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Abstract

The study of core/shell nanoparticles has gained considerable interest due to the
potential to engineer interactions at interfaces to provide a rich variety of properties
which are not achievable with single phase counterparts. However, an open question
remains: What is the precise nature of the core/shell interface and how does it produce
the nanoparticle properties? For magnetic systems this is exemplified by interfacial
spin disorder and exchange interactions that determine the magnetic coupling between
the core and shell. To answer this question necessitated a detailed understanding of
interfacial intermixing effects.

In this work, these questions are addressed by describing in detail the relation-
ship between interfacial intermixing, interfacial magnetic interactions, and the over-
all magnetism of ~-Fe;O3z-based core/shell nanoparticles with NiO, MnO and CoO
shells. Using element-specific techniques (Mdssbauer spectroscopy, x-ray absorption
spectroscopy, and x-ray magnetic circular dichroism spectroscopy) interfacial inter-
mixed layers were identified as being formed by transition metal ions from the shell
that migrated into the octahedral and tetrahedral sites within the surface layers of

the v-FesO3. A detailed analysis of the element and site-specific magnetism revealed
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a clear relationship between the nature of core/shell intermixing, interfacial spin dis-
order and exchange interactions that modified directly all aspects of the nanoparticle
magnetism (e.g. relaxation, anisotropy, and exchange bias). Furthermore, chemical
changes induced by intermixing resulted in a temperature dependent transition that
modified the interfacial metal-oxygen bonding and that was correlated with the onset
of the exchange bias. By disentangling the element- and site-specific magnetism of
each species at the core/shell interface, this work provides a clear description of the
origin and the variability of the core/shell nanoparticle magnetism based on a precise
understanding of interfacial intermixing, and reveals the critical role of the interfacial

superexchange pathway responsible for the magnetism.
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Chapter 1

Introduction

The understanding of the physics of the magnetism of nanoparticles has evolved
substantially over the past sixty years, developing from a viewpoint that considered
nanoparticles as bulk-like magnetic structures with small-scale boundaries [1] to en-
tirely more complex systems that are dominated by surface, disorder, and finite-size
effects [2-6]. Whereas in the bulk the magnetism is determined by interactions among
10%% atoms in a regular structural environment, in nanoparticles the magnetism is a
result of the interactions between 100s-1000s of atoms of which a significant fraction
reside on the surface (e.g. ~70 % for a ~5 nm diameter Fe-oxide particle). As such,
the magnetism of nanoparticles is of particular fundamental importance because it
displays aspects of both atomic and bulk physics. However, a complete understand-
ing of nanoparticle magnetism remains elusive since it is a product of the interplay
between atomic and collective behaviours that are not easily disentangled experimen-
tally.

Nanoparticles of transition-metal oxides such as maghemite (v-Fe;O3) have been
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of significant continuous interest, most recently due to their biocompatibility and the
exceptional variability of their magnetic and electronic properties [7,8]. However, the
surface and disorder effects intrinsic to nanoparticles suppress the useful magnetic
properties and complicate the interpretation of the nanoparticle magnetism. As a
result, substantial research effort is aimed at understanding the origin and manip-
ulation of the magnetism of nanoparticles to optimize the overall properties for use
in applications such as drug delivery, cancer treatment via magnetic hyperthermia,
magnetic resonance imaging, ultra-high density data storage, and green energy [9,10].
The development of the layered core/shell type nanoparticle has stemmed from the
need to achieve overall properties superior to those of single phase or passively oxi-
dized nanoparticles [11-13], in particular through interfacial interactions which can
lead to a variety of interesting physical phenomena. The combination of distinctly
different core and shell materials, interfacial magnetic interactions, and finite-size and
disorder effects act cooperatively to produce overall properties that are not accessible
to the individual core and shell materials.

The research challenge I will address is to understand how the overall magnetism of
a series of maghemite (y-FeyO3)-based core/shell nanoparticles with antiferromagnetic
shells arises from the interplay between the intrinsic magnetism of the core and shell
materials, and finite-size, interface, surface, and disorder effects. This system is an
ideal candidate for elucidating the nature of the magnetism of core/shell nanoparticles
since the effects of ferrimagnetic v-FeoO3, antiferromagnetic shells, and dopant ions
(i.e. from intermixing) can be distinguished, which is critical to understanding the

nature of the magnetism at the core/shell interface.
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The organization of this Thesis is as follows. The Introduction provides a brief
description of magnetic interactions, the magnetism of bulk materials and nanoparti-
cles, and highlights the basic properties of maghemite (y-Fe;O3) structure and nano-
scale magnetism. Chapter 2 describes the experimental techniques that were used
to characterize nanoparticle properties including structural, atomic, and element-
specific techniques which together enable a clear discussion of the interfacial mag-
netism. Chapters 3, 4, and 5 describe the magnetism of y-Fe;O3 nanoparticles with
NiO, MnO, and CoO shells, including a comprehensive discussion of the occurrence
of interfacial intermixing and its relationship to the unique overall magnetism of each
system. A summary of the results for the series of core/shell nanoparticles which
provides a discussion of the implications of the nature of intermixing and role in
determining the magnetic properties is provided in Chapter 6. Conclusions and sug-

gestions for future work are provided in Chapter 7.

1.1 Bulk Magnetism

1.1.1 Magnetic states

In many bulk materials there are magnetic interactions between the atomic magnetic
moments that result in spontaneous magnetic order (i.e. without an externally applied
magnetic field) when the thermal energy kg7 is less than a critical temperature due
to the interaction energy. As shown in Fig. 1.1, in a ferromagnetic (FM) material all
of the magnetic moments have the same orientation below the Curie temperature T¢.
Alternatively, in an antiferromagnetic (AF) material, the magnetic moments within

a unit cell compensate each other, resulting in zero net magnetic moment below the
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(a) Ferromagnetic (FM) T < T, (b) Antiferromagnetic (AF) T < Ty

<« <« <« /\ﬁ\//

« <« <« //\&\/

(c) Ferrimagnetic (FIM) T < T (d) Paramagnetic (PM) T > T, Ty

Figure 1.1: Illustration of the spontaneous (zero applied field) magnetic moment
configurations for different types of magnetic materials.

Néel temperature T. For magnetic materials with antiparallel coupling but where
the magnetic moments do not fully compensate, a ferrimagnetic (FiM) material is
obtained. Above the critical temperature, the spontaneous ordering of the magnetic
moments is lost and the net magnetic moment vanishes; a material at T' > T or Ty

is in the paramagnetic (PM) state.

1.1.2 Exchange Interactions

Magnetic order describes the correlation of magnetic moments of a material. The
inter-atomic interactions responsible for this effect are exchange interactions. FEx-
change interactions are a purely quantum mechanical effect resulting from the Coulomb
repulsion between electrons and the Pauli exclusion principle which forbids two elec-

trons from having the same quantum number, which together lead to different energies
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for parallel and antiparallel spin alignment. The effective coupling between the spins

of two atoms a and b (S, and S}) can be described by the Hamiltonian
H=—2JS,-S (1.1)

where the exchange integral J describes the exchange direction and strength, and
J > 0 for parallel spin alignment, and J < 0 for antiparallel spin alignment; J is
often expressed in units of energy or Kelvin. Exchange interactions require effective
overlap of the electron wavefunctions (electron orbitals) to correlate the electron spins.
In the simplest case, when two atoms are sufficiently close for the electron orbitals to
overlap directly, a “direct exchange” interaction results. In many magnetic materials,
however, the magnetic atoms or ions are too far apart for the electron orbitals to
overlap directly and the magnetism is due to “indirect exchange” interactions. In
metals, indirect exchange can be mediated by the conduction electrons; a localized
magnetic moment on one metal atom or ion polarizes the conduction electrons which
then transfer the interaction on to a second localized magnetic moment some distance
r away. This type of exchange interaction is referred to as the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction or itinerant electron exchange, and results in an
oscillatory sign of J, depending on r [14-16].

In ionic solids, magnetic ions interact indirectly through an intermediate non-
magnetic anion, called the “superexchange” interaction. For example, in transition
metal oxides the superexchange interaction is a result of the overlap between the
transition metal 3d orbitals and the oxygen 2p orbitals, which enables the transfer
of spin polarized electrons. As shown in Fig. 1.2, the magnetic coupling between the

valence 3d transition metal cations is mediated by the 2p electrons of a central O?~
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Figure 1.2: Illustration of the superexchange interaction mediated by an oxygen anion
coupling the spins of two transition metal ions in an octahedral ligand field. Interac-
tion is shown for (a) AF coupling of two d* cations, (b) AF coupling of two d® cations,
and (c) FM coupling of a d® and d® cation.
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Figure 1.3: Illustration of the double exchange interaction mediated by an oxygen
anion coupling the spins of two transition metal ions in an octahedral ligand field.
Interaction is shown for (a) Mn-ions (d* — d?), and (b) Fe-ions (d® — d®).
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anion, and the sign of J is determined by the Pauli exclusion principle and Hund’s
rules coupling of the 3d and 2p spins. For example, for two transition metal ions both
having less than half filled or more than half filled valence shells, such as the d® — d®
and d® — d® configurations, shown in Fig. 1.2a and b, AF coupling occurs, whereas
a combination of d® — d° configurations results in FM coupling (Fig. 1.2c). The
sign and strength of J depends on the degree of metal-oxygen orbital overlap, bond
length and symmetry, metal valence, degree of covalency, and the bonding geometry.
The superexchange interaction is described empirically through the Goodenough-
Kanamori rules [17-19], which describe the relative effects of these factors. In some
oxides, the magnetic ions may also couple via the “double exchange” interaction
[20]. The double exchange requires a mixed valence system, and occurs through
the virtual hopping of an electron of a given spin from one ion to the other. As
depicted in Fig. 1.3, it is more energetically favourable for the delocalized electron
to transfer between ions with identical electronic configurations [20,21], so that the

double exchange interaction favours FM alignment of the two magnetic ions.

1.1.3 Magnetic anisotropy

The magnetic anisotropy K refers to the tendency of the magnetization M to lie in a
particular direction. There are several contributions to K such as the magnetocrys-
talline, shape, strain, and exchange anisotropy.

The magnetocrystalline anisotropy K, is the anisotropy that is intrinsic to a ma-
terial and is a result of the spin-orbit interaction which couples the direction of the

spin moment to the crystalline lattice. If an anisotropy energy FE, is the energy re-



8 Chapter 1: Introduction

quired to rotate the magnetization from an “easy” crystalline direction to a “hard”

direction, the anisotropy energy may be described by [21]
E4 = K, sin*(0) + K,osin*(0) + K, 3sin°(0) + - - -. (1.2)

where K, ; are the anisotropy constants and ¢ is the angle between the magnetization
and the easy direction.

There is also a shape anisotropy, resulting from the demagnetization field. For
nanoparticles, small deviations from a perfectly spherical shape result in the easy axis
lying parallel to the longest axis of the particle. A surface anisotropy K, may also
contribute to the total effective anisotropy of nanoparticles (discussed in Sec. 1.3.4).
Also, the broken symmetry and loss of full coordination at the surface of a nanoparticle
can impart some strain on the surface layers. In core/shell systems this may also result
in surface or interface strain that can depend on the shell crystallinity and thickness.
As a result, for spherical nanoparticles F4 is approximated using the first term of
Eq. 1.2, and a total effective anisotropy K is used [2,22] which is understood to

contain contributions from the magnetocrystalline, shape, and surface anisotropies.

1.1.4 Bulk magnetic properties

In a bulk ferromagnetic material, the strong and short-ranged exchange interactions
between atoms favour parallel alignment of magnetic moments, while demagnetization
effects favour antiparallel alignment of the magnetic moments at grain boundaries.
This competition results in a domain structure, shown in Fig. 1.4, where regions of uni-
form magnetization are formed (domains) that are separated by boundaries (walls).

A hysteresis loop, shown in Fig. 1.4, describes the magnetization of a material at a
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M 0]

Figure 1.4: The domain structure and hysteresis loop of a bulk ferromagnet, showing
the saturation magnetization (Mg) and coercivity (H.).

fixed temperature in a varying applied magnetic field, and is a conventional method
to characterize magnetic properties. At the largest applied fields the macroscopic
magnetization M shows a plateau when all of the magnetic moments are aligned
with the applied field, providing the saturation magnetization, Mg. As the applied
field is lowered, M decreases since all of the magnetic moments are no longer aligned
along the field direction and the domains move. The coercivity H. is the applied field
required to reverse the direction of the overall magnetization. In a bulk material,
magnetization reversal is determined by the formation (nucleation) and motion of
domain walls. The temperature dependence of Mg of a bulk magnet is determined
by the approach to the magnetic ordering temperature Tz or T, and the tempera-
ture dependence of H, is dominated by micromagnetic effects such as internal grain
structure, which determines the domain wall reversal mechanisms. This is contrasted
with the properties of single-domain nanoparticles where H, is determined by the

anisotropy, K, and superparamagnetism.
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1.2 Maghemite (y-Fe;O3) and spinel ferrites

The magnetism of spinel-oxides (e.g. 7-Fe;03) are well known to be strongly depen-
dent on the identity and distribution of cations within the structure [23]. This results
in variability that is practically useful, but also leads to a critical need to determi-
nation precisely the cation distribution to understand the intrinsic magnetism. This
is of particular importance for iron-oxide based core/shell nanoparticles, since the
magnetism at the core/shell interface may be altered substantially by chemical in-
termixing that can produce a layer of substituted iron-oxide with intrinsic properties

that are distinct from the core and shell.

1.2.1 Structure

Maghemite is a spinel iron-oxide that is one of a diverse group of materials that are
based on a close packed lattice of oxygen ions with interstitial octahedral O, and
tetrahedral Ty-sites that are able to accommodate a wide variety of cations. The
spinel structure is based on a unit cell of 32 0% ions and where 16 of 32 available oc-
tahedral (B), and 8 of 64 available tetrahedral (A) sites may be occupied, as shown in
Figure 1.5. For a fully occupied inverse spinel, the cation distribution can be described
as (Y)a[XY]gOy, where X is a divalent (e.g. Fe?™) ion and Y is a trivalent (e.g. Fe?")
ion that occupies the tetrahedral () and octahedral | | A- and B-sites. Maghemite
(7-Fe203) may be considered as a B-site deficient magnetite (Fe3O,). Whereas the
fully occupied inverse spinel magnetite is (Fe?'),[Fe?TFe?t]g0y4, 7-Fe;O3 contains
no divalent ions and to maintain charge balance has some octahedral site vacancies.

Hence, the cation distribution for maghemite can be written as (Fe?T) A[Feg/ng /3]8O4;
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Tetrahedral (T,) Octahedral (0y)
A-site B-site

C

s
Figure 1.5: Unit cell of the spinel structure, showing the oxygen lattice (0", grey),
and the tetrahedral (A-site, green), and octahedral (B-site, red) cation sites.

each unit cell contains 32 O~ ions, 8 tetrahedral (A-site) Fe* ions, 40/3 octahedral
(B-site) Fe** ions, and 8/3 vacant (O) octahedral sites.

The versatility of the structure arises from the stability available over a wide range
of stoichiometry; compositions that span the entire range intermediate to Fe3O4 and
~v-Fe, O3 are possible. In addition, a wide variety of cations are accepted readily into
the octahedral and tetrahedral sites [7,24], which allows the formation of cation-
substituted iron-oxides with accessible compositions ranging from pure iron-oxide to

fully substituted spinel ferrites, such as CoFeyQOy.

1.2.2 ~-Fe;O3 and spinel ferrite magnetism

Spinel ferrites are ferrimagnetic materials, as shown in Fig. 1.6. Within the B sub-
lattice of the Oj-sites the magnetic moments are coupled ferromagnetically via the
double exchange (DE) interaction, and the A and B sublattices are coupled antifer-
romagnetically via the superexchange (SE) interaction [21]. The total magnetization

is a result of the imbalance between the number of A-site and B-site ions.
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Figure 1.6: The magnetic interactions between the A- and B-sites of spinel ferrites.
Reprinted with permission from [21]. Copyright 2006 Springer Science and Business
Media.

The intrinsic magnetism of a spinel-oxide is strongly dependent on the type of
cation or the distribution of cations among the A and B-sites. For example, for Fe3Oy,
which has no vacant B-sites, (Fe3")5[Fe*TFe?T]g0y, the total B-site magnetization is
larger than ~-Fe,O3, despite the slightly lower moment for Fe?* (4 ug). As a result,
the slight change in cation distribution results in a larger saturation magnetization for
Fe304. A wide variety of transition-metal cations are also readily incorporated into
the spinel structure. For example, Co?" has a high affinity for the octahedral B-sites,
often producing the cation distribution (Fe*)a[Co?* Fe3T|g0y4. Since the magnetic
moment for Co?* (3.8 up) is lower than that of Fe** (5.9 up), CoFeyOy4 has a lower
saturation magnetization than y-Fe,O3. However, Co** has a large orbital moment
and hence produces a large anisotropy and coercivity (by contrast Fe?™ m, ~ 0).
Thus, by varying the amount of Co?* in the structure, the total magnetization and

the magnetic hardness of the material can be altered. For most spinel ferrites, the
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relative strengths of the exchange pathways is |Jag| > |Jpg| >> Jaa; however the
strength of J depends on the distribution of magnetic ions in the structure. For
example, for Fe;Oy, Jap = —2.88 K (for FeZOJrh/?’Jr—OQ_—Fe%j), Jpp = +0.83 K (for
Fej-O*-Fejr), and Juq = —0.18 K (for Fe%:—OZ*—Fe:}:/H) [25]. By comparison,
for v-FeyO3 the exchange constants are [26,27] Jap = —28.1 K (for Fe%*;—O%—Fei;Tj),
Jpp = —8.6 K (for Fej'-027-Fed!), and Jaa = —21.0 K (for Fe3/-O*~-Fe}!). Similar

changes in magnetism are possible using other substituting ion distributions.

1.3 Nanoparticle Magnetism

The magnetism of nanoparticles differs substantially from that of a bulk material.
In addition to the intrinsic magnetism of the material, the overall magnetism of a
nanoparticle is determined by a combination of finite size effects that are a conse-
quence of the geometrical restrictions of the nanoparticle and surface effects due to
the broken coordination of atoms near the particle surface. To date, there is still
considerable debate regarding the relative importance of each of these effects, and

work is ongoing to determine precisely the spin configuration within nanoparticles.

1.3.1 Superparamagnetism

If the volume of the material is made sufficiently small (below a critical size D), then
domain wall formation is no longer energetically favourable, and a single-domain par-
ticle is obtained. For typical magnetic materials, Do = 20 — 800 nm, depending on
the intrinsic magnetism of the material (spontaneous magnetization, anisotropy K,

and exchange energies) [2], and for iron-oxides D¢ ~ 50 nm [28]. A nanoparticle with
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Figure 1.7: (a) A single-domain nanoparticle with a uniaxial anisotropy. (b) The de-
pendence of the total energy E on the angle 6 between the nanoparticle magnetization
M , and the easy-axis direction in zero applied field, and showing the energy barrier
AFE to magnetization reversal and the associated relaxation time 7. (c) Example of
the energy barrier and related relaxation time definitions for the case where the total
energy has unequal minima.

size D < D¢ is considered in the most simple picture as a single domain wherein
all of the atomic moments are ordered and behave collectively as one “super mo-
ment” of magnitude Mg (in analogy to an atomic moment x). In a nanoparticle, the
magnetization M is determined to first order by the coherent rotation of all of the
spins forming the nanoparticle magnetization over an energy barrier and activated by
thermal energy.

The Stoner-Wohlfarth model [29] is the simplest model to describe the magnetism
of a nanoparticle. As shown in Fig. 1.7, in the absence of an applied magnetic field
the energy associated with magnetization reversal of a non-interacting assembly of

single domain particles with a uniaxial anisotropy is described by

E = KV sin*(0) (1.3)
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Figure 1.8: Illustration of the region within the total energy landscape that a single-
domain uniaxial particle is able to sample within a fixed timeframe (red curve) for
a system beginning with the magnetization M oriented parallel to the easy-axis. (a)
For T =0 M (t) is fixed since no thermal fluctuations are possible and a maximum
magnetization Mg occurs. (b) 0 < T" < Tp, where fluctuations due to collective
excitations reduce the magnetization, but the particles are still blocked. (c¢) The
particle is unblocked for T' > Tz and spontaneous superparamagnetic (180°) reversals
occur resulting in (M (t)) = 0.

where K is the anisotropy (determined by the magnetocrystalline and shape anisotropies)
and V' is the volume of a nanoparticle. Energy minima for the orientation of the
nanoparticle’s magnetization M relative to the easy axis are located at § = 0 and
180°. The energy barrier to magnetization reversal from one easy direction to the
other is AE = KV (Fig. 1.7). As shown in Fig. 1.8a, at 7" = 0 the nanoparti-
cle magnetization is trapped in one of the wells and is unable to fluctuate, and the
measured magnetization is (M(T)) = Mg (where ( ) indicates an average over the

timesale of the measurement). As the temperature is increased, the nanoparticle
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magnetization may undergo thermal fluctuations and (M (T")) < Mg due to collective
excitations [4,30]. If the temperature is sufficiently high for the thermal energy kgT
to overcome AFE, nanoparticle magnetization is able to reverse spontaneously result-
ing in (M (T)) = 0. This spontaneous magnetization reversal of a nanoparticle results
in a behaviour analogous to an atomic paramagnet, but with a (very) large effective
total magnetization, and so the phenomenon is called “superparamagnetism”, shown
in Fig. 1.8c. The threshold temperature that describes the onset of spontaneous
180° reversal is the superparamagnetic blocking temperature Tz, and below T’z the
nanoparticle is “blocked”.

The superparamagnetic fluctuations of an assembly of non-interacting nanoparti-
cles can be described most simply by the Néel relaxation model [31,32]. When the
system is at some finite temperature the nanoparticle magnetization can fluctuate
about the minimum energy direction. As shown in Fig. 1.7b, there are two energy
minima in the absence of an applied field and the nanoparticle magnetization has two
equilibrium positions ¢; = 0° and ¢; = 180° separated by an energy barrier AE. At
finite temperatures, thermal energy allows the direction nanoparticle magnetization
to fluctuate and there will be some probability w;; that a particle in state ¢; will
change to ¢; within a given time interval. The relaxation time 7 = 1/w;; is described
by the Néel-Arrhenius equation

AE)

o (1.4)

T:ToeXp<

where AE = KV when H = 0 (described by Eq. 1.3) and 7y is the attempt frequency
(~ 107 — 107" s [33]). The relaxation time 7 is obtained from the probabilities of

a transition from ¢; to ¢; (w;; = 1/71) and from ¢; to ¢; (w;; = 1/77), as shown in
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Fig. 1.7

11 1
—= . (1.5)

T Tt T

In the case of H = 0, ¢; and ¢; have the same energy and AF is equal for jumping
from ¢; to ¢; or from ¢; to ¢;, so 77 = 7~ = 27. In that case, it takes a time 27 for
a nanoparticle magnetization to flip once. Thermal equilibrium is achieved for times
t >> 7. In cases where ¢; and ¢; have different energies, such as H # 0, described
below and shown in Fig. 1.7c, 1/77 is the probability of a jump occurring from the
lower energy minimum to the higher energy minimum over an energy barrier AE™,
and 1/77 is the probability of the reverse over an energy barrier AE~. Thus, the
superparamagnetic relaxation and measured Tg is dependent on the timescale over
which the system is averaged 7, (i.e. the measurement time). According to Eq. 1.4,

the blocking temperature T is given by

7= 2V (””) . (1.6)

7o
For two different measuring times 7,1 and 7,, 2, T scales according to

TB,l _ ll’l(Tm’z/To)
TB,Q ln(’Tmyl/To) '

Tp for a system is of particular practical importance since applications generally

(1.7)

require the system to be near or below Tz during use. Significant research efforts have
been directed towards simply elevating Tz for nanoparticles [34]; for example, for the

iron oxides of typical sizes, a Tz < 100 K is obtained for a typical 7,,, ~ 10 — 100 s.

1.3.2 Nanoparticle anisotropy and coercivity

When a magnetic field H is applied at an angle ¢ relative to the particle easy axis,

the field will rotate M an angle ¢ away from the easy axis and an angle ¥ = ¢ — 0
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Figure 1.9: (a) A single-domain nanoparticle with a uniaxial anisotropy, with particle
magnetization M at an angle relatlve to the applied magnetic field H. (b) The
dependence of the total energy £ = m on the angle 1 and the field h = 4sH op
the decreasing field branch of a hysteresis loop for the case when # = 0. (c) The
dependence of the total energy £ on the angle 1) and the field A on the decreasing
field branch of a hysteresis loop for the case when 6 = 0. (d) Hysteresis loop for the

scenario shown in (a) - (¢) when 7" = 0.
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towards H , as shown in Fig. 1.9a. The magnetization with respect to the direction
of the field is then

M = Mg cos(1)) (1.8)

where, as above Mg is the total nanoparticle magnetization. Adding the field energy

to Eq.1.3 and writing in terms of ¢ and v gives the total energy

E(¢,v, H) = KV sin®(¢ — ) — HMgV cos(v)). (1.9)
A change of variables £ = % and h = AgiH provides
.,
E(h,0) = W — hcos(y). (1.10)

Choosing 6 = 0, the behaviour of M(H) that would be obtained from a hysteresis
loop measurement of such a nanoparticle can be illustrated from £(¢, H), shown in
Fig. 1.9. The hysteresis loop is obtained from the nanoparticle magnetization M
at a fixed temperature as the field is swept from +H,,00 — —Hpnae (the decreasing
field branch) followed by —H 0 — +Hpnae (the increasing field branch). At 7' = 0,
beginning the M (H ) cycle from the largest H will trap the nanoparticle magnetization
at ¢ = 0 (aligned parallel to H ). For large enough H there will be no other energy
minimum. As shown in Fig. 1.9b, as H decreases, a second minimum at ¢ = 180°
appears; however, at T' = 0, the nanoparticle magnetization may not fluctuate from
the minimum energy, and no superparamagnetic relaxation to the second minimum is
possible. As shown in Figs. 1.9c and d, at A = 0 the magnetization becomes unstable
at ¥ = 0 and jumps to ¢» = 180°, resulting in H. = 2K /Mg. Hysteresis loops for

the same model with 6 # 0 are shown in Fig. 1.10a, and the loop resulting from a
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Figure 1.10: Hysteresis loops of m;, = M /Mg versus h = ]\gi(H calculated for single-

domain nanoparticles with a uniaxial anisotropy. (a) Hysteresis loops for different

orientations of the particle easy axis relative to H (labeled on the central vertical axis).
The parameters ¢y and ¢ are the angles between the field H and the direction of the
magnetization M before and after the nanoparticle magnetization jump, respectively.
(b) Hysteresis loop calculated for a randomly oriented assembly of particles.

non-interacting assembly of particles with randomly oriented easy axes (a randomized
6) is shown in Fig. 1.10b.

At intermediate temperatures, H.(T') is determined by the competition between
superparamagnetic relaxation (thermal energy) and the field energy. A simple de-
scription of H.(T) is obtained by combining the Néel relaxation model (Eq. 1.4) with
the Stoner-Wohlfarth model (Eq. 1.3) [22]. In an applied field, the energy barriers to

magnetization reversal are obtained from Eq. 1.9

HMS>2

AEzKV(l:I: —

(1.11)

where + indicates the energy barrier is raised or lowered if H is parallel or antiparallel
to the nanoparticle magnetization. Since H, is the field that reduces the magneti-

zation to zero within the timeframe of the measurement, this occurs when AFE in
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Egs. 1.11 and 1.4 are equal, which provides

1o H,(T) = ]Q\Z (1 - \/TT> . (1.12)

1.3.3 Nanoparticle magnetization

Thermal fluctuations also modify the nanoparticle magnetization, Mg(T'), due to
collective spin-wave excitations. In the bulk, the temperature dependence of the
magnetization is described by the successive reversals of single spins in an assembly,
wherein spin deviations are spread out over the entire assembly via “spin waves” as

shown in Fig. 1.11. This is described by the Bloch 7%/ law [35]

Ms(T)
Mg

1— —1— BT?? (1.13)

0.0587 [ kT \*?
257

14

where v is an integer that equals 1, 2, or 4 for a simple cubic, bce, or fcc lattice,
respectively, S is the atomic spin, and J is the exchange constant. In many nanopar-
ticles Mg(T)) is well described by the Bloch T 3/2 law. However, there are also many

cases where Mg(T') is better described in the form

TP BT® (1.14)
s:g\(; / f r T \ \ \ \ \ T r f /
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Figure 1.11: Tllustration of a spin wave.
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with @ = 1.5 — 2, due to the finite size of the nanoparticle becoming comparable
to the spin wave length for low-lying excitations [36,37]. In some other cases, the
expression for Mg(7) must be modified to include additional terms due to disordered

spins at a nanoparticle’s surface [38] (described below).

