University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations

1973

Electronic spectra of erbium+(3) and
praseodymium-+(3) ions in calcium fluoride
crystals.

V.P. Bhola
University of Windsor

Follow this and additional works at: http://scholaruwindsor.ca/etd

Recommended Citation

Bhola, V. P,, "Electronic spectra of erbium+(3) and praseodymium+(3) ions in calcium fluoride crystals." (1973). Electronic Theses and
Dissertations. Paper 1910.

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor students from 1954 forward. These
documents are made available for personal study and research purposes only, in accordance with the Canadian Copyright Act and the Creative
Commons license—CC BY-NC-ND (Attribution, Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the
copyright holder (original author), cannot be used for any commercial purposes, and may not be altered. Any other use would require the permission of
the copyright holder. Students may inquire about withdrawing their dissertation and/or thesis from this database. For additional inquiries, please

contact the repository administrator via email (scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


http://scholar.uwindsor.ca?utm_source=scholar.uwindsor.ca%2Fetd%2F1910&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F1910&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F1910&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd/1910?utm_source=scholar.uwindsor.ca%2Fetd%2F1910&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca




-

o +3 +3
ELECTRCNIC SPECTRA OF Er AND Pr IONS -

IN CaF2 CRYSTAL s

by

V. P. Bhola

A Thesis
Submitted to the Faculty of Graduate Studies through
the Department of Physics in Partial Fulfillment
of the Requirements for the Degree
of Doctor of Philosophy at
the University of Windsor

Windsor, Ontario

1973



@ Ved Parkash Bhola 1973

P O (Y
IO T o
w L o w N 3_3



ABSTRACT

The optical absorption spectrum of CaF Er'> (1%4) at INT has

2
been studied in the spectral region 6600 cm_l to 65400 cm-l.
4f11— 4flland interconfiguration transitions 4fll - 4f105d

+3 . 2 2
have been observed. The Er ion levels F7/2 and F5/2

at 54795 cm™! and 63091 cm_l, respectively, have also been
observed. The poéitions of a number of energy levels
above 31000 cm™? have been established.

: +
The optical absorption spectrum of CanPr 3 (1%) at LNT has been
studied in the spectral range 4250 em™! to 50000 em . The

: 3
positions of the energy levels 3P2, 116’ 3Pl and PO have

1 21306 cm™t

been established to be 22526 cm_l, 21481 cm”
and 20777 cm_l, respectively. It is suggested that energy
levels 3P1 and 116 are brouéht into close proximity in the
CaF, matrix. Also-the presence of a mixture of site

symmetries for the rare earth ions in CaF2 has been
established. The two symmetries manifest themselves in
the thermoluminescence spectra, while usually one symmetry
manifests itself in the luminescence emission spectra.
Employing luminescence excitation techniques, the
excitation spectrum of CaFQEr+3 (0.1%) has been studied in
the spectral range 18200 cm™! to 50000 cm™Y. The results

are in agreement with the absorption spectrum as expected,

iﬁdicating that both spectra are essentially of similar

e
i
e



origin. The excitation spectrum of CaF2Pr+3 in the spectral

region 23800 cm“l to 50000 <:,rn—1 has been carried out. A

ransitions between energy levels has

ot

tentative scheme of
also been constructed, assuming a mixture of cubic and

tetragonal symmetries as mentioned above.

Impurity concentration dependent bands at 2620 2
2740 &, 3530 %, 3660 & and 3950 } have been observed and
tentatively identified. An attempt has been made to

construct an energy level scheme assuming 2 cubic site

symmetry in the case of CaF2Pr+3. Under the influence of

cubic 51te symmetry, the splitting of the ground state has,

in this case, been found to be approx1mately 200 cm l.

The position of 3P2 has been established to be at 22800 em L.

This one level does not manifest itself at the same position

in the absorption spectrum of CaF2Pr+3.

iv
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Chapter 1 INTRODUCTION

1.1 General Remarks

The rare-earth atoms have a common feature of a£N_
shell with N = 1 for cerium and increasing regularly to
N = 14 for lutecium. The spectra of thgse elements differ
largely among themselves as each element has its own
characteristic spectra both in the case of free atoms and
ions and in the case sf ions in solution and in crystals.
Exfensive studies on their spectral properties have been
_carried out in the past. These studies not only reveal
the electronic structure of rare-earth atoms but also have
opened up a new way for the study of the nature of solids.

It is known that the agN configuration of rare-
earth ions is well shielded by the electrons in the 5s
and 5p shells. As the number of eleétrons in the 4f shell
increases from cerium to lutecium, the effective nuclear
charge also increases and, due to increased effective
nuclear charge, the electrons in the 4f shell are attracted
towards the nucleus, thus producing Laﬁthanide Contraction
( 0 ). Due to Lanthanide Contraction, the ionic radii
decrease as the atomic number is increased.

In a crystal the 4f electrons interact weakly
with‘their surroundings. As a result of the interacfion

with the crystal field, some degree of degeneracy of the



.2 .A
free ions is removed and also some forbidden transitiqﬁ#{
become possible. Meanwhile, the essential structure of;?.
the free ion configuration is still preserved. Duriné
transitions between enérgy levels of rare-earth ions
cbrresponding to the well shielded inner 4f shell, differ-
ent characteristic~épectra with a clearly discrete structure
are obtained. This structure is closely related to the
internal structufe of the medium in which the ion is
embedded. As a result, the investigation of rare-earth -
ions introduced into the crystal can serve as a sensitive'

probe.

1.2 CaI-‘2 Structure

The main object of the present study is to investi-

3 3 :a the

gate the crystal field spectra of Pr+ and Ex
visibie and UV spectral regions.‘ The CaF2 crystal is one
of the most suitable hosts that can be used for studying
the rare-earth ions in crystals; It is transparent from
1250 R to 90,000 % and can artificially be doped with rare-
earth elements. CaP2 cryétals doped with tripositivg rare-
earth ions of different concentrations are available froh
the commercial manufacturers.

Calcium fluoride belongs to the Oh space group and
its lattice structure is face-centred cubic, with a basis
of one divalent calcium ion at (000) and 16 F ions at
(£1/4,+1/4,+1/4) and (+3/4,+3/4,%3/4) as shown in Fig.
1.1(a). This may be regarded as a cubic lattice of fluorine

ions in which every other body centre position is occupied
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by a divalent calcium ion. When the rare-earth frifluoride
is added to CaF2 melt, the tripositive ion replaces the
divafent_célcium ion, thus introducing an extra positive
charge in the lattice. To preserve the charge neﬁtraiiﬁy,
there muét.be an additional negative charge to ccmpensate
for the exﬁ#a positive one. The symmetry'about the rare-
earth ion depends upon the various factors, among which
the most impbrtant ones are the initial growing conditions,
heat treatment given to the crystal, and type and amount
of impurities, %s all these affecf the position of the
charge compensator.

The charge compensation may be achieved by an
interstetial F~ ion in one of the empty cubes adjacent to
the rare-earth ion. The symmetry about the rare-earth
ion then reduces from cubic to tetragohal (C4V), and the
four~fold rotational axis C, will be in the [100]
direction, as shown in Fig. 1,1(b). Using EPR techniques,
Weber and Bierig (1) have observed this type of symmetry
for Sm+3, Er+3 and Yb+3 ions. Low (2) and various other
‘investigators (3-6) have reported similar results for tﬁe
other ions of the Lanthanide series. On the basis of thié
model, Stepanov and Feofilov (7) have explained the results
of“their optical spectra of Lanthanides in an oxygen-free
crystal of CaF, {Type 11).

Charge compensation can also be furnished by
introducing an 02 ion into the lattice of the CaFé matrix.

The 072 jon replaces one of the F~ ions surrounding the



Re+? ion from the eight corners of thé cube and results in
trigonal symmetry (CSV)’ Fig. 1.1(c). ﬁue to an extra

. negative .charge carried by 0-2, the three fold axis (Cg)
will point along the [111] direction. Forrester and
Hempstead (8) have observed this type of symmetry for Tb+3.
Low and Rosenberger (9) have detected the presence of
trigonal symmetry after introducing the 0~2 ion into the
crystal lattice of CaF,Tb'>. They heated the crystal up
to 1200°C in air for several hours. Vinokurov et al (10)
and Makovsky (ll) have reported similar results for Gd+3.
Sierro (12), McLaughlan and Newman (13) have presented
another kind of trigonal symmetry in which the charge

compensation has been achieved by an OH™ ion instead of an

[T

0 ion. When the charge compensator is 1c§a£ed several
lattice spacings away from the rare-earth ion, the symmetry
about the rare earth ion may be considered to be cubic.
Evidence of such compensation has been found in the cases
of Na'° (14), 6a™ (15,16), ce™ (17), Dy™ (18,19), and
Yb 3 (20,21). '

D. Marsh (41) has presented the calculafibns for

+2

Tm trigonal centres formed by substituting an H™ ion for

an F~ ion in a nearest neighbour position relative to a

+2
substitutional Tm

ion in alkaline earth fluoride lattices.
Charge mobility has been studied by Friedman and
Low (23). Many investigators (25-29) have found that the

divalent ions produced by ionizing the trivalent ions are

mainly under the cubic symmetry. Merritt and co-workers



(30) found Prt? in cubic sites after electrolysis.

