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Abstract

Nanoparticles are widely studied systems for a variety of applications; however,

as the surface plays the major role in deciding the overall properties, characteriza-

tion of the surface becomes as important as the characterization of the structure

itself. The underlying physics regarding exchange interactions and bonding can be

elucidated by studying the structure of the surface and core. Doping allows us to

change the overall spin arrangement, and investigate the competition between ferro-

and antiferromagnetic interactions.

To undertake a rigorous characterization of exchange interactions at the surface

and in the core of nanoparticles, I utilize different shapes of Co3O4 and dopings of

CuxCo3−xO4 nanoparticles. The antiferromagnetic arrangement of Co3O4 is ideal for

studying changes in the magnetism. Due to the competition of ferro- and antiferro-

magnetic interactions small changes in the exchange can result in large changes in

the magnetism.

By studying the shapes in the context of the exposed surface planes, differences

in the structure of the surface terminations can be correlated to the exchange in-
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teractions leading to quantification of the surface exchange and magnetism. On the

other hand, by doping Cu into the structure of Co3O4 we can examine the affects that

modify the exchange interactions in the core of the particle. The role of Cu becomes

extremely important to the exchange interactions creating ligand holes between mag-

netic ions, facilitating ferromagnetic exchange between the ions. The different shapes,

and Cu-doping, allow us to explore the relations between the exchange interactions

and the overall magnetism in nanoparticles, where the surface is shown to be directly

responsible for differences to the bulk magnetism.
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primarily due to the scattering paths of Co(Oh) - (Oh) and Co(Td) -
(Td). Likewise for Cu K edge, the peaks at 2.6 Å and 3.2 Å denote the
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Chapter 1

Introduction

In general, magnetic nanoparticles are a much more complicated system compared

to their bulk counterparts. Due to the small size of nanoparicles, the surface plays

a very important role in the resulting behaviour. Finite size effects including broken

symmetry, vacancies, and disorder result in changes to the exchange interactions and

bonding properties thus affecting behaviour such as the magnetism[4; 5]. Nanopar-

ticles of materials such as Co3O4 and CuxCo3−xO4 have been exploited for many

applications in areas including sensors[6; 7], anode material in LiO2 batteries[8–10],

and many catalytic reactions with NOx and N2O decomposition[11; 12] and oxidation

of methanol[13].

The first row transition metal ions can form oxide compounds that present a

range of magnetic behaviour due to the intrinsic nature of the 3d orbitals which are

not screened by other orbitals such as the 4f series where the electrons are highly

localized[14]. Transition metal oxides such as cobalt oxide (Co3O4) are readily avail-

able and can produce a wide range of distinct magnetic order due to the large sponta-

1
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neous magnetic moments created as a result of the exchange interactions. Exchange

interactions occur through pairing and hopping of electrons between electron orbitals

causing a correlation between the magnetic moments. Further, for oxide compounds

magnetism is usually a result of magnetic exchange interactions that occur through

intermediate oxygen ions (superexchange), allowing for complex magnetic behaviour.

In this work, the magnetic properties that result from the surface will be exam-

ined in the context of the possible surface exchange interactions of different shapes

of Co3O4 nanoparticles. The shapes expose different surface terminations and by

characterizing the structural properties of the terminations we can gain insight into

the overall magnetic properties. We can show that the differences in the magnetic

properties for the samples are a direct result of the exchange interactions present at

the surface. This fundamental result proves the importance of the surface and allows

for quantification of the surface properties when considering nanoparticles.

Further, we also examine the affect of doping Cu into the structure of Co3O4 and

revisit the exchange interactions. Cu provides a great way to examine the dominant

ferromagnetic interactions that occur in CuxCo3−xO4 that result in strange ferromag-

netic order for certain Cu sites. Non-magnetic Co3+ ions inhabit all the octahedral

(Oh) sites in Co3O4. This results in a magnetic structure that relies heavily on ex-

change interactions through many ions and this makes it an ideal candidate to study

the magnetic order of spinel structures and extended exchange interactions at the

nanoscale. From this research we gain new insight into the interactions that result

in different surface magnetism for nanoparticles along with the resultant magnetic

properties that occur from doping.
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1.1 Bulk Magnetism

1.1.1 Paramagnetism

Paramagnetism occurs in materials with non-interacting or isolated magnetic mo-

ments. In an applied magnetic field the magnetic moments of a paramagnet align

with the field as shown in figure 1.1. Without an applied magnetic field the overall

magnetization M of a paramagnet is zero due to the average of the spins across the

material. The magnetic moment of an ion is represented using the total angular mo-

mentum j = l + s where j can be represented as j = jh̄, with l and s as the orbital

and spin angular momenta, respectively. For a spin-1
2

system with l = 0, j = 1
2
h̄ and

the associated magnetic moment m is related to the z-component of the allowed j

values mj = ±1
2
:

m = gjµBmj = ±µB (1.1)

where µB = eh̄
2me

is the Bohr magneton (h̄ has been absorbed into µB by convention)

and gj is the Landé g-factor related to the magnetic moment of the ion under con-

sideration (gj = g = 2 for spin-1
2
). For an isolated (s = 1/2) magnetic moment inside

a magnetic field B, the energy is obtained as a scalar product between the moment

and field:

Em = B ·m = ±µBB (1.2)

where + (-) signifies the spin pointing in the same (opposite) direction as the magnetic

field. We are concerned with the thermal average of the magnetic moments 〈m〉 in a

magnetic field. For a large collection (1023) of moments the average can be obtained

using statistical mechanics. Assuming the non-interacting nature of a paramagnetic
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Figure 1.1: Illustration of a paramagnetic compound inside and outside of an applied
magnetic field.

solid with the ions trapped in a lattice, we can begin with the partition function for

the canonical ensemble given by:

Z =
∑
i

exp
(−Ei
kBT

)
(1.3)

Where kB is the Boltzmann constant, T is temperature, and Ei is the energy of

state i. Ei is directly related to the energy (Emj
) of a magnetic moment in angular

momentum state j and the sum in equation 1.3 is over the possible values of j-states

(mj):

Z =
∑
j

exp

(
−Emj

kBT

)
=

j∑
mj=−j

exp
(
mjgjµBB

kBT

)
(1.4)

If we write x = gjµBB/kBT the thermal average of 〈mj〉 can be written as:

〈mj〉 =

∑j
−jmje

mjx∑j
−j e

mjx
=

1

Z

∂Z

∂x
(1.5)

The overall magnetization is then obtained by M = n 〈m〉 where n = N/V is the

number of magnetic moments per unit volume V :

M =
ngjµB
Z

∂Z

∂B

∂B

∂x
= nkBT

∂ lnZ

∂B
(1.6)
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a)                                                        b)

Figure 1.2: a) Plot of the Brillouin function Bj(y), showing the spin alignment as the
field changes. b) Susceptibility χ(T ) of a paramagnet.

From above, the partition function is written in terms of a geometric progression

series with a known solution:

Z = e−jx + e−jxex + e−jxe2x + · · ·+ e−jxe(2j+1)x =
e−jx(1− e(2j+1)x)

1− ex
(1.7)

Which is easily expressed using hyperbolic sine functions:

Z =
sinh

[
(2j + 1)x

2

]
sinh

[
x
2

] (1.8)

Finally, we can express the overall magnetization M using the well known Brillouin

function Bj(y):

M

Ms

= Bj(y) =
2j + 1

2j
coth

(
2j + 1

2J
y
)
− 1

2j
coth

y

2j
(1.9)

with substitutions Ms = ngjµBj and y = xj = gjµBjB/kBT . With no applied

magnetic field (y = 0) the magnetic moments are disordered (figure 1.2). As the

applied field increases, saturation occurs when all of the moments are aligned with

the field M = Ms. A linear region can be identified in the region of |y| ≤ 0.5. Typical
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values for y at room temperature are in the range of 2 × 10−3. Thus, except for

the cases of very low temperature and very large magnetic fields y � 1 and we can

expand equation 1.9 using a Taylor series about y = 0 so that equation 1.9 becomes:

M

Ms

≈ (j + 1)y

3j
=
gjµB(j + 1)B

3kBT
(1.10)

and the susceptibility χ is given by:

χ =
M

H
≈ µ0M

B
=
C

T
(1.11)

where C = nµ0µ
2
eff/3kB is known as the Curie constant, µeff is the effective magnetic

moment, and the approximation B = µ0(H+M) ≈ µ0H was used relating to the small

magnetization present in paramagnetic compounds[15]. Equation 1.11 describes the

temperature dependence of the susceptibility χ(T ) of a paramagnetic compound and

is known as Curie’s law. The susceptibility of a paramagnet are shown in figure 1.2.

Inside a magnetic field the magnetic moments at high temperature are disordered, but

as temperature is decreased they begin to align with the magnetic field causing the

large increase in χ at low temperatures. This equation has the typical 1/T dependence

of paramagnetic ions and is the background for the more useful Curie-Weiss law

used to describe magnetic order such as ferromagnetism, antiferromagnetism, and

ferrimagnetism in section 1.1.2.

The effective magnetic moment describes the overall magnetic moment per formula

unit in the sample:

µeff = gjµB
√
j(j + 1) (1.12)

and gj is given by:

gj =
3

2
+
s(s+ 1)− l(l + 1)

2j(j + 1)
(1.13)
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A second paramagnetic susceptibility term can arise under the case of a non-

degenerate ground state |0〉 i.e. singlet state with energy E0 that occurs with excited

states 〈n| with energy En that lie above the ground state energy such that the energy

difference (En − E0 > 0) is positive. This susceptibility is known as van Vleck

paramagnetism χ0 described by[16]:

χ0 =
2µ0µ

2
B

V

∑
n

|〈0| (lz + gsz) |n〉|2

En − E0

(1.14)

where the lz (sz) are the orbital (spin) angular momentum z operators. χ0 is a

positive, typically temperature independent, quantity with values in the range of

6 × 10−5 m3/mol-T for most individual 3dn ion per unit cell[17–19]. Crystal fields

in magnetic solids tend to form degenerate ground states for the 3dn ions, and since

only a non-degenerate ground state applies, only a few of the 3d electronic structures

(3dn configurations) can give a van Vleck paramagnetism.

1.1.2 Magnetic Order

With the foundation of the paramagnetic susceptibilities in the previous section we

can review the bulk magnetic order that occur in some solids as a result of local

magnetic interactions between spins. Magnetic interactions can form three differ-

ent structures: i) a ferromagnet, in which all the spins are aligned below the Curie

temperature TC ; ii) an antiferromagnet, which contains two magnetic sublattices op-

positely oriented to provide cancellation of the net magnetic moment below the Néel

temperature TN ; and iii) ferrimagnetic, which usually results from ferro- and anti-

ferromagnetic interactions in two oppositely oriented magnetic lattices, that do not

fully compensate one another (in magnitude or number of spins). All three structures
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Figure 1.3: Representation of ferro-, antiferro-, and ferrimagnetic structures, showing
their overall magnetization M .

are shown schematically in figure 1.3. The temperatures TC and TN define the maxi-

mum temperature with which the magnetic order occurs in the material. Above this

temperature a material loses magnetic order and become paramagnetic.

Magnetic interactions can form different behaviour based on the intrinsic prop-

erties of the crystal structure, symmetry, and occupation of the electron orbitals.

For a ferromagnetic material inside an applied magnetic field B we can write the

Hamiltonian as:

H = Hex +Hmag = −1

2

∑
ij

Jijsi · sj + gµB
∑
i

si ·B (1.15)

where i and j are integers of individual spins throughout the material and Hmag =

gµB
∑
i si ·B is the Hamiltonian for the paramagnetic material that leads to Curie’s

law, where we have set l = 0 so that j = s. The term Hex = −1
2

∑
ij Jijsi · sj is known

as Heisenberg’s exchange Hamiltonian[15]. The exchange constant Jij (or exchange

integral) describes the type of magnetic interactions occurring between spins si and
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sj. For a given site i we can rewrite Hex as:

Hex,i = −si ·
∑
j

Jijsj = gµBsi ·Bmf (1.16)

where we have introduced the effective molecular field Bmf = − 1
gµB

∑
j Jijsj caused

by all of the interactions between si and neighbouring sj spins. Thus we can write

the Hamiltonian of equation 1.15 as:

H = gµB
∑
i

si · (B + Bmf ) (1.17)

This resemblesHmag of the paramagnetic case, but with a combined effective magnetic

field B+Bmf . Returning to the Brillouin function, Bj(y), of equation 1.9 and defining

a new y given by:

M

Ms

= Bj(y) , y =
gjµBj(B + λM)

kBT
(1.18)

where Bmf = λM and λ parameterizes the strength of the molecular field as a function

of the magnetization, and we have returned to l 6= 0 (with s → j and g → gj). The

above theory is known as the Weiss model of ferromagnetism. For a ferromagnetic

exchange Jij , λ > 0 tend to align the neighbouring moments parallel to one another.

An illustration of the molecular field caused by the neighbouring spins is shown in

figure 1.4. Including only z nearest neighbour ions in the summation over j for the

molecular field (each with equal exchange strength Jij) we find a relation between Jij

and λ:

λ =
2zJij
ng2

jµ
2
B

(1.19)

since Jij is the origin of the molecular field λM .

Examining equation 1.18 when T < TC , we find there are three solutions; the same

trivial M = 0 solution and two solutions M = ±Ms. Thus an induced spontaneous
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Figure 1.4: Illustration of the Weiss molecular field Bmf caused by neighbouring spins
sj.

magnetization occurs at temperatures below the critical temperature TC . For T = TC

the transition temperature can be found as:

TC =
nλµ2

eff

3kB
(1.20)

If B 6= 0 in equation 1.18, an equation for the susceptibility χ is found to be[15]:

χ =
C

T − TC
(1.21)

where equation 1.21 is the Curie-Weiss Law for a ferromagnetic compound, and C

is Curie’s constant as obtained from the paramagnetic case. Typical behaviour for

all three magnetic structures are shown in figure 1.5. The main overall difference

between ferro- and ferrimagnetic behaviour is the magnitude of the magnetization or

susceptibility.

For an antiferromagnet we must consider two separate components to explain

the non-zero behaviour below TN . Consider an antiferromagnet (T < TN) with the
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ordered spins perpendicular to the magnetic field. The magnetic moment of each

sublattice in the antiferromagnet cants slightly as a result of the applied field. This is

known as the perpendicular susceptibility that has a non-zero value equal to χ⊥(T <

TN) = χ(TN)[15]. If instead the magnetic order in the antiferromagnet forms parallel

to the magnetic field – with the spins ordering in the same direction as the applied

field, no canting occurs and the susceptibility χ|| → 0 as T → 0. This holds for bulk

crystals. If we consider the random distribution of particles in a powder sample, the

susceptibility is than a combination of the parallel and perpendicular components of

the susceptibility. If the magnetic field is in the z direction, only the z direction is

parallel to the magnetic field resulting in 2/3 of the susceptibility arising from the

perpendicular (x and y) components. And so, for particles we find:

χ(T < TN) =
1

3
χ||(T ) +

2

3
χ⊥(TN) (1.22)

Returning to equation 1.21 for the purposes of fitting the paramagnetic portion of

the susceptibility above TN the Curie-Weiss law is recast as:

χ =
C

T − θ
(1.23)

Overall, θ > 0 indicates the sample is ferro- or ferrimagnetic, and θ < 0 indicates

that the sample is antiferromagnetic. The case of θ = TC is part of the assumption

we made when simply regarding nearest neighbour z interactions in the calculation of

χ. For an antiferromagnet, λ , Jij < 0, and experimentally θ can be much larger than

TN . θ is then not a useful estimate of the ordering temperature unless interactions

are weak. But, it does provide us with another quantification of the overall exchange

in the sample. Using equations 1.19 and 1.20 we can express the exchange constant
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Figure 1.5: Susceptibility χ(T ) for a ferro-, antiferro-, and ferrimagnet. Below the
ordering temperature (TN or TC) we can see the behaviour of a typical magnetically
ordered system. Above the ordering temperature each system becomes paramagnetic.

Jij using measurable quantities:

Jij =
3kBTN

2zj(j + 1)
(Antiferro) (1.24)

TN can be obtained directly from the susceptibility χ of a material, while j(j + 1) is

obtained from the equation of µeff , where the effective magnetic moment is obtained

from a fit of the susceptibility χ.

For Co3O4 van Vleck paramagnetism χ0 must be taken into account for the Co2+

and Co3+ ions[17; 20], leading to the modified Curie-Weiss law:

χ = χ0 +
C

T − θ
(1.25)
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1.1.3 Exchange Interactions

Magnetic order results from magnetic exchange between two ions with unpaired spins

leading to interactions that either align the respective magnetic moments parallel

or anti-parallel. Unpaired electrons in a solid (3dn metal) locate themselves inside

orbitals which can extend far enough away from the ion to interact with other electrons

in orbitals belonging to neighbouring ions. The exchange Hamiltonian given byHex =

−1
2

∑
ij Jijsi · sj determines, through Coulomb interactions and the Pauli exclusion

principle, the sign of Jij. For two magnetic ions separated by a distance R the sign

of Jij is determined by the amount of orbital overlap of the two orbitals containing

unpaired electrons (figure 1.6). When R is large the overlap of the interacting orbitals

is small and Coulomb repulsion between the electrons dominates forcing the spins to

remain parallel with one another. This is analogous to Hund’s first rule, where,

given orthogonal orbitals, the maximum spin provides the ground state. For a very

small separation between ions the overlap is large, and the electron from ion 1 can

be found inside the orbital of ion 2. In this case, the electron-electron repulsion

term is negligible and the Pauli exclusion principle initiates anti-parallel alignment

of the electron spins. The interaction between two neighbouring ions with unpaired

electrons is known as direct exchange and is due to the direct overlap between orbitals

containing a magnetic moment. Heitler and London first proposed a form of direct

exchange illustrating this concept for the H2 hydrogen molecule[21].

The situation is more complicated in oxide compounds, where nearest neighbour-

ing ions are oxygen, minimizing the direct overlap between cationic 3d orbitals. The

magnetic ordering of 3d transition metal oxides cannot be explained with simple
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Figure 1.6: Top: A large seperation between ions leads to ferromagnetic alignment of
the spins (Coulomb repulsion and Hund’s first rule). Bottom: When overlap between
the d-orbitals occurs the spins align antiferromagnetically (Pauli exclusion).

direct exchange between the cations. An additional indirect exchange mechanism

known as superexchange was first realized by Kramer[22] and further developed by

Anderson[23; 24], Goodenough[25; 26], and Kanamori[27]. Superexchange involves

a coupling between cationic unpaired spins through intermediary O 2p orbitals that

overlap with the 3d orbitals of the respective cations. These exchange interactions

takes the form of M-O-M (with M indicating a metal site), and is described physi-

cally by the Goodenough-Kanamori-Anderson (GKA) rules that dictate the sign of

Jij under the situation of 180◦ and 90◦ superexchange interactions[24; 25; 27]. For an

interaction angle of 180◦ the superexchange interaction promotes antiferromagnetic

order between the cations, where the 90◦ interaction results in weaker ferromagnetic

ordering between the cations (2px and 2py orbitals are orthogonal, thus both can be

spin up; figure 1.7).
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Figure 1.7: Diagram of the superexchange interaction occurring with bond angles of
top: 180◦, and bottom: 90◦, producing antiferromagnetic and ferromagnetic align-
ment, respectively.

