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Abstract 

Laser-selective excitation and infrared absorption spectroscopy have been em
ployed to establish energy-level schemes for trivalent Nd3+ and Pr3+ centres in 
alkaline-earth fluoride crystals. 

For studies involving Nd3+, the addition of NaF and LiF co-dopants has been 
shown to promote cubic and C2v centres at the expense of locally compensated 
fluorine sites. Here dopant concentrations in the order of 0.1 mol% (Nd3+) and 
1.5 mol% (NaF /LiF), were effective in removing interstitial fluorine ions. The 
Nd3+ cubic centre is characterised by a very narrow line-width vibronic transition, 
which does not correspond to a peak in the CaF 2 phonon density of states. The 
vibronic interval has been measured as 141 cm-1 in CaF2:Nd3+ and 152 cm-1 in 
SrF2:Nd3+. These vibronics are believed to be associated with pseudo-localised 
resonance modes, which are dependent upon the lanthanide mass. A crystal-field 
analysis, involving both the cubic and C2v centres in CaF2:Nd3+ and SrF2:Nd3+ 
has been performed. The inclusion of a correlation crystal-field parameter was 
successful in improving the fit to all multiplets, especially the problematic 2Hl1/2 
multiplet. 

Laser spectroscopy was used to characterise three oxygen centres in CaF2:Pr3+. 
This included the first comprehensive study of the CaF2:Pr3+ D and B sites. 
Energy level schemes, involving seven multiplets in Pr3+, were established for all 
centres. 
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Chapter 1 

Introduction 

1.1 The rare-earth elements 

The rare-earth elements form the lanthanide and actinide series, which are char
acterised by the progressive filling of the 4J and 5 J shells. The electronic structure 
ofthe rare earths comprises a xenon core (ls22s22p63s23p64s23d104dlO 4p65s24d 10 

5p6), 6s2 shell and partially-filled 4J shell. 

With increasing atomic number, the effective nuclear charge increases, leading 
to a reduction in the radius of the entire 4J shell. This phenomena, termed the 
Lanthanide contraction results in the shielding of the 4J shell by both the 5s 2 and 
5p 6 shells. As a consequence, the J -shell behaves as an inner shell, shielding the 
J -electrons from interaction with their environment. This results in rare-earth 
energy levels being largely invariant to the crystal host. The Nd3+ ion studied in 
this thesis, has an electron configuration of [Xe]4J3 whereas [Xe]4j2 characterises 
Pr3+. Table 1.1 lists the physical properties of the lanthanide ions and ligands 
relevant to the crystal hosts, examined in this work. 

Ion Atomic No. Atomic mass Ionic radius (A) 
Nd3+ 60 144.24 1.12 
Pr3+ 59 140.91 1.13 
Ca2+ 20 40.08 0.99 
Sr2+ 38 87.62 1.13 
F- 9 19.00 1.35 
0 2- 8 15.99 1.24 
Na+ 11 22.99 1.16 
1i+ 3 6.94 0.73 

Table 1.1: The atomic masses and ionic radii of the ions investigated. 

The majority of lanthanide ions exist in the trivalent (RE3+) state, in which the 
two 6s and one 4J electrons are removed, leaving the xenon core and the renlaining 
4J electrons. As such, spectroscopic properties in the visible region are dominated 
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2 Chapter 1. Illtl'Oductioll 

by transitions between 4/ N states. A partially filled containing N electrons 
with 14 available single electron states yields 14!/ N!(14 - ! possible states for 
the 4/ N configuration, spread over tens of thousands of wavenum bers. 

1.2 Alkaline Fluoride Host Crystals 

The CaF2 and SrF 2 host crystals studied in this thesis, possess cubic symme
try, with the F- ions forming a cubic lattice and with a divalent Ca2+ or Sr2+ 
occupying each alternate F- cube (Figure 1.1). 

o 
or Sr2+ F 

Figure 1.1: The alkaline-earth fluoride crystal lattice. Individual 
to scale. 

are not shown 

vVhen trivalent rare-earth ions are introduced, they substitute readily for Ca2+. 
This requires some form of charge compensation, which is provided by an IOn 
occupying an interstitial site in the lattice. 
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low rare-earth concentrations, the dominant charge compensation centre in 
alkaline-earth fluorides such as CaF2, is the tetragonal, C4v centre. Here, the 
charge compensating F- ion occupies the nearest neighbour interstitial position 
along the [100] direction. The second form of charge compensation is the C3v or 
trigonal centre. Here the F- occupies the nearest neighbour position along 
[111] direction. 

CaF2 host crystals, the C4v centre is predominant across the RE3+ series, 
whereas SrF 2 hosts exhibit a cross-over from C4v to C3v between Gd3+ and 
In BaF2 ) the C3v centre is dominant throughout the entire rare-earth series. 

For dopant concentration greater than 0.05 % RE3+ in CaF 2) rare-earth ions are 
known to form cluster centres. At the beginning of the lanthanide series, simple 
dimer and trimer centres are observed [77, 34] whereas more complex clusters are 
present at the end of the series [18]. 

In addition to the centres discussed so far, there exists the possibility of remote 
(non-local) charge compensation, which leaves the RE3+ ion in a cubic envi
ronment (Figure 1.2). Due to the centro-symmetric nature of the crystal field, 
selection rules reduce the intensity of electric-dipole transitions. Despite this, 
the high sensitivity of laser spectroscopy enables such centres to be successfully 
revealed. 

When alkali-metal ions such as or Li+ are added as co-dopants, the pro
portion of cubic centres increases whilst F- charge compensations centres are 
substantially reduced [61]. This effect can be attributed to the action of Na+ 
and Li+ as a scavenger of interstitial fluorine ions. The removal of charge 
compensation sites, is observed for alkali-metal ion dopant concentrations in the 
order of 2: 0.5 molar percent. 

The dominant centre observed in such co-doped crystals, is the C2v ortho-rhombic 
centre shown in Figure 1.2. This results when either a N a+ or Li+ impurity ion 
substitutes for a Ca2+ ion along the [110J direction. Based on the work of Pack 
et al [61], various other centres have been documented. The tetragonal, C4v 
centre is another possible charge-compensation site. Here, the alkali-metal ion 
replaces a Ca2+ ion along the [200] direction. This substitution is possible, given 
that the ionic radii of both Na+ and Li+ are comparable in magnitude to that 
of the alkaline earths. Finally, the Cs centre is formed when an alkali-metal ion 
replaces Ca2+ along the [211] direction. 
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(a) (b) 

(c) 

o 0 

Nd3+ F 

Figure 1.2: The structure of the Oh (a), C2v (b) and Gl centres (c) in alkaline earth 
fluoride crystals. Individual ions are not shown to scale. 
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1.2.1 Alkali-metal ion centres in fluorite crystals 

The use of alkali-metal ions as monovalent charge compensators in rare-earth
doped fluorites, has been investigated by various authors. 

In 1966, the effect of Na+, K+ and Ag+ ions in CaF2 :Gd3+, was investigated 
by Gil'fanov et al [31]. The study demonstrated the ability of such compen
sators to suppress F- centres, whilst promoting those of cubic and orthorhombic 
symmetry. The behaviour of the centres upon variation of the N aF content was 
investigated. With increasing alkali-metal ion concentration, the proportion of 
cubic and orthorhombic centres linearly increased. It was established that the 
appearance of orthorhombic centres was governed primarily by the ratio of Na+ 
to Gd3+ concentration. The results of this study were confirmed by Kirton et 
al [51] who investigated the orthorhombic spectrum formed in CaF2 :Yb3+:Na+ 
crystals. 

Other workers, notably MCLaughlan [57], Antipin et al [4] and Ensign and Byer 
[26], carried out similar studies involving various monovalent compensators in
cluding K+ and Ag+, to determine the nature of the charge-compensation mecha
nism. In all cases, results indicated that the formation of the orthorhombic centre 
resulted from the substitution of the monovalent ion for the alkaline-earth along 
the [110] axis. 

The formation of Na+ centres other than C2v , has been noted in the literature. 
Research by Pack et al [61], revealed the possible presence of a C4v Na+ centre, 
where Na+substituted for Ca2+ in the [200] position. 

More detailed investigations confirming the symmetry of the C2v centre have been 
performed by Voron'ko et al [74] and later by Pavlichuk [62]. In the study by 
Voron'ko et al, polarised luminescence enabled the local distortion associated with 
the Na+ centre in CaF2 :Eu3+ to be examined. Recent work by Pavlichuk utilised 
laser-selective excitation, to establish energy level schemes for N a+ /Li+ centres in 
CaF2 :Pr3+ and SrF2 :Pr3+. Fitting the experimental data to a C2v Hamiltonian, 
indicated that the new centre possessed C2v symmetry. 

Many papers have been written on the magnetic zero-field splitting of orthorhom
bic Gd3+-M+ complexes (M=Li,Na,K,Rb,Cs) in CaF2 [23, 55, 12, 10, 11]. Pre
vious approaches have included the superposition model [23] and local distortion 
calculation [10] to analyse the spin-Hamiltonian parameters of the C2v centre. In 
1988, Yeung [80] developed a lattice relaxation model based on that of Kanzaki 
[48]. There, a lattice statics approach was used to calculate the local atomic 
displacements around a vacancy in solid argon. In this model, the effect of a 
point defect was replaced by a set of external 'Kanzaki' forces, which characterise 
defect-induced properties. This model reliably calculated the ionic positions of 
Gd3+ in the orthorhombic centre, and the results were employed in a superposition 
model analysis of the the spin parameters of the ground state 41 splitting of Gd3+. 

In 1999 Rudowicz and Madhu [67], presented standardised zero-field splitting 
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parameters for the C2v centre, expressed in Stevens'(ES)operators notation. Pa
rameters taken from Bijvank and den Hartog:s 1977 paper [12] were standardised 
in accordance with the above notation. 

1.2.2 Rare-earth cubic centres in fluorite crystals 

The RE3+ cubic centre in fluorite crystals, has been the subject of numerous 
studies. 

A variety of experimental techniques have been valuable in identifying the cubic 
spectra. At temperatures in the order of 78K, ionising radiation such as x
rays tend to stimulate selectively the fluorescence of the ions at cubic sites [71, 
73]. This occurs because trivalent ions at cubic sites form very efficient electron 
traps allowing electron-hole recombination to preferentially take place at these 
sites. Another important observation, is that cubic-site fluorescence lifetimes, are 
relatively long compared with those associated with non-cubic sites. 

The first definitive proof of strictly cubic centres in CaF2 was made by Za
kharchenya and Rusanov [8:1.]. Absorption lines corresponding to the 7F o----+5D1 

transition in CaF 2:Eu3+, were investigated via Zeeman spectroscopy. Analysis of 
the Zeeman splittings indicated that specific transitions were associated with a 
cubic symmetry centre. Other studies focusing on the paramagnetic resonance 
spectra of rare-earth cubic centres have been conducted by Antipin et al [4], 
Vincow and Low [72], Bierig and \Veber [8], Kasle and Kornienko [49], Baker and 
\Vood [6]. 

Optical and luminescence studies have been performed by various workers. An 
investigation by Al'tshuler et al [3], used Na+ to promote the formation of Dy3+ 
cubic centres in various fluorite hosts. Other rare-earths have been the subject 
of much research including: Eu3+ [44, 34]' Er3+ [2, 76], [59, 41], Sm3+ [77] 
and Pr3+ [20, 70, 62]. 

One notable feature of the cubic centre, is the presence of a resonant vibronic, 
which is comparable in line-width and intensity to its electronic parent transi
tion. The observation of a ",140 cm-1 vibronic offset has been 
documented by many workers [2, 3, 5]. The decrease in vibrational frequency 
with increasing lanthanide mass was found to exhibit a v1'V1/VM relationship 

. This suggested that the vibronic is associated with resonance modes [14]. 
such modes, the amplitude of the atomic displacments is enhanced in the region 

near the defect. There is also an inversely proportional relationship between the 
mode frequency and the mass of the defect. 

Research conducted by Hayes et al [38] noted the appearance of a 100 
phonon sideband in the infrared absorption spectrum of CaF2. . Utilis
ing a Greens function approach, the frequency of this feature was attributed 
to reductions in nearest-neighbour (NX) force constants, arising from the mass 
difference between Tm3+ and Ca2+. Later work by Catlow, Hayes and Wiltshire 
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[16] included next-nearest-neighbour force constants, to remedy the discrepancy 
between and BaF 2. Detailed calculations by Jamison [41] demonstrated 
that the higher frequency of the 140 vibronic arose fronl an increase in the 
repulsive force constants associated with the nearest-neighbour rare-earth-fluorine 
interactions. 

1.2.3 Oxygen centres in fluorite crystals 

Investigations on oxygen centres rare-earth ?oped fluorites have received rea-
sonable attention in the literature. 

One of the earliest investigations involving oxygenated alkaline fluorides, 
was conducted by Sierro [39] in 1961. The study used EPR spectroscopy to 
examine the hydrolysis of solid :Gd3+ at 900-1200°C. A trigonal centre com
prising Gd3+ -OH- , was found to form by the replacement of a nearest-neighbour 

ion with OH-. Secondly, a variation of the first centre, was observed where 
the charge compensation was provided by an 0 2

- ion. This centre was thought to 
result from the dissociation of OH- into 0 2- and H+ due to prolonged heating. 

Further studies employing EPR spectroscopy were conducted by various workers. 
These focussed on Er3+ [64,82, 13], Yb3+ [65,58], Ce3-t [17], Gd3+ [39,69, 79: 
and Sm3+ [26] in the fluorites. These were primarily concerned with distinguishing 
between the T1 and T2 oxygen centres, later termed G4 and G 1 respectively. The 

centre was found to comprise four 0 2
- ions which replace seven of the first 

shell F- ions. The T2 centre consisted of a single 0 2
- lOn one of the 

first shell F- ions on a trigonal [111] axis. 

Later work by Gustafson and Wright [31, 32] utilised laser selective excitation 
to study lanthanides co-precipitated in CaF2. \¥hen CaF2 is precipitated in 
a solution containing lanthanide ions, these co-precipitate and enter the lattice 
substitutionally at calcium sites. The precipitates were ignited at different tem
peratures and cooled slowly a furnace. Precipitates ignited at 600°C were found 
to exhibit the G 1 site only, whereas those ignited at 1000 contained the G 1, 
G2, G3 and G4 oxygen centres. The G2 and G3 sites were tentatively attributed 
to the replacement of two and three first shell F- ions respectively with 0 2-. 

A laser-selective excitation study of the G1 centre in CaFdSrF2:Sm3+ "vas per
formed by vVells [77]. Fluorescence emission from the 4G S/ 2 multiplet to the 
6Hs/2,7/2,9/2,13/2,15/2 and 6F 1/2,3/2,5/2,7/2 multiplets, enabled the determination of 
energy levels. Polarisation ratios recorded for [100] and [111] oriented crystals 
provided confirmation of the C3v symmetry of this centre. 
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1.3 Thesis Outline 

This thesis comprises a spectroscopic study of neodymium and praseodymium 
centres in alkaline-earth fluoride crystals. 

Chapter two outlines the theoretical concepts underlying rare-earth spectroscopy. 
This includes crystal-field theory and transition selection rules. The experimental 
techniques employed in this study are dealt with in chapter three. Infrared 
absorption and laser spectroscopy are among the topics discussed. 

Chapter four presents the laser-selective excitation spectroscopy of the Oh and C2v 
centres in CaF2:Nd3+:Na+ /Li+. The addition of NaF and LiF dopants has been 
shown to promote cubic and C2v centres at the expense of locally compensated 
fluorine sites. The cubic centre is known to exhibit a low-frequency resonant 
vibronic, which has been successfully here, through the high sensitivity 
of laser spectroscopy. , the vibronicfrequency has been recorded 
as 141 cm- I

. Energy level schemes have been established for both centres, which 
has enabled crystal-field analyses to be performed. Here, the experimental data 
\-vere fitted to a C2v Hamiltonian which allowed comparisons with the C2v centre, 
The standard one-electron crystal-field routines were modified to include corre
lation crystal field effects, which allow for interactions between f electrons. This 
approach was successful in improving the to the 2Hll/ 2 multiplet, which tends 
to be underestimated by the one-electron parameterization. 

Chapter five reviews the laser-selective excitation spectroscopy of the Oh and C2v 
centres in SrF2:Nd3+:Na+. Due to the stronger coupling behveen the rare-earth 
ions and the lattice, the cubic centre vibronics were more intense, than those 
seen in CaF2. The vibronic offset in SrF2:Nd3+ was measured as 152cm-1 . For 
the cubic centre, a total of 22 experimental energy levels provided the basis for 
a crystal-field analysis, whereas in the C2v centre 45 levels were utilised. In both 
cases, a C2v Hamiltonian was employed, where the z axis was referenced along 
the [110] direction. Adjustments to the crystal-field fitting routines to allow for 
correlation effects, led to significant reductions in the standard deviations. 

Chapter six is divided into three parts discussing oxygen centres in CaF 2:PrH. 
The first section deals with the trigonal G1 centre which has been the studied 
by previous workers various rare-earth doped fluorites [40, 32, ;:)6, 50]. In this 
study, laser-selective excitation and fluorescence spectroscopy were used to estab
lish energy levels, for the lowest multiplets in Pr3+. Some attempt was made 
to assign irrep labels to specific transitions, but in the absence of polarisation 
data, these were treated as tentative. The second section focusses 
on what is now termed the 'D' centre, which was first observed by Dyke al 
[22J. This centre is believed to possess lower symmetry than C3v , although 
exact symmmetry has yet to be determined. Energy levels were determined for 
the seven lowest multiplets in Pr3+. The final section discusses a new 
centre in , which has been designated as the 'B' centre. 
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Chapter seven summarises the findings of the previous chapters and outlines some 
ideas for future work. 
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Chapter 2 

Theoretical Considerations 

This chapter presents an overview of the theoretical aspects relevant to these 
studies. These include crystal-field theory and electric/magnetic dipole selection 
rules. Crystal-field theory is extensively discussed by Wybourne [78], Hiifner [39] 
and Dieke [21] among others. 

2.1 The free-ion Hamiltonian 

In determining the energy levels of the 4fN configuration, it is necessary to 
consider both the free-ion and crystal-field Hamiltonians. For a rare-earth ion 
in a crystalline environment, the total Hamiltonian can be written as 

(2.1) 

where Hfi and Vc[ are the free-ion and crystal-field Hamiltonians respectively. 

For a free ion with nuclear charge Ze and N electrons, Hfi is given by 

where the first two terms represent the total kinetic energy of the electrons and the 
potential energy of the electrons in the Coulomb field of the nucleus respectively. 
The third term is the Coulomb potential energy, He, from the repulsion between 
pairs of electrons, while the last term is the spin-orbit interaction energy, Hso. 

As the exact solution of this Hamiltonian cannot be obtained for systems of more 
than one electron, the central-field approximation is usually adopted. In this 
approximation, each electron is assumed to be moving in a spherically symmetric 
potential -U(ri), independent of the other electrons. The potential -U(ri)/e, 
arises from the field of the nucleus and the spherically-averaged potential fields 
of each of the other electrons. Thus, all the states of a particular configuration 
will have the same energy. 

11 
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The spherically symmetric Hamiltonian for the central field approximation, Hcf 
is then given by 

(2.3) 

The Schrodinger equation for the above Hamiltonian, can by solved by a product 
of N single electron wave-functions. The state of each electron is denoted by 
the quantum numbers n, l ,ml and m s , while the configuration of N electrons is 
labelled by nand l only. 

The combined perturbation potential V, from the residual non-spherically sym
metric electrostatic potential and the spin-orbit interaction, defined as 

(2.4) 

gives the free-ion energy level structure. 

As the first two terms of the residual electrostatic potential are spherically sym
metric, they shift the whole energy level structure without removing any degen
eracies. The repulsive Coulomb and spin-orbit terms lift the degeneracy of the 
4fN configuration to give free ion ILS J) energy levels. 

In this work, only transitions within the 4fN configuration need to be considered. 
The central-field part of the Hamiltonian, can be ignored, leaving the remainder 
of the free-ion Hamiltonian in the form 

Hfi L Fk fk + L ((Ii' Si) + aL(L + 1) + f3G(G2 ) + ,G(R7) 
k=2,4,6 

(2.5) 
k=O,2,4 k=2,4,6 

The Fk fk component represents the remaining (non-central) electrostatic inter
action, which splits the configuration into terms characterised by the total spin 
and orbital angular momenta, Sand L, of the N electrons. The second term, 
L:i ((Ii 'Si), is the spin-orbit interaction. This couples the spin and orbital angular 
momenta to give the total angular momentum J, which can take values from 
IL - SI to L + S and splits the term into multiplets of different J values. The 
electrostatic (Coulomb) interaction is diagonal in Sand L and independent of J, 
whereas in the spin-orbit interaction, the reverse is true. 

For the rare-earth ions, it is usual to adopt what is termed the intermediate 
coupling scheme. Here, the Coulomb (electrostatic) and spin-orbit interactions 
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are comparable in magnitude and the matrix elements of the combined interaction 
are diagonalised. Derivation of these Coulomb and spin-orbit interaction energy 
expressions are discussed by Wybourne [78] and Hiifner [39]. 

The remaining interactions in the free-ion Hamiltonian have a lesser effect than 
either the electrostatic or spin-orbit terms. The CY L( L+ 1) + f3 G (G 2 ) + I G (R7) 
terms represent an inter-configuration interaction, where CY, f3 and I are pa
rameters associated with the two-body Coulombic correction terms; G( G2 ) and 
G(R7) are Casimir's operators for the G2 and R7 groups respectively and L is 
the total orbital angular momentum. The lVJkmk terms contain the spin-spin and 
spin-other-orbit interactions. The pkPk terms are two-body electrostatically 
correlated magnetic interactions and the Titi terms are three-body electrostatic 
corrections, required for the P through 111 configurations [78]. Each of the 
operators can be separated into angular and radial components. 

In fitting rare-earth energy levels, it is customary to determine the angular parts 
from symmetry and treat the radial components as parameters which can be 
varied to fit the experimental data. 

2.2 The Crystal Field 

When a rare-earth ion is placed in a crystalline environment, the free-ion sym
metry is reduced to that of the point-group symmetry of the site. The (2J+1) 
degeneracy of the free-ion levels is lifted and split into levels characterised by the 
irreducible representations of the point-group symmetry. 

The Hamiltonian corresponding to the crystal-field interaction can be separated 
into radial and angular parts 

Hcf = I: B:C~k) (2.6) 
k,q 

The radial factors B; are treated as parameters to be fitted experimentally, 

whereas the angular parts, C~k), are expressed in terms of the Racah spherical 
tensors. The Racah tensors are related to the spherical harmonics Ykq by 

C(k) - j4if y; 
q - V 2k+1 kq 

The possible k, q values are governed by the following conditions: 

(i) the triangle rule, that for angular momenta II and I2' h +12~ k. 

(ii) for 1 electrons I = 3, therefore k ~ 6. 

(2.7) 
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(iii) for interactions within a configuration of equivalent electrons, the odd k terms 
vanish as only the even-parity terms are allowed. 

As the first term in the crystal-field expansion, k q - 0, is spherically symmetric 
it shifts all the energy levels by same amount, and does not contribute to 
energy level splittings. This leaves only the 4,6 terms to be considered. 

The relative magnitudes of the splittings resulting from the various inter-
actions applicable to rare-earth ions are shown in Figure 2.1. 

Coulomb 

104 -1 
~ em 

25+1L 
J 

Crystal-field 

25+1L 
J(U) 

Figure 2.1: Schematic diagram of the energy-level splittings experienced by a rare
earth ion in a crystalline solid. 

main site-symmetries dealt with in this thesis include the cubic, Oh and 
ortho-rhombic, C2v . For Oh symmetry, the parameter q is allowed only values 
0, whereas for C2v , q is constrained to q= 0, ±2, ±4,±6 

These symmetries further restrict the possible B;C~k) terms to those 
n-fold rotational symmetry of the rare-earth ion site. In the JM basis T'DT'''D,''Dr, 

tation, the nOll-zero B~C~k) terms are: 
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(a) for an Oh symmetry centre, HOh is given by 

where B~ and B~ are the parameters ofthe cubic crystal-field terms. The angular 
expressions of the cubic operators are determined by selecting a (110) axis of 
quantisation. This means that the Hamiltonian is expressed in terms of a C2v 

basis, where the z-axis is in the (110) direction. 

(b) for a C2v symmetry centre, the approximate Hamiltonian is given by: 

where B~ and B~ are the cubic crystal-field parameters referred to the (110) axis 
as the z axis. The B~ C6 term represents the excess negative charge produced by 
the monovalent compensator along the z axis. 

The crystal field either partially or fully removes the J degeneracy of the multiplet 
to give a set of crystal-field energy levels. The wave-functions of these resulting 
crystal-field levels can be expressed as linear combinations of the basis functions 
I, SLJ Jz), characterised by the L, S,J and Jz quantum numbers. The matrix 
elements for the crystal-field interaction between these I J Jz) basis states are 
then given by 

(rSLJJz I He! I ,'SL'J'Jz') = LB~(rSLJ Jz) I UJk) I ,'SL'J'J~)(lll C(k) Ill) 
k,q 

(2.10) 

where 

(2.11) 

The (rSLJ Jz I UJk) I ,'SL' J' J~) are diagonal in S and by application of the 
Wigner-Eckart theorem, can be reduced to 
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(,SLJ Jz 1 uy:) ! " SL' J' J~) k J') 
q J~ 

(2.12) 

where 

({SLJ II U(k) II,' SL' J') V(2J + 1)(2J' + 1) 

{ 
J J' k } x ({SL II U(k) II,' SL') 'L' L s' (2.13) 

The 3j and 6j symbols introduced here are tabulated by Rotenberg et al [66] and 
the double-reduced matrix elements of the tensor operator U(k) are tabulated by 
Nielson and Koster [60]. 

Eigenvalues and corresponding eigenfunctions can be obtained by diagonalising 
the energy matrix generated from Equation The resulting eigenvalues 
correspond to the crystal-field energy levels observed experimentally, while the 
eigenfunctions are the corresponding IJ Jz) label combination wave-functions. 

