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Abstract

In this dissertation we present an investigation of the configurations of iso-

lated hydrogen in oxides with high dielectric permittivity, using muonium as a

light pseudo-isotope of hydrogen. The investigation of the muonium/hydrogen

configurations in zirconium oxide (ZrO2), also denominated zirconia, consti-

tutes the core of this dissertation due to the fact that it is a prominent high-k

candidates and its extremely interesting properties make it appealing for a

wide-range of applications. We present our thorough investigation of the

muonium/hydrogen configurations in ZrO2, including the characterization of

the neutral polaron donor state and of the neutral atom-like state, as well as

the interplay between these two basic configurations. The neutral atom-like

state is its also characterized yielding an isotropic hyperfine interaction in

calcia-doped zirconia of Aiso = 3.02(8) GHz, and an anisotropic hyperfine

interaction in the nanograin yttria-doped zirconia of Aiso = 2.1(1) GHz,

D = 0.13(2) GHz.

The characterization of the neutral configurations in ZrO2 proved to be

a demanding task because no direct signs of muonium are visible. Much

was therefore learned from other oxides included in this investigation. In

particular, the characterization of a polaron donor state in ZrO2 benefitted

immensely from the direct characterization of a similar state we found and

characterized in rutile TiO2. We therefore also introduce a study on TiO2

where we show the polaron donor muonium state which is directly observed

in this system. We also present an overview of selected similar oxides where

we could observe the neutral atom-like state directly (for the first time in

Lu2O3 and BeO), in support of our interpretation of the ZrO2 data; these

other systems were not investigated and modelled as thoroughly as ZrO2 in

this dissertation, and are bound to benefit from the modelling developed for

ZrO2. This is hinted at Chapter 5, where our conclusions are summarized

and future perspectives are put forward.

Keywords: Hydrogen, High-κ permittivity oxides, Muonium, Muon Spec-

troscopy





Resumo

Nesta dissertação, apresentamos uma investigação das configurações de hidro-

génio isolado em óxidos com permitividade dielétrica elevada, usando muo-

nium como um pseudo-isótopo leve do hidrogénio. A investigação das con-

figurações de muão / hidrogénio no óxido de zirconium (ZrO2), também

denominado zirconia, constitui o núcleo desta dissertação devido ao fato

de ser um dos candidatos proeminentes de high-κ e às suas propriedades

extremamente interessantes, que o tornam atrativo numa ampla gama de

aplicações. Apresentamos uma minuciosa investigação das configurações de

muão / hidrogénio em ZrO2, incluindo a caracterização do estado neutro do

dador de polar e do estado neutro do tipo atom-like, bem como a interação

entre essas duas configurações básicas. O estado neutro do tipo atom-like

é também caracterizado, produzindo uma interação hiperfina isotrópica de

Aiso = 3.02(8) GHz em ZrO2 dopado com CaO, e uma interação hiper-

fina anisotrópica de Aiso = 2.1(1) GHz, D = 0.13(2) GHz em zirconia

nanocristalina dopada com Y2O3. A caracterização das configurações neu-

tras em ZrO2 provou ser uma tarefa exigente porque nenhum sinal direto

de muonium é viśıvel. Muito, portanto, foi aprendido com outros óxidos

inclúıdos nesta investigação. Em particular, a caracterização de um estado

doador to tipo polarão em ZrO2 beneficiou imensamente da caracterização di-

reta de um estado similar que encontramos e caracterizamos em TiO2 rutilo.

Por isso, também apresentamos um estudo sobre TiO2, onde mostramos o

estado muonium do dador to tipo polarão que é observado diretamente neste

sistema. Também apresentamos uma visão geral de uma selecção de óxidos

similares, onde podemos observar diretamente o estado do átomo neutro,

suportando a nossa interpretação dos dados de ZrO2; esses outros sistemas

não foram investigados e modelados tão exaustivamente como o ZrO2 nesta

dissertação, e beneficiarão dos modelos desenvolvidos para o ZrO2. Este fato

é dado a entender no Caṕıtulo 5, onde as nossas conclusções são resumidas

e apresentamos as perspectivas futuras.

Palavras Chave: Hidrogénio, Óxidos com permitividade dielétrica ele-

vada, Muonio, Espectroscopia do muão positivo
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Chapter 1

Introduction

1.1 Hydrogen in Oxides

Hydrogen is the most abundant chemical element in the Universe and one of

the most abundant in the Earth’s crust [1]. The abundance, size and presence

in most of the precursor chemicals used for semiconductor growth makes hy-

drogen a likely impurity in any semiconductor. As an impurity, the presence

of hydrogen can be a challenge in the construction of electronic devices where

semiconductors are used. A number of different effects have been described

and hydrogen is known to introduce levels in the band gap with the forma-

tion of different isolated atomic configurations, to form complex with other

impurities and defects (both with defect passivation or activation). Forma-

tion of H2 molecules and introduction of hydrogen-related extended defects

is also known.

A particularly important example where the understanding of the effects

of hydrogen impurities was essential for the development of an electronic de-

vice relates to the development of blue LEDs. Shuji Nakamura et al. showed

that hydrogen was the source of passivation of Mg acceptors in p-type GaN.

[2] This was an important breakthrough because GaN is mainly grown using

metal organic chemical vapor deposition (MOCVD): in the growth process

ammonia (NH3) is used as the nitrogen source. Ammonia dissociates dur-

ing growth and atomic hydrogen is introduced into the GaN crystal. In Mg

doped GaN, the hydrogen atom forms a magnesium hydrogen complex (Mg-

1
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H), thereby preventing Mg to act as an acceptor. [2] Thermal annealing of

the GaN:Mg sample in a hydrogen-free (normally N2) environment above

approximately 400oC permits hydrogen to diffuse out of the crystal, thereby

breaking up the Mg-H complex. The formation of this complex was also

confirmed by theoretical computations by Jörg Neugebauer and Chris Van

de Walle where the calculations confirmed hydrogen passivation in Mg-doped

GaN. [3]

High-κ dielectric oxides are currently under intense scrutiny in order to

find adequate solutions for the insulator layer in the gates of MOSFET de-

vices. Stabilized forms of zirconia (ZrO2) are among the most prominent

candidates [4]. Processing of these oxides, whereby hydrogen is often incor-

porated, is known to have a big impact in its electrical performance. Hydro-

gen is a strong candidate defect in order to explain the positive fixed charges

in the ZrO2 layer [5].

There are several techniques that are dedicated to the study of hydro-

gen such as impedance spectroscopy [6], infra-red spectroscopy [7], electron

nuclear double resonance (ENDOR) [8], deep-level transient spectroscopy

(DLTS) [9], quasielastic neutron scattering (QENS) [10], muon spin rotation

spectroscopy (µSR) [11, 12, 13, 14]. Simulations of hydrogen defects in oxides

are also made via DFT calculations [12, 15, 16, 17, 14, 18] and can be com-

pared to the experimental results for better understanding of the hydrogen

states.

Most of these techniques require a considerable concentration of hydrogen

in the sample for there to be some hydrogen signal, so it is no surprise that

to study hydrogen in some oxides hydrogen needs to be added during or after

sample growth. This may cause structural diferences between samples with

and without additional implanted hydrogen, causing the hydrogen defects to

be different then those seen with the ”natural” concentration of hydrogen.

However, when in high concentrations hydrogen is bound to interact with

other impurities and defects, leading to the complex phenomena of passiva-

tion or activation of these other centers. A necessary first step towards the

comprehension of the effect of hydrogen in the properties of materials is the

characterization of the basic microscopic configurations of isolated hydrogen.
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1.2 µSR Technique

The µSR technique does not need hydrogen implantation, it is based on a set

of experimental techniques which use positive or negative muons as probes

in condensed matter or gases.

µSR can as said above be done using positive or negative muons, how-

ever for all the studies presented in this work only positive muons (µ+) and

positive µSR techniques were used, which we will shortly refer to as muons

and µSR, respectively.

In µSR studies, positive muons are viewed as light isotopes of hydrogen

ion, and used as probes to study hydrogen effects. This is only possible

because the proton and muon electronic properties are almost identical, as are

also the muonium (electron bound to a muon) and hydrogen atom properties

as confirmed in tables 1.1 [19] and 1.2 [19] below.

Table 1.1: Muon and proton properties compared. The muon’s mass is approx-

imately 1/9 of the proton’s mass mp and its gyromagnetic ratio γµ = gµ µµ/h is

larger than the proton’s by approximately a factor of 3[19].

muon proton

charge/e +1 +1

spin/~ 1/2 1/2

mass/mp 0.1126 1

Gyromagnetic ratio (MHz T−1) 135.54 42.58

Lifetime (µs) 2.19703 stable

1.2.1 Basic experimental setup

The µSR technique is based on the implantation of muons and posterior

detection of the positrons resulting from the muon decay.
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Table 1.2: Muonium (Mu) and hydrogen (H) properties compared. The factor

of 3 between the hyperfine parameter of ground state muonium and ground state

protium basically arises from the corresponding relation between the nuclei mag-

netic moments, the electron density at the nucleus being basically the same: when

scaling the hyperfine parameter of Mu by the nuclei magnetic moment relation we

obtain 1402 MHz[19].

Mu H

Reduced mass (me) 0.995187 0.999456

Binding energy in the ground state (eV) 13.54 13.60

Hyperfine parameter (MHz) 4463 1420.4

Atomic radius in the ground state (Å) 0.531736 0.529465

The muons are produced by high energy-protons (500MeV) that are di-

rected to a carbon or beryllium target, where positive pions (π+) are pro-

duced in the reaction:

p+ p −→ π+ + p+ n (1.1)

The positive pions decay within 26ns to a positive muon and a muon

neutrino (νµ).

π+ −−−→
26ns

µ+ + νµ (1.2)

Since neutrinos always have their spins antiparallel to their linear mo-

mentum (negative helicity), the positive muons arising from pions decaying

at rest in the target also have their spins antiparallel to their momentum.

This allows to obtain a nearly 100% spin-polarized muon beam from pion

decaying at the target.

Muons are radioactive particles, decaying via weak interaction with a

mean life time of 2.2µs, according to equation:

µ+ −−−→
2.2µs

e+ + νe + νµ (1.3)
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where e+ is the simble for the position particle and νe is the simble for the

electron neutrino.

This decay is governed by the weak interaction and does not follow par-

ity conservation. This shows up as an asymmetry in the positron emission

direction. The probability dW for emission of a positron with energy in the

interval [E,E + dE], in the directions inside the cone with aperture angle be-

tween [θ, θ + dθ] (defined with respect to the direction of the muon’s spin),

is defined by the expression:

dW =
G2m5

µ

192π3
(3− 2ε) ε2 [1 + A (ε) cos θ] dε d cos θ (1.4)

where G/
√

2 = 1.01 × 10−5m−2p expresses the Fermi coupling of the weak

interaction (mp is the proton’s mass), ε = E/Emax is the energy of the

positron normalized to the maximum energy and A (ε) is a factor governing

the asymmetry in the angular distribution of the decay positrons.

A (ε) =
2ε− 1

3− 2ε
(1.5)

The angular distribution of decay positrons is represented in Fig. 1.1 for

some values of the asymmetry factor, as well as for the average asymmetry

value, 〈a〉, for all energies
(
〈a〉 = 1

3

)
.

These characteristics of the muon decay allow the monitoring of the muon

spin direction, after implantation in a material, by measuring the time evo-

lution of the asymmetry in the positron emission. Of course, a sine qua non

condition for that is the presence of some degree of spin polarization of the

ensemble of implanted muons (i.e., a non-zero average component in some

direction of the ensemble of muon spins).

In light of all these characteristics the spin-polarized muon is very useful

as a condensed matter probe.
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Figure 1.1: Angular distribution of decay positrons with relation to the muon

spin direction (at 0 degrees). We represent the cases of maximum positron energy,

as well as the result of integration over all energies (red line).

Figure 1.2: Simple scheme on µSR experimental setup [20]
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In Fig. 1.2 we find the basic experimental setup for muon experiments.

The spin-polarized muon beam is directed towards a sample of the material

under scrutiny. A minimum of two positron detectors is adequately placed

around the sample, usually in the forward (F) and backward (B) positions

with respect to the incoming beam. The basic sample environment includes

adequate instruments for temperature dependence studies (cryostats, fur-

naces). External magnetic fields may be applied to the sample region, as will

be detailed in the following sections.

The number of counts ND in detector D may be described by the expres-

sion:

ND = BD +N0εD [1± APz (t)] exp

(
− t

τµ

)
(1.6)

where BD is a factor describing the spurious (background) counts in the de-

tector, which in principle are time-independent, N0, multiplied by the number

of detectors, corresponds to the number of real events at time zero, εD is the

detection efficiency, relating not only to the detector intrinsic efficiency, but

also to the geometrical disposition (for example, a detector placed farther

away detects less positrons, thus decreasing ε, A is the intrinsic asymmetry

of the detector arrangement. For detector B, the count rate is proportional

to (1 + A), in the case of fully polarized muons with polarization in the

detector’s symmetry axis; in the same circumstances, the count rate is pro-

portional to (1− A) for detector F , Pz (t) is the time evolution of the z

component of the muon spin polarization (where the z axis is defined by the

incoming beam direction) and τµ is the muon lifetime;

The main objective of these experiments is obtaining Pz(t). This is usu-

ally done in two steps: by obtaining (i) the asymmetry APz(t) in the ex-

periment proper and (ii) the intrinsic detector asymmetry A in calibration

measurements.

The intrinsic asymmetry A is in general less than the maximum theoret-

ical value of 1/3 [21]. It is normaly determined by calibration measurements

on a sample where the muon spin polarization is known. Silver is usually

used for this purpose, because 100% of the muons implanted on this metal

are known to form an easily identifiable non-relaxing diamagnetic fraction.
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Low-transverse field (20 G) measurements on Ag are thus commonly used

for these calibrations.

The experimental asymmetry is obtained through the difference between

the number of counts in detectors F and B (after subtracting the background

counts), normalized to the total number of counts (for more complex detector

dispositions, simple generalizations apply):

Aexp (t) =
[NB (t)−BB]− [NF (t)−BF ]

[NB (t)−BB] + [NF (t)−BF ]
(1.7)

However, due to different detector efficiencies, the expression 1.7 does not

give us APz(t) directly, but instead (after considering eq. 1.6):

Aexp (t) =
(α− 1) + (1 + α)APz (t)

(1 + α) + (α− 1)APz (t)
(1.8)

where α is defined by:

α =
εB
εF

(1.9)

It is therefore necessary to correct the experimental asymmetry 1.7, which

is usually done by computing:

Acorr (t) =
NB (t)− αNF (t)

NB (t) + αNF (t)
= APz(t) (1.10)

The quantity α depends both on the intrinsic detection of the detectors

and the geometrical details of the experimental setup, including positron ab-

sorption factors such as the sample thickness and the cryostat walls. α must

therefore be determined for each case, usually together with the calibration

measurements for the intrinsic (maximum) asymmetry A.
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1.2.2 Muon spin rotation

Figure 1.3: Simple scheme of the muon spin rotation experimental setup [20]

Figure 1.3 illustrates the simplest experimental geometry, which corresponds

to the case where an external magnetic field B is applied perpendicularly

to the initial muon spin polarization. With this configuration, and in the

situation where the muon spin is subject only to the Zeeman interaction (the

simplest situation) with the applied magnetic field, a simple precession of the

spin occurs around B, with the Larmor frequency νL:

νL = γµB (1.11)

In this case, the polarization component in the initial direction z has a

sinusoidal temporal evolution:

Pz (t) = Pmax cos (2πνLt+ φ) (1.12)



10 CHAPTER 1. INTRODUCTION

where the phase φ depends on the definition of time zero t = 0, and is

trivially associated with precession frequencies high enough (compared with

the experimental resolution) for a non-negligible rotation of the polarization

to occur between the initial cintilator and the sample. These trivial phase

shifts present no temperature dependence and are simply proportional to

the applied field. The existence of a temperature-dependent phase-shift is a

clear sign of conversion between states, but those studies were not done in

this work and so are beyond the scope of this thesis.

This subtechnique is based upon the characteristic precession frequencies

of the muon spin in the presence of the hyperfine field, due to the hyperfine

interaction between the muon spin and the electron spin. These preces-

sion frequencies of the muon present a distinctive behaviour with an applied

magnetic field, as we move from the Zeeman régime where the hyperfine field

dominates, to the Paschen-Back régime where the applied field is preponder-

ant. Such studies, based upon the precession (or rotation) of the muon spin,

are also designated muon spin rotation studies.

Despite the pure hyperfine frequency being observable in zero-field, the

observation of the characteristic applied-field-dependence of the muonium

precession frequencies requires that the applied field has a component per-

pendicular to the muon spin. Such spectroscopic studies are therefore best

done in the transverse field geometry, where the external magnetic field is

applied perpendicularly to the muon initial spin polarization

In Fig. 1.4 we show a particularly simple example, for calibration mea-

surements on a silver sample. The individual time histograms for detectors F

and B are shown, together with the corresponding asymmetry. The geomet-

rical factor α can be extracted from these type of measurements as follows:

the different detection efficiencies originating α 6= 1 imply, in these TF mea-

surements, that the experimental asymmetry oscilates with time around an

average value different from zero. Fits to the time spectra are performed

after correction of this offset by the fitting routine.
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Figure 1.4: The basic muon spin rotation experiment. In the left side we sketch

the basic setup: spin-polarized positive muons are implanted into a sample, in a

region subjected to a magnetic field Ba perpendicular to the initial muon spin, sur-

rounded by two positron detectors in the forward (F) and backward (B) direction.

The asymmetric probability for positron emission rotates with the muon spin and

is drawn for three different times. The positrons are detected by detectors F and

B, forming histograms like those shown in the right side. The corrected asymmetry

Acorr(t) = (NB − αNF )/(NB + αNF ) is shown as an inset.

In muon spin rotation measurements, the presence of paramagnetic muo-

nium is easily identified by its characteristics precession frequencies. A typ-

ical experimental test for the presence of paramagnetic muonium is done at

low-field, where the characteristic ν12 = ν23 precession (described in the next

section) at 1.4× 104 MHz/T is observed. An example is shown in figure 1.5.
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Figure 1.5: Time spectrum of magnesium oxide at T = 280 K and transverse

field B = 1.5 mT .

1.2.3 Muon spin relaxation

For relaxation studies longitudinal geometry is used (Fig. 1.2), by apply-

ing an external magnetic field parallel to initial polarization. In this case,

the alterations to polarization arise from muon spin-flips in the presence

of the magnetic field, by interactions with the lattice. As was discussed

in section 1.2.6 such spin-flipping motivate a gradual loss of polarization,

generally visible via a relaxation in asymmetry. The geometrical parameter

α may eventually change with the magnitude of the applied field, in these

measurements, due to the alteration of the positron trajectories, particularly

for high-fields, where the charged particles trajectories may be significantly

changed. In these cases, it may be necessary to perform a silver calibration

in the entire field range.

As mentioned as well in section 1.2.6, and will be shown in the forthcom-

ing chapters, such longitudinal field measurements also prove much useful for
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the investigation of the strength of depolarizing mechanisms via quenching

of the muon spin polarization.
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Figure 1.6: Time spectrum of a yttria stabilized zirconia sample at T = 300 K,

subject to a longitudinal field of B = 20 G.

1.2.4 Muonium

When the muon enters the sample it interacts with its surroundings, espe-

cially with the spin of the electrons. If an electron bonds to the muon it

creates a pseudo-atom that is commonly referred, as stated above, as muo-

nium.

Intense research on the vacuum hyperfine structure of this exotic atom has

been done in the past decades [22, 23, 24, 25, 26], serving as precise tests in

quantum electrodynamics. However, when muonium is formed inside solids,

its hyperfine structure is much affected by the local electronic structure,

which makes it a rather sensitive probe.

In most cases two distinct configurations can be formed: isotropic muo-

nium (also labelled normal), in the case where the electron wavefunction is

still isotropic (i.e. spherically symmetric) and a bonded configuration (also

labelled ”anisotropic” or ”anomalous” muonium) characterized by an axially
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symmetric wave function.

Isotropic muonium

For 1s isotropic muonium, the relevant hyperfine hamiltonian (HHF simply

corresponds to the well-known Fermi contact interaction [27] between the

muon spin Sµ and the electron spin Se[19, 28]:

HHF = hASµ · Se (1.13)

where A is the hyperfine interaction and h is the Plank constant.

Because µSR techniques are undertaken in the presence of an external

applied magnetic field B the muon and electron Zeeman hamiltonian terms

(HµZ and HeZ respectively) should be added to the hamiltonian 1.13 yielding

the systems hamiltonian to be:

H = HHF +HµZandHeZ (1.14)

That can be written as:

H = hASµ · Se −Mµ ·B−Me ·B (1.15)

where the muon and electron magnetic moment operators Mµ and Me can

be explicited in terms of the corresponding spin operators as:

Mµ =
gµ µµ
~

Sµ (1.16)

Me = −ge µB
~

Se (1.17)

where the muon magneton µµ and the Bohr magneton µB are given, as usual,

by:

µµ =
e~

2mµ

(1.18)

µB =
e~

2me

(1.19)
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where the hyperfine interaction A is simply proportional to the electron den-

sity at the muon |Ψ1s(r = 0)|2 = 1/πa30:

A =
µ0

4π

8

3

gµµµgeµB
a30

=
µ0

4π

8π

3
gµµµgeµB |Ψ1s(r = 0)|2 (1.20)

We assume that B = Bk̂, without loss of generality, leading us to:

H = hASµ · Se −
gµ µµB

~
Ŝµ,z +

ge µB B

~
Ŝe,z = hASµ · Se − ωµŜµ,z + ωeŜe,z

(1.21)

where

ωe = 2πγeB (1.22)

ωµ = 2πγµB (1.23)

and the muon and electron gyromagnetic ratios are, respectively,

γµ = gµµµ/h = 135.53 MHz/T (1.24)

γe = geµB/h = 28024.21 MHz/T (1.25)

Hamiltonian 1.21 can be equivalently expressed as:

H =
~
4
ω0σ · τ −

~
2
ωµσz +

~
2
ωeτz (1.26)

where ω0 = 2πA, and σ and τ are the Pauli matrices.