From the spectral distribution of thermoluminescent
glow peaks at 155, 206 and 333°K and the room temperature;
phosphorescence, Schleeinger and Whippey (24) have suggested
that as the relative intensities of the various emission
lines change from beak to peak, 1t gives an indication that

+3

the compensator associated with an Hp ion becomes mobile
at about room te@perature. The authors (39,40) have also
pointed out that in the case of CaF2Gd+3, rare-earth ions

in sites otbher %han cubic are mainly responsible for the .
emission below RT. In the case of CaP2Ho+3, from excitafions
emission and thermoluminescence specfra of the as received
crystal and the heat-treated crystal, Pai (22) has claimed

3 ion in the as

that the symmetry surrounding the Ho+
received crystal is predominantly cubic.

Rare—eerth ions may be found at different sites in
the same crystal. Examples of such symmetries for different
rare:earth ions have been reported by mahy investigators
(31—33). All the three types of symmetries have been
observed for Sm '3 and Dy+3 (34,35). From thermoluminescence

3, Schlesinger and Kwan (38) have

spectra of CaF2Dy+
shown that sites of different symmetries are responsible

fcr thermoluminescence

[

mission, even at temperatures close
to that of liquid nitrogen. Recently, by employing
absorption, luminescence and thermoluminescence techniques,
Schlesinger and Nara (36,37) have shown the existence of

+ +
two different sites for CaF,Sm 3 and GaF,Dy 3 crystals.



7

The authors have also calculated the crystal field parameters
for each site and have assigned an irreducible representation
to each stark split level. They have also identified

vibronic lines in CanDy+3 (42).

+3 +3

1.3 Survey_of CaF2Pr and CaPzEr

A comprehensive review of the spectra of the fare—
éarth elements both in the gaseous state and that in some
host crystals has been made by El'Yéshevich @3). An
extensive study, of the spectra of rare-earth ions in
different host lattices has been carried out by Dieke et.al
44). These authors have given references_dealing with the
subject dating as far back as 1906. Both theoretical and
experimental yalues of energy levels of tripositive rare-
earth ions in agueous solution have been reported by
Carnall et al @5).. Hénce, in this section, only the

+3

+ .
literature for Pr and Er 3 in the matrix of CaF, will be

surveyed.

(a) CaF2Pr+3

P

The tripositive ion of Proseodymium has the

electronic structure (Xe)4f2 where (Xe) stands for the

xenon configurations l522522p63523p63dl04324p64d105525p6.

+3 - 3H

The ground state of Pr is 4° The luminescence spectrum

of'CaF2Pr+3 was first reported by Stepanov and Feofilov @6).
These authors have observed two types of spectra depending
upon oxidizing and reduction conditions during growth of

3

the crystal. In the second type of CaF2Pr+ , they observed



two strongest emissions, one in the bl&e'green region and
another in the red region. 1In type I, they were unable to
see the emission from the blue green region. McClure and
Kiss (47) have studied the divalent rare—ea?th ions produced
by y-irradiation of trivalent ions in the CaF, crystal.

By employing x-ray as the exciting source, lumines-
cence spectrum studies of CaP2Pr+3 were carried out by
many investigators(48,49,50)oF;om luminescence experiments,
Low(49,50)has identified tﬁe position of the lSo‘level at
46300 cm™t. La%er on, Loh (8) claimed this level to be at
47200 cm™! in the ébsorption-spectrum of CaF2Pr+§. Merz
and Pershan (52 ) have studied the thermoluminescence
spectrum of CaFZPr+3. These authors have reported that
fhe excitation is only due to cubic sites, but the presence
of another symmetry around the Pr*3 ion in the lattice of
CaF, is possible. Recently, Hargreaves (61) has grown the
crystal of CaF2Pr+3 (1 %) under high vacuum conditions,
with adequate F~ ions present during the growth. He carried
out the absorption measurements with a McPhefson Model 218
scanning monochromator. From his absorption measurements,
he has calculated the crystal field parameters, Slater
integrals and spin-orbit constant. The author has also
established new positions for . 3P and i1 multiplets.

Employing EPR techniques, Weber and Bierig (1 j»
have carried out an extensive research work on the tripositive

rare-earth ions. These authors have reported that the lowest

stark split component of the ground state of prt3 is either



I QrI",'depending upen the ratio of the crystal field
parameters. U. Ranon (53) and LLW (54) have suggested -
that the lowest component of stark split level of the
ground state under cubic symmetry is Ts. Lafer on, by
using EPR methods, McLaughlan (55) has observed the PrT3
ion in the CaF, maffix at the trigonal site. From the
high field Zeeman effect, Masui (56) has found ?r*s ions
at trigonal'sites.

From infrarea quantum counter experiments,
Esterowitz and hoonan (57) have suggested an energy level
scheme for CaF2pr+3 (1 %) at RT. Loh (58—6;0) has measured
at RT and at LNT the UV absorption épectra of the PrT3 ion
in Can, SrF2 and BaF2 crystals. He has concluded that:

1. Due to strong action of the crystal field, the
ground state of the asn-lsg configuration is lowered, thus
the energy of the 4f — 5d transition in the crystal enviion-
ment is lowered by 18000 cm ! as compared to that of the
freeaion 4f - 5d transition. | —

2. At LNT because of increasing crystal field
strength in the contracted lattice, the 4f = 5d bandé
sharpen and shift ~200 cm_l towards the lower Wavenumber,

3. Interconfiguration transitions take piace for
(a) 4£2 . 4£5d between 4400 and 6900 cm~t.

(b) a possible 42 _ 4f6s at 7600 cm~l.
(c) a charge transfer F'(2p6) - Pr+3(6s) near 80000 cm~1i.

The author has also pointed out that the crystal

field is dominant in the higher configurations 5d and 6s
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due to the pre%ence of electrons in the 5d and 6g shells
which are not shielded from the outside as in the case of
the 4N qonfigﬁration._
(b) caF,Ex®®

The 4riply ionized erbium ion has the electronic
structure (Xe)4fll and its ground state is 4115/2. The
fluorescence of triply jonized erbium in fluorites was
reported by various authors (62-64). Fluorescence experi-
ments wefe élso carried out by Stepanov and Feofilov (7)
ana they observéd the green and red emissions in type II
and only the green emission in type I. They attributed
this difference to the presence of different chaxrge
compensators in CaFZEr+3. A survey of the spectra of
divalent rare-earth ions in cﬁbic crystals has been
published by Kiss and McClure @7). Using Y -rays, these
authors obtained divalent ions from the trivalent ions in
Can‘crystals. They have shown that at higher energies
the struvcture of the 4£N configuration is destroyed by the

N _, 4¢¥-154 transitions. The x-ray

broad band due to 4f
. +3 2

iuminescence spectrum of CanEr from 2800 8 to 10,000

at 300°K and 77°K has been described in reference (48) .
Pollack (68) has photographed the absorption and

emission spectra of CaPQEr+3 (0.1 %) at 4%k, 77°K and 300°K.

He has analysed his results by making a comparison with the

spectrum of ErCls. He has reported 23 distinct groups

extending from 1l.5p to 2300 R and a continuous absorption

whose edge starts around 1700 . The resolution of all of
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these groups is poor and agreement of the levels above

1 is not very good. The detailed structure of the

36500 cm™
groups and classification of individual lines according
to certain symmetry surrounding the Er+3 ion in the CaP2
crystal is lacking. Rector et al (66) have studied the
Zeeman splittings of the fluorescence of erbium in CaF2
' and found that the emission from tetragonal site dominated
the optical spectra. These authors did not classify the
crystal-field split energy levels according to different
site symmetfies.

A great deal of research work on the EPR experiment
has been carxied out under the supervision of W. Low at the
Hebrew University of Jerusalem. Many investigators(1,7,32,67-69)
have reported different types of spéctra due to the:presence
of the IEJ:'*'3 ion at various site symmetries in the CaP2
crystal, and they have calculated the values of g. Under
cubic symmetry, the lowest level of the C{zstal field

3

+
split component of the ground state of the Er ion in the

CaF2 crystal isfb . This has been supported experimentally

and theoretically by different authors (1,53,54).
Merz and Pershan (52) have carried out thermolumin-

escence experiments in which they claim that above RT

+3

emission is due to the presence of Er ions at tetragonal

sites. From cathodoluminescence experiments, cubic centres
of the Er+3 ion in various crystals of fluorite types have
been studied by Aizenberg et al (70).

+3

Visible absorption spectrum of CaF2Er at liquid
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oxygen temperatures has been carried out by Narasimhm et al
(71). They have reported some new lines in E group (19104
to 18612 cm~L), F group (19390 to 19180 cm~1), K group
(26187 to 25878 cm™*) and L group (26278 to 26197 cm™1).
Concentration series and selective excitation methods have
been employed by Voron'ko (74) to study the presence of

3 jon in cubic crystals of the

various sites of the grt
fluorite type. From absorption and luminescence spectra
of the Er o ion-ih fluorite type crystals, Smirnov et al (72,73),
Stolov et al (75)have constructed the stark levels éf 483/2 and
4115/2 under the trigonal symmetry.

Theoretical calculations of energy levels and

transition schemes have been given by Judd and Loydon (76.)

and by Wybourne (77).

1.4 Aim of the Present Study

The present investigation is an attembt to study
the spectroscopic properties of CaF2Pr+3 aﬁd CaPzEr+3
systems in general, and special considerations will be
given to the following:

1. Absorption spectra in the spectral region of
1250 & to 2000 R by using electric discharge through
different gases.

2. Luminescence excitation spectra in the spectral

region of 2000 { to 4500 & in the case of CaF,Pr o

and
that of CaF,ErT> from 2000 2 to 5500 K.
3. To identify the lines due to different symmetries

surrounding the rare-earth ilons.



