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ABSTRACT

Magnetic nanoparticles (NPs) have the potential to be useful in a variety of
applications such as biomedical instruments, catalysis, sensing, recording information,
etc. These nanoparticles exhibit remarkably different properties compared to their bulk
counter parts. Synthesis of magnetic NPs with the right morphology, phase, size and
surface functionality, as well as their usage for specific applications are challenging in
terms of efficiency and safety. Morphology wise, there have been numerous reports on
magnetic nanoparticles where morphologies such as core/shell, hollow, solid, etc.,
have been explored. It has been shown that morphology affects the magnetic response.
Achieving the right crystal structure with required morphology and the magnetic
behavior of the nanoparticle phases determines the magnetic response of the structure.
For example, in the case of core/shell NPs various ferromagnetic (FM), ferrimagnetic
(FiM), and antiferromagnetic (AFM) core and shell combinations have been reported.
In these cases, interesting and strikingly different features, such as unusually high spin
glass transition temperature, large exchange bias, finite size effects, magnetic
proximity effects, unusual trend of blocking temperature as function of average crystal
size, etc., have been reported.

More specifically, the morphology of core/shell nanoparticles provides added
degrees of freedom compared to conventional solid magnetic nanoparticles, including
variations in the size, phase and material of the core and shell of the particle, etc.
which helps enhance their magnetic properties. Similar to traditional core/shell
nanoparticles, inverted core/shell having a FiM or FM order above the Curie

temperature (Tc) of the shell has been reported where the Néel temperature (Tn) is
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comparable with the bulk value and there is nonmonotonic dependence of the coercive
field (Hc) and exchange bias (Heg) on the core diameter.

In addition to the core/shell morphology, nanoparticles with hollow
morphology are also of interest to the scientific community. For such cases, surface
spin glass transition enhancements have been reported due to the presence of the
additional inner surface. CoFe204, NiFe204 and y-Fe203 hollow nanoparticles exhibit
strikingly contrasting magnetic behavior compared to bulk and conventional solid
particles; similar behavior was also observed in core/shell nanoparticles. Structurally,
hollow polycrystalline nanoparticles are composed of multiple crystallographic
domains. This random orientation of the crystallographic domains also causes
randomization of the local anisotropy axes. Hence the overall effect of this
morphology on the magnetic properties is exhibited through the high coercivity,
relatively high temperature magnetic irreversibility, lack of magnetic saturation, high
blocking temperature, etc.

Over the years, extensive work on core/shell nanoparticles have been carried
out to understand their exchange bias phenomenon and the effect on coercivity.
Recently, focus has been given to hollow polycrystalline nanoparticles for the reason
mentioned above. This thesis investigates the root cause for the above-mentioned
effects on the coercivity and exchange bias. Since hollow nanoparticles with
polycrystalline structure have shown to exhibit different and improved magnetic
behavior compared to bulk and other conventional solid particles, they will be the
focus of our investigation. First, extensive field and temperature dependent magnetic
study on polycrystalline hollow nickel ferrite (NiFe2O4) have revealed the effect of the

presence of inner surface in a single oxide nanoparticle. Second, the effect of having
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multiple oxides with different magnetic properties (i.e. FM and AFM) in a single
nanoparticle, while maintaining a hollow morphology was investigated by studying
polycrystalline hollow y-Mn203z and MnO nanoparticles. Studies on various
conventional solid manganese oxide nanoparticles have already been reported.
Therefore, focus was only made on the fabrication and magnetic study of hollow
polycrystalline manganese oxide, with a comparison of the results to those from solid
nanoparticles already available in literature. A conclusion was drawn to the
importance of the coupling of different magnetic phases (i.e. FM and AFM, FiM and
AFM, or SG and AFM), in contrast to just having one single oxide in the hollow
nanoparticles. Finally, the importance of this coupling as compared to the increase of
surface-to-volume ratio was evaluated in CoO/Co0304/CoFe204 polycrystalline hollow
nanoparticles by varying the AFM phase (CoO/C0304) in the nanoparticles and
observing how the magnetic properties varied. This system helped address the effect
of the coupling between different magnetic phases, super-exchange interaction, and

proximity effect.
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Chapter 1
INTRODUCTION

Magnetic nanoparticles (NPs) have the potential to be useful in a variety of
applications such as biomedical instruments, catalysis, sensing, recording information,
etc. These nanoparticles exhibit remarkably different properties compared to their bulk
counter parts [1-9]. Synthesis of magnetic NPs with the right morphology, phase, size
and surface functionality, as well as their usage for specific applications are
challenging in terms of efficiency and safety. Morphology wise, there have been
numerous reports on magnetic nanoparticles where morphologies such as core/shell,
hollow, solid, etc., have been explored [10-19]. It has been shown that morphology
affects the magnetic response [4,17,20-23]. Achieving the right crystal structure with
required morphology and the magnetic behavior of the nanoparticle phases determines
the magnetic response of the structure. For example, in the case of core/shell NPs
various ferromagnetic (FM), ferrimagnetic (FiM), and antiferromagnetic (AFM) core
and shell combinations have been reported [20,24-26]. In these cases, interesting and
strikingly different features, such as unusually high spin glass transition temperature
[2,24], large exchange bias [9,13,27-29], finite size effects [6,30-33], magnetic
proximity effects [24], unusual trend of blocking temperature as function of average
crystal size [20,31], etc., have been reported.

More specifically, the morphology of core/shell nanoparticles provides added
degrees of freedom compared to conventional solid magnetic nanoparticles, including

variations in the size, phase and material of the core and shell of the particle, etc.,



which helps enhance their magnetic properties [16,24,33-35]. Similar to traditional
core/shell nanoparticles, inverted core/shell having a FiM or FM order above the Curie
temperature (Tc) of the shell have been reported where the Néel temperature (Tn) is
comparable with the bulk value [14,34,36] and there is nonmonotonic dependence of
the coercive field (Hc) and exchange bias (Hes) on the core diameter [37].

In addition to the core/shell morphology, nanoparticles with hollow
morphology are also of interest to the scientific community. For such cases, surface
spin glass transition enhancements have been reported due to the presence of the
additional inner surface [8,15,16,20,38-40]. CoFe20a4, NiFe.O4and y-Fe>Os hollow
nanoparticles exhibit strikingly contrasting magnetic behavior compared to bulk and
conventional solid particles; similar behavior was also observed in core/shell
nanoparticles [8,15,17,39,40]. Structurally, hollow polycrystalline nanoparticles are
composed of multiple crystallographic domains. This random orientation of the
crystallographic domains also causes randomization of the local anisotropy axes.
Hence the overall effect of this morphology on the magnetic properties is exhibited
through the high coercivity, relatively high temperature magnetic irreversibility, lack
of magnetic saturation, high blocking temperature, etc. [13,17,20,24,31,40].

Over the years, extensive work on core/shell nanoparticles have been carried
out to understand their exchange bias phenomenon and the effect on coercivity.
Recently, attention has been given to hollow polycrystalline nanoparticles for the
reason mentioned above. This thesis investigates the root cause for the above-
mentioned effects on the coercivity and exchange bias. Since hollow nanoparticles
with polycrystalline structure have shown to exhibit different and improved magnetic

behavior compared to bulk and other conventional solid particles, they will be the



focus of our investigation. First, extensive field and temperature dependent magnetic
study on polycrystalline hollow nickel ferrite (NiFe2O4) have revealed the effect of the
presence of inner surface in a single oxide nanoparticle. Second, the effect of having
multiple oxides with different magnetic properties (i.e. FM and AFM) in a single
nanoparticle, while maintaining a hollow morphology was investigated by studying
polycrystalline hollow y-Mn203z and MnO nanoparticles. Studies on various
conventional solid manganese oxide nanoparticles have already been reported.
Therefore, focus was only on the fabrication and magnetic study of hollow
polycrystalline manganese oxide, with a comparison of the results to those from solid
nanoparticles already available in the literature. A conclusion was drawn to the
importance of the coupling of different magnetic phases (i.e. FM and AFM, FiM and
AFM, or SG and AFM), in contrast to just having one single oxide in the hollow
nanoparticles. Finally, the importance of this coupling as compared to the increase of
surface-to-volume ratio was evaluated in CoO/Co0304/CoFe204 polycrystalline hollow
nanoparticles by varying the AFM phase (CoO/C0304) in the nanoparticles and
observing how the magnetic properties varied. This system helped address the effect
of the coupling between different magnetic phases, super-exchange interaction, and
proximity effect.

How and why these systems were selected to study their respective parameters
is addressed in chapter 2. Chapter 2 provides a theoretical explanation of magnetism in
nanoparticles, and the influence of different morphologies on the magnetic properties
of magnetic nanoparticles. Chapter 2 introduces and expands on the concept of
exchange bias. An extensive introduction of the different systems chosen to be studied

is also discussed in this chapter. Chapter 3 discusses the growth process for these



systems and introduces the different techniques used in the crystallographic,
morphological, and magnetic studies of these system. In chapter 4, the first system,
NiFe204 nanoparticles, is discussed in detail with extensive field and temperature
dependent magnetic study. Evidence of strong coupling between a stabilized
disordered surface spins and the ferromagnetic phase is presented as seen high
coercivity and exchange bias values at low temperatures. Magnetic irreversibility is
shown to persist at low temperatures. The effect of ferrimagnetic and
antiferromagnetic coupling, in addition to hollow morphology, is discussed in Chapter
5. In Chapter 5, temperature and cooling field study on the magnetic properties reveals
that the strong coupling between the magnetic phases further enhances the magnetic
properties of the nanoparticles. Vertical loop shift is reported in this chapter. How
exactly the coupling between the two magnetic phases (FM and AFM) in addition to
morphology affects the magnetic property is the subject for Chapter 6. In Chapter 6,
increasing the cobalt concentration from a 50:50 Co:Fe initial ratio leads to
polycrystalline hollow NPs with different concentrations of CoO, C0z04, and
CoFe204. Co0304 concentration increases with cobalt concentration. Magnetic studies
as a function of cobalt concentration shows increased anisotropy constant in low
magnetic field, decreased magnetization in both the low and high magnetization
curves, decrease in irreversibility and blocking temperature, decrease in coercivity,
however, a nonmonotonic relation exist for exchange bias. A brief summary and

future recommendations are provided in chapter 7.
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Chapter 2
BACKGROUND

2.1 Magnetism in Nanoparticles

Origin of all interesting phenomena exhibited by magnetic nanoparticles (NPs)
can be explained in terms of their intrinsic properties such as crystal structure, size
distribution, finite-size effects and the inter/intra particle interactions [1]. Out of
these, the magnetic behavior of individual NPs is mainly dominated by the finite-size
effects and is a size dependent property. Since the size of the NPs are proportional to
their anisotropy energy [1], most studies of finite-size effects have been in
superparamagnetic regime. In NPs, surface gives rise to magnetic disorder with
behavior that ranges from that of a dead magnetic layer to that of a spin-glass (SG)
like layer [1]. The competition between the core and this disordered layer greatly
impacts the magnetic response of NPs. Around the ferromagnetic (FM) and
superparamagnetic (SPM) transition, it has been observed that there exists field
irreversibility, high saturation fields, extra anisotropy contribution, and shifted loops
after field cooling (FC) processes [1]. These contrasting differences from bulk
materials have been attributed to a coupling between different behavior of spins at the
core and the surface of the NPs. It is known that surface brings about defects, which
break the atomic coordination of the core and surface, resulting in a more disorder spin

orientation at the surface.



2.1.1 Superparamagnetic regime

We first start our discussion by explaining effect of size on magnetization. In
bulk systems, it is known that domains sizes, which are not uniform and are
distributed throughout the bulk material and is limited by domain walls (DWSs).
Reduction of the magnetic NPs below average domain size leads to formation of
single domain NPs. The exchange energy, magnetostatic and anisotropy energies of
the overall system are all optimized as the size of the system is reduced [1]. Ata
certain size limit, the function that governs the size distribution inside the magnetic
system becomes narrow and is approximated by the ratio of the domain wall energy
per unit area over the square of the saturation magnetization [1]. At this size limit, the
system is a single domain system.

The magnetic energy that govern the system has been given by the Stoner-
Wohlfarth model, equation 2.1. This model assumes non-interacting magnetic
nanoparticles, where the particles are in thermal equilibrium and the total energy is
minimized by orientation of spins toward the easy axis. The minimized energy along
the easy axis is the anisotropy energy, which depends on the volume (V) of the
particles and the angle (8) between the anisotropy axis and magnetization, the applied
magnetic field (H), the spontaneous magnetization (Ms), and the angle between H and

the easy axis (@) is the angle between the applied field and the easy axis.

E = KVsin?0 + HMg cos( 6 — ¢) (2.1)

It follows from this equation that as V of the system decreases so does the

energy of the system; and the system follows H more readily. Overall the anisotropy

energy of the system is lower for materials with lower anisotropy constants (K), and
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these materials have smaller energy barriers (AE"). AE depends on H as well as KV
and is a function of 6 and ¢ [2]. AE determines the spins orientation preference for
ferromagnetic (FM) materials. It takes more energy to reorder spins of FM materials at
an angle other than their easy axis. For NPs, thermal effects (kzT), also disturbs the
alignment of the spins. For systems with small K, the spins behave like paramagnetic
systems with saturation, SPM. At this size regime, increase in T leads k; T to be
comparable to AE. The equilibrium temperature is known as the blocking temperature
(Tw). Tr is defined below, where v, is the attempt frequency and v the measured

frequency.

AE

= i) *2)

Tg

At temperatures above Ty, thermal excitation leads to rapid fluctuations of
spins as compared to observation time. This time dependent phenomenon was first
introduced by Néel where he assumed that particle spins are rigidly coupled and
reverse as a whole [1]. The characteristic time (t) was given by equation 2.3, and is
proportional to the Boltzmann constant (kg ). In equation 2.3, t,is the attempt
timescale and is in the order of 10-12 sec. This suggest that experimental time
plays a role when investigating systems close to their SPM state, and the

temperature at which the investigation is done.

KV
T= Tp exp(—k—T (2.3)
B
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For instance, moments of a single domain particle remain blocked for an
experiment with a characteristic time window much shorter than t at a fixed
temperature. In fact, a critical volume (Vsp) for SPM behavior for a 100 s

experimental time and considering t, to be 109 s is given as:

Vg, = 25KT/K (2.4)

An applied field will modify equation 2.4 and give equation 2.5, where it can be
observed that the applied field leads to a lower energy barrier, which shift Tg to lower

temperatures.