If we assume an isotropic hyperfine interaction that is when the hyperfine

interaction A is simply proportional to the electron density at the muon

|Ψ1s(r = 0)|2 = 1/πa30:

A =
µ0

4π

8

3

gµµµgeµB
a30

=
µ0

4π

8π

3
gµµµgeµB |Ψ1s(r = 0)|2 (1.27)

this hamiltonian can be analytically solved (all the details are mentioned in

[29, 19, 28], obaining the frequencies νnm = (En − Em)/h that are summa-

rized in Table 1.3. The 1− 3 and 2 − 4 transitions correspond to forbidden

transitions and are not observed [28].
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Table 1.3: Isotropic muonium precession amplitudes and frequencies.

nm anm νnm = |En − Em|/h

12 (cos ζ)2/2

∣∣∣∣A2 + (γe−γµ)B
2

− (γe+γµ)
√
B2+B2

0

2

∣∣∣∣
34 (cos ζ)2/2

∣∣∣∣A2 − (γe−γµ)B
2

+
(γe+γµ)

√
B2+B2

0

2

∣∣∣∣
14 (sin ζ)2/2

∣∣∣∣A2 + (γe−γµ)B
2

+
(γe+γµ)

√
B2+B2

0

2

∣∣∣∣
23 (sin ζ)2/2

∣∣∣∣−A
2

+ (γe−γµ)B
2

+
(γe+γµ)

√
B2+B2

0

2

∣∣∣∣

In Table 1.3 we defined B0 (B0 = 0.1585 T in vacuum) as:

B0 =
A

γe + γµ
(1.28)

and the amplitudes of probability are:

cos ζ =

(
1 + 1

2

(
B0

B

)2
1 +

(
B0

B

)2
) 1

2

=

(
2x2 + 1

2(x2 + 1)

) 1
2

sin ζ =

(
1
2

(
B0

B

)2
1 +

(
B0

B

)2
) 1

2

=

(
1

2(x2 + 1)

) 1
2

(1.29)

where x is the reduced field:

x =
B

B0

(1.30)

Again, much insight arises from inspection of the asymptotic limits[19].

In the low-field limit (B << B0), one has
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ν12 →
(γe − γµ)B

2
(1.31)

ν14 → A (1.32)

ν23 →
(γe − γµ)B

2
(1.33)

ν34 → A (1.34)

For usual vacuum-like values of the hyperfine interaction (the GHz range)

ν14 and ν34 fall out of experimentally accessible range. Only the ν12 and ν23

of the muonium precession frequencies are therfore accessible experimen-

tally: these frequencies coincide at low fields, and are here independent of

the hyperfine interaction, simply corresponding to a gyromagnetic ratio of

1.4×104 MHz/T. Measurements at low fields are therefore most useful to

identify the presence of muonium, but nothing can be extracted about the

hyperfine interaction.

In the high-field limit, we have

ν12 → γµB −
A

2
(1.35)

ν14 → γeB +
A

2
(1.36)

ν23 → γeB −
A

2
(1.37)

ν34 → γµB +
A

2
(1.38)

In this case, the higher ν14 and ν23 frequencies are generally unobservable,

and the lower ν12 and the ν34 frequencies are symmetrically placed around

the diamagnetic line at γµB, the difference between them being a direct

measurement of the hyperfine interaction A.

Figures 1.7, 1.8, and 1.9 illustrate the field-dependence of the energy

levels, precession frequencies and precession amplitudes, respectively.
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Figure 1.7: Energy eigenvalues of the isotropic muonium hyperfine hamiltonian

1.15, as a function of the applied magnetic field B. This diagram is usually known

as the Breit-Rabi diagram. A fictitious value of γe (γe = 3γµ) was used, in order to

display more clearly the essential features of this diagram. The asymptotes of the

non-linear eigenenergies of the |2〉 and |4〉 eigenstates are drawn as well (dashed

lines).
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Figure 1.8: Hyperfine transition frequencies for an isotropic muonium state with

A = 3.5 GHz, as a function of the applied magnetic field B. The Larmor precession

frequencies of the free muon and the free electron are drawn as dashed lines, clearly

showing that for high fields the ν14 and the ν23 frequencies tend to νe ± A/2 and

that the ν12 and the ν34 frequencies tend to νµ±A/2. The latter is preceded by the

1− 2 level crossing at 12.7 T.
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Figure 1.9: Amplitude of the permitted hyperfine transitions for isotropic muo-

nium with A = 3.5 GHz, as a function of the applied magnetic field B. The spectral

weight is seen to be transferred at high fields from the 2− 3 and 1− 4 transitions

to the 1− 2 and 3− 4 transitions.

Anisotropic ”anomalous” muonium

The above formalism may be easily extended to the case where the electronic

wavefunction is not isotropic, or the g-factor itself is not isotropic.

In these cases the calculations are more complex and it is preferable to

work in the reference frame where the electron g-tensor is diagonal. In this

case the hyperfine tensor (A(θ, φ)) and the g-tensor (g(θ, φ)) can be written

as:

A(θ, φ) =
[
∑3

i=1(
∑3

j=1Ajigihi)
2]1/2

g(θ, φ)
(1.39)

g(θ, φ) = [
3∑
i=1

(gihi)
2]1/2 (1.40)
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where hi are the direction cosines (h1 = cos(φ)·sin(θ), h2 = sin(φ)·cos(θ)
and h3 = cos(θ)). The angles θ and φ are field orientation parameters in the

g frame, where θ represents the angle between gz and Bz and φ between gx

and Bz. Aij is the orientation dependent value of the hyperfine coupling.

With these definitions of hyperfine tensor (A(θ, φ)) and the g-tensor

(g(θ, φ)) we can obtain an expression for the frequency transitions (ν±) in

the high field limit:

ν± =

 3∑
i=1

[
ms

g (θ, φ)

(
3∑
j=1

gjhjAij

)
− hiν0

]2 1
2

(1.41)

ν0 = gµβµB0/h (1.42)

This means that using the µSR data we can obtain the hyperfine in-

teraction tensor analysing the transition frequencies obtained by the muSR

spectra.

1.2.5 Quenching of isotropic muonium polarization in

a magnetic field

The existence of muonium dynamical processes pre– or post–thermalization

may lead to significant depolarization of the muon spin. In such cases, it is

usual to quench the muon polarization by application of an external mag-

netic field parallel to the initial muon spin. Such longitudinal field quench-

ing experiments allow much insight into the strength of the depolarization

mechanism. In these experiments, the polarization decay may be observed

in the time spectrum as a polarization relaxation, thus providing access to

the depolarization rates. Such longitudinal-field studies are therefore usually

designated by muon-spin-relaxation studies.

The theoretical framework for isotropic muonium subject to no dynamical

depolarization process is now presented, since it is the most fundamental front

in these studies.

As seen before, in the process of muonium formation, the muon captures

an electron, forming, in the spin sub-space |mµ,me〉, one of the initial states

|+,+〉, |+,−〉, |−,+〉 or |−,−〉. In the absence of any applied field (i.e.,
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in zero-field), the states |+,+〉 and |−,−〉 are eigenstates of the Breit-Rabi

hamiltonian and therefore stationary, whereas the states |−,+〉 and |+,−〉
are superpositions of the 1S0 and 3S1, mF = 0, |2〉 and |4〉 states. For

typical values of A, these muonium atoms formed in the latter non stationary

states will therefore oscillate with the hyperfine frequency between the |2〉
and |4〉 states and depolarize too quickly to be observed. Thus the observable

polarization is only 50%. In the high-field Paschen-Back régime, the initial

states will all correspond to eigenstates, and therefore the polarization will

be preserved.

The characteristic variation of the polarization with an applied longitudi-

nal field can therefore probe the formation of muonium. The correspondent

time – and field – dependent polarization is found to be, for isotropic muo-

nium [28]:

p(t) = a‖ +
(sin 2ζ)2

2
cos 2πν24t (1.43)

where

a‖ = (cos 2ζ)2 +
(sin 2ζ)2

2
(1.44)

and the frequency ν24 is [28, 29],

ν24 = (γµ + γe)
√
B2 +B2

0 (1.45)

ν24 is in general too high to be experimentally visible and the corre-

sponding parcel in equation 1.43 thus simply averages out to zero, yielding

the polarization curve:

p = a‖ =
1

2
+

x2

2 (1 + x2)
(1.46)

An example is shown in Fig.1.10 where A = 3.5(1)GHz is the fitted value

of the hyperfine interaction we have a fraction of 40% of muonium present.

For low fields, as discussed in the preceding section, half of the of that frac-

tion, 20%, is lost, and at high fields the muonium states formed correspond to

eigenvectores and are therefore stationary, the muon spin polarization being

preserved. This curve is known as repolarization curve.
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This method can constitute a very powerful tool to probe the formation

of muonium, even in cases where muonium is subject to strong dynamical

interactions that lead to the loss of muon spin polarization, thus preventing

its direct spectroscopical identification. This loss in muon spin polarization

is often designated ”missing fraction”.
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Figure 1.10: Dependence of the muon spin polarization with the applied longitu-

dinal magnetic field B, for calcia stabilized zircona at T = 300 K an isotropic

muonium state with A = 3.02(8)GHz. The spin polarization is shown to vary from

78% at zero-field up to 96% at high-fields. This curve is therefore known as a

repolarization curve. This curve will be discussed in Chapter 3.

1.2.6 Muonium dynamics

When dynamical processes such as charge or spin–exchange exist, they can

induce a depolarization of the muon spin. This simply arises due to the finite

lifetime of the converting state, as can be seen from the following very simple

argument. If a state 1 is converting to a state 2 with a rate λ = 1/τ , where
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τ is the lifetime of state 1:

Mu1 −→
λ
Mu2 (1.47)

then the polarization change dP1 of state 1 in a time interval dt will be

dP1 = −λP1 dt (1.48)

implying an exponential relaxation of the corresponding polarization

P1(t) = P 0
1 exp(−λ t) (1.49)

It is possible to have access to these conversion and/or inter-conversion

processes if λ is inside the experimental frequency window, which appear via

relaxation of the corresponding states’ polarization. If λ is too high, then the

entire polarization of the converting state is lost before it can be observed and

a ”missing fraction” in the polarization is detected. In such conversion cases,

the precession frequency of the final state can nevertheless be observed and

the existence of a prior conversion process can be inferred from the shifting

of the precession phase.

The general form of the polarization of muonium subject to intercon-

version dynamical processes can then be written as a sum of exponentially

relaxing phase-shifted precession frequencies [28]:

P (t) =
∑
nm

anm exp (−λnm t) cos (2πνnmt+ φnm) (1.50)

Muonium dynamics has been the object of intensive theoretical treatment

over the years [28]. We shall not discuss it extensively here since it does not

constitute the essential objective of this work.

The investigation of its role in semiconductors and oxides has assumed

increasing and vital importance since the discovery that this impurity can be

the source of n-type conductivity in II-VI semiconducting compounds.[30, 31]

This subject knew notable advances from the interplay of theoretical pre-

dictions from calculations based on density-functional theory (DFT) and

muon-spin rotation (µSR) spectroscopy [16, 12, 32, 33]. From the experi-

mental point of view, the use of muonium (the hydrogenic atom possessing
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a positive muon as the nucleus: µ+e−) as a light pseudo-isotope of hydrogen

has become standard in order to obtain information regarding the electronic

states of hydrogen in materials.[34, 35]

1.3 Auxiliary techniques to µSR in this work

As mentioned above µSR is not the only technique to study hydrogen in

oxide semiconductors and in most cases it is beneficial to use more then one

technique to extrapolate a boarder picture of what hydrogen is really doing

in the sample.

The present experimental study was complemented by ab-initio calcu-

lations based on density-function theory, done by Apostolos Marinopou-

los [15, 17, 14] and Estelina da Silva [18], which will be used in order to

strengthen the interpretation. We also compared our findings with those

of the EPR-ENDOR technique made by Brant et al. [8]. For the sake of

clarity only, we add a brief note on the fundamentals of DFT theory and

EPR-ENDOR.

1.3.1 DFT

DFT is a many-body electronic structure calculation where the nuclei of the

treated molecules or clusters are seen as fixed (Born-Oppenheimer approx-

imation) [36], generating a static external potential V in which the elec-

trons are moving. Then, a wavefunction satisfying the many-electron time-

independent Schrödinger equation describes the stationary electronic state,

were the hamiltonian can be written as:

H =
N∑
i=1

−1

2
∇2
i +

N∑
i=1

v(~ri) +
N∑
i<j

− 1

rij
= T + Vpe + Vee (1.51)

where T is the kinetic energy, Vpe is the potential energy from the exter-

nal field due to positively charged nuclei, and Vee is the electron-electron

interaction energy.

In this theory the key variable is the particle density n(~r) which for a

normalized wavefunction is given by:
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n(~r) = N

∫
|Ψ(~r1, ..., ~rN)|2d~r2, ..., d ~rN (1.52)

From the Hohenberg-Kohn theorems we know that the energy is a den-

sity functional and can be solved by applying the Lagrangian method of

undetermined multipliers.

A simple way to do that is to consider an energy functional, Es[n], that

does not explicitly have an electron-electron interaction energy term:

Es[n] = 〈Ψs[n]|T + Vs|Ψs[n]〉 (1.53)

where Vs is an external effective potential in which the particles are moving.

The second Hohenberg-Kohn theorem ensures that when the energy is

written as a functional of some particular (positive) density, then its value

is always larger than the ground state energy. This provides the necessary

variational principle from which the Kohn-Sham equations are derived:

δE

δn
= 0 (1.54)

From this variational principle the effective Kohn-Sham potential can be

derived:

Vs(~r) = V (~r) +

∫
e2ns(~r′)

|~r − ~r′|
d3r′ + Vxc[ns(~r)]. (1.55)

The second term denotes the Hartree term describing the electron-electron

Coulomb repulsion, while the last term is called the exchange-correlation po-

tential, which includes all the many-particle interactions. The problem of

solving the Kohn-Sham equation is then done in a self-consistent (i.e., itera-

tive) way. Usually one starts with an initial guess for n(~r) , then calculates

the corresponding Vs and solves the Kohn-Sham equations. Then one calcu-

lates a new density and starts again. This procedure is then repeated until

convergence is reached.

In order to make connection with the muSR data and analysis and also to

quantify these findings through a measurable quantity the formation energies

and the isotropic (Fermi-contact) and dipolar parts of the hyperfine tensor

of the H0 states were calculated.
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Formation energies

In oxide semiconductors such as zinc oxide, tellurium oxide and yttrium ox-

ide, where intensive research on isolated hydrogen has been done, two distinct

configuration states have been identified: H−at an interstitial position and,

H+ at a bonded position, together with the respective neutrals [37, 33, 11].

The use of positive muons to study these configurations has been very success-

ful, in contrast with the difficulties found by techniques sensitive to protons

themselves, due to the reactivity of hydrogen in oxide semiconductors.

The theoretical modelling of such states usually computes the formation

energy (Eform(Hq)) of the various charged states (q) as a function of the

electronic chemical potencial (Fermi level EF ). The expression for Eform(Hq)

is:

Eform(Hq) = Ectot(H
q)− Etot(bulk)− µH + q(EF + EV) (1.56)

where Etot(H
q) is the total energy of the supercell with hydrogen in the charge

state q (q = −1, 0 or +1) and Etot(bulk) the total energy of the bulk-crystal

supercell. µH is the chemical potential of hydrogen and was taken here as

half the energy of a hydrogen molecule at T = 0 K. EV is the energy of the

valence-band (VB) edge of the bulk the supercell and provides the reference

energy for the values of EF in the gap. This is illustrated in Fig. 1.11, where

two basic possabilities are illustrated.

In this context it is practical to discuss about Anderson’s U model [38].

U is a quantity defined by U = ε(0/–) + ε(+/0), were ε(a/b) is the energy of

the a/b level. In this scheme we can predict two possible outcomes: positive-

U and negative-U. Positive-U corresponds to the expected relative position

of the two levels, taking in to account that the energy to ionize a single

occupied state is larger then the energy to ionize a doubly occupied state.

By opposition negative-U implies that the energy to ionize a doubly occupied

state is larger then the energy to ionize a single occupied state. This can

happen only if the energy associated to the site change compensates the

coulombic repulsion of the two electrons.

Using this model, simply by knowing the nature of U, we can determine

if H0 is thermodynamically stable. In Fig.1.11 [11] we see that in negative-U
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(a) H0 is unstable and in positive-U (b) H0 is sable.

Figure 1.11: Formation energies of a hydrogen defect centre as a function of

Fermi level EF. The gradient with respect to EF is equal to the charge; Ev is the

top of the valence band and Ec the bottom of the conduction band. (a) is drawn

for negative U, and with the 0/+ donor level resonant with the conduction band.

This leads to auto-ionization of the neutral state (shallow-donor behaviour) but the

material will only be conductive under equilibrium conditions if the +/– pinning

level is also band-resonant; here it is shown deep in the gap. (b) is drawn for

positive U , leading to the opposite ordering of 0/+ and 0/– transition points, both

shown deep in the gap[11].

Hyperfine parameters

The Fermi-contact interaction,[39] Aiso, describes the interaction of the un-

paired electron with the magnetic moments of the nuclei and can, therefore,

provide a detailed insight on its localization character. The specific value of

Aiso depends upon the magnitude of the spin density ρs (ρs = ρ↑ - ρ↓) at the

site R of the nucleus as:[39]

Aiso =
2µ0

3
geµegHµHρs(R) (1.57)

where µ0 is the magnetic permeability of free space, ge is the electronic

g-factor, µe the Bohr magneton, gH the nuclear gyromagnetic ratio for hy-
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drogen and µH the nuclear magneton. The dipolar hyperfine constant D

parameter is defined as:

D =
µ0

4π
gegH

∫ π

0

∫ ∞
0

sin2 θ cos θ
1

r

∂
(
|ψ (r, θ)|2

)
∂θ

dθdr (1.58)

where ψ is the electronic wavefunction and θ is the polar angle with the

respect to the symmetry axis.

The Aiso and D values where determined for four different oxygen-bound

H0 configurations using the PBE functional and for one (the one possessing

the lowest-formation energy) using the hybrid HSE06 functional.

The hyperfine coupling represents an interaction between the electron

spin density σ(r) with spin S, and nuclei J with nuclear spin I:

H =
3∑

i,j=1

SiAijIj

where i and j are the tensor components.

The hyperfine tensor, Aij can be written as the sum of two interactions, a

contact interaction (isotropic) and a classical interaction (anisotropic): [40]

Aij =
1

2S
γJγe~2 [(Aiso)ij + (Aani)ij]

γJ is the nuclear Bohr magneton of nucleus J and γe the electron Bohr

magneton.

The contact term, known as the Fermi-contact is defined as

(Aiso)ij =
8π

3
δij

∫
δ(r−R)σ(r)dr

which is proportional to the magnitude of the electron spin density (σ(r)) at

the position of the nucleus (r-R). δij represents the usual Kronecker delta

(unit matrix).

The classical dipole-dipole contribution is:

(Aani)ij =

∫ [
3(r−R)i(r−R)j

|r−R|5
− δij
|r−R|3

]
σ(r)dr
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As said above in DFT the electron spin density at the position of the

nucleus is calculated so the hyperfine interaction can be then simply obtained

using equations 1.59 and 1.59. A more complete overview regarding the

numerical implementation can be found in Refs. [41, 42, 40].

1.3.2 EPR-ENDOR

ENDOR (Electron-Nuclear Double Resonance) is the detection of nuclear

magnetic resonances (NMR) by observing their effect on an electron para-

magnetic resonance (EPR) signal. In the specific case that we will compare

with our data in chapter 2 the nuclear magnetic resonances detected are

those relative to the hydrogen nuclei present in the sample. The NMR tran-

sitions are affected by application of a radiofrequency, as with NMR. In solid

state nuclear magnetic resonance spectroscopy the selection of signals is de-

termined by the radiofrequency being resonant with the Larmor frequency of

a particular nucleus (hydrogen in our case). In ENDOR, one records a spec-

trum that exhibits resonances from all magnetically active nuclei (nuclear

spins) that are coupled to the paramagnetic center (electron spin(s)) by the

hyperfine interaction. The position of these resonances can vary immensely,

depending on the nature of their interaction with the paramagnetic center.

A given scan may exhibit ENDOR signals due only to the hydrogen nuclei

coupled to the center, as these may appear at radiofrequencies well separated

from other coupled nuclei, and experimental parameters may favor hydrogen

NMR transitions as opposed to those of other nuclei. The theoretical princi-

ples behind the ENDOR technique are the same as those in sections 1.2.4 and

1.2.4 were the parameters relative to muons (such as the muon magneton)

are changed to the hydrogen equivalents.