2.3 Transition Selection Rules 

The crystal-field wave-functions for a rare-earth ion in a cubic symmetry site are 
labelled by the irreducible representations (irreps) of the Oh group. For axial 
symmetry centres such as C2v , the wave-functions can be labelled by irreps r i 

and "Ii) where fi is the irrep label for the parent cubic wave-function and IS 

the axial point group irrep labeL 

The decomposition from Oh to one of the lower symmetry groups, such as C2v , 

is given by the compatibility tables as listed by Koster et al [53]. number of 
crystal-field energy levels of a particular irrep symmetry can therefore by derived 
for each multiplet. Table 2.1 summarises the decomposition of 0 3 irreps into Oh 
and C2v irreps. 
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0 3 (J) Oh C2v 
0 /'1 /'1 
1 /'4 /'2 + /'3 + /'4 
2 /'3 + /'5 2/'1 + /'2 + /'3 + 
3 + /'4 + "'/5 + 2"'/2 + 2/'3 + 2"'/4 
4 /'1 + /'3 + "'/4 + /'5 3/'1 + 2/'2 + 2"'/3 + 2/'4 
5 /'3 + 2/'4 + "'/5 2/'1 + 3"'/2 + 3/'3 + 3/'4 
6 /'1 + /'2 + /'3 + /'4 + 2/'5 4/'1 + 3/'2 + 3/'3 + 3/'4 
1 /'6 /'5 2 3 

/'8 2"'/5 2 
Q /'7 + /'8 3/'5 
1 /'6 /'7 + /'8 4/'5 2 
9 

/'6 + 2"'/8 /'5 + 4/'5 2 
11 

"'/6 /'7 + 2/'8 2/'5 + 4/'5 2 13 
"'/6 2"'/7 + 2/'8 3/'5 + 4/',5 2 

Table 2.1: The decomposition of J-multiplets into Oh and C2v irreps. 

In addition to the crystal-field symmetry, time-reversal symmetry plays an im
portant role in determining the number of LSJ Jz levels observed experimentally. 
According to Kramers theorem, a time-even Hamiltonian must leave all energy 
eigenvalues of an odd-electron system at least two-fold degenerate [1]. For an odd
electron system such as Nd3+, any symmetry lower than cubic will split a given 
LSJ multiplet into (J+1/2) crystal-field levels. Due to Kramers degeneracy, the 
number of crystal field levels observed will therefore reduced to half of the full 
2J + 1 degeneracy. 

identify the transitions observed between these levels, we must consider the 
leading terms in the radiation-matter interaction Hamiltonian 

H = eE.D + fLBB.M (2.14) 

where E and B are the electric and magnetic-field vectors of the radiation, 
-e ri is the electric-dipole transition moment and fLBJlI{ = fLB (Li 2Si ) 

the magnetic-dipole transition moment of the electronic states. For a transition 
to be allowed, either the electric or magnetic dipole interactions must have matrix 
elements that are non-zero. 

matrix element (1/Ji I Hop 11/Jf) of an operator between an initial state 1/Ji and 
final state 1/J f is non-zero only if 

/,op X /'i ::) /' f (2.15) 

where the operator /,op transforms as the appropriate irreducible representation 
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(irrep) of the point-group in question. 

Transition operators, for either magnetic or electric dipole transitions, can be 
determined from the tables of Koster et al [53] given for the various point group 
symmetries. Transition operators for the C2v symmetry centre, are presented in 
Table 2.2. 

In spherical symmetry, these transition moment operators transform as the Dl 
(odd parity) and Dt (even parity) irreps of 0 3 respectively. Their irreps in 
Oh and C2v symmetry are given terms of their magnetic and electric dipole 
components, presented in Table 

In this context, ?T-polarisation refers to the 
symmetry axis of the centre, whereas in the 0" 

field vector being parallel to the 
it is perpendicular. 

It is important to note that for cubic Oh symmetry, polarisation effects will not be 
observed. This is due to the fact that in a centro-symmetric field, the odd-parity 
crystal-field terms vanish. This leads to the predominance of magnetic-dipole 
transitions, as electric-dipole transitions are forbidden. 

Polarisation Dipole Component 

?Tmd 

O"md 

Table 2.2: 'l)'ansition operators for Kramers ions in C2v symmetry. 
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erimental 

3.1 Crystal Growth and Preparation 

The CaF 2:RE3+ and SrF 2:RE3+ alkali co-doped crystals used in this study, were 
grown via the Bridgeman-Stockbarger method. The raw materials comprised 
CaF2 and SrF2 crystal offcuts supplied by Optovac Inc, 99.9% (RE)F3 powder 
supplied by Alfa Inorganics Inc and NaF or LiF powder supplied by B.D.H. 
Laboratory Chemicals Group, Crystal off-cuts were crushed to a coarse powder, 
to which the (RE)F3 and either NaF or LiF powder was added. Initial RE3+ 
concentrations were in the order of 0.1 mol %, whereas for or these were 
usually around 1.5 mol %. As the melting points of NaF and are much lower 
than that of CaF2, there is a tendency of the alkali fluoride to plume off, This 
loss was minimised through the use of an argon atmosphere and doping with five 
times more NaF /LiF than . The mixture was placed in a carbon crucible 
and capped. 

The crucible was placed in the growth chamber of an Arthur D. Little model 
MP crystal growth furnace, which was evacuated to a pressure of 10-5 torr. It 
was centred in an rf-induction coil powered by a 38k\\1 Radyne rf generator, 
which was slowly increased to the required power over a period of one hour. The 
crucible was then lowered at a rate of approximately 6 mmhc1 over a 50 mm 
range. The rf power was then automatically wound down over a period of 4 
hours. The furnace was switched off before introducing argon gas to the growth 
chamber. For CaF2:Pr3+ samples, Pr3+ concentrations in the order of 0,01 mol% 
were employed. The growth chamber of the furnace was evacuated to a pressure 
of 500 torr. Oxygen gas was introduced and the temperature was increased to 
800°C. The sample was left at this temperature for a period of up to 80 hours. 
The resultant cylindrical boules were typically 10 mm in diameter and 30 mm in 
length. 

For laser-excitation studies, samples were prepared by sawing 2-3 mm slices from 
the end of each boule. The use of tin-oxide powder on a rough glass surface 
enabled a smooth polish to be obtained. The (111) crystallographic centred laser 
samples were ground flat on two opposing sides to allow for the entry and exit 
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of the laser beam. Lastly, tin-oxide powder on photographic paper was used to 
achieve a final finish. 

Samples used in FTIR infrared absorption studies, were typically between 10 mm 
to 20 mm in length. These were left unpolished, because of reduced scattering in 
the infrared. 

3.2 Cryogenic Techniques 

Individual samples were mounted either in a copper-boule holder or sample- plate 
holder and attached to the cold head of a CTI Cryogenics model 21C closed-cycle 
helium cryostat. Indium foil was used as a thermal contact between the cold head 
and the copper sample holder. A polished aluminium radiation shield was then 
placed over the sample holder. Slits in either side of the shield enabled light to be 
transmitted either horizontally, for optical absorption studies, or vertically, in the 
case of laser-excitation studies. The shield enabled a relatively stable temperature 
of 11 K to be maintained, significantly reducing temperature fluctuations. A five 
window 'tail' was placed over the radiation shield and the cryostat evacuated to 
rv 1 X 10-3 torr. 

3.3 Optical Absorption Spectroscopy 

Polished samples typically 20 mm-30 mm in length were required for optical ab
sorption studies. These were individually placed in a copper-boule holder at
tached to the cryostat cold head and cooled to 11K as described above. The 
light source comprised a 100 W 12 V tungsten halogen bulb controlled by a 12 V 
regulated power supply. This was transmitted through the sample and a se
ries of lenses, before being focused onto the slit of a Spex 1702 0.75 m single 
monochromator. Slit widths were set at around 50 p,m, giving a resolution of 
0.5 A. To remove unwanted grating orders, appropriate Corning glass filters were 
selected and placed directly in front of the slit. The light was detected using an 
EMI9558 photo-multiplier tube thermo-electrically cooled to -25 0 C. The signal 
was measured on a Keithley 610B electrometer and then digitised using a voltage
to-frequency converter. 

3.4 Infrared Absorption Spectroscopy 

The infrared absorption measurements were performed using the Bio-Rad FTS-
40 Fourier-transform infrared spectrometer. Samples were cryogenically cooled 
to 10 K. Absorption transitions in the region from 700 cm-1 to 4500 cm-1 were 
examined with a KBr beam-splitter, mercury-cadmium-telluride detector and 
globar source combination. For transitions in the near infrared from 3000 to 
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11000 cm-I, a quartz beam splitter was used in conjunction with a tungsten 
halogen light source and indium antimonide liquid nitrogen cooled detector. 

In the majority of cases, a resolution of 0.25 cm-1 was employed. To improve 
the signal-noise ratio, either 256 or 400 interferograms were averaged. For most 
spectra, a periodic background ripple, due to interference fringes from the beam
splitter, was observed. This effect was minimised by first recording a background 
scan at room temperature, which was later ratioed against that recorded at 10K. 

3.5 Laser Spectroscopy 

Laser spectroscopy experiments were performed with either a Coherent 899 tun
able Ti-Sapphire ring laser or a Spectra-Physics 375 tunable dye laser. Both 
lasers were pumped by a Spectra-Physics 2045E 30 W argon-ion laser. The dye 
laser was fitted with a Spectra-Physics 573 three-plate birefringent filter, which 
allowed the laser to be tuned continuously throughout the full range of the dye. 

The laser beam was focused with a lens and directed vertically through the 
sample. The resulting emission was then transmitted through a series of lenses, 
and onto the entrance slit of the spectrometer. To remove unwanted laser lines, 
appropriate Corning glass filters were chosen and placed directly before the slit. 
A representation depicting the experimental arrangement is shown in Figure 3.1 

For studies involving the R, S and A multiplets of Nd3+, the tunable Ti-Sapphire 
laser was employed. Here, the 488-514 nm output of the argon laser was used 
as the pump source for the tunable laser. For the Rand S multiplets, the mid
wavelength optic set (790-940 nm) were used whilst the A multiplet required only 
the short-wavelength optics (680-810nm). 

A Spectra-Physics 375 tunable dye laser, was used to excite the higher multi
plets of Nd3+. The B, C and D multiplets were pumped using Rhodamine 640, 
Rhodamine 610 and Rhodamine 590 dyes respectively. For Pr3+ doped crystals, 
Rhodamine 590 was employed to excite the 1 D2 multiplet. 

Fluorescence, broad-band and narrow-band excitation spectra were recorded us
ing a Spex 1702 single monochromator. For infrared measurements, this was 
used in conjunction with an RCA-7102 photomultiplier tube, cooled to -100 0 C. 
The signal was measured on a Keithley 610B electrometer and digitised using 
a voltage-to-frequency converter. Fluorescence transitions in the visible region 
were recorded on either the Spex 1702 monochromator or the Spex 1403 double 
monochromator. The emission was monitored via an RCA-C31034 photomulti
plier tube using photon counting equipment. 
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Figure 3.1: Schematic representation of the experimental set-up. 

In establishing level schemes for the various centres, three distinct spec-
troscopic techniques were employed. These are described as follows. 

3.5.1 Non-Selective Excitation Spectroscopy (Broad-band) 

II This technique involved fully opening the spectrometer slits, thus maximis
ing the bandpass and allowing fluorescence from any impurity ions to be 
successfully distinguished. The laser frequency was then scanned across 
the absorption transitions of interest. Ions absorbing at the specific laser 
frequency were recorded as a fluorescence peak through the spectrometer. 
The resulting excitation spectrum reveals the different centres present as 
distinct fluorescence peaks. This type of spectroscopy has the advantage 
over traditional absorption techniques, in that the signal-to-noise ratio is 
considerably enhanced. 

3.5.2 Selective Excitation Spectroscopy (Narrow-Band) 

«I This involved setting the spectrometer on a strong transition in the fluores
cence spectrum, whilst scanning the laser across the region of interest. For 
the Spex 1702 spectrometer, slit widths were typically set at 100JLm, pro
viding a resolution of around 1 A. This ensured that an excitation spectrum 
was obtained that represented emission from one site only. 
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3.5.3 Fluorescence Spectroscopy 

@II Here, the laser was tuned onto a specific excitation line in the broad-band 
spectrum. The spectrometer slits were set between 150p,m and 200p,m and 
the spectrometer was scanned across a set region. The resulting fluorescence 
spectrum is unique to the specific site excited. In the case of several excita
tion transitions from different sites overlapping, the fluorescence spectrum 
will consist of various emission lines from each site. These will be weighted 
according to each site's excitation strength at the laser frequency. 
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Chapter 4 

Spectroscopy of 

4.1 Introduction 

4.1.1 Previous Work 

The spectroscopy of CaF2 :Nd3+ received reasonable attention in the literature 
[36, 35, 47, 46, 7]. Most of these studies, however, have focused solely on locally 
compensated tetragonal (1,) and ortho-rhombic (M, N) centres. 

In contrast, studies involving the cubic centre are relatively rare. The majority 
of these, have involved the determination of 9 values from EPR spectroscopy 
[72, 49, 6]. 

Vincow and Low [72], studied the transitions within the two rs quartet states of 
the 419/ 2 cubic ground state. Two lines, were measured as having 9 values of 2.26 
± 0.02 and 1.10 ± 0.05, along the [001] direction. 

\Vork performed by Kask and Kornienko [49], obtained 9 values of 3.14 and 1.78 
for the cubic rs ground in Nd3+. The discrepancy between these values and 
those obtained previously [72] was attributed to the omission of sixth order terms 
in the cubic potential by Vincow and Low. 

The values of Kask and Kornienko, were later confirmed in an study by 
Baker and Wood [6]. Here, 9 values of 3.146 and 1.784 were determined. These 
were calculated as a function of the ratio of fourth and sixth-order crystal-field 
parameters. Lines arising from the cubic site where found to exhibit complex hy
perfine structure. authors calculated g-values as a function of the parameter 
x, which is related to the ratio of fourth and sixth-order crystal-field parameters, 
for various models. included the Lea, Leask, Wolf approximation [54], and 
a model involving the admixture of excited J states for various values of the 
parameter A4 ( r 4 ) . 

Voron'ko et at [73] studied the X-ray luminescence spectra of CaF2 :Nd3+. The 
authors noted that lines originating from cubic centres were absent from the 
absorption spectra, whereas in fluorescence their intensity was enhanced. This 
was attributed to the cubic centre's higher recombination cross section, giving 
rise to high-intensity luminescence spectra. The X-ray luminescence mechanism 
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proposed for the cubic centre was ascribed to the creation of electron-hole pairs 
by ionising radiation. As the cubic centre exists in uncompensated symmetry, it 
forms a very efficient electron trap. Thus an RE3+ ion is readily converted to the 
divalent RE2+ state, following irradiation. 

The orthorhombic ::\d3+-Na+ centre in CaF2:Nd3+ has received little attention in 
the literature. 

MCLaughlan [57] employed electron paramagnetic resonance, in a study of or
thorhombic type centres in CaF2 :Nd3+ crystals doped with NaF. In such centres, 
the z axis of the 9 tensor was found to align along the [001] direction and the x 

and y axes along the [110] and [110] directions. This configuration was attributed 
to C2v symmetry. In addition, the presence of NaF was found to suppress the 
original tetragonal spectrum when the ratio of Nd:Na was raised to 1:20. 

In summary, much of the work performed on the cubic and orthorhombic centres 
in CaF2:Nd3+, has been extremely limited, with only several published studies 
in existence. These are primarily concerned with the determination of 9 tensor 
values from EPR spectroscopy. 

This chapter comprises a spectroscopic study of cubic and C2v centres in CaF 2:Nd3+ 
doped with NaF or LiF. excitation and fluorescence spectroscopy 
were employed to establish energy-level schemes for the two centres. This data 
formed the basis of a crystal-field analysis, involving the ten lowest multiplets in 
NdH . A Dieke diagram depicting the energy levels of Nd3+ is shown in Figure 
4.1. The results of this analysis are presented at the end of each section. 
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4F3/2 (R) Multiplet 

The 4F3/2 multiplet narrow-band excitation spectrum for the Oh centre is shown 
in Figure 4.2. This has a spectral range extending from approximately 11580 
to 12000 cm-1. The sample employed was CaF2:O.011 %Nd3+:O.44 %Li+. In 
Figure 4.2 and in subsequent figures, the vibronic transitions are denoted by 
a prime. 

In cubic symmetry, group theory predicts the existence of one f s irrep, for a 
J 3/2 state. For CaF2:Nd3+, this transition occurs at a frequency of 11636 cm-1. 
It has an associated resonant vibronic at 11778cm-I, with a 142cm-1 offset 
from its electronic parent. The very weak feature at 11626 cm-I, in Figure 4.2 
represents the R1 transition arising from the C2v Li+ centre. 

Strict magnetic-dipole selection rules forbid cubic centre transitions which do 
not satisfy 6J = 0, ±1. Despite this restriction, the 4I9/2--+4F3/2 transition is 
observed as a consequence of the admixture of the excited J states by the crystal
field. 

Although not immediately apparent, two vibronic transitions are present in the 
band extending from 11800 to 12000 cm -1. This region has been enlarged by a 
factor of two in order to enhance the features. These vibronics, are associated 
with the phonon frequencies of 350 and 225 cm-1. The values are significant, in 
that they correspond to peaks in the phonon density of states for CaF 2 [25]. 

Transition frequencies associated with the 4F3/2 multiplet are shown in Table 4.1. 

Transition Irrep Energy (cm-1) offset (cm -1) 

Zl--+ R1 fs 11636 
Zl--+R1 + v 11778 142 

Table 4.1: Excitation frequencies (in air cm-1 ±2) for the transitions of the Oh centre 
in CaF2 :O.011 %Nd3+:0.44 %Li+. 
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Figure 4.2: 15K 4F3/2 multiplet narrow-band excitation spectrum for the Oh centre 
in CaF2:O.011 %Nd3+:O.44 %Li+. 

419/2 (Z) Multiplet 

The 10 K fluorescence emission, associated with the 4F3/2 ---+ 419/2 transition, is 
shown in Figure 4.3. The spectrum was obtained by exciting the cubic 12550 cm- 1 

S multiplet transition using the tunable Ti-sapphire laser. The excitation spec
trum specific to this multiplet is discussed later in this chapter. 

A total of three electronic transitions, are observed. These conform to the number 
predicted theoretically for a J=9/2 state, where, one f6 and two fs irreps are 
expected. The assignment of these irrep levels to specific transitions, is impeded 
by the absence of polarisation data for centres of cubic symmetry. Following 
the results of crystal-field analysis, however, the fs irreps can by assigned to 
transitions at 11636 and 11430 cm-I, whereas the f 6 irrep is associated with the 
transition at 10772cm-1. 

The presence of strong, repetitive vibronics exhibiting a 142 cm-1 offset, are 
characteristic ofthe CaF2:Nd3+ cubic centre. The high intensity ofthese features, 
in contrast to their electronic parents, results from the vibronic being electric
dipole allowed. This is a consequence of the removal of inversion symmetry by 
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the ionic motion. 

Two extraneous transitions at 11598 and 11630 cm -1, are indicated on the 
spectrum. These can be attributed to breakthrough from an adjacent Na+ 
compensated centre. 

The 4F3/2 ----+ 419/2 transition frequencies and 419/2 energy levels, are tabulated in 
Table 4.2. 

I Transition I 1rrep I Frequency (cm-1) I Energy (cm-1) I Offset (cm-1) I 

R1----+Z1 fs 11636 0 
R1----+Z1 + l/ 11494 142 142 
R1----+Z2 fs 11430 206 
R1----+Z2 + l/ 11288 348 142 
R1----+Z3 f6 10772 864 
R1----+Z3 + l/ 10632 1004 140 

Table 4.2: 4F3/2 -+ 419/2 transition frequencies (in air cm-1 ±2) and 419/2 energy 
levels for the Oh centre in CaF2:O.006 %Nd3+:O.36 %Na+. 
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Figure 4.3: 15 K 4F3/2-+419/2 fluorescence spectrum of the Oh centre III 

CaF2:O.006 %Nd3+:O.36 %Na+. 
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'1Ill/2 (Y) Multiplet 

Figure 4.4 presents the fluorescence emission spectrum of the 4111/2 multiplet. 

As the emitting 4 F 3/2 level is a r 8 irrep, the r 6, r 7 and r 8 irrep levels will all be 
seen in emission. This is the case a 1/2 terminating multiplet, which is 
composed of r 6, r7 and two r8 irreps. 

The most intense feature, the 1 electronic transition at 9616 cm-1
, can be 

assigned to the r8 quartet. This transition, possesses a very narrow vibronic, 
offset from the electronic parent line by 140cm-1

. 

The level at 9589cm-1 is associated with the allowed r8--+r6 electronic tran
sition. Crystal-field analysis, a value of 2041 cm-1 for this level, which 
agrees well with the experimentally measured value of 2047 cm -1. Its vibronic 
analogue occurs at 9447 with a separation interval of 142 cm- l

. The high 
intensity, comparable to that of electronic component, is a notable feature of 
this transition. 

The 1--+3 transition occurs at a frequency of 9572 cm- I
, According to crystal-field 

theory, this feature can be assigned to a r 7 irrep level. The vibronic transition 
associated with this level, is offset by a frequency of 141 cm- I . Again, this feature 
exhibits an intensity comparable to that of its electronic parent. The apparent 
splitting of this line, arises as a consequence of breakthrough from an adjacent 
C2v centre. 

The remaining cubic centre transition at 9137 cm-1 , can be assigned to a r 8 irrep 
level. This is separated by a frequency of 451 cm- I from the y 3r 7 level. 
separation is indicative of the repulsion between the the wavefunctions associated 
with each irrep level. It is likely that this feature possesses a vibronic transition, 
but one which is too \veak to be observed. 

Additional features at 9397, 9388 and 9372 cm- I were also recorded. are 
attributable to phonons, associated with the CaF 2 lattice. Evidence in support of 
this assignment, was obtained from the density of states calculations of Elcombe 
et at [24]. Here, a peak in the phonon density of states, occurs at around 225 
cm- I

. This value corresponds to the experimentally observed features, which 
occur at 224, 233 and 250 

The anomalous feature at 9503 cm-1 cannot be assigned to either the electronic 
or vibronic transitions associated with this centre. After checking the frequencies 
of various Nd3+ centre transitions in the literature [34], nothing was found to 
correspond with the new feature. 

The transition frequencies associated with the 4F 3/2 --+ 4111/2 fluorescence emission 
and 4111 / 2 energy levels are presented in Table 4.3. 
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I Transition I Irrep I Frequency (em-I) I Energy (em-I) I offset (em-I) I 

RI----+YI fs 9616 2020 
RI----+ YI + v 9475 2161 140 
RI----+Y2 f6 9589 2047 
RI----+ Y2 + v 9447 2189 142 
R1----+Y3 f7 9572 2064 
R1 ----+ Y3 + v 9431 2205 141 
RI----+Y4 fs 9137 2499 

Table 4.3: 4F3/2 --+4111/2 transition frequencies (in air cm- I ±2) and 4111/2 energy 
levels for the Oh centre in CaF2:O.006 %NdH :O.36 %Na+. 
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Figure 4.4: 15 K 4F3/2--+4111/2 fluorescence spectrum of the 
CaF2:O.006 %NdH :O.36 %Na+ Oh centre. 
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4h3/2 Multiplet 

The 4h3/2 multiplet infrared absorption spectra for CaF2:O.038 %Nd3+:1.01 %Li+ 
are shown in Figures 4.5, 4.6 and 4.7. A Bio-Rad FTS 40 FTIR spectrometer, 
in conjunction with a tungsten halogen light source, quartz beamsplitter, and 
indium antimonide liquid nitrogen cooled detector, was used to record transi
tions over the 3940-4500cm~1 region. A total of 128 scans were averaged at 
a temperature of 10 K. The spectra were ratioed against a room temperature 
background scan to remove water lines. 

Crystal-field analysis predicts that the Xl, X2 and X3 transitions will be grouped 
within 4 cm~l of each other. In Figure 4.5 the transition at 3960 cm~l can be 
attributed to the Xlf6 level. The X2fS level occurs at an energy of 3961 cm~l. 
These cubic levels were identified by comparison with a N a+ -doped crystal where 
the lines remained unshifted. 

Theoretical calculations place the X3 level within 2 cm~l of X2. This transition 
cannot be discerned in the infrared absorption spectrum, possibly because of its 
weak intensity. 

Confirmation of the cubic nature of the Xl and X2 levels, is provided by the reso
nant vibronics seen in Figure 4.6. These transitions occur at 4101 and 4102 cm~l 
and exhibit offsets of 140 cm~l and 141 cm~l. Additional transitions, occur 
at energies of 4246 and 4248 cm~l. These very intense features, are separated 
by 285 and 286 cm~l from the vibronics. In this case, the separation interval 
is approximately twice that of the 141 cm~l vibronic offset. These repetitive 
vibronics, associated with the cubic centre, have been previously reported by 
Pavlichuk, [62] in both CaF2:Pr3+ and SrF2:Pr3+ co-doped systems. 

In Figure 4.7, the ripple present in the spectrum is due to interference from the 
quartz beamsplitter in the spectrometer. The X4f7 level occurs at an energy of 
4473 cm~l, while the transition at 4475 cm~l, can be assigned to the fs irrep. 

Table 4.4 lists the Oh centre transitions associated with the 4h3/2 multiplet. 

I Transition I Irrep I Energy (cm ~ 1) I offset (cm 1) I 

Zl---t Xl f6 3960 
Zl---tX1 + v 4101 140 
Zl---tX2 fs 3961 
Zl---tX2 + v 4102 141 
Zl---t X3 f7 
Zl---t X4 f7 4473 
Zl---t Xs fs 4475 

Table 4.4: 419/2---+4113/2 absorption transitions (in air cm~l ±1) for the Oh centre in 
CaF2:O.038 %Nd3+:1.01 %Li+. 
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Figure 4.7: 15 K 419/ 2-+ 4113/ 2 infrared absorption spectrum of the 
CaF2 ;O.038 %Nd3+;1.01 %Li+ Oh centre. 

4115/ 2 Multiplet 

Figures 4.8 and 4.9 the 4h5/2 multiplet infrared absorption spectra 
CaF2 :O.038 %Nd3+;1.01 %Li+. The spectra were recorded on a Bio-Rad 
40 FTIR spectrometer, in conjunction with a tungsten halogen lamp, quartz 
beam-splitter and indium antimonide detector combination. The spectral range 
recorded was from 5600 to 6900 em-I. A total of 128 scans were averaged at a 
temperature of 10 K. 

Identification of the cubic centre transitions, was achieved by comparison with the 
spectrum of an Na+ co-doped sample. In addition, observation of the 141 cm- I 

vibronic transition, provided confirmation of this centre. 

In cubic symmetry, a J=15/2 multiplet will decompose into one f6, one f7 and 
three f 8 levels. The ordering of the irreps is dependent on different factors, 
and is therefore difficult to predict theoretically. 

