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Abstract 

Alkaline earth fluoride crystals doped with Sm3+ and Eu3+ ions have been investi
gated by polarised laser selective excitation, Zeeman infrared and optical absorption. 
These studies identify four main centres for CaF2:Sm3+ and CaF2:Eu3+ crystals. 
They are a single RE3+ -F- pair having C4v symmetry, a near-cubic symmetry centre 
with a non-local charge compensator and two cluster centres. In CaF2:Sm3+ crys
tals, the cluster centres are entirely non-radiative due to efficient cross-relaxation 
processes between the constituent Sm3+ ions. These centres have been investigated 
by codoping with additional RE3+ ions. Efficient 4Gi(Sm3+)---t5Do(Eu3+) energy 

2 

transfer has been observed for the heterogeneous cluster centres in CaF2:Sm3+:Eu3+. 
In SrF2 crystals doped with Sm3+ and Eu3+ ions, the dominant centre consists of a 
single RE3+-F- pair of C4v symmetry. In SrF2:Eu3+ a weak C3v symmetry centre 
has been observed which is analogous to the dominant centre in BaF2:Eu3+ crystals. 

Up conversion fluorescence has been observed for the dominant spectroscopic centres 
in CaF2, SrF2 and BaF2 crystals doped with Eu3+. This is assigned as a sequential 
absorption process with 5DO as the intermediate state. Enhancement of the up con
verted fluorescence is observed for excitation of the 7F 1 ---t5Do transitions at room 
temperature. 

High-resolution infrared absorption has been employed to study hyperfine structure 
of sharp absorption lines in CaF 2 and SrF 2 crytsals doped with Pr3+, Tb3+ and Ho3+. 
An interesting hyperfine pattern is observed for CaF2:Ho3+ in which the hyperfine 
structure of a doublet state has been perturbed by the presence oftwo nearby singlet 
states. This pattern has been successfully analysed using the hyperfine interactions 
between these excited states. 
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Chapter 1 

Introduction 

1.1 Motivation 

This thesis comprises a study of the fundamental electronic and magnetic properties 
of rare earth ions in predominantly ionic crystals. It is the existence of permanent 
(paramagnetic) moments and a shielded valence shell that make such systems inter
esting (the 4f shell lies within the 5s25p shells). As a consequence of the 4f radial 
wavefunction contraction (see section 1.2), rare earth ions display minimal 
tion with their environment leading to extremely sharp spectral lines with excited 
state lifetimes suitable for applications described below. 

The real interest in rare earth doped insulating crystals was sparked off by the 
prediction of Schawlow and Townes in 1958 [1], of a maser operating in the optical 
region. 1960, the laser period was ushered in when Mamian [2] announced 
development of a pulsed synthetic ruby laser (Ah03:Cr3+) emitting in the red region 
of visible spectrum at 0.6943 /lm. Shortly after this, also in 1960, P Sorokin 
and M Stevenson [3] of the IBM Thomas J vVatson Research Center developed a 
CaF2:U3+ laser at liquid helium temperatures. The same authors reported laser 
action from CaF2:Sm2+ at 77K thus divalent samarium proved to be the first laser 
lanthanide ion. The CaF2:Sm2+ system is an example of a four level optically 
pumped solid state laser. The 708.4 nm lasing transition is a strong 5d--+4f electric 
dipole transition (oscillator strength f "" 10-2 as compared to f--+f transitions which 
are characteristed by oscillator strengths f rvlO-7 to 10-6). This arises due to the 
promotion of a 4f electron out of the 4f shell, a relatively easy accomplishment 
because of the low binding energy of the 4f electrons. 

Since the early days of the 1960's so many rare earth ion activated laser crystals 
have been developed that it is impossible to list them all. However, one system 
in particular stands out - YAG:Nd3+. Nd3+ is the most widely used laser crystal 
activator, probably because Nd3+ ion lasers tend to have extremely low excitation 
thresholds. This is attributed to the fact that the terminal level of the induced 
transition lies about 2000 cm-1 above the ground state and is unpopulated at room 

1 
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temperatures. YAG:Nd3+ has been successful in obtaining extremely high power 
outputs and can now be found in many industries employed in roles such as metal 
machining. 

YAG:Nd3+ lasers are generally optically pumped (by flash lamp), however there is 
the strong desire to replace flash lamp pumping by laser diode pumps with the goal of 
obtaining highly efficient all solid state compact lasers [4]. A typical laser diode may 
consist of GaA1As emitting at 780-870 nm or InGaAs emitting at 900-990 nm, such 
pump wavelengths are optimal for pumping ions like Nd3+, Tm3+ and Er3+ providing 
laser sources at around 1tLm, 2tLm and 3tLm. A 3tLm laser source with an extremely 
short penetration in tissue of around 1tLm could be used as a knife in surgery or 
microsurgery. The strong absorption of 3tLm light in tissue leads to immediate 
partial vapourisation - the most effective cooling process in irradiated tissue. This 
process reduces the heat flow into the tissue reducing undesired coagulation of the 
walls of the incision, which in turn leads to faster healing. 

Another useful example of rare earth doped crystals is their application as scintil
lation detectors. In this case, the crystal is irradiated with high energy electromag
netic radiation. This prompts the promotion of an electron from the valence shell to 
the conduction band with the de-excitation process producing UV light, detectable 
by photomultipliers. Scintillating crystals are limited by their decay time for fast 
counting applications. This is determined by the de-excitation process. A simple 
and efficent de-excitation process would be that where the promoted electron in the 
conduction band and the hole in the valence band directly recombine. However, 
this is often not the case and recombination involves intermediate states such as an 
exciton [5]. Such an example of exciton decay limited scintillation detection is the 
BaF2 :Ce3+ system. In this case, the effective decay time of the Ce3+ fluorescence is 
affected by the 630 ns decay time of the BaF2 exciton. Thus, it is considerably slower 
than the instrinsic 27ns decay time of the d-l-f transition. CeF3 and LuSi0 5:Ce3+ 
are examples of fast and efficient scintillation detectors. 

A further, and perhaps the most promising area of application for RE3+ doped 
compounds is fiber optic communications. Heavy metal fluoride glass fibers have 
the advantage (over silica glass fibers) that the multiphonon edge is shifted to longer 
wavelengths as higher energy light oscillates too quickly for the constituent ions 
(such as BaH) to keep up [6]. Since Rayleigh scattering decreases rapidly at longer 
wavelengths (as :4)' such glasses may be used as ultra low loss optical fibers. Er3+ 
and Ho3+ doped fibers are in particular, relevant, since they operate in the all 
important 1.55tLm telecommunications window. These glasses offer attenuations of 
the order of 0.01 dB/km at longer wavelengths compared with the 0.12 dB/km 
obtained for silica. Thus, the opportunity arises for vast economic savings as well as 
increased efficency and reliability since fewer repeaters or signal regenerators would 
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be required to amplify the signal. 

As noted by Kaminskii [7] it was the work of spectroscopists on the fundamental 
properties of rare earth doped compounds in the prelaser period which allowed 
the advance of laser technology to progress so quickly during the sixties and early 
seventies and it is important that this research is continued using the spectroscopic 
tools of the nineties and onward such that properties of these compounds (and those 
still to be developed) which are valuable to industry are exploited to their fullest. 

1.2 Rare Earth Ions Doped Into Ionic Crystals 

The rare earths are characterised by the progressive filling of their electronic con
figurations. As such they come in two groups (both of fourteen elements), the lan
thanides and the actinides. The interest in this study is in the lanthanides, the com
mon configuration of which is a xenon like rare gas shell of (lS22s22pB3s23pB3dl04s24pB 
4d105s25pB) with two or three outer electrons (6s2 or 5d6s2). The lanthanides com
mence with the element cerium (Z=58) and end with lutecium (Z=71). They do 
not include the element lanthanum itself as this has no 4f electrons in its normal 
configuration. 

Table 1.1: Properties of rare earth ions 
RE3+ N Ionic Radius (A.) Isotope Iz Isotopic 

Abundance (%) 
Pr3+ 2 1.09 141 5 100 '2 
Sm3+ 5 1.04 147 7 15.0 '2 

149 7 13.8 '2 
Eu3+ 6 1.03 151 5 47.8 '2 

153 5 52.2 '2 
Tb3+ 8 1.00 159 3 100 '2 
Ho3+ 10 0.97 165 7 100 2' 

Proceeding through the lanthanide series the charge of the nucleus and the number of 
4f electrons increases by one at each step. Due to imperfect shielding of 4f electrons 
by other 4f electrons, with each increase the effective nuclear charge increases causing 
a reduction in radius of the entire 4f shell. As a result of this contraction, the 4f shell 
lies inside the 5s2 and 5pB shells and behaves as an inner shell. Since the 4f electrons 
are shielded by the 5s25pB closed shells and the extension of the 4f eigenfunction is 
minimal any interaction of the 4f electrons with their environment is limited. 
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Figure 1.1: Schematic diagram of the alkaline earth fluoride structure 

The , SrF 2 and BaF 2 crystalline lattice consists of a face centred cubic structure 
(Figure 1.1). The F- ions forma cubic lattice cage with a F- ion at each corner. 
The alkaline earth then resides at the centre of each alternate cage. Rare earth ions 
are readily introduced most commonly in the trivalent state. This being so charge 
compensation is required and can come in many and varied forms. The dominant 
charge compensation centre in CaF2 crystals with low concentrations of rare earth 
dopant (less 0.1 molar percent) is the now well established C4v symmetry centre 
[8J where the charge compensating F- ion occupies a nearest neighbour interstitial 
position along a (100) direction l (see Figure 1.2). Additionally, there has been 
observed a secondary centre (of comparable intensity) in which the F- ion occupies 
a next nearest neighbour position along a (111) direction (see Figure 1.3) giving a 
centre of trigonal C3v symmetry. At higher concentrations the site distribution is 
dominated by clusters that scavenge fluoride interstitials which result in centres of 
excess negative charge. It has been suggested that dimers and trimers dominate 
for rare earths lighter than Gd3+ whilst hexamer clusters dominate for the heavier 
elements [10]. SrF2 case is more varied [11], [12], [13], [14], [15J , [16] with C4v 

1 In indexing crystallographic axes and planes the conventions of Kittel [9] pg 12 are adopted. 
This is as follows: (hId) denotes a specific plane, {hId} denotes a general plane, [hkl) denoted a 
specific axis and (hId) denotes a general axis 
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F-

Figure 1.2: Schematic diagram of the C4v centre in alkaline earth fluoride crystals. 

centres observed for the first two thirds of the series to Ho3+ with a change over 
between Ho3+ and Er3+ to C3v trigonal centres observed from Er3+ onward 2. The 
BaF2 case is different again with C3v centres observed for most ions of the series 
with a variety of techniques. 

These experimental results essentially confirm the predictions of the simple electro
static model of Brown et. al. (1969) [20]. This model predicts dominance of the 
tetragonal C4v centre throughout the entire RE3+ series for CaF2 , a change over from 
tetragonal C4v to trigonal C3v between Dy3+ and Ho3+ for SrF2 and a changeover 
from tetragonal C4v to trigonal C3v for BaF 2 between Pr3+ and Nd3+. Corish et. al. 
(1982) [21] have also simulated the relative stability of the C4v and C3v centres in 
alkaline earth fluoride crystals, these authors finding that for CaF2 the C4v centre is 
dominant throughout the rare earth series, SrF2 shows intermediate behaviour with 
a changeover of dominant centre from C4v to C3v between Gd3+ and Er3+ whilst in 
the BaF 2 host the C3v is predominant throughout. They comment that the essential 
factor contributing to the energy of formation appeared to be the relaxations of the 
lattice ions that surround the dopant. An outward movement which is likely to be 
most significant in the smallest host for the largest dopant ion, tends to relax the 
interstitial towards the dopant ion for the C4v centre and thus stabilising it. Con
versely, an inward movement of the surrounding lattice ions, favoured by smaller 

2It should be noted at this point that the optical studies of Mujaji [17] are in disagreement with 
results obtained from Zeeman infrared absorption [18] and EPR studies [19]. As a consequence the 
assignment of a dominant centre of tetragonal C4v symmetry in SrF2:Ho3+ can only be considered 
as tentative 
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• 
Figure 1.3: Schematic diagram of the C3v centre in alkaline earth fluoride crystals. 

Figure 1.4: Schematic diagram of the Oh centre in alkaline earth fluoride crystals. 
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• @ • RE3+ F- 0 2 -

Figure 1.5: Schematic diagram of the Gl centre in alkaline earth fluoride crystals. 

dopant ions in larger lattices, assists in the stabilisation of the C3v centre. Cubic 
centres are also known to exist in alkaline earth fluoride crystals where the charge 
compensating fluoride ion is non-locally positioned. Such centres cannot always be 
observed due to the selection rules for centres with inversion symmetry - Figure 1.4. 

In addition, if oxygen is present in the crystal it can act as a charge compensator. 
The predominant oxygen charge compensating center is of C3v symmetry with an 
0 2- ion replacing an F- ion in a substitutional position along a (111) direction 
from the rare earth ion, this centre is commonly denoted as the G1 centre [14]. This 
is shown schematically in Figure 1.5. Depending on the severity of the oxidising 
conditions an additional centre of C3v symmetry is created. This centre has four 
charge compensating 0 2

- ions producing a very strong trigonal distortion from the 
parent cubic centre, the so called Tl centre. The oxygen centres observed in this 
study have C3v symmetry however we have no information as to the number of 0 2-

ions involved in the centre other than the strength of the axial crystal field splitting 
due to the trigonal distortion, therefore they are denoted Gl with the most likely 
probability being that one 0 2

- ion is required for charge compensation due to the 
low oxygenation periods. 
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1.3 Laser Selective Excitation 

Like all multicentre crystals, RE3+ ion doped alkaline earth fluoride crystals can 
have very complex spectra, particularly at higher concentrations. Conventional 
(non-selective) optical spectroscopy does not easily yield transition correlation in
formation. It was not until the technique of laser selective excitation (l.s.e.) was 
first reported in 1975, in a now classic paper by Tallant and 'Wright [22], that many 
meaningful analyses of the optical spectra of RE3+ doped multicentre crystals were 
untaken. This technique involves the use of moderately narrowband laser sources 
(around 0.8 cm-1 linewidth is used in this study) to selectively excite individual 
absorption transitions. Because of the higher resonant intensities associated with 
laser light sources many ions are excited to the higher state with which the laser is 
in resonance. Assuming the absorption transition is well resolved from that of other 
centres only the centre corresponding to the transition in question is excited. Thus 
complex spectra such as those reported for CaF2 :Er3+ by Tallant and Wright (in 
which 16 centres were present) may be separated and analysed individually. There 
are many advantages associated with this method, not the least of which is the 
sensitivity, a consequence of which is that very small samples or even extremely 
poor optical quality samples can give a wealth of meaningful information about the 
system under investigation. 

A further development of this technique is the laser selected Zeeman fluorescence 
method developed by Freeth et. al. (1982) [23] where a magnetic field is applied 
to the crystal (normally parallel or transverse to the principal symmetry axis) and 
individual Zeeman sublevels are selected out employing the same technique as Tal
lant and Wright. This yields more information than that obtained by Tallant and 
'Wright since the Zeeman splittings are generally anisotropic with respect to crystal
lographic axis and obey rigourous selection rules dependent upon the local symmetry 
experienced by the optically active rare earth ion. 

Both of these techniques are now in widespread use in laser spectroscopy laboratories 
around the world and form the basis of this thesis. 
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1.4 The Work Outlined 

The objectives of this study has been as follows: 

• To determine the structure of Eu3+ and Sm3+ doped defect centres in CaF2 , 

SrF2 and BaF2 crystals using both CW and pulsed laser selective excitation 
and fluorescence. 

• To analyse the observed high symmetry centres via polarisation ofthe observed 
fluorescence with the aim of assigning irreducible representations (irreps) to 
the inferred energy levels. 

• To complete Zeeman studies of sharp electronic absorption lines in the 900-
10000 cm-1 region accessible with the available Digilab FTIR spectrometer 
and 4T magnet. 

• To analyse the crystal and magnetic field data in terms of crystal field calcula
tions from which Zeeman calculations can be performed to check the accuracy 
of assigned wavefunctions. 

• The determination of preferential clustering in CaF2 :RE3+ systems using Sm3+ 
as a co-dopant probe 

• To record, measure and analyse interesting electron-nuclear interactions in 
CaF 2 and SrF 2 crystals doped with H0 3+, Tb3+ and Pr3+. 

In chapter two, a brief survey of crystal and magnetic field theory, hyperfine interac
tions, transition probabilities and polarisation selection rules are presented. Chapter 
three discusses experimental procedures such as crystal growth; all crystals used in 
this study were grown by the author. The remainder of the chapter concentrates 
on the methods of surveying the prepared samples. As such, this includes the vari
ous excitation sources used; two different CW argon ion lasers and a pulsed nitrogen 
laser have been employed as well as optical and infrared absorption, several different 
spectrometers, in addition to cryogenic dewars and magnets. 

Chapter four presents high resolution infrared absorption for C4v symmetry centres 
in CaF2 and SrF2 crystals doped with Ho3+, Tb3+ and Pr3+. All three of these ions 
have large nuclear magnetic moments and hyperfine structure due to interaction of 
the magnetic field created by the 4f electrons and the nucleus are observable by 
conventional spectroscopic means. For Ho3+ doped CaF 2, the C4v symmetry centre 
yields interesting hyperfine transition intensity distributions as the ground state is 
a pseudo-degenerate state. A particularly interesting hyperfine pattern is present 



10 Chapter 1. Introduction 

for absorption to the 517 multiplet which is analysed in terms of the superposition 
of ground state hyperfine structure and that due to interactions between a doublet 
state and two nearby singlets. 

Chapters five and six present the laser spectroscopy of Sm3+ doped CaF2 and SrF2 

crystals and Eu3+ doped CaF2 , SrF2 and BaF2 crystals respectively. For CaF2 

doped crystals, similar defect distributions are observed for doping of either Sm3+ 
or Eu3+ ions. This consists of a dominant centre of C4v symmetry with two pref
erential cluster centres observed in each case. As both the 6H.§. ~4G§.(Sm3+) and 

2 2 

7Fo ~5D1(Eu3+) transitions are predominantly magnetic dipole in character, cubic 
centres are observed. In SrF2 doped crystals the clustering is not so prominant and 
thus the C4v centre alone dominates the spectrum. For BaF2:Eu3+ the effects of 
clustering are still further reduced and the dominant centre has C3v symmetry. This 
centre is shown to be similar in RE3+ -F- configuration to a minority C3v symmetry 
centre observed in SrF2:Eu3+. Crystal field calculations have been performed to give 
a full analysis of many of these centres with results consistent with that of previous 
workers. 

Chapter seven presents laser selective excitation and fluorescence studies of mixed 
Sm3+:RE3+ doped CaF2 crystals. This concentrates on preferential cluster centres 
observed in the parent CaF2 :Sm3+ system. This clustering is found to comprise 
dimers at the early part of the rare earth series with more complex clustering ob
served for the latter part (e.g CaF2 :Lu3+:Sm3+). The cluster centres observed in 
CaF2:Sm3+ are shown to be identical to that in CaF2:Eu3+ and virtually one hun
dred percent efficient energy transfer from 4G§.(Sm3+) to 5Do(Eu3+) is observed. 

2 

Chapter eight studies strong infrared absorption transitions of the assigned centres in 
Sm3+ and Eu3+ doped CaF2 , SrF2 and BaF2 crystals. The effect of a magnetic field 
on the observed transitions is studied and analysed in order to confirm the centre 
symmetry assigned from laser selective excitation and to obtain magnetic splitting 
factors for comparision with those calculated from the crystal field wavefunctions. 

Finally, chapter nine summarises the work and discusses the conclusions that can 
be drawn from these studies. Suggestions for additional experiments are made. 



Chapter 2 

Theoretical Review 

2.1 The Free Ion 

The interactions of the 4fN electrons in the free ion may be represented by an 
interaction Hamiltonian (Weissbluth, 1978) [241 

(2.1) 

where the first term in Equation 2.1 is the total kinetic energy of all N electrons, 
the second is their total potential in the electric field of the nucleus whilst the third 
term is the inter electron (Coulombic) repulsion term. The last term represents the 
spin orbit interaction of the 4fN electrons. The essential difficulty in solving this 
equation is that the inter electron repulsion term is too large to be treated as a 
perturbation. As a consequence, the central field approximation is employed. This 
entails the construction of a spherically symmetric potential energy function U(Ti) 
which is a good approximation to the field experienced by a 4f electron due to the 
nucleus and the other 4fN - 1 electrons. Thus HI .i . may be written 

[ 
Z 2 2] N- e N N e N 

Ei=l-- - Ei=lU(Ti) + Ei<j- + Ei=l((Ti)li . Si 
Ti Tij 

(2.2) 
The central field term Ho is now solvable as N single electron equations with solu
tions of the form 

(2.3) 

where the radial wavefunctions linl depend on U(Ti), the Yimc are the spherical 
harmonics and Am. are the spin functions. These are then antisymmetrised to satisfy 
the Pauli exclusion principle. 

The remaining terms in Eqn 2.2 can now be treated as perturbations on Ho. Of 
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(2.4) 

(2.5) 

contribute to the splitting of the degenerate configuration. It is sufficient to calculate 
the matrix elements of these interactions alone. The Coulombic repulsion term splits 
4f configuration into terms, each of which is denoted by 28+1 L. The magnitude of 
this splitting is typically ofthe order of 10000 cm-1 . In heavier elements such as the 
rare earths, spin orbit coupling is comparable to the Coulomb interaction and splits 
the 28+1 L terms into 2S + 1 levels, each of 2J + 1 fold degeneracy. Spin orbit coupling 
may be thought of as the interaction between the spin magnetic moment and the 
magnetic field produced by the orbital motion of the electron itself. The magnitude 
of this interaction is around 1000 cm-1 and spin orbit levels (or multiplets) are 
labelled by 28+1 L J . Spin orbit coupling will also mix states of the same J (but 
different Land S). 

Additional interactions may be included such as the interaction between different 
configurations of the same parity (a configuration has odd or even parity depending 
upon whether the sum ofthe one electron orbital angular momentum is even or odd) 
that differ in the coordinates of not more than two electrons. Further refinements 
can be made with the inclusion of the spin-spin and spin-other-orbit interactions 
(represented by the Marvin integral, Mk) and finally the electrostatically correlated 
spin orbit and three body electrostatic interactions with parameters pk and Tk 
resp ecti vely. 

2.2 Crystal Field Theory 

The free ion has spherical symmetry with each level being (2J + 1) degenerate. 
Upon placing the ion in a crystal, the spherical symmetry is lowered to that of the 
site symmetry in the crystal and the free ion levels split under the influence of the 
field provided by the neighbouring ions. For the 4fN shell, this splitting is smaller 
than the spin orbit interaction (weak field coupling scheme) and the crystal field 
interaction can be treated as a perturbation on the free ion I aLS J) states. This 
can be represented as 

HT = H f .i . + He.f . 

As the eigenfunctions of H f.i. have spherical symmetry, we can expand H e.f . in terms 
of spherical harmonics or operators that transform like spherical harmonics. We can 
write 

H - "N Bk(C(kl). 
e.f. - L.Jk,q,i q q t (2.6) 
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Figure 2.1: Schematic diagram of the successive interactions experienced by rare earth ions in 
crystalline solids. 
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where the sum is over the N electrons of the 4fN configuration. The B; are treated 
as parameters that quantify the strength of the field acting on the rare earth ion. 
The possible k, q values are governed by triangular rule for the addition of angular 
momentum which gives non zero matrix elements associated with k even values due 
to parity. The values of k may be additionally constrained if we assume we are only 
dealing with states of a single configuration then 21 ;:: k ;:: O. k=O values will only 
produce a uniform shift of all levels and hence are neglected. Finally the C~k) are 
the Racah spherical tensor operators, they are related to the spherical harmonics 
Yk,q by 

C(k) - ~y; 
q - V2k+1 k,q (2.7) 

For a given crystal field Hamiltonian, the matrix elements for the interaction term 
can be calculated as follows 

(JNaSLJJ.1 H I JNc/SL'J'J') = 2::. Bk(JNaSLJJ I Uk I JNa'SLJIJI) ~ c./. z k,q q Z q Z 

x(lll C(k) II I') (2.8) 

where 

(
I k ll) (lll C(k) II I') = (-lh/(21 + 1)(21' + 1) 0 0 0 (2.9) 

and a represents all other quantum numbers necessary to specify the state in ques
tion. The U; matrix elements may have their J and Jz dependence removed by 
application of, first the vVigner Eckart theorem 

X UN aSLJ II Uk II IN a' SL' JI) 

then Egn 2.49 of Wybourne [25] 

(2.10) 

(2.11) 

Nielson and Koster [26] tabulate the required reduced matrix elements whilst the 
values of the 3j and 6j symbols can be found in Rotenburg et. al. [27]. The axial 
terms U~ split the levels of the same JZ) while the U; terms mix the states for which 
Jz - J; = q. The consequence of these latter terms, is that J and Jz cease to be 
good quantum numbers and use of irreps of the point group appropriate to the local 
symmetry of the ion in the crystal can be used to label electronic states. 
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For a C4v symmetry centre the crystal field interaction Hamiltonian is given by 

V = B 20(2) + B4 [0(4) _ /7(0(4) + 0(4))] + B6 [0(6) + /1(0(6) + 0(6))] 
e./. A 0 A 0 Y 10 4 -4 A 0 Y 14 4 -4 

15 

+B4 [0(4) + /5(0(4) + 0(4))] + B6 [c(6) _ fi(0(6) + 0(6))] (2.12) coy 14 4 . -4 coy 2' 4 -4 

where the B't; and B~ are the parameters of the cubic component of the crystal field 
and B~ are parameters describing the strength of the tetragonal distortion. The 
relations between this Hamiltonian and that used by Freeth et. al. [11] are given 
by Mujaji [15]. 

For a C3v symmetry centre the interaction Hamiltonian is given by 

V = B2+B4[C(4)_~ /7(0(4)_0(4))]+B6 [ 01(0(6)_0(6))+ /5(0(6)+0(6))] 
e./. A A 0 2 Y 10 3 -3 A Y 42 3 -3 Y 2i 6 -6 

+B6. [0(6) + ~ 00(0(6) _ 0(6)) _ ~ 01(0(6) + 0(6))] + B4 [0(4) + 00(0(4) - 0(4))] 
A 0 7 Y 2i 3 -3 7 Y 2i 6 -6 coy 7' 3 -3 

+B6 [0(6) _ f35(0(6) _ 0(6)) + ~V773(0(6) + 0(6))] coy 96 3 -3 8 6 -6 (2.13) 

where the principal (z) axis is now the (111) direction. The B~ crystal field pa
rameters reflect the strength of the trigonal distortion. It should be noted that the 
B~ and B~ parameters above (like those of Cockcroft [14]) are oppositely defined to 
those of Mujaji. The convention of Cockcroft is adopted for simplicity in comparing 
the trigonal symmetry J centre parameters. 

2.3 The Zeeman Effect 

The application of a magnetic field lifts any remaining degeneracy of the crystal 
field levels. The magnetic field is usually applied in a direction either parallel or 
perpendicular to the principal symmetry axis of the ion in the crystal. The pertur
bation on the electronic energy levels of the ion provided by the magnets used in 
this study is small compared to that produced by the crystal field and the Zeeman 
Hamiltionian may be treated as a perturbation on the crystal field states. 

In the theory of the Zeeman effect, the Hamiltionian Hzmn , for the interaction be
tween the N electrons and an external magnetic field B, is written as 

(2.14) 
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where /-lB = ;! is the Bohr magneton. The parallel and perpendicular Zeeman 
effects can be calculated from 

(2.15) 

and 
(2.16) 

respectively. Within a given J multiplet these interactions give rise to matrix ele
ments of the type 

(fN aSLJ Jz I (Lz + 2Sz) I fN aSLJ Jz) 

= (_1)J-J· (_~~ ~ f) (fNaLSJ II L+2S II fNaLSJ) (2.17) 

At this point it is worth realising that 

(aSLJ II L 2S II aSLJ) = (_1)8+L+1+1(2J 1) 

x [{ ~ ~ ~} (aL II L II aL) + 2 {~ l ~} (as II S II as)] 

We note from Edmonds pg 76 [28] that 

(aL II L II aL) = VL(L+ 1)(2L+ 1) (2.18) 

and similarly for S. Further, and also from Edmonds (pg130), the general expression 
for the 6j is 

{
a b C } = (_1)a+b+c+l 2[b(b 1)+c(c+1) a(a+1)]. (2.19) 
1 c b V2b(2b + 1)(2b + 2)(2c + 1)(2c + 2)2c 

Therefore we may write 

(aSLJ II L+2S II aSLJ) = [1 1) S(S + 1) - L(L + 1)] V J(J + 1)(2J + 1) ~ 
2J(J + 1) 

= 9LV J(J + 1)(2J + 1) (2.20) 

In addition we obtain an expression for the 3j symbol of Eqn 2.17 as 

( J 1 J) 
-Jz 0 1:,: 

l)J-J. Jz 
V J(J + 1)(2J + 1) 

(2.21) 

Substituting both equations 2.20 and 2.21 into 2.17 we obtain the result 
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(2.22) 

for the parallel effect. For the perpendicular Zeeman effect we first write the matrix 
elements of (Lx 2Sx) in the tensor operator form of Eqn 2.29 of vVybourne [25] 
and then solve as before yielding 

UN aLSJ Jz + 1 I L+1 + 2S+1 I fN aLSJ Jz) 

l)J-JZ-l( J: 1 ~ f)(fNaLSJIIL 2SllfNaLSJ) 

= ( l)J-Jz-l(_l)J-Jz 2(J - Jz)(J + Jz + 1) IJ(J + 1)(2J + 1) 
4J(J + 1)(2J + 1) gLY 

= -9LJ~(J - Jz)(J + Jz + 1) 

and 
(fNaLSJJz -11 L-l +2S_1 I fNaLSJJz) 

=( l)J-J·+1 ( J 1 J) (fNaLSJ II L+2S II rVaLSJ) 
-Jz + 1 -1 .1;, 

(_l)J-J.+1 l)21+1(_l)J+Jz 2(J + Jz)(J - Jz + 1) 
4J(J + 1)(2J + 1) gL 

= 9LJ~(J + Jz)(J - Jz + 1) 

Finally we obtain 

(fN aSLJ Jz 1 I (Lx + 2Sx) I fN aSLJ Jz) 

= ±i(fN aSLJJz ± 1 I (Ly + 2Sy) I fN aSLJ Jz) 

= g; V(J~JJ(J±Jz+l) 

(2.23) 

(2.24) 

(2.25) 

for the perpendicular The parallel and perpendicular magnetic splitting val
ues, sll and S.L, of the crystal field energy levels can be expressed by the relationship 

(2.26) 

where 6.E is the energy separation between the components of a doublet in a mag
netic field. 
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2.4 Hyperfine Interactions 

The crystal field energy levels can be further split by the interaction between the 
nuclear magnetic moment and the electron spin and orbital moments. The nuclear 
magnetic dipole moment f.LI is gIf.LNI, where gI is the nuclear g factor and f.LN is the 
nuclear magneton which is 

en m 
21\1£ = 1\1£ f.L B 

p p 
(2.27) 

with 1\IIp the proton mass. Since f.LN = 1~~6' hyperfine splittings are typically less 
than 0.1 cm-1 and it has not been until the advent of high resolution laser techniques 
that many examples of well resolved optical hyperfine structure have been observed. 

Each 4f electron will produce a magnetic field B4J at the nucleus. The energy of 
magnetic interaction Hh .J.s . between the magnetic field at the nucleus and the nuclear 
magnetic moment f.LI may be written 

The main contribution to B4J is that due to the orbital motion of the 4f electrons 

B4J "EN li 
orbital = -2f.LB i==l---:3 

ri 
(2.28) 

where li is the orbital angular momentum of the ith 4f electron and ri is the ith 
electron nucleus distance. A smaller contribution arises from the intrinsic spin of 
the 4f electrons Si 

(2.29) 

Thus we may write 

(2.30) 

where Ni = li - Si + 3ri (sri
). Ni may be put into tensorial form to yield 

r i 

(2.31) 

then 
(2.32) 

where al = 2f.LBf.LNgI(r-3) , (r-3) being the expectation value of the inverse cube 
radius of the electron orbital. 

In the absence of external fields (such as in the free ion), the matrix elements of 
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Hh.!.s. are evaluated in the J I F M coupling scheme. J and I are regarded as coupling 
together to form a resultant total angular momentum F. Employing Eqn 2.47 of 
Wybourne in the J1FM coupling scheme we may obtain the matrix elements of 
Hh.!.s. as 

(aJ1FMI Hh.!.s.laJ1FlvI)=(-1)J+I+Fa1 { ~ ~ ~ }(111 1(l) III) 

(2.33) 

The components of this matrix may be solved in a similar manner to that of the 
Zeeman matrices. This yields 

x 2[J(J + 1) + 1(1 + 1) - F(F + 1)] V1(1 + 1)(21 + 1)(aJ II ~~lNi II a'l) 
V2J(2J + 1)(2J + 2)(21 + 1)(21 + 2)21 

= al (F(F + 1) - J(J + 1) - 1(1 + 1)) (aJ II ~~l II a' J) (2.34) 
2 VJ(J + 1)(2J + 1) 

Let 

A 
_ al(aJ II ~~lNi II a' J) 

J- 1 

[J( J + 1)(2J + 1)]2' 
(2.35) 

where AJ is known as the magnetic hyperfine structure constant. We can evaluate 
for AJ starting with the angular component. We note that 

(aSLJ II L II aSLJ) 
-'-------'-'-"-'----1;'- = 2 - g 
[J(J + 1)(2J + 1)]2' . 

(2.36) 

whilst the spin part (the matrix element in (SC(2))P)) may be evaluated CWybourne) 
[29] to give 

(raSLJ II (lO)h;~,(SC('))~l) II ra'S'L'J) = (30)1(2J + 1) { ; 
S' n L' 
J 

xU II C(2) II nUNaSL II V(12) II tVaISIL') (2.37) 

Therefore the final expression is 

AJ = a, [2 - q+ 2 C~i~J++1~)) 1 W aSL II V(12) II fN ,,' S'L') { ; 
S' 

Hl L' 
J 

(2.38) 
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In crystalline solids, the splittings produced by the crystal field are usually much 
larger than those produced by any hyperfine interactions (that is the interaction 
between I and J), thus it is physically realistic to work in an J JzI Iz coupling scheme. 
In this scheme, the diagonal matrix elements of the AI . J effective Hamiltonian are 

(o.SLJJzIIz I AI· J I o.'SL' JJJIz) = AIzJz (2.39) 

and the off diagonal elements (o.SLJ JzI Iz I AI· J I a' SD J Jz 1I Iz ± 1) are 

(2.40) 

Further splittings may occur due to the interaction between, firstly the rare earth ion 
electronic moment and the nuclear quadrupole moment and secondly the interaction 
of the nuclear quadrupole moment with the electric field gradient at the nucleus. 
There is an electrostatic energy that varies with nuclear orientation and therefore 
only nuclei with I ;::: 1 can possess a nuclear quadrupole moment since turning the 
nucleus end for end does not change the electrostatic energy, Slichter[30] (1978). 

2.5 Intensities in Rare Earth Spectra 

Rare earth ions may interact with the electromagnetic field of an exciting light 
source via several mechanisms, of which the most commonly observed is through the 
possession of an electric dipole moment. However, intraconfigurational transitions 
are forbidden for the odd parity electric dipole operator and we require admixtures of 
odd parity wavefunctions from higher configurations into at least one of the "pure" 
4fN wavefunctions involved in the transition to observe electric dipole transitions. 
A non spherically symmetric crystal field can produce the required mixing through 
odd terms in the crystal field expansion. 

Following Wybourne [25] we denote two mixed parity states IA) and IB) such that 

( J Jz I V I "") ("" I 
EJJz - Er;. 

(2.41) 

and 

I B) I J' J~) 1: I "")("" I V I J'J~) 
r;. EJ'JI - Er;. 

~ 

(2.42) 

where (J Jz I and I J' JD are two states of a configuration nlN which have become 
admixed by the crystal field with states"" of nlN-Inl'. The electric dipole operator 

(2.43) 
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can be written in tensorial form as 

p(1) = -e~ ·r·(C(l))· p p,Z Z P ~ (2.44) 

and is a rank 1 tensor with p=O corresponding to the z component and p=±l the 
x±iy components for 7f' and 0' polarised transitions respectively. This yields non zero 
matrix elements in p~l) between the mixed parity states as 

(A 1 p~l) 1 B) 

(2.45) 
where the summation in K. is over all the perturbing states. The solution to this 
expression is problematical since the odd terms in the crystal field expansion and 
the energies of the perturbing states are unknown. The Judd-Ofelt [31] [32] closure 
approximation replaces the energy denominators with a single average value Eav 
and uses ~I\:I K.)(K. 1 It is pointed put by Ofelt [32] that this not to be taken to 
mean that the entire width of the 4fN - 1nl configuration is small compared to the 
distance between the pertinant configurations but rather that the connected states 
of the 4fN - 1nl configuration are considered degenerate. Obviously the strength of 
intermediate coupling in the 4fN - 1nl configuration must be taken into account to 
the extent that if it is large the entire 4fN - 1nl configuration must be considered 
degenerate. Then 

(2.46) 

where 

Y(J\, q, p) = (-1)Q+P(2J\ + 1) (~ _(q J\+ p) ~) (i i ~) 
x(lll C(1) 111')(1' II C(k) 111)B;e J Rnl(r)rRnI/f(l)dr (2.47) 

The application of the triangular rules for the addition of angular momentum on 
the 3j and 6j symbols above yields the following selection rules for electric dipole 
transitions: 

6..1 ±1 

6..S =0 

I, I 6..J I:::; 21 

An additional selection rule applies for transitions involving states of J=O which 
forbids transitions to or from states other than those of J=2,4 or 6. A quite rigorous 
example of this can be found for transitions between levels of the Eu3+ ground term. 
However in most cases, J mixing (by the crystal field) will lead to a break down of 
these selection rules and this has been formalised by Lowther [33]. 
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Magnetic dipole transitions will also be allowed within states of the 4fN configura
tion since the magnetic dipole operator (L + 2S) has even symmetry under parity 
operations. This involves matrix elements of the type 

( J 1 J,) 
(INaSLJJz I L+2S I fNaSLJJz) = (_l)J-Jz -J

z 
p J~ 

x (IN aSLJ " L + 2S " fN aSLJ') (2.48) 

where p=O corresponds to the z component of the magnetic moment and p=±l the 
x±iy components. The appropriate selection rules are 

60l = 0 

60S = 0 

60L = 0 

60J = 0, ±l(notO +-t 0) 

It is noted that as with electric dipole selection rules, the breakdown of LS cou
pling will lead to a relaxation of these selection rules a notable example being the 
7FO ~5Dl transitions of Eu3+. This is the result of spin orbit coupling mixing into 
each level small admixtures of states with the appropriate spin quantum number. 
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2.6 Polarisation and Selection Rules 

The crystal field wavefunctions may be labelled by the irreducible representations 
of the symmetry group appropriate for the environment experienced by the RE3+ 
ion. For Kramers ions, the appropriate double group representation must be used 
as the character (or trace of the representation matrix) is not single valued under a 
rotation of 2?r as they are for non-Kramers ions. 

In order to determine whether a transition between two states I <Pi) and I <P f) is 
allowed, we need to determine the non-zero matrix elements 

where Hop is the electric or magnetic dipole operator in our case. The matrix element 
(<p f I Hop I <P f) will be zero unless 

where the operator in question transforms, or has the same symmetry under the 
group operations, as the r op irrep of the relevant group and connects the two crystal 
field states I <Pi) and I <P f) represented by r i and r f respectively. 

The majority of transitions observed as intra 4f configurational transitions will be 
of electric dipole character. Under C4v symmetry the electric dipole operator trans
forms as the rl(Z) and r5(X,y) irreps ofthis group. Similarly, transitions of magnetic 
dipole character may be present, the magnetic dipole operator transforms as the 
r2(Sz) and r5(Sx,Sy) irreps. From the group multiplication tables given by Koster 
et. al. [34] we can construct the electric dipole and magnetic dipole selection rules 
as shown in Tables 2.1 and 2.2. There the ?r and (J notation indicates electric dipole 
transitions polarised parallel and perpendicular to the four fold symmetry z axis 
of the C4v centre. In a similar fashion the ?r' and (J' notation indicates magnetic 
dipole transitions polarised parallel and perpendicular to the four fold axis of the 
C4v centre. We can also use the C3v multiplication table from Koster et. al. to 
obtain the C3v selection rules shown in Tables 2.3 and 2.4 apply. 

There are also symmetry restrictions for ions in centres of cubic symmetry. For 
Kramers ions (of interest to us in this work) transitions between states of r~2) and 
r~2) symmetry are forbidden. It should be kept in mind that only magnetic dipole 
transitions are allowed between the crystal field states of cubic centres as the odd 
parity terms in the crystal field expansion, responsible for the admixture higher con
figurations into the 4fN wavefunctions, vanish for centres with inversion symmetry. 
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Table 2.1: Electric and magnetic dipole polarisation selection rules for non-Kramers ions in centres 
of C4v symmetry 

C4v 1'1 1'2 1'3 1'4 1'5 
1'1 11' (11") 0"( 0"') 
1'2 ( 11") 11' 0"( 0"') 
1'3 11' ( 11") 0"( 0"') 
1'4 ( 11") 11' 0"(0"') 
1'5 0"(0"') 0"(0"') 0"( 0"') 0"(0"') 11'(11") 

Table 2.2: Electric and magnetic dipole polarisation selection rules for Kramers ions in centres 
of C4v symmetry 

1'6 11'0"(11"0"1) 
1'7 0"(0"') 

Table 2.3: Electric and magnetic dipole polarisation selection rules for non-Kramers ions in centres 
of C3v symmetry 

1'1 11' 
1'2 (11") 
1'3 0"(0"') 

( 11") 0"(0"') 
0"( 0"') 

11'0" ( 11'0" ') 

Table 2.4: Electric and magnetic dipole polarisation selection rules for Kramers ions in centres 
of C3v symmetry 

1'4 
1'5,6 

1'5,6 
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2.6.1 Polarisation Behaviour of Rare Earth Centres 

The polarisation behaviour of rare earth ions in cubic alkaline earth fluoride crystals, 
arises from the fundamental nature of the interaction of electromagnetic radiation 
with the permanent electric or magnetic dipole moments of the RE3+ ion in question. 
As the differing orientations of the rare earth ion centres in alkaline earth fluoride 
crystals are equivalent in the absence of a significant external magnetic field we may 
not expect any distinct polarisation dependence to be obtained. However, Feofilov 
[35] showed, as early as 1959, that polarisation effects could be obtained. More 
recently it has been demonstrated by Reeves (1987) [12] and Cockcroft (1987) [14] 
that the polarisation behaviour of these centres can aid in the assignment of level 
symmetries. 

Following Reeves (1987), we introduce a notation for the polarisation geometry 
so as to appropriately describe the effects. This author denotes the experimental 
geometry as X(AB)Z, where X is the direction of the exciting laser radiation, Z is 
the direction of propagation of the observed fluorescence and A and B are the planes 
of polarisation of the exciting laser light and resultant fluorescence, as appropriate. 
This is shown schematically in Figure 2.2. 

We consider the polarisation dependence of a non-Kramers ion in a C4v symmetry 
centre first (and most fully as this dependence is used for the Eu3+ ion with the 
most success). The highest symmetry four fold axis can be oriented along either the 
[100], [010] or [001] crystallographic axes. For a transition between the 7Fo and 5Do 
states, the selection rules of Table 2.1 show that this transition can only be excited 
in 7r polarisation. If the incoming laser light is polarised along the Y direction of our 
laboratory coordinate frame then only the centre with its four fold symmetry axis 
along Y (say [010]) will be excited. Thus if the fluorescence is polarised along, first 
the X [100] direction then along the Y [010] direction, a net polarisation effect will 
be observed. Consider emission to a state of /1 symmetry allowed by 7r emission. If 
only the [010] centre is excited then polarisation of the emission along X gives no 
emitted radiation, whilst for polarising the emission along Y emission is obtained. 
Therefore a ratio of 0:1 is achieved. If the emitted radiation is (J" allowed then the 
converse is true. Polarising along X gives emission whilst polarising along Y does 
not and a ratio of 1:0 is achieved. In this way, we can build up the ratios given 
in Table 2.5. One should note that for magnetic dipole transitions the transverse 
oscillations of the magnetic field vector of the light with respect to that of the 
electric field vector give rise to inverted polarisation ratios. For Kramers ions in 
centres of C4v symmetry the polarisation effects are not as clear as a consequence of 
the less well defined selection rules. A further complication arises in that whenever 
the absorption or emission is between levels of the same irrep symmetry no inherent 



26 

To Spectrometer 

Polarisation 
Analyser 

x 

y 

Z 

Axes System 

X 

Y 

Chapter 2. Theoretical Review 

Z 

Y 

Transmitted 
Beam 

From L~ser and 
Polarisation 
Rotator 

Figure 2.2: Schematic of the experimental geometry for the polarisation experiments 
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Table 2.5: Predicted polarisation ratios for non-Kramers ions in centres of C4v symmetry in (100) 
oriented alkaline earth fluoride crystals 

Transition Polarisation Experimental Geometry 
Excitation I Decay YX YY ZX ZY 

(J" 1r 1 0 1 1 
(J" 1 2 1 1 
1r' 0 1 1 1 
(J"' 2 1 1 1 

1r 1r a 1 a 0 
(J" 1 a 1 1 
1r' 1 a 0 0 
(J"' a 1 1 1 

(J"' 1r a a 0 1 
(J" 1 1 1 0 
1r' a 0 1 0 
(J"' 1 1 a 1 

1r' 1r 1 1 1 a 
(J" 1 1 1 2 
1r' 1 1 a 1 
(J"' 1 1 2 1 

polarisation is expected (these transitions being allowed in both (J" and 1r). Table 
2.6 gives the pertinent (J" polarisation ratios. 

Table 2.6: Predicted polarisation ratios for Kramers ions in centres of C4v symmetry in (100) 
oriented alkaline earth fluoride crystals 

Transition Polarisation Experiinental Geometry 
Excitation I Decay YX YY ZX ZY 

(J" 1 
2 
1 
1 

2 
1 
1 
1 

1 
1 
1 
2 

1 
1 
2 
1 

For non-Kramers and Kramers ions in centres of C3v symmetry no polarisation 
dependence will be observed for (100) oriented crystals, as all possible orientations 
of the three fold axis will be equally oriented to the field. However, for (111) oriented 
samples a polarisation dependence is expected. As the four three fold axes are not 
orthogonal, the (J" and 1r polarised components of the transition moment will not be 
clearly separated and the analysis is far more complicated. Cockcroft [14] deals with 
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this in some detail and no further discussion is necessary here. Table 2.7 presented 
the expected ratios for both non-Kramers and Kramers ions. It should be noted 
that for trigonal centres the polarisation ratios do not depend on the direction of 
the exciting laser beam. Therefore, samples may be prepared by simply cleaving two 
flat {Ill} planes and grinding entrance and exit faces anywhere perpendicular to the 
{111} planes. It should be noted that if either transition is a /3 --+ /3 transition for 

Table 2.7: Predicted polarisation ratios for non-Kramers and Kramers ions in centrs of C3v 

symmetry in (111) oriented alkaline earth fluoride crystals 

Thansition Polarisation Experimental Geometry 
Excitation Decay YX YY ZX ZY 

11' 11' 

(J 

11" 

(J' 

(J' 11' 

(J 

11" 

(J' 

11" 11' 

(J 

11" 

(J' 

11 
3 
15 
2 
7 
6 
3 
8 
10 
8 
10 
1 
8 
1 
8 

15 
7 
11 
6 
3 
2 
7 
8 
10 
8 
10 
1 
8 
1 
8 

10 
8 
10 
1 
8 
1 
8 
7 
11 
3 
15 
2 
7 
6 
3 

10 
8 
10 
1 
8 
1 
8 
3 
15 
7 
11 
6 
3 
2 
7 

non-Kramers ions and /4 --+ /4 for Kramers ions in C3v centres then the transition is 
allowed to occur in both the 11' and (J polarisations with resulting polarisation ratios 
that are essentially arbitrary. 

This polarisation behaviour is temperature dependent. As the crystal is warmed 
from 10K through to 200K the observed ratios decay from the approximately 0:1 
values observed for non-Kramers ions in tetragonal C4v centres (at 10K) to 1:1. This 
arises because the charge compensating F- ions gain sufficient thermal energy at 
higher temperatures such that ionic movement is no longer electrostatically inhib
ited. Therefore, interstitial ions in, for example, the C4v centre in CaF2 :RE3+ 
systems would be able to jump between the various possible orthogonal orientations 
leading to a blurring of the desired polarisation effects which increases with tem
perature. Voron'ko et. aL (1994) [36] and Jamison and Reeves (1995) [37] have 
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measured such effects for tetragonal C4v centres in CaF2 and SrF2 crystals doped 
with Pr3+ and Eu3+ ions obtaining barrier heights and depolarisation temperatures. 



Chapter 3 

Experimental Considerations 

3.1 Crystal Preparation 

3.1.1 Alkaline Earth Fluorides 

The rare earth doped alkaline earth fluoride samples used in this work were grown by 
the author from offcuts of the relevant alkaline earth fluoride crystals purchased from 
Optovac Inc. (U.S.A.). The crushed offcuts were then mixed with the appropriate 
rare earth trifluoride at the pertinent concentrations. In all cases, at least one molar 
percent of PbF 2 was added to scavenge for oxygen. Two percent by mass of PbF 2 was 
added to encourage the stability of the trivalent state for samarium doped samples 
which are prone to reduction to Sm2+ in the reducing atmosphere provided by the 
graphite crucibles. 

The crystals were grown in graphite crucibles over a period of 18 hours using 
an Arthur D. Little 38kW radio frequency furnace. The temperature gradient 
(Bridgman-Stockbarger) method was employed in the crystal growth process which 
entailed lowering the crucible through a temperature gradient in a vacuum of around 
10-5 Torr. Annealing is achieved via an automatic cooling cycle which leads to im
proved quality crystals. The crystals grown in this study were generally coloured to 
some extent due to the presence of the divalent species. This colouration (green in 
the case of CaF2 :Sm3+ samples and violet for CaF2 :Eu3+) arises from strong (electric 
dipole allowed) interconfigurational 4jN -+4jN-15d transitions. 

Oriented boules were generally required and these were obtained either by cleaving 
the crystal boule along its (111) cleavage planes or by cleaving two (111) planes 
intersecting at an angle of 109.7 degrees which could then be glued in an angled 
holder for (100) orientation. In the latter case, or if an unoriented sample was 
used, the boules were cut with a diamond saw and then polished using successive 
grades of emery paper followed with a final polish using a water/tin-oxide paste on 
photographic paper to give a smooth finish. The tin-oxide powder was supplied by 
Micro Abrasives Corporation of Westfield (U.S.A.). 

30 
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3.1.2 The Oxygenation Process 

The method of oxygenating the crystals used in this study was essentially a variant 
of the method of Hall and Schumacher (1962) [38] for hydrogenation of alkaline earth 
fluoride crystals. This process involves wrapping coils of aluminium wire onto the 
faces of the crystal and heating in two thirds of an atmosphere of O2 gas at 850-900 
DC. 

Prior to oxygenation, the sample and aluminium should be cleaned in acetone to 
minimise possible surface contaminants. In addition, the crystal faces should be 
handled as little as possible to avoid such contaminants as finger grease being de
posited on the surface ofthe crystal. The crystal plus aluminium can then be placed 
inside an alumina crucible (which itself should have been cleaned in acetone) and 
placed in quartz tube. This is then placed centrally inside an electric furnace and 
evacuated using a mercury diffusion pump. The furnace is set to a temperature 
setting of 150 DC to dry any moisture from the system. 

After 4-5 hours dry oxygen gas is flushed through the system several times before 
finally introducing the required two thirds of an atmosphere of gas and sealing the 
sample off from the diffusion pump. The furnace temperature should then be raised 
to 850 DC over two hours and left at that temperature for the desired period of time. 
The crystals used in this study were left for around 30 minutes before switching off 
the furnace. 

Finally the crystals may be etched in dilute hydrochloric acid to remove any alu
minium left on the surfaces of the crystal and then polished to obtain the best 
optical quality. 

3.2 Infrared Absorption Spectroscopy 

Infrared spectra were taken with the Physics and Astronomy departments Digilab 
FTS-40 Infrared Fourier Transform spectrometer. The FTS-40 is a single beam 
spectrometer which employs a He-Ne 3121 H-P model laser to determine the inter
ference fringe spacings. It has two compartments. One uses a deuterated triglylcline 
sulphate detector to cover the 400-4500 cm-1 spectral range at room temperature. 
The other compartment uses either a mercury cadmium telluride (M.C.T.) detec
tor which is fifteen times more sensitive than the D.TG.S. detector coupled with a 
KBr beamsplitter and globar source for response in the 400-4000 cm-1 region or for 
experiments in the 4000-10000 cm-1 region, an indium antimonide detector, quartz 
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beamsplitter and quartz-halogen source. The interferometer of this system comes as 
a 'lift-out' unit which could be changed with comparative ease. The spectrometer 
has a resolving power down to 0.1 cm- I . The entire beam path is flushed with dry 
N 2 gas to minimise the effects of strong atmospheric absorption in the regions of 
interest in this study. 

Zeeman infrared spectroscopy was undertaken using an Oxford Instruments 4 Tesla 
superconducting magnet. The magnet which operates in persistent mode, was en
ergised by a British Oxygen Company PS60/72A power supply which provides the 
magnet with a 51.55 ampere operating current. The magnet is built into the bot
tom of a 5 litre stainless steel dewar. An 8 litre liquid nitrogen jacket surrounds 
the upper portion of the helium can, whilst the tail (which has a bore down the 
centre for optical access is thermally protected by a copper radiation shield. A cop
per sample holder screw fits into a copper ring which is brazed into the center of 
the bore to act as a sampleholder mount and cooling is via thermal contact. The 
experimental configuration is such that the infrared radiation propagates parallel to 
the magnetic field, consequently of the (j and 7r transitions which might be seen in 
a B~k configuration, only the (j transitions are observed here. 

Once the sam pIe is in place the tail of the magnet is lowered into the external ESC 
compartment of the spectrometer and alignment of the optics may take place. 

A visit to Industrial Research Limited (I.R.L.) in Lower Hutt, Wellington provided 
the opportunity to use a Bomem DA3.02 interferometric spectrophotometer system 
on which the high resolution infrared absorption spectra presented in Chapter 4 were 
obtained. This system employs a CTI-Cryogenics Model 22C Cryodyne Cryocooler 
to cool samples, mounted on copper sampleholders, to better than 10K. The primary 
advantage of the Bomem DA3.02 spectrophotometer over the Digilab FTS-40 spec
trometer is the enhanced resolution (variable from 64 cm-1 to a maximum apodised 
resolution of 0.04 cm- I ). A liquid nitrogen cooled Infrared Associates InSb detector 
is employed to detect the transmitted beam. The entire beam path is held under a 
vacuum of 0.5 Torr thus eliminating the need for flushing with dry N2 gas. 

The spectrophotometer system is controlled by a PDP-ll computer with a RT-ll op
erating system connected to a DEC VT125 terminal. A Bomem High Speed Vector 
Processor (HSVPS) preforms the Fourier transforms and other spectral compilation 
related tasks. 
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3.3 Optical Spectroscopy 

3.3.1 Absorption 

A bsorption spectra in the optical region of the electromagnetic spectrum were recorded 
on a SPEX 1700 series 0.75m single monochromator which has a Czerny-Turner 
configuration. This spectrometer has a single grating with 1180 lines per mm. The 
radiation source used was a 100vV tungsten halogen lamp with power supplied from 
a 12V regulated power supply. An EMI 9659 QA photomultiplier with standard S-20 
response was employed to detect the transmitted signal. The photomultiplier tube 
was cooled to -25°C by a Products for Research refrigerated chamber. The output 
signal could then be processed by a Keithley Instruments Model 610 electrometer 
and displayed on a chart recorder or, for digitised data, recorded via a custom made 
current to frequency converter connected to an Apple IIe personal computer which 
then stored the data on floppy disk. This data could then be transferred to the 
University of Canterbury Computer Services Centre Unix based Sun network for 
the presentation of figures. 

3.3.2 CW Laser Selective Excitation and Fluorescence 

A Spectra Physics Model 2045E argon ion laser, fitted with 23-30W tubes, employed 
to pump a Spectra Physics Model 375 dye laser was used to obtain the LSE spectra 
presented in this work. A Spectra Physics Model 573 three plate birefringent tuning 
element provided the capability to continuously vary the output laser frequency via 
the rotation of a micrometer screw. The dye laser output had a linewidth of 0.8 cm-1 

and was linearly polarised. For polarised fluorescence measurements this could be 
rotated with a Spectra Physics Model 310 polarisation rotator. During several peri
ods of this work the Spectra Physics 2045E argon laser failed and required service. 
During these periods a Coherent INNOVA 90 series argon laser was subsituted for 
the larger Spectra Physics argon laser. The Coherent argon laser provided 5 vVatts 
of all lines (visible) power and thus enabled the majority of the routine experiments 
to continue. 

A Spectra Physics Model 376B and two model 376 dye circulators were assigned 
to the dye laser, primarily to reduce the risk of contamination of the higher en
ergy coumarin dyes with rhodamine dye solutions. Three dyes were used for CW 
spectroscopy. Coumarin 540, in a solution of 75% ethylene glycol and 25% benzyl 
alcohol, was used to excite the 4F.\! multiplet of Sm3+, the 5D1 multiplet of Eu3+ and 

2 

the 5F 4 and 5S2 multiplets of Ho3+. These experiments required the 488 nm argon 
laser ouput and the addition of cyclo-octatetraene (C.O.T.) to the dye as it aged. 
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Both the C.O.T. and the dyes used in this study were supplied by Exciton Chemical 
Company Ltd. For the excitation of the 4G§. multiplet of Sm3+ Rhodamine 560, in 

2 

a 100% ethylene glycol solution, was used since this dye had extended range into the 
red thereby allowing the excitation of the trigonal oxygen centres at 17500 cm -1. 

Rhodamine 560 was excited using the multiline output of the argon laser. Finally 
for excitation of the 5DO multiplet of Eu3+ Rhodamine 590 perchlorate, in a 100% 
ethylene glycol solution, was used. This was appropriate, even though R560 reached 
5DO comparatively easily, because of the higher output powers attainable with R590 
which prove valuable when studying the Eu3+ upconversion process. 

Broadband excitation spectra shown in this thesis were obtained using a 0.25m 
Bausch and Lomb single monochromator with a 1350 lines per mm grating. This was 
coupled to an EMI 9659 QA photomultiplier tube connected to a photon counting 
system. This comprised a Princeton Applied Research Corp Model 1121 discrimi
nator unit with a Princeton Applied Research Corp Model 1112 Photon Counter. 
Often, due to high signal intensities, Optics Technology Inc neutral density filters 
were used to attenuate the signal. In addition to this, Corning glass filters were used 
to eliminate any scattered laser light. 

A SPEX series 1403 0.85m double monochrometer was used to record fluorescence 
and centre selective excitation spectra when monitoring in the 11000-31000 cm-1 

region. This spectrometer has a Czerny-Turner configuration with twin 1800 line 
per mm holographic gratings. Slitwidths were typically in the range 10-150,um. A 
SPEX model CD2A Compudrive was used to scan the spectrometer with the option 
of manual or computer controL An RCA C31034 photomultiplier with extended S20 
response cooled to -25 °C was used to detect fluorescence in the 11000-31000 cm-1 

region. For monitoring fluorescence at longer wavelengths an RCA 7102 photomul
tiplier cooled to -100 °C in a Princeton Applied Research Model TE-176-RF liquid 
nitrogen refrigeration chamber on the SPEX 1700 single monochromator. Both spec
trometers were fitted with Hanle quartz wedges to equalise the grating response to 
differing polarisation direction. 

3.3.3 Pulsed Laser Experiments 

Excited state lifetimes were determined using a Photochemical Research Associates 
(PRA) model LN1000 nitrogen laser to excite a PRA model LN107 dye laser. The 
nitrogen laser has a wavelength of 337.1 nm and provides a 1 mJ laser pulse of width 
600 ps with a maximum repetition rate of 20 Hz. The dye laser employs a 40/60 
beamsplitter in which 40% of the UV output of the nitrogen laser is focussed into 
a line image on the dye cell by a cylindrical quartz lens. The dye laser includes 
an amplifying stage to increase its output up to 110 ,uJ. R560 and C500 dyes were 
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used to excite the 5DO and 5D1 multiplets of Eu3+ whilst C540A or C500 could be 
used to excite either the 4G §. or 4F il. multiplets of Sm3+. The SPEX 1700 series 
single monochromator and EMI 9659 QA photomultiplier were used to record the 
fluorescence of a given centre. The output of the photomultiplier tube stored by 
a Hitachi model VC 6275 digital storage oscilloscope which was triggered by the 
nitrogen laser pulse (as monitored by an RCA 931A Sl1 photomultiplier tube). 

As with all laser selective excitation and fluorescence measurements a CTI-Cryogenics 
model 21C Cryodyne Cryocooler was employed to cool the samples to a base tem
perature of 12-16K. A custom made heating unit with resistors attached to the base 
of the cold head provided continuous temperature variability in the 16-300K region. 
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High Resolution Infrared Absorption Studies of 
CaF2 and SrF2 Crystals doped with Pr3+, Tb3+ 

and Ho3+ 

4.1 Introduction 

One of the earliest and clearest examples of magnetic hyperfine structure, and the 
Zeeman effect on these, was given by Dieke at the 1967 Zeeman centennial confer
ence in Amsterdam for the LaC13 :Ho3+ system [39]. This paper, now something of a 
classic, shows fully resolved eight-line hyperfine patterns and Zeeman hyperfine pat
terns which are analysed in terms of the nuclear magnetic and Zeeman interactions 
between the electron-nuclear and electronic states involved. Various spectroscopic 
studies of hyperfine structure have followed with a strikingly clear example 
given by Agladze et. aL [40] who showed the isotope shift of LF and Li6 in the 
hyperfine structure of monoisotopic Ho3+ doped into LiYF 4 crystals. 

Mujaji et. aL [17] reported an extensive polarisation study of the crystal field levels 
of :Ho3+ using site-selective laser spectroscopy for both the dominant tetrag
onal C4v symmetry A centre and a minority trigonal centre labelled B. Following 
this, Boonyarith et. al. [41] observed and analysed hyperfine structure for transi
tions from the Zl [3 ground state to levels of the 5F 5 multiplet of the B centre, using 
optically detected nuclear magnetic resonance (ODNMR) and two-laser hole burn
ing. These authors demonstrated the mixing of excited-state wavefunctions by the 
off-diagonal hyperfine interaction between nearby singlet and doublet levels, lead
ing to the appearance of otherwise unobserved hyperfine transitions in the optical 
spectrum. Martin et. aL [42] considered the enhanced nuclear magnetism in the 
pseudo-degenerate ground state of the A centre in CaF2:Ho3+. They later extended 
this work to include determination of the nuclear magnetic and pseudoquadrupole 
parameters for the transitions involved [43]. Heron [18] observed hyperfine structure 
in the infrared-absorption spectrum of the A centre in CaF 2: Ho3+, for transitions 
from the Zl,2[1,2 ground states to levels of the 5h multiplet around 5300 cm- I . 

However, the spectra were at a resolution of 0.1 cm-1 and the observed hyperfine 
structure only partially resolved. In addition, the globar source and KBr beamsplit-

36 
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ter in the FT1R spectrometer used in that study do not have optimal performance 
in the 5300 cm-1 region of the infrared spectrum making observation of the weaker 
hyperfine transitions difficult. 

Macfarlane et. al. [44] studied hyperfine structure of the Z115 ground state in the 
C4v symmetry centre of CaF2:Pr3+ for the strong 3H4 ~lD2 absorption transitions. 
These studies display impressive 18 line [100] and 12 line [111] Zeeman hyperfine 
patterns for low magnetic fields. Reeves et. al. [45] extended hyperfine studies of the 
ground state for the C4v symmetry centres of Pr3+ in alkaline-earth fluoride crystals. 
Both the C4v (F-) and C4v(D-) centres were studied for the CaF2 and SrF2 hosts, 
however in neither case was any interpretation given. 

Polarised laser-selective excitation and fluorescence studies of the dominant centres 
in CaF2 and SrF2 crystals doped with Tb3+ ions have been studied by Jones and 
Murdoch [46] who assign both systems to have dominant centres of C4v symme
try. An earlier study by Falin et. al. [47] using the ENDOR technique, reached the 
conclusion that the dominant Tb3+ ion centre was of C4v symmetry as did Jones 
and Murdoch, however Falin's study had the advantage that the exact charge com
pensation configuration was assigned. The infrared-absorption studies presented in 
section 4.4 are based on the assignments of Murdoch [16], though Zeeman spectra 
have been taken and analysed for appropriately sharp and intense infrared absorp
tion transitions. 

4.2 Spectroscopy of the C 4v Symmetry A Centre in CaF2:Ho3+ 

The flO configuration is appropriate for Ho3+ and has two multiplets (517 and 516) 
easily accessible to the FT1R spectrometers used in this study. The ground multiplet 
is 518 . Throughout this chapter, and those to come, the energy levels of 
ions will be denoted with the Dieke's alphabetical label for the multiplet and level. 
Where appropriate, this will be followed by the irrep symmetry label of the state 
wavefunction. 

4.2.1 Laser Spectroscopy for Transitions to the 516 ]\Ilultiplet 

An extensive polarisation study of fluorescence transitions of the CaF 2:Ho3+ A centre 
enabled Mujaji to construct an energy-level scheme with irrep assignments. However 
that study [15] did not include transitions to the 516 multiplet. In order to classify 
and analyse the hyperfine structure observed in infrared absorption to the 516 multi
plet it was necessary to selectively excite the A centre and analyse the fluorescence 
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Figure 4.1: Unpolarised fluorescence for the 5F4 and 582 to 516 transitions of the A centre 
in CaF2:O.005%Ho3+ at (a) 16K and (b) 2I~. Excitation is at the 18613 cm-1 Zl,211,2-E211 
transition. 
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Figure 4.2: Polarised fluorescence for the 5F4 and 552 to 516 transitions of the A centre in 
CaF2:0.005%Ho3+. Excitation is at the 18613 cm- 1 Zl,2'Yl,2--+EZ'Yl transition. 
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Figure 4.3: Schematic diagram of fluorescence transitions from the 5 S2 multiplet to the 5I6 

multiplet energy levels of the A centre in CaF2:Ho3+. 
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Table 4.1: Polarised fluorescence transitions (in air cm-I, ±1 cm- I ) between the 582 and 516 

multiplets for the A centre in CaF2 :O.005%Ho3+. 
Transition Frequency Polarisation 

Ell'3 ---->XlOI'3 9658 7r 

E1I'3 ---->X9l'5 9688 a 

E2I'1 ---->X8/'l 9753 7r 

E l l'3 ---->X6 1'5 9788 a 

E1I'3 ---->X41'3 9814 7r 

E l l'3 ---->X3/'4 9826 7r' 

E l l'3 ---->Xll'5 9844 a 

transitions to this multiplet. 

