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ABSTRACT

Nanoparticles of FesOs (magnetite) and gamma-Fe.Oz (maghemite) have been studied by
Mdossbauer spectroscopy. These nanoparticles have applications as contrast agents for Magnetic
Resonance Imaging. At room temperature, they are superparamagnetic and the magnetic hyperfine
fields were averaged to zero. The spectra of FezO4 were composed of two lines corresponding to
two crystal sites, identified from their isomer shifts as Fe3* on the tetrahedral A site and Fe?®*
(mixed Fe?* and Fe®") on the octahedral B site. The relative intensity of the two lines shows that
the samples are almost stoichiometric with the formula FesxOs, where x is less than 0.04 at room
temperature. The x that was obtained was compared to those obtained in a magnetic field and at
room temperature. The lines are broad and the measurements as a function of temperature were
analyzed using Néel’s theory of superparamagnetism to yield values of the relaxation times. The

same nanoparticles that have oxidized into gamma-Fe>Oz have been studied for comparison.
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Chapter 1 Introduction

This thesis work is focused on superparamagnetic iron oxide nanoparticles (SPIONSs) that are non-
stoichiometric. Magnetite, has stoichiometry Fe3Os. However it is often non-stoichiometric and
oxidizes into other forms of oxides, most notably maghemite (y-Fe203). The non-stoichiometry
carries over in its nanoparticle form. The high surface area-to-volume ratio in nanoparticles
increases the predisposition to oxidation in comparison to the bulk, making some SPIONs
completely maghemite. Mdssbauer spectroscopy is the predominat characterization method for

superparamagnetic iron oxide nanoparticles presented here.

Magnetic Nanoparticles

Bulk compounds of iron, nickel or cobalt are frequently magnetic. SPIONSs, largely composed of
iron, are magnetic and therefore interact with an external magnetic field. Since the magnetism of
the SPIONSs feature heavily in applications, it is important to understand it. Magnetic nanoparticles
have been used for memory storage, nanofluids, waste water treatment and catalyst supports®.
Medical applications of materials are becoming more important, with the increased longevity of
people resulting in the need for healthcare. The medical applications of SPIONs include their use

as contrast agents in medical imaging as well as in cancer therapy through magnetic hyperthermia?.

Iron Oxide Nanoparticles and Medical Applications

SPIONSs consist of an iron oxide core with a coating. Typically, this iron oxide core is magnetite
or maghemite, with a coating of polyethylene glycol (PEG), polyvinyl alcohol (PVA) or silica®.
Sometimes, this coating can be another layer of iron oxide?. All these coatings function as a barrier
to further oxidation of the nanoparticles. SPIONs with coatings have been found to have low

toxicity in humans, increasing their viability for applications within the human body >®.

In cancer therapy, SPIONs that are specifically functionalized can be used for targeted drug
delivery. During treatment, cancerous sites can be targeted with the use of an external magnetic
field. This is in contrast with many current drug therapies that suffer from being non-specific to
the region of interest. This non-specificity requires patients to receive large doses of a drug to
achieve the required concentration at the cancerous sites, which can lead to harmful side effects.
Using SPIONSs, heat can be generated through the application of radio frequencies, destroying the

cancerous cells’. Furthermore, unlike many drugs, working on nanoscales allow SPIONs to be



small enough to cross the blood-brain barrier®. This increases their potential in treating brain

tumors.

The potential of SPIONSs in cancer therapies cannot be overstated; the second leading cause of
death in the US population is cancer, according to the Centers for Disease Control and Protection

(CDC), and improving cancer therapy outcomes for patients is of paramount importance?®.

Magnetic Resonance Imaging (MRI) contrast agents, like Gadolinium and SPIONs, work by
modifying the relaxation time®. These relaxations contribute to the signal-to-noise ratio in an
image. Specifically, it is the difference in the relaxations in each organ/tissue that provides the
contrast in an MRI image. Each molecule in the human body carries a small magnetic dipole,
which originates from the proton in the hydrogen atom. During the acquisition of an image, an
external magnetic field is applied and magnetic dipoles will align themselves to the field. Once the
external field is removed, the magnetic dipoles will “relax” back to their unexcited positions and
the time that is taken to return to the original positions is termed the “relaxation time”. When using
a contrast material like SPIONSs, the magnetic dipoles from the nanoparticles themselves can
modify the relaxation time of the molecules in the body. However, it is found that the numerous
examples of SPIONs reported in the literature are either not superparamagnetic at room
temperature or not stoichiometrically magnetite!'1213, Magnetite has a larger magnetic moment
than that of maghemite making it potentially better for medical purposes, as lower concentrations
of it will be needed in the human body. The superparamagnetism of the SPIONSs is important as it
correlates to the relaxation time when used as an MRI contrast agent'*!°. As a result, properly

characterizing the stoichiometry and magnetic properties of SPIONs become important.

In this dissertation, our collaborators at Xavier University in Louisiana successfully synthesized
SPIONSs that are almost stoichiometric magnetite. At UTSI, Mdssbauer Spectroscopy experiments
performed at variable temperature and in external magnetic fields have been used to characterize
these nanoparticles. Some characterization of the magnetite nanoparticles had been done in
previous thesis work®. For the dissertation work here, the oxidized nanoparticles, which is
stoichiometrically maghemite have been characterized. Firstly, motional narrowing, a technique
common in nuclear resonance imaging, is proposed as a model for understanding the relaxation of
these nanoparticles. Secondly, room temperature Mossbauer spectra, which are less valued due to

the absence of a hyperfine field in some nanoparticles are fitted with a model similar to those above



the Curie temperature. The validity of these models will be justified by comparing the results to

other well-established techniques.

General Information

The historical impact of iron, in its many forms, has been huge. Although having existed and
wrought by ancient civilizations, objects of iron from those days tend to be rare due to its tendency
to oxidize and corrode. The objects that survived have been dated to be as much as 5000 years old.
The Iron Age was from 1500 BC to 100 A. D, an era that was marked by almost constant war. In
more peaceful times, magnetic iron was used in navigation, agriculture and architecture. Even

today, 90% of all metal refined is iron-related and produced in the form of steel.

Iron Oxide

Iron oxide comes in multiple different forms, the common ones being hematite (a-Fe203),
maghemite (y-Fe203) and magnetite (FesOs). It is important to distinguish between the different
forms as each has a unique magnetic moment, and interacts with an external magnetic field
differently. Of the three forms that are mentioned above, hematite is the most stable, with
maghemite and magnetite following with decreasing stability. As a result, a magnetite
nanoparticle, if continuously exposed to air will oxidize into a maghemite nanoparticle. However,
magnetite also has the bigger magnetic moment, which in medical applications can be

advantageous'’.

In terms of structure, both maghemite and magnetite are spinels, with magnetite being an inverse
spinel*® and maghemite being a normal spinel. Both spinel oxide materials present with an XZ,0x4
arrangement, but inverse spinels are slightly different and have the Z atoms distributed equally
between the tetrahedral (A) and octahedral (B) sites (Figure 1). Consequently, FesO4 can also be
written as (Fe*")a(Fe*'Fe*")s0% 4, while y-Fe:O3 is (Fe3*)a(Fe**)sO?s. Iron atoms in the
tetrahedral sites are bonded to 4 oxygen atoms, whereas those in the octahedral sites are surrounded

by 6 oxygen atoms®.