1.4 Outline of the thesis

This dissertation is devoted to the investigation of the configurations of iso-

lated hydrogen in oxides with high dielectric permittivity, using muonium

as a light pseudo-isotope of hydrogen. As mentioned in section 1.1, zirco-

nium oxide is among the most prominent high-k candidates; additionally,
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its extremely interesting properties make it appealing for a wide-range of

applications. The investigation of the muonium/hydrogen configurations in

ZrO2 therefore constitutes the core of this dissertation. Both monoclinic

ZrO2 and cubic ZrO2 (stabilized with Y2O3) had been briefly investigated

before using µSR in the seminal work of Cox et al. in oxides [11]. A diamag-

netic component had been identified, but little was known about the neutral

paramagnetic configurations.

The characterization of the neutral configurations in ZrO2 proved to be

a demanding task because no direct signs of muonium are visible. Much

was therefore learned from other oxides included in this investigation. In

particular, the characterization of a polaron donor state in ZrO2 benefitted

immensely from the direct characterization of a similar state we found and

characterized in rutile TiO2. We therefore begin by presenting the TiO2

data in Chapter 2 and the polaron donor muonium state which is directly

observed in this system. We then present our thorough investigation of the

muonium/hydrogen configurations in ZrO2, in Chapter 3, including the char-

acterization of the neutral polaron donor state and of the neutral atom-like

state, as well as the interplay between these two basic configurations. The

neutral atom-like state is also not visible directly in ZrO2, but its character-

ization is not so challenging due to its more traditional behaviour. In Chap-

ter 4 we nevertheless present an overview of selected similar oxides where we

could observe this state directly (for the first time in Lu2O3 and BeO), in

support of our interpretation of the ZrO2 data; these other systems were not

investigated and modelled as thoroughly as ZrO2 in this dissertation, and are

bound to benefit from the modelling developed in Chapter 3. This is hinted

at Chapter 5, where our conclusions are summarized and future perspectives

are put forward.
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Chapter 2

Titanium oxide

2.1 Motivation

In this work the investigation of the hydogen/muon states in TiO2 proceeded

as a research line colateral to the corresponding work on ZrO2. This proved

however essencial to clarify the nature of the donor configuration, since this

could be characterized in a direct way by pure spectroscopic methods, as well

as compared with proton configuration measured by EPR/ENDOR.

The investigation of hydrogen defects in titanium dioxide (TiO2) is a

hot topic per se, due to the technological importance of this material. In

fact,titanium dioxide is a most versatile material which is used in a wide

range of applications, including heterogeneous catalysis and photocatalysis,

gas sensing, hydrogen storage and electrochromic devices [43, 44]. TiO2 is

also currently being considered as an adequate candidate for the replacement

of SiO2 as gate oxide material in highly miniaturized transistors [45].

The hydrogen impurity is known for long to play a relevant role in the

properties of rutile titanium dioxide. The increase of conductivity due to

hydrogen has been established in the 1960′s [46, 47]. However, only recently

a renewed interest has been devoted to the defect physics of hydrogen in

rutile TiO2: the effects of hydrogen on the conductivity of TiO2 have been

thoroughly investigated by macroscopic techniques [48] and hydrogen diffu-

sion in rutile has been found to be enhanced by 9 orders of magnitude when

stimulated by resonant infrared light [49]. The nature of the hydrogen donor

33
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in TiO2 is the matter of ongoing debate: in DFT-GGA calculations, shallow

donor behaviour has been pointed out for the positive configuration, found at

an oxygen bonded position [50]; in DFT-LSD+U calculations, a deep donor

was suggested instead [51]. The interpretation of capacitance measurements

has raised the possibility that the ionized donor does not form a O-H bond

[52].

In 2011 Brant et al. [8] hydrogen defect was also studied by means of the

EPR proton-ENDOR techniques. These authores found that the electron is

mainly centered at the Ti atom reducing it from Ti4+ to Ti3+. Hydrogen

is bound to one of the six oxygen atoms surrounding Ti and the magnetic

interaction between the proton and the electron is mainly dipolar. This gives

a very specific hyperfine interaction and therefore permits a very sensitive

comparison with µSR.

As described in chapter 1 muonium, a positive muon and an electron, is

often used as a substitute of hydrogen in materials research. In particular in

semiconductors and insulators, a large amount of information on the hydro-

gen behavior is deduced from this analogy. It is usually assumed that the

information gained from µSR can be transferred with appropriate modifica-

tions to hydrogen. However, a proof of this assumption is seldom provided,

mainly due to the lack of overlapping experiments. A particularly-interesting

case is the intensively-studied field of the hydrogen doping character in a class

of II-VI, III-V and oxide semiconductors [53, 54, 15, 55]. Here practically all

calculations refer to hydrogen (more precisely, only the charge, not the pos-

sible motion of the positive center is considered) whereas most experimental

information comes from muon measurements [11, 12, 16, 34, 56]. Overlap-

ping data exist only for ZnO where proton-ENDOR data (Hoffmann)[57] can

be compared directly with µSR results [33, 31]. A number of properties (e.g.

ionization energy) are indeed similar for the two species. However, the mea-

sured hyperfine interaction, scaled with the magnetic moments, differs by

almost a factor of ten for ZnO. This raised the question whether indeed the

same configuration is measured in the two cases [58, 59]. A possibility is that

the hydrogen center is slightly more complex then the muon, involving an

additional impurity or defect [58, 59]. As stated before the findings of Brant

et al. [8] by the EPR and ENDOR method in TiO2, makes this material a
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prime candidate for study case of this muonium/hydrogen transferability.

Titanium dioxide had, before this study, been object of µSR studies in

the context of a research program centered in the effects of hydrogen in can-

didate high-k dielectrics [11]. There it was proposed as a candidate shallow

donor state, ionizing around 10 K with a 8(4) meV ionization energy. How-

ever, this was based on the temperature dependence of the relaxation of the

diamagnetic signal only, and it was not possible to observe the character-

istic beats of the shallow like muonium lines in the time spectra and thus

characterize the hyperfine interaction of this state. The observation of the

shallow-donor like muonium lines is highly dependent on the concentration

of impurities/defects in the sample and the characterization of the hyper-

fine parameters of the shallow-muonium like state in TiO2 implies adequate

samples with a reduced content of defects/impurities.

2.2 Experimental Detais

2.2.1 Ancillary measurements and sample preparation

In this work we only investigated the rutile phase of TiO2 as shown in Fig. 2.1.

This phase of TiO2 is characterised by the symmetry group 136: P 42/mmm

that implies that Ti has a symmetry 2a (mmm) in positions (0, 0, 0) and

(1
2
, 1
2
, 1
2
) and O has a 4f (m2m) symmetry in positions (x, x, 0), (−x,−x, 0),

(−x+ 1
2
, x+ 1

2
, 1
2
) and (x+ 1

2
,−x+ 1

2
, 1
2
), where x = 0.3047, a = b = 4.5925(6) Å

and c = 2.9578(4) Å

For these studies a high purity single crystal of TiO2 was acquired com-

mercially (from Alfa Aesar). This crystal was characterised and oriented for

the µSR measurements by means of X-ray diffraction, which confirmed that

the sample was cut on a [110] plane. A high purity crystal is of course not

sufficient to guarantee the observation of muonium like lines, so an Express

proposal was submitted to the ISIS Facility in order to do a quick mea-

surement at the base temperature of the Closed Cycle Refrigerator cryostat

(T= 6 K), for a transverse field of B= 100 G. This was performed at the

EMU instrument and, as seen in Fig. 2.2, apparent signs of satellite lines

are visible however with possible existence of some kind of dynamics already
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Figure 2.1: Two dimensional sketch of the two magnetically inequivalent sub-

lattices under a magnetic field parallel to the 110 direction. Red oxygens are in

the same plane as the violet titanium atoms. Pink oxygens are in the same plane

as grey titanium atoms but in a different plane to red oxygens and violet titanium

atoms as shown in the three dimensional representation on the right. Dashed lines

represent the orientation of the possible O-H bonds.
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present at this temperature.
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Figure 2.2: Fourier transform of the data acquired from the Muon Express

service at T= 6 K, B= 100 G

To pursue the study of these lines a conventional proposal was there-

fore submitted, having into account that because of the possible existence of

dynamics at 6 K and the estimated value of the hyperfine interaction, mea-

surements at lower temperatures should be made. Muon spin spectroscopy

measurements were undertaken at the MUSR instrument of the ISIS Facil-

ity (United Kingdom) using the Variox cryostat. To eliminate the signal of

muons stopping in the sample holder, due to the size of the sample relative to

the beam width, the sample was mounted on top of a Fe2O3 background as

shown in Fig. 2.3. Fe2O3 was fixed to the sample holder by yellow adhesive

tape. A silver sample was mounted in the same setup and geometry used for

calibrating the maximum asymmetry and for optimising the sample position.
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Figure 2.3: Experimental setup. Top sample holder with Fe2O3. Sample holder

with TiO2 sample and Fe2O3 background (vector drawn in sample indicates the

c-axis or (110) orientation).
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Figure 2.4: µSR Fourier spectrum of rutile TiO2 at T = 1.2 K in an external

magnetic field of B = 20 mT in the [110] direction. The diamagnetic component

(central line at frequency νd) and two pairs of hyperfine-split lines (ν1 to ν4) are

observed.

2.2.2 Fitting details

Conventional transverse-field B=20 mT parallel to the [110] axis measure-

ments were undertaken from 1.2 K to 10 K and the respective experimental

results are presented below. The sample was stored and handled in air.

Figure 2.4 shows the Fourier spectrum of a µSR measurement at 1.2 K

in an external magnetic field of 20 mT in the [110] direction. The central

line corresponds to the Larmor precession of the bare (diamagnetic) muon

and the two pairs of satellite lines are due to the muon - Ti3+ polaron with

different hyperfine interactions.

In Fig. 2.5 we present the corresponding transverse-field time spectrum

of the Fourier spectrum shown in Fig. 2.4. A clear oscillation at the Larmor

frequency ω/2π= (γµ/2π)B = 2.71 MHz is observed, corresponding to muons
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Figure 2.5: µSR time spectrum of rutile TiO2 at T = 1.2 K in an external

magnetic field of B = 20 mT in the [110] direction. Red line is a fit using a 5

relaxing components as described in the text.

forming a diamagnetic component. A clear sign of beatings is also visible and

we have thus fitted the data with a sum of five components:

A(t) = Ade
− 1

2
σ2tcos(ωdt+ φd)+

+Ap1e
−λp1 tcos(ωp1t+ φp1)+

+Ap2e
−λp2 tcos(ωp2t+ φp2)+

+Ap3e
−λp3 tcos(ωp3t+ φp3)+

+Ap4e
−λp4 tcos(ωp4t+ φp4)

(2.1)

where Ad and Api are respectively the diamagnetic and muonium like asym-

metries (labeled from 1 to 4), σ is the gaussian diamagnetic relaxation,

λpi are the lorentzian relaxations associated to the muonium like lines, φd
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and φpi are respectively the diamagnetic and muonium phases. Attend-

ing to the fact that this five component fit is very difficult to converge if

all parameters are left free, some considerations were made to fix or link

some parameters. For the lowest temperatures there was no visible miss-

ing fraction, so the total asymmetry (Atotal) was fixed equal to the value

of the silver calibration at 9.4(3) %. The paramagnetic asymmetries (Api)

were fixed to the lowest temperature values. The relaxations (λpi) were

linked because at the lowest temperature the differences were in the er-

ror range and there was no reasonable explanation for any diference in the

relaxation especially having into account the model explained below. Af-

ter these considerations we obtain the following parameters: Ad = 5.5(1),

σ = 0.016(1) µs−1 λpi = 0.11(1) µs−1, φd = −0.3(8) deg, φp1 = 21(14) deg,

φp2 = 45(19) deg, φp3 = −29(11) deg, φp4 = −24(9) deg and frequencies

(ν = ω/2π) νd = 2.70(1) MHz, νp1 = 2.11(1) MHz, νp2 = 2.32(1) MHz,

νp3 = 3.23(1) MHz and νp4 = 3.41(1) MHz. The corresponding diamagnetic

and total muon-Ti3+ polaron complex fractions are 60.5(5)% and 39.5(2)%.

2.3 Results

2.3.1 Muon/Hydrogen Configuration

The two different hyperfine interactions experimentally observed and repre-

sented in Fig. 2.4 are assigned to the muon-Ti3+ polaron complex in the two

magnetically inequivalent sublattices of the rutile structure. Figure 2.1 shows

a two dimensional sketch of the two sublattices as well as the corresponding

three dimensional representation. The top representation consists of Ti3+

(Ti4+ plus one electron) in the center and six oxygen atoms arranged in a

slightly distorted octahedron. The second sublattice has the same structure

as the first one but is rotated by 90◦ around the c-axis. The muon and hy-

drogen are bound to one of the six oxygen atoms surrounding Ti3+. At the

lowest temperatures of the experiment (1.2 K in µSR to be compared with

ENDOR at 5 K) only the bond to oxygen atoms in the same a− b plane in

which Ti3+ is situated is realized. A detailed justification of this assignment

will be given below.
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Table 2.1: g matrix and hyperfine interaction matrix parameters of the hydrogen

using ENDOR experiment [8]

Matrix type Principal value Principal-axis direction

g matrix

g1 1.9765± 0.0002 19.0o from [110]

g2 1.9732± 0.0002 19.0o from [110]

g3 1.9405± 0.0002 [110]

hydrogen hyperfine matrix

A1 +0.616 MHz±0.01 MHz 22.9o from [110]

A2 -0.401 MHz±0.01 MHz 22.9o from [110]

A3 -0.338 MHz±0.01 MHz [001]

First we recall the results of the ENDOR experiment for proton in TiO2

which should be directly comparable to those obtained for µSR, after taking

into account that the magnetic moments of the muon and proton are different

(µµ/µp = 3.183). Brant et al. [8] have determined the precise geometrical

configuration of the hydrogen donor in TiO2, which we reproduce in Fig. 2.7.

The corresponding electronic-tensor and hyperfine tensor are summarized in

Table 2.1.

The hyperfine interactions of the proton and of the muon cannot be com-

pared directly since the present experiment was performed at a rather low

field where the line splitting does not correspond exactly to the hyperfine

interaction. We therefore calculated the line positions with the hyperfine

parameters of the ENDOR experiment (Table 2.1), multiplied by the ratio

of the magnetic moments, and compared these with the present data. To

calculate the line positions one needs to have a few geometric considerations

to set up the moun complex hyperfine tensor which we will now describe.

We started by obtaining the corresponding principal values for the hyperfine

tensor for the muon-Ti3+ polaron complex, multiplying those obtained from

ENDOR(Table 2.1) by 3.183. We get A1 = 1.96 MHz, A2 = −1.28 MHz and

A3 = −1.08 MHz. In order to apply Hurst formulae (Equation 1.41), we must

obtain the hyperfine tensor in the frame defined by the principal directions of

the g-tensor. This is obtained by an (active) rotation of the hyperfine tensor



2.3. RESULTS 43

Figure 2.6: Sketch of the TiO6 octahedron in rutile TiO2 with Ti3+ in the center

and six oxygen atoms surrounding it. At low temperatures, the muon (hydrogen)

is bound to one of the six oxygen of the slightly distorted octahedron. In the ground

state only the bond to oxygen in the same a-b plane as Ti3+ is realized (see text).

Only one of the two magnetically inequivalent TiO6 complexes is shown (sublat-

tice 1), the other one (sublattice 2) is rotated by 90◦ around the c-axis
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by α = +3.9 degrees (difference between the principal-axis direction of the g

tensor vectors and the hyperfine vector as seen in Fig. 2.7) counterclockwise

with respect to the z-axis (which corresponds to the c- axis). The active

rotation matrix is:

R (α) =

cosα − sinα 0

sinα cosα 0

0 0 1

 (2.2)

and the rotated tensor is:

A = RAdiaR
T =

A1 cos2 α + A2 sin2 α (A1 − A2) sinα cosα 0

(A1 − A2) sinα cosα A1 cos2 α + A2 sin2 α 0

0 0 A3

 (2.3)

this results in (in MHz):

A = RAdiaR
T =

 1.95 −0.22 0

−0.22 −1.26 0

0 0 −1.08

 (2.4)

(Alternatively, we could have done a clockwise passive rotation of the

reference frame by -3.9 degrees with respect to the z-axis, where the passive

rotation matrix by an angle α is RT ).

After that we must rotate the hyperfine tensor from the in-plane posi-

tion to an out-of-plane position. Starting from the hyperfine tensor pre-

sented above (matrix 2.4), which corresponds to the situation sketched in

Fig. 2.7 and to the in-plane Tia - Oa bond shown in Fig. 2.1(top), we may

obtain the hyperfine tensor corresponding to the out-of-plane configurations

(Fig. 2.1(bottom)) by the following procedure:

1. Perform an active rotation of the hyperfine tensor by α = ±90 degrees

with respect to the z axis/c-axis; the corresponding rotation matrix is the

same as above: R1 = R (α).

2. Perform an active rotation of the hyperfine tensor by ±49.3 degrees

with respect to the 110 axis. The best way to do so is the following:

(a) perform a passive rotation of the reference frame in order to get a new

x axis parallel to the 110 axis: this implies a passive rotation of +71 degrees
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Figure 2.7: Sketch of the angle relation between the hyperfine tensor and the g

tensor in the a− b plane
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(counterclockwise) around the z-axis/c-axis. The corresponding rotation ma-

trix is:

Ra =

 cos 71 sin 71 0

− sin 71 cos 71 0

0 0 1

 (2.5)

(b) then perform an active rotation of ±49.3 degrees of the hyperfine

tensor with respect to the x-axis/110 axis. The corresponding rotation matrix

is:

Rb =

1 0 0

0 cos 49.3 − sin 49.3

0 + sin 49.3 cos 49.3

 (2.6)

(c) finally cancel the initial passive rotation by performing a passive ro-

tation of the reference frame in the opposite direction. The corresponding

rotation matrix is:

Ra =

 cos−71 sin−71 0

− sin−71 cos−71 0

0 0 1

 (2.7)

The overall rotation matrix is therefore R2 = RcRbRa

The rotated tensor is therefore:

Aout−of−plane = R2R1Ain−planeR
T
1R

T
2 = RcRbRaR1Ain−planeR

T
1R

T
aR

T
b R

T
c

(2.8)

which results in:

Aout−of−plane =

−1.168 0.352 −1.477

0.352 0.389 −0.422

−1.477 −0.422 0.388

 (2.9)

Using the rotated hyperfine tensor Aout−of−plane calculated above, we may

use Hurst formulae (equation 1.41) to calculate the expected frequencies. We

present in Table 2.2 the results for the two most interesting orientations, with

transverse field parallel to [001] and parallel to [110]. In the [110] case, we
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must, as usual, take into account the two cases corresponding to the different

Ti sublattices:

φ = 71 degrees (for example, field parallel to in-plane Tia-Oa bond), where

the magnetic field is perpendicular to the in-plane O-muon bond (sublattice-

1: top part of Fig. 2.1);

φ = −19 degrees (for example, field perpendicular to in-plane Tib-Oh

bond), where the magnetic field is parallel to the in-plane O-muon bond

(sublattice-2: bottom part of Fig. 2.1);

We have calculated the frequencies for all 8 out-of-plane possibilites (ro-

tations of ±90 degrees and ±49.3 degrees for both sub-lattices). We always

get the same numbers, as expected.

The results of the expected frequencies using the scaled hyperfine param-

eters are shown in Table 2.2.

Table 2.2: Expected frequencies for the muonium like lines calculated using the

Hurst formulae (equation 1.41). α and β are the spin states (up and down). In

the text the first sub table will be known as a) the second sub table as b) and the

third sub table as c)

θ = 90, φ = 71 θ = 90, φ = −19 θ = 0

να νβ |να − νβ| να νβ |να − νβ| να νβ |να − νβ|
Out-of-plane 3.147 2.379 0.768 2.795 2.801 0.006 2.621 2.994 0.373

In-plane 2.048 3.484 1.436 3.147 2.379 0.768 3.238 2.162 1.076

Assuming A3 = 0

να νβ |να − νβ| να νβ |να − νβ| να νβ |να − νβ|
Out-of-plane 3.147 2.379 0.768 2.445 3.058 0.613 2.348 3.175 0.827

In-plane 2.048 3.484 1.436 3.147 2.379 0.768 2.702 2.702 0.000

Assuming A1 = 1.9 MHz, A2 = −1.45 MHz, A3 = 0

να νβ |να − νβ| να νβ |να − νβ|
Out-of-plane 3.228 2.308 0.920 2.460 3.041 0.581

In-plane 2.093 3.451 1.358 3.229 2.310 0.919

Experimental 2.11 3.41 1.30 3.23 2.32 0.91

These calculations assume that the isotropic part of the hyperfine con-

stant for the out-of-plane is the same. In reality it depends on the overlap



48 CHAPTER 2. TITANIUM OXIDE

between Ti d-electrons and oxygen orbitals and that may not be quite the

same for the in-plane Ti-O bonds as for the out-of-plane ones. Also, the

muon (and hydrogen) is bound to one of the six oxygen atoms of the TiO6

octahedron (see Fig. 2.6). However, these O atoms and the corresponding

bonds are not equivalent: The oxygen atoms which are in the same a−b plane

as Ti3+ (”in-plane”) differ slightly from the O atoms in the planes below and

above this plane (”out-of-plane”). The muon (hydrogen) bonds to the in-

plane oxygen form the ground state. Only this configuration is consistent

with the experimental hyperfine interaction observed in µSR and ENDOR.