A (100) oriented CaF2 crystal with a nominal dopant concentration of 0.005 % 
of Ho3+ was excited at the 18613 cm-l resonant Zl,21'1,2-+E2Il transition of the 
A centre. This was chosen since it is conveniently pumped with available C540 
dye and produces emission from the 5S2 multiplet levels El l'3 and E2Il at 18599 
cm-l and 18613 cm-l respectively. This is appropriate since transitions from either 
of these two levels are, electric or magnetic dipole allowed to all levels of the 516 
multiplet. All transitions to levels of the 516 multiplet are allowed from either of the 
5S2 levels by radiation of electric or magnetic dipole character. Mujaji has presented 
the broadband and site selective excitation spectra for the coincident 5S2 and 5F 4 

multiplets documenting the A centre transitions. This work contributes nothing 
further to the spectroscopy of these multiplets already presented in [15]. 

Strong fluorescence is observed to the 516 multiplet and Figure 4.1 (a) and (b) 
shows unpolarised emission at 2K and 16K to the crystal field levels of 516 from the 
5S2 multiplet. The fluorescence is centred around 9770 cm-l -(1024 nm) and seven 
transitions are observed. Emission from either singlet state of the 5S2 multiplet 
(that is either the El l'3 or E2Il state) is allowed by both the electric and magnetic 
dipole selection rules to 1'5 doublet states of the 516 multiplet in a (ed) or a' (md) 
polarisation. 

From Figure 4.2 we observe three transitions to be a polarised at wavelengths of 
1015.85, 1021.66 and 1032.20 nm. Of these the weak transition at 1015.85 nm is 
assigned as a transition from the Ell'3 state to the Xll'5 state at an energy of 8755 
cm-l . This is because the intensity of the transition does not vanish as the sample is 
cooled to 2K. Its presence in the 2K spectrum shows that it does not originate from 
the higher E21'1 level due being thermally populated at 16K. The 1021.66 and 1032.20 
nm transitions are of comparable intensity and are assigned as originating from the 
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En3 state at 18599 em-I, just as with the EI/3-+Xl/5 1015.85 nm transition. The 
respective terminating states are the X6/5 and X9/5 states at 8811 and 8912 em-I. 

Three transitions are observed to be 1f (ed) polarised as given in Table 4.1. These 
transitions correspond to emission from either singlet state (En3 or E2/ 1) to 516 
singlet states in accordance with the appropriate selection rules (see chapter 2). 
The 1018.95 and 1035.41 nm features are assigned as the El/3--+X3/3 and X10/ 3 

transitions placing the 516 states at energies of 8785 and 8941 cm-1 respectively. 
Only the 1025.33 nm feature is attributed to a transition from the E2/1 state as 
it is absent from the 2K spectrum. We assign this as the E2/I -+ XS/l transition 
in accordance with its observed polarisation behaviour. The 1017.71 nm feature 
is assigned as a magnetic-dipole transition of 1f' polarisation and is quite weak, as 
can be observed in Figure 4.2. The strength of this transition is consistent with its 
assignment as magnetic dipole in origin, and the transition is specifically assigned 
as El/3-+X2/4' with the X2'Y4 state at 8773 cm-I. Figure 4.3 shows a schematic of 
the observed fl.uorecence transitions. 

4.2.2 Extension of Mujaji's Crystal Field Analysis to Include the 516 
Multiplet 

To ensure an accurate analysis of 516 multiplet hyperfine structure, the crystal field 
calculation and fit of Mujaji must be extended specifically to include this multi
plet. Having obtained seven experimental levels for the 516 multiplet, these were 
included with the levels previously determined by Mujaji, in a crystal field fit to 
a Hamiltonian incorporating the interactions described in chapter two, for the f4 
configuration appropriate for Ho3+. The program used was Dr Mike Reid's F-Shell 
Empirical Program. In total, forty-five experimental levels were fitted using nine 
adjustable parameters, comprising the five crystal field parameters appropriate for 
C4v symmetry, the spin orbit parameter, (, and the three Slater parameters, F2, F4 
and F6. The fits were to the 5Isl 5I7l 5I6l 5S2l 5F4 and 5F3 multiplets of H0 3+. The 
three lowest 51 term multiplets are essentially pure LS coupled (Russell-Saunders) 
multiplets, which simplifies the calculations of the magnetic-hyperfine parameter, 
AJ, presented in Appendix A. The observed and calculated energies are presented 
in Table whilst the best fit parameters are given in Table 4.3 together with those 
obtained by Mujaji. 

To test the crystal field analysis, the magnetic splitting factors of the ground state 
wavefunctions with those derived from the EPR data of Kornienko and Rybaltovskii 
[48]. Ho3+ is a non-Kramers ion having an even number of 4f electrons. For the 
CaF2:Ho3+ C4v symmetry centre there are no matrix elements for the perpendicular 
Zeeman effect since the operator J± cannot connect the I Jz / states of the ground 
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Table 4.2: C4v symmetry crystal field fits to the 5Is, 5h, 516, 5F5, 582 , 5F4 and 5F3 multiplets 
of the A centre in CaF 2 :Ho3+. All energies are measured in air cm -1. Those additional energy 
levels measured in this study are denoted by t and have an uncertainty of ±1 cm- 1 , whilst the 
remainder of the experimental levels are reproduced from Mujaji [17] 

State & Calc Exptl State & Calc Exptl 

Symmetry Energy Energy Symmetry Energy Energy 

Z11'l -2.3 0 X61'5 8817.8 8811t 
Zn2 -1.5 1.7 Xn4 8838.4 -
Z3I5 84.2 83.0 XS1'l 8869.2 8861t 

Z41'3 117.4 115.5 X91'5 8919.9 8912t 

Z51'5 134.3 128.0 XlO1'3 8953.5 8941t 

Z61'4 163.5 158.0 D11'3 15606.8 15605.0 
51s Zn1 288.9 284.5 Dn5 15609.7 15619.5 

Z81'2 292.8 292.5 D3I2 15623.7 15623.0 

Z91'3 449.1 455.0 5F5 D41'1 15672.4 15682.0 

ZlO1'5 471.5 475.0 D51'5 15755.7 15752.2 

Zn1'l 494.0 492.0 D61'2 15758.4 15756.1 

Z121'5 512.3 513.0 Dn4 15770.2 -
Zl314 513.2 - DS1'5 15821.6 15823.5 

Y 11'5 5255.1 5257.0 E 11'3 18606.4 18599.0 

Yn3 5271.7 5273.0 En1 18615.0 18613.2 
Y3I5 5269.4 5274.0 E 3"(5 18656.8 18655.1 

Y41'2 5273.4 - E41'4 18660.6 18666.5 

Y 51'4 5280.3 - 5S2 E 51'3 18673.8 18681.5 

Y 61'1 5304.2 5308.5 5F4 E61'5 18730.8 18726.8 
617 Yn5 5332.1 5332.0 En1 18748.3 -

Y S1'3 5356.0 5355.0 E81'4 18789.8 -
Y91'4 5404.1 - E 91'2 18832.1 18834.9 

Y 101'5 5414.2 5413.0 E lO1'5 18858.9 18861.5 

Yn1'2 5422.0 - En1'l 18889.7 18888.3 

X11'5 8750.3 8755t F11'2 20742.6 20741.6 

Xn4 8774.2 8773t Fn5 20782.5 20781.6 

X 313 8785.2 8785t 5F3 F3I4 20848.4 -
X41'1 8788.5 - F41'3 20862.6 -

5h X51'2 8809.7 - F5"(5 20926.2 20924.5 
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Table 4.3: C4v symmetry crystal field parameters for the A centre in CaF2 :Ho3+. All parameters 
are in cm-1 with those in square brackets not being varied. 

Parameter I This Study Mujaji 

F2 95803 
F4 66899 
F6 46741 
a [17.3] 
f3 [-624.0] 
, [2084.0] 

T2 [287.0] 
T3 [37.0] 
T4 [98.0] 
T6 [-313.0] 
T7 [421.0] 
T8 [359.0] 

MTOT [3.04] 
pTOT [528.0] 

( 2137 
B~ 678 
B~ 345 
B~ 420 
Bt -1075 
B~ 559 

95960 
66876 
47097 
17.3 

-624.0 
2084.0 
287.0 
37.0 
98.0 

-313.0 
421.0 
359.0 
3.04 

528.0 
2139 
685 
356 
419 

-1085 
557 
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state whose composition is given as 

Z11'1 -0.490018)+0.507714) -0.057610)+0.50771-4)-0.4900 1-8) 
Z2/'2 -0.492718)+0.506714) -0.50671-4)+0.49271-8) 

Between these states one has an effective (')'1 1 Jz 11'2) = (Jzh,2 of 5.92. The matrix 
elements of the parallel Zeeman effect are of the form 

where J.LB is the Bohr magneton (with J.LBB=l cm-1 for B=2.142 Tesla) and gL, the 
Lande g factor corrected for intermediate coupling (as derived in Appendix A with 
gL=1.24 for the 518 multiplet). For the CaF2:Ho3+ A centre, the ground state is a 
pseudo-degenerate 1'1,2 doublet with an energy separation of 2~=1.7 cm-1 giving 
rise to a second-order Zeeman effect between them: 

1'1 -~ 

1'2 J.LBgLB(Jzh,2 

This has the energy eigenvalues E± = ~ ± J ~2 + (JzgLJ.LBB)2. For a 2 Tesla 
field, we obtain a value of gll=14.79 in excellent agreement with the EPR value of 
gll=!~=14.8. 

4.2.3 0.25 cm- 1 Infrared Absorption Studies of CaF2 :Ho3+ 

Infrared-absorption spectra (recorded at 0.25 cni-1 resolution) of a 27mm thick 
CaF2:0.02%Ho3+ crystal were measured with the Digilab FTIR spectrometer, em
ploying the optional wide range quartz-beamsplitter and a quartz-halogen source. 
For these experiments, the crystal was cooled to 10K. For detection a liquid nitrogen 
cooled indium antimonide infrared detector provided good signal response over the 
2800-11000 cm-1 region. The 5h and 516 multiplets could then be studied with a 
significantly improved signal-to-noise ratio over that obtained by Heron [18] in ear
lier studies. For absorption to the 5h multiplet, eight and five transitions could be 
identified for the A and B centres respectively, by comparison with the laser excited 
fluorescence results of Mujaji [15] - see Figure 4.4(a). The absorption features of 
the A centre all have the 1. 7 cm -1 ground-state splitting which is modified by any 
hyperfine structure for the upper state. These modifications are particularly obvious 
for the Z1,2/'1,2---+ Y3T'5 transition, which is affected by the presence oftwo nearby sin
glet states, as shown in section 4.2.4. Absorption measurements in this region ofthe 
infrared spectrum are made more difficult by the simultaneous occurrence of strong 
atmospheric absorption. In order to minimise these features, the entire beam path 
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of the Digilab FTIR was flushed with dry nitrogen gas for prolonged periods prior 
to scanning the spectrum. Despite these efforts, small, regularly spaced absorption 
features still remain, particularly around the Zl,2'Yl,2-+ YlOI5 transitions at 5417.86 
and 5413.88 cm-1 . 

Several features observed in this spectrum remain unassigned. Attempts to correlate 
these features with the CS1,2 and CB1,2 centres of Mujaji, from the presence of small 
quantities of SrH and BaH impurities into the crystal were unsuccessful. Stronger 
unassigned features of the spectrum are unlabelled. 

Transitions to the 516 multiplet are less well documented since Mujaji did not study 
fluorescence to this multiplet and only the A centre has been studied here. Of 
the four A centre transitions shown in Figure 4.4(b), the feature assigned as the 
Zl,2'Yl,2-+X8/1 transition is anomalous because we observe only one transition, where 
we expect two, separated by the ground state 1.7 cm-1 splitting. The explanation 
for this is that the transitions to the 516 multiplet have virtually no magnetic dipole 
moment, unlike transitions to the 5h multiplet. Thus, only the Zl II -+X8/1 tran
sition is observed, a transition from the Z2'Y2 level requiring absorption of magnetic 
dipole character. A significant number of absorption features observed to the 516 

multiplet remain unassigned. More work is required to unravel these spectra of the 
higher 516 and 515 multiplets of BoH in CaF2. Many of the 518 -+516 transitions ob
served lower in energy than the main Zl,2'Yl,2 -+Xll5 transition at 8755 cm-1 would 
be associated with the trigonal symmetry B centre. 
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Table 4.4: Energy levels (in vacuum cm- i
, ±0.02), intensities (relative to the strongest line in 

the spectrum (=100)) and linewidths (in vacuum cm- i
, ±0.1) as observed for the A and B centres 

of CaF2 :0.02%Ho3+. 
Center Multiplet Transition I Energy Intensity Linewidth 

Z212 ~Yl15 5256.38 51 0.7 
Zlll ~Yl15 5257.81 100 0.9 
Z212 ~Y315 5272.87 36 0.9 

517 Zl11~Y315 5274.7±0.3 15 0.9 
Z212 ~Y6Il 5307.26 10 0.5 

A ZlIl ~Y611 5309.18 12 0.4 
Z212 ~YIOI5 5413.88 14 1.4 
Zlll ~ Y 1Ol5 5417.86 18 1.5 
Z212 ~Xl15 8754.64 22 0.8 
ZlIl ~Xl15 8756.06 24 0.7 

516 Z212 ~X615 8811.42 5 0.6 
Zlll ~X615 8812.05 3 0.5 

Zl,211,2 ~ XS11 8862.41 3 0.8 
Zl,211,2 ~ X9,5 8913.77 5 2.5 

Z1I3 ~Yl13 5203.42 100 0.5 
~Y211 5214.65 33 1.3 

B 517 ~Y412 5223.10 86 0.6 
~Y5I3 5236.23 42 0.6 
~Y6Il 5238.26 52 1.5 
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Figure 4.4: Infrared absorption spectra of the (a) 5h and (b) 516 multiplets for CaF2:0.02%Ho3+. 

The spectra were recorded at 10K. 
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4.2.4 High-Resolution Infrared Absorption for the A Centre in CaF2 :Ho3+ 

The infrared-absorption spectrum of a 23.8 mm thick CaF2:O.003%Ho3+ crystal 
was measured to investigate transitions from the pseudo-degenerate ZI,2'YI,2 ground 
state of the A centre to the higher 517 multiplet centred near 5300 cm-I. From the 
polarised fluorescence measurements of Mujaji, four transitions could be assigned to 
this A centre. Heron has presented infrared absorption spectra for these transitions, 
with partially resolved hyperfine structure present for the 5256 cm-I and 5273 cm-I 

transition groups. Those spectra are, however, resolution limited to 0.1 cm-I . In 
addition Heron's spectra have atmospheric absorption lines in the region of interest, 
tending to obscure the weaker hyperfine transitions, particularly the ZI,2'YI,2~ Y 11'5 
crystal field transition at 5256 cm-I . The spectra presented here were recorded on 
the Bomem DA3 0.02 spectrometer at New Zealand Industrial Research Limited in 
Lower Hutt, employing the highest resolution available of 0.04 cm-I . Furthermore, 
the entire beam path of the Bomem spectrometer is evacuated to around 0.5 Torr 
to minimise (if not entirely eliminate) the effects of atmospheric absorption. An 
overview of the hyperfine patterns obtained is given in Figure 4.5. 

(a) Pseudo-Quadrupole Hyperfine Splittings in the Ground State of the 
A Centre 

For axial symmetry, the hyperfine interaction H h.f.s takes the form 

where the much smaller electric quadrupole interaction has been neglected. Within 
the SIs multiplet we have the electronic ground state of the Ho3+ ion in the A centre 
which comprises two close-lying singlet levels, transforming as the 1'1 and 1'2 irreps 
of the C4v group and separated by an energy spacing of around 1.7 cm-I (=26.). 
These singlet states independently have a zero expectation value of Jz. However 
given their proximity the mixing of their wavefunctions through the parallel hyper
fine interaction gives an enhanced magnetic moment with a ("(1 1 Jz 1 1'2) of 5.92. 
There is no perpendicular hyperfine interaction as ("(1 1 J± 1 1'2) = O. The wavefunc
tions of the 1'1 and 1'2 both states that comprise the ground state are derived from 
the crystal field calculations (section 4.2.2) to be: 

ZOI -0.490018)+0.50771 4) -0.057610)+0.50771-4)-0.49001-8) 
Z2'Y2 -0.492718)+0.506714) -0.50671-4)+0.49271-8) 

The hyperfine splitting of these ground states from the pseudo-quadrupole (second 
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Figure 4.5: Hyperfine structure observed in the Zl,21'1,2----t (a) Yns, (b) Y21'a, Yal's, Y4 1'2 and 
(c) XlI'S transitions. The spectra were recorded at 10K. 
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order magnetic) hyperfine interaction is given by the interaction matrix: 

Solving for the eigenvalues gives the energies (or energy spectrum in G Hz) as: 

E(lz) = ±J ~2 + (AJ(lz)lz)2 

Therefore with As, the magnetic hyperfine constant of the 5Is multiplet, as 812MHz, 
2~=1.7 cm- l =51 GHz, I = ~ and (')'1 I lz I 1'2)=5.92, the calculated magnetic 
hyperfine splittings are as shown in Figure 4.6. This pseudo-quadrupole splitting 
gives four doubly degenerate levels with separations in the ratio 3:2:1. It can be noted 
from Figure 4.6 that the calculated Iz splittings are 0.88 GHz (±~ - ±~), 1.69 GHz 
(±~ - ±~) and 2.36 GHz (±~ - ±~). These splittings are too small to be resolved, 
even with the Bomem spectrometer at 0.04 cm- l (1.2 GHz) resolution. Hence these 
calculated splittings cannot be directly checked through infrared absorption to, say 
the 5h Y61'1 singlet state at 5307.5 cm- l which shows virtually no structure from 
this ground state hyperfine interaction (see Figure 4.7). 

(b) Superimposed Ground State and 517 and 516 Multiplet Doublet State 
Hyperfine Structure 

The infrared spectrum ofthe ZI,21'I,2-tYn5 transition group near 5256 cm- l reveals 
two sets of fully resolved eight line hyperfine patterns separated by slightly more 
than 1.7 cm- l (see Figure 4.8). As the 1'5 upper state doublet has non-zero (Jz) 
of 5.26 the nuclear states of this level are split by the hyperfine term A71z(Jz) into 
(21 + 1) levels with equal spacing A7(lz) (where the magnetic hyperfine constant 
for the 5h multiplet is denoted A7). The electronic wavefunction for this Yn5 state 
IS 

Ynt ±0.8578 I ±7) =t= 0.4057 I ±3) =t= 0.1571 I =t=1) =t= 0.2682 I =t=5) 

The hyperfine interaction matrix for this Yn5 state is 

The observed splittings of Figure 4.8 represent the superposition of the hyperfine 
structure of the ground state with that of this upper Y l 1'5 doublet. Transitions 
are observed only between electron-nuclear states of the same Iz value. In Table 
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Figure 4.6: Calculated pseudo-quadrupole hyperfine pattern for the ground state of the A centre 
in CaF 2 :Ho3+ 
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Figure 4.7: Unresolved hyperfine structure in the Z1.2fl.2 ~ Y 61'1 transition of the A centre in 
CaF2 :O.003%Ho3+. The spectrum was recorded at 10K. 
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Figure 4.8: Hyperfine structure for the Zl,211,2 --+ Yl15 absorption transition of the A centre in 
CaF2:0.003%HoH. The spectrum was recorded at 10K. 
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Table 4.5: Calculated and experimental hyperfine splittings (in GHz ±0.6) in the Z1,271,2 -+ Yns 
absorption transition near 5250.5 em-1 . An A7 value of 0.883 GHz has used to calculate these 
splittings. 

Hyperfine Splittings 
Line I z Calc Expt 

1-8 ±l 2 

2-7 ±p. 
2 

3-6 ±2 
2 

4-5 ±l 2 

9-16 ±l 2 

10-15 ±p. 
2 

11-14 ±2 
2 

12-13 ±l 
2 

32.5 

23.2 

13.9 

4.6 

32.5 

23.2 

13.9 

4.6 

30.3 

21.7 

13.2 

4.3 

30.0 

21.4 

12.8 

4.3 

4.5 we compare the calculated hyperfine transition Iz splittings with those observed 
experimentally and good agreement is obtained. 

For transitions to the 516 multiplet, a 27mm thick CaF2:O.02%Ho3+ crystal was re
quired for these weaker absorption transitions. It is observed that the Z1,21'1,2 ~Xl/'5 
transition group near 8755 cm- 1 also has two sets of eight-line hyperfine patterns 
very similar to the Z1,21'1,2 ~ Y 11'5 transitions already shown in Figure 4.8. We 
interpret this structure similarly. The crystal-field wavefunction for the X 11'5 state 
is: 

X11't -0.0840 I ±1) - 0.9936 I 

with a (Jz ) value of 4.94. For the 516 multiplet, the magnetic hyperfine constant 
A6 , has a value 0.969 GHz - see Appendix A. Therefore employing the same inter
action matrix as for the Z1,21'1,2 ~ Y11'5 case we obtain hyperfine splittings for the 
Z1,21'1,2 ~X1I'5 transitions, which are in excellent agreement with the experimental 
values in Table 4.6. 

( c) Least Squares Fitting to the Hyperfine Constants 

An alternative approach to the direct calculation is to fit the As, A7 and As magnetic 
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Figure 4.9: Hyperfine structure in the Zl,2/1,2 -Xl1'5 absorption transition of the A centre in 
CaF2:O.02%Ho3+. The spectrum was recorded at 10K. 
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Table 4.6: Calculated and experimental hyperfine splittings (in GHz ±O.6) in the Zl,Z'1'I,2 --+Xn5 
transition near 8755 em-I. The value of A 6 , the magnetic hyperfine constant for the 516 multiplet, 
used for this calculation was""-"Oc.:..>.9""6C><.9-"G~H,,,,,z,,-,-. __________ _ 

Hyperfine Splittings 
Line I z Calc Expt 

1-8 ±1 
2 

2-7 ±Q 
2 

3-6 ±!! 
2 

±l 
2 

9-16 

10-15 

11-14 

12-13 ±l 
2 

33.5 

24.0 

14.4 

4.8 

33.5 

24.0 

14.4 

4.8 

35.0 

28.1 

15.3 

4.9 

34.8 

25.1 

15.3 

5.1 

hyperfine constants from the experimental data. We do this using the MATLAB 
'fmins' least squares fitting routine. Fitting the Zl,211,2 -+ Y 1 15 hyperfine transitions, 
with the A8 and A7 hyperfine constants treated as adjustable parameters we obtain 
A8=0.782 GHz and A7=O.884 GHz. The A7 value is in excellent agreement with 
the calculated value whilst the A8 value is lower than the free ion value of 0.812 
GHz. Boonyarith et. aL [43] also found this obtaining a value of 0.795 GHz from 
analysis of 5I8 -+5F5 absorption transitions, in good agreement with both the free 
ion value and that obtained here. Fitting the A8 and A6 hyperfine constants to 
the Zl,211,2 -+Xn5 transitions we obtain A8=0.832 GHz and A6=1.012 GHz, both 
values once again in good agreement with the calculated and the free ion values. 
However the discrepancy between the two best fit values of A8 indicates the limits 
of using data that is both instrument and inhomogeneous linewidth limited. 
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( d) Intensity Calculations 

A stringent check on the validity of the energy level calculations is to simulate the 
systematically increasing then decreasing intensity patterns of the observed 11,2 -+ 15 

transitions. The intensity of a hyperfine transition from an initial state I i) to a 
final state I f) is proportional to their population difference and the square of the 
transition matrix element between them: 

which is an application of Fermi's Golden Rule [55J. Here (i I Hat-rad I f) is the 
relevant atom-radiation interaction and ni and nj are the initial and final state 
populations. Following Boonyarith [49] we note the population of the excited states 
will be essentially zero at 10K. With the nuclear spin projection being conserved 
during the transition (fl.lz , it is convenient to write the transition intensities 
as: 

State 

IIIIz) -+lltlz} 

111Iz) -+115 Iz} 

112Iz} Il't Iz} 

11'2Iz} -+115 I z} 

Intensity 

I al (Iz)M + a2(Iz)N 12 exp(-~!¥z») 

I al(Iz)M a2(Iz)N 12 expC~!¥Z)) 

I a3(Iz)flI1 + a4(Iz)N 12 expC~!¥Z») 

I a3(Iz )flI1 - a4(Iz)N 12 expC~!¥Z)) 

where the factors al(Iz), a2(Iz), a3(Iz) and a4(Iz ) are the admixture coefficients for 
the two ground state wavefunctions expressed in the form 

Z1l'1Iz a1 IIIIz) + a2 112Iz) 
Z2 "(2 Iz a3 IIIIz) + a4 112Iz} 

fl.E(Iz) is the energy above the ground state ofthe Iz level in question and M and N 
are the matrix elements (11 1 lit) and (12 I Hat - rad lit) respectively. The 
ZI,2I1,2 -+ 15 transitions are electric dipole allowed in (J' polarisation with matrix 
elements: 

(11 I D+ Il't) = (1'1 I D- 115) = 111 

(12 I Il't) -(12 I D- 115) = N 

where D+ and D- are the left and right circularly-polarized electric dipole operators 
with the appropriate phase relations included [43J. Hence the matrix elements for 
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Table 4.7: Ground state nuclear wavefunction composition for the A centre in CaF2:O.003%HoH 

State Wavefundion 

Z!'Yl ± ~ -0.9579 1 /'1 ± ~) ± 0.2870 I /'2 ± ~) 

Z1/'1 ± ~ -0.9759 1 /'1 ± ~) ± 0.2181 1 /'2 ± ~) 

Z!'Y1 ± ~ -0.9906 1 /'1 ± ~) ± 0.1371 1 /'2 ± ~) 

Z!'Y1 ± ~ -0.9989 1 /'1 ± ~) ± 0.0468 1 /'2 ± ~) 

Z2/'2 ± ~ 0.9579 1 /'2 ± ~) ± 0.2870 1 /'1 ± ~) 

Z2/'2 ± ~ 0.9759 1 /'2 ± %) ± 0.2181 1/'1 ± %) 

Z2/'2 ± ~ 0.99061 /'2 ± i) ± 0.1371 1 /'1 ± i) 
Z2/'2 ± i 0.99891 /'2 ±!) ± 0.04681 /'1 ±!) 

the 1 /'2/z) 1 ,t1z) and I /'2/z) --+1 /'5/z) transitions are equal. The ground
state nuclear-wavefunction composition can be taken from the earlier ground-state 
hyperfine-energy level calculations (presented in Table 4.7). 

A choice is needed for the lineshape function. The transitions observed here are 
to the lowest levels of the 5h and 5Is multiplets and are sharp, inhomogeneously
broadened lines with minimal probability for spontaneous phonon emission [50]. 
It is usual to take the inhomogeneous lineshape as Gaussian [51]. However as is 
pointed out by Macfarlane [52]' [53], many different lineshapes have been observed 
for inhomogeneously broadened lines at different concentrations. Here a Lorentzian
lineshape-function is employed as this seems the most representative for the line
shapes observed: 

A simulated spectrum for the Z1,2/'1,2 --+ Yn5 transitions near 5256.5 cm-1 is shown 
in Figure 4.10. The linewidth parameter, b.1I is chosen as 0.04 cm-1 ) the temperature 
is 10K and the optical transition parameters M and N are assumed equal. For these 
good agreement between the experimental and calculated spectra are obtained given 
the assumptions made. No attempt was made to simulate the similar Z1,2/'1,2 --+Xn5 
spectrum near 8755 cm-1 since the intensity variation is again determined by the 
off-diagonal mixing occuring in the ground state, thus any simulation would give the 
same spectral fit as that in Figure 4.10 except for a different linewidth parameter 
b.1I. 
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Figure 4.10: Simulated absorption spectrum for the Zl,211,2 ~ Yl l5 transition of the A centre. 
A crystal temperature of 10K was used in the simulation. 
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(e) Perturbed Hyperfine Patterns: The Effect of Two Nearby Singlets 
on the Hyperfine Structure in a 517 Multiplet Doublet 

The transition group centred around 5274 cm- l has a hyperfine pattern correspond
ing to the resolved hyperfine pattern of the Y 315 doublet superimposed upon the 
ground state pseudo-quadrupole hyperfine structure. However the observed pattern 
is not as simple as the previously discussed ZI,211,2 --+ Y I 15 and Xll5 patterns and 
we believe that nearby singlet states perturb the pattern. The spectral analysis 
of Mujaji [17J puts a Y 213 singlet state just 1 cm-l away from the Y3'Y5 doublet 
state. In addition the crystal-field analysis suggests a second 12 singlet state further 
perturbs the hyperfine pattern of the doublet state. Thus the complexity of this 
pattern is derived from the perturbation of the Zl,2I1,2 --+ Y 315 hyperfine structure 
due to the presence of two nearby singlet states. For absorption from the Zl,211,2 

ground state, only transitions to the Y 315 and Y 412 states will be observed. The 
13 state could only appear if there were strong mixing with the 15 state via the 
perpendicular hyperfine interaction. The hyperfine Hamiltionian is: 

and the wavefunctions of the three states are: 

13 0.6095 I 6) - 0.3528 I 2) + 0.3528 I -2) - 0.6095 I -6) 
It ~0.3528 I ±7) ~ 0.0465 I ±3) ± 0.3014 I ~1) ~ 0.8823 I ~5) 
12 0.6563 I 4) - 0.3691 I 0) + 0.6563 I -4) 

These wavefunctions are mixed by both the perpendicular hyperfine interaction, J±, 
and the parallel hyperfine interaction J z. The appropriate recursion relations are 
given by Schiff [54] as: 

yielding 

(Jz + 1 I J+ I Jz) = J J(J + 1) - Jz(Jz + 1) 

(Jz - 1 I J_ I Jz) = J J( J + 1) - Jz(Jz - 1) 

(Jz I Jz I Jz) = Jz 

(,2 I J+ l,t) = (12 I J_ I ,f:) = 4.51 

(13 I J+ l,t) = (13 I J_ I ,f:) = 2.83 

(It I Jz l,t) = 3.11 = -(If: I Jz I ,f:) 
The hyperfine interaction matrix for the two singlet states, Y 213 and Y 412, and the 
Y 315 doublet state involves energy separations 8 and ,6. between the 13-It and It-I2 
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states respectively. The "15 doublet itself is split by the parallel hyperfine interaction 
whilst the two singlets are mixed with the doublet via the perpendicular hyperfine 
interaction ~Al(J+L + J_1+). There is no direct coupling between the two singlet 
states as neither the Jz nor J± operators of the parallel and perpendicular hyperfine 
interactions can connect the J z kets of these states. The interactions of either of the 
singlets with the doublet will be such that for a given value Iz of the singlet state, 
the mixed doublet-state components are necessarily either Iz + 1 or Iz - 1. These 
dou blet Iz ± 1 states will be split by the parallel hyperfine interaction All (Jz) 1z ± 1 
(where once again Iz is of the singlets). The hyperfine interactions for one Iz of the 
singlets can be represented as: 

1z 1'3 1't 1's 1'2 

1'3 b tAl- (,3 I L l1't)1+ tAl-(,31 J+ 11'5)1- 0 

1't tAl- (,t I L 11'3)1+ All (Jz)(Iz - 1) 0 tAl- (,t I J+ 11'2)1-

1's tAl- (,s I J+ 11'3)1- 0 -All (Jz)(Iz + 1) tAl- (,s I L 11'2)h 

1'2 0 tAl- (,2 I J+ l1't)1- tAl- (,2 I L l1's)h 6. 

The analytical form of the energy spectrum from this matrix is too complex to be 
given here and numerical solutions were used. 

The problem is rendered more difficult because the exact energies of the Y 2"13 and 
Y 4"12 singlet states relative to the doublet are not known. Since the energy positions 
of the hyperfine levels and their relative intensities will be critically sensitive to the 
mixing between these states, an unambiguous energy level fit cannot be realised. 
Instead we fit the relative intensities of the transition group as a whole. The ap
proach taken here is to alter the relative energy-level spacings of the Yn3, Y 3"15 

and Y 4"12 crystal field states (I JJz)) in steps until the calculated intensity pattern 
resembles the experimentally measured pattern. The calculations were performed 
in a similar manner to the intensity calculations for the ZI,nl,2 ----+ Y I "15 and Xl "15 

patterns. Electric and magnetic dipole transition matrix elements will only be non 
zero between the Y 3"15 and Y 4"12 states with wavefunctions expressed in general form 
as: 

Yn31z 

YntIz 
Y4 "12 Iz 

bl 1 "I3 1z) + b2 1 "It1z ± 1) 
b3 1 "It 1z) + b4 1 "I21z ± 1) + b5 1 "I3 I z ± 1) 

b6 1 "I21z) + b7 1 "It1z ± 1) 

From this we obtain transition intensity matrix elements of the form: 
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State 

1 IlIz) --+1 ,t Iz) 

1 IlIz) --+1 15Iz) 

1 12 I z) --+1 ,t I z) 

1 12Iz) --+1 15Iz) 

1 IlIz) --+1 12Iz) 

1 12Iz) --+ 1 12I z) 

Intensity 

1 al (Iz)b3(Iz)H + a2(Iz)b3(Iz)J 12 expC~:¥z)) 

1 al (Iz)b3(Iz)H - a2(Iz)b3(Iz)J 12 expC~:¥z)) 

1 a3(Iz)b3(Iz)H + a4(Iz)b3(Iz)J 12 expC~:¥z)) 

1 a3(Iz)b3(Iz)H - a4(Iz)b3(Iz)J 12 exp(-~:¥z)) 

1 al (Iz)b6 (Iz)G + a2(Iz)b6 (Iz)K 12 expC~:¥z)) 

1 a3(Iz)b6 (Iz)G + a4(Iz)b6(Iz)K 12 expC~:¥z)) 
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Where bl(Iz), b2(Iz), b3(Iz), b4(I=), b5(Iz), b6 (Iz) and b7(Iz) are the admixture coeffi
cients of the four excited state wavefunctions and H, J, G and K are the Zlll --+ Y 315, 
Z212 --+ Y 315, Zlll --+ Y 412 and Z212 --+ Y 412 optical transition parameters. All other 
terms are as explained earlier. The admixture of electron-nuclear states via the per
pendicular hyperfine interaction introduces additional matrix elements of the form: 

1 IlIz ± 1) --+1 ,t Iz ± 1) 1 al(Iz ± 1)b2,7(Iz ± 1)H + a2(Iz ± 1)b2,7(Iz ± 1)J 12 

x exp( -.6.~~~±1)) 

1 IlIz ± 1) --+1,5 Iz ± 1) 1 al(Iz ± 1)b2,7(Iz ± 1)H - a2(Iz ± 1)b2,7(Iz ± 1)J 12 

x exp( -.6.~~~±1)) 

1 12Iz ± 1) --+1 ,t Iz ± 1) 1 a3(Iz ± 1)b2,7(Iz ± 1)H + a4(Iz ± 1)b2,7(Iz ± 1)J 12 

x exp( -.6.~~~±1) ) 

1 12Iz ± 1) --+1 15Iz ± 1) 1 a3(Iz ± 1)b2,7(Iz ± 1)H - a4(Iz ± 1)b2,7(Iz ± 1)J 12 

x exp( -.6.~~~±1)) 

for either of the two singlets Y 213 and Y 4"Y2 as appropriate. The Iz above is of the 
singlets. For the Y 31t doublet states there are additional matrix elements: 

1 IlIz ± 1) --+1 12Iz ± 1) 1 al(Iz ± 1)b4(Iz ± 1)G + a2(Iz ± 1)b4(Iz ± 1)K 12 

x expC.6.~~~±l)) 

1 12Iz ± 1) --+1 12Iz ± 1) 1 a3(Iz ± 1)b4(Iz ± 1)G + a4(Iz ± 1)b4(Iz ± l)K 12 

x ex (-.6.E(Iz±l)) 
P kBT 

where, here the Iz is of the doublet. 

The best fit was obtained for a crystal field energy level scheme for the three levels 
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with the Y21'3 state 0.7 cm-1 below the Y 21't state and the Y41'2 state 0.3 cm-1 above 
the Y 21't state. This gives the energy level scheme for the hyperfine structure of the 
excited Y2, Y3 and Y4 states as given in Figure 4.11. An energy level and intensity 
pattern which accounts for the main experimental features can be constructed from 
this crystal field energy scheme, first ignoring the mixing of states of different Iz and 
with the optical transition parameters all set to unity (including magnetic dipole). It 
is far more satisfactory, however, to include the Iz mixing in the intensity calculation 
despite the fact that this greatly increases the calculational tedium. In order to 
limit the extent of, and because of approximations inherent in the calculation, only 
components 1% or greater were considered. 

Figure 4.1~ gives the crystal-field assignments for the various components of the 
spectrum and gives a schematic representation of the calculated hyperfine splitting 
obscured by the inhomogeneous linewidth. The simulated spectrum is compared 
with the experimental spectrum in Figure 4.13 where, on the whole, good agree
ment is obtained. We consider the transition groups in turn from higher to lower 
energy. The strong absorption peak at 5274.384 cm-1 is assigned as the ZlT'1 -. Y41'2 
transition. No resolved hyperfine structure is observed here because the Y41'2 Iz spec
trum is inverted with respect to that in the ground state ZII'I level and therefore all 
of the transitions between the hyperfine levels of these two crystal field states will 
be superimposed to give the single feature observed. As can be seen in Figure 4.13 
the simulated spectrum well accounts for this. One should also note that these tran
sitions are magnetic dipole in origin and the strength of this feature vindicates the 
comparable weighting given to both magnetic dipole and electric dipole transition 
strengths. 

The transition group between 5273;5 and 5274.3 cm-1 is not so well accounted for 
theoretically. These features are assigned as the ZII'I -. Y 31't transitions. Only 
six transitions are present in the experimental spectrum, a problem only partially 
explained by the merging of the ZII'I ± ~ -'Y3I't~ transition with the ZlT'l -'Y41'2 
transitions. The additional transition appears to be hidden within the 5273.643 and 
5273.567 cm -1 structure. The dissimilarity of the theoretical with the experimental 
spectrum has to be attributed to the simplicity of the model. The three crystal field 
levels are considered in total isolation when it is known from Mujaji's analysis [17] 
and that undertaken here, that the Y11'5 state is 17 cm-1 (510 GHz) lower in energy. 
However we have considered the smaller contributions made by the Y 11'5 state and 
this is not appreciable with the largest shifts for the ±~ states of around 0.006 cm-1 

(close to 0.18 GHz). Thus the source of the disparity between the experimental and 
calculated intensities must be the optical transition parameters. 

The next set of features, present some 1 cm-1 lower in energy, are assigned as the 
Z21'2 -. Y 41'2 transition group. In this case the hyperfine splittings of the Z21'2 state 
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Figure 4.11: Schematic diagram of the hyperfine structure for the Y 2/ 3 , Ynt and Y4/2 states 
of the A centre in CaF2 :O.003%Ho3+ 
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Table 4.8: Calculated and experimental magnetic hyperfine energy levels for the ZI,2rl,2 -+Y2r3 , 
Ynt and Y 4T2 states ofthe A centre in CaF2:0.003%HoH. Experimental uncertainties are ±0.020 
cm-I unless otherwise stated and energies are as measured in vacuum. The Z2r2 ±! -+Y4r2 ±! 
transition is used as an arbitrarily chosen reference point. * indicates a tentative assignment. 

Line Transition Calc Energy Expt Energy Expt Energy (Absolute) 
Assignment (GHz) (GHz) (em-I) 

17 Znl ± ~ -+Y4r2 ± ~ 53.88 52.74 5274.384 

17 Znl ± ~ -+Y4r2 ± ~ 52.81 52.74 5274.384 

17 Znl ± ~ -+Y4r2 ± ~ 51.91 52.74 5274.384 

17 Znl ±! -+Y4T2 ± ~ 51.31 52.74 5274.384 

17 Znl ± ~ -+y3rt ± ~ 50.31 52.74 5274.384 

16 Zlrl ± ~ -+y3rt ± ~ 41.06 43.26* 5274.068 

15 Znl ± ~ -+Y3rt ± ~ 37.40 39.66* 5273.948 

14 Zlrl ± t -+y3rt ± t 34.39 37.71 * 5273.883 

13 Znl ± t -+Y3rl ± t 33.79 35.46* 5273.808 

12 Znl ± ~ -+Y3rl ± ~ 29.16 30.51 * 5273.643 

12 Znl ± ~ -+Y3rl ± ~ 28.61 30.51 * 5273.643 

11 Znl ± ~ -+Y3rl ± ~ 27.83 28.23* 5273.567 

10 Z2r2 ± ~ -+Y4r2 ± t 0.00 0.00 5272.626 

9 Z2r2 ± ~ -+Y4r2 ± ~ -1.17 -1.50 5272.576 

8 Z2T2 ± ~ -+Y4T2 ± ~ -3.64 -4.98 5272.460 

7 Z2r2 ± ~ -+Y4r2 ± ~ -7.29 -7.38 5272.380 

6 Z2r2 ± ~ -+y3rt ± ~ -10.86 -11.13 5272.255 

5 Z2r2 ± ~ -+y3rt ± ~ -15.40 -16.1±3.0 5272.09±0.10 

5 Z2r2 ± ~ -+Y3rt ± ~ -15.69 -16.1±3.0 5272.09±0.10 

5 Z2r2 ± t -+y3rt ± t -16.92 -16.1±3.0 5272.09±0.10 

5 Z2r2 ± ~ -+Y3rl ± t -17.52 -16.1±3.0 5272.09±0.10 

4 Z2r2 ± ~ -+Y3rl ± ~ -25.25 -17.13 5271.814 

3 Z2r2 ± ~ -+Y3rl ±! -27.85 -24.36 5271.734 

2 Z2r2 ± ~ -+Y3rl ± ~ -32.01 -30.66 5271.604 

1 Z2T2 ± ~ -+Y2r3 ± ~ -38.79 -36.09 5271.423 

1 Z2r2 ± t -+Y2r3 ± t -38.93 -36.09 5271.423 

1 Z2r2 ± ~ -+Y2r3 ± t -39.82 -36.09 5271.423 

1 Z2r2 ±! -+Y2r3 ± ~ -40.27 -36.09 5271.423 

1 Z2r2 ± ~ -+Y2T3 ±! -40.92 -36.09 5271.423 

1 Z2r2 ± ! -+Y2T3 ± ~ -41.36 -36.09 5271.423 
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Figure 4.12: Experimental YZ"I3-Y 3"1t-Y 4'Y2 hyperfine spectra for the A centre in 
CaF 2 :O.003%Ho3+ 
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Figure 4.13: The (a) simulated and (b) experimental Y21'3-Y 31't-Y 41'2 hyperfine spectra for the 
A centre in CaF2 :O.003%Ho3+. The experimental spectrum was recorded at 10K. 
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Table 4.9: Nuclear wavefunction composition for the Y21'3, Y 31't and Y41'2 states of the A centre 
in CaF2 :0.003%Ho3+. The wavefunctions are truncated to components 1% or larger. 

Irrep Iz Wavefunction 

(±~) =F0.6478 Il't ±~) =F 0.7542 11'2 ± ~) 

Y41'2 (±~) =F0.2037 I 1'2 =F~) ± 0.5360 Il't ±~) - 0.7902 11'2 ±~) ± 0.1706 Il'l ±~) 
(±~) 0.1765 11'2 =F ~) + 0.1407 Il't =F ~) + 0.4678 Il't ± ~) + 0.8098 11'2 ± ~) 

+0.2521 l'l't ± ~) 

(±t) =F0.4063 Il't =F t) =F 0.8445 11'2 ± t) =F 0.3345 Il't ± ~) 

(±~) ±0.1087 I 1'3 ±~) ± 0.9933 Il't ± ~) 
(±~) 0.1492 11'3 ± ~) + 0.7352 Il't ± ~) - 0.6522 11'3 ± ~) 

(±~) =F0.1401 Il't =F ~) - 0.1308 11'2 =F ~) + 0.1994 Il'l =F ~) =F 0.1513 11'2 =F ~) 
±0.2806 Il'l =F t) ± 0.2173 11'3 ± t) ± 0.7020 Il't ±~) =F 0.4605 11'2 ±~) 

=F0.2272 Il't ± ~) 
(±t) ±0.1043 Il't =F~) ± 0.1696 11'2 =F~) =F 0.3264 Il't =F~) ± 0.1055 11'3 ± t) 

+0.1759 Il't =F~) ± 0.7372 Il't ± t) =F 0.2983 11'2 ±~) =F 0.3902 Il't ± ~) 

Y3/t (=Ft) 0.1286 11'3 ±~) + 0.6040 Il't ±~) + 0.1221 11'2 ± t) - 0.7478 Il't =F t) 

-0.1640 11'3 =F ~) + 0.1182 Il't ± ~) 
(=F~ ) .0.1598 11'3 ±~) + 0.4585 Il't ± t) - 0.5062 11'2 =F t) + 0.6739 Il't =F ~) 

+0.2223 11'3 =F ~) 

(=F~ ) =F0.1726 Il't ± ~) + 0.2503 Il't =F t) - 0.4099 11'2 =F ~) + 0.8130 Il't =F ~) 
+0.2318 11'3 =F ~) 

(=F~ ) ±0.1160 Il't =F~) =F 0.2872 11'2 =F~) ± 0.9486 Il't =F ~) 

(±~) 0.2993 11'3 =F~) ± 0.2270 Il't ±~) =F 0.9192 11'3 ±~) 

Yn3 (±~) 0.2730 11'3 =F~) + 0.2378 Il't ±~) - 0.9240 11'3 ±~) 
(±~) =F0.2585 11'3 =F~) ± 0.2365 Il'l ± t) =F 0.9176 11'3 ±~) ± 0.1376 Il't ±~) 
(±t) -0.1137 11'3 =F t) ± 0.2128 Il't =F t) =F 0.9474 11'3 ± t) ± 0.1794 Il't ± ~) 
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are not inverted with respect to those of the Y 41'2 state and four hyperfine transitions 
are apparent as given in Table 4.8. 

The Z21'2 --+ Y31'f transitions are observed in 5271.6-5272.2 cm-1 region. It can 
be observed from Figure 4.13 that this portion of the experimental spectrum is 
particularly well accounted for by the theoretical spectrum. The dominant feature 
is the 5272.090 cm-1 transition which is assigned as the superposition of the 1'2 ~--+ 

~,1'2 ~ --+ 1'f ± ~, 1'2 ± ~ --+ 1'f ± ~ and 1'2 ± ~ --+ 1'~ ± ~ transitions. The 
final feature observed in the experimental spectrum at 5271.143 cm-1 is assigned 
as the Z21'2 --+ Y 21'3 transition. In the absence of any hyperfine interactions this is 
forbidden by symmetry considerations, however the 1'3 state can gain intensity due 
to mixing between itself and the 1'f state via the perpendicular hyperfine interaction. 
From Table 4.9 we see that the Y21'3 nuclear wavefunctions are typically comprised 
of 5% 1'[. Thus it is not unexpected that this transition is observed however it is 
troublesome because no Z11'1 --+ Y 21'3 transitions are observed. The explanation is 
that the Z21'2 --+ Y 21'3 transition group at 5271.423 cm -1 is the superposition of all 
the hyperfine transitions to the Y21'3 state (as outlined in Table 4.8). For transitions 
from Z11'1 to this level there would be no superposition of hyperfine transitions and 
thus it is possible that the individual transitions would not be observed above the 
noise. 

4.3 High Resolution Infrared Absorption of the 3H4 and 
3H5 Multiplets of the C4v Centres in CaF2:Pr3+ and 
SrF2:Pr3+ 

Naturally-occuring Pr contains 100% of the Pr141 isotope with a nuclear spin of 
I=~. Macfarlane et. al. [56] have determined the Pr141 nuclear magnetic moment 
to be 4.2754jLNl which is comparable to that of H0165 , making Pr3+ another suitable 
candidate for high resolution studies of nuclear hyperfine interactions. Whilst the 
hyperfine structure of the 3H4 --+1 D2 absorption transitions have been extensively 
studied [44], [56], [45], [57], [58], [59], [60], [61] hyperfine structure for the 3H4 --+3H5 
and 3H6 absorption transitions in the infrared have not yet been reported and these 
form the basis of this study. Here, the dominant C4v symmetry centres in CaF 2 :Pr3+ 
and SrF2:Pr3+ are labelled as A and C, following Tissue and Wright [62] (1987) and 
Cleven, Lee and Wright [63] (1991). 
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4.3.1 Hyperfine Patterns for the C 4v Symmetry Centre of CaF2 

(a) Hyperfine Patterns for Transitions to the 3Hs Multiplet 

Infrared absorption spectra of a 15.3 mm thick CaF2 :O.003%Pr3+ crystal were recorded 
for transitions to the 3Hs and 3H6 multiplets. Wells [64], [65] presented 0.1 cm- I 

resolution spectra for these multiplets and identified the two sharp transitions at 
2189.11 and 2211.11 cm- I as transitions to the Y 1f2 and Y2/1 states assigned by 
Reeves et. al. [45]. Their measured linewidths of 0.4 are narrow enough 
to reveal the magnetic hyperfine structure of the ZIIS ground state. The two up
per states, Y1 and Y2 , are both singlets and thus are independently non-magnetic. 
However there can be a pseudo-quadrupole splitting between them. The crystal-field 
wavefunctions for two YI and Y2 states (Wells [65]) are: 

1'1,2 0.6975 I 4) - 0.1141 I 0) + 0.6975 I -4) 
1'2,1 0.6935 I 4) - 0.1288 I 0) - 0.6935 I -4) 

yielding a value of 3.870 for ({2 I }z I,l)' The hyperfine interaction A5IzJz (where 
A5 is the magnetic hyperfine constant for the 3H5 multiplet) shifts the 12,1 hyperfine 
levels by 

Using a value of 0.802 GHz for A5 (see Appendix A) and a separation Ll of 660 
GHz (22 cm-1) the calculated shift is 0.09 GHz. As this shift is unresolvable by the 
Bomem spectrometer used in this study, we neglect this interaction. 

Figures 4.14 and 4.15 show the recorded Z1I5 --t Y1I2 and Y211 absorption transition. 
Clearly apparant are the six-line hyperfine patterns consistent with ~ for Pr3+ and 
these patterns are the ground state hyperfine structure. There is a deeper central dip 
in the six-line pattern which originates from a distribution of non-axial distortions 
arising from internal strain within the crystal [66]. From the crystal field analysis 
of vVells and Jones [65] the ground state crystal field wavefunction is: 

Zllt =]=0.9415 I ±3) ± 0.32991 =]=1) 

which yields a (Jz) value of 2.54. Abragham and Bleaney [67] give the value of the 
magnetic hyperfine constant A4 for the 3H4 multiplet to be 1.093 GHz. The hyperfine 
interaction for the ground state It can be accounted for with an interaction matrix 
of the form: 

15 A4I z(Jz) 
15 D4 
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Where D4 is a parameter representing a random distribution of non-axial distortions. 
The energy of each Iz component is therefore 

Fitting the experimental data to the energies of each Iz component with the mag
netic hyperfine constant A4, and strain distortion parameter D4 treated as a free 
parameters and using the MATLAB 'fmins' least squares fitting routine yields values 
for A4 of 1.0926 GHz and D4 of 0.6106 GHz. There is an almost exact agreement 
of this A4 value with that given by Abragham and Bleaney whilst the value of the 
strain distortion parameter, D4 is attributed to the introduction of the Pr3+ dopant 
itself into the host lattice. Table 4.10 compares the experimental splittings observed 
in the Zl '"'15 ---1-Y 1 '"'12 and Zl '"'15 ---1-Y 2'"'11 transitions with those calculated with excellent 
agreement between the experimental and calculated values. Good agreement is also 
obtained with the high resolution (2 MHz) laser data of Burum et. al. [60]. These 
authors observe hyperfine splittings of 2.77 GHz for measurement of the Zl '"'15 ---1-D1 '"'12 
transition at 594.1 nm. 

Table 4.10: Calculated and experimental A centre Zl"l5 ground-state magnetic hyperfine splittings 
(in GHz, ±O.6) as observed for the Zl"l5 -+ Y1"l2 and Zl"l5 -+ Y2"11 transitions 

Line Experimental Calculated 
Separation I z Y 1 Y 2 D4=O.6106 D 4=O 

3-4 ±l 
2 3.1 3.0 3.033 2.775 

2-5 ±~ 
2 8.4 8.4 8.418 8.325 

1-6 ±Q 
2 13.8 13.9 13.935 13.876 

(b) Hyperfine Patterns for Transitions to the 3H6 Multiplet 

Only a few weak absorption transitions are observable to the 3H6 multiplet. Con
sequently a higher concentration was necessary to observe hyperfine structure in 
the electronic transitions to this multiplet and a 40.5 mm thick CaF2:O.03%Pr3+ 
sample was chosen for measurement. Wells [64] has identified the 4204.21 cm-1 ab
sorption transition as terminating on the Xl '"'15 state assigned by Reeves [45]. This 
transition was noted to show an asymmetrical splitting indicative of possible resolv
able hyperfine structure. In Figure 4.16 we see a six-line hyperfine pattern in the 



4.3. High Resolution Infrared Absorption of the 3H4 and 3Hs Multiplets of the C4v Centres in CaF2 :Pr3+ and SrF2 :Pr3+73 

1 
3 4 6 

2 5 

2188 2188.5 2189 2189.5 

Wavenumbers (em-I) 

Figure 4.14: Magnetic hyperfine structure for the Zl15 - Y 112 absorption transition of the A 
centre in CaF2 :O.003%Pr3+. The spectrum was recorded at 10K. 
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Figure 4.15: Magnetic hyperfine structure for the Zl'l5 -+Y2'11 absorption transition of the A 
centre in CaFz:O.003%Pr3+. The spectrum was recorded at 10K. 
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Table 4.11: Ground-state Zl/5 nuclear-wavefunction composition for the A centre of 
CaF2:0.003%Pr3+ 

-=------~------------~-------------------State I z Wavefunction 

±£ 2 0.9990 I znt ± ~) + 0.0439 I Zn! ± ~) 

±1 2 0.99741 znt ±~) + 0.0727Z1 I "I! ±~) 
±! 2 0.9786 1 znt ± !) + 0.20571 Zn! ±!) 

"It -0.9786 I znt =f !) + 0.2057 1 Zn! =f !) 
=f! -0.9974 1 znt =f !) + 0.0727 I Zn! =f ~) 

=f~ -0.9990 1 znt =f ~) + 0.0439 1 Zl "Il =f ~) 

Zn5 -+ Xl "15 transition. The splitting pattern observed is larger than those observed 
for the Zll'5 -+ Y 11'2 and Y 21'1 transitions. 

This is because the pattern observed is the superposition of hyperfine pattern of the 
ground state and of the Xn5 state, which is inverted with respect to that in the 
ground state. These combine to give the larger splitting observed in Figure 4.16. 
From the crystal-field analysis of \,yells and Jones [65] the crystal-field wavefunction 
of the Xl "15 state is: 

xnt 0.1069 1
3 H6 =f 3) + 0.1658 1

3 F2 ± 1) - 0.9649 1
3 H6 ± 5) - 0.1523 1

3 H6 ± 1) 

with (Jz )=4.67. A value of A6=0.633 GHz has been calculated for the 3R6 multiplet 
(see Appendix A). However since the intermediate coupled wavefunctions used in 
these calculations were those calculated for LaF3:Pr3+ [68] we consider them as an 
initial set only for fitting the superimposed hyperfine structure observed experimen
tally. Both the Zll't ground state and Xll't excited state hyperfine structure must 
be considered. 

interaction matrix for the XI l'5 excited state is identical to that used for the 
ground state, with the hyperfine interaction now ~IzJz and the strain distortion 
parameter for the 3H6 multiplet D6. Treating the A6 and D6 variables as adjustable 
parameters, we obtain values for A6 of 0.585 GHz and D6 of 0.1169 GRz. The A6 
value is close to the starting value of 0.633 GHz whilst the value of D6 is small 
because the central dip in the pattern is not as pronouced as for the 3H5 transi
tions. Tables 12 and 4.13 give the calculated and experimental energy separations 
and nuclear-wavefunction compositions respectively. There are several additional 
weak 'forbidden' transitions observed in the hyperfine transitions to the Xll'5 state, 
namely the IZl/t t) -+Ixnt =f !) transitions. These transitions are induced by 
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the strain distortion in the ground state which more strongly couples the states of 
lower Iz• The result is that the wavefunctions of these states become mixed (4.2% 
in the case of the ZlI't ± t states) and therefore weak 'forbidden' transitions will 
be observed as in Figure 4.16. A schematic of all hyperfine transitions observed to 
Xll'5 is given in Figure 4.17. 

Table 4.12: Transition assignments and experimental and calculated energies (in vacuum GHz, 
±O.6) for the Zll'5 -Xl/'5 transition of the A center in CaF2:P~+. a denotes an arbitrarily chosen 
reference va"",l~u"",e. ____ -=_---:--:-______ -==:--_-::----::=--___ _ 

Line Transition Hyperfine Energy 
Assignment Experimental Calculated 

6 1 ZlI't ±~) -71 Xnt ±~) Eo+10.8 Eo+10.9 

5 1 Znt ±~) -71 Xnt ±~) Eo+5.4 Eo+5.4 

4 1 Znt ±!) -71 Xnt ± 1) Ea 
0 Ea 

0 

7,8 1 Zll't ±~) -71 Xnt =F!) Eo-2.9 Eo-3.0 

3 1 Znt =F!) -71 Xnt =F!) Eo-5.8 Eo-5.8 

2 1 Znt =F ~) Xnt =F~) Eo-11.3 Eo-11.2 

1 1 Znt =F ~) -71 Xnt =F £) Eo-16.8 Eo-16.7 

Table 4.13: XI l'5 nuclear-wavefunctions for the A centre in CaF2:O.003%Pr3+ 
State I z Wavefunction 

1.000 1 Xnt ± £) + 0.0086 1 Xnl ± i) 
0.9999 I Xnt ±~) + 0.0142 1 Xnl ±~) 

I't ±~ 0.9991 I Xnt ± !) + 0.0426 1 Xnl ± !) 

=F~ -0.9991 1 Xnt =F t) + 0.0426 1 Xnl =F 1) 
=F~ -0.9999 1 Xll't =F ~) + 0.0142 I Xl l'l =F ~) 

-1.000 I Xnt =F £) + 0.0086 1 Xnl =F i) 
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Figure 4.16: Superimposed magnetic hyperfine structure ofthe Z1/'5 -tX1/'5 absorption transition 
for the A centre in (a) CaF2 :O.03%Pr3+ and (b) CaF2:O.003%Pr3+. The spectra were recorded at 
10K. 
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Figure 4.17: Schematic diagram of Zl1'5 -+Xl 1'5 hyperfine transitions for the A and C centres in 
CaF2 :Pr3+ and SrF2 :Pr3+ 
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4.3.2 Hyperfine Patterns for the C 4v Symmetry Centre of SrF2 

(a) Hyperfine Patterns for Transitions to the 3H5 Multiplet 

The infrared spectrum ofthe C4v symmetry C centre for SrF2:Pr3+ reported by Wells 
[64]' is similar to that in CaF2:Pr3+. Therefore, we may expect hyperfine structure 
for this system too. The infrared spectrum of the 3H5 and 3H6 multiplets was 
recorded with a 28mm thick SrF2:O.03%Pr3+ crystal. As the Zll5 --+Xll5 transition 
is weak, a higher concentration of the dopant ion was used with the result that 
the Zll5 --+ Y 1 12 and Y 211 transitions are too strongly absorbing to reveal well 
resolved hyperfine structure. Figures 4.18 and 4.19 show the Zll5 --+Yll2 and Y211 
transitions at 2194.20 and 2220.40 cm-1 respectively. 

The C centre Z115 ground state magnetic hyperfine structure is most clearly observed 
in the Zll5 --+ Y 211 transition (Figure 4.19) and it is this data we use to fit the 
magnetic hyperfine constant A4 and the strain distortion parameter D4 for this 
transition. The required hyperfine interaction matrix is the same as that used to 
analyse the CaF 2 :Pr3+ Z115 ground-state magnetic hyperfine structure. In this case 
we also neglect any pseudo quadrupole interaction between the Y 112 and Y 211 states 
which are 26.2 cm-1 apart. The wavefunction of the Zll5 state is: 

Zllt ±0.36341 =f1) =f 0.92981 ±3) 

with (Jz )=2.46. 

Use of the MATLAB 'fmins' routine to fit the measured hyperfine transition fre
quencies (with A4 and D4 treated as free parameters) yields A4=1.0189 GHz and 
D4=1.0438 GHz. The A4 value is in good agreement with the free ion value of 
Abragham and Bleaney [67]. It is noted that the central dip in the hyperfine pat
terns of Figs 4.18 and 4.20 is significantly deeper than for the corresponding pat
terns in CaF 2 This is reflected in the strain distortion parameter D4, which is nearly 
twice as large as that for CaF 2 :Pr3+. This is partially attributed to the higher 
concentrations of Pr3+ dopant used here. Table 4.14 compares the calculated and 
experimental Iz splittings for the Z115 ground state. It is difficult to compare these 
results with those obtained optically [45], as no well resolved splitting were observed 
for SrF 2:Pr3+ crystals for transitions to the 1 D2 multiplet. 



80Chapter 4. High Resolution Infrared Absorption Studies of CaF2 and SrF2 Crystals doped with Pr3+, Tb3+ and Ho3+ 

2192.5 2193 2193.5 2194 2194.5 

Wavenumbers (cm-1 ) 

Figure 4.18: Magnetic hyperfine structure in the Z1,5 -+ Y 2,1 absorption transition of the C 
centre in SrF2 :O.03%Pr3+ for a strongly absorbing crystal. The spectrum was recorded at 10K. 
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Figure 4.19: Magnetic hyperfine structure in the Z11'5 -+ Y 21'1 absorption transition of the C 
centre in SrF2 :O.03%Pr3+ in a strongly absorbing crystal. The spectrum was recorded at 10K. 
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Table 4.14: Calculated and experimental C centre Zl "'(S ground~state magnetic hyperfine splittings 
(in GHz, ±O.6) as observed in the Z1"Ys -> y 2"'(1 transition in SrF 2 :O.03%Pr3+ 

Line Calculated 
Separations Iz D4 =1.0438 D4=O Experimental 

Table 

3-4 

2-5 

1-6 

State 

±~ 

±~ 

3.262 

7.804 

12.705 

2.506 

7.519 

12.532 

3.3 

8.0 

13.0 

:O.03%Pr3+ 

0.9966 I Zl"Yt ±~) + 0.08241 Zl~lt ±~) 

0.9909 1 znt ± ~) + 0.1349 I Zl"Yt ± ~) 

"Yt ±~ 0.9404 I znt ± ~) + 0.34011 znt ±~) 
+ ~ -0.9404 I znt+ ~) + 0.3401 I znt + ~) 
+! -0.9909 1 znt + ~) + 0.1349 I znt + !) 
+~ -0.9966 I znt + ~) + 0.0824 I znt +~) 
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(b) Hyperfine Patterns for Transitions to the 3H6 Multiplet 

The Zl15 --+X1'Y5 transition is observed by Wells [64] to be centred at 4250.42 cm-l . 
The evenly-spaced six-line hyperfine structure observed in Figure 4.20 is, as with 
CaF 2 :Pr3+ Zl15 --+ X1'Y5 hyperfine structure, a superposition of the ground state 
magnetic hyperfine structure and that of the Xl 15 state. The wavefunction of the 
X l 15 state is: 

which yields (Jz)=4.78. We calculate the initial value of the magnetic hyperfine con
stant for the 3H6 multiplet as A6=O.633 GHz for fitting the six line pattern. Using 
the same interaction matrix as for the CaF2 :Pr3+ Z1'Y5 hyperfine transitions 
we obtain values of A6=O.6102 GHz and D6=O.625 GHz for the adjustable parame
ters. The value of the strain distortion parameter is smaller than that for the Z115 
ground state transition, yet larger than those for CaF2 . Again, an additional feature 
of the spectrum is the observation of the forbidden I 1t t) t) transitions, 
which occur through the off diagonal mixing of the hyperfine wavefunctions induced 
by the strain distortion. Table 4.16 gives the nuclear wavefunctions for the X1'Y5 
state whilst Table 4.17 compares the fitted and experimental hyperfine transition 
energies, with good agreement obtained. 

Table 4.16: XlI'S nuclear wavefunctions for the C centre in SrFz:O.03%Pr3+ 
State Wavefunction 

0.9992 1 Xnt ± ~) + 0.0408 I Xnl ± ~) 

±~ 0.99771 xnt ± ~) + 0.06771 Xrrl ±~) 
,t 0.9812 I xnt ± t) + 0.1929 1 Xrrl ± t) 

-0.9812 I xnt =F t) + 0.1929 I xnl =F!) 

-0.9977 I xnt =F ~) + 0.0677 I Xrrl =F ~) 

-0.9992 1 xrrt =F ~) + 0.0408 I Xnl =F ~) 
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Figure 4.20: Superimposed magnetic hyperfine structure of the Zl15 
centre in SrF2 :O.03%Pr3+. The spectrum was recorded at 10K. 
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Table 4.17: Transition assignments and experimental and calculated energies (in vacuum GHz, 
±O.6) for the Z115 -+ Xl 15 transition of the C center in SrF2 :Pr3+. a denotes an arbitrarily chosen 
reference va"",l~u,,:-,e. ____ ---=_-----:----:-________ ----= ______ _ 

Line Transition Energy 
Assignment Experimental Calculated 

6 1 znt ± ~) -+1 xnt ± ~) Eo+10.6 Eo+10.7 

5 1 znt ±~) -+1 xnt ±~) Eo+5.2 Eo+5.4 

4 1 Zll't ±~) -+1 Xll't ±~) Ea 
0 

Ea 
0 

7,8 1 znt ±~) -+1 xnt =f~) Eo-3.3 Eo-2.2 

3 1 znt =f ~) -+1 xnt =f~) Eo-6.5 Eo-5.7 

2 1 znt =f ~) -+1 xnt =f ~) Eo-ll.7 Eo-ll.O 

1 1 znt =f~) -+1 xnt =f~) Eo-17.1 Eo-16.4 

4.4 Spectroscopy of the C4v Centres in CaF2:Tb3+ and SrF2:Tb3+ 

4.4.1 Zeeman Studies of Infrared Absorption Transitions 

A 23.4 mm thick CaF2 crystal containing 0.07 molar % of Tb3+ and a 25.6 mm thick 
Sr F 2 crystal containing 0.09 molar % of Tb3+ have been measured in infrared a bsorp
tion using the Digilab FTIR FTS 40 spectrometer. Murdoch [16] [46] has previously 
studied both CaF 2 :Tb3+ and SrF 2 :Tb3+ crystals using polarised laser-selective exci
tation. From the inferred energy levels and their assigned irrep symmetries, crystal 
field analyses were completed. However as only 22 levels were fitted, it is important 
to add Zeeman data to check whether the crystal-field parameters of Murdoch yield 
physically reasonable (Jz ) values. Like the A centre in CaF 2 :Ho3+, the C4v symme
try centres in CaF2:Tb3+ and SrF2:Tb3+ are unusual in having a pseudo-degenerate 
ground-state. Seven infrared transitions are observed to levels of the 7F5 , 7F 4 and 
7F3 multiplets from these pseudo-degenerate Zl,2 ground states for both CaF2:Tb3+ 
and Sr F 2 :Tb3+. The ground state consists of 13 and 14 singlet (with the 13 lowest 
in energy) separated by 0.18 cm-1 and 0.48 cm-1 in CaF2:Tb3+ and SrF2:Tb3+ re
spectively. This is henceforth denoted as 13,4 in an analogous to the ground state of 
the C4v symmetry centre of CaF 2 :Ho3+. As for Ho3+ these states have an effective 
magnetic moment between them through the parallel hyperfine interaction. 