1.3.4 Surface Effects

At the surface of the nanoparticle the atomic coordination environment is incom-
plete, causing broken exchange bonds and a reduced site symmetry. As a result, the
nanoparticle volume is not truly single-domain, but contains a surface spin popula-
tion whose moments are highly anisotropic and which can have a distinctly different
behaviour from the moments within the interior of the particle. Depending on the
type of exchange interactions present, the surface spin population is described as
variations on a “hedgehog”-like or “throttled” configuration with different effects on
the overall nanoparticle magnetism [39]. In ferromagnetic nanoparticles, the spins
tend to orient along a preferred axis, causing an enhanced saturation magnetization.
In ferrimagnetic nanoparticles competing AF exchange interactions between mag-
netic sublattices can produce a disordered spin population. Surface disorder effects
are particularly important in nanoparticles of spinel ferrites (e.g. 7-FeaOs, NiFeyOy,
CoFey0y, and CuFe,O,4) and have been described in several detailed studies using a
wide variety of experimental techniques and simulations [36,40—44]. In antiferromag-
netic nanoparticles a weak ferromagnetism is observed due to uncompensated surface
spins and a surface anisotropy that produce a net magnetization [5]. The existence

of a large surface anisotropy that is up to an order of magnitude larger than the bulk
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Figure 1.12: Exchange bias loop shift H.,.

counterpart [6] can contribute to the total nanoparticle anisotropy.

1.3.5 Exchange Bias

To understand the types of interactions which occur when a nanostructured material
contains two distinct types of magnetic layers such as the ordered core and disordered
shell (described in Sec. 1.3.4) consider first the simplest prototypical case of a FM/AF
layered system where T of the FM layer is larger than T of the AF layer. When the
system is cooled from Tz > T' > T in the presence of a saturating magnetic field,
the magnetization direction of the FM is determined by the field. On cooling through
Ty, the interfacial spin configuration and domain structure that is established in the
AF layer is influenced by interfacial exchange interactions with the ordered FM layer.
While the energy profile is equal for the increasing and decreasing field branches of
a hysteresis loop for the single-phase system with a uniaxial anisotropy, described
in Sec. 1.3.2, the FM/AF exchange coupled system has a unidirectional anisotropy

that produces a single preferred direction for the magnetization of the FM layer due
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to the interfacial exchange interactions. As shown in Fig. 1.12, this results in a
shift in the hysteresis loop along the field axis called the “exchange bias” loop shift,
Hep = (Hen + Hep)/2.

Intense research to determine the nature of the interface magnetism of exchange-
bias systems has been a subject of ongoing investigation since the phenomenon
was first discovered in 1956 [45]. Some relationships between exchange bias be-
haviour, AF layer thickness, interface roughness, and pinned interfacial spins have
been observed (primarily using thin-film systems); however, a complete description of
the phenomenon remains to be established, particularly when applied to nanoparti-
cles [46,47]. In addition, exchange bias effects are not limited to FM/AF systems and
have been observed in FiM/AF, FiM/FM, and hard/soft FiM/FiM coupled systems.
Importantly for the ferrites, interactions between the ordered interior and disordered
surface spin populations in “single phase” nanoparticles results in an exchange bias,

with prominent examples being NiFe,O4 [48] and 7-Fe,O5 [44,49].

1.4 ~-Fe;O3 nanoparticle magnetism

At the nano-scale 7-Fe;O3 is the most stable iron-oxide and is the natural product
of Fe-based synthesis when oxygen is available. Due to the variability, stability, and
significant technological relevance v-Fe;Og it is also one of the most well character-
ized nanoparticle systems, and remains a promising candidate for use in applications.
In addition, the magnetism of ~-Fe;O3 nanoparticles is well representative of the is-
sues that are of concern for other nanoparticle systems. The surface and disorder

effects that are common to other nanoparticle systems have been identified clearly
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in 7-Fe,O3 using overall (“bulk”) characterization techniques, and atomic °Fe stud-
ies [40, 43,49, 50], and simulations [42,51]. The surface spin disorder results in a
variety of “anomalous” magnetic properties. The magnetization of the nanoparticles
is significantly reduced due to a loss of effective magnetic volume. However, when the
nanoparticles are cooled to low temperature (~< 2—5 K) in a large applied field, the
disordered spins will become “frozen” in with the magnetization of the nanoparticle.
Interactions between the core and surface spins result in an exchange bias and an
enhanced coercivity, and the temperature dependence of the magnetization decreases
quickly with warming as the disordered spins “thaw”. The ordered core and disor-
dered surface spin populations are also observed clearly in experiments that probe
the atomic magnetism, which can distinguish the magnetic relaxation of the two spin

populations.

1.5 Core/shell nanoparticle magnetism

The magnetic interactions at the core/shell interface are well known to have a sub-
stantial effect on the overall magnetism of the nanoparticle. The first instance of
core/shell magnetism was measured in passively oxidized Co/CoO nanoparticles in
which the exchange bias phenomenon was discovered [52]. The interface magnetism
may be modified by combining different FM or FiM materials. For example, the
combination of hard (high coercivity) and soft (low coercivity) materials can produce
an “exchange spring” system wherein the overall magnetization reversal is altered by
the interface coupling [12]. The addition of non-magnetic shells also alters the surface

magnetism by completing the coordination environment of the magnetic ions at the
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surface of the core nanoparticle [53-55]. In nanoparticles, the addition of finite-size
effects, disorder, and potential chemical intermixing all significantly complicate the
development of a clear understanding of how the overall properties of the core/shell
nanoparticle arise from the choice of core and shell materials. There have been nu-
merous studies of a large variety of magnetic core/shell nanoparticles [13,47] which
have resulted in a very large variety of overall magnetic properties, even for nominally

similar core and shell materials.

1.6 Progress and open questions

To date, much research on magnetic core/shell nanoparticles has centered on the re-
alization and measurement of the overall properties of new combinations of core and
shell materials and in the reproduction of properties of layered thin-films in core/shell
nanoparticle analogues with a substantial fraction of studies using iron-oxide or
ferrite-based materials [11-13]. Currently, the magnetism of core/shell nanoparticles
is considered primarily a combination of intrinsic material properties and interfacial
interactions across a sharp core/shell phase boundary. This interpretation is used to
account for experimentally observed properties and forms the basis for simulations of
core/shell nanoparticle magnetism [12,56]. However, the current description does not
account for the details of the surface magnetism or disorder of the core, core/shell
interface roughness, and intermixing effects. Such effects are known to alter substan-
tially the magnetism of thin-films [47] for which large lateral length scales facilitate
characterization, but have yet to be applied to core/shell nanoparticles due to the

added complication of finite-size effects and the practical challenge of characteriza-
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tion over atomic length scales. To this end, some recent work to examine the nature
of the structure of some Fe-oxide/Mn-oxide core/shell nanoparticles has identified a
change in composition at the interface that suggests a complex interface [57,58].
This work aims to further the understanding of core/shell nanoparticles by describ-
ing the nature (magnetism, composition) of the interfacial intermixed layer and deter-
mining its role in producing the overall properties of the nanoparticle. To disentangle
the variety of effects that contribute to the magnetism of core/shell nanoparticles,
experiments to characterize the composition and magnetism over a range of time and
length scales (i.e. 1078 s to 100 s, and from overall to atomic, and element-specific),
temperatures, and applied magnetic fields will be used to provide a self-consistent
and comprehensive description of the core/shell nanoparticle magnetism. I will char-
acterize the overall magnetic properties (e.g. Tg, Ms(T), H.(T), and H.,(T)) of the
nanoparticles using magnetometry and susceptometry experiments. Using Mossbauer
spectroscopy I will determine atomic Fe magnetic and electronic environments to de-
termine whether core/shell intermixing occurs, to examine the temperature depen-
dent magnetic relaxation, and to identify disorder in the nanoparticles. I will examine
the core and shell composition and the element and site-specific magnetism using x-
ray absorption and x-ray magnetic circular dichroism spectroscopy. The elemental
magnetism will identify how the core and interface magnetizations are coupled, iden-
tify core/shell mixing, and identify changes in the orbital moments of the magnetic
ions. The effects of intermixing will also be examined with a series of y-Fe;03/CoO
core/shell nanoparticles, where the synthesis conditions have been modified to alter

deliberately the interface mixing amounts. The nature of the interfacial intermixed
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layer in y-Fe;O3/Co0 core/shell nanoparticles will also be examined in depth using
atomic and element-specific measurements that probe the local metal-oxygen bonding

and exchange interactions.



Chapter 2

Experimental Methods

To understand the origin of the magnetic properties of nanostructured materials is
often a complex task due to the substantial sensitivity of all aspects of the properties
to small changes in structure, composition, morphology, and atomic-scale magnetism.
To disentangle the precise role of interfacial microstructure and magnetism requires
an in-depth examination of the entire nanoparticle. This necessitates not only mea-
surement of the overall (“bulk”) properties which are the sum-total of all factors, but
also the element-specific and atomic properties which can probe separately each re-
gion and spin population of the nanoparticle. In addition, measurements which probe
a variety of length and time-scales, temperature, and field-dependent behaviour are
necessary to separate intrinsic (material) properties from the effects of superpara-
magnetism. The complement of experimental techniques described in this chapter
allows the requisite analysis. The structure and morphology of the nanoparticles was
determined using powder x-ray diffraction and transmission electron microscopy. The

overall magnetic properties were characterized using magnetometry and susceptome-

29
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try measurements. Mossbauer spectroscopy identified each unique *Fe-site, providing
the Fe-based composition, and the temperature evolution provided a Fe site-resolved
approach to superparamagnetism. X-ray absorption (XAS) and x-ray magnetic cir-
cular dichroism (XMCD) identified the Fe and shell transition metal ion sites, while
temperature and field-dependent measurements provided the element and site-specific

magnetism.

2.1 Nanoparticle synthesis

Core/shell nanoparticles were synthesized using a two-part seed-mediated approach
based on the thermal decomposition of metal-precursors in hot organics. The v-Fe;O3
seed nanoparticles were synthesized following the method described in Ref. [59]. A
metal-cupferronate was prepared for each shell transition-metal from CoCly-6H50
(98%, Alfa Aesar), MnCly-4H50 (99%, Arcos Organics), Ni(CH3COO),-4H,0 (99%,
Acros Organics) and cupferron (NH4[CgHs;N(O)NO]J, 99%, Acros Organics) using the
procedure described in Ref. [60]. A solution of 1.8 mmol of metal-cupferronate in
octylamine (99%, Acros Organics) was prepared, and heated to 100°C under Ar for
1 h. To create core/shell nanoparticles, 7 mL of v-FesO3 nanoparticle solution was
heated under Ar 250°C to which 4 mL of precursor solution was rapidly injected. The
entire mixture was allowed to react at 225°C K for 30 minutes, after which heat was
removed and the reaction flask was allowed to cool to room temperature. In addition,
a series of three 7-Fe;O3/CoO core/shell nanoparticles was prepared using the same
procedure described above, but with final reaction temperatures of 100°C, 150°C and

235°C to create each sample.
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Nanoparticles of the shell transition metal-oxides were also synthesized using a
similar procedure described for the shell addition step; 7 g of tri-n-octylamine (95%,
Alfa Aesar) was heated to 100°C for 1 h under Ar atmosphere. The tri-n-octylamine
was heated to 250°C, and 4 mL of metal-cupferronate precursor solution was rapidly
injected. The entire mixture was allowed to react at 225°C K for 30 minutes, after
which heat was removed and the reaction flask was allowed to cool to room temper-
ature.

Nanoparticle powders were isolated from solution by washing with alcohols and

air-drying.

2.2 Powder x-ray diffraction (XRD)

X-rays incident on a lattice will scatter from the electrons surrounding each atom, and
scattered wavefronts from points in the lattice interfere, creating a diffraction pattern
from which the lattice symmetry can be determined. The relationship between the
spacing of a set of (hkl) planes dpy, the diffraction angle 6, and x-ray wavelength A
is given by Bragg equation

nA = 2dhkl sin thl (21)

where n is an integer number. For an infinitely large number of diffracting planes,
the width of a given reflection will be determined by instrumental factors (neglecting
strain effects). For small crystallites, however, reflections will be broadened due to

the finite number of planes from which the diffracted x-rays are scattered. Broadening
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Figure 2.1: Diagram of the Bragg condition geometry. Reprinted with permission
from [62]. Copyright 2003 Springer Science and Business Media.

due to crystallite size effects is described by the Scherrer formula [61]

K\

Dxrp = m (2.2)

where Dxgp is the volume weighted crystallite size, K is the Scherrer constant (K =
0.9 for a spherical particle), A is the wavelength of the x-rays, and [ is the integral
breadth of the reflection (in radians 26).

X-ray diffraction patterns were collected to determine the nominal core and shell
structures of the nanoparticles. All patterns were collected using a Bruker D8 DaVinci
with Cu K radiation using a Bragg-Brentano geometry under ambient conditions. A
schematic diagram of the diffractometer in Bragg-Brentano geometry used for powder
XRD is shown in Fig. 2.2. X-rays are generated by use of an x-ray tube consisting of
a cathode, anode and Be windows. Electrons are emitted from the cathode that is an
electrically heated tungsten filament. A large potential difference is applied across the
cathode and anode, causing the electrons to accelerate towards the cathode. Typically

a potential difference between the cathode and anode of 40 kV, and a tube current
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Figure 2.2: Bruker D8 DaVinci diffractometer using a Bragg-Brentano geometry
showing the x-ray tube, primary and secondary optics, and detector.

of 40 mA is used. The tube current strikes the anode Cu target, and the emitted
x-ray spectrum consists of characteristic x-rays of the anode metal superimposed on
a continuous background of Bremsstrahlung radiation. The primary and secondary
x-ray optics focus the x-rays on the sample surface and are optimized to maximize
the pattern quality and sample illumination. A secondary set of optics consisting
of physical and electronically controlled slits re-focused the diffracted x-rays onto
the detector. Programmable slits control the equatorial divergence of the x-rays
(i.e. along the sample length) and the sample illumination. The Soller slits are
a collimating optic consisting of parallel foils separated by spacers which limit the
axial divergence of the x-rays (i.e. along the sample width). A Ni filter on the

secondary optics strongly attenuates the Bremsstrahlung and Cu Kjg x-rays. X-rays
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were detected with a Lynxeye linear Si strip detector. X-rays which impinge on the Si
detector create electron-hole pairs by x-ray photoionization. A bias voltage attracts
charge carriers, which are detected following a photoionization event. The number of
photoelectrons generated is proportional to the energy of the detected radiation. The
minimum threshold energy of the detected signal is controlled with the diffractometer
software which enables minimization of florescence radiation in Fe-based samples due
to excitation of electrons from the Fe K-shell (7 keV) by the Cu K, x-rays (8.04 keV),
to minimize background.

XRD patterns were collected using dried nanoparticle samples on a zero-background
quartz slide using a rotating stage. For v-Fe;O3/CoO nanoparticles described in Ch. 5
XRD patterns were measured from 50 K to 300 K using a Phenix stage with a closed-
cycle refrigerator. Lattice parameters, average crystallite sizes, and estimates of the

core and shell structure volume fractions were obtained using Rietveld refinements

with FullProf [63].

2.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy is an essential technique to characterize nanos-
tructures. The transmission electron microscope focuses a beam of electrons onto a
nano-scale region of a sample which allows many types of measurements to be carried
out either by detecting the transmission of electrons through the sample or diffracted
electrons. In the TEM, detection of the diffracted electrons provides a pattern sim-
ilarly to XRD, but with the substantial advantage of providing area selectivity via

the focused electron beam. Powder-like average diffraction patterns may be obtained
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from low-magnification images and indexed similarly to powder XRD patterns, and
diffraction images measured from regions within a single nanoparticle can identify
atomic-scale changes in structure. Much of the functionality of the TEM is based
on the detection of electrons as they are transmitted through the sample. At low
magnification, a TEM image will show contrast due to the absorption of electrons
by the sample. The contrast is proportional to the sample thickness and the atomic
number Z of the atoms. High-resolution TEM (HRTEM) allows the observation
of the atomic-scale structure of materials by virtue of the wave-like nature of elec-
trons. A full description of the highly complex nature of the behavior of transmitted
electrons through a material is beyond the scope of this work and may be found
elsewhere [64]; however, the physical principles behind the technique can be given
through a simple phenomenological description. A parallel beam of electrons incident
on the sample can be considered as a plane wave. As an electron penetrates the sam-
ple it will be attracted to the atomic potential of the atoms that make up the lattice
and will travel along the lattice, resulting in waves which are transmitted through
the sample. At the same time, electrons are scattered by nearby atoms, resulting in
diffracted waves. Since the diffracted and transmitted waves travel different distances
through the sample, an interference pattern results. The resulting “phase contrast”
depends on the strength and the spacing of the periodic potential of the lattice along
a given crystallographic orientation. The HRTEM image is obtained from mapping
the phase contrast, and requires careful accounting of microscope focus conditions
and aberrations to reconstruct the final image, and detailed analysis to account for

the 2D-generated projection of the oriented 3D structure. Also highly useful is the
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ability to measure the loss of electron energy during transmission. The electrons used
to generate TEM images have sufficient energy (typically 50 - 800 keV) to eject core
electrons from the atoms in the sample. The electron energy loss spectrum (EELS)
provides the energy loss in the transmitted electron beam due to such core-level exci-
tations. Since the energy levels and hence the energy required to excite core electrons
is element-specific, EELS mapping provides the element-specific distribution of atoms
in the sample.

Transmission electron microscopy (TEM) images were collected to determine the
nanoparticle size distribution and morphology. EELS mapping was also done to
ascertain the distribution of transition-metals to confirm core/shell morphology. All
of the TEM images and their structural analysis presented herein were collected by
Prof. Hao Ouyang and his students C. C. Chi, T. T. Su, and H. S. Hsiao from National
Tsing Hua University, using either a JEOL-ARM200F microscope at National Tsing
Hua University or a JEOL 2100F microscope at the Material and Chemical Research
Laboratories, Industrial Technology Research Institute, Taiwan. To prepare TEM
samples, nanoparticles were washed with alcohols to remove excess organics then
diluted with hexanes and dropped onto a 400-mesh carbon-coated copper grid. Prior
to image collection the TEM samples were plasma cleaned three times for ten seconds
to remove the excess organic coating from the nanoparticle surfaces.

Low and medium-magnification images containing a large sample of nanoparticles
were used to determine the particle size distributions. The nanoparticle size distri-
butions were determined using the image processing software ImagelJ [65] to measure

the 2D projected size of the 3D particle via the Feret diameter by measuring 300 -
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500 nanoparticles. The distribution was fitted to a log-normal expression

p(D) = —271raD exp [—2; (ln ll)jg> ] (2.3)

where o is the standard deviation and D is the particle diameter.

To examine structural changes due to core/shell intermixing in y-Fe;O3/CoO
nanoparticles discussed in Chapter 5, extensive analysis of HRTEM and electron
diffraction images were done by Prof. H. Ouyang, C. C. Chi, and H. S. Hsiao.
HRTEM was used to measure the CoO shell thickness directly. Also, an in-depth
characterization of the core/shell interface was done using highly focused electron

diffraction, with analysis supported by simulations of potential interfacial structures.

2.4 Overall magnetism

The magnetic properties of a nanoparticle are usually determined with a combi-
nation of dynamic and static measurements using a magnetometer. The use of a
superconducting quantum interference device (SQUID)-based magnetic properties
measurement system (MPMS) is required due to the small magnetic responses of
nanoparticles dispersed in non-magnetic media which is required to ensure compara-
ble interparticle separations. A SQUID consists of a superconducting ring containing
two Josephson junctions, as shown in Fig. 2.3a, and provides essentially a conversion
between magnetic flux and voltage. The SQUID’s functionality is based on two phys-
ical phenomena: 1) the wavefunction of the superconductor around the ring must
be single-valued, so that a phase change of multiples of 27 are allowed for a closed

path around the loop, imposing a flux quantization condition, and 2) the Josephson
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Figure 2.3: a) A SQUID containing two Josephson junctions, b) the relationship
between bias voltage and current, and c) periodic voltage response due to flux quan-
tization. d) Schematic of a gradiometer used to measure the sample magnetization.

junction, a thin insulator which interrupts the superconducting ring, allows tunnel-
ing of the super-current up to a maximum critical value, and determines the phase
change of the wavefunction across the junction. The combination of the two phe-
nomena provides a sensitive flux-to-voltage conversion, as illustrated in Fig. 2.3a-c.
A bias current is applied that is divided among the two Josephson junctions. In
the absence of a change in flux through the ring, the maximum current which can
pass the SQUID is the sum of the two critical currents of each Josephson junction,

shown in the top curve of Fig. 2.3b. When the flux through the SQUID changes,
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an additional current is induced in opposition, and with increasing flux the current
through the SQUID decreases due to the interference of the wavefunctions across the
two Josephson junctions, with a minimum occurring for one-half flux quantum. This
interference behaviour has a periodicity of one flux quantum, as shown in Fig. 2.3c.
The magnetic properties of the nanoparticles were characterized using a Quantum
Design SQUID-based magnetic properties measurement system (MPMS-XL5). In an
MPMS, the SQUID is connected to a gradiometer made of a set of superconducting
pickup coils. The sample is transported through the coil and the current induced in
the coils is inductively coupled to the SQUID, as shown in Fig. 2.3d. The gradiome-
ter coil configuration is arranged with high symmetry to eliminate any contributions
from the uniform field applied by the superconducting magnet. A magnetic field is
applied to the sample using a superconducting magnet in a solenoid configuration
that surrounds the SQUID detection coils. The sample region, SQUID detection
coils, and magnet are within the main body of the MPMS, shown in Fig. 2.4. The
entire magnet is shielded by a permalloy shroud to reduce the magnetic field external
to the MPMS and the entire assembly housed in a liquid helium dewar. The magnet
is charged with a given current to achieve the desired applied field. The temperature
is controlled by helium gas flow from a reservoir at the bottom of the dewar and a
heater above the sample. The sample motion is controlled by a reciprocating sam-
ple measurement system (RSO). Measurement with the RSO uses a small amplitude
periodic displacement of the sample through a gradiometer to produce an oscillating
ac signal in the SQUID. This measurement technique provides increased sensitivity

and noise reduction over typical dc measurement techniques, allowing measurements
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Figure 2.4: The Quantum Design MPMS-XL5.

of sample signals as small as 5 x 1072 emu [66]. All aspects of the SQUID electron-
ics, sample measurement parameters, field, and temperature were controlled via the
MPMS Multi-View software.

Many measurements of nanoparticles require that the samples be cooled in the
absence of any external magnetic field. This can be a particular issue if such mea-
surements are done immediately after the magnet been charged to high fields, since
fields may induce some magnetization in the permalloy shield surrounding the su-
perconducting magnet, and some remanent field may remain in the magnet when it
is charged back to zero from a high field state. To address this, prior to to each

measurement that requires a zero-field initial configuration the degauss shield and
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magnet reset options were used. The degauss shield option alternates positive and
negative field polarity from the maximum 5 T to zero in sequentially smaller field
steps. Following this, a magnet reset causes a heater to warm the superconducting
magnet windings above their critical temperature to expel any remanent fields. Fol-
lowing this procedure reduced the magnetic field at the sample region to < 103 mT
(checked with field profiling using a fluxgate magnetometer [67]).

The magnetic properties of a nanoparticle are usually determined with a combina-
tion of dynamic and static measurements. This is often necessary since the intrinsic
material properties and superparamagnetic relaxation both contribute to the overall
magnetism of the nanoparticle. In addition, for systems consisting of multiple dis-
tinct spin populations (i.e. magnetically soft and hard, or ordered and disordered
components) a complement of measurements probing different timescales and exter-
nal conditions (i.e. applied field and temperature) is necessary. The static magnetism
was characterized by measuring the magnetic response in a fixed non-saturating field
as a function of temperature to provide the dc-susceptibility, or by measuring the
magnetization versus the applied field with a fixed temperature (hysteresis loop
measurements) to characterize the anisotropy and saturation magnetization of the
nanoparticle.

Hysteresis loop measurements were done by cooling while applying a saturating
field (typically 5 T), to base temperature (typically 5 K), and measuring the mag-
netization at a fixed temperature while changing the field from +5 T to —5 T and
—5 T to +5 T.

The overall dynamical response of the nanoparticle was obtained by measuring
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the response of the nanoparticles to a small (0.25 mT) ac applied magnetic field as a

function of temperature. This provides the complex ac-susceptibility,

Xac(V, T) = Xoe(, T) = ixXa(v, T) (2.4)

where x/.(v,T) and x.(v,T) are the in-phase and out-of-phase components, respec-
tively, to an ac field oscillating with frequency v. y,. measurements were done by re-
moving the remanent magnetization of the magnetometer, cooling the sample to base
temperature in zero applied magnetic field, and measuring x’.(v,T) and x7.(v,T)
with v = 10 Hz to 1000 Hz and 0.25 mT while warming to 300 K.

The de-susceptibility (xq.(T')) of the nanoparticles was obtained by using zero-
field-cooled (ZFC)-field-cooled (FC) measurements. After quenching the remanent
magnetization of the magnetometer, the sample was cooled from room temperature
to base temperature in zero applied field. A small field was applied (typically ~10 mT,
well below the field required to reach magnetic saturation) and the zero-field-cooled
susceptibility is obtained from the magnetic response Xaezrc(T) = Mae zrc(T) /o H
measured while warming. Similarly, the field-cooled dc-susceptibility was obtained by
measuring the magnetic response in the same applied field while cooling, e.g. from
300 K to base temperature. Compared to ac-susceptibility measurements (10 Hz -
1 kHz), the de-susceptibility measurement occurs on a significantly longer time-scale
of ~0.01 — 0.1 Hz.

Both ac- and dc-susceptibility measurements are used typically to detect the onset
of superparamagnetism and to provide an estimate of Ts. Being a dynamical phe-
nomenon, T depends on the timescale of the measurement; however, a qualitative

comparison of T for different samples is possible when obtained from the same mea-
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surement. The dc-susceptibility is a measure of the magnetization of the nanoparticles
which are blocked (have a static component of magnetization over the measurement
timescale). A maximum magnetization at a given temperature (7),,,) and onset of
ZFC/FC reversibility (convergence of the ZFC and FC responses) marks the onset
of superparamagnetic relaxation, but does not necessarily provide a measure of Tz
(e.g. Traz x BTg, where 5 up to 2 in FM and FiM nanoparticles [2,68,69]). The ac-
susceptibility measures the frequency-dependent dynamical response of the nanoparti-
cle magnetization to a small applied field, and provides a maximum x/ (v, T') (related
to the energy dissipation) followed by a maximum x/.(v,T) (the magnetic response)
and an onset of reversibility (loss of frequency dependence to the magnetic response)
as T is approached while warming. Both x4.(7") and x,.(v, T') measurements require
an applied field which may also perturb the energy landscape of the system. Thus,
while susceptometry provides a good qualitative comparison of the anisotropy when
all other factors are equal (size distribution, interaction strength, etc.) care should

be taken when extracting quantitative information.

2.5 Mossbauer Spectroscopy

In 1958, R. L. Mossbauer discovered that for nuclei bound in a lattice, there is a
finite probability for emission and absorption to occur with no recoil [70]. M&ssbauer
spectroscopy provides a sensitive measure of the local electronic and magnetic envi-
ronments surrounding probe nuclei, and leads to valuable insight of the site-specific
magnetism. Furthermore, by virtue of the fast measurement time (due to the lifetime

of the nuclear excited state) spectra reflect the entire range of dynamical processes
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from fully static to superparamagnetic magnetism for Fe-based nanoparticles. This
provides an excellent complementary technique to magnetometry, which has signif-
icantly slower measurement timescales and lacks site-specificity. By far the most
widely used transition is that of the *"Fe nucleus.

When a free nucleus undergoes radioactive decay from an excited state, E., to a
ground state, Fy, and emits a ~-ray with energy Ey = E, — E,, momentum conser-
vation requires that the nucleus experiences a recoil with resultant energy loss, Fg,
descried by
i

2M c?

Er (2.5)

where F, = E, — E, is the energy of the y-ray corresponding to the difference in
the excited and ground states of the decaying nucleus, M is the mass of the recoiling
nucleus, and c is the speed of light. As depicted in Fig. 2.5, the energy of the emitted
~-ray will then be

E, = Ey — Ep. (2.6)

The v-ray energy will have a certain uncertainty I',,oe = i1/t1/2 due to the lifetime

<€
Pn pY
E.= E,’ nucleus of mass M E=E,-Eg
R 2Mc? and mean energy E, (y-photon energy)
(recoil energy) (at rest before y-ray
emission)

Figure 2.5: Illustration of momentum conservation during y-ray emission, resulting
in a recoil energy imparted to the nucleus. Reprinted with permission from [71].
Copyright 2010 Springer Science and Business Media.
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Figure 2.6: Illustration of the emission and absorption lines for a free nucleus. The
recoil energy Er for the emission and absorption processes results in a separation of
2FER between absorption and emission lines. Reprinted with permission from [71].
Copyright 2010 Springer Science and Business Media.

of the excited state. For a system at finite temperature, the energy of the emitted -
ray will be further modulated by the thermal motion of the nuclei, which contributes
an additional Doppler energy

Ep=-"E, (2.7)

that results in a y-ray energy broadening

T'p=2yEg-ksT (2.8)

due to a distribution of nuclear velocities, v,, at a given temperature, T', and with

kg the Boltzmann factor. The total energy of an emitted 7-ray is then given by

E, = Ey— Er+ Ep. (2.9)

The Mossbauer effect is based on the emission and resonant absorption of y-rays
so that recoil and thermal broadening effects must be considered for both the emission

and absorption processes. Shown in Fig. 2.6, the recoil energy and thermal broadening



46 Chapter 2: Experimental Methods

5'Co
270d

Electron capture

5/2 136.46 eV (8.7 ns)
9% 91 %
v
3/2 \l/ 14.41 keV (97.8 ns)
y-ray
=172 Y 0
>’Fe

Figure 2.7: 57Co decay scheme. The 5"Fe I = 3/2 — [ = 1/2 transition with energy
separation 14.4 keV and excited state lifetime 7 = 97.8 ns labeled “v-ray” is used for
’"Fe Mossbauer spectroscopy.

affect both the emission and absorption processes, so that a y-ray emitted from one
nucleus has energy E, = Ey — Er, and the energy of an incoming 7-ray required to
excite the same free nucleus is EﬁY = FEy + Eg. The difference between the energy of
the emitted ~-ray and the energy required for a resonant absorption process is 2Fg.
For ~-ray transitions I'p < 2Eg and there is negligible overlap between emission and
absorption processes. As an example, the decay scheme of ®”Co provided in Fig. 2.7
shows the y-ray used for "Fe Mossbauer spectroscopy, and the relevant properties of

the resonance transition for ®’Fe are provided in Table 2.1.