The infrared absorption transition, occurs at 5781 . Observation 
of this level is difficult, due to its proximity to the C2v centre line at 5782 em-I. 
Assigning 5781 cm-1 transition to the cubic as opposed to the C2v centre, was 
based on the assumption that transitions of cubic symmetry are generally weaker 
than those of C2v origin. The cubic nature of this transition, is confirmed, by 
the presence of a resonant vibronic at 5922 cm -1. The VV 1 electronic level can be 
attributed to a f8 irrep, on the basis of crystal-field analysis. 
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The second W 2 level, is predicted to occur at an energy of 5925 cm -1. In the 
spectrum, the only transition in this region, is the 5922 cm-1 vibronic. As this is 
a fairly broad feature, there exists the possibility of it masking the W 2 level. 

The Zr-tW3 transition cannot be assigned either, on account of its absence from 
the spectrum. Based on crystal-field calculations, we would expect it to occur at 
around 6606 cm-1. The only level closest to this energy, is the C2v transition at 
6592cm-1. 

The transition at 6665 cm-I, can be ascribed to the W4f s level. This is associated 
with two C2v levels at 6672 and 6638 cm-1. Its vibronic analogue, occurs at 
6807 cm -1, offset from the electronic parent line by 142 cm -1. 

The fifth ZI-t W s transition, is calculated to occur at 6827 cm -1. The closest 
match in terms of energy, is the vibronic at 6807 cm-1. This gives rise to the 
possibility of the vibronic masking the W sf 6 transition. 

The Oh centre absorption transitions specific to the 4I1S/2 multiplet are presented 
in Table 4.5. 

Transition Irrep Energy (cm-1) offset (cm- I ) 

ZI-tW1 fs 5781 
ZI-tW1 + v 5922 141 
ZI-tW2 fs 
ZI-tW3 f7 
ZI-tW4 fs 6665 
ZI-tW4 + v 6807 142 
ZI-tWS f6 

Table 4.5: 419/2--+411S/2 absorption transitions (in air cm-1 ±1) for the Oh centre in 
CaF2:O.038 %NdH :1.Ol %Li+. 
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4F5/2,2H9/ 2 (S) Multiplet 

Figure 4.10 presents the 15 K 4F5/2,2H9/ 2 multiplet narrow-band excitation spec
trum for the Oh centre in CaF2:0.017%Nd3+:O.35%Na+. 

The assignment of irrep levels to specific cubic centre transitions is somewhat 
difficult. However, this can be overcome by examining the C2v narrow-band 
excitation spectrum for this multiplet. The cubic f 8 irrep decomposes into two 
C2v 15 irrep levels, whereas the f 6 and f 7 irreps have only one C2v irrep associated 
with them. Thus, where two C2v features appear next to a cubic transition, it is 
likely that the cubic line will be a f 8 irrep. 

Transitions specific to the 4F5/2 multiplet are predicted to occupy the region 
from 12530-12630cm-1. According to crystal-field calculations, the S1f8 level 
is expected to occur around 12531 cm- I

. This is consistent with the actual 
measured energy of 12550 cm -1. The SI level has an associated resonant vibronic 
at 12690cm- l . 

Crystal-field analysis predicts the occurrence of the S2f7 level at 12627 cm-1. 
Magnifying this region of the spectrum by a factor of five, reveals a very weak 
line at 12626 cm -1. This has been tentatively assigned to the ZI-+S2 transition. 

The higher energy 2H9/ 2 multiplet is composed of two f 8 and one f 6 irrep levels. 
The first f8 level is located at 12721 cm- I and is separated by 139 cm- I from its 
vibronic transition at 12860 cm -1. The S4f 6 transition occurs at a frequency of 
12759 cm-1. 

The transition at 12994 cm- I can be attributed to the S5f8 level. In C2v symme
try, it is associated with the 12998 and 13007 cm-1 levels. 

The three small features at 12771, 12782 and 12793 cm-1 conform to a peak in 
the CaF2 phonon density of states [25]. These are ofl'set from the SI level by 
213, 224 and 235 cm-1 respectively. Similar features were also noted in the 4111/2 
multiplet. 

Table 4.6 lists the Oh centre excitation frequencies associated with the 4F5/2,2H9/ 2 
multiplet. 
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Transition Irrep Energy (em-I) offset (em - ) 
Z1 1'8 12550 
Z1 // 12690 140 
Z1 12626 
Z1 12721 
Z1 12860 139 
Z1 12759 
Z1 12994 

Table 4.6: Excitation frequencies (in air cm-1 ±2) of the 4F5/ 2 ,2H9/ 2 multiplet in 
CaF2 :O.017 %Nd3+:O.35 %Na+. . 
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4.10: 15 K Narrow-band 4F5/ 2 ,2Hg/ 2 multiplet excitation spectrum for the Oh 
centre in CaF2 :O.017 %Nd3+:0.35 %Na+. 
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4F7/2, 483/ 2 (A) Multiplet 

The narrow-band excitation spectrum for the CaF2:O.006 %Nd3+:0.36 %Na+ cubic 
centre is shown in 4.11. 

The A multiplet is composed of both the 4F7/2 and 483/ 2 multiplets. In cubic 
symmetry, the 483/ 2 multiplet possesses one ra irrep, whilst the 4F7/2 multiplet 
decomposes into r 6, and r a levels. 

Of those transitions specific to the 4 F 7 /2 multiplet, only one level has been 
identified. The intense transition at 13560cm-1 can be assigned to the Alfa 
level. This has an associated resonant vibronic at 13701 , which possesses 
a separation interval of cm-I . The remaining r 6 and levels cannot be 
observed in excitation. There is a possibility that the overlapping 483/2 multiplet 
may obscure these transitions. 

The very sharp transition at 13749 cm-1 is associated with the 483/2 multiplet. 
Its vibronic at 13890 is offset by 141 cm--1 from 13749 . This exhibits 
an intensity greater than that of its electronic parent line. the motion of 
the rare-earth is thought to break the strictly cubic symmetry of the centre, thus 
allowing the vibronic to intensity through electric-dipole processes. 

The weak transitions at 13784 and 13794cm-1 are phonon features associated 
with the CaF 2 phonon density of states [25]. These are offset from their electronic 
parent line by 224 and 234 em-i. 

The 4F7/2' 483/2 multiplet excitation frequencies for the Oh centre are given in 
Table 4.7. 

Transition Irrep Energy (em-I) offset (em -1 ) 

Zr-+A1 f: 13560 
Zr-+Al 1) 13701 141 
Zl-+A2 rs 13749 
Zl-+A2 1) 13890 141 
Zl-+A3 
Zl-+A4 6 

Table 4.7: 4F7/2' 483/ 2 multiplet excitation frequencies (in air cm- 1 

centre in CaF2:O.006 %Nd3+;O.36 %Na+. 
for the Oh 
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Figure 4.11: 15K 4F7/2' 483/ 2 multiplet narrow-band excitation spectrum for the Oh 
centre in CaF2:O.006 Nd3+:0.36 %Na+. 

4F9/ 2 (B) Multiplet 

The 4F9/2 multiplet in Nd3+ was excited using a Spectra Physics model 375B dye 
laser operating with Rhodamine 640 dye. The dye laser was pumped using the 
514 nm line of the argon laser. 

Figure 4.12 presents the 15 K narrow-band excitation spectrum for the cubic Oh 
centre. The crystal employed here is CaF2:O.011 %Nd3+:0.44 %Li+. The spectrum 
was obtained by monitoring the transition at 1043.8 nm. 

As the 4I9/2-+4F9/2 transition is magnetic-dipole allowed, we would expect to see 
one fs and two fs irreps in cubic symmetry. In the exdtation spectrum, however 
only one of the three transitions are observed. 

The first, at a frequency of 14838 cm-I, can be attributed to the BlfS level. 
Associated with this transition, is a resonant vibronic at 14981 cm-1. This is 
offset from the 1-+ 1 electronic line by 140 cm -1. 

Crystal-field analysis predicts the B2fS level to be offset from the 1-+1 electronic 
transition by 142 cm-1 . This interval matches that of the vibronic, which suggests 
the possibility of the electronic level being masked by this transition. 
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The third B3f 6 level is predicted to be separated from the B2f 8 level by 83 cm -1. 

As this transition is absent in both the narrow and broad-band excitation spectra, 
it may be too weak to be successfully recorded. 

The additional transition at 14865 cm- l is not associated with either the cubic 
or C2v centres. The energy of this level is very close to that of the C4v transition 
at 14864 cm-I, suggesting that it originates from this centre. 

Table 4.8 presents the 4F 9/2 multiplet excitation frequencies associated with the 
Oh centre. 

I Transition I Irrep I Energy (cm- l
) I oflset (cm- l

) I 

Zl ----+Bl f8 14838 
Zl ----+Bl + v 14981 140 
Zl ----+B2 f8 
Zl ----+ B3 f6 

Table 4.8: 4F9/2 multiplet excitation frequencies (in air cm- l ±2) for the Oh centre 
in CaF2:O.011 %NdH :0.44 %Li+. 
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Figure 4.12: 15 K Narrow-band 4F9/2 multiplet excitation spectrum of the Oh centre 
in CaF2:O.011 %NdH :0.44 %Li+ 
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2Hll/2(C) Multiplet 

The narrow-band excitation spectrum for the CaF2:O.006 %Nd3+:0.36 %Na+ Oh 
centre, is presented in Figure 4.13. 

In cubic symmetry, the 2Hll/2 multiplet will decompose into one f6, one f7 and 
two fs irrep levels. In Figure 4.13, all ofthe transitions predicted by group theory 
are present. 

The lowest energy C1f 6 level occurs at 15876cm-1 . In C2v symmetry, this is 
associated with the Na+ transition at 15885 cm- 1

. The small features adjacent to 
this level, are possibly breakthrough from the C2v centre. The resonant vibronic 
at 16016 cm-I, is offset from the C1 transition by 140 cm-1

. 

The C2f s level is located at 15987 cm -1. Breakthrough from local C2v features 
is apparent on either side of the main line. This level possesses a vibronic at 
16127 cm-1

, which exhibits a 140 cm- 1 offset from its electronic parent transition. 

The transition at 16085 cm-I, can be assigned to the C3f7 irrep level. Its vibronic 
occurs at an energy of 16226 cm-I, thus confirming its cubic nature. 

The higher frequency C4f s level occurs at 16244 cm-1 . It is associated with two 
C2v transitions at 16248 and 16252 cm-1 . 

The 2Hll/2 excitation frequencies for the Oh centre in CaF2:O.006 %Nd3+:O.36 %Na+, 
are presented in Table 4.9. 

I Transition I Irrep I Energy (cm-1 ) I offset (cm- I ) I 

Zl -+C1 f6 15876 
Zl -+C1 + /J 16016 140 
Zl -+C2 fs 15987 
Zl -+C2 + /J 16127 140 
Zl -+C3 f7 16085 
Zl -+C3 + /J 16226 141 
Zl -+C4 fs 16244 

Table 4.9: 2Hll/ 2 (C) multiplet excitation frequencies (in air cm- 1 ±2) for the Oh 

centre in CaF2:O.006 %Nd3+:0.36 %Na+. 
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Figure 4.13: 15 K 2Hl1/2 multiplet narrow-band excitation spectrum for the Oh centre 
in CaF2:O.006 Nd3+:0.36 %Na+. 

4G5/ 2 (D) Multiplet 

Figure 4.14 displays the partial D multiplet narrow-band excitation spectrum for 
the Oh centre. sample employed was CaF2:O.006 %Nd3+:O.36 %Na+. 

For centres of cubic symmetry, transitions from the 419/2 to the 4G5/ 2 multiplet are 
not strictly magnetic-dipole allowed. However, through the admixture of 
crystal-field levels satisfying ~J=O,±l, these transitions will be observed. Thus 
for a in cubic symmetry, we can expect to see one f7 and one f 8 
irrep level. 

Crystal-field analysis predicts that the lowest-energy level for this multiplet, will 
be a f7 irrep. the spectrum, the Dlf7 transition is located at 17105 
'This level has an associated resonant vibronic at 17248 cm -1. 

A characteristic feature of the vibronic, is its high intensity, compared to that of 
the electronic parent line. This is a consequence of the vibronic being electric
dipole allowed, as the motion of the rare-earth effectively removes the inversion 
symmetry of the 'The sharp-line structure of the vibronic, is due to the 
weak coupling of the Nd3+ ion to the CaF2 lattice. 



The transition at 17317 cm-1 corresponds to the D2fS level. Its vibronic at 
17458 cm-1 possesses an offset of 141 cm-1 . 

Extraneous transitions in the spectrum, include those at 17123, 17315,17335 and 
17350cm-1 . Of these, the line at 17123cm-1 can be assigned to the Na+ C2v 

centre. The remainder are attributable to phonons associated with the CaF 2 

host lattice. These are offset from the Dl transition by 210, 230 and 245 cm- 1
. 

Table 4.10 lists the 4G5/ 2 multiplet excitation frequencies associated with the Oh 
centre in CaF2 :O.006 %Nd3+:O.36 %Na+. 

Transition Irrep Energy (cm-1 ) offset (cm -1) 
ZI----+ Dl f7 17105 
ZI----+ Dl + lJ 17248 143 
ZI----+D2 fs 17317 
ZI----+ D2 + lJ 17458 141 

Table 4.10: 4G5/ 2 multiplet excitation frequencies (in air cm-1 ±2) for the Oh centre 
in CaF2 :O.006 %Nd3+:O.36 %Na+ 
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Figure 4.14: 15 K 4G5/ 2 multiplet narrow-band excitation spectrum for the Oh centre 
in CaF2 :O.006 Nd3+:O.36 %Na+. 
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4.2.1 CaF2 Oh Crystal-field Analysis 

A crystal-field analysis involving the cubic centre in CaF2:Nd3+:Na+ was per
formed using the i-shell empirical programs developed in this department by 
Dr M. Reid. These least-squares fitting routines, were employed to determine 
crystal-field parameters from the experimental energy levels. 

A set of free-ion relativistic corrections, three-body, spin-orbit and Slater param
eters were sourced from Burdick et al [15]. These were obtained by correlation 
crystal-field (CCF) analysis of Nd:YAG energy level data. The minor free-ion 
parameters used in this calculation are presented in Table 4.1l. 

The cubic crystal-field parameters specific to the C4v centre in CaF 2:Nd3+, were 
taken from Bayne [7]. As the cubic centre has no axial components, only the 
B~ and B~ parameters were employed. A cubic crystal-field Hamiltonian was 
selected, where the z axis was represented by the (100) axis. 

In the initial fit, the free-ion Slater parameters, spin-orbit and crystal-field pa
rameters were varied, whilst the remaining parameters were fixed. This enabled 
energy levels to be assigned. These were added one at a time, starting with the 
lower multiplets. The resultant crystal-field parameters were checked, to ensure 
compatibility with those of Bayne. 

For cubic centres, polarisation data cannot be used to irrep levels, as there 
is no orientational degeneracy for this symmetry. Instead, irrep assignments were 
made by examination of the grouping between fluorescence transitions from the 
cubic and C2v centres. 

Once a satisfactory fit was achieved, the crystal-field basis was altered, to that of 
C2v symmetry. Such a basis was chosen for consistency with the C2v crystal-field 
analysis presented in Section 4.~).1. The expression for the Hamiltonian, is given 
by: 

where B~ and B~ are the cubic crystal-field parameters referred to the (TID) 
as the z axis. To convert the crystal-field parameters to a C2v basis, the B~ 

parameter was multiplied by -1/4 and the B~ parameter by -13/8. 

One anomaly encountered in Nd3+ -doped systems, is that the 2Hl1 / 2 multiplet 
splitting is underestimated by the standard one-electron parameterization. To 
solve this problem, we require the introduction of additional parameters describ-
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ing the interaction between f electrons in the crystal-field. These operators must 
be orthogonal to the one-electron terms, to ensure linear independence. These 
are referred to as correlation crystal field effects and will be dealt with in the next 
section. 

Following the approach of Dr lVI.Reid, modifications to the standard fitting pro
grams were performed to account for correlation crystal-field effects. As the 
number of energy levels is relatively small, only the gioA operator was used in the 
fit. This approach was implemented on the basis of work conducted by Li and 
Reid [56], who demonstrated that the gioA operator is the only useful parameter 
where small data sets are concerned. This term has very small matrix elements 
for all multiplets except 2Hu /2 , so has minimal effect on the fit in the rest of 
the spectrum. The gioA operator was initially set to zero and allowed to vary in 
accordance with the other crystal field parameters. 

The crystal-field, spin-orbit and Slater parameters, obtained from the fit, are 
given in Table 4.11. Calculated and experimental energy levels obtained from the 
least-squares fitting routine, are tabulated in Table 4.13. A total of 27 energy 
levels were included in the fit, which produced a standard deviation of 10 cm -1. 

Table 4.12 presents the parameters generated in the crystal-field (CF) and cor
relation crystal field (CCF) analyses of the experimental data. The uncertainties 
associated with each parameter were defined as the change required to double the 
standard deviation [19]. The standard deviation is defined as 

[ 
L (calculated energy - experimental energy) 2 ] 1/2 

a = number of experimental levels - number of free parameters 
( 4.2) 

From Table 4.12, it is noted that the addition of the gioA parameter, leads to a 
substantial reduction in the standard deviation from 45 to 10 cm-1 . Comparison 
of the crystal-field parameters in both cases, indicates a fair degree of consistency, 
with the B~ parameter exhibiting the most stability. 

To assess the goodness of the fit, the chi-square value (X2
) was also calculated. 

This parameter characterises the dispersion of the observed energy levels from 
the calculated ones. Once X2 was obtained, the reduced chi-square was then 
determined. This can be defined as X~ X2 lv, where v is defined as the number 
of data points minus the number of free parameters. 

The reduced chi-square values were calculated for the CCF and CF analyses. The 
value obtained for CCF was found to be significantly less than that determined 
for the one-electron parameterization. This suggested that the inclusion of the 
gioA parameter is critical in improving the fit to the Oh centre in CaF2 :Nd3+. 
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Table 4.11: Minor free-ion parameters for NdH sourced from Burdick et al [15]. 
Parameters obtained from correlation crystal-field (CCF) analysis of Nd:YAG. 

Parameter I value (em-I) I 

:Vhot 1.76 
PTot 209 

a 20.8 

f3 -629 

r 1656 
'1'2 366 
'1'3 46 
'1'4 66 
'1'6 -270 
'1'7 324 
'1'8 307 

Table 4.12: Crystal-field and free-ion parameters for the Oh centre in CaF2:NdH :Na+, 
obtained from crystal-field (CF) and correlation crystal-field (CCF) analyses. Uncer
tainties are given in brackets. 

72999 (1300) 72476 (270) 
F4 50570 (1280) 51144 (270) 
F6 36391 (1760) 35633 (370) 

<: 875 (5) 878 (1) 
B4 c 580 (60) 578 (10) 
B6 c -1703 (100) -1678 (20) 
4 

glGA -386 (15) 
(J 45 10 
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4.2.2 Correlation Crystal Field 

The correlation crystal field (CCF) approach demands that one obtain a complete 
set of two-electron operators that are both Hermitian and time-reversal invariant. 
The correlation crystal field Hamiltonian can be written as: 

HCCF - (4.3) 
i>j 

where U(k) are unit tensor operators and i and j label the f electrons. The 
quantum numbers kl and k2 from 0 to 6. The K parameter can take on 
even values from 0 to 12. 

According to Judd [45] the above Hamiltonian can be re-expressed in terms of 
orthogonal operators: 

(4.4 ) 
ikq 

where the 91 k
) operators with correspond to Coulomb interactions and those 

with i=l to one-electron operators. The advantage of this approach is that the 
operators are orthogonal over the r configuration. Additionally, they are able 
to transform under the 'parentage' groups SP14, R7 and G2 of Racah. 

A restricted form of the CCF Hamiltonian employed by Burdick et al [15], can 
be written as: 

HCCF 
4 [(4) Bi ((4) (4) ) Bt ( (4) 

Gi 9w + B4 gi2 + gi-2 + B4 gi4 
i 0 0 

(4.5) 

where i is represented by the terms i=2,lOA, lOB. This approximation was used 
to reduce the number of free parameters and to ensure that the CCF parameters 
with different q values maintained the same ratios as one-electron crystal-field pa
rameters. In above expression, the q dependence of the G[q CCF parameters 
varies according to: 

( 4.6) 

which implies that the HCCF operator contains the parameters Gi, GiOA and 

GioB' 

A variety of approaches utilising correlation effects, have been employed to solve 
the problem of the 2Hll/2 multiplet splitting. 
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The work of Faucher et al [28, 29], raised the possibility of a strong coupling 
existing between the 2H(2)11/2 multiplet at 16000 cm- I and the 2H(1)11/2 multiplet 
at around 34500 cm- I . They proposed that the anomalous 2H(2)11/2 splitting was 
a consequence of the crystal-field interactions between twin terms with similar S 
and L quantum numbers. To overcome this problem, a modification ofthe reduced 
matrix elements of the C(4) operator was suggested. This involved 'turning off' 
the ofr-diagonal matrix elements of C(4) between 2H(1)1l/2 and 2H(2)1l/2' A 
second suggestion was to divide the diagonal matrix element of C(4) for 2H(2)1l/2 
by four, before allowing for mixing. This latter approach was shown by Li and 
Reid [56] to be approximately the same as introducing the g~~~ operator. Here 
the parameter ratio GiOAQ / B~ was set to around -3/4. 

Burdick et al[15] measured absorption transitions from the ground state multiplet 
to 133 of the crystal-field levels between 3900 and 40000 cm- I

. Two-electron cor
relation crystal-field terms Gt GiOA and GiOB were included in the Hamiltonian. 
This led to significant improvements in the fit to the 2Hll/2 multiplet. 



Table 4.13: Experimental and calculated energy 
centre. 

Multiplet Level 1rrep Energy (em -1) ( ea.lc ) 
4I9/2 Z1 rs 11 

Z2 rs 
Z3 r6 877 

4111/ 2 YI rs 2014 
Y2 r6 2041 
Y3 r7 2058 
Y4 rs 2493 

4113/2 Xl i r6 3954 
X2 rs 3956 
X3 r7 3957 
X4 r7 4466 
Xs rs 4469 

4hs/2 "VI rs 5787 
W2 rs 5925 
W3 r7 6607 
\V4 rs 6670 
Ws r6 6826 

4F3/2 rs 11640 
4Fs/2) 2H9/2 SI rs 12531 

S2 r7 12627 
S3 rs 
S4 r6 12818 
S5 rs 12994 

4F7/2,4S3/2 Al rs 13567 
A2 rs 13765 
A3 r7 13792 
A4 r6 13835 

4F9/2 B 1 rs 14847 
B2 rs 14989 
B3 r6 15072 

2H l1/ 2 C1 r6 15877 
C2 rs 15992 
C3 r7 16090 
C4 rs 16237 

4GS/ 2 D] r7 17112 
D2 rs 17301 

::\umber of data points 
Number of parameters 
Standard deviation 

Expt . 

0 
206 
864 
2020 
2047 
2064 
2499 
3960 
3961 

4473 
4475 
5781 

6665 

11636 
12550 
12626 
12721 

12994 
13560 
13749 

14838 

15876 
15987 
16085 
16244 
17105 
17317 

27 
7 

10 em-1 I 
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419/2 (Z) Multiplet 

The fluorescence emission associated with the --+ 419/2 transition is shown in 
Figure 4.15. To prevent laser light from masking the fluorescence, the Ti-sapphire 
laser was tuned to excite the 12566cm,·1 S multiplet Na+ C2v transition. 

In C2v symmetry, a J=9/2 multiplet decomposes into five 15 irrep levels. As the 
transition being excited is in the S multiplet, fluorescence from both the R1 and 
R2 levels will be seen in emission. This is evident in the spectrum, which exhibits 
an R1- R2 splitting of 27 cm ~ 1. 

The Zl electronic transition occurs a frequency of 11630 cm-I, whereas the 
the Z2 transition is at 11599 relative proximity ( 31 cm -1), of these 
two features, is indicative of association with the cubic 11636 cm-1 rs level. 
According to group theory, a cubic rs irrep will decompose into two 15 C2v irreps. 

The Z3 and Z4 transitions occur at 11426 and 11400 cm-1 respectively. These lev
els arise from the breakdown of the cubic r s irrep. The transition at 10771 cm-1 

can be assigned to the level. 

An interesting feature of spectrum, is the phonon transition at 11274cm-1
. 

This level is offset from the transition by 356 cm ~ 1. This corresponds to a 
peak in the phonon density of states calculations of Elcombe et al [25]. 

For comparison, the CaF2 :O.011 %Nd3+:0.44 %Li+ R--+Z fluorescence spectrum is 
presented in Figure 4.16. Here, the Ti-sapphire laser was tuned to excite the 
C2v S multiplet transition at 12571cm-1

. As with the Na+ co-doped sample, an 
RI-R2 splitting of 40 cm-1 is clearly apparent. The transitions at 11626, 11579, 
11423, 11383 and 10771 cm ~1 are associated with the Zl-Z5 levels respectively. 

The 4F3/ 2 

Table 4. 
419/2 transition frequencies and 419/ 2 energy levels, are tabulated 
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Rl 
Rr+Zl 
R 1-+Z2 
R1-+Z3 
R I -+Z4 
RI -+Z5 

R2-+Z5 

11657 
11599 
11426 
11400 
10771 
10798 

Chapter 4. Spectroscopy of Ca.F2 :Nd3+ 

11579 
11423 
11383 
10771 
10811 

Energy (cm-1) 

o 
-27 -40 
31 47 

204 203 
230 243 
859 855 
832 815 

Table 4.14: 4F 3/2-+ 419/ 2 transition frequencies (in air ±2) and L119/2 energy levels 
for the C2v centre in CaF2:O.011 % Nd3+:O.44 % and CaF2 :0.006 % Nd3+;O.36 % 
Na+. 

4111/2 (Y) Multiplet 

The 4F3/2-+4111/2 fluorescence spectrum for the Na+ C2v centre is shown in Fig
ure 4.17. 

Point-group selection rules predict the decomposition of a multiplet state 
into six 15 C2v irreps. Four of these irreps are associated with two cubic r 8 levels, 
whilst the remaining two are each assigned to the and cubic levels. 

The Y I transition at 9613 cm- I and Y2 line at 9593 
cubic r 8 level. 

are associated with the 

The Y 3 electronic transition occurs at 9570 cm -I, Its analogue in Oh symmetry, 
is the r 6 irrep level. Likewise, the Y 4 transition at 9545 is associated with 
the r 7 cubic irrep. 

Both the Y 5 and Y 6 levels are separated from the higher frequency transitions by 
408cm-1 . These transitions at 9136 and 9129cm-1 correspond to the cubic 
level. 

