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Summary 
 

 
 
 
 

The term “d 

0
 ferromagnetism” is applied to a wide range of materials which exhibit a 

weak, anhysteretic ferromagnetic-like response to an applied magnetic field although they would 

not normally be expected to be magnetic since they contain none of the unpaired d or f electrons 

traditionally associated with magnetic order. A somewhat controversial area of research, it has been 

proposed that the magnetism may be intrinsic and related to defects, although in some reports the 

magnetism may be attributed to spurious magnetic signals associated with extrinsic ferromagnetic 

impurities. In chapter 1 of this thesis an introduction to d 

0
 magnetism is presented, together with an 

introduction to one of the potential practical applications of d 

0
 magnetism, namely spin electronics. 

Chapter 2 details the experimental methods and characterization tools used. 

In this thesis, three d 

0
 candidate systems have been studied: the first two systems are wide 

bandgap oxides, namely HfO2 micropowders (Chapter 3) and CeO2 nanoparticles (Chapter 4), 

while the third system is divalent alkaline-earth hexaboride thin films (Chapter 5) of formula MB6 

(M = Ca, Sr, Ba). Necessary precautions were taken throughout in order to try to minimize any 

extrinsic ferromagnetic impurity contributions to the magnetic signals. 

For HfO2 commercial micropowders firstly, the effect of vacuum annealing and the 

associated creation of oxygen vacancies on the room temperature magnetic signal wasinvestigated. 

Upon vacuum annealing, a weak anhysteretic room temperature magnetic signal was measured 

within the annealing temperature range 600 – 750 °C, which reached a maximum value of 14 A m
-1

 

at an annealing temperature of 700 °C. Upon re-annealing in air, the magnetic signal was 

significantly diminished, from which it was inferred that the magnetism may be linked to oxygen 

vacancies induced by vacuum annealing.  

Secondly, CeO2 nanoparticles of diameter 4-6 nm were synthesized by a wet chemical 

route via oxidation of Ce(NO3)3.6H2O. Ferromagnetic samples exhibiting virtually anhysteretic, 

isotropic and temperature independent magnetism in the range 4 – 300 K were synthesized using a 

99 % nominal purity cerium nitrate precursor, which contained ~ 1-2 wt% of La as the main 

impurity. Ms is of order 100 A m
-1 

and less than 0.1 % of the sample volume is really magnetically 

ordered, consistent with inhomogeneous defect magnetism associated with interfaces or surfaces. 

Non-ferromagnetic samples were synthesized using 99.999 % purity cerium nitrate. In addition it 

was found that the magnetic signal may be “turned on” by doping the non-magnetic samples with 

small quantities (|~ 1 wt %) of high purity non-magnetic elements such as La.  

Lastly, amorphous MB6 (M = Ca, Sr, Ba) films were grown by pulsed laser deposition 

(PLD) on Al2O3 substrates between 300 and 850 °C. Intrinsic, defect-related magnetism, with 

magnetic moments of order 3×10
-8

 Am
2
, was measured for many of these films, particularly for 

several grown at 400 - 650 °C; the magnetism is virtually anhysteretic, isotropic, temperature 

independent from 4 – 300 K and saturates quickly (< 0.3 T) with applied field. It is shown that 

ferromagnetic impurities cannot account for the magnitude of the larger magnetic signals measured. 



  

 

 

The magnetic signals correspond to an average film magnetization in the range ~ 10 - 100 kA m
-1

, 

but from analysis of the variation of the magnetic moment with film thickness, it is shown that the 

magnetism originates mainly near the interface with the substrate. 

Three models for interpretation of the results are discussed. The first model proposes that 

the magnetism is due to a defect-based impurity band, which can become spin split and result in 

high temperature Stoner ferromagnetism when the density of states at the Fermi level is sufficiently 

high. This is named Charge Transfer Ferromagnetism (CTF). Another model predicts the formation 

of a 2-D electron gas at the surface of nanoparticles of small diameter (≤ 10 nm) which can easily 

spin polarize and produce very large orbital moments, to which the term Giant Orbital 

Paramagnetism (GOP) is ascribed. For the third model, termed collective magnetism, the magnetic 

signals are proposed to be due to giant orbital moments which form in coherent domains of clumps 

(~ 100 nm) of nanoparticles at the mesoscale, with a theoretical basis in the resonant fluctuations of 

the electromagnetic field (zero-point energy).  

A discussion of each model for d 

0
 magnetism in relation to each of the three experimental 

systems studied is presented in Chapter 6, followed by a summary of the main conclusions and a 

plan for future work in Chapter 7. 
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Chapter 1 
 
 
 
 
 

Introduction 

 
 

 

1.1 d 

0
 magnetism 

 
 
 
 

The term “d  

0
 magnetism” 

1
, sometimes also variably termed d 

0
 ferromagnetism, phantom 

(ferro)magnetism or defect-magnetism, refers to a phenomenon found in a wide range of materials 

which exhibit a weak, anhysteretic ferromagnetic-like response to an applied magnetic field 

although they would not normally expected to be magnetic since they contain neither the d or f 

electrons traditionally associated with magnetic order. Whether this unconventional magnetism is 

really a completely new phenomenon and intrinsic or is simply an artefact due to ferromagnetic 

impurities has remained hotly debated since the outset of this new field of magnetism about ten 

years ago, perhaps fuelled by the fact that the weak magnetic signals are often only of similar 

magnitudes to that due to 100’s of parts per million (ppm), in some cases less, of ferromagnetic 

contaminants.  Hence care with sample preparation and comprehensive quantification of impurity 

content by sensitive techniques such as inductively coupled plasma mass spectroscopy (ICP-MS) is 

of paramount importance in order to lay a convincing claim that the magnetic signal may not be 

entirely ascribed to ferromagnetic impurities and/or contamination.  

d 

0
 magnetism has been reported to occur in a wide variety of materials, such as zinc oxide 

(ZnO) nanoparticles 
2-4

, cerium dioxide nanoparticles 
5, 6

 and electrodeposited thin films 
7
, hafnium 

dioxide thin films 
8
, alkaline earth hexaboride films 

9
, gold, silver and copper nanoparticles capped 

with dodecaenthiol 
10

, graphene 
11

 and even for severed Teflon tape 
12

, to name but a few. The 

materials are either undoped or contain a small quantity (typically a few weight % at most) of non-

magnetic dopant. While the range of materials purported to display d 
0
 magnetism is undoubtedly 

diverse, common features include the necessary absence of unpaired d or f electrons and the 

presence of defects. It is important to firmly establish that the defect free bulk is never found to 

display d 
0
 magnetism; instead, materials which are rich in defects, often in thin film and 

nanoparticulate form, exhibit the phenomenon, which may suggest that nanoscale interfaces and 

surfaces may play an important role in mediating the magnetism. For thin films, the saturation 

magnetization values, often of order 1-100 kA m
-1

, are typically several orders of magnitude larger 

than that for nanoparticles or powders, which rarely exceed 1 kA m
-1

, and are more commonly 

found to lie within the range 1-100 A m
-1

.  
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Other characteristics of d 

0
 magnetism include a magnetic signal that is virtually 

temperature independent from ~ 4 K to several hundred degrees above room temperature (ruling 

out superparamagnetism), often anisotropic magnetic signals for thin films, and the inhomogeneous 

or non-uniform distribution of ferromagnetic regions within d 

0
 materials. Possible locations for d 

0
 

magnetism at defect-rich sites within nanostructures are schematically shown in Figure 1.1, such as 

at random point defects, substrate-thin film interfaces, grain boundaries etc. Some magnetization 

curves measured for nanoparticles exhibiting d 

0
 magnetism are shown in Figure 1.2. While high Tc 

is advantageous for potential use of these materials in spin electronics devices, irreproducibility and 

weak signals are the major disadvantages which need to be overcome in order to derive any 

practical application. In spite of this, d 

0
 magnetism may be of interest from a theoretical point of 

view, a novel addition to the known types of magnetic order. The need for a theory to explain d 
0
 

magnetism is pressing, since it appears to contradict the ‘m-J’ paradigm of magnetism, which has 

established through decades of research that high-temperature magnetic order requires materials 

with a high concentration of magnetic atoms or ions possessing a moment m, and strong exchange 

coupling between them. Dilute magnetic systems generally order at low temperature, if at all.  

 

 
 

Figure 1.1.  Some examples of inhomogeneous defect-rich sites within nanostructures with 

which d  

0
 magnetism may be associated. 
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Figure 1.2. Some representative room temperature magnetization curves measured for 

undoped nanoparticles, CeO2 
13

 and ZnO 
14

, with surfactant used during synthesis indicated 

(note: for cgs to SI unit conversion, 1 emu/g = 1 Am
2
/kg). 

 

 

 

The field of d 
0
 magnetism research, originating when the term was first coined in 2005, 

emerged from that of dilute magnetic semiconductors (DMS) and dilute magnetic oxides (DMO), 

for which partial ferromagnetic order below 7.5 K was first measured for Mn doped (1.3 at. %) 
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InAs in 1992 
15

 (DMS) and for which room temperature magnetism was first predicted in 2000 for 

p-type ZnO with 5 at. % Mn 
16

 (DMO). For the latter, a 320 K Curie temperature (Tc) was predicted 

due to a long-range exchange mediated by holes in the 2p valence band. Note that oxides which 

also happen to be semiconducting are still named dilute magnetic oxides (or sometimes dilute 

magnetic semiconducting oxides), and should not be confused with dilute magnetic semiconductors 

(DMS), which denote a different class of materials including GaAs and InAs for example. A DMS 

is a uniform semiconductor where the magnetic dopants order ferromagnetically, interacting via 

spin-polarized electrons or holes in the conduction or valence band, for example 5-8 at. % Mn 

substitution for Ga in GaAs in 1998 
17

. For DMS, the magnetic dopants are homogenously 

dispersed, unlike for DMOs where the dopants are typically inhomogenously distributed throughout 

the sample volume. One major drawback of DMS however is that Tc is limited to about 180 K 
18

. 

For DMOs (and indeed for d 

0
 magnetism also), there is no such constraint on Tc. A comprehensive 

overview of ferromagnetism in DMS materials is given in recent views 
19,20

, the latter of which also 

includes DMOs. 

Dilute magnetic oxides meanwhile are transparent, wide-bandgap materials that behave 

ferromagnetically when doped with a few percent of magnetic 3d cations (in contrast to d 

0
 

magnetic materials which as mentioned previously are either doped with non-magnetic cations or 

are undoped). The magnetism, which appears well below the cation percolation threshold, cannot 

be understood in terms of the conventional theory of magnetism in insulators; nor can a carrier-

mediated ferromagnetic exchange mechanism account for the magnitude of the high Tc, often far in 

excess of room temperature. Other common traits are that the magnetism (when it is not attributed 

to impurity phases or experimental artefacts) is closely associated with defects in the material, is 

inhomogeneously distributed throughout the sample volume, and the magnetization curves are 

essentially anhysteretic and show very little temperature dependence between room temperature 

and liquid helium temperatures (~ 4 K). The first experimental report for ferromagnetism in a dilute 

magnetic oxide was published in 2001 concerning Co doped TiO2 thin films grown by molecular 

beam epitaxy 
21

, for which the maximum magnetic moment was measured for 7 % doping (0.32 

μB/Co at 300 K). Following this initial report there was an explosion of interest in the field, with 

reports of room temperature ferromagnetism in a wide variety of transition metal (TM) doped 

oxides such as of TiO2, Cu2O, SnO2, In2O3, CeO2 and ZnO to name but a few, the last of which 

alone has more than 10
3
 publications attributed to it. Common TM dopants include Fe, Ni, Co, V, 

Mn, Al and Cr. Some typical magnetization curves for DMO thin films are shown in Figure 1.3. 

Ferromagnetic exchange mediated by shallow donor electrons that form bound magnetic polarons, 

which overlap to create a spin-split impurity band, was proposed as a general explanation for the 

DMO phenomenon 
22

. As DMOs are not the main subject of this thesis, and in order not to be 

exhaustive, the reader is directed towards reviews of DMOs for further details 
20,23

, the latter of 

which is particularly comprehensive.  
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Figure 1.3.  Some representative room temperature magnetization curves measured for thin 

films of dilute magnetic oxides. 

 

Returning to d 

0
 magnetism, the phenomenon reinforces the idea that defects are necessary, 

but that 3d dopants (as in the case of DMOs) are not essential. In terms of a theoretical explanation 

for the d 

0
 magnetism phenomenon, two distinct approaches to explain room temperature magnetism 

in d 

0
 systems have been proposed. One is charge transfer ferromagnetism (CTF) 

24, 25
, where 

electrons from defects, impurity dopants or adsorbate molecules populate the extended defect band, 

as shown schematically in Figure 1.4. Note that in part (a) of the figure, the defect band need not 

necessarily be located equidistant between the conduction and valence bands, as its location will 

depend on the precise band structure of the material in question; the schematic is for illustrative 

purposes only.  

 

    

Figure 1.4.  (a) Simplified schematic of impurity-band ferromagnetism in insulators and 

semiconductors. A defect band provides a charge reservoir for electron transfer, for which 

Stoner’s criterion for ferromagnetism may be satisfied if the defect band coincides with a 

sufficiently high density of states (DOS) at the Fermi level; this may result in spontaneous 

spin-splitting (b) shown in terms of the DOS of the donor and acceptor bands.  
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The defects may be associated with grain boundaries in a thin film, or with surfaces in 

nanoparticles and nanoporous films. If the density of states in the impurity band formed by the 

defects near the Fermi level is sufficiently great, spontaneous spin-splitting according to the Stoner 

criterion D(EF)I > 1 may occur, where D(EF) is the density of states at the Fermi level for both spins 

and I is the Stoner exchange parameter. Such a scenario can give rise to ferromagnetism since the 

energy gain from exchange splitting the defect band can compensate not only the kinetic energy 

cost of splitting of the band, as in the standard Stoner model, but also the energy cost of transferring 

the electrons from the charge reservoir. The Tc of a half-metallic defect band can be substantially 

greater than room temperature 
26

, which may explain the high Tc measured for d 
0
 materials. 

A feature of the high-temperature Stoner magnetism in d 
0
 materials is expected to be an 

anhysteretic magnetization curve, which is practically temperature independent below room 

temperature. Magnetocrystalline anisotropy is expected to be negligibly small in the defect band for 

two reasons: (i) the spin–orbit coupling is typically small, or absent for s or p electrons trapped at 

oxygen vacancies (F-centres) or grain boundaries and (ii) if there is a local direction for the crystal 

field determined by the local symmetry created by the defects, this direction will vary from site to 

site, and the anisotropy averages to zero provided it is small to begin with. The resulting coercivity 

should be negligibly small. The magnetization process in these materials is hence unrelated to 

magnetocrystalline anisotropy, but may be controlled by dipolar fields; the dipolar field may be 

written as Hd = -NM0 where N is a local demagnetizing factor. The micromagnetic state governed 

by the magnetic dipole interactions will consequently depend on the shape of the percolating 

magnetic regions where the unpaired spins are to be found which may be related to a wandering 

ferromagnetic axis for example for the case of grain boundaries. The ground state here will not be 

strictly ferromagnetic because the local ferromagnetic axis wanders over a macroscopic sample in 

response to the competition between the local dipole field and the exchange stiffness. There is no 

tendency to form collinear ferromagnetic domains separated by domain walls when the anisotropy 

is negligible. For example, if the ferromagnetic regions with the spin-polarized electrons are the 

grain boundaries, the magnetization will tend to lie in the plane of the grain boundary, provided the 

grain size is greater than the exchange length. The magnetization process involves straightening out 

the ferromagnetic order, which means overcoming the local dipole fields. This process will scale 

with the saturation magnetization, which is practically independent of temperature well below Tc. 

Any residual coercivity originating from the dipole interactions will also be temperature-

independent; temperature-independent saturation magnetization and coercivity together rule out 

superparamagnetism as an origin of the magnetic signals. 

A simple calculation for macrospins subject to a local dipole field with random direction 

gives the fit to the magnetization curve. The approach to saturation is determined by the value of 

the saturation magnetization Ms of the ferromagnetic regions. It may be fitted closely to a simple 

tanh function of the form M/Ms = tanh(H/H0), with H0 = N M0 
27

 where H0 is a constant effective 

field that impedes saturation, N is an effective demagnetising factor, and M 0 is the magnetization of 

the ferromagnetic regions. H0  may be readily estimated by extrapolating the slope at the origin, as 
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shown in Figure 1.5, which reaches the saturation magnetization when H = H0. N may take values 

of 1/3 for isotropic magnetism (spheres), ~ 1/6-1/7 for a grain boundary foam 
27

, or 1 for thin films 

(out-of-plane magnetization) for example. The ratio Ms/M0 thus corresponds to the ferromagnetic 

volume fraction of the sample f, a measure of the volume of the sample that is magnetically 

ordered. 

 

Figure 1.5.  Illustration of how the parameters Ms and H0 are extracted from the 

magnetization curve. 

 

Another approach to try to explain room temperature magnetism in d 

0
 systems is that of 

giant orbital paramagnetism (GOP) 
28-30

. Here the coulomb correlation among electrons in a two-

dimensional electron gas at the surface of a nanoparticle is proposed to lead to the formation of a 

giant orbital moment m, of order 10
3
 μB or more, which saturates easily, typically at 0.1–0.01 μB per 

nanoparticle atom, in modest fields (1-2 T) at room temperature. It is not a typical itinerant 

magnetism caused by electrons pumped to energy levels above the Fermi energy. It is the electrons 

at the generally unfilled Fermi level that generate the magnetic moment. There is no magnetic order 

and no permanent moment in zero applied field according to this model. It has been shown
 
that 

nanoparticles with radii below 10 nm, even materials which are diamagnetic in bulk form, can 

exhibit giant paramagnetism when capped with molecules that act as donors or acceptors of surface 

electrons
 28-30

. The same effect may also be observed in uncapped nanoparticles which contain 

impurities, which can also induce a 2-D confinement of electrons (or holes) in previously empty 

surface states resulting in the creation of a magnetic moment. The GOP model may help to explain 

why magnetism is only measured for the smallest nanoparticles, since upon increasing the particle 

size, the magnetic contribution from the much smaller fraction of surface atoms is masked by the 

core diamagnetism; for nanoparticles, the surface to volume ratio decreases exponentially as the 

particle size increases, as shown in Figure 1.6. In addition, since the atomic moment is so small, it 

can be detected only for very small particle sizes, when the diamagnetic contribution of the interior 

is negligible. The theory could also be extended from that pertaining to the surfaces of small 
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nanoparticles only to other general sources of broken symmetry which can create orbital states of 

large radius, for instance, twin boundaries, film-substrate interfaces or groups of defects induced by 

irradiation. Magnetization curves for different moments calculated from the Langevin function for 

paramagnetism, M/Ms = coth(x) - 1/(x), are plotted in Figure 1.7. It can be seen from the figure that 

only “giant” moments of order 10
3
 μB or more fit the model. 

 

 

Figure 1.6.  General trend for the increase of the fraction of surface atoms (Fs) with decreasing 

number of atoms (N) for smaller sized nanoparticles. 
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Figure 1.7.  Magnetization curves calculated from the Langevin function, corresponding to 

two different magnetic moments at room temperature. The effect of the demagnetizing field 

(assuming a demagnetizing factor N = 1/3 for spherical nanoparticles) is to shift the applied 

field to higher values for a given magnetization.  

 

Finally, it is important to mention that parasitic ferromagnetic impurity phases are not a 

general explanation for d 

0
 magnetism. However, the experimental picture is confused by the 

difficulty in reproducing many of the results, the often ephemeral nature and weakness of the 

ferromagnetic signal and the problem of characterizing defects. The poor reproducibility of the 

experimental data may be due to the difficulty in precisely recapturing the process conditions which 

lead to a specific defect distribution and density. The as-prepared samples are typically not in 

equilibrium and they often evolve with time and temperature. Stringent precautions must always be 
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taken when synthesizing samples in order to minimize contamination and to ensure that the 

ferromagnetism does not come from extrinsic sources, such as trace ferromagnetic impurities of Fe, 

Ni, Co and their respective oxides. For example, 50 ppm of iron corresponds to a magnetization of 

at most 85 A m
-1

, a value of similar magnitude to many of the saturation magnetizations reported 

for d 

0
 materials, especially for nanoparticles, while ferromagnetic magnetite (Fe3O4) is also 

ubiquitous in the environment. However, the assumption that a set quantity of ferromagnetic 

impurities will produce a corresponding ferromagnetic signal is open to scrutiny, since it assumes 

that all iron impurities form metallic clusters and that all clusters are large enough to behave ferro- 

or ferri-magnetically; in addition, the simple addition of transition metals does not lead to 

ferromagnetic properties, as no interaction pathway is provided 
31

. In the absence of a better method 

to determine the magnetization due to ferromagnetic impurities however, this assumption shall 

henceforth be followed. The use of high purity reagents, non-magnetic tweezers to handle samples, 

and thorough cleaning of reaction vessels must be routinely practiced. Adequate controls must also 

be run and the magnetic properties of such control samples thoroughly analyzed.  

In this thesis, three different d 

0 
materials have been studied, for which magnetic signals 

attributed to d 

0 
magnetism (and not trivial ferromagnetic contamination) may be reproduced time 

and again with a certain degree of reproducibility. A chapter is devoted to each of the three 

materials, which in order of appearance are; 

 

(1) HfO2 vacuum annealed (reduced) micropowders 

(2) polycrystalline CeO2 nanoparticles synthesized by chemical precipitation 

(3) MB6 (M = Ca, Sr, Ba) amorphous thin films grown by pulsed laser deposition on 

(mostly) Al2O3 single crystalline substrates. 
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Chapter 2 
 
 
 
 
 
 

Experimental Methods 
 

 
 
 

 
This chapter describes the experimental methods used for the synthesis and 

characterization of HfO2 microparticles, CeO2 nanoparticles and alkaline-earth hexaboride MB6 (M 

= Ca, Sr, Ba) thin films.  HfO2 commercial microparticles were annealed in oxygen and air. CeO2 

nanoparticles were synthesized by a wet chemical method termed homogeneous precipitation. MB6 

thin films were grown by pulsed laser deposition. 

 
 
 
 
 

2.1. HfO2 micropowder annealing 
 

 

 
 
 
High-purity commercial HfO2 powders (Sigma Aldrich 99.95% and Alfa Aesar 

99.995%) were placed in acid-cleaned ceramic boats and annealed in vacuum (10
-5 

mbar) for 1 

hour in an Indfur temperature controlled furnace located in our laboratory at various maximum 

temperatures in the range 550-850 ºC, using rapid heating and cooling rates (10 ºC/min). The 

vacuum pressure is achieved by use of an oil diffusion pump which is backed by a standard 

roughing pump. Approximately 150 mg of sample was used in each separate batch, i.e. 

separate anneals of discrete powders were performed rather than cumulative anneals of the 

same powder. The same furnace was also used for anneals which were carried out  at 

atmospheric pressure. 
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2.2. CeO2 nanoparticle synthesis 
 

 

Polycrystalline CeO2 nanoparticles were synthesized by a sol-gel precipitation process 

in which a solution of Ce(NO3)3.6H2O and the polymer polyethylene glycol (PEG) of 

molecular weight 1500 was oxidized to CeO2 by adding small volumes of concentrated NaOH 

1,2
. The sol-gel method involves the formation of an oxide network through polycondensation 

reactions of a molecular precursor in a liquid. The sol is defined as a stable dispersion of 

colloidal particles or polymers in a solvent, while the gel (PEG) consists of a three dimensional 

continuous network which encloses the liquid phase. The PEG acts as a surfactant and 

facilitates the gelation process by keeping the particles seperated by binding to their surfaces. 

The degree of binding of PEG to the particle surface then determines the surface potential. 

Counter-ions in the solution will cover this layer, shielding the rest of the solution from the 

surface charges. For hydroxides, the surface potential will be determined by reactions with the 

ions H
+ 

and OH
-
. Thus, the surface potential is pH dependent. The pH where the particle is 

neutral is called the point of zero charge (PZC), which depends somewhat on the size of the 

particle and the degree of condensation. For CeO2 nanoparticles, some reported values for the 

PZC include a pH of 8.1 for particles synthesized by thermal decomposition of CeCl 3.7H2O 
3
, 

or up to 10.5 for those obtain by precipitation of Ce
4+

(NO3
-
)4 

4
, the latter higher value being 

attributed to the hydrous oxide which may superficially retain anions. Hence by adding a base 

(NaOH here) dropwise to a solution of cerium precursor (cerium nitrate) and PEG, the CeO2 

will begin to precipitate out of solution once the pH of PZC is reached. The sol -gel method 

prevents the problems with co-precipitation, which may be inhomogeneous, hence it is 

sometimes termed “homogeneous precipitation”. The reaction is particularly suited to the 

production of many oxide nanoparticles, since it enables mixing at an atomic level and results 

in the formation of crystalline monodisperse small particles, which are easily sinterable . 

In the sol-gel process used, NaOH solution was added dropwise to a stirred solution of 

cerium nitrate and PEG until the pH stabilized at ~ 11. At this stage the solution was pink in 

colour. The solution was then heated to 60 ºC, with continuous stirring.  Gradually the solution 

began to turn yellow in colour, indicating the formation of CeO 2. After 1 h of heating/stirring, 

the CeO2 powder was extracted from solution by either vacuum filtration or centrifugation, 

washed with pure ethanol and deionised water, and dried at 50 ºC for about 24 h. Two different 

grades of Ce(NO3)3.6H2O were used in separate syntheses, 99 % and 99.999 % nominal purity 

(Sigma Aldrich). The main impurity in the 99 % precursor is La (~ 1-2 wt %). The purity of 

the NaOH was 99.99% and the PEG was an ultrapure grade for molecular biology. As 

mentioned above, the PEG acts as both a surfactant and facilitates the gelation process by 

keeping the particles seperated during precipitation. 
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Figure 2.1.  Simplified schematic of CeO2 nanoparticle synthesis by homogeneous precipitation. 

 

 

 

For the synthesis of ferromagnetic CeO2 nanopowders, the following precise reagent 

concentrations and volumes were used: 4.5 ml 10 mM Ce(NO3)3.6H2O 99 % (Sigma) + 0.5 ml 0.5 

M PEG-1500 (Sigma) solutions added to a 40 ml glass beaker. The 0.5 M PEG-1500 solution 

was made by dissolving 1.3 ml of PEG-1500 in 1 ml of water. All water used was deionised. 

Then 4 ml of a 0.1 M NaOH (99.99% Sigma) solution was added slowly dropwise (about 1 

drop per second) from a burette into the mixed cerium nitrate/PEG solution.  The rest of the 

procedure follows that described in the previous paragraph. The total mass of the batch was 

about 4 mg. The exact same concentrations and volumes were used to synthesize the 

nonmagnetic CeO2 nanopowders, the only single difference being that 99.999 % purity 

Ce(NO3)3.6H2O (Sigma) was used instead of 99 % purity Ce(NO3)3.6H2O (Sigma).  

 

 

2.3. MB6 (M = Ca, Sr, Ba) thin film deposition 
 

 
 
 

 
MB6 thin films were grown by pulsed laser deposition, a versatile thin film growth 

technique, especially for multi-component materials whose stoichiometry cannot be easily 

maintained by sputtering. A pulsed laser beam, produced by an excimer laser with wavelength 248 

nm, is focused onto the surface of a solid rotating target, as shown in Figures 2.2 & 2.3. The strong 

absorption of the pulsed radiation by the solid surface leads to rapid heating (10
8
 K/s) and 

subsequent evaporation of the target materials. The evaporated materials consist of highly excited 

and ionized species which form a glowing, congruent plasma plume in front of the target surface. 

Experimental variables include the deposition pressure, temperature and atmosphere (ambient, 

oxygen, argon etc.), laser pulse repetition rate, spot size and energy density, and target to substrate 

distance. In effect, the mean free path of the ablated species and hence the plume size and 

subsequent film growth rate / morphology can be modified by changing the pressure in the vacuum 

chamber through introduction of oxygen gas for example. The most important feature of PLD, due 

to the rapid heating of the target materials, is that the stoichiometry of the target can be retained in 

the deposited films, irrespective of the evaporating point of the constituent elements or compounds  

of the target. One of the main disadvantages of PLD however is the “splashing” or deposition of 
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particulates on the films, some of which may be as large as a few micrometers, induced by sub-

surface boiling and ablation induced recoil pressure, both of which present more of a problem at 

high laser energy densities. Such particulates will greatly affect the growth of the subsequent layers 

as well as the electrical properties of the films. It is noted however that the MB6 films grown here 

are amorphous, and the effect of splashing is not a major issue. The other main limitation of PLD, 

which limits production of large area uniform thin films, is the narrow angular distribution of the 

ablated species generated by the adiabatic expansion of the laser-produced plasma plume. 

 

 

Figure 2.2.  Photograph of PLD setup used, which is located in Prof. James Lunney’s laboratory, 

SNIAM Building, Trinity College Dublin; blue arrows indicate the laser path. 
 

 
 

Figure 2.3.  Left: Photograph showing inside of vacuum chamber used for PLD; the laser enters 

the chamber through a port from the upper right side; Right: an example of a plasma plume (© 

Helsinki University of Technology). 

 

 
MB6 films were usually deposited on single crystal Al2O3 (0001) 99.99% nominal purity 

substrates (MTIXTL) of dimensions 5×5 mm (0.5 mm thick), which were affixed with non-

magnetic silver paint (Agar Scientific) to a ceramic substrate holder. Targets were produced from 

MB6 powders in the following way: MB6 (M = Ca, Sr, Ba) powders were synthesized from high-

purity elemental powders by solid state reaction at 1000 °C in evacuated sealed quartz tubes  

(10
-5

 mbar) using a temperature controlled box furnace (Indfur, Chennai). The nominal purity of 
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the Ca used was 99.5% while the Ba and Sr were of 99.9% nominal purity. The nominal purity 

of boron used was 99.7%. The hexaboride powders were subsequently ground, pressed in 13 mm 

dies using a 10 ton press, and sintered under vacuum in acid-cleaned ceramic boats placed inside 

clean quartz tubes using the box furnace maintained at 10
-5

 mbar for 12 hours at 950 °C. Slow (1-2 

°C/min) heating/cooling rates were used. The target densities were typically 60% of the theoretical 

values.  

For a typical thin film deposition, the sapphire substrate was first heated to 800 °C in 0.3 

mbar of O2 in order to outgas any impurities before film deposition. The targets were pre-ablated at 

high laser repetition rates (20 Hz) for 5 minutes immediately prior to deposition in order to avoid 

any possible contamination from the surface of the target, thus presenting the pristine material 

beneath for ablation and film growth. Typical deposition parameters used were an energy density of 

6 J cm
-2

 (well above the ablation threshold), a laser repetition rate of 6 Hz, and a deposition 

pressure of 10
-6

 mbar in order to grow thermodynamically stable MB6 films within the experimental 

range of substrate temperatures 
5
. The target to substrate distance was fixed at 70 mm.  

 

 
 

Figure 2.4.  High resolution optical image of a BaB6 target used for PLD; pitting due to the impact of 

the of the focused laser beam on the surface can be seen. 

 

 

In addition to MB6, some CeO2 thin films were also grown by PLD using the same setup, 

although the main focus in this thesis is on CeO2 in nanoparticular form. Further details of the precise 

film deposition conditions used are given in Chapter 4 (section 4.3.15), concerning experimental 

results for CeO2 films. 
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2.4. Structural characterization 
 

 
 

 

2.4.1. X-ray diffraction 

 
 

 

 

 

 

 

 

 

The atoms in a crystal are a periodic array of coherent scatterers and thus can diffract 

electromagnetic radiation. Diffraction occurs when each object in a periodic array scatters radiation 

coherently, producing concerted constructive (and destructive) interference at specific angles. Since 

the wavelength of X-Rays is similar to the distance between atoms, diffraction from different 

atomic planes produces a diffraction pattern containing information about the atomic arrangement 

within the crystal. Diffraction of X-rays occurs within the sample according to Bragg’s Law, 

 

                                                                                 m  2d sin(2.1) 

 

where λ is the X-ray wavelength, d is the atomic layer separation, m is the diffraction order and θ 

is the angle of incidence of the X-Ray to the sample surface. 

 The interference of the waves diffracted from crystal planes is constructive when the 

phase shift is a multiple of 2π.  Depending on the intensity, the position and the width of the 

diffraction peaks, the type and the quality of the crystal structure may be determined. The 

positions of the peaks are given by the unit cell (lattice) parameters and the intensity depends on 

the structure factor, which depends on the structure and contents of the unit cell.  A comparison of 

the position and the intensity of the observed peaks with known systems (from an available 

powder diffraction database containing around 100,000 different phases) enable a determination of 

the crystal structure of most unknown samples. Peak width varies inversely with crystallite size (for 

crystallite sizes below approximately 100 nm), according to the Scherrer equation,  

 

                                                 B = (K λ)/(L cos θ)                                                           (2.2) 

 

where B is the mean size of the ordered (crystalline) domains, K is the shape factor (typically ~ 0.9 

for spherical approximation to particle morphology), λ is the x-ray wavelength, L is the line 

broadening at half the maximum intensity (FWHM) in radians, and θ is the Bragg angle. This 

formula provides a lower bound on the particle size as inhomogeneous strain and instrumental 

effects also serve to broaden the peaks. Instrumental broadening can be determined by measuring 

the diffraction pattern of a powder with micron-sized crystallites and subsequently plotting the 

FWHM for each peak vs. 2θ angle.  

X-Ray powder diffraction was carried out using a PANalytical X’pert Pro diffractometer 

located in the CRANN institute at TCD, with an operational wavelength of 1.5405 Å (Cu anode). In 

order to accurately determine the crystal structure of some of the samples, the Rietveld refinement 

method 
6, 7

 was used, using the FullProf program 
8
, which is freely available online at 

http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Intensity_(physics)
http://en.wikipedia.org/wiki/Full_width_at_half_maximum
http://en.wikipedia.org/wiki/Radian
http://en.wikipedia.org/wiki/Bragg_diffraction
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http://www.ill.eu/sites/fullprof/index.html. The Rietveld refinement method uses a least squares 

minimization procedure in which a crystal (and/or magnetic) structure is refined by minimizing the 

weighted squared difference between the measured and the calculated pattern against a parameter 

vector. The program FullProf has been mainly developed to perform Rietveld analysis of neutron or 

X-ray powder diffraction data collected at constant or variable steps in scattering angle 2θ or 

collected using the neutron time-of-flight (TOF) technique. Single crystal refinements can also be 

performed alone or in combination with powder data.  

 

 

 

 2.4.2. X-ray reflectivity 

 
 

 
X-ray reflectivity (XRR) is a technique used to measure the thickness and roughness of 

thin films of order 100 nm thickness or less. When X-rays are incident onto a material's flat 

surface at grazing angles of incidence, total internal reflection may occur in which reflected X-

rays from the interface between the substrate and the thin film as well as from the free surface of 

the film will interfere with each other either constructively or destructively The result is the 

oscillation in reflected intensity as a function of incident angle as shown in Figure 2.5.   

 

                    

Figure 2.5.  Parameters which may be deduced from an X-Ray reflectivity measurement. 

 

The positions of the maxima of reflected intensity are related to the thickness of the film 

according to the modified Braggs’ law 
 

                                                                             m  2tsin
2 
  2 (2.3) 

 

where t is the film thickness, m = 1, 2, 3 and  is the dispersive part of the refractive index of the 

sample. The higher the incident X-ray angle relative to the critical angle, the deeper the X-rays 

penetrate into the material. If the surface is rough it can cause a more drastic decrease in 

http://www.ill.eu/sites/fullprof/index.html
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reflectivity. Simple fitting of the oscillations results in a quick estimation of the thickness of the 

film while surface roughness can be deduced by fitting the amplitude and slope. Density contrast 

between the film and substrate or between multilayers may also be deduced from fitting of the 

oscillation amplitude and from the position at which the interference fringes first appear at low 

angles. 

For high-angle diffraction experiments, a Phillips X’cellerator detector was used. For 

XRR measurements, a PRS/PASS detector was used which is equipped with a beam attenuator for 

0.2°
 
< 2θ < 6°. Measured XRR curves were fitted using the Phillips WinGixa software. WinGixa 

allows, starting from an assumed sample model, the calculation of the reflectivity. Within the fitting part 

of WinGixa, parameters such as thickness, roughness, density and absorption coefficient of the layer 

together with several instrumental parameters can be obtained from the measured spectra. A useful 

manual for how to use the WinGixa program may be freely obtained from the following website: 

http://www.stanford.edu/group/glam/xlab/PhilipsLit/WinGIXA.pdf 

 

 

2.4.3. Scanning electron and focused ion beam microscopy 
 

 
 
 

Scanning electron microscopy (SEM), in which an electron beam is rastered across the 

region of interest, may be used to obtain images of sample morphology down to a practical 

resolution of ~ 5 nm. The types of signals produced by a scanning electron microscope 

include secondary electrons (SE), back-scattered electrons (BSE), characteristic X-rays and a 

specimen current. Secondary electrons are generated as ionization products of their interaction with 

atoms at or near the surface of the sample and are typically used for high resolution imaging. Back-

scattered electrons (as the name implies) are elastically back-scattered electrons which provide 

information about the distribution of different elements in the sample since the fraction of electrons 

backscattered in this way varies strongly with the atomic number Z of the scattering atoms and hence 

BSE images provide Z contrast. Energy dispersive X-ray (EDX) measurements are performed to 

analyze the chemical composition of the specimen by analysis of the characteristic X-rays emitted 

during the transition / relaxation of electrons from excited states back to their ground states; in 

effect this is X-Ray fluorescence (XRF). In energy dispersive analysis, the fluorescent X-rays 

emitted by the sample are directed into a solid-state detector which produces a continuous 

distribution of pulses, the voltages of which are proportional to the incoming X-Ray energies. This 

signal is processed by a multichannel analyzer (MCA) which produces an accumulating digital 

spectrum that can be processed to obtain analytical data.  

Specimens must be electrically conductive, at least at the surface, and electrically 

grounded to prevent the accumulation of electrostatic charge at the surface. Dispersions of powder 

samples may be deposited on sticky carbon tabs, while thin films grown on substrates may be affixed 

using silver paint to the stainless steel specimen stub. SEM analysis was carried out at the 

http://www.stanford.edu/group/glam/xlab/PhilipsLit/WinGIXA.pdf
http://en.wikipedia.org/wiki/Secondary_electrons
http://en.wikipedia.org/wiki/Backscatter
http://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
http://en.wikipedia.org/wiki/Ionization
http://en.wikipedia.org/wiki/Elastic_scattering
http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Ground_(electricity)
http://en.wikipedia.org/wiki/Ground_(electricity)
http://en.wikipedia.org/wiki/Static_electricity
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Advanced Microscopy Laboratory (AML), Trinity College Dublin, using a Zeiss Ultra plus 

microscope possessing an Oxford instruments X-Max EDX silicon drift detector with a 

detection level of ~ 0.2 wt % for Z > 5 under normal operating conditions.  

Cross-sectioning and milling/irradiation of samples may be performed using focused 

ion beam (FIB) microscopy which uses a focused beam of Ga
+
 ions to remove (etch) material. 

FIB-SEM was performed using either the FEI Strata SEM or the Zeiss Supra SEM, both of 

which are dedicated FIB-SEM tools also located at the AML. 

 

 

2.4.4. Transmission electron microscopy 
 

 
 
 

Transmission electron microscopy (TEM) may be used to obtain sub-nanometre resolution 

images of particles and thin film cross-sections in real space together with structure 

determination from the diffraction patterns acquired in reciprocal space. In contrast to SEM, a 

high energy beam of electrons is primarily transmitted through an ultra-thin specimen, 

typically less than 100 nm thick, and the electrons which are scattered by the specimen may 

be used for imaging and diffraction from specific areas.  

In terms of sample preparation, for powder samples, a suitable dilute dispersion may 

be prepared, such as CeO2 in distilled water, a single droplet of which is placed on a holey or 

lacey carbon grid and left to dry. In order to prepare thin film cross-sections, FIB-SEM must 

first be performed in order to cut and etch a thin lamella using a focused beam of Ga
+
 ions, 

which is then excised using a micro-manipulator.  

An FEI Titan field emission TEM operating at an accelerating voltage of 300 kV, located in 

the AML was used. The system also has detectors for elemental analysis: energy dispersive X-ray 

(EDX) and Gatan Tridiem Energy Filtering (EFTEM) for Electron Energy Loss Spectroscopy 

(EELS). EELS measures the inelastic scattering of the electron beam transmitted through the 

specimen, and is the electron analogue of X-Ray absorption spectroscopy (XAS). EELS may be 

considered complementary to EDX, since EELS is more sensitive for the detection of low Z 

elements (except for hydrogen) while EDX is more sensitive for the detection of high Z elements. 

Some additional TEM and TEM-EELS analysis was conducted at the University of 

Glasgow with the help of Dr. Donald MacLaren, using a Technai G2 aberration corrected 

instrument operating at 200 kV (the FEI Titan TEM at the AML is not aberration corrected), 

equipped with a similar EELS detection system to that used at the AML. 

 

 

 

 

http://en.wikipedia.org/wiki/Electron
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2.4.5. Inductively coupled plasma mass spectrometry  

 
 

 
Sample purity was checked by inductively-coupled plasma mass spectroscopy (ICP-MS) 

at the Centre for Microscopy and Analysis (CMA) at TCD, using an Agilent 7700 spectrometer 

with a MARS microwave digester. This is a highly sensitive quantitative analytical tool (typically ≤ 

1 ppm sensitivity) for trace elemental analysis in which samples are weighed, digested in strong 

acid (HNO3) using a microwave digester, and then decomposed to their neutral elements in a high 

temperature argon plasma and analyzed based on their mass to charge ratios. ICP-MS allows 

identification of most elements of atomic mass 7 - 250 simultaneously. The setup also contains a 

helium neutralizer, through which the plasma passes before entering the mass spectrometer, which 

is essential since argon may combine with oxygen to give a mass of 56, the same as the most 

abundant isotope of iron (otherwise the minor Fe
57

 isotope would have to be measured, whose 

abundance is only ~ 2 % that of Fe
56

). This is crucial since ICP-MS is often used to quantify the 

abundance of iron (as well as other ferromagnetic impurities) in d 

0
 samples.  

 

 

    

     2.4.6. Raman spectroscopy  

 
 
 
Raman spectroscopy measures the vibrational, rotational, and other low-frequency modes 

in a system. It relies on inelastic scattering of monochromatic laser light. A change in the molecular 

polarization potential with respect to the vibrational coordinate is required for a molecule to exhibit 

a Raman effect and the pattern of shifted frequencies is determined by the rotational and vibrational 

states of the sample. This dependence on the polarizability differs from Infrared (IR) spectroscopy 

where the interaction between the molecule and light is determined by the dipole moment. 

Generally modes that are not IR active are Raman active and vice versa, since changes in both 

polarization (Raman active) and net dipole moment (IR active) do not usually mutually occur for 

most molecules, except for molecules which possess no symmetry. 

Unpolarized micro-Raman back-scattered spectra of powders and films were measured to 

a resolution of ~ 1 cm
-1

 using a LabRAM HR (Horiba) spectrometer equipped with a 633 nm He-

Ne ion laser, focused to a spot size of order 10 μm, located in the SNIAM building (group of 

Professors Coleman and Blau), TCD. Energy calibration was performed using the measured Raman 

peak position of a silicon standard.  

 

 
  
 

http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Inelastic_scattering
http://en.wikipedia.org/wiki/Monochromatic
http://en.wikipedia.org/wiki/Dipole_moment
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 2.4.7. Ultra-violet – Visible spectroscopy  

 
 

 

Ultra-violet visible (UV-Vis) spectroscopy is one of the most common methods of 

determining the molecular structure of compounds by measuring the absorption associated with 

transitions from the ground state to the excited state, typically within the range 300-700 nm. 

The Beer-Lambert law states that the absorbance of a solution is directly proportional to the 

concentration of the absorbing species in the solution and the path length, hence for a fixed path 

length, UV-Vis spectroscopy can be used to determine the concentration of the absorber in a 

solution. The wavelengths of the absorption peaks may be correlated with the types of 

bonds/functional groups in a given molecule.  

The optical absorption coefficient (α) may be evaluated using the following relation 
9
; 

 

                                                  α = (2.3×10
-6

 A ρ) / (l c)                                                    (2.4) 

 

where A is the absorbance measured, ρ is the density of the powder (g cm
-3

), l is the path length of 

the UV-Vis cell (1 cm usually), and c is the concentration of the powder in solution (g L
-1

). 

In the bandgap region (high absorption) or above the fundamental absorption edge, the 

absorption follows a power law of the following form 
10

; 

 

                                                     (αhν) = B(hν - Eg)
n                                                                                         

(2.5) 

 

where hν is the energy of the incident photon, B is a constant (related to the absorption edge width) 

and Eg is the bandgap. The exponent n takes values of ½ and 2 for direct and indirect-allowed 

transitions respectively. The optical bandgap may thus be estimated by plotting (αhν)
1/2

 (or 

(αhν)
2
) versus photon energy and determining the x-axis intercept of the slope for indirect (or 

direct) bandgaps.  

UV-Vis measurements were performed at room temperature using a Varian Cary 

6000i spectrometer located in the SNIAMS building, TCD (group of Professors Coleman and 

Blau), capable of scanning from 190-1000 nm.  

 

 

 

2.4.8. Photoluminescence spectroscopy  
 

 
 
 

Photoluminescence (PL) spectroscopy, specifically photoluminescence excitation 

(PLE), is a spectroscopic technique in which the frequency of the excitation light is varied and the 

resultant emission of light or luminescence of the sample being excited is monitored over a range of 

typical emission frequencies. PLE spectroscopy is essentially the reverse of UV-Vis spectroscopy, 

since in PLE the transition from excited states to lower energy states is measured.  

http://en.wikipedia.org/wiki/Beer-Lambert_law
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There are three main forms of PL, the first of which is resonant radiation, in which a 

photon of a particular wavelength is absorbed and an equivalent photon is immediately emitted with 

little or no net energy transfer occurring over a timescale of order 10 ns. A second form is 

fluorescence, in which a net energy transfer occurs resulting in the emitted light photons possessing 

a lower energy than those absorbed. The lifetime of this process ranges from 10
-8 

to 10
-4 

s. The third 

type of PL is phosphorescence in which the absorbed energy undergoes intersystem crossing into a 

state with a different spin multiplicity. The lifetime of phosphorescence is typically the longest of 

the three PL processes, 10
-4

-10
-2

 s, but is rarer than fluorescence, since a molecule in the triplet state 

has a high probability of undergoing intersystem crossing to the ground state before 

phosphorescence can occur. 

Photoluminescence measurements were performed using a Perkin Elmer IS55 

luminescence spectrometer using a scanning/excitation range of 200-800 cm
-1

 (equivalent to 50-

12.5 μm) at room temperature. The spectrometer was located in the SNIAMS building, TCD (group 

of Professors Coleman and Blau). 

 

 

2.5. Magnetic characterization 
 

 
 
 

2.5.1. SQUID magnetometry 

 
 

 
The Quantum Design Magnetic Property Measurement System (MPMS XL5) located in 

the SNIAM building was used to characterize the macroscopic magnetic properties of samples to 

an ultra-high sensitivity (absolute limit of order 10
-11 

Am
2
), ideal for the detection of the weak 

ferromagnetic-like signals characteristic of d  

0
 magnetism. The MPMS XL5 system consists of a 

superconducting quantum interference device (SQUID) detection system which is integrated with a 

temperature control unit, a high field superconducting magnet and a computer processer. A closed 

cycle helium refrigerator is used for cooling the superconducting components as well as for low 

temperature measurements. Measurements can be made between 1.9 and 400 K in a field of up to 5 

T. For measurement of powder samples, typically 1-50 mg (depending on the density) of 

powder is placed in a small gelatin capsule (gelcap), of 4.5 mm diameter, which was then 

secured in position by sliding and pressing another small gelcap into the first gelcap containing 

the powder. Thus the powder is sandwiched between the two gelcaps and should not move, 

which is important since movement of the powder inside the gelcap can contribute to signal 

noise during the magnetization measurement. The powder within the gelcaps is then securely 

inserted into the middle of a 4 mm plastic drinking straw and the magnetization as a function 

of applied magnetic field (or temperature in constant field if required) is measured in the 

SQUID. An empty gelcap within a long drinking straw gives a diamagnetic contribution to the 
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measured signal, which must be subtracted from the net signal in order to deduce the signal 

due to the powder only. The use of a diamagnetic sample holder ensures that an effective 

subtraction is possible, since diamagnetism is temperature independent, linear, and has a 

negative value with increasing field. For thin films, 5  5 mm
2 

pieces were mounted directly 

inside the plastic straw enabling perpendicular or parallel magnetic fields to be applied. Data were 

collected at the maximum gradient point of the second derivative curve, with no auto-tracking. All 

data was corrected for the linear diamagnetic background due to the gelcap. The thin film samples, 

which were all deposited by PLD, were stored in a desiccator after deposition and magnetization 

data was measured shortly afterwards. Plastic tweezers were used to handle the thin film samples 

throughout; it has been reported that stainless steel tweezers may produce magnetic signals due to 

impregnated iron impurities 
11

. 

A typical room temperature field scan measured for two empty gelcaps mounted in a long 

plastic drinking straw are shown in Fig. 2.6, both before and after correction of the high field 

susceptibility (diamagnetic background) due to the geclap (the long drinking straw does not 

contribute any signal due to symmetry). The dimensionless diamagnetic susceptibility χ at 2 T is -

3.23×10
-7

. A very weak signal with a saturation moment of ~ 1-2×10
-9 

Am
2
 is measured for the 

empty gelcaps, which may be attributed to an artefact induced by the pickup coils of the 

SQUID when the applied magnetic field switches polarity at 0 T, and hence may be regarded 

as the practical detection limit for powder samples. In Figures 2.7 & 2.8 typical room 

temperature magnetization curves measured for two d 
0
 powder systems analyzed in this thesis, 

reduced HfO2 micropowders and ferromagnetic CeO2 nanoparticles, are displayed. For both 

systems the corrected saturation moment is always > 1×10
-8 

Am
2
, which is an order of 

magnitude greater than that due to the empty gelcaps alone; hence the d 
0
 magnetic signals 

cannot be accounted for by measurement artefacts.   
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Figure 2.6.   Room temperature magnetization data measured for two empty gelcaps mounted in a 

long plastic drinking straw. 



                                                                     Chapter II - Experimental methods 
 

26 
 

-2 -1 0 1 2

-3.0x10
-7

-2.0x10
-7

-1.0x10
-7

0.0

1.0x10
-7

2.0x10
-7

3.0x10
-7

-2 -1 0 1 2

-9.0x10
-8

-6.0x10
-8

-3.0x10
-8

0.0

3.0x10
-8

6.0x10
-8

9.0x10
-8

300 K

M
o

m
e

n
t 

(A
m

2
)


0
H (T)

300 K

corrected dataraw data

HfO
2
 reduced micropowder

 

Figure 2.7.   Room temperature magnetization data measured for reduced HfO2 micropowder 

(Sigma ≥ 99.95%, 700 °C). 
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Figure 2.8.  Room temperature magnetization data measured for CeO2 nanoparticles (synthesized 

using 99% cerium nitrate). 

 

 

For thin films deposited on substrates, the substrate contribution to the magnetic signal 

must be first subtracted from the total net signal in order to elucidate the magnetic signal due to the 

film alone. Since the mass of the substrate is typically several orders of magnitude larger than that 

of the thin film (of order 10
3
 times larger for a typical 100 nm thick thin film deposited on a 

5×5×0.5 mm substrate), the high field susceptibility may be considered to be that due to the 

substrate since the film contribution is negligible in comparison. Room temperature magnetization 

data measured for bare c-cut Al2O3 (0001) and MgO (100) single crystalline substrates (> 99.99% 

purity), both of dimension 5×5×0.5 mm (purchased from MTIXTL) are shown in Figs. 2.9 & 2.10 

below. Both substrates are virtually purely diamagnetic with no trace of any ferromagnetic-like 
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signal detected, apart from a tiny switch of magnitude of order 10
-10 

Am
2
 at 0 T as the polarity of 

the magnet changes, and which may be considered a measurement artefact. For Al2O3 the signal 

measured at 4 K is identical to that measured at 300 K, indicating temperature-independent 

diamagnetism from 300-4 K, whereas a paramagnetic signal is measured at 4 K for MgO, most 

likely due to paramagnetic impurities in the substrate, for which the typical impurity 

concentration (ppm) is given by the supplier as Fe  50, Ca  40, Al  15, Si  10, C  10, Cr  

10 and B  5. 
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Figure 2.9.  Room temperature magnetization data measured for a bare c-cut Al2O3 (0001) single 

crystalline substrate of dimension 5×5×0.5 mm (purchased from MTIXTL). 
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Figure 2.10.  Room temperature magnetization data measured for a bare MgO (100) single 

crystalline substrate of dimension 5×5×0.5 mm (purchased from MTIXTL). 
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As a test, blank Al2O3 substrates were subjected to identical heating conditions used to 

deposit the MB6 films; a small ferromagnetic-like signature in addition to diamagnetism was 

measured for some samples as shown in Fig. 2.11, but it was never more than 0.3×10
-8

 Am
2
, about 

an order of magnitude smaller than that measured for many of the MB6 films. Similar results were 

found for blank MgO substrates subjected to PLD processing conditions. Separate control films of 

ZnO and Al2O3 grown by ablation of targets made from 99.99 % nominal purity ZnO and Al2O3 

powders respectively and deposited on Al2O3 (0001) substrates using similar conditions to those 

used for MB6 films that produced the larger moments exhibited maximum moments of no more than 

0.2×10
-8

 Am
2
 at room temperature. These controls indicate that ferromagnetic contamination from 

the deposition chamber is not the source of hexaborides’ magnetic signals when they exceed 0.3×10
-

8
 Am

2
. Furthermore, the silver paint (source: Agar scientific) used to affix the substrates to the 

substrate holder did not exhibit any ferromagnetic-like signature when measured at room 

temperature; additional confirmation arose from the measurement of the room temperature 

magnetization of a blank Al2O3 (0001) substrate subject to typical PLD processing conditions to 

which several mg of silver paint was clearly adhered to the backside, but for which no appreciable 

room temperature magnetic signal was measured, i.e. < 0.3×10
-8

 Am
2
. A typical room temperature 

magnetization curve measured for a MB6 film (100 nm thick BaB6 deposited on Al2O3 (0001) at 500 

°C) is shown in Fig. 2.12. The saturation moment is an order of magnitude greater than that due to 

the Al2O3 substrate alone subject to similar PLD processing conditions as for the film, after 

subtraction of the Al2O3 contribution to the ferromagnetic-like signal (0.3×10
-8

 Am
2
). For the other 

deposited MB6 film systems (CaB6 and SrB6) the largest moments of ≈ 3×10
-8

 Am
2 

are also about an 

order of magnitude greater than that due to the Al2O3 substrate alone on which they were deposited.  
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Figure 2.11.  Room temperature magnetization data measured for a bare c-cut Al2O3 (0001) single 

crystalline substrate of dimension 5×5×0.5 mm (purchased from MTIXTL) subject to typical PLD 

processing conditions for MB6 films. 
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Figure 2.12.  Room temperature magnetization data measured for a 100 nm thick BaB6 film 

deposited on 5×5×0.5 mm Al2O3 (0001) at 500 °C. 

 

 

It is important to distinguish d 
0
 ferromagnetic-like signals from those which may be 

attributed to ferromagnetic contamination, most likely in the form of iron impurities. Typical room 

temperature magnetization curves measured for iron (Fe) microparticles and magnetite (Fe3O4) 

nanoparticles are shown in Fig. 2.13. The iron microparticles have a saturation magnetization of 1.5 

MA m
-1

, slightly smaller than that of bulk iron (1.71 MA m
-1

). Metallic iron may generally be ruled 

out as a source of the ferromagnetism in d 
0
 systems however since the value of H0, the field obtained 

by extrapolating the initial susceptibility to saturation, for iron is significantly larger, generally 250-

400 kA m
-1

, than that measured for d 
0 
samples, for which H0 is typically ≤ 100 kA m

-1
. For magnetite 

nanoparticles (of ~ 40 nm size) the saturation magnetization is 0.3 MA m
-1

, slightly smaller than that 

of bulk magnetite (0.478 MA m
-1

), while H0 is 80 kA m
-1

, which is significantly less than that of 

metallic iron but in a similar range to that typically measured for d 
0 

samples. H0 values for about 50 

magnetic nanoparticles (~ 20-80 nm size) are found to lie within the range 50-100 kA m
-1

, with Ms 

typically 0.3 ± 0.05 MA m
-1

. Hence for MB6 d 
0
 thin films studied in this thesis, for which Ms is 

typically of order 10-100 kA m
-1

, the ferromagnetic-like signals may be accounted for ~ 3 – 33% 

magnetite impurities in the form of nanoparticles 20-80 nm in size. For d 
0 

samples in powder form, 

for which Ms is typically ≤ 100 A m
-1

, the quantity of nanoparticulate magnetite required to account 

entirely for the almost anhysteretic ferromagnetic-like d 
0
 signals would be much less, ≤ 330 ppm. It 

is noted that careful impurity analysis carried out for each d 
0
 system investigated in this thesis can 

confidently rule out ferromagnetic contamination as an explanation for the magnitudes of the d 
0
 

signals measured. 
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 Figure 2.13.  Room temperature magnetization data measured for iron microparticles and 

magnetite nanoparticles. 

 

 

It is also important to distinguish d 
0
 ferromagnetic-like signals from those which could be 

attributed to superparamagnetism (SPM), since at room temperature the shape of the magnetization 

curves are similar for both. The definition of a SPM material matches at least two requirements; 

firstly, above the blocking temperature, the system must not show any hysteresis, which is not a 

thermal equilibrium property, while secondly, the magnetization curve must be temperature 

dependent to the extent that curves taken at different temperatures should superpose when being 

plotted against H/T, provided the initial susceptibility does not exceed the demagnetizing limit, 1/N. 

Single domain SPM NPs should show appreciable Hc at liquid He temperatures below the blocking 

temperature Tb, while above Tb irrespective of the orientations of the easy axes, the magnetization 

curves for should fit the Langevin function and should show no hysteresis. In the superparamagnetic 

region Tb < T < Tc, the particle behaves like a Langevin paramagnet with a giant, classical moment 

m. Hence the practical test for superparamagnetism is the superposition of anhysteretic 

magnetization curves as a function of H/T over a wide range of temperature between Tb and Tc, as 

shown in Fig. 2.14 for example for superparamagnetic iron nanoparticles (2.2 nm diameter) 

measured at 70 K and 200 K. The magnitude and shape of typical d 
0
 signals are virtually identical 

from liquid He temperatures up to room temperature (with no evidence of any upturns attributable to 

SPM in thermal magnetization scans) however, and the anhysteretic magnetization curves certainly 

do not superpose as a function of H/T, as shown for CeO2 nanoparticles for example in Fig. 2.15. 

Similar results are found for the other d 
0
 systems studied in this thesis. 
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Figure 2.14.  Magnetization M as a function of H/T at T = 77 and 200 K of 2.2 nm 

superparamagnetic iron nanoparticles suspended in mercury; from Bean and Jacobs, J. Appl. Phys. 

27 1448 (1956). 
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Figure 2.15.  Magnetization as a function of H/T at T = 4 and 300 K for 4 nm CeO2 nanoparticles. 
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2.5.2. Electron paramagnetic resonance spectroscopy 

 
 

 
Electron paramagnetic resonance (EPR) spectroscopy can be a useful experimental tool in 

helping to elucidate the magnetic properties of certain materials by detecting unpaired spins to a 

sensitivity of less than 1 part per billion. The simplest case to consider is that of an isolated, 

localised unpaired electron with spin only angular momentum, which is quantised as ms = ± ½; an 

externally applied magnetic field will split the energy levels; transitions between the levels may 

then be induced by an appropriately polarised electromagnetic field of frequency ν, giving the 

resonance condition 

 

                                                         ΔE = hν = gµBB0                                                      (2.6) 

 

where g = 2.002319, µB is the Bohr magneton unit and B0 is the applied magnetic field.  

 

 

Figure 2.16.  Splitting of the energy levels of an unpaired spin in an applied field. 

 

 

For a free atom or ion with total orbital angular moment quantum number L (in addition to 

total spin angular momentum quantum number S) the g-value becomes 

 

                                                     g = 1 + S(S + 1) - L(L + 1) + J(J + 1)                                        (2.7) 

                                                                                  2J(J + 1)     
 
 

where J = L + S. In thermal equilibrium, the number of spins in the lower energy state will be 

greater than the number of spins in the higher energy state and resonance will therefore lead to a net 

absorption of energy. In an EPR experiment, the frequency is typically fixed and the field is swept 

at a constant rate. Hyperfine interactions between the nucleus and the unpaired electron will result 

in a splitting of the signal; If the spin of the nucleus has quantum number I, each of the electronic 

levels, a and b, will split into 2I + 1 sublevels resulting in 2I + 1 observed lines of almost equal 

intensity under normal conditions. The main components of an EPR system are shown in Figure 

2.17 below; these include a monochromatic water-cooled microwave source (klystron or Gunn 

diode), a waveguide for guiding the microwave power to the sample, and a resonant cavity 

designed to set up a microwave standing wave and to increase sensitivity by focusing or 
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concentrating the microwave power at the sample and storing the microwave energy, as well as 

various other components which are labelled in the figure. To minimize the noise from all of the 

electrical components for steady state measurements, a magnetic field modulation scheme with 

phase sensitive detection (using a lock in amplifier) was typically employed, which converts the 

absorption signal to its first derivative. To further improve the sensitivity, a time constant is used to 

filter out additional noise and the EPR signal is transformed into an output signal of amplitude 

proportional to the slope of the absorption signal. 

 

  

Figure 2.17.   Schematic of the main components of an EPR measurement system. 

 

 

EPR measurements were carried out using a Bruker EMX X-Band spectrometer located in 

Dr. Robert Barklie’s laboratory in the SNIAM building, TCD, operating at a frequency in the 

region of 9.8 GHz (microwave regime). The microwave source was a Gunn diode (rather than a 

klystron), while a rectangular shaped (TM110 mode) microwave cavity was used. Powder samples 

were contained within spin free quartz tubes of inner (outer) diameter 4 mm (6 mm). Thin film 

samples were affixed to the bottom of the tubes using sellotape (which did not display an EPR 

signal when measured alone) and orientated relative to the field as required. The spectrometer was 

operated in standard absorption mode under slow passage conditions with a 100 kHz field 

modulation. The magnetic field sweep range was calibrated using an NMR probe; a check on the 

absolute value was made using an EPR signal of F
+
 centres in MgO of known g value (2.0023). 

Spin populations were found by comparing the integrated area of the signal to that of a Varian 

standard sample of pitch in KCl. The absolute spin populations (and spin concentrations) are 

estimated to be correct to at least within a factor of two but relative values are correct to about ± 20 
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%. Care was taken to ensure that non-saturating power levels were used and that the signals were 

not distorted by over-modulation.  

 
 

 
 

               2.5.3. X-Ray absorption spectroscopy and X-Ray magnetic  

               circular dichroism         

                                                                        
      

2.5.3.1 XAS 
 
 

 
 

In order to obtain further information about the stoichiometry and magnetism of the 

ceria nanopowders and bulk, X-Ray absorption spectroscopy (XAS) and X-Ray magnetic 

circular dichroism (XMCD) measurements were performed on the following samples at the 

Xtreme Beamline at the Swiss Light Source (SLS) synchrotron located in the Paul Scherrer 

Institute, near Zurich, Switzerland: CeO2 nanopowders (both ferromagnetic, FM, and ~ non-

magnetic, NM, synthesized using 99% and 99.999% purity cerium nitrate respectively), ~ 1 wt 

% La-doped high purity nanopowder (synthesized using 99.999 % cerium nitrate), and finally a 

bulk micropowder reference sample (99.999 % Sigma).  

X-Ray absorption spectroscopy (XAS) is the fundamentally the excitation of electrons 

from their core levels using synchrotron X-Rays as the excitation source, which is sensitive to 

elemental oxidation state and coordination number of the sample being measured. The energy range 

of interest for the study of CeO2 in this thesis is in the soft X-Ray (400 eV – 3000 eV) regime, at 

the X-ray absorption near-edge structure (XANES) region, which is typically defined to occur 

within ~ 50 eV of the absorption edge, sometimes also termed the near X-ray absorption fine 

structure (NEXAFS). At higher energies (> 100 eV) above the absorption edge one may find the 

extended  X-ray absorption fine structure (EXAFS), characteristic of delocalized electrons and the 

extended electronic band structure. 

 The most intense features in an XAS (XANES) spectrum are due to electric-dipole 

allowed transitions (Δ l = ± 1) to unfilled orbitals, and hence is a probe of the density of unoccupied 

states. The characteristic absorption edges of the elements Ce and O (plus La and Fe to check for 

these impurities) were measured. For the Ce M edge probed, the main features in the XAS 

spectrum (M4 and M5 peaks) are related to transitions from 3d core states to 4f states 
12

, 

specifically 3d3/2 → 4f5/2 (M4) and 3d5/2 → 4f7/2 (M5), and are a probe of the 4f excited state 

occupancy, and are characterized by sharp white lines at 890 eV and 882 eV respectively for 

metallic cerium 
13

. For Ce
4+

, the excited 4f
1 

state is probed, corresponding to the electronic 

transition 3d 
10

4f 
0
 → 3d 

9
4f

1
, whereas for Ce

3+
, the excited 4f

2 
state is probed, corresponding to 

the transition 3d 
10

4f 
1
 → 3d 

9
4f

2
. The post-edge features meanwhile, at ~ 5 eV higher energy 

than those of the M edge maxima intensity, originate from transitions to the 4f admixture in the 
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conduction states, indicative of empty localized 4f
1 

states within the band gap 
14,15

; the pre-

edge features (at ~1-5 eV lower energy than those of the M edge maxima) are indicative of 

Ce
3+

. The analogous M4 and M5 edges were also measured for La. For the Oxygen K edge 

probed, which is detected over the energy range ~ 525-540 eV, information is provided about 

the O 2p valence and Ce conduction states. The XAS of stoichiometric CeO2 has 3 peaks, 

related to electronic transitions from O 1s core levels to empty O 2p hole states hybridized 

with Ce dominated 4f, 5d-eg and 5d-t2g levels respectively in order of increasing energy 
16

. 

Hence the lowest energy peak may be considered as a measure of Ce-O bonding or 

hybridization 
17

, while the higher energy peaks are more characteristic of the band structure 

due to delocalized electrons extending into the EXAFS regime. A typical XAS measured for 

the O K-edge of CeO2 nanopowders synthesized during this study is shown in Figure 2.18, 

which illustrates the typical features of X-Ray absorption spectra.  
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Figure 2.18.   X-Ray absorption spectrum measured for the O K edge of a CeO2 nanopowder at 300 

K. The spectrum can be generally separated into two components, the near-edge X-Ray absorption 

fine structure (NEXAFS, or XANES), and the extended X-Ray absorption fine structure (EXAFS) at 

higher energies. The three characteristic absorption peaks of the O K edge for CeO2 (further details 

of which are given in the text) are marked by the black dots. 