Table 2.1: Numbers regarding the 14.4 keV nuclear transition of 5"Fe [71,72].

Abundance  Ej Chat (€V) Er I'p(300 K)

(%] keV]  [eV] [eV] [eV]

"Fe 2.19 14.41 4.55x107% 1.95x1073 ~ 1072
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In 1958, during his Ph.D. work on ~-ray absorption in 'Ir, R. L. Mossbauer
discovered that for nuclei bound in a solid the recoil energy is transferred to the entire
lattice [70]. Since the energy required to eject the nucleus from the lattice is much
greater than the free atom recoil energy, the recoil energy is transferred to the lattice,
and M becomes the mass of the entire crystal. The recoil energy may be transferred
to the lattice by exciting vibrations (phonons). As phonons are quantized, when the
recoil energy is less than the lowest energy vibrational mode a recoil-free event will
occur. The probability of such a zero-phonon process is given by the recoilless fraction

f, and is described by

f = exp[—(z*) EJ/(he)’] (2.10)

where (z?) is the expectation value of the squared vibrational amplitude of the nucleus
in the «-ray direction over the timescale of the Mdssbauer measurement.

Mossbauer spectra are measured by directing y-rays, typically from a radioactive
source, towards a sample containing the corresponding probe nuclei. The source is
moved relative to the absorber to produce a Doppler-shifted y-ray to excite transi-
tions in the probe nuclei whose energies deviate from Fy due to hyperfine interactions.
The ~v-rays with energy equal to the nuclear transitions in the probe nuclei are ab-
sorbed, and the Mossbauer spectrum is obtained by detecting the absorbed v-rays as
a function of Doppler-shifted source velocity equivalent to the incident y-ray energy
relative to E.,.

The experimentally measured centroid of the Mossbauer spectrum is the isomer
shift, §, that consists of contributions from the intrinsic isomer shift §; due to the

electric monopole interaction, and the second-order Doppler shift dsop: 6 = d;+ds0p.
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The electric monopole interaction provides d; and arises due to the finite size of the
nucleus and the Coulombic interaction with s-electrons at the nucleus. The intrinsic
isomer shift (Fig. 2.8a) is proportional to the difference in the electron density at the
nucleus between the v-ray absorber and source, |[14(0)|* — |1s(0)|?, and is described
by

Or = iﬂZeZ(Ri = Ro)([a(O)* = |¢(0)[*) (2.11)

where R, and R, are the radii of the excited and ground states of the probe nucleus,
respectively. For °"Fe, R < RZ, so an increase in s-electron density at the nucleus
will result in a lower d [71]. The second order Doppler shift is related to the mean

squared velocity of the absorber atom

dsop = —<;}z>. (2.12)

For Mossbauer spectra measured at different temperatures dsop will decrease with
increasing temperature due to an increase in (v?) with warming. For these reasons &
is usually reported with respect to a standard at a given temperature. The current
convention is to report the measured 4 relative to a-Fe at room temperature (e.g.
300 K).

A nucleus with I > 1/2 has a non-spherical charge distribution and a quadrupole
moment e() which quantifies the magnitude of the charge distribution deformation. If
the nucleus also experiences an electric field gradient due to a non-spherical surround-
ing charge environment the degeneracy of the nuclear energy level will be lifted by

the electric quardupole interaction. This splits the nuclear energy levels into doubly
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degenerate m; sublevels with energy [72]

V.. 2\ 12
Eqg = 4]?3_1)[3@ — I(I +1)] (1 + g) (2.13)

where V., = 9?V//02?% is the principal component of the electric field gradient tensor,

7 is the asymmetry parameter given by
(2.14)

and |V,.| > |V,,| > |Viz| and V., +V,, + Vi = 0. As shown in Fig. 2.8c, for 5"Fe, this

results in a doublet due to the splitting of the I = 3/2 level with an energy given by

9\ 1/2
A= AV (1 + 77) . (2.15)

2 3

The nuclear spin I and magnetic moment ;i will interact with a local magnetic field
By, ¢ at the nucleus via the magnetic dipole, or nuclear Zeeman interaction, described
by the Hamiltonian

H = _/jN . éhf = —guNf~ éhf (216)

where ¢ is the nuclear g-factor. The energies of the nuclear energy levels are then
given by

where my is the z-component of I. This interaction lifts the degeneracy of the nuclear
level resulting in (21 + 1) equally spaced m; = I,I — 1,...,—1I sublevels. For *"Fe,
the transition of interest is from the I = 1/2 ground state to the I = 3/2 (14.4 keV)
excited state. This causes the nuclear level splitting as shown in Fig. 2.8b. The
allowed transitions are determined by the selection rules for magnetic dipole transi-

tions Al = 1, Am; = 0,=£1, which provides six possible transitions for *"Fe, with
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Figure 2.8: The nuclear energy level splitting and Mossbauer spectra due to the
hyperfine interactions. a) The intrinsic isomer shift d;, b) the hyperfine field By,
and c) the electric quadrupole splitting AEg. Reprinted with permission from [72].
Copyright 1975 Springer Science and Business Media.

the relative transmission probabilities of a randomly oriented powder of 3:2:1:1:2:3
determined by the Clebsch-Gordon coefficients.

The By contains contributions from the Fermi contact term (due to the net spin
polarization of s electrons at the nucleus arising due to unpaired valence electrons),
an orbital contribution due to the total orbital moment L of the valence electrons,
and a dipolar contribution from the non-spherical distribution of the electron spin
density. For transition metals, the dominant contribution to By is the Fermi contact

term described by (in the one electron case) [71,73]

Beun = 2551 (0) — p(0)] (2.18)
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where p!(0) and p}(0) are the spin up and down densities, respectively, at the nucleus;
shown for Fe to be directly proportional to the number of 3d electrons [74].

Importantly, for the study of nanoparticles, By is proportional to the total spin
moment on the Fe atoms averaged over the timescale of the Mossbauer transition
(~107® s). In nanoparticles, thermal fluctuation of the local magnetic moment of
the atoms increases with warming due to collective excitations and 180° spin flips
due to superparamagnetic relaxation, and Bys — 0 as T" — Ts. Thus, the thermal
evolution of the sextet splitting and relative spectral line intensities can be used to
describe the nanoparticle relaxation over a timescale which is significantly faster than
magnetometry measurements. Further, by virtue of the unique hyperfine parameters
for each Fe-site, the behaviour of different spin populations (i.e. interior vs surface
spins) can be disentangled, providing significant advantage over bulk measurements
which provide only an averaged response.

A diagram depicting a typical Mossbauer spectrometer is shown in Fig. 2.9. In an
>"Fe Mossbauer experiment, a 5”Co source in a Rh matrix is mounted on Wissel MDU
MR-360 transducer. The motion of the transducer is controlled by a Wissel DFG-1200
digital function generator which provides a triangle voltage (constant acceleration)
waveform that produces Doppler-shifted ~-rays which are used to excite transitions
of ®"Fe nuclei in the sample. v-rays passing through the sample that are not absorbed
were detected using an LND model 45431 Ar/Xe proportional counter and amplified
before reaching an ORTEC single channel analyzer (SCA). The SCA has upper and
lower discriminators, and the SCA generates a pulse when it receives a signal within a

set voltage window, adjusted to detect only the 14.4 keV transition. The signal is sent



52 Chapter 2: Experimental Methods

Sample
Proportional | »| Pre-Amp
Transducer _l Counter
l T Source / T
Mossbauer | q Function Amp/ High Voltage
Drive Unit Generator SCA Supply
PC

Figure 2.9: Schematic diagram of a transmission Mossbauer spectrometer.

to the PC with an ORTEC multi-channel scaler (MCS) that sorts the incoming data
into channels corresponding to specific drive velocities. The Mossbauer spectrum
is recorded as the number of absorbed ~-rays measured as a function of the drive
velocity.

The velocity scale of the measured Mossbauer spectra were calibrated using a
6 pm-thick a-Fe foil at room temperature using the known Bjf(300 K) = 33 T,
and all 0 are relative to a-Fe at 300 K. Spectra were measured from 10 K to 300 K
using a Janis SHI-850 closed cycle refrigeration system (CCR). Powder nanoparticle
samples were dried and dispersed in BN powder and held between two x-ray mylar
films mounted on a brass holder.

A non-linear least squares analysis was applied to all of the Mossbauer spec-
tra, with each Fe-site characterized by a Lorentzian line-shape sextet with a set of
hyperfine parameters described above. In some cases (7-FesO3 and v-Fey,O3/MnO,

described in Chapter 4), the spectra were described using a full multi-level relaxation
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model to describe the By and line-shape evolution due to collective excitations and

superparamagnetism.

2.6 X-ray Spectroscopy

X-ray spectroscopic techniques have grown to provide invaluable information in nano-
structured magnetic materials due to the element specificity, range of detection, and
with control of the sample temperature and applied magnetic field. In particular,
when the core and shell materials are based on different elements with different
magnetic properties, x-ray absorption (XAS) and x-ray magnetic circular dichroism
(XMCD) spectra provide a unique window to detect changes in core and shell-ion va-
lence, coordination, and magnetism due to intermixing effects. Importantly, detailed
studies with temperature and field for each element provide an excellent comparison
with atomic °"Fe studies and magnetometry studies that provide the overall nanopar-
ticle magnetic response. XAS and XMCD, although requiring synchrotron x-ray
sources, have become vital and increasingly utilized experimental techniques to study
nano-magnetism due to the ability to measure separately the magnetism of each site
and hence provide a description of the contributions of different spin populations to
the overall magnetism.

X-ray absorption spectroscopy (XAS) is the absorption of monochromatic x-rays
(often from a synchrotron source) to excite a core electron of an atom or ion of interest
in a material. In an XAS experiment an incoming x-ray excites a core electron to
an empty state in the valence band when the x-ray photon has sufficient energy to

overcome the binding energy. Shown in Fig. 2.10, the x-ray absorption edges are
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Figure 2.10: Labels for various core-electron excitations and their corresponding en-
ergies for Fe metal. Also shown is an illustration of an x-ray absorption spectrum
showing the L and K-absorption edges.

labeled after the core electron. Since the absorption edge energy is unique for each
element, x-ray absorption spectroscopy is an element-specific technique.
The x-ray absorption intensity is described by the probability of exciting an elec-

tron from an initial state ®; to a final state ®; (W, ) by Fermi’s Golden Rule [75]:
2m 9
Wis = 20 (@] T1@) (5 — F — o) (2.19)

where 7" is the transition operator, and Ey, £;, and fiw are the energies of the final
and initial states and the x-ray photon energy, respectively. In the case of one-photon
transitions and energies <~ 10 keV (such as XAS of transition metal L and oxygen

K edges used in this Thesis) 7" is (from the electric dipole approximation) [75]
Toé, i (2.20)

where €, is the unit vector of the x-ray photon electric field polarization and 7 is the
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position operator. Thus,
Wissp o Y [(Pf| €, - 7|®;) |26(Ef — E; — hw). (2.21)
q

Dipole selection rules require that AL = +1 and AS = 0 so that transitions from a
core s-state can only reach p-final states and transitions from core p-states can only
access final s and d-states.

The advantage of x-ray absorption experiments for magnetic studies arises through
the use of polarized x-rays. Due to the selection rules for the x-ray absorption process,
transitions from a core level to a spin polarized valence state will occur with different
probabilities for left and right-circularly polarized x-rays (i.e. carrying opposite an-
gular momentum). The XMCD signal is the difference between the absorption cross
sections with left and right-circularly polarized light, which provides a direct measure
of the difference in the density of spin up and spin down valence states that is directly
proportional to the magnetization. This process is equivalent to using a fixed photon
helicity and reversing the magnetization by measuring the absorption cross section an
applied magnetic field with positive and negative polarity [21]. This is illustrated in
Fig. 2.11 for the L3 and Ls-edge transitions of Fe metal. Since the L3 and Loy transi-
tions (corresponding to the excitation of a 2ps/; and 2p; /2 core electron, respectively)
have opposite spin orbit coupling (/+ s and ¢ — s) the spin polarization is antiparallel
at the two edges. At the Ls-edge, left circularly polarized x-rays have a larger prob-
ability of exciting a spin-up electron (62.5 %) versus right circularly polarized x-rays
(37.5%), whereas the opposite occurs at the Li-edge [21]. The difference provides
the XMCD, which is proportional to the magnetization along the x-ray propagation

direction. In addition, due to the selection rules, the x-ray does not interact with
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Figure 2.11: X-ray magnetic circular dichroism for Fe metal, showing the differ-
ent in absorption intensities for positive (blue) and negative (yellow) x-ray helicity.
Reprinted with permission from [21]. Copyright 2006 Springer Science and Business
Media.

the electron spin directly; however, the angular momentum of the x-ray may interact
with the electron spin indirectly through the spin-orbit interaction, further affecting
the absorption intensities. This provides a measure of the orbital and spin moments
through L3 and Lo-edge integrated XMCD intensities via spectral sum-rules [76-78].

In a single electron approximation the XAS spectrum reflects the unoccupied
symmetry-projected density of states; e.g. the O K-edge absorption as a function of
photon energy measures the unoccupied density of p states. This is quite useful for
examining bonding and magnetism in oxides since it provides a direct measure of the
nature of metal-oxygen bonding (i.e. covalency, valence changes, etc.). However, for
L-edge transitions there are additional effects which modify substantially the mea-
sured spectrum that arise due to wavefunction overlap between the core-hole (created
after absorption) and the valence electrons, and valence electron correlations called

“multiplet effects”. A proper description of the L-edge spectrum features thus re-
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quires a many-body description to account for the Coulombic (electron-electron) and
spin-orbit interactions. These interactions result in a large number of possible initial
and final states for a single electronic configuration. For example, for an excitation of
a core electron to a 2p°3d® final state configuration of a free ion (e.g. for Mn*"), there
are 1512 possible final states [75]. Hence, XAS for L-edge transitions of oxides consist
of complex multi-line spectra. The problem is complicated further by electrostatic
interactions with the surrounding lattice which result in further modifications to the
energy-levels. This is in fact useful, since the XAS spectrum features are characteris-
tic of the metal valence and coordination environment symmetry and hence enables
in many cases a fairly reliable identification of all ionic species.

XAS and XMCD experiments were done at beamline 4-ID-C of the Advanced
Photon Source. Samples were measured in a helium flow cryostat with a 7 T (maxi-
mum) superconducting magnet to obtain temperature and field-dependent properties.
Powder samples were mounted onto a carbon tape on a Cu holder and were oriented
at a grazing angle to the applied field and x-ray direction, as shown in Fig. 2.12. An
electromagnetic undulator provided left and right-circularly polarized x-rays. Details
of the x-ray optics can be found in Ref [79]. The x-rays pass through a spherical
grating monochromator which can provide x-rays from 500 eV to 3000 eV with an
energy resolution of 0.1 eV. The incident x-rays were alternated between left and
right-circular polarization at each energy interval, and the raw XAS and XMCD are
the sum and difference, respectively, of the absorption of the polarized x-rays. The
raw x-ray absorption was normalized to the beam current I, that was monitored us-

ing an Au mesh upstream of the cryostat. A diagram of the cryostat showing the



58 Chapter 2: Experimental Methods

Magnet
(top view)

Polarized Au mesh
X-rays (Ip)

Cu sample /9
holder

Figure 2.12: (a) Photo showing the 7 T magnet at 4-ID-C at the Advanced Photon
Source, and (b) illustration of the relative orientations of the sample, incident x-rays
and applied field H inside the cryostat.

sample orientation, x-ray and applied field directions is shown in Fig. 2.12. Spectra
were measured in total-electron yield (TEY) mode, as shown in Fig. 2.13, by moni-
toring the drain current. TEY mode measurements are surface-sensitive, and probe
approximately the topmost ~5 nm, with ~60% of the signal resulting from the top-
most 2 nm [21,80] for transition-metal oxides. XMCD spectra were normalized to
the maximum XAS intensity. XMCD spectra are an average of both field polarity
measurements (to eliminate possible non-magnetic artifacts), and were normalized to
the maximum XAS intensity.

To identify species in the core/shell nanoparticles, reference spectra of individual
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Figure 2.13: Tllustration of the total-electron-yield (TEY) measurement of x-ray ab-
sorption. Reprinted with permission from [21]. Copyright 2006 Springer Science and
Business Media.

sites were compared directly with experiment. When reference spectra were not avail-
able XAS and XMCD spectra were modeled using ligand field multiplet (LFM) calcu-
lations based on the method of van der Laan and Thole [81] using the CTM4XAS 5.5
program [82]. The CTM4XAS program is based on the well established methods that
were first applied to optical spectra developed by Cowan [83,84] to calculate the ener-
gies of the terms of an electronic configuration due to electron-electron repulsion (i.e
the Slater parameters Fjy, Gpq and Fyy) and spin-orbit interactions, and transition
probabilities which provide the XAS line intensities. The program also includes code
developed by Thole and Ogasawara [85-87] to account for charge transfer effects,
and ligand field effects based on group theory analysis by Butler [88] which describe
the lifting of degeneracies of electronic levels due to the electrostatic field from a
surrounding lattice. The simulations of transition-metal spectra in this Thesis were
done with parameters typical of transition metal-oxides (usually ferrites) available in
the literature. The symmetry and strength of the ligand field (10Dq) was typically
—0.6 eV for a Ty-site and 1.2 eV for an Oy-site. The Slater parameters were reduced

to 80 % of the atomic values to approximate the effects of covalency, which allows
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the electrons to drift farther from the nucleus compared to the free atom case, and
hence reduced the electron-electron repulsion. Additionally, Lorentzian and Guas-
sian line broadening were added to account for the lifetime of the excited state, and
instrumental broadening, respectively, to better approximate measured spectra.

The use of sum-rules established by Carra and Thole [76-78] that describe the
different contributions of the orbital moment m, and spin moment mg to the total
magnetization responsible for the XMCD signal at the L3 and Lo edges, can be used
to obtain the quantity m,/ms. According to the sum rules, m,/ms = 2p/(3p — 6q),
where p is the integrated XMCD intensity over the Ls-edge, and ¢ is the integrated

intensity over the L3 and Lo-edges.



Chapter 3

v-Fe;03/NiO core/shell nanoparticles

3.1 Introduction

~v-FesO3 nanoparticles form the basis of the series of core/shell nanoparticles inves-
tigated. In particular, the aim is to verify the occurrence of core/shell intermixing,
identify changes to the y-Fe,Os-surface spin disorder, and understand precisely the
role of the intermixed layer in determining the overall nanoparticle magnetism. This
chapter presents a comprehensive comparison of the overall, atomic and element-
specific magnetism of 7-Fe;O3/NiO core/shell nanoparticles. The NiO shell, despite
being incomplete, results in clear reduction of v-Fe,O3 surface spin disorder, and
changes to the nanoparticle coercivity. The changes are due to new exchange path-
ways with Ni?T ions which have migrated from the NiO shell into the surface layers

of the v-Fe;O3 core to form an interfacial Ni-ferrite.

61
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3.2 Composition, structure and morphology

X-ray diffraction (XRD) patterns for the 7-Fe,O3 and y-Fe,O3/NiO nanoparticles
are shown in Fig. 3.1. A Rietveld refinement identified the Fd3m spinel structure
for both the seed and core/shell nanoparticles, and indicated additional reflections
due to the Fm3m rock-salt structure of the NiO shell. The unit cell of y-Fe,Os3 is
based on a cubic lattice of 32 O?~ ions with 8 interstitial tetrahedral Ty-sites (A-sites)
occupied by Fe*T ions and 13 1/3 of 16 available interstitial octahedral Oj-sites (B-
sites) occupied by Fe*" ions, with vacancies on remaining 2 2/3 Oy-sites. Refinements
indicated a lattice parameter for the spinel phase of 0.8380 + 0.0002 nm for both
v-FeyO3 and v-FeyO3/NiO that is typical for 4-FeyO3 or doped-v-FeoO3 nanoparti-
cles [24,89]. For the rock-salt phase, a lattice parameter of 0.4190 + 0.0002 nm was
observed for v-Fe,O3/NiO consistent with NiO [90]. By including Scherrer broaden-
ing into the refinements, an average crystallite diameter of the spinel phase of v-Fe,O3
and v-Fe,O3/NiO nanoparticles of Dxgp = 6.5+ 0.5 nm indicated no change in core
crystallite size. For the rock-salt phase of the core/shell nanoparticle a crystallite di-
ameter of ~3 nm was observed. Overall weight fractions of 46%/54% spinel/rock-salt
were measured for the core/shell nanoparticles.

The lattice parameter of NiFe,Oy (~0.834 nm) [91] is nearly identical to the pure
Fe-oxides (0.833 nm and 0.839 nm for bulk 7-Fe;O3 and Fe3Oy, respectively), and Ni
and Fe electron scattering is similar. Also, significant broadening of the reflections was
observed, so the XRD patterns did not indicate a change in spinel lattice parameter

or Op-site occupancy that would indicate a change in composition or structure due
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Figure 3.1: Powder x-ray diffraction pattern of (a) v-FeaO3 and (b) v-FeaO3/NiO
nanoparticles, with the results of the refinement (black line). The black Bragg markers
and (hkl) labels index the y-Fe,O3 (Fd3m) structure, and the red Bragg markers and
(hkl) labels index the NiO (Fm3m) structure. The residuals of the refinements are
indicated by the solid blue lines.

to core/shell intermixing.

Transmission electron microscopy images of v-FeoOgz cores prepared using the
same synthesis procedure [54] and v-Fe;O3/NiO core/shell nanoparticles are shown
in Fig. 3.2a-c. The nanoparticle size distributions, shown in Fig. 3.3, obtained
from ImageJ [65] analysis of TEM images provided an average diameter Drpy =
6.6140.04 nm and distribution with In(op,..,,) = 0.05 £ 0.01 for 7-Fe;O3 [54], and a
bi-modal distribution for y-Fe,O3/NiO with one population characterized by Dygar =

6.52 + 0.04 nm, In(o) = 0.03 £ 0.01, and a second population with Dygy = 2.34 +
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Figure 3.2: (a) Transmission electron microscopy (TEM) image of (a) 7-FesOs
nanoparticles (b) and (c¢) 7-Fe2O3/NiO core/shell nanoparticles
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Figure 3.3: Size distribution for 4-Fe;O3 and v-Fe;O3/NiO nanoparticles determined
form ImajeJ analysis of TEM images.

0.03 nm, In(c) = 0.07 £ 0.01, consistent with the crystallite sizes indicated by XRD.
Elemental mapping using electron energy loss spectroscopy (EELS) shown in Fig. 3.4
identified clearly that the two size populations were due to small NiO nanoparticles
that formed an incomplete surrounding layer on the surface of the y-Fe;O3 nanopar-
ticles. No isolated clusters of 7-Fe,O3 or NiO nanoparticles were observed, indicating

all of the v-Fe,O3 was decorated with the NiO.
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Figure 3.4: (a) A typical transmission electron microscopy image showing the -
Fe;03/NiO nanoparticles and (b) the corresponding elemental map of Fe (red) and
Ni (green).

3.3 Overall magnetism

The overall magnetic properties of the -Fe,O3 cores and ~-Fe,O3/NiO core/shell
nanoparticles were determined from magnetometry and susceptometry measurements.
These measurements provide an overall response of the nanoparticle that results from
all (atomic, interfacial, intrinsic) properties. To compare the magnetic properties of
v-FeaO3 and y-FeaO3/NiO, magnetic measurements were done using nanoparticles
embedded in paraffin wax with similar interparticle separation, and where the same
temperature and field histories were used.

The temperature dependent magnetic properties of v-FesO3 and +-Fe,O3/NiO
were examined using zero-field-cooled (ZFC) and field-cooled (FC) de-susceptibility
measurements, shown in Fig. 3.5. The ZFC configuration was obtained by cooling
nanoparticles in the absence of any applied magnetic field, from 300 K to 5 K. By using
the ZFC procedure from above the Tg of the nanoparticles, a random orientation of

the nanoparticles’ magnetizations was obtained at 5 K. A dc magnetic field of 10 mT
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was then applied and the magnetization was measured with warming. The rapid
increase in the de-susceptibility, xa.(T) = My.(T)/uoH, is a result of the ability of
the nanoparticles’ magnetizations to align with the applied field due to thermal fluc-
tuations away from their initial random orientations. With further warming, thermal
energy becomes sufficient for the nanoparticles to undergo superparamagnetic 180°
magnetization reversals resulting in a decrease in 4 (7). For the FC measurement,
the same 10 mT field was used, and the nanoparticles magnetizations were measured
while cooling from 300 K to 5 K. When the nanoparticles are superparamagnetic,
there is the same response for x4 zrc(T") and Xaero (7). With further cooling, as the
nanoparticles become blocked, the magnetizations remain aligned with the applied
field, causing the divergence between x4 zrc(T') and xaere(T). A precise determi-
nation of T of the nanoparticles from dc-susceptibility is problematic due to the
influence of interparticle interactions, particle size distribution, and the use of an
applied field which may perturb the spontaneous magnetization reversal. Typically,
Tp is found to scale with temperature at which the the maximum x4 zrc(T") occurs
(Thnaz) according to Tg = [Ty, Where the scale factor f ~ 1 — 2 [2,68,69]. Tg
is also related to the onset temperature of x4ezrc(T') and xgero(T) irreversibility.
For samples which are prepared with comparable interparticle spacings and mea-
sured with the same temperature and field history, a qualitative change in T that
describes the overall anisotropy of the nanoparticle is possible. Shown in Fig. 3.5, the
de-susceptibility for v-Fe,O3 and y-Fe;O3/NiO nanoparticles is quite similar. The
energy barrier to magnetization reversal which determines Tp is dependent on KV

of the nanoparticle, where K is the effective anisotropy and V is the volume. The
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Figure 3.5: Zero-field cooled (ZFC) (black () and field-cooled (FC) (red O) dc sus-
ceptibility measurements of (top) v-Fe,O3 and (bottom) 7-FeyO3/NiO nanoparticles
measured in poH = 10 mT.

dc-susceptibility measurements indicate that the overall anisotropy of the vy-Fe,O3
core is either not significantly altered by the NiO shell, or that there are other factors
which are predominant in determining the core/shell relaxation properties.

To investigate further the temperature dependent properties, ZFC ac-susceptibility
was measured to probe the time-dependent response. For the ac-susceptibility mea-
surement, the nanoparticles were first cooled to 5 K in the absence of any applied
field to obtain randomly oriented magnetizations. A small 0.25 mT applied field os-
cillating at a ¥ = 10 — 1000 Hz was applied at each temperature interval, and the ac-
response was measured to obtain the in-phase (x/,.(v,T)) and out-of-phase (x7.(v,T))

ac-susceptibilities. At 5 K, prior to applying a magnetic field, the nanoparticle mag-
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Figure 3.6: The in-phase (top) and out-of-phase (bottom) ac-susceptibilities x/,.(v, T')
and x7.(v,T) measured in 0.25 mT drive field oscillating at 10 Hz to 1 kHz for (a)
v-FesO3 and (b) +-FeyO3/NiO nanoparticles prepared using the same interparticle
spacings. The inset of (a) shows the same measurement for v-Fe,O3 nanoparticles
with a larger interparticle spacing.

netizations lie along the easy axis of the nanoparticles. In an ac applied magnetic
field, the nanoparticle magnetization oscillates around the easy axis direction. At the
lowest temperatures, the magnetization responds only weakly to the ac field, since
the anisotropy energy, KV, is large compared to the thermal energy, kg7, of the
system. At higher temperatures, the magnetization responds strongly to the ac field,
and a maximum response is obtained when temperatures are near T according to
the measurement time of the ac drive field frequency. As shown in Fig 3.6, there is a
frequency dependent maximum in y/ (v, T') with warming that is preceded by a max-

imum in x” (v, T) that indicates a maximum energy dissipation by the nanoparticles
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occurring at temperatures just below the onset of superparamagnetism. For tempera-
tures above T, there is sufficient thermal energy in the system for superparamagnetic
magnetization reversal to occur spontaneously, and a decreasing response that is in-
dependent of the applied field frequency is observed. By comparing x..(v,T) of the
same -Fe;O3 nanoparticles with a larger interparticle separation (inset of Fig. 3.6a),
we can conclude that there are some interparticle interactions which influence the ob-
served susceptibility. However, for the same interparticle separation, there is clearly
a much more broad temperature dependent response of 7-FesO3 cores than for the
v-FeyO3 /NiO nanoparticles.

