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Abstract

The spectroscopy of wide-bandgap ﬂuoride materials doped with divalent ytterbium is
presented. The structure of impurity-trapped excitons is explored, vacuum ultraviolet
excitation is used to investigate the transfer processes between excitations, and the eﬀect
of conﬁnement on self-trapped excitons is studied.
The excited-state structure of impurity-trapped excitons is measured in the multisite
system NaMgF3 :Yb2+ . A two-colour ultraviolet-infrared pulsed photoluminescence enhancement technique is employed to probe the interlevel transitions and dynamics of
impurity-trapped excitons in doped insulating phosphor materials. NaMgF3 :Yb2+ exhibits emission from two charge-compensation centres with peaks at 22 300 cm−1 (448
nm) and 24 000 cm−1 (417 nm). The observed photoluminescence enhancement is caused
by a combination of intra-excitonic excitation and electron trap liberation. The electron
traps are inferred to have a depth of approximately 800 cm−1 .
Time-resolved VUV spectroscopic studies of emission and excitation spectra of CaF2 :Yb,
NaMgF3 :Yb and MgF2 :Yb are presented to investigate excitation and relaxation mechanisms of both impurity-trapped excitons and intrinsic excitons in each ﬂuoride host.
Host-to-impurity energy transfer mechanisms leading to formation of impurity-trapped
excitons are discussed. The 4f 14 → 4f 13 5d CaF2 :Yb2+ absorption bands are successfully
modeled with a semi-empirical eﬀective Hamiltonian calculation for NaMgF3 :Yb2+ and
MgF2 :Yb2+ . The excitation and emission spectra of all studied materials are compared.
Results on VUV spectroscopy of 3 and 5 monolayer CdF2 –CaF2 superlattices show the
change in optical behaviour of the self-trapped exciton in CdF2 when it is conﬁned and
give an indication of the radius of the exciton. The decay of the emission is modeled with
three components, corresponding to three self-trapped exciton states. Results on the
VUV spectroscopy of CdF2 –CaF2 superlattices show that the conﬁnement eﬀect seems to
equally inﬂuence the energy of excitonic and bandgap absorption in 3 and 5 monolayer
superlattices. At the same time, as the self-trapped exciton is more conﬁned, the emission
is blue-shifted by 1600 cm−1 indicating that the eﬀective excitonic radius is about three
monolayers.
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Chapter 1

Introduction

Lanthanide-doped crystalline phosphors form the basis of many technologies. Lanthanide
phosphors are used in ﬂuorescent and LED lighting, in ﬁbre optic ampliﬁers [1], and as
scintillator materials [2, 3]. New phosphors are being developed to create eﬃcient LED
lighting [4] and high-power picosecond lasers [5].
This thesis concentrates on two excitations which occur in lanthanide-doped crystalline
phosphors: impurity-trapped excitons and self-trapped excitons. By contributing to the
fundamental understanding of these temporary defects in the crystal lattice, this thesis
adds to our knowledge of the processes which occur in scintillators and phosphors and
will support a greater ability to engineer more useful materials, as well as developing a
more complete model of how light interacts with complex crystalline materials.
Impurity-trapped excitons (ITEs) play an important role in the relaxation processes of
the highly-excited states of lanthanide ions used in phosphor materials. They are crucial
to the processes by which scintillator materials convert X-rays to UV radiation [3, 6, 7].
Studying ITEs in eﬃcient scintillator materials directly is diﬃcult since the ITEs that
form in these systems generally relax non-radiatively and so have to be studied indirectly.
However, there are some material systems for which the photoluminescence appears to
come directly from ITE states. In particular, certain ﬂuoride crystals doped with Yb2+
are observed to have wide emission bands compared to 4f 13 5d→4f14 transitions [8] and
large Stokes shifts, suggesting the emission is from ITEs which are being formed on the
ytterbium ions [9].
The self-trapped exciton (STE) is a lattice excitation that occurs in many ionic crystals.
STEs are electron-hole pairs trapped in temporary lattice distortions [10]. STEs are often
a ﬁrst step in creating other radiation-induced defects, so understanding STEs provides
a basis for further investigation of defects which occur upon high energy excitation of
crystals [11].
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Both ITEs and STEs are excitations which commonly occur in rare earth phosphors
during scintillation processes. However there is still much to understand about ITEs and
STEs as they usually occur as part of a sequence of relaxation processes and there is often
no emission from ITE or STE states. By studying materials where direct emission from
ITE and STE states is seen, we can understand more about their energy level structure
and explore how energy is transfered to these states after the crystal is excited above the
band gap. The materials studied in this thesis are the insulating bulk crystals CaF2 :Yb,
SrF2 :Yb, NaMgF3 :Yb and MgF2 :Yb as well as CdF2 –CaF2 superlattices. The materials
contain both Yb2+ and Yb3+ : The valency of Yb is described in more detail in Chapter
4. The ITE emission is associated with Yb2+ , but Yb3+ features can also been seen in
X-ray luminescence in Chapter 4 and the vacuum ultraviolet spectra in Chapter 6.

1.1

Lanthanide Spectroscopy

Lanthanides are the chemical elements with atomic numbers 57 to 71. Together with
scandium and yttrium these elements are also known as “rare earths”. When lanthanides
are in divalent or trivalent valency states in crystals, their valence electrons are in the 4f
shell. The 4f shell is contracted and shielded from surroundings by the closed 5s and 5p
shells [12]. The outer shells determine the chemical bonding of the ion, which means the
chemistry is very similar across the lanthanide series.
Lanthanide ions in solids have very unique spectroscopic properties which make them
useful in luminescent materials for various optical applications [13]. The shielded 4f shell
of the lanthanide ions means the local crystal environment doesn’t strongly aﬀect their
intraconﬁgurational 4f n transitions. The transitions are characterised by sharp atomic
lines which can be predicted for any host material.
The 5d shell of the lanthanides is distributed much further from the centre of the ion
than the 4f shell, and the 5d shell is not shielded from the lattice surrounding the ion.
Therefore the crystal ﬁeld from the host material has a huge eﬀect on the position of the
4f n−1 5d1 energy levels. In contrast to the intraconﬁgurational 4f n transitions, the lowest
5d absorption frequency for the same lanthanide ion in two diﬀerent crystals can diﬀer in
energy by as much as 10 000 cm−1 [14]. The 4f n−1 5d – 4f n transitions are parity allowed,
and are associated with intense absorption and emission bands.
The diﬀerence in energy between the absorption and emission bands is the Stokes shift.
There is a Stokes shift of around 2000 cm−1 due to the low spin and high spin states
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of the 4f 13 5d1 conﬁguration. When Yb2+ is in the 4f 13 5d conﬁguration, the exchange
interaction between the 4f electrons and the 5d electron leads to a splitting of the 4f 13 5d1
conﬁguration into high spin and low spin states. The low spin state is typically located
about 2000 cm−1 above the high spin state. The transition probability from the low spin
4f 14 ground state into the low spin 4f 13 5d1 state is much stronger than the transition
from the 4f 14 ground state into the high spin 4f 13 5d1 state. 4f n → 4f n−1 5d1 emission is
from the lowest 5d level, which is the high spin state. This diﬀerence in the spin states
which are absorbed into and emitted from accounts for some of the Stokes shift seen for
4f n−1 5d1 to 4f n transitions, but there is a greater Stokes shift caused by the bond length
change of the transition.
The broad emission bands characteristic of 4f n−1 5d1 to 4f n transitions are caused by
the change in bond length between the lanthanide ion and surrounding ligands and make
the energy levels of the 4f n−1 5d1 states harder to assign than the sharp emission lines of
the 4f n transitions. 4f n−1 5d1 to 4f n transitions have a Stokes shift because of the large
change in bond length which is additional to the Stokes shift associated with the high and
low spin states of the 4f n−1 5d1 conﬁguration.
General rules are being developed to predict the 5d energy levels of a particular lanthanide
system because the high intensity of the transitions from these levels are useful for many
applications. Dorenbos created a semi-empirical model for predicting the positions of the
lowest 5d level for trivalent [15] and divalent lanthanide ions [14]. In 2002 van Pieterson
et al.[16, 17] published excitation spectra and analysis of trivalent lanthanides in LiYF4 ,
CaF2 , and YPO4 . Many energy levels could be identiﬁed from analysis of the zero-phonon
lines and vibrational bands.
The 4f n transitions were studied in various systems before the 1960s. Many pieces of
research identifying energy levels for each lanthanide ion from the absorption spectra of
lanthanum chloride were presented together by Dieke in 1968 [18]. They are often presented in an energy level diagram known as the “Dieke diagram” shown in Figure 1.1.
This diagram is a graphical representation of the energy of all conﬁgurations for each lanthanide. The original diagram was for trivalent lanthanides and did not include 4f n−1 5d
transitions. This is because the 5d states are all at high energies (over 40 000 cm−1
above the ground state) for trivalent lanthanides. Populating the 4f n−1 5d1 levels most
often requires high energy excitation sources. In the last two decades vacuum ultraviolet
excitation sources have become more widespread, and the need for high energy scintillator materials has increased, so more research has been performed to extend the trivalent

4
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Dieke diagram [19].
The 5d states are much lower for divalent lanthanides. Work began on modelling Yb 5d
levels in the 1960s [20]. Figure 1.2 (taken from Dorenbos’ paper on 4f n−1 5d1 → 4f n
transitions in divalent lanthanides [14]) shows the 4f levels and the position of the ﬁrst
5d level across the series. The 5d levels are accessible for most lanthanides with optical
photons. The gap between the lowest 4f and the lowest 5d level increases until the 4f
shell is half-full, and then rises again until the shell is full. This means Eu2+ and Yb2+
have much higher 5d levels than other divalent lanthanide ions.

1.2

Impurity-Trapped Excitons

An impurity-trapped exciton (ITE) is an electron-hole pair trapped around an impurity
centre. Although excitons may also be trapped around impurities in semiconductors,
the term “impurity-trapped exciton” refers to impurities in ionic crystals [6]. They are
created by exciting divalent impurities in the crystal. Figure 1.3 shows an illustration of
an ITE located at a lanthanide impurity centre in a ﬂuoride crystal with some arbitrary
divalent cation (labelled M2+ ). After excitation, a valence electron of the Ln2+ centre
becomes delocalised and the Ln2+ centre becomes a Ln2+ and hole. The ITE consists of
the hole trapped around the Ln2+ centre and an electron delocalised on the surrounding
cations [9]. ITEs are created when the valence electrons of ions are excited into a state
near or in the conduction band, so that the lanthanide ion is autoionized and the electron
can become delocalised on the surrounding cations. The delocalised electron is bound to
the hole that is trapped at the impurity site [21].

1.2.1

Anomalous Luminescence and Impurity-Trapped Excitons

In the 1960s Kaplyanskii and Feoﬁlov identiﬁed the emission band from CaF2 :Yb2+ and
BaF2 :Eu2+ as being “anomalous” [22]. The emission was termed “anomalous” because
it was shifted to a much lower energy than the corresponding absorption band, a shift
much greater than the expected Stokes shift. They proposed that the shift might be
caused by some involvement of the 6s states. Reut later suggested a transition from a
charge transfer state [23]. More experimental work was carried out by Kaplyanskii on the
excitation and emission decay of CaF2 :Yb2+ and the results were attributed to the JahnTeller eﬀect [24]. ITEs occuring in insulators were ﬁrst reported in the 1960s in systems
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Figure 1.1 Original Dieke diagram showing the positions of 4f trivalent lanthanide energy

levels [18].
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Figure 1.2 Dieke diagram showing the positions of 4f divalent lanthanide energy levels.

The line shows the position of the ﬁrst 5d level across the series [14].
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Figure 1.3 An illustration of an ITE [9]. The hole is trapped on the lanthanide ion (Ln2+ )

and the electron is delocalised around the surrounding cations (M2+ ).

of divalent metal ions doped into manganese ﬂuoride [25] and in the 1980s McClure and
Pedrini [21] suggested that the “anomalous” emission could be caused by an ITE. Pedrini
and Moine then measured the temperature dependence of the emission from CaF2 :Yb2+
and SrF2 :Yb2+ and proposed that the large Stokes shifts in these systems were caused by
the formation of ITEs [26, 27].
Moine and Pedrini determined the energy from the impurity states to the conduction band
by photoconductivity measurements and found for CaF2 :Yb2+ , SrF2 :Yb2+ and BaF2 :Yb2+
the 5d states overlap the conduction band, so the outer valence electron of the 4f 13 5d conﬁguration can become delocalised over neighbouring cations, creating an ITE state. The
ITE state has a large conﬁgurational shift from the 5d state. When the ITE recombines,
the conﬁgurational shift causes the energy shift in the emission. The conﬁgurational shift
also causes a large change in bond length which is associated with the broad emission
band.
The explanation of “anomalous” emission with an ITE model was ﬁrst made for alkaline
earth ﬂuoride crystals doped with divalent ytterbium but “anomalous” emission occurs
in many crystals doped with Eu2+ or Yb2+ . Dorenbos has gathered data on “anomalous”
emission from over forty Eu2+ or Yb2+ doped crystal environments [9]. The position of
the 5d levels relative to conduction band states and the presence of “anomalous” emission
in these systems are related phenomena as the 5d state must be near enough to the
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conduction band for an electron to become a delocalized ITE state. By quantifying the
emission shift, Dorenbos found trends in the shift as a function of the size of the lanthanide
ion and the sizes of the anions surrounding the lanthanide.

1.2.2

Impurity-Trapped Excitons in CaF2 :Yb2+

Yb2+ ions in CaF2 excited into the 4f 13 5d conﬁguration radiatively relax from an ITE
state [6]. In CaF2 :Yb2+ ITEs have direct radiative recombination, giving broad emission
with a large Stokes shift. The emission from the ITE in CaF2 :Yb2+ spans from 16 100
– 21 000 cm−1 and is shifted from the lowest 5d absorption by about 9000 cm−1 [28].
The emission deviates from the expected value (when compared to Eu2+ emission) by
∆D = −0.77 eV (6200 cm−1 ) [9].
The temperature dependence of the emission from the ITE in CaF2 :Yb2+ shown in Figure 1.4 is unusual. The intensity increases from 8 K to 110 K and then quenches by 180 K.
When the emission peak position is measured, it shifts to higher energies up to 50 K and
then shifts back to lower energy at higher temperatures.
Figure 1.4 The peak intensity of emission from CaF2 :Yb2+ varying with temperature after

excitation into a Yb2+ 5d level at 28 200 cm−1 (355 nm) as measured by Moine et al.[26].
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The temperature-dependent behaviour of the ITE emission was explained by Moine and
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Pedrini [26, 27] with a model including two ITE states: an ITE ground state with a long
radiative lifetime, and a higher energy state with a shorter radiative lifetime. At very
low temperature all excited population is in the low energy state. The intensity of the
emission initially rises with temperature, as the two states reach thermal equlilibrium.
The temperature at which the intensity is at a maximum is related to the energy gap
between the two ITE states. Once this equilibrium temperature is reached, the emission
intensity falls with increased temperature, as it is thermally quenched. A conﬁgurational
coordinate diagram of the two-level model is shown in Figure 1.5.
Figure 1.5 Conﬁgurational coordinate diagram of an ITE. ∆R is the ligand bond length. If

the centre is excited into the 4f 13 5d state near or in the conduction band (the shaded region
of the Figure) it can relax into an ITE state where it will radiatively recombine. There are
two ITE states, with similar energies but a large diﬀerence in conﬁguration, causing very
diﬀerent emission frequencies. The two states are shown on the left. The higher-energy
state has a higher emission rate than the lower-energy state.

From the width of the emission, the bond-length change from the 4f 14 ground state to
the ITE ground state has been calculated to be 0.169 ± 0.002 Å and from the 4f 14 ground
state to the ﬁrst excited ITE state is 0.154 ± 0.003 Å, so the ﬁrst excited state has a bond
length which is less contracted than the ITE ground state [28, 29].
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Impurity-Trapped Excitons in NaMgF3 :Yb2+

NaMgF3 :Yb2+ was one of the compounds identiﬁed by Dorenbos as “anomalous” [9]. It is
speciﬁed as having a deviation from predicted normal Yb2+ emission of ∆D = −0.44 eV
(–3500 cm−1 ) when compared to Eu2+ emission. Dorenbos states that “when ∆D is
less than –0.1 eV (–800 cm−1 ), conduction band states are likely to be involved in the
emission,” and the value for NaMgF3 :Yb2+ is well below this threshold value. The data
on NaMgF3 :Yb2+ was recorded by Lizzo et al, [8] who commented that NaMgF3 :Yb2+
had wide emission bands and large Stokes shifts compared to 4f n → 4f n−1 5d1 transitions,
suggesting the emission was from ITEs being formed around Yb2+ ions.
Lizzo also suggested the wide emission band and temperature-dependent band shape
indicated there were two charge compensation centres present in NaMgF3 :Yb2+ . NaMgF3
has an orthorhombically-distorted perovskite structure [30]. The Yb2+ replace Na+ ions.
It is likely that there are many charge-compensation centres for the Yb2+ ion, as multiple
charge-compensation sites have been reported in NaMgF3 :Sm2+ [31] and KMgF3 :Eu2+
[32].
The presence of more than one charge compensation site in NaMgF3 :Yb2+ allows for the
study of ITE formation in two impurity centres within the same crystal. Site-selective
ITE spectroscopy where the two impurity centres can be distinguished by changing the
monitored emission wavelength is the topic of Chapter 5 of this thesis.

1.2.4

Emission from MgF2 :Yb2+

The emission from MgF2 :Yb2+ is a broad band extending from 17 000 to 25 000 cm−1 .
Lizzo made high resolution measurements of the excitation spectrum and found four
states from 22 920–23 560 cm−1 . Since the emission does not have a large Stokes shift from
this ﬂuoresence-detected absorption, Lizzo assigned the emission to a 4f n → 4f n−1 5d1
transition of the Yb2+ centres [8].
MgF2 :Yb2+ is diﬀerent from CaF2 :Yb2+ and NaMgF3 :Yb2+ as the lowest component
of the 4f 13 5d1 excited state sits well below the conduction band. In 2003 Dorenbos [9]
suggested the emission from MgF2 :Yb2+ deviated from where it would sit in comparison to
MgF2 :Eu2+ emission by ∆D = −0.26 eV (2100 cm−1 ), so it was possible that the emission
should be classiﬁed as “anomalous” and correspond to an ITE recombination. However,
in 2012 Senanayake [33] failed to ﬁnd any ITE states from two-colour experiments exciting
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MgF2 :Yb2+ with UV and IR sources and concluded that the emission was indeed 4f n →
4f n−1 5d1 .

1.3

Charge Transfer Transitions

A ligand-to-metal charge transfer transition is the transfer of an electron from the surrounding ligands to a central metal ion. It can also be described for a trivalent lanthanide
(Ln) ion as the transfer of a hole from a Ln3+ ion to the surrounding ligands, causing the
previously trivalent Ln ion to become divalent, and the hole to be trapped by the potential
ﬁeld caused by the eﬀective negative charge of the Ln2+ ion. Lanthanide ions with high
electron aﬃnity have the lowest energy charge transfer transitions, such as Eu3+ , Yb3+ ,
Ce4+ and Tb4+ .
Absorption into charge transfer states has been observed across the lanthanide series, but
emission from charge transfer states is quenched in many lanthanide ions [34]. In order
for direct luminescence to occur from a charge transfer state, that state must sit at an
energy lower than the 5d levels, but higher than the 4f states so that interstate crossing
cannot occur. Charge transfer emission has only been reported for Yb3+ [35].
Impurity-trapped excitons could be created by a metal-to-cation charge transfer, where
an electron is transferred from the Ln2+ ion to surrounding cations, creating an “Ln2+ +
hole” centre.

1.4

Self-Trapped Excitons

Self-trapped excitons (STEs) are diﬀerent to ITEs in that they are an intrinsic excitation
of the crystal. An STE is an exciton in a transient lattice defect [10]. The study of
STEs began with investigations of the darkening of alkali halide crystals when exposed
to X-ray radiation in the 1940s and 50s. This colouration was determined to be from
electrons trapped in ion vacancies called “F centres” [36], named for the German word
“Fabre” meaning colour. Holes trapped around pairs of halogen ions were discovered
around the same time and called “H centres” (i.e. halogen centres). In the 1960s, X-ray
luminescence from alkali halide crystals was identiﬁed as the recombination of trapped
holes and trapped electrons [37, 38]. These trapped excitons were indentiﬁed in alkali
halides as precursors to lattice defects formed by ionizing radiation [39–41]. In the 1970s
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STEs were also indentiﬁed in alkaline earth ﬂuorides [42].

1.4.1

Structural Intrepretation of STEs

STEs are known to form in alkaline earth halides due to the ability of halide pairs to form
covalent bonds and act as trapping centres [43]. To further discuss the structure of STEs,
it is useful to deﬁne some terms used to describe crystal distortions.
A VK centre is a hole trapped around a pair of halogen ions. The halogen pair contracts
to about 30% of the normal lattice spacing to minimise the energy of the system. The
interaction between the halogen ions give VK centres a very characteristic electron paramagnetic resonance (EPR) signal associated with the hyperﬁne structure of the halogen
pair. The halogen pair lie along the ⟨100⟩ axis as in Figure 1.6. H centres (sometimes
called VH centres) are VK centres which have rotated so that one of the halogen ions ﬁlls an
interstitial gap. H-centres have a similar EPR spectrum to VK centres but the hyperﬁne
lines are further split by interactions with surrounding halogen ions [44, 45].
Figure 1.6 Illustration of a VK centre in CaF2 . The ﬂuoride anions are labelled F and the

calcium cation is labelled Ca. The position of the hole is indicated by the blue area.

The self-trapped hole (STH) in CaF2 has been shown to be a VK centre comprised of
two ﬂuoride ions in several optical and EPR studies [43, 46]. When the STH captures an
electron to become a STE, the ﬂuoride ions which comprise the VK centre rotate, and their
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ﬁnal position is along the ⟨111⟩ axis as an H centre. The rotation of one of the ﬂuoride
ions to an interstitial site leaves a vacant ﬂuoride site, where the electron is localised, as
in Figure 1.7, so the geometry of the STEs is that of an F-H centre pair. This geometery
has been determined by optically detected EPR measurements and reinforced by ab-initio
calculations [43, 47, 48].

Figure 1.7 Illustration of an H (or VH ) centre and a ﬂuoride anion vacancy in CaF2 . The

black circles are cations and the white circles are halogens. The position of the hole is
indicated by the blue area.

