bis(2-ethyl) sulfosuccinate (AOT) or its mixture with
polyoxyethylene(4)lauryl ether (Brij30) has showp that paramagnetic ZnFe;O4
nanoparticles can be coated with a silica shell. However, it is difficult to obtain discrete
core-shell nanostructure.'® Under transmissidn electron microscopy (TEM), the §ilica
shells seem .mOre or less fused With each otherv between the core-shell nanoparticles.
Using polyoxyethylene(l5)cetyl§e:ther;for' the synthesis, TEM has shown the good quality
of core-shell nanostructure.'’? Névérthéicss, this synthesis method has been employed

‘concurrently with in situ preparajltion of iron oxidel or cobalt ferrite core and subsequently

with thermal annealing at tempe?ratlirefs:as high as 800-1000 °C. A variety of iron oxide
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phases always co-exist in the core of this nanostructure, which make the core-shell
nanopérticles magnetically poorly defined and their magnetic properties hard to control.
In this chapter the use of reverse micelle microemulsion method with the
surfactant polyoxyethylene(S)nonylphenyl ether (Igepal CO-520) to prepare silica coated
magnetic spinel ferrite nanoparticles (MFe,O4; M ='Co, Mn, Fe, Ni, Mg...) with a
tunable core is reported. High quality spinel ferrite nanoparticles with a narrow size
distribution (typically 9-15%) are prepared prior to silica shell formation. Such two
separate steps for the synthesis of core-shell nanostructure allow great flexibility in the
selection of the magnetic core chosen for its desired magnetic response. There is no need
for re-inventing the reaction procedure when a different magnetic core is chosen. This
chapter demonstrates the ability to encapsuléte two different spinel ferrite nanoparticles,
CoFe 04 and MnFe,04 in‘silica and report the effects upon‘ the magnetic propertieé of

nanoparticles from silica shell.

10.2 Experimental

Both C_oFé204 and MnFe,04 nanoparticles were separately prepared prior to silica
coating using microemulsion procedurcs. C0F6204 nanoparticles with a mean size of ~
4-25 nm were-prepared using normal rrﬁcelle microemulsion methods.'® MnFe,04
nanoparticles with size ~ 8-25nm were prepared using reverse micelle microemulsion
methods.' To encapsulate the ferrite nanoparticles in silica, a reverse micelle
microemulsion procedure was developed. The respective spinel nanoparticulate powder
sample (100 mg) was mixed with concentrated NH;OH (J.T. Baker, 3.5mL) and the

slurry was sonicated (Fisher Scientific Solid State Ultrasonic F5-14) for ~15 minutes. To
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form reverse micelles, d.OSM Igepal CO-520 in Icyclohexane (Aldrich, 500 mL) was
added to the base/nanoparticle mixture followed by tetracthylorthosilicate, TEOS
(Aldrich, 3.0 mL). The solution was sonicated for ~30 minutes and then stirred for 5
days. The particles were collected by a magnet and the cyclohexane supernatant was
decanted. The particles were washed with methanol then distilled water several times.
Between each washing step, the particles were collected with a magnet.

X-ray diffraction studiés were performed on a Bruker D8 Advance diffractometer
wﬁh Cu K, radiation. SQUID magnetometry measurements were performed on a
Quantum Design MPMS-5S SQUID magnetometer. TEM measurements were

performed on a JEOL 100C TEM operating at 100 kV.

10.3 Results and Discussion

Typical x-ray diffraction patterns for the ferrite nanoparticles before and after
silica coating are shown in Figure 10.1. As seen in Figure 10.1a, Bragg reflections for
the ferrite nanoparticles can be indexed to a pure spinel phase. X-ray diffraction pattern
remains identical in Figure 10.1b, indicating that the silica éhell is amorphous and the
crystallinity of the magnetic nanoparticulate core is retained after the coating pfocedure.
BET N, adsorption experiments indicate that the silica shell is non-porous. Figure 10.2
shows a typical TEM micrograph for the spinel ferrite-silica nanoparticles. Samples were
suspended in water and dispersed onto a holey carbon grid for TEM studies with a JEOL
100C operating at 100 kV. The average size of the ferrite-silica nanoparticles was 64.5
nm for coated 13 nm CoFe,04 particles and 76.5 nm for coated 12 nm MnFe,Oy4 particles.

Both nanoparticulate systems had a size distribution of ~15%. Occasionally non-coated
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ferrite nanoparticles are observed under TEM, however they amount to less than 1% of
the sample. Samples of similar quality are obtained when the ferrite core is varied
between 4 - 20 nm. However, when the ferrite core is larger than 25 nm the fraction of

uncoated particles increases greatly, reaching ~50%.

311

311

2 Theta

Figure 10.1 Powder x-ray diffraction pattern for (a) native 13 nm CoFe,04 nanoparticles
and (b) 13 nm CoFe,04 nanoparticles coated with silica
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Figure 10.2 TEM micrograph of silica-MnFe,Oj4 particles. Inset shows a higher -
magnification of a silica-ferrite nanoparticle with diameter 79 nm.

Pure SiO; nanoparticles, prepared _following the same procedure of silica shell
formation but without the addition of the magnetic nanoparticies, have shown spherical
shapes with a size of ~59 nm. As Figure 10.2 shows, inclusion of the magnetic
nanoparticles increases the size of the final nanoparticulate composite and the contour of
the silica composite exhibits distortions reflecting the shape of the ferrite nanoparticles.