25k, T = KV (1 -Hgl“fs)z (2.5)
The coercivity (Hc) of single domain particles in this size regime can be
obtained by rearranging equation 2.5. The lack of domain walls in single domain
particles mean that the magnetization reversal occurs by the rotation of the entire spin
structure. However, in multidomain particles domain wall motion dictate the magnetic
reversal. Therefore, the coercivity of single domain particles are larger compared to
multidomain particles, which is depicted in figure 2-1. In the single domain region of
small non-interacting particles, where Hc is highest, the rotation of the magnetization

happens coherently.
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Figure 2-1 : Size dependence of coercivity. SD: Single Domain, MD: Multi-Domain,
SPM superparamagnetic, PSD: Pseudo Single Domain [3]

2.1.2 Surface and finite size effects

Particle interaction plays a substantial role in the overall magnetization of NPs
assemblies [1,3]. Of the different interactions that exist in finite particles, dipole-
dipole interaction is the most obvious since it always exists; other interactions to be
considered include exchange interactions of NPs in close proximity, and exchange
interactions of NPs through different mediums. Interactions through different
mediums are called super exchange interactions, since magnetic NPs interact with one
another through an insulating matrix.

The effect on the overall magnetization of NPs assemblies from interactions
has been reported both experimentally [4-8] and theoretically[7-9]. Shtrikmann and
Wohlfarth updated the Néel-Brown model to reflect weak interactions [9]; whereas

Dormann et al. subsequently updated it for a more general system [10]. In the
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experimental model by Dormann et al., it was observed that Tg increased with
increasing strength of the dipole interactions [1]. However, Morup and Tronc have
predicted that there is an opposite correlation to Ts with increasing dipole interactions
in the case for weak interactions, which they confirmed by Mossbauer spectroscopy on
v-Fe2O3 NPs [12]. Therefore, they suggested that in fine particle, Tg affects the
magnetic regime in two different ways at high temperatures — Tg decreases with
increased interactions for weak interaction but increases with increased interaction for
strong interaction. In the latter case, the response of Tg can be attributed to the
freezing process, therefore increases with increasing interactions, where spins are
more readily affected by nearby spins and therefore are not un-blocked easily [1,5].

This ensemble movement of spins in the glassy state are characterized as the
ageing effect in memory. Although ageing effects have been observed in other
ensembled glassy systems, where a true phase transition is not observation as is the
case in the situation described above with spins going from a blocked state to a none-
frozen state [13]. This has been explained by looking at the strong temperature
dependence in the case of the collective state, as well as the fact that non-finite particle
tend to be blocked in all time scales and therefore not taking part in the collective state
of the system [1]. Zero field cooled (ZFC) and field cooled (FC) magnetization versus
temperature studies show that non-finite sized particle have a higher Tg [14,15]. It has
been revealed, also, that SG is highly dependent on the applied external magnetic field
[13,16-18].

The complexity to the magnetic properties of NPs systems is further enhanced
when surface effects are considered, which one must consider in this size limit since

surface increase significantly as the volume of the NPs is reduced. Enhancement of the
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magnetic properties is not straightforward to understand since surface effects and
finite-size effects are mixed and can be in competition to the overall magnetic
properties since surface results in more defects. Therefore, it is worth defining both
effects — finite size effects is the effect that comes from the cut off of the characteristic
length since the volume of the particles are being restricted; surface effects comes
from the broken bonds and defects that comes due to these broken bonds resulting in
surface spins disorder and frustration [1].

The result of surface spins disorder and frustration is the effect on the
structural relaxation of spins, and creation of strains. Strains have been known to
induce additional anisotropy, as is the case of lattice mismatching in lattice constants
at the interface between thin-films and substrate. However, this effect has been found
to be negligible in NPs. Therefore, focus is only given to two other type of anisotropy
that prevalent in NPs, e.g. bulk anisotropy and surface anisotropy. Bulk anisotropy
(K, ) refers to the core of the NPs; whereas, surface anisotropy (K ) considers limit
where surface effect is prevalent inside the NPs. The resulting anisotropy constant is
termed as effective anisotropy (K., ) and is given by equation 2.6. Where, d is the
diameter of the NPs. Therefore, one can observe that the surface effect increase with

decreasing particle size.

6

Similarly, on how surface affect the overall anisotropy in NPs, experimental
observation has been made on their effect on Ms. In NPs, it has been observed that

Ms decreases as a function of particle size. Coey et al in 1971, while studying vy -
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Fe2O3 ferrimagnetic NPs, found reduction in Ms, and attributed the reduction to
random canting of surface spins [19]. Their claim has been subsequently verified by
many other studies for different oxides by employing different techniques to measure
Ms, namely Mossbauer spectroscopy [20-22], polarized [23] and inelastic [24]
neutron scattering, and FM resonance [25]. In contrast to the observation of spin
canting in oxides, none has been found in metallic FM NPs, thereby supporting the
claim that the competition of the frustrated antiferromagnetic (AFM) interactions is to
be credit with the origin of spin misalignment [1].

High field irreversibility has been observed at low temperature, 4.2 K, for both
FM and AFM NPs, as well as lack of saturation of hysteresis loops [26-28].
Therefore, suggesting that spin canting is indeed prevalent in this size limit, since
anisotropy energies alone cannot be responsible of the blocking at very high fields.
Other than very high field irreversibility at low temperature, a shift of the loop is
observed after FC, as well as irreversibility between FC and ZFC loops [26,28,29].
The loop shifts are, however, seen to decrease with increase in temperature until
completely vanishing [26,28,30]. Actually, all the properties that have been mentioned
so far to be effected by this size reduction are seen to vanish at a certain temperature,
given as spin freezing temperature (Tf) [1]. Therefore, a model representing a
magnetically ordered core surrounded by a surface layer of canted spins has been
proposed [1,27,28]. In this model, the layer surrounding the core, which has broken
bonds and canted spins has been referred to as a SG surface, when at a T < T creates
an exchange coupling field on the core of the NPs. This coupling results in a shift of
magnetic loop. One of the characteristic of this coupling is its field dependence on Ty,

8T o« H?3 [1]. Kodama and Berkowitz have produced model and studies, and
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concluded that the non-saturation of the hysteresis loop comes from the shell (SG

layer), surface anisotropy [22,30,31].

2.1.3 Exchange Bias

The shift of the hysteresis loop, from the exchange coupling of core and the SG
layer, has been referred to as exchange bias (EB). EB therefore manifest itself as a
source of anisotropy. This added source anisotropy makes EB a very important to the
information storage industry, where high information storage capacity in small areas
requires small particle size. EB has been extensively investigated since Meiklejohn
and Bean discovered it while working on a Co/CoO system in 1956 [32]. In many
models [33-38], EB has been investigated for magnetic NPs. However, the origin of
EB is still not well understood to date but has been attributed to the interaction
between the coupling at the interface of FM and AFM phases. A schematic of this
coupling and how it affects the behavior of hysteresis loop is shown figure 2-2, below.
Figure 2-2 shows the different steps involved during EB, mainly how the coupling
between the two different magnetic phases leads to the shift of the hysteresis loop.

In figure 2-2, showing a bilayer film, where the bottom (dark grey) layer is FM
and the top layer (light grey) is AFM. Here, multiples steps are noted. First, the
hysteresis loop is shown when recorded at a temperature above the Néel temperature
(Tn) but below the Curie temperature (Tc). The resulting loop is observed to be
centered and symmetric. In this temperature regime, the AFM layer plays no role and
is in PM state, and the magnetic response solely comes from the FM layer. After
cooling the layer below Tn while applying a field, the FM spins get aligned along with
the field. Then, if a hysteresis loop is recorded, the resulting loop is observed to be

shifted to the left.
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Figure 2-2: Schematic description of exchange bias for an FM/AFM bilayer [39]

The shift arises due to the torque experienced from the FM spins interacting
with AFM spins at the interface when the FM spins are to be aligned in the manner
shown in part 2) of figure 2-2. Here, FM spins encounter some resistance from spins
of the AFM layer right next to them. To overcome this force, a larger field is required
and the curve crosses the x-axis at H.-. H-is the coercivity field (Hc) needed in the
negative field direction to overcome the microscopic torque. Furthermore, the field
dependence from the unidirectional anisotropy, where less field is required to flip the

spins along the direction of the positive (easy axis), leads the hysteresis loop to shift.

18



The curve crosses the x-axis at H.+. Therefore, EB can be mathematically calculated
HC——HC+

from the difference of the Hc in the negative and positive direction, EB = >

Again, this illustration is a simple model to help visualize the hysteresis shift in a
bilayer FM/AFM thin film. It does not however explain the interface structure of the
system, the interface magnetic coupling direction, cooling field intensity dependence,
Hc. nor the enhancement of the shift.

Meiklejohn calculated the rotational hysteresis, energy, and loss at the
interface of the proposed bilayer, where it was assumed that there’s a single domain
AFM that is weakly coupled to a single domain FM layer. In his calculation,
Meiklejohn assumed, using a vector model, that the anisotropy constant of the AFM

layer is much greater than that of the FM layer. The resulting expression is given:

EB = —]F/ AF

= 2.7
a?Mgptp (2.7)

In equation 2.7, JFr /AFis the interfacial exchange constant, a the lattice parameter, Mg

the FM saturation magnetization, and t the thickness of FM layer. The values of EB
obtained from this model were found to be significantly different than experimental
values. The difference in the experimental values and those from this model comes
from the assumption mentioned above and lack of consideration of the important
structural parameters.

Many models, since, have been developed to better reflect experimental values
of the bilayer thin films, with each new model getting better at approximating
experimental values. Neel considered a weakly anisotropic uncompensated AFM

interface layer that is ferromagnetically coupled to a FM layer [34], assuming that the
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magnetization in both the FM and AFM layer was uniform within the layer parallel to
the interface [40]. A model proposed by Malozemoff significantly improved the
estimation of the EB. In his model, which is based on randomness in the exchange
interactions at the FM/AFM, Malozemoff decreased the EB by a factor of 2a /(4 /
K), where A is the exchange stiffness [36,40]. This model still falls short since there’s
no consideration of the defects in the film, which is unrealistic. A model that has been
successful at predicting the EB of FM/AFM systems such as Ni/NiO and Co/CoO
systems was proposed by Mauri et al. However, this models fails to explain other
systems such as EB that requires AFM coupling of the interface spins, including
systems where large EB are observed in the compensated interfaces rather than the
uncompensated ones [40]. In their model, Mauri et al. assumed an infinitely thick
AFM layer and a restricted FM layer that is still a single domain [41]. Systems with
large anisotropy constant of the AFM layer have been considered by Kiwi et al., where
they also considered unfavorable domain walls. This model introduced the idea of
frozen interfaces was introduced, with the first layer of the AFM layer freezes into
displaced spins (canted spins) configuration [42,43]. By introducing defects in the
AFM layer, Nowak et al. proposed a model where domain states are formed in the
AFM layer. They argue that dilution in the AFM layer promote the formation domain
state by causing domain wall formation through nonmagnetic sites. Their model have
been consistent in predicting experimental results, when exploring EB as a function of
AFM thickness and temperature [40].

Experiments such as creation of defects in Co/CoO by introducing
nonmagnetic Mg or by oxidation of the AFM layer has supported models by Nowak et

al. mentioned above [40]. In the experiments, FM/AFM interface, interface coupling
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direction, layer thickness (tar), temperature dependence etc. effect on EB were
investigated. These experiments found that domain formation in the AFM layer led to
the enhancement of EB by a factor of 3 or 4 [40]. Vertical shift of the hysteresis loop
was also reported in these experiments due to excess magnetization from the domain
formation in the AFM layer [40]. Pinned spins that do not follow external field yield a
shift to the hysteresis loop along the magnetization axis. Nogues et al. first reported
this shift in FeF./Fe and MnF./Fe systems [44]. They attributed the direction of the
loop shift to the structure of the layer in small cooling fields (Hcr) but shifts upward in
the case of large Hce. Downward shift is attributed to AFM coupling at the interface,
while FM coupling results in an upward shift. This suggested the existence of a
correlation between positive EB and the nature of the FM/AFM coupling.
Investigating tar revealed that too thin of a FM layer leads to no EB, believed to be
caused by the broken continuity in the layer [40]. EB was also observed to reduce
when domain states are increases in the AFM layer, which can be explained by the
suppression of the AFM order when domain state increases. As far as temperature
effect, EB has been found to vanish above Tg [40].

In thin films Tg, has been shown to vary with the grain size of the AFM layer.
These later models developed for the magnetic bilayer were found to be very similar
to the models, already discussed above, for magnetic NPs, with notable difference. In
magnetic NPs, no saturation of the hysteresis loop is observed. Also, the increase in
surface of NPs greatly affect its EB, the reversal of the particle moment is strongly
influenced by the reduced atomic coordination and disorder at the surface. And

since there are more atoms at the surface of NPs, it is easy to see that EB and
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many other magnetic properties are enhanced compared to thin films of the same
materials [1,40].

In addition to the already cited work above, many other studies have been done
on magnetic NPs to investigate how finite-size, interaction, and surface effects affect
their basic properties, including enhanced and tailored properties for specific
applications [1,45-50]. Morphologies such as core/shell structures [51-57] and
hollow NPs [58-61] are among those investigated for the influence that both
morphology and interactions have on the basic properties of magnetic NPs. However,
no work has been systematically done to help address how exactly these different
parameters comes together and influence these parameters, which is the focus of this
thesis. In this thesis, materials will be selected appropriately to investigate these
effects: polycrystalline hollow single oxide, NiFe2O4, will be used to study effect of
surface; bi-magnetic (FiM and AFM) polycrystalline hollow NPs, y-Mn20z and MnO,
will be used to study the combined effect of morphology and interaction on the
magnetic properties; and finally, effect of magnetic phase interaction will be studied
for bi-magnetic polycrystalline hollow NPs, C0.03 and CoFe204, by changing the
ratio of FM to AFM phase.

2.2 Materials Selection

2.2.1 Nickel iron oxide

Nickel iron oxide (NiFe204) has a spinel structure, precisely an inverted spinel
structure [2,40,62]. A Spinel is defined as a structure that is made of a face centered
cubic (fcc) unit cell of 32 oxygen anions surrounded by 96 interstitials metallic cations

in the manner of AB,0a4. In AB,04, A and B are divalent (A?") and trivalent (B**)
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cations, respectively. In this structure, the divalent cations accounts for 64 interstitials,
in a tetrahedral structure, while the trivalent cations account for the other 32
interstitials sites, in an octahedral the structure. Figure 2-3 shows a schematic of such
a structure. NiFe2O4 has the inverted structure of [B]x[AB]yOa, where X and Y
represent tetrahedral and octahedral sites, respectively. Here, Ni?* occupy octahedral
sites, and Fe®" are equally distributed between the octahedral and tetrahedral sites of
the oxygen anions [62].