At 1.2 K in µSR and at 5 K in ENDOR only the ground state is occupied.

We recall that there are two sublattices, rotated by 90◦, which give rise to

the two pairs of hyperfine lines seen in Fig. 2.4. Both pairs correspond to the

ground state configuration but they refer to different sublattices. The excited

state which becomes populated with increasing temperature corresponds to

the configuration where the muon (hydrogen) is bound to an out-of-plane

oxygen. The same assignment was made by Stavola et al. [7] in an IR study

of vibrational modes of deuterium in rutile TiO2. The hyperfine values of

the out-of-plane configurations are not known experimentally, but are shown

above calculated with the scaled principal axes values from the ENDOR ex-

periment. We have seen that the predicted frequencies of the excited state in

sublattice 2 (Fig. 2.6, TiO6 octahedron rotated by 90◦) are the same as those

of the ground state in sublattice 1 (TiO6 octahedron as shown in Fig. 2.6).

This is also plausible from symmetry consideration. Thus we take the ex-

perimental frequencies of the inner lines in Tab. 2.3 as the frequencies of

the excited state in sublattice 2. For the excited state in sublattice 1 we

rely completely on calculation. The calculated values are sensitive to the

A3 value. We recall that the A3 is close to zero in the muon case (Fig. 2.8)

and that this reduction in comparison to the ENDOR value likely arises to a

larger zero-point motion of the muon in the c-direction. We have thus taken

A3 = 0 in the calculation of the frequencies of the exited state in sublattice 1

(Table 2.2 b). For all other frequencies we used experimental values in the

simulation of the spectra.

The corresponding calculated frequencies are shown in Table 2.2 b. In

Table 2.2 c a refined version of Table 2.2 b is shown, where the A1 and
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Figure 2.8: µSR time spectrum (right) and corresponding Fourier spectra (left)

of rutile TiO2 at T = 1.2 K in an external magnetic field of B = 20 mT in the

[100] direction. Red line is a fit using a 1 relaxing component fit

A2 parameters were assumed in order to fit the experimental values for the

frequencies.

For these calculations we note that the frequencies obtained for the case

where the magnetic field is parallel to the in-plane O-moun bond (φ =

−19 degrees) are practically the same as those of the out-of-plane case for

φ = 71 degrees. These correspond to our observed inner lines and are high-

lighted in red in Table 2.2. This suggests that the out-of-plane O-muon bond

is somehow kept parallel to the [100] plane.

For the other case, things are much different: the frequencies obtained

when the magnetic field is perpendicular to the in-plane O-muon bond (φ =

71 degrees) are widely spaced, corresponding to the observed splitting of the

outer lines of about 1.3 MHz. However, the corresponding situation for the

out-of-plane configuration yields a very narrow splitting, so that these lines

are nearly collapsed over the diamagnetic line.

The out-of-plane lines either coincide with the inner lines or with the

diamagnetic line. However, if the out-of-plane positions were occupied, the

spectral weight of the inner lines would be double of that of the outer lines.

Although it is very hard to extract precise values for the asymmetries, we

have no evidence of any asymmetry unbalance of any sort.
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Again, for the out-of-plane configuration, the expected line splitting for

the case where the magnetic field is parallel to the [001] direction is much

smaller than for the in-plane case. We recall that we do not observe any

splitting at all for this geometry and the line broadening obtained is σ =

0.016(1)µs−1 for the gaussian relaxation of the line. This does not seem

compatible even with a broadening due to the out-of-plane line splitting

calculated.

We so conclude that the measured lines are due to muons stopping at

the in plane sites in the two sublattices. In Table 2.2 b we present the

line splitting which is a measure of the hyperfine interaction. It deviates

by about 10 to 15 % from the calculated value, slightly outside the quoted

errors. Experimental uncertainties, e.g. deviation from the nominal field

orientation, could partially or fully account for this discrepancy. On the

other hand a difference in the hyperfine interactions (normalized with the

magnetic moments) cannot be excluded (Table 2.2 c). In particular, larger

zero-point motions of the muon compared to hydrogen could yield differences

in the average hyperfine values. However, the main result of this comparison

is that the probe atom is bound to oxygen of the TiO6 octahedron around

Ti3+ and this geometry is the same for muon and proton. We compare here

muon results obtained at 1.2 K with hydrogen data measured at 5 K. This

is justified since in both cases the static situation is realized. The µSR data

at 5 K would not be adequate for comparison since there is some dynamics

involved as will be shown below.

2.3.2 Muon dynamics

The development of the spectral lines with increasing temperature is shown

in Fig. 2.9. It can be seen that the hyperfine splitting gets smaller with

increasing temperature and disappears completely at the still low tempera-

ture of 10 K. Furthermore, the two pairs of lines merge into one visible pair

already above 3.8 K.

The first question we want to answer is whether the disappearance of

the hyperfine interaction is due to dissolution of the muon-electron complex

or to local dynamics. A separation of the muon from the electron or vice
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Figure 2.9: Development of the line spectra as a function of temperature. The

dashed red lines are fits assuming an oscillation of the muon between neighboring

bonding positions (see text).
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Table 2.3: Comparison of the frequencies obtained in the µSR experiment with

the frequencies calculated with the hyperfine interaction parameters of the hydrogen

ENDOR experiment [8] scaled with the magnetic moment ratio of the muon and

the proton (this ratio is 3.183). The fourth and seventh column of Tab. 2.3 show

the line splitting which gives a rough estimate of the hyperfine interaction. For the

inner lines a negative hyperfine interaction was assumed (the sign is not measured

in the µSR experiment). These data refer to TiO2 with the magnetic field of

20 mT in the [110] orientation. The assignment to sublattice 1 and sublattice 2 is

discussed in the text.

Outer lines (sublattice-1) Inner lines (sublattice-2)

Frequencies ν1 ν4 ν4-ν1 ν2 ν3 ν2-ν3

Experimental (MHz) 2.12(2) 3.43(2) 1.31(3) 2.30(2) 3.20(2) -0.90(3)

Calculated from ENDOR (MHz) 2.05(3) 3.48(3) 1.43(4) 2.38(3) 3.15(3) -0.77(4)

versa would result in an increase of the diamagnetic and a decrease of the

paramagnetic fraction in the µSR experiment. This is, however, not the case,

at least not up to 7.5 K. In this temperature range, the paramagnetic fraction

determined by adding the intensities of the hyperfine lines or, at the higher

temperatures, via the intensity of the broader line, is constant and amounts

to about 40% of all muons (Fig. 2.10). Thus the collapse of the hyperfine

splitting must be due to some local dynamics or rearrangements.

There is overwhelming evidence in the literature that the Ti3+ polaronic

state is stable at temperatures below 10 K. The EPR signal of Ti3+ was

seen at least up to 60 K in studies of rutile TiO2 [60, 61]. The temperature

dependence of Ti3+ was investigated explicitly in a recent EPR experiment

[62]. The authors of this paper find that the Ti3+ center becomes unstable

above 15 K on a time scale of 100 seconds. The activation energy for the

disappearance of the signal is 24 meV. On the basis of this result one can

conclude that Ti3+ is definitely stable on a timescale of 10−6 s in the tem-

perature region below 10 K, i.e. at the conditions of the present experiment.

The EPR experiment excludes also fast spin flips below 10 K. These findings

are for the intrinsic polaron but they apply a fortiori also for the trapped

Ti3+. Thus a local motion or site change of the muon must be the cause for

the evolution of the µSR spectra with temperature.



2.3. RESULTS 53

0 2 4 6 8
0

20

40

60

80

100
 diamagnetic
 paramagnetic

Fr
ac

tio
n 

(%
)

Temperature (K)

Figure 2.10: Temperature dependence of the diamagnetic and paramagnetic

fractions with corresponding fit to a constant .

Gradual population of the excited state, without changing the frequencies,

cannot explain the shrinking of the hyperfine splitting with temperature. We

therefore assume that, at least in µSR, jumps between the two configurations

occur. A complete averaging over all bonding sites seems unlikely because of

geometric constraints. In the rutile structure, empty oxygen channels occur

parallel to the c-axis and the muon (hydrogen) is assumed to be located inside

these channels [63]. A movement of the muon out of a channel is prohibited

at this low temperature due to a relatively large energy barrier. But an

oscillation between neighboring bonds in the same oxygen channel is quite

reasonable. As indicated in Fig. 2.11, jumps may occur between position 1

(muon bound to the in-plane oxygen) and position 2 (muon bound to either

one of the out-of-plane oxygen below or above the plane), the muon remains

thereby in the same oxygen channel and in the same sublattice, and the

electron spin direction does not change.

We treat the site change movement in the fast jump limit. This is justified
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Figure 2.11: Sketch of the two muon configurations in rutile TiO2. The pro-

jection on the (001) plane is shown. The particles with the bright colors and the

solid boarders lie in the same a-b plane as Ti3+, while the others are below and

above this plane (adopted from Refs. [8, 64]). Site changes (dashed line) are possi-

ble between the two muon positions in the same oxygen channel. In the lower left

corner a schematic sketch of the potential between the two sites is displayed. A1

and A2 represent the principal axes directions of the hyperfine tensor in the (001)

plane (index 1 and 2 are interchanged compared to their use in Ref. [8])
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since it leads to the observed shrinkage of the hyperfine splitting. For slow

jumps the frequencies would basically stay at their positions and only the

intensities would change with temperature. But this is not observed. In the

fast jump limit the average frequency ν is given by

νi = (1− f)× νi(groundstate) + f × νi(excitedstate) (2.10)

The index i runs from 1 to 4 and f is the population probability of the

excited state. For νi(groundstate) we take the four frequencies shown in Fig. 2.4

and for νi(excitedstate) the estimated frequencies as discussed in the text. Av-

eraging occurs only for the νi pairs of the same oxygen channel and the same

sublattice. This corresponds to an oscillation of the muon between position

1 and position 2 as indicated in Fig. 2.11. We fitted the spectra in Fig. 2.9

allowing the frequencies νi to vary according to Eq. 2.10; the only free pa-

rameter is the fraction f of the excited state. The development of the spectra

is well reproduced by this model (dashed red lines in Fig. 2.9).

It is somewhat surprising that a small change of the muon position leads

to such a drastic change of the hyperfine interaction. The reason for this

unusual behavior lies in the strong anisotropy of the dipolar interaction (ideal

dipole angular distribution: 3 cos2 θ−1). In the present case, the frequencies

which have to be averaged lie on different sides of the diamagnetic line.

Thus the averaging leads to a reduction of the hyperfine splitting as observed

experimentally.

Figure 2.12 shows the population probability f of the excited state ob-

tained from the fit with Eq. 2.10. The solid and dashed line in Fig. 2.11 are

adjustments with a Boltzmann distribution:

f =
2e

−∆E
kT

1 + 2e
−∆E
kT

(2.11)

∆E is the energy difference between the ground state and the excited

state. The factor 2 in Eq. 2.11 takes into account that two bonds are available

for the excited state whereas only one bond exists for the ground state.

Thereby it is assumed that the muon stays in the oxygen channel and remains

bound to Ti3+ (see Fig. 2.11).
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Figure 2.12: Population probability f of the excited state as a function of tem-

perature. The solid line is a fit with a Boltzmann distribution for all data points,

the dashed line is for data up to 6.25 K. The fitted activation energies are given

in the figure.

The fit to all data points up to 10 K yields ∆E= 0.8(1)meV for the muon

in good agreement with values obtained by Herklotz et al. [65] in an IR study

of hydrogen in rutile TiO2. They report ∆E = 1.00(5) meV for hydrogen

and ∆E = 1.2(1) meV for deuterium. This comparison indicates a small but

not very significant isotope effect.

In Ref. [65] as in the present analysis only the ground state and the first

excited state were considered. Stavola et al. [7] included in their IR study a

third state with excitation energy of 11 meV and a height weighting factor.

In this analysis the splitting of the ground state and the first excited state

came out to be ∆E = 0.9(1) meV for deuterium. We suppose that our data

points at 7.5 K and 10 K, where the fits are not good, are also influenced by

this third state. If we include only the data up to 6.25 K, the fit in Fig. 2.12

(dashed line) yields 0.9(1) meV in agreement with the value obtained by
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Stavola et al. [7]. Thus in µSR there is also indication of the excitation

of this third state but because of the limited temperature range no further

specification can be made. Stavola et al. [7] assigned this third state to

hydrogen bound to oxygen atoms further away from Ti3+ than the six atoms

of the octahedron in Fig. 2.6.

2.4 Conclusions

In summary, we show via a comparison of the hyperfine interactions that in

rutile TiO2 muon and proton form the same configuration and the electronic

structure is the same within the experimental uncertainty. Deviations of the

hyperfine values of the two species besides the scaling with the magnetic mo-

ments can be explained by a larger zero-point motion of the muon compared

to hydrogen.

In addition, a detailed description of the low temperature bonding config-

urations is presented: the central part of the configuration consists of Ti3+,

at which the donor electron is mainly localized, surrounded by six oxygen

atoms. The muon, and the proton in the hydrogen case, is bound to one of the

six oxygen of this TiO6 complex. However, these bonds are not equivalent.

The ground state is formed by bonding to the ”in-plane” oxygen only; these

are the oxygen atoms which are in the same a-b plane as Ti3+. Two different

hyperfine interaction occur (two pairs of lines in Fig. 2.4) since the muon

may be in either one of the two magnetically inequivalent TiO6 sublattices

(octahedra rotated by 90◦ around the c-axis).

In the excited state, bonds to the remaining oxygen of the TiO6 octa-

hedron (”out-of plane”) are realized. The gradual population of the excited

state with increasing temperature and rapid fluctuations between the cor-

responding bonding sites leads to the collapse of the hyperfine interaction.

These site changes occur within the same oxygen channel and in the same

TiO6 sublattice.

The present data indicate an energy difference between ground state and

excited state of about 0.9(1) meV. Because of the rather limited temperature

range of the present study the value is not very precise but it is in the same

order of magnitude as the ∆E quoted in Ref. [7] for deuterium (also 0.9 meV).
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A rather low energy difference between the ground state and the first excited

state is expected since the bonds in the TiO6 are almost equivalent.



Chapter 3

Zirconia

3.1 Introduction

3.1.1 Motivation

Zirconia is a ceramic material with diverse uses as oxygen sensor, thermal

barrier coating, cladding material for nuclear reactors, among others. It has

also been considered as one of the high-permittivity (κ) oxides that may re-

place SiO2 as the gate dielectric in metal-oxide-semiconductor devices[45].

The use of high-κ oxides will allow a thicker layer for the gate dielectric,

thus decreasing tunnelling currents[45] while achieving the same level of ca-

pacitance. Zirconia possesses relatively high dielectric constant varying from

22(1) for the undoped monoclinic phase to 38(4) for yttria-stabilised zirconia

[66] and acts as an insulator with a 5.2 to 5.8 eV gap width.[15] Zirconia is also

commonly used as the solid electrolyte in solid-oxide fuel-cell technology,[67]

where the electrical conduction is governed through the motion and mobility

of oxygen vacancies.[6] The relevant phase of zirconia in this case is the cubic

phase rather than the ground-state monoclinic owing to superior mechanical

and electrical properties of the former.

As stated in Chapter 1, hydrogen is an ubiquitous impurity in materials

and zirconia is not an exception. It is frequently incorporated during pro-

cessing of zirconia and if no special treatment is applied to the sample the

expected hydrogen concentration in a given sample should be in the order

59
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of 1 × 1018 atoms/cm3. [68] In zirconia, hydrogen effects have been prin-

cipally related to proton conduction. There is accumulated evidence from

recent studies that in dense nanostructured zirconia the ionic conductivity

above room temperature can be dominated by proton conductivity at the

grain boundaries.[6, 69] The adsorption of water molecules at the surface

seems to play an important role in this process.[69] This has even led to

proposals of room-temperature operating devices using proton-conducting

electrolytes.[70] The proton diffusion is thought to occur via the Grötthus

mechanism with proton hopping between adjacent oxygen ions. However,

these conclusions are based upon purely macroscopic electrical impedance

measurements, from which it is very difficult to disentangle the sintering

effect from that of dehydration.[68]

From a theory standpoint, hydrogen states in zirconia have been stud-

ied in the past by first-principles calculations, nonetheless with the excep-

tion of an earlier attempt by µSR [11] a detailed experimental confirmation

and analysis is still largely lacking. More specifically, DFT-based calcula-

tions determined the type of hydrogen configurations and defect electrical

levels for hydrogen in the monoclinic [71, 5], the ideal cubic[72, 73] and

tetragonal[74] and the cubic yttria-stabilized[15] phases. For bulk crystalline

yttria-stabilized zirconia (YSZ)[15], in particular, the calculations have also

probed the migration behavior of hydrogen for various representative path-

ways inside the oxide. The hyperfine constants of the neutral hydrogen state

were also obtained for the bulk YSZ and for certain hydrogen configurations

at the core of a high-angle grain boundary.[17]

3.1.2 The phases of zirconia

At room temperature pure zirconia has a monoclinic structure. This phase

takes place at temperatures below 1170◦C, with a 6.09 g/cm3 density. (Zr4+)

cations are placed in planes parallel to the ”c” axis, separated by (O2−) anions

planes. Each Zr4+ is surrounded by seven oxygen ions, so that it is trian-

gularly coordinated with the oxygen ions from one plane and tetrahedrally

with the oxygen ions from another plane sketched in Fig. 3.1c.
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(a) Cubic

(b) Tetragonal

(c) Monoclinic

Figure 3.1: Schematics of the crystal structure of the three most important zir-

conia phases.

a) Cubic phase, highlighting the alternation between cubes with and without a Zr

cation.

b) Tetragonal phase, that we can see is a distorted cubic phase (distortion along

the ”ab” plane).

c) Monoclinic phase, and additional distortion in the ”c” direction when compared

to the tetragonal phase, that implies that each Zr cation now coordinates with 7

oxygen atoms only.

Blue spheres represent oxygen anions and the dark-brown sphere represents the

zirconium cation.
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The layer thickness is larger when the Zr ions are separated by ions from

the plane with which they are triangularly coordinated than when they are

separated by ions from the plane with which they are tetrahedrally coordi-

nated.

Between 1179◦C and 2340◦C a tetragonal phase is exhibited with a 6.10

g/cm3 density. It has a structure where each Zr4+ is surrounded by eight

oxygen ions, four of them at a distance of 2, 455 Å and the remaining four

at 2, 650 Å sketched in Fig. 3.1. This structure is similar to a distortion of

the cubic fluorite structure [75]. Above 2340◦C zirconia has a cubic fluorite

structure sketched in Fig. 3.1.

At low temperatures the cubic phase can be stabilized by suitable doping

with tri-valent or divalent transition-metal oxides (Y2O3, Sc2O3, MgO, CaO)

which also leads to the formation of oxygen vacancies in the lattice as charge-

compensating defects.

3.1.3 Theoretical results

As discussed in chaper 1 semi-local DFT calculations are a powerful tool to

help explaning the µSR experimental data and hence to give a more complete

picture of hydrogen behaviour in materials. As mentioned in the introduction

(Chapter 1) Dr. Apostolos Marinopoulos has performed extensive theoreti-

cal modelling of the hydrogen impurity in zirconia using ab-initio methods

[15, 17]. In particular semi-local DFT calculations were used to obtain the

minimum-energy supercells of the bulk crystalline scandia-stabilized zirconia

(ScSZ) and YSZ cubic phase.

We now briefly summarize the results of these ab-initio calculations. The

formation-energy plot for the low-energy charge states of hydrogen is shown

in Fig. 3.2a for ScSZ and Fig.3.2b for YSZ, as a function of the Fermi-level

position in the band gap, Egap. In the same figure the thermodynamic charge-

transition levels are indicated by the vertical lines. These results show that

the isolated hydrogen impurity is an amphoteric defect in cubic ScSZ as well

as in YSZ with the pinning level E(−/+) lying well within the energy gap of

the host [15]. This is consistent with the behavior of hydrogen in monoclinic

phase of pure zirconia.[5] Furthermore, both the acceptor and donor levels,
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Figure 3.2: Formation-energy plot of the different charge states of hydrogen in

ScSZ (a) and YSZ (b) as a function of the Fermi-level position in the gap. The

plot shows the results obtained by DFT calculations. The thermodynamic charge-

transition levels, E(q/q′), are denoted by the vertical lines. The valence-band edge

(Fermi energy = 0) defines the reference energy for the Fermi level which spans the

band gap up to the conduction-band minimum (EC in (a) and CMB in (b)). The

plot depicts the formation energies of the lowest-energy structures that hydrogen

forms in the ScSZ (a) and YSZ (b) [15] cell for each of its charge states.

E(−/0) and E(0/+), respectively, are deep levels that lie appreciably away

from the respective bands edges (EV and EC), with positions at: E(−/0) =

EV + 2.21 eV and E(0/+) = EC − 0.83 eV for ScSZ and E(−/0) = EV +

2.06 eV and E(0/+) = EC − 0.58 eV for YSZ. These results suggest that

thermal ionization of neutral hydrogen at low and moderate temperatures is

extremely difficult.