Superexchange occurs through a virtual transfer of electrons where the electrons

located in the filled 2p O orbitals interact oppositely with each of the 3d electrons of

the M sites. A quantitative treatment of the superexchange interaction can be found

using the Hubbard model[28] for exchange interactions, which invokes the use of a

hopping parameter t and Coulomb site repulsion U . The magnetic ground state of

the Hubbard Hamiltonian is obtained by minimization of the two energies which can

be seen as competitive behaviour. The hopping energy involves a delocalization of the

electrons of the same spin between atoms, while the Coulomb energy favours localized

electrons keeping the moments confined to different atoms[29]. This balance comes

from a value t that is incurred from an electron hopping from atom to atom, and

U , the energy incurred when an electron hops onto the same atom (due to Coulomb

repulsion). This leads to the relation between the exchange in the Hubbard model
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Figure 1.8: Illustration of double exchange interaction between two similar ions dif-
fering by a valency of one, e.g. Mn4+ and Mn3+. An electron with spin up hops from
the oxygen ion onto a vacant d orbital on ion 2. To fill the vacancy on the oxygen, a
spin up electron from ion 1 must be transferred, causing delocalization.

and the exchange from the Heisenberg model[14]:

Jij = −2t2

U
(1.26)

where the negative sign arises due to the convention of defining Hex as in equation

1.15 and t2 arises because the electron is considered to hop twice. This situation

is depicted in figure 1.7. The electrons of the O 2p ion interact with the metal 3d

unpaired spins, propagating the exchange interactions through the O orbitals. It must

be stated that this is a virtual process. O 2p spins do not participate in real charge

transfer which can alter the overall spin on the metal ion, i.e. the magnetic moments

of all the participating ions remain the same throughout the interactions.

On the other hand, transition metal oxides can also undergo another form of ferro-
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magnetic exchange, known as double exchange. First characterized by Zener[30] who

explained the properties of mixed valence Mn perovskites, double exchange is shown

in figure 1.8 and it occurs between two identical ions differing only by a valence of

one, e.g. Mn3+ and Mn4+ in octahedral symmetry undergo double exchange. Double

exchange produces a real charge transfer effect leading to a change in the magnetic

moments of the involved cations. The exchange proceeds by an electron transfer from

the oxygen to an empty orbital of cation B and transfer of an electron from cation A

to the vacant orbital on the oxygen (figure 1.8). Utilizing the same Hubbard model

for exchange interaction we find a ferromagnetic ground state between the ions. Elec-

tron conduction in many oxides can be explained using double exchange[14; 29]. The

electron from one metal hops back and forth between the other metal ion, and the

electron is thus delocalized throughout the entire M-O-M configuration.

1.2 Nanoparticle Magnetism

At the surface of a material, the atomic environment is altered by the broken co-

ordination caused by the lack of symmetry at the surface. This can be exploited

by utilizing nanoparticles effectively increasing the surface to volume ratio such that

the surface becomes a measurable contribution of the magnetic properties[4; 31; 32].

Broken coordination and finite size effects can result in very different behaviour at

the surface[4; 5; 32; 33].
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1.2.1 Anisotropy

Anisotropy of a magnetic system is generally described by two factors. Intrinsic to

the crystal and magnetic structure is the magnetocrystalline anisotropy Ku, while

shape anisotropy, Ks, is due to dipole-dipole interactions between ions that are long

range (demagnetization field). When a material is exposed to a magnetic field, the

anisotropy affects the direction of the net magnetization. This manifests itself in the

crystal structure as an axis in which the spins preferably align, known as the ‘easy’

axis. Spin-orbit interactions couple to the spin orientation of the lattice, leading to

both the hard, and easy axes (figure 1.9). The energy Ea to rotate the magnetization

M an angle θ away from the easy axis is given by[14; 15]:

Ea = Ku,1 sin2 θ +Ku,2 sin4 θ + · · · (1.27)

where Ku,i are the anisotropy constants. The equation 1.27 is representative of a

uniaxial anisotropy where there is no distinction between 0 and 180◦.

Another form of anisotropy results from the demagnetization field N . For an

prolate ellipsoid with magnetic saturation Ms the shape anisotropy Ks is described

as[34]:

Ks =
1

4
µ0M

2
s (1− 3N ) (1.28)

The demagnetization field is itself dependent on the shape of the particle. For a

sphere, N = 1/3, resulting in no shape anisotropy. For thin films or large flat

particles, the shape anisotropy can be expressed as a function of the angle θ relative

to the normal of the surface[15; 35]:

Kflat
s =

1

2
µ0Ms cos2 θ (1.29)
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Figure 1.9: Left: Representation of magnetocrystalline anisotropy illustrating the
crystalline easy axis. Right: Shape anisotropy for a long thin rod and flat disk
shaped particles.

which minimizes Kflat
s if the direction of M is parallel to the plane (figure 1.9)[15].

1.2.2 Domains and Single Domain Particles

In large particles or bulk materials magnetic domains form as a way to minimize the

overall energy by reducing the demagnetization field and thus the overall magnetiza-

tion of the sample[15]. In a multi domain structure, each domain contributes its own

demagnetization field and, in addition, between the domains the magnetic moments of

the spins rotate to accommodate the change in direction. These are known as domain

walls, with the most common type known as a Bloch wall. Domains can move, create,

and destroy one another to minimize the overall magnetic energy with respect to the
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field direction and magnitude. If the dimensions of the particle are small enough

(e.g. nanoscale, where the demagnetization energy is roughly equal to the energy of

the domains) single domain particles can form, where it becomes more energetically

favourable to eliminate any domain walls in the small structure[36]. Multi-domain

and single domain particles are shown in figure 1.10, with no applied magnetic fields

larger particles can minimize M (soft ferromagnet, low K).

In single domain nanoparticles the magnetic moments act together as an individ-

ual coherently rotating super-magnetic moment where magnetization reversal can be

achieved spontaneously by overcoming a barrier activated by thermal energy. This is

described by the Stoner-Wohlfarth model[37]. A representation of the Stoner model

is shown in figure 1.11. In the absence of an applied magnetic field the energy as-

sociated with spontaneous magnetization reversal for a single domain nanoparticle is

Figure 1.10: Without an applied magnetic field, materials such as soft ferromagnets
tend to form domains that minimize the overall magnetization. All the spins in
a single domain particle contain the same easy axis and the magnetization of the
particle can be represented by a single vector.
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given by:

E = KV sin2 θ (1.30)

where K is the overall anisotropy described by magnetocrystalline and shape effects

and V is the volume of the nanoparticle. The nanoparticle contains two easy axes,

shown in figure 1.11 as the energy minima at 0 and 180◦. The energy barrier to

reverse the spins is then ∆E = KV , with thermal energy greater than this barrier

kBT ≥ ∆E spins can easily fluctuate between the two spins states. The behaviour

associated with the spontaneous reversal results in paramagnetic behaviour, but with

an enhanced magnetization leading to the designation superparamagnetism. As tem-

perature decreases, the ability to spontaneously reverse decreases, where at T ≤ T spB

the spins are locked in one configuration. The threshold temperature T spB at which

spontaneous reversal ceases with cooling is known as the superparamagnetic blocking

Figure 1.11: Left: Illustration of a single domain nanoparticle with the magnetization
M at some angle θ to the easy axis. Right: Dependence of the energy E on the angle
θ of M , showing two minima at θ = 0◦ and θ = 180◦ seperated by an energy barrier
∆E.
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Figure 1.12: Representation of exchange bias caused by interfacial coupling between
a ferromagnetic and antiferromagnetic material. Exchange bias causes a horizontal
shift in the magnetization M of a hysteresis loop.

temperature.

1.2.3 Exchange Bias

There can exist a special exchange coupling between two different magnetically or-

dered systems including any combination of ferro, ferri, or antiferromagnetic materi-

als. The phenomenon is known as exchange bias, first characterized by Meiklejohn

and Bean[38]. Core-shell nanoparticles and multi-layered thin films display an inter-

facial coupling between magnetic materials, e.g. ferromagnetic and antiferromagnetic

layers[38–43].

Consider if the ordering temperatures of the ferromagnetic and antiferromagnetic

materials are TC and TN , respectively, with TC > TN . If the system is cooled below
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T < TC with an applied magnetic field, the magnetization direction of the ferro-

magnetic material is then set by the field. Subsequent cooling below T < TN then

forces the spin configuration for the antiferromagnetic material due to the interfacial

exchange interactions between the layers (figure 1.12). The interfacial exchange fur-

ther influences the magnetic alignment as the magnetic field changes. By reducing

the magnetic field the magnetization begins to return to zero, but it is found that

when interfacial exchange between ferro- and antiferromagnetic layers are present a

horizontal loop shift occurs in the magnetization vs. field (M(µ0H)) hysteresis loops.

The system is considered to have a unidirectional anisotropy, where the exchange

coupling between layers pins the ferromagnetic state in a given direction requiring a

much larger reversal field to overcome the exchange energy. This can be represented

by a torque on the rotating ferromagnetic spins from the antiferromagnetic layer. On

returning the field to its original value the ferromagnetic magnetization flips much

easier, as if the exchange from the antiferromagnetic spins and field were cooperative,

exerting a torque (figure 1.12). This idea shows that exchange bias forces a single

anisotropic direction in the ferromagnetic layer, as opposed to general anisotropic

considerations that contain uniaxial terms, e.g. sin2 θ in figure 1.11 where 0 and 180◦

are favoured equally.

1.3 Crystal Fields

Crystal fields are generated by nearby neighbouring atoms forming a potential expe-

rienced by the cations in the structure. This leads to a break in symmetry operations,

in turn responsible for the loss of degeneracy in the system. As well, we find that
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Figure 1.13: Illustration of common crystal field environments. a) Octahedral (O6)
interstices contains a center cation surrounded by six oxygen ions. The position of the
oxygen ions causes the eg orbitals to be pushed higher in energy. b) For tetrahedral
coordination (O4), the four oxygen ions lie at opposite corners of a cube lying closer
to the t2 orbitals.

the magnetocrystalline anisotropy discussed above is a result of the coupling between

the orbit and lattice through the spin-orbit interaction and partial quenching of the

angular momenta[15].

1.3.1 Ligand Field Theory

Positive cations such as 3dn transition metal ions inside a crystal structure can be

bonded to neighbouring negative anions through ligands. The relationship between

cations and ligands is very important and leads to the discussion of ligand field theory

which focuses on the field created by the neighbouring electronic (usually 2p) orbitals

and their orientation with respect to the cation d-orbitals. There are five degenerate
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d-orbitals which can split in energy inside a crystal field. For a cubic system, oxygen

surrounds the cation in one of four configurations: Tetrahedral (Td), octahedral (Oh),

simple cubic, and dodecahedral. For a cubic unit cell the crystallographic a, b, and

c directions are all 90◦ apart with equal dimensions a = b = c. The tetrahedral and

octahedral configurations are shown in figure 1.13 where four oxygen ions are located

at the opposite corners of a cube for Td sites, and Oh sites contain six oxygen ions

at the corners of an octahedron. The octahedral (tetrahedral) crystal field causes a

splitting of the d-orbitals into the eg (e) and t2g (t2) orbitals, where the subscript g

indicates an inversion symmetry present for the octahedral sites. The eg (e) orbital

contains the dz2 and the dx2−y2 orbitals that point in the positive and negative direc-

tions of the Cartesian x, y, z-axes. The t2g (t2) orbital contains the dxy, dxz, and dyz

orbitals which direct themselves in the x-y, x-z, and y-z planes (figure 1.14).

A cursory description of ligand field theory is as follows: For cation orbitals that

are degenerate, such as the d-orbitals of 3dn ions, the d-orbitals that lie closer to

ligand orbitals are pushed higher in energy relative to those farther away. Since the

eg orbitals lie directly along the Cartesian axes (x, y, z) for the octahedral (O6)

oxygen coordination, we find that the electron configurations lie very close to the

neighbouring O 2p orbitals pushing them higher in energy due to electron-electron

repulsion. In the tetrahedral (O4) coordination the t2 orbitals are in close proximity to

the O 2p orbitals and thus higher in energy relative to the e orbitals. The crystal field

plays an important role in determining the overall spin configuration. The strength

of the crystal field can result in different spin configurations for the same ion.

Consider Co3+ with a d6 electron configuration in an octahedral crystal field.



26 Chapter 1: Introduction

With a small magnitude of the crystal field, Co3+ orbitals split to accommodate four

unpaired spins (s = 2). If the crystal field is large enough all six electrons occupy

the lower t2g orbitals in a paired (spin up - spin down) configuration with no net spin

(s = 0). The first situation arises as a direct result of Hund’s rules which state: 1)

The state with the maximum spin (s) is lowest in energy i.e. fill each orbital with spin

up then subsequently add spin down; 2) Within the construct of maximum spin, the

state with maximum angular momentum (l) is the ground state, i.e. start filling with

the ml = +l state down to ml = −l; 3) if the d shell is less then half full (3d5), the

total angular momentum is j = l−s while if the shell is more then half full the ground

state is given by j = l+ s. This state is represented in the notation 2s+1lj. Returning

to the second (low spin) configuration for Co3+, we find it violates Hund’s first rule

Figure 1.14: Illustration of the five d-orbitals. eg orbitals all lie along the Cartesian
axes.
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of maximum spin. Thus, when the crystal field is larger then the Hund coupling

(HCF > HHund) this results in very strong electron-electron interactions between the

metal 3d and O 2p electrons pushing the eg orbital much higher in energy. This

makes it more energetically favourable to enter a low-spin state as opposed to the

usual high-spin state prescribed from Hund’s rules.

1.3.2 Jahn-Teller Effect

By altering the cubic crystal field some of the remaining degeneracies of the d-orbitals

can be lifted. Jahn and Teller originally noted that the normally cubic crystal

field for Cu 3d9 contained a tetragonal component when the Cu occupied octahe-

dral coordinations[14]. The Jahn-Teller (J-T) effect produces a singlet ground state

Figure 1.15: Representation of the Jahn-Teller effect for a tetragonal distortion (ex-
tension) along the z-direction of the octahedral site. Based on the magnetic ground
state of the ion, the eg or t2g orbitals can split in energy. Orbitals that lie in the x−y
plane are higher in energy due to the closer proximity to the ligands.
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which may still contain spin degeneracies. For octahedral coordination a distortion

along the 〈001〉 z-axis caused by extension or contraction of c axis (c > a or c < a)

induces a tetragonal crystal field component that splits the degenerate states accord-

ingly. For an extension in the z direction the dx2−y2 orbital gets pushed higher in

energy relative to the dz2 since the oxygen ions that lie in the x-y plane are closer in

proximity to the metal ion than oxygen ions along the z (c) direction (figure 1.15).

Depending on the magnetic ground state of the 3dn ion in question, splitting can also

occur for the t2g degenerate orbitals where dxy is now closer to the O 2p orbitals than

the dxz and dyz.

The J-T effect can only occur in certain 3dn configurations when the magnetic

ground state is a doublet E or triplet T (Mulliken irreducible representation symbols

signify the degeneracies involved for a given state). A singlet (A) ground state does

not undergo a splitting of the d-orbitals under a distortion of the octahedron. For

the case of Cu2+ (3d9) in an octahedral site the t2g orbitals contain paired spins

while the eg orbital contains one unpaired electron (2E, where superscript denotes

the number of unpaired spins plus one) thus resulting in a splitting of the eg orbitals.

For Cu2+ (3d9) in a tetrahedral site all spins in the e orbital are paired and one

unpaired spin resides in the three degenerate t2 orbitals. Thus Cu2+(Td) contains

a triplet ground state 2T resulting in a splitting of the t2 orbitals. There is also a

temperature dependence to the J-T effect. By increasing the temperature, vibronic

states can reinstate the degeneracy between the two split orbitals[14]. For doped ions

that undergo the J-T effect the distortion is local to the doped ion, but at a certain

occupancy the bulk structure can change symmetry, e.g. from cubic to tetragonal[14].
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Figure 1.16: Spin occupation of the d-orbitals for Co2+ and Co3+ ions in the Co3O4

structure. Co3+ is in the low-spin state with all spins paired in the lower t2g orbital,
while Co2+ contains three unpaired spins in the upper t2 orbitals.

1.4 Co3O4 Crystal and Magnetic Structure

Co3O4 is a normal spinel with the ionic configuration (A) [B]2O4. Normal spinels con-

tain 2+ ions in tetrahedral (A) sites and ions with a 3+ oxidation state in octahedral

[B] sites. Co2+ resides in the weak cubic crystal field of a tetrahedral site with a d7

electronic configuration. This results in three unpaired spins (s = 3/2) in the higher

energy t2 orbital, while Co3+ is in the d6 electronic configuration with all spins paired

in the lower energy t2g orbitals arising from the strong crystal field of the octahedral

site (figure 1.16). Thus Co3+ is non-magnetic and does not participate in traditional

superexchange interactions. Additionally, because the electron occupation in Co3+

contains only paired spins, electron transfer from double exchange is forbidden. In a

spinel lattice the cations form in an octahedral and tetrahedral configuration with a

ratio of the sites equal to (Oh:Td) 2:1. Thus for every tetrahedral site there are two

octahedral sites. For spinels there are many exchange interactions possible because

of the distribution of cations.
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Figure 1.17: (a) Shows the interaction path of the Co2+ - O - Co2+ configuration. O2−

orbitals are shown in red and orange; Co2+ and Co3+ orbitals are shown in purple
and blue, respectively. The large distance (3.37 Å) associated with the exchange
leads to the small interaction energy. b) Shows one of the possible configurations for
the Co2+- O - Co3+- O - Co2+ pathway. The distances between the interacting ions
are much smaller allowing antiferromagnetic interactions to propagate through Co3+

orbitals.

Direct exchange interactions typically account for a very low portion of the ex-

change energy in a transition metal spinel oxide. This is due to the large distances

associated with magnetic cations (figure 1.17). Typically superexchange and double

exchange interactions are the mechanisms responsible for the magnetic order observed

in these oxides. The dominant interactions arise from superexchange (or double ex-

change) between the octahedral B sites (B-O-B) and from superexchange between

tetrahedral A and B sites (A-O-B). For Co3O4, the configuration of Co2+ and Co3+

in the spinel structure of Co3O4 does not provide a means for conventional superex-

change (figure 1.17).

The magnetic ordering of Co3O4 is still explained via superexchange interactions



Chapter 1: Introduction 31

by including Co3+ in the exchange in a way that the interactions can propagate

through the non-magnetic ion[20; 44]. This is also made possible by the unoccupied

higher energy eg orbitals that allow the spins from the neighbouring O ions to interact

with each other through the Co3+ (figure 1.17 b)[20]. The exchange interactions then

occur between two magnetic Co2+ ions, through two oxygen atoms, and a Co3+ ion

in the form Co2+- O - Co3+- O - Co2+. This process involves a virtual transfer of

electrons through the Co3+ and thus resembles the superexchange interaction that

occurs through an oxygen ion. This is referred to as the extended superexchange

interaction. In Co3O4 this interaction can occur through three different exchange

pathways, shown in figure 1.18, with two antiferromagnetic exchange pathways and

one ferromagnetic exchange pathway (↑↑90, ↑↓90, and ↑↓180). The notation indicates

whether the path is ferro- (↑↑) or antiferromagnetic (↑↓) and the subscript denotes

the angle of the O - Co3+- O bond. This was first characterized by Roth using a range

of spinel oxides[20; 44]. For instance, a bulk structural analogue of Co3O4, CoAl2O4,

has a much smaller exchange strength Jij/kB = 0.4 K, compared to that of bulk

Co3O4 at Jij/kB = 4.0 K[44]. This is a result of replacing the Co3+ ions with Al3+

at the intermediate octahedral sites. The intervening Al3+ ion p-orbitals get repelled

to higher energy by the p-orbitals of the O ions, and the exchange pathway through

Al3+ becomes unavailable. By comparison to CoAl2O4, the Co2+- O - Co3+- O - Co2+

exchange paths account for roughly 90% of the exchange strength in Co3O4.