The infrared spectrum of CaF2:O.07%Tb3+ is rendered more complex by the presence 
of many additional centres than the C4v symmetry centre (see Figure 4.21). Three 
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Figure 4.21: Infrared absorption spectra for transitions from the 7P6 ground multiplet to levels 
of (a) the 7Fs multiplet, (b) the 7F 4 multiplet and (c) the 7F3 multiplet of CaF2 :O.07%Tb3+. The 
labelled transitions are those to of the C4v symmetry centre. The spectra were recorded at 16K. 
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Figure 4.22: Infrared absorption spectra for transitions from the 7F 6 ground multiplet to levels 
of (a) the 7FS multiplet, (b) the 7F4 multiplet and (c) the 7F3 multiplet of SrF2 :O.09%Tb3+. The 
labelled transitions are those of the C4v symmetry centre. The spectra were recorded at 10K. 
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C4v absorption transitions to the 7F 5 multiplet are observed, with their energies 
given in Table 1.18. Of these three, the ZI,21'3,4 -+ Y31'5 transition is strong and 
sharp and a good candidate for Zeeman spectroscopy and high resolution studies. 
Transitions to the 7F 4 multiplet are more complex because of the overlap of lines of 
that multiplet with an atmospheric absorption band centred around 3700 cm-I and 
small features which correspond to absorption by water vapour can be observed in 
Figure 4.21 near 3600 cm-I. Three transitions ofthe C4v centre to the 7F4 multiplet 
are observed in the 3400-3550 cm-I region. A transition at 3448.97 cm-I and the 
absorption features in the 3150-3350 cm-1 and 4250-4500 regions are not 
associated with the C4v centre. Only one electronic transition assigned by Murdoch 
to the C4v centre is observed to the 7F 3 multiplet. The energy of this crystal field 
level is measured to be 4409.05 cm-1 and was assigned by Murdoch as a transition 
from the 7Fe ground state to the lowest crystal field level of the 7F3 multiplet. 

The additional centres include the C3v , modified SrH and BaH centres (whose 
presence were noted by Murdoch) and clusters centres. The broad feature centred 
at 2249 is not associated with the C4v centre and may be associated with 
the absorption features noted around 1950 em-I. A more thorough assessment 
of the defect centre distribution in CaF 2:Tb3+ than that completed by Murdoch 
is required to confirm the assignment of this feature and to study the origin of 
the additional centres observed in the infrared absorption spectra. In this study 
we consider only the regular C4V centre and transition assignments are made with 
reference to the state assignments made by Murdoch on the basis of polarised laser 
selective excitation. 

Table 4.18: 10K energy levels (in vacuum cm-1 , ±0.02), intensities (relative to the strongest line 
in the spectrum (=100)) and linewidths (in vacuum em-I, ±0.1) as observed for the C4v centre in 
CaF2:0.07%Tb3+. . 

Multiplet Transition I Energy Intensity 
ZI,21'3,4 -+ Y31'5 2231.83 60 

-+ Y41'3 2283.83 8 
-+ Y51'5 2298.51 29 
-+X21'4 3430.44 32 
-+X31'3 3506.04 67 
-+X41'5 3523.44 16 

-+Wl1'3 4409.05 100 

Linewidth 
0.7 
1.7 
3.8 
0.7 
0.9 
0.9 
1.4 

The infrared spectrum ofSrF2 :0.09%Tb3+ is relatively simple. Two transitions ofthe 
C4v centre to the 7F5 multplet are observed at 2160.65 and 2186.08 em-I. An 
assymetrical absorption band around 20 cm-1 in width is observed centred at 2243 
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Table 4.19: Energy levels (in vacuum cm-1 , ±0.02), intensities (relative to the strongest line in 
the spectrum (=100)) and linewidths (in vacuum cm-l, ±0.1) as observed for the C4v centre in 
SrF2 :O.09%Tb3+. 

~M-::-u~1t--;-ip~le---:t---::Tr:::--a-n-s-;-it-:-:i:-o-n---r-1 -=E=-n-e-r-g-y--:::-In-t---:e-n-s--=i---:ty--:-:L=-l=-' n-e-w-l=-' d-=-t-=h-

2186.08 16 
3362.54 69 
3439.72 93 
3442.34 84 
4354.54 54 
4473.52 100 

cm- l . The origin of this feature is unknown but it would not appear to be related 
to the electronic structure of the C4v centre. Transitions in the 2000-2080 cm-l 

region are also unrelated. As with the C4v centre in CaF 2 :Tb3+, three transitions 
are observed to the 7F 4 multiplet. Because of the lower energy of these levels they 
do not overlap the atmospheric absorption around 3700 cm- l . The 7F3 multiplet 
spectrum is simplier than that of the CaF2:Tb3+ with only two lines present which 
are transitions associated with the C4v centre as given in Table 4.19. 

For the sharper transitions observed, the linewidths of analogous transitions in the 
two isomorphic hosts are larger for the SrF2:Tb3+ system. Apart from the effects 
of concentration differences these linewidth differences are attributed to the larger 
ground state separation of 0.48 cm- l for SrF2 :Tb3+. 

The Zeeman infrared spectra of the Tb3+ electronic energy levels for the C4v centre 
were measured. The splitting of the ground state, evident in all transitions, has 
been measured to have a spectroscopic splitting factor of 9.87±10 and 10.18±0.10 
for CaF2:Tb3+ and SrF2:Tb3+ respectively. For non-Kramers ions in centres of C4v 

symmetry, the magnetic moments along the x and y axes is essentially zero therefore 
the measured (111) splitting factors are essentially an average of the parallel Zee
man effect for the three alternate orientations of the C4v centre. As a consequence 
the parallel spectroscopic splitting factor of the pseudo-degenerate ground-state is 
inferred to be 17.10 for CaF2:Tb3+ and 17.63 for SrF2:Tb3+ in agreement with the 
E.P.R. data of Forrester and Hempstead [69] of 17.77±0.02 and Antipin et. al. [70] 
of 17.95±0.05. 

Apart from this ground-state splitting several 1'5 excited state doublets were observed 
to split for CaF2:Tb3+ and SrF2:Tb3+. For the CaF2:Tb3+ system the Y31'5 state at 
2231.83 cm-l and the X41'5 state at 3523.44 cm-1 were observed to split into two 
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Figure 4.23: 4.2K, 1 Tesla Zeeman infrared absorption spectra for transitions from the 7F6 ground 
multiplet to levels of (a) the 7F5 multiplet, (b) the 7F4 multiplet and (c) the 7F3 multiplet of a 
(111) oriented CaF2 :O.07%Tb3+ crystal. The u and I notation denotes transitions from the upper 
and lower components of the magnetically split ground state of the C4v centre. 
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Figure 4.24: 4.2K, 2 Tesla Zeeman infrared absorption spectra for transitions from the 7F6 ground 
multiplet to levels of (a) the 7FS multiplet, (b) the 7F4 multiplet and (c) the 7F3 multiplet of a 
{lll} oriented SrFz:O.09%Tb3+ crystal. The u and I notation denotes transitions from the upper 
and lower components of the magnetically split ground state of the C4v centre as previously. The 
split upper state doublet X41's components are denoted X~ and X'4 as appropriate. 
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Figure 4.25: 4.2K, 4 Tesla Zeeman infrared absorption spectra for transitions from the 7F6 ground 
multiplet to levels of (a) the 7F5 multiplet, (b) the 7F4 multiplet and (c) the 7F3 multiplet of a 
(111) oriented CaF2 :O.07%Tb3+ crystal. 
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Figure 4.26: 4.2K, 4 Tesla Zeeman infrared absorption spectra for transitions from the 7F6 ground 
multiplet to levels of (a) the multiplet, (b) the 7F4 multiplet and (c) the 7F3 multiplet of a 
(111) oriented SrF2:0.09%Tb3+ crystal. 
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Zeeman sub-transitions from the lower Zeeman sub-transition of the ground-state. 
Their splitting factors are as given in Table 4.20 where reasonable agreement with 
the values calculated from the parameters of Murdoch and experiment is obtained. 
The transition from the ground state to the Y5l'5 state was not observed to split 
because this transition is too broad to reveal the Zeeman subcomponents. For the 
SrF2:Tb3+ system the Y31'5 at 2160.65 cm-1 , the X41'5 state at 3442.34 and 
the W 21'5 state at 4473.52 cm -1 all showed Zeeman splittings. All data is presented 
in Table 4.20, where experimental splitting factors agree with the calculated values 
giving confidence in wavefunctions calculated using Murdoch's parameters. Zeeman 
infrared spectra are given in Figures 4.23 through to 4.26. 

Table 4.20: Calculated and measured magnetic splitting factors as observed for the C4v centres 
in CaF2 :O.07%Tb3+ and SrF2 :O.09%Tb3+. 

Crystal State Field Magnetic Splitting Factors S111 

Tesla Calculated Experimental 

Zl1'3,4 1 
Y31'5 4 
X41'5 4 1.36 1.30±0.10 

Zl1'3,4 2 10.32 10.18±0.10 
Y31'5 4 1.31 1.42±0.1O 
X41'5 4 1.82 1.88±0.1O 

4 2.6 2.8±0.2 

4.4.2 0.04 cm-1 Infrared Absorption Studies 

(a) Hyperfine Patterns for the C 4v Centre in CaF2 

100% abundant Tb isotope Tb159 ion has a nuclear spin 1= ~ and a nuclear magnetic 
moment only half the size of those of Pr3+ and Ho3+. Hyperfine structure will be 
difficult to observe by conventional spectroscopic means. For the cases of TV+ doped 
CaF2 and SrF2, the terbium ion resides in a C4v symmetry centre with some doublet 
levels and a twin singlet ground state that has an enhanced magnetic moment. 
Therefore these systems have advantages for studying Tb3+ hyperfine coupling. The 
first examples of CaF 2:Tb3+ hyperfine structure observed in the optical region are 
presented below. 

0.04 cm-1 resolution infrared absorption spectra of a 26.5 mm thick CaF2 crystal 
doped with 0.005 molar % of Tb3+ have been obtained using the Bomem DA3.02 
spectrometer. The ground-state of the C4v centre in CaF2:Tb3+ is a pseudo-degenerate 
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doublet comprising 13 and 14 states with wavefunctions: 

Zll3 (0.7062)16) + (0.7062)1 -6 ) 
Z2I4 (0.7068)1 6 ) - (0.7068) 1 -6 ) 

95 

These are derived from crystal field calculations employing the parameters of Mur
doch. As for Ho3+ the mixing of two singlet ground-state wavefunctions via the 
parallel hyperfine interaction yields an effective (')'3 1 Jz 1,4) of 5.98 between them. 
With A6=530 MHz, 2~=0.18 cm- l=5.4 GHz, I = ~ and this (')'3 1 Jz 1 14), the 
ground state pseudo-quadrupole splittings can be calculated from the hyperfine in
teraction matrix 

This yields the predicted pseudo-quadrupole splitting for the Zl,213,4 ground state 
in Figure 4.28. The predicted 0.078 cm-l splitting in each component of the ground 
state should just be observable with the 0.04 cm-l resolution of the Bomem DA3.02 
spectrometer. However, due to the selection rules for non-Kramers ions in centres of 
C4v symmetry few transitions are observed to the lowest crystal field levels of each 
multiplet; the higher energy levels observed are generally homogeneously broad
ened via spontaneous phonon emission. The observed Zl,213,4 -1-X214 transition at 
3430.44 cm-l is only 22.4 cm-l above the XIII level and is sharp enough to show 
hyperfine structure. In Figure 4.27 we observe barely resolved two-line hyperfine 
patterns from the pseudo-quadrupole ground state hyperfine splittings superposed 
on both transitions from the 0.18 cm-l split ground state. Table 4.22 compares the 
calculated and experimental hyperfine structure. 

Table 4.21: Nuc1ear-wavefunction composition for the Zl,213,4 ground state of the C4v centre in 
CaF2 :O.005%Tb3+ 

State Wavefunction 

Zn3 ± ~ -0.86411,3 ± ~) ± 0.5033 1,4 ± ~) 

Zn3 ± ! -0.96491,3 ± !) ± 0.2625 1,4 ± !) 
Z2')'4 ± ! 0.96491,4 ± !) ± 0.2625 1,3 ± !) 
Z2')'4 ± ~ 0.86411,4 ± ~) ± 0.5033 1,3 ± ~) 
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Figure 4.27: Hyperfine structure in the Zl,2'l'3,4 ..... X2'l'4 transitions of the C4v centre for 
CaF2 :O.005%Tb3+. The spectrum was recorded at 10K. 
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Figure 4.28: Calculated pseudo-quadrupole hyperfine structure in the ground state of the C4v 
centre for CaF2:Tb3+. 

Table 4.22: Transition assignments and experimental and calculated energies (in vacuum 
±O.6) for the ZI,21'3,4 transitions of the C4v centre for CaF2:Tb3+. a denotes an arbitrarily 
chosenre!erE~n~~~~ __________ ~ ______________________________ __ 

Energy 
Assignment Experimental Calculated 

4 I Zlf3 ± ~) -tl X 2J'4) Eo+2.34 Eo+2.16 

3 I Zlf3 ± ~) -tl X 2'Y4) Ea 
0 

Ea 
0 

2 I Z2'Y4 ± ~) -tl X2I4) Eo-6.26 Eo-5.52 

1 I Z2'Y4 ± ~) -tl X2I4) Eo-8.6 Eo-7.56 
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The Zl,2,3,4 -+ Y3,5 transition is expected to have an additional four line hyperfine 
pattern from the Y3,5 doublet level which will be superimposed on the ground state 
pseudo-quadrupole splitting. The wavefunction of the Y3,5 state is: 

Y:nr 0.6692 1 ±5} + 0.5156 1 ±1} - 0.51531 

with (Jz}=1.71. For As=0.468 GHz and E(Iz)=As(Jz)Izl the total spread of the 
hyperfine pattern for this Y3,r state is just 0.08 cm-1 and is unresolved - see 
Figure 4.29. Figure 4.29 also shows the ZI,2,3,4 -+X3,3 transitions whose intensity 
patterns are inverted to what is observed for the Zl,2 -+X2,4 transitions. This occurs 
because ,3 -+ ,4 and ,4 -+ ,3 transitions are electric dipole allowed only through the 
admixture of the ground state wavefunctions by the parallel hyperfine interaction 
AJJzIz. The intensity inversion confirms the ,3 and ,4 irrep assignments for these 
levels. 

(b) Hyperfine Patterns for the C 4v Centre in SrF2 

A 29 mm thick SrF2 crystal doped with 0.01 molar % ofTb3+ was studied for related 
examples of hyperfine structure. In this case the C4v centre has the two ground 
state singlets split by 0.48 (14.4 GHz=2.6.). From this separation the ground 

state pseudo-quadrupole hyperfine energies E(Iz) are V.6.2 + (A6Iz(Jz))2. From the 
ground state wavefunctions of: 

ZI,3 0.7041 16) + 0.7041 1 -6) 
Z2,4 0.7065 16) - 0.7065 1 -6) 

With the value of .6. of 7.2 GHz, A6=0.530 GHz and the (Jz ) value of 5.70 we 
obtain the ground state hyperfine splitting as shown in Figure 4.30. This hyperfine 
separation of 0.04 cm-1 at the limit of the available resolution used here and no 
hyperfine structure is observed for the transitions shown in Figure 4.31. 
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Figure 4.29: Transitions from the Zl,2,3,4 ground state to the (a) Y3,5 state and (b) the X3,3 

state of the C4v centre in CaF2 :O.005%Tb3+. The i-j labelling denotes a transition from the Zi 
level to the appropriate j-th upper level. The spectra were recorded at 10K. 
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Figure 4.30: Calculated pseudo-quadrupole hyperfine structure of the ground state of the C4v 

centre for SrF2 :Tb3+. 
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Figure 4.31: Transitions from the Zl,2/3,4 ground state to the (a) Y3/5 state, (b) the X2/4 state 
and (c) the X3/3 state of the C4v centre in SrF2 :O.01%TV+. * indicates an unassigned Tb3+ 
feature. The spectra were recorded at 10K. 

Table 4.23: Nuclear wavefunction composition for the Zl,2/3,4 ground state of the C4v centre in 
SrF2 :0.01 %Tb3+ 

State Wavefunction 

Z1/'3 ± ~ -0.95791/3 ± ~) ± 0.2873 1/4 ± ~) 

Z1/'3 ± ~ -0.99421/3 ± ~) ± 0.1079 1/4 ±~) 

Z2/4 ± ~ 0.99421,4 ± ~) ± 0.1079 1/3 ± ~) 

Z2/4 ± ~ 0.95791/4 ± ~) ± 0.2873 1/3 ± ~) 



Chapter 5 

Spectroscopy of Sm3+ Ions in CaF2 and SrF2 
Crystals 

5.1 Introduction 

Trivalent samarium doped fluorite crystals have generated much interest over the 
years, largely as a spin off from the very early successes in obtaining stimulated 
emission from the divalent species (Kaminskii) [71, Kaiser et. al. (1961) [71] and 
Wood and Kaiser (1962) [72]. 

This work, reports the first laser selective excitation study of Sm3+ ions in CaF 2 

and SrF2 crystals known to the author. Early optical spectroscopy concentrated 
on the CaF2 host, Rabbiner [73] (1963) and Ewansizky et. al. [74] (1965). Two 
distinct types of spectra were obtained, which were labelled type I and II. Spectra 
of type I were assigned to be due to 0 2

- charge compensation. The type II spectra 
were associated with Sm3+ -F- pairs in C4v symmetry centres. Later, the type II 
spectra were analysed in terms of a C4v symmetry crystal field, Rabbiner [75] (1967). 
However, the measured fluorescence data was not entirely due to the tetragonal 
centre and this distorted the analysis. Further measurements on this system [Nara 
and Schlesinger [76] (1971) ] attempted to unravel the low lying (6000-10700 cm- 1 ) 

energy level structure. These authors were thwarted by low resolution and the usual 
problems associated with non selective measurements for multicentre crystals. 

A more consistent set of results might have been expected from electron paramag
netic resonance measurements, however this did not prove to be the case. Almost 
simultaneously, Low (1964) [77] and independently Weber and Bierig (1964) [8] 
performed measurements on the CaF2 :Sm3+ system with the same result. Both 
obtained a dominant centre of C4v symmetry and 9 values for the ground state of 
911=0.907±0.01 and 9.1 =0.544±0.015 and 911=0.93±0.04 and 9.1 =0.57±0.05 respec
tively. 

A later study by Antipin et. al. [78] (1965) reported a dominant C4v symme-

101 
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try centre. This centre was quite different spectroscopically, to that reported in 
the earlier studies. The 9 values reported for this centre were 911=0.00±0.06 and 
9..L =0.S23±0.003. This result was later confirmed by Evans and McLaughlan [79] 
(1966) . They obtained 9 values of 911~0.1 and 9..L=0.S22±0.001. Interestingly, the 
ground state wavefunctions calculated by Rabbiner [Rabbiner (1967) [75]] are consis
tent with the 9 values obtained by both Antipin et. al. and Evans and McLaughlan 
for the tetragonal C4v symmetry centre. 

Evans and McLaughlan, also made measurements on a trigonal site. This was 
assumed to be associated with oxygen charge compensation which gave 9 values of 
911=0.415±0.00l and 9..L =0.934±0.001. 

Newman and Woodward [SO] (1974), studied SrF2:Sm3+ by E.P.R. methods. They 
obtained 9 values for the dominant tetragonal centre of 911=0.00±0.006 and 
9..L=0.823±0.003. They also saw resonances associated with hydro genic (tetragonal) 
centres and a trigonal oxygen centre. Thus, EPR studies yielded dominant centres of 
C4v symmetry for both CaF2:Sm3+ and SrF2:Sm3+. The two different C4v symmetry 
centres were observed in CaF2 :Sm3+. In addition, C3v symmetry centres associated 
with oxygen charge compensation of the rare earth ion, were observed. 

Wells [64] has studied CaF2 and SrF2 crystals doped with trivalent samarium. Zee
man infrared absorption spectroscopy for transitions to the 6Hz., 6Hll and 6Hll 
mUltiplets was employed. This study confirmed the presence of a

2 
domihant centle 

of tetragonal symmetry. Zeeman subtransitions that were electric dipole forbidden 
were observed. It was concluded that a significant magnetic dipole component was 
present for some infrared transitions. 

5.2 Spectroscopy of CaF2:Sm3+ 

The trivalent samarium ion has an f5 configuration with 51(114: 5)! = 2002 electronic 
states. This corresponds to the number of different ways of putting 5 electrons into 
14 possible states. However, since Sm3+ is a Kramers ion, the crystalline field will not 
lift the two fold residual time reversal (Kramers) degeneracy and a maximum of 1001 
electronic states will be observable (unless a magnetic field is applied). Crystal field 
levels will be labelled according to the usual conventions of an arbitrary alphabetical 
label (following Dieke [SI] (196S)), a numerical subscript and, as appropriate, the 
irrep symmetry of the point group in question. Table 5.1 gives the decomposition 
of the relevant (2S+1)L, multiplets under the point group symmetries studied in this 
work. Figure 5.1 gives the Sm3+ free-ion (multiplet) level structure below 20000 
cm -1, which we study in this thesis. 
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Figure 5.1: Sm3+ multiplet level structure below 20000 em-I. 



104 Chapter 5. Spectroscopy of Sm3+ Ions in CaF2 and SrF2 Crystals 

Table 5.1: Decompositon of the free ion (spin-orbit I LS J}) states into irreps of the cubic Oh, 
tetragonal C 4v and trigonal C3v point groups for selected multiplets of the f5 configuration. 

(2S+l)LJ Oh C 4v C 3v 

6H~ f7 + fa 16 + 2,7 14 + 15,6 

6H~ f6 + f7 + fa 2'6 + 2'7 3'4 + 13,4 
6H~ f6 + 2fa 3'6 + 2'7 3'4 + 2,5,6 

6HV f6 + f7 + fa 3'6 + 3'7 4'4 + 2,5 ,6 
6H¥ f6 + 2f7 + 4fa 3'6 + 4'7 5'4 + 2,5 ,6 

6H¥ f6 + f7 + 3fa 4'6 + 4'7 5
'

4 + 3,5 ,6 
6Fl 

2' 
6F3 

2' 
6F5 

2' 
6F7 

2' 
4G5 

2' 
4F3 

2' 

f6 

fa 

f7 + fa 

f6+ f 7+ f a 
f7+f a 

fa 

5.2.1 Optical Absorption Spectra 

16 14 

16 + 17 14 + 15,6 

16 + 2'7 2'4 + 15,6 

2'6 + 2'7 3'4 + 15,6 

16 + 2'7 2'4 + 15,6 
16 + 17 14 + 15,6 

The absorption spectrum of the 4Gz multiplet has been recorded for CaF2 :Sm3+. 
2 

The 20 mm thick crystals were cooled to a temperature of 16K. Concentrations of 
0.01%, 0.05% and 0.2% of SmF3 were used. The spectra are shown in Figure 5.2. 
Absorption transitions to the 4G z multiplet are typically quite weak, at less than 

2 

5% of the total transmission, for this length of crystal and concentrations of 0.05 
molar % of the dopant. This is to be expected, as the 6Hz --+4Gz transitions are 

2 2 

nominally spin forbidden. For CaF2 :O.01%Sm3+ crystals, three sharp features are 
readily apparant at 558.3, 560.5 and 560.9 nm. The absorption peaks at 558.3 and 
560.5 nm are correlated and dominate the absorption spectrum for concentrations of 
Sm3+ lower than 0.2 mol %. In Figure 5.2, these absorption transitions are denoted 
as A and it is not unreasonable to assume that these transitions are associated with 
the tetragonal C4v centre observed in EPR experiments. 

For CaF2 :O.05%Sm3+, the spectrum is dominated by two absorption features at 
560.9 and 561.5 nm labelled Rand Q. These features increase dramatically with 
concentration and can be tentatively assigned as associated with rare earth ion 
clusters from their concentration dependence. The 566.4 nm absorption feature, 
labelled 0, is also observed to increase in intensity as the Rand Q absorptions 
increase. At these higher concentrations, many weak additional lines are observed. 
It is assumed they are associated with multi-ion centres. It has been suggested that 
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Figure 5.2: Absorption spectrum of the 4GJi. multiplet in CaF2 :x%Sm3+ where x=O.Ol, 0.05 and 
2 

0.2. All spectra were recorded at 16K. 
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such clusters are efficient scavengers of interstitial fluorines [82]. 

An additional feature of the spectra, is the broad absorption bands at the long 
wavelength end. These are particularly noticeable in the CaF2 :O.2%Sm3+ sample. 
Their appearance is correlated with a green colouration of the crystal. This identifies 
these bands as SmH 4f--+4fN - 15d absorption structure [83]. 

5.2.2 Excitation Spectra 

Excitation spectra were recorded using the CW dye laser discussed in chapter three. 
The appropriate laser dye for excitation of the 4G§. multiplet was Rhodamine 560. 

2 

All excitation features measured in this study, were recorded using the SPEX 1700 
series single monochromator in zero order or, on occasions, the Bausch and Lomb 
0.25m monochromator monitoring at 600 nm (all transitions 4G§. --+6Hl1.). An EMI 
9659 QA photoelectrically cooled photomultiplier tube was empfoyed t~ detect the 
emitted radiation in either case. A Corning 2-62-1 glass filter was used to eliminate 
unwanted laser scatter. All spectra were recorded at 16K. 

Figure 5.3 shows the 4G§. excitation spectrum of a 2mm slice of CaF2 :O.05%Sm3+. 
Fluorescence was monit~red in zero order on the SPEX 1700 single monochroma
tor. Narrow-band excitation spectra, where fluorescence from only one centre is 
monitored, is presented in Figure 5.4. 

The dominant transitions observed in excitation correspond to A centre transitions. 
Three excitation features are observed at 17837,17908 and'18240 cm-1 . These 
are shown for the narrowband excitation spectrum in Figure 5.4(a). The highest 
frequency transition was not observed in the absorption measurements, most likely 
because the feature is weak and broad. 

The second most strongly fluorescing centre has excitation features at 17653 and 
18053 cm-1 . This centre was labelled 0 in section 5.2.1. The observed fluorescence 
from this centre is 100 times reduced in intensity from that of the A centre. Only 
two absorption transitions to the 4G §. multiplet were identified. From this, and 

2 

the manifold degeneracy of 6HJ and 6F J (presented below), we assign this centre as 
having cubic Oh symmetry. 

It is noticeable that the two absorption features present at 560.9 and 561.5 nm in the 
optical absorption spectra of section 5.2.1 are not observed in the excitation spectra. 
Broadband monitoring of fluorescence to different multiplets using the Bausch and 
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Figure 5.3: Excitation spectra of the 4Gli, multiplet in CaF2 :O.05%Sm3+ for broadband detection 
2 

monitoring all fluorescence in zero order on the SPEX 1700 (a) As grown crystals (x 1 amplification) 
(b) As grown crystals (x100 amplification (c) After 30 minutes oxygenation (xl amplification). 
All spectra were recorded at 16K. 
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Figure 5.4: Narrowband excitation spectra of the 4G!i multiplet in CaF2 :O.05%Sm3+ for (a) the 
2 

A centre 14333 cm- I , (b) the G1 centre at 13900 cm- I , (c) the 0 centre at 12804 cm- I , (d) the 
C1 centre at 15590 cm-I and (e) the C2 centre at 16839 cm-1 . All spectra were recorded at 16K. 
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Lomb 0.25m spectrometer did not detect any fluorescence for excitation at 560.9 
or 561.5 nm nor did monitoring in zero order on the SPEX 1700 single monochro
mator. From the concentration dependence of the absorption peaks, these centres 
would appear to be clusters. No fluorescence from these centres can be detected to 
the limits of the detection sensitivities available. It is concluded that extremely effi
cient cross-relaxation processes must dominate the relaxation mechanisms in these 
centres. A more extensive study of these centres is given in chapter 7. 

Two additional centres observed in excitation, arbitrarily labelled C1 and C2, have 
excitation features at 17834 and 17855 cm-1 and 17799 and 17913 cm-l , respectively. 
These transitions are one tenth the intensity of the ° centre transitions. The spectra 
for these centres are shown in Figures 5.4(d) and (e). Excitation of the Zl --+A2 
transition of the C2 centre is particularly difficult since this transition is substantially 
overlapped by the A centre Zl --+A2 transition at 17908 cm-I. 

After 30 minutes oxygenation treatment (as described in chapter three), the crystals 
were still perfectly clear and without any damage from the penetration of the oxygen 
ions. Two strong excitation features associated with an oxygen charge compensated 
Sm3+ ion, are observed at 17511 and 18095 cm- (Figure 5.4(b)). The common 
form of charge compensation involving an 0 2- ion is that where an oxygen ion 
resides in a nearest neighbour position along a {111} direction. It has been labelled 
the G 1 centre. It is noted that as the severity of the oxygenation increases, an 
additional centre associated with oxygen charge compensation grows in intensity. 
A transition associated with this centre is present in the 6H!l. Ji. excitation 

2 2 

spectrum of Figure 5.3 that has a measured excitation frequency of 17456 cm -1. 

The fluorescence spectra of this centre have not been studied here. 

Figures 5.5 and 5.8 show excitation to the 4F~ multiplet at around 18970 cm- I . 
2 

Coumarin 540 was the appropriate dye to excite these transitions. This dye can also 
reach the 4GJi. mUltiplet at 17850 cm-I, However, it fails to completely cover the 
range of excit~tion features observed, particularly after the crystals are oxygenated. 
The excitation transitions observed to 4F~ mimic the site distribution observed for 

2 

excitation of 4G!l.. The A centre ZI --+BI transition at 18950 cm-I dominates all 
other excitation leatures. Excitation transitions of the G1 oxygen centre are iden
tifiable using a 1000 fold magnification of the detection sensitivity. The excitation 
frequencies of these centres, as well as the 0, C1 and C2 centres are given in Table 
5.2. 
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Figure 5.5: Excitation spectra of the 4p,l multiplet in CaF2:O.05%SmH for broadband detection 
2 

monitoring all fluorescence in zero order on the SPEX 1700 (a) As grown crystals, (b) x 100 and 
(c) After 30 minutes oxygenation. All spectra were recorded at 16K. The low frequency A centre 
transition in (b) is a transition from Z2 at 47 cm- I , 
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Figure 5.6: Narrowband excitation spectra of the (a) A centre monitoring at 17837 cm-I, (b) 
the G 1 centre monitoring at 17511 cm-1 , (c) the 0 centre monitoring at 17654 cm -1, (d) the C1 
centre monitoring at 17854 cm-1 and (e) the C2 centre monitoring at 17799 cm-1 for the 4FJ. 

2 

multiplet in CaF 2:0.05%Sm3+. All spectra were recorded at 16K 
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Table 5.2: Excitation frequencies of the A, GI, 0, CI, C2 centres for the and 4F il multiplets 
2 

in CaF2 :O.05%Sm3+. All are as measured in air and have an of ±l em-I, 

A Gl 0 Cl 
17837 17511 17653 17834 17799 

4Gs 
2' 

A2 17908 18095 18053 17855 17913 

A3 18240 
18950 18867 18842 18975 18939 

B2 18976 18981 18996 18954 

5.2.3 A Centre Fluorescence 

A centre emission, from the 4G.§. multiplet to the crystal field levels of the 6H,J and 
2 

6FJ multiplets was recorded. The crystal temperature was 16K for all spectra. A 
standard concentration of 0.05% of the Sm3+ ions was used. In most cases, centre 
selective spectra were recorded pumping the 6H.§.Zl -t4G.§.AI transition at 17837 

2 2 

cm- I. For fluorescence to the 6H 2 multiplet, the 6H!i.ZI -t4G.§.A3 transition, at 
2 2 2 

18240 cm- i , was pumped. 

Figure 5.7(a) shows the fluorescence spectrum to the multiplet. The dominant 
features of the spectrum are the Al -tZI and Ai transitions at 17837 and 
17790 cm-I, respectively. Group theory predicts three levels for a J=~ multiplet in 
a tetragonal C4v symmetry crystal field. We have observed the two levels ofthe split 
cubic ground state rg energy level, however the r7"Y7 will be much harder to observe. 
This is because it lies amongst phonon sidebands coupled to the Al -tZl and Z2 
electronic transitions. These transitions are shown in Figure 5.8. This structure 
extends to a displacement of close to 400 cm-l from the 'zero phonon' electronic 
transitions. We can identify many intensity maxima as corresponding to peaks in 
the CaF2 host lattice phonon spectrum [84]' [85], [86], [87], [88], [90], [89]. The 
corresponding phonon energies are presented in Table 5.3. 

An additional feature at 17653 cm-I is assigned as the 0 centre Al -tZI transition. 
This is excited because the A centre Zl transition, overlaps vibronic bands 
associated with the 0 centre. 

The 4G 2 -t6Hl fluorescence spectrum is given in Figure 5.7(b). In this case, the 
2 2 

ZI absorption transition at 17837 cm-I is excited. Four electronic transitions 
are observed in the 16900-16300 cm-I region, all emanating from the Al level. The 
spectrum is dominated by an asymmetrical feature, at a frequency of 16677 cm-I. 
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Table 5.3: Energies of the vibronic sideband peaks (in air (±1 cm-1 )) observed coupled to the 
17837 cm-1 Al -+ZI transition. The notations TA, TO and LO indicate the transverse acoustic, 
transverse optical and longitudinal optical phonon modes respectively whilst X and L are the (IOO) 
and (Ill) directions. 

~~--~----~~~~----~~------~ Transition Shift From Assignment 
Energy 17837 cm-1 

17737 151 TA(X) 
17611±5 226 

17568 269 TO(L) 
17540±10 297 LO(L) 

17492 345 TO(X) 
17467 370 LO(L) 
17442 395 LO(X) 

This corresponds to the Al -+ Y2 transition and places the Y2 level at 1160 cm-1 . 

The asymmetry is undoubtedly associated with the A centre as the relative intensity 
of all features does not change, upon tuning through the Zl -+Al electronic resonance 
or even for pumping the ZI -+A2 transition at 17908 cm-1 . The shoulder is at 16703 
cm-I, a shift of 148 cm-1 from the Al -+ Y1 transition. From this, we assign the 
origin of the shoulder as a transition terminating on the TA(X) vibronic of the host 
lattice. The Al -+ Y1 transition at 16851 cm-1 , is twenty seven times weaker but 
well isolated and clear. The energies of these 6Hz states are given in Table 5.4 

2 

which also presents the measured polarisation data. From theory, four electronic 
energy levels are expected for a J=~ multiplet under C4v symmetry (21'6+21'7)' The 
remaining two transitions are found at 16524 and 16419 cm-1 respectively. The 
stronger feature at 16485 cm-1 is assigned as vibronic in origin. This transition is 
366 cm-1 from the transition to the Y1 state and 192 cm-1 from the transition to 
the Y 2 state. Thus, assignment to a specific phonon peak is difficult. 

Transitions to the 6Hl! multiplet occur in the 15700-15200 cm-1 region. All five 
2 

expected transitions are observed. The spectrum is given in Figure 5.7(c). 

Fluorescence to the 6Hll multiplet has been recorded. The four fluorescence tran-
2 

sitions detected to this multiplet, occur in the 14400-13900 cm-1 region. This is 
shown in Figure 5.9(a). Only the Al -+Wl' W2 and W5 transitions are observed. 
The remaining transition, at 14180 cm-1 , terminates on a lattice vibronic level. 

Fluorescence to the 6Hll mUltiplet is observed in the 13000-12400 cm-1 region. Six 
transitions are observecf. Only the Al -+ V 4 is not apparant. The spectra are shown 
in Figure 5.9(b). 
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Figure 5.7: Fluorescence spectrum of the A centre for transitions from 4G!l. to (a) the 6H!l. 
2 2 

multiplet, (b) the 6Hz multiplet and (c) the 6HQ multiplet in CaF2:0.05%Sm3+. For measurement 
2 2 

of the 4G!l. -+4F!l. spectrum the 18240 cm- 1 Zl -+A3 absorption transition was excited, while for 
2 2 

all others the 17837 cm-1 transition was excited. The spectra were recorded at 16K. 
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Figure 5.8: 16K vibronic sideband coupling to the Al ~ZI transition of the A centre in 
CaF2 :O.050/0Sm3+ 
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Figure 5.9: Fluorescence spectrum for the A centre for transitions from 4G li to (a) the 6Hll 
2 2 

mUltiplet and (b) the 6Hll multiplet in CaF2 :O.05%Sm3+. Excitation is at the 17837 cm- 1 ZI -AI 
2 

absorption transition. The spectra were recorded at 16K. 



5.2. Spectroscopy of CaF2:Sm3+ 117 

(a) 3 
1 

9 

2 4 5 

850 860 870 880 890 900 910 920 930 

(b) 1 

2 3 

945 950 955 960 965 

(c) 3 

1 

4 

1025 1030 1035 1040 1045 1050 
Wavelength (nrn) 

Figure 5.10: Fluorescence spectra for the A centre for transitions 4G Q. to (a) the 6Hl§., 6F 1. and 
2 2 2 

6F,1 multiplets, (b) the 6F!i. multiplet and (c) the 6Fl multiplet in CaF2 :O.05%Sm3+. Excitation 
2 2 2 

is at the 17837 cm- 1 ZI --AI absorption transition. The spectra were recorded at 16K. 
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-Table 5.4: Transition frequencies (air cm-1 ±l unless otherwise stated), measured polarisation 
ratios and terminating states for emission from the 4G.Ii. to the 6Hll. 1 !l. II II 1§. and 6F 1. J. Ji 1 

2 :P2 1 2' 2 I 2 I 2 :;P:;P:P2 

multiplets of the A centre in CaF2:0.05%Sm3+. 
MUltiplet Terminating State Transition Polarisation Ratio 

Label Energy 1 Frequency ZX Zy 
Zl 0 17837 1.8 1.0 

6Hs Z2 47 17790 1.0 1.1 
? 

YI 985 16851 1.7 1.0 
Y2 1160 16677 2.4 1.0 

6Hz Ya 1313 16524 1.8 1.0 
2 

Y4 1418 16419 1.7 1.0 
Xl 2215 15622 1.0 1.7 
X2 2377 15460 1.0 1.7 

6H2. Xa 2404 15433 1.0 1.6 
2 

~ 2537 15300 1.5 1.0 
X5 2568 15269±5 1.0 1.6 

""VI 3504 14333 1.0 1.9 
6Hu W2 3649 14188 1.9 1.0 

'2 
W5 3815 14022 1.0 1.6 
VI 4867 12970 1.0 1.1 
V2 4982 12855 1.0 1.7 
Va 5126 12711±5 1.3 1.0 

6H13 V5 5217 12620 2.1 1.0 
'2 

V6 5239 12598 1.0 1.5 
V7 5301 12536 2.6 1.0 
Sl 6232 11605 1.6 1.0 
S2 6286 11551 1.0 1.0 
Sa 6525 11312 1.2 1.0 
S4 6557 11280 1.1 1.0 
S5 6585 11252±5 1.1 1.0 

6HlJ?, 6F 1 S6 6649 11188 1.1 1.0 
2 2 

and 6F]! S7 6667 11170 1.3 1.0 
2 

S8 6692 11145 1.3 1.0 
S9 6766 11071 1.0 1.3 
SlO 6852 10985±5 1.3 1.0 
Sl1 6885 10952 - -
RI 7291 10546 1.7 1.0 

6F5 R2 7343 10494 1.0 1.0 
"2 

Ra 7372 10465 1.0 1.3 
QI 8125 9712 1.2 1.0 
Q2 8155 9682 1.4 1.0 

6F7 Qa 8175 9662 1.9 1.0 
"2 

Q4 8247 9590 1.1 1.0 
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Figure 5.1O(a) shows a more complex spectrum for the close lying 6Hll, 6F! and 
2 2 

6F i! multiplets. The fluorescence transitions for these multiplets were detected on a 
SPEX 1700 single monochromator with an RCA 7102 photomultiplier tube, liquid 
nitrogen cooled to -100°C. This tube has a spectral response between 800 and 1050 
nm in the near infrared. As the crystal field levels ofthe 6Hll, 6F! and 6Fi! multiplets 
will be heavily mixed by the crystal field, to label them 

2 

independently would be 
misleading. Therefore, a single alphabetical label of Sa (where a=1,2,3 ... ,12) has 
been adopted for the crystal field levels of these three multiplets. The transition 
frequencies are given in Table 5.4. 

Figures 5.10(b) and (c) show the 4GSi to 6FSi and 6Fl fluorescence spectra, respec
tively. Both spectra are very clear ~ith tlie site-sel~ctive fluorescence being well 
discriminated. Three transitions are observed to the 6F li multiplet and four transi-

2 

tions are observed to the 6Fl multiplet. 
2 

Polarisation studies have been completed for the A centre that yield some informa
tion about the nature of the transitions observed. For excitation of the Z1 -+Al 
transition at 17837 cm -1, the observed fluorescence is known to polarise in the 
X(ZX)Z:X(ZY)Z geometry (from here on denoted ZX:ZY) for (100) oriented crys
tals. This yields 2:1 type polarisation ratios, confirming the centre is of C4v sym
metry (Table 5.4). To get meaningful polarisation ratios for excitation of Kramers 
ions in centres of C4v symmetry, it is necessary to pump transitions between levels 
that transforms as dissimilar C4v irreps. This aviods exciting different centres con
tributing to the absorption intensity in different polarisations - see chapter three. 
The calculations of Reid and Butler [91] (1982) for the A centre in CaF2 :Sm3+, 
have placed the 6Hlifal'6 state lowest in energy .. This assignment yields g values 

2 

consistent with Antipin et. al. [78] (1965). 

The reduction of symmetry for the RE3+ from cubic to tetragonal will split the 4GSi 
2 

multiplet into 21'7 + 1'6 C4v irreps. The Al and A3 states are assigned as having 
1'7 symmetry. This is because excitation of these transitions give the most distinct 
polarisation ratios. Thus, for excitation of the A3/'7 state in the ZX:ZY geometry, the 
observed ratio of 1.8:1 is entirely consistent with a (J' (md) A1I'7 -+Z1I'6 transition. 
The remaining 4Gl!. state must transform as a 1'6 irrep. 

2 

Since it is the ZX:ZY polarisation geometry which gives the strongest polarisation 
effects, we can infer that the 6Hl!. to 4G l!. transitions are of predominately magnetic 

2 2 
dipole character. This is sometliing that might be expected since magnetic dipole 
transitions will be strongest for .6.J=O,±l transitions. Magnetic dipole transitions 
will also be present for transitions which do not obey this selection rule because the 
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crystal field will induce admixtures of states of different J into levels of nominally 
single J. This effect is particularly prominent amongst the crystal field levels of the 
fiH] and fiF] multiplets. A consequence of this is that the measured polarisation 
ratios are not well defined for Sm3+ ions as the emission is of comparable electric and 
magnetic dipole character. This tends to force the ratio towards 1:1. Thus, minimal 
information is obtained on the irrep symmetry labels of the electronic levels by 
polarisation studies. 

5.2.4 0 Centre Fluorescence 

Emission from the 4G 2 multiplet to levels of the fiHJ and fiFJ multiplets have been 
2 

recorded for excitation of the 0 centre 4G 2 absorption transitions. Concentrations 
2 

of 0.05 molar % of Sm3+ was used as for the A centre. Polarisation measurements 
were made with both (111) and (100) oriented samples with no polarisation depen
dence apparant for either crystal orientation. This corroborates the assignment of 
this centre as an isolated rare earth ion with non-local charge compensation. As 
with the cubic '0' centre in CaF2:0.05%Eu3+ [92] and the cubic centre in CaF2:Er3+ 
[90], [93], [94], the cubic centre observed in CaF2:O.05%Sm3+ is present in signifi
cant concentrations. Particularly, at rare earth dopant concentrations greater than 
0.05%. This is a consequence of fluorine gettering by cluster centres leaving isolated 
Sm3+ ions in the lattice. Hydrogenation and oxygenation is also known to promote 
the cubic centre populations. Cockcroft et. al. [95] (1990) speculate that as H- ions 
substitute for lattice F- ions in the vicinity of the 'cubic' (or more appropriately, 
remotely compensated) centres, the inversion symmetry is lowered therefore relaxing 
the selection rules for electric dipole transitions. However, the pump transitions in 
Sm 3+ doped CaF 2 and SrF 2 crystals (fiH2 --+ 4G 2) are magnetic dipole transitions 

2 2 
and therefore, a relaxation of the selection rules is not required. 

Figures 5.11 to 5.13 show the fluorescence spectra obtained. Strong coupling to the 
lattice is evident in the fiHz, fiHg, fiHll and fiHll spectra by the presence vibronic 

2 2 2 2 
sidebands. These vibronic peaks are denoted as v or, where possible, by the appro-
priately assigned phonon mode in the presented spectra. Often, it is comparatively 
easy to identify such phonon sidebands by their frequency displacement from the 
electronic transitions or the width and symmetry of the lineshapes. The peculiar 
phonon sideband lineshapes arise as the transitions reflect the broad and asymmetric 
distribution of phonon energies. 

The cubic crystal field experienced by the Sm3+ ion in the 0 centre, can be approxi
mated by the cubic component of the A centre crystal field. Therefore, cubic crystal 
field parameters of magnitude B~=-1200 cm-1 and B~=650 cm-1 should adequately 
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Figure 5.11: 16K fluorescence spectrum of the 0 centre for transitions 4G .. to (a) 6H .. , (b) 6Hz 
2 2 2 

and (c) 6Hll in CaF2:O.05%Sm3+. Excitation is at the 18053 cm-1 Zl -+A2 absorption transition 
2 

for (a) and the -+Al transition at 17511 cm-1 for (b) and (c). * indicates an unassigned feature. 
The spectra were recorded at 16K. 
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Figure 5.12: Fluorescence spectrum of the 0 centre for transitions 4G 1; to the (a) 6Hll and 
2 2 

(b) 6Hbl multiplets in CaF2 :O.05%Sm3+. Excitation is at the 17653 cm-1 Zl ---+Al absorption 
transiti~n. The spectre were recorded at 16K. 
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Figure 5.13: Fluorescence spectrum of the 0 centre for transitions 4G ll. to the (a) 6H 15, 6F 1, 
2 T 2' 

6F;i, (b) 6Fll. and (c) 6Fz multiplets in CaF2:O.05%Sm3+. Excitation is at the 17653 cm-1 ZI -AI 
abJorption transition. The spectra were recorded at 16K. 
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Table 5.5: Transition frequencies (air cm-1 ±1 unless otherwise stated) and assignments for elec-
tronic transitions of the 0 centre in CaF2 :O.05%Sm3+ 

Multiplet Transition State Transition 
Frequency Energy Assignment 

6H5 17653 0 A1f7 -+Zlfs 
2' 

16583 1070 A1f7 -+Y1f 6 
6H7 16523 1130 A1f7 -+Y2f 7 2' 

16339 1314 A1f7 -+Y3fS 
15490 2163 A1f7 -+X1f6 

6Hg 15351 2302 A1f7 -+X2fS 
2' 

14142 3511 A1f7 -+W1fs 
6Hll 14002 3651 A1f7 -+W3f S 

2 

12804 4849 A1f7 -+V1fs 
12686 4967 A1f7 -+V2f7 

6H13 12664 4989 A1f7 -+V3fS 
'2 

12440 5213 A1f7 -+V4f7 
12418±2 5235 A1f7 -+ V5f6 

11499 6154 A1f7 -+Slfs 
11394 6259 A1f7 -+S2f6 
11153 6500 A1f7 -+S3f6 

6HlQ., 6F l 10939 6714 A1f7 -+S4fs 
2 2 

and 6F3 10917 6736 A1f7 -+S5fS 
2' 

10759 6894 A1f7 -+S6f7 
10739 6914 A1f7 -+S7fS 
10393 7260 A1f7 -+R1f7 

6F5 10291 7362 A1f7 -+R2fS 
2' 

9536 8117 A1f7 -+Q1f7 
6F7 9509 8144 A1f7 -+Q2fS 

'2 
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account for the gross features of the manifold splittings. Such a calculation predicts 
that the 4G§. multiplet splits into two cubic levels of fa and f7 symmetry, with the 

2 

f7 level lowest. From this, we assign the 17654 cm-1 state as Alf7 and the 18053 
cm-1 state as A2fa. This assignment is interesting as emission to crystal field levels 
transforming as a f 6 irrep of the cubic group should not be allowed from the Alf 7 
state. 

The number of transitions observed exceeds the maximum number allowed, if this 
strict cubic symmetry selection rule is obeyed. Therefore, the centre cannot be of 
exact cubic symmetry. Table 5.5 summarises the observed electronic transitions. 
This table also gives a set of tentative transition assignments based on a cubic 
crystal field calculation that employs the parameters given above. 

The observation that the centre is not of exact cubic symmetry is not unexpected as 
the centre still requires charge compensation. This is provided non-locally. However, 
the charge compensating fluorine ion may be in sufficiently close spatial proximity, 
to provide a weak axial distortion. Then the crystal field wavefunctions would no 
longer be pure cubic field wavefunctions. 

5.2.5 Gl Centre Fluorescence 

Many EPR experiments have reported the presence of trigonal oxygen centres in 
CaF2:Sm3+ crystals. The oxygen has been generally introduced as an unintentional 
impurity during crystal growth [8], [79]. The 0 2- ions, can then charge compensate 
the Sm3+ ions taking the position of a substitutional F- ion, in a nearest neighbour 
position along a (111) direction. This creates a centre of C3v symmetry. In this 
study, oxygen ions have been introduced into CaF2:Sm3+ crystals deliberately. This 
was done using the method described in chapter three. Several previous optical 
studies of the CaF2:Sm3+:02- system [96], [97] have been completed. However, this 
is the first laser selective excitation study known to the author. The fluorescence 
spectra obtained are shown in Figures 7.14 throught to 7.16. 

Muto and Awazu [96] have observed a similar emission spectrum to that observed 
here after the deliberate addition of oxygen ions into CaF2:Sm3+ crystals. However, 
in their case additional emission lines are observed. This is probably due to the 
creation of more complex oxygen compensated centres, such as those observed by 
Newman and Woodward [80] for SrF2:Sm3+. Muto and Awazu state that their 
samples were opaque in colour, tending to support this assertion. These authors also 
claim that oxygen was easily diffused into the crystals in a moist atmosphere but 
that difficulty was had in obtaining good oxygen penetration in an O2 atmosphere. 
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This has not been found to be the case in this study, where oxygenation periods of as 
little as 15 minutes were adequate to obtain significant quantities of oxygen into the 
crystals. This was judged by the comparative strengths of the A and G 1 centre 4G.§. 

2 

excitation strengths. In fact, oxygen was found to enter the CaF 2 lattice (and charge 
compensate the rare earth ions) so readily that precautions had to be taken during 
crystal growth to avoid contaminating crystals with (generally) unwanted oxygen. 
The oxygenated crystals used in this study were clear, with minimal damage created 
by the oxygenation process. It has been noted that for more heavily oxygenated 
samples, an excitation feature belonging to an additional, distinct oxygen centre is 
observed at 17456 cm- I . This centre has not been studied in this work. 

For excitation of the 4G.§.A2 state at 18095 cm-I , three emission peaks are observed 
2 

to the 6H.§. ground multiplet in the 17550-17000 cm- I region (see Figure 5.14(a)). 
2 

Two features of comparable intensities are observed at 17511 and 17476 cm- I . These 
correspond to the Al -+ZI and Z2 transitions. This places the Z2 state, 35 cm-I 

above the ground state. A broad, weaker feature at 17090 cm-I is the Al -+Z3 
transition. The Z3 state is therefore determined to be 421 cm- I higher in energy 
than the ground state. Polarisation studies of the exciting beam and emitted flu
orescence reveals a weak polarisation dependence for (111) oriented crystals in the 
ZX:ZY polarisation geometry (Table 5.6). For (100) oriented crystals, the G1 centre 
fluorescence transitions display no polarisation effects. This confirms the symmetry 
of the centre as C3v and indicates that as with the 0 and A centres, the absorp
tion transition is of magnetic dipole character. No attempt is made to assign irrep 
symmetry labels or to analyse the spectra in terms of a· crystal field model as the 
polarisation effects are weak. 

An interesting feature is observed at 1013.56 nm.This is amongst fluorescence to 
the overlapping 6H1.§., 6F 1, 6F;J, and 6F.§. multiplets. The feature is extremely sharp. 

2 2 2 2 
Its occurence is somewhat anomalous since if it is a G 1 centre transition it should 
be broad, given the numerous relaxation pathways available to it. An alternative 
explanation is that we are observing emission from the 6F II multiplet at 10600 

2 

cm- I . However, we would then expect to see a transition to the first excited state 
of the 6H.§. multiplet. This is not observed. To further investigate this emission, 

2 

the 17511 cm- I 4G.§. absorption transition was excited with the pulsed laser, whilst 
2 

the 1013.56 nm transition was monitored. The purpose of this investigation was to 
observe a difference in the decay transient for this transition. This would indicate 
that either an additional centre was being excited, or in the case of a build up time, 
infer 6F II emission. Regettably, no emission signal could be detected on the storage 
oscillosc~pe. We assign this emission peak as the Al -+811 transition however this 
should be regarded as extremely tentative. 



5.2. Spectroscopy of CaF2:Sm3+ 127 

1 

[ (a) 2 

I- 3 

-Ct:l ..., ..... 17000 17100 17200 17300 17400 17500 ~ 
;::J 
..0 

I-< 1 <: (b) 
'--' 

Q.) 3 
C.) 

~ 4 2 TO(X) Q.) 
C.) 
Ct:l 
Q.) 
I-< 
0 
;:::I ...... 16000 16200 16400 16600 16800 ~ 

2 
(e) 

5 4 TO(X) 
3 

1 

14800 15000 15200 15400 15600 

Wavenumbers (em -1 ) 

Figure 5.14: Fluorescence spectrum of the G1 centre for transitions 4G;. to the (a) 6Hli., (b) 6Hz 
'2 2 2 

and (c) 6Hll. multiplets in CaF2 :O.05%Sm3+. Excitation is at the 18095 cm-1 ZI -+A2 absorption 
2 

transition for the 6Hi!. fluorescence while for all others the Z1 -+Al transition at 17511 cm-1 was 
• 2 

exclted. The spectra were recorded at 16K. 
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2 

(b) 6Hu multiplets in CaF2 :O.05%Sm3+. Excitation is at the 17511 cm-1 Zl -+Al absorption 
2 

transition. The spectra were recorded at 16K. 
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6F land 6F!i. multiplets and the (b) 6F 1 multiplet in CaF2 :O.05%Sm3+. Excitation is at the 17511 
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cm-1 ZI -+Al absorption transition. The spectra were recorded at 16K. 
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Table 5.6: Transition frequencies (air cm-1 ±l unless otherwise stated), measured polarisation 
ratios and terminating states for emission from the 4 G ~ to the 6H Ii. 1. Q II U 1li. and 6Fl. l ll. 1. 

2 2'2'2' 2 iT' 2: !PI'!P2 

multiplets of the Gl centre in CaF2 :O.05%Sm3+. 
Multiplet Terminatmg State Transition Polarisation Ratio 

Label Energy I Frequency ZX Zy 
Zl 0 17511 1.3 1.0 

6Hs Z2 35 17476 1.1 1.0 
"2 

Z3 421 17090 1.3 1.0 
Yl 957 16554 1.1 1.0 
Y2 1322 16189 1.0 1.1 

6H7 Y3 1432 16079 1.4 1.0 
'2 

Y4 1515 15996 1.3 1.0 
Xl 2001 15510 1.2 1.0 
X2 2166 15345 1.0 1.0 

6Hg X3 2401 15110 1.0 1.5 
'2 

X4 2587 14924 1.5 1.0 
X5 2689 14822 1.0 1.5 
Wl 3467 14044 1.0 1.1 
W2 3611 13900 1.0 1.4 

6Hn W3 3840 13671 1.1 1.0 
T 

W4 3921 13590 1.2 1.0 
W5 4043 13468 - -
W6 4117 13394 1.4 1.1 
VI 4854 12657 1.0 1.0 
V2 4916 12595 1.0 1.0 
V3 5063 12447 1.3 1.0 

6H13 V4 5274 12237 - -
T 

V5 5380 12131 - -

V6 5490 12021 - -
V7 5734 11777 1.3 1.0 
81 6184 11327 1.0 1.0 
82 6304 11203 1.0 1.3 
83 6338 11173 1.0 1.1 
84 6515 10996 1.0 1.4 
85 6601 10910 1.1 1.0 
86 6869 10642 1.0 1.0 

6H15 6Fl _l _, 87 6890 10621 1.0 1.0 
6F 3 2and trF 5 88 7342 10169 1.0 1.1 

'2 2' 
89 7394 10117 1.4 1.0 
810 7562 9949 1.0 1.4 
811 7645 9866 1.3 1.0 
Ql 8151 9360 1.6 1.0 
Q2 8233 9278 1.0 1.0 

6Fz 
2 

Q3 8242 9269 1.0 1.1 
Q4 8323 9188 1.0 1.0 
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5.2.6 CI, C2 and C3 Centre Fluorescence 

For excitation to the 4G 2 multiplet, two weak centres were observed in Section 
2 

5.2.2. Initially, it was hoped that these centres may be associated with the Rand Q 
absorption features observed in Section 5.2.1. This proved not to be the case. The 
centres are discussed in turn, the C2 centre first, being the clearest spectroscopically. 

The excitation and fluorescence spectra of the arbitrarily labelled C2 centre resemble 
that of the tetragonal symmetry A centre. In addition, it is the only other rare earth 
centre observed in CaF2:Sm3+ that has 2:1 type polarisation ratios (given in Table 
5.7). This suggests a high symmetry. The possibility arises that this centre is 
associated with SrH or BaH impurity in the stock CaF2 , used to grow the crystal. 
Both Khong [98] and Mujaji [15] report the presence of such modified centres for 
both unintentional and intentional doping of SrH into the CaF 2 lattice. In these 
cases, Pr3+ and Ho3+ respectively were the rare earth (probe) dopant ions and a 
modified centre retaining the C4v symmetry of the parent centre has been observed. 
In this case, the SrH ion substitutes for the host alkaline earth ion, next to the 
interstitial F- ion along the RE3+ - F- axis opposite to the RE3+ ion. This yields 
a centre which preserves the C4v symmetry of the parent A centre. 

For emission to the 6H 2 ITmltiplet, the ZI ~A2 transition at 17913 cm-I has been 
2 

excited. Due to the significant overlap of this transition, with the ZI ~A2 transition 
of the A centre, the emission spectra of both centres is observed. To further com
plicate matters, vibronic sidebands associated with the cubic 0 centre overlap the 
ZI ~A2 absorption transition C2 centre. Thus, the Al ~ZI electronic transition 
of the 0 centre is also observed in the emission spectrum. This is shown in Figure 
5.17. The two transitions associated with the C2 centre are observed. These are 
at frequencies of 17799 and 17764 cm -1. From this, the Z2 state is placed 35 cm-1 

above the ground state. This is a 12 cm-1 smaller splitting of the cubic fs irrep, 
than measured for the A centre. This is consistent with smaller axial crystal field 
parameters (compared with the CaF2 :Ho3+ A centre) obtained by Mujaji [15] in her 
crystal field analysis of the modified Ho3+ C4v symmetry centres. The remaining 
CaF2 :Sm3+ C2 centre spectra are shown in Figures 5.18 and 5.19. 

For excitation of the ZI ~A2 transition of the C1 centre at 17855 cm-1
, a complex 

emission spectrum to the 6H 2 multiplet is observed. The 21 cm-1 splitting of the 
2 

Al and A2 4G 2 states of the C1 centre should help identify the transitions of this 
2 

centre. However, this is confused by a comparable 21 cm-1 ZI-Z2 splitting in the 
6H 2 ground state. The Al ~ZI and Z2 transitions of the A centre and the Al ~ZI 
tra~sition of the near cubic 0 centre are also observed. In addition to the Al ~ZI 
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Figure 5.17: Fluorescence spectrum of the C2 centre for transitions 4G.!l. to (a) the 6H.!l. multiplet 
2 2 

(b) the 6HI multiplet and (c) the 6H~ multiplet in CaF2 :O.05%Sm3+. The spectra were recorded 
2 2 

at 16K. 
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6F;! multiplets, (b) the 6FJi. multiplet and (c) the 6F!l. multiplet in CaF2 :O.05%Sm3+. Excitation 
2 2 2 

is at the 17799 cm-1 Zl -+Al absorption transition. 
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Table 5.7: Transition frequencies (air cm-1 ±1 unless otherwise stated), measured polarisation 
ratios and terminating states for emission from the 4G li. to the 6HJ!. 7 2 11 and 6F! il. !l. 1 

2 2'2'2' 2 2'2'2'2 

multiplets of the C2 centre in CaF2:O.05%Sm3+. 
Multiplet Terminating State Transition Polarisation Ratio 

Label Energy Frequency ZX Zy 

Zl 0 17799 1.9 1.0 
6Hs Z2 35 17764 1.0 1.1 

? 

Yl 981 16818 1.1 1.0 
Y 2 1125 16674 2.5 1.0 

6H7 Y3 1318 16481 2.7 1.0 
2' 

Y 4 1342 16457 2.8 1.0 
Xl 2209 15590 1.0 1.1 
X 2 2341 15458 1.0 1.3 

6Hi X3 2455 15444 1.0 1.1 
z 

~ 2371 15428 1.0 1.1 
X5 2524 15275 2.2 1.0 
WI 3501 14298 1.0 1.2 

6Hll W 2 3627 14172 1.9 1.0 
2' 

W3 3788 14011 1.0 1.0 
VI 4865 12934 1.0 1.0 
V2 4969 12830 1.0 1.6 
V3 5173 12626 2.0 1.0 

6H13 V 4 5209 12590 1.2 1.0 
2' 

V5 5230 12569 2.0 1.0 
81 6206 11593 1.0 1.1 
82 6224 11575 2.8 1.0 
83 6272 11527 1.2 1.0 
84 6287 11512 1.1 1.0 
85 6405 11394 1.0 1.1 

6H15 -, 86 6472 11327 1.0 1.1 
2 

and 87 6526 11273 1.1 1.0 

8a 6646 11153 1.6 1.0 
89 6674 11125 1.9 1.0 
810 6735 11064 1.0 1.6 
811 6834 10965 1.3 1.0 
812 6950 10849 1.0 1.0 
Rl 7261 10538 1.9 1.0 

6Fs R2 7316 10483 1.0 1.1 
2' 

R3 7344 10455 1.0 2.0 

Ql 8097 9702 1.2 1.0 

Q2 8124 9675 2.0 1.0 
6F7 Q3 8144 9655 3.6 1.0 

"2 
Q4 8235 9564 1.0 1.2 
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and Z2 transitions ofthe C1 centre at 17834 and 17813 cm-1 respectively, a stronger, 
broader feature at 17735 cm-1 is also observed. This does not appear to be correlated 
with the C1 centre as there is no 'hot' transition from the A2 state 21 cm-I higher 
in frequency. Such a transition would be clearly observable for the 17735 cm-I 

transition unless restricted by symmetry considerations. This is a possibility we 
do not exclude, but regard as unlikely in the expectation that the weak centres 
observed in excitation are low symmetry cluster centres less tightly coupled than 
the arbitrarily labelled Rand Q features observed in absorption. 

Similar spectra are observed to the excited multiplets of the 6H and 6F terms with 
many levels assigned to the C1 centre via their common AI-A2 splitting of 21 cm -1. 

The spectra are given in Figures 7.20 to 7.22. Extra transitions are also observed, 
without such a splitting. These are generally stronger in intensity. Therefore, it is 
concluded that for excitation of the C1 centre at 17855 cm-I, an additional centre, 
arbitrarily labelled C3, is also excited. Neither centre has a marked polarisation 
dependence for (100) or (111) oriented crystals. It is possible that they correspond 
to a loosely coupled pair such as that observed by Cockcroft [14] for CaF2:ErH. 
However, in that case entirely distinct excitation and emission spectra were obtained 
whereas the C1 and C3 centres do not appear as distinct features in excitation. 
Transition frequencies and terminating state energies for the C1 centre are given in 
Table 5.8. However, for the C3 centre the 4G§. states are unknown and only the 

2 

transition energies are listed in Table 5.9. 