The 4F 3/2-+4111/2 fluorescence spectrum for the Li+ C2v centre is shown in 
ure 4.18. 

Transitions frequencies and energy levels of the 4hl/2 multiplet are given in Ta
ble 4.15. 
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Transition Frequency (cm -1 ) (cm- ) 
Na Li+ Li+ 

Rr-}Y1 9613 9610 2016 
R1-tY2 9593 9585 2041 
R1-tY:3 9570 9555 2071 
R1-tY4 9545 9529 2097 
Rl -tY5 9136 9136 2490 
Rl -tY6 9129 9125 2501 

Table 4.15: 4F:3/2-+41u/2 transition frequencies (in air cm-l ±2) and 
4111/ 2 energy levels for the C2v centre in CaF2:O.006 %Nd3+:0.36 %Na+ and 
CaF2:O.011 %Nd3+:0.44 %Li+. 

4113/2 Multiplet 

The 4h3/2 multiplet infrared absorption spectrum for CaF2:O.038 %Nd3+:1.01 %Li+ 
is shown in Figures 4.19 and 4.20. The spectrum was measured using a Bio
Rad FTS-40 Fourier-transform infrared spectrometer. A tungsten-halogen lamp, 
quartz beam-splitter and indium-antimonide detector combination enabled the 
near-infrared region from 3000-11000 cm-1 to be successfully observed. A total 
of 128 scans were averaged at a temperature of 10 K. In order to remove water 
lines, the 10 K spectra were ratioed against a background spectrum recorded at 
room temperature. 

As the 4113/2 multiplet is characterised by .1=13/2, we can expect to see seven r5 
irrep levels in absorption. 

Lines specific to the C2v centre were identified by comparison with a Na+ -doped 
sample. The Xl level occurs at an energy of 3952 cm-1. According to the crystal
field analysis of this centre, the X2 level should be offset by 4 from Xl' 
It is therefore possible that the second level may be masked by the 3952 cm-l 

transition, preventing its observation. 

The X3 and levels are located at 4005 and 4007 cm,·1 respectively. Both 
transitions possess associated hot lines at 3958 and 3959 

The 4466 and 4469cm-1 transitions correspond to the Xs and 
tively, whilst the transition occurs at an energy of 4480 

levels respec-

Table 4.16 the absorption transitions ofthe 4113/2 multiplet for the C2v centre. 
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Transition 

Zl-+X1 

Zl-+X2 
Zl-+X3 4005 3991 
Z2-+X3 3958 3957 
Zl-+X4 4007 3993 
Z2-+X4 3959 3960 
Zl-+X5 4466 
ZI-+X6 4469 4470 
Zl 4480 4479 

Table 4.16: 419/2-7.4113/2 absorption transitions (in air cm-1 ±1) for the C2v centre 
in CaF2:O.011 %Nd3+:OA4%Li+ and CaF2:0.006%Nd3+:0.36%Na+. 

4h5/2 Multiplet 

The 4h5/2 infrared absorption spectrum for CaF2:O.011 %Nd3+:0.44 %Li+ is pre
sented in Figures 4.21 and 4.22. The spectrum was recorded over the range from 
5600-6900 cm-I, on a Bio-Rad FTS-40 spectrometer. A total of 128 scans 
were averaged at a temperature of 10 K. To successfully observe transitions in 
the region of interest, a tungsten-halogen lamp, quartz beam-splitter and indium
antimonide detector combination was employed. 

Of the eight C2v transitions expected, only six are present in the spectrum. 
This arises as transitions to this multiplet region are relatively weak. 

The \i\T1 transition occurs at 5782cm-I, whilst the W2 level is separated by 
44 cm-1 at 5826 em-I. A second spectrum recorded at 60 K, revealed that the 
5782 cm-1 transition has an associated hot line at 5735 em-I. This level is offset 
by 47 cm -1, consistent with the C2v Zl-Z2 splitting. 

The vV 3 and VV 4 levels are absent from the spectrum, and therefore cannot be 
assigned. 

Those transitions at 6592 and 6638 em -1 correspond to the \i\T 5 and VV 6 levels 
respectively. The Zl-+W7 transition, occurs at 6672cm-1, whilst the Zl-+VVS 

transition is located at 6776 cm- I . 

The C2v centre absorption transitions for the ~1 115/2 multiplet are presented in 
Table 4.17. 



1.15 0" 

1.10 

.u 
u 
til 
€ 1.05 
0 
'" .0 
< 

1.00 

0.95 

0.90 
5750 

W I 

5800 

W 2 

59 

5850 5900 5950 
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Transition (cm-1) Energy (cm-1) 
Li+ Na+ 

Zr-tWl 5782 5781 
Z2-tW1 5735 
Zl-tW2 5826 5812 
Zl-tW3 

Zl-tW4 
Zl-tW5 6592 6596 
ZI-tW6 6638 6650 
Zl-tW7 6672 
Zl-tWS 6776 6776 

Table 4.17: 419/2-+4115/2 absorption transitions (in air cm-1 ±1) for the' C2v centre 
in CaF2:O.011 %NdH :0.44 %Li+ and CaF2:O.006 %NdH :O.36 %Na+ 

4F3/ 2 MUltiplet 

The 4F3/ 2 narrow-band excitation spectrum for CaF2:O.011 %NdH :0.44 %Li+ is 
shown in Figure 4.23. The corresponding CaF2:O.006 %NdH :0.36 %Na+ excita
tion spectrum is presented in Figure 4.24. 

For a J=3/2 multiplet in C2v symmetry, selection rules predict a total of two 15 
irreps. The Rl transition occurs at a frequency of 11626 cm-I, whilst the R2 level 
is at 11666cm-1. These features possess a separation interval of 40cm-1. 

At a temperature of 15 K, the Z2 ground-state level is able to acquire a reasonable 
Boltzmann population. This results in the presence of hot lines at 11579 and 
11619cm-I, which exhibit a Zl-Z2 splitting of 47cm-1. 

The transition at 11706 cm- I is not associated with either the C2v or cubic centre. 
The frequency of this feature is extremely close to that of the 11707 cm-1 C4v 
transition, which suggests that it may belong to this centre. 

The remaining features at 11732 and 11772 cm-1 are believed to be associated 
with a Li+ C2v type centre. Tuning the laser to excite each of these transitions in 
turn, yields an R-t Y fluorescence spectrum characteristic of the C2v centre. In 
addition, the transitions are separated by 40 cm-I, identical to that of the RI-Rl 
splitting. Interestingly, the interval between each R line and that of each new 
transition is 106 cm-I. Although this is slightly lower than the expected 141 cm-I 

cubic frequency, this result does suggest that the C2v centre may possess its own 
vibronic. Despite this, a search for similarfeatures in the CaF2:NdH :Na+ sample, 
proved inconclusive. 

Table 4.18 presents the excitation frequencies associated with the 4F3/ 2 multiplet 
for the C2v centre. 
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Transition Energy (cm-1) 

Li+ Na+ 

ZI ----+ Rl 11626 11630 
Z2----+R l 11579 
ZI ----+ R2 11666 11657 
Z2----+ R2 11619 11627 

Table 4.18: 4F3/2 multiplet excitation frequencies (in air cm- 1 ±2) for the C2v centre 
in CaF2:O.006 %Nd3+:0.36 %Na+. and CaF2:O.011 %Nd3+:0.44 %Li+. 

4F5/2,2H9/2 (S) Multiplet 

The narrow-band excitation spectrum at 15 K for the CaF2:O.011 %Nd3+:0.44 %Li+ 
C2v centre, is shown in Figure 4.25. 

The S multiplet comprises both the 4F 5/2 and 2H9/2 multiplets. This is evident in 
Figure 4.25 where those transitions specific to the 2H9/2 multiplet, extend from 
between 12700 to 13050 cm-1. Transitions associated with the 4F5/2 multiplet are 
likewise grouped together between 12530 and 12650 cm-1

. 

Selection rules predict the decom posi tion of a J =5 / 2 state in C2v symmetry into 
three 15 irreps. The SI and S2 levels occur at energies of 12554 and 12571 cm-1 

respectively. Both transitions are associated with the r 8 irrep in cubic symmetry. 
The 12635 cm-1 transition is assigned to the S3 level. This corresponds to the 
cubic r 7 irrep level. Each feature has associated with it a ZI-Z2 splitting of 
47 cm-1 . 

Transitions specific to the 2H9/2 multiplet, are broader and less intense compared 
to those in the 4F5/2 multiplet. This multiplet is expected to decompose into five 
15 irrep levels. The S4 and S5 levels are located at 12702 and 12725 cm-1

. The 
transition at 12795 cm-1 is assigned to the S6 level. The remaining features at 
13000 and 13009cm-1 are associated with the S7 and S8 levels. 

The narrow-band excitation spectrum for CaF2:O.006 %Nd3+:0.36 %Na+ is pre
sented in Figure 4.26. This exhibits a ZI-Z2 splitting of 31 cm-1

, consistent with 
the R----+Z fluorescence transitions. 

The excitation frequencies associated with the 4F 5/2,2H9/2 multiplet are given in 
Table 4.19. 
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Figure 4.26: 15 K Narrow-band 4PS/ 2 ,2Hg/ 2 multiplet excitation spectrum of the 
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u'ansition Energy (cm-I) 
Na+ Li+ 

Zr---+Sl 12554 12554 
Zr--+SI 12523 12507 
Zl ----+S2 12566 12571 
Z2----+S2 12535 12524 

Zl----+S3 12631 12635 
Z2----+S3 12601 12587 
Zl ----+S4 12723 12702 
ZI ----+Ss 12739 12725 
ZI----+S6 12795 12795 
Z2----+S6 12765 12747 
Zl----+S7 12998 13000 
Z 1 ----+S8 13007 13009 

Table 4.19: 4Fs/2,2Hg/ 2 multiplet excitation frequencies (in air cm- 1 ±2) of the C2v 

centre in CaF2:O.006 %Nd3+:0.36 %Na+ and CaF2 :O.011 %Nd3+:0.44 %Li+. 

Figure 4.27 depicts the narrow-band excitation spectrum for the C2v centre in 
CaF2:O.011 %Nd3+:0.44 %Li+. The Ti-sapphire laser in conjunction with the 
short-wavelength optics set was scanned over the region from 13300 to 13900 cm- 1 . 

The CaF2:006 %Nd3+:0.36 %Na+ excitation spectrum is shown in Figure 4.28. 

In the resulting spectrum, the features can be separated into groups accord
ing to multiplet. The 1----+1 and 1----+2 electronic transitions occur at 13563 and 
13578 cm-1 respectively. These are both associated with the 4F7/2 multiplet and 
can be assigned to the Al and A2 levels. Each transition exhibits a Zl-Z2 splitting 
of 48cm-l . 

Features associated with the 4S3/2 multiplet exhibit characteristic sharp-line struc
ture. The A3 and A4 levels can be assigned to transitions at 13754 and 13760 cm-I 

respectively. Both these features are associated with the r 8 irrep in cubic sym
metry. 

The excitation frequencies associated with the 4 F 7 /2, 4S3/2 multiplet are presented 
in Table 4.20 
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Transition Energy (cm-1 ) 

Li+ Na+ 

ZI ----+ Al 13563 13562 
Z2 ----+ Al 13515 13531 
ZI ----+ A2 13578 13573 
Z2 ----+ A2 13530 13542 
ZI ----+ A3 13754 13753 
Z2 ----+ A3 13707 13722 
ZI ----+ A4 13760 13757 
Z2 ----+ A4 13713 13726 

Table 4.20: 4F7/ 2, 483/2 multiplet excitation frequencies (in air cm-1 ±2) for the C2v 
centre in CaF2:O.011 %Nd3+:O.44 %Li+ and CaF2:006 %Nd3+:0.36 %Na+. 

4F9/ 2 (B) Multiplet 

The 4F9/ 2 multiplet excitation spectrum for CaF2:O.011 %Nd3+:0.44 %Li+ is shown 
in Figure 4.29. 

The decomposition of a J=9/2 multiplet into five {5 irrep levels, is clearly evident 
in the spectrum. The Bl and B2 levels, are seen to possess narrow-line widths, in 
contrast to the broader nature of the higher energy transitions. These features 
occur at frequencies of 14833 and 14851 cm-1

. Both these transitions possess 
associated hot lines which exhibit a ZI-Z2 splitting of 47 cm -1. These arise as a 
consequence of the Boltzmann population of the Z2 level, at 15 K. 

The interval between the B2 and B3 levels is measured as 110cm-1
. Likewise, 

crystal-field calculations predict a separation of 112 cm- I . The B3 level can be 
attributed to the transition at 14970 cm-1

. The interval between this line and the 
B4 transition at 15005 cm-1 is 35 cm-1 . The very broad feature at 15069 cm-1 

can be assigned to the ZI----+B5 transition. 

For comparison, the CaF2:O.006 %Nd3+:O.36 %Na+ narrow-band excitation spec
trum is shown in Figure 4.30. The spectrum was obtained by monitoring the Na+ 
transition at 1046.6 nm. 

In this, as in the Li+ co-doped sample, all {5 irrep levels can be unambiguously 
identified. Also apparent are the hot lines associated with the Bl and B2 levels. 
These are offset from their ZI transitions by 31 cm-1

. 

Table 4.21 presents the 4F9/ 2 multiplet excitation frequencies associated with the 
C2v centre. 
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Figure 4.29: 15 K Narrow-band 4F 9/2 multiplet excitation spectrum of the C2v centre 
in CaF2 :O.011 %Nd3+:0.44 %Li+. 
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Figure 4.30: 15 K Narrow-band 4F 9/2 multiplet excitation spectrum of the C2v centre 
in CaF2 :006 %Nd3+:O.36 %Na+. 
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Transition Energy (cm-I) 
Li+ Na+ 

Zl----+ BI 14833 14833 
Z2----+ BI 14786 14802 
ZI ----+ B2 14860 14851 
Z2----+B2 14813 14820 
ZI----+B3 14970 14973 
Z2 ----+ B3 14923 
ZI----+ B4 15005 14998 
Z2----+ B4 14958 
Zl ----+ B5 15069 15066 

Table 4.21: 4F9/ 2 multiplet excitation frequencies (in air cm-1 ±2) for the C2v centre 
in CaF2:O.011 %NdH :0.44 %Li+ and CaF2:006 %NdH :O.36 %Na+. 

2Hl1/2 (C) Multiplet 

The narrow-band excitation spectrum for the 2Hl1/2 multiplet in CaF2:NdH :Li+ 
is shown in Figure 4.31. 

For a J=11/2 state in C2v symmetry, selection rules predict the existence of six 
15 irrep levels. Of these, two 15 transitions are associated with each of the cubic 
f s irrep levels, whereas only one 15 level is associated with each of the f 6 and 
f 7 cubic irreps. This pattern is clearly evident in Figure 4.31. Here, the higher 
frequency transitions at 16255 and 16244 cm-1 and the lower frequency features 
at 15999 and 16009cm-1 both transform as the fs irrep in cubic symmetry. 

Of those levels remaining, the transition at 16098 cm-I is paired with the cubic 
f7 irrep, whereas the 15894cm-1 level is associated with the f6 irrep. 

The corresponding spectrum for the CaF2:O.006 %NdH :0.36 %Na+ crystal is shown 
in Figure 4.32. 

The 2Hll / 2 multiplet excitation frequencies are listed in Table 4.22. 
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Figure 4.31: 15 K Narrow-band 2Hll/ 2 multiplet excitation spectrum of the C2v centre 
in CaF2 :O.011 %Nd3+:0.44 %Li+. 
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Figure 4.32: 15 K Narrow-band 2Hll/2 multiplet excitation spectrum of the C2v centre 
in CaF2 :O.006 %Nd3+:O.36 %Na+. 
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15952 
16009 15999 
15962 15968 
16098 16092 
16051 16061 
16244 16248 
16255 16252 

Table 4.22: 2Hll/2 multiplet excitation frequencies (in air cm- I ±2) for the C2v centre 
in CaF2 :O.011 %Nd3+:0.44 %Li+ and CaF2 :006 %Nd3+:0.36 %Na+. 

4GS/ 2 (D) Multiplet 

The narrow-band excitation spectrum for the multiplet is shown in Fig-
ur~ 4.33. The crystal employed was CaF2:O.011 %Nd3+:O.44 %Li+. 

The 4GS/ 2 multiplet is characterised by relatively narrow spectral line-widths. 
For a J=5/2 multiplet state, a total of three irreps will be observed. Two of 
these will be associated with the rg irrep in cubic symmetry, whereas only one 
will correspond to the Cll bic r 7 level. 

The division of irrep levels into specific groupings, is apparent the spectrum. 
The single DI level at 17130 cm-I, corresponds to the cubic irrep. The Z2-+DI 
transition is at 17083 cm- I . This level represents the Boltzmann occupation of 
the Z2 level, which occurs at temperatures of 2. 15 K. 

Those transitions specific to the cubic r g irrep occur at frequencies of 17292 and 
17355 cm-I , These can be assigned to the D2 and D3 levels respectively. Both 
these transitions possess a 47 cm- I hot line at 17245 and 17308 

The 4G S/ 2 multiplet spectrum for CaF2 :006 %Nd3+:O.36 %Na+, is presented in 
Figure 4.34. 

Table 4.23 lists the excitation frequencies associated with the 4GS/ 2 multiplet in 
CaF2 :O.086 %Nd3+:1.27 %Na+ and CaF2 :O.011 %Nd3+:0.44 %Li+. 
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Figure 4.33: 15 K Narrow-band 4G5/ 2 multiplet excitation spectrum of the C2v centre 
in CaF2:0.011 %Nd3+:0.44 %Li+. 
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Transition Energy (cm-1) 

Na+ Li+ 

Zl-tDl 17123 17130 
Z2-tDl 17092 17083 
Zl-tD2 17304 17292 
Z2-tD2 17273 17245 
Zl-tD3 17346 17355 
Z2-tD3 17315 17308 

Table 4.23: 4G5/ 2 multiplet excitation frequencies (in air cm-1 ±2) for the C2v centre 
in CaF2:006 %NdH :O.36 %Na+ and CaF2:O.011 %NdH :O.44 %Li+. 

4.3.1 CaF2:NdH C 2v Crystal-field Analysis 

The crystal-field analysis for the C2v centre in CaF2:NdH :Na+ /Li+, was carried 
out using the f-shell empirical programs as described in Section 4.2.1. These 
were employed to determine the crystal-field parameters from the experimental 
energy-levels. 

Free-ion relativistic corrections, three-body, spin-orbit and Slater parameters were 
obtained from the correlation crystal-field (CCF) analysis of Burdick et al [15]. 
The minor free-ion parameters are given in Table 4.11 in the previous section. 

As the C2v centre comprises a NdH ion and a monovalent compensator in the [110] 
direction, it can be treated as a perturbation of the cubic centre. The principal 
axes x, y and z have been chosen along the crystallographic directions [001], 
[110] and [110] respectively. The alkali-metal ion represents an effective negative 
charge, as it replaces a Ca2+ ion. The crystal-field Hamiltonian employed in these 
calculations is given below: 

H B 2C2 - ~B4 {C(4) _ . 'iO (C(4) + C(4)) _ ~ f35 (C(4) + C(4)) } 
C 2v A 0 4 coy IU 2 -2 7 V 2 4 -4 

_ 13 B6 {C(6) + y'(i05) (C(6) + C(6)) _ ~ ~(~) (C(6) + C(6)) 
8 C 0 26 2 -2 13 V \"2) 4 -4 

+ ~ (C~6) + C~6~) } (4.8) 

where B'b and B~ are the cubic crystal-field parameters referred to the [110] axis 
as the z axis. The B~ C6 term represents the excess negative charge produced 
by the monovalent compensator along the z axis. The effect of lattice distortions 
associated with the alkali-metal ion in represented by a B~Ci term, which has 
been omitted from the Hamiltonian. This was included initially in the fit, but as 
the uncertainty was greater than the parameter value, this term was neglected. 

Starting values for the B'b and B~ cubic crystal field parameters were taken from 



73 

the best fit to the cubic centre. The B~ axial parameter was set at 100. 

In the initial fit, the cubic crystal-field parameters were held constant, whilst the 
free-ion, spin-orbit and axial crystal-field parameters were varied. Energy levels 
were added one at a time, beginning in the ground state multiplet and working 
upwards. Once a satisfactory fit was achieved, the cubic crystal-field parameters 
were allowed to vary. The final parameter values were then compared to those 
obtained in the initial fit, to ensure compatibility. 

To assess whether the choice of axial parameter was valid, a fit was performed 
using energy-levels from the C2v centre in :Pr3+:Na+. The experimental 
data, sourced from Pavlichulc [62], was fitted to the C2v Hamiltonian in Equation 
4.6. This parameter combination yielded a good overall fit to the measured energy 
levels. 

To allow for correlation-crystal field (CCF) effects between f electrons, the crystal
field routines were modified. approach ensures that the 2Hu /2 multiplet 
splitting is not underestimated by the standard fitting procedure. Correlation 
crystal-field effects have been discussed in detail in the section on cubic centres. 

The crystal-field, spin-orbit and Slater parameters obtained from the least-squares 
fit are given in Tables and The uncertainties were calculated on the 
basis of the change required to double the standard deviation. This has been 
previously defined in Equation 4.2. The addition of the gioA parameter has led 
to a significant reduction in the standard deviation for Na+ and Li+ C2v centres. 
The effect of gioA' been to dramatically decrease the magnitude of the B~ 
parameter. As both these parameters are dependent on the degree of splitting 
between crystal-field levels, it seems reasonable to assume that the decrease in 
strength of the term, has been absorbed by the gioA term. 

Bijvank and den Hartog have published several papers dealing with the zero
field splitting of Gd3+-M+ complexes [10, 11, 9]. In their more recent work [11], 
investigations were undertaken to determine the effect of the M+ compensator 
size on the crystal-field parameters. Utilising such techniques as EPR, and 
ENDOR, the displacements of the surrounding ions in the fluorite lattice were 
measured. The three dimensional representation of the Gd3+ -M+ 
as used by the authors, is shown in Figure 4.35. Here, the origin of the system 
is taken to be the centre of the cube containing the Gd3+ ion. The displacement 

.6z(Gd), .6x(F) and .6z(F) , were fitted to the experimental crystal 
field parameters. For increasing M+ radius, the following trends were observed; an 
increased displacement of the F- ions in the x direction, a decreased displacement 
of the Gd3+ ion in the z direction and a decrease in the displacement of the 
fluorines in the z direction. From the above, it follows that as the M+ radius 
increases, the surrounding ions will relax away from their lattice positions, thereby 
increasing the z distance between the M+ ion and Gd3+. This results in greater 
B~ values. Significantly, it was noted by the authors that Na+ and Li+ did not 
conform to the displacement trends discussed above. Firstly, there was a decrease 

the movement of fluorines in the x direction for N a +. This contradicts the 
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earlier assertion that an increase in M+ radius is associated with an outward 
expansion of the fluorines. In this case, the reduction in the distance between the 
Na+ ion and the rare-earth, led to a smaller B~ term. 

A comparison of the B~ terms in Tables 4.24 and 4.25 reveals a decrease in going 
from Li+ to Na+. This result was paralleled by Bijvank and den Hartog [11], who 
observed a similar trend with these ions. 

Tables 4.26 and 4.27 give the calculated and experimental energy levels generated 
from the least-squares fitting routine in CaF2:Nd3+:Na+ and CaF2:Nd3+:Li+ re
spectively. In the case of CaF2:Nd3+:Na+, a total of 48 levels produced a standard 
deviation of 11.3 em-I. This was in line with CaF2:Nd3+:Li+, where a standard 
deviation of 11.9 cm-I was obtained for a fit involving 50 energy levels. 

Table 4.24: Crystal-field and free-ion parameters for the C2v centre in CaF2:Nd3+:Li+ 
obtained from crystal-field (CF) and correlation crystal-field (CCF) analyses. Param
eter uncertainties are given in brackets. 

I Parameter I CF CCF 

F2 72973 (945) 72193 290) 
F4 50601 (940) 51409 (290) 
F6 36398 (1290) 35345 (390) 
( 877 (3) 877 (1) 

B4 c 563 (40) 555 (10) 
B6 c -1611 (60) -1597 (20) 
B2 

A 488 (155) 373 (50) 
4 

glOA -373 (15) 
a 37.4 11.9 

Table 4.25: Crystal-field and free-ion parameters for the C2v centre in CaF2:Nd3+:Na+ 
obtained from crystal-field (CF) and correlation crystal-field (CCF) analyses. Param
eter uncertainties are given in brackets. 

I Parameter I CF CCF 

F2 72522 (1030) 72232 (270) 
F4 51032 (1030) 51408 (270) 
F6 35837 (1410) 35363 (375) 
( 878 (3) 877 (1) 

B4 c 551 (40) 565 (10) 
B6 c -1733 (70) -1615 (20) 
B2 

A 431 (170) 280 (50) 
4 

glOA -374 (15) 
a 39.6 11.3 
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Figure 4.35: The three-dimensional representation of a RE3+-M+ complex in CaF2 -

The F- ions used in the calculation are indicated by arrows. 
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Table 4.26: Experimental and calculated energy levels for the C2v centre in 
CaF2 :Nd3+:Na+ . 

Multiplet Level Energy (calc) Energy (expt) 
419/2 Z1 23 0 

Z2 37 31 
Z3 218 204 
Z4 237 230 
Zs 869 859 

4111/ 2 Y1 2012 2017 
Y2 2028 2037 
Y3 2054 2060 
Y4 2077 2085 
Ys 2480 2494 
Y6 2494 2501 

4113/2 Xl 3947 3953 
X2 3950 
X3 3982 3991 
X4 3984 3993 
Xs 4446 
X6 4462 4470 
X7 4472 4479 

411s/2 W1 5789 5781 
W2 5811 5812 
W3 5923 
W4 5947 
Ws 6592 6596 
W6 6646 6650 
W7 6663 
Wg 6805 6776 

4F3/2 R1 11620 11630 
R2 11658 11657 

4FS/2' 2H9/2 S1 12536 12554 
S2 12546 12566 
S3 12645 12631 
S4 12720 12723 
Ss 12725 12739 
S6 12814 12795 
S7 12993 12998 
Sg 13005 13007 

4F7/2,4S3/2 A1 13559 13562 
A2 13576 13573 
A3 13760 13753 
A4 13764 13757 
As 13781 
A6 13836 

Continued on next page 
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Continued from previous page 

Multiplet Level Energy (calc) Energy (expt) 
4F9/ 2 Bl 14830 14833 

B2 14857 14851 
B3 14977 14973 
B4 14995 14998 
B5 15072 15066 

2Hll / 2 C1 15894 15885 
C2 16001 15994 
C3 16006 15999 
C4 16098 16092 
C5 16236 16248 
C6 16245 16252 

4G5/ 2 Dl 17130 17123 
D2 17299 17304 
D3 

Number of energy levels 48 
Number of free parameters 8 
Standard deviation 11.3 cm-1 
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Table 4.27: Experimental and calculated energy levels for the C2v centre in 
CaF2 :Nd3+:Li+ . 