Although the Size of SiO, spheres can be tuned by varying the water to surfactant ratio,?
| small deviations from the water to surfactant ratio in these reaction conditions causes a
lack of inclusion of magnetic nanoparticles into the silica shell. When the Igepal CO-520
concentratioﬁ is increased or the concentration of water varied, a mixture of pure SiO,
“nanoparticles and ﬁncoated fnagnetic nanopérticles are observed under TEM. Instead, the

control over the size of the silica thickness can be achieved by varying the reaction time.
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Dried nanoparticles were characterized with a Quantum Design MPMS-5S
SQUID magnetometer. Temperature. dependent zero field cooled (ZFC) and field cooled
(FC) susceptibility measurements reveal that tﬁe blocking temperature for both_the
CoFe;04 and MnFe;04 samples did not chaﬁge upon coating with silica ‘shell. Figure
'10.3 shows the field dependent magnetization at 5 K of ~13 nm CoFe,04 nanoparticles
before and after silica coating. The saturation magnetization (Ms) and remanent
magnetization (M) clearly decrease upon coating while the coercivity (Hc) ren'lains
nearly constant. Figure 10.4 shows the field dependent magnetization results for ~12 nm
MnFe;04 particles. The saturatioﬁ and remanent magnetization also decrease upon
coating with silica. The coercivity for silica coated MnFe,04 is 715 G, which is a 10%
decrease in the. coercivity with respect to the bare MnFe;04 nanoparticles (798G). This
certainly is much higher than a 1% change in coercivity upon coating CoFe204 with
silica.

The energy barrier (Ea) for rotation of magnetization orientation in a single

domain particle has been described by the Stoner-Wohlfarth theory and is given by

I EA KVsme e 10.0)
where K is the anisotropy‘of the rﬁaterial 'V is the volume of the nanoparticle, and 0 is
the angle between an apphed magnetlc ﬁeld and the easy axis of a nanoparticle.”! The
blocking temperature of a mater1a1 is deﬁned as the temperature for a given measurement
‘ P i
time at which the momen:tsareno} Iongeri blocked and are able to overcome the energy

barrier E5. The coercivity can be considered as a measure of the magnetic field strength

216



=+ 13 nm CoFe, O,
-60 - , © Silica Coated

80 I ] |

-40x10° 0 20 40
H (G)
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that is required to achieve changes of magnetization direction in a material.*2

Lowering
the anisotropy of a material will lowef the activation energy barrier following Equation
10.1 and results in a lower blocking temperature and a lower applied field required for
spin reversal, i.e. a lower coercivity. As the observed magnétic properties of
nanoparticles are a combination of many anisotropy mechanisms such as
magnetocrystalline anisotropy, surface anisotropy and interparticle interactions, coating
ferrite nanoparticles with silica will likely affect the contributions of the surface
anisotropy and interparticle interactions to the net anisotropy K.

Many authors have reported lower blocking temperatures and é.maller coercivities
for ferrofluid samples when interparticle interactions are decreased via dilution.??*
However, the effects are typically seen when the volume fraction of nanoparticles is <
10-20%. At larger packing fractions, the magnitude of the particle-particle separations as -
a function. of particle volume concentration is likely not significantly reduced to resolve
changes in properties. In this study, the blocking temperature of the ferrite-silica
particles did not change with respect to the native ferrite and the coercivity of the
CoFe;04-silica particles aiso did not change within experimental error. In Chapter 7, the
effect of dilution upon the magnetic properties of CoFe;04 was discussed. The blocking
temperature of ~ 8.5 nm CoFe;O4 remained constant at 236 = 1 K down to 5% mass
percentage dilutions. At 0.005%, the blocking temperature was diminished to only 230 K
from the “bulk” undiluted sample. At the volume fraction of the CoFe,04 nanoparticle

dispersed in the silica in this study, such dilution is likely not great enough to result in a

change in the blocking temperature or coercivity.
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The magnetic properties observed for the ferrite-silica particles are more
consistent with chahges to the surface anisotropy. Néel first proposed the presence of
surface anisotropy to account for the effects of symmetry reduction at nanoparticle
surfaces upon spin-orbit couplings.”® The surface anisotropy (K) of a nanoparticle

contributes to the total magnetic anisotropy as
K =Ky + (6/d) K, (10.2)

where.leal is the “bulk” magnetocrystalline anisotropy and d is the paArticle diamett_ar.26
Because the surface anisotropy is known to decreases upon coating,” K will become
smaller and hence a smaller coercivity is expected. Recently Vestal ‘and Zhang have
reported that ligands, such as benzoic acid, bound onto the surface of MﬁFe204
nanoparticles will reduce the coercivity with respect to the native MnFe,O4 nanoparticle
and can be explained as a reduction of the surface anisotropy.? Despite the decrease in
coercivity, the blocking temperature of the modified particles remained constant. A
similar result is found here; the coercivity of MnFe,Os-silica particles decreases by ~10%
with respect to the native MnFe;O4 ngrfibpartic]e, buf the ;Blocking temperature does not
vary. This consistency suggests that the changes in the surface anisotropy lead to the
observed magnetic behaviojr of .th'e ferrite-silica particles.

The fact that the MnFe,O4-silica particles display a coercivity decrease, while
CoFe;04-silica particles shé)w no coercii/ity change is likely due to the different

contribution of the magnetécrystalline anisotropy to the net anisotropy of the sample.