Due to the similarities in structure between maghemite and magnetite, it is not easy to distinguish
between the two different compounds with simple crystallographic analysis. A technique that can
distinguish between the different valence states of Fe atoms, like Mdssbauer Spectroscopy can

help in that regard.
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Figure 1 Magnetite tetrahedral and octahedral structure

Verwey Transition

For bulk magnetite, the resistivity in the material can increase dramatically below 119 K?°, This
Verwey transition is thought to result from a decrease in “electron hopping” between Fe?* and Fe3*
in the octahedral sites?!. At room temperature, it has been speculated that there is sufficient thermal
energy to overcome the electron “hopping” energy barrier between the Fe?* and Fe®* ions. As the
temperature decreases, this “hopping” becomes less likely, which increases the resistivity of
magnetite below these temperatures. As a result of the electron hopping, some like to refer to room

temperature magnetite as structurally being (Fe**)a(2Fe?°*)g04 instead of (Fe*)a(Fe**Fe?*)g0s. 22

Stoichiometry

It is well known that the oxidation of magnetite to maghemite in bulk samples occurs as a result
of the conversion of Fe?* on the B-sites into Fe**. Specifically, to conserve the charge of the B-
site, three Fe?* converts to two Fe* and a vacancy (). To properly account for this oxidation, a
more general chemical formula, which incorporates both maghemite and magnetite have to be
used. Using x as the number of the Fe?* ions converting to Fe**, and accounting for the creation of

the vacancies (OJ), the general formula is (Fe**)a[(Fe?*)1-ax(Fe®")1+2x0x]804.22 Alternatively, if the

electron hopping is taken into account, (Fe3*)a[(Fe?°")2-sx(Fe**)sxx]e0x is the formulation.



To quantitatively evaluate the stoichiometry of a particular magnetite sample, we compare the

3+
Fe?>* contributions to Fe** from both sites. This ratio FF:Z—H can be written as:

Fe3* _ 1+5x
Fe25+ 2 —6x

@)

This equation is only valid above the Verwey transition, since below that, the electron hopping

Fe3+

ceases. From equation (1), when x = 0, as is the case where no oxidation has occurred, —2ET IS

0.5. The larger x, the larger the amount of oxidation.

For cases where the experiment is performed below the Verwey transition, the configuration

3+
becomes:

(Fe*H)a[(Fe?")1-ax(Fe")1+2x[x]s04 is more appropriate, so the ratio

Fe
e2+

F

Fe3* 2+ 2
Fe2+ 1 -—3x

)

. . C - Fe3%t .
From equation (2), when x = 0, as is the case where no oxidation has occurred, ;7 is 2.

Magnetism
Magnetism exhibited in iron compounds includes, ferromagnetism, ferrimagnetism

antiferromagnetism and paramagnetism.

Magnetic moments are generated from the intrinsic spin and orbital of the electrons. In a material,
electrons are typically paired up according to Hund’s rules and Pauli’s exclusion principle. As a
result the material will tend to show a net zero magnetic moment, since the opposing moments in
paired electrons will cancel each other out. However, in atoms that contain partially filled shells,
there is the possibility for a net magnetic moment to exist. Ina paramagnetic material, the unpaired
electrons will align in an external magnetic field. However, once the external field is removed, the
unpaired electrons will return to their original state, with the net magnetic field outside the material
returning to zero (Figure 2). This is because in a paramagnet, thermal motion inside the material
is enough to randomize the magnetic moments without the presence of an external field. For a
ferromagnet and ferrimagnet, the individual magnetic moments in a magnetic material will
typically organize themselves into several magnetic domains within the material, with each domain

containing a number of magnetic moments that are aligned with each other.



Figure 2 Magnetic moments in a paramagnet.

Figure 3 Magnetic moments in a ferromagnet.

A ferromagnet is a material that will have its magnetic domains aligned in an external magnetic
field. In addition, a ferromagnet will partially retain this alignment after removal of the external
field, becoming a permanent magnet. More specifically, a ferromagnet will have its magnetic
moments aligned in the same direction of an applied magnetic field (Figure 3). Elemental iron is a

ferromagnet.

Ferrimagnets like ferromagnets, have net positive magnetic moments in an applied external field.
Similarly, ferrimagnets will retain their magnetization after removal of the magnetic field.
However, the difference between the two is that ferrimagnets have net magnetic moments that are
decreased by opposing magnetic moments in different crystallographic sites within the ferrimagnet
itself (Figure 4).

Ferrimagnetism is also what bulk magnetite and maghemite exhibit. An antiferromagnet is similar
to a ferrimagnet in that neighboring crystallographic sites carry opposing electrons that generate
opposing magnetic moments, however in this case, the moments are equal in magnitude (Figure
5). As a result, the net magnetic moment of an antiferromagnet is zero, and the material is not

attracted by an external field. (Figure 4).
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Figure 4 Magnetic moments in a ferrimagnet.
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Figure 5 Magnetic moments in antiferromagnet.

Curie Temperature

When heat is applied to a ferromagnet, ferrimagnet or antiferromagnet, there is increased
randomization of the magnetic moments within them. If the temperature is increased beyond a
certain threshold, the thermal motion of these moments can become so severe as to render all three
into a paramagnetic state. When this occurs, all the magnetic moments will be randomized once
the external magnetic field is removed. This threshold is called the Curie temperature. Different
compounds will have different Curie temperatures, for example, the Curie temperature of Fe3Os is
858 K, while it is y-Fe,O3 is 948 K4, Generally, the higher the temperature, the bigger the magnetic
field needed to generate magnetization in a paramagnet. A similar transition exists in

antiferromagnets, called the Néel temperature.

Larmor Precession

In the presence of a magnetic field, magnetic moments will precess or rotate around the axis of
magnetization. This movement is called the Larmor Precession. If the moments are not fully
aligned with the field, which tends to happen at room temperatures, there will be an angle of

precession. (Figure 6).



Figure 6 A magnetic moment precessing around a magnetic field.

Superparamagnetism

Ferromagnets and ferrimagnets of sufficiently small size have magnetic moments that flip
randomly under the influence of temperature. Such ferrimagnets and ferromagnets are usually in
nanoparticle form and the random flips present a net zero magnetization outside an external
magnetic field. Inside an external field, the magnetic moments will align to the external field. That
behavior is similar to that of a paramagnet. Materials that are ferromagnetic and ferrimagnetic in
bulk form, but present as a paramagnet below their Curie temperature are referred to as

superparamagnets.

Magnetic Anisotropy

The easy axis is the preferential direction where the magnetic moments will align without an
external magnetic field. To move the magnetic moments from the easy axis, energy will have to
be applied to the moments, typically using an external magnetic field or increasing the temperature.

The energy is related to the magnetic anisotropy?®, K, by the equation:
E = KVsing (©)

Magnetic anisotropy is characteristic of individual materials. equation (3) shows that the smaller
the domain size, the lower the energy barrier needed to move the magnetic moments away from
the easy axis. As a result, even ambient temperature can provide enough thermal energy for the

moments to flip, resulting in superparamagnetism.