Multiplet Level Energy (calc) Energy (expt) 
419/ 2 Zl 25 0 

Z2 44 47 
Z3 221 203 
Z4 248 243 
Z5 865 855 

4111/2 Y1 2013 2016 
Y2 2033 2041 
Y3 2065 2071 
Y4 2087 2097 
Y5 2476 2490 
Y6 2495 2501 

4h3/2 Xl 3949 3952 
X2 3953 
X3 3996 4005 
X4 4000 4007 
X5 4443 4466 
X6 4464 4469 
X7 4477 4480 

4115/2 WI 5796 5782 
W2 5825 5826 
W3 5932 
W4 5964 
W5 6591 6592 
W6 6646 6638 
W7 6667 6672 
W8 6806 6776 

4F3/2 R1 11613 11626 
R2 11663 11666 

4F5/2' 2H9/ 2 81 12536 12554 
82 12549 12571 
83 12647 12635 
84 12719 12702 
85 12725 12725 
86 12812 12795 
87 12991 13000 
88 13006 13009 

4F7/ 2,483/2 Al 13556 13563 
A2 13578 13578 
A3 13760 13754 
A4 13766 13760 
A5 13777 
A6 13839 

Continued on next page 
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Continued from previous page 
Multiplet Level Energy (calc) Energy (expt) 

4F9/2 Bl 14826 14833 
B2 14862 14860 
B3 14974 14970 
B4 14998 15005 
Bs 15075 15069 

2Hl1 / 2 C1 15900 15894 
C2 16005 15999 
C3 16011 16009 
C4 16102 16098 
Cs 16238 16244 
C6 16250 16255 

4GS/ 2 Dl 17133 17130 
D2 17296 17292 
D3 

Number of energy levels 50 
Number of free parameters 8 
Standard deviation 11.9 cm-1 
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Chapter 5 

Spectroscopy of SrF2:Nd3+ 

5,1 Introduction 

5,1.1 Previous Work 

The spectroscopy of SrF2:Nd3+ has been the subject of numerous investigations 
[36, 35, 7, 30]. These studies have been primarily concerned with the tetragonal 
(L) centre and, to a lesser extent the rhombic (M,N) centres. 

In contrast, work involving the cubic centre does not feature prominently, with 
only one published study in existence [73]. Likewise, there has been no research 
performed on the Nd3+-Na+ C2v centre in SrF2. 

The possible occurrence of centres of cubic symmetry in SrF 2:N d3+, was first 
raised by Voron'ko et al [73]. Here, the 4F3/2-----t4I9/2 transition was studied via 
X-ray luminescence. This allowed centres of cubic symmetry to be successfully 
identified. The proposed mechanism associated with the luminescence from these 
centres, was attributed to electron-hole recombination processes. As cubic centres 
possess a net positive charge, they form very efficient electron traps. Thus the 
RE3+ ions comprising these centres, are readily converted to the divalent RE2+ 
state following irradiation. 

The experimental results presented in this chapter, form the first major study of 
the cubic and C2v centres in SrF2:Nd3+:Na+. Energy level schemes for each centre 
were constructed from laser-selective excitation and fluorescence spectroscopic 
data. A crystal-field analysis has been performed on each centre and is presented 
at the conclusion of each section. 

81 
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4F3/2 (R) Multiplet 

The broad-band excitation spectrum for SrF2:Nd3+:Na+ is shown in Figure 5.1. 
The Ti-sapphire laser, operating in conjunction with the mid-wavelength optics, 
enabled lasing action over the range from 11500 to 11800 cm- l

. 

In the resultant spectrum, transitions specific to both the Oh and C2v centres 
are present. For a J=3/2 state in cubic symmetry, we would expect one fs irrep 
level. This can be assigned to the transition at 11626 cm- l , on the basis of its 
R---t Y fluorescence emission. 

The transition at 11603 cm- l cannot be assigned to either the Oh or C2v centres. 
The R---t Y fluorescence emission for this transition corresponds to that of the M2 
centre identified by Han [36]. 

The transitions at 11586 and 11669 cm- l correspond to the C4v RI and R2 levels 
respectively. Those transitions belonging to the C2v centre occur at 11657 and 
11618 cm- I . 

The Oh centre excitation frequencies associated with the 4F3/2 (R) multiplet are 
given in Table 5.1. 

Transition Irrep Energy (cm- I ) 

Zl---t RI fs 11626 

Table 5.1: 4F3/2 multiplet excitation frequencies (in air cm- l ±2) for the the Oh 
centre in SrF2:O.039 %Nd3+:1.12 %Na+. 
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The fluorescence emission to the 419/ 2 multiplet for SrF2:Nd3+:Na+) is shown in 
Figure 5.2. The spectrum was obtained by exciting the 12556cm- I cubic-centre 
transition with the Ti-sapphire laser. 

A notable feature of the spectrum, is the broad nature of the vibronic transitions. 
This can be attributed to the greater inter-atomic forces associated with SrF2J 
compared to CaF2 . vibronics seen here, are of comparable intensity to their 
electronic parents. This occurs as the motion of the rare-earth removes the inver
sion symmetry of the centre, so these transitions can proceed via electric-dipole 
processes. 

The three electronic levels expected for a J =9 /2 multiplet are present in emission. 
The cubic f 8 irrep can be assigned to the transition at 11626 cm-I . The resonant 
vibronic associated with this level is offset by 154 at 11472 cm -1. The 
second fs level occurs at 11449cm-1 and vibronic analogue is located at 
11297cm-1. The rationale for assigning the 11449cm-1 transition to Z2 was 
based on the results of crystal-field analysis and also the placement of the vibronic 
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transition at 152 crn- I from Z2' 

The third R I ---+Z3 transition has a frequency of 10856 em-I. This corresponds 
to the cubic f6 irrep, in accordance with the results of crystal-field analysis. It 
possesses a vibronic transition at 10704 

The extraneous feature at 11580 is due to breakthrough from the C2v Na+ 
centre. This occurs as the C2v Rl level lies beneath that of the Oh 11626 cm- I 

transition. 

The R---+Z transition frequencies and 419/2 multiplet energy leve1s are listed in 
Table 5.2. 

I Transition Irre nergy (em-I) offset (ern -1 ) 

R 1 ---+Z 1 fa 11626 0 
RI---+Z1 v 1 154 154 
R 1---+Z2 f8 11449 177 
R 1-+Z2 v 11297 329 152 
R 1---+Z3 f6 10856 769 
R 1 ---+Z3 + v 10704 922 152 

Table 5.2: 4F3/2-+419/2 frequencies (in air cm- I ±2) and 419/2 energy levels 
for the Oh centre in SrF2:0.087 %Nd3+ :1.66 %:N"a+. 
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Figure 5.2: 15 41"3/2-+419/2 fluorescence emission spectrum for the Oh centre in 
SrF2:0.039 %Nd3+:1.12 %Na+. 
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4111/2 (Y) Multiplet 

Figure 5.3 presents the R---+ Y fluorescence emission for the SrF 2:N d 3+:N a + 0 h 

centre. The spectrum was obtained by exciting the R multiplet 11626 cm-1 

transition with the Ti-sapphire laser. 

In cubic symmetry, a J=11/2 state will decompose into one f6, one f7 and two 
f s irrep levels. Each level can then be assigned to a specific transition, on the 
basis of crystal-field analysis. 

In Figure 5.3, the 1--+1 electronic transition at 9621 cm-1 corresponds to the Y1fs 
level. This feature has a vibronic analogue at 9469 cm-1

, offset from its parent 
transition by 152cm-1. 

The R1--+Y2 transition at 9608cm- 1 can be assigned to the cubic f6 irrep level. 
The vibronic at 9456 cm- 1 is of comparable intensity to its electronic parent 
transition. 

The very weak 9581 cm-1 transition is associated with the Y3f7level. Its vibronic, 
at 9429 cm- 1 is considerably more intense. This arises because the vibronic is 
electric-dipole allowed through the removal of inversion symmetry by the ionic 
motion. Finally, the Y4fS level can be assigned to the 9207 cm-1 transition. 

The remaining two transitions at 9400 and 9312 cm-1, have been tentatively 
attributed to phonons associated with the SrF 2 host lattice [24]. According to 
calculations performed by Elcombe [24], there is a peak at around 180 cm-1 in 
the SrF2 phonon spectrum. This frequency corresponds to the interval between 
the Y3 level and the 9400 cm-1 feature. The anomalous line at 9491 cm-1 is not 
associated with the cubic centre. An analysis of other Nd3+ centre lines was made 
by examining the literature [36]. No transitions were identified which were found 
to possess the same frequency. 

In general, SrF 2 crystals exhibit broader vibronics compared to CaF 2 systems. 
This is a consequence of the Sr2+ ion having both a greater mass (111=87.62) and 
ionic radius (r=1.13A) than that of Ca2+ (r=0.99A, m=40.08). This leads to 
an increase in the inter-atomic force constants and therefore stronger coupling to 
the crystal lattice, resulting in the broad features seen here. 

Table 5.3 lists the fluorescence transitions and energy levels associated with the 
4111/2 multiplet. 
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2005 
2157 152 
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2170 152 
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2419 

Table 5.3: 'Il'ansition frequencies (in air 
in SrF2 :O.039 %Nd3+:1.12 %Na+. 
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Figure 5.3: 15 K 4F3/2-74Iu/2 fluorescence emission spectrum for the Oh centre in 
SrF2 :O.039 %Nd3+:1.12 %Na+. 
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4h3/2 (X) Multiplet 

The 4F3/2----+4h3/2 fluorescence spectrum for the Oh centre in SrF2:Nd3+:Na+ is 
shown in Figure 5.4. The R1 transition at 11626 cm-I, was excited using the 
Ti-sapphire laser. The emission was recorded over the range from 1298 nm to 
1425 nm, on a Spex 1700 monochromator. Detection of the fluorescence was 
performed using a liquid-nitrogen cooled ADC model 403 Ge detector. An SRS 
model SR540 chopper and SRS model SR830 lock-in amplifier, were employed to 
convert the signal into a usable form. 

Figures 5.5 and 5.6 display the infrared absorption spectra for the SrF2:Nd3+:Na+ 
crystal, recorded over the 3900 to 4430 cm-1 region. These were produced using 
a Bio-Rad FTS-40 FTIR spectrometer in conjunction with a tungsten-halogen 
light source, quartz beamsplitter and indium antimonide detector combination. 
In total 256 scans were averaged at a temperature of 10 K. The resultant spectra 
were ratioed against a background spectrum recorded at room temperature. 

For a J =13/2 multiplet in cubic symmetry, five irrep levels are expected. In the 
absence of a Li+ -doped sample for comparison, the assignment of cubic-centre 
transitions should be treated tentatively. 

The Xl level has been assigned to the transition at 3945 cm-1. This is associated 
with the cubic r6 irrep. The x2r S level is attributable to the line at 3950cm-1. 
This feature is present in fluorescence, at 3949 cm-1. Both the Xl and X2 levels 
exhibit resonant vibronic transitions at 4099 and 4103 cm-1. These are apparent 
in the fluorescence emission spectrum. 

The cubic X3 transition is expected to occur within 10 cm-1 of the X2 level. It is 
not apparent in either the infrared or fluorescence spectra. 

Figure 5.6 presents the 4360-4430 cm-1 spectral region associated with the 4h3/2 
multiplet. The X4r 7 level is present in absorption at 4398 cm-1. and is associated 
with the vibronic transition at 4549 cm -1. In fluorescence the separation interval 
between these features is 151cm-1. The X5rS level is located at 4402cm-1 in 
both emission and absorption. 

The absorption transitions associated with the 4h3/2 multiplet in Oh symmetry, 
are given in Table 5.4. 
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I Transition I lrrep I Energy (em-I) I offset (em-I) I 

Zl---tXI r6 3945 
ZI---tXI + v 4099 154 
ZI---tX2 r8 3950 
ZI---tX2 + v 4103 153 
ZI---t X3 r7 
ZI---t X 4 r7 4398 
ZI---tX4 + v 4549 151 
ZI---tX5 r8 4402 

Table 5.4: 4I9/2-+4II3/2 absorption transitions (in air cm-I ±1) for the the Oh centre 
in SrF2 :O.15 %Nd3+:1.04 %Na+. 
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Figure 5.4: 15K 4F3/2-+4II3/2 fluorescence emission spectrum for the Oh centre in 
SrF2 :O.15 %Nd3+:1.04 %Na+. 
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4115 / 2 (W) Multiplet 

The 10K infrared absorption spectrum for SrF2 :Nd3+:Na+ is shown in Figure 5.7. 
A Bio-Rad FTS-40 FTIR spectrometer was used to measure transitions over the 
5750-6000 cm-1 spectral region. Here, a tungsten-halogen lamp, quartz beam
splitter and indium-antimonide detector combination was employed. 

In Figure 5.7, the intensity of the transitions is reduced, due to a poor signal
to-noise ratio. Similarly, transitions in the 6550-6750 cm-1 region cannot be 
observed. 

For the 4115 / 2 multiplet in cubic symmetry, the lowest lying level is the r s irrep. 
It is likely that this transition is coincident with the C2v level at 5793 cm- 1 . 

Evidence to support this, is provided by the transition at 5946 cm-1 . It exhibits 
a 152 cm-1 offset, which indicates that it is a resonant vibronic associated with 
the cubic centre. 

Crystal-field analysis places the cubic w2r S level at around 5918cm-1
. This 

transition was too weak to be successfully measured, on account of the signal-to
noise ratio. 

The three remaining 4115 / 2 levels cannot be observed and therefore remain unas
signed. 

The absorption transitions associated with the 4115 / 2 multiplet in Oh symmetry, 
are given in Table 5.5. 

I Transition I Irrep I Energy (cm 1) I offset (cm 1) I 

ZI----+ W 1 rs 5794 
ZI----+ WI + V 5946 152 
ZI----+ W2 rs 
ZI----+W3 r7 
ZI----+ W 4 rs 
ZI----+ W5 r6 

Table 5.5: 419/2---+4115/2 absorption transitions (in air cm-1 ±1) for the the Oh centre 
in SrF2 :O.15 %Nd3+:1.04 %Na+. 
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Figure 5.7: 15 K 4115/ 2 

SrF2 :O.15 %Nd3+:1.04 %Na+. 
absorption spectrum for the Oh centre in 

4F5/ 2 ) 2H9/ 2 (8) Multiplet 

The narrow-band excitation spectrum for the cubic centre in 8rF2:Nd3+:Na+ is 
presented in Figure 5.8. transitions in the spectrum are at slightly different 
frequencies from those in Table 5.6. This is due to the inaccuracy 111 

converting the laser motor steps to the measured frequency intervals. 

This region is composed of two distinct multiplets, which can be identified by 
the unique nature of their transitions. The 4F 5/2 multiplet possesses very sharp 
spectral lines, whereas specific to the 2H9/ 2 multiplet are much broader. 

Irreps common to the multiplet in Oh symmetry are the and 1'7 levels. 
Of these, the 811'8 transition can be assigned to the feature at 12556 cm-i . 

The very intense transition at 12709 cm- 1
) is the 153 resonant vibronic. 

Compared to the vibronics seen in CaF2 ) this feature is relatively broad. The 
821'7 level occurs at a frequency of 12630 em-I, 

The 2H9/2 multiplet is composed of one 1'6 and two 1'8 irreps. Crystal-field analysis 
predicts the occurrence of the 83 transition at 12708 cm 1. The only feature in 
this region is the vibronic at 12709 em-I. Interestingly, this transition exhibits 
a splitting of around 3 cm-I, which could possibly correspond to the 83 level at 
12712cm-1 . 
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The feature at 12781 cm- I has been assigned to the S4 level. This is offset by 
151 cm- I from the S2 level at 12630 cm- I , which suggests that the vibronic may 
be masked by the electronic line. 

The 12864 cm- I level is believed to be a resonant vibronic associated with the 
S3 transition. It is separated from its electronic parent level by 152 cm- I . The 
transition at 12963 cm- I is assigned to the S5fS level. 

Table 5.6 lists the excitation frequencies specific to the 4F5/ 2 ) 2H9/ 2 multiplet Oh 
centre. 

I Transition I Irrep I Energy (cm- I
) I offset (cm- I

) I 

ZI-tSI fs 12556 
ZI-tSI + v 12709 153 
ZI-tS2 f7 12630 
ZI-tS3 fs 12712 
ZI-tS3 + v 12864 152 
ZI-tS4 f6 12781 
ZI-tS5 fs 12963 I 

Table 5.6: Excitation frequencies (in air cm- I ±2) for the the 4F5/ 2 ) 2H9/2 multiplet 
in SrF2 :O.087 %Nd3+:1.66 %Na+. 
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Figure 5.8: 15 K 4F5/ 2 ) 2H9/2 multiplet excitation spectrum for the Oh centre in 
SrF2 :O.087 %NdH :1.66 %Na+. 
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4F7/2' 4S3/2 (A) Multiplet 

Figure 5.9 presents the 4F7/2' 4S3/2 multiplet narrow-band excitation spectrum 
for the Oh centre in SrF2:Nd3+:Na+. 

Two separate groups of spectral features are present in the spectrum. The first, 
is associated with the 4F7/2 multiplet which spans the region from roughly 13500-
13900cm-I. This multiplet comprises the f6, f7 and f8 irreps of which only the 
f8 level is present. This transition occurs at a frequency of 13558cm-l, within 
2 cm-I of the intense C2v line at 13556 cm- I . The AIf8 level has a resonant 
vibronic at 13711 cm-I, which exhibits a 153 cm- I separation. 

According to crystal-field analysis, the remaining f6 and f7 irrep levels are ex
pected to occur around 200 and 239 cm-I away from the AIf8 transition. Given 
this, it is likely that the broad feature at 13775 cm- I corresponds to the A4f 6 
level, whilst the A3f7 level is too weak to be observed. 

The 4S3/2 multiplet is composed of one f 8 level. This occurs at a frequency 
of 13733cm- I . The narrow line-width of this transition is characteristic of the 
4S3/2 multiplet. The vibronic transition associated with this level is located at 
13885 cm-I. 

The A multiplet excitation frequencies specific to the Oh centre are given in 
Table 5.7. 

I Transition I Irrep I Energy (cm-I) I offset (cm-I) I 

Zl-tA I f8 13558 
Zl-tAI + v 13711 153 
Zl-tA2 f8 13733 
Zl-tA2 + v 13885 152 
Zl-tA3 f7 
Zl-tA4 f6 

Table 5.7: Excitation frequencies (in air cm- I ±2) for the the 4F7/2' 483/2 multiplet 
in 8rF2:0.087 %Nd3+:1.66 %Na+. 
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Figure 5.9: 15K 4F7/2' 483/ 2 excitation spectrum for the Oh centre m 
8rF2:0.087 %Nd3+:1.66 %Na+. 

4F9/ 2 (B) Multiplet 

The broad-band excitation spectrum for the cubic centre in SrF2:Nd3+:Na+ is 
shown in Figure 5.10. This was obtained by monitoring the R-+ Y transition at 
1047.2 nm. 

The J=9/2 multiplet in cubic symmetry comprises one f6 and two fs irrep levels. 
Crystal-field analysis predicts that the two lowest energy irreps will both be f s. 

On this basis, the Blfs level can be assigned to the 14824 cm-l transition. This 
is associated with two {5 C2v levels at 14822 and 14846cm-l . The fact that the 
cubic fs irrep, transforms as two {5 irreps in C2v symmetry, confirms the nature 
ofthis transition. The 1-+1' vibronic transition occurs at 14977 cm-l and is offset 
by 152 cm-l from its electronic parent. 

Following the results of crystal-field calculations, it is expected that the second 
fs level will be located 136 cm-l away from the Blfs transition. The only level 
which appears in this region, is the vibronic at 14977 cm-l . It is likely that the 
B2 transition is actually masked by the most intense Na+ line, preventing it from 
being observed. 

This leaves the f 6 level to be assigned. Crystal-field analysis suggests that this 
level will be separated from Blf s by 215 cm-l . Examination of the spectrum, 
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provides evidence of a broad feature at 15025 . As this transition is ex
tremely weak, it seems likely that the cubic level is located underneath but is not 
discernible. 

Table 5.8 lists the 4F9/2 multiplet excitation frequencies for the cubic centre. 

Table 5.8: Excitation frequencies (in air cm-1 ±2) for the the 4F9/2 multiplet in 
SrF2 :O.087 %Nd3+:1.66 %Na+ 
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Figure 5.10: 15K 4P9/2 multiplet excitation spectrum for the Oh centre III 

SrP2:O.087 %Nd3+:1.66 %Na+. 



96 Chapter 5. Spectroscopy of SrF2 :Nd3+ 

2H 11/2 (C) Multiplet 

The 2Hu/2 multiplet excitation spectrum for the cubic centre in SrF2::-\d3+::\a+ 
is presented in Figure 5.11. 

Although the wavelength used to record the emission is specific to the cubic centre, 
transitions due to the G2v centre are also present. These occur at frequencies of 
15915, 16009, 16015, 16098 and 16236 and are indicated on the spectrum. 

In cubic symmetry, the 2Hu /2 multiplet will comprise one r6, one r7 and two 
r g irrep levels. These can be assigned to specific transitions on the basis of 
crystal-field analysis. 

According to group theory, the cubic irrep is associated with two C2v [5 

levels, whereas the cubic r6 and r7 irreps transform as only one C2v [5 irrep. 
Examination of the way in which transitions are grouped, can therefore assist in 
their identification. 

The very weak transition at 15910 can be attributed to the Oh centre on 
the basis of its R--+ Y fluorescence spectrum. As it is associated with only one 
C2v transition at 15915 cm-I, we can assign it to C1r 6 level. 

The c2rS transition occurs at 15997 cm-I and has a resonant vibronic at 16149 cm-I . 

This feature is offset by 152 cm-I from its electronic transition. 

The transition at 16084 cm -1 corresponds to the c3r 7 level, whilst the feature at 
16227 cm-I is associated with the c4rg level. 

The cubic centre excitation frequencies for the 
Table 5.9. 

multiplet are gIven in 

I Transition I Irrep I Energy (cm 1) I offset (cm I) 
Zl-->C] r6 15910 

Z1--+C2 rs 15997 
Zl--+C2 + v 16149 152 
Zl--+C3 r7 16084 
Zl--+C4 r g 16227 

Table 5.9: Excitation frequencies (in air cm-1 ±2) for the the 2Hu / 2 multiplet in 
SrF2:O.087 %Nd3+:1.66 %Na+ 
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Figure 5.11: 15 K 2Hl1/2 multiplet excitation spectrum for the Oh centre in 
SrF2 :O.087 %Nd3+:1.66 %Na+. 

4GS/ 2 Multiplet 

Figure 5.12 presents the 4GS/ 2 multiplet narrow-band excitation spectrum for the 
Oh centre. The sample employed was SrF2:0.087%Nd3+:1.66%Na+. 

The excitation spectrum seen here, features a number C2v centre transitions. 
These arise as a result of the proximity of the 933.8 nm Oh centre transition to 
that of the Na+ C2v level at 932.4 nm. 

For centres of cubic symmetry, the 4I9/2~4Gs/2 transition is not magnetic-dipole 
allowed. These transitions will be observed, however, on account of the admixture 
of crystal-field levels bringing in components which . A J=5/2 
multiplet state in cubic symmetry, will decompose into one r7 and one rs irrep 
level. 

According to crystal-field analysis, the lowest-energy level for this multiplet, will 
be a r7 irrep. In Figure 5.12, the D1r7 transition is at 17137 em-I. This level 
has an associated resonant vibronic at 17290 em -1. 

The electronic transition at 17320 corresponds to the r 8 irrep level. 
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Its vibronic analogue at 17472 cm-I exhibits an offset of 152cm- l . The intensity 
of the vibronic is comparable to that of the 1----t2 electronic line. This is a 
consequence of the individual motion of the rare-earth ion removing the inversion 
symmetry of the centre. 

The additional transitions at 17317, 17335, 17349 and 17362 cm- I are associated 
with the SrF2 phonon density of states [24]. These feature exhibit offsets of 180, 
198, 212 and 225 cm-I from the DI level. 

Table 5.10 lists the 4GS/ 2 multiplet excitation frequencies for the Oh centre. 

I Transition I Irrep I Energy (em-I) I offset (em-I) I 

ZI----tDI f7 17137 
ZI----t DI + v 17290 153 
ZI----t D2 fs 17320 
Zl----t D2 + v 17472 152 

Table 5.10: Excitation frequencies (in air cm- I ±2) for the the 4GS/ 2 multiplet in 
SrF2 :O.087 %Nd3+:1.66 %Na+. 
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Figure 5.12: 15 K 4GS/ 2 multiplet excitation spectrum for the Oh centre 111 

SrF2 :O.087 %Nd3+:1.66 %Na+. 
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5.2.1 SrF2 :Nd3+ Oh crystal-field analysis 

The SrF2 :Nd3+:Na+ crystal-field analysis for the cubic centre was performed using 
the i-shell empirical programs discussed in chapter 4. 

The free-ion relativistic corrections, three-body, spin-orbit and Slater parameters 
were taken from Burdick et al [15] and are presented in Table 5.11. 

In line with the results of CaF2 :Nd3+ crystal-field analysis, the fitting programs 
were modified to include correlation crystal-field effects. This has been reviewed 
in Section 4.2.1. 

Starting values for the cubic crystal-field parameters were obtained from the C4v 

analysis of SrF2 :Nd3+ [7]. The B~ and B~ terms were allowed to vary in the fit. 
Initially the cubic crystal-field Hamiltonian was referenced to a C4v basis. 

The free-ion Slater parameters, spin-orbit and crystal-field parameters were var
ied, whilst the other parameters were held constant. Experimental energy levels 
were progressively added, until a satisfactory fit was achieved. The Hamiltonian 
was then altered to that of a C2v basis, with the final expression being given by 
Equation 4.1. This was done to enable the cubic centre parameters and those 
obtained for the C2v centre to be compared. The B~ and B~ parameters were 
multiplied by -1/4 and -13/8 respectively, to conform to a C2v basis. 

Table 5.11: Minor free-ion parameters for Nd3+ sourced from Burdick et al [15]. 
Parameters obtained from correlation crystal-field (CCF) analysis of Nd:YAG. 