The orientation of the Co2+ and Co3+ ions in the spinel structure allow for a

large multiplicity of these three interaction paths. Where the multiplicity indicates

the number of possible interaction pathways occurring from a given Co2+ to all of
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Figure 1.18: Different possible exchange pathways between Co2+ ions (purple)
through an intervening Co3+ ion (blue) and two oxygen ions (red). In the ↑↓180 Co2+

ions are connected through the same d-orbital on Co3+ producing an antiferromag-
netic interaction. ↑↑90 and ↑↓90 are connected through the same d-orbital resulting in
one ferromagnetic and one antiferromagnetic interaction, due to the Pauli exclusion
principle.

its respective neighbours, e.g. there are four nearest neighbouring Co2+ ions and

each neighbour has six possible pathways involving the extended exchange interac-

tion (6 × 4 = 24). The paths ↑↓90 and ↑↑90 occur with a multiplicity of 24, while

the antiferromagnetic ↑↓90 path occurs between nearest neighbouring Co2+ ions, and

the ferromagnetic ↑↑90 path occurs between next-nearest neighbours. The ↑↓180 path

occurs with a multiplicity of 12 between next-next-nearest neighbouring ions. Exam-

ining the exchange pathways in figure 1.18 we note that all of the Co2+- O - Co3+

paths are identical with the only possible difference arising from the O - Co3+- O bond

angle, and virtual hopping through different Co3+ d-orbitals. The exchange pathways

↑↓90 and ↑↑90 have the same bond angle and multiplicity, but opposite interactions,

thus to first order their interactions strengths cancel[20; 44]. In the bulk, cancella-
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tion of these exchange paths indicate that the magnetic order originates from the

exchange between next-next-nearest neighbouring Co2+ ions (↑↓180). At the surface

of nanoparticles this perfect cancellation does not occur and competition between

ferro- and antiferromagnetic exchange leaves the possibility of dominant surface fer-

romagnetism.
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Experimental Methods

The synthesis and techniques used for characterization of the samples are described in

this chapter. Techniques used include Scanning Electron Microscopy and Tunneling

Electron Microscopy, X-ray diffraction, SQUID magnetometry and susceptometry,

and X-ray Absorption Spectroscopy and Magnetic Circular Dichroism.

2.1 Nanoparticle Synthesis

2.1.1 Co3O4 Nanoshapes

I have synthesized three different shapes of Co3O4 nanoparticles; 1) cubes of side

lengths 15 nm, 2) spheres of diameter 10 nm, and 3) hexagonal plates with a thickness

of 8 nm and side-to-side length of 70 nm.

For the spheres, ε-Co was synthesized by first dissolving 0.1 g of trioctylphos-

phine oxide (TOPO) into 12 ml of o-dichlorobenzene and 0.2 ml of 99% oleic acid.

The solution was then heated to 180◦C under an argon atmosphere. In a separate

solution, 0.54 g of dicobalt octacarbonyl (Co2(CO)8) was dissolved into 3 ml of o-

34
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dichlorobenzene (DCB) and injected into the heated (180◦C) solution of TOPO, oleic

acid, and DCB. The obtained Co was washed using ethanol. The precipitate was

dried in a furnace at 60◦C for 12 hours in air. To obtain Co3O4 the ε-Co was placed

in a tube furnace with a initial heating rate of 5◦C/min until 350◦C was reached, and

the temperature was held for 3 hours. Subsequently, the temperature was ramped

down at a rate of 2◦C/min. Oxidation of Co causes transformations to first CoO then

finally Co3O4[45].

For the cubes, a blue/green precipitate of cobalt hydroxide (α-Co(OH)2) was

synthesized by dissolving 9.52 g of cobalt chloride CoCl2·6H2O into 100 ml of distilled

(DI) water. 25 ml of ammonium hydroxide NH4OH was added and the solution was

stirred for two hours[46]. Drying and calcination procedures were the same as the

spheres.

For the plates, β-Co(OH)2 was similarly synthesized by dissolving 4.76 g of CoCl2

·6H2O 100 ml of DI water, while 3 g of sodium hydroxide (NaOH) was dissolved

in 25 ml of DI water. The hydroxide solution was added into the CoCl2 solution

heated to 80◦C and was stirred for two hours[47]. Drying and calcination procedures

were the same as the cubes and spheres above. β-Co(OH)2 contains divalent Co ions

octahedrally coordinated to hydroxyl ions in a layered hexagonal brucite structure[48].

α-Co(OH)2 forms a layered hexagonal hydrotalcite-like structure, but with Co ions

in both tetrahedral and octahedral sites[48]. During the synthesis of the plates, the

initial colour of the precipitate started blue/green as an α-Co(OH)2 but immediately

changed to the characteristic pink colour of β-Co(OH)2. This occurred as the β phase

is the more thermodynamically stable of the two forms[49]. Over the course of the
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two hour synthesis the colour gradually changed from pink to a light brown. This

indicated a transformation at the surface of the plates from β-Co(OH)2 to CoOOH

(cobalt oxyhydroxide) which contains trivalent Co ions[50]. The plate shape is formed

at the β-Co(OH)2 stage, after calcination the shape is retained with crystallites that

form to compensate for the structural change.

The α-Co(OH)2 (cubes) contains both octahedrally and tetrahedrally coordinated

Co2+ ions at the surface of the as-synthesized particles, while the β-Co(OH)2 (plates)

contain only Co3+ octahedrally coordinated at the surface of the particles (due to

the oxyhydroxide surface). It is for these reasons that we end up with the surface

terminations and shapes in Co3O4, i.e. the cubes have a higher Co2+:Co3+ ratio (1:2)

at the surface with highly coordinated ions, and the plates have Co3+ ions with a

very low coordination and a lower Co2+:Co3+ ratio (1:1).

2.1.2 CuxCo3−xO4

The CuxCo3−xO4 (0 ≤ x ≤ 0.5) spinels were synthesized via co-precipitation at Toy-

ota Motor Engineering and Manufacturing North America. The appropriate amounts

of Co(NO)3·6H2O and Cu(NO)3·2.5H2O were dissolved separately in deionized (DI)

water and subsequently mixed together. A 2 M NaOH solution was then added drop-

wise to the stirred solution, and monitored until a pH of 9-10 was reached. The

precipitate was washed with DI water, filtered, and dried at 120◦C overnight. The

samples were then calcined at 500◦C for 1 hour with a heating rate of 2◦C/min to

obtain the CuxCo3−xO4 particles.
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Figure 2.1: Schematic representation of Bragg diffraction occurring between two iden-
tical planes spaced dhkl apart. Interference occurs when the difference in path length
is an integer multiple of the wavelength.

2.2 X-ray Diffraction

Incoming x-rays interact and scatter off the electron densities surrounding the respec-

tive nuclei of a material. For a crystal structure that contains lattice symmetry, a

diffraction pattern results due to the coherent superposition of x-rays. Constructive

interference occurs when the difference in path length between incoming x-rays are

integer multiples of the wavelength nλ and follow the well-known Bragg equation

describing x-ray diffraction:

nλ = 2dhkl sin θ (2.1)

where n is an integer, λ is the wavelength of the incoming x-rays, θ is the angle of the

incoming x-rays, and dhkl is the spacing between planes labelled by the Miller indices

hkl. This is illustrated in figure 2.1.
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For powder samples the width of a given reflection is largely determined by the

size of the crystallites, with smaller crystallites broadening the reflection. This is

intuitive from the picture of diffraction, as the number of “slits” through which light

scatters is increased, the width of the resulting maxima after the slits are decreased.

The broadening of the x-ray reflections due to crystallite size is described by the

Scherrer formula[51; 52]:

τ =
Kλ

β cos θ
(2.2)

where τ is the crystallite size of the material, K is the shape factor (0.9 for spherical

particles), and β is the line broadening of the reflection.

For x-ray diffraction patterns of highly ordered materials, it is possible to ob-

tain differences in reflection intensity based on the orientation of the material under

consideration. Preferred orientation typically occurs in bulk single crystal diffrac-

tion but can also occur for non-random distributions of crystallites at the nanoscale.

Specifically, for extreme oblate geometries such as thin plates, particles tend to stack

horizontally[53]. For a particle with crystallites exposing a given hkl plane there is

an increased diffraction intensity associated with that reflection[53]; a texture.

X-ray diffraction (XRD) was performed on all samples to obtain the structure,

composition, crystallite sizes, and texture. Patterns were collected using the rotation

stage of a Bruker D8 DaVinci diffractometer with Cu-Kα (λ = 1.5406 nm) radiation

in Bragg-Brentano geometry (figure 2.2). The x-ray tube generates electrons from

an electrically heated tungsten cathode which are accelerated through a potential

difference (40 kV) and strike the Cu anode. With a tube current of 40 mA, char-

acteristic Cu x-rays are generated alongside typical Bremsstrahlung radiation. The
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Figure 2.2: Bruker D8 DaVinci diffractometer with rotation stage.

x-rays are then focused on the sample using the primary set of optics consisting of

axial Soller and programmable slits. The Soller slits minimize the axial divergence

through collimation of the x-ray beam, while the programmable slits control the equa-

torial divergence of the beam across the sample length. A secondary set of optics then

refocus the diffracted x-rays into the Lynxeye 1D detector. A Ni-Kβ filter is used to

attenuate the Cu-Kβ and Bremsstrahlung radiation.
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2.3 Electron Microscopy

Electron microscopy techniques can provide very high-magnification images by uti-

lizing the wave-like properties of electrons through the de Broglie relation:

λ =
h

p
=

h

mev
(2.3)

where h is Planck’s constant, p is the momentum of the electrons, me is the mass of

the electron, and where the wavelength λ influenced by the velocity v of the electrons.

Transmission electron microscopy (TEM) is a technique involving the transmission

and diffraction of electrons within an associated material. With an accelerating po-

tential of ≥ 50 keV the wavelength of the electrons shrink to 5 pm with a penetra-

tion depth on the order of several microns[54]. Due to the transmission of electrons

through the sample, the contrast of a TEM image is related to the thickness and

atomic number Z of the ions in the material. The electron beam is focused by elec-

tric and magnetic fields onto a sample enabling imaging into the low nanoscale regime

(several nm). Figure 2.3 a) shows a schematic of the principle behind TEM. The an-

ode accelerates the electrons, while the condenser lens focuses the electrons onto the

sample. The transmitted electrons then pass through multiple lenses focusing the

sample onto the viewing screen or CCD. Using high-magnification TEM it is possible

to obtain the spacing of the crystal planes where the lattice fringes are visible as

equally spaced, recurring, dark fringes in the TEM image. Due to the contrast of

the TEM image, one can also perform a fast Fourier transform (FFT) of the image

that contains lattice fringes to extract information about the lattice symmetry of the

material. The points in the FFT of an image are related to the plane separation,
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Figure 2.3: Diagram showing a) transmission electron microscopy (TEM) and b)
scanning electron microscopy (SEM).

allowing us to extract the Miller indices of the visible planes.

Scanning electron microscopy (SEM) differs from TEM by using the secondary

electrons that are emitted as a result of interactions with the atomic electrons within

the sample. By using a raster technique (scanning in two perpendicular directions)

with a highly focused electron beam, secondary (and back-scattered) electrons can

be used to create an image of the sample (these features are illustrated in figure 2.3

b). The raster technique is required due to the wide range in energies of the emitted

secondary electrons[54]. This technique allows imaging of thicker samples, but does

not provide the atomic Z or thickness contrast that is present from the primary

electrons in TEM.

TEM samples were prepared by suspending the nanoparticles in methanol and
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dropped onto a 200-mesh carbon-coated copper grid. For SEM measurements the

nanoparticles are dropped on carbon tape. TEM images were collected on a FEI Talos

F200X S/TEM while the SEM images were obtained using a FEI Nova NanoSEM 450

at the Manitoba Institute for Materials (MIM). The TEM and SEM were operated

with accelerating voltages of 200 keV and 5 keV, respectively. ImageJ[55] was used

for particle analysis including the shape and size distribution, lattice spacing, and

FFTs of the images.

2.4 X-ray Spectroscopy

X-ray spectroscopy techniques such as L- and K-edge x-ray absorption spectroscopy

(XAS) can provide element specific information about the local crystal structure in-

cluding coordination, oxidation state, and hybridization with neighbouring ligands

and cations. Techniques such as x-ray magnetic circular dichroism (XMCD) are in-

valuable in determining the local magnetic structure, aiding in identifying the prevail-

ing magnetic interactions present between the cations, i.e. intermixing of the orbitals

that give rise to different magnetic behaviour. The high energy monochromatic x-

rays required for XAS and XMCD techniques demand the use of synchrotron sources.

Still, these have proven vital in the determination of the crystal structure and its

magnetic properties.

A photon that interacts with a material can either scatter off the associated elec-

tron densities or is directly absorbed by an individual core electron. For a given

element the absorption process only occurs if the photon carries enough energy to

promote the core electron to the continuum of states above the Fermi energy. This
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Figure 2.4: Diagram including labels and Co edge energies for various core-electron
excitations. Also included is an illustration of the x-ray absorption, showing the L
and K edges.

is shown in figure 2.4. The absorption coefficient (µ(E)) is proportional to the initial

and final states of the excited electron.

When the energy of the incoming photon is equal to the (edge) energy of a tran-

sition inside the material the absorption experiences a sharp rise where the process

follows Fermi’s Golden rule. For a transition from an initial state |i〉 with energy Ei

to a final state 〈f | with energy Ef , the transition probability Wfi is given by[56]:

Wfi =
2π

h̄
|〈f |T |i〉|2 δ(Ef − Ei − h̄ω) (2.4)

where h̄ω is the energy of the incoming x-ray and the transition matrix T can be

expressed as:

T =
∑
q

ε̂q · r (2.5)

which is known to be a familiar form of the x-ray absorption transition operator,

where ε̂q denotes the polarization vector[57].
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Soft (∼0.5 keV to 3 keV) and hard (∼3 keV to 50 keV) x-ray measurements were

performed at beamline 4-ID-C and 20-BM-B at the Advanced Photon Source located

within Argonne National Laboratory.

2.4.1 Soft X-ray Abosorption Spectroscopy

The absorption of the photon follows the dipole selection rules (∆l = ±1) thus in

L-edge spectroscopy a core electron in the 2p state is excited into an available s or d

state of higher energy, i.e. 4s and 3d for the first row of transition metal ions. XAS

is an invaluable tool in studying the electronic structure of transition metal ions in

oxide structures. The localized nature of the electrons implies both charge transfer

effects and multiplet effects[56]. Charge transfer effects are described as the energy

difference between occupations for the 3d states that result in large changes to the

energies due to the core hole potential, while multiplet effects describe large 2p-3d

two-electron integrals. Hybridization between the 3d transition metal and 2p oxygen

orbitals leads to strong interactions for the final states that contain core holes. We

gain the ability to describe the electronic structure using simulation techniques that

encompass charge transfer multiplet theory[56; 57].

The x-ray absorption spectra can be simulated by using a model Hamiltonian

that describes the perturbations to the atomic Hamiltonian Hatom, with contributions

from the crystal field HCF affecting the degeneracy of the 3d orbitals and from the

hybridization HHyb occurring between the O 2p and metal 3d and 4s orbitals[56; 57]:

H = Hatom +HCF +HHyb (2.6)
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where the atomic Hamiltonian is given by[56; 57]:

Hatom =
∑
i

p2
i

2me

−
∑
i

Ze2

ri
+
∑
pairs

e2

rij
+
∑
i

ζ(ri)li · si (2.7)

and the indices i and j indicate the electrons in an ion, pi is the momentum of the

electrons, Z is the atomic number, ri is the position vector of the electrons surrounding

the nucleus, rij = |ri − rj| is the distance between electrons i and j and the sum is

over pairs of electrons, ζ(ri) is proportional to the radial component of the potential

related to the occupied orbitals, and si (li) is the spin (orbital) momentum operator.

The first term in Hatom represents the kinetic energy of the electrons, the subsequent

two terms describe the Coulombic potential energies between the electrons and the

nucleus and between electrons in the ion, and the last term is a result of the spin-orbit

interaction.

The effect of the 2p spin-orbit interaction is very large for core holes and as a

result it can be observed directly as a splitting of the L-edge XAS spectrum into the

L3 and L2 edge, which represent the 2p3/2 and 2p1/2 transitions, respectively[56; 57].

The 3d spin-orbit interaction can reduce the symmetry of the ground state, but for

the first row transition metal oxides the crystal field splitting dominates the spin-

orbit interaction HCF � HSO and thus certain transition metal compounds have a

quenched orbital angular momentum (l = 0)[14].

First-row transition metal ions contain five degenerate d-orbitals. Inside of a

crystal field these orbitals split in energy. For an octahedral crystal field the d-

orbitals are split into the lower t2g orbital containing the off-axis dxy, dyz, dxz orbitals

while the eg orbitals which lie along the coordination direction dz2 and dx2−y2 are

pushed higher in energy. In tetrahedral coordination the opposite occurs due to the
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Figure 2.5: Illustration of the effect of each of the terms in the Hamiltonian described
by equation 2.6.

off-axis bonding in the tetrahedral structure. The t2 orbitals are pushed higher in

energy. The loss of degeneracy is an important point when regarding XAS as this has

an affect on the initial ground state and the final excited state of an electron in a 3d

orbital. The crystal field Hamiltonian is simply a sum of the electron wavefunctions

surrounding the 3d orbitals[57]:

HCF = −eΦ(r) = −e
∞∑
l=0

l∑
m=−l

rlAlmY
m
l (θ, φ) (2.8)

where Φ(r) is the potential caused by the surrounding electrons and is given as a series

written in terms of the spherical harmonics Y m
l (θ, φ) and a constant Alm, where m

is the magnetic quantum number.

For certain transition metal ions in the soft x-ray region the ligand 2p core orbitals

interact very strongly with the 3d states due to covalency. It becomes necessary to
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include the effects of hybridization and charge transfer that occur in the solid. The

initial state of a 3d electron before the absorption can be represented by |3dn〉, or for

the initial state including charge transfer |3dn+1L〉 and the final states after absorption

|2p53dn+1〉 including a charge transfer final state |2p53dn+2L〉. The two initial and

final states are coupled via hybridization (charge transfer)[56]:

MI = 〈3dn|HHyb |3dn+1L〉 (2.9)

MF = 〈2p53dn+1|HHyb |2p53dn+2L〉 (2.10)

where MI and MF are the contributions to the initial and final energy that arise due

to hybridization between the ligand 2p and metal 3d states HHyb is given by[56]:

HHyb =
∑
Γσ

V (Γ)(a†dΓσaΓσ + a†ΓσadΓσ) (2.11)

where V (Γ) is the hybridization between 3d metal and 2p ligand states. a†Γσ (aΓσ)

are the creation (annihilation) operators for electrons in a ligand molecular orbital Γ

with spin σ and a†dΓσ (adΓσ) are the creation (annihilation) operators of a similar 3d

state (Γ, σ), and the combination of a†dΓσaΓσ represents an electron hopping from a

ligand (Γ, σ) orbital to a 3d (Γ, σ) orbital.

The three terms in equation 2.6 describe the atomic energy transitions with various

perturbations that include splitting due to the crystal field, and multiplet effects from

hybridization and charge transfer. An illustration of the effects of the perturbations

to the Hamiltonian Hatom are represented in figure 2.5.

O K edge XAS (1s → 2p) occurs at an energy of 530 eV, in the regime of soft

x-ray spectroscopy, thus we have the ability probe the ligand ions. Intermediate

oxygen ions are responsible for the magnetism and exchange interactions within the
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Figure 2.6: Illustration of the XMCD process with the resultant absorption for the
right (RCP) and left (LCP) circular polarized x-rays showing the difference in spin
occupation.

transition metal oxides. This is due to the partial delocalization of the 2p electrons

that hybridize with the 3d orbitals. This hybridization of metal 3d states with the

final 2p state of the oxygen ligand results in a splitting in the low energy peak arising

from vacancies in the 3d eg and t2g orbitals[58]. At higher energy in the O K edge

XAS the spectrum is dominated by contributions from p states on the oxygen ion

hybridize with metal 4s and 4p states[58].