Table 5.8: Transition frequencies (air cm-1 ±l unless otherwise stated), terminating state energies 
and transition assignments for emission from the 4G.o. to the 6H.o. 1 ll. II !1l. and 6F.o. multiplets of 

2 2'2'2'2'2 2 

the Cl centre in CaF2 :O.05%Sm3+. 
Transition State Transition Transition State Transition 
Frequency Energy Assignment Frequency Energy Assignment 

17834 0 Al ----ZI 14414 3420 Al ----WI 
17813 21 Al ----Z2 12945 4910 A2 ----VI 
16891 964 A2 ----YI 12924 4910 Al ----VI 
16871 963 Al ----YI 12912 4943 A2 ----V2 
16839 1016 A2 ----Y2 12892 4942 Al ----V2 
16819 1015 Al ----Y2 12882 4973 A2 ----V 3 
16774 1081 A2 ----Y3 12861 4973 AI ----V3 
16753 1081 Al ----Y3 10721 7134 A2 ----RI 
15702 2153 A2 ----Xl 10710 7145 A2 ----R2 
15680 2154 Al ----Xl 10700 7134 Al ----RI 
15671 2184 A2 ----X2 10690 7144 Al ----R2 
15652 2182 Al ----X2 10680 7154 Al ----R3 
14434 3421 A2 ----WI 
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Figure 5.20: Fluorescence spectrum of the C1 and C3 centres for transitions 4G~ to (a) the 6H~ 
mUltiplet, (b) the 6H1. multiplet and (c) the 6Hllmultipiet in CaF2:0.05%Sm3+. The spectra were 
recorded at 16K. 2 2 
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Figure 5.21: Fluorescence spectra of the C1 and C3 centres for transitions 4G!l to (a) the 6Hll 
2 2 

multiplet and (b) the 6Hl>l. multiplet in CaF2 :O.05%Sm3+. The spectra were recorded at 16K. 
2 
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Figure 5.22: Fluorescence spectrum of the C3 centres for transitions from 4G.!i. to (a) the 6H!.!i., 
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6F 1 and 6F.>. multiplets, (b) the 6F.!i. multiplet (inset is the spectrum to the 6F.!i. multiplet for the 
2 2 2 . 2 

C1 centre) and (c) the 6F! multiplet in CaF2 :O.05%Sm3+. The spectra were recorded at 16K. 
2 
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Table 5.9: Transition frequencies (air cm-1 ±1 unless otherwise stated) of the 03 centre in 
OaF2 :O.05%Sm3+ 

Multiplet Transition Frequency II Multiplet Transition Frequency 

6Hs 17735 6H13 12608 
? 2" 

16897 12585 
6H7 16674 12552 

'2 
16474 11627 
16419 11490 
15609 11469 
15475 6Hl§., 6F 1 11308 

2 2 

6Hg 15415 and 6F3 11267 
'2 '2 

15281 11242 
14322 11149 
14217 11061 

14175±2 10975 
6Hl1 14083 10537 

2" 
14030 6Hs 10483 

'2 
14005 10453 
12968 9706 
12825 6F7 9672 

'2 
12630 9650 
12615 9585 
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5.3 Spectroscopy of SrF2:Sm3+ 

5.3.1 Optical Absorption Spectra 

The absorption to the 4GQ multiplet, of a 3 cm boule of SrF2:O.05%Sm3+ is pre-
2 

sented in Figure 5.23. The crystal was cooled to 16K for this experiment. As with 
CaF2:Sm3+, absorption to this multiplet is weak, as it is nominally spin forbidden. 
The even transmission background in this figure indicates an absence of Sm2+ in 
the crystal. The recorded spectrum is seen to be significantly simpler than the 
6HQ -+4GQ absorption spectrum in CaF2:O.05%Sm3+. Only two absorption features 

2 2 
at 560.5 and 557.6 nm are observed. Given the similarity of these two transitions to 
the ZI -+Al and A2 transitions of the A centre in CaF2:Sm3+, it is not unreasonable 
to assign these transitions to the A centre in SrF2:Sm3+. Thus, the broadening ob
served for the shorter wavelength transition is ascribed to relaxation of the A2 level 
to.the AI. 

540 545 550 555 560 565 570 575 

Wavelength (nm) 

Figure 5.23: Absorption spectrum for the 4G.,. multiplet in SrF2 :O.05%Sm3+. The spectrum was 
recorded at 16K. 2 
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5.3.2 Excitation Spectra 

Laser excitation spectra for the 4G§. and 4Fl multiplets of a SrF2 :O.05%Sm3+ sample 
2 2 

were recorded using the SPEX 1700 series single monochromator. The spectrum was 
scanned with the spectrometer set to the zero order of diffraction. The fluorescence 
was detected with an EMI 9659 QA photomultiplier. Figure 5.24(a) shows the 
recorded spectrum. This is dominated by two transitions which, as shown in Figure 
5.25(a), belong to the same centre with an additional weaker transition at a higher 
frequency as given in Table 5.10. The structure of this centre matches the dominant 
features observed in absorption to this multiplet and is identical to that observed 
for the CaF 2:Sm3+ A centre. 

In Figure 5.24(b) the zero order excitation spectrum for the 4G§. multiplet is ampli-
2 

fied 15 times. A weak transition is observed at 17699 cm-1 . In Figure 5.25(c) the 
spectrum for the centre corresponding to this transition is monitored selectively at 
16575 cm-1 . Two transitions are observed for the centre of interest which we label 
o due to the similarity between this centre and the CaF2:Sm3+ near cubic centre. 
This spectrum is not entirely centre selective as we can observe the two A centre 
transitions at 17839 and 17934 cm-I . 

Oxygen was found to enter the SrF 2 crystals very easily. Oxygenation periods of 
up to 30 minutes were used for the spectroscopic studies completed here. In Figure 
5.24(c) the zero order excitation spectrum of the 4G§. multiplet after 30 minutes 
exposure to dry oxygen at 900 °C is shown. The spect~um is amplified 5 times and 
features of a new centre due to oxygen charge compensation are observable. This 
centre is very like that observed for CaF2:Sm3+:02

-. The narrowband spectrum for 
this centre is presented in Figure 7.25(b). 

The 4Fl multiplet is roughly 1000 cm-1 higher in energy. In Figure 5.26(a) a single 
transiti~n is seen to dominate the spectrum. For monitoring the A centre transition 
frequency of 17839 cm-1 , this line plus two additional lines are observed to relate to 
the A centre. The lowest frequency transition appears to originate from a thermally 
populated ground multiplet level 35 cm-1 above the ground state. This is shown in 
Figure 5.27(a). 

Selectively monitoring at 17699 cm -1 whilst scanning the 4F 1 transitions yields 
2 

Figure 5.27(c). A transition at 18871 cm-1 is assigned to this centre labelled O. 
From the transitions observed, it is clear that this is a centre of cubic symmetry 
from the 4G§. and 4Fl manifold degeneracies. If the 17544 cm-1 transition of the 

2 2 

oxygen related centre is monitored we observe two transitions to the 4Fl multiplet. 
2 



5.3. Spectroscopy of SrF2:Sm3+ 143 

(a) 

-
,...-.. 

r:n. 
"'"" ..... 
~ 
~ 
...0 .... 
< (b) 

A A 
'---" 

.0 ..... 
r:n. 
~ 
Q.) 

"'"" -~ 

"'"'" Q.) 
C,) 

~ A Q.) 

0 C,) 
en 
Q.) 

I I .-I ,.. .... 
0 
::l ..-
~ (e) 

G1 G1 
\ 

17400 17600 17800 18000 18200 18400 

vVavenumbers (em-I) 

Figure 5.24: Broadband excitation spectra of the 4GJi. multiplet in SrF2 :O.05%Sm3+ for (a) as 
2 

grown crystal (amplification xl) (b) as grown crystals (xI5) and (c) 30 minutes oxygenation (x5). 
The spectra were recorded at 16K. . 
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Figure 5.25: Narrowband excitation spectra of the 4GJi multiplet in SrF2 :O.05%Sm3+ for (a) the 
A centre monitoring at 16731 cm-1 , (b) the G1 centre 2monitoring at 16575 cm-1 and (c) the 0 
centre monitoring at 16606 cm- l . The spectra were recorded at 16K. 
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Figure 5.26: Broadband excitation spectra of the 4Fil multiplet in SrF2 :O.05%Sm3+ for (a) as 
2 

grown crystals (xl amplification), (b) as grown crystals (xlOO) and (c) after 30 minutes oxygena~ 
tion (x 100). The spectra were recorded at 16K. 
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Figure 5.27: Narrowband excitation spectra of the (a) A monitoring at 17839 em-I, (b) the G1 
monitoring at 17544 cm:-I and (c) the 0 centre monitoring at 17699 cm-I for the 4Fi multiplet 
in SrF2:0.05%Sm3+. The spectra were recorded at 16K. 
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The recorded spectrum is given in Figure 5.27(b). From the magnitude of the 4F!! 
splitting we label this centre G 1 because it is similar to the dominant oxygen charg~ 
compensated centre detected in CaF2 :Sm3+ crystals. The excitation frequencies for 
all centres observed are given in Table 5.10. 

Table 5.10: 4 Gland 4 F a. excitation frequencies (in air ± 1 cm -1) for the A,. Gland 0 centers in 
2 2 

SrF2 :O.05%Sm3+ 
Multiplet State A Gl 0 

Al 17839 17544 17699 
4G5 A2 

'2 
17934 18126 18070 

A3 18195 
4Fa Bl 18949 18899 18871 

'2 
B2 18963 19032 

5.3.3 A Centre Fluorescence 

Fluorescence spectra from the 4G.Q. multiplet to crystal field levels of the 6HJ and 
2 

6F J multiplets of the A centre were recorded. The crystal was cooled to 16K. The 
spectra are presented in Figures 5.28-5.30. Most spectra were recorded pumping 
the 6H§.Zl -t4G§.A1 transition at 17839 em-I. For fluorescence to the 6H§. ground 

2 2 2 
multiplet the ZI -tA3 transition was excited. The fluorescence transitions of this 
centre show 2:1 type polarisation ratios for (100) oriented crystals. From this, and 
the spectroscopic similarity of this centre with the A centre in CaF 2 :Sm3+ , we assign 
this centre as having C4v symmetry. Charge compensation is provided by an F- ion 
in the nearest neighbour interstitial position along a (100) direction. The measured 
transition frequencies are given in Table 5.12. 

For excitation ofthe ZI -tA3 transition at 18195 em-I, two strong emission peaks are 
observed at frequencies of 17839 and 17804 cm-1 (Figure 5.28(a)). These transitions 
terminate on the ground multiplet (6H§.) of the Sm3+ ion. From the frequency 
difference of these two transitions we i~fer that the ground - first excited crystal 
field state splitting is 35 cm-1. 

For transitions to the 6Hz multiplet, the Zl --tAl transition at 17839 cm-1 is excited. 
2 

Two distinct electronic transitions are observed at 16849 and 16731 cm-1 as can be 
observed in Figure 5.28(b). These transitions correspond to Al --tYI and Y2' The 
positions of the 6Hz levels are determined to be at 990 and 1108 cm- l , respectively. 

2 

The remainder of the spectrum is quite complex (Figure 5.28(b) and 5.31(a)). The 
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features in the 16700-16640 cm-1 region are assigned as transitions to vibrational 
levels of the lattice. The fluorescence energies for these transitions are given in Table 
5.11. Broad agreement is obtained between the vibronic intervals observed here, and 
those observed by Wood and Kaiser [72], Richman [99], and Aizenberg et. al. [90]. 

The second group of transitions in the 16600-16500 cm-1 region, are a combination 
of the remaining two electronic transitions expected for a J=~ multiplet and vibronic 
sidebands. The Al ~Y3 and Y4 transitions are observed at 16556 and 16530 cm-I . 

This puts the Y3 and Y4 states at 1283 and 1309 cm-1, respectively. 

Table 5.11: Zero phonon electronic lines and vibrational sidebands observed for the 6Ht and 
6Hll multiplets of the A centre in SrF2:O.05%Sm3+. 

2 

tlHr Hll 
2 2 

Transition Energy Shift From Transition Energy Shift From 
Assignment Y1 Y2 Assignment W l 

Y1 16849 0 -118 Wl 14326 0 
Y2 16731 118 0 W2 14220 106 
a 16699 150 32 a 14175 151 
b 16687 162 44 b 14164 162 
c 16674 175 57 c 14155±5 171 
d 16666 183 65 d 14143 183 
e 16657 192 74 e 14134 192 
f 16649 200 82 f 14122 204 

Y3 16556 293 175 W4 14094±3 232 
e 16540 309 191 Ws 14083 243 

Y4 16530 319 201 W6 14015 311 
f 16522±5 327 209 LO 13966±10 360 

Fluorescence to the 6Hg, 6Hll and 6H!1 multiplets are very simple to interpret. This 
is because the transitiohs ar~ generally isolated and the spectra are not complicated 
by phonon sidebands. The recorded spectra are shown in Figure 5.28(c) for the 6HQ 

2 

multiplet and Figure 5.29( a) and (b) for the 6Hll and 6H!1 multiplets, respectively. 
2 2 

Transitions to the overlapping 6Hu, 6F 1. and 6F J. multiplets are observed in the 
2 2 2 

11700-11000 cm-1 (855-910 nm) region. These spectra were recorded using the 
SPEX 1700 single monochromator and RCA 7102 PMT. Despite the higher wave
length transitions overlapping, the spectrum is clear as the transitions are intense 
and observed as distinct peaks. A transition observed at 896.70 nm is assigned as 
terminating on the transverse optical phonon mode of the lattice at 221 cm- I . The 
spectrum is shown in Figure 5.30(a). 

The transitions to the 6F 5 and 6F 7 multiplets are observed in the 10650-10500 
'2 '2 
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Figure 5.28: Fluorescence spectrum of the A centre for transitions 4G-". to the (a) 6H-". (b) 6H1. 
2 2 2 

and (c) 6Hl1. multiplets in SrF2:O.05%Sm3+. For (a) excitation is at the 18195 cm-l Zl -tA3 
2 

transition, for (b) and (c) it is at the 17839 cm-1 Zl -tAl transition. The spectra were recorded 
at 16K. 
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Figure 5.29: Fluorescence spectrum of the A centre for transitions from 4G ~ to the (a) 6Hu and 
2 2 

(b) 6H¥ multiplets in SrF2 :O.05%Sm3+. Excitation is at the 17839 cm-1 Zl --Ai transition. The 
spectra" were recorded at 16K. 
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Figure 5.30: Fluorescence spectrum of the A centre for transitions 4G~ to the (a) 6Hl2., 6Fl., 
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6F:l., (b) 6F ~ and (c) 6F~ multiplets in SrF2 :O.05%Sm3+. Excitation is at the 17839 cm-I ZI -+AI 

trahsition. The spectra were recorded at 16K. 
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Figure 5.31: Vibronic sidebands of fluorescence to the (a) 6Hz and (b) 6Hll multiplets for the 
2 2 

A centre in SrF2:0.05%SmH. The spectra were recorded at 16K. 
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Table 5.12: Fluorescent energies (air cm-1 ±l unless otherwise stated), measured polarisation 
ratios and terminating states for emission from the 4G ~ multiplet to the 6H&,~,¥,¥-,¥,¥, 6p t,~,4,t 
multiplets of the A centre in SrF2 :O.05%Sm3+. 

Multiplet Terminating State TransitIOn PolarIsatIOn RatIo 
Label Energy I Frequency ZX Zy 

Zl 0 17839 1.9 1.0 
6Hs Z2 35 17804 1.0 2.2 

;; 

YI 990 16849 1.1 1.0 
Y2 1108 16731 2.9 1.0 

6H7 Y3 1283 16556 2.6 1.0 
2' 

Y4 1309 16530 2.3 1.0 
Xl 2216 15623 1.0 1.8 
X2 2330 15509 1.0 1.8 

6Hg X3 2345 15494 1.0 1.7 
2' 

X4 2486 15353 3.3 1.0 
X5 2527 15312 2.0 1.0 
WI 3513 14326 1.0 1.8 
W2 3619 14220 2.0 1.0 
W4 3745 14094 - -

6Hll W5 3760 14083 1.1 1.0 
T 

W6 3824 14015 1.0 1.7 
VI 4885 12954 1.0 1.5 
V2 4971 12868 1.0 2.1 
V3 5078 12761±5 1.6 1.0 

6H13 V4 5154 12685 2.1 1.0 
T 

V5 5181 12658 1.0 1.2 
V6 5198 12641 2.0 1.0 
V7 5210 12629 3.3 1.0 
Sl 6241 11598 2.1 1.0 
S2 6282 11557 1.1 1.0 
S3 6466 11373 1.1 1.0 
S4 6500 11339 1.1 1.0 

6H15 6Fl -, - S5 6619 11220 1.3 1.0 
2 2 

and 6F3 S6 6636 11203 1.4 1.0 
2' 

S7 6650 11189 1.2 1.0 
S8 6702 11137 1.0 1.2 
S9 6787 11052±5 1.4 1.0 
RI 7228 10611 1.6 1.0 

6Fs R2 7274 10565 1.2 1.0 
'2 

R3 7299 10540 1.0 1.2 
QI 8075 9764 2.1 1.0 
Q2 8096 9743 1.1 1.0 

6F7 Q3 8112 9727 1.3 1.0 
2' 

Q4 8173 9666 1.4 1.0 
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cm-1 (940-950 nm) and 9800-9600 cm-1 (1020-1040 nm) regions, respectively. All 
expected transitions are observed for both multiplets. 

5.3.4 0 Centre Fluorescence 

For excitation of the 18070 cm-1 transition of the 0 centre in SrF2:O.05%Sm3+, 
emission is observed to the 6HJ and 6FJ multiplets as shown in Figures 5.32 through 
5.34. The observed fluorescence displays no polarisation dependence for either (100) 
or (111) oriented crystals. On the basis of this measurement, and the observed 
transition multiplicity, the centre is assigned as a near cubic symmetry centre. 

Transitions to the 6Hz, 6Hg and 6Hll show vibronic sidebands. The sidebands 
2 2 2 

associated with the 6Hz and 6Hll multiplets are readily analysed in terms of peaks 
2 2 

in the SrF 2 host lattice, density of states given by Bilz and Kress [85] and those 
vibronic intervals already observed for the A centre in SrF2 :O.05%Sm3+ crystals. 
Those associated with the 6Hz multiplet are given in Table 5.14. The 17699 cm-1 

2 

transition being excited here, overlaps an absorption transition of an unrelated centre 
whose emission cannot be discriminated against. Transitions associated with this 
centre are denoted by * in the spectra presented. 

A tentative energy level scheme can be obtained through analogy with that obtained 
for the CaF2 :Sm3+ near-cubic centre. The resultant transition assignments are given 
in Table 5.13. From this it is apparant that transitions to crystal field levels trans
forming as cubic r6 irreps, which should be forbidden from the A1r 7 emitting level 
in strict cubic symmetry, are of greater intensity than analogous transitions for the 
CaF2 :Sm3+ near-cubic centre. This indicates that the non-cubic distortion is greater 
for the SrF2:Sm3+ near-cubic centre. This may be because the charge compensating 
fluorine ion is closer in the SrF 2 host. 
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Figure 5.32: Fluorescence spectrum of the 0 centre for transitions from 4G~ to the (a) 6Ht , 
(b) 6Hz and (c) 6HQ multiplets in SrF2 :O.05%Sm3+. Excitation is at the 17699 cm-1 Zl ...... A1 

•• 2 2 
transItIOn. The spectra were recorded at 16K. 
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Figure 5.33: Fluorescence spectrum of the 0 centre for transitions from 4G.!i. to the (a) 6Hll. 
2 2 

and (b) 6Hu multiplets in SrF2:O.05%Sm3+. Excitation is at the 17699 cm-1 Zl ....,.A1 transition. 
2 

Those features labelled * are not related to the 0 centre. The spectra were recorded at 16K. 
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Figure 5.34: Fluorescence spectrum of the 0 centre for transitions from 4G ~ to the (a) 6Hlj-' 

6Ft, 6Ft' (b) and (c) 6Ft multiplets in SrF2:O.05%Sm3+. Excitation is at the 17699 cm-1 

Zl -tAl transition. Those features labelled * are not related to the 0 centre. The spectra were 
recorded at 16K. 
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Table 5.13: Transition frequencies (air cm-1±1 unless otherwise stated) and assignments for 
electronic transitions of the 0 centre in SrF2 :O.05%Sm3+ 

Multiplet Transition State Transition 
Frequency Energy Assignment 

6Hs 17699 0 Alr7 -+Zlra 
i 

16744 955 Al r 7 -+ Yl r 6 
6H7 

2' 
16606 1093 Al r 7 -+ YZr 7 
16415 1284 Al r 7 -+Y3r a 

6H9 15514 2185 AIr7 -+X1r 6 
2' 

15366 2333 AIr 7 -+X2r a 
14179 3520 Al r 7 -+Wlr a 

6Hn 14029 3670 Al r 7 -+W3r a 
T 

12827 4872 AIr7 -+VIr8 
12732 4967 AIr7 -+V2r7 

6H13 12676 5023 Alr7 -+V3ra 
T 

12553 5146 AIr 7 -+V4r 7 
12507 5192 Alr7 -+V5r 6 
11523 6176 Al r 7 -+Slra 

6HU,6Fl 11016 6682 AIr 7 -+S4r a 
2 2 

and 6Fa 10981 6718 Alr7 -+S5r a 
2' 

10882 6817 Alr7 -+S6r 7 
10852 6848 Alr7 -+S7r 8 
10472 7227 A1r 7 -+Rl r 7 

6Fs 10383 
2' 

7316 Alr7 -+R2r a 
9612 8087 A1r 7 -+Qlr 7 

6FT 9590 8109 AIr 7 -+Q2r a 
'2 

Table 5.14: Fluorescence energies (±1 cm-1) ofvibronic sidebands observed for the 6Ht multiplet 
of the cubic centre in SrF2 :Sm3+ 

~~~~----~~~~------~~----~-Transition Shift From Assignment 
Frequency Y 1 Y z Y 3 

16582 162 b 
16575 169 c 
16561 183 d 
16455 151 a 
16446 160 b 
16427 179 d 
16335 389 LO 
16264 151 a 
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5.3.5 Gl Centre Fluorescence 

Light oxygenation of Sm3+ doped alkaline earth fluoride crystals produces new cen
tres where the Sm3+ ion is charge compensated by an 0 2- ion. In this study, crystals 
were treated in a dry oxygen atmosphere at 900°C. The oxygenation period ranged 
between 30 minutes to an hour in length. Only one new centre is created for this 
period of treatment. This centre has 4G:i. excitation features at 17544 and 18126 

2 

cm -1. Exciting either of these transitions, yields a system of 43 fluorescence tran-
sitions shown in Figures 5.35, 5.36 and 5.37. The polarisation dependence of these 
transitions has been measured in both (111) and (100) oriented crystals. For (100) 
crystals, no discernable dependence is observed. Crystals oriented along their (111) 
cleavage planes yield a weak dependence upon the polarisation of the exciting laser 
radiation and resultant fluorescence (as shown in Table 5.15). This is consistent with 
a trigonal symmetry centre. This is not an unexpected discovery as it has previously 
been observed for the CaF2 host crystal that the 0 2- and Sm3+ ions reside as simple 
pairs of trigonal symmetry. In that case, the specific form of charge compensation 
is that of a (111) oriented 0 2- ion, in the nearest neighbour substitutional position. 
It is proposed that this is also the centre configuration for SrF2:Sm3+:02- crystals. 
The large magnitude of the crystal field splittings and the observed polarisation 
dependence support this assertion. This centre has been observed using the EPR 
technique by Newman and vVoodward [80]. 

The similarity of the recorded spectra with that of the Gl centre in CaF2:Sm3+ 
provides further confirmation that the charge compensation configuration for the 
two centres is the same. As with all Sm3+ centres studied previously, vibronic 
sidebands are observed at varying energy separations from the electronic emission 
lines. These energy separations are consistent with vibronic sidebands observed by 
Aizenberg et. al. [90J and are assigned as such on the spectra. 
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Figure 5.35: Fluorescence spectrum of the G1 centre for transitions from 4Gli. to the (a) 6Hli., 
2 2 

(b) 6Hz and (c) 6Hll. multiplets in SrF2 :O.05%Sm3+. Excitation is at the 18126 cm-l Zl -tAl 

transiti~n. The spectra were recorded at 16K. 
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Figure 5.36: Fluorescence spectrum of the G1 centre for transitions from 4G,:;. to the (a) 6Hll 
2 2 

and (b) 6H¥ multiplets in SrF2:O.05%Sm3+. Excitation is at the 17544 cm-1 ZI -AI transition. 
The spectra- were recorded at 16K. 
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Figure 5.37: Fluorescence spectrum of the G 1 centre for transitions 4G!i. to the (a) 
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6F;!, and (b) multiplets in SrF2 :O.D5%Sm3+, Excitation is at the 17544 cm-1 

tra~sition. The spectra were recorded at 16K. 
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Table 5.15: Transition frquencies (air cm-1 ±l unless otherwise stated), measured polarisation 
ratios and terminating states for emission from the 4Gll to the 6Hll ! ll. II II II and 6F!. .:J. II ! 

2 2'2'2'2'2'2 2'2'2'2 

multiplets of the Gl centre in SrF2 :O.05%Sm3+. 
Multiplet Terminating State Fluorescence Polarisation Ratio 

Label Energy Frequency ZX Zy 
Zl 0 17544 1.1 1.0 

SH5 Z2 45 
2' 

17472 1.0 1.5 
Z3 477 17067 1.0 1.3 
Y1 969 16575 1.0 1.1 
Y2 1294 16250 1.0 1.1 

SH7 Y3 1449 16095 1.0 1.1 
2' 

Y4 1527 16017 1.1 1.0 
Xl 1989 15555 1.2 1.0 
X2 2176 15368 1.1 1.0 

SH9 X3 2380 15164 1.1 1.0 
2' 

X4 2582 14962 1.1 1.0 
X5 2710 14834 1.1 1.0 
W1 3481 14063 1.2 1.0 
W2 3612 13932 1.2 1.0 

SH11 W3 3906 13638 1.3 1.0 
'2 

W4 3941 13603 1.2 1.0 
W5 3980 13564 1.1 1.0 
Ws 4135 13409 1.0 1.3 
V1 4872 12672 1.1 1.0 
V2 4934 12610 1.1 1.0 
V3 5049 12495 - -

SHl3 V4 5199 12345 - -
'2 

V5 5247 12297 - -
Vs 5420 12124 - -
V7 5758 11786 1.3 1.0 
81 6222 11322 1.0 1.5 
82 6337 11207 1.0 1.1 
83 6363 11181 1.0 1.1 
84 6479 11065 1.0 1.8 
85 6514 11030 1.0 1.7 
8s 6575 10969 1.0 1.3 

SHl5 sFl -, -, 87 6840 10704 1.0 1.1 
sF 3 2and trF 5 88 6869 10675 1.0 1.0 

2' 2' 
89 7316 10228 1.0 1.3 
810 7356 10188 1.0 1.0 
811 7365 10179 1.1 1.0 
812 7533 10011 1.0 1.4 
813 7569 9975 1.0 1.2 
814 7664 9880 1.0 1.0 
Q1 8130 9414 1.0 1.1 
Q2 8226 9318 1.0 1.4 

sF7 Q3 8232 9312 1.0 1.4 
2' 

Q4 8303 9241 1.0 1.8 
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5.4 Crystal Field Analysis for the C4v Symmetry Centres 

Single electron crystal field analyses for the dominant C4v symmetry centres in both 
CaF2 and SrF2 crystals doped with Sm3+ ions were completed. This was done with 
the crystal field (F-Shell Empirical) fitting programs of Dr M F Reid of this de
partment. For CaF2:Sm3+ and SrF2:Sm3+, 48 and 52 experimental levels were least 
squares fitted to the interactions described in chapter two for the f5 configuration 
appropriate for Sm3+. The lowest 250 electronic states of the f5 configuration were 
fitted, with 9 free parameters, to the Hamiltonian of Eqn 2.12 that is appropriate 
for a centre with C4v symmetry. It is important to include a significant portion of 
the configuration to properly account for the effects of intermediate coupling within 
the states of the 4f5 configuration. 

It can be seen in Tables 5.16 and 5.17, that levels of the 6F2 and 6Fll multiplets are 
also included in the crystal-field fits performed in this se~tion. Tfie experimental 
data for these levels, was obtained from infrared absorption as is given in chapter 
eight. The levels were assigned on the basis of crystal field fits to all other multiplets 
and from the similarity between the CaF2:Sm3+ and SrF2:Sm3+ absorption spectra. 
This is simplest in the SrF2:Sm3+ case since clustering is less important at the 
concentrations studied here and the absorption spectra is predominantly due to the 
C4v centre alone. The 2567 cm-1 level assigned to the C4v symmetry A centre in 
CaF2:Sm3+ was not fitted as this appears to be anomalous and cannot be accounted 
for at all accurately by the crystal field calculation. The inclusion of this level 
distorts the parameters to such an extent that the measured Zeeman splitting factors 
in chapter eight are no longer well accounted for. 

It should be kept in mind, that the crystal field fits presented in Tables 5.16 and 
5.17 were constructed with minimal experimental irrep symmetry assignments for 
the crystal field energy levels. The irrep assignments have been made through 
comparision with calculations which use interpolated parameters. These parameters 
were obtained from crystal field analyses to levels of the C4v symmetry centres in 
CaF2:Nd3+ (Han [100]1993) and CaF2:Eu3+ (this study, chapter six) and SrFz:Nd3+ 
(Han [100]1993) and SrF2:Eu3+ (this study, chapter six). Despite this, the fits seem 
reasonable. Good agreement is obtained with the previously optimised parameters 
for C4v symmetry centres in CaF 2 and SrF 2 host crystals. These are compared in 
chapter nine. The standard deviations of the fits obtained (denoted (j in Table 5.18) 
are acceptable, remaining under 15 cm -1 for both centres. 

Table 5.19 gives the Sm3+ free ion wavefunctions and calculated barycentre energies 
for those multiplets of interest in this study. These have been calculated with the 
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Table 5.16: Crystal field fits to the 6H!!. 2 2. II !1!. 1#., 6Fi ;! §. 2, 4G!!. and 4F;! multiplets for the 
2 ' 2'2 ' 2'2f" 2'2'2 1 2 2 2 

C4v symmetry A centre in CaF2 :Sm3+. The level in brackets has not been fitted to the crystal 
field Hamiltonian 

State & Calc Exptl State & Calc Exptl 
Symmetry Energy Energy Symmetry Energy Energy 

Z1l'6 10 0 8616 6667 6660 
Z217 47 47 871'6 6692 6693 
Z317 367 - 8817 6766 6768 
Y116 984 985 8916 6859 6852 
Yn7 1169 1160 8 1017 6878 6885 
Y 317 1334 1323 81117 6916 -
Y416 1402 1418 R1I'7 7282 7293 
X116 2209 2215 R 216 7338 7345 
X 216 2378 2376 R317 7381 7375 
X317 2394 2403 Q117 8130 8126 
X417 2533 2537 Q216 8148 8156 
X51'6 2629 (2567) Q317 8156 8178 
WI 16 3494 3504 Q416 8247 8246 
Wn7 3651 3648 P1l'6 9287 9270 
W316 3740 - P216 9290 9288 
W 416 3791 - P317 9342 9356 
W51'7 3809 3814 P 416 9363 9372 
W617 3975 - P517 9414 -
V I16 4859 4866 0117 10582 -
V217 4976 4981 0216 10698 10697 
V317 5131 5125 0 317 10711 
V416 5215 - 0 4"'/6 10727 10734 
V517 5216 5217 0 516 10785 10767 
V6"'/6 5240 5238 0617 10794 -
V717 5323 5300 AI17 17836 17837 
811'7 6231 6230 A216 17932 17908 
8n6 6281 6286 A317 18217 18240 
8316 6554 6527 B1I'6 18943 18950 
8416 6583 6580 Bn7 18985 18976 
8 5'"'(7 6647 6651 
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Table 5.17: Crystal field fits to the 6H~ 1. 2 11 lilli, 6F!.1 §. 1., 4G§. and 4F.1 multiplets for the 
2'2'2'2'2'2 2'2'2'2 2 2 

C4v symmetry A centre in SrF2 :Sm3+ 
State & Calc Exptl State & Calc Exptl 

Symmetry Energy Energy Symmetry Energy Energy 

Z1/'6 7 0 S61'7 6640 6636 
Z21'7 33 35 S7/'7 6655 6650 

Z31'7 259 S81'7 6701 6702 

Y11'6 992 990 S91'6 6787 6787 

Y2/'7 1113 1108 S101'6 6796 

Y31'7 1276 1283 S111'7 6812 

Y 41'6 1300 1309 R1/'7 7220 7228 

X1/'6 2212 2216 R2/'6 7274 7274 

X2/'6 2324 2330 R31'7 7311 7299 

X31'7 2342 2345 Ql1'7 8076 8075 
X41'7 2477 2486 Q2/'6 8094 8096 
X51'6 2519 2527 Q31'7 8103 8112 

WI 1'6 3510 3513 Q41'6 8185 8173 
W 21'7 3621 3619 P1/'6 9240 9244 

W 31'6 3688 P2/'6 9250 9258 

W 41'6 3740 P 31'7 9277 9295 

W 51'7 3756 3760 P 41'6 9299 9310 

W61'7 3863 3824 P5/'7 9346 9346 

V 11'6 4881 4885 o 1/'7 10577 
V2/'7 4969 4971 02/'6 10647 10653 
V31'7 5092 5078 031'7 10650 10669 
V41'7 5157 5154 041'6 10683 10673 

V51'6 5167 5181 o 5/'6 10730 10705 
V61'6 5189 5198 0 61'7 10735 
V7/'7 5208 5210 A1/'7 17831 17839 
S1/'7 6246 6241 A2/'6 17962 17934 

S2/'6 6281 6282 A31'7 18175 18195 

S31'6 6487 6466 B11'6 18943 18949 

S41'6 6521 6500 B2/'7 18969 18963 

S5/'6 6596 6619 
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Table 5.18: C4v symmetry crystal field parameters for the A centres in CaF2 :Sm3+ and 
SrF2 :Sm3+. All quantities are in wavenumbers. Those parameters that are in square brackets 
were not varied, but are fixed at the values for LaC13:Sm3+. [68J. 

Parameter I CaF2:Sm3+ I SrF2:Sm3+ 
F2 77869 79062 
F4 57491 56870 
F6 38548 40077 
a [21.6] [21.6] 

!3 [-724] [-724] 

7 [1700] [1700] 
T2 [291] [291] 
T3 [13] [13] 
T4 [34] [34] 
T6 [-193] [-193] 
T7 [288] [288] 
T8 [330] [330] 

rvrTOT [2.4] [2.4] 
pTOT [341] [341] 

( 1165 1168 
B2 

A 749 472 
B4 

A 616 545 
B6 

A 617 489 
B4 c -1208 -1204 
B6 c 669 562 

(J 12 13 
n 48 52 
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Table 5.19: Intermediate coupled free-ion wavefunctions for Sm3+ 

SLJ State Calculated Energy 
6Hs 0 

'2 
GH7 1000 

'2 
GHg 2200 

2 

GHn 3600 
'2 

GHt3 5000 
'2 

GFt 6300 
2 

GHlI; 6400 
'2 

GF3 6500 
'2 

GFJi 7000 
2 

GF7 7900 
'2 

6Fa 9000 
2 

GFll 10400 
'2 

4GJi 17800 
2 

18900 

Wavefunction 

0.978216H~) -0.12681 48h) -0.154014G1) 

-0.985216HI2) +0.10201 4G"U +0.12511~GiJ 
2 2 

0.9898IGHg) 

0.9906IGH~) 
2 

0.986916H¥) +0.130114I¥) 

-0.9848IGFt) -0.108914Dl) -0.106114Di) 

-0.9783IGH¥) -0.183814I~) 2 

-0.978316F~2) -0.101714Di) -0.108314Fi) 
2 2 

-0.9722IGF~) -0.148314F~) 

-0.9754IGF~) -0.152114F1) 

0.982316F!) -0.122914F~) 

-0.987216F¥) -0.107114G1t.) 

-0.537914G1) -0.4520 14Fl) -0.1683IGHJi2) 
2 2 

-0.218014Fi) -0.191914F1) -0.400314G].) 
2 2 2 

+0.254814G1) -O.182514Gi) -0.1342 12F1) 
2 2 2 

-0.11781 2Fi) -O.125812F~) -0.133812Fl} 
2 2 ~ 

O.14331 6F '-23) -O.398614F~) +O.821014F~) 
2 2 

+O.346914F1) 
2 
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free ion parameters obtained for CaF2:Sm3+. We observe that the multiplets of the 
6H and 6F terms are only weakly mixed by intermediate coupling being ~95% pure 
LS (Russell-Saunders) states. By contrast, the multiplets from 4G.§. and beyond are 

2 

heavily mixed by intermediate coupling. One result is that the 6H.§. -+4G.§. optical 
transitions are no longer spin forbidden. 2 2 

5.5 Fluorescence Lifetimes 

The 4G.§. fluorescence lifetimes of the A, G1 and near cubic 0 centres have been 
2 

measured in CaF2:Sm3+ and SrF2:Sm3+ crystals. For these experiments, the PRA 
pulsed nitrogen laser was used to pump a tunable dye laser which was then tuned 
into resonance with the required electronic transition(s). This is described fully in 
chapter three. The resulting fluorescence was recorded on the SPEX 1700 series 
single monochromator with the EMI 9659 QA photomultiplier used to detect the 
emitted radiation. The PMT was then connected to a Hitachi model VC 6275 digital 
storage oscilloscope with the capability to average 256 individual transients. 

Table 5.20: 16K 402. fluorescent lifetimes (in msecs±O.1) for the A, 01 and 0 centres in 
2 

CaF2 :Sm3+ and SrF2 :Sm3+. -------------------------------
Crystal Centre Lifetime 

A 10.4 
G1 6.3 
0 26.3 

A 10.5 
G1 5.3 
0 22.5 

The measured 16K 4G.§. lifetimes are given in Table 5.20 with the individual tran
sients for each centre presented in Figures 5.38 through to 5.43. In all cases, the 
4F~ multiplet (which has no measure able lifetime) was excited using Coumarin 500 
dy~. Single exponential functions of the form shown below have been used to fit this 
data. 

y = A + Bexp( -At) 

where A is the baseline, or y axis displacement and B is a scaling factor. 

As the 4G.§. lifetimes for the C4v symmetry centres are of the order of tens of mil
liseconds, i

2
t is possible up conversion processes are occurring. In order to determine 
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Time (sees) 

Figure 5.38: 16K fluorescence transient for the A centre CaF2 :O.05%Sm3+ 4G~AI -. 6H.!l.ZI 
2 2 

transition at 17837 em-I. 

Time (sees) 

Figure 5.39: 16K fluorescence transient for the G1 centre CaF2 :O.05%Sm3+ 4G .!l.AI -.6H§.ZI 
2 2 

transition at 17511 em-I. 
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Time (sees) 

Figure 5.40: 16K fluorescence transient for the 0 centre CaF2:O.05%Sm3+ 4GJi.Al -+ 6HJi.Zl 
2 2 

transition at 17653 cm- l . 

Time (sees) 

Figure 5.41: 16K fluorescence transient for the A center SrF2 :O.05%Sm3+ 4Gli.Al -+ 6Hll.Z1 
2 2 

transition at 17839 cm -1. 
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Figure 5.42: 16K fluorescence transient for the G1 centre SrF2:O.05%Sm3+ 4GJi.Al -+ 6HJi.ZI 
2 2 

transition at 17544 em-I. 

Time (sees) 

Figure 5.43: 16K fluorescence transient for the 0 centre SrF2 :0.2%Sm3+ 4G!J.Al -+ 6Hli,Zl tran-
2 2 

sition at 17699 em-I. 
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whether such processes were occurring the 17837 cm-1 transition of the CaF2:Sm3+ 
A centre was pumped with CVV laser excitation powers of 400 m W. To the limits of 
the detection sensitivity available, no up converted fluorescence could be detected. 
Due to the high density of electronic states at energies higher than the 4G§. multiplet 
it is most likely that any upconverted fluorescence is non-radiatively qu~nched and 
all emission is thus observed from 4G 5. 

'2 

In the SrF 2 host, the high frequency phonon cutoff is approximately eighty wavenum
bers lower than in CaF2 and therefore, the probability that upconverted emission 
will be observed is also higher. Despite this, an extensive search for fluorescence 
lines at higher frequencies than that of the laser revealed no additional Sm3+ fluo
rescence. Given that the 4G§. lifetime is so long, it is improbable that excited state 

2 

absorption processes are not occurring. To test this, the fluorescence intensity as a 
function of the intensity of excitation was measured and this plotted in Figures 5.44 
and 5.45. These plots show distinct non-linearities which may be indicative of two 
effects: 

• Saturation ofthe absorption transition will occur at higher excitation densities, 
that is to say the efficiency of the absortion process is not linear as a function 
of the input power. 

• Higher order absorption processes such as sequential absorption upconversion 
may also be responsible. In this case, for every two (or more) photons absorbed 
only one will be emitted from the 4G §. multiplet as the photon energy above 

2 

one quanta is released by the ion as lattice vibrations (phonons). 

Although this does not unambigously prove that sequential absorption is occurring 
in the A centres studied here, it does seem a reasonable proposal. Certainly for 
Sm3+ systems with a lower energy phonon cutoff, the conversion of yellow-green 
light to blue (via emission from 4FI at 20000 cm-1 ) seems a near certainty. 

2 
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Figure 5.44: 4G.!L fluorescence intensity as a function of pump power for the A centre in 
2 

CaF2 :O.05%Sm3+, Fluorescence was monitored at 16851 em-I, 
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Figure 5.45: 4G li. fluorescence intensity as a function of pump power for the A centre in 
2 

SrF2 :O.05%Sm3+. Fluorescence was monitored at 16849 em-I, 



Chapter 6 

Spectroscopy of Eu3+ Ions in CaF2 , SrF2 and BaF2 

Crystals 

6.1 Introduction 

The spectra of trivalent europium has received much attention in the literature. 
This is, in part, due to the extreme sharpness of the 7Fo ~5Do transition in some 
crystalline hosts at low temperatures [101]. The width of this transition (and the 
implicit slow optical dephasing of the excited 5Do state) can be used as an effective 
and sensitive probe of disorder due to the introduction of defects and strains during 
the crystal preparation and growth. 

The earliest work on Eu3+ doped alkaline earth fluoride crystals known to the author 
concentrated on the CaF 2 host crystal. Voronko et. al. [102] used the concentration 
series method to elucidate information on the defect distribution, inferring the pres
ence of at least three distinct centres. Following this Zarkharchenya and Rusanov 
[103] carried out optical Zeeman spectroscopy which identified a cubic symmetry 
centre for the magnetic dipole transitions 7Fo ~5D1. 

With the advent of laser spectroscopic techniques more thorough studies were com
pleted. Ramers et. al. [104] comprehensively studied the defect equilibria using 
laser selective measurements for CaF2 :O.1%Eu3+. Five major centres were found 
and fluorescent transitions assigned to them. The observed centres were a cubic 0 
centre, tetragonal A centre, an unassigned single ion centre (labelled P) and two 
cluster centres (labelled Q and R) which were assigned as dimers. The Q centre 
was proposed to comprise a pair of equivalent Eu3+ ions whilst the R centre of two 
inequivalent Eu3+ ions. In more recent work, Cirillo-Penn and Wright [10] have ex
amined the Q and R centres more closely through the addition of LaF3, GdF3 and 
LuF3 observing the 7Fo ~5Dl transitions of the respective centres shift in frequency 
as the local crystal field about the Eu3+ ion is altered through the addition of ions 
of different ionic radius. 

176 
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The SrF2:Eu3+ and BaF2:Eu3+ systems have been less thoroughly studied, however 
laser selective excitation measurements have been performed at 77K to identify the 
dominant centres in both cases. Jouart et. al. [105] measured the fluorescence spec
trum of SrF2:Eu3+ using excitation from the 457.9 nm argon laser line and relying 
on vibronic sideband absorption to populate the appropriate electronic states. As a 
consequence, these measurements are largely non-selective. Site selective measure
ments were performed for the 5DO multiplet only, using R6G dye laser excitation. 
Three major centres were studied; a cubic Oh centre, a tetragonal C4v symmetry 
centre and a trigonal C3v symmetry centre. Some energy levels and their appropriate 
irrep labels were given, however the method of assignment is not clear. 

Analogous studies were carried out by the same authors [106] for BaF2:Eu3+. In 
this case, a dominant centre of trigonal C3v symmetry was found. Jouart, Bouffard, 
Klein and Mary [92] (1991) concentrated on the cubic centres observed for Eu3+ 
doped CaF2, SrF2, BaF2, CdF2 and PbF2, observable via the strong 7FO _5D1 

magnetic dipole transitions. That work established energy level schemes for these 
centres and gave irrep labels for the inferred energy levels as appropriate. 

The studies presented here, intend to provide indepth analysis of individual centres 
through polarised laser selective excitation and fluorescence, optical absorption and 
Zeeman infrared spectroscopy culminating in comprehensive crystal field analyses 
for the high symmetry centres. Zeeman energy calculations are performed which 
compare well with the Zeeman results obtained for the energy levels of the 7FJ 
multiplets. Up conversion fluorescence is reported for Eu3+ doped alkaline earth 
fluorides and this aides the assignment of energy level designations and irrep labels. 

6.2 Spectroscopy of CaF2:Eu3+ 

The f6 configuration, appropriate for trivalent europium, consists of 6!(1~~6)! 3003 
electronic states. In this study, tunable organic dye lasers are used as excitation 
sources. Therefore, only the 7FJ and 5Do, 5D1, 5D2 and 5D3 multiplets of the Eu3+ 
ion are accessible. As a consequence only 65 electronic states of this configuration 
are considered (2.2%). Table 6.1 gives the manifold degeneracies for the variety of 
centres considered here. 

6.2.1 Optical Absorption and Excitation Spectra 

The absorption spectra of a 19.8 mm thick CaF2:O.15%Eu3+ crystal have been 
recorded for optical transitions to the 5Do, 5D1, 5D2 and 5D3 multiplets. The crystal 
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Table 6.1: Decomposition of the free ion (spin-orbit I SLJ)) states into irreps of the cubic Oh, 
tetragonal C4v and trigonal C3v point groups for the f6 configuration 

Fa 
7Fl 
7F2 
7F3 
7F4 
7F5 
7F6 

5DO 
5D1 
5D2 

5D3 

fl 
f4 

f3 +f4 
f2+f4+f5 

fl+f3+ f 4+f5 
f3 + 2f4 + f5 

fl + f2 + f3 + f4 + 2f5 
fl 
f4 

f3 +f4 
f2+f4+f5 

11 
12 +,5 

11 + 13 + 14 + 15 
12 + 13 + 14 + 15 

2'1 + 12 + 13 + 14 + 2'5 
11 + 2'2 + 13 + 14 + 3'5 

2'1 + 12 + 2'3 + 2'4 + 3'5 
11 

12 +,5 
11 + 13 + 14 + 15 
12 + 13 + 14 + 15 

11 
12 + 13 
11 + 2'3 

11 + 2'2 + 2'3 
2'1 + 12 + 3'3 
11 + 2'2 + 4'3 
3'1 + 2'2 + 4'3 

11 
12 + 13 

11 + 2'3 
11 + 2'2 + 2'3 

was cooled to 16K for these experiments. The recorded spectra are shown in Fig
ure 6.1. Only transitions to the 5D1 and 5D2 multiplets are observed. This is not 
unexpected as strict LS coupling forbids J=O---+O, 1, 3 and 5 transitions for electric 
dipole radiation. The observed transitions to the 5D1 multiplet are well known to 
be magnetic dipole in character. 

In Figure 6.1(a) transitions to the 5D1 multiplet are shown. All transitions are of 
comparable intensity, however the features assigned by Ramers et. al. [104J to a 
tetragonal symmetry centre dominate (labelled A). A strong transition, labelled 0, 
is due to a cubic centre, observable here because of the magnetic dipole character of 
the 7Fo ---+5D1 transitions. Five additional transitions are observed, labelled Q and 
R as appropriate. These are due to preferential cluster centre formation. 

Transitions to the 5D2 multiplet shown in Figure 6.1 (b), display a similar defect 
centre distribution with the exception of the absence of cubic centre transitions due 
to the restrictive selection rules for these ions in centres with inversion symmetry. A 
centre transitions are observed at 464.31 and 465.23 nm whilst transitions to the R 
and Q centres are observed at 464.98 and 465.46 nm and 464.81, 464.87 and 465.52 
nm respectively. 

Laser excitation has been employed to study transitions to the 5DO and 5D1 mul
tiplets. In these experiments, the more standard concentration of 0.05 molar % of 
Eu3+ has been used. For the 5DO multiplet, the higher excitation intensities of laser 
pumping is particularly advantageous as no absorption transitions can be observed 
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Figure 6.1: Absorption spectra for the (a) 5D1 and (b) 5D2 multiplets in CaF2:0.15%Eu3+. The 
spectra were recorded at 16K. 
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Figure 6.2: Excitation spectra for the (a) 5Do multiplet and (b) 5D1 multiplet CaF2:0.05%Eu3+. 
The spectra were recorded at 16K. 
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Figure 6.3: Narrowband excitation spectra of the 5D1 multiplet for the (a) A centre monitoring 
at 16981 cm- l , (b) the 0 centre monitoring at 16937 cm- l , (c) the R centre monitoring at 16878 
cm-l and (d) the Q centre, monitoring at 16935 cm-l , in CaF2 :O.05%Eu3+. The spectra were 
recorded at 16K. 
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to the limits of the detection sensitivities available. The recorded excitation spectra 
for monitoring all emission transitions around 625 nm are given in Figures 6.2(a) 
and (b). The 5DO spectrum consists of essentially one transition, that of the A cen
tre at 17288 cm-1 . At intensities more than 100 times weaker than this excitation 
features due to Rand Q centre absorption transitions, are present. The 5D1 exci
tation spectrum shown in Figure 6.2(b) is very similar to the absorption spectrum 
for this multiplet with the exception that an additional Q centre transition can be 
resolved partially overlapping the 19023 cm -1 A centre peak. Selective excitation 
spectra for the 5D1 multiplet, monitoring indiviual centre emission transitions are 
given in Figure 6.3. In Table 6.2 transition frequencies are given as measured from 
the excitation and absorption spectra. 

Table 6.2: A, 0, Rand Q centre excitation frequencies (in air cm-1±1) and absorption wave
lengths (in air nm±O.05) for the 5DO and 5D1 multiplets in CaF2 :O.05%Eu3+ 

Centre Multiplet Transition Excitation Absorption 
& Symmetry Assignment Frequency Wavelength 

A (C4v ) 5DO Zl -rAl 17288 
5D1 Zl -rBl 19029 525.54 

Zl -rB2 19073 524.31 
525.35 

R Zl -rAl 17259 
Zl -rBl 19004 526.25 
Zl -rB2 19016 525.90 
Zl -rB3 19020 525.73 

Q Zl -rAl 17262 
Zl -rBl 19009 526.04 
Zl -rB2 19014 525.94 
Zl -rB3 19024 
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6.2.2 A Centre Fluorescence 

The CaF2:Eu3+ system has been studied previously with the laser selective excitation 
technique by Hamers et. al. [104]. Although fluorescence spectra were recorded, 
and then measured for the emission frequencies, the study concentrated on the 
defect chemistry of the system. This work builds upon the study of Hamers. Again 
laser selective excitation and emission is used, although in this case it is coupled 
with polarisation measurements which provide information on the irrep symmetry 
labels for the inferred energy levels. A significantly greater number of fluorescence 
transitions are observed in this work (compared to Hamers study). This leads to a 
definitive understanding of the low lying energy level structure of the high symmetry 
centres. 

The polarisation selection rules and consequent ratios are outlined in chapter 2. It 
is useful to discuss how these selection rules apply to Eu3+ ions in a C4v symmetry 
centre, for emission emanating from 5DO and 5D1. We consider 5DO emission first. 
States of J=O are not degenerate and consist of a single state transforming as a 
1'1 C4v irrep under C4V symmetry. As such, 7FO -t

5Do absorption transitions are 
allowed in 7r polarisation from the C4v selection rules, which are given in chapter 
two. Emission from 5Do1'1 is allowed to states transforming as the following C4v 

irreps: 

• 1'1 - in this case, only radiation of electric dipole character will connect 5DO and 
the terminating state in question. The fluorescence will be 7r polarised and a 
polarisation ratio of 0:1 is expected in the YX:YY polarisation geometry. 

• 1'2 - the fluorescence will be magnetic dipole 7r' polarised and a ratio of 1:0 is 
expected for the YX: YY geometry. . 

• 1'5 - in this case, the fluorescence may be electric dipole (J (1:0) and/or mag
netic dipole (J' (0:1) polarised. The most common observation for fluorescence 
terminating on states of 1'5 irrep symmetry is a degraded polarisation effect. 
This arises because there are comparable contributions from both the electric 
and magnetic dipole mechanisms to the observed emission linestrength. 

The polarised fluorescence spectra, for exciting the 17288 cm-1 5DO absorption tran
sition, are given in Figures 6.4 through to 6.9. Table 6.3 gives the measured polarised 
behaviour of the individual transitions and the level assignments based upon this. 
From the experimental data presented, it is observed that the 7Fo -t

5Do transitions 
are of magnetic dipole character. This is a general observation for Eu3+ doped com
pounds (eg Gorller-Walrand et. al' [107] (1985) and Fluyt [108](1995) or Pelle et. 
al. [109] (1995)). 
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Figure 6.4: Polarised fluorescence spectrum for transitions 5DO -+ 7Fl of the A centre in 
CaF2:0.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.5: Polarised fluorescence spectrum for transitions 5Do -+ 7F2 of the A centre in 
CaF2:0.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.6: Polarised fluorescence spectrum for transitions 5Do ..... 7F3 of the A centre in 
CaFz:O.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.7: Polarised fluorescence spectrum for transitions 5Do ..... 7F4 of the A centre in 
CaF2 :O.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.8: Polarised fluorescence spectrum for transitions sDo -+ 7Fs of the A centre in 
CaFz:O.05%Eu3+. The spectra were recorded at 16K. 

YX 

1-8 1-4 

yy 1-3 
1-7 1-5 

\/ 1-2 

12000 12100 12200 12300 12400 12500 
Wavenumbers (em-I) 

Figure 6.9: Polarised fluorescence spectrum for transitions 5Do -+7F6 of the A centre in 
CaF2:0.05%EuH . The spectra were recorded at 16K. 
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Table 6.3: Polarisation data, level assignments and energies for the A centre in CaF2:0.05%Eu3+ 
obtained in emission from 5Do11 at 17288 em-I. Energies are measured in air cm-1 and have an 
uncertainty of ±1 cm-1 unless otherwise stated. 

Terminating Transition State State & Polarisation 
Multiplet Frequency Energy Symmetry Assignment 

5F1 16981 307 YlrS cr' 
16832 456 Y2T2 11" 

sF2 16317 971 X 2TS cr 
16026±5 1261 X 4r1 11' 

sF3 15473 1814 W 1rs cr 
15335 1953 W 3rS cr (mixed) 
15310 1977 W4r2 cr' 

sF4 14777 2510 V1r1 11' 

14488 2800 V2rS cr (mixed) 
14341 2947 V3T2 11" 

14281 3006 V4TS cr 
14132 3156 Vnl 11' 

sFs 13458 3829 U 2TS cr (mixed) 
13317 3970 U 3T2 11" 

13253 4035 U 5IS cr 
13173 4115 U 6rS cr 

sF6 12415 4873 T 2TS cr 
12409 4879 T3Tl 11' 

12138 5150 T 4r2 11" 

12130 5158 Tsrs cr'(mixed) 

12121 5167 Tnl 11' 

12104 5184 Tsrs cr 
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Under C4v symmetry, states of J=1 split into two crystal field levels transforming 
as the 1'5 and 1'2 irreps as appropriate. Figures 6.10 through to 6.15 present the 
fluorescence spectra obtained for excitation of the 19029cm -1 7F 0 -+5D1 transition. 
The measured transition frequencies are given in Table 6.4. From the number of 
fluorescence transitions observed, it is apparant that the lowest 5D1 state is the 1'5 
doublet. The 19073 ern -1 state must therefore transform as a 1'2 irrep. 

Excitation of the 19029 cm-1 transition is allowed by either electric dipole (j or 
magnetic dipole (j' polarisation. Polarisation effects are observed in the ZX:ZY 
experimental geometry indicating the 5DO transitions are predominantly magnetic 
dipole in character. All emission is observed from either the 5D1 doublet state or, 
because 5D1 can readily decay to 5DO by non-radiative processes, 5Do. For 5D1 

emission, transitions to all possible terminating states will be allowed as prescribed 
by the C4v selection rules. The polarisation behaviour of the transitions can be 
placed into two categories: 

• Singlet states - transitions to states transforming as the I'll 1'2, 1'3 and 1'4 C4v 
irreps are allowed in either (j' or (j polarisation. This leads to either 2:1 or 
1:2 ratios in the ZX:ZY geometries respectively. Obviously, states observed at 
energies differing from those observed in the 5DO emission are likely to be of 
either 1'3 or 1'4 symmetry . 

• Transitions to states transforming with 1'5 irrep symmetry (doublets) - in this 
case, the observed fluorescence can be 11" or 11"' polarised giving 1:0 or 0:1 ratios. 
Thus, the clearest ratios may be obtained in this case, as long as the character 
of the fluorescence is not mixed. 

Table 6.4 gives the polarisation behaviour and level assignments of the observed 
transitions. From this, it is observed that the 5D1 -+7F2 transitions are also pre
dominantly magnetic dipole in character as might be expected from the .6.J=±1 
selection rule imposed on these transitions. It is also noted that the 5D1 emission 
is significantly weaker than that from 5Do. This is because 5D1 can decay non
radiatively to 5Do. In fact, this is a far more efficient manner in which to populate 
the 5DO level than direct optical excitation. 

Several transitions in the 16950 - 16850 cm-1 and 16300 - 16150 cm-1 regions (Fig
ures 6.12 and 6.13) are assigned as emanating from a slightly less numerous cluster 
centre arbitrarily labelled Q. This emission arises because the A centre, 19029 cm-1 

transition, is strongly overlapped by the Q centre 19028 cm-1 transition. Therefore, 
the A centre spectra are not entirely centre selective. 
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Figure 6.10: Polarised fluorescence spectrum for transitions 5D1 - .. 1Fl of the A centre in 
CaF2 :O.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.11: Polarised fluorescence spectrum for transitions 5D1 _1F2 of the A centre in 
CaF2 :O.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.12: Polarised fluorescence spectrum for transitions 5D1 ~ 7F3 of the A centre in 
CaF2:0.05%Eu3+. The transitions labelled Q are Q centre emission features. The spectra were 
recorded at 16K. 
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Figure 6.13: 16K polarised fluorescence spectrum for transitions 5D1 ~ 7F 4 of the A centre in 
CaF2:O.05%Eu3+ .The transitions labelled Q are Q centre emission features. The spectra were 
recorded at 16K. 
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Figure 6.14: Polarised fluorescence spectrum for transitions 5D1 

CaF2 :O.05%Eu3+. The spectra were reocrded at 16K. 
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Figure 6.15: Polarised fluorescence spectrum for transitions 
CaF2:0.05%Eu3+. The spectra were recorded at 16K. 
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Table 6.4: Polarisation data, level assignments and energies for the A centre in CaF2:0.05%Eu3+ 
obtained in emission from 5D1l'1 at 19029 em-I. Frequencies are as measured in air cm-1 and 
have an uncertainty of ±1 cm-1 unless otherwise stated. 

Terminating Transition State State & Polarisation 
Multiplet Frequency Energy Symmetry Assignment 

aF1 18721 309 Y1l'5 7r 

18572 457 Y2'Y2 0' 

5F2 18177 852 X1'Y4 0" 

18056 973 X2'Y5 7r' 

17906 1123 X3'Y3 0" 

17766 1263 X4'Y1 0" 

5F3 17214 1815 Wl 'Y5 7r 

17195 1835 W2"'/4 0' 

17075 1955 W3'Y5 7r 

17053 1976 W4'Y2 (J' 

16899 2130 WS'Y3 (mixed) 
5F4 16517 2512 VI'Yl (J' 

16230 2799 V2'Y5 7r 

16084 2945 V3'Y2 (mixed) 
16023 3006 V4'Y5 7r 

15940 3089 VS'Y3 (mixed) 
15915 3114 V6'Y4 0' 

15873 3156 V7'Yl 0' 

5F5 15283 3747 Ul'"Y4 (J' 

15199 3831 U2'Y5 7r 

15059 3970 U3'Y2 (J' (mixed) 
15009 4020 U4'Y1 (mixed) 

5F6 14163 4866 Tn4 (mixed) 
14155 4874 T2"f5 7r 

14150 4879 T3'Yl 
13846±2 5183 7r 
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6.2.3 Q Centre Fluorescence 

Q centre fluorescence was excited at the 17262 cm-1 Zl -tAl transition. A 
CaF2:O.05%Sm3+ crystal was cooled to 16K for these experiments. Figures 6.16 and 
6.17 show fluorescence from 5Do to the 7F J multiplets. The fluorescence observed 
is consistent with a low symmetry centre in that all 7F 1 multiplet degeneracy is 
removed. This has been noted by Ramers et. al. [104] who concluded that the 
centre comprised two equivalent coupled rare earth ions. No emission from 5D1 was 
studied as this is weak due to cross relaxation processes between the Eu3+ ions that 
make up the centre. As the centre is of low symmetry no symmetry restrictions are 
likely to be acting on the 5DO -t 7F J transitions and all observable states should be 
detectable. 

The fluorescence observed by Ramers, is on the whole identical to that observed here. 
Rowever there are some exceptions. Transitions in the 13850 - 13700 and 12000 -
11750 cm -1 regions observed by Ramers could not be detected by this author. It 
is possible that at the higher Eu3+ concentrations used by Ramers (0.1 molar %) 
additional weaker cluster lines overlap the Q center absorption transitions and thus 
additional transitions are observed which do not belong to the centre in question 
and these transitions appear to have been misassigned by Ramers. The transitions 
detected in this work are given in Table 6.5. 

More recent work, Cirillo-Penn and vVright (1990,1991) [110] [10], has reassigned the 
Q centre as an anion-excess trimer centre. This assignment was based on analysis 
of the centre concentrations as a function of annealing time. For this, the only 
reasonable fit to the experimental data was for a centre including three rare earth 
ions and four fluorine ions. From the excitation experiments presented in section 
6.2.1, our results appear consistent with the conclusions of Cirillo-Penn and vVright. 
Further studies of this centre are undertaken in chapter seven. 
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Figure 6.16: Fluorescence spectra for the (a) 7Fl and (b) 7F2 and (c) 7F3 multiplets of the Q 
centre in CaF2:0.05%Eu3+. All fluorescence emanates from 5Do. The spectra were recorded at 
16K. 
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Figure 6.17: Fluorescence spectra for the (a) 7F4 , (b) 7F5 and (c) 7F6 multiplets of the Q centre 
in CaF2 :O.05%Eu3+. All fluorescence emanates from 5Do. The spectra were recorded at 16K. 
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Table 6.5: Transition frequencies (in air crn-1 ±1) for the Q centre in CaF2 :O.05%Eu3+ 
Multiplet Transition Frequency State Energy 

16935 327 
7F 1 16900 362 

16852 410 
16284 978 
16281 981 
16266 996 
16232 1030 
15230 1032 
15413 1849 
15406 1856 
15395 1866 
15358 1904 
15339 1923 
14648 2613 
14562 2700 
14512 2750 
14488 2773 
14452 2809 
14423 2839 
13461 3801 
13454 3807 
13414 3847 
13340 3922 
13325 3936 
13315 3946 
13254 4008 
12345 4917 
12335 4926 
12300 4962 
12285 4976 
12281 4981 
12261 5001 
12238 5024 
12220 5042 
12163 5099 
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6.2.4 R Centre Fluorescence 

The fluorescence spectrum of the R centre was measured for excitation of the 17259 
cm-1 7FO --+5Do transition. For emission to the 7F1 multiplet, four transitions 
are observed as shown in Figure 6.18(a). On the whole more than (2J+1) crystal 
field levels are observed to the 7FJ multiplets (Figures 6.18 and 6.19). This is not 
consistent with the spectra of a single ion centre. We conclude that the R centre 
comprises at least two inequivalent Eu3+ ions, that is two Eu3+ ions experiencing 
different crystal fields. This is consistent with the conclusions of Ramers et. al. 
[104]. As with the Q centre, emission emanating from the 5D1 multiplet has not 
been studied. The observed 5Do transition frequencies are given in Table 6.6. 

Ramers et. al. [104] observed fluorescence transitions to the 7F 6 multiplet that 
they assign as R centre fluorescence (observed in the 11750 - 12000 cm- I region). 
These transitions could not be observed in the CaF2 :Eu3+ crystals studied in this 
work. It is expected that these transitions are due to centre overlap thereby yielding 
non-selective excitation of the R centre absorption transition. A broad transition 
to the 7F 1 multiplet centred at 16843 cm-I is assigned by Ramers to be a local 
mode phonon. The measured vibronic interval is 96 cm- I , this energy is consistent 
with the observation of previous workers [89]. "With an energy of 96 cm-I this is 
a pseudo-localised mode of vibration of the Eu3+ ions. That is to say the phonon 
is spatial localised to the rare earth ion centre as the perfect lattice does not have 
many phonons propagating at 96 cm-I . 

Cirillo-Penn and Wright have studied the R centre in CaF2:Eu3+ [10] [110]. The 
centre concentrations as a function of annealing time are shown to be consistent with 
the assignment of Ramers et. al that this centre contains only two rare earth ions. 
The R centre is proposed to be anion excess with an additional ion scavenged 
from single Eu3+ -F- pair sites. In this case, it is possible that the additional F- ion 
is the source of the assymetry. 

As multi-rare-earth ion centres, both the Rand Q centres are particularly interesting 
as they form as preferential cluster centres as opposed to ions in close proximity for 
statistical reasons. By co-doping with additional rare earth ions, for exam pIe Sm 3+ , 
ion-ion interactions such as energy transfer should be more readily observable and 
this is explored in chapter seven. Further to this, it is possible that these cluster 
centres observed in Eu3+ doped CaF2 are related to those observed in CaF2:Sm3+ 
which also form preferentially. 
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Figure 6.18: 16K fluorescence spectra for the (a) 7F1 , (b) 7F2 and 7F3 multiplets of the R centre 
in CaF2:0.05%Eu3+. All fluorescence emanates from 5Do. The spectra were recorded at 16K. 
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Figure 6.19: Fluorescence spectra for the (a) 7F4 ) (b) 7F5 and 7F6 multiplets of the R centre in 
CaF2 :O.05%Eu3+. All fluorescence emanates from 5Do. The spectra were recorded at 16K. 
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Table 6.6: Transition frequencies (in air em-l ±l) for the R centre in CaF2:0.05%Eu3+. Excitation 
is at 17259 em-I. 

Multiplet Transition Frequency 
16939 
16878 
16870 
16864 

16266 
16239 
16227 
16226 
16202 
16189 
16185 

15407 
15396 
15347 
15342 

14512 
14498 
14457 
14454 
13452 
13445 
13415 
13339 
13327 
13262 
13251 
12356 
12349 
12299 
12278 

12254±4 
12247 
12234 
12220 
12181 

State Energy 
320 
381 
390 
395 

993 
1020 
1032 
1034 
1057 
1070 
1074 

1852 
1864 
1913 
1917 

2747 
2761 
2802 
2805 
3808 
3814 
3844 
3920 
3933 
3998 
4009 
4903 
4911 
4960 
4982 
5005 
5013 
5026 
5040 
5079 
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6.3 Spectroscopy of SrF2:Eu3+ 

6.3.1 Absorption and Excitation Spectra 

The optical absorption spectra of a 22.2 mm thick SrF2 :O.2%Eu3+ crystal was mea
sured for absorption to the 5Dll 5D2 and 5D3 multiplets. These spectra are shown 
in Figure 6.20. Only transitions assigned to be due to the C4v symmetry centre by 
Jouart et. aL [105], have been observed. We denote this centre as the A centre from 
its similarity with the tetragonal A centre in CaF2 crystals. Absorption transitions 
to the 5Do multiplet were searched for, however none could be observed. 

Transitions to 5Do can be detected with the more sensitive laser selective excitation 
technique as shown in Figure 6.21. The dominant feature of this spectrum is the A 
centre transition at 17298 cm -1. At an intensity over 1000 times less than that of 
the A centre, is a transition assigned by Jouart to be due to a C3v symmetry centre 
(which we label J). It is possible, that the intensity of this transition indicates a low 
electric dipole transition moment arising from weak interconfigurational mixing due 
to a reduced axial distortion. Measurement of the 5D1 excitation spectrum seems 
to confirm this, as the J centre transition intensities increase by a factor of .ten 
relative to the A centre transitions (see Figures 6.22 and 6.23). The 5Do and 5D1 

Table 6.7: A and J centre excitation frequencies (in air cm-1±1) for the 5DO and 5D1 multiplets 
in SrF2 :O.05%Eu3+ 

~~~--~~~~~~=---~~--~---------Centre Multiplet Transition Frequency 

Zl -tAl 17298 
Zl -tB1 

Zl -tB2 
Zl -tAl 
Zl -tB1 

Zl -tB2 

19049 
19082 
17295 
19046 
19061 

transition frequencies are given in Table 6.7 as measured from the laser selective 
excitation spectra. The 5D2 absorption spectrum transitions cannot be assigned 
from this measurement alone, however Jouart et. aL [105} have measured the 5Dz 
spectrum by argon laser excitation at 77K. From the two observed transitions in 
Figure 6.20(b) are assigned as the A centre Zl -tCz and C3 transitions at 464.88 nm 
(21511 cm-1) and 463.95 nm (21554 cm-1). The remaining two transitions to this 
multiplet are symmetry forbidden from the ground state. The transition at 409.17 
nm is unassigned from this data but is shown from up conversion fluorescence to 
terminate on the upper most 5D3 crystal field level. . 
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Figure 6.20: 16K optical absorption spectra of the (a) 5D1 multiplet, (b) the 5D2 multiplet and 
(c) the 5D3 multiplet for SrF2 :O.2%Eu3+. The spectra were recorded at 16K. 
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Figure 6.21: 16K excitation spectrum of the 5Do multiplet in SrF2 :O.05%Eu3+ monitoring all 
transitions at 625 nm. (a) xl amplification and (b) xlOOO amplification. The spectra were 
recorded at 16K. 
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Figure 6.22: Excitation spectrum of the 5D1 multiplet in SrF2 :O.05%Eu3+ monitoring all transi
tions at 625 nm. (a) x 1 amplification and (b) x 100 amplification. The spectra were recorded at 
16K. 