In the compact unit cell of NiFe2O4, with a lattice constant a = 8.35 A, there
are 56 atoms, among which 24 atoms are magnetic transition metals. The exchange
interaction among the magnetic atoms yield a ferrimagnetic structure, with a moment
measure to be between 1.5 to 2.4 pg. In said interaction, there’s a negative interaction
between A and B sites, and the oxygen atoms are linked to three metallic cations, in an
octahedral structure, and to one metallic cation in the tetrahedral site, shown in figure

2-4.

Figure 2-3: NiFe2O4 spinel unit cell, with blue spheres representing nickel atoms,
while green and red spheres represents iron atoms and oxygen atoms, respectively
[62].
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(a) Tetrahedral A site (b) Octahedral B site

Figure 2-4: Depiction of the oxygen position in the tetrahedral and octahedral sub-
lattices for a spinel structure, with the dark small ball representing cations in the
tetrahedral sites, non-shaded small spheres representing cations in the octahedral sites,
and the non-shaded big spheres representing the oxygen anions [2].

2.2.2 Manganese oxide

Manganese can have three different cations, Mn?*, Mn®*, and Mn**, which
means that it can form many different oxides. There are four stable oxides with many
metastable mixed states (e.g. MnO, Mn20O3, Mn304, and MnO>) [63,64]. All the stable
oxides of manganese occur naturally [63]. Two of the stable oxide of manganese list,
MnO and MnOz, have cubic structures, while the other two, Mn203 and MnzO4, have a
spinel structure. In MnO, Mn?* and O? ions are found at the lattice sites, where they
make a rocksalt structure, shown in figure 2-5. In figure 2-5, the oxygen ions are
represented by grey spheres, while the white sphere represent the manganese ions.
MnO lattice constant is 4.44 A, which each unit cell containing four manganese and
oxygen atoms. MnO, on the other, has a simple tetragonal rutile structure and is
shown in figure 2-6, with its lattice parameters being, a=b=4.4 Aandc=2.87 A
[63]. In figure 2-6, the dark grey sphere represents the oxygen ions, and light grey

spheres representing the manganese ions [65]. In figure 2-6, manganese atoms are
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surrounded by six oxygen ions in a tetrahedral structure, and vice-versa. Mn2Ozis a
naturally occurring stable compound with two different polymorphs, a-Mn203 or a-
kurnakite and B-Mn20s or B-kurnakite/bixbyite. B-Mn203 being the one found
naturally. Similarly, Mn3O4, B-Mn3zOs is the naturally occurring polymorph of Mn3zOa,
also known as hausmannite. The main difference between Mn2O3z and Mn3Os is that
Mn30;4 has a distorted spinel structure at ambient temperature [65]. In figure 2-7, an
illustration of the Mn2* [Mn2**]04? structure is shown, with the Mn?* cations
occupying the tetrahedral sites and the Mn®* the octahedral sites. In figure 2-7, the
oxygen ions are represented by the large white spheres, the Mn®* by the darker grey
shaded spheres, and the Mn?* by the lighter grey shaded spheres. Figure 2-7, also,
shows how the cations are bound to the oxygen in both the tetrahedral and octahedral

sites.

o >

(A) (B)
4
>>
J / 1

Figure 2-5: (A) Schematic of the rocksalt structure, where the oxygen ions are
represented by the grey spheres and the white spheres are for the metallic ions. (B)
Illustration of the unit cell dimensions of stable manganese oxides [65].
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Figure 2-6: Schematic of a simple tetragonal rutile structure, where the darker spheres
represent the oxygen ions and the lighter spheres represent the metallic ions [66].

Octahedral intersice
(32 per unit cell)

@ Oxygen

@ Cation in octahedral site

Tetrahedral intersice
Cation in tetrahedral site (64 per unit cell)

Figure 2-7: Schematic of a spinel structure.
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2.2.3 Cobalt oxide and cobalt iron oxide

Cobalt, like manganese, has three cations, Co?*, Co®*, and Co** [66]. However,
cobalt has two readily available oxides, CoO and Co304[67]. The structure of these
oxides is similar to those given in previous section for manganese. CoO (Co?*
oxidation state) has a rock salt structure, see figure 2-5. In CoO, Co?* are octahedrally
coordinated to the O% in the lattice. CoO lattice constant is 4.25 A [67]. CosO4 (Co?*
and Co®"), the thermodynamically stable form of cobalt oxide at room temperature and
pressure, has a spinel structure with Co?* at the tetrahedral sites and the Co®* at the
octahedral sites, see figure 2-7. CosO4 has a lattice constant of 8.38 A. Although, CoO
and Co304 are the stable oxides of cobalt, Co.0s has been successfully prepared as
impurity or with other chemical complexes [67]. CoFe2O4 has a crystal structure
similar to that of NiFe2O4 discussed in section 2.2.1, a spinel ferrite. However,
CoFe204, unlike other spinel ferrites, has an orbital moment that is not completely
quenched leading to deviation from the Néel model’s prediction of the saturation

magnetization [2].
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Chapter 3
EXPERIMENTATION

The numerous benefit of magnetic NPs, namely their versatility to be used in
many different applications, e.g. high density data storage, have been made possible
by the development of new measuring techniques over the years, as well as
improvement in growth techniques, which allows for a more controlled growth at the
nanometer scale [1-5]. Physical evaporations growth techniques such as thermal
evaporation have an advantage over other growth techniques such as chemical routes
since the later techniques that may require the use of surfactants to make sure NPs do
not agglomerate [2]. NPs with surfactants reduces some of the interactions of the NPs
discussed in the previous chapter which, as was stated, enhance magnetic properties of
NPs. Therefore, having surfactant at the surface of the NPs will lead to lost magnetic
enhancement. Therefore, thermal evaporation techniques are specifically necessary to
grow magnetic NPs.

There are many different types of thermal evaporation techniques, here we will
employ an inert gas condensation (IGC) system, since this system produces particles
with a narrow particle size distribution [2,3,6]. IGC have four different parameters that
can be tuned to control the size of the NPs: chamber temperature, chamber pressure,
proper selection of inert gas, and inert gas circulation rate. As already mentioned,
development of such growth systems as well as new characterization techniques are
what lead to the surge of NPs synthesis and research in the recent decades. Along

with the IGC system, x-ray diffraction (XRD), x-ray photoelectron spectroscopy
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(XPS), high resolution transmission microscopy (HRTEM), and physical property
measurement system (PPMS) are the main characterization techniques used in this

thesis and their introduction will be the subject of this chapter.

3.1 Inert Gas Condensation

In 1930, in the search of a new technique to growth bismuth-black to be used
in radiometric devices, which required minimization of black mass, Pfund et al.
evaporated bismuth with the help of a hot tungsten spiral at a moderated pressure [7].
This process allowed for a new way to obtained desired clustered metallic particles,
where volatized monomers aggregate into clusters by first decomposing bulk metals
into a monomer population with the used a heating source (tungsten based heating
source), followed by a cooling of the monomer when they lose thermal energy after
collision with inert gas atoms, and subsequently growth of the clusters with addition of
monomers to individual clusters and by aggregation of different clusters [8,9]. This
process has come to be known as inert gas condensation (IGC) and has been used
since its refinement by Geilbert’s group to evaporate metallic NPs. Many different
iterations of this system have since been developed, from the methods of loading the
metal into the evaporating system, to the collection of the resulting NPs. Loading
methods vary from wire feed to directly placing metal chunks on the heating source
(e.g. boat or crucible).

To set up the condition desired for the NPs growth in the IGC chamber, we
first evacuated the chamber to 10 Torr with the help of a mechanical pump followed
by high vacuum pumping with a turbo-molecular pump, which brought the chamber to
a pressure of 5 x10® Torr over a period of 24 hours. After the chamber reached the

high vacuum, the inert gas (e.g. helium) was introduced into the system to the desired
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growth pressure, which highly impact the size and shape of the NPs. After the desired
pressure is reached, the inert gas is circulated with the help of a roots blower, where
the rate of the circulation also influences the characteristics of the NPs. With growth
pressure stabilized with the gas being circulated the heating source is slowly brought
to a temperature above the melting temperature of the metal being evaporated. The
temperature is controlled by power source, which resistively heats a tungsten boat by
adjusting the power of the power supply. The temperature at the heating source is
recorded by an infrared gun pointed at the source. Once the critical temperature is
reached, where the metal starts forming vapors, the vapors are swept away by the
circulating inert gas toward a metallic sieved filter that is at a significantly lower
temperature then the heating source. Due to the high thermal conductivity of the inert
gas, the metallic vapors are cooled quickly as they are swept away from heating source
and the process described above takes place.

The chamber pressure, circulation rate, type of inert gas and evaporation
temperature all effect the size of the resulting NPs. Helium is the gas used since it has
the highest heat capacity of all the noble gases. The circulated gas must be inert since
we interested in obtaining NPs of the evaporated materials. The effect of pressure on
the size of NPs is a complex and is the most important effect. Diffusion rates
(nucleation and growth) and partial pressure (collision probability) compete in
controlling the size of the NPs. Diffusion is the main transport phenomenon for the
metallic vapors; whereas the partial pressure of the inert gas dictates the collision
probability of the nuclei and, subsequently, of clusters with each other and with the
inert gas. It was determined that it is the partial pressure that contributes the most in

controlling the particle size [10,11]. Increase in pressure allows for higher probability
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of nuclei to coalesce to form bigger particles [10,11]. Evaporation temperature also
has a positive effect on the size of the particles, increase in temperature results in
increase in size, since kinetic energy increase with temperature which is correlated to

the higher activity from both the nuclei and inert gas [12].
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Figure 3-1: Schematic diagram of the particles growth process [10].

In the schematic diagram shown in figure 3-1, we present the three stages that
particles follow after evaporation to metallic vapors to the finally obtained NPs in an
IGC system: nucleation, coalescent/coagulation, agglomeration. During nucleation
stage, metallic vapor supersaturates as they are swept away with the inert gas where
temperature decreases as the gas moves away from the heating source. The overall
pressure of the chamber is raised by the addition of the newly evaporated metal, this
leads to the increase of number of the nuclei. With the decrease of thermal energy
nucleation rate decreases with the decrease of thermal energy, however the kinetic

energy is high enough for the recently form nuclei to coalesce to each other upon
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collision to other nuclei — this is the coalescence stage. Increase in size of the
coalesced particles further increase the probability of collision and subsequently
leading to bigger particles, which is highly affect by the vapor pressure in the chamber
and the amount of time the coalesced particle must hit each other in a temperature
zone. The last stage is where thermal energy is low enough that coalescence is no
longer favorable and particles only agglomerate after inelastic collision before being
collected to the metallic sieved filter.

The exact set up of the IGC system used for the samples preparation is shown
in figure 3-2. The different components of the system, which have already been
introduced and discussed above are clearly labeled. Most of the samples that were
grown were evaporated by introducing metallic wires with the desired stoichiometry,
however the manganese oxide NPs were grown from manganese pieces that were
directly placed on the alumina coated tungsten boat filled with and resistively heated
with a high current supply. A molybdenum sieved sheet with pore size around 1 mm

was placed on top of the boat to keep the metal pieces from flying off before they were
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completely melted. A similar set up, where manganese pieces where evaporated to

form NPs, had already been used by M. B. Ward [13].

Carrier Gas

Mn Pieces with
Molybdinum
sheet

Resistive
Evaporation

Figure 3-2: Schematic diagram of 1GC system with metal pieces feed setup [10].

All NPs collected from the IGC system were heat treated, except for the
manganese oxide NPs since manganese completely oxidized easily during the growth
even though the system was evacuated to 2 x 10 Torr before being filled to 500
mTorr of working pressure with helium gas. After the NPs were heat treated to
desired conditions, the crystallographic, morphology, and magnetic properties were

investigated. The techniques involved in those investigations are discussed below.

3.2 X-ray Diffraction
X-rays, which have wavelength in the order comparable to atomic dimensions

(e.g. Cu K, =0.15406 nm) are used to probe the crystal structure of the obtained NPs.
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This probing utilizes x-ray diffraction (XRD) technique. Since the x-rays utilized are
at the atomic dimension, they are used to investigate the interatomic distances, which
leads to the identification of the crystal structure, lattice spacing, crystal size,
texturing, etc. It was in 1912 that Bragg first used collected diffracted x-rays to
determine the crystal structure of materials. From his results, Bragg derived equation

3.1 to explain the generation of diffraction pattern in a sample under X-rays exposure.

nil = ZdSithkl (31)

Equation 3.1, known as Bragg’s law, says that when a monochromatic x-ray
beam of wavelength () is incident on a crystalline material at an angle (), diffraction
patterns are observed when there’s constructive interference of the various planes in
the crystalline sample. The resulting observed planes are known as d-spacing which
are formed when the reflected x-rays are a whole number (n) apart. The (h k 1) refer to
the notation method employed in crystallography to identify planes in crystal lattices,
referred to as Miller indices.

The resulting X-ray pattern can be used to deduce additional information, other
than how far apart crystal plane are to each other — d-space, which satisfies the
Bragg’s law. Crystallite size can also be deduced, by analyzing the breadth of the
obtained peaks. Scherer used the broadening of the resulting peaks to help determine

the average particle size by deriving equation 3.2.

092 -
~ Bcosb (3:2)
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Equation 3.2 states that the particle size, in other word crystallite size (D) is dependent
on A, 8 and the full width at half maximum (FWHM) of the peak in radians (), where
the coefficient 0.9 refers to spherical particles. FWHM is, however, a bit complicated
since instrumentations also introduce their own FWHM (,), this must be correct for
each instrument before the application of equation 3.2 can be used to determine D.
Even though S, can be removed from the peak breadth of the patterns, particle size
and other morphological changes such as strain highly effect the peak broadening. To
take these different effects into consideration equation 3.3 must be used as the FWHM
into equation 3.2. In equation 3.3, ¢ is the strain. It’s worth noting, though, that the

spectral broadening is still not considered, which has been observed to be dominant at

26>50° [14].
, [09A 7 .
pi = [Dcos@ + (4etanb)* + B; (3.3)

3.3 X-ray Photoelectron Spectroscopy

Other x-ray sources are also used to probe the chemical makeup of the grown
NPs, namely Al Ka with an energy of 1487 eV. Here, the binding energy of core
electrons of compounds of the NPs are investigated by collecting resulting electrons
after being displaced from their binding from an incident electron beam, the system
that allow such probing is called x-ray photoelectron spectroscopy (XPS). XPS has
become a very popular technique in recent years due to its ability in probing chemical
state of materials. It was first developed by Siegbahn et al. in the 1950s, when they
used it to investigate the electronic structure of different materials [15]. In their

experiment, they used a focus beam of photons to irradiate a sample, then
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consequently collected emitted electrons. This was based on a theory first proposed

by Einstein, where he predicted the equation below.

