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Abstract

Iron oxides have long attracted interest for both their fascinating scientific proper-

ties and potential applications due to their strong electron correlations and competing

degrees of freedom. The evolution of these interactions underpins the electronic and

magnetic transitions that occur, resulting in states that exhibit everything from sim-

ple ferrimagnetism to complex multiferroicity. However, the relationship between the

underlying interactions and the overall material properties is not well-understood. In

this work, the characteristic transitions of Fe3O4 and ϵ-Fe2O3 are studied to identify

the role of Fe-O hybridization.

While the trimeron model has been accepted as the mechanism behind the Ver-

wey transition in bulk Fe3O4, the disappearance of this metal-insulator transition in

nanoparticles has not been addressed. By studying three sizes of Fe3O4 nanorods,

a clear relationship between strain and the Verwey transition temperature (TV ) ap-

pears. Isotropic compressive strain (which typically occurs in spherical nanoparticles)

reduces TV , while uniaxial tensile strain increases TV . Detailed study of the largest

Fe3O4 nanorods confirms the formation of orbitally-ordered trimerons in the low tem-

perature insulating phase, albeit a modified trimeron state from that of bulk Fe3O4.
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Abstract iii

Such altered hybridization causes TV to shift in strained nanoparticles.

In ϵ-Fe2O3, the DOh1 octahedral chains create a complicated electronic structure

which yields complex hybridization. As a result, the physical mechanism behind the

characteristic transition of ϵ-Fe2O3 is unresolved. Full characterization of three sizes

of ϵ-Fe2O3 reveal that this transition is purely electronic with no structural changes

observed. Perturbed transition metal-doped ϵ-Fe2O3 provide further insights. In par-

ticular, temperature dependent hyperfine parameters (from Mössbauer spectroscopy)

show high temperature charge ordering in the Cr-doped nanoparticles. Combined

with the undoped ϵ-Fe2O3 behaviour, the transition is caused by the onset of super-

transferred hyperfine interactions between Td sites.
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Chapter 1

Introduction

Though simple in chemical composition, the iron oxide polymorphs are an incred-

ibly diverse category of materials. Their natural abundance and unique properties

have attracted multidisciplinary interest, with innumerable studies dedicated to un-

derstanding the underlying chemistry and physics of these compounds, and utilizing

them in novel applications.1 This work will focus on the former. As with other tran-

sition metal oxides, the properties of iron oxides are a product of structure, strong

electronic correlations and the competition between different degrees of freedom.2

These many factors yield a rich playground for scientific exploration.

In this work, two iron oxide polymorphs will be examined: Fe3O4, perhaps the

oldest known magnetic material, and ϵ-Fe2O3, a far more novel phase. Both of these

polymorphs exhibit temperature dependent transitions resulting in distinct high and

low temperature states. The transition which occurs in Fe3O4, known as the Ver-

wey transition, has been the subject of many studies since its discovery in 1939.3–6

Though a physical model has been developed for the Verwey transition in bulk Fe3O4,

1
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the transition in nanoparticles not well-understood. Nanoparticles cannot simply be

considered as very small versions of the bulk material. While nanoparticles do main-

tain many of the properties of their bulk analogues, finite size effects, increased surface

and disorder make them unique.7–9

The challenges associated with nanoparticle research are amplified with ϵ-Fe2O3

because this polymorph does not exist in bulk.10 As such, the characteristics of

this unique phase are convolved with the complexity inherent to nanoparticles, and

the underlying physics has remained elusive. The goal of this research is to under-

stand the Fe-O interactions that underpin the behaviour of both Fe3O4 and ϵ-Fe2O3

nanoparticles, particularly through their characteristic transitions.

The structure of this Thesis is as follows: chapter 1 contains a brief overview

of bulk and nanoparticle magnetism, and introduces the iron oxide polymorphs and

multiferroicity. Chapter 2 describes the protocols used to synthesize the nanoparti-

cle samples as well as the experimental techniques used to characterize their struc-

ture, electronic and magnetic properties. Chapter 3 examines the role of strain in

the Verwey transition of Fe3O4 nanorods, while Chapters 4 and 5 focus on ϵ-Fe2O3

nanoparticles. Specifically, chapter 4 characterizes different sizes of ϵ-Fe2O3 nanopar-

ticles to decouple size effects, and chapter 5 examines the impact of perturbing the

structure using small amounts of transition metal dopant ions. Chapter 6 compares

the transitions of Fe3O4 and ϵ-Fe2O3 and uses the results of the transition metal-

doped ϵ-Fe2O3 to develop a model of the Fe-O hybridization behind the characteristic

ϵ-Fe2O3 transition. Chapter 7 contains overall conclusions and suggestions for future

work.
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1.1 Bulk Magnetism

1.1.1 Magnetic States

Magnetism in bulk materials originates from the interactions between its atomic mo-

ments. The way that these moments align as a consequence of this coupling is used

to classify the magnetism in a material. Figure 1.1 shows different types of magnetic

ordering. Ferromagnetic materials exhibit perhaps the most simple ordering, where

even in the absence of a magnetic field, strong long range coupling cause the atomic

dipole moments to align below the Curie temperature (TC). In antiferromagnetic

materials the atomic moments align in an antiparallel configuration within a unit cell

such that the net moment is zero below the Néel temperature (TN). This antiparallel

M

TTC

M

H

χ

a) b) c)

d) e) f)

Figure 1.1: Schematic of magnetic moment configuration of a) ferromagnetic, b) antiferromagnetic

and c) ferrimagnetic materials. d) Temperature dependence of magnetic moment vanishes at or-

dering temperature TC when ferromagnetic material becomes e) paramagnetic. f) Field dependent

magnetization of paramagnetic (blue) and diamagnetic (green) materials.
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configuration is also present in ferrimagnetic materials. However, in ferrimagnets the

magnetic moments do not fully compensate and so there is a net magnetic moment

below TC . Above the ordering temperatures (either TC or TN), these materials be-

come paramagnetic as the atomic moments lack spontaneous ordering in the absence

of a magnetic field. Paramagnetic materials exhibit a positive susceptibility (χ) in

an applied magnetic field, in contrast to diamagnetic materials which have a negative

susceptibility.11

1.1.2 Magnetic Exchange Interactions

The couplings between the atomic moments that determine the magnetic ordering

are the magnetic exchange interactions. For localized electrons, such interactions are

a quantum mechanical effect based on the Coulomb repulsion between electrons and

the Pauli exclusion principle that prohibits electrons from having the same quantum

number. The interaction between two spins (S⃗i and S⃗j) is described by the Heisenberg

Hamiltonian as

H = −2
∑
i<j

JijS⃗i · S⃗j (1.1)

where Jij is the exchange constant between atoms at sites i and j. The magnitude of

Jij indicates the strength of the interaction, while the sign indicates if the alignment

is parallel (Jij > 0) or antiparallel (Jij < 0). This Heisenberg interaction relies on

orbital overlap to determine the strength of Jij, and so describes direct interactions.11

However, in most materials, the magnetic ions are not sufficiently close for the

orbital overlap necessary for direct interactions, and indirect interactions dominate.

In transition metal (M) oxides, superexchange couples next-nearest neighbour ions
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M (3d) M (3d)O (2p)

FM:

AFM:

Figure 1.2: Schematic of a typical superexchange bond. For 180° bond with orbital overlap pictured,

antiferromagnetic coupling (AFM) is energetically favourable over ferromagnetic coupling (FM).

through the hybridization of 3d orbitals with oxygen 2p orbitals as shown in fig-

ure 1.2. These mediated interactions can also be described by the Heisenberg Hamil-

tonion where J is determined by the M-O-M bond angle, interatomic separation, and

occupancy and orbital degeneracy of the 3d orbitals.12 The Goodenough-Kanamori

rules13,14 provide a framework for determining the sign and strength of J . Three cases

to consider are as follows:

1. If the cations have singly occupied d orbitals which point towards each other

with large overlap, then the exchange is strong and antiferromagnetic (J < 0).

This is the typical case for M-O-M bonds from 120° to 180°.

2. If the cations have singly occupied d orbitals with an overlap integral that is

zero by symmetry, then the exchange is fairly weak and ferromagnetic (J > 0).

This is the typical case for M-O-M bonds of ∼90°.
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3. If one cation has singly occupied and the other has empty or doubly occupied

d orbitals of the same type that overlap, then the exchange is relatively weak

and ferromagnetic (J > 0).

As the first case where orbital overlap is significant occurs most frequently, superex-

change interactions are typically antiferromagnetic as shown in figure 1.3.

For oxides of mixed valence that contain both localized and delocalized d electrons,

double exchange interactions are also possible. In a double exchange interaction one

electron is able to hop from one cation to a neighbouring site that has a vacancy

of the same spin. Because spin flips of the hopping electron are not permitted and

Hund’s rules dictate the filling of orbitals,11 ferromagnetic interactions are favoured

as shown in figure 1.3. Such interactions are evident in the octahedral sites of Fe3O4

where the electron hopping results in semi-metallic properties.

Anisotropic exchange or the Dzyaloshinskii–Moriya interaction (DMI) appears

with broken inversion symmetry and arises from spin-orbit coupling.15 The DMI (D⃗)

Superexchange

Double Exchange

Fe3+

Fe2+

Fe3+

Fe3+

Figure 1.3: Schematics of AFM superexchange between two Fe3+ ions and FM double exchange

between Fe3+ and Fe2+.
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between two spins is described by the Hamiltonian

HDM = D⃗ · S⃗i × S⃗j (1.2)

Unlike the exchange interactions based on the Heisenberg Hamiltonian discussed pre-

viously, DMI favours a canted spin configuration and is a weaker overall effect. How-

ever, DMI plays an essential role in many magnetic systems such as weak ferromag-

nets, spin glasses and multiferroics.16,17 Notably the weak ferromagnetic moment of

α-Fe2O3 is one of the original examples of DMI.18

1.1.3 Magnetic Anisotropy

Magnetic anisotropy (K) is used to describe how the magnetization of a material

exhibits a preferred orientation. The overall anisotropy is the result of both intrinsic

and extrinsic factors.

Magnetocrystalline anisotropy is intrinsic to a given material. Its largest con-

tribution is single ion anisotropy where crystal-field interactions stabilize particular

magnetic orbitals, and the spin-orbit interactions cause the magnetic moments to

align in a crystallographic direction.11 An axis of preferred alignment is known as

the magnetic ‘easy’ axis. If only one easy axis exists, then the material has uniaxial

anisotropy.12 The energy required to rotate the magnetization from an easy axis to a

‘hard’ axis for such a system can be described by

E = Ku,1 sin2(θ) +Ku,2 sin4(θ) +Ku,3 sin6(θ) (1.3)

where Ku,i are the uniaxial anisotropy constants and θ is the angle between the

magnetization and the easy axis. Regardless of its symmetry, magnetocrystalline
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anisotropy depends on an asymmetric crystal field, non-zero orbital momentum to

couple the orbit to the crystal field, and non-zero spin orbit coupling. The interplay

between these factors determines the magnitude of the magnetocrystalline anisotropy

constants.11

Shape anisotropy is an extrinsic factor determined by the shape of a particular

sample. This anisotropy arises from the demagnetization field (N ) and only plays

a significant role in samples that are small enough to remain single domain. For an

ellipsoid sample with magnetic saturation MS along its easy axis, the shape anisotropy

(Ksh) is

Ksh =
1

4
µ0M

2
S(1 − 3N ) (1.4)

where N of the ellipsoid depends on the aspect ratio (α = c/a > 1) via

N =
1

(α2 − 1)

(
α√

α2 − 1
cosh−1(α)

)
(1.5)

Note that for a sphere, N = 1/3 and so Ksh = 0 as expected. Surface anisotropy also

contributes to overall anisotropy; this will be discussed further in section 1.2.2

1.1.4 Bulk Magnetic Properties

In the picture presented thus far, one would expect a ferromagnetic material to ex-

hibit fully aligned magnetic moments below its ordering temperature, even in the

absence of a magnetic field. However, such behaviour is not usually observed, due

to the formation of magnetic domains that reduce the magnetostatic energy of the

system. Note that the formation of each domain requires the creation of a domain

wall which costs energy depending on the exchange stiffness and anisotropy of the ma-

terial.12,15 For sufficiently small samples, the cost of domain wall formation exceeds
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M

μ0H

Figure 1.4: Schematic showing the relationship between a hysteresis loop and the domain structure

of a bulk ferromagnet.

the magnetostatic energy reduction and so they remain single domain.

A consequence of this domain formation is that magnetization measurements are

impacted by the behaviour of the domains and not just individual magnetic moments.

A hysteresis loop (as shown in figure 1.4) is the typical measurement to probe magnetic

response. Such a measurement often begins by applying a large field which aligns all

the magnetic moments, inducing maximum magnetization, known as the magnetic

saturation (MS) and eliminating the domain structure. As the magnitude of the

applied field is reduced, there is insufficient energy to keep all the moments aligned and

the magnetization begins to decrease. This decrease is typically initiated by coherent

rotation of the moments before reversed domains nucleate and spread through the

material. The applied field where the net magnetic moment is zero is known as the

coercive field (µ0HC).
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1.2 Nanoparticle Magnetism

The magnetism of nanoparticles is significantly different from that of their bulk ana-

logues. While the intrinsic properties of the material are retained, finite size effects

create geometric restrictions and the large fraction of atoms in broken coordination

induce surface effects. These combined effects impact the behaviour of individual

nanoparticles, while interparticle interactions further modify the overall properties.

1.2.1 Superparamagnetism

Interesting magnetic properties arise when the size of a material becomes comparable

to characteristic length scales such as the exchange length and domain wall width.12

One of the most common consequences is that when the particle size is sufficiently

small, the formation of domain walls becomes unfavourable and the particles become

single domain. The critical diameter is proportional to A1/2/MS where A is the

exchange stiffness constant and MS is the magnetic saturation as usual.19

In a simple single domain nanoparticle, the Stoner-Wohlfarth model can be used

to describe the magnetism.20 To start, the energy barrier to reversing the moment

of a single uniaxial particle is considered. From Equation 1.3, this relationship takes

the form ∆E = KV sin2 θ in the absence of an applied magnetic field, resulting in

an energy barrier of ∆E = KV . However, thermal effects need to be considered.

For a collection of nanoparticles at a non-zero temperature T , the magnetization will

fluctuate as a function of time t via

dM

dt
= − 1

τ0
Me

− ∆E
kBT = −M

τ
(1.6)
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where 1/τ0 is the number of times the system attempts to surpass the energy barrier

∆E and τ is the relaxation time. The Néel-Arrhenius Law is obtained by rearranging

this equation into the following:21

τ = τ0 exp
(

∆E

kBT

)
(1.7)

Essentially this law describes the probability of the moments spontaneously flipping

due to thermal effects. At T = 0, the magnetization is fixed and no fluctuations

are possible. An increase in system temperature allows fluctuations to occur. If T

becomes sufficiently high that kBT exceeds ∆E, then the energy barrier to reversal

effectively vanishes and the system will exhibit no net magnetization in the absence

of a magnetic field. The overall behaviour of the system becomes similar to that of

a paramagnet, albeit with a larger effective magnetization. This situation is known

as ‘superparamagnetism’, and the threshold temperature is referred to as the super-

paramagnetic blocking temperature (TB).

1.2.2 Surface Effects

One of the most significant effects of shifting from a bulk system to a nanoscale sys-

tem is the significant role of surface effects. At the surface of nanoparticles, atoms

exist in an altered coordination environment. Typically these surface ions have a

broken crystallographic symmetry with a reduced coordination number, resulting in

relaxation of the lattice. These variations in the atomic structure at the surface are

coupled to altered electronic bonding, which then impacts the exchange interactions

that control magnetism. Because it is practically impossible to separate the differ-

ent effects that can occur at the surface, the concept of surface anisotropy (KS) is
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used.11,22,23

This surface anisotropy combines with the bulk crystal and shape anisotropies to

yield the effective anisotropy. The relative importance of surface anisotropy to a par-

ticular system is primarily dependent on its surface area to volume ratio. As a result

surface anisotropy has a greater role in smaller nanoparticles, due to the relative in-

crease in surface atoms.24 While experimental determination of the spin structure due

to surface anisotropy remains difficult, simulations reveal that the magnetic behaviour

depends on the magnitude of surface anisotropy (KS) compared to bulk anisotropy

Figure 1.5: Simulated spin configurations of a particle with simple cubic structure: a) collinear

ferromagnetic configuration if KS=0, b) throttled configuration, c) hedgehog configuration, and d)

artichoke configuration. Reprinted figure with permission from L Berger, Y Labaye, M Tamine, and

JMD Coey. Physical Review B, 77(10):104431, 2008. Copyright 2008 by the American Physical

Society.
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(KV ).22 Figure 1.5 shows the simulated spin configurations of a nanoparticle where

KS/KV is varied. Surface spins are perfectly collinear to bulk spins when KS=0,

while a ‘throttled’ or ‘flower’ configuration (see figure 1.5b) occurs as KS increases.

The ‘hedgehog’ configuration occurs as an extreme case when KS/KV becomes very

large, resulting in no net moment. If KS is negative, the easy direction lies parallel

to the particle surface and an ‘artichoke’ configuration occurs.25 Because KS is esti-

mated to be ∼1 mJ/m226 – several orders of magnitude larger than KV of most cubic

ferromagnets,22 surface anisotropy effects are critical to nanomagnetism.

1.3 Iron Oxide

Iron oxides are amongst the oldest known magnetic materials and have been used

for incredibly diverse applications. Though composed of only iron and oxygen ions,

variations in composition and structure yield six distinct iron oxides, each with its own

unique properties. These consist of FeO (wüstite), Fe3O4 (magnetite) and four Fe2O3

polymorphs: α-Fe2O3 (hematite), β-Fe2O3 , γ-Fe2O3 (maghemite), and ϵ-Fe2O3.
1 The

studies in this work will focus on magnetite and ϵ-Fe2O3.

1.3.1 Magnetite (Fe3O4)

Magnetite is amongst the oldest known magnetic materials and is the only stoichio-

metric iron oxide that contains both Fe3+ and Fe2+.
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Figure 1.6: Structure of Fe3O4. Td Fe are blue, Oh Fe are gold, and O are black.

Structure

At room temperature Fe3O4 is an inverse spinel of space group Fd3̄m with one O

site and two distinct Fe sites as shown in figure 1.6. Tetrahedral (Td) sites are oc-

cupied by Fe3+, while octahedral (Oh) sites contain both Fe2+ and Fe3+, resulting in

the nominal cation distribution (Fe3+)[Fe2+Fe3+]O4. Due to double exchange inter-

actions and fast electron hopping between Oh sites, the effective cation distribution

is (Fe3+)[Fe2.5+]2O4.
27 At low temperatures (<∼120 K), the structural symmetry is

lowered and Fe3O4 becomes monoclinic with the C2/c space group.28,29

The Verwey Transition

The Verwey transition was first discovered by Evert Verwey in 1939.3 This phase

transition is characterized by the simultaneous change in structure and electrical con-

ductivity that occurs at ∼125 K where Fe3O4 transforms from a high temperature
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inverse spinel semi-metal (from the Oh site electron hopping) to a monoclinic insula-

tor. The structural changes have also been described by a freezing of phonon modes.6

While this transition was originally attributed to charge ordering via alternating Fe2+

and Fe3+,30 advances in experimental techniques and theoretical modelling have dis-

proven this model.4,5

Instead, the concept of ‘trimerons’ has been proposed based on density functional

theory (DFT) calculations31 and the observed shortening of Fe-Fe distances between

Oh sites (see figure 1.7).6,32 Trimerons are quasiparticles created by the delocalization

of t2g electrons from a central Fe2+ ion to two acceptor ions resulting in orbital order

within the three Fe sites.33 The atomic shifts from trimeron formation are associated

Figure 1.7: Trimeron structure formed by orbital ordering in Fe3O4, where red arrows indicate

electric dipole moments. Schematic of a single trimeron highlights the Fe-O hybridization. Repro-

duced with permission from K Yamauchi, and P Barone. Journal of Physics: Condensed Matter,

26(10):103201, 2014. Copyright IOP Publishing. All rights reserved.
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with the freezing of the ∆5 and X1 phonon modes and impact the (001) and (110)

Bragg reflections.34 Both NMR and pump-probe experiments support the existence

of this orbital ordering in the low temperature insulating phase.34,35

1.3.2 ϵ-Fe2O3

Of the iron oxide polymorphs, ϵ-Fe2O3 is amongst the least understood. This phase

was first reported in 1934;36 however, progress was relatively limited in subsequent

decades37,38 because preparation of single phase samples remained an obstacle. Dis-

covery that the ϵ phase could be stabilized using a silica matrix in the late 1990’s39

represented significant progress and generated increased interest in ϵ-Fe2O3.

The challenges in producing ϵ-Fe2O3 samples originate in its metastable nature.

This phase of iron oxide occurs between γ-Fe2O3 (maghemite) and the thermodynam-

ically stable α-Fe2O3 (hematite). Notably, ϵ-Fe2O3 is only stable in the nanoscale. It

has been proposed that this limitation is due to the relatively low surface energy of

ϵ-Fe2O3;
10 however further investigation into the γ → ϵ transformation above 700◦C

is necessary.40

Structure

ϵ-Fe2O3 is an orthorhombic perovskite of space group Pna21, composed of four Fe

sites and six O sites as shown in figure 1.8a and tabulated in table 1.1.41 The Fe

sites consist of two distorted octahedra (DOh), called such for the increased variance

in Fe-O bond lengths, one regular octahedra (ROh) and one tetrahedra (Td).
10,39,41

Both the DOh1 and ROh sites form edge-shared octahedral chains along the a-axis as

shown in figure 1.8b.
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a) b)

Figure 1.8: a) Structure of ϵ-Fe2O3 composed of DOh (dark blue), ROh (light blue) and Td (red)

sites. b) Structure of ϵ-Fe2O3 showing formation of edge-shared DOh1 octahedral chains along a-

axis.

Table 1.1: Atomic positions for ϵ-Fe2O3 with space group Pna21.

Atom x y z

Fe1 (DOh1) 0.67904 0.84309 0.00000

Fe2 (DOh2) 0.20010 0.35191 0.77193

Fe3 (Td) 0.81084 0.65813 0.69060

Fe4 (ROh) 0.68562 0.46366 0.98392

O1 0.34250 0.84459 0.89107

O2 0.00153 0.48512 0.63848

O3 0.46636 0.67871 0.63941

O4 0.55053 0.65394 0.10864

O5 0.85091 0.33322 0.85814

O6 0.34318 0.50802 0.89220
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Magnetism

At room temperature, ϵ-Fe2O3 is a weak ferrimagnet with net moment along the a-

axis, an enormous coercivity (µ0HC) of ∼2 T, and magnetoelectric coupling.42,43 How-

ever, the collinearity and origin of the net magnetic moment is not understood. Two

proposed configurations are shown in figure 1.9. In the collinear model, supported

by neutron diffraction, the magnetic moments along the a-axis are mDOh1 = −3.9µB,

mDOh2 = +3.9µB, mTd = −2.4µb, and mROh = +3.7µB.41 Together this yields a net

magnetization of 0.3µB per Fe3+, due to the uncompensated moments between Td

and ROh sites. The origin of the reduced Td moment is unknown. The authors of

this report do note that their data also supports a small canting of mTd and mROh,

and so does not exclude the possibility of a non-collinear magnetic model. In the

non-collinear magnetic model, the Oh sites have nearly collinear magnetization, while

the Td site is misaligned and possibly disordered.39 In this model, the net magnetic

moment arises from the geometric compensation of Td sites. Recent density func-

tional theory simulations have attempted to identify the magnetic ground state of

b)a)

Figure 1.9: Possible a) collinear and b) non-collinear magnetic structures of ϵ-Fe2O3. Magnetic

moments of DOh (dark blue), ROh (light blue) and Td (red) sites indicated by arrows.
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ferrimagnetic ϵ-Fe2O3;
44 however, inconsistencies between experimental results and

the setup of these simulations make the overall conclusions less trustworthy.

Like many other perovskites,45 ϵ-Fe2O3 exhibits a magnetic transition. Below

∼80 K, it has an square wave incommensurate magnetic structure with reduced

anisotropy.41 The physics that underpin this transition is currently unresolved.

Conflicting Local Electronic Environment Reports

In addition to the open questions concerning the collinearity of the high temperature

ferrimagnetic phase and the physics behind the magnetic transition, reports of the

local electronic environment around the Fe sites of ϵ-Fe2O3 often conflict. Though

overall magnetic properties such as the low field susceptibility (χDC) and µ0HC show

very similar temperature dependent behaviours, hyperfine parameters obtained via

Mössbauer spectroscopy reveal significant differences, particularly in the quadrupole

splittings (∆) that measure the charge symmetry from the O-ligand fields about the

Fe ions. Spectra even show the transition temperature itself changes with respect

to the overall, long-range system’s magnetism.41,46–49 This variability has made the

connection between bulk properties, microstructural effects (e.g. stress, strain, bond-

ing disorder etc.) and local properties unclear, particularly because the fitting of

Mössbauer spectra is model independent. One confounding factor is the samples

themselves. Because a variety of synthesis methods have been used, each impacts the

resulting structure-composition-magnetism inter-relations of the measured nanoparti-

cles differently (especially with the sometimes unavoidable presence of the other iron

oxide polymorphs). A more systematic study of ϵ-Fe2O3 nanoparticles is necessary to
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decouple the impacts of structure and composition, and identify the local electronic

environment of this phase.

1.4 Crystal Field Theory and Jahn-Teller Distortion

Crystal field theory describes how the orbital degeneracy of transition metal ions is

broken by crystal field effects. Because electrons are filled from lower to higher energy

orbitals, such effects determine the electronic configuration of individual ions which

impacts the electronic and magnetic interactions within a material. The crystal field

splitting energy (∆) is the energy difference that appears between orbitals oriented

between the ligands and those oriented towards the ligands. Thus ions with octahedral

coordination have lower energy t2g orbitals, while ions with tetrahedral coordination

t2g

t2g

eg

eg

Δ

Δ

Figure 1.10: Effect of crystal field effects on ions in octahedral (top) and tetrahedral (bottom)

coordination. Crystal field splitting energy ∆ separates the t2g and eg orbitals.
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have lower energy eg orbitals (see figure 1.10). In tetrahedral coordination, ∆ is 4/9

of ∆ for octahedral coordination. The spin state of an ion is determined by the

relationship between ∆ and the energy required to pair electrons (P ). If ∆ < P , then

a high spin state is favoured, while ∆ > P favours a low spin state. The reduced ∆

of tetrahedrally coordinated ions typically results in high spin states. In both Fe3O4

and ϵ-Fe2O3, all of the Fe ions are in a high spin state.

Note that while crystal field splitting reduces orbital degeneracy, it does not lift

it completely. Depending on both the number of valence electrons and the spin state,

a situation may occur where orbitals of equal energy are unequally occupied. This

electron configuration is unfavourable, and so a Jahn-Teller distortion often occurs

to lift the orbital degeneracy via either the compression or expansion of some ligand

bonds. Weak Jahn-Teller distortions occur for uneven occupation of t2g orbitals, while

strong Jahn-Teller distortions occur for uneven occupation of eg orbitals. High spin

Mn3+ (d4) is the archetypal Jahn-Teller active ion, known for exhibiting strong Jahn-

Teller distortions. For the iron oxides of interest, only the Fe2+ ions in Fe3O4 are

Jahn-Teller active (albeit weakly), while the Fe3+ ions are Jahn-Teller inactive.