The STE in NaMgF3 has not been studied in any detail, but we can assume that the
results obtained for KMgF3 will be relevant to NaMgF3 . KMgF3 has been studied via
EPR, ab initio method and an extended-ion method [49, 50]. The geometry of the STH
in KMgF3 is shown in ﬁgure 1.8. It is similar to CaF2 as the STH is a VK centre, but it is
not aligned along the ⟨100⟩ axis. The ﬂuoride pair rotates when it captures an electron.
The structure of the STE in MgF2 has been theoretically proposed using an extended-ion
model [51]. The STE conﬁguration with the lowest calculated energy is an oﬀ-centre VK
centre as shown in Figure 1.9. This ﬁgure demonstrates the diﬀerence between a STE,
where the electron and hole and bound to each other, and an F-H pair.
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Figure 1.8 Schematic of the suggested geometry of the self-trapped hole in KMgF3 [50].

The black circles are cations and the white circles are halogens. The position of the hole is
indicated by the blue area.
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Figure 1.9 Schematic of (a) the suggested geometry of the STE in MgF2 . (b) the geometry

of F-H pairs in MgF2 [51]. The black circles are Mg2+ ions and the white circles are F−
ions. Speciﬁc ﬂuoride ions are indicated by the labels 1, 2 and 3.

1.4.2

Recombination Luminescence

STEs are typically formed by above-bandgap excitation, which creates many free excitons.
However, the amount of recombination luminescence from free excitons is very low. From
the ratio of luminescence from free excitons to STEs, the lifetime of a free exciton before
becoming self-trapped has been calculated to be on the order of picoseconds [52].
Recombination luminescence from STEs is usually in the form of a broad band with a
Stokes shift of several electron volts. All STEs in alkali halides have an emission band
with a characteristic polarisation, identiﬁed as the recombination of an STE state which is
predominantly a triplet spin state [39]. In some cases emission attributed to recombination
from a singlet state of the STE is also reported [53]. This singlet emission has distinct
polarisation and a shorter radiative lifetime.
The recombination luminescence of STEs in alkali halides commonly quenches with temperature, which has been suggested to be because of the thermal increase of non-radiative
transitions near the crossing of the conﬁgurational coordinate curves of the STE state to
the system ground state shown in Figure 1.10 [54].
The STE in CaF2 has a singlet and a triplet state which have overlapping emission bands
with very diﬀerent lifetimes. The lifetime of the singlet state is τ ≈ 10 ns and the triplet
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Figure 1.10 A schematic representation of the states involved in recombination luminescence

of STEs in alkali halides from Pooley and Runciman, 1970 [54].
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state is τ ≈ 10 µs [55].
Kristianpoller et al. identiﬁed emission from various defect states in irradiated NaMgF3 ,
but did not report STE emission. Triplet emission from NaMgF3 STEs was identiﬁed in
2004 [56]. No singlet emission has been measured yet.
In 1977 Williams et al.measured broad band emission at 25 800 cm−1 in MgF2 and identiﬁed that it was likely to be STE triplet emission [57]. The relationship between the
dissipation of energy through creation of STEs compared to creation of Frenkel pairs has
been the subject of MgF2 studies, both spectroscopic [58] and theoretical [51, 59]. An extended emission spectrum by Kolobanov et al. [60] found an emission band at 67 800 cm−1
with a lifetime of 1.6 ns. This band was attributed to the singlet emission of the STE in
MgF2 .

1.5

Outline

This work advances previous studies done on ITEs in insulating materials by measuring
the dynamic behaviour of the ITE emission using a two-colour experiment in NaMgF3 .
Previous work has been limited to UV excitation. The use of tunable-frequency IR excitation from an FEL enables intra-excitonic excitations to be performed.
STEs in alkaline earth ﬂuorides have been investigated with X-ray spectroscopy, but
limited VUV spectroscopy has been performed. VUV excitation allows for resonant absorption into intrinsic exciton states. By using a high-power VUV synchrotron source,
this thesis presents clear emission from STEs over a range of excitation energies that gives
new insight into energy transfer mechanisms between intrinsic excitations and ITE states
in insulating materials.
The eﬀect of conﬁnement on STEs is studied by performing VUV spectroscopy on 2dimensional CdF2 -CaF2 superlattice materials.
This thesis contains the following chapters which examine the excitons that form in alkaline earth ﬂuoride crystals:
• Chapter 2 is a review of the current knowledge relevant to the topics in this thesis. Semi-empirical crystal ﬁeld modeling is introduced. The parts of the eﬀective
Hamiltonian are described and the crystal ﬁeld parameters are given physical intepretation. Rate equation modelling of two-level systems is explained.
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• Chapter 3 describes the experimental techniques used in this thesis. These techniques are: crystal growth, characterisation of materials using emisssion and absorption measurements, X-ray Absorption Near Edge Structure (XANES) measurements, two-colour photoluminescence enhancement, VUV measurements and twocolour excitation experiments using a Free-Electron Laser (FEL).
• Chapter 4 presents basic spectroscopic measurements of the materials used in this
thesis, CaF2 :Yb2+ , NaMgF3 :Yb2+ and MgF2 :Yb2+ including emission and absorption spectra. The chapter also gives the valency distribution of the doped Yb2+
in CaF2 and NaMgF3 using the X-ray Absorption Near Edge Structure (XANES)
measurement results.
• In Chapter 5 the details of impurity-trapped excitons which form from exciting
Yb2+ in NaMgF3 are examined using a two-colour technique called site-selective
transient photoluminesence enhancement (SSTPE). The ITE states are investigated
by varying experimental parameters such as temperature and excitation power. A
system of rate equations is used to model the excited states of the ITEs.
• In Chapter 6 the relationship between the Yb2+ ITEs and intrinsic excitations in the
host crystal is investigated with vacuum ultraviolet spectroscopy. VUV radiation
excites into the band edge of these insulating materials, creating intrinsic excitons
and e-h pairs. Spectra for CaF2 , NaMgF3 and MgF2 are all presented and compared
to understand the energy transfer mechanisms between the host excitations and
lanthanide impurity centres.
• In Chapter 7 the eﬀect of conﬁnement on self-trapped excitons in CdF2 is explored.
VUV spectra of CdF2 –CaF2 superlattices are compared to bulk crystal measurements.

Chapter 2

Theoretical Background

In this chapter, the theory of 4f n and 4f n−1 5d1 energy levels in lanthanide ions is presented. Semi-empirical crystal ﬁeld modeling is introduced. The parts of the eﬀective
Hamiltonian are described and the crystal ﬁeld parameters are given physical intepretation. Rate equation modelling of three-level systems is explained.

2.1

Crystal Field Calculations

Modelling and predicting the energies of excited states of lanthanide ions is a diﬃcult
problem. The states of the ion are aﬀected by interactions between electrons in the ion
and the ion’s crystal surroundings, and taking all these eﬀects into account will create a
Hamiltonian which is far too complex to analytically solve. Computational methods have
been developed to numerically solve for the energy levels with ab initio calculations using
modiﬁcations to the Hartree-Fock method [61, 62].
A commonly-used method to calculate energy levels is to ﬁt experimental spectra to a
parameterised model. This method has been used to extract and compare parameters
across ranges of ions and crystal hosts [63–65]. In semi-empirical crystal ﬁeld calculations
we construct a parameterised Hamiltonian matrix and diagonalise it to ﬁnd its eigenvalues. By choosing the correct parameterisation the parameters can represent physical
interactions of the ion and environment.
Crude ab initio calculations of the energy levels of lanthanide in host materials have
been performed using the superposition model, which is discussed in more detail later
in this chapter. More recently, an ab initio method using model potentials has been
developed to perform embedded-cluster calculations and simulate the 4f n−1 5d1 → 4f n
transitions of lanthanide ions in ionic crystals [66, 67]. These calculations do not provide
information directly about the magnitudes of the physical interactions involved, and a
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limitation of these ab initio calculations is that they cannot be used to ﬁnd trends in the
interactions across the lanthanide series which could be extrapolated to predict results
for other lanthanide systems.
The semi-empirical parameterised model can be linked to ab initio calculations [68, 69]
so these methods complement each other in developing a model of lanthanide transitions
in host materials.
In this work, the parameterised model is used to ﬁt NaMgF3 Yb2+ and MgF2 :Yb2+ 4f n−1 5d1 →
4f n transitions, and the semi-empirical Hamiltonian that forms the basis of this model is
explained in this chapter.

2.1.1

Constructing an Eﬀective Hamiltonian

The eﬀective Hamiltonian is the sum of two main parts, as shown in Equation 2.1: a
free-ion Hamiltonian and a crystal ﬁeld Hamiltonian.

Heﬀ = HFI + HCF .

(2.1)

The Hamiltonian is created by calculating the reduced matrix elements and multiplying
them by the parameters which correspond to various interactions of the ion.
This Hamiltonian is then diagonalised to obtain the crystal ﬁeld splitting as a function of
the crystal ﬁeld parameters. The eigenfunction basis is truncated to only include relevant
energy levels, which, for this work, are the Yb2+ 4f 14 and 4f 13 5d levels.
A simulated spectrum can be created using the crystal ﬁeld splitting and the associated
transition intensities from the parameterised Hamiltonian. Parameters in the Hamiltonian
are chosen to give a simulated spectrum that best matches experimental results.

2.1.2

Central Field Approximation

We can choose any parameterisation for a Hamiltonian, but it is useful to relate the
parameters to physical interactions of the ion. To have a physically relevant parameterisation we utilise the central ﬁeld approximation. The central ﬁeld approximation is the
simpliﬁcation that the combined electric ﬁelds of the nucleus and all other electrons acting
on any one of the electrons in an atom is radial and the same for all the electrons in the
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atom. That is, every electron sees an identical potential U (r) that is only a function of
its distance from the nucleus. This leads to solutions of the form:

ψn l ml ms (r, θ, ϕ) =

Rnl (r)
Yl ml (θϕ)χms .
r

(2.2)

Rnl are radial wavefunctions, Yl ml are spherical harmonics and χms are spin functions.

2.1.3

Free Ion Parameters

As well as the central ﬁeld, there are non-spherical parts of the potential which we add to
the Hamiltonian as parameters multiplied by reduced matrix elements. The non-spherical
terms we must add to the central ﬁeld Hamiltonian are the operators that correspond to
the two-body interactions of the valence electrons. The energies are calculated with
respect to the ground conﬁguration so the central ﬁeld term Eavg can be set to zero and
an Eavg term is added to account for the energy diﬀerence between the 5d and 4f states.
The form of the free ion Hamiltonian used for semi-empirical ﬁtting in this thesis is:

HFI = Eavg + HCou + HSO .

(2.3)

The free ion Hamiltonian given in Equation 2.3 above can be described as the sum of
several components: Eavg is the central ﬁeld, HCou describes the non-spherical Coulomb
interaction between electrons in the ion and HSO describes the relativistic spin-orbit interaction of electrons.
HCou =

e2
rij

− U (r) and by expanding 1/rij into scalar products of spherical harmonics,

HCou can be given the form of a sum of a number of radial parameters multiplied by
tensor operators:

HCou =

∑
k=0,2,4,6

fk F k +

∑
k=2,4

fk (f d) F k (f d) +

∑

gk (f d) Gk (f d).

(2.4)

k=1,3,5

F k are the Slater integrals for the radial part of the electrostatic interaction. Here the
F k are associated with the repulsion between electrons within the 4f 13 conﬁguration,
whereas F k (f d) and Gk (f d) describe the Coulomb interaction between the 5d1 electron
and the 4f 13 shell. F k are the direct terms which represent the potential of an electron on
another. Gk are the exchange interaction terms which depend on electron wavefunction
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integral overlap. For 4f 13 − 4f 13 interactions, the direct and exchange operators eﬀect
the same matrix elements, so only one term is needed. For 4f 14 − 5d1 interactions the
terms are distinct.
HSO is also the sum of parameters multiplied by tensor operators:

HSO = ζf f ASO (f f ) + ζdd ASO (dd).

(2.5)

ζf f and ζdd are associated with the spin-orbit interactions in the 4f 13 and 5d1 states and
ASO are calculated from matrix elements of the tensor operator V 11 .

2.1.4

Crystal Field Parameters

When a lanthanide ion is situated in an enviroment with an electrostatic potential, such
as a dielectric crystal, the spherical symmetry is lowered to that of the site symmetry in
the crystal and the free ion levels split under the inﬂuence of the ﬁeld provided by the
neighbouring ions. This is represented by a crystal ﬁeld Hamiltonian which is the sum
of one-electron crystal ﬁeld interaction parameters multiplied by many electron spherical
tensor operators [70]:

HCF =

∑

Bqk Cq(k) .

(2.6)

k,q

The Bqk are treated as parameters that quantify the strength of the ﬁeld acting on the
rare earth ion. The values of k and q are governed by the triangular rule for the addition
of angular momentum which gives non zero matrix elements associated with k even values
(k)

due to parity. The Cq

are the Racah spherical tensor operators and are related to the

spherical harmonics Yk,q by
√
Cq(k)

=

4π
Yk,q .
2k + 1

(2.7)

Possible k and q values which give non-zero matrix elements are determined by the symmetry of the crystal ﬁeld. For OH symmetry centre the crystal ﬁeld interaction Hamiltonian
is [71]:
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[
HCF = B

4

(4)
C0

+
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(6)
(6)
(6)
6
C4 + C−4
C4 + C−4 .
+ B C0 +
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2

(2.8)

If the symmetry is lowered by a tetragonal distortion the OH Hamiltonian is modiﬁed
(2)

with the addition of a B02 C0 term.

2.1.5

Transition Intensity Calculations

Lanthanide ions interact with the electromagnetic ﬁeld of an exciting light source most
commonly via the possession of an electric dipole moment. The intensity of transitions
between energy levels in an ion is calculated from the interaction of electric and magnetic
dipole moments of the ion with electromagnetic radiation. This interaction is represented
by the electric and magnetic dipole operators given in Equation 2.9 and Equation 2.10
[72].

−eDq(1) = −erCq(1) ,
−e~ (1)
Mq(1) =
(L + 2Sq(1) ).
2mc q

(1)

Cq

(2.9)
(2.10)

is the spherical tensor operator given in equation 2.7, e and m are the charge and
(1)

(1)

mass of an electron, Lq is the orbital angular momentum operator and Sq

is the spin

angular momentum operator. The value of q represents the polarization of light and can
have the values q = 0 or ± 1.
The electric dipole operator has an odd parity whereas the magnetic dipole operator has
an even parity. The ﬂuoride systems studied in this work are symmetric, so transitions
within either the 4f or 5d states are nominally electric dipole forbidden due to the absence
of odd-parity interaction with the crystal. Transitions between 4f and 5d states are not
electric dipole forbidden, as for these transitions ∆L = ±1, but they are magnetic dipole
forbidden.
If we average over all polarizations, the line strength S for a transition from an initial
state I to a ﬁnal state F is given by:
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1 ∑∑∑ 2
e |⟨F f | Dq(1) | Ii⟩|2 ,
3 q i f
1 ∑∑∑
=
|⟨F f | Mq(1) | Ii⟩|2 ,
3 q i f

SFED
=
I
SFMD
I

(2.11)

S = S ED + S MD .

The line strength can be easily related to stardard measures of absorption intensity such
as the oscillator strength.
The absorption bands of 4f n−1 5d1 → 4f n transitions are broadened by multiple mechanisms. There is a fundamental line width due to Heisenberg’s uncertainty principal, which
results in homogenous broadening. There is also a large inhomogeneous broadening due
the change in bond length between 4f and 5d conﬁgurations changing the vibrational
state of the system.
To model the smaller homogenous broadening and create zero phonon lines, the line
strengths Si are ﬁrst convolved with Lorentzian functions with some small width γ for
each absorption line i:

Izpl (E) =

∑
i

Si γi
.
2(E − Epeak,i )2 + ( γ2i )2

(2.12)

The vibronic band is approximated by adding a parameter Eoﬀset to the energies associated
with the zero phonon lines, and then convolving them with Gaussian functions:
√
(
)
∑ 2 ln 2 Ii
−4 ln 2(E − Eoﬀset )2
√
Ivib (E) =
exp
,
(Γi )2
π Γi
i

(2.13)

where the width Γ depends on the bond length change associated with the transition.
The true lineshape of the vibronic broadening is more accurately described by a Pekarian
function [73], however the band is suﬃciently broad that a Gaussian function is a fair
approximation. The ﬁnal intensity is the sum of the zero phonon lines and the shifted
vibronic bands:

I(E) = Izpl (E) + Ivib (E).

(2.14)
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The Superposition Model

The superposition model is a phenomenological model to calculate the crystal ﬁeld parameters associated with a rare-earth ion in a site of a given geometric conﬁguration [70]. The
model assumes that the total crystal ﬁeld can be expressed as a sum of the contributions
from the nearest neighbour ions.
The value of crystal ﬁeld parameters Bqk depend on the geometry of the ligands. To
compare interactions between ligands and ions in diﬀerent crystal ﬁelds, it is useful to
have a set of parameters that are independent of ligand orientation and bond length.
These are called the intrinsic parameters.
The intrinsic parameters B̄ k (R0 ) represent the crystal ﬁeld of a ligand if we rotated the
ligand to be aligned along the Z axis and moved it to a distance R0 from the ion. The
intrinsic parameters are a measure of the crystal ﬁeld which is independent from the site
geometry, so they should be comparable for the same ions with the same type of ligands
in sites with diﬀerent crystal symmetries. The crystal ﬁeld parameters Bqk are related to
the intrinsic crystal ﬁeld parameters B̄ k (R0 ) by
(
Bqk

k

= ΣL B̄ (R0 )(−1)

q

k
C−q
(θL , ϕL )

R0
RL

)tk
,

(2.15)

k
where ΣL indicates a sum over all nearest neighbour ligands, C−q
(θL , ϕL ) is a spherical

tensor
( )tkoperator and represents a rotation from the Z axis to the proper ligand position.
R0
is the distance-dependent term. tk depends on the distance between the ion and
RL
ligands. The distance term would be the same as an electrostatic potential if we chose
tk = k + 1 but comparison with experimental crystal ﬁeld parameters suggests the value
of tk is higher [62].

2.1.7

Modelling Excitons With Crystal Field Theory

Recently some attempts to model ITEs with ab-initio and crystal ﬁeld analysis have been
made. The ITE state can be added to the system as a 6s state [74] but the success of
the modeling varies with the host material [75]. Other methods of gathering information
about energy levels of ITEs are needed to provide additional information for development
of ab-initio models. Hence the two-colour excitation technique described in chapter 5,
which is analysed with the two-level model described below.
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2.2

Rate Equations

The ITEs that form in CaF2 :Yb2+ , SrF2 :Yb2+ and NaMgF3 :Yb2+ emit from two levels
with very similar energies and very diﬀerent radiative rates. This section describes the
behaviour of two such states. We will create a simple three-level “toy” model using rate
equations to show how the population of these levels changes with time as they reach
thermal equilibrium. Then we will add a time-dependent term to move population from
the lower state to the higher one, which simulates IR excitation in a two-colour experiment.
We will create a model for three energy levels:
1 The ground state of the system.
2 An excited state with radiative rate A21 .
3 An excited state with a greater radiative rate A31 > A21 .
We can model the time evolution of the populations of these levels N1 , N2 and N3 with
a system of rate equations, visualised in Figure 2.1:

dN1
= A21 N2 + A31 N3 ,
dt
dN2
= − (A21 + W23 )N2 + W32 N3 ,
dt
dN3
= W23 N2 − (A31 + W32 )N3 .
dt

(2.16)
(2.17)
(2.18)

The parameters A21 and A31 are the radiative rates of the two excited states. A31 is much
greater than A21 . W23 and W32 are the non-radiative rates between the excited states.
They are related by the equation:

W23

g3
= W32 exp
g2

(

−∆E23
kT

)
,

(2.19)

where g2 and g3 are the degeneracies of levels 2 and 3, ∆E23 is the energy diﬀerence
between the excited levels, k is the Boltzman constant, and T is the temperature.
Figure 2.2 shows the dynamic behaviour of the population in a pair of energy levels
40 cm−1 apart, when all the population is put initially into level 2. The parameters used
in this model are in Table 2.1. Level 3 is thermally populated, and the ratio of population
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Figure 2.1 Schematic showing the rates between energy levels in a simple 3-level model.

in level 3 compared to level 2 increases until thermal equilibrium is reached. At thermal
equilibrium, the ratio of the population in level 3 compared to level 2 stabilises, which
happens at around 20 µs in the ﬁgure. The population then radiatively decays from both
levels into level 1. Since the radiative rate A31 is much greater than A21 , the transfer
is mostly from level 3 to level 1, but population is then transferred non-radiatively from
level 2 to level 3 to keep the ratio of the populations constant.
If the system is at a diﬀerent temperature, the ratio between the populations in levels 2
and 3 will have a diﬀerent equilibrium value. For example, if we take the same system
as in Figure 2.2 and change the temperature from 300 K to 50 K, then as shown in
Figure 2.3, the non-radiative rate from level 2 to 3 changes, and the equlibrium population
distribution has more population in level 2 than at 300 K.
This decrease in population in level 2 compared to level 3 as temperature increases is
shown in Figure 2.4(a). This ﬁgure shows the steady state populations, which are the
eigensolutions of the system of ODEs in equations 2.16–2.18. The time the system takes
to reach steady state depends on the value of W23 . In the example, the system reaches
steady state by

1
W23

=

1
105 s−1

= 10 ms. We use the populations to calculate the radiative

intensities of the two levels, as:

28

Chapter 2. Theoretical Background

Figure 2.2 Demonstration of thermal equilibrium between three energy levels at a temper-

ature of 300 K.
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Table 2.1 Parameter values for the toy model. These parameters are used to show the

general behaviour of two energy levels which are very close together. The parameters are
used in equations 2.16–2.18 to calculate the populations in Figures 2.3–2.4.

Parameter

Value

A21 (s−1 )

50 (20 ms)

A31 (s−1 )

5000 (200 µs)

∆E23 (cm−1 )

40

g2

1

g3

1

W32 (s−1 )

1.0 × 105
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Figure 2.3 Demonstration of thermal equilibrium between three energy levels at a temper-

ature of 50 K.
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Figure 2.4 (a) Normalised equilibrium population distribution between three energy levels

as temperature changes, (b) intensity of radiative transistions from the two energy levels as
temperature changes.
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I2 =A21 N2 ,

(2.20)

and I3 =A31 N3 .