 

 

 

In terms of XAS signal detection, total electron yield (TEY) mode was used (~ 2-5 nm 

penetration depth), which consists of all electrons (mostly inelastically scattered) escaping from the 

specimen as a result of the cascade process initiated by the initial absorption of each synchrotron 

photon. TEY detection is the most commonly used method to detect the X-Ray absorption signal 

because of the large signal available and the ease of measuring the signal via the drain current from 

the sample. The main disadvantages of TEY are the range of mechanisms giving rise to escaping 

electrons and the relatively small depth probed in the sample. Close to the actual threshold of an 

absorption edge, the signal is dominated by the cascade process initiated by the ejected Auger 
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electron as the photoelectron has little energy. However, the underlying background also has 

contributions arising from high-energy photoelectrons ejected from much less tightly bound atomic 

states, the Auger electrons from which can have much lower energy. Approximating for Auger 

dominated electron emission at ~ 1 keV energy in TEY detection mode, the mean escape depth 

(or inelastic mean free path) of the ejected photoelectrons are of order ~ 5 nm (characteristic of 

all photoelectrons collected at energies lower than the X-Ray excitation energy) as estimated 

from the universal curve for the energy dependent mean free path of electrons in matter 
18

. 

Hence for the nanopowders, generally the whole particle volume is probed, since the diameters 

of the FM and NM nanopowders are about 4 nm and 6 nm respectively. The mean free path is 

defined as the depth at which the probability that 1/e (~ 37 %) of the photoelectrons escape 

without energy loss. XAS may also be performed by detecting the fluorescence yield (~ 50 - 100 

nm penetration depth), whose yield is typically of order 1 % that of TEY for soft X-Rays and 

detects the photoelectrons that are emitted after electrons of lower binding energy fill the core holes 

which are created by the X-Ray excitation. TEY mode was used in our measurements simply due to 

its much higher yield compared to fluorescence. Whereas fluorescence yield has a large probing 

depth advantage over electron yield, it is often unsuitable for concentrated samples due to self 

absorption effects. In addition, core levels below 2 keV have a higher Auger electron yield than 

fluorescence yield per absorption event, making TEY detection more practical for measurements in 

most of the soft X-Ray energy range. Lighter elements generally have higher Auger electron yields 

than heavier elements. A third mode of detection is that of transmission, in which the X-Rays 

transmitted through the sample are detected. 

For measurement of XAS, ~ 1 mg of each CeO2 powder was first pressed on Indium foil 

(99.99 % nominal purity) and mounted in an ultra high vacuum (10
-9

 mbar) for measurement. The 

only known absorption edges for Indium at any energy are the N4,5 edges at ~ 17 eV, which are 

much lower in energy than those measured in the soft X-Ray range for Ce, O, La and Fe (typically 

100s of eV). The total area irradiated was about 30 × 230 μm. The photon flux within the energy 

range measured (500 – 1000 eV) in TEY mode was 10
15

/s. Data was collected at an incident angle 

of 28° to the normal in order to minimise the incident X-Ray flux, as ceria in particular has a 

tendency towards reduction under irradiation, while also serving to increase the area of the 

sample surface scanned. The data for each Ce and O edge was typically acquired for a dur ation 

of ~ 100 scans lasting about 8 hours (in both positive and negative applied field with right and 

left circular light polarization for each scan, as detailed further in the next sub-section). 

 

 

2.5.3.2 XMCD 

 

An XMCD spectrum is the difference spectrum of two X-Ray absorption spectra (XAS) 

measured in both positive and negative applied magnetic field with both left and right circularly 

polarized light. In the electric dipole approximation, changing the polarization from left to right or 
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reversing the magnetic field are equivalent actions. Analysis of the XMCD spectrum can yield 

information on the magnetic properties of the atom of a specific element, such as its spin 

and orbital magnetic moment. The XMCD signal is in fact directly proportional to the magnetic 

moment on the absorber atom 
19

, and with the development of sum rules applied to the total 

absorption and XMCD spectra 
20,21

, enables the calculation of direct values for the orbital and 

spin moment of the probed atom from the measured XMCD data. In addition, the sign of the 

XMCD signal reveals the net spin orientation for a given element or ion. Element selectivity is a 

significant advantage of this technique over conventional magnetometry. One disadvantage is that 

only limited focusing is possible when using X-rays on a typical synchrotron beamline, which sets a 

limit on the lateral spatial resolution, typically of order 10s of microns at best (contrast with TEM-

EELS where nanometric resolution is obtained), however conversely the spectral resolution 

obtained by XAS is typically superior to that obtained by TEM-EELS.  

The XMCD signal is defined as  

 

XMCD = (XMCD H
-
 – XMCD H

+
) / 2     

                                  XMCD H
-
 = H

–
c

+
 – H

–
c

–
,   XMCD H

+ 
= H

+
c

+
 – H

+
c

–
                      (2.8) 

 

where H denotes the applied magnetic field (+ for positive applied field, – for negative applied 

field) and c denotes the circular polarization (+ for clockwise/right, – for anticlockwise/left). 

For the XMCD measurements of CeO2 performed in conjunction with XAS, at 300 K 

(2 K) the circular polarization was measured in fields of +/– 2T (+/– 7 T), with the magnetic 

field applied parallel to the X-ray beam.  

 

 

Figure 2.19.  The endstation of the Xtreme Beamline (at the Swiss Light Source) used for 

XAS/XMCD measurements is shown schematically (left) together with an actual photograph 

(centre); the sample holder is also shown (right). 

 

 

 

In terms of data processing, the raw XAS signals were first normalised using an 

energy range well below the lowest energy absorption edge to a background signal intensity of 

1, after which an intensity value of 1 was subtracted from the resultant XAS signa ls in order to 

give a common zero background baseline intensity at the lowest energies. The corresponding 

http://en.wikipedia.org/wiki/Spin_(physics)
http://en.wikipedia.org/wiki/Atomic_orbital
http://en.wikipedia.org/wiki/Magnetic_moment
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XMCD signals were then deduced as described in the experimental section. For clarity of 

display only, the XAS signals were subsequently all normalised (divided by a certain number) 

to an absolute intensity magnitude of 1 at the lowest energy absorption peak, which hence 

gives a step edge of intensity 1 at this peak; the XMCD signal was then divided by the same 

factor used to divide the XAS signal by above, in order to show and compare all of the XMCD 

signal magnitudes corresponding to a common XAS signal step edge intensity of 1 at the 

lowest energy absorption edge. In an final extra step, a total value of 1 was then added to the 

XAS intensity scale, in order to shift up the XAS signals to facilitate plotting of the XMCD 

signal directly underneath the XAS, which is in effect what is displayed here for the combined 

XAS/XMCD result plots. The corresponding XMCD signals were additionally smoothed using 

a 7 point Savitzky-Golay adjacent averaging in order to optimally display the results without 

showing at one extreme unphysically sharp features (no smoothing at all), or at the other over -

averaged signals (too much smoothing).  

 

 

 

2.5.4. Muon spin rotation spectroscopy 
 

 
 
 

Muon spin rotation (μSR) spectroscopy measurements of MB6 thin films and powders 

were undertaken at the laboratory for muon spin spectroscopy at the Paul Scherrer Institute, near 

Zurich, Switzerland. μSR is an experimental technique based on the implantation of spin-

polarized muons in matter and on the detection of the influence of the atomic, molecular or 

crystalline surroundings on their spin motion. The motion of the muon spin is due to the local 

magnetic field experienced by the particle. 

In order to create muons, charged pions (π
+
) are first produced in a cyclotron from 

collisions of high-energy protons (> 500 MeV) with the nuclei of an intermediate light element 

target such as carbon. The charged pions that are produced live for only 26 billionths of a second 

and then decay via the weak interaction into a muon (µ
+
) and muon neutrino (νμ). Thanks to 

maximal parity violation during pion decay, the muons are almost perfectly spin polarized opposite 

to their momenta, i.e. they are nearly ~ 100 % spin-polarized. The muons then in turn decay 

according to the following characteristic decay scheme; 
 

                                                                μ
+ 

 
     
       e

+
 +   μ + νe                                                                                (2.9) 

 

where the three decay products in the order they are listed from left to right represent a positron, a 

muon anti-neutrino and an electron neutrino respectively. While the lifetimes of a free µ
+
 and a µ

-
 

are the same (2.197 µs), the measured mean lifetime in matter is considerably shorter for the µ
-
 

because of capture by the nuclei. Hence positively charged muons µ
+
 are typically used as an 

experimental probe. In a solid, µ
+
 generally comes to rest at an interstitial site of high symmetry 

between the lattice ions, where it exists in a diamagnetic state as a "quasi-free" probe of the 

http://en.wikipedia.org/wiki/Spin_polarization
http://en.wikipedia.org/wiki/Spin_polarization
http://en.wikipedia.org/wiki/Muon
http://en.wikipedia.org/wiki/Spin_(physics)
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magnetic field at the interstitial site, with its precession frequency determined by its gyromagnetic 

ratio of 851.615 MHz/T. In the decay scheme shown in (2.9) above, only the fast positron emitted 

preferentially along the direction of its spin due to the parity violating decay is detected. By 

measuring the anisotropic distribution of the decay positrons the statistical average direction of the 

spin polarization of the muon ensemble may be determined. The polarization as a function of time, 

an example of which is shown in Figure 2.20, is characterized by precession and/or relaxation and 

contains information about both static and dynamic properties of the local environment. The time 

evolution of the muon spin polarization depends sensitively on the spatial distribution and 

dynamical fluctuations of the muons’ magnetic environment. Magnetic and non-magnetic regions 

co-existing in the same specimen result in distinct µSR signals whose amplitudes are proportional 

to the volume of the sample occupied by the particular phase. Thus the µSR technique recognizes 

and provides quantitative information on coexisting phases in a material.  

Several properties of polarized muons make them suitable for probing magnetism: Spin ½, 

almost 100 % polarization, a magnetic moment of 3.18 μproton (sensitive to 10
-3

 – 10
-4

 μB) and low 

mass (about 207 electron masses). The small moment allows the detection of fields with nuclear 

and electronic origins. In systems with very small and/or dilute and/or random ordered moments, 

µSR is often the only method available for clear detection of such phenomena. Thin film sensitive 

(< 100 nm) low energy muons (keV) may be obtained by moderating the high energy muons (MeV) 

used for bulk investigation. The most successful approach has been simple moderation in a thin 

degrader consisting of a condensed Van der Waals gas (Ar or N2). Fortunately, the moderated 

muons remain highly polarized.  

 

 
 

Figure 2.20.  Example of the time evolution of the muon polarization. The amplitude of the 

oscillations is related to the magnetic volume fraction, their frequency is a measure of the magnitude 

of the local field and the size of magnetic moments, while the damping reveals the inhomogeneity of 

the magnetic regions. In practice, the oscillations are often smeared out, most commonly due to 

inhomogeneous magnetic field distributions. 

 

Two different configurations can be used when using muons to study matter, either 

transverse or longitudinal field µSR, which involves the application of an external magnetic field 

either perpendicular (transverse) or parallel to the initial direction of the muon spin polarization 

respectively. In the first case, the muon spin precesses about the transverse field with a frequency 

that is proportional to the size of the field at the muon site in the material. In the second case one 
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measures the time evolution of the muon polarization along its original direction. Alternatively, 

such measurements may be performed in the absence of an external field, called zero field µSR, 

which is a very sensitive method of detecting weak internal magnetism that arises due to ordered 

magnetic moments, or random fields that are static or fluctuating with time. The capability of 

studying materials in zero external fields is a tremendous advantage over other magnetic resonance 

techniques. 

At the Paul Scherrer Institute there is a continuous (as opposed to a pulsed) source of 

muons. Both MB6 thin films / bulk powders and CeO2 nanopowders / bulk were measured there. 

For measurements in zero field, a muon spin rotation of -10° was used, while for measurements in 

transverse applied field (in order to decouple the muon spin from internal magnetic fields), +/– 90° 

was used as the term implies. For measurements of MB6 thin films, the films (deposited on 10×10 

mm area substrates) were mounted on a circular Al2O3 plate using silver paint; the muon beam also 

irradiates some of the Al2O3 plate as well as the film, contributing to the background noise in the 

polarization vs. time signal. The aim was to probe both magnetic and ~ non-magnetic MB6 films in 

regions near the surface and near the film-substrate interface (by selecting appropriately tuned 

implantation energies) from room temperature down to low temperatures (~ 5 K).  

MB6 bulk powders and CeO2 bulk/nanopowders were measured on the bulk muon 

instrument (GPS, General Purpose Surface muon instrument) by tightly encasing a batch of ~ 50-

100 mg of compacted powder in aluminized mylar coated superinsulation tape (sticky on the 

outside, i.e. not in contact with the powder sample), with the sample mounted on a fork-like sample 

holder in order to reduce the background contribution; thin films were measured on the low energy 

muon instrument (LEM), shown in Figure 2.21 below. 

 

 
 

Figure 2.21.  The low energy muon (LEM) end-station at the Laboratory for Muon Spin 

Spectroscopy, PSI, is shown both schematically (left) together with a photograph of the setup (right)
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Chapter 3 

 
 
 
 

HfO2 
 

 
 
 
 

This chapter presents experimental results on d 

0
 magnetism in HfO2, the first d  

0
 material 

studied as part of this thesis. Specifically, the effect of vacuum annealing on the magnetic 

properties of pure HfO2 micropowders was investigated. Firstly, a brief introduction to HfO2 is 

presented, followed by an overview of literature reports pertaining to magnetism in HfO2, both 

experimental and theoretical. Experimental results follow before a summary of the results is finally 

presented.  

 
 
 
 

3.1. Introduction 
 

 
 

 
 

HfO2 (hafnia) is a wide band gap insulator, with an electronic band gap of ~ 5.7 eV and a 

high dielectric constant of 25 
1
, which is about six times higher than that of SiO2 (3.9). 

Stoichiometric HfO2, which has no unpaired electrons since the Hf
4+

 ion has a closed shell [Xe]4f 
14

 

configuration, presents no evidence of any magnetic order, and as such is a valid candidate for 

investigating d 
0
 magnetism. At room temperature and pressure, HfO2 exists in the monoclinic 

phase (P21/a space group); the crystal structure is shown in Figure 3.1.  

 

 

Figure 3.1.  Monoclinic crystal structure for HfO2 under ambient conditions. 
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Because of its high dielectric constant and large band-gap (good insulating properties), 

plus its good compatibility with polysilicon, hafnium-based oxides are leading candidates to 

replace SiO2 as a gate insulator in field-effect transistors. The reason a new gate insulator is 

required is due the downscaling of advanced metal oxide semiconductor field-effect transistors 

(MOSFETs), and the fact that the SiO2 gate oxide becomes too thin (< 2 nm) to prevent leakage 

currents due to tunnel effects 
1
, whereas HfO2 can be grown 3-5 nm thick while maintaining 

standard device parameters. In addition, a resistive switching effect as a function of applied voltage 

has been found for non-stoichiometric polycrystalline HfOx films 
2
, in which the switching is 

thought to be due to the defects that are generated by the applied bias; this could have potential 

applications in non-volatile memories. If resistive switching could be combined with d 
0 

room 

temperature ferromagnetism, it would significantly boost the importance of hafnium oxide for 

microelectronics, since it can already be integrated with CMOS processing technology. 

Oxygen vacancy defects may readily form in monoclinic HfO2 and can account for trap 

assisted conduction, direct electron injection, and optical absorption phenomena as calculated by 

Broqvist et al 
3
.  Figure 3.2 below provides a schematic of the bandstructure for stoichiometric and 

oxygen deficient HfO2 films from Hildebrandt et al. 
4
.  The general effect of the oxygen vacancy 

formation is to introduce mid-gap defect states; bandgap reduction may be due to hybridization of 

defect states with the conduction band. 

 

                  

Figure 3.2.  Band model of stoichiometric HfO2 (left) and simplified band model of oxygen deficient 

HfO2-x (right) – Figure from Hildebrandt et al 
4
. This schematic serves as a general illustration only of 

the band-structure of HfO2-x, since the precise position of the Fermi level, and the position, size and 

number of defect bands sensitively depend on sample growth and deposition conditions. 

 

 

 

In the next section a detailed discussion of the literature reports which measure and/or 

calculate magnetism for HfO2, the key property of interest in this thesis, is presented. 

 

 

http://en.wikipedia.org/wiki/Silicon_oxide
http://en.wikipedia.org/wiki/Field_effect_transistors
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3.2. Literature summary 
 

 
 

 
 

The first report for room temperature ferromagnetism (RTFM) in undoped HfO2 was for 

thin crystalline films grown by our research group at Trinity College Dublin, grown by PLD at 750 

°C in an oxygen atmosphere (10
-4

 – 1 mbar) on Al2O3 r-cut (11-02) crystalline substrates by 

Venkatesan et al. 
5
 in the year 2004. A 99.95 % purity HfO2 target was used. 80 nm thick films 

displayed large room temperature magnetizations, 12.5 kA m
-1

 and 50 kA m
-1

 for in-plane and out 

of plane respectively, the magnitude of which was virtually constant from 5-400 K, with very little 

hysteresis (Hc ~ 5 mT). The magnetization curves which were published are shown in Figure 3.3 

below. Lattice defects were invoked in order to explain the measured magnetic signals. More 

specifically, the formation of an impurity band due to lattice vacancies was proposed. It was further 

suggested that by allowing the impurity band to mix with the empty 5d states of hafnium and to 

transfer a fraction of an electron for each vacancy, the 5d states would in turn polarize the impurity 

band and provide the necessary ferromagnetic coupling.  The impurity band scenario was further 

elucidated by Coey 
6
 in which lattice defects were proposed as the common source of magnetism in 

not just HfO2 but also carbon structures such as C60 and graphite, alkaline earth hexaboride films 

(MB6, M = Ca, Sr, Ba) and various dilute magnetic oxides and nitrides such as 5 at. % Sc doped 

ZnO and Fe, Mn and Co doped SnO2. It was proposed that if the density of states of an impurity 

band is sufficiently great, spontaneous spin splitting based on the Stoner criterion D(EF) I > 1 may 

occur. Another idea proposed was that defect states themselves give rise to magnetic moments 

associated with molecular orbitals localized in the vicinity of the defects.  

 

 

 

Figure 3.3.  Magnetization curves from the first experimental report of RTFM in HfO2, for thin 

films, ~ 80 nm thick, grown by PLD on Al2O3 (11-02) substrates, published by Venkatesan et al. 
5
. An 

impurity band defect-mediated magnetism was proposed as the origin of the magnetic signals 

(further details given in the text). 
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A further report by Coey et al. 
7
 for RTFM in HfO2 films (all (poly)crystalline for all 

publications mentioned henceforth unless stated otherwise) deposited by PLD on not only Al2O3 

but also on Yttrium-stabilized zirconia (YSZ) (100) and silicon (100) substrates soon followed their 

initial paper. For 13 nm thick films the magnetization was as high as 250 kA m
-1

, although there 

was found to be no correlation between the absolute magnetic moment and film thickness. In 

addition, RTFM was measured for a HfO2 commercial micropowder annealed under vacuum, 

although Ms was several orders of magnitude smaller than that for films at 18 A m
-1

. Due to the 

findings that there was no trace of ferromagnetism in the pristine powder and that the 

ferromagnetism disappeared after re-heating the ferromagnetic sample in air, it was suggested that 

oxygen vacancies created during vacuum annealing may play a role in mediating the magnetism; 

this suggestion is also supported by the finding that the magnetism decays rapidly over time (only 

10 % of its initial magnitude after 6 months), consistent with re-oxidation of ferromagnetic oxygen 

vacancy-rich non-stoichiometric HfO2-x to non-ferromagnetic stoichiometric HfO2. The type of 

oxygen vacancy responsible was not specified however; in hafnia, oxygen vacancies can be doubly 

or singly positively charged (VO
++

, VO
+
), neutral (VO

0
) or singly or doubly negatively charged (VO

-
, 

VO
--
) depending on the number of trapped electrons. Furthermore, the oxygen vacancies may be 

either three-fold or four-fold coordinated (a hafnium vacancy meanwhile is seven-fold 

coordinated). It is noted that while oxygen vacancies appear to be correlated with the magnetism, 

the results are open to interpretation since one cannot assume that it is a straightforward cause 

(oxygen vacancies) and effect (RTFM) relationship.   

In terms of theory, preceding the initial experimental reports of magnetism in HfO2, 

calculations 
8
 using density functional theory (DFT) within the generalized gradient approximation 

(GGA) type II (Perdew and Wang) found that atomic oxygen incorporation is energetically 

favoured over molecular incorporation in hafnia, and that charged defect species are more stable 

than neutral species when electrons are available from the hafnia conduction band. Subsequently, 

and shortly after the initial reports of magnetism in HfO2 were published, a DFT calculation 
9
 

within the local density approximation (LDA) suggested that Hf vacancies mediate the magnetism 

in the monoclinic phase, to which moments of up to 3.5 μB /vacancy were attributed; it is noted 

however that if oxygen vacancies are present there should also be Hf vacancies present for charge 

compensation, in corroboration with the previous experimental reports.  The above result was also 

supported by 
10

, who calculated 4 μB/Hf vacancy, while in contrast another DFT calculation 

suggested that the formation of Hf vacancies results in the creation of holes in the oxygen 2p 

valence band and magnetic moments on the surrounding oxygen atoms (max. 0.79 μB/O) 
11

. 

Another DFT study finds that the O rich non-stoichiometric surfaces are ferromagnetic for the cubic 

phase (4 μB /vacancy) 
12

, while in contrast to all of the above calculations, no evidence for any 

magnetic defects or ferromagnetism in HfO2 was found by 
13

. Using other methods of calculation, 

vacancy- or substitutional-induced ferromagnetism of the oxygen holes is reported using the 

unrestricted Hartree-Fock (UHF) approximation (3 μB /unit cell) 
14

. Thus it can be seen that there is 

still no consensus among theoreticians as to whether Hf or O vacancies mediate the magnetism; it is 

likely that the disagreement is due in part to the sensitivity of the theoretical results to the initial 
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conditions used in the calculations.  

In a further experimental report, the magnetic signals (Ms ~ 0.1 kA m
-1

) for both undoped 

and Gd doped (3 at. %) 200 nm thick HfO2 films grown by PLD on Si(100), Al2O3 (11-02) and 

LaAlO3 (001) substrates are attributed to impurities from the PLD target and/or due to signals from 

the substrates 
15

. However these films were deposited at the base vacuum pressure (10
-7

 mbar), and 

not in an oxygen ambient as reported before 
5,7

, which may be a possible explanation for the 

discrepancy in the sizes of the measured magnetic signals.  Hong et al. show in several reports 
16-18

 

that 200 nm thick films of undoped HfO2 grown by PLD on YSZ (100) substrates at 800 °C give a 

room temperature magnetization of ~ 28 kA m
-1 

, slightly larger than the ~ 16 kA m
-1 

signal
 

measured for films of similar thickness grown at 750 °C by our group 
7
; note that RFTM for TiO2 

and In2O3 films is also included in 
16,17

. For 10 nm thick films the magnetization reaches much 

larger values of up to 500 kA m
-1 18

. Since the numbers of defects (most likely oxygen vacancies) in 

the film are independent of its thickness, the enhanced magnetization may therefore be due to 

defects mostly localized near the interface between the film and the substrate, and not distributed 

throughout the bulk of the film. In addition a room temperature bulk magnetization of ~ 10 A m
-1  

is 

measured for the HfO2 PLD target from which the films were grown in 
16,18

. Another report gives 

room temperature Ms values of order ~ 30 kA m
-1 

for nanoparticulate HfO2 films of ~ 50 nm 

thickness grown by PLD at 750 °C on Al2O3 (0001) substrates 
19

. The grain size is modified by 

varying the number of laser shots used to grown the film. In particular, the authors show that the 

magnetic moments of the individual nanoparticles of which the films are composed exhibit a 

maximum signal of order 1000 μB/particle for a particle diameter of 8 nm, with the moment per 

particle decreasing for either smaller or larger particle diameters. Furthermore, the authors more 

generally propose that up and down spins in ultrafine diamagnetic systems are spatially separated 

and form asymmetric spin-singlet pairs (with a correlation length of about 4 nm in HfO2), and that 

net magnetic moments within these systems arise from the imbalance between the spatial spin 

density distributions, which may also explain the anisotropic and virtual temperature independent 

(from ~ 4 – 300 K) characteristics of the magnetism. 

In contrast to those initial reports which measured ferromagnetism for HfO2 films, several 

subsequent reports did not measure any ferromagnetism. For example, no evidence of any 

ferromagnetism is measured for undoped films grown on (100) YSZ substrates by PLD 
20

 (t ≈ 50 

nm) using a range of growth conditions, including nominally similar conditions to those used in a 

previous study 
7
. Another report 

21
 does not find any evidence for ferromagnetism in 50 nm thick 

films grown by PLD at various oxygen pressures on c-cut sapphire (0001) substrates using a 

Nd:YAG laser (λ=355 nm) with an energy density of 10 J cm
-2

. Elsewhere, an X-Ray absorption 

study (which probes unoccupied electronic states) of a 2 nm thick oxygen deficient HfO1.8 film 

grown by PLD on a Si(100) substrate reveals nonzero Hf 5d state occupation in the presence of 

oxygen vacancies 
22

; the absence of any magnetic circular dichroism (MCD) signal measured on the 

Hf N3 X-Ray absorption edge (at ~ 370-400 eV) however shows that there is no intrinsic 

ferromagnetic spin order present in the sample. Meanwhile, the contribution of ferromagnetic 

contamination to the magnetic signal due the use of stainless steel tweezers to handle film 
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substrates is highlighted by 
23

, to which magnetizations of up to approximately 4.2 kA m
-1 

for the 

thinnest films grown
 
(for t = 30 nm) are attributed. The same report also finds no ferromagnetism in 

undoped films grown by either atomic layer deposition (ALD) or metal organic chemical vapour 

deposition (MOCVD) on SiON coated Si(100) n-type substrates. Hildebrandt et al. 
4
 find that for 

both oxygen deficient and oxygen rich HfO2±x films, 50-200 nm thick and grown by molecular 

beam epitaxy (MBE) on Al2O3 (0001) substrates, no measurable trace of ferromagnetism is found 

for any of the films grown under a wide range of oxygen partial pressures. Hence it is evident that 

the appearance of ferromagnetism in HfO2 films may be sensitively linked not only to the specific 

growth method but also the precise deposition conditions used, which may explain why some 

researchers do not measure any ferromagnetism; it is possible that their specific growth methods 

and/or deposition conditions do not generate the optimum concentration of defects within the films 

needed to create the magnetic signal, if the magnetism is indeed linked to defects.  

In further support of intrinsic ferromagnetism however, magnetizations of up to 0.12 kA 

m
-1

 are measured for 220 nm thick undoped films 
24

 (albeit significantly smaller than many of the 

values of order 10-100 of kA m
-1

 reported previously) for magnetron sputtered oxygen-deficient 

samples grown on Al2O3 (0001) at 800 °C. A later report 
25

 measures magnetizations of ~ 10        

kA m
-1 

for 90 nm thick films grown by a similar method but using a lower deposition temperature 

of 300 °C.  

Glinchuk et al. 
26

 have very recently developed a theory of oxygen vacancy 

ferromagnetism for thin films of non-magnetic oxides (including HfO2) in which oxygen vacancies 

may become magnetic at the film–substrate interface with the appearance of long-range 

ferromagnetic order to >> 300 K. The ferromagnetic magnetization is proposed to be uniformly 

oriented perpendicular to the film surface, while the vacancy accumulation is proposed to be highly 

substrate-dependent. In addition, an explanation is proposed for the much smaller magnetization 

values typically measured for nanoparticles compared to thin films; for every nanoparticle the local 

c-axis (ferromagnetic direction) is directed radially, hence for an ensemble of randomly oriented 

spherical nanoparticles there is a concomitant reduction in the average value of the spontaneous 

magnetization. 

A summary of some representative magnetization signals measured at room temperature 

for the undoped HfO2 films just discussed are summarized in Table 3.1. The data confirm that the 

largest magnetization values are measured for the thinnest (~ 10 nm thick) films, regardless of 

substrate used. The anisotropy of the magnetic signals is also evident from the data, with the 

perpendicular value exceeding the parallel value in the majority of reports. For those reports that 

attribute the magnetic signals to ferromagnetic impurities, the magnetization values are nevertheless 

orders of magnitude smaller than the largest reported values attributed to intrinsic defect 

magnetism. 
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Table 3.1.  Representative room temperature magnetization signals measured for undoped HfO2 

films. 

 

Growth method Thickness (nm) Ms (kA/m) Ref 

PLD on r-Al2O3 (11-02) 80 
 12.5 ║ 

i
 

  50.3 ⊥ 
i
 

5
 

PLD on YSZ (100) 192 
15.8 ║ 

13.3 ⊥ 
7
 

PLD on c-Al2O3 (0001) 13 
215 ║  

 255 ⊥ 
7
 

PLD on YSZ (100) 200 
28 ║ 

ii
 

3.3 ⊥ 
16

 

PLD on YSZ (100) 10 500 ║ 
18

 

PLD on c-Al2O3 (0001) 50 30 ║ 
19

 

ALD on SiON coated Si (100) 30   4.2 ⊥ * 
23

 

Magnetron sputtering (300 C) in Ar/O2 on c-

Al2O3 (0001) 
90 10 ║ 

25
 

Magnetron sputtering (800 C) in Ar/O2 on c-

Al2O3 (0001) + vacuum annealed 
220 0.12 ║ 

24
 

PLD on Si (100) or r-Al2O3  (11-02) or 

LaAlO3 (001) 
200    0.1 ║

 
** 

15
 

 

i
 1

st
 report; similar data presented in 

6,7
      

ii
 similar data also presented in 

18
 

* attributed to ferromagnetic impurities due to handling with stainless steel tweezers 

** attributed to impurities from PLD target and/or substrate 

 

 

 

 

For other nanostructures, RTFM is reported for nanorods and nanocrystals, although the 

magnetization values are several orders of magnitude smaller than those typically measured for 

films. Nanorods grown by sol-gel syntheses have been found to exhibit room temperature 

magnetizations of 125 A m
-1 

(10.6 nm length, 2.3 nm diameter) 
27

 and 95 A m
-1 

(33 nm length, 9 nm 

diameter) 
28

. The magnetism appears to depend sensitively on the type of surfactant / solvent and 

processing conditions used in each case. For example, in the former report, while ferromagnetism is 

measured for samples synthesized using 1-octadecene (solvent) and oleylamine (surfactant), when 

TOPO (trioctyl phosphine oxide) is employed as both solvent and surfactant paramagnetism alone 

is measured. In the latter report, only those samples which were annealed at 200 °C for 5 h and 

subsequently at 400 °C for 5 h in a reducing atmosphere (5% H2, 95% Ar) exhibited RTFM; 

samples annealed in the reducing environment at 200 °C for 5 h only were superparamagnetic; the 

pristine sample (not annealed) was paramagnetic. Elsewhere, for spherical HfO2 nanoclusters of 

size 7-12 nm grown by plasma-gas-condensation cluster beam deposition, paramagnetism only was 

measured at 5 K both for the as-prepared samples and for those which were annealed at 

temperatures of up to 800 °C in reducing environments 
29

; no room temperature magnetization 

measurements were performed however.  

Figure 3.4 displays TEM images obtained from the literature for some undoped hafnia 

samples which exhibit RTFM.  
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Figure 3.4.  TEM images of some undoped hafnia nanostructures from the literature which 

exhibit RTFM; A = polycrystalline thin film 
7
, B = colloidal nanorods 

27
. 

 

 

 

Up until this point, a summary of the literature for mainly undoped HfO2 samples, mostly 

in thin film form grown by PLD, has been presented. However it is also prudent to mention those 

reports in which magnetism of doped HfO2 samples are presented, typically where the dopant is a 

transition metal and the doping level is only several atomic %. Experimental evidence is presented 

in the most of the reports that the transition metal ions do not in fact contribute to the magnetism, 

which means that the phenomenon is that of dilute magnetic oxides or even d 

0
 magnetism, since it 

would appear that the magnetism does not arise from the unpaired d or f electrons of the dopants. 

The magnetism for doped films possesses many of the characteristics measured for undoped films, 

namely a noticeable lack of hysteresis, often a significant anisotropy, and virtual temperature 

independence of the magnetic signal from low temperatures to several hundred degrees above room 

temperature. The first experimental report for RFTM in transition metal doped HfO2 may be found 

in the paper by Coey et al. 
7
 which focused mainly on undoped HfO2 films grown by PLD. They 

find that for doping with various transition metals, the magnetic signals are reduced compared to 

undoped films. For example, for 80-90 nm thick films grown on either r-cut Al2O3 (11-02) or YSZ 

(100) substrates and doped with 2 % Fe, 2 % Co or 3 % Ti, the in (out) of plane magnetizations are 

8.2 (11.6), 4.4 (5.9) and 5.2 kA m
-1 

respectively; in comparison, the corresponding in (out) of plane 

magnetization for an 80 nm thick undoped film grown on r-cut Al2O3 is 12.5 (50.3) kA m
-1

.
 
A

 

subsequent publication presented RTFM data for ~ 200 nm thick films grown by PLD on YSZ 

(100) at 750-850 °C in vacuum (10
-4

 - 10
-6

 mbar) doped with 5 at. % Ni 
30

. The film with the largest 

measured magnetization in this report has values of 30 kA m
-1 

(in plane)
 
and 17 kA m

-1 
(out of 

plane). It is argued that the measured magnetic moments are too large to be due to any precipitation 

of grains of pure Ni, so that it more likely comes from the doped matrix. The same authors later 

report RTFM in similarly grown Fe doped films 
31

, for which Ms = 20 kA m
-1 

for a 130-140 nm 

thick film. As before, the magnetism is not attributed to the transition metal dopant; here oxygen 

vacancies are suggested as playing a role, as evidenced by the reduction (in some cases 

disappearance) of the magnetic signal upon air annealing. Similar results are presented by the same 

authors in 
18

. In contrast, the same group of authors who find no evidence for ferromagnetism in 

undoped PLD grown HfO2 films 
20

, attribute the ferromagnetism of Co doped films (3-5 at. %) to 
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Co in the same paper, using experimental identification of Co phases from secondary ion mass 

spectrometry (SIMS), and from energy electron loss spectroscopy (EELS) performed in a 

transmission electron microscope. The largest magnetization measured is ~ 4.2 kA m
-1 

at room 

temperature for a 40 nm thick film doped with 5 at. % Co.  

Room temperature magnetization values of up to 37 kA m
-1 

for both 30 nm and 60 nm 

thick amorphous films of HfAlOx (a mixture of HfO2 and Al2O3 compounds) grown by PLD at    

600 °C on Al2O3 (0001) substrates are reported by 
32

. Smaller magnetizations were measured for 

similarly thick films grown on Si (100) and MgO (001) substrates. Polycrystalline HfO2 films, 110 

nm thick and doped with 4.7 at. % Co, grown by MBE at 100 C on YSZ (100), have been found to 

exhibit room temperature magnetization values of up to 5 kA m
-1 33

; the magnetism is not ascribed 

to Co clusters, but to oxygen vacancies; Ms and the shape of the magnetization curve are very 

similar at 10 K also. In another report, the same authors report a value for Ms of ~ 3.5 kA m
-1 

(at 10 

K only) for similarly grown films doped with 10 at. % Co 
34

. In further support of their hypothesis 

for oxygen vacancy mediated magnetism, a structural study of their 10 at. % Co doped films (120 

nm thick) by the extended X-Ray absorption fine structure (EXAFS) method finds no evidence for 

Co clustering 
35

. Meanwhile oxygen deficient Co doped films (at. % not given), 220 nm thick, 

grown by magnetron sputtering at 800 °C on Al2O3 (0001) substrates and vacuum annealed, give 

magnetizations of up to 20 kA m
-1

, which is ~ 130 % higher than that measured for the as-deposited 

films before vacuum annealing 
24

; the authors are unsure however whether the magnetism is 

intrinsic or due to metallic Co. In contrast, for thinner films (125 nm thick) grown by the same 

method but at lower temperature (25 °C) on Si (100) and doped with 1 at. % Ni 
36

, the largest 

magnetization of 2.1 kA m
-1

 is proposed to be intrinsic and oxygen vacancy related; upon 

irradiation with 120 MeV Ni
9+

 ions, the magnetization increases by up to 150 % for a 5×10
12

 

ions/cm
2
 dose. It is emphasized here that the Ni irradiation does not implant any additional Ni, but 

only creates structural disorder. Elsewhere, films doped with 6 at. % Y2O3, 10 nm thick and grown 

by PLD on Si at 350 °C in vacuum, exhibit strong anisotropy, with a room temperature saturation 

magnetization of 12 kA m
-1

 and 55 kA m
-1

 for in and out of plane measurements respectively 
37

; the 

latter signal is the largest reported magnetization for doped HfO2 films to date.   

A summary of some representative magnetization signals measured at room temperature 

for the doped HfO2 films just discussed is presented in Table 3.2 in order of the size of the signal 

measured. The magnetization quoted is for the in-plane measurement unless otherwise stated. The 

data suggest that the magnetic signal does not sensitively depend on the film thickness. The 

anisotropy of the magnetic signals is also evident from the data. 
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Table 3.2.  Representative room temperature magnetization signals measured for doped HfO2 

films. 

 

Growth method thickness (nm) Dopant (at. %) 
Ms 

(kA/m) 
Ref 

PLD on Si 10 6 % Y2O3 
12.5 ║ 

55 ⊥ 
37

 

PLD on c-Al2O3 (0001) 30, 60 
HfO2 + Al2O3 = 

HfAlOx (x = 3) 
37 

32
 

PLD on YSZ (100) 200 5 % Ni 
30 ║ 

17 ⊥ 
30

 

PLD on YSZ (100) 135 5 % Fe 20 
31

 

Magnetron sputtering on 

Al2O3 (0001) + vacuum 

anneal 

220 Co (% not given) 20 * 
24

 

PLD on YSZ (100) 200 5 % Ni 12 
18

 

PLD on YSZ (100) 90 2 % Fe 
8.2 ║ 

11.6 ⊥ 
7
 

PLD on YSZ (100) 135 1 % Fe 6 
18

 

PLD on YSZ (100) 80 2 % Co 
4.4 ║ 

5.9 ⊥ 
7
 

PLD on r-Al2O3 (11-02) 90 3 % Ti 5.2 
7 

PLD on r-Al2O3 (11-02) 90 6 % Sc 4.8 
7 

PLD on r-Al2O3 (11-02) 90 20 % Ta 4.3 
7 

MBE on YSZ (100) 110 4.7 % Co 5 
33

 

PLD on YSZ (100) 40 5 % Co 4.2 ** 
20

 

Magnetron sputtering on Si 

(100) + irradiated with 120 

MeV Ni
9+

 (5x10
12

 ions/cm
2
) 

125 1 % Ni 3.2 
36

 

PLD on Si (100) or r-Al2O3 

(11-02) or LaAlO3 (001) 
200 3 % Gd 0.14 *** 

15
 

 

* (very) tentatively attributed to Co        ** attributed to Co (from SIMS and EELS measurements) 

*** attributed to impurities from PLD target and/or magnetic signals from substrate 

 

 

Some theoretical calculations using DFT have also predicted magnetic moments for doped 

HfO2. Hole-doping of hafnia by K, Sr or Al substitution is calculated to give a magnetic moment 
38

. 

It is proposed that the doped holes distribute mainly on the p orbitals of the O3 atoms (an O atom 

surrounded by three Hf atoms, possessing a near trigonal planar structure) near to the dopant. The 

magnitudes of the magnetic moments calculated are 1, 2, 3, 4 μB/monoclinic supercell (2x2x2) for 

Al, Sr, K and Hf vacancies respectively. In other words, the total number of μB/supercell equates to 

the number of doped holes. In another DFT paper, half-metallic ferromagnetism is calculated for 

Hf1-xMnxO2-δ when xMn > 0.2 and δ < 0.125 
39

. A maximal moment of 4μB/Mn is calculated. Lastly, 

it is calculated that ferromagnetism in Co doped HfO2 may be mediated by 3-fold co-ordinate O 

atoms in the monoclinic phase 
40

, somewhat similar to the scenario proposed by 
38

. A maximum 

magnetic moment of 4.95 μB/unit cell is calculated for electron-rich conditions.  

Apart from films, there are much fewer experimental reports of magnetism in other doped 

HfO2 structures, similar to the case for undoped HfO2. Low temperature ferromagnetism, with Ms ≈ 
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100 kA m
-1

 at 2 K (Tc = 43 K), is reported for 16 at. % Mn doped HfO2 nanocrystals of ~ 6 nm 

diameter, synthesized by the sol-gel process in benzyl alcohol and subsequently annealed in air 
41

; 

however the magnetism here is attributed to the formation of ferromagnetic Mn3O4 clusters; none of 

the pristine nanocrystals (nor Cr doped samples) exhibited any ferromagnetism. Elsewhere, Ni 

doped HfO2 nanoparticles of ~ 13-14 nm size, synthesized by wet chemical methods, exhibit rather 

large room temperature magnetizations of 19 kA m
-1

 and 58 kA m
-1

 for 2 at. % and 5 at. % doping 

levels respectively 
42

. No ferromagnetism is measured for undoped, pristine nanopowders. 

Although the X-Ray photoelectron (XPS) studies within this report also show the presence of a 

small fraction of Ni metal (most likely Ni nanoclusters) for lightly doped samples, suggesting that 

the observed room temperature ferromagnetism is at least partly due to Ni nanoclusters, it is argued 

that the larger magnetization values cannot be entirely attributed to Ni metal clusters. It is further 

proposed that oxygen vacancies, which mediate the ferromagnetic interactions, are created to retain 

charge neutrality within the HfO2 matrix upon replacement of Hf ions by Ni. 
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3.3. Experimental results 

 
 

 
 

Ferromagnetic-like signals have been measured in vacuum annealed HfO2 micropowders. 

The procedure for annealing the samples is briefly summarized, followed by presentation of 

the results for the magnetic and structural measurements performed. 

 
 

 

3.3.1 Vacuum annealing procedure for HfO2 micropowders 

 

 
 
 
 

 

As previously outlined in the experimental methods section (Chapter 2, section 2.1), 

high-purity commercial HfO2 powders (Sigma Aldrich 99.95% and Alfa Aesar 99.995%) were 

placed in acid-cleaned ceramic boats and annealed in vacuum (10
-5 

mbar) for 1 hour in the 

Indfur temperature controlled furnace at various maximum temperatures in the range          

550-850 ºC, using rapid heating and cooling rates (10 ºC/min), in order to further investigate 

the initial reports of d 
0
 magnetism in these powders 

7
. Approximately 150 mg of sample was 

used in each separate batch, i.e. separate anneals of discrete powders were performed rather 

than cumulative anneals of the same powder (unless explicitly stated otherwise).  Whereas the 

as-received powders were white in appearance, upon vacuum annealing the powders  turned 

grey, indicating loss of oxygen (as well as an increase in conductivity) 
43,44

. In addition to the 

magnetization, XRD and electron microscopy characterisation that was previously performed 

for similarly prepared samples in our laboratory, Raman, photoluminescence, UV-Vis and EPR 

characterization were also performed for the first time.  

 

 
 
 
 
 
 
 

3.3.2 Magnetization data 

 

 

 
 

Magnetization measurements were conducted by SQUID magnetometry; typically 40-

60 mg of powder was mounted in gelcaps which were placed in long drinking straws.  For the 

vacuum-annealed powders, the measurements were carried out within 1 hour after the time the 

powders were removed from vacuum (since the powders must be exposed to air before 

performing the magnetization measurement as it is not possible to transfer the sample under 

vacuum from the furnace directly to the SQUID). The measured magnetic signals were 

corrected for the linear diamagnetic background contribution due to the gelcap and powder. 
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Untreated powders were measured to be diamagnetic, with dimensionless 

susceptibilities χ of -1.6×10
-5 

and -0.8×10
-5 

for 99.95% and 99.995% nominal purity powders 

respectively at 300 K. It is noted that the diamagnetic susceptibility is smaller for the higher 

purity powder. Some of the vacuum annealed samples exhibited ferromagnetic-like signals at 

room temperature. For all of the annealed powders, after correction of the linear diamagnetic 

background due to the gelcap, a small diamagnetic signal remained, with a dimensionless 

susceptibility of typically less than -0.5×10
-5

, which may be attributed to the powders 

themselves.
  

Corrected magnetization curves for the 99.95% purity powder subject to various 

vacuum annealing temperatures and after re-annealing in air (at 650 °C for 1 h) are shown in 

Figure 3.5. The largest magnetic moment at room temperature, ~ 9×10
-8 

Am
2
, was found for 

the 99.95% purity powder annealed at 700 ºC. Its mass magnetisation of 1.5×10
-3

 Am
2 

kg
-1

 

corroborates approximately with that found by 
7
 (1.9×10

-3
 Am

2 
kg

-1
). The virign powder 

(before annealing), when corrected for the diamagnetic slope, exhibits a barely detectable 

moment of 1×10
-9 

Am
2
, virtually indistinguishable from the background noise level, which 

may be attributed to an artefact arising from the tiny magnetic moment induced by the pickup 

coils of the SQUID when the applied magnetic field switches polarity at 0 T , and may be 

regarded as the practical detection limit for these powders; this is supported by the finding that 

a signal of ~ 1-2×10
-9 

Am
2
 is also measured for the empty gelcap, and is hence likely due to 

the pickup coils. The magnetization curves are almost anhysteretic. For the powders exhibiting 

the largest magnetic signals, it may be estimated that only 10-50 ppm of the sample volume is 

actually magnetically ordered from analysis of the magnetization curves, assuming N=1/3, 

which is the case for random isotropic magnetism of spherical particles. By air-annealing the 

powder which was initially vacuum annealed at 650 ºC, the magnetic signal is significantly 

diminished.  
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Figure 3.5.  Room temperature magnetization curves for HfO2 99.95% powder, before and after 

vacuum annealing at various temperatures (left) and after re-annealing in air at 650 °C for 1 h 

(right). All data has been corrected for the linear diamagnetic background due to the gelcap + 

powder. 

 
 



                                                                                                            Chapter III – HfO2                                                                                                             

56 
 

Since vacuum annealing creates oxygen vacancies, transforming the stoichiometric 

HfO2 virgin powder into HfO2-x, it is proposed that the RTFM may be related to their presence, 

which could explain why the ferromagnetism diminishes upon re-annealing in air, since the 

oxygen vacancies will tend to be re-filled by oxygen; the fact that the magnetic signal does not 

disappear completely upon re-annealing in air suggest that a small percentage of oxygen 

vacancies are still retained which help to mediate the ferromagnetism. It is noted however that 

the largest and most distinct RTFM signals were measured for powders vacuum annealed in 

the range 650-750 °C only, and not for those which were vacuum annealed at either lower 

temperatures (500, 550, 600 °C) or higher temperatures (800, 850 °C). All of the vacuum 

annealed powders should be oxygen deficient, and hence all should exhibit RTFM according to 

the previous proposal; hence it is additionally postulated that there must be a certain optimum 

concentration of oxygen vacancy defects required to mediate the magnetism, and that this 

optimum defect concentration occurs within the vacuum annealing temperature window of 

650-750 °C only. It is stated that the magnetism is mediated by oxygen vacancies, but it cannot 

be concluded whether the magnetism is specifically associated with the oxygen vacancies, with 

hafnium (in the form of Hf  

3+
 formed to charge compensate for the oxygen vacancies), or 

possibly with both. Corrected magnetization curves for the higher purity powder (99.995%) are 

shown in Figure 3.6. The magnetic moments (and magnetizations) are smaller for the 99.995% 

vacuum annealed samples than for the 99.95% samples. Figure 3.7 summarizes the variation of 

magnetic moment and magnetization with vacuum annealing temperature. It was noted that the 

vacuum annealed sample, upon re-annealing in air at 650 °C for 1 h, changed colour from grey 

back to white, the same colour as for the virgin powder. 
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Figure 3.6.  Room temperature magnetization curves for HfO2 99.995% powder, before and after 

vacuum annealing. All data has been corrected for the linear diamagnetic background due to the 

gelcap + powder. 
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Figure 3.7.  Magnetic moment and magnetization as function of vacuum annealing temperature for 

all HfO2 powders. 

 

 

The largest magnetization (14 A m
-1

) could be explained by ~ 8 ppm of Fe impurities, 

taking the bulk magnetization of iron as 1.7 kA m
-1 

(1 ppm = 1.7 A m
-1

). However, ICP-MS 

analyses confirmed that less than ≤ 1 ppm of Fe, Ni or Co was present in the 99.95% purity 

powder, and since the virgin powder showed no trace of ferromagnetism at 300 K, it indicates 

that the trace ferromagnetic impurities are not ferromagnetically ordered at this temperature. In 

addition, the values of H0 for the vacuum annealed powders, obtained by extrapolating the 

initial susceptibility to saturation, lie within the range 100-160 kA m
-1

; these values are 

considerably smaller than those typically due to Fe, about 300 kA m
-1

, as shown in Figure 3.8 

on the next page. The dashed lines show where the ferromagnetic volume fraction f, defined as 

the ratio of the saturation magnetization Ms to the magnetization of the ferromagnetic regions 

M0, reaches 100 % for different demagnetizing factors N, where H0 = NM0 by definition. For 

powders, N=1/3 may be used (isotropic approximation for spherical-like morphology). While 

the magnetic signals may be explained by tens of ppm of magnetite (Fe3O4) impurities which 

have H0 values of 50-100 kA m
-1

, more similar to that for reduced HfO2, this is unlikely from 

the ICP-MS results. Low temperature magnetization data for the 99.995% purity powder shows 

no evidence of ferromagnetic impurity phases down to 100 K in applied field (Figure 3.9). It is 

inferred from the aforementioned evidence that ferromagnetic impurities cannot explain the 

magnitudes of the magnetic signals measured.  
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Figure 3.8.  Saturation magnetization Ms plotted as a function of H0 obtained by extrapolation of the 

initial susceptibility to saturation for reduced HfO2 micropowders together with values for some 

ferromagnetic impurities. Only a few ppm of the volume of the HfO2 samples are magnetically 

ordered. 
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Figure 3.9.  Thermal magnetization data measured for 99.995% purity HfO2 powder in an applied 

field of 1 T; only diamagnetism (negative moment) is measured down to 100 K. 

 

 
It is also useful at this point when analyzing the Ms and H0 values measured here for 

the reduced HfO2 micropowders, to compare with data from the literature. By analysis of the 

magnetization curves presented in published papers, values for the parameters Ms and H0 may 

be extracted. Firstly, Ms vs. H0 data for magnetism measured for undoped HfO2 samples 

obtained from the literature are displayed in Figure 3.10. Data for iron samples (microparticles, 

nanoparticles) are included, while magnetite has been excluded for clarity, but its location on 

the plot may be deduced by referral to Fig. 3.8, i.e. Ms ≈ 300-400 kA m
-1

, H0 ≈ 50-100 kA m
-1

. 
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Data for the reduced micropowders measured in this thesis are denoted and marked in green, 

while other systems from the literature are colour coded by sample type (films, micropowder, 

nanorods, bulk). For some of the data points it can be seen that the signals are attributed to 

ferromagnetic impurities 
15,23

. It is evident that all of the H0 values for undoped HfO2 samples 

from the literature are less than that of iron, but some are similar to those of nanoparticular 

magnetite. It is also clear that Ms for films is typically several orders of magnitude higher than 

that for micropowders or the bulk. The films shown in Figure 3.10 are generally of order 100 

nm thick or greater, but thinner films of order 10 nm thick, encircled in by the solid red line, 

have the highest Ms values. For the latter films, it can be seen that the ferromagnetic volume 

fraction f is around 100 %, which means that the samples are virtually completely magnetically 

ordered throughout their volume.  
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Figure 3.10.  Ms and H0 values for undoped HfO2 samples from literature reports.  

 

Similar data for Ms and H0 for doped HfO2 samples from the literature are shown in 

Figure 3.11. The majority of the films are of order 100 nm thick. The region where data for 

magnetite (in nanoparticle form) lies is also shown. Similar to the undoped samples, the values 

of H0 are less than that of iron samples, and similar to magnetite. As an illustration, for a HfO2 

sample with Ms = 1 kA m
-1

 and H0 ≈ 80 kA m
-1

, the latter of which is similar to magnetite, the 

sample would have to contain about 1 part in 350 (or about 2850 ppm) of magnetite if the 

magnetic signal was to be entirely accounted for by magnetite impurities, a quantity which 
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should be readily detected, by SEM-EDX or ICP-MS for example. While the majority of the 

reports show that the magnetism cannot be attributed to such impurities by performing 

impurity analyses, the magnetism for some of the data points (for films) is attributed to iron 

containing impurities by the authors 
15,20,24

, and are denoted in the figure below.  
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Figure 3.11.  Ms and H0 values for doped HfO2 samples from literature reports. 

 

 

 

Finally, to complete the analysis of Ms and H0 values, Figure 3.12 on the next page 

summarizes data for all of the undoped (red dots) and doped (black dots) samples from the 

literature, together with lots of unpublished data points for films (blue dots) grown by PLD by 

previous researchers in our group. The films are mostly of order 100 nm thick unless stated 

otherwise and are typically vacuum annealed and/or doped with a few wt. % of transition 

metals. The reports which attribute the data points to ferromagnetic impurities may be deduced 

by referral back to Figs. 3.10 & 3.11. The plot highlights once again that it is again unlikely 

that ferromagnetic impurities are solely responsible for the magnitude of the magnetic signals, 

especially for the thinner films, for which 1000s of ppm (in some cases much more) of 

magnetite or iron would be required to account for these magnetic s ignals. 
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Figure 3.12.  Ms and H0 values for all HfO2 samples (both doped and undoped) from literature 

reports, including unpublished data for films grown by previous researchers in our group. 

 

 

3.3.3 X-Ray powder diffraction  

 

 
 

Following the magnetization data summarized thus far, some structural data for HfO2 

is now presented. X-Ray powder diffraction data was collected for powders before and after 

vacuum annealing. Hafnia has three polymorphs with monoclinic, tetragonal and cubic 

structure at atmospheric pressure. Under ambient conditions, pure HfO2 tends to appear in the 

monoclinic phase, which transforms to the tetragonal phase upon heating at 1510-2000 °C, 

whereas the cubic phase crystallises at temperatures higher than 2700 °C 
45

. It was confirmed 

that all powders here were single phase and monoclinic (space group P21/a). The 

diffractogram for the 99.95% purity powder before annealing is displayed in Figure 3.13. 

There are approximately 125 indexed peaks for the monoclinic phase in the range 17-120° 2θ. 

No significant change in lattice parameter upon vacuum annealing, air annealing, or between 

99.95% and 99.995% purity powders was measured. A variation in peak position of ± 0.01° 

was measured between samples; such small deviations of peak position are typically 

indistinguishable from instrumental shifts however. 
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Figure 3.13.  XRD data for 99.95% purity HfO2 virgin powder before annealing. The most intense 

peaks are indexed in larger font. All peaks are indexed to the monoclinic phase (P21/a) of HfO2. The 

inset displays the full diffractogram. 
 

 

The crystallite sizes of the powders, calculated using the Scherrer relation, are shown 

in Figure 3.14. The crystallite sizes of the 99.95% and 99.995% powders before vacuum 

annealing are about 65 nm and 100 nm respectively. Vacuum annealing appears to generally 

increase the crystallite size compared that of the virgin powders. In addition, there is little 

change in crystallite size when the 99.95% powder which has already been vacuum annealed at 

650 °C is then subsequently re-annealed in air.  



        Chapter III – HfO2 
 

63 
 

0 550 600 650 700 750 800 850

60

70

80

90

100

110

120

130

140

150

   99.95% 

 virgin powder

 vacuum anneal

 re-anneal in air

   99.995% 

 virgin powder

 vacuum anneal

c
ry

s
ta

lli
te

 s
iz

e
 (

n
m

)

Annealing temperature (C)  virgin powder

(before anneal)
 

Figure 3.14.  Crystallite size for HfO2 powders calculated from XRD data.  

 

 
 
 

3.3.4 Electron microscopy analysis 

 
 
 
 
 
 

An SEM image together with elemental maps determined by EDX of large clumps of 

the 99.95% purity powder is shown in Figure 3.15. The carbon contribution is due to the 

carbon tab background in addition to a smaller contribution from carbon deposited during 

imaging (artifact). No other traces of elements were detected. The hafnium oxide is slightly 

reduced, although this is likely due to reduction of the oxide in the electron beam – this effect, 

together with dependence of the oxide stoichiometry on precise acquisition conditions ( such as 

acquiring a spot versus an area scan, focusing on large versus small clumps, tuning electron 

energy to probe the surface versus the bulk) means that a comparative study of stoichiometry 

of powders before and after annealing is rather complex, and was not undertaken here. 
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Figure 3.15.  SEM-EDX elemental maps of HfO2 99.95% virgin powder; the stoichiometry is HfO1.97. 

 
 

SEM images of 99.95% HfO2 powder dispersed in ethanol, both before and after vacuum 

annealing, are shown in Figure 3.16. The in-lens detector was used to acquire the images, which 

provides good depth resolution. The low magnification images show that clumps of particles 

are of order 1 μm size, and that the clumps are composed of many aggregated crystallites of ~ 

60-90 nm size, in approximate agreement with the sizes estimated from the XRD peak 

broadening. Very similar images were obtained of dispersions of 99.995% HfO2 powder.  

 

 
 

Figure 3.16.  SEM images of HfO2 99.95% powder (a) before and (b) after vacuum annealing at  

750 °C. 
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In order to obtain higher resolution images of the nanostructure of the powders, TEM was 

performed. Powders were dispersed in ethanol and dropped onto lacey carbon TEM grids for 

imaging. Representative electron images of the 99.95% powder are shown in Figure 3.17. Many of 

the particles appear to be fused, especially when viewed at higher magnifications, and some appear 

faceted. Images of the particles in reciprocal (diffraction) space revealed many spots, indicating a 

large crystalline component.  

 

 
 

Figure 3.17.  TEM images (left and centre) and electron diffractogram (right) of HfO2 99.95% virgin 

powder.  
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3.3.5 Raman spectroscopy 

 

 
 

 
 

Further structural information concerning the powders was obtained by Raman 

spectroscopy measurements. Raman spectra measured for the 99.95% purity powder before and 

after vacuum annealing are displayed in Figure 3.18. The Raman peaks for the powder before 

annealing may be attributed to the monoclinic phase (marked in Fig. 3.18) as have been reported 

experimentally elsewhere 
46

.  
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Figure 3.18.  Raman spectra measured for 99.95% purity HfO2 powder before and after vacuum 

annealing. 

 

 

It has also been calculated from first principles 
47

 that the monoclinic structure of HfO2 

possesses 36 phonon modes, 18 of which are Raman-active (9Ag + 9Bg), 15 of which are IR-active 

(8Au +7Bu), with the remaining 3 corresponding to zero-frequency translations. The cubic and 

tetragonal phases may be distinguished from the monoclinic phase by the presence of strong peaks 

at 620 cm
-1

 
48

 and 276 cm
-1

 
49

 respectively. Since the aforementioned peaks are not found here, only 

the monoclinic crystalline phase must be present, as found previously by XRD. For the vacuum 

annealed powder, the peaks are less intense and exhibit some additional peaks compared to the 

virgin powder; the reduction in peak intensity in addition to the presence of some extra peaks may 

reflect loss of symmetry due to defects such as vacancies induced by vacuum annealing. In 

addition, the background intensity contribution, due to fluorescence, is enhanced for the vacuum 

annealed powder. No systematic variations were measured however between spectra measured for 

powders vacuum annealed at different temperatures (550 – 850 °C). 
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3.3.6 Photoluminescence spectroscopy 

 

 
 

Photoluminescence (PL) emission spectra for 99.95% purity HfO2 powders were 

acquired at room temperature within the visible range (500-700 nm) for excitation at a 

wavelength of 488 nm, which corresponds to an energy of 2.54 eV. Measurements were 

performed for powders both before and after vacuum annealing; the PL spectra are shown in 

Figure 3.19 below.  
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Figure 3.19.  Photoluminescence emission spectra measured for 99.95% purity HfO2 powder before 

and after vacuum annealing at the indicated temperatures. 

 

 
 

The increased PL signal intensity at 650 nm (1.9 eV) for the vacuum annealed 

powders may be attributed to oxygen vacancies, which have also been measured for 120 nm 

thick e-beam deposited HfO2 films 
50

, which may decrease the effective band-gap from the 

theoretical value of ~ 5.7 eV. No such feature is measured for the pure 99.95% powder before 

annealing. The appearance of the oxygen vacancy feature at 650 nm within the visible spectrum for 

the vacuum annealed powders may possibly be correlated with the transition in colour of the 

powders from white to grey upon vacuum annealing. Note that the intensity of the oxygen vacancy 

related feature is the same for both ferromagnetic (700 C) and non-ferromagnetic (850 C) vacuum 

annealed powders, which indicates that the presence of oxygen vacancies alone is not sufficient to 

explain the existence of ferromagnetism in vacuum annealed HfO2 powders. The large increase in 

PL intensity at 500 nm is an artifact from the excitation wavelength used (488 nm). Elsewhere, a 

report for HfO2 rice-like nanostructures (of particle width 15-75 nm) measures a green emission 

(548 nm) in the PL spectrum 
51

, while another report for HfO2 thin films grown by chemical vapour 

deposition (CVD) attributes a PL feature measured at 4 eV (~ 300 nm) to an OH
-
 radical species 

52
. 
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3.3.7 Ultraviolet-Visible spectroscopy 

 

 

Ultraviolet-Visible (UV-Vis) absorbance spectra were acquired at room temperature 

for 99.95% purity HfO2 powders, both before and after vacuum annealing, and are shown in 

Figure 3.20 (a). The optical bandgap of monoclinic HfO2 is indirect 
53

, and may be estimated 

by plotting (αhν)
1/2

 versus photon energy and determining the x-axis intercept of the slope. 

Such plots are shown in Figure 3.20 (b) and yield similar values of 5.21 eV and 5.19 eV for the 

indirect bandgap for pure and vacuum annealed powders respectively, which are smaller than 

the theoretical (bulk) value of ~ 5.7 eV. No systematic variations were measured between 

spectra measured for powders vacuum annealed at different temperatures (550 – 850 °C) 

however. 

 

 

Figure 3.20.  (a) UV-Vis spectra measured for 99.95% purity HfO2 powder before and after vacuum 

annealing at 700 C; (b) Corresponding indirect bandgap estimate from UV-Vis data. 

 

 

 

In comparison to other literature reports which also deduce the bandgap from UV-Vis 

measurements, an indirect optical bandgap of 5.54 eV is measured for monoclinic HfO2 films 

54
, while direct bandgaps in the range 5.92 – 6.08 eV are measured for films with different 

ratios of cubic to monoclinic phases 
55

. A much smaller value of 3.31 eV is measured for the 

indirect bandgap of HfO2 rice-like nanostructures 
51

. For EELS measurements, which probe 

both the direct and indirect bandgaps, a value of 5.3±0.5 eV is measured for HfO2 thin films 

for example 
56

. All of the bandgaps quoted above were primarily as part of optical studies of 

HfO2 only, and as such, their magnetic properties were not measured or mentioned in those 

publications. Meanwhile for magnetic HfO2 nanorods, the bandgap is reported to be slightly 
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reduced (by up to ~ 1 eV) from the bulk value 
27

; the bandgap reduction is proposed to be due to 

the formation of impurity bands associated with oxygen vacancies in the defect-rich HfO2 lattice. 

 

 

 

3.3.8 Electron paramagnetic resonance spectroscopy 
 

 

 

 

Electron paramagnetic resonance (EPR) spectroscopy measurements at room temperature 

and pressure were performed in order to search for possible ferromagnetic phases, in addition to 

any paramagnetic centres, for the vacuum annealed HfO2 99.95% and 99.995% powders, since 

vacuum annealing of the powders is found to produce distinct ferromagnetic-like signals (as 

measured by SQUID magnetometry) for those which were vacuum annealed at 650-750 °C in 

particular. EPR measurements were conducted at ambient pressure within several hours of the 

magnetization measurements finishing; as mentioned previously, in order to perform the initial 

magnetization measurements, the vacuum must be broken, after which the EPR measurements were 

then performed, which means that the powders have typically been exposed to air for several hours 

by the time the EPR measurement is conducted. Typically 15-20 mg of powder was used in each 

measurement; the exception was the 99.995% purity powder, for which 40 mg was used (in order to 

detect the relatively weaker EPR signal). All signals were subsequently normalized for mass. 

Powders were inserted into spin-free quartz tubes (4 mm inner diameter); the tubes were first pre-

cleaned with de-ionized water, ethanol and finally acetone, and dried for several hours in a drying 

cabinet at 50 °C. The empty tubes were also scanned alone prior to adding the powders in order to 

make sure that there were no impurities residing within the tubes that would give EPR or FMR 

(ferromagnetic resonance) signals. None of the powders, either as-received or after vacuum 

annealing (and subsequent air exposure for several hours in order to measure the magnetization 

measurement first before the EPR measurement) produced any reduction in the EPR cavity Q-

factor upon insertion, which indicates that the samples are not conductive.  

EPR spectra for the 99.95% powder annealed under vacuum at various temperatures (and 

subsequently exposed to atmospheric pressure for several hours) are shown in Figure 3.21. Wider 

field ranges than those shown of 0.1-0.6 T were also scanned, but no evidence of any ferromagnetic 

resonance signals (with centres far from 0.35 T or g ≈ 2 due to the expected additional internal 

magnetic field contribution) were detected after subtraction of the small background contribution 

due to the cavity (no contribution to the signal from the EPR tubes alone were detected). 
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Figure 3.21.  EPR spectra measured at room temperature for individual 99.95% purity HfO2 powder 

samples after vacuum anneals at 1 hr at the indicated temperatures. The virgin (not annealed) 

powder spectrum is also shown. The vacuum annealed samples were exposed to atmospheric 

pressure for several hours before the EPR measurement, in order to first perform the magnetization 

measurements which necessitated a breaking of the vacuum in order to mount the sample. 

 

 
 

 
 

All of the spectra for the vacuum annealed samples exhibit symmetrical signals with peak 

to peak widths in the range 0.7-0.95 mT, contain ~ 2-6×10
15

 spins per gram, and possess g values in 

the range 2.0017-2.0023. The g value for the free electron, ge, is 2.0023. Here, a g value of 2 

corresponds to an applied field of ~ 0.351 T under the typical acquisition conditions used for each 

measurement. Since 1 mole of HfO2 (210.6 grams) contains 6×10
23

 atoms, or 2.8×10
21

 atoms/gram, 

2×10
15 

spins/gram is equivalent to a paramagnetic concentration of ~ 1 ppm. Figure 3.22 below 

displays the values for the numbers of spins per gram and peak to peak widths ΔBpp for the spectra 

shown previously in Fig. 3.21.  

 

 

 

 

 

 

 

Figure 3.22.  Numbers of spins per gram and peak to peak widths of EPR signals for vacuum 

annealed 99.95% purity HfO2 powders shown in previous figure (Fig. 3.21). 
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Similar signals to those shown in Figure 3.21 have been measured before for 99.995% 

purity (Alfa Aesar) vacuum annealed powders (monoclinic phase) 
57

, henceforth referred to as the 

publication of Wright et al., which they denote HfAA, for which they measure single isotropic lines 

of Lorentzian shape with g values of 2.0025±0.0003 for powders vacuum annealed at 300-750 °C. 