K.E.= hv — Ej (3.4)

Where he showed that the kinetic energy (K.E.) of an ejected photoelectron is the
difference of the incident beam (hv) and the binding energy (E) of the electron in the
k™" orbital of the specimen.

Resulting electrons are collected and analyzed by an electron energy analyzer
or detector. An energy spectrum as a function of the number of electrons having a
specific energy is then produced - a graph of the intensity of the photoelectron, the
electron count per second and the Eg. From the graph, peaks with finite breadth are
observed; these peaks have different shape and breadth and correspond to the
transition of the different core electrons levels of the samples, for example for 2p, 3s,
and 3p electrons. These peaks are due to electrons that escape the sample without any
inelastic collisions with other atoms [15]. Other than the already mentioned peaks, a
continuously increasing background is observed as well, which is a result of different
interaction of the electrons. Due to the multiple interaction of electrons after being
emitted make this technique a little complicate to understand in term of deconvoluting
the spectra, specifically in explaining or modeling the background. Any attempt at

mathematically model the background can be problematic.
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Figure 3-3: Principle of electron emission from an incident X-ray.

Figure 3-3 shows a schematic representation of the proposed theory by
Einstein, where the incident photons eject electrons to be collected and analyzed. This
illustration clearly visualizes that the resulting peaks in the spectrum are related to the
density of the electronic states. In the illustration, quantized and discrete bands are
shown. It is known that electronic states in metals and semimetals are quantized and
consist of discrete bands. Therefore, this technique is a great way of determining the
electronic structure of metals and semiconductors since it collects kinetic energy of
emitted electrons from specific core electrons. Phenomena, such as plasmon losses,
multiplet splitting, etc., add a degree of difficulty in the analysis of the resulting
spectra.

Figure 3-4 shows a typical set up of an XPS system. The schematic divides the

set up in three distinct parts: the energy source, the hemispherical energy analyzer, and
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the analyzer control. Both the energy source and the hemispherical energy analyzer
are maintained in a very high vacuum system. An ultrahigh vacuum is used since
there’s a need to collect electrons that least interactions with other molecules to
correctly probe the kinetic energy of the emitted electrons as well as obtain a
reasonably clean surface for analyses. Having an ultrahigh vacuum allows the emitted
electrons to reach the analyzer without much scattering, which results in an energy
loss at each collision [15].

The x-ray source can vary from an x-ray tube to a monochromators source. Of
the source listed here, monochromator sources have an advantage, as they improve the
incident beam resolution. Synchrotron sources are used as well to help increase the
intensity of the incident beam. It’s worth noting here, that only electrons from few
nanometers deep (~15 nm) in the sample can escape and subsequently be collected,
even though the incident source can penetrate deep inside the sample. Therefore, this
makes XPS a surface analysis technique. The exact escape depth can be determined
from equation 3.5, which provides the probability of the distance (P(x)) that can be
traveled by a photoelectron without encountering inelastic scattering (x). In equation
3.5, k is a normalizing constant and A is the attenuation length of the photoelectrons. 4
is electronic state dependent, since it represents the inelastic mean free path that an

electron can travel before it loses energy [15,16].
x
P(x) = ke? (3.5)

The hemispherical energy analyzer is made of two concentric hemispheres and

an electrostatic lens system. After the electrons are ejected from the sample, a set of
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lenses are used to direct the electrons toward the tow concentric hemispheres. The use

of the optical lenses help improve the spatial and angular resolution. Once at the

concentric hemispheres, the electrons are accelerated around a curve by a constant

applied voltage, which helps filter electrons that have high energy to pass through the

system and reach the collector plate. The applied energy is varied as to select which

electrons get to pass to the analyzer at any given time. This helps reduce the signal to

noise ratio, therefore increasing the resolution of the collected spectrum. The down

fall of this system is the loss of sensitivity by reduction of slower moving electrons,

even with the employment of focusing lenses.
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Figure 3-4: Schematics of XPS analyzer [17].
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The resulting spectra collected by the hemisphere is observed with the help of
a computer system. The computer system, also, controls the applied voltage at the
hemisphere. Information such as pass energy, which is the energy of the electrons
entering the analyzer, is controlled here. From the pattern collected at the computer
information of chemical composition can be deduced by using standard binding
energies.

Resolution is a very important parameter. It is related to the peak breadth and
is comprised of the broadening from choice of X-ray, width of the analyzer energy
window which is due to the physical setting of the detector, and the natural line width
of the atomic orbital [17]. X-ray source is typically a fixed parameter once a
measuring system is chosen. Monochromatic and synchrotron sources, which have
FWHM of 0.3-0.4 eV, could be used in the place of the Al Ka (0.85 ¢V) source used
in this this thesis. Therefore, adjustment of the resolution is limited to the detector.
The detector parameters offer a tradeoff between higher resolution and lower intensity,
by changing the noise to signal ratio. Noise to signal ratio can be adjusted by

changing the parameter of the lens mentioned above.

3.4 High Resolution Transmission Electron Microscopy

In addition to the crystal structure and chemical makeup of grown NPs, the
morphology of NPs greatly affect their magnetic properties which has been discussed
in chapter 2. Transmission electron microscope (TEM) allows the observation of
materials in micro and submicron ranges. Therefore, it is utilized here to explore the
morphology of the NPs, which will help greatly in understanding magnetic
measurement results. High resolution transmission electron microscopy (HRTEM) is

used when exploring NPs at the 5 nm size range. In the case of the magnetic materials,
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a correlation between magnetic behavior, particle agglomeration and morphology
needs to be understood. It helps identify polymorph structures that might be shown on
XRD as simple amorphous material, or further show amorphous material that might be
masked by crystalline phases. This is especially important for core/shell nanoparticles
where the core and shell will have different crystalline phases.

In contrast to optical microscope, which uses a light source to explore the
structure of materials, TEM uses electrons. The use of electrons as a source greatly
increases the resolution of the microscope, where the smaller wavelength produced by
the electrons help distinguish very small features that are equal size length to the
wavelength of the electron beam. The increase in resolution (R) by using an electron
source compared to that of a light source. Equation 3.6, below, shows how the two
different sources could yield very different resolution, with the electron source having
a R in the order of thousand better than that of the light source. Therefore, TEM has
become a very attractive tool for probing small length scales materials. Resolution is
usually denoted as d however here we use R to avoid confusion since d has already

been assigned to the distance between crystal plans.

0.611,
R =—
using

(3.6)

In equation 3.6, W is the refractive index of the viewing medium and is usually
approximated to be 1, ¢ is the semi-angle of collection of the magnifying lens, which
is only a few degrees, and e the wavelength of the electron beam (in nm), not to be

confused with the A given above for the wavelength of the X-ray source. Typically in
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TEM, the source is given in terms of accelerating voltage (in kV), and it ranges from

100 kV and 400 kV. V is related to Ae by equation 3.7.

h 1.22
\/ZmOE (1 +%> W

mec

Ao =

(3.7)

In equation 3.7, h is the Planck’s constant; E is the energy of the accelerated voltage;
Mo is the rest mass of an electron; and c is the speed of light. It can be deduced from
this equation that Ae is 0.27 nm when employing an accelerating voltage of 200 kV.
The first microscope to use electrons as source was first constructed by Knoll
and Ruska in 1931. However, it was not until 1938 that the electron microscope was
able to have a resolution higher than that of light microscopes; this microscope was
constructed by Siemens. The increase in resolution was made possible by the
implementation of magnetic lenses. A schematic description of a typical TEM is given
in figure 3-5, along with its components. A typical TEM can be broken down into
three distinct components: electron source (production and acceleration of electrons),
focusing of electrons (lenses, deflection coils, stigmators, apertures), and the
collection of and manipulation of gathered transmitted signals into an image of the
probed material. These three different components will be further discussed by starting
with the generation and acceleration of electrons. In TEM, an electron beam with Ae is
usually emitted from a thermionic filament (e.g. tungsten, LaBe) or field emission
electron gun. The second stage where the emitted gets focused and accelerated is made
of a condenser system, objective lenses, diffraction/intermediate lenses, projective
lenses, and an image observation screen. Two condenser lenses are used to condense

the electron beam. The objective, intermediate and projector lens are used to focus an
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image or the diffraction of specimen on the screen; the objective lens is probably the
most important lens since it generates the first intermediate image. After the focused
and accelerated electron beam interact with the sample, different modes of imaging are
utilized to obtain an image of interest from the numerous resulting. From the
interaction, both elastic and inelastic scattering of the electron beam happens, and
results in backscattered electrons and secondary electrons. The different modes of
imaging available to TEM use these electrons to do elemental analyses, topographical
imaging, and compositional analyses. From the scattered electrons, an image is formed
by inserting an aperture into the back focal plane of the objective lens, thereby
blocking most of the diffracted pattern except those of interest. When the directly
reflected beam is chosen, the image is said to a bright field (BF) image, whereas the
image is said to be dark field (DF) when any other scattered electrons are used to form
the image. The two different modes are used to obtain different contrast of the image,
where BF image is obtained from the center beam and the DF image is obtained from

other scattered electrons.
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Figure 3-5: Typical basic outlining of a TEM system along with its component [18].
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For this thesis, the JEOL 2010FX TEM with a 200 kV accelerating voltage
was used to study the morphology of the grown NPs. The system was used to obtain
very high resolution images where elemental analyses, topographical imaging, etc.,
were made possible. It helped shed light on the morphology of the samples, core/shell

composition, and the particle size range.

3.5 Physical Property Measurement System

The magnetic properties of the grown NPs were recorded with a Physical
Property Measurement System (PPMS). The PPMS, from Quantum Design, can do
both AC susceptibility and DC magnetization measurements. Where AC
measurements are nearly three orders of magnitude more sensitive that DC
measurements [2]. To consider, only, the noncompaction contribution of the grown
sample, DC measurements of the pressed NPs on a Kapton® tape were carried out by
mounting onto a PPMS DC extraction magnetometer. The measurements included
hysteresis study at different constant temperatures starting at 5 K up to 300 K with
different increment of temperature, where different cycling of cooling field was
carried for both Zero Field Cooled (ZFC) and Field Cooled (FC). Temperature effect
on the magnetization was also explored for both FC and ZFC conditions from 5 K to
350 K. AC susceptibility at different frequency as function of temperature was also
carried out to explore spins behavior.

deg dﬂ

emf = —W =-A dt (38)

Magnetic measurement with PPMS is made possible by employing Faraday’s

law, which state that time rate of change of magnetic flux (d%) is equal to the

50



measurements the electromotive force (emf) induced in a circuit [17]. This relation is
given in equation 3.8, where B, is the component of the magnetic field perpendicular
to the loop and A is the area of a loop wire. Therefore, to record the magnetic response
of the prepared NPs, the Kapton ® which contains pressed NPs is vibrated inside the
system which contains coils. From the constant frequency and amplitude of the
Kapton ® inside the system, emf is generated and converted to magnetic flux readings
— magnetizing forces. Samples with known values of correlation between magnetic
flux and voltage reading are used to calibrate the system before measurement. With
the system calibrated, the magnetic behavior of the grown NPs was recorded. The
specific sequencing of the magnetic measurements is discussed in the individual

section of each of the following chapters.
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Chapter 4

HOLLOW POLYCRYSTALLINE NiFe204 NANOPARTICLES: STUDY OF
SURFACE EFFECT ON THE EXCHANGE BIAS AND MAGNETIC
IRREVERSIBILITY

4.1 Abstract

This chapter explores the effect of the presence of inner surface on
polycrystalline hollow single oxide nanoparticles of NiFe>Oa4. The chapter first
discusses the successful synthesis of polycrystalline NiFe2O4 nanoparticles by inert gas
condensation and their characterization. It then reports on extensive field and
temperature dependent magnetic measurements. Hollow morphology is obtained by
post-synthesis annealing of NissFes7/NiFe>O4 core/shell particles, prepared in an inert
gas condensation system. The high coercivity and exchange bias values obtained at
low temperatures are attributed to the strong coupling between the ferrimagnetic (FiM)
phase and its surround disordered surface spins that arises due to enhancement in the

surface to volume ratio associated with the morphology of the particles.
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4.2 Introduction

Reducing the size of magnetic nanoparticles (NPs) have been the subject of
intense research and the effect of this reduction on the magnetic properties has made
magnetic NPs useful in various fields such as medicine, sensors, recording media, etc.
[1-9]. This effect was discussed in chapter 2, where it was shown that morphology
strongly effects the magnetic response. In hollow nanoparticles, enhanced contribution
from the surface SP transition has been reported due to the presence of additional
inner surface and hence high surface to volume ratio [5-7]. In polycrystalline
nanoparticles, where single NPs are composed of multiple randomly oriented
crystallographic domains, higher coercivity, relatively high temperature magnetic
irreversibility, lack of magnetic saturation, high blocking temperature, exchange bias,
etc., have been reported and compared with properties of the core/shell nanoparticles
and the bulk material [10-13]. Changes in morphology from solid to core/shell to
hollow NPs reduces the magnetization of magnetic NPs [7,14,15], however effective
anisotropy and EB effect increase [16]. Effect on the EB and overall effective
anisotropy of the system have been attributed to the presence of disordered spins
located both at the inner and outermost surfaces of the hollow nanoparticles and at the
interfaces between crystallographic domains. This chapter provides conclusive work
on temperature dependence of coercivity field (Hc), exchange bias (Hc) and magnetic
irreversibility temperatures of polycrystalline hollow magnetic NiFe2O4 NPs. Presence

of large spin disorder has been observed and discussed in detail.

4.3 Experimental Section
Synthesis of hollow NPs was discussed in chapter 3. Briefly, an inert gas

condensation (IGC) system produces metallic NizsFes7 NPs surrounded by a thin oxide
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layer, NiFe2Oa4, when resistively evaporating a bimetallic NiFe wire are slowly
exposed to atmosphere. Post-synthesis annealing in an oxygen environment at 300°C
for 0.5 hours produced NiFe2.O4 NPs with hollow morphology. The annealing

condition were optimized to produce polycrystalline hollow nanoparticles [15].