(2.21)

Figure 2.4(b) shows if the system has population in the lower state and the temperature
is increased, population is thermally excited into the higher level, which has a higher
radiative rate, so the intensity of emission from the system increases.
The two-colour experiments described in Chapter 5 involve an IR excitation redistributing
population from level 2 into level 3. In order to model this process, we can include a term
P23 . The magnitude of P23 is time-dependent, and follows the shape of the IR pulse
(shown in Figure 2.5). The new system of equations is:

dN1
= A21 N2 + A31 N3 ,
dt
dN2
= − (A21 + W23 + P23 )N2 + W32 N3 ,
dt
dN3
= (W23 + P23 )N2 − (A31 + W32 )N3 .
dt

(2.22)
(2.23)
(2.24)

The enhancement in the transient in Figure 2.6 is the result of plotting the intensity
calculated from Equations 2.22–2.24 using the parameters given in Table 2.1 and P23 =
106 s−1 . The value of P23 changes the height of the enhancement and the non-radiative
rate changes the shape of the decay after the enhancement.
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Figure 2.5 Shape of IR excitation pulse, which is used to model promotion of population

from the second to third energy level.
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Figure 2.6 Modelled transients with the IR excitation, changing the non-radiative rate

between levels 2 and 3 at 50 K.
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Chapter 3

Experimental Methods

This chapter describes the experimental techniques used to investigate the physics of
Yb-doped alkaline earth ﬂuoride crystals, and details the speciﬁc methodologies used to
gather the data in this thesis.

3.1
3.1.1

Sample Growth
Bulk Crystals

The CaF2 :Yb and SrF2 :Yb crystals were grown by the author at the University of Canterbury, using the vertical Bridgman-Stockbarger technique in a 40 kW Arthur J. Little
radio frequency (RF) furnace. Crushed pure metal ﬂuoride crystal and 4N purity (ie
impurities made up less than 10−4 percent) ytterbium ﬂuoride powder were packed in a
graphite crucible and placed within an insulated coil carrying RF current, located in a
chamber capable of attaining a vacuum of around 3 × 10−5 mbar. Increasing the power
output of the ampliﬁcation system increased the electric ﬁeld across the carbon crucible,
which heated to the melting point of the mixture it contained. The dopant atoms were
mixed evenly throughout the molten mixture by convection. The crucible was then slowly
lowered out of the coil, causing the temperature to drop as it exited the RF ﬁeld and the
molten mixture crystallized [29].
The crystals were cut into samples with a thickness of approximately 2 mm with the use
of a Struers Minitom diamond saw. The cut samples were then polished down to approximately 1 – 1.5 mm using a Struers LaboPol 2 polisher, initially employing progressively
ﬁner grades of Silicon Carbide (SiC) paper and subsequently diamond suspension activated ﬁber with progressively ﬁner particulate sizes.
The calcium, strontium and ytterbium ﬂuorides have melting temperatures of 1415, 1473
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and 1052 ◦ C, respectively. The CaF2 crystals were typically grown at a RF output power
of 9.9 kW, to achieve a nominal temperature of 1415 ◦ C across the carbon crucible. The
SrF2 crystals were typically grown at a RF output power of 10.6 kW, to achieve a nominal
temperature of 1473 ◦ C.
Samples at dopant molar concentrations of 0.05% and 0.5% were grown. Growing crystals
with greater amounts of YbF3 causes the chemical reduction to Yb2+ ions to be less
eﬃcient, so more Yb3+ ions form than Yb2+ in higher concentration crystals.
The NaMgF3 :Yb and MgF2 :Yb crystals were grown in Interfacultair Reactor Instituut
(IRI) in Delft and given to the University of Canterbury by Prof. Andries Meijerink,
Utrecht University. Single crystals were grown via the Bridgman method in a carbon
crucible in a reducing atmosphere of 75% N,/25% H, using a Philips PH 1006/13 highfrequency furnace. The NaMgF3 mixture contained 0.5 mol % ytterbium. The actual
amount of ytterbium in the crystals was determined by instrumental neutron activation
analysis (INAA) to be 215 ppm [8]. For the MgF2 :Yb crystals, the starting materials used
were MgF2 (Highways Int., 4N) and YbF3 , which was prepared from Yb2 03 (Highways
Int., 5N). The crystal growth melt contained 0.6 mol% ytterbium [76].

3.1.2

Superlattices

CaF2 :Eu-CdF2 superlattices (SLs) were grown at the Ioﬀe Institute, Russia by a molecular
beam epitaxy (MBE) technique. Molten CaF2 :Eu and CdF2 each in diﬀerent eﬀusion
cells were alternatively deposited on a heated silicon substrate in an ultrahigh vacuum
environment. The substrate was [111] oriented and its temperature was kept at 973 K.
Several monolayers of CaF2 were deposited on top of the Si substrate allowing subsequent
coherent growth of CdF2 :Eu layers.
The overall thickness of the SLs is constant, and the number of monolayers indicates
the thickness of each alternating layer. For the SL consisting of layers of ﬁve monolayer
thickness (1 monolayer = 3.15 Å) of CaF2 :Eu and 5 monolayers of CdF2 , the number of
alternating layers of material was about 30 [77].
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Characterisation Measurements

Absorption was measured using a Cary 6000i Spectrophotometer. The sample was cooled
with a Janis CCS-150 liquid helium cryostat system which was evacuated with a Pﬁeﬀer
HiCube 80 Classic vacuum pump.
Photoluminescence was measured using a SpectraPhysics Cobra pulsed dye laser pumped
with a Quanta-Ray pulsed ND:YAG with a repetition rate of 10 Hz. The dye used was
Pyradine 2. The frequency of the laser output was doubled with a non-linear optical
crystal to achieve an excitation range of 350-360 nm. The sample was kept at low temperatures with an Oxford Optistat CF2 system.
For the time-resolved measurements, the emission was collected with an Actor SpectraPro
2150i 0.150m imaging dual grating monochromator spectrograph and a PDA 100A EC
silicon detector with a range of 340 nm–1100 nm. The transient was processed by a
Tektronix TDS 2022 two-channel digital storage oscilliscope triggered oﬀ the laser pulse.
For integrated measurements, the emission was dispersed by a Horba Jobin Yvon 1000M
series II 1 m spectrometer and collected by a Hamamatsu C10372-02 photomultiplier tube
with a range of 0-1500 nm.
The emission spectra presented in Chapter 4 were recorded at Victoria University using a
Horiban Fluorolog with an iHR320 spectrometer using a 600 grooves/mm grating with a
1000 mm blaze angle and an electro-optical systems detector. The samples were excited
with a xenon lamp. Spectra were corrected for lamp intensity and spectrometer sensitivity. The samples were cooled in a cryostat with liquid helium using a CTI helix 8001
compressor and the temperature was varied between 15 and 300 K using a Lakeshore 321
temperature controller.
The emission spectrum of SrF2 was recorded at Dr.Guokui Lu’s spectroscopy laboratory
in Argonne National Laboratory with a Lambda Physik Scanmate YAG-dye combined
system. The dye was Styryl 8 in ethanol. The power was 0.40mV at 375 nm. The sample
was kept at low temperatures with an Oxford 43787 cryostat. The emission was collected
with a Spex 1702/04 spectrometer and TSA 031034/467 photomultiplier tube.

3.3. XANES Fluorescence Measurements
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XANES Fluorescence Measurements

X-ray Absorption Near Edge Structure (XANES) is a spectroscopic technique which is the
X-ray equivalent to excitation measurements in optical spectroscopy [78]. The XANES
measurements are scans over excitation energies around an absorption transition that excites a core electron into the conduction band, while monitoring the ﬂuorescence intensity
integrated over a speciﬁc band of X-ray energy. The excitation can be into any of the
resonant transitions which will excite core electrons, but some transitions will be stronger
than others due to dipole selection rules, ∆l = ±1, ∆j = ±1, ∆s = 0. Similarly any
resonant ﬂuorescence transition can be monitored but practically only some transitions
are strong enough to be measured. The resonant transitions are labelled based on the
principal quantum numbers of the core state. The principal quantum numbers n=1, 2,
and 3, correspond to the K, L, and M-edge respectively. Figure 3.1 is a schematic of the
X-ray ﬂuorescence process utilised for XANES measurements.
All XANES measurements in this thesis are of Yb. The Yb was excited into the L3 edge
3

at 8949 eV which corresponds to a transition from a 2p 2 to the conduction band. The
ﬂuorescence transition that is monitored is the Lα emission line.
The XANES data were measured at the Paciﬁc Northwest Consortium Collaborative
Access Team (PNC-CAT) bending magnet beamline of the Advanced Photon Source
(APS) in Argonne National Laboratory, Illinois [79]. The basic schematic of the X-ray
beamline is shown in Figure 3.2. All energies of X-rays pass through an entrance slit, and
the energy required is selected by a Si 111 double crystal monochromator. The incident
intensity is measured before the beam hits the sample, using a 20 cm long parallel plate
ionisation chamber ﬁlled with N2 gas. The detector consists of parallel plates with a high
voltage across them. Incident X-rays ionize the gas. The electron emitted from the ionised
gas goes to one plate and the ion to the other, producing a current.
The X-ray ﬂuorescence from the sample is measured with a mercury single element vortex
system - a solid state X-ray detector which measures the energy of an incoming photon
by the amount of ionization it produces in the high purity silicon detector. The optical
ﬂuorescence is measured with a CCD detector. The mercury single element vortex system
has an unresponsive period or “dead time” after each signal event. The dead time depends
on the total count rate and is corrected for using the incident intensity.
The 20-BM: Sector 20 bending magnet beamline used has an energy range of 2.7-32.7 keV
and a ﬂux of 1 × 1011 photons s−1 /0.1% BW at an energy of 10 keV. BW is the energy
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Figure 3.1 Illustration of an X-ray ﬂuorescence process: An incoming X-ray photoionizes

an atom, leaving a hole in one of the core levels. The hole recombines with an electron from
a higher core level, and an X-ray is emitted.

Figure 3.2 Illustration of the X-ray ﬂuorescence measurement setup at 20-BM.
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bandwidth of the monochromator. The monochromator is Si 111 and has a resolution of
0.14 eV at 10 keV and is shown in Figure 3.3. The unfocused beam size is 30 mm×1 mm.
The beam is focused with a toroidal mirror and the focused beam size is 500 µm × 250 µm.
Cold temperatures are achieved with a nitrogen microfridge capable of temperatures between 100-300 K. The setup in the experimental hutch is shown in Figure 3.4.
Figure 3.3 The Si 111 double crystal monochromator that selects the X-ray energy before

the X-ray beam enters the experimental hutch.

3.4

Site-Selective Two-Colour Photoluminescence Enhancement

The two-colour experimental technique described here was developed by Senanayake [29]
and applied to the CaF2 :Yb2+ system to probe excitonic energy levels. Similar experiments are utilised in this thesis to probe the ITE in NaMgF3 :Yb2+ with the addition of
site-selective spectroscopy to diﬀerentiate between the two emitting ITE centres present
in NaMgF3 :Yb2+ .
A schematic of the Site-Selective Two-Colour Photoluminescence Enhancement (SSTPE)
method is shown in Figure 3.5. A UV pulse delocalises the outer valency electron of the
Yb2+ which forms an ITE in its ground state. Population in the ITE begins to slowly
decay to the 4f 14 conﬁguration with a lifetime of several milliseconds. After the UV pulse,
an IR pulse excites the ITE population into a higher-energy ITE state. The oscillators in
the higher energy state decay non-radiatively to a faster emitting state, where they decay
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Figure 3.4 The experimental hutch for 20-BM, the bending magnet beamline at APS used

for XANES measurements.
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Figure 3.5 A schematic of the SSTPE method. UV excitation promotes Yb2+ ions from the

Yb2+ ground state to a higher Yb2+ state from which they relax non-radiatively into the
exciton ground state. There are two primary emitting exciton levels, the ground exciton state
and a higher-energy exciton state. The higher-energy exciton state has a larger radiative
rate. The IR pulse promotes excitons from their excitonic ground state into higher exciton
energy levels, whereby they radiatively relax to the Yb2+ ground state.
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to the 4f14 conﬁguration with a lifetime of hundreds of microseconds.
The UV excitation source was a Ti-Sapphire RegA regenerative ampliﬁer seeded by a
MIRA 900F Ti-Sapphire oscillator, that pumped a Quantronix TOPAS Optical Parametric Ampliﬁer (OPA) which provided tunable UV laser radiation output from 250 to
400 nm. The pulse width of the OPA was typically 3 ps with a repetition rate of 1 kHz.
The average power output at the laser was 10 – 15 mW, with a maximum pulse ﬂuence
of approximately 0.13 Jcm−2 .
The infrared (IR) radiation was provided by the Dutch Free Electron Laser for Infrared eXperiments (FELIX), located at FOM Rijnhuizen in Nieuwegein, the Netherlands. FELIX
has a tunable wavelength range from 3 –250 µm, and is able to be scanned continuously
for over an octave. It is a pulsed laser, consisting of a macropulse with a width of 4–10 µs
with a repetition rate of 5 or 10 Hz. For the experiments presented in this thesis the 10 Hz
repetition rate was utilized. The macro-pulse contains a series of micro-pulses of variable
width (0.3 to 10 ps) with a repetition rate of either 25 MHz or 1 GHz [80]. In this work,
the rate was 25 MHz and the fact the pulse is constructed from a series of micro-pulses
had no eﬀect on the measurements.
FELIX has two beam lines, FEL2 and FEL1. The beam lines have diﬀerent wavelength
ranges. FEL2 allows for IR wavelengths between 3 – 45 µm, and can be set up to have
a ﬂat power output over a relatively large scan range, especially from 10 µm onward.
FEL1 ranges from 45 – 250 µm but the power ﬂuctuations are much greater at longer
wavelengths. The experiments in this thesis use the FEL2 beamline.
The UV and IR beams were focused and spatially overlapped on the sample using a
pinhole with a maximum diameter of 100 µm. A delay was introduced between the UV
and IR pulses, with the UV arriving at the sample at 100 µs prior to the IR. The UV
was focused using standard optical lenses. Due to the long wavelength of the IR beam,
gold-plated oﬀ-axis parabolic mirrors were used for focussing.
The samples were cooled with liquid helium inside an Oxford Instruments Microstat,
operating under a vacuum of 10−6 mbar. Stable temperature control from 8 K to room
temperature was achieved using the variability of helium ﬂow rate and a heating unit
attached to the microstat. Either a CaF2 or BaF2 window was used for the front window
of the microstat as to be transparent to the UV excitation and near IR emission from the
sample. The rear window was required to be transparent to the IR excitation so a BaF2 ,
ZnSe or polythene window was used, depending on the range of the IR wavelengths it
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needed to transmit.
The emitted light was detected with a TRIAX 320 spectrometer with a focal length of
320 mm and a C31034 photo multiplier tube (PMT), run at a voltage of 2000 to 1600
V. The signal from the PMT was passed through a Stanford Instruments SR 570 current
ampliﬁer to an oscilloscope where the data was captured via a GPIB interface, using
LabView. UV laser scatter was blocked with long-pass optical ﬁlters placed in front of
the input slit of the spectrometer. The slit width of the TRIAX was set to 1 mm giving
the spectra a maximum resolution of 2.6 nm. Band pass ﬁlters were placed between the
IR entry point into the experimental station and the sample to avoid higher harmonics of
FELIX leaking through onto the PMT.
The data acquisition recorded the transient response of the sample to the two pulses. The
maximum time span of a single transient was limited by the repetition rate of the UV
pulse to 1 ms. FELIX was operated under a 10 Hz repetition rate, and by triggering the
data acquisition hardware with the FELIX pulse it was possible to exclude the UV pulses
which did not have an IR pulse following them.
Power and temperature dependent responses of the transients were recorded. Power was
varied by using ﬁlters to attenuate the beam. Temperature was varied by using the
PID-controlled cryostat heaters and manually controlling the helium gas ﬂow.

3.5

Vacuum Ultraviolet Spectroscopy

The vacuum ultraviolet (VUV) is the region of the electromagnetic spectrum above ultraviolet but not so energetic as to be ionizing radiation. The term “vacuum” is used
because photons with energies in the VUV range are strongly absorbed by atmospheric
oxygen, so VUV spectroscopy measurements must be conducted in a vacuum. The region
begins at 6 eV and extends to extreme UV at around 15 eV.
The VUV energy range is suitable for probing the conduction band edge of ﬂuoride materials [19]. A tunable VUV excitation source enables excitation speciﬁcally just below
and above the conduction band of the host material which gives more information about
the connection between ITEs, STEs and the conduction band.
The VUV measurements were taken with the SUPERLUMI station at Hamburger Synchrotronstrahlungslabor (HASYLAB) in Hamburg, Germany.

The excitation energy

range of SUPERLUMI is 4 to 40 eV and the emission energies that can be detected
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range from 1.2 to 25 eV. SUPERLUMI uses synchrotron radiation from the DORIS III
storage ring. The interval between the bunches on the ring is 96 ns and each bunch has
a FWHM of 130 ps [81, 82].
An illustration of the VUV spectroscopy setup is shown in Figure 3.6. The primary
monochromator which selects the VUV energy is a 2 m unit in a McPherson mounting
with a 1200 grooves per mm grating, giving a dispersion of 3.2 Å. The sample chamber
is under ultra-high vacuum (approximately 10−9 mbar) to avoid oxygen and nitrogen
absorption. The sample is held on a cold-ﬁnger within a cryostat and can be liquid helium
cooled to 8 K. The cold-ﬁnger can hold many samples simultaneously. The luminescence
is detected with a 0.3 m ARC SpectraPro-308i monochromator and a high-speed R3809U50S (Hamamatsu) microchannel plate (MCP) detector. The time-integrated spectra were
recorded by counting emission signal within the whole time period of 96 ns available
between sychrotron pulses. The time-resolved spectra were recorded within two time gates
(TGs): 2-9 ns (fast time gate) and 46-70 ns (slow time gate) relative to the beginning of
the sychrotron pulse.
Figure 3.6 Schematic of the VUV ﬂuorescence measurement setup at SUPERLUMI.

Chapter 4

Material Characterisation

This chapter presents some fundamental optical properties of the Yb-doped ﬂuoride systems being studied in this thesis: SrF2 , CaF2 , MgF2 , and NaMgF3 . Their optical absorption and emission spectra are presented. The oxidation state of the Yb dopant is
ascertained from XANES experiments. The measurements in this chapter give an understanding of the basic optical features of these ﬂuoride systems.

4.1

Optical Absorption Measurements of Yb-doped CaF2 , SrF2 ,
and NaMgF3

All absorption measurements were taken from 7000 cm−1 to 50 000 cm−1 and show transitions from the Yb2+ 4f 14 ground state to the 4f 13 5d1 excited conﬁguration.
Figure 4.1(a) and (b) show the absorption spectra for Yb-doped SrF2 and CaF2 samples
that are 1 mm thick. The spectra are very similar as the Yb2+ sites have the same
symmetry in both hosts. There is a slight shift to higher energy for Yb2+ in SrF2 because
Sr2+ has a larger ionic radius than Ca2+ . The absorption peaks show the cubic ﬁeld
splitting into higher 4f13 5d(t2g ) and lower 4f13 5d(eg ) states [26]. In cubic symmetry, the
t2g conﬁguration has an electron distribution which is much closer to the ligands than the
eg conﬁguration, so the t2g states have a higher energy. Figure 4.1(a) shows the excitation
spectrum for comparison: The higher energy peaks transfer energy into radiative ITE
states much less eﬃciently than the peak at 27 000 cm−1 .
The excitation spectrum for Yb-doped MgF2 and NaMgF3 shown in Figures 4.1(c) and
(d) are very diﬀerent to CaF2 :Yb and SrF2 :Yb. The structures of MgF2 and NaMgF3 have
a much lower symmetry than the cubic crystals [8, 76]. A lower symmetry site generally
means more peaks will be observed in the excitation spectrum, as more transitions are
allowed. The excitation spectra of MgF2 :Yb2+ and NaMgF3 :Yb2+ are extended to higher
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energies and the peaks are analysed with a semi-empirical crystal ﬁeld model in Chapter 6.
The features in the excitation spectrum of NaMgF3 :Yb2+ depend on the emission energy
which is monitored, because there are two sites which form ITEs in NaMgF3 :Yb2+ , and
each has a diﬀerent crystal ﬁeld potential.

4.2

ITE Emission from Photoluminescence Measurements

Yb-doped CaF2 , SrF2 , MgF2 and NaMgF3 each display broad emission at signiﬁcantly
lower energy than the excitation frequency, as discussed in Chapter 2. Emission spectra
of 5d Yb2+ states in these crystals are shown in Figure 4.2. The emission energies increase
with decreasing lattice constants of the host crystals in Table 4.1.
Table 4.1 Lattice constants of ﬂuoride crystals.

a (Å) c (Å)
SrF2 :Yb2+

a

5.79

2+ b

CaF2 :Yb

MgF2 :Yb2+

5.46

c

4.64

NaMgF3 :Yb2+

c

3.02

3.87

a

Ref. [83]

b

Ref. [84]

c

Ref. [85]

d

Ref. [86]

Figures 4.2(a) and (b) show the ITE emission from SrF2 :Yb2+ and CaF2 :Yb2+ . The shift
of the peaks of both these crystals have been analysed by Moine et al. [26] along with
temperature-dependent lifetime data. The initial intensity increase is caused by thermal
excitation of a higher energy ITE level and the following emission quenching is due to the
non-radiative decay of the ITE increasing with temperature.
The emission from MgF2 :Yb2+ shown in Figure 4.2(c) is half as wide as the other emission
bands from Yb2+ -doped ﬂuorides in the ﬁgure, and as discussed in section 1.2.4 of this
thesis, this emission from MgF2 :Yb2+ is assigned to a Yb2+ 5d state rather than a multilevel ITE [33].
The emission from NaMgF3 :Yb2+ shown in Figure 4.2(d) has a similar temperaturedependent behaviour to CaF2 :Yb2+ but the emission quenches above 300 K for NaMgF3 :Yb2+
compared to 180 K for CaF2 :Yb2+ [8].
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Figure 4.1 Excitation and absorption of ﬂuoride crystals doped with Yb at a sample temper-

ature of 10 K. The concentration of the Yb in the crystals are SrF2 :0.05%Yb, CaF2 :0.05%Yb,
MgF2 :0.6%Yb and NaMgF3 :0.5%Yb. The peaks are associated with 4f n → 4f n−1 5d1 transitions of Yb2+ . Measurements are either absorption spectra, or excitation spectra labelled
with the energy of the monitored emission.
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Figure 4.2 Emission of ﬂuoride crystals doped with Yb excited into a Yb2+ 5d levels. The

excitation energies are given in Table 4.2. The concentration of the Yb in the crystals are
SrF2 :0.05%Yb, CaF2 :0.05%Yb, MgF2 :0.6%Yb and NaMgF3 :0.5%Yb. Measurements were
made with a Horiban Fluorolog at a sample of temperature of 15 K as described in Chapter
3 except for (a) the SrF2 :Yb2+ emission, which was excited with a Lambda Physik Scanmate
at a sample temperature of 10 K.
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Table 4.2 Absorption and emission frequencies for ﬂuoride host crystals doped with Yb2+

at 10 K. The absorption value corresponds to the centre of the lowest energy peak of the
absorption spectrum. The emission values are the energy position corresponding to peak
ITE emission intensity (or in the case of MgF2 :Yb2+ the peak 5d emission intensity). The
lifetimes are attributed to the ITE ground state and excited state respectively. The emission
position for SrF2 :Yb2+ is taken from the measurement at 15 K shown in Figure 4.2 rather
than a published value.