Circularly polarized x-rays can be used as an element specific probe into the

magnetic structure of the material. X-rays can interact differently with electrons

based on the polarization of the incoming photons. This was shown in equation 2.5

where the dipole transition operator T is dependent on the polarization vector of

the incoming x-ray; this is shown in figure 2.6. For circularly polarized light the
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polarization vector can be expressed as:

ε̂R =
1√
2

(ε̂x + iε̂y) , ε̂L =
1√
2

(ε̂x − iε̂y) (2.12)

where ε̂R (ε̂L) identify right (left) circularly polarized x-rays that carry momentum

+h̄ (−h̄). For light with right circular polarization (RCP) ε̂ rotates to the right when

looking in the direction of propagation, and left circularly polarized (LCP) light has

a polarization vector that rotates to the left. The dipole transition operator for RCP

and LCP light can then be expressed as:

T± = x± iy = ∓r
√

4π

3
Y ±1

1 (2.13)

where T+ represents the transition operator for RCP x-rays and T− indicates the

transition for LCP x-rays. Equation 2.13 is obtained through the use of a vector

r = xε̂x + yε̂y + zε̂z describing the position of the electron and introducing spherical

harmonics. Equation 2.13 reflects the change in angular momentum (∆l = 1) and the

change in the magnetic quantum number (∆m = ±1) for the different polarizations of

x-rays which affects the spin through the spin-orbit interaction. RCP and LCP x-rays

show a difference in absorption for spin up and spin down electrons. This allows us

to probe the magnetism of the 3d orbitals via the excitation-to-hole spin up and spin

down states, i.e. the hole state magnetization is proportional to the actual magnetic

moment determined by the unpaired electrons in the 3d orbital. The x-ray magnetic

dichroic signal (∆µ) is defined as the difference of the absorption coefficients obtained

from RCP (µR) and LCP (µL) spectra obtained with equations 2.13 and 2.4 (Fermi’s

Golden rule) giving:

∆µ =
µR − µL
µR + µL

(2.14)
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Figure 2.7: K edge XAS showing the different regions regions of a spectrum. Pre-
edge and post-edge subtractions are performed, and the edge jump of the spectrum
is normalized to one.

where by convention we normalized the XMCD to the XAS obtained from µ = µR+µL.

To eliminate artefacts that arise from the saturation of the total electron yield

(TEY) detector, XMCD is collected in both positive and negative applied fields. This

ensures that the spin populations observed through XMCD flip with the reversal of the

magnetic field. The resultant XMCD spectrum obtained by performing a subtraction

of spectra obtained in both positive and negative fields is known as the artefact-free

(AF) XMCD (∆µAF ):

∆µAF =
∆µ+ −∆µ−

2
(2.15)

where ∆µ+ (∆µ−) is the XMCD obtained in positive (negative) applied fields.
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2.4.2 Hard X-ray Abosorption Spectroscopy

Hard x-rays are used to probe the transition metal K-edge which excites a 1s core

electron into an empty 4p state or a p state of higher energy. Because the life-time

of a 1s core hole is very short, this broadening leads to intrinsically poor experimen-

tal resolution and this allows us to characterize transition metal K-edge spectra by

single electron excitation models[56]. Small hybridization (multiplet) effects are only

present for the 1s to 4p transition where hybridization between the 3d and 4p orbitals

of the metal ion result in the small pre-peak in the XANES[59]. XAS spectra in the

hard x-ray region contain two separate regions: 1) The x-ray absorption near-edge

structure (XANES) which extends ∼50 eV above the edge energy, and 2) The ex-

tended x-ray absorption fine structure (EXAFS) extending up to ∼1 keV above the

edge energy (figure 2.7). EXAFS describes a multi-scattering process between the

absorbing atom, the photoelectron, and neighbouring atoms. These scattering pro-

cesses undergo constructive and destructive interference with one another and this

results in the fine structure observed above the K-edge for the transition metals.

K-edge XANES and EXAFS was performed on the Cu-doped Co3O4 over the Co

and Cu edges which occur at 7709 eV and 8979 eV, respectively. EXAFS spectra

were measured ∼1000 eV above the edge energy. Due to the large quantity of Co

in the structure Co K-edge spectra were measured in transmission geometry, while

Cu K-edge measurements were performed with florescence geometry due to the low

amount of Cu within the materials. Spectra are analyzed using Athena and Artemis

data analysis software[60]. Normalization includes a linear subtraction of the pre-

edge background and a spline function is used to remove the post-edge background of
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Figure 2.8: Left: The constructive and destructive interference of the scattered photo
electrons weighted by the wave vector k3. Right: Fourier transform of the k-weighted
χ(k) spectrum showing the positions of the first three coordination shells.

µ(E). The edge jump of the spectrum is subsequently normalized (figure 2.7). The

EXAFS equation describes the oscillations of the normalized absorption χi(k) for a

given path i[57; 59]:

χi(k) =
µ− µ0

µ0

=
NiS

2
0Fi(k)

kR2
i

e−2Ri/Λe−2k2σ2
i sin (2kiRi + δi) (2.16)

where the absorption coefficient of the material µ(E) is normalized to the absorption

coefficient of an isolated absorber µ0(E) and the wave vector k of the photo electron

is obtained from the energy (E) of the incoming x-ray photon k2 = 2me(E − E0)/h̄

with E0 as the edge energy and me is the mass of the electron. Ri is the calculated

path length obtained from Ri = R0 + ∆R. The parameters Fi(k) are the effective

scattering amplitude, Λ the mean free path length, δ(k) the effective scattering phase

shift, and R0 the initial path length are calculated by the FEFF software[61] utilized

by Artemis[60] and generated from crystallography information files (CIF) obtained
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from XRD. Ni the degeneracy of the paths, S0 the scattering amplitude, ∆R the

change in path length, and σ2 the mean squared displacement (Debye-Waller effects)

are all fit parameters in the Artemis program.

The left side of figure 2.8 shows the oscillations described by χ(k). After an

electron is promoted out of the core state, constructive and destructive interference

of the photo electrons can occur after undergoing multiple scattering processes with

the neighbouring shells. For single scattering paths this describes the process of

an electron scattering off of a neighbouring coordination shell and returning to the

original absorbing atom. Typically, χ(k) is weighted by the wave vector k in the form

k, k2, or k3 to amplify oscillations at different parts in the spectrum where a higher

value of k-weight amplifies oscillations higher in k value. To relate the observed

oscillations in the absorption, χ(k), to the associated crystal structure, a Fourier

transform is applied to the normalized χ(k) to obtain the real and imaginary parts.

The magnitude |χ(R)| describes the real-space distribution of coordination shells

(figure 2.8) that results in the interference pattern of χ(k). To eliminate unphysical

contributions, a rectangular window with tapered sides is used to fit only a specific

region (roughly 1 - 3.5 Å).

2.5 Magnetometry and Susceptometry

The overall magnetic properties were determined using a superconducting quantum

interference device (SQUID) magnetic property measurement system (MPMS-XL)

from Quantum Design. The main components of the magnetometer are submerged

in liquid helium and consist of a 5 T superconducting magnet, the superconduct-
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Figure 2.9: Schematic of the sample space housing, superconducting magnet, and
detection coils[1].

ing detection coils, and the SQUID itself that includes a superconducting shield to

ensure isolation from the large magnetic fields within the sample space of the de-

war. A schematic diagram of the sample space housing, pick-up (detection) coils, and

the superconducting magnet are shown in figure 2.9. The superconducting magnet

is a solenoid capable of producing magnetic fields up to 5 T. The superconducting

detection coils represent the configuration of a second-order (second-derivative) gra-

diometer to eliminate changes in the current under constant applied field and linear

field gradients[1; 62]. As the sample is moved through the detection coils a change
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a)                                       b)

Figure 2.10: a) The superconducting detection coils are shown in the configuration
of a second-order (derivative) gradiometer. b) The voltage response of the SQUID as
the sample is moved through the coils[1].

in the magnetic field induces a change in the current flowing through the coils. The

SQUID consists of two Josephson junctions that convert the change in current from

the detection coils into an output voltage vs. sample position (z). A dipole is then

fit to the output voltage, to obtain the associated magnetization. The detection coils

and the response of the SQUID as the sample is moved through the gradiometer is

shown in figure 2.10.

DC susceptibility χDC was obtained under zero field cooled (ZFC) and field cooled

(FC) conditions from 2 - 300 K for all samples in a small applied field of 10 mT.

To eliminate residual magnetic fields in the magnet from previous measurements a

magnet reset and shield degauss are performed before the measurements.

ZFC hysteresis loops were obtained for all of the shapes while FC M(µ0H) loops

were performed on the Cu-doped samples to investigate the effects of ferro- and

antiferromagnetic couplings. The magnetization M is measured as a function of

applied magnetic field, µ0H, for temperatures between 2 - 300 K. From M(µ0H)



56 Chapter 2: Experimental Methods

measurements we can acquire characteristic magnetic properties of the samples such

as the saturation magnetization (Ms), coercivity (Hc), and exchange bias (Hex).

All measurements were performed using the RSO transport which moves the sam-

ple in the (z) direction through the magnetic field in a slowly oscillating manner to

improve the signal-to-noise ratio. The sample space maintained at low pressure filled

with helium gas. Temperature was controlled by varying the vapour pressure above

the liquid helium and heater power adjacent to the sample, allowing for precise control

of heating and cooling. Measurements were performed on powder samples mounted

in a supracil quartz tube to ensure a uniform, near-zero background.
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Co3O4 Nanoshapes

3.1 Introduction

For nanoparticles the surface often plays a major role in deciding the overall mag-

netic properties. The exchange interactions that occur at the surface are exquisitely

sensitive to the nature of the bonding and environment thus providing a quantitative

measure of the surface interactions. The antiferromagnetic nature of Co3O4 results

in the low magnetization from the core of the particles allowing us to obtain an ac-

curate representation of the surface and revealing competition between ferro- and

antiferromagnetic interactions.

As mentioned previously, the exchange interactions in Co3O4 occur between two

magnetic Co2+ ions located at the Td sites. The interactions responsible for the an-

tiferromagnetic order result from exchange through the non-magnetic Co3+ ion. The

different shapes of Co3O4 nanoparticles present different surface terminations that

contain different bonding environments and numbers of cations. By characterizing

the environments and exchange interactions for the different surface terminations, we

57
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can obtain a direct correlation to the magnetic properties observed. The magnetism

provides a novel method to aid in quantifying the exchange interactions at the sur-

face. Competition between ferro- and antiferromagnetic order produce a wide range

of magnetic behaviour, from an antiferromagnetic spin-flop to weak ferromagnetic

behaviour at the surface.

3.2 Structure and Surface of the Nanoshapes

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)

were performed to obtain the shape, size, and size distributions for the different

particles. Typical TEM images for the different shapes are shown in Fig. 3.1, where

the spheres have a diameter of 10 nm, the cubes have an average side length of

15 nm, and the hexagonal plates are 70 nm across with a thickness of 8 nm. The

inset of Fig. 3.1 a) shows a cube with visible lattice planes (022) and (02̄2) spaced

a distance of 0.28 nm and occurring with an angle of 90◦ between them[8; 63–65].

The fast Fourier transform (FFT) is shown in the top-left corner of the inset where

the lattice planes are reconstructed in the Fourier (frequency) domain i.e. reciprocal

lattice planes. Bright spots in the FFT correspond to specific planes. For the cubes,

there are two different four-fold symmetric rotations present in the FFT indicating a

90◦ degree angle between the visible planes[8; 63–65]. The (022) and (02̄2) planes are

perpendicular to the {100} family of planes exposed at the surface.

Fig 3.1 b) shows high magnification images of the plates, where we find that the

plates are textured with domains of roughly 7-8 nm. The inset shows the (22̄0) and

(2̄02) planes with an angle of 60◦ between them[8; 9; 64; 65]. Successive planes occur
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Figure 3.1: a) TEM image of the cubes. The inset shows planes at a 90◦ angle to
one another, their separation distance, and the FFT. b) TEM image of the spheres
is shown. c) TEM image of the plates. The inset shows planes with a 60◦ angle,
distance between successive planes, and the FFT. d) Size distributions for each of the
shapes from both TEM and SEM images.

with a distance of 0.28 nm. The planes (22̄0) and (2̄02) are perpendicular to the

(111) plane. The FFT displays a six-fold symmetry along with two different two-

fold symmetric rotations, this is due to the different positions of the atoms nearby

and representative of the (111) plane with hexagonal geometry (i.e. 60◦ rotation

symmetry)[8; 9; 64; 65]. It has also been established from surveys that Co3O4 with

the cubic spinel structure exposes the (100) plane for cubes, and the (111) plane for

hexagonal plates[8; 64; 65]. Fig. 3.1 d) shows the size distributions for the different

shapes were fit with a lognormal function with the mean size and standard deviations
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Figure 3.2: Typical SEM image for the plates, showing the small aspect ratio.

reported. Long and short axis characterizations for the hexagonal plates were done

using lower magnification SEM images, shown in Fig. 3.2. The small aspect ratio of

thickness to diameter is much more apparent, simplifying analysis of the particles.

X-ray diffraction (XRD) was used to characterize the crystal structure for each

of the shapes, identifying the space group symmetry and occupancies of the cationic

sites with characteristics of the unit cell and particle size. XRD was performed for all

three shapes, presented in Fig. 3.3. Rietveld refinements were done in GSAS-II[66].

All patterns are phase pure Co3O4 with the expected space group Fd3̄m. Occupancies

were unchanged from the bulk values[20] indicating the usual normal spinel structure

with 2+ ions located in tetrahedral and 3+ ions located in octahedral sites. From the

refinements the crystallite size obtained for the spheres and cubes are 15(1) nm and
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Figure 3.3: a) XRD patterns for the nanoshapes are shown along with fits (solid black
lines), residuals (blue lines) and Bragg markers (red ticks) for the reflections obtained
from Rietveld refinements. b) Normalized (111) reflection for the different shapes.
Intensity difference for the plates results from preferred orientation.

25(1) nm, respectively. Both shapes have a crystallite size that matches the particle

sizes obtained from TEM image analysis indicating the particles are composed of

single crystallites. The plates are composed of many crystallites with a size of roughly

9(1) nm. The lattice constant for all the shapes obtained from refinement (spheres

a = 8.075 Å, cubes a = 8.078 Å, and plates a = 8.062 Å) are close to the bulk value

of 8.065(3) Å[20].

Preferred orientation was found for the plates along the (111) reflection. Since the

preferred orientation is due to the surface planes of the hexagonal plates the magni-

tude is small and most easily seen through normalized XRD patterns. Normalizing

all three XRD patterns to the largest peak (∼37◦), we find only a differences for the

reflections associated with the (111) direction (i.e. (111), (222), etc.). Normalized

intensities for the (111) reflection are shown in Fig. 3.3 b) where the plates show an
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Table 3.1: Co3O4 Surface Properties

Shape (Plane)
Surface area

(m2/g)

(111) Surface area

(m2/g)

Co2+:Co3+ surface

ratio

Spheres (100), (110), (111) 110.0 33.9 1.37:2

Cubes (100) 58.5 0.0 1:2

Plates (111) 25.0 20.2 1.75:2

increase in intensity relative to the other shapes. The increase of roughly 25% is due

to preferred orientation. Solid lines are Lorentzian curves meant to guide the eye.

Using the software visualization for electronic and structural analysis (VESTA)[67],

it is possible to simulate the different shapes with their respective surface planes to

quantify the total surface area, the surface area of specific planes, and the Co2+:Co3+

ratios of those planes. The Co2+:Co3+ ratios obtained for the shapes are shown in

Table 3.1 where the cubes display a Co2+:Co3+ ratio that matches bulk Co3O4 (1:2).

For the spherical particles there are no specific exposed planes, but consist of an av-

erage of three different families of planes: The {100}, {110}, and{111} planes. The

{100} family contains six possible planes, while the {110} family has 12, and the

{111} family incorporates eight planes into the average. Considering the Co2+:Co3+

ratio for each of the planes, and assuming that each of the 26 total planes are exposed

equally, we can formulate the average as follows:

[
Co3+

]
sphere

=
1

26

(
6
[
Co3+

]
100

+ 12
[
Co3+

]
110

+ 8
[
Co3+

]
111

)
(3.1)

where
[
Co3+

]
hkl

is the value of the Co3+/Co2+ ratio that is normalized relative to the

surface area of the different planes. For the cubes and plates,
[
Co3+

]
cubes

=
[
Co3+

]
100
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c)

Figure 3.4: a) Illustration of the (100) surface plane of the cubes, b) (111) surface
plane of the hexagonal plates, and c) (110) surface plane used in the average for the
spheres. Co3+ ions are shown in blue (octahedral, gray), Co2+ ions are shown in
purple (tetrahedral, gold), and oxygen ions are shown in red.

and
[
Co3+

]
plates

=
[
Co3+

]
111

are the values found in Table 3.1.

The (100) surface of the cubes is shown in Fig. 3.4, where the Co2+ ions are two-

fold coordinated and the Co3+ ions are five-fold coordinated in a planar structure.

The (110) surface shown in Fig. 3.4 c) resembles the (100) plane, with Co2+ ions co-

ordinated to three O ions, and Co3+ ions are coordinated with four O ions. Thus, the

(100) and (110) contain higher overall coordinations for the surface ions. Examining

the (111) surface in Fig. 3.4 we find the Co2+ and Co3+ ions are coordinated to O

ions in a zig-zag like structure. Both Co2+ and Co3+ ions are three-fold coordinated
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Table 3.2: Co3O4 Exposed Planes

Plane
Surface unit cell

area (nm2)

Co2+ in surface

unit cell

Co3+ in surface

unit cell

Co ions in probe

depth volume

(100) 0.65 2 4 66

(110) 0.46 2 2 63

(111) 0.57 2 2 61

to the O ions.

As a way to correlate certain structural and magnetic properties, we look at the

surface area for the (111) plane for the different shapes. The (111) plane is the primary

exposed plane for the plates, while due to the nature of the spheres, a smaller (111)

area is exposed per particle, but a larger overall area for the (111) plane. This is

shown in Table 3.1, along with the total surface area (m2/g) and the Co2+:Co3+ ratio

for the different surface terminations.

Information about the Co2+ and Co3+ environments are provided by x-ray ab-

sorption spectroscopy (XAS) across the Co L3,2 edges (770-810 eV) and the O K edge

(520-560 eV). XAS characterizes the partial density of states just above the occu-

pied density of states (Fermi energy) that is influenced by hybridization due to the

ligand orbitals. Thus, XAS allows us to identify the different ionic species, relative

abundances, and their coordinations.

The Co L3,2 edge were obtained at 10 K for each of the shapes using total electron

yield (TEY) detection. Spectra are essentially the same for all three shapes and are

typical of Co3O4 with a Co2+:Co3+ ratio of 1:2 (Fig. 3.5)[68]. Although TEY mea-
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Figure 3.5: Co L3,2 edge XAS spectra obtained at 10 K for all the shapes, where all
three display the characteristic Co2+:Co3+ ratio of 1:2.

surements are surface sensitive, the probe depth of only 2-3 nm for these L3,2 energies

results in, at most, a change in intensity of 2%[69]. The volume of a conventional

unit cell in bulk Co3O4 is Vbulk = (0.8065 nm)3 = 0.53 nm3. One unit cell contains

24 Co ions (16 Co3+ and 8 Co2+) and taking the probe depth to be 2 nm we find,

2 nm
0.8065 nm

×24 Co ions = 60 Co ions in the volume of probe depth across a surface area

of one unit cell. From VESTA we can obtain the surface unit cell area, the number

of Co ions at the surface within the surface unit cell and the total number of ions for

a probe depth of 2 nm for each of the three {100}, {110}, and {111} planes shown in

Table 3.2. For the cubes we find that (6/66 = 0.09) 9% of the measurement is from

surface Co ions, while for the plates with the (111) plane exposed we find 7% of the

measurement originates from surface Co ions. Performing the same calculation for

the (110) plane and using a weighted average to describe the spheres we determine

the contribution to the measurement as 8.4%. Thus, between the shapes we only
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a)                                                                          b)

Figure 3.6: a) O K edge spectra taken at 10 K. The t2g and eg peaks are labelled
I1 and I2, respectively. The asterisk marks the peak from oxygen on the carbon
tape[2]. b) Variation of I2/I1 between the shapes, indicating the differences in Co3+

occupations at the surface.

expect an overall difference of ∼2%. A 3 nm probe depth would further decrease the

overall surface contributions.