The MnFe,0O4 nanoparticles have a weaker magnetocrystalline anisotropy (K = 0.056
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J/em®),” while the magnetic allisotropy in CoFe;04 nanopanicleg is high (K =0.22
Jiem®).'® After the formation of ferrite-silica nanoparticles, the surface anisotropy of the '
magnetic core is expected to change as discussed above. Similar changes in surface
anisotropy (AKj) as a result of coating with silica will display a more pronounced effect
on K for ferrite-silica composite samples with a smaller magnitude of original
magnetocrystalline anisotropy such as MnFe,04 and hence a larger effect on Hc is
observed. A similar result is observed for the effects of ligand modification upon the
magnetic properties of MnFe,O4 and CoFe;04 nanoparticles. For example, ~ 4 nm
MnFe,04 nanoparticles show a ~ 50% decrease in the coercivity after médiﬁcation with

benzenethiol . ?

However, the coercivity of ~ 4 nm CoFe 04 after modification with
benzenethiol decreases by only ~ 7 %.

The observed decrease in the magnetization values reflects the standard practice
of normalizing the magnetization by sample mass. In the silica-coated samples, there is |
less magnetic material per gram and the magnetization readings are divided by substantial
mass of silica. Consequently, both the saturation and remnant magnetization values
decrease upon silica coating. Attempts to quantify the percentage of magnetic material in
order to normalize by mass of magnetic material have been unsuccessful as methods to |
dissolve the silica coating also destroy or alter the ferrite particles. O‘ther reports follow a
similar methodology and report the magnétic properties per silica + magnetic
nanoparticle net mass.>1 61730 'fhe reduced remanence value (Mr/Ms) does not
significantly change from the native CoFe;O4 nanoparticles (0.64) and the silica coated

core-shell nanoparticles (0.67). Similarly, the reduced remanence remains comparable

for the uncoated MnFe;O4 nanoparticles (0.43) and the silica-coated sample (0.41). This
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consistency in the shape of the hysteresis curves further confirms that the observed
decreases in magnetization are primarily due to a lower amount of magnetic material pef
mass rather than aﬁy potential magnetic couplings of spins at the interface between the

magnetic nanoparticulate core and the silica shell matrix.

10.4 Conclusion

In summary, two spinel ferrite MFe,04 (M = Co, Mn) nanoparticles have been
coated with silica using a reverse micelle microemulsion method. Both spinel ferrite core
materials were prepared prior to encapsulating with silica and therefore, versatility in the
selection of the magnetic core is possible without theAneed to develop a new set of
synthesis conditions when a new magnetic core is desired. Magnetic measurements show
a reduction in saturation and re'm'c-ment magnetization that is attributed to the reduced
portion of magnetic material per gram of ferfite-silica composite nanopaﬂicles.' The
coercivity of MnFe,0-silica nanoparticles decreéses a small amount from the value in
native magnetic nanoparticles, which was not observed for the CoFe;04-silica system.
This decrease is likely due to the larger contribution of the surface anisotropy to the total
anisotropy of MnFe;04 nano.par:ticles due to its weaker magnetocrys.talline anisotropy.
Using the reverse micelle microému]sion method, a wide range of spinel ferrite
nanoparticle cores can easily be coated with a silica shell. Such a method increases the
potential for development of tunable magnetic silica for magneto-electronic and

biomedical applications.
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APPENDIX A

SYNTHESIS OF MAGNESIUM ALUMINUM OXIDE/COBALT FERRITE
CORE/SHELL NANOPARTICLES AND THEIR MAGNETIC

CHARACTERIZATION

Abstract

Magnesium aluminum oxide, MgAl,O4 spinel nanopaﬁicles have been
synthesized using normal micelle microemulsion methods. A mixed magnesium-
aiuminum hydroxideA is initially formed which after annealjng at 600 °C forms
nanocrysta]line MgAl,O4 spinel. By controlling reactant concentration in the micelle
solution, the particle size has been tuned over the range 4 — 20 nm. The reaction
Apathw~ays have been determined by using the characterization metho_ds such as X-ray
diffraction, thermogravimetric anélysis (TGA) and differential scanning calorimetry
(DSC). Core/shell MgAl,04/CoFe,04 nanopartiéles_ were prepared uSing seed-mediated
methqu. The magnetic properties showed unusual behavior — coercivity increased with
shell thickness, while the blocking tem‘perature decreased then increased with shell

thickness.
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A.l1 Introduction

Spinel proper, MgA1204 is used in a wide range of applications such as catalysis
and sensors.' For many of its applications, a high surface area is greatly desired.
Nanometer-sized spinel particles certainly offer great advantages for the fulfillment of
this requirement.* Nanosize spinel particles havé been previously prepared by methods
such as sol-gel, spray-drying, complexation, co-precipitation, and decomposition of metal
alkoxides.”® Although these synthesis routes produce nanosized par_ticles_, ease of tuning
particle size is difficult. Furthermore, most of_ the above-described methods require
employing costly equipment. The expensive and moisture-sensitive precursors in these
methods also drive up the cost greatly for producing large quantities of high surface area
MgAl,0O4 powders.