It is important to emphasize however that Wright et al. 
57

 measure the EPR spectra of their powders 

in vacuum, and do not break the vacuum between the vacuum anneal and subsequent EPR 

measurements, whereas our powders are exposed to air for several hours (in order to perform the 

magnetization measurement first) and subsequently the EPR spectra are measured at atmospheric 

pressure rather than in vacuum. Wright et al. 
57

 denote the signal for HfAA with g ≈ 2.0025 as H4 

and consider many possibilities as to its origin such as F centres (an electron trapped in an oxygen 

vacancy) at the surface or conduction electron spin resonance (CESR) from precipitated Hf metal. 

It is interesting to note that the powders change colour from colourless (white) to grey upon 

vacuum annealing, and that signal H4 only appears upon vacuum annealing. It has also been 

recently postulated that the H4 signal may be due to unpaired electrons from carbon, due to 

contamination from the air (almost every surface exposed to air has carbon present) or from the 

vacuum pump oil (from the pump used in the vacuum annealing process) or arising from acetone 

used to clean the EPR tubes and ceramic boats in which the HfO2 powders are vacuum annealed 
58

. 

In reducing conditions at high temperature any carbon containing compounds or oxides will be 

reduced to elemental carbon. In order to test this hypothesis, an EPR tube was liberally rinsed with 

acetone, left it to dry in a drying cabinet at 60 °C for 2 h, after which the tube was subjected to an 

EPR measurement at ambient conditions; no EPR signal was resolved. Thereafter, the tube was 

vacuum annealed for 1 h in a separate furnace at 700 °C using rapid heating/cooling rates of about 

10 °C/min and an EPR measurement was performed again under ambient conditions as the vacuum 

must be broken in order to transfer the tube from the furnace to the EPR spectrometer. There was a 

visible blackish residue along the length of the inside of the tube, and a symmetric signal similar to 

H4 was measured, with a g value of 2.0023(1), ΔBpp of 0.8 mT, and containing of order 10
17

 

spins/gram. Hence an additional explanation for signal H4 is that the vacuum annealed HfO2 

powders are contaminated with carbon. It is also noted that the g values, EPR linewidth variation 

and relaxation behaviour of the H4 signal measured by Wright et al. 
57

  are similar to those 

measured for carbon radicals in amorphous hydrogenated carbon by Barklie et al. 
59,60

 previously.  

Wright et al. 
57

 also show that 99.95% purity powder (Sigma Aldrich), denoted HfA1, 

exhibits similar EPR spectra to higher purity 99.995% powder, HfAA. At a vacuum annealing 

temperature of 750 °C they measure a maximum spin concentration of (1.0±0.2)×10
17

 cm
−3

, 

equivalent to ~ (1.0±0.2)×10
16

 spins/gram, or approximately twice as large as the largest signals 

that we measured. The higher spin concentrations measured by Wright et al. 
57

 are due to the fact 

that they measured the EPR signals of their powders under vacuum annealing in-situ, whereas our 

powders were exposed to air for several hours between the vacuum annealing and subsequent EPR 

measurements as previously mentioned. During this time the number of oxygen vacancies created 

by vacuum annealing will have decreased due to oxidation. We note that for the pure 99.95% 

powder before annealing, two distinct signals are measured, denoted H2 and H1 in Figure 3.23 
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below, following the labeling convention of Wright et al. 
57

. In contrast to their measurement, 

where they measure only (2±1)×10
13 

spins/gram for H1 for both the 99.95% and 99.995% as-

received (virgin) powders, we measure a value of (3±1)×10
15 

spins/gram for the 99.95% as-received 

virgin powder, about 2 orders of magnitude higher than that measured by Wright et al. 
57

. The 

number of spins/gram for H2 that we measure, (5±2)×10
13

, is of a similar magnitude however to 

that measured by Wright et al. 
57

,
 
who measure

 
(8±2)×10

13
 spins/gram. The authors do however 

measure larger H1 signals for powders of 99.9% purity or less. They attribute signal H1 to Hf 

3+ 
in 

coordinatively unsaturated sites at or near the surface of the powder particles,
 
while signal H2 is 

due to centres with S=1/2 and orthorhombic symmetry; these centres are suggested by Wright et al. 

57
 to be trapped electron centres due to the fact that their principal g values are just less than or 

equal to the free electron value. Meanwhile recent DFT calculations have indicated that H1 could 

be a V
+
 centre 

61
. For our measurements, upon vacuum annealing of the 99.95 % purity HfO2 

powder at 650 °C, there is a decrease in H1 signal intensity (from 3×10
15 

to 3×10
14 

spins/gram) 

accompanied by the appearance of the H4 signal, as shown in Figure 3.23. As for all of the vacuum 

annealed powders, it is re-emphasized that by the time the EPR measurement is conducted they 

have been exposed to air (ambient conditions) for several hours. Upon re-annealing in air at 650 °C 

for 1 h, H4 disappears and H1 increases in intensity to (1±0.5)×10
15 

spins/gram, although the 

intensity of H1 does not quite recover to its value in the virgin state; Wright et al. 
57

 actually 

measure an increase in intensity for H1 for their air-annealed sample as compared to the virgin 

powder. It is observed that the powder recovers its original white colour upon re-annealing in air 

for 1 h at 650 °C, consistent with the elimination of possible F centres associated with signal H4. 

For the 99.95% powder we do not measure the weak signal denoted H3 by Wright et al. 57
 which 

they attribute to holes trapped on oxygen. If H1, H2, H3 are not uniformly distributed then their 

local concentrations will be different, which may partly explain some of the discrepancies in the 

values of the absolute spin concentrations between our measurements and those of Wright et al. 
57

. 
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Figure 3.23.  EPR spectra measured at room temperature for 99.95% purity HfO2 powder before 

and after vacuum annealing (+ subsequent air exposure at room temperature for several hours) 

and after re-annealing in air at 650 °C for 1 h. 
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EPR spectra measured under ambient conditions for the 99.995% purity powder both 

before and after vacuum annealing (with a delay time between the vacuum anneal and EPR 

measurements of several hours during which the powder was exposed to air in order to mount it for 

the magnetization measurements at 300 K, similar to the 99.95% purity powders) are shown in 

Figure 3.24. Weak signals H2 and H1 are measured for the virgin powder, which contain 

(5±3)×10
13 

and ≤10
13

 spins/gram respectively. Wright et al. 
57

 measure (8±2)×10
13 

and (5±2)×10
13 

spins/gram for H2 and H1 respectively in the same powder. Upon vacuum annealing at 700 °C, 

signal H4 appears (similar to the 99.95% powder) containing (8±2)×10
15 

spins/gram, which is 

accompanied by a weak H1 contribution containing only (3±2)×10
13 

spins/gram. In comparison, 

Wright et al. 
57

 measure (1±0.2)×10
16 

spins/gram for H4, but for the powder vacuum annealed at a 

slightly higher temperature of 750 °C, and they do not resolve signal H1. Once again, it is reminded 

that Wright et al. 
57

 measure the EPR spectra of their powders in vacuum, and do not break the 

vacuum between their vacuum annealing and EPR measurement steps, whereas our powders are 

exposed to air for several hours before measurement of the EPR spectra at air under ambient 

conditions.  
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Figure 3.24.  EPR spectra measured at 300 K for 99.995% purity HfO2 powder before and after 

vacuum annealing (+ subsequent air exposure at room temperature for several hours). 

 
 

 

 

 

 

 

Wright et al. 
57

 also conduct some structural measurements not performed here which 

provide some extra useful information pertaining to the 99.95% and 99.995% purity powders. By 

measuring the surface area per unit mass of their powders using the Brunauer–Emmett–Teller 

(BET) method of gas adsorption, they measure 1.3 and 3.3 m
2
/g for the 99.95% and 99.995% purity 

powders respectively. The authors also estimate particle diameters of 0.46 and 0.18 μm for the 

99.95% and 99.995% purity powders respectively assuming spherical particles, and that the ratio of 

bulk to surface atoms is typically greater than about 100:1. They also note that grinding has no 

effect on the EPR signal for the 99.95% powder. Here the powders were not ground. Interestingly 

they measure 10 ppm of iron in their 99.95% powder by ICP-MS, whereas we measured ≤ 1 ppm. 
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Nevertheless, no iron impurities (in the form of Fe
3+

) were detected by wide-field EPR scans at 300 

K (a more sensitive detection method than ICP-MS) by either Wright et al. 
57

 or during our 

measurements. For the 99.995% purity powder Wright et al. 
57

 measure ≤ 1 ppm of iron. Finally it 

is noted that some of the results in the definitive paper by Wright et al. 
57

 have been published 

previously by the same authors in less detail in shorter conference papers 
62-65

. 

In summary, several paramagnetic features are measured for high purity vacuum annealed 

HfO2 powders; signal H1 attributed to Hf 
3+ 

in coordinatively unsaturated sites at or near the surface 

of the powder particles and/or a V
+
 centre, and H4 which may correspond to F centres, precipitated 

Hf metal and/or carbon impurities. For the virgin powder, signal H1 is measured in addition to H2, 

the latter of which corresponds to orthorhombic centres with S=1/2. Upon air annealing, only signal 

H1 remains. No evidence of any broad ferromagnetic resonance signals were detected for any of the 

powders, including the 99.95% powders which were vacuum annealed at 650-750 °C and which 

displayed the largest room temperature ferromagnetic properties from magnetometry 

measurements; this does not conclusively rule out their presence however, since it is possible that 

the ferromagnetic-like signal is broadened out so much at 300 K that it could elude detection. 
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3.4. Summary 
 

 

 
 

Weak room temperature ferromagnetism was measured by SQUID magnetometry for high 

purity HfO2 micropowders which were vacuum annealed at 650-750 °C. The largest magnetic 

signal measured was 9 × 10
-8

 Am
2
, corresponding to 14 A m

-1
. The samples were exposed to air 

after vacuum annealing for a short duration (< 1 h) prior to the magnetization measurement in order 

to mount the samples for the measurement. No ferromagnetism was measured for the virgin 

powders, while the magnetic signal for the ferromagnetic vacuum annealed powders was 

diminished upon re-annealing in air for 1 h at 650 °C. The magnetism is virtually anhysteretic, 

and from analysis of the magnetization curve it may be estimated that only a small fraction 

(10s of ppm) of the samples are magnetically ordered. Ferromagnetic contamination is ruled 

out as a source of the magnetic signals from ICP-MS and SEM-EDX analyses. It is hence 

proposed that the magnetism is likely related to defects, primarily oxygen vacancies, induced 

by vacuum annealing, which occupy a defect-based impurity band, which can become spin-split 

and result in high temperature Stoner ferromagnetism when the density of states at the Fermi level 

is sufficiently high. The appearance of magnetism within a narrow range of annealing 

temperatures only suggests that there is an optimum concentration of oxygen vacancies for 

mediating the magnetism.  

 

Lastly it is also noted here that in addition to HfO2, vacuum annealing experiments 

were also conducted for commercial tungsten trioxide (WO3) powder of 99.9% nominal purity, 

for which RTFM was measured, although the maximum magnetization of ~ 1.4 A m
-1

 was 

about an order of magnitude smaller than that measured for the largest of the HfO2 signals. 

The results are briefly summarized in Appendix A.1. It is also important to note that previous 

experiments (pre-2009) conducted by other researchers in our group did not measure any 

RTFM for vacuum annealed commercial TiO2, CeO2 or ZrO2 powders, and no RFTM for any of 

the oxide powders (HfO2, WO3, TiO2, CeO2 or ZrO2) which were annealed in an Ar/H 

atmosphere. 
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Chapter 4 

 
 
 
 

CeO2 

 
 

 
 
 
 

Experimental results for d 

0
 magnetism in chemically synthesized CeO2 nanoparticles, the 

oxide most intensively studied in this thesis, are presented in this chapter. Some structural 

information about CeO2 is first presented, followed by an overview of the current state of the 

literature. The experimental characterization / results and a summary of the results then follow.  

 
 
 
 
 

4.1. Introduction 
 
 

 
 
 

Pure stoichiometric CeO2 (ceria) is an insulating yellow-white rare earth oxide powder, 

which is slightly hygroscopic and can absorb CO2 from the atmosphere. One of the main 

applications for ceria is in catalysis, such as in automotive catalytic converters, due to the ability of 

ceria to readily release or take in oxygen depending on the ambient partial pressure of oxygen, with 

the catalytic activity directly related to the number of oxygen vacancy defects in the crystal. As 

well as promoting increased catalytic activity, enhanced oxygen diffusion in ceria also serves to 

increase the ionic conductivity, which is related to polaron defects (electrons localized on cerium 

cations), making ceria interesting for use as a fuel cell electrolyte in solid-oxide fuel cells. Doped 

ceria has an extended ionic conductivity range compared to that of undoped ceria, with the addition 

of dopants such as gadolinium or samarium introducing additional oxygen vacancies in the crystal 

which can further enhance the ionic conductivity. 

Ceria is a wide band-gap insulator with an electronic band-gap (O 2p – Ce 5d) of ~ 6 eV 

calculated from an early electronic structure calculation 
1
. The compound possesses the fluorite 

structure with each Ce
4+

 surrounded by eight equivalent nearest O2
- 
ions forming the corners of a 

cube with each O2
- 

ion coordinated to four Ce
4+

 ions. The experimental lattice constant is          

0.541 nm 
2
. A schematic of the crystal structure of ceria is shown in Figure 4.1 (a). A recent 

theoretical report by Gillen et al. 
3
 provides a summary of the electronic band-gaps for both CeO2 

http://en.wikipedia.org/wiki/Catalytic_converter
http://en.wikipedia.org/wiki/Partial_pressure
http://en.wikipedia.org/wiki/Vacancy_defect
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and Ce2O3 (among other rare earth oxides) obtained using various electronic structure calculations, 

with the (minimum) bandgap of ceria ranging from 5.5 - 8 eV for the O 2p – Ce 5d transition, and 

1.5 - 4.2 eV for the O 2p – Ce 4f  transition. A schematic of the bandstructure of ceria is shown in 

Figure 4.1 (b).  

 

 

Figure 4.1  Schematic of (a) Crystal structure of CeO2, and (b) typical bandstructure for CeO2 

from report of Gillen et al. 
3
 calculated using the HSE06 hybrid exchange-correlation functional. 

The dashed line corresponds to experimental data.  

 

 

 

Calculations of defect formation energies at ceria surfaces using atomistic simulations 

based on the Mott-Littleton approach indicate that the surface energies corresponding to the relaxed 

structures are lower than those for unrelaxed structures 
4
; the authors calculate that the relaxed 

energy is 30 % lower than the unrelaxed energy for the (111) surface and 56 % lower for the (110) 

surface. Secondly, they calculate that the (111) surface is more stable than the (110) surface both 

before and after relaxation. The same authors later report however that in terms of oxygen vacancy 

formation, the (110) and (310) surfaces preferentially form oxygen vacancies compared to (111) 
5
. 

An experimental report on the structure of ceria in the vicinity of oxygen vacancies by scanning 

tunneling microscopy (STM) find that the relaxation of the surface structure around single 

vacancies is mainly controlled by the positive electrostatic field centered on the vacancy which 

repels the nearest neighbour Ce cations and attracts, to a lesser extent, the second nearest neighbour 

O anions 
6
; these findings are also confirmed by their first-principles calculations (DFT). First 

principles band structure calculations by Skorodumova et al. 
7
 using DFT-LMTO (Linear Muffin 

Tin Orbital method) for the Ce
3+

 and Ce
4+

 oxides conclude that the 4 f electron does not contribute 

to the bonding in Ce2O3, while for CeO2 the calculated density of states, optical transitions, and 

electron localization function indicate that the unoccupied 4 f states of Ce can be considered as 

essentially equivalent to an empty atomic like 4 f level, and that the nature of bonding in CeO2 and 



        Chapter IV – CeO2 
 

83 
 

Ce2O3 may be described as polarized ionic. The same authors also present an insight into the theory 

of oxygen-vacancy formation in ceria, in which the formation of reduced oxides can be viewed 

upon as a formation, migration, and ordering of virtual Ce
3+

-vacancy complexes 
8
. Specifically, 

they calculate (by DFT-LMTO) that it requires 4.55 eV to form an oxygen vacancy in pure CeO2, 

but only 0.26 eV next to a pair of Ce
3+

 atoms embedded into the CeO2 matrix. 

Nanometric ceria is known to undergo lattice expansion with decreasing nanoparticle size 

as first evidenced by TEM studies 
9
, and subsequently corroborated by XRD/TEM 

10,11
. The 

surface/volume ratio of nanoparticles increases with decreasing nanoparticle size, which results in a 

greater Ce
3+

 contribution (associated with unsaturated Ce-O bonds at the surface); since Ce
3+

 has a 

larger ionic radius (115 pm) than that of Ce
4+ 

(101 pm), and due to the incorporation of oxygen 

vacancies to charge compensate for Ce
3+

, the lattice parameter increases. X-Ray Photoelectron 

Spectroscopy (XPS) measurements have confirmed that the Ce
3+

 content increases with decreasing 

nanoparticle size, from 17 % (30 nm diameter) to 29 % (6 nm) to 44 % (3 nm) for example 
12

.  

While in theory the stoichiometric CeO2 phase (bulk) would be expected to be diamagnetic 

since it nominally contains no unpaired electrons, in practice CeO2 is experimentally known to be 

weakly paramagnetic 
13

, due to the presence of residual Ce
3+

 at ambient pressure and temperature; 

i.e. ceria is always slightly reduced. The metastable sesquioxide of Ce, Ce2O3, is antiferromagnetic 

with a very low Neel temperature (TN ~ 9 K) as deduced by experiment 
2
, with a lattice constant of 

0.372 – 0.396 nm as deduced by DFT calculations 
7
; just to clarify, there are in fact no experimental 

reports for the lattice parameter of Ce2O3, in contrast to the erroneous experimental reference 

number 16 given in 
7
 (which actually only pertains to the rare earth sesquioxides La2O3, Pr2O3 and 

Nd2O3).   

 

 

4.2. Literature summary 
 

 
 

 
 
 
 

The first experimental report for intrinsic room temperature ferromagnetism (RTFM) in 

undoped CeO2 was published in 2006 by Sundaresan et al. 
14

 (similar data also presented in a later 

paper 
15

) for nanoparticles (NPs) synthesized by the reaction of solutions of cerium nitrate and 

hexamethylenetetramine (HMTA). It was reported that NPs of diameter 7 and 15 nm had room 

temperature saturation magnetization values of 7 A m
-1 

and 11 A m
-1 

respectively, while particles of 

larger diameter were paramagnetic, as shown in Figure 4.2. RTFM was also measured for Al2O3, 

ZnO, In2O3 and SnO2 NPs of diameter 7 – 30 nm. A noticeable feature of the ferromagnetism is the 

marked lack of hysteresis, with typical coercive fields of only several mT. Bulk samples obtained 

by sintering the NPs at high temperatures in air or oxygen were measured to be diamagnetic. As 

there were no magnetic impurities present, the authors suggest that the origin of ferromagnetism 
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may be due to exchange interactions between localized electron spin moments resulting from 

oxygen vacancies at the surfaces of NPs.  

 

 

  

Figure 4.2  Room temperature magnetization curves from first report for RTFM in undoped 

CeO2 nanoparticles by Sundaresan et al. 
14

. The particle diameter is indicated. Note that 1 emu/g 

= 1 Am
2
/kg, while 1 kOe is equivalent to 0.1 T. 

 

 

The next experimental report for RTFM in CeO2 was for micropowders (1 – 3 μm size), 

obtained by the grinding down of a single crystal piece, for which a magnetization of 35 A m
-1 

was 

obtained at room temperature 
16

 (the authors also report RTFM in Co-doped CeO2; this shall be 

discussed further later). Upon oxygen annealing, the ferromagnetic CeO2 powder became 

paramagnetic, so the authors suggested an oxygen vacancy meditated ferromagnetic ordering, 

similar to the explanation given in the initial report of Sundaresan et al. 

A subsequent experimental report presented RTFM in polycrystalline CeO2 nanosheets 

and nanoporous structures synthesized by electrodeposition on copper substrates 
17

. The sheets 

were 60 nm thick and several μm long, while the pores were 2 μm in size with 600 nm thick walls. 

The morphology was modified by changing the concentration of the cerium nitrate precursor used 

during electrodeposition. The magnetization values were quite small however, with saturation 

magnetizations of 5 A m
-1

 for pores and 6 A m
-1

 for sheets at 300 K, which increased in magnitude 

by about three orders of magnitude when measured at 4 K. The magnetism was attributed to oxygen 

vacancies induced by the presence of Ce
3+

, the latter of which was detected by XPS (% not given). 

In contrast to the above reports, a subsequent report by Liu et al. 
18

 for RTFM in CeO2 

nanostructures did not find any correlation between oxygen vacancies and ferromagnetism. The 

authors reported a room temperature magnetization value of ~ 550 A m
-1 

for nano-needles (length 5 

nm, diameter 1 nm) synthesized by a sol-gel process involving the reduction of cerium nitrate by 

NaOH in a solution of polyethyleneglycol (PEG) and water. When ethanol or pure water was 

employed as the solvent instead, spheres of size 5-20 nm or 200-500 nm were obtained 

respectively, and neither exhibited any RFTM. Upon annealing the ferromagnetic sample in oxygen 

(should remove oxygen vacancies) or a reducing atmosphere (should create oxygen vacancies), the 

RTFM vanishes, from which the authors deduce that oxygen vacancies do not mediate the 

magnetism. It is noted that whereas needles were synthesized from the cerium nitrate/PEG-water 
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mixture, in a subsequent report by our research group, 4 nm diameter nanoparticles with a 

maximum room temperature Ms of 150 A m
-1 

were produced by a similar synthesis 
19

; the 

difference in morphology between the two reports may be due to different cerium nitrate 

concentrations 
20

 and/or different NaOH concentrations 
21

 used which have been shown elsewhere 

20,21
 to produce ceria nanostructures of different morphology varying from spherical to rod-like. 

A subsequent publication to that of Liu et al. reverted back to the oxygen vacancy 

explanation for RTFM in NPs however, in which the samples were synthesized by another sol-gel 

process using citric acid as a complexing agent 
22

. Magnetization values of 8 A m
-1 

were measured 

for the as-prepared NPs (10 nm diameter), which increase to 11 A m
-1 

upon annealing in forming 

gas (creates oxygen vacancies). Cyclical oxidation/reduction anneals are shown to repeatedly 

reduce/enhance the magnetization.  

Subsequently, there was a rapid increase in the number of experimental reports for RTFM 

in undoped CeO2. For nanoparticles, those synthesized by solution combustion using L-glutamic 

acid (8 nm diameter) exhibit a magnetization of ~ 1.5 A m
-1 

(undoped)
 23

. Undoped NPs synthesized 

by the self-propagating room temperature (SPRT) synthesis method, which involves continually 

mixing the cerium nitrate and NaOH precursors, followed by exposure of the mixture to air, 

suspension of the mixture in water and extraction of the CeO2 nanopowder by centrifugation and 

washing with water/ethanol, have magnetizations of 45 A m
-1 

(10 nm diameter) 
24

, 40 A m
-1 

(3 nm) 

25
 and 140 A m

-1 
(6 nm) 

26
.  

For other undoped NPs synthesized by sol-gel precipitation, one of the most common 

synthesis methods used to grow small CeO2 nanoparticles of narrow size distribution, the measured 

magnetization values are 15 A m
-1 

(7 nm) 
27

 and 0.7 A m
-1 

(5.7 nm) 
28

, for which the former sample 

was synthesized using by reduction of cerium nitrate in an inorganic solvent, and the latter using 

NaOH/cerium nitrate/PEG. For the latter sample however, the authors ascribe the small 

magnetization of their undoped NPs to ferromagnetic impurities (~ 20 ppm of Fe measured by ICP-

OES). Other undoped NPs synthesized by similar co-precipitation processes (without use of 

surfactant) have room temperature magnetization values of 25 A m
-1 

(5.4 nm) 
29

, 15 A m
-1 

(2-3 nm) 

30
, 12 A m

-1 
(8 nm) 

31
, 10 A m

-1 
(9.2 nm) 

32
 , 3 A m

-1
 (4 nm) 

33
 and 30 A m

-1 
(10 nm) 

34
, the last of 

which increased to 45 A m
-1 

(22 nm) upon annealing at 700 C in a reducing atmosphere. 

Undoped NPs synthesized by yet other methods have maximum magnetization values of 

20 A m
-1 

(20 nm) 
35

 and 120 A m
-1 

(9.2 nm) 
36

 for those synthesized using a polyvinylpyrrolidone  

(PVP) assisted hydrothermal method (mix PVP with H2O, then add cerium nitrate solution and heat 

in an autoclave at 160 - 200 °C for 12 h), and 760 A m
-1 

(3.5 nm) 
37

 for nanoparticles synthesized 

by a thermal decomposition method. The thermal decomposition process involves heating a mixed 

solution of cerium(III) acetylacetonate hydrate, 1,2-dodecandiol (stabilizer), and octyl-ether to 100 

°C, followed by the addition of surfactants (oleic acid and oleylamine) and further heating to reflux 

at 300 °C before the final separation of the precipitate by centrifugation; for the nanoparticles 

synthesized by this method the magnetic signals are attributed to enhanced Ce
3+ 

content (40 %) at 

the surface of the nanoparticles (and correlated with oxygen vacancies, which create more Ce
3+

), as 

measured by X-Ray absorption near edge spectroscopy (XANES) at the Ce M4,5 absorption edge. 
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The authors 
37

 also deduce however that excess Ce
3+ 

content (48 %) at the surface, i.e. too many 

oxygen vacancies, may suppress the magnetic signal. Note that the maximum measured room 

temperature magnetization value for this report, 760 A m
-1

,
 
is larger than that typical reported (~ 10 

-100 A m
-1

), and is comparable in size to the largest previously reported value of 550 A m
-1 

for the 

nano-needles synthesized by Liu et al. 
18

. Elsewhere, nanostructures of different morphology 

(cubes) are found to exhibit size dependent magnetism, 5 A m
-1 

for 100 nm size cubes compared to 

43 A m
-1 

for 5.3 nm 
38

. Similar to many previous reports, oxygen vacancies and enhanced Ce
3+

 

character at surfaces of samples of smaller dimension are suggested as mediating the magnetism. 

The largest room temperature magnetization values reported to date for undoped CeO2 

nanoparticles, however, are for nanocrystals synthesized by the thermal decomposition method (as 

reported in 
37

) and subsequently annealed under various conditions by Chen et al. 
39

. The as-

prepared nanoparticles are actually paramagnetic; they only exhibit RTFM once annealed. The 

largest magnetization measured is ~ 1800 A m
-1 

for 9.5 nm sized nanoparticles which were 

subsequently annealed at 500 °C for 2 h in an oxygen partial pressure (PO2) of 20 %. The use of 

higher oxygen partial pressures (50 %) and/or lower annealing temperatures (300 °C) results in 

smaller magnetizations, ~ 750-1700 A m
-1

, although these magnitudes are still larger than any of 

those reported in the previously mentioned experimental publications. The authors attribute the 

large magnetization to a narrow range of Ce
3+

 content at the surface as measured by XANES at the 

Ce L  absorption edge (0.40 < Ce
3+ 

surface/Ce surface < 0.45), similar to the explanation given in an 

earlier report by the same authors 
37

, and further suggest that electrons in Ce (and not O) bear the 

magnetic moments from X-ray magnetic circular dichroism (XMCD) measurements.   

RTFM has also been recently measured for CeO2 nanostructures in the form of nanopoles 

of length 0.5-1 μm and diameter 20–30 nm where Ms = 1280 A m
-1 40

, bundles of nanowires of 

length 0.5-1 μm and bundle (individual) diameter ~ 200 (~ 20) nm where Ms = 580 A m
-1 41

, and for 

nanocolumns of length 60-120 nm and diameter 30–60 nm where Ms = 230 A m
-1 42

. The nanopoles 

are grown by a hydrothermal synthesis route in which an aqueous solution of NaOH is added 

gradually to a cerium chloride aqueous solution after which ethylenediamine (which acts as a 

complexing agent) is added dropwise; the solution is then heated in an autoclave at 180 °C for 100 

h, after which the precipitate is separated, washed and dried. The nanocolumns are synthesized in a 

similar way, except that an ethanol/H2O solution is used instead of H2O alone, N2H4.H2O (aq. 

hydrazine) is used as a base instead of NaOH, and the duration of heating in the autoclave is for 8 h 

only. The nanowire bundles are also grown in a similar fashion to the nanocolumns, where 

NaH2PO4·2H2O is used instead of NaOH. It is interesting to observe that the nanopoles, which have 

an aspect ratio of ~ 17-50, have a magnetization more than 5 times that of the nanocolumns, which 

have an aspect ratio of 1-4. Furthermore, the nanoneedles synthesized by Liu et al. 
18

, which have 

an average aspect ratio of ~ 5 from inspection of their TEM images, which is intermediate between 

that of poles (17-50) and columns (1-4), have a value of Ms (550 A m
-1

) which is also intermediate 

between those measured for poles (1280 A m
-1

) and columns (230 A m
-1

). For the nanowire 

bundles, which have an aspect ratio of ~ 2.5-5, Ms (580 A m
-1

) is rather similar to that of the 

needles (550 A m
-1

) which have a generally similar aspect ratio of ~ 5. Hence it is possible that Ms 
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may be somehow linked to the aspect ratio of these nanostructures which are prepared by similar 

syntheses; it seems that those nanostructures with higher aspect ratios have larger room temperature 

saturation magnetizations. The enhanced Ms values may also be related to the larger surface areas 

for CeO2 nanostructures with higher aspect ratios; for example, it has been measured using nitrogen 

gas adsorption that ceria rods and spindles have larger surface areas than for spheres with an 

equivalent fundamental crystallite size (~ 8 nm) 
20

. Larger surfaces areas may have more structural 

defects/oxygen vacancies associated with them, in agreement with the oxygen vacancy-mediated    

d 
0
 magnetism hypothesis. 

Figure 4.3 displays TEM images of a selection of different undoped ceria nanostructures 

which exhibit RTFM from some of the aforementioned literature reports. 

 

 
 

Figure 4.3  Selection of TEM images of undoped CeO2 nanostructures from the literature which 

exhibit RTFM; A = nanocolumns 
42

, B = nanocubes 
38

, C = nanoparticles 
39

, D = nanowire bundles 
41

, E = nanoneedles 
18

. Their respective maximally measured Ms values may be found in Table 4.1. 

 

Table 4.1 below provides a brief summary of all the literature reports to date which 

measure RTFM for undoped CeO2 nanostructures, most of which are nanoparticles, in order of the 

maximum magnetization measured per report. It is noted that there does not appear to be any clear 

correlation between nanoparticle diameter and Ms. In addition, whereas some nanoparticles exhibit 

RTFM when measured after synthesis, others do not exhibit RTFM unless post-treated in some 

way, typically by a reducing anneal.  

 

 

 

 

 

 



                                                                                                          Chapter IV – CeO2 
 

88 
 

Table 4.1. Maximum room temperature magnetization per publication for undoped CeO2 

nanostructures. Samples are in the form of nanoparticles unless stated otherwise. 
 

Synthesis Diameter (nm) Ms (A/m) Ref 

Thermal decomposition method + annealed in air 

(20% PO2) 
9.5 1800 

39
 

Hydrothermal synthesis 750×25 
i 

1280 
40

 

Thermal decomposition method 3.5 760 
37

 

Hydrothermal synthesis 750×200 
ii 

580 
41

 

Sol-gel (PEG) 5×1 
iii

 550 
18

 

Hydrothermal synthesis 90×45 
iv 

230 
42

 

Sol-gel (PEG) 4 150 
19

 

Self-propagating room temperature synthesis (SPRT) 6 140 
26

 

PVP assisted hydrothermal method 9.2 120 
36

 

co-precipitation + annealed in H2/Ar 22 45 
34

 

SPRT 10 45 
24

 

Cerium nitrate + Oleic acid /tert-butylamine / toluene   5.3 
v
 43 

38
 

SPRT 3 40 
25

 

co-precipitation 5.4 25 
29

 

PVP assisted hydrothermal method 20 20 
35

 

Sol-gel (using inorganic solvent) 7 15 
27

 

co-precipitation 2-3 15 
30

 

co-precipitation 8 12 
31

 

cerium nitrate/HMTA 15 11 
14,15

 

Sol-gel (citric acid) + anneal in H2/N2 14 11 
22

 

co-precipitation 9.2 10 
32

 

Electrodeposited on Cu 10000 x 60 
vi
 6 

17
 

Electrodeposited on Cu   2000 
vii

 5 
17

 

co-precipitation 4  3 
viii

 
33

 

Solution combustion using L-glutamic acid 8 1.5 
23

 

Sol-gel (PEG) + annealed in air 5.7 0.7* 
28

 
 

i
 poles

 
(average length × diameter)   

ii
 wire bundles

 
(average length × diameter)       

iii
 needles

 
(average length × diameter)    

iv 
columns

 
(average length × diameter)    

v
 cubes    

vi
 sheets

 
(average length × diameter)   

vii
 pores

 
(diameter)    

viii
 synthesized using either cerium nitrate or chloride; Ms = 1 A m

-1
 for NPs synthesized using cerium 

ammonium nitrate    

* attributed to Fe impurities 

 

 

Up to this point, a literature summary of experimental reports for RTFM in undoped CeO2 

mostly in nanoparticle/nanostructured form has been presented, which forms the majority of the 

literature. In addition there are a few reports however for RTFM in undoped CeO2 microparticles 

and microcrystals, representative of the bulk. The first report for RTFM in undoped CeO2 

micropowders (1 – 3 μm size), obtained by the grinding down of a single crystal piece (the 

unground crystal does not show any RTFM), for which a magnetization of 35 A m
-1 

was obtained at 

room temperature 
16

, has been presented already near the beginning of this section, since this was 

one of the earliest reports for RTFM in any form of undoped CeO2, second only to Sundaresan et 

al. in order of earliest publication date. The magnetism is suggested to arise due to grinding which 

may induce oxygen vacancies. Elsewhere, RTFM is measured for undoped CeO2 microparticles of 

~ 0.5-1.0 μm size, which have a magnetization of ~ 20 A m
-1 43

; the weak magnetism is attributed to 

limited surface defects of the micron-sized particles. Another report measures a small 



        Chapter IV – CeO2 
 

89 
 

magnetization of 6 A m
-1

 at room temperature for 99.99% nominal purity finely ground commercial 

powder 
44

; upon annealing in O2 the powder becomes paramagnetic, from which the authors deduce 

the oxygen vacancies induced by grinding are a possible explanation for the ferromagnetism. For 

99.99% purity commercial powder annealed in vacuum or a hydrogen (reducing) atmosphere, room 

temperature magnetizations of 300 A m
-1

 
45

 or 18 A m
-1

 
46

 are measured respectively; for both 

cases, the as-received powder is paramagnetic before any treatment, and re-annealing the 

ferromagnetic powder in air destroys the ferromagnetism and recovers the original paramagnetism. 

Oxygen vacancies are suggested in both cases to mediate the magnetism. In addition, for higher 

purity 99.999% commercial powder, RTFM with a magnetization of 15 A m
-1 

is measured upon 

annealing in a hydrogen atmosphere 
47

.  

It has also recently been reported that bulk CeO2 pellets which are weakly paramagnetic at 

320 K, prepared by sintering the powder at 1400 °C, when irradiated with 200 MeV swift heavy Xe 

ions exhibit a maximum room temperature magnetization of 380 A m
-1 

for an irradiation fluence of 

2×10
13

 ions/cm
2 48

. The RTFM vanishes when the irradiated samples are annealed in air, and the 

magnetization curves virtually superimpose at both 320 K and 20 K. Upon irradiation at 

successively higher doses the value of Ms decreases. Since the measured lattice constant of CeO2 

increases with increasing ion fluence (by about 0.2 %), which is correlated with an enhanced Ce
3+ 

content previously measured by both XAS (~ 14 % for 2×10
13

 ions/cm
2
) 

49
 and XPS 

50
, and due to 

the finding that the RTFM vanishes upon annealing in air (removes oxygen vacancies), the ion-

irradiation is proposed to induce oxygen vacancies and the ferromagnetic behaviour of the ion-

irradiated CeO2 is attributed to the magnetic moments of localized 4 f electrons on Ce
3+ 

atoms 

(elsewhere, irradiation of CeO2 films with 2 MeV He
+
 ions of varying flux density is also shown to 

create oxygen vacancies and to enhance the Ce
3+

 content 
51

, by up to ~ 20 %). First principles 

calculations using the DFT-GGA (Generalized Gradient approximation) + U method 
52

 by some of 

the same authors of the aforementioned experimental irradiation paper 
48 

have calculated that for 

defective CeO2, the Ce
3+

 ion originates not only from the oxygen vacancy but also from the oxygen 

Frenkel (interstitial–vacancy) pairs; hence reduction is not the only means of producing Ce
3+

 ions 

but that displacement of oxygen from the sublattice position to the interstitial region can also 

produce Ce
3+

 ions. Furthermore, an interstitial oxygen atom that moves from the lattice position and 

an oxygen atom on the lattice are calculated to form a dimer that may behave as an oxygen 

molecule of negative di-valence, a bonding state which can also produce excess electrons and the 

tri-valent cerium state in cerium dioxide, all of which may help to explain the experimental 

irradiation results. In addition, irradiation with Xe ions is shown by earlier TEM analysis to 

introduce structural disorder in the form of numerous ion tracks of diameter 5-7 nm in CeO2 
53

, 

which may help produce the off-stoichiometry required for Ce
3+ 

and oxygen vacancy formation; 

upon irradiation at higher doses of ≥ 10
13 

ions/cm
2
, the measured overlapping of these damaged 

tracks may hence enhance the lattice disordering and help to destroy the ferromagnetic interactions, 

which could explain the reduction in Ms upon further irradiation at higher fluences.  

Table 4.2 summarizes the above results by listing the maximum magnetization reported in 

each paper for RTFM in undoped CeO2 bulk samples. The sample purity is denoted where reported. 
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It is evident that the bulk does not typically exhibit significant RTFM unless it is treated in some 

way, such as by ion irradiation, grinding or annealing. 

 

Table 4.2. Maximum room temperature magnetization per publication for undoped CeO2 bulk 

samples. 

 

Sample + treatment Ms (A/m) Ref 

Bulk pellet (pressed from sintered powder) – irradiated  

(200 MeV Xe ions @ 2×10
13

 ions/cm
2
) 

380 
i
 

48
 

99.99% powder - vacuum annealed  300 
ii
 

45
 

Powder ground from single crystal 35 
16

 

Bulk powder (no treatment) 20 
43

 

99.99% powder - H2 annealed 18  
46

 

99.999% powder - H2 annealed 15 
47

 

99.99% powder finely ground 6 
44

 
 

 i
 Pellet is paramagnetic before irradiation    

 ii 
As received powder paramagnetic; re-annealing 

ferromagnetic powder in air (8 h) recovers paramagnetism (ferromagnetism disappears)  

 

 

 

The largest magnetic signals reported for undoped CeO2 are measured for films. 

Magnetization values given are for in-plane measurements unless stated otherwise. For relatively 

thick (~ 0.5 μm) nanoporous films (pore size ~ 200 nm) electrodeposited by our research group 

(mostly the work of Lorena M.A. Monzon) using a stationary three-electrode cell with a 

commercial galvanostat/potentiostat on silicon (111) substrates possessing their native oxide layer 

19
, room temperature magnetization values of ~150-600 A m

-1 
were reported for some of the films 

after subtraction of a linear diamagnetic background due to the silicon substrate; some typical room 

temperature magnetization curves measured are shown in Figure 4.4. 99 % purity cerium nitrate 

(main impurity ~ 1-2 % La) was used as the cerium precursor, 99.999% purity KOH as the base and 

ultrapure PEG-200 molecular weight as a surfactant. The size of the ferromagnetic signal seems to 

depend on the overpotential used during electrodeposition which in turn alters the degree of 

porosity of the electrodeposits; some ferromagnetic films can be made virtually non-ferromagnetic 

simply by varying the overpotential, in which it is found that both the size of the ferromagnetic 

signal and the degree of porosity increase with decreased applied overpotential. The fact that some 

films were not ferromagnetic provides evidence that the ferromagnetic-like signals are not due to 

systematic impurities in the silicon substrate. The RTFM signals were tentatively associated with 

grain boundaries/surfaces of nanopores and/or small quantities of non-magnetic impurities in the 

cerium nitrate precursor (mainly La). For films electrodeposited using a higher purity cerium nitrate 

precursor (99.999% Sigma), no RTFM was measured whatever the deposition conditions used. It is 

noted that the pores for the magnetic films have a similar morphology to those grown previously 

elsewhere 
17

, however our pores are about 10 times smaller in size with Ms values for our films of 

about 30-120 times larger. It is somewhat open to debate whether these nanoporous structures are 

strictly films, but for the purposes of classification we have grouped them with films here. If 

grouped with the nanostructures listed in Table 4.1, it is evident that our nanoporous “films” will be 
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positioned near the top of the table with their relatively large magnetization values.  

 

 

Figure 4.4.  Selected room temperature magnetization curves measured for undoped nanoporous 

electrodeposited CeO2 films on silicon 
19

. The charge used during electrodeposition was constant 

at 0.7 C. A typical SEM image of the surface of the film with the largest magnetization is also 

shown on the right. 

 

 

Much larger magnetizations than those measured for nanoporous films have been 

measured for thin compact nanocrystalline films in a series of papers by Fernandes et al. 
54-58

, the 

first of which reported very large room temperature magnetization values of up to ~ 120 kA m
-1 

for 

~ 30 nm thick oxygen-deficient films electrodeposited on Si (001) (p-type) substrates 
54

. Hydrogen 

peroxide (H2O2) additive is sometimes used during electrodeposition to modify the oxidizing 

conditions and hence the Ce
3+

 content of the films, with more stoichiometric-like (i.e. less Ce
3+

) 

films obtained for higher H2O2 concentrations used. The electrodeposition does not occur in the 

dark but only when the electrolyte/Si interface is illuminated with bright light, the source of which 

is a halogen lamp (near UV-visible wavelength range). Further details of the experimental 

procedure are reported by the same authors elsewhere 
55

. The cerium precursor used in all of the 

syntheses is 99.8 % CeCl3.7H2O (Merck). The Ce
3+ 

concentration is estimated to be 22.7% as 

measured by XPS measurements for the films exhibiting the largest magnetic signals. Thicker films 

(250 nm) also display a large magnetization of ~ 100 kA m
-1

.
 
Despite an exponential-like reduction 

in Ms from 100 to 7 kA m
-1

 after two years, this sample stabilizes in a ferromagnetic state at room 

temperature.
 
The authors suggest that the magnetic signals are mostly associated with point defects 

(Ce and O vacancies) in the structure. They report even larger magnetizations, ~ 160 kA m
-1

, for 

similar thinner films, 20 nm thick, the magnitude of which further increases up to a maximum of ~ 

450 kA m
-1 

upon irradiation with 30 keV Ne
+
 ions at a fluence of 2×10

16
 ions/cm

2 56
. The effect of 

ion irradiation is to create more vacancies, and hence to enhance the Ce
3+

 content of the films, from 

22.7% before irradiation to 47.2% after irradiation for the oxygen-deficient film exhibiting the 

maximum magnetization mentioned above; it is found that the saturation magnetization 

continuously increases with Ce
3+

 concentration, despite the significant amorphization of the films 
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upon irradiation. The largest magnetization of all is reported for similar 20 nm thick oxygen-

deficient nanocrystalline films in a subsequent paper by the same research group 
57

. In this case the 

films are deposited on SiO2/Si substrates, since the native oxide layer is not removed by 

hydrofluoric (HF) acid etching, in contrast to their previous reports. While the in-plane 

magnetization for the films are 280 kA m
-1

, the out-of-plane magnetization is giant at 1.15 M Am
-1

, 

which also illustrates the huge anisotropy of the magnetization. The films are synthesized without 

H2O2 additive and contain 24.2% Ce
3+

. Smaller magnetization values of 90 and 120 kA m
-1 

for in-

plane and out of plane measurements respectively are measured for close to stoichiometric films 

(3.8% Ce
3+

). The large magnetic signals and anisotropy are attributed to oxygen vacancy pairs lying 

along the (111) axes of the fluorite structure. Table 4.3 briefly summarizes the above results for 

undoped films. 

 

Table 4.3. Representative magnetization values measured for undoped CeO2 films which exhibit 

room temperature ferromagnetism. 

 

Synthesis 
thickness 

(nm) 
Ms (kA/m) Ref 

Electrodeposited on Si (22.7% Ce
3+

) 250 100 ║ 
54

 

Electrodeposited on Si (22.7% Ce
3+

) 30 119 ║ 
54

 

Electrodeposited on Si (22.7% Ce
3+

) 20 245 ║ 
56

 

Electrodeposited on Si (3.3% Ce
3+

) 20 159 ║ 
56

 

Electrodeposited on Si (22.7% Ce
3+

) + irradiated 

with 30 keV Ne
+
 (2×10

16
 ions/cm

2
) 

(Ce
3+ 

content increases to 47.2%) 

20 450 ║ 
56

 

Electrodeposited on 

SiO2/Si (3.8% Ce
3+

) 
20 

91 ║ 

117 ⊥ 
57

 

Electrodeposited on 

SiO2/Si (24.2% Ce
3+

) 
20 

280 ║ 
i
 

1150 ⊥ 
57

 

Electrodeposited on Si (111) 
ii
 ~ 500 0.6 ║ 

19
 

 

i 
same sample presented in 

58
     

ii 
cerium nitrate precursor used contains ~1-2 wt % La                                           

- For the Fernandes et al. reports 
54,56,57

 the Ce
3+ 

content is measured by XPS, while H2O2 is added in 

order to create more stoichiometric films (i.e. less Ce
3+ 

content); their films are compact and have a 

nanocrystalline texture, whereas those of Ackland et al. 
19

 are nanoporous 

 

 

In response to the reports of the extraordinarily large magnetization values measured for 

some of the undoped CeO2 films of Fernandes et al., by following their reported electrodeposition 

methods 
55

 an attempt was made to reproduce the results in our laboratory (Asra S. Razavian, 

unpublished) using a stationary three-electrode cell with a commercial galvanostat/potentiostat, and 

using a UV lamp (50 W power) as the bright-light irradiation source in order to facilitate the 

electrodeposition process. Magnetization measurements for a large number of electrodeposited 

films (~ 30) on silicon substrates synthesized using a range of conditions similar to those of 

Fernandes et al. 
55

 revealed that the largest room temperature saturation moment was 1x10
-8

 Am
2 

(and typically ~ 0.2x10
-8

 Am
2
), corresponding to a saturation magnetization Ms of at most 8 kA m

-1
 

(the estimated film thickness is ~ 50-100 nm); although significant, this signal is still several orders 
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of magnitude smaller than the 100s of kA m
-1 

typically measured by Fernandes et al. in their 

publications for similar undoped electrodeposited CeO2 films where they measured RTFM 
54,56,57

.  

RTFM has also been reported for a host of doped CeO2 samples, where the dopant is a 

transition metal in the majority of reports. While some of the transition metal dopants used are 

ferromagnetic (Fe, Co, Ni), in many of the publications it is found that the magnetism is not entirely 

attributable to the ferromagnetism of the dopants themselves, and that the magnetization curves are 

typically anhysteretic and saturate easily in applied field; hence the scenario may be somewhat 

similar to d 

0
 magnetism, where the dopants, when present, are strictly non-magnetic. The 

phenomenon may even be similar in both cases, doped and undoped, regardless of whether the 

impurities are magnetic or non-magnetic. The first report for RTFM in doped CeO2, and also the 

first report for RTFM in any form of CeO2, either doped or undoped (actually slightly predating the 

first publication for RTFM in undoped CeO2 by Sundaresan et al.) was by Tiwari et al. 
59

 for Co 

doped CeO2 films. Crystalline films doped with 3 at. % Co were grown by pulsed laser deposition 

(PLD) on LaAlO3 (LAO) (001) substrates. The magnetization curves are virtually anhysteretic, 

shown in Figure 4.5, with a room temperature magnetization of ~ 45 kA m
-1

, equivalent to a 

magnetic moment of 6 μB/Co. It was argued that the magnetism cannot be entirely due to cobalt, 

since the maximum moment of 8.2 μB/Co at 725 K is larger than the maximum value that cobalt can 

contribute in which the orbital moments are unquenched (6.7 μB/Co). In addition, the magnitude of 

the magnetic moment measured was virtually identical from 300 K down to 5 K, which rules out 

superparamagnetism as an explanation due to its characteristic temperature dependence. An F-

centre mediated exchange mechanism was proposed as a plausible mechanism in order to explain 

the ferromagnetic ordering. An F center consists of an electron trapped in an oxygen vacancy; 

earlier EPR studies showed that at liquid He temperature, electrons are trapped in oxygen vacancy 

sites forming F centers rather than occupying 4 f band states 
60

. Following this initial report of 

RTFM, a large number of publications followed, the next of which reported RFTM signals of very 

similar magnitude for films also doped with 3 at. % Co and grown by PLD but on Si (111) and 

glass substrates instead of on LAO 
61

. A similar F-centre mechanism was proposed. A subsequent 

report measured somewhat smaller magnetizations of up to ~ 16 kA m
-1 

for 4.5 at. % Co doped 

PLD grown films on either Si or SrTiO3 (STO) substrates 
62

. The authors report that the presence of 

oxygen during the growth or annealing reduces the ferromagnetism drastically, and suggest that 

oxygen vacancies play a key role in the magnetic coupling between Co ions, although they do not 

elaborate on the mechanism responsible.  
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Figure 4.5.  Magetization curves from the first report for RTFM in doped CeO2 (films) by Tiwari et 

al. 
59

; 10
4
 G is equivalent to 1 T. 

 

 

It has also been shown in our laboratory (Lorena M.A. Monzon, unpublished) that by 

intentionally doping nanoporous films of ~ 0.5 μm thickness synthesized in a similar way to those 

electrodeposited previously 
19

, but using a higher purity (99.999%) cerium nitrate precursor and 

non-magnetic dopants such as Mg, Zn and Bi (obtained from their respective nitrate salts), a 

ferromagnetic-like signal may be produced, which supports the previous suggestion that the non-

magnetic impurities may “turn on” or create the ferromagnetic-like signals 
19

. All of the salts are of 

high purity (≥ 99.99%) except for that of Zn. It is noted that films synthesized using the higher 

purity (99.999%) cerium nitrate precursor do not exhibit any RTFM when undoped. Some 

representative magnetization curves are shown in Figure 4.6. The magnitudes of the magnetic 

signals are varied here by changing the electrodeposition current at constant overpotential. The 

magnetic signals are not as large as those measured for some of the CeO2 films grown using the 99 

% cerium nitrate precursor shown previously in Figure 4.4. 
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Figure 4.6.  Typical room temperature magnetization curves measured for nanoporous CeO2 films 

electrodeposited on silicon, doped with a few wt % of different non-magnetic elements obtained 

from their respective nitrate salts (Lorena M.A. Monzon, unpublished). The charge used during 

electrodeposition (at constant overpotential) is indicated. 
 

 

A summary of literature reports for RTFM in doped CeO2 films is given in Table 4.4. The 

majority of the dopants are (ferromagnetic) transition elements. Similar to undoped CeO2, the 

largest magnetizations for doped CeO2 are measured for films. The maximum magnetization value 

reported is displayed for each reference. The magnetic measurements are performed in-plane unless 

stated otherwise. All films are (poly)crystalline unless stated otherwise. The first three listed 

samples correspond to the first three reports in order of date of publication which have been 

previously discussed, after which the rest of the listed films are broadly grouped according to their 

method of fabrication. It appears that the magnitudes of the magnetic moments are not correlated 

with either film thickness or substrate used. Interestingly, some of the largest magnetizations (and 

also moments per dopant atom), up to 220 kA m
-1

 for 3 % Fe doped electrodeposited CeO2 films, 

are reported by Fernandes et al. 
58

, the same authors that report the largest RTFM values for 

undoped CeO2, although the Ms values for the doped films are not as large as the maximum values 

reported for undoped films. Since the calculated moments per dopant atom are unphysically large, 

for example 29 μB/Fe and 13 μB/Co, it implies that the magnetism cannot be partly or wholly 

attributed to the ferromagnetic dopants themselves. The authors measure smaller magnetizations 

compared to pure CeO2 films upon doping with different transition metal elements, and they 

attribute the loss of magnetization as due to sharing of the excess electrons left behind by oxygen 

atoms in the vacancies with dopant species, i.e. the magnetization is no longer correlated with the 

number of oxygen vacancies.  Similarly large magnetizations of 230 kA m
-1

, equivalent to 7.2 

μB/Co, are measured elsewhere for 12 % Co doped films 
63

, which are attributed to the combined 

contributions of spin polarized Co, Ce, and O atoms with the enhancement of O vacancies from 

first principles calculations. Other notably large magnetizations of ~ 100 kA m
-1 

are also reported 

for Co doped films 
64,65

, however for the former report the magnetism is attributed to Co clusters.  
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Table 4.4. Maximum room temperature magnetization values per dopant reported for doped 

CeO2 films. 

 

Growth method thickness (nm) 
Dopant (at. 

%) 

Ms 

(kA/m) 

Moment 

(μB/dopant) 
Ref 

PLD on LAO (001) 
Not given, estimate  

≥ 60 nm 
3 % Co 45 6 μB/Co 

59
 

PLD on Si (111) or 

glass 

Not given, 

estimate 100 nm 
3 % Co 45 6 μB/Co 

61
 

PLD on STO (001) 400-500 4.5 % Co 16 ⊥/║ 
i
 1.4 μB/Co 

62
 

Electrodeposited on 

Si (001) 
Not given, est. 20 nm 13.2 % Co 35 ║ 1 μB/Co 

66
 

Electrodeposited on 

SiO2/Si (001) 
20 3 % Fe 220 

ii
 29 μB/Fe 

58
 

Electrodeposited on 

SiO2/Si (001) 
20 3.2 % Mn 140 

ii
 17 μB/Mn 

58
 

Electrodeposited on 

SiO2/Si (001) 
20 2.7 % Co 90 

ii
 13 μB/Co 

58
 

Electrodeposited on 

SiO2/Si (001) 
20 3.4 % Cu 50 

ii
 5.8 μB/Cu 

58
 

Electrodeposited on 

Si (111) 
~ 500 

2.5 % Mg 

0.5 % Zn 
0.28 

~ 0.04 

μB/Mg 
x 

Electrodeposited on 

Si (111) 
~ 500 

2.3 % Mg 

0.3 % Bi 
0.16 

~ 0.02 

μB/Mg 
x 

PLD on LAO (001) 
Not given, est. 100 

nm 
3 % Cu 8.3 1.1 μB/Cu 

67
 

PLD on Si (111) ≥ 100 12 % Co 230 7.2 μB/Co 
63

 

PLD on STO (001) ≥ 150 15 % Co 
≈ 100 * 

(est.) ⊥ 
2.5 μB/Co 

64
 

PLD on MgO (100) 953 25 % Co 105 ⊥ 1.5 μB/Co 
65

 

PLD on Al2O3 

(0001) 
1000 3 % Co 14.3 ║ 1.9 μB/Co 

68
 

PLD on Al2O3 

(0001) 
1000 3 % Co 12 ⊥ 1.6 μB/Co 

68
 

PLD on LAO (001) 200 1 % Fe 0.38 0.15 μB/Fe 
69

 

PLD on LAO (001) 200 5 % Co 0.5* 0.04 μB/Co 
70

 

Magnetron 

sputtering on Al2O3 

(0001) + Ar
+
 

sputtered for 10 min 

1000 3 % Co 24.2 
iii

 3.2 μB/Co 
71

 

Magnetron 

sputtering on Al2O3 

(0001) 
iv
 

1000 3 % Co 38 5 μB/Co 
72

 

 

i 
same data presented in 

73
   

ii 
undoped film has Ms = 280 kA m

-1
    

iii 
before Ar

+
 sputtering, Ms = 7.5 kA m

-1
 (1μB/Co)     

iv 
sputtered in vacuum (oxygen deficient films formed) vs. sputtered in oxygen 

71 (stoichiometric films) 
x
 Lorena M.A. Monzon (unpublished); films are nanoporous rather than compact 

*Magnetism attributed to Co clusters     

- There is also a report without magnetization curves for which XPS measurements show that Ce ions are 

in a mixed valence state in Fe doped (2, 6 wt %) films (PLD grown at 550 C on Si (100), t = 200 nm, 

(111) oriented films), with Fe ions in the ionic state, the latter result from which the authors rule out the 

possibility of ferromagnetic metallic clusters 
74
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A summary of the literature reports for RTFM in doped CeO2 nanostructures (mostly 

nanoparticles) is given in Table 4.5. The maximum magnetization value reported for each reference 

is listed in order, starting with the largest magnetization. For the co-precipitation syntheses, nitrates 

of cerium and cobalt were used in each case unless stated otherwise. From the data it appears that 

the magnetization values are not correlated with either the particle size or specific dopant used. 

While the majority of the reports attribute the enhanced magnetization to oxygen vacancies created 

by doping, another possible contribution is RFTM due to free-electron interactions provided by 

transition metal dopants with a 3+ charge state for example 
33

.  

 
 

Table 4.5. Maximum room temperature magnetization values per dopant reported for doped 

CeO2 nanostructures (nanoparticles unless stated). 
 

Synthesis 
Diameter 

(nm) 
Dopant (at. %) Ms (A/m) Ref 

Electrodeposited on Cu at 1 mA/cm
2
 250-400 

i
 5 % Fe 65000 

75
 

Electrodeposited on Cu at 3 mA/cm
2
 27 

ii 10 % Fe 50000 75
 

Gel-combustion (glycine + nitrates) 10 15 % Fe 14500 
76

 

co-precipitation + vacuum anneal 7 9 % Co 6100 
77

 

co-precipitation + vacuum anneal 17 5 % Co 3000 
78

 

co-precipitation + VSM activated 

anneal in N2 atmosphere at 450 °C 
8 8 % Ni 2100 

79
 

Sol-gel using coconut water 45 1 % Fe 840 
80

 

Self-propagating room temp. 

synthesis (SPRT) 
10 12 % Fe

3+
 150 

iii
 

24
 

Composite Hydroxide Mediated 

(CHM) synthesis 

55, length = 

3-7 μm
 iv

 
Mn (% not given) 150 

43
 

co-precipitation 6 7 % Ni 125 
32

 

co-precipitation 7.5 7 % Fe 100 
81

 

co-precipitation 11 1 % Fe 90 
82

 

SPRT 4 1 % Pr 75 
26

 

co-precipitation 8 3 % Co 75 
83

 

co-precipitation 7.2 3 % Co 65 
31

 

co-precipitation 2-3 11 % Cr 60 
30

 

Sol-gel with citric acid 10 3 % Cr 45 
84

 

Sol-gel with PVP 15 3 % Co 45 
35

 

Sol-gel (PVA) + calcined at 600 °C 25 3 % Fe 45 
85

 

co-precipitation 4 20 % Fe 11 
v
 

33
 

co-precipitation 7 4 % Ni 9 
86

 

Sol-gel (PEG) + calcined at 400 °C 6.6 10 % Cu 5.5 
28

 

Solution combustion using L- 

glutamic acid 
4 10 % Ca 1.7 

23
 

 

i
 grain size is actually much smaller (16 nm)    

ii
 nanopores (pore size given)      

iii
 the same authors report a similar magnetization value for 3 nm diameter particles elsewhere 

25
       

iv
 rods; CHM synthesis involves adding CeO2/MnCl2 to a basic solution (KOH + NaOH) and heating to 

200 °C for 72 h     
v
 synthesized using cerium chloride; Ms = 5 (3) A m

-1
 for similar NPs doped with 10 

% Fe synthesized using cerium nitrate (ammonium nitrate) 

 

 

It is evident from Table 4.5 that most of the Ms values for doped nanoparticles are much 

smaller than for doped films. In comparison to undoped nanoparticles though, Ms for their doped 
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counterparts above are typically larger. The largest room temperature magnetization values are 

measured for Fe doped nanospheres and nanopores electrodeposited on a 99.99 % purity copper 

plate 
75

. The nanospheres are of diameter 250-400 nm but are polycrystalline and are actually 

composed of 16 nm grains, while the nanoporous structures have pore diameters of 27 nm. The 

authors do not state the thickness of the deposits, but the samples may actually be considered as 

quasi-films rather than true free-standing nanostructures since they are deposited on a substrate. 

The morphology of the nanostructures is varied by changing the applied current density during 

electrodeposition. The largest values of Ms measured are 65 and 50 kA m
-1

 for the nanospheres and 

nanopores respectively, magnitudes which are more similar to those typically measured for films 

rather than for nanoparticles, where the magnetization is measured perpendicular to the Cu 

substrate plane. The coercivities of these samples (~ 330-660 mT) are markedly larger than those 

typically measured for d 
0
 or dilute magnetic oxides (usually several mT), however the authors 

argue that all of the iron is incorporated by substitution into the ceria lattice as inferred from XRD 

and XPS measurements, and that the magnetic signal may be attributed to oxygen vacancies.  

The next largest magnetization reported is 14.5 kA m
-1

 for 10 nm nanoparticles doped with 

15 at. % Fe and synthesized by a gel-combustion reaction 
76

. The coercivities measured are ≤ 50 

mT, and the authors deduce (from magnetization, XRD, TEM and Raman data) that for ≤ 15 at. % 

doping their samples are free of iron/iron oxide clusters and that the magnetism may be attributed to 

defects and/or oxygen vacancies. For 20 at. % doping they measure a magnetization of 18 kA m
-1

, 

but they also detect an Fe2O3 phase in XRD for this sample, and hence the source of the magnetism 

for this particular sample may be different than for the other more lightly doped samples. They also 

note that their undoped nanoparticles are diamagnetic. Elsewhere, it is reported that the iron 

solubility limit in the ceria lattice is between 10 and 20 mol % for doped nanoparticles synthesized 

by the co-precipitation method 
87

. Interestingly, all of the remaining reports for nanoparticles with 

magnetizations > 1 kA m
-1 

in Table 4.5 are for samples subject to reducing anneals, which suggests 

that those samples which are richer in oxygen vacancies may have enhanced magnetization values 

compared to those which are not additionally vacuum annealed after synthesis. In the report for Pr 

doped nanoparticles 
26

, the authors find that Pr doping actually suppresses the ferromagnetic-like 

signal that they measure compared to their undoped CeO2 sample, which is somewhat similar to the 

scenario that Fernandes et al. previously reported for their transitional metal doped films 
58

. 

Meanwhile, a recent XAS study of Fe doped CeO2 nanoparticles performed in transmission mode 

on the O K, Fe L and Ce M edges reveals that the relative Ce
3+

 content does not vary monotonically 

with Fe doping concentration 
88

. At lower doping concentrations (< 5-7 at. % Fe) it is proposed that 

the defect structure is Fe
3+
–VO–Ce

3+  
which allows charge transfer between the Ce and Fe and 

RTFM, while for higher doping levels of up to 11 at. % Fe the defect structure is Fe
3+
–VO–Fe

3+
, and 

that the paired ion structure is antiferromagnetic which acts to negate (reduce) the RTFM signal. 

In order to complete the literature summary for doped CeO2, experimental reports for 

RTFM in the last remaining sample form, the bulk or micropowders/crystals, are listed in Table 4.6. 

As before, the maximum magnetization value reported for each reference is listed in order, starting 

with the largest magnetization. 
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Table 4.6. Maximum room temperature magnetization values per dopant reported for doped 

CeO2 bulk samples (micropowders). 

 

Synthesis Dopant (at. %) Ms (kA/m) Ref 

Solid state reaction (SSR) + H2 anneal 5 % Fe 11.5 
47

 

SSR + H2/Ar anneal 3 % Co 8.5 
89

 

SSR + H2/N2 anneal 3 % Co 8.4 
90

 

SSR 2.7 % Fe 7.6 
91

 

SSR 5 % Co 7.5 
92

 

SSR 3 % Co   4.7* 
93

 

SSR + H2/Ar anneal 3 % Co 3.7 
94

 

SSR 2.1% Co 3.6 
16

 

SSR 2 % Co 3.0 
95

 

SSR 3 % Co + 10 % Y 2.7 
96

 

Chemical solution method 

(with citric acid) + calcined in air 
20 % Nd 0.38 

97
 

SSR 3 % Fe 0.3 
44

 

Sol-gel (coconut water) + calcined in air 10 % Zn 0.23 
98

 

Sol-gel (coconut water) + calcined in air 10 % Co +10 % Zn    0.007** 
99

 
 
 

* Attributed to Co clusters    ** Attributed to Co3O4 clusters  

 
 

 

 

From Table 4.6 it can be seen that most of the room temperature magnetization values 

for doped CeO2 bulk samples are several kA m
-1

. The three highest magnetizations values are 

all for samples subject to reducing anneals, again indicating that oxygen vacancy rich sample s 

give larger magnetization values. Samples not subject to vacuum annealing mostly have 

intermediate magnetizations, while those calcined in air (which will reduce the oxygen 

vacancy concentration) have the lowest magnetizations; nevertheless, the magnetization values 

for doped bulk samples are still typically larger than for undoped bulk samples  (shown 

previously in Table 4.2). Note that for two of the reports listed in Table 4.6, the indicated 

magnetization is attributed to additional cobalt metal/oxide phases. 

In terms of a band structure explanation for magnetism in CeO 2, several density 

functional theory calculations have been performed for ceria. It is first noted that DFT+U 

(where U is Hubbard-like, localised term) must be implemented in the calculation in order to 

capture the full electron localization on Ce 4f states and to more accurately model the ground 

state 
100

; standard DFT calculations cannot account accurately for the strong on-site Coulomb 

repulsion between the electrons in the localized Ce 4  f orbitals. One of the earlier calculations 

for magnetism in ceria attributes the ferromagnetism for the Co doped case to the combined 

contributions of spin polarized Co, Ce, and O atoms as well as O vacancies (VO) where the 

concentration of both the Co and VO is 12.5% 
63

. The magnitudes of the moments are 2.681 μB 

for Co d electrons, 1.476 μB for Ce and 0.168 μB for spin polarized O. For undoped ceria, they 

find that while an oxygen vacancy can cause exchange splitting in nonmagnetic oxides, an 

oxygen vacancy itself cannot induce an obvious ferromagnetic signal in ceria; the authors 

suggest that this result may explain the existence of weak paramagnetism only (no 

ferromagnetism detected) measured for their pure CeO2 films in the same report. The same 

authors report similar findings for Co doped ceria in a later paper, where the U parameter is 
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fixed at 5.3 eV, in which they further propose that VO defects may lead to strong ferromagnetic 

exchange coupling between nearest neighboring Co ions, mainly attributed to spin-splitting of 

Co 3d states, via electrons trapped in VO (F-center mediated exchange) 
101

. Again, no 

ferromagnetism is calculated for VO for undoped ceria. In contrast, another early calculation 

for undoped ceria finds thst VO defects do produce magnetic signals which are enhanced at the 

surface compared to in the bulk 
38
. They calculate moments of 1.41 μB, 1.87 μB and 1.98 μB per 

(2×2×2) supercell for 1 VO in the bulk, 1 VO at the surface and for 2 VO at the surface 

respectively, although they do not state what value of U they use in their calculation. These 

calculations may support some of the experimental reports for ferromagnetism in undoped 

ceria nanoparticles and thin films, where the surface to volume ratio is great ly enhanced 

compared to the bulk and where surfaces can accommodate oxygen vacancies most readily. No 

moment is measured for the bulk without oxygen vacancies, which corroborates with the 

experimental reports that measure ferromagnetism in undoped ceria bulk upon grinding, 

irradiation or vacuum annealing (creates defects and oxygen vacancies) only, and not in the 

pristine, defect-free, stoichiometric phase.  