The positions that the magnetic moments ‘flip’ between are antiparallel to each other. The time
spent travelling between the two positions is typically referred to as the ‘relaxation’ of the magnetic

moments and the relaxation occurs according to Néel’s theory of superparamagnetism?®. Each



individual sample also has a characteristic relaxation time of 7, and relates to the relaxation time

(t) and magnetic anisotropy (K) by:

KV

T =Tyexp (k_T> (4)

Blocking Temperature

Since the flipping of the magnetic moments in superparamagnets is a result of thermal motion, it
follows that removal of heat can facilitate the appearance of spontaneous magnetization in the
particles. The temperature where this occurs is called the blocking temperature. This can be
expressed as equation (5), which states the relationship between the measurement lifetime (z,)

and the characteristic relaxation lifetime (z,).

Tg =—— )

where, a = 1l/In(z/m). To appropriately measure these superparamagnets, a measurement
technique which has a measuring time shorter than that of the relaxation time is needed. In
Massbauer spectroscopy, the measuring time is about 10°s, which is close to the typical relaxation
time of the SPIONs of around 10°s.2” The difference in the measuring time and the relaxation
time can be met by increasing the relaxation time of the SPIONSs. This can be achieved by cooling
the SPIONSs.

Massbauer Spectroscopy

The Mossbauer Effect was discovered by Rudolf Méssbauer?®. Previously, it had been observed
that optical resonance can be achieved from excited gases. However, gamma-ray resonances had
not been observed to be producible through gas excitation. Since the recoiling of atoms in gases
was unavoidable after emission, resonance was not likely. Some of the gamma ray energy that is
emitted is lost to recoil, and this energy is not sufficient to excite the nuclear transitions and thus

resonance could not be achieved.

In experiments involving iron compounds, the source is *’Co, which decays to >’Fe and emits
gamma rays. Gamma rays with energy of 14.4 keV (E) are particularly useful for iron related

experiments. The recoil energy, (E,.co0i1), can be calculated for a >’Co source, which is unbounded:



2
Erecoit = =—— =~ 0.002eV
recoil 2mc? e (6)

The important point here is that the recoil energy is 0.002 eV. However, the linewidth of a typical
Massbauer spectrum is much smaller, usually in the 10 eV range. As a result this recoil energy

has to be accounted for to resolve the linewidths and for resonance to be achieved.

To create a gamma ray resonance system, the emitted gamma ray used needs to have energy that
matches the nuclear transition energy and compensates for the recoil energy (0.002 eV). If one
were to allow both absorber and emitted nuclei to be bound within a solid lattice, the mass (m)
term in the equation (6) would be the mass of the whole lattice. Recoil energy will be minimal as
a result. Consequently, it can be understood that the reason resonance is impossible to achieve in
gases is because there are no recoilless atoms. This fraction is now understood to be the

Mdossbauer-Lamb fraction (f), where 6, is the Debye temperature of the material.

_ ERecoil 3 n?T?

To modulate through the energies required to produce resonance in a particular sample, the

radioactive source is Doppler shifted by being vibrated. This is typically in the range of mm/s.

Three important quantities in the Mdssbauer experiment are described; the isomer shift (IS), the
magnetic hyperfine field (HF) and the electric quadrupole splitting (QS). These three quantities
are unique for different materials and compounds and are used to determine the structure,

magnetism and stoichiometry of a material where Mdssbauer resonance can be achieved.

Low Temperature Experiments

As can be seen from the Mdssbauer-Lamb fraction equation, a decrease in temperature in
Mossbauer spectroscopy experiments corresponds to an increase in the fraction, which in turn
contributes to an increase in the signal-to-noise ratio of the spectrum. Furthermore, a sub-room
temperature experiment is required to properly resolve the spectra where there is a blocking

temperature, as is the case for a superparamagnetic material.

10
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Figure 7 The nuclear transitions of the sample; the difference between the energies in the excited
states of the source and the sample results in the isomer shift. The spectrum presented is of a
superparamagnetic sample of maghemite at room temperature.

Isomer Shift

The s-electrons of an atom has some probability of existing within the nucleus. As a result, there
is electrostatic energy generated by this interaction, commonly referred to as the electric monopole
interaction. For different compounds, the electron density around and inside the nucleus is
characteristic of that compound and the strength of the electric monopole interactions differ from
compound to compound. An isomer shift is therefore generated when the compound is compared
to the reference material, commonly a-Fe for iron Mdéssbauer experiments. This is because a-Fe
has differing energy levels when compared to a compound that carries different electron densities
around its nucleus (Figure 7). Second order Doppler shifting (SODS) can also contribute to the
additional shifting. A relativistic effect, SODS tend to be so minute at room temperature as to be
negligible. At temperatures where the Debye temperature is much larger than the experiment
temperature, the SODS becomes more prominent. For a-Fe, that means an increase of about 0.1

mm/s at 5 K.

Quadrupole Splitting

A quadrupole splitting can be found in compounds that have an asymmetrical charge distribution
resulting from the electrons surrounding the nucleus. An asymmetrical charge distribution creates
an electric gradient around the nucleus and the interaction between the nucleus and the gradient

gives QS.
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Figure 8 The effect of magnetic dipole splitting on the energy levels; each transition corresponds
to a peak in the spectrum. The spectrum obtained is a-Fe at room temperature.

A nucleus with a flattened shape will present a QS of negative magnitude whereas an elongated
nucleus will have a positive QS (Figure 7).

Magnetic Hyperfine Field

The magnetic field generated at the nucleus by interaction with the electrons gives a magnetic

hyperfine field that can be observed by Mdssbauer spectroscopy.

This hyperfine field, is characteristic for each compound as the configuration of the electrons in
the crystals around the nucleus largely determines the strength and direction of the field. In a-Fe,
the hyperfine field is about 330 kG at room temperature (Figure 8) whereas for some oxides, it

could be as large as 500 kG.

Since there is a magnetic moment at the nucleus, an applied external magnetic field can interact
with it, and depending on the direction of the field, can either increase or decrease the observed
hyperfine field. These experiments are valuable since some samples contain multiple compounds
and applying a magnetic field to separate the hyperfine fields is one method to distinguish materials

or sites.
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Linewidth

Understanding that the uncertainty principle explains that given a photon of some lifetime, there
will be some uncertainty associated with its energy, an equation for the natural linewidth, 7", of a
Maossbauer spectrum can be found by:

(8)

h
r=-
t

The 14.4 keV gamma ray emitted by the radioactive source *’Co used in iron-related Mosshauer
spectroscopy has an excited lifetime, t, of 107 s, and as mentioned earlier is in the 10 eV range.
From the above equation, the natural linewidth is found to be about 0.22 mm/s. Typically in an

experiment, the linewidth is slightly broader due to the instrument.