Over the past decade, microemulsion synthesis methods utilizing normal micelles
have emerged as a versatile route to form a wide range of nanoparticle materials. Metal
(e.g. Cu), semiconductor (e.g CdS), and spinel ferﬁte (e.g. CoFe2'04) nanopartigles with
low size dispersity have been prepared using this method.”'? One advantage of this
versatile method is that the nan_opartick size can be easily adjusted by small condition
changes in the synthesis proqedurg. For éxample, chemometric modeling has shonn that
adjusting the metal cation con(%entration and the reaction temperature allow control over
the size of spinel ferrite nariop’allrticle.13 The feasibility of using these simple synthesis
adjustments to control nanopaﬁicle sizé was demonstrated for a range of spinel ferrite
nanoparticles - CoFe,04, ZnFe,04, and MgFe,;04, which possess unique and important
magnetic properties. MgAL,Oy4 spinel nanoparticles are non-magnetic. However, they

have the same features in terms of crystallographic structures, chemical coordinations and
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bonding. Moreover, the surface structure of the nanoparticles is the same. The successful
synthesis of MgAl,O4 spinel nanoparticles using similar microemulsion methods will
help us in understanding of magnetic properties of spinel ferrite nanoparticles at the
atomic level. |

. Here the use of normal micelle microemulsion methods for the synthesis of
MgAl,O, nanoparticles is reported. This aqueous method uses readily available,
inexpensive, and easily handled precursors of Mg(NO3), and AI(NO3)3, and eliminates
the extra handling reduirements that usually associate with moisture sensitive precursors.
Using the chemometric model developed in normal micelle microemuision methods for
size control synthesis of spinel ferrite MFe,O4 nanoparticles, the size of the MgA1§O4
nanoparticles can be tuned by minor adjustments to the synthesis conditions.
Furthermore, the synthesis and magnetfc properties of core/shell magnetic nanoparticles
with MgAl,O4 nanoparticles used as a non-magnetic core and CoFe;O4 serving as a shell
material are discussed. As the core is non-magnetic this system provides a unique

opportunity to isolate the contributions of a magnetic surface to the magnetic properties.

A.2 Experimental

j.‘f L
P
i

A.2.1 MgAlL O, Nanopa‘_rtijéleﬂ Synthesis

A normal micelle miCroémulsion method was used to prepare MgAl,O4 spinel

nanoparticles. Aqueous $Q1utiqfls of Mg(NOs);, (Fisher, 0.008M) and AI(NO;);3 (Fisher,

0.016M) were added to an aduébus solution sodium dodecyl sulfate (Aldrich, 0.090M) to
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form the normal micelles. NHsOH (Fisher, 30% wt) was added dropwise until the pH

 reached ~10.3, and then the solution was stirred ovémight. Ethanol was added to

flocculate the particles and the precipitate was collected by centrifugation. The samples
were dried in é 100 °C oven for one hour, then ground and annealed in> a tube furnace at
800 °C for 20 hours. Following the chemometric model developed by Rondinone, et.al.”
the particle size wés varied by adjusting the metal cation concentration in solution while

keeping a 1:2 ratio between Mg and Al cations respectively.

A.2.2 Synthesis of MgAl,O4/CoFe;O4 Core/Shell Nanoparticles

MgAl,04/CoFe,04 core/shell nanoparticles were prepared using a seed-mediated
method. MgAl,O4 nanoparticles with mean size 7.7 nm were prepared as described
above. The nanoparticle were then stirred in concentrated NaOH overnight and
subsequently collected by centrifugation. The particles were rinsed with water and
recollected by centrifugation. The MgA1204 nanoparticles were then éonicated in 100mL
0.045 M aqueous sodium dodecyl sulfate solution. To this solution 0.0742g CoCl, and
0.12¢g FeCl, dissolved in 60 mL water was added z‘md the mixture stirred overnight. The
solution was then heated to 70°C. Methylami.ne‘ (23mL) was diluted up to 120mL with
water and added to the heated nanoparticle/metal cation solution and stirred at 70°C for 1
hour. After cooling, the samples were centrifuged and washed with EtOH/water. .The
sample color was reddish-brown. The shell thickness was varied by adjusting the amount

of MgAl,04 seed nanoparticles used in the reaction.
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A23 Instrumentation

X-ray aiffraction patterns were collected on a Bruker D8 Advance x-ray
diffractometer using Cu K-« radiation. Particl_e sizes were determined from the average
broadening of the five strongest diffraction peaks using the Scherrer equation.
Transmission electron microscopy (TEM) experiments were performed on a JEOL 100C
operating at 100 kV. High-resolution TEM studies were performed on a Hitachi HF-
2000 field emission gun TEM operating at 200kV equipped with an EDS spectrometer.
SQUID measurements were performed on a Quantum Design MPMS;SS magnetometer.
Thermogravimetric analysis (TGA) and differential sdanning calorimetry (DSC) were
collected at a heating rate of 17°C /min to 1000°C using a Netzsch Luxx STA 409 PG.
The specific surface area was measured using a Micromeriticé ASAP 2000 with the BET

method using nitrogen gas.

A.3 Results and Discussion

A.3.1 Synthesis and Characterization of MgAlL Q4

Normal micelle microemulsioﬁ methods are able to préduce MgAl,O4
nanopartic]és having mean diameters from 4 — 20 nm. In order’to obtain a stable
microemulsion with a clear solution of the metal cations and surfactant as compared to a
turbid cloudy solution, an excess of the sodium dodecyl sulfate surfactant was required.
When low concentrations of the metal cations were used smaller sized MgAl,O4
nanoparticles were obtained. This is consistent with the chemometric model estat;lished
by Rondinone, et. al. for size control of spinel ferrite nanoparticles using this normal

micelle method.!* Although the chemometric model indicated increasing the reaction
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temperature results in lérger sized nanoparticles for the spinel ferrite systems, this was
not observed in the MgAl,04 synthesis. By testing a variety of bases sﬁch as KOH,
NaOH, NH4OH, and TPAOH, it was clear that the choice of base also did not affect the
nanoparticle size. However, it is critical to maintain a pH below 11, otherwise MgO
impurities are formed. This results from the formation of a soluble aluminum species,
Al(OH)4™ at pH > 12, thereby creating an excess of Mg species in the precipitate.