Another calculation, performed within the local spin density approximation (LSDA) + 

U scheme, using U = 8 eV, calculates that with increasing oxygen deficiency, the electrons left 

behind by oxygen removal localize not only on the Ce 4 f orbitals but also on the vacancy sites, 

leading to ferromagnetism with both superexchange and polarization in the cases of heavy 

doping 
102

. However, soon afterwards a paper was published by another group in direct 

response to the above calculations which they hotly debated 
103

, finding that VO concentrations 

of up to 12.5% do not cause localization in the vacancy site, and thus are not responsible for 

any enhanced ferromagnetism on any of (111), (110) or (100) ceria surfaces. The authors use a 

U value of 5 eV, and note that the value of U utilized in 
102

 could have been too large, as U 

values > 6 eV have been shown to return to a delocalized solution, similar to smaller values of 

U, which could explain the appearance of an erroneous density of states in the vacancy 

position. Furthermore, the authors note that the absence of density in the vacancy position is 

not a surprise, as ceria is known not to behave like a strongly ionic oxide where an F centre 

forms upon vacancy formation. Instead, the authors emphasize that the localization of the 

excess electrons on neighbouring Ce sites is well characterized 
104

, but despite this, note that F 

centre coupling mechanisms due to oxygen vacancy formation are still being proposed as the 

reason for reported enhanced ferromagnetic behaviour in undoped CeO2 samples.  

However, in contrast to the above, subsequent calculations concerning undoped ceria 

by Fernandes et al. 
54 reveal that both Ce and O vacancies are consistent with a ferromagnetic 

state for 3-25% VO concentrations, with calculated maximum moments 4 μB/Ce vacancy 

(associated with O 2p states) and 2 μB/O vacancy (related to Ce 4f states). The authors use a U 

value of 5 eV, which should not return a delocalized solution. In a later calculation the same 

authors report paramagnetism for VO–VO pairs located along the (110) directions and 

ferromagnetism for VO–VO pairs along the (100) (0.04 μB/VO) and (111) (2.67 μB/VO) 

directions 
57

. For both of their reports, the authors use the LMTO method. A more recent 
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calculation finds that Ce vacancies can induce a magnetic moment in undoped ceria which 

arises mainly from the 2p hole state of the nearest neighbouring O atom to the Ce vacancy 
105

.  

It is thus evident from the aforementioned calculations that whether oxygen vacancies 

mediate ferromagnetism in undoped ceria is still hotly debated among theoreticians using DFT 

calculations to elucidate the band structure, and it would appear that the contradicting results 

may be in part due to the sensitivity of the band structure results to both the DFT method used 

and the U parameter implemented.  

In a continuation of the literature summary of calculations for doped ceria, further to 

the two reports mentioned previously which calculate oxygen vacancy mediated magnetism in 

Co doped ceria (and none in undoped ceria) 
63,101

, another calculation using DFT-GGA 

calculates that Co polarizes the neighbouring Ce and O atoms with a maximum moment of ~ 4 

μB/supercell or 2.82 μB/Co for 6.5% Co doping and a 6.25% VO concentration 
90

. Similar to the 

previous reports, they calculate no ferromagnetism in pure CeO2 due to oxygen vacancies, 

whereas for Co doped ceria, the oxygen vacancies help enhance the ferromagnetic coupling of 

the Ce, as well as those of the doped magnetic impurity spins. For the ferromagnetic ground 

state the F-centre ferromagnetic exchange mechanism (involving a spin-polarized electron 

trapped at an oxygen vacancy) is suggested. A subsequent calculation for the same material 

reports a transition from antiferromagnetic to ferromagnetic coupling as the V O concentration 

increases, with maximum calculated moments of 5 μB per (2×2×2) supercell for 2 VO with both 

6.5 and 12.5% Co doping, corresponding to ~2.5 μB/Co and ~0.95 μB/Ce 
106

. The authors note 

that the calculated magnetic moments per cell depend on the degree of reduction, which they 

suggest could explain the widespread magnetization values measured by experiments. Hence 

for the case of Co doped ceria, there is a general agreement among theoreticians that oxygen 

vacancies do mediate the magnetism.  

Elsewhere, calculations have been performed for ceria doped with other elements. 

Using the LSDA + U method (U = 5.3 eV), for ceria doped with carbon, a moment of 2 

μB/supercell has been calculated with 1 carbon atom/supercell, equivalent to 0.65 μB/C 
107

 (and 

where 1 supercell is equivalent to 4 unit cells in this case). The magnetism is attributed to 

hole-mediated long-range magnetic coupling (double exchange) between local magnetic 

moments attributed to the collective effects of the p-p, p-d, and p-f hybridizations between C 

and neighbouring O or Ce atoms. In addition, the authors calculate that an oxygen vacancy 

makes the ferromagnetism in C-doped CeO2 disappear, since the two electrons that are left 

behind by removing one O atom are believed to compensate for the two holes provided by the 

C dopant, thus wiping out the ferromagnetism according to the physical picture that additional 

hole-doping is needed to stabilize the ferromagnetic ground state. For nitrogen (N) doped 

ceria, a half-metallic ground state with ~ 1.0 μB/N impurity is calculated (0.4 μB associated 

directly with the N atom itself, ~ 0.25 μB due to next-nearest neighbouring O atoms) using 

either DFT-GGA or DFT-LSDA, both with and without U, where U = 5.3 eV, for N doping 

levels of either 3 % or 6 % 
108

. The ferromagnetism is attributed to a hole-mediated long-range 

exchange mechanism similar to that proposed for the previously mentioned carbon doped ceria 
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calculations 
107

. A DFT calculation for Cu doped ceria calculates a moment of 1.0 μB per CuCe-

VO complex (or 0.5 μB/Cu), where U = 8 eV is chosen 
109

. It is proposed that the defect 

complex formed by substitution of a Cu atom for a Ce atom (CuCe) and a nearest neighbour 

oxygen vacancy (VO) has a low formation energy, and that strong ferromagnetic coupling 

between the defect complexes may be attributed to a magnetic coupling chain formed by the 

strong p-d interactions between the Cu and O atoms.  

A DFT-GGA+U calculation (U = 5.3 eV) for Fe doped ceria predicts the emergence of 

ferromagnetism with/without oxygen vacancies, attributable to an F-centre/double exchange 

mechanism respectively 
110

; a large calculated moment of ~ 4.0 μB/Fe dopant is almost entirely 

associated directly with the Fe atom, with or without VO and for both 6 % and 12.5 % Fe 

doping levels. The result of this calculation is hence different to those mentioned previously 

for other ferromagnetically doped ceria systems, namely with Co 
63,90,101,106

 for which oxygen 

vacancies are proposed to mediate the ferromagnetism in the Co doped samples.  

Finally it is noted that the magnitudes of the magnetic moments per dopant atom 

which are calculated for doped CeO2, typically ~1-5 μB/dopant, correspond to many of the 

moments experimentally measured for several at. % doped films, such as those listed in Table 

4.4; however, some of the higher moments per dopant atom experimentally measured for films 

exceed those values which are calculated, suggesting that magnetism may not be due to the 

dopant atom alone, as was mentioned earlier. For the majority of nanoparticles in contrast, it 

can be readily calculated that the moments per dopant atom are generally much lower than 

those for films, typically << 1 μB per dopant, and thus rarely exceed the values obtained by 

calculation.  
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4.3. Experimental results 

 

 

 
 

4.3.1 Nanoparticle synthesis 

 
 

 
 

CeO2 nanoparticles were synthesized in powder form by homogeneous precipitation, a 

wet chemical synthesis in which the precipitating agent (NaOH in this case) is synthesized in 

the solution with the cerium nitrate reagant by slow addition such as by dropwise t itration from 

a burette. More detailed information about the synthesis is given in Chapter 2, experimental 

methods (section 2.2). CeO2 nanoparticles start to precipitate from the solution when the pH 

reaches a certain level, followed by gentle heating (60 °C) and stirring for about 1 hour in 

order to promote further precipitation and nanoparticle formation. Some surfactant, such as 

polyethylene glycol (PEG), is added to the solution in order to reduce particle aggregation and 

to facilitate the homogeneous precipitation of the ceria from solution. 

Cerium nitrate (Ce(NO3)3.6H2O) precursors of nominal purity 99 % and 99.999 % 

(Sigma Aldrich) were used to synthesize ferromagnetic and ~ non-ferromagnetic nanoparticles 

respectively; the NaOH was 99.99 % nominal purity (Sigma), while the PEG (also purchased 

from Sigma) was ultrapure grade 1500 molecular weight for molecular biology (≤ 5 ppm of 

ferromagnetic impurities according to the manufacturer, < 1 ppm actually measured by ICP-

MS). Both the PEG-1500 and NaOH were measured to be purely diamagnetic at room 

temperature, with χ = -8.3×10
-6 

and -1.3×10
-5 

respectively, with no trace of any ferromagnetic-

like signals measured for either reagent. ICP-MS analysis of the Ce(NO3)3.6H2O 99 % purity 

precursor revealed < 1 ppm of ferromagnetic impurities, while magnetization measurements at 

room temperature revealed that the precursor was purely paramagnetic (χ = +2.8×10
-4

) with no 

trace of a ferromagnetic-like signal. The main impurity in Ce(NO3)3.6H2O 99 % is lanthanum 

(~ 1-2 wt %), present due to the difficulty in fully separating lanthanum from cerium in the 

lower purity grade cerium compounds. In addition, no sharp upturns (due to ferromagnetic 

clustering) in the magnetic moment measured as a function of temperature from 300 - 4 K in 

an applied field of 1 T were measured for the same precursor. All glassware was cleaned with 

strong acid, followed by ethanol and deionised water. For a typical synthesis, 0.1 M NaOH 

(99.99% nominal purity) was slowly added dropwise from a burette into a stirred solution of 

4.5 mL 10 mM cerium nitrate and 0.5 mL 0.5 M PEG-1500 until the pH of the solution 

stabilized > 11, which could be observed by a visible colour change of the solution from 

colourless to pink. The total NaOH volume added was typically 4 mL. After gentle heating (60 

°C) and gentle stirring for 1 h, the solution turned a pale yellow colour, after which the powder 

was washed with deionised water and high purity ethanol, extracted from solution by vacuum 
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filtration (or centrifugation) and dried in a drying cabinet at ~50 °C for 24 h, after which about 

4 mg of dry yellow CeO2 powder was typically finally recovered. Distinct room temperature 

magnetic signals were measured for nanopowders synthesized using the 99% cerium nitrate, 

but not for those synthesized using the 99.999% cerium nitrate. For the syntheses where 

additional dopants were intentionally added, lanthanum nitrate, magnesium nitrate, and zinc 

nitrate (all 99.999 % nominal purity) were used as sources of La, Mg and Zn respectively and 

were made up with the cerium nitrate solution. In addition, it is noted that a marked reduction 

in the magnetic signal of the ferromagnetic nanopowders was measured for larger batches (> 

10 mg) where the volume of the reagents used were scaled up. Hence the ferromagnetic 

nanopowders were typically synthesized in 4 mg batches as outlined above. For 

characterization experiments where larger masses of ferromagnetic nanopowder were required 

for analysis, multiple 4 mg ferromagnetic nanopowder batches were synthesized and their 

masses combined. 

 

 

4.3.2 X-Ray powder diffraction 

 
 

 

 

A typical X-Ray powder diffractogram measured for a ferromagnetic CeO2 powder is 

shown in Figure 4.7. The reflections are indexed to the face centred cubic crystal structure of 

ceria, which has the Fm-3m space group.  
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Figure 4.7.  XRD spectrum for a ferromagnetic CeO2 nanopowder together with an illustration of 

its crystal structure. 
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The ferromagnetic nanopowder is single phase within the detection limits of the 

measurement, with no evidence of any other possible phases such as Ce, Ce 2O3, La, La2O3, or 

Ce(OH)3 intermediates formed during the synthesis for example. The broad background 

intensity contribution to the signal at low angles (< 35 2θ) is due the amorphous quartz micro-

slide upon which the powders were mounted for measurement.  The reflection peaks are 

significantly broadened due to the small crystallite size. Using the Scherrer equation, the 

crystallite size was estimated to be 4.2 ± 0.3 nm, with 1.5 ± 0.1 % lattice strain.  

Refinement of the XRD pattern was performed using the Rietveld method, in order to 

more accurately calculate the lattice parameter, and is shown in Figure 4.8, together with the 

powder profile for a reference micropowder. The lattice parameter for the ferromagnetic 

nanopowder is calculated to be 5.4168 Å, which represents an expansion of ~ 0.1% compared 

to the bulk value of 5.4113 Å. Such a lattice expansion is consistent with enhanced Ce
3+

 

character with decreasing crystallite size for nanoceria, since the ionic radius of Ce
3+ 

is larger 

(115 pm) than that of Ce
4+ 

(101 pm), and is also correlated with the formation of charge 

compensating oxygen vacancies. Note that for the micropowder, no broadening of the XRD 

peaks is evident due to the large size (≥ 1 μm) of the crystallites, to which Scherrer broadening 

does not apply. Very similar results were obtained for the non-ferromagnetic nanopowder, 

except that its crystallite size was typically slightly larger, ~ 6 nm, than that measured for the 

ferromagnetic nanopowder. 

 

 
 

Figure 4.8.  Rietveld refinement of X-Ray powder diffraction data for a ferromagnetic CeO2 

nanopowder; the inset displays the measured diffractogram for a bulk micropowder (Sigma 

Aldrich 99.999% nominal purity). 
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4.3.3 Electron Microscopy analysis 

 

 

 
Electron microscopy analysis was performed using scanning and transmission electron 

microscopy (SEM and TEM respectively) in order to elucidate the microstructure and 

nanostructure respectively of CeO2.  

SEM images of the ferromagnetic nanopowder synthesized using 99% cerium nitrate 

are shown in Figure 4.9. The powder was dispersed in ethanol, sonicated, and a droplet of 

solution was dropped onto a carbon sticky tab, which was then affixed to an SEM stub for 

imaging. The nanoparticles are largely aggregated in clumps of several hundred nanometers in 

size. Since the nanoparticles are very small and also due to clumping, it is difficult to resolve 

discrete particles, although some smaller particles (< 20 nm) may be resolved in Fig. 4.9 (c). 

Similar images were obtained for all other nanopowders, ferromagnetic and non-ferromagnetic, 

and for those dispersed in H2O as well as in ethanol. For dry powders dispersed directly onto 

the carbon tabs for analysis (and not suspended in solvent) the agglomerate sizes are typically 

about an order of magnitude larger than those shown in Fig. 4.9. An SEM image for the dry 

Sigma 99.999 % micropowder (i.e. not dispersed in solvent) is shown also in Figure 4.10. The 

contrast is not so high due to the tendency of bulk ceria to retain electrostatic charge under the 

electron beam as it is a poor conductor. 

 

 

 
 

Figure 4.9.  SEM images for a ferromagnetic CeO2 nanopowder synthesized using 99% cerium 

nitrate. 
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Figure 4.10.  SEM image of bulk CeO2 micropowder purchased from Sigma Aldrich (99.999 % 

nominal purity). 

 
 

 

In order to obtain higher magnification images of the nanoparticles than possible by 

SEM, TEM analysis was also performed. High resolution TEM images of the ferromagnetic 

nanopowder, denoted FM, synthesized using 99% cerium nitrate, and the non-(ferro)magnetic 

nanopowder, denoted NM, synthesized using 99.999% cerium nitrate, are shown in Figure 

4.11, together with a typical TEM selected area electron diffractogram (SAED) for the 

nanopowder.  

 

 
Figure 4.11.  HRTEM images in real space for (left) ferromagnetic and (middle) non-magnetic 

nanoparticles, and (right) in diffraction space for the ferromagnetic sample. 

 

 

It may be estimated from Fig. 4.12 that the crystallite size for the ferromagnetic 

nanopowder is ~ 4 nm, in agreement with that calculated from the XRD peak broadening. The 

crystallite size for the non-magnetic nanopowder is slightly larger at ~ 6 nm. The 

ferromagnetic nanopowder shows evidence of enhanced polycrystallinity compared to the non-
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magnetic nanopowder. For both powders however the SAED pattern is similar, exhibiting 

diffraction rings indicative of polycrystalline nanoceria, which correspond to the reflections 

measured by XRD. The nanoparticles are not completely spherical but are somewhat faceted; 

the predominant lattice reflection in real space is from the (111) family of lattice planes. 

Although it is possible to crudely estimate the lattice parameter by determining the spacing of 

the lattice fringes in the real space TEM image, this was not performed here due to the lack of 

aberration correction for the instrument together with other approximations; the value obtained 

from Rietveld refinement of the XRD pattern is more definitive. Figure 4.12 compares real 

space images of the same two nanopowders at a lower magnification. It is again evident that 

the crystallite size is slightly larger and the overall crystallinity is slightly enhanced for the 

non-magnetic (NM) powder synthesized using 99.999% cerium nitrate compared to the 

ferromagnetic (FM) one synthesized using 99% cerium nitrate. Powders were typically 

aggregated, regardless of dispersion in H2O or ethanol or by preparing different concentrated 

dispersions or by using different concentrations of surfactants during synthesis; the driving 

force for aggregation is likely due to electrostatic attraction between the nanoparticles.  

 

 

 
 

Figure 4.12.  TEM real space images comparing the morphologies of ferromagnetic and non-

magnetic nanoparticles. 

 

 
 

Figure 4.13 displays the aggregation exhibited at the mesoscale for a ferromagnetic 

nanopowder at low magnification. The aggregate sizes are typically ~ 100 nm or larger in size, 

with a minority of clumps of smaller size, although the figure preferentially focuses on some 

of the smaller clumps since it is easier to show discrete nanoparticles this way.  
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Figure 4.13.  Low resolution real space TEM image of ferromagnetic nanoparticles which 

illustrates the degree of particle aggregation at the mesoscale. 

 
 

 

 

 

   4.3.4 Inductively Coupled Plasma Mass Spectrometry  

 

 

 
Sample purity was sensitively checked by Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS). As mentioned previously the 99% purity Ce(NO3)3.6H2O and 

ultrapure PEG-1500 reagents each had < 1 ppm by weight of each of Fe, Ni and Co present 

when tested. The main impurity in the 99 % purity Ce(NO3)3.6H2O reagent is non-magnetic La 

(~1-2 wt %). La is incorporated substitutionally in CeO2 forming the solid solution Ce1-xLaxO2-

δ, with the fluorite crystal structure maintained even up to 55 at. % La doping for bulk CeO 2 

111
, demonstrative of the high stability of the ceria lattice, and also indicative of why ceria is an 

efficient catalyst allowing facile oxygen incorporation/removal. ICP-MS analysis was also 

performed on the CeO2 nanopowders synthesized using the 99% and 99.999% Ce(NO3)3.6H2O 

precursors, the results of which are displayed in Table 4.7, with ferromagnetic elements 

denoted in bold. CeO2 nanopowders synthesized using 99% cerium nitrate displayed less than 

1 ppm of trace ferromagnetic impurities whereas nanopowders synthesized using 99.999% 

cerium nitrate contained 8 ppm of Ni, which nevertheless could contribute at most 4 A m
-1 

(Ms 

bulk Ni = 488 kA/m) to the magnetization at room temperature. The other impurities detected 

may come from the general laboratory environment in which the synthesis was performed, as 

well as from the precursors. In comparison, for a magnetization of order 100 A m
-1

, which is 

typically measured for ferromagnetic CeO2, about 60 ppm of iron metal (Ms bulk Fe = 1710 

kA/m) or 210 ppm of magnetite (Ms bulk Fe3O4 = 478 kA/m) for example would be required to 
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produce a magnetization value of similar magnitude; in light of the ICP-MS results, it therefore 

seems unlikely that ferromagnetic impurities can account wholly (or even partly) for the 

ferromagnetism of CeO2 nanopowders. 

 

Table 4.7.  ICP-MS results for CeO2 nanopowders synthesised using 99 % and 99.999 % nominal 

purity cerium nitrate reagents; quantities are given in units of ppm (parts per million). 

                                                                                                                                      

Element CeO2   (99 %) CeO2 (99.999 %) 

Boron 57.9 25.3 

Aluminium 35.1 14.5 

Vanadium < 0.4 29.8 

Manganese 4.3 < 0.4 

Iron < 0.4 < 0.4 

Cobalt < 0.4 < 0.4 

Nickel < 0.4 8.1 

Copper 25.1 41.3 

Zinc 51.6 4.3 

      

It is noted in addition to the impurities listed above, there may likely be for example 

H, C, O and N impurities from the precursors used during the synthesis, but these elements are 

not detectable by ICP because their atomic weight is too small and/or they are gaseous. 

 

 

 
   4.3.5   Magnetization data 

 

 

 

Room temperature magnetization data measured by SQUID magnetometry for CeO2 

nanoparticles synthesized using both low (99%) and high (99.999%) purity cerium nitrate are 

shown in Figure 4.14. In each case the concentration of cerium nitrate used was 10 mM and the 

total batch size was ~ 4 mg. It is evident that for these 4 mg batches, nanopowders synthesized 

using the lower purity precursor are ferromagnetic-like, whereas those synthesized using the 

higher purity precursor are almost non-magnetic, after correction for the diamagnetic 

background due to the gelatin capsule in which the samples were mounted for the magnetization 

measurement in addition to the small paramagnetic background due to CeO2.  
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Figure 4.14.  Room temperature magnetization curves (corrected for the diamagnetic background of 

the gelcap plus a small paramagnetic CeO2 contribution) for CeO2 nanopowders synthesized using 

different purity 10 mM cerium nitrate precursors. The measured batch size is ~ 4 mg for each 

sample. 
 

 

The fact that no distinct ferromagnetism is measured for nanopowders synthesized 

using the higher purity precursor proves that the ferromagnetic-like signals do not arise from 

impurities due to the glassware or from ferromagnetic contamination during synthesis. The 99% 

cerium nitrate precursor was previously measured to be purely paramagnetic at room 

temperature while ICP-MS revealed that it contained < 1 ppm of ferromagnetic impurities; 

hence it is unlikely that impurities in this precursor can account for the magnitude of the 

magnetization values measured. In addition, a thermal magnetization scan of the 99% cerium 

nitrate precursor in a field of 2 T revealed a low temperature Curie law paramagnetic upturn 

only, with no trace of ferromagnetic impurity phases; the Ce
3+

 content was estimated to be ~ 

40% from the paramagnetic upturn, which suggests that the sample does not have purely Ce
3+ 

character. ICP-MS analysis of the nanopowder synthesized using the 99% cerium nitrate 

precursor was previously shown to contain < 0.4 ppm of any ferromagnetic impurity, providing 

further evidence that the magnetic signal cannot be due to ferromagnetic impurities. The 

magnetization curve for the magnetic nanopowder is almost anhysteretic (Hc = 10 mT) and 

saturates readily (< 0.5 T) in applied magnetic field. Only one half of the hysteresis loop is 

shown for clarity of display (as are all subsequently displayed magnetization curves for CeO 2). 

The saturation magnetization for the magnetic nanopowder is ~ 60 A m
-1

 (magnetic moment ~ 

3×10
-8

 Am
2
) as shown for a typical 4 mg batch, but was generally measured to fall within the 

range 40 – 180     A m
-1

, with the largest magnetizations actually measured for smaller batches 

of order 1 mg in size. The nanopowder synthesized using the 99.999 % purity precursor has a 

value for Ms of at most 5 A m
-1

, although the data is quite noisy; the saturation magnetization 

for this sample was never measured to be more than this value. One possibility is that this small 

magnetization arises due to a few ppm of total ferromagnetic impurities in the precursor 
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materials (PEG, NaOH, cerium nitrate); ICP-MS revealed 8 ppm of nickel measured for the 

CeO2 nanopowder synthesized using the higher purity cerium nitrate precursor, which 

corresponds to a magnetization of ~ 4 A m
-1

. 

The magnitude of the saturation magnetization of the nanopowders synthesized using 

99% cerium nitrate appears to depend on the batch size synthesized and measured by SQUID 

magnetometry. Figure 4.15 illustrates the effect of batch size on the saturation magnetization Ms 

for a variety of batches of different masses prepared using the 99% cerium nitrate precursor (10 

mM). For the syntheses of larger batches, the NaOH concentration was adjusted (increased) 

accordingly so that the same rate of addition of NaOH to the cerium nitrate/PEG solution for 

each batch size was maintained. In the majority of cases, the batch size is equal to the mass 

measured by SQUID magnetometry, i.e. the whole batch mass was measured. The exceptions 

are the two blue data points, where sub-parts of the total batch were measured. Most of the 

batches measured are about 4 mg in size, for which Ms ~ 60 A m
-1

, whereas for batches < 2 mg 

in size Ms  > 100 A m
-1

. For larger batches with masses > 15 mg, the magnetization is greatly 

diminished, with Ms ≤ 10 A m
-1

. It is noted here also that TEM analysis showed little difference 

in crystallite size or morphology for batches of different size (mass), so that the reduction in Ms 

for larger batches does not seem to be a size-dependent magnetism effect. For nanopowders 

synthesized using 99.999 % cerium nitrate, for batch sizes of ~ 4 mg they are almost non-

ferromagnetic (Ms ≤ 5 A m
-1

) as is evident from Fig. 4.14 for example, while Ms almost vanishes 

for larger batches of 20-30 mg size. 
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Figure 4.15.  Ms measured at 300 K for different batch sizes of ferromagnetic CeO2 nanopowders 

synthesized using 99 % cerium nitrate. 

 
 

 

By fitting the magnetization curves to a tanh function of the form M/Ms = tanh(H/H0), 

the value of H0, which is a constant effective field that impedes saturation, may be obtained by 
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extrapolating the slope of the magnetization curve at the origin to where it intersects the saturation 

magnetization Ms. From the relation H0 = NM0 and by using a demagnetizing factor of N = 1/3 for 

a spherical isotropic approximation, the ferromagnetic volume fraction f = Ms/M0 may be estimated, 

where M0 is the magnetization of the ferromagnetic regions only, while Ms is the saturation 

magnetization of the total sample volume. The data for Ms plotted as a function of H0 is shown in 

Figure 4.16, together with data deduced by analysis of the magnetization curves presented for other 

undoped CeO2 samples in the literature, in addition to data for some iron metal and iron oxide 

samples. The black lines on the data plot illustrate where the data points would lie if the samples 

were 100 % magnetically ordered, when f = 100 %, for different values of the demagnetizing factor 

N. Several key points may be inferred from the data. Firstly, it may be deduced that for the 

ferromagnetic nanoparticles synthesized in this study using the 99 % cerium nitrate precursor, 

denoted by the large blue open circles, approximately 1×10
-3 
– 1×10

-4
 of the sample volume is 

magnetically ordered, which may be estimated by comparing Ms for these samples with the values 

of Ms corresponding to f = 100 % and N = 1/3. Hence only a small fraction of the sample volume is 

really magnetically ordered. Secondly, the values of H0 for the same nanoparticles are distinctly 

less than that due to iron, either micron or nano-sized, but some values are similar to those of 

magnetite nanoparticles. If the ferromagnetic-like signals measured for the CeO2 nanoparticles 

synthesized here are indeed due to magnetite nano-impurities, of order 10
-4 
– 10

-3 
or 100–1000 ppm 

of magnetite would be required, which is unlikely from the impurity analysis previously performed 

(ICP-MS). Thirdly, comparison of data for the nanoparticles synthesized here with other magnetic 

nanostructures (most of which are nanoparticles) from the literature, reveals that while the Ms 

values are broadly similar for both datasets, the H0 values for nanostructures from the literature are 

generally lower, either comparable to or lower than that of magnetite. Magnetic microparticles from 

the literature fall within a similar region to nanoparticles on the plot.  Lastly, for films, it is evident 

that thinner (20-30 nm) compact nanocrystalline films electrodeposited by Fernandes et al. 
54,56,57

, 

have Ms values which are several orders of magnitude larger than those which were synthesized in a 

similar way but were slightly thicker (50-100 nm) and were electrodeposited by Asra S. Razavian 

(unpublished) in our laboratory, or those which are nanoporous and ~ 500 nm thick 

electrodeposited by Ackland et al. 
19

. The Ms values of some of the films of Fernandes et al. even 

approach those of pure magnetite or bulk iron; on average, the majority of all of the films (20-500 

nm thick, denoted by red dots) have larger Ms values than those measured for the majority of either 

the microparticles (magenta triangles) or nanostructures (black dots), the latter of which are mostly 

in nanoparticle form. 
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Figure 4.16.  Room temperature saturation magnetization Ms plotted as a function of the field H0 for 

undoped CeO2 nanoparticles synthesized in this study together with data deduced for other 

magnetic undoped samples (films, microparticles, nanostructures) from literature reports. The 

majority of the nanostructures are in the form of nanoparticles. Data for some metallic iron and 

iron oxide samples is also included. 

 
 
 

Figure 4.17 shows a similar plot of Ms vs. H0 to that presented in the previous figure, 

but for undoped nanostructures only (excluding films), separated by morphology. It is evident 

that nanostructures of high aspect ratio such as wires, columns, poles and needles have higher 

Ms values (and consequently higher ferromagnetic volume fractions f  ) than those measured for 

the majority of spherical or near-spherical nanoparticles; an exception are the sheets/pores 
17

, 

but H0 is also much larger for these latter samples than for the rest of the nanostructures, similar 

to that of metallic iron, which casts doubt on the purity of the samples (in addition at 5 K for 

these samples, Hc ~ 600 mT, whereas d 

0
 samples typically have negligible coercivity, of order 

10 mT or less).  
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Figure 4.17.  Room temperature Ms vs. H0 values for undoped CeO2 nanostructures (black dots) 

from literature reports categorized by their morphology. The dimensions of the nanostructures 

are listed in Table 4.1 in the literature review section. Nanoparticles from this study (orange dots) 

are clearly differentiated from the rest of the nanoparticles from the literature (purple dots). 
 
 
 
 
 

 
Figure 4.18 shows a similar plot of Ms vs. H0 to that presented in Fig. 4.17, but for 

doped CeO2 samples from the literature, most of the dopants of which consist of several at. % of 

ferromagnetic elements. For clarity of display, the error bars have not been included. As per the 

previous figure, the black open circles denote iron in both metallic (H0 ~ 300 kA m
-1

) and oxide 

(H0 ~ 60-100 kA m
-1

) form (magnetite). It is evident firstly that nanoparticles have the lowest 

Ms values (generally 10-100 A m
-1

), microparticles have intermediate Ms values (~ 0.1 – 10 kA 

m
-1

) and the majority of the generally compact (poly)crystalline films have the largest Ms values 

(~ 10 – 100 kA m
-1

); the minority of the films with Ms values of ~ 0.1 – 1 kA m
-1

 are 

nanoporous (rather than compact) and ~ 500 nm thick (Lorena M.A. Monzon, unpublished). 

Secondly, there is quite a broad spread of H0 values for all of the samples, although most values 

are less than that of metallic iron. Several of the nanoparticle samples have H0 values which are 

noticeably less (≤ 30 kA m
-1

) than those of either microparticles or films. Thirdly, the groups of 

large open triangles marked A, B and C denote samples in which the authors explicitly ascribe 

the magnetic signals to magnetic impurities; A denotes nanoparticles for which Ms is attributed 

to Fe2O3 impurities 
76

, B denotes films for which Ms is attributed to Co clusters 
64,70

, while C 

denotes micro-crystals for which Ms is attributed to Co3O4 clusters 
99

. Finally, it is noted that for 

Fe doped CeO2 nanospheres and nanoporous structures electrodeposited on Cu 
75

 (blue circles), 

the values of H0 are larger (similar to or greater than that of metallic iron) than those measured 

for the vast majority of the other doped CeO2 samples. 
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Figure 4.18.  Room temperature Ms vs. H0 values deduced for doped CeO2 samples from literature 

reports. All of the nanostructures are in the form of nanoparticles except for one rod-shaped 

sample for which Ms = 0.15 kA m
-1 

(H0 = 10 kA m
-1

). Open circles denote metallic iron and iron 

oxide samples (as denoted previously in Fig. 4.17 for example). Data points (large open triangles) 

encircled A, B and C are explained in the preceding paragraph. 

 

 

Figure 4.19 combines data for Ms and H0 shown in the two preceding figures, in order 

to compare all of the data for doped and undoped samples in all forms. No distinction is made 

between sample type (film, micro-sized or nano-sized. From the previous two figures it may be 

deduced however that data points for nano/micro-particles generally lie near regions towards the 

bottom of the plot, while those for films usually lie near the middle to top.  



        Chapter IV – CeO2 
 

117 
 

10 100 1000

1E-4

1E-3

0.01

0.1

1

10

100

1000

10000

f = 100 %

CeO
2
 - all samples from the literature

 doped

 undoped

 M
s
 (

k
A

 m
-1
)

H
0
 (kA m

-1
)

Undoped nano-

  particles from 

     this thesis

N = 1/6

N = 1/3

N = 1

 
 

Figure 4.19.  Room temperature Ms vs. H0 values deduced for all CeO2 samples from literature 

reports. Open black circles denote metallic iron and magnetite samples (as denoted previously in 

Fig. 4.17).  

 

 
 

Magnetization data measured at low temperature (4 K) for CeO2 nanoparticles 

synthesized using 99% cerium nitrate is shown in Figure 4.20. The signal magnitude and shape 

is virtually identical at both room temperature and 4 K, from which it may be inferred that the 

Curie temperature is much greater than room temperature. The data has been fitted to a function 

which physically represents collective orbital magnetism and is of the form 

 

                                               m(H) = m(0) x/(1 + x
2
)

1/2                                                                       
     (4.1) 

 

where x = cH and H is the magnetic field. The collective orbital magnetism model is discussed 

further later in this chapter (in section 4.3.13) and in Chapter 6 (Discussion), while an overview of 

the theoretical and mathematical basis for this equation is given in Appendix A.2. A Langevin 

function fits equally well, or a tanh function may also be used. The parameter c relates the energy 

scale to the length scale of the effect, and is virtually the same (5.18 – 5.15 T
-1

) for the data at 4 K 

and 300 K since the fits are very similar. The insensitivity of the magnetization to thermal 

excitations at 300 K is evidence that an unusually large energy scale, > 0.1 eV, is involved.  The 

inset shows a thermal magnetization scan in applied field, which has been corrected for the 

diamagnetic gelcap contribution. There is a clear paramagnetic upturn at low temperature (< 25 

K), which when fitted to the Curie Law may be used to estimate that the Ce
3+

 content is ~ 0.5 

%, assuming J = 5/2 for a 4f 

1
 electronic configuration. There is no evidence of any secondary 

ferromagnetic phases or clusters below 300 K, which would be expected to produce extra 

peaks/features in the thermal magnetization data. In an applied field of 2 T at room temperature, 
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the nanoparticles possess a weak paramagnetic character with χ = +4.5×10
-6 

in addition to their 

ferromagnetic-like signature. 
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Figure 4.20.  Magnetization data (corrected for diamagnetic gelcap + paramagnetic CeO2 

background) for 4 mg batches of CeO2 nanopowders synthesized using 99% cerium nitrate 

measured at 300 K and 4 K. The data has been fitted to the function indicated in blue font. The 

inset shows a thermal magnetization scan in an applied field of 2 T, corrected for the high-field 

diamagnetic susceptibility due to the gelcap. 

 
 

 

Thermal magnetization scans of the ~ non-ferromagnetic CeO2 nanopowder 

synthesized using 99.999% cerium nitrate as well as a high nominal purity 99.999% CeO 2 

micropowder purchased from Sigma Aldrich were also performed. The data is shown in Figure 

4.21. Firstly, for the nanopowder synthesized using 99.999% cerium nitrate, shown in part (a), 

the thermal magnetization scan does not show any evidence of sharp upturns due to 

ferromagnetic impurities. From the Curie law upturn at the lowest temperatures, the Ce
3+

 

content is estimated to be ~ 0.1 % (assuming J = 5/2), lower than that estimated for the 

ferromagnetic nanopowder synthesized using 99% cerium nitrate (~ 0.5 % Ce
3+

). The higher 

Ce
3+

 content estimated for the low purity nanopowder compared to the higher purity 

nanopowder may be due to greater quantities of additional impurity phases which may favour 

Ce
3+

 formation by inducing off-stoichiometry and charge imbalance in the ceria lattice in order 

to try to accommodate the extra impurities (especially La
3+

 substitution for Ce
4+

 in the lower 

purity nanopowders). At room temperature, the high purity nanopowder is weakly paramagnetic 

with χ = +3.9×10
-6 

(compared to +4.5×10
-6 

for the low purity nanopowder), while at 4 K χ has 

increased by more than order of magnitude to +5.0×10
-5

, as measured by the respective 

magnetization/field scans at 300 K and   4 K. Importantly, no trace of any ferromagnetism is 

measured for the field scans at 4 K for any of the nanopowders. By plotting the inverse 

susceptibility against temperature from the thermal magnetization data, the extrapolated 
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intersection of the data with the temperature (x) axis is approximately – 5 K for both 

nanopowders (high and low purity), which indicates a possible antiferromagnetic character for 

both; if ferromagnetic (paramagnetic) the x-axis intersection should be positive (zero). One of 

the limitations of SQUID magnetometery is that it is rather insensitive to antiferromagnetic 

order (it only measures the total net macroscopic magnetic moment), which may manifest itself 

as a weak paramagnetic-like and/or ferromagnetic-signal signal instead which is what is 

measured for the nanopowders. Further possible evidence for antiferromagnetism is provided by 

the muon polarisation results, presented later on in section 4.3.7, in which the possibility of 

antiferromagnetic order is discussed further.  

 Meanwhile, the reference Sigma micropowder is also weakly paramagnetic at room 

temperature, although slightly less so than the nanopowder synthesized using 99.999% cerium 

nitrate, with χ = +3.5×10
-6

. This residual paramagnetism is likely due to some unpaired Ce
3+ 

ions in the sample. The thermal magnetization data shown in part (b) of Figure 4.21 presents no 

evidence of ferromagnetic impurity phases below room temperature for high purity bulk CeO 2. 

The paramagnetic Ce
3+

 content for the micropowder estimated from the low temperature Curie 

upturn (assuming J = 5/2) is ~ 0.01 %, at least an order of magnitude smaller than that estimated 

for the nanopowders. Hence it is evident that even high purity CeO2 micropowder may have a 

small residual Ce
3+

 content. By plotting the inverse susceptibility against temperature, the 

extrapolated data intersects the origin (temperature = 0 K) indicating pure paramagnetic 

behaviour. It is noted that while in theory even traces of any paramagnetic impurity may 

produce the low temperature upturn in the susceptibility, it is most likely to be Ce
3+ 

for CeO2. 
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Figure 4.21.  Thermal magnetization data (corrected for diamagnetic gelcap background) for (a) 

CeO2 nanopowder synthesized using 99.999% cerium nitrate, and (b) bulk CeO2 micropowder, 

for which the corrected room temperature magnetization curve (for both the diamagnetism of the 

gelcap and the weak paramagnetism of CeO2) is displayed in the inset. 
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The magnetic moment measured for the CeO2 nanopowders synthesized using 99% 

cerium nitrate was determined to be quite stable over a period of 24 months, with a decay in 

moment magnitude of a single batch (4 mg) of ~ 20 % only during this period. The time-

dependent magnetization curves are shown in Figure 4.22. It is also evident that the 

magnetization curve shapes are virtually unchanged when re-measured after 24 months.  
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Figure 4.22.  Background-corrected magnetization curves for a single batch of CeO2 nanopowders 

synthesized using 99% cerium nitrate, showing the decay of the magnetic signal with time. 

 

 

 

Many experimental reports attribute the magnetism of nanostructured CeO2-x to oxygen 

vacancies. The number of oxygen vacancies would be expected to rapidly decay over time in 

ambient conditions, as the samples become oxidised. In such a case, the magnitude of the 

magnetic moments should also decay rapidly over time if the magnetism is indeed correlated 

with oxygen vacancies. Due to the existence of some cerium sesquioxide Ce2O3 phase however, 

it is possible that not all of the cerium oxide is actually re-oxidised to CeO2 over time since 

some Ce2O3 phase remains, and hence many oxygen vacancies and much Ce
3+

 character may be 

retained; this may explain why a magnetic moment due to oxygen vacancies and Ce
3+

 does not 

decay rapidly over time. In addition, it is possible that the presence of small amounts of other 

phases such as cerium hydroxide (Ce(OH)3) for example, an intermediate formed during 

nanoparticle synthesis during which Ce
3+

 is oxidized to Ce
4+

, may help to retain Ce
3+

 

character/oxygen vacancies and to prevent full oxidation to CeO . It is noted however that 

Ce(OH)3 was not detected in XRD measurements of the nanopowders. However, the phase 

detection limit of X-Ray powder diffraction is not so low, typically ~ 0.1-1 wt %, and coupled 

with the large peak broadening and rather small peak intensities measured for the nanopowders, 

means that the actual detection limit here is higher, possibly several wt %, and hence it is 

possible that impurities present at these concentrations could elude detection.  Another 

possibility is that surfactants (PEG here) used during nanoparticle synthesis may protect the 
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nanoparticles from oxidation, and hence assist in Ce
3+  

retention. 

Some of the ferromagnetic CeO2 nanopowder (synthesized using 99% purity cerium 

nitrate) was post-annealed after synthesis at atmospheric pressure (i.e. in air) at selected 

temperatures in order to determine the effect of air-annealing on the magnetic signals. Initially 

the magnetic moment of a ferromagnetic nanopowder was measured, after which the powder 

was subsequently placed in a clean ceramic boat and heated to 200 °C at atmospheric pressure 

for 2 hours in a furnace. Heating/cooling rates of 5 °C/min per used. The magnetic moment was 

then re-measured, followed by further sequential air anneals at 400 °C, 600 °C and 800 °C (5 

°C/min heating/cooling rate, temperature held for 2 h at the maximum temperature), with the 

magnetization re-measured after each successive anneal. The resultant magnetization curves 

measured are shown in Figure 4.23. It is evident that while air annealing the nanopowder at 200 

°C does not have a significant effect on the magnitude of the magnetic signal or particle size (~ 

4 nm), further cumulative air anneals at higher temperatures are accompanied by an 

exponential-like decrease in signal magnitude, as well as a marked increase in particle size. For 

the nanopowder which has been air annealed at 800 °C following prior anneals at the lower 

temperatures indicated, the magnetization value has fallen to about 40 % of its initial value, 

while the particle size has increased from 4 – 40 nm, as estimated by Scherrer peak broadening 

of the XRD peaks. 
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Figure 4.23.  Room temperature magnetization curves, background corrected and fitted to a tanh 

function, for ferromagnetic CeO2 nanopowder air-annealed at various temperatures. The inset 

plots the normalized mass magnetization against particle size upon air-annealing at various 

temperatures (ramp rate = 5 °C / min, dwell time at Tmax = 2 h). 
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The relative decrease in magnetization may be related to the increase in particle size. 

Samples which are not ferromagnetic in the bulk often exhibit ferromagnetism when in 

nanoparticulate form, and it has been reported that the ferromagnetism in CeO2 nanostructures 

may be size dependent for example 
14,18,38

, for which the onset of ferromagnetism at small 

nanoparticle size may be related to an increase in the surface to volume ratio with decreasing 

particle size (and possibly also to an increased amount of oxygen vacancies associated with 

Ce
3+

); the nanoparticle surface acts in effect like a defect due to the unsaturation of chemical 

bonds there compared to saturated bonds within the interior of the nanoparticle. The fraction of 

surface atoms increases almost exponentially with decreasing number of atoms in the 

nanoparticle as shown in Figure 4.24 (previously shown in the introduction in Chapter 1). As 

the CeO2 nanoparticles decrease in size, due to the increase in unsaturated bonds at the surface, 

the Ce
3+

 content increases rapidly, while the nanoparticle core remains Ce
4+

-rich. The increased 

Ce
3+

 content results in elevated strain and lattice expansion, since the radius of the Ce
3+

 ion 

(115 pm) is greater than that of Ce
4+ 

(101 pm), which in turn favours the formation of charge 

compensating oxygen vacancies at the surface. Hence the decrease in magnetization with 

increasing particle size induced by air annealing at successively higher temperatures may be 

proposed to be due to the relative decrease in Ce
3+

 and oxygen vacancy content as the particle 

size increases; in addition, by annealing in air, CeO2 will become more oxidized, which will 

further reduce the oxygen vacancy content of the nanoparticles. As an aside, it is noted that 

previous unpublished annealing studies performed by previous researchers in our laboratory did 

not find any evidence for magnetism in vacuum annealed high purity (99.999 %) bulk CeO2 

powders (nor in vacuum annealed ZrO2 or TiO2 high purity bulk powders), for anneals 

performed at either 600 °C, 700 °C or 800 °C. Hence for our bulk powders it seems that oxygen 

vacancies created by vacuum annealing may not be sufficient alone to induce ferromagnetic -like 

signals. For nanopowders however, the physical structure is very different due to the large 

surface/volume ratios and significant inherent Ce
3+

/oxygen vacancy character due to the 

nanostructure and the increased surface to volume ratio as discussed above. If the 

ferromagnetism is purely size-dependent however, this does not explain why the nanoparticles 

synthesized using 99.999% cerium nitrate are not ferromagnetic (despite having a similarly 

small size to the ferromagnetic nanoparticles); it is possible that another requisite for 

ferromagnetism in our nanoparticles is the presence of impurities such as La in the 99% cerium 

nitrate used to synthesize the ferromagnetic nanoparticles, which is discussed next.  
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Figure 4.24.  General trend for the increase of the fraction of surface atoms (Fs) with decreasing 

number of atoms (N) for nanoparticles of small size. 

 

 

 

In order to further investigate the possible influence of La on the ferromagnetism of 

CeO2, nanoparticles were synthesized using the higher purity cerium nitrate precursor (99.999 

%) and intentionally doped with various weight percent of lanthanum nitrate (hexahydrate) of 

purity 99.999 %. For La doped CeO2, to convert between weight % and atomic % doping levels, 

the conversion is 1 wt % ≈ 1.2 at %. By making up a solution of cerium and lanthanum nitrate 

and following the same synthesis procedure as for the ferromagnetic CeO2 nanoparticles before, 

La will tend to dope substitutionally for Ce in the ceria crystal lattice. Since the magnetization 

of nanoparticles synthesized using the 99.999 % cerium nitrate precursor is very small (at most 

5 A m
-1

), the effect of lanthanum doping should be readily measurable as long as the 

magnetization is clearly > 5 A m
-1

. Selected magnetization curves for CeO2 nanoparticles 

synthesized using 99.999% cerium nitrate doped with various quantit ies of La are shown in 

Figure 4.25 below.  
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Figure 4.25.  Room temperature magnetization curves (corrected for high-field background slope) 

for CeO2 nanoparticles synthesized using 99.999% cerium nitrate and doped with various wt % La 

(1 wt % ≈ 1.2 at % for this sample). The mass of each sample is about 3 mg. The correlation between 

Ms and the quantity of La doping is shown on the right.  
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It is evident from Fig. 4.25 that doping with La serves to increase the magnetization 

value from ~ 5 A m
-1

 for the undoped case to ~ 50 A m
-1

 for 0.8 wt % La doping. Values of Ms 

> 30 A m
-1

 are measured for a rather narrow range of doping levels only, ~ 1.0 ± 0.2 wt % 

(equivalent to ~ 1.2 at. %) The maximum magnetization does not reach quite as large a value as 

that typically measured for the ferromagnetic nanoparticles synthesized using the lower purity 

cerium nitrate precursor however, for which Ms is typically > 50 A m
-1 

for 3 mg batches. It is 

noted that the maximum Ms measured here occurs for a similar wt % La to that already present 

in the 99 % cerium nitrate precursor (~1-2 %). Thus it may be deduced that La may indeed play 

a role in mediating the magnetism in CeO2 nanoparticles, since ferromagnetic-like signals are 

measured for both nanoparticles intentionally doped with La synthesized using 99.999% cerium 

nitrate, and also in nanoparticles synthesized using 99% cerium nitrate in which the La dopant is 

already present in the cerium nitrate precursor. In the absence of La, it has been shown that no 

distinct ferromagnetism is measured for nanoparticles, such as for those synthesized using 

99.999% cerium nitrate. Substitutional La within the ceria lattice may induce lattice strain and 

favour defect formation due both to the larger size of the La
3+

 ion (117 pm ionic radius) 

compared to that of Ce
4+ 

(101 pm) for which La
3+ 

substitutes, and due to the fact that oxygen 

holes must be created in order to maintain overall charge neutrality upon replacement of Ce
4+

 

with La
3+

; it may be these extra defects that induce magnetism in these small (~ 4 nm diameter) 

CeO2 nanoparticles. This same explanation for the appearance of magnetism may also apply for 

ferromagnetic CeO2 nanoparticles synthesized using the lower purity 99% cerium nitrate 

containing La impurities. La only forms the La
3+ 

ion when bonding as there is no La
4+ 

valence 

state unlike for cerium. The Ce
3+ 

ion
 
meanwhile has a similar ionic radius (115 pm) to that of 

La
3+

 (117 pm), whereas that of O2
-
 is slightly larger (126 pm) than those of either La or Ce ions. 

The defects induced by La doping may be in the form of extra Ce
3+

 ions accompanied by the 

formation of charge compensating oxygen vacancies. 

A comparison of the XRD spectra (included here rather than in the previous XRD 

section for the sake of continuity) measured for CeO2 nanoparticles synthesized using 99.999% 

cerium nitrate, both undoped and 1 wt % La doped, are displayed in Figure 4.26. All reflections 

may be indexed to the ceria face-centred cubic crystal lattice (Fm-3m), as per the nanoparticles 

synthesized using 99% cerium nitrate shown previously in Fig. 4.8. Equal masses of powders 

were measured for each spectrum, which were mounted with the same geometry and scanned 

under identical conditions. It is evident that the peak intensity is higher for the undoped 

nanoparticles compared to those doped with La, from which it may be inferred that doping with 

La reduces the overall crystallinity of CeO2. A subtle shift in peak positions to lower 2θ angles 

is also measured for the La doped sample compared to the undoped sample, which the inset in 

Figure 4.26 more clearly shows, indicative of lattice expansion upon doping pure CeO 2 with La.   
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Figure 4.26.  XRD spectra measured for CeO2 nanopowders synthesized using 99.999% cerium 

nitrate.  

 

 
 

 

XRD did not resolve the presence of either La2O3 or metallic La, even for the most 

heavily doped sample with 10 wt % La. A reason for the difficulty in resolving La2O3 (in addition 

to the relatively small concentration of dopant used) may be due to the fact that several of the 

reflection angles for La2O3 (hexagonal) occur at similar positions to those of CeO2. For small 

nanopowders, in which the peaks are already significantly broadened due to the small crystallite 

size, this makes it more difficult to distinguish the La2O3 hexagonal phase from that of CeO2 face-

centred cubic. The absence of reflections for metallic La (hexagonal phase at room temperature) 

suggests that the La dopant has been incorporated into the ceria lattice, most likely substituting for 

Ce in the fluorite lattice as mentioned already.  

Further to the La doping experiments, an investigation of the effect on the magnetic 

signal of doping CeO2 nanoparticles synthesized using the high purity 99.999% cerium nitrate 

precursor with other non-magnetic impurities apart from La was carried out. Here, high purity 

(99.999 %) magnesium nitrate and zinc nitrate precursors were added to the cerium nitrate 

solution in order to dope CeO2 with Mg and Zn respectively. 1 wt % of each of magnesium 

nitrate and zinc nitrate was used, and the resultant magnetization curves are shown in Figure 

4.27. It is apparent that doping with 1 wt % of each of Mg and Zn produces a ferromagnetic-like 

signal, or “turns on” the magnetic signal compared to the undoped case, with an Ms value of ~ 

50 A m
-1

 measured at room temperature upon doping. Hence doping with Mg and Zn at a level 

of 1 wt % produces an Ms value of similar size to that measured for doping with a similar wt % 

of La. It is also possible that doping with Mg and Zn create the defects necessary to induce 

magnetism, although it is noted that in contrast to La
3+

, the ionic radii of Mg
2+

 (86 pm) and Zn
2+

 

(88 pm) are significantly smaller than that of either Ce
3+ 

(115 pm) or Ce
4+

 (101 pm). The results 

are rather similar to those measured for the doped nanoporous films shown previously in Figure 

4.6 (Lorena M.A. Monzon, unpublished), which were synthesized by electrodeposition using the 
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same 99.999% cerium nitrate precursor. For the nanoporous films it was found that a 

ferromagnetic-like signal could be “turned on” by the addition of a few wt % of non-magnetic 

dopants to the electrodepostion solution, similar to the case for nanoparticles here, and that for 

the undoped case in which 99.999% cerium nitrate was used as the cerium precursor, no 

ferromagnetism was measured. 
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Figure 4.27.  Corrected room temperature magnetization curves for CeO2 nanoparticles synthesized 

using 99.999% cerium nitrate. The data for the doped nanoparticles (black dots) has been fitted to a 

tanh function (black line). The mass of each sample is ~ 3 mg. 

 

 

 

     4.3.6 X-Ray absorption spectroscopy (XAS) and X-Ray Magnetic  

Circular Dichroism (XMCD) 

 
 

 

 

 

 

In order to obtain further information about the magnetism and stoichiometry of the 

ceria nanopowders, X-Ray absorption spectroscopy (XAS) and X-Ray magnetic circular 

dichroism (XMCD) measurements were performed on the following samples: CeO 2 

nanopowders (both ferromagnetic and ~ non-ferromagnetic synthesized using 99% and 

99.999% purity cerium nitrate respectively), ~ 1 wt % La-doped high purity nanopowder 

(synthesized using 99.999 % cerium nitrate), and finally a bulk micropowder reference sample 

(99.999 % Sigma). Approximately 1 mg of each powder was pressed onto Indium foil (99.99 

% nominal purity) for measurement, the total area irradiated was typically 30 × 230 μm, and total 

electron yield (TEY) mode was used to detect the X-Ray absorption signal, where the escape 

depth is ~ 5 nm. Hence for the CeO2 nanopowders, generally the whole particle volume is 

probed. XAS data were collected at the Ce M4,5, La M4,5, O K and Fe L2,3 absorption edges, 

which all lie in the soft X-Ray energy regime. For the simultaneous XMCD measurements, at 
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300 K (2 K) the circular polarization was measured in fields of +/- 2T (7 T), with the magnetic 

field applied parallel to the X-ray beam. Data were collected at an incident angle of 28
°
 to the 

normal.  

Prior to presenting data measured for the Ce M4,5 edge, a reminder of the main features 

in the XAS spectrum are first given. The most intense features in an XAS (XANES) spectrum 

are due to electric-dipole allowed transitions (Δ l = ± 1) to unfilled orbitals, and hence is a 

probe of the density of unoccupied states.The M4 and M5 absorption edges are related to 

transitions from 3d core states to 4  f states, for which the excited core d states for example may 

be represented by the Russell-Saunders term symbols (spectroscopic notation) 
2
D5/2 (M4) and 

2
D7/2 (M5). For the Ce M edge probed, the main features in the XAS spectrum (M4 and M5 

peaks) are related to transitions from 3d core states to 4f states and are a probe of the 4f excited 

state occupancy. For Ce
4+

, the excited 4f
1 

state is probed, corresponding to the electronic 

transition 3d 
10

4f 
0
 → 3d 

9
4f

1
, whereas for Ce

3+
, the excited 4f

2 
state is probed, corresponding 

to the transition 3d 
10

4f 
1
 → 3d 

9
4f

2
. The post-edge features at ~ 5 eV higher energy than those 

of the M edge maxima intensity originate from transitions to the 4f admixture in the conduction 

states, indicative of empty localized 4f
1 

states within the band gap, whereas the pre-edge 

features (at ~1-5 eV lower energy than those of the M edge maxima) are indicative of Ce
3+

. For 

the Oxygen K edge probed, the features in the XAS spectrum strongly depend on the oxidation 

state; the O K edge gives information about the O 2p and Ce conduction states. Stoichiometric 

CeO2 has 3 peaks in XAS, related to electronic transitions from O 1s core levels to empty O 2p 

hole states hybridized with Ce dominated 4f, 5d-eg and 5d-t2g levels respectively. Hence the 

lowest energy peak is a measure of Ce-O bonding or hybridization, while the higher energy 

peaks are more characteristic of the band structure (i.e. delocalized electrons) extending into 

the EXAFS regime. 

Figure 4.28 displays XAS/XMCD data measured for the Ce M4,5 edge of the 

ferromagnetic CeO2 nanopowder (denoted FM) at both 300 K (at ± 2 T) and at 2 K (at ± 7 T). 

The XAS spectra have been normalised to an intensity of 1 at the M5 step edge according to the 

procedure detailed in the experimental section (2.5.3).  
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Figure 4.28.  XAS and XMCD data for the Ce M4,5 edge of the ferromagnetic (FM) CeO2 nanopowder 

at 300 K and 2 K. 

 

 

 

It is evident from the previous figure that the pre-edge features in the XAS, due to 

Ce
3+

, are more prominent in the low temperature spectrum due to less temperature broadening 

of the spectral lines, while the XMCD amplitude is more than an order of magnitude larger 

than for that measured at room temperature. A magnetic moment of 1 μB/CeO2 corresponds to 

~ 230 kA m
-1

, hence for 60 A m
-1

 (which is measured for this particular ferromagnetic 

nanopowder at 300 K) the magnetic moment is ~ 2.5×10
-4

 μB/CeO2, or 2×10
-4

 μB/Ce (if all of 

the moment is assumed to be due to Ce only). A magnetic fraction of order 10
-4

 agrees with 

that deduced previously from analysis of the magnetization curves for the ferromagnetic 

nanoparticles, where f was estimated to be of order 10
-4 
– 10

-3
. At 2 K, it may be reasonably 

assumed that the paramagnetic-dominated XMCD signal is almost entirely due to Ce
3+

, as 

would be expected. It is also evident from Fig. 4.28 that the most intense XMCD signals at 2 K 

match the corresponding Ce
3+ 

pre-edge XAS features in energy, rather than the Ce
4+

 features 

which are associated with the M4 and M5 edge maxima in XAS.
 

The XAS at the rare-earth M4,5 and the 3d transition metal L2,3 absorption edges are 

highly sensitive to the valence state and the distribution of valence electrons between the metal 

ion and the ligand orbitals, which allows the experimental spectral structures to be well 

reproduced by atomic multiplet calculations. Figure 4.29 compares the experimental XMCD 

data measured at 2 K with the Ce
3+ 

contribution obtained by such a multiplet calculation,  

based on the calculations of Kotani et al. 
112

; in these calculations, the 3d (and 4d) XAS for 

Ce
3+

 and Ce
4+

 are interpreted based on a simplified version of the Anderson Model combined 

with interactions described by the Slater Integrals and spin-orbit interactions which assumes 

100 % polarization of cerium. Here we have used a fixed exchange parameter of 0.01 in our 

multiplet calculations which corresponds to an arbitrarily chosen 0.01 eV energy splitting of 
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the J-J mulitplet levels, the splitting magnitude of which may be denoted as |E(m j=n) - 

E(mj=n±1)|, and with no crystal field splitting (CFS). The XMCD signals, experimental and 

calculated, have been normalized. In order to scale the magnitude of the calculated XMCD 

signal to match that of the experimentally measured XMCD signal, a scaling factor of 0.14 was 

used (both here and for all subsequent spectra) to multiply the calculated XMCD signal by; this 

scaling factor implicitly assumes that all of the Ce
3+

 at 2 K for the FM nanopowder is 

paramagnetic and that its spins are free to orientate with respect to the applied magnetic field. In 

addition, the scaling factor of 0.14 shows that the realistic exchange parameter is much smaller 

at 0.0014 eV rather than the initial estimate of 0.01 eV.  
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Figure 4.29. Normalised XMCD data for the Ce M4,5 edge of the ferromagnetic (FM) CeO2 

nanopowder at 2 K compared to that calculated by multiplet calculations for fully polarized Ce
3+

.  

 

 

It is important to note that the multiplet calculations do not infer anything about the 

magnetic order in the system. In Fig. 4.29 shown previously the calculated signal (red line) has 

had to be shifted relative to the experimental data (black line) in order to achieve the best 

match between them, due to the inability of the calculation to accurately model the spherical 

part of the ground state energy of cerium. In addition, the relative energy between the ion 

valences often comes wrong in the simulations, and must also be corrected manually by 

inspection of the experimental and calculated signals. The experimental and theoretical spectra 

in Fig. 4.32 match quite well indicating that the XMCD spectrum at 2 K is almost completely 

due to paramagnetic Ce
3+ 

only.  

By appropriate scaling of the XMCD signal magnitude measured for ferromagnetic CeO2 

at 2 K and using the Langevin function for paramagnetism, the purely paramagnetic contribution to 

the XMCD signal at 300 K may be estimated, since at 2 K the XMCD signal is assumed to be 

entirely due to paramagnetic Ce
3+

 only. At 2 K in 7 T the magnetization of Ce
3+

 reaches 80 % of 

saturation, while at 300 K in 2 T it reaches just 0.32 % of saturation. Hence Ce
3+

 at 2 K and 7 T is 

still not quite completely polarized and the values of 0.8 and 0.0032 are the “Langevin scaling 
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factors” at 2 K and 300 K respectively. The resultant paramagnetic contribution to the XMCD 

signal at 300 K for the FM sample is displayed in Figure 4.30; the paramagnetic contribution is 

rather small (in agreement with SQUID magnetometry), of order 10 % of the experimentally 

measured signal magnitude only, with the remaining contribution most likely due to ferromagnetic 

and/or antiferromagnetic order. 
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Figure 4.30.  Paramagnetic contribution to the XMCD signal at 300 K for the Ce M4,5 edge of 

ferromagnetic CeO2. 
 

 

 

 

 

 

 

 

 

 

 

 

In addition to calculating the Ce
3+

 contribution, the Ce
4+

 contribution to the 

XAS/XMCD signals may also be calculated. The following optimum parameters were used 

which were found to correspond best with the experimental data: exchange parameter = 0.01 (as 

per Ce
3+
), charge transfer mixing parameter = 0.8, no CFS, Δ=0.5, 55% f0 and 45% f1L (where 

f0 + f1L = 100%). Δ defines the energy difference between the f0 and the f1L configurations, 

while the mixing parameter defines how much these configurations intermix. Both parameters 

modify the amount of charge transfer. Figure 4.31 shows which ratio of Ce
3+

:Ce
4+ 

obtained from 

the multiplet calculations fits most closely to the experimental data for the XAS of the Ce M4,5 

edge of the ferromagnetic CeO2 nanopowder at 2 K. Since there are no background signals 

included in the calculated XAS, the background signal for the experimental XAS has been 

subtracted appropriately (which in effect alters the M5:M4 edge intensity ratio) using an edge 

step subtraction of magnitude 3/5 for the background due to the M5 edge and 2/5 for the 

background due to the M4 edge (these magnitudes correspond to the standard branching ratios 

for the M4,5 edges) in order to give the best comparison between experiment and theory. The 

main contributions to the background signal are high-energy quasi-elastically scattered 

photoelectrons ejected from much less tightly bound atomic states than that due to Ce 3d states, the 

Auger electrons from which can have much lower energies. For all subsequent XAS spectra which 
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are compared to the theoretical Ce
3+

 and Ce
4+

 contributions, the plural background has similarly 

been subtracted.  
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Figure 4.31.  Relative contributions of Ce
3+

 and Ce
4+

 to the XAS (corrected for background) 

measured for the Ce M4,5  edge of ferromagnetic CeO2 at 2 K; the sample contains 34.4±1.5 % Ce
3+

. 

 

 

Fitting the multiplet calculations (theory) to the experimental spectra in Fig. 4.31 above 

reveals that the ferromagnetic nanopowder contains ~ 34.4 % Ce
3+

 at 2 K, the rest of cerium 

existing in Ce
4+

 form. The error in the above number (and similarly for subsequently calculated 

Ce fractions) is ± ~1.5 %, since it is not possible to get an excellent match between the 

experimental and theoretical XAS signals. Stoichiometric bulk CeO2 would be expected to 

contain Ce
4+

 only; for nanoparticles however, the Ce
3+

 content is typically significant due its 

presence at the nanoparticle surface which is charge compensated for by the formation of 

oxygen vacancies which manifests itself in an expansion of the lattice parameter 
9-11

. For 

example, the quantity of Ce
3+

 measured for ceria nanoparticles of 3.5 nm diameter measured 

elsewhere by XANES on the Ce M4,5 edge is 40 % at maximum Ms  
37

, and generally > 20 % for 

several nanoparticles of ~ 3 nm diameter within the same report. Here, the Ce
4+ 

contribution is not 

easily resolved in the XMCD spectra at 2 K since the spectrum is dominated by the 

paramagnetic Ce
3+

 contribution as demonstrated by the data previously displayed in Fig. 4.29, 

but the multiplet calculations show that the sample does in fact contain 65.6 % Ce
4+

. According 

to the multiplet calculations the Ce
4+

 contribution to the XMCD signal at 2 K is more than two 

orders of magnitude smaller than the contribution due to Ce
3+

. As mentioned before but noted 

again for clarity, a scaling factor of 0.14 was used  (both here and for all subsequent spectra) to 

multiply the calculated XMCD signal by in order to match the intensity of the experimental and 
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calculated XMCD spectra. It is evident that the XAS post edge features of the M edge for Ce
4+ 

in Fig. 4.31 cannot be accounted for very well by the multiplet calculations; the optimum 

parameters were found to be those mentioned in the previous paragraph.  

At 300 K, the ratio of Ce
3+

 to Ce
4+

 for the FM sample should be the same as that at 2 K 

(since it is physically the same sample and only the measurement temperature has changed). It is 

arbitrarily approximated (in the absence of a better way of estimating) that the Langevin scaling 

factor (from 2 to 300 K) for the Ce
4+

 ion is the same as that calculated for the Ce
3+ 

ion. In addition 

to the applied Langevin scaling factor of 0.0032 (in order to scale the magnitude of the 

calculated XMCD signals from 2 K to 300 K as discussed before), the other scaling factor of 

0.14 also previously mentioned (in order to match the calculated and experimental XMCD 

signal intensity at 2 K in order to accurately represent the magnitude of the exchange splitting 

of the J-J levels in the samples) has also been applied to the calculated XMCD signals. A third 

and final step is to scale the calculated XAS signals to an absorption step  edge of intensity = 1 

and to scale the corresponding calculated XMCD signals by the same scaling factor , in order to 

compare the magnitudes with the experimentally measured data. Hence the final calculated 

XMCD signals which are subsequently shown have been scaled by three different successive 

values in order to account for the magnitudes of the Langevin, exchange and normalization (of 

XAS to 1) corrections. A comparison of the experimental data for XAS/XMCD and the 

calculated Ce
3+

 and Ce
4+

 contributions from the multiplet calculations performed are shown in 

Figure 4.32. In this figure, the Ce
4+

 contribution to the XMCD signal is displayed as it may be 

more easily resolved at 300 K (unlike at 2 K); it is approximately an order of magnitude smaller 

than the Ce
3+ 

contribution. 
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Figure 4.32.  Relative contributions of Ce
3+

 and Ce
4+

 to the XAS/XMCD spectra measured for the Ce 

M4,5  edge of ferromagnetic CeO2 at 300 K. 