6.3. Spectroscopy of SrFz:Eu3+ 205 

(a) 1-1 

1-2 

19000 19020 19040 19060 19080 19100 

(b) 1-1 

1-2 

19000 19020 19040 19060 19080 19100 
Wavenumbers (em-i) 

Figure 6.23: Excitation spectrum of the 5DI multiplet in SrF2 :O.05%Eu3+. (a) the A centre 
monitoring at 16974 cm-I and (b) the J centre monitoring at 16442 em-I. The spectra were 
recorded at 16K. 
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6.3.2 A Centre Fluorescence 

Early ionic thermocurrent experiments (den Hartog and Nakata [111]1983) deter
mined the dominant trivalent europium ion centre in SrF2:Eu3+ crystals. This was 
ascribed to a Eu3+ - F- dipole with tetragonal symmetry. In that work, electron 
paramagnetic resonance was also employed to detect Eu2+ ions present in the lat
tice. It was concluded that even at high concentrations of Eu dopant, the divalent 
ions do not participate in clustering with the trivalent ions. A later study of the 
SrF2:Eu3+ system used the laser selective excitation technique (Jouart et. al. [105] 
1985). Three Eu3+ centres were found to dominate at low concentrations, C4v and 
C3v symmetry Eu3+ - F- pairs and a non-locally compensated Eu3+ ion (near cubic 
symmetry). Irreducible representations were assigned to some levels, although the 
method of assignment is not clear and does not seem to be based on experiment 
data. 

The fluorescence spectra of the dominant A centre in SrF2:Eu3+ crystals was mea
sured for concentrations of 0.01 and 0.05 mol % of the rare-earth dopant ion. In 
neither case were the spectra of additional centres apparant for excitation of the 
7FO -jo5Do transition at 17298 cm-1 or the 7FO -jo5D1B1'Y5 transition at 19048 cm-l . 

As a consequence, the higher concentration was chosen for presentation because 
higher signal intensities were obtained. Down-converted selective fluorescence was 
obtained from the 5Do and 5D1 multiplets only, emission from the 5D2 and 5D3 mul
tiplets was obtained from the up conversion process to be discussed in a following 
section of this chapter. 

Polarised fluorescence spectra to the 7FJ multiplets are shown in Figures 6.24 through 
to 6.35 with the measured transition frequencies and polarisation assignments given 
in Tables 6.8 and 6.9 for 5Do and 5D1 emission, as is appropriate. As with the 
C4v symmetry A centre in CaF2 :Eu3+, some transitions are observed to have signifi
cantly degraded polarisation ratios. This is because the emissive linestrengths have 
comparable electric and magnetic dipole character. 

Three-fold structure is apparant on the 16064 cm-1 fluorescence peak The transi
tion is assigned as B1'Y5 -jo V 4/5. As the transition is between two doublet states, 
it is possible that the observed structure is associated with superimposed hyperfine 
patterns. As magnetic hyperfine constants are not known for the trivalent europium 
ion, it is not possible to verify this by a calculation of the expected hyperfine pat
terns. 
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Figure 6.24: 5DO to 7FI polarised emission for the A centre in SrF2:0.05%Eu3+. The excitation 
frequency is 17298 cm-I. The spectra were recorded at 16K. 
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Figure 6.25: 5DO to 7F2 polarised emission for the A centre in SrF2:0.05%Eu3+. The excitation 
frequency is 17298 cm -1. The spectra were recorded at 16K. 



208 Chapter 6. Spectroscopy of Eu3+ Ions in CaF2, SrF2 and BaF2 Crystals 

1-1 

YX 

1-4 1-3 

\/ 
yy 

A 

15200 15300 15400 15500 
Wavenumbers (em-I) 

Figure 6.26: 5Do to 7F3 polarised emission for the A centre in SrF2:O.05%Eu3+. The spectra 
were recorded at 16K. 
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Figure 6.27: 5Do to 7F4 polarised emission for the A centre in SrF2:O.05%Eu3+. The excitation 
frequency is 17298 cm- I • The spectra were recorded at 16K. 
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Figure 6.28: sDo to 7Fs polarised emission for the A centre in SrF2:O.05%Eu3+. The spectra 
were recorded at 16K. 

1-2 
YX 

1-7 

yy 

1-6 

11900 12000 12100 12200 12300 12400 12500 
Wavenumbers (em-I) 

Figure 6.29: sDo to 7F6 polarised emission for the A centre in SrF2:0.05%Eu3+. The excitation 
frequency is 17298 cm- i . The spectra were recorded at 16K. 
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Figure 6.30: 5D I to 7Fl polarised emission for the A centre in SrF2:O.05%Eu3+. The excitation 
frequency is 19048 cm- I

. The spectra were recorded at 16K. 

zx 
v 

1-2 2-2 

Zy 
1-1 

( xl0) 

17800 17900 18000 18100 18200 
Wavenumbers (em-I) 

Figure 6.31: 5D I to 7F2 polarised emission for the A centre in SrF2:O.05%Eu3+. The excitation 
frequency is 19048 cm- I

. The spectra were recorded at 16K. 
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Figure 6.32: 5D1 to 7F3 polarised emission for the A centre in SrF2:0.05%Eu3+. The excitation 
frequency is 19048 em-I. The spectra were recorded at 16K. 
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Figure 6.33: to 7F4 polarised emission for the A centre in SrF2 :O.05%Eu3+. The excitation 
frequency is 19048 em-I. The spectra were recorded at 16K. 
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Figure 6.34: 5D1 to 7F5 polarised emission for the A centre in SrF2:O.05%Eu3+. The excitation 
frequency is 19048 em-I. The spectra were recorded at 16K. 
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Figure 6.35: 5D1 to 7F6 polarised emission for the A centre in SrF2:0.05%Eu3+. The excitation 
frequency is 19048 em -1. The spectra were recorded at 16K. 
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Table 6.8: Polarisation data, level assignments and energies for the A centre in SrF2 :O.05%Eu3+ 
obtained in emission from 5Do/I at 17298 em-I. Energies are measured in air cm-I and have an 
uncertainty of ±1 cm-I unless otherwise stated. 

Terminating Transition State State & Polarisation 
Multiplet Energy Energy Symmetry Assignment 

7F1 16974 324 Y1'Y5 a' 
16870±5 427 Y2'Y2 7r' 

7F2 16330 968 X2'Y5 a 
16077 1221 X4'Y1 7r 

7F3 15463 1835 Wl'Y5 a 
15361 1936 W3'Y2 7r' 

15359 1939 W4'Y5 (mixed) a 
7F4 14767 2531 V1'Y1 7r 

14518 2779 V2'Y5 a 
14376 2921 V3'Y2 7r' 

14311 2986 V4'Y5 a 
14184 3114 Vn1 7r 

7F5 13478 3820 U2'Y5 a 
13337 3960 U3'Y2 7r' 

13304±2 3994 U4'Y5 a 
13243 4054 U6'Y5 a' 

7F6 12405 4892 T2'Y5 (mixed)a 
12159 5139 T6'Y1 7r 

12158 5140 Tn5 a 
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Table 6.9: Polarisation data, level assignments and energies for the A centre in SrF2 :O.05%Eu3+ 
obtained in emissionfrom 5Dl 1'1 at 19048 em-I. t is used to indicate where emission is observed 
from 5Dl 1'2 at 19082 em-I. Energies are measured in air cm-1 and have an uncertainty of ±1 
cm-1 unless otherwise stated. 

Terminating Transition State State & Polarisation 
Multiplet Energy Energy Symmetry Assignment 

18758t 324 Y l 'l'5 (mixed) 
7Fl 18724 325 Yl 'l'5 7'i 

18620±5 429 Y2'I'2 a 
7F2 18175 874 Xl '1'4 a' 

18114t 969 X2'I'5 a' 
18081 969 X2'I'5 7'i' 

17880±2 1169 X3'1'3 a' 
17823±5 1226 X4'1'1 a' 

7F3 17213 1836 WI '1'5 7'i 

17196 1853 W 2'1'4 a 
17147t 1935 W 3'/'2 7'i 

17113 1936 W3'1'2 a 
17144t 1939 W 4'1'5 a' 
17110 1940 W4'1'5 7'i 

16966±2 2084 W 5'/'3 a 
7F4 16516 2534 VI '1'1 a 

16268 2782 V 2'1'5 7'i 

16126 2923 V3'1'2 a 
16064 2985 V4'1'5 7'i 

15999 3051 V5'1'3 a 
15969 3081 V6'1'4 a 
15933 3116 Vnl a 

7F5 15302 3748 U1'/'4 (a) 
15261t 3822 U2'1'5 (mixed) 
15227 3823 U2'1'5 7'i 

15090 3959 U3'1'2 a 
14993 4057 U6'1'5 (mixed) 

7F6 14160 4889 T1'/'4 (mixed) 
14155 4895 T3'1'1 a' 
13995 5055 T4'1'2 a 

13904±1 5142 T 6'1'1 a' 
13900±1 5145 TS'l'3 a' 
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6.3.3 J Centre Fluorescence 

A minority centre with a 5DO excitation frequency of 17295 cm-1, has been labelled 
here as the J centre. This centre has been observed previously by Jouart et. al. 
[105]. They have noted that the crystal field splittings due to the axial distortion 
are weaker and conclude that the most suitable model for this centre is that of a 
rare earth ion charge compensated by a nearest neighbour interstitial F- ion along 
the (111) direction. This gives a centre of trigonal C3v symmetry. 

In this work, both (111) and (100) oriented crystals have been studied from their re
spective transition polarisation dependence. A weak (111) orientational dependence 
is observed, however there is no polarisation dependence for (100) oriented crystals. 
This is consistent with the behaviour expected for a trigonal C3v symmetry centre. 

The 17295 cm-I, 7Fo _5Do transition of this centre is particularly weak. This 
makes fluorescence measurements difficult. Despite this, a system of 18 electronic 
fluorescence transitions has been determined. The spectra are shown in Figures 6.36 
to 6.41. Fluorescence to the 7Fl multiplet is observed in the 17000 - 16850 cm-1 re
gion and three transitions are observed. This is because the A centre is also excited, 
leading to the observation of the Al1'1 - Y 11'5 transition of that centre, as shown 
in Figure 6.36(a). Transitions at 16977 and 16898 cm-1 are J centre transitions 
and give (J' and 1r' polarisation dependences. Both these transitions are magnetic 
dipole transitions as expected and are assigned as the AnI - Y 11'3 and Y 2'Y2 tran
sitions. The smaller 7F 1 multiplet splitting (compared to that of the A centre) is 
indicative of a weaker axial distortion consistent with a charge compensation model 
of a next nearest neighbour F- ion along the (111) direction. Figure 6.36(b) shows 
fluorescence transitions to the 7Fl multiplet in the 18800 - 18600 cm-1 region for 
excitation of the 5D1 multiplet 19046 cm-1 transition. In this case, four transitions 
are observed as the 5D1 B2 state is only 15 cm -1 higher in energy than the 19046 
cm -1 state. Thus, the B2 state has a significant thermal population and emission 
is observed from that state. Polarisation ratios for emission from the 19046 cm-1 

state are particularly poor and it is concluded that the doublet state is lowest for 
the 5D1 multiplet, consistent with the assignment of J ouart et. al. Thus, we neglect 
polarisation studies for emission from this multiplet as minimal information will be 
obtained. The 19061 cm-1 transition is assigned as the Znl -Y2'Y2 transition as 
under C3v symmetry the 5D1 multiplet consists only of two states with 1'3 and 1'2 
symmetries respectively. 
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Figure 6.36: Unpolarised fluorescence from the (a) 5Do and (b) 5D1 multiplets to the 7Fl multiplet 
for the J centre in SrF2:0.05%EuH . The transition labelled A is the Al ---+YI transition of the A 
centre. The spectra were recorded at 16K. 
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Figure 6.37: Unpolarised fluorescence from the (a) 5DO and (b) 5D1 multiplets to the 7F2 multiplet 
for the J centre in SrF2:0.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.38: Unpolarised fluorescence from the (a) 5Do and (b) 5Dl multiplets to the 7F3 multiplet 
for the J centre in SrF2:0.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.39: Unpolarised fluorescence from the (a) 5Do and (b) 5D1 multiplets to the 7F 4 multiplet 
for the J centre in SrF2 :O.05%Eu3+. The unlabelled structure originates from 5Do and the notation 
v indicates a vibronic level. 
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Figure 6.40: Unpolarised fluorescence from the (a) 5Do and (b) 5D1 multiplets to the 7F5 multiplet 
for the J centre in SrF2:0.05%Eu3+. The * notation indicates an unassigned feature. The spectra 
were recorded at 16K. 
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Figure 6.41: Unpolarised fluorescence from the (a) 5DO and (b) 5D1 multiplets to the 7F6 multiplet 
for the J centre in SrF2 :O.05%Eu3+. The spectra were recorded at 16K. 



Table 6.10: Polarisation data, level assignments and energies for the J centre in SrF2:O.05%Eu3+ obtained in emission from 5Do1I at 17295 
em-I. Energies are measured in air cm-I and have an uncertainty of ±1 cm-I unless otherwise stated. 

Terminating State & Transition State Polarisation 
Multiplet Symmetry Frequency Energy (YY:YX) Assignment 

5PI Yl13 16977 318 2.24:1 a' 
Y212 16898 397 1:2.65 7r' 
Xl/3 16464 831 - -

5F2 X2/1 16442 853 2.66:1 7r 
X313 15979 1316 1:1.7 a(mixed) 
W l12 15459 1836 1:2.62 7r' 
\V213 15420 1875 2.1:1 a' 

5F3 W31l 15361 1934 1.54:1 7r 
W413 15328 1967 - -
V2/2 14435 2860 1:2.43 7r' 

5F4 V313 14414 2881 2.1:1 a' 
V413 14232 3063 1.47:1 a' ( mixed) 
V613 14211 3084 1:1.54 7r'(mixed) 

5F5 U21l 13504 3791 2.6:1 7r 
TIll 12333 4962 1.8:1 7r 
T 213 12292 5003 2.3:1 a' 

5F6 T313 12246 5049 
T412 12222 5073 1:2.4 7r' 
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Table 6.11: Fluorescence transitions from 5D1 to the 7FJ multiplets of the SrF2:Eu3+ J Centre. 
Emission originates from the B11'3 state at 19046 cm-1 and the B2'Y2 state at 19061 em-I. All 
transition frequencies are as measured in air (em -1 ,± 1) 

Multiplet Transition State 
Frequency Assignment Energy 

18739 B21'2 -+ Y11'3 322 
18725 B11'3 -+ Y1 1'3 321 

7F1 18666 B21'2 -+ Y21'2 395 
18652 B11'3 -+ Y 21'2 396 
18229 B2'Y2 -+X11'3 832 
18215 B11'3 -+X11'3 831 
18207 B21'2 -+X21'1 854 

7F2 18193 B11'3 -+X21'1 853 
17744 B21'2 -+X31'3 1317 
17730 B11'3 -+X31'3 1316 
17224 B21'2 -+W11'2 1837 
17208 B11'3 -+Wl 1'2 1838 
17185 B21'2 -+ W 2'Y3 1876 
17171 B11'3 -+W21'3 1875 

7F3 17127 B21'2 -+ W 31'1 1934 
17112 B11'3 -+Wn1 1934 
17096 B21'2 -+ W 41'3 1965 
17082 B11'3 -+ W41'3 1964 
16592 B11'3 -+V11'1 2454 
16187 B11'3 -+ V 21'2 2859 

7F4 16167 B11'3 -+ V 31'3 2879 
15962 B11'3 -+ V 61'3 3084 
15271 B21'2 -+ U21'1 3790 

7F5 15257 B11'3 -+ U 21'1 3789 
7F6 14043 B11'3 -+T21'3 5003 

Transitions from 5DO to the 7F2 multiplet are observed in the 16500-15900 cm-1 re
gion. Three electronic transitions are observed as shown in Figure 6.37(a). A strong 
transition at 16442 displays a 7r polarisation dependence and we therefore assign this 
transition as terminating on a singlet state of 1'1 symmetry at 853 cm -1. This means 
the remaining two transitions must be doublets as multiplets decompose into 
two doublets and a 1'1 singlet under C3v symmetry. The 16464 cm-1 transition is too 
weak to obtain a meaningful polarisation ratio. The 15979 cm-1 transition displays 
a degraded (J polarisation dependence (as shown in Table 6.10) and we assign the 
Xl and X3 states at 831 and 1316 cm-1, 1'3 symmetry. Broad peaks at 16170 and 
16161 cm-1 correspond to energy shifts of 294 and 281 cm-1 from the 16464 and 
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16442 cm-1 transitions respecti"~Tely. These values are consistent with the energy of 
the phonon peaks analysed by Richman [99J. Transitions emanating from the 5D1 

multiplet which terminate on 7F2 are shown in Figure 6.37(b). As expected two 
transitions to all three 7F2 states are observed with a common 15 cm-1 splitting. 

Figure 6.38(a) shows transitions from 5DO to the 7F3 multiplet in the 15600 - 15100 
cm-1 region. Five transitions can be observed. The two strong transitions at 15459 
and 15420 cm-1 have magnetic dipole 11"' and a' polarisation dependences. From 
this, we assign these transitions as terminating on the Wn2 and W2'Y3 states at 
1836 and 1875 cm-1 respectively. The next two transitions are twenty times weaker. 
We observe these at frequencies of 15361 and 15328 cm- I corresponding to 7F3 
state energies of 1934 and 1967 cm- I respectively. From the 11" polarisation of the 
15361 cm-1 transition we can assign this as the Al'Y1 --tW31'1 transition. The latter 
transition is slightly weaker and no polarisation ratio could be measured. From 
the studies of Jouart et. aL we tentatively assign this transition as terminating 
on the W41'3 state. The fifth transition at 15174 cm-1 is 285 cm-1 from the 15459 
cm-1 transition and is assigned as a transition terminating on a vibronic level of 
the lattice. Transitions from 5D1 to 7F 3 are more complicated as can be observed 
in Figure 6.38(b). This is due to the overlap of fluorescence transitions involving 
several multiplets. A weak transition at 17295 cm-1 is the AnI --tZl'Yl transition. 
Two extremely strong (and off scale) transitions are the two 5DO transitions 
at frequencies of 16977 and 16898 cm-1. The remaining transitions are 5D1 --t7F3 
transitions. As with 5DO emission the first four 7F 3 states are observed however, no 
transition to the final state can be observed. 

SDo transitions to the 7F 4 multiplet occur in the 14500 14000 cm- I region as shown 
in Figure 6.39(a). Two strong sharp transitions at 14435 and 14414 cm-1 display 11"' 

and a' polarisation dependences respectively. We assign these transitions as termi
nating on 1'2 and 1'3 states at 2860 and 2881 cm- I , as appropriate. This is confirmed 
in chapter 8 where an infrared absorption transition at 2881 cm-1, splits under the 
influence of a magnetic field whilst that at 2860 cm-1 does not. Two weaker tran
sitions at 14232 and 14211 cm -1 give a and 11" polarisation dependences and are 
assigned as terminating on 1'3 and 1'1 states at 3063 and 3084 cm-1 respectively. 
Transitions to the 7F4 multiplet from 5D I are shown in Figure 6.39(b). As with 
previous cases this is a complex spectrum due to overlapping intermultiplet transi
tions and related vibronics as indicated in Figure 6.39(b). Despite this, transitions 
to the 2860, 2881 and 3084 cm-1 states can be observed. An additional transition is 
observed at 16592 cm-1 which we assign as the Bl'Y3 --tVl'Y1 transition placing the 
Vnl state at 2454 cm-1 - see Table 6.11. 

Transitions to the 7Fs multiplet from 5DO are shown in Figure 6.40(a) and are found 
to occur in the 13600 - 13000 cm-1 region. The spectrum is particularly simple 
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with only two strong transitions observed. The transition at 13504 cm-1 gives a 
7r polarisation dependence consistent with a II singlet state at 3791 cm-1. An 
additional transition at 13284 cm-1 , a spacing of 220 cm-1 from the 13504 cm-1 

transition, is assigned as a transition terminating vibronic levels of the lattice. Figure 
6.40(b) shows 5D1 transitions to the 7F5 multiplet. Transitions from both the B1I'3 
and B212 states are observed to the 3791 cm-1 state. Two additional transitions are 
observed which do not appear to be related to the J centre. 

Figure 6.41(a) shows transitions from 5Do to the 7F6 multiplet in the 12400 - 12100 
cm-1 region. Four transitions are observed, the first two of which, are strong. We 
measure the transition frequencies to be 12333 and 12292 cm-1. These transitions 
display 7r and 0" polarisation dependences respectively. They are assigned as ter
minating on states of II and 13 symmetry at energies of 4962 and 5003 cm-1. No 
polarisation ratio could be measured for the weaker 12246 cm-1 transition. This 
transition terminates on a state at 5049 cm -1 which we tentatively assign as having 
13 symmetry from crystal field analyses. The final transition at 12222 cm-1 displays 
a 7r' polarisation dependence consistent with a transition to a state of 12 symmetry 
at 5073 cm-1. Figure 6.41(b) shows 5D1 transitions to this multiplet. These lie 
in a band of vibronic transitions coupled to the 5Do __ 7F 4 transitions. Only one 
5D1 __ 7F6 transition is observed at 14043 cm-1 corresponding to the B1I'3 --T213 
transition. 

6.4 Spectroscopy of BaF2:Eu3+ 

6.4.1 Optical Absorption and Excitation Spectra 

The absorption spectra of transitions to the 5D1 , 5D2 and 5D3 multiplets were 
recorded for a 22.2 mm thick BaF2:O.3%Eu3+ crystal. It was possible to use such 
high concentrations of the Eu3+ dopant without undue complication of the spectra, 
as the tendency for rare earth ions to cluster in BaF2 crystals is significantly reduced 
from that of CaF2. Figure 6.42 shows the spectra obtained. The dominant spectral 
features are due to the C3v symmetry centre observed by Jouart et. al. [106] (that 
we label L). In the 5D1 spectrum, a weak feature is observed that correlates with 
the BaF2:Eu3+ cubic centre [92]. 

The 5D2 absorption spectrum shows two L centre absorption transitions at 465.52 
and 463.62 nm. These are assigned as the ZI --C1 and C3 transitions from the 
work of Jouart et. al. [106]. The 5D3 transitions are harder to explain as these 
have not been studied by laser selective excitation. Two transitions at frequencies 
of 409.10 and 409.07 nm are observed. As with CaF2:Eu3+ and SrF2:Eu3+ crystals, 
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Figure 6.42: Absorption spectra for the (a) 5D 1 , (b) 5D2 and (c) 5D3 multiplets in 
BaF2 :O.3%Eu3+. The spectra were recorded at 16K. 
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Figure 6.43: Excitation spectrum for the 5DO multiplet in BaF2 :O.05%Eu3+ monitoring all tran
sitions at 630 nm. The spectra were recorded at 16K. 
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Figure 6.44: Excitation spectra for the 5D 1 multiplet in BaF2 :O.05%Eu3+ (a) monitoring all 
transitions at 630 nm and (b) monitoring the 16978 cm- 1 transition of the L centre. The spectra 
were recorded at 16K. 
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no absorption could be detected for conventional transmission measurements to the 
5DO multiplet for BaF2:Eu3+. 

Laser excitation spectra for transitions to the 5DO and 5D1 multiplets are shown in 
Figures 6.43 and 6.44 respectively. The 5DO spectrum is exceedly simple with only 
one transition present at 17303 cm -1. This is associated with the L centre. The 5D1 

spectrum is equally clear with two transitions, both due to L centre absorption as 
shown in Figure 6.46(b), at frequencies of 19057 and 19061 cm-1 . 

6.4.2 L Centre Fluorescence 

The dominant centre in BaF2:0.05%Eu3+ has been previously studied by Jouart et. 
al. [106]. They assign this centre trigonal C3v symmetry from the observed number 
fluorescence lines. However, a study by Silversmith and Macfarlane [112] using 
hole-burning spectroscopy has reassigned the dominant centre as having tetragonal 

.. C4v symmetry. We have studied this centre, that we label L, with both (100) and 
... (11l) oriented crystals. No observed polarisation dependence has been found for L 

centre fluorescence transitions in (100) oriented crystals. However, for (111) oriented 
crystals a polarisation dependence has been observed. This is given in Table 6.12. 
This is consistent with the symmetry assignment of Jouart et. al. that the centre 
is a trigonal C3v symmetry RE3+ - F- pair. From the low axial splittings observed, 
the most consistent charge compensation configuration is that of a next nearest 
neighbour (111) interstitial fluorine ion. 

Excitation of the 7F 0 -r5Do absorption transition at 17303 cm -1 yields fluorescence 
to the 7F J multiplets. Fluorescence to the 7F 1 mUltiplet is observed in the 17000 
- 16900 cm-1 region as shown in Figure 6.45(a). Two transitions are observed as 
is consistent with the C3v symmetry assignment. These transitions are observed 
at frequencies of 16978 and 16912 cm-1 . From the respective magnetic dipole cr' 
and 7f' polarisations, they are assigned as transitions terminating on states of 1'3 
and 1'2 symmetries, at energies of 325 and 391 cm-1 as respectively. Fluorescence 
from 5D1 was obtained exciting the lowest frequency 19057 cm-1 transition. The L 
centre in BaF2:Eu3+ is isostructural with the J centre in SrF2:Eu3+ and from the 
observed 7Fl and 5D1 splittings appears to have a similar axial distortion to that 
centre. Therefore, we assign the 5D1 transitions at 19057 and 19071 cm-1 as the 
ZII'I -r B11'3 and B2I'2 transitions respectively, by analogy with those transitions in 
the SrF2:Eu3+ J centre. Fluorescence transitions from 5D1 to 7Fl occur in the 18800 
- 18500 cm-1 region as is shown in Figure 6.45(b). They appear more complex than 
those observed from 5DO for two reasons. Firstly, many of the transitions observed 
are to vibronic states of lattice. Features at 18807 and 18795 cm-1 are vibronics 
associated with the 5D1 -r

7Fo transitions. Vibronic intervals of 250 and 262 cm-1 
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are measured. The broad feature at 18543 cm-I is a vibronic associated with the 
5D l transitions. This has a lattice energy of 196 em-I. Four electronic 
transitions are observed which come as two pairs with a common separation of 14 
em -1. This corresponds to the 5DI splitting and arises as the B21'2 level has a 
thermal population. 

Fluorescence from 5DO to the 7F2 multiplet is observed in the 16500 - 15600 cm-I 

region as shown in Figure 6,46(a). This emission is typified by strong strong vi
bronics coupled to the electronic levels and is therefore difficult to analyse directly. 
Emission to 7F2 from 5D l is clearer, as shown in Figure 6.46(b) and we discuss this 
first. Six transitions are observed from 5D l with the characteristic 14 cm-I splitting. 
Transitions at 18218 and 18206 cm-I terminate on the Xl level. The corresponding 
5Do fluorescence is observed as a weak feature at 16451 em-I, From the a' polari
sation of this fluorescence we assign this state as having 1'3 symmetry. It is located 
852 em -1 above the ground state. 5DI emission to the X2 state is observed at 18190 
and 18176 em-I, The corresponding 5Do emission is observed at 16420 cm-I plac
ing the X2 state at 883 em-I. This transition is tr polarised and the X2 state is 
therefore, assigned as having 1'1 symmetry. The 5DO transition to the X3 level is ob
served at 16015 cm-1 and this is confirmed by the 5D1 ~7F2 spectrum. The 16015 
cm-1 transition is a polarised and we assign the X3 state as having 1'3 symmetry. 
The remaining transitions are to vibronic levels of the lattice. Transitions at 16194, 
15819, 15762 and 15743 cm- l give lattice vibrational frequencies of 196, 253 and 
272 em-I. The transition at a frequency of 16431 is also a transition terminating on 
a vibronic level of the lattice. Specifically, it is assigned as a second order vibronic 
sideband associated with the 16978 em-I, 5DoAnl ~Yl1'3 transition. It is assigned 
for the following reasons; firstly it cannot be electronic as it not observed in emission 
from both 5Do and 5D1 (nor is its polarisation behaviour consistent). Secondly, at 
a transition frequency of 16431 em-I, the observed emission feature is 547 cm-I 

displaced from the 16978 cm-I transition. This is approximately twice 273 em-I, a 
known vibrational frequency of the host lattice. 

Transitions to the 7F3 multiplet from 5Do are shown in Figure 6.49(a) and occur in 
the 15500 - 15300 cm-1 region. Four transitions are observed. The 15460, 15427 
and 15354 cm-1 transitions are all of magnetic dipole character. The 15427 and 
15354 cm- l transitions are both (]" polarised and are assigned as terminating on 1'3 
symmetry doublets at energies of 1875 and 1948 em-I. The 15460 cm-I transition 
is tr' polarised and is therefore, assigned as the W n2 state at 1842 em-I. 
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Figure 6.45: Unpolarised fluorescence from the (a) 5Do and (b) 5Dl multiplets to the 7Fl multiplet 
for the L centre in BaFz:O.05%Eu3+. The spectra were recorded at 16K 
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Figure 6.46: Unpolarised fluorescence from the (a) 5DO and (b) 5D1 multiplets to the 1F2 multiplet 
for the L centre in BaF 2 :O.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.4 7: Unpolarised fluorescence from the (a) 5DO and (b) 5D1 multiplets to the 7F3 multiplet 
for the L centre in BaF2:0.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.48: Unpolarised fluorescence from the (a) 5DO and (b) 5D1 multiplets to the 7F 4 multiplet 
for the L centre in BaF2 :O.05%Eu3+. The spectra were recorded at 16K 
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Figure 6.49: Unpolarised fluorescence from the (a) 5DO and (b) 5D1 multiplets to the iFs multiplet 
for the L centre in BaF2:O.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.50: Unpolarised fluorescence from the (a) 5DO and (b) 5D1 multiplets to the 7Fa mul
tiplet for the L centre in BaFz:O.05%Eu3+. Features labelled v are vibronics associated with the 
5DO transitions. The spectra were recorded at 16K. 



Table 6.12: Polarisation data, level assignments and energies for the L centre in BaF2 :O.05%Eu3+ obtained in emission from 5DOl'l at 17303 
em-I. Energies are measured in air cm-l and have an uncertainty of ±1 cm-1 unless otherwise stated. 

Terminating State & Transition State Polarisation 
Multiplet Symmetry Frequency Energy (YY:YX) Assignment 

aFI Y IT3 16978 325 2.1:1 0-' 

Y 2T2 16912 391 1:2.6 7[' 

X IT3 16451 852 2.4:1 0-' 

5F2 X2TI 16420 883 2.5:1 7[ 

X3T3 16015 1288 1:2 0-

W IT2 15460 1842 1:2.6 7[' 

Wn3 15427 1875 2:1 0-' 

5F3 W 3T1 15380 1922 2.5:1 7[ 

W 4T3 15354 1948 2:1 0-' 

VITI 14455 2458 3:1 7[ 

Vn2 14455 2848 1:2.8 7[' 

5F4 V 3T3 14436 2867 1.5:1 0-' 

V 4T3 14263 3040 2.2:1 0-' 

V 6T3 14244 3059 1:2.7 0-

5F5 Unl 13516 3787 2.2:1 7[ 

TITI 12360 4943 3:1 7[ 

Tn3 12321 4982 2:1 0-' 

5F6 T3T3 12279 5024 - -
T4T2 12256 5047 1:2.4 7[' 



238 Chapter 6. Spectroscopy of Eu3+ Ions in CaFz, SrF2 and BaF2 Crystals 

Table 6.13: Fluorescence transitions from 5D1 to the 7FJ multiplets of the BaF2 :Eu3+ L Centre. 
Emission originates from the B 1 73 state at 19057 cm- 1 and the B272 state at 19071 em-I. All 
transition frequencies are as measured in air (cm-1 ,±1) 

Multiplet Transition State 
Frequency Assignment Energy 

18747 B2i2 --Yn3 324 
18733 Bn3 --Yn3 324 

7Fl 18680 B2i2 --Y2iz 391 
18666 B1i3 --Y2iz 391 
18218 B2iz --Xn3 853 
18206 Bn3 --Xn3 851 
18190 Bzi2 --XZil 881 

7F2 18176 Bn3 --XZil 881 
17785 B2iz --X3i3 1286 
17772 Bn3 --X3i3 1285 
17232 Bzi2 --Wliz 1841 
17217 Bn3 --Wn2 1840 
17198 B2i2 --W2i3 1873 
17185 B1i3 --W2i3 1872 

7F3 17151 B2i2 --W3il 1920 
17137 Bn3 --W3il 1920 
17125 B2i2 --W4i3 1946 
17110 B1i3 --W4i3 1947 
16599 Bn3 --Vnl 2458 
16209 Bli3 --V2i2 2848 

7F4 16190 Bl i3 --V3i3 2867 
15999 Bn3 --VSil 3058 
15284 B2i2 --UZil 3787 

7F5 15270 Bn3 --U2'/'l 3787 
14115 Bn3 --Tnl 4942 

7F6 14076 Bn3 --T2i3 4981 
14034 Brl'3 --T3i3 5023 
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The 15380 transition is electric dipole 7r polarised and is assigned as terminat
ing on the W31l state at 1922 em-I. Fluorescence to 7F3 from 5Dl is observed in 
the 17250 17100 em -1 region as shown in Figure 6.47(b). All transitions to all four 
states observed from 5Do were observed however no transitions to the expected fifth 
state could be seen as was the case for the J centre in SrF2:Eu3+. 

Figure 6.48(a) shows 5Do --+7F4 fluorescence in the 14900 - 13900 cm-l region. A 
weak transition at 14845 em -1 is assigned as the AliI --+ V 111 from its 7r polarisation 
behaviour. A broad feature at 14649 cm-l is displaced 196 cm-l from the 14845 
cm- l transition. It is assigned as terminating on a lattice vibrational state. Two 
sharp transitions at 14455 and 14436 cm-l are 7r' and 0-' polarised respectively. 
From this, we assign them as the AliI --+V212 and V313 transitions with the V2 
and V3 states at 2848 and 2867 em-I. The 14400 - 13900 cm-l region is difficult 
to analyse as complex vibronic structure is apparant. By analogy with the SrF 2 J 
centre we assign the 14263 and 14244 cm-l transitions as terminating on the V 4 
and V6 states at 3040 and 3059 em-I. This assertion is supported by the 0-' and 0-

polarisation dependence observed for these transitions leading to the assignment of 
both terminating states as 13 doublets. The 5D1 --+7F 4 fluorescence is also complex 
as emission from 5DO overlaps the emission of interest. The BII3 --+VlII transition is 
observed at 16599 cm-l at a slightly lower frequency than lattice phonons associated 
with the 5Do --+7Fl emission. 5Do --+7F2 fluorescence is also present in this region and 
is left unlabelled. The Bll3 --+ V 212 and V 313 transitions are observed at frequencies 
of 16209 and 16190 em-I. The BII3 --+V613 transition is observed at 15999 cm-l 

which goes someway to confirming the tentative assignments made above. 

By contrast the 5Do and 5Dl emission to 7F5 is extremely simple as shown in Figure 
6.49(a) and (b). Transitions to only one 7F5 state are observed. The 13516 cm-l 

transition is 7r polarised leading to the assignment of the symmetry of the termi
nating state as "'/1, at an energy of 3787 cm-I above the ground state. The weaker 
transition at 13314 cm-I assigned as a vibronic from its 202 cm-I displacement from 
the 13516 cm-I transition. 

As shown in Figure 6.50(a) the 5Do fluorescence to 7F6 is also simple with four 
transitions observed. The 12360 and 12256 cm-I transitions terminate on singlet 
states. From their respective 7r and 7r' polarisations we assign the 7F 6 states as TIll 
at 4943 cm-1 and T412 at 5047 em-I. Of the remaining transitions the 12321 cm-1 

transition is observed to be 0-' polarised leading to its assignment as terminating on 
the T 313 state. The final transition at 12279 cm -1 is too weak to obtain polarisation 
ratios. The corresponding 5D1 fluorescence (Figure 6.50(b)) overlaps the vibronic 
bands associated with the 5Do --+ 7F 4 fluorescence. Despite this three transitions can 
be observed to the Tb T2 and T3 states at 14115, 14079 and 14034 cm-1 as given 
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in Table 6.13. 

6.5 Up conversion Fluorescence 

Up conversion is a form of non-linear absorption in optically activated solids whereby 
long wavelength (low energy) radiation is converted into short wavelength (higher 
energy) radiation. There are several mechanisms through which this can be achieved 
[113]. Energy transfer upconversion between ions in neigbouring crystal sites, such as 
that observed in Gd3Ga5012:Pr3+ [115], is probably the most common (and efficient) 
form of up conversion process. In this case, both an acceptor and donor ion undergo 
an absorption transition to an intermediate state (thereby utilising the absorption 
cross-section of both ions) from which the donor transfers its optical (or otherwise) 
excitation to the acceptor ion which is excited to a higher state. Another form of 
up conversion, which can be regarded as a hybrid of the excited state absorption and 
energy transfer processes, is the photon avalanche effect [116] [117]. The optically 
active ion is excited, typically by a laser light source (though not necessarily) I into 
resonance with an excited state absorption transition. The terminating excited state 
absorption state decays via energy transfer to a non-excited neighbour, leaving both 
ions in an excited state. If the laser frequency is appropriate, both ions can then 
undergo excited state absorption transitions. If the excitation intensity is above a 
critical threshold the excited state absorber population can be sustained and strong 
up conversion fluorescence is observed. 

Numerous studies of energy transfer up conversion in rare earth ion doped alkaline 
earth fluoride crystals have been reported, eg [114], [118], [119], [62] and it is these 
studies that dominate the literature. More recently it has been shown, that for low 
concentrations of around 0.01-0.05 molar % of the rare earth ion dopant, sequential 
absorption processes involving long-lived bottleneck states can dominate the up
conversion process [120], [121], [122]. For the europium ion, sequential absorption 
processes. have been observed for the divalent species [123J. Indeed in the case of 
the Eu2+ ion it is only this strong excited state absorption that prevents it from 
serving as a broadly tunable solid state laser source. Here we are only interested in 
the Eu3+ ion. 

For resonant CvV laser excitation of the 7FO -t
5Do transition, up conversion fluores

cence is observed from the 5D3, 5D2 and 5D1 multiplet for the C4v symmetry A cen
tres in CaF2:Eu3+ and SrF2:Eu3+ and for the C3v symmetry L centre in BaF2:Eu3+. 
However, for pulsed laser excitation of the 7FO -t

5Do transition, no upconversion is 
observed at similar detection sensitivities. Based on this null result from the pulsed 
laser experiment and the low Eu3+ concentrations used here, energy transfer is ruled 
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Figure 6.51: Schematic diagram of the Eu3+ up conversion process. The dotted lines indicate 
phonon sideband absorption. 
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out and the up conversion mechanism is assigned to be a sequential absorption of two 
photons placing the Eu3+ ions in states higher than 5Do. Candidiates for the initial 
absorbing level for the second photon are the lower 7FJ multiplets and the long lived 
5Do level itself. Weak UV upconverted emission is observed emanating from the 5H3 
multiplet at 30000 cm-1 for SrF2:Eu3+. As the 5DO lifetime is sufficiently long (of 
the order of 10 millisecs) for the probability of absorption of a second photon to be 
high, the up conversion process is assigned to be a sequential absorption from the 
5DO level itself. The absorption of a 17300 cm-1 photon from 5DO places the upper 
state of the excited state absorption transition (ESA) at high energy (around 34500 
cm-1). As shown in Figure 6.51, which indicates the positions of all of the higher 
energy multiplets of Eu3+ up to 35000 cm-I, the density of electronic states in that 
spectral region is very high and there is a multitude of possible terminating levels 
for the ESA. Energy gaps in this region are small and the ion decays non-radiatively 
with most emission observed from the 5D3) 5D2) 5D1 and 5DO multiplets. 

Such multicolour up conversion emission as has been observed here is of great interest 
for the development of high-density optical storage and colour displays. Colour 
displays require red, green and blue emitters, thus, a single ion capable of producing 
one multiwavelength pixel can do the job of three and far greater resolution can be 
attained [124]. Lenth and Macfarlane [125] (1990) and later, Cockcroft [126] (1994) 
have reviewed various excitations mechanisms for the production of up conversion 
lasers. 

6.5.1 Excitation and Temperature Dependence of the Eu3+ Upconver
sion Fluorescence 

For resonant excitation of the Z1l1 --+Al 1'1 transitions of the C4v symmetry A cen
tres in CaF2:O.05%Eu3+ and SrF2:O.05%Eu3+ and the C3v symmetry L centre in 
BaF2:O.05%Eu3+, upconversion fluorescence is observed from the lower multiplets of 
the 5 D term. As discussed above, this is assigned as a sequential absorption process 
out of 5Do. Of the three alkaline earth fluoride host crystals the strongest Eu3+ 
up conversion fluorescence is observed for SrF2:Eu3+, this is due to the lower phonon 
energies of the SrF 2 host. Figures 6.52, 6.53 and 6.54 show up conversion excita
tion spectra for the aforementioned crystals at 16 and 200K with the appropriate 
resonant and non-resonant excitations indicated. Table 6.14 lists the upconversion 
excitation frequencies. Upconversion fluorescence for excitation of the 7FO --+5Do 
transition increases in intensity upon warming the crystal. The maximum efficiency 
is observed at approximately 80K for all three systems (see Figures 6.55, 6.56 and 
6.57). The increase is accounted for as thermal phonons more efficiently bridge the 
energy mismatch for the ESA transition. The intensity decrease beyond SOK occurs 
because of thermal depletion of the ground state population. The profile of this 
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drop off fits to a Boltzmann distribution with an activation energy that equates to 
the gap to the 7F 1 multiplet. 

The warming of the crystal to 200K significantly populates the 7F 1 multiplet, 350 
cm-1 above the ground state. Up conversion emission is observed for resonant exci
tation of the 7Fl --+5Do transitions (see the up conversion excitation spectra). The 
7F 1 --+5Do transitions are comparatively strong transitions of magnetic dipole char
acter. A branching ratio of 0.71 has been obtained for fluorescence out of 5DO to 7Fl 
by Ramers et. al. [104] for CaF 2 :Eu3+. As a consequence, absorption transitions 
from the two crystal field levels of the 7F 1 multiplet become increasing efficient at 
populating the 5DO state at higher temperatures. The thermal population of 7Fl 
increasing with temperature, as determined from the appropriate Boltzmann factor. 
The lifetime of the 5DO state is not a significant contributing factor to the change 
in the upconversion fluorescence intensity. The measured lifetimes (see section 6.7) 
of 11.8,13.4 and 14.6 ms in CaF2:Eu3+, SrF2:Eu3+ and BaF2:Eu3+ respectively are 
not observed to decrease with temperature up to 300K. The observed decrease is a 
function of the lifetime of 5D3 , fluorescence from which fluorescence is being moni
tored. Due to the increasing population of 7F 1, upconverted fluorescence intensity 
is observed to increase with temperature up to 240K and persists strongly through 
to room temperature as shown in Figures 6.58 through to 6.63. 

Also apparent in the up conversion excitation spectra is emission obtained for res
onant excitation of ESA transitions. For these transitions the 5DO multiplet is 
populated via phonon sideband absorption and ESA transitions are observed from 
typically 250 cm-1 and greater energies on the higher energy side of the 7FO --+sDo 
absorption transition. The ESA transition intensities begin to decay almost iIIi
mediately upon warming the crystal. This is unexpected as higher temperatures 
should lead to increased vibronic activity more efficiently populating the 5DO state 
via phonon sideband absorption. Figure 6.64, 6.65 and 6.66 show representative 
ESA transition excitation thermal dependences. 

For excitation ofthe 5D1 multiplet (shown in Figure 6.67) weaker excitation powers 
of the 10-50 m vV of the less efficient C540 dye are used. The 7F 0 --+5D1 transitions 
are magnetic dipole allowed with comparably large absorption cross-sections. As 
such, the lower excitation powers used are sufficient to obtain upconverted fluores
cence intensities similar to that of 200-400 m W excitation of sDo. These 7F 0 --+5D1 

transitions obtain their maximum intensity between 60-90K and thereafter the in
tensity reduces as thermally populated phonon modes compete more efficiently with 
radiative decay; the 5D1 level decaying to sDo. These thermal dependences are 
shown in Figures 6.68 through to 6.73. 
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Figure 6.52: Up conversion excitation spectra for the 5Do multiplet in CaF2 :O.05%Eu3+ obtained 
whilst monitoring all transitions at 425 nm. 
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Figure 6.53: Up conversion excitation spectra for the 5DO multiplet in SrF2:0.05%Eu3+ obtained 
whilst monitoring all transitions at 425 nm. 
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Figure 6.54: Upconversion excitation spectra for the 5DO multiplet in BaF2:O.05%Eu3+ obtained 
whilst monitoring all transitions at 450 nm. 
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Table 6.14: Up conversion excitation frequencies (in air cm-1±1) for the dominant centres in 
CaF2, SrF2 and BaF2 doped with 0.05% EuH 

Crystal Multiplet Excitation Frequency Transition 

CaF2:Eu3+ 5Do 16831 

SrF2:Eu3+ 
C4v 

BaF2:Eu3+ 
C3v 

5D1 

5Do 

5D1 

5DO 

16979 
17288 
17541 
17608 
16629 
16660 
19029 
17079 
16870 
16974 
17298 
17594 
19048 
17082 
16912 
16978 
17303 
17572 
17578 
16616 
16625 
19057 
17071 

Y2T2 -AnI 
Yn5 -AnI 
Znl -AnI 

ESA 
ESA 
ESA 
ESA 

Znl -Bn5 
ZI/1 -B2T2 
Y2T2 -AnI 
Yn5 -AnI 
Znl-Anl 

ESA 
Znl -Bn5 
Znl -B2T2 
Y2T2 -AnI 
Yn3 -AnI 
Znl -AnI 

ESA 
ESA 
ESA 
ESA 

Znl -Bn3 
Znl -B2T2 



248 Chapter 6. Spectroscopy of Eu3+ Ions in CaF2. SrF2 and BaF2 Crystals 

,...-,. 
U) 

o 
o 

+'" o ..... 
~ ,,········,,··,··0··· ·······0 

::::> 
,..Cl 
~ ·········,·········0·····' 
~ 
'--" 
>, 

+'" ..... 
U) 

~ 
<l) ·:·····0·· 

~ 
"""" 

<l) ·············,············0 ............... . 
u o 
~ 
<l) 
u 
U) 
<l) o 
~ 
0 
;::l ........ 
~ 

o 

0 50 100 150 200 250 300 

Temperature (Kelvin) 

Figure 6.55: Temperature dependence of A centre upconverted emission for excitation of the 
Zn1 -An1 transition at 17288 cm -1 in CaF2:0.05%Eu3+. Emission was monitored at 425nm. 
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Figure 6.56: Temperature dependence of A centre up converted emission for excitation of the 
Zn1 -An1 transition at 17298 in SrF2:0.05%Eu3+. Emission was monitored at 425nm. 
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Figure 6.57: Temperature dependence of L centre up converted emission for excitation of the 
ZnI -AnI transition at 17303 cm-I in BaF2:O.05%Eu3+. Emission was monitored at 450nm. 
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Figure 6.58: Temperature dependence of A centre upconverted emission for excitation of the 
YI 'i'5 -AnI transition at 16981 cm-1 in CaF2:O.05%Eu3+. Emission was monitored at 425nm. 
The solid line is a fit of the Boltzmann distribution function to the experimental data, indicated 
with circles. ~E, the 7F oJF 1 Y 1 splitting was held at the experimental value. 
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Figure 6.59: Temperature dependence of A centre upconverted emission for excitation of the 
Y2 'Y2 -AI 'Yl transition at 16832 cm-1 in CaF2 :O.05%Eu3+. Emission was monitored at 425nm. 
The solid line is a fit of the Boltzmann distribution function to the experimental data, indicated 
with circles. 6.E, the 7FO-7Fl Y2 splitting was held at the experimental value. 
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Figure 6.60: Temperature dependence of A centre upconverted emission for excitation of the 
Yl'Y5 -A1'Y1 transition at 16974 cm-1 in SrF2:0.05%Eu3+. Emission was monitored at 425nm. 
The solid line is a fit of the Boltzmann distribution function to the experimental data, indicated 
with circles. 6.E, the 7FOJFl Y1 splitting was held at the experimental value. 
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Figure 6.61: Temperature dependence of A centre up converted emission for excitation of the 
YZ I 2 -AlIl transition at 16870 cm-l in SrF2:0.05%EuH . Emission was monitored at 425nm. 
The solid line is a fit of the Boltzmann distribution function to the experimental data, indicated 
with circles . .6.E, the 7FOJFl Yz splitting was held at the experimental value . 
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Figure 6.62: Temperature dependence of L centre upconverted emission for excitation of the 
YlI3 -A11l transition at 16979 cm- l in BaF2 :O.05%Eu3+. Emission was monitored at 450nm. 
The solid line is a fit of the Boltzmann distribution function to the experimental data, indicated 
with circles . .6.E, the 7Fo·7Fl Yl splitting was held at the experimental value. 
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Figure 6.63: Temperature dependence of L centre upconverted emission for excitation of the 
Y2'Y2 --+Al "11 transition at 16912 cm-1 in BaF2:O.05%EuH . Emission was monitored at 450nm. 
The solid line is a fit of the Boltzmann distribution function to the experimental data, indicated 
with circles . .6.E, the 7Fo-7Fl Y2 splitting was held at the experimental value. 
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Figure 6.64: Temperature dependence of A centre upconverted emission for excitation of the 
17629 cm-1 ESA transition in CaF2:0.05%EuH . Emission was monitored at 425nm. 
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Figure 6.65: Temperature dependence of A centre up converted emission for excitation of the 
ESA transition at 17594 cm-1 in SrF2:0.05%Eu3+. Emission was monitored at 425nm. 
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Figure 6.66: Temperature dependence of L centre upconverted emission for excitation of the 
17578 cm-1 ESA transition in BaF2:0.05%Eu3+. Emission was monitored at 450nm. 
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Figure 6.67: Up conversion excitation spectra ofthe 5D1 multiplet for (a) the BaF2 :Eu3+ L centre 
(mon 450 nm), (b) the SrF2 :Eu3+ A centre (mon 425 nm) and (c) the CaF2 :Eu3+ A centre (mon 
425 nm). The spectra were recorded at 16K. 
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Figure 6.68: Temperature dependence of A centre upconverted emission for excitation of the 
19029 cm-1 Zl/'l -+Bl/'5 transition in CaF2 :O.05%Eu3+. Emission was monitored at 425nm. 

Due to the low rare earth ion occupancy of minority centres, no upconversion flu
orescence could be observed for centres such as the trigonal J centre in SrF2:Eu3+ 
and the Rand Q centres in CaF2:Eu3+. Of course, the Rand Q centres are clusters 
and therefore we may not expect to observe up conversion as ion-pair processes leads 
to very rapid relaxation of the higher multiplets of the 5D term to 5Do. 

For crystals treated in a dry oxygen atmosphere, 0 2- charge compensated centres 
are present. The 0 2- ion occupies a nearest neighbour substitutional position along 
the (111) direction thus providing a strong trigonal distortion. The 7Fo -+5Do 
transitions for these centres in CaF 2, SrF2 and BaF 2:Eu3+ are observed at frequencies 
of 17434, 17463 and 17457 cm-1 respectively and weak upconversion fluorescence 
can be detected for excitation of these transitions. Silversmith and Radlinski [127] 
have measured the lifetime of the CaF2:Eu3+ 5Do11 state at 17434 cm-1 to be 1.8 
ms. This sixfold reduction in the lifetime from the F- centres can account for the 
considerably weaker intensity of the up conversion fluorescence observed. 
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Figure 6.69: Temperature dependence of A centre upconverted emission for excitation of the 
19079 cm-1 Z1')'l -tB21'2 transition in CaF2:O.05%Eu3+. Emission was monitored at 425nm. 
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Figure 6.70: Temperature dependence of A centre up converted emISSIOn for excitation of the 
19048 cm- 1 Z1'/'1 -tB1'/'5 transition in SrF2:0.05%Eu3+. Emission was monitored at 425nm. 
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Figure 6.71: Temperature dependence of A centre upconverted emission for excitation of the 
19082 cm- I Z1l'1 -+B2t2 transition in SrF2:0.05%Eu3+. Emission was monitored at 425nm. 
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Figure 6.72: Temperature dependence of L centre upconverted emission for excitation of the 
19057 cm-I ZItI -+BIt3 transition in BaF2:O.05%Eu3+. Emission was monitored at 450nm. 
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Figure 6.73: Temperature dependence of L centre up converted emission for excitation of the 
19071 cm-1 Z11'1 -+B21'2 transition in BaF2:O.05%Eu3+. Emission was monitored at 450nm. 

6.5.2 CaF2 :Eu3+ - A Centre 

For excitation of the 17288 cm-1 Zlll --AliI transition, upconversion fluorescence 
is observed from 5D3, 5D2 and 5D1 to the crystal field levels ofthe 7FJ multiplets. No 
5D3 __ 7Fo emission could be detected and as a consequence, the highest frequency 
transitions observed are those to the 7F 1 multiplet levels. 

Four electronic transitions are observed to the 7Fl multiplet originating from the 
5D3 multiplet. These are shown in Figure 6.74. This fluorescence is observed in the 
24100-23800 cm-1 region. The dominant feature at 24028 cm-1 is 7f polarised and 
is assigned as the D1I5 --Y115 transition with D115 at 24337 cm-1. Two weaker 
transitions at the slightly higher frequencies of 24078 and 24055 cm-1 are both 
(j polarised. We assign these as transitions from thermally populated 5D3 singlet 
levels at energies of 24362 and 24385 cm -1. A (j polarised transition at 23875 
cm-1 is assigned as the D115 --Y212 transition. As with emission from 5DO and 
5D1, a vibronic state is observed 187 cm! from the 5D1I5 --Y115 transition. The 
observation of the 5D3 multiplet in the 24400 cm-1 region is in disagreement with 
the assignment of Ramers et. al. [104] who place this multiplet at around 25000 
cm-1. 

Emission emanating from 5D3 that terminates on the 7F2 multiplet is observed in 
the 23600-23000 cm-1 region and is displayed in Figure 6.75. The highest frequency 
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Figure 6.74: 5Da to 7Fl polarised upconverted emission for the A centre in CaF2 :D.05%Eua+. v 
indicates a vibronic sideband. Excitation is at 17288 cm-1 , The spectra were recorded at 16K. 
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Figure 6.75: 5D3 to 7F2 polarised upconverted emission for the A centre in CaF2 :O.05%Eu3+. 
Excitation is at 17288 em-I. The spectra were recorded at 16K. 
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transition, at 23519 cm-I, is 1r polarised and originates from a thermally populated 
leveL This transition terminates on the Xl r4 level at 852 cm-l and thus we 

may assign the 5D3 state as having r4 symmetry at 24371 cm-I. We label this state 
D3. The next transition at 23485 cm-l is (Y polarised consistent with the expected 
D1r5 -+X1r4 transition. The weak 23389 cm-I transition is (Y polarised emanating 
from the singlet state at 24360 cm-I consistent with that observed from emission to 
7Fl . The strong 1r polarised feature at 23365 cm-I is the D1I5 -+X2r5 transition. 

weak 1r polarised 23237 cm-I transition terminates on the X3r3 transition and 
originates from an upper state assigned as D2r3 at 23360 cm-I. The 23215 cm-1 

transition is (Y polarised and we assign this as the DIr5 -+X3r3 transition. The 
remaining observed transitions are both terminate on the X4r1 state and are (Y 

polarised. From this, we conclude that they originate from upper state doublets. The 
lower frequency transition at 23074 cm-I is assigned as the D1rs -+X4r1 transition. 
The broader higher frequency transition at 23136 cm-1 is assigned as emanating 
from the D5rs doublet state which is at 24397 cm-I. 

Upconversion fluorescence from the sD3 multiplet to 7F3 multiplet is observed in 
the 22600-22100 cm-1 region as shown in Figure 6.76. Two small transitions at 
22554 and 22534 cm-I are observed to be (Y and 1r polarised respectively. vVe assign 
these as the both originating from the D3r4 state and terminating on the W liS 
and W 2r4 states respectively. The stronger 22522 and 22503 cm1 transitions are 
(Y and 1r polarised and we assign these as the D1rs -+VV1I5 and VV2r4 transitions. 
The weak 22410 cm -1 transition has to be magnified 5 times to observe it clearly 
in the spectrum, it is (Y polarised and terminates on the W 3rS state. This is as
signed as the Dn3 -+ W 1 '-"/5 transition. The strongest peak in the spectrum is 1r 

polarised D1I5 -+W1I5 emission at 22382 cm-I, at the foot of which, lies a weak (Y 

polarised transition which is assigned as the DlIs -+W4r2 transition. Transitions 
from D2r3 and D1I5 are observed at 22226 and 22207 cm-1 repectively with 1r and 
(Y polarisations consistent with this assignment. 

Figure 6.77 shows sD3 emission to the 7F4 multiplet in the 22000 - 21000 cm-1 

region. Overlapping emission from the sD2 multiplet to both the 7Fo and 7FI is 
observed, however this is relatively weak. The weak emission observed at 21876 
cm-l is 1r' polarised and terminates on the VlrI state. From this, we assign the 
upper level of this transition to be an unassigned state of sD3 at 24386 cm-I. From 
its polarisation dependence, this state transforms as the r2 irrep of the C4v sym
metry point group. The 21825 cm -1 is (Y' polarised and hence we assign this as 
the D1rs -+V1r1 transition. Transitions at 21597 and 21569 cm-1 are 1r and (Y' 

polarised, respectively. These are assigned as the DSr5 -+ Vn5 and D3T4 -+ Vns 
transitions. Strangely, no DlIs -+ Vns transition can be observed. A weak tran
sition at 21493 is 1r polarised is assigned as the C2r1 -+Zl transition. The 21388 
cm-1 transition shows a mixed polarisation behaviour, despite this we assign this 
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Figure 6.76: 5D3 to 7F3 polarised upconverted emission for the A centre in CaF2 :O.05%Eu3+. 
Excitation is at 17288 cm -1. The spectra were recorded at 16K. 
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Figure 6.77: 5D3 to 7F4 polarised up converted emission for the A centre in CaF2:O.05%Eu3+. 
Transitions emanating from 5D2 are labelled appropriately. Excitation is at 17288 em-I. The 
spectra were recorded at 16K. 
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transition as D11'S -.. V 31'2 from the good energy match this transition makes to the 
difference between these two levels. Transitions at 21348 and 21331 cm-1 are a' and 
11"' polarised respectively. These transitions emanate from the D2I'3 and Dn5 states 
respectively, with them both terminating on the V41'5 state. The next transition is 
11"' polarised at a frequency of 21279 cm-I, we assign this transition as D31'4 -"V51'3. 
The next three transitions all emanate from the D11'5 level. They are observed at 
frequencies of 21249, 21223 and 21278 cm-1 and are 0" polarised indicating lower 
state singlets. We can assign these lower levels as the VSI'3, VSl'4 and Vnl states 
respectively. The lowest frequency transition in Figure 6.77 is at 21149 cm- l . This 
displays no particularly strong polarisation dependence. It is assigned as emission 
from 5D2 emanating from the lowest level of that multiplet at 21456 cm-1 (which is 
presumably a singlet of 1'3 or 1'4 symmetry as no emission to the ground state was 
observed). It is assigned as C1 -.. Yn5 because of the appropriate energy match. 

Emission from 5D3 to the 7F5 multiplet is observed in the 20700 - 20100 cm-1 

region. The spectrum is shown in Figure 6.78. This fluorescence overlaps with 
5D2 -..7F2 transitions which occur in the same frequency region. The first two 
observed transitions are from thermally populated upper 5D3 states and are very 
weak. These transitions are observed at frequencies of 20622 and 20613 cm- I . From 
this, and the observed polarisation of these transitions of 11" and 11"' we assign these 
transitions as D31'4 -.. U 11'4 and D21'3 -.. U 11'4. The slightly stronger 20604 cm-1 

transition emanates from sD2. It is 11"' polarised and is assigned as the en3 -..Xn4 
transition. The dominant sharp transition is from the sD3 Dl l'5 level to Xl l'4 as 
determined from the measured transition energy of 20589 cm-1 and polarisation of 0'. 

The 20556 and 20539 cm- l transitions are weak and display a 0' and a' polarisation 
dependences. They are assigned as the D41'2 -"U21'5 and D31'4 -"U21'5 transitions as 
appropriate. An additional feature at 20533 cm- l shows no particular polarisation 
dependence. From the frequency of this transition, we assign it as D21'3 -"U21'5' 
An extremely weak feature at 20521 cm -1 is determined to emanate from the 5D2 

multiplet. The observed 0' polarisation dependence and appropriate frequency of the 
transition, leads to its assignment as the C2I'1 -.. X21'5 transition. The 20506 cm- l 

transition is 11" polarised and can be assigned as the Dl l'5 -.. U 21'5 transition. The 
weaker broader transition at 20484 cm -1 is 0' polarised. We assign this transition as 
Cn3 -"X21'5' The Dns -"U31'2 transition is observed at 20365 cm-1 and displays a 
0' polarisation dependence as expected. The observed lineshape of the transition at 
20332 cm-1 is particularly asymmetrical. This is because of an underlying phonon 
structure which peaks 275 cm-1 displaced from the strong D11'5 -..U11'4 transition. 
This peak phonon energy is assigned as the (TO)L phonon peak by Ward and 
Whippy [89]. The 20332 cm- l line is electronic and is 11" polarised. We assign this 
feature as Cn3 -"X31'3. A broad feature centred at 20256 cm-1 is assigned as the 
D31'4 -"Us1'5 transition from its 0" polarisation dependence. The 20220 cni-1 is 
7[' polarised from which we assign this transition as the D11'5 -"Us1'5 transition. 
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Figure 6.78: 5D3 to 7F5 polarised up converted emission for the A centre in CaF2:0.05%Eu3+. 
Transitions emanating from 5D2 are labelled appropriately. Excitation is at 17288 cm -1. The 
spectra were recorded at 16K. 
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Figure 6.79: 5D3 to 1F6 polarised upconverted emission for the A centre in CaF2 :O.05%Eu3+. 
Transitions emanating from 5D2 and 5D1 are labelled appropriately. Excitation is at 17288 cm -1. 

The spectra were recorded at 16K. 
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Figure 6.80: 5D2 to 7F 4 polarised upconverted emission for the A centre in CaF2:O.05%Eu3+. 
Transitions emanating from 5D1 are labelled appropriately. Excitation is at 17288 em-I. The 
spectra were recorded at 16K. 
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Table 6.15: Polarisation data, frequencies and transition assignments of upeonverted fluorescence 
for the A centre in OaF2:O.05%Eu3+. Frequencies are in air em-1 (±1 unless otherwise stated). 
Excitation is at 17288 em-I. 

Transition Polarisation Transition Transition Polarisation Transition 
Frequency Assignment Assignment Frequency Assignment Assignment 

24078 (I Dn2 -+Y115 20604 ?T 

24055 (I D2~/3 -+ Y 115 20589 (I D 1"15 -+UlT4 
24028 ?T D1"/5 -+Y115 20556 (I D412 -+U215 
23873 (I D175 -+ Y 21'2 20539 (I' D314 -+U215 
23519 ?T D374 -+XlT4 20533 (mixed) D 213 -+U2"(5 
23485 (I Dl ~15 -+ X11'4 20521 (I 0 211 -+X21'5 
23389 (I D215 -+X215 20506 ?T D115 -+U215 
23365 ?T DlT5 -+X21'5 20484 (I 0 113 -+X215 
23237 ?T D2AI3 -+X313 20365 (I D 1"15 -+U312 
23215 (I D 115 -+X31'3 20332 ?T 0 1"13 -+X313 
23074 (I D175 -+ X41'l 20256±2 (I' D 31'4 -+U615 
22554 (I D3A/4 -+W11'5 20220 ?T' D 11'5 -+U6"15 
22534 ?T D3A/4 -+ W 21'4 20152 (I Dn5 -+U71'l 
22522 ?T Dl ~/5 -+ W 51'5 20143 (I Dn5 -+U812 
22503 (I D1 A/5 -+ W 21'4 19678 (I' 0 21'1 -+ W I 15 
22410 (I D2~/3 -+W315 19642 (I' 0 11'3 -+WlT5 
22382 ?T D 115 -+ W 315 19622 ?T' OlT3 -+W214 
22359 (I Dl ~/5 -+ W 412 19540 (I' 0 211 -+ W 3,5 
22226 ?T D2~/3 -+ W 513 19502 (I' 0 11'3 -+W31'5 
22207 (I DlT5 -+ W 513 19497 ?T' D 213 -+T114 
21876 ?T' D472 -+Vl11 19468 (I D 115 -+TlT4 
21825 (I' D175 -+ VI II 19462 ?T D115 -+T215 
21597 ?T D5~/5 -+ V 215 19459 (I D115 -+T311 
21569 (I' Dn4 -+V2 '"'(5 19328 ?T OlT3 -+ W 513 
21493 ?T 02~/1 -+Zl1'l 19179±5 ?T D 115 -+T515 
21388 (mixed) D1"/5 -+V31'2 19030 (I' B lT5 -+ Y lT5 
21348 (I' D213 -+ V41'5 19020 (I' 0 315 -+ V lT1 
21331 ?T' D1 ~/s -+ V 41'5 18770 (I' B212 -+ Y 1 IS 
21279 ?T' D314 -+V51'3 18722 ?T B 115 -+ Y lTS 
21249 (I' DlT5 -+ V S 13 18688 (I 0 21'1 -+ V 21'S 
21223 (I' D 115 -+ V 61'4 18570 (I B 11'5 -+ Y 212 
21178 (I' D1 "Is -+ V 71'1 18449 (I' 0 11'3 -+V41S 
21149 (mixed) On3 -+Yns 18177 (I' Bns -+XlT4 
20622 ?T D314 -+U11'4 18057 ?T' BlT5 -+X21S 
20613 ?T' U213 -+U114 17906 (I' Bns -+X313 
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The overlapping transitions at 20152 and 20143 cm-1 both a polarised. From this 
we infer that these are transitions from D115 to the previously unobserved U7 and 
Us states which are assigned to be singlets of II and 12 symmetry respectively as 
is consistent with crystal field calculations, fitting to all levels observed in down 
conversion. 