4.4 Structural and Morphological Studies

! ' L i ! ’ —— NiFe204 annealed at 300C for 0.5 hr
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Figure 4-1: X-ray diffraction pattern of NiFe2O4 NPs grown in IGC system and
annealed at 300°C for 0.5 hours, with matched standard pattern, JCPDF #74-2081.
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X-ray diffraction pattern of synthesized NiFe2O4 NPs is shown in figure 4-1.
Post synthesis in-situ annealing at 300°C for 0.5 hours led to the formation of single
phase NiFe>O4 structure that matched well with the standard JCPDF card 74-2081.
Reflections associated with different crystal planes are marked. Peaks are broad which
is a manifestation of small average crystal size. Average crystallite size was extracted
from the obtained XRD patterns using Scherrer’s formula. The average crystallite size
was 12 nm. In the calculation of the size of the crystallites, 0.9 was used for the shape
factor and the most intense peak was used (35.69°). It was determined from the pattern

that the sample fully oxidized as no NissFes7 related peak was observed in the obtained

pattern.

Figure 4-2: High resolution Transmission Electron Microscopy of NiFe.O4 NPs grown
in IGC and annealed at 300°C for 0.5 hours at different resolutions: a), b), and c) low
magnification bright field micrographs of the sample show hollow nanoparticles with
varying sizes and void diameters; d), e), and f) high magnification bright field
micrographs confirm polycrystallinity of the nanoparticles.
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Figure 4-2 shows low and high resolution bright field TEM micrographs. The
observed NPs particles were hollow, as shown in figure 4-2 (a, b, ¢). Moreover, high
resolution images revealed that NPs were polycrystalline, as also seen in figure 4-2 (d,
e, T). Both particle size and voids exhibited size distributions, with particle size
varying from 15 to 25 nm. The mechanism by which the voids were formed in the
sample annealed at 300°C for 0.5 hours, is known as the Kirkendall effect [15].
Kirkendall stated that two materials of different diffusivities lead to the creation of
voids in the material with the highest diffusion rates. In the NissFes7/NiFe204
core/shell NPs, these materials were the metallic alloy, NissFes7, from the core and O
ions from the surface. Post ex-situ heat treatment was performed to obtain single phase
NiFe204 phase. Here, the rate of the inward diffusion of oxygen during the annealing
process was much lower than that of the outward diffusion of Nio.33Feo67 [15].

Mismatch in the diffusivity led to the formation of hollow morphology.
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Figure 4-3: AC susceptibility taken at different frequencies for the in-phase, x’, (10 Hz
to 10 kHz) and out-phase, ’’, (56.23 Hz to 10 kHz) as a function of temperature, with
a5 Oe applied AC field.
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4.5 Magnetic Properties

AC susceptibility (ACS) measurements were carried out. Both the in-phase (y)
and out-of-phase part () of ACS are shown in figure 4-3 (a) and (b), respectively.
The y as a function of temperature was measured in AC field with frequency ranging
from 10 Hz to 10 kHz and a magnitude of 5 Oe whereas for y the frequency ranged
from 56.23 Hz to 10 kHz. For both cases a shift in the peak, which lies around room
temperature, was observed with applied frequency. The shift was more pronounced for
x . The frequency dependence shift of the peak has been reported to be present in NPs
exhibiting SPM to ferromagnetic (FM) transition [14,17,18] and SG transition
[7,14,17,19]. The broad nature of these peaks indicates a size distribution of crystals
integrated in the particles, as observed in the TEM measurements. In addition to size
distribution, dipolar and exchange interaction between them also contributes to the

peak broadening.
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Figure 4-4: Hysteresis loops of NiF204 NPs recorded at a) different temperatures with
a cooling field of 2 T, and b) at different cooling fields at 5 K.
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Figure 4-4, shows field cooled (FC) hysteresis loops. FC hysteresis loops
recorded in cooling field (Hcr) of 2 T and measured at temperatures (5 to 80 K), are
shown in figure 4-4(a). To observe the effects of Hcr on coercivity (Hc) and EB, FC
loops were also recorded at 5 K while changing Hcr from 2 T to 9 T. From the
temperature dependent loops (figure 4-4(a)), relatively high Hc was observed.
Furthermore, the NPs lacked magnetic saturation. The lack of saturation of the loops
observed was an obvious evidence of the presence of disordered surface spins
[14,32,33]. This can be explained by the surface truncation and broken bonds which
causes the system to lack bulk-like spins arrangement [15]. The interaction between
the disordered surface spins and FiM phase gave rise to higher Hc and EB. EB rises in
magnetic systems where FiM phase is coupled to the SG [7,32,33] or AFM phases
[14]. In the higher Hcr, figure 4-4(b), decreasing trend in the magnetization was due to
the increase in the background diamagnetic signal. To further analyze these changes,

Hc and EB values were extracted and plotted in figure 4-5.
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Figure 4-5: Extracted coercivity and exchange bias values from the recorded hysteresis
loops. The top left plot shows the coercivity fields of the loops at different
temperatures after the sample was cooled to the said temperature in the presence of a 2
T field; top right plot shows the exchange bias of the loops at different temperatures
after the sample was cooled to the said temperature in the presence of a 2 T field; the
bottom left plot shows the coercivity field of the loops at different cooling fields while
at 5 K; and the bottom right plot shows the exchange bias of the loops under different
cooling fields while at 5 K.

In figure 4-5, it was observed that Hc decreased linearly with increasing
temperature, from 2522 Oe to 1128 Oe as temperature increased from 5 to 80 K, in
Hcr which was 2 T. The EB also decreased almost exponentially from 444 Oe to 16

Oe as the temperature increased from 5 to 80 K. The fact that both Hc and EB
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decreased with increasing temperature indicated a weakening of coupling between the
FiM and the disordered surface spins, as the disordered surface spins became less
stable at high temperatures. Also, the EB did not completely vanish even at 80 K,
which indicated presence of stabilized disordered surface spins, compare to other
studies where the EB have been seen to vanishes above 50 K [5,20]. Hence these
findings indicated a presence of robust disordered surface spins which were
particularly more stable in particles with hollow morphology.

Hc was observed to have an opposite trend in the case of the changes in Hcr.
Hc increased from 2522 Oe to 2613 Oe as Hcr increased from2 Tto 9 T. EB
decreased from 444 Oe to 230 Oe as Hcr increased from 2 T to 9 T. Decrease in EB
with Hcr can be due to the increased degree of alignment of the disordered surface
spins as a function of Hcr [11]. While increase in Hc with Hcr arises due to the

increase in the spin alignment at the integrated crystal interfaces within the particles.
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Figure 4-6: Magnetization as a function of temperature at different cooling field of the
NiFe204 NPs annealed 300°C for 0.5 hours.

Zero field cooled (ZFC) and FC temperature dependent measurements in wide
range of cooling fields (from 0.5 T to 8 T) were carried out. Figure 4-6 shows the
ZFC and FC curves that were obtained by first cooling the sample from room
temperature to 5 K in the absence of a field and measuring the magnetic dependence
from 5 K to 300 K. Once at 300 K, the sample was cooled back down in the presence

of a field (starting with 0.5 T) to 5 K, before recording the magnetization as
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temperature was increased to 300 K, again. This process was repeated for all the
different collected magnetization dependent measurements, up to 8 T. In the case of
bulk NiFe2Og, irreversibility in the FC and ZFC curves are known to be wiped away in
few hundred Oe of fields [20]. From figure 4-6, as the Hcr was increased, the
irreversibility temperature was observed to decrease form 110 K at 0.5 T to about 14
Kat5 T, and then remained fairly constant up to 8 T, and irreversibility remained non-
zero up to the highest Hcr. These observations indicate presence of a disordered
surface spins whose interaction with the FiM components yielded irreversibility and
system behaved differently compared to the bulk counterpart. These findings are
consistent with the reported irreversibility observed in magnetic NPs arising due to the
strong coupling between FiM and disordered surface spins [7,13,14,27,32,33,39].

The morphology of the NiFe;O4 sample annealed at 300°C for 0.5 hours,
which was observed to be hollow and polycrystalline in nature with varying particle
and void size, has been attributed to the reason behind the magnetic properties
described above. In hollow NPs, the addition of inner surface increased the surface to
volume ratio, which led to non-vanishing irreversibility at high cooling field. In
contrast to solid NPs of NiFe2Oa, the EB and Hc persisted up to 80 K in the hollow
polycrystalline NPs. The persistence of these two parameters as temperature was
increased can be linked to the morphology of the sample as well [14]. The
polycrystallinity, in addition to hollow structure, of the sample add an extra coupling

at the interface of FiM and the disordered surface spins [5,32,33,40].

4.6 Conclusion
Detailed magnetic response of hollow polycrystalline NiFe2O4 nanoparticles is

presented. The particles exhibit size distribution, which is manifested in the broad
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blocking/unblocking transition, as observed using AC susceptibility measurements.
Polycrystalline nature and additional inner surface in the hollow nanoparticles led to
the observation of drastically different magnetic response, in comparison with the bulk
counterpart. These results were explained in terms of enhanced stabilized disordered
surface spins. The presence of disordered surface spins led to high coercivity,
exchange bias and high field magnetic irreversibility. Extracted coercivity and
exchange bias values from temperature and cooling field dependent loops indicated
strong ferrimagnetic and disordered surface spins coupling. Coercivity decreased
from 2522 Oe to 1128 Oe when the temperature was varied from5 Kto 80 Kina2 T
field. However, the coercivity increased from 2522 Oe at 2 T to 2613 kOe at 9 T. The
exchange bias was found to decrease in both the temperature and field dependent
measurements where the trend was opposite from the trend of the coercivity. For the
temperature dependent measurement, the exchange bias decreased from 444 Oe to 16
Oe when the temperature was varied from 5 K to 80 K whereas it only decreased to
230 Oe when the field was changed to 9 T at 5 K. Irreversibility was found to persist
at low temperature as the cooling field was changed from 0.5 T to 8 T. The increase
in coercivity as the cooling field was increased, the lack of vanishing coercivity with
changing temperature, the non-vanishing of the exchange bias as temperature was
increased to 80 K, and the non-vanishing irreversibility of the sample, are all
indicative of a strong coupling between the ferrimagnetic phase and the disordered

surface spins.
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Chapter 5

POLYCRYSTALLINE HOLLOW p-Mn203z AND MnO NANOPARTICLES:
STUDY OF COUPLING BETWEEN FiM AND AFM PHASES IN ADDITION
TO SURFACE EFFECT ON THE EXCHANGE BIAS AND MAGNETIC
IRREVERSIBILITY

5.1 Abstract

Magnetic properties of polycrystalline hollow y-Mn,Oz and MnO are
presented. Strong coupling between y-Mn20z and MnO phases along with the
additional inner surface of the nanoparticles lead to large coercivity (Hc) and
exchange bias (EB) fields, up to 11 kOe and 7 kOe, respectively, below the order
temperatures. Hc and EB were found to increase and decrease, respectively, as a
function of cooling field. Both Hc and EB were found to decrease monotonically as the
temperature approached paramagnetic phase transition of the ferrimagnetic

component.

5.2 Introduction

There have been several reports on magnetic nanoparticles where
morphologies, such as core/shell, hollow, solid etc., were varied and their effect on the
magnetic response was studied [1-6]. Core/shell nanoparticles with various
ferromagnetic (FM), ferrimagnetic (FiM) and antiferromagnetic (AFM) core and shell
combinations have been reported [1,4,5]. In these cases, interesting and strikingly
different features, such as unusually high spin glass transition temperature [4], large

exchange bias [4,6], finite size effects [5], magnetic proximity effects [7], and unusual
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trend of blocking temperature as a function of average crystal size [1], have been
reported. The spin glass (SG) and AFM components play an important role in
spintronic devices [1,8] where their presence likely helps to overcome the
superparamagnetic limit in recording media and/or enhance the coercivity of
ferromagnets [2,9-11]. Specifically, core/shell morphology provides added degrees of
freedom, including size, phase and material of the core and shell of the particle, etc.
[4,5,12-14]. In the case of inverted core/shell morphology, FiM order above the Curie
temperature (Tc) of the shell have been reported where the Néel temperature (Tn) is
comparable with the bulk value [7,15,16] with a nonmonotonic dependence of the
coercive field and exchange bias on the core diameter [14].

In addition to the core/shell morphology, nanoparticles with hollow
morphology are also of interest. These particles have been shown to have drastic
enhancement in their catalytic properties [17—19], unique behavior as colloid particle
suspension in electrorheological fluids [20], and enhanced performance as electrodes
[21]. In the case of magnetic properties, surface spin glass transition enhancements
have been reported due to the presence of the additional inner surface [1,22]. NiFe204
and y-Fe2Os hollow nanoparticles exhibited strikingly contrasting magnetic behavior
compared to bulk and conventional solid particles [1,22]. Structurally, hollow
polycrystalline nanoparticles are composed of multiple crystallographic domains. This
random orientation of the crystallographic domains also causes randomization of the
local anisotropy axes. Hence the overall effect of this morphology on the magnetic
properties is exhibited through the high coercivity, relatively high temperature
magnetic irreversibility, lack of magnetic saturation, high blocking temperature, etc.

[1,4,22]. Over the years, Fe and Co based core/shell nanostructures were studied
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extensively for their exchange bias phenomenon. Various manganese oxide (Mn-
oxide) core/shell nanoparticles have also been studied and their inverted core/shell
structure, large coercivities, exchange bias or enhanced anisotropy, bulk Néel
temperatures of the core and the proximity effects have been reported [7,14-16].
However, there is almost negligible amount of results reported on the synthesis and
magnetic behavior of hollow nanoparticles of Mn-oxide system.

This chapter presents results of the study of hollow Mn-oxide nanoparticles
where particles are polycrystalline and have both MnO (AFM), and y-Mn0O3 (FiM)
crystallites coexisting within these particles forming a nanocomposite with overall
hollow nanoparticle morphology. Various techniques, including X-ray diffraction
(XRD), high resolution transmission electron microscopy (HRTEM), X-ray
photoelectron spectroscopy (XPS), AC susceptibility and DC magnetometry were

employed to characterize these particles.