Interestingly, despite nearly identical x4 (T), a clear difference in x,.(v,T) was
observed for v-FesO3 and ~-Fe,O3/NiO nanoparticles. The differences in ac response
between the two nanoparticle systems and between ac and dc responses of the same
system indicate a change in the magnetism affecting various spin populations that
are reflected differently in the ac and dc measurement, and in different applied fields.
Clearly, the overall properties of the core/shell nanoparticles do not directly shed
light on the origin of the differences between dynamical magnetism of the two sys-
tems, motivating the use of atomic and element-specific experiments, described below.
However, 7-Fe;O3 and 7-Fe, O3 /NiO having nearly identical x”.(v, T') and x4.(7") sug-
gests that the T’s (describing the total magnetic response of the nanoparticle) are
comparable in the two systems and T ~ 75 K.

Hysteresis loops were measured for 4-Fe;O3 and y-Fe;O3/NiO nanoparticles from
5 K to 300 K, with 45 T fields, after cooling to 5 Kin 5 T. As shown in Fig. 3.7 below

Tp ~-FeyO3/NiO nanoparticles show hysteresis, and the energy barrier to magneti-
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Figure 3.7: Typical hysteresis loops for v-Fe,O3/NiO measured from +5 T after
cooling to 5 K in an applied field poH = 5 T. The low-field region shows clearly H,
at low temperatures, and the inset shows the temperature variation of the high-field
magnetization.
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Figure 3.8: Temperature dependence of the coercivity (H.(7)) for v-Fe;O3 (red O)
and 7-Fe,03/NiO (black (). The inset shows H.(T'/?) with the lines indicating a
fit as described in the text.

zation reversal is described by the coercivity H.(T'). The temperature dependence of
H, for v-Fe;0O3 and y-FeyO3/NiO nanoparticles is shown in Fig. 3.8. The similarity
of Tp for v-Fe;O3 and 4-FeyO3/NiO indicated by susceptometry was also reflected

in the H. onset temperature of T gy, = 75 K that was the same for 7-Fe,O3 and
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v-FeaO3/NiO. Interestingly, H,. was nearly doubled with the addition of NiO; com-
pare H. = 60 £ 1 mT for v-Fe;O3/NiO versus H, = 33 £ 0.5 mT for -Fe,O3 at
5 K. At the lowest temperatures H. is determined by the energy barrier to mag-
netization reversal, K'V. For nanoparticles, the temperature dependence of H. is
dominated by superparamagnetic relaxation, and may be described in the simplest
model of a uniaxial single domain particle, as described in Sec. 1.3.2. Fits to expres-
sion 1.12 (shown in the inset of Fig. 3.8) provide an estimate of K = 2.5 x 10* J/m?
for v-FeyO3, consistent with previous measurements, and K = 5.3 x 10 J/m? (as-
suming an Mg = 3.65 x 10> A/m for 7-Fe,O3) indicating an increase in the overall
anisotropy of the core/shell nanoparticles. Also quite interestingly, whereas y-Fe,Og
nanoparticles have H., = 5.0+£0.5 mT at 5 K, it is nearly eliminated in y-Fe;O3/NiO
nanoparticles (H., = 1.5+ 1 mT at 5 K). Since the two systems have the same Tjg,
a lower H., is most likely a result of a change to the y-Fe;O3 spin disorder.

The magnetization of a nanoparticle is affected by surface disorder and magneti-
zation dynamics such as spin-wave excitations. For y-Fe,O3 nanoparticles, disordered
spins at the nanoparticle surface contribute to the nanoparticle magnetization only at
the lowest temperatures and largest fields [49]. In core/shell nanoparticles, this spin
population lies at the core/shell interface and may be altered. To examine this, the
saturation magnetization (Mg(T')) of v-Fe2O3 and y-Fe,O3/NiO was determined by
fitting the high-field region of the hysteresis loops at each temperature interval with

the law of approach to saturation

M(H) = Mg <1 - % - ;) (3.1)

where the constant a is typically interpreted as due to stress from imperfections and
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dislocations, and b is due to the magnetocrystalline anisotropy K, 1 [92]. Ms(T") was
cross-checked with a linear fit of M versus 1/ugH for each hysteresis loop. Mea-
surements for 7-Fe;,O3/NiO showing clear hysteresis for 7' < T, and a large change
in Mg between 5 K and 10 K are shown in Fig. 3.7, and Mg(T) for v-Fe,O3 and
v-FeaO3/NiO is shown in Fig. 3.9. The temperature dependence of nanoparticles is

well described by a Bloch T%/? law [38]
Mg(T) = My(1 — BT?/?) (3.2)

where M, is the is the magnetization as T" tends to zero, and B is the Bloch constant
(x 1/J). To describe the magnetism of y-FesOs-based nanoparticles, Mg(T) was

fitted using a modified Bloch law [38,49]
Ms(T) = My |(1 = A)(1 = BT*?) + Aexp /"] (3.3)

that includes an additional term Aexp~7/7 that describes qualitatively “freezing
out” of disordered surface spins at the lowest temperatures, where A quantifies the
contribution of the disordered spins to Mg for temperatures 7' < Ty. As shown in
Fig. 3.9 the modified Bloch law describes Mg(T") well, and provided A = 0.21 £ 0.04,
Ty =3.340.4 Kand B =3.19+0.06 x 107° K=3/2 for v-Fe,03, and A = 0.42 £0.05,
Ty = 32405 K and B = 3.31 £ 0.05 x 107> K=%2 for 4-Fe,03/NiO. Thus, the
Ms(T) behaviour indicated that the core/shell nanoparticles contain a disordered spin
population which contributes a slightly larger relative fraction of the magnetization
at 5 K and that has the same T compared to the disordered surface spins of y-Fe,O3.
In addition, the nanoparticle J is lower for v-FeoO3/NiO versus 7-Fe,O3 indicated by

the lower Bloch constant B. It is possible that intermixing causes the disordered spins
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Figure 3.9: Temperature dependence of the saturation magnetization Mg(T") for (a)
7-FeyO3 and (b) 4-FeoO3/NiO. The solid lines are a fit to a modified Bloch T°/2 law
as described in the text.

to be partially recaptured into the core and that those spins contribute to Mg(T') for
T > Ty in the core/shell nanoparticle. If interfacial spins contribute to Mg(7T") for
T > T yet do not have a completed coordination environment similar to that of
the ordered core spins an increase in B would result from a lower average J for the
ferrite-based interior.

It is interesting that the addition of a NiO shell (although incomplete) increases
H., yet decreases H,, and J and increases A. The exchange bias observed for v-Fe,O3
cores, which is a result of interactions between the (ordered) core and disordered sur-
face spin populations [49], is essentially eliminated in the 7-Fe;O3/NiO. This may be
expected for a system where the completion of the surface structure resolves disorder;
however it appears contradictory to the Mg(7T) behaviour, which presented a larger
low temperature upturn. In FiM/AF systems that are typical exchange bias systems

any interfacial coupling would be expected to increase both H. and H,.,. Our result
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suggests that the NiO is able to alter the surface magnetism of the y-Fe;O3 cores but
does not provide a sufficient interfacial AF/FM exchange coupling to produce a uni-
directional anisotropy. This may be due to the relatively low anisotropy of NiO [47]
or the lack of large enough structural coherence (below the critical AF size to induce
a unidirectional anisotropy). The occurrence of a larger K and lower J, however,
provide a clear indication of changes to the intrinsic magnetism that would be consis-
tent with an interfacial NiFe;Oy-like layer due to intermixing. In order to verify this
possibility, we have examined the changes in atomic Fe magnetism using Mossbauer

spectroscopy.

3.4 Atomic magnetism

To ascertain the presence of interfacial chemical intermixing, the atomic Fe envi-
ronments and magnetism of the nanoparticles was examined using Mossbauer spec-
troscopy at 10 K (< Tp), where superparamagnetism does not alter the hyperfine
parameters. For 7-FesOs, the Mdssbauer spectrum at 10 K consists of two sextet
components with hyperfine parameters typical of octahedral Fe3* B-sites, and tetra-
hedral Fe?™ A-sites with the expected 62%/38% abundance. In addition, y-Fe,Os
nanoparticles contain a component with By = 0 at 5 K due to disordered sur-
face spins which fluctuate quickly even at the lowest temperatures [50]. As shown
in Fig. 3.10, the Mossbauer spectrum of v-FesO3/NiO nanoparticles at 10 K shows
clear asymmetry, indicating a multi-component spectrum which exhibits significant
spectral overlap, indicative of subspectra due to Fe-sites with small differences in

hyperfine parameters; an overall spectral shape that is typical of 7-Fe,Os-based
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nanoparticles [93]. Each unique magnetic and electronic environment (site) is de-
scribed by a sextet characterized by a Lorentzian with FWHM linewidth I', hyperfine
field By, isomer shift ¢, and quadrupole splitting A, with the relative abundance
of each site proportional to the relative spectral area of the representative compo-
nent. For 7-Fe;O3/NiO, the majority of the spectrum is described by components
(labeled A and Bj) which have hyperfine parameters typical of the octahedral B-
sites (Brfp, = 53.32£0.06 T, 65, = 0.532 £ 0.007 mm/s) and tetrahedral A-sites
(Bhsa = 50.93+0.05 T, d4 = 0.393 £ 0.007 mm/s) with ' = 0.26 & 0.01 mm/s of
~v-FesO3. The relative abundance of the sites was obtained from spectral areas under
the assumption that the recoil-free fractions of the spinel A and B-sites are equal at
10 K [94] and indicate approximately 30 % and 44 % for the ~-Fe,O3 B- and A-sites,
respectively (versus 62 % and 38 % for stoichiometric v-Fe,O3). An additional com-
ponent with Bys g, = 49.7£0.1 T, §p,, = 0.70+£0.03 mm/s and I' = 0.45+0.05 mm/s
was necessary to fully describe the spectrum, indicating a change in the environment
of some of the Fe-ions in the core had occurred after adding the NiO shells, and
which comprised 22 % of the Fe-sites. The hyperfine parameters of the new Bj;
component are consistent with the B-sites of a non-stoichiometric Ni-ferrite at the
core/shell interface. The larger § represents a lower Fe-valence, so that the Bjj-site
is from Fe?"-ions, and the lower By is consistent with a site with fewer or weakened
nearest-neighbour exchange interactions expected for sites within the surface layers
of the y-Fe;O3-based core. Also, while v-Fe;O3 nanoparticles have a significant ab-
sorption at v = 0 mm/s due to paramagnetic surface spins [50], no such component

was observed in 7-Fe;O3/NiO. Instead, for 4-Fe;O3/NiO the disordered surface spin
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Figure 3.10: Mossbauer spectrum for 4-Fe;O3/NiO nanoparticles measured at 10 K,
showing each subspectrum component due to individual Fe-sites.

component was replaced with an interfacial component (observable most clearly as
absorption ~ —3 mm/s) indicating that By s gurr = 0 — Bpfine = 22.1£0.01 T, where
the increase in By is due to a slowing down of the fluctuation rate of the interfacial
spins. However, since By, is still significantly lower than Bjy of the interior Fe-
sites; the interfacial spin population retained some degree of disorder. The interfacial
Fe-sites were also characterized by a A = 0.40 £+ 0.05 mm/s due to an asymmetric
local electric field that is also observed for the surface spins of v-Fe;Os.

Mossbauer spectra were measured at 100 K intervals to compare the thermal evo-
lution of the By, y and overall spectral collapse due to the onset of superparamagnetism.
As shown in Fig. 3.11, the overall collapse of By,s for 7-Fe;O3/NiO nanoparticles was
also comparable to that of the v-FesOj3 cores (i.e. similar overall line asymmetry and
broadening, and By reduction with increasing temperature). By contrast, the ab-
sorption near v = 0 is due to a change in relaxation of the y-Fe,O3 disordered surface

spins. These results indicate clearly that there is a change in Fe-based composition
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Figure 3.11: Maossbauer spectra measured at various temperatures for (a)

7-FeaO3/NiO and (b) y-Fe, O3 [50].

of the nanoparticle due to Ni-ions from the shell migrating into the surface layers
of the v-FesO3 nanoparticle to form a Ni-ferrite interfacial layer. By virtue of the
new exchange interactions between surface Fe-ions and Ni-ions, the total exchange
interactions to the Fe-surface ions is increased, which to some degree recaptures the

(previously) disordered, paramagnetic surface spins.

3.5 Element-specific magnetism

X-ray absorption (XAS) and x-ray magnetic circular dichroism (XMCD) measure-
ments were used to confirm composition changes due to intermixing and to examine

the nature of magnetic coupling at the core/shell interface. The element-specificity of
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XAS and XMCD enables characterization of both Fe and Ni-sites, and by virtue of the
characteristic spectral features resulting from different ion valence and coordination
environments, XAS and XMCD also provide site-specificity.

Spectra measured over the Ly s-edges of Fe and Ni at 10 K and in £5 T ap-
plied fields (where T' < T and poH is well above the field required to saturate the
magnetization) were used to determine the Fe and Ni-sites configuration, and the
relative magnetic coupling. To identify the Fe and Ni-sites, XAS and XMCD spectra
were simulated using ligand field multiplet calculations of the 2p3d® — 2p°3d® and
2083d5 — 2p°3d”, and 2p®3d® — 2p°3d° transitions for Fe?™ and Fe?*, and Ni?T,
respectively, and by specifying the crystal field splitting 10Dq of O; and Tjy-sites.
The spectra were simulated using the CTM4XAS software interface [82] with all sites
described using parameters typical of the literature on similar systems [95,96]. As
shown in Fig. 3.12, the Fe XAS and XMCD spectra were typical of a spinel Fe-
oxide. In the XMCD spectrum, two peaks with negative XMCD intensities are due
to octahedral Fe?* and Fe3* sites whose magnetization aligns parallel to the applied
magnetic field, while a third peak with positive XMCD intensity is due to tetrahedral
Fe3*-sites which are AF coupled to the Op-sites via a superexchange interaction. The
relative Oy-site intensities provided a clear indication that the Fe ion distribution was
intermediate to 7-FeoO3 and Fe3O4 [97,98]. The relative abundances of the Fe-sites
was found to be 31% Fe?t Oy, 32% Fe?+ T, and 37% Fe3t Oy, from a best weighted
sum of simulated Fe-sites. However, it should be kept in mind that spectra collected
using TEY mode, although able to detect ~5 nm from the surface of transition metal-

oxides [80], will preferentially detect layers closer to the surface due to the attenuation
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Figure 3.12: XAS and XMCD measured over the Fe L, s-edges of v-Fe;O3/NiO at
10 K and 5 T compared with and ligand field multiplet (LFM) simulations of Fe*"
On, FeT Ty, and Fe?" Oy, sites. (a) Simulations of the XAS of Fe-sites, (b) measured
XAS (black o) and sum of simulated sites with 31 % Fe*" Oy, 32 % Fe** T,, and
37 % Fe** Oy, (grey line), (c) simulations of the XMCD of Fe-sites, and (d) measured
XMCD (black o) and sum of simulated sites with 31 % Fe*" Oy, 32 % Fe3* T, and
37 % Fe3* Oy with antiparallel O, and T;-site magnetizations (grey line).

of electron escape through the sample. Thus, for Fe-spectra, the interfacial layers will
be over-represented. The occurrence of a large fraction of Fe?* via XAS and XMCD
compared to the Mdssbauer spectra is a direct result of this sensitivity difference be-
tween the two techniques. However, the Fe XMCD spectra also clearly do not match
a pure NiFe;Oy4, which is consistent with a multi-phase system.

For Ni, the XAS and XMCD spectra could be identified [96,99, 100] clearly as
being from octahedral Ni** with a magnetization aligned with the Fe Oj-sites of

the spinel core and interface layers. These results are consistent with the formation
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Figure 3.13: (a) XAS and (b) XMCD measured over the Ni Ly 3-edges of y-FeaO3/NiO
at 10 K and 5 T compared with and ligand field multiplet (LFM) simulations of Ni**
Oh,.

of a Ni-ferrite intermixed layer from Ni**-ions from the NiO shell migrating into
the surface layers of the spinel core. This is also consistent with the tendency of
Ni?T to occupy preferentially the octahedral sites of the spinel structure [7,101].
The Ni XAS is due to all Ni?T O,-sites while the XMCD is a result only of the net
magnetization of Ni?* sites induced by the applied magnetic field along the direction of
x-ray propagation. The relatively small Ni?* XMCD measured compared to NiFey,Oy4
is likely a result of a under-representation of the normalized XMCD (representing the
magnetic fraction) intensity due to compensated Ni*™ Op-sites within the AF NiO
particles that contribute to the XAS but not the XMCD.

Sum-rules (described in Sec. 2.6) were used to obtain the quantity my/m, =
2p/(3p — 6q), where p is the integrated XMCD intensity over the Ls-edge, and ¢ is
the integrated intensity over the Ls and Ls-edges, as shown in Fig. 3.14. For Fe,
myg/ms = —0.02 £ 0.02 which provides an total effective m,/mg for all Fe-sites, and
me/ms = 0.13 £ 0.02 for Ni. Keeping in mind the limitations of applying sum-
rules to transition metal-oxide systems [102] to obtain a precise absolute value of

me/ms (e.g. due to L3 — Lo-edge mixing, sensitivity to data normalization, etc.)
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Figure 3.14: XMCD of the L3 and Ls-edges of (a) Fe and (b) Ni for v-Fe,O3/NiO at
10 K and 5 T. The integrated XMCD intensities are shown in dashed lines and p and
q are the integrated XMCD of the L3 and (L3 + Ly)-edges, respectively.

the results are consistent with the expected my,/mg for the Fe and Ni-sites of spinel
ferrites [96]. Nevertheless, a reliable comparison of the relative changes in my/myg for
data sets which are treated with equal normalization and integration procedures can
obtained, so that these values may be compared with the results for other core/shell
nanoparticles described in this Thesis.

Field and temperature dependent measurements of the Fe and Ni Ly XMCD
demonstrate a clear coupling of all sites within the intermixed layer, and provide
further insight to the overall magnetism indicated by magnetometry measurements.
Fig. 3.15a shows the temperature and field variation of the maximum XMCD signal

of each site, plotted such that the site magnetizations parallel to the applied field
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Figure 3.15: (a) Field dependence (at 10 K) and (b) temperature dependence (in
toH = 1T) of the magnetization of the Fe and Ni-sites determined from the maximum
XMCD intensity.

are positive. Fig. 3.15a shows the change in magnetization versus applied field mea-
sured at 10 K showing a saturating behaviour for all sites, and 3.15b exhibits the
temperature variation in site-specific magnetization measured in pugH = 1 T that
shows a similar modified Bloch-like behaviour as Mg(T') from magnetometry. The
field-dependent magnetization of the Ni-sites clearly shows the same field-dependent
behaviour as the Fe-sites, confirming that the Ni behaves magnetically as part of a
ferrite layer. This also validates the interpretation that the Ni magnetic response
is not due to the typical NiO, which is a simple AF and should have no significant
XMCD. The similar Bloch-like temperature variation was observed for the Fe-sites
with a stronger and more linear temperature variation for Ni, which may be a result

of a weakened J of the interfacial sites, consistent with the larger B of ~v-Fe;O3/NiO
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versus 7-Fe,Og, and the results from Mdssbauer spectroscopy at 10 K.

3.6 Summary

In summary, the presence of an intermixed layer wherein the Ni?T ions are coupled
to the octahedral B-site sublattice of the v-Fe,O3 core is likely the mechanism which
enables the increase in coercivity for the v-Fe;O3/NiO system relative to the un-
coated v-FeyO3 cores. That is, since the XMCD results indicate that the Ni spins
are exchange coupled to the Fe spins at the interface, the increase in H, is likely due
to the higher anisotropy NiFe,O,4 layer [91,103]. The elimination of H,, is from the
interfacial layer recapturing the disordered Fe surface spins in concert with the NiO
crystallites being too small to provide a fully resolved AF component, thus not able
to provide a fixed “effective field” for a measurable H,,. In addition, we have shown
that the NiO surface particles and y-Fe;O3 cores are structurally and magnetically
coupled. Although the NiO particles do not form a complete shell layer, the surface
modification provides a mechanism to resolve the surface spin disorder of the y-FeyO3

nanoparticle cores.



Chapter 4

7-Fe;O3/MnO core/shell nanoparticles

4.1 Introduction

Chapter 3 established the existence of core/shell intermixing in a relatively “simple”
case; only the Oy, sites were affected, and the intermixed layer formed was magneti-
cally similar to the core 7-FeoO3 so that the interface disorder was affected primarily.
This chapter discusses the significantly more complex case of y-Fe;O3/MnO core/shell
nanoparticles. Fe-oxide/Mn-oxide systems have been important in establishing the
existence of core/shell intermixing [57, 58, 104]; however, due to the tendency of Mn-
ions to adopt a variety of valences (42, +3, +4), and to occupy Oy, and T-sites readily
in a variety of structures, it is challenging to identify precisely the role of intermixing
in determining the overall magnetism. In this chapter we show that core/shell inter-
mixing can alter substantially the dynamical magnetism of the nanoparticle. This
is a result of more extensive core/shell intermixing into the Oy and Ty-sites of the
~v-FesOs-based core which fully integrates disordered spins at the v-Fe,O3 surface

and creates an intermixed layer with different anisotropy, exchange strength, and

84
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spin structure than vy-Fe;Os.

4.2 Composition, structure and morphology

The x-ray diffraction pattern of y-Fe;O3/MnO nanoparticles is shown in Fig. 4.1. In
addition to the spinel structure (Fd3m) with lattice parameter a = 0.84044-0.0002 nm
and crystallite size Dxrp = 6.0+ 0.5 nm, refinements identified additional reflections
due to the rock-salt (Fm3m) MnO structure with a = 0.4401+0.0002 nm, and volume
fractions of 73%/27% spinel/rock-salt were observed. The spinel lattice parameter
was consistent with y-Fe;O3 or doped-y-Fe;O3 nanoparticles [24, 89], but is larger
than a for v-FeyO3/NiO and other 4-Fey,Os-based core/shell nanoparticles prepared
with the same cores [54,105]. While it is not uncommon for a to be slightly different
for a nanostructured material versus the bulk, the slightly larger a is consistent with
a larger degree of core/shell intermixing (discussed below). The lattice parameter
of the rock-salt phase was consistent with MnO [106]. An MnO crystallite size of
Dxrp = 4.2+ 0.5 nm was obtained from the refinement; however, it should be noted
that reflection broadening effects for a shell material have not yet been described
quantitatively, and it is not clear what physical meaning is obtained from crystal-
lite sizes extracted using conventional Scherrer analysis for shell structures. There
are several examples of reflection broadening for hollow nanoparticles which do not
necessarily correspond to a crystallite size on the scale of the shell thickness alone if
examined via simple Scherrer analysis [107].

Attempts to include a secondary tetragonal structure (MnzOy4 or FeMn,Oy) did not

improve the residuals of the refinements. Despite the significant reflection broadening
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Figure 4.1: Powder x-ray diffraction pattern of (a) 7-FesO3/MnO, with the results
of the refinement (black line). The black Bragg markers and (hkl) labels index the
7-FeaO3 (Fd3m) structure, and the red Bragg markers and (hkl) labels index the
MnO (Fm3m). The residuals of the refinement are indicated by the solid blue line.

intrinsic to nanostructured materials, the cubic and tetragonal structures can be
distinguished from intense reflections which do not overlap significantly. While the
addition of a small amount of tetragonal structure improves the refinement slightly
by adding intensity at ~60 deg. 20, the residuals become worsened at lower 26.
It is possible that the background due to the organic surfactants which remain on
the particles is problematic for describing properly the background function for the
XRD pattern refinement. By comparison reflections due to the MnO are clearly
visible, and we can reliably identify the MnO shell structure. The lack of evidence
of surface passivization in 7-Fe;O3/MnO nanoparticles is consistent with samples
prepared using an inert atmosphere [108] (i.e. versus samples which were exposed to
air while hot, or which have been stripped of protecting surfactants or stored in air).
However, we can not definitively exclude the existence of some thin secondary Mn-
oxide surface layer. For this reason, element-specific and atomic characterization that

describe the Mn and Fe magnetism are used to ascertain the interfacial magnetism
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Figure 4.2: Typical TEM images of 7-FeaO3/MnO core/shell nanoparticles showing

different magifications.
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Figure 4.3: Particle size distribution of 4-Fe;O3 and 7-FeyO3/MnO  core/shell
nanoparticles obtained from ImageJ analysis of TEM images.

and identify changes in Fe-based magnetism due to intermixing.

The nanoparticle size distribution (Fig. 4.3) was determined from TEM images.
The particle size distribution provided an average diameter Dy = 7.34 £ 0.07 nm
and distribution with In(op,,,,) = 0.04£0.01. An increase in Dypgys indicated a shell

thickness ~0.4 nm. Fig. 4.4 shows elemental mapping using EELS that confirms the
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Figure 4.4: (a) A typical transmission electron microscopy image showing the
7-FeaO3/MnO nanoparticles and (b) the corresponding elemental map of Fe (red)
and Mn (green).

core/shell morphology, and indicated that the MnO shell covered the v-FesOg3 cores.

4.3 Overall magnetism

The de- and ac-susceptibilities of 7-FeaO3/MnO nanoparticles are shown in Figs. 4.5
and 4.6. The dc-susceptibilities of v-Fe;O3 and 4-Fe;O3/MnO nanoparticles are quite
similar, although the maximum of x4czrc(T) is more broad in -FeaO3/MnO, and
the onset of irreversibility is slightly lower. For 7-Fe;O3/MnO nanoparticles, the ac-
susceptibility shows a maximum in x/.(v,T) ~ 75 K and a maximum in x”.(v,T") ~
40 — 50 K due to the onset of superparamagnetism. While the comparable maxima in
Xzrc(T) and X7 (v, T) for v-Fe,O3 and v-FeoO3/MnO nanoparticles indicate similar
Tp ~ 75 K, x,.(v,T) increases much more rapidly for -FesO3/MnO, and has a
significantly more narrow maximum, suggesting a substantial change to the dynamical
magnetism of the core/shell nanoparticle.

Hysteresis loops of 4-Fe;O3/MnO are shown in Fig. 4.7. At 5 K, both H,. and H.,

of 7-FesO3/MnO were larger (H. =49 + 1 mT and H., = 7+ 1 mT) than v-Fe,O3
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Figure 4.5: Zero-field cooled (ZFC) (black () and field-cooled (FC) (red O) dc sus-
ceptibility measurements of (top) 7-FeaO3 and (bottom) 7-Fe,O3/MnO nanoparticles
measured in poHd =10 mT.
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Figure 4.6: The in-phase (top) and out-of-phase (bottom) ac-susceptibilities x..(v, T)
and x”.(v,T) measured in 0.25 mT drive field oscillating at 10 Hz to 1 kHz for (a)
v-FeyO3 and (b) v-FeaO3/MnO nanoparticles prepared using the same interparticle
spacings. The inset of (a) shows the same measurement for y-Fe,O3 nanoparticles
with a larger interparticle spacing.
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Figure 4.7: Typical hysteresis loops for v-FeoO3/MnO measured from +5 T after
cooling to 5 K in an applied field poH = 5 T. The low-field region shows clearly H,
at low temperatures, and the inset shows the temperature variation of the high-field
magnetization.
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Figure 4.8: Temperature dependence of the coercivity (H.(T)) for v-Fe;O3 (red O)
and v-Fe;O3/MnO (black (). The inset shows H.(T"'/?) with the lines indicating a
fit as described in the text.

(H. = 33.0£0.5 mT and H.,, = 5.0 £ 0.5 mT at 5 K), as shown in Figs. 4.8 and
4.9. The fit shown in the inset of Fig. 4.8 using Eq. 1.12 provided an estimate of
K = 415 x 10* J/m3. An enhanced H., in 7-Fe;O3/MnO compared to 7-Fe,Oj

was consistent with interfacial coupling between the FiM ~-Fe;O3 core and the AFM
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Figure 4.9: Temperature dependence of the exchange bias (H.,(T)) for v-FesO3 (black
O) and 7-Fes03/MnO (red A).
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Figure 4.10: Temperature dependence of the saturation magnetization Mg(T") for (a)
y-FeyO3, where the The solid line is a fit to a modified Bloch T%2. (b) Mg(T) 7-
Fe;O3/MnO, where solid lines are a fit with a linear 7" dependence modified to include
a term to describe surface spins.

MnO shell, typical of exchange bias systems. The loop measured at 5 K shows
saturation only at the largest fields. The non-saturating component might indicate
some contribution due to Mn-spins which were not present in v-FeyO3. Mg(T) for
7v-FeaO3/MnO shows a sharp upturn at the lowest temperatures and deviated clearly

from the Bloch T%/? dependence, following instead a linear dependence, providing
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another indication of some significant change to the dynamical magnetism of the

nanoparticle.