Transitions from 5D3 to 7F6 and 5D2 to 7F3 occur in the 19800-19100 cm-1 region and 
are shown in Figure 6.79. We discuss the transitions emanating from 5D3 first. Three 
transitions bunched together at 19468, 19462 and 19459 cm-1 are transitions from 
the D115 level to the T114, T215 and T311 states respectively, as is indicated by the 
respective a, 1[ and a polarisation behaviour of these transitions. Only one additional 
transition from 5D3 is observed at 19179 cm-1. This is a polarised and is assigned as 
the D115 -T515 transition. The transitions from 5D2 are, in general, the strongest 
features observed in Figure 6.79. The first of these transitions is very weak. It is 
observed at 19678 and is assigned as C211 -W115 from the observed a' polarisation 
dependence. The next two transitions are much stronger at frequencies of 19642 and 
19622 cm-1. These transitions display a' and 1[' dependencies respectively. From 
this, we assign these transitions as C113 -WI 15 and W 214. The next transition is 
weak. This is at a frequency of 19540 cm-1 and is a' polarised. This transition is 
assigned as originating from the C211 state and terminates on W315. The transition 
at 19502 cm-1 does not give a clear polarisation ratio, but the transition frequency 
is in good agreement with the energy mismatch between C113 and W 315 states 
. The significantly broader 18328 cm -1 transition is 1[ polarised and assigned as 
the C113 - W 513 transition. A further emission feature from the 5D2 multiplet is 
observed at 19020 cm-1. This transition is a' polarised indicating a transition from 
a doublet state. The final state is clearly the VIII state due to its spectral isolation. 
Thus, it is concluded that there is a 15 doublet at an energy of 21530 cm-1(C315 ). 
This in agreement with the study of Hamers et. al. [104] who found an excitation 
feature at approximately this frequency. The final emission feature observable in 
Figure 6.79 is at a frequency of 19030 cm-1 and is a' polarised. This leaves no 
doubt that this is the B115 -Z111 transition. 

The remaining transitions from 5D2 to the 7F 4 multiplet are shown in Figure 6.80. 
Also shown in Figure 6.80 are transitions from 5D1 to the 7F1 multiplet which have 
been discussed previously in the down converted spectra. Transitions at 18688 and 
18449 cm-1 emanate from 5D2. The first of these transitions is a polarised and 
assigned as Cll3 -V 215. The second is a polarised and we assign as C113 -V 415. 
No further emission features could be detected from 5D2. 
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6.5.3 SrF2 :Eu3+ - A Centre 

For excitation of the 17298 cm-I 7Fo -+5Do transition, the highest frequency emis
sion observed emanates from the 5H3 multiplet at around 29950 em-I, as shown in 
Figure 6.81. This fluorescence is extremely weak and the spectrometer slits were 
set at 3mm with 400 m W of R560 excitation. Due to the wide slit settings, little 
meaningful data could be collected from the observed fluorescence as the frequency 
resolution was low. 

5D3 -+ 7F 1 emission is observed in the 24100-23900 cm-I region. Three electronic 
transitions are observed. Two of these transitions are assigned to terminate on the 
YII5 level at 324 em-I. These are at frequencies of 24067 and 24049 cm-I and are 
0' and 7r polarised respectively. They are assigned as o'riginating from the D2'Y3 and 
DII5 states. This places these states at 24391 and 24373 em-I. The broader 23938 
em -1 transition is 0' polarised and is assigned as the Dll5 -+ Y212 transition (Figure 
6.82). No 5D3 -+Zlll transition was observed. Upconverted transition energies and 
polarisation assignments are given in Table 6.16. A feature labelled v in Figure 6.82 
is not listed in Table 6.16 because only electronic transitions have been given. This 
feature, at 23742 cm-1 is assigned as a transition terminating on vibronic levels of 
the SrF 2 host lattice. 

It can be observed in Figure 6.83, that transitions from 5D3, which terminate on 7F2 
are observed in the 23600-23100 cm-1 region. A number of transitions are observed. 
These correspond to emission from three different levels of the 5D3 multiplet. The 
23528 and 23498 cm-1 transitions terminate on the X1'Y4 transition at 874 em-I. 
These transitions are electric dipole 7r and magnetic dipole 0" polarised respectively. 
In accordance with this, they have been assigned as the D314 and D1'Y5 -+XII4 tran
sitions respectively. This places the D314 state at 24402 em-I. Three transitions are 
observed to the X2'Y5 state at 968 em-I. The two higher energy 23430 and 23422 
em -1 states are both 0' polarised and are therefore assigned as transitions from the 
D3'Y4 and D2'Y3 states respectively. The 23404 cm-1 transition is 7r polarised and 
assigned to emanate from the Dll5 state. Two broader transitions are observed at 
23243 and 23201 em-I. These are assigiled as the D314 and D1'Y5 -+X313 transi
tions. The observed 7r' and 0' polarisation for these transitions. It is noted by the 
author that the D213 -+X313 transition is missing here. This is unusual since its 
inverted polarisation behaviour to the two observed transitions should enable it to 
be observed clearly even if it is weak. 

Eleven transitions are observed from the 5D3 multiplet to 7F3 in the 22600-22200 
cm-I region (Figure 6.84). The Wll5 and W2'Y4 states are separated by 18 cm-1 and 
transitions from the 5D3 multiplet to these two levels overlap and form an initially 
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Figure 6.81: 5Ha to 7FJ multiplet upconverted emission for the A centre in SrF2:0.05%Eu3+. 
Excitation is at 17298 cm --:1. The spectra were recorded at 16K 
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Figure 6.82: 5D3 to 7Fl polarised up converted emission for the A centre in SrF2 :O.05%Eu3+, v 
indicates a vibronic sideband. Excitation is at 17298 cm- t , The spectra were recorded at 16K. 
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confusing pattern. An extremely weak transition at 22584 cm-1 is assigned as the 
D51'5 -+ W 21'4 transition. The (J' polarisation of this level is consistent with this and 
the D51'5level is assigned an energy 24437 cm-I above the ground state. Immediately 
following this, are two (J polarised transitions which are assigned as terminating 
on the W IT5 state. These transitions must therefore, emanate from singlet states. 
They are observed at energies of 22565 and 22556 cm-I and are assigned as the D31'4 
D21'3 -+ W 11'5 transitions. The 22548 cm -1 transition is 1f polarised and consistent 
with a D31'4 -+W21'4 transition. A strong transition is observed at 22537 cm-1 

which does not exhibit a well defined polarisation ratio. This is a good indication 
that at least one 1'5 is involved in the transition. Both D1 and WI are 1'5 doublet 
states. This transition is a good match energetically for a transition between D1I'5 
and VV11'5 and is assigned as such. The next observed transition at 22520 cm-I 

displays a well defined polarisation behaviour and is (J polarised. This is assigned 
as a DIT5 -+W21'4 transition. Two transitions at 22458 and 22449 cm-1 are much 
weaker than the previous transition and are both (J polarised. They are assigned as 
the D31'4 and D21'3 -+ W 41'5 transitions. The more intense transition at 22430 cm-I , 

being the expected DI I'5 -+ W 41'5. The 1f polarisation of this transition confirms this 
assignment. The next two transitions are broad and are not distinguishable prior 
to polarising the spectrum. These are the D21'3 and D11'5 -+ W 51'3 transitions. The 
two transitions are observed at 22293 and 22284 cm-I and are 1f and (J polarised. 

Transitions from 5D3 to the 7F4 multiplet are shown in Figure 6.85 and are observed 
in the 22000-21200 cm-1 region. Two transitions are observed to the VII'I leveL 
These are magnetic dipole 1f' and (J' polarised transitions and are assigned as the 
D41'2 and DIT5 -+ VII'I transitions at 21886 and 21839 cm-I respectively. This yields 
the D4I'2 state energy as 24417 em -1. Three transitions to the V 21'S level are observed 
at 21620, 21609 and 21590 em-I. The first two transitions are both (J' polarised and 
are assigned as emanating from the D31'4 and D21'3 states respectively. The last 
transition to the V 21'5 state does not give a particularly well defined polarisation 
ratio and is assigned as the D11'5 -+V21'5 transition. The 21450 cm-I transition is 
assigned as the D11'5 -+ V 31'2 transition because of the appropriate energy match. 
Two transitions to the V41's state are observed at 21395 and 21385 em-I. They are 
(J' and 1f' polarised respectively and are assigned as emanating from D21'3 and D11'5. 
The 21347 cm-1 transition is observed as a foot on the D1I's -+V41's transition and 
is 1f' polarised. It is assigned as the D31'4 -+ V 51'3 transition. The next observed 
transition is at 21322 em -1 and is (J' polarised. This is the DIT5 -+ V 51'3 transition. 
The 21304 and 21292 cm-1 transitions terminate on the V61'4 level. They are 1f' and 
(J' polarised respectively, and emanate from D21'3 and DIl'5 in turn. The observation 
of the D3I'4 -+ V 51'3 and D21'3 -+ V 61'4 transitions is interesting as no corresponding 
D21'3 -+V5I'3 and D31'4 -+V6I'4 transitions are observed. This indicates that the 
5D3 -+7F4 emission is dominated by magnetic dipole transitions. Finally, the 21255 
cm-1 transition is assigned as DIT5 -+V7I'1 as is consistent with the observed (J' 
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Figure 6.83: 5D3 to 7F2 polarised up converted emission for the A centre in SrF2:0.05%Eu3+. 
Excitation is at 17298 em-I. The spectra were recorded at 16K. 
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Figure 6.84: 5D3 to 7F3 polarised up converted emission for the A in SrF2:0.05%Eu3+. Excitation 
is at 17298 cm -1. The spectra were recorded at 16K. 
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Figure 6.85: 5Da to 7F 4 polarised upconverted emission for the A centre in SrF2 :O.05%Eu3+. 
Transitions emanating from 5D2 are labelled appropriately. Excitation is at 17298 em-I, The 

were recorded at 16K. 
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polarisation of this transition. An additional weak transition at 21156 cm-I is the 
C l l'3 transition. This places the CIl'3 state 21480 cm -1 above the ground 
state. No C l l'3 ~Y21'2 transition would be expected to be observed due to the C4v 
selection rules. 

The to 7F5 multiplet fluorescence is observed in the 20700-20200 region 
and overlaps the 5D2 ~7F2 fluorescence. The spectrum is shown in Figure 6.86. 
Eleven distinct fluorescence transitions are observed from the 5D3 multiplet to 7F5. 
Two transitions are observed to Ul'Y4' These transitions are observed at energies 
20653 and 20625 cm-I and are 1f and (5 polarised respectively. Accordingly they 
are assigned as emanating from D31'4 and DIl'5 respectively. Four transitions are 
observed to the U21'5 state at 3820 cm- l . The only missing transition is that which 
emanates from D51'5 and this could well be obscured by the transitions to the U1/'4 
state. The four observed transitions are at frequencies of 20597, 20579, 20568 and 
20550 cm- l

. They are assigned as emanating from the D41'2' D31'4' D21'3 and D1/'5 
states respectively. All, except the D21'3 ~ U 21'5 transition, show well defined polar
isation behaviour as listed in Table 6.16. Transitions to the U41'5 state are broader 
and only two are observed. These are the D21'3 and D1/'5 ~ U41'5 transitions as as
signed from their (5' and 1f respective polarisations. The 20352 cm- l transition is (5' 

polarised and assigned as the D1/'5 ~U61'3 transition. The broader 20300 cm- l tran
sition is assigned as the DI l'5 ~U61'5 transition on the basis of the 1f polarisation of 
this transition. fina1 5D3 transition observed is more difficult to assign as 
it could terminate on either of two levels. This transition is at a frequency of 20232 
cm-I. It is (5 polarised and emanates from the Dl'Y5 state. The likely terminating 
states are the U71'1 or USI'2 states both of which will display a (5 polarisation for 
emission from a 1'5 doublet. The crystal field analysis of section 6.6 places the USI'2 
state closer and thus this transition is assigned as the DI 1'5 ~ Us 1'2 transition. The 
V8/'2 state is therefore, placed at 4141 cm-I from Z1l'1. Two 5D2 ~7F2 transitions 
are also observed in this region of the spectrum as mentioned above. The first is at 
20607 cm-I and is 1f' polarised. It is assigned as the C1/'3 ~XIl'4 transition. The 
second is 20513 cm- l and is (5 polarised. This is the CI l'3 ~X2'Y5 transition. 

For transitions in the 19800-19000 cm-1 region, emission from three different mul
tiplets is superimposed. The first set of transitions is the 5D2 ~ 7F 6 emission. Six 
transitions are observed. The first pair of lines are the C21'1 and C1/'3 ~ W 1/'5 tran
sitions, as determined from the (5' polarisation behaviour that is displayed. The 
previously undetermined C21'1 level is therefore, placed at 21512 cm- l from the 
ground state. The 19627 transition is assigned as the C l 1'3 ~ W 21'4 transi
tion from the 1f' polarisation of this transition. The next two features are assigned 
as the C21'1 and ClI'3 ~W41'5 transitions and are at energies of 19572 and 19538 
cm-1 respectively. The observed polarisation of (5' for the C1l'4 ~W4'Y5 transition 
is consistent with this, however the C21'1 ~ W 41'5 transition did not yield well de-
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Figure 6.86: 5D3 to 7F5 polarised up converted emission for the A centre in SrF2:0.05%Eu3+. 
Transitions emanating from 5D2 are labelled appropriately. Excitation is at 17298 cm- I . The 
spectra were recorded at 16K. 
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Figure 6.87: 5D3 to 7F6 polarised up converted emission for the A centre in SrF2:0.05%Eu3+. 
Transitions emanating from 5D2 or 5DI are labelled appropriately. Excitation is at 17298 ern-I, 

The spectra were recorded at 16K. 



280 Chapter 6. Spectroscopy of Eu3+ Ions in CaF2, SrF2 and BaF2 Crystals 

YX 

1-2 

yy 

1-5 

18300 18400 18500 18600 18700 18800q 

Wavenumbers (em-I) 

Figure 6.88: 5D2 to 7F4 polarised up converted emission for the A centre in SrF2:0.05%Eu3+. 
Transitions emanating from 5D1 are labelled appropriately. Excitation is at 17298 em-I. The 
spectra were recorded at 16K. 
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Table 6.16: Polarisation data, energies and transition assignments of upconverted fluorescence for 
the A centre in SrF2:0.05%EuH . Energies are in air cm-1 (±2 unless otherwise stated). Excitation 
is at 17298 em-I. 

Transition Polarisation Transition Transition Polarisation Transition 
Frequency Assignment Assignment Frequency Assignment Assignment 

24067 0' D21'3 --. Y 11'5 20607 'IT' C11'3 --.X11'4 
24049 'IT D11'5 --. Y11'5 20597 0' D41'2 --.U21'5 

23938±4 0' D11'5 --. Y21'2 20579 0" D31'4 --. U21'5 
23528 'IT D31'4 --.X11'4 20568 (mixed) D21'3 --. U21'5 
23498 0" D11'5 --.X11'4 20550 'IT D11'5 --.U21'5 
23430 0' D31'4 --.X21'5 20513 0' C11'3 --.X21'5 
23422 0' D21'3 --. X21'5 20390 0" D21'3 --.U41'5 
23404 'IT D11'5 --.X21'5 20377 'IT D11'5 --.U41'5 
23243 'IT' D31'4 --.X31'3 20352 0" D l 1'5 --.U51'3 
23201 0' D l 1'5 --.X31'3 20300±5 'IT D11'5 --.U61'5 
22584 0" D51'5 --.W21'4 20232 0' D l 1'5 --.US1'2 
22565 0' D31'4 --. W 11'5 19677 0" C21'1 --. W 11'5 
22556 0' D21'3 --. W 11'5 19645 0" C11'3 --. W 11'5 
22548 'IT D31'4 --. W 21'4 19627 'IT' C11'3 --. W 21'4 
22537 (mixed) D 11'5 --.W11'5 19572 (mixed) C21'1 --. W 41'5 
22520 0' D 11'5 --. W 21'4 19538 0" C 11'3 --. W 41'5 
22458 0' D31'4 --.W41'5 19512 'IT D31'4 -+T11'4 
22449 0' D21'3 -+W41'5 19484 0' D11'5 --.T11'4 
22430 'IT D11'5 -+ W 41'5 19478 'IT D11'5 -+T21'5 

22293±4 'IT D21'3 -+W51'3 19392 'IT C11'3 -+ W 51'3 
22284±4 0' D11'5 -+ W 51'3 19296 'IT D11'5 --.T51'5 

21886 'IT' D41'2 -+ V 11'1 19229 0" D11'5 --.Ta1'1 
21839 0" Dl1'5 --. VI il 19082 'IT' B21'2 --.ZI1'1 
21620 0" D 31'4 --.V21'5 19048 0" B11'5 --.Z11'1 
21609 0" D21'3 --. V 21'5 18978 'IT C21'1 --. V 11'1 
21590 (mixed) D11'5 --. V 21'5 18724 'IT B11'5 --. Y 11'5 
21450 (mixed) D11'5 -+ V 31'2 18697 0' C11'3 --. V 21'5 
21395 0" D21'3 -+ V 41'5 18619 0' B11'5 --. Y21'2 
21385 'IT' D11'5 --. V 41'5 18495 0" C11'3 --. V 41'5 
21347 'IT' D31'4 --. V 51'3 18430 'IT C11'3 --. V 51'3 
21322 0" D11'5 --. V 51'3 18405 'IT C21'1 --. V 7'/1 
21304 'IT' D21'3 --. V 61'4 18175 0" B11'5 --.X11'4 
21292 0" D11'5 -+ V 61'4 18114 0" B21'2 --.X21'5 
21255 0" D11'5 --. V 7'/1 18080 'IT' B11'5 --.X21'5 
21156 (mixed) C11'3 -+ Y 11'5 17873 0" B11'5 --.X31'3 
20653 'IT D31'4 --.U11'4 17823 0" B11'5 --'~1'l 
20625 0' Dl1'5 --.U11'4 
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fined polarisation ratios. The final 5D2 ~ 7F 6 transition observed in this region was 
C1T3 ~ W5/3 transition which showed 7r polarisation. Fluorescence from 5D3 ~7F6 
is observed in the 19520-19200 cm-1 region. Two transitions are observed to the 
T 114 level. These emanate from the D314 and D1T5 states and are observed at 
19512 and 19484 cm-1 respectively. The polarisation behaviour of 7r and (J' for these 
transitions, is consistent with these assignments. The 19478 cm-1 transition is 7r 

polarised and is assigned as the D1I5 ~T215 transition. Two further transitions are 
observed to this multiplet at 19296 and 19229 cm-1. They are 7r and (J' polarised 
respectively and are assigned as D1T5 ~T515 and T611 . This places the previously 
unobserved T515 level at 5077 cm-1 above the ground state. As shown in Figure 
6.87 the B212 and B1I5 transitions to ZlTl are observed at 19082 and 19048 cm-1 

and show the expected 7r' and (J' polarisations. The final feature observed in Figure 
6.87 is the C211 ~ V 111 transition at 18978 cm-1. This transition is 7r polarised, 
consistent with its assignment. 

In the 18800-18300 cm-1 region, 5D2 ~7F4 and 5D1 ~7Fl emission overlaps. The 
5D1 ~7Fl transitions are observed at 18724 and 18619±4 cm-1 and are assigned (as 
with the down converted spectrum) as the B lTS ~ Y liS and B11S ~ Y 212 transitions 
respectively, from the observed polarisation of 7r and (J. Four sD2 ~ 7F 4 emission 
features are observed in Figure 6.88. The 18697 cm-1 transition is (J' polarised and 
is assigned as the Cll3 ~ V 21S transition. The Cll3 ~ V 415 is observed at 18495 
cm-1 and displays a magnetic dipole (J" polarisation behaviour. The remaining two 
transitions are both (J' polarised. They are observed at energies of 18430 and 18405 
cm -1 respectively. We assign these as the C113 ~ V 513 and C211 ~ V 711 transitions. 

Also listed in Table 6.16 are the sD1 ~7F2 up converted fluorescence transitions. As 
these are the same as that reported for the downconverted emission, no spectrum 
is given. Transitions from sD2 to the 7F sand 7F 6 multiplets were searched for but 
could not be observed. 

6.5.4 The BaF2:Eu3+ L Centre 

For excitation of the 17303 cm-1 ZlTl ~A111 transition, up conversion fluorescence 
is observed emanating from the 5D3, sD2 and 5D1 multiplets. The BaF2:Eu3+ L 
centre is a C3v symmetry centre with only a weak axial distortion. As such, the 
17303 cm -1 transition is not as efficient as the equivalent transition in the C4v 
symmetry centres, at populating the sDo state. An overview of the up conversion 
fluorescence observed is shown in Figure 6.89. 

Figure 6.90(a) shows fluorescence from sD3 to the 7F1 multiplet. Only one transition 
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is observed and it is sufficiently weak that 400/3000/3000/400 11m spectrometer slits 
widths were necessary, at excitation powers of 400 m W, to record the given spectrum. 
The single observed transition, at a frequency of 24037 cm-l , terminates on Yl13' 
This places the 5D3 state at 24362 cm -1. In Figure 6.90(b) the corresponding 
transitions to the 7F 2 multiplet are shown. Two transitions at 23508 and 23480 
cm- l orginate from the same 5D3 level (at 24362 cm-l ). These transitions terminate 
on the Xll3 and X2/1 states at 852 and 883 cm-l. A third transition at 23072 cm-l 

terminates on the 1288 cm-l X3/3 transition. Transitions at 23313 and 22947 cm-l 

are due to associated vibronic sidebands observed previously in emission from lower 
energy multiplets. 

Transitions to the 7F 3 multiplet occur in the 22600-22400 cm-l region as shown in 
Figure 6.92(a). Only three transitions are observed. Transitions at frequencies of 
22521 and 22487 cm-l emanate from the 24362 cm-l 5D3 state. The transitions 
terminate on the 7F3 Wll2 and W213 states at 1842 and 1875 cm-l. A third transi
tion at 22534 cm-l also terminates on the Wll2 state at 1842 cm-l. This originates 
from a higher, thermally populated level of the 5D3 multiplet at 24376 cm-l. By 
contrast transitions to the 7F 4 multiplet are reasonably intense and numerous. The 
21905 cm -1 transition (shown amplified in Figure 6.92(b)) terminates on the 2458 
cm -1 VIII transition and unlike the rest of the spectrum was too weak to obtain 
a polarisation ratio. The 21529 cm-l transition is 7l" polarised and terminates on 
the V 212 state at 2848 cm-l. This indicates the upper state is a singlet of 12 irrep 
symmetry. Thus, we assign the 24376 cm-l (5D3) state as D211 . The 21517 cm-l 

cm-l transition is 0" polarised and also terminates on the V212 state. Therefore we 
assign the 24362 cm-l (5D3) state as Dl13 . The 21508 cm- l gives a poor polarisa
tion ratio. This is consistent with its assignment as Dll3 ---+ V 3/3, A smaller feature 
at 21482 cm- l cannot be explained in terms of 5D3 multiplet emission to known 
7F 4 multiplet levels. The electric dipole 0' polarisation of the transition indicates a 
transition involving both a doublet and a singlet. Thus, we are lead to conclude that 
this transition emanates from 5D2 and is assigned as Cll3 ---+ZlIl. A broad struc
ture around 21320 cm-l originates from 5D3 and comprises four distinct transitions. 
The shoulder at 21335 cm-l has 0' polarisation and is assigned as D211 ---+V413 . The 
first peak is split by nine wavenumbers, the separation between the Dll3 ---+ V 413 
and D211 ---+ V 6/3 transitions as evidenced by their polarisation behaviour (see Table 
6.17) and the 21326 and 21317 cm -1 transition frequencies. The largest peak at 
21305 cm -1 is assigned as the Dll3 ---+ V 6/3 transition. The broader transitions in 
the 21270 - 21210 cm- l region are assigned as vibronic sidebands. 

Figure 6.92 shows transitions from 5D3 to 7F5 and from 5D2 to 7F2 in the 20700 
- 19800 cm- l region. A set of five transitions in close proximity form the first 
transition group centred around 20600 cm-l. The strongest transition is the 20629 
cm- l Cl/3 ---+Xl/3 transition. This gives a weak polarisation dependence as would 



284 Chapter 6. Spectroscopy of Eu3+ Ions in CaF2. SrF2 and BaF2 Crystals 
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Figure 6.89: Overview of L centre upconversion fluorescence in BaF2 :O.05%Eu3+ 
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Figure 6.90: Up conversion fluorescence 5D3 to (a) 7Fl and (b) 7F2 for the L centre in 
BaF2:0.05%EuH . The spectra were recorded at 16K. 
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Figure 6.91: Up conversion fluorescence 5D3 to (a) 7F3 and (b) 7F4 for the L centre in 
BaF2:O.05%Eu3+. The spectra were recorded at 16K. 
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Figure 6.92: Up conversion fluorescence sD3 to 7Fs for the L centre in BaF2 :O.05%Eu3+. The 
transition labelled * is unassigned. The spectra were recorded at 16K. 
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Figure 6.93: Upconversion fluorescence (a) 5D2 __ 1Fl and (b) 5D1 _1FO for the L centre in 
BaF2 :O.05%Eu3+. The spectra were recorded at 16K 
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Figure 6.94: Up conversion fluorescence 5D1 ..... 7F1 for the L centre in BaF2 :O.05%Eu3+. The 
spectra recorded at 16K. 
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Table 6.17: Up conversion fluorescence transition frequencies (air cm-1±1) and polarisation for 
the L centre in BaF2:0.05%Eu3+. The t notation indicates a tentative assignment. 

Transition 
Frequency Assignment 

24037 DlT3 -loYlT3 
23501 Dl ,3 -loXl ,3 
23484 DlT3 -loX2,l 
23072 D1,3 -loX3,3 
22534 D21'l -lo W 1,2 
22521 DlT3 -lo W lT2 
22487 D1,3 -loW 2,3 
21905 DlT3 -loVlTl 
21529 D2,l -loV2,2 
21517 D1,3 -loV2,2 
21508 D1,3 -lo V 3,3 
21482 ClT3 -loZlTl 
21335 D2,l-loV4,3 
21326 DlT3 -lo V 41'3 
21317 D2,l -lo V 6,3 
21305 DlT3 -lo V 6,3 
20629 ClT3 -loXlT3 
20599 C1,3 -loX2,l 
20584 D21'l -lo U21'l 
20574 D1,3 -loU21'l 
20216 DlT3 -loUnj 
20192 ClT3 -loX31'3 
19638 Cl ,3 -lo W 1,2 
19603 ClT3 -loW2,3 
19558 ClT3 -loW3,l 
19530 ClT3 -loW41'3 
19070 B2,2 -loZlTl 
19056 Bl ,3 -loZ1,l 
19026 C1,3 -lo V 111 
18748 B2,2 -loYlT3 
18732 BlT3 -loYlT3 
18680 B2,2 -lo Y 2,2 
18667 B1I3 -loY lT3 
18633 Cl ,3 -loV21'2 
18615 ClT3 -lo V31'3 

Polarisation 
Ratio (YX:YY) Assignment 

3:1 iT' 

1:2.2 II' 

1:1.4 Arb 
2.3:1 II 

2:1 II 

1:2.1 Arb 
1:2.4 II' 

2.6:1 Arb 
1:1.8 Arb 

1:1.1 mixed 

1:2.3 II' 

1.1:1 Arb 
1:2.3 II' 

1:1 Arb 
2.9:1 iT' 

1:2.3 II' 
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be expected from its selection rules. Nearby, at 20599 cm-1 is the C1'Y3 -+X21'1 
transition which is too weak to polarise. At 20574 and 20584 cm-1 are the D11'3 and 
D21'1 to Unl transitions. A further weak transition at 20610 cm-1 could terminate 
on the U 1 state, however without polarisation or a knowledge of the U 1 state energy 
this is difficult to assign. It remains unassigned. A strong transition at 20378 
cm-1 is the familiar 196 cm-1 phonon associated with the 20574 cm-1 transition. 
A transition at 20192 cm-1 is assigned as the C11'3 -+X31'3 transition. A nearby 
sharp transition at 20140 cm-1 (or 496.5 nm) is noted to be coincident in frequency 
with an argon laser line presumably due to small amounts of scatter of the all lines 
(visible) pump source of the R590 dye used. A transition at 20216 cm-1 was too 
weak to polarise, however assuming emission from the 5D3D11'3 state yields a state 
at an appropriate energy (of 4115 em-I) to be assigned as the U7 state. 

Transitions from the 5Dz multiplet to 7F3 in the 19700 - 19450 cm-1 region (shown 
in Figure 6.93(a)) are less complex. Four transitions are observed at good signal 
intensities. The 19638 and 19558 cm-1 transitions give (j' polarisation ratios and are 
therefore assigned as the C11'3 -+ W 1 1'z and W 31'1 transitions. The remaining two 
transitions at 19603 and 19530 cm-1 terminate on the W Z1'3 and W41'3 states and 
give essentially arbitrary polarisation ratios as consistent with 1'3 -+ 1'3 transitions. 
Figure 6.93(b) shows transitions from the 5D1 multiplet to the ground state. As 
would be expected two transitions are apparant at frequencies of 19070 and 19056 
cm-1 with 1f" and (j' polarisation. These are the Bz1'z and B1'Y3 -+ZI1'1 transitions. 
A weak transition at 19026 cm -1 is assigned as the C11'3 -+ V 11'1 transition from the 
appropriate energy mismatch. 

Transitions from 5D1 to 7Fl are shown in Figure 6.94. The highest frequency tran
sition is a vibronic sideband of the 5D1 -+7FO transitions. The 18748 and 18732 
cm-1 terminate on the Y1'Y3 state and originate from the B21'2 and B11'3 states re
spectively. The 18680 and 18667 cm-1 terminate on the Y 21'z state and have the 
same initial states. Two stronger transitions at 18633 and 18615 cm-1 are 5Dz -+7F4 
transitions. They are assigned as C11'3 -+ Vz1'z and V31'3 transitions. 

6.6 Crystal Field Analyses for the C4v and C 3v Symmetry 
Centres 

Crystal field analyses were performed for tetragonal C4v symmetry and trigonal 
C3v symmetry Eu3+ ion centres in CaFz! SrFz and BaFz crystals. The appropriate 
Hamiltonians for these symmetries have been given earlier in chapter two. As with 
the Sm3+ ion centres, the F-Shell Empirical programs of Dr Mike Reid were em
ployed. The f6 configuration is appropriate for the Eu3+ ion which consists of 3003 
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electronic states. 

Crystal field analyses of Eu3+ ion centres have been reported in many hosts (eg 
LiYF 4:Eu3+ [107]). Amongst which a series of classic papers by Porcher and Caro 
[128] (1976), [129] [130] (1978) presented analyses for Eu3+ ions in KY3F 10 ' In 
this crystal, the Eu3+ ions reside in a C4v symmetry centre. The authors noted 
that the fluorescence was of a multipolar character, an observation which typifies 
Eu3+ fluorescence. The crystal field analysis presented in the work of Porcher and 
Caro was successful, although difficulty was had in accurately determining the free 
ion parameters as only levels of the 7FJ and the three lowest 5D term multiplets 
were fitted. These authors carried the analyses onto intensity parameterisation and 
non-radiative transition probabilities. 

For the crystal field analyses presented here, the f6 configuration has been truncated 
to the lowest 40 multiplets (400 electronic states) as an approximation to the entire 
configuration. Only the crystal field levels of the 7F 0, 7F 1, 7F 2, 7F 3, 7F 4, 7F 5 and 7F 6 
multiplets of the 7F term and the 5Do, 5D1, 5D2 and 5D3 multiplets of the 5D term 
have been determined experimentally. As a consequence of this, the interactions 
within the 'free ion', other than the spin-orbit interaction, are not well accounted 
for. Generally the parameters representing these free ion interactions are not fitted 
but are held fixed at the values determined by Carnall et. al. [68]. The F2 Slater 
radial parameter has been varied freely as the 7F - 5D splitting is known. However 
the F4 and F6 parameters are constrained to the ratios ~: =0.71 and ~: =0.51. These 
are the ratios obtained for Eu3+ doped LaF 3 by Carnall et. al. 

The crystal field fits for the C4v symmetry A centres in CaF2 and SrF2:Eu3+ are 
presented in Table 6.18 and 6.19 with the optimised parameters presented in Table 
6.20. As can be observed, reasonable agreement between the fitted values and ex
perimental values is obtained. These parameter values agree well with previously 
obtained pararr:eters (tabulated in chapter nine) which confirm the RE3+-F- config
uration for these centres as that of a nearest neighbour interstitial F- ion situated 
along the (100) axis. 
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Table 6.18: C4v symmetry crystal field fit to the 7F term and the four lowest multiplets of the 5D term energy levels of the A centre in 0 

CaF2 :Eu3+. 
.., 
'< 
til 

State & Calculated Experimental State & Calculated Experimental E 
Symmetry Energy Energy Symmetry Energy Energy 

>,j 
<D. 
0: 

Z1l1 -2 0 Unl 4184 4183 )-
::; 

Y ll5 312 307 Ug,2 4185 4192 .z 
til 

Y2/2 495 456 T1I4 4891 4866 '" til 

X 114 839 852 T2/5 4900 4873 0' ... 
X2/5 969 971 T3Il 4908 4879 

po 
'" 

X313 1130 1123 T4I2 5138 5150 0 ... 
< 

X411 1242 1261 T5/5 5164 5158 '" ::; 
p.. 

W ll5 1806 1814 T613 5173 0 
'" 

W2/4 1826 1835 Tnl 5183 5167 < 
(fJ 

W3I5 1952 1953 Tg,5 5223 5184 '< a 
W 4I2 1976 1977 T 9'4 5398 a 

'" 
W 513 2113 2130 TlOI3 5398 ~ 

0 

VIII 2503 2510 AliI 17315 17288 <D a 
V2/5 2764 2800 B1I5 19022 19029 

... 
<D 
til 

V3I2 2936 2947 B2/2 19089 19073 
V4I5 3001 3006 C1I3 21453 21455 
V513 3071 3089 C2/1 21490 21495 
V614 3104 3114 C3I5 21521 21537 
Vnl 3136 3156 C4I4 21522 
U1I4 3753 3747 Dn5 24333 24335 
U2/5 3833 3829 D2/3 24367 24362 
U3I2 3958 3970 D3I4 24357 24371 
U4I3 4032 4020 D4I2 24367 24385 
U5/5 4036 4035 D5/5 24406 24397 
U615 4112 4115 

'" <0 
W 
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C4v symmetry crystal field fit to the 7F term and the four lowest multiplets of the 5D term energy levels of the A cent~e in 

""-
Table 6.19: 
SrF2:EuH .t indicates the data of Jouart et. al. 

State & Calculated Experimental State & Calculated Experimental 
Symmetry Energy Energy Symmetry Energy Energy 

Z1l1 -1 0 Unl 4133 
Yl/5 331 324 US/2 4133 
Y2I2 451 427 T1I4 4915 4888 
X 114 862 874 T 2I5 4921 4892 
X2/5 959 968 T3II 4923 4895 
X3/3 1148 1169 T4/2 5083 5055 
X4/1 1201 1221 T 5/5 5123 5077 0 ::r-
Wl/5 1823 1835 T6/1 5147 5139 

po 
'0 
'"" 1846 1853 Tn5 5160 5140 
CI> 

W 2I4 
... 
?' 

W3/2 1933 1936 TS/3 5154 5146 CIl 

W4/5 1936 1939 T9/4 5295 '0 
CI> 
n 
'"" W5/3 2068 2084 TlO/3 5295 ... 
0 
III 

VIII 2525 2531 AlII 17343 17298 
n 
0 
'0 
'< 

V2I5 2774 2779 B1I5 19055 19049 0 ..., 
V3/2 2904 2921 B2I2 19098 19082 tJ:j 

.: 
C1l3 

"" V 4/5 2977 2986 21482 21480 + 
H 

V5/3 3029 3051 C2II 21510 21511 0 
t:l 
til 

V 6/4 3073 3081 C3I5 21542 21554 5' 

Vnl 3079 3114 C4/4 21547 21566t 0 
po 
"1j 

U1I4 3750 3748 D l/5 24368 24373 ~ 
CIl 

U2I5 3821 3820 D2I3 24396 24391 ... 
"1j 
tv 

U3/2 3940 3960 D3I4 24387 24401 po 
t:l 

U 4/5 3987 3994 D4/2 24400 24419 Po 
tJj 

U 5/3 4021 D 5/5 24424 24436 
po 
"1j 
tv 

U 6/5 4067 4054 0 ... 
~ 
'"" E.. 
III 
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Table 6.20: Crystal field parameters for the C4v symmetry A centres in CaF2:Eu3+ and 
SrF2 :Eu3+. Quantities in square brackets were not varied. All parameter values are in em-I. 

Parameter I SrF2 CaF2 

F tot 83406 83267 
a [20] [20] 
~ ~57~ ~57~ 
'Y [1450] [1450] 

T2 [330] [330] 
T3 [41.5] [41.5] 
T4 [62] [62] 
T6 [-295] [-295] 
T7 [360] [360] 
T8 [310] [310] 

M tot [3.03] [3.03] 
P tot [300] [300] 

( 1324 1325 
B~ 469 718 
B~ 
B~ 
B~ 
Bb 
n 
(J 

364 
463 

-1176 
552 
44 
20 

442 
545 

-1209 
656 
45 
17 
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Table 6.21: C3v symmetry crystal field fit to the 7F term and the three lowest multiplets of the 5n term energy levels of the J centre in 
SrF2:EuH .t indicates the data of Jouart et. al. 

State & Calculated Experimental State & Calculated Experimental 
Symmetry Energy Energy Symmetry Energy Energy 

Z1l1 -5 0 U4'Y3 3963 
Yl'Y3 333 318 U5'Y2 4134 
Y 2'Y2 408 397 U6'Y3 4139 
X1l3 837 831 U7'Y3 4194 
X2'YI 856 953 T 1'Y1 4945 4962 0 

::r' 
II! 

X3'Y3 1289 1316 T2'Y3 4990 5003 '0 .... 
'" VV1'Y2 1838 1836 T3'Y3 
.., 

5054 5049 ?' 

W2'Y3 1883 1875 T 4'Y2 5058 5073 Ul 
'0 

W3'YI ' TS'YI 5068 '" 1949 1934 " <+ 
3 

\lV4'Y3 1972 1967 T 61'I 5231 til 

" 0 

WS1'2 2139 T71'2 5234 ~ 
0 

VIl'l 2438 2454 T S1'3 5240 .... 
ttl 

V2'Y2 2849 2860 T 91'3 5248 
., 
w 
+ 

V31'3 2854 2881 AII'I 17282 17295 
...... 
0 ::; 
<II 

V41'3 3086 3063 B1I3 19036 19046 s· 
VSI'I 3107 B2'Y2 19056 19061 0 

~ 
V6'Y3 3111 3084 C11'3 21483 21454t ';" 

Ul 

U11'3 3780 C2'Y3 21554 
,., 
"':I 
'" 

U21'l 3799 3791 C31'2 21564 g 
a. 

U3'Y2 3952 IJ:i 
II! 
"':I 
'" 
0 
.:! a 
E.. 
til 
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Table 6.22: C3v symmetry crystal field fit to the 7F term and the four lowest multiplets of the 5D term energy levels of the L centre in 
Q ..., 

'<: 

'" BaF2 :Eu3+. t indicates the data of Jouart et. al. g 
State & Calculated Experimental State & Calculated Experimental '"%j 

Cij. 

Symmetry Energy Energy Symmetry Energy Energy 0: 
>-

Zll'l -3 0 U61'3 4114 
::; 
~ 

<Z 
Y l l'3 346 325 U7I'3 4150 4146 '" t'D 

'" 
Y 21'2 409 391 Tll'l 4931 4943 8' ..., 

Xl 1'3 859 852 T2/'3 4970 4982 ~ 
t'D 

Q 
X 21'1 878 883 T3/'3 5023 5024 ... 

< 

X31'3 1265 1288 T41'2 5031 5047 ~ 
::; 
0-

Vv 11'2 1841 1842 T5/'l 5040 Q 
'" < 

W2/'3 1876 1875 T 61'1 5195 CJ:l 
'<: 

W3/'l 1936 1922 T71'2 5198 S s 
W 41'3 1952 1948 TSl'3 5199 ~ ..., 

'<: 

W5/'2 2116 T 91'3 5205 Q 
t'D 

Vll'l 2446 2458 All'l 17301 17303 a ..., 
t'D 

'" 
V2/'2 2837 2848 Bn3 19046 19057 
V31'3 2845 2867 B21'2 19063 19071 
V41'3 3056 3040 Cl l'3 21486 21482 
V 51'1 3066 C21'3 21551 21565t 
V61'3 3089 3059 C31'2 21558 21571 t 
U l l'3 3772 D l l'3 24383 24362 
U2/'l 3785 3787 D2/'l 24398 24376 
U31'2 3943 D3/'2 24408 
U41'3 3948 D41'3 24427 
U5/'2 4106 D5/'2 24431 

"" <D 
-1 
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Table 6.23: Crystal field parameters for the C3v symmetry J centre in SrF2:Eu3+ and L centre 
in BaF2:Eu3+. Quantities in square brackets were not varied. All parameter values are in em-I. 
The corresponding crystal field parameters for the J and L centres in SrF2:Er3+ and BaF2:Er3+ 
respectively are given in round brackets. [131.] 

--:;::;P:-a-r-a-m-e-t:-e-r-T-I ---'--:::S:-r-=F=-2------:B=-a-=F=-2-

Ftat 83811 83837 

(3 

Ptat 

n 

[20] [20] 
[-570] [-570] 
[1450] [1450] 
[330] [330] 
[41.5] [41.5] 
[62] [62] 

[-295] [-295] 
[360] [360] 
[310] [310] 
[3.03] [3.03] 
[300] [300] 
1346 1341 

221(118) 186(108) 
171(-185) 95(-101) 
-238(-258) -156(-107) 
-59( -84) -18(-59) 

1227(1087) 1121(959) 
1152(1023) 1121(862) 

24 29 
19 17 

The crystal field fits for the trigonal C3v symmetry J and L centres in SrF2 and 
BaF2:Eu3+ are given in Tables 6.21 and 6.22 with the optimised parameters pre
sented in Table 6.23. The agreement between the fitted values and experiment is 
good. The optimised parameter values are interesting as previously, trigonal centre 
parameters have only been known for the B, J and L centres in CaF2 , SrF2 and 
BaF2:Er3+ respectively [14] [131] and the B centres in CaF2 and SrF2:Ho3+ [15]. 
The J and L centres in SrF2 and BaF2:Er3+ have been reported by Dean [131] to 
comprise the familiar next nearest neighbour (111) interstitial F- ion. In Table 6.23 
the optimised parameters for the J and L centres in SrF2 and BaF2:Er3+ are given 
beside those for the SrF2 and BaF2:Eu3+ parameters. It is evident from the compar
ision between these parameter values that these centres are similar in their RE3+ -F
configuration and thus the near cubic trigonal centre appears to exist throughout 
the rare earth series for doping into the SrF 2 and BaF 2 crystals. As has been stated 
ear lier this centre is a minori tycentre in the Sr F 2 :RE3+ system until around Dy3+. 
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6.7 Fluorescence Lifetimes 

The fluorescence decay of the dominant C4v symmetry A centres in CaF2:Eu3+ and 
SrF2:Eu3+ and the C3v symmetry L centre in BaF2:Eu3+ have been recorded. These 
experiments were done with crystals cooled to 16K. The 5D2 , 5D1 and 5DO multiplets 
were studied as listed in Table 6.24. The observed decay curves are shown in Figures 
6.95 through to 6.103. 

Table 6.24: 16K fluorescence lifetimes for the 5D2 , 5D1 and 5DO multiplets of the A centres in 
CaF2 :Eu3+ and SrF2 :Eu3+ and L centre in BaF2:Eu3+. The values in brackets are those of Hamers 
et. al. 

Crystal 

CaF2:Eu3+ 
SrF2:Eu3+ 
BaF2:Eu3+ 

Centre 
Symmetry 

Manifold Lifetime 
5DO 5D1 5D2 

11.8(11.8) 3.6(3.58) 1.6(1.62) 
13.4 5.9 5.4 
14.6 10.3 6.3 

For measurement of the 5DO lifetimes, R590 dye was used at the high frequency 
end of its range for pumping with the PRA nitrogen laser. Thus the 5DO multiplet 
was excited directly. This could not be done for the 5DO multiplet of the L centre 
in BaF 2 :Eu3+ as the 7F 0 -j.5Do transition is too weak. Instead, this multiplet was 
indirectly excited from 5D l . The same approach was employed by Ramers et. al. 
[104] for the A centre in CaF2:Eu3+. The results of Ramers for CaF2:Eu3+ are given 
in Table 6.24. The 5Do lifetimes obtained are of the order of tens of milliseconds 
and reflect the absence of non-radiative relaxation from the 5Do state due to the 
large energy gap (12000 cm-l

) to the 7F 6 multiplet. As such they reflect only the 
electronic wavefunctions of the respective 5DO states. The measured lifetimes for 
this state in the three host crystals are observed to increase as the ionic radius of 
the alkaline earth fluoride increases. Such an increase is entirely consistent with the 
proposed charge compensation configurations for these centres as the interstitial F
ion (responsible for the predominantly electric dipole character of the emitted radi
ation) becomes progressively more distant as we proceed through the host cations 
from Ca2+ to BaH. 

The 5D l multiplet can be readily excited with the very efficent C500 dye. Under this 
excitation, a striking visible (yellow - red) fluorescence is observed. The measured 
lifetimes change dramatically for the different host crystals. This feature is due to 
a combination of the lowering phonon cutoff energies of the host crystal lattice and 
the differing composition of the electronic wavefunctions. 
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Figure 6.95: 16K 5Do fluorescence decay monitoring the 16979 cm-1 transition of the A centre 
in CaF2:O.05%Eu3+ 
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Figure 6.96: 16K 5D1 fluorescence decay monitoring the 18177 cm-1 transition of the A centre 
in CaF2 :O.05%Eu3+ 



6.7. Fluorescence Lifetimes 

, .... , .... ":::::::::::::::::: :::::::::::::::::::::::::::::::.:::::::::: ......... ; ... " ..... : ........ , .... , ..... ,;.,., 

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 

Times (sees) 

301 

Figure 6.97: 16K 5D2 fluorescence decay monitoring the 20484 cm-1 transition of the A centre 
in CaF2 :O.05%Eu3+ 
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Figure 6.98: 16K 5DO fluorescence decay monitoring the 16974 cm-1 transition of the A centre 
in SrF2 :O.05%Eu3+ 
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Figure 6.99: 16K 5D1 fluorescence decay monitoring the 18175 cm-1 transition of the A centre 
in SrF2:O.05%Eu3+ 
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Figure 6.100: 16K 5D2 fluorescence decay monitoring the 20513 cm-1 transition of the A centre 
in SrF2 :O.05%Eu3+ 
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Figure 6.101: 16K 5Do fluorescence decay monitoring the 16978 cm-1 transition of the L centre 
in BaF2 :O.05%Eu3+. The build up time is present because the 5D1 multiplet was excited for 
measurement of this decay transient. 
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Figure 6.102: 16K 5D1 fluorescence decay monitoring the 18206 cm-1 transition of the L centre 
in BaF 2 :O.05%Eu3+ 
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Figure 6.103: 16K 5D2 fluorescence decay monitoring the 20629 cm-1 transition of the L centre 
in BaF2 :O.05%Eu3+ 



Chapter 7 

Laser Spectroscopy of Double Doped 
CaF2:RE3+:Sm 3+ 

7.1 Introduction 

This chapter presents laser excitation and emission experiments on preferential clus
ter centres in CaF 2 crystals doubly doped with rare earth ions. Previous studies of 
cluster centres in rare earth doped CaF2 crystals are reviewed below. 

Some of the early evidence for the existence of preferential clustering in CaF 2 crys
tals, was obtained in the CaF2:Nd3+ system. Both EPR and optical studies detected 
two centres that were interpreted as an orthorhombic dimer centre with two associ
ated ions (the M centre), and a more complex centre involving four Nd3+ ions 
(the N centre) Kask et. al. [132] (1965), Voronko et. al. [133J (1966). A further 
study, by Voronko et. al. [134] (1966) systematically analysed the optical absorption 
spectra of CaF2 crystals doped with Pr3+, Nd3+, Eu3+ and Er3+ ions in turn. This 
was done using the concentration dependence of the absorption transitions. From 
the results presented there, it was apparant that at least two distinct cluster centres 
were formed at very low concentrations of the rare-earth dopant ion. 

Carish et. al. [21] (1982) have theoretically examined the stability of monomer 
and dimer cluster centres in CaF2 crystals containing trivalent rare-earth impurity 
ions. These authors have confirmed the stability of nearest neighbour dimer clusters 
containing two RE3+ ions and two ions. It was also noted that such cluster 
centres form deep traps for any free interstitial F- ions that might be present, thus 
forming an anion excess cluster centre. 

The advent of up-to-date laser spectroscopic techniques allowed a more sensitive 
experimental determination of the extent to which clustering occurs in CaF2:RE3+ 
crystals. Early work concentrated on the Er3+ ion (Tallant and Wright [22] 1975, 
Tallant, Moore and Wright [94] 1977, Moore and Wright [93] 1981). From these 
studies, a complex picture of 16 cluster centres was determined. Clustering was 

305 
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proposed as the dominant mechanism for the control of the defect centre distribution 
inCaF2:RE3+ crystals. Miller and Wright [135] (1978) and Moore and Wright 
[136] (1979) supported a model of interstitial fluoride scavenging. This model was 
proposed by Yaney, Schaeffer and Wolf [821 (1975) to account for the behaviour 
of the non-locally charge compensated cubic symmetry centres in SrF2:Gd3+:Ce3+ 
crystals. In this case, the cubic centres are observed to increase in proportion with 
the increasing dimer centre population as a function of concentration. 

Higher order clusters have also been detected in CaF2:RE3+ crystals. A partic
ularly beautiful example is presented by Seelbinder and Wright [137] (1981) for 
CaF2:Tb3+:Yb3+ crystals. This study uses three-body energy transfer to identify 
trimer centres. Two Yb3+ ions are simultaneously excited, leading to higher fre
quency Tb3+ emission. Such a process cannot proceed by simple two body processes 
as two Yb3+ ions are required to bridge the energy mismatch between the appropri
ate Yb3+(2F.§.) and Tb3+(5D4 ) states. Still more complex centre configurations have 

2 

been reported by Kazanskii [138] (1984). This author studied the CaF2:Er3+ system, 
where the creation of superstructure regions in the host lattice was observed. This 
was proposed to be due to the formation of hexamers consisting of six rare earth 
ions surrounded by 12 or more interstitial F- ions. 

Various cluster centres have been observed by Tissue and Wright [62] (1987) for the 
CaF2:Pr3+ system. Of these, an assymmetric dimer centre was studied for energy 
transfer between the inequivalent Pr3+ ions. For an energy mismatch of around 
150 cm-1 these authors showed that the dominant mechanism of energy transfer, 
at low temperatures (around 10K), was a one phonon emission process. At higher 
temperatures the transfer mechanism was determined to be a combination of a one 
phonon and several two-phonon resonant processes [114]. The effect of co-doping 
with additional rare earths was also explored to observe line shifts in the cluster 
centre absorption transitions. 

In CaF2:Eu3+, asymmetric and symmetric dimer centres have been observed by 
Hamers et. al. [104] (1982). The symmetric dimer centre, labelled Q, has been 
assigned from its manifold degeneracy and concentration dependence as containing 
two coupled equivalent Eu3+ ions. For the asymmetric centre, labelled R, more than 
2J+l emission features were observed for each J manifold. Emission was studied 
from 5Do. From analysis of emmission from 5Do and the dependence of the ab
sorption intensity upon dopant concentration, the centre was assigned as a pair of 
inequivalent Eu3+ ions. Additional studies were undertaken by Cirillo-Penn and 
Wright [10] [110]. These authors reassigned the Q centre as a trimer centre from the 
annealing time dependence of the absolute centre concentrations. The co-doping of 
La3+, Gd3+ and Lu3+ into the parent CaF2:Eu3+ system was also studied for the 
observation of line shifts of the cluster centre absorption transitions. 
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The observation of a pair of non-radiative Sm3+ centres in CaF2:Sm3+ prompts 
a study of co-doped systems where additional RE3+ ions have been added to the 
CaF2:Sm3+ parent. The objective is to create analogue centres, where the Sm3+ 
cross-relaxation processes have effectively been turned-off. This enables a study of 
the Sm3+ emission to be performed in order to better understand the nature of the 
observed centres. 

7.2 Sm3+ Cross-Relaxation Processes 

In the CaF2:Sm3+ absorption and excitation spectra, it was discovered that there 
exist Sm3+ centres which are entirely non-radiative. As the energy gap between the 
4G 2 multiplet and the highest energy 6F multiplet is 7500 cm-1, direct multiphonon 
pro2cesses will be negligible. Therefore, the optical excitation must be destroyed 
by energy transfer cross-relaxation processes between the Sm3+ ions of which the 
centre(s) are comprised. Naturally, this implies that there are multi-ion centres 
present, or at least, loosely coupled single ion centres. 

Sm3+ energy transfer cross-relaxation has been previously observed in the rare
earth hexachloroelpasolite crystals by Luxbacher et. al. [139] [140]. Specifically, 
Cs2NaSmx Y1-xC16 and CS2NaSmxGd1_xCI6 crystals were studied for 4G ,1 fluores
cent decay as a function of temperature. In the rare-earth hexachloroelpasolites, 
the RE3+ occupies a purely octahedral centre, surrounded by six chloride ions [141]. 
Due to the selection rules for octahedral centres, the excited state lifetimes are long. 
This offers possibilities for energy transfer and storage. Luxbacher and co-workers 
discovered that 4G ,1 -t

6FJ cross-relaxation occured over a wide range of concentra-
2 

tions from x=0.001 to x=1. In addition, emission was observed from the 4G ,1 state 
2 

to levels ofthe 6HJ and 6FJ multiplets. The authors analysed the cross-relaxation in 
terms of a shell model [142]. This model assumes Forster-Dexter multipole-multipole 
interactions [143] between statisically distributed donor and acceptor ions. The dif
ference here is that instead of the concept of a continuous range of distances between 
donor and acceptor ions, the acceptor ions are grouped into shells of a certain oc
cupancy as appropriate for the crystal structure in question. This idea first put 
forward by Heber, Dornauf and Siebold [144] (1981). 

The most probable Sm3+ -Sm3+ energy transfer relaxation pathways are shown in 
Figure 7.1. These pathways are taken from [140]. In the CaF2:Sm3+ cluster centres 
discussed here, no 4G ,1 emission is observed. Thus, it is concluded that the cross-

2 

relaxation energy transfer is all but total. As a result of the approximately 460 cm-1 

phonon cutoff energy for the host lattice phonon spectrum, ions which end up in the 
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Figure 7.1: Possible Sm3+-Sm3+ energy transfer relaxation pathways. 
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6FJ states as a result of cross-relaxation, decay non-radiatively to the ground state 
with no possibility of monitoring emission from the 6FJ states. 

7.3 Excitation Spectra 

The following notation is adopted in this chapter. Q(RE,Sm) indicates a heteroge
neous Q centre, whilst R(RE,Sm) indicates a heterogeneous R centre. RE indicates 
the particular rare-earth ion introduced. No attempt is made to refer to the number 
of ions in the centre. Because of the particular crystal growth conditions used and 
the optical spectra observed it is apparent that the rare earth ions are trivalent. 

4G§. excitation spectra have been measured for CaF2:O.05%Sm3+ crystals co-doped 
2 

with 0.15% of LaF3, CeF3, EuF3, GdF3, TbF3, DyF3, ErF3, TmF3 and YbF3. 
The crystals were cooled to 16K. The recorded spectra are shown in Figures 7.2 
through to 7.10. Both broad and narrow band frequency detection was employed. 
When recording broadband Sm3+ excitation spectra, either on the SPEX 1700 or 
0.25m Bausch and Lomb monochromators, a 2-62-1 Corning glass filter was used to 
eliminate unwanted laser scatter. 

It can be observed that the centre distributions come in two classes. For co-dopant 
ions prior to Dy3+, the observed excitation spectra resemble the CaF2 :Sm3+ parent 
crystal absorption spectra for the 4G §. multiplet. In these cases, the features labelled 

2 

Rand Q (in the 4G§. absorption spectra) are observed. Note that the Rand Q 
were not present in 2the parent crystal excitation spectra but are observed here 
because the Sm3+ - RE3+ clusters cannot cross-relax, as suitable energy matches are 
not available. This confirms that the Rand Q centres do correspond to multi-ion 
centres. This is reinforced by the frequency shifts of the observed Rand Q centre 
transitions, apparant for different co-dopant ions. The 4G §. excitation frequencies 

2 

for the heterogeneous Rand Q centres are given in Tables 7.1 and 7.2. PrF3 and 
NdF3 were also added to the parent CaF2:O.05%Sm3+ system. In these cases, Rand 
Q centre emission was seached for, but none was observed. It is assumed that this 
is due to the availability of appropriate levels for cross-relaxation. 

When ions smaller, and including, Dy3+ are included in the crystal melt, a centre 
distinct from either R or Q, is formed. Spectroscopically, this centre appears similar 
to both the Rand Q centres. We arbitrarily label this centre S. Table 7.3 gives the 
measured transition frequencies for the S centre. The 4G §. excitation frequencies of 
this centre do not change as the codopant ion is altered. 1'hus, it is concluded that 
this centre contains a single Sm3+ ion with no additional rare earth ions present. 
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Table 7.1: Excitation frequencies measured for the 4Gr. multiplet of the Q(RE,Sm) centre in 
2 

CaF 2. All frequencies are as measured in air (em -1, ± 1). 

Al 17810 
A2 17905 
A3 17965 

17811 
17900 
17956 

17813 
17887 
17960 

17813 
17885 
17957 

17812 
17881 
17954 

Table 7.2: Excitation frequencies measured for the 4G l!. multiplet of the R(RE,Sm) centre in 
2 

CaF2. All frequencies are as measured in air (em-I, ±1). 

State I (La3+:Sm3+) (Ce3+:Sm3+) (Eu3+:Sm3+) (Gd3+:Sm3+) (Tb3+:Sm3+) 

Al 17830 17830 17829 17828 17828 
A2 17894 17893 17891 17889 17888 
A3 17928 17920 17908 17906 17898 
A4 17938 17931 17922 17918 17913 
A5 17953 17947 17942 17941 17935 

The 4G §. excitation spectra were also measured for co-doping Ho3+ and Lu3+ ions. 
2 

In the case of CaF2:O.15%Ho3+:0.05%Sm3+, an anomalous centre distribution was 
found in which the cubic centre dominated the spectrum. Few additional centres, 
including the A centre, were apparant. The CaF2:O.15%Lu3+:0.05%Sm3+ spectrum 
was exceedingly complex with many centres apparant. In both of these cases it was 
beyond the scope of this study to pursue the investigation any further. 

Table 7.3: Excitation frequencies measured for the 4G.r. multiplet of the S centre in 
2 

CaF2:RE3+:Sm3+. All frequencies are as measured in air (em-I, ±1). 
State I (Dy 3+:Sm3+) (Er3+:Sm3+) (Tm3+:Sm3+) (Yb3+:Sm3+) 

Al 17811 17812 17811 17811 
A2 17834 17833 17832 
A3 17854 17855 17854 
A4 17889 17889 17887 
A5 17911 17911 17911 

17833 
17854 
17887 
17912 
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Figure 7.2: 4Gi (Sm3+) excitation spectra for CaF2 :O.15%La3+:0.05%Sm3+, (a) Broadband 
monitoring all fluorescence in zero order, (b) Q centre monitoring at 15601 cm-1 and (c) R centre 
monitoring at 15613 cm-1 . The spectra were recorded at 16K 
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Figure 7.3: 4Gll (Sm3+) excitation spectra for CaF2 :O.15%Ce3+:0.05%Sm3+. (a) Broadband 
2 

monitoring all fluorescence in zero order, (b) Q centre monitoring at 15607 cm-1 and (c) R centre 
monitoring at 15617 cm -1. The spectra were recorded at 16K. 
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Figure 7.4: 4G~ (Sm3+) excitation spectra for CaF2:O.15%Eu3+:0.05%Sm3+. (a) Broadband 
monitoring all flu~rescence in zero order, (b) Q centre monitoring at 16934 cm-1 and (c) R centre 
monitoring at 16942 em-I, The spectra were recorded at 16K. 
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Figure 7.5: 4GJ;, (Sm3+) excitation spectra for CaF2 :O.15%Gd3+:0.05%Sm3+. (a) Broadband 
2 

monitoring all fluorescence in zero order, (b) Q centre monitoring at 15614 cm-1 and (c) R centre 
monitoring at 15628 cm-1 . The spectra were recorded at 16K. 
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Figure 7.6: 4GJ). (Sm3+) excitation spectra for CaF2:O.15%Tb3+:0.05%Sm3+. (a) Broadband 
2 

monitoring all fluorescence in zero order, (b) Q centre monitoring at 15620 cm-1 and (c) R centre 
monitoring at 15637 cm-1 . The spectra were recorded at 16K. 
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Figure 1.1: 4G1 (Sm3+) excitation spectra for CaF2 :O.15%Dy3+:0.05%Sm3+. (a) Broadband 
2 

monitoring all fluorescence in zero order and (b) S centre monitoring at 16868 cm-1 . The spectra 
were recorded at 16K. 
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Figure 7.8: 4Gll. (Sm3+) excitation spectra for CaF2 :O.15%TmH :O.05%SmH . (a) Broadband 
2 

monitoring all fluorescence in zero order and (b) S centre monitoring at 16867 cm -1. The spectra 
were recorded at 16K. 
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Figure 7.9: 4GJi. (SmH) excitation spectra for CaF2 :O.15%ErH :O.05%Sm3+. (a) Broadband 
2 

monitoring all fluorescence in zero order and (b) S centre monitoring at 16868 cm- I . The spectra 
were recorded at 16K. 
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Figure 7.10: 4GJi (Sm3+) excitation spectra for CaF2:O.15%Yb3+:O.05%Sm3+. (a) Broadband 
2 

monitoring all fluorescence in zero order and (b) S centre monitoring at 16867 cm -1. The were 
recorded at 16K. 



320 Chapter 7. Laser Spectroscopy of Double Doped CaF2:RE3+:Sm 3+ 

(a) 

,.--.. I-
m 

.;..;> 

'S 
:::> 
...a 
;..; 

<t! 
'--" I-
>. 

.;..;> ,-m 
~ 
Q) 

.;..;> 
~ 
~ 

Q) 

(b) <:..J 
~ 
Q) 
<:..J 
m 
Q) 
;..; 
0 ;::; ....... 
~ 

R 

Q 
I 

17600 17800 18000 18200 

Wavenumbers (em-i) 

Figure 7.11: 4G!l. (SmH) excitation spectra for (a) CaF2 :O.15%Gd3+:O,05%SmH and (b) 
2 

CaF2 :O,15%SmH :O.05%Gd3+. The spectra were recorded at 16K. 
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For most cluster centres studied, the crystals grown were doped in the ratio one Sm3+ 
ion for every three co-dopant ions. This was done, in order to ensure that even for 
centres comprising more than two rare earth ions, fl.uorescence would be detectable. 
However, in order to determine whether the cluster centres observed here contain 
more than two ions, the dopant ratios were reversed. A CaF2 :O.15%Sm3+:0.05%Gd3+ 
crystal was grown and its 4G.!l. excitation spectrum recorded. The spectrum is given 

2 

in Figure 7.11. By comparision with the CaF2 :O.15%Gd3+:0.05Sm3+ 4G.!l. excitation 
spectrum, it is observed that the Q centre fl.uorescence decreases by ~ore than a 
factor of three. This is judged from the intensity of the 17813 cm-1 transition. 
A possible explanation is that the Q centre contains more than two rare earth 
ions. The Q(Gd,Sm) centre fl.uorescence intensity would decrease because there is 
a higher probability for Sm3+ - Sm3+ cross-relaxation in a higher order cluster, in 
mixed crystals where more Sm3+ is added than Gd3+. Cirillo-Penn and Wright [10] 
[110] assign the Q centre in CaF2:Eu3+ as a trimer. These results appear consistent 
with this assignment. 

7.4 Fluorescence Spectroscopy 

7.4.1 The Q and R Centres in CaF2 :Eu3+:Sm 3+ 

(a) Q Centre Fluorescence 

In CaFz:0.15%Eu3+:0.05%Sm3+ crystals, fl.uorescence is observed upon optical ex
citation of the either the Eu3+ or Sm3+ absorption transitions of the heterogeneous 
Q(Eu,Sm) centre. For excitation of the Sm3+ ion Zl -AI transition, at 17813 cm-1 , 

strong emission is observed. The recorded fl.uorescence spectra are shown in Figures 
7.12 through to 7.14. Table 7.4 gives the measured transition frequencies. 

It is readily apparent that the emission emanates from the Eu3+ ion with the initial 
state being the single 5DOAI level at 17259 em-I. Thus, energy has been transferred 
from the Sm3+(4G.!l.) ion to the EU3+(5Do) ion. This energy transfer requires lattice 
mediation between

2 
the two electronic levels. This is achieved via the emission of at 

least two phonons since the 554 cm-1 gap is beyond the 460 cm-I cutoff energies 
for the CaF 2 host lattice. 

Detection sensitivities greater than 1000 times that, required to observe the Eu3+ 
5DO _7Fl transitions, were employed in an attempt to observe Sm3+ 4G.!! emission. 