I Parameter I value (cm- I ) 

MTot 1.76 
P Tot 209 

a 20.8 
f3 -629 
I 1656 

T2 366 
T3 46 
T4 66 
T6 -270 
T7 324 
T8 307 

UNIVEH81TV OF GANTEBBUAY 
r;~-1~ll~,Tr.llllnr.H N 7 
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Table 5.12 lists parameters generated from the crystal-field (CF) and correlation 
crystal-field (CCF) analyses of the experimental energy levels. This comprises the 
crystal-field, spin-orbit and Slater parameters. A comparison of the parameters in 
Table 5.12 indicates a reasonable agreement between the CF and CCF analyses. 
The reduction in standard deviation from 41 to 10.2 em-I, is produced by the 
inclusion of the 9ioA ternl. As this parameter has large matrix elements for 
the 2Hu / 2 multiplet, it will therefore a negligible effect on the fit to other 
multiplets. 

Calculated and experimental energy levels obtained from the fitting routines are 
given in Table 5.13. Here a total of 27 energy levels were included, which produced 
a standard deviation of 10.2 em-I. In virtually all cases, the irreps generated via 
crystal-field analysis, were consistent with those based on experiment. The only 
exception is the 3950 cm-1 level, which has been assigned as a r7 irrep. This is in 
contrast to the CaF2:Nd3+ fit, where the second level "vas attributed to rs. This 
anomaly can be explained with reference to the relative sizes of Sr2+ and Ca2+, 
which influence the local crystal-field of 

Table 5.12: Crystal-field and free-ion parameters for the Oh centre in Sr2:Nd3+:Na+, 
obtained from crystal-field (CF) and correlation crystal-field (CCF) analyses. Param
eter uncertainties are given in brackets. 

F2 73100 (1200) 72582 (300) 
F4 50819 (1150) 51382 (280) 
F6 36356 (1580) 35622 (380) 
( 878 (5) 880 (1) 

B4 c 523 (50) 527 (10) 
B6 c -1519 (100) -1490 (30) 
4 

9 lOA -335 (20) 
(J 41 10.2 
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Table 5.13: Experimental and calculated energy levels for the SrF2 :Nd3+:Na+ Oh 
centre. 

Multiplet Level Irrep Energy (calc) Energy (expt) • 
4I9/2 Zl f8 6 0 

Z2 f8 188 177 
Z3 f6 781 769 

41 YI f8 1998 2005 
Y2 f6 2010 2018 
Y3 f7 2040 2046 
Y4 f8 2414 2419 

4I13/2 Xl fG 3942 3945 
X2 f7 3944 3950 
X3 f8 3945 
X 4 f7 4393 4398 
X5 f8 4398 4402 

4I15/2 WI f8 5799 5794 
W2 f8 5922 
W3 f7 6532 
W4 f8 6585 
W5 f6 6725 

4F3/2 Rl f8 11628 11626 
4F5/ 2,2H91 S1 f8 12540 12556 

S2 f7 12633 12630 
S3 f8 12708 12712 
S4 f6 12791 12781 
S5 f8 12962 12963 

4F7/2,483/2 Al f8 13562 13558 
A2 f8 13752 13733 
A3 f7 13762 
A4 f6 13801 

4F9/2 Bl f8 14837 14824 
B2 f8 14973 
B3 f6 15052 

2H 

• 

CI f6 15907 15910 
• 

C2 f8 16004 15997 
C3 f7 16087 16084 

i 
C4 f8 16219 16227 

4G5/2 
I 

DI [7 17142 17137 
D2 f8 17302 17320 

Number of data points 27 
Number of free parameters 7 

• Standard deviation 10.2 cm~1 
• 
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5.3 centre 

419/2 (Z) Multiplet 

The emission spectrum for the C2v centre in SrF2 :Nd3+:Na+ is presented 
in Figure 5.13. To prevent laser light from saturating the fluorescence emission, 
the Ti-sapphire laser was tuned to excite the 12576cm-1 transition. 

For C2v symmetry, a state comprises five IS irrep levels. All five of these 
transitions are apparent in the fluorescence emission. 

corresponds to the Zl electronic transition, whilst 
the adjacent 1 line, is assigned to the Z2 level. Both transitions are 
associated with the cubic r 8 level, on account of their close proximity. 

The second set of transitions occur at 11434 and 11406 cm-1 and are assigned to 
the Z3 and Z4 levels respectively. These are also specific to the cubic r 8 irrep. 

The Zs level is located at 10844 cm- I
. Adjacent to this is a small line at 10882 

which is from Zs by 39 cm- I . This represents emission out ofthe 11656 
R2 level. 

The R-+Z transition frequencies and 419/ 2 energy levels are given in Table 5.14. 

[Transition I Frequency (cm 1) I Energy (cm 1) I 

R1-+Z1 I 11617 0 
R1-+Z2 11581 36 
R1-+Z3 11434 183 
Rl 11406 211 
Rl-+ZS 10844 773 

Table 5.14: Transition frequencies (in air cm- 1 ±2) and 419/ 2 multiplet energy levels 
for the the C2v centre in 419/ 2 in SrF2:0.087 %Nd3+:1.66 %Na+. 
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Figure 5.13: 15 K 4F3/2-t419/2 multiplet fluorescence emission spectrum for the C2v 

centre in SrF2 :O.087 %Nd3+:L66 %Na+. 

4111/ 2 (Y) Multiplet 

The R-+ Y fluorescence spectrum for the C2v centre in SrF2 :Nd3+:Na+ is shown 
in Figure 5.14. 

For the 4111/2 multiplet, there are total of six /5 irreps in C2v symmetry. 

The Y 1 and Y2 transitions occur at 9617 and 9603 cm-1 respectively. tran
sition at 9567 cm-1 corresponds to the Y 3 level, whilst the line at 9542 cm-1 is 
associated with Y4 . 

The additional Y5 and Y6 levels exhibit a high degree of separation from the 
lower energy transitions. This is due to the repulsion between the wavefunctions 
associated with the specific irrep levels. Both these transitions at 9195 and 
9189cm-1 can be paired with the cubic rs level. 

An unusual feature of this spectrum, is the anomalous transition at 9488 cm-1 . 

This frequency is very close to that of the 9491 cm-1 line which occurs in the 
cubic-centre emission spectrum. It is probable that these transitions arise from 
the same centre. An examination of other transitions in the literature [36], did 
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not identify these levels. 

Table 5.15 lists the transition frequencies and energies of the 4111 /2 multiplet. 

I Transition I Fluorescence Energy (em-I) I Energy (em-I) I 

RI--7YI 9617 2001 
RI--7 Y2 9603 2015 
RI--7 Y3 9567 2051 
RI--7 Y4 9542 2076 
RI--7 Ys 9195 2423 
RI--7Y6 9189 2429 

Table 5.15: Transition frequencies (in air cm- I ±2) and energy levels for the the 4111/2 
multiplet in SrF2:O.039 %Nd3+:1.12 %Na+. 
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Figure 5.14: 15 K 4F3/2---+4111/2 fluorescence emission spectrum for the C2v centre in 
SrF2:O.039 %Nd3+:1.12 %Na+. 
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4113/2 (X) Multiplet 

Figure 5.15 presents the 4F3/2-14I13/2 fluorescence spectrum for the C2v centre 
:Nd3+:Na+, whilst Figure 5.16 shows the emission spectrum at 60 K. 

R1 transition at 11617 cm-t, was excited using the Ti-sapphire laser. The 
emission was recorded over the range from 1290 nm to 1390 nm, on a Spex 1700 
monochromator. Detection of the fluorescence was performed using a liquid
nitrogen cooled ADC model 403 Ge detector. An SRS model SR540 chopper and 

model SRS30 lock-in amplifier, were employed to convert the signal into a 
usable form. 

Figures 5.17 and 5.1S display the infrared absorption spectra for the SrF2:Nd3+:Na+ 
crystal, recorded over the 3920 to 4430 cm -1 region. This ,vas produced using 
a Bio-Rad FTS-40 FTIR spectrometer in conjunction with a tungsten-halogen 
light source, quartz beamsplitter and indium antimonide detector combination. 
In total 256 scans were averaged at a temperature of 10 K. 

In C2v symmetry, a J=13/2 multiplet will decompose into seven 15 irrep levels. 

The Xl level is located at 3940 in Figure 5.17. Justification for this assign
ment is seen in Figure 5.16, where the small feature at 7716 is believed to 
represent emission from the R2 level. This exhibits a 39 cm -1 offset from Xl, con
sistent with the RI-R2 splitting. The X2 transition is absent from the fluorescence 
emission, whilst in absorption a feature at 3941 cm-l is present. Crystal-field 
analysis indicates that the level will be situated in close proximity to Xl' It 
seems likely that the X2 transition is represented by the line at 3941 cm-1 

J which 
is masked by Xl in emission. 

The transition at 3992 cm-1 corresponds to the X3 level. The presence of the R2 
level at 7664 cm--1 confirms the X3 assignment. The X4 level is expected to occur 
within 5 cm-l and is absent in both absorption and emission. 

Crystal-field analysis predicts that the remaining transitions will be situated 
within30cm-1 of each other. In Figure 5.1S, the , and X7 1evels correspond 
to transitions at 4404, 440S and 4415 cm- l respectively. All features possess 
associated R2 emission lines which are indicated in Figure 5.16. 

Table 5.16 presents the 1
1113/2 multiplet absorption transitions for the C2v centre. 
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Figure 5.15: 15 K 4F3/2-+4I13/2 fluorescence spectrum for the C2v centre 1ll 

SrF2 :O.15 %Xd3+:1.04 %Xa+. 
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I Transition I Energy (cm-1) 

ZI----7X1 3940 
ZI ----7 X2 3941 
ZI ----7 X3 3992 
ZI----7 X4 
ZI ----7 X5 4404 
ZI----7 X6 4408 
ZI----7X7 4415 

Table 5.16: 419/2--+4113/2 absorption transitions (in air cm-1 ±1) for the C2v centre 
in SrF2:O.15 %Nd3+:1.04 %Na+. 

4115/2 (W) Multiplet 

Figure 5.19 presents the 10K infrared absorption spectrum for SrF2:Nd3+:Na+. 
The spectrum was measured on a Bio-Rad FTS-40 FT1R spectrometer in conjunc
tion with a tungsten-halogen lamp, quartz beam-splitter and indium-antimonide 
detector combination. 

The low signal-to-noise ratio in Figure 5.19 prevents transitions in the 6000-
6750 cm-1 region from being measured. However, transitions from 5750-6000 cm-1 

can be observed. 

The WI and W 2 levels can be assigned to the transitions at 5793 and 5826 cm-1 

respectively. These are both associated with the rs irrep in cubic symmetry. The 
assignment of the second W 2 level is based on the placement of the C2v levels 
in CaF2:Nd3+. The remaining transitions associated with this multiplet remain 
unassigned, due to the low signal-to-noise ratio. 

The 4115/2 multiplet absorption transitions are given in Table 5.17. 

I Transition I Energy (cm -1 ) 

ZI----7W1 5793 
ZI----7W2 5826 
ZI----7 W 3 
ZI----7 W 4 
ZI----7 W 5 
ZI----7 \lih 
Zl----7 W 7 

ZI----7 W s 

Table 5.17: 419/2--+4115/2 absorption transitions (in air cm-1 ±1) for the C2v centre 
in SrF2:O.15 %Nd3+:1.04 %Na+. 



1.006 

1.004 

<!) 1.002 
W2 

u c: 
('j 

-e 
0 
(/) 

~ 1.000 

0.998 

0.996 

5800 5850 

-1 
Energy (em) 

5900 

109 

18.01.01 

°h 

'~M 

5950 

Figure 5.19: 4I15/ 2 multiplet infrared absorption spectrum for the C2v centre in 
SrF2:O.15 %Nd3+:1.04 %Na+. 

4F3/2 (R) Multiplet 

The narrow-band excitation spectrum for the SrF2:Nd3+:Na+ C2v centre is 
sented 5.20. The spectrum was obtained by monitoring the R-+ Y tran-
sition at 10390 whilst scanning the Ti-sapphire laser over the 11500-11700 
regIOn. 

In C2v a J=3/2 multiplet state will decompose into two 18 irreps. 
Rl level occurs at a frequency of 11617 cm-I, whereas the ]12 level is located 
at 11656 The separation interval between these features is 39 
Also apparent in the spectrum are the hot lines at 11581 and 11619 . At 
a temperature of 15 K, the Z2 level is able to acquire a reasonable Boltzmann 
population, resulting in the Zl-Z2 splitting of 36cm-l. 

5.18 presents the excitation frequencies associated with the multiplet. 
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Transition Energy (em-I) 
Zl---1R1 11617 
Z2---1R1 11581 
Zl---1R2 11656 
Z2---1R2 11619 

Table 5.18: Excitation frequencies (in aIr cm-1 ±2) for the 4F3/2 multiplet III 

SrF2:O.039 %Nd3+:1.12 %Na+. 
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Figure 5.20: 15 K 4F3/2 multiplet narrow-band excitation spectrum for the C2v centre 
in SrF2:0.039 %Nd3+:1.12 %Na+. 
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4F5/ 2 , 2H9/2 (8) Multiplet 

The narrow-band excitation spectrum for the 8rF2:Nd3+:Na+ C2v centre is shown 
in 5.21. 

The 8 multiplet consists of two distinct regions; The 4F 5/2 multiplet, which is 
characterised by narrow-line width transitions and the 2H9/2 multiplet, with its 
broader features. 

According to group theory, the 4F 5/2 multiplet will decompose into three irreps. 
The 81 , 82 and 83 levels can be assigned to the transitions at 12560, 12576 and 
12642 cm -1 respectively. The first two features are associated with the cubic r 8 

irrep, whereas the third is associated with r 7 • 

Transitions specific to the 2H9/ 2 multiplet, are broader and less intense. total of 
five f5 levels are expected for this multiplet. Transitions at 12720 and 12731 cm- 1 

can be assigned to the 84 and 85 levels respectively. These correspond to the cubic 
irrep. The 86 level occurs at cm-1 and is associated with the r6 level. 

The two 87 and 88 transitions at 12966 and 12978 cm-1 are both paired with the 
cubic r 8 irrep. 

The C2v centre excitation frequencies specific to the 8 multiplet are presented in 
Table 5.19. 

12576 
12642 
12720 
12731 
12775 
12966 
12978 

Table 5.19: Excitation frequencies (in air cm-1 

SrF2:O.087 %Nd3+:1.66 %Na+. 
the S multiplet m 
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Figure 5.21: 15 K 4F5/2' 2H9/2 narrow-band excitation spectrum for the e2v centre 
in SrF2:0.087 %Nd3+:1.66 %Na+. 

Figure 5.22 presents the narrow-band excitation spectrum for the C2v centre in 
8rF2:Nd3+:Na+. 

The spectrum is characterised by two separate multiplets, which each DOi3sei3S 
distinct spectral features. Transitions specific to the 4F 7/2 multiplet exhibit 
broader line-widths, in contrast to the sharp structure of the 483/ 2 features. 

The 13556 and 13576 cm-1 transitions can be assigned to the Al and A2 levels 
respectively. are each associated with the 4F7/2 multiplet. Both 
possess hot lines which arise from the occupation of the Z2 level at 15 K. 
exhibit a splitting of 36cm-1 . 

The additional levels specific to this multiplet cannot be observed. into 
account crystal-field calculations, it would seem that these transitions should 
occupy the 13760-13820 cm-1 region. Examination of the spectrum however, 
suggests these features are too weak to be discerned. 

The 13740 and 13745 cm- I transitions correspond to the A3 and A4 levels of the 
483/ 2 multiplet. Hot lines common to these features occur at frequencies of 13704 
and 13709 

Table 5.20 the 4F7/ 2 , 483/2 multiplet excitation frequencies for the C2v centre. 
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I Transition I Energy (em -1 ) 

Z r---+ Al 13556 
Z2-+Al 13521 
Zl-+A2 13576 
Z2-+ A2 13545 
Zl-+A3 13740 
ZT--+A3 13704 
Zl-+A4 13745 
Z2-+A4 13709 
Z2-+A5 
Z2-+A6 

Table 5.20: Excitation frequencies (in air cm-1 ±2) for the A multiplet III 

SrF2 :O.087 %Nd3+:1.66 %Na+. 
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Figure 5.22: 15 K 4F7/ 2, 4S3/2 narrow-band excitation spectrum for the C2v centre in 
SrF2 :O.087 %Nd3+:1.66 %Na+. 
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4F9/ 2 (B) Multiplet 

The 4F9/2 (B) multiplet narrow-band excitation spectrum for the SrF2:Nd3+:Na+ 
C2v centre is shown in Figure 5.23. A tunable Spectra-Physics dye laser III 

conjunction with Rhodamine 610 dye was employed to excite the multiplet. 

The five ,5 levels associated with this multiplet are evident in the spectrum. The 
Bl 14822 and B2 14846 cm-1 transitions are grouped closely together and both 
correspond to the cubic r 8 level at 14824 cm -1. Also apparent are the hot lines 
at 14809 and 14787 cm- 1

. These arise as a result ofthe Boltzmann population of 
the Z2 level at 15 K. 

According to crystal-field calculations, the B3 and B4 levels should be separated 
from the Bl transition by 141 and 162 cm-1 respectively. On examination of the 
spectrum, it would appear that these levels can be assigned to the 14959 and 
14986 cm-1 transitions. 

The B5 level is expected to occur at approximately 70 cm- 1 away from B4. This 
frequency separation corresponds to that of the extremely weak transition at 
15044cm-1

. The broad nature of this feature however, makes it impossible to 
assign this level to a specific transition. 

The excitation frequencies of the 4F9/2 (B) multiplet C2v centre are presented in 
Table 5.21. 

Transition Energy (cm-1) 

Zl--+B 1 14822 
Z2--+Bl 14787 
Zl--+B2 14846 
Z2--+ B2 14809 
Zl--+B3 14959 
Z2--+B3 14922 
Zl--+B4 14986 
Z2--+B4 14949 

Table 5.21: 4F9/2 multiplet excitation frequencies (in air cm-1 ±2) for the C2v centre 
in SrF2:O.087 %Nd3+:1.66 %Na+. 
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Figure 5.23: 15 K 4F9/2 multiplet narrow-band excitation spectrum for the C2v centre 
in SrF2:O.087 %Nd3+:1.66 %Na+. 



116 Chapter 5. Spectroscopy of SrF2 :Nd3+ 

2Hn /2 (C) Multiplet 

The narrow-band excitation spectrum for the 2Hu/2 multiplet in SrF2:Nd3+:Na+ 
is shown in Figure 5.24. The spectrum ·was recorded using a Spex 1700 monochro
mator, set at a wavelength of 1039.2nm. 

Group theory predicts that a 1/2 multiplet state will comprise six 15 levels. 
Of these, two 15 transitions will be associated with one cubic r a irrep, whereas 
only one 15 transition will be paired with either a r 6 or r7 cubic level. 

The single C1 transition at 15915 will therefore be a.'lsigned to the cubic 
r 6 level. Likewise, the C2 and C3 lines 16009 and 16015 cm-1

, can be 
associated with the ra irrep. The C4 transition at 16098 corresponds to the 
r7 level. 

All the above features exhibit 36 
mann population of the Z2 level. 

splittings, arising from the Boltz-

The 16236 and 16243 cm-1 transitions are assigned to the Cs and C6 levels. The 
separation between these lines is only 7 . Their close proximity indicates 
that they are coupled to the cubic r a level. 

Table 5.22 lists the excitation frequencies associated with the 2Hll/2 multiplet. 

Transition Energy (cm-I ) 

Zl-+C1 15915 I 
Z2-+C1 15877 
Zl-+C2 16009 
Z2-+ C2 15972 
Zl-+C3 16015 
Z2-+C3 16977 
Zl-+C4 16098 
Z2-+C4 16061 
Zl-+C5 16236 
Zl-+C6 16243 

Table 5.22: Excitation frequencies (in air cm-1 ±2) for 
SrF2 :O.087 %Nd3+:1.66 %Na+. 

C multiplet 1Il 
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Figure 5.24: 15 K 2Hll / 2 multiplet narrow-band excitation spectrum for the C2v centre 
in SrF2:O.087%Nd3+:1.66 %Na+. 

4G5/ 2 (D) Multiplet 

The 4G 5/ 2 multiplet excitation spectrum for the C2v centre in SrF2 :Nd3+:Na+ is 
shown in Figure 5.25. 

A total of three {5 irreps are expected for a J=5/2 state. In cubic symmetry, the 
two {5 levels will both transform as the cubic rs irrep whilst the remaining {5 

level will transform as the r7 irrep. 

The D1 level at 17155 cm-1 is clearly separated from the higher energy transitions 
by 150cm-1. It is associated with the cubic r7 transition. The D2 and D3 
transitions occur at 17304 and 17353 cm-1 respectively. These features exhibit a 
separation of 49 cm -1. Their close proximity suggests that they are both associ
ated with the cubic rs level. 

At 15 K, a greater number of electrons are expected to occupy the upper Z2 

multiplet level. This gives rise to the 'hot lines', which represent transitions from 
Z2 to the 4G5/ 2 multiplet levels. The Zl-Z2 splitting for the SrF2 :Nd3+:Na+ C2v 

centre is 36cm-1 . These transitions are located at 17117, 17267 and 17316cm-1 

The 4G5/ 2 excitation frequencies for the C2v centre are presented in Table 5.23. 
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I Transition I Energy (em -1) I 

Zl----+D1 17155 
Z2----+ D1 1711 7 
Zl ----+ D2 17304 
Z2----+D2 17267 
Zl----+ D3 17353 
Z2----+ D3 17316 

Table 5.23: Excitation frequencies (in air cm-1 ±2) for the C multiplet III 

SrF2 :O.039 %Nd3+:1.21 %Na+. 
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Figure 5.25: 15 K 4G5/ 2 multiplet narrow-band excitation spectrum for the C2v centre 
in SrF2 :O.039 %Nd3+:1.21 %Na+. 
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5.3.1 :Nd3+ C 2v crystal-field analysis 

The Department's f-shell empirical programs were used in a crystal-field analysis 
of SrF2:Nd3+:Na+ C2v centre. The set of free-ion relativistic corrections, 
three-body, spin-orbit and Slater parameters used in the fit, were obtained from 
Burdick [15]. 

Modification of the one-electron crystal-field routines, to allow for correlation 
crystal-field effects, has been discussed in Section 4.2.1. This approach requires 
the introduction of the gioA parameter, which accounts for the interaction between 
f electrons. The main advantage in employing this operator, is that matrix 
elements are very small for all multiplets except 2Hll / 2. This leaves the fit to 
the other multiplets relatively unchanged, whilst altering the 2Hu /2 splittings, so 
they are in line with experimental results. 

The C2v Hamiltonian utilised in the fit is described by Equation 4.8. This Hamil
tonian, is identical to that used for the cubic centre fit, except for the introduction 
of the B'i term. This represents the contribution of the Na+ compensator along 
the [110] axis. 

Starting values for the Bi: and terms were obtained from the best fit to 
the cubic centre. The choice for the B'i parameter was based on the fit to the 
CaF2:Nd3+:?\a+ C2v centre. 

In the initial fit, all parameters except the free-ion Slater, spin-orbit and crystal
field parameters were held constant. Experimental energy levels were successively 
added, until a resonable fit was obtained. The final fit, involving 44 measured 
energy-levels, is given in Table 5.25. This lists the calculated energy levels gener
ated via the least-squares fitting routines, as well as the experimental levels. The 
overall standard deviation produced by the fit is 10.2 , which is consistent 
with that obtained for the SrF2 :Nd3+:Na+ cubic centre. 

Table 5.24 lists the crystal-field, spin-orbit and Slater parameters generated via 
the crystal-field (CF)and correlation crystal field (CCF) analyses of the experi
mental data. Parameter uncertainties are given in brackets after each value. The 
inclusion of the giM term has resulted in a threefold reduction in the standard 
deviation, from 35.3 to 10.2 cm- I

. In general, the cubic crystal-field parameters 
are consistent with those obtained for the SrF2:Nd3+ cubic centre. 

The addition of the giM term in SrF 2:Nd3+ has produced significant alterations in 
the magnitudes of the B~ and B~ parameters. This is in contrast to CaF 2: Nd3+ 1 

where only the B'i term was seen to significantly decrease. The effect of the giM 
parameter on B'i, can be explained by noting that both terms are dependent on 
the splitting of the crystal-field levels. As gioA is known to increase the magnitude 
of these splittings the 2Hu /2 multiplet, it is plausible that the reduction in B~, 
is a direct outcome of this. 

The B~ term in SrF2:Nd3+ is significantly greater than in CaF2:Nd3+. As the 
radius of the replacement Nd3+ and Na+ ions is less than that of Sr2+, there vv111 
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be minimal outward fluorine movement and therefore we would expect the B~ 
term to be smaller. To explain this anomalous result, would require the RE3+
M+ inter-atomic spacing in SrF2 to be much greater than in CaF2. This would 
account for the increase in the magnitude of this parameter. 

Table 5.24: Crystal-field and free-ion parameters for the C2v centre in SrF2:Nd3+:Na+, 
obtained from crystal-field (CF) and correlation crystal-field (CCF) analyses. Param
eter uncertainties are given in brackets. 

I Parameter I CF CCF 

F2 72842 (930) 72292 (260) 
F4 51026 (920) 51623 (255) 
F6 36130 (1255) 35339 (350) 
( 880 (3) 880 (1) 

B4 c 497 (40) 510 (10) 
B6 c -1533 (80) -1474 (20) 
B2 

A 425 (150) 371 (50) 
4 

gloA -336 (10) 
(J 35.3 10.2 
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Table 5.25: Experimental and calculated energy levels for the C2v centre in 
SrF2 :Nd3+:Na+, 

Multiplet Level Energy (calc) Energy (expt) 
419/2 Zl 14 0 

Z2 30 36 
Z3 198 183 
Z4 221 211 
Z5 787 773 

4111/ 2 Y1 1997 2001 
Y2 2015 2015 
Y3 2043 2051 
Y4 2064 2076 
Y5 2413 2423 
Y6 2431 2429 

4h3/2 Xl 3939 3940 
X2 3943 3941 
X3 3982 3992 
X4 3986 
X5 4386 4404 
X6 4406 4408 
X7 4419 4415 

4h5/2 W1 5802 5792 
W2 5828 
W3 5930 
W4 5959 
W5 6533 
W6 6583 
W7 6602 
W8 6735 

4F3/2 R1 11605 11617 
R2 11652 11656 

4F5/2) 2H9/2 Sl 12542 12560 
S2 12556 12576 
S3 12648 12642 
S4 12713 12720 
S5 12721 12731 
S6 12790 12775 
S7 12969 12966 
S8 12982 12978 

4F7/2) 4S3/2 A1 13553 13556 
A2 13575 13756 
A3 13751 13740 
A4 13758 13745 
A5 13760 
A6 13814 

Continued on next page 
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Continued from previous page 
Multiplet Level Energy (calc) Energy (expt) 

4F9/ 2 Bl 14824 14822 
B2 14856 14846 
B3 14965 14959 
B4 14986 14986 
B5 15059 

2Hll/ 2 C1 15922 15915 
C2 16015 16009 
C3 16021 16015 
C4 16101 16098 
C5 16226 16236 
C6 16237 16243 

4G5/ 2 Dl 17159 17155 
D2 17300 17304 
D3 

N umber of energy levels 44 
Number of free parameters 8 
Standard deviation 10.2cm-1 



Chapter 6 

Oxygen centres in CaF2:Pr3+ 

6.1 Introduction 

Over the years, there have been a variety of studies involving oxygen centres 
in rare-earth-doped fluorites. Early researchers employed EPR spectroscopy to 
establish the site symmetries of the various centres. The primary rare-earths 
studied included Gd3+ [39, 69, 79], Er3+ [64, 82, 75, 13]' Yb3+ [65, 58], Sm3+ [26] 
and Ce3+ [17]. Later workers utilised such techniques as thermal depolarization 
[52] and laser spectroscopy [43, 31, 32]. 