 

 

 

A better correspondence between the experimental and calculated XMCD signal to that 

shown in the lower panel in Fig. 4.32 above may be obtained by suitable weighting of the 

magnitudes (as well as the signs and hence relative orientations) of the calculated  Ce
3+

 and Ce
4+

 

contributions. In Figure 4.33 shown on the next page, the Ce
3+

 contribution has been scaled up 

by a factor of 1.5, while that due to Ce
4+ 

has been scaled up by a factor of 4, which is found to 

give the closest match between the experimental and calculated XMCD signals. It is evident that 

the net calculated and experimental XMCD signals generally match quite well within 

experimental error, except for a noticeable narrow (in energy) XMCD contribution of negative 

sign for the experimental signal between ~ 878 and 880 eV which is not accounted for by the 

multiplet calculations. For all subsequent data plots which compare the calculated and 

experimental XMCD signals, only the net calculated XMCD signal (denoted in magenta) after 

suitable weighting of the magnitudes (and signs) of the calculated Ce
3+

 and Ce
4+

 contributions 

such as that illustrated in Fig. 4.33, is presented.  
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Figure 4.33.  Comparison of the net calculated XMCD contribution (magenta), using suitable 

weighting of the Ce
3+

 (red) and Ce
4+

 (blue) calculated contributions, to that measured experimentally 

(black line) for the Ce M4,5 edge of ferromagnetic CeO2 at 300 K. 

 

 

 

XAS and XMCD data measured for the oxygen K edge of ferromagnetic CeO2 are 

shown in Figure 4.34; due to the more delocalised nature of this edge compared to the cerium M 

edge, it is more difficult to make quantitative predictions based on multiplet calculations. 

Relative to the absorbance for the Ce edge, that of O was typically ~ 30 %, reflecting both its 

lower concentration as measured by the incident synchrotron radiation and its specific cross 

section. The data have been normalised to an edge step of 1 for the first (lowest energy) peak in 

the XAS, as detailed previously in the second paragraph of this sub-section. Three characteristic 

peaks in the XAS due to CeO2 are measured, which correspond to the transitions from O 1s 

core levels to empty O 2p hole states hybridized with Ce dominated 4f, 5d-eg and 5d-t2g levels 

respectively in order of increasing energy. The XAS are very similar at 300 K and 2 K with no 

discernible energy shifts; the only difference between the XAS is a more pronounced post -edge 

shoulder at 2 K for the XAS peak at 530.5 eV, corresponding to the O 1s-2p → Ce 5d-eg 

transition (marked by an arrow in the figure); this extra shoulder may be indicative of 

enhanced Ce
3+

 content 
113

. For XMCD, the signal measured at 2 K is more than an order of 

magnitude larger than that measured at 300 K, however the former signal is noisier. At 300 K 

there is no pronounced XMCD signal above ~ 531 eV, with some rather sharp features evident 

below this energy.  
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Figure 4.34.  XAS and XMCD data for the O K edge of the ferromagnetic (FM) CeO2 nanopowder at 

300 K and 2 K. The black arrows point to the post-edge shoulder of the middle peak. 

 

 

 

It is important to check for artefacts in the form of energy shifts in the XAS due the 

long timescale (up to 8 h) taken to acquire data for the absorption edges (particularly for data 

acquired at the Ce M4,5 and O K edges). Over several hours it is possible that instrumental drift 

in the detection system may occur. Energy shifts were ruled out as a source of the sharp 

features measured for the XMCD signals however as energy shifts of up to 0.1 eV (even large 

instrumental drifts should typically not exceed this value) did not change the XMCD shapes 

significantly for either the Ce M4,5 or O K edges measured, but only small changes in overall 

XMCD intensity were measured.  

XAS/XMCD data were also measured at the La M4,5 and Fe L2,3 edges of the 

ferromagnetic CeO2 nanopowder at 300 K, shown in Figure 4.35, whose features are described 

in more detail in the subsequent paragraph.  
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Figure 4.35.  XAS/XMCD data for the La M4,5 and Fe L2,3 edges of the ferromagnetic (FM) CeO2 

nanopowder measured at 300 K.  
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The maximum absorption magnitudes due to La and Fe were typically ~ 0.3 % that of 

Ce. The transition metal L2,3 XAS edges generally correspond to transitions from core p to 

excited d states, and as such are a probe of the d state occupancy. 32 scans of the La edge were 

acquired (~ 2 hour duration), while 8 scans of the Fe edge were acquired. From Fig. 4.35 shown 

on the previous page, for the La edge of the FM nanopowder no clear XMCD signal was 

resolved above the noise floor. For the Fe edge, no discernible XMCD signal was measured 

either; for pure iron the XMCD signal intensity should be about 1/3 – 1/2 that of the absorption 

edge jump in XAS and hence should be readily resolved, while here no signal is resolved at the 

10 % level. Hence despite the fact that an XAS signal for iron is resolved (possibly an oxidised 

form of iron, although it is difficult to quantify the stoichiometry from XAS), it is not 

ferromagnetically ordered at 300 K since there is no clear XMCD signal. Whereas ICP-MS 

results show that the ferromagnetic nanopowder contains < 1 ppm of iron metal, the detection of 

an Fe XAS signal suggests that the concentration of Fe is actually at least of order 100 ppm, 

which is typically around the elemental detection limit of XAS. It is possible that the iron may 

have been implanted during sample mounting by pressing with metal (stainless steel) spatulas or 

is due to some other source of contamination. 

XAS/XMCD data measured at 300 K at the Ce M4,5 and O K edges of the ~ non-

magnetic (NM) CeO2 nanopowder synthesized using high purity 99.999% cerium nitrate are 

displayed in Figure 4.36 below.  
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Figure 4.36.  XAS/XMCD data measured at 300 K for the non-magnetic (NM) CeO2 nanopowder. 

 

 

 
 

 

 

 

 

A comparison of the above Ce M4,5 and O K edge XAS data and the Ce M4,5 edge 

XMCD data for the NM nanopowder with that measured previously for the ferromagnetic (FM) 

nanopowder highlights the main spectral differences between FM and NM and is shown 

subsequently in Figure 4.37. For the Ce M4,5 edge XAS comparison shown in Fig. 4.37 (a), there 
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are enhanced pre-edge features due to Ce
3+

 for FM compared to NM. For the O K edge XAS 

comparison shown in Fig. 4.37 (b), both of which have been normalised to intensity = 1 at 550 

eV after first performing the data reduction detailed in the second paragraph, there is some extra 

post-edge intensity for the 530.5 eV (middle energy) peak for FM compared to NM, while the 

overall intensity of the two lower energy peaks are smaller for FM versus NM, indicative of 

enhanced Ce-O hybridization, and also enhanced Ce
3+

 character, for the former sample. It is 

noted that there are no discernible energy shifts between the XAS of either edge for both 

samples. A comparison of smoothed XMCD signal amplitudes shown in Fig. 4.37 (c) reveals 

that both the FM and NM signal shapes are generally rather similar except for some extra sharp 

negative intensity at ~ 878-880 eV for FM. 
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Figure 4.37.  Comparison of normalized (a) Ce M4,5 edge and (b) O K edge XAS spectra for FM and 

NM nanopowders (c) Corresponding comparison of the amplitudes of the Ce M4,5 edge XMCD 

(smoothed) spectra. 

 
 

 
 

 

 

 

 

 

 

 

 

Similar to the data presented previously in Figure 4.32 which displayed the relative 

Ce
3+

 and Ce
4+

 contributions at 300 K to the XAS/XMCD for the Ce M4,5 edge of the 

ferromagnetic (FM) CeO2 nanopowder deduced by multiplet calculations, Figure 4.38 shows the 

results of the multiplet calculations applied to the Ce M4,5 edge of the non-ferromagnetic (NM) 

CeO2 nanopowder. It is clear that the calculated proportion of Ce
3+

 for NM at 27.6 % (± ~1.5 %) 

is less than that for FM calculated previously at 34.4 %. By scaling the Ce
3+

 XMCD 
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contribution by 0.8, and that of Ce
4+

 by 2, the closest match between the experimental and 

calculated XMCD spectra is obtained; in contrast, for the FM sample, the Ce
3+

 and Ce
4+

 XMCD 

contributions were scaled by 1.5 and 4 respectively. The experimental and calculated XMCD 

data appear to match more closely for NM in Fig. 4.38 below than for FM shown previously in 

Fig. 4.33. 
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Figure 4.38.  Relative contributions of Ce
3+

 and Ce
4+

 to the XAS/XMCD spectra measured for the Ce 

M4,5 edge of non-magnetic (NM) CeO2 at 300 K. 

 
 

 
XAS/XMCD data measured at 300 K for the 1 wt % La-doped high purity CeO2 

nanopowder (synthesized using 99.999 % cerium nitrate) is shown in Figure 4.39. The XAS 

measured for the Ce M4,5 edge is very similar to that measured for the ferromagnetic sample (no 

relative energy shifts) with pronounced pre-edge features due to Ce
3+

. The XAS measured for 

the O K edge is also very similar to that measured for the ferromagnetic nanopowder (no 

relative energy shifts either), with a post-feature evident for the 530.5 eV peak which has 

previously been measured to be not as prominent in the non-magnetic (NM) high purity 

nanopowder. In terms of the XMCD data, for the O K edge firstly, the signal is rather complex 

and difficult to interpret. For the Ce M4,5 edge, the data is somewhat similar to that measured for 

the FM nanopowder at 300 K, the main difference being extra negative intensity at ~ 895-900 
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eV for the La doped sample, as compared in Figure 4.40 (a). The XMCD signal for the Ce M4,5 

edge of the La-doped sample is also similar in shape to that measured for the FM nanopowder 

measured at 2 K as highlighted in Figure 4.40 (b), which suggests that the moment on Ce in the 

La-doped nanopowder at 300 K may be predominantly associated with Ce
3+

 since at 2 K for the 

FM nanopowder it is reasonably assumed that the signal is almost entirely due to 

(paramagnetic) Ce
3+

.  
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Figure 4.39.  XAS/XMCD data measured at 300 K for the 1 wt% La-doped high purity CeO2 

nanopowder. 
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Figure 4.40.  (a) Comparison of amplitudes of the smoothed XMCD data measured at 300 K at the 

Ce M4,5 edge for the La-doped and FM nanopowders (b) Comparison of normalized smoothed 

XMCD data for the La-doped nanopowder (measured at 300 K) with the FM nanopowder measured 

at 2 K. 
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Fitting of the experimental and theoretical (multiplet calculated) XAS spectra for the 

La-doped nanopowder yields a Ce
3+

 contribution of 29.6 % (± ~1.5 %), which is less than that 

of FM (34.4 %), but slightly more than that of NM (27.6 %); the best fits to the experimental 

data are shown in Figure 4.41 below. The optimum scaling used for the calculated XMCD 

signals for Ce
3+ 

and Ce
4+ 

are found to be 2 and ~ 15 respectively. 
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Figure 4.41.  Relative contributions of Ce
3+

 and Ce
4+

 to the XAS/XMCD spectra measured at 300 K 

for the Ce M4,5  edge of the 1 wt % La-doped high purity (99.999%) CeO2 nanopowder.  

 

 
 

Data measured for the La M edge of the La-doped CeO2 nanopowder is shown in 

Figure 4.42. Similar to the La M edge of the FM nanopowder, no distinct XMCD signal is 

resolved from the noise. The XAS has an extra feature at ~848 eV in addition to the La M 

edges, which corresponds most closely to an oxidised form of Ni (L3 edge). The absence of any 

distinct XMCD signal indicates that the oxidised form of nickel is not actually 

ferromagnetically ordered at room temperature. It is possible that the nickel has been implanted 

during sample mounting when the powders were pressed onto Indium foils (of 99.99% nominal 

purity) using the metal spatula, since the nickel content measured by ICP-MS was < 1 ppm 

which is too small a concentration to be detected by XAS. No such signal was measured for 

CeO2 FM however, which was mounted in a similar way.  
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Figure 4.42.  XAS/XMCD measured at 300 K for the La M4,5 edge of the 1 wt % La doped high 

purity (99.999%) CeO2 nanopowder. The XAS measured for the same edge for CeO2 FM (blue line) 

is also shown for comparison.  
 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

The final sample measured was a bulk reference high purity (99.999%) CeO2 

micropowder purchased from Sigma Aldrich. Room temperature XAS/XCMD data are shown in 

Figure 4.43. For the Ce M edge, the XAS displays little evidence of pre-edge features due to 

Ce
3+

, similar to NM as compared subsequently in Figure 4.44, but in contrast to the FM and La-

doped nanopowders. The Ce M4,5 edge XMCD signal is quite different in shape to all of the 

previous samples, most notably at the M4 (higher energy) edge. For the O K edge, there is no 

evidence of any post-edge feature for the 530.5 eV peak, again similar to that for NM and in 

contrast to those measured for both FM and the La doped sample.  
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Figure 4.43.  XAS/XMCD data measured at 300 K for bulk reference CeO2 micropowder (99.999%). 
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Figure 4.44.  Comparison of XAS data measured at 300 K at the Ce M4,5  edge for the bulk CeO2 

reference and the non-magnetic (NM) nanopowder; the difference is displayed on the same vertical 

scale as shown previously in Fig. 4.40 (a) which compared FM and NM. 
 

 

 

Mulitplet calculations for the bulk CeO2 powder yield a Ce
3+

 contribution of ~20 ± 1.5 

%, the lowest proportion out of all of the samples measured; the fitted XAS/XMCD spectra are 

displayed in Figure 4.45 below.  
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Figure 4.45.  Relative contributions of Ce
3+

 and Ce
4+

 to the XAS/XMCD spectra measured at 300 K 

for the Ce M4,5  edge of the bulk CeO2 (99.999%) micropowder reference. 
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It is noted that elsewhere, XAS measurements of high purity bulk CeO 2 micropowder 

(Cerac 99.99 %) on the L3 edge in transmission (rather than total electron yield) mode yielded at 

least 5% Ce
3+

 impurities 
114

, a value more representative of the whole sample volume due to 

transmission of X-Rays through the sample (instead of surface detection only in total electron 

yield mode as was performed here), indicating that it is not uncommon for the bulk 

micropowder to exhibit a significant Ce
3+

 contribution (i.e. several %) when measured by XAS. 

In terms of the weighted Ce
3+ 

and Ce
4+ 

calculated contributions to the XMCD signal measured 

here for the reference micropowder shown in the bottom panel of Fig. 4.48, the optimum scaling 

factors are found to be 2 and 8 respectively; a key difference from the other samples is that for 

the reference micropowder the Ce
3+ 

orientation has been rotated by 180° (i.e. its contribution 

multiplied by -1) relative to that in the previous samples (all nanopowders), while the Ce
4+

 

orientation is still the same as per the other samples. Whereas for the nanopowders the Ce
3+ 

and 

Ce
4+

 polarized spins are orientated in the same sense with respect to each other, for the bulk 

micropowder reference their polarized spins are oriented in opposite directions relative to each 

other. An alignment of Ce
3+

 antiparallel to the Ce
4+

 contribution in effect results in a better 

match between the experimental and calculated XMCD signals for the bulk micropowder, 

although the optimum match is still not as close/good as for the other (nanopowder) samples.  

Table 4.8 summarizes how the optimally scaled Ce
3+ 

and Ce
4+ 

calculated contributions 

to the XMCD signal are achieved for each sample in order to best match the experimental and 

calculated data. The Ce
4+ 

scaling factor is multipled by 0.1 since its magnitude at 300 K is about 

an order of magnitude smaller than that due to Ce
3+

 before any scaling is performed (see Fig. 

4.35 lower panel for example). It is evident that while the relative Ce
3+

 to Ce
4+

 scaling ratios are 

similar for the FM and NM samples, for the La doped sample, the relative Ce
4+

 contribution to 

the calculated XMCD signal is ~ 3 times more significant compared to that of Ce
4+ 

for either 

FM or NM (or equivalently, it may be stated that the relative Ce
3+

 contribution is ~ 3 times less 

significant). For the reference powder, the relative Ce
4+

 contribution to the calculated XMCD 

signal is intermediate between that deduced for the FM/NM and the La doped samples. It is 

emphasized again that both Ce
3+

 and Ce
4+

 are aligned parallel with respect to each other for the 

FM, NM and La doped nanopowders; for the reference micropowder meanwhile, the alignment 

of Ce
3+ 

has been rotated by 180°
 
(multiplied by -1) so that it is antiparallel to Ce

4+
. 

 
 

 

 

 

 

Table 4.8.  Optimally scaled Ce
3+ 

and Ce
4+ 

contributions to the calculated XMCD signal at 300 K for 

each CeO2 sample in order to best match the experimental and calculated data. The Ce
3+

 and Ce
4+

 

contributions are oriented parallel with respect each other, except for the reference micropowder 

(Ref) where the Ce
3+

 orientation only has been rotated by 180° (multiplied by -1).   
 

Sample Ce
3+

 scaling  Ce
4+

 scaling × 0.1* Relative Ce
3+

:Ce
4+

 scaling ratio 

FM  1.5  0.4 3.7 

NM  0.8   0.2 4.0 

La doped  2  1.5 1.3 

Ref -2  0.8 2.5 
 

* the magnitude of the Ce
4+

 contribution is about an order of magnitude (hence ≈ 0.1 times)  

smaller than that due to Ce
3+

 according to the multiplet calculations  
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Table 4.9 summarizes the values obtained for the Ce
3+

 and Ce
4+

 content of each CeO2 

sample deduced by multiplet calculations from the XAS data. The Ce
3+

 content is quite high, 

even for the bulk reference, which is only weakly paramagnetic with a room temperature 

susceptibility of χ = +3.5×10
-6

; the enhanced Ce
3+

 content may be attributable to the X-Ray 

absorption measurement performed in surface sensitive total electron yield mode, in which the 

penetration depth is only typically several nanometres, thus measuring a larger quantity of 

surface Ce
3+

 for each sample. Another possible Ce
3+ 

contribution is due to the high vacuum 

conditions (10
-9

 mbar) at which the X-Ray absorbance measurements were performed, which 

may reduce CeO2 slightly and serve to increase the Ce
3+

 content of the samples. Another 

possibility is that some reduction of ceria in the synchrotron X-Ray beam occurred, i.e. 

radiation damage artefacts.  

 
 

 

Table 4.9.  Ce
3+

 and Ce
4+

 content calculated for CeO2 powders from XAS data using multiplet 

calculations (exchange parameter = 0.01); the error is ≈ ± 1.5 %. 

   
Sample Ce

3+
 % Ce

4+
 % 

FM 34.4 65.6 

NM 27.6 72.4 

La doped 29.6 70.4 

Ref 20.0 80.0 

 

The Ce
3+

 content measured by XAS for CeO2 seems anomalously high compared to 

that inferred from SQUID magnetometry, the latter of can be used to estimate a Ce
3+

 content of 

≤ 0.5 % for all samples from the paramagnetic upturn of the susceptibility at low temperatures, 

assuming J = L - S = 5/2. This discrepancy in the Ce
3+

 content deduced from these two different 

measurements may be explained if the Ce
3+

 electrons are mostly delocalized in the Ce 4f band, 

although it is shown shortly that at 2 K and in a magnetic field of 7 T, the sum rules 
115

 indicate 

that Ce
3+ 

is carrying ~ 1μB/Ce
3+

, consistent with a localised moment on a spin 1/2 atom with      

g = 2.  

Before application of the sum rules, it is first noted that another report for XAS/XMCD 

of CeO2 nanoparticles by Chen et al. 
39

 reveals that (4f) electrons in cerium atoms bear magnetic 

moments (XMCD signal detected) while the oxygen atoms do not respond magnetically (no 

XMCD signal detected), in contrast to this study where an XMCD signal is also detected for the 

oxygen edges for the samples measured. There are several differences however between the 

experimental conditions used by Chen et al. and those used in this study here since Chen et al.  

measure XAS/XMCD in fluorescent yield mode on the Ce L3 edge at ~ 5700 eV (instead of total 

electron yield on the M4,5 edges at ~ 870-910 eV as was performed here) in an applied field of ±1 

T. They estimate by fitting the Ce XAS spectra that their as-prepared (paramagnetic) 

nanoparticles contain 28 % Ce
3+

, and that those annealed at 300 °C in air, N2 and O2 contain 

17%, 35% and 10% Ce
3+ 

respectively. As the electron escape depth in fluorescent yield mode 

exceeds their range of nanoparticle diameters (3-10 nm), the estimated Ce
3+

 content corresponds 
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to their entire nanoparticle volume. Although they measure no clear correlation between Ms and 

the total Ce
3+

 content, by considering the effect of particle size and by calculating the surface 

Ce
3+

 content only, Ms is actually found to reach a maximum for 40–45 % surface Ce
3+

. Due to 

the weak XMCD signal and cited difficulties with the background subtraction, no attempt was 

made by the authors to obtain quantitative information about the orbital and spin moments. 

Apart from this and our study, there are no other reports of XMCD in undoped CeO 2 to date.  

Meanwhile, for Cr doped CeO2 nanoparticles of 2-3 nm diameter 
30

, an article published 

by many of the same authors of the undoped CeO2 XMCD study 
39

 and using similar 

measurement conditions, an XMCD signal is measured for the Ce L edge, but not on the Cr K edge; 

hence the magnetism is associated with Ce
3+

 rather than the Cr dopant. Furthermore, it is postulated 

that the effect of Cr
3+

 doping reduces the distance between magnetic Ce
3+

 by increasing the density 

of defects, which could promote the formation of magnetism. For Fe doped (1-3 at. %) CeO2 

polycrystalline thin films, ~ 200 nm thick, grown by PLD on LAO (001) substrates 
69

, XMCD 

measurements of the Fe L2,3 edge performed in fluorescence yield mode reveal enhanced Fe
2+

 

character in a mixed valence Fe
2+

/Fe
3+ 

environment with increased Fe doping concentration. The 

authors propose that the reason why the absolute value of the magnetic moment of the system is 

reduced with increased Fe doping concentration is due to the fact that the Fe
3+ 

contribution 

proposed to mediate the magnetism is diminished by the relative increase in Fe
2+

 character with 

increased Fe doping levels.  

Later is this chapter, another estimation of the Ce
3+

 content in CeO2 is obtained by 

energy electron loss spectroscopy (EELS) using TEM; generally a higher Ce
3+

 content is 

measured by TEM-EELS for the nanopowders, but a slightly lower Ce
3+ 

content for the bulk 

reference; a key difference is that TEM-EELS is a nanoscale probe of valence state, whereas 

XMCD is a microscale probe, and hence TEM-EELS can monitor valence changes over 

nanoscale distances unlike XMCD. A comparison between the XMCD and EELS results are 

discussed further later on in the TEM-EELS section (4.3.9). 

Finally, preliminary results are presented stemming from the application of the sum 

rules for the M4,5 absorption edges of the rare earth elements to CeO2 measured here, following 

the method of Carra et al. 
115

, which attempts to discriminate the orbital and spin contributions 

to the total magnetic moment. Table 4.10 on the next page lists the expectation values deduced 

for the spin and orbital moments upon application of the sum rules to the experimentally 

measured XAS and XMCD data for all of the CeO2 samples. For the first listed sample, CeO2 

FM at 2 K (and 7 T), the spin contribution to the moment, the expectation value of which is 

denoted <Sz>, deduced from the experimental spectrum upon application of the sum rules  is 

0.49, giving 2<Sz>= 0.98 μB per Ce
3+

, in close agreement with the theoretical value of 1 μB per 

Ce
3+

 (g = 2, spin ½). The expectation value of the orbital contribution, <Lz>, meanwhile gives 

an orbital moment of -1.3 μB per Ce
3+

, and is thus oppositely orientated with respect to the spin 

moment, in agreement with less a less than half full 4f band. This value is much less than that 

predicted from theory for an f state (L = 3), hence the orbital moment appears to be 

significantly quenched. It was estimated previously that the Ce
3+

 content inferred from the 
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paramagnetic upturn of the magnetic susceptibility at low temperatures, assuming J = L – S = 

5/2, was ≤ 0.5 %; if the orbital moment is significantly quenched however, perhaps S  = 1/2 is a 

better quantum number to use instead of J (normally the good quantum number used for the 

rare-earths), but using S = 1/2 instead the Ce
3+

 content inferred from the paramagnetic upturn of 

the magnetic susceptibility at low temperatures is still only ~ 1 %, i.e. approximately double 

what is was before using J = 5/2, but still significantly less than the 34 % measured by XAS.  

 

Table 4.10.  Expectation values for the spin and orbital moments deduced from sum rule calculations 

applied to the experimental XAS/XCMD data measured for CeO2. 

 

Sample 
Spin moment 

2<Sz> 

Orbital moment 

<Lz> 
<Lz>/<Sz> 

FM 2 K*  + 0.98 - 1.30 - 2.65 

FM 300 K + 0.003 - 0.004 - 2.67 

NM ** + 0.008 - 0.011 - 2.75 

La doped ** + 0.022 - 0.029 - 2.63 

Ref ** - 0.037 + 0.05 - 2.70    

* at 2K is assumed that the XMCD signal is due to (paramagnetic) Ce
3+

 only  

** all measured at 300 K 

 

 

 

For the FM nanopowder at 300 K the expectation values of the spin and orbital 

moments listed in Table 4.10 are about three orders of magnitude smaller than those at 2 K, but 

with the same relative orientations as at 2 K. The spin moment 2<Sz> at 300 K for FM is 0.003 

μB per Ce as deduced from the sum rules, which is about an order of magnitude larger than that 

estimated previously from the room temperature magnetization data measured for CeO2 FM, 

assuming that the moment is on Ce, for which a value of ~ 2×10
-4

 μB/Ce was estimated. The 

finding the that non-magnetic reference powder exhibits values for 2<Sz> and <Lz> of - 0.037 

and +0.05 respectively, values which are larger than those calculated for all of the 

nanopowders (FM, NM, La-doped) at 300 K, indicates that no reasonable physical meaning 

can be attached to calculated moments here of order this size or smaller (i.e. ~ 10
-2

 μB per 

formula unit or less) since the FM and La doped FM nanopowders are known to be weakly 

ferromagnetic while the reference is non-ferromagnetic, yet the latter exhibits larger 

expectation values for 2<Sz> and <Lz> than for the former samples; this finding also illustrates 

that moments of magnitude ~ 10
-2

 μB per formula unit or less are typically at or below the noise 

level/detection limit of conventional XAS/XMCD measurements. It is also noted from Table 

4.10 that the estimated spin and orbital moments for all of the nanopowders are aligned 

antiparallel with respect to each other; the same is true for the bulk reference micropowder, 

except that the orientations of both the spin and orbital moments are at 180° (i.e. multipled by -

1) with respect to their orientations in the nanopowders. The ratio of the expectation values of 

the orbital to spin moments, <Lz>/<Sz>, are similar for all samples at ~ 2.6-2.7, the values of 

which indicate that the orbital moment contribution is consistently greater than the spin moment 

contribution for all samples. The analysis of the sum rule data is currently ongoing. 
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4.3.7 Muon spin rotation spectroscopy 

 
 

 
 

In order to further elucidate the local magnetic properties of CeO2 nanopowders, muon spin 

rotation (μSR) spectroscopy measurements were performed at the Swiss Muon source (SμS) at the 

Paul Scherer Institute. The General Purpose Surface muon instrument (GPS) was used to collect the 

data. Both ferromagnetic (FM) and non-ferromagnetic (NM) CeO2 nanopowders, synthesized using 

99 % and 99.999 % cerium nitrate respectively, were measured, in addition to a bulk reference CeO2 

micropowder (Sigma 99.999 %). The powders were prepared for measurement by tightly encasing 

the compacted powder in aluminized mylar coated superinsulation tape (sticky on one side, with the 

sticky side located on the outside, i.e. not in contact with the powder sample) to form a little “bag”, 

which was then sealed using further tape. The sealed bag was then subsequently mounted on a fork-

like sample holder for measurement in order to reduce the background contribution. The tape was 

first degreased by cleaning it with a tissue dabbed in benzene before making the bags. The aim is to 

use enough compacted powder so that the muons will stop within the depth of sample material, 

which for CeO2 is ~ 0.17 mm (the muon range is approximately 130 mg per cm
2 

of material as a 

rough guide). For the nanopowders, ~ 50 mg of powder was used, which gives a bag of approximate 

dimensions 5×5×0.3 mm (width × height × thickness). For the reference micropowder, several times 

more mass of powder was available, hence the bag prepared was larger and thicker for this 

measurement. The muon beam spot size (FWHM) incident on the sample is 5.3 mm (5.8 mm) for the 

horizontal (vertical) directions. 

To re-cap briefly, μSR involves the implantation of positively charged ~ 100 % spin-

polarized muons (μ
+
) in matter, which have S=1/2, a moment of 3.18 μproton (sensitive to 10

-3
 – 10

-4
 

μB) and a lifetime of 2.197 µs in vacuum. μSR is analogous to NMR (nuclear magnetic resonance) 

and EPR and measures the muon spin direction with time via the unique signature of the parity 

violating decay of the muon, in which its decay positron is emitted preferentially along the muon 

spin direction. The time evolution of the muon spin polarization depends sensitively both on the 

spatial distribution and dynamical fluctuations of the muons’ magnetic environment. Specifically, 

the amplitude of the polarization signal corresponds to the magnetic volume fraction, the frequency 

to the local field (magnitude of magnetic moments), and the damping to the inhomogeneity of the 

magnetic regions. The muon can easily distinguish between paramagnetism and ordered 

magnetism. In the paramagnetic case, the electronic moments are fluctuating very fast which is 

typically averaged to zero during the muon precession hence only weak (or no) damping is 

measured, whereas magnetically ordered states can lead to zero-field precession signals or to strong 

damping if the magnetic state is very much disordered; the muon cannot readily distinguish 

between different types of long-range magnetic order however, such as whether it is ferromagnetic, 

antiferromagnetic or ferrimagnetic in character for example.  

In the literature, the magnetic properties of CeO2 are almost exclusively measured by 

SQUID magnetometry, the main advantage of which is detection of even the smallest ferromagnetic 
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contribution (~ 10
-11

 Am
2
). Some disadvantages however are that SQUID is prone to measurement 

errors and sample contamination and measures only the total (macroscopic) magnetic moment. 

Unique advantages of (bulk) µSR for measuring the magnetic properties include the fact that it is a 

microscopic local probe and that the ground state in zero applied magnetic field is probed (unlike 

SQUID, XMCD for example). CeO2 exhibits almost no nuclear damping since all Ce isotopes are 

spin 0 while for oxygen only 
17

O has spin 5/2 with 0.038 % natural abundance. Hence µSR will be 

very sensitive for any coupled electronic moments (ferromagnetic, giant paramagnetic) in CeO2. 

Cox. et al. 
116

  have previously shown that there is no muonium (isotopic analogue of a Hydrogen 

atom in which a μ
+
 captures an electron) present for T > 30 K, neither shallow, nor atomic like in 

polycrystalline (bulk) CeO2, which makes interpretation of the results easier. However, one 

advantage of probing materials with muoniums rather than muons is that the muonium is even more 

sensitive than the muon (of order 100 times) to the presence of local magnetic fields.  

 

 
 

Figure 4.46.  Temporal muon asymmetry measured for CeO2 nanopowders (FM and NM) and bulk 

micropowder at 50 K in zero applied magnetic field. The lower graph displays the asymmetry at 

shorter timescales as well as the general form of the zero-field Kubo-Tobaye fit function. 
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Some preliminary results from the recent beamtime at the Paul Scherrer Institute are 

shown in Figure 4.46 on the previous page, which displays the muon asymmetry as a function of 

time in zero field for the FM and NM nanopowders plus the bulk micropowder, all measured at 50 

K. It is immediately clear that the signals for the nanopowders are virtually identical and that the 

muon undergoes a significant reduction in asymmetry over its lifetime (large damping, in particular 

initially at ≤ 0.2 μs) which indicates that both nanopowders are magnetically ordered, especially at 

short muon timescales. For the CeO2 bulk micropowder in contrast, there is much less damping of 

the muon asymmetry with time, which indicates that the muons sense much less magnetic order; the 

weak damping measured for the micropowder (theoretically a non-magnetic sample should display 

no damping at all) may be due to spin-exchange scattering, in which a muonium can form and 

decay again for a very short time. For the nanopowders, the value of the asymmetry is generally 

much lower than that measured for the micropowder, which may be due to muonium depolarization 

in the presence of internal magnetic fields for the nanopowders; as mentioned before, the muonium 

is of order 100 times more sensitive to the presence of local magnetic fields. While Cox et al. 
116

 

report no muonium formation in the bulk above 30 K, they do not measure nanopowders in their 

study, so it is plausible that at 50 K here for the nanopowders there are still some muoniums 

present; since the muonium is ~ 100 times more sensitive than the muon to magnetic fields, this 

only needs to be a very small muonium fraction. The data may be fitted with the zero-field Kubo-

Tobaye (KT) function 
117

, whose form is shown in Fig. 4.46 (lower graph), from which the 

magnetic field width ΔG may be extracted. For the nanopowders, the magnetic field sensed by the 

muon as deduced from the KT fit function may be separated into two parts, the field experienced on 

a short time scale, indicative of the more immediate magnetic surroundings of the muon, for which 

ΔG ≈ 0.28 T, and the field experienced by the muon on a longer time scale, indicative of the longer-

range stray magnetic field, for which ΔG ≈ 0.003 T. In addition, for the nanopowder, it is estimated 

that 38(3) % of the muons are sensitive to their immediate magnetic surroundings (short timescale 

component), with the remainder sensing the stray field only (long timescale component). 

The reason that the asymmetry measurements were not performed at a higher temperature 

is due to the fact that muon diffusion (instead of hopping) typically occurs above 150 K which can 

also produce a decay in asymmetry over time, which greatly complicates the analysis and makes it 

difficult to separate the signal correlated with muon diffusion from that due to true magnetic order. 

Another possible complication is a decay in muon polarization produced by its interaction with 

protons (Hydrogen); for example, during the nanoparticle syntheses, proton-rich polyethylene 

glycol (PEG) is used both to mediate the nanoparticle growth and as a surfactant. The large 

transverse fields (> 0.5 T) necessary to decouple the muon spin from the internal magnetic fields 

(i.e. helps to separate the individual depolarization contributions originating from the muon spin 

and internal fields) indicates that protons are not in fact solely responsible for the sharp initial 

polarization decay for the nanopowders.  

From the SQUID magnetometry data, the CeO2 nanoparticles show weak paramagnetism 

(χ ≤ 4.5×10
-6

)
 
apart from at the lowest temperatures (< 10 K), hence a strong paramagnetic 

component influencing the muon spin is unlikely. Likewise, the ferromagnetic contribution as 
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measured by SQUID magnetometry (typically of order 100 A m
-1

) for FM is rather small, and the 

fact that the muon polarization is very similar for FM and NM suggests that the weak ferromagnetic 

character of FM does not influence the muon very strongly compared to NM. This leaves 

antiferromagnetic order as a remaining possibility; such an explanation can be reconciled with the 

magnetization data since SQUID magnetometry is not sensitive to antiferromagnetism, and will 

likely only measure a residual paramagnetism (and/or a small ferromagnetic-like signal) instead. In 

such a scenario, for the NM nanopowder, the net moment averaged over the two sublattices of the 

antiferromagnet may average to zero, whereas for the FM nanopowder the moment may be slightly 

higher on one of the sublattices compared to the other, giving rise to a small net moment overall, 

which may manifest itself as a small ferromagnetic-like signal measured by SQUID 

magnetometery, but which may in fact be representative of ferri-magnetic rather than ferro-

magnetic order. For XMCD, the fixed exchange parameter of 0.01 (eV) applied to the multiplet 

calculations (which assumes full polarization) for Ce
3+

 and Ce
4+

 at the M4,5 absorption edges was 

found to be much too large, and had to be reduced to 0.0014 in order to best match of the 

experimental and calculated XMCD signal magnitudes, which may also indicate an 

antiferromagnetic contribution since the XMCD signal due to one of the two sublattices will tend to 

cancel out the XMCD signal from the other sublattice.  

 

  

4.3.8 Electron paramagnetic resonance spectroscopy 

 

 
 

Electron paramagnetic resonance (EPR) spectroscopy measurements at room temperature 

and pressure were performed in order to search for possible ferromagnetic phases and/or 

paramagnetic centres in CeO2 nanopowders (both ferromagnetic and ~ non-magnetic as measured 

by SQUID magnetometry) and bulk micropowder (Sigma 99.999 %). Typically ~ 10 mg of 

powder was measured for each scan (note: for the typical 4 mg ferromagnetic CeO2 

nanoparticle batches which were synthesized, several batches were synthesized and their 

masses combined to give the 10 mg net mass for measurement, since scaling up of the batch 

size per synthesis by using larger volumes of reagents is found to reduce the magnetic signal 

per batch (as demonstrated previously in Fig. 4.15 for example). For the bulk micropowder, no 

reduction in the EPR cavity Q-factor upon insertion of the powder sample was measured, indicating 

that the bulk powder was not conductive. For the non-ferromagnetic nanopowder, synthesized using 

99.999% cerium nitrate, the relative reduction in the cavity Q-factor upon sample insertion was 

about 15 %, while the reduction upon insertion of the ferromagnetic nanopowder, synthesized using 

99% cerium nitrate, was about 20 %, indicative of slightly enhanced conductivity for the latter. 

Firstly, an EPR spectrum of a high purity CeO2 micropowder (Sigma 99.999 %) was 

measured, which is shown in Figure 4.47. Since the quadrivalent cerium ion has the electronic 
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configuration Xe 4f 
0

 5d 
0

 6s 
0
, the spectrum is not due to Ce

4+
. Although Ce

3+ 
does indeed exhibit 

an EPR signal due to its unpaired spin (S = 1/2), because of the fast spin-lattice relaxation at 

room temperature, a signal can be observed only at temperatures ≤ 20 K 
118

. At room 

temperature the paramagnetic signal due to Ce
3+ 

is hence completely broadened out. The six 

narrow lines measured in Fig. 4.50 may be due to a trace of Mn
2+

 impurities (I = 5/2) in this 

particular batch of high purity bulk ceria; the six (2I + 1) lines are characteristic of a hyperfine 

splitting in an applied magnetic field with similar line intensities and relative separations. The 

summed integral area of the signal corresponds to ~ 10
15

 spins per gram or ~ 0.4 ppm of Mn, 

illustrating the sensitivity of EPR to the presence of unpaired spins. No other signals were 

measured at higher or lower applied fields in the range 0.1-0.6 T.  
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Figure 4.47.  EPR spectrum measured at 300 K for CeO2 99.999 % purity micropowder. 

 

 

An EPR spectrum measured for ferromagnetic CeO2 nanoparticles synthesized using   

99 % cerium nitrate (from 4 mg batches) is shown in Figure 4.48. There appear to be two 

contributions to signal, a complex paramagnetic-like multiplet contribution near g = 2 (~ 0.35 

T) which was measured for all of the ferromagnetic nanopowders, and a broad contribution at 

lower applied field which was measured for some of the ferromagnetic nanopowders, the latter 

of which may possibly be due to ferromagnetic resonance. The total number of spins per gram is 

of order 10
20

, or of order 1 % of the sample volume. The number of spins per gram for the 

paramagnetic feature near g = 2 only is of order 10
16

. Note that the paramagnetic feature 

appears slightly different in shape and intensity for wide and narrow magnetic field scans; this 

is a measurement artefact related to the scan time and time constant due to the fact that the 

wider scan does not capture the very sharp paramagnetic features as accurately as the narrow 

scan does. It was initially suspected that the broad signal may possibly be due to absorbed H2O 

in the nanopowder sample, which has a broad resonance range and is very highly absorbing of 

microwaves. In order to test this hypothesis, a blank EPR tube was rinsed with H 2O and an EPR 

spectrum acquired using the same conditions as those used for the ferromagnetic nanopowder 

scan; no broad signal, or any EPR signal for that matter, was detected, despite the fact the some 
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water droplets were still visible inside the tube. Hence it is unlikely that the broad signal is due 

to absorbed H2O in the sample and confirms that although the polar H2O molecule is widely 

known to exhibit strong microwave electric resonance (which is incidentally the mechanism by 

which microwave ovens heat food), it does not exhibit any measurable magnetic resonance at 

room temperature. It is noted however that the response of free water in an EPR tube may be 

different to that of bound water in a compound. The paramagnetic-like signal meanwhile is 

probably due to some paramagnetic impurities or more likely point defects in the nanopowder, 

likely arising from the ~ 1-2 wt % La in the 99% cerium nitrate precursor used during synthesis. 

The La dopant serves to create both a charge imbalance (La
3+

 substitutes for Ce
4+

) and lattice 

distortion (117 pm ionic radius for La
3+

 compared to 101 pm for Ce
4+

)
 
in CeO2 which induces 

extra Ce
3+

 content (as found by SQUID, XAS and TEM-EELS for example) which in turn 

drives oxygen vacancy formation to charge compensate. Hence the ferromagnetic CeO2 

nanopowders are likely to be defect-rich, and the presence of a complex paramagnetic multiplet 

indicates that there are several different contributions to the paramagnetic signal, possibly from 

multiple defect sites. It is further postulated that these defect sites may be F centres (an electron  

trapped at an oxygen vacancy).  
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Figure 4.48.  (a) EPR spectrum measured at 300 K for a typical ferromagnetic CeO2 nanopowder 

synthesized using 99 % cerium nitrate; (b) A narrower magnetic field scan centred at the 

paramagnetic feature. 

 
An EPR spectrum for CeO2 nanoparticles synthesized using 99 % cerium nitrate but 

synthesized using scaled up reagent volumes (×10 compared to the regular 4 mg batch 

synthesis) is shown in Figure 4.49. The spectrum contains a similar paramagnetic-like feature to 

that measured previously for the corresponding ferromagnetic nanopowder synthesized using 

the same cerium nitrate precursor shown in Fig. 4.48. However, no broad signal was measured 

here in contrast to the ferromagnetic nanopowder; it has previously been shown that scaling up 

the reagent volume of the nanoparticle synthesis greatly reduces the magnitude of the 

ferromagnetic signal (Fig. 4.15). Hence it may be deduced that the complex paramagnetic signal 

is common to the nanopowders synthesized using 99 % cerium nitrate, regardless of whether the 
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nanopowders are actually ferromagnetic or ~ non-ferromagnetic, whereas additionally the broad 

signal, which is similar to a ferromagnetic resonance signal with a g value << 2 due to an 

internal field contribution, appears only for the ferromagnetic nanopowder. 
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Figure 4.49.  (a) EPR spectrum measured at 300 K for a ~non-ferromagnetic CeO2 nanopowder 

synthesized using 99 % cerium nitrate in which the reagent volumes were scaled up by 10 times 

compared to those used for the regular ferromagnetic CeO2 nanopowder syntheses; (b) A 

narrower magnetic field scan centred at the paramagnetic feature. 

 

 
A room temperature EPR spectrum measured for the non-ferromagnetic CeO2 

nanopowder synthesized using the 99.999% cerium nitrate precursor (it is re -emphasized that all 

nanopowders synthesized using the 99.999% cerium nitrate precursor were non-ferromagnetic) 

is shown in Figure 4.50; no distinct EPR signals were detected between 0.1 and 0.6 T apart from 

a weak paramagnetic signal near g=2. Hence the concentrations of paramagnetic impurity 

phases and/or defect centres for this higher purity nanopowder are much lower than for the 

lower purity nanopowders synthesized using 99% cerium nitrate presented shown previously. 
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Figure 4.50.  EPR spectrum measured at 300 K for the non-magnetic CeO2 nanopowder 

synthesized using 99.999 % cerium nitrate. 
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In summary, whereas no EPR signals are detected for the non-ferromagnetic CeO2 

nanopowder synthesized using 99.999% cerium nitrate, signals indicative of paramagnetism and 

ferromagnetic resonance, the former due to point defects and/or paramagnetic impurities, are 

detected for the ferromagnetic CeO2 nanopowder synthesized using 99% cerium nitrate (for 4 

mg batches); scaling up the reagent volumes for CeO2 nanopowders synthesized using 99% 

cerium nitrate results in a disappearance of the ferromagnetic resonance feature which is likely 

associated with the disappearance of ferromagnetism measured by magnetometery for these 

scaled up samples.  
 

 

 

4.3.9 Energy Electron Loss Spectroscopy  

 
 

 
 

Energy electron loss spectroscopy (EELS) measurements were also performed using 

TEM, in order to provide spatially local (~ 1 nm minimum) information about the oxidation 

state of cerium in the CeO2 nanopowders, further to that obtained by XAS shown previously in 

section 4.3.6. In EELS, the basic principle is that incident electrons of sufficient energy can 

eject bound atomic electrons, giving rise to characteristic ionization edges (energies). Here, 

measurements in the vicinity of the cerium M edge and oxygen K edge were performed. EELS 

spectra and x-ray absorption spectra (XAS) or x-ray photoelectron spectroscopy (XPS) in the 

M-edge region of rare-earth elements carry information on the 4f state occupancy. The spectra 

are characterized by sharp white lines corresponding to general 3d3/2 → 4f5/2 (M4) and 3d5/2 → 

4f7/2 (M5) transitions respectively, associated with the spin-orbit splitting of the core-hole. The 

spectral features are analogous to those for XAS discussed previously. Since the relative 

intensities of the white lines are associated with the 4 f shell occupancy of the rare-earth 

elements, for cerium compounds the white line ratio may be used to determine the valence of 

cerium ions. The oxidation state of cerium may be estimated by twice differentiating the EELS 

spectrum, and comparing the resultant maximum amplitudes of the signal for the M5 and M4 

edges, or by comparing the ratio of the areas of M5 and M4 peaks. Values for the M5:M4 white 

line ratio used to characterise the valence of cerium obtained from the literature are listed in 

Table 4.11 as a reference guide. In some reports where the M4:M5 ratio is given, the reciprocal 

has been listed below in order to compare all of the M5:M4 ratios together. The method of 

calculating this ratio is also listed.  
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Table 4.11.  Typical M5/M4 edge ratios measured for the EELS spectra of cerium. 

 

M5/M4 white line ratio   

100 % Ce
3+

 100 % Ce
4+

 Measurement method 
a
 Ref 

1.31 0.91 SD 
119

 

1.28 0.91 SD 
120

 

1.18 0.90 Direct 
121

 
a 
SD = second derivative of EELS spectrum, ratio of resultant amplitudes,  

Direct = peak intensity ratio obtained directly from EELS spectrum 

 

 
 

TEM-EELS spectra of the cerium M4,5 edge for a ferromagnetic CeO2 nanopowder 

synthesized using 99 % cerium nitrate are shown in Figure 4.51, with the background 

subtracted and normalised to the M5 edge, together with an STEM image of the nanoparticles. 

The characteristic M5 and M4 edges of cerium are clearly resolved. EELS signals were acquired 

from areas of the sample located both at the interior where the particles are agglomerated and 

at the edge of the agglomeration. The results are further interpreted in the following paragraph. 

 

 

 
 

Figure 4.51.  TEM-EELS spectrum of the cerium M4,5 edge for a ferromagnetic (FM) CeO2 

nanopowder for both interior and edge areas of the sample acquired from the regions marked in 

the STEM image.  

 

 

Because electron beam irradiation for extended periods risks damage with a resulting 

change of the valence of Ce ions from 4+ to 3+ accompanied by loss of oxygen 
122

, short EELS 

acquisition times of (≤ 5 s) were used to acquire the spectra shown in Fig. 4.51, which is 

possible using the parallel EELS (PEELS) detection system used here. The signal will mostly 

come from the surface of the nanoparticles when the beam is focused at the edge, while it will 

mainly come from the centre or bulk of the nanoparticles when the beam is focused at the 

interior of the agglomeration. For the interior scan shown above in Fig. 4.51, the ratio of the 

M5 to M4 signal amplitude from the double differentiated EELS signal (henceforth referred to 
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as the M5:M4 ratio for brevity) is 1.08, while for the edge scan the ratio rises to 1.19. From 

Table 4.11, the ratio for Ce
3+

 should be ~ 1.295±0.015 (taking the average result for the second 

derivative method of calculation), while that for Ce
4+

 is 0.91. Hence the Ce
3+

 fraction for the 

interior scan may be estimated to be (1.08-0.91)/(1.295-0.91) or 44 %. By a similar 

calculation, the Ce
3+

 fraction for the edge scan may be estimated to be 72 %. In addition, the 

disappearance of the high energy shoulders for the edge scan suggests that the strong covalent 

hybridization between the Ce 4f and O 2p states is diminished compared to the interior, 

indicating an enhanced Ce
3+

 content. The ~ 1 eV lower edge onset (binding energy) for the 

edge scan EELS spectrum is also indicative of enhanced Ce
3+

 character 
122

, since the 

characteristic Ce
3+ 

low energy pre-edge features (located a few eV lower than the edge 

maximum) shift the centre of gravity of the edge to lower energy. These pre-edge features due 

to Ce
3+

 are not resolved due to the resolution limit of TEM-EELS, in contrast to XAS whose 

higher spectral resolution enables the Ce
3+

 pre-edge features to be distinguished. It is noted 

that neither La M4 (~ 853 eV), La M5 (~ 836 eV) nor Fe L (~ 845, 720, 707 eV) edges were 

detected by additional EELS scans for this powder (or for any of the other powders measured). 

Figure 4.52 shows background corrected normalised EELS spectra acquired from the 

corresponding oxygen K edge in the region ~ 530-540 eV for same sample shown previously in 

Fig. 4.51. The EELS spectrum for this edge strongly depends on the oxidation state  (is for 

XAS also), giving information about the O 2p and Ce conduction states. Stoichiometric CeO2 

contains three characteristic peaks spaced 3-4 eV apart with the lowest energy peak at ~ 531 

eV. These three peaks, in order of increasing electron energy loss, are related to electronic 

transitions from O 1s core levels to empty O 2p hole states hybridized with Ce dominated 4f, 

5d-eg and 5d-t2g levels respectively.  
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Figure 4.52.  Oxygen K edge EELS spectra measured for a ferromagnetic CeO2 nanopowder for 

both interior and edge areas of the sample acquired from the regions marked in the STEM image 

shown in Fig. 4.51 previously. 
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The lowest energy peak for the O K edge of CeO2 is a measure of Ce-O bonding or Ce 

4f / O 2p hybridization, corresponding to the unoccupied Ce 4f band; degradation of the Ce 4f 
0
 

state, caused by reduction of tetravalent Ce to trivalent Ce, manifests itself in a reduction of 

this lowest peak (~ 531 eV) intensity. The two higher energy peaks are due to higher energy 

Ce 5d / O 2p hybridizations. In Fig. 4.52 no peak is resolved at ~ 531 eV for either the interior 

or edge EELS scans, indicative of Ce
3+

 (rather than Ce
4+

) associated with occupied localized 

core-like 4f states, which is also likely to be correlated with increased oxygen vacancy content. 

The spectra are rather similar, with only two peaks resolved at ~ 534 eV and 538 eV 

corresponding to the O 2p / Ce 5d-eg and O 2p / Ce 5d-t2g hybridized levels respectively. 

Figure 4.53 (a) displays an STEM image of the ferromagnetic CeO2 nanopowder for 

which an EELS spectrum along the marked line scan was acquired, corresponding to the edge 

of an agglomeration. Part (b) illustrates the resultant M5:M4 intensity ratio across the line scan. 

The ratio is ~ 1.20 at the start (~ 75 % Ce
3+

), then falls to about 1.15 (~ 62 % Ce
3+

) after a 

distance of 10 nm, before rising again to ~ 1.20 at around 20 nm, and lastly begins to decrease 

rapidly after a distance of 20 nm. 

 

  

 
 

Figure 4.53.  (a) STEM image of a ferromagnetic CeO2 nanopowder with an EELS line scan 

marked; (b) corresponding M5:M4 intensity along the EELS line scan.  

 

 

The data shown for the EELS line scan in Fig. 4.53 above may be interpreted as 

follows; firstly, the M5:M4 ratios are generally closer to that measured previously for an edge 

scan (1.19) rather than for the interior scan (1.08), as expected, since the region is generally 

more edge-like than interior-like. Secondly, since a higher ratio corresponds to enhanced Ce
3+

 

character, it is apparent that the nanoparticles contain more Ce
3+

 content at 0 nm (start) and at 

around 20 nm, and less (by ~ 13 %) in between. From the STEM image, at the start position of 
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the line scan, the contrast is quite dark indicating that the particle agglomeration is thinner, and 

hence more edge-like, and hence may contain more Ce
3+

 character, while at the 10 nm position 

on the line scan the particle agglomeration is thicker (brighter contrast), and hence is more 

representative of the interior with less Ce
3+

 content. The Ce
3+

 content would then be expected 

to increase slightly again at around the 20 nm position (which it does), as the beam reaches the 

extreme edge of the agglomeration and then moves off into free space. The intensity ratio 

subsequently falls off rapidly after 20 nm since the beam is then probing the vacuum only. 

Figure 4.54 (a) compares the background corrected normalised EELS spectra of the Ce 

M4,5 edge for the ferromagnetic (FM) and non-magnetic (NM) CeO2 nanopowders synthesized 

using 99% and 99.999% cerium nitrate respectively. For FM, an EELS spectrum from the 

interior was acquired (specifically area A shown before in Fig. 4.51), and likewise for NM. 

Whereas the M5:M4 ratio for FM is 1.08 (~ 44 % Ce
3+

), for NM the ratio falls to 1.03 (~ 31 % 

Ce
3+

), indicating less Ce
3+

 content for the latter, which may also be inferred from the subtle (~ 

0.3 eV) shift in the M4,5 peak positions to higher energy for the latter. Figure 4.54 (b) compares 

the Ce M edge EELS spectra for the same ferromagnetic nanopowder shown in (a) with a CeO2 

micropowder bulk reference (99.999% Sigma). For the micropowder, the M5:M4 ratio is 

inverted (0.93), indicative of enhanced Ce
4+ 

content 
122

. In this case, normalisation of spectra to 

the most intense edge of each was performed. For the micropowder, it may be estimated from 

the above ratio that the Ce
3+ 

content is about 7 %. In addition, the small (~ 1 eV) shift in the 

M4,5 peak positions to higher energy for the micropowder compared to the ferromagnetic 

nanopowder indicates a higher binding energy associated with enhanced Ce
4+

 content. 
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Figure 4.54.  Ce M4,5 edge EELS spectra for (a) ferromagnetic (FM) and non-magnetic (NM) CeO2 

nanopowders synthesized using 99% and 99.999% cerium nitrate respectively, and (b) for 

ferromagnetic (FM) nanopowder and CeO2 micropowder (99.999% Sigma). 
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Figure 4.55 shows the background subtracted Oxygen K edge EELS spectra measured 

for CeO2 nanopowders, both ferromagnetic (FM) and non-magnetic (NM), and for the 

reference micropowder. All spectra were acquired from interior-like (rather than edge-like) 

regions of the samples. Whereas the spectra for the nanopowders are rather similar, for the 

micropowder, the main difference compared to the nanopowders is the enhanced intensity of 

the peak at 531 eV and the shift of the middle peak from ~ 534.5 eV down to 533 eV. Since the 

lowest energy peak corresponds to the unoccupied Ce 4f band, its presence denotes enhanced 

Ce
4+ 

character (hence less Ce
3+ 

and corresponding oxygen vacancies) associated with 

unoccupied extended Ce 4f states, in general agreement with the estimation for enhanced Ce
4+

 

content for the micropowder compared to the nanopowders from the Ce M4,5 edge spectra. The 

reduction in energy of the middle (533 eV) peak for the micropowder, which is a measure of O 

2p / 5d-eg hybridization, may be also associated with enhanced Ce
4+ 

content, while the “bump” 

at ~ 543 eV above the main K edge measured for all samples may be associated with 

occupation of the Ce 6d band 
113

. 
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Figure 4.55.  Oxygen K edge EELS spectra for ferromagnetic (FM) and non-magnetic (NM) CeO2 

nanopowders (cerium nitrate purity used in synthesis given in brackets), plus a reference CeO2 

micropowder (99.999% Sigma). 

 

 
In summary, the TEM-EELS results reveal that the Ce

3+ 
content measured for interior-

like regions of the ceria agglomerates was 44 %, 31 % and 7 % for FM, NM and the reference 

micropowder (Ref) respectively. For edge-like regions of the FM ceria agglomerates, the Ce
3+ 

content was as high as 75 %. A comparison is now made with the earlier XAS results, where 

the Ce
3+ 

content was measured to be 35 %, 28 % and 20 % for FM, NM and Ref respectively 

(rounding to the nearest whole number). Hence the Ce
3+

 content measured for the nanopowders 

by TEM-EELS is slightly higher than that measured by XAS, whereas the Ce
3+

 content of the 

reference micropowder is actually lower when measured by TEM-EELS compared to the result 

of XAS. It is noted also that XAS can resolve the Ce
3+

 pre-edge features due to its higher 
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spectral resolution compared to that of TEM-EELS, the latter for which the Ce
3+

 features were 

not resolved explicitly; instead, the Ce
3+ 

contribution in EELS manifests itself in a net shift of 

the Ce M4,5 absorption edge maxima to lower energies, which means that clear differences in 

the Ce M4,5 line peak positions are measured in TEM-EELS, but not in XAS. For the O K edge, 

TEM-EELS revealed significant differences between the spectra for the reference powder 

compared to the others, namely the presence of the lowest energy O 2p – Ce 4f hybridization 

peak for the micropowder only, accompanied by a shift of the O 2p – Ce 5d-eg  peak to lower 

energy, both of which are indicative of enhanced Ce
4+

 content in the micropowder. For XAS in 

contrast, the O K edge spectra were all rather similar for each powder measured, with the three 

characteristic O 2p – Ce 4f, 5d-eg and 5d-t2g peaks detected; the only discernible difference 

between spectra was a slightly enhanced O 2p – Ce 5d-eg  high energy shoulder for some 

samples indicative of less Ce
4+ 

(more Ce
3+

) character. 
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4.3.10 SEM-EDX analysis 

 

 

Further to the ICP-MS analysis for which results were presented earlier, SEM-EDX 

analysis was also performed in order to determine the elemental composition of the CeO2 

powders and to also check for ferromagnetic impurities.  

Firstly, EDX spectra of two high purity reference micropowders, CeO2 99.999% and 

La2O3 99.99%, were acquired. Spot scans of each powder were acquired at an excitation 

energy of 15 keV, the EDX spectra for which are displayed in Figure 4.56 below. As a general 

rule of thumb, the excitation energy should be at least twice that of the emission energy of the 

element to be resolved. The characteristic emission energies for the rare earth elements are 

resolved, in addition to that of oxygen. Carbon was also resolved at a lower energy of 0.27 

keV, but is not shown; carbon is a ubiquitous element in the SEM vacuum chamber, formed 

from the breakdown of hydrocarbons in the electron beam (and as such can make it 

challenging to quantitatively discern carbon artefacts from carboniferous samples).  
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Figure 4.56.  SEM-EDX spot spectra, fitted to the detected elemental emission peaks, for high 

purity CeO2 and La2O3 micropowders.  

 

 

Whereas the CeO2 micropowder, whose EDX spectrum was just shown in Fig. 4.56, 

was measured to be close to stoichiometric, the La2O3 micropowder was actually measured to 

be closer to La2O5 in stoichiometry (i.e. oxidised); La2O3 is known to readily absorb CO2 from 

the air, which may explain its enhanced oxidation versus CeO2. No traces of any other 

elements were resolved, both for area scans (which measured smaller relative rare earth 

element contributions to the net signal) in addition to further spot scans. It is noted that for the 

detection of ferromagnetic elements, the most intense X-Ray emission energy for iron metal is the 
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Kα1 line at 6.40 keV; at lower energy the less intense secondary emission Lα1,2 at 0.705 keV may 

also be used to identify the element. For Co and Ni, the most intense Kα1 X-Ray emissions occur at 

energies of 6.93 keV and 7.47 keV respectively, with less intense Lα1,2 emissions at the lower 

energies of 0.77 keV and 0.85 keV respectively. 

An SEM-EDX spot spectrum of the CeO2 99.999% micropowder, undoped and doped 

with 2 wt % La2O3, is shown in Fig. 4.57 (a). The spectra are very similar, except for a small 

feature at 4.65 keV for the 2 wt % La2O3 doped sample, corresponding to the most intense X-

Ray emission of La, Lα1. Part (b) of the same figure compares EDX spot spectra for a 

ferromagnetic CeO2 nanopowder, synthesized using 99% cerium nitrate, with the high purity 

CeO2 micropowder. The spectra are also very similar, with a very slightly enhanced shoulder at 

4.65 keV for the nanopowder, indicative of La (1.7 wt % quantified), which is present in the 

99% cerium nitrate precursor used to synthesize the nanopowder at a level of 1 -2 wt % 

according to the chemical supplier (Sigma Aldrich).  

 

 
 

Fig. 4.57.  SEM-EDX spot spectra, fitted to the detected elemental emission peaks, for (a) high 

purity CeO2 micropowder, undoped and doped with 2 wt % La2O3 micropowder, (b) CeO2 

nanopowder with comparison to undoped micropowder. All peaks correspond to cerium unless 

labelled otherwise. 

 
 

 

Two additional spot scans quantified the amount of La in the nanopowder whose EDX 

spectrum is shown in Fig. 4.57 (b) above at 2.1 wt % and 4.3 wt %, the latter of which is 

evidently slightly La rich (the initial spot scan gave 1.7 wt %). It is clear by comparing Figs. 

4.57 (a) and (b) that the La contribution detected by the EDX spot spectrum for the 

nanopowder is less than that for the micropowder doped with a similar wt % of La, for which a 

7.1 wt % La abundance was quantified for the latter. However, for a large area (400 μm × 400 

μm) EDX scan of the micropowder doped with a La, the La abundance was measured to be less 

than for the spot scan, at 2.3 wt %, which is similar to the quantity intentionally doped with (~ 

2 wt %). Therefore it is possible that the spot scan may have acquired data from a region that is 
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slightly La-rich compared to the rest of the sample, similar to one of the spot scans for the 

nanopowder. Finally, it is noted that the nanopowder exhibited no trace of ferromagnetic 

impurities detectable by EDX.  

An SEM-EDX spectrum was also acquired for the 99% purity cerium nitrate 

precursor, in order to determine its composition and to check for ferromagnetic contamination. 

An SEM image of a large cerium nitrate chunk together with its elemental composition is 

shown in Figure 4.58 below. Apart from the expected composition of Ce, O, N and C, there are 

also small quantities (≤ 0.5 wt %) of P, Na, La and S, with no evidence of Fe, Ni or Co. The 

quantity of La detected (0.3 wt %) is less than that stated by the manufacturer (1 -2 wt %). One 

explanation for this discrepancy may be that a La deficient piece was analysed. The variation  

in La content of the cerium nitrate precursor may also provide a clue as to why the magnitude 

of the magnetic signal of the CeO2 nanopowders synthesized using this precursor are so 

variable, if the magnetism is related to the quantity of La in the nanopowders.  

 

 
 

Fig. 4.58.  SEM image of Ce(NO3)3.6H2O 99% nominal purity powder. An EDX spectrum was 

acquired from the rectangular area marked, the quantification results of which are listed. 
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4.3.11 Ultraviolet-Visible spectroscopy 

 

 

Ultraviolet-Visible (UV-Vis) spectra were measured at room temperature for both the 

ferromagnetic CeO2 powder as well as for a reference CeO2 micropowder (Sigma Aldrich 

99.999% nominal purity) and are shown in Figure 4.59.  
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Figure 4.59.  UV-Vis spectra measured at 300 K for ferromagnetic CeO2 nanopowder and a bulk 

reference CeO2 micropowder.  

 

 

The UV-Vis absorption features in ceria may be attributed to charge transfer 

transitions between O 2p and Ce 4f bands, which predominate over 4f 
1 

to
 
5d 

1
 transitions from 

any Ce
3+

 species residing within ceria 
123

. Both powders exhibited significant absorbance 

below 400 nm with a maximum absorbance at 362 nm and 317 nm for the reference 

micropowder and ferromagnetic nanopowder respectively. Hence the nanopowder absorbance 

is blue-shifted compared to the bulk, indicative of a decrease in particle size and related to the 

quantum confinement effect in nanomaterials 
124

, as has also been measured for other CeO2 

nanoparticles 
123, 125-127

 and nanoparticulate thin films 
128

. It is also noted that in contrast to the 

blue-shifts typically measured for nanoparticles with decreasing particle size, red-shifts have 

been measured for nanorods and needles 
129,130

, which may be explained due to a shape 

dependent electron-phonon coupling effect, which may predominate over the quantum size 

effect in nanomaterials with high aspect ratios such as nanoneedles and rods. Since CeO2 is a 

predominantly a direct bandgap semiconductor, the bandgap may be calculated by using the 

direct-bandgap absorbance equation, in which (αhν)
2
 is plotted versus photon energy as shown 

in the right panel of Fig. 4.59 above, with the x-axis intercept of the slope giving the direct 
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band-gap value. Using this method, the band-gaps for the bulk and ferromagnetic nanopowders 

are 3.1 eV and 3.9 eV respectively, with an increase in direct energy band-gap E for the 

nanopowder consistent with its blueshift in absorbance wavelength λ compared to the bulk (E 

= hc/λ). The bulk band-gap measured here (3.1 eV) is similar those measured elsewhere by 

UV-Vis spectroscopy, for example 3.19 eV 
129, 131

 and 3.20 eV 
125

. The nanopowder direct 

band-gap measured here (3.9 eV) is slightly higher than those measured elsewhere for 

nanoparticles of similar diameter, for example, 3.61 eV (3-5 nm) 
127

, 3.60 eV (3.2 nm) 
123

, 3.68 

eV (3.3 nm) 
132

 and 3.38 eV (4.1 nm) 
133

. Although it may be suggested that the effect of 

increasing Ce
3+

 content in small ceria nanoparticles and the associated increase in defect 

concentration should be manifested in a decrease of band-gap due to the presence of extra 

localised defects levels, it appears that the quantum size effect and resultant blue-shift 

(increase of band-gap) strongly predominates here. 

 

 

4.3.12 Raman spectroscopy 
 

 

Room temperature Raman spectra measured for a ferromagnetic nanopowder  and a 

bulk micropowder (99.999% Sigma) are shown in Figure 4.60.  
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Figure 4.60.  Room temperature Raman spectra measured for a ferromagnetic CeO2 nanopowder 

and a bulk reference micropowder. 
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The micropowder displays an intense sharp peak at 467.0 cm
-1

, whereas the 

ferromagnetic nanopowder exhibits a broader less intense peak at 460.5 cm
-1

. These Raman 

active modes are attributed to an intense first-order symmetrical stretching mode (F2g 

symmetry) of the Ce-8O vibrational unit and therefore are very sensitive to any disorder in the 

oxygen sublattice. The broadening (especially on the low energy shoulder) and increase in 

asymmetry of Raman peak shape for the nanopowder are attributed to the reduction of the 

phonon lifetime in the nanocrystalline regime 
134

, and may be also correlated with 

inhomogeneous strain and defects. Additional weak Raman peaks measured at 600 cm
-1

 and 

1177 cm
-1

 for both the micropowder and nanopowder may be attributed to second order Raman 

modes (primarily A1g symmetry with additional small contributions from Eg and F2g); similar 

weak second order peaks have been measured for bulk CeO2 elsewhere 
135,136

, with values of 

464 cm
-1 135

, 465 cm
-1

 
136

 and 466 cm
-1 137 

for example measured for the most intense first order 

F2g  mode, in comparison with 467.0 cm
-1

 measured for the bulk micropowder here. For other 

small diameter CeO2 nanoparticles, values of 458 cm
-1

 (7.3 nm) 
36

, 460 cm
-1 

(6.1 nm) 
135

 and 

462 cm
-1 

(3-5 nm) 
127

 for example have been measured for the F2g mode, in comparison to 

460.5 cm
-1 

measured here for CeO2 nanopowder.
 