Motional Narrowing

In Nuclear Magnetic Resonance, motional narrowing refers to the narrowing of linewidths as the
temperature is increased?®. This phenomenon can be extended to Mdssbauer spectroscopy by
observing that the linewidths narrow as temperature is increased. While not commonly used in
Madssbauer spectroscopy, the relation between the change in the linewidth, A", and the relaxation

time of the sample can be expressed by the equation,

Al = w?t 9)

The relaxation time, 7, is temperature dependent and each sample has a characteristic relaxation
time, 7,. These parameters relate to the blocking temperature as described by equation (5). The w
here is the hyperfine field converted to angular frequency, and is the instantaneous hyperfine field
“seen” by the relaxing magnetic moments, assuming it can be measured. It is because this
instantaneous field cannot be measured instantaneously without manipulation that the lines are
narrow, since only the average field is observed. When the relaxation time is reduced by cooling
the sample, slowing down relaxing moments, the average field “seen” increases, and the lines

broaden.
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Chapter 2 Experimental Methods

Synthesis of Iron Oxide Nanoparticles

The samples of iron oxide nanoparticles that are used here come from Xavier University in
Louisiana. The synthesis is described in detail by Goloverda et al*®. Using FeCl,, FeCls and

diethylene glycol as the raw materials, the synthesis follows the chemical equation:
[Fe(DEG)CI2]* + 2[Fe(DEG)CIs]* + 2H20 + 20H" — Fe304 + 3H2DEG + 8CI-

The size of the iron oxide nanoparticles was controlled by increased initial reaction temperature as
well as reaction time. The reactions were done in a controlled nitrogen atmosphere, utilizing a

Schlenk line. The sizes of the nanoparticles are 5.3 nm, 8.6 nm, 10.6 nm and 11.9 nm.

Characterization
Methods of characterization include Dynamic Light Scattering (DLS), Transmission Electron

Microscopy (TEM), and X-ray diffraction (XRD) as well as Mdssbauer spectroscopy.

TEM
TEM images of the nanoparticles were obtained to determine the size of nanoparticles that were
produced (Figure 9).

20 nm

Figure 9 TEM of 5.3 nm iron oxide nanoparticles.
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XRD
X-ray diffraction data allowed for a confirmation that either magnetite or maghemite was formed
during the reaction, although not providing a distinction between the two. Furthermore, using the
Scherrer’s equation, which despite its flaws allowed for an approximation of the size of the

nanoparticles, corroborate the data found with TEM.

Mossbauer Spectroscopy

The Source
S"Fe makes up about 2% of naturally occurring iron, with the majority of iron being *°Fe. As a

result, decay of °'Co (half-life of 270 days) through electron capture to the | =5/2 ground state of
5"Fe can produce the gamma rays of appropriate energy to match the transitions of an iron atom.
Since the °’Fe itself is magnetic and has its own Zeeman splitting which can complicate the

Massbauer spectrum, the source *’Co is diffused into a rhodium matrix to quench the splitting.

Additionally, the source is vibrated by a Mdssbauer Drive (Figure 10), to achieve the required
transitions. Typically, the vibrations were performed in either ranges of 12 mm/s for magnetically

split spectra and smaller ranges for doublets or singlets.

The Detector
"Fe Mossbauer spectroscopy uses a proportional counter filled with krypton gas, with a small

amount of methane used as the quench gas.

C——

T Mossbauer [ ] .
Drive :

Source

Sample Detector

Figure 10 A Mdssbauer experimental setup.
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The working principal of the counter is that incident 14.4 keV resonant gamma-rays received from
the sample interacts with the krypton gas and generates a peak in the pulse height spectrum when
the ionized krypton reaches the electrode. However, a portion of the 14.4 keV gamma ray generates
X-rays which ‘escape’ the detector, but about 2 keV of those 14.4 keV gamma rays do interact and

generate another peak (Figure 11).

The first peak in the pulse height spectrum is electronic noise, the second peak is the 2 keV escape
peak which has Mdssbauer information; the third peak is from x-rays generated from the iron in
the sample; the fourth peak is the 14.4 keV Mossbauer peak from the source and sample; the last
peak is x-rays resulting from the rhodium matrix. The peaks that carry the resonance information
are selected for counting.

The Sample
The iron oxide nanoparticles from Xavier University were stored in a glovebox. To ensure that the

iron oxide nanoparticles do not oxidize further when transitioning between the glovebox and
Mdssbauer setup, the samples were transported in a nitrogen filled dewar. The samples were then
prepared by sticking them to the round side of a sample holder (Figure 12), using vacuum grease
as the adhesive.

Counts

E

E

Channels

Figure 11 The pulse height spectrum on the Mdssbauer detector. The red and blue boxes show the
peaks selected for counting.
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Figure 12 Sample holder for the iron oxide nanoparticles.

Figure 13 The 20 kG magnet, the sample is placed in the hole during experiments.

By spreading the sample to the round side of the sample holders and aligning that side to the
source, the gamma-rays are exposed to the largest cross section of the samples, generating the
highest amount of interaction between the gamma rays and the samples.

Experiments in External Magnetic Field
For experiments done in a magnetic field, Nd-Fe-B permanent magnets were used, with the field
strengths being 3.8 kG, 10 kG and 20 kG. For the magnets of 10 kG and 20 kG the configuration
of the magnets were in a Halbach dipole arrangement (Figure 13). The magnetic fields were either

in a parallel or perpendicular alignment to the gamma-rays when the experiments were performed.

Low Temperature Experiments
Low temperatures were achieved by using a cryogen-free cryostat, with the sample being mounted

into the cryostat with a metal rod. This cryostat, a Janis SHI-850-5 (Figure 14), operates according

to the Gifford-McMahon Refrigeration cycle.

The temperatures range between 4.2 K to 325 K. A semi-conductor at the sample space measures
the temperature of the sample, whereas a heater in the rod is used to increase temperature. The
sample space is filled with helium gas to provide good thermal conductivity between the cold head

and the sample.
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Figure 14 The cryostat with the Mdssbauer setup.
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Vibrations from the cryostat during operation can broaden the linewidth of the Mdssbauer spectra.
Considering that motional narrowing analysis requires measurement of the linewidths, the
vibrations need to be minimized. For that reason, the cryostat is mounted onto a set of bellows at
each foot. Furthermore, the Mdssbauer drive is suspended from wires to minimize contact with the
cryostat frame. Every few months, the cryostat was realigned to ensure optimal geometry for

experiments while also minimizing the vibrations.

Fitting Methods

The spectra obtained were fitted using the Mdssbauer Data Analysis Program provided by Robert
S. Preston (Northern Illinois University) and Dennis E. Brown. This program is mainly utilized
for Lorentzian fitting. For motional narrowing, where a Voigt function is needed, Origin is used.
Ultimately, the programs can give the values for the hyperfine field, isomer shift, quadrupole

splitting, line intensities, spectral areas and linewidths.
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Chapter 3 Results and Discussion

Mossbauer spectroscopy: Bulk magnetite and maghemite

Once the initial magnetite measurements were performed, the samples were kept in the glovebox.
However, when the samples were revisited about three years later, some interesting discrepancies
were found between the initial and newer measurements, oxidation of the nanoparticles from

magnetite to maghemite was the probable cause3:32,

Simply because the details of both bulk magnetite and maghemite will be referred to in this
discussion, it is appropriate to do an analysis of these materials for comparison. At room
temperature, the two have very different Mossbauer spectra, with magnetite having two distinct
crystallographic sites, tetrahedral (red) and octahedral (green), and a hyperfine field of 490 kG for
the tetrahedral site and 460 kG for the octahedral site (Figure 15). For maghemite, the two sites
are less distinct and the octahedral site has a hyperfine field of 502 kG. On the tetrahedral site, the
hyperfine field is 490 kG3. The results are in good agreement with other studies. The important
thing to note here is that at room temperature for bulk materials, the two materials are qualitatively

distinguishable by Mdssbauer spectroscopy.