Consider a small but finite sized x-ray beam incident on powder samples, the

beam must first interact with the surface of the particles and this means the same

amount of surface is exposed for each sample; i.e. the XAS measurements cannot

probe differences based on overall surface area (or particle size) in the samples. Thus

differences must be specific to a given plane.

O K edge XAS probes the density of states for the ligand orbitals, quantifying

hybridization with the metal 3d and 4s electronic states. K edge XAS for the different

shapes is presented in Fig. 3.6 a). The region below 535 eV characterizes hybridization

with the metal Co3+ 3d orbitals, via splitting of the major (spin up) and minor (spin

down) eg and t2g states, in addition to present crystal fields[58]. The observed changes

in the peak intensities at 530 eV and 533 eV quantify the number of 3d hole states

(vacancies) available on the Co ion hybridized with the O ion. Thus, quantitatively,
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Figure 3.7: Co L edge XAS, normalized XMCD for all three shapes obtained at 10 K
under applied fields of ±5 T using TEY detection. Small changes to the L3 and L2

edges are due to different Co3+ environments on the exposed surface planes.

the plates1 have a higher number of available eg/t2g states on the Co3+ ion caused by

the concomitant decrease in coordination at the surface.

The variation of I2/I1 vs the Co3+/Co2+ ratio shown in Fig. 3.6 b) identifies the

differences between the shapes, from the majority of oxygen ions at the surface; each

Co ion is coordinated to three O ions resulting in a range of Co-O bond combinations.

The changes in the O K edge XAS above 535 eV are correlated to the changes in the

O 2p metal 4s hybridization. This is a result of the change in the bonding at the

different surfaces. We find that the cubes show more defined peaks in the energy

range of 537 eV to 545 eV indicating the stability of the (100) consistent with highly

coordinated transition metal ions[8].

X-ray magnetic circular dichroism (XMCD) uses right and left circularly polarized

1Normalizing the XAS to the edge-jump changes the intensities of I1 and I2, but the trends
remain the same between the shapes.
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a)                                                                                b)

Figure 3.8: a) XAS and b) XMCD over the Co L edges for the different shapes
obtained at 10 K using TFY detection. Where the XMCD shows no discernible
signal.

light to measure both spin up and spin down populations, thus, an XMCD signal is

not observable for antiferromagnets. The artefact-free (AF, see section 2.4.1) XMCD

for the shapes are shown in Fig. 3.7 provides strong evidence for the presence of

ferromagnetic behaviour at the surface of the nanoshapes. The differences of the

XMCD spectra over the L3,2 edges are due to the different Co3+ environments at the

respective surfaces. A decrease in the coordination at the surface causes a change

in the crystal field environments resulting in an additional magnetic moment on the

surface of the (111) plane ascribed to the Co3+ ion. It should be noted that the

XMCD signal only occurs for the TEY probe measurements. Total fluorescence yield

(TFY) detection is bulk-sensitive and presents no observable XMCD signal. Fig. 3.8

a) and b) show the XAS and XMCD for the different shapes using TFY detection.

3.3 Magnetism of the Surface Terminations

To further explore the magnetic properties of the surface we can quantify the sur-

roundings for the Co ions of the respective surface terminations using the differences
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Figure 3.9: Molar susceptibility of the shapes from 20-300 K. The cubes show a
susceptibility very similar to that of bulk, while the spheres and cubes display a
much larger susceptibility.

in the overall magnetism. For example, the low-field susceptibility χDC(T ) in Fig. 3.9

gives the ordering temperature and the magnetic moment per formula unit, which are

both related to the exchange constant Jij from equation 1.24. Bulk Co3O4 has an or-

dering (Néel) temperature of TN = 40 K[20], where the shapes show variations in TN ;

the spheres and cubes have a Néel temperatures of 31(1) K and 33(1) K, respectively,

while the plates have TN = 25(1) K. TN for the different shapes is obtained from the

peak in the susceptibility, or when d(χDC)/dT = 0 (Fig. 3.11). Susceptibility of bulk

Co3O4 is also shown in the figure to emphasize the similarity between the cubes.

Quantification of the magnetic moment is obtained through analysis of the inverse

susceptibility 1/χDC(T ), where χDC(T ) is represented by the modified Curie-Weiss
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Figure 3.10: Inverse susceptibility for the different shapes with the fit shown in red.
1/χDC(T ) was fit in the high-temperature region of 170-280 K.

law described by equation 1.25, which includes the temperature independent com-

ponent χ0 (van Vleck paramgnetism) to the susceptibility. Fits of 1/χDC(T ) for the

shapes are shown in Fig. 3.10, where values for the Curie constant C, the Weiss

temperature θ, and the temperature independent component χ0 are given in Table

3.3. Both Co2+ and Co3+ contribute to the temperature independent component χ0

through van Vleck paramagnetism. It was found by Cossee that Co3O4 has a χ0 of

χ0 = 0.9 × 10−4 m3/mol-T[17]. The different shapes show values close to the bulk

value, and other reports[17; 70; 71].

θ the Weiss temperature is related to the exchange interactions within the shapes,

where bulk values for θ range from -53 K to 110 K, and all three shapes have values

of θ consistent with bulk values[20; 70–72]. µeff gives a quantitative measure of
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the overall magnetic moment per formula unit. The effective magnetic moment is

obtained through the Curie constant C:

µeff =

√
3kBC

nµ0

≈ 2.83×
√
Cmol (3.2)

where Cmol is the Curie constant in terms of moles of Co3O4 in CGS units i.e. [Cmol] =

emu-K
Oe-mol

. Both C and µeff are related to the surface terminations for the different

shapes, C (and µeff ) for the spheres is largest, followed by the plates then cubes. The

effective moment at the (111) surface of the plates is larger than that of the (100)

surface of the cubes, even though the latter is found to have a larger per particle

surface area the cubes have a magnetic moment identical to the bulk value. The

spheres expose the (100), (110) and (111) planes and it is through the correlation of

the exposure of the (111) plane that the spheres obtain such a large effective moment,

i.e. they have the largest surface area, leading to the largest exposure of the (111)

plane.

TN and µeff determined from DC susceptibility provide a quantitative measure

of the exchange interactions Jij from the surface (equation 1.24). For bulk Co3O4,

with TN = 40 K, four nearest neighbours (z = 4), and using the spin only value

(j = s = 3
2
) for the total angular momentum, we obtain a value for the exchange

Jij = 4.0 K/kB[20]. Due to the large crystal field splitting and small atomic number,

the Co ions have quenched orbital angular momenta l = 0. For the shapes we do not

use the spin-only value for j(j + 1), instead we obtain the total angular momentum

from the effective magnetic moment using equation 1.12. This is to account for

µeff shown to describe contributions from the surface spin magnetism[73]. Broken

symmetry and low coordination at the surface provide the mechanism for unquenched
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Figure 3.11: a) d(χDC)/dT as a function of temperature for the different shapes. The
Néel temperature TN is given when d(χDC)/dT = 0. b) ZFC (closed symbols) and
FC (open symbols) susceptibilities of the shapes from 2-50 K. The plates show the
largest bifurcation, representative of weak ferro-/ferrimagnetic behaviour.

orbital angular momentum and the possibility of a small magnetic moment on the

Co3+ ions[34; 74]. Values of the exchange constants for the different shapes are

shown in Table 3.3. The exchange constant for the cubes is most similar to that

of bulk Co3O4, while the plates have a smaller Jij due to the larger value for the

effective magnetic moment, and lower value for TN . The spheres show the smallest

overall exchange (largest magnetic moment) due to the large surface area, and (111)

plane exposure. Interestingly, the value of C between the shapes correlates with the

surface area for the (111) plane only. The (110) plane for the spheres contributes no

magnetic moment, displaying behaviour similar to the (100) plane and bulk Co3O4.

Returning to the molar susceptibilities in Fig. 3.11 b) we can examine characteris-

tics in the magnetism below TN . The spheres and cubes display very similar behaviour

2Obtained by using TN = 40 K and the spin-only value for the total angular momentum (j =
s = 3/2).
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Table 3.3: χDC Magnetic Properties

Shape
χ0

(m3/mol-T−1)

C

(m3-K/mol-T−1)
θ (K)

µeff

(µB)
Jij (K/kB)

Spheres 8(3)×10−4 0.50(1) -93(5) 5.7(2) 1.5(2)

Plates 2(1)×10−4 0.39(1) -107(5) 5.0(2) 1.6(1)

Cubes 1(1)×10−4 0.26(5) -83(5) 4.1(2) 3.0(1)

Bulk[70]-[72] 0.9×10−4 0.26 -85 4.1 4.02

in both zero field cooled (χZFC(T )) and field cooled (χFC(T )) susceptibilities, both

begin to increase below 12 K. This is a result of a reconfiguration of the spins at the

surface of the particles. It is characteristic behaviour in other systems that display an

antiferromagnetic spin-flop[5; 75–78]. For the hexagonal plates, the strong response

with cooling in χFC(T ) below TN is representative of ferro-/ferrimagnetic behaviour

at the surface of the particles.

Magnetization as a function of applied magnetic field M(µ0H) clearly show the

shape dependent magnetism of the surfaces. M vs µ0H quarter loops at 10 K for the

cubes and plates are shown in Fig. 3.12. All of the nanoshapes display a very clear

paramagnetic component to the magnetization which arises from the cores of each

of the shapes. An additional paramagnetic component is present for both the cubes

and spheres above an applied field of 1 T arising from the surface spin-flop[5; 75–78].

The core’s magnetic behaviour is identified by the high-field M vs µ0H behaviour,

which can be represented as a susceptibility χ = M/µ0H known as the high-field

susceptibility χHF (T ). M vs µ0H loops are fit with a linear function at fields > 3 T
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Figure 3.12: Unsubtracted M vs µ0H (quarter) loops for the cubes and plates at 10 K.
Spheres display similar behaviour to that of the cubes (not shown). Extrapolation of
the low and high field susceptibility are shown with red and black lines, respectively.
The inset shows a cube shaped particle that undergoes a spin-flop at the surface.

to obtain χHF for a given temperature.

The temperature dependence of the high-field susceptibility is shown for all shapes

in Fig. 3.13. χHF (T ) is nearly identical for all three shapes above 30 K, an indication

of similar core behaviour between the shapes. Additionally, we find that the plates

display an ordering temperature TN = 30 K, closer to the bulk value for Co3O4.

Performing the same inverse susceptibility analysis that was done on χDC(T ) for the

high-field susceptibility, we find that the values for χ0, θ and µeff all have values very

close to bulk (Table 3.4). This leads to similar exchange constants Jij for the cores of

each of the shapes, further evidence that the core orders differently than the surface.

Since the high-field, and low-field susceptibilities show such different behaviour, this

lends credence to our previous interpretation that χDC is indeed, representative of

the magnetism at the surface.
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a)                                               b)    

Figure 3.13: χHF vs T is shown for all three shapes. The high-field susceptibility arises
from the core of the nanoshapes; above 30 K all shapes display similar behaviour to
bulk (orange) and the plates show an ordering temperature of 30 K, different than
the value obtained from DC susceptibility (TN = 25 K).

Table 3.4: χHF Magnetic Properties

Shape
χ0

(m3/mol-T−1)3

C

(m3-K/mol-T−1)
θ (K) µeff (µB)

Spheres 0.9×10−4 0.27(1) -73(5) 4.1(2)

Plates 0.9×10−4 0.25(1) -77(5) 4.0(2)

Cubes 0.9×10−4 0.31(5) -86(5) 4.4(2)

To further quantify the magnetism we can subtract the high field susceptibility

(χHFµ0H) from the measured M vs µ0H data. Because the high-field susceptibility

is representative of the core the overall magnetization can be represented by:

M = Msurf +Mcore = Msurf + χHFµ0H (3.3)

where Msurf and Mcore are the surface and core contributions to the magnetization,

3χ0 is fixed to the bulk value for fits of the high-field susceptibility.



76 Chapter 3: Co3O4 Nanoshapes

- 0 . 0 3 0
- 0 . 0 1 5
0 . 0 0 0
0 . 0 1 5
0 . 0 3 0

- 0 . 0 5 0
- 0 . 0 2 5
0 . 0 0 0
0 . 0 2 5
0 . 0 5 0

- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5
- 0 . 0 2
- 0 . 0 1
0 . 0 0
0 . 0 1
0 . 0 2

5  K
2  K

 

 

M 
(A

-m
2 /m

ol)

S p h e r e s

1 0  K
C u b e s

 

M 
(A

-m
2 /m

ol)

1 0  K

5  K
2  K

P l a t e s

 

M 
(A

-m
2 /m

ol)

m 0 H  ( T )

2  K
5  K

1 0  K

Figure 3.14: Subtracted M vs µ0H loops for the different shapes at 2, 5, and 10 K. The
cubes and spheres show characteristic behaviour for an antiferromagnetic spin-flop,
while the plates show ferromagnetic behaviour.

respectively. For the different shapes the surface M vs µ0H behaviour at 2, 5, and

10 K are shown in Fig. 3.14. The spheres and cubes both display “inverted” hysteresis

loops for temperatures between 10-25 K. This is the clearest indication that a surface

spin-flop has occurred and antiferromagnetic interactions are still dominant at the

surface[5; 75–78]. The extra linear component that occurs at high magnetic fields

(> 1 T) causes an overcompensation in the subtraction for the surface magnetization

(M − χHFµ0H), leading to the inverted loops.

The spin-flop of the surface layer occurs at a much lower field required for bulk

Co3O4 due to the competition between ferromagnetic and antiferromagnetic exchange[20].

The transition from negative magnetic saturation to positive saturation (as the tem-
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Figure 3.15: a) Coercivity Hc(T ) and exchange bias Hex(T ) as a function of tempera-
ture for each of the shapes. Due to the ferromagnetic interactions at the surface, the
plates show a much larger coercivity. b) The magnetic saturation Ms(T ) as a function
of temperature for all shapes. Shows the very different caused by the different surface
terminations.

perature is decreased) occurs due to the temperature dependence of the spin-flop field,

and saturation of the spin-flop layer. As the temperature decreases thermal activation

energy decreases leading to stronger competition at the surface layer, lowering the

field at which the spin-flop can occur. By 2 K the spin-flop occurs at such a small

field that the magnetization of the surface spin-flop layer saturates.

Due to the core-shell nature of the spheres and cubes coupling between the surface

spin-flop layer and the antiferromagnetic core can occur, resulting in a coercivity (Hc,

in an overall antiferromagnet) and exchange bias (Hex). Hc and Hex are shown in

Fig. 3.15 for the M vs µ0H loops taken below 30 K. The spheres and cubes show

roughly equal behaviour in the coercivity, exchange bias and saturation.

The surface magnetization in Fig. 3.14 that occurs for the plates is very different

than the other shapes. Magnetic saturation remains positive and constant through-
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out the region below TN , and the plates also have a larger (4-5x larger) monotonically

increasing coercivity below the ordering temperature. This indicates the strong ferro-

magnetic interactions (relative to the other shapes) and magnetic anisotropy that are

occurring at the surface of the plates. Thus, ferromagnetic interactions are dominant

at the (111) surface of the plates.
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Cu-Doped Co3O4 (CuxCo3−xO4)

4.1 Introduction

In CuO copper is in the Cu2+ oxidation state and in Cu2O it has the Cu1+ oxidation

state. Cu has the electronic structure 4s13d10 and thus Cu1+ has the electronic

structure 3d10 (removing the outer 4s electron) containing no unpaired electrons in the

d orbitals and resulting in diamagnetism. For Cu2+ one electron is removed from the

d orbitals and we obtain the structure 3d9 which contains a single unpaired electron

undergoing superexchange interactions in oxide compounds such as CuO, instigating

antiferromagnetic order. Cu3+ is much more elusive[79]. Originally, it was thought

that the superconducting cuprates, or hole-doped cuprates may contain Cu3+. But,

as a substitute for the holes occupying Cu2+ (Cu2+ + e+ → Cu3+ where e+ indicates

an electron hole) creating a mixed valence structure of Cu2+/Cu3+, Cu prefers to

remain Cu2+ forming a 3d9 ligand hole on the oxygen ions (Cu3+ → Cu2+ + 3d9L,

where L signifies a ligand hole)[80–83].

Cu-doped Co3O4 (CuxCo3−xO4) is a spinel with both Cu and Co ions occupying

79
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Table 4.1: Cu-doped Co3O4 XRD Refinements

Nominal
Doping

Size
(nm)

Lattice
Constant (Å)

Total
Cu

CuOh:CuTd

Occupancies
CuO
%

Chemical Formula from XRD

x = 0 26(1) 8.084(1) 0 0% : 0% 0% (Co)[Co2]O4

x = 0.1 22(1) 8.084(1) 0.08 66% : 34% 0% (Cu0.03Co0.97)[Cu0.05Co1.95]O4

x = 0.2 21(1) 8.087(1) 0.20 59% : 41% 0% (Cu0.08Co0.92)[Cu0.12Co1.88]O4

x = 0.25 18(1) 8.088(1) 0.30 62% : 38% 0% (Cu0.11Co0.89)[Cu0.19Co1.81]O4

x = 0.3 20(1) 8.087(1) 0.31 48% : 52% 0% (Cu0.16Co0.84)[Cu0.15Co1.85]O4

x = 0.4 17(1) 8.088(1) 0.50 44% : 56% 1% (Cu0.23Co0.77)[Cu0.22Co1.78]O4

x = 0.5 16(1) 8.090(1) 0.48 56% : 44% 3% (Cu0.21Co0.79)[Cu0.27Co1.73]O4

octahedral and tetrahedral sites. Analogous to the hole-doped cuprates, instead of

Cu3+ occupying the Oh sites, Cu2+ resides at the octahedral interstices with a 3d9L.

Both Cu2+(Td) and Cu2+(Oh) can both undergo Jahn-Teller distortions (requiring a

degenerate crystal field ground state).

Due to the nature of Cu2+(Oh) creating a ligand hole, exchange interactions and

the magnetism can be drastically affected. Re-examining the exchange in the core

of the CuxCo3−xO4 presents the possibility of new ferro- and antiferromagnetic inter-

actions. This allows us to investigate the ferromagnetic exchange between Co2+(Td)

and Cu2+(Oh) that results in the ferrimagnetic behaviour in the core of the particles.

4.2 Crystal Structure and Ligand Holes in CuxCo3−xO4

XRD for the Cu-doped samples are presented in Fig. 4.1. Rietveld refinements were

performed using FullProf[84]. Along with pattern fits, residuals for the undoped

(x = 0) sample are shown in Fig. 4.1. The rest of the samples display residuals
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nearly identical to the one shown. Most of the patterns are phase pure (by relative

volume) with the exception of x = 0.4 and 0.5 that present an additional CuO phase

of 1% and 3%, respectively. The primary phase consists of the expected spinel-type

structure with space group Fd3̄m. From the refinements, there is an increase in the

lattice constant (8.084 - 8.090 Å) and decrease in the crystallite size (26 - 16 nm) as

the doping (x) for Cu increases (shown in Fig. 4.2 a)). The secondary phase phase

found in dopings x ≥ 0.4, is tenorite (CuO) with space group C2/c[85].