The x-ray diffraction pattern of the dried precipitate is shqwn in Figure A.1a. The

peaks do not match with peak positions for MgAl,04, AI(OH)3, or Mg(OH),, but agree
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Figure A.1. X-ray diffraction patterns for (a) the initial precipitated white powder and
(b) 8 nm MgAl1,04 nanoparticles formed after annealing the powder sample shown in (a).
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closely with a mixed magnesium-aluminum hydroxide phase of MgAlé(OH)g (Table
A.1). Tt is worthwhile to notice that the quality of standard X-ray diffraction

pattern of MgAl;(OH); is not fully satisfactory. Aftér heating the samble to just 300 °C,
these peaks disappear .and the x-réy diffraction studies show only an amorphous phase.
Bragg diffraction peaks of MgAl,O4 are observed when the samples are annealed at 800
°C for 20 hours (Figure A.1b). Table A.2 shows clearly that the peaks match very well
with the standard X-ray diffraction pattern of MgAl,04. A typical TEM micrograph for
the annealed sample shown in Figure A.2 indicates the formation of spherical particles.
The size determined from the Scherrer fitting of the broadened x;ray diffraction peaks
agreed well with the direct TEM observations. BET analysis of the 20 nm spinel
nanoparticles yielded a surfacé area of 79.0 m*/g. After the annealing terﬁperature is

raised to 1100 °C, bulk phase spinel is formed (Table A.2).

Table A.1. d-spacing Comparison for Initial Precipitate and MgAl,(OH)s

~d - dried precipitate (A) d- MgAI(OH)s (&) * hkl
5035 2790 110

4.320 | 4.370 001

2.447 2.428 | | 130

1.976 ' 1.953 112

Not observed : 1.508 -331
1.464 - 1.455 232

* Reference ICDD-PDF Card # 35-1274. Quality (i)
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Table A.2. d-space Comparison for Spinel Samples

d - nanoparticle (A) d- annealed at d- MgALO4 (A)° hkl
1100°C (A)

4.673 4.684 4.660 111

2.862 ) 2.865 2.858 220

2.439 : 2.441 2.437 311

Not observed ’ 2.339 2.335 222

2.021 2055 2020 400

1.649 » 1.651 1.650 - 422

1.555 1.557 1.555 511

1.428 1.430 ‘ 1.429 440

Not observed 1366 1366 | 531

Not observed 1.271 1278 620

1.233 1.233 1.233 - 533

. Not observed 1.217 T 1.219 622

1.166 1.168 1.167 444

b Reference ICDD-PDF Card #21-1152. Quality (*)
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Figure A.2. TEM micrograph of 13 nm MgAl,O4 nanoparticles.

The TGA/DSC curves for MgA1204 nanoparticulate samples showed a 6% mass
loss from 30-1 50 °C associated with an endothermic peak that is characteristic of the loss
of adsorbed water. No other features were observed with the rising temperature,
indicating once formed, this nanostructure of spinel is very stable.

The reaction pathways in the formation of MgAl,O4 nanoparticles are determined
with the thermal analysis in combination3 wifh x-ray diffraction studies. The TGA/DSC
curves for the initial dried precipitate are shown in Figure A.3. In the TGA curve, three
clear mass losses occurred. The first was a broad 10% weight loss over the temperatubre
rénge 30-200 °C. The next mass loss of 25% occurred at 220-280 °C and followed by a
sharp 7% decrease at 310 °C. At higher terﬁperatures, the sample still slowly looses

weight until ~ 525 °C when the weight loss levels. The DSC study shows corresponding
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Figure A.3. TGA (solid line) and DSC (dashed line) curves for precipitated product.

endothermic peaks over the temperature range of the first two mass losses. Around the
third mass loss, a complicated overlap of endothermic and exothermic peaks was

observed. A weak exotherm was also observed at ~ 625 °C.

In order to determine what is occurring between 200-450 °C in the DSC curve for
the initial precipitate, TGA/DSC studies were performed on Al(OH); and Mg(OH);
samples. The results are presented in.Figures A.4 and A.5, respectively. Three mass loss
regions are observed in the AI(OH); sample. The ﬁr_st two mass loss regions of 30-180
°C and 220-380 °C exhibit sharp endothermic peaks in the DSC curve. The third region
of 380-500°C shows a weaker endotherm (Figure A.4). After the initial adsorbed water
loss, the Mg(OH), sample displayed two regions of mass loss with one in 330-370 °C and