5.3 Experimental Section

Mn-oxide nanoparticles were synthesized in an inert gas condensation (IGC)
system. Nanoparticle growth by IGC was discussed in chapter 2. Briefly, manganese
pieces were placed in an aluminum oxide (Al2O3) coated tungsten boat and held in
place with a perforated molybdenum sheet with holes to help keep the manganese
pieces in place and still allow the evaporated vapors to escape. The boat was then
resistively heated by slowly increasing the power from the heating source. The system
was first evacuated to a base pressure of about 5 x 10°° Torr, then pressurized to 50
Torr with helium, which was then circulated inside the chamber by a rootsblower
pump during evaporation. Helium is used as the carrier gas to carry the evaporated

particles to a collecting filter, which was kept at room temperature. Helium has the
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highest thermal conductivity compared to the other noble gases, which helps in the
fast cooling of the vapors which leads to a more uniform particle size. After the
synthesis, the system was slowly brought to the atmospheric pressure by back-flowing
ambient air, which causes oxidation of manganese (Mn) nanoparticles. X-ray
diffraction (XRD) and high resolution transmission electron microscopy (HRTEM)
were used to study the structural properties of the prepared Mn-oxide nanoparticles.
The Bruker D8 Discover X-ray diffractometer with a Cu K, radiation source was used
for the XRD analyses, while the JEOL 2010FX electron microscope with an
accelerating voltage of 200 kV was used for the HRTEM studies. Magnetic properties
of the nanoparticles were investigated using the physical property measurement
system (PPMS) from Quantum Design. X-ray photoelectron spectroscopy (XPS) with
an Al K, X-ray source, 0.85 eV resolution, from Omicron was utilized to investigate
the chemical nature of the prepared sample. The chemical peaks obtained were

corrected with respect to the C 1s peak at 284.6 eV to account for charging.
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Figure 5-1: X-ray diffraction patter of Mn-oxide nanoparticles.

5.4 Structural and Morphological Studies

The crystal structure and phase analyses were carried out by XRD. A typical
diffraction pattern is shown in figure 5-1 obtained from the as-prepared Mn-oxide
nanoparticles. The XRD pattern revealed that the powdered sample has a
polycrystalline structure with the presence of multiple phases, as identified by using

different crystal structures of the phases. Four of the most stable Mn-oxides PCPDF
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cards (01-075-6876, 00-002-0567, 00-076-0150 and 00-002-0567) were matched
against the obtained pattern of the prepared Mn-oxide nanoparticles. Mn-oxide
exhibits multiple phases, of which MnO, Mn30s, y-Mn203, and MnO- are the most
stable due to the presence of various valence states of manganese ions, i.e. Mn*?,
Mn*3and Mn*4[24]. Peak positions and their relative intensities were analyzed and all
the possible oxides are labeled on the XRD pattern in figure 5-1 where it is shown that
only three of the four oxides matched the collected Mn-oxide pattern. Previously, it
had been reported that the presence of a particular oxide depends on the synthesis
procedure [25-27]. As shown in figure 5-1, the most dominant phases are MnO and y-
Mn203/ Mn30Qg, since their PCPDF cards match with the collected Mn-oxide pattern.
The most intense expected peaks of MnO2 were not observed in the XRD pattern of
the prepared Mn-oxide sample, therefore MnO2 was counted out as a possible oxide.
However, it is not possible to distinguish between Mn3O4and y-Mn,O3 phases from
XRD alone due to the proximity of their peak positions combined with the broad
nature of the peaks of the prepared Mn-oxide nanoparticles. XPS was used to

distinguish between Mn3O4and y-Mn20s.
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Figure 5-2: X-ray photoelectron spectrum of Mn-oxide nanoparticles showing the high
resolution 2p region of Mn.

Figure 5-2 shows the X-ray photoelectron spectrum of the high resolution 2p
region of Mn. The deconvolution of the spectrum in figure 5-2 yielded peaks located
at 640.2 eV and 641.4 eV. These binding energies are well within ranges of values
reported for the +2 and +3 valence states of manganese [28—31]. The presence of Mn?*

from the deconvolution of the XPS 2p regions confirms the presence of MnO, whereas
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the presence of Mn®" is indicative of y-Mn,Os. The quantification of the data was done
with a Shirley background correction. From the quantitative analysis, it was calculated
that Mn3* is the dominant oxidation state with a concentration of 62.4% and the
second most dominant state, Mn?*, at a concentration of 37.6%. The lack of Mn**
indicates that there is no MnO, as also concluded from XRD results described earlier.
Because Mn3O4 has mixed valency, Mn®* and Mn**, we can conclude that there’s no
Mn3QOg4 in the sample. Therefore, y-Mn2Os is the oxide present in the prepared Mn-
oxide sample.

Figure 5-3 shows high resolution transmission electron micrographs of the
prepared Mn-oxide sample. VVarious magnifications of the bright field images
confirmed the hollow structure of the prepared sample, where hollow nanoparticles
ranged from 15 nm to 30 nm in diameter with different void sizes (figures 5-3a and 5-
3b). Figure 5-3c shows a high magnification bright field image of the prepared Mn-
oxide sample, highlighting the hollow nanoparticles of different diameters. From high
resolution images, nanoparticles are found to be polycrystalline, since the observed
crystallites are short and randomly oriented. Post-deposition oxidation of these
particles stabilizes more than one phase with inward diffusion of oxygen occurring at
slower rate compared to the faster outward diffusion of metal. This mechanism is
known as the Kirkendall effect [1,22]. Both factors lead to the formation of
polycrystalline hollow nanoparticles. The orientation and the spacing of the planes are
highlighted in figure 5-3d. The lattice spacing measurements show that there are MnO
(0.49 nm lattice spacing) and y-Mn203 (0.27 nm lattice spacing) phases present in the
sample [14,32]. These findings agree with the XRD and XPS measurements.

However, distinction between the y-Mn.Oz and Mn3O4 phases is still unclear and will
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be discussed further later. It should be noted that although single phase polycrystalline
y-Fe203[22] and CoFe204 hollow nanoparticles have previously been reported [6].
Here, we have polycrystalline multiphase hollow nanoparticles where particles
themselves form a FiM and AFM nanocomposite. The size of crystallites within

individual particles is less than 10 nm.

5.5 Magnetic Properties

MnO and MnO2 are AFM with a bulk AFM transition temperature (Néel
temperature (Tn)) of 116 K and 92 K, respectively. However, in the case of small
nanoparticles it has been shown that T values, that are typically higher than the bulk
Tn values, decrease as a function of particle size[32]. The reported T values ranging
from 139 K to 126 K with particle size change from 4.3 nm to 3.8 nm for MnO. Bulk
y-Mn20z and Mn30; are FiM and have bulk transition temperature (Curie temperature

(Tc)) of 39 K and 42 K, respectively [33].
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Figure 5-3: High resolution transmission electron micrographs of Mn-oxide
nanoparticles: a) and b) show multiple hollow nanoparticles ranging from 15 nm to 30
nm in size with a distribution in void sizes, c) high magnification bright field
micrographs highlighting the hollow polycrystalline structure of the nanoparticles with
various diameters, and d) highlights the orientation, spacing and size of the different
phases.
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Figure 5-4: Temperature dependence of a) in-phase, %, and b) out-of-phase, y’’, AC
susceptibility at difference frequencies.

Figure 5-4 shows the real (y) and imaginary (") part of the susceptibility
measured at different frequencies (from 56.23 Hz to 10000 Hz) while applying an AC
field of 10 Oe on the prepared Mn-oxide sample. A transition peak at 38 K, near the
Tc of y-Mn,Os for both y and y’” was observed, indicating the transition is
thermodynamic [33,34]. Lopez-Ortega et al. reported reorientation temperature around
20 K and 36 K [33] for different core/shell sizes. We did not observe transitions
associated with the reorientation temperature. These reorientation transitions have
been reported in single crystal Mn3O4[35]. Therefore, we can conclude that
ferrimagnetism mainly comes from y-Mn.Ogz rather than MnzO4. Similar conclusions
were drawn by Lopez-Ortega et al. where they proved it using more sophisticated
techniques such as electron energy lost spectroscopy (EELS) and neutron diffraction.

The lack of reorientation transitions at 20 K and 36 K support claims already made
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from XPS measurement that only y-MnQOz is present in our prepared Mn-oxide
sample.

The magnetic behavior of the sample as a function of temperature, both for the
zero field cooled (ZFC) and field cooled (FC) branches measured in different cooling
fields (Hcr), are shown in figure 5-5. It is observed from figure 5-5 that the maximum
of the ZFC curve occurs around 33 K for the lowest Hce (0.1 T), which marks the
onset of thermal activation overcoming the energy barrier. This temperature is referred
to as Tmax. The behavior shown here agrees with results presented by Lopez-Ortega et
al. and Seo et al. [33,36]. They reported the same behavior with a Tmax between 33 K
and 41 K for core/shell particles with size ranging from 5 nm to 10 nm for the AFM
phase (MnO) and about 5 nm for the FiM phase. These critical transitions take place
below 50 K for the sample cooled at various Hcrfrom 0.1 T to 6 T field (more
specifically below the Tc of y-Mn20O3, 39 K). At the higher Hcr, the Tmax decreases,
reaching 6 K at 6 T Hcr. At low temperature, below the Tc (38 K), it is observed that
the irreversibility vanishes around 5 T Hcr. This is seen in figure 5-5, where the
difference in magnetization between the FC and ZFC measurements vanishes. As the
Hcr increases the irreversibility temperature, where FC and ZFC curves separate,
decreases. For 5 T and 6 T Hcr, the irreversibility vanishes. The persistence of the
magnetization above the Tc is consistent with the proximity effect [7,15], where it is
said that the FiM and the AFM phases are coupled well above the Tc. The observed

irreversibility at low temperature has been attributed to spin freezing at high Hcr
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[37,38]. Therefore, the increase in extra inner surfaces in hollow nanoparticles play a

major role in the irreversibility which remain intact in significantly high fields.
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Figure 5-5: Magnetization vs temperature curves of the Mn-oxide nanoparticles at
different applied and cooling field.
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Figure 5-6: Hysteresis loops of Mn-oxide nanoparticles at different temperatures with
a cooling field of 9 T.
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Hysteresis loops measured from 5 K to 50 K cooled from 300 K in the
presence of 9 T Hcrare shown in figure 5-6. The observed high saturation
magnetization (Ms) of 27 emu/g is much closer to the Ms found in bulk y-Mn20s3, 28
emu/g, rather than the Msbulk value of Mn3O4, 32 emu/g [33]. The absence of peaks
associated with reorientation temperature around 20 K and 38 K for MnzO4 and the
proximity of the high saturation magnetization value to y-Mn»Oz agrees with our XRD
and XPS results. This again confirms that the FiM response arises due to y-Mn0s. It
has also been theoretically shown that the saturation magnetization reduces due to spin
freezing as well as finite size effect from experimental studies [39-41]. Here, we
observed a gradual decrease in the value of the coercive field (Hc) from 22 kOe to
zero as the temperature increases from 5 K to 50 K. Hence at 50 K, paramagnetic
behavior is observed. Elsewhere a value of 2.8 kOe was reported as the Hc of the FiM
phase [29], nearly a 10" of the aforementioned, 22 kOe Hc, and about a 4™ of other
reported values [14,29,33,42,43].
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Figure 5-7: Magnetic hysteresis loops of sample at 5 K with different cooling fields
along with ZFC loops after cooling the sample to 5 K in a zero applied field from 300
K.

Figure 5-7 shows ZFC and FC hysteresis loops at 5 K with different Hcr. Here
the sample is first cooled to 5 K in a zero applied field, followed by ZFC loop
measurement from 5 K to 300 K to a maximum desired field, i.e. 1 T, then the sample
is cooled to 5 K, again while maintaining the field at the aforementioned field,

followed by a FC loop measurement from 5 K to 300 K. The field is zeroed again after
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the FC loop measurement and the sample cooled to 5 K right away, and a ZFC loop is
measured to 300 K to a maximum applied field of 1 T higher than the field previously
used to record the last FC loop, i.e. 2 T. Therefore, in the case of ZFC, Hcr refers to
the previous maximum applied field for which the FC loop was recorded. FC loops
exhibited noticeable coercivity increase compared to the ZFC loops. This indicates
growth of the FiM component due to the presence of Hcr while cooling the sample
from temperatures larger than the ordering temperature of the FiM phase. The

exchange bias EB decreases with increase in the Hcr.
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Figure 5-8: Cooling field effect on a) hysteresis loops for the Mn-oxide nanoparticles
at 5 K temperature with different cooling fields, and b) coercive field and exchange
bias field at different cooling fields.

Measured hysteresis loops at 5 K with various Hcr are shown in figure 5-8 a).
The EB and the Hc measured for both the ZFC and FC cases as a function of the Hcr
recorded at 5 K are presented in figure 5-8 b), where noticeable coercivity increase is

also observed. Hc is seen to increase with increasing Hcr, while the EB decreases with
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increasing Hcr. He from the ZFC measurements, not explicitly shown here, exhibited
smaller values compared to the FC measurements with the same increasing trend as a
function of Hcr. Therefore, the degree of alignment of the FiM component improves
on field cooling the sample. An increase from 7 kOe to 4.5 kOe for EB was observed
by varying Hcr from 3 T to 9 T. Magnetization response of the system also revealed
decrease in the overall shift of the loop towards the negative field axis. As the negative
saturation field increases, the degree of alignment of the FiM spins and AFM/FiM
interfacial spins increases, which leads to an increase in the negative remanent
magnetization. A similar monotonic increase in the Hc has been observed for the loop
recorded in Hcr condition, as shown in figure 5-8 b).

These large values, 7 kOe for EB and 11 kOe for Hc, can be explained in terms
of the morphology of the nanoparticles as seen in the HRTEM studies. In general,
nanoparticles exhibit large surface to volume ratio. For hollow nanoparticles,
polycrystalline structure comes with random orientation of multiple crystallographic
domains with local anisotropy axes being random as well [6,22]. Therefore, hollow
and polycrystalline nanoparticles, like our prepared Mn-oxide nanoparticles, increase
the FiM and AFM interface compared to the conventional core/shell nanoparticles
which results in large horizontal and vertical shifts, observed in figures 5-7 and 5-9.
The hollow structure, also, leads to the reduction of the saturation magnetization
compare to the bulk values, as well as the presence of irreversibility in low
temperature regime, figures 5-6 and 5-5, respectively. It is also well known that as the
particle size decreases below a certain size, FiM becomes superparamagnetic (SPM)
[9,44] and both the remanence and coercivity vanishes. However, even very small

SPM nanoparticles exhibit non-zero coercivity and remanence when embedded in
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AFM matrix [2,9]. Hence all the factors together result in the observed large value of

coercivity.
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Figure 5-9: Vertical shift dependence on cooling field of the prepared Mn-oxide
nanoparticles at 5 K.