The Raman line broadening (Γ) of CeO2 can be 

described by the dependence of its half width upon the inverse grain size 
136

, and is given by the 

relation  

  

                                               Γ (cm
-1

) = 10 + 124.7/dg                                                                                (4.2) 

 

where dg is the grain size (nm). This yields a grain size of 4.2 nm for the ferromagnetic 

nanopowder, in agreement with XRD and TEM results, and 1.24 μm for the micropowder, the latter 

of which was ground in a pestle and mortar prior to the measurement. 

 

 

   4.3.13  Solid dilution of CeO2 

 

 
 

In a further study, for the ferromagnetic CeO2 nanoparticles synthesized using the 99 % 

cerium nitrate precursor, a series of experiments were conducted in which these nanopowders 

were mixed (diluted) with various quantities of other powders, namely Al2O3, icing sugar, 

polystyrene latex beads, and lycopodium. The data has been collated in this separate section. 

Results for mixing CeO2 with γ-Al2O3 will be presented first. 

Al2O3 γ-phase nanopowder of particle size ~ 15 nm and of high purity used for 

polishing (BDH chemicals), was measured by SQUID magnetometry at room temperature and 

was revealed to be purely diamagnetic (χ = -1.4×10
-5

), with no trace of any ferromagnetic-like 

contribution to the signal. Meanwhile, a paramagnetic-like signal is measured at 4 K in ± 5 T. A 

thermal magnetization scan from 300 – 4 K in an applied field of 1 T for the Al2O3 powder 
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revealed a paramagnetic-like upturn at low temperature, with net paramagnetism (rather than 

diamagnetism otherwise) emerging only at < 10 K. Magnetization data measured for the γ-

Al2O3 nanopowder is displayed in Figure 4.61. ICP-MS analysis of the same powder revealed 

trace ferromagnetic impurities consisting of 17 ppm of Fe, together with 27 ppm of Co and < 1 

ppm of Ni. 
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Figure 4.61.  Magnetization curves (corrected for diamagnetic gelcap background) measured for γ-

Al2O3 nanopowder at 300 K and 4 K (42.3 mg sample); the inset shows a thermal magnetization scan 

measured in 1 T (17.7 mg sample). 
 

 

 

 

 

 

 

 

 

 

Various quantities of γ-Al2O3 nanopowder were then mixed in a pestle and mortar with 

the ferromagnetic CeO2 nanopowder (synthesized from 99 % cerium nitrate) and the 

magnetization re-measured. Magnetization data are shown in Figure 4.62. The ferromagnetic-

like signal due to CeO2 is reduced upon mixing with Al2O3, with a noticeable change in the 

shape of the magnetization curve upon mixing with 4 mg of Al2O3, as shown in part (a) of the 

figure. The change in shape of the magnetization curve near the origin indicates that the 

demagnetizing factor N has changed. The decay in the magnetic signal of CeO2 with increasing 

quantities of Al2O3 mixing follows an exponential-like trend, as shown in part (b) of the figure. 

The results for two separate mixing batches are displayed in order to show that the trend is 

reproducible. 
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Figure 4.62.  (a) Room temperature magnetization curves (corrected for diamagnetic background) 

for ferromagnetic CeO2 nanoparticles (synthesized using 99 % cerium nitrate) mixed with γ-Al2O3 

nanopowder; results for batch 1 are shown (b) Normalized mass magnetization of CeO2/Al2O3 

mixtures vs. quantity of Al2O3 nanopowder for both batches measured. 

 

 
 

It is noted that the thermal magnetization data measured in 1 T from 300 – 4 K for 

CeO2 well-diluted with 18 mg Al2O3 virtually superposed the data measured for a similar scan 

for 17.7 mg Al2O3 alone shown previously in the inset of Fig. 4.61, while measurements 

conducted at 4 K in a field of ± 5 T for the CeO2 well-diluted with 18 mg Al2O3 revealed a very 

similar paramagnetic-like-signal to that measured for Al2O3 alone also shown previously in Fig. 

4.61; hence it may be inferred that the low temperature magnetic behaviour of the mixture may 

be attributed to Al2O3 rather than to CeO2. 

TEM images for some of the 4 mg batch of CeO2 nanopowder before and after 

intermediate dilution with 8 mg of γ-Al2O3 are shown in Figure 4.63. CeO2 nanoparticles (~ 4 

nm diameter) may be readily distinguished from γ-Al2O3 nanoparticles (~ 15 nm diameter). The 

effect of mixing CeO2 with γ-Al2O3 is to break up and disperse the larger clumps of CeO2 

nanoparticles. Figure 4.64 displays some higher resolution TEM images of the mixture. 
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Figure 4.63.  TEM images of ferromagnetic CeO2 nanoparticles (4 mg batch) before and after 

dilution with 8 mg of γ-Al2O3 nanopowder. 

 

 

 
 

Figure 4.64.  Higher resolution TEM images of ferromagnetic CeO2 nanoparticles (4 mg batch) after 

dilution with 8 mg of γ-Al2O3 nanopowder. 

 

 
 

 

For the second mixing experiment, icing sugar microparticles (Silver Spoon brand, 

UK) were first measured alone by SQUID magnetometry at room temperature, and were 

revealed to be purely diamagnetic (χ = -1.2×10
-5

) with no trace of any ferromagnetic-like signal. 
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Various quantities of sugar were then mixed in a pestle and mortar with the ferromagnetic CeO2 

nanopowder (synthesized from 99 % cerium nitrate) and the magnetization re-measured. 

Magnetization data are shown in Figure 4.65. Similar to the experiment where Al2O3 was mixed 

with CeO2, the magnetic moment decreases for mixtures containing successively larger 

quantities of sugar, however in contrast to the Al2O3/CeO2 mixtures, the relative decrease in the 

size of the magnetic moment is not as large here, nor is the reproducibility of the results 

between different batches quite as good. When the CeO2/sugar mixtures are dissolved in water 

(in order to dissolve the sugar) and the CeO2 nanopowder recovered, the magnetic moment is 

still ~ 22±8% of its initial magnitude before mixing, despite the fact that only 0.4 – 0.5 mg of 

CeO2 is recovered (by either vacuum filtration or centrifuging). However, since the mass of 

CeO2 recovered is only ~ 10 %, the corresponding magnetic moment for 4 mg would be 

220±80% of its initial value, i.e. around 2 times greater on average. It seems to be the case that 

the CeO2 powder extracted from dissolving the CeO2/sugar mixture has become magnetically 

concentrated. 
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Figure 4.65.  (a) Room temperature magnetization curves (corrected for diamagnetic background) 

for ferromagnetic CeO2 nanoparticles (synthesized using 99 % cerium nitrate) mixed with icing 

sugar; results for batch 1 are shown; (b) Normalized mass magnetization of CeO2/sugar mixtures vs. 

quantity of sugar for each batch measured. 

 

 
Some representative SEM images of the magnetic CeO2 nanopowder diluted with icing 

sugar (mass ratio of CeO2 to sugar is ~1:2) are shown in Figure 4.66. The icing sugar powder is 

composed of large microcrystals of order 10 μm size or greater, while clumps of CeO 2 

nanopowder mostly of size ≤ 1 μm appear to partially cover or adhere to the surface or the 

larger sugar microcystals. The background of each image is representative of the morphology of 

the CeO2 clumps on their own (denoted by white arrows). 
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Figure 4.66.  SEM images of ferromagnetic CeO2 nanopowder diluted with icing sugar in the mass 

ratio 1:2; the large sugar microcystals are partially coated with clumps of CeO2 nanopowder mostly 

of size ≤ 1 μm. 

 
 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 

For the third mixing experiment, polystyrene-latex beads were mixed with the 

ferromagnetic CeO2 nanopowder. Polystyrene is a long chain hydrocarbon wherein alternating 

carbon centers are attached to phenyl groups (aromatic ring benzene), with the chemical 

formula (C8H8)n. Polystyrene microparticles are negative charge-stabilized colloidal particles 

produced by polymerization of styrene under conditions that induce spontaneous coalescent 

bead formation, termed latex beads when dispersed in an aqueous suspension, and are used in a 

variety of applications such as contrast agents for fluorescent imaging, as particles for flow 

tracking, or as biological carriers. Latex beads typically contain ~ 69 % water, ~ 30 % 

polymer, with the remainder composed of surfactant and inorganic salts. For this study, the 

polystyrene-latex beads were extracted in dry powder form from aqueous solution by drying in 

a drying cabinet for several days at 50 °C. Successively larger masses of the polystyrene-latex 

bead powder were then mixed with ferromagnetic CeO2 nanopowders and the effect of mixing 

on the room temperature magnetic signal was measured, as shown in Figure 4.67. The figure 

shows the effect on the net magnetic signal of mixing CeO2 with two different batches of dried 

polystyrene-latex beads of different particle diameter purchased from two different suppliers.  

 

http://en.wikipedia.org/wiki/Phenyl_group
http://en.wikipedia.org/wiki/Benzene
http://en.wikipedia.org/wiki/Contrast_agents
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Figure 4.67.  Room temperature magnetization curves (corrected for diamagnetic background) for 

ferromagnetic CeO2 nanoparticles (synthesized using 99 % cerium nitrate) mixed with polystyrene-

latex beads of (left) 10.1 μm size (supplier: Magsphere) and (right) 0.1 μm size (Sigma).  

 

 

 
 

It is apparent that mixing CeO2 with either batch of polystyrene-latex beads has little 

effect on the size of the magnetic signal. As a further test, 20 mg of beads were mixed with ~ 4 

mg of CeO2 ferromagnetic nanopowder, and the magnetic signal virtually superposes that 

measured for the 4 mg CeO2 + 10 mg beads mixtures shown in Fig. 4.67 above.  

Both batches of beads when measured alone at 300 K were diamagnetic, with χ = -9 

×10
-6
; while the Sigma 0.1 μm beads contained an additional very weak trace of a 

ferromagnetic-like signal (at most 1×10
-9

 Am
2
 for 30 mg of beads, but equivalent to the noise 

level), a similar mass of the Magsphere 10.1 μm beads had an additional ferromagnetic -like 

contribution whose magnitude was about ten times greater than that measured for the Sigma 

0.1 μm beads (i.e. 1×10
-8

 Am
2
), and could be due to trace ferromagnetic impurities. 

SEM analyses of the mixtures of beads and CeO2 nanopowders (4 mg CeO2 + 10 mg 

beads mixtures), which are summarised in Figure 4.68 on the following page, revealed that the 

majority of the surfaces of many of the 10.1 μm beads were coated with clumps of CeO2 

nanoparticles > 100 nm in size, while the 0.1 μm beads were completely enveloped by the 

CeO2 nanoparticles.  
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Figure 4.68.  SEM images for 4 mg of ferromagnetic CeO2 nanoparticles (synthesized using 99 % 

cerium nitrate) mixed with 10 mg of polystyrene-latex beads; (a) 10.1 μm beads alone (Magsphere), 

(b) A single 10.1 μm bead coated with CeO2 nanoparticles (c) 0.1 μm beads alone (Sigma), (d) 0.1 μm 

beads enveloped with CeO2 nanoparticles. 

 

 
 

 
 

 

 
 

In the fourth and final mixing experiment, lycopodium powder from two suppliers 

(Sigma and Illusion Craft, the latter of which is marketed as “Dragon’s Breath”, hereafter 

denoted DB) was mixed with the ferromagnetic CeO2 nanopowder. Lycopodium powder is a 

natural product composed of ~ 30 µm diameter unicellular spores from the common clubmoss 

(fern) family Lycopodiaceae, from which the dried spores were much used in the early days of 

flash photography, due to their tendency to readily ignite when in dust form due to their high 

fat content, and are also commonly used to demonstrate Brownian motion since the spores 

disperse well on the surface of water. Upon room temperature measurement of the magnetic 

properties of the lycopodium powders alone however, they were found to possess a small 

ferromagnetic-like signal after correction of the diamagnetic background signal, as shown in 

Figure 4.69, for which the ferromagnetic-like signal was found to scale linearly with the mass. 

Hysteresis is also clearly resolved. XRD showed that the dried spores were amorphous. In 

order to determine the ferromagnetic impurities present in each powder, they were ignited to 

900 °C in air in order to burn off the organic matter and the remaining ash was recovered; 

typically about 1 % of the initial mass was recovered after this step. From XRD measurements 

the main phase detected after ignition was potassium phosphate, K3P3O9. ICP-MS analysis of 

the ash was then performed, which revealed that 7200 ppm of iron metal was present in the 

Sigma lycopodium ash, and 4060 ppm of iron metal in the DB lycopodium ash, with the 

http://en.wikipedia.org/wiki/Lycopodiaceae
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quantities of nickel and cobalt < 10 ppm in both. Hence the quantity of iron in the powders 

before ignition may be estimated to be ~ 72 ppm and 41 ppm for Sigma and DB respectively 

(i.e. divide by 100). In terms of magnetite impurities for example, the maximum impurity 

levels would be 100 ppm and 57 ppm for the Sigma and DB lycopodium powders respectively.  

From Figure 4.69, the magnitudes of the magnetic signals for Sigma and DB lycopodium may 

be accounted for by 20 ppm and 8 pm of magnetite respectively; since these values are less 

than the measured iron or magnetite contents of the lycopodium powder by ICP-MS, it is 

concluded that the most likely source of the hysteretic ferromagnetic signal is magnetite.   
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Figure 4.69.  Room temperature magnetization curves (corrected for diamagnetic background) for 

lycopodium powder purchased from two different suppliers. The quantity of magnetite (Fe3O4) 

impurities required to re-produce the magnetic signals are displayed. 

 
                                                                    
 

After characterization of the magnetic properties of the lycopodium powder alone and 

establishing that they most likely contain magnetite impurities, they were then mixed with the 

ferromagnetic CeO2 nanopowder (synthesized using 99 % cerium nitrate). Results for the 

CeO2/Sigma lycopodium mixture are presented first. Magnetization data for the CeO2/Sigma 

lycopodium mixture is displayed in Figure 4.70 on the next page.  
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Figure 4.70.  (a) Room temperature magnetization curves (corrected for diamagnetic background) 

for ferromagnetic CeO2 nanoparticles (synthesized using 99 % cerium nitrate) mixed with Sigma 

lycopodium powder; results for batch 1 are shown; (b) Total magnetic moment for CeO2/lycopodium 

mixtures vs. quantity of lycopodium for each batch measured. Note that the initial moment for each 

batch (CeO2 alone) was different. The contribution of lycopodium powder alone to the magnetic 

signal is also marked (dashed blue line). 

 

 

 

It is evident from Fig. 4.70 that the effect of mixing lycopodium with CeO2 on the 

magnetism of the mixture is more complicated than for the previous dilution experiments of 

CeO2 with non-magnetic powders, since the net magnetic signal for lycopodium/CeO2 initially 

decreases but subsequently increases upon further dilution with lycopodium.  

In order to try to separate the contribution of lycopodium to the magnetic signal from 

that due to CeO2, the signal due to lycopodium was first subtracted and the resultant magnetic 

signal was normalized to that of CeO2 alone measured initially for each batch; the results are 

displayed in Figure 4.71. After an initial decrease in the magnetic signal of CeO2 upon mixing 

with lycopodium, the signal subsequently increases, and eventually upon further dilution with 

lycopodium the magnitude of the initial signal due to CeO2 alone is actually recovered, or even 

slightly exceeded. 
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Figure 4.71.  Normalized magnetic signal (to that of CeO2 alone initially measured) for each batch of 

CeO2/Sigma lycopodium mixtures vs. quantity of lycopodium mixed. The magnetic contribution due 

to lycopodium alone was subtracted before normalization. 

 
 

 
 

In terms of the morphology of the CeO2/lycopodium mixtures, Figure 4.72 below 

displays SEM images of the lycopodium powder (Sigma) before and after mixing with CeO 2 

nanopowder; the effect of mixing is to coat the majority of the lycopodium spores (some 

remained uncoated) with CeO2 nanoparticles. It is noted that for lycopodium powders before 

and after mixing with CeO2, the spore sizes measured by SEM and optical microscopy were 

similar, hence mixing does not seem to break up the spores or to reduce their characteristic 

size. 

 

 

 
 

Figure 4.72.  SEM images of (a) A bare (uncoated) lycopodium (Sigma) spore (b) A spore covered in 

ferromagnetic CeO2 nanoparticles (4 mg CeO2 + 12 mg lycopodium mixture); the image is tilted at 

52° in order to show more perspective. 
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Magnetization data for the second lycopodium powder, “Dragon’s Breath” (DB), 

mixed with the ferromagnetic CeO2 nanopowder is shown in Figure 4.73. The total magnetic 

signal reaches a minimum when 5 mg of DB lycopodium is mixed with CeO 2, after which the 

signal increases upon further mixing with larger quantities of lycopodium. The size of the 

ferromagnetic signal due to the DB lycopodium powder alone scales with its mass, similar to 

the trend previously measured for the Sigma lycopodium powder alone, although the signal is 

smaller in magnitude than for the Sigma lycopodium, consistent with the lower ferromagnetic 

impurity content measured by ICP-MS for the DB lycopodium.  
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Figure 4.73.  (a) Room temperature magnetization curves (corrected for diamagnetic background) 

for ferromagnetic CeO2 nanoparticles (synthesized using 99 % cerium nitrate) mixed with “Dragon’s 

Breath” (DB) lycopodium powder; (b) Total magnetic moment for CeO2/lycopodium mixtures vs. 

quantity of lycopodium for each batch measured. The contribution of lycopodium powder alone to 

the magnetic signal is also marked (dashed blue line). 

 

 

 

Figure 4.74 displays similar data to that shown previously in Fig. 4.73 (b) except that 

the lycopodium contribution has been subtracted and the signal normalized to that initially 

measured for CeO2 alone prior to mixing with lycopodium. The normalized magnetic signal 

decreases to a minimum of ~ 60 % for 5 mg of DB lycopodium mixing, after which the signal 

increases, and actually starts to exceed the magnitude of CeO2 alone when ~ 7-8 mg or more of 

lycopodium has been mixed. The trend is roughly similar to that measured previously for the 

CeO2/Sigma lycopodium mixtures, except for the fact that both the minimum and maximum 

values of the normalized magnetic signal for the same mass of lycopodium mixed are larger for 

the CeO2/DB lycopodium mixture than for the CeO2/Sigma lycopodium mixture. SEM analysis 

of the DB lycopodium alone and mixed with CeO2 nanoparticles revealed very similar 

morphologies to those measured previously for the Sigma lycopodium and its mixtures with 

CeO2 (Fig. 4.72). 
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Figure 4.74.  Normalized magnetic signal (to that initially measured for CeO2 alone) for CeO2/DB 

lycopodium mixtures vs. quantity of lycopodium mixed (black dots). The magnetic contribution due 

to the DB lycopodium alone was subtracted before normalization. The dashed red line shows the 

corresponding averaged data measured for the CeO2/Sigma lycopodium mixtures (2 batches) shown 

previously in Fig. 4.71. 

 

 

 

In summary, dilution of the ferromagnetic CeO2 nanopowder with other non-magnetic 

powders such as γ-Al2O3 nanopowder and icing sugar microparticles produced a net reduction in 

the magnetic signal, the reduction being much more pronounced for the former. It is proposed 

that the reduction in the magnitude of the magnetic signal may be related to the breaking up the 

CeO2 into clumps < 100 nm in size upon dilution, especially so for dilution with γ-Al2O3, and 

that the magnetism is associated with the collective coherent orbits of CeO2 agglomerates. This 

theory is elucidated in Chapter 6 (Discussion) and an introductory mathematical basis given in 

Chapter 7 (Appendix A.2), in which a length of order 100 nm is calculated to be the 

characteristic length scale for the magnetic effect to appear (with clumps smaller than this size 

are proposed to be much less magnetic). For dilution of ferromagnetic CeO2 nanopowder with 

polystyrene-latex beads meanwhile, the net magnetic signal is hardly diminished upon dilution, 

which may be due to the fact that the CeO2 nanoparticle clumps are not broken up into clumps < 

100 nm in size. Finally, for dilution of ferromagnetic CeO2 nanopowder with lycopodium 

powder, the net magnetic signal initially decreases but subsequently increases upon dilution 

with increasing quantities of lycopodium, for which the latter effect is most probably due to the 

ferromagnetic contribution from the lycopodium powder itself. These results are preliminary, 

and warrant further investigation and experimentation in order to try to develop an 

understanding of the underlying magnetic phenomena. 
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4.4. Summary 
 

 
 
 

Reproducible room temperature ferromagnetic-like signals are measured for 4 mg batches 

of polycrystalline CeO2-x nanoparticles of ~ 4 nm diameter synthesized by homogeneous 

precipitation using a 99% purity (10 mM) cerium nitrate cerium precursor. The magnetism is 

relatively weak (Ms typically ≤ 100 A m
-1

), virtually anhysteretic and temperature independent from 

300 – 4 K. It is shown that ferromagnetic impurities alone cannot account for the magnitude of the 

ferromagnetic-like signals. No RTFM is measured for nanoparticles synthesized by homogeneous 

precipitation using a higher purity 99.999% cerium nitrate precursor (also 10 mM concentration), 

but by doping these nanoparticles with small quantities of non-magnetic dopants (~ 1 wt %), a 

RTFM signal is once again measured. A similar effect is measured for nanoporous films 

synthesized by electrodeposition. It is hence proposed that the magnetism may be related to 

structural defects, primarily Ce
3+

 and associated charge compensating oxygen vacancies, induced 

by intentionally doping pure nanometric ceria with non-magnetic dopants; the main impurity in the 

99% purity cerium nitrate precursor is ~ 1-2 wt % La. It is shown from analysis of the 

magnetization curves that only a small fraction of the volume of the magnetic nanopowders are 

ferromagnetically ordered, at most 0.1 %, consistent with inhomogeneous defect-related magnetism 

associated with grain boundaries or surfaces for example. The Ce
3+

 content in the nanopowders is 

small, < 1 % as deduced from SQUID magnetometery, but much larger (of order 30 % or more) as 

measured by XAS and TEM-EELS; an explanation for this discrepancy may be that the Ce
3+

 is 

mainly delocalized at the bottom of the Ce 4f band, although XMCD of the ferromagnetic 

nanopowder CeO2 at 2 K suggests that Ce
3+

 is actually carrying ~ 1μB/Ce
3+

, consistent with a 

localised moment on a spin 1/2 atom with g = 2.  

One possible origin of d  

0
 magnetism in nanometric ceria is the proposed existence of a 

defect impurity band which can become spin-split and result in high temperature Stoner 

ferromagnetism when the density of states at the Fermi level is sufficiently high. Another possible 

explanation is Giant Orbital Paramagnetism due to surface currents associated with a 2-D electron 

gas at the surface of small (< 10 nm) spherical particles. A related third possible explanation is that 

of collective magnetism, in which the magnetism is proposed to be due to giant orbital moments 

which form in coherent domains of clumps (≥ 100 nm) of nanoparticles, with a theoretical basis in 

the resonant fluctuations of the electromagnetic field (zero-point energy). The last explanation is 

supported by magnetization and preliminary electron microscopy measurements for CeO2 

nanoparticles dispersed in either γ-Al2O3 nanopowder, icing sugar or latex beads, in which the 

magnetic signal is rapidly diminished when the clumps of CeO2 appear to be broken up into < 100 

nm sized aggregates. 
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Chapter 5 

 

 
 
 

MB6  (M = Ca, Sr, Ba) 
 
 
 
 
 
 

 
 

Experimental results for d 

0
 magnetism in the divalent alkaline-earth hexaborides, of 

chemical formula MB6, where M = Ca, Sr, Ba, are presented in this chapter. The magnetic and 

structural properties of thin films grown by PLD are investigated. Following a brief introduction to 

this class of materials, an overview of the literature is presented, both experimental and theoretical, 

which is followed by the main experimental results and finally a summary of the results.  

 
 
 
 

5.1. Introduction 
 

 
 

 
Among boron compounds, the alkaline-earth hexaborides possess several useful properties 

such as high melting points, significant hardness, good chemical and thermal inertness, low electron 

work function and stable specific resistance. They are commonly used as high-temperature 

refractory materials, for surface protection, as wear-resistant materials and as neutron radiation 

absorbers in the nuclear industry. Since the alkaline-earth hexaboride nominally contain none of the 

unpaired d or f electrons normally associated with traditional magnetic order, these compounds are 

valid candidates for studying possible d 
0
 magnetic related phenomena pertaining to them. In terms 

of structure, the alkaline earth hexaboride series possess a cubic crystal structure (Pm-3m space 

group) with the divalent metal cation at each cube corner and an octahedral boron cage with a 

compensating negative charge at the body centre, as shown in Figure 5.1. Alternatively, one may 

visualize an equivalent structure where the cation lies at the body centre instead, with the octahedral 

cages located at each cube corner. 

In the next section, the literature summary, the structural and electronic properties of the 

alkaline earth hexaboride series are comprehensively discussed in their relation to their magnetic 

properties. The nature of the bandstructure and electronic properties of these materials have been 

the subject of much debate, not to mention their magnetic properties. 



                                                                                  Chapter V – MB6 (M = Ca, Sr, Ba) 

190 
 

 

Figure 5.1.  Crystal structure of the alkaline earth hexaboride series, MB6, where M (black 

spheres) denotes the divalent metal cation, and B (open spheres) denotes the element boron. 

 

 

5.2. Literature summary 
 

 
 

 
Prior to presenting a literature summary of exotic high temperature magnetism in the 

alkaline-earth hexaborides, a brief overview of the divalent hexaboride EuB6, a rare earth 

hexaboride which is structurally similar to the alkaline earth hexaborides, with Eu ions at the 

vertices and a boron octahedron at the centre of a cubic unit cell, is first presented. The reason that 

EuB6 is first presented is in order to distinguish it from the alkaline-earth hexaborides in terms of its 

magnetic properties; EuB6 may be regarded as a Heisenberg ferromagnet with predominantly 

ferromagnetic superexchange coupling between the 4f 
7
 Eu

2+
 ions with S = 7/2, and is known to 

transform from a paramagnetic to a ferromagnetic phase upon cooling below 15 K, i.e. it is a well 

established intrinsic ferromagnetic at low temperatures. Strictly speaking there are actually two 

transitions, TM at 15.3 K and at TC at 12.5 K 
1
, where TM is associated with a charge delocalization 

transition resulting from the overlap of magnetic polarons while TC is the proper ferromagnetic 

transition. It has been calculated using DFT within the local density approximation (LDA) that 

there is a small overlap between the boron derived valence band with a primarily alkaline-earth 

derived conduction band at the X point of the Brillouin zone and semi-metallic properties for the 

ferromagnetic phase 
2
, in agreement with subsequent DFT calculations performed using the linear 

muffin-tin orbital (LMTO) framework 
3
 (which also calculate similar properties for the higher 

temperature paramagnetic phase) and quantum mechanical modeling 
4
. Experimentally, EuB6 single 

crystals grown by the Al-flux method have been found to have a magnetization of ~ 375 kA m
-1

 at 

4.5 K 
5
, and it has been reported that ferromagnetic EuB6 is an intrinsic semi-metal from 

magnetoresistance 
6
 and point contact Andreev reflection (PCAR) 

7
 measurements for example, in 

agreement with the aforementioned theoretical predictions. Pure EuB6 single crystals are also 

measured to be semi-metallic below TC and semiconducting above TC with a bandgap of 0.05-0.1 

eV 
8
, while the dominant magnetic interaction changes from ferromagnetic to antiferromagnetic 

with increasing carbon content 
8,9,10

; the carbon‐substituted EuB6 has a metallic behaviour due to 

the donation of electrons to the conduction band by carbon atoms. ARPES measurements of single 
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crystals grown by the Al-flux method show a bandgap of ~1 eV at the X point for EuB6 at 20-30 K 

11,12
 (hence for the paramagnetic semiconducting phase) and no semi-metallic properties. In contrast 

to the alkaline-earth hexaborides, no evidence for RFTM has been reported for EuB6. For the 

similar rare earth hexaboride SmB6, no RTFM has been reported either, with no ferromagnetism 

measured for polycrystalline SmB6 (made by heating the elemental powders, 99.9% Sm and 

99.999% B) from 300 K down to 0.35 K 
13

. 

Now the attention is focused on the alkaline-earth hexaborides, also divalent hexaborides 

like the rare earth hexaborides EuB6 and SmB6 but with a completely different origin for the 

magnetism (the rare earth hexaboride YbB6 is a different case to that of EuB6 and SmB6 as exotic 

high temperature magnetism has been measured in some cases for this compound, and is discussed 

later). The first experimental report for ferromagnetism in the alkaline-earth hexaborides was by 

Young et al. 
14

 in the year 1999 for La doped CaB6 single crystals grown by the molten aluminium 

flux growth method, a common used method to grow single crystals of alkaline-earth hexaborides, 

in which a mixture of aluminium metal, the alkaline-earth metal (sometimes in the form of a 

common oxide or carbonate) and boron powder are heated under a flowing argon atmosphere at ~ 

1500 °C. The authors measure a maximum magnetization of ~ 45 A m
-1

 (equivalent to a moment of 

~ 0.07 μB/La) at 5 K for Ca1-xLaxB6 where x = 0.005, with a magnetic ordering temperature of about 

600 K. A slightly smaller magnetization of ~ 30 A m
-1

 is also measured at both 30 K and 50 K for 

the same sample. Similar magnetization values with a maximum at x=0.005 are also measured for 

each of La, Ce and Sm doped SrB6 crystals. The magnetism is almost anhysteretic (Hc of order mT) 

and only appears for a narrow range of La doping concentrations, approximately for x = 0.0025 - 

0.01. For undoped MB6 (M = Ca, Sr, Ba) crystals, the moments measured at 5 K were at least an 

order of magnitude smaller than that found for La doped samples, corresponding to magnetizations 

of about ≤ 5 A/m. Typical magnetization curves that were measured by Young et al. are shown in 

Figure 5.2 on the next page. Similar data is also published slightly later elsewhere by some of the 

same group of researchers 
15

. Young et al. also measured ferromagnetic-like signals for Th doped 

CaB6 at 5 K but the signals are smaller than those measured for La doping, with a maximum 

magnetization of ~ 30 A m
-1

 for x = 0.0025. The authors proposed that the magnetism may be 

attributed to defect states or the ferromagnetic polarization of the low density electron gas. In the 

low density electron gas model of ferromagnetism, as the density of an electron gas is lowered, a 

partially spin-polarized fluid state is stabilized before a transition to a Wigner crystal takes place, 

and the observed ferromagnetism may be ascribed to this partially spin-polarized state 
16

. Other 

early proponents of the electron gas model included Ceperley 
17

, who (in the same volume of the 

journal Nature as Young et al. incidentally) from a theoretical consideration of the idealized 

homogeneous gas, suggested that a low density electron gas scenario may be applicable to the MB6 

series in general. Later, angle-resolved photoemission spectroscopy (ARPES) measurements of 

CaB6 single crystals grown by the float zone method revealed a band gap of 1 eV at the X point at 

30 K, and semiconducting characteristics, which the authors argued were also consistent with the 

ferromagnetic spin-polarized fluid state of the low density electron gas 
18,19

. Specifically, it is 

reported that the estimated carrier number in the small Fermi surface at the X point lies in the region 
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where the spin polarization of electrons is predicted. In the former report a small room temperature 

magnetization of ~ 4 A m
-1

 is measured for the CaB6 single crystal. The authors note the results 

unambiguously show that the band structure obtained by ARPES reflects the bulk property, even 

though the method is only surface sensitive, since the measured band dispersion periodicity 

matches well with that of the bulk Brillouin zone, and the carrier number estimated from ARPES 

shows a good quantitative agreement with their Hall resistivity measurements. 

  

 
 

Figure 5.2.  Magnetization curves published by Young et al. 
14

 for La-doped CaB6 single crystals, 

which represents the first experimental report for ferromagnetism in the alkaline-earth 

hexaborides; Ms ≈ 30 A m
-1

, 10
3
 G = 0.1 T. 

 

 

Another early proposal was that the magnetism in Ca1-xLaxB6 (x=0.005) crystals grown by 

the flux growth and float zone methods, exhibiting metallic behaviour of electrical conduction, for 

which magnetizations of 180 A m
-1

 (5 K) and 20 A m
-1

 (300 K) were measured respectively, may 

be attributed to superparamagnetism, assuming that the ferromagnetic state is spatially 

inhomogeneous 
20

.  

Alternatively to the dilute electron gas model proposed by Young et al, another early 

model for ferromagnetism in the hexaborides involved doping of an excitonic insulator, for which 

several reports were published, and which was first proposed by Zhitomirsky et al. 
21,22

 and applied 

to La-doped CaB6. In the exciton model, a semimetal with a small band-overlap may be unstable 

against exciton (electron-hole pair) formation, and may thus enter a novel excitonic insulating state. 

Electrons doped into such a system are proposed to be distributed asymmetrically between two spin 

sub-bands, leading to ferromagnetism. It is argued that the unique electronic bandstructure of 

divalent hexaborides is favourable to the formation of the excitonic insulating state. The excitonic 

magnetism model may also be applied to hexaborides which possess a small band-gap (in addition 

to band overlap), and hence for semiconductors (in addition to semimetals). In the former of their 

reports 
21

, Zhitomirsky et al. calculate band gaps of -0.2 eV (overlap) and 0.15 eV by first 

principles calculations using LDA and LDA+U respectively, and a moment of ~ 0.14 μB per doped 

electron (La) for x=0.0035 in their latter report 
22

. A subsequent theoretical report extended the 

exciton model to La doped SrB6 
23

 in addition to La doped CaB6, which was followed by the 



      Chapter V – MB6 (M = Ca, Sr, Ba) 
 

 

193 
 

postulation of an excitonic insulator superstructure for La doped CaB6 
24

, which was calculated by 

band structure arguments to possess a moment of 1 μB/La, larger than that predicted previously 

(0.14 μB/La) by Zhitormirsky et al 
22

. A later report by Zhitomirsky and Rice 
25

 using the random 

phase approximation and Hubbard scheme predicted an insulating dilute exciton gas with a small 

band overlap in undoped CaB6, but also applicable to the alkaline earth hexaborides in general, with 

the formation of a dense electron-hole plasma upon further band overlap. Some of the authors of 

the seminal Young et al. paper note in their subsequent report 
15

 that excitonic ferromagnetism in 

the MB6 compounds may be a plausible explanation. While another report measures and calculates 

by DFT (within the generalized gradient approximation, GGA) a small overlap between the 

conduction and valence bands at the X point and semi-metallic behaviour for SrB6 down to at least 

5 K, the authors argue that at high temperatures exciton formation is unlikely due to their energetic 

instability 
26

.  

In further support of the excitonic model, by measuring the resistivity, a small gap of ~ 

0.15 eV is measured at the X point for CaB6 single crystals grown by the Al flux method, both 

undoped and La doped (x = 0.01, 0.005), and is attributed to the excitonic gap 
27

. A magnetization 

of ~ 55 A m
-1

 (of similar magnitude to that measured by Young et al.) is measured at 30 K for the 

undoped Ca
2+  

vacancy-rich sample, whereas the undoped stoichiometric phase did not exhibit any 

ferromagnetism (at 2 K). While the authors report that CaB6 is semiconducting and La doped CaB6 

is metallic, another resistivity study finds that CaB6 single crystals grown by the float zone method 

are semi-metallic instead 
28

, which nevertheless still conforms to the requirements of the excitonic 

model. Another theoretical study (using electronic structure arguments) predicts excitonic 

magnetism in a Wigner crystal for the divalent hexaborides, pure and La doped, with a maximum 

moment for x = 0.005 La doping 
29

, similar to that found initially by Young et al., while a 

semiconducting, multi-exciton bound state stabilized by charged impurities and assuming a finite 

gap is also predicted for similar doped and undoped divalent hexaborides using the effective mass 

approximation 
30

. Further predictions for excitonic ferromagnetism in CaB6 are deduced from 

quantum mechanical arguments for both the pure 
31

 and doped form 
32,33

, for which the latter report 

calculated a moment of 0.4 μB/carrier for x = 0.04 doping using mean field theory. Murakami et al. 

34-36
 calculate an excitonic ferromagnetic phase for Ca1-xLaxB6 using the Ginzberg-Landau theory 

for excitonic order parameters. Elsewhere, a slightly different scenario of a spin-1 Mott insulator 

was proposed for Sr1-xLaxB6 
37

, possessing a spin gap of ~ 0.1 eV (as opposed to a charge or “band” 

gap) and a magnetic moment of 0.9 μB/f.u., as deduced from band structure calculations starting 

from the Hubbard model. 

In terms of the electronic structure of the alkaline-earth hexaborides, there has been much 

debate over the size of the bandgap and whether they are insulators, semimetals or semiconductors. 

In order to properly treat the magnetic properties of the hexaborides, it is necessary to further 

discuss those reports relating to its electronic structure, as the two properties are likely correlated. 

For example, an early report in the 1950s suggested that the divalent hexaborides were insulating, 

but conducting and metallic when containing impurities, using band structure calculations 
38

. In 

contrast, semiconducting behaviour was measured for alkaline-earth hexaborides in the 1960s 
39

. A 
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later band structure calculation in the 1970s calculated band gaps of 2.11, 3.68. 2.64 and 2.4 eV for 

CaB6, SrB6, BaB6 and LaB6 respectively 
40

. Closer to the present, a DFT calculation within the local 

spin density approximation (LSDA) in 1997 reported that hexaborides with divalent cations 

(specifically Ca, Sr, Eu) are semimetals, with a small direct overlap of a primarily boron-derived 

valence band with a primarily alkaline-earth derived conduction band at the X-point of the Brillouin 

zone 
2
. A similar scenario was also later calculated for BaB6 by some of the same authors 

41
. This 

semi-metallic picture was later used my many proponents of the excitonic model for 

ferromagnetism
 21, 22, 25-27, 30, 36

, for which either a small bandgap or band overlap is compatible, 

corresponding to semiconducting or semi-metallic states respectively.  

In contrast to the proposed semi-metallic scenario above, reports which refute the exciton 

model often base their arguments on the fact that the large bandgaps that they calculate/measure are 

incompatible with the exciton model, which some use to argue in favour of the dilute electron-gas 

model instead 
18,19

. DFT-LMTO calculations calculate bandgaps at the X point of 1 eV for BaB6 
42

, 

~ 0.1 and 0.02 eV for MgB6 and CaB6 respectively (both semiconducting) 
43

, and 0.48, 0.16 eV and 

0.02 eV for CaB6, SrB6 and BaB6 respectively (all semiconducting) 
44

. In the latter report, the 

following moments are calculated (in a 10 T applied field): Ba1-xLaxB6 ≈ 2×10
-4

 μB (x = 0.05), YB6 ~ 

2.5×10
-4

 μB, LaB6 ~ 3×10
-4

 μB. In addition, doped MB6 compounds are calculated to be semi-

metallic, while similar results to those of the above report 
44

 are reported again slightly later by 

some of the same authors 
3
, but additionally including a calculated bandgap of 0.05 eV and 

semiconducting behaviour for YbB6. Thus it is evident that even among reports using a similar DFT 

approach (LMTO), while semiconducting characteristics for the alkaline-earth hexaborides are 

most commonly found, the calculated bandgaps are not in close agreement.   

For DFT calculations using the generalized gradient approximation (GGA) the bands are 

calculated to just touch at X point for CaB6 
45

, in agreement with another similar calculation for 

MB6 (M = Ca, Sr, Ba) which also calculates no gap at EF and semi-metallic behaviour 
46

. The 

former report notes that for DFT calculations using the local density approximation (LDA), either a 

small (~ 0.3 eV) band overlap or gap is calculated depending on the lattice parameter used and that 

the band-gap is very sensitive to the special position parameter, while the latter notes that that GGA 

can only predict a semi-metallic bandstructure for the alkaline-earth hexaborides. For calculations 

using DFT within the GW approximation, in which the self-energy is the product of the single-

particle Green function G and the screened interaction W, a semiconducting band gap of 0.8(0.1) 

eV is calculated for CaB6 using GW based on the pseudopotential plane wave method 
47

. In 

contrast, other GW calculations based on LDA-LMTO reveal a small overlap at the X point for 

CaB6 with likely semi-metallic behaviour 
48,49

. It is noted 
48

 that the discrepancy between this 

calculation and the previous one 
47

 may be due to the fact that the pseudopotential is adopted to 

calculate the valence energy levels and wavefunctions in the previous report 
47

, which cannot take 

into account contributions from core electrons (which are large in reality). In the GW method, 

quasiparticle energies are calculated including the effects of electron correlations beyond LDA. It is 

also noted 
48,49

 that while DFT-LDA is a widely used first-principles method and has had great 

success in predicting electronic structures, there exist some problems not only in materials with d 
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and f electrons but also those with s and p electrons, and that LDA has difficulty in describing 

excited states. Furthermore, typically the LDA underestimates band gaps in semiconductors and 

insulators, whereas the GW method takes account of electron correlations within the random phase 

approximation (RPA) to give band gaps in good agreement with experimental ones in many cases. 

However, in response to the above it is mentioned by one of the authors who used DFT-GGA 
45

  

that while the GW method may be very accurate in describing the band structure, it cannot be used 

to calculate the total energy. 

Another DFT approach uses the weighted density approximation (WDA), for which a 

band gap of 0.8 eV at the X point together with semiconducting behaviour is calculated for CaB6 
50

. 

The authors note that WDA (and GGA) predict lattice parameters in excellent agreement with 

experiment, whereas for LDA the lattice parameter may be underestimated. In order to overcome 

the shortcomings of LDA in predicting excited states and lattice parameters, a so-called screened 

exchange (sX) LDA calculation, in which the effect of non-local electron-electron interactions are 

included, predicts a band gap > 1.2 eV at the X point and semiconducting characteristics for CaB6 

51
. The authors note that conflicting results for the value of the bandgap at the X point indicate that 

the details of the band structure near EF are clearly very sensitive to the way that the many-body 

correction is introduced. When the same authors 
51

 use LDA only, the calculations (incorrectly 

according to their arguments) present either a small band-gap (~ 0.1 eV) or band-overlap depending 

on the special positional parameter x used, in broad agreement with other LDA calculations.  

It is now generally accepted that the alkaline-earth hexaborides are semiconductors (not 

semimetals) with band gaps of ~ 1 eV at the X point, which rules out the early excitonic explanation 

for the ferromagnetism, for which a small band overlap or gap (generally ≤ 0.3 eV for either) is 

required. ARPES measurements confirm the semiconducting behaviour, with Denlinger et al. 

measuring a band gap of 1.15 eV at 20-30 K for each of CaB6, SrB6 and EuB6 single crystals grown 

by the Al flux method 
11

 and a band gap > 1 eV at the X point for CaB6  (both stoichiometric and Ca 

rich) in another report 
12

. The authors note that the gap magnitude is very sensitive to the 

conduction band occupation. Souma et al. 
18,19

 initially measured a bandgap of 1 eV at the X point 

at 30 K for semiconducting CaB6 single crystals grown by the float zone method as mentioned 

previously, and later measured the same bandgap (at 20 K) for Ca1-xLaxB6  (x = 0.005) crystals 

grown by the same method 
52

, in which the authors noted that the surface sensitive ARPES results 

reflect the electronic structure of the bulk also.  

Table 5.1 on the next page provides a summary of reports which calculate (the majority) or 

measure the bandstructure of MB6, with further footnotes pertaining to the table given on the 

subsequent page. The electronic conductivity (metallic, semi-metallic, semiconducting or 

insulating) is also displayed where available. Note that from now on, “MB6” will refer to the 

divalent alkaline-earth hexaborides in general, rather than the rare earth hexaborides (an exception 

is the rare earth hexaboride YbB6, which is included in the discussion of the alkaline earth 

hexaborides as it is the only known rare earth hexaboride reported to exhibit room temperature 

ferromagnetism). 
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Table 5.1.  Summary of reports which detail the bandstructure of MB6 
 

 

- An early report 
40

 using LCAO (linear combination of atomic orbitals) to calculate the band structure 

revealed band gaps of 2.11, 3.68. 2.64 and 2.4 eV for CaB6, SrB6, BaB6 and LaB6 respectively  

                                                                                                          (Footnotes continued on next page →) 

Method System 
Band gap and electronic 

structure at X point 
Ref 

Effective mass 

approx. for excitons 

Divalent hexaborides 

(both pure and doped) 

“finite” gap assumed 

(semiconducting) 
30

 

Hubbard Model Sr1-xLaxB6 spin gap ~ 0.1 eV 
i
 

37
 

Mean field approx. 

(extended Hubbard 

model) 

CaB6 

single pair of semi-metallic bands 

necessary for FM in distorted 

tetragonal structure 

53,54
 

Quantum Monte 

Carlo, Hartree-Fock 

+ DFT 

CaB6 1.3±0.2 eV (semiconducting) 
55

 

Resistivity 

measurements 

Ca1-xLaxB6, x = 0, 0.01, 

0.005 (single crystals, 

Al-flux grown) 

0.168 eV for CaB6 

(semiconducting),  

Ca1-xLaxB6  metallic 

27
 

Optical absorption 

measurements 

CaB6 single crystals 

(Al-flux grown) 

   1 eV (CaB6, 99.999% purity B) 

 0.82 eV (CaB6, 99.9%  purity B) 

    Both samples semiconducting 

56,57
 

DFT-LDA MB6 (M = Ca, Sr, Eu) band overlap (semimetallic) 
2
 

DFT-LDA (+U) Ca1-xLaxB6 band overlap (gap), -0.2 (0.15) eV 
21

 

DFT-LDA BaB6 band overlap 
41

 

DFT-LDA CaB6 band overlap 
58

 

DFT-LDA CaB6 0.2 eV (band insulating) 
59

 

DFT-LDA CaB6 0.2 eV (band insulating) 
60

 

DFT-LMTO BaB6 1 eV 
42

 

DFT-LMTO MgB6, CaB6 
~ 0.1, 0.02 for MgB6, CaB6 resp. 

(semiconducting) 
43

 

DFT-LMTO 

MB6 (M = Ca, Sr, Ba, 

Yb, La), Ba1-xLaxB6 

(x=0.05) 

0.48, 0.16 eV for CaB6, SrB6 resp. 

(semiconducting), 0.02 eV for 

BaB6 and doped MB6 (both semi-

metallic) 

44
 

DFT- LMTO 
MB6 (M = Ca, Sr, Ba, 

Yb) 

0.5, 0.2, 0.02, 0.05 eV for CaB6, 

SrB6, BaB6, YbB6 resp. 

(semiconducting) 

3
 

DFT-GW 
ii
 CaB6 0.8±0.1 eV (semiconducting) 

47
 

 DFT-GW 
iii

 CaB6 band overlap (semimetallic) 
48

 

 DFT-GW 
iii

 CaB6 band overlap (semimetallic) 
49

 

DFT-GGA SrB6 band overlap (semimetallic) 
26

 

   DFT-GGA 
iv

 CaB6 band overlap 
45

 

  DFT-GGA 
v
 MB6 (M = Ca, Sr, Ba) band overlap (semimetallic) 

46
 

DFT-GGA CaB6 band gap present (eV not given) 
61

 

   DFT-GGA 
vi

 MgB6 0.5 eV (semiconducting) 
62

 

    DFT-WDA 
vii

 CaB6 0.8 eV (semiconducting) 
50

 

DFT-sX LDA
 viii

 CaB6 > 1.2 eV (semiconducting) 
51

 

ARPES 
CaB6 (single crystal, Al-

flux grown) 

> 1 eV (semiconducting) at 20-30 

K 
11

 

ARPES 
ix

 
CaB6, SrB6, EuB6 (single 

crystals, Al-flux grown) 

1.15 eV (semiconducting) at 20-

30 K 
x
 

 
12

 

ARPES 
CaB6 (single crystal, float 

zone growth) 
1 eV (semiconducting) at 30 K 

18
 

ARPES 

Ca1-xLaxB6 (single 

crystal, Al-flux grown),  

x = 0.005 

1 eV (semiconducting) at 20 K 
52
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Footnotes to Table 5.1 (continued): 

 

- Another report measures 
11

B chemical shifts which are characteristic of semiconductors for MB6 (M = 

Ca, Sr, Ba) 99.5% purity powders using an 
11

B quadrupole spin-echo method 
63

, which is also supported 

by earlier electrical measurements 
39

                            
 

i
 as opposed to the charge or “band” gap 

ii 
based on the pseudopotential plane wave method 

iii
 it is noted that LDA has difficulty in describing the excited states (typically underestimates band gaps 

in semiconductors and insulators) whereas the GW method takes account of electron correlations within 

the random phase approximation giving band gaps in closer agreement with experiment 
iv
 It is note that while the GW method is very accurate in describing the band structure, it cannot be used 

to calculate the total energy; it is noted that LDA gives either a small (~0.3 eV max.) band overlap or gap 

depending on lattice parameter used and that the band-gap is very sensitive to the special position 

parameter 
v 
it is noted that GGA can only predict a semimetallic bandstructure for the alkaline earth hexaborides 

vi 
including atomic self-interaction corrections (no longer limited to a semimetallic prediction as per 

conventional GGA) 
vii

 Weighted density approximation; it is noted that WDA predicts a lattice parameter in excellent 

agreement with experiment (LDA lattice parameter typically underestimated in contrast) 
viii

 sX denotes screened exchange, in which the effect of non-local electron-electron interactions is 

included  
ix
 + bulk sensitive k-resolved resonant inelastic X-ray scattering (RIXS) 

x
 it is noted that the gap magnitude is very sensitive to the conduction band occupation 

 

 

In contrast to the reports mentioned so far which attributed the magnetism of the alkaline-

earth hexaborides to intrinsic ferromagnetism due to a dilute electron gas or an excitonic phase, 

some reports cast doubt on the whether the magnetism was intrinsic or not by suggesting that 

extrinsic ferromagnetic impurities may explain the magnetic signals. An early paper initially 

attributed the magnetic signals measured for CaB6 polycrystals, grown by the borothermal 

reduction method (in contrast to the Al-flux growth method which produces single crystals such as 

those grown by Young et al. for example), which involves heating a mixture of CaO and boron 

powder (99.99% used) under an argon atmosphere, to Ca vacancies created upon heating at 1500 

C and the associated symmetry lowering (and not due to carrier doping) 
64

. Magnetizations of ~ 5-

50 A m
-1

 at room temperature (500 A m
-1

 at 90 K) were measured for samples containing Ca 

vacancies, while the stoichiometric phase (heated at 1200 C) was diamagnetic. A boron nitride 

(BN) crucible was used in all of the borothermal reduction reactions. Subsequently however, some 

of the same group of authors retracted their above claim of intrinsic magnetism 
65

, attributing the 

magnetism in their CaB6 (and LaB6) polycrystals to iron impurities, and also cast doubt on the 

intrinsic nature of the magnetism proposed in the initial experimental report of Young et al. 
14

.  

Magnetizations in the region 100 – 300 A m
-1

 at 300 K (measured in an applied field of 0.5 T) for 

CaB6 polycrystals were now attributed to Fe-B phases, especially due to Fe coming from the ZrO2 

crucible (contains 17-46 ppm of Fe as measured by ICP-MS) used during the solid state reaction. 

Furthermore, Ms obtained at 300 K (and at 0.5 T) when using BN and MgO crucibles was ~ 0-50 A 

m
-1

  and ~ 730 A m
-1

 respectively, with the crucibles used containing 2-4 ppm and 160 ppm of Fe 

respectively. It was proposed that Fe may migrate from the crucible and concentrate in the 

polycrystals during their high temperature growth, since the authors find a correlation between the 

size of the measured magnetic signals and the level of iron impurity concentrations. Similar results 
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were subsequently published in more detail elsewhere 
66

, in which the ferromagnetism disappeared 

almost completely upon immersion of the polycrystals in hydrochloric acid (HCl), with a strong 

correlation between the magnitude of the reduced magnetization and the iron concentration in the 

acid. The magnetic signals were thus attributed to FeB or Fe2B, which are mostly removed upon 

acid etching. Young et al. responded to these claims 
65

 (reply appended at the end of the article) by 

stating that while Fe may indeed be present in their crystals, it does not contribute to the magnetic 

signal directly but that strongly interacting defects in off-stoichiometric CaB6 (comprising a few 

tenths of a per cent) that carry magnetic moments are responsible for the observed ferromagnetic 

properties. They further state that these defects may be iron atoms scavenged during the growth of 

CaB6 crystals from boron-rich flux growths. By intentionally doping their crystals with iron, they 

conclude that the lack of dependence of the measured ordered moment on the iron concentration in 

the flux suggests that alien Fe–B phases, while possibly present, are not the source of 

ferromagnetism. In a subsequent paper by some of the authors associated with Young et al., the 

measured magnetization, which reaches a maximum value of ~ 1200 A m
-1

 (measured at 0.1 T) at 

25 K for 0.5 % La doping in semiconducting CaB6 crystals grown by the Al flux method, is 

attributed to defects on the Ca and/or B sublattice 
67

. No ferromagnetism is measured for pure 

CaB6. For undoped SrB6 single crystals, the magnetization measured at room temperature in an 

applied field (field value not given) is smaller, ~ 75 A m
-1

.  

Another report for Ca1-xLaxB6 single crystals grown by the Al-flux method using 99.999% 

nominal purity boron powder attributes the maximum Ms of ~ 70 A m
-1

 measured at 5 K for x = 

0.01 to iron impurities detected by inductively-coupled plasma atomic emission spectroscopy (ICP-

AES) analysis 
68

; upon acid etching with nitric acid, Ms is reduced to ~ 20 A m
-1

, while for x = 0.03 

the small Ms of ~ 5 A m
-1

 measured at 5 K vanishes upon acid etching, from which the authors 

suggest that the acid treatment removes the iron impurities present in the crystals (~ 1000 ppm and 

~ 50 ppm for x = 0.01 and x = 0.03 respectively as measured by ICP-AES) whose concentration 

levels may completely account for the magnitude of the measured magnetic signals. For an 

undoped CaB6 crystal, the magnetization of ~ 80 A m
-1

 at 5 K may be accounted for by ~ 47 ppm of 

Fe (Ms of bulk Fe = 1.71 MA m
-1

). In addition, no signature of an excitonic state is observed in the 

measured reflectivity spectra for any x (i.e. < 0.03). For Ca1-xLaxB6 single crystals of millimetre 

size, grown by the same method as above but in a HCl treated flux in order to help dissolve any 

iron impurities, the room temperature magnetization signals of ~ 50 A m
-1

 and 40 A m
-1

 for x = 

0.0051 and x = 0.015 respectively are also attributed to Fe impurities by Otani and Mori 
69,70

 (the x 

= 0.015 sample is presented in the latter paper). For x = 0.0051, 0.015, the samples contain 100, 90 

ppm Fe respectively (by ICP-MS analysis); the ferromagnetism vanishes upon subsequent acid 

washing of the crystals using more hydrochloric acid. In addition, no RTFM is reported for 

undoped CaB6 single crystals grown in a HCl treated Al flux (≤ 10 ppm of Fe remains in the  

sample), but diamagnetism only with  χ = -2.2 ×10
-7

 emu/g 
70

, whereas for the same sample grown 

in the same way but without HCl treatment of the flux, the distinct RTFM signal of size ~ 115 A   

m
-1

 is attributed to 190 ppm of Fe impurities by ICP analysis 
69

. This result confirms that growing 

the undoped crystals in a HCl flux removes most of the iron and the ferromagnetism. The following 
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argument is given for the presence of Fe impurities 
69

; in the process of dissolving the aluminium 

flux by NaOH solution, the aluminium matrix acts as a cathode. The crystals which are held on the 

surface of the aluminium acts as an anode and iron ions are reduced to iron on the crystal surface. 

That is, the crystals are electrochemically plated with iron. Consequently, the crystals are covered 

with iron because iron is stable in the NaOH solution, which is then removed by HCl treatment 

because iron reacts with HCl solution. The authors further suggest that iron impurities are 

electrochemically plated onto the surface of Ca1-xLaxB6 crystals more readily than for undoped 

CaB6, due to the lower resistivity of Ca1-xLaxB6 
70

, which may explain why the HCl flux grown 

doped crystals exhibit larger magnetic signals than similarly grown undoped crystals. The same 

authors subsequently further elucidate the nature of the iron impurities in their undoped CaB6 

crystals (Al-flux grown, without HCl), measuring ~ 360 ppm of Fe present in the surface region to 

a depth of ~ 1 μm, as detected by ICP-AES, SEM-EDX and depth profiling with Auger electron 

spectroscopy (AES) 
71

. After a initial rapid decrease in the oxygen Auger signal intensity as a 

function of sputtering time, the Fe and O Auger signals decrease in parallel, from which the authors 

infer that the iron is present as an oxide. 

 A later report attributes the average magnetization of ~ 125 A m
-1

 measured at 250 K for 

14 undoped CaB6 single crystals (maximum/minimum ~ 450/20 A m
-1

) grown by the Al-flux 

method to iron and nickel located at the surfaces of their samples, especially at the edges of facets 

and at growth steps, as deduced from electron probe microscopy analyses 
72

. For a crystal with an 

Ms of ~ 180 A m
-1

, acid etching (using aqua regia) of 600 nm of the surface reduces Ms to               

~ 90 A m
-1

. Ms is not reduced any further for a 1200 nm surface acid-etch, from which the authors 

deduce that the etch is more effective at removing Fe and Ni contaminants on the surface than from 

the step and facet edges, to which the Ms of ~ 90 A m
-1

 may be ascribed for this crystal. Cao et al. 
73

 

attribute the room temperature magnetization of ~ 75 A m
-1 

measured for their polycrystals 

synthesized by borothermal reduction (using 99.99% CaO and boron) to FeB, inferred by 

comparing the value of H0, which is the field obtained by extrapolating the initial susceptibility to 

saturation, for the undoped sample to that measured for intentionally Fe doped Ca1-xFexB6  samples, 

which show similar values of H0 to the undoped sample. In addition, the undoped sample is found 

to contain ~ 100 ppm of iron impurities by ICP analysis. For the intentionally doped polycrystals, 

Ms ~ 245 A m
-1 

and ~ 19500 A m
-1 

for 100 ppm (x = 0.0001) and 10000 ppm (x = 0.01) Fe doping 

concentrations respectively, and the presence of FeB is revealed by XRD and electron probe 

microscopy analyses, which is found to be inhomogeneously distributed from the latter 

measurement. Furthermore, in a subsequent report, the same authors attribute the ferromagnetism 

measured for similarly grown Ca1+δB6 (-0.05 < δ < 0.05) polycrystals to iron boride (δ < 0) or iron 

oxide (δ > 0) phases 
74

. For stoichiometric CaB6 at room temperature they measure Ms ~ 25 A m
-1

, 

and the largest value (75 A m
-1

) for Ca deficient Ca1+δB6 (δ = -0.01). In addition, ~ 400 ppm of Fe is 

detected by ICP-MS in all of the samples. The authors state that since the magnetization of Fe–O 

phases is weaker than that of the Fe–B phases, this may explain why smaller magnetic signals are 

measured for the Ca rich (δ > 0) samples compared to the Ca deficient (δ < 0) ones. Elsewhere, it is 

reported that the Fe impurity content in CaB6 powder (Kujundo Chemical Lab. Co.) is ~ 400 ppm, 
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and ~ 50 ppm in the single crystal grown by the Al-flux method from the powder, as deduced from 

both ICP-AES and Proton Induced X-ray Emission (PIXE) measurements 
75

. A lower purity CaB6 

powder reveals ~ 2000 ppm of Fe (by PIXE), however the nominal powder purities are not given. 

In addition, a first principles calculation using Quantum Monte Carlo, Hartree-Fock and DFT 

calculations attributes the magnetism for La doped CaB6 to magnetic impurities, and not to La or B 

55
. The calculated semiconducting band gap of 1.3 ± 0.2 eV at the X point is in similar agreement 

with the current generally accepted DFT result for the electronic structure of the alkaline-earth 

hexaborides. 

Tables 5.2 & 5.3, spread out for the sake of clarity on the following two pages, provide a 

summary of experimental reports which ascribe the magnetism of undoped and doped MB6 samples 

respectively to ferromagnetic impurities. Ms is measured at room temperature unless stated 

otherwise, while the reagent purity is given where available. 
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Table 5.2.  Experimental reports of magnetism attributed to ferromagnetic impurities for 

undoped MB6; the first three listed samples are single-crystals, the rest are all polycrystals. 

 

Sample Growth method Ms (A m
-1

) Explanation proposed Ref 

CaB6 Al-flux 125 (250 K) Fe, Ni at surfaces 
i
 

72
 

CaB6 Al-flux (99.999% boron) 80 (5 K) Fe impurities 
ii
 

68
 

CaB6 Al-flux 115 Fe impurities 
iii

 
69

 

CaB6 BR (99.99% CaO, boron) 75 FeB 
iv

 
73

 

Ca1+δB6 

(δ = 0) 
BR (99.99% CaO, boron) 25 

iron boride (δ < 0) or iron 

oxide (δ > 0) phases 
v
 

74
 

Ca1+δB6 

(δ = -0.01) 
BR (99.99% CaO, boron) 75 

iron boride (δ < 0) or iron 

oxide (δ > 0) phases 
v 

74
 

CaB6 BR (99.99% boron) 
~100 – 300 

(at 0.5 T) 
Fe-B phases 

vi
 

65
 

LaB6 BR (99.99% boron) 
~100 – 300 

(at 0.5 T) 
Fe-B phases 

vi
 

65
 

CaB6 
BR (99.99% CaO, boron) 

BN crucible used 
30 FeB or Fe2B 

vii
 

66
 

CaB6 “ “ ZrO2 crucible used 130 FeB or Fe2B 
vii

 
66

 

CaB6 “ “ MgO crucible used 730 FeB or Fe2B 
vii

 
66

 

BR = Borothermal reduction 
 

i
 Ferromagnetic impurities revealed by electron probe microscopy; the average Ms listed is for 14 

undoped crystals (ranging from ~ 20-450 A m
-1

) measured at 250 K. Upon acid etching 600 nm of the 

surface, Ms decreased by 47 % for a sample with an initial Ms of 180 A m
-1

, with no further decrease in 

Ms for a 1200 nm etch 
ii
 Fe impurities revealed by ICP-AES analysis; ferromagnetism vanishes upon acid-etching 

iii
 190 ppm of Fe impurities measured by ICP; a later report 

71
 for the same samples measures ~ 360 ppm 

of Fe by ICP-MS and provides further experimental evidence that the ferromagnetism is present in the 

surface region to a depth of ~ 1 μm from SEM-EDX and depth profiling with Auger electron 

spectroscopy 
iv 

attributed to FeB by comparing H0 for the undoped sample vs. Fe doped samples which both show 

similar values of H0, and from ICP measurements 
v
 ~ 400 ppm Fe detected by ICP-MS for the range -0.05 < δ < 0.05 

vi
 attributed to Fe-B phases, especially due to Fe coming from the ZrO2 crucible (contains 17-46 ppm of 

Fe as measured by ICP-MS) used during solid state reaction 
vii 

attributed to FeB or Fe2B (as measured by ICP); the magnitude of the magnetism depends on the 

crucible used, and virtually disappears upon acid etching; the average Ms for 4 different BN crucibles is 

listed (ranging from 0 – 50 Am
-1

) while the average Ms for 4 different ZrO2 crucibles (0 – 360 Am
-1

) is 

listed; only 1 MgO crucible was used 
 
70

 report no ferromagnetism at 300 K (diamagnetism only; χ = -2.2 ×10
-7

 emu/g ) for CaB6 single crystals 

grown in a HCl treated Al flux (HCl helps remove Fe, only ~ 10 ppm Fe remains) – hence it is concluded 

that any ferromagnetism must be due to Fe and is not intrinsic 
75

 report that the Fe impurity content in CaB6 powder (Kujundo Chemical Lab. Co., Ltd.) and the single 

crystal grown by the Al-flux method from the powder is ~ 400 ppm and ~ 50 ppm respectively (as 

measured by both ICP-AES and PIXE); a lower purity CaB6 powder reveals ~ 2000 ppm of Fe by PIXE 

(nominal powder purities not given) 
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Table 5.3.  Experimental reports of magnetism attributed to ferromagnetic impurities for doped 

MB6; the Al-flux grown samples are single crystalline, the rest are polycrystalline. 

 

Sample Dopant Growth method Ms (A m
-1

) 
Explanation 

proposed 
Ref 

Ca1-xLaxB6 
La,  

x = 0.0051 
Al-flux 50

 i
 Fe impurities 

70
 

Ca1-xLaxB6 
La,  

x = 0.015 
Al-flux 40 

i
 Fe impurities 

70
 

Ca1-xLaxB6 
La,  

x = 0.01 

“ “ (99.99% CaCO3, 

99.999% B) 
70 (5 K) 

ii
 Fe impurities 

68
 

Ca1-xLaxB6 
La,  

x = 0.03 

“ “ (99.99% CaCO3, 

99.999% B) 
~ 5 (5 K) 

ii
 Fe impurities 

68
 

Ca1-xFexB6 
Fe,  

x = 0.0001 

BR  

(99.99% CaO, B) 
245

 iii
 FeB 

73
 

Ca1-xFexB6 
Fe,  

x = 0.01 

BR  

(99.99% CaO, B) 
19500

 iii
 FeB 

73
 

BR = borothermal reduction 
 

i
 for x = 0.0051, 0.015, samples contain 100, 90 ppm Fe respectively (as measured by ICP-MS) and the 

ferromagnetism vanishes upon acid etching; x = 0.0051 sample also presented in another report 
69

 
ii
 Fe impurities revealed by ICP-AES; upon acid etching, for x = 0.01, Ms is reduced to 20 A m

-1
, 

whereas for x = 0.03 the ferromagnetism vanishes  
iii

 attributed to FeB from XRD, ICP and electron probe microscopy measurements  

 

 

In spite of the numerous reports attributing the ferromagnetism in MB6 polycrystals and 

single crystals to iron impurities, most of which appeared shortly after the initial results of Young et 

al. 
14

, there are also many reports, including most of the recent ones, that propose that the 

magnetism is actually related to defects instead, as an alternative explanation to the earlier dilute 

electron-gas and excitonic ferromagnetism hypotheses; it should be emphasized that the latter 

proposal is now less plausible in light of the now generally accepted semiconducting properties of 

the MB6 series. In fact, Young et al. in their initial report 
14

 do actually suggest that the magnetism 

may also possibly be due to defect states (in addition to their other suggestion of a dilute electron-

gas scenario). In further support of defect magnetism, T. Jarlborg calculated a maximum moment of 

0.24 μB/unit cell for x = 0.125 in Sr1-xLaxB6 using DFT within the LDA-LMTO approach for which 

a density of states (DOS) with an impurity-like La band was proposed 
76

. The same author later 

reported magnetic moments of order 0.1 μB/La impurity for x = 0.125, 0.037 for the same system 

using the same DFT approach 
77

, in which it was calculated that while the undoped system has a 

vanishing DOS at EF, for La-d band doping, EF enters the band above the gap, while Al and In 

impurities result in the opposite effect. In a further report using the same approach the same author 

calculates a moment of ~ 2.1 μB/(3×3×3) supercell from 300 – 50 K for undoped SrB6 
78

. The band 

results confirm that weak magnetism is possible either as standard Stoner magnetism around a B6 

vacancy or assisted by Coulomb energies near a La impurity, yet the author notes that it is difficult 

to understand the high TC values from both of these mechanisms. However, as was mentioned 

previously, the LDA approach can have difficulty in accurately modelling excited states 
49

, hence 

the results of these calculations should be treated with circumspection. 
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DTF-LDA calculations for CaB6 by Maiti et al. 
59

 show that impurities (~ 0.3%) in the 

boron sublattice, vacancies and/or La substitution dope low density charge carriers of 2p character 

which may mediate the magnetism. Both disorder in the boron sublattice and finite conduction 

electron density are proposed to be important to derive ferromagnetism in the hexaborides. 