a shoulder at 370-420 °C with corresponding endothermic peaks in the DSC curve.
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Figure A.4. TGA (solid line) and DSC (dashed line) curves for AI(OH); standard.
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Figure A.5. TGA (solid line) and DSC (dashed line) curves for Mg(OH), standard.
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The transitions for thé aluminum and magnesium hydroxide standards do not
match exactly with the wéighl loss regions and DSC curves for the initial .precipitated
sample in the synthesis of MgAl,O4 nanoparticles shown in Figure A.3. However, as the
x-ray diffraction studies suggest that the precipitated sample is a ‘magnesium-aluminum
mixed hydroxide, they may still provide some insights for interpreting‘ the transitions in
the precipitated products. The first region of mass loss in 30-200 °C with an associated
endothermic peak is likely due to the loss of adsorbed water than has been seen in all of
the samples. The next two endothermic peaks with maxima at 240 °C and 300 °C may be
associated with the loss of hydroxide from aluminum in the mixed magnesium-aluminum
hydroxide sample. During the third mass loss at 310 °C, a large exothermic peak begins,
which is immediately followed by an endothermic transition likely resulting from the loss
of hydroxide from magnesium in the mixed hydroxide. After the interruption of this loss
transition, the rest of fhe exothermic peak continues. This large exothermic peak is likely
the result of a phase transition from the MgAl,(OH);z phase to fhe oxide phase. This
transition is likely initiated by the loss of hydroxide associated with the endothermic
peaks. Such .a phase transition is consistent with the x-ray diffraction results that indicate
the disappearance of hydroxide_ phase after annealing at 300 °C. The weak exothermic
peak at 650 °C with no corresp(j)nding mass loss is likely the crystallization transition in
which the amorphous oxide poswder becomes nanocrystallites and the lattice energy is
released. This is‘also in a very jgo(v)d agreement with the results from x-ray diffraction

studies. At 700 °C, very weak Bragg reflections are finally observed.
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A.3.2 Preliminary Characterization of Core/Shell Nanoparticles

An x-ray diffraction pattern for the core/shell nanoparticle is shown in Figure A.6.
Although very weak, peaks of CoFe,04 appear as shoulders in the x-ray patterns. The
EDS spectrum taken of the nanoparticles with the electron beam focused at the edge of
the particle and at the center are shown in Figure A.7 and A.8. It ié clear that the EDS
spectrum shows strong Co and Fe peaks (and weak Mg and Al pe_aks due to slight beam
drift) when the beam is focused on the edge of the nahoparticle and strong Mg, and Al
peaks with weak Co and Fe peaks when the beam is focused at the center of the particle.
Such findings confirm a core/shell structure. Core/shell samples were not formed when

the amount of MgAl,O4 nanoparticle seed was less than 0.03g.

MgALO,
Core 4

mgc4s2
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F1gure A.6. X-ray diffraction patterns for (top) MgAl,0O4 core and (bottom) same
core after seed-mediated synthesis.
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Figure A.7. TEM-EDS spectrum taken near edge of nanoparticle.
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Figure A.8. TEM-EDS spectrum taken at center of nanoparticle.

238



The effect of increasing the CoFe;O4 shell thickness upon the blocking
temperature is shown in Figure A.9 as a function of saiuration magnetization. The
saturation magnetization was used instead of shell thickness due to the error in estimating
the shell thickness from x-ray studies, as increases in magnetization will occur with
iricreasing volume of CoFe;O4. The blocking temperature shows a decrease with
increasing silell thickness, foliowed by an increase at‘ larger vqlumes of CoFe;04. The
effect of the shell thickness upon the coercivity is shown in Figure A.10. The coercivity

increases with shell thickness over the entire range.
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Figure A.9. Blocking temperature of MgAl,04/CoFe;04 core/shell nanoparticles as a
function of saturation magnetization (Ms).
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Figure A.10. Coercivity as a function of saturation magnetization (Ms) for
- MgAl,04/CoFe;04 core/shell nanoparticles.

The diverging behavior of the coercivity and blocking temperature is quite
interesting. The coercivity represents the field strength required to move the
magnetization from one direction to another, while the blocking temperature represénts
the temperature at which the magnetization vector can rotate from one direction to
another. Traditionally, the two factors show the Same trend as a function of particle size.
As the core of the nanoparticle ‘is non;magnetic, coherent rotation of the magnetization as
described by Stoner-Wohlfarth theory cvertainly cannot occur and may be the root of the
apparent discrepant data. The large blocking temperature at low shell thickness suggests
that the surface moments experience difficulty in rotating the magnetization. This is
likely the resulf of the lack of cooperative behavior between the moments due to the

missing magnetically ordered core. The magnetization likely reverses by a curling-type
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mechanism instead. As the shell thickness increases >(from ~0.5 to 2nm), the increase in
magnetic volume appears to lead to coherency between the sp'ins and it becomes easier to
reverse the magnetization. At larger shell volumes, the blocking temperature inéreaées
again following a more classical Stoner-Wohlfarth approach. Changes in the reversal
mechanism (for examplé from coherent rotation to curling) should be reflected in the
coercivity. However, the increase in coercivity with shell thickness follows the
commonly observed behavior of increased coercivity with magneﬁc nanoparticle
diameter. This trend suggests that the magnetization reversal for thin shell materials is
easy to overcome by an external magnetic field even though thermal activation of
moment -reversal is difficult. More studies are certainly needed to determine the origin of

this unusual magnetic behavior.