Chapter 2  THEORY

introductory Remarks

N
.
]

The theory of atomic spectra has been treated by
Slater (1) and by Condon and Shortley (2). Racah (3-6)
has extended the work of Condon and Shortley by developing
the theory of tensor operator which is a powerful tool in
dealing with the 6omplex spectra such as that of rare earth
afoms. Using group ftheory and quantum mechanics<Z8,9),
crystal field theory hés been developed by many other
authors (10-17).

The theory usually starts.with a system which is
sufficiently simplifiea by omitting all types of inter-
actions other than the central field, so that the energy
levels of the system are obtained without much complica-
tions. Each additional interaction is then taken into
account successively as a pertaibation to the simplified
system. ' In the central-field approximation, all
states of a given configuration will have the same energy.
The degeneracy for a N-4f electron system is (%f). Some

of the degeneracy will be removed by considering the

4
Hy

electrostatic interaction and spin-orbit interaction.
the ion is placed in a crystal field, degeneracy will
further be removed. Finally, by applying an external

magnetic field (Zeeman effect) all the degeneracy may be

13
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completely removed.

2.2 (Classification of the States

£
Fy

1.2
Fae

cat

[0

Class cn of states usually can be done by
using three quantum numbers, namely L, S and J. However,
for the fN configuration, in certain cases there are some
states having the same quantum number of L and S but with
different energies. In order to distinguish those states
having the same L and S values, additional quantum numbérs
other than L and S'are needed. |

Under certain symmetry operations, the wavefunctions
of a state in the N configuration usual.y undergo a linear
transformation. The irreducible representation of the
symmetry operation, to which the function belongs, can
serve as an additional quantum number. Furthermore, the
properties of the symmetry group can be used to simplify
the calculation of the matrix elements of the‘tensor
operators, cOrresponding to a certain interaction. Based
on this principle, Racah (6 ) has classified the states of )
fN configuration by introducing the quantum numbers W =
(wl, Wos w3) and U = (Ul, U2) such that 22w, 2w, 2w 20

and 2 ZLH'ZUé:zO. Using these quantum numbers, the states

of the fN configuration may be further specified by writing
the basis states as | £ TWUSL) in which T is a label to
distinguish the remaining unseparated states.

According to the Pauli equivalence theorem, the

14-N

classification of the states of the f configuration is
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identical to those of the fN configuration, and hence we

have to enumerate the systems for N < 7 only. The class-

11

ification of the states for the f2 and f configurations

are given in Table 2.1.

2.3 Fracfional Parentage

. In a confiéﬁration, when three or more equivalent
electrons are present, the number of multiplets becomes
very large. For calculating the wavefunctions, an extremel?
large number of determinantal functions must be written

L ]

down, Moreover, in this method there is no simple
connection between the wavefunctions of 24N=-1 ang zN
systems. In order to overcome thesé problems, the concept
of fractional parentage (4-6,10,18) has been introa;ced.
This is a powexrful tool for constructing the antisymmetrisad
wavefunction for 2N provided the wavefunctions of 2N-1 are
known.
With this method, the eigenfunction of the £N
configuration can be expressea as -
¢(fNaLS) = 2 w(fN—la'L’S'). 3(Lsmims )x
a L'S'

(fN"la'L'S' | #Nars)

where the summation extends over all the states w(fN—lafL’S’)
of the completé set of the gN-1 configuration. a is a
quantum number other than L and S. ®(Ls mfms) is the
eigenfunction of the Nth electron which can be defined

as



TABLE 2.1

Classification of the States

- of the f2 and fll Configurations
N v W U SL

o 2 (110) (10) °F

2 2 (110)  (11) 3p%m

2 2 (200) (20) 1plgls

2 o (000) (00) s

3 3 (111) (00) s

3 3 (111) (10) %F

3 3 (111 (20) “4p%et:

3 3 (210) (11) 252,

3 3 (210) (20) 2D2621

3 3 (210) (21) 2p2F262m2K2L
3 1 (100) (10) °F

v is the seniority number.

16
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3(4s mg ms) = %»ha(r) Y?z (6 8). o(ms)
and (N-1grptst | Nars)

is %he coefficient of fractional parentage (C.F.P.). The
coefficient of fractional parentage describes how the

state w(fNaLS) is built from its parent state ¢(fN_1a'L'S')
and the coefficients can be used for the simplification of
the matrix elements. For the fN configuratioh C.F.P. have

been calculated and tabulated by Nielson and Koster (19).

2.4 Calculation of Energy lLevels

The system may be described by the non-relativistic

Hamiltonian
H = Ho + H1 + H2 + H3
2 N 2
=33 [ R G
' izj "ij
N
+% eisisivz B (Cc(;k))i (2.4.1)
i=1 kgi

in which the weak interactions such as spin-spin, orbit-
orpbit, spin-other orbit, electron nuclear magnétic moment
interaction and the configuration interaction are neglected.
The first term H in (2.4.1) describes the independent
motion of each electron under the influence of field
produced by the nucleus plus fifty-four eleétrons of the
xenon structure.

The rest of the terms, Hl’ H2 and H3 are the
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-

perturbations arising from the electrostatic interaction;i
spin-orbit interaction and crystal-field, respectively.'i

As far as the energy level structure is concerned, the

first term Hc contributés a common energy shift to all tﬁé

" levels in a given configuration, therefore, practically

only the perturbatibn Hamiltonians are significant. For
calculating the matrix elements of the perturbed Hamiltonian,
one needs a compiete set of basis states in some well- |
defined coupling scheme. However, in some cases, none of
the well—definea coupling schemes will closely fit the

real physical situation. The matrix elements of the
Hamiltonian are therefore first calculated in terms of the
basis states of a well-defined coupling scheme and tﬁen
transformed to the actual coupling scheme at a later stage.
For free ion energy levels, evaluation of the matrix

elements of the Hamiltonian H, and H2 aré essential. The

1
detailed procedures are given in the following sub-sections
(a):gnd (b). Evaluation of the crystal field Hamiltonian

H3 will be discussed in sub-section (c).

(a) Electrostatic Interaction

Matrix elements of the second term Hl in equation

(2.4.1) for the configuration fN can be expressed in terms

of tensor operator (2,6) and that the energy

't N 32 TN = [ IR Py
E; = (rSLIM; | & o— | 7'S'L'3'M} )
i>j "ij
= S e2{rsL | = < ). &)y rsry (2.4.2.)
k i>j I,1><+1 i 3 P



where rij is the distance bétween the two electrons,

1

<

9

and r_ is the distance to the nearest and farthest electron

>

from the nucleus. The tensor operator cgk) is defined as

1/2
k 4 (e3)
3 (@) T na"

where Y are the spherical harmonics.

kq

The matrix elements so obtained are diagonal

in L

and S and are independent of J and MJ, as the Hamiltonian

due to electrostatic interaction commutes with the

operators L2, 82, J and MJ. The matrix elements can

further reduced in terms of Slater integrals FK such
3 k
El = € E
=0
where e, are the matrices arising from the angular
K

of the operators and are tabulated by Racah (6), and

are defined

o _
EY = Fo - 10 P2 - 33 P4 ~ 286 F6
S 70 F2 - 231 P4 - 2002 P6
E =
9
> P2 - 3 F4 -7 Pé
E =
3 5 Fy, -6 F, - 91 Fg
E = 3
where k
Fk 2 © © r
= __& = 2 2 .
P .~ D J;Io =) Rig(ry) R p(xy)dry-dr,
>

and DK are given in reference (2).

be

that

(2.4.3.)



20

As;uming radial hydrogenic wavefunctions, the R.H.S.
of equation (2.4.3) then can be written in terms of a single
parameter F, such that E; = (constant) F,. The parameter
52 can be determined from experimental results. Slater
radial integrals have béen determined by Freeman and
Watson (23). A complete tabulation of the elecfrostatic
energy matrices for the £N configuration has been madé

available by Nielson and Koster (19).

(b) Spin-Orbit Interaction

_Using the tensor operator method of Racah (4), the
J dependent matrix elements of spin-orbit interaction H2
for the fV configuration may be expressed as

_ seN N o, talgt
E, = (£ aSLJMjl§n£i51(81 2i) |Na’s'L M)

. (_1)J+L+s'(‘L L 1]_ N
n ts' S JJ

(eNasL | §]_ (si-i) | £lals'Lt ) ‘ (2.4.4)
1=

where §n£ is the spin-orbit integral which is constant for

a given configuration and is defined as

§n£ = {) Réz(r) € (x) dr where

2 .
_ h dU(ri)
8(r) = —5—5— dr
2m c ri

where U(ri) is the average potential experiencea by the
ith electron.
The spin-orbit Hamiltonian commutes with J2 and

MJ but not with L2 and 82, hence its matrix elements are
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diagonal in J. In the equation (2.4.4) { } is the 6;5{
symgol and are given in Ref. (20). Using equationS'(2-7¥,
2-35 and 2-49) of Ref. (15), the second term of the |
equation (2.4.4) can be simplified
(Nast| ¥ (si-21)] Na's'Lt )
i=1
= [20+1) (28+1)7Y2 x (eVase | v [ Narstet )

and values of {fNaSL ” V(lnﬂ fNa'S'L' )

are tabulated in Ref. (19).
Several authors (21,22) have calculated the matrix

elements of spin-orbit interactions for £° and £4 configura-

44 + 2 - N

tions. The matrix elements for the 4 configuration

are of the same magnitude but of opposite sign to that of

N

4" configuration.