Absorption
2+

SrF2 :Yb

(cm )

(nm)

(cm )

365

3

27.4 ×10

τ1 (ms) τ2 (µs)

690

14.5 ×10

3

25

a

20

a

a

365

27.4 ×103

565

17.7 ×103

56

260

MgF2 :Yb2+

b

335

29.9 ×103

475

21.1 ×103

23

3000

Sa

c

300

3

33.3 ×10

476

21.0 ×10

3

7.7

270

NaMgF3 :Yb2+ Sb

c

300

33.3 ×103

400

25.0 ×103

8.9

140

NaMgF3 :Yb

4.3

(nm)

Lifetime

−1

CaF2 :Yb2+

2+

a

Emission

−1

From Moine et al. [26]

b

From Lizzo et al. [76]

c

From Lizzo et al. [8]

X-ray Luminescence Spectra
3

When the ﬂuoride crystals are excited at the energy of the Yb core 2p 2 level (8949 eV
i.e. 7.22 × 107 cm−1 ) we see emission from three conﬁgurations: relaxation of STEs
associated with the host lattice, ITEs trapped around Yb2+ sites, and Yb3+ transitions
from the 2 F7/2 to 2 F5/2 state [87].
Figure 4.3 is the X-ray luminescence spectra for CaF2 :Yb. The peak at 33 000 cm−1
corresponds to emission from the STE. The peak at 18 000 cm−1 corresponds to emission
from the Yb2+ ITE. The sharp peaks around 10 000 cm−1 are Yb3+ transitions.
In the X-ray luminescence spectra for SrF2 :Yb in Figure 4.4, emission from the STE at
33 000 cm−1 and Yb3+ transitions around 10 000 cm−1 are visible, but the Yb2+ ITE peak
is quenched. The ITE emission is also quenched when SrF2 :Yb is excited with VUV
light, as described in chapter 6, so high-energy excitation spectra could not be measured.
There are dips in the STE emission band at 28 000, 37 000 and 39 000 cm−1 . The origin
of these dips is likely to be an artifact in the measurement, as other X-ray luminescence
measurements of the STE in SrF2 show a smooth band from 25 000 to 40 000 cm−1 [42].
Figure 4.5 is the X-ray luminescence spectra for NaMgF3 :Yb. The STE peak at 20 000 cm−1
and the two ITE peaks at 25 000 cm−1 and 21 000 cm−1 are convoluted into one peak
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Figure 4.3 X-ray luminescence of CaF2 :Yb at a sample temperature of 4 K excited at

8949 eV at two Yb concentrations.
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Figure 4.4 X-ray luminescence of SrF2 :Yb at a sample temperature of 4 K excited at 8949 eV

at two Yb concentrations.
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[8, 88]. The 80 K spectrum is dominated by the ITE emission, which is quenched in the
300 K spectrum, causing a relative increase in the higher-energy STE peak. A small peak
of unknown origin at 14 000 cm−1 appears at 300 K.
Figure 4.5 X-ray luminescence of NaMgF3 :Yb excited at 8949 eV at two sample tempera-

tures.
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4.4

Valency Measurements using the XANES Technique

The valency of Yb in chloride hosts has been measured using X-ray Absorption Near Edge
Structure (XANES). Excitation was scanned over the absorption resonance into the Yb
L3 core level (the 2p3/2 state) while measuring the X-ray ﬂuorescence.
The near-edge features of XANES measurements are related to both the valency and site
geometry of an ion [89]. The nature of this relationship is still an area of active research
[90, 91]. Because of the diﬃculty of ab-initio analysis a semi-empirical indentiﬁcation of
peaks is often used, as it is in this work.
The presence of multiple sites in a crystal also eﬀects XANES measurements by changing
the shape of the band edge [90]. CaF2 :0.05%Yb3+ has two predominant sites, of trigonal
and tetragonal point group symmetry [71]. Yb has multiple sites in NaMgF3 as discussed
in Chapter 1.
Optically-detected XANES, where an optical transition is monitored rather than the X-ray
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emission, has been used to distinguish multiple sites in a material, but it is not a reliable
detection scheme due to the complex relaxation pathways leading to the emission of an
optical photon after excitation with X-ray energies [92]. This technique was attempted
for NaMgF3 and CaF2 but no signal was detected.
There are two peaks in the X-ray ﬂuorescence spectrum of Yb in the akaline earth ﬂuorides
which correspond to the trivalent and divalent valency states of Yb present in the crystals.
An atom with a higher oxidation state requires an X-ray with higher energy to excite its
core electrons because the nucleus is less-shielded and carries a higher eﬀective charge
[93].
XANES data was analysed with the software package Athena [94]. This program automatically subtracts background noise from the spectra and performs least squares ﬁtting
of the absorption edge and resonance peaks to output parameters corresponding to the
areas, widths and positions of the edge and peaks. Comparing the areas of the peaks gives
information about the ratio of the number of Yb ions in the crystal with each valency.
Previous valency measurements on Yb assumed the ratio of valency populations were
simply given by the ratio of areas [95]. However, Antonio et al. [96] has shown that to
ﬁnd the exact ratio of valency population, the ratio between the X-ray emission transition
probabilities for the two valency states must be known.
This ratio is not known for Yb, but it has been measured for Eu by measuring XANES
on a specroelectrochemical cell which can change the valency of all the Eu in EuCl3 .6H2 O
from entirely Eu3+ to entirely Eu2+ [96]. The ratio of the areas are scaled by the ratio
of the transition probabilities found for Eu2+ and Eu3+ . The valency populations
given by the ratio of the peak areas

A3+
A2+

n3+
n2+

is

scaled by the ratio of the transition probabilities

P 2+
:
P 3+

A3+ P 2+
n3+
=
.
n2+
A2+ P 3+
The ratio

P 2+
P 3+

is 0.656 for Eu [96]. This ratio is correlated to the strength of the 2p3/2 → 5d

transition in Eu. Since Yb is in the same chemical series as Eu and the same transition
is being measured for Yb XANES, use of this ratio is justiﬁed.
Figure 4.6 presents the XANES spectrum for NaMgF3 :Yb. The parameters from the peak
ﬁtting are in Table 4.3 and the ratio of Yb3+ to Yb2+ is calculated to be 1.5 ± 0.3.
Figure 4.7 shows the XANES spectrum for CaF2 :Yb and SrF2 :Yb. The parameters from
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the peak ﬁtting are in Table 4.3. For both CaF2 :Yb and SrF2 :Yb, as the concentration of
Yb in the crystal is increased from 0.05% to 0.5% the amount of Yb3+ compared to Yb2+
increases so that in the 0.5% samples the Yb2+ peak cannot be distinguished from the large
Yb3+ peak. There is still Yb2+ in all the samples, as evidenced by continued detection
of absorption and emission from Yb2+ states, but there is much more Yb3+ than Yb2+ in
the samples with 0.5% Yb. The increasing amount of Yb3+ with increasing concentration
is expected. A greater concentration of YbF2 in the crystal causes the reduction to Yb2+
to be less eﬀective and so more Yb3+ centres form in the crystal growth process [97]. At
low Yb concentrations, Yb3+ ions have been identiﬁed in CaF2 at cubic and trigonal sites
but at concentrations higher than 0.05% the Yb3+ ions form clusters [71].

Figure 4.6 XANES edge ﬁt for NaMgF3 :0.5%Yb2+ using the parameters in table 4.3.
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3.1. Yb3+ and Yb2+ are Lorentzian functions and edge corresponds to an arctangent function centred at E with width Γ.

Table 4.3 Parameters for edge ﬁtting XANES data from alkaline earth ﬂuorides doped with ytterbium. Fits are shown in Figures 4.6 and
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Conclusion

This chapter has shown the absorption and emission of the Yb-doped alkaline earth ﬂuorides studied in this thesis. XANES measurements have been used to identify the oxidation
state of the Yb dopant. Tables 4.2 and 4.3 give basic optical and oxidation properties of
the materials in this thesis and will be used for reference in later chapters.
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Figure 4.7 XANES edge ﬁt for CaF2 :Yb and SrF2 :Yb at two Yb concentrations using the parameters in table 4.3.
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Chapter 5

Site Selective Transient Photoluminescence
Enhancement of Impurity-Trapped Excitons in
NaMgF3:Yb2+

Fluoride crystals doped with Yb2+ are often observed to have wide emission bands and
large Stokes shifts compared to the 4f n → 4f n−1 5d1 transitions. This characteristic
“anomalous” emission has been attributed to transitions from impurity-trapped excitons
which are bound to the ytterbium ions. Dorenbos has collected 48 Yb2+ -doped crystal
hosts which are characterised with “anomalous” emission [9].
In Chapter 1, we discussed how it is more diﬃcult to identify 5d energy levels than 4f levels
because they are inﬂuenced by the surrounding lattice so 4f n−1 5d1 → 4f n transitions are
broad. ITEs are even more diﬃcult to characterise as the ITE states are delocalised
on surrounding cations. There is a large conﬁgurational shift between 5d energy levels
and ITE states, often causing even greater vibronic broadening of the emission than for
4f n−1 5d1 → 4f n transitions. It is also diﬃcult to identify absorption into states which
will result in formation of ITEs, due to their proximity to the conduction band, so the
energy levels have only been inferred from the broad ITE emission spectra. To construct
detailed models of ITEs, indirect methods of probing the ITE states must be employed.
For instance, work has been carried out to measure ITE emission at high pressures, as
the shift in emission as pressure is increased can be used to construct the conﬁgurational
coordinate shift between 5d impurity states and ITE states [98].
In this chapter a two-colour technique called site-selective transient photoluminesence enhancement (SSTPE) is applied to NaMgF3 :Yb2+ to study ITEs. By exciting the material
with both UV and IR radiation, ITEs can be created and then promoted to excited states.
The ITE states are investigated by varying experimental parameters such as temperature,
excitation power and wavelength.
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5.1

Site-Selective Transient Photoluminescence Enhancement

SSTPE is a pulsed, two-colour excitation technique. The sample is excited with a UV
excitation pulse (in this case 33 000 cm−1 ) from an optical parametric ampliﬁer to populate the ground state of the impurity-trapped exciton which is created subsequent to
resonant excitation of the inter-conﬁgurational Yb2+ 4f 14 → 4f 13 5d absorption. After a
variable time delay (on the order of 100 µs) the sample is probed with an IR pulse derived from a free electron laser. The IR pulse excites the impurity-trapped exciton from
its ground state into an emitting excited state with a shorter lifetime. As a consequence
of the diﬀerent radiative relaxation rates of the excitonic levels, a temporal enhancement
in emission can be detected.
A two-colour experimental technique has been previously employed to probe the ITE
energy levels of ytterbium-doped calcium ﬂuoride and strontium ﬂuoride [28] as well as
electron trap liberation in ytterbium-doped magnesium ﬂuoride [33]. Here we illustrate
that a two-colour technique is also applicable to multi-site crystals.
In NaMgF3 :Yb2+ , the Yb2+ replace Na+ ions and there are at least two charge-compensation
sites available for occupancy as discussed in section 1.2.3. The emission band of NaMgF3 :Yb2+
is reported to be a convolution of emission from impurity-trapped exciton states of two
of the charge-compensating arrangements [9]. By monitoring emission at either extreme
of the emission band proﬁle we can discriminate between the two sites.

5.2

Two-Dimensional Spectroscopy

Figure 5.1 shows the time evolution of the emission subsequent to pulsed excitation at
33 000 cm−1 (300 nm) and 952 cm−1 (10.5 µm), illustrating the ITE emission wavelength dependence of the photoluminescence enhancement. The observed band is the
convolution of emission from two charge-compensation sites which have centre wavelengths of 22 000 cm−1 (455 nm) and 24 000 cm−1 (417 nm) respectively. The two chargecompensation arrangements (labeled site Sa and site Sb ) can be spectrally deconvolved —
albeit to a lesser degree for the minority arrangement, labeled site Sb . Figure 5.2 shows
the emission spectrum of NaMgF3 :Yb2+ after UV excitation at 300 nm. By monitoring
the emission at points on either side of the overall emission band shown in Figure 5.2 the
contribution of each site for two emission wavelengths is seen. At 21 000 cm−1 (476 nm,
labeled emission 1) the emission is entirely from site Sa and at 25 000 cm−1 (400 nm,

Intensity (arb. units)
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Figure 5.1 8 K emission spectrum of NaMgF3 :Yb2+ subsequent to excitation at

33 000 cm−1 . At t = 0, 952 cm−1 excitation occurs triggering the photoluminescence
enhancement

labeled emission 2) the emission is predominantly from site Sb . Figure 5.4 illustrates this
point, showing the SSTPE IR excitation spectrum for both sites by monitoring emission
at the two energies indicated in Figure 5.2.
The emission band widths and therefore bond length changes are very diﬀerent for the
two charge-compensation sites of NaMgF3 :Yb2+ . The two sites are therefore likely to
have signiﬁcantly diﬀerent charge-compensation geometries. The emission band widths
for NaMgF3 :Yb2+ are less than in CaF2 :Yb2+ and much less than the widths of the 4f 13 5d1
absorption transitions — the lowest energy 4f13 5d1 absorption transition is 800 cm−1 wide
in CaF2 :Yb2+ (from [26]). The absorption widths are diﬃcult to measure in NaMgF3 :Yb2+
due to multiple origins at similar energies [8] but the widths are likely to be similar to
CaF2 :Yb2+ . The transitions from the ITE to the 4f 14 states involve a greater conﬁgurational shift than transitions between 4f 14 and 4f 13 5d1 states of Yb2+ .
Using a similar method as applied to CaF2 :Yb2+ in [28], bond length changes may be
estimated for both sites of Yb2+ in NaMgF3 from the emission bandwidths in Table 5.1.
The width of the emission is related to the Huang-Rhys parameter S. The Huang-Rhys
parameter is a measure of the linear vibrational coupling to electronic excitations through
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Figure 5.2 8 K emission spectrum of NaMgF3 :Yb2+ (a) after UV excitation at 33 000 cm−1 .

Two charge compensating arrangements are evident with emission bands centred around
22 300 cm−1 and 24 000 cm−1 respectively. (b) after UV excitation at 33 000 cm−1 and IR
excitation at 952 cm−1 . After excitation with the IR pulse the relative intensity of site Sb
compared to site Sa has increased from (a). At 21 000 cm−1 (emission 1) practically all the
light is from site Sa , but at 25 000 cm−1 (emission 2) the ratio of intensity from sites 1 and
2 is approximately 1:2.
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Table 5.1 Parameters for Gaussian function ﬁts of the emission bands in Figure 5.2 for (a)

UV excitation only and (b) UV-IR excitation. ∆R is the change in bond length associated
with the transition. ZPL is the zero phonon line, found by adding the Stokes shift (calculated
from the width of the band) to the centre of the emission.

(a) UV excitation
Center Sa

Center Sb

Ecentre (cm−1 )

22400±180

23900±130

Height (arb. units)

0.18±0.02

0.06±0.03

FWHM (cm−1 )

3100±180

2100±300

∆R (Å)

-0.13 ±0.01

-0.08 ± 0.01

27000±3000

26000±7000

−1

EZPL (cm )

(b) UV-IR excitation
Center Sa

Center Sb

Ecentre (cm−1 )

22300±200

24000±140

Height (arb. units)

0.36±0.04

0.20±0.06

FWHM (cm−1 )

3000±200

2300±170

∆R (Å)
EZPL (cm−1 )

-0.12 ± 0.01 -0.09 ± 0.01
27000±4000

27000±4000
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the diﬀerence between ground and excited state geometries.
(
S=

Γ
2.36 ν

)2
.

(5.1)

Since the Huang-Rhys parameter S is related to the diﬀerence between ground and excited
state geometries. When the value of S is known for a certain transition, it can be used to
estimate the change in ligand bond length ∆R if we know the eﬀective phonon frequency
ν, reduced ligand mass µ and number of surrounding ligands nlig :
√
∆R =

S~
nlig π c ν µ

(5.2)

[73, 99] The calculation is approximate because it uses an eﬀective phonon frequency of
325 cm−1 which is estimated for CaF2 :Yb2+ in [28] and should allow comparison between
ﬂuoride systems. The Yb2+ site in NaMgF3 is assumed to have a coordination number of
12 [30]. The bond length change between ITE conﬁguration and the 4f 14 ground state
remain constant for both sites within uncertainties after IR excitation so the bond lengths
of the lower and higher exitonic states are similar.
The width of the emission bands can also be used to calculate the zero phonon line (ZPL)
positions [73] for both sites of NaMgF3 :Yb2+ which are listed in Table 5.1. Notably site
Sa actually has a higher energy ZPL than site Sb , although we see lower energy emission
from site Sa , due to the greater width of the site Sa emission band.
Two-dimensional representations of the emission enhancement are constructed by scanning across a range of IR wavelengths with the FEL (5-12 µm) and measuring the emission
enhancement and decay at each IR wavelength. In Figure 5.3 the sample has been excited
with a 300 nm (33 300 cm−1 ) UV pulse, creating ITEs. The subsequent emission is from
two ITE energy levels, described in Table 5.3. The large diﬀerence in radiative rates between these energy levels means the ratio of population in either state can be inferred from
the dynamic behaviour of the emission. When the temperature of the sample is at 8 K,
most of the population is initially in the ITE ground state (with a lifetime of the order of
8 ms). At t = 0 an IR pulse excites the impurity-trapped exciton from its ground state
into excited ITE states with a shorter lifetime (on the order of 300 µs) which generates
an emission enhancement via the population redistribution. When the temperature is increased to 40 K, the higher ITE state becomes thermally populated leaving fewer excitons
available for IR excitation directly from the ground state. Figure 5.3 shows the emission
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Figure 5.3 Time evolution of the SSTPE excitation spectrum of NaMgF3 :Yb2+ subsequent

to excitation with a 33 300 cm−1 pre-pulse. The IR excitation is 952 cm−1 at 0 s. Emission
is monitored at 23 300 cm−1 (430 nm). (a) 8 K and (b) 40 K. The peak centreed at 950 cm−1
is from intra-excitonic transitions.
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Figure 5.4 8 K site-selective excitation spectra of NaMgF3 :Yb2+ after excitation with a

33 300 cm−1 pre-pulse at a temperature of 8 K. The IR excitation is 952 cm−1 at 0 s (a)
Emission at 21 000 cm−1 (emisson 1 in Figure 5.2) shows dynamics of site Sa . (b) Emission
at 25 000 cm−1 (emisson 2 in Figure 5.2) shows dynamics of site Sb .
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Table 5.2 The postitions and widths of the peaks in Figure 5.5.

Centre (cm−1 ) Width (cm−1 )
Emission 1

9600

270

Emission 2

9500

180

monitored at the centre of the band in Figure 5.2(a), that is a mixture of emission from
sites Sa and Sb . Figure 5.4 shows the SSTPE IR excitation spectrum for both sites by
monitoring emission at the two energies indicated in Figure 5.2(b).

5.3

Intra-Excitonic Absorption

The excitation spectrum of the IR enhancement from both sites in NaMgF3 :Yb2+ shows
a distinct peak at 950 cm−1 . The excitation spectrum (Figure 5.5) is constructed by
integrating the emission in Figures 5.3 and 5.4 over the ﬁrst 50 µs after the IR excitation.
Two separate emission scans monitored at the emission peak 23 300 cm−1 (430 nm) –
one from 500 to 900 cm−1 and another from 830 to 2000 cm−1 – are plotted together in
Figure 5.5. The curves are all normalized to the emission at 2000 cm−1 .
As previously discussed, the peak at 950 cm−1 cannot be due to heating, since emission
predominantly from site Sb increases more than emission from site Sa despite site Sa
having a smaller energy diﬀerence between ITE levels than site Sb .
The widths of the peaks listed in Table 5.2 are diﬃcult to estimate because there is a step
function associated with the trap liberation that makes the background intensity higher
on the high energy side of the peaks in Figure 5.5. The widths are the full width half
maximum from the parts of the peak which have an intensity higher than one, i.e. the
background is taken from the higher energy side of the peak. The conﬁgurational shift
between ITE states is small since the widths of the peaks listed are much narrower than
the exciton emission bands in Table 5.1 or the (approximately) 1200 cm−1 wide Yb2+
4f 14 → 4f 13 5d absorption peaks [8].
The temporal analysis in the following section allows us to conﬁdently determine that
the excitation peak at approximately 950 cm−1 in Figure 5.5 indicates the FEL is being
resonantly absorbed into the higher exciton state, so there are excited ITE states 950 cm−1
above the ITE ground state.
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Figure 5.5 Emission of NaMgF3 :Yb2+ shown in Figure 5.4 at a sample temperature of 8 K

integrated over the ﬁrst 50 µs after the IR excitation and monitored in the middle and at
either side of the emission band in Figure 5.2. Mixed emission refers to the signal monitored
at the centre of the emission band at 23 300 cm−1 . This emission has been seperately
measured for a lower-energy region (from 500 to 900 cm−1 ) and normalized. The excitation
peak indicates the position of the excited ITE energy levels.
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Analysis of Emission Dynamics

The large diﬀerence between the radiative rates of the two emitting ITE levels means
that the relative population distribution between these states can easily be inferred from
the temporal behaviour of the emission. Figure 5.4 shows an initial emission enhancement caused by the IR pulse and a subsequent decay, suggesting IR excitation into a
shorter-lifetime radiative state. At some wavelengths the intensity of the emission after
hundreds of microseconds is greater than before the IR pulse, which indicates the IR pulse
is liberating electron traps to provide extra population to the ITE states.
The temporal transients are modelled with a system of rate equations as discussed in
Chapter 2. These represent the multi-level exciton and trap liberation. In the model, the
UV pulse generates the exciton ground state as well as free carriers in the conduction band
which subsequently fall into shallow traps. The IR pulse causes intra-excitonic transitions
and liberates carriers from traps, some portion of which ultimately populate the exciton
ground state.
The energy levels shown in Figure 5.6 are:

1 The ground state of divalent ytterbium.
2 The ground state of the impurity trapped exciton, with radiative rate A21
3 A state of the impurity trapped exciton with, radiative rate A31 > A21
4 A higher-energy exciton state.
C The conduction band, populated by electron trap liberation.