Both lattice constant and crystallite size show a roughly linear increase with dop-

ing. The decrease in crystallite size is consistent with increased strain in the nanopar-

ticles as Cu enters the structure. As discussed in section 1.3.2, both Cu2+ tetrahedral

(Td) and octahedral (Oh) can undergo localized Jahn-Teller distortions. The increase
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Figure 4.1: XRD patterns for all the Cu doped Co3O4 samples. Pattern fits (solid
black lines) are shown along with residuals for the x = 0 sample (blue line), and peak
markers for the primary (red ticks) and secondary CuO phase (*, and purple ticks)
obtained from Rietveld refinement.
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in lattice constant is a result of Cu2+ occupying the Oh site. Cu2+(Oh) has an ionic

radii (0.73 Å) much larger than Co3+(Oh) (0.55 Å).

Using XRD, we are able to characterize changes in the occupancy of the cationic

sites due to differences in the x-ray scattering cross-section for Co and Cu ions. The

occupancies obtained from XRD refinement are roughly as expected from previous

reports of CuxCo3−xO4 (Fig. 4.2 b)[86]. It is found that Cu occupies both tetrahedral

and octahedral sites with a Td:Oh ratio of roughly 50%:50%. The results from the fits

are given in table 4.1.

TEM images were obtained to confirm the overall size and size distributions for

the particles. Fig. 4.3 a) and b) shows typical images for the samples, obtained for

the x = 0 and x = 0.5 samples, respectively. Size distributions for all imaged samples

shown in Fig. 4.4 were fit with a lognormal function, showing large variation in the

Figure 4.2: a) Crystallite size and lattice constant as a function of doping, obtained
from XRD refinements. A linear decrease in the crystallite size and increase in the
lattice constant occurs as Cu enters the structure. b) Cu occupancies obtained from
XRD refinements show large uncertainty, with values of a occupancy ratio at roughly
50%:50% (Oh:Td).
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a)                                          b)

Figure 4.3: TEM images of a) the undoped (x = 0) sample, and b) the x = 0.5
sample.

Table 4.2: TEM Size Analysis

Nominal Doping Particle Diameter (nm)

x = 0 31(4)
x = 0.1 34(8)
x = 0.2 22(4)
x = 0.3 23(4)
x = 0.4 19(5)
x = 0.5 19(6)

uncertainty for the size of the particles (table 4.2). TEM was obtained for all samples

excluding the x = 0.25 doping. Samples are mostly single crystallites, with the sizes

roughly matching the crystallite size obtained from XRD. Larger particles, most likely

formed from multiple crystallites, are more abundant for the Cu doped samples. This

results in large and occasionally bimodal distributions.

XAS measurements were performed over the Co (7.5 - 8.5 keV) and Cu (8.8 -

9.8 keV) K-edges. The near-edge portion of the spectrum, XANES, allows us to

obtain information concerning the composition, relative oxidation states of the metal
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ions, and 3d-4p hybridization. Fig. 4.5 a) shows the Co K edge XANES spectra

for all of the samples collected at 300 K. We find that all the samples show similar

spectra; small changes in the edge energy indicate a slight change in the Co2+:Co3+

ratios between the dopings. The Co edge has a well-defined pre-edge structure, with

roughly two-thirds of the contribution arising from the 1s to 3d transition for the

Co3+(Oh) sites[59; 87]. The Cu K edge XANES spectra are shown in Fig. 4.5 b) for

all the samples. With virtually no change in the edge energy we find that the Cu has

a similar overall oxidation state for all of the samples. The pre-edge feature for the

Cu K edge is much less defined since the 3d9 structure of Cu2+ only allows for one

transition to a 3d orbital per Cu2+ (Oh or Td).

The extended x-ray absorption fine structure (EXAFS) portion of the XAS spec-

trum identifies the local changes to the structure around the absorbing atom. Allowing

a)                                        b)                                        c)   

c)                                         d)                                        e)

        

Figure 4.4: a) - e) Size distributions for the x = 0-0.5 samples, excluding x = 0.25.
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Table 4.3: Cu-doped Co3O4 EXAFS Cu Results

Nominal
Doping

Total Cu
(±0.05)

Cu(Oh) : Cu(Td)
Occupancies (±10%)

CuO %
Chemical Formula from XRD

(±0.05)

x = 0 0 0% : 0% 0% (Co)[Co2]O4

x = 0.1 0.1 70% : 30% 0% (Cu0.03Co0.97)[Cu0.07Co1.93]O4

x = 0.2 0.2 24% : 76% 0% (Cu0.15Co0.85)[Cu0.05Co1.95]O4

x = 0.25 0.3 55% : 45% 0% (Cu0.13Co0.87)[Cu0.17Co1.83]O4

x = 0.3 0.3 45% : 55% 0% (Cu0.17Co0.83)[Cu0.13Co1.87]O4

x = 0.4 0.4 36% : 64% 0% (Cu0.26Co0.74)[Cu0.14Co1.86]O4

x = 0.5 0.4 60% : 40% 10(5)% (Cu0.16Co0.84)[Cu0.24Co1.76]O4

us to quantify the coordination, interionic distances, bond disorder and specifically

the occupation of the different absorbers (such as Oh and Td). Spectra were taken

over the Co and Cu K edges at 300 K to obtain information on how Cu is incorporated

into the structure, along with changes to the environments of the Co ions. The fitted

a)                                              b)

Figure 4.5: XANES spectra for the a) Co K edge and b) Cu K edge, obtained at
300 K. The small pre-edge region (7710 eV and 8980 eV for Co and Cu, respectively)
shows hybridization between the metal 3d and 4p states.
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spectra are shown in Fig. 4.6 a) and b) with the tabulated results of the fit in table

4.3. Fits for each of the samples were performed using the Artemis: EXAFS Data

Analysis software[60].

Fits for the Co K edge show the characteristic peaks of a spinel structure[88; 89].

That of the first oxygen coordination shell at 1.5 Å (for both Co(Oh) and Co(Td)

as absorbers), one that arises from scattering between Co(Oh) (absorber) and other

Oh sites (Co(Oh) - (Oh); 2.4 Å), and one from scattering between Co(Td) absorbers

and other Td sites (Co(Td) - (Td); 3.0 Å). The peaks at 2.4 and 3.0 Å contain small

contributions from other second-order scattering paths such as, paths that reach past

first coordination shells or scattering events that involve multiple different ions for

example, the Co(Oh)0 - O - Co(Oh)1 - Co(Oh)0 scattering paths (the subscript 0

denotes absorber and subscript 1 represents the first coordination shell). These paths

a)                                             b)

Figure 4.6: EXAFS spectra for the a) Co K edge and b) Cu K edge, obtained at
300 K. For the Co K edge spectrum, peaks at 2.4 Å and 3.0 Å are primarily due to
the scattering paths of Co(Oh) - (Oh) and Co(Td) - (Td). Likewise for Cu K edge, the
peaks at 2.6 Å and 3.2 Å denote the paths Cu(Oh) - (Oh) and Cu(Td) - (Td).
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only account for a very small percentage of the overall intensity observed, and thus,

the peaks provide a good estimate for the occupancies of the Oh and Td absorbers.

With the peak at 3.0 Å decreasing as a function of doping this characterizes larger

decrease in the Co(Td) occupancy.

To characterize undoped Co3O4 we use two sets of scattering paths, one for Co(Td)

as an absorber and one with Co(Oh) as the absorber. Each set of paths contain three

single scattering paths, Absorber - O, Absorber - Oh site, and Absorber - Td site

(with either Co(Oh) or Co(Td) as the absorber). When fitting undoped Co3O4 (only

the Co K edge) in Artemis the occupancy portion of the amplitude parameter S2
0

will be 0.333 for all of the Co(Td) absorber scattering paths and 0.666 for all of the

Co(Oh) absorber scattering paths. This is obtained from the overall occupancy of the

different Co atoms (1:2, Td:Oh). From XRD measurements, we know Cu is occupying

both Oh and Td sites in a ratio different from that of the 1:2 (Td:Oh) for normal spinel

Table 4.4: Co(Oh) - O and Co(Td) - O

CuxCo3−xO4 Absorber N E0 (eV) R (Å) σ2 (Å2)

x=0
Co(Oh)
Co(Td)

6
4

-5.6(6)
1.93(1)
1.94(1)

0.001(1)

x=0.1
Co(Oh)
Co(Td)

6
4

-6.1(7)
1.92(1)
1.94(1)

0.004(1)

x=0.2
Co(Oh)
Co(Td)

6.0(3)
4.0(2)

-6.4(7)
1.92(1)
1.94(1)

0.004(1)

x=0.25
Co(Oh)
Co(Td)

6
4

-7.1(7)
1.92(1)
1.94(1)

0.004(1)

x=0.3
Co(Oh)
Co(Td)

6
4

-6.5(7)
1.92(1)
1.94(1)

0.004(1)

x=0.4
Co(Oh)
Co(Td)

6
4

-6.8(8)
1.92(1)
1.94(1)

0.004(1)

x=0.5
Co(Oh)
Co(Td)

6
4

-6.5(8)
1.92(1)
1.94(1)

0.003(1)



88 Chapter 4: Cu-Doped Co3O4 (CuxCo3−xO4)

Table 4.5: Co(Oh) - (Oh) and Co(Td) - (Td)

CuxCo3−xO4 Absorber N E0 (eV) R (Å) σ2 (Å2)

x=0
Co(Oh)
Co(Td)

6
4

-5.6(6)
2.87(1)
3.51(1)

0.004(1)
0.005(1)

x=0.1
Co(Oh)
Co(Td)

6
4

-6.1(7)
2.86(1)
3.51(1)

0.003(1)
0.005(1)

x=0.2
Co(Oh)
Co(Td)

6.0(3)
4.0(2)

-6.4(7)
2.86(1)
3.51(1)

0.004(1)
0.006(1)

x=0.25
Co(Oh)
Co(Td)

6
4

-7.1(7)
2.86(1)
3.50(1)

0.003(1)
0.006(1)

x=0.3
Co(Oh)
Co(Td)

6
4

-6.5(7)
2.86(1)
3.51(1)

0.004(1)
0.006(1)

x=0.4
Co(Oh)
Co(Td)

6
4

-6.8(8)
2.86(1)
3.50(1)

0.004(1)
0.006(1)

x=0.5
Co(Oh)
Co(Td)

6
4

-6.5(8)
2.86(1)
3.50(1)

0.004(1)
0.006(1)

Table 4.6: Co(Oh) - (Td) and Co(Td) - (Oh)

CuxCo3−xO4 Absorber N E0 (eV) R (Å) σ2 (Å2)

x=0
Co(Oh)
Co(Td)

6
12

-5.6(6) 3.36(1) 0.005(1)

x=0.1
Co(Oh)
Co(Td)

6
12

-6.1(7) 3.36(1) 0.005(1)

x=0.2
Co(Oh)
Co(Td)

6.0(3)
11.9(6)

-6.4(7) 3.36(1) 0.006(1)

x=0.25
Co(Oh)
Co(Td)

6
12

-7.1(7) 3.35(1) 0.006(1)

x=0.3
Co(Oh)
Co(Td)

6
12

-6.5(7) 3.36(1) 0.006(1)

x=0.4
Co(Oh)
Co(Td)

6
12

-6.8(8) 3.35(1) 0.006(1)

x=0.5
Co(Oh)
Co(Td)

6
12

-6.5(8) 3.35(1) 0.006(1)

structures. In other words, due to the fact that we have varying copper occupancies

(i.e. we can have 70% tetrahedral Cu and 30% octahedral Cu), our fitted EXAFS

spectra must reflect this.
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For pure Co3O4 if we consider a Co tetrahedral absorber that emits a photo-

electron that scatters off another tetrahedral site there is a 100% chance that the

photo-electron scatters off cobalt. But if we consider x = 0.2 in the Cu-doped struc-

ture (Cu0.2Co2.8O4) that has 70% of the Cu in Td sites and 30% of Cu in Oh sites.

This means that:

Cu (Td/Oh) Occupancy× Total Cu = Total Cu in (Td/Oh) Site

0.7× 0.2 = 0.14 Amount Cu in Td sites

0.3× 0.2 = 0.06 Amount Cu in Oh sites

The real stoichiometry is written as: (Cu0.14Co0.86)[Cu0.06Co1.94]O4. Where (A) indi-

cates a tetrahedral site and [B] indicates an octahedral site. Now consider the same

Co(Td) absorber with a photo-electron scattering off of a neighbouring tetrahedral

site, we find that 14% of the scattering events will be a Cu ion and not Co ion (86%

of scattering events are from Co). Now if we examine the Co(Td) - Co(Oh) and

Co(Td) - Cu(Oh) for the same tetrahedral Co absorber, consider what percentage of

the scatterers are Cu(Oh) instead of Co(Oh). We find that:

[amount Cu(Oh)]

[Total (Oh) occupancy]
=

0.06

2
= 0.03 (4.1)

or 3% of the scatterings will be off Cu(Oh) and 97% off Co(Oh).

Thus, scattering paths for a given absorber like Co(Td) now have different S2
0

amplitudes. This requires a robust method of using the right occupancy factors for

each of the paths for different absorbers. In a Cu-doped Co3O4 sample we have four

absorbers for each edge to characterize the difference in Co and Cu neighbours.
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Table 4.7: Cu(Oh) - O and Cu(Td) - O

CuxCo3−xO4 Absorber N E0 (eV) R (Å) σ2 (Å2)

x=0.1
Cu(Oh)
Cu(Td)

8(7)
5(4)

3(7)
1.96(4)
1.98(4)

0.004(1)

x=0.2
Cu(Oh)
Cu(Td)

6
4

0(1)
1.94(1)
1.95(1)

0.004(1)

x=0.25
Cu(Oh)
Cu(Td)

6(1)
4(1)

1(2)
1.95(1)
1.94(1)

0.004(1)

x=0.3
Co(Oh)
Cu(Td)

8(2)
5(1)

1(5)
1.96(4)
1.95(4)

0.004(1)

x=0.4
Cu(Oh)
Cu(Td)

7(1)
5(1)

0(1)
1.95(1)
1.95(1)

0.004(1)

x=0.5
Cu(Oh)
Cu(Td)

8(2)
5(1)

2(5)
1.96(6)
1.96(6)

0.003(1)

To obtain structures with Cu and Co neighbours, crystallographic information files

(CIF) files from XRD refinements are modified to obtain the appropriate neighbouring

atoms.

To obtain a proper parameterization of the paths we must examine the occupancies

for the different sites. To start, we fix the total Cu (this can be varied manually), the

total Co is then obtained along with Cu and Co occupancies. From the occupancies

we can obtain individual scale factors for the scattering paths that reflect the fraction

of Co and Cu neighbours. The Cu(Td) occupancy is then varied while all other

parameters compensate accordingly.

To obtain the individual scale factors we look at an example of a scattering event

between a Cu(Oh) absorber and a Cu(Oh) scatterer. The occupancy of the absorber

(e.g. CuOhOcc denotes the occupation of the Cu(Oh) sites) multiplied by the propor-

tional fraction of the given neighbouring site
(

[amount Cu(Oh)]
[total (Oh) occupancy]

= totCuOh

2

)
gives us
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Table 4.8: Cu(Oh) - (Oh) and Cu(Td) - (Td)

CuxCo3−xO4 Absorber N E0 (eV) R (Å) σ2 (Å2)

x=0.1
Cu(Oh)
Cu(Td)

8(7)
5(4)

3(7)
2.92(6)
3.58(8)

0.007(10)
0.006(10)

x=0.2
Cu(Oh)
Cu(Td)

6
4

0(1)
2.89(1)
3.52(1)

0.006(5)
0.010(1)

x=0.25
Cu(Oh)
Cu(Td)

6(1)
4(1)

1(2)
2.91(2)
3.51(3)

0.011(2)
0.009(1)

x=0.3
Co(Oh)
Cu(Td)

8(2)
5(1)

1(5)
2.92(5)
3.52(6)

0.007(7)
0.006(4)

x=0.4
Cu(Oh)
Cu(Td)

7(1)
5(1)

0(1)
2.90(2)
3.52(2)

0.005(2)
0.008(1)

x=0.5
Cu(Oh)
Cu(Td)

8(2)
5(1)

2(5)
2.93(8)
3.54(9)

0.008(6)
0.008(5)

the fraction (CuOh-CuOh) of the scattering events:

[Fraction of Scattering] = [Absorber Occupancy]× [Fraction of scatterer]

CuOh-CuOh = CuOhOcc× totCuOh/2

Where CuOh-CuOh is the scale factor for the Cu(Oh) absorber with Cu(Oh) neigh-

bours and totCuOh is the total Cu in the Oh sites. All of the associated scale factors

for the individual scattering paths are obtained in this way.

Information about the fitting model and parameters:

• S2
0 : Controls the amplitude of the total spectra. Includes parametrization of

Cu occupancies and coordination (N).

• E0: Energy shift to line up the experimental data to the theoretical energy

values. Co and Cu absorbers typically have different values for E0.

• δR: Is a change in the distance for the individual path under consideration. For

a cubic crystal this can be parametrized by using a variable say α for all the
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Table 4.9: Cu(Oh) - (Td) and Cu(Td) - (Oh)

CuxCo3−xO4 Absorber N E0 (eV) R (Å) σ2 (Å2)

x=0.1
Cu(Oh)
Cu(Td)

8(7)
16(14)

3(7) 3.43(7) 0.006(10)

x=0.2
Cu(Oh)
Cu(Td)

6
12

0(1) 3.38(1) 0.010(1)

x=0.25
Cu(Oh)
Cu(Td)

6(1)
12(2)

1(2) 3.41(2) 0.009(1)

x=0.3
Co(Oh)
Cu(Td)

8(2)
15(4)

1(5) 3.43(6) 0.006(4)

x=0.4
Cu(Oh)
Cu(Td)

7(1)
15(3)

0(1) 3.40(2) 0.008(1)

x=0.5
Cu(Oh)
Cu(Td)

8(2)
15(4)

2(5) 3.44(9) 0.008(5)

paths, multiplied by Reff , the original distance of the given scattering path.

δR = α×Reff

This allows us to characterize a change in the path distance based on how

long the path is (longer paths undergo larger changes). The crystal is cubic so

isotropic expansion or contraction is how changes in the path lengths are dealt

with. This parameter should be equivalent for the different Co and Cu atoms in

the same structure but are allowed to vary independently to help characterize

finite size effects and strain within the particles. The scattering paths that

contain Cu(Oh) as an absorber or scatterer receive their own independent fit

parameter (αCuOh) for δR. This is to account for the distortion to the structure

caused specifically by the ligand hole mentioned in regard to the Cu(Oh) site.

The true scattering path distance is then given by: R = Reff + δR.

• σ2: Is a positive parameter that controls the disorder of the bond, in other
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words, how strongly those two atoms (absorber and scatterer) are bound to one

another. σ2 is typically of the order of σ2 ≤ 0.01. Because we are fitting over

24 paths over two separate edges it is required to find relations between the

σ2 for the different paths. All scattering paths to O ions have the same σ2.

Oh absorber to Oh neighbour, and Td absorber to Td neighbour have the same

σ2 values (different for Cu – Cu and Co – Co). And, all Oh absorber to Td

neighbour and Td absorber to Oh neighbour all have the same σ2 (different for

Cu – Cu and Co – Co).

Table 4.4 shows the fit parameters (coordination N , energy shift E0, scattering

path distance R, and bond disorder σ2) obtained from the Co K edge fit for the

scattering path to the first oxygen coordination shell for both Co Oh and Td sites,

e.g. Co(Oh) - O and Co(Td) - O. The tables 4.5 and 4.6 represent the scattering

paths to the first shell of octahedral and tetrahedral sites. Table 4.5 shows the fit

parameters for the respective site-to-site Co(Oh) - (Oh) and Co(Td) - (Td) scattering

paths, while table 4.6 shows the parameters for the opposite site-to-site Co(Oh) - (Td)

and Co(Td) - (Oh) scattering paths. Because of the distinction made by αCuOh (the

parameter used to incorporate distortion into the Oh site) there are two separate σ2

values for the Co(Oh) - (Oh) and Co(Td) - (Td) paths in table 4.5.