Stoichiometry: Qualitative and Quantitative Analysis
Analysis of the stoichiometry of the samples can be both qualitative and quantitative. The simplest

form of qualitative analysis for these samples is by eye. Since magnetite and maghemite are
different colors, one can easily observe that if the samples are predominantly either maghemite or
magnetite (Figure 16). Maghemite is a brownish color, whereas magnetite is closer to black.
However, the gquestion of how oxidized, or in other words, how stoichiometric the samples are,
cannot easily be determined visually, especially if the sample is a mixture of both magnetite and
maghemite. One method would be to obtain Mdssbauer spectra of the samples at room temperature

and find whether there are distinct tetrahedral and octahedral sites as shown in Figure 15.

The question of how stoichiometric our samples are has to be decided by different methods. There
are several potential methods, but all methods used here revolve around comparing the

stoichiometry of the sample to general nonstoichiometric chemical formulae of magnetite, one
being (Fe3*")a[(Fe?")1-ax(Fe**)1+2x[0x]s04. To do this, the spectroscopic areas of the A and B sites

(from Figure 15) can be used in conjunction with equation (2).
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Figure 15 Bulk magnetite and maghemite at room temperature. The red lines are the tetrahedral
sites, with green representing the octahedral sites.
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Magnetite Maghemite

Figure 16 Bulk forms of magnetite and maghemite.

However, for nanoparticles below a certain size, these A and B sites are less resolved. For example,
a plot of high temperature spectra of magnetite nanoparticles show no distinct hyperfine fields for
the nanoparticles 5.3 nm, 8.6 nm and 10.6 nm (Figure 17 and Figure 18). Qualitatively, Figures 17
and 18 show that the samples 8.6 nm and 5.3 nm have oxidized into maghemite over the three-
year period. The magnetite samples in Figure 17 show an asymmetrical singlet, whereas the
maghemite samples in Figure 18 present as doublets. The 11.9 nm sample seems to have remained
the same and the 10.6 nm linewidth has broadened slightly, from 2.5 mms™ to 3.0 mms™, when
fitted as a singlet. The 10.6 nm therefore has some ambiguity and a more detailed stoichiometric
analysis has to be done. The task is to extract the distinct crystallographic sites in the analysis for
the 5.3 nm, 8.6 nm and 10.6 nm nanoparticles. Two methods are used here, one is by cooling the
samples to below the blocking temperature, and the other is to apply a magnetic field. Both

methods are utilized to ‘block’ the relaxation in the particles.

Since both magnetite and maghemite are ferrimagnets with octahedral and tetrahedral sites
pointing in opposite directions, applying a magnetic field will increase the hyperfine field of one
site and decrease it for the other, causing the two sites to separate. More specifically, since the
hyperfine field lies in the opposite direction of the magnetic moment and the larger magnetic
moment will align with the magnetic field, the octahedral site, which has two iron atoms will align
with the magnetic field. Its hyperfine field will therefore decrease while the hyperfine field on the

tetrahedral site will increase.

22



Absorption (%)

I-10”“I-5I””0””I5””I10I
Velocity (mm/s)

Figure 17 Mdossbauer spectra of iron oxide nanoparticles, magnetite nanoparticles at room
temperature.
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Figure 18 Mossbauer spectra of maghemite nanoparticles, at room temperature.
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Low Temperature Experiments

Low temperature experiments, performed at 6 K, were previously presented in the Master’s thesis.
In summary, the Fe?* shown in Figure 19 proves that the samples are mostly magnetite, and the
spectra are fitted similar to Berry et al®*, with two Fe** (one on the tetrahedral and octahedral site)
and two Fe?* sites (both on the octahedral site). However, when compared to the same experiments
on the maghemite samples, the Fe?* at the octahedral site for the 5.3 nm, 8.6 nm and 10.6 nm has
mostly disappeared, becoming maghemite (Figure 20). Furthermore, the complicated sub-spectra
of the tetrahedral site for the samples 5.3 nm, 8.6 nm and 10.6 nm is gone and replaced by one
Fe3* site. Since only the Fe®* lines are left and have similar parameters (Table 1), the oxidized
octahedral and tetrahedral sites overlap heavily, just like maghemite. This is consistent with the
oxidation of magnetite to maghemite. The 11.9 nm nanoparticle is mostly unchanged from the

initial experiments.

The 5.3 nm sample appears to be completely oxidized, since it presents like maghemite. However,
the 8.6 nm and 10.6 nm samples show small amounts of Fe?* after oxidation, which can be
understood to be a result of having smaller surface area to volume ratios than the 5.3 nm, and hence
oxidizing at a slower rate. The increased broadness of the 10.6 nm line between the maghemite
and initial magnetite samples at room temperature can be explained by the maghemite sample
being a doublet (or in other words like two overlapping singlets) but due to the broadness of the

lines, the quadrupole splitting is not visible.

The magnetite nanoparticles are fitted with the hyperfine parameters listed in Table 1. All the
spectra shown in Figure 19 have been fitted with the same hyperfine parameters. This is justified
by the fact that the largest hyperfine field of a material occurs at 0 K and is of the same magnitude
regardless of particle size. Note that there are two Fe?* sites, distinguished by their larger isomer
shifts (IS).

While this sounds like a contradiction to what was stated previously, some have speculated that
this is a result of the structural change that occurs below the Verwey transition®. This is supported

by the fact that electron-hopping has ceased at these temperatures.

Fitting with the same parameters was not possible for the maghemite samples, since the Fe**/Fe?*

combination as well as the structure is different.
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Figure 19 Mossbauer spectra of magnetite nanoparticles, initial experiments at 6 K. The arrow is
pointing to the Fe?* on the octahedral site, fitted with a blue line. The red line represents the
tetrahedral sites while the rest are sub-spectra of the tetrahedral site.
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Figure 20 Mdossbauer spectra of maghemite nanoparticles, at 6 K, the blue dash lines represent
the sub-spectra at the tetrahedral site. The 5.3 nm, 8.6 nm and 10.9 nm nanoparticles have

oxidized.

Table 1 Low temperature hyperfine parameters.

Site Bht (KG) IS(mml/s) QS(mml/s)
A(Fe?) 507 0.41 0

B(Fe*") 524 0.5 0

B(Fe*i) 489 0.91 -0.71
B(Fe?*ii) 362 1.26 1.62
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Low Temperature Experiments: Stoichiometry
The fits in Figure 19 and 20 allow for the determination of the population of each valence of iron
atoms in the iron oxide samples, listed in Table 2. The x here refers to the one used in equation
(2), and gives an idea of how stoichiometric the sample is. The “unoxidized” initial magnetite
samples do have some oxidation, with the 5.3 nm sample having the smallest amount of oxidation
at x = 0.07, and the 8.6 nm sample having the largest amount of oxidation and is most non-
stoichiometric, with x = 0.12. The 11.9 nm sample which appeared to be unoxidized, due to its
similarity to the bulk sample, when inspected visually on the Méssbauer spectrum is in fact slightly
oxidized. What this also confirms is that while qualitative analysis can be valuable, the test is to
determine the stoichiometry through quantitative analysis. Furthermore, although the same
analysis cannot be done on the 5.3 nm, 8.6 nm and 10.6 nm samples due to being overwhelmingly
oxidized and missing the Fe?* sites, analysis of the 11.9 nm sample after 3 years shows x = 0.09.
This shows that the 11.9 nm sample is remarkably stable, since increased oxidation for this sample
caused the difference in x after three years to be only 0.01. Given that the bulk also shows x =
0.01, this could be an experimental or computational error, since a 100% stoichiometric bulk
sample should be x = 0. To conclude, none of the nanoparticles are fully stoichiometric magnetite

during the initial run of experiments, but have small amounts maghemite.