4.4 Atomic magnetism

To determine precisely the changes in dynamical magnetism for the different spin
populations within the v-FeoO3/MnO nanoparticles relative to v-Fe;O3 seeds, Moss-
bauer spectra were collected from 10 K to 300 K (shown in Fig. 4.11). Maéssbauer
spectroscopy provides an excellent complementary technique by virtue of the site-
selective measurement of the Fe dynamics. In addition, the faster measurement time
T, Moss. ™~ 1078 s versus T Magnet. ~ 10 s typical of dc-magnetometry and suscep-
tometry results in Tg observed at significantly higher temperatures, as described by
Eq.1.7, thus enabling a more detailed measure of the onset of superparamagnetism
through gradual changes in spectrum lineshape and By (that is a measure of the
time-averaged local magnetic field). To describe the dynamical atomic magnetism,
consider the Stoner-Wohlfarth model (Sec. 1.3.1) that describes the energy of a uniax-
ial single-domain particle. At the lowest temperatures, thermal energy is not sufficient
for the nanoparticle magnetization to fluctuate about the easy axis. With increas-
ing temperature, the nanoparticle magnetization oscillates (via collective excitations)
and will deviate by 6 from the easy axis, causing the time-averaged magnetization to
decrease. For sufficiently high thermal energy there is a probability that the magne-
tization will flip completely by 180° so that the time averaged magnetization is zero
and the nanoparticle is superparamagnetic. When 7' < Tz, there is little relaxation,

and the Mossbauer spectrum consists of a sharp sextet with By near the typical
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bulk value. With warming B,y — 0 as fluctuations increase in frequency. As shown
in Fig. 4.11, at 10 K 7-Fe;O3/MnO core/shell nanoparticles show no absorption at
v = 0 that is observed clearly in v-Fe;Og, due to disordered surface spins [50]. In-
terestingly, there is no additional component in y-Fe;O3/MnO with a B,y ~ 20 T,
as occurred in -FesO3/NiO due to the partial recapture of the disordered Fe spins,
indicating a more complete recapture of the surface spin population into the ordered
~v-Fe;O3-based core.

To characterize the spins within the v-Fe,O3/MnO core-shell nanoparticles spec-
tra shown in Fig. 4.11c were fitted using a multi-level relaxation model. The model
describes the oscillation frequency of the fluctuations of the Fe spins of the nanopar-
ticle magnetization as a function of temperature [110]. The relaxation model de-
scribes different spectral lineshape effects of static spins and those undergoing dif-
ferent amounts of collective excitations and 180° spin flips when superparamagnetic
to provide the energy barrier to magnetization reversal and thus the spin relaxation
rate for the core and surface populations separately. The results of the fits pro-
vided a component describing the core spin population that was characterized by
B fcore = 51.8£0.09 T, isomer shift d.pre = 0.41040.008 mm/s, quadrupole splitting
Acore = 0.017 4 0.002 mm/s, and anisotropy Kepe = 2.8 x 103 J/m3. The interface
spin population was characterized by Bj i = 50.4+£0.4 T, §;p = 0.44£0.02 mm/s,
Ajpe = 0.02840.004 mm/s, and Kj,; = 5.8 x10° J/m3. Shown Fig. 4.11d at the lowest
temperatures no magnetic relaxation was observed (vp = 0). With increasing temper-
ature, the relaxation frequency for the core and surface spin populations increased,

with a faster change occurring in the surface spins. We observed a substantial reduc-
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Figure 4.11: (a) Mdssbauer spectra collected from 5 K to 300 K for y-Fe;O3 nanopar-
ticles, with the lines indicating fits using a multi-level relaxation model, as described
in the text, and (b) the relaxation rated for the core and surface >"Fe spins [50].
(¢) Mossbauer spectra collected from 10 K to 300 K for v-FeyO3/MnO core/shell
nanoparticles, with the lines indicating fits using a multi-level relaxation model, as
described in the text, and (d) the relaxation rated for the core and surface 5"Fe spins.

Reprinted with permission from [109]. Copyright 2017 Springer Science and Business
Media.

tion in the relaxation rate for the interface spins in v-FeaO3/MnO (v it = 40 MHz)
in comparison to the surface spins [50] of 7-FeaO3 (v surf = 185 MHz). Interestingly,
by comparison, the core spin population within y-FeoO3/MnO was found to have a

faster relaxation rate at 300 K (v core ~ 100 MHz) than the core spins within -Fe, O3
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seeds [50] (Vo.core ~ 40 MHz). The large reduction of Ay, in v-FeyO3/MnO versus
Agyrp = 0.423 £ 0.086 mm/s for 7-Fe,Og, indicated that the asymmetric electronic
environment due to broken surface coordination and surface O;,-site vacancies in the
v-FeoO3 seeds is essentially resolved for interfacial Fe-sites in v-Fe;O3/MnO, further
confirming the strong effect of the core/shell intermixing.

Typically, in a FiM/AF exchange coupled system interfacial exchange interac-
tions with the AF layer increase the anisotropy of the coupled system, which results
in an H,, and increased H, versus the uncoupled FiM layer [46,47]. The increase
in Vo core and Vg gur s for 7-FeoO3/MnO occurs only above 100 K, consistent with this
behaviour since stabilizing interfacial interactions between the ferrimagnetic core and
the MnO shell will be effective only below the MnO Ty = 119 K. Also, Ty may be
reduced from the bulk value due to finite-size effects [111]. Above 100 K, we observe
a somewhat contrary result, since the Mossbauer relaxation provided a larger v core
for 4-FeyO3/MnO versus v-FeoO3 indicating a less stable FiM layer magnetization.
The closer correlation of the relaxation rates of the v core and vy i in y-FeoO3 versus
Veore a0d 1 or ¢ indicated a significantly more uniform dynamical behaviour among
the Fe spins in the core/shell nanoparticle, although some difference (v(7") and K)
between the two spin populations remains. Thus, the more uniform overall relax-
ation rate for v-Fe;O3/MnO nanoparticle is consistent with a more narrow maximum
in x'.(v,T) versus 7-Fe;O3. This is likely a result of intermixing effects which re-
capture the disordered surface spins into an Mn-ferrite layer, similar to the results
obtained for 7-Fe;O3/NiO. However, the more marked change in x/.(7") and clear

loss of the disordered interfacial spin population indicated by the Mossbauer spec-
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tra for v-Fe;O3/MnO shows a more substantial effect of core/shell intermixing than
~-FesO3/NiO nanoparticles.

Since Mossbauer spectra results indicate a very clear reduction of the surface spin
relaxation that is consistent with substantial intermixing effects, and Fe-oxide/Mn-
oxide systems are expected to contain some degree of intermixing [57,58, 104], the
interpretation of the changes in Fe-atomic magnetism requires further knowledge of
the nature of the intermixed layer. In particular, the faster spin relaxation at high
temperatures, and the lower core K determined for v-Fe;O3/MnO from Méssbauer
fits (K = 2.8 x 10% J/m3) than is typical for 7-Fe;O3 (~ 2 x 10* J/m3) may be due
to a reduced K from Mn ion substitution into the Fe-oxide core. K for mixed Fe/Mn-
oxides may be lower than the pure Fe-oxide counterpart (although it is dependent
on the ion distribution). Conversely, a change in the exchange interactions within
the interfacial intermixed layer may alter the relaxation behaviour, or a lowered core

volume due to the formation of a magnetically distinct interfacial ferrite.

4.5 Element-specific magnetism

To investigate the origin of the large change in dynamics XAS and XMCD were used
to determine the element-specific magnetism. XAS and XMCD spectra measured
over the Lz, edges of Fe and in £5 T are shown in Fig. 4.12. Spectra contained
multiplet structure typical of spinel Fe-oxides, containing octahedral (O;) Fe?* and
Fe?T-sites with parallel magnetization, and tetrahedral (T}) Fe**-sites with magneti-
zation antiparallel to the Oy-sites, evident in the three peak structure in the Lz-edge

XMCD [97,113]. The Fe-ion distribution was determined using a best weighted sum
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Figure 4.12: XAS and XMCD measured over the Fe Ls3-edges of 7-FeaO3/MnO at
10 K and +5 T compared with and ligand field multiplet (LFM) simulations of Fe?*
On, Fe*™ Ty, and Fe** Oy, sites. (a) Simulations of the XAS of Fe-sites, (b) measured
XAS (black o) and sum of simulated sites with 30 % Fe*™ Oy, 31 % Fe** Ty, and
39 % Fe*T Oy, (grey line), (c) simulations of the XMCD of Fe-sites, and (d) measured
XMCD (black o) and sum of simulated sites with 30 % Fe** Oy, 31 % Fe3t Ty, and
39 % Fe*t Oy, with antiparallel O, and T;-site magnetizations (grey line).

of the simulated individual Fe-sites to the Ls-edge XMCD. XAS and XMCD of ~-
Fe,O3/MnO was best described by a sum of 30 % Fe*™ Oy, 31 % Fe3t T, and
39 % Fet O,,.

The Mn L, 3-edge XAS and XMCD reveal clearly multiple Mn-sites. The XAS,
shown in Fig. 4.13a, differs clearly from the XAS of MnO (containing only Mn?** Oy-
sites) [114-116] and indicates a mixture of Mn?* and Mn3*-sites [114,116-119] (I(A)
and I(B)). The relative intensities I(A)/I(B) did not match any single Mn-oxide or

typical stoichiometric Mn-ferrite system. Due to the tendency for Mn3* Oj-sites to
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Figure 4.13: XAS and XMCD measured over the Mn Ls 3-edges of 7-FeoO3/MnO
at 10 K and 5 T. (a) Measured XAS, (b) simulated Mn?T Oy, (38%) and T, (62%)-
sites, and (c) difference plot between the experimental XAS and Mn?* sites, which
can be identified as Mn** O-sites. (d) Measured XMCD, (e) a reference spectrum
of MnFe;O,4 containing Mn?* O, (20%) and T} (80%)-sites [112], (f) difference plot
between the experimental XMCD and Mn?*" sites, which can be identified as Mn3*
Oy,-sites.

be involved in significant charge transfer with the anions of the lattice and to undergo
Jahn-Teller [120] distortions, simulations of the Mn3* Oy-sites using a simple ligand-
field multiplet model prove inadequate, and more complex models which incorporate
charge transfer (interactions) with the surrounding ligands are more commonly used
to simulate XAS of such sites [118,120-122]. To help identify the individual sites,
Mn?**-sites were simulated using CTM4XAS program [82] with parameters typical of
Mn?* in O, and Tjy-sites [123-125], and subtracted from the experimental XAS of
7-Fea03/MnO at the Mn Ly 3-edges, as shown in Fig. 4.13. The difference spectrum,

shown at the bottom of Fig. 4.13 identifies clearly that the remaining sites are Mn3"
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Figure 4.14: XMCD of spinel MnFe,O4 measured at 10 K in +1 T [112], (a) LFM
calculations of Mn** T; and Mn?* Oj,-sites (b) a sum of 80% Mn?** T, and 20% Mn?*
Oy,-sites compared with the measured XMCD.

Op-sites by comparison with experimental spectra of MnyO3 (containing only Mn3*
Op-sites) [114, 118,119, 126]. By comparison, the Mn XMCD of 7-Fe;O3/MnO is
quite complex and unique. Among the Fe/Mn-oxide-type nanostructures reported,
no similar Mn XMCD has been observed [12,127,128], and the XMCD differs also from
that of spinel MnFe,Oy4 [125,129,130] and of Mn3O4 [131]. By comparing the energies
of the Mn?* and Mn3*-sites identified in the XAS, the prominent features in the Ls-
edge XMCD (labeled I(A) and I(B)) are due to magnetic Mn?* and Mn3"-sites. To
resolve the spectra of the individual sites, the experimentally measured spectrum of
MnFe, 04 (containing 80% Mn?** T, and 20% Mn?* Oy,-sites, Fig. 4.14) was subtracted
from the XMCD of v-Fe;O3/MnO, revealing the XMCD due to Mn3* Op,-sites. A
similar spectrum has been identified in the intermixed layer of Fe-oxide/Mn-oxide
nanoparticles [127,132].

Using sum rules (described in Sec. 2.6) my/ms was obtained from the XMCD
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Figure 4.15: XMCD of the L3 and Ly-edges of Fe in 7-FeoO3/MnO at 10 K and
5 T. The integrated XMCD intensities are shown in dashed lines and p and ¢ are the
integrated XMCD of the Ls and (L3 + Lg)-edges, respectively.

spectra of Fe and Mn. As shown in Fig. 4.15, an m;/ms; = —0.10 £+ 0.02 was
measured for Fe. The negative sign indicates an orbital moment that is antiparallel
to the spin moment, and the magnitude of m,/mg of Fe in -Fe,O3/MnO was clearly
larger than was observed for Fe in v-Fe,O3/NiO. For Mn?* and Mn?", the spin sum
rule deviates significantly from the actual spin moment due to to multiplet effects and
core-valence interactions, which mix the Ly and Ls-edges. For example, as shown in
Fig. 4.15, these interactions result in no clear separation of the Ly and Lz-edge XMCD
features (or plateau in the integrated XMCD), which is particularly problematic for
systems with Mn®*-ions. In some cases, corrections may be applied to obtain precise
values of my [102]. However, this is challenging for spectra which contain a mixture
of sites. To address this, the spectra due to the Mn?" and Mn3* were analyzed
separately, as shown in Figs. 4.16b and c¢. For Mn?"-sites m;/m = 0, indicating that
the my/m is due entirely to the Mn3*-sites, for which m,/ms = —0.14 4 0.02. While
the uncertainty reflects the reliability of the XMCD integration, the mg correction for

Mn?** depends strongly on local environment of the ion (e.g. the crystal fields strength
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Figure 4.16: XMCD of the L3 and Ly-edges of Mn for 7-Fe;O3/MnO at 10 K and
5 T. The integrated XMCD intensities are shown in dashed lines and p and ¢ are
the integrated XMCD of the L3 and (Ls + Ls)-edges, respectively. The full XMCD
spectrum measured for v-Fe;O3/MnO is shown in (a), (b) is the XMCD due to the
Mn?* sites only, and (c) is the XMCD due to the Mn>*-sites only.

10Dgq, charge transfer effects, and Jahn-Teller distortion) so despite isolating the my,
to a single site we can only reliably determine that m, # 0 for the Mn3*-site. However,
the coinciding enhanced Fe my is consistent with an intermixed layer containing both
species.

The field and temperature dependence of the Fe and Mn-site magnetizations

were determined from XMCD spectra measured over the Fe and Mn Lz-edges with
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Figure 4.17: (a) Field dependence (at 10 K) and (b) temperature dependence (in
poH =1 T) of the magnetization of the Fe and Mn-sites determined from the maxi-
mum XMCD intensity.

o =0.1-5.0 T at 10 K, and from 10 K to 200 K in 1 T. The magnetizations of each
site were obtained from the maximum intensities of each characteristic feature. Shown
in Fig. 4.17a, the field dependent magnetization of the Fe-sites and the Mn?*-sites dis-
played typical approach to saturation behaviour. By contrast, the Mn®*-site magne-
tization first increased then decreased with increasing applied field. This is consistent
with the changes in exchange interactions among a highly substituted Mn-ferrite layer;
the MnQTj—OQ_—FeQOt/ " exchange interaction is nearly half that of Fe?}j—OZ_—FeQOt/ i
and the Mn7"-O* -Mng" interaction is even weaker [7,101,133,134]. ~-Fe,O3 and
Fe30,4 have a collinear spin arrangement due to the strong AF O,-T,; superexchange in-

teraction. In an intermixed layer containing the Mn-ion distribution described above,

the significantly weakened exchange coupling to the Mn3* Oy-sites could result in a
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canted spin arrangement [12,101] which would produce the field-dependent behaviour
shown in Fig. 4.17a. The significantly weaker Mn?" O,-site magnetization reversal for
v-FeaO3/MnO than was observed for Fe-oxide/Mn3O,4 core/shell nanoparticles (where
the Mn-site magnetization reverses sign) is consistent with the behaviour of an inter-
mixed Mn/Fe-ferrite layer which contains more (stronger) Fe}-O*~-Mng;" exchange
interactions versus the pure MnsOy layer, containing weak Mn7'-O?~-Mng' interac-
tions, and hence enabling a larger spin canting in the same applied fields [12]. The
temperature dependence of the Fe-sites in Fig. 4.17b, shows that the Fe-sites exhibit
a Bloch-like behaviour, similar to that of 4-Fe;O3/NiO nanoparticles, which is clearly
different from the overall behaviour reflected in the linear Mg(T') of y-FeaO3/MnO
indicated by magnetometry. By comparison with the temperature dependence of the
Mn-site magnetization we can conclude that the Mn-ions contribute significantly to
the linear Mg(T') dependence observed in magnetometry. The contribution of Mn-
sites to the XMCD up to 200 K was is in keeping with an intermixed layer (i.e. versus
an oxidized Mn-shell) since an Mn3O, shell which would contain the same Mn-sites
sites, with Ty = 40 K would not contribute significantly to the XMCD up to these
temperatures [131,132].

The unique Mn XMCD that is clearly distinct from any possible pure Mn-oxide
phases indicates that the 7-FesO3/MnO contains an interfacial intermixed Mn/Fe-
oxide layer formed by a substantial amount of intermixing between the Mn-oxide and

Fe-oxide layers.
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4.6 Summary

In summary, we have shown that y-Fe;O3/MnO nanoparticles have a very different
dynamical magnetism compared to v-Fe;O3. The significant changes in the overall
and atomic magnetism are a result of a substantial core/shell intermixing wherein
Mn?* and Mn3* substitute into the Oy, and T-sites in the surface layers of the y-Fe, O3
core. The intermixing fully recaptured the disordered surface spins of the vy-FeyO3
core into the ferrimagnetic core of the 7-FesO3/MnO core/shell nanoparticle, and
produced an intermixed layer with magnetism and spin structure that are distinctly
different from either the nominal core or shell materials. However, v-Fe,O3/MnO
also displays properties of a typical exchange bias system. This naturally leads to the
new question of how exchange interactions, now mediated by a magnetically distinct

interface layer, affect this important magnetic phenomenon.
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v-Fe;03/Co0O core/shell nanoparticles

5.1 Introduction

~v-FesO3/Co0O core/shell nanoparticles provide an ideal system to elucidate the role
of the intermixed layer on the overall nanoparticle properties. The effects of the
antiferromagnetic CoO shell, v-Fe;Og3 interior, and a Co-doped interfacial layer can
be distinguished by virtue of the substantially different intrinsic magnetism of each
layer. This Chapter consists of three studies of y-Fe;03/CoO magnetism which show
precisely how the intermixed layer dominates all aspects of the nanoparticle mag-
netism. In Sec. 5.2, a self-consistent description of the magnetism and composition
at “bulk” /overall, atomic, and elemental scales identifies definitively an intermixed
layer formed by Co?" migration into the y-Fe,O3 core, primarily the octahedral sites.
Further, it is shown that overall magnetic properties are dominated by this interfacial
layer. Sec. 5.3 provides a detailed and direct measurement of the intermixed layer
thickness and ion distribution to reveal clearly an intimate relationship between the

intermixed layer, interfacial disorder, and exchange bias properties. Finally, Sec. 5.4

105
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describes temperature dependent element-specific and atomic magnetism to reveal an
abrupt change in the interfacial metal-oxygen bonding which provides the mechanism

responsible for the exchange bias onset in the core/shell nanoparticles.

5.2 Core/shell intermixing to determine the nanoparticle mag-

netism

This section describes the basic structure, composition, and magnetism of y-Fe;O3/CoO
nanoparticles and demonstrates clearly that the intermixed layer dominates the mag-
netism of the nanoparticle. This also confirms the advantageous properties necessary
to disentangle the characteristics of the intermixed layer from the overall nanoparticle

magnetism.

5.2.1 Composition, structure and morphology

To determine the core and shell structures, a Rietveld refinement of the x-ray diffrac-
tion patterns of the 4-Fe;O3/CoO was done using Fullprof [63]. As shown in Fig. 5.1,
the refinement identified the spinel (Fd3m) structure of the y-Fe;O3 [89] core and
the rock-salt (Fm3m) structure of the CoO shell. Lattice parameters of a = 0.8362 +
0.0003 nm and a = 0.4212 4+ 0.0002 nm were ascertained for the spinel and rock-salt
phases, respectively, consistent with the expected lattice parameters for v-Fe;O3 and
CoO [89,90]. An estimate of the crystallite size for the spinel phase of Dxgp =
7.1 £ 0.5 nm was obtained from Scherrer broadening. The refinement to the XRD
pattern also provided an estimate of the relative volume fractions of 72% /28% spinel

to rock-salt.
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Figure 5.1: Powder x-ray diffraction pattern of 7-Fe;O3/CoO nanoparticles with the

results of the Rietveld refinement (black line). The black Bragg markers and (hkl)

labels index the v-Fe,O3 (Fd3m) structure and the red Bragg markers and (hkl) labels

index the CoO (Fm3m) structure. The residuals of the refinement are indicated by

the solid blue line.

Figure 5.2: Typical transmission electron microscopy images of -FeaO3/CoO

nanoparticle.

Typical transmission electron microscopy images of 7-FeyO3/CoO nanoparticles
are shown in Fig. 5.2. The clear bright and dark fringes are due to the atoms within
the nanoparticle’s highly crystalline structure aligned parallel to the electron beam.

The particle size distribution obtained from ImageJ [65] analysis of the TEM im-
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Figure 5.3: Size distribution for v-Fe;O3 and y-Fe;O3/CoO nanoparticles determined
by ImageJ analysis of TEM images.
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Figure 5.4: Selected area electron diffraction image obtained from low magnification
TEM of 7-Fey;O3/Co0O nanoparticles. The rings are labeled with the corresponding

d-spacing and according to the corresponding (hkl) planes of the spinel (7-FeyOs3)
and rock-salt (CoO) structures.
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Figure 5.5: (a) A typical transmission electron microscopy image showing the
7v-FeaO3/CoO nanoparticles, and the corresponding EELS mappings of (b) Fe (red)
and (c) Co (green).

ages, shown in Fig. 5.3, provided a log-normal size distribution with mean diameter
Drgy = 7.940.1 nm, and size distribution In(o) = 0.07+0.01 [105]. The increase in
particle size versus y-FeyO3 cores (Drgy = 6.6+£0.1 nm) [54] provides a first confirma-
tion of core/shell morphology. Electron diffraction, shown in Fig. 5.4, also identified
the spinel and rock-salt structures confirming the results from the XRD refinements.
Elemental mapping using EELS (Fig. 5.5) confirmed the core/shell morphology (i.e.
versus a nanoparticle mixture), revealing clearly Fe and Co in each nanoparticle. The
CoO shell thickness was determined directly from a high-resolution TEM image. As
shown in Fig. 5.6, the intensity of the lattice fringes differs between the core and shell
structures. To determine the shell thickness, a line from the core across the shell
was chosen (indicated in Fig. 5.6a) and the image intensity profile was analyzed, as
shown in Fig. 5.6b. The core structure was first confirmed by determining the spac-
ing between fringes and comparing with the v-Fe;O3 structure and determining the
zone axis, corresponding to the orientation of the crystalline structure relative to the

electron beam direction. The average intensity of the core and shell structure areas
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Figure 5.6: (a) A HRTEM image of a v-Fe303/CoO core/shell nanoparticle and (b)
the analysis to determine the CoO shell thickness from the HRTEM image intensity
profile with the lattice fringes.

was measured, and the interface threshold was obtained form the inflection point.
The shell thickness was determined by examining the Fast-Fourier-Transform (FFT)
obtained from a segment of the image, moving from the grid region into the core at
60 intervals (0.075 nm step sizes). By observing the FFT intensity corresponding to
the Co-O bond distance in CoO, the thickness of the shell to the interface was found
to be 0.7 + 0.2 nm [105]. The CoO shell thickness of 0.7 nm was consistent with the

increase in mean particle diameter obtained from the size distribution analysis.

5.2.2 Overall magnetism

The susceptibility of v-FesO3/CoO nanoparticles, shown in Figs. 5.7 and 5.8, indi-
cates a substantial change in the magnetic properties of the nanoparticle. Considering
only the increase in magnetic volume due to the 0.7 nm thick CoO shell, an increase
in Tp from 75 K to 135 K would be expected (a volume increase of 1.8x). However,

Xde,zrc(T) shows clearly a maximum at ~ 200 K, the x/.(v,T") maximum is ~ 225 K,
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Figure 5.7: Zero-field cooled (ZFC) (black ()) and field-cooled (FC) (red 0O) dc-
susceptibility measurements for (a) v-FeoO3 and (b) 4-FeyO3/CoO nanoparticles mea-
sured in pugH = 10 mT.

and the maximum in x/ (v, T) is at ~ 150 K, indicating a T > 150 K. In addition,
there is clear irreversibility in x4 (7)) and x/,.(v,T) up to nearly 300 K. Notably, the
changes in susceptibility for v-Fe,O3/CoO versus -FeyO3 are markedly different from
those of v-FesO3/NiO and y-Fe;O3/MnO, despite the comparable increases in mag-
netic volume. Altogether, this indicates that the anisotropy, K, of the nanoparticle
was increased substantially with the addition of a CoO shell, in a manner which does
not simply stabilize the magnetism of the y-Fe;O3 core, suggesting instead that the
intrinsic properties have changed. The clear discrepancy between the x/.(10Hz, T)
and Xgezro(T'), which show different curve maxima and shapes (inset of Fig. 5.8b)

also suggests contributions from multiple spin populations which respond differently
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Figure 5.8: The in-phase (top) and out-of-phase (bottom) ac-susceptibilities x..(v, T)
and x7.(v,T) measured in 0.25 mT drive field oscillating at 10 Hz to 1 kHz for (a)
v-FeyO3 and (b)y-FeaO3/CoO nanoparticles prepared using the same interparticle
spacings. The inset of (a) shows the same measurement for y-Fe,O3 nanoparticles with
a larger interparticle spacing. The inset of (b) shows a comparison of x/.(T', 10Hz)

and Xae,zrc(T).

to the different applied fields and time-scales of the two measurements.

There is further evidence of a clear change in the magnetism from hysteresis loop
measurements, shown in Fig. 5.9, measured from 5 K to 300 K after cooling in an
applied field of 5 T. For example, the hysteresis loops show a clear two-phase shape,
observed as a loop narrowing as H, is approached (Fig 5.9) that persists until H,
becomes zero at 200 K. This was not observed in the uncoated vy-Fe;O3 nanoparti-
cles, and in -FeyO3/Co0O could be due to the existence of two magnetically distinct
core and intermixed phases, each with a different anisotropy. As shown in Fig. 5.10,

the exchange bias H., and coercivity H. are both substantially increased with the
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Figure 5.9: Typical hysteresis loops for 7-Fe,O3/CoO measured from +£5 T after
cooling to 5 K in an applied field yoH = 5 T. (a) Low poH for selected tempera-
tures, and (b) the temperature variation of the high-field magnetization for selected
temperatures.

addition of a CoO shell. Since the energy barrier that determines H, is propor-
tional to KV /kgTp, H. may be increased by increasing the intrinsic anisotropy of the
nanoparticle, K, or extrinsically by enhancing 7. By comparing the temperature
dependencies of H, for v-Fe;O3/Co0 and v-Fe;O3 the systems, which do not coincide
even when re-scaled to the respective T values for the onset of H, (Fig. 5.11) we can
conclude that the H, increase was due to the intrinsic anisotropy K and not the rela-
tive Tp differences. Using an estimate of the volume normalized Mg (where the same

nanoparticle volume fraction is expected for both the v-Fe,O3 and y-Fe;O3/CoO mag-
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Figure 5.10: Temperature dependence of the (a) coercivity (H.(T')) and (b) exchange
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Figure 5.11: Temperature dependence of the coercivity (H.(T')) for v-FesO3 (red O)

and 7-Fe,03/Co0 (black (), normalized to the onset temperature, T .. The lines
indicate a fit as described in the text.
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netometry samples) K = 2.5 x 10* J/m? was measured for v-Fe,O3, consistent with
our previous work [49], and a value typical of 7-Fe;O3 nanoparticles. By comparison,
a substantially enhanced K = 1.2 x 10° J/m?® was measured for y-Fe;03/Co0. Since
K of a composite system is typically determined by the component with the largest
K, this represents a larger overall increase in K than would be expected from CoO
alone (with K = 5 x 10* J/m?) [135]. Overall, the increase in H, and Ty that we
observed were significantly higher than has been reported for other mixed v-Fe;O3
and Co nanoparticle systems such as surface Co-doped 7-FeyO3 [136,137] and com-
posites of similar size y-Fe;O3 and CoO nanoparticles [138]. Since surface doping has
a maximum effect at approximately the Co amount required to form a monolayer of
(Co,Fe)-oxide at the nanoparticle surface [137], this suggested that the properties we
observed were due to a combination of interfacial exchange with CoO and intermixing
effects. To compare the temperature dependent properties, a substantial H., due to
the CoO shell was observed up to 140 K (Fig. 5.10b). It is possible for the Ty of the
CoO shell to be reduced substantially relative to the bulk T of 290 K considering the
shell thickness of ~0.7 nm [111]. However, as discussed in Sec. 5.4, the H,, onset can
be related directly to a change the Fe-O bonding within the interfacial layer, which
influences the interfacial exchange interaction. This also indicates that interactions
with the CoO did not contribute to the persisting H, above 140 K, further demon-
strating the existence of an additional magnetic phase. By comparison, no H,, or H,
was observed above 100 K for the uncoated v-Fe,O3 cores.