A.4 Conclusions

‘ MgAl,O4 spinel nanoparticles with mean size of 4-20 nm can be synthesized by
using normal micelle microemulsion methods. Size control is achieved simply through
adjusting the metal cation concentration in the synthesis process. X-ray diffraction
combined with TGA/DSC studies suggests that the initial dried white precipitate is likely
- a mixed magnesium-aluminum hydroxide phase 'which looses water to form an
amorphous oxide phase at ~ 300 °C. The sample crystallizes at ~650 °C and form
nanocrystalline MgAl,O4 spinel. MgAl,04/CoFe;04 core/shell nanoparticles have been
prepared using seed-mediated methods. The preliminary results show that the magnetic
properties display interesting diverging behavior. The blocking temperature decreased,

then increased with shell thickness. The coercivity, on the other hand, increased with
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shell thickness over the entire range. The reasons for such behavior are currently not
understood, but suggest differences in thermally activated versus field driven reversal of

the magnetization vector.
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APPENDIX B

CHARACTERIZATION OF COBALT-ZINC FERRITE/ZINC FERRITE
CORE/SHELL NANOPARTICLES USING SMALL ANGLE NEUTRON

SCATTERING

Abstract

-Zn¢.05C00.95Fe204/ZnFe, 04 core/shél] nanoparticles were characterized using
small angle neutron scattering (SANS). The scattering was measured for three samples -
12 nm Zng 95Cog 9sFe;04 core sample, the 12 nm Zng ¢sCogosFe;04 with a 2.5 nm shell,
and with a 4.5 nm shell. Crossovers in scattering intensity occurred with femperature.
The R, determined from the Guinier region was found to decrease with increasing shell

thickness.
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B.1. Introduction

Interest in nanosized magnetic particles has increased in the past feW years due to
their wide range of applications such as high density information storage, ferrofluid
technology, magnetically guided drug delivery, and magnetic resonance imaging (MRI)
contrast agents.'> Two important magnetic parameters that are important for use of
magﬁetic nanoparticles in biomedical applications are that they be superpardmagnetic
below room temperature and that they have a high magnetization. Magnetic
nanoparticles need to be superparamagnetic at room temperature to keep them from
agglomerating and particles with a iarge magnetization would allow for enhanced MRI
contrast, a lower applied field gradient to be applied to the patient during magnetically
guided drug delivery, and a reduced concentration of magnetic particles needed for
delivery.

Recently, Samia and Zhang synthesized new maghgtic nanbparticle materials with
a core-shell architecture that show improved promise for meeting these demands.*
Speciﬁéa]ly a series of ~12 nrﬁ Zng 05Cog 95Fe>04 nanoparticles with varying thickness

ZnFe,0; shells were prepared. The magnetic behavior of the samples changes rather
dramatically upon the addition of the ZnFe,O4 shell. For example, Zno_05Coo,95Fe204
samples coated with a 1 nm ZnFe,04 shell displays blocking temperatures over 300K
lower than the Zn0‘05C09_95F6204 core material and a large decrease in coercivity is
observed after the addition of the ZnFe;O4 shell. However, despite the large drop in
blocking temperature and coercivity, the magnetization remained high. The reasons for

such changes in magnetic behavior are not clear. It is important to understand what
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contributions affect the magnetization in these core-shell materials in orde;r to further
rationally develop these materials as tailorable magnetic materials.

Small angle neutron scattefing (SANS) is an ideal technique for investigating the
influence of the core-shell structure upon compositional and magnetic components and
can provide useful information as to the influence of the shell thickness upon the
magnetic correlation length and interparticle couplings. It is anticipated that the highly
aﬂisotropic Zng 05Cop9sFe204 core has a strong influence in aligning magnetic moments
in the ZnFe;O4 shell aﬁd such interactions may lead to the obsefved changes in magnetic
properties. Furthermore, the presence of a shell material may reduce interparticle
exchangé interéctions and thereby also be affectiﬁg the measured magnetic response.
Here preliminary temperature dependent small angle neutron scattering studies are
reported for the 12 nm Zng 9sCog 9sFe,O4 core sample, the 12 ﬁm Zno,OSCoo_gsFézO4 with a

2.5 nm shell, and with a 4.5 nm shell.

B.2. Experiméntal

Small angle neutron scattering studies were performed in collaboration with D:r.
Julie Borchefs from the National Institute of Standards and Technology (NIST).
Experiments wére performed using_the 30m NG-3 SANS at the NIST Center for Neutron
Research (NCNR). The powder samples were loaded into aluminum foil “pockets” and
placed into a sgmple holder designed by Yumi. The samples were sealedf inside a dry He-
filled glovebox. A closed-cycle He refrigerator was used for temperature control. Data
were collected with the detector position at 3m, 9m, and 13m and a wavelength of 8A.

Experiments were performed from 12K to 320K in 5 K increments for the sample with
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shell thickness 4.5nm. Scattering at temperatures from 40K to 425K were measured for
the sample with shell thickness 2.5nm, and 40K to 450K for the core sample.
Background, empty cell, and transmission patterns were also collected at each

temperature. Data reduction was performed using an IGOR Pro program written by

Steven Kline.

B.3. Results and Discussion

Figures B.1 and B.2 summarized the effects of variable shell thickness upon the
magnetic properties of Zng 9sCog 9sFey04/ZnFe,04 core/shell nanoparticles. From Figure |
.B.1. it is clear that the blocking temperature drops dramatically upon coating with a thin
shell layer, then continues to decrease with increasing shell thickness. Figure B.2 shows
that the saturation magnetization remains high (nearly constant) even after coating, but at

higher shell thickness, it begins to decrease.
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Figure B.1. Effect of ZnFe,04 shell thickness upon the blocking temperature.