For the lowest energy structure in the oxygen bound configuration the

corresponding spin-density profile calculated DFT, shown in Fig. 3.3a and

Fig. 3.3b, suggests clearly that neutral hydrogen in ScSZ and in YSZ is

not a shallow-donor defect. Instead, the electron possesses a very compact

(localized) 4d-type density distribution rather than a delocalized character,

confirming its deep-donor nature as inferred from the formation-energy plot

(see Fig. 3.2a and Fig. 3.2b). It can also be seen that it is trapped at neigh-

boring Zr ions, with an asymmetric distribution. The spin density displays
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(a) ScSZ (b) YSZ

Figure 3.3: a) Atomistic structure of a neutral oxygen-bound hydrogen configu-

ration in ScSZ obtained from the hybrid (HSE06) calculations. The spin-density

isosurface reveals the localization of the excess electron is shown in yellow.

b) Electron-density isosurface (in yellow) for the defect state of the neutral bond-

type hydrogen configuration. The plot depicts the cubic supercell and the charge

isosurface for the occupied defect-induced level in the gap. The results were ob-

tained from the hybrid (HSE06) calculations.[15]

The chemical elements are represented as follows:H(small red sphere in the mid-

dle),Zr (smaller dark-brown spheres), O (larger blue spheres), Sc (large light-grey

spheres) in a) and Y (very large light-gray spheres) in b).
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Figure 3.4: Electron-density isosurface (in yellow) for the defect state of the neu-

tral interstitial hydrogen configuration in YSZ. The plot depicts the cubic supercell

and the charge isosurface for the occupied defect level in the gap. The results were

obtained from the hybrid (HSE06) calculations. In the case shown here hydrogen

resides in the oxygen-vacancy site. The chemical elements are represented as fol-

lows:H(small red sphere in the middle),Zr (smaller dark-brown spheres), O (larger

blue spheres), Y (very large light-gray spheres).[15]

a more dominant weight on a Zr ion located at a distance of 3.9 Å to the hy-

drogen nucleus for the case of ScSZ and at a distance of 4 Å to the hydrogen

nucleus for the case of YSZ. The isosurface profile also shows considerable

weight of the excess electron in the interstitial space of the fluorite lattice.

Inspection of the displacement field near the defect further showed that the

excess electron polarizes locally the oxide lattice. In particular, the ZrO dis-

tances around the Zr ion which carries the largest electron density increase

by as much as 0.10 Å in order to accommodate the extra electron. This is

a signature of a small polaron formation induced by the presence of the hy-

drogen electron, which in turns becomes trapped near the hydrogen impurity
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site. This outcome was confirmed by examining several other oxygen-bound

H0 higher energy geometric arrangements in different parts of the supercell.

In all of them the excess electron showed similar trapping characteristics.

Similarly, hydrogen was found to be an amphoteric defect exhibiting a deep-

donor (atom like) behaviour in its lowest energy structure shown in Fig. 3.4

for YSZ.

The calculated hyperfine interactions values Aiso between hydrogen and

the so called excess electron for the oxygen bound configuration were ex-

tremely small. In all calculated geometric arrangements of this configuration

Aiso was less than 1 MHz, and even equal to zero for one of the higher en-

ergy arrangements. These findings are indicative of a vanishing (almost non

existent) spin density at the site of the hydrogen nucleus. The lowest-energy

neutral oxygen bound configuration in ScSZ (depicted in Fig. 3.3a), in par-

ticular, was found to possess a Fermi-contact term with a magnitude of 0.45

MHz in the DFT calculations. The same oxygen bound configuration also

possessed a dipolar hyperfine constant D equal to 2.4 MHz. Other higher en-

ergy geometric arrangements of this oxygen bound configuration had however

smaller values of D. These variations in the value of D suggest a dependence

of the anisotropic hyperfine interaction upon the angular distribution of the

spin density with respect to the hydrogen site as well as upon the distance

between the hydrogen nucleus and the Zr ion which carries most of the spin

density. No values of hyperfine interaction were calculated for the YSZ case

but values are expected to be similar

These calculations clearly show that the oxygen bound configuration is

characterized by a small value of the hyperfine interaction, dominated by the

dipolar component.

In the case of the interstitial atom like configuration only calculations

relative to YSZ are available. In bulk YSZ there are two hydrogen/muon in-

terstitial atom like configurations. A cube centred configuration (cc), where

the muon occupies a position in an empty cube (see Fig. 3.1), and a oxygen-

vacancy configuration (V0), where the muon occupies a structural oxygen-

vacancy position (Fig. 3.4) [15]. Calculations in interstitial atom like hydro-

gen at the core of a high-angle grain boundary in YSZ were also made by

Dr. Apostolos [17] where two different interstitial atom like configurations
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are reported (Core1 and Core2). Values of the hyperfine interaction for these

atom like configurations were calculated between 3682 MHz and 3349 MHz

and between 3285 MHz and 2976 MHz for two different geometric configura-

tions of the V0 atom like configuration (in internal reports of Dr. Apostolos

he stated that in his calculations the cc atom like configuration yields values

of hyperfine interactions similar to those for the V0) The atom like configu-

rations for the grain boundary configurations in YSZ are calculated between

3361 MHz and 3018 MHz for Core1 and between 2709 MHz and 2197 MHz

for Core2 (the uncertainty depends on the type of functionals and the cutoff

energy used in the calculations). In each case D was non zero but no more

that 25 MHz for the bulk case and no more then 35 MHz in the atom like

configuration at the core of the grain boundary.

The minimum energy pathways (MEP) were also calculated by Dr. Apos-

tolos [15], in the scope of this project, to determine the interstitial-to-bond

site changes and the activation energy of these migrations for bulk YSZ. Fig-

ure 3.5 represents the overall findings of these calculations. As we can see in

this figure there is a barrier of about 0.1 eV that needs to overcome for the

muonium/hydrogen atom to go from the interstitial atom like position (V0

or cc) to the oxygen bound site.

The long discussions between theoretical finding and the experimental

results, that we will now present, worked hand in hand to produce a cohesive

model.

3.2 Experimental details and analysis

3.2.1 Introduction

Muon-spin rotation and relaxation experiments took place at the EMU in-

strument of the ISIS Facility, Rutherford Appleton Laboratory, United King-

dom. Conventional transverse-field and longitudinal-field were undertaken

from liquid-helium temperature up to 700 K, and the respective experimen-

tal details will now be presented.

In the experiments the following polycrystalline samples were used: an

undoped monoclinic ZrO2 sample (obtained commercially from Alfa Aesar),
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a scandia-stabilized ZrO2 sample (ScSZ, obtained commercially from Sigma-

Aldrich), an yttria-stabilized ZrO2 sample (YSZ, kindly provided by INNOV-

NANO), a magnesia-partially-stabilized ZrO2 sample (MgSZ, obtained com-

mercially from Goodfellow) and two calcia-doped ZrO2 samples (ZrO2:Ca

and CaSZ, obtained commercially from Alfa Aesar).

The crystallographic structure of the samples was verified using X-ray

diffraction (XRD) at the TAIL (Trace Analysis and Imaging Laboratory) at

the University of Coimbra. XRD patterns were collected over a 2θ range of

10o− 135o in steps of 0.01o and exposition of 2 s per step using a Bruker D8

Advance diffractometer with Cu Kα radiation. The data were analyzed by

the Rietveld method using the TOPAS software.[76] The results are summa-

rized in Table 3.1. We recall that the local structures of the cubic and of

the tetragonal phases are very similar and distinct from the monoclinic local

structure. [75]

The samples were stored and handled in air. During the measurements,

the samples were in low-pressure helium exchange gas. No significant struc-

tural change with ambient atmosphere is expected to occur for temperatures

below 1000 K.

These measurements allowed us to identify and characterize the muonium

/ hydrogen configurations in zirconia, through low temperature (≤ 100K)

transverse-field measurements as well as room temperature longitudinal-field

measurements. An interstitial state and an oxygen bound state were iden-

tified and the missing fraction was characterized by complementary mea-

surements in high-transverse field, performed at the TRI-University Meson

Facility (TRIUMF), Canada.

A highly relevant interstitial to oxygen bound site conversion was also

characterized.

3.2.2 Basic TF data

In Fig. 3.6 we present typical transverse-field time spectra obtained for the

listed samples in table 3.1 and 3.2, at the lowest measured temperature sum-

marised in table 3.3 and with an applied transverse-field B = 10 mT. We note

that, despite the overall differences between the samples (doping, crystallo-
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Table 3.1: List of samples used in this work together with crystallographic

details of composition verified with X-ray diffraction. Errors in phase abundance

are indicated only when at least two phases were clearly identified.

Sample Designation Composition Crystal Structure

Cubic % Tetragonal % Monoclinic %

ZrO2 (undoped) ZrO2 100

ScSZ (Sc0.1Zr0.9)O1.95 35(1) 65(1)

YSZ (Y0.08Zr0.92)O1.96 100

MgSZ (Mg0.04Zr0.96)O1.96 30.6(4) 41.7(4) 27.8(3)

ZrO2:Ca (monoclinic) (Ca0.06Zr0.94)O1.94 100

CaSZ (Ca0.06Zr0.94)O1.94 81(1) 19(1)

Table 3.2: Grain size of the crystallographic phases identified with x-ray diffrac-

tion in the ZrO2 samples used in this work.

Sample Grain Size (nm)

Cubic Tetragonal Monoclinic

ZrO2 (undoped) 79.4(5)

ScSZ 76(6) 17.9(5)

YSZ 12.7(1)

MgSZ 27.0(5) 34.3(6) 30.8(8)

ZrO2:Ca (monoclinic) 48.8(7)

CaSZ 70(3) 20(2)
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graphic structure, grain size, as expressed in Table 3.1), all samples show a

remarkably similar behaviour, which expresses the local nature of the muon

probe. A clear slightly damped oscillation at the Larmor frequency ω/2π=

(γµ/2π)B = 1.39 MHz is observed, corresponding to muons forming a diamag-

netic component. However a fit using a single relaxing oscillation does not

model correctly the low temperature time spectra. An additional component

with a higher relaxation, corresponding to muons forming a paramagnetic

component, is needed. However, the choice of the fitting function is far from

trivial, particularly the shape of the additional relaxation.

The choice of the fitting function

The presence of the additional relaxing component was obvious from the first

preliminary analysis with a single component, which yielded poor fits (either

with a lorentzian or a gaussian shape). Analysis with a single component fit

with a stretched exponential relaxation (e(−λt)
β
) however yielded satisfactory

χ2 values. The β parameter, in these stretched exponential fits, was always

between 0.5 and 1, a clear sign that we have a mixture of various peaks

(lorentzian and or gaussian shaped). The discovery and characterization of

the donor polaron state in TiO2 (Chapter 2) led us to use the polaron model

also in ZrO2 (which, as we will detail, provides excellent results.)

Another important analysis problem is related to the interdependence of

the asymmetries and relaxations (namely the relaxation of the additional

component). Again, the polaron donor model presented for TiO2 allowed us

to decide a successful analysis strategy, based upon fixing the asymmetries

to the lowest temperature value, as will be detailed in the next section.

We have thus fitted the data with a sum of two components:

A(t) = Ade
− 1

2
σ2tcos(ωt+ φd)+

+Ap1e
−λp1 tcos(ωt+ φp1)

(3.1)

where Ad and Ap1 are respectively the diamagnetic and paramagnetic asym-

metries, σ is the gaussian diamagnetic relaxation, λp1 is the lorentzian para-

magnetic relaxation, φd and φp1 are respectively the diamagnetic and para-

magnetic phases.
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For the MgSZ and the Calcia doped samples (CaSZ and monoclinic

ZrO2:Ca), an additional paramagnetic relaxing component with a relaxation

of about 10 times higher is present. This relaxation presents a clear lorentzian

shape. These data were thus fitted with a sum of three components:

A(t) = Ade
− 1

2
σ2tcos(ωt+ φd)+

+Ap1e
−λp1 tcos(ωt+ φp1)

+Ap2e
−λp2 tcos(ωt+ φp2)

(3.2)

where the subscript p1 and p2 denote the slower and faster relaxing param-

agnetic component respectively.

Data analysis were completed with the WiMDA program. [77] A room

temperature calibration with a silver sample at B = 10 mT allowed to extract

the maximum instrumental asymmetry Amax and therefore to measure the

fraction of muons thermalizing at each configuration.

The final fitting function was thus chosen according to the following cri-

teria:

• The diamagnetic fraction relaxation is attibuted to nuclear broadening

(Van Vleck relaxation) which is well known to be modelled using a

gaussian relaxation (σ) shape as shown in Ref. [28, 78].

• The additional paramagnetic component was modelled with a lorentzian

shape similarly to the pedestal seen in Ref. [79, 80] where the shallow

muonium lines are too broad and/or have a too small amplitude to be

clearly defined (this will be discussed in detail in the next section).

3.3 Discussion

The temperature dependence of the paramagnetic relaxation λp1 for most

of our samples is presented in Fig. 3.7. We note that no CaSZ sample plot

is shown because in that temperature range we only have five data points,

however they are consistent with the trend of ZrO2:Ca. At the lowest tem-

peratures, this relaxation is about one order of magnitude higher than the
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Figure 3.6: Muon spin asymmetry as a function of time, in transverse geometry

(B = 10 mT), at low temperatures (Table 3.3). The maximum instrumental asym-

metry is indicated (horizontal dashed lines), showing the existence of an unobserved

fraction of muon spin polarization (missing fraction). A rapidly decaying compo-

nent is prominent in the first 6 µs, superimposed to a slowly relaxing component

dominant for higher times.
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diamagnetic relaxation σ and thus easily distinguishable. However, λp1 de-

creases as temperature increases up to room temperature, making the sepa-

ration increasingly difficult as the two relaxations become similar. Above c.

100 K it is no longer possible to separate the two relaxing components in the

fits and a single relaxing component was used in the analysis. As shown in

Fig. 3.7, the relaxation gradually approaches a value which is consistent with

the Van Vleck relaxation due to dipolar nuclear broadening. In the temper-

ature range 7 − 100 K, the diamagnetic relaxation is expected to be fairly

constant, any effects due to possible motional narrowing being negligible.

Preliminary analysis revealed that the asymmetries Ad and Ap1 are constant

within the above-mentioned temperature range; this is also consistent with

the polaron model presented below. For temperatures below 100 K and for

each sample, we have thus fixed the asymmetries Ad and Ap1 at the lowest

temperature value, as well as the diamagnetic relaxation at σ = 0.03 µs−1.

In Table 3.3 we summarize the results of this analysis: we indicate the

fractions fd, fp1 and fp2 of muons thermalizing in each configuration, as well

as the fraction of muon spin polarization which is not observed (missing

fraction) fmiss. As will be discussed in detail below, we assign the diamag-

netic and paramagnetic p1 component to the oxygen-bound configuration

(described section 3.1.3). However the diamagnetic site has a Zr4+ ion neigh-

bour and the paramagnetic p1 site has a Zr3+ polaron neighbour. The missing

fraction likely corresponds to muons thermalizing at the interstitial config-

urations, and its recovery and dynamics can be analysed by means of the

repolarization curve and of the behaviour of the additional relaxing compo-

nent.

3.3.1 Oxygen Bound State

We will now discuss the assignment of the diamagnetic fraction fd and of

the slowly-relaxing paramagnetic fraction fp1 to muons thermalizing at the

oxygen bound configuration.
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Figure 3.7: Temperature dependence of the slowly-relaxing paramagnetic relax-

ation λp1. The line is a fit as detailed in the text.

Diamagnetic State

As mentioned already, the diamagnetic fraction has a very small relaxation

consistent with that expected from dipolar nuclear broadening (Van Vleck

relaxation). This fraction most likely corresponds to muons thermalizing as

Mu+ at the oxygen bound configuration, according to the theoretical pre-

dictions of section 3.1.3. As usual in µSR experiments, it is not possible

to distinguish directly Mu+ from the negatively charged diamagnetic config-

uration Mu−, but the fact that Mu− requires the capture of two electrons

during the thermalization process of the muon makes it always a far more

improbable process.
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Table 3.3: Fitted fractions and relaxations for the different samples at the in-

dicated temperatures. The applied transverse field is 10 mT. The diamagnetic

relaxation was fixed to σ = 0.03 µs−1 to all samples. The indicated errors repre-

sent the statistical errors obtained directly from fitting. As discussed in the text,

the systematical errors are higher.

Sample T (K) fd (%) fp1 (%) fp2 (%) fmiss (%) λp1 (µs−1) λp2 (µs−1)

ZrO2
7.8 16(1) 21(1) 63(2) 0.20(2)

(undoped)

ScSZ 7.8 16(1) 79(2) 5(2) 0.19(1)

YSZ 8.6 15.2(3) 67.3(2) 17.5(4) 0.270(2)

MgSZ 9.4 16(2) 69(1) 8(2) 7(3) 0.21(1) 1.3(5)

ZrO2:Ca
9 18(2) 51(1) 7(2) 24(3) 0.18(1) 1.0(5)

(monoclinic)

CaSZ
10 27(2) 56(2) 7 10(3) 0.20(1) 1.0

(cubic)

Paramagnetic state (p1)

As for the slowly-relaxing paramagnetic component fp1 it corresponds to

muons in the presence of a non-zero hyperfine interaction. However, the fact

that this hyperfine interaction is too small prevents the clear observation of

its distinctive powder-pattern spectrum,[81] which is here collapsed over the

diamagnetic line and manifests itself as an additional broadening. [28, 82]

An upper bound for the hyperfine interaction can nevertheless be estimated.

In Fig. 3.8 we present a Fourier transform of a high statistics spectrum

obtained for YSZ at 8.5 K. This Fourier spectrum was obtained using the

Lomb method[83] and the level of probability of false alarm below 0.0001 is

shown as a pointed line. From the similar case of TiO2 we know that the hy-

perfine interaction is mainly dipolar.[13, 8] We may immediately estimate its

approximate value from the full width at half maximum of the line, yielding

D ≈ λ/π = 0.11 MHz. A closer inspection to Fig. 3.8 reveals the existence of

a small spectral power above the threshold for false alarm, at f1 ≈ 1.3 MHz

and at f2 ≈ 1.5 MHz. These are easily attributable to the known ringing
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effects in Fourier analysis, but may also correspond to the expected steps of

a powder-pattern hyperfine spectrum [81]. This powder pattern is calculated

using the function used by H. V. Alberto et al. [81] that relates the fourier

power (f(ν)) and the frequency (ν):

f(ν) =
dP

dν
=
dP

dθ

dθ

dν
=

√
3D

2

√
2

(
|ν − ν0| −

Aiso
2

)
+
D

2

for ν0 −
A‖
2

6 ν 6 ν0 −
A⊥
2

and ν0 +
A⊥
2

6 ν 6 ν0 +
A‖
2

(3.3)

where ν0 is the center of the distribution, A‖ = Aiso+D and A⊥ = Aiso− 1
2
D.

The powder pattern represented as a red dashed line in Fig. 3.8 is a simula-

tion using a value of Aiso = 0 and a value D corresponding approximately to

D ≈ f2 − f1 = 0.2 MHz. Both approaches allow to conclude that the hyper-

fine interaction responsible for λp1 is of almost pure dipolar origin (Aiso ≈ 0)

with a dipolar term D ≈ 0.1 MHz (at most 0.2 MHz) for YSZ. The estimated

values for D in the samples studied in this work range from the highest value

found for YSZ, D ≈ 0.11 MHz, to the lowest value D ≈ 0.04 MHz for

CaSZ, the span likely arising from the small differences in the lattice relax-

ation around the muon oxygen bound configuration and the corresponding

different distances of the Zr cations.

The nature of this hyperfine interaction can be understood from the theo-

retically predicted configuration for the neutral oxygen bound state, as shown

in Fig. 3.3a. There it is predicted that the electron associated to the neutral

oxygen bound configuration is in fact not centered at the muon, but instead

forms a polaronic state with the electron density localized asymmetrically at

nearby Zr4+ ions, with an extremely small hyperfine interaction dominated

by the dipolar component. A careful inspection of Fig. 3.3a and the corre-

sponding calculations reveals that the electron is spread over three Zr4+ ions,

although with a dominant weight to one of them, the latter could then be

considered to be reduced to Zr3+ to a good approximation. Such a geomet-

rical arrangement can lead to a large compensation of the dipolar part from

different regions of the electron distribution. This polaronic state has been

proposed for cubic-stabilized zirconia both in EPR measurements [84, 85]
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Figure 3.8: µSR Fourier spectrum of YSZ at T = 8.5 K in an external magnetic

field of B = 10 mT. The red dashed line is a simulation of a powder spectrum with

Aiso = 0 MHz and D = 0.2 MHz, as discussed in the text.

and in ab-initio calculations [15]. These polaronic centres can also be created

when samples are irradiated with UV light or X-rays or subject to treatment

in hydrogen atmosphere.[86] As we have described in chapter 2, such a po-

laronic state is also present in TiO2, a system similar to ZrO2 [13, 87, 8].

The difference between the experimental value of the hyperfine interaction

and the predicted computational value for the lowest-energy neutral oxygen-

bound configuration is probably an indication that the lattice does not reach

its full relaxed configuration around the muon during the time of the exper-

iment (about 15 µs, see Fig. 3.6). The observed differences in λp1 for the

different samples (Table 3.3) are likely due either to small differences in the

distances between the hydrogen/muon neutral oxygen bound position and

the nearby zirconium atoms or to changes in the electron density function.