There are two processes being modeled. The ﬁrst is the IR pulse exciting excitons from
the ground exciton state (2) to a higher exciton state (4) where they decay to the second
exciton state (3) and radiatively decay to the ytterbium ground state (1). The second process is the IR pulse liberating electrons from trap states to the conduction band (C) where
they recombine with ytterbium ions to form impurity-trapped excitons in the lower exciton state (2) which radiates to the ytterbium ground state (1). The change in population
of the above states are modeled with the following rate equations:
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dN1
dt
dN2
dt
dN3
dt
dN4
dt
dNC
dt

=A21 N2 + A31 N3 + W41 N4 + WC1 N5

(5.3)

= − (A21 + W23 + F24 )N2 + W32 N3 + WC2 NC

(5.4)

=W23 N2 − (A31 + W32 )N3 + W43 N4

(5.5)

=F24 N2 − (W41 + W43 )N4

(5.6)

=FTC − (WC1 + WC2 )NC

(5.7)

The initial population distribution is at thermal equilbrium, and the assigned temperature
is the same as at several hundred µs after the IR excitation. The pumping term F24 is the
rate of population transfer from the lower to higher excitonic states. FTC is proportional to
the number of electrons released from traps. WC2 is the rate at which population that has
been added to the system from liberated electron traps (determined by FTC ) recombines
with ytterbium ions to form ITEs in their ground state. A better ﬁt to the experimental
data was achieved when the parameter W53 representing ITEs forming in their excited
state was zero. WC2 represents electron recombination to ITEs, and the non-radiative
rates between the ITE states 2 and 3 control the distribution of these new oscillators
within the ITE levels. W43 is the non-radiative rate between higher excitonic states and
the second excitonic state (3 on Figure 2.1). W41 and WC1 are rates of population loss
from the higher excitonic states and the conduction band respectively to the ground state.
A21 and A31 are the radiative rates from the exciton levels.
The population in the higher excitonic state 4 that does not transition to the upper ITE
state is modeled as only going to the ground state in a rate W41 . The model can be
modiﬁed so this population goes instead to the lowest ITE state in a rate W42 . If W42
is used instead of W41 , more oscillators remain in the ITE system after the IR excitation
and to balance this the rate of oscillators entering the system via trap liberation FTC
is less. It is still neccessary to have trap liberation to explain the intensity hundreds of
microseconds after IR excitation. Since there is no way of determining the ratio between
the rates W41 and W42 , in the model presented here W42 is assumed to be zero which gives
a better ﬁt than assuming W41 is zero.
To ensure thermal equilbrium, the non-radiative rates between the exciton states 2 and 3
are related by a Boltzmann factor:
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W23

g3
= W32 exp
g2

(

−∆E23
kT

)
,

(5.8)

where g2 and g3 are the energy level degeneracies, ∆E23 is the energy gap separating the
exciton energy levels 2 and 3, T is temperature and k is Boltzmann’s constant. The level
degeneracies are set to g2 = 1 and g3 = 3. Since the structure of NaMgF3 is approximately
octahedral, as in the case of the systems analysed by Moine et al. [26] the exciton energy
levels will be the result of coupling a doubly-degenerate delocalised 2 s state with a doublydegenerate 4f 13 state. The level degeneracies do not denote triplet and singlet states: As
stated in Moine et al. energy levels 2 and 3 are a mixture of triplet and singlet states.
The assignment g2 = 1 and g3 = 3 is made to be consistent with the work of Moine et al.
The non-radiative relaxation rates between the exciton energy levels 2 and 3 and the
ground state (1) have not been taken into account because they are negligible in comparison to the radiative rates A21 and A31 at temperatures below 50 K [8].
The radiative rates and energy level gap between the excitonic states have been previously calculated from the temperature dependence of the total emission lifetime [8]. The
parameters in Table 5.3 were found by ﬁtting the lifetime data to a two-level model as
follows:

τ=

g2 + g3 e−∆E/kT
g2 A2 + g3 A3 e−∆E/kT

Equation 5.9 is derived from the statements A =

(5.9)

n2
3
A + n2n+n
A3 ,
n2 +n3 2
3

that the total radia-

tive rate is the combination of the radiative rates from levels 2 and 3, and that the populations of these levels are related by a Bolzmann distribution:

n3
n2

= g3 g2 exp −∆E/kB T .

The uncertainties in Table 5.3 are the square root of the covariance matrix, except in
the case of the rate A31 for site Sb , where the square root of the covariance term gave
an uncertainty of over 100%. In that case, an estimate is given based on varying the
parameter until the ﬁt is noticeably incorrect by eye.
Note the radiative rates and energy level gaps are not the same as Lizzo’s values [8] because Lizzo et al. chose the degeneracies of the energy levels as g2 = g3 = 1 whereas we
chose g3 = 3, g2 = 1 as discussed above [26].

The energy diﬀerence between the ITE states is less for site Sa than it is for site Sb ,
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Figure 5.6 The energy level transitions involved in the dynamic behaviour of NaMgF3 :Yb2+

after IR excitation. The transitions are labeled with the rates used in Equations 5.3-5.7. W
terms represent rates of non-radiative transitions. F terms are mechanisms driven by the
IR pulse, which are the population transfer from the lower to higher excitonic states (F24 )
and electrons released from traps (FTC ). A21 and A31 are the radiative rates from the ITE
levels.
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Table 5.3 Parameter values for modeling NaMgF3 :Yb2+ emission. These rates are used

throughout the analysis whereas other rates shown in Figure 5.6 are varied to model diﬀerent
power, temperature and excitation wavelengths. The values in brackets are the radiative
lifetimes corresponding to the rates. The radiative rates and ITE energy level diﬀerences
were calculated from the temperature dependence of the total emission lifetime [8].

A21 (s−1 )
A31 (s

−1

)

Site Sa

Site Sb

132 ± 7 (7.6 ms)

113 ± 8 (8.8 ms)

2100 ± 400 (480 µs) 2800 ± 500 (350 µs)

∆E23 (cm−1 )

24 ± 2

62 ± 18

g2

1

1

g3
W42 (s

3
−1

)

3

5.0 × 10

5

5.0 × 105

which is demonstrated in Table 5.3. This variation in energy diﬀerence means that if the
temperature of the system is increased from 8 K, the intensity of emission from site Sa
should increase more than from site Sb . From Figure 5.2, we see that when the system
is excited with IR radiation the opposite occurs — emission from site Sb increases more
than emission from site Sa . This site-dependent mechanism and the varying lifetimes of
the IR-induced emission enhancement indicates the IR pulse is having some eﬀect other
than simply heating the sample.
In the following analysis the parameters in Equations 5.3–5.7 (shown in Figure 5.6) are
used to accurately simulate the emission enhancement as it varies with temperature,
power and IR wavelength. In addition, IR excitation yields a modest heating-related
enhancement to the non-radiative rates. In all cases we use W42 = 5.0 × 105 s−1 , which is
determined by ﬁtting the oﬀ-resonance enhancement in Figure 5.11.

5.4.1

IR Power Dependence

The characteristics of the dynamics for a range of IR excitation powers are seen in Figure 5.7. In all cases there is an initial emission enhancement associated with excitation to
ITE level 3 and subsequent decay with a lifetime around 70 µs. Since this initial decay is
faster than either of the radiative rates of the ITE energy levels (which are around 400 µs
and 8 ms) it must be directly related to the predominantly non-radiative relaxation of
ITE level 3 to 2 (W32 ). After about 200 µs, the levels are in thermal equilibrium. For
the purposes of comparing the magnitude of enhancement, all of the transients presented
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Table 5.4 Comparison of indicated and modeled temperature for a range of IR powers.

IR power (J cm−2 )

0.2 0.3

1.7

5.1

8.5

17

Site Sa model temperature (K)

8

8

9

10

11

13

Site Sb model temperature (K)

8

8

14

14

16

17

in Figures 5.7–5.11 have been normalized so that the emission intensity prior to the IR
pulse is the same.
Since the spectral deconvolution in Figure 5.2 shows emission from site Sb is less intense
than from site Sa , the contribution of emission from site Sa at emission 2 must be taken into
account when analysing the dynamics of site Sb . To model the IR-induced enhancement
at emission 2 (400 nm) in Figures 5.7–5.11 the intensity is calculated as 64% from site Sb
and 36% from site Sa .
Figure 5.7 shows the variation of the photoluminescence enhancement as the time-averaged
952 cm−1 IR energy density is varied from 0.2–17 J cm−2 . After more than about 200 µs
the decay can be described by a single exponential function with a lifetime that is proportional to the relative population in the higher and lower ITE states (2) and (3). Increased
population in the higher exciton state is then caused by an overall increase in lattice
temperature leading to an increase in the non-radiative rate beween the lower and higher
exciton states (W23 increases). The temperature of the site can be found from the radiative lifetime of the emission after 200 µs assuming radiative rates and energy level
diﬀerence calculated from temperature dependence of lifetime are correct. The temperature is found to increase with increasing IR power (see Table 5.4) so the IR pulse must
heat the sample. The change in temperature is diﬀerent for the two sites, so the heating
is local and depends on the charge-compensation geometry.
At very low IR power, the diﬀerence between the indicated and predicted temperatures is
due to imprecision in the physical temperature measurement. In our experimental setup
it is not practical to measure the temperature of the samples directly so the nominal
temperatures listed in Table 5.7 are measured at the top of the cryostat cold-ﬁnger. The
temperature at the top of the cold-ﬁnger does not exactly correspond to the temperature
of the sample. At 5 K there is a diﬀerence between the top of the cold-ﬁnger and the
sample of 3 K. As nominal temperature increases, this oﬀset between the top of the cold
ﬁnger and the sample diminishes.
The rate equation model was allowed to run on all the experimental transients where IR
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energy density was varied. Optimum values of the rate equation parameters were obtained
from the ﬁts with F25 , FTC and W32 being allowed to vary. The optimal values of the
varied parameters are shown in Figure 5.8. By considering a parameter dependence on
IR energy density that makes physical sense a series of phenomenological equations were
developed. They are Equations 5.10–5.12.
The parameter F24 increases linearly with IR energy density, as expected since F24 is a
mechanism driven by the IR excitation.
m
F24 = F24

P
,
Pmax

(5.10)

where P represents the time-averaged IR energy density. Pmax is the maximum IR energy
density, 17 J cm−2 .
FTC becomes saturated with IR energy density, indicating that the IR excitation creates
close to the maximum amount of excitons from trap liberation even at low powers.
(
(
))
P
i
FTC = FTC 1 − exp −ξTC
.
(5.11)
Pmax
The emission decay in the ﬁrst 100 µs after the IR pulse is noticeably faster as the IR
energy density is decreased. To model this, the non-radiative rate between the higher and
lower excitonic states W32 decreases as power is increased. This is unusual in light of the
increase in lattice temperature. It can be modelled in terms of the model temperature
Tm :
0
W32 = W32
exp (−δ32 Tm ) + c32 .

(5.12)

Table 5.5 lists the values used in eqns 5.10–5.12 to generate parameters for the rate equations used to calculate the black transients in Figure 5.7. ξTC is greater for centre Sb
which means that the rate at which saturation occurs is faster for the centre Sb conﬁguration. There are many types of electron traps in NaMgF3 so it is possible that the
electrons that create ITEs are liberated from diﬀerent types of traps, or the conﬁguration
of centre Sb is such that more liberated electrons combine with centre Sb impurities as IR
power is increased than at centre Sa impurities. To study the details of electron traps in
NaMgF3 very precise temperature dependencies are needed and the details of the centre
conﬁguration also require careful analysis.
0
is higher for centre Sa than centre Sb , but both values are very large. The slow rate of
W32

thermal equilibrium between the two ITE levels could be because there are few phonons
at the low energy between levels 2 and 3.
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Figure 5.7 IR power-dependent dynamics of the IR enhancement of two sites of

NaMgF3 :Yb2+ already excited with a 300 nm pre-pulse at a nominal temperature of 5 K.
The IR excitation is 952 cm−1 at 0 s. The black lines are calculated from the rate equation model with parameters listed in Table 5.5.(a) Emission monitored at 21 000 cm−1 and
entirely from site Sa . There are 3 blue lines, taken at diﬀerent times but with the same
temperature, UV and IR power, showing the variation in signal over the course of the
experiment. (b) Emission monitored at 25 000 cm−1 and predominantly from site Sb .
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Figure 5.8 The parameter values for the transients varying with IR ﬂuence and temperature.

The circles are the optimal values of the parameters used to model the transients in Figs. 5.7
and 5.9 and the lines are the ﬁts to those values, described in the Equations5.10–5.14.
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Table 5.5 The values for Equations 5.10–5.12 that were found by ﬁtting the change optimal

rate equation parameters with IR ﬂuence in ﬁgure Figure 5.8.

Center Sa

Center Sb

i
FTC
(s−1 )

(1.80 ±0.01) × 105

(1.8 ±0.1) × 104

ξTC

1.00 ±0.08

2.6 ±0.1

WC1 (s−1 )

(2.7±0.1) × 104

(2.5 ±0.1) × 103

m
F24
(s−1 )

(8.00±0.04) × 104

(1.4 ±0.3) × 104

W41 (s−1 )

(1.10 ±0.06) × 105

(2.5 ±0.2) × 103

0
W32
(s−1 )

(1.0±0.3) × 106

(6.7 ±0.5) × 105

δ32 (K−1 )

0.31 ±0.04

0.15 ±0.05

−1

c32 (s )

(1.0±0.4) × 10

((0 ±2) × 103 )

4

Table 5.6 Comparison of the modeled temperatures used to calculate the emission dynam-

ics for a range of indicated temperatures (shown in Figure 5.9). Uncertainties in model
temperature are approximately 0.5 K.

5.4.2

Indicated temperature (K)

4.9 10

15

20

24

31

Center Sa model temperature (K)

13

14

15

20

23

34

Center Sb model temperature (K)

17

19

21

24

30

37

Temperature Dependence

As the temperature is increased there is less enhancement in emission, since there is more
population in the upper ITE state and the IR pulse redistributes less population. In
Figure 5.9 the increase in temperature causes a decrease in initial enhancement and an
increase in the slope after 200 µs.
Table 5.6 compares the temperature indicated in the experiment to the temperature used
in the rate equation model to generate the black transients in Figure 5.9. The model
temperature is determined by the decay rate of the transient more than 200 µs after
the IR excitation. When the indicated crystal temperature is 4.9 K, centre Sb has a
model temperature of 17 K. This 12 K oﬀset is consistent with the apparent strong IR
absorption for this conﬁguration. This absorption is characterised by a large rise in the
model temperature with higher average IR energy density.
Equations 5.13–5.14 describe the trends in the rate equation parameters that vary with
temperature. The rate of non-radiative loss from the higher excitonic levels W41 increases
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Table 5.7 The values for Equations 5.13–5.14 that were found by ﬁtting the change optimal

rate equation parameters with temperature in ﬁgure Figure 5.8.

Center Sa

Center Sb

FTC (s−1 )

(1.2±0.1) × 105

(2.8±0.8) × 104

0
WC1
(s−1 )

(3.00±0.05) × 106

(2.6±0.2) × 106

ϵC1 (cm−1 )

17.0±0.2

22.0±0.1

F24 (s−1 )

(7.90±0.04) × 104

(1.3 ±0.4) × 104

0
W41
(s−1 )

(1.6±0.2) × 107

(2.0±0.3) × 107

ϵ41 (cm−1 )

20.0±0.3

31±3

with temperature. The thermal barrier is modeled with an Arrhenius function:
(
)
−ϵ41
0
W41 = W41 exp
,
kTi

(5.13)

where Ti represents the indicated temperature. Ti is used rather than the model temperature because the conduction band will be at the temperature of the bulk crystal rather
than the local temperature of the ITEs. Similarly there is non-radiative loss in the trap
process WC1 .

(
WC1 =

0
WC1

exp

−ϵC1
kTi

)
.

(5.14)

Table 5.7 lists the values found by ﬁtting the Equations 5.13–5.14 to the optimal parameters for the rate equations, used to calculate the black transients in Figure 5.9.
The parameter F24 remains constant because the IR energy density is constant. The
non-radiative rate between the excitonic states W32 decreases with increasing model temperature, following the dependence on model temperature as in equation 5.12. This trend
is consistent with the results obtained when varying the IR energy density illustrated in
Equation 5.12.
To test the model, emission was also measured over the same range of temperatures for a
lower IR power (5.1 J cm−2 ) in Figure 5.10. The temperatures were ﬁtted from the decay
rate after 300 µs and parameters calculated from equations 5.13–5.14. The predicted
dynamics in Figure 5.10 reasonably match the recorded emission decay. There is some
discrepancy in Figure 5.10(a) between 10 and 20 K, but the model predictions match well
for the lowest and highest temperatures, indicating the trends are roughly correct with
some ﬁne detail of the dynamical processes not taken into account by the model.
In Senanayake’s work on the dynamics of ITE levels in SrF2 :Yb2+ , [29] a more complex
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Figure 5.9 Temperature-dependent dynamics of the IR enhancement of two sites of

NaMgF3 :Yb2+ already excited with a 33 000 cm−1 pre-pulse. The IR excitation is 17 J cm−2
and 952 cm−1 at 0 s. The black lines are calculated from the rate equation model with
parameters listed in Table 5.7. (a) Emission monitored at 21 000 cm−1 and entirely from
site Sa . There are 3 blue lines, taken at diﬀerent times but with the same temperature,
UV and IR power, showing the variation in signal over the course of the experiment. (b)
Emission monitored at 25 000 cm−1 and predominantly from site Sb .
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Figure 5.10 Temperature-dependent dynamics of the IR enhancement of two sites of

NaMgF3 :Yb2+ already excited with a 33 000 cm−1 pre-pulse. The IR excitation is 5.1 J cm−2
and 952 cm−1 at 0 s. The black lines are calculated from the rate equation model with
parameters listed in Table 5.7. (a) Emission monitored at 21 000 cm−1 and entirely from
site Sa . (b) Emission monitored at 25 000 cm−1 and predominantly from site Sb .
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heating model was used. This model was applied to NaMgF3 :Yb2+ but was not able to
explain the emission seen in Figures 5.7–5.10 as accurately as the model presented above.
Senanayake’s heating model involves calculating the temperature of the Yb2+ site at every
point in time, and then adjusting the temperature-dependant rates accordingly. The
heat equation must be solved iteratively, with the correct heat capacity c and thermal
conductivity k for the material at the previous temperature. In the temperature range of
the experiments (5 K–30 K) the values of c and k vary dramatically with temperature, so
having accurate temperature dependence of c and k for the material is very important.
Unfortunately these properties have not been published for NaMgF3 . The model was
applied to NaMgF3 :Yb2+ with values of c and k for SrF2 and CaF2 , but in order to achieve
a temperature that gave the correct slope several hundred µs after the IR excitation, the
temperature would be too high tens of µs after the IR excitation and cause the initial
decay to be too long.
The success of assuming a constant temperature indicates that the heating eﬀect of IR
absorption is cumulative over many IR pulses.

5.4.3

Wavelength Dependence

Figure 5.11 shows the photoluminescence enhancement as a function of IR excitation
wavelength between 5-12 µm. When the IR wavelength is 5 µm there is no intra-excitonic
excitation, so there is no fast emission from the higher exciton state. As the IR wavelength
is increased it becomes resonant with a diﬀerence in energy levels of the exciton and the
enhancement caused by IR excitation increases. To model this resonance, the rate of trap
liberation and the rate that the higher energy exciton level is populated increase with
decreasing wavelength – shown in Table 5.8. As the IR wavelength is moved oﬀ the peak
of the enhancement, the lifetime of the fast decay component becomes shorter.
In the model, the temperature is 20 K for site Sa and 25 K for site Sb . The emission
in Figure 5.11 was measured in unavoidably diﬀerent experimental conditions from Figures 5.7 and 5.9. Since the IR beam will illuminate a diﬀerent area of the sample the
amount of heating the IR excitation causes will be aﬀected. The temperature is higher
for site Sb than for site Sa , which is consistent with the site-dependent trends in heating
given in Table 5.4. The rates that are not in Table 5.8 do not change with IR wavelength
and have the same values as used for modeling the 5 K full IR power curve (listed in Table
5.5).
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Figure 5.11 Infrared wavelength dependence of the photoluminescence enhancement at

8 K. The black lines are calculated from the rate equation model with parameters listed in
Table 5.8. (a) Emission monitored at 21 000 cm−1 and entirely from site Sa . (b) Emission
monitored at 25 000 cm−1 and predominantly from site Sb .
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Table 5.8 Parameter values for the rate equation model as a function of IR wavelength.

The emission calculated from these parameters is shown in Figure 5.11.

Site Sa
IR Wavelength (µm)

FT 4 (s−1 )

W32 (s−1 )

F25 (s−1 )

11

1.2×105

4.0×103

2.5×105

9

2.5×105

1.0×104

2.0×105

7

1.8×105

1.0×106

1.0×104

5

1.5×105

1.1×106

1.0×104

Site Sb

5.4.4

IR Wavelength (µm)

FT 4 (s−1 )

W32 (s−1 )

F25 (s−1 )

11

5.0×104

7.0×103

1.0×104

9

2.0×105

3.0×104

1.0×104

7

1.8×105

1.0×106

2.4×104

5

1.3×105

1.0×106

4.2×104

UV Power Dependence

The photoluminescence enhancement was also studied as the UV excitation energy was
reduced from 70 to 5 mJ cm−2 . After normalising the intensity of the transient to a point
just before the IR enhancement, we see that the IR-induced photoluminescence enhancement does not have a strong dependence on the UV excitation density. In Figure 5.12 the
UV power is reduced by an order of magnitude but the normalised enhancement is only
decreased by 20%.

5.4.5

Trap Liberation

The trap liberation term FT 4 in the model is essential to ﬁtting the experimental data.
The fractional contribution to the total emission induced by the trap liberation process
can be estimated from the spectrum by taking the diﬀerence between the intensity just
before the IR pulse (Ii ) and at a long time (8 ms) after the IR pulse (If ). We must also
subtract the number of photons emitted from the excitonic states in this time period,
which will be equal to the integral of the intensity between Ii and If . This calculation
assumes that the temperature (and so the relative population of the ITE states 2 and 3)
is the same before and several hundred microseconds after the IR pulse as the site heating
is a cumulative eﬀect over many IR pulses. Some additional population is lost from the
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Figure 5.12 The photoluminescence enhancement of NaMgF3 :Yb2+ as the power of the

ultraviolet 33 000 cm−1 pre-pulse is changed. The sample temperature is 8 K. IR excitation
is at 952 cm−1 . The traces have been normalized for the UV power diﬀerence (a) Emission
monitored at 21 000 cm−1 and entirely from site Sa . (b) Emission monitored at 25 000 cm−1
and predominantly from site Sb .

Chapter 5. SSTPE of ITEs in NaMgF3 :Yb2+

82

non-radiative decay from the upper ITE levels W51 , but it is negligible compared to the
radiative loss.