The temperature dependence of the saturation magnetization, Mg(T), for ~-

Fe;03/Co0 shows clearly an exponential-like behaviour at the lowest temperatures
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Figure 5.12: Temperature dependence of the saturation magnetization Mg(T') for (a)
7-Fey05 and (b) 7-FeyO3/CoO. The solid lines are a fit to a modified Bloch 7%/2 law
as described in the text.

that is also observed in the uncoated +-Fe;Os cores due to the freezing out of dis-
ordered surface spins [49]. In the 7-Fe;O3/CoO core/shell nanoparticles the similar
Mg (T) behaviour indicates that the surface spin disorder from the core persisted
in the core/shell nanoparticle; however, it is also possible that there is some addi-
tional contribution from other phases in the core/shell nanoparticle (i.e due to Co).
A fit to the modified Bloch law provided A = 0.15 £0.02, Ty = 7.0 £ 0.5 K and
B = 3.5540.04 x 107> K32 for 4-Fe;03/Co0; a slightly larger T, and increased

B, indicating a weakened J compared to the bare y-Fe;O3 nanoparticles.

5.2.3 Atomic magnetism

To describe the origin of the magnetism changes observed in 7-Fe;O3/CoO nanopar-
ticles, Mossbauer spectra characterized the atomic 5"Fe magnetism. As shown in
Fig. 5.13 the spectrum at 10 K identifies the Fe-sites. Approximately 75 % of the

spectrum consisted of two components with hyperfine parameters typical of the tetra-
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Figure 5.13: (a) 10 K Maossbauer spectrum of 4-Fe;O3/CoO nanoparticles. The
numbers mark the spectral lines from the transitions between the j:% — j:% nuclear
spin states and (b) 300 K Mossbauer spectrum of v-FeyO3/Co0. Subspectra labeled
I indicate pure y-Fe,Og3, and II indicate Co-doped v-Fe;Os5.

hedral Fe¥* A-site (Bj,4 = 51.25+£0.05 T, 4 = 0.402+0.005 mm/s), and octahedral
Fe** B-site of 7-FeyO3 (B, = 53.4240.03 T, 5 ; = 0.500+0.004 mm/s) [93] with
line width I'(FWHM) = 0.26 £0.01 mm/s relative to I';,=0.13 mm/s for the source.
The broadened linewidth identified chemical and structural disorder about the Fe
sites, typical for 7-Fe;O3 nanoparticles. An additional ~5 % of the spectrum area

was described by a component with B,y = 21.7+0.5 T, A = 0.4940.05 mm/s which
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accounted for the low velocity features (~ +3 mm/s) from interfacial disordered spins
with an incomplete local coordination that results in an electric field gradient, A, not
present in bulk v-Fe,O3 [139], similar to that observed in v-Fe,O3/NiO. An additional
site, comprising ~20% of the Mossbauer spectrum at 10 K could not be described by
stoichiometric v-FesO3. The occurrence of a magnetically distinct component not be-
longing to v-Fe,O3 was also observable clearly at 300 K as a static component (shown
in Fig. 5.13b) consisting of two sextets with significantly different hyperfine param-
eters and I'’s (inconsistent with 7-Fe,O3 A and B-sites which have similar hyperfine
parameters). The change in spectral symmetry (visible most clearly by comparing
lines 1 and 6 between the 10 and 300 K spectra) indicated clearly a temperature
variation inconsistent with a simple stabilization of the 7-Fe;Os-sites, which would
show a much more symmetric spectrum even under temperature changes [50,93]. As
described further in Sec. 5.4.1, Byy and d of each component were obtained by incor-
porating a broad singlet to describe the superparamagnetic component (labeled SP
in Fig. 5.13b) to account for the lineshape effects of magnetic relaxation (although
the physics of the process is not described, e.g. magnetic relaxation [50] masked
with I' ~ 0.8 mm/s vs I';;;; = 0.13 mm/s). In fact, relaxation models could not
describe the spectral evolution of 7-Fe;O3/CoO nanoparticles indicating additional
factors (described in Sec. 5.4) affecting the temperature dependence of the atomic
magnetism. Examining the evolution of the Mdssbauer spectra in this way ensured a
consistent description of the hyperfine parameters with temperature for each spectral
component. The pure v-Fe;O3 component exhibited similar temperature evolution to

that of the 7-Fe,O3 seed particles [50]. This allowed the identification of the broad
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singlet labeled SP in the 300 K spectrum as from a superparamagnetic pure y-FesO3
core, and the second magnetically distinct phase was confirmed. The remaining ~20%
at 10 K, and the change in spectral lineshape asymmetry required a component with
significantly larger § and smaller By (Bpy = 47.7+ 0.1 T, § = 0.68 = 0.03 mm/s,
[' = 0.6 £ 0.1 mm/s) than the A- and B-sites of pure 7-FeyO3 that were strikingly
similar to the B-site of a Co-doped FezO4 [140, 141], and is hence labeled By, in
Fig. 5.13.

This result would be expected for an interfacial intermixed layer of Co-doped
~v-Fes O3, since the two structures would differ only by the amount of octahedral site
vacancies. The large 0p ;5 determined for the Co-doped Fe-oxide phase indicated
the presence of Fe?* which would be required to maintain charge balance within the
structure. As the spectral area represented by each component is proportional to
the number of Fe atoms, the A/B site occupancy for each phase can be ascertained;
the pure 7-Fe;O3 components were in good agreement with the expected A/B of
0.375/0.625, and the A /B occupancy of the Co-doped Fe-oxide phase was unchanged
from that of the core. The identical site occupancies indicated that Co®" substituted
into the vacant octahedral sites in v-Fe,O3 at the 4-F303/CoO0 interface, rather than
displacing Fe3*. Assuming the Fe content was unchanged throughout the core, from
the relative spectral areas for the components we estimate the interfacial cobalt-doped
layer thickness to be ~0.3 nm, indicating that only the first few monolayers of the
core were affected.

The Mossbauer spectrum at 300 K also provides some insight to the temperature-

dependent magnetism in y-Fe,O3/CoO (indicated by magnetometry and susceptom-
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etry) by providing a site-specific relaxation of the pure 7-Fe;Os interior and the
interfacial intermixed layer separately through the variation of By of each Fe-site.
The onset of superparamagnetism results in a collapse of the sextet to a singlet as
By — 0 with increasing 180° spin flip rates which can be observed for each Fe-site
separately by virtue of the differences hyperfine parameters unique to each. For exam-
ple, magnetometry and susceptometry measurements provide only the total sample
magnetization and can not distinguish the effects of multiple phases, but rather a
distribution of anisotropy barriers within the sample are observed as a broadened
maximum in the x..(T) and Xaczrc(T). In multiple-phase systems where several
distinct magnetic components exist attributing a single Tz to the composite system
can be problematic. Mossbauer spectroscopy, however, measures directly the contri-
bution from magnetically distinct phases that are characterized by different hyperfine
parameters. The Mdossbauer spectrum for y-Fe,O3/CoO (Fig 5.13b) shows a clear
static magnetic component at 300 K. Since this is above the T of CoO, this effect
can not be due to a straightforward exchange interaction with the CoO shell.
Having identified two Fe-oxide phases with clearly different temperature depen-
dent properties, the temperature regimes where the interior and intermixed layers
influence the overall magnetism indicated by magnetometry can be described by con-
sidering the different measuring times for Mossbauer spectroscopy (107® s) and mag-
netometry measurements (1-10 s). Using the simple arguments based on the Néel
relaxation model described in Sec. 1.3.1, and assuming a typical moment reversal
attempt time of 75 = 107% — 107!, a conservative estimate of Tp.pe/TB Moss ~ 2 —4

is expected, based on Eq. 1.7. Since a similar temperature evolution was observed for
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the By and A-sites of 7-Fe;O3/CoO as for 4-FeyO3 (with T ~ 75 K), re-scaling of
the dynamical freezing behaviour of v-Fe;O3/CoO reveals clearly that H. persisting
up to 200 K was not due to the pure 7-Fe;O3 core. That is, for a magnetometry Ty
of 200 — 250 K (a lower estimate for the v-Fe,O3/CoO system), a completely mag-
netically split Mossbauer spectrum should be observed at 300 K. However, Fig 5.13b
shows clearly that the pure v-FesO3 component was collapsed. By comparison, the
Fe-sites within the intermixed layer showed almost no line broadening (e.g. observed
clearly in line 1, with a sharp A-site linewidth) or significant By reduction that
would indicate significant relaxation effects resulting from a near proximity to 7.
This means that, in addition to altering the basic characteristics of the nanoparticle
magnetism at low temperatures by enhancing H., and altering the surface spin dis-
order of the core, the intermixed layer can also completely determine the magnetism

at high temperatures when the low anisotropy 7-Feo,O3 core is superparamagnetic.

5.2.4 Element-specific magnetism

To determine the magnetic sites within the intermixed layer and to characterize the
element-specific magnetism, x-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) were collected over the Fe (700-740 e¢V) and Co (770
815 eV) Las (2p — 3d transition) edges at 10 K and in a applied fields of £1 T
using total electron yield (TEY) mode. The Fe XAS and XMCD spectra were typical
of a spinel Fe-oxide. The Fe Lz-edge XAS reveals two unresolved peaks due to a
mixture of octahedral Oy, (B)-sites and tetrahedral Ty (A)-sites, with relative intensity

intermediate to that expected for 4-Fe;O3 and Fe3O,4 [97,97,98]. The XMCD reveals
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Figure 5.14: XAS and XMCD measured over the Fe Lss-edges of y-FeyO3/CoO at
10 K and 1 T compared with and ligand field multiplet (LFM) simulations of Fe?*
On, Fe™ Ty, and Fe** Oy, sites. (a) Simulations of the XAS of Fe-sites, (b) measured
XAS (black o) and sum of simulated sites with 31 % Fe*™ Oy, 33 % Fe¥* Ty, and
36 % Fe*™ Oy, (grey line), (c) simulations of the XMCD of Fe-sites, and (d) measured
XMCD (black o) and sum of simulated sites with 31 % Fe** Oy, 32 % Fe3t Ty, and
37 % Fe*t Oy, with antiparallel O, and T;-site magnetizations (grey line).

clearly a typical Fe Ls-edge splitting due to a mixture of Fe?" and Fe3* O,-sites
with parallel magnetizations, and an Fe3* T-site with antiparallel magnetization that
occurs in spinel ferrites. The relative intensity of the two negative XMCD features due
to the Op-sites resembled more closely that of v-Fe;O3 than Fe3Oy4; however XMCD
also indicated clearly some Fe?t O-sites, not observed in 7-Fe,Os, in agreement with
the Mossbauer spectra. As shown in Fig. 5.14, an estimate of the Fe-ion distribution
was obtained using ligand-field multiplet (LFM) simulations of the individual sites.

The LFM simulations were done using ligand field strengths 10Dq used typically to
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Figure 5.15: XAS and XMCD measured over the Co Ls 3-edges of y-FeoO3/CoO at
10 K and 1 T compared with and ligand field multiplet (LFM) simulation of Co?* Ty-
sites and reference spectra of Co** Oy, and Co?* Oy, sites. (a) The XAS of Co-sites,
(b) measured XAS (black o) and sum of individual sites with 83 % Co*™ Oy, 6 %
Co?* Ty, and 11 % Co*T Oy, (grey line), (c) the XMCD of Co-sites, and (d) measured
XMCD (black o) and sum of individual sites with 84 % Co?* Oy, and 16 % Co*T Ty
with antiparallel Oy, and Ty-site magnetizations (grey line).

describe ferrites [95], and with standard reduction of the Slater parameters to 80%
of the atomic values. Keeping in mind that the interfacial ion distribution will be
over-represented for XMCD measured in TEY mode [80], an estimate of the Fe-ion
distribution of 31 % Fe?t O, 33 % Fe3* Ty, and 36 % Fe*t O), was obtained by using
a best weighted sum of the simulated Fe-sites to the Fe Ls-edge XMCD, as shown in
Fig. 5.14.

The Co XAS was very similar to that of Co?* Oy-sites such as in CoO or the

Oy, sites of a Co-doped spinel Fe-oxide [142], and differed clearly from that of Co3O4
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which contains only Co*" T, and Co*" O-sites [143]. Due to the strong overlap of
spectral features of Co sites, a precise identification of all Co species was made by
considering reference spectra of Co** and Co®** Op-sites measured previously at the
same beamline [144], and Co®T Ty-sites simulated using parameters typical of oxides
[95]. As shown in Fig. 5.15a, the XAS was described predominantly by Co®T O-sites
with a small amount of Co?>" T; and Co3t Oy-sites. For a simple antiferromagnet, no
significant XMCD signal is expected since there is no overall magnetization. However,
a clear Co XMCD signal indicated a measurable Co magnetization aligned with the
Fe Op-sites. This would be expected for Co ions incorporated into the Oy, sites of
the ferrimagnetic y-Fe,Os. While the Co XMCD looks quite similar to that of Co?™
Oy,-sites, there is a clear difference in the shape of the Ls-edge XMCD. As with
the XAS, which identified the magnetic and non-magnetic Co-sites, to describe the
XMCD, reference spectra of Co** Oy, and Co®** Oy,-sites with intermediate spin state
from experiment [144], and simulated Co®* Tj-sites were considered. No indication of
any contribution to the XMCD due to Co*-sites was observed, and the XMCD was
best described as predominantly due to Co?T O-sites with magnetization parallel
to the Fe Op-sites and a small amount of Co** T)-sites with magnetization parallel
to the Fe3t T,-sites. This is consistent with the strong preference for Co** ions
to occupy Op-sites and indicates an ion distribution typical of a cobalt-ferrite-like
layer [7, 101, 145]. However, the magnitude of the Co XMCD of ~-Fe;O3/CoO is
significantly smaller than expected for cobalt-ferrite [146] where the maximum XMCD
intensity is ~ 0.5 — 0.6 (when normalized to the XAS intensity maximum). This is

consistent with a large contribution of non-magnetic Co?* O}, sites to the XAS from
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Figure 5.16: XMCD of the L3 and Ls-edges of (a) Fe and (b) Co for ~-FeyO3/CoO
at 10 K and 1 T. The integrated XMCD intensities are shown in dashed lines and p
and ¢ are the integrated XMCD of the L3 and (L3 + Ls)-edges, respectively.

the CoO shell.

Fig. 5.16 shows the Fe and Co XMCD and the integrated XMCD. Using sum-rule
analysis [76-78], the relative contribution of the spin and orbital moments, averaged
among the Fe and Co-sites is provided by my/ms; = 2q/(9p — 6q), where p and ¢
are the integrated XMCD intensities over the L3 edge, and the combined L3 and
Lo edges, respectively. Interestingly, total integrated Fe XMCD (¢q) does not equal
zero indicating a non-zero orbital moment (my/mg)p. = 0.05 £ 0.02 that is clearly
larger than observed in 7-Fey,O3/NiO. For Co, a large my is indicated clearly by the

large ¢, which provided (mg/ms)co = 0.53 =+ 0.02. These results are consistent
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with a mixture of Co*" in Ty sites (with low my) and Oy sites (m,/m, expected
between ~ 0.4 — 0.6) [147-149]. The relatively large Co my/m, may also be in
part due to uncompensated Co?t from lower coordination at the interface or CoO
shell [148], or local strain in the interfacial layer [149]. The presence of coupling was
also reflected in the enhanced Fe (my/mg)r. (my is essentially zero for Fe-oxides, even
at the nanoscale [150,151]), that has been observed in strained Co-substituted Fe-
oxides [149], and was consistent with the observation of a canted spin population in
the Mossbauer spectra. While the presence of some Fe?t Op-sites might be expected
provide a small my, my/ms; = 0 was observed for v-Fe;O3/NiO, despite a similar
interfacial Fe?t amount. This further supports that the (m,/m,)r. changes are related
to magnetic coupling at the interface due to intermixing effects, and not an intrinsic
behaviour of the Fe-ions.

All of the information shows clearly that the v-FesO3/CoO core/shell nanopar-
ticles do not have a simple two layer structure. By characterizing the composition
in detail, we identified clearly the presence of an interfacial cobalt doped v-Fe,O3
layer that arose predominantly from Co** migration into O, sites at the y-Fe,O3 sur-
face. We have shown that the combined effects of the single ion anisotropy of Co?*
in the spinel structure and exchange bias (interfacial coupling) effects have acted
cooperatively to increase the total anisotropy of the nanoparticle. In ~-FeyO3/CoO
nanoparticles, the static magnetism at 300 K above CoQ’s Ty is fully consistent with
a cobalt—ferrite—like layer that would have a substantially higher intrinsic anisotropy
(due to the unquenched m; of Co and Fe ions) [145,147,152,153], and the substantially

enhanced H., relative to the uncoated 7-Fe;O3 core is typical of an exchange bias
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system. In particular, the substantial differences between the intrinsic magnetism of
~v-Fe; O3 interior and the cobalt-ferrite—like intermixed layer in combination with the
high Tz provides an excellent system to examine in greater depth the precise role of
the intermixed layer in determining the magnetism of the nanoparticle, described in

the following Sections.

5.3 Intermixed layer thickness effects on core/shell nanopar-

ticle magnetism

For magnetic systems, interfacial interactions which lead to exchange bias effects are of
the utmost importance, and a large fraction of work surrounding multi-layered nanos-
tructured systems is aimed at understanding and controlling exchange bias properties.
Despite persistent investigation over decades, the precise and quantitative description
of the interface and exchange bias effects in nanostructured systems remains unre-
solved in large part due to the atomic-scale characterization required to describe
fully the interface. While recent technological advances have allowed the detection
of interfacial intermixed layers which mediate the magnetic interactions of the layer
system, a comprehensive description of the relationship between the nature of the
intermixed layer (e.g. thickness, composition, internal magnetic structure) has yet
to be incorporated into the understanding of interfacial properties such as exchange
bias. Thus, to date, despite the clear consensus that exchange bias phenomena are
determined by the magnetic configuration at the interface, the potential magnetic
effects of intermixed layers which determine the interfacial magnetism and mediate

the overall layer coupling must often be inferred froma posteriori expected chemical
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behaviour of the nominal core and shell materials, rather than ascertained from a
known interfacial structure, leaving a gap in fundamental understanding.

The less than one nm-thick interfacial intermixed layer in «-Fe,O3/CoO core/shell
nanoparticles is similar to those described in thin films that has been shown to have
substantial implications on the interfacial exchange [154-156], motivating further ex-
amination of these effects in the core/shell nanoparticles. In addition, the interfacial
intermixed layer of a core/shell nanoparticle comprises a significant fraction of the
total magnetic volume (i.e. compared to thin films), providing improved sensitivity
that is advantageous for the study of interfacial phenomena. To expand on this and
probe quantitatively the relationship between the interfacial microstructure and H.,,
we have synthesized a series of 7-Fe,O3/CoO nanoparticles with controlled interfacial

layer thickness [157].

5.3.1 Composition, structure and morphology

A series of v-Fe;O3/CoO core/shell nanoparticles were synthesized by a seed-mediated
thermal decomposition of Fe and Co-cupferronates, as described in Section 2.1. The
reaction temperature used during the CoO shell addition step was 100°C, 150°C, and
235°C. X-ray diffraction (XRD) patterns for the 7-FeyO3 seeds and y-FeaO3/CoO
core/shell nanoparticles synthesized using different CoO reaction temperatures are
shown in Fig. 5.17. Refinements to the XRD patterns indicated the spinel (Fd3m)
and rock-salt (Fm3m) structures of the Fe-oxide core and CoO shell, respectively.
The crystallite sizes, lattice parameters, relative volume fractions were determined by

Rietveld refinement and are provided in Fig. 5.18. A gradual increase in the lattice
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Figure 5.17: Powder x-ray diffraction pattern of v-Fe;O3/CoO nanoparticles synthe-
sized using different reaction temperatures for the shell addition step, with the results
of the Rietveld refinement (black line). The black Bragg markers and (hkl) labels
index the 7-Fe,O3 (Fd3m) structure, and the red Bragg markers and (hkl) labels
index the CoO (Fm3m).

parameter a of both phases was observed with increasing shell reaction temperature
consistent with vacancy filling within the v-Fe;O3 core resulting from intermixing.
Changes in lattice parameter for the CoO shell (vs. the bulk [90] ¢ = 0.4263 nm)
may be related to strain [157]. No change in the crystallite size of the spinel phase of
Dxrp ~5 nm was observed, while the CoO crystallite size increased from ~10 nm to
14 nm accompanied by an increase in CoO volume fraction from ~21% to ~35%.
TEM images of the 150°C and 235°C reaction samples are shown in Fig. 5.19.
Also provided in Fig. 5.19 are the size distributions obtained from imageJ analysis

of TEM images. The 150°C reaction nanoparticles provided a lognormal distribu-
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Figure 5.18: Structural parameters the spinel and rock-salt (CoO) structures of
7-FeaO3/Co0 core/shell nanoparticles synthesized using different shell reaction tem-
peratures.
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Figure 5.19: Transmission electron microscopy images of v-FeoO3/CoO synthesized
using a shell reaction temperature of a) 150°C and b) 235°C, and c) particle size
distributions of 7-FesO3 and 7-FeaO3/Co0O. The size bar in (a) and (b) is equal to
20 nm.

tion with Drgy = 8.6 £ 0.2 nm with In(o) = 0.31 £ 0.01, and for the 235°C reac-
tion nanoparticles we observed a bi-modal distribution, with one population with

Drpy =7.9£0.2 nm, In(o) = 0.28 + 0.01, and a second with Dygy = 10.94£0.3 nm,
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In(o) = 0.28 + 0.01. Energy dispersive electron spectroscopy and structural analyses
of the same areas of the TEM images indicated that higher reaction temperatures led
to the formation of some isolated CoO particles, which may also account for the ob-
served change to a bi-modal size distribution, and the increase in CoO for the 235°C

reaction that was indicated by XRD.

5.3.2 Intermixed layer thickness variation

To determine the intermixed layer thickness, detailed analysis of the core and shell
structures, including changes due to Op-site vacancy filling resulting from Co?* sub-
stitution in the surface layers of the v-Fe;O3 core, was done by Prof. Hao Ouyang,
and his research group at National Tsing Hua University [157,158]. To distinguish
the v-Fe;O3 interior from the intermixed layer, electron diffraction images of the
oriented v-FeyOj spinel structure (containing Op-site vacancies), Co-doped 7-FeyO3
and CoO were simulated. Fig. 5.20a shows the Co-doped 7-Fe,O3 structure oriented
along [111], and simulations of the diffraction patterns of [111] oriented ~-Fe,O3 and
Co-doped y-FeO3. Additional reflections due to the newly occupied Op-sites (high-
lighted in Fig. 5.20c) were used to determine the Co** diffusion depth into the surface
layers of the y-FeyO3 core. Fig. 5.20d shows an example of the electron diffraction
pattern for the oriented rock-salt structure of the CoO shell. The HRTEM images of
v-FeaO3/Co0 core/shell nanoparticles synthesized using different shell reaction tem-
peratures were mapped onto multislice simulations [159-161] to ascertain the atomic
Co, Fe, and O arrangements and obtain the zone axis. The spinel and rock-salt struc-

ture boundaries were mapped by measuring the diffraction at intervals across the
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Figure 5.20: a) Structure of y-Fe,O3 with Oy,-site vacancies filled with Co*" ions (yel-
low), representing the interfacial intermixed layer of v-FeaO3/CoO core/shell nanopar-
ticles. The structure is oriented along the (111) direction. Also shown are the simu-
lated diffraction images of (b) 7-Fe,O3 and (c¢) Cobalt-doped 7-FesO3 oriented along
the [111] zone axis. (d) The electron diffraction pattern for CoO oriented along the
[101] zone axis. (e) An example of the measured electron diffraction pattern for an
area selected the v-FeyO3 interior of the nanoparticle. (f) An example of the electron
diffraction obtained near the v-Fe;O3/Co0O structural boundary with the reflections
due to the spinel structure highlighted in yellow, and the reflections due to the rock-
salt CoO structure highlighted in green.

core/shell boundary, and detecting the changes in electron diffraction patterns due to
the two structures (e.g., as shown in Fig. 5.20f). The intermixed layer thickness t;,,
was then measured directly using this same procedure, by examining the diffraction
along and across the core/shell interface, and mapping the appearance of reflections

due to Co?* dopant ions in the spinel structure. Fig. 5.21 shows the results of this
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Figure 5.21: High resolution TEM images of 7-FeyO3/CoO synthesized using a)
100°C, b) 150°C, and c) 235°C shell reaction temperature. The yellow line indi-
cates the limit of Co diffusion into the v-Fe;O3 core, and the red line indicates the
outer boundary of the v-Fe,Og3 core, so that the intermixed region is represented by
the gap in between the two boundaries (the same size bar applies to all images). The
relationship between the Co ion diffusivity and shell reaction temperature is shown
in d), with the line indicating a fit as described in the text.

approach to tracking the Co*" diffusion path [157]. The red line marks the location
where the structure changed from spinel to rock-salt, and the yellow line indicates
the change from pure y-Fe;O3 to cobalt-doped v-Fe;O3. The region in between the
red and yellow lines indicates the thickness of the intermixed layer. This provided
tine = 0.34,0.47, and 0.67 nm for CoO shell reaction temperatures of 100°C, 150°C,
and 235°C, respectively. To support the analysis, a simulation structure consisting
of 7-Fe;O3 and Co-doped 7-Fe;O3 was built and simulations of multislice HRTEM

images were made and analyzed using the same method, and provided an uncertainty
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of 5 % in the t;,; measurement.

The activation energy for Co diffusion was calculated from the relation between the
diffusion depth d and the diffusivity D, according to d = av/Dt (where a is a constant
[162], and ¢ is the diffusion time). The relationship between the diffusivity and the
activation energy is described by the Arrhenius relation [163] D = Dyexp(—E/RT)
(where D is the diffusivity, E the activation energy, R the ideal gas constant, and T
the temperature). The results of the diffusivity relationships from the measured Co
diffusion depths (Fig. 5.21d) provide a Co E = 15797 J/mol, which is within the same
order of magnitude as Co diffusion in CoO [164] and vacancy diffusion in Fe3O, [163],
and an order of magnitude lower than Fe diffusion in Fe-oxide [165, 166], further
indicating that Co has better mobility than Fe within the structure, and consistent

with Co’s preference for O, sites in substituted Fe-oxides.

5.3.3 Intermixed layer composition and magnetism

To determine precisely the changes in ion distributions, XMCD spectra were measured
over the Ly transition (2p — 3d) edges of Co and Fe at 10 K in £1 T applied
fields. The Fe and Co-sites were determined using the same simulations and reference
spectra as Sec. 5.2.4. As shown in Fig. 5.22, the occupancy of Fe?t in Oy, sites, Fe3*
in T} sites, and Fe3* in Oy, sites was 20%, 22%, and 46%, respectively, and did not
reveal significant changes, due to a large contribution from the un-doped ~-Fe;O3
interior’. The amount of each Co site in an XMCD spectrum (Figure 5.23) was

estimated by correlating the experimental intensity with LFM calculations [167,168].

IThe closer correspondence of the XMCD and Méssbauer spectra at 10 K (below), compared to
v-Fe3O3 described in Sec. 5.2 are likely a result of the larger incident angle used during the XMCD
measurements, which will be more sensitive to the v-Fe;O3-based interior
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Figure 5.22: The changes in the site-specific Fe magnetization in 7-Fe;O3/CoO syn-
thesized using shell addition temperatures of 100°C (top) and 235°C (bottom).

The Ly-edge of XMCD spectra revealed a departure from Co?t O, sites due to the
presence of Co?" Ty sites (highlighted in the inset of Fig. 5.23). The Co magnetization
was predominantly due to Co** Oy, sites. The Fe and Co XMCD spectra together
confirmed that the magnetization of the O, sites were FM aligned and that the
magnetization of the O, and Ty sites were AF aligned, as expected for Co substitution
into the spinel structure forming Co/Fe-ferrite [23,101].

A uniform interfacial composition would result in a constant Co*™ Oy, /Ty XMCD
intensity. However, as shown in Fig. 5.24, a change in the O, /T; magnetization occurs
for different reaction temperatures. From a comparison of the t;,; from TEM and the
Co?**-sites from XMCD, we find that higher reaction temperatures allow more Co?*
diffusion into the structure, since Co?**-ions are better able to reach the energetically

more favourable vacant Oy,-sites [169-171], this results in a larger Oy, /T,; Co** fraction.
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Figure 5.23: X-ray magnetic circular dichroism spectra (XMCD) of y-Fe;O3/CoO
synthesized using shell addition temperatures of 100°C (top) and 235°C (bottom).
The inset shows the Lo-edge of the XMCD spectra.
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Figure 5.24: The changes in the site-specific Co magnetization in v-Fe,O3/CoO for
different shell reaction temperatures.
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Figure 5.25: 10 K Mossbauer spectrum of 7-Fe;O3/CoO nanoparticles synthesized
using shell reaction temperatures of 100°C, 150°C, and 235°C . Subspectra labeled
I indicate the octahedral B-site v-Fe,O3, and II indicate octahedral B-site Co-doped
~v-Fe5Os.