Experimentally in the same report, a room temperature magnetization of ~ 90 A m
-1

 (200 A m
-1

 at 

1.8 K) is measured for CaB6 powders grown by arc-melting of the constituent elements (99.7% 

purity B used). The authors also calculate a band-gap of 0.2 eV and band insulating properties for 

CaB6 in agreement with their high resolution photoemission spectra, although these results are at 

variance with earlier ARPES experiments which calculate larger semiconducting band gaps of ~ 1 

eV for CaB6 
11, 12, 18, 52

. In a subsequent report for the same system (CaB6) the same authors calculate 

a magnetic moment of 0.018 μB/f.u. for 8.3% boron vacancies (VB) using a similar calculation 

(DFT-LDA), while C and O impurities (expected as impurities in low purity boron) are found to 

play no significant role in the magnetic moment formation 
60

. The introduction of a vacancy in the 

boron sublattice is proposed to lead to the formation of an impurity band near EF, which may 

exhibit finite exchange splitting and a magnetic moment. In contrast to the above reports however, 

another DFT-LDA calculation finds that defects in CaB6 (either Ca, B6 or B vacancies) are not 

robustly spin-polarized enough to be stable at room temperature, and hence are not likely to 

mediate ferromagnetism 
58

. It must be re-emphasized however that the LDA approach can have 

difficulty in describing excited states, and as such the results of DFT calculations performed within 

this framework must be treated with caution.  

Elsewhere, a DFT calculation using the GW approximation attributes the magnetism of 

CaB6 to a narrow impurity band, with a semiconducting band gap of 0.8 ± 0.1 eV calculated at the X 

point for this material 
47

. For DFT-GGA calculations for CaB6, the magnetism is attributed to boron 

vacancies 
79

, in which it is calculated that a neutral VB carries a moment of 2.4 μB and which is 

further proposed to explain surface magnetism in the alkaline-earth hexaboride crystals, or to B 

defects and/or impurities 
61

 (such as C, N), with calculated moments in the range 0.8–1.2 

μB/(3×3×3)  supercell. In particular, for the last two reports mentioned 
79,61

, it is thought that the 

spin-splitting of the flat defect bands due to the strong exchange interactions in the B p-shell is 

responsible for the high temperature ferromagnetism, further to earlier susceptibility calculations of 

a wide range of a wide range of metallic elements 
80

. Another DFT-GGA calculation for MgB6, but 

including additional atomic self-interaction corrections, calculates that boron vacancies are 

responsible for magnetism in semiconducting MgB6 (band gap = 0.5 eV), for which a moment of 

0.5 μB/(2×2×2)  supercell for 1 VB  is calculated 
62

. In practice however, it is important to note 

however that the MgB6 phase does not occur at equilibrium, and has only been observed as 

inclusions of a secondary phase during MgB2 growth in high resolution TEM images 
81

. 

Hotta et al. 
53,54

 attributed the magnetism of CaB6 to surfaces/defects associated with the 

removal of cubic symmetry for the distorted tetragonal crystal structure, as deduced from molecular 

orbital theory (mean field approximation of the extended Hubbard model). In the latter paper 

however the authors also proposed that a single pair of semi-metallic (not semiconducting) bands is 

necessary for ferromagnetism, although they rule out the stability of an excitonic phase.  
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Edwards and Katsnelson 
82

 developed the idea of a narrow spin-split impurity band for 

CaB6 (but applicable to carbon and boron systems in general), which could be formed from defect 

states and give rise to high-temperature Stoner ferromagnetism if the density of states of such a 

band is large enough near EF. Such a band model may resolve the question of why both doped and 

undoped hexaboride samples have been found to be ferromagnetic, since it is the intrinsic defects 

themselves rather than any dopants which mediate the magnetism. In addition, the magnetism is 

independent of whether or not the defects responsible for the impurity band are ferromagnetic 

impurities.  

Table 5.4 below provides an up to date summary of theoretical calculations which 

calculate magnetic moments for the divalent hexaborides. 

 

Table 5.4.  Summary of theoretical calculations which predict ferromagnetism in MB6. 

 

Method System Maximum moment calculated 
i
 Ref 

Deduced from 

band-structure 

arguments 

Ca1-xLaxB6 
~ 0.14 μB/doped electron  

(x = 0.0035) 
22

 

“ “ “ “ “ Ca1-xLaxB6 ~ 1 μB/La 
24

 

“ “ “ “ “ 
Divalent hexaborides, both 

pure and La doped 

Maximum moment for x = 0.005, 

magnitude not given 
29

 

Mean field 

theory 

Divalent hexaborides, pure 

and doped 
0.4 μB/carrier (x = 0.04) 

33
 

Hubbard Model Sr1-xLaxB6 0.9 μB/f.u. 
37

 

Stoner theory of 

Ferromagnetism 
CaB6 0.1 μB/B 

82
 

DFT-LDA 
ii
 CaB6 0.018 μB/f.u. (for 8.3% VB)

 60
 

DFT-LMTO Sr1-xLaxB6 0.24 μB/unit cell (x = 0.125) 
iii

 
76

 

DFT-LMTO Sr1-xLaxB6 
~ 0.1 μB/La impurity 

(for x = 0.125, 0.037) 
77

 

DFT-LMTO SrB6 
2.1 μB/(3×3×3) supercell 

(50 – 300 K) 
iv
 

78
 

DFT-LMTO 
MB6 (M = Ca, Sr, Ba, Yb, 

La), Ba1-xLaxB6 (x = 0.05) 

At 10 T, Ba1-xLaxB6 (x = 0.05) ~ 

2×10
-4

 μB, YB6  ~ 2.5×10
-4

 μB, LaB6 

~ 3×10
-4

 μB, 

44
 

DFT-GGA CaB6 
neutral VB carries a moment  

of 2.4 μB 
79

 

DFT-GGA CaB6 0.8-1.2 μB/(3×3×3) supercell 
61

 

  DFT-GGA 
v
 MgB6 0.5 μB/(2×2×2) supercell for 1 VB 

62
 

 

i
 In comparison, Young et al.

14
 measured 0.07 μB/La (x = 0.005) at 5 K for Ca1-xLaxB6 single crystals in 

the first experimental report for ferromagnetism in the divalent alkaline earth hexaborides 
ii 

In contrast, another DFT-LDA calculation 
58

 reports that defects (Ca, B6 or B vacancies) are not 

robustly spin-polarized enough to be stable at room temperature 
iii  

> 50 % of moment on or near the La impurity 
iv  

~ 40 % of the total moment comes from the six B sites closest to the vacancy 
v
 including atomic self-interaction corrections
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Further to the (mostly) theoretical reports for defect magnetism mentioned just previously, 

some experimental reports also propose an intrinsic defect/impurity related magnetism from their 

measurements. As mentioned previously, in response to claims that the magnetism in hexaborides 

is due to iron contamination, some of the authors of the Young et al. 
14

 report responded by 

attributing the magnetism in semiconducting Ca1-xLaxB6 crystals grown by the Al-flux method to 

intrinsic defects on the Ca and/or B sublattice that form during crystal growth, some of which may 

bear a magnetic moment 
67

. An electron spin resonance study of Ca1-xLaxB6 disks (x = 0.005) with 

(100) crystallographic orientation and cleaved from single crystals grown by the Al-flux method 

attributes the magnetism to surface layer spins of ~ 1.5 μm depth, and reports a very large Ms 

equivalent to 23.6 kA m
-1

 at 300 K 
83

.  However, several electron spin resonance studies conducted 

by Urbano et al. 
84-87

 for Ca1-xMxB6 (M = Gd, Eu, 0.0001 ≤ x ≤ 0.3) single crystals grown by the Al-

flux method do not reveal any evidence of weak ferromagnetism in the spectra measured at 4-300 

K, despite measuring magnetization values of 120, 60 and 55 A m
-1

 at 150 K for Gd doped samples 

where x = 0.0003, 0.003 and 0.01 respectively 
84, 85

; it is suggested that the ferromagnetism may be 

isolated in clusters of defect-rich regions. In another report detailing the results of an NMR study of 

SrB6 and Ca1-xLaxB6 crystals, the authors are unsure which mechanism is responsible for the 

magnetism, whether excitonic (band overlap/small gap at X point) or impurity related (large gap at 

X point), but suggest the latter from their low temperature (< 4 K) NMR data 
88

. A low temperature 

(< 30 K) NMR study for SrB6 tentatively attributed the weak itinerant ferromagnetism, estimated to 

be less than 10
-2

 μB/cell, to excitations of “small-moment ordering”, but did not elaborate further  
89

. 

Lofland et al. 
90

 attributed the magnetism of their CaB6 powders, both purchased from 

Alfa Aesar and synthesized by solid state reaction, which both exhibited a room temperature 

magnetization of ~ 1 kA m
-1

 in a 1 T applied field, to either impurities or vacancies of B6 clusters. 

For thermal magnetization measurements performed in an argon atmosphere, the magnetic signal 

was reduced by ~ 20 % compared to the measurements performed in air, from which it was 

proposed that heating in air (compared to argon) creates more defects and enhanced magnetism. In 

another experimental report, a room temperature magnetization of ~ 50 A m
-1

 is measured for CaB6 

polycrystals synthesized by heating “spectra-pure” CaO + B in argon (borothermal reduction) 
45

; 

energy electron loss spectroscopy (EELS) measurements reveal features associated with B p 

orbitals hybridized with Ca d orbitals (i.e. band overlap). Another report attributes the magnetism 

of Ca1-xLaxB6 (x = 0.01) single crystals grown from a molten Al-flux using 99.9% purity (3N) 

boron, which exhibit a virtually temperature independent magnetization of ~ 210 A m
-1 

measured at 

both 5 K and 300 K
 
, to boron-related defects which induce mid-gap states at about 0.2 eV below 

the conduction band and extra free charge carriers 
56,57

 (note that magnetization data is presented 

only in the earlier archived version of the paper 
56

). Ferromagnetism is measured for a narrow range 

of La doping only, ~ 0.5 – 2.0 %. No ferromagnetism is measured for similarly grown crystals 

using a higher purity 99.9999% (6N) boron powder precursor; similar results were also published 

elsewhere 
91

 by the same authors, in which stoichiometric CaB6 (3N) and boron rich CaB6+δ (3N) 

crystals have room temperature magnetization values of ~ 10 A m
-1 

and ~ 15 A m
-1 

respectively, 

whereas no ferromagnetism was measured for boron deficient CaB6-δ (3N) crystals. ARPES 
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measurements of MB6 (M = Ca, Sr, Eu) single crystals revealed that the positioning of the bulk 

chemical potential in the conduction band and the resulting n-type carriers observed in nominally 

stoichiometric samples implicate the presence of boron vacancies, and that the physics of the 

divalent hexaborides is not that of an intrinsic semimetal, but that of a defect semiconductor, due to 

the bandgaps of ~ 1 eV measured 
11, 12

.  

It has also been reported that CaB6 and BaB6 polycrystals prepared by solid state reaction 

using 99.995% boron do not exhibit ferromagnetism as a bulk property as measured by SQUID 

magnetometry, but show evidence of an enhanced muon relaxation rate correlated with enhanced 

short range magnetic moments of ~ 3.2×10
-3

 μB/B below 130 K and 110 K for CaB6 and BaB6  

respectively, as measured by muon spin rotation spectroscopy by Kuroiwa et al. 
92

. Meanwhile a 

report for CaB6 single crystals synthesized under high pressure (1 GPa) and temperature (1050 °C) 

measured paramagnetism only at 300 K (χ = 5.45×10
-9

 cm
3
/g) with no trace of ferromagnetism for 

samples synthesized using either 99.99% or 99.9999% purity boron 
93

. 

Tables 5.5 & 5.6, spread out over the next two pages for the sake of clarity, summarise 

experimental reports which ascribe the magnetism of undoped and doped MB6 samples respectively 

to intrinsic magnetism (and not ferromagnetic impurities). Ms is measured at room temperature 

unless stated otherwise, while the reagent purity is given where available. 
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Table 5.5.  Experimental reports of intrinsic magnetism for undoped MB6. 

 

Sample Form Growth method Ms (A m
-1

) Explanation proposed Ref 

 CaB6 
i
 SC Al-flux 55 (30 K) Excitonic magnetism 

27
 

CaB6 SC Float zone 4 low density electron gas 
18

 

CaB6 SC 
Al-flux (99.9% 

boron) 
ii
 

10 

Boron related defects + 

extra free charge 

carriers 

91
 

CaB6+δ SC 
Al-flux (99.9% 

boron) 
ii
 

15 “ “ 
91

 

SrB6 SC Al-flux 75 
defects on Ca and/or B 

sublattice 
67

 

YbB6-δ  

(δ ≈ 0.3) 
SC 

Al-flux (99.99% 

Yb, 99.9999% B) 
15 

iii
 

Surface defects/off-

stoichiometry 
94 

YbB6 SC Not given ~ 230 (6 K)
 iv 

Not given 
95

 

CaB6 PC 
BR  

(99.99% CaO, B) 
22 

v
 

Ca vacancies + 

associated symmetry 

lowering 

64
 

CaB6 PC 

BR 

(“spectra-pure” 

CaO, B) 

50 

EELS feature 

associated with 

hybridized B p and Ca 

d orbitals 

45
 

YbB6 PC BR 8 (150 K) 
vi
 surface defects 

96
 

CaB6 Powder 

Purchased from 

Alfa A./solid state 

reaction 

950 (in 1 T)
 vii

 
impurities or vacancies 

of B6 clusters 
90

 

CaB6 Powder 

Arc melting of 

elements  

(99.7% boron) 

90 
viii

 

impurities (~ 0.3%) and 

disorder in B sublattice 

+ low conduction 

electron density at EF 

59
 

 

SC = single crystal, PC = polycrystal, BR = Borothermal reduction 
 

Young et al. 
14

 report that for undoped MB6 (M = Ca, Sr, Ba) single crystals grown by the Al-flux 

method, moments were at least an order of magnitude smaller than that found for La-doped samples at 

5 K, corresponding to Ms ≤ 5 A/m (at 5 K) – it was suggested that the magnetism may be attributed to 

defect states or to the ferromagnetic polarization of the low-density electron gas 
 
i 
Contains Ca vacancies - stoichiometric phase did not exhibit any ferromagnetism (at 2 K) 

ii
 no ferromagnetism measured when 99.9999% purity boron used; similar results also presented 

elsewhere 
56,57

 
iii 

magnetism vanishes upon acid etch; YbB6 and YbB6+δ crystals revealed diamagnetism and 

paramagnetism at 300 K respectively 
iv 

Ferromagnetic signal of similar magnitude reported up to 300 K (hence Tc >> 300 K); a similar low 

temperature (< 30 K) NMR study for SrB6 
89

 single crystals tentatively attributes the weak itinerant 

ferromagnetism, estimated to be < 10
-2

 μB/cell, to excitations of “small-moment ordering” 
v 
average Ms (ranging from 5-50 A m

-1
) of 4 samples is given, which were heated at 1500 C in boron 

nitride (BN) crucibles for durations of 3–24 h; Ms ~ 500 A m
-1 

at 90 K; the stoichiometric phase 

prepared at 1200 C was diamagnetic – note that the claim of defect ferromagnetism was subsequently 

retracted in favour of extrinsic ferromagnetic impurity phases 
65

 
vi
 Ms = 1 A m

-1
 at 200 K 

vii 
as

 
measured in air; moment reduced by ~ 20 % in argon 

viii 
Ms = 200 A m

-1
 at 1.8 K 
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Table 5.6.  Experimental reports of intrinsic magnetism for doped MB6; all single crystals unless 

stated otherwise. 
 

Sample Dopant 
Growth 

method 
Ms (A m

-1
) 

Explanation 

proposed 
Ref 

Ca1-xLaxB6 
La,  

x = 0.005 
Al-flux 45 (5 K) 

i
 

low-density electron 

gas or defects
 

14
 

Ca1-xThxB6 
Th,  

x = 0.0025 
Al-flux 30 (5 K) 

ii
 “ “

 14
 

 Ca1-xLaxB6 
iii

 
La,  

x = 0.005 
Al-flux 

28 (30, 50 

K) 
“ “

 15
 

Ca1-xLaxB6 
La,  

x = 0.01 

“ “  

(99.9% boron 
iv
) 

210 

Boron related defects 

+ extra free charge 

carriers 

57
 

Ca1-xLaxB6 
La,  

x = 0.01 

“ “  

(99.9% boron) 
200 

v
 Boron related defects 

91
 

Ca1-xLaxB6 
La, 

x=0.005 
Al-flux 

1200 (25 K 

at 0.1 T)
 vi

 

defects on the Ca 

and/or B sublattice 
67

 

Ca1-xLaxB6 
La,  

x = 0.005 
Al-flux 180 (5 K) 

super- 

paramagnetism
 

20
 

Ca1-xLaxB6 
La,  

x = 0.005 
Float zone 20 

super- 

paramagnetism
 

20
 

Ca1-xGdxB6 
Gd,  

x = 0.0003 
Al-flux 

120 (150 K) 
vii

 

clusters of defect-rich 

regions 
84

 

Yb1-xLaxB6 
viii

 

La,  

x = 0.003 

Borothermal 

reduction 
8 (150 K) 

ix
 surface defects 

96
 

 
i
 Maximum Ms given; Ms ranges from 10-45 A m

-1
 (at 5 K) for x = 0.0023–0.01; Similar trend 

measured for M1-xLaxB6 (M = Sr, Ba) and Sr1-xMxB6 (M = Ce, Sm) with maximum Ms measured at x = 

0.005 (magnitude of Ms not given however)  
ii 

Maximum Ms given; for x = 0.005, Ms = 5 A m
-1

 (at 5 K) 
iii 

data from 
14 

also reported here 
iv 

no ferromagnetism measured when 99.999% purity boron used 
v 
Maximum Ms given; Ms = 14, 40 A m

-1
 for x = 0.005, 0.02 respectively 

vi 
Maximum Ms given, for which Ms ~ 20 % smaller at 300 K in 0.1 T; Ms = 400 A m

-1
 (at 0.1 T) for  

x = 0.0075 
vii 

Maximum Ms given; Ms = 60, 55 A m
-1

 (at 150 K) for x = 0.003, 0.01 respectively; same data also 

published elsewhere 
85

 
viii 

Polycrystal 
ix
Ms = 1 A m

-1
 at 200 K; similar signals measured for x = 0 – 0.006; for single crystals grown by the 

float-zone method, diamagnetism was measured for x ≤ 0.003 and paramagnetism for x = 0.005 

 

 

 

Whereas most of the reports for RTFM in divalent hexaborides are for single crystals, 

polycrystals or powders, there are also a few reports for films, in which the magnetism is attributed 

to defects. For a 1.2 μm thick Ca1-xLaxB6 film grown by magnetron sputtering on Si(100) in argon, 

Ms ~ 5.5 kA m
-1 

at room temperature for x = 0.005 as reported by Sakuraba et al. 
97

. The magnetism 

is attributed to defects from anisotropic lattice expansion (lowering of the lattice symmetry) 

associated with the introduction of argon gas, with the sample containing 0.35 at. % trapped argon 

exhibiting RTFM. In comparison, no RTFM was measured for a sample with much less (0.01 at. %) 

trapped argon; similar structural results are also presented elsewhere by the same authors 
98

. For 

thin films grown by pulsed laser deposition in vacuum from 99.5% purity MB6 (M = Ca, Sr) targets 
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by Dorneles et al. 
99

, even larger room temperature magnetization values were measured, for 

example, 10.9 kA m
-1 

and 9.5 kA m
-1 

for in-plane and out-of-plane measurements respectively for a 

310 nm thick SrB6 film grown on an MgO (100) substrate. For a 150 nm thick CaB6 film grown on 

Al2O3 (0001), Ms ~ 30.2 kA m
-1 

for the
 
out-of-plane measurement. Films grown on MgO (100) 

substrates were crystalline, whereas those grown on Al2O3 (0001) were amorphous. The 

magnetism, proposed to be located within a thin layer ~ 10 nm thick at the substrate/film interface, 

was attributed to a defect impurity band which mediates a long-range ferromagnetic interaction 

between the magnetic moments associated with molecular orbitals in the vicinity of the defects. 

Typical magnetization curves published in the above two reports by Sakuraba et al. 
97 

and Dorneles 

et al. 
99

 for alkaline-earth hexaboride films are shown in Figure 5.3 below, while a simple schematic 

of an interfacial defect layer structure proposed by Dorneles et al. to be applicable to thin film 

nanostructures is displayed in Figure 5.4. Dorneles et al. 
99

 measure a pronounced out-of-plane 

(perpendicular to film surface) demagnetizing effect for SrB6 grown on MgO (100). 

 

       

 

Figure 5.3.  First two experimental reports for RTFM in alkaline-earth hexaboride films published 

by (left) Sakuraba et al. 
97 

who present typical in-plane magnetization curves (films A and B 

contain 0.01 and 0.35 at% Ar respectively) and by (right) Dorneles et al. 
99

 for in and out-of-plane 

measurements. Note that 1 kOe is equivalent to 0.1 T. 

 

 

Figure 5.4.  Simple schematic depicting a possible origin of RTFM in MB6 thin film nanostructures 

due to an interfacial defect-rich layer residing at the thin film-substrate interface. 

 

 

 

Table 5.7 summarizes experimental reports for RTFM in MB6 films. Ms for in-plane (║) 

and out-of-plane (⊥) measurements is denoted. Data published as part of this thesis by Ackland et 

al. 
100,101

 are also included, which are presented in the experimental results section (5.3). 
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Table 5.7.  Experimental reports of RTFM for MB6 films. 
 

 

 

Sample Thickness (nm) Ms (kA m
-1

) Ref 

Ca1-xLaxB6
 i
 ~ 14000 23.6 ║ 83

 

 Ca1-xLaxB6 
ii
 1200 5.5  ║ 97

 

CaB6 
iii

 150 30.2 ⊥ 99
 

SrB6 on MgO (100) 310 9.5 ⊥ 99
 

SrB6 on MgO (100) 310 10.9 ║ 99
 

   BaB6 
iv
 100 10.7

 
 ║ 100

 

CaB6 100 6.0  ║ 101
 

CaB6 5 344 ║ 101
 

SrB6 100 10.8 ║ 101
 

SrB6 5 376
 
 ║ 101

 

BaB6 100 14.8 ║ 101
 

BaB6 100 14.8 ⊥ 101
 

BaB6 5 120  ║ 101
 

 

i
 x = 0.005, disk cleaved from single crystal grown by Al-flux method – magnetism attributed to surface 

layer spins (~ 1.5 μm depth) 
ii
 x = 0.005, film deposited by magnetron sputtering on Si(100) in argon – magnetism attributed to 

defects from anisotropic lattice expansion due to 0.35 at. % trapped Ar 
iii

 (including all samples listed in rows below, unless stated otherwise) thin film grown by PLD on 5×5 

mm Al2O3 (0001) crystalline substrate - magnetism attributed to a defect impurity band 
iv
 maximum Ms listed for sample grown at 550 C 

 

 

For YbB6, a divalent hexaboride which is structurally similar to the alkaline earth 

hexaborides but contains a rare earth cation (Yb
2+

) instead of an alkaline earth cation, the 

magnetism of both pure and La doped (0.3 at. %, 0.6 at. %) polycrystals synthesized by 

borothermal reduction, for which small magnetizations of 8 A m
-1

 at 150 K (1 A m
-1

 at 200 K) were 

measured, was associated with the surface and proposed to be intrinsic 
96

. The ferromagnetic 

polycrystals also exhibited increased internal fields upon cooling below 150 K by muon 

spectroscopy, suggesting that Tc ~ 150 K. The corresponding single crystals grown by the float zone 

method were diamagnetic, in agreement with earlier results for C doped YbB6 crystals grown by the 

same method 
9
. Conversely, other magnetization measurements of randomly orientated millimetre 

size single crystals (growth method not disclosed) revealed magnetizations of ~ 230 A m
-1

 at both 6 

K and 300 K, providing evidence that Tc >> 300 K 
95

; however, no explanation for the 

ferromagnetism was given. Elsewhere, for boron deficient YbB6-δ (δ ~ 0.3) single crystals grown 

from the molten Al-flux using 99.9999 % purity boron, RTFM with a magnetization of ~ 15 A m
-1 

was measured 
94

. The magnetism vanished upon acid etching (using HNO3), while ferromagnetic 

impurities were ruled out as a source of the magnetism. Stoichiometric and boron rich (YbB6+δ) 

crystals were diamagnetic and paramagnetic respectively. The authors noted that while defects and 

off-stoichiometry in YbB6-δ cause a carrier doping effect, they could not conclude what surface state 

created the magnetic signals. A summary of the above experimental results are included in Tables 

5.5 & 5.6 shown previously. It is noted that none of the other rare earth hexaborides previously 
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discussed, namely EuB6 and SmB6, display any high temperature ferromagnetism. 

Finally, it is mentioned that experimental reports of RFTM have also appeared for 

tetragonal CaB2C2, the first for a micropowder synthesized by heating the 99 % purity constituent 

elements in Ar 
102

. Ms ~ 50 A m
-1

 at 5 K and ~ 30 A m
-1

 at 300 K. Using DFT-LDA calculations, 

the band overlap is calculated to be 0.64 eV for the simple tetragonal P4/mbm phase (semi-metal), 

and the band gap 0.43 eV for the body-centered tetragonal I4/mcm phase (semiconducting). The 

reason that this compound is mentioned is because it was argued on the basis of the above findings 

that the disputed threefold degeneracy specific to the cubic structure in the energy bands of divalent 

hexaborides is not essential for high-temperature ferromagnetism, and instead it was argued that the 

peculiar properties of the molecular orbitals near EF appear to be crucial 
102

. In contrast, for a 

subsequent experimental report that used 99.9% higher purity elements to synthesize the same 

compound, only diamagnetism was found in the range 300 – 2 K with χ = -2.6 ×10
-7

 emu/g, and no 

trace of any ferromagnetic-like signal was measured 
103

. The measured Fe content in the sample 

was < 10 ppm (as determined by ICP-AES analysis), and the authors proposed that the magnetism 

reported by 
102

 is likely due to ferromagnetic impurities. In a later theoretical paper using DFT-

LMTO it was calculated 
44

 that the tetragonal phase of CaB2C2 possesses a small band overlap 

(semi-metallic, in agreement with 
102

) and a moment of 2×10
-4

 μB  in a 10 T applied field.  
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5.3. Experimental results 

 

 

 
 

5.3.1 MB6 powder synthesis and structural characterization  

(XRD, SEM) 

 
 
 

 
 
 

 
MB6 (M = Ca, Sr, Ba) powders were synthesized from high-purity elemental powders 

by solid state reaction at 1000 °C in evacuated sealed quartz tubes (10
-5

 mbar). The nominal 

purity of the Ca used was 99.5% while the Ba and Sr were of 99.9% nominal purity. The 

nominal purity of boron used was 99.7%. The resultant MB6 powders were purple in colour, 

containing shiny specks visible to the eye, indicating the presence of large microcrystals. X-Ray 

powder diffraction (XRD) and subsequent Rietveld refinement together with scanning electron 

microscopy (SEM) confirmed that the hexaboride powders were microcrystalline cubic (Pm-

3m space group), faceted, and single phase, as shown in Figure 5.5 on the following page. The 

lattice parameters for CaB6 (4.1492 Å), SrB6 (4.1965 Å) and BaB6 (4.2671 Å) and were close 

(within ~ 0.1 %) to the respective reference values of 4.1535 Å, 4.1930 Å and 4.2624 Å found 

in the Powder Diffraction File (PDF) database.  
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Figure 5.5.  X-Ray powder diffraction profiles with Rietveld fits for crystalline MB6 powders, with 

(insets) SEM images of powders (scalebar = 100 μm). 
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5.3.2 MB6 thin film growth and initial structural characterization  

(XRD, XRR)                                                                                 

  

Thin films of MB6 were grown by pulsed laser deposition (PLD) and initially 

characterized by both X-Ray diffraction (XRD) and X-Ray reflectivity (XRR).  

As outlined in the experimental methods (Chapter 2, section 2.3), in order to fabricate 

targets for PLD, the synthesised hexaboride powders were ground, pressed in a 13 mm 

stainless steel die using a 10 ton press, and sintered under vacuum at 10
-5

 mbar for 12 hours at 

950 °C. The target densities were typically ~ 60 % of the theoretical (maximum) values. 

Optical images of the targets are displayed in Figure 5.6. Upon closer inspection, shiny specks 

could be resolved on the target surfaces indicative of microcrystals, which were also 

previously resolved in the MB6 powders by SEM.  

 

 

Figure 5.6.  Optical images of MB6 targets (ø = 13 mm). Pitting due to laser impingement upon 

the surface during PLD processing is visible. 

 

 

Thin films were deposited by PLD using a 248 nm wavelength KrF excimer laser on 

(mostly) 5×5×0.5 mm
3
 slices of high purity (> 99.99%) singe-crystal Al2O3 (0001) (c-cut) 

polished on one side, mounted on a non-magnetic ceramic substrate holder using Ag paint. 

Sapphire (Al2O3) substrates have a low impurity content and are quite chemically inert 

(compared to silicon for example), which means that chemical reactions between substrate and 

film, the formation of unwanted mixed phases at elevated temperatures and the formation of 

interfacial layers is minimized, in addition to allowing lower deposition temperatures to be 

used to obtain crystalline films (here the films grown are actually amorphous rather than 

crystalline – discussed more later). Films were deposited on the polished (shiny) side of the 

substrate, and hence the side on which the film was deposited could be easily distinguished 

from the rough (and dull) unpolished backside. Some films were also deposited on sapphire 

substrates of other crystal orientations including r-cut (1102) and m-cut (1010), as well as on 

5×5×0.5 mm
3
 slices of (100) MgO single-crystal (also > 99.99% purity), for which the typical 
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impurity concentration (ppm) is given by the supplier as Fe  50, Ca  40, Al  15, Si  10,        

C  10, Cr  10 and B  5. The lattice parameter mismatch is 10.4 % for BaB6 (a = 4.262 Å) grown 

on Al2O3 substrates (a = 4.759 Å), with the film/substrate mismatch increasing slightly for SrB6 (a 

= 4.193 Å) and CaB6 (a = 4.153 Å). For MgO substrates (a = 4.217 Å), the lattice parameter is 

more similar to those of the MB6 films. For low energy muon experiments, films were grown on 

Al2O3 (0001) substrates of larger area (10×10×0.5 mm
3
) in order to improve the signal to noise 

ratio of the measurement. All substrates were purchased from MTI Corporation (mtixtl). 

For PLD growth of the films, substrates were first heated in the PLD vacuum chamber 

to 800 °C in 0.3 mbar of O2 for 15 minutes in order to outgas any impurities before film 

deposition. The targets were pre-ablated at the maximum laser repetition rate of 20 Hz for 3-5 

minutes immediately prior to deposition in order to remove some of the surface of the target 

and thus present the pristine material beneath for ablation and film growth. Typical dep osition 

parameters used were an energy density of 6 J cm
-2

 (well above the ablation threshold), a laser 

repetition rate of 6 Hz, and a deposition pressure of order 10
-6

 mbar in order to grow 

thermodynamically stable MB6 films within the experimental range of substrate temperatures 

(300 – 850 °C) at which films were deposited 
104

. The laser “spot” is actually rectangular in 

shape of area ~ 0.03 cm
2
, while the laser energy used was typically 200 mJ. The target to 

substrate distance was fixed at 70 mm. Thicker films (of order 100 nm) had a greenish tinge 

after deposition; thinner films (of order 10 nm) were colourless. All films were transparent. 

The low densities of the targets combined with the high ablation energy densities used for 

deposition favours the formation of non-crystalline, defect-rich films. 

XRD measurements of the deposited films indicated that they were almost amorphous 

when grown on Al2O3 (0001) since either no or very faint Bragg peaks due to the MB 6 crystal 

lattice were resolved. Figure 5.7 illustrates the similarity between the XRD data for a BaB6 

film and the Al2O3 (0001) susbtrate on which it was grown.  
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Figure 5.7.  XRD data for a BaB6 film grown by PLD compared to that for the blank Al2O3 (0001) 

substrate on which the film was grown. 
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The peak at 20.5 2θ in Fig. 5.7 may be assigned to the Al2O3 (0003) reflection, 

whereas that for BaB6 (100), although close to this value, falls at the slightly higher angle of 

20.83. For some substrates and films the Al2O3 (0003) reflection was not resolved, whereas 

the most intense Al2O3 (0006) and Al2O3 (0012) were always resolved. Possible higher angle 

(200), (300) and (400) reflections for BaB6 would be hidden within those due to the Al2O3 

substrate and hence they cannot be distinguished. No other reflections from other lattice planes 

of BaB6 were resolved.  

CaB6 and SrB6 films were also measured to be amorphous by XRD, as shown in 

Figure 5.8. The (100) reflection for CaB6 and SrB6, which was not resolved for either film, 

occurs at 21.38 and 21.13 respectively. These results are in agreement with previous XRD 

results of Dorneles et al. 
99

 which also found that films of CaB6 and SrB6 grown by PLD on 

Al2O3 (0001) substrates were amorphous. The reflection at 27-28 cannot be assigned to either 

of the films since no known reflection from either CaB6 or SrB6 falls within this range; this 

reflection is hence assigned to the substrate, and may correspond to the (0004) forbidden 

reflection of Al2O3, which was also resolved in some cases for blank Al2O3 (0001) substrates 

in addition to the more intense reflections of the same family of planes.  
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Figure 5.8.  XRD data for CaB6 and SrB6 films grown by PLD grown on Al2O3 (0001) substrates – 

red dots denote the Al2O3 substrate reflections. 

 

 

 
 

For BaB6 films grown on MgO (100), no Bragg peaks due to the film may be resolved 

since the (100) family of planes for BaB6 are all overlapped by the substrate reflections as 

shown in Figure 5.9, and hence it cannot be deduced conclusively from XRD whether the films 

are crystalline or amorphous.  
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Figure 5.9.  XRD data for a BaB6 film grown by PLD compared to that for a blank MgO (100) 

substrate on which the film was grown. 

 

 

For BaB6 films grown on Al2O3 substrates, film thicknesses were estimated by either 

ellipsometry or by viewing FIB-SEM or TEM cross-sections, whereas for CaB6 and SrB6 films 

the thickness could be measured more directly by XRR. The thickness of BaB 6 films could not 

be measured by XRR since the densities of BaB6 (4360 kg m
-3

) and Al2O3 (3980 kg m
-3

) are 

too similar, whereas those of CaB6 (2400 kg m
-3

) and SrB6 (3390 kg m
-3

) are dissimilar enough 

from the substrate to allow small angle interference fringes (oscillations) to be resolved ; one of 

the prerequisites of the XRR technique is that the densities of film and substrate must differ. 

Representative XRR data for CaB6 and SrB6 films is shown in Figure 5.10. It is noted that the 

film densities are closer to the theoretical (maximum) values than the corresponding targets. 

 

 
 

Figure 5.10.  XRR data for CaB6 (left) and SrB6 (right) films grown by PLD on Al2O3 (0001) 

substrates; the insets show the experimental data fitted using the WinGixa XRR fitting software. 

The experimental data and fits are denoted by blue and black lines respectively. 
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5.3.3 Electrical properties - IV characterization 

 

 

Electrical measurements of the amorphous magnetic MB6 thin film samples (t ~ 100 nm) at 

room temperature using the four point probe method revealed that while BaB6 was barely 

conducting, with a resistivity of order 50 Ω cm and exhibiting linear current-voltage dependence in 

the range ± 0.3 V, CaB6 and SrB6 were insulating. It is noted that Dorneles et al. 
99

 also measured 

their PLD-grown CaB6 and SrB6 films to be insulating, but upon subsequent in-situ annealing in the 

vacuum chamber after deposition, their CaB6 and SrB6  films exhibited a small resistivity of order 5 

Ω cm and 50 Ω cm respectively. The BaB6 films exhibited a decrease in conductivity with 

decreasing temperature, corresponding to semiconducting-like behaviour, as shown in Figure 5.11. 

The high temperature slope in Fig. 5.5 (b) may be used to estimate the bandgap (Eg), since the slope 

corresponds to Eg/2k for intrinsic semiconductivity, which yields Eg ~ 0.3 eV. In addition, the thin 

films did not exhibit any magnetoresistance in an applied field of ± 2 T at room temperature when 

measured (neither did CaB6 or SrB6 in a previous PLD study by Dorneles et al. 
99

). It is noted that 

crystalline epitaxial films of BaB6 (100) grown on MgO (001) substrates by molecular beam epitaxy 

(MBE) elsewhere were also measured to be semiconducting, with a smaller resistivity of 0.3 Ω cm 

measured at room temperature 
105

.  
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Figure 5.11.  Thermal conductivity data measured for ~ 100 nm thick magnetic BaB6 film grown 

on Al2O3 (0001). The dashed line in (b) shows the general trend expected for semiconducting 

behaviour. 
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5.3.4 Magnetization data 

 

 

Firstly, a comprehensive magnetic and impurity analysis of the precursor materials was 

undertaken. This is particularly important since the magnetic signals measured for the thin films are 

often small and hence the contribution of ferromagnetic impurities or extrinsic contamination to the 

signal must be fully accounted for in order to be able to make a convincing claim that the magnetism 

is intrinsically defect-related. The magnetization of the 99.7% nominal purity boron powder 

precursor was analyzed to start with, since boron is sometimes extracted from borate ores which can 

contain iron (among other elements), hence some ferromagnetic iron may possibly be present in the 

boron. Both a thermal magnetization scan and a room temperature magnetization measurement as a 

function of applied field were measured. The magnetic properties of the barium precursor material 

(99.9% nominal purity) were also analyzed by a thermal magnetization scan. The results are shown 

in Figure 5.12.  
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Figure 5.12.  Thermal magnetization scans (measured in 1 T) for the boron and (oxidised) barium 

precursors. The marked cusps near 50 K are measurement artefacts (possibly due to trapped 

oxygen). The inset shows the room temperature magnetization data measured for boron. The 

mass of the boron sample was 47.7 mg, while that of (oxidized) barium was 70 mg. 

 

 
 

From Fig. 5.12 above it is evident that the boron powder is diamagnetic at room 

temperature, and paramagnetic at low temperature (< 75 K); the cusp at around 50 K is a 

measurement artefact, and may possibly be due to molecular oxygen trapped in the SQUID vacuum 

chamber during the measurement. Molecular oxygen, which undergoes an antiferromagnetic 

transition at about 43 K, is strongly paramagnetic above this temperature. The SQUID system can 
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easily detect the presence of a small amount of condensed oxygen on the sample, which when in the 

sample chamber can interfere significantly with sensitive magnetic measurements. Oxygen 

contamination in the sample chamber is usually the result of leaks in the system due to faulty seals 

(other possible sources include improper operation of the airlock valve, outgassing from the sample, 

or cold samples being loaded). Apart from this artefact, there is no other evidence for the presence of 

ferromagnetic clusters (sharp upturns in the susceptibility), but the paramagnetic Curie upturn at low 

temperature can be accounted for by the presence of at most 0.06 wt % Fe
3+ 

 in the boron precursor 

(or equivalent to 0.02 wt % Fe
3+

 in the BaB6 powder for example). For the barium precursor, the 

sample is diamagnetic from 300 – 5 K; however due to the high reactivity of barium with oxygen, 

the magnetic susceptibility of barium cannot be readily measured in metallic form, hence this 

measurement corresponds to the most common oxidised form of barium, BaO. 

Thermal magnetization data for the MB6 (M = Ca, Sr, Ba) targets, pressed from the MB6 

powders, is shown in Figure 5.13 on the next page, with the figure insets displaying the 

corresponding room temperature magnetization data. For ease of comparison, the thermal 

magnetization magnitudes are expressed in units of the specific mass magnetization σ (Am
2
 kg

-1
). 

The samples are all paramagnetic at room temperature; for CaB6, the mass magnetization σ (0.28 

Am
2
 kg

-1
) at 300 K is approximately three times larger than that of SrB6, which in turn is about an 

order of magnitude higher than that of BaB6. Meanwhile, the susceptibility measured at 300 K for 

CaB6 (χ = 7.9×10
-4

) is about an order of magnitude higher than that measured for the other two 

alkaline-earth hexaboride compounds. The paramagnetic susceptibility for each sample is almost 

temperature-independent, increasing by only ~ 5 % from 300 to 4 K. For SrB6, an artefact in the 

thermal scan is marked, possibly due to molecular oxygen. There is no clear evidence for 

ferromagnetic clustering in any of the samples, which typically would be revealed by the presence of 

sharp upturns in the thermal magnetization data. The absence of such upturns may suggest that 

ferromagnetic (iron) impurities, if present, have formed small antiferromagnetically coupled clusters 

instead.  
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Figure 5.13.  Thermal magnetization scans (measured in 1 T) for MB6 (M = Ca, Sr, Ba) targets. 

The insets display the corresponding magnetization data measured at room temperature. The 

sample masses were 24.0 mg, 25.2 mg and 20.2 mg for CaB6, SrB6 and BaB6 respectively. 
 

 
 

 

 

 

 

Inductively-coupled plasma mass spectrometry (ICP-MS) analysis of the MB6 targets was 

also performed in order to determine the impurity content of each (results included here rather than 

in a separate section for the sake of continuity). The quantity of Fe
56

, the most abundant isotope of 

iron, was 0.288, 0.026 and 0.030 wt% in CaB6, SrB6 and BaB6 respectively (0.1 wt% = 1000 ppm). It 
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is noted that the high temperature argon plasma (consisting of the neutral elements of the 

decomposed targets) first passes through a helium neutralizer before entering the mass spectrometer, 

so that the plasma and oxygen whose respective atomic masses of 39.94 (Ar) and 16.00 (O) sum to 

55.94, cannot erroneously contribute to the result for the Fe
56

 content. The quantity of nickel or 

cobalt was less than 10 ppm in all of the samples. It is not clear why the iron abundance is an order 

of magnitude higher in CaB6 compared to the other hexaborides, but it could due to a higher level of 

iron contamination during the powder synthesis from its elemental constituents and/or arising from 

handling. It was noted that the quantity of iron in the BaB6 powder before die pressing was 0.02 

wt%, suggesting that an additional 0.01 wt% or 100 ppm may be attributed to extrinsic 

contamination during the subsequent pressing and target processing since the target contains 0.03 

wt% Fe. It is also noted that the quantity of iron in the BaB6 powder (i.e. before pressing the target) 

measured by ICP-MS (0.02 wt%) is in agreement with that initially estimated from the paramagnetic 

Curie upturn at low temperature for the boron powder, from which the Fe content in BaB6 powder (~ 

0.02 wt%) was deduced by multiplying the result of the Fe content in boron (~ 0.06 wt%) by the 

mass ratio of B6:BaB6. Despite the fact that the ICP-MS results reveal that the targets contain iron, it 

is clear from the thermal magnetization data that the iron is not actually ferromagnetically ordered, 

but may be antiferromagnetically coupled. Lastly, some caution is advised concerning the 

interpretation of the ferromagnetic impurity content from ICP-MS, since the iron content of iron 

boride phases where the iron may be intercalated within a boron framework will not be detected as 

readily as “free” (non-intercalated) iron. The possibility of ferromagnetic impurities in the films is 

discussed later.   

Room temperature magnetization curves for MB6 films, with the field applied in-plane, 

corrected for the Al2O3 substrate signal (discussed further in the next paragraph) are shown in Figure 

5.14 on the following page. The main plots are for thin films of thickness 5 nm, while the insets 

display magnetization curves measured for 100 nm thick films. All curves have been fitted to a tanh 

function of the form  

 

                                                 M/Ms = tanh(H/H0)                                                                (1) 

 

where Ms is the saturation magnetization of the film and H0 is the field obtained by extrapolating the 

initial susceptibility to saturation. It is interesting to note that the moments are not drastically 

different for the thinner films (5 nm) compared to the thicker ones (100 nm). Regarding substrates, 

larger signals were measured on average for films grown on Al2O3, either c-cut (0001) or r-cut 

(1102), than for MgO. For example, the moments for a 100 nm BaB6 film grown under identical 

conditions at 500 °C on c-cut Al2O3, r-cut Al2O3 and (100) MgO were 3.8, 3.3 and 1.3 (×10
-8

 Am
2
)

 

respectively. Since all of the films are amorphous, the effect of the substrate is expected to be less 

important than if the films were crystalline.  
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Figure 5.14.  Selected room temperature magnetization curves for thin (5 nm) and (inset) thick (t 

~ 100 nm) MB6 films, fitted to tanh functions and corrected for the contribution due to the Al2O3 

substrate (diamagnetic plus small ferromagnetic signal of at most 0.3×10
-8 

Am
2
). 

 

 
 

As a test, blank Al2O3 substrates were subjected to identical heating conditions used to 

deposit the MB6 films; a small ferromagnetic signature was measured for some substrates, but it was 

never more than 0.3×10
-8

 Am
2
, or about an order of magnitude smaller than that measured for many 

of the MB6 films. Separate control films of ZnO and Al2O3 grown by ablation of targets made from 

99.99 % nominal purity ZnO and Al2O3 powders respectively and deposited using similar conditions 

to those used for the MB6 films that produced the larger moments exhibited maximum moments of 

no more than 0.2×10
-8

 Am
2
 at room temperature. These controls indicate that ferromagnetic 

contamination from the deposition chamber is not the source of hexaborides’ magnetic signals when 
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they exceed 0.3×10
-8

 Am
2
. Furthermore, the silver paint used to affix the substrates to the substrate 

holder did not exhibit any ferromagnetic signature when measured at room temperature. The larger 

moments are also an order of magnitude greater than those reported elsewhere for blank sapphire 

substrates, one side polished (0.4×10
-8

 Am
2
) 

106,107
, or for other common oxide substrates 

108
. 

Artefacts arising from SQUID measurements of nanoscale samples are reported to give a maximum 

contribution to the signal of ~ 0.1×10
-8

 Am
2
 

109
. Special care was taken throughout to minimise 

possible extrinsic sources of ferromagnetic contamination, including the use of plastic tools to handle 

samples and the use of a clean non-magnetic copper blade to detach the substrates from the ceramic 

holder after PLD growth, since the use of stainless steel tweezers or blades is known to cause 

contamination; for example, for silica glass intentionally pressed with iron tweezers, relatively large 

moments (for nanoscale magnetism) of up to 10×10
-8

 Am
2 
are measured 

109
 (which actually exceeds 

the moments measured for the MB6 films measured here), for MgO substrates cleaved with stainless 

steel blades smaller moments of up to 0.6×10
-8

 Am
2  

are measured 
110

, while for HfO2 thin films 

handled with stainless steel tweezers, intermediate moments of up to 1×10
-8

 Am
2
 are measured 

111
. 

The variation of moment with applied field direction and measurement temperature are 

shown in Figure 5.15 for a typical 100 nm thick film (BaB6) grown on a Al2O3 (0001) single 

crystalline substrate, whose magnetization curves have been fitted to tanh functions.  
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Figure 5.15.  (a) Moment vs. applied field direction and (b) moment vs. measurement 

temperature for a typical 100 nm thick film (BaB6) grown on a Al2O3 (0001) substrate. The insets 

show the region near the origin on a larger scale. Tanh fits of the data are displayed. 
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It is evident from the previous figure (Fig. 5.15) that the magnetism for amorphous 100 nm 

thick magnetic BaB6 films is isotropic and virtually temperature independent from 4 - 300 K. The 

magnetic signals saturate easily (μ0H ~ 0.3 T) with applied field in either direction. The lack of 

temperature dependence of the magnetism indicates that secondary superparamagnetic impurity 

phases are not responsible for the magnetism and that dipole interactions rather than 

magnetocrystalline anisotropy governs the magnetization curve and the approach to saturation. The 

region of the curves around the origin (shown in the insets of Fig. 5.15) which displays the 

completed hysteresis loops indicates that the curves are essentially anhysteretic; measured 

coercivities were less than 10 kA m
-1

. Typical magnetization curves for ~ 100 nm thick amorphous 

CaB6 and SrB6 films also grown on Al2O3 (0001) are shown below in Figure 5.16, this time on a 

larger applied field scale and showing both the raw data (circles) and tanh fits (lines). The 

characteristics of the magnetization curves are similar to those discussed for BaB6. It is noted that the 

present films are grown on sapphire. In a previous report for amorphous MB6 (M = Ca, Sr) films 

grown on sapphire and MgO at lower energy densities (1 J cm
-2

) from targets obtained by pressing 

99.5% nominal purity commercial hexaboride powders 
99

, for some of the crystalline films (grown 

on MgO) the parallel and perpendicular magnetization curves were clearly different (Fig. 5.3), with a 

marked magnetocrystalline anisotropy (demagnetizing effect for out-of-plane measurement). Here, 

for BaB6 films grown on MgO (100) substrates, the characteristics of the magnetism were similar to 

those grown on Al2O3 (0001), namely isotropic magnetism with similar demagnetizing factors (slope 

at the origin), regardless of whether the magnetic field was applied parallel or perpendicular to the 

film surface. Thinner films grown on Al2O3 (0001), of order 10 nm thick, were also found to exhibit 

isotropic magnetism. 
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Figure 5.16.  Moment vs. applied field for ~ 100 nm thick CaB6 and SrB6 magnetic films grown on 

Al2O3 (0001) substrates. The data has been fitted to tanh functions. 

 

  
 
 

In terms of the stability of the magnetic signals measured for the thin films over time, 

Figure 5.17 displays some examples. For a BaB6 magnetic film, ~ 100 nm thick, the magnitude of 
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the signal has decreased by about 33 % after 4 months, whereas for a SrB6 film of similar thickness, 

the magnitude of the signal has decreased by about 25 % over the same duration. For a thinner BaB6 

film (15 nm), the magnitude of the magnetic signal has decreased by less (~ 15 %) over a longer 

interval (9 months). Thus it is evident that the magnetic signals are fairly robust over time, even 

more so for thinner films, and do not generally decay rapidly immediately after deposition, which is 

promising for potential applications. 
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 Figure 5.17.  Room temperature magnetization curves for (a) BaB6 (inset t = 15 nm) and (b) SrB6 

~ 100 nm thick magnetic films grown on Al2O3 (0001) substrates, which show how the magnetic 

signals change over time. 

 
 

Absolute magnetic moments measured for ~ 100 nm thick MB6 films grown over a range of 

substrate temperatures are shown in Figure 5.18 on the next page. 
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Figure 5.18.  Average moment (measured at room temperature) vs. substrate deposition 

temperature for ~ 100 nm thick MB6 films grown by PLD. Data points within the hatched region 

for SrB6 and BaB6 should be treated with circumspection because artefacts from the sapphire 

substrates are found to lie within this range. For CaB6, the upper limit of the hatched region 

should be set at ~ 1.2×10
−8

 Am
2
, because of the possible contribution of iron to the magnetic signal 

in these films. 

 

 

 

Upon inspection of Figure 5.18 on the previous page, while the moment for BaB6 appears 

to peak between 450°C and 600°C, the variation of moment with temperature is more erratic for the 

other two systems. The error bars indicate the range of experimental error for multiple films of same 

thickness grown at the same temperature. The variation may be due to local differences in defect 

concentrations, a parameter inherently prone to variability, or to some uncontrolled detail of the 

process. For the CaB6 and BaB6 targets in particular, it was noted that the intensity of the ablation 

plume degraded gradually after several depositions, necessitating re-polishing of the target surface, 

in order to remove the inscribed annular “groove” on the surface due to the impinging laser spot. For 

the SrB6 target, the target integrity was slightly superior to that of the other hexaborides, enabling 

more depositions before re-polishing.  It is also noted that a previous magnetic study of CaB6 and 

SrB6 films grown by PLD measured maximum moments at about 550 °C 
99

, but there the energy 

density was much lower (1 J cm
-2

) than that used here (6 J cm
-2

). What is clear from Fig. 5.18 

however is that for films grown over a wide range of substrate temperatures, magnetic signals which 

cannot be accounted for by either the Al2O3 substrate contribution and/or ferromagnetic impurities 

are measured. For a BaB6 film deposited at 500 C and subsequently post-annealed in the PLD 

vacuum chamber for 16 hours at the same temperature and pressure used for deposition, the 

magnetic moment was found to actually increase to 4.5×10
-8 

Am
2
, which is slightly higher than that 

typically measured (~3.8 ± 0.3 ×10
-8 

Am
2
) after deposition (without any additional post treatment) 

from Fig. 5.18. 
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The possible contribution of iron to the magnetization, knowing its concentration in the 

target and assuming that it is completely ferromagnetically ordered in the film, may be calculated. 

For example, ICP-MS analysis of the CaB6 target showed that it contained the most iron, 0.288 wt%. 

Assuming that the concentration of iron in the CaB6 film is the same, and that it is ferromagnetically 

ordered, the maximum magnetization attributable to iron is about 4.8 kA m
-1

 (taking Ms of Fe = 1.71 

MA m
-1

), equivalent to a moment of 1.2×10
-8

 Am
2 

for a 100 nm thick film, or 6×10
-10

 Am
2 

for a 5 

nm thick film. From Fig. 5.18, most of the CaB6 films (100 nm thick) have moments of ~ 2-3×10
-8

 

Am
2
, which is larger than the maximum amount possibly attributable to iron. Since the iron content 

measured by ICP-MS for the SrB6 and BaB6 targets are an order of magnitude smaller again than 

that measured for the CaB6 target, the contribution of the iron to the magnetism would be much less 

significant in these films, ~ 0.1×10
-8

 Am
2
 for a 100 nm thick film for example. SEM-EDX analysis 

of several regions of the films (discussed in more detail later in section 5.3.6) did not reveal any iron 

impurities or inclusions, similar to the analysis of the boron precursor. 

Figure 5.19 displays the variation of magnetic moment with film thickness for some MB6 

films. There does not appear to be any marked correlation between moment and thickness, although 

it could be argued that there may be a slight increase in moments for films of order 10 nm thick.  
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Figure 5.19.  Moment vs. film thickness for some MB6 films; the initial films which were grown 

are enclosed by the dashed circle, after which only the deposition time was changed in order to 

vary the thickness. 
 

 

 

 

 

 

 

Figure 5.20 displays the variation of magnetization, defined as the ratio of film moment to 

film volume, with film thickness for a fixed deposition temperature, for various magnetic MB6 films.  
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Figure 5.20.  Magnetization vs. film thickness for magnetic MB6 films. The dashed line with slope 

-1 is expected if the magnetic moment of the films is independent of thickness. 

 

 

We had previously reported that for BaB6 there was no systematic variation of the 

magnetization with thickness 
100

. That particular report did not consider films less than ~ 120 nm 

thick however. In Fig. 5.20 a large increase in magnetization with decreasing film thickness from 

100 to 5 nm is measured; for 100 nm thick films, Ms is of order 10 kA m
-1

, which increases by 

almost an order of magnitude for films ~ 10 nm thick. The data in Fig. 5.20 loosely demonstrate that 

the moment is independent of film thickness by fitting with a slope of -1, from which it may be 

reasonably deduced that the magnetism is associated with the free film surface or the substrate-film 

interface. Since the numbers of defects in a film is independent of its thickness and the magnetism is 

found to be substrate-dependent, the enhanced magnetization for thinner films may be due to 

defects mostly localized near the interface between the film and the substrate (rather than at the free 

surface); an extrinsic ferromagnetic impurity explanation is simultaneously discredited since for this 

explanation the moment should actually decrease with decreasing film thickness (less volume = less 

ferromagnetic impurities); this is not the case from either Figs. 5.19 or 5.20 which both show that the 

moment does not exhibit any clear correlation with film thickness. 

The ferromagnetic volume fraction of the sample f may be calculated as the ratio Ms/M0 

where Ms is the saturation magnetization of the film and M0 is the magnetisation of the ferromagnetic 

regions 
112

. The field H0 obtained by extrapolating the initial susceptibility to saturation is related to 

M0 by the effective demagnetising factor N:  

 

                                                           H0 = NM0                                                                                                           (2) 

 

For films of order 100 nm thick, f ~ 5 %, which indicates that the magnetism is not a bulk 

effect and is instead inhomogeneously distributed. For these calculations a value of N = 1/3 has been 

used since the magnetism is isotropic. For thinner films of order 10 nm, f is much larger, hence a 

greater percentage of the sample volume is ferromagnetically ordered. Figure 5.21 shows that f 
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increases in almost direct proportion to the magnetization as expected (dashed line slope ~ 0.8), 

reaching values close to 100 % for the thinnest films (which also have the highest Ms values), where 

N = 1/3 has been adopted.  
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Figure 5.21.  Room temperature saturation magnetization Ms vs. ferromagnetic volume fraction f 

for MB6 films. Approximate film thickness is denoted above the plot, an exception to which is the 

data point enclosed within the dotted square (BaB6) for which t ~ 60 nm. The dashed line is a 

linear fit to the data (slope ~ 0.8). A value of N = 1/3 was used to calculate f. 

 

 

 

Determination of the depth profile of the magnetism within the films, such as by muon spin 

rotation spectroscopy 
92,96

, may help to elucidate the location of the magnetism, which has been 

previously proposed to reside in a thin layer, ~ 10 nm thick, at the interface with the substrate for 

CaB6 and SrB6 thin films 
99

; some preliminary muon spectroscopy results for MB6 powders and films 

are presented later in this chapter in section 5.3.7. A schematic of a ferromagnetic-like layer residing 

at the substrate-film interface is shown in Figure 5.22.  

 

 

Figure 5.22.  Schematic of a ferromagnetic (FM) layer which resides at the interface between the 

film and underlying substrate (latter not shown). The overall film thickness (including the FM 

layer) is depicted.  

 

Figure 5.23 summarizes the variation of the room temperature saturation magnetization Ms 

with H0 for the all of the alkaline hexaboride films synthesized by PLD during this study as well as 

for some iron and magnetite samples synthesized in our laboratory, similar to data presented 
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previously for dilute magnetic oxides 
112

. H0 is the field obtained by extrapolating the initial 

susceptibility to saturation. The three black lines show where the data for samples whose volumes 

are completely ferromagnetically ordered (f = 100 %) should lie, for three different values of the 

demagnetizing factor N. The values N = 1, 1/3 and 1/6 represent scenarios where the magnetization 

is perpendicular to the plane of a thin film, isotropic (spherical approximation) or associated with 

grain boundaries respectively.  
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Figure 5.23.  Room temperature Ms vs. H0 (field obtained by extrapolating the initial 

susceptibility to saturation) values for MB6 films synthesized by PLD during this study; data 

measured for some iron (metallic and oxide) samples are encircled for comparison. 

 

 

 

Three key points can be taken from the Ms vs. H0 plot shown in Fig. 5.23. Firstly, the values 

of H0 for metallic iron samples, either micron or nano-sized, fall within a different region than those 

for MB6 samples. Secondly, the values of Ms for the thinnest films of order 10 nm thick approach a 

100 % ferromagnetic volume fraction f, possibly reflecting the enhanced role of defects and 

interfaces in the thinnest films, for which the magnetization reaches its highest values. The majority 

of the data points falling within the range Ms ~ 1-10 kA m
-1

 are for films ~ 100 nm thick grown over 

a range of deposition temperatures. Thirdly, the H0 values for nanoparticles of magnetite do fall 

within the H0 range measured for many of the MB6 samples, unlike for metallic iron which typically 

has larger values of H0. Hence it is possible that magnetite may be a magnetic impurity in the MB6 

films, and not metallic iron, although from inspection of Fig. 5.23, approximately 1 part out of 100 

of the majority of the films at least (and even more for those films with higher Ms) would have to be 

magnetite impurities in order to account for the magnitude of the magnetic signals measured. Such 

quantities of magnetite are admittedly rather implausible in light of the impurity analyses performed. 
 

It is useful at this juncture to discuss Ms and H0 values measured for the alkaline earth 

hexaborides in the literature, by deducing Ms and H0 from the magnetization curves where published, 

and to compare the data to the results measured here, as this may help to further understand the 
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results for our MB6 thin films. First of all, data for undoped MB6 samples for which room 

temperature magnetism is reported in the literature (and for which magnetization curves are 

presented) is displayed in Figure 5.24. The data has been differentiated between that to which 

intrinsic magnetism is attributed (black dots) and that to which the magnetic signals are attributed to 

iron impurities (blue circles). It is evident that the Ms values for thin films are several orders of 

magnitude higher than those for the bulk (powders or crystals), and that additionally the Ms values 

for the thinnest films (5 nm) are about an order of magnitude or more greater than those for thicker 

films (100 – 300 nm). The H0 values for the majority of the samples are less than that of iron metal 

(i.e. < 200 kA m
-1

), but similar to those of magnetite nanoparticles (~ 60 -100 kA m
-1

, see previous 

figure, Fig. 5.23). For the samples for which the magnetism is attributed to iron impurities, H0 is 

rather uniform with a value of ~ 200 kA m
-1

, or similar to some of those measured for iron, with the 

exception of one distinct outlier at 50 kA m
-1

. 
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Figure 5.24.  Room temperature Ms vs. H0 values for undoped MB6 samples (films, crystals and 

powders) from the literature. 

 

 
Ms and H0 data for doped MB6 samples for which room temperature magnetism is reported 

in the literature (and for which magnetization curves are presented) is displayed in Figure 5.25. Most 

of the reports for room temperature magnetism are for La doped CaB6 crystals. As per the previous 

figure, a distinction between the data points attributed to intrinsic magnetism and extrinsic 

ferromagnetic contamination/impurities has been made.  
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Figure 5.25.  Room temperature Ms vs. H0 values for doped MB6 samples (films and crystals) 

from the literature. 

 

 

 

Interpreting the Ms vs. H0 data shown in Fig. 5.25 on the previous page, for the data 

attributed to intrinsic magnetism (black dots), the Ms values for films are several orders of magnitude 

larger than those for crystals, but H0 values for the latter are rather variable. For the data attributed to 

iron impurities (blue circles), all of which are single crystals (Al-flux grown), the Ms values are 

similar in magnitude to those reported for intrinsic magnetism in this figure and also to those 

reported for undoped MB6 (both intrinsic and due to Fe impurities) shown previously in Fig. 5.24. H0 

is again rather variable however. Data for CaB6 polycrystals which were intentionally doped with 

two different quantities of iron are denoted by blue triangles 
73

. Ms for a sample doped with 1 % iron 

(10,000 ppm) is ~ 20 kA m
-1

, which is ~ 1 % of the value for pure bulk iron (1.71 M Am
-1

). For a 

sample doped with 0.01 % iron (100 ppm), Ms is about two orders of magnitude less than for 1 % 

doping, as expected. H0 for both samples lie in the range 180-210 kA m
-1

, which is slightly less than 

that measured for metallic iron, although the authors attribute the magnetism to iron boride and not 

to metallic iron. In fact, the majority of authors who attribute the magnetism to ferromagnetic 

impurities attribute it to iron boride phases rather than metallic iron, possibly due to the tendency of 

any iron impurities to react with boron during the high temperature syntheses of MB6 compounds.  

Lastly for this particular analysis, Ms and H0 data for MB6 crystals from the literature, both 

doped and undoped, is grouped by method of synthesis and also by whether the magnetism is 

claimed to be intrinsic or not, since there is much debate concerning the possible correlation between 

synthesis route and ferromagnetic impurity content in these samples. The data is shown in Figure 

5.26 on the next page. The two main methods of synthesis are Al-flux growth (dots) for single 
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crystals and borothermal reduction (triangles) for polycrystals, with the majority of doped crystals 

grown by the former method, and the majority of the undoped crystals grown by the latter method; 

intrinsic magnetism is denoted in black, ferromagnetic impurity magnetism in blue. Ms does not 

exceed 1 kA m
-1

 for any of the crystals, while H0 for most of the samples is ~ 200 kA m
-1

. It is noted 

again that for our samples presented in this thesis, a solid state reaction of the elemental powders in 

sealed quartz tubes (without a crucible) was used to synthesize MB6 powders. 
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Figure 5.26.  Room temperature Ms vs. H0 values for MB6 crystals only (both doped and undoped) 

from the literature, grouped by method of synthesis. 

 

 

 

5.3.5 Electron microscopy analysis of thin films 

 

 

Some representative SEM images of the surfaces of ~ 100 nm thick films are shown in 

Figure 5.27. The surface morphology of BaB6 films grown at 500 °C and 650 °C with larger  

(3.8×10
-8

 Am
2
) and smaller (0.7×10

-8
 Am

2
) magnetic moments, denoted “strong” and “weak” 

magnetic respectively henceforth, are shown in panel (a) and (b) respectively. Laser ablation droplets 

due to subsurface boiling or ablation induced recoil pressure imposed by the high ablation energy 

densities used are clearly visible, although there is a contrast in morphology between the two films. 
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CaB6 and SrB6 magnetic films (possessing moments of order 3×10
-8

 Am
2
) also contain numerous 

ablation droplets.  

 

 

 
 

Figure 5.27.  Representative SEM images (tilted at 52°) of the surfaces of (a) a “strong” magnetic 

BaB6 film, (b) a “weak” magnetic BaB6 film, (c) a magnetic CaB6 film, and (d) a magnetic SrB6 

film with corresponding AFM image showing a larger ablation droplet (marked by the white 

arrow). All films are ~ 100 nm thick.  
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TEM cross-sections of films were imaged in order to reveal their nanostructure, in 

particular for BaB6, for which data is presented here. A representative TEM cross-section of a ~ 100 

nm thick BaB6 film with a magnetic moment of 3.8×10
-8

 Am
2
 (“strong” magnetic) is shown in Figure 

5.28, at both low and high magnifications.  Gold is deposited on top of the film to prevent charging 

during SEM imaging and to provide clear contrast with the underlying film, upon which platinum is 

subsequently deposited in order to protect the film during cross-sectioning by focused Ga
+ 

ions. An 

ablation droplet induced by the PLD process is visible.  

  
 

Figure 5.28.  Left: Cross-section excised by FIB-SEM of a BaB6 “strong” (3.8×10
-8

 Am
2
) magnetic 

film together with a typical laser ablation droplet and imaged at low resolution in TEM; a = Pt 

overlayer, b = Au capping layer, c = BaB6 film, d = Al2O3 substrate. A higher resolution image 

from a region without an ablation droplet is shown on the right (with corresponding SEM image 

of the film surface shown in the inset). 

 

 

Higher resolution images of both “strong” and “weak” magnetic BaB6 films are shown in 

Figure 5.29. That the MB6 films are amorphous is confirmed since no crystalline structure can be 

resolved within the films, in contrast to the underlying single crystalline Al2O3 substrate, for which 

crystalline grains can be resolved. There appears to be a darker interfacial region between film and 

substrate for both films. The substrate-film interface is quite smooth, as highlighted in Figure 5.30, 

although the presence of a contrasting interface layer at the film-substrate interface is not so evident 

in these images. 
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Figure 5.29.  TEM cross-section images of (a) “strong” (3.8×10
-8

 Am
2
) and (b) “weak” (0.7×10

-8
 

Am
2
) magnetic BaB6 films respectively. The strong magnetic film was capped with gold, while the 

weak magnetic film was capped with copper. The substrate is Al2O3 (0001). 

 

 
 

Figure 5.30.  High resolution TEM cross-section images of the film-substrate interface of (a) 

“strong” (3.8×10
-8

 Am
2
) and (b) “weak” (0.7×10

-8
 Am

2
) magnetic BaB6 films respectively.  