Table 2 Low temperature percentages of iron species of initial samples.

Particle size (nm) A(Fe*) B(Fe*) B(Fe*i) B(Fe?ii) Fe¥*/Fe** x

Bulk 36 32 23 9 2.1 0.01
11.9 nm 36 40 16 8 3.2 0.10
11.9 nm (after 3 years) 36 40 17 8 3.0 0.09
10.6 nm 34 41 19 6 3.0 0.09
8.6 nm 39 39 15 7 3.5 0.12
5.3 nm 38 35 19 8 2.7 0.07
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Room Temperature Experiments: Stoichiometry
The room temperature experiments for the superparamagnetic nanoparticles (i.e. the 5.3 nm, 8.6

nm and 10.6 nm) are usually not considered for stoichiometric purposes due to not having distinct
hyperfine fields®®. However, the initial pre-oxidation magnetite experiments show a slightly

asymmetric singlet, which seems to indicate some sort of structure (Figure 18).

Here an uncommon method of fitting high temperature Mdssbauer spectra is explored. In the
literature, it is found that some cases of magnetite above the Curie temperature of 858 K was fitted
in this manner®’. However, this model is not typically applied for magnetite spectra that have a

blocking temperature below room temperature.

While the experiments here are below the Curie temperature, the blocking temperature is
spectroscopically analogous to the Curie temperature for magnetite, so the fitting performed seems
to be reasonable. (i.e. transitioning through the Curie temperature, a material goes from
singlet/doublet to magnetically split; this also occurs as the experiments are recorded through the

blocking temperature.)

Proceeding with fitting the asymmetric singlets and assuming them to represent the tetrahedral and

octahedral sites give the results indicated in Table 3 and Figure 21.

The x-values obtained in Table 3 are a result of using equation (1), and is derived from
understanding that above the Verwey transition, the iron at the octrahedral site is Fe>**. If such a
method were valid, the results would give mostly stoichiometric magnetite and x at low

temperature would be equivalent to x obtained at room temperature.

Table 3 Room temperature percentages of iron species of initial samples.

Bnt (KG) Fe3* (%) Fe?%* (%) Fe®*/Fe?5" X

106nm O 36 64 0.56 0.01
8.6 nm 0 40 60 0.67 0.04
5.3nm 0 37 63 0.58 0.02
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Figure 21 Mossbauer spectra of iron oxide nanoparticles, initial experiments at room temperature.
The red lines indicate the tetrahedral site and the green is the octahedral.
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Assuming the line with the smaller shift (red) and the one with the larger shift is the octahedral
site (green) (due to the larger shift of the Fe?* on the octahedral site), it is found here that the spectra

can be fitted to fairly stoichiometric proportions, x being very close to zero.

This is not a common way to fit spectra of superparamagnetic samples at room temperature, since

most investigators find more value in using the low temperature spectra.

The x values at room temperature confirm that the samples before oxidation are mostly
stoichiometric, just as the x values at low temperature allow the same conclusion. Also, the 8.6 nm
sample is consistently shown to be most non-stoichiometric, with the x values the largest for both
methods. However, from this method, the 5.3 nm and 10.6 nm samples are harder to distinguish,
with the difference being x = 0.01. Considering that their x-values at low temperature differ by a
larger value, this likely signifies that there are larger errors for this model at room temperature.
Additionally, the fitting of the 10.6 nm sample is less optimal than those of the 5.3 nm and 8.6 nm
samples, mainly due to less asymmetry of the peak. This can account for the discrepancy of X106
> Xs5.3 at low temperature but X106 < Xs.3 at room temperature. Although Xroom # Xiow in all three
cases, the Xroom-values do show that the samples are mostly stoichiometric magnetite. This supports
the idea that the Mdssbauer spectra of superparamagnetic nanoparticles at room temperature have
some value and the model here is a sound, though not fully accurate model. One caveat is that at
room temperature, the Fe3* percentages are slightly over-reported, since the Fe?* recoilless fraction

(f-factor, equation (7)) is smaller than the Fe®* fraction at room temperature.

Magnetic Field Experiments
Since these nanoparticles are useful for MRI, it is important to investigate their behavior in a
magnetic field. Coincidentally, this also helps in the studies relating to stoichiometry. The 10 kG

and 20 kG experiments are presented.

Figure 22 shows the magnetite samples in 10 kG at room temperature, the key features being that
the applied magnetic field has sharpened the lines, and for the 5.3 nm, 8.6 nm and 10.6 nm samples,
the spectrum has been partially magnetized by the magnetic field and some of the different sites
become distinguishable, much like the experiments done below the blocking temperature (Figure
19).
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Figure 22 Mdssbauer spectra of iron oxide nanoparticles, initial experiments in 10 kG magnetic
field at room temperature.
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Figure 23 Mdssbauer spectra of maghemite nanoparticles in 10 kG magnetic field at room
temperature.
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In addition, it can be noted that the smaller the sample, the broader the lines are, which could be
attributed to the fact the smaller samples ‘see’ a smaller applied magnetic field, and are less
magnetized. Smaller nanoparticles have a smaller total moment due to having lower number of
magnetic moments; therefore, the hyperfine field strength is smaller as they are less aligned to the
external magnetic field. This is also shown in the hyperfine field of the octahedral site (green lines),
where the smaller samples have smaller octahedral site hyperfine fields. In 10 kG, only the 11.9
nm and 10.6 nm samples are confirmed to be mostly magnetite, with two distinct sites, whereas

the stoichiometry of the smaller 5.3 nm and 8.6 nm samples are ambiguous in the magnetic field.

This is apparent when comparing the initial 10 kG experiments to those done three years later.
Even though 5.3 nm nanoparticles are shown to be magnetite from experiments at low temperature,
a comparison of the maghemite sample (Figure 23) and the magnetite experiments in 10 kG
magnetic field show little obvious difference. This is due to the lines being broad in the 5.3 nm

sample.

In the 10.6 nm sample however, after oxidation, the octahedral Fe?* sites have been replaced by
the octahedral Fe**, which being a similar species to the tetrahedral Fe** overlaps heavily. A closer
inspection of the spectra for 10.6 nm particles initially (magnetite) and after three years

(maghemite) is presented in Figure 24.

Since the 10 kG field seems inadequate in fully resolving the spectrum for the 5.3 nm nanoparticle,
a stronger, 20 kG magnet was used. The field was applied to the magnetite samples and the
experiments were repeated after three years (Figure 25 and Figure 26). In Figure 25, the 5.3 nm
sample looks mostly resolved with distinct tetrahedral and octahedral lines, confirming this sample

is mostly magnetite.

However, a closer observation of the initial samples in 20 kG show an unexpected site between
the tetrahedral and the octahedral sites at the furthest left line (1% line). This site is also not present

in the bulk magnetite, which suggests that this site is unique to the nanoparticles.