1.5 Multiferroicity

Multiferroic materials simultaneously exhibit at least two types of ordering (mag-

netism, electricity, elasticity, toroidicity).50 These materials are fascinating because

the coupling between orderings has great potential for a wide range of applications.

Magnetoelectrics are of particular interest because the interplay between magnetism

and electricity can allow the manipulation of spin with electricity and charge with
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Figure 1.11: Magnetoelectric “family tree” showing how the origins of conventional ferroelectricity

and magnetism combine to form magnetoelectric materials. Reproduced with permission from N

Spandin and R Ramesh. Nature Materials, 18(3):203–212, 2019. Copyright Springer Nature BV.

magnetism.51 Such control would represent a significant advance for magnetic record-

ing and spintronics applications. However; ferromagnetism and ferroelectricity tend

to be mutually exclusive.52

The requirements for magnetism are straightforward, with a magnetic moment

occurring for partially filled d or f orbitals. In contrast, the origins of ferroelectricity

are more complicated. Though different mechanisms have been determined, the un-

derlying physics is not well understood.53 ‘Conventional’ ferroelectricity occurs via

two mechanisms: d0 or lone pairs configurations, both of which significantly limit the
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number of possible magnetoelectrics. In contrast, ‘novel’ ferroelectricity can originate

from structural distortion, charge and magnetic ordering etc., creating opportuni-

ties for more materials.51,53 Figure 1.11 shows how ferroelectricity and magnetism

combine in magnetoelectric materials.54 Because most single phase multiferroics are

rare-earth (R) transition metal (M) perovskites (RMO3), this general structure will

be used to discuss some of the different mechanisms behind magnetoelectricity.

For the d0 configuration, ferroelectricity occurs because the hybridization of elec-

tron clouds of neighbouring M ions allows for off-centred ions. This type of displacive

ferroelectricity is favourable when the d shell is empty and electrons are highly lo-

calized.55 For example, in BaTiO3 the empty d states of Ti4+ establish strong pd

covalency with some of the neighbouring O ions, causing the Ti ion to shift from the

centre of the O6 octahedra.53 This shift causes the broken symmetry necessary for

ferroelectricity. By contrast, in the lone pairs configuration there is no restriction

on the valence of M ions. Instead, the broken spatial symmetry is caused by the

anisotropic distribution of unpaired valence electrons from R. The most notable lone

pair multiferroics are BiFeO3 and BiMnO3, where a pair of 6s electrons from Bi3+ do

not participate in sp-hybridization, and are free to create a local dipole moment.

The origins of novel ferroelectricity are more varied and less predictable than that

of conventional ferroelectricity. Geometric structural distortions have been shown

to cause ferroelectricity in some materials such as hexagonal manganites. However,

because this ordering tends to be due to polyhedral rotations, it is less responsive

to switching than conventional ferroelectricity. Charge ordering is another novel

mechanism, although much of the interest appears to be focused on organic-based
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multiferroics. Finally, and perhaps most interestingly, magnetic ordering has also

been shown to induce ferroelectricity. Such a mechanism is appealing because the

magnetoelectric coupling is particularly strong.53,54
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Experimental Methods

2.1 Nanoparticle Synthesis

2.1.1 Fe3O4 Nanorods

Three different sizes of Fe3O4 nanorods were synthesized. The smallest nanorods

were prepared via the solvothermal decomposition of Fe(CO)5.
56 First a solution

containing 1.2 g hexadecylamine (technical grade, 90%, Aldrich), 4 ml oleic acid

(99%, Alfa Aesar) and 16 ml 1-octanol (99%, Alfa Aesar) was heated to 55◦C and

stirred for 30 minutes. The solution was cooled to room temperature, 4 ml Fe(CO)5

(Acros Organics) was added, and the solution was stirred for an additional 60 min.

The entire solution was transferred into the Teflon liner of a 45 ml Parr acid digestion

vessel, sealed and placed in a 200◦C box furnace for six hours. The resulting particles

were separated magnetically and washed in ethanol.

Both the medium and large Fe3O4 nanorods were synthesized via a two-step pro-

cess where β-FeOOH were prepared via hydrothermal decomposition, then reduced

25
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to Fe3O4 in oleylamine. To prepare the medium-sized β-FeOOH nanorods, 4.3248 g

of FeCl3· 6H2O (ACS grade, Fisher Scientific) and 0.16 g polyethylenimine (branched,

800 Mw, Aldrich) were dissolved in 80 ml DI water.57 Only 38 ml of solution was

poured into a digestion vessel, sealed and placed in a 110◦C box furnace for seven

hours. The resulting particles were recovered via centrifugation, washed in ethanol

and dried in a 50◦C box furnace overnight.

To prepare the large β-FeOOH nanorods, 9.4602 g of FeCl3· 6H2O and 2.1 g of

urea (ACS grade, Fisher Scientific) were dissolved in 35 ml DI water.58 The entire

solution was poured into a digestion vessel, 5 ml removed, and the vessel sealed and

placed into a 125◦ box furnace for four hours. The resulting particles were recovered

via centrifugation, washed in ethanol and dried in a 50◦C box furnace overnight.

To convert the β-FeOOH nanorods into Fe3O4 nanorods, the β-FeOOH nanorods

were suspended in 50 ml oleylamine (70% technical grade, Aldrich) and heated to

210◦C in an argon atmosphere under reflux conditions for two hours. The resulting

particles were separated magnetically and washed extensively; first in hexanes and

acetone, then ethanol, and finally methanol. The nanoparticles were dried in a 50◦C

box furnace overnight.

2.1.2 ϵ-Fe2O3 Nanoparticles

ϵ-Fe2O3 nanoparticles were synthesized by annealing an iron-impregnated silica gel.59,60

To prepare the gel, 0.84 ml DI water and 3.9 ml reagent alcohol (ACS grade, Fisher

Scientific) were stirred together for 5 min at 350 RPM before 1.590 g Fe(NO)3-9H2O

(98+%, Acros Organics) was added. Once fully dissolved, 3 ml TEOS (98%, Alfa
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Figure 2.1: FeCl3 solution (left) before and (right) after TEOS addition

Aesar) was added dropwise under stirring conditions over ∼10 min causing the so-

lution to noticeably lighten in colour as shown in figure 2.1. After TEOS addition,

the beaker was covered and stirred for 20 min. The solution was divided between

two 6 cm diameter glass Petri dishes, covered, and placed in a 40◦C furnace for two

days. The Petri dishes were monitored during this period to ensure that the dishes

remained unsealed and films were drying.

Resulting gels were ground using an agate mortar and pestle and placed in an

alumina crucible for annealing in a Thermolyne 79300 tube furnace in air. Gels were

heated at 3◦C/min to 60◦C, held for 60 min, heated at 3◦C/min to 450◦C, then heated

at 1◦C/min to 1100◦C where it was held for 180 min. After the set time elapsed, the

furnace turned off and cooled naturally. The sample progression is shown in figure 2.2.

To prepare larger nanoparticles, the maximum temperature was increased while the

dwell time was adjusted such that the annealing time was equal for all samples. Thus

the 1150◦C and 1200◦C samples were held for 130 min and 80 min, respectively.

While the silica matrix is necessary to stabilize the nanoparticle phase during
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a) b)

c) d)

Figure 2.2: Fe-impregnated SiO2 gel after a) drying and b) grinding. Alumina crucible with c)

Fe-impregnated SiO2 before annealing and d) SiO2-coated ϵ-Fe2O3 nanoparticles after annealing.

synthesis, removal is required to facilitate sample characterization. Silica etching was

achieved by refluxing the annealed ϵ-Fe2O3-SiO2 samples in an excess of 12 M NaOH

for 18 h. The resulting sample was divided amongst six test tubes, centrifuged and

washed thoroughly with DI water until nanoparticles remained suspended in solution.

Then 100 µl of glacial acetic acid (99.7%, Alfa Aesar) was added to each test tube

to neutralize any remaining NaOH. After 30 min, two test tubes of solution were

divided amongst three new tubes, filled with acetone and centrifuged. The process

was repeated with the remaining four tubes to yield three test tubes containing all

of the etched nanoparticles. These were washed twice using a ∼1:4 water:acetone

solution and twice with acetone before drying.

Transition metal doped ϵ-Fe2O3 nanoparticles were prepared using the same method
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Table 2.1: Transition-metal (M) doped ϵ-Fe2O3 nanoparticle samples prepared for this work. Per-

centage denotes fraction of M substituted for Fe ions in the synthesis.

Dopant (M) 0.5% 1% 2% 3% 4% 6% 8% 9% 12%

Cr – x x – x x – x x

Mn – x x – x x x – x

Co x x x – x – – – –

Ni x x x – x – – – –

Cu x x x x x – – – –

Zn – x x x x x – – –

described in section 2.1.2. To incorporate the dopant a fraction of the Fe ions were

replaced with an equivalent amount of transition metal ions in the form of a hydrated

nitrate salt in the preparation of the impregnated SiO2 gel. Low levels of doping

(<4%) were prepared initially, and the doping level was increased until x-ray diffrac-

tion patterns deviated from that of the undoped ϵ-Fe2O3. Table 2.1 lists the samples

that were prepared.

2.2 Powder x-ray diffraction

X-ray diffraction (XRD) provides information about crystal structure. Incident x-rays

scatter off of the electrons that surround each ion in the lattice, and the constructive

interference of these scattered waves form a diffraction pattern. The Bragg equation

relates the periodic spacing between hkl planes (dhkl), diffraction angle θ, and x-ray

wavelength λ as

nλ = 2dhkl sin θhkl (2.1)
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Figure 2.3: Schematic of Bragg diffraction.

where n is an integer. Figure 2.3 shows a schematic of Bragg diffraction. For an

infinitely large crystal, the width of the diffraction patterns peaks is determined by

instrumental factors; however, finite size effects lead to broadened peaks in smaller

crystallites. The Scherrer equation relates the average crystallite size τ to the broad-

ening as

τ =
Kλ

β cos θ
(2.2)

where K is a dimensionless shape factor (0.9 for spherical particles), λ is the x-ray

wavelength, β is the full width at half maximum of the intensity in radians, and θ is

the Bragg angle.

XRD patterns were collected to determine the structure of the nanoparticles.

All patterns were collected using a Bruker D8 DaVinci in Bragg-Brentano geometry

with Cu-Kα radiation. The x-ray tube consists of an electrically heated tungsten

cathode which produces electrons that are accelerated to the Cu anode target by a

large potential difference (40 eV). When the tube current (40 mA) strikes the target,

characteristic Cu x-rays and Bremsstrahlung radiation are generated, exiting the tube
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through the Be window. The primary optics are configured to focus the x-ray beam on

the sample surface, while secondary optics focus the diffracted x-rays on the detector.

A Ni filter on the secondary optics is used to attenuate the Bremsstrahlung and Cu

Kβ x-rays. A Lynxeye linear Si strip detector was used to detect the diffracted x-

rays. Incident x-rays cause photoionization resulting in electron-hole pairs which are

measured using a bias voltage. To reduce the effects of fluorescent radiation produced

by excitation of the Fe K-shell (7 keV) electrons by the Cu Kα x-rays (8.04 keV), a

minimum energy threshold is set in the diffractometer software.

XRD patterns were collected using dried nanoparticle samples on a zero-background

quartz slide. Room temperature measurements used a rotating stage, while low tem-

perature measurements used an Oxford Cryosystems Phenix closed cycle refrigeration

stage. Rietveld refinements to obtain lattice parameters, average crystallite sizes and

strain analysis were performed using FullProf and GSAS-II.61,62

2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is a characterization technique that uses

an high energy beam of electrons for imaging and diffraction. Electrons are emitted

using a field emission electron gun, which is designed to deliver a bright coherent

beam of electrons. The beam is focused through a multistage condensing system

before interacting with the sample. Because electrons interact strongly with matter,

only thin samples can be imaged using a TEM. Depending on the imaging mode

used, different information can be obtained. For comprehensive discussion of TEM,

the reader is referred to Reference.63
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In bright-field mode, the transmitted beam of electrons is used to generate an

image of the sample. Here the beam of electrons can be treated as particles, where

the interaction depends on the mass thickness (proportional to the density and thick-

ness) and the material composition (proportional to the atomic number (Z)) of the

sample. As a result, TEM bright field images provide information about nanoparticle

morphology and composition.

The TEM can also be operated in scanning transmission electron microscopy

(STEM) mode. Unlike conventional modes where the images area is fully illumi-

nated, STEM mode uses a tightly focused beam that is rastered across the sample.

For typical high angle annular dark field (HAADF) images, the image is formed by

electrons scattered to high angles from the sample. As a result, HAADF images are

very sensitive to Z. STEM mode is also used for energy dispersive spectroscopy (EDS),

which measures the characteristic x-rays excited by the electron beam. EDS detectors

are based on semi-conductor chips that measure the current produced by the forma-

tion of electron-hole pairs generated by the incoming x-rays.64 In this manner, both

the intensity and energy of the x-rays can be detected, producing a spectrum that

corresponds to the composition of the sampled region. By performing EDS measure-

ments while rastering the beam across the sample in STEM mode a full compositional

map can be produced.

Nanoparticles were suspended in chloroform and dropped onto a 200-mesh carbon-

coated copper grid. TEM images were collected on a FEI Talos F200X S/TEM at the

Manitoba Institute of Materials (MIM) using a 200 kV accelerating voltage. Bright

field images were acquired using the Ceta-D scintillator-based camera, while EDS
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measurements used the Super-X integrated EDS system composed of four individual

detectors. Bright field images were analyzed using ImageJ65 to determine particle

size distributions.

Additional high resolution TEM (HRTEM) and STEM images of the Fe3O4 nanorods

were collected using a JEOL ARM-200TH at 200 keV by Prof. C. Ouyang, C.-C. Chi,

and A. Ranjan at National Tsing Hua University in Taiwan. They also performed

image analysis and structural simulations using Java Electron Microscope Simulation

(JEMS)66 with Fe3O4 structural parameters from ICDD. This analysis uses the mul-

tislice method where the ab initio simulations used the Vienna ab initio simulation

package (VASP) based on first principals density functional theory with the general-

ized gradient approximation (DFT-GGA).67 Lattice parameters were determined by

adjusting the shape and radius of the simulated pattern to fit the experimental diffrac-

tion obtained from the fast-fourier transform (FFT) of the HRTEM image. Lattice

strain is calculated using ∆a/a0 where a0 is the lattice parameter of bulk Fe3O4.

2.4 Overall magnetism

Magnetic properties were measured using a superconducting quantum interference

device (SQUID)-based magnetic properties measurement system by Quantum Design

(shown in figure 2.4). This system combines temperature and magnet control ca-

pabilities with a sensitive amplifier system to measure magnetization and magnetic

susceptibility of materials. The magnetic fields are generated by a superconducting

magnet wound into a solenoid. This magnet is designed to be a closed supercon-

ducting loop so that it can be charged to the desired current and then operated
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ΔV
a) b) c)

Figure 2.4: a) Quantum Design MPMS XL-5. b) Superconducting detector coils in second-order

gradiometer configuration with clockwise windings shown in red and counter clockwise windings in

blue. c) SQUID device containing two Josephson junctions (light blue) where voltage across device

produces output signal.

in persistent mode. During a measurement, the sample is moved through a set of

superconducting detection coils (located outside of the sample chamber and in the

centre of the magnet). The detection coils are a single superconducting wire wound

as shown in figure 2.4 into three coils that function as a second-order gradiometer.

This particular configuration is used to minimize noise caused by fluctuations of the

superconducting magnet, and is well-suited to minimize background drifts caused by

the relaxation of the applied magnetic field. As the sample travels through the de-

tection coils, the magnetic moment of the sample inductively couples to the coils and

generates an electric current. This generated current is proportional to the change

in magnetic flux within the detection coils. The signal from the detection coils is

transmitted to the SQUID through superconducting wires.

The SQUID consists of a closed superconducting loop with two Josephson junc-

tions (see figure 2.4) located below the magnet inside a superconducting shield. This

shielding is necessary because the SQUID is extremely sensitive to magnetic field fluc-
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tuations –both from those of the superconducting magnet in the instrument and any

external fields present in the laboratory. The SQUID receives the current from the

detection coils and converts it to an output voltage. Since both the detector coils and

SQUID have linear response, the final output voltage is directly proportional to the

magnetic moment of the sample. Thus as the sample is moved through the magnet

and detection coils, the data recorded is of voltage response vs sample position. The

computer can then fit the acquired signal to that of a theoretical magnetic dipole to

determine the magnetization of the sample.

Preliminary measurements were performed on ϵ-Fe2O3 powder samples mounted

in gel caps; however, measurement irreproducibility and significantly smaller than

expected values of µ0HC were evident. Because interparticle interactions were sus-

pected, dilutions of nanoparticles in paraffin were prepared. As no concentration

dependence was detected and the phase is known to exhibit substantial µ0HC , phys-

ical movement of the particles was suspected. Thus magnetometry samples were

prepared by placing a known mass of nanoparticles into a gel cap, then saturating

the powder with hot paraffin. Full paraffin saturation was evidenced by the darken-

ing of the sample. Note that fixation in paraffin limits the measuring temperature to

<320 K. Zero-field-cooled (ZFC)/field-cooled (FC) DC susceptibility measurements

(χDC) were done on virgin samples by cooling from 300 to 10 K, then measuring using

50 Oe applied field. Hysteresis loops were measured from 10 to 300 K in 50 kOe after

cooling a 0 Oe field (having quenched the magnet at 300 K beforehand).
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2.5 Mössbauer spectroscopy

Mössbauer spectroscopy uses the Mössbauer effect, discovered in 1958 by Rudolf

Mössbauer,68 to probe the local environment of atoms in a sample. This effect is

defined by the recoil-free absorption and emission of γ-radiation by atomic nuclei in

a solid. For a full references, see 69,70.

Experiments based on technique typically utilize γ rays emitted from a radioactive

nucleus as it transitions from excited state Ee to ground state Eg, where the change

⃗pn ⃗pγ

ER = E20
2MNc2 Eγ = E0 − ER

mass = M< E > = E0

a)

b)

Figure 2.5: a) Recoil energy (ER) and momentum (pn) of a free atom after ejection of a γ-ray. b)

Energy separation of γ-ray emission and absorption lines caused by recoil of free atom. Reprinted

figure from P Gütlich, E Bill, and A Trautwein. Mössbauer spectroscopy and transition metal

chemistry, 2010. Copyright Springer Nature.
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in energy is E0 = Ee − Eg. If the nucleus is unbound, then it will experience a loss

in energy due to recoil of

ER =
E2

γ

2MNc2
(2.3)

where Eγ is the energy of the emitted photon, M is the mass of the recoiling object

and c is the speed of light. Here a non-relativistic approximation is used because of

the large mass of the nucleus and low recoil velocity. This recoil will also affect the

absorption of γ-rays, since

Eγ = E0 − ER (2.4)

Since ER is very small compared to E0, Eγ ≃ E0 can be used in Equation 2.3. This

can be shown numerically since for 57Fe, E0=14.4 keV and ER=1.95 meV. Note that

ER will also impact the absorption of a γ-ray, requiring Eγ = E0 + ER to excite the

ground state. As a result, the Mössbauer effect where a γ-ray is absorbed and then

emitted with the same energy is not possible for a nucleus at rest due to energy loss

by recoil.

Of course, from Heisenberg’s uncertainty principle, the precise energy E0 of an

excited state with finite lifetime τ cannot be determined exactly. The physical con-

sequence is that the energy E of γ-rays emitted from an ensemble of fixed nuclei will

be distributed around E0. This distribution is a Lorentzian with full-width at half

maximum (FWHM) Γnat, where the natural line width is related to the half life of

the excited state by Γnat = h̄/τ1/2. For recoil-free absorption and emission to occur,

Γnat > 2ER, as shown in figure 2.5b.

For free nuclei, ER is nearly six orders of magnitude larger than Γnat, making the

probability of resonant fluorescence incredibly low. This probability increases if the
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nucleus becomes bound to a matrix where the recoil momentum becomes distributed

throughout the entire crystallite causing ER to become negligible. Provided that no

phonon annihilation or creation occurs (which would split the absorption and emission

energies), the probability of resonant absorption and emission is given by the f -factor

(Lamb-Mössbauer factor) as

f = exp[−E2
γ ⟨x2⟩ /(h̄c)2] (2.5)

where ⟨x2⟩ is the mean square vibrational amplitude of the emitting atom in the

direction of the emitted photon. This is analogous to the Debye-Waller factor for

Bragg x-ray scattering where the solid’s phonon modes are described by the Debye

model. Because the mean-squared displacement (⟨x2⟩) increases with temperature,

the f -factor decreases as temperature increases, with the rate of decrease dictated by

the absorber’s Debye temperature (ΘD).

In a Mössbauer experiment, a spectrum is collected by measuring the transmission

of Doppler-shifted γ-rays through a sample. For the study of 57Fe, a radioactive 57Co

source is moved relative to the absorber producing Doppler-shifted γ-rays to excite

transitions in the absorber nuclei whose energies are shifted from E0 by hyperfine

interactions. The γ-rays with energy equal to these shifted nuclear transitions will be

absorbed and the Mössbauer spectrum is collected by detecting the transmitted γ-

rays as a function of Doppler-shifted source velocity. The amount of resonant nuclear

γ-ray absorption is determined by the overlap between the shifted emission line and

the absorption line, where maximum absorption occurs when the lines completely

overlap. The line shape of the spectral line is a convolution of the emission and
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absorption lines.

Mössbauer spectroscopy is insightful because the perturbed energy states evi-

denced in the spectra speak to nuclear hyperfine interactions. The three types of

hyperfine interactions to be considered are the nuclear charge density, the electric

field gradient, and the nuclear hyperfine field.71

The nuclear charge density is related to the isomer shift (δ) via the centroid shift

of the Mössbauer spectrum. This parameter is the result of the intrinsic isomer shift

(δI) from the electric monopole interaction and the second-order Doppler shift (δSOD)

from relativistic thermal effects of the emitting and absorbing nuclei. The intrinsic

Figure 2.6: Schematic showing impact of hyperfine parameters (isomer shift (IS) and quadrupole

splitting (QS)) on Mössbauer spectrum. Forbidden Zeeman transitions shown with black arrows

in hyperfine splitting diagram. Reproduced with permission from Dyar et al, Annu. Rev. Earth

Planet. Sci., 34:83–125, 2006. Copyright Annual Reviews, Inc.
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isomer shift is caused by differences in s-electron density between the source and the

absorber

δI =
2π

5
Ze2{|ψs(0)A|2 − |ψs(0)S|2}{R2

e −R2
g} (2.6)

where Z is the atomic number, e is the charge of an electron, |ψs(0)A|2 and |ψs(0)B|2

are the s-orbital electron densities of the absorbing nuclei and source nuclei respec-

tively, and Re and Rg are the radii of the nuclei in the excited and ground states. Since

Re < Rg for 57Fe, an increase in s-orbital density causes δI to decrease. The second-

order Doppler shift is related to the mean square velocity (⟨v2⟩) of the Mössbauer

nuclei, similar to the f -factor, which was related to ⟨x2⟩. As such, δSOD can also be

described by the Debye model with the rate of decrease controlled by ΘD.

Information about the electric field gradient is provided via the quadrupole split-

ting (∆). The quadrupole splitting occurs because 2I+1 magnetic substates (mI) will

form in a state with spin quantum number I when exposed to an electric field gradi-

ent. Because states with |mI | are degenerate, only nuclear states with spin quantum

number I >1/2 have an observable quadrupole moment (Q). For 57Fe, this means

that the excited I = 3/2 state becomes becomes split into two states –measured

experimentally as a doublet. In general, the energy of this splitting is given by

EQ =
eQVzz

4I(2I − 1)
[3m2

I − I(I + 1)]

√
1 +

η2

3
(2.7)

where Vzz = ∂2V/∂z2 is the principal component of the electric gradient field tensor,

and η is the asymmetry parameter given by

η =
Vxx − Vyy

Vzz
(2.8)

where Vxx and Vyy are the off diagonal elements and 0 ≤ η ≤ 1. For the I = 3/2 state
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of 57Fe, the energy splitting simplifies to

EQ =
eQVzz

2

√
1 +

η2

3
(2.9)

Because Vzz ∝ r−3, the strongest contributor of EQ are the valence electrons (p−

and d−orbitals) belonging to the Mössbauer atom; however, symmetry distortions,

covalency effects and spin-orbit coupling all play a role.

Finally, the Mössbauer spectrum also provides information about the local mag-

netic field (B⃗hf ). The interaction between the nuclear spin (I⃗) and the magnetic

moment (µ⃗) with B⃗hf at the nucleus occurs via the Zeeman interaction as described

by the Hamiltonian

H = −µ⃗ · B⃗hf = −gNµN I⃗ · B⃗hf (2.10)

where gN is the nuclear Landé factor and µN is the nuclear magneton. Thus the

Zeeman interaction splits the states with I⃗ into equally spaced substates with nuclear

energies

EM = −gNµNmIBhf (2.11)

where mI is the nuclear magnetic spin quantum number.

In 57Fe, the transition from I = 1/2 to I = 3/2 with selection rules ∆I = 1 and

∆mI = 0,±1 allows for six transitions as shown in figure 2.6, resulting in a sextet.

For a randomly oriented powder (giving an isotropic distribution of the magnetic field

relative to the direction of γ-ray propagation), the relative line intensities from the

Clebsch-Gordan coefficients are 3:2:1:1:2:3.

There are a number of sources that contribute to Bhf . The isotropic Fermi contact

field is the most significant, stemming from a net spin-up or spin-down s-electron
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density at the nucleus caused by spin polarization by unpaired valence electrons.

Other contributors to Bhf are caused by the orbital motion of the valence electrons

and a non-spherical distribution of the electric spin density.

Figure 2.7 shows a typical Mössbauer spectrometer configuration. For the 57Fe

Mössbauer experiments in this thesis, a 57Co source in Rh matrix is mounted on

a Wissel MDU MR-360 transducer. A Wissel DFG-1200 digital function genera-

tor supplies a constant acceleration (triangle) waveform to the drive, producing the

Doppler-shifted γ-rays that interact with the 57Fe nuclei in the sample. A LND model

45431 Ar/Xe proportional counter located behind the sample detects γ-rays that are

transmitted through the sample. This signal is amplified before processing with an

ORTEC single channel analyzer (SCA), which generates a pulse when it detects a

signal within a voltage window. This window is set using the SCA’s upper and lower

discriminators and chosen to detect only the 14.4 keV γ-rays. The output of the

SCA is sent to the PC with an ORTEC multi-channel scaler (MCS) which sorts the

Transducer

Mössbauer
Drive Unit

Function 
Generator

Proportional
Counter Pre-Amp

High Voltage
Power Supply

Amplifier/
SCA

PC

Source Sample

Figure 2.7: Schematic of typical Mössbauer spectrometer.
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incoming data into channels. Each channel corresponds to a specific drive velocity, so

the resulting Mössbauer spectrum is the number of transmitted γ-rays as a function

of drive velocity.