Itrap
= If − Ii −
I2

∫

If

Idt

(5.15)

Ii

The estimated trap population over the wavelength range calculated from Equation 5.15 is
shown in Figure 5.13. All three emission wavelengths have similar trap liberation spectra
so the trap distribution must be similar at both sites. The same shape is seen in the long
time emission intensity and the integrated intensity for both sites. The trap population
calculated from the mixed emission at 23 300 cm−1 consists of two overlapping regions,
calculated from two seperate emission scans (one from 500 to 900 cm−1 and another from
830 to 2000 cm−1 ) normalized and plotted together. The wider range of excitation energies
for the 23 300 cm−1 peak shows emission continuing to decrease as the excitation energy
is lowered.
The trap liberation spectrum of NaMgF3 :Yb2+ is diﬀerent from that of MgF2 :Yb2+ [33]. In
MgF2 :Yb2+ the integrated emission remains constant with IR frequency and only reduces
at high frequencies when FEL power drops. This indicates that the traps are diﬀerent
from those formed in MgF2 . The trap liberation spectrum of NaMgF3 :Yb2+ is similar
to that of CaF2 :Yb2+ [28] but the traps are deeper. Figure 5.13 indicates the traps in
NaMgF3 :Yb2+ have an approximate depth of 800 cm−1 compared to 400 cm−1 in CaF2
and SrF2 [100].

5.5

Conclusion

Site-selective transient photoluminescence enhancement has been measured in multi-site
NaMgF3 :Yb2+ . Enhanced emission from impurity-trapped exciton states and electron
trap liberation in both sites of NaMgF3 :Yb2+ is observed. The dynamics of the emission
have been analysed in terms of a multi-level rate equation model and compared for both
sites. The dominant process that contributes to the dynamical behaviour is intra-excitonic
absorption and relaxation between three ITE levels. The exciton energy levels have been
determined – two are only tens of wavenumbers apart and one is 950 cm−1 from the exciton
ground state. The model shows electron trap liberation is an important menchanism to
increase population. The electron trap depth is found to be approximately 800 cm−1 by
analysing the diﬀerence in emission intensity before and after the IR pulse. A moderate
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Figure 5.13 The trap population calculated from Equation 5.15 for three emission ener-

gies. The green points are from signal monitored in the middle of the emission band at
23 300 cm−1 . The emission at 23 300 cm−1 has been separately measured for a lower energy region (from 500 to 900 cm−1 ) and normalized. Mixed emission refers to the signal
monitored at the centre of the emission band at 23 300 cm−1 .
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increase in lattice temperature is inferred from the modelling. The detailed analysis of
the temporal emission is relevant to understanding the dynamical behaviour of impuritytrapped excitons in many scintillator materials.

Chapter 6

Vacuum Ultraviolet Spectroscopy

The ﬂuoride materials described in earlier chapters all have bandgaps of the order of
ten electron volts, which is in the vacuum ultraviolet (VUV) energy range. This chapter
presents the results of time-resolved spectroscopic experiments performed upon excitation
of CaF2 :Yb, NaMgF3 :Yb and MgF2 :Yb single crystals with UV-VUV synchrotron radiation at the SUPERLUMI station at Hamburger Synchrotronstrahlungslabor (HASYLAB)
in Hamburg, Germany [81]. The bandgap spectroscopy of insulating crystals such as these
have not been well-investigated due to the limited number of available excitation sources
with the necessary energy range.
The theory of excitons is well-developed for loosely-bound Wannier-Mott excitons which
form in semiconductor materials. Wannier-Mott excitons have binding energies of the
order 100 cm−1 and typically occur in materials with bandgaps of a few thousand cm−1 .
Systematic studies of visible spectroscopy have been performed for these kind of intrinsic
excitons in semiconductors [101]. Conversely, the tightly-bound Frenkel excitons which
occur in insulators require high energy excitation in the VUV region. VUV lasers have
only recently been developed [102] and the only other sources of intense VUV light are
synchrotrons with VUV beamlines [81]. Because of this, less systematic studies of excitons
in insulating materials have been achieved compared to semiconductor excitons.
In this thesis SUPERLUMI is utilised as a tunable VUV excitation source to excite
intrinsic excitons in ﬂuoride materials. The excitation and emission spectra of the crystals
are presented, giving information on the energy of the intrinsic excitons and the selftrapped exciton states that subsequently form. The spectra are compared to give insight
into the formation and decay of Frenkel excitons in diﬀerent ﬂuoride crystals.
In all three materials, excitation into the 4f 13 5d states of Yb2+ in the crystals results
in emission from ITE or 4f 13 5d conﬁgurations. For NaMgF3 :Yb2+ the excitation measurements are interpreted using a semi-empirical crystal ﬁeld model. Excitation into the
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fundamental absorption band of the crystals results in emission from intrinsic states and
Yb impurity centres. The interplay between intrinsic distortions and Yb impurity centres
is observed and analysed with changing excitation energy and temperature.

6.1

CaF2 :Yb

CaF2 is a commonly used optical material. It has a very low dispersion and is characterised
by outstanding radiation hardness, making it useful for lenses and windows [103]. It
also has an extremely large bandgap, which makes it a suitable host for studying the
excited state structure of lanthanide dopants. As with many metal halides excited with
high energy radiation, CaF2 forms free excitons that are captured within picoseconds to
become STEs [10]. The STEs can decay radiatively or non-radiatively. The non-radiative
decay of an STE can be associated with the transferal of the STE to a permanent defect,
or energy transfer to an impurity ion. The subsequent relaxation of the impurity ion is an
internal process that is dependent on electronic structure of the ion, absolute location of
its energy levels relative to the conduction band and valence band, temperature, energy
of the lattice phonons and concentration of the ions. In the case of CaF2 :Yb the most
probable path for relaxation of excited states of Yb2+ ions is the formation of an ITE.
The existence of both ITE and STE emission from the crystal allows a comparative study
of spectroscopic and dynamic properties of two fundamentally diﬀerent types of exciton.
This section gives results of time-resolved spectroscopic experiments performed upon excitation of a CaF2 :Yb single crystal with UV-VUV synchrotron radiation, both below
and above the CaF2 band edge. Excitation into the Yb2+ 4f 13 5d states results in ITE
emission. For high energy excitation around the band edge, STE emission is observed.
Evidence of energy transfer from the STE to the ITE, possibly via the Yb2+ 4f 13 5d states,
is presented.

6.1.1

Emission and Excitation Measurements of CaF2

Figure 6.1 shows the 8 K time-integrated and time-resolved emission spectra of CaF2 :0.05%Yb2+
recorded upon selective excitation at 101 000, 57 100, and 87 700 cm−1 . Excitation above
the bandgap (at 101 000 cm−1 ) results in emission centred near 34 400 cm−1 , which originates from radiative relaxation from STE states [48]. When exciting into a 5d state well
below the bandgap (in this case at 57 100 cm−1 ), the dominant feature in emission is a
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broad band occuring between 15 000 to 22 000 cm−1 , previously identiﬁed as ITE emission
[26]. At 87 700 cm−1 excitation the ITE and STE emission bands are both present.
The peak at 87 700 cm−1 in the excitation spectrum (see below) corresponds to the optical
formation of free excitons in CaF2 . The free exciton decays into a STE within picoseconds
[10]. For 87 700 cm−1 excitation, the observation of emission from both the ITE and STE
indicates the existence of energy transfer between host electronic excitations and the ITE
that is associated with the presence of Yb2+ . Since the lifetime of the free exciton is of the
order of picoseconds, it seems unlikely that the free exciton can travel to an Yb impurity
to create an ITE, so all free excitons must decay to STEs and then some fraction of the
STEs will be close enough to Yb2+ ions to transfer energy to Yb2+ ions and create ITEs.
Figure 6.2 shows a schematic of this energy transfer mechanism. We expect a greater
emission intensity from the STE band than the ITE band as an ITE must be localised
around an H-F pair close to an impurity. Thus most STEs will radiatively recombine
rather than relaxing to an ITE.
In Figure 6.3 the ITE emission in CaF2 :Yb2+ quenches when the sample is excited in the
VUV at room temperature. The ITE emission is known to quench when excited into a
Yb2+ 5d level at temperatures higher than 200 K [26]. The change in shape of the higher
energy band with temperature indicates that the singlet emission from the STE is also
quenched at room temperature.
The time-resolved spectra demonstrate spectrally-separated components of STE emission
(Figure 6.1(c)). The spectrum recorded within the slow time gate contains an emission
band centred near 35 500 cm−1 that closely follows the time-integrated spectrum and
corresponds to the triplet state of STE. In turn, the spectrum recorded within the fast time
gate demonstrates an emission band shifted towards lower energy by about 4000 cm−1 .
The lower energy emission band corresponds to radiative relaxation of the STE singlet
state [55]. The decay of the singlet STE state is shown in the inset to Figure 6.1(b).
The measured decay is non-exponential, however an eﬀective lifetime of τ ≈ 10 ns can
be estimated. The lifetime of the triplet state is much longer than the time between
synchrotron bunches (480 ns).
Figure 6.4 shows the 8 K excitation spectra recorded monitoring the ITE and STE emission peaks in Figure 6.1. The spectra indicate STE emission is excited with two features.
The feature at 87 000 cm−1 represents the free exciton absorption and at 94 000 cm−1
is the onset of intra-band absorption. The peak at 87 000 cm−1 is at a lower energy
than the free exciton peak in reﬂection measurements, measured to be at 90 300 cm−1
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Figure 6.1 Emission from CaF2 :0.1%Yb at a sample temperature of 8 K. (a) Above bandgap

excitation at 101 000 cm−1 , (b) excitation into a Yb2+ excited state at 57 100 cm−1 , (c)
excitation into the free exciton peak at 87 700 cm−1 . Inset shows the log of the intensity
of 28 600 cm−1 emission after excitation at 87 700 cm−1 . The measured decay is nonexponential and prodominantly from the STE singlet state. Dotted red lines are integrated
over the fast time window (2–9 ns) and blue lines are integrated over the slow time window
(46–70 ns).
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Figure 6.2 Schematic of the VUV spectroscopy measurement. The VUV excitation creates

a self-trapped exciton, which we observe decaying radiatively or transferring energy to an
impurity-trapped exciton state.
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Figure 6.3 Emission from CaF2 :0.1%Yb at a sample temperature of 8 K and 300 K. (a)

Above bandgap excitation at 101 000 cm−1 , (b) excitation into the free exciton peak at
87 700 cm−1 . (c) below bandgap excitation at 57 100 cm−1 . No signal was found for this
excitation frequency when the sample temperature was 300 K.
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[104, 105], but corresponds well with the free exciton excitation transition for undoped
CaF2 at 85 K [106]. It it noteworthy that the emission intensity is severely attenuated for
excitation energy above 100 000 cm−1 . This is due to the very high absorption coeﬃcient
of band-to-band transitions, resulting in excitons prodominantly created near the surface
and thus subject to quenching from surface defects preventing STEs being formed. Such
surface eﬀects have been recognized in STE emission by Denks et al. who observed similar
attenuation for interband excitation [106].
As indicated by the peaks below 60 000 cm−1 in the black spectrum in Figure 6.4, emission
from the ITE is observed upon excitation into the 4f 13 5d1 states of the Yb2+ ion in a
resonant process. The peak around 90 300 cm−1 in the black spectrum in Figure 6.4
indicates that ITE states can be populated from host ionic states although there is a
1500 cm−1 red shift for the free exciton transition compared to the STE detection (see
inset). The bulk free exciton transition can be seen as a shoulder on the edge of the ITE
emission. Since the free exciton lifetime is very short, it is reasonable to assume that free
excitons must be generated in the physical region of the Yb2+ impurity in order to decay
into ITE systems. Thus it is likely that there is a perturbed crystal enviroment suﬃcient
to slightly change the energy of the resonant transition of the free exciton absorption.
The presence of the shoulder at the “bulk” free exciton energy indicates the process of
ITE generation through the path of “free exciton to STE to ITE” occurs.
An alternative explanation of this small shift in the excitation spectra might be associated
with saturation of available Yb2+ impurity sites arising from the very small penetration
depths in this excitation region. As the penetration depth decreases drastically at the
onset of free exciton absorption, Yb2+ sites within range of free excitons decrease, leading
to quenching of the saturated ITE emission and the red shift of the free exciton peak
when monitoring ITE emission.
The excitation spectrum that was recorded monitoring emission from the ITE shows a
peak at 75 000 cm−1 , just below the free exciton absorption. This peak is not a highenergy Yb2+ level, as the crystal ﬁeld analysis shows there are no such states, nor is it
likely to be related to the intrinsic CaF2 exciton. The peak at 75 000 cm−1 is most likely
to be a Yb3+ charge transfer band. An absorption peak due to charge transfer from Yb3+
to F− has been identiﬁed at 70 200 cm−1 for a CaF2 :Yb3+ sample at room temperature,
and would be expected to shift to higher energy at a lower temperature [34, 107].
The excitation features of CaF2 :Yb depend on the concentration of Yb dopant, as shown
in Figure 6.5 where ITE emission is monitored at a sample temperature of 8 K. The
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excitation peaks are distorted as Yb concentration is increased from 0.01% to 2%. The
intrinsic exciton peak at 87 000 cm−1 broadens and decreases in intensity compared to
the intra-conﬁgurational Yb transitions below 60 000 cm−1 . In Figure 6.6 STE emission
is quenched with increased concentration. The increase in concentration of Yb centres
means that the intrinsic excitons are much more likely to relax into STE states near Yb
ions and transfer energy to ITEs.

6.1.2

Temperature Dependence of CaF2 Free Exciton Peak

Figure 6.7 shows the position of the free exciton excitation peak as a function of temperature, obtained by monitoring the ITE and STE emission. The free exciton peak is clearly
observed to be red-shifted as the temperature increases. We interpret this in terms of
a model developed to describe the shift in bandgap of semiconductors, Viña’s equation.
Viña’s equation is an alternative to the commonly used Varshni’s equation as it has a
more physical basis and has been shown to better ﬁt the low temperature behaviour of
semiconductors [108, 109]. Viña’s equation is given as [110]:

Eg (T ) = Ep (0) −

αθ
,
exp(θ/T ) − 1

(6.1)

where Ep (0) is usually the bandgap at absolute zero, but in our case is the STE peak
emission energy at absolute zero; θ is the mean phonon temperature; and α is related
to the electron-phonon interaction. The data and best ﬁts are shown in Figure 6.8. We
determine best ﬁt values of Ep (0) = 87 200 cm−1 , α = 15 cm−1 K−1 and θ = 306 K. An
identical eﬀect is observed when monitoring the ITE emission peak albeit over a limited
range of temperatures owing to the thermal quenching of the ITE emission. The best ﬁt
values from ﬁtting the ITE emission are Ep (0) = 86 200 cm−1 , α = 10 cm−1 K−1 and θ =
131 K. θ is determined by the host material and should not change between ITE and STE
emission.
The change in θ is not simply a ﬁtting eﬀect, as demonstrated in Figure 6.8. The curve
which is constructed using the parameters ﬁtted to the STE data does not ﬁt the ITE
data when Ep (0) is reduced without changing θ. The diﬀerence in the θ between the two
emission energies supports the theory discussed above, that the peak position is not the
true absorption maximum due to surface quenching eﬀects.
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Figure 6.5 Excitation spectra of CaF2 :Yb at a sample temperature of 8 K monitoring

emission at the ITE peak emission energy of 18 200 cm−1 for various concentrations of Yb
doping: (a) 0.1% Yb (b) 1% Yb and (c) 2% Yb.
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Figure 6.6 Emission spectra of CaF2 :Yb at a sample temperature of 8 K excited into the

intrinsic exciton peak at 87 700 cm−1 for various concentrations of Yb doping: (a) 0.01%Yb
(b) 1%Yb and (c) 2% Yb.
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Figure 6.7 The energy shift of the free exciton excitation peak in CaF2 :Yb as a function of

temperature monitored at (a) the STE peak emission energy, 34 500 cm−1 and (b) the ITE
peak emission energy, 18 200 cm−1
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Figure 6.8 The energy shift of the free exciton excitation peak in CaF2 as a function of

temperature. The dots are monitored at the STE peak emission energy, 34 500 cm−1 and
the crosses are monitored at the ITE peak emission energy, 18 200 cm−1 . The dotted lines
are a line of best ﬁt to the STE data with two values of Ep (0). The blue line has a value of
Ep (0) = 86 200 cm−1 . The green line has a value of Ep (0) = 87 200 cm−1 . The solid line is
the best ﬁt to the ITE data.
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NaMgF3 :Yb

NaMgF3 has been investigated as a host material for dosimetry as its eﬀective atomic
number is similar to human tissue. Due to its luminescence properties when doped with
certain rare-earth ions NaMgF3 can be used as a material for optically stimulated luminescence (OSL) dosimetry, a verstile alternative to thermoluminescence (TL) dosimetry.
OSL measurements have been performed on NaMgF3 doped with divalent europium [111]
and trivalent cerium [112]. Finding new materials for applications such as OSL dosimetry
is aided by greater understanding of the nature of the phenomena which lead to luminescence in the materials.
Here we present results of time-resolved spectroscopic experiments on NaMgF3 :Yb single
crystals performed upon excitation with UV-VUV synchrotron radiation, both below and
above the NaMgF3 band edge. We observe excitation into the Yb2+ 4f 13 5d states with
subsequent ITE emission. For high energy excitation around the band edge, STE emission
is observed. Evidence of energy transfer from the intrinsic excitons to the ITE is presented.

6.2.1

Emission and Excitation Measurements of NaMgF3 :Yb

The convolution of the two Yb2+ ITE centres appear as an emission band from 20 000–
25 000 cm−1 , as discussed in Chapter 5. When the material is excited at energies lower
than the conduction band the emission is only from the Yb2+ ITE [8]. When the material
is excited at energies near to the conduction band, the material will emit from both the Yb
ITE and the STE [88]. The STE in NaMgF3 emits in a band from 25 000 to 35 000 cm−1
so the total emission from the ITE and STE combined is a wide band from 20 000 to
35 000 cm−1 , as shown in Figure ??.
Figure 6.10 shows the 8 K excitation spectra monitoring the emission at the peak energies
of the ITE and STE emission peaks in Figure 6.11. As indicated in the ﬁgure, emission
from the ITE is observed upon excitation into the 4f 13 5d states of the Yb2+ ion as
well as the host excitonic states. Meanwhile, the STE emission can only be excited via
formation of free excitons or upon higher energy excitation that corresponds to generation
of separate electron-hole pairs. The peak at 90 000 cm−1 is the free exciton peak. This
peak is reported in reﬂectance measurements to be 94 400 cm−1 [113]. The excitation
spectrum shows the peak at a lower energy because the exciton emission is quenched by
surface eﬀects.
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Figure 6.9 Emission from NaMgF3 :Yb. At higher excitation energies the emission is a

convolution of Yb ITE emission from 20 000–25 000 cm−1 and self-trapped exciton emission
at 25 000–35 000 cm−1 . The STE emission is quenched at excitation energies much lower
than the conduction band of NaMgF3 .
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Figure 6.10 Excitation spectra of NaMgF3 :0.6%Yb at a sample temperature of 8 K. At 20 400 cm−1 the emission is mostly from ITEs, and
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Energy transfer between intrinsic excitons and Yb2+ ions is evident from the presence of
the excitonic peak observed at 90 000 cm−1 when ITE emission is monitored. The most
likely path from the formation of free excitons to ITE emission is formation of STEs and
energy transfer from the STEs to Yb ions. Energy transfer from STEs to luminescent
centres has been shown in other materials [114, 115].
Figure 6.11 shows how the same shift from ITE to STE emission can be achieved with
changing excitation energy and temperature. At 50 000 cm−1 the emission is all from the
Yb ITE. The emission remains constant with temperature because the 4f n−1 5d1 → 4f n
absorption at 50 000 cm−1 remains constant with temperature. At excitation into the
free exciton and conduction band, the emission shifts to lower energy at high temperature
because the STE emission is quenched whereas the ITE emission is not. The STE emission
is quenched by thermally induced non-radiative transistions from the radiative STE state
to the ground state [10].
To deconvolve the two emission bands from each other we can model the 8 K spectrum
in Figure 6.12 with two Gaussian functions. Since the 300 K data is predominantly
ITE emission we can ﬁrst ﬁt the 300 K data to a Gaussian function. Then we scale this
Gaussian function and add it to another Gaussian function at a higher energy, representing
the STE emission. The result of this ﬁtting is shown in Figure 6.12 and the parameters
of the functions are given in Table 6.1.
We can estimate the total intensity of the emission from the ITE compared to the STE
by taking the ratio of the areas under the two Gaussian functions given in Table 6.1.
When the excitation is into the free exciton peak, there is approximately 4 times as much
emission from STE states as ITE states. When the excitation is into the conduction band,
there is about 2 times as much. This relative increase in the ITE emission indicates that
there is a pathway for free exciton creation to ITE emission which does not involve an
STE being created.

6.2.2

Intraconﬁgurational Transistions of NaMgF3 :Yb

Vacuum ultraviolet spectroscopy extends excitation spectra to higher energies, which
makes more 4f n –4f n−1 5d transitions identiﬁable. Since the entire 4f n−1 5d energy range
can be covered, all excitation energies which give radiative emission are measured. This
broad energy range is excellent for constructing an accurate semi-empirical model of the
crystal ﬁeld eﬀects on the Yb2+ ions in the material, as described in Chapter 2.
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Figure 6.11 Emission from NaMgF3 :0.6%Yb at a sample temperature of 8 K and 300 K. (a)

Below bandgap excitation into a Yb2+ 5d level at 54 600 cm−1 for 8 K and 49 800 cm−1 for
300 K, (b) Excitation into the free exciton peak at 90 100 cm−1 for 8 K and 87 000 cm−1 for
300 K, (c) Above bandgap excitation at 118 000 cm−1 for both temperatures. Dotted red
lines are integrated over the fast time window (2–9 ns) and blue lines are integrated over
the slow time window (46–70 ns).
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Figure 6.12 Emission from NaMgF3 :0.6%Yb (a) after excitation into the free exciton peak

at 90 100 cm−1 for 8 K (solid blue line) and 87 000 cm−1 for 300 K (solid green line). (b)
after excitation into the conduction band at 118 000 cm−1 for 8 K (solid blue line) and 300 K
(solid green line). The blue dotted lines are Gaussian functions modeling the ITE emission
and the STE emission. The red dashed line shows the sum of both Gaussian functions.
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Table 6.1 The approximate positions and full widths at half maximum of the Gaussian

functions simulating the peaks of the ITE and STE emission bands shown in Figure 6.12.