All the nanoparticles show signs of this site, with the 11.9 nm sample being the least obvious.
From the previous stoichiometric analysis, it was shown that the initial nanoparticles are not fully

stoichiometric, but have some maghemite contamination.

34



)

<

c

£ 5

=

o)

(2]

< Of
10.6 nm

3 I 3years later =

oxidized ’
TR [N T TN TR TN TR ST TR S SN SN SN NN SN S TU S S U S S S S T
-10 -5 0 5 10

Velocity (mm/s)

Figure 24 Mossbauer spectra of 10.6 nm sample in 10 kG magnetic field at room temperature.
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Figure 25 Mossbauer spectra of magnetite nanoparticles, initial experiments in 20 kG magnetic
field at room temperature. The arrow points to the appearance of an unexpected site.

36



Absorption (%)

Velocity (mm/s)

Figure 26 Mdssbauer spectra of maghemite nanoparticles, in 20 kG magnetic field at room
temperature.
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This theory seems to be justified by Figure 27. The 1% tetrahedral line of the maghemite 10.6 nm
sample matches up with the unexpected site (blue arrow) that is found from the initial sample,
which means that the initial magnetite sample was already partially oxidized. Furthermore, upon
closer inspection, another peak of this site (red arrow) at the 2" line between the octahedral and
tetrahedral sites of the magnetite sample also matches up to the 2" tetrahedral line in the
maghemite sample (Figure 27). The appearance of other maghemite peaks are not as obvious as
they likely overlap with the peaks of the magnetite sample. These observations confirm earlier

analysis that the initial magnetite nanoparticles are not 100% stoichiometric magnetite.

Magnetic Field Experiments: Stoichiometry
After performing the experiments in the magnetic field, the stoichiometry is obtained with the
chemical formula (Fe**)a[(Fe?**)z-ex(Fe**)sxx]s04. This is the appropriate since the experiments
were done above the Verwey transition. Comparing the x values of the magnetic field and room
temperature experiments negates the possibility of the f-factor as a source of error. The x values

are presented in Table 4.

In Table 5, the obtained x values for room temperature, in magnetic field and low temperatures are
compared. The x values obtained at all temperatures agree that the 8.6 nm magnetite nanoparticle
is the most non-stoichiometric, since it has the biggest x value which corresponds to the most
amount of oxidized Fe?*. In addition, it is found that the x values at room temperature and in
magnetic field agree for the 10.6 nm nanoparticles but not for the 8.6 nm and 5.3 nm nanoparticles.
The x values in magnetic field show that the stoichiometry of the 5.3 nm and 10.6 nm cannot be
differentiated at room temperature. The closeness of the x values at room temperature and

magnetic field means that the room temperature fits are valid.

Table 4 In magnetic field percentages of iron species of initial samples.

Applied field (kG) Fe®*(%) Fe?%*(%) Fed*/Fe?5* X

10.6 nm 10 35 65 0.54 0.01
8.6 nm 10 37 63 0.59 0.02
5.3nm 10 34 65 0.55 0.01
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Figure 27 Mdssbauer spectra of the 10.6 nm sample in 20 kG magnetic field at room temperature.
The arrows point to the unexpected site. Note that the octahedral site on the maghemite sample
lines up with the unexpected site at the areas where the arrows are pointing in the magnetite.

Table 5 Comparison of the x values for room temperature, in magnetic field and low temperature.

x (room temperature)  x (in magnetic field) x (low temperature)

10.6 nm 0.01 0.01 0.09
8.6 nm 0.04 0.02 0.12
5.3nm 0.02 0.01 0.07
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Blocking Temperature and Superparamagnetism
Given that the 5.3 nm, 8.6 nm and 10.6 nm samples seem fully oxidized into maghemite after three
years, the blocking temperature could also be different. The 11.9 nm sample will not be discussed

since its blocking temperature is above room temperature and is already ‘blocked’.

The blocking temperature (Tg), is the temperature where the spectrum goes from being a

singlet/doublet to Zeeman split.

To determine where this temperature is, the Mossbauer spectra of the magnetite samples before
oxidation as a function of varying temperature is presented in Figure 28. The blocking temperature
is not incredibly well defined visually, but typically taken to be the point where the hyperfine field
becomes visible and distinct, hence the blocking temperature is approximate when observed
visually. This will be corroborated with motional narrowing methods later in the discussion.

However, there is an added complication that the peaks can be very broad even after being blocked.

For samples 5.3 nm and 10.6 nm the lines start becoming distinct around 50 K and 125 K
respectively. The 8.6 nm sample unfortunately has a noisier spectrum, so visually 50-100 K seems

to be where the blocking temperature is.

The blocking temperature in descending order of nanoparticle size makes sense as the smaller the
volume of nanoparticle, the faster the relaxation time at a particular temperature, therefore it has a

lower blocking temperature (equation 5).

In the maghemite samples (Figure 29), the blocking temperature does not seem to have changed
much, with the 5.3 nm sample being blocked around 55 K; 8.6 nm at around 85 K; and 10.6 nm
around 180 K.

To conclude, the blocking temperature seems to increase slightly (~10 K) when the stoichiometry
changes in the nanoparticles, which means the more deterministic factor for the blocking

temperature is the particle’s volume/size.

Relaxation Time: A Motional Narrowing Analysis
To find the characteristic relaxation time, t,, motional narrowing analysis is used. Relaxation time
is an important parameter in MRI. Motional narrowing is well understood in NMR, however, it is

less explored with Mdssbauer spectroscopy.
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Figure 28 The initial varying temperature experiments of magnetite samples 5.3 nm, 8.6 nm and

10.6 nm.
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Figure 29 The varying temperature experiments of maghemite samples 5.3 nm, 8.6 nm and 10.6
nm.
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This is the method that will be used to investigate the relaxation time. Motional narrowing, as
mentioned earlier, is a method to investigate line-narrowing as the temperature is increased, which
is related to the relaxation time by equation (9). The nanoparticle spectra start out as a single line
and broaden as the temperature is decreased. Below the blocking temperature, the spectra splits
and shows a hyperfine field. Since the spectra below the blocking temperature are complicated
with overlapping lines, the linewidths are not easy to determine. As a result, only the spectra above
the blocking temperature will be discussed. This excludes the 11.9 nm sample since it does not

have a blocking temperature below room temperature.

For the smaller maghemite samples (5.3 nm and 8.6 nm), the room temperature spectra presents a

symmetrical doublet with a quadrupole splitting of about 0.7 mms™*, making the fit straightforward.

The quandary comes in the fitting of the 10.6 nm nanoparticle spectra. There are several factors to
consider. Depending on whether there is one broad singlet or a doublet with a very small
quadrupole splitting, the linewidth can be different. A further consideration is that there is a
possibility that the quadrupole splitting can change as the temperature changes, which could be

masked by the broadening of the linewidths.