5.6 Conclusion

A detailed magnetic study of polycrystalline hollow nanoparticles composed of
FiM yMn20z and AFM MnO crystallites is presented. Both AC and DC magnetic
responses in wide range of cooling fields and temperatures revealed strong coupling
between the FiM and AFM phases. Decrease in the magnetic irreversibility below the
FiM and AFM order temperatures was found to decrease as a function of cooling field.
Field cooled (FC) loops exhibited noticeably larger coercivity compared to the zero
field cooled (ZFC) loops. This indicates growth of the FiM component due to the

presence of cooling field Hce while cooling the sample from temperatures larger than
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the ordering temperature of the FiM. Compared to the core/shell counter parts, larger
coercivity (Hc) and exchange bias (EB) fields up to 11 kOe and 7 kOe, respectively,
were observed at low temperature. The large values can be explained in terms of the
morphology of the particles as seen in the HRTEM studies. In general nanoparticles
exhibit large surface to volume ratio. For hollow nanoparticles, polycrystalline
structure comes with random orientation of multiple crystallographic domains with
local anisotropy axes being random as well. Hence it increases the FiM and AFM
interface compared to the conventional core/shell particles. Overall, it results in large

horizontal and vertical shifts.
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Chapter 6

POLYCRYSTALLINE HOLLOW Co0, C0304 and CoFe204
NANOPARTICLES: EFFECT of AFM PHASE IN ADDITION TO SURFACE
EFFECT ON THE COECIVITY AND EXCHANGE BIAS

6.1 Abstract

We present magnetic response of polycrystalline hollow nanoparticles.
Nanoparticles were composed of antiferromagnetic phase, which was mainly Co304
and ferromagnetic constituent phase, CoFe204. Initial Fe:Co ratio was varied to
synthesize particles with different constituent phases in the nanocomposite upon post
synthesis oxygen annealing. Increase in cobalt concentration resulted in relative
increase of the AFM (Co304) phase compare to the FM (CoFe>O4) phase. Increase in
AFM component led to lack of saturation as well as a large vertical and horizontal
shift. Magnetic response is described in terms of FM crystal size, high field
thermoremanent magnetization in AFM and increased average anisotropy due to AFM
and surface spin glass phase. Even though FM crystallites were less than 7 nm in
diameter, proximity of FM and AFM crystallites within nanoparticles led to strong

coupling between the two phases.

6.2 Introduction

Exchange bias (EB) or exchange anisotropy was discovered six decades ago
[1] and have been subject to intense research since then. It occurs in bilayers (or
multilayers) composite of soft ferromagnetic (FM) films and hard antiferromagnetic

(AFM) thin film, which causes a shift in the soft magnetization curve. Importantly, EB
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phenomenon has been successfully and practically utilized in magnetic recording [2—
10]. In general, this phenomenon is complex and is affected by particle size [4,5,10—
16], shell thickness [17-21], and the nature of interface coupling [12,22-27]. This
phenomenon leads to an increase in coercivity (Hc) [9,22,28-30], training effect [31],
asymmetry of the hysteresis loops [32]. The underlying mechanism of EB has been
associated with the role of magnetic domains [24,33-38] to be aligned in field,
uncompensated interfacial spins [9,12,15,39,40], pinned interfacial spins [41,42],
domain size [43], and domain wall motion [24].

In addition to multilayers, EB has been commonly reported in core/shell
[10,12,20,40,44-48], hollow [8,9,35,49] and solid [11,14,49-51] nanoparticles (NPs).
Here, morphology of the particles brings in several complexities where the relative
sizes of FM and AFM components, type of material (different phases) and inter/intra
particle interactions affect magnetic properties [12,20,44,48,52,53]. Inverted core/shell
(AFM/FM) NPs have revealed features such as extension of FiM order above the
Currie temperature (Tc) of the shell, where the Néel temperature (Tn) is comparable
with the bulk value [21,47,54], and nonmonotonic dependence on the core diameter of
Hc and EB [12]. However, in the case of particles with solid and hollow morphologies
that are crystalized in a single phase, surface spin glass (SG) transition is observed
[5,8,55,56]. In case of hollow particles, additional contribution due to the surface SG
phase arises attributed to the additional inner surface [8,35]. For example, in case of
NiFe204 and y-Fe2O3 hollow NPs, strikingly contrasting magnetic behavior compared
to bulk and conventional solid particles have been reported [8,35]. In these cases, EB

arises due to the coupling between surface SG phase with core FM phase.
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Structurally, single phase hollow NPs exhibit polycrystallinity and are
composed of the multiple crystallographic domains. Here, the polycrystallinity yields
large interfacial area between randomly oriented crystallites. This random orientation
leads to the random orientation of the local anisotropy axes. Hence, the overall effect
of this morphology on the magnetic properties is manifested by the exhibition of high
Hc, relatively high temperature magnetic irreversibility, lack of magnetic saturation,
high blocking temperature (Tg) and EB, etc. [8,9,35,48]. So, EB arises in both cases
where FM/AFM and FM/SG interface exist. However, the issue with all the reported
systems i.e. NiFe20s, y-Fe203 and MnO/ y-Mn203 hollow NPs is that post-synthesis
annealing transforms magnetic phases or changes the morphology. y-Fe>O3 transforms
to a-Fe203 or FesO4 while in Mn oxide system, AFM MnO disappear on post
annealing. In the case of NiFe2O4, post annealing leads to collapse of hollow
morphology and hence a significant decrease in SG contribution [8]. Hence, in all the
reported systems there is a limitation to play with either SG or AFM content.
Therefore, our goal is to synthesize particles where both effects can be measured and
compared. Hence, polycrystalline hollow nanoparticles have been prepared and
investigated where crystallites of CoFe204 (FiM) and CoO/C0304 (AFM) phases with
different weight ratio, depending upon initial Co:Fe ratio, exists and are randomly
oriented. Furthermore, we looked at three effects, namely surface effects (surface SG
phase), effect of AFM phase on FiM, and finite size effect where crystallites size are

different for different initial compositions.
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6.3 Experimental Section

Mixtures of different initial Co:Fe wires (50:50, 60:40, and 70:30) ratios were
thermally evaporated in an inert gas condensation system (IGC) to obtained metallic
NPs. Evaporation yielded FeCo NPs with different Fe:Co ratios. The resulting NPs
were oxygen passivated by controllably bringing the chamber to atmospheric
condition. The growth technique has been extensively discussed in chapter 2. Three
samples with Co:Fe ratios of 50:50, 60:40, and 70:30, S0.5, S0.6, and S0.7,
respectively, were evaporated. The resulting Core/shell NPs were then oxygen
passivated at 4000C for an hour in an oxygen rich environment to obtained both
desired compositions and morphology (e.g. hollow morphology) [49,57,58]. By
intentionally varying the cobalt concentration, extra cobalt oxide phases are introduced
into the NPs, yielding multiphase NPs. Cobalt has two oxide phases that are well
known to be antiferromagnetic material (Coz0O4 and CoO). The morphology of the
resulting NPs was investigated with a Talos F200C transmission electron microscope
(TEM), while the crystal structure was analyzed by the high resolution Bruker D8 x-
ray powder diffractometer (XRD) that has a monochromatic Cu Kal source. The
magnetic properties of the NPs were obtained by a physical properties measurement

system from Quantum Design.
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Figure 6-1: X-ray diffraction patterns of post-synthesis annealed NPs with different
initial cobalt concentrations.

6.4 Structural and Morphological Studies

The resulting XRD patterns of the three samples S0.5, S0.6, and S0.7 are
shown in figure 6-1. From figure 6-1, the patterns are seen to have very broad peaks,
which is indicate that particles are composed of small crystal size. The breadth of the
peaks of sample S0O.7 are seen to be reduced compared to sample S0.5 and S0.6, which
means that the crystallites are bigger for this sample. The peaks of sample S0.7 are

also shifted to higher angles. To identify the phases present in the NPs particles, the
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patterns were matched to three possible standards, namely CoFe>O4 (JCPDS file no.
22-1086), CoO (JCPDS file no. 22-1004), and Co304 (JCPDS file no. 42-1467). Since
both CoFe204and Cos0;4 are spinel structures, their peaks are very close to each other,
with C0304 peaks having higher 26 values. The broad nature of the peaks makes it
very difficult to distinguished between these two phases. The most intense reflection
of CoO occurs around 42.36° and a weak corresponding peak is present in the pattern,
as shown in figure 6-1. Even though as Co percentage increases, as we move from
sample S0.5 to S0.6 to S0.7, this broad peal remains the same on relative intensity
scale. Hence this shows that XRD patterns mainly correspond to spinel structure and
majority of the constituent phases are CoFe2O4 and Co304. In addition to that, it is also
intuitively clear that CosO4 phase progressively increases for sample S0.5, S0.6 and
S0.7. More direct evidence of presence of FM CoFe2O4, will be presented in the
magnetic section.

The morphology of the NPs is presented in figure 6-2. HRTEM images for all
the samples S0.5, S0.6 and SO0.7, revealed that NPs are hollow and composed of
multiple crystallites. In correlation with XRD, polycrystallinity within single particle
is associated with the CoFe204, C0304 and CoO phases. Out of which the first two
phases are dominant. Two different magnifications are shown for each of the samples,
where the lower magnification shows that all the samples are agglomerated and have
varying particle size as well as varying void of the NPs. The higher magnification

revealed the nature of the crystallites and the voids of the NPs.
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Figure 6-2: Bright-field TEM micrographs of post annealed samples of cobalt oxide
and CoFe;0O4 for different starting concentration of Co during growth, a — c) showing
lower magnification and d-f) showing higher magnification.

Looking more closely on the higher magnification micrographs, the lattice
spacing of the NPs was identified and measured, figure 6-3. In figure 6-3 a), three
distinct lattice spacing (d_spacing) are identified, 0.47 nm, 0.3 nm and 0.27 nm. These
values correspond to [111] spinel structure, [220] spinel structure, and [111] cubic,
respectively [23,26,59-61]. Therefore, this confirms that sample S0.5 has CoO, as

well as the CoFe204 spinel structure. Both phases are seen to lie next to each other.
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In figure 6-3 b), similar thing is observed. However, the spinel structure (0.45 nm)
crystallites are observed to have grown significantly. In figure 6-3 c), all the identified
lattice spacings are around 0.45 nm, which as mentioned belong to the spinel structure.
This support the claim that the higher 26 shift of the patterns for the 0.7 samples
means that more Co304 phase is present. It is known that lattice spacing of spinal
structures are bigger than cubic structures [60]. Therefore, the observe lattice spacing
of 0.45 nm for the S0.7 sample indicate that the CoO phase transformed to Co304 as
the cobalt concentration was increased [23,59,60]. CoO phase could still be present in
this sample, the ratio of the two peaks mention in the XRD section suggest this. In
fact, Nam et al. showed using Mdssbauer measurement that CoO is present in samples

with higher cobalt concentration [59].

Figure 6-3: HRTEM micrographs of S0.5, S0.6, and S0.7 samples with lattice spacing
markings.

From both XRD and HRTEM analysis, three oxides have been identified to be
present in the samples, with sample S0.5 and S0.6 considered having CoO and

CoFe204, while sample S0.7 having significantly higher CozO4 concentration. Both
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Co0O and Co0304 are AFM with Néel temperatures (Tn) at 290 - 298 K and 40 K,
respectively [26,62,63]. CoFe2O4 on the other hand is hard FM material with a bulk
saturation magnetization around 80 emu/g [64]. It has a very large coercivity and a
square hysteresis loop, where both decrease with the size of the NPs [26]. However, it
has been well established that magnetic properties of NPs can be enhanced by
coupling two different magnetic materials, which results in a shift of the hysteresis
loop. Therefore, the coupling of the AFM phases to the FM should lead to enhanced

properties.

6.5 Magnetic Properties
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Figure 6-4: Zero Field Cooled and Field Cooled magnetization versus temperature
curves at different cobalt concentration at 0.5 Tand 5 T.

Figure 6-4 shows ZFC and FC curves for the magnetization as a function of
temperature for sample S0.5, S0.6 and S0.7. FC curves were recorded in low (0.5 T)
and high (5 T) cooling fields. For the low field case, magnetic reversibility for all the

samples remains intact from 5 K to 300 K and is independent of the amount of the
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AFM content i.e. Co304 and CoO phases. This is indicative of high magnetic
anisotropy barrier due to the presence of AFM phases coupled to the FM CoFe204
crystallites whose mechanism is explainable in terms of EB [9,23,30,65]. In addition
to that, even in pure single phase hollow nanoparticle systems, namely y-Fe2O3 [66]
and CoFe204 [49] low and high field magnetic irreversibility has been reported. In
those case, AFM phase was absent to increase the anisotropy barrier. The anisotropy
barrier increase was explained to be associated with the randomly oriented multiple
crystallographic domains generating differentiated local anisotropy axes and high
surface area. As it is known for the case of magnetic nanoparticles that surface
anisotropy contributes to the overall effect anisotropy constant which results in
magnetic irreversibility and loop shifts at low temperatures. In the present case, we
have both these feature that presence of antiferromagnetic crystallites and hollow
geometry. For both high and low field magnetization curves for all sample as shown in
figure 6-4, a decrease in magnetization as cobalt content increases is revealed.
Decrease in magnetization indicates a systematic decrease in the concentration of the
FM component as the concentration of CoFe2O4 decreases while the AFM component
increases.

Figure 6-4 shows FC and ZFC magnetization branches recorded for sample
S0.5, S0.6 and S0.7. ZFC branch is broad for sample SO.5 while for the sample S0.6
and S0.7, its narrower and pushed to the lower temperatures. This indicates that for
sample S0.6 and S0.7, crystal size of the CoFe>O4 decreases and pushes blocking peak
towards lower temperatures as is typical case for magnetic nanoparticles [14,56,67].
As it was explained in XRD section, CoFe>O4 phase was highest in sample S0.5

compared to sample S0.6 and S0.7. it was also shown that relative concentration of
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CoO phase highest for sample S0.5. Temperature dependent behavior of the
magnetization also confirm both these structural findings. Tn of CoO (290 — 298 K) is
significantly higher than the Tn (~40 K) of C030a4. Hence, increase in Co3O4
concentration as we move from S0.5 to S0.6, irreversibility point has also been
observed to decrease. Blocking temperature for S0.5, S0.6 and S0.7 is around 100 K,
40 and 40K, respectively. There is no drastic change in the temperature dependent
shift for sample S0.7 in comparison with S0.6. However, as cobalt concentration
increases, CoFe>O4 crystal size decreases and progressive decrease in the blocking
temperature is expected which is in contradiction with the variation of blocking
temperature. Hence, we can conclude that coupling between FM/AFM phase has been
improved with cobalt concentration and overcome superparamagnetic fluctuation for
S0.7.