(a) Excitation into free exciton
ITE Emission

STE Emission

Centre (cm−1 )

23 500

27 250

Width (cm−1 )

2300

2750

Height (arb. units)

0.27

0.90

Area

15 570

62 040

Normalised Area

0.20

0.80

(b) Excitation into conduction band
ITE Emission

STE Emission

23 200

27 250

Width (cm )

2200

2500

Height (arb. units)

0.45

0.85

Area

24 810

53 270

Normalised Area

0.32

0.68

Centre (cm−1 )
−1

Which crystal ﬁeld parameters are included in the parameterised model in what ratio
depends on the geometry of the crystal ﬁeld. In order to select relevant crystal ﬁeld
parameters, we must assume a structure for the Yb2+ site.
The structure of NaMgF3 is much more complex than CaF2 or SrF2 and the site symmetry
of Yb sites in NaMgF3 is unknown. The Yb ions could replace either Mg2+ or a Na+ ions.
If Yb2+ replaces Na+ there will have to be some mechanism of charge compensation in
the form of a positive ion vacancy or subsitution to balance the overall charge.
The position of F− ions in relation to Yb2+ were estimated with density functional theory
(DFT) calculations by Jun Wen at the University of Science and Technology of China.
Several geometries were tested, with the Yb2+ either replacing a Mg2+ ion or a Na+ ion.
The site geometry that was calculated to have the lowest total system energy was when
the Yb2+ replaced a Na+ and the charge compensation was achieved with a Na+ vacancy,
if the Na+ site which was vacant was the nearest to the Yb2+ ion. The bond lengths and
ligand positions for this most likely case are given in Table 6.2. The ligand positions are
shown in Figure 6.13. The ligands do not have an obvious simple symmetry.
The Yb site symmetry was approximated to be tetragonal with latitudinal elongation, i.e.
3 pairs of ligands along the x, y and z axes, centred at (0,0,0) with the distance between
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Table 6.2 Calculated coordinates of nearby F− ions for Yb2+ in NaMgF3 when the Yb2+

ion replaces a Na+ ion, and there is a Na+ ion vacancy at the nearest neighbour.

bond length (Å)

bond angle θ (◦ ) bond angle ϕ (◦ )

F1

2.277

90.0

193.8

F2

2.282

49.1

302.8

F3

2.282

130.9

302.8

F4

2.318

90.0

107.2

F5

2.355

51.3

40.9

F6

2.355

128.7

40.9

1.5

z axis (Å)

1
0.5
0

−0.5
−1
−1.5
−4

−2
x axis (Å)

0

2

−2

0

2

4

y axis (Å)

Figure 6.13 The nearby F− ions around Yb2+ in NaMgF3 when the Yb2+ ion replaces a

Na+ ion, and there is a Na+ ion vacancy at the nearest neighbour, from Table 6.2.
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the ligands equal for the pairs along the x and y axes, and a greater distance between the
pair along the z axis, as shown in Figure 6.14. The tetragonal√symmetry is represented
√
15 6
4
6
by crystal ﬁeld parameters B4 and B6 with a ratio with B44 = 15
B
and
B
=
B0 .
0
4
4
4
The latitudinal elongation is represented by the parameter B20 .
Figure 6.14 Tetragonal site with lateral elongation used to approximate the crystal ﬁeld

acting on Yb2+ for NaMgF3 :Yb2+ .
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Figure 6.15 shows the 4f n –4f n−1 5d transitions in NaMgF3 :Yb2+ along with a simulated
spectrum calculated with the semi-empirical crystal ﬁeld model. The crystal ﬁeld parameters were qualitatively ﬁtted to the VUV excitation spectrum.
Table 6.3 contains the values of the crystal ﬁeld parameters calculated from their deﬁnitions for the free Yb2+ ion; those ﬁtted to SrCl2 :Yb2+ and CaF2 :Yb2+ using a 4f 14 +4f 13 5d
eﬀective Hamiltonian; and the values of parameters ﬁtted here. The Coulomb parameters
have little eﬀect on the spectrum, and are kept at the same value for all three crystal
environments. The value of the B 4 and B 6 parameters for NaMgF3 :Yb are smaller than
in CaF2 :Yb. A discussion of the physical meaning of the parameters is given in Chapter
2.
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Figure 6.15 (a) Simulated spectrum of NaMgF3 :Yb2+ calculated with a semi-empirical

crystal ﬁeld model. The red lines are the zero-phonon lines (ZPLs) of the transitions and
the blue line is a Gaussian convolution of the ZPLs. (b) Excitation spectrum of NaMgF3 :Yb
at 8 K with λem = 25 000 cm−1
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42 000
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-200
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-700

4349

5382

4693

7222

14 355

2700

2000

42 800

NaMgF3 :Yb2+

d
Ref. [75]
Not ﬁtted here. Held at √
the values determined
√
5
6
4
e 4
= − 72 B 6 .
= 14
B 4 . f B06 = B 6 , B±4
B0 = B 4 , B±4

c

4349

6085

Ref. [117]

−37 726

5382

8046

b

821

4693

10 059

Ref. [116]

−2036

7222

10 646

by Ref. [117].

a

4349

14 355

23 210

F(f2 d)
F(f4 d)
G1(f d)
G3(f d)
G5(f d)
2
B(f
f)
4
e
B(f
f)
6
f
B(f
f)
2 e
B(dd)
4 e
B(dd)

2950

2899

ζ(dd)

1204

1211

42 700

CaF2 :Yb2+

1290

b

ζ(f f )

SrCl2 :Yb2+
38 382

a

∆E(f d)

Parameter Free Yb2+ ion

Table 6.3 Final values of parameters for the crystal ﬁeld ﬁt of Yb2+ in NaMgF3 and MgF2 .
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MgF2 :Yb

Figure 6.16 shows the 8 K emission spectra of MgF2 :Yb at various excitation energies
corresponding to features shown in the excitation spectrum, Figure 6.17. When the
Yb2+ ions are excited into a 5d state below the bandgap, the emission is at 19 000–
23 000 cm−1 , previously identiﬁed as emission from 4f 13 5d → f 14 transitions of the Yb2+
ion [8]. When the crystal is excited into a higher peak in the excitation spectrum (see
below), the emission shifts to higher energy. The shift occurs because the emission shifts
predominantly from radiative recombination of MgF2 STEs from their triplet state [60].
The emission is similar when the crystal is excited into the conduction band.
Figure 6.17 shows the 8 K excitation spectra monitoring at the intraconﬁgurational Yb
emission and STE emission peaks in Figure 6.1. The peak at 90 000 cm−1 is the free exciton
peak [60]. There is a peak at 69 400 cm−1 with a fast component when monitoring the
STE emission. This peak has been identiﬁed in absorption as a defect band caused by
intestitial ﬂuoride ions, sometimes called an “I centre” [118, 119].
Figure 6.18 shows the emission spectra of MgF2 :Yb after excitation into the conduction
band. As temperature is increased, two peaks appear in the fast time gate at 22 000 and
30 000 cm−1 respectively. The origin of these two peaks is unknown.
The 4f n−1 5d1 → 4f n transitions of MgF2 :Yb2+ can be modeled with a semi-empirical
model of the crystal ﬁeld. As for NaMgF3 :Yb2+ , site symmetry was assumed to be
tetragonal with latitudinal distortion. A VUV absorption spectrum has been measured by
Kück et al. [120]. The absorption spectrum has substantially diﬀerent relative intensities
between peaks when compared to the excitation spectrum, indicating that absorption into
some Yb2+ 5d levels does not result in eﬃcient ITE radiative relaxation. Figure 6.19 shows
the 4f n –4f n−1 5d transitions in MgF2 :Yb2+ along with a simulated spectrum calculated
with the semi-empirical crystal ﬁeld model. Since the calculation models the absorption
process, the crystal ﬁeld parameters were qualitatively ﬁtted to the absorption spectrum
rather than the excitation spectrum. The values of the crystal ﬁeld parameters are given
in Table 6.3 above.
Again the values of the Coulomb parameters have little eﬀect on the spectrum, and
are kept the same as they were for previous Yb2+ calculations. The value of the B 4
and B 6 parameters for MgF2 :Yb are larger than in CaF2 :Yb and NaMgF3 :Yb. The
B02 (dd) parameter has a positive sign, which according to superposition theory means the
tetragonal distortion is a contraction rather than an elongation.
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Figure 6.16 Emission from MgF2 :Yb at a sample temperature of 8 K. (a) Below bandgap

excitation into a Yb2+ 5d level at 41 200 cm−1 . (b) Excitation at 61 300 cm−1 . (c) Excitation
into the peak at 69 400 cm−1 . (d) Above bandgap excitation at 112 400 cm−1 for both
temperatures. Dotted red lines are integrated over the fast time window (2–9 ns) and blue
lines are integrated over the slow time window (46–70 ns).
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Figure 6.17 Excitation spectra of MgF3 :Yb at a sample temperature of 8 K monitoring three

emission frequencies. At 20 400 cm−1 the emission is mostly from ITEs, and at 23 700 cm−1
and 28 500 cm−1 the emission is mostly from STEs. Dotted red lines are integrated over
the fast time window (2–9 ns) and blue lines are integrated over the slow time window
(46–70 ns).
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Figure 6.18 Emission from MgF2 :Yb after above-bandgap excitation at (a) 125 000 cm−1

and a sample temperature of 8 K (b) 125 000 cm−1 and a sample temperature of 60 K (c)
132 000 cm−1 and a sample temperature of 300 K . Dotted red lines are integrated over
the fast time window (2–9 ns) and blue lines are integrated over the slow time window
(46–70 ns).
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Figure 6.19 (a) Simulated spectrum of MgF2 :Yb calculated with a semi-empirical crystal

ﬁeld model. The red lines are the zero-phonon lines (ZPLs) of the transitions and the blue
line is a Gaussian convolution of the ZPLs. (b) Excitation spectrum of MgF2 :Yb at a sample
temperature of 8 K with λem = 20 400 cm−1 and the room temperature absorption spectrum
reported by Kück et al. [120].
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Table 6.4 Value of intrinsic parameters for CaF2 :Yb2+ , NaMgF3 :Yb2+ and MgF2 :Yb2+ at

R0 = 2.366 Å.

B̄ 4 (R0 ) B̄ 2 (R0 )
CaF2 :Yb

11 608

NaMgF3 :Yb

5714

23 222

MgF2 :Yb

6763

61 390

Since the Yb2+ ion site geometries are very diﬀerent in CaF2 :Yb2+ , NaMgF3 :Yb2+ and
MgF2 :Yb2+ it is diﬃcult to make a direct comparison of these parameters. To minimise
geometric eﬀects we can compare the intrinsic crystal ﬁeld parameters.
The ligand positions in Table 6.2 are used to calculate the intrinsic crystal ﬁeld coordinates from the crystal ﬁeld parameters for comparison in Table 6.4. These represent
the interaction between the ligands and the Yb2+ ion when the ligands are rotatated and
translated to be at the same distance along the z-axis. The CaF2 :Yb2+ intrinsic parameters were calculated assuming the Yb2+ ion replaces the Ca2+ ion, so the Yb2+ ion is
surrounded 8 ﬂuoride ligands, with each ligand at the edge of a cube with bond lengths
of 2.366 Å [121]. For NaMgF3 :Yb2+ , the intrinsic parameters were calculated assuming
the Yb2+ ion is at a tetragonal site with a longitudial elongation as shown in Figure 6.14.
The ligand lengths along both the x and y axes are 2.29 Å and the length along the z axis
is 2.36 Å. Similarly for MgF2 :Yb2+ , the intrinsic parameters were calculated assuming the
Yb2+ ion is at a tetragonal site with a longitudial contraction. The ligand lengths along
the x and y axes are 2.18 Å and the length along the z axis is 2.16 Å.
From the results for Yb2+ in NaMgF3 and MgF2 , it appears that the ligands along the
z-axis exert a much stronger ﬁeld than the other ligands. However, the site geometries
of NaMgF3 :Yb2+ and MgF2 :Yb2+ have been simpliﬁed in order to ﬁt the crystal ﬁeld
parameters, so the parameters in Table 6.4 are a ﬁrst approximation.
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Table 6.5 Bandgap and free exciton energies for alkali ﬂuorides measured by reﬂection. The

binding energy is given as the diﬀerence in energy between the lowest exciton state and the
band edge.

CaF2 :Yb

Bandgap (cm−1 )

Exciton energy (cm−1 )

Binding energy (cm−1 )

97 600

90 200

7400

a

NaMgF3 :Yb

b

104 100

MgF2 :Yb
a

Ref. [105]

6.4

101 000
b

Ref. [113]

94 400
c
c

95 200
Ref. [123]

d

9700
d

5800

Ref. [124]

Comparisons Between Materials

Now we can compare the spectra of the materials presented above and discuss the diﬀerences between them. In Figure 6.20 the energy of the self-trapped exciton excitation peak
increases from CaF2 to NaMgF3 to MgF2 . This is to do with the diﬀerence in bandgap
between the materials but also the diﬀerence in binding energy of the free excitons. The
values of the bandgaps and binding energies are given in Table 6.5 for reference. The
bandgap of materials increases as the overlap between orbitals from neighbouring ions
increases [105]. The size of the bandgap increases with decreasing lattice constants from
CaF2 to MgF2 to NaMgF3 . However, the excitation peak associated with the self-trapped
exciton is higher for MgF2 than NaMgF3 . The binding energy of the exciton increases
with the size of the ionic radii of cations in the lattice. The radius of Na+ ions is 116 pm,
Ca2+ is 114 pm, and Mg2+ is 86 pm [122] and the binding energy of the free exciton
follows this trend.
The excitation peak associated with free exciton of CaF2 :Yb in Figure 6.20(a) shifts
to higher energy when Yb ITE emission (rather than STE) is monitored, while for
NaMgF3 :Yb and MgF2 :Yb the excitation peak is the same whether we are monitoring
emission from Yb or STE states. This is because the overlap in emission for NaMgF3 :Yb
and MgF2 makes it hard to isolate emission originating from either STE or ITE states.
Comparing the emission spectrum when each crystal is excited into the free exciton peak,
Figure 6.21 shows that the ITE emission from CaF2 :Yb2+ does not overlap the CaF2 STE
emission, but the NaMgF3 :Yb and MgF2 :Yb emission have both bands merged.
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Figure 6.20 Comparison between excitation spectra of Yb in CaF2 , MgF2 , and NaMgF3

at a sample temperature of 8 K, monitoring emission corresponding to both Yb transitions
and to STE recombination luminescence.

6.4. Comparisons Between Materials

117

Wavelength (nm)

600 500

400

300

(a) CaF

2

ex

= 85 900 cm

-1

(b) NaMgF

3

Intensity (arb. units)

ex

(c) MgF

2

ex

= 90 100 cm

= 61 300 cm

-1

-1

15000 20000 25000 30000 35000 40000
-1

Wavenumber (cm )

Figure 6.21 Emission of Yb-doped CaF2 , MgF2 , and NaMgF3 at a sample temperature of

8 K, showing the energy overlap between Yb emission and STE recombination luminescence.
The CaF2 :Yb is excited at 85 900 cm−1 , NaMgF3 :Yb is excited at 90 100 cm−1 , MgF2 :Yb is
excited at 61 300 cm−1 .
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Conclusion

The excitation of single crystals of CaF2 :Yb, NaMgF3 :Yb and MgF2 :Yb by UV-VUV
synchrotron radiation excitation has been presented. Emission from ITE or 4f 13 5d conﬁgurations has been identiﬁed in all three materials. Excitation into the fundamental
absorption band of the crystals results in emission from intrinsic states and Yb2+ impurity centres. The interplay between intrinsic distortions and Yb2+ impurity centres is
observed and analysed with changing excitation energy and temperature.
When the CaF2 :Yb crystal was excited at an energy to optimally create free excitons,
emission bands due to both ITE and STE states are observed, suggesting that the free
excitons become trapped as STEs, which then go on to relax radiatively or create ITEs via
energy transfer to the Yb2+ impurity centres. The temperature dependence of the peak
resonant absorption of the free exciton has been measured and is explained by considering
the change in bandgap with temperature through Viña’s equation.
NaMgF3 :Yb was also excited into its peak free exciton resonance with similar results
to CaF2 :Yb. Again emission bands due to both ITE and STE states are observed, so
in NaMgF3 :Yb2+ free excitons decay to STEs, which then go on to relax radiatively or
excite Yb2+ ions to ITE states. Unlike CaF2 :Yb where the ITE and STE emission bands
are seperated by a few thousand wavenumbers, in NaMgF3 :Yb the emission bands from
ITE and STE states overlap each other. The emission bands were deconvolved by being
modeled as Gaussian functions, and the comparitive emission intensity from each band
was estimated. The ITE emission approximately doubles in comparison to STE emission
as the excitation energy is increased from the intrinsic exciton resonance peak to the
conduction band. Along with room temperature excitation measurements this is evidence
that emitting ITE states are also created through energy transfer from conduction band
states which does not involve STE states.
The lower-energy section of the excitation spectrum of NaMgF3 :Yb consists of the Yb2+
4f n−1 5d1 → 4f n transitions. This spectrum was qualitatively ﬁtted to a semi-emperical
crystal ﬁeld model where the Yb2+ site geometry was assumed to be a latitudinallydistorted tetragonal symmetry. The crystal ﬁeld parameters were compared to previous
work on CaF2 and SrCl2 . The B 4 parameter is almost half the value found for CaF2 and
has the opposite sign.
CaF2 :Yb, NaMgF3 :Yb and MgF2 :Yb excitation spectra were compared. The increased
peak energy of the free exciton peak from CaF2 to NaMgF3 to MgF2 is caused by the com-
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bination of the inﬂuence of the changing bandgap between the materials, which increases
with decreasing lattice constants from CaF2 to MgF2 to NaMgF3 , and the diﬀerence in
binding energy of the free excitons, which increases with the size of the ionic radii of
cations in the lattice from NaMgF3 to CaF2 to MgF2 .
The diﬀerence in free exciton peak position between CaF2 monitored at the peak ITE
emission and STE emission is 1500 cm−1 . This diﬀerence is not seen for NaMgF3 or
MgF2 , which is likely due to the overlap between the ITE and STE emission bands
making it diﬃcult to distinguish emission from either excitation for NaMgF3 and MgF2 .

Chapter 7

CdF2-CaF2 Superlattices

Superlattices are structures with periodic nanometer layers of materials such as in Figure 7.1. In the last two decades, nanofabrication techniques have drastically improved
and we are now able to create nearly ideal layered crystalline structures on the nanoscale
[125–128] which have found applications in areas such as quantum electronics, high-speed
and high-density three-dimensional integrated optoelectronic devices, intelligent sensors,
and lasers.
Superlattices represent a sequence of quantum wells and barriers. The scale of the layers
induces the appearance of new optical properties such as enhanced and shifted emission
intensity, which as well as being useful for applications also allow new insights into the
fundamental behaviour of electrons in a conﬁned crystalline environment. Quantization
eﬀects are signiﬁcant for superlattices with monolayers (MLs) of a few nanometers where
the critical dimensions are comparable to typical electron wavelengths or migration ranges
of mobile electronic excitations such as excitons.
Although signiﬁcant eﬀorts have been made so far to understand these processes in heterostructures and superlattices based on semiconductors (see [129] for example), nanolayered structures based on wide bandgap materials are lacking systematic investigation.
In this chapter results on VUV spectroscopy of 5 ML and 3 ML CdF2 –CaF2 superlattices
to show the change in behaviour of the STE in CdF2 when it is conﬁned and give an
indication of the radius of the exciton.

7.1

Background Work

CdF2 and CaF2 have the same cubic crystal structure and similar lattice constants so they
are able to be grown on top of each other without signiﬁcant lattice distortion, making
them suitable for superlattice growth. CaF2 has already been discussed extensively in
120
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Figure 7.1 Schematic of the CdF2 –CaF2 superlattice structure.

Chapter 6 of this thesis.

7.1.1

Cadmium Fluoride

CdF2 has a cubic structure and a wide band gap of approximately 65 000 cm−1 [130]. The
electronic and optical properties of CdF2 diﬀer signiﬁcantly from CaF2 . Despite CdF2
being an insulator, simple modiﬁcations result in vast changes to its electrical properties.
Particularly, in spite of a large bandgap appropriately co-doped and annealed CdF2 can
have n-type semiconductor properties. In addition CdF2 is known to demonstrate an
eﬃcient electroluminescence [131, 132] and due to its high density (6.38 g cm−3 ) and
relatively fast intrinsic emission decay time can be used as a scintillator [133, 134]. The
CdF2 lattice is well-matched to silicon, so allows for good epitaxial growth.
Limited research has been done towards an understanding of nature of CdF2 intrinsic
emission. Emission from bulk CdF2 appears as a band from 19 000 to 34 000 cm−1 . Benci
et al. [135] assigned it to recombination of a self-trapped hole (STH) with an electron.
To establish the formation of STHs in CdF2 further comprehensive study including EPR
analysis is required. However, from the literature available we can assume the emission is
excitonic in nature.
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Figure 7.2 Energy-band diagram for the CdF2 -CaF2 -Si(111) heterostructure found by XPS

[139].

7.1.2

Previous work on CdF2 -CaF2 Superlattices

CdF2 –CaF2 superlattices and heterostructures have been a subject of research for the last
20 years because of their potential for application in quantum devices such as resonant
tunnelling diodes and quantum cascade lasers. A lot of work has gone into MBE fabrication techniques [127, 136–138]. In 1995, the energy-band oﬀsets were measured with X-ray
photoelectron spectroscopy by Izumi et al. [139] and are shown in Figure 7.2. There is a
large conduction band discontinuity of the CdF2 -CaF2 interface. Optical measurements
in 1999 [128] showed a shift to higher energies prescribed to the interface mixing at the
CaF2 -CdF2 boundary [128].
Luminescence spectroscopic properties of Eu2+ and Eu3+ ions doped into CaF2 mono-
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layers (MLs) of CdF2 –CaF2 and site symmetry characteristics for the dopant ions have
been recently studied [77, 140]. The Eu ions act as optical probes in the superlattices.
A 1999 study found experimental veriﬁcation of a mechanism for interface tunelling related to Eu impurities [141] and bleaching of Eu2+ emission caused by tunneling-assisted
photoionization of Eu has been investigated [142]. Stark energy levels of Eu3+ ions have
been measured in Eu-doped CaF2 MLs [143] and two distinctive Eu centers were observed
[144].