Tables 4.7 - 4.9 show the same fit parameters but for the Cu K edge, which contains

Cu sites as absorbers. The coordination for the x = 0.2 doping was varied for the

Co K edge fit, but held constant for the Cu K edge fit. This was done to obtain an

accurate value of the S2
0 amplitude for the Co K edge that we can fix for the rest of

the samples. This allows us to obtain proper parameterization of the S2
0 amplitude
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Figure 4.7: Co L3,2 edge XAS obtained at 10 K for all the samples. The peak at 777 eV
located at the start of the L3 edge, shows a decrease as Cu enters the structure.

for the Cu K edge and allowing us to extract the coordination and occupation for the

remainder of the samples.

The Cu K edge EXAFS clearly identify the presence of both Cu(Oh) and Cu(Td) as

absorbers due to the peaks located at 2.6 Åand 3.2 Å, respectively (Fig. 4.6). For both

Co and Cu edges we find the coordination is as expected for a spinel structure. The

scattering path length decreases (as doping increases) for the Co edge, and increases

for the Cu edge. The Jahn-Teller distortion that Cu experiences causes a change

in the oxygen positions along the z (c) axis, changing the oxygen position between

the Co - O - Cu configuration. Intuitively the disorder parameter follows the same

tendency as scattering path length; doping increases local disorder (from the Debye-

Waller term of the fits shown in section 2.4.2) around the Co ions (σ2
Co) increases,

while σ2
Cu decreases (or stays the same). This is all further evidence for a distortion

caused by the Cu ions.



Chapter 4: Cu-Doped Co3O4 (CuxCo3−xO4) 95

a)                                            b)

Figure 4.8: a) Shows a close-up for the Co L3 edge XAS, with I2+ and I3+ indicating
the main contributions from Co2+(Td) and Co3+(Oh) ions. b) shows I3+/I2+ as a
function of doping.

From EXAFS we have been able to confirm the presence of both Cu(Oh) and

Cu(Td) within the spinel structure, where the total Cu conforms to what was obtained

from XRD. We were also able to identify the presence of the secondary CuO phase

of roughly 10% for the x = 0.5 sample.

L edge XAS allows us to obtain more specific information on the oxidation state

and environment of the cations and surrounding oxygen atoms. Fig. 4.7 shows the

XAS spectra for the Co L3,2 edges at 10 K for all the samples. The Co L edge spectra

are typical of Co3O4 spinel-type material[68]. The decrease in the shoulder peak at

777 eV indicates a decrease in the relative occupations of the Co2+ and Co3+ ions.

The peak at 777 eV is dominated by Co2+(Td) but small contributions from Co3+(Oh)

are also present. Fig. 4.8 a) shows a close-up of the Co L3 edge, where I2+ and I3+

indicate the intensities of the peaks corresponding to Co2+ and Co3+, respectively.

Fig. 4.8 b) shows the ratio of I3/I2 with an increase as a function of doping indicating
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Figure 4.9: Cu L3,2 XAS obtained at 10 K for all samples. Cu L edge spectra are all
very similar. The absorption at 932.5 eV is a result of ligand holes on the O ions.

the variation in occupation of the Co sites, i.e. Co2+:Co3+ ratio.

The Cu L3,2 edge obtained at 10 K for the Cu doped samples (Fig. 4.9) are

indicative of Cu2+ ions[90–93]. The small shoulder peak at 932.5 eV is due to the

existence of a ligand hole (transition: 2p3d9L → 2p53d9) on the oxygen ions[94; 95].

The ligand hole is a direct result of Cu2+ occupying the octahedral sites: Cu3+(Oh)→

Cu2+(Oh)+3d9L as Cu prefers a 2+ oxidation state over a 3+ oxidation state[80–83].

The 3d9L mediates charge balance in the structure allowing Cu2+ to exist in both Td

and Oh sites without Co3+ entering the Td sites. This is clear from the Co L edge

spectra where there are no large changes from the undoped sample (other than the

peak at 777 eV) which would indicate a change to a partially inverse spinel structure.

It is known that the separation between the Cu2+(Td) and Cu2+(Oh) absorptions

is only 0.7 eV[96]. Thus, to further examine the Cu spectra, a peak deconvolution is

performed on the main absorption of the Cu L3 edge. This allows us to obtain a more
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a)                                              b)

Figure 4.10: a) Fit of the Co L3,2 edge spectrum for the x = 0.2 sample using
CTM4XAS[3]. The spectrum shows that Co2+(Td) dominates the peak at 777 eV,
but contains small contributions from Co3+(Oh). b) Fit of the Cu L3 edge for the
x = 0.2 sample. From a peak deconvolution, it is found that 62% of the Cu occupies
the Td sites, and 38% occupies the Oh sites.

accurate estimate of the Cu2+(Td) and Cu2+(Oh) occupations. Fig. 4.10 b) shows the

deconvolution performed on the x = 0.2 sample. We find that the Td occupation is

larger than the Oh occupation of ∼65%:35% (Td:Oh). Peak deconvolutions performed

Table 4.10: Cu-doped Co3O4 L edge XAS Results

Nominal
Doping

Co L edge fit(±3%):
Co3+(Oh) : Co2+(Td)

Cu L edge fit(±3%):
Cu2+(Oh) : Cu2+(Td)

Total
Cu

Chemical Formula from
XAS (±0.03)

x = 0 66% : 34% 0% : 0% 0 (Co)[Co2]O4

x = 0.1 68% : 32% 58% : 42% 0.37(10) (Cu0.15Co0.85)[Cu0.21Co1.79]O4

x = 0.2 69% : 31% 38% : 62% 0.18(5) (Cu0.11Co0.89)[Cu0.07Co1.93]O4

x = 0.25 70% : 30% 39% : 61% 0.36(5) (Cu0.22Co0.78)[Cu0.14Co1.86]O4

x = 0.3 71% : 29% 38% : 62% 0.36(5) (Cu0.22Co0.78)[Cu0.14Co1.86]O4

x = 0.4 72% : 28% 39% : 61% 0.46(5) (Cu0.28Co0.72)[Cu0.18Co1.82]O4

x = 0.5 71% : 29% 42% : 58% 0.49(5) (Cu0.28Co0.72)[Cu0.21Co1.79]O4
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Figure 4.11: Occupancy of the four cationic sites (Co2+(Td), Co3+(Oh), Cu2+(Td),
and Cu2+(Oh)), obtained from analysis of the XAS fits. Cu2+ Td:Oh ratio remains
roughly the same at 60%:40%.

on all of the Cu L-edge spectra show similar shape and occupancy. As the doping

increases (x > 0.4) the emergence of the third absorption becomes resolvable within

the main L3 absorption for the Cu edge. This peak is attributed to the formation

of the CuO phase[92]. For x = 0.5 an impurity of roughly 7% was found. We were

also able to perform fits for the Co L-edge spectra. Co L-edge fits were obtained by

simulating both Co2+(Td) and Co3+(Oh) contributions using CTM4XAS[3]. The fit

for x = 0.2 is shown in Fig. 4.10, where the Co3+(Oh) and Co2+(Td) occupations are

69% and 31% respectively.

The resultant occupancies obtained from the Co and Cu L edge XAS fits are

shown in Fig. 4.11. We find that the Cu2+(Td):Cu2+(Oh) remains the same at roughly

60%:40%. This is corroborated by the height of the 3d9L (Fig. 4.9) contribution. If

the backgrounds are taken into account the height of the high-energy shoulder peak
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Table 4.11: CTM4XAS Fit Parameters for Co2+(Td) and Co3+(Oh)

Parameter Co2+(Td) Co3+(Oh)

Spin state; Symmetry High spin; 4A2 Low spin; 1A1

SIR; S-O Reduction1 1.0; 1.0 1.0; 1.0
Crystal Field Splitting (10Dq) -0.34 1.9

∆2 7 4.5
Upd − Upp

3 1.5 1.5
T (eg)/T (e)4 0.9 2
T (t2g)/T (t2)4 2 1

1 Slater integral reduction (SIR) and spin-orbit (S-O) reduction are set to the default values.
2 Charge transfer energy (∆).
3 Potential of the 2p core-hole and 3d valence electron (Upd) and the potential of the 3d-3d

valence electrons (Udd). Only the difference of Upd − Udd is relevant for XAS.
4 Transfer integrals, T (eg)/T (e) and T (t2g)/T (t2), for the eg/e and t2g/t2 orbitals, respec-

tively.

is nearly identical throughout the series. Since we obtain the same ratio of ligand

core holes that arise from Cu2+(Oh), we obtain the same ratio of Cu2+(Td):Cu2+(Oh).

Cu occupancies and total Cu are in agreement with those obtained from XRD and

EXAFS analysis. The tabulated results obtained from the L edge XAS fits are given

in table 4.10 along with fit parameters in table 4.11[68].

O K-edge XAS allows us to probe the differences in hybridization between the O

2p and metal 3d and 4s states directly. Oxygen K edge spectra shown in Fig. 4.12

were taken at 10 K for all samples. The peak at 531.5 eV allow us to quantify the 3d

eg and t2g orbital occupations for the Oh ions in the structure[58]. With Cu replacing

Co in the Oh site, the change from electronic structure (3d6 → 3d9) results in a higher

3d occupation, i.e. less vacancies, and we see that the intensity of the peak at 531.5 eV

decreases, thus confirming the presence of Cu in the Oh site. There is a decrease in

the absorption above 537 eV. This is due to the decrease in hybridization between

O 2p to metal 4s hybridization due to Cu occupying the structure. While Cu2+(Oh)

still undergoes hybridization with the oxygen ligands (e.g. the ligand hole), Cu2+(Td)
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Figure 4.12: XAS obtained over the O K edge at 10 K for all samples. Changes in
the 3d occupation between the samples is indicated by the decrease in the peak at
532 eV. The asterisk marks the position from vicinal oxygen[2].

undergoes minimal hybridization.

From XAS we have been able to identify the oxidation states and obtained accu-

rate estimates of the Oh and Td occupancies of the cations. All samples show very

similar spectra with a Cu2+(Td) occupancy larger than the Cu2+(Oh) occupancy. XAS

and EXAFS can both be used to verify that the Cu enters the entire structure and

not simply a surface substitution. EXAFS was performed in both transmission and

fluorescence geometry, where the transmission set-up is a great probe for the core of

the particles. Cu K-edge spectra are presented using fluorescence yield, but showed

the same features using transmission detection. A much steeper background subtrac-

tion must be used for transmission detection while backgrounds for fluorescence yield

are much more consistent between the samples. Likewise, L-edge XAS was performed

using both total electron yield (TEY) and total fluorescence yield (TFY) detection
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Figure 4.13: TFY XAS spectrum of the Cu L3,2 edge for all samples. Since TFY mea-
surements are bulk-sensitive, this is good evidence for Cu doping the entire structure.

techniques. Where TEY is known to probe only the first few nm, TFY measurements

are bulk-sensitive[69]. As electrons are promoted to higher energy levels, electrons

flow from the sample holder onto the surface of the sample. This is electron yield de-

tection. When electrons repopulate lower energy levels, they fluoresce characteristic

x-rays which are then detected via fluorescence detectors. Fluorescence arises pri-

marily from the core but suffers more extensive broadening due to the self-absorption

(e.g. the detected x-rays go through multiple scattering events before they are de-

tected). These techniques provide a method to confirm the presence of Cu within the

core of the particle. Fig. 4.13 shows the TFY XAS for each of the samples where the

additional broadening from self-absorption is evident.
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Figure 4.14: Co and Cu L edge XMCD obtained at 10 K for all of the samples.
The Co L edge shows an increase in the magnetic moment due to the weakening of
antiferromagnetic interactions. The Cu L edge XMCD shows an unchanging magnetic
moment present only for the Cu2+(Oh) sites.

4.3 Ferrimagnetism of Cu-Doped Co3O4

XMCD probes the atomic level, local magnetic structure and provides the most

straight-forward evidence of ferromagnetic interactions occurring in the Cu doped

samples. Artefact-free (AF) XMCD spectra shown in Fig. 4.14 were obtained at 10 K

under applied fields of ±5 T, as described in section 2.4.1. For the Co L edge XMCD

we find an increase in the Co magnetic moment corresponding to the increase in the

L3 edge peak at 777 eV that arises from the Co2+(Td).

Using CTM4XAS we can simulate the XMCD spectrum for the Co L3,2 edge, the

simulation of the x = 0.2 sample is shown in Fig. 4.15. The only contribution to
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Figure 4.15: Co L edge XMCD fit using CTM4XAS of the x = 0.2 sample obtained
at 10 K. Co3+(Oh) ions carry no unpaired spins, and thus, the only contribution to
the magnetic moment arises from Co2+(Td). For x = 0.2 the magnetic moment is
∼1.2 times larger than that of Co3O4.

the spectrum is from the Co2+(Td) ions, and all fits agree well with what has been

obtained experimentally. Due to the decrease in antiferromagnetic interactions in

Cu-doped samples the magnetic moment of the Co2+(Td) is ∼1.2 times larger than

the magnetic moment of Co3O4 (for x = 0.2).

Expectedly in the Cu L3,2 edge XMCD, we find a magnetic moment present on

the Cu ions. With the position of the Cu L3 edge peak in the XMCD at 929.5 eV

and referring back to Fig. 4.9, we find it represents a ferro/ferrimagnetic contribution

from the Cu2+(Oh) ions. This contribution arises due to the new exchange interac-

tions present in the Cu doped Co3O4. As discussed previously, the reason for the

stronger antiferromagnetic order in pure (bulk) Co3O4 is a result of the large number
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Figure 4.16: a) Co and b) Cu L edge XMCD obtained at 10 K for all of the samples
using TFY detection. The Co L edge shows a decrease in the magnetic moment
relative to TEY, while the Cu edge shows almost no change between the magnetic
moment from TEY and TFY.

of extended superexchange interactions that are possible. These will be examined in

detail (in section 5.3) in the context of CuxCo3−xO4. Briefly examining TFY XMCD

we find further evidence of ferro/ferrimagnetic behaviour in the core of the particles.

The magnitude of the TEY XMCD signals for the Co and Cu edge are roughly equal

at 3-4% (Fig. 4.14). TFY XMCD for both the Co and Cu L3,2 is shown in Fig. 4.16 a)

and b), respectively. The TFY measurements shows a drastic decrease in the XMCD

magnetic moment for the Co edge, but a similar sized moment for the Cu edge. In-

dicating the ferromagnetic interactions associated with the Cu2+(Oh) site within the

core of the particles. The sample x = 0.1 was omitted due to the poor quality of the

spectrum for both Co and Cu L edge XMCD using TFY detection, this can also be

seen in the Cu L edge XAS and XMCD using TEY detection.

As mentioned previously, for antiferromagnetic materials such as Co3O4 the order-

ing temperature (TN) can be obtained from the maximum in the DC susceptibility,
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a)                                             b)

Figure 4.17: a) χDC(T ) for all samples shows a decrease in the ordering temperature
with increasing Cu doping. Below the ordering temperature we find evidence for a
weak ferromagnetic behaviour as the doping increases. b) 1/χDC is fit for each sample
(solid grey lines) between 160 - 280 K, with the exception of x = 0.2.

χDC(T ). Further, examination of the susceptibility above and below TN can give us

an idea of the exchange interactions present. The low-field (10 mT) DC susceptibility

is shown in Fig. 4.17 a) for all samples. As the doping of Cu increases, we observe a

decrease in the Néel temperature. Undoped Co3O4 (x = 0) has the largest ordering

temperature of TN = 39(2) K, and decreases to TN = 23(2) K for the x = 0.5 sample

(Fig. 4.18). This is a result of the complicated nature of exchange interactions in

Co3O4 discussed previously. The non-interacting nature of the Cu2+(Td) ions result

in a decrease in the strength of the antiferromagnetic interactions. This is also shown

qualitatively in χDC(T ) by the more abrupt rise in susceptibility as temperature de-

creases for the Cu doped samples, e.g. χDC(T ) for the undoped sample is flatter

compared to samples doped with Cu.

To gain a more quantitative measure of the exchange interactions occurring we

can once again represent the susceptibility above TN using the modified Curie-Weiss
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Figure 4.18: µeff and TN as a function of doping obtained from the fits of 1/χDC .
Both µeff and TN show a decrease with increasing Cu doping.

law derived in section 1.1.2. Analysis was performed on the inverse susceptibility

(1/χDC), with the high-temperature fits for each of the samples shown in Fig. 4.17

b). In the absence of Jahn-Teller splitting, the crystal field ground states for the Cu

3d9 electronic structure in both octahedral and tetrahedral crystal fields are a doublet

(2E) and triplet (2T) state, respectively[14]. In this situation Cu does not contribute

to the van Vleck paramagnetic term.

By including Jahn-Teller distortions (tetragonal, c > a) the ground state for Cu

in the Oh site becomes a singlet (2A) with one unpaired spin in the upper dx2−y2

orbital. Including the same type of distortion for the tetrahedral site we find that

both dxz and dyz orbitals are farther away from the O ions than the dxy orbitals (due to

extension in the z direction) and thus lie lower in energy. This again creates a singlet

state (2A) with one unpaired electron in the upper dxy orbital. For a contraction
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Table 4.12: χDC Magnetic Properties

Nominal
Doping

χ0 (×10−4

m3/mol T−1)
C (m3 K/mol

T−1)
θ (K) TN (K)

µeff

(µB)
Jij (K/kB)

x = 0 1.4(1) 0.32(1) -85(5) 39(2) 4.5(2) 2.9(5)5

x = 0.1 1.0(1) 0.29(1) -110(5) 30(2) 4.3(2) 2.4(5)

x = 0.2 0.3(1) 0.23(1) -80(5) 29(2) 3.9(2) 2.9(5)

x = 0.25 1.1(1) 0.16(1) -40(5) 27(2) 3.2(2) 4.0(5)

x = 0.3 1.2(1) 0.17(1) -55(5) 26(2) 3.3(2) 3.6(5)

x = 0.4 1.1(1) 0.14(1) -30(5) 26(2) 3.0(2) 4.3(5)

x = 0.5 0.9(1) 0.16(1) -55(5) 21(2) 3.2(2) 3.1(5)

5 Using the spin-only value (J = S = 3/2) to calculate the exchange constant Jij gives a value
of Jij = 3.9(2) K/kB , nearly identical to the value of bulk Co3O4 Jij = 4.0(2) K/kB quoted by
Roth (reference 6 in the text).

in the z direction (c < a) we find that the Cu2+(Td) contains a doublet ground

state (2E) and thus does not contribute to any van Vleck paramagnetism (c < a

produces the same singlet ground state for an Oh site). For a Cu ion that undergoes

Jahn-Teller splitting the contributions to χ0 are of the same order as the Co ions.

Thus, we do not expect to find a large change in the values for χ0 since all of the

ions present in the spinel contribute to van Vleck paramagnetism (save perhaps the

Cu2+(Td) site which depends on the direction of the tetragonal distortion). Indeed,

χ0 remains relatively constant between 0.9-1.4×10−4m3/mol− T; the bulk value is

1.4×10−4m3/mol− T[17].

The Curie constant C from the fits provides us with a quantitative measure of

the effective magnetic moment µeff using equation 3.2. Fig. 4.18 shows the decrease

in overall magnetic moment µeff as a function of doping. The decrease in magnetic

moment is attributed to replacing Co2+(Td) (s = 3/2) with Cu2+(Td) (s = 1/2)
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Figure 4.19: θ and Jij as a function of doping obtained from magnetometry. Both θ
and Jij show very similar behaviour, increasing as doping increases. This is a result
of the decrease in antiferromagnetic interactions.

causing a decrease in the overall spin moment per formula unit.

To gain further insight we can investigate both θ and Jij as a function of doping.

Where θ, the Weiss temperature, is largely a qualitative measure of the exchange

occurring, with θ < 0 indicating antiferromagnetic interactions and Jij described

by the ordering temperature TN and the effective magnetic moment µeff (through

equation 1.24). Both Jij and θ are shown in Fig. 4.19 and display identical behaviour

as a function of doping. The increase in Jij and decrease in θ with doping is consistent

with decreased antiferromagnetic interactions along with a smaller overall magnetic

moment. The overall results from the analysis of 1/χDC are given in table 4.12.