247



Mg (emu/g)

50 | | ] |

0 1 2 3 4
Shell Thickness (nm)

Figure B.2. Effect of ZnFe,O4 shell thickness upon saturation magnetization (Mg)

Figure B.3 shows typical raw SANS data. To determine the scattering intensity as
a function of q this raw data is reduced using a NIST in-house designed program. The
data reduction program incorporates th¢ empty cell scans, other background scans, and
instrumental configurations. Figure B.4 shows the reduced scattering results for a
. number of temperature measurements for the core nanoparticle. Interestingly, there are
two temperature crossover points in which the scattering intensity changes. At q <0.01
A the 40K data is highest in intensity and the 450K data the weakest in intensity with
the other temperatures scaling in between respectively. However around 0.01 A™ a
crossover in intensity occurs and the scattering at 450K is now the highest intensity and
the 40 K data is the lowest in intensity. At q=0.79 A™ another crossover occurs and
reverts back to 450K data being the least intense and the 40K data having the highest
intensity. This crossover phenomenon was quite unexpected. The scattering intensity is a

combination of the nuclear scattering and magnetic scattering. At low temperatures, the
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Figure B.3. Example of raw SANS data for core nanoparticle sample.
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Figure B.4. Scattering intensity as a function of temperature for core nanoparticle.
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magnetic scattering is enhanced and the intensity at low temperatures is expected to be
larger than scattering intensities measured at higher temperatures. The low q and high q
data fit this explanation. However, the physical meaning of these temperature dependent
intensity crossovers is not yet clear. Similar crossovers were also observed in the two
core/shell samples.

Figure B.5 shows the scattering res.ults for 12 nm Zng sCop.95Fe2O4 core sample,
the 12 nm Zng 05sCo0¢.95Fe,04 with a 2.5 nm shell, and with a 4.5 nm shell at 300K.
Qualitatively, the scattering data show differences in the degree of curvature in the q

range 0.01-0.02 A™! and changes in the degree of inflection at low q (<.005 A™"). The
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Figure B.5. SANS measurements at 300K fbr the Zng05Co9.95Fe;04 core (4), the core
: with a 2.5 nm shell (w) and the core with a 4.5 nm shell (o). ’
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low-q data is consistent with the lengthscale expecfed for interparticle coupling, and the
changing degree of inflection may suggest changes in the interparticle interactions.
Quantitative results can be obtained from analysis of different regions of the scattering
data. Figure B.6 identifies a number of regions' in which useful information may be
extracted. Figure B.7 shows an éxample of a Porod plot. From this fit, the surface
roughness can be determined. A slope of -3 represents a fractal surface, while a slope of
—4 represents a completely smooth surface.® The Porod plots indicate a slope of —3.4 for

these samples, suggesting some surface roughness.
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Figure B.6. Identification of regions in:v:vhich data analysis can be performed.’
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Figure B.7. Example of a Porod plot for the core sample.

The most interesting results were found in the Guinier region analysis. Figure B.8
- shows an example of a Guinier fit to the scattering data for the core sample. From the
Guinier fit, the radius of gyration (Rg), which is a measure of “particle” size, can be
determined. The results from the Guinier fit for the three samples are compared in Table
B.1. The Ry of the core sample (12.8 nm) agrees well the particle size determined from
x-ray diffraction measurements (12.5 nm). Interestingly, the R; decreases when the
ZnFe;0y4 shell is added! Furthermore, the R, deéreases even more for the sample with the
largest shell, i.e. the largest net size!!! It is not entirely clear why the particle size

appears to decrease with shell addition, although a diminishing magnetic correlation
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Figure B.8. Example of a Guinier plot for the core sample.

Table B.1. Summary of the R; Determined from the Guinier Region of the SANS
Data with X-ray (and TEM) Determined Particle Size. |

Sample SANS - R; (nm) X-ray Size (nm)
Core 12.8 12.5
+2.5 nm shell 03 17.5
+ 4.5 nm shell 9.6 21.5
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length could contribute to this observation. Further studies under applied magnetic field

are needed to isolate the magnetic contributions.

B.4 .Conclusions

Control over the supelparamagnétic state is critically impértant in further
development of magnets for biomedical applications. Reducing the coercivity and
blocking temperature while maintaining a high magnetization are the key factors in
designing materials for biological applications. New magnetic nanoparticle materials
with core-shell architecture show promise for the development of materials with these
desired properties. Ho@ever, the reasons for the dramatic changes in magnetic properties
observed for Zny 0sCo¢ 9sFe204/ZnFe,O4 core/shell nanoparticles are not yet clear. To
address these issues, temperature dependent SANS méasurements have been performed
on Zng 95Cog 95sFe;04 nanoparticles and Zng osCop g9sFe204 nanoplarticles with a 2.5 nm
ZnFe;04 shell and a 4.5 nm ZnFe,O4 shell. Interesting results such as a decrease in the
R, with increasing particles size were foﬁnd. The decrease is suggested to origihate from
a decreasing magnetic size induced by the exchange interactions from the ZnFe,O4 shell.
Wagner, et.al. have utilized SANS experiments performed under various ai)plied fields to
assist in resolving the relationship between the structural and magnetic contributions to
the SANS signal for Fe nanoparticles.” Future work includes measuring the SANS
response of these core-shell nanoparticles in varying applied field (0 - 5T). From these
experiments the contribution of magnetic interparticle interactions can be determined.
Furthermore, the magnetic size of the nanoparticl;:s (in contrast to structural nanoparticle

size) can be measured.
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