The spectrometer is calibrated using 6 µm α-Fe foil, which has Bhf of 33 T at room

temperature. All δ are reported relative to α-Fe at room temperature. Spectra were

collected from 10 to 300 K using a Janis SHI-850 closed cycle refrigeration system

of silica-free powder samples. A non-linear least squares analysis was applied to the

spectra, where each Fe site is characterized by a Lorentzian sextet with the hyperfine

parameters discussed above.

2.6 X-ray spectroscopy

X-ray spectroscopic techniques are amongst most useful for materials characterization

due to their sensitivity and element specificity, and are most often performed at syn-

chrotron facilities. In a synchrotron, electrons at relativistic energies are accelerated

along a circular path. Each change in direction causes electromagnetic energy to be

emitted with total intensity proportional to Γ4 where Γ = Ep/(mc
2) where Ep and m

are the energy and mass of the electron and c is the speed of light. Thus the intensity

of synchrotron radiation is high compared to conventional sources. This radiation is

emitted tangentially from the particle beam, and directed for use through a beam

port into a beam line and experimental end station.72 Experiments utilizing lower

energy (“soft”) x-rays require the beam path to be under vacuum, while those with

high energy (“hard”) x-rays require end stations to be shielded (often through the

use of lead-lined hutches).
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2.6.1 Soft x-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a soft x-ray technique. It utilizes monochro-

matic x-rays to excite core electrons of the sample into empty valence holes. Such

an excitation occurs when the incoming x-ray photons have sufficient energy to over-

come the binding energy, making this an element-specific technique. Dipole selection

rules limit the transitions between states to ∆L = ±1 and ∆S = 0, where L is the

azimuthal quantum number and S is the spin quantum number. For a full derivation,

the reader is directed to reference 73. The consequence of these selection rules is

that s-orbital electrons can be excited into p-orbitals, while p-orbital electrons can be

excited to both d- and s-orbitals.

There are three methods for measuring the XAS spectrum: transmission, electron

Figure 2.8: Comparison between a) transmission and b) electron yield methods for measuring x-

ray absorption spectra. Reproduced with permission from J Stöhr and HC Siegmann, Magnetism.

Solid-State Sciences. Springer, Berlin, Heidelberg, 5:236, 2006. Copyright Springer.
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yield and fluorescence. In transmission mode shown in figure 2.8a, the experiment is

set up where the incoming beam with incident intensity (I0) passes through a thin

sample with thickness d and linear x-ray coefficient µx, and the transmitted intensity

(It) is detected. The relationship between the incident and transmitted beam is given

by It = I0e
−µxd. When the incident energy (h̄ω) becomes sufficient to excite a core

electron to an empty state, a drop in It appears, corresponding to the quantized

absorption edge. Typically It is normalized by I0 to minimize the effect of incident

beam fluctuations and the spectrum is presented as ln(I0/It), making the presented

data proportional to µx.

Electron yield mode measures the same process, though the detection takes ad-

vantage of different physics as shown in figure 2.8b. As in transmission mode, the

incident x-ray beam causes the excitation of a core electron to a valence state creating

a core-hole. This core hole is then filled by a valence electron causing the ejection of

either a fluorescent x-ray or an Auger electron which generates a low energy cascade of

electrons that travel to the surface of the material. Additional current will be gener-

ated by photoemission from the incident beam. This current (or total electron yield)

is then measured using a picoammeter. Because the total number of electrons is pro-

portional to the probability of Auger electron creation and the effective thickness of

the sample is very thin (d << 1/µx), the resulting signal Ie is directly proportional to

I0µx. While this relationship seems to require very thin samples, most of the electron

yield signal is only able to escape λe ∼5 nm.74 Note that the x-ray absorption length

λx = 1/µx (defined as the distance in the material where the intensity is reduced by

1/e), depends on the photon energy and becomes shorter near absorption edges. For
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the L3 edge of Fe λx is ∼500 nm before the edge, ∼20 nm at the edge and ∼80 nm

above the edge.73 This means that the x-ray sampling depth changes as a function

of energy, and while most of the electron signal originates from λe, some corrections

for contributions of greater depths could be necessary for quantitative analysis. The

reader is directed to reference 74 for a more quantitative description of electron yield

measurements.

XAS spectra can also be measured in fluorescence yield mode. This method is

similar to that of electron yield in that it measures the fluorescent signal produced

when a valence electron fills the core-hole created by the incoming beam. However,

because the produced photons are able to travel further in matter this technique can

probe greater depths than electron yield mode. Since fluorescence yield measurements

are susceptible to self-absorption effects this technique is less quantitative than either

transmission or electron yield modes. Self-absorption is reduced for low concentrations

of the target element, making fluorescent measurements well-suited for probing low

doping levels. Fluorescent yield mode is also an excellent option for insulating samples

where charging effects negative impact electron yield measurements.

In addition to the elemental coordination and valence information, x-ray absorp-

tion using polarized x-rays in an applied magnetic field probes elemental magnetism.

These magnetic insights occur because the probability of exciting a core electron to

a spin polarized valence state is different between left- and right-circularly polarized

beams which have opposite angular momentum. The x-ray magnetic circular dichro-

ism (XMCD) signal is the difference between the x-ray absorption spectra measured

for the two polarizations and is proportional to the difference in the density of ‘spin-
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Figure 2.9: (left) Schematic of the XMCD effect for L3,2 absorption edge of Fe metal. (right)

Experimental data acquired using RCP light with sample magnetization as shown in inset. The

XMCD signal (not pictured) is the difference between yellow and blue lines. Reproduced with

permission from J Stöhr and HC Siegmann, Magnetism. Solid-State Sciences. Springer, Berlin,

Heidelberg, 5:236, 2006. Copyright Springer.

up’ and ‘spin-down’ states that generate the magnetic moment as shown in figure 2.9.

As a result, the XMCD signal is directly proportional to the atomic magnetic mo-

ment. Note that in this ideal model, a fixed beam helicity measured in a magnetic

field with positive and negative polarity is completely equivalent (see figure 2.9).

XMCD of the L3,2 edges begins with the excitation of the 2p3/2 (L3) and 2p1/2 (L2)

electrons. Since these levels have opposite spin-orbit coupling (l+ s and l− s, respec-

tively), the spin polarization will be opposite at the L3 and L2 edges. Additionally,

because dipole selection rules do not allow for spin flips during excitation (∆S = 0),

spin-up 2p electrons can only be excited into partially unfilled spin-up 3d holes. By

examining the possible transitions for the L3 edge, we find that x-rays with a positive
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photon spin will excite 62.5% of the spin-up electrons while a negative photon spin

will excite 37.5% of the spin-up electrons. At the L2 edge, a positive spin excites 25%

of the spin-up electrons and a negative spin excites 75%. To maximize the XMCD

signal, the photon spin should be aligned parallel to the magnetization of the sample

in a saturating magnetic field.

While selection rules do not allow for spin flips during excitation, an indirect

interaction of the x-ray’s angular momentum and the spin of the electron can occur

via spin-orbit coupling which impacts the relative intensities of the L3 and L2 edges.

Information about the spin moment (ms) and orbital moment (ml) can be obtained

from sum rules analysis using the relationship

ml

ms

=
2q

9p− 6q
(2.12)

where p is the integrated area of XMCD spectrum over the L3 edge and q is the

integrated area of both L3,2 edges.75 To extract useful information, XMCD spectra

should be free of non-magnetic artifacts before the integrated areas are calculated.

Such artifact-free XMCD spectra can be obtained by averaging the XMCD signals

from both magnetic field polarities.

XAS and XMCD spectra of the Fe3O4 nanorods were acquired at beamline 4-ID-

C of the Advanced Photon Source (APS), while measurements of the ϵ-Fe2O3-based

nanoparticles were acquired at beamline 4.0.2 of the Advanced Light Source (ALS).

All measurements were done in a helium flow cryostat with powder samples mounted

on carbon tape. ALS spectra were measured as flying scans. Spectra were collected

in total electron yield mode, baseline corrected, and normalized to the maximum

amplitude. XMCD spectra were XAS normalized. Where noted as artifact-free,
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XMCD spectra were averaged over both beam helicities and field polarities. XAS

simulations were performed using CTM4XAS and Crispy.76,77

2.6.2 X-ray absorption fine structure spectroscopy

X-ray absorption fine structure (XAFS) spectroscopy is a ‘hard’ x-ray technique,

utilizing higher energies than those of XAS discussed previously. As with XAS,

a monochromated beam of x-rays interacts with the sample. When the incoming

photons have sufficient energy to overcome the binding energy, core electrons are

excited and an absorption edge occurs. While transition metal XAS spectra consist

L3,2 edges from the excitation of 2p orbitals, XAFS spectra of transition metal ions

typically probe the K edge where 1s core electrons are excited. The decay of the

excited state then produces a cascade of emissions via photoelectrons, Auger electrons,

and x-ray fluorescence. Like XAS, the XAFS spectrum can be measured in either

transmission mode or fluorescence mode and is proportional to the x-ray absorption

coefficient (µ(E)).

The XAFS spectrum itself can be divided into two parts: the near edge spectra

(XANES) composed of features that occur within ∼30 eV of the edge jump and the

extended fine structure (EXAFS) that contains oscillations which extend up to a few

kV above the edge. This thesis will utilize only the EXAFS portion, and so that will

be the focus for the remainder of this discussion.

Figure 2.10 shows how the EXAFS spectrum is produced.78 In the pre-edge region

where beam energy (E) is less than the binding energy of the 1s state (E0), there is not

enough energy to excite a transition and so µ(E) is low. At E = E0 such transition
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Figure 2.10: Schematic of how EXAFS spectrum is produced as described in the text. Reproduced

with permission from SP Cramer, X-ray absorption and EXAFS, X-Ray Spectroscopy with Syn-

chrotron Radiation: Fundamentals and Applications, 2020. Copyright Springer Nature.

becomes possible and there is a jump in absorption known as the edge jump. As

the beam energy is increased further, excess energy can produce a photoelectron

that propagates from the absorbing atom with wavelength λ ∼ 1/
√

(E − E0). This

photoelectron can scatter from a neighbouring atom causing interference with this

initial wave. This interferance modulates µ(E) and results in the oscillatory behaviour

of the EXAFS spectrum. The EXAFS region (χ(E)) is isolated via

χ(E) =
µ(E) − µ0(E)

∆µ
(2.13)

where µ(E) is the measured absorption coefficient, µ0(E) is a smooth background

function representing the absorption of a single (isolated) atom, and ∆µ is the mea-

sured jump in µ(E) at E0.

Since the wave-like behaviour of the photoelectron underpins the physics of the

EXAFS regions, the wavenumber (k) is usually used to describe the spectrum where

k =

√
2m(E − E0)

h̄2
(2.14)
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and m is the mass of an electron. χ(k) can then be weighted by different powers of k

to enhance oscillations at higher energies. Because the frequencies of the oscillations

is χ(k) originate from neighbouring atoms, a Fourier transform into real space reveals

information about the scattering path distances to neighbouring atoms. Thus EXAFS

speaks directly to the local structure around the scattering ion. The EXAFS equation

provides a framework to model the contributions from different neighbouring ions via

χ(k) =
∑
j

Njfj(K)e−2k2σ2
j

kR2
j

sin[2kRj + δj(k)] (2.15)

where j is the shell of N identical atoms located distance R from the excited atom,

f(k) and δ(k) are scattering properties of the photoelectron emitted by the neigh-

bouring atoms, and σ2 is the disorder in the distance.79

Extended x-ray absorption fine structure (EXAFS) spectra of the Fe K-edge were

collected at beamline 20-BM-B of the Advanced Photon Source at Argonne Na-

tional Laboratory. The x-ray beam was monochromated by a Si(111) double crystal

monochromator. A harmonic rejection mirror was used and the beam intensity was

detuned by 15% to eliminate the higher-order harmonics. Samples were a thin layer

of powder enclosed in Kapton tape inside a displex low temperature stage, and spec-

tra were collected in transmission mode using an ionization chamber-based detector.

Data processing and fitting were performed using the ATHENA and ARTEMIS soft-

ware packages.80



Chapter 3

Trimerons and the Verwey transition in Fe3O4

nanorods

Magnetite (Fe3O4) is one of the oldest known magnetic materials, and has been the

focus of many studies in large part because of its metal-insulator transition. Known

as the Verwey transition, it was identified as a change in structure accompanied by a

sudden decrease in electrical conductivity.3,81 At room temperature, Fe3O4 is an in-

verse spinel with charge distribution Fe3+(Fe2.5+)2O4. Below the Verwey temperature

(TV =∼125 K in the bulk), the cubic phase transforms to a monoclinic structure with

β=0.23° along the (110) direction. Much work has been focused on characterizing the

low temperature phase of Fe3O4 with regards to structure. While an approximation

of the crystal structure was published in 1982 by Iizumi et al.,28 only in 2011 was the

full C2/c space group resolved for bulk Fe3O4 below TV .29

Similarly, understanding of the electronic charge ordering behaviour has evolved

significantly in the last two decades. Verwey’s original proposal of alternating Fe2+

and Fe3+ in the octahedral B sites30 has been discarded as both experimental tech-

52



Chapter 3: Trimerons and the Verwey transition in Fe3O4 nanorods 53

niques and theoretical modelling have improved.4,5 Recently, Senn et al. used the

predictions of electronic band structure calculations based on density functional the-

ory (DFT) with the inclusion of Coulomb interactions (DFT+U scheme)31 and ob-

served shortening of B site Fe-Fe distances to introduce the concept of ‘trimerons’.6,32

Trimerons are quasiparticles formed by the delocalization of t2g electrons from a cen-

tral Fe2+ ion to two acceptor ions resulting in orbital order within the three Fe sites.

Due to the complexity of the Verwey transition in ideal bulk Fe3O4, the behaviour

of nanoscale Fe3O4 (both thin films and nanoparticles) is not well understood. Such

nanoscale Fe3O4 is distinguished from its bulk counterpart by strain,82 which has

previously been shown to impact the metal-insulator transition in VO2 thin films.83–85

Because trimerons are oriented in a three dimensional network, the orbital molecules

are affected by strain along a variety of planes. Experimentally, well-controlled strain

has been shown to modify TV in both externally strained Fe3O4 single crystals,86–89

and a series of progressively strained epitaxial thin films.90 In a similar manner,

experimental studies of nanocrystals have identified the suppression (TV <120 K) or

disappearance of TV with decreasing size,91,92 but the origins of this behaviour has

remained an open question. To provide an answer to the receding TV with decreasing

size, nanorods of varying size (and strain) are studied.93

3.1 Structural and Electronic Characterization

TEM images of the three sizes of nanorods were acquired to characterize the morphol-

ogy and obtain particle size distributions of both length and width. Representative

images and their corresponding size distributions are shown in figure 3.1. The aver-
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Figure 3.1: Representative TEM images of the a) small, b) medium and c) large nanorods and

corresponding size distributions with lognormal fits of the length (dark grey) and width (light grey).

age size of the small nanorods is ∼6 nm by ∼40 nm, while the medium nanorods are

∼20 nm by ∼50 nm. The width of the large sample is ∼40 nm. Because the large

nanorods were susceptible to breakage the length has an irregular size distribution

unsuitable for fitting; however, the mean length is ∼700 nm. This breakage is a con-

sequence of the two-step synthesis procedure, as any Cl impurities in the β-FeOOH

precursor will form HCl during the reduction procedure, leading to pitting and cleav-

age of the Fe3O4 rods. Variations in contrast along the nanorods indicate that these

samples are polycrystalline. For ease of discussion, the samples will be referred to

from here by their average length (40 nm, 50 nm, and 700 nm).

Room temperature XRD patterns of the three samples are shown in figure 3.2.

Reitveld refinement confirms that all crystallites have a spinel structure with space

group Fd3̄m. The lattice constants of 8.382(1) Å, 8.377(1) Å, and 8.3828(6) Å for the
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Figure 3.2: Room temperature XRD patterns of the a) small, b) medium and c) large nanorods.

Red dots are data and black line indicates fit. The green Bragg markers index the Fd3̄m structure

while the blue is the residuals of the refinement.

40 nm, 50 nm, and 700 nm nanorods, respectively, are consistent with Fe3O4 (8.39 Å in

bulk) and not γ-Fe2O3 (8.34 Å in bulk).12 The best fit to the data was achieved using

a uniaxial crystallite size model where the unique axis for uniaxial refinement was de-

termined to be along the (110) plane, and crystal strain was included. Both the 40 nm

and 50 nm nanorods were fit using an isotropic strain model. The 40 nm nanorods had

an average crystallite size of 14.2±0.6 nm by 16.3±0.6 nm, while the 50 nm nanorods

had an average crystallite size of 14.9±0.7 nm by 17.2±0.7 nm. The isotropic strain

for the the 40 nm and 50 nm nanorods are -0.53±0.03% and -0.21±0.05%, respectively,

where the negative sign indicates compressive strain. The 700 nm nanorods had an

average crystallite size of 34±4 nm by 53±4 nm, and were best fit with a uniaxial

strain model. Strain was 0.42±0.05% along (110) and 0.25±0.07% perpendicular.
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a) b)

Figure 3.3: a) Schematic of strain present in a polycrystalline nanorod. Surface strain is blue,

intercrystalline strain is yellow, region with both surface and intercrystalline strain is green, and

unstrained crystallite is white. b) TEM image of a 50 nm nanorods composed of two crystallites

with strained intercrystalline region shaded in green. Reproduced with permission from R Nickel et

al, Advanced Materials, 33(16):2007413, 2021. Copyright John Wiley & Sons.

The mismatch between the nanorod dimensions obtained from TEM images and

the crystallite dimensions confirms that all three nanorods are polycrystalline. As

such, the quantified strain can be attributed to a variety of sources. Figure 3.3a

shows a schematic of surface and intercrystalline strain in a polycrystalline nanorod.

The intercrystalline strain is experimentally observed via TEM (see figure 3.3b).

High resolution STEM images, and the corresponding experimental and simulated

diffraction patterns66 of the 40 nm and 700 nm nanorods provide complementary

information about local crystal strain. Figure 3.4 shows the images and diffraction

patterns used for strain analysis of the 700 nm nanorods. The 40 nm nanorods

exhibit exhibit an average of -0.04±0.03% of isotropic strain in each of the measured

planes ((110), (111), and (112)). In contrast, the 700 nm nanorods show significant

uniaxial strain along the (110) plane (∼0.5%), while both (111) and (112) planes

have 0.09±0.02% strain. Thus the electron diffraction results and simulations are

consistent with the XRD refinements. The 40 nm nanorods exhibit small isotropic
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Figure 3.4: a) TEM image of 700 nm nanorods with contrast variation indicating pitting and poly-

crystallinity as discussed in the text. b) High magnification STEM image of 700 nm nanorods with

orientation marked. (inset) Low magnification image of 700 nm nanorods. Box denotes acquisition

region of c) diffraction pattern showing the Fe3O4 structure with zone axis [112]. d) Simulated

diffraction pattern of Fe3O4 using Java Electron Microscope Simulation. Reproduced with permis-

sion from R Nickel et al, Advanced Materials, 33(16):2007413, 2021. Copyright John Wiley & Sons.

compressive strain and the 700 nm nanorods have large uniaxial tensile strain along

the (110) plane. Strain in this direction is notable, because the two phonon modes

whose freezing is associated with trimeron formation are cooperative along (110).34

Differences between the electron diffraction and XRD results occur because electron
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diffraction measurements characterize a highly localized region of the sample while

XRD provides sample-averaged information.

While the structure of the different sizes of nanorods is more consistent with

Fe3O4 than γ-Fe2O3, further evidence is necessary to confirm the phase. Low tem-

perature Mössbauer spectroscopy is a more sensitive probe, because the two phases

have very different hyperfine parameters (reflecting the different Fe coordination en-

vironments).69 Figure 3.5 shows the Mössbauer spectra of the nanorods at 10 K.

All spectra are well described by three sextets with equal relative absorption, corre-
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Figure 3.5: Mössbauer spectra at 10 K of a) 40 nm, b) 50 nm and c) 700 nm nanorods. Components

A, B1 and B2 represent tetrahedral (Td) Fe3+, and octahedral (Oh) Fe2+ and Fe3+ respectively.

Equal relative absorption between the three components is consistent with stoichiometric Fe3O4.



Chapter 3: Trimerons and the Verwey transition in Fe3O4 nanorods 59

sponding to the Fe3+ Td, Fe2+ Oh and Fe3+ Oh sites. The fitted hyperfine parameters

are tabulated in table 3.1. The increased line width of the 40 nm nanorods reflects

increased structural and chemical disorder due to finite size effects on the crystallites.

Overall, the 10 K Mössbauer spectra clearly identify that all three sizes of nanorods

are composed of Fe3O4.

Table 3.1: Hyperfine parameters of Fe3O4 nanorods at 10 K.

Size Component δ (mm/s) Bhf (T) Γ (mm/s)

40 nm Fe3+ Td 0.50 ± 0.02 49.2 ± 0.2 0.38 ± 0.08

Fe2+ Oh 0.51 ± 0.02 44.4 ± 0.3 0.50 ± 0.06

Fe3+ Oh 0.48 ± 0.01 53.3 ± 0.2 0.34 ± 0.03

50 nm Fe3+ Td 0.409 ± 0.007 51.09 ± 0.06 0.23 ± 0.03

Fe2+ Oh 0.68 ± 0.02 48.6 ± 0.2 0.46 ± 0.04

Fe3+ Oh 0.529 ± 0.009 53.15 ± 0.09 0.27 ± 0.02

700 nm Fe3+ Td 0.436 ± 0.007 51.16 ± 0.08 0.25 ± 0.03

Fe2+ Oh 0.56 ± 0.02 48.3 ± 0.2 0.42 ± 0.03

Fe3+ Oh 0.500 ± 0.007 53.31 ± 0.08 0.25 ± 0.02
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3.2 Verwey Transition

Because all nanorod samples are confirmed as being Fe3O4, focus shifts to the ob-

servation of a Verwey transition in each sample. As the structural change from high

temperature cubic to low temperature monoclinic is one of its defining features, XRD

can identify the Verwey temperature (TV ) in bulk Fe3O4. The 20 K and 300 K pat-

terns of the 700 nm nanorods are shown in figure 3.6. The refinement parameters of

these patterns are in agreement within uncertainties, and thus the structural change

observed in bulk Fe3O4 is not observed. Note that this is not unexpected, due to

the finite size of the nanorod crystallites. The reported peak splitting in the cu-

bic to monoclinic transition of bulk Fe3O4 has a peak-to-peak separation of 0.04°,29

while the average FWHM of the 20 K pattern is 0.33° so any structural transition

is obscured by the crystallite broadening. Differences in the residuals are attributed

to background artifacts from the sample holder. Since XRD lacks the sensitivity to

identify a Verwey transition in nanomaterials, other techniques are necessary.

The most commonly used identifier for nanoparticles is a change in the susceptibil-
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Figure 3.6: XRD patterns of 700 nm nanorods at 20 K (left) and 300 K (right). Red dots are data,

black line are fit, green Bragg markers index the structure, and blue line is residuals.
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Figure 3.7: Zero-field cooled (ZFC) χDC of a) 40 nm, b) 50 nm and c) 700 nm nanorods measured

in 50 mT. Inflection point corresponding to the change in magnetic susceptibility is indicated by

shaded region, and derivatives are inset. Reproduced with permission from R Nickel et al, Advanced

Materials, 33(16):2007413, 2021. Copyright John Wiley & Sons.

ity (χDC).4 From figure 3.7, the ZFC χDC of both the 40 nm and 50 nm nanorods have

an inflection point between 90-120 K and 80-120 K, respectively, while the 700 nm

sample has a broad feature between 140 K and 220 K. The nature of these measure-

ments are consistent with reported χDC of bulk Fe3O4, where the Verwey transition

occurs at ∼125 K albeit over a much narrower temperature range.4 Both the 40 nm

and 50 nm nanorods, which have isotropic compressive strain, show the magnetic

transition starting at a lower temperature than bulk Fe3O4, while the transition in
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the uniaxially strained 700 nm nanorods begins at a higher temperature. While these

results suggest a correlation between strain and the magnetic transition, the broaden-

ing of the observed magnetic transition from TV within the nanorod samples prevents

precise conclusions. Though the transition may occur over an increased temperature

range due to structural inhomogeneities as evidenced by distributions of particle size,

crystallite size and structural strain, the nature of the measurement is a contributing

factor as magnetometry measurements of nanoparticles detect the collective response

of a sample and are sensitive to effects such as dipole-dipole interparticle interactions.

Because the magnetometry measurement lacks sufficient clarity (particularly for

the 700 nm nanorods), a complementary technique is necessary to uniquely identify

the Verwey transition and corresponding TV . Since the low temperature monoclinic

phase is established by the freezing of phonon modes,6,34 we can use the measured

relative absorption (f -factor, or Debye-Waller factor) of Mössbauer spectra to detect

the structural transition. The relative absorption of a Mössbauer spectrum depends

on the oxidation and spin state of the 57Fe atoms in the sample, as well as the elastic

bond strength. As a result, the f -factor can be used to detect changes in valence,

spin state or phase with temperature. For the Verwey transition, the structural

transition from the high temperature cubic phase to the low temperature monoclinic

phase would be expected to correspond with an increase in f -factor as the lattice

stiffens and more phonon modes become frozen. Note that the f -factor is intrinsically

temperature dependent. Based on the Debye model of phonon modes the temperature

dependence is given by

f(T ) = exp

[
−3E2

γ

kBΘDMc2

{
1

4
+
(
T

ΘD

)2 ∫ Θ/T

0

x

ex − 1
dx

}]
(3.1)
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where Eγ/2Mc2 is the free-atom recoil energy of 1.9563 meV for 57Fe, kB is the

Boltzmann factor and ΘD is the Debye temperature.

The temperature-dependent f -factor data is shown in figure 3.8 along with the

theoretical curve for ΘD=300 K – chosen because it described the high temperature

behaviour of all three sizes of nanorods. The 40 nm and 50 nm nanorods have changes

in f -factor from 15-25 K and 50-75 K, respectively, while the 700 nm sample shows

an inflection point at 100 K and a jump between 140 K and 150 K. Note that the

temperature range for the 40 nm nanorods was chosen to correspond to a ∼10%
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Figure 3.8: Temperature dependent f -factor of a) 40 nm, b) 50 nm and c) 700 nm nanorods. Tem-

perature range where f -factor changes is indicated by shaded region. Dashed line is the analytical

expression for the temperature dependent Debye-Waller factor where ΘD=300 K. Reproduced with

permission from R Nickel et al, Advanced Materials, 33(16):2007413, 2021. Copyright John Wiley

& Sons.
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jump in f -factor, consistent with that observed for the other two nanorod samples.