(¢) Crystal Field

A free atom or ion possesses spherical symmetry
andlgach J level is (2J + 1) fold degeneiate. On placing
the ion in tﬁe crystal, the spherical symmetry is destroyed.
The degree up to which the (2J + 1) fold degeneracy of the
free ion is removed, will depend upon the symmetry
surrounding the ion in the crystalline matrix. Fér the
rare earth ions, the effect of the crystal field is usually
smaller than that of the Coulomb and spin-orbit interaétion
of the electrons, hence it may be evaluated by applying
perturbation theory.

Assuming point charge model, the static crystalline
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electric potential can be expanded in terms of tensor
operators as:

_ 5 gk X (x)
V—Eq'BQiil(cq )i (2.4.5)

where the summation over k extends in principle from O to

o and that over q from -k to +k, i is the summation over

the number'df electrons in the f-shell and Bg are parameters
which can be determined experimentally by finding the best
fit between the experimental and theoretical results. The
tensor operator‘cék)is related to the spherical harmonics

qu(eé) by the expression

C«(;k) - (-;%—1)1/2 Yy (09) (2.4.6)

From equation (2.4.5), it appears that an infinite number
of terms should be considered in the series expansion;
however, for the fN configuration, no moie than fifteen
terms are necessary for evaluation, since the matrix
elements‘of V will be non-zero only if the following
conditions are satisfied:

K < 6 (Triangle condition for spherical harmonic

integrals.)
'K should be even (Parity condition)
m" - m' + g = 0 (otherwise the integral over &
part will be zero.)

Once the appropriate form of the crystal field

potential is decided, then the construction of the crystal

field energy matrix can be performed. Under octrahedral,



tetragonal and trigonal symmetries, tﬁevcrystal field
potentials are

1/2
(2) Vo, )~ ¥ B [c£4)+(1§4) / (cﬁ‘” + c_(j:))] +

i=1

6r.(6 1/2,.(6 6
500cs®) - P2 e + &)y

i

where Bi = (-%4)1/2 Bg and Bi = -(%)1/2 BS .

>

§ [Bg‘C£2) + Bg C§4) + Bi(cg4) + 054))

(b) V(Cgy) = 1

6.(6) 6 (-~(6) (6)
+Bc.o +B4 (c4 + C—4 )]i

. 2 o(2) , g4 (4 4)
o V(Cay) = §=1 [82 c; ). + B2 c(g ) . Bf,';(c_(s) - C34))

#3800 4 8 (c(9) _ (8

+ Bg (Cfg) + Céé))]_

From the above expressions, one can notice that only two
B; parameters are to be determined in the case of Oh
symmetry, five for C4v and six for 03V symmetry.

From group theory considerations, one can infer

03 "
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the number of components into which a "free ion" energy level
under the crystalline environment of definite symmetry Will

split{ -The crystal field split levels may be designated

by the appropriate irreducible representations. Under Oh;

C4 and C3v symmetries, the number of levels and the

+3

v
combinations.of irféducible representation for Pr and
Ef*s ions are given in Tables 2.2 to 2.7, reépectively.

The crys%al field energy matrices can be calculated
in terms of a basis [aSLJéfr) involving the irreducible
representation‘éfr of the point groups. The irreducible
representation or the crystal quantum number p:JqJ can'
be used as good quantum numbers as the aSLJJZ scheme
can usually no longer adequately specify the states.

By employving the tensor operator techniques (10,15,24-28)‘

the matrix elements of the crystalline potential V for the

fN configuration can be expressed as

(fNaSLJJz |v] fNOL'SL'J'J; y

5 BX (Nosrzz | ¥ (c®)y 1eN's L3y
q z s q i z

k,q 1

= k (k (x k N 1 b' t 1
_kz’qu <fNaSLJJZlcq )1) + Cq )(2)+ .. +cc(1 )(N)|f o1 SL.~J 3,0

ellc® ey

= = BNastas o) [Na'st's's'y x &lle®) e (2.4.7)
k,q 4 z 4 z
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TABLE 2.2

Splitting of Levels of Pr+3 Under Oh Symmetry

23 + 1. Irreducible Representations No. of Levels
1
1 r 1
1
3
3 1
. T4
2 3
5 + 2
1-‘3 1-'5
1 3
7 + + 3
F2 T4 F5
2 3 3
9 11“+1" + I + T 4
1 3 4 5
2 .3 ‘
11 T +271 + T 4
4
1 1 2 3
13 r.+r + 1 + T + 27T 6
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TABLE 2.3
. . +3 .
Splitting of Levels of Pr " Undex C4v Symmetry
23 + 1 Irreducible Representations  No. of Levels
1 I 1
1
1 2
3 + 2
. 1“2 1"5
5 + ! . + 2 4
‘Tl F3 T T, Fs
. 1 1 1 22 5
: + + ;
T2 r F4 + T5
1 1 1 2
9 21‘ + ', +.T_+ pr + 27 7
1 2 3 4 5
11 ! 2l : ! 32 8
+ + + T
I“1 1"2 1"3 T, = r
1 1 1 L2
13 2T + v+ 27 + 27 +371 10
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TABLE 2.4
Crnli++ £ T A~ 1 ~L ..+3 TTen ~ ~ .
Splitting ¢f Levels of Px Under gy Symmetry.
23 + 1 Irreducible Representations No. of Levels
1
1 1
1-‘l
1 2
3 R + 2
1-‘2 1-‘3
1 2
5 T + 271 3
1 3
7 11" + 211" + 22r 5
1 2 3
' 1 1 2
o 2T + T + 3T 6
1 2 3
1 2
11 11" + 2T + 47T . 7
1 2 3

i3 : 311" + 21 + 421" 9
1 I-‘2 3
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TABLE 2.5

Splitting cf Enérgy Levels of the Ef+3 Ion

Under 0h Symmetry

J 23 + .1 Irreducible Representations No. of Levels

1/2 2 2p 1
6
3/2 4 * 4r 1
. 8
4
2 6 + T 2
5/ 2r7 g
2 2 4
7/2 8 + + 3
/ T, T, T
2 4
9/2 10 r + 2°T 3
/ 6 8
: .2 2 4 : .
11/2 12 r + + o 4
/ 6 r, "o |
2 2 4 '
13/2 14 r + 2 + 2 5
/ . 6 7 Tg

2 4
15/2 16 ' r + r +3T 5
6 7 8




TABLE 2.6

- +
Splitting of Energy Levels of the Erx 3 Ion

.Under C4v Symmetry

29 .

J 2J + 1 Irreducible Representations No. of Levels
1/2 2 2r 1
. 6
3/2 4 21“ + T 2
6 7
5/2 6 2 +2°T 3
6 7
2 2
7/2 8 2 + 2 4
/ T, T,
2 2
9/2 10 3 + 27T 5
/ T, .
2 2
11/2 12 3 + 3 6
/ r, + 3T, |
2 2
13/2 14 3T + 47T 7
/2. . AT
2
15/2 16 4’r + 47T 8




TABLE 2.7

crss +3
Spiitting of Energy Levels of the Er Ion

Under Csv Symmetry

30

2J +'l Irreducible Representations No.

J of Levels
2
1/2 2 T 1
/ r,
) 1 1 2
3/2 4 ('r + )+ °r 2
4
2
5/2 6 (e + 1) +2°r 3
5 6 4
1 1 2
7/2 8 (‘'r + T )+3T 4
5 6 4
i1 2
9/2 10 2(r + T )+3r 5
_ 5 6 4
' 1
11/2 12 2(°r + ¢ ) +4°T 6
S 4
' 1 1 2
13/2 14 2(r. + T )+5T 7
5 6 4 _
1 1 2
15/2 16 3(r. + ' T.)+5T 8
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where Uék) is the sum of N 31ngle partlcle tensor operators.

The operators Cék)(l) .es Cék)(N) are the unit tensor

2k+

each of them operates respectively on the corresponding

3 (k): ﬂ.— 1/2
operators defined as Cq T qu(eé) and

electron orbital. The quantity

ey = (c1)[ees + 12e’ + T2 (2 & 2] (2.48)

or <3”C£k)”3) = (-1)3 [7 x 7]1/2

) ] o o o

Since the matrix elements of the tensor operators are
diagonal in the spin and by using Wigner-Eckert theorem,

equation (2.4.7) can be further simplified as.

(fNaSLJJZlUék)ifN&'SL'J'J;> = (-1)7 7z /‘J K J'\

1

-3, a J,

X

(e Nasealo®) et s gt (2.4.9)
where

asrav®) ¥ sr'5') = (-1)SHHI "+K (2541) (23" +1)7Y2 % {J J!
L' L

f1.\
(#Nase|u'®/ || a'sL) (2.4.10)
The doubly reduced matrix elements of U(k) have been

tabulated by Nielson and Koster (19) or they can be

calculated by using the coefficients of fractional-

n



parentage (e.g. equation 2-92 of reference (3) can.be used).
The values of 3-j ( ) and 6-] { } symbols arévaiéo
made available by Rotenberg et al (20). As all the duantiiigs
in the above equations ére known, except Bé's which are ‘
freated as parameters to be determined experimentally,
hence one can calcﬁiate the matrix elements of the crystal
field potential V. | '
Margolis‘(29) has diagonalized the complete crystal
fie1d energy matrices for 4£2 configuration including the
effects of inte;mediate coupling and the crystal field ‘
mixing of the free jon levels. 1In order to get better
- agreement between the experimental and theoretical results,
recently Carnall et al (30) have made calculations

+3

including configuration interaction for LaFgzET and

ErCls.éHQO.