 

 

5.3.6 SEM-EDX analysis of powders and thin films 

 

 
SEM-EDX was performed in order to determine the elemental composition of 

films/powders while also searching for ferromagnetic impurities. If iron impurities are present, it is 

quite likely that they will form clusters and will not be completely homogeneously dispersed 

throughout the sample volume; hence although the detection limit of EDX is not so low (~ 0.2 wt %, 

or 2000 ppm), if even a small tendency towards clustering of ferromagnetic impurities occurs, EDX 
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should be able to detect this. This is the main argument for EDX as a useful tool for revealing the 

presence of ferromagnetic impurities, even if the absolute ferromagnetic impurity concentration is 

actually less than ~ 2000 ppm.  

Firstly, a blank carbon sticky tab (upon which MB6 powders were sprinkled) was imaged 

and an EDX spectrum acquired in order to deduce the background signal, the results for which are 

shown in Figure 5.31. In addition to carbon, the elements O, Na, S, and Si were also detected in 

order of decreasing abundance. No other elements were detected. For another area scan, similar wt. 

% values were measured to those for the area depicted in Fig. 5.31, with the values of the 

abundances of C and O measured to within 0.5% of the values obtained for the first area scan, and 

those of the other elements to within 0.1%. For an additional spot scan, the carbon wt. % increased to 

83.4 %, while the oxygen wt. % decreased to 15.6 %; the wt. % of the other elements was similar to 

before. 

 

 
 

 

Figure 5.31.  (a) EDX area spectrum acquired at 10 keV for a carbon sticky tab (b) Imaged area 

and measured elemental composition. The textured surface of carbon is evident. 

 

 

After characterization of the carbon tab, SEM-EDX analysis of the 99.7% nominal purity 

boron powder precursor (Sigma Aldrich) used to synthesize the hexaborides was performed. The 

powder was ground as finely as possible in a pestle and mortar, of which < 1 mg was sprinkled 

directly onto a sticky carbon tab affixed to an SEM stub for analysis. EDX analysis of several 

regions of the boron imaged by SEM revealed no iron impurities/clusters. A spectrum acquired from 

a selected area of the sample is shown in Figure 5.32. The wt. % of boron is about 99 % with traces 

of oxygen and silicon also confirmed in the quantification. Note that a trace of carbon and nitrogen 

may be identified in the EDX spectrum, but were not detected by the quantification software 

(INCA). It is possible that the abundance of C and N is too low to be detected, and/or their X-Ray 

emission peak intensities are hidden within the more intense B and O peaks and are thus mis-

identified by the quantification software. Another area scan gave very similar results (to within 0.1 

wt %), while spot scans of boron pieces detected only B and O (no Si), with a wt. % of ~ 99.7% for 
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B and ~ 0.3 % for O. It is a little unexpected that the carbon wt % is so low considering that the 

powders were dispersed on carbon tabs; one possibility is that the boron powder has almost 

completely covered the tab (the dispersion was indeed rather compact) for the areas for which the 

EDX analyses was performed.  

 

0 1 2 3 4 5 6 7 8 9

O
 K


1
,2

N
 K


1
,2

B
 K


1
,2

C
 K


1
,2

S
i 
K


1

Boron powder 99.7% purity 

               Area scan

        10 keV excitation 

L
o

g
 I

n
te

n
s
it
y
 (

a
.u

.)

electron energy (keV)

(a)

 
 

Figure 5.32.  (a) EDX spectrum of boron powder, (b) corresponding image and elemental 

composition. 

 

 
Results of the EDX analyses for MB6 powders are now presented, in the order BaB6, CaB6, 

SrB6. An EDX area spectrum and corresponding SEM image for the BaB6 powder firstly is shown in 

Figure 5.33 (a) and (b) respectively. Ba was clearly resolved, as well as C, O, Al, Zn and Si. No 

boron was resolved (characteristic emission = Lα at 0.183 keV). No iron was detected either. The 

most intense X-Ray emission energy for iron metal is the Kα1 line at 6.40 keV; at lower energy the 

less intense Lα1,2 at 0.705 keV may also be used to identify the element. From ICP-MS analysis of 

the BaB6 powder, the abundance of iron metal, which was the most abundant ferromagnetic impurity 

detected, should be 0.02 wt %, or 200 ppm. There is also no evidence for the presence of the other 

ferromagnetic elements Co and Ni (each present at < 10 ppm from ICP-MS measurements), for 

which the most intense Kα1 X-Ray emissions occur at energies of 6.93 keV and 7.47 keV 

respectively, with less intense Lα1,2 emissions at the lower energies of 0.77 keV and 0.85 keV 

respectively. In addition to the area scan, a spot scan focused on a crystal was also performed, whose 

SEM image is shown in Fig. 5.33 (c). Apart from an increase in the relative proportion of Ba (and a 

decrease in C, O and Al), no ferromagnetic elements were detected either. The carbon and silicon are 

likely due to the carbon tab background (the carbon tab also contains traces of Si). Carbon and 

oxygen are ubiquitous elements in the SEM vacuum chamber. Al and Zn (but no Si) were also 

detected by ICP-MS for the BaB6 powder, with abundances of 0.025 wt% and 0.077 wt% 

respectively, which would explain their presence in the EDX spectrum of the BaB6 powder. 
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Figure 5.33.  (a) SEM-EDX area spectrum for BaB6 powder synthesized from its constituent 

elements by solid state reaction. The corresponding area imaged is shown in (b). A spot scan was 

also acquired at position x on the crystal shown in (c). 

 

 

 

SEM-EDX analysis of the CaB6 bulk powder was performed next. The analysis is of 

particular importance since the ICP-MS results reveal that the CaB6 target pressed from the CaB6 

powder contains about an order of magnitude more iron impurities (0.288 wt %) than either the SrB6 

or BaB6 targets. All EDX spectra were acquired using an excitation energy of 20 keV. Only the EDX 

peaks that were resolved are shown. Figure 5.34 (a) displays an EDX spectrum acquired from the 

large area (~ 120 μm × 90 μm) of the CaB6 powder sprinkled onto a sticky carbon tab imaged in (b). 

No ferromagnetic impurities were detected. For a spot scan located on a large faceted CaB6 crystal, 

an SEM image of which is displayed in (c), no ferromagnetic impurities were detected either (EDX 

spectrum not shown). For the spot scan, enhanced Ca, B and O content were measured relative to the 

area scan, while none of N, Na, P, S or Ti were resolved in contrast to the area scan (C, O, Na, S and 

Si may be due to the carbon tab background for the area scan). Similar results were obtained for spot 

scans of several other crystals, indicating that the individual crystals themselves seem to be free from 

ferromagnetic contamination. 
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Figure 5.34.  (a) SEM-EDX area spectrum for CaB6 powder synthesized from its constituent 

elements by solid state reaction. The corresponding area imaged is shown in (b). A spot scan was 

also acquired at the position marked on the crystal in (c). 

 

Upon further analysis of different regions of the CaB6 powder sample however, some iron 

impurities were resolved, as shown in Figure 5.35 on the next page, in which an elemental map of 

the SEM image was acquired. The iron rich microparticle, which is located in the top middle of the 

secondary electron image, is clearly detected by the Fe elemental map. For the area imaged, of ~ 50 

μm × 40 μm dimension, the iron concentration is 0.58 wt %, or 5800 ppm, or about double that 

measured by ICP-MS (0.288 wt %). For several other scans of same dimension within the same 

general region of the sample (< 500 μm distant), similar sized iron rich particles were detected in 

about 10 % of cases, while for multiple other regions > 500 μm distant, no iron was detected, similar 

to the result for the area imaged in Fig. 5.34 (b) above. 
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Figure 5.35.  (a) SEM-EDX elemental map for a selected area (50 μm × 40 μm) of CaB6 powder 

(b) Corresponding EDX spectrum. 

 

 
In order to determine a more representative value for the overall iron impurity 

concentration in the region where the disperse iron impurities were found, a larger area of the sample 

surface, of ~ 800 μm × 900 μm dimension, was imaged and an EDX spectrum acquired. The result is 

shown in Figure 5.36. The iron impurity concentration is 0.06 wt % (or 600 ppm) for this area. In 

comparison, the value from ICP-MS is 0.288 wt %, which was for a 100 mg sample. The mass of 

powder analyzed by SEM-EDX here was of order 1 mg only. Hence it may be reasoned that while 

some localised EDX area scans may reveal iron impurity concentrations higher than that measured 

by ICP-MS, in the majority of regions no iron was detected, and the results can be broadly 

reconciled with those from ICP-MS. The iron-rich microparticles, when present, are in the form of 

isolated clusters; crucially however, the magnetization data show that the iron impurities in the bulk 

do not produce a ferromagnetic-like signal at room temperature. 
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Figure 5.36.  (a) SEM image of a large area (800 μm × 900 μm) of CaB6 powder (b) 

Corresponding EDX spectrum. 

 

 
An EDX area spectrum (acquired at 20 keV) and corresponding SEM image for the SrB6 

powder is shown in Figure 5.37 (a) and (b) respectively.  

 

 
 

Figure 5.37.  (a) SEM-EDX area spectrum for SrB6 powder (b) SEM image of the corresponding 

area from which the spectrum was acquired. 

 

 

For the EDX spectrum of SrB6 powder shown in Fig. 5.37 above, only peaks which were 

resolved are displayed. In addition to Sr, B and other common elements (C, O, Na, S), some Al was 

also resolved (the latter for which 0.3 wt % was detected from the particular area shown in Fig. 5.37 

(b), compared to 0.13 wt % as measured by ICP-MS). No iron impurities were detected. Similar 

results were obtained for other areas and regions of the sample, in none of which any ferromagnetic 

impurities were resolved. For localised spot scans of SrB6 crystals, an increase in Sr and B 
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abundance compared to the area scans was detected, as expected. The iron impurity concentration is 

0.026 wt % for the target pressed from the SrB6 powder as revealed by ICP-MS. Hence it is likely 

that either the iron is too sparsely distributed to be detected by EDX, or (more likely) if aggregated in 

clusters the probability of locating one in an EDX area scan is quite low. It is noted that no 

ferromagnetic impurities were detected in BaB6 powder either, which should have a similar level of 

Fe (0.02 wt %), whereas for CaB6, which contains an order of magnitude more Fe, such impurities 

were more readily detected within some regions of the powder. 

SEM-EDX spectra acquired for ~ 10 nm thick films grown on Al2O3 (0001) 5×5 mm 

substrates using an excitation energy of 14 keV and an imaging area of ~ 50×50 μm are shown in 

Figure 5.38 below. For 10 nm thick films, if ferromagnetic impurities are responsible for the 

magnitude of the magnetic signals measured, they should be readily detectable by EDX. Only the 

features that were resolved are shown; no features were measured at higher energies. No peaks 

characteristic of any of the ferromagnetic elements Fe, Co or Ni were resolved for similar area scans 

using a range of different excitation energies (5-20 keV) for any of the 10 nm thick MB6 films. For 

CaB6 and SrB6 some Ca and Sr was resolved respectively, but for BaB6 no Ba could be resolved, 

even at higher energies than shown (primary emission = Lα1 at 4.46 keV). Al, O (both from the 

substrate) and C (mostly deposited during SEM imaging, also a ubiquitous element in the SEM 

vacuum chamber) are resolved for each system, in addition to some B for SrB6. For the blank Al2O3 

(0001) 5×5 mm substrate (also measured at 14 keV), Al and O are clearly resolved, together with 

some C, P and Ag (the latter of which is likely due to contamination from sample mounting with Ag 

paint). No ferromagnetic impurities were detected for the blank Al2O3 substrate. 

 

 

 
 

Figure 5.38.  SEM-EDX spectra resolved for ~ 10 nm thick MB6 films grown on (0001) Al2O3 

substrates (excitation energy = 14 keV, area = 50×50 μm). 
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SEM-EDX spectra were also acquired for thicker (~ 100 nm) MB6 films, the results of 

which are now presented in the order BaB6, CaB6, SrB6. A spectrum/image for a ~ 100 nm thick 

“magnetic” (i.e. possessing a larger moment of ~ 3×10
-8 

Am
2
) BaB6 film firstly is shown in Figure 

5.39; characteristic Ba emission peaks are resolved (unlike for the corresponding 10 nm thick film), 

and also some Na, Mg and Si in addition to C, O and Al. No ferromagnetic impurities are detected.  
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Figure 5.39.  SEM-EDX spectra of a ~ 100 nm thick “magnetic” BaB6 film (excitation energy = 14 

keV, area = 50×50 μm). 

 

An SEM-EDX spot spectrum and image of a microparticle on the surface of a 100 nm thick 

“magnetic” BaB6 film are shown in Figure 5.40. The position where the spot scan was acquired is 

marked by a white x in the microparticle image. It is evident that the particle is mostly composed of 

O, C, Si and Mg, with additional small amounts of Ba (2 wt %), Al (1.1 wt %) and Fe (0.4 wt %). 

Thus small quantities of iron may be resolved for spot scans on some of the microparticles, which 

are not resolved in the area scans. However, such microparticles were found to be very scarce on the 

film surface, and some contained no measurable iron content; typically only one such microparticle 

of ~ 10 μm size (and volume ~ 5×10
-16

 m
3
, approximating for a spherical-like morphology) was 

observed over large areas of about 300×300 μm, and compared to the volume of the 100 nm thick 

film over this area (9×10
-15

 m
3
), represents a fractional volume of about 5 % only.  
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Figure 5.40.  SEM-EDX spot spectrum and image of a microparticle at the surface of a ~ 100 nm 

thick “magnetic” BaB6 film (excitation energy = 14 keV). 
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Another SEM-EDX image of a different microparticle on the surface of a 100 nm thick 

“magnetic” BaB6 film is shown in Figure 5.41, from which a spot scan was acquired, its position 

marked with a black x. This particle is mostly composed of C and Ba. No Fe or B was detected. Such 

particles were very sparsely distributed (on average 1 per ~ 100 μm × 100 μm area) over the film 

surface however. 

 

 

 
 

Figure 5.41.  SEM image and EDX composition of particle at surface of ~ 100 nm thick 

“magnetic” BaB6 film (excitation energy = 14 keV). 

 

 

An SEM image of a 100 nm thick “magnetic” BaB6 film acquired in back scattered 

detection mode is shown in Figure 5.42. This mode of detection provides visual contrast of elemental 

mass, with heavier elements appearing darker. From the image it can be seen that there are many 

dark spots apparently on the surface of the film. Spot and area scans of the surface however revealed 

the presence of mainly Al, O and a small quantity of Ba (≤ 3 %) (plus ubiquitous carbon), with no 

other heavy elements detected. Hence it is not probable that the dark regions are due to Ba clusters. 

One possibility is that the darker regions may be from the silver paste adhering to the backside of the 

substrate.  

 

 
 

Figure 5.42.  SEM image acquired in back-scattered detection mode of the surface of a ~ 100 nm 

thick “magnetic” MB6 film.  
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An SEM-EDX area spectrum and image of a ~ 100 nm thick “magnetic” CaB6 film are 

shown in Figure 5.43. Ca and B are resolved, in addition to Al and O from the substrate. Traces of Si 

are resolved also. No ferromagnetic impurities are detected, however. Spot scans of the particles 

circled in (b) revealed elevated levels of Si, of order 10 wt %, compared to that typically detected in 

area scans (of order 0.1 wt %), but no evidence of ferromagnetic elements. The “brightness” of some 

of the particles may be due to an increased amount of charging under the beam current compared to 

other areas. Similar scans of numerous other regions of the film, including areas not containing any 

visible particles on the surface, did not reveal the presence of any ferromagnetic contamination 

either. Hence it appears that the iron content resolved by EDX in the CaB6 powder used to fabricate 

the target for PLD has not translated into the film. 

 

 
 

Figure 5.43.  (a) EDX area spectrum of SEM image shown in (b) of a ~ 100 nm thick “magnetic” 

CaB6 film. Spot scans were also acquired from the particles circled in (b). 

 

 
Lastly in this section, an SEM-EDX area spectrum and image of a ~ 100 nm thick 

“magnetic” SrB6 film are shown in Figure 5.44. Sr and B are resolved, in addition to Al and O from 

the substrate and the ubiquitous carbon. No traces of ferromagnetic impurities were resolved. A spot 

scan of the particle marked in (b) revealed an enhancement of carbon content from 16.1 wt % (area 

scan) to 68.0 wt %, indicating that it is mostly carbonaceous, with no evidence of any ferromagnetic 

impurities. No ferromagnetic impurities were detected for any other areas of the film or for other 

particles on the surface.  
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Figure 5.44.  (a) EDX area spectrum of SEM image shown in (b) of a ~ 100 nm thick “magnetic” 

SrB6 film. A spot scan was also acquired from the particle marked in (b). 

 

 
 

5.3.7 Muon spin rotation spectroscopy 

 

 

 
 

In order to further elucidate the local magnetic properties of MB6 thin films, muon spin 

rotation (μSR) spectroscopy measurements were performed. Bulk MB6 powders were also measured 

as a reference. To briefly re-cap the information provided in the experimental methods section 

(2.5.4), μSR involves the implantation of positively charged ~ 100 % spin-polarized muons in 

matter, which have S = 1/2, a magnetic moment of 3.18 μproton (sensitive to 10
-3

 – 10
-4

 μB) and a 

lifetime in vacuum of 2.197 µs. μSR is analogous to NMR (nuclear magnetic resonance) and EPR 

and measures the muon spin direction with time via the unique signature of the parity violating 

decay of the muon, in which its decay positron is emitted preferentially along the muon spin 

direction. The time evolution of the muon spin polarization depends sensitively both on the spatial 

distribution and dynamical fluctuations of the muons’ magnetic environment. Magnetic and non-

magnetic regions co-existing within the same specimen can result in distinct µSR signals whose 

amplitudes are proportional to the volume of the sample occupied by the particular phase, the 

frequency to the local field (magnitude of magnetic moments), and the damping to the 

inhomogeneity of the magnetic regions. Hence differences in the magnetic properties and local 

magnetic environment of strong/weak magnetic MB6 films may be possible to elucidate in principle 

by analysis of the polarization decay signal of the muon ensemble in the films. 

Some preliminary results from the muon beamtime are now presented. Firstly, the BaB6 

powder was measured; Figure 5.45 on the next page shows the muon asymmetry as a function of 

time measured at various temperatures in zero field, in which the data has been fitted to the zero-

field Kubo-Tobaye (KT) function 
113

, whose general form is shown in Fig. 5.45, from which the 

magnetic field width, ΔG, may be extracted. Magnetically ordered materials should produce a 

reduction in the muon asymmetry over time; from Fig. 5.45 it is evident that the damping increases 
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with decreasing temperature, indicative of enhanced magnetic order, especially below ~ 100 K. At 

5.8 K for example, ΔG is of order 0.5 T. The muon cannot easily distinguish between different types 

of long-range magnetic order however, hence it could be ferromagnetism (unlikely though from the 

room temperature magnetization analysis which shows an absence of ferromagnetism for the 

powder), antiferromagnetism, ferrimagnetism etc. A similar result is measured using muons by 

Kuroiwa et al. 
92

, who measure distinct magnetic order below 110 K for BaB6 polycrystals.  
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Figure 5.45.  Temporal muon asymmetry measured for BaB6 powder at various temperatures in 

zero applied magnetic field. The general form of the zero-field Kubo-Tobaye fit function is displayed 

below the graph. 

 

 

 
Zero-field data measured for the CaB6 powder fitted to the KT function are shown in Figure 

5.46 (there was only beamtime for two temperature measurements). Here the CaB6 powder is 

magnetically ordered at higher temperatures (unlike for BaB6), with ΔG  ~ 0.4 T for example at 250 K. 

This result is different to that found by Kuroiwa et al. 
92

, who measure magnetic order for CaB6 

polycrystals below 130 K only (it is also noted that data were also measured here for SrB6 powder, for 

which pronounced asymmetry damping is measured at 20 K, similar to the other powders at this 

temperature; the data collected at higher temperatures is still currently under analysis so is not included 

here). 
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Figure 5.46.  Temporal muon asymmetry measured for CaB6 powder at two temperatures in zero 

applied magnetic field. The data is fitted to the zero-field Kubo-Tobaye function. 

 

 
For MB6 films the preliminary data is now summarized. Firstly, ~ no energy (depth) 

dependence of the magnetism in any of the MB6 films was measured in zero field, i.e. the 

asymmetry vs. time data virtually superposes, with large damping indicative of inhomogenously 

distributed magnetic order. By varying the muon incident energy, and by using SRIM (Stopping 

and Range of Ions in Matter) calculations, for which the simulation package is freely available at 

www.srim.org, the depth at which muons penetrate into a material of particular density may be 

estimated. It was proposed previously that the magnetism in MB6 (M = Ca, Sr) films may be 

concentrated at the film-substrate interface 
99

, but according to our preliminary muon results there is 

no difference between the magnetic order sensed by the muon (a) in regions where it stops near this 

interface and (b) in regions where it stops near the free film surface. Secondly, very little 

temperature dependence of the magnetism was measured, since the asymmetry vs. time data 

virtually superposes at 20 K and 200 K, in agreement with SQUID magnetometry measurements in 

which the measured magnetic signal is practically identical at 4 K and 300 K. Thirdly, little 

difference in the zero-field asymmetry vs. time data was measured between 100 nm thick “strong” 

and “weak” magnetic films (moments of ~ 3×10
-8

 Am
2 

and ~ 0.5×10
-8

 Am
2 

respectively as 

measured by SQUID magnetometry). As mentioned previously, the muon cannot distinguish 

between the different types of long-range magnetic order, so it could be the case that there is a 

significant antiferromagnetic component in all of the films, both “strong” and “weak” magnetic, for 

example. An additional complication towards interpretation of the muon data for the alkaline earth 

hexaborides is the presence of a quadrupolar level crossing resonance at about 7 mT, in which the 

muon and the nuclear spin levels can exchange energy, which can lead to muon spin-flipping and to 

a depolarization of the muon which may be confused with depolarization due to long-range 

magnetic order sensed by the muon; this question should be resolved by further measurements in 

longitudinally applied (rather than zero) field, which are currently being performed.  

Finally for now, the values of the rates for the dipolar field width Δ and fluctuation 

frequency ν of the local field (due to muon diffusion) extracted from the zero-field KT fit function 

http://www.srim.org/
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to the data for BaB6 and CaB6 (SrB6 is currently still under analysis), for both powders and thin 

films (t ~ 100 nm, “strong” magnetic, with the muon mostly probing approximately the bottom 50 

nm portion of each film) measured in zero-field at various temperatures is presented in Figure 5.47. 

What is evident firstly is that the rates are almost temperature independent for both of the films. For 

the powders, for the dipolar field width Δ firstly, BaB6 exhibits a decrease in dipolar field width 

(i.e. a decrease in magnetic order) with increasing temperature, whereas CaB6 exhibits little 

variation of the dipolar field width with temperature, in agreement with the results of Figs. 5.45 & 

5.46 respectively. The fluctuation rate ν of the local field (due to muon diffusion) decreases 

markedly below 150 K for BaB6, which suggests that muon diffusion is present above 150 K. Muon 

diffusion (rather than hopping) can also produce a decay (in addition to long range magnetic order) 

in the muon asymmetry with time. For CaB6 however, ν actually increases slightly with decreasing 

temperature; it is not clear why this is so since muon diffusion should result in a higher value for ν 

at higher temperatures where muon diffusion is more prominent. These questions and more should 

be resolved upon further detailed analysis of the data. 
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Figure 5.47.  Rates for the dipolar field width and the fluctuation of the local field extracted from  

the zero-field Kubo-Tobaye fit function at various temperatures for zero-field measurements of both 

BaB6 and CaB6 powders and magnetic films (t  ~ 100 nm). 



                                                                                  Chapter V – MB6 (M = Ca, Sr, Ba) 

252 
 

 

5.3.8 Electron paramagnetic resonance spectroscopy 

 

 

Electronic paramagnetic resonance (EPR) spectra measured for the bulk powders 

(corrected for their masses) at room temperature are shown in Figure 5.48 on the following 

page. Typically 3 – 4 mg of powder was measured. EPR measurements revealed asymmetric 

signals for each system, although the asymmetry is not so pronounced for CaB6 compared to the 

other two systems; in addition, while for BaB6 and SrB6 there appears to be only a single distinct 

contribution to the EPR signal, for CaB6 there appears to be two distinct contributions to the signal, 

one narrow and the other broad. The line asymmetries may possibly indicate the itinerant character 

of the spins. The powders were inferred to be somewhat conductive due to the partial reduction of 

the EPR signal magnitude of a MgO reference sample upon the additional insertion of the MB6 

powders inside the EPR cavity (the cavity having two apertures, one on top and one underneath), 

which indicates an increase in sample conductance associated with a reduction in the cavity Q 

factor. Specifically, upon insertion of MB6 (M = Ca, Sr, Ba) powders, the EPR signal magnitude 

was reduced to 45 %, 57 % and 54 % respectively of its initial magnitude for the MgO calibration 

sample, when normalised for sample mass. No broad signals characteristic of ferromagnetic 

resonance with g values significantly different from the free electron value of 2.0023 were 

measured. The measured g0 values (g value at EPR intensity 0) were 2.0024, 2.0065 and 1.9928 for 

CaB6, SrB6 and BaB6 respectively, and the number of spins/gram were estimated (assuming S = 

1/2) to be of order 10
18

 for CaB6 and SrB6 (equivalent to a paramagnetic concentration of 1000 

ppm), and 10
17

 for BaB6 (100 ppm). It is noted that the g0 value measured for CaB6 (2.0024) is the 

closest to that of the free electron value (2.0023). Similar signals have been measured at room 

temperature for single crystals of alkali (Li, Na) hexaborides 
114

, rare-earth (Eu) hexaborides 
8
 and 

pure CaB6 crystals 
115

, the latter for which a g value of 2.005 was measured. For Ca1-xLaxB6 

(x=0.005) discs cleaved from single crystals, symmetric EPR signals were measured 
83

, which the 

authors ascribed to surface spins within the microwave skin depth (1.5 μm) in a metallic sample. 

For Ca1-xMxB6 (M = Gd, Eu, 0.0001 ≤ x ≤ 0.3) single crystals, the lineshapes transform from 

Lorentzian to Dysonian as x increases, indicating a transition from an insulating to conducting 

environment 
84-87

. It is noted that for MB6 thin films grown from the MB6 powder targets, no EPR 

signals were resolved after subtraction of the signal due to the Al2O3 substrate for any orientation of 

applied magnetic field with respect to the thin film surface. This result may not be surprising 

considering that the mass of a typical 100 nm thick MB6 film is about 3 orders of magnitude 

smaller than that of the MB6 powders measured, which would correspond to only ~10
14-15 

spins/gram, which is not far above the absolute limit of the sensitivity of EPR (~10
13 

spins/gram). 
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Figure 5.48.  Room temperature EPR spectra measured for crystalline MB6 powders. 

 

 

 

 
 

 

5.3.9 Raman spectroscopy 

 

 

Room temperature Raman spectra measured for the MB6 powders are shown in Figure 

5.49. The optical vibration modes of the cubic hexaborides at the Γ point are described by Γopt = 

A1g + Eg + F1g + F2g + 2F1u + F2u, where A1g, Eg, and F2g are first-order Raman active scattering 

modes associated with the octahedral boron framework, which were measured for each powder 

sample; such first-order Raman active scattering modes have previously been measured for crystals 

of rare-earth (Eu, Gd) hexaborides 
116

, and for a host of divalent (Yb, Sr, Ca) and trivalent (Dy, Tb, 

Gd, Nd, La) hexaborides 
117,118

. The Raman active modes of CaB6 are among several hexaboride 

crystals measured by Ogita et al. 
119-121

, while Song et al. 
122, 123

 performed an in-depth Raman study 

of CaB6 crystals alone. An additional mode (at ~ 1450 cm
-1

) was measured here for SrB6, which 

may be due to an impurity or defect which could trigger a local breaking of the B6 octahedral 

symmetry. Shifts in Raman wavenumber of up to 20 cm
-1

 were found for different regions of the 

same powder, possibly as a result of intrinsic stoichiometric variations associated with different 
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defect vacancies. The origin of the asymmetry of the Raman signals is also likely defect related. For 

the corresponding thin films grown by PLD, the Raman modes were almost completely broadened 

out, indicative of their amorphous nature. 

 

 
 

 

Figure 5.49.  Raman spectra for crystalline MB6 powders measured at room temperature. 
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    5.4. Summary 
 

 
 
 

 
Room temperature ferromagnetism is measured for many defect-rich amorphous MB6 (M 

= Ca, Sr, Ba) films, when they are grown by PLD on Al2O3 substrates at 400 - 650C. The 

magnetism is virtually anhysteretic, isotropic, temperature independent from 4−300 K and saturates 

quickly (< 0.3 T) in applied field. The magnetic signals correspond to average film magnetizations 

in the range 10−100 kA m
−1

, but from analysis of the variation of the magnetic moment with film 

thickness, it is shown that the magnetism originates mainly near the interface with the substrate. It 

is shown using various characterization techniques (magnetization curve analysis, SEM-EDX, ICP-

MS) that ferromagnetic impurities cannot account for the magnitude of the larger magnetic signals 

measured. The most plausible origin of the magnetism in the defect-rich amorphous thin films may 

be a defect-based impurity band, which can become spin-split and result in high temperature Stoner 

ferromagnetism when a localized density of states at the Fermi level is sufficiently large, according 

to the theoretical predictions of Edwards and Katsnelson 
82

, which could be confirmed by further 

measurements of the low temperature specific heat capacity and Pauli susceptibility for example. 
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Chapter 6 
 
 
 
 
 
 
 

Discussion 
 

 
 
 
 
 
 

In this chapter, a general discussion of the experimental results for d 

0 
magnetism in the 

three systems presented in this thesis, namely reduced HfO2 micropowders, CeO2 nanoparticles and 

MB6 (M = Ca, Sr, Ba) alkaline-earth hexaboride thin films, is presented. Firstly, previous results for 

d 

0
 magnetism measured for other systems synthesized/grown in our laboratory are presented 

including a data mining exercise of Ms and H0 values, and comparisons are drawn with the data 

from this thesis. Secondly, some models for d 

0 
magnetism are discussed together with which model 

best fits the experimental data for each system studied.  

 

 

6.1. Ms and H0 data mining 

 

 

 
Plots of the saturation magnetization Ms versus the field H0 obtained by extrapolating the 

initial susceptibility of the magnetization curve to saturation, as shown in previous chapters, are a 

useful way to graphically summarize large quantities of data for anhysteretic d 

0
 samples, since they 

allow a quick comparison of not only the Ms and H0 values but also the ferromagnetic volume 

fraction f of large datasets.  

Firstly, room temperature magnetization data for all of the d 

0
 or dilute magnetic oxide 

samples synthesized or grown in our laboratory since ~ 2004 was collected and compiled into a 

master plot of Ms and H0 values, which is shown in Figure 6.1. Data for some other iron containing 

samples are also displayed for comparison, such as highly oriented pyrolytic graphite (HOPG), iron 

microparticles and nanoparticles, and data for the Canyon Diablo meteorite (mostly composed of 

magnetite and kamacite FeNi alloys) for example. The films possess Ms values several orders of 

magnitude higher than those measured for powder/bulk samples, while the majority of the samples 

have H0 values of ~ 80 ± 30 kA m
-1

, which is less than that of iron but similar to that of magnetite; 

since most of the films have Ms values of order 10 kA m
-1 

however, approximately 1 part in 30 
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would have to be magnetite impurities to account for the magnitudes of the magnetic signals 

measured. Such impurity levels are not typically measured for these films, hence it is rather 

implausible that the magnetic signals can be accounted for by ferromagnetic impurities alone. It is 

also evident that the ferromagnetic volume fraction for films is several orders of magnitude higher 

(generally 1 % or more) than those for the bulk (generally 10s or 100s of ppm only). 
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Figure 6.1.  Room temperature Ms and H0 values for all of the d 

0
 or dilute magnetic oxide samples 

synthesized/grown in our laboratory since ~ 2004. All films are grown by PLD unless stated 

otherwise. 
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In Figure 6.2, data for all of the films are compared only, differentiated by those that are 

doped and those that are undoped. The Ms values for the majority of the films, which are ~ 100-400 

nm thick, are of order 10 kA m
-1

, whereas those for thinner films, which are mostly undoped, are of 

order 100 kA m
-1

 or greater, and approach 100 % ferromagnetic volume fractions. The majority of 

the samples have H0 values of ~ 80 ± 30 kA m
-1

, regardless of whether they are doped or undoped. 

In fact, there is no clear difference between the data for undoped and doped samples, which may 

suggest that the magnetic phenomenon is similar for both datasets. In Figures 6.3 & 6.4 the data is 

broken down into that pertaining to undoped and doped films respectively.  
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Figure 6.2.  Comparison of room temperature Ms and H0 values for doped and undoped films 

grown in our laboratory by PLD since ~ 2004. 
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Figure 6.3.  Room temperature Ms and H0 values for undoped films grown in our laboratory since 

~ 2004. 
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Figure 6.4.  Room temperature Ms and H0 values for doped films grown in our laboratory since ~ 

2004. 

 

Data for HfO2 films only grown by PLD in our laboratory are shown next in Figure 6.5. 

The data highlights that Ms generally increases with decreasing film thickness, and that data for 

transition metal doped films generally fall within similar regions to those for undoped films. 

Similar data for ZnO, SnO2 and TiO2 films are also presented in Figures 6.6, 6.7 & 6.8 respectively. 
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Figure 6.5.  Room temperature Ms and H0 values for HfO2 films grown in our laboratory since ~ 

2004. 
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Figure 6.6.  Room temperature Ms and H0 values for ZnO films grown in our laboratory since ~ 

2004. 
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Figure 6.7.  Room temperature Ms and H0 values for SnO2 films grown in our laboratory since ~ 

2004. 
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Figure 6.8.  Room temperature Ms and H0 values for TiO2 films grown in our laboratory since ~ 

2004. 

 

 
To summarize, from the Ms vs H0 data shown so far for d 

0
 oxide and MB6 films grown by 

PLD, for the majority of films measured: 

 

1. The magnetism is almost anhysteretic, and H0 is markedly less than that due to metallic 

iron, but similar to that of magnetite nanoparticles 

2.  Typically the quantities of magnetite needed to account fully (or even partially in some 

cases) for the magnetic signals for the d 
0
 samples should be easily detected (such as by SEM-

EDX, ICP-MS etc.), but rarely are, which suggests that magnetite or ferromagnetic impurities 

are not a general explanation 

3. The ferromagnetic volume fraction f and saturation magnetization Ms of thinner films 

typically exceed those of thicker films; for films of order 10 nm thick f often approaches      

100 %  

4. There is no clear distinction between the regions where data points for transition metal 

doped films lie compared to those for undoped films on the Ms vs. H0 scatter plots 

 

 

Figure 6.9 summarizes the variation of Ms with film thickness for all of the above films; 

the data confirms that Ms does generally increase with decreasing film thickness, although the 

correlation is not particularly strong. Figure 6.10 summarizes the variation of the magnetic moment 

with film thickness; no general trend is evident, illustrating that the magnetic moment is typically 

independent of film thickness. The fact that the magnetic moment is independent of film thickness 

means that the magnetism is unlikely to be associated with the bulk of the film or due to 

ferromagnetic impurities, for which the moment should increase with film thickness (and hence 

volume) if that were the case. Instead it seems that interface or surface induced defects are 
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responsible for the magnetism, which may extend some distance, typically a few nm, into the film. 

Figure 6.11 displays the variation of magnetic moment per unit area with film thickness; there is 

little correlation between the moment per area and thickness, with moments per unit area of order 

100 μB per nm
2 
deduced for the majority of the films.  
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Figure 6.9.  Variation of room temperature saturation magnetization Ms with film thickness for 

samples grown in our laboratory since ~ 2004. The dashed line indicates the best linear fit to the 

data, which yields a slope of -0.89 ± 0.09, indicative of a moment that is approximately 

independent of film thickness (furthermore see Fig. 6.10 below). 
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Figure 6.10.  Variation of room temperature magnetic moment with film thickness for samples 

grown in our laboratory since ~ 2004. The moment is approximately independent of film 

thickness. 
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Figure 6.11.  Variation of room temperature magnetic moment per unit area with film thickness 

for samples grown in our laboratory since ~ 2004. 

 

 

Figure 6.12 shows Ms vs. H0 data for bulk oxide micropowders (the exception is CeO2 

which is in nanopowder form and corresponds to the nanopowders synthesized in Chapter 4). It is 

evident that Ms is typically less than ~ 0.1 kA m
-1 

and that H0 is ~ 100 kA m
-1

. In addition, data for 

transition metal doped samples (black dots) fall within an approximately similar region to undoped 

samples. It is important to emphasize that none of the samples display any magnetism when in 

pristine bulk form, but only when doped, vacuum annealed or in nanopowder form. Hence all of the 

samples shown in Fig. 6.12 below are likely to be defect-rich, which may be correlated with their 

magnetic properties.  

 

10 100 1000

1E-4

1E-3

0.01

0.1

Oxide powders - all data - Coey Lab  2004-present

*vac. annealed

 micropowder

 CeO
2
 

    nanopowder

 Co doped 

SnO
2
 micropowder

 *HfO
2
 

 *TiO
2
 

 *Sc
2
O

3

 *ZrO
2

 *WO
3

M
s
 (

k
A

 m
-1
)

H
0
 (kA m

-1
)

 
Figure 6.12.  Room temperature Ms and H0 values for oxide powders treated in our laboratory 

since ~ 2004. 
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Finally, Ms and H0 data only for the three d 
0
 systems studied in this thesis are summarized 

in Figure 6.13 for comparison. The data serve to reinforce some of the conclusions deduced for 

other d 
0 

samples presented earlier in this chapter, namely that H0 is less than that of Fe (metallic) 

but similar to that of magnetite, and that f and Ms for thin films > thick films >> bulk / powders.  
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Figure 6.13.  Room temperature Ms and H0 values for the three d 
0
 systems studied in this thesis, 

namely MB6 (M = Ca, Sr, Ba) thin films, CeO2 nanoparticles and HfO2 reduced powders. 

 

 
The next section of this chapter suggests possible models for d 

0
 magnetism which may 

pertain to each of the three systems, HfO2, CeO2 and MB6, shown in the above plot. 
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6.2. Models for d 
0
 magnetism 

 
 

The three models for d
 0
 magnetism presented in this thesis are Stoner-type Charge Tranfer 

Ferromagnetism (CTF) 
1,2

, and two variants of Giant Orbital Paramagnetism (GOP) 
3-5

. How they 

may pertain to each system studied in this thesis is now discussed. Models based on Zener or 

Heisenberg exchange coupling of defect-based localised moments are not considered because it 

seems that there is no way to obtain the necessary high Curie temperatures for defects with S = ½. 

Hence only band models involving delocalized moments (CTF and two variants of GOP) are 

considered. 

Firstly, for magnetism in reduced HfO2 micropowders, it is proposed that the magnetism is 

related to defects, primarily oxygen vacancies, induced by vacuum annealing. The CTF band model 

may best describe the appearance of RTFM signals for this system, including the anhysteresis and 

high Tc, in which delocalized electrons associated with defects occupy a defect-based impurity band 

which can become spin-split and may result in high temperature Stoner ferromagnetism if the 

density of states at the Fermi level is sufficiently high. The appearance of magnetism within a 

narrow range of annealing temperatures only suggests that there is an optimum concentration of 

oxygen vacancies for mediating the magnetism, which is also consistent with the CTF model.  

For the magnetism of CeO2 nanoparticles, the CTF model may also explain the 

magnetism, in which defects and/or non-magnetic dopants facilitate charge transfer with the 

impurity band. However, the model is unable to explain why separating the nanoparticles into 

clumps smaller than 100 nm should destroy the ferromagnetism The moment does not simply 

become thermally unstable (superparamagnetic), it actually disappears. The correct explanation 

may be Giant Orbital Paramagnetism, in which the broken symmetry associated with the surface of 

small (< 10 nm diameter) nanoparticles is proposed to create orbitals of large radius and giant 

moments. For nanoparticles of ceria it is widely known that the Ce
3+

 contribution due to the surface 

is enhanced as the particle size decreases. Yet it is noted that for ceria nanoparticles of ~ 6 nm 

diameter synthesized using 99.999% cerium nitrate, no RTFM was measured. This result suggests 

that for the ceria nanoparticles synthesized in this particular study, small size alone is not enough to 

create RTFM, but that dopants are also necessary, which may create the defects needed to produce 

the necessary surface conductivity. In effect, the theoretical predictions of both models, CTF and 

GOP, can account for the physical magnetic properties measured for nanoceria, such as the 

anhysteresis, temperature independent magnetization curves and high Curie temperatures, but only 

a variant of GOP can account for the fact that the RTFM may also depend on the mesoscale 

disposition of the ceria aggregates. Superparamagnetism is not a possible explanation because the 

magnetization curves show no sign of hysteresis at low temperature, and the magnetization curves 

superpose when plotted as a function of magnetic field, not magnetic field / temperature. 

The closest analogy in the conventional paradigm to the size-dependence of the 

magnetization of CeO2 aggregates is the stabilization of magnetic order in clusters of 
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superparamagnetic nanoparticles by dipole-dipole interactions
 6

. The magnetite particle chains in 

magnetotactic bacteria are a nice example. Contiguous particles with a magnetization of order 0.5 

MA m
-1

 and a moment of order 1000 µB are needed for the dipole interaction energy to exceed 

room temperature. The average moment of a CeO2 nanoparticle is about three orders of magnitude 

less. 

Our observation is not unprecedented. Radovanovich and Gamelin found that the moment 

of 6 nm nanoparticles of ZnO doped with 0.93% Ni only appeared in reaction-limited aggregates 

400-500 nm in size 
7
, while Sundaresan et al. reported that the moment in 7 nm diameter CeO2 

nanopowders was modified upon sintering 
8
. Those results establish that the magnetism is not an 

intrinsic property of the particles themselves. It does not just depend on atomic-scale defects within 

the particles. It appears that the extent and topology of the continuous particle surfaces may be the 

critical factor. 

In the recent development of the model, a theoretical basis for collective d 
0
 magnetism has 

been proposed when quantum field theory is applied to conducting nanoparticles (work of 

Siddhartha Sen). An explanation for the collective magnetism is as follows; the magnetism is 

proposed to be due to giant orbital moments which form in coherent domains of clumps of 

nanoparticles, where the clump size is of order 100 nm, as shown schematically in Figure 6.14. 

When the clumps are broken up the coherent domains are no longer present and the magnetism is 

destroyed. Hence the magnetism depends critically on the mesoscale disposition of the 

nanoparticles. The theory is based on resonant fluctuations of the electromagnetic field (zero-point 

energy), similar to the theoretical idea advanced by Del Giudice et al. 
9
 in the context of water 

dipoles. These authors showed that if electromagnetic interactions due to zero-point fluctuations of 

the electromagnetic field are included in a model for water as a collection of rotating dipoles, then 

coherent domains where water is in an excited state emerge. A structured phase of water molecules 

and the electromagnetic field was predicted to coexist in these domains, whose size is determined 

by the excitation energies of the water molecules. However, the idea was that such coherent 

spontaneous structure formation could be a generic feature of many-body quantum systems, which 

naturally emerge when the methods of quantum field theory that give rise to the Casimir force are 

applied to study possible ground states of charged many-body systems interacting with 

electromagnetic radiation arising from zero-point fluctuations. When this theory, for which an 

succinct overview is presented in Appendix A.2, is applied to orbital magnetism, it predicts that the 

magnetic moment m should saturate as 

 

                                                m(H) = m(0) x/(1 + x
2
)

1/2                                   
(6.1) 

 

where x = cH, H is the magnetic field, and c is a constant which relates the energy scale to the 

length scale of the effect. In Chapter 4, section 4.3.13, experimental evidence for collective 

magnetism is supported by magnetization and electron microscopy measurements for CeO2 

nanoparticles dispersed with either 15 nm diameter γ-Al2O3 nanoparticles, icing sugar or latex 

beads, in which the magnetic signal appears to rapidly diminish when the clumps of CeO2 are 
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broken up into ~ 100 nm sized aggregates; the reduction in the net magnetic signal is most marked 

for mixing CeO2 with 15 nm diameter γ-Al2O3 nanoparticles. 

 

 
 

Figure 6.14.  Schematic of collective magnetism due to the net orbital moment at the surface 

of a coherent domain (large clump of nanoparticles) > 100 nm size. r is the radius of the 

nanoparticles, λ is the coherence (wave)length, which is in effect the clump size. If the clump is 

broken up, so also are the coherent domains, and the magnetism disappears because the 

wavelength of the electromagnetic excitation can no longer be accommodated in the 

nanoparticle clump.  

 

For the MB6 (M = Ca, Sr, Ba) thin films grown by PLD, the magnetism also appears to be 

intimately related to defects. The films are amorphous and defect-rich due to the typically large 

lattice mismatch between film and substrate and due to the high laser fluences used to grow the 

films, with a large number of laser ablation droplets on the surfaces of the films resolved by AFM 

and electron microscopy analyses. Similar to the reduced HfO2 powders, the magnetism appears 

within a certain range of annealing temperatures only, which suggests that the presence of defects 

alone is not a sufficient criterion to mediate the magnetism, but that there must also be an optimum 

concentration of defects, in agreement with the theoretical predictions of Edwards and      

Katsnelson 
10

 in which a narrow sp impurity band filled with itinerant electrons (with specific 

application to CaB6) may become spin-split and mediate high temperature Stoner magnetism if a 

sufficiently large peak in the density of states coincides with the Fermi level energy, similar to that 

achieved more generally by electron transfer in the later CTF model.  

It is probable that the quasi 2-dimensional structure of the thin films is related to the 

magnetism/defects; it is found that the magnetization is enhanced for thinner films and that the 

magnetism is likely to be located at the film-substrate interface rather than at the free surface of the 

film. It is probable that a spin-split impurity band is present here, but some direct measurement to 

establish a large density of states at the Fermi level would be needed to confirm the idea. 

Furthermore, the GOP model may also possibly be applicable here, in which the thin defect-rich 

film surface(s) provides the broken symmetry and large orbital radii necessary to induce giant 

orbital paramagnetism; in this case it is expected that the moment should depend on the direction of 
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the applied field relative to the film surface. This has been reported in some undoped thin film 

systems such as HfO2 
11

, ZnO 
12

 and TiO/TiO2 
13

 for example, but we did not find any such effect in 

the alkaline-earth hexaboride films grown by PLD presented in this thesis. A possible reason for the 

lack of anisotropy may be that the defect-rich films are not very uniform in texture. Further studies 

on thinner films are required. 
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Chapter 7 
 
 
 
 
 
 
 

Conclusions and future work 
 

 
 
 
 

In this chapter some conclusions are drawn, together with some plans for future work. 

Some experimental results from a short vacuum annealing study of commercial WO3 powders are 

given in the Appendix, followed by a theoretical basis for the collective magnetism model. 

 
 
 
 

7.1. Conclusions 
 

 
 

 
 

d 

0
 magnetism is still a relatively new field of research in magnetism, which is both a hot 

and often controversial topic, since there is no consensus as to the origin of this seemingly 

anomalous type of magnetic order, all of which warrants the need for further research in this field. 

It is still not widely accepted whether the magnetism is defect or size related (or perhaps both), or 

even a triviality arising from extrinsic ferromagnetic impurities and hence not a new magnetic 

phenomenon at all. Oxides and hexaborides, among other materials, may provide the evidence 

required to solve this puzzle. Aside from a purely theoretical interest, such materials could 

potentially be used in spin electronics devices, since they typically exhibit high Curie temperatures 

and virtually temperature independent magnetization values from liquid helium temperatures to 

several hundred kelvins above room temperature. The experimental picture is confused by the 

difficulty in reproducing many of the results, the often ephemeral nature and weakness of the 

ferromagnetic signal and the problem of characterizing defects. The poor reproducibility of the 

experimental data may be due to the difficulty in precisely recapturing the process conditions which 

lead to a specific defect distribution and density. The as-prepared samples are typically not in 

equilibrium and they often evolve with time and temperature, especially for nanoparticles 

synthesized by chemical methods, but also to some extent for thin films produced by PLD. The 

main conclusions for each of the three systems studied in this thesis, namely reduced HfO2 

micropowders, CeO2 nanoparticles and MB6 (M = Ca, Sr, Ba) thin films are now drawn. 
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Firstly, weak room temperature ferromagnetism with moments of order 10
-8

 Am
2
 (Ms of 

order 10 Am
-1

) was measured for high purity HfO2 micropowders which were vacuum annealed at 

650−750 °C. No ferromagnetism was measured for the virgin powders, while the magnetic signal 

for the ferromagnetic vacuum annealed powders was diminished upon re-annealing in air. The 

magnetism is virtually anhysteretic, and from analysis of the magnetization curve it may be 

estimated that only a small fraction (10s of ppm) of the samples is ferromagnetically ordered. 

Ferromagnetic contamination is ruled out as a source of the magnetic signals from ICP-MS and 

SEM-EDX analyses. It is hence proposed that the magnetism is likely related to defects, 

primarily oxygen vacancies, induced by vacuum annealing, which occupy a defect-based 

impurity band, which can become spin-split and can induce high temperature Stoner 

ferromagnetism when the density of states at the Fermi level is sufficiently high. The appearance 

of magnetism within a narrow range of annealing temperatures only suggests that there is an 

optimum concentration of oxygen vacancies for mediating the magnetism. 

 

Secondly, reproducible room temperature magnetic signals were measured for 

polycrystalline CeO2-x nanoparticles of ~ 4 nm diameter synthesized by homogeneous precipitation 

using a 99 % purity cerium nitrate cerium precursor. The magnetism is relatively weak (Ms 

typically ≤ 100 A m
-1

), virtually anhysteretic and temperature independent from 300 – 4 K, with the 

magnetization curves superposing at both 4 K and 300 K, indicative of negligible 

magnetocrystalline anisotropy. It is shown that ferromagnetic impurities alone cannot account for 

the magnitude of the magnetic signals. No RTFM is measured for nanoparticles synthesized by 

homogeneous precipitation using a higher purity 99.999 % cerium nitrate precursor, but by doping 

these nanoparticles with small quantities of non-magnetic dopants (~ 1 wt %), a RTFM signal is 

once again obtained. A similar effect is measured for nanoporous films synthesized by 

electrodeposition. It is hence proposed that the magnetism may be related to structural defects, 

primarily Ce
3+ 

and associated charge compensating oxygen vacancies, induced by intentionally 

doping pure nanometric ceria with non-ferromagnetic dopants; the main impurity in the 99 % purity 

cerium nitrate precursor is ~ 1 wt % La. It is shown from analysis of the magnetization curves that 

only a small fraction of the volume of the magnetic nanopowders are ferromagnetically ordered, < 

0.1 %, consistent with inhomogeneous defect-related magnetism associated with grain boundaries 

or surfaces for example. Mixing of the CeO2 nanoparticles with γ-Al2O3 nanopowder remarkably 

induces a marked reduction in magnetic signal and breaks the clumps of CeO2 into < 100 nm sized 

aggregates, for which the magnitude of the reduction cannot be accounted for by the trivial loss of 

magnetic CeO2 powder upon mixing. One possible origin of d 

0
 magnetism in nanometric ceria is 

the proposed existence of a defect impurity band which can become spin-split and result in high 

temperature Stoner ferromagnetism when the density of states at the Fermi level is sufficiently high. 

Another possible explanation is giant orbital paramagnetism due to surface currents associated with 

a 2-D electron gas at the surface of small (< 10 nm) spherical particles. A closely related third 

explanation which may account for the possible influence of the mesoscale disposition of the 

nanoparticles on the magnetic signal is that of collective magnetism, in which the magnetism is 
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proposed to be due to giant orbital moments which form in collective coherent domains of clumps 

(~ 100 nm) of nanoparticles, with a theoretical basis in the resonant fluctuations of the 

electromagnetic field (zero-point energy). 

 

Thirdly, RTFM is measured for many amorphous MB6 (M = Ca, Sr, Ba) films, when they 

are grown by PLD on Al2O3 substrates at 400−650C.  The magnetism is virtually anhysteretic, 

isotropic, temperature independent from 4−300 K and saturates quickly (< 0.3 T) with applied field. 

The magnetic signals correspond to average film magnetizations in the range 10−100 kA m
−1

, but 

from analysis of the variation of the magnetic moment with film thickness, it is shown that the 

magnetism originates mainly near the interface with the substrate. It is shown by various methods 

(magnetization curve analysis, SEM-EDX, ICP-MS) that ferromagnetic impurities cannot account 

for the magnitude of the larger magnetic signals measured. The proposed origin of the magnetism is 

a defect-based impurity band following the theoretical predictions of Edwards and Katsnelson (and 

the later generic predictions of the Charge Transfer Ferromagnetism model) in which a narrow sp 

impurity band filled with itinerant electrons may become spin-split and mediate high temperature 

Stoner ferromagnetism if a sufficiently large peak in the density of states coincides with the Fermi 

level energy.  
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7.2. Future work 
 

 
 

 
 
 

Firstly, for HfO2, due partly to its potential widespread use as a replacement for the SiO2 

insulating gate oxide in future downscaled metal oxide semiconductor field effect transistors 

(MOSFETs), an understanding of its potential ferromagnetic-like properties is of the utmost 

importance, aside from a purely theoretical interest. Future research should focus on trying to better 

characterise the defects in HfO2 in terms of their possible relation to the magnetic properties, for 

example by positron annihilation spectroscopy (PALS). Another useful study would be to 

investigate if mixing of the ferromagnetic micropowders with other non-magnetic powders (such as 

γ-Al2O3 nanopowder) has any effect on the magnetic signal, as it appears to do for ferromagnetic 

CeO2 nanoparticles. 

 

Secondly, for CeO2 nanoparticles, the effect of further non-ferromagnetic (and possibly 

also ferromagnetic) dopants and doping concentrations on the magnetic properties warrants further 

investigation. The key goal is to try to controllably tune the magnetic moment, not only to gain a 

better understanding of the underlying magnetic phenomena, but more ambitiously in order to pave 

the way towards possible integration of these materials into spin electronics devices. This may be 

realised via electron injection/removal using different surfactants to chemically tune the magnetic 

moment of the nanoparticles for example, and/or via controlled defect creation using high energy 

irradiation such as PLD laser beams or synchrotron radiation. It is noted that the lattice parameters 

of bulk CeO2 (5.411 Å) and silicon (5.431 Å) serendipitously match quite well, which is beneficial 

towards integration of CeO2 with the existing silicon-based technology; furthermore, since 

nanometric CeO2 undergoes lattice expansion compared to the bulk, the lattice mismatch for 

nanostructured CeO2 on Si will be even less than that of bulk CeO2 on Si. Other possible and 

closely related avenues of research include optical, thermal or electrical manipulation of the 

magnetism, which are also research goals applicable to most of the d 
0 

systems in general. It would 

also be interesting to try to modify the synthesis procedure used for producing CeO2 nanoparticles 

in order to produce nanostructures of different morphology (which may be realised by suitable 

adjustment of the ratio of the reagent concentrations, in particular [Ce
3+

]:[OH
-
]) and size and to 

investigate their resultant magnetic properties. In addition, the effect of mixing (diluting) 

ferromagnetic CeO2 nanoparticles with other ferromagnetic and non-ferromagnetic powders of 

various particle sizes, a brief study of which was initially conducted here, may help to elucidate the 

possible relation between the mesoscale aggregations and their magnetic properties (collective 

magnetism). In addition, how the magnetic signal of CeO2 is affected by mixing with other powders 

with different electronic properties (insulators vs. metals for example), in addition to those of 

different size, warrants further investigation.  
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Thirdly, for MB6 films, a suggested short term goal is the development of more 

controllable and reproducible methods of defect creation by high energy irradiation such as by FIB, 

laser beams or synchrotron radiation for example, since the magnetic properties measured for film 

grown by PLD here are rather variable. A more optimistic and long term goal would be the ultimate 

integration of MB6 films into MTJ devices. This could be promising since thin films of d 
0
 materials 

have been shown to exhibit magnetic signals often several orders of magnitude greater than that of 

the bulk, which may be related to an enhanced concentration of defects within a thin interface layer. 

In consequence, another key challenge is to try to better characterise the defects present in these 

thin films, especially at the substrate-film interface, which may lead to a better understanding about 

how they may influence the magnetic properties. The proposal of a spin-split impurity band 

mediating the magnetism could be confirmed more immediately by measurements of the low 

temperature specific heat capacity and Pauli susceptibility for example. Another promising avenue 

of future experimental research is Mg doped MB6 compounds, in which both magnetic and 

ferroelectric properties may be realisable, the magnetism arising intrinsically from MB6, and Mg 

doping proposed to provide the net electric dipole moment and resultant ferroelectricity. The basic 

idea is that the small Mg atom can jitter around within the octahedral boron framework and can 

thus generate a net electric dipole moment, the theoretical basis for which has recently been 

advanced 
1
.  

 

 
1 

I. Popov, N. Baadji, and S. Sanvito, Physical Review Letters 108, 107205 (2012). 
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A   Appendix 

 

 
The first part of the Appendix, A.1, presents some experimental results for vacuum 

annealed WO3 powders, while A.2 provides a brief overview of the mathematical basis of the 

collective magnetism model for d 

0
 magnetism, The final sections list publications, external 

dissemination (talks, conferences, posters) and summer schools/training courses 

attended/completed during the course of this thesis. 

 

 

 
A.1   WO3 powder vacuum annealing - experimental results 

 
 

Like HfO2, stoichiometric WO3 is a wide band gap diamagnetic insulator, since the W
6+

 5d 

band is empty, with an indirect band gap of ~ 2.6 eV at room temperature. Its main application is in 

electrochromic thin film devices, since it can change its optical properties, reversibly and 

persistently, by the application of an electrical voltage. About 200 mg of WO3 powder (99.9% 

nominal purity, purchased from BDH chemicals) was heated in vacuum (10
-5

 mbar) at 600 C for 1 

hour at the maximum temperature using rapid (10 C/minute) heating and cooling rates. The virgin 

powder had a greenish-yellow appearance, which transformed into a dark blue hue after vacuum 

annealing, which may indicate the formation of oxygen vacancies and other defects. The aim of the 

experiment was to investigate if vacuum annealing can induce ferromagnetic-like signals in pristine 

commercial WO3 powder, similar to the results obtained for reduced HfO2 micropowders in this 

thesis. 

The most common crystal structure of WO3 under ambient conditions is monoclinic, with 

the P21/n space group. Below 17 C a transformation to a triclinic phase occurs. While all of the 

peaks for the vacuum annealed powder can be indexed to the monoclinic phase, for the pure virgin 

powder prior to annealing there are three extra unknown peaks at 27.2, 28.0 and 36.74° 2θ (which 

disappear upon vacuum annealing), as shown in Figure A.1 on the following page. These three 

extra peaks peaks do not correspond to any other tungsten oxide (or rhenium oxide or tantalum 

oxide for example) phases, nor to any tungsten metal phases.  

Room temperature magnetization data for the powders are also shown on the next page in 

Figure A.2. The measured magnetic moments (magnetizations) are ~ 0.3×10
-8

 Am
2 

(~ 0.4 A m
-1

) 

and 0.6×10
-8 

Am
2
 (1.7 A m

-1
) for before and after vacuum annealing respectively, the former signal 

being very weak and rather indistinct, for which the sample masses were 55.9 mg and 25.6 mg 

respectively. The data is compared to a previous experiment conducted by another researcher in our 

laboratory (J. Mlack, unpublished results, 2009), who measured a similar magnetization of ~ 1.4    
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A m
-1 

for the same powder vacuum annealed at 600 C, although the data is less noisy (possibly due 

to a larger mass of 78.1 mg used for measurement) and H0 is smaller (~ 80 kA m
-1

) compared to the 

latest measurement (~ 150 kA m
-1

). No RFTM was measured by J. Mlack for powders which were 

vacuum annealed at either 700 C or 800 C, while the untreated powder did not exhibit a distinct 

ferromagnetic signal above the noise level, similar to the findings here.  
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Figure A.1.  XRD data for WO3 powder before and after vacuum annealing at 600 C. 
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Figure A.2.  Magnetization data for WO3 powder before and after vacuum annealing at 600 C is 

shown on the left. The data for the vacuum annealed powder is compared with a previous 

measurement shown on the right. 
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SEM images of the powder before and after vacuum annealing are shown in Figure A.3. 

The powder is in fact composed of large faceted microcrystals of ~ 20-80 μm size, with no 

noticeable difference in particle morphology or size between the virgin and vacuum annealed 

powders. EDX analysis of the powders indicated that while the virgin powder was actually slightly 

oxygen rich (the mass ratio of O:W = 0.28), the vacuum annealed powder was oxygen deficient 

(O:W = 0.20) as may be expected due to the creation of oxygen vacancies; for stoichiometric WO3, 

the mass ratio of O:W = 0.26. 

 

 
 

Figure A.3.  SEM images for WO3 powder before (left) and after (right) vacuum annealing at    

600 C; scalebar = 50 μm. 

 

 

No EPR signal (after the background cavity plus empty EPR tube contribution was 

subtracted) was measured for either the pure or vacuum annealed powders at room temperature, 

despite using high gain values and optimization to ensure the best signal/noise values. The result 

indicates that no unpaired spins are detected down to ~ 10
13 

spins/gram, which is at about the 

detection limit; 1 mole of WO3 has 2.6 × 10
21 

spins/gram in comparison. About 30 mg of powder 

was used for each measurement, and the powders may be inferred to be insulating since no loss of 

cavity Q value (which would be indicative of conduction) was measured upon sample insertion for 

measurement. 

In summary, weak RTFM was measured for WO3 commercial powders vacuum annealed 

at 600 C, with a measured magnetization of 1.7 A m
-1

, which confirms the results of a previous 

measurement (1.4 A m
-1

). The magnitude of the magnetization measured is about an order of 

magnitude smaller than the largest values measured for a similar vacuum annealing study of HfO2 

commercial powder which was presented in this thesis. Whether the magnetism is associated with 

oxygen vacancies and/or is possibly due to ferromagnetic impurities is uncertain however, although 

the fact that no distinct RTFM is measured for either the untreated sample or for those previously 

annealed at either 700 C or 800 C helps to disprove the latter hypothesis. Finally, it is noted that 

no RTFM was measured for any vacuum annealed TiO2, CeO2 or ZrO2 commercial 

micropowders, nor for any of the commercial oxide micopowders HfO2, WO3, TiO2, CeO2 or 

ZrO2 which were annealed in an argon/hydrogen atmosphere. 
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A.2   Collective magnetism model – theoretical basis 
 

 

In order to give a general succinct overview of some of the key mathematical equations on 

which the collective magnetism is based, the starting point is to consider electrons orbiting on the 

mesoscale, for which the Hamiltonian H may be represented as 

 

                                       H  =  Σ
N

i = 1 (Li
2
 )/2mr

2
 + eA.J                                                  (A.1) 

 

where Li is the orbital angular momentum of an electron, r is its orbital radius, A is the vector 

potential of the part of the electromagnetic field due to zero-point fluctuations, and J represents 

persistent electron currents in coherent domains. Analysis in terms of path integrals leads to the 

emergence of coherent orbital moments on the nanoscale. We can calculate the expectation value of 

the orbital polarization P = em.eB, where em and eB are unit vectors in the direction of the orbital 

moment and the applied magnetic field respectively. The polarization is determined by using the 

fact that the applied field mixes the coherent state vectors by an angle , for which the induced 

polarization P is  

 

                                                     P =  sin 2                               (A.2) 

 

where  is a constant which is fixed by the model, and tan  = [1 + (1+x
2
)

1/2
]/x, where x = 2V/ = 

cB is independent of temperature.  Here V is the interaction of the electrons in a coherent domain of 

radius R with an external field B and  is the excitation frequency associated with the 

electromagnetic field. The constant  is of order 0.1 for a coherent configuration, and zero for an 

incoherent system. The magnetization curve is therefore 

 

                                           P =  x/(1 + x
2
)

1/2
                 (A.3) 

 

This function differs only slightly from the empirical P = tanh y function often used to fit the 

magnetization curves, but it has a theoretical justification for d 
0
 magnetism.  

The characteristic length scale of the coherent domains lcoh is related to the characteristic 

excitation frequency ω of CeO2, which is resonant with the zero-point vacuum fluctuations. If we 

identify lcoh with the wavelength λ = 2πc/ω, the magnetic interaction energy V ~ λ
3
MB.  Hence 

 

                                                      λ
4
 = ħc/2M                 (A.4) 

 

which gives λ = 177 nm. The corresponding photon energy is  = 7 eV, which is tentatively 

associated with an allowed O 2p – Ce 5d  transition in CeO2. The magnetic moment of a coherent 

domain is λ
3
Ms; it contains ~ 2×10

8
 Ce atoms, or ~ 2×10

5
 nanoparticles.  

The effect of the zero-point fluctuations is amplified by √N in the coherent domain. Since 

there are ~ 0.3 electrons per Ce atom, √N is of order 10
4
. The frequency of the persistent orbital 

currents is given by the expression  



Appendix 
 

288 
 

 

                                   Ωc = GΓω                               (A.5) 

 

where the quantity GΓ ≈ 10
-2

. Hence Ωc is ≈ 10
14 

s
-1

, and the frequency of the currents circulating on 

a nanoparticle’s surface is (λ/2r0)Ωc ≈ 10
16

 s
-1

.  
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0
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I. J. M. D. Coey, K. Ackland, M. Venkatesan, and S. Sen, Collective magnetic response of 
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(M = Ca, Sr, Ba) films grown by pulsed laser deposition, European Physical Journal B 
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A.4.1 Conferences attended 
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 Magnetism and Magnetic Materials conference (Scottsdale, USA), November 2011. 

III. Euromat 2011 conference (Montpellier, France), September 2011. 

IV. IEEE Asia Intermagnetics conference (Taipei, Taiwan), April 2011. 

 

A.4.2. External talks given 

 

I. “Magnetism of cerium dioxide nanoparticles”, invited talk, Paul Scherrer Institute, 

Villigen, Switzerland, August 2013. 

II. “Room temperature magnetism in MB6 (M = Ca, Sr, Ba) films grown by pulsed laser 

deposition”, Joint European Magnetic Symposia 2012 oral presentation, Parma, Italy, 

September 2012. 

III. “Magnetism of nanostructured cerium dioxide”, invited talk, Glasgow University, 

Scotland, June 2011. 

 

 

A.4.3 Posters presented 

 

I. “d 

0
 magnetism in nanoparticles and films”, Interfacing Oxides Summer School, 

Hesselberg, Germany, July 2012.  

II. “Magnetism of BaB6 thin films synthesized by pulsed laser deposition”, 56
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 Magnetism and 

Magnetic Materials conference, Scottsdale, USA, November 2011. 

III. “Magnetism of Nano-Structured CeO2”, Euromat conference, Montpellier, France, 

September 2011. 

IV. “d 

0
 magnetism in oxides and hexaborides”, IEEE Magnetics Society summer school, New 

Orleans, USA, May 2011. 
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V. “Magnetism of nanostructured cerium oxide”, IEEE Asia Intermagnetics conference, 

Taipei, Taiwan, April 2011. 

VI. “d 

0
 ferromagnetism; Potential materials for spintronics”, Globe Forum Conference 

(sponsored by the Irish Research Council for Science, Engineering and Technology), 

Dublin, Ireland, November 2011. 

VII. “Room-temperature ferromagnetism in CeO2 nanopowders”, HERCULES XX 

Symposium (Higher European Research Course for Users of Large Experimental 

Systems), Grenoble, France, March 2010. 
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