These results support the occurrence of core/shell intermixing identified by TEM, and

reveal that the ion distribution departed substantially from pure y-Fe;O3 within the

intermixed layer, and could be altered through changes in synthesis conditions.
Méssbauer spectra collected at 10 K (Fig. 5.25) were fitted with several sextet

components, each describing a unique Fe-site with the same hyperfine parameters
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as described in Sec. 5.2.3 with a variable spectral weight, consistent with a mixture
of 7-Fe;03 and Co-substituted Fe-oxide [140, 141]. Fits to the Mdssbauer spectra
at 10 K revealed little change in Fe-based composition versus reaction temperature,
consistent with the Fe XMCD spectra and the preference for Co**-ions to occupy Op-
site vacancies primarily. Interestingly, the hyperfine field of the interfacial disordered
spins, Bjf,int, Was found to increase slightly with increasing reaction temperature

(and hence t;,, discussed below).

5.3.4 Relationship between the intermixed layer and overall magnetism

The magnetism of the core/shell nanoparticles was determined from ac-susceptibility
and hysteresis loop measurements of nanoparticle powders. As shown in Fig. 5.26
ac-susceptibility was measured from 10 K to 400 K using a 0.25 mT drive frequency
oscillating from 10 Hz to 1 kHz. The interpretation of x,.(v, T') data for an interacting
system of nanoparticles (such as a powder) will include effects due to superparamag-
netism, and due to collective dynamics of the assembly [172-174]. Two maxima in
Xo (v, T) at ~150 K and ~ 250 K indicated two dynamical regimes. Since hystere-
sis loop measurements indicated H,. onset between 100 K and 200 K, the maximum
of x?.(v,T) occurring ~150 K likely corresponds to the superparamagnetic blocking
temperature of the individual particles and the dynamics > 200 K are likely due to
the collective dynamics of the interacting nanoparticle assembly. The maximum of

" (10Hz, T) (occurring at 140 K, 145 K, and 165 K for v-Fe,O3/CoO synthesized

using shell reaction temperatures of 100°C, 150°C, and 235°C, respectively) suggests

that T was comparable for all samples and increased slightly with increasing shell
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Figure 5.26: ac measurements of the in-phase (top) and out-of-phase (bottom) ac-
susceptibilities x..(v,T) and x7.(v,T) measured in 0.25 mT drive field oscillating
at 10 Hz to 1 kHz for 7-Fe;O3/CoO nanoparticles synthesized using shell reaction
temperatures of (a) 100°C, (b) 150°C, (c¢) and 235°C.

reaction temperature, keeping in mind the limitations of a precise description of T
for multicomponent systems using a bulk susceptometry measurement.

Hysteresis loops were measured from 10 K to 400 K, and from 4+5 T after cool-
ing in an applied field of 5 T. As shown in Fig. 5.27, Mg(T') was well described by
a Bloch T%2 law, and revealed B oc 1/J (from Eq. 1.13) that decreased with in-
creasing t;,;. This trend was likely due to an increasing number of exchange interac-
tions with progressive intermixing filling Oy-site vacancies. The exchange bias, H,,,
varied from 19 mT to 29 mT, and decreased with with increasing t;,; (Fig. 5.28).
H., is a result of the coupling between FM(FiM)/AF layers, and is proportional
to an interfacial pinning energy AFE, which provides the unidirectional anisotropy,

and the magnetization of the FM layer M), in an expression? of the form [47, 56]

2Various expressions of this form have been used to describe systems, such as the classical
Meiklejohn-Bean model used to describe FM/AF thin films, He, = Jep/poMpartea, see Refs [47,56].
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Figure 5.27: (a) Temperature dependence of the saturation magnetization Mg(T") for
~v-FesO3/CoO nanoparticles synthesized using different shell reaction temperatures.
The solid lines are a fit to a modified Bloch 7%/? law as described in the text. (b)
Change in B o« 1/J from Mg(T') for -Fe;O3/CoO for different intermixed layer
thicknesses resulting from different shell reaction temperatures.

20 F .

(mT)

H

-30 1 1 1 1
0.3 0.4 0.5 0.6 0.7

t_ (nm)

int

Figure 5.28: The exchange bias H., versus intermixed layer thickness t;,; for
7-Fea03/Co0 core/shell nanoparticles, measured at 10 K after cooling in a field of

H., = AE/2Mpytry. Fig. 5.29a shows the relationship between AFE calculated from
AE = 2H_ . Mgyt rin, from the values of the exchange bias, saturation magnetization
measured at 10 K (after accounting for the volume fraction of CoO, obtained from
XRD), and thickness (tpins ~ Dspiner/2 = 3.3 nm) of the ferrimagnetic spinel-based
core of the nanoparticle. Interestingly, there is a clear linear relationship between

AFE and t;,;. A relationship between the interfacial disorder or the number of pinned
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Figure 5.29: a) Change in the interfacial energy AFE = 2H. Mgy tri obtained
from hysteresis loop measurements at 10 K with the thickness of the interfacial inter-
mixed layer t;,;. b) The change in spin disorder within the interfacial CoFeyOy-like
intermixed layer is proportional to the hyperfine field By, which decreases as t;
increases.

interfacial spins has been well established both in models and experiment of thin
films [155,156,175,176] and nanoparticles [56, 177-179]. In nanoparticles, for exam-
ple, it has been shown that the energy barrier AE « Sr where Sr is the number of
frozen interfacial spins [177,178,180]. Hence, it is likely that the linear decrease in
H., with progressively deeper intermixing causes a recapture of surface spin disorder
that is intrinsic to the y-Fe;O3 nanoparticle. It should be noted that this relationship
can not be accounted for by other factors; x..(7) indicated an increasing T (if any
significant change), so that any re-scaling according to the respective Tz would only
enhance the trend shown in Fig. 5.29a. Further, after accounting for the volume frac-
tion of CoO obtained from XRD results, Mg does not vary significantly, and could
not account for the AFE variation. As shown in previous Chapters, the effectiveness
of the recapture of (previously) disordered interfacial spins can be correlated to the

magnitude of the By ;ne. As shown in Fig. 5.29b, By, of the disordered interfacial
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spin population increases in proportion to t;,;, indicating clearly that the extent of
intermixing progressively lessens the interfacial disorder. This is also consistent with
the increase in J indicated by Mg(T), and reveals directly the mechanism of H,,

variation in this system.

5.4 Intrinsic magnetism of the intermixed layer

In the previous Sections, the existence of an intermixed layer was established clearly,
and the important role in the magnetism was highlighted by showing that the inter-
mixed layer anisotropy determined the properties at high temperatures. Results which
confirm structurally, and quantified the thickness of the intermixed layer were also
provided. By comparison with established interfacial disorder concepts derived from
the study of thin-film systems we found that H., not only depends on the existence
of the intermixed layer, but also on the interfacial microstructure, even considering
changes on monolayer-length scales. This clear sensitive dependence on interfacial
microstructure and composition leads naturally to the question of whether the intrin-
sic properties of this interfacial region (which differ in composition, magnetism, ion
distribution) also play a role in the layer coupling. This Section establishes clearly
that the exchange coupling is not purely interfacial, but is translated from FiM to
AF layer through the interfacial layer which has distinct composition, microstructure
and magnetism, and wherein changes to the interfacial metal-oxygen bonding reflect

directly in the exchange bias onset.
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Figure 5.30: Representative Mossbauer spectra of v-Fe;O3/CoO core/shell nanopar-

ticles, measured from 10 K to 300 K
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5.4.1 Atomic Fe magnetism

To gain insight to the intrinsic magnetism of the nanoparticle Mossbauer spectra of
the nanoparticles shown in Sec. 5.2 were measured from 10 to 300 K to probe the
atomic *"Fe electronic and magnetic environments of the Fe-sites within the core and
interfacial layers of the nanoparticle (shown in Fig. 5.30). As described in Sec. 2.5,
since the recoil energy associated with v-ray absorption is much larger than the natu-
ral line width of the nuclear level, nuclear resonance occurs only for events for which
no phonons are excited, with the probability of such recoilless events quantified by
the recoilless fraction f. f is affected by any temperature dependent transition which
modifies the local bonding strength (e.g. via a change in spin state, structural changes
or distortions, or bonding stiffness) thus providing a means to gain insight directly
to the Fe bonding behaviour through the local lattice vibrations. Regardless of the
model, f decreases monotonically with increasing temperature when no changes to
the lattice occur. The recoil-free fraction is temperature dependent, with (x?) in-
creasing as the temperature increases, resulting in lower f. Since f depends on the
nature of the lattice strength to which the 5"Fe nuclei are bound, an abrupt change
in f reflects a change to the lattice rigidity surrounding the probe nuclei.

The temperature dependence of f is often described by the simple Debye model, in
which the upper limit frequency vibration (hwp) of the lattice determines the Debye

temperature ©p = hwp/kp, so that

—3E, |1 T \? (o7 =z
_ (= 1
J=exp [/{B@DMCZ {4 * <@D> /0 ev — 1dx}] (5.1)

where Eg /Mc? is the free-atom recoil energy Epg, kp is the Boltzmann factor.




Chapter 5: ~y-Fea O3 /CoO core/shell nanoparticles 145

4,4!

i

0 50 100 150 200 250 300
Temperature (K)

Figure 5.31: Temperature variation of the f-factor for 7-Fe,O3 (seeds) and -
Fe;03/Co0O core-shell nanoparticles. The lines indicate the expected temperature
dependence for systems with a Debye temperature () of 250 K for +-Fe,O3 and
450 K for v-FesO3/Co0, respectively.

While the complexity of most structures, including the spinel, makes it so that
the Debye model is not strictly appropriate, © p may be used to provide a qualitative
comparison of the total lattice stiffness when compared with similar analysis on other
materials. As shown in Fig. 5.31a, for 7-Fe;O3 a monotonic temperature dependence
is indeed observed, and the f-factor variation is well described by a Debye model
with ©p ~ 250 K. By contrast, in y-Fe303/CoO core/shell nanoparticles, we observe
Op ~ 450 K, and a clear anomaly ~150 K, indicating some type of transition.

To examine in more detail the Fe atomic electronic and magnetic environment of
the spinel-based core in the vicinity of this transition, Mossbauer spectra from 10 K

to 200 K were fitted by varying By, and § with temperature®. The spectra were fitted

3We found no evidence of line broadening or lineshape changes resulting from significant re-
laxation within this temperature range that would necessitate a full dynamical model including
collective excitations and superparamagnetic (180°) fluctuations.
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Figure 5.32: Temperature dependence of (a) the hyperfine field (By,f) and (b) isomer
shift (0) for y-FeaO3/CoO core/shell nanoparticles.
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Figure 5.33: Mossbauer spectrum of 4-Fe;O3/CoO measured at 162.5 K, showing the
fit line from the spectrum at 150 K to highlight the abrupt change in spectral features
occurring between 150 K and 162.5 K.
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Figure 5.34: Méssbauer spectra of y-FeaO3/CoO nanoparticles measured at (a) 150 K
and (b) 162.5 K. Subspectra labeled I indicate pure y-Fe,Os, and II indicate Co-doped
’}/-F€203.

using three sites [105] that describe the Oy-sites of y-Fe,Os, the Oy-sites of cobalt-
doped ~v-Fe; O3 for the intermixed layer, and one common Tj-site. An additional site
at 10 K with a reduced By ~22 T due to surface spins was included, but the low
spectral area prevented a reliable estimate of any potential temperature variation in
the associated hyperfine parameters, and only the spectral area was allowed to vary.
The hyperfine parameters at 10 K are given in Sec. 5.2.3. As shown in Fig. 5.32, we
observed an discontinuity in § of the Oy,-sites between 150 K and 162.5 K, accompanied
by an abrupt decrease in By of all Fe-sites. This is also clearly observable as an abrupt
change in the spectrum features, for example, shown in Fig. 5.33, which provides the
spectrum measured at 162.5 K with the fit obtained for the spectrum measured at

150 K, and in Fig. 5.34, which includes the component fits for the two spectra.
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Similarly to the f-factor, § will necessarily decrease as a result of an in increase
in dsop with increasing temperature due to an increase in (v?), with the rate of
change being dependent on ©p. However, the abrupt decrease in ¢ shown in Fig. 5.32
must arise either (i) from an abrupt decrease in ©p that changes dsop (e.g. as has
been observed in the ferroelectric transition in *"Fe-doped PbTiO3 [181]), or (ii) a
change in the intrinsic isomer shift d; (described in Eq. 2.11) via an increase in s-
electron density at the Fe nucleus [71]. By comparing f(T') to the line indicating
a Debye model with a single ©p = 450 K, there does not appear to be an abrupt
change in ©p across the transition; however a difference in ©p as large as 50 K
would not provide a substantially different f(7") that would eliminate this possibility
directly. To discern the origin of the change in §(7") requires considering also the
changes in Bjf(7T"). The dominant contribution to By is the Fermi contact term
which, according to Eq. 2.18, is related to the polarized spin density at the nucleus
and is proportional to the number of 3d electrons. We consider also that By is
proportional to the time average of the total spin moment on the Fe atoms, and in
the case of nanoparticles, as thermal fluctuation of the local magnetic moment of the
atoms increases with warming (due to collective excitations and 180° spin flips due to
superparamagnetic relaxation), By — 0 as T' — Tz. However, there is no significant
line broadening or decrease in By, from thermal fluctuation effects. Also, models of
By (T') approaching T describe a gradual reduction, indicating that the observed
By¢(T') change is inconsistent with magnetic relaxation effects. Instead, there is an
intrinsic change in By due to local bonding, affecting changes to the 3d electron

populations. Thus, the Mossbauer data indicate clearly some temperature dependent
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transition occurring in the nanoparticle, that is driven by a change in the electronic
environment of the O)-sites. An abrupt decrease in both § and Bj; with warming
could be accounted for by an increase in the s-electron density due to an decrease in
the effective d-electron number (i.e. via diminished d-electron screening). This may

be a result of a change in Fe valence, or a change in the degree of Fe-O hybridization.

5.4.2 Interfacial metal-oxygen bonding

In order to investigate the nature of the Fe-oxygen bonding, we have examined the
temperature dependence of the oxygen K-edge by x-ray absorption spectra (XAS).
XAS is especially well suited probe the nature of interfacial exchange as it provides
a direct measure of the oxygen-metal hybridization [182]. XAS measurements of the
O K-edge were done from 10 K to 200 K using the total electron yield (TEY) mode
that provides preferential measurement of the surface and interfacial region of our
core/shell nanoparticle due to the intrinsic surface sensitivity. Fig. 5.35a shows the
O K-edge XAS at 200 K. Since the O K-edge is due to transitions from the O 1s
core states to unoccupied O states with p character, it is described by two parts; the
first from ~530 - 543 eV contains a double peak due to transitions from the O 1s
state to hybridized O 2p—(Fe/Co) 3d states, and the second region at higher energies
contains a broad multi-peak structure that is due to transitions from the O 1s states
to O 2p—(Fe/Co) 4s and 4p hybridized states. Shown Fig. 5.36, a comparison of the
O K-edge XAS for v-Fe;O3/Co0O with other Fe and Co-oxides [182-186] reveals that
only the surface Co-oxide and interfacial CoFe,O,-like layer contribute significantly

to the spectra, consistent with the y-FeyO3/Co-doped 7-FeaO3/CoO structure [105].
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Figure 5.35: X-ray absorption spectra of the oxygen K-edge of ~-FeyO3/CoO
core/shell nanoparticles measured at 200 K in total electron yield (TEY) mode. b)
The O K-edge spectra measured in the energy region corresponding to transitions
from O core-states to hybridized O 2p-Fe/Co 3d valence states, with features due to
the transition metal ¢, and e, states of the Oy-sites labeled. c¢) Integrated O K-edge
XAS spectral area of the O 2p-Fe/Co 3d region (529-834 eV), and d) the change in
relative XAS intensity of the t5,/e, features of the Oj-sites.

The O 2p-Fe/Co 3d region of the XAS spectrum for Fe-oxides includes contri-
butions from the 3d states of Fe and Co in O and T} sites. The 3d levels are split
by the ligand field into lower lying t5, and higher energy e, sublevels for Oj-sites,
and opposite splitting for T,-sites. The states lying closest to the Fermi level (and
hence appearing at the lowest energy in the O K-edge spectrum) are the minority t,,
states of the Oy-sites. According to band structure calculations, and comparisons of
O K-edge XAS of other Fe-oxides, the Oy-site states contribute to two resolved peaks,
while the T} state splitting (being smaller) contributes broad features at intermediate
energies [184,189].

As shown in Fig. 5.35, there is a clear change in the XAS in the O 2p—Fe/Co
3d region of y-Fe;O3/Co0. Since the abrupt change in §(7") indicates a decrease in

the effective d-electron count on the Op-sites with warming, the prominent features
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Figure 5.36: Oxygen K-edge spectrum of v-FesO3/CoO nanoparticles measured at
200 K (black line) compared to reference spectra [187,188] of Co-oxides. The difference
(red line) matches well with O K-edge data of CoFe,O4 nanoparticles [188].

of the O 2p-Fe/Co 3d region have been labeled as indicating the ¢, and e, states of
the Op-sites to describe clearly the change in spectral weight amongst the features in
Fig. 5.35b. The origin of the Oy-site to,/e, spectral weight may either be a result of
a change in valence (i.e. possibly among O, and Tjy-sites, or Fe and Co-ions) or due
to a change in the degree of metal-oxygen hybridization which affects different states
differently. For the first, a change in valence that results in an increase of Oj-site to,
intensity with warming would suggest a decrease in the d electron count into the O-
sites (creating more holes in the valence band). Although this is consistent with the

changes in Fe Oy-sites indicated by 0 and By, charge conservation would ultimately
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require an increase valence of Fe Ty-sites, or of the Co-sites. Such a charge transfer
would result in a transfer of spectral weight in the O XAS, which was not observed.
There is also no abrupt increase in the e, XAS to suggest a change in spin state, and
thus we conclude that the change in t5, vs. e, intensity is due to a change in bond

covalency rather than a change in Fe or Co valence.

5.4.3 Element-specific magnetism

Finally, to confirm whether the changes in local bonding are a result of a changing de-
gree of hybridization rather than a valence change, x-ray magnetic circular dichroism
(XMCD) was measured over the Fe and Co Ly 3-edges between 10 and 200 Kin £1 T,
and over the Ls-edge from 0.1 —5.0 T at 10 K. The spectrum measured at 10 K over
the Ly 3-edges was described in Sec. 5.2.4 (to determine the Fe and Co-sites). The
temperature and field dependence of the element and site-specific magnetization was
determined from the variation in the XMCD intensity. The field dependent XMCD,
shown in Fig. 5.37, shows a typical approach to saturation of the Fe and Co-sites,
consistent with the expected behaviour for an intermixed layer. All of the Fe-sites
showed the same change with increasing temperature, shown in Fig. 5.38c, which
tracked well with the variation in the magnetization value at 1 T obtained from
hysteresis loop measurements (keeping in mind that the interfacial region is over-
represented in XMCD, whereas magnetometry provides an overall bulk measure). By
comparison, the Co XMCD spectra did not simply re-scale with temperature, indi-
cating a slight difference the Oy, and Ty-site magnetization temperature dependencies.

By tracking the intensity of the features most clearly affected by the O, and T}-sites
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Figure 5.37: Field variation of the element-specific magnetization measured at 10 K,
determined from the maximum intensity of the feature representing each site in the
Ls-edge XMCD spectra.

(and checking the result against a re-scaling of the spectrum measured at 10 K) we
obtained the site-specific magnetization variation, shown in Figs. 5.38b and c. Inter-
estingly, the Ty sites show an anomalous variation with a maximum XMCD intensity
at 130 K. More interestingly, the Co?* T site maximum coincides with the anomaly
in the overall metal-oxygen hybridization indicated by the oxygen XAS, confirming
that the transition is driven by the intermixed Co-doped 7-Fe,Og3 layer.

As shown in Fig. 5.16, no change in the (my/mg)g. was observed with changing
temperature. However, (my/ms)c, decreases between 130 — 150 K. This change in
(me/mgs)co may be either due to a transient decrease in my, or increase in mg of
Co. However, a change in mg; would be inconsistent with the changes in Fe-sites

described by Mossbauer spectroscopy. The variation is due to my. Specifically, the
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Figure 5.39: Temperature dependence of a) my/mg of the Fe-sites, b) m,/m; of the
Co-sites.

abrupt decrease in 6 and By describe a reduction in the effective d electron count
of the Fe-sites, for which a corresponding abrupt increase in the Co valence would

be expected. In turn, this would produce an abrupt (and persistent) decrease in the
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Co spin moment due the the pairing of electrons for the Co?* (d7)-ion, resulting in
an increase of (my/ms)co. Since this is not observed, a change in m, occurring in
the temperature regime of a local structural distortion which induces a change in the

degree of metal-oxygen hybridization is more likely.

5.4.4 Interfacial magnetism and the superexchange pathway

Together, the discontinuous changes in ¢ and By indicate a change in the d electron
populations, and can be linked directly with metal-oxygen hybridization changes in-
dicated by the O XAS. The anomalous variation in the f-factor is also indicative
of changes in local bonding, as evidenced by the numerous similar occurrences in a
many different systems, such as ferroelectrics, magnetoelectrics, intermetallics, and
superconductors, due to changes in spin-phonon interactions, magnetostriction, and
the influence of soft phonon modes across the relevant transitions [181,190-196]. Its
temperature dependence in Fig. 5.31 is consistent with this result.

Compared to the purely ionic case, the occurrence of metal-oxygen hybridiza-
tion transfers back some electrons to the metal 3d population, and the valence
state may be described by some linear combination of metal and ligand states (i.e.,
W3y = (1 — B2)V2|M3q) + 8%|Lap)). Thus, when the hybridization is reduced at a
given temperature, one would expect this to coincide with an increased s-electron
density at the nucleus (via weakened 3d-electron shielding), resulting in a decrease
of 4. The relationship between § and the effective d-electron count resulting from
the degree of charge transfer with covalency has also been described in the litera-

ture [197-199]. Interestingly, only 0 of the Oy, sites shows a sudden change; however,
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By of all sites is affected. The origin of the Bj,; variation among the Oy and Ty-sites
may be the impact of changes in the supertransferred hyperfine field, that affects
the By via a contact field from alterations to the local spin polarization through
polarized metal-oxygen charge transfer, a mechanism directly related to the superex-
change interaction, and dependent on the full Fep,-O-Fer, pathway. Further, as the
superexchange and supertransferred hyperfine field occur through the transfer of spin
polarized O?~ p electrons, the phenomena are directly related to the covalency [74,200]
and consistent with a temperature variation in the O XAS.

We can also note some interesting similarities in our results to the well known
transitions which occur in Fe-oxides, and, although we are limited in the knowledge
of the precise role of the Co?" ions. For example, while Fe XMCD is insensitive
to the Verwey transition [201,202] it has been well documented that the M&ssbauer
spectra of FesO, show a marked change in features through 7y, and there have
been some reports of f-factor variation occurring near Ty which result from a strong
electron-phonon interaction at the transition [203]. There have also been reports of a
“Verwey-like” transition in bulk cobalt-substituted magnetite, where there was clear
evidence of an electronic change via spectroscopy, despite the lack of evidence of the
transition according to macroscopic measurements (magnetostriction, magnetization)
[204]. The occurrence of a “Verwey-like” transition in Co-doped Fe-oxides was also
discussed in detail elsewhere in later papers [140, 141]; however, in those cases no
anomalous variation in Bjy or § was observed. We postulate that the interfacial
nature (and enhanced role of the interface in our core/shell nanoparticle system),

plus interactions with the CoO shell may play a part in the observed transition.
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Despite being quite a thin layer, there are reports of thin 1 nm magnetite being
ferrimagnetic [205] (consistent with the possibility the thin intermixed layer can have
“magnetite-like” properties), and interfacial interactions have been shown to stabilize
Ty in Fe3O4 [206]. An interplay between hybridization of oxygen and the metal e, and
194 states may reflect the changes in metal e, and t5, population rearrangement related
to the e, screening effect occurring across the transitions in FezOy [184]. There has
also been a report of a relationship in the temperature dependent orbital moment in
e-Fe;O3 and the temperature dependent O 2p-Fe 3d hybridization accompanying the
structural distortion that marks the onset of anisotropy changes in the structure [207].
While we can identify the local structural change, an analogous local change due to the
Verwey-like transition would be expected to shorten some Op,-O-0), distances, while
lengthening others below Ty,. Our results appear consistent with the strengthening
of the secondary FeZO’;—O—Fe%t double exchange interaction when warming through
Ty in Fe3Qy; it is possible that the lack of complete exchange pathway among the
Oy, sublattice is the cause of the relatively weakened Fe2o+h—O—Fe?5+h double exchange
below Ty, which results in a more effective dominant FeQOt/ 3+—O-Fe?:’pj pathway. The
same distortion which diminishes the effectiveness of the double exchange pathway for
T < Ty may also result in a less effective Fe-O hybridization among the Fe ty, states
by virtue of small changes in the bond distances or angles which and enable more
effective Fe-O interactions within the dominant FeQOJrh/ 3+—O—Fe3T: exchange pathway,
which includes the e, states.

In an attempt to discern possible structural changes, XRD patterns were measured

from 15 K to 300 K. However, as shown in Fig. 5.41, there is no discernable change
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Figure 5.40: Comparison of XRD patterns measured from 15 K to 300 K. The black
lines indicate the results of a Rietveld refinement that provided the lattice paramer-
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Figure 5.41: Lattice parameters for (a) the spinel phase, and (b) the rock-salt CoO
phases of 7-Fe;03/Co0 core/shell nanoparticles for different temperatures.
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in the XRD pattern. Refinements of the XRD patterns also could not identify any
significant changes to the structure. However, considering that the changes in lattice
parameters occurring for Fe-oxides at the characteristic transitions are quite small
and on the order of the uncertainty for values reported in this Thesis (i.e. a change of
~ 0.0001 nm for Fe3Oy4 at the Verwey transition [208]), it would be unlikely to observe
such subtle changes in the XRD of nanoparticles exhibiting such significant Scherrer
broadening. Further investigation of the interfacial structure including possible strain
would be necessary to determine precisely the local distortion responsible for the
changes observed.

Finally, by examining the temperature-dependent intrinsic properties of the in-
terfacial layer, we observe that the exchange bias onset shown in Fig. 5.10 correlates
precisely with the the change in interfacial metal-oxygen hybridization. This is consis-
tent with previous work in VoO3/NiggFeyy thin films where a coincidence between the
Verwey transition in an interfacial Fe3O4 layer and H,, was observed [209]. This work
provides clear evidence of this phenomenon in a well described core/shell nanoparticle,
including a consistent description of the changes in local magnetism of all interfacial

species, and identifies the mechanism for the H,, onset.

5.5 Summary

We have identified a temperature dependent metal-oxygen hybridization in y-Fe;O3/CoO
core/shell nanoparticles that (i) is an interfacial phenomenon (i.e. not occurring in
the uncoated particles, directly influencing interfacial spins of the core/shell nanopar-

ticle), and (ii) is a direct result of metal-oxygen hybridization, which mediates the
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superexchange interaction. Hence, we postulate that this sudden weakening in the
local hyperfine field reflects a weakened superexchange induced by a change in metal-
oxygen hybridization whose strength is transferred among the e, and ty, valence
states. This temperature dependent transition alters the interfacial metal-oxygen
bonding mediating the effective magnetic coupling of the interfacial spin population,
responsible for effective interfacial coupling which produces H.,. This work provides
a clear confirmation of the types of important changes in H., due to intermixing and
interfacial microstructure which have been proposed in the literature. Further, we
believe that such a temperature dependent transition (i.e. occurring in Fe-oxides,
and magnetostrictive materials) is a critically important factor to be considered in

understanding the exchange bias phenomenon in oxides.
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Discussion

The 7-Fe;O3 cores of the nanoparticles investigated in this Thesis are characterized
by a moderate Tz, low K, and significant surface spin disorder that leads to a H.,.
With the addition of AF NiO, MnO and CoO shells an interesting variety of over-
all magnetism is observed. Considering a simple core/shell description (excluding
intermixing effects) all exchange bias systems (i.e. consisting of FM or FiM layers
coupled to AF layers) should exhibit in an increased H. and H., below Ty of the
AF layer due to interfacial exchange interactions [47]. As shown in Fig. 6.1a and
Table 6.1, for v-Fe,O3/Co0 and v-Fe,O3/MnO H, and H,, were enhanced; however,
for 4-Fe,O3/NiO H,, was nearly eliminated while H. was almost doubled and Tp
was unchanged, indicating a clear increase in K of those core/shell nanoparticles.
While the lack of H,, increase in v-FesO3/NiO could be understood as a result of
the low K of NiO [47] and the lack of a complete shell, these factors can not account
for the near elimination of H., compared to 7-Fe;O3. For 7-FeyO3/CoO, there is

also a large increase in K that is not due to a simple re-scaling according to the T
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Figure 6.1: (a) Hysteresis loops for 7-Fe,O3 and core/shell nanoparticles measured
from £5 T after cooling to 5 K in an applied field, puoH =5 T. (b) Temperature de-
pendence of the saturation magnetization Mg(T') for 4-Fe;O3 and core/shell nanopar-
ticles. The solid lines are a fit to a modified Bloch 7%/? law, with the exception of
7-Fea03/MnO which is a fit to a modified linear T" dependence.

increase, and which is larger than expected for the magnetic volume increase due to
the CoO shell when compared to v-Fe;O3/NiO and v-Fe;O3/MnO. Also interestingly,
7-FeaO3/NiO and 7-Fe;O3/MnO, despite having similar Tzs indicated by susceptom-
etry have clearly different Mg(T) behaviour due to different magnetic relaxation of
~v-FesO3/MnO compared to the other core/shell nanoparticles. The overall proper-
ties of the core/shell nanoparticles indicated that a simple core/shell (sharp interface)
description was not sufficient to describe the overall magnetism of the nanoparticles.