Fitting and analyzing the spectra using motional narrowing has increased value because of the
above-mentioned issues. Using equation (9), the parameter that is considered is the difference in
the linewidths (AI'), not the absolute linewidths. As long as a fitting regime is selected and
consistently applied, the results can still be of value. The initial unoxidized magnetite samples are
fitted with a single peak, and the maghemite samples with a quadrupole splitting, to simplify the
analysis. The spectra have at least two sources of broadening (hyperfine field and temperature
broadening). Inhomogeneous broadening can be better fitted with a Voigt profile in NMR
spectra®. As a result, a Voigt profile, which contains both Gaussian and Lorentzian profiles is the
most appropriate for the Mdssbauer fits as well. However, since the line shape of interest is the
Lorentzian profile, which is the classic Mossbauer line shape, only the Lorentzian linewidth
extracted from the Voigt profile will be discussed. With the Zeeman splitting occurring closer to
the blocking temperature, additional sources of broadening are introduced. As a result, selecting
the appropriate measurement temperatures is important. For the smaller samples, since the

blocking temperature is much lower than room temperature, the experimental temperatures are in
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larger increments. With the 10.6 nm sample however, the blocking temperature is higher and the

experimental increments are smaller.

Assumptions
A few assumptions are made during the application of this method. It is assumed that the
Lorentzian portion of the linewidths are only broadened due to the increase of the average “seen”
magnetic field. Additional sources of broadening introduced when close to the blocking

temperature is assumed to be captured by the Gaussian portion of the Voigt function.

Another assumption made is that the instantaneous field strength is the same across all
experimental temperatures. It is known that this is not completely true. The hyperfine field does
vary as the temperature changes. However, allowing the field to be constant simplifies the analysis.

Here the hyperfine field is taken to be 500 kG across the temperatures used for this method.

Analysis
The AI' used in equation (9) is found by subtracting the measured linewidth from the linewidth
assumed to be from experimental broadening and natural linewidth (taken to be 0.3 mms™). The
linewidth is then converted to angular frequency, with w taken to be 10° s (based on a magnetic
field of 500 kG). The results are presented in Table 6.

Unsurprisingly, the table shows that the lower the experiment temperature the slower the relaxation
time of the nanoparticles, corresponding to the increased broadening. For the 5.3 nm and 8.6 nm
samples, the relaxation times are comparable both for magnetite and maghemite samples, around
10s. The 10.6 nm sample has both maghemite and magnetite components with relaxation times
in the region of 10%%. This fits with the trend that the larger the nanoparticles, the slower the
relaxation time. After the individual relaxations are found for each temperature, equation (4) is

rearranged to find the characteristic relaxation time. Rearranging equation (4):

KV
_ 10
lnT—kT+lnTO (10)

By plotting In T against 1/T, the value of the slope, % is found. The y-intercept, In t,, isshown

in Table 7. As this is an uncommon approach to finding the relaxation time, to check that the values

obtained are reliable, an estimate of the blocking temperature using equation (5) is done.
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Table 6 Nanoparticle relaxation times.

Particle size Temperature Linewidth I' Relaxation Time T
(nm) (K) (mms™) (s)
5.3 293 0.73 2.32x 101
200 0.85 2.96 x 101!
150 1.35 5.66 x 101!
5.3 (oxidized) 293 0.96 3.55x 101!
192 1.13 4.47 x 1011
150 1.47 6.30 x 101!
8.6 293 0.92 3.34x 101
250 2.13 9.86 x 101!
160 2.83 1.36 x 10°%0
8.6 (oxidized) 293 0.89 3.18 x 101
250 1.23 5.01 x 10
220 1.36 5.71 x 10
10.6 300 2.36 1.11 x 10°%0
250 3.13 1.52 x 10°%0
200 6.5 3.34 x 1010
10.6 (oxidized) 293 3.41 1.68 x 10710
280 4.61 2.32x 1010
270 5.48 2.79x 1010
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Table 7 The characteristic relaxation times and blocking temperature of the particles.

_ _ Derived Blocking Experimental blocking
Particle size (nm) Relaxation Time 7o (S)
Temperature (K) temperature (K)

5.3 8.48 x 1072 50 50

5.3 (oxidized) 5.95 x 10712 51 55

8.6 2.11x 101 90 between 50 and 100
8.6 (oxidized) 5.64 x 1012 77 85

10.6 1.14 x 101 110 125

10.6 (oxidized) 4.21 x 1012 187 180

From Table 7, the derive blocking temperatures of the magnetite and maghemite 5.3 nm
nanoparticles match closely to the experimental ones. For maghemite 8.6 nm samples, the values
also match closely, and the derived blocking temperature for the magnetite sample falls within the

experimental range of the blocking temperature.

However, the 10.6 nm sample, for both magnetite and maghemite there is greater variation between
the derived and experimental blocking temperature. The errors of fitting are larger due to being
closer to the blocking temperature and there are more sources of broadening. In addition, the

blocking temperature is higher for the maghemite samples.

Otherwise, it can be concluded that for samples that have blocking temperatures much lower than
room temperature, the motional narrowing method seems a reasonable method to derive the
relaxation time and the blocking temperature. However, for samples with blocking temperatures

closer to room temperatures, like samples larger than 10 nm have, this method will be approximate.

Motional Narrowing: Limitations
There are limitations to this approach, samples where the blocking temperature is above room
temperature cannot be analyzed, since the hyperfine field for these samples are not collapsed. A
lower bound for the relaxation time for these samples can be set, since they have to be slower than

the measurement time of Méssbauer spectroscopy (5x10?s). Since the motional narrowing method
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cannot be applied to the 11.9 nm sample (there is no blocking temperature), it can be assumed the
method only allows the estimation of relaxation times of magnetite/maghemite samples with sizes

below 11.9 nm.
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Chapter 4 Conclusion
In summary, the stoichiometry of magnetite superparamagnetic iron oxide nanoparticles were

characterized with Mdssbauer spectroscopy. The experiments were repeated three years later. To
evaluate the stoichiometry, the fitted spectra were compared to the ideal stoichiometric chemical

formulae, (Fe*")a[(Fe?")1-3x(Fe*)1+2xC0x]e04, for low temperature experiments (mainly 5 K), and

(Fe*)a[(Fe**")2-ex(Fe3*)sx[Ix]s04 for room temperature experiments.

While the fitting for low temperature experiments are well-established, the fitting for spectra of
superparamagnetic magnetite nanoparticles at room temperature is rarely done. Here, the
superparamagnetic asymmetric singlets were fitted similar to magnetite above the Curie
temperature. The assumptions for the model is derived from similarities in the spectra transitioning
across the Curie temperature and blocking temperature. The fitted results from the model was
found to be valid and its accuracy confirmed by comparison of the stoichiometry at room and low
temperature. This is important because the MRI SPION contrast agents will be used in ambient

atmosphere, which can oxidize if magnetite.

Understanding the relaxation time is also important in MRI. While motional narrowing is very
common in NMR, there has been very little done using it to find relaxation times in Mdssbauer
spectroscopy. By observing motional narrowing in Méssbauer spectroscopy, relaxation times were
derived. In all but one sample, the derived blocking temperature compares well to the experimental
one. The derived blocking temperature of the 10.6 nm sample is suspected to have greater fitting
errors due to the spectra not being completely Lorentzian and having multiple sources to the
linewidth broadening. As a result, the derived blocking temperature deviates more from the

experimental one.

Finally, it is found that the blocking temperature is approximately the same after oxidation of the
magnetite nanoparticles into maghemite. This points to the importance of the size of the
nanoparticle being the overwhelming factor in the blocking temperature, since oxidation of the

nanoparticles do not modify their size.
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