The presence of both a structural and magnetic transition indicate that the nanorods

all undergo a Verwey transition. The reduction in transition temperature from that

observed in the magnetic susceptibility is because the f -factor is a very sensitive local

probe. Overall, TV is identified at 30 K, 60 K and 150 K for the 40 nm, 50 nm and

700 nm nanoparticles, respectively. The first jump at 60 K is identified as TV for the

50 nm nanorods because it is sharper than the one at 170 K, which is likely caused

by a differently strained population.

The decrease in TV from that of bulk Fe3O4 (∼125 K) to 20 K and 60 K for

the 40 nm and 50 nm nanorods, respectively, is consistent with previous reports for

nanoparticles where TV decreases as particle size is reduced.91,94–96 However, the

average crystallite sizes of the 40 nm and 50 nm nanorods are comparable indicating

that size is not the what affects the Verwey transition. Instead TV is correlated with

crystallite strain, with the transition temperature decreasing with increasing isotropic

compressive strain since -0.53±0.03% strain was identified for the 40 nm nanorods

compared to -0.21±0.05% for the 50 nm nanorods. This conclusion is consistent with

the observed disappearance of the Verwey transition in very small (< 6 nm) Fe3O4

nanoparticles91 as surface lattice distortion causes increased isotropic strain.97

The 700 nm nanorods show the opposite behaviour, with a significantly increased

TV of ∼150 K. This increase is attributed the uniaxial tensile strain along the (110)

plane (0.42±0.05%), similar to the TV measured by Liu et al. on thin films strained

along (001) with TV = 136 K.90 The 700 nm nanorods exhibit a higher TV than these

films because of the cooperative effect of phonon modes along (110), instead of the
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competing effects along (001).34 The strain along this plane generates minor shifts

in the microstructure that increase the thermodynamic barrier to phonon unfreezing

along multiple modes.

3.3 Trimerons in the 700 nm Nanorods

3.3.1 Evidence via XAS/XMCD

While trimerons have been accepted as the low temperature charge ordering mech-

anism behind the Verwey transition, experimental studies of the formation of these

orbitally-ordered quasiparticles have been performed on ideal bulk Fe3O4 and the

existence of trimerons in nanocrystallites have not been reported previously. The

observed changes in TV for all the nanorods speak to an altered energy landscape

compared to bulk Fe3O4. With the largest shift in TV , the 700 nm rods provide

the clearest window into trimeron dynamics. Additionally, these nanorods present a

unique opportunity to study the Verwey transition in a system under uniaxial tensile

strain (a state unaccessible to bulk systems), and will be the focus for the remainder

of this discussion.

To examine the elemental coordination and magnetism of Fe and O ions, and

identify the formation of trimerons, x-ray absorption spectroscopy (XAS) and x-ray

magnetic circular dichroism (XMCD) were performed over the Fe L3,2 edge (700-

740 eV). The Fe XAS spectrum located in figure 3.9 is consistent with an inverse

spinel oxide.98 From the 10 K simulation containing Fe3+ Td, Fe2+ Oh, and Fe3+ Oh,

the relative site areas of the Fe L3 edge are 32%, 34% and 34%, respectively. This ratio

matches well with that obtained from the 10 K Mössbauer spectrum, providing further
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Figure 3.9: (top) 10 K Fe L3,2 XAS spectrum of 700 nm nanorods. Experimental spectrum is grey

and simulation is black. Simulated components of Fe3+ Td (blue), Fe2+ Oh (purple), and Fe3+ Oh

(red) shown above. (bottom) 10 K Fe L3,2 XMCD spectrum and integrated area in dark green and

light green, respectively. Features x, y, and z correspond to XMCD signal of Fe2+ Oh, Fe
3+ Td and

Fe3+ Oh, respectively. Lines at 717 eV and 738 eV mark p and q used for sum rules analysis to

calculate orbit-to-spin ratio. Reproduced with permission from R Nickel et al, Advanced Materials,

33(16):2007413, 2021. Copyright John Wiley & Sons.

confirmation of the phase. Minor differences between the experimental spectrum

and the simulation could be the result of charge sharing between the Fe sites and

orbital distortion caused by the formation of trimerons in the low temperature phase

(below TV ).

Since Fe3O4 is a ferrimagnet, with antiferromagnetic coupling between Td and Oh

sites, the XMCD spectrum located in figure 3.9 is split. This effect is most clearly seen

in the L3 edge, with the contributions of the various sites marked. Because the orbital



Chapter 3: Trimerons and the Verwey transition in Fe3O4 nanorods 67

50 100 150 200
Temperature (K)

-0.06

-0.04

-0.02

m
l/m

s

Figure 3.10: Temperature dependent orbit-to-spin ratio (ml/ms) of 700 nm Fe3O4 nanorods. Repro-

duced with permission from R Nickel et al, Advanced Materials, 33(16):2007413, 2021. Copyright

John Wiley & Sons.

moment (ml) and the spin moment (ms) contribute differently to the L3 and L2 edges,

sum rules analysis can be used to determine ml/ms as given in Equation 2.6.1. The

parameters p and q used for this calculation are marked in figure 3.9 and quantify

the integrated XMCD intensities over the L3 and L3, 2 edges, respectively. Note

that there are practical limitations to determining ml/ms. L3,2 edge mixing and

s − p hybridization (evidenced by the non-zero XMCD signal above the L2 edge,

and sensitivity to data all impact the accuracy of the ml/ms value, particularly for

nanoscale systems.99 However, the temperature dependence of ml/ms for a single

sample can be used to track the evolution of the system. Figure 3.10 shows ml/ms as

a function of temperature. The observed jump below 150 K indicates the formation

of trimerons because the orbital order of the shared t2g electrons will increase the

orbital magnetic moment of Oh sites.33

XAS spectra were also collected over the O K edge (520-560 eV), where the pre-
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Figure 3.11: a) O K-edge XAS spectra at 50 K. A1 and A2 denote the pre-peak features. The char-

acteristic feature of oxygen on the carbon tape is indicated by (*).100 b) Temperature dependence

of t2g to eg hole ratio determined from O K edge pre-peak amplitudes. Reproduced with permission

from R Nickel et al, Advanced Materials, 33(16):2007413, 2021. Copyright John Wiley & Sons.

peak provides additional insights into the low temperature phase. This region of the

spectrum relates to 2p − 3d-hybridization. Specifically, the splitting of the pre-peak

speaks to the nature of the t2g and eg symmetry bands in d5 ions, as the interactions

of d6 ions yield a broad (unsplit) peak.101,102 Thus the relative intensity of the two

features in the pre-peak (labelled A1 and A2 in figure 3.11a give insight into the t2g to

eg hole ratio for the Fe3+ sites. Because the Fe3+ Td atoms are not directly involved

with the Verwey transition, variations with temperature are attributed to the Fe3+

Oh.

Figure 3.11b shows that below 100 K, the t2g holes are the minority species, while

the eg holes are dominant above 100 K. Such a trend is consistent with the trimeron

model where sharing of a central Fe2+’s t2g electron decreases the t2g to eg hole ratio

in the low temperature phase. Interestingly, the observed jump in the electron ratio

occurs at a lower temperature than the transitions observed in either the f -factor or
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ml/ms. To better track how the environment around the Fe ions change through the

Verwey transition, we use Mössbauer spectroscopy.

3.3.2 Evidence via Mössbauer Spectroscopy

Prior to the introduction of the trimeron picture, low temperature Mössbauer spectra

have been primarily described by three components corresponding to Fe3+ Td, Fe2+

Oh, and Fe3+ Oh.27,103 This description was utilized in the initial phase identification

of the nanorod samples. However, there have been reports since 1969 that suggest

more Fe sites are present in low temperature Fe3O4.
104,105 Close examination of the

10 K spectrum fit with the conventional three component fit reveals missed absorption

along the inner edge of line 2 (from the m3/2 → m1/2 transition). This absorption

can be better fit using a four component fit where the additional sextet corresponds

a) b)
A
B1
B2

A
B1
B2
B3

Figure 3.12: Mössbauer spectrum of 700 nm nanorods at 10K fit with either a) three sextets or b)

four sextets corresponding to Fe3+ T3 (A), Fe2+ Oh (B1), Fe3+ Oh (B2/B3). Fit is solid black line

and residuals shown in grey. Reproduced with permission from R Nickel et al, Advanced Materials,

33(16):2007413, 2021. Copyright John Wiley & Sons.
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to a second coordination of Fe3+ Oh, as evidenced by smoother residuals. Figure 3.12

shows the both the three and four component fits with residuals. The four component

fit is quantitatively better, with χ2
ν of 3.6 compared to 5.4 for the three component

fit.

In this four component fit, the relative site areas of the sites Fe3+ Td:Fe2+ Oh:Fe3+

Oh1:Fe3+ Oh2 are 8:8:5:3, matching DFT simulation results of the trimeron model.106

Compared to the three component fit, the incorporation of a third Oh site has minimal

effect on the Td site hyperfine parameters with δ=0.441±0.006 mm/s, Γ=0.25±0.02 mm/s

and Bhf=51.34±0.07 T. Both Oh sites from the conventional fit are affected by the

addition of the third Oh site (Fe3+ Oh2). A detailed examination of the hyperfine

parameters provides insights into the local electronic structure of the Fe ions.

Based on the isomer shifts of 0.517±0.009 mm/s and 0.517±0.007 mm/s respec-

tively, the Fe2+ Oh and Fe3+ Oh1 sites are located in identical electronic environments

– implying a strong interaction. The oxidation states are identified by their hyperfine

fields of 49.39±0.07 T and 52.71±0.05 T since Bhf,2+ < Bhf,3+.69 Thus all of the Fe2+

Oh sites interact with the majority of the Fe3+ Oh. This interpretation is consistent

with the trimeron picture where all of the Fe2+ share t2g electrons with acceptor ions,

and all but one acceptor is Fe3+.6 Since the Fe3+ Oh2 site has very different isomer

shift than the other Oh sites with δ=0.79±0.04 mm/s, these ions are in a different

bonding environment and are not involved in trimeron formation. Notably, this com-

ponent exhibits an increased line width (Γ=0.49±0.07 mm/s), reflecting significant

local disorder. In the trimeron model for bulk Fe3O4, only two of the eight Fe3+ Oh

ions are not involved in trimeron formation.6 The Mössbauer spectrum indicates that
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Figure 3.13: a) Temperature dependent isomer shifts (δ) and hyperfine fields (Bhf ) of 700 nm

nanorods. Hyperfine parameters of broad singlet component (T>150 K) not shown as both δ and

Bhf are zero. Mössbauer spectra at b) 10 K and c) 300 K. Reproduced with permission from R

Nickel et al, Advanced Materials, 33(16):2007413, 2021. Copyright John Wiley & Sons.

these nanorods have three non-participating Fe3+ ions per unit cell. Differences in

microstructure due to strain are a possible origin of this difference.

Further insights are obtained by tracking the temperature evolution of the hyper-

fine parameters. As evident in figure 3.13a, the Td site is relatively constant through-

out the entire temperature range (from 10 to 300 K) indicating that these ions are not
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affected by the Verwey transition and the formation/dissolution of trimerons. Note

that the decrease in both δ and Bhf of the Td site with increasing temperature can be

attributed to a standard second order Doppler shift.70 By comparison, the Oh sites

show variations with temperature and provide insights into the electronic evolution of

the Fe3O4 nanorods. Below 150 K, small variations in the hyperfine parameters of the

Oh sites are visible. Most clearly, the variation of the isomers shifts of the interacting

Fe2+ Oh and Fe3+ Oh1 at 25 K and again at 100 K suggests changes to the trimerons.

A simultaneous effect is evident in δ of the Fe3+ Oh2 site as well, indicating that all

Oh sites are affected by trimeron dynamics.

At 150 K the Mössbauer spectrum transforms as the three sextets that describe

the Oh sites in the low temperature phase are replaced by a single sextet with mixed

valence (Fe2.5+) and a broad singlet. This sharp change in hyperfine parameters corre-

sponds to the conclusion of the jump observed in the temperature dependent f -factor

indicating that the change in phonon modes precedes that of the local environment

around the Fe ions. The 10 K and 300 K spectra are shown in figure 3.13a-b. At

300 K the isomer shifts of the Fe3+ Td and Fe2.5+ Oh sextets are 0.350±0.007 and

0.66±0.02 mm/s, respectively. These values match well with the 0.32 mm/s and

0.66 mm/s reported for similarly sized spherical Fe3O4 nanoparticles. Similarly, the

hyperfine fields of 50.42±0.05 and 46.6±0.1 are consistent with the reported values

of 49.1 and 45.7 T.95 Thus above 150 K the signatures of trimeron formation vanish

and the mixed valence Fe2.5+ Oh sites are recovered.

Reports of 300 K Mössbauer of Fe3O4 do not account for the broad singlet; how-

ever, by comparing the experimental 300 K spectrum (shown in figure 3.13c) to that
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of bulk Fe3O4 there are clear discrepancies.27 Most notably the spectra appears to be

a spinel rather than an inverse spinel since the outer sextet corresponding to the Td

site is more heavily weighted than the inner sextet from Oh sites. This suggests a de-

ficiency of Oh site Fe ions characteristic of γ-Fe2O3; however, at 10 K, the Mössbauer

fit was consistent with stoichiometric Fe3O4. Thus the Oh site absorption missing

from the sextet must be the source of the broad singlet, where the large line width

reflects a high degree of disorder. Based on the evidence of trimeron formation at low

temperatures, we attribute this to the persistence of some trimerons above 150 K –

possibly due to the intrinsic strain preventing full quasiparticle dissolution.

3.3.3 Impact on Magnetism

Overall, the temperature dependent Mössbauer spectra confirm the formation of

trimerons in the low temperature phase, as well as their breakdown at 150 K. In-

terestingly, instabilities within the trimeron state are observed. The separation of

the Fe2+ Oh and Fe3+ Oh1 isomer shifts at 100 K reveal that the trimeron-bonded

sites shift to slightly different bonding environments. Such behaviour is consistent

with the reduction in the t2g electron sharing observed from the O K-edge data and

the inflection point in the temperature dependent f -factor at 100 K. The impact of

these fluctuations is also evident in the overall magnetism, with the coercivity (µ0HC)

decreasing at 100 K (see figure 3.14a). This reduction in µ0HC is consistent with the

higher monoclinic anisotropy constants being exchanged for a much smaller cubic

magnetocrystalline anisotropy constant.107 Similarly, the squareness ratio (MR/MS,

shown in figure 3.14b), shows an initial decrease at 100 K, indicating the a change in
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domain wall motion has occurred, followed by a greater change at 150 K.

While both µ0HC and MR/MS are affected by the trimeron fluctuations at 100 K,

the magnetic saturation (MS) is not. Instead, a change in behaviour is observed

at ∼150 K. Because MS reflects the magnon fluctuations in the system, it is ex-

pected to follow Bloch’s T 3/2 Law (MS(T ) = MS(0)(1−BT 3/2)) where the slope (B)

of MS(T 3/2) is proportional to the material’s exchange interaction. As shown in fig-

ure 3.14c, MS(T )∝T 3/2 is observed, with two distinct regimes relating to two different

Bloch constants. This behaviour means that the exchange interaction strengths are
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Figure 3.14: a) Coercive field (µ0HC) of the 700 nm Fe3O4 nanorods as a function of temperature.

Inset contains hysteresis loops at 10 K (black triangles) and 300 K (red squares). b) Squareness

ratio (MR/MS) as a function of temperature. c) Magnetic saturation (MS) of large nanorods as a

function of T 3/2. Linear regimes are marked in red to guide the eye.
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weakened when the trimerons dissolve at 150 K, consistent with the jump in ml : ms

and drastic change of hyperfine parameters.

3.4 Summary

Three different sizes of Fe3O4 nanorods were characterized and their Verwey tran-

sitions identified.The 40 nm and 50 nm nanorods exhibited TV at 40 K and 80 K,

respectively – substantially lower than the ∼125 K observed in bulk crystals. In

contrast, the 700 nm nanorods with tensile strain along (110) undergo a Verwey tran-

sition at 150 K. Overall, the shifts in TV with nanorod size reveal a clear relationship

between the temperature of this metal-insulator transition and strain. Detailed study

of the 700 nm nanorods confirms the trimeron model of the low temperature insu-

lating state and reveals a deviated microstructure with three non-participating Fe3+

Oh instead of two. Such a state arises because the uniaxial strain changes the en-

ergy landscape and strengthens the hybridization that generates the orbital molecules.

These results provide an explanation for why signature transitions such as the Verwey

transition in Fe3O4 or Morin transition in α-Fe2O3 tend to vanish in the nanoscale,

and a clear handle by which to tune the metal-insulator transition.



Chapter 4

Size Dependent Behaviour and Magnetic

Transition of ϵ-Fe2O3

In chapter 3 one of the world’s oldest known magnetic materials, Fe3O4, was ex-

amined to gain insights into how its characteristic Verwey transition is altered in the

nanoscale. These results reveal that the hybridization which underpins Fe3O4’s unique

properties can be altered via crystal strain. In this chapter, the role of hybridization

will be examined for a far more novel material.

ϵ-Fe2O3 is an iron oxide polymorph that has attracted interest for its enormous

coercive field (µ0HC) of ∼2 T at room temperature, millimeter-wave ferromagnetic

resonance, and magnetoelectric coupling.10,42,43 Combined, these properties make ϵ-

Fe2O3 appealing for a range of applications; however, exploiting this material demands

a deeper understanding of its underlying physics than is presently available. There

are two factors that add significant complexity to studying ϵ-Fe2O3. Firstly, ϵ-Fe2O3

is only stable in the nanoscale and so its overall properties are convolved with size

effects. Secondly, the metastable nature of the perovskite ϵ-Fe2O3 tends to yield

76
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samples that are not single-phase. Because this secondary phase (often α-Fe2O3) is

also of the nanoscale, its properties are less well-defined than a bulk analogue and

thus decoupling the two phases becomes impossible. To decouple size effects and

obtain insights into the physics that underpins the properties of ϵ-Fe2O3, three sizes

of phase-pure ϵ-Fe2O3 nanoparticles are studied.108

4.1 Physical Characterization

TEM images were acquired of the three ϵ-Fe2O3 samples to identify how annealing

temperature affects nanoparticle morphology. Representative images are shown in
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Figure 4.1: Representative TEM images of ϵ-Fe2O3 nanoparticles annealed at a) 1100◦C, b) 1150◦C

and c) 1200◦C. Size bars are 100 nm. d) Size distributions of 1100◦C, 1150◦C and 1200◦C shown

in green, purple and black, respectively, with the lines to guide the eye. Reprinted with permission

from R Nickel, et al. Nano Letters, 2023. Copyright 2023 American Chemical Society.



78 Chapter 4: Size Dependent Behaviour and Magnetic Transition of ϵ-Fe2O3

figure 4.1a-c. Overall, all samples are composed primarily of spherical particles, as

is expected for this type of synthesis, which lends itself to isotropic growth. ImageJ

was used to quantify the size of ∼450 particles per sample, and the resulting size

distributions are shown in figure 4.1d). From a Gaussian fit, the average diameter of

the sample annealed at 1100◦C is 16 ± 5 nm, while the 1150◦C and 1200◦C yielded

22 ± 5 nm and 32 ± 9 nm, respectively. For ease of reference, the three samples will

be denoted 15 nm, 20 nm and 30 nm.

Room temperature XRD patterns are shown in figure 4.2a. Full pattern Reitveld

refinements were done using the structure described by Gich et al. in reference 41,
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Figure 4.2: a) Room temperature XRD of 15 nm, 20 nm and 30 nm ϵ-Fe2O3 nanoparticles. Red

markers are data and black line indicates fit. The green Bragg markers index the Pna21 structure

while the blue is the residuals of the refinement. b) Crystal structure of ϵ-Fe2O3 where Td is red,

DOh1 and DOh2 dark blue, and ROh light blue. Reprinted with permission from R Nickel, et al.

Nano Letters, 2023. Copyright 2023 American Chemical Society.



Chapter 4: Size Dependent Behaviour and Magnetic Transition of ϵ-Fe2O3 79

Table 4.1: Lattice parameters, unit cell volume and average crystallite size (<d>) of ϵ-Fe2O3

nanoparticles at room temperature.

Sample a (Å) b (Å) c (Å) Volume (Å3) <d> (nm)

15 nm 5.0901± 0.0003 8.7898± 0.0006 9.4721± 0.0005 423.8± 0.3 16.9± 0.1

20 nm 5.0907± 0.0002 8.7850± 0.0004 9.4704± 0.0004 423.5± 0.2 23.4± 0.1

30 nm 5.0920± 0.0002 8.7870± 0.0004 9.4721± 0.0004 423.8± 0.2 29.8± 0.1

and illustrated in figure 4.2b. Atomic positions for all ten sites were fixed (tabulated

in table 1.1) and full occupancy was assumed, while reflection broadening, lattice pa-

rameters and a twelve coefficient Chebychev background were fit for each pattern. All

three patterns were well-described by the ϵ-Fe2O3 structure, and no additional reflec-

tions from secondary phases are evident. Lattice parameters do not show significant

variations, while differences in the broadening of reflections indicate that the crystal-

lite sizes increase with nanoparticle size. These results are summarized in table 4.1.

Overall, the volume-normalized crystallite sizes obtained from the XRD refinement

agree well with the plane-view averaged nanoparticle sizes determined from TEM

image analysis, and the underlying crystal structure is very similar.

While XRD shows no significant differences in the crystal structure with nanopar-

ticle size, EXAFS spectra were measured over the Fe K edge to provide more sen-

sitive, local information about the structure. Spectra acquired at 50 K along with

the extracted k2-weighted χ(k) are shown in figure 4.3a-b. While oscillations extend

to higher wavenumbers, the fitting range was constrained from 3 to 9.5 Å−1. The

Fourier transform of this range and corresponding fit is shown in figure 4.3c. The

data was fit in real space from 1 to 3.5 Å using k weights of 1, 2 and 3. Because the
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Figure 4.3: a) EXAFS spectra and k2-weighted µ(k) of 30 nm (black), 20 nm (purple) and 15 nm

(green) ϵ-Fe2O3 nanoparticles at 50 K. c) Corresponding Fourier transformed EXAFS spectra in

real space of 30 nm (black), 20 nm (purple) and 15 nm (green) ϵ-Fe2O3 nanoparticles with fits

(solid lines). Reprinted with permission from R Nickel, et al. Nano Letters, 2023. Copyright 2023

American Chemical Society.

distorted perovskite structure exhibits a low degree of local symmetry, a simplified

model is necessary to fit the data otherwise the number of scattering paths becomes

enormous. For example, the four Fe and six O sites combine to yield 18 distinct near-

est neighbour Fe-O paths. This complexity increases exponentially as next nearest

neighbours and multiple scattering paths are considered. Instead, the model used

consists of only four paths: one nearest neighbour (NN) Fe-O, two NN Fe-Fe and

one next-nearest neighbour Fe-O. Initial fitting was done to determine appropriate

Debye-Waller parameters (σ2) and corrections to the effective path lengths. These

parameters were then fixed to minimize the number of free parameters in the final fit
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Table 4.2: Path multiplicities from EXAFS fit.

Sample Fe-O (1.957 Å/ 3.665 Å) Fe-Fe1 (3.029 Å) Fe-Fe2 (3.414 Å)

15 nm 4.5± 0.2 1.5± 0.2 2.9± 0.2

20 nm 4.4± 0.2 1.5± 0.2 2.9± 0.2

30 nm 4.4± 0.2 1.6± 0.2 2.9± 0.3

so that variations in the path multiplicities would be more evident. Both Fe-O paths

had σ2
O of 0.0110, while σFe−Fe1 and σFe−Fe2 were 0.0067 and 0.0052, respectively.

The final fit yielded an energy shift of −1.3±0.4 eV for all spectra. Path multiplicities

are summarized in table 4.2. All fit parameters agree within uncertainties indicating

that the local structures of the three sizes of ϵ-Fe2O3 nanoparticles are practically

identical.

4.2 Electronic Characterization

Mössbauer spectroscopy was used to characterize the local electronic environment

around the Fe ions. While the structural techniques discussed thus far indicate that

the samples are ϵ-Fe2O3, Mössbauer spectroscopy is a more sensitive probe because

the other iron oxide polymorphs have significantly different hyperfine parameters and

so the detection limit is much lower. The 10 K spectra of the three sizes of ϵ-Fe2O3

nanoparticles are shown in figure 4.4a. Each spectrum is composed of three compo-

nents corresponding to the distorted octahedral (DOh), regular octahedral (ROh) and

tetrahedral (Td) sites. The relative areas of the three components are consistent with

the expected 2:1:1 ratio of ϵ-Fe2O3.
41 The various hyperfine parameters are consis-
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Figure 4.4: Transmission Mössbauer spectra at 10 K of 30 nm (black), 20 nm (purple) and 15 nm

(green) ϵ-Fe2O3 nanoparticles with fits (solid lines). Hyperfine field of DOh (dark blue), ROh (light

blue) and Td (red) components indicated by lines above spectra. b) Isomer shift (δ, top left),

quadrupole splitting (∆, bottom left), hyperfine field (Bhf , top right) and relative area (bottom

right) of ϵ-Fe2O3 nanoparticles as a function of size at 10 K. DOh, ROh and Td sites shown as dark

blue circles, light blue squares and red diamonds, respectively. Reprinted with permission from R

Nickel, et al. Nano Letters, 2023. Copyright 2023 American Chemical Society.

tent with previous reports of ϵ-Fe2O3,
41,49 and notably there is no evidence of other

iron oxides, particularly α-Fe2O3
48 which is the most typical additional phase present

from the synthesis protocols. Table 4.3 contains a full tabulation of the hyperfine

parameters.

Magnetic hyperfine fields (Bhf ) of the 15 nm sample are 51.28 ± 0.04 T and

47.77 ± 0.08 T for the DOh and ROh sites, respectively, and 45.37 ± 0.07 T for the

Td site. All Bhf increase monotonically with size. For the 15 nm sample the isomer

shifts (δ) of the DOh and ROh sites are 0.481± 0.003 mm/s and 0.483± 0.006 mm/s,

respectively, while the Td site is 0.314 ± 0.009 mm/s as expected for Fe3+. Isomer
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shifts for all sites of the 20 nm sample and the Td site of the 30 nm sample are in

agreement with these values. Unlike the smaller samples, the octahedral δ of the

30 nm sample are distinguishable, with δDOh of 0.470 ± 0.004 mm/s and δROh of

0.491 ± 0.006. Such a splitting speaks to differences in the electronic charge density

at these sites.

Such variations are also reflected in the quadrupole splitting (∆), which describes

the electric field gradient. For the 15 nm sample at 10 K ∆DOh is −0.032±0.007 mm/s

and ∆ROh is −0.05±0.01 mm/s. Quadrupole splittings of the 20 nm nanoparticles are

the same as those of the 15 nm nanoparticles, but the 30 nm particles are different,

with ∆DOh of −0.021±0.007 mm/s and ∆ROh of −0.08±0.01 mm/s. Thus the electric

field gradient of the DOh component in the 30 nm sample is more symmetric than

that of the smaller samples, while that of the ROh component is more asymmetric.

Overall, the altered hyperfine parameters for the 30 nm sample reflect electrons being

pulled symmetrically away from the DOh sites, and pushed asymmetrically towards

the ROh sites.