2.5 Intensity and Transition Selection Rules for Rare

Earth Ions_in Crystals

Intensity of a spectral 1ine emitted from a state
a3y, ? to state | a'J’Jé) depends upon (1) the transition
probability T(aJJz,a’J‘J;),, (2) 5 the wavenumber of the
transition, and (3) the number of atoms N(aJJz) ‘.in the

state { aJJZ>.

s ' oty - . (IR ]
i.e. I(adJ_, @ J JZ) = N(aJJZ) hey T(adJ,; o J Jz).

The total transition probability petween two states is

determined by the following three probabilities:
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4 .

_ 64T 3 - 1_1_1\1|2

. TDipole = T v { (addzlPICL d,dz>|

e 641'1'4 =3 Tt \12

Trag = 2 | €e33_Imla's'sl)]
T _32r® o5 | ¢35 lolats's')1?
Quad -~ "5n VY z z/!

where P, M and Q are the electric dipole, magnetic dipole

and electric quadrupole moments operators, respectively.

h is Planck's constant and v is the wavenumber, corresponding
to the transition.

Within the same configuration, for a free ion the
electric dipole transitions are parity forbidden, so the
transitions are made possible through the magnetic aipole
and electric quadrupole. However, when the rare earth
ion is placed into the composition of a crystal lattice,
the electric dipole transition within £N configuration
becomes allowed through the mixing of states of opposite
parity (31,32).Recent studiées have indicated that for rare.~>
earth ions in crystal, electric dipole type trgnsitions are
predominant. Van Vleck (3l) and Hoogschagen et al (32)
have found that the intensity of quadrupole emission is
less than the intensity of magnetic dipole eﬁission, while
the intensity of electric dipole emission is noticeably
greater than the brevious two. Hence, in the present work,
ohly the electric dipole transition will be considered

3 +3

for the Pr+ and Er in the matrices of CaF2. Carnall
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et al (34), Rahman (35) have treated the optical emission

3

intensity for Er+ ion in different host lattices. The

transition probability can also be written in.terms of the

oscillator strength f(aJ,a!j);

. 2 2-2
8me v e3“ £(aJ,a'3")

T(a3J_,a'3'3) =
VA z me

8m2mec S(aJ;a'J')
3e2hx 27 + 1

where f(aJ,a'J') =

A is the wavelength in A® and S(aJ,a'J') is the line-
strength. For electric dipole transitions, the line

strength has been given (15) as

‘ J 1 J
]
s1/2(a3;0' 5" )=(-1)T*T +S|1[(2J+1)(2J'+1)]1/2x{ ! }
¥ [ T x
& s L

[-e{asL]] Ericil) | a'sL' )]
As pointed out previously, fdr a free ion, eiectric dipole
transitions within the same configuration are parity
forbidden, and thus any explanation of the observed
spect;a of inter configuration of crystals must concern
itself with noncentro-symmetric interactions. 'Oflet et al

(33) have derived selection rules which can be applied to

crystal spectra. These rules are as follows:
AL =+ 1, AS = O, AL S 24 3 AT =0

The first selection rule means that the fN configuration
can interact only with 4:N-15g or 4fN_159 configuration.

In case of strong spin-orbit interaction, the second and



 '?3.5‘ :
third selection rules may break down and for practicél
purposes only the fourth selection rulé holds.
Since the sta;k-split components of the c:ystal’ i
spectra.are also 1abelled.by the crystal quantum number
or by irreducible representation of a symmetry group,
additional selection rules other than the ones given above
are needed for the analysis of crystal spectra. It is
known that the transition between two states is allowed
if the direct product Fi x Tg xl%contains the idéntity
1

representation ~F1 .

which the particular transformation operator belongs,

Here Po is the representation to

T and T_ are the initial and final states, respectively.

i £
+3 +3

The allowed transitions for Pxr and Er in some

symmetries are given in Tables 2.8 to 2.13.

2.6 Confiquration Interaction

For a given configuration, the energy levels
obtained by the diagonalization of the combined electro-
static and spin-orbit interactions, ﬁsually deviate
considerably from ‘the observed energy levels(22,36-40). This
difference is attributed to the configuration interaétion.
The configuration interaction has been divided'into two
types: (a) strong configuration interaction, and (b) weak
configuration interaction depending upon the strength of
the Coulomb field between the perturbed and perturbing
configurations. For étrong configuration interaction,

all the electrostatic interactions within and between the
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TABLE 2.8

Eiectric Dipole Transition and Polarization

for Er+3 Under Oh Symmetry

Te T, T4
a f a
Te
r £ a a
7
a a a
Tg
TABLE 2.9

Electric Dipole Transition and Polarization

for Er'3 Under C,, Symmetry

+
T, (r5 ré)
v o]
T . a a
4 o
o r
(r +1) a f
°5 6

a Allowed Transition
f Forbidden Transition
7,0 Respective Polarization



TABLE 2.10

AN
L0293

[N

zat

(3

Electric Dipole Transition and Folar

for Er+3‘Under C4v Symmetry

T6 F7
T c
T a a
6 )
c T
a a
F7 5
TABLE 2.11.

Electric Dipole Transition and Polarization

For Pr+3 Under Oh Symmetry

1 2 3 4 5
f
Fl f f a f
T f f f f a
2
F3 T f £ a 2
T a £ a a a
4
T f a a a a
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TABLE 2.12

Electric Dipole Transition and Polarization

For prt3 Under C3v Symmetry
Ty 1) s
™ o
a. £ a
1-‘l
* ™ c
f a a
r2
C (o] v
Ty a a a 4
TABLE 2.13

Electric Dipole Transition and Polarization

s

3

Foxr Pr Under C4V Symmetry

ry T, T, r, Ty
r, “ £ £ £ a ¢
r2 f a 7 f f a 9
r, £ £ a " £ a °
F4 £ f £ a T a o
T a o a g a c a c a i
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connected cénfigurations are taken into account, but the
effect of weak configuration interaction can be considered
by modifying the energy matrices of the principal electron
configuration. The resultant eigenvectors obtained by
diagonalization can be expressed in terms of linear
combination of the states-of the connected configurations.
in the case of free ion, configuration interaction
occurs between the configurations of the same parity.
Crystal field couples configurations of both parities and
it introduces an additional configuration mixing. Using
the second order pexrturbation, Wybourne and Rajnak 41)
have calculated the correction factor which is to be added

to each electrostatic matrix element; i.e.

. N N
ac(ars;e'ts) = zPNNarsly (). vy Ee' sy
k i>j 1 J

where Pk are the parameters depending on the radial

integrals and the excitation energy. For even values of
k the effect has been included in the Slater radial
integrals, but for odd k's the correction factor is

modified as
8(aLs;a'LsS) [aL(L + 1) + BG(Gy) + YG(R,)]

where a;ﬁ and Yare linear combinations of radial integrals
and are treated as adjustable parameters which can be
determined from the experimental results. G(G2) and G(R7)
aie the eigenvalues of Casimir's operators (10) for the

groups G2 and R7, which are used to classify the states
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of the fN configuration.

Eisentein (42-44) has shown that>a single set of
crystal field parameters is not sufficient for calculating
the crystal field levels for the whole spectrum. The
discrepancy is due to the configuration interaction as
the crystal field parameters do change due to the config-
uration interaction (45). The influence of configuration
interaction is taken into account by replacing each matrix
element of the crystal field potential

N

(eNasLIg, IB C(k)lfNa sL'3'3))

by

(1 + Ac)(fNaSLJJ Bg k) |e¥a st 5! 3,
where Ac is the correction factor due to configuration
interaction. The correction factor consists of two parts,
one part corresponds to the configuration mixing purely
by the crystal field and the second part corresponds to an
electrostatically correlated crysial field interaction.
Both these parts have been defined in equations (6) and
(7) of reference (46). Recently, W. T. Carnall et al (33
have considered the effect of configuration interaction
+3

in the case of LaF3Er

the agreement between the experimental and theoretical

and ErCl36H20 and have improved

results.



Chapter 3 EXPERIMENTAL

. +
3.1 Excitation Spectra of CaPzEr+3 and CaF2Pr 3

The crystals used in the present work were obtained
the Harshaw Chemical Company aﬁd from Optovac Inc, The.
exciting light from a 1000 watt xenon la%p, Oriel Model}
C-60-50, was focussed on the entrance slit of a l ﬁeter
McPherson 225 monochromator (for a detailed description,’

see section 4.1). The light source has a continuum from

e}
2000 A to 6000 & as. shown in Fig. 3.1.

40

30

TYPICAL RELATIVE EMISSIOQil
SPECTRUM FROM XENON LAMPS

+ 20

| ’ ™

2000 4000 6000 8000 10000 12060 1400
WAVELENGIH (Angstroms) ’

Fig. 3.1 Xenon continuum from 2000
to 6000 .