2 
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Figure 7.12: Fluorescence spectrum of the Q(Eu,Sm) centre for transitions from 5Do to (a) the 
7Fo multiplet, (b) the 7Fl multiplet and (c) the 7F2 multiplet in CaF2:O.15%Eu3+:0.05%Sm3+. 
All spectra were obtained exciting the 17813 cm-1 ZI ---+Al transition of Sm3+. * denotes an 
unidentified transition. The spectra were recorded at 16K. 
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Figure 7.13: Fluorescence spectrum of the Q(Eu,Sm) centre for transitions from 5Do to (a) the 
7F3 multiplet and (b) the 7F 4 multiplet in CaF2 :O.15%Eu3+ :O.05%Sm3+. All spectra were obtained 
exciting the 17813 cm-i Zi --Ai transition of Sm3+. The spectra were recorded at 16K. 
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Figure 7.14: Fluorescence spectrum of the Q(Eu,Sm) centre for transitions from 5Do to (a) the 
multiplet and (b) the 7F6 multiplet in CaF2 :O.15%Eu3+;O.05%Sm3+. All spectra were obtained 

exciting the 17813 cm-1 Zl --+Al transition of Sm3+. * denotes an unidentified transition. The 
spectra were recorded at 16K. 
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Table 7.4: Transition frequencies (cm-l, ±1) and energy levels of the Eu3+ ions in the Q(Eu,Sm) 
centre in CaF2 :O.15%Eu3+:O.05%Sm3+. 

Multiplet State Transition State 
Label Frequency Energy 

7FO Zl 17259 0 
Y1 16934 325 

7F1 Y2 16905 354 
Y3 16894 364 
Xl 16282 977 

7F2 X2 16265 994 
X3 16232 1027 
W1 15412 1847 
W2 15406 1853 

7F3 W3 15395 1863 
W4 15358 1901 
W5 15338 1920 
V1 14649 2610 
V2 14510 2749 

7F4 V3 14488 2771 
V4 14452 2806 
V5 14428 2830 
U1 13462 3797 
U2 13454 3805 
U3 13415 3844 

7F5 U4 13340. 3918 
U5 13330 3929 
U6 13316 3943 
U7 13253 4005 
T1 12347 4912 
T2 12334 4924 
T3 12300 4958 
T4 12286 4973 

7F6 T5 12281 4978 
T6 12257 5001 
T7 12233 5025 
Ts 12218 5040 
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None could be observed to originate from the 17813 cm-I level. Conversely, for 
direct excitation of the Eu3+ 5DOAI (17259 cm-I) level, only Eu3+ 5DO emission is 
observed. It is apparent that the Q centre in observed in CaF2:Sm3+ is analogous 
to the trimer centre labelled Q in CaF2:Eu3+. 

The observed Q(Eu,Sm) centre transition frequencies are only slightly shifted from 
those of the CaF2 :Eu3+ Q centre. This is due to the altered crystal field created 
by the Sm3+ ion. The 5DO -+7FI emission shown in Figure 7.12(b), has transitions 
at 16934, 16905 and 16894 cm-I. These are assigned as the Al -+YI, Y2 and 
Y 3 transitions. The observation of three fluorescence transitions indicates that all 
remaining degeneracy of the crystal field levels has been removed for J=l multiplet. 
An additional feature is observed at 16902 cm-I. It is not associated with the Eu3+ 
emission of this centre and cannot be ascribed to any of the known Sm3+ emission 
lines. It remains unassigned at this point. 

(b) R Centre Fluorescence 

The R centre is thought to comprise two rare earth ions in asymmetrical sites within 
the centre. The asymmetry most likely arising from the placement of interstitial 
anions. Therefore, when examining heterogeneous R centres such as R(Eu,Sm) the 
possibility arises that each RE3+ has a chance of occupying either asymmetrical 
site leading to 2 types of R centre: R(Eu,Sm) and R(Sm,Eu). Of course, in a 
singly doped crystal such types are indistinguishable but the manifestation was the 
observation of more than 2J+1 energy levels. The same applies in the heterogeneous 
centres but the extent of which the site occupation probability is 50:50 for different 
rare-earth ions and whether there is sufficient frequency resolution to distinguish 
the two types remains unclear. 

In CaF2 :O.15%Eu3+:0.05%Sm3+ crystals, fluorescence is observed upon optical ex
citation of the either the Eu3+ or Sm3+ absorption transitions of the heterogeneous 
R(Eu,Sm) centre. For excitation of the Sm3+ absorption transition at 17829 cm-I, 
only Eu3+ emission is detected, the originating level being 5Do at 17261 cm-I . The 
energy gap between the lowest 4G §. level of the Sm3+ ion and the 5DO level of the 

2 

Eu3+ ion is 568 cm-I . As with the Q(Eu,Sm) centre, this energy gap is larger than 
the phonon cutoff energy of the CaF2 host lattice at 460 cm-I and at least two 
lattice phonons are required to conserve energy. 

The observation of emission at 17261 cm-I, and the subsequent 7FJ levels inferred 
from this emission, confirms that the R centres in CaF2 :Sm3+, are the analogues of 
those in CaF2 :Eu3+. The recorded fluorescence spectra are shown in Figures 7.15 
to 7.17. Table 7.5 gives the measured transition energies. 
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Figure 7.15: Fluorescence spectrum of the R(Eu,Sm) centre for transitions from 5DO to (a) the 
7Fo multiplet, (b) the 7FI multiplet and (c) the 7F2 multiplet in CaF2:O.15%Eu3+:0.05%Sm3+. 
All spectra were obtained exciting the 17829 cm-I Zl -AI transition of Sm3+. * denotes an 
unidentified transition. The spectra were recorded at 16K. 
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Figure 7.16: Fluorescence spectrum of the R(Eu,Sm) centre for transitions from 5DO to (a) the 
7F3 multiplet and (b) the 7F 4 multiplet in CaF2 :O.15%Eu3+ :O.05%Sm3+. All spectra were obtained 
exciting the 17829 cm-i Zi ----Ai transition of Sm3+. The spectra were recorded at 16K. 
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Figure 7.17: Fluorescence spectrum of the R(Eu,Sm) centre for transitions from 5Do to (a) the 
7FS mUltiplet and (b) the 7F6 multiplet in CaF2:0.15%Eu3+:0.05%Sm3+. All spectra were obtained 
exciting the 17829 cm-1 Z1 -AI transition of Sm3+. The spectra were recorded at 16K 
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Table 7.5: Fluor.escence energies (cm-l, ±1) and energy levels of the Eu3+ ions in the R(Eu,Sm) 
centre in CaFz:0.15%Eu3+:0.05%Sm3+. 

Multiplet State Transition State 
Label Frequency Energy 

7Fo Z1 17261 0 
YI 16942 319 
Y2 16884 377 

7FI Y3 16877 384 
Y4 16870 391 
Ys 16863 398 
Xl 16242 996 
X2 16238 1023 
X3 16227 1034 

7F2 X4 16201 1060 
Xs 16189 1071 
Xa 16184 1077 
X7 16168 1093 
WI 15415 1845 
W2 15407 1854 

7F3 W3 15396 1865 
W4 15347 1914 
Ws 15341 1920 
VI 14607 2654 
V2 14513 2748 
V3 14497 2764 

7F4 V4 14458 2802 
V5 14457 27603 
Va 14446 2815 
UI 13450 3811 
Uz 13446 3815 
U3 13415 3846 

7FS U4 13340 3921 
U5 13330 3931 
Ua 13326 3935 
U7 13261 4000 
Us 13250 4011 
Tl 12355 4906 
T2 12347 4913 
T3 12298 4963 
T4 12278 4983 

7Fa Ts 12273 4987 
Ta 12256 5005 
T7 12243 5017 
Ts 12229 5031 
T9 12221 5039 

12217 5043 
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Fluorescence transitions to the 7F I multiplet of the Eu3+ ion are shown in Figure 
7.15(b). Five transitions have been observed. The dominant feature is the strong 
line at the highest frequency of 16942 cm- I . This is assiged as the Al -+ YI transi
tion. The line is separated by 58 cm- I from a bunched set of four transitions. These 
are assigned as the Al -+Y2, Y3 , Y4 and Ys transitions. They are at the measured 
energies of 16884, 16877, 16870 and 16863 cm- I

. The transitions observed are con
sistent, yet slightly shifted, with respect to those observed for the parent R(Eu,Eu) 
centre. 

A weak, broader transition at 16837 cm- I is assigned as a vibronic sideband. This 
is due to a pseudo-localised mode of vibration of the rare earth ions in the cluster. 
A similar vibrational mode was observed for the homogeneous cluster centre in 
CaF2:O.05%Eu3+, In that case, the inferred vibrational frequency was 96 cm- I , In 
the heterogeneous centre, this vibrational frequency is modified to 105 cm- I . This 
effect is apparantly due to the replacement of one Eu3+ ion with a lighter Sm3+ 
ion, leading to a slightly higher frequency of vibration for the complex. Such 90-100 
cm- l vibrational frequencies of rare earth ion centres have been observed previously 
in far infrared absorption (Ward and Clayman [145] (1975)) and 4f-+5d absorption 
spectra (Hayes et. aL [146] (1973)). In these cases, the vibrational mode has 
been associated with the C4v A centres present in CaF 2:RE3+ crystals. No such 
vibrational modes could be observed as sidebands from theC4v symmetry A centre 
fluorescence. In these cases, only vibrational intervals corresponding to band modes 
of the lattice were observed. 

1.4.2 Fluorescence of the Q and R centres in CaF2:Sm3+:RE3+, where 
RE3+=La3+, Ce3+, Gd3+, Tb3+ 

Crystals of CaF2:O.05%Sm3+ that are grown with 0.15 molar % of La3+, Ce3+, Gd3+ 
or Tb3+ also give rise to heterogeneous Rand Q cluster centres. In these cases, only 
Sm3+ emission is observed when the 4G§. (Sm3+) multiplet is excited. This happens 

2 

because the non-Sm3+ co-dopant is either non-paramagnetic, as with the case of the 
La3+ ion, or does not have suitable energy levels for transfer of the optical excitation 
to occur. The latter, is true for the addition of Ce3+, Gd3+ or Tb3+ ions. 

(a) Q Centre Fluorescence 

CaF2:O.05%Sm3+ crystals co-doped with either La3+, Ce3+, Gd3+ or Tb3+, have 
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been studied. Excitation of Q(RE,Sm) centre 4G§. (Sm3+) absorption transitions, 
2 

yields fluorescence to the 6HJ and 6FJ multiplets of Sm3+. The recorded fluorescence 
spectra are shown in Figures 7.18 through to 7.29. We deal with the fluorescence to 
these multiplets below. 

Fluorescence to the 6H§. multiplet is detected in the 17850-17600 cm-l region. The 
2 

second crystal field level of the 4G §. multiplet is excited here (Zl ---+ A2) so that emis-
2 

sion can be detected from the lowest level (AI) without interference from scattered 
laser light. Typically, these fluorescence spectra are complex showing lines originat
ing from the Q, A and 0 centres. The 0 centres are excited due to an overlap of a 
vibronic absorption band and the absorption transition of the Q centre itself. The 
A centre is excited due to the overlap of the Zl ---+A2 transitions of both the A and 
Q centres. This is only significant for the Q(La,Sm) and Q(Ce,Sm) centres. Three 
fluorescence transitions are observed for the respective Q(RE,Sm) centres. This is 
consistent with the conclusions of Hamers et. al. [104]' in that the ions which make 
up the cluster appear to experience similar crystal fields. 

For measurement of fluorescence transitions to the 4Hz multiplet around 16800 cm -1, 
2 

the Zl ---+Al transition of the 4G§. multiplet was excited as the laser frequency is 
2 

now well removed from the detection region. Four electronic transitions are assigned 
consistent with the J=~ of the terminating multiplet. A feature at 16468-16472 
cm -1, corresponds to a transition terminating on a vibronic level. The frequency 
shift of 360 cm -1 corresponds to the energy of the transverse optical phonon of 
the CaF 2 host lattice. Transitions involving this phonon are commonly observed 
coupled to the sharpest "zero-phonon" electronic transitions. For the Q(La,Sm) 
and Q(Ce,Sm) centres all four expected electronic transitions are also observed. The 
Al ---+ Y3 transition is not observed in either the Q(Gd,Sm) or Q(Tb,Sm) centres. 
Table 7.6 gives the observed transition frequencies for fluorescence to this multiplet. 

Transitions to the 6H.~ multiplet are observed in the 15700-15200 cm-l region. All 
2 

five transitions expected to a J=~ multiplet, are observed. Two strong sharp tran-
sitions are observed at the highest frequencies which are assigned as the Al ---+Xl 
and X2 transitions. Three broad transitions, which are roughly ten times weaker, 
are observed in the 15470-15330 cm-l region which are assigned as the Al ---+X3, X4 
and X5 transitions. 

For transitions to the 6H!l multiplet, the six expected transitions are observed, 
2 

except in the case of the Q(Tb,Sm) centre. Here there is an accidental overlap 
of the Al ---+ W 5 transition with the characteristic 14115 cm-l , interconfigurational 
4fN - I 5d---+4fN transition of the Sm2+ ion. 
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Figure 7.18: Fluorescence spectrum of the Q(La,Sm) centre for transitions from 4GJl to (a) the 
2 

6Rll. multiplet, (b) the 6RI. multiplet and (c) the 6Rl!. multiplet in CaF2 :O.15%La3+:0.05%Sm3+. 
2 ~ 2 

For measurement ofthe 4Gt -+6R~ spectrum the 17905 cm-1 Zl -+A2 absorption transition was 
excited, while for all others the 17810 cm-1 transition was excited. The spectra were recorded at 
16K. 
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Figure 7.19: Fluorescence spectrum of the Q(Ce,Sm) centre for transitions from 4Gll. to (a) the 
2 

6H ... multiplet, (b) the 6Hz multiplet and (c) the 6HQ. multiplet in CaF2:O.15%Ce3+:0.05%Sm3+. 
2 2 2 

For measurement of the 4G f -+6Hi spectrum the 17900 cm-1 Zl -+A2 absorption transition was 
excited, while for all others the 17811 cm-1 transition was excited. The spectra were recorded at 
16K. 
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Figure 7.20: Fluorescence spectrum of the Q(Gd,Sm) centre for transitions from 4G[ to (a) the 
2 

6H~ multiplet, (b) the 6H1. multiplet and (c) the 6HQ. multiplet in CaF2:0.15%Gd3+:0.05%Sm3+. 
2 2 2 

For measurement of the 4G1 -t6H~ spectrum the 17885 cm-1 Zl -tA2 absorption transition was 
excited, while for all others the 17813 cm -1 transition was excited. The spectra were recorded at 
16K. 
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Figure 7.21: Fluorescence spectrum of the Q(Tb,Sm) centre for transitions from 4Gli. to (a) the 
2 

6Hli. multiplet, (b) the 6H!. multiplet and (c) the 6Hu. multiplet in CaF2:0.15%Tb3+;O.05%Sm3+. 
2 2 2 

For measurement of the 4G~ -+6H~ spectrum the 17881 cm-1 Zl -+A2 absorption transition was 
excited, while for all others the 17812 cm-1 transition was excited. The spectra were recorded at 
16K. 



Table 7.6: Fluorescence transitions for the 6H.§., 6Hz and 6Hl! multiplets of the Q centre in CaF2 :O.15%La3+:0.05%Sm3+, 
2 2 2 

CaF2 :O.15%Ce3+:0.05%Sm3+, CaF2 :O.15%Gd3+:0.05%Sm3+ and CaF2 :O.15%Tb3+:0.05%Sm3+. All frequencies are as measured in air 
(cm-1 ,±1). 

(La3+:Sm 3+) (Ce3+:Sm3+) (Gd3+:Sm 3+) (Tb3+:Sm 3+) 
Multiplet State Transition State Transition State Transition State Transition State 

Label Frequency Energy Frequency Energy Frequency Energy Frequency Energy 

Zl 17810 0 17811 0 17813 0 17812 0 
6Hs Z2 17780 30 17783 29 17782 31 17786 26 

2 
Z3 17708 102 17721 90 17733 80 17739 73 
YI 16843 968 16845 966 16846 966 16848 964 

6H7 Y2 16771 1039 16778 1034 16782 1031 16787 1025 
2 

Y3 16760 1050 16758 1053 - - - -
Y4 16684 1126 16691 1120 16702 1111 16701 1111 
Xl 15641 2169 15644 2167 15645 2167 15649 2163 
X2 15601 2209 15607 2204 15614 2198 15620 2191 

6H9 X3 15456 2355 15461 2350 15467 2346 15470 2342 
2 

X4 15379 2431 15382 2428 15387 2426 15392 2420 
X5 15350±5 2460 15348 2463 15348 2465 15351 2461 
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Fluorescence transitions to the remaining 6HJ and 6FJ multiplets were recorded in 
their relevant spectral regions and using the infrared sensitive spectrometer and 
photomultiplier where appropriate. The expected number of electronic transitions 
as dictated by the lifting of the total J+~ degeneracy were observed for all but the 
overlapping 6Hll, 6F 1 and 6F.:! multiplets. Here, relaxation via spontaneous phonon 

2 2 2 
emission between closely lying levels tends to broaden the optical transitions maldng 
a complete assignment difficult. 

Tables 7.7 and 7.8 give the relevant transition frequencies and corresponding energies 
for the crystal field levels of these multiplets. 
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Figure 7.22: Fluorescence spectrum of the Q(La,Sm) centre for transitions from 4Gli. to (a) the 
2 

6Hll multiplet and (b) the 6Hl;! multiplet in CaF2:0.15%La3+:0.05%Sm3+. The spectra were 
rec~rded at 16K. 2 
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Figure 1.23: Fluorescence spectrum of the Q(Ce,Sm) centre for transitions from 4G.!i. to (a) the 
2 

6Hll multiplet and (b) the 6Hll mUltiplet in CaF2 :O.1S%CeH :O.OS%SmH . The spectra were 
rec~rded at 16K. 2 
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Figure 7.24: Fluorescence spectrum of the Q(Gd,Sm) centre for transitions from 4Gli. to (a) the 
2 

6Hu. multiplet and (b) the 6Hu. multiplet in CaF2:O.15%Gd3+:0.05%Sm3+. The spectra were 
2 2 

recorded at 16K. 
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Figure 7.25: Fluorescence spectrum of the Q(Tb,Sm) centre for transitions from 4GQ. to (a) the 
2 

6Hll multiplet and (b) the 6Hll multiplet in CaF2 :O.15%Tb3+:0.05%Sm3+. The spectra were 
rec~rded at 16K. 2 



Table 7.7: Fluorescence transitions for the 6Hll and 6Hll multiplets of the Q centre in CaF2:O.15%La3+:0.05%Sm3+, 
2 2 

CaF2:O.15%Ce3+:O.05%Sm3+, CaF2:O.15%Gd3+:0.05%Sm3+ and CaF2:0.15%Tb3+:0.05%Sm3+. All frequencies are as measured in air 
(cm- 1 ,±1). 

(La3+:Sm 3+) (Ce3+:Sm 3+) (GdH :Sm3+) (Tb3+:Sm 3+) 
Multiplet State Transition State Transition State Transition State Transition State 

Label Frequency Energy Frequency Energy Frequency Energy Frequency Energy 

WI 14368 3442 14373 3438 14380 3433 14384 3428 
W2 14236 3575 14237 3578 14238 3574 14239 3572 

6Hll W3 14168 3642 14173 
"2 

3638 14178 3635 14181 3631 
W4 14141 3669 14140 3670 14142±2 3671 14141 3671 
W5 14084 3726 14092 3718 14103±2 3710 14115±5 3697 
W6 13995 3815 14002 3808 14012 3801 14004 3808 
VI 12891 4919 12894 4917 12896 4916 12898 4914 
V2 12847 4964 12853 4958 12863 4950 12869 4943 
V3 12822 4989 12824 4987 12821 4991 12822 4990 

6H13 V4 12782 5028 12787 
"2 

5024 12786 5026 12783 5029 
V5 12765 5046 12767 5044 12769 5044 12775 5037 
V6 12705 5105 12711 5100 12715 5098 12724 5088 
V7 12660 5151 12667 5144 12676 5137 12682 5130 
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Figure 7.26: Fluorescence spectrum of the Q(La,Sm) centre for transitions from 40!l. to 
2 

(a) the BRil, BFl. and BF.:J. multiplets, (b) the BF!l. multiplet and (c) the BFI multiplet in 
2 2 2 2 2 

CaF2 :O.15%La3+:0.05%Sm3+. The spectra were recorded at 16K. 
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Figure 7.27: Fluorescence spectrum of the Q(Ce,Sm) centre for transitions from 4Gi to 
2 

(a) the 6Hu, 6Fl. and 6Fa. multiplets, (b) the fiF§. multiplet and (c) the 6F! mUltiplet in 
T 2 2 2 2 

CaF2 :O.15%Ce3+:0.05%Sm3+. The spectra were recorded at 16K. 
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CaF2:0.15%Gd3+:0.05%Sm3+. The spectra were recorded at 16K. 
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Figure 7.29: Fluorescence spectrum of the Q(Tb,Sm) centre for transitions from 4GQ. to 
2 

(a) the 6Hl.!l., 6Fl and 6F ... multiplets, (b) the 6F~ multiplet and (c) the 6F1. multiplet in 
2 2 2 2 2 
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Table 7.8: Fluorescence transitions for the 6Hll, 6Fl, 6F;!, 6F§. and 6F1. multiplets of the Q centre in CaF2 :O.15%La3+:O.05%Sm3+, 
2 2 2 2 2 

CaF2 :O.15%Ce3+:0.05%Sm3+, CaF2 :O.15%Gd3+:O.05%Sm3+ and CaF2 :O.15%Tb3+:O.05%Sm3+. All frequencies are as measured in air 
(cm-1 ,±1). 

(La3+:Sm 3+) (Ce3+:Sm 3+) (Gd3+:Sm 3+) (Tb3+:Sm 3+) 
Multiplet State Transition State Transition State Transition State Transition State 

Label Frequency Energy Frequency Energy Frequency Energy Frequency Energy 

81 11529 6281 11525 6286 11529 6284 11529 6282 
82 11481 6329 11481 6330 11490 6322 11494 6318 
83 11426 6384 11426 6385 11443 6370 - -

6Hll, 84 11411 6399 11412 6399 11420 6393 11423 6389 
2 

6Fl & 85 11335 6475 11336 6475 11348 6464 11356 6456 
2" 

6F3 86 11267 6543 11273 6538 11282 6530 11287 6525 
2" 

87 11198 6612 11199 6612 11201 6612 11200 6612 
88 11167 6643 11169 6642 11177 6636 11183 6628 
89 11089 6721 11086 . 6725 11084 6729 11091 6721 
Rl 10642 7168 10643 7168 10650 7163 10649 7163 

6Fs R2 10617 7194 10618 7193 10625 7188 10625 7187 
2" 

R3 10605 7205 10606 7205 10611 7201 10611 7201 
Ql 9865 7945 9868 7943 9875 7938 9877 7935 
Q2 9762 8048 9766 8045 9771 8042 9769 8043 

6F7 Q3 9751 8059 9755 8056 9762 8051 9762 8050 
2" 

Q4 9726 8085 9729 8082 9733 8080 9736 8076 
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(b) R Centre Fluorescence 

Excitation of R(RE,Sm) centre 4G§. (Sm3+) absorption transitions, yields fluores-
2 

cence to the Sm3+ 6HJ and 6FJ multiplets. The recorded fluorescence spectra are 
shown in Figures 7.30 to 7.41. We deal with fluorescence to these multiplets below. 

Fluorescence to the 6H§. multiplet is detected in the 17850-17600 cm- I region. Typ-
2 

ically, transitions to five 6H% states are observed rather than 3 expected from J+~. 
This reflects the statistical occupation of two asymmetrical sites in the cluster by 
the Sm3+ ions and the distinct crystal field at each. For the CeF3 codoped sample, 
a 3 cm- I splitting is observed for the Al -+Z2 transition. To check that this was 
not due to overlap with an additional centre, the laser was tuned through the 17830 
cm-I absorption transition. No intensity variation was observed, relative to the 
other transitions assigned to the R(Ce,Sm) centre. 

Transitions to the 6Hz multiplet occur in the 16900-16400 cm-I region. Six transi-
2 

tions are observed in this case. Emission to this multiplet is characterised by two 
strong transitions labelled Al -+ Y I and Y3 . The remaining transitions are weak, 
but clearly observable. A broad feature is observed approximately 360 cm-I from 
the Al -+ Y I transition. This is assigned as a transition terminating on the TO(X) 
lattice vibrational mode. 

Transitions to the 6Hl!. multiplet are detected in the 15700-15200 cm-I region. These 
2 

spectra are very clear. No additional transitions above the 5 from J+~ are observed 
in this case. 

Fluorescence to the 6Hu multiplet can be observed in the 14500-13900 region. Up 
2 

to ten fluorescence transitions are observed to 6Hl!.. The transition to the lowest 
state is typically sharp and intense. The Al -+W2' W3 and W4 transitions are much. 
weaker but can be clearly observed. The remaining transitions are broadened by 
non-radiative decay to the lowest states of the multiplet. The sharp d-+f transition 
of the Sm2+ ion can be observed at a frequency of 14115 cm-I . A broad feature 
is observed to be displaced 300-400 cm-I from the Al -+WI transition. This is 
assigned as phonon sideband structure. The measured transition frequencies for 
emission to these multiplets are given in Table 7.9. 
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Figure 7.30: Fluorescence spectrum of the R(La,Sm) centre for transitions from 4GJl. to (a) the 
2 

6HJl. multiplet, (b) the 6H! multiplet and (c) the 6H2. multiplet in CaF2:0.15%La3+:0.05%Sm3+. 
2 2 2 

For all spectra the 17830 cm- I ZI ->AI transition was excited. The spectra were recorded at 16K 
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Figure 7.31: Fluorescence spectrum of the R(Ce,Sm) centre for transitions from 4G& to (a) the 
6Hli. multiplet, (b) the 6Hz. multiplet and (c) the 6HlI. multiplet in CaF2 :O.15%Ce3+:0.05%Sm3+. 

2 2 2 

For all spectra the 17830 cm-1 Zl -+AI transition was excited. The spectra were recorded at 16K. 
The * notation denotes unrelated features. 
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Figure 1.32: Fluorescence spectrum of the R(Gd,Sm) centre for transitions from 4G:;, to (a) the 
2 

6H.!l. multiplet, (b) the 6Hz multiplet and (c) the 6Hl!. multiplet in CaF2 :O.15%Gd3+:0.05%Sm3+. 
2 2 2 

For all spectra the 17828 cm -1 Z1 -+A1 transition was excited. The spectra were recorded at 16K. 



7.4. Fluorescence Spectroscopy 353 

1-2 
(a) 

cc; 
r£l 
en 
<t! 

1-3 
.....:l 

1-4 

17500 17600 17700 17800 ---rJ:J 
~ 

'8 
0 

(b) 1-3 
...0 1-1 I-< 

<t! 
'---' 

>, 
~ 

'CQ 
>=l 
<l.J 
~ 

>=l 
>-< 

<l.J 
U 
>=l 

TO(X) <l.J 
1-2 u 1-6 1-51-4 rJ:J 

<l.J 
I-< 
0 
;:::j -~ 16300 16400 16500 16600 16700 16800 

(e) 1-2 

1-1 

1-5 1-4 
1-3 

15200 15300 15400 15500 15600 15700 
Wavenumbers (em-I) 

Figure 7.33: Fluorescence spectrum of the R(Tb,Sm) centre for transitions from 4GJi. to (a) the 
2 

6H~ multiplet, (b) the 6Ht multiplet and (c) the 6H, multiplet in CaF2:O.15%Tb3+:O.05%Sm3+. 
For all spectra the 17828 cm-1 Zl ---Al transition was excited. The spectra were recorded at 16K. 



Table 7.9: Fluorescence transitions for the 6H~, °Hz and 6H!!. multiplets of the R centre in CaF2 :O.15%La3+:0.05%Sm3+, 
2 2 2 

CaF2 :O.15%Ce3+:0.05%Sm3+, CaF2 :O.15%Gd3+:O.05%Sm3+ and CaF2 :O.15%Tb3+:0.05%Sm3+. All frequencies are as measured in air 
(cm-1 ,±1). 

(La3+:Sm 3+) (Ce3+:Sm 3+) (GdH :Sm3+) (TbH:SmH ) 
Multiplet State Transition State Transition State Transition State Transition State 

Label Frequency Energy Frequency Energy Frequency Energy Frequency Energy 

ZI 17830 0 17830 0 17828 0 17828 0 
Z2 17776 54 17781 49 17791 37 17806 22 17778 52 

6H! 
2 

Z3 17758 72 17760 70 17761 67 17760 68 
Z4 17721 109 17727 103 17746 82 17730 98 
Z5 17702 127 17707 123 17722 106 - -
Y1 16845 985 16846 983 16852 976 16859 969 

6H7 Y2 - - 16808 
2' 

1022 16817 1011 16818 1010 
Y3 16788 1042 16792 1037 16804 1024 16810 1018 
Y4 16772 1058 16774 1155 16783 1045 16791 1037 
Y5 - 16752 1077 16761 1067 16727 1101 
Yij 16698 1132 16704 1126 16721±2 1107 16716 1112 
Xl 15650 2180 15650 2180 15659 2169 15665 2163 
X 2 15613 2217 15617 2213 15628 2200 15637 2191 

6H9 X3 15463 2367 15468 2362 15481±2 2347 15485 2343 
2' 

~ 15391 2439 15396 2434 15408 2420 15413 2415 
X5 15377 2453 15379 2451 15348±5 2444 15393 2435 
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Fluorescence transitions to the remaining 6HJ and 6FJ multipletrs were recorded 
in the appropriate spectral regions. For these measurements the SPEX 1700 series 
single monochromator and the liquid nitrogen cooled, RCA 7102 PMT were used to 
recorded the spectra. J+! transiitons were observed exception for the overlapping 
6Hll, 6Fl and 6F~ multiplets. The transition frequencies are given in Tables 7.10 
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Figure 7.34: Fluorescence spectrum of the R(La,Sm) centre for transitions from 4G.[ to (a) the 
2 

6Hu multiplet and (b) the 6Hu multiplet in CaF2 :O.15%La3+:0.05%Sm3+. The spectra were 
2 2 

recorded at 16K. 
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Figure 7.35: Fluorescence spectrum of the R{Ce,Sm) centre for transitions from 4Gll to (a) the 
2 

6Hlf multiplet and (b) the 6H\,! multiplet in CaF2:0.15%Ce3+:0.05%Sm3+. The spectra were 
recorded at 16K. The * notation denotes unrelated features. 
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Figure 7.36: 16K fluorescence spectrum of the R(Gd,Sm) centre for transitions from 4Gli. to (a) 
2 

the 6H't multiplet and (b) the 6H¥ multiplet in CaF2 :O.15%Gd3+:0.05%Sm3+. 
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Figure 7.37: Fluorescence spectrum of the R(Tb,Sm) centre for transitions from 4Gll to (a) the 
2 

fiHll multiplet and (b) the fiHll multiplet in CaF2 :O.15%Tb3+:O.05%Sm3+. The spectra were 
rec~rded at 16K. 2 



Table 7.10: Fluorescence transitions for the GHll and GHll multiplets of the R centre in CaF2:0.15%La3+:0.05%Sm3+, 
2 2 

CaF2:O.15%Ce3+:0.05%Sm3+, CaF2:O.15%Gd3+:0.05%Sm3+ and CaF2:0.15%Tb3+:0.05%Sm3+. All frequencies are as measured in air 
(cm-l,±l). 

~ 

(La3+:Sm3+) (Ce3+,:Sm3+) (Gd3+:Sm 3+) (Tb3+:Sm 3+) 
Multiplet State Transition State Transition State Transition State Transition State 

Label Frequency Energy Frequency Energy Frequency Energy Frequency Energy 

WI 14374 3456 14379 3451 14388 3440 14396 3432 
W 2 14329 3501 14339 3591 - - - -

6Hll W3 14305 3525 14310 3520 14316 3512 14324 3504 
""2 

W 4 14277 3553 14283 3547 14295 3533 14303 3525 
W5 14251 3579 14254 3576 14260 3568 14264 3564 
W6 - 14215 3614 14229 3599 -
\¥7 14181 3649 14187 3642 14195 3633 14201 3627 
W8 14177 3653 14182 3648 14192 3636 - -
W9 14140 3690 14144 3686 14146 3682 14152 3676 
WlO 14096 3734 14100 3729 - 14130 3698 
VI 12894 4936 12896 4934 12901 4927 12905 4923 
V 2 12861 4969 12863 4967 12869 4959 12878 4950 

12877 4951 
V3 12844 4987 12847 4983 12855 4973 12858 4970 

6H13 V 4 12823 5007 12825 5005 12833 4995 - -
""2 

V5 12800 5030 12807 5023 12814 5014 12820 5008 
V6 12797 5033 12801 5029 12802 5026 12806 5022 
V 7 12754 5076 12758 5072 12781 5047 12787 5041 
V8 12733 5097 12738 5092 12748 5080 -
V9 12716 5114 12723 5107 12741 5087 12755 5074 

VIO 12689 5141 12696 5134 12709 5119 12716 5112 
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Figure 7.38: Fluorescence spectrum of the R(La,Sm) centre for transitions from 4G ~ to 
(a) the BHll, BFl. and BFJ. multiplets, (b) the BF.!l. multiplet and (c) the BF:z: multiplet in 

2 2 2 2 2 

CaF2 :O.15%La3+:0.05%Sm3+. The spectra were recorded at 16K. 
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Figure 7.39: Fluorescence spectrum of the R(Ce,Sm) centre for transitions from 4G.§. to 
2 

(a) the 6Hli, 6F.!. and 6F;! multiplets, (b) the 6Fli multiplet and (c) the 6F! multiplet in 
2 2 2 2 2 

CaF2 :O.15%Ce3+:0.05%Sm3+. The spectra were recorded at 16K. 
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Figure 7.40: Fluorescence spectrum of the R(Gd,Sm) centre for transitions from 4G.§. to 
. 2 

(a) the 6Ril, 6F1. and 6F1 multiplets, (b) the 6F.§. multiplet and (c) the 6Fl: multiplet in 
2 2 2 2 2 

CaF2 :O.15%Gd3+:O.05%Sm3+. The spectra were recorded at 16K. 
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Figure 7.41: Fluorescence spectrum of the R(Tb,Sm) centre for transitions from 4GJi. to 
2 

(a) the 6H1!L, 6Fl and 6F:l multiplets, (b) the 6F!J. multiplet arid (c) the 6Fl multiplet in 
2"" 2 2 

CaF2 :O.15%Tb3+:0.05%Sm3+. The spectra were recorded at 16K. 



Table 7.11: Fluorescence transitions for the 6Hlli., 6Fl, 6F;!, 6F~ and 6FI multiplets of the R centre in CaF2 :O.15%La3+:0.05%Sm3+, 
2 2 2 2 2 

CaF2 :O.15%Ce3+:0.05%Sm3+, CaF2 :O.15%Gd3+:O.05%Sm3+ and CaF2 :O.15%Tb3+:O.05%Sm3+. All frequencies are as measured in air 
(cm-1 ,±1). 

(La3+:Sm 3+) (Ce3+:Sm 3+) (Gd3+:Sm3+) (Tb3+:Sm 3+) 
Multiplet State Transition State Transition State Transition State Transition State 

Label Frequency Energy Frequency Energy Frequency Energy Frequency Energy 

81 11543 6287 11537 6293 11542 6286 11543 6285 
82 11461 6369 11460 6370 11479 6349 11487 6341 
83 - - 11450 6380 11474 6354 - -

6H15 
2' 

84 11450 6380 11442 6388 11464 6364 11469 6359 
6Fl & 85 11425 6405 11427 6403 11440 6388 11446 6382 

"2 
6F3 86 11329 6501 11331 6499 11347 6481 11353 6475 

"2 
87 11316 6514 11301 6529 11327 6501 11331 6497 
88 11230 6600 11234 6595 11244 6584 11246 6582 
89 11177 6653 11186 6643 11200 6628 11205 6624 
810 11117 6713 11126 6704 11116 6712 11117 6711 
811 11102 6728 11104 6726 11099 6729 11104 6724 
R1 10657 7173 10660 7170 10673 7155 10677 7151 

6F5 R2 10640 7190 10642 7188 10655 7173 10661 7167 
"2 

R3 10631 7199 10634 7196 10647 7181 10652 7176 
Q1 9883 7947 9888 7942 9901 7927 9904 7924 
Q2 9785 8045 9787 8043 9799 8029 9801 8027 

6F7 Q3 9764 8066 9769 8061 9781 8047 9784 8044 
"2 

Q4 9754 8076 9758 8072 9770 8058 9778 8056 

tJ 
o 
'0 

'" P-

o 
~ 
'" 
~ 
'" + 

CiJ 
S 
'" + 
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7.5 Fluorescence Lifetimes and Energy Transfer 

7.5.1 The Fluorescent Transients 

The 4G§. fluorescence decay transients of the Rand Q centres in La3+, Ce3+, Eu3+, 
2 

Gd3+ and Tb3+ codoped CaF2 crystals has been recorded. The fluorescence lifetime 
was then determined by fitting the recorded luminescence decay curve to a single or 
double exponential function, as was appropriate. 

As the concentrations used to study the cluster centres were around 0.2 mol %, it was 
often difficult to obtain decay curves that could be represented by single exponential 
functions. This is due to the overlap of Q and R centre transitions with those of 
other centres. Often, the laser was tuned down either side of the inhomogeneous 
profile of the absorption transition being excited. The measured exponentials for 
the Q centres are presented in Figures 7.42 - 7.46 whilst the R centre exponentials 
are presented in Figures 7.47 - 7.51 with the measured lifetimes for both centres 
presented in Table 7.12. 

Table 7.12: 16K 4GJi. fluorescence lifetimes for the Rand Q centres in 
2 

CaF2:O.15%La3+:0.05%Sm3+, CaF2:0.15%Ce3+:0.05%Sm3+, CaF2:0.15%Gd3+:0.05%Sm3+ 
and CaF2:O.15%Tb3+:0.05%Sm3+, and 16K fiDo lifetimes of the Rand Q centres in 
CaF2:O.15%Eu3+:0.05%Sm3+. All lifetimes are in milliseconds (±O.l) unless otherwise 
stated. The bracketed values given in the R,Q(Eu,Sm) cases are the R,Q(Eu,Eu) 5Do lifetimes 
measured by Hamers et. al. [104J. 

--~~~--~~~~~--~~~~-----
Centre Multiplet Lifetime 

Q(La,Sm) 4Gs 7.8 
4 2' 

Q(Ce,Sm) G§. 7.7 
2 

Q(Eu,Sm) 5Do 8.4 (10.1±0.1) 
Q(Gd,Sm) 4G.§. 7.7 

2 

Q(Tb,Sm) 4Gs 7.8±0.2 
'2 

R(La,Sm) 4Gs 7.3 z 
R(Ce,Sm) 4G§. 7.3 

2 

R(Eu,Sm) 5DO 10.5 (10.4±0.1) 
R(Gd,Sm) 4Gs 7.4 

2' 
R(Tb,Sm) 4G.§. 7.S±0.2 

2 
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Figure 7.42: 16K 4Gp. fluorescence decay curve for the Q(La,Sm) centre 
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Figure 7.43: 16K 4Gp. fluorescence decay curve for the Q(Ce,Sm) centre 
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Figure 7.44: 16K 4Gl!, fluorescence decay curve for the Q(Gd,Sm) centre 
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The measured Eu3+ 5DO lifetimes for the Rand Q centres deserve discussion. For the 
R(Eu,Sm) centre, the 5DO lifetime is 10.5 ms in reasonable agreement with the value 
measured by Hamers et. al. [104] for the equivalent CaF2 :Eu3+ R(Eu,Eu) centre of 
10.4 ms. However, the Q(Eu,Sm) centre value, of 8.4 ms, is significantly different 
from the Q(Eu,Eu) centre value (of 10.1 ms). An explanation for this difference, is 
that the interionic separation of the RE3+ ions is less for the Q centres than for the 
R centres. This could lead to additional transfer mechanisms for the heterogeneous 
Sm3+ -Eu3+ centres. An example of such a mechanism is de-excitation of the 5DO 
multiplet through excitation of the Sm3+ 6Fll multiplet at 10500 cm- I . The Eu3+ 

. 2 

ion could then de-excite to the 7F 6 multiplet at 5100 cm -1. Such a process would 
require the emission of lattice phonons to conserve energy. 

Additional evidence supporting a smaller interionic separation for the ions of the 
Q centre is provided by the risetimes observed for the Q(Eu,Sm) and R(Eu,Sm) 
centre, 5DO transients. The risetimes are 3.4tLs for the Q(Eu,Sm) centre and 6.5tLs 
for the R(Eu,Sm) centre. These are inversely proportional to the 4G§. -+5Do energy 

2 

transfer rates. In addition, they are the only contribution to the 4G§. lifetime. 
2 

These energy transfer rates are, for the Q(Eu,Sm) centre W~~K=294 ms-1 and for 
the R(Eu,Sm) centre W~~K =154 ms- I . This Q(Eu,Sm) centre value is nearly twice 
that of the R(Eu,Sm) centre. This indicates that the overlap of the Sm3+ and Eu3+ 
wavefunctions is much greater for the Q(Eu,Sm) centre due to the closer proximity 
of the Sm3+ and Eu3+ ions in that centre. 

7.5.2 Temperature Dependence of Q(Eu,Sm) and R(Eu,Sm) Centre En
ergy Transfer 

The Q(Eu,Sm) and R(Eu,Sm) centres in CaF2:Eu3+:Sm3+, exhibit extremely effi
cient energy transfer between the heterogeneous ions in the cluster. This is evi
denced by the lack of Sm3+ fluorescence from the 4G §. level being excited and the 

2 

intense Eu3+ emission. The process is mediated by lattice phonons. The high ef-
ficiency is perhaps surprising, since the direct energy gap between the 4G§.(Sm3+) 

2 

and 5DO(Eu3+) levels, is greater than the lattice phonon cutoff energy for the CaF2 

host crystal. Further, electron-phonon coupling is expected to be weaker for rare 
earth ions in the middle of the 4f-series [147] (1995) [148] (1997). Thus, the high 
transfer efficiency reflects a large site-site coupling of the Eu3+ and Sm3+ ions. This 
is largely attributable to the proximity of the rare earth ions in the cluster. 

The measurement of energy transfer rates is, in general, a difficult experimental 
problem necessitating, in some cases, a knowledge of the non-radiative quantum ef-
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ficiency. The measured fluorescence decay rate of an excited state WT , is determined 
by the sum of the radiative rate WR , the multiphonon relaxation rate WMPH and 
the rate of energy transfer WET 

(7.1) 

For the 4G§. multiplet of the Q(Eu,Sm) and R(Eu,Sm) centres, the lack of Sm3+ 
2 

emission indicates the WR rate is negligible and the large 4G§.-6F!l gap eliminates 
the WMPH contribution to the total lifetime. Thus, we ca~ me~ure the energy 
transfer directly, as a risetime on the recorded 5DO decay profile. The recorded 
decay transients are shown in Figures 7.52 and 7.53. 

Energy transfer between the 4G§. multiplet of Sm3+ and the 5DO multiplet of Eu3+, 
2 

has been observed previously by Reisfeld and Boehm [149] in phosphate glass. In 
that study, analysis of the energy transfer process was complicated by the necessity 
to model the radial dependence of the transfer process. This is a consequence of 
the statistical distribution of the Sm3+ and Eu3+ ions in the host material. For the 
Q(Eu,Sm) and R(Eu,Sm) dimer centres, there is no necessity to model the radial 
dependence of acceptor ions as the donor-acceptor interionic distance is fixed. 

The temperature dependence of phonon assisted energy transfer up to several hun
dred degrees Kelvin, is dominated by the thermal population of the lattice phonon 
modes. A general form of the temperature dependence of the multiphonon assisted 
energy transfer rate can be written as 

(7.2) 

where n is the occupation number of the phonon mode involved, p is the order of the 
process (=~~, where l:l.E is the energy mismatch to be bridged by the phonons) and 
WST,o is the spontaneous multiphonon emission rate at OK. The i and f notation 
designates the upper level as i, and the lower level as f, Replacing the occupation 
number of the phonon mode, by its Bose-Einstein average [150] 

[ (
fiW -]-1 n = exp kT) -.I. (7.3) 

we have the temperature dependent multi phonon assisted energy transfer rate for a 
single frequency p-phonon process 

WET(T) = W.ET,O ( exp(~) )P 
~f exp(Z~) - 1 

(7.4) 

It has been pointed out by Riseberg and Weber [150], that the critical feature is 
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Figure 7.52: 16K energy transfer exponential for the 4GJi. --+5Do process in the Q(Eu,Sm) centre 
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the order of the process rather than the precise phonon energy distribution which 
governs the temperature dependence. It should be realised, that eqn 7.4 assumes a 
simple process involving transfer between two discrete crystal field levels, whereas 
each multiplet generally comprises several levels. If we designate the levels of the 
upper multiplet by i, and the levels of the lower multiplet by j, then the total 
transfer rate from one of the upper levels is 1:! Wi!. As the levels of the multiplet 
are in thermal equilibrium, the combined rate is a Boltzmann average from the 
separate levels 

(7.5) 

where Wi! is an individual decay rate from upper multiplet level i to lower multiplet 
level j, 9i is the degeneracy and ~i is the energy separation of the ith level from 
the bottom level of the upper multiplet. 

The measured temperature dependence, of the energy transfer rate, is plotted for 
the Q(Eu,Sm) and R(Eu,Sm) centres in Figure 7.54. The general features of ~he 
data can be explained as follows. The flat section, to 50 K, is due to the spontaneous 
emission of phonons from the lowest level of 4G!i.. The thermal depopulation of this 

2 

lowest level, is responsible for the dip in the transfer rate (or lengthening of the 
lifetime), in the 50-150K region. Beyond 150 K, additional lattice phonon modes 
become thermally populated. This leads to stimulated emission of phonons from all 
of the 4G.§; levels. This gives rise to the steep increase in energy transfer rate at 

• 2 
hIgher temperatures. 

There are three crystal field levels (19813, 17887 and 17960 em-I) of the 4G.§; mul-
2 

tiplet of Sm3+ for the Q(Eu,Sm) centre and five (17829, 17891, and 17908, 17922 
and 17942 em-I) for the R(Eu,Sm) centre. Using eqn 7.6, the thermal popula
tion of the excited 4G 2. states are accounted for. We adopt the approximation of a 

2 

non-vanishing W~T only for the lowest Sm3+ crystal field leveL 

For the Q(Eu,Sm) centre, the total 4G§._5Do energy gap to be bridged is 554 em-I. 
2 

The measured 16K value of the transfer rate (=294 ms-I) was used as an approxi-
mation to W ET,O. This appears justified by the flat nature of the data below 20K. 
Fourth, third and second order phonon process were calculated. The particular 
phonon frequency used, was chosen to fulfil energy conservation. It can be seen 
from Figure 7.54, that a third order process approximates the temperature depen
dence most adequately. The agreement between theory and experiment can be seen 
to be reasonable. However, at higher temperatures the predicted increase in the 
energy transfer rate appears too low. 
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For the R(Eu,Sm) center, the total 4G!1-5Do energy gap to be bridged is 568 cm-I , 
2 

Again, WET,O has been set to the 16K experimentally determined value of 154 ms- I , 

Figure 7.54 shows the comparision between the predicted and experimental temper
ature dependences. For the R(Eu,Sm) centre, higher order processes were tried as 
the energy transfer rate had a greater dependence upon temperature. A fourth or
der process gives the best agreement. However the higher temperature experimental 
energy transfer rate is not at all well accounted for. 

Overall, it appears that the single frequency model gives quite acceptable agreement 
at low temperatures (10-150K). It is clear, that the lattice phonons do not act to 
minimise the order of the process as was speculated in early studies of multiphonon 
decay and phonon assisted energy transfer [150], This observation has been made 
previously, by Miller and Wright [151] (1979) and Weber [152] (1973). 

Clearly further work is required to fully account for the temperature dependence of 
the energy transfer rate. Tissue and Wright [119] (1989) analysed the temperature 
dependence of the energy transfer rate between dimerised Er3+ ions in SrF2:Er3+ in 
terms of resonant, two-phonon (Orbach) processes. However, these processes could 
not explain the large enhancements in the energy transfer rate as a function of an 
applied magnetic field. It would be interesting to repeat these experiments for the 
systems under study here. This was not experimentally possible in this work as 
the magnets available did not have sample temperature control, independent of the 
solenoid. 

A further complication arises in that it is not clear that lattice phonon modes are 
responsible for mediating the energy transfer. It is possible that pseudo-localised 
modes of the rare earth ions are more important .. 
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2 

fer rates for the Q(Eu,Sm) and R(Eu,Sm) centres in CaFz:O.15%Eu3+:0.05%Sm3+. The solid lines 
are the calculated dependences. 



Chapter 8 

Zeeman Infrared Spectroscopy for Sm3+ and Eu3+ 

Doped into Alkaline Earth Fluoride Crystals 

Infrared absorption transitions are rarely studied in spectroscopic analyses of RE3+ 
doped solids due to their inaccessibilty with commonly employed photomultipliers. 
However, these transitions are often stronger than those observed optically as tran
sitions between levels of the same (2S+1)L term will be spin-allowed. The Eu3+ and 
Sm3+ ions give rise to a plethora of electronic structure accessible with the Digilab 
FTIR spectrometer used in this study. This is because the respective 7F 0 -+ 7F 2,3,4,5,6 
and 6H5 -+6H 7 9 11 13 15 and 6F1 3 5 7 9 11 transitions occur in the 900 - 11000 cm-1 

. 2' 2'2'2'2'2 2'2'2'2'2'2 
regIOn. 

In all crystals studied in this work, the absorption transitions observed are assigned 
by comparision with the corresponding laser selective excitation studies. This pro
vides a check on the electronic states inferred from laser excited fluorescence. The 
influence of a magnetic field upon the sharper absorption lines has also been recorded 
and analysed. For transitions of the C4v symmetry A centre in CaF2 and SrF2 crys
tals doped with Sm3+, this is particularly interesting as no well defined polarisation 
ratios could be obtained from the laser selective excitation studies of chapter 5. A 
consequence of this has been that no experimental data was available to assign irrep 
symmetry labels to the electronic energy levels. Instead, this been done by compar
ision with preliminary crystal field calculations. Analysis of the Zeeman effect for 
those levels goes some way to remedy this, as the experimentally measured splittings 
may be compared with those expected from the crystal field calculations. 

377 
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8.1.1 Infrared Spectroscopy 

The infrared absorption spectrum for a 26.5 mm thick CaF2 :O.05%Sm3+ crystal has 
been recorded. For these experiments the crystal was cooled to a temperature of 
10K. Spectra for the individual multiplets of the 6H and 6F terms are shown in 
Figures 8.1 through to 8.5. The spectra are complicated by the co-existence of 
preferential cluster centres. The transitions associated with these centres are of 
comparable intensity to the A centre transitions, at concentrations of 0.05 molar %. 

For transitions from the 6H§. ground multiplet to the 6Hz, 6HJ! and 6Hll multiplets, 
2 2 f 2 a globar source, KBr beamsplitter and mercury cadmium tel uride detector combi-

nation has been used in the Digilab FTIR spectrometer. These transitions occur in 
the 900-4000 cm- l region. Features of the spectra to the particular multiplets are 
discussed in turn below. 

Transitions to 6Hz fall just above the multiphonon edge of the CaF2 host crystal. 
They are often detected with low transmission intensities for crystal lengths above 
1 cm. Thinner crystals may be used to optimise the transmission intensities whilst 
maintaining good absorption strengths. Absorption due to both grease contami
nants on the crystal faces and residual atmospheric moisture in the spectrometer, 
are observed amongst the absorption transitions to the 6Hz multiplet. The broad 

2 

absorption feature associated with grease is at a frequency of 1260.2 cm- l . The 
spectrum is given in Figure 8.1. 

For transitions to the 6Hl! multiplet, better signal strengths are obtained. Absorp
tion transitions corresponaing to the A, Q, R and near cubic 0 centres are observed. 
The absorption frequencies, linewidths and relative intensities are given in Tables 
8.1, 8.2 and 8.3. The assignment of one transition at 2161.9 cm- l as originating 
from the 0 centre is tentative but the level energy is consistent with that assigned 
from laser selective excitation. In Figure 8.3, the 2160 - 2200 cm- l absorption is 
enlarged. This reveals a 0.3 cm- l splitting of the infrared absorption transitions of 
the R centre. These splittings have their origin in exchange interactions between 
the two Sm3+ ions that comprise the cluster. Such splittings have been observed 
in CsCdBr3:RE3+ (where preferential dimer formation occurs) by Cockcroft et. al. 
[153] (1989) and Mujaji et. al. [154} (1992), [155] (1993). 

Transitions to the 6Hll multiplet overlap with a strong, broad atmospheric absorp
tion band. Only one

2 
transition to each of the A, R and Q centres is observed. 
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Figure 8.1: Infrared absorption transitions to the 6Hz multiplet in CaF2 :O.05%Sm3+. Spectra 
were recorded at 10K. The A centre transitions are labe11ed by their arbitrary numerical labels. 
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Figure 8.2: Infrared absorption transitions to the (a) 6H~ and (b) 6H¥ multiplets, for 
CaF2 :O.05%Sm3+. Spectra were recorded at 10K. The A centre transitions are labelled by their 
arbitrary numerical labels. 
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larged scale showing R centre pair splittings, 
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sF.Ii. multiplets for CaF2 :O.05%Sm3+. Spectra were recorded at 10K. The A centre transitions are 
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Figure 8.5: Infrared absorption transitions to the (a) , (b) 6Fl!. and (c) 6Fll. multiplets for 
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CaF2:0.05%Sm3+, Spectra were measured at 10K. The A centre transitions are labelled by their 
arbitrary numerical labels. 
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Transitions to other crystal field levels of the 6Hll multiplet were searched for, how
ever none could be found. The unobserved feat~res are difficult to identify as they 
are located amidst the region in which the atmospheric absorption is strongest. 

For recording the absorption transitions to the 6Hll multiplet a quartz beamsplitter, 
2 

quartz-halogen souce and indium antimonide detector combination is employed in 
the Digilab FTIR spectrometer. This gives extended range over the 2800 - 11000 
cm -1 region. Transitions to the 6Hll multiplet, also overlap an atmospheric absorp-

2 

tion band. In this case, vigorous flushing of the spectrometer with dry nitrogen gas 
can eliminate the problem, as the absorption due to water vapour is weaker. This 
shown in Figure 8.4(a). All but one ofthe A centre transitions to the 6Hll, 6Fl and 

2 2 

6Fl multiplets are observed. Significantly fewer of the Rand Q transitions can be 
2 

identified. This can, in some part, be attributed to the slightly stronger A centre 
transitions obscuring them. In Figure 8.4(c) transitions to the 6F!i. multiplet are 

2 

shown. 

Transitions to the 6Fl multiplet are very strong. Here, the cluster centre transitions 
2 

occur at lower frequencies than the A centre transitions and this makes the spectrum 
simpler to interpret. For each of the centres, transitions to all levels assigned from 
laser excited fluorescence are observed. No intensely absorbing features remain 
unassigned. 

Absorption transitions to the 6Fg and 7Fll multiplets are observed in the 9000 -
2 2 

9450 cm-1 and 10500 - 10800 cm-1 regions respectively. Laser excited fluorescence 
transitions to these levels have not been observed. This is because the photomulti
plier employed cannot reach significantly further into the infrared than 9000 cm-1 

(1.1 /-Lm). We attempt assignment of the A centre levels only, as these can be 
compared against the predictions of the crystal field analysis presented in chap
ter 5. The observed transitions can also be compared with the analogous spectra 
for SrF2:O.05%Sm3+. This gives a good contrast as few centres (other than the A 
centre) are present in absorption for SrF2:O.05%Sm3+. Four transitions have been 
observed to the 6Fg multiplet which are assigned as belonging to the A centre. The 

2 

frequencies of these transitions are 9269.9, 9288.4, 9356.4 and 9372.3 cm-1 . They 
are assigned as transitions to the P II6 , P 216 , P317 and P 416 states respectively. For 
the 6Fll multiplet, transitions to only three of the expected six levels are observed. 

2 

The frequencies of these transitions are 10396.6, 10733.6 and 10767.2 cm-I . The 
6Fll states are assigned as 02/6, 0 416 and 0 516 from comparision with the crystal 
fiela analysis. 



385 

Table 8.1: Energy levels (in vacuum cm- I , ±0.2), intensities (relative to the strongest line in the 
spectrum (=100.00), ±0.50) and linewidths (in cm- I , ±0.2) as measured in absorption to A centre 
crystal field levels of the 6H and 6F terms in CaF2:0.05%Sm3+ 

Multiplet Transition I Energy Intensity Linewidth 

Z1l6 ---+ Y 116 985.6 36.7 1.3 
6H7 ---+ Y3r7 1324±3 5.1±1.0 6.5±0.3 

"2 
---+X1I6 2214.8 0.6 0.2 
---+X2I6 2375.6 15.9 5.0 

6H9 ---+X3r7 
"2 

2402.0 8.9 8.0 

---+X4r7 2537.2 7.1 9.1 
---+X5r6 2563.2 3.5 13.6 

6Hll 
"2 

---+ W 116 3503.6 26.0 0.3 

---+ V 116 4865.9 7.0 0.3 
---+ V2I7 4979.6 8.3 5.3 

6H13 ---+ V4r7 5215.3 3.1 6.0 
T 

---+ V5r6 5237±1 1.3 6.5±0.4 

---+81 r7 6230.2 0.6 0.5 
---+8216 6285.0 4.0 0.4 
---+83r6 6526.4 4.0 1.1 

---+84r6 6587.1 4.0 7.4 
6H!§., 6F 1 ---+85r6 6652.2 2.5 5.3±0.4 

2 2 

and 6F3 ---+86r7 6664.15 9.0 7.4 
2" 

---+8716 6695.9 23.6 7.9 

---+8917 6857.4 81.5 13.8±0.2 

---+R1I7 7292.4 67.6 2.5 
6Fs ---+R2I6 7344.7 . 37.8 2.6 

"2 
---+R3'f7 7374.5 29.4 2.8 

---+Q1I7 8125.5 33.5 0.5 

---+Q2r6 8154.7 47.7 0.6 
6F7 ---+Q3r7 8178.0 3.0 0.3 

2" 

---+Q4r6 8245.5 100.0 1.6 
---+ P 1I6 9269.9 0.9 0.5 
---+P2I6 9288.4 31.3 0.6 

6F9 ---+P3'f6 9356.4 34.7 0.8 
2" 

---+P 4r7 9372.3 51.4 1.3 
---+0216 10696.6 3.9 1.6 

6Fll ---+0416 10733.7 1.7 0.5 
T 

---+05r6 10767.4 10.2 0.6 
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Table 8.2: Energy levels (in vacuum cm-1
, ±0.2), intensities (relative to the strongest line in the 

spectrum (=100.00), ±0.50) and linewidths (in cm -1, ±0.2) as measured in absorption to R centre 
crystal field levels of the 6H and 6F terms in CaF2:0.05%Sm3+ 

Multiplet Transition I Energy Intensity Linewidth 

Zl -+Y1 975.9 28.9 1.5 
6H7 -+Y2 1014.4 3.0 0.9 

2' 
-+Y3 1026.3 11.0 0.8 

-+X1 2170.6 5.4 0.6 
-+X2 2200.9 9.0 0.6 

6H9 -+X4 2426±3 29±1 10.1±5 
2-

-+Xs 2442±3 14±1 10.1±0.5 
6Hn -+W1 

T 
3440.8 1.8 0.6 

-+V1 4927.5 3.2 1.7 
6H13 -+V2 4959.7 8.3 5.3 

T 
-+V4 4972.9 5.8 0.6 
-+81 6285.8 3±1 0.7±0.3 

6Hll,6Fl -+82 6349.0 0.9 1.5 
2 2 

and 6F3 -+85 6388.6 19.8 1.2 
2' 

-+89 6633.6 20.1 10.5 

-+R1 7155.4 49.4 2.8 
6Fs -+R2 7173.5 17.6 1.8 

2' 
-+R3 7182.9 27.7 2.3 

-+Q1 7928.4 25.3 0.7 
-+Q2 8030.4 100.0 1.5 

6F7 -+Q3 8048.1 24.4 0.8 
2' 

-+Q4 8059.2 88.5 1.0 
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Table 8.3: Energy levels (in vacuum cm- 1
, ±0.2), intensities (relative to the strongest line in the 

spectrum (=100.00), ±0.50) and linewidths (in cm-1 , ±0.2) as measured in absorption to Q centre 
crystal field levels of the 6H and 6F terms in CaF2 :O.05%Sm3+ 

Multiplet Transition I Energy Intensity Linewidth 

Z1 -+ Y1 966.0 35.3 1.2 
6H7 -+Y2 1029.8 21.7 1.4 

:; 

-+X1 2166.2 6.0 0.4 
6H

t -+X2 2197.2 7.6 0.9 

6Hll -+W1 3432.4 2.8 0.4 
T 

-+V1 4915.7 1.4 0.8 
6H13 -+V2 4949.8 8.6 2.3 

T 
-+V3 4989.5 7.0 0.7 

-+81 6281.4 2.7 0.4 
6HlQ, 6F l -+82 6323 0.3 1.3 

2 2 

and 6F3 -+84 6392.3 18±1 2.3±0.3 
? 

-+R1 7162.0 54.6 2.6 
6F5 -+R2 7186.6 31.9 2.2 

"2 
-+R3 7200.0 5.7 2.5 

-+Q1 7937.0 30.5 0.6 

-+Q2 8041.4 74.2 0.9 
6F7 -+Q3 8050.3 21.1 1.0 

"2 
-+Q4 8077.6 100.0 0.9 
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8.1.2 Zeeman Infrared Spectroscopy 

For Zeeman measurements on the infrared absorption transitions, a 17.4 mm thick 
CaF2 :0.05%8m3+ crystal, oriented along its (111) planes has been used. Wells [64] 
has measured the Zeeman spectra of CaF2 :8m3+ for many ofthe infrared transitions 
in the 900 - 4000 cm-1 region. In this study, that work is extended to the Zeeman 
splittings of the A centre transitions in the 4500 - 10000 cm -1 region. 

The Zn6 -+Wl/6 transition at 3503.6 cm-1 is in the region of overlap of the KBr 
and indium antimonide beamsplitters available in this study. The spectrum of this 
transition has been remeasured for comparision with that of Wells. The spectra 
at fields of 0, 2 and 4 Tesla are shown in Figure 8.6. The Zeeman splitting of the 
ground state is quite small. From electron paramagnetic resonance measurements, it 
is measured to be gll=0±0.06 and gl..=0.823±0.003 [78]. Because ofthis, the Zeeman 
effect in the ground state is often observed as a small splitting, superimposed on the 
splitting of the upper state. For a magnetic field applied along the (111) direction, 
the ground state g value for the A centre in CaF2 :8m3+ is measured to be 0.64. This 
is in good agreement with the value inferred from EPR of 0.67. 

Of the transitions observed to the 6Hll multiplet only the Z116 ---+ V 116 transition 
2 

at 4865.9 cm-1 gives a clear splitting (Figure 8.7). The Z116 ---+V2I7 transition 
at 4979.6 cm-1 is observed to broaden but no splitting could be observed. The 
spectrum is additionally complicated by overlapping Rand Q centre lines. 

Figures 8.8 and 8.10 show clear splittings of the 8116 and 8316 states at 6230.2 and 
6526.4 cm-1 respectively. However, in Figure 8.9 the splitting of the Zl/6 -+8216 
transition at 6285.0 cm-1 is complicated by cluster centre lines. In this case, the 
notation 8~u is used to indicate the higher and lower energy Zeeman levels of the 82 

state. These can be identified by the symmetrical broadening of these transitions 
due to the (unresolved) ground state splitting. 

For transitions to the 6H!§., 6Fl and 6F~ multiplet levels, shown in Figure 8.11, 
2 2 2 

the linewidths are so broad that no distinct Zeeman splittings are observed (up to 
magnetic field strengths of 4 Tesla). Obviously, in this case very few conclusions can 
be drawn. 

Figure 8.12 shows transitions to the 6F §. multiplet. The 6F §. states decay via spon-
2 2 

taneous multiphonon emission to the lower energy 6H!§., 6Fl and 6F~ multiplets. 
222, 

As a consequence, the linewidths for transitions to this multiplet are broader and 
the Zeeman splittings are less well resolved. 
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Figure 8.7: 4.2K splitting of the CaF2:O.05%Sm3+ A centre 6Hy,(Z1'Y6)--+6HliI.(V1r6 ) and (V2r1 ) 
2 ~ 

transitions as a function of magnetic field directed along a (111) axis. 
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Figure 8.11: 4.2K splitting of the CaF2 :O.05%Sm3+ A centre 6H~ ( Zl/6)-(S41'6), (S51'6), ( S61'7), 
(S7I'6) and (S91'7) transitions as a function of magnetic field directed along a (111) axis. 
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and (R31'7) transitions as a function of magnetic field directed along a (111) axis. 
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Transitions to both the 6FI and 6F2 multiplets, shown in Figures 8.14 and 8.15, 
are sharper and give well re~olved Ze~man patterns for all but the highest frequency 
transitions. In Figure 8.14 the weak Zll'6 -+Pi1'6 transition at 9269.9 cm-i is seen 
to gain in intensity as the strength of the magnetic field is increased. This results 
from mixing of the P il'6 and P 21'6 state wavefunctions, in the applied magnetic field. 

Transitions to the 6Fll multiplet are observed as weak features because of low trans-
2 

mission signals at 10000 cm-i and above. The application of a magnetic field lifts the 
Kramers degeneracy of the states. As such, the Zeeman subtransitions are weaker 
and few transitions could be detected. 

The measured Zeeman splitting factors are given in Table 8.4 where they are com
pared with those calculated using Dr Mike Reid's F-Shell Empiricial Programs. On 
the whole, these give good agreement with the measured values. 

There is a particularly poorly duplicated set of splittings, namely those of the P il'6 
and P2I'6 states. This arises because the crystal field analysis places these two states 
only 2.9 cm-i apart however, they are experimentally measured to be separated 
by 18 em-i. Therefore, the calculated second order Zeeman interaction between 
these states, will be larger than it actually is. This will distort the calculated 
splitting factors. A better assessment of the Zeeman effects between these states 
will be possible if the calculation is repeated by a simple, back of the envelope type 
calculation. This is presented below. 