Because the structural characterization revealed no identifiable differences be-

tween the sizes of ϵ-Fe2O3 nanoparticles that can be correlated to the variations

in the Mössbauer spectra, XAS spectra at 50 K were done to study the elemental

coordination of both Fe and O. The Fe L3,2 edge spectra shown in figure 4.5 are

consistent with previous reports for ϵ-Fe2O3,
49,109 where feature at 707.8 eV is ∼50%

of the amplitude of the main L3 peak and the dip between these peaks is ∼40% of

peak amplitude. No significant differences are evident between the L3,2 edge spec-

tra, indicating that Fe coordination and valence are indistinguishable with respect to
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Figure 4.5: Fe L3,2 edge (left) and O K edge (right) XAS spectra at 50 K of 30 nm (black), 20 nm

(purple) and 15 nm (green) ϵ-Fe2O3 nanoparticles. Regions associated with 2p − 3d and 2p − 4sp

hybridization of O K edge spectrum marked in red and blue, respectively. Reprinted with permission

from R Nickel, et al. Nano Letters, 2023. Copyright 2023 American Chemical Society.

nanoparticle size for these samples.

In contrast, the O K edge is affected by nanoparticle size. As shown in figure 4.5,

the spectrum is composed of two regions: the first from 528 to 532 eV which reflects

2p − 3d hybridization and the second from 532 to 545 eV corresponding to 2p −

4sp hybridization. Both of these regions show changes with nanoparticle size. The

absorption in the 2p − 3d region decreases as nanoparticle size increases, indicating

decreased 2p − 3d hybridization. The 2p − 4sp region shows the opposite behaviour

with increased absorption at both the 534.7 eV and 536.6 eV shoulders with increased

particle size. Overall, the 50 K O K edge XAS spectra show that Fe-O hybridization

is affected by nanoparticle size. The increase in 2p− 4sp hybridization and reduction

in 2p− 3d hybridization is consistent with the 10 K Mössbauer hyperfine parameters

which indicated subtle changes in the electronic configuration around the Fe sites.
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These differences with nanoparticle size are most likely caused by the establishment

of longer-range Fe-O ordering impacted by geometric restrictions.

4.3 Magnetic Characterization

Thus far, the structural and electronic characterization has been used to identify sim-

ilarities and differences between samples at a single temperature. After establishing

that all samples are single phase ϵ-Fe2O3 with near identical structures and only slight

differences in electronic bonding, attention shifts to their magnetism – specifically,

the magnetic phase transition between the low temperature incommensurate and the

high temperature ferrimagnetic phases.41

Figure 4.6a shows the DC magnetic susceptibility measurements (χDC(T )) for the

three different sizes. In this measurement a virgin sample was first cooled to 10 K.

The superconducting magnet is quenched prior to cooling to eliminate any remnant
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Figure 4.6: a) Zero field-cooled (open) and field-cooled (closed) χDC(T ), and b) Difference between

field-cooled and zero field-cooled χDC(T ) of 15 nm (green circles), 20 nm (purple squares) and

30 nm (black diamonds) ϵ-Fe2O3 nanoparticles. Reprinted with permission from R Nickel, et al.

Nano Letters, 2023. Copyright 2023 American Chemical Society.
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field. A 5 mT magnetic field is applied and the magnetization is first measured

upon warming to 300 K (zero-field cooled (ZFC)), then upon cooling (field-cooled

(FC)) back to 10 K. All samples show the expected temperature dependence of ϵ-

Fe2O3
110,111 with a weak magnetic response from 10 to 75 K followed by a sharp

increase around 100 K, more gradual increase to a maximum at 150 K, and gradual

decrease with further warming. Notably, the overall magnitude of χDC(T ) decreases

as nanoparticle size increases. This reduction in magnetic response is due to the

decrease in the relative surface area-to-volume ratio. As ϵ-Fe2O3 is a ferrimagnet with

a highly compensated spin structure, the broken coordination and reduced anisotropy

of surface ions will increase the net magnetic response. A simple model can be used

to illustrate the impact of surface effects. If the broken coordination is assumed to

extend 2 nm (or roughly two unit cells) from the surface of the particle, then 57%,

44%, and 33% of the Fe ions will be located in this region for the 15 nm, 20 nm, and

30 nm particles respectively. The relative magnitude of χDC(T ) in the ferrimagnetic

phase (>150 K) scales with the reduced fraction of surface ions.

Differences between FC and ZFC χDC(T ) (∆χDC(T )) measurements are shown

in figure 4.6b. In the ferrimagnetic phase, such differences are negligible, while be-

low 100 K in the incommensurate phase where ∆χDC(T ) is non-zero and increases

with increased nanoparticle size. Because this measurement quantifies the difference

in magnetization between the field-cooled and that of the initial (random) configu-

ration, this increase in ∆χDC(T ) is further evidence of the increased hybridization

coupling and establishment of longer range ordering in the low temperature phase

with nanoparticle size.
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Hysteresis loops (shown in figure 4.7) quantify how the overall magnetism of the

ϵ-Fe2O3 nanoparticles evolve with temperature. All three sizes show the expected

collapse and expansion of the loop shape across the magnetic phase transition as the

magnetic anisotropy is transformed. The temperature-dependent coercivity (µ0HC)

and magnetic saturation (MS) are shown in figure 4.8. Note that the magnetic satura-

tion was calculated after the high field susceptibility was subtracted. This treatment

is typical for nanoparticle samples, where this slope is attributed to a paramagnetic

10 K 75 K 100 K

150 K 200 K 300 K

Figure 4.7: Hysteresis loops of 15 nm (green circles), 20 nm (purple squares) and 30 nm (black

diamonds) ϵ-Fe2O3 nanoparticles at 10, 75, 100, 150, 200 and 300 K. Reprinted with permission

from R Nickel, et al. Nano Letters, 2023. Copyright 2023 American Chemical Society.
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Figure 4.8: Temperature dependent coercive field (µ0HC) and d) magnetic saturation (MS) of

15 nm (green circles), 20 nm (purple squares) and 30 nm (black diamonds) ϵ-Fe2O3 nanoparticles.

Reprinted with permission from R Nickel, et al. Nano Letters, 2023. Copyright 2023 American

Chemical Society.

component of the sample. Since these slopes do not vary significantly with either

temperature or nanoparticle size, their removal affects the magnitude of MS, but

does not impact either the temperature or size dependences.

Overall, the temperature dependent behaviour of MS and µ0HC is identical be-

tween the different sizes. As the size of the ϵ-Fe2O3 nanoparticles increase, MS de-

creases and µ0HC increases. As with χDC , the decrease in MS(T ) corresponds to the

decrease in broken coordination as nanoparticle size increases. Different insights are

obtained from µ0HC(T ) where the increases with increasing size indicates that the

spin-orbit coupling (e.g. ms/ml)
49 is increased (discussed below).

4.4 Phase Transition

Magnetic characterization clearly reveals the transition between the low temperature

incommensurate and high temperature ferrimagnetic phase. However, it does not
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provide insights into the underlying mechanism that generates this phase transition.

For better understanding, additional temperature dependent characterization of the

ϵ-Fe2O3 nanoparticles is required.

First, temperature dependent x-ray diffraction is used to track the overall struc-

ture. Patterns were collected on the 15 nm ϵ-Fe2O3 nanoparticles while warming from

20 to 300 K on an Oxford Cryosystems PheniX closed cycle refrigeration stage. In

the Reitveld refinements atomic positions and peak broadening were fixed, while the

lattice parameters and 12-coefficient Chebychev background were fit. Refinements

examined the effect of fitting atomic positions, but no significant changes were ob-

served. Results are located in figure 4.9 and show linear expansion of the b and c axes

upon warming from 20 K to 300 K, while the a axis exhibits reduced expansion below
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Figure 4.9: a) Temperature dependent lattice parameters of 15 nm ϵ-Fe2O3, b) lattice parameters

normalized to 300 K, and c) unit cell parameter ratios. Reprinted with permission from R Nickel,

et al. Nano Letters, 2023. Copyright 2023 American Chemical Society.
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150 K. Such behaviour is consistent with the formation of Fe-O octahedral chains

between DOh1 atoms along the a axis as pictured in figure 1.8b.

Note that these results differ from those reported in the literature which combine

x-ray and neutron diffraction.41,109 Because the XRD patterns reported here used

a Cu anode, there is limited sensitivity to the O atoms in the crystal. Thus, the

shifts in O atomic position reported by Gich et al.41 could be present. Regardless,

these results reveal considerably different temperature dependent lattice parameters

than those of Tseng et al.,109 where increased contraction in the c axis was observed

between 75 and 150 K. The source of these differences is unclear, though variations

in morphology or composition are most likely, particularly because the sample in

reference 41 contained α-Fe2O3 and phase purity was not established in reference 109.

Again EXAFS is used as an improved local probe of the structure. The tempera-

ture dependent Fourier transformed EXAFS spectra of the 30 nm ϵ-Fe2O3 nanopar-

ticles is shown in figure 4.10a. The same four path model described previously was
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Figure 4.10: a) Temperature dependent Fourier transformed EXAFS spectra in real space of 30 nm

ϵ-Fe2O3 nanoparticles. b) Debye-Waller parameters of Fe-O (green circles), Fe-Fe1 (purple squares)

and Fe-Fe2 (black diamonds) paths as a function of temperature. Path length and multiplicities as

listed in table 4.2.
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used to fit the data; however, now the path multiplicities were fixed and the Debye-

Waller parameters were fit. Alternative fits were explored where the path lengths

were also fit; however, visual inspection of the spectra reveals this to be unneces-

sary as only the relative amplitudes of the peaks change with temperature and not

their positions. The temperature dependent Debye-Waller parameters are shown in

figure 4.10b, where all three increase linearly with increasing temperature. As this

parameter reflects disorder in path length, such behaviour is a reflection of both the

expansion of the crystal lattice observed via XRD and an increase in thermal energy

of the individual atoms. Notably there is no evidence of a structural change in the

temperature range where the phase transition is observed (between 100 and 150 K).

In particular the absence of increased disorder in σ2 of the Fe-O paths discredits the

possibility of a shift in an O atomic position.

From the XRD and EXAFS analysis, there is no evidence that a structural tran-

sition underpins the magnetic transition. Thus we shift to XAS to study how the

elemental coordination evolves as a function of temperature. Fe L3,2 spectra of the

three sizes at 50, 150, and 250 K are shown in figure 4.11. No significant differ-

ences are evident with respect to ϵ-Fe2O3 nanoparticle size at any of the measured

temperatures.

Crispy77 was used to simulate the Fe L3,2 spectrum. Three components were

used in the model, corresponding to the Td, ROh and DOh sites and their relative

contributions to the XAS spectrum were fixed at 1:1:2 in keeping with both the

established structure and the experimental Mössbauer results. Within this constraint,

simulation parameters were optimized to reproduce the line shape of both the XAS
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Figure 4.11: Fe L3,2 spectra at 50, 150 and 250 K of 15 nm (green), 20 nm (purple) and 30 nm (black)

nanoparticles. Simulated spectrum (reduced to 80% magnitude) is shown in red with individual

components as described in the text.

and artifact-free XMCD spectra. For all three components the scale factor of the

direct radial Slater integrals (Fk) were set to 75% of the atomic values. This reduction

is used to approximate covalency effects, and is only slightly stronger than the 80%

reduction used for simulating most 3d spectra. All components also used spin-orbit

coupling scale factor (ζ) of 0.98 and Gaussian broadening with FWHM of 0.4 eV.

Maximum amplitude of the Td site is located at 708.1 eV, while the ROh and DOh

are at 709.2 eV and 709.7 eV, respectively. Crystal field splitting (10Dq) of the Td
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site was determined to be 0.5 eV, while both Oh sites had 10Dq of 0.8 eV. This value

is significantly smaller than ∼1.3 eV reported for both γ- and α-Fe2O3. Finally, the

Slater parameter F2, which describes the core hole (2p)-valence hole (3d) multipole

interactions112 was set to 40% of the ab initio atomic value (F2=4.817 eV) for both

Oh components. Such a reduction translates to weaker multiplet effects and is a

sign of enhanced covalency at the Oh sites.113 Overall the simulations reproduce the

general shape of both the L3 and the L2 edges reasonably well. Mismatch in the

region between these edges is attributed to hybridization and orbital intermixing –

the simulation of which is beyond the scope of this work.114
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Figure 4.12: Fe L3,2 spectra at 15 nm (green), 20 nm (purple) and 30 nm (black) nanoparticles at

50 K (dark), 150 K (medium) and 250 K (light).
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Figure 4.12 shows the same Fe L3,2 spectra as figure 4.11, displayed to better show

how the spectra evolve as a function of temperature. Subtle changes are visible in

the 150 and 250 K spectra compared to those at 50 K. The L2 edges are shifted up

in energy by ∼0.1 eV, and both L3,2 edge tails are broadened. Such variations are

consistent with with increased hybridization and orbital intermixing.114

The XAS-normalized XMCD spectra of the ϵ-Fe2O3 nanoparticles are located in

figure 4.13. The line shape of all XMCD spectra are the same, and reproduced well by
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Figure 4.13: Fe L3,2 spectra at 50, 150 and 250 K of 15 nm (green), 20 nm (purple) and 30 nm

(black) nanoparticles. Simulated spectrum shown in red (reduced to 80% magnitude) with individual

components as described in the text.
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the simulation (shown in red). Unlike the XAS spectra, clear differences between the

sizes are evident, with the amplitude of the features decreasing with increasing size.

Such behaviour is consistent with bulk magnetometry measurements where reduced

net magnetization with increasing size was observed.

In contrast to the subtle variations of the Fe L3,2 edge, the O K edge changes

significantly with both nanoparticle size and temperature. The spectrum can be

divided into two overall regions – the first located from 528-532 eV reflects 2p − 3d

hybridization and the second from 532-545 eV speaks to 2p − 4sp hybridization.115

As shown in figure 4.14, both of these regions in the 50 K spectra are impacted by

nanoparticle size. First, absorption in the 2p − 3d region decreases with increasing
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Figure 4.14: O K edge spectra of 15 nm (green), 20 nm (purple) and 30 nm (black) nanoparticles at

50 K. Reprinted with permission from R Nickel, et al. Nano Letters, 2023. Copyright 2023 American

Chemical Society.
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size with the relative absorption of 39% for the 15 nm particles, compared to 28%

and 23% for the 20 nm and 30 nm. The 2p−4sp region shows the opposite behaviour

with increasing absorption at both the 534.7 eV and 536.6 eV shoulders with increased

particle size. Overall, these variations correspond to reduced 2p − 3d and increased

2p − 4sp hybridization as the size of the ϵ-Fe2O3 nanoparticles are increased. Such

behaviour is consistent with the 10 K Mössbauer hyperfine parameters, and is a

possible signature of longer range ordering along the Oh site chains.

As the temperature increases, figure 4.15 shows that the O K edge evolves for all

three sizes in three stages. These changes are most obvious for the 15 nm particles.

The 50 and 75 K spectra are nearly identical – indicating that the Fe-O hybridization

in the low temperature incommensurate phase is stable. At 100 K the absorption of

the 2p − 3d peak is significantly reduced, with the maximum amplitude shifted to

higher energy as the low temperature phase electronic structure is weakened and new

2p−3d hybridization is established. Further increases in temperature strengthen this

hybridization as revealed by increased absorption of the 2p− 3d region in the 125 K

and 150 K spectra. Above 150 K, the O K edge spectra look dramatically different.

Absorption in the 2p− 3d hybridization region is further increased and the shoulders

at 534.7 eV and 536.6 eV in the 2p − 4sp region that showed a size dependence are

reduced. Most interestingly, the main peak at 539.6 eV appears broadened due to

substantial absorption at 547 eV. Overall, these high temperature spectra indicate

strong Fe-O hybridization –both of 2p− 3d and 2p− 4sp nature in the ferrimagnetic

phase.

Thus far, it has been established that the magnetic transition corresponds to
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Figure 4.15: O K edge spectra of a) 15 nm, b) 20 nm and c) 30 nm nanoparticles at 50 K (black),

75 K (navy blue), 100 K (blue), 125 K (light blue), 150 K (green), 200 K (orange) and 250 K (red).

changes in Fe-O hybridization with no sign of any structural transition. However,

after exposure to a 4 T magnetic field, the XAS O K edge TEY data shown in

figure 4.16 reveal surprising behaviour. These spectra are normalized to the incident

beam (I0) to minimize beam effects, but not to the maximum spectral amplitude.

Note that the horizontal position of the beam on the sample was kept constant,

while the vertical position was chosen to maximize the TEY signal. To account
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Figure 4.16: a) O K edge XAS spectra of 15 nm ϵ-Fe2O3 nanoparticles at 50 K (dark blue), 100 K

(light blue), 125 K (green), 150 K (yellow) and 250 K (red) normalized only to I0. b) Integrated

XAS signal (TEY/I0) as a function of temperature, measured in 4 T magnetic field.

for contraction of the copper sample holder with temperature, the optimal vertical

position was verified at each temperature. With these considerations taken, we are

confident that the differences in the TEY signal are real. As such, the discontinuity in

the integrated XAS spectra between 100 K and 125 K in figure 4.16b is the result of

a change in the electric conductivity of the ϵ-Fe2O3. The insulating behaviour at low

temperatures was particularly apparent during flying scan data acquisition as sample

charging caused rapid deterioration of the scan quality. Overall, from these results

ϵ-Fe2O3 undergoes a metal-insulator transition in addition to its well-reported change

in magnetic behaviour.

These insights indicate that further tracking of the local environment of the Fe

ions is necessary and so temperature dependent Mössbauer spectroscopy was done

to observe how the local Fe environment evolves through the magnetic transition.

From these spectra, the relative absorption (or f -factor) was calculated to quantify
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Figure 4.17: Temperature dependent f-factor of 15 nm (green circles) and 30 nm (black diamonds)

ϵ-Fe2O3 nanoparticles normalized to a) 10 K and b) 250 K. Reprinted with permission from R Nickel,

et al. Nano Letters, 2023. Copyright 2023 American Chemical Society.

resonant photon absorption. Figure 4.17 shows the temperature dependent f -factor of

the 15 nm and 30 nm ϵ-Fe2O3 nanoparticles, normalized to the 10 K values. Both sizes

exhibit a decrease in f -factor at 127.5 K upon warming courtesy of the transition,

coinciding with the change in conductivity. Such behaviour reflects the changing

electronic structure and Fe-O hybridization impacting the lattice vibrational modes.

A similar change in the temperature dependent f -factor was observed in chapter 3

for the Verwey transition in Fe3O4.

With this conventional normalization to the base temperature spectrum, the 30 nm

sample exhibits a reduced f -factor compared to that of the 15 nm in the high tem-

perature phase. Note that this observation is entirely dependent on the f -factor

normalization and assumes that the 10 K vibrational modes are comparable between

the two sizes and that they evolve to different high temperature states. In light of the

O K edge XAS spectra that reveal identical Fe-O hybridization at 250 K and sizeable

differences at 50 K, this assumption is probably not appropriate.
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Thus, a different normalization scheme could be considered where the f -factor

data is rescaled to reflect the similar hybridization at 250 K. With this model (shown

in figure 4.17b), the f -factor of the 30 nm particles in the incommensurate phase

becomes larger than that of the 15 nm particles, while the high temperature values

are comparable. Such an increase in low temperature f -factor would be the natural

consequence of the enhanced hybridization observed in the 30 nm particles.

In addition to the f -factor quantification, the temperature dependent Mössbauer

spectra were fit to obtain their hyperfine parameters. Figure 4.18 shows δ, ∆ and Bhf

for the 15 nm and 30 nm particles. The overall temperature dependence is similar

to that reported by reference 48 which examined ϵ-Fe2O3 nanoparticles that were

synthesized using a similar method. However, the observed transition is sharper than

other reports,41,46–49 and reveals new insights into the local environment of the Td

sites through the transition. The isomer shifts (δ) of both the DOh and ROh sites

are in agreement throughout the measured temperatures, and are consistent with the

Fe3+ identified from the XAS spectra. Unlike the Oh sites, the Td isomer shift changes

significantly with temperature. Below 150 K δTd is relatively constant with values

∼0.32 mm/s as expected for tetrahedral Fe3+.69 As the temperature increases, δTd

first decreases to 0.13 ± 0.03 mm/s at 132.5 K, then increases to 0.24 ± 0.1 mm/s at

150 K. These shifts represent changes to the electronic density at the nucleus, with

δ decreasing as d electrons are pulled away from the nucleus and vice versa. Further

warming above 150 K causes a gradual decrease in δTd in keeping with the second

order doppler shift.

The quadrupole splitting (∆) of the three components provides further insights.
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Figure 4.18: Temperature dependent isomer shift (δ, top), quadrupole splitting (∆, centre) and

hyperfine field (Bhf , bottom) of 15 nm (left) and 30 nm (right) ϵ-Fe2O3. DOh, ROh and Td sites

shown as dark blue circles, light blue squares and red diamonds, respectively. Dashed lines in Bhf

panels show Brillouin fit. Reprinted with permission from R Nickel, et al. Nano Letters, 2023.

Copyright 2023 American Chemical Society.

Below 130 K, all sites have very small ∆, indicating that the electronic environment

around the Fe nuclei is isotropic. Immediately above 130 K, the behaviour of ∆Td

matches that of δTd with a rapid decrease to −0.41 ± 0.06 mm/s at 132.5 K and

subsequent increase to −0.22±0.02 mm/s at 150 K. Because ∆ quantifies the electric

field gradient, this temperature dependent behaviour describes the asymmetry intro-

duced by the pulling away of electrons and increased symmetry from their return.
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Unlike δ, ∆ of both the octahedral components are impacted by the transition with

∆DOhdecreasing to −0.24 ± 0.01 mm/s at 150 K, while ∆ROh decreases slightly at

132.5 K to −0.11±0.02 mm/s before returning to −0.04±0.02 mm/s at 150 K. Over-

all, the behaviour of δ and ∆ creates a picture of the Td electrons being rearranged as

the system undergoes its phase transition, causing minor perturbations at the ROh

site and lasting distortions to the DOh.

Unlike the other hyperfine parameters, the temperature dependence of Bhf does

not show the two-stage transition. Instead the temperature dependence follows that

of previous reports, where Bhf,Td drops significantly with the phase transition to

∼30 T.41,46–49 This value is unusually low for high spin Fe3+, and instead speaks to

an intermediate spin state, caused by the same spin-orbit coupling that yields the

gigantic µ0HC(T ) of the ferrimagnetic phase. Brillouin fits of Bhf (>150 K) were

used to estimate the Curie temperatures (TC) of the three sites. The DOh site has

the highest TC of 590±20 K, while ROh and Td sites have 490±10 K and 520±20 K,

respectively. Because TC is directly proportional to exchange coupling J0, this means

that the strongest coupling occurs for DOh sites, followed by Td and ROh. This large

DOh coupling compared to ROh explains why ∆DOh is impacted by the electronic

rearrangement of the Td sites.

Overall, the 30 nm particles show the same temperature dependences as the 15 nm

particles; however, the transition extends over a wider range of temperatures. This

difference is most evident when comparing the decreases of Bhf,Td in figure 4.18.

Though the transition begins for both samples at 127.5 K, Bhf,Td for the 15 nm par-

ticles stabilizes at 132.5 K compared to 140 K for the 30 nm particles. This extended
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transition is a consequence of the increased Fe-O hybridization in the low temperature

incommensurate phase which then requires more thermal energy to transform into the

ferrimagnetic phase. Additionally, TC of all sites are increased for the 30 nm particles

compared to the 15 nm ones, with TC of the DOh, ROh and Td being ∼680 K, ∼550 K

and ∼600 K, respectively. Such an increase is consistent with reduced spin disorder

from finite size effects.

4.5 Summary

In order to gain new insights into the physics that controls the ϵ-Fe2O3 phase, we

have examined three sizes of ϵ-Fe2O3 nanoparticles, nominally 15 nm, 20 nm and

30 nm. The aim of this approach is to decouple the impact of nanoparticle morphol-

ogy from microstructure effects, since all nanoparticles were synthesized using the

same method. X-ray diffraction (XRD) and extended x-ray absorption fine structure

(EXAFS) reveal that the samples are structurally identical; however, low temper-

ature Mössbauer spectroscopy and O K edge x-ray absorption spectroscopy (XAS)

show changes to Fe-O hybridization with nanoparticle size. At 250 K, the size dif-

ferences disappear as all spectra change significantly as both 2p − 3d and 2p − 4sp

hybridization is altered. Interestingly, the overall magnetic properties are not im-

pacted by the size-dependent hybridization at low temperatures. Instead, the reduced

magnetic saturation (MS) and χDC , and increased µ0HC with increasing sample size

are a result of finite size effects since broken coordination is present with increasing

degree as the nanoparticles get smaller, and the O-Fe-O octahedral chains of the

perovskite structure are shortened. Temperature dependent Mössbauer spectroscopy



Chapter 4: Size Dependent Behaviour and Magnetic Transition of ϵ-Fe2O3 105

results present trends similar to other studies; however, we find that the transition

between low and high temperature phases is much sharper and the Td site undergoes

two distinct electronic changes in contrast to the monotonic transformations reported

previously in smaller nanoparticles.41,48,49 This multistage transition corresponds to

electrons first pulling away from the Td site as the transition is approached from

low temperatures, and then returning with further warming, evidenced by changes

to the isomer shift and quadrupole splitting. This rearrangement of the electronic

structure around the Td site also has a lasting impact on the DOh component as the

system stabilizes into its high temperature phase. Compared to the 15 nm particles,

the transition of the 30 nm ϵ-Fe2O3 shifts to a higher temperature, indicating that

the altered Fe-O hybridization strengthens the low temperature phase, likely due to

comparatively longer Fe-O octahedral chains present in the larger particles. Overall,

this research highlights the importance of transition metal-oxygen hybridization to

the mechanisms underlying the interesting properties such as phase transitions and

the multiferrocity of perovskites.



Chapter 5

Transition Metal-Doped ϵ-Fe2O3

Chapter 4 identified the importance of Fe-O hybridization to the properties of ϵ-Fe2O3

and showed that the Td site drives the magnetic transition. While the temperature

dependent Mössbauer hyperfine parameters show that the changes to the Td site im-

pact the DOh component, it is unclear which of the DOh sites is affected and how.

Simply studying the ϵ-Fe2O3 phase does not provide further insights. To obtain a

more complete picture, another approach is required. Controlled disruptions of both

the crystal structure and the electronic interactions can be produced by doping ϵ-

Fe2O3 nanoparticles with other ions. Doped ϵ-Fe2O3 nanoparticles have previously

been studied with an overall goal of optimizing their properties for applications such

as millimeter-wave absorption and magnetic recording media.116–120 However, such

a focus narrows the species of ions used to dope, with rare earth ions (Ga and In),

and d0 transition metals (Al and Ti) attracting the most interest. Because this study

aims not to enhance particular properties but to better understand the physics that

underpin the ϵ-Fe2O3 phase a more systematic approach will be used. To systemat-

106
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ically perturb the ϵ-Fe2O3 phase and identify how the overall behaviour is impacted

by variations in both dopant species and concentration, ϵ-Fe2O3 nanoparticles doped

with transition metal ions Cr, Mn, Co, Ni, Cu and Zn are studied.