41
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A crystal 12 x 8 x 2 mm was pléced in thé crysﬁal
holder of a custom built Andonian vacuum cryostat fitted
with ‘a copper;constant'thermocouple for recording the
temperature of the crystal. The light coming out from the
exit slit of.the monochromator was focussed on the large |
face of thé'cfystal facing the monochromator. The other
face (12 x é mm) of the cfystal was facing the entrance
slit of the home made grating spectrograph with a low f-
number about 2.5 and of medium resolution; i.e., better
than 0.5 8 in the first order. The entrance slit of the
spectrograph was always kept at 0.3 mm. A photomultiplier
tube, type 9514S, supplied by the McPherson Company, was
fixed on the exit slit of the spectrograph. The photo-
current from the photomultiplier was fed to a Keithley
410 micro-microammeter, the output of Which was recorded
.By a2 strip chart recorder model 7128A suppliea by Hewlett-
Packard.( The experimental set-up is shown in Fig. 3.2.

The home-made spectrograph was set for the green
spectral region for CanEr+3 (0.1 ¥). The excitation
spectrum in the range 2000 X to 5500 A was recorded at
room and at liquid nitrogen temperatures. The experiment
was performed with crystals obtained from Optov Inc. and
Harshaw Chemical Co. The results were identical in both
cases except that the intensity of some of the components
were strong in one sample and weak in the other sample (Fig. 3.15,

4

3.18,3.20,3.21). One energy level, D5/2 at 2600 X, was

absent in the sample obtained from Optov Inc. A complete
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excitation spectrum of CanEr+3 (0.1 %) from 3000 R to
5500 A at LNT is shown in Fig. 3.3, and its SLJ assignméﬁts
are in accordance with reference (1). The results for ‘
individual groups, at ﬁT and at LNT, are shown in.figs..354
to 3.19 . Peaks are numbered for future use and fheir

1 in Table 3.2.a summary

energy has been exﬁressed in cm”
of these figures, along with their experimenfal'cbnditions,
is presented in fable 3.1.

For recording the excitation spéctrum of CaF2Pr+3
(0.1 %), the ho;e—made spectrograph was set for the blue |
green spectral region. The complete excitation spectrum.
of CaF,Pr*® from 3400 & to 4500 & at LNT is shown in Fig.
5.23. The SLJ assignments are made in a<cordance with
energy levels in aqueous.solution (2). The results for
individual groups at LNT and RT are shown in Figs. 3.24 to
3.28. The experiment was repeated with different
concentrations of the Pr+3 ion in theACan crystal. and
we found that the intensity decreased with increasing

concentration of the Pr+3

ion. Peaks are numbered for
future use and their energies have been expressed :‘Ln'cm'l
in Table 3.4.A summary of these figures, along with their

experimental conditions, is presented in Table 3.3.

3.2 Emission Spectra of CanEr+3 and CaPzPr+3
For photographing the emission spectra of CanEr+3
and CaF Pr+3, the experimental set-up was the same as shown

2
in Fig. 3.2, except that the photomultiplier was replaced
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TABLE 3.3

Summary of the Figures Regarding the Excitation

: +
Spectrum of CaF2Pr

3

" Fig. No. Crystal Temperature Spectral Range
3.24 As-received RT 4200 A to 4500 &
3.25 " " o 3200 & to 4200 & -
3.26 L LNT 4200 & to 4500 4
3.27 " u " 3200 & to 4200 i
3.28 " n " 2200 & to 3200 %
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by a home-made camera loaded with a 3-x Kodak film.
Different exciting wavelengths from the excitation spectrum
were selected for exciting the cﬁystal. The time of
exposure varied from one-half hour to two hours. Standard
wavelengths from the Hg lamp were superimposed on the film
for calibrating the emission spectra.

The microdensifameter traces of emission spectrum
Ert3 in the green and that of CaF Pr+3 in the blue

2 2
green are shown in Figs. 3.30 to 3.40. The emission spectrum

of CaF

of x-irradiated crystals was also photographed in each

case and the results ébtained were identical to the ones
observed before. Figs. 3.34 & 3.38 show that the intensities
of the lines 5444 & and 5393 R in the case of CaP2Er+3 was
decreased, but for CaF2Pr+3, the intensity of the lines

4850 X and 4826 & was increased by exciting the crystals
with different exciting wavelengths. The peaks have been
numbered for future use and thgir energies aré expressed

in ecm~! in TableséﬂA&.38, respectively. A summary of the

figures, along with their experimental conditions, is

tabulated in Tables 35 & 36, respectively.

3.3  Thermoluminescent Spectra of CanEr+3 and CaP2Pr+3

Crystals were placed in the crystal holder of an
Andonian vacuum cryostat. They were fitted with a copper-
constantan thermocouple for measuring the temperature. The
holdér was also fitted with a heater of nichrome-resistance

wire for heating the crystal. The crystal was first cooled



80

6*ec d74vYlL

Y 066s o3 ¥ 0geg y ¢8Le " 0 " vE*E

Y 0666 03 ¥ o0geg y 0T8¥ n " n ge e

¥ 06ss 02 ¥ o¢eg ¥ 09L¢ " " n ce*¢e
{

Y 0Gsg o1 ¥ ogeg , YV osLe INT " " 1€°¢

¥ 0GGG 01 ¥ 0Geg ¥ ocLe 1y PBATI09I~-8Y oe*¢

abuey Texaoadg 2ybtT BuTrTOXyg sanjexadwa] Te1skan *ON *bTyg

m+amwmmo Jo .wnx3yoedg uotssTwg 9y} Butpxeboy soxnbtg oyl Jo Axewung



81

10 T _. ‘ 1

INTENSITY (Arb. Units)

R
ET Y
15 e

“fi'h;'!g‘{:“;i 5-“ : Xk hd

e

] Wit eief
5 ; 7 PR b
00 | i |
¢ £2K0N [A ! EREN
- Lo Lo ROV L9 RORV) JIV U

WAVELENGTH

; - + . o
Fig. 3.30 Emission ,Spectrum of CaF_Exr 03 at RT from 3350 2
to 5500 % excited with 37501 .



10

NSITY(Arb.Units) -

CINTE

: T
. H _
"13 12 n-g 4 -
A. [§ . N

.8

! '

v E1 \

. 5
. 3 '
, f
|
3| |
05+
| }7
10
’ ¢
J f
(b
5350 | 5450 :
00 I ) |
WAVELENGTH -
Fig. 3.31. Emission spectrum of CaF Er™3 at LNT from 53504
| 250 &. -

to 5550 £ excited with 3

82



| 100 ] ]

——— -

05

NSITY(Arb.Units)

—
oW

INTH

| -

1), 43 %%
IR N TR X
BORE RN

'

o
©

w,

= ] e
hanas

5350 5450

|
5550

WAVELENGTH

Fig.-3.32 Emission spectrum of
to 5550 } excited wit

CaF, Ex™> at LNT from 5350 4
h 3760 k.

83 .



10 I — T —

INTENSITY (Arb.Units)

s Le4aa (P
j. i ,:‘ ¥ %

1F;<k 5'411{! fort \
.‘!! ".‘:_._
Vi,

O.D <. : B e .o - i e eermatm s mmimme eee me . i
9350 5450 9530

- WAVELENGTH |

Fig. 3.33 Emission spectrum of CaF Er_'L3 at LNT from 53504
to 5550 § excited with 4810 j.

84



INTENSITY(Arb.Units)

. 3.34 . Emission spectrum of CaF Ef+

85 .

10p — !

A

]

s
&E\ﬁ;‘f s"#}’

WAVELENGTH

3
. 4o 5550 i excited with 3785 A.

1 ]
5350 5450 5550

at LNT from 5350 4



86

8¢vG INAZR]
cov g 80€83T1
€1 ¥.1.€EQ 80981
c1 €6EG Eva81
TT 9°00V¢G 91G81T
(N} (Y474 0Sv8T
6 1947474 ¢lLE8T
8 ZGrG Zrest N\ﬁﬁ\ - ¢/t
L cLYS . L2881
9 T6¥G 1281
] 006G 18181
1% 166G GeT8T
, € 0€GG 8081
C 8€G4G 6G08T
T €9GG 9L6LT
AHIEoV wo *ON X wo) Abxoug
sanTep Abxaug °*oTen pue vwmnpcwo yeod spmmwﬁm>mz Mmmm Woﬁmmﬂem uotTlISURLY

sadxyg useM3}oq S9OUDIDVIITQ

Noll 3® m+nmmmwo jo wnx}ooedg uoTsSsTWH

9*¢ dTEVI



87

Aomov 0% yossv Yy G99¢ " n " ov°¢
@ommv 03 Yy 0GLy YV 80¢€¥y " " " 6e°¢
@ommv 03} Y oGLY Y 8¢vy " " " 8€°¢€
y 0G6v ©°3% Yy OGLY ¥ svvv n n " LE*E
Y 0G6¥ 03 Y O0GLY ..« ¢8ey INT N " 9¢°¢
¥ 066y 03 y OGLY | Y 2¢s8cet LY POATOD8I-SY ge'¢e
obuey Texlooadg 2ybBTT BPutyTOXy aanjexsdwa], Te3shag .mz ‘Bt

4

m+am Jen jo wniyosdg uorsstwg oyl Buripxebey seanbrg 8yr jFo XQmEE:w

L*€ dI4VL



" .88

10

0
‘T
=
£
<
;:.05-—
> |
ol | A
= . -
: —
R .
£ _.
At LW,X | 4/ ]Tg
¥ . %H’ A i \
ﬁlﬁfy%“
- 4750 4850 " 4950
0‘0 - ] i : i .
WAVELENGTH

Fig. 3.35 Emission spectrum of

to 4950 A excited with 4382 &.