3.3. DISCUSSION 79

3.3.2 Temperature dependence of the paramagnetic re-

laxation

We now address the temperature dependence of the slow paramagnetic com-

ponent λp1 , shown in Fig. 3.7. We have extracted the activation energy of

this mechanism by fitting the data in Fig.3.7 with a Boltzmann like function:

λp1(T ) =
1

1 +Nexp(−Ea/kBT )
(3.4)

where Ea is the activation energy of the process, kB is the Boltzmann con-

stant, and the empirical parameter N relates to the shape of the binding

potential. We fixed (after an initial fit with free parameters) the weight fac-

tor to N = 18(3) for the monoclinic samples (undoped ZrO2 and ZrO2:Ca)

and N = 4(1) for the cubic/tetragonal samples (ScSZ and YSZ); an inter-

mediate value of N = 9(2) is found for the mixed MgSZ sample. The results

for the activation energies obtained using this analysis are summarised in

Table 3.4 for all samples except cubic CaSZ. For this sample the little ex-

istent data do not allow this analysis, but are overlapping with the data of

monoclinic ZrO2:Ca and consistent with the corresponding activation energy.

A decrease of λp1 with temperature can be attributed to a number of

phenomena such as ionization of the polaron, spin fluctuations, motional

narrowing due to movement of the muon or different muon-polaron distances

due to differences in the electron thermalization.

Of these four models, two seem unlikely: the ionization of the Zr3+ po-

laron does not seem possible if we take into account that EPR data reveal that

the corresponding activation energy is at least 0.1 eV for reduced samples [88]

which is much higher then what we get (Table 3.4). Motional narrowing due

to movement of the muon (as in TiO2) is also unlikely to occur, because the

onset of muon motion between near equivalent hydrogen/muon sites, calcu-

lated by Dawson et al., [89] requires activation energies much higher (about

0.4 meV) then those indicated in Table 3.4.
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Spin fluctuating model

In this model λp1 has two contributions, one part λe is due to the nearby

electron, and the other λnuclear is due to the magnetic field distribution caused

by the surrounding nuclear moments, so λp1 = λe − λnuclear. For these very

small relaxations is approximately equal to the diamagnetic relaxation σ.

The decrease with temperature can be attributed to line narrowing due to

electron spin fluctuations [90]. In this model an estimate of the spin-lattice

relaxation time T1 [91, 92] can be estimated using the expression:

T1 =
1

2λe
(3.5)

We obtain T1-values in the order of 1 µs at 100 K. As far as we know, the

value of T1 for the corresponding T center observed in EPR measurements

has not been measured and only T1 values for the F center (electron trapped

in an oxygen vacancy) are known (T1 = 7µs at T=100 K) [93]. In this model

the activation energies presented in Table 3.4 will correspond to the energy

needed to start these spin fluctuations.

Electron thermalization model

As a final alternative, we consider this process in relation to the formation

process of this configuration: the mean distance between the polaron and the

muon is bound to increase with temperature, meaning that the electron that

comes with the muon and creates the polaron can ”thermalize” at longer

distances from the muon position. In this model, that we consider the most

likely, the extracted activation energies in Table 3.4 are identified with the

binding energy of the muon to the electron. The observed differences in the

fractions shown in Table 3.3 are probably due to changes in the formation

probabilities due to the different crystal structures and to the different cation

dopants which likely change the crystal lattice vibrations and therefore af-

fect the final thermalization stages. [94] The same factors affect as well the

binding energies shown in Table 3.4.
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Table 3.4: Activation energies associated to the decrease of the paramagnetic

relaxation λp1 with temperature.

Sample Activation Energy (meV)

ZrO2 (undoped) 15(1)

ScSZ 15(1)

YSZ 12(1)

MgSZ 5(1)

ZrO2:Ca (monoclinic) 7(1)

3.3.3 Atom-like Interstitial State

Longitudinal Field Study

A notable feature shown in table 3.3 is the fact that a significant part of

the muon spin polarization is not observed at low temperatures (missing

fraction, fmiss). As noted above, the fractions (and also the missing fraction)

do not vary visibly up to 150 K. The missing fraction is related to muons

depolarizing rapidly during the thermalization stage, due to the formation

of deeply bound muonium. We thus assign the missing fraction to muons

thermalizing in the interstitial configurations discussed in section 3.1.3 (either

the pure interstitial or the oxygen-vacancy site). The hyperfine interaction

associated to these configurations can be nevertheless characterised by means

of the longitudinal-field repolarization technique discussed in chapter 1

We note that the repolarization curve of undoped monoclinic zirconia has

already been published in reference [11] and is consistent with a vacuum-like

state. We have now performed repolarization studies for ZrO2:Ca (mono-

clinic) and YSZ only (figures 3.9 and 3.10, respectively), which show remark-

able differences. The repolarization curve for ZrO2:Ca shown in Fig. 3.9

presents the monotonic increase characteristic of a deep isotropic state. The

curve in Fig. 3.9 is a fit with the usual isotropic repolarization curve,[28, 95]

yielding a hyperfine parameter Aiso = 3.02(8) GHz, characteristic of a deep

compact state. However, the repolarization curve for YSZ presented in

Fig. 3.10 is two-stepped, which is a usual sign of anisotropy.[96] We have

thus fitted the data in Fig. 3.10 with the phenomenological repolarization

functions proposed by Pratt in ref. [96] and obtained Aiso = 2.1(2) GHz and
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Figure 3.9: Repolarization curve for ZrO2:Ca (monoclinic) at T = 300 K. The

red line is a fit assuming an isotropic hyperfine interaction A = 3.02(8) GHz.

D = 0.13(2) GHz. The corresponding fit is shown as a red line in Fig. 3.10.

Alternatively, the repolarization curve in Fig. 3.10 can be fitted to a combi-

nation of two isotropic states with Aiso1 = 1.9(1) GHz Aiso2 = 0.11(1) GHz.

The remarkable differences in the repolarization curves shown in Figs. 3.9

and 3.10 may be due to a combination of factors. As discussed in section 3.1.3,

in bulk YSZ an atom-like configuration may stabilize at either the oxygen

vacancy (V0) or at a cube center interstitial site (cc) [15]. It is therefore a

possibility that the different repolarization curves correspond to these two

structurally different interstitial sites.

However, we note that the ZrO2:Ca sample corresponding to the repo-

larization curve in fig. 3.9 is purely monoclinic, whereas the YSZ sample

corresponding to the repolarization curve in fig. 3.10 is purely cubic. The

hyperfine interactions associated to the repolarization curves in Figs. 3.9 and

3.10 could therefore both correspond to neutral muonium in the cube cen-

ter interstitial site, the differences in the hyperfine interactions arising from
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Figure 3.10: Repolarization curve for YSZ at T = 300 K. The red line is a

fit assuming an axially symmetric anisotropic hyperfine interaction with Aiso =

2.1(1) GHz and D = 0.13(2) GHz.

the different local electronic structure of the cube center associated to the

different crystallographic structure. However, the hyperfine interaction for

interstitial hydrogen in cubic bulk YSZ, as referred in section 3.1.3, has been

calculated in Ref. [17] to be essentially isotropic with Aiso ≈ 3 GHz. This

value is much larger than our experimental value of Aiso = 2.1(1) GHz for

YSZ, but is remarkably close to our experimental value Aiso = 3.02(8) GHz

for ZrO2:Ca. The comparison of the experimental and of the ab-initio val-

ues, together with the assumption that the muon is sensitive at a local level,

suggests that the calculated isotropic state is being observed in ZrO2:Ca but

not in YSZ.

As mentioned, the two-stepped recovery (Fig. 3.10) could in principle

be due to hyperfine interactions of muons at different sites. However, the

smaller of the two interactions (Aiso2 = 0.11(1) GHz) corresponds neither

to a value expected for the interstitial site nor to a value expected for the
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bound configuration. Therefore, the more likely interpretation can be pro-

posed taking in to account the grain sizes shown in Table 3.1 (13 nm for YSZ

and 49 nm for ZrO2:Ca). The grain sizes in YSZ are much smaller, making

the role of the grain surface much more important. In muon spectroscopy

experiments in nanocrystalline II-VI semiconductors strong evidence of for-

mation of surface states was found.[97] The segregation of impurities to the

surface of nanograins is a well known effect [98] and is also known to be

enhanced with decreasing grain size. [99]. Moreover, as said in section 3.1.3,

first-principles calculations showed that hydrogen at the grain boundary core

was characterized by different Aiso values from those of hydrogen in the bulk

regions, and in certain cases with corresponding magnitude smaller by as

much as 20 %. This finding was attributed to the distinct interface structure

of the grain boundary which could allow (for certain cases) a much larger

spilling of the valence electron density to neighboring ions, thus,leading to a

reduction of the spin density at the hydrogen nucleus and, consequently, a

smaller Aiso value for hydrogen at the grain boundary core. This reduction

of the hyperfine interaction at the YSZ grain boundary leads to values as

low as Aiso ≈ 2.3 GHz (after scaling taking into account the 3.183 factor

of the magnetic moment ratio of the muon and the proton), which com-

pare well with our experimental value. It looks therefore probable that the

anisotropic component seen in Fig. 3.10 corresponds to muonium influenced

by the surface of the grains.

A final note with respect to the second relaxing paramagnetic component

observed in MgSZ, CaSZ and ZrO2:Ca (monoclinic). As shown in Table 3.3,

we observed this relaxation in these samples only, with values of the order of

1µs−1. We note that once more we have little available data for the CaSZ

sample: as indicated in Table 3.3, we have thus fixed the relaxations λp1

and λp2 of the corresponding paramagnetic components equal to the values

found for the monoclinic ZrO2:Ca sample. We have investigated this second

relaxing paramagnetic component through muon spin rotation experiments

at high-transverse field (up to 7 T) performed using the HiTime instrument

of the M15 beamline at TRIUMF.
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High TF study

The high-transverse field experiments were performed on the undoped ZrO2

sample and also on a high-purity powder sample of monoclinic HfO2, obtained

commercially from Alfa-Aesar. The importance of the study of monoclinic

HfO2 in conjunction with undoped ZrO2 other than the fact that these are

oxides with the same structure and the transition metal in the oxide is from

the chemical same group (Group IV), is that HfO2 is one of the most common

defect in all high purity ZrO2 (according to all our samples). Data analysis

of this high-transverse field spectra was done using the WiMDA program

[77]. The data reveal the presence of two components precessing at the

diamagnetic Larmor frequency ωL, with very different relaxations.

The data were therefore fitted with two relaxing components, according

to:

A(t) = fp2e
−λp2t cos (ωLt+ φp2) + fslowe

−λslowt cos (ωLt+ φslow) (3.6)

The relaxation were chosen lorentzian because it gave the best fit quality

and is also the expected relaxation type if we take into account the model

that we will present to explain the data.

We present in Figures 3.11(a) and 3.11(c) the first 50 ns of the time

spectra obtained at T = 2 K, for B = 2 T. In Figures 3.11(b) and 3.11(d)

we show the same spectrum after removal of the slowly relaxing component,

fitted as described above. Calibration experiments at room temperature were

done with a silver sample in order to extract the maximum instrumental

muon spin polarization, as well as the phase of the calibration signal.

The analysis of the slow component was first performed in the time inter-

val 0.3−2.89µs and the corresponding parameters were henceforth fixed and

used in the two component analysis in the interval 0−0.3µs. In the final fits,

the relaxation λp2 of the fast component was fixed to the low-temperature

(T = 2 K) value. Table 3.5 summarizes the fitting results for the lowest

temperature (T = 2 K).

We present in Fig. 3.12 the temperature dependence of the fraction of the

muon spin polarization corresponding to each configuration, for HfO2 and for

ZrO2, after normalizing to the maximum instrumental asymmetry obtained
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Figure 3.11: Time spectra at 2T (detail of first channels showing the fast relax-

ation) for HfO2 (left) and ZrO2 (right) at T = 2 K and for transverse magnetic

field B = 2 T. The full time spectra are shown in (a) and (c). In (b) and (d) only

the fast component is shown, as discussed in the text.

Table 3.5: Low-temperature (2 K) fit parameters, as discussed in the text.

λslow(µs−1) λp2(µs
−1) φslow (deg) φp2(deg) fslow(%) fp2(%) missing fraction (%)

ZrO2 0.272(7) 101(8) 152.6(5) 153(2) 25.8(3) 43(3) 31(3)

HfO2 0.220(4) 11.1(7) 151.8(3) 152(2) 54.9(4) 20.9(9) 24(1)
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Figure 3.12: On the left is represented the temperature dependence of the fraction

fslow and ffast, for ZrO2 and HfO2, for a transverse field B = 2 T. The lines are

fits using a Botzmann model as described in the text. On the right we represent

the temperature dependence of the phase φslow of the slowly relaxing component,

for ZrO2 and HfO2, for a transverse field B = 2 T. The dashed line indicates the

value obtained for the silver calibration measurement.

with the silver calibration. The corresponding temperature dependence of

the phase φslow of the slow component is shown in Fig. 3.12. The dashed line

in Fig. 3.12 represents the value φAg = 140(1) deg obtained for the phase of

the calibration measurement with silver at room temperature.

The low event count of these high-transverse field spectra with respect to

the low-transverse field spectra and the presence of the fast component λp2 ,

make the separation of the σ and λp1 relaxations impossible. These two com-

ponents both correspond to muons thermalizing in the oxygen-bound configu-

ration and were then analysed jointly in a single-component lorentzian-shape

relaxation (much similar to λp1) that we will call λslow. This configuration
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was already discussed in section 3.3.1. However, at these fields there is an

observed phase-shift (Fig. 3.12) of this slow relaxing component that indi-

cates that this state results from the conversion of a previous (unobserved)

state. As mentioned already, previous longitudinal-field repolarization mea-

surements in both monoclinic ZrO2 and HfO2 reveal the formation of a deep

muonium state at room temperature [11]. The slowly relaxing diamagnetic

component is thus likely to arise from delayed formation of a precursor deep

muonium state, as observed in other semiconductors [91, 92].
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Figure 3.13: Field dependence of the relaxation λp2 of the fastly relaxing compo-

nent in ZrO2, in the transverse geometry, for a temperature T = 20 K.

The precursor muonium state is likely to sit at an interstial position.

However, at the lowest temperatures, the lattice has unsufficient time to relax

around the impurity and the neutral precursor muonium at the interstitial

position thus corresponds to a metastable interstitial configuration [91, 92,

100]. From this metastable interstitial configuration, the muon can quickly

convert to the oxygen-bonded position, MuOb.
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The alternative conversion of the metastable interstitial configuration to

its true minimum at an interstitial site does not appear to dominate at the

lowest temperatures. This process leads to the formation of the missing

fraction, where the stable interstitial state is strongly dephased due to line

broadening in the conversion process. However, the temperature dependence

of the slow component and of the missing fraction suggest that temperature

increases the conversion rate of the metastable interstitial configuration to

its true minimum. This process thus becomes a more competitive alternative

to the conversion to the oxygen-bonded configuration. This is also evidenced

by the temperature dependence of the phases in Fig. 3.12, where a strong

phase-shift of the slow component is observed for the lowest temperatures,

which gradually approaches the value obtained for the silver calibration as

the temperature increases, suggesting a suppression of the process responsible

for the phase-shift.

In the stable interstitial configuration, the barrier for the conversion to

the oxygen-bonded site is larger. The final fraction of muons ending in the

slowly relaxing diamagnetic component therefore decreases as temperature

increases, with a corresponding increase of the missing fraction.

We propose that this increase with temperature of the competing forma-

tion of the true interstitial configuration is mediated by optical phonons in

these ionic compounds. When these modes are activated, the formation pro-

cess of the true interstitial configuration is enhanced. We have thus modelled

the decrease of the slow component with a phenomenological Boltzmann-like

functional dependence [11, 12, 16]:

fslow =
f 0
slow

1 +N exp (−Ea/kBT )
(3.7)

where Ea is the activation energy, kB the Boltzmann constant and f 0
slow

is the low temperature value of the slowly relaxing fraction. N is a parameter

associated to the effective density of phonon modes.

The lines in fig 3.12 are fits with this phenomenological Boltzmann-like

dependence. We get an activation energy of 79(7) meV for the decrease of

the slow fraction in HfO2 above 100 K. We note that the phonon modes in

monoclinic HfO2 are calculated in the range 10 − 100 meV. [101] We also
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note that the fraction of muons stopping at the slowly relaxing diamagnetic

fraction is seen to be relatively temperature independent in ZrO2 (Fig. 3.12),

which is consistent with the much smaller value (around 10 meV) of the

phonon mode with maximum density of states in monoclinic zirconia [102].

In Fig. 3.13 we show the field dependence of the fast relaxation λfast in

ZrO2, for T = 20 K. λp2 is seen to be fairly field independent, suggesting that

it corresponds to lifetime broadening associated to delayed muonium forma-

tion. We initially suggested that it corresponded to muons stopping at the

interstitial position in a charged state (either Mu+
I or Mu−I ) and converting

to Mu0
I , where the neutral configuration is known to be stable [5, 15]. In

the Mu+ case, the electron is captured from the radiolysis products; in the

Mu− case, the second electron is either lost to the conduction band or to the

valence band (hole capture). However, as we shall refer in chapter 5, this ap-

parently diamagnetic configuration may even correspond to a paramagnetic

component with an extremely reduced hyperfine interaction.

We note that the fast component disappears as the temperature is in-

creased (above 250 K for HfO2; above 50 K for ZrO2). It is not clear from

the fits whether this is by line broadening or by a reduction in the fraction fp2

of muons stopping in this configuration. In the delayed muonium formation

model, it is more likely that the fraction is reduced, so we choose to fix the

fast relaxation throughout the temperature dependence.

We note that the relaxation of the fast component is almost one order

of magnitude higher for ZrO2 with respect to HfO2. Also, the temperature

stabilities of these components are very different: whereas in HfO2 the fast

component is observed up to 250 K, in ZrO2 it disappears at about 100 K,

with an activation energy of 46(13) meV (again fitting the fast fraction in

Fig. 3.12 with a Boltzmann-like dependence such as that of eq. 3.7).

It is likely that the component associated to the fast fraction sits at

(or close to) the same interstitial position than Mu0
I . If the fast relaxing

component corresponded to Mu+, this would imply delayed electron capture,

with an average time of 10 ns (for ZrO2) or 100 ns (for HfO2). This seems

to be unlikely high. If the fastly relaxing fraction corresponded to Mu−,

a small fraction of the incoming muons would capture two electrons in the

thermalization process (as suggested for other systems [12, 16, 103]) and
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would end up in the corresponding stable position at the interstitial site.

Fig. 3.14 summarizes our tentative interpretation: muons in HfO2 and

ZrO2 may stop at the interstitial position or at the oxygen-bonded position.

The formation is however a complex process [91, 92], where a precursor muo-

nium is involved. This precursor is likely at the interstitial position, albeit

unrelaxed, and may have an electron or not. The delayed formation of neutral

muonium from the charged precursor constitutes the fast component. The

precursor stopping as neutral Mu may either relax to the true relaxed inter-

stitial position (missing fraction) or tunnel to the oxygen bonded position.

This latter case is progressively hindered as the former case progresses.

Figure 3.14: Model for the Mu states in monoclinic ZrO2 and HfO2: a precur-

sor neutral muonium state Mu0∗
I is formed in a metastable interstitial position.

It either converts from there to the oxygen-bound configuration (corresponding to

the slowly relaxing component), or to the stable interstial configuration Mu0
I (un-

observed due to dephasing or line broadening). The fast relaxing component cor-

responds to muons stopping at the interstitial position in a charged state (either

Mu+
I or Mu−I ) and quickly converting to Mu0

I .

3.3.4 Interstitial to Oxygen Bound State transition

In the low transverse-field experiments, we have also addressed the tempera-

ture dependence of the YSZ, ScSZ and monoclinic ZrO2:Ca samples, as well
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as that of the undoped monoclinic ZrO2 sample. Above 100 K muon dif-

fusion seems to play a non-negligible role and we will address this specific

point in the next section. However, a temperature effect much relevant to

the current discussion of the muonium/hydrogen configurations is apparent

at these higher temperatures. As shown in Fig. 3.15, the total observed

fraction of muons gradually grows up to 100% at about 700 K, meaning that

the missing fraction fmiss is gradually recovered. We recall that at above

200 K the data are adequately described by a single diamagnetic component

as discussed in section 3.3. The temperature dependence of the recovery of

the missing fraction is adequately described by a Boltzmann model (Eq.3.8)

for all samples. The corresponding activation energies are summarised in

Table 3.6.

fd(T ) =
fd0Nexp(−Ea/kBT )

1 +Nexp(−Ea/kBT )
(3.8)

The recovery of the missing fraction can arise due to different processes

affecting the muons stopping in the neutral muonium state at the intersi-

tial configuration. However, both the loss of the muonium electron to the

conduction band (Mu0 → Mu+ + e−CB) or the capture of an electron from the

valence band (Mu0 + e−VB → Mu−) seem unlikely: the corresponding calcu-

lated energies (c. 5 eV and 1.35 eV, respectively) are much higher than those

measured (Table 3.6). The capture of the electron released by the polaron in

its ionization (Mu0 + e−polaron → Mu−) also seems unlikely, since Mu− is likely

to be thermally unstable at these high temperatures, which is not consistent

with the near absence of relaxation of the observed diamagnetic component.

The most likely interpretation for the recovery of the missing fraction shown

in Fig. 3.15 is hence that an alteration of the formation probabilities of the

interstitial configuration and of the oxygen bound configuration occurs, in

favour of the latter. This interpretation is supported the MEP calculations

for YSZ by Dr. Apostolos Marinopoulos presented in the subsection 3.1.3,

where a very small energy barrier (0.1 eV) was determined for hydrogen

to transform from the interstitial to its lower-energy oxygen-bound config-

uration shown in Fig. 3.5 [15]. This calculated value is consistent with the

experimental values reported in Table 3.6. Interestingly, the experimental
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values for the monoclinic samples (undoped ZrO2 and ZrO2:Ca) are about

twice the values of the cubic samples, probably reflecting the fact that the

vibration modes with higher oscillator strenghts occur at higher energies for

the monoclinic lattice than for the cubic lattice.[75] A vibrational level 0.1 eV

above the fundamental was already sugested for the interpretation of EPR

data in cubic YSZ.[88] As we have just seen in the analysis of the high-TF

data in monoclinic ZrO2 and HfO2, vibrations seem to play a very relevant

role in the formation of Mu.[94]

In monoclinic undoped ZrO2 we possibly have a hint of one of the ioniza-

tion process presented. In that sample for temperatures over 400 K a new

fast relaxing component is visible that we have fitted adding and additional

lorentzian-shape relaxation λp3 to the fitting function.