7.2

Results

Figure 7.3 shows the time-integrated emission spectra of 5 ML and 3 ML CdF2 –CaF2
superlattices recorded upon excitation at 62 500 cm−1 at temperatures 8, 60 and 200 K.
At T = 8 K the spectra are represented by broad emission bands centred at 26 700 cm−1
for 5 ML and 28 200 cm−1 for 3 ML superlattices respectively. FWHM of emission bands
for both 5 ML and 3 ML superlattices at T = 8 K is nearly the same at 6100 cm−1 .
The intensity of emission from the superlattices dramatically decreases as temperature
increases. Emission quenches above 200 K. Both 5 ML and 3 ML superlattices demonstrate a shift of emission band maxima towards lower energy for about 800 cm−1 , and
broadening by about 15% when temperature increases from 8 to 200 K. Spectra recorded
within slow and fast time gates closely follow the time-integrated spectra for both 5 ML
and 3 ML superlattices, so they are not shown.
The top panel of Figure 7.3 displays the emission spectra of bulk CaF2 and CdF2 crystals
for comparison. The time-integrated spectrum of CaF2 was recorded at T = 8 K upon
excitation at a frequency of 87 700 cm−1 that corresponds to maximum of excitonic
absorption in CaF2 . The spectrum shows a broad band centred at about 34 800 cm−1
which corresponds to the STE emission discussed in Chapter 6. The STE emission band
of CaF2 experiences an insigniﬁcant (240 cm−1 ) peak shift towards higher energy at
T = 300 K due to the quenching of emission from the singlet component of the STE.
Emission spectra of CdF2 excited at X-ray and VUV energies at about 80 K were taken
from published sources [145] using graph digitizing software.
Table 7.1(a) gives the peaks of the emission spectra presented in Figure 7.3. The spectral
position and bandwidth of the emission observed from superlattices is very close to the
intrinsic emission band reported for CdF2 . This is especially true for 5 ML superlattice
if compared with the CdF2 X-ray emission spectra.
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The emission spectra of superlattices did not show any noticeable variation of the shape
when taken under excitation at higher energy up to 170 000 cm−1 , suggesting that the
STE emission of CaF2 is quenched or not excited at all by VUV radiation in the superlattices studied. Thus, the emission spectra of the superlattices are determined by intrinsic
emission of CdF2 layers.
The 5 ML superlattice has emission which matches bulk CdF2 . The peak emission from the
3 ML sample has been shifted to a higher energy by about 1600 cm−1 . It is well known
that conﬁnement phenomena due to physical size and shape of the material strongly
inﬂuence the nature and dynamics of electronic excitation. In particular, it has been
shown that the energy of excitons in semiconductor nanoclusters increases as the size of
the cluster decreases when the cluster size is of the same order as the excitations occuring
in the material [146]. The shift in exciton emission indicates that the size of the bound
e-h pair is similar to the size of the quantum well which contains it.
Previous work CdF2 –CaF2 superlattices with thicker layers (2 nm and 20 nm, so around
6 ML and 60 ML respectively) showed a shift to higher energies prescribed to the mixing
of CaF2 and CdF2 STE wavefunctions [128]. The results in Table 7.1 do not appear to
show emission from CaF2 STEs at all, and the change in peak energy is similar to the
change in STE emission energy when decreasing the size of insulating nanoparticles [147].
Work on conﬁned STEs in SiO2 showed that the relationship between the energy of
STE emission and conﬁnement size could be approximated with a model based on MottWannier excitons: [147]

∆E(D) =

m∗e−h =

2~2 π 2
,
m∗e−h D2

m∗e m∗h
,
m∗e + m∗h

(7.1)

(7.2)

where D is the exciton diameter and m∗e and m∗h are the reduced masses of the electrons
and holes. Since the data available is so limited and the shift can only be estimated,
it is not possible to calculate an accurate reduced mass. Fitting the 2 data points to
Equation 7.1 gave a value of 2.5 × 10−28 kg. This value is clearly erroneous as it is much
greater than the mass of an electron.
Figure 7.4 shows the excitation spectra for both superlattices. The top panels of Figure 7.4
show the excitation and reﬂection spectra of CdF2 and CaF2 single crystals for comparison
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Figure 7.3 Emission spectra from CdF2 –CaF2 superlattices recorded at a temperature range

of 8 K to 150 K compared to the emission of bulk samples. The top panel shows low
temperature emission from bulk CdF2 after X-ray and VUV excitation [145] as well as low
temperature bulk CaF2 emission after VUV excitation as presented in Chapter 6.
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Table 7.1 Peak position of intrinsic emission observed in CdF2 –CaF2 superlattices.

(a) Emission
Temperature (K)

3 ML

5 ML

CdF2

CaF2

8

28 200

26 800

-

34 800

60

28 000

26 700

28 300

200

27 500

26 000

-

300

quenched quenched 25 700

a

-

b

35 100

(b) Excitation
Temperature (K)

3 ML

5 ML

CdF2

CaF2

8

62 800

61 600

-

87 700

60

62 300

63 100

54 600

200

62 400

62 200

-

85 500

-

84 700

300

quenched quenched

a

80 K VUV measurement from Fermi et al. [145];

b

X-ray measurement by Rodnyĭ et al. [148].

a

87 700

with the excitation spectra of superlattices. The time-integrated excitation spectrum
for CaF2 crystal was recorded at T = 8 K monitoring STE emission at 34 800 cm−1 .
Reﬂection spectra for CdF2 and CaF2 crystals as well as the excitation spectrum for
CdF2 intrinsic emission (all obtained at liquid nitrogen temperature) were extracted from
published sources [105, 145, 149] using graph digitizing software. The position of the band
edge peak in excitation spectrum of a CdF2 single crystal from [145] agrees well with
the position of the ﬁrst maximum of the reﬂection spectrum observed at 65 000 cm−1
[130, 149, 150] which corresponds to an excitonic transition at the Γ point as conﬁrmed
by theoretical calculations [151].
The excitation spectrum of the CaF2 single crystal taken at T = 8 K demonstrates an
intense excitonic peak around 87 200 cm−1 which is followed by dramatic decrease of
intensity at about 91 200 cm−1 as discussed in the previous chapter.
The excitonic peak in the CdF2 spectrum is quite broad compared to the one in the
CaF2 spectrum. This broadness is likely to be connected with the binding energy of
CdF2 exciton (14 100 cm−1 ) being double that of the CaF2 exciton (7600 cm−1 ). A
greater binding energy indicates a greater conﬁgurational shift and broader emission.
The increase in intensity of the intrinsic emission of CdF2 observed at excitation energies
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above 130 000 cm−1 is probably associated with photon multiplication. We note that
CdF2 is characterised by a valence band that is broader than the bandgap [152], which
implies that the generation of secondary electronic excitations may be induced by both
high-energy primary electrons and holes.
In Figure 7.4 we also display for comparison an excitation spectrum for STE emission in a
CaF2 bulk crystal. The CdF2 spectrum does not show any features which could indicate
an energy transfer from electronic excitation in CaF2 MLs. The lack of CaF2 excitation
features, together with the lack of CaF2 emission in Figure 7.3, suggests the VUV photons
are substantially absorbed in the CdF2 layers rather than the CaF2 layers.
Table 7.1(b) compares the energy of the excitation peak corresponding to the exciton
resonance in CdF2 –CaF2 superlattices and CdF2 and CaF2 single crystals. The peak
excitation for the superlattices is located at an energy about 6500 cm−1 higher relative
to that observed for the CdF2 single crystal.
Figure 7.5 shows decay curves for CdF2 intrinsic emission of SLs recorded upon excitation
at 62 100 cm−1 demonstrate departure from exponential behaviour. The deviation is most
pronounced for the 3 ML sample.
Emission from the self-trapped exciton has been previously assigned to three states in
alkali halides [153]. A long π recombination has been identiﬁed with a lifetime of several
ms and assigned to a mix of B2g , B1u and B2u states of the M2 X2 alkali halide molecule.
Two fast recombinations with lifetimes of ns and σ polarisation are suggested to be from
a mix of B2g and B3u states which have diﬀerent spin multiplicities. These three emission
components can be ﬁtted to the transients in Figure 3 by ﬁtting two exponential functions
for the σ components w ith lifetimes τ1 and τ2 and amplitudes A1 and A2 , as well as an
oﬀset y0 to represent the long π recombination.
The ﬁtting parameters for the decay transients are given in Table 7.2. For the 5 ML
sample at 150 K the time constants of the decays are 2.5 ns and 16.5 ns. These values are
comparible to recent measurements of bulk CdF2 decay after X-ray excitation at room
temperature, where the constants were 1.75 ns and 25.5 ns [154]. The decay components
are around twice as fast for the 3 ML than for 5 ML sample. For both quantum wells and
quantum dots, lifetime is decreased and emission is blueshifted when compared to measurements in corresponding bulk materials. This is because the excitons have increased
wavefunction overlap [155, 156].
The amplitude of the fast decay is greater for the 3 ML sample. For the 3 ML sample, the
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Table 7.2 Parameters ﬁtted to the superlattice emission transients shown in Figure 7.5.

Dotted red lines are integrated over the fast time gate (2–9 ns) and blue lines are integrated
over the slow time gate (46–70 ns).

(a) 3 ML
8K

60 K

100 K

150 K

Amplitude A1

0.63 ± 0.02

0.732 ± 0.015

0.77 ± 0.02

0.725 ± 0.015

Lifetime τ1 (ns)

1.84 ± 0.10

1.76 ± 0.13

1.60 ± 0.07

1.60 ± 0.07

Amplitude A2

0.46 ± 0.02

0.39 ± 0.02

0.35 ± 0.02

0.36 ± 0.02

9.0 ± 0.3

8.6 ± 0.3

9.4 ± 0.4

9.0 ± 0.6

0.0500 ± 0.0008

0.0674 ± 0.0018

0.0799 ± 0.009

0.0815 ± 0.0008

Lifetime τ2 (ns)
Oﬀset y0

(b) 5 ML
8K

60 K

100 K

150 K

0.32 ± 0.02

0.35 ± 0.02

0.36 ± 0.03

0.38 ± 0.02

3.2 ± 0.3

3.3 ± 0.3

3.0 ± 0.3

2.5 ± 0.2

Amplitude A2

0.62 ± 0.03

0.56 ± 0.02

0.54 ± 0.02

0.48 ± 0.02

Lifetime τ2 (ns)

20.4 ± 0.5

19.2 ± 0.6

18.6 ± 0.7

16.5 ± 0.5

0.103 ± 0.003

0.144 ± 0.002

0.179 ± 0.003

0.167 ± 0.002

Amplitude A1
Lifetime τ1 (ns)

Oﬀset y0

long lifetime does not change with temperature, while the short lifetime decreases slightly.
For the 5 ML sample, both lifetimes decrease with temperature. The oﬀset increases with
temperature with both samples, which agrees with the observation that for alkali halides
the σ components of the decay are quenched at a lower temperature than the π component
[153].

7.3

Conclusion

The emission and excitation spectra of 3 ML and 5 ML CdF2 –CaF2 superlattices under
VUV excitation has been presented at sample temperatures from 8 K to 200 K. The decay
of the emission was modeled with three components corresponding to STE states with
diﬀerent spin multiplicities. The temperature-dependence of the lifetimes are diﬀerent for
the two superlattices.
Our results on the VUV spectroscopy of CdF2 –CaF2 super lattices show that the conﬁnement eﬀect seems to equally inﬂuence the energy of excitonic (and bandgap) absorption
in 3 and 5 ML SLs. At the same time, energy of the self-trapped electronic excitations in
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the double exponential ﬁts using the parameters in table 7.2. (e) and (f) show the temperature evolution of the transients. The log scale

Figure 7.5 Emission decay kinetics from CdF2 –CaF2 superlattices. For (a) to (d) the crosses are the decay transients and the lines are
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SLs shows a shift to higher energy by approximately 1600 cm−1 . This shift suggests the
size of a bound e-h pair is comparible to the thickness of the layers of CdF2 .

Chapter 8

Conclusions and Future Work

This thesis has discussed intraconﬁgurational transitions and impurity-trapped excitons
centred around divalent ytterbium ions, and self-trapped excitons in ﬂuoride crystals.
These excitations are processes which occur in phosphor applications. The novel application of two-colour and time-resolved vacuum-ultraviolet spectroscopic techniques to
excitons in wide-bandgap ﬂuoride crystals employed in this work has lead to a greater
understanding of energy level structure of these excitations and energy-transfer processes
between self-trapped excitons, ytterbium centres and impurity-trapped excitons.
In Chapter 5 of this thesis, electronic states within the ITE were successfully accessed and
probed directly with the use of tunable IR excitation subsequent to setting up an excited
population of ITEs with UV radiation. The two-colour excitation method excited energy
levels within the ITE that would have otherwise remained inaccessible due to the broad
featureless emission typically observed from ITEs.
Site-selective transient photoluminescence enhancement was measured in multi-site Yb2+ doped NaMgF3 . Yb2+ ions in two sites of NaMgF3 :Yb2+ exhibited enhanced emission from
impurity-trapped exciton states and we also observed electron trap liberation in both sites.
A multi-level rate equation model was used to model the dynamics of the emission and
the results were compared for both sites. The dominant process that contributed to the
dynamical behaviour was intra-excitonic absorption and relaxation between three ITE
levels. Two exciton energy levels were determined to be tens of wavenumbers apart and
another level 950 cm−1 from the exciton ground state was identiﬁed. The model showed
electron trap liberation was an important mechanism by which IR radiation increases
population in the ITE energy levels. By analysing the diﬀerence in emission intensity
before and after the IR pulse the electron trap depth was found to be approximately
800 cm−1 . A moderate increase in lattice temperature was inferred from the modelling.
Most previous work on ITEs has lacked quantitative analysis due to ITEs being charac-
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terised by high energies, broad transitions, relatively rapid non-radiative relaxation, and
diﬃculty in distinguishing ITE states from other highly excited states, such as mixed
conﬁgurations of the rare-earth impurities. To overcome these diﬃculties, the work in
this thesis employed two-photon spectroscopy using the tunable IR capabilities of a freeelectron laser, site-selective excitation, and detailed modeling of the multisite and multilevel relaxation dynamics. Aspects of the material properties that are important for
high-energy luminescence applications such as scintillators were studied and interpreted.
This work provides valuable insight into the relaxation dynamics of trapped electronhole pairs and their interaction with their local environment, including localized transient
heating and population-depopulation of charge traps intrinsic to the host lattice itself.
The site-selective transient photoluminescence enhancement method could be used in
future work to probe similar complicated systems to extract fundamental properties of
the states. Other materials which exhibit anomolous emission that may originate from
ITE states can be measured, and quantative information about the ITE states extracted
and compared for diﬀerent host materials. This method could also be used to verify the
position of 5d levels in lanthanides where there is direct 4f n → 4f n−1 5d1 transitions. The
two-colour method can be used to investigate any other kind of temporary defect of a
crystal system which emits a broad band on a similar timescale.
Chapter 6 of this thesis presented the results of the excitation of single crystals of CaF2 :Yb,
NaMgF3 :Yb and MgF2 :Yb by UV-VUV synchrotron radiation excitation. Emission from
ITEs or 4f 13 5d conﬁgurations has been identiﬁed in all three materials. Excitation into
the fundamental absorption band of the crystals results in emission from intrinsic states
and Yb impurity centres. The interplay between intrinsic distortions and Yb impurity
centres was observed and analysed with changing excitation energy and temperature.
Emission bands due to both ITE and STE states were observed when the CaF2 :Yb crystal
was excited at an energy to optimally create free excitons, suggesting that the free excitons
became trapped as STEs, which then went on to relax radiatively or create ITEs via energy
transfer to the Yb2+ impurity centres. The temperature dependence of the peak resonant
absorption of the free exciton has been measured and was explained by considering the
change in band gap with temperature through Viña’s equation. The behaviour of the
emission with diﬀerent concentrations of Yb has been explained.
A similar result to CaF2 :Yb was found when NaMgF3 :Yb was excited at an energy to optimally create free excitons: emission bands due to both ITE and STE states are observed,
so in NaMgF3 :Yb2+ free excitons decay to STEs, which then go on to relax radiatively
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or excite Yb2+ ions to ITE states. Unlike CaF2 :Yb where the ITE and STE emission
bands are separated by a few thousand wavenumbers; in NaMgF3 :Yb the emission bands
from ITE and STE states overlap each other. The emission bands were deconvolved by
modeling them as Gaussian functions, and the comparitive emission intensity from each
band was estimated. The ITE emission approximately doubled in comparison to STE
emission as the excitation energy was increased from the intrinsic exciton resonance peak
to the conduction band. Along with room temperature excitation measurements this was
presented as evidence that emitting ITE states were also created through energy transfer
from conduction band states which does not involve STE states.
The excitation spectrum of NaMgF3 :Yb presented in Chapter 6 contained the Yb2+
4f n−1 5d1 → 4f n transitions. This spectrum was ﬁtted to a semi-emperical crystal ﬁeld
model where the Yb2+ site geometry was assumed to be a latitudinally-distorted tetragonal symmetry. The crystal ﬁeld parameters were compared to previous work on CaF2
and SrCl2 . The B 4 parameter is almost half the value found for CaF2 .
In MgF2 :Yb emission bands due to both Yb2+ centres and STE states were observed. The
emission from Yb2+ was deemed more likely to be 4f n → 4f n−1 5d1 emission rather than
a transition from an ITE state.
The excitation spectra of CaF2 :Yb, NaMgF3 :Yb and MgF2 :Yb were compared, and the increased peak energy of the free exciton peak from CaF2 to NaMgF3 to MgF2 was explained
as the combination of the inﬂuence of the changing band gap between the materials, which
increases with decreasing lattice constants from CaF2 to MgF2 to NaMgF3 , and the difference in binding energy of the free excitons, which increases with the size of the ionic
radii of cations in the lattice from NaMgF3 to CaF2 to MgF2 .
The diﬀerence in free exciton peak position between CaF2 monitored at the peak ITE
emission and STE emission was measured as 1500 cm−1 . This diﬀerence was not seen
for NaMgF3 or MgF2 , which was explained as being likely due to the overlap between
the ITE and STE emission bands making it diﬃcult to distinguish emission from either
excitation for NaMgF3 and MgF2 .
The interaction between crystal host excitations and luminescent centres is an important
area of research due to the importance these processes have to scintillators and phosphors.
No previous work has been performed on the interaction on ITEs and STEs, despite
both excitations being present in many scintilator excitation processes. In this thesis,
SUPERLUMI is used as a specialist high-intensity VUV source to probe the energies at
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which both excitations are created.
Useful experiments on the UV-VUV synchrotron radiation excitation of alkaline earth
halides could build upon the measurements presented here. Other ﬂuoride systems could
be investigated, as well as Eu2+ -doped systems in which ITEs are likely to form, in order
to build upon the model of the dynamics between host lattices and ITEs.
In chapter 7 results on VUV spectroscopy of 5 ML and 3 ML CdF2 –CaF2 superlattices
showed the change in behaviour of the STE in CdF2 when it is conﬁned and give an
indication of the radius of the exciton. There was a distinct change in the emission
characteristics of the CdF2 exciton between the 5 ML and 3 ML CdF2 –CaF2 superlattices.
As the STE was more conﬁned, the emission was blue-shifted by 1600 cm−1 . The decay
of the emission was modeled with three components corresponding to STE states with
diﬀerent spin multiplicities. The lifetime of the decay decreased when the STE was
conﬁned. Our results on the VUV spectroscopy of CdF2 –CaF2 super lattices show that
the conﬁnement eﬀect seems to equally inﬂuence the energy of excitonic (and bandgap)
absorption in 3 and 5 ML SLs. At the same time, energy of the self-trapped electronic
excitations in SLs showed a noticeable diﬀerence in the samples that indicates the size of
a bound e-h pair is commensurable with the thickness of the layers of CdF2 .
Future experiments could use higher energy excitation to try and selectively excite the
CaF2 layers of the superlattice, since CaF2 is a more common material than CdF2 and
more is known about the CaF2 STE.
An extension of the study of STEs under two-dimensional conﬁnement in superlattices
would be to investigate three-dimensional conﬁnement of ITEs in Yb-doped ﬂuoride
nanocrystals. Interesting comparisons could be made between the experiments on bulk
samples reported in this thesis and experiments on nanocrystal systems.
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Appendix A

Additional Experimental Techniques

This thesis refers to several experiments which were not performed as part of this work.
For the reader’s reference, this appendix gives a qualitative description of the experimental
methods.

A.1

Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) is a technique for studying materials with unpaired electrons [157, 158]. It works using the physical phenomenon in which electrons
in a magnetic ﬁeld absorb and re-emit electromagnetic radiation. This energy is at a
speciﬁc resonance frequency which depends on the strength of the magnetic ﬁeld and the
magnetic properties of the electrons.
In the presence of an external magnetic ﬁeld with strength B0 an electron’s magnetic
moment aligns itself either parallel or antiparallel to the ﬁeld, each alignment having a
speciﬁc energy due to the Zeeman eﬀect. The separation between the lower and the upper
state is ∆E = ge µB B0 for unpaired free electrons. Thus the splitting of the electron energy
levels is directly proportional to the magnetic ﬁeld’s strength.
In a typical EPR experiment, a collection of paramagnetic centers is exposed to microwaves at a ﬁxed frequency. By increasing an external magnetic ﬁeld, the gap between
the spin energy states is increased until it matches the energy of the microwaves, At this
point the unpaired electrons can move between their two spin states. Since there typically are more electrons in the lower state, there is a net absorption of energy, and it
is this absorption that is monitored and converted into a spectrum. Figure A.1 shows a
simulated absorption for a system of free electrons in a varying magnetic ﬁeld. The lower
spectrum is the ﬁrst derivative of the absorption spectrum, which is commonly presented
in publications.
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Figure A.1 The simulated absorption spectrum of a system of free electrons in a varying

magnetic ﬁeld.
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Spin-orbit coupling of the electron with nearby nuclei causes multi-line spectra because
additional energy states are allowed. In such cases, the spacing between the EPR spectral
lines indicates the degree of interaction between the unpaired electron and the perturbing
nuclei.
When the EPR spectrum has many elements which become diﬃcult to resolve, an extension of EPR which can be used is electron nuclear double resonance (ENDOR) [158].
ENDOR works by subjecting the material to be examined to a magnetic ﬁeld and then
exciting the material sequentially with a microwave followed by radio frequency and monitoring variations in the polarization of the saturated EPR transition as the magnetic ﬁeld
strength is changed.

A.2

Density Functional Theory

Density functional theory (DFT) is a computational quantum mechanical modelling method.
It allows the properties of a many-electron system to be determined by using functionals
of the spatially-dependent electron density [159].
DFT calculations are based on two fundamental mathematical theorems. The HohenbergKohn theorems state that (1) the ground-state energy from Schrödinger’s equation is a
unique functional of the electron density and (2) the electron density that minimizes
the energy of the overall functional is the true electron density corresponding to the full
solution of the Schrödinger equation.
For Kohn-Sham DFT calculations, the intractable many-body problem of interacting
electrons in a static external potential is reduced to a tractable problem of non-interacting
electrons moving in an eﬀective potential. The eﬀective potential includes the external
potential and the eﬀects of the exchange and correlation Coulomb interactions between the
electrons. Modeling these interactions is diﬃcult within Kohn-Sham DFT. The simplest
approximation is the local-density approximation (LDA), which is based upon ﬁts to the
correlation energy for a uniform electron gas. An alternative class of functional is the
generalised gradient approximation (GGA) which uses information about the gradient of
the local electron density.
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X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface chemical analysis technique that can
be used to analyze the surface chemistry of a material [160]. XPS spectra are obtained
by irradiating a material with a beam of X-rays while simultaneously measuring the
kinetic energy and number of electrons that escape from the surface of the material being
analyzed.
XPS can be used to measure semiconductor interface potentials as it can accurately measure the change in the position of the valence band [161].
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