This chapter presents research on three oxygen centres in CaF 2 :Pr3+. The first 
section deals with the G 1 centre which has been previously documented in the 
literature [32, 36]. Section two outlines research performed on the D centre, which 
was first identified by Dyke et al [22]. The final section focusses on a new oxygen 
centre identified in this work. 

6.2 The CaF2:Pr3+ G 1 oxygen centre 

The introduction of oxygen into fluorite crystals doped with rare-earth ions results 
in the creation of the trigonal symmetry G 1 centre. This forms by the replacement 
of a substitutional F- ion with 0 2

- in the nearest-neighbour position along the 
[111] direction. The resultant centre possesses C3v symmetry. 

Jacobs [40] investigated the G1 centre in CaF2 :Pr3+. The 3PO----+3H4 fluorescence 
emission was recorded at 8 K and transition frequencies associated with the 3H4 
multiplet were measured. Jacobs observed a two-fold splitting associated with 
the /3 irrep level, which is not consistent with C3v symmetry. This suggested 
that the centre was not trigonal, but possessed lower symmetry. 

The G 1 centre was later studied by Gustafson and Wright [32] who measured the 
intensity oftransitions for Pr3+ co-precipitated in CaF2 . A precipitate containing 
10-3 mol Pr3+ was ignited in air at 600 and 1000°C for three hours and cooled 
slowly. Ignition at 600°C produced only the G 1 centre, whereas at 1000°C, other 
oxygen centres were observed. The excitation transitions were determined over a 
wavelength range from 410-700 nm. The fluorescence lifetimes for the G1 centre 

123 



124 Chapter 6. Oxygen centres in CaF2 :Py3+ 

were recorded as 33.7 fJS for the 3PO multiplet and 407 fJS for the ID2 multiplet. 

Hasan and Manson [36] examined the G 1 oxygen centre transition at 593 nm 
in CaF2:Pr3+ via hole burning spectroscopy. The hole-burning mechanism was 
found to be associated with a population redistribution between hyperfine and 
su per-hyperfine levels of the 3 Hc -+ 1 D2 electronic transition of Pr3+. Optical-RF 
double resonance studies indicated peaks at 10.5, 13.2 and 21.2 MHz. These were 
attributed to two sets of three fluorine ions in [111] planes and one ion along the 
C3 axis. 

Khong [50] employed laser-selective excitation spectroscopy to study the G 1 cen
tre in Cal_xSrxF2:Pr3+ mixed systems. The fluorescence transitions to the 3H4 , 

3H5 , 3H6 and 3F2 multiplets were documented, although in some cases, transition 
assignments remain questionable. 

This section represents the first complete study of the G 1 centre in CaF 2 :Pr3+. 
Laser-selective excitation and fluorescence spectroscopy have been used to es
tablish energy levels, for the six lowest multiplets in Pr3+. In most cases, irrep 
assignments have only been provisionally assigned, in the absence of a satisfactory 
crystal-field fit. 
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Figure 6.1: Energy level diagram of the low-lying 4fN states of Pr3+ doped in LaC13 
[21]. 
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1 D2 multiplet 

The 1 D2 narrow-band excitation spectrum for the G1 centre in CaF2:O.01 %Pr3+ 
is shown in Figure 6.2. 

The G 1 centre is known to comprise an ion in the nearest neighbour 
position relative to Pr3+. The site symmetry is approximately C3v ) which for a 
J = 2 multiplet, is expected to decompose into one {I and two {3 irreps. 

In Figure 6.2, the electronic line at 16850 cm l can be attributed to the Dl level. 
The broad transition at 17001 , has been tentatively assigned to D2. This 
feature was not identified by Khong [50] as the excitation scan did not extend to 
this region. 

Polarisation studies performed by \Vells SrF2:Sm3+, suggested that absorption 
transitions associated with the G 1 centre are magnetic dipole in nature [77]. This 
places restrictions on the number of irrep levels which are likely to be seen. For the 
1 D2 multiplet in CaF 2:Pr3+, a total of three levels are predicted by group theory. 
Assuming that transitions to the multiplet, are magnetic-dipole allowed, 
we would expect at least two levels to be present in absorption. A search for 
other electronic lines over the 17100-17500cm-1 and 16400-16600cm-1 regions 
~was performed and no evidence was found to indicate the presence of additional 
transitions in this multiplet. 

Table 6.1 lists the absorption transitions to the 1 D2 multiplet for the G 1 oxygen 
centre in CaF2:O.01 

Table 6.1: Excitation frequencies (in air cm-1 ±2) for the electronic transitions of the 
Gl centre in Cafi'2:0.01 
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Figure 6.2: 15 K 1 D2 multiplet narrow-band excitation spectrum for the G 1 oxygen 
centre in CaF2 :O.01 %Pr3+. 

3H4 multiplet 

Figure 6.3 presents the 1 D2-t
3H4 fluorescence spectrum for the G 1 oxygen centre 

in CaF2:0.0l %Pr3+. 

In C3y symmetry, a J = 4 multiplet will decompose into two 11, one 12 and three 
13 irreps. According to group theory, the lowest energy transitions are expected 
to be a 11 and 13 irrep, originating from the decomposition of the cubic level. 

To prevent laser light from masking the fluorescence emission, the spectrometer 
shutter was closed down 10 cm-1 either side of the laser line. The approximate 
location of the DI-tZl transition is indicated on the spectrum. This has been 
tentatively attributed to the C3y 11 irrep. 

, 

close proximity of the 16743 and 16725 cm-1 transitions suggest that these 
arise from the splitting of the doubly degenerate 13 irrep. This phenomenon was 
observed by Jacobs [40], who suggested the possibility of the G1 centre being 
distorted from C3y symmetry. Similar splittings were also seen by Khong [50] in 
the 3H5 and 3H6 multiplets. 
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The D1-+Z4 fluorescence transition occurs at 16027 cm-I
. Associated with this 

level, is the DI -+Z5 transition at 15994cm-l
. It is possible that both transitions 

could arise from the splitting of the r3 irrep. 

The appearance of the lines at 15943 and 15921 cm-1 is interesting, since these 
are absent in the Jacobs spectrum. There, emission from the 3PO multiplet to the 
3H4 ground state places restrictions on the number of observed transitions as this 
is a consequence of changes in the selections rules governing the transitions. In 
this study, emission is from the 1 D2 multiplet, where the emitting level is likely to 
be a r3 irrep. We would therefore expect to see a greater number of transitions, 
than those seen by Jacobs [40]. 

The transition at 15767 cm-1 has not been designated as a 3H4 electronic tran
sition. Its broad structure suggests that it could be vibronic in origin. The 
15666 cm -1 feature also remains unassigned. transitions were not observed 
by Khong. 

Transitions specific to the C4v centre are indicated on the spectrum. The Z1 
transition occurs at 16830 cm-1

, while the and Z6 transitions are recorded at 
16301 and 16280 cm-1 respectively. 

The frequencies and energy levels for the 3H4 multiplet in CaF2 :O.01 %Pr3+:02-

are listed in Table 6.2. 

D1-+Z1 16850 0 
D1-+Z2 16743 107 
D1-+Z3 16725 125 
D1-+Z4 16027 823 
D1-+Z5 15994 856 
D1-+Z6 15943 907 
D1-+Z7 15922 928 

Table 6.2: 1 D2-+3H4 transition frequencies (in air cm-1 ±2) and 3H4 energy levels for 
the Gl centre in CaF2:0.01 %Pr3+. 
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Figure 6.3: 15 K 1 D2 -+3H4 fluorescence emission spectrum for the G 1 oxygen centre 
in CaF2:0.01 %Pr3+. 

The 3H5 multiplet fluorescence spectrum, shown in Figure 6.4, spans the region 
from 13600-14800cm-l. 

For C3v symmetry, a J = 5 multiplet is expected to decompose into one 11, two 12 

and four 13 irreps. Assuming that the 1 D2 emitting level is a 13 irrep, we would 
expect all seven irrep levels to be present in emission. The lowest energy irreps 
comprise one 12 and two 13 levels. 

In Figure 6.4, the three lowest lying levels occur in the region from 14710-
14620cm-l . The Dr---+YI transition is located at 16705cm-l . Khong [50] has 
attributed the Y1 level to two separate transitions, separated by only 2 cm-1 . In 
this instance, it is likely that these levels represent a splitting of the 13 irrep, which 
is doubly degenerate in exact C3v symmetry. This splitting was not observed here, 
owing to the reduced resolution. The Y2 and Y3 levels have been assigned to the 
transitions at 14670 and 14651 cm- I . Both these frequencies are in agreement 
with those of Khong [50]. 
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Dl~Y4 and Dl~Y5 transitions occur at 14633 and 14623cm-1 respec
tively. Khong documented the 14633 cm~l transition, and failed to observe the 
14623 cm-1 transition in emission. 

The remaining Gllevels in the :3H5 multiplet occupy the 14000-14200cm-1 spec
tral region. These transitions were not reported by Khong [50], due to the reduced 
intensity of the spectrum. 

The Y6 and Y7 lines at 14101 and 14060 cm-l appear to have associated vibronic 
transitions at 13888 and 13845 em -1. These features exhibit broad structure and 
are separated from the electronic levels by 213 and 214cm-1. Similar vibronics 
were documented by Wells for the G 1 centre in Sr F 2 [77]. These features 
were offset from their electronic parent lines by 296 and 313 cm- 1 

Table 6.3 lists the transition frequencies and energy levels for the Gl centre in 
CaF 2:0.01 %Pr3+:02-. 

ency (ern-I) Energy (ern -1 ) 

D1~Y1 14705 
Dl~Y2 14670 
Dl~Y3 14651 
Dl~Y4 14633 
Dl~Y5 14623 
Dl~Y6 14101 
Dl~Y7 14060 

Table 6.3: 1 D2--+3H5 transition frequencies (in air cm- 1 

the Gl centre in CaF2 :O.01 %Pr3+. 

2148 
2183 
2199 
2217 
2227 
2752 
2794 

and 3H5 energy levels for 
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Figure 6.4: 15 K 1 Dz-t3H5 fluorescence emission spectrum for the Gl oxygen centre 
in CaFz:O.01 %Pr3+. 

3H6 multiplet 

The IDz-+3H6 fluorescence emission for the G1 oxygen centre in CaFz:O.Ol %Pr3+ 
is shown in Figure 6.5. 

Magnetic-dipole selection rules indicate that all nine irrep levels of the 3H6 multi
plet will be observed in emission. For C3v symmetry a J 6 multiplet will break 
down into three 11, two 12 and four 13 irreps. 

Identification of the G 1 centre levels was achieved by tuning the laser off the 
16850 cm -1 excitation line. Transitions specific to the G 1 centre were found to 
maintain the same relative intensity. 

As the G 1 16850 transition is not well separated from the C4v D2 level, 
transitions from this centre will be seen in emission. These were recorded at 
and 11868cm--1 and correspond to the X4 and Xg levels observed by Reeves [66], 

The 3H6 transitions occupy the 11550-13550 spectral region. The intense 
feature at 12753 cm-1 corresponds to the D1-+X1 transition. Khong [50] recorded 
this transition at 12752cm-1 and found an extra line at 12750cm--1, This addi-
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tional feature was not observed here, and is believed to arise from the splitting 
of the 1'3 irrep. The X2 and X3 levels have been assigned to the 12615 and 
12589 cm-1 transitions. Of these, only the X2 level has been recorded by Khong. 

Theoretical calculations place the remaining levels for the 3H6 multiplet in the 
12050-11500 cm-1 region. The X4 and X5 levels occur at 12010 and 11823 cm-I 

and were not documented by Khong. The transitions at 11724, 11682 and 
11656 cm-I have been assigned to the X6, X7 and Xs levels respectively. These 
frequencies agree closely with those reported by Khong [50]. As there is difficulty 
in establishing the correct placement of the Xg level, this transition has been left 
unassigned. 

The transition frequencies and energy levels for the 3H6 multiplet in CaF 2:0.01 %Pr3+ 
are listed in Table 6.4. 

I Transition I Frequency (em-I) I Energy (em-I) I 

Dr---+XI 12753 4097 
DI----+X2 12615 4235 
DI----+X3 12589 4261 
DI----+X4 12010 4840 
DI----+X5 11823 5027 
DI----+X6 11724 5126 
DI----+X7 11682 5168 
Dl----+XS 11656 5194 
D1----+X9 

Table 6.4: ID2--+3H6 transition frequencies (in air cm-1 ±2) and 3H6 energy levels for 
the Gl centre in CaF2:0.01 %Pr3+. 
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Figure 6.5: 15 K 
in CaF2:O.01 

fluorescence emission spectrum for the G 1 oxygen centre 

3F2 multiplet 

fluorescence emission spectrum for the G 1 centre is presented in 
Figure 6.6. 

The multiplet spans the region from 10700-11300 cm-1. The breakdown of a 
J 2 multiplet in C3v symmetry yields one II and two 13 irrep levels. 

transition can be assigned to the line at 11201 
exhibits a small satellite line offset by 19 cm-I, which 'may 
attributed to the 13 irrep. 

feature 
that it can be 

According to theoretical calculations, the VV2 transition is attributable to the II 
leveL This occurs at a frequency of 11090 cm- I . Likewise, the 11019 cm- I 

W3 transition can be tentatively assigned to the 13 irrep. 

Table 6.5 lists the G1 centre transition frequencies and 
to the 3F2 multiplet. 

levels applicable 
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Table 6.5: 1 D2-t3F 2 transition frequencies (in air cm-1 

the Gl centre in CaF2:0.0l %Pr3+. 
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Figure 6.6: 15 K 1 D2-t3F2 fluorescence emission spectrum for the G 1 oxygen centre 
in CaF2:0.01 %Pr3+. 
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3F3,3F4 multiplets 

Figures 6.7 and 6.8 depict the 1D2---t3F3 , 3F4 fluorescence emission for the G1 
oxygen centre in CaF2:0.01 %Pr3+:02-. 

For C3v symmetry, the 3F3 multiplet will break down into one {I, two {2 and 
two {3 irrep levels. The transitions comprising this multiplet have been labelled, 
but irrep levels can only be tentatively assigned in the absence of a satisfactory 
crystal-field fit. Despite this, the approximate grouping of transitions can be 
deduced from the ordering of cubic irrep levels. For a J 3 multiplet, the lowest 
lying level is a r 5 irrep. In C3v symmetry, it will decompose to one {I and one {3 
irreps. These levels can be assigned to the transitions at 10440 and 10415 cm- 1

. 

The adjacent set oflines at 10349 and 10331 cm-1 conform to the C4v D2---t VI and 
D1---t V 1 transitions respectively. Confirmation of this assignment was obtained 
by 'detuning' the laser off the G1 absorption transition. 

The G1 V3 level has been attributed to the transition at 10252cm-1
. The assign

ment of the remaining levels is complicated by the fact that the 9900-10050 cm-1 

spectral region is rather convoluted. Taking this into consideration, the V4 and 
V5 levels can be provisionally assigned to the transitions at 9915 and 9883cm- 1 

respecti vely. 

The 3F 4 multiplet occupies the region from 9000-9850 cm- 1
. The decomposition 

of cubic irreps in C3v symmetry, yields two {I, one {2 and three {3 irrep levels. 
Selection rules for magnetic-dipole transitions, indicate that all six levels will be 
seen in emission. 

The D1---t U 1 transition occurs at a frequency of 9831 cm -1. This is related to the 
r5 irrep in cubic symmetry. As the spectrum was recorded using a step size of 
1 A, it is possible that the D1---t U2 transition has been masked by the U 1 level. 

To aid the assignment of the U3 level, the laser was detuned off the 16850cm-1 

absorption line. The transition at 9693 cm-1 was found to maintain a similar 
intensity ratio to that of U 1. This would establish it as originating from the G 1 
centre. The smaller transition at 9724 cm-1 exhibited a decrease in intensity rel
ative to the G1levels. This suggests that it is unrelated to the above transitions. 
The 9693 cm- 1 feature can therefore be assigned to the D1---t U3 transition. 

The three remaining irrep levels occur in the 9000-9500 cm- 1 region. The first 
two are associated with the breakdown of the cubic r 4 irrep to one {2 and one 
{3 levels. These occur at 9384 and 9299 cm-1 and are assigned to the U4 and U5 

levels respectively. The D1---t U6 transition corresponds to the level at 9061 cm- 1 . 

This is associated with the {I irrep in C3v symmetry. 

Transitions specific to the C4v centre are apparent in the spectrum. The U1 ,U2 
and U6 levels occur at frequencies of 9850, 9763 and 9480 cm- 1 respectively. These 
have been previously documented by Reeves [66]. The extraneous transition at 
9181 cm- 1 was examined by detuning the laser off the excitation line. This level 
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was found to maintain a similar intensity ratio to that of C4v transitions, 
suggesting that it originate from this centre. 

The transitions, frequencies and energy levels associated with the 3F 3 and 3F 4 

l11ultiplets, are listed in Tables 6.6 and 6.7. 

6935 
6967 

Table 6.6: ID2-+3F3 transition frequencies (in air cm-1 ±2) and 
the Gl centre in CaF2:0.0l %Pr3+. 

D1-+U1 
D1-+U3 

D1-+U4 

D1-+US 

D1-+U6 

7157 
7369 
7551 
7788 

energy levels for 

Table 6.7: 1 D2-+3F 4 transition frequencies (in air cm-1 ±2) and 3F 4 energy levels for 
the Gl centre in CaF2:O.01 %Pr3+. 
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Figure 6.7: 15 K 1 D2 -+3F 3 fluorescence emission spectrum for the G 1 oxygen centre 
in CaF2:0.01 %Pr3+. 
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6.8: 15 K 1 D2-+3F 4 fluorescence emission spectrum for the Gl oxygen centre 
in CaF2:0.01 %Pr3+. 
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6.3 The CaF2:Pr3+ D centre 

Investigations by Dyke et al [22] on CaF2:Pr3+:02-, identified a new oxygen cen
tre, now termed the 'D' centre. There, a broad-band excitation was performed and 
a total of two transitions were attributed to this centre. These were recorded at 
595.3nm (16798 cm-1) and 596.4 nm (16767 cm-1). These assignments were based 
on fluorescence emission studies, which documented energy levels for the 3H4 , 3HS 
and 3H6 multiplets. Hole-burning experiments performed on the 596.4nm feature, 
revealed a 10MHz line-width. This was found to be considerably narrower than 
the 30MHz observed for the 594.1 nm C4v line, when measured under the same 
conditions [22]. In the case of the 596.4 nm transition, it is likely that absorption 
occurs from a singlet ground state. This is implied by the narrow width of the 
spectral line. An RF-optical double resonance spectrum was obtained from 0 to 
110 MHz, for zero magnetic field. This produced a total of two peaks at 22 and 
43 MHz. These results indicated that the observed peaks are due to transitions 
between the second-order hyperfine levels of the I =~ Pr3+ nucleus. The 1:2 
ratio of the hyperfine frequencies suggested that the centre possessed near-axial 
symmetry. 

The results in this section represent the first detailed spectroscopic study of the 
D centre in CaF 2 :Pr3+ :02- . Both laser selective excitation and fluorescence 
spectroscopy have been employed to determine the transition frequencies and 
energy levels for each multiplet. 

1 D2 multiplet 

The narrow-band excitation spectrum for the D centre in CaF2:O.01 %Pr3+:02-, is 
shown in Figure 6.9. The spectrum was recorded on a Spex 1700 monochromator 
set on the 687.8 nm fluorescence emission line. A Spectra Physics tunable dye 
laser, operating with Rhodamine 590 dye, was scanned over the 1 D2 multiplet 
range. Detection of the fluorescence was performed with an RCA 31034 PMT 
and photon counting equipment. 

In Figure 6.9, the transitions at 16796 and 16768 cm-1 have been documented by 
Dyke et al [22]. The appearance of a third line at 16748cm-1 is interesting, since 
these authors failed to observe this feature under broad-band excitation. In their 
study, a Zl-Z2 splitting of 48 cm-1, in the 1 D2-+3H4 fluorescence emission was 
noted. This corresponds exactly to the 48 cm-1 separation interval between the 
16796 and 16748 cm-1 absorption transitions seen here. This finding combined 
with those of Dyke et al suggests that the 16748 cm-1 level, is a hot line arising 
from the occupation of the Z2 level. By heating the sample to 60 K (Figure 6.10), 
the 16748 cm-1 transition strengthened in relation to D1 and D2, which indicates 
that this feature originates from the Z2 level. 

Evidence supporting the association of the 16748 cm-1 hot line with the D2 tran
sition, is seen in the 60 K excitation spectrum. Here the 16660-16730 cm-1 region 
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has been magnified by a factor of 10. The small feature at 16716cm-1 is believed 
to be a hot line associated with the Dl transition. The frequency offset of 52 cm-1 

differs slightly from the expected 48 cm -1. This is due to inaccuracy converting 
the dye laser motor steps to the measured frequency intervals. 

To establish the specificity of these transitions to the D centre, the spectrometer 
was 'detuned' off the 687.8 nm fluorescence transition. Those transitions associ
ated with the D centre were found to maintain the same relative intensities. 

The broad feature at 16700 cm-1 has been previously recorded by Dyke et al [22]. 
These workers established that this transition was non-specific to the D centre. 

The intensity ratio of C4v centre transitions was found to decrease, after detuning. 
The presence of these features in the spectrum, is a consequence of the close 
proximity between the C4v and D centre fluorescence emission lines. 

Table 6.8 lists the absorption transitions for the D centre CaF 2:0.01 %Pr3+. 

I Transition Energy (cm 

Z2-+Dl 16716 
Z2-+D2 16748 
Zl-+D1 16768 
Zl-+D2 16796 

Table 6.8: 1 D2 multiplet excitation frequencies (in air 
CaF2 :O.01 %Pr3+ 

1) 

for the D centre in 



140 

0,8 

S 0,6 e 
;>., 

,," 

'" 5 
3 

0.4 

Figure 6.9: 15 K 
CaF2 :O.01 %Pr3+. 

~ 

d e 
,q 

I-

600 I-

j 400 I-

200 I-

o 
16650 

Chapter 6, Oxygen centres in CaF2 :P13 + 

1-2 
14,g,OI,ROJ 

1·1 

Excitation Energy (em-I) 

multiplet narrow-band excitation spectrum for the D centre in 

I I I I I 
1-2 

13.8,Q1,R03 -

-

1-1 

-

c<v -
x 10 r ~ Lt \-.-.,--,J 

16700 16750 16800 16850 16900 16950 

Excitation Energy (em-I) 

Figure 6.10: 60 K 1 D2 multiplet narrow-band excitation spectrum for the D centre in 
CaF2:0.01 %Pr3+. 
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3H4 multiplet 

The 15 K I D2--+3H4 fluorescence emission spectrum is shown in Figure 6.11. 

In Figure 6.11, the fluorescence emission was obtained by exciting the higher 
energy 16796 cm- I transition. This is reflected by the presence of the 16768 cm- I 

transition in the spectrum. In addition, the majority of fluorescence transitions 
exhibit some emission from the D2 level. In most cases, a very small shoulder 
line can be discerned, which represents fluorescence out of the D2 level. 

The D2--+Z2 transition occurs at 16748cm- l . This is offset from the D2 transition 
by 48 cm-I, which gives the Z2 energy level. Interestingly, we do not observe a 
corresponding DI--+Z2 transition for the DI level. This feature would be expected 
to occur at a frequency of 16720cm- l

. 

The broad transition at 16352 cm- I exhibits an asymmetric structure, with a 
rather prominent dip in the centre. This latter feature suggests that self-absorption 
of fluorescence may be occuring, resulting in the formation of two separate peaks. 
Rather then assign these as specific transitions, both features have been attributed 
to the Z3 level. 

The DI --+Z4 transition occurs at a frequency of 16105 cm-I . This assignment is 
supported by the presence of a shoulder line at 16131 cm-I, which originates from 
the D2 level. 

The higher intensity transition at 15962 cm- I has its origins in emission from the 
D2 level. This is suggested by the 27 cm- I offset between it and the transition 
at 15935 cm- I

. Further evidence supporting this assignment, was obtained on 
warming the crystal to 60K (Figure 6.12), where the 15962cm-1 feature was 
observed to increase relative to the Z5 level. 

The very sharp transition at 15925 cm-I, is assigned to the Z6 level. This feature 
is unique, in that it possesses an unusually narrow line-width and appears to 
associated with Z5. Features exhibiting similar structure are apparent in the 3H5 
and 3H6 multiplets. 

The transition at 15860 cm- I can be attributed to the Z7 level. On the high 
frequency side, a shoulder line at 15889 cm- I can be discerned. This feature is 
offset from Z7 by 29cm-I, which is equivalent to the DI-D2 splitting of 28cm- l . 

Table 6.9 lists the 3H4 multiplet frequencies and energy levels for the D centre in 
CaF2 :O.01 %Pr3+:02-. 
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I Transition I Frequency (cm 1) I Energy (cm 1) I 

D2-tZl 16796 -28 
D1-tZl 16768 0 
D 2-tZ2 16748 48 
D1-tZ3 16352 416 
D1-tZ4 16105 663 
D 2-tZ5 15962 806 
D1-tZ5 15935 833 
D1-tZ6 15925 843 
D1-tZ7 15860 908 

Table 6.9: ID2 -+3H4 transition frequencies (in air cm-1 ±2) and 3H4 energy levels for 
the D centre in CaF2 :O.01 %Pr3+ 

3H5 multiplet 

Figure 6.13 displays the 1 D 2-t
3H5 emission spectrum for the D centre. Although 

the laser frequency corresponds to the D2 level, the majority of fluorescence 
transitions originate from D1. 