5.1 Overview of Transition Metal-doped ϵ-Fe2O3

5.1.1 Valence & Coordination

Characterization of all the transition metal-doped ϵ-Fe2O3 nanoparticles was per-

formed to identify the impact of both the dopant species and dopant concentration.

Room temperature XRD patterns were collected to track the evolution of the crys-

tal structure. All XRD patterns are shown in figure 5.1. Reitveld refinements were

done using the structure described in reference 41 with space group Pna21. Atomic

positions were fixed and full occupancy was assumed. Lattice parameters, reflection

broadening and a Chebychev background were fit for each pattern.

The ϵ-Fe2O3 structure describes low doping levels quite well, while deviations

become evident with higher doping amounts. Notably as the dopant concentration

increases, the relative amplitudes of the reflections at 35.3◦ and 36.7◦ change as the

35.3◦ intensity increases and the reflection broadens. Figure 5.2 shows the refined

patterns with residuals for the 1% and 12% Cr-doped samples for comparison. The

residuals of the 12% pattern clearly reveal reflections that are not described by the

orthorhombic structure of ϵ-Fe2O3. Instead, these new reflections are consistent with

a spinel structure, and indeed an improved fit of the pattern can be obtained with the

inclusion of a secondary spinel phase (see figure 5.2). Note that this two-phase model

still does not describe the diffraction pattern well. Further efforts into identifying
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Figure 5.1: Room temperature XRD patterns of transition metal-doped ϵ-Fe2O3 nanoparticles.
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Figure 5.2: Refined XRD patterns of 1% (top) and 12% (centre) Cr-doped ϵ-Fe2O3 nanoparticles.

Red markers are data and black line indicates fit. The green Bragg markers index the Pna21

structure while the blue is the residuals of the refinement. Bottom panel shows 12% Cr-doped ϵ-

Fe2O3 pattern refined with Pna21 and spinel Fd3̄m spacegroups.

a single space group that would generate a pattern consistent with that measured

proved unsuccessful. Local distortions around the dopant ions are the most likely

cause of this change in the diffraction patterns.

To gain insights into which site the dopant ions are entering, additional Reitveld

analysis was performed. Lattice parameters, background and peak broadening were
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fixed to the results of the previous refinements, while dopant ions were incorporated

into the structure. Full doping into a single Fe site was assumed and the resulting χ2

are tabulated.

Table 5.1a tracks how χ2 varies as Cr ions are substituted into the various Fe

sites. Because all χ2 are reduced when Cr is assumed to enter the DOh1 site, this is

the most likely location for the dopant ion, although the Td site is also a possibility.

Additionally, the reduction in χ2 of the ROh site for the highest concentrations of

dopant ions could indicate that the Cr occupies multiple sites. For example, the

dopant ions will enter the DOh1 site until a critical concentration is achieved, then

begin to enter the ROh site.

Results for similar Reitveld analysis of the Mn-doped ϵ-Fe2O3 nanoparticles are

located in table 5.1b. The changes in χ2 are relatively small, though the consistent

reduction in χ2 indicates that the DOh2 or Td sites are the most probable sites for

Mn-doping.

% Cr — DOh1 DOh2 ROh Td

1 8.431 8.430 8.425 8.435 8.425

2 6.065 6.062 6.064 6.066 6.056

4 8.794 8.785 8.796 8.800 8.782

6 12.00 11.98 12.02 12.01 11.97

9 33.47 33.41 33.57 33.46 33.45

12 73.64 73.55 73.89 73.58 73.67

(a) Cr-doped ϵ-Fe2O3

% Mn — DOh1 DOh2 ROh Td

1 4.107 4.107 4.105 4.110 4.105

2 5.974 5.975 5.971 5.981 5.969

4 4.153 4.154 4.150 4.160 4.149

6 7.585 7.590 7.580 7.594 7.583

8 9.823 9.833 9.822 9.826 9.821

12 24.53 24.56 24.56 24.51 24.54

(b) Mn-doped ϵ-Fe2O3

Table 5.1: χ2 for Reitveld analysis of Cr- and Mn-doped ϵ-Fe2O3 XRD patterns when theoretical

model incorporates full doping into a single site. Bolded values indicate that χ2 with dopant in a

particular site is reduced compared to the fit without any dopant ions included (—).
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% Co — DOh1 DOh2 ROh Td

0.5 3.089 3.088 3.088 3.088 3.089

1 10.51 10.51 10.51 10.51 10.51

2 9.756 9.752 9.752 9.750 9.753

4 55.35 55.34 55.34 55.34 55.34

(a) Co-doped ϵ-Fe2O3

% Ni — DOh1 DOh2 ROh Td

0.5 4.603 4.602 4.602 4.602 4.602

1 10.86 10.85 10.85 10.85 10.85

2 16.06 16.05 16.05 16.05 16.05

4 143.5 143.5 143.5 143.5 143.5

(b) Ni-doped ϵ-Fe2O3

Table 5.2: χ2 for Reitveld analysis of Co- and Ni-doped ϵ-Fe2O3 XRD patterns when theoretical

model incorporates full doping into a single site. Bolded values indicate that χ2 with dopant in a

particular site is reduced.

Tables 5.2a and 5.2b tabulate the variations of χ2 for the Retiveld analysis when

the dopant ion is incorporated into various sites. Unlike the Cr- and Mn-doped

ϵ-Fe2O3 nanoparticles, no site preference is identifiable from this analysis for the Co-

and Ni-doped ϵ-Fe2O3 nanoparticles. The results for the Cu-doped nanoparticles in

table 5.3a are only slightly more variable than the Co- and Ni-doped ones. Consistent

improvement in χ2 with Td site doping suggests that this site is preferable; however,

the DOh1 is also a possibility.

% Cu — DOh1 DOh2 ROh Td

0.5 5.558 5.557 5.561 5.562 5.554

1 5.454 5.457 5.465 5.476 6.434

2 6.101 6.125 6.136 6.158 6.081

3 13.19 13.17 13.22 13.20 13.15

4 52.11 52.06 52.17 52.12 52.05

(a) Cu-doped ϵ-Fe2O3

% Zn — DOh1 DOh2 ROh Td

1 4.435 4.439 4.440 4.459 4.428

2 25.10 25.09 25.12 25.13 25.14

3 8.211 8.230 8.243 8.305 8.179

4 22.77 22.59 22.57 22.56 22.57

6 100.7 100.7 110.5 110.5 100.8

(b) Zn-doped ϵ-Fe2O3

Table 5.3: χ2 for Reitveld analysis of Cu- and Zn-doped ϵ-Fe2O3 XRD patterns when theoretical

model incorporates full doping into a single site. Bolded values indicate that χ2 with dopant in a

particular site is reduced.
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Table 5.3b tabulates the variations in χ2 as Zn ions occupy different sites. For

the lower doping concentrations (<4%), no clear improvements in χ2 are evident;

however, the increases that occur when the Zn ions occupy ROh site indicate that

this site is less preferable. Reduced χ2 for higher Zn-doping into the ROh sites does

make the overall picture inconsistent. The DOh1 and Td seem to be more likely sites;

however, no firm conclusions can be drawn for this series from Reitveld analysis . A

summary of the possible doping sites based on Reitveld analysis is located in table 5.4.

The XAS L3,2 edge spectra were collected for all transition metal dopant ions

to provide complementary information about the dopant ions’ valence and coordina-

tion. As seen in figure 5.3, all the Cr L3,2 spectra have the same line shape, indicating

that the Cr ions have the same valence and coordination regardless of dopant con-

centration. The differences in the spectra, particularly the sloping background, are

attributed to poor signal-to-noise for low concentrations of Cr. Multiplet simulations

were performed using Crispy77 to identify the valence and coordination of the Cr

Table 5.4: Summary of possible doping sites of transition metal-doped ϵ-Fe2O3 nanoparticles based

on Reitveld analysis. ↑↑ denotes highly probable site, ↑ denotes probable site, and − is unclear.

Dopant DOh1 DOh2 ROh Td

Cr ↑↑ − − ↑↑

Mn − ↑↑ − ↑↑

Co − − − −

Ni − − − −

Cu ↑ − − ↑

Zn − − − −
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Figure 5.3: Cr L3,2 edge XAS spectra of the Cr-doped ϵ-Fe2O3 nanoparticles collected at 50 K with

simulated spectra.

ions. Spectra are well-reproduced by Cr3+ in Oh coordination with 10Dq = 2.0 eV

and ligand-metal charge transfer parameters ∆ = 1.0 eV and Veg = 2.0 eV. Note that

this charge sharing reflects the more ionic nature of the Cr-dopant ions, in contrast

to the Fe3+, which required reduced Slater parameters due to the high degree of co-

valency in ϵ-Fe2O3 (see Section 4.4 for further discussion). There is no evidence that

Cr enters the Td sites, in spite of the slightly improved Reitveld analysis. Instead, we

conclude the Cr ions occupy the DOh1 sites.

Figure 5.4 shows the Mn L3,2 edge spectra, which all share the same general

features, indicating similar valence and coordination. The lowest concentrations of

Mn (1% and 2%) both show reduced amplitude at 641 eV, compared to the ϵ-Fe2O3

doped with higher concentrations of Mn. Figure 5.4 shows the simulated spectra

for the 12% Mn nanoparticles composed of 67% Mn2+ Oh with 10Dq = 0.5 eV and

ligand-metal charge transfer parameters ∆ = 1.0 eV and Veg = 2.0 eV, and 33% Mn3+

Oh with 10Dq = 2.0 eV with the same charge transfer parameters. The decreased
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Figure 5.4: Mn L3,2 edge XAS spectra of the Mn-doped ϵ-Fe2O3 nanoparticles collected at 50 K

with simulated spectra.

shoulder observed for low Mn concentrations corresponds to a reduced fraction of

Mn3+ Oh. Based on the Oh coordination and the Reitveld analysis, the Mn ions

occupy the DOh2 sites.

The Co L3,2 edge spectra have the same line shape for all of the Co-doped ϵ-Fe2O3

(see figure 5.5), with the exception of the 0.5% Co-doped spectrum which contains
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Figure 5.5: Co L3,2 edge XAS spectra of the Co-doped ϵ-Fe2O3 nanoparticles collected at 50 K with

simulated spectra.
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Figure 5.6: Ni L3,2 edge XAS spectra of the Ni-doped ϵ-Fe2O3 nanoparticles collected at room

temperature with simulated spectra.

features at 784 eV and 799 eV. Because these features only appear for the lowest

concentration of Co which had a weakest signal, they are most likely artifacts from

the beamline. Al is a possible source with an x-ray absorption edge at 1559.6 eV,121

which is approximately double the energy of the observed feature. The Co L3,2 edge

spectra were simulated with equal parts Co3+ and Co2+, both having Oh coordination

with 10Dq = 1.3 eV.

Figure 5.6 shows the Ni L3,2 edge spectra at room temperature. As with the Co-

doped ϵ-Fe2O3 nanoparticles, the background flattens with increasing dopant concen-

tration as the overall signal improves. The Ni L3,2 edge spectra are best simulated

using a single Ni2+ component in Oh coordination with 10Dq = 1.8 eV. The same

ligand-metal charge transfer parameters ∆ = 1.0 eV and Veg = 2.0 eV used for the

Mn2+ simulations were utilized for these Ni2+ simulations.

The room temperature Cu L3,2 edge spectra are shown in figure 5.7. Features at

933 eV and 953 eV decrease are larger for the low doping concentrations where the
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Figure 5.7: Cu L3,2 edge XAS spectra of the Cu-doped ϵ-Fe2O3 nanoparticles collected at room

temperature with simulated spectra.

spectral backgrounds are sloping and the overall signal is very weak, and thus are

most likely artifacts. The remaining spectral features are well-described by Cu2+ in

Oh coordination with 10Dq = 1.6 eV.

The Zn L3,2 edge spectrum for the 6% Zn-doped ϵ-Fe2O3 nanoparticles are shown

in figure 5.8. Note that the Zn L3,2 edge spectra cannot be simulated using Crispy;
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Figure 5.8: Zn L3,2 edge XAS spectra of the 6% Zn-doped ϵ-Fe2O3 nanoparticles collected at room

temperature.
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Table 5.5: Summary of dopant ion results for transition metal-doped ϵ-Fe2O3 nanoparticles based

on XAS L3,2 spectra. Ionic radii from reference 122 where LS and HS are low spin and high spin,

respectively. The ionic radius of high spin Fe3+ Oh is 0.645 Å.

Dopant Valence Coordination 10Dq (eV) Charge transfer Ionic Radius (Å)

Cr 3+ Oh 2.0 Y 0.615

Mn 3+ (33%) Oh 2.0 Y 0.58 (LS)/0.645 (HS)

2+ (67%) Oh 0.5 Y 0.67 (LS)/0.83 (HS)

Co 3+ (50%) Oh 1.3 N 0.545 (LS)/0.61 (HS)

2+ (50%) Oh 1.3 N 0.65 (LS)/0.745 (HS)

Ni 2+ Oh 1.8 Y 0.69

Cu 2+ Oh 1.6 N 0.73

Zn 2+ Oh − − 0.74

however, due to its d10 electron configuration, Zn2+ is the most stable oxidation state.

While other techniques will be necessary to confirm the coordination of the Zn ions,

because all of the other dopants occupy Oh sites, the Zn ions most likely do as well.

A summary of the XAS results along with the corresponding ionic radii is located in

table 5.5.

Once the most probable dopant sites were identified, full Reitveld refinements of

the lattice parameters and peak broadening were repeated. No significant differences

in these parameters occur for the simulation with the dopant ions incorporated into

the crystal structure compared to the initial refinements where all cations were Fe; all

result agree within uncertainties. To minimize confusion and for ease of comparison,

the subsequent discussion will focus on the initial model containing only Fe ions.

Figure 5.9 shows the a lattice parameter as a function of dopant concentration.



118 Chapter 5: Transition Metal-Doped ϵ-Fe2O3

0 5 10
% Dopant

5.08

5.09

5.1

a 
(Å

)

Cr
Mn
Co
Ni
Cu
Zn

Figure 5.9: Lattice parameter a of transition metal-doped ϵ-Fe2O3 nanoparticles as a function of

dopant concentration.

This parameter varies with dopant ion, with the most notable impact being the

monotonic decrease with Cr concentration and increase with Mn concentration. These

behaviours are a consequence of ionic radii of the dopant ions, and the sites they

occupy. Because Cr3+ Oh has a smaller ionic radius (0.615 Å) than the Fe3+ Oh it is

displacing in the DOh1 site (0.645 Å), the lattice parameter decreases. By extension,

the increases in a with Mn-doping implies a larger effective ionic radius of the Mn

dopants, compared to Fe3+. Because Mn2+ has a relatively small crystal field splitting

(10Dq=0.5 eV), these ions will be high spin with radius 0.83 Å, while the large crystal

field splitting (10Dq=2.0 eV) of the Mn3+ would tend towards a low spin state. The

weighted average of these ions yields a Mn ionic radius of 0.748 Å, consistent with

the increased a lattice parameter. Note that these Mn ions will introduce more

complexity into the ϵ-Fe2O3 system than a simple increase in ionic radius. Mn3+ ions

are Jahn-Teller active, and have the ability to distort to lift their orbital degeneracy,

while charge balancing requires O2− vacancies to form with Mn2+ doping. Both of
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these factors will impact the overall structure. Like the Mn-doped series, the a lattice

parameter of the Ni-doped ϵ-Fe2O3 nanoparticles also increases monotonically with

concentration albeit with a smaller slope, consistent with its increased ionic radius of

0.69 Å.

More interesting behaviour is measured for the Co-, Cu- and Zn-doped nanoparti-

cles where the a lattice parameter does not change monotonically. For the Co-doped

ϵ-Fe2O3 the a lattice parameter increases with concentration until 2% Co before de-

creasing. Such a trend could be the result of the Co ions being initially high spin,

with an increased radius, then shifting to a low spin state. Because Co2+ ions will

also induce O2− vacancies, the interplay between ionic radius, spin state and O2−

vacancies compete resulting in the observed non-monotonic behaviour. The situation

is somewhat simpler for the Cu- and Zn-doped ϵ-Fe2O3 nanoparticles where only high

spin states are possible and the ionic radii of both are larger that the original Fe3+.

Like Co, the Cu series shows increases in a until 3% Cu, before decreasing. Meanwhile

the Zn-doped nanoparticles exhibit the opposite behaviour; decreasing a lattice pa-

rameter with increasing concentration until 2% Zn content, before increasing. These

series exhibit different responses to the chemical pressure induced by the dopant ions

distinct from the ionic size.

Trends in the b lattice parameter (figure 5.10) are less clear. The Mn-doped ϵ-

Fe2O3 nanoparticles are the only series that exhibits a linear change, with the b lattice

parameter decreasing as Mn concentration is increased. The Co series is unique in that

b decreases from that of undoped ϵ-Fe2O3, but stays constant as the Co concentration

increases. Of the other dopant ions (Cr, Ni, Cu and Zn) all show an initial decrease
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Figure 5.10: Lattice parameter b of transition metal-doped ϵ-Fe2O3 nanoparticles as a function of

dopant concentration.

in b lattice parameter with increasing doping concentration to a local minima at 1%

for the Ni and 2% for the other dopants, followed by an increase. Only the highest

doping concentrations of Ni (4%) and Zn (6%) have increased b lattice parameters

compared to that of undoped ϵ-Fe2O3. Note that the concentration where the b lattice

parameter begins to increase for all of these series coincides with the point where the

reflection at 35.3◦ is visibly increased. Such an increase in b could be connected to

the ferrite-like distortions.

In contrast to the a and b lattice parameters, the c lattice parameter (shown in

figure 5.11) consistently decreases with increased dopant concentration for all dopant

ions. Such behaviour reduces the difference between the b and c lattice parameters,

so that the unit cell is more tetragonal and less orthorhombic (increasing the overall

symmetry of the system). The rate of this decrease does differ between the series,

with the dopant ions separating into two groups. Both Mn- and Cu-doped ϵ-Fe2O3

decrease more slowly than the other ions (Cr, Co, Ni and Zn). This behaviour does
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Figure 5.11: Lattice parameter c of transition metal-doped ϵ-Fe2O3 nanoparticles as a function of

dopant concentration.

not correspond with the ionic radii of the various dopant ions.

Figure 5.12 shows how the unit cell volume behaves as a function of dopant con-

centration for the different transition metal-doped ϵ-Fe2O3 nanoparticles. Unsurpris-

ingly, the volume of the Cr-doped ϵ-Fe2O3 unit cell decreases most significantly with

increasing dopant concentration –primarily due to the decreases in both the a and c
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Figure 5.12: Unit cell volume of transition metal-doped ϵ-Fe2O3 nanoparticles as a function of dopant

concentration.
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parameters. Such behaviour is consistent with the Cr3+ ions having a smaller ionic

radius than any of the other dopant ions and indicates that the Cr-doping causes a

negative chemical pressure in the ϵ-Fe2O3 nanoparticles. In contrast, the monotonic

increase of the a lattice parameter and decreases of the b and c lattice parameters

combine such that the overall unit cell volume is relatively unchanged from that of

undoped ϵ-Fe2O3 for the Mn-doped ϵ-Fe2O3. The unit cell volumes of both the Co-

and Ni-doped nanoparticles decrease when 0.5% dopant is present. Increased concen-

trations have no impact on the volume of the Co-doped series, while the volume of

the Ni-doped ϵ-Fe2O3 increases significantly. The difference in trends between the Co-

and Ni-doped nanoparticles are related to the b lattice parameters as the a and c lat-

tice parameters behave similarly. Both the Cu- and Zn-doped ϵ-Fe2O3 nanoparticles

show a decrease in unit cell volume to a 2% dopant concentration, then an increase

with increased concentration. As with the Co- and Ni-doped ϵ-Fe2O3 this behaviour

follows that of the b lattice parameter, with the differences in magnitude generated

by the c lattice parameter.

5.1.2 Doping and Crystallite Size

In addition to the information about the unit cell, Reitveld refinements quantify the

average crystallite size of the nanoparticles. As shown in Chapter 4 the crystallite

size is directly related to the average nanoparticle size, and affects both the electronic

structure and overall magnetic properties of a sample. For this study the undoped

ϵ-Fe2O3 nanoparticles have an average crystallite size of 24.4±0.1 nm. The majority

of the transition metal-doped ϵ-Fe2O3 crystallite sizes are within 10% of the undoped.
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Figure 5.13: Crystallite size of transition metal-doped ϵ-Fe2O3 nanoparticles as a function of dopant

concentration. Dashed lines indicate sizes within ±10% of undoped ϵ-Fe2O3 nanoparticles.

In particular, all of the Co- and Ni-doped samples have crystallite sizes in this range.

Meanwhile the Mn- and Cu-doped crystallites increase in size with increased dopant

concentration, becoming >10% larger than the undoped crystallites for concentrations

≥2%. In contrast, both the Cr- and Zn-doped nanoparticles show a decrease in

crystallite size for their highest doping concentrations. Note that all samples were

prepared using the same synthesis protocol including identical annealing temperatures

in the same furnace. As a result, the variations in crystallite size are a reflection not

of the different external parameters but of the nucleation and growth kinetics of the

system.

While the mechanisms of nanoparticle nucleation and growth in solution are un-

derstood,123 it is unclear if this theory is applicable to the ϵ-Fe2O3 nanoparticle syn-

thesis. Regardless, if the dopant ions change the free energy of either the surface or

the bulk crystal, then crystallite nucleation and growth will be affected. If the solu-
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tion model is assumed to be applicable to the ϵ-Fe2O3 nanoparticles, then an increase

in the surface free energy is directly proportional to the critical radius – the mini-

mum size at which a crystallite can survive in solution without being redissolved. An

increase in the critical radius will correspond to an increase in the average crystallite

size because smaller crystallites can redissolve and contribute to the growth of larger

crystallites. Overall, this means that Mn and Cu dopant ions increase the free energy

of the surface, while Cr and Zn ions reduce it. Such an effect on the surface energy is

intriguing because the low surface energy of ϵ-Fe2O3 is believed to cause this phase’s

size constraints.10 The increased surface energy of the Mn- and Cu-doped nanoparti-

cles could then allow for the size constraints of undoped ϵ-Fe2O3 nanoparticles to be

exceeded.

From a practical perspective, the variations in crystallite size with transition

metal-doping complicate the overall landscape of this study because nanoparticle

size is highly convolved with other parameters, such as the electronic structure and

overall magnetic properties. Even the observed trends in the microstructure (i.e. lat-

tice parameters and unit cell volume) can be impacted by strain and finite size effects.

Future studies where the annealing temperature has been tuned for each sample to

produce identically sized nanoparticles could prove useful.

5.1.3 Electronic Changes with Doping

Mössbauer spectra were collected on all of the transition metal-doped ϵ-Fe2O3 nanopar-

ticles at 10 K, 150 K and 300 K to characterize the local electronic environment around

the Fe ions. The 10 K spectra are shown in figure 5.14. Consistent with the XRD
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Figure 5.14: 10 K Mössbauer spectra of transition metal-doped ϵ-Fe2O3 nanoparticles.
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results, spectra corresponding to low levels of doping are similar to that of the un-

doped ϵ-Fe2O3, while differences, particularly broadening of the spectral lines, are

more evident for higher doping concentrations. All spectra were well-fit using three

components corresponding to the DOh, ROh, and Td sites of single-phase ϵ-Fe2O3.

The Mössbauer spectra reveal no indication of a spinel-like secondary phase.

Figure 5.15 shows the hyperfine parameters as a function of dopant concentration

for the Cr-doped ϵ-Fe2O3 nanoparticles. The isomer shifts (δ) of both Oh components

show relatively small variations with Cr concentration, while δTd increases. Such an

increase indicates that d electrons shift towards the Fe Td nucleus as Cr is added
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Figure 5.15: 10 K hyperfine parameters of Cr-doped ϵ-Fe2O3 nanoparticles. Dark blue circles are

DOh component, light blue squares are ROh and red diamonds are Td. Line width (Γ) of both Oh

sites are identical, and so only ΓDOh(T ) is presented.
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to the structure; however, this increase is not linear. Instead, δTd plateaus when

the Cr concentration is between 2% and 9%. The quadrupole splittings (∆) of both

octahedral components (DOh and ROh) increase linearly with Cr doping. This trend

translates to the electric field gradient around the Oh sites becoming more isotropic as

the Td electrons are more localized. Such behaviour indicates that the delocalized Td

electrons contribute to the anisotropy of the Oh electric field gradient. Additionally,

the line widths (Γ) of the Oh sites increase while ΓTd decreases with increased Cr

concentration, meaning that the Oh sites become more disordered with increased Cr,

while the Td sites become less.

Interestingly, the concentration dependent behaviour of the magnetic hyperfine

field (Bhf ) of all sites follows that of δTd, suggesting that the changes to the nuclear

electronic density at the Td sites are coupled to variations in the Fermi-contact term or

valence orbital motion.70 The reduction in the relative site area of the DOh component

supports the previous conclusions that the Cr ions enter the DOh1 site. Overall, the

changes observed in the hyperfine parameters of the Cr-doped ϵ-Fe2O3 nanoparticles

indicate that Cr doping pushes electrons toward the Td sites, resulting in altered local

environment around the Oh sites. This new configuration changes the hybridization

and thus the exchange interactions between the different Fe sites.

The hyperfine parameters at 10 K for the Mn-doped ϵ-Fe2O3 are shown in fig-

ure 5.16. δOh fluctuates for low concentrations of Mn (≤4%), with both parameters

decreased when the Mn concentration ≥6%. δTd shows a similar trend with increases

for low Mn concentrations and a decrease back to the δTd of the undoped ϵ-Fe2O3

nanoparticles for Mn concentrations ≥6%. Overall, for low concentrations of Mn,
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Figure 5.16: 10 K hyperfine parameters of Mn-doped ϵ-Fe2O3 nanoparticles. Dark blue circles are

DOh component, light blue squares are ROh and red diamonds are Td. Both ΓOh are identical, and

so only ΓDOh(T ) is presented.

the nuclear electronic density around the Oh sites is fairly constant, while electrons

are pushed slightly towards the Td sites. Then when the Mn concentration is ≥6%

the electrons shift away from all of the Fe sites, returning the Td to the undoped

electronic density and resulting in modified Oh sites. With no significant variations

in ∆Oh, these shifts in electrons must occur symmetrically. No clear trends in either

Γ or the relative site areas as a function of Mn concentration are evident, with only

the increased Γ for 12% Mn concentration indicating increased local disorder.

The hyperfine parameters at 10 K for the Co- and Ni-doped ϵ-Fe2O3 are shown

in figure 5.17. Slight differences are evident in the concentration dependence of δOh.
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Figure 5.17: 10 K hyperfine parameters of a) Co- and b) Ni-doped ϵ-Fe2O3 nanoparticles. Dark blue

circles are DOh component, light blue squares are ROh and red diamonds are Td. Both ΓOh are

identical, and so only ΓDOh(T ) is presented.