Another noticeable aspect in the figure 6-4 is the low temperature rise in the
FC curve. In general, one of the reasons to observe this rise is the presence of surface
spin glass phase [26,55,56,68]. At low temperatures, when lesser thermal energy is
available, spins lying on the surface undergoes SG phase transition [55,68]. This
phenomena has been shown to be more pronounced in case of hollow particles
[49,66]. In addition to SG like phase, up turn may occur due to defects in AFM
[39,63,69,70]. On FC, in AFM, a domain state develops which yields an irreversible
surplus thermoremanent magnetization and play a critical role to in observation of EB
[34,71-73] . In a typical AFM, defects at the surface and in the bulk give rise to
domain wall pinning yielding a metastable domain structure [70]. These defects can be
structural or substitutional and reflect their presence in the high field FC

magnetization behavior as rise in the low temperature regime [69]. In the present
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study, particles have larger surface area therefore presence of surface defects such as
oxygen vacancies and structural strain due to lower coordination number, are expected
to affect AFM crystallites. Hence, in the high field regime thermoremanent
magnetization may contribute to the FC M(T) branch. In the present case, there is
small rise in the FM magnetization curve for lowest cobalt concentration sample S0.5,
as shown in figure 6-4. In this case, FM CoFe,O4 phase is highest in concentration and
least AFM component. As the AFM component increase (for sample S0.6), the rise in
the FM curve is more pronounced. While the rise is lower in magnitude for higher
cobalt concentration sample i.e. SO.7. Hence, our results show that AFM phase
(Co304) phase exhibited high thermoremanent magnetization for sample S0.6. As for
sample SO.7, where Co304 phase increases further and crystallites are expected to
grow in size and hence defect concentration reduces and rise in FC branch is

suppressed in comparison with the sample S0.6.

M (emu/g)

o
T

w
=1

]
=1

=]
T

=

]
=1

]

14 [——5T[ T ——5K-5 T
12 —7T 10| - 5K-7T
E 10—9T7 g——58K-8T
of o
S 4L _@ 4
35 2k / 4= 2 L
z E
o 0 &
g 2L y 1=
4 4t 2
6L 41
J St 8+
-10
12 1 8
L 14 L1 1 1 1 1 40 L 1
10 -2 0 10 10 -8 L] 0 2 10 8 -B 4 0
H(T) H(T) H(T)

Figure 6-5: Magnetization versus field measurements as a function of Hcr at different

cobalt concentration at 5 K.
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Figure 6-5, shows magnetization versus field response for all the samples
measured at 5 K under FC condition. Cooling fields were 5, 7. and 9 T. As the cobalt
concentration increases, maximum value of the magnetization decreases, 27.8, 12.6,
and 10.5 emu/g for sample S0.5, S0.6, and S0.7, respectively, at 9 T. It has been
discussed above that with cobalt concentration increasing, the amount of Co304
increases while CoO concentration remains the same. Hence, decrease in maximum
magnetization again reinforces the fact that with increasing cobalt concentration, AFM
contribution from Co304 increases and FM contribution from CoFe2O4 decreases.
Also with increase in Coz04 concentration, the degree of saturation also becomes poor
(see figure 6-5). The decrease in the degree of saturation is indicative of the
enhancement of coupling between the FM and AFM components in the particles.
Positive high field magnetization curves coincide well for sample S0.5, S0.6 and SO0.7.
This also confirms that loops are not minor. While on field reversal from negative high
field overlapping of the magnetization curves becomes poor as we move from lowest
concentration of cobalt (sample S0.5) to highest concentration of cobalt (sample S0.7).
This is again manifestation of strong coupling of the FM spins lying proximity of

AFM and FM spin pinning improves with increase of CozO4 phase.
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Figure 6-6: Magnetization versus field measurements as a function of HCF at different
cobalt concentration at 5 K.

To further understand magnetic response of the system as a function of cobalt
concentration (or Coz04 concentration), coercive field and exchange bias has been
plotted in figure 6-6. For all the cooling fields, Hc decreases with cobalt concentration.
For example, the Hc values at 9 T were 4.13, 2.84, and 1.71 T, for sample S0.5, S0.6,
and S0.7, respectively. As it was discussed in the structural section that CoO phase
remained same while CosO4 increased with cobalt concentration. Since Hc is
proportional to anisotropy constant [16,49] whose value for Coz0s is significantly

lower in magnitude in comparison with CoO, hence with the relative increase in the
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Co304, Hc decreases. In addition to this average, crystal size also effects Hc
[11,15,50,74,75]. As cobalt concentration increases, CoFe2O4 concentration decreases
with a corresponding decrease in the crystal size which also contributed to the
decreasing trend of Hc.

Unlike coercivity, exchange bias variation is nonmonotonic as a function of
cobalt concentration. Large values of vertical and horizontal shift for all the samples
shows that system exhibit strong FM/AFM coupling. In cooling field of 7 T, EB is
0.33 T for sample SO.5 which increases to 0.82 T for sample S0.6 and then decrease to
0.67 for sample S0.7. As presented above relative CoO (Co304) decreases (increases)
with cobalt concertation. Hence even though overall AFM component increases with
Co concentration, hence it is expected that EB should increase. However due to lower
anisotropy constant of CozO4 phase in comparison with CoO phase, EB decreases for
sample with highest CosO4 concentration i.e. sample S0.7.

Pure CoFe204 hollow NPs prepared with same technique, exhibited EB of 0.73
T. In comparison with the pure CoFe204 hollow NPs, in the present study we have
additional AFM component. Sample S0.5 and S0.7 exhibit lower value of the
exchange bias in comparison with the single phase CoFe>O4 hollow nanoparticle
system. While S0.6 exhibited EB, which is higher than the pure CoFe>O4 hollow NPs.
In the present study, even though an extra source of anisotropy has been added which
is the AFM phase, however EB has been at most comparable with the system where
AFM phase is not present. In case of pure CoFe2O4 hollow NPs, extra contribution
comes from the surface anisotropy. Hence, it shows that surface spin glass is more
robust. This can be understood in terms of the size reduction of the CoFe204

constituent crystallites in the nanocomposite hollow nanoparticle presented in the
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present study. The size reduction of the FM CoFe204 lead to destabilization of the
magnetic order and can be understood in the context of superparamagnetism.
However, in the present study even though CoFe»O;4 size has been reduced still high
value of EB bias has been achieved which is due to improved effect FM/AFM

coupling.

6.6 Conclusion

Synthesis of hollow polycrystalline particles composed of FM and AFM
crystallites are presented. Major AFM phase identified to be Coz04. Small
contribution of CoO phase was observed, whose relative concentration was found to
decrease with cobalt concentration. HRTEM studies revealed that crystallites where
less 7 nm in size. For the low field case, magnetic reversibility for all the samples
remains intact from 5 K to 300 K and is independent of the amount of the AFM
content i.e. Co304 and CoO phases. This is indicative of high magnetic anisotropy
barrier due to the presence of AFM phases coupled to the FM CoFe.0; crystallites
whose mechanism is explainable in terms of EB. As it is known for the case of
magnetic NPs, surface anisotropy contributes to the overall effect anisotropy constant,
which results in magnetic irreversibility and loop shifts to low temperatures. In the
present case, we have both presence of antiferromagnetic crystallites and hollow
geometry. Decrease in magnetization with cobalt concentration indicated a systematic
decrease in the concentration of the FM component as the concentration of CoFe204
decreases while the AFM component (Coz04) increases. As cobalt concentration
increases, CoFe204 crystal size decreases and progressive decrease in the blocking

temperature is expected which is in contradiction with the variation of blocking
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temperature. Hence, we can conclude that coupling between FM/AFM phase has been
improved with cobalt concentration and overcome superparamagnetic fluctuation for
high cobalt concentration sample for which FM CoFe>O4 phase is smallest in size.

Low temperature high field rise in FC magnetization curve have been
discussed in terms of SG phase and irreversible surplus thermoremanent
magnetization of AFM component. In a typical AFM, defects at the surface and in the
bulk give rise to domain wall pinning yielding a metastable domain structure. For all
the cooling fields, Hc decreases with cobalt concentration, which is consistent with the
increase in the lower anisotropy constant AFM Co304 phase and decrease in the
average size of the FM CoFe,O4 phase. Unlike coercivity, exchange bias variation is
nonmonotonic as a function of cobalt concentration at a 7 T cooling field. Large
values of vertical and horizontal shift for all the samples showed that system exhibit
strong FM/AFM coupling. Hence, even though overall AFM component increases
with cobalt concentration, it is expected that EB should increase. However due to
lower anisotropy constant of Co304 phase in comparison with CoO phase, EB

decreases for sample with highest Co3O4 concentration.
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Chapter 7

CONCLUSIONS AND RECOMMENDATION

7.1 Conclusions
In this PhD study, detailed studies on the synthesis and characterization of
polycrystalline hollow nanoparticles with different compositions are presented.
Metallic nanoparticles were grown by inert gas condensation (IGC). A post-synthesis
ex situ heat treatment, where necessary, was performed to obtained polycrystalline
hollow morphology along with the desired composition where necessary. Extensive
results on the magnetic properties of three different nanoparticles systems are
presented:
1. Polycrystalline hollow NiFe2O4 nanoparticles
2. Polycrystalline hollow y-Mn20Ozand MnO nanoparticles
3. Polycrystalline hollow CoO/Co304/CoFe204 nanoparticles
In the first system, examination of the magnetic properties of NiFe>O4 revealed
the presence of large disordered spins located both at the inner and outer surfaces of
the hollow nanoparticles and at the interfaces between crystallographic domains. The
presence of the large disorder spins was found to have a strong effect on the exchange
bias and overall effective anisotropy of the nanoparticles. Coercivity and exchange
bias values from temperature and cooling field dependent hysteresis loops indicated
strong ferrimagnetic and disordered surface spins coupling. Coercivity decreased as a
function of temperature but never vanished up to the maximum temperature

investigated. Coercivity did, however, increase with increasing cooling field.
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Exchange bias was found to decrease in both the temperature and field dependent
measurements where the trend was opposite to that of the change in coercivity.
Magnetic irreversibility was found to persist at low temperatures as a function of
cooling field. We have concluded that the strong coupling between the ferrimagnetic
phase and the disordered surface spins is responsible for the observed behavior.

To explore the effect of having an antiferromagnetic phase along with a
ferromagnetic phase in polycrystalline nanoparticles, we evaporated manganese
palettes by IGC and studied the magnetic response of polycrystalline hollow multi
oxide nanoparticles. Manganese was used to have multiple oxides in a single
nanoparticle. Manganese is known for being easily oxidizable forming four stable
oxide, among which two are antiferromagnetic (MnO and MnQO>) and two are
ferrimagnetic (Mn.O3 and Mn30a). Nanoparticles having both antiferromagnetic
(MnO) and ferrimagnetic (y-Mn203) phases with polycrystalline hollow morphology
were successfully synthesized. Magnetic measurements of these nanoparticles
revealed that coupling between the two magnetic phases along with coupling of the
magnetic phase and the disordered surface spins has a significant effect on the
coercivity and exchange bias, compared to behavior of conventional core/shell and
solid nanoparticles. Coercivity increased and exchange bias decreased as a function of
cooling field. However, as a function of temperature both decreased as the temperature
approached the paramagnetic phase transition of the ferrimagnetic component.
Magnetic irreversibility decreased as a function of the cooling field.

The relative ratios of the antiferromagnetic and ferrimagnetic phase cannot be
easily controlled in the manganese oxide system. At higher annealing conditions

(temperature and time) MnO phase vanishes. To probe the effect of the added
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antiferromagnetic phase, a cobalt oxide and cobalt iron oxide system was used.
Polycrystalline hollow nanoparticles with various ratios of cobalt oxide and cobalt iron
oxide were prepared and investigated. Cobalt has two stable oxides, CoO and C03Oa.
Three different samples with increasing amount of Coz04 phase revealed that magnetic
reversibility was independent of the amount of the antiferromagnetic content. With the
increase in Co30g, it is understood that the relative amount of cobalt iron oxide phase,
which is the magnetic ferrimagnetic phase, concentration decreases. The relative
decrease of the cobalt iron oxide phase has been characterized by the decrease in the
overall magnetization as a function of cobalt concentration. Therefore, the lack of
correlation between the magnetic reversibility and the decrease in cobalt iron oxide
phase indicates increase in coupling between the ferromagnetic phase and
antiferromagnetic phase as a function of cobalt concentration. The observed decrease
in coercivity confirms both the increase of the antiferromagnetic phase and the
decrease in size of the ferrimagnetic phase. However, a nonmonotonic behavior of the
exchange bias was observed with the change in the cobalt concentration, which is
somewhat counterintuitive. Strong coupling typically leads to high exchange bias
values. Therefore, it should be expected, since coupling increase with
antiferromagnetic phase, that exchange bias should increase with cobalt concentration
which it did not. This is most probably due to the lower anisotropy constant of Co304
compared to that of CoO phase that could lead to an overall decrease in the anisotropy

as a function of cobalt concentration.

7.2 Recommendation
As one can notice in the last investigated system, mismatch between the

anisotropy constant of Coz04 and CoO could be the reason behind the nonmonotonic
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behavior of the exchange bias. Investigation of a system where a single
antiferromagnetic oxide and ferromagnetic could help confirm this effect. Although
speculations have been made in this thesis to the reason for the nonmonotonic
behavior, confirming this could yield a greater understanding of the coupling effect of
the two magnetic phases in polycrystalline hollow nanoparticles. Systems such as
chromium oxide could be investigated, where stable CrO, (ferromagnetic) and Cr,03
(antiferromagnetic) are obtained by the decomposition of CrOs. However, very few
studies exist on the synthesis of CrO> by oxidation of chromium metal although it has
been suggested that CrO> synthesis is possible by heating chromium metal under high
pressure of oxygen. Therefore, chromium metal nanoparticles could be obtained by
the evaporation of bulk chromium in an Inert gas condensation (IGC) system. The
obtained nanoparticles could then be annealed under high oxygen pressure conditions
to obtain CrO2. The challenge of this process could come from the annealing
conditions. It has been shown that very high pressures are needed to obtain CrO». If
the growth of such system is possible, a clear conclusion could be made regarding the
exact influence of the antiferromagnetic phase coupling on the magnetic properties of

polycrystalline hollow nanoparticles.
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journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial ''for-profit'' organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895.html

Other Terms and Conditions:
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Publisher Tax ID 98-0397604
Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions @elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
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granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=0694e5d9-751...

5/2/17, 7:59 PM



RightsLink Printable License https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=0694e5d9-751...

homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
e After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

e if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.
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Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
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with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access

Article aggregation

Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
20. Other Conditions:

v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions @elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
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materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.
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Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
e After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

e if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
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formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
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