A(t) = fslowe
−λslowt cos (ωLt+ φslow) + fp3e

−λp3 t cos (ωLt+ φp3) (3.9)

This additional relaxation (λp3) increases with temperature as the dia-

magnetic fraction fslow stays constant at 52.7(2)%. Fig. 3.16 shows the tem-

perature dependence of the fp3 fraction and its relaxation λp3 . Fits to this

p3 relaxation and fraction with a Bolzmann model yield a global activation

energy of 0.7(2) eV. Again, this activation energy is too low in comparison

with that necessary for capture of an electron from the valence band. The

temperature range associated to the process in Fig. 3.16 however coincides

with that of polaron ionization, and this process therefore likely corresponds

to neutral muonium in the interstitial configuration slowly capturing the elec-

trons released by the polaron. If that is the case Ea = 0.7(2) eV would be

the activation energy for the polaron ionization.

λp3(T ) =
λ0p3Nexp(−Ea/kBT )

1 +Nexp(−Ea/kBT )

fp3(T ) =
f0p3Nexp(−Ea/kBT )

1 +Nexp(−Ea/kBT )

(3.10)
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Figure 3.15: Observed fraction of muon spin polarisation as a function of tem-

perature, in transverse geometry (B = 10 mT), for the ScSZ sample. The line is

a fit to a Boltzmann model with an activation energy Ea = 0.14(3) eV, which

we associate to the barrier between the atom-like interstitial configuration and the

oxygen-bound configuration.

Table 3.6: Activation energies of the recovery of the missing fraction (Fig. 3.15)

and associated with the barrier between the atom-like interstitial configuration and

the oxygen-bound configuration.

Sample Activation Energy (eV)

ZrO2 (undoped) 0.26(2)

ScSZ 0.14(3)

YSZ 0.12(2)

ZrO2:Ca (monoclinic) 0.21(2)
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Figure 3.16: Temperature dependence of the third relaxing paramagnetic compo-

nent, observed in undoped ZrO2. (a) Fraction of muon spin polarization fp3; (b)

Relaxation λp3. The lines are a fit to an activated Boltzmann model with a com-

mon activation energy Ea = 0.7(2) eV, which we assign to the ionization energy

of the Zr3+ polaron (see text).
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3.3.5 Hydrogen/Muon long range diffusion

As we have mentioned in the previous section, above 100 K there are signs

of muon diffusion in ZrO2, through the temperature dependence of the re-

laxation. However in the low-TF measurements these signs are very feeble

and difficult to separate from the ongoing polaron dynamics. We have thus

performed experiments in zero-field (at ISIS and TRIUMF) in order to try a

better separation of the two processes.

In this zero-field experiments, the muon solely experiences the internal

magnetic fields generated by its immediate environment. The time depen-

dence of the muon polarisation will therefore be strongly influenced by any

fluctuations of those fields, in particular if the muon is diffusing through the

samples lattice.

In zero-field measurements a Kubo-Toyabe relaxation of the signal is ex-

pected [78, 104, 105]. However, the nuclear magnetic moments in our zirconia

samples are very small and the separation of the nuclear relaxation from the

paramagnetic polaron relaxation at temperatures higher then 100 K where

the long range diffusion of the muon occurs, is extremely difficult. It was

therefore impossible to fit the zero-field data using a two component model

as in the low temperature TF data. The best fits were obtained using a single

lorentzian relaxing component.

A(t) = fslowe
−λslowt (3.11)

This lorentzian relaxation shape reflects the averaging of the relaxation of

the muon, as some muons will stop closer to the polaron than others. However

the activation energy extracted depends on the temperature dependence of

the relaxation that we expect to be identical to all the muons associated to

this signal and stopping as oxygen-bonded muons.

In Figs. 3.17, 3.18 and 3.19 we present the temperature dependence of

the λslow relaxation fitted to the zero-field spectra of the ScSZ, YSZ and un-

doped samples for temperatures up to room temperature. When we compare

the temperature dependence of λslow in zero-field with the correspondent

transverse-field data we note that a peak appears in the ScSZ and undoped

sample at around 200 K; a plateau appears for the YSZ sample at more or
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less the same temperature.
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Figure 3.17: Temperature dependence of the relaxation of the one component

fit to the zero-field spectra of the ScSZ sample for temperatures up to room tem-

perature. On the top right corner the temperature dependence of the relaxation of

the corresponding one component fit to the transverse-field (10 mT) spectra of the

same sample is shown for comparison.

These peaks likely correspond to trapping peaks; after thermalizing, the

muon starts to diffuse and is trapped elsewhere, usually at a high concentra-

tion defect. In this case one of the most likely traps for muon/hydrogen is the

zirconium vacancy. In fact, positron annihilation studies in ZrO2 by Cizek et.

al [106] show that at room temperature a substantial fraction of positrons

decay in a zirconium vacancy populated by a hydrogen atom. Zirconium

vacancies therefore are deep traps for protons/muons.

In Figs. 3.20 and 3.21 we present the temperature dependence of the slow

relaxation for high temperatures where the decrease of the relaxation after



98 CHAPTER 3. ZIRCONIA

0 50 100 150 200 250 300
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0 50 100 150 200 250 300
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

(Zr
0.92

Y
0.08

)O
2 
- Zero Field

Re
lax

at
io

n 
(

s-1
)

Temperature (K)

(Zr0.92Y0.08)O2 - TF 10 mT

Re
lax

at
io

n 
(

s-1
)

Temperature (K)

Figure 3.18: Temperature dependence of the relaxation of the one component fit

to the zero-field spectra of the YSZ sample for temperatures up to room temperature.

On the bottom left corner the temperature dependence of the relaxation of the

corresponding one component fit to the transverse-field (10 mT) spectra of the

same sample is shown for comparison.

the trapping peak is fitted with a Boltzmann like equation, as in Eq. 3.4,

yielding a activation energy of 0.3(1) eV and 0.094(8) eV for ScSZ and YSZ

respectively.

For the undoped sample, the appearance of the λp3 relaxing component

prevents fitting the temperature dependence of the λslow to temperatures

above 400 K. However the fit to the few temperature points available in

Fig. 3.19 allow extracting an activation energy of 0.19(2) eV.

Finally, we note that we proposed quasielastic neutron scattering (QENS)

measurements at the OSIRIS instrument at ISIS on our YSZ sample. These

measurements were carried out on an ”express” proposal by Dr. Mark

Telling. In Fig. 3.22 we show the QENS spectra obtained for 203 K, 253 K

and 293 K as well as calibration spectra showing the OSIRIS instrument
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Figure 3.19: Temperature dependence of the relaxation of the one component fit

to the zero-field spectra of the undoped zirconia sample for temperatures up to room

temperature. On the top right corner the temperature dependence of the relaxation

of the corresponding one componente fit to the transverse-field (10 mT) spectra of

the same sample is shown for comparison.

resolution. A preliminary analysis of this data simply comparing the breath

of the Quasi-Elastic peak at Q = 1 Å−1 as a function of temperature shows

distinct broadening as function of temperature, and also when compared

to the instrument resolution. This is an indication that there is definitely

something moving on the pico-second time scale accessible using OSIRIS.

This should most probably be hydrogen moving. Fitting the data with a

simple lorentzian and constant background term gives a good fit. If we fit

the lorentzian relaxation obtained in function of temperature with a Bolt-

mann model we obtain an activation energy of 0.04 eV. The width of this

broadening at 293 K as a function of Q over the usable Q range appears Q-
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Figure 3.20: Temperature dependence of the relaxation of the one component

fit to the Zero-Field spectra of the ScSZ sample for the full temperature range

measured. The fit presented is a Boltzmann like fit as in Eq. 3.4

independent which suggests that what ever is moving is confined. The mean

broadening (FWHM) is approximately 110 µeV

In the existing proton-conduction studies in YSZ [107] they work in wet

atmospheres and with porous materials (through-going cavities). The proton

movement occurs either in the physisorbed water film (this is relevant below

120 oC, where more and more water condensates on the grain surfaces) or for

the chemisorbed hydrogen on the grain surfaces. In the present experiment,

there is probably no physisorbed hydrogen present (because the sample was

in vacuum). Moreover, the experimental data do not conform with diffusion

in water because the width for H2O is 280 meV at 1 Å−1 and it is q-dependent.

In the chemisorbed case hydrogen is attached to a surface oxygen forming

an O-H bond, similar to the O-µ configuration inside the grain. However, the

surface hydrogen may perhaps move somewhat more freely than the muon

inside the material. This fact might account to the difference between the
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Figure 3.21: Temperature dependence of the relaxation of the one component fit

to the Zero-Field spectra of the YSZ sample for the full temperature range mea-

sured. The fit presented is a Boltzmann like fit as in Eq. 3.4 The statistical un-

certainties are shown however the real uncertainties should be much higher due to

the difficulty of these fits.

activation energy of the muon diffusion activation energy being higher to the

hydrogen diffusion activation energy obtained by QENS.

The various muon/hydrogen movements are discussed by Hempelmann

et al. in a Sc-doped SrZrO3 [108] that should be a similar system these zirco-

nium oxides. A possible local motion seen by Hempelmann et al could be the

rotation of muon/hydrogen around the oxygen-metal bond axis (muon/hydrogen

should be perpendicular to this axis as we know also from TiO2). But it is

still to early in the analysis to have a definitive hydrogen motion model.
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Figure 3.22: Quasielastic neutron scattering spectra obtained for 203 K (violet),

253 K (red) and 293 K (green) as well as calibration spectra (cyan)



Chapter 4

Atom-like interstitial state

4.1 Introduction

In Chapter 3 we have presented a model on the hydrogen configurations in

ZrO2. The atom-like interstitial state has for zirconia been identified indi-

rectly by the repolarization of the muon spin in longitudinal fields. In the

course of this investigation, we have addressed other high-permittivity oxide

systems, with a two-fold advantage: first, this approach allows to underline

the basic common features of the isolated hydrogen configurations in oxides,

secondly, the details of the particular oxide sample (defects, doping) or elec-

tronic structure are bound to impact on the experimental data, allowing to

access the same basic configurations from different perspectives.

In the course of this survey of oxides, we have identified for the first time

the atom-like muonium state in Lu2O3. We have also performed for the first

time a detailed characterization of the hyperfine interaction in the alkaline-

earth oxides BeO and MgO, which had been identified for long by Brewer

J. H., however never published [11], and Kiefl et al. [109]. These atom-

like configurations were identified directly by their respective muonium lines

observed in high-transverse fields (at TRIUMF for Lu2O3, at PSI for the

alkaline-earth oxides).

In this chapter, we limit ourselves to presenting the characterization of

these atom-like states in Lu2O2, BeO and MgO. Besides the particular novelty

of the new states identified, the direct identification and characterization

103
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of these states present a particularly enlightening complement to the ZrO2

data on the atom-like state. Conversely, the models developed for ZrO2 in

Chapter 3 are bound to impact strongly on the development of a full model for

the muonium states in these particularly important oxides. This is out of the

scope of the present dissertation and will be briefly addressed in Chapter 5.

4.2 Lutetium oxide

4.2.1 Introduction

Lutetium oxide (Lu2O3) also known as lutecia is a ceramic material with

possible applications in high-power lasers due to its high thermal conductiv-

ity (12.2 Wm−1K−1) [110, 111], in scintillators due to its high density (ap-

proximately 9.4 g/cm3) [112], in complementary metal oxide semiconductor

devices because of its predicted thermodynamical stability on silicon, large

conduction band offset and relatively high dielectric constant (k ≈ 12− 13)

[113].

The Lu2O3 crystal structure is isomorphous with Y2O3 and belongs to the

bixbyite structure type, which is body-centered cubic, space group Ia3-(Th7)

(N. 206) with Z = 16 and unit cell parameter a = 10.39 Å[114, 115]. The

structure can be represented as an 80-atom cubic c-type structure (Fig. 4.1)

[116, 114] and is formed by 64 slightly distorted minicubes composed of O

anions at the vertices as shown in Fig. 4.2. Only 32 centres of these minicubes

are occupied by the Lu metal (M) cations, and the remaining are empty (de-

noted as structural void-M sites). This type of structure offers two available

independent cations sites for the Lu3+ atoms with local symmetries C2 sites

(noncentrosymmetric), that we will call M1, and C3i sites (centrosymmet-

ric), that we call M2. Each of these Lu3+ atoms has 6-fold coordination as is

shown in Fig. 4.2. The unoccupied O vertices will be henceforth denoted as

unocc-O sites. For the M2-centred minicubes all of the six anions are equally

distanced from the cation center (2.24 Å[115]). In the M1-centred cube the

distance between the anions and the respective cation center occurs with

three different paired distances (2.19, 2.20, 2.23 Å[115]).
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Figure 4.1: Conventional bixbyite structure type cell of Lu2O3. O is represented

by the larger red spheres and Lu by the smaller blue (M2) and green spheres (M1).

The structural interstitial voids sites of the lattice are labelled accordingly. Figure

obtained using VESTA [117] and the crystallographic parameters in [114].

Figure 4.2: Schematic of the two available independent cations sites for the

Lu3+ atoms with local symmetries C2 (noncentrosymmetric), here named M1 (on

the right) and C3i (centrosymmetric), here named M2 (on the left).[114]
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Fig. 4.1 represents part of the conventional cell of lutecia denoted with

the above mentioned crystallographic sites.

Hydrogen as an ubiquitous impurity can be unintentionally incorporated

during the growth environment [118], in particular in the presence of water

for Lu2O3 [119].

Prior to our work little was known about hydrogen defects in Lu2O3. In

conjunction to our experimental µSR study a theoretical study was performed

by Estelina da Silva et al. [18], which we briefly summarize in the following

subsection.

4.2.2 Theoretical results

In the theoretical work parallel to this dissertation, first-principal calculations

were performed using DFT (density functional theory).

Three stable configurations were found for H0, in close analogy with those

found in the isostructural Yttrium oxide. [16] One stable configuration exists

for the interstitial unoccupied O site (unocc-O) and another for the intersti-

tial void metal at the M1-centre (void-M1) (Figs. 4.3 and 4.4, respectively).

The resulting relative energies between these two configurations imply that

unocc-O is lower in energy than void-M1.

A third stable H0 configuration found is a bond O-H system (bond-O),

where H binds to a O ion (Fig. 4.5). The energy of this bond configuration

is higher when compared to the interstitial neutral configurations.

The same configurations, with similar relative energy ordering, were found

for the negatively-charged systems. In contrast, for the H+ state, only the

bond-O configurations are found as energy-minima.
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Figure 4.3: DFT stable H configuration for the H0 and H− states. The H

impurity (represented by the small yellow sphere) stabilizes at an unoccupied O

site.

For the bond-O configuration the preferred configuration of the charged

impurity will allow the lowering of interatomic forces which will in turn lower

the overall energy cost due to the overlapping electron densities. These con-

figurations show a stronger lattice distortion, when compared to the inter-

stitial H configurations, which is more pronounced for the positively charged

states. At the close vicinity of the impurity center, several Lu-O bonds ’de-

form’ from their original lengths in order to accommodate the perturbation

caused by the impurity.
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Figure 4.4: Stable H configuration for the H0 and H− states. The H impurity

stabilizes at a void metal centre. The top plot represents the void-M1 configuration

and the bottom plot the void-M2 configuration. The latter configuration is not

found at all levels of the theory for the neutral state and is not stable with the

refined approach.[18]
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Figure 4.5: DFT+U bond-O configurations of the H impurity for the H0 (top) and

H− (bottom) charge states. The stable configuration for the H+ system is similar to

the H− state. The presented structures are the representative lowest-energy bond-O

configurations.
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For the DFT methods, the formation energies show that the most stable

hydrogen configuration of the neutral and negative charged systems is at the

unocc-O site. For the positive charged states, only the bond-O configuration

exists, although it occurs with different surrounding environments. For the

neutral and negatively charged systems, higher-energy configurations also

occur, and the bond-O configurations are energetically less favourable for

both charged systems than the configuration with hydrogen at the void-M1

site (see Fig. 4.6). The fact that this bond-O configuration is higher in energy

than the interstitial configurations is consistent with findings for other oxides,

i.e. yttria,[16] uranium oxide. [120]
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Figure 4.6: Formation energy of the different hydrogen configurations as a func-

tion of the Fermi-level position. The range of EF corresponds to the bulk theoretical

band-gap with EF=0 aligned at the valence-band maximum. The formation ener-

gies of the different geometrical configurations are represented by different line types

and colors. The thermodynamic charge-transition (electrical) levels are marked by

the vertical lines.

For the higher energy, bond-O, configurations, the respective pinning and

the donor levels lie above the conduction band minimum. From these results

it can infered that a portion of these bond-type configurations are shallow

donor-like configurations with corresponding donor and pinning levels inter-

acting with the conduction band states.

For the calculated unocc-O and void-M1 configurations, the defect levels
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are positioned quite close to the valence-band. The unocc-O configuration

impurity level is found at 0.3 eV above the valance band maximum. The

void-M1 configuration level is positioned at higher energies, although still

close to the valance band maxium - 1.4 eV. The oxygen-bond configurations

level is positioned very close to the conduction band minimum (∼ 0.2 eV

below the conduction band minimum).

The electron-density isosurfaces of the neutral systems were also evaluated

in order to provide a more detailed information regarding the nature and

localization of the impurity electron.

For the unocc-O and the void-M1 configurations, where a defect level

is positioned close to the valence band maximum (Fig. 4.7), one may ob-

serve that the isosurfaces possess a strong s-type character with the electron

centred at the impurity.

For the bond-O systems, and similarly to what was found in Ref. [16] for

yttria and in Ref.[15] for cubic zirconia, one may observe that the hydrogen

electron is trapped at the closest cation neighbours (Fig. 4.8). In response

to the formation of the impurity-anion bond, significant lattice distortion

takes place for these configurations. The resulting displacement field near

the hydrogen impurity causes the defect electron to become trapped close to

the impurity atom, at a cation centre. [11] This behavior resembles the effect

(already suggested by Cox et al.[11]) of a polaron-type formation, where the

polaron-center may be shallow and therefore act as a donor-centre as well.

The impurity electron is trapped close to the hydrogen nucleus, at nearby

metal centres, and has predominantly a conduction-band d-type character -

the defect-level is positioned quite close to the conduction-band allowing the

respective states to interact with each other (Fig. 4.8).
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Figure 4.7: Isosurfaces of the electron charge densities for the neutral state of

unocc-O and void-M1 configurations. The atoms are represented by their ionic

radius, where O is depicted in red, Lu in blue/green and hydrogen in yellow.
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Figure 4.8: Isosurfaces of the electron charge densities for the neutral state of

the representative, lowest energy, bond-O configuration. The atoms are represented

by their ionic radius, where O is depicted in red, Lu in blue/green and hydrogen in

yellow. The purple color of the isosurface refers to positive values and the yellow

to negative values.

Hyperfine Constants

The calculation of the hyperfine tensors was also performed for the neutral

impurity centers in order to allow a direct comparison with the experimen-

tally obtained hyperfine constants measured by µSR.

The calculations for the neutral interstitial hydrogen configurations (hy-

drogen at the unoccupied unocc-O and void-M1 sites) revealed a predomi-

nant isotropic component with very small dipolar part. The Fermi-contact

isotropic constant, Aiso, was found equal to be 926 MHz and 1061 MHz for

the unocc-O and void-M1 configurations, respectively. These results indicate

that it is the latter configuration which yields a higher spin localization.
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4.2.3 Interstitial atom like muonium state

The Lu2O3 sample used in the present study was obtained commercially from

Alfa-Aesar (REActon 99.995%). As mentioned in 4.2.1, the main objective

of this chapter is to present the direct characterization of the atom-like muo-

nium state in high-k oxides. We begin therefore by presenting µSR measure-

ments in high-transverse fields obtained with the HiTime spectrometer on

the M15 surface muon channel at TRIUMF (Vancouver, Canada) As shown

in Fig. 4.9, the µSR spectrum at T = 300 K, for an external applied magnetic

field B = 7 T, shows a clear oscillating pattern, which corresponds to the

beating between two frequencies identified at νd = 948.96(2) MHz and at

ν12 = 833.2(2) MHz. The corresponding Fast-Fourier Transform (FFT) for

applied fields of 2, 4 and 7 T are shown in Fig. 4.10. νd corresponds to the

expected Larmor frequency of the diamagnetic muon at the applied field. ν12

is the frequency characteristic of the 1→ 2 transition in the field-dependent

hyperfine spectrum of muonium. In the high-field limit, this frequency corre-

sponds to the ”flip” of the muon spin with electron spin up and amounts to

half of the spectral weight. The other half of the spectral weight corresponds

to the unobservable ν34 frequency characteristic of the 3→ 4 transition where

the muon spin ”flips” with electron spin down. The time spectrum in Fig. 4.9

was analysed using a sum of damped oscillations of the form:

A(t) = Adiae
−λdiat cos (2πνdiat+ φdia) + AMue

−λMut cos (2πνMut+ φMu) (4.1)

A room temperature calibration with a silver sample at B = 7 T al-

lowed to extract the maximum instrumental asymmetry Amax and therefore

to measure the fraction of muons thermalizing at the diamagnetic config-

uration (fdia = Adia/Amax) and the fraction of muons thermalizing at the

paramagnetic muonium configuration (fMu = 2AMu/Amax, where the multi-

plication by two accounts for the unobservable v34 transition). We find that

fdia = 23(1)% and fMu = 46(3)%. The corresponding relaxations were found

to be λdia = 0.1(1)µ s−1 and λMu = 6(1)µ s−1.
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Figure 4.9: µSR time spectrum of a polycrystalline sample of Lu2O3, for an

applied transverse magnetic field B = 7 T, at T = 300 K. The beating of the

diamagnetic frequency and of the muonium ν12 line is clearly seen. The red line

is a fit as described in the text.