The Co-doped series shows increased δROh with dopant concentration to 1% Co before

decreasing, while δROh is constant for all of the Ni-doped ϵ-Fe2O3. δDOh is independent

of dopant concentration other than the highest concentration (4%), where it decreases

significantly. Such a change in δDOh means that the DOh and ROh sites have distinct

nuclear electronic densities due to electrons pulling away from the ROh sites. This

separation of δOh occurs with an increase in Γ of all the sites, reflecting increased

local disorder in the system. Additionally, the relative site areas become significantly

different from that expected for ϵ-Fe2O3. This behaviour is unique to the 4% Co-

and Ni-doped nanoparticles and does not appear in any of the other dopant series.

Finally, Bhf of all components increase with doping, except for the Td site of the

Ni-doped nanoparticles.

Figure 5.18 shows the hyperfine parameters for the Cu- and Zn-doped ϵ-Fe2O3 at

10 K. The Cu-doped spectra do not show any significant changes in δ or ∆, indicating
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Figure 5.18: 10 K hyperfine parameters of a) Cu- and b) Zn-doped ϵ-Fe2O3 nanoparticles. Dark

blue circles are DOh component, light blue squares are ROh and red diamonds are Td. Both ΓOh

are identical, and so only ΓDOh(T ) is presented.

that the local electronic environment around the Fe sites are minimally impacted

by Cu doping. Changes are evident in the increased Bhf of all sites, reflecting an

increased magnetic hyperfine field. Unlike the other transition metal-doped samples,

Γ does not increase with increased dopant concentration, and ΓTd actually decreases.

Such a decrease indicates the Td site becomes more ordered as Cu is incorporated

into the ϵ-Fe2O3 structure. δ of the Zn-doped samples show a decrease in δOh and

increase in δTd with doping; electrons are pulled away from the Oh sites −particularly

the ROh, and pushed toward the Td. The decrease in ∆ROh reveals that these changes

increase the asymmetry of the electric field gradient. Bhf of all sites increase slightly,

as does Γ as the system exhibits increased disorder.

Overall each dopant ion impacts the hyperfine parameters slightly differently. Be-

cause the magnetism of these transition metal-doped ϵ-Fe2O3 systems is of significant

interest, further examination of the behaviour of Bhf is warranted. This parameter
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Figure 5.19: Bhf of the 4% transition metal-doped ϵ-Fe2O3 nanoparticles at 10 K as a function of

the dopant ion’s number of d electrons. Dark blue circles are DOh component, light blue squares

are ROh and red diamonds are Td. Note that Bhf for d5 corresponds to the undoped ϵ-Fe2O3.

describes the local magnetic hyperfine field originating from the difference between

spin-up and spin-down densities at the nuclei and contains contributions from both

core and valence orbitals.124 From the effects on δ of the transition metal-doped

ϵ-Fe2O3, the dopant ions serve to push and pull the electronic nuclear density with-

out changing the number of d electrons of the Fe itself. One source of such shifts

in electronic density is the different number of d electrons in the doped sites. Fig-

ure 5.19 shows how the Bhf of 4% transition metal-doped ϵ-Fe2O3 nanoparticles at

10 K change with the number of dopant ion d electrons. While both the DOh and

ROh Bhf are increased for all dopant ions, Bhf,Td shows minimal changes. Such be-

haviour indicates that the shorter Fe3+ Td−O2− bonds and their hybridization are

less sensitive to the perturbations introduced by the dopant ions than the longer Fe3+
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Oh−O2− ones.125 The exception to this is the increased Bhf,Td with Co-doping, which

is somewhat expected because Co doping is known to impact spin-orbit coupling.

Overall, the Bhf,Oh as a function of d electrons can be divided into two regimes.

The first consists of dopant ions with fewer d electrons than Fe (d <5), where the

Cr3+ ions with d3 have the largest Bhf,Oh, followed by the Mn2+/3+ ions with d5/d4.

Note that XAS simulations indicate that the Mn2+ is high spin, having the same

electronic configuration as the Fe3+, while the low spin Mn3+ will have the empty eg

orbitals like the Cr3+ albeit with one of the t2g orbitals now doubly occupied. Since

the relative increase in Bhf of the Mn-doped nanoparticles is ∼33% of that of the

Cr-doped nanoparticles, and the Mn3+ accounts for ∼33% of the Mn ions, it seems

like the impact of the Cr3+ and Mn3+ ions on Bhf are very similar −likely due to

their empty eg orbitals.

The second regime is of dopant ions with d >5, where again Bhf decreases as

d increases. The Co-doped ϵ-Fe2O3 nanoparticles have the largest Bhf of all the

nanoparticles, at least partially due to interactions with the spin-orbit coupling. The

Co2+/3+ ions have d7/d6; however, the 10Dq of the XAS simulations do not unam-

biguously identify the spin state. It is possible that the Co3+ (d6) ions are low spin

(with empty eg orbitals), and so increase Bhf via the same mechanism as the Cr3+

and Mn3+. For the remaining ions, only a high spin configurations (with filled eg

orbitals) are possible. The reduction in Bhf with increasing d is thus a reduction in

the difference between spin-up and spin-down densities as the number of unpaired

electrons decreases.
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5.1.4 Overall Magnetism with Doping

Hysteresis loops were acquired at a variety of temperatures to measure the field-

dependent response of the transition metal-doped ϵ-Fe2O3 nanoparticles. Figures 5.20

and 5.21 show the 10 K, 150 K and 300 K hysteresis loops. Overall, all of the

different transition metal-doped series show the expected evolution in loop shape

with temperature. Notably the 150 K loops show a larger coercive field (µ0HC) than

that of the 10 K loops with a similar magnetic saturation (MS), while the 300 K loops

show further increases in µ0HC and decreased MS. Nanoparticles with the highest

doping concentrations for all dopant ions have wasp-waisted loops. Note that while

these systems have very small values of µ0HC , the overall loop shape does reveal

high anisotropy for a fraction of the spin population. None of the doped ϵ-Fe2O3

nanoparticles reveal behaviour consistent with superparamagnetism.

The impact of the loop shape is quantified in the temperature dependent coercive

field (shown in figure 5.22a), where the 9% Cr and 12% Cr samples have signifi-

cantly smaller µ0HC compared to the other samples. µ0HC of the Cr-doped ϵ-Fe2O3

is decreased from that of the undoped ϵ-Fe2O3 in both the incommensurate phase

(<100 K) and ferrimagnetic phase (>200 K), and increased for Cr<9% through the

phase transition. Such an increase in µ0HC at intermediate temperatures is consis-

tent with the transition temperature decreasing as a function of Cr-doping, similar to

the change that was observed in Section 4.4 where the largest particles exhibited an

increased transition temperature due to enhanced hybridization in the incommensu-

rate phase. With decreases to nanoparticle size as a function of Cr concentration (see

figure 5.13), reduced long-range interactions will play a similar role to that observed
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Ni-doped ϵ-Fe2O3 nanoparticles.
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Figure 5.21: Hysteresis loops at 10 K (left), 150 K (centre) and 300 K (right) of Cu-, and Zn-doped

ϵ-Fe2O3 nanoparticles.

for the different sizes of ϵ-Fe2O3 nanoparticles in Chapter 4. Additionally, changes

to the local electronic structure – particularly the localization of Td electrons and

disruption of the DOh1 chains, alter the short-range interactions. Combined, these

effects reduce the spin-orbit coupling in the system, lowering the magnetic transition

temperature and decreasing µ0HC of both phases.

The behaviour of the magnetic saturation (MS(T )) shown in figure 5.22b is not

so straightforward to explain. MS(T ) is practically identical for the undoped and

1% Cr-doped ϵ-Fe2O3 nanoparticles, while 2% Cr-doping increases MS(T ) by ∼20%

in the incommensurate phase and ∼15% in the ferrimagnetic phase. Such a change

in MS(T ) is significant considering the low dopant concentration. The magnetic

structure of ϵ-Fe2O3 is composed of the DOh1, DOh2, ROh and Td sites with magnetic
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Figure 5.22: a) µ0HC(T ) and b) MS(T ) of Cr-doped ϵ-Fe2O3 nanoparticles.

moments -3.9 µB, +3.9 µB, +3.7 µB, and -2.4 µB,41 respectively, resulting in a net

moment of 0.325 µB per Fe3+. If all of the Cr3+ ions that substitute into the DOh1

site have moment -3.85 µB,126 and all else remains constant, then the net moment

would only increase to 0.3255 µB per cation (0.15% increase) – orders of magnitude

smaller than the 20% measured experimentally. Higher concentrations of doping serve

to illustrate the complexity of the system, with MS(T ) decreasing by ∼50% for the

4% Cr-doped ϵ-Fe2O3, before increasing closer to the undoped ϵ-Fe2O3 values for the

6% Cr nanoparticles. Meanwhile both the 9% Cr and 12% Cr samples show increased

MS(T ) in the incommensurate phase, and decreased MS(T ) in the ferrimagnetic phase

compared to undoped ϵ-Fe2O3. Such variations as a function of dopant ion clearly

show that the incorporation of Cr ions into the ϵ-Fe2O3 structure significantly alters

the exchange interactions that determine the overall magnetization

Compared to the Cr-doped ϵ-Fe2O3, the hysteresis loops Mn-doped ϵ-Fe2O3 nanopar-

ticles reveal a much simpler picture. Figure 5.23 shows µ0HC(T ) and MS(T ). With

the exception of the 12% Mn sample (which becomes wasp-waisted), both µ0HC and

MS increase with increased Mn concentration for all of the samples across the en-

tire temperature range; however, the mechanism behind this increase are unclear.



Chapter 5: Transition Metal-Doped ϵ-Fe2O3 137

0 100 200 300
T (K)

10

15

20

25

M
s (

A
m

2
/k

g
) 0%

1%
2%
4%
6%
8%
12%

0 100 200 300
T (K)

10

15

20

25

M
s (

A
m

2
/k

g
) 0%

1%
2%
4%
6%
8%
12%

a) b)

Figure 5.23: a) µ0HC(T ) and b) MS(T ) of Mn-doped ϵ-Fe2O3 nanoparticles.

Mössbauer hyperfine parameters do not show obvious trends indicating direct modi-

fications to the Fe local electronic environment due to Mn-doping. Meanwhile XRD

reveals a direct relationship between crystallite size and Mn-dopant concentration.

Because crystallite size has been shown to increase µ0HC (see Chapter 4), the ob-

served behaviour is not due to the Mn ions directly modifying the spin-orbit coupling,

but an indirect response from changes in particle size. As with the Cr-doped ϵ-Fe2O3

nanoparticles, the observed increases in MS(T ) are larger than would be expected,

and so the Mn ions must perturb the existing Fe-Fe exchange interactions. With

strong evidence that the Cr and Mn ions dope into different structural sites, different
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Figure 5.24: a) µ0HC(T ) and b) MS(T ) of Co-doped ϵ-Fe2O3 nanoparticles.
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magnetic trends are not unexpected.

Of all the transition metal-dopants, Co is the one which most significantly affects

µ0HC . Increased Co concentrations increase µ0HC in the low temperature incommen-

surate phase, and decrease µ0HC in the ferrimagnetic phase. These changes speak

directly to the impact of the Co dopant ions on the spin-orbit coupling of the ϵ-Fe2O3

phase, consistent with the increased Bhf from Mössbauer spectroscopy. A similar

effect on µ0HC is observed for Co-doped γ-Fe2O3.
127 Like the Mn-doped ϵ-Fe2O3,

increases in MS are monotonic with respect to Co ion concentration; however, the

magnitude is significantly larger. While 4% Mn doping increases MS by ∼20% of the

undoped values, 4% Co substitution increases MS by 100%. Such an increase cannot

be attributed directly to the dopant ions and must rely on perturbation of the existing

exchange interactions. Note that neither XRD nor Mössbauer spectroscopy analysis

were able to identify a single site for the Co occupation. Based on the change to the

magnetic saturation, it seems that the Co ions occupy a different site than either the

DOh1 of the Cr or the DOh2 of the Mn. Because the XAS spectra show the Co ions

are in Oh coordination, they must occupy the ROh site.
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Figure 5.25: a) µ0HC(T ) and b) MS(T ) of Ni-doped ϵ-Fe2O3 nanoparticles.
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The effects of Ni-doping on µ0HC are similar to those observed for the Cr-doped ϵ-

Fe2O3 where small increases are observed at ∼150 K, but otherwise µ0HC is decreases

with increased doping. Because the crystallite size of the Ni-doped ϵ-Fe2O3 nanopar-

ticles does not change significantly, these changes can be directly attributed to the

effects of Ni-doping and not extrinsic size effects. The reduction of µ0HC in both

the high and low temperature phases indicate a reduction to the spin-orbit coupling,

while the increased in µ0HC through the magnetic transition is consistent with a re-

duction in the transition temperature. Such behaviour indicates that the Ni-dopants

disrupt hybridization and lower the energy barrier to the ferrimagnetic state. Inter-

estingly, µ0HC begins to collapse at much lower concentrations of Ni-doping than the

other dopant ions, with the 2% Ni-doped ϵ-Fe2O3 nanoparticles having a significantly

reduced µ0HC of 1.5 T compared to the ∼2 T of the nanoparticles with lower Ni

concentrations

MS of this series of nanoparticles increases monotonically with Ni concentration.

These increases are larger than those observed for Cr- and Mn-doping, though closest

to the Co-doped ϵ-Fe2O3, with 4% Ni-doped exhibiting MS ∼140% larger than that

of undoped ϵ-Fe2O3. The similarities between the Co- and Ni-doped nanoparticles’

MS is consistent with these dopant ions occupying the same site (ROh). With similar

sized crystallites, the differences between these series are the result of the different

dopant species.

Like the Mn-doped ϵ-Fe2O3 nanoparticles, the Cu-doped samples have increased

µ0HC in the high temperature ferrimagnetic phase; however, µ0HC in the incommen-

surate phase is unchanged. With larger crystallites with increased Cu-doping (see
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a) b)Figure 5.26: a) µ0HC(T ) and b) MS(T ) of Cu-doped ϵ-Fe2O3 nanoparticles.

figure 5.13), the increase in high temperature µ0HC is likely a consequence of size

effects. Such an increase would also be expected to appear in the incommensurate

phase, so the constant µ0HC indicates a reduction of the spin-orbit coupling. MS of

the Cu-doped ϵ-Fe2O3 nanoparticles shows relatively small increases with doping for

concentrations up to 3% Cu-doping. These increases are in line with those observed

for the Mn-doped nanoparticles, suggesting Cu ions occupy the DOh2 sites. The

nanoparticles containing 4% Cu show a significant increase in MS such that these

values are more consistent with the Co- and Ni-doped ϵ-Fe2O3. Such behaviour is

consistent with the Cu ions beginning to occupy the ROh sites as well.
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Figure 5.27: a) µ0HC(T ) and b) MS(T ) of Zn-doped ϵ-Fe2O3 nanoparticles.
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The Zn-doped ϵ-Fe2O3 show minimal changes to µ0HC in both the incommensu-

rate and ferrimagnetic phases for Zn concentrations <4% (where the loops become

wasp-waisted). Differences in µ0HC(T ) through the intermediate temperatures in-

dicate that the Zn-doping reduces the transition temperature slightly. Overall, the

incorporation of Zn ions does not change the spin-orbit coupling in either the high

or low temperature phases. As with all the transition metal dopants except Cr, MS

tends to increase with increased dopant concentration, with the exceptions of the

2% Zn and 3% Zn-doped ϵ-Fe2O3 nanoparticles which have practically identical MS.

Such a change in behaviour is consistent with the Zn ions beginning to occupy a sec-

ond site, which causes different perturbations of the exchange interactions. Overall,

the increases to MS correspond closely to the behaviour of the Co- and Ni-doped

ϵ-Fe2O3, indicating the Zn ions primarily occupy the ROh sites.

To enable comparison between the different dopant ions, figure 5.28 shows how

µ0HC at 10 K and 300 K change as a function of the number of d electrons in the

dopant ion. Like figure 5.19 which shows Bhf as a function of the number d electrons

a) b)

Figure 5.28: µ0HC of transition metal-doped ϵ-Fe2O3 nanoparticles as a function of d electrons in

dopant ion at a) 10 K and b) 300 K.
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Figure 5.29: MS(T ) of transition metal-doped ϵ-Fe2O3 nanoparticles as a function of d electrons in

dopant ion at a) 10 K and b) 300 K.

of dopant ion, the Cr- and Mn-doped samples show similar behaviour, with µ0HC

values relatively unchanged from those of the undoped ϵ-Fe2O3. While the Co-doped

samples exhibit unique behaviour, all of the µ0HC show large changes with respect to

dopant concentration when d > 5 (Co, Ni, Cu and Zn). Such results are a consequence

of the hysteresis loops becoming wasp-waisted at lower dopant concentrations than

when d < 5, corresponding to the appearance of ferrite-like distortions in XRD. The

breakdown of ϵ-Fe2O3 for these dopants is also apparent in MS as a function of d

electrons (shown in figure 5.29), where these systems exhibit larger changes to MS

with doping. Overall, this trend confirms that the ϵ-Fe2O3 structure and magnetism

breaks down with the addition of relatively low concentrations of high d transition

metal ions into the ROh site. The most intriguing behaviour remains that of the Cr-

doped ϵ-Fe2O3. While the other dopant ions tend to affect the magnetic properties in

a similar manner, Cr-doping causes non-monotonic variations in MS and is notably

the only ion to cause a decrease.
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5.2 Cr-doped ϵ-Fe2O3

Because the Cr-doped ϵ-Fe2O3 nanoparticles show unusual magnetic behaviour, they

are the focus for further investigation. XAS spectra acquired over the Fe L3,2, Cr L3,2

and O K edges at 50 K are shown in figure 5.30. The Cr L3,2 spectra in figure 5.30c

are the same ones shown in figure 5.3, with the simulated spectrum in figure 5.30d as

described previously revealing Cr3+ in Oh coordination. No significant changes are
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Figure 5.30: XAS spectra of Cr-doped ϵ-Fe2O3 nanoparticles collected at 50 K of a) Fe L3,2 edge,

b) O K edge, and c) Cr L3,2 edge. d) Cr L3,2 edge of 9% Cr sample with simulated spectrum (red)

as described in the text.
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observed in the Fe L3,2 edge as a function of Cr concentration, indicating that the

valance and coordination of the Fe ions is unaffected. In contrast, clear changes to the

2p−3d hybridization region are evident in the O K edge spectra. Such changes to hy-

bridization are the source of the variations in local electronic environment around the

Fe ions quantified via the Cr-concentration dependent Mössbauer hyperfine parame-

ters (figure 5.15). The maximum amplitude of the O K edge pre-peak first decreases

with Cr concentration, reaching a minimum amplitude for the 2% Cr-doped nanopar-

ticles before increasing with further doping. This coincides with the concentrations

where δTd in the 10 K Mössbauer spectra plateaus (see figure 5.15) as the nuclear

electronic density becomes constant with additional Cr content. So while the density

of electrons around the Td site are constant for Cr concentrations >2%, enhanced

hybridization and orbital overlap occurs. With the Fe L3,2 edge showing no change

to the Fe electronic structure, the O orbitals must be altered by the incorporation of

Cr ions.

As with the undoped ϵ-Fe2O3, temperature dependent Mössbauer spectra of the

4% Cr-doped nanoparticles were collected across the magnetic transition. The goal

for these measurements is to identify differences in the evolution of the local elec-

tronic environment due to Cr-doping. This particular concentration of Cr was chosen

because both the Mössbauer and O K edge XAS spectra show modified hybridization

due to Cr-doping, yet the Mössbauer spectral line width (Γ) at 10 K remains small

enough for differences to be identified.

As discussed in Section 5.1.3, the 10 K spectrum of the 4% Cr-doped ϵ-Fe2O3

nanoparticles is well-described with a three component fit corresponding to the known
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Figure 5.31: Mössbauer spectrum of the 4% Cr-doped ϵ-Fe2O3 nanoparticles at 200 K with fit

(solid black). Dark blue, light blue, red and orange lines are the individual DOh, ROh, Td and Td’

components as described in the text.

structure of ϵ-Fe2O3. Such a model holds true throughout the low temperature incom-

mensurate phase. However, at 135 K (the start of the electronic phase transition)

a fourth component is required. Figure 5.31 shows the fit 200 K spectrum of the

4% Cr-doped ϵ-Fe2O3. From its anomalously small Bhf , and fact that its relative site

area is directly proportional to the reduced area of the original Td component, this

new component has Td coordination and will be referred to as Td’.

Figure 5.32 shows the temperature dependent isomer shifts (δ(T )) of both the

undoped and 4% Cr-doped ϵ-Fe2O3. In the low temperature regime (<135 K), δ(T )

of the 4% Cr nanoparticles are the same as the undoped ϵ-Fe2O3, and all values

are consistent with Fe3+. Small differences between δOh and δROh do indicate that

the nuclear electronic density of the ROh sites is slightly reduced from that of the
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Figure 5.32: Temperature dependent isomer shifts (δ(T )) of the undoped (left) and 4% Cr-doped

(right) ϵ-Fe2O3 nanoparticles. Dark blue circles are DOh component, light blue squares are ROh

and red diamonds are Td. Orange triangles are new Td’ component.

DOh sites. Such a change is consistent with the reduced 2p − 3d hybridization seen

in the O K edge. Above 135 K δ(T ) of the 4% Cr-doped nanoparticles show clear

differences for all but the DOh component. δROh is consistently increased, while the

original Td component no longer shows the two-stage electronic rearrangement seen

in the undoped ϵ-Fe2O3 nanoparticles. Instead, δTd decreases and remains very small

– consistent with Fe4+-like behaviour. Interestingly, the new Td’ component has a

very high δ of 0.8±0.2 mm/s at 135 K, before settling to ∼0.55 mm/s between 150 K

and 250 K −consistent with Fe2+. The splitting of δTd in this manner is a sign of

charge ordering amongst the Td sites, where the rearrangement of electrons yields

two distinct local environments.

The effect of this charge ordering is apparent in the quadrupole splitting (∆)
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Figure 5.33: Temperature dependent quadrupole splitting (∆(T )) and hyperfine field (Bhf (T )) of

the undoped (left) and 4% Cr-doped (right) ϵ-Fe2O3 nanoparticles. Dark blue circles are DOh

component, light blue squares are ROh and red diamonds are Td. Orange triangles are new Td’

component.

shown in figure 5.33 above 135 K (no differences are visible in the low temperature

phase). The magnitudes of both ∆Td and ∆Td′ are increased compared to that of the

undoped ϵ-Fe2O3 indicating increased distortion to the local environment. Meanwhile,

the signs are related to the shape of this anisotropy. The negative values of ∆Td

describe the distortion being elongated in the direction of the spin, while the positive

values of ∆Td′ indicate the gradient is flattened in the spin direction. Regarding

the Oh components, ∆ROh is slightly reduced compared to that of undoped ϵ-Fe2O3,

while ∆DOh is unchanged. Neither Oh component shows variations in Bhf . All the Td

component Bhf are in agreement below 145 K, above which Bhf of both Td sites in

the Cr-doped ϵ-Fe2O3 nanoparticles are reduced. With both Fe2+ and Fe4+ containing
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Figure 5.34: Temperature dependent line width (Γ(T )) and area of the undoped (left) and 4% Cr-

doped (right) ϵ-Fe2O3 nanoparticles. Dark blue circles are DOh component, light blue squares are

ROh and red diamonds are Td. Orange triangles are new Td’ component.

fewer unpaired valence electrons than Fe3+, such a decrease is expected for this charge-

ordered state because the difference between spin-up and spin-down densities will be

reduced.

As with the other hyperfine parameters, Γ of the 4% Cr-doped ϵ-Fe2O3 nanopar-

ticles does not differ from the undoped ϵ-Fe2O3 in the low temperature phase (see

figure 5.34). Above 135 K both ΓOh are increased, indicating that the addition of Cr

ions increases disorder to these sites. Γ(T ) is increased for both Td components, with

the Fe4+-like component being the most disordered. The relative site area of the DOh

component is consistently decreased compared to the undoped ϵ-Fe2O3 nanoparticles

as expected for Cr-doping into the DOh1 site. Meanwhile the areas for the Td and

Td’ sites account for nearly equal spectral weights revealing that the low tempera-
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ture Fe3+ Td component splits evenly into Fe4+-like and Fe2+-like components above

135 K.

To see if this Td site charge ordering occurs for ϵ-Fe2O3 nanoparticles doped with

other transition metal ions, temperature dependent Mössbauer spectra were collected

for both the 4% Mn- and 2% Co-doped nanoparticles. Both of these systems are

well-described by the usual three components (DOh, ROh and Td), and so confirm

that the Cr-doped ϵ-Fe2O3 nanoparticles are unique. Temperature dependent hy-

perfine parameters shown in figure 5.35 reveal that as with the Cr-doped ϵ-Fe2O3,

the Td hyperfine parameters above 135 K are most impacted by the addition of the
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Figure 5.35: Temperature dependent isomer shifts (δ(T )), quadrupole splitting (∆(T )) and hyperfine

field (Bhf (T )) of the 4% Mn- (left) and 2% Co-doped (right) ϵ-Fe2O3 nanoparticles. Dark blue circles

are DOh component, light blue squares are ROh and red diamonds are Td.
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transition metal ions. Neither the Mn- or Co-doped δTd(T ) show the clear two-stage

transition of undoped ϵ-Fe2O3. Instead the 4% Mn-doped δTd(T ) exhibits only a small

decrease at 135 K due to its reduced low temperature δTd(T ) and increased high tem-

perature δTd(T ) compared to those of undoped ϵ-Fe2O3. ∆Td(T ) of the 4% Mn-doped

nanoparticles is consistent with δTd(T ) with its reduced magnitude reflecting a weaker

electric field gradient above 135 K. Bhf (T ) of the ROh site is increased throughout

the measured temperature range, and neither Bhf,Oh(T ) show the dip immediately

above 135 K seen in the undoped or 4% Cr-doped ϵ-Fe2O3.

The values for δTd(T ) of the 2% Co-doped nanoparticles are very similar to those

of the undoped nanoparticles in both the high and low temperature regimes, albeit

with a much smaller dip at the transition due to a reduced pull-push of electrons

around the Td site. ∆Td(T ) indicates a significant electric field gradient just above

135 K; however, it linearly decreases in magnitude with increasing temperature. This

behaviour contrasts with all of the other samples measured, where ∆Td(T ) is prac-

tically constant above 150 K. Bhf (T ) of all components are increased throughout

the low temperature range as discussed previously (see figure 5.17); however, no such

increases are observed above 135 K. Like the 4% Mn-doped nanoparticles, the 2% Co-

doped Bhf,Oh(T ) do not show the dip immediately above the transition.

Note that these Mössbauer hyperfine parameters only provide information about

the local electronic environment around the Fe ions. To form a better understanding

the different systems, the dopant ions themselves need to be considered. Table 5.6

summarizes our understanding of the Cr, Mn and Co dopants. Of these dopant ions

Cr3+ is the only one that is not mixed valence; however, it is also the only dopant
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Table 5.6: Summary of dopant ion results for transition metal-doped ϵ-Fe2O3 nanoparticles. Ionic

radii from reference 122 where LS and HS indicate the radius for low spin and high spin, respectively.