+3

CaF,Pr > at RT from 4750



1;}

05

INTENSITY{ArbUnits)

00

Fig.

T l —
6
. ]
15 :
7
[
! ,
{ .
; /
f
g 2‘
B12 faf
[ 5
i 10 |
: / J fi4
A \1 ! ‘g fif { l
Mﬂ S ! 4
y H4 11 ? 3 2
Al
| i m,'*m
4750 4850 '
s ' | 4?50
- WAVELENGTH N
3.36 Emission spectrum of CaF Pr+3 at LNT frpm'4750-i

to 4950 } excited with 4382 4.

-89



10 Al

R A

J/Jv W -
. r: ) A ‘ ’

INTENSITY(Arb.Units)

P
Wi

4750 4850 4350
] ) )

Ko=)
()

WAVELENGTH

Pig... 3.37 Emission spectrum of CaF Pr'*_3

X at LNT from 4750 i
to 4950 A excited with 4348 }. .



to 4950 R excited with 4

228 4.

197
@
-.E ~
-
L0
~
=
>
< — '0,5—'
& /\
Z
L R
— .
AR
—
! ; \
| 1 .
| \/ \J i
J 'L |
4 ¥
A »‘,"lf\\mf ‘-J’g,‘\.fﬁf‘{i \ﬂ
R ’i{"ﬁ*
. ﬁ?’g}s‘
e
-' 4750 4850 | 4950
. G0 ] : { N
WAVELENGTH |
Fig. 3.38 Emission spectrum of CaF pr™3 at LNT from 4750 &

91



92

10

INTENSITY(Arb.Units)
]

i

f"”' %JJ i ‘”\\f M v \MA -

4750 4850 4950
00i— ﬂ 1 !
WAVELE NGTH

Fig. 3.39 Em1551on spectrum of CaF Pr ?

.to 4950 i exc1ted with 4308 A.

at LNT from 47501%



v 93.

G99E. UITM

@

X?Eﬁi/éj

——

01

.7 PORTOX® Y 0G6y 03 YO0GGH wWoay INT 3e w+gammwo 3o unayoads uotrsstug ov'e 634 M
| H1INITIAVM .
VP — 1 m m 00
0s64" - 0487 . OsLy 059Y 05

(SYUN'QIVIALISNIINI



94

~SNOMT W0
e~ 1 =~ — ~

AANOTOHDO~SO0OOO0
—

ELLY
voLY
€08¥y
918V
9¢8v
9€8Y
oGasv
€98V
T88Y
Go6Y
9261
Te6P
9€6¥
0gG6t
g6l

T1660¢
6680¢
0280¢
¥9L0¢
1¢L0C
8L90¢
8190¢
€9G0¢
881V 0T
LB8E0C
00€0¢
08¢0¢
6G¢0¢
¢0¢0¢
6¥ 102

4

d

Eov sonyTep *oTeD pue

(g-wo) *ON sammv X

X UeOMLoq OOUBIOIITA PEOXIUDY oo

oTOARM

(._wo) AbBxouyg
§Ne0d UOTSSTWY

ruswubrssy
£1s

Noll %E

€

+agmmmo 3o wnxloodg uorssTwy

8°€ AIAVL



95..

down to LNT and its iempeéature was récorded on a stri
chart recorder. Then the crystal was x-irradiated at LNT
for one hour. to two hours, as indicated on the figures.
The x-ray tube had a copper target and it was operated at
40 kV and 14 ma.

The general glow curve and its gpectral composition
were taken simultaneously in the following way: one of the
windows of the cryostat was held as close as possible against
the entrance slit of the home-made spectrograph, adjusted
to the desired ;pectral range. An EMI 6256B type photo-
multiplier was pladed against the opposite window. A
specially designed camera loaded with 3-x
Kodak film was fixed on the exit slit of the home-made
spectrograph. This was done in order to get the spectral
composition of emission at different glow peaks. The
temperature of the crystal was recorded continuously on
the strip chart recorder. The photocurrent from the photo-
multiplier was fed to a keithley type 410 micro-microammeter,
the output of which was recorded by the Hewlett-Packard
strip chart recorder. The heating rate during the experi-
ment was kept constant at (dT/dt = 11 deg/min). For
CaP2Er+3 Fig. 3.41 shows the variation in emission with

3

temperature. In the case of CaF Pr+ (0.1 %), emission

2

was very weak and we could not record a satis

Hh

actory

spectrum above 140°K. We were unable to observe the thermo-

. ' + . . .
luminescence spectrum of CaF Pr-3 with concentration; i.e.,

2

the highest concentration that we could go was 0.5 % and 1%.
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Fig;3.42 is the glow curve of CaF2Er+3 between 77°K
and 310%°K. There are six main glow peaks at 114°K, 155°K,
192°K, 247°K, 272°K and 301°K in the glow curve. Fig. 3.43
is the glow curve éf CaF2P1:+3 between 77°K and 300°K.

There are three main peaks at 114°K, 157°K and 235°K in
the gléw curve. The microdensitometer traces of thermo-
luminescence emission spectrum of Ca1=2.f-:r+3 and that of
CaFQPr+3 are shown in Figs.3.44 and 3.45 , respectively.
Peaks have been numbered for future use and their energies
are expressed in cm™! in Tables 3.9 and 3.10.

The activation energies for the thermoiuminescent

peaks were calculated by using the formula (3)
_ 2
E = k Tg ATZ - Tg) s

where E (ev) is the actiﬁation energy, k is Boltzmann's
constant, Tg(k) is the temperature of the glow peak maximum

and T2 is the temperature at half intensity on the high

temperature side of the peak. The value of activation

+ +
energy for CanEr s and CaF2Pr 3 is presented in Tables 3.11

and 3.12, respectively. The varying activation energies

corresponding to the different glow peaks show the presence

of traps with different activation energies in the crystal.
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TABLE 3.11

Activation Energies of Thermoluminescent.

Peaks in CaF _Er'3 (0.1%)

2

Peak No. T (%K) T (OK) Activation Energy

(see Fig.) g - 2 (ev)
1 114 125 0.10
2 156 160 0.52
3 192 197 0.63
4 247 253 0.87
5 272 276 1.59
6 302

TABLE 3.12

Activation Energies of Thermoluminescent

Peaks in CaF2pr+3 (0.1%)

Peak No. o} o] Activation Energy
(see Fig.) Tg (°x) T2 (°x) , (ev) ‘

| , 113 122 0.12
2 156 159 0.7
3 235 243 0.59




Chapter 4 ABSORPTION SPECTRA

4.1 Monpchromator Model 225

The-Model 225 spectrograph works on the principle
that the grating is constrained to move along the bisector
of the anglé.éubtended by the slits, at the centre of the
grating, while simultaneously the grating is rotated about
a vertical axis tangent to its centre. The rotatibn of the
grating provides the monochromatic action, whereas the
linear motion of the grating determines the degree of
focussing.

The Model 225 consists of a stainless steel chamber
which can be pumped down to 3 x 1077 torr by means of a high
speed diffusion pump and mechanical pump. The flap valves
with external controls are mounted in theventrénce and
exit slit housings in order to isolate the slit chambers
from the main chamber while maintaining the vacuum in the
main chamber. The monochromator is also equipped with a

600 lines/mm, MgF, coated grating of focal length one meter

2

and an aperture ratio f/12. The wavelength can be read

directly in angstroms.and this model can be used from 300 2
o

to 6000 A with an automatic focussing throughout the entire

wavélength range. The angle between the normal to the

grating and entrance slit or exit slit is 7°-30".

106
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4.2 (a) Vacuum U.V. Light Source

The light sources may be classified according to

the spectrum they emit, as continuous or discontinuous.

ur
L1}

th the exception of synchroton radiation, there is no

(X0

single 1light source which will satisfy all the experimental
requirements for the vacuum ultraviolet region. The light
source in the ultraviolet region must be able td operate
either in the high vacuum or at the low préssure. The

choice of the source depends upon its application. The

light souzrce whi;h has been used in our experiment is a

high vacuum U.V. Hiﬁteregger type discharge lamp, Model 630
supplied by McPherson Instrument Corporation. The discharge
lamp consists of a water cooled quartz capillary, a water
cooled anode and a forced air cooled cathode. This discharge
source is capable of handling 1000 watts of energy
continuously and up to 800 watts intermittently. The source
can be mounted directly on the entrance slit of the McPherson
225. There are also separate provisions for the gas and

water inlets and outlets, as shown in Fig. 4.1.

(b) Xe, Ar Continuum and the Operation

The light source was mounted on the entrance slit
and a h&me—made cryostat was fixed on the exit slit of the
monochromator. A photomultiplier, Model 650 supplied by
lMcPherson Instrument Corporation, was fixed on the othei‘
side of the cryostat. The monochromator was evacuated with
the diffusion pump, No. 0162-2 provided by N.R.C., and a

mechanical pump, Model 500 supplied by Precision Scientific



108

*99Inos-

IYBTT

-N

[REEE

.
P 4
1

4

10

~

-~

T
i
H

e R ST -

e e b ———

. H
Oy S SO
1 B

e e e e e e e e e ey

= fo o — jj:-:~'— R rt] Mt —-——

—_
M
9 | |
i : _
.
_T
| Pl I L
RN i : i 1! {
| . Pt BERRN
I P
:N_ww. ' .U‘._v....
muﬁ.r ..__
' M
_ I | e P CIH9
: _M m. : : ,..