The experimental observations are consistent with the presence of an

isotropic hyperfine interaction. The frequencies ν12 plotted in Fig. 4.11 were

therefore fitted according the following equation which arises immediately

from Table 1.3:

ν12 =

∣∣∣∣Aiso2
+ ν− −

ν+
β

∣∣∣∣ (4.2)

where Aiso is the hyperfine parameter, ν± = (γe ± γµ)B/2, (with γe =

28024.21 MHz/T and γµ = 135.53 MHz/T), and β =
√

1 + (Aiso/2ν+)2.

The fit in Fig. 4.11 yields Aiso = 3597(1) MHz.
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Figure 4.10: Fast-Fourier transform (FFT) of the µSR time spectrum at room

temperature, for an applied transverse magnetic fields of B = 2 T, B = 4 T and

B = 7 T showing the presence of the diamagnetic frequency νdand of the muonium

ν12 frequency.

In order to compare this value with the calculated values for hydrogen,

we must take into account that the hyperfine interaction for muonium is ex-

pected to be higher than that for hydrogen by the factor 3.184 corresponding

to the ratio of the magnetic moment of the muon and that of the proton.

[13] The expected value for the experimentally-measured hyperfine interac-

tion, taking the correction into account, is equal to Aiso = 1129.7(3) MHz.

This means that the calculated values for the unocc-O and void-M1 intersti-

tial configurations (see previous subsection) are lower than the experimental

value by 18% and 6%, respectively. These discrepancies are judged satis-

factory given the approximate treatment of exchange and on-site correlation

adopted in the theoretical calculations.
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Figure 4.11: Frequency ν12 as a function of applied transverse magnetic field,

as obtained from the fits to the time spectra. The lines are a fit to an isotropic

muonium state with the hyperfine parameter Aiso as the single fitting parameter,

resulting in Aiso = 3597(1) MHz.

In fact, similar discrepancies have also been reported recently between the

hyperfine interactions calculated by ab-initio methods and those measured

experimentally. [40] These authors report differences of about 15% to 20% in

the calculation of hyperfine interactions in solids using the PBE functional,

which notably decrease when using a hybrid-functional (HSE06) approach.

Also (and more in relevance to the present work), in a study [17] of hyperfine

parameters of neutral hydrogen configurations in zirconia, the isotropic con-

stants calculated within PBE were smaller to those obtained by HSE06 by

as much as 10 % (for a fixed plane-wave cutoff energy). Taking into account

that the calculated values of the hyperfine interactions for the unocc-O and

void-M1 interstitial configurations are themselves different by less than 15%,

it is not possible to assign the experimentally observed muonium state to a
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specific configuration from the value of the hyperfine interaction alone. The

observed value is nevertheless consistent with the calculated values. It is

also important to note that a slight variation of the value of the hyperfine

interaction of muonium with respect to that of hydrogen is expected due to

the different zero-point motion of the muon and of the proton.

In short, these results basically reveal the formation of an atom-like muo-

nium configuration with an hyperfine interaction of 3629(2) MHz at low tem-

peratures, in line with the calculated values for any of the interstitial positions

of hydrogen in Lu2O3. Together with the muonium state directly observable

spectroscopically, there is evidence of the presence of another atom-like state,

possibly a precursor configuration. Although the experimental data do not

provide a direct identification of the muonium site corresponding to the di-

rectly observed state, the fact that this state is formed promptly in the wide

temperature range from T = 7 K up to T = 300 K implies that it corresponds

to a very stable configuration, possibly the ground state configuration at the

unocc-O site.

We have also followed the temperature dependence of this Mu state

down to T = 2.5 K, and found that the same isotropic state is present

at low-temperatures, albeit with a smaller fraction (∼ 20%) and a slightly

larger hyperfine interaction Aiso = 3629(2) MHz, corresponding to Aiso =

1139.8(6) MHz after taking the referred magnetic moment ratio into ac-

count. The temperature dependence of the muonium fraction is shown in

Fig. 4.13 and the temperature dependence of the hyperfine interaction is

shown in Fig. 4.12. The full modelling of the temperature dependence is not

of the scope of the present dissertation, but a few points can be immediately

discussed.

We begin noting that the slight decrease of the hyperfine interaction with

increasing temperature is a well known effect of the onset of lattice vibrations.

[28, 100] The decrease in the hyperfine interaction with temperature is most

likely due to local vibrational mode (e.g. the oscillation of the muonium in

the potential provided by the crystal matrix). If we assume that is the case

the change of the hyperfine interaction is adequately described by a series on

the mean square displacement < u2 > [100]:
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a(T ) = a0 + a2 < u2 > +a4 < u2 > +... (4.3)

Within this harmonic oscillator model, the temperature dependence can

be obtained from a Boltzmann distribution. Admitting a single vibrational

frequency ν that produces an energy of Ea = hν (known as the Einstein

model), one arrives at the following formula for the temperature dependent

isotropic interaction A(T):

A(T ) = A0 +
C1

exp(Ea/kT )
+

C2

(exp(Ea/kT ))2
(4.4)

where A0 is the hyperfine interaction at T = 0 K and Ea is the single vibration

frequency in the Einstein model. The coupling constants C1 and C2 are

assumed temperature-independent. This model was used in the II-VI zinc-

chalcogenide widegap semiconductors with great success [19].
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Figure 4.12: Temperature dependence of the hyperfine interaction of the atom-like

muonium configuration. The solid line is a fit using an Einstein model.
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For this oxide this model was used for the temperature dependence of the

hyperfine interaction in Lu2O3 and we observed that only the first two terms

of equation 4.4 were needed to fit the data and produce a good result as shown

in figure 4.12. This is a sign that the oscillations of the interstitial muonium

are very small. The parameters obtained in the fit were C1 = −69(6) MHz,

A0 = 3628, 5(7) MHz and Ea = 21(2)meV.

A second important point to be highlighted in the temperature depen-

dence of the atom like state is the variation of the muonium fraction with

temperature (Fig. 4.13). The formation probability relates to the muonium

formation process and is a temperature-dependent process. [91, 92, 94] The

increase of the formation probability of the observed muonium state with

increasing temperature is reflected in the corresponding decrease of the un-

observable fraction of muon spin polarization (missing fraction), the diamag-

netic fraction remaining sensibly constant. We have fitted the temperature

dependence of the muonium fraction in Fig. 4.13 with a Boltzmann model:

fMu(T ) =
fMu0Nexp(−Ea/kBT )

1 +Nexp(−Ea/kBT )
(4.5)

where fMu is the muonium fraction, Ea is the activation energy of the pro-

cess, kB is the Boltzmann constant, and the empirical parameter N relates

to the shape of the binding potential. We obtain Ea = 0.15(7) eV. The

missing fraction is associated to muons whose spin polarization is lost dur-

ing the thermalization process and therefore reflects the presence of another

paramagnetic state, either as a precursor or as a final state. [91, 92, 94] The

diamagnetic fraction is likely associated to muons thermalizing as Mu+ in

oxygen-bond configurations.
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Figure 4.13: Temperature dependence of the atom-like muonium fraction. The

solid line is a fit using a Boltmann distribution function.

4.3 Alkaline earth metal oxides

4.3.1 Introduction

The interest in the alkaline earth metal oxides has known a growth in the last

years due to the fact that they are prime candidates for use as the interface

passivation layer for III-V metal oxide semiconductor devices [121, 122, 123]

which unpins the Fermi level at the oxide-dielectric/ III-V substrate interface

in HfO2 based MOSFETs [4]. In addition, BeO is also a candidate for the

replacement of HfO2 as high-k gate dielectric in high power applications [124].

MgO is also strongly considered as potential solid fuel cell catalyser [125].
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H− ions are known for long to be the electron traps responsible for the

long lifetime of F luminescence in MgO [126]. In MgO films deposited by

pulsed laser deposition, hydrogen has been recently proved to introduce ad-

ditional electron traps attributed to H− at an oxygen vacancy site [127].

Recently, hydrogen was suggested to be a two level system defect in atomic

layer deposition BeO [128]. Ab-initio calculations are available both for hy-

drogen in MgO and BeO. For MgO, Li and Robertson [54] have calculated

the position and formation energy (shown in Fig. 4.14) for the most stable

positions of H−, H0 and H+ and found H− and H0 at an interstitial posi-

tion and H+ retains weak bonds with three Mg atoms and at the same time

binding strongly to an O atom.

Figure 4.14: Atomic configurations of H interstitial of different charge states in

MgO, (a) H−, (b) H0, (c) H+, and (d) charge transition diagram. Figure from Li

and Robertson [54] and reprinted with authorization.

.

For BeO a thorough theoretical work was performed by A. G. Marinopou-
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los [129], who calculated not only the most stable position for the charged

species, but also metasable sites (Fig 4.15) Most importantly, in these theo-

retical calculations in BeO the hyperfine interaction of the neutral states have

been calculated, allowing a direct comparison with experiment (Table 4.1)

c

Figure 4.15: Stable neutral hydrogen configurations and their spin-density isosur-

face (depicted in yellow) for BeO as obtained from hybrid-functional calculations

performed by A. G. Marinopoulos [129]. (a) Ground-state interstitial configuration

H0
int; view perpendicular to the c axis. (b) Ground-state interstitial configuration

H0
int; view parallel to the c axis. (c) Elongated-bond-type configuration, H0-OH‖,

with OH bond parallel to the c axis. (d) Elongated-bond-type configuration, H0-

OH⊥, with OH bond almost perpendicular to the c axis. (e) Higher-energy intersti-

tial configuration H0
int2; view perpendicular to the c axis. Elements are represented

as: H (small red sphere), Be (small dark-brown spheres), O (large blue spheres).

.
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Table 4.1: Formation energies (in eV) and hyperfine constants (in MHz) of the

different neutral hydrogen configurations in BeO, obtained by different functionals

(PBE and HSE06). The formation energy of the ground-state configuration (H0
int)

provides the reference energy for the quoted energies.

PBE HSE06

∆Eform Aiso D ∆Eform Aiso D

H0
int 0.00 1329 4.5 0.00 1460 4

H0-OH‖ 0.73 670 51 0.99 693 60

H0-OH⊥ 0.89 605 54 1.13 655 56

H0
int2 1.15 1171 4.5 1.41 1307 5

4.3.2 Experimental details and analysis

The oxide samples used in the present study were high-purity single crystals.

The BeO sample used was a high-purity single crystal grown by V.A. Maslov

using a modified solution-melt method under reverse temperature drop con-

ditions [130] and the MgO sample was a high-purity single crystal with a

110 orientation commercially acquired from Alfa Aesar. Muon spin rotation

experiments were performed in the HAL9500 of the Laboratory for Muon

Spectroscopy at the Paul-Scherrer Institut (Villigen, Switzerland). Positive

muons with nearly 100% spin-polarization were implanted in the sample at

a range of T = 6 K to T = 300 K. An external magnetic field was applied

perpendicular to the initial muon spin polarization. Samples were mounted

on the sample holders in order for the applied transverse field to be in MgO

perpendicular to the -100 direction and in BeO parallel to the 001 direction.

As mentioned already, we will focus on the study of the atom like inter-

stitial configurations in these earth alkaline metals.

Fast-Fourier transforms (FFT) of the µSR spectra obtained at fields rang-

ing from B = 1 T to B = 8 T are shown in Fig. 4.16. The FFT spectra

clearly show the presence of three lines corresponding to oscillations of the

detected muon spin polarization. The lowest frequency corresponds to the

expected Larmor frequency of the muon subject to a diamagnetic environ-

ment, νdia = γµB, where γµ = 135.53 MHz/T is the gyromagnetic ratio of
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Figure 4.16: Fast-Fourier transforms (FFT) of the µSR spectra, for BeO (left)

and MgO (right), obtained at fields ranging from B = 1 T to B = 8 T, at T = 6 K.

Three lines are clearly visible: νd corresponds to a diamagnetic state; ν12 and

ν34 correspond to a muonium state with a vacuum-like hyperfine interaction, as

discussed in the text.

the muon. The two frequencies observed at higher frequencies correspond to

muons in a paramagnetic environment and, as we will detail below, corre-

spond to the ν12 and ν34 transitions of a muonium state with a vacuum-like

hyperfine interaction. The unbalance of the ν12 and ν34 lines observed in

Fig. 4.16 is an instrumental effect due to the frequency-dependent detector

efficiency.

The time spectra were therefore analysed using a sum of damped oscilla-

tions of the form:
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A(t) = Adiae
−λdiat cos (2πνdiat+ φdia)

+ A12e
−λ12t cos (2πν12t+ φ12)

+ A34e
−λ34t cos (2πν34t+ φ34)

At 1 T the relaxation λdia, is basically constant with applied field at about

0.16 µs−1 for BeO and 0.06 µs−1 for MgO. These relaxation λdia are likely

due to nuclear dipolar broadening. λ12 and λ34 are found to be 0.3 µs−1 both

for MgO and BeO. The asymmetry parameters Adia, A12 and A34 are highly

frequency-dependent at these applied high fields, but with the help of a Ag

calibration we observe that the sum of the muonium fractions f12 + f34 are

constant (at about 60% for BeO and at about 30% for MgO).

We note that a significant percentage of the muon spin polarization is not

observed at this temperature and field (about 7% for BeO and about 30% for

MgO) , corresponding either to a third configuration and/or to the presence

of dynamical processes associated to the muon thermalization. The fitted

frequencies ν12 and ν34 are plotted in Fig. 4.17 and consistently behave as

the hyperfine transitions of an isotropic muonium state with a vacuum-like

hyperfine parameter. According to this model we expect (Table 1.3):

ν12 =

∣∣∣∣Aiso2
+ ν− −

ν+
β

∣∣∣∣
ν34 =

∣∣∣∣Aiso2
− ν− +

ν+
β

∣∣∣∣
where Aiso is the hyperfine parameter,

ν± = (γe ± γµ)B/2, (with γe = 28024.21 MHz/T and γµ = 135.53 MHz/T),

and β =
√

1 + (Aiso/2ν+)2. The lines in Fig. 4.17 are a global fit to this

model with the hyperfine parameter Aiso as the single fitting parameter. The

fit yields Aiso(Mu) = 4451.2(2) MHz for BeO and Aiso(Mu) = 3895.9(8) MHz

for MgO. This value for MgO is very close to the one obtained by Kiefl et al.

(3849.2(8) MHz at 300 K) [109].

We have also determinated the temperature dependence of the hyperfine

interactions. The decrease in the hyperfine interactions with temperature is



4.3. ALKALINE EARTH METAL OXIDES 127

0 2 4 6 80

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

ν 3 4

Fre
que

ncy
 (M

Hz
)

B  ( T )

T  =  6  K

ν 1 2

0 2 4 6 8
0

1000

2000

3000

4000

T = 6 K

12

34

Fr
eq

ue
nc

y 
(M

H
z)

B (T)

Figure 4.17: Frequencies ν12 and ν34 as a function of applied transverse mag-

netic field, as obtained from the fits to the time spectra. The lines are a global

fit to an isotropic muonium state with the hyperfine parameter Aiso as the sin-

gle fitting parameter, resulting in Aiso = 4451.2(2) MHz for BeO (left) and

Aiso = 3895.9(8) MHz for MgO (right).
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Figure 4.18: Temperature dependence of BeO (left) and MgO (right) of the hy-

perfine interaction of the atom-like muonium configuration. The solid line is a fit

using an Einstein model.

again associated to local vibrational modes and fitted to Einstein model used

for Lu2O3 (equation 4.4). The fits to this model are shown in figure 4.18 As

for Lu2O3, we observed that only the first two terms of equation 4.4 were

needed to fit the data. This is once again a sign that the corresponding

vibrations are very small. The parameters obtained in the fit were C1 =

−91(7) MHz, A0 = 4451, 3(1) MHz and Ea = 54(2) meV for BeO and C1 =

−187(9) MHz, A0 = 3895.7(2) MHz and Ea = 40(9) meV for MgO.
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Chapter 5

Conclusions and future

perspectives

We now summarize the main results of this dissertation and present some

pathways for the future, based on the present investigation. In the present

work, novel aspects have been unveiled related to the two basic isolated hy-

drogen/muonium configurations: the oxygen-bound donor-like configuration

and the interstitial acceptor like configuration, as well as related to the re-

spective interconversion and interplay. In a technical aspect related to the

µSR technique, we have also obtained new results related to the elusive muo-

nium formation processes.

5.1 Oxygen-bound configuration

The main result arising from this investigation is the firm establishment of

a polaron-like configuration for the oxygen-bound state in TiO2 and ZrO2,

where the electron brought by the muon in the implantation is trapped in

a cation close to the muon final site. The resulting hyperfine interaction is

extremely reduced and essentially with a dipolar character, making it ex-

tremely difficult to detect directly. This was possible in monocrystalline

rutile TiO2, but not in polycrystalline ZrO2, where the hyperfine interaction

leads to a broadening of the diamagnetic line. The polaron state in ZrO2

was nevertheless clearly established from the analogy with TiO2 and from

129
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the first-principles calculations in ZrO2 running parallel to this work.

5.2 Interstitial atom-like configuration and the

energy barrier to the oxygen-bound con-

figuration

An atom-like configuration has also been characterized in this work. In ZrO2

and HfO2 this identification has been indirect, but clear spectroscopic signals

were characterized for the first time in Lu2O3 and BeO. The conversion of this

configuration to the oxygen-bound configuration was observed in ZrO2 and

interpreted, with the help of the minimum-energy paths (MEPs) calculations,

in terms of a model where at the end of the thermalization process of the

muon needs a certain amount of energy to surpass a barrier from one local

minimum energy configuration to another. This is likely to occur in other

systems both investigated in this work or described in the literature that

were interpreted in terms of hole capture or ionization but whose conversion

energy may not correspond adequately to these types of process [11].

5.3 Muonium formation and the role of lat-

tice vibrations

A particularly important result obtained in this work is related to the fact

the µSR is an implantation technique where the muon has an initial kinetic

energy of 4 MeV. This means that metastable states may be assessed and

may be sufficiently long-lived to impact on the µSR signal. In HfO2 and

ZrO2, we propose a metastable neutral interstitial configuration, whose con-

version to the stable interstitial configuration is hindered by the lattice at

low temperatures and occurs only when lattice vibrations are available.
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5.4 Future perspectives

From the vast amount of data gathered in the oxide systems addressed in this

work, two important topics have been left out of this dissertation although

they have been object of intense work in its final stages. These topics relate

to the nature of the fast relaxing component observed in ZrO2 and to the

temperature dependence of the muonium configurations in Lu2O3, BeO and

MgO. The first constitutes a natural devellopment of the muonium formation

problem, whereas the second extends the study now presented to these other

technologically relevant systems.

5.4.1 Fast component in ZrO2

As mentioned in section 3.3, a fast relaxing component was observed in sev-

eral ZrO2 samples. This was apparently diamagnetic. Longitudinal field µSR

data reveals however that this fast relaxing component peaks at low fields:

the complementary non-relaxing component is represented in Fig. 5.1 and is

strongly suggestive of the repolarization pattern of a paramagnetic muonium

state with a small hyperfine interaction. This means that this short-lived

relaxing component is actually paramagnetic. We have not followed this im-

portant question within this dissertation, but it has been object of posterior

work [131].

5.4.2 Building a complete model for the isolated hy-

drogen configurations in Lu2O3, BeO and MgO

As mentioned in Chapter 4, we followed the temperature dependence at high-

fields of the µSR signals in Lu2O3, BeO and MgO. Beyond the characteriza-

tion of the atom-like configuration presented in Chapter 4, these data have

extremely rich information about the oxygen-bound configuration in these

systems, as well as about the interconversion between these basic configura-

tions. The analysis and modelling of the temperature dependence are out of

the scope of this dissertation and will benefit from additional experiments

and from the modelling here presented for ZrO2.
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Figure 5.1: Decoupling curve in longitudinal magnetic field of MgSZ at 8 K.

In BeO the experimental determination of the muon stopping site is possi-

ble in principle. In fact, Be has 100% spin 3/2 and a high magnetic moment

(−1.1779 µN). An angular dependence of the relaxation rate of the dia-

magnetic component was attempted at PSI (Fig. 5.2) and this relaxation

rate was found to be independent of the angular position. This is a signal

that the diamagnetic configuration is possibly at an anti-bonding site [19].

The theoretical calculations have the bond-type configuration as the lowest

energy oxygen bond configuration and the antibonding configuration as a

higher (possibly metastable) configuration. To clarify this point, avoided

level crossing resonance (ALC) measurements were proposed and approved

at ISIS (and scheduled to October 2017).
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