Dopant Valence # d Electrons Site Ionic Radius (Å)

Cr 3+ 3 DOh1 0.615

Mn 3+ (33%) 4 DOh2 0.58 (LS)

2+ (67%) 5 DOh2 0.83 (HS)

Fe 3+ 5 Oh 0.645 (HS)

Co 3+ (50%) 6 ROh 0.545 (LS)/0.61 (HS)

2+ (50%) 7 ROh 0.65 (LS)/0.745 (HS)

that causes the Fe3+ Td to split into different valences in the high temperature phase.

Such a significant disruption to the local electronic environment would be expected to

impact the Cr-doped ϵ-Fe2O3’s unique magnetic behaviour, as charge ordering would

modify the exchange interactions. However, the effects of Cr-doping on MS(T ) are

consistent throughout the entire temperature range (10-300 K), not just above 135 K

where the Td site shows charge ordering. Thus the origin of the altered magnetism

cannot just be the charge ordering in the high temperature phase.

Of all the transition metal ions studied, Cr3+ is unique in that it is the only

dopant ion that occupies the DOh1 sites. While both the DOh1 sites and ROh sites

form edge-shared Oh chains along the a-axis, the temperature dependent hyperfine

parameters of the undoped ϵ-Fe2O3 (specifically ∆(T ) −see figure 4.18) show that

the DOh component’s local electronic environment is significantly affected by the

reorganization of electrons around the Td site. The combination of structure and

interactions with the Td sites makes the DOh1 sites critical to the overall behaviour

of ϵ-Fe2O3. The relatively reduced impact of doping into the DOh2 (Mn) or ROh (Co,
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Ni, Cu, Zn) sites emphasizes that these sites play a lesser role.

5.3 Summary

Transition metal-doped ϵ-Fe2O3 nanoparticles were examined to better understand

the ϵ-Fe2O3 phase. Six series of nanoparticle samples were prepared, each doped with

a single transition metal ion: Cr, Mn, Co, Ni, Cu or Zn. XAS spectra of the dopant

ions were used to identify their valence and coordination. All of the dopant ions are

Oh coordination, and so the Td site that transforms with the magnetic transition is

not directly altered. Instead Cr3+ ions occupy the DOh1 site, Mn2+/3+ ions occupy

DOh2 site, and Co2+/3+, Ni2+, Cu2+ and Zn2+ ions all occupy the ROh site. Based

on the concentrations where spinel-like reflections appear, both of the DOh sites are

able to accommodate more dopant ions than the ROh sites.

The impact of the transition metal dopants on the magnetism of ϵ-Fe2O3 nanopar-

ticles is remarkably independent of the dopant species, and all samples exhibit the

characteristic magnetic transition. Most of the changes to µ0HC(T ) can be ascribed

to either size effects or the breakdown of the perovskite structure. The Co ions are an

exception, with increased low temperature and decreased high temperature µ0HC(T )

reflecting changes to the spin-orbit coupling. For MS(T ), all but the Cr-doped ϵ-

Fe2O3 nanoparticles show increased MS(T ) with increased dopant concentration. In

contrast, the dependent of MS on Cr doping concentration is non-monotonic. Tem-

perature dependent Mössbauer spectroscopy shows that the Cr-doped ϵ-Fe2O3 have a

charge-ordered Td site above 135 K. Because the unusual behaviour of MS(T ) with Cr

concentration extends to the low temperature phase as well, the Td charge ordering is
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not the origin. Instead, both are the result of perturbing the DOh1 sites which form

Oh chains and are coupled to the Td sites. These results reveal that the DOh1 site

is critical to the overall magnetic properties of ϵ-Fe2O3, and presents a mechanism to

tune this novel multiferroic phase.



Chapter 6

Discussion

In the previous chapters, the roles of hybridization in Fe3O4 nanorods (chapter 3)

and ϵ-Fe2O3 nanoparticles (chapters 4 and 5) have been considered independently.

As discussed in chapter 3, the full transformation of the Fe3O4 nanorods is well-

described by the trimeron model. In this chapter the results of chapters 4 and 5 will

be used to put forward a model for the ϵ-Fe2O3 transition. A comparison of these

systems will further enhance our understanding of the physics that underpins the iron

oxides.

Both the Verwey transition of Fe3O4 and the magnetic transition of ϵ-Fe2O3 show

clear changes to the local Fe environment via their temperature dependent hyperfine

parameters (see figures 3.13 and 4.18). In Fe3O4, the Verwey transition occurs via

the transformation of the Oh sites. The nature of this transformation is such that

the hyperfine parameters of the single high temperature Oh component are nearly

the average of the multiple low temperature components. Intuitively this behaviour

makes sense because the low temperature ordered Fe2+ and Fe3+ components become

154
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Fe2.5+-like via electron hopping above TV .

The transition is ϵ-Fe2O3 is quite different. In the undoped ϵ-Fe2O3, only a single

Fe3+ Td component describes the entire temperature range, though these hyperfine

parameters do vary across the transition. In particular, δTd(T ) shows clear variations

at the transition and Bhf (T ) above the transition is strangely low for Fe3+. The

rearrangement of electrons that changes δTd(T ) also creates anisotropy in the electric

field gradient (tracked by ∆(T )). Complementary techniques provide further insights

by showing no changes to the crystal structure or the valence and coordination of the

Fe ions. However, Fe L3,2 XAS spectra reveal that ϵ-Fe2O3 shows strong covalency,

meaning that electrons can be shifted and shared between ions.

From the temperature dependent hyperfine parameters of the undoped and Cr-

doped ϵ-Fe2O3 nanoparticles (Figures 5.32, 5.33, and 5.34), the incorporation of

dopant ions alters this covalency. The most notable consequence is the appearance of

charge ordering with Cr3+ doping into the DOh1 site. Careful examination of these

two Td components (with apparent valences of 2+ and 4+) reveals that the average

δ(T ) and ∆(T ) of these components map almost perfectly onto δ(T ) and ∆(T ) of the

undoped ϵ-Fe2O3. Such behaviour indicates that the Td site of the undoped ϵ-Fe2O3

above the transition is similar to that of the Oh site in Fe3O4 where one component

is sufficient to describe a mixed valence system. In the Cr-doped ϵ-Fe2O3, the Cr3+

ions perturb the Td sites such that two Fe valences appear at the time scale of the

Mössbauer measurement. We propose that the Fe2+/Fe4+ character is also present in

the undoped ϵ-Fe2O3. Such a model is supported by the strangely low Bhf,Td above

the transition since both Fe2+ and Fe4+ will have a smaller difference between spin-up
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and spin-down densities than Fe3+.

In Fe3O4, the electronic configuration is relatively straightforward: distinct Fe2+

and Fe3+ valence occurs when the d electrons are localized, while Fe2.5+ valence ap-

pears when the lone minority spin t2g electron hops between the double exchange-

coupled Fe2+ and Fe3+ sites. In ϵ-Fe2O3 a more complicated mechanism is necessary

because the Td sites are ferromagnetically coupled and all d orbitals are half-filled.

With this configuration, Hund’s rules indicate that the simple transfer of electrons

between d orbitals is not permitted11 and the charge transfer must occur via another

mechanism.

Overlap 

Direct Transfer 

2p

2s

3d

4s

3s

2p

2s

3d

4s

3s

Fe3+ Td Fe3+ Td

Fe3+ Td Fe3+ Td

Figure 6.1: Mechanisms of overlap (top) and direct transfer (bottom) hyperfine interactions between

Td Fe3+, mediated by O2−.
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Because ϵ-Fe2O3 has a covalent nature, cation-cation (Fe1-O-Fe2) supertransferred

hyperfine interactions need to be considered, of which there are two possible mech-

anisms (shown in figure 6.1). The first occurs when overlap between O σ (p or s)

orbitals and Fe2 core σ orbitals cause the unpairing of Fe2 spins. This unpaired

spin density is caused by the transfer of a ligand σ electron to Fe1. For the second

mechanism, a 3d electron is transferred from Fe1 into an empty s orbital of Fe2 via

either a direct process or through the O ligands. Both of these processes change the

effective valency/spin density between the Fe1 and Fe2 ions in a manner consistent

with charge transfer while not splitting δ.128

The overall impact on δ does differ between these two hyperfine interactions. Over-

lap distortions cause core electrons to shift outwards, lowering ρs(0) and increasing

δ.129 In contrast, increased mobility of d electrons via direct transfer causes ρs(0) to

increase and δ to decrease.130 Based on the initial sharp decrease of δTd(T ) at the

transition, direct transfer interactions occur initially then overlap interactions appear.

Note that if both interactions are equally present, the impact on δ is minimal. Thus

the decrease in δTd(T ) above 150 K reflects ϵ-Fe2O3 favouring direct transfer interac-

tions. However, both these interactions impact the other hyperfine parameters. Bhf

decreases via a reduction in the difference between spin-up and spin-down densities

(see figure 6.1) while distortions to both the Fe Td and neighbouring O2− orbitals

alter ∆ of the DOh sites. Overall, these hyperfine interactions create the unique local

environment of the Td site above 150 K in ϵ-Fe2O3.

Note that of the transition metal-doped nanoparticles where full temperature de-

pendent hyperfine parameters were acquired (see Figures 5.32, 5.33, 5.34, and 5.35),
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only the Cr-doped sample shows the splitting of the Td site. Much of the unique

behaviour of the Cr-doped ϵ-Fe2O3 nanoparticles has been attributed to its occu-

pancy of the DOh1 site, and this may indeed play a role. However, the other dopants

studied were Mn and Co – both of which are occupied by mixed 2+/3+ valence, and

have more mechanisms to interact with ϵ-Fe2O3. For example, the incorporation of

2+ ions requires O2− vacancies to form to maintain charge balancing requirements.

The location of these vacancies will have consequences for the hyperfine interactions

that underpin the changes to the local Td environment. Additionally, both Mn3+ and

Co2+ are orbitally degenerate and thus Jahn Teller-active resulting in the potential

to generate either structural or dynamic electronic local distortions. The importance

of these effects (vacancies, distortions etc.) will be convolved with how strongly the

different transition metal ions couple to the existing Fe ions.

2 2.05 2.1 2.15
Mean Bond Length (Å))

49.5

50

50.5

A
ve

ra
ge

 B
hf

 (T
)

Cr3+

Fe3+

Co2/3+

Ni2+

Cu2+
Zn2+

Mn2/3+

Figure 6.2: Average Bhf (10 K) of 4% transition metal-doped ϵ-Fe2O3 nanoparticles as a function

of mean M-O bond length in Oh coordination.
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One means to assess how the transition metal ions interact with the Fe ions is

to examine the correlation between Bhf and the average M-O bond length. Because

the external B⃗ field experienced by an Fe site decreases as the distance between ions

increases, changes to Bhf should also decrease as the M-O bond length increases.

While reflection broadening in the XRD patterns makes experimental determination

of these bond lengths impossible for the nanoparticle samples, average M-O bond

lengths are known.125 The relationship between the average Bhf of the three Fe

components as a function of the mean M-O bond length is shown in figure 6.2.1

Most of the transition metal ions follow the expected trend with the average Bhf

value decreasing to reach that of the undoped ϵ-Fe2O3 as the mean bond length

increases. Notably, the relatively short M-O bond lengths for Co and Ni dopant

ions correspond to increased Bhf , indicating that the M-O-Fe interactions are fairly

strong. In contrast, the ϵ-Fe2O3 nanoparticles doped with Cr3+ ions show different

behaviour. With a smaller M-O bond length than the Fe3+ ions, a large change to

Bhf is predicted; however, only a small increase is measured. This deviation from

expectations is consistent with the reduced 2p − 3d Fe-O hybridization visible in

the pre-peak of the O K edge spectra in figure 5.30 and indicates weak Cr-O-Fe

interactions. Such reduced hybridization interferes with the ϵ-Fe2O3 supertransferred

hyperfine interactions and leads to the appearance of Td site charge ordering in the

Cr-doped ϵ-Fe2O3 nanoparticles above the magnetic transition.

Thus far, much of the focus has been on the more common Fe-O 2p − 3d hy-

bridization; however, changes to the 2p − 4sp region of the O K edge spectra are

1A weighted average of the two valences was used for Mn and Co corresponding to the XAS
results.
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Figure 6.3: Temperature dependent O K edge of a) 700 nm Fe3O4 nanorods and b) 15 nm ϵ-Fe2O3

nanoparticles.

also visible in ϵ-Fe2O3. Figure 6.3 shows the temperature dependent O K edge of

the Fe3O4 nanorods and ϵ-Fe2O3 nanoparticles for comparison. Both of these sys-

tems show changes to the pre-peak across their respective transitions as the 2p− 3d

hybridization changes. Temperature dependent Mössbauer hyperfine parameters (see

Figures 3.13 and 4.18) provide complementary information about the changes to the

local Fe environment and show how Fe-O hybridization controls both the Verwey

transition in Fe3O4 and the magnetic transition in ϵ-Fe2O3. However, no such change

in hyperfine parameters occurs in the ϵ-Fe2O3 at 200 K when the 2p − 4sp spectral

changes occur. Although the 2p − 3d pre-peak also transforms, the absence of vari-

ations in the Fe local environment indicates that this behaviour must originate from

the O ions. To explain why the 2p− 4sp variations occur in ϵ-Fe2O3 and not Fe3O4,

the individual structures need to be considered.

While Fe3O4 and ϵ-Fe2O3 both contain only Fe and O atoms, their structures are

very different (as shown in figure 6.4). Fe3O4 is composed of two interpenetrating
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a) b) c)

Figure 6.4: a) Structure of Fe3O4 where Fe Td are blue, Fe Oh are gold, and O are black. b)

Structure of ϵ-Fe2O3 where Fe Td are red, Fe DOh are dark blue, Fe ROh are light blue and O are

black c) ϵ-Fe2O3 structure showing DOh1 chains where surrounding O ions can interact.

lattices – one of Fe3+ in Td coordination and the other of Fe2+ and Fe3+ in Oh

coordination. These combine to form an ordered, high-symmetry spinel structure. In

contrast, ϵ-Fe2O3 has much lower symmetry. None of the Oh sites show the ideal 180◦

O-Fe-O bond angles, and two of the three Oh sites (the DOh sites) exhibit disordered

bond lengths. These distortions combine to yield a complex structure – most notably,

O-O nearest neighbours appear. These are located alongside the DOh1 chains (shown

in figure 6.4c) that were found to be critical to the magnetism of ϵ-Fe2O3. Overall,

the perovskite structure of ϵ-Fe2O3 permits O-O interactions, which are not possible

in the Fe3O4 structure. These correlated O are most like the source of the 2p − 4sp

variations in the ϵ-Fe2O3 O K edges.

The role of O-O hybridization in ϵ-Fe2O3 is unclear. Temperature dependent

susceptibilities (see figure 4.6) only reveal a single transition ending at 150 K which

maps on to the changing 2p − 3d hybridization. The temperature dependent f -

factor and Mössbauer hyperfine parameters (Figures 4.17 and 4.18) show the same

behaviour, and even the conductivity of the O K edge XAS signal (figure 4.16) exhibits
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Figure 6.5: O K edge XAS spectra of undoped and 4% Cr-doped ϵ-Fe2O3 nanoparticles at 50 K and

250 K.

a single discontinuity between 100 K and 125 K. As with the Verwey transition in

Fe3O4, Fe-O hybridization explains most of the temperature dependent behaviour of

ϵ-Fe2O3.

For further insights, we turn to the Cr-doped ϵ-Fe2O3 nanoparticles. Because

O-O nearest neighbours occur alongside the DOh1 chains, perturbation of this site

should impact the neighbouring O ions. O K edge XAS spectra at 50 K and 250 K of

the undoped and 4% Cr-doped ϵ-Fe2O3 nanoparticles are shown in figure 6.5. Clear

differences in spectral shape are apparent, specifically at 250 K. The 2p−3d pre-peak

of the 4% Cr-doped ϵ-Fe2O3 spectrum does not narrow and shift to higher energies,

while the overall shape of the 2p−4sp feature is more consistent with the 50 K spectra

than the undoped ϵ-Fe2O3 at 250 K. Thus the 4% Cr-doped ϵ-Fe2O3 spectrum does
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not show evidence of O-O interactions. Interestingly, their absence is not noticeable

in the overall magnetic properties, confirming that Fe-O hybridization has a greater

impact on magnetism, leaving the role of O-O hybridization undefined.

ϵ-Fe2O3 does have one notable property that has yet to be discussed: its multi-

ferroic behaviour. In addition to ferrimagnetism, this phase is reported to exhibit

ferroelectric behaviour at room temperature.44,131,132 Having neither d0 or lone pair

configuration (see section 1.5 for explanation of these configurations), ϵ-Fe2O3 must

exhibit novel ferroelectricity. This property could be affected by the O-O hybridiza-

tion. Mössbauer spectra were collected on undoped ϵ-Fe2O3 in an applied electric

field. Figure 6.6 shows δTd and the relative site areas as a function of applied field

strength. Variations in δTd are consistent with the theory that O-O hybridization

along the DOh1 chains plays a role in the ferroelectricity of ϵ-Fe2O3 because the Td

and DOh1 sites are coupled through these O ions. The cause of the relative site area

variations is less clear; however, it could be due to the electric field affecting the
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Figure 6.6: a) δTd and b) relative site areas as a function of applied electric field. DOh, ROh and

Td sites shown as dark blue circles, light blue squares and red diamonds, respectively. Arrows used

to indicate hysteresis.
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lattice coupling of the sites differently. This data suggests that the applied electric

field weakens the coupling of the Td sites to the lattice. Future measurements using

stronger applied electric fields will provide further insights into ϵ-Fe2O3’s ferroelectric

behaviour, while measurements of the Cr-doped ϵ-Fe2O3 nanoparticles will confirm

the role of O-O interactions.
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Conclusions & Future Work

The polymorphs of iron oxide exhibit astonishing complexity considering their simple

chemical composition. Variations in structure, electron correlations and competing

degrees of freedom result in a wide range of unique states. In this work, Fe3O4 and

the novel ϵ-Fe2O3 phase were examined. Both of these iron oxide phases exhibit

temperature dependent transitions driven by Fe-O hybridization. By characterizing

the evolution of these transitions, insights into the underlying physics are obtained.

In chapter 3, three different sizes of Fe3O4 nanorods were studied to examine the

relationship between strain and the Verwey transition – the archetypal metal-insulator

transition. Both the 40 nm and 50 nm nanorods, which exhibit isotropic compressive

crystal strain show reduced TV of 40 K and 80 K, respectively, compared to the ∼120 K

observed in bulk crystals. In contrast, the 700 nm nanorods with uniaxial tensile

strain exhibit an increased TV of 150 K. Detailed examination of the 700 nm nanorods

was performed to better understand the relationship between TV and strain. A variety

of spectroscopic techniques were used to confirm the formation of orbitally-ordered

165



166 Chapter 7: Conclusions & Future Work

trimerons in the low temperature insulating phase; however, deviations from the

expected microstructure of bulk Fe3O4 are evident. These shifts in microstructure are

the result of crystal strain, and result in altered hybridization in the trimeron phase.

Such variations in hybridization change the overall energy landscape of the system

and result in the shifted TV observed for the Fe3O4 nanorods. These results reveal

that crystal strain is a potential mechanism to tune the metal-insulator transition,

and conversely, that the metal-insulator transition temperature can be used as an

indicator of crystallite strain.

Chapters 4 and 5 both examined ϵ-Fe2O3-based nanoparticles. Compared to

Fe3O4, this phase is not well understood and so comprehensive characterization was

performed. Because this phase is only stable in the nanoscale, the initial goal was

to decouple the effect of nanoparticle morphology from the overall behaviour of the

ϵ-Fe2O3 phase. Three different sizes were examined (15, 20, and 30 nm), and vari-

ations in Fe-O 2p − 3d hybridization at low temperatures (<150 K) are apparent.

This altered hybridization has negligible impact on the overall magnetic properties

when comparing the three nanoparticle samples, and instead the variations in MS,

χDC and µ0HC are due to finite size effects from broken surface coordinate and re-

duced long-range ordering. Similar to the behaviour observed in the Fe3O4 nanorods,

the strengthened hybridization of the 30 nm ϵ-Fe2O3 nanoparticles does shift the

characteristic transition to slightly higher temperatures. However, the behaviour of

the hyperfine parameters does not change as a function of nanoparticle size, with

the samples exhibiting multistage electronic rearrangement of the Td sites with the

characteristic transition.
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For further insights into the underlying mechanism behind this transition ϵ-Fe2O3

phase, a perturbed system is required. Transition metal-doped ϵ-Fe2O3 nanoparticles,

where low concentrations of Cr, Mn, Co, Ni, Cu or Zn were incorporated into the

crystal, were studied. All of the dopant ions occupy Oh coordination, and all samples

exhibit the characteristic magnetic transition. Remarkably, systems where the dopant

ions occupy the DOh2 and ROh sites (Mn, Co, Ni, Cu and Zn) induce similar changes

to the ϵ-Fe2O3 phase; however, the Cr-doped nanoparticles are unique and demand

further invesitgation. This series is the only one that exhibits non-linear variations of

MS(T ) with respect to doping, indicating significant disruption of exchange interac-

tions. Such disruption occurs because the Cr ions occupy the DOh1 site, which forms

octahedral chains and is closely coupled to the Td sites which drive the transition.

Because the Cr ions have relatively weak interactions with Fe ions, the effects of

Cr-doping provide insights into the interactions that control ϵ-Fe2O3. Full tracking

of the Cr-doped temperature dependent hyperfine parameters reveal charge ordering

of the Td site above 135 K where the valence appears to be Fe2+/Fe4+, rather than

the expected Fe3+. Comparison of the Cr-doped and undoped ϵ-Fe2O3 temperature

dependent hyperfine parameters reveals that the characteristic transition occurs with

the onset of supertransferred hyperfine interactions between Td sites. It is a combi-

nation of these direct transfer and orbital overlap interactions which gives ϵ-Fe2O3

its unique properties. Overall, this work provides a physical model of how 2p − 3d

hybridization evolves in ϵ-Fe2O3.

In contrast, the changing 2p− 4sp hybridization (most evident in O K edge XAS

spectra) is still not well understood. While this behaviour is proposed to play a role
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in the ferroelectric coupling of the ϵ-Fe2O3 phase, additional studies are required.

Mössbauer spectra collected at room temperature in an applied electric field revealed

some changes to the Fe local environment; however, these are only preliminary mea-

surements. Full tracking of the hyperfine parameters in applied electric fields as a

function of temperature would identify if the change in 2p − 4sp hybridization at

200 K is tied to the ferroelectric coupling. Increasing the electric field strength from

that used previously should induce larger changes which will clarify how the Fe local

environment responds to the applied electric field. As a more direct probe, measure-

ments of the O K edge XAS spectrum in an applied electric field should reveal any

correlations between 2p − 4sp hybridization and ferroelectric coupling; however, a

compatible beamline will need to be located. For all experimental techniques, com-

parison of the undoped ϵ-Fe2O3 with the transition metal-doped Fe2O3 will assist in

understanding the mechanisms at play.

Further insights would be obtained via simulations, particularly of the O K edge

spectrum. First principle calculations using a program such as Quantum ESPRESSO133

could be used to develop a model of the electronic structure. Such calculations have

been used to simulate the comparatively simpler α-Fe2O3 phase reasonably success-

fully.134 However, the complexity of the ϵ-Fe2O3 structure makes these simulations

highly non-trivial. Agreement between the experimental and theoretical results will

signal a solid understanding of the novel ϵ-Fe2O3 phase.
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Llúıs Casas, Elies Molins, Karel Zaveta, Corina Enache, Jordi Sort, et al. Op-

timized synthesis of the elusive ε-Fe2O3 phase via sol- gel chemistry. Chemistry

of materials, 16(25):5542–5548, 2004.



Bibliography 177
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M Tronc. Differences between L3 and L2 x-ray absorption spectra of transition

metal compounds. The Journal of Chemical Physics, 101(8):6570–6576, 1994.

[114] J Schwitalla and H Ebert. Electron core-hole interaction in the x-ray absorption

spectroscopy of 3d transition metals. Physical Review Letters, 80(20):4586, 1998.

[115] Federica Frati, Myrtille OJY Hunault, and Frank MF De Groot. Oxygen K-edge

x-ray absorption spectra. Chemical Reviews, 120(9):4056–4110, 2020.

[116] Asuka Namai, Shinji Kurahashi, Hiroshi Hachiya, Kohtaro Tomita, Shunsuke

Sakurai, Kazuyuki Matsumoto, Takashi Goto, and Shin-ichi Ohkoshi. High



Bibliography 185

magnetic permeability of ε-GaxFe2−xO3 magnets in the millimeter wave region.

Journal of Applied Physics, 107(9):09A955, 2010.

[117] Marie Yoshikiyo, Asuka Namai, Makoto Nakajima, Keita Yamaguchi, Tohru

Suemoto, and Shin-ichi Ohkoshi. High-frequency millimeter wave absorption of

indium-substituted ε-Fe2O3 spherical nanoparticles. Journal of Applied Physics,

115(17):172613, 2014.

[118] Asuka Namai, Marie Yoshikiyo, and Shin-ichi Ohkoshi. Millimeter wave rotation

in ε-Al0.47Fe1.53O3 at one hundred gigahertz. IEEE Magnetics Letters, 7:1–4,

2016.

[119] Shin-ichi Ohkoshi, Asuka Namai, Marie Yoshikiyo, Kenta Imoto, Kazunori

Tamazaki, Koji Matsuno, Osamu Inoue, Tsutomu Ide, Kenji Masada,

Masahiro Goto, et al. Multimetal-substituted epsilon-iron oxide ε-

Ga0.31Ti0.05Co0.05Fe1.59O3 for next-generation magnetic recording tape in the

big-data era. Angewandte Chemie, 128(38):11575–11578, 2016.

[120] Marie Yoshikiyo, Yuhei Futakawa, Ryota Shimoharai, Yusuke Ikeda, Jessica

MacDougall, Asuka Namai, and Shin Ohkoshi. Aluminum-titanium-cobalt sub-

stituted epsilon iron oxide nanosize hard magnetic ferrite for magnetic recording

and millimeter wave absorption. Chemical Physics Letters, 803:139821, 2022.

[121] Albert C Thompson, Douglas Vaughan, et al. X-ray data booklet, volume 8.

Lawrence Berkeley National Laboratory, University of California Berkeley, CA,

2001.



186 Bibliography

[122] Robert D Shannon. Revised effective ionic radii and systematic studies of inter-

atomic distances in halides and chalcogenides. Acta Crystallographica Section A:

Crystal physics, diffraction, theoretical and general crystallography, 32(5):751–

767, 1976.

[123] Nguyen TK Thanh, N Maclean, and S Mahiddine. Mechanisms of nucleation

and growth of nanoparticles in solution. Chemical Reviews, 114(15):7610–7630,

2014.

[124] P Novák and V Chlan. Contact hyperfine field at Fe nuclei from density func-

tional calculations. Physical Review B, 81(17):174412, 2010.
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