The symmetry of the D centre has only been partially determined [22] as possess
ing near-axial symmetry. This therefore prevents the assignment of irrep labels 
to transitions. 

The lower energy 14539 and 14531 cm-1 transitions can be assigned to the Yl 
and Y2 levels respectively. Both these transitions have been previously measured 
by Dyke et al [22]. These transitions are associated with the cubic fl and f 3 

irreps. The weak line at 14558 cm-1 is associated with emission from D2. This is 
offset by 28 cm-1 from the corresponding Dl-t Y2 transition. 

The Dl-t Y 3 and Dl-t Y 4 transitions are attributable to the 13974 and 13848 cm-1 

levels respectively. The remaining features at 13728 and 13713 cm-1 have been 
assigned to the Y5 and Y6 levels. The 13758 cm-1 feature is offset by 30 cm-1 

from Y 5 and represents emission out of D2. The Dl-t Y 6 transition is interesting, 
on account of its narrow line-width. This feature, together with the adjacent 
13728 cm-1 line, comprise a pair of transitions which are similar in structure to 
those seen in the 3H4 and 3H6 multiplets. This grouping of higher transitions is 
associated with the cubic f5 and f~ irrep levels. 

The transition frequencies and associated energy levels for the 3H5 multiplet are 
given in Table 6.10. 
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I Transition I Frequency (em-I) I Energy (em-I) I 

D2 -----tY2 14558 2238 
DI-----tYI 14539 2229 
DI-----tY2 14531 2237 
DI-----tY3 13974 2794 
DI-----tY4 13848 2920 
D2 -----tY5 13758 3038 
DI-----tY5 13728 3040 
DI-----tY6 13713 3055 

Table 6.10: I D2-t3H5 transition frequencies (in air cm-I ±2) and 3H5 energy levels 
for the D centre in CaF2:0.01 %Pr3+ 
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Figure 6.13: 15 K ID2-t3H5 fluorescence emission spectrum for the D centre m 
CaF2:0.01 %Pr3+. 
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3H6 multiplet 

The 1 D2 ---+3H6 fluorescence emission spectrum for the D centre in shown in Fig
ure 6.14. Excitation of the 16796 cm -1 absorption transition was achieved through 
the use of a Spectra Physics dye laser. 

In cubic symmetry a J =6 multiplet will decompose into six irrep levels. For 
lower symmetry centres, such as the D centre, a greater number of irreps would 
be expected. In Figure 6.14, however, only five electronic levels are observed. 
This is a possible consequence of the weak emission to this multiplet, which is 
reflected in the low signal-to-noise ratio. The transition at 12552 cm-1 represents 
emission from the D2 level at 16706 cm -1. This can be deduced from the 26 cm-1 

splitting between it and the 12525 cm-1 transition. A similar interval is apparent 
in the case of the 12484 and 12456 lines, where the separation is 28 cm -1. 

The broad feature at 12258 is believed to be a vibronic transition. The 
frequency offset between it and the electronic levels was not observed in other 
multiplets. Additional vibronic features occur at 12077 and 12044 cm-1

. The 
separation interval in this instance, was found to be 33 cm -1. This result suggests 
that these transitions arise from emission out of the D2 and Dl levels respectively. 

The feature at 11707 cm-1 , possesses what appears to be a shoulder line at 
11730cm-1

. Closer inspection, reveals a separation of 24cm-1 between these 
two features. This is very close to the D2-Dl splitting of 28cm-1 . Taking this 
into account, the 11730 feature is assigned to the D2---+X3 transition, whereas 
the 11707 cm-1 line, can be attributed to emission from D1---+X3 . 

Lines at 11629 and 11590 are attributed to the D1---+X4 and D1---+X5 transi-
tions respectively. and X5 levels are significant, as similar structures have 
been noted in other multiplets. The D1---+X5 transition exhibits a very narrow 
line width and is offset from X4 by 39 cm -1. Collectively, these two features are 
structurally similar to transitions seen in the 3H4 and 3H5 multiplets. 

Table 6.3 lists the D centre frequencies and energy levels for the 3H6 multiplet in 
CaF2:O.01 
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I Transition I Frequency (cm 1) I Energy (cm -1) I 

D2 -tX1 12552 4244 
D1-tX1 12525 4243 
D2 -tX2 12484 4312 
D1-tX2 12456 4312 
a 12258 4510 
b 12077 4691 
c 12044 4724 
D2 -tX3 11730 5066 
D1-tX3 11707 5061 
D1-tX4 11629 5139 
D1-tX5 11590 5178 

Table 6.11: 1 D2---+ 3H 6 transition frequencies (in air cm-1 ±2) and 3H6 energy levels 
for the D centre in CaF2:0.0l %Pr3+ 
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Figure 6.14: 15K 1D2---+ 3H6 fluorescence emission spectrum for the D centre in 
CaF2:0.0l %Pr3+. 
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3F 2 multiplet 

The fluorescence emission spectrum for the D centre in shown in Fig-
ure 6.15. 

Transitions applicable to the 3F 2 multiplet, lie within a 200 range. Accord
ing to group theory, a total of two crystal-field levels would be expected for a 
J =2 multiplet in cubic symmetry. For lower symmetry centres these will split 
into either three, four or five crystal-field levels. In Figure 6.15, three electronic 
transitions are observed. 

The WI level has been assigned to the transition at 11072 
by 15 cm-I, from the 11057 cm- I feature. Both of 
emission out of the DI level at 16768cm- l . The DI 
10991 cm- I . 

. This is separated 
transitions arise from 

transition occurs at 

Table 6.3 lists the D centre frequencies and energy levels for the 3F 2 multiplet in 
CaF2:0.01 %Pr3+. 
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Figure 6.15: 15 1 D2 -+ 3 F 2 fi uorescence emission spectrum for the D centre in 
CaF2 :O.01 %Pr3+. 
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Table 6.12: 

3F3 3F4 multiplets 

transition frequencies (in air cm-1 

:0.01 %Pr3+ 
and 3F2 energy levels 

Figures 6.16 and 6.17 depict the ID2-73F3) 3F4 fluorescence emission for the D 
centre in CaF2:O.01 :02-. 

The 3F3 multiplet transitions occupy the region from 1000 to 1020nm. In this 
spectrum, there are three high intensity transitions and two very weak ones. Ex
amination of the separation between the transitions at 9975 and 9947 cm-1 

reveals a 28 offset. This is identical to the D2-Dl splitting seen in excitation 
of the 1 D2 multiplet. The 9975 cm-1 line, is therefore attributable to the D2-7 V 1 

transition and the 9947 cm-I feature to emission from the Dl level. 

The DI-7 V 2 transition occurs at a frequency of 9947 em-I. This feature must 
originate from the Dl level, since it does not possess a corresponding 28 cm-1 

offset line. The V 3 level is assigned to the most intense feature at 9876 em -1. 

This transition represents emission from the Dl level, since it exhibits a 28 cm- 1 

separation from 9903 

The 3F4 multiplet extends from 1020-1120nm. Vlfe would expect excess of four 
levels in this multiplet as this is the number seen in purely cubic symmetry. 

Due to the close proximity of the 3F3 region, there is difficulty in determining 
the specificity of each transition to each multiplet. An example of this, is seen 
in the 9701 cm-1 line, which is located half-way between multiplets. Calculating 
the energy of this transition, gives a value of 7047 em-I) which would place it in 
the lower range of the multiplet. This transition has been attributed to the 
VI level. 

The majority of 3F 4 multiplet transitions are grouped from 10400 to 11200 cm-l. 
The second line at 9477 corresponds to the D I -7V2 transition. The 9403 cm-1 

feature has been assigned to the V 3 level. The weak feature at 9365 is 
attributable to the Dl transition, whilst the 9299 cm-1 line corresponds to 
the Us level. 

In the case of L 6, two transitions at 9233 and 9205 em - \ originate from the D2 
and D1 levels respectively. The remaining features at 9181 and 9119 have 
been attributed to the and Us levels. 

The 3F3 and multiplet frequencies and energies for the D centre are lists in 
Tables 6.3 and 6.3 respectively. 
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9876 

Table 6.13: 1 D2--+ 3P3 transition frequencies (in air 
for the D centre in CaP2:0.0l %Pr3+ 

9477 
9403 
9365 
9299 
9233 

Dl -7U6 9205 
Dl 9181 
Dl -7U8 9119 

Table 6.14: 1 D2--+3p 4 transition frequencies (in air 
for the D centre in CaP2:O.01 %Pr3+ 

6849 
6893 
6892 
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±2) and 3P3 energy levels 

7291 
7365 
7403 
7469 
7535 
7563 
7615 
7649 

and 3p 4 energy levels 
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Figure 6.16: 15 K 1 D2-+3F3 fluorescence emission spectrum for the D centre in 
CaF2:0.01 %Pr3+. 
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6.4 The CaF2:Pr3+ B centre 

This section comprises a spectroscopic study of a new oxygen centre in CaF2:PrH . 

Transition frequencies and energy levels associated with the B centre, have been 
determined via laser spectroscopy. As the site symmetry of this centre is un
known, no attempt has been made to assign irreps to specific energy levels. 

1 D2 multiplet 

The 3 Hc.-t 1 D2 narrow-band excitation spectrum for the B centre IS shown m 
Figure 6.18. 

To establish the specificity of absorption transitions to the B centre, the spec
trometer was 'detuned' off the emission line. The spectrum was then recorded 
over the same range, noting changes in intensity of the transitions. Excitation 
lines at 16737 and 16863 cm-I were found to maintain a constant intensity ratio, 
whereas additional transitions exhibited a decrease. The presence of the C4v 

absorption transitions is indicative of the close proximity of the C4v emission line 
to that of the B centre transition at 6894 A. 

Other features apparent in Figure 6.18 occur at 16820, 16850 and 16700cm-1. 

The 16820 cm-1 line is attributable to the A1 mixed centre and has been pre
viously identified by Khong [50]. The G1 centre transition at 16850cm-1 is 
discussed elsewhere in this work. The transition at 16700 cm-I was studied by 
Dyke et al [22]. This feature was found to arise from the oxygenation process, 
but was not assigned to a specific centre. 

The DI transition has been attributed to the electronic line at 16737 cm-I. The 
second, broader D2 feature, occurs at a frequency of 16863 cm-I and is separated 
from the electronic transition by 126 cm-I. 

Table 6.15 lists the absorption transitions to the I D2 multiplet for the B centre 
in CaF2:0.0l %PrH . 

I Transition I Energy (cm -1) I 

I ZI----tDI I 16737 I 
ZI----tD2 16863 

Table 6.15: Excitation frequencies (in air cm- I ±2) for the electronic transitions of 
the B centre in CaF2 :O.01 %PrH . 
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Figure 6.18: 15 K 1 D2 multiplet excitation spectrum for the B centre m 
CaF2 :O.01 %PrH . 

3H4 multiplet 

Figure 6.19 depicts the 1 D2 ---+ 3 H4 fluorescence emission spectrum for the B centre 
in CaF2 :O.01 %PrH . Here, a Spectra Physics dye laser was tuned to excite the 
16737 cm-1 electronic level. 

For a J =4 multiplet in cubic symmetry, a total of four irrep levels are expected. In 
Figure 6.19 a total of five transitions are observed in emission. This is consistent 
with group theoretical predictions for any symmetry lower than cubic. 

In recording the fluorescence to the 3H4 multiplet, the spectrometer shutter was 
closed down on 10 cm-1 either side of the laser line. The D1---+Z1 transition, 
therefore, is not seen in emission. 

The spectrum in the 16300-16600 cm-1 region has been magnified by a factor of 
five, to enhance the intensity of the features. The D1---+Z2 transition is assigned 
to the line at 16569 cm-1

. This is offset from the Zl level by 168 cm-1. The Z3 
and Z4 levels correspond to the features at 16491 and 16411 cm-1 respectively. 
The most intense transition occurs at a frequency of 15931 cm-1 and is assigned 
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to the Zs level. 

Table 6.16 lists the transitions, frequencies and inferred energy levels associated 
with the 3H4 multiplet for the B centre in CaF 2:0.01 :02-. 

16569 
16491 
16411 
15931 

326 
806 

Table 6.16: transition frequencies (in air ±2) and 3H4 energy levels 
for the B centre in CaF2 :O.01 %Pr3+. 
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Figure 6.19: 15 K 1 D2-t3H4 fluorescence emission spectrum for the B centre in 
CaF2 :O.01 %Pr3+. 
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3H5 multiplet 

The 1 D2-t3H5 fluorescence em1ss1On spectrum is shown in 
excitation frequency in this case was 16737cm-1. 

6.20. The 

The 3H5 multiplet is characterised by four irreps in cubic symmetry. The lower 
energy r 3 and irreps correspond to transitions in the 680-697 nm region. 
Likewise, the energy transitions are associated with the and lrrep 
levels. Only five electronic transitions are seen in this region. is the same 
number as that recorded for the 3H4 multiplet. Here, it is likely that selection 
rules place restrictions on the transitions observed. 

The Dl transition occurs at a frequency of 14516 cm- I . is offset from the 
y 2 level at 14500 by 16 cm -1. The weaker 14349 cm -1 feature corresponds 
to the Dl-t Y 3 transition. 

The broad transition at 13881 cm -1 has been designated as the Y 4 level, whereas 
the 13842 cm -1 has been assigned to the Dl-t Y 5 transition. 

The transitions, frequencies and energy levels for the 3H5 multiplet B centre are 
listed in Table 6. 
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Figure 6.20: 15 K 1Dr+3H5 fluorescence emission spectrum for the B centre In 

CaF2:0.01 %Pr3+. 
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2856 
2895 

Table 6.17: ID2-73Hs transition frequencies (in air cm-1 

for the B centre in CaF2 :0.01 %Pr3+. 

155 

and 3H5 energy levels 

Figure 6.21 depicts the fluorescence emission spectrum. The fluores-
cence was recorded from 780-910 nm on a Spex 1700 monochromator. 

A J =6 multiplet will decompose into six irrep levels in cubic symmetry. The 
number of observed transitions should be correspondingly greater in the case of 
axial symmetry centres. 

In Figure 6.21, a logarithmic scale has been used to enhance the intensity of 
transitions to this multiplet. Due to the weakness of these features, transition 
assignments are treated as tentative. The Dl --7-X1 transition can be assigned to 
the feature at . This line is in close proximity with the 12398 cm-1 X2 

transition. Additional features in this region occur at frequencies of 12152 and 
12133 cm -1. These are believed to be vibronic transitions and therefore 
unassigned. A search for similar features in other multiplets was inconclusive. 

The transition at 11817 cm- I corresponds to the X3 level. This is offset by 
231 from the D1--7-X4 transition at 11544 cm 1 . Adjacent to this line, is 
the feature at 11517 cm- I

. This has been attributed to the D1 transition, 
al though this assignment is questionable, given the broad nature of this level. 

The small line at 11425 cm-1 has been assigned as a vibronic transition. The 
electronic transitions at 11185 and 11160 cm-1 correspond to the X6 and X7 

levels respectively. 

Table 6.18 lists the 3H6 multiplet transitions, frequencies and energy levels, ap
plicable to the B centre in OaF 2 :Pr3+ . 
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I Transition I Frequency (em-I) I Energy (em-I) I 

DI--+XI 12435 4302 
DI--+X2 12398 4339 
a 12152 4585 
b 12133 4604 
DI--+X3 11817 4920 
DI--+X4 11544 5193 
DI--+XS 11517 5220 
e 11425 5312 
DI--+X6 11185 5552 
DI--+X7 11160 5577 

Table 6.18: I D2-+3H 6 transition frequencies (in air cm- I ±2) and 3H6 energy levels 
for the B centre in CaF2:0.01 %Pr3+ 
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Figure 6.21: 15 K I D2-+3H6 fluorescence emission spectrum for the B centre in 
CaF2:0.01 %Pr3+. 
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3F 2 multiplets 

Figure 6.22 presents the I D2-+3F 2 fluorescence emission spectrum for the B centre 
in CaF2 

In cubic symmetry a J=2 multiplet will breakdown into a 
For axial centres, this number is expected to be greater. 

and r 3 irrep level. 

In Figure 6.22 the 3F2 multiplet is characterised by three levels specific to the 
B centre. D1-+W I transition occurs at a frequency of 11082cm- l . The W2 
level corresponds to the feature at 11001 cm- I

. Both these levels are associated 
with the breakdown of the cubic r 5 irrep. 

The 10737 line corresponds to the D1-+ W 3 transition. This feature is asso
ciated with the cubic r 3 irrep. It is located adjacent to the 10718 cm- I transition. 
This feature as well the line at 10620 cm-I, are not associated with the B centre. 
This result was obtained by detuning the laser off the Dl absorption transition. 
Those levels common to the B centre were seen to decrease in intensity, whilst 
those specific to the new centre exhibited an increase. It is believed that the 
new centre arises from the oxygenation process, although site symmetry is 
unknown. 

Table 6.19 lists the transitions, frequencies and energy levels for the 3F 2 multiplet 
in CaF2:0.01 %Pr3+. 

20000 
\-2 

6.M2.ROJ 

15000 

'i 
~ 
» 1-1 ;0;:; 10000 Ul 
<: 
'" .s 

5000 

o~~~~~Lw~~~~~~~~~~~~~ 
10400 10600 10800 11000 

Fluorescence Energy (em-I) 

Figure 6.22: 15 K I D2 -+3F2 fluorescence emission spectrum for the B centre m 
CaF2 :O.01 
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D1-+W1 

D1-+\V2 

D1-+W3 
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11082 
11001 
10737 

5655 
5736 
6000 

Table 6.19: transition frequencies (in air cm-1 and energy levels 
for the B centre in CaF2:0.01 %Pr3+. 

3F 3 3F 4 multiplets 

Figure 6.23 depicts the 3F3, 3F4 emission spectrum for the CaF2:0.01 B 
centre. 

For purely cubic symmetry, a J=3 multiplet will decompose into crystal
field levels. In the case of lower symmetry centres, a greater number of levels 
would be expected. The spectral region associated with the 3F3 multiplet extends 
from approximately 976-1027 nm. 

The VI level can be assigned to the transition at 9858 cm -1. The D1-+ V 2 

transition occurs at a frequency of 9804 cm -1. According to group theoretical 
predictions, at least three levels should be seen in this multiplet, as this is the 
number seen in cubic symmetry. That only two transition are present, suggests 
that selection rules may prevent the observation of a third level. 

The 3F 4 multiplet extends from 8800-9700 cm-1
. This region is characterised by 

three major transitions and a number of very weak ones. For a multiplet, 
we would expect the same number of levels as those recorded in the region. 
For this reason, only the five most intense transitions have been assigned to 
this multiplet. Inclusion of all the weaker transitions would have resulted in a 
disproportionate number of levels. 

The D1-+ U1 transition can be attributed to the 9617 cm-1 line. The weak feature 
adjacent to at 9455 cm-1, was found to belong to a separate, unidentified 
centre. The U2 level was assigned to the 9339 cm-1 transition. The two smaller 
features on the low frequency side of U2 have not been assigned, for the reasons 
described above. and U4 levels have been attributed to the transitions 
at 9109 and 9094 respectively. The D1-+US transition has been assigned to 
the feature at 9047 cm -1. 

Tables 6.20 and 6.21 list the transitions, frequencies and' energy levels for the 
3F3 and 3F 4 multiplets in CaF2 :O.01 %Pr3+. 



B centTe 

Frequency (cm- l ) 

9858 
9804 

Table 6.20: 1 D2-+3F3 transition frequencies (in air 
for the B centre in CaF2:O.01 %Pr3+. 
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6933 

±2) and 3F3 energy levels 

I Transition Frequency (cm -1 ) I Energy (cm-1) I 
9617 
9339 
9109 
9094 
9047 

Table 6.21: 1 D2-+3F 4 transition frequencies (in air 
for the B centre in CaF2:O.01 %Pr3+. 
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7 

onclusions 

Laser spectroscopy has successfully characterised both the cubic and C2v cen
tres in CaF2:Nd3+ and SrF2:Nd3+. Formation of these centres was enhanced 
through the addition of N aF /LiF co-dopants. Although previously observed in 
CaF2:Nd3+, the cubic centre has not been extensively researched, on account of 
its weak nature. Likewise, the spectroscopy of the Nd3+ C2v centre has not been 
addressed in the literature. Spectroscopic techniques have also been applied to 
the examination of three distinct oxygen centres in CaF 2:Pr3+. 

The spectroscopy of the CaF2:NdH cubic centre has determined levels 
from ten multiplets. For centres of cubic symmetry, only transitions satisfying 

are allowed. In this instance, however, the motion of the rare-earth 
is able to break the strictly cubic symmetry, which then allows transitions to 
proceed via electric-dipole processes. This process is thought to give to a very 
narrow line-width vibronic transition, which is characteristic of the cubic centre. 
In CaF2:NdH , the vibronic is separated by 141 cm~l from its electronic parent 
transition. The low frequency of the vibronic, which decreases with 
lanthanide mass, suggests that it is associated with pseudo-localised resonance 
modes, rather than those of the CaF2 host. A crystal-field analysis involving 
the experimentally-determined energy levels was performed on this centre. To 
improve the fit to the 2Hll / 2 multiplet, the crystal-field programs were adapted to 
allow for correlation effects between f electrons. This approach was successful in 
improving the fit over the entire multiplet range and led to a four-fold reduction 
in the standard deviation. 

Laser-selective excitation spectroscopy has established energy level schemes for 
the Nat- and Li+ C2v centres in CaF2:Nd3+. In most cases, the :"Ja+ and Li+ centre 
transitions were shifted by a couple of wavenumbers from each other. This is due 
to the fact that the C2v centre is approximately cubic with a small perturbation 
induced by the alkali-metal compensator. In order to fit the C2v centre energy 
levels, a Hamiltonian was employed whose z axis was referenced along the [110] 
direction. The crystal-field parameters were subsequently adjusted to conform to 
the new basis. In the initial fit, the cubic crystal-field parameters obtained from 
the best fit to the cubic centre, were used as a starting point. The introduction 
of the axial B6 term, was used to represent the effect of the alkali-metal ion. 
As the 2Hll/2 multiplet splitting tends to be underestimated by the one-electron 
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parameterization, a correlation crystal-field term was added to the fitting routine. 
As with the cubic centre, this significantly improved the fit to all multiplets, 
including the 2Hl1/2 multiplet. 

The energy levels associated with the SrF2:Nd3+ cubic centre, were determined 
via laser and infrared absorption spectroscopy. The levels specific to the 4113/2 
and 4115/2 multiplets were measured through infrared absorption, whereas laser
selective excitation established levels for the remaining multiplets. As polari
sation studies were not performed on this centre, irrep level assignments were 
treated as tentative. In SrF2, the coupling between the rare-earth and lattice 
ions is stronger than in CaF 2. The resonant vi bronic transitions are therefore 
considerably more intense in SrF2. The cubic centre vibronic was measured as 
152 cm- I . This transition is associated with the motion of the rare-earth and 
depends on the changes in force constants induced by the substitution of a heavy 
lanthanide ion for Sr2+. A crystal-field analysis involving 27 measured levels from 
ten multiplets was performed. Here, a C2v Hamiltonian was utilised whose z axis 
was oriented along the [110] direction. This approach ensured that the crystal
field parameters were comparable to those obtained in the C2v analysis. The 
addition of a correlation crystal field term substantially altered the overall fit. 

Laser-selective excitation spectroscopy has successfully established the energy 
level scheme for the C2v Na+ centre in SrF2:Nd3+. A total of 44 experimental 
levels were utilised in a crystal field analysis, in which the data was fitted to a C2v 
Hamiltonian. The addition of the axial B5 term, represented the contribution of 
the Na+ ion along the z axis. The crystal-field programs were adapted to allow for 
correlation effects between f electrons. This resulted in a three-fold reduction in 
the standard deviation and improved the fit in the problematic 2Hll/2 multiplet. 

A spectroscopic study of the G1 oxygen centre in CaF2:Pr3+ determined energy 
levels for seven multiplets in Pr3+. As this centre was previously identified as 
possessing C3v symmetry, irrep labels were assigned to transitions. In the absence 
of polarisation studies however, all assignments were treated as tentative. A 
notable feature of this centre, was the apparent splitting of the /3 irrep, which 
occurred in the 3H4, 3H5 and 3H6 multiplets. This splitting was also noted by 
Jacobs [40] and later by Khong [50]. This suggests that the site is possibly 
distorted and may possess slightly lower symmetry than C3v ' 

The spectroscopy of the D centre in CaF2:Pr3+, was successfully completed us
ing laser spectroscopy. This centre was first identified by Dyke et al [22], who 
established that the site symmetry was near-axial. A total of 35 energy levels 
were measured over seven multiplets. Irrep assignments were not made, as the 
site symmetry has not been completely determined. In the 3H4 multiplet, there 
is an anomalously sharp line at 15925 cm- I , which appears to be associated with 
a broader transition at 15935 cm-1. Lines exhibiting similar structure were also 
observed in the 3H5 and 3H6 multiplets. 

Laser spectroscopy was employed to characterise a new oxygen centre in CaF2:Pr3+. 
Termed the 'B' site, this centre is thought to possess higher symmetry than the G 1 



163 

centre, on account of the reduced number of transitions seen in all multiplets. As 
polarisation studies were not performed, irrep labels were unable to be assigned. 
Laser-selective excitation determined 29 energy levels from the seven multiplets 
studied. 

7.0.1 Future work 

It is envisaged that future research would focus on the cubic centre vibronics 
in rare-earth doped fluorites. Temperature-dependence and fluorescence lifetime 
measurements would contribute to an understanding of electron-phonon coupling 
in the lanthanides. Further studies investigating the alteration in force constants 
needed to produce the resonant vibronic frequency are required. Previous re
search into this problem has employed a Green's function formalism to model the 
140 cm-1 resonance modes [41]. 

The formation of the C2v centre, charge-compensated by a monovalent ion, raises 
the possibility of other centres based on optically active monovalent species. It 
has been suggested [62], that replacing Na+ with an optically-active ion such as 
Cu+, could could result in new C2v centres with unique charge-transfer properties. 
These centres could find application in the area of photo chromic materials. 

For oxygen centres in CaF 2 :Pr3+, Zeeman spectroscopy could assist in deter
mining the site symmetries involved. This would also help to establish the exact 
symmetry of the G 1 site as well as the lesser known D and B centres. Polarisation 
studies would be useful in ascertaining irrep labels, which could then be employed 
in a crystal-field analysis. 
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