Here, we neglect the mixing of the two wavefunctions. The output of the crystal 
field analysis gives wavefunctions of the 1 Jz) form: 

Pil't 0.2525 1 =f~) - 0.4185 1 ±~) - 0.8616 1 ±~) 

P21't 0.9515 1 =f~) + 0.0488 1 ±~) + 0.2518 1 ±~) 

The Zeeman matrix elements within the states of the Kramers doublet are: 

for the parallel effect and for the perpendicular effect: 

Hx = J-tBBx(Lx + 2Sx) = J-tB
2
gL b"6 1 J_ Il't) 

Where %, the Lande g-factor, is equal to 1.657 for the 6F2 multiplet of Sm3+ . From 
2 

the above matrix elements the splitting factors are: 
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Table 8.4: Calculated and experimental Zeeman splitting factors for the C4v A centre in 
CaF2 :O.05%Sm3+. Experimental uncertainties are ±O.2 unless otherwise stated. The t notation 
indicates the data of Wells [64]. The superscript a denotes calculated splitting factors which have 
been hand calculated neglecting second order Zeeman interactions. 

State & Field Zeeman Splitting Factor 
Symmetry (Tesla) Calculated Experimental 

S1. SII S[111] S[I11] 

ZI,6 4 0.93 0.07 0.77 0.6 

X1,6 3 4.48 1.48 3.76 3.72±0.10t 
W1,6 3 6.06 1.93 5.07 4.89±0.10t 

V1,6 4 8.49 1.41 7.00 6.9 

8117 4 9.68 1.13 7.66 7.6 

82'Y6 4 8.23 2.07 6.47 6.4 

83,6 4 0.16 3.22 1.84 2.4±0.3 

R1,7 4 1.68 2.35 1.94 1.2±0.5 

R 2,6 4 4.24 1.54 3.59 2.9±0.5 

R3,7 4 2.77 5.21 3.75 3.8±0.5 

Ql,7 4 0.94 4.26 2.57 3.5 

Q2'Y6 4 1.91 4.02 3.79 4.4 

Q3'Y7 4 1.05 4.60 4.07 4.3 

Q4,6 4 3.68 1.69 3.17 4.2±0.5 

Pl,6 4 O.71 a 10.62a 6.16a 6.0 

P2'Y6 4 2.41 a 9.56a 5.86a 5.3 

P 3,7 4 6.20 2.04 5.40 5.4 

P4'Y6 4 5.26 3.28 4.90 4.5±0.5 
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81. = g£("16 1 J_ 1 "It) 

We start with the Pn6 state at 9269.9 cm-1, calculating the magnitude of (1z): 

(Jz ) = -(0.2525)2~ + (-0.4185)2~ + (-0.8616)2~ = 3.21 

Therefore sll=10.62. Now calculating the matrix elements of the perpendicular split
ting: 

1 1 J9 9 1 1 
(-- 1 J_ 1 -) = -( - + 1) - -( - - 1) = 5 

2 2 2 2 2 2 

7 9 V9 9 9 9 9 7 (-IJ 1-)= -(-+1)--(--1)=3=(--IJ 1--) 2 -2 22 22 2 - 2 

Thus 
("16 1 J_ 1 "It) = (-0.4185)25 - 2(0.8616)(0.2525)3 = -0.4296 

and S1. =0. 71. Calculating S[l11] from 

8[111] = 
8IT + 28i 

3 

we obtain a value of 6.16. This value is in significantly better agreement with the 
measured value of 6.0 than the value calculated by the program of 3.20. 

Repeating the calculation for the P2'Y6 state at 9288.4 cm-I, we obtain a (Jz ) value 
of 2.88 yielding sll=9.56. Whilst a (1-) value of 1.45 yields S1. =2.41. These give 
S[111]=5.86. Once again, a significantly better approximation to the measured value 
of 5.3 is obtained than the value of 3.10 calculated by the program. 

Finally, we wish to consider the splitting of the Rand Q cluster centres. Figure 
8.15 shows the spectrum of the ZI -Q1 transitions of the Rand Q centres as a 
function of magnetic field strength. These transitions are chosen as representative 
of the cluster centre lines since they are stronger, isolated and reasonably sharp. As 
can be seen from Figure 8.15, the splitting is simple although not clearly resolved. 
In neither case are more than four lines observed. This observation is true of all the 
cluster centre transitions observed in the Zeeman spectra. This suggests that all of 
the possible orientations of the cluster centres are magnetically equivalent along the 
(111) direction. However, with the small splitting factors possessed by the Sm3+ 
ion, it is possible that not all Zeeman sub-transitions can be observed. Even so, 
the simplicity of the observed patterns hints at a high symmetry for the Rand Q 
centres observed in CaF 2 doped RE3+ crystals. 
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8.2.1 Infrared Spectroscopy 

The infrared absorption spectra of a 21mm thick SrF2:O.05%Sm3+ crystal was mea
sured on the Bio-Rad Digilab FTIR spectrometer. The crystal was cooled to 10K. 
All measurements were made at 0.25 cm-1 resolution. Light transmitted through 
the crystal was detected from the multiphonon absorption edge of the host crys
tal, at 800 cm-1 , through to the limits of the indium antimonide detector at 10500 
cm- I . An earlier study by Wells [64], employed Zeeman techniques for absorption 
transitions to the 6HZ, 6Hl! and 6Hll multiplets. The range of that work was lim
ited by the transmissIon of the KBr \eamsplitter in use at that time. In addition, 
analysis was hindered by limited knowledge of the crystal field wavefunctions of the 
dominant centre. We are now in a position to reanalyse the infrared absorption of 
the Sm3+ ion in SrF 2 crystals. 

As for CaF 2:0.05%Sm3+, the KBr beamsplitter, mercury-cadmium-telluride detector 
and globar source combination was used to study absorption transitions to the 6Hz, 

2 

6Hl! and 6Hll multiplets. These spectra are shown in Figure 8.16. As with the other 
2 2 

SrF2:RE3+ crystals studied in this thesis, the simplicity of the spectra with respect to 
those observed in CaF2:RE3+ systems is noted here also. For both the 6Hz and 6Hl! 
transitions, all levels assigned by laser selective excitation are detected. Hdwever, fo~ 
the 6Hll multiplet transitions, the strong atmospheric absorption band in the 3500-

2 

3900 cm- I region makes transition assignments difficult. The spectrometer was 
flushed with dry nitrogen gas, however it is difficult to eliminate these unwanted 
absorption features. As a consequence of this problem, only one level of the 6Hll 
multiplet has been assigned. This is given in Table 8.5. 2 

Four absorption transitions are observed to the 6Hll multiplet in the 4850-5210 cm-1 
2 

region. Again, an atmospheric absorption band overlaps these transitions. As the 
features associated with the water vapour are weaker than those in the 3600 - 3900 
cm-1 region, the nitrogen purge gas can clear these unwanted features. Transitions 
to the 6Hl§., 6F 1 and 6F ~ multiplets are clear and all levels observed via laser 
excited flu~resce~ce are o~served in absorption. These transitions follow the same 
pattern as those in fluorescence, with the higher lying levels significantly broadened 
due to rela.-xation to the lower levels. As a consequence of this, no candidates for 
the SlOI'6 and Sl1 1'7 transitions are observed. The 6H§. -+6F §. and 6F z transitions 

~ 2 2 
are particularly strong. The measured frequencies of tnese transitions are given in 
Table 8.5. As in the CaF2:Sm3+ case, additional features are observed in the 9200-
9350 and 10600-10750 cm- I regions which correspond to the 6H§. -+6Fl! and 6Fll 

2 2 2 
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Figure 8.16: Infrared absorption to the (a) 6Hr, (b) 6HQ and (c) 6Hll multiplets in 
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SrF2 :O,05%Sm3+, The spectra were recorded at 10K. The A centre levels are given an arbitrary 
numerical label. 
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SrF2 :O.05%Sm3+ .The spectra were recorded at 10K. The A centre levels are given an arbitrary 
numerical label. 
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Table 8.5: Energy levels (in vacuum cm-1 , ±0.2), intensities (relative to the strongest line in the 
spectrum (=100.00), ±0.50) and linewidths (in cm-1 , ±0.2) as measured in absorption to A centre 
crystal field levels of the 6H and 6F terms in SrF2 :O.05%Sm3+ 

Multiplet Transition I Energy Intensity Linewidth 

Zn6 -Yn6 992.5 50.2 0.8 
6H7 -Y2'Y7 1110.0 3.1 3.8 

2' 
-Y3')'7 1285.6 9.0 13.1 

-Y4,6 1312.0 8.8 7.5 

-Xn6 2218.0 1.8 0.2 

-X2'Y6 2331.8 21.3 2.2 
6H9 -X 3')'7 2348.0 9.6 4.7 

2' 
-X4,7 2489.2 6.9 9.5 

-X5,6 2527.6 0.9 2.9 
6Hn -Wn6 3514.9 15.0 0.3 

2' 

-Vn6 4887.4 4.6 0.6 

-V2'Y7 4973.9 7.3 5.0 
6H13 -V4')'7 5157.0 2.2 3.5 

T 
-V5,6 5181.7 3.9 10.7±0.5 

-Sl,7 6245.2 1.0 0.6 

-S2')'6 6288.8 1.4 1.2 

-S3')'6 6469.6 3.9 2.6 

-S4,6 6505.1 4.6 7.9 
6Hil,6Fi -S5,6 6623.7 24.0 10.8 

2 2 

and 6F3 -S6,7 6643.2 17.9 5.8 
2' 

-Sn7 6655.9 13.2 5.3 

-S8')'7 6698.0 4.4 7.9 

-S9,6 6792.8 100.0 17.1 

-Rn7 7233.1 31.3 1.3 
6F5 -R2,6 7279.2 58.2 1.8 

2' 
-R3')'7 7303.6 41.6 1.9 

-Ql,7 8078.1 21.2 1.0 

-Q2')'6 8099.1 34.6 1.2 
6F7 -Q3')'7 8117.3 1.9 0.3 

2' 
-Q4')'6 8179.4 65.7 1.6 

-Pn6 9234.2 2.4 0.8 

-P2')'6 9244.0 16.7 0.9 
6F9 -P3')'7 9294.5 14.8 0.9 

2' 
-P4,6 9310.0 59.7 1.9 

-P5,7 9345.7 0.3 1.2 

-02')'6 10653.5 4.7 1.7 
6Fn -03')'7 10669.4 1.8 0.7 

T 
-04')'6 10672.9 1.3 0.8 

-05,6 10704.8 4.9 0.8 
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transitions. Assignments are made by comparision with the CaF2:Sm3+ case and, 
where possible, the Zeeman spectroscopy to follow in this section. Five transitions 
have been observed to the 6F~ multiplet at frequencies of 9234.18,9244.03,9294.51, 

2 

9310.02 and 9345.67 cm- l
. These are assigned as the PI 'Y6, P 2'Y6, P3'Y1, P 4'Y6 and 

P 5'Y1 states respectively. The irrep symmetry labels have been determined from the 
crystal field analysis and should therefore be regarded as tentative, having not been 
inferred from polarisation studies. The 6F!l multiplet levels lie in the tail of the 

2 

transmission response of the FTIR and signal intensities are quite low. Only four 
of the expected six transitions are observed at frequencies of 10653.47, 10669.36, 
10672.94 and 10704.82 cm- l

. These are assigned as the 02'Y6, 03'Y1, 04'Y6 and 0516 
states. 

8.2.2 Zeeman Infrared Spectroscopy 

As the sample used for infrared absorption was already [111] oriented, the same 
boule was then used for Zeeman spectroscopy in the 3000-10000 cm- l region. Wells 
[64] has already measured the Zeeman effect of many lines in the 900-3500 cm- l 

region. These were not remeasured but this data was included for completeness in 
Table 8.6. The ZI'Y6 -W1'Y6 transition at 3514.86 cm- l is in the overlap region 
for the two beamsplitters available and this splitting has been remeasured for direct 
comparision between the two studies. 

All sharp lines show the splitting of the ground state for 4 Tesla fields. From this 
common splitting, the ground state [111] splitting factor of 0.65 is found to be 
in good agreement with the value inferred from the EPR data of Antipin et. al. 
[156] of 0.68 (gll=0±0.06 and g.L =0.829±0.002). As the ground state splitting is 
so small, the Zeeman splitting of the lines is dominated by the behaviour of the 
terminating states of the transitions. Often, the line-profiles are dominated by the 
contribution'from the homogeneous linewidth (phonon broadened). In these cases, 
four distinct lines are not observed. We can estimate the Zeeman splitting of such 
states directly, ignoring the superimposed ground state contribution. This leads 
to additional uncertainties in the splitting factors. From Table 8.6, we see general 
agreement is obtained with the calculated values obtained from the crystal field 
wavefunctions. 

Some notable exceptions arise. The Zl'Y6 -+V2'Y1 transition at 4973.85 cm- l is an 
example of this. The calculated splitting factor is almost twice as large as that 
measured from the spectra. One should note that the two line splitting observed, is 
barely resolved. Also, that the linewidths are large. Therefore, large uncertainties 
are introduced to the measurement and the value of 1.8±1.0 should be treated 
as extremely tentative. Further cases such as this are the Zl 'Y6 -S5'Y6 and S111 
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transitions at 6623.68 and 6655.94 em-I. In this region, not only are the lines broad 
but they are further obscured by the Z1/6 -+S6/7 transition at 6643.17 em-I. Figure 
8.25 plots the observed Zeeman subtransitions from which the measured splitting 
factors in Table 8.6 are inferred. 

Table 8.6: Calculated and experimental Zeeman splitting factors for the A centre in 
SrF2:O.05%Sm3+. Experimental uncertainties are ±O.2 unless otherwise stated. The t notation 
indicates the data of Wells [64J. 

State & Field Zeeman Splitting Factor 
Symmetry (Tesla) Calculated Experimental 

SJ. SII S[I11] S[111] 
Z1l6 4 0.93 0.01 0.76 0.65 

Y1/6 3 2.76 0.73 2.30 2.06±0.10t 

X1l6 3 4.46 1.66 3.76 3.65±0.10t 

X2/6 3 0.14 7.46 4.28 4.5±0.4t 

W1/6 3 5.85 2.31 4.98 4.80±0.10t 

V 1/6 4 8.51 1.46 6.99 6.8 

V 2/7 4 2.64 4.30 3.24 1.8±1.0 

V4/7 4 1.92 9.70 5.94 6.4±0.3 

8 117 4 9.76 1.09 7.45 7.4 

82/6 4 8.49 2.07 6.35 6.5 

83/6 4 0.11 6.31 3.58 3.7±0.3 

8516 4 6.57 1.26 5.32 6.5±0.4 

8717 4 4.40 9.38 5.90 6.6±0.5 

R1/7 4 1.92 2.05 1.99 1.3±0.3 

R2/6 4 4.20 1.52 3.56 2.8±0.3 

R3I7 4 2.95 4.81 3.67 3.9±0.3 

Q1/7 4 2.47 3.15 2.87 3.2 

Q2/6 4 2.18 5.30 3.37 4.0 

Q3/7 4 2.35 5.24 3.78 4.1 

Q4/6 4 3.48 2.22 3.09 3.9±0.3 

P1l6 4 1.16 4.17 4.27 5.2 

P2/6 4 3.52 3.57 4.48 5.1 

P3/7 4 6.42 1.80 5.26 4.9 

P 4/6 4 4.47 4.38 4.44 4.1±0.3 
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Figure 8.22: 4.2K splitting of the SrF2 :O.05%Sm3+ A centre 6H~(Zn6)-+(Sl'Y7) and (S2/'6) 
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transitions as a function of magnetic field directed along a (111) axis. 
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Figure 8.26: 4.2K splitting of the SrF2 :O.05%Sm3+ A centre 6H.!l(Zl 1'6)-.6F§. (Rl1'7), (R21'e) and 
2 2 

(R31'7) transitions as a function of magnetic field directed along a (111) axis. 
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Figure 8.28: 4.2K splitting of the SrF2 :O.05%Sm3+ A centre 6HdZn6)_6Fg,(Pn6), (P2 ,6), 
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(P3,7) and (P4,6) transitions as a function of magnetic field directed along a (111) axis. 
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8.3.1 Infrared Spectroscopy 

The infrared absorption spectra of a 25 mm thick CaF2:0.05%Eu3+ crystal have been 
recorded. The crystal was cooled to 10K. Absorption transitions to the 7F2, 7F3, 
7F 4 and 7F 6 multiplets have been studied. No transitions to the 7F s multiplet could 
be observed. This is because strong absorption due to atmospheric water vapour 
dominates the 3600 - 3900 cm-1 region. The recorded spectra are shown in Figures 
8.29 and 8.30. 

Only one transition to the 7F 2 multiplet can be observed at 971.3 cm -1. This is 
to the X21's state of the tetragonal symmetry A centre. The spectrum is shown in 
Figure 8.29(a). 

Transitions to the 7F3 multiplet are difficult to observe. This is because they occur 
in a region of intense atmospheric absorption (1300 - 2000 cm-1). In addition to 
this, they are weak due to the ~J=2, 4, 6 electric dipole selection rule for an initial 
state of J=O. Thus, they can only occur through admixtures of states of different J. 
This is provided by the crystal field. To help identify these transitions, the spectrum 
recorded at 10K was ratioed against a spectrum recorded at room temperature. This 
isolates the transitions that increase in intensity, as the crystal gets colder (see Figure 
8.29(b)). Two transitions are observed. Both ofthese are A centre transitions. This 
information is presented in Table 8.7. Transition energies, relative intensities and 
linewidth data is given for the Rand Q centres in Tables 8.8 and 8.9. 

Absorption transitions to the 7F 4 and 7F 6 multiplets occur in the 2500 - 3200 
cm-1 and 4800 - 5200 cm-1 regions, respectively. The recorded spectra are con
siderably more complicated than those for the 7F2 and 7F3 multiplets. As with 
CaF2:O.05%Sm3+, the complexity arises because of transitions associated with clus
ter centres. The spectra are shown in Figure 8.30. Several aspects of these spectra 
deserve discussion. Three absorption features at 2846.9, 2915.8 and 2964.2 cm- I 

are due to contamination of the crystal surfaces with grease. This is largely due 
to contact with human tissue. These absorption features are known to increase 
considerably if grease based copper putties are used to attach the sample, to the 
sampleholder. Another interesting feature, is the observation of a transition to the 
near cubic 0 centre level at 2884.2 cm- I . ~J=4 transitions are magnetic dipole 
forbidden. Therefore, this centre must have a small electric dipole moment. This 
indicates that the charge compensating fluorine lon is nearby. This assertion is 
supported by the observation of the sDo ~7Fo transition by Jouart et. al. [92] . 
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Figure 8.29: Infrared absorption spectra for the (a) 7F2 and (b) 7F3 multiplets in 
CaF2 :O.05%Eu3+. The spectra were recorded at 10K. Transitions to crystal field levels of the 
A centre are labelled by their arbitrary numerical labels. The 7F3 multiplet spectrum has been 
ratioed against a room temperature spectrum. 
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Figure 8.30: Infrared absorption spectra for the (a) 7F4 and (b) 7F6 multiplets in 
CaF 2:0.05 %Eu 3+ . The spectra were recorded at 10K. Transitions to crystal field levels of the 
A centre are labelled by their arbitrary numerical labels. 
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Table 8.7: Energy levels (in vacuum cm- l
, ±0.2), intensities (relative to the strongest line in the 

spectrum (=100.00), ±0.50) and linewidths (in cm-I, ±0.2) as measured in absorption to A centre 
crystal field levels of the 7F2 , 7F3, 7F4 and 7Fa multiplets in CaF2 :O.05%Eu3+ 

lV!ultiplet Transition I Energy Intensity Linewidth 
C'F2 ZlTl -tX2l'5 971.3 27.3 2±0.3 
7F3 -tWlT5 1815.3 2.3 0.9 

-tW3T5 1954.1 4.1 4.2 
-tVlTl 2511.7 82.6 4.0 
-tV2T5 2801.4 18.7 1.0 

7F4 -tV4I'5 3006.5 83.6 4.5 
-tVnl 3156.3 45.30 3.0 
-tT2T5 4872.9 27.5 0.7 
-tT3Tl 4878.5 100.0 0.7 

7F6 -tT4T2 5151.4 79.8 16.9 
-tT5T5 5160.7 67.9 14.4 
-tTnl 5180.1 21.4 9.4 

Table 8.8: Energy levels (in vacuum cm- l , ±0.2), intensities (relative to the strongest line in the 
spectrum (=100.00), ±0.50) and linewidths (in cm- l , ±0.2) as measured in absorption to Q centre 
crystal field levels of the 7F4 and 7Fa multiplets in CaFz:0.05%Eu3+ 

Multiplet Transition I Energy Intensity Linewidth 

-t V l 2612.5 67.2 1.0 
-t V3 2749.7 98.8 1.5 

7F4 -tV4 2771.1 100.0 7.1 
-t V5 2808.6 97.7 3.5 
-tT 1 4916.1 30.8 0.4 
-tT2 4925.8 11.6 0.6 

7F6 -tT3 4961.4 14.7 0.4 
-tT4 4975.7 14.7 0.7 
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Table 8.9: Energy levels (in vacuum cm-1
, ±0.2), intensities (relative to the strongest line in the 

spectrum (=100.00), ±0.50) and linewidths (in cm-1
, ±0.2) as measured in absorption to R centre 

crystal field levels of the 7F 4 and 7F6 multiplets in CaF2:0.05%Eu3+ 
Multiplet Transition I Energy Intensity Linewidth 

~V1 2651.3 100.0 1.3 
7F4 ~V2 2746.9 55.5 3.5 

~V3 2760.4 5.70 1.0 
~T1 4902.2 59.2 0.5 
~T2 4909.9 20.6 0.5 
~T3 4959.5 23.1 0.8 
~T4 4980.6 10.6 1.7 

7F6 ~T5 5000.2 12.6 2.4 
~T6 5013.9 33.5 2.2 
~T7 5025.9 22.2 3.8 
~T8 5038.6 13.7 3.1 
~T9 5077.9 5.9 3.1 

8.3.2 Zeeman Infrared Spectroscopy 

Zeeman measurements have been performed for a CaF2:0.05%Eu3+ sample. The 
crystal was 11.83 mm in length. The magnetic field was directed along the (111) 
axis of the crystal. The field strength was varied up to the maximum available field, 
of 4 Tesla. 

The only observable transition to the 7F2 multiplet has been noted to be broad. No 
Zeeman splittings for this 971.3 cm-1 transition could be obtained. 

Two transitions have been observed to the 7F 3 multiplet. These transitions have 
measured frequencies of 1815.3 and 1954.1 cm -1. They are assigned as terminat
ing on the WI "15 and '-IV 3"15 doublet states by comparision with the polarised laser 
selective excitation studies of chapter 6. The spectra of these transitions, as a func
tion of magnetic field, is shown in Figure 8.31. Only the 1954.1 cm-1 transition 
is observed to split. A two-fold splitting is observed. This is consistent with the 
tetragonal C4v symmetry assigned for the A centre as the ground state is a singlet. 
A magnetic splitting factor of 2.2 is measured. This is in reasonable agreement with 
the calculated value of 2.60. The 1815.3 cm-1 transition does not split but broadens 
considerably upon application of the field. This is expected because the calculated 
splitting factor of 0.71 is small. 
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The Zeeman spectrum of absorption transitions to the 7F 4 multiplet is shown in Fig
ure 8.32. Four transitions associated with the C4v symmetry A centre are observed. 
Ofthese, the 2511.7 and 3156.3 cm-1 transitions have been assigned as singlets from 
polarised laser selective excitation. No Zeeman effect would be expected for these 
transitions. It can be seen in Figure 8.32, that these assignments are confirmed by 
the Zeeman experiments. The 3006.52 cm-1 transition is assigned as terminating on 
a doublet state. In conflict with this, no Zeeman splitting can be observed for this 
transition. This can be explained if the zero-field linewidth of 4.5 cm-1 is consid
ered. The calculated magnetic splitting factor is 0.93. Thus, we would not expect 
to see a splitting in this line-profile. The behaviour of the 2801.4 cm-1 transition is 
more difficult to analyse. This is due to the presence of a nearby Q centre transi
tion at 2808.6 cm -1. In addition, there is an overlapping R transition not directly 
observable at zero field. At 4 Tesla, the Q centre line has moved to higher energy 
and splits into two lines. The R centre line is now directly observable. It is 2.1 
cm-1 higher in energy than the A centre line which appears unsplit. A cubic centre 
line at 2884.2 cm-1 can also be observed. This is split into two lines. The magnetic 
splitting factor for this state is 0.8. 

Figure 8.33 shows the Zeeman spectrum for the 4872.9 and 4878.5 cm-1 transitions 
ofthe A centre. The 4872.9 cm-1 state has been assigned as the T215 doublet, whilst 
the 4878.5 cm-1 state is assigned as T 311 . At 4 Tesla, the 4872.9 cm-1 transition 
has broadened, but no resolvable splitting is apparant. From this, we infer that the 
[111] magnetic splitting factor is close to 0.3. This is consistent with the calculated 
value, of 0.21. From 1.5 Tesla onward, an additional feature is observed on the low 
frequency side of the 4872.9 cm-1 transition. It can be seen to grow in intensity 
as the magnetic field strength is increased. This is a transition to the T 114 state. 
Such a transition is forbidden under C4v symmetry because the ground state has 11 
irrep symmetry. It can be observed due to a non-linear Zeeman effect between the 
14 state and the nearby 15 state, 7.5 cm-1 higher in energy. This interaction has 
the effect of mixing the wavefunctions of the two states there by allowing the TIl 4 
transition to occur. Figure 8.34 shows the Zeeman splitting diagram for the three 
states. The non-linearity of the splittings observed indicates a mixing of the crystal 
field wavefunctions due to the perturbing magnetic field. An additional transition 
is observed to the high frequency end of the displayed spectrum. This is a Zeeman 
split sublevel of a nearby R centre transition. Figure 8.35 shows the splitting of 
higher frequency transitions of the A centre. These transitions terminate on the 
T412 5151.4 cm-1, T515 5160.7 cm-1 and the Tnl 5180.1 cm-1 states. In this case, 
the linewidths are phonon broadened and no splitting is resolvable when a magnetic 
field is applied. 
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Figure 8.31: 4.2K splitting of the CaF2 :O.05%Eu3+ A centre 1F3 transitions as a function of the 
magnetic field directed along a (111) axis. The * notation indicates atmospheric absorption. 
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Figure 8.32: 4.2K splitting of the OaF 2 :O.05%Eu3+ 7F 4 transitions as a function of the magnetic 
field directed along a {Ill} axis. 
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Figure 8.33: 4.2K splitting ofthe CaF2 :O.05%Eu3+ A centre 7F6 (T1'Y4), (T2'Ys) and (T3'Yd states 
as a function of the magnetic field directed along a. (Ill) axis. R indicates a Zeeman split sublevel 
of a nearby R centre line. 
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Figure 8.34: Zeeman splitting diagram for the CaF2:Eu3+ A centre 7Fa(TlI4), (Tz1s) and (T31d 
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lines are to guide the eye. 
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Figure 8.35: 4.2K splitting ofthe CaF2:O.05%Eu3+ A centre 7F6(T41'2), (T51'5) and (Tn!) states 
as a function of the magnetic field directed along a {1I1} axis. 
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8.4.1 Infrared Spectroscopy 

The infrared absorption spectra of a 29 mm thick SrF2:O.05%Eu3+ crystal have been 
recorded. The crystal was cooled to 10K. Transitions to the 7F 2, 7F 3, 7F 4 and 7F 6 
multiplets were studied. These spectra are shown in Figures 8.36 and 8.37. 

The transitions to the 7F 2 and 7F 3 multiplets are very similar to those observed for 
CaF2:Eu3+. Only the Z1 -tX2'Y5 transition at 967.9 cm-1 is observed to the 7F2 
multiplet. For the 7F3 multiplet, two transitions at 1835.6 and 1941.6 cm-1 are 
observed. These correspond to the ZI 'Yl -t W l'Y5 and W 4'Y5 transitions. Both are 
associated with the A centre. 

Transitions to the 7F 4 and 7F 6 multiplets are much simplier than those observed 
for CaF2:Eu3+. This due to the absence of clustering in the SrF2:Eu3+ system at 
concentrations of 0.05 molar %. Table 8.10 gives the A centre transition energies, 
relative intensities and linewidth data. 

Table 8.10: Energy levels (in vacuum cm-1 , ±0.2), intensities (relative to the strongest line in 
the spectrum (=100.00), ±0.50) and linewidths (in cm-I, ±0.2) as measured in absorption to A 
centre crystal field levels of the 7F2 , 7F3 , 7F4 and 7F6 multiplets in SrF2 :O.05%Eu3+ 

Multiplet Transition I Energy Intensity Linewidth 

IF2 ZI -tX2'Y5 967.9 8.6 1.5 
'(F3 -tWl'Y5 1835.63 1.5 0.5 

-tW4'Y5 1941.6 1.6 1.0 
-t Vl'Y1 2532.4 100.0 3.0 
-t V2'Y5 2780.8 7.7 4.0 

7F4 -tV3 2921.8 13.0 2.5 
-t V4'Y5 2985.7 64.1 7.4 
-tV7'Y1 3114.9 28.9 3.5 
-tT2'Y5 4892.9 18.0 0.8 

7F6 -tT2'Y1 4894.1 67.5 0.8 
·T6'Y1 5140.6 53.4 10.6 

In Figure 8.38, the 2840 - 2900 cm-1 portion of Figure 8.37(a) is amplified. In 
this spectrum, transitions to both the trigonal J and cubic 0 centres are observed. 
The J centre transitions are at frequencies of 2859.7 and 2881.2 cm- I

. These are 
assigned as the Zl'Yl -t V2'Y2 and V3'Y3 transitions. The cubic centre transition is at 
a frequency of 2867.7 cm-1. 
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Figure 8.36: Infrared absorption spectra for the (a) 7F2 and (b) 7F3 multiplets in 
SrF2:O.05%Eu3+. The spectra were recorded at 10K. Transitions to crystal field levels of the 
A centre are labelled by their arbitrary numerical labels. The 7F3 multiplet spectrum has been 
ratioed against a room temperature spectrum. 
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Figure 8.37: Infrared absorption spectra for the (a) 7F4 and (b) 7F6 multiplets in 
SrF2 :O.05%Eu3+. The spectra were recorded at 10K. Transitions to crystal field levels of the 
A centre are labelled by their arbitrary numerical labels. 
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Figure 8.38: 7F 4 multiplet infrared absorption spectra for the J and 0 centres in SrF2 :O.05%Eu3+. 
The spectra were recorded at 10K. The J centre levels are labelled with the usual arbitrary nu
merical label. 
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8.4.2 Zeeman Infrared Spectroscopy 

The Zeeman spectra of a 8.4 mm thick SrF2:O.05%Eu3+ sample was recorded on the 
Digilab FTIR spectrometer. The magnetic field was applied along the (111) axis of 
the crystal. The recorded spectra are presented in Figures 8.39 through to 8.45. 

The splitting of the 7F2(X1'Y5) and 7F3(W1'Y5) and (W4'Y5) levels are two-fold. This 
confirms that the symmetry of the A centre is C4v . It also confirms the assignment 
(from laser selective excitation) of these levels as doublets. Analysis of the 7F3 
levels is rendered difficult due to their low absorption strengths, and the presence 
of atmospheric absorption in the same spectral region. Table 8.11 compares the 
experimentally determined splitting factors with those calculated using the F -Shell 
Empirical Program of Dr M F Reid. The agreement is favourable giving confidence 
in the crystal field wavefunctions. 

Table 8.11: Experimental and calculated Zeeman splitting factors for the C4v symmetry A centre 
in SrF 2 :Eu3+. All experimentally measured splitting factors are ±O.2 unless otherwise stated. 

State Field Magnetic Splitting Factors 
(Tesla) Theoretical Experimental 

SII S.l S[ll11 S[1111 
Xl 4 3.46 0.13 1.99 2.0 
WI 4 0.23 0.72 0.44 0.6 
W4 3 5.11 0.89 2.70 2.3±0.3 
T2 4 1.17 0.70 1.08 1.0 

The Zeeman spectrum of the 7F 4 multiplet is shown in Figure 8.41. No distinct 
splittings are observed for transitions to this multiplet. The 2532.4, 2921.8 and 
3114.9 cm- l transitions have all been assigned as singlets from polarised laser se
lective excitation. Therefore, no splittings are expected in these cases. However, 
both the 2780.8 and 2985.7 cm- l transitions should split under the influence of a 
magnetic field because they are doublets. The 2780.8 cm-1 transition can be ob
served to broaden in the field. Clearly, the field strength is insufficient to observe a 
distinct splitting as the zero field, phonon-broadened linewidth is 4 cm -1. Since the 
calculated [111J splitting factor is only 3.99, it is reasonable that only a broadening 
effect is observed. The 2985.7 cm-1 transition is virtually unaffected by the appli
cation of a 4 Tesla magnetic field. The zero-field linewidth in this case is 7.4 cm-1 

and we calculate the splitting factor for the V4'Y5 state to be 1.54. This explains the 
absence of a splitting for this assigned doublet state. 
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Figure 8.39: 4.2K splitting of the SrF2:0.05%Eu3+ A centre 7F2 transitions as a function of 
magnetic field directed along a (111) axis. 
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Figure 8.40: 4.2K splitting of the SrF2 :O.05%Eu3+ A centre 7Fa transitions as a function of the 
magnetic field directed along a {Ill} axis. The * notation indicates atmospheric absorption. 
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Figure 8.41: 4.2K splitting of the SrF2:O.05%Eu3+ A centre 7F4 transitions as a fUnction of 
magnetic field directed along a (1l1) axis. 
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Figure 8.42: 4.2K splitting of the SrF2:O.05%Eu3+ J and 0 centre 7F 4 transitions as a function 
of magnetic field directed along a (111) axis. 
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Figure 8.43: 4.2K splitting of the SrF2 :O.05%Eu3+ A centre 7F6 (T1 'Y4), (T2'Ys) and (T3'Yd levels 
as a function of magnetic field directed along a (111) axis. 
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levels in a (111) applied magnetic field. The open circles are the experimental points and the solid 
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In Figure 8.42, a small portion of the 7F 4 absorption spectrum is amplified to show 
the splitting of transitions associated with the trigonal J centre. These transitions 
are barely observable above the noise. Despite this, a four line splitting is observed 
for the 2881.2 cm-1 J centre transition. This consistent with the trigonal symmetry 
of the centre. Magnetic splitting factors of sll=1.22 and S[111]=0.39 can be derived 
from this four fold pattern. The 2859.7 cm-1 transition is not observed to split in 
the applied magnetic field. This is consistent with its assignment as terminating on 
an upper state of 12 symmetry. 

The Zeeman spectra of transitions to the 7F 6 multiplet are given in Figures 8.43 and 
8.45. Figure 8.43 shows the splitting of the 4892.9 and 4894.1 cm-1 states. Of these, 
only the 4892.9 cm-1 T2 state is assigned as a doublet. The splitting observed in 
Figure 8.43 is interesting as an additional transition appears and grows in intensity 
as the magnetic strength is increased. The transition observed is assigned to the T 114 
state. This state should not be observed from the Zl11 ground state. It is observed 
in the field as the magnetic field mixes in components of the T 215 state .. This effect 
is also responsible for the movement of both the T 114 and T 311 states. This is shown 
in Figure 8.44, which plots the Zeeman splitting patterns. The measured splitting 
factor of the T215 state, is 0.98. This in good agreement with the calculated value of 
1.08. The T7I5 state is only observed to broaden in the field, as is shown in Figure 
8.45. 

8.5 Infrared and Zeeman Infrared Spectroscopy of BaF2:Eu3+ 

Absorption measurements have been made for an 11.1 mm thick BaF2:O.1%Eu3+ 
crystal. The crystal was cooled to 10K. Only transitions to the 7F 4 and 7F 6 multi
plets are observed. These are shown in Figure 8.46. 

Three absorption transitions are observed to the 7F 4 multiplet. The features at 
2850.0 and 2869.2 cm-1 are assigned as transitions associated with the dominant L 
centre in this crystal. These assignments are made by comparision with the laser 
excited fluorescence studies of chapter 6. The additional transition is ascribed to a 
near cubic centre present in these crystals and discussed in chapter 6. 

For transitions to the 7F6 multiplet only L centre transitions are observed as given 
in Table 8.12. 

The dominant centre in BaF2:O.05%Eu3+ has been determined by Jouart et. al. 
[106] to be of trigonal C3v symmetry from laser selective excitation studies. No 
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Figure 8.46: Infrared absorption spectra for the (a) 7F 4 and (b) 7F6 multiplets in BaF2 :O.1 %Eu3+. 
The spectra were recorded at 10K. Transitions to crystal field levels of the L centre are labelled by 
their arbitrary numerical labels. 
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justification for this assignment was given. It has been challenged by Silversmith 
and Macfarlane [112] who assign the symmetry as tetragonal C4v ' Once again, no 
justification was given. The polarised laser excited fluorescence studies of chapter 6, 
gave results consistent with the findings of Jouart et. al. The derived energy level 
scheme could be readily fitted to a C3v symmetry crystal field Hamiltonian. In this 
section, we conclusively test the trigonal C3v assignment with Zeeman infrared mea
surements on the observed transitions. For this purpose two crystals were oriented. 

Table 8.12: 10K energy levels (in vacuum cm-1 , ±0.2), intensities (relative to the strongest line 
in the spectrum (=100.00), ±0.50) and linewidths (in cm- l , ±0.2) as measured in absorption to 
L centre crystal field levels of the 7F4 and 7F6 multiplets in BaF2 :O.1%Eu3+ 

Multiplet Transition I Energy Intensity Linewidth 

7F4 Zl -+V212 2850.0 68.7 0.3 
-+ V313 2869.2 100.0 0.4 
-+T111 4945.8 1.1 0.3 

7F6 -+T213 4984.7 24.1 0.5 
-+T412 5049.7 7.3 0.7 

A 11.1 mm thick, (100) oriented BaF2:O.1 %Eu3+ crystal and a 7.3 mm thick, (111) 
oriented BaF2:O.1%Eu3+ crystal were used to study the Zeeman splittings of the 
observed 7F4 and 7F6 multiplet transitions. The recorded Zeeman spectra for the 
7F4 multiplet are shown in Figures 8.47 and 8.48. Figures 8.49 and 8.50 show the 
Zeeman spectra for the 7F 6 multiplet transitions. 

The 2850.0, 4945.8 and 5049.7 cm-1 transitions have been assigned as singlets from 
polarised laser selective, excitation studies. Thus, no splitting is expected and it is 
not observed. The 2869.2 and 4984.7 cm-1 transitions are observed to split in the 
field. This confirms their assignments from chapter 6 as doublet states. Four- and 
two-fold line splittings are observed for magnetic fields applied along the [111] and 
[100] directions, respectively. This is consistent with the C3v selection rules. For a 
centre of C4v symmetry, we would have expected four transitions for the field along 
the [100] direction due to the superposition of transitions from the magnetic C4 
and Cs sub-centres. Two transitions would be observed for the field directed along 
the [111] direction. From these results, the dominant centre in BaF2:O.05%Eu3+ is 
assigned as having C3v symmetry. 

The 2850.0 cm-1 transition, splits into four evenly spaced lines in a [111] directed 
magnetic field. The C3v symmetry, L centre reduces to two magnetic subgroups for 
a magnetic field along the a (111) axis. A C3 symmetry centre along the field and 
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three C1 symmetry centres along the [111], [111] and [H1] directions, each with one 
third of the field projected along their principal axis. Defining the splitting factor 
of the C3 site as sll and that of the C1 centres as S[111] , we have the relationship 

sil = 3S[111] 

The 4 Tesla experimental values bear out this relationship, glvmg sll=1.03 and 
S[I11]=0.35 (here more significant figures than the stated uncertainty of these mea
surements (of ±0.2) strictly allows, has been used to illustrate the point). 

For a magnetic field along the [100] axis, a two line splitting is observed. A 4 Tesla 
splitting factor of S[100]=0.6 is measured. For a magnetic field applied along an 
arbitrary axis: 

So = V s~ cos2 () + sl sin2 () 

where () is the angle between the magnetic field and the principal symmetry axis 
of the centre. For the [100] case, ()=cos-1( ~). As S1. is essentially zero for non
Kramers ions we can write: 

1 
S[100] = y'3sll 

For the 2850.0 cm-1 sll value of 1.03, this yields S[100]=0.59. This is in excellent 
agreement with the experimentally measured value. 

The observed four-fold [111] splitting of the 4984.7 cm-1 transition does not have 
constant line spacings. This is an indication that for this state, the magnetic field 
has induced sufficient mixing into the crystal field wavefunctions for the angular 
momentum ladder operators to connect the states of the doublet. As a result, S1. is 
now non-zero. From the observed splittings, we measure sll=3.0 and S[I11]=1.6. The 
[100] splitting is two lines. This is consistent with the symmetry of the centre. The 
measured value of S[100] is 2.3. 

An additional feature of the spectrum is the movement, in the field, of the 5049.7 
cm-1 singlet level. In the [llt] field it has moved 2.5 cm-1 and in the [100] field 
it shifts by 4 cm-1 to the higher frequency. This arises from non-linear Zeeman 
interactions between this singlet level (T4,1) and a nearby singlet transforming as 
a ,2, As such, these levels can be connected by the parallel Zeeman operator and 
have matrix elements in Jz. The difficulty in analysing the splitting is that the exact 
position of the ,2 level is unknown from either laser or infrared spectroscopy. 

The crystal field analysis of chapter 6 predicts the splittings of the V3,3 state to 
be sll=1.44. The T2,3 state is predicted to have sll=2.82 (with S1. =1.22). These sll 
values match the measured experimental values of 1.0 and 3.0 reasonably well giving 
some confidence in the overall assignments made for the L centre in BaF2:Eu3+. 



Chapter 9 

Discussion and Conclusions 

The techniques of laser selective excitation and fluorescence, and optical and Zeeman 
infrared absorption have been applied to the experimental investigation of rare earth 
ion centres in alkaline earth fluoride crystals. 

High resolution infrared absorption spectroscopy has been used to study hyperfine 
splittings of sharp infrared absorption lines for Pr3+, Tb3+ and Ho3+ ions in CaF 2 
and SrF 2 crystals. The ground state of the C4v symmetry centre in both CaF 2 :Pr3+ 
and SrF2:Pr3+ is a 15 doublet state. Magnetic hyperfine interactions in the ground 
state are readily observed as structure in the 3H4 ---t3H5 and 3H6 infrared absorption 
transitions. The lowest energy 3H5 states are singlets with linewidths dominated 
by their inhomogeneous contributions. As such, the structure observed in these 
transitions reflects only the ground state hyperfine interactions. A deeper central 
dip in the recorded six-line hyperfine pattern is indicative of non-axial strain. This 
arises from a random distribution of non-C4v distortions. The lowest level of the 3H5 
multiplet is a 15 doublet. Thus, the observed hyperfine pattern is a superposition 
of the hyperfine structure of the ground state and the 3H5 excited state. These 
hyperfine patterns have been analysed using the crystal field wavefunctions for the 
appropriate Pr3+ electronic states and calculated magnetic hyperfine interaction 
constants. This well accounts for the observed structure. 

The ground state of the C4v centre in CaF2:Tb3+ comprises two close lying singlet 
states of 13 and 14 symmetry, separated by 0.18 cm- I . These states are mixed by 
the parallel hyperfine interaction giving rise to a pseudo-quadrupole hyperfine inter
action in the ground state. These interactions are observed as hyperfine structure 
in transitions to a singlet state of the 7F 4 multiplet. Calculations, based on crys
tal field wavefunctions and magnetic hyperfine interaction constants can account 
for the observed two-fold hyperfine splittings. In the same centre in SrF2:Tb3+, no 
hyperfine splittings are observed. Here the ,3-,4 splitting is 0.48 cm- I making the 
hyperfine splitting 3 times smaller and unresolved in the present experiments. 

The CaF2:Ho3+ C4v centre ground state is also a pseudo-degenerate state compris-
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ing II and 12 singlet levels, separated by 1.7 cm-I • As with the CaF2:Tb3+ and 
SrF2 :Tb3+ C4v centre ground states, the II and 12 states are mixed by the par
allel hyperfine interaction. Infrared absorption transitions to 15 doublets of both 
the 5h and 516 multiplets show two sets of eight line hyperfine patterns separated 
by approximately 1.7 cm- I . A feature of these patterns is the interesting intensity 
distribution amongst the hyperfine transitions arising from mixing of the ground 
state wavefunctions. Simulated spectra calculated from the electron-nuclear wave
functions and assuming a Boltzmann population distribution well accounted for the 
spacing and intensities of the hyperfine levels. 

A more complex hyperfine pattern is observed for absorption transitions to the close 
lying Y 213, Y 315 and Y 412 states of the 5h multiplet. In this case, the hyperfine 
splittings of the doublet are perturbed by the presence of the nearby singlets. Both 
singlets interact with the doublet via the perpendicular hyperfine interaction, how
ever they do not interact with each other. Transitions to these states show the 
ground state hyperfine splittings superimposed upon the hyperfine structure of the 
excited states. In the absence of any hyperfine interactions, the absorption transition 
to the Y 213 state is forbidden but due to the mixing with the Y 315 electron-nuclear 
wavefunctions, Y 213 hyperfine transitions become weakly allowed. 

To account for this hyperfine pattern, the full 32x32 perturbation matrix of the 
excited states was diagonalised yielding an energy level scheme for the 32 hyper
fine levels. Simulation of the observed hyperfine transition intensity distribution 
adequately accounts for the gross features of the spectrum but some anomalies re
main. The observed ZIII -7> Y 315 hyperfine pattern is not at all well accounted for. 
Interactions from the Yll5 state 17 cm- I away and varying the optical transition 
parameters from unity, were incorporated into the hyperfineperturbation matrix 
but had negligible effect. A more direct solution to the problem could be obtained 
with higher spectral resolution, coupled with Zeeman effect experiments on the hy
perfine transitions. In this case, the additional perturbation is tunable and, since 
the electronic Zeeman splittings will lift the degeneracy of the Iz states, this may 
prove an effective means of level assignment. 

Laser selective excitation and fluorescence has been used, in conjunction with optical 
and Zeeman infrared absorption, to study CaF2 and SrF2 crystals doped with Sm3+ 
and Eu3+ ions. For CaF2:Sm3+ and CaF2:Eu3+ crystals, very similar defect centre 
distributions have been observed. The spectrum is dominated by C4v symmetry 
RE3+ -F- pairs for concentrations lower than 0.05 molar % of the rare-earth dopant. 
As the concentration is increased, the centre distribution exhibits a preference for 
the formation of cluster centres. For CaF 2 :Sm3+, these cluster centres are shown to 
be entirely non-radiative due to cross-relaxation processes between the constituent 
Sm3+ ions. In CaF2 :Eu3+, suitable energy levels are not available for non-radiative 
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annihilation of the optical excitation and fluorescence is observed from the 5DO 
multiplet. 

As the 6Hi --+4Gi (Sm3+) and 7Fo --+5D1 (Eu3+) transitions are magnetic dipole 
2 2 

allowed, transitions of cubic symmetry centres can be observed. The intensity of 
these transitions has been seen to increase proportionally to the increase in cluster 
centre transitions. This observation supports the assertion by Yaney [82] that the 
cluster centres scavenge interstitial F- ions from the single RE3+ -F- pairs, thereby 
creating non-locally charge compensated RE3+ ions. 

The spectra of SrF2 crystals doped with Sm3+ and Eu3+ ions are more simple to in
terpret. In these cases the effects of clustering are not apparent at the concentrations 
studied here. In SrF2:Sm3+, only C4v and cubic symmetry centres are observed. In 
SrF2:Eu3+ the spectra are dominated by the C4v centre. A very weak C3v symmetry 
centre is present. This centre is shown to be equivalent to the dominant centre in 
BaF2:Eu3+ which consists of a Eu3+ -F- pair with the interstitial F- ion occupying 
a nearest neighbour interstitial position along the (111) direction. 

Oxygen readily diffuses into CaF2 and SrF2 crystals. The 0 2- ion can charge 
compensate RE3+ ions doped into these crystals by replacing a nearby lattice F
ion. Laser selective excitation and fluorescence studies of the CaF2:Sm3+:02- and 
SrF2:Sm3+:02- systems show that for short oxygenation periods a C3v symmetry 
centre comprising Sm3+ _02- pairs is the dominant form of 0 2- associated RE3+ 
centre. 

Upconversion fluorescence has been observed for the G4v centres in CaF2:Eu3+ and 
SrF2:Eu3+, and the C3v centre in BaF2:Eu3+. In these cases, the upconversion mech
anism is assigned as a sequential absorption process, with 5DO as the intermediate 
state. Excitation resonant with the 7FO --+5Do transition, and separately the excited 
state absorption transition, is observed to produce fluorescence at higher frequencies 
than that of the laser excitation source. At higher temperatures, excitation of the 
7Fl --+5Do transitions also yields upconverted fluorescence, which persists strongly 
through to 300K. 

Polarisation of the observed fluorescence transitions has been used to analyse the 
energy level structure of the C4v and C3v symmetry centres in CaF2, SrF2 and 
BaF 2 crystals doped with Eu3+. This has led to irrep label assignments of the 
individual crystal field states. Polarisation of the observed transitions for centres 
in CaF 2 and Sr F 2 crystals doped with Sm 3+, yields polarisation ratios that are 
not as distinct. This partly arises from the less well defined selection rules for 
Kramers ions in C4v symmetry centres, but the dominant reason is the multipolar 
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character of the 4Gi -+6HJ and 6FJ emission. This is caused by J-mixing from the 
crystal field, leading

2 

to comparable electric and magnetic dipole contributions to the 
emissive linestrengths. A result of this is that polarisation gives minimal assistance 
in assigning irrep labels to the crystal field states. 

Crystal field analyses have been done for all F- compensated C4v and C3v symmetry 
centres studied here. For the Eu3+ centres, these analyses were based on the experi
mentally determined irrep labels. For the Sm3+ C4v symmetry centres, interpolated 
crystal field parameters were used as a starting point which enabled assignments of 
irrep labels to crystal field states. Table 9.1 shows the fitted crystal field parame
ters. The parameters obtained in this study appear consistent with those obtained 
for other rare earth ions. 

Table 9.1: Optimised crystal field parameters for RE3+ ions in C4v symmetry centres in CaF2 

and SrF2 crystals 
~~C~r-y-st~a~I-'lrB~i--;B~i--;B~i--rB:T~---B=a~-'I----rR=-e~f-----

CaF2:CeH 906 692 569 -2082 1127 [1~1 
CaF2:Pr3+ 838 586 411 -1841 904 [12],[65] 
CaF2:Nd3+ 813 585 613 -1602 837 [13],[64] 
CaF2:Sm3+ 749 616 617 -1208 669 This Study 
CaF2:Eu3+ 718 442 545 -1209 656 This Study 
CaF2:Tb3+ 807 504 445 -1330 624 [16] 
CaF2:Ho3+ 678 345 420 -1075 559 [15], This Study 
CaF2:Er3+ 608 409 403 -1172 505 [11] 
CaF2 :Tm3+ 567 393 386 -1101 489 [158] 
SrF2:Ce3+ 730 665 365 -1859 991 [,11.1 
SrF2:Pr3+ 636 601 447 -1713 769 [12], [65] 
SrF2:Nd3+ 585 509 503 -1509 713 [13],[64] 
SrF2:Sm3+ 472 545 489 -1204 562 This Study 
SrF2:Eu3+ 469 364 46;3 -1176 552 This Study 
SrF2:Tb3+ 482 450 334 -1101 474 [16] 
SrF2:Ho3+ 338 297 325 -1030 488 [15] 

Table 9.2 presents the optimised crystal field parameters for the trigonal C3v symme
try centres in CaF2 , SrF2 and BaF2• From this data it can be seen that two distinct 
types of centre have been observed. In both SrF2:RE3+ and BaF2:RE3+, the J and L 
C3v centres have similar crystal field parameters the relative size of which indicates 
there is a weal\: axial distortion. This is consistent with the model of a rare earth 
ion compensated by a nearest neighbour (111) interstitial F- ion. It can be seen in 
Table 9.2 that the axial parameters decrease as the lattice parameter increases from 
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SrF2 and BaF2. The B centres observed in CaF2:RE3+ and SrF2:Ho3+ appear to 
have a different configuration. Judging from the magnitude of the cubic parameters 
for that centre there may be lattice vacancies in the cube around the rare-earth ion. 
The observation of a B centre for SrF2:Ho3+ is difficult to explain as both SrF2:Eu3+ 
and SrF2:Er3+ possess J centres. 

Table 9.2: Optimised crystal field parameters for RE3+ ions in C3v symmetry centres in CaF2 , 

SrF2 and BaF2 crystals. The J and L centres are equivalent. 

Crystal Centre I Bi B1 B1 B~ B~ I Ref 
CaF2:Ho3+ B 197 -72 -676 -223 46 681 [15] 
CaF2:Er3+ B 141 77 -531 -342 83 581 [14] 
SrF2:EuH J 221 171 -238 -59 1227 1152 This Study 
SrF2:Ho3+ B 52 -184 -526 -149 -58 605 [15] 
SrF2:Er3+ J 118 -185 -258 -84 1087 1023 [14]'[131] 
BaF2:EuH L 186 95 -156 -18 1121 1121 This Study 
BaF2:Er3+ L 108 -101 -107 -59 959 862 [13l] 

As the Rand Q centres observed in CaF2:Sm3+ were found to have no optical 
radiative decay, a study CaF2:Sm3+ codoped with additional RE3+ ions has been 
completed. Fluorescence has been observed from the heterogeneous Rand Q centres 
for codoping of La3+, Ce3+, Eu3+, Gd3+ and Tb3+. This has allowed a determination 
of the Sm3+ energy levels for these centres. For the R(Eu,Sm) and Q(Eu,Sm) centres 
efficient 4Gi(Sm3+)-+5Do(Eu3+) energy transfer has been observed. This has been 
analysed in 

2 
terms of the thermal population of the phonon modes mediating the 

transfer. 

Simple Zeeman splitting patterns are observed for the Rand Q centres with mag
netic fields applied along the (111) direction. This indicates that there is only one 
magnetically equivalent centre for the field applied along this crystallographic axis. 
Thus, the centres have a high symmetry axis along the (111). From the measured 
energy transfer rates, it appears that the ions are in closer spatial proximity for 
the Q centre than the R centre. Further to this, the ions in the Q trimer centre 
are equivalent and therefore experience the same crystal field, whilst those in the R 
dimer centre are inequivalent. Thus, some restrictions on the centre configuration 
are provided by the studies presented here. 

When ions heavier than Tb3+ are added to CaF2:Sm3+, the Rand Q centres are not 
apparent. Instead, a new centre labelled S has been observed. This centre appears 
to be due to a single isolated Sm3+ ion as the measured 4Gi excitation frequencies 

2 
do not change as the ionic radius of the codopant ion changes. 
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Zeeman infrared absorption studies have been carried out for CaF2 and SrF2 crys
tals doped with Sm3+ and Eu3+ ions and BaF2:Eu3+. These experiments not only 
confirm the centre symmetries assigned from laser selective excitation and fluo
rescence, but the measured magnetic splitting factors have been used to test the 
crystal field analyses performed for these centres. This is particularly useful for the 
C4v symmetry centres in CaF2:Sm3+ and SrF2:Sm3+ as in these cases the crystal 
field calculations have been performed without experiment irrep symmetry labels. 
On the whole, good agreement between the calculated and experimental splitting 
factors has been obtained giving confidence in the analyses performed. 



Appendix A 

The Calculation of Magnetic Hyperfine 
Constants, AJ for Ho3+, Pr3+ and Tb3+ 

In order to accurately analyse the hyperfine patterns observed for Pr3+, Tb3+ and 
Ho3+ ions in CaF2 and SrF2 one must obtain an accurate set of nuclear hyperfine 
constants for the magnetic hyperfine interactions. We restrict ourselves to the mag
netic interaction only, as there is no evidence for any quadrupole splittings in the 
spectra measured here. 

To calculate the magnetic hyperfine structure constants we use formula 5-19 of 
Wybourne [25] 

AJ . a, [2 - 9 + 2 e~i%-W)! W"SL II V(l') IW ,,'S' L') {; 5 ~} 1 
= al(~ + 8') 

where ~=2-g and 8' represents the remainder of the expression. Such a calculation 
proceeds by first determining a value for al given by: 

where /-tB is the Bohr magneton, /-tN is the nuclear magneton and 9r is the nuclear 
g-factor. Since al depends upon (r-3), the inverse cube of the electron orbital, this 
quantity is best determined from experimental data. Abragham and Bleaney (pg 
298) give AJ values for the ground multiplets of most rare earth ions as determined 
from magnetic resonance measurements. 

One then calculates the spin and orbital contributions to the magnetic hyperfine con
stant for the ground multiplet. This necessitates a knowledge of the intermediate
coupled free-ion wavefunctions. In this study the free ion wavefunctions of Mujaji for 
Ho3+ in CaF2 were used while for Tb3+ and Pr3+ the LaF3 [Carnall et. al. (1977)] 
free ion wavefunctions were used since free ion wavefunctions for the CaF2:Tb3+ and 
CaF2 :Pr3+ systems have not been determined. It is pertinent to use intermediate
coupled wavefunctions in the calculation of the spin moments contribution to the 
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Table A.I: Intermediate-coupled free-ion wavefunctions and Lande g factors for CaF2:Ho3+ 
Multiplet I Wavefunction I Lande g Factor 

518 0.96731 tlI8 ) + 0.11591 3K~ )- 0.22061 JK~ ) 1.24 
5Ir 0.98551 5Ir ) + 0.07151 3Ki )- 0.14481 3K? ) 1.17 
516 0.97481 516 ) - 0.08991 3H~ ) - 0.08781 3H~ ) 

+0.14061 3H~ ) - 0.07581 3K~ ) 1.07 
515 0.07171 5F5 ) - 0.95041 515 ) - 0.08671 3Gg ) 

+0.11631 3H~ ) + 0.14201 3H~ ) - 0.19991 3H~ ) 0.92 
514 -0.94601 514 ) + 0.12851 3H! ) + 0.16551 3H! ) 

-0.22921 3H! ) 0.62 
5F5 -0.89371 5F5 ) + 0.10871 5G5 ) - 0.13471 515 ) 

+ 0.18231 3G~ ) + 0.31741 3Gg ) - 0.16401 3G~ ) 1.36 
5S2 0.82901 5S2 ) + 0.24821 5F2 ) + 0.37721 3p~ ) 

0.103613P~) +0.232513D~) +0.109613D~) 
+ 0.086611D~) -0.094811D~) 1.79 

hyperfine interaction because of the sensitivity of B' to departure from LS coupling. 
This arises from the fact that B' is non-diagonal in aSL. Fortunately 3( dominates 
the interaction, typically representing around 98% of its magnitude. From a knowl
edge of B', 3( and AJ for the ground state al can be obtained and is the same for all 
the multiplets of a given electronic configuration. Hence, once al is known AJ can 
be calculated for all other multiplets. For the calculations presented the 'F-Shell 
Empirical' programs of Dr Mike Reid were used to determine and the free-ion 
wavefunctions. Tables A.l, A.2 and A.3 give the appropriate free ion wavefunctions, 
listed to components down to 1% of the total wavefunction. Table A.4 gives the 
values of the magnetic hyperfine constants AJ for the analyses of Chapter 4. 
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Table A.2: Intermediate-coupled free-ion wavefunctions and Lande g factors for LaF3:Pr3+ 
Multiplet I Wavefunction I Lande g Factor 

3H4 0.15781 3H4 )+0.15781 1G4) 0.80 
3H5 1.000013H5) 1.03 
3H6 0.99861 3H6) 1.17 
3F2 0.988613F 2)+0.149811 D2) 0.67 
3F3 1.000cil3F 3) 1.08 
3F4 0.842213F 4)+0.109413H4) -0.528011G4) 1.17 
IG4 0.538413F 4)-0.11751 3H4)+0.834511G4) 1.07 
ID2 0.282913P2)+0.147513F 2)-0.947711 D2) 1.03 
3po 0.99571 3p o) -
3P1 1.000013P 1) 1.17 
1 I6 0.99861 1I6) 1.00 
3P2 -0.95911 3P 2)-0.281711 D2) 1.46 
ISo 0.99571 1So) -

Table A.3: Intermediate-coupled free-ion wavefunctions and Lande g factors for LaF3:Tb3+ 
Multiplet I Wavefunction I Lande g Factor 

7F6 -0.979217F6)+0.139915G~)-0.131115G~) 1.49 
7F5 -0.98521 7F5) 1.50 
7F 4 0.978117F 4)-0.103115DD+0.100315D~) 1.47 
7F3 0.976317F3)+0.117515D~)-0.134515Dj) 1.49 
7F2 -0.974517F2)+0.126715D~)-0.157415D~) 1.49 
7Fl 0.973917Fl)-0.130115Df)+0.171215Di) 1.49 
7Fo 1.000017F o) 
5D~ -0.15841 7F 4) -0.128113F~) -0.102215F~) 

+0.562215D~) +0.220615DD-0.741615D~) 1.46 
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Table A.4: Derived magnetic hyperfine structure constants (in MHz) for low-lying multiplets of 
Pr3+, TbH and HoH, calculated from those for the ground multiplets identified by t. 

R.E.3+ Ion Multiplet A Value 

5Is 812 t 

517 883 

516 969 

Ho3+ 515 1176 

514 1408 

5F5 684 
5S2 285 

3H4 1093t 

3H5 802 

3H6 633 
3F2 1053 

3F3 716 

Pr3+ 3F4 665 

lG4 662 

lD2 758 

3Pl 102 

lI6 802 
3P2 482 

7F6 530t 

7F5 468 

7F4 556 

Tb3+ 7F3 410 

7F2 395 

7Fl 386 

5D4 527 



Appendix B 

Laser Spectroscopy of the L Centre in BaF2:Sm3+ 

Preliminary studies of doped into BaF 2 crystals were undertaken. Due to 
the more promising progress in other areas, this work did not develop past its in
fancy. Unlike CaF2:RE3+ and SrF2:RE3+, BaF2 crystals doped with RE3+ have been 
largely neglected optically with the notable exceptions of BaF 2:Eu3+ [106], [112J and 
BaF2:Er3+ [157]'[131J. Some minor spectroscopic results pertaining to the dominant 
centre for BaF2:O.1 %Sm3+ crystals is presented here. 

Excitation to the 4Gl!. multiplet in the 17300-18200 region yields four fluorescence 
peaks which can all ~e correlated with the same centre. Fluorescence observed 
to the 6Hl!. multiplet (shown in Figure B.2) is weakly polarised for (111) oriented 

2 

crystals but shows no polarisation dependence for (100) oriented samples. This is 
in agreement with that expected for a C3v symmetry centre as expected for the 
BaF2 host. The excitation peaks at 17736, 17979 and 18087 cm-1 are consistent 
with transitions from the Zl ground state to the AI, A2 and Ag levels of the 4G l!. 

2 

multiplet. It is noted that the A2-A3 spearation of 108 cm-1 is a considerably smaller 
splitting of the cubic rslevel, than that observed for the A centres in CaF2:Sm3+ and 
SrF2:Sm3+. This is indicative of a weaker axial distortion. The fourth peak observed 
in excitation at 17719 cm-1 is the Z2 -tAl transition. This places the Z2 state 17 
em -1 above the ground state and thus having a Boltzmann population roughly 
25% of that of the ground state accounting for the intensity of this transition 
excitation. The Z2 -tA2 and A3 transitions at 17962 and 18070 cm-1 respectively 
can also be observed for amplification of this spectrum. Transitions to the 
multiplet in the 18850-18950 region can be observed in Figure B.3, This shows two 
sets of two transitions, each separated by 7 em-I, the splitting of the 4F,'! cubic r s. 

2 

The observed transition energies are 18883, 18890, 18901 and 18907 cm-l which are 
assigned as the Z2 -+Bl and B2 , Zl -tBl and B2 transitions respectively. 

Fluorescence to the 6Ha multiplet is observed in the 17750-17600 cm-l region. The 
2 

Al -tZl and Z2 transitions can be observed at 17736 and 17719 em-I. this, the 
cubic ground state splitting of 17 is confirmed. An additional transition at 
17622 cm- I is assigned as the Al transition. This places the Z3 state at 114 

460 
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cm-1 above the ground state. 

In addition to the CW dye experiments performed above, both the 4G.2 and 4F ~ 
multiplets were excited using the Photochemical Research Associates Moael LN107 
dye laser pumped by the PRA LN1000 pulsed nitrogen laser to obtain the 4G.2 flu
orescent lifetime which was recorded on the Hitachi Model VC 6275 digital st6rage 
oscilloscope. Coumarin 540A can be used to excite the 4G.2 multiplet, whilst either 

2 

that dye or the more efficient Coumarin 500 dye can be used to excite 4F ~ mUltiplet. 
As with the CaF2 and SrF2 cases, the excitation of the ZI -+Bl transiti~n yields no 
rise time for the fluorescent transient obtained monitoring the Al -+ZI transition. 
This indicates that the 4F ~ state has no measureable and thus do not fluorescence. 
A result expected from th~ lack of emission observed for this multiplet under CW 
excitation. The resulting decay was therefore fitted to a single exponential expres
sion. The fit is shown in Figure B.1 and yielded the 4G .2 Al state lifetime of 23.6 
milliseconds 

2 

Table B.l: 6H.o., 4G.o. and 4F;l multiplet energy levels of the C3v symmetry centre in BaF2 :Sm3+ 
2 2 2 

as measured in air cm-1 (±1 cm-1 unless otherwise stated) 
Multiplet State Energy 

ZI 0 
Z2 17 

Z3 114 

Al 17736 
4G5 A2 17979 

2" 
A3 18087 
Bl 18901 

4F3 B2 .18907 
2" 
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Figure B.1: 16K fluorescence transient for the C3v symmetry centre in BaF2 :O.1%Sm3+. The 
4GllAl -+6HllZl transition at 17736 cm-1 cm-1 has been monitored. 

2 2 
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1-1 
(a) 

2-1 
1-2 1-3 

(b) 

17260 17380 17500 17620 17740 17860 17980 18100 18220 

Wavenumbers (em-I) 

Figure B.2: Excitation spectrum of the 4GJi. multiplet for the L centre in BaF2 :O.1Sm3+ (a) 
2 

monitoring all fluorescence in zero order on the SPEX 1700 spectrometer and (b) monitoring the 
16767 cm-1 transition. The spectra were recorded at 16K. 
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1-1 
(a) 

2-1 

1-2 

(b) 

18770 18808 18846 18884 18921 18959 18995 

Wavenumbers (em-I) 

Figure B.3: Excitation spectrum of the 4F;t multiplet for the L centre in BaF2 :O.1Sm3+ (a) 
monitoring all fluorescence in zer~ order on th~ SPEX 1700 spectrometer and (b) monitoring the 
17736 cm -1 transition. The spectra were recorded at 16K. 



465 

1-1 

1-2 

1-3 
(x15) 

17450 17500 17550 17600 17650 17700 17750 

Wavenumbers (cm-1) 

Figure B.4: Fluorescence spectrum of the C3v symmetry centre in BaF2 :O.1 %Sm3+ for transitions 
4G!l. -;.6H!l.. Excitation is at the 18907 cm-1 Zl -;.Bl transition. The spectrum was recorded at 
16It 2 
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