Examining the DC susceptibility below the magnetic ordering TN we find evi-

dence of weak ferro/ferrimagnetic behaviour as a result of Cu entering the structure.

Cu2+(Td) has a small ionic radius, and high electron occupation. This leads to de-
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a)                                             b)   

Figure 4.20: a) High-field susceptibility as a function of temperature (χHF (T )), for
each of the Cu dopings. Behaviour is similar to the field cooled DC susceptibility.
b) Fits for the inverse high-field susceptibility (1/χHF ) show similar values for the fit
parameters (χ0, θ, and C) as in the DC susceptibility.

creased orbital overlap, and decreased multiplicity for exchange interactions. Thus,

Cu2+(Td) can be considered non-interacting relative to the Cu2+(Oh). Weak ferro-

magnetic interactions can occur between the Co2+(Td) and the Cu2+(Oh) ions.

Magnetization as a function of field (M vs µ0H) data was obtained for all samples

for a range of temperatures between 2 and 300 K up to 5 T to ensure saturation. M vs

µ0H loops for the samples still display a paramagnetic/antiferromagnetic component

to the magnetization, as in Co3O4. For Co3O4 we were able to obtain loops for

the surface through the process described in section 3.3, by subtracting a high-field

susceptibility (χHF ) multiplied by the field (µ0H) from the original magnetization

data. As mentioned earlier, the high-field susceptibility as a function of temperature

χHF (T ) describes the magnetic interactions occurring in the core of the particles.

χHF (T ) is shown in Fig. 4.20 a), where each of the samples display similar behaviour

to the field cooled low-field susceptibility. Performing the same Curie-Weiss analysis
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Table 4.13: χHF Magnetic Properties

Nominal
Doping

χ0 (×10−4

m3/mol T−1)
C (×10−3

m3-K/mol T−1)
θ (K) µeff (µB)

x = 0 0.9(1) 0.32(1) -86(5) 4.5(2)

x = 0.1 0.8(1) 0.26(1) -64(5) 4.1(2)

x = 0.2 1.0(1) 0.25(1) -53(5) 4.0(2)

x = 0.25 1.3(1) 0.22(2) -39(5) 3.7(2)

x = 0.3 1.3(1) 0.22(1) -40(5) 3.7(2)

x = 0.4 1.6(1) 0.18(1) -27(5) 3.4(2)

x = 0.5 1.6(1) 0.17(1) -27(5) 3.3(2)

on the inverse high-field susceptibility (1/χHF , Fig. 4.20 b), we find identical fit values

(χ0, θ, C) as was found in the low-field analysis. This leads to the same values for the

effective magnetic moment, which provides further evidence for Cu doping the entire

structure. Results from the analysis of 1/χHF are given in table 4.13.

Subtracted M vs µ0H loops (as described in section 3.3) are shown in Fig. 4.21 a)

and b), samples are shown for 2 K and 15 K, respectively. Immediately we recognize

the behaviour of the x = 0 sample where we can identify the results of weakened

antiferromagnetic interactions at the surface through the characteristic behaviour

of the spin-flop[5; 75–78]. The antiferromagnetic interactions at the surface of the

undoped sample are stronger than previously characterized for the shapes resulting

from the larger size of the particles (i.e. less surface-to-volume ratio). The rest of the

samples display small ferro/ferrimagnetic interactions throughout the whole particle,

showing a large increase in the magnetic saturation. Unlike the previous character-

ization of the shapes (and the x = 0 sample) which are ideal antiferromagnets in
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a)                                              b)

Figure 4.21: Subtracted M vs H loops at a) 2 K and b) 15 K for all samples. Undoped
Co3O4 shows a characteristic spin-flop that occurs at the surface of the particles, while
the Cu doped Co3O4 show a large increase in magnetic saturation.

the core, the subtracted M vs µ0H loops for the Cu doped samples can also present

ferro/ferrimagnetic contributions from the core. Ms for all of the Co3O4 samples

(x = 0, and the shapes) show a constant coercivity between 2 - 15 K, while the Cu

doped samples show a continual increase with x.

For Co3O4, there are stronger antiferromagnetic interactions in the core, with a

spin-flop like surface layer that can still display the same ferromagnetic characteristics,

such as, coercivity, exchange bias, etc. This is a result of the coupling between the

surface layer and the antiferromagnetic core. For the case of the Cu doped samples,

the antiferromagnetic interactions are decreasing, and there is evidence of an increase

in ferro/ferrimagnetic behaviour at very low temperature (≤ 10 K). Fig. 4.22 a)

shows the coercivity (Hc), b) the exchange bias (Hex), and c) shows the magnetic

saturation (Ms) for all samples between 2 K and 30 K. It is found that in the region

of 10 - 30 K that the coercivity of the Cu doped samples is smaller than the undoped
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a)                                                            c)  

b)

Figure 4.22: a) Coercivity as a function of temperature (Hc) shows a drastic increase
below 10 K when Cu is present in the structure. b) Exchange bias (Hex) decreases as
doping increases (excluding the x = 0 and 0.5 sample). c) Magnetic saturation Ms is
shown for each of the samples between 2 - 30 K.

(x = 0) sample (except for x = 0.5 which presents the largest CuO impurity, bulk

CuO: TN = 230 K[97]), but abruptly increases at very low temperatures (≤ 10 K).

This indicates the presence of a weak ferromagnetic exchange that orders at low

temperatures. The exchange bias, Hex, for all Cu doped samples is smaller than the

Hex for the undoped sample (with the exception of x = 0.1 and x = 0.5). This is a

result of the decreased antiferromagnetic interactions throughout the particle which

cause a weaker coupling to the surface.



Chapter 5

Exchange at the Surface (Shapes) and in

the Core (Doping)

5.1 Introduction

Exchange interactions are able to describe the magnetic order associated with the

behaviour of the Co3O4 nanoshapes, and CuxCo3−xO4 nanoparticles. The complicated

nature of the exchange interactions are a result of the non-magnetic Co3+ ion that is

intermediate in the exchange. The large crystal field associated with Co in the Oh site

provides the means for the pairing of spins, violating Hund’s rule. At the surface of

the nanoparticles changes to the associated crystal fields can induce a small magnetic

moment present on low-coordinated Co3+ ions.

Through competition of the magnetic interactions at the surface we can explain the

differences in magnetic order associated with the shapes. Dominant antiferromagnetic

behaviour induces a spinflop in the cube shaped particles, while the extra magnetic

moment and related ferromagentic interactions can be linked directly to the exposure

113
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of the (111) plane of the plates[34; 74]. This leads to a description of the magnetism

based on the exposed interactions at the surface.

For the CuxCo3−xO4 system, the magnetization is dominated by the larger ferri-

magnetic behaviour in the core of the particles. The ferrimagnetic behaviour arises

from the weak ferromagnetic exchange interactions between Cu2+ ions located at the

octahedral site and Co2+ in the tetrahedral site. This is enabled by the large size of

the Cu2+(Oh) ionic radii and the ligand hole arising on the intermediate oxygen ions.

5.2 Implications of the Surface on the Magnetic Properties

and Exchange

As described in section 1.4, the superexchange interaction is the dominant mechanism

for exchange between the magnetic Co2+ ions in Co3O4. The more direct interaction

of Co2+- O - Co2+ accounts for only a small (∼10%) portion of the total exchange

strength. The three extended superexchange pathways in the form of Co2+- O - Co3+-

O - Co2+, are the reason for the strong magnetic order present in bulk Co3O4[20; 44].

Returning to the convention of ↑↓180, ↑↓90, and ↑↑90 for the three different paths

shown in Fig. 5.1, the different surface terminations can now be discussed in terms of

these exchange pathways.

It was noted in section 1.4 that the competing interactions ↑↓90 and ↑↑90 paths

have identical bond distances, bond angles, and path multiplicities leading to their

cancellation[20; 44]. It is found that the ↑↓180 is the only uncompensated exchange

interaction pathway in bulk Co3O4. This is shown in the last column of Table 5.1.

At the surface of the particles there can be uncompensated ↑↓90 and ↑↑90 interactions
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Figure 5.1: Different possible exchange pathways between Co2+ ions (purple) through
an intervening Co3+ ion (blue) and two oxygen ions (red). In the ↑↓180 Co2+ ions
are connected through the same d-orbital on Co3+ producing an antiferromagnetic
interaction. ↑↑90 and ↑↓90 are connected through the same d-orbital resulting in
one ferromagnetic and one antiferromagnetic interaction, due to the Pauli exclusion
principle.

resulting from broken symmetry and imperfect cancellation of the exchange. Thus,

we can quantify these uncompensated interactions at the surface using the parameter

δ given by:

δ =
1 +M↑↑90 −M↑↓90

M↑↓180
(5.1)

where M is the multiplicity of the path given in the subscript. Thus, if there are more

ferromagnetic (↑↑90) paths then antiferromagnetic (↑↓90 and ↑↓180) paths, δ > 1.1,

and ferromagnetic order is predicted at the surface. Likewise, δ < 1.1 indicates that

antiferromagnetic order is present at the surface.

Using the multiplicities given in Table 5.1 we find that the cubes have a value

of δ100 = 0.83. With a value less than δ = 1.1 we find that antiferromagnetic in-
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teractions are dominant at the surface of the particles. This in accordance with the

previous characterization of the antiferromagnetic spin-flop that occurs at the surface

of the Co3O4 cubes. The cubes display the smallest value for δ (δ100 = 0.83, near-

est to bulk δ = 1/12) and it was found they displayed behaviour very close to bulk

Co3O4 with an exchange constant of Jij = 3.0 K/kB. The plates have a much larger

value of δ111 = 2.17. Re-examining the surface of the (111) plane in Fig. 3.4 b) we

find that the zig-zag like structure promotes the ferromagnetic ‘W’-shaped exchange

interaction (↑↑90) resulting in the observed ferromagnetic behaviour at the surface.

The increased magnetic moment associated with the (111) plane is a result of the

decreased coordination/broken symmetry at the surface of the (111) plane. The low

coordination lowers the crystal field associated with d orbital splitting, which allows

a small magnetic moment on the Co3+ ion.

On the other hand, for the spheres it is necessary to perform an average over

the planes at the surface of the spheres, this gives a value of δspheres = 0.92. The

spheres display similar behaviour to both the cubes and the plates, where below TN

the spheres showed evidence of an antiferromagnetic spin-flop at the surface, as found

in the cubes. But display a highly enhanced magnetic moment that was found to be

Table 5.1: Co3O4 Surface Exchange Pathways

Multiplicity (111) Plane (110) Plane (100) Plane Bulk

↑↓180 6 7 6 12

↑↓90 6 12 12 24

↑↑90 18 12 16 24



Chapter 5: Exchange at the Surface (Shapes) and in the Core (Doping) 117

related to the exposure of the (111) plane at the surface[34; 74].

We have been able to show that competition at the surface can explain the dif-

ferences in antiferro- and ferromagnetic order shown to originate from the surfaces

of the (100) plane of the cubes and the (111) plane of the plates, respectively. The

behaviour of the spheres can be addressed by consideration of a combination of planes

at the surface including the {100}, {110}, and {111} families of planes. The spheres

clearly show intermediate behaviour between the two shapes involving the different

exposed planes that occur at the surfaces. Consideration of the surface can also

explain the presence of the enhanced magnetic moment of the (111) plane, arising

from the usually non-magnetic Co3+ ions at the surface. This idea also addresses the

weakened antiferromagnetic interactions occurring at the surface of the cubes and

spheres, resulting in an antiferromagnetic spin-flop where the spin-flop layer is shown

to saturate at much lower fields than required for bulk Co3O4[20]. Thus, the idea

of surface environments and exchange have provided mechanisms to explain the very

fundamental behaviour exhibited by the nanoparticles. Moreover, the idea of surface

exchange is shown to be directly responsible for the magnetism observed.

5.3 Role of Ligand Holes on the Magnetism of CuxCo3−xO4

Introducing Cu2+ in the structure increases the number of possible exchange interac-

tions that can occur leading to a more complicated magnetic structure than Co3O4.

The usual extended superexchange interactions that occur in Co3O4 are still present

in Cu doped Co3O4, but weakened due to the incorporation of Cu2+ into the Td sites.

Cu2+(Td) causes a decrease in the overall magnetic moment for the doped samples as
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Figure 5.2: a) Ferromagnetic exchange interaction between Co2+(Td) and Cu2+(Oh)
through a single intermediate oxygen ion, resembling a conventional superexchange
interaction but involving both real and virtual transfers of electrons. b) An anti-
ferromagnetic extended superexchange interaction between Co2+(Td) and Cu2+(Oh)
occurs through three intermediate ions (as in Co3O4).

discussed previously, but the weakened exchange between Co2+(Td) ions arises from

the decreased multiplicity for the extended interactions. This results in the observed

decrease in the magnetic ordering (TN) of the different samples.

Cu2+ in the octahedral sites introduces new exchange interactions between mag-

netic ions in the structure. In part, the Cu-doped structure resembles that of cer-

tain superconducting cuprates which contain Cu2+(Oh) forming CuO2 planes (in

the a-b plane) with oxygen that contain ligand holes[94; 95]. A more conventional

superexchange-like interaction can occur between Cu2+(Oh) and Co2+(Td) through a

single oxygen ion. This interaction resembles a combination of double exchange, and
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superexchange involving a real transfer of an electron from the ligand (Cu3+(Oh) →

Cu2+(Oh) + 3d9L) and virtual transfer of an electron between the O and Co2+(Td)

(Fig. 5.2 a). We know the second part of the interaction does not involve real transfer

since no Co3+(Td) was found through spectroscopy (XAS and XMCD). This inter-

action is found to be ferromagnetic in nature. In addition to the more conventional

exchange interaction we also expect a new extended superexchange interaction that

occurs with Cu2+(Oh).

Because Cu2+(Oh) is magnetic it cannot be the intermediary ion for interactions

between Co2+(Td). But, Cu2+(Oh) can be incorporated into the interactions with

the form: Co2+(Td) - O - Co3+(Oh) - O - Cu2+(Oh) (Fig. 5.2 b). Like the extended

exchange interactions that occur between Co2+(Td) ions this interaction is antifer-

romagnetic. With a tetragonal distortion (c > a) it was found that Cu2+(Oh) only

has one unpaired electron in the dx2−y2 orbital, and thus, exchange does not occur

through the dz2 orbital in the c direction, minimizing the amount of exchange that Cu

can undergo. The competition between the possible ferromagnetic and antiferromag-

netic exchange interactions explains the very weak nature of the ferro/ferrimagnetic

exchange at low temperatures (<30 K). Doping the structure with Cu allows us to in-

vestigate ferromagnetic exchange interactions in the core that result from differences

in the structural nature of the cations.
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Conclusions and Future Work

The exchange interactions of cobalt oxide have been investigated through considera-

tion of the surface exchange in Co3O4 nanoshapes and Cu doping. The non-magnetic

Co3+ ion located at the octahedral sites is crucial to the propagation of interactions

between magnetic ions in the structure. This leads to a wide range of possible be-

haviour when considering the interactions directly at the surface, or new interactions

that arise from Cu doping.

Understanding the overall magnetic order for the different Co3O4 systems comes

in large part from understanding of the nature of magnetic interactions that occur in

bulk cobalt oxide, e.g. extended superexchange interactions. These extended superex-

change interactions have many possible paths between magnetic neighbours due to

the intermediate Co3+ ion involved in the exchange. When considering the dominant

interactions of the Co3O4 nanoshapes a crucial step is characterization of the core. For

an antiferromagnet this is beautifully identified through the high-field susceptibility

with identical behaviour the shapes contain identical magnetism in the cores. Thus

120
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the changes between the shapes can be characterized by direct consideration of the

surface terminations. For Cu-doped Co3O4 we find new exchange interactions, both of

the form of regular superexchange but also new extended superexchange interactions.

The cube shaped particles expose the (100) plane which displays bulk-like structur-

ing that leads to a bulk-like behaviour in the magnetism observed. An antiferromag-

netic spin-flop that occurs only at the surface indicates a decrease in the strength of

the antiferromagnetic interactions. Where coupling to the stronger antiferromagnetic

core results in a coercivity and exchange bias for an overall antiferromagnet. Very

different behaviour is found in the hexagonal plates that expose the (111) plane. It is

found that low coordination and strong ferromagnetic interactions result in ferromag-

netism at the surface of the plates. Positive saturation and much larger coercivities

indicate the stronger ferromagnetic interactions. The spheres are shown to be a combi-

nation of many different planes, using the {100}, {110}, and {111} families of planes.

We have shown that the spheres display characteristics from both the cubes and the

plates, displaying an antiferromagnetic spin-flop with inverted hysteresis loops. But,

the exposed (111) plane results in a significant increase to the magnetic moment at

the surface of the spheres. To characterize the exchange interactions at the surface

of the shapes, a parameter delta was used, which illustrates the dominant exchange

interactions, conforming to the results observed in the magnetism.

In CuxCo3−xO4, the new extended superexchange interactions are antiferromag-

netic while the regular superexchange interactions that occur through a single oxygen

ion are ferromagnetic. This leads to competition, and a weakening of the ferromag-

netic order for the Cu ions. Through the Jahn-Teller effect, a tetragonal distortion
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causes a break in the degeneracies for the magnetically active Cu2+(Oh) ion. Ex-

change then only occurs through the a − b planes of the Oh ions. While Cu2+(Td)

is shown to be nearly paramagnetic, i.e the drop in TN roughly coincides with Cu

entering the Td site. Cu2+(Td) has a much smaller ionic radii than Cu2+(Oh) leading

to much weaker exchange between Cu2+(Td) and Co2+(Td) ions.

Compositional and site-specific characterization undertaken using XAS was vital

in obtaining information about the Cu ions. EXAFS provided a way to ensure that

Cu indeed occupies both Oh and Td sites. With the ability to see the contributions

from each site directly, this provides a robust starting point to the characterization of

the Cu L-edge XAS leading to the identification of the magnetic interactions through

Cu2+(Oh) ions. The Cu2+ ions at octahedral sites in the structure CuxCo3O4 forms

an analogous structure to that of the hole doped cuprates which form the basis for

high temperature superconductivity. The holes that form in the Cu-O structure

provide a way for exchange interactions to propagate, while between two Cu2+(Oh)

ions, a charge transfer effect may occur leading to the higher conduction of the parent

compounds of the hole doped cuprates.

The fundamental nature of the characterization performed on the Co3O4 shapes

shows the importance of the surface when considering the overall magnetism of

nanoparticles and allows us to explore the idea of ferromagnetic surface layers in

a nominally antiferromagnetic compound. Cu-doped Co3O4 shows the importance of

Co3+ in propagating the antiferromagnetic interactions in Co3O4, and further allows

us to investigate dominant ferromagnetic interactions in the core of the particles.

This is revealed by the ferrimagnetic behaviour as Cu enters the particle.
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The logical next step is to further dope Co3O4 and CuxCo3O4 with other first row

transition metal ions such as Mn and Zn. Additionally, synthesizing more shapes of

Co3O4 to further investigate the properties of the exposed surface terminations of for

nanoparticles. Synthesizing shapes such as rods, octopods, and triangles would enable

one to test the limits of the model developed in regard to the exchange interactions

occurring at the surface. Likewise, adding ions such as Mn into the structure should

provide major changes to the overall electronic and magnetic structure. An attempt

to create an inverted spinel structure of Co3O4 is of interest, as it seems the structure

is opposed to forming a structure with charge transfer on the Co ions. The filled t2g

orbitals of the Co3+ ion may provide a much more stable and energetically favourable

configuration rather than form Co2+ in the octahedral sites. Once again, by applying

both spectroscopy techniques and overall magnetic characterizations we can gain a

great understanding of the overall structure and magnetic interactions.
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