The Mossbauer spectra of the nanoparticles at 10 K, shown in Fig. 6.2, also reveal
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Table 6.1: Coercivity (H.) and exchange bias (H.,) measured at 5 K after cooling
in an applied field of 5 T, estimates of the superparamagnetic blocking temperature
(T) from ac- and de-susceptibility measurements, an estimate of K from H.(T'), and
the Bloch constant obtained from Mg (7T) for v-Fe;O3 and core/shell nanoparticles.

Figure 6.2: Mossbauer spectrum of v-Fe,O3 measured at 5 K and core/shell nanopar-
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clear changes to the atomic Fe magnetism, in particular, revealing changes to the Fe-
based composition and to the spin disorder at the surface of the Fe-based core. For
v-FeyO3 disordered surface spins (which fluctuate much more quickly than the ordered
interior spins) contribute the Méssbauer spectrum at v = 0 due to a B,y = 0 over the
timeframe of the Mossbauer effect. In all of the core/shell nanoparticles no component
at v = 0 was observed indicating that the fluctuation rate of the spins at the surface
of the Fe-based core (at the core/shell interface) was slowed. For 7-Fe,O3/NiO and
7-Fes03/Co0, absorption at v = £3 mm/s was due to a component with By ~21 T
indicating that interfacial disordered spins fluctuated more slowly than the surface
spins of 7-Fe;O3 but more quickly than the ordered interior spins. In -FeyO3/MnO
no similar component was observed indicating that the disordered interfacial spins
were incorporated more completely into the ordered interior spin population. Fits to
the v-FeyO3/MnO Mossbauer spectra using a relaxation model confirmed that the
fluctuation rate of the interfacial spin population was significantly lowered compared
to v-FeyO3, and revealed much more uniform fluctuation rates for the interior and
interfacial spins in v-Fe;O3/MnO, consistent with the significant changes in dynamical
magnetism indicated by magnetometry.

Core/shell intermixing was observed clearly from the spectral features measured at
10 K that revealed changes to the O, and T} Fe-sites. This is highlighted in Figs. 6.3a-c
which shows the fits to the Mdssbauer spectra of core/shell nanoparticles compared to
that of y-FesO3 (which has been re-scaled to the maximum absorption that would fall
within the spectrum of each core/shell nanoparticle, with the exception of the v = 0

feature that is clearly absent in the Mdssbauer spectra of the core/shell nanoparticles).
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Figure 6.3: (a) - (c) Fits to the Mdssbauer spectra of y-FeoO3 and core/shell nanopar-
ticles, with the y-Fe,O3 spectrum re-scaled to the maximum that would fall within
the spectrum of the core/shell nanoparticles. (b) - (d) Approximate spectra due to
the interfacial ferrite phase obtained by subtracting the 7-Fe,O3 spectra from the
core/shell spectra shown in (a) - (¢). Two sites are visible in all of the difference
spectra, as labeled in (d), that are due to the octahedral Fe B-sites and tetrahedral
Fe A-sites of the interfacial ferrite.

Much of the Mdéssbauer spectra of the core/shell nanoparticles could be described
by 7-FesO3, consistent with the existence of an un-doped interior for all core/shell
nanoparticles. The difference plots between the core/shell and y-Fe;O3 Mossbauer
spectra shown in Figs. 6.3d-f are very similar to the spectra of the interfacial ferrites.
The octahedral B-sites and tetrahedral A-sites of the interfacial ferrites are observed
in the difference spectra (labeled for 7-Fe,O3/NiO in Fig. 6.3d). The changes in
the composition of the interfacial layers are observed clearly by the different relative
spectral weights of the A and B-sites, most visible in line 6 (at v ~ 9 mm/s) of the

spectra. For 7-FeyO3/NiO and y-Fe,O3/CoO two resolved sites were observed with
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different relative weights due to different amounts of Ni** and Co®" in Oj-sites; the
larger B-site intensity for y-Fe;O3/NiO indicated fewer Oj-sites were filled by Ni**
ions whereas the lower B-site intensity for y-Fe,O3/CoO indicated more Oy-sites were
filled by Co®" ions in the interfacial phase. For y-Fe;O3/MnO the difference spectrum
shows larger degree of overlap for the A and B-sites that is from a more similar Fe-ion
distribution in the interfacial ferrite and the y-Fe;O3-based core, consistent with Mn-
ion substitution onto both the O; and Ty-sites. A lower fraction of the Mdssbauer
spectrum of y-Fe;O3/MnO was described by 7-FeaO3 (shown in Fig. 6.3b) compared
to 7-FeaO3/NiO and ~-Fe;O3/CoO consistent with more extensive intermixing in
v-FeaO3/MnO.

The different in interfacial ferrite compositions were also reflected in the Fe Ljs-
edge XAS and XMCD spectra shown in Fig. 6.4. Changes to I(A) in the XAS were
due to different amounts of Fe O; and Ty-sites. The Lz-edge XMCD spectra of
the core/shell nanoparticles resolved more clearly the different Fe-site mangetizations
and indicated different Fe O, and Ty-site amounts that were consistent with the
Mossbauer results. The overall XMCD spectra were similar to that of v-Fe,O3, where
the feature proportional to the Fe?t O),-sites is less intense than that of the Fe3* O,-
sites, (i.e. versus FezOy4, where the opposite is observed) indicating that the Fe-ion
distributions could be described as transition-metal ion doped ~v-Fe,Ogs-like layers.
For 7-Fey03/NiO the largest Fe?™ amount was observed, consistent with the large B-
site intensity observed in the Mossbauer spectrum of the interfacial ferrite. A lower
Fe?™ Ty-intensity for y-Fe,O3/MnO compared to y-FeoO3/NiO and v-Fe,O3/CoO was

consistent with a significant Tj-site occupancy from shell dopant ions that did not
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Figure 6.4: (a) XAS and (b) XMCD of the Fe Lj-edges of 7-Fe,O3/NiO,
7-FeaO3/MnO, and 7-FeyO3/CoO nanoparticles.

occur in the other core/shell nanoparticles.

XMCD of the shell transition metal L 3-edges identified clearly the interfacial
magnetic species and provided temperature and field dependent behaviours that were
compared with the overall magnetism. The XMCD indicated quite different ion dis-
tributions for each ferrite; for v-FeyO3/NiO Ni*™ Oj-sites were observed, and for
7-Fey03/Co0, predominantly Co?t O-sites were observed with a small amount of
Co?T Ty-sites. By contrast, for 7-Fe;O3/MnO significant amounts of Mn?** Oy, and
Ty-sites were observed in addition to a unique Mn3t Oj-site with distorted coordi-
nation geometry or significant metal-ligand interactions. The XMCD indicated that
the magnetization of each site was coupled with that of the corresponding Fe-sites
as expected for an interfacial ferrite (i.e. parallel O-site magnetizations, parallel T,-
site magnetizations, and antiparallel Oy, and Ty-site magnetizations). In addition, the
temperature dependencies of the shell-ion XMCD were inconsistent with the expected

behaviours of the corresponding shell-oxides.
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Figure 6.5: Powder x-ray diffraction patterns of (a) NiO, (b) Mn3O,, and (c¢) CoO
nanoparticles. Bragg markers indicate the structure reflections and the residuals of
the refinement are indicated by the solid blue lines.
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Figure 6.6: Transmission electron microscopy of CoO nanoparticles.

To examine this point in more detail, we describe the magnetism of transition-
metal oxide nanoparticles which most closely match the ion distribution of the interfa-
cial ferrites, and we compare the results with the XMCD measured for the core/shell
nanoparticles. XRD patterns for NiO, Mn30O,4, and CoO nanoparticles are shown
in Fig. 6.5. Refinements of the patterns identified the rock-salt (Fm3m) structure
of NiO and CoO with a = 0.4190 + 0.0003 nm and a = 0.4215 £+ 0.0002 nm,
consistent with NiO and CoO, respectively [90] and the I4;/amd structure with
a = 0.5756 + 0.0002 nm and ¢ = 0.9448 4+ 0.0001 nm of Mn3O4 [210]. Crystal-
lite sizes Dxrp = 4.3, 14.0, and 9.0 £ 0.5 nm were obtained for NiO, Mn3O, and
CoO, respectively. A TEM image of CoO nanoparticles (Fig. 6.6) indicated well
crystallized particles with Dpgjys consistent with Dxgp.

In nanoparticles of AF materials such as NiO and CoO, magnetism arises from
uncompensated spins due to finite-size and surface effects, often resulting in hys-

teresis, exchange bias, superparamagnetism, and slow glass-like dynamics [211-213].
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Figure 6.7: Susceptometry measurements for NiO nanoparticle powder showing
(a) the in-phase (top) and out-of-phase (bottom) ac-susceptibilities x’.(v,T) and
Xo (v, T) measured in 0.25 mT drive field oscillating at 10 Hz to 1 kHz and (b) zero-

field cooled (ZFC) (black () and field-cooled (FC) (red O) dc-susceptibility measured
in poH =10 mT.

Susceptometry experiments on powdered samples of NiO, Mn30O,4, and CoO nanopar-
ticles confirmed magnetism typical of transition-metal oxide nanoparticles. The ac-
susceptibilities were measured from 2 K to 75 K with an applied field of 0.25 mT os-
cillating with frequencies of v = 10— 1000 Hz, and the ZFC and FC dc-susceptibilities
were measured with an applied field of ygH = 10 mT. For NiO (Fig. 6.7) susceptome-
try indicated blocking below ~50 K, and glass-like slow dynamics due to interactions
amongst surface spins at ~ 10 —20 K [212,213]. For CoO (Fig. 6.8) two regimes were
also observed in susceptometry experiments; Xq.(v,T) and X4 zrc(T') show a sharp
maximum at 5 K and x4 zrc(T') indicates broad maximum ~ 75 K and X4c,zrc (1)
and xqc,ro(T) irreversibility persist up to significantly higher temperatures. This be-

haviour is typical of AF nanoparticles with frozen and magnetically ordered regions
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Figure 6.9: Susceptometry measurements for Mn3O,4 nanoparticle powder showing
(a) the in-phase (top) and out-of-phase (bottom) ac-susceptibilities x!.(v,T) and
Xo.(v, T) measured in 0.25 mT drive field oscillating at 10 Hz to 1 kHz, and (b) zero-
field cooled (ZFC) (black () and field-cooled (FC) (red O) dc-susceptibility measured

in poH =10 mT.
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of the surface shell [211,213]. For Mn3Oy4, shown in Fig. 6.9, xu.(v,T) and xa.(T)
reveal clearly T ~ 40 K [214].

Hysteresis loop measurements were done after cooling in an applied field of 5 T,
and were measured from +5T. Temperature and field-dependent magnetizations of
Co0O, Mn30y4, and NiO can be compared with the XMCD of the core/shell nanopar-
ticles to contrast the observed XMCD with the potential response of the shells or
of isolated particles. For NiO, Mn3Oy4, and CoO nanoparticles the field dependent
magnetism was obtained from hysteresis loops measured at 10 K and ygH =0—5 T,
and the temperature dependent magnetism was obtained from the magnetization at
toH = 1T from hysteresis loop measurements. These behaviours are compared with
the temperature and field dependent magnetism of Ni, Mn, and Co in the core/shell
nanoparticles obtained from XMCD. For the core/shell nanoparticles the Ni, Mn, and
Co magnetism were obtained from the variation in the Ls-edge XMCD intensity; the
field dependent magnetism was obtained from the XMCD measured at 10 K from
woH = 0.1 — 5 T and the temperature dependent magnetism was measured from
10 K to 200 K in poH = 1 T. The results are shown in Fig. 6.10. The field dependent
magnetism of NiO, Mn3O,4, and CoO nanoparticles reveals a predominantly linear
behaviour. This departed clearly from the field dependent XMCD obtained from
the Ni and Co Lz-edges of 7-Fe;O3/NiO and v-Fe;O3/CoO nanoparticles. Combined
with the different temperature dependent magnetism, this indicated that the Ni and
Co XMCD were due to interfacial ferrites and not the response of the AF shells.
For v-Fe;O3/MnO, the change in Mn magnetization with applied field was obtained

from the integrated Lz-edge XMCD due to the different field-dependent behaviours of
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Figure 6.10: Temperature (left) and field (right) dependent magnetism of transition-
metal oxide nanoparticles (obtained from hysteresis loop measurements) and the
corresponding transition-metal ions in core/shell nanoparticles (obtained from the
Ls-edge XMCD). Field-dependent measurements were done at 7' = 10 K, and tem-
perature dependent measurements were done using poH = 1 T. Results are shown for
the (a) magnetometry of NiO and the Ni XMCD of 7-Fe;O3/NiO, (b) magnetometry
of MnzO,4 and the Mn XMCD of 7-Fe;O3/MnO, and (c¢) magnetometry of CoO and
the Co XMCD of ~-FeyO3/Co0.
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Figure 6.11: Temperature (left) and field (right) dependent overall magnetism (ob-
tained from hysteresis loop measurements) and site-specific magnetism (obtained
from the Lj-edge XMCD) of core/shell nanoparticles.
ments were done at 7" = 10 K, and temperature dependent measurements were done
using poH = 1 T. Results are shown for the (a) magnetometry compared to the
Fe and Ni XMCD of 7-Fe;O3/NiO, (b) magnetometry compared to the Fe and Mn
XMCD of v-FesO3/MnO, and (c¢) magnetometry compared to the Fe and Co XMCD
of ¥-Fe;03/Co0.

Field-dependent measure-
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the Mn?" and Mn3*-sites. For Mn3Qy, a similar field-dependent magnetism was ob-
served when compared with the Mn Ls-edge XMCD of v-Fe;O3/MnO nanoparticles
that was likely due to a similar canted spin arrangement that occurs in ferrimagnetic
Mn30Oy4; however, Mn3O,4 shows clearly an abrupt decrease in the magnetization at
Te, whereas a gradual variation in the Mn XMCD was observed for v-Fe,O3/MnO
nanoparticles.

The temperature and field dependent magnetism of Ni, Mn and Co in the core/shell
nanoparticles indicated by XMCD was much more in keeping with the behaviour of an
interfacial ferrite. Fig. 6.11 provides a comparison of the site-specific magnetism ob-
tained from XMCD to the overall magnetism obtained from magnetometry (measured
in the same way as described above for NiO, Mn3O,4, and CoO). For y-Fe;03/NiO
and -Fe,O3/Co0, the Fe, Ni and Co magnetizations show clearly an approach to
saturation that is nearly identical to the magnetometry. The difference in the field
dependence of the total Mn-magnetization compared to Ni and Co is a result of the
different spin structure due to the weakened Mn3*-Mn?* exchange that enables a non-
collinear spin arrangements in large applied fields, discussed in Sec. 4.5. This results
in a similar field dependent magnetism as observed in Mn3zO,4. However, the clear
difference in the temperature dependence of the Mn magnetism in y-Fe;O3/MnO ver-
sus Mn30O, is due to the existence of significantly stronger exchange interactions with
Fe-ions which are also present in the interfacial Mn-ferrite. The temperature depen-
dence of the Fe-site magnetism was similar to the overall magnetism obtained from
magnetometry. For 7-FesO3/NiO a similar Bloch-like temperature dependence was

observed clearly for the Fe-sites, but with a more pronounced temperature variation
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than the total core/shell nanoparticle provided by magnetometry. The Ni XMCD
also exhibited a larger variation with temperature than the total magnetization of
the core/shell nanoparticle indicated by magnetometry. However, since J is strongly
reduced for the surface-sites of v-Fe;O3 due to broken coordination and surface va-
cancies, an interfacial ferrite would be expected also to have a lower J compared to
the ordered interior of the nanoparticle and hence vary more strongly with increasing
temperature. Since the interfacial phase is emphasized in the TEY XMCD due to
the surface sensitivity of the measurement, this results in the more pronounced tem-
perature variation of the XMCD compared to the magnetometry data. Interestingly,
the Co XMCD of 4-Fe;O3/CoO nanoparticles shows a stronger temperature varia-
tion than the Ni XMCD of v-FesO3/NiO, which is also consistent with the larger
Bloch constant B for 7-Fe;O3/CoO that indicates a weaker J. By comparison, the
temperature dependence of the Fe-site XMCD of v-Fe;O3/MnO reveals a Bloch-like
behaviour, whereas a linear M (7T') was observed in magnetometry. By comparing the
temperature variations of the Fe and Mn XMCD, it appears that the overall linear
M (T) indicated by magnetometry is strongly influenced by the Mn magnetism, which
has a more linear dependence.

The core/shell nanoparticle properties can be compared with typical properties of
the interfacial ferrites (summarized in Table. 6.2). For ~-Fe;O3/NiO the interfacial
ferrite contained Ni?* Oj,-sites and no indication of other Ni-sites was observed. This
was consistent with the typical ion distribution of Ni-ferrites that results from the
strong preference for Ni*T to occupy Op-sites exclusively [7,215]. The formation of

an interfacial Ni-ferrite resulted in a partial recapture of the interfacial disordered
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Table 6.2: Typical magnetic properties of ferrites [7,36,49,145,215-219].

Te (K) | K (J/m?) dopant ion distribution
v-Fe,O3 | ~900 | 2.5x10* /
NiFe,04 | 858 | 1-4x10* Ni2t Oy (100%)

MnFe,O4 | 585 2x10* | Mn2?* Ty (80%) Mn2* Oy (20%)

COF6204 790 2-9x 105 CO2+ Td (20%) C02Jr Oh (80%)

spins and H., was nearly eliminated. Since H., in 7-Fe;Og is a result of interactions
between the ordered core and disordered surface spin populations, H,, reduction in
7v-FeaO3/NiO is a direct result of the changes to the spin disorder. The lack of H,, due
to interactions with NiO is likely due to the low K of NiO, which does not enable the
effective pinning of interfacial NiO spins that is necessary to produce a unidirectional
anisotropy [47] and the very small NiO particle size (i.e. versus a fully formed shell).
It is likely that the enhanced H, of v-FesO3/NiO versus v-Fe,O3 is due to a larger
effective magnetic volume resulting from recapture of surface spins into a Ni-ferrite
layer; however the lack of Tz enhancement indicates that the intermixed layer was
not able to stabilize the magnetism of the core/shell nanoparticle, despite the changes
in composition and Fe surface spin disorder.

For 7-Fe;O3/MnO a large change in the dynamical magnetism and the complete
incorporation of the disordered spins of the y-Fe,O3 core was consistent with the more
extensive intermixing effects indicated by Mossbauer spectroscopy, XAS, and XMCD.
Mn-ions are able to adopt a large variety of valences and to occupy both Oy and Ty-

sites. As a result, the intrinsic magnetism of Mn-ferrites can vary substantially; for
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bulk MnFe;O4 prepared using ceramic methods the Mn-ions occupy the O;, and Ty
sites as described in Table 6.2, resulting in a relatively low K and J (indicated by
Te). It is common for nanoparticles prepared using chemical techniques to contain
Mn?** Oj-sites [219,220], as observed in 7-Fe;O3/MnO. Such Mn-ferrites typically
have a large K up to 10° J/m?3 [127]. Tt is possible that the coupling between the
magnetically soft 7-Fe,Og3 interior and the hard Mn-ferrite layer contributed to the
H., enhancement, similarly to the hard/soft Fe/Mn-oxide core/shell nanoparticles
[127], due to the lower K of MnO [221]. The Mn XMCD identified a non-zero my
for the Mn3* Oy-sites that was consistent with a large anisotropy of the interfacial
Mn-ferrite; however, further work is necessary to determine precisely the nature of
the Mn3*-sites, for which no comparable XMCD was found in other Mn-oxide-based
nanoparticles, and which could not be described by atomic multiplet simulations. The
temperature dependence of the Fe core and interface spin fluctuation rates determined
from Mossbauer spectroscopy in Sec. 4.4 indicated that interactions with the MnO
shell stabilized the spins of the Fe-based core below Ty MnO. Together with the
temperature dependence of the Fe and Mn magnetizations determined from XMCD,
we can conclude that the deviation from Bloch 73/2 behaviour in ~-FeyO3/MnO to a
linear dependence was a result of substantial changes to the Fe spin fluctuation rates
and due to the important contribution of the Mn magnetization.

The occurrence of predominantly Co?* O,-sites, and a small amount of T-sites in
v-FeoO3 was consistent with typical ion distributions of Co-ferrites [7,101,145]. The
relatively low fraction of T} sites compared to typical Co-ferrites was likely due to

the available Oy-site vacancies of y-Fe;O3. A marked increase in K of 7-Fe;O3/CoO
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versus y-Fe;03/NiO and ~-FesO3/MnO indicated by the large increase in T and
H,. was consistent with the large single-ion anisotropy of Co®-ions [147]. The large
H., enhancement was also consistent with the behaviour of an FiM/AF exchange
coupled system with a relatively large K of the CoO shell [47]. Interestingly, the
Bloch constant B of y-Fe;03/Co0O was larger than 7-Fe;O3/NiO (indicating weaker
J) despite a complete CoO shell layer (Table 6.1). This is possibly a result of a
weaker Jup of Fel™-0*-Co%" compared to Fe’,'-O?~-Ni%" indicated by the lower
Tc of CoFeyO4. As shown in Sec. 5.3, there was also a clear relationship between
the degree of core/shell intermixing and B, that indicated that J was strengthened
as more surface sites were filled. This result was consistent with work which has
established that Bpano > Brux due to a reduced effective coordination number of
surface atoms [36, 37]. The increased surface vacancy filling due to progressively
deeper Co?* diffusion was also directly related to a decrease in the interfacial spin
disorder revealed by Mossbauer spectra at 10 K. This revealed a direct correlation
between the interfacial disorder and H,,, similar to the behaviour established in thin
films yet which has not been fully described in a nanoparticle system. This also
indicated clearly the overall magnetism is not only sensitive to the existence of an
interfacial intermixed phase, but also on the interfacial magnetism, composition, and
microstructure. The temperature dependent magnetism of the interfacial ferrite was
also found to correlate with the onset of H., by virtue of changes in the interfacial
metal-oxygen hybridization. This brings to light a new mechanism which should be
considered in the broader understanding of exchange bias phenomena.

Overall, this work has confirmed that interfacial intermixed layers of ferrites were
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formed naturally during the chemical core/shell nanoparticle synthesis process. Con-
sidering the high affinity for the shell transition metal ions to occupy the sites of the
spinel core this is not a wholly unexpected result. However, due to the complexity
of nanoparticle systems and the significant challenge in characterizing all aspects of
core/shell magnetism, this has remained a relatively unexplored avenue to describe
the origins of the properties of core/shell nanoparticles. This work has shown that the
variety of magnetism observed in the core/shell nanoparticles can be well described
by the degree of intermixing, the effect of intermixing on altering the interfacial dis-
order, and on the superexchange pathways which propagate through the interfacial

ferrite.
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Conclusions and Future Work

The properties of multi-component nanostructured systems stem largely from inter-
facial phenomena. This has led to a significant opportunity to engineer a variety
of interesting properties through interfacial interactions. At the same time, there is
a pressing need to understand in better detail the nature of interfaces as a means
of understanding the physical origins of such phenomena. In magnetic core/shell
nanoparticles, interface spin disorder, anisotropy, and interfacial exchange interac-
tions can alter all aspects of the overall properties (T, H., H..), so that a large
variety of properties are observed even for nominally similar core and shell material
combinations. Systematic studies of core/shell nanoparticles examining factors such
as core/shell combinations, geometry, shape effects, etc. have provided valuable in-
sight to the origin of the nanoparticle magnetism. However, recent work has shown
that interfacial intermixing does occur, yet to date there has been no systematic study
to describe clearly the relationship between the properties of the interfacial layer and

the overall nanoparticle magnetism, leaving an important gap in fundamental under-
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standing.

To address this, the relationship between the overall magnetism and interfacial
intermixing on 7-FeyO3z-based core/shell nanoparticles was examined. The overall
properties were determined using magnetometry and susceptometry experiments, and
the atomic and element-specific magnetism were characterized using Mossbauer spec-
troscopy, XAS and XMCD. For 7-Fe;O3/NiO, an interfacial Ni-ferrite was formed
by Ni?**-ions migrating into the Oj-sites of the vy-Fe,O3 surface layers. A lower H.,,
in v-Fe;O3/NiO versus 7-Fe,O3 resulted from a partial recapture of the disordered
spins at the y-Fe,O3 surface into the interfacial ferrite layer by virtue of newly formed
Fe?T-O-Ni** superexchange interactions in the Ni-ferrite layer. For v-Fe,O3/MnO a
substantial change in the core/shell nanoparticle magnetism was a direct result of
substantial core/shell intermixing. The interfacial Fe spin disorder was resolved in
~v-FesO3/MnO through a large number of exchange interactions due to Mn-ion substi-
tution into Oy, and Ty-sites on the y-Fe;O3 core. This resulted in much more uniform
Fe spin relaxation in 7-Fe;O3/MnO versus v-Fe,O3. The element-specific magnetism
revealed that the intrinsic magnetism of the Mn-ferrite differed from 7-Fe,O3. To
examine in further detail the implication of exchange core/shell interactions that
are mediated the interfacial ferrite layer, further work was done using y-Fe;O3/CoO
nanoparticles that are a prototypical exchange bias system. In y-Fe;O3/Co0O, an in-
terfacial Co-ferrite is formed consisting of predominantly Co?* Oj,-sites with a large
anisotropy. Detailed studies using high-resolution transmission electron microscopy
provided a direct relationship between the interfacial intermixed layer thickness, the

degree of interfacial spin disorder, and the exchange bias of the core/shell nanoparti-
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cle. A comprehensive description of the interfacial ferrite magnetism provided further
insight the origin of the magnetism by revealing a temperature dependent change in
the metal-oxygen hybridization that provided the mechanism for the onset of inter-
facial magnetic coupling that enabled H.,.

This work has shed light on the important and potential impact of different in-
termixed layers on the magnetism of core/shell nanoparticles. This has led to some
questions which could be addressed further with further studies:

This work identified a close relationship between amount of interfacial intermixing
and the interfacial spin disorder. Mossbauer spectra measured in an applied magnetic
field would be better suited to observe the interfacial disordered Fe-spins, and would
allow the spectral components due to different Fe A and B-sites to be resolved more
clearly. When a magnetic field is applied parallel to the y-ray direction, the effective
field at the °"Fe Eeff = Ehf + Eext. In a large applied field, the moments of the Fe
atoms on the A and B-sites will lie parallel and antiparallel to B.,;. The relative
intensities of the spectral lines are 3:R:1:1:R:3, where R is proportional to the angle
between B.f; and the 7-ray direction. As a result, interfacial spins which are not
able to align with gem will result in R # 0 and can be resolved clearly from the
bulk moments that align with the external field and have R = 0. Mossbauer spectra
of ¥-Fe;03/NiO, v-Fea03/MnO and -FeyO3/CoO should be measured at 10 K in a
large applied field (>5 T) to better quantify disordered Fe spins and to observe their
responses in an applied field.

Further work to describe the interfacial Mn3* sites observed in XMCD spectra is

necessary. Preliminary attempts to include local structural distortions typical of Jahn-
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Teller ions did not result reproduce the spectral features observed for v-Fe,O3/MnO.
As a result, further work using ligand field multiplet calculations including more
substantial local Mn-site distortions should be explored. Also, Mn®**-ions are known
to interact strongly with surrounding anions. Spectrum simulations including charge
transfer effects should also be attempted. A better understanding of the interfacial
Mn?*-sites would likely shed light on the origin of the Mn my/m, > 0, which should
be related to the anisotropy of the interfacial ferrite.

The observation of a temperature dependent change in the interfacial metal-
oxygen hybridization is an interesting result that deserves further examination. Simi-
lar measurements of the O K-edge XAS, and XMCD over the L3 and Ls-edges should
be done for 4-FeyO3, v-Fea03/NiO and 7-FeaO3/MnO. In addition, Mossbauer spec-
tra for 7-FeaO3/NiO and v-FeaO3/MnO should be collected in smaller temperature
intervals to determine the temperature dependence of the f-factor in these systems. If
the transition observed in v-Fe,O3/CoO is related to a Verwey-like charge ordering, it
is possible that no such transition was observed in 7-Fe,O3 (no f-factor anomaly was
observed) since there are no Fe?-ions. Since Fe?*-sites were observed in v-Fe,O3/NiO
and y-FeoO3/MnO, a similar transition may be observed. However, if the transition
is related to some kind of magnetostrictive effect due to Co**, no similar behaviour
may be observed in 7-FesO3/NiO and 7-FesO3/MnO. Thus, such experiments done
on the complete series of core/shell nanoparticles would shed light on the origin of

the transition in -FesO3/CoO and on the universality of the phenomenon.
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