-

@ tm——— = cm—
T i :

+

H

—-

i

l. :

J . .

| SERRRRREY 10 N

- i e | T I H ot v

AT AT b e | 3N i

AARER R RN SENRREREEN i fr Ll

._. { i i | ¢ HER i L R H

L It [ . H H P . H '

i iy ‘___ _ _“ I ! " S N

‘) m~ Am. ‘e _ _m ” “ ! v ;... !
. - - 1 SR - ——— ;
T T T L
LT s LIRS

- Pt Potads o S : ! .
T i |
B g [ e Py [ . i ]
i ERRRRE i ”_.,_ Py c!

RN Ni w m A N _ __ ___ _ I I ooy, _
BP0 O O O O A O T A O A i i U ! et \




109

Company. The pressure thu; obtained wés dlways better than .
1077 torr at all times.

The light source and ﬁhe cryostat were also evacuated
by means of a diffusion pump and the mechanical pump, till
the pressure in this system was better than lO"4 torr. The
gas pressure in the light source was contrplled by the
throttling valve. Xe gas was supplied by Union Carbide
Company while the argon gas was supplied by Liquid Carbonjc
Canadian Corporation. The purity of the gas claimed by
each company was.99.9999%.

The cryostaf was cut off from the v%cuum line and
the gas pressure in the light source was adjusted to less
than 10 torr in oraer to start the source. The power
needed for the light source was supplied from a DCR300-.5
power supply. After starting the source, the gas pressu%e
was slowly increased to 200 torr, the voltage was adjusted
to 2 kV and the current to 200 ma. Five to ten minutes
later, the photocurrent from the photomultiplier Model 650
was fed to a Keithley type 410 micro-microammeter, the
output of which was recorded by a strip chart recorder
Model 7128A obtained from Hewlett-Packard. Fig. 4.2 shows

0
the continuum of xenon in the spectral region 1500 A 1o’

>0

2000 ﬁ and Fig. 4.3 shows the continuum of argon from lSQO
to 2600 X. We did observe the continuum of argon from

1200 ﬁ to 1500 & by mounting the photomultiplier directly
on the exit slit of the monochromator. Fig. 4.4 shows the

continuum of argon from 1200 & to 1500 R.
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+
4.3 Absorption Spectra of CanEr+3 and CaF2Pr 3

The experimental set-up for recording absorption

spectrum is shown in Fig. 4.5. CaF2 windows were used on

the entrance and exit slits of the monochromater,

(a) n the U.V. Region

—

Crystals of CaF, doped with 1% Er™3 and 1% Pr’°

were obtained from Optov Incorporated. The crystal 10 x 4 mm
was held in the crystal holder of the home-made vacuum
cryostat. The absorption spectra of CanEr""3 from 1500 to
1800 R and from 1800 to 2600 R were recorded ;t RT and LNT

by using Xe gas and argon gas in the discharge lamp. The
results are éhown in Figs. 4.6 to 4.9. Peaks have been
nﬁmbered and their energies are expressed in cm—l in Table
4.0. A summary of these figures is given in Table 4.1.

3 were also

The absorption measurements of CaFZPr+
carried out at RT and LNT. The results were not satisfactory.

(b) n the Visible and Infrared Regions

The c¢rystal 10 x 4 mm was held in the crystal holder
of én Andonian custommade vacuum cryostat. The absofption o
spectra of CanEr+3 and CanPr+3 were recorded at room
temperature and at LNT with a Cary Model 14 spectrophoto-
meter. The tail of the cryostat was adapted to fit tge
sample compartment of the spectrophotometer.

The absorption spectrum of-CaPzEr+3 from 2000 to
16000 K at LNT is shown in Figs. 4.10 to 4.17. Peaks have
been numbered and their values are expressed in cm-1 in

Table 4.2. A summary of these figures is given in Table 4.1,
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TABLE 4.1

Summary of the Figures Regarding the Absorption

Spectrum of CaPzEr+3 (1%)

Fig. No. . Crystal Temperature Spectral Range
4.6 As-received RT 1500 8 to 2000 &
4.7 " " " 19001 to 2800 &
4.8 .o LNT 1500 % to 2000 £
4.9 " " " 19001 +to 2800 &
4.10 " " " 14400 8 to 16000 }
4.11 " " " 7900 % to 10300 A
4.12 " “ " 6350 8 to 6650 &
4.13 " " " 50508 to 5450 &
4.14 " : " '435021 to 4950 A
4.15 " " " 3500 8 to 4100 &
4.16 " " 2850 § to 3150 &

" " . 2300 % to 2750 &
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The assignments of these péaks are madéAin-accordance with
reference (1). '

The absorption spectrdm of (:a1=2Pr+3 from 2000 to
23500 2 at LNT is shown in Figs. 4.18 to 4.23.
The peak values are expressed in cm * in Table 4.4 and
they have been numbered for future use. The summary of
ail of these figures is given in Table 4.3. The peaks have

been assigned in accordance wiih reference ).
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TABLE 4.3
Summary of +he Figures Regarding the Absorption

+3
Spectrum of CaF2Pr (1%)

Fig. No. Crystal Temperéture Spectral Range
4.18 As-received LNT 21100 % to 23500 4
4.19 " K " 17900 & to 20300 i
4.20 " " L 13600 & to 16000 i
4.21 " " Lo 9800 1 to 10400 A'
4,22 " n " 5700 & to 6100 X
4,23 " n " 4300 } o 4900 %
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Chapter 5 DISCUSSION AND ANALYSIS OF RESULTS

5.1 Discussion of Absorption Spectra

When_an ion in a crystal is excited by a source
having a continuum in the desired spectral range, sharp
lines characteristic of the ion can be observed on the -
continuous background. The transitions which give rise
to the groups start from the lowest levels of the ground
multiplet and terminate on various excited levels belong-

ing to the 4fN configuration of the rare-earth ion split

by the crystal field. The absorption spectra of CaF2Er+3
3

and that of CaF Pf+ will be discussed in the subsections

2
(a) and (b) of this section.

+3
F Er
(2) Ca-2_-

Fig. 5.1 shows the energy levels of CaF
1

JEXS (1%)
at 77°K in the spectral range 6600 cm -~ to 65400 cn”l. In
this figﬁre, a comparison has béen made between the
calculated energy levels of ErClgéHZO and the mean energy
levels in CanEr+3. The SLJ assignments were made by
comparisons With energy levels of ErCl3.6H20 (1) . These
energy levels‘are more accurate for comparison than those
of free ion energy levels of Er+3 (2) , as Carnall et al
(1) have included the configuration interaction while

calculating the energy levels of Er013.6H20. The mean

+
energy levels in CaF,Er 3 lie between the calculated ener
g 2 gy
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levels of LanEr+3 (1%) and Er013.6H2d (1%). We believe

3 ion being in a

that this difference is due to the Er+
different host lattice, and possibly in a different site
svmmetry. This difference should be responsible for a
different amount of "total down shift" as discussed in (3).
Nevertheless, it is remarkable that essentially the
characteristic spectra.are seen.

In Figure 3 of reference (4), the energy level

2

4G9/2 at 36500 cm™* should be °H and, moreover, some

1

9/2
of the energy levels in the spectral range 41000 cm™ ~ to
43600 cm-l have not been assigned at all. 1In refereﬁce(5)
no energy level above 31000 cm™! has been observed. In
odr results, two new energy levels, 2P7/2 and 2F5/2 at

1 -1 -
and 63091 cm 7, respectively, are observed

54795 cm~
experimentally.which have not been reported in the litera-~
ture before. These values are comparable with the calculated
values in (1) . It should be noted that experimentally,
Carnall et al (1) did n&t observe these levels either in
LanEr+3 or in ExCl,.6H,0. The absorption around 33080
cm-l is very weak and the exact position of the energy
level 2K13/2 could not be marked accurately.

In our results, some interconfiguration transitions
(a1l - 4f105d) have been observed at 64516 cm™! and at
65359 cm—l, and these are in good agreement with the reésuit
obtained by Loh (3) . We have also observed a few more.
1

lines in the U.V. region around 59453 cm™t and 60606 cm”

and very weak absorption lines in the visible region
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around 5050 &, 5077 R, 4768 &, 4618 % and 4568 %. The
origin of these lines is not yet known. Due to the veryf_
weak intensity of the xenon continuum in the region

around 51182 cm-l, we Wére unable to observe the expected
energy level 2Hll/2' Below 1500'2, xenon does not have a
good continuum and we did not get satisfactory results.

In the continuum of argen, there are too many impurity
lines and to obsérve any meaningful absorption spectrum is
difficult, unless double beam techniques are used. This is
now under way in our laboratory.

The ground state of Er+3 is 4115/2 and the obser&ed
results indicate that all the transitions obey the selection
rules AJ =6 and AL < 6. This might indicate that the
observed transitions are mainly electric dipole in character.
From Figs. 4.16, 4.17, 4.13, 4.14, we see that energy levels
P35 and "Dy, have not split while the levels %5/, and 4P3/2
have split up. This might be caused by the presence of a

+
° ions in the CaF,

' ey . 4 2
crystal, or the weaker transitions from I to P or
Y ? ‘ 15/2 13/2

4

mixture of symmetries surrounding the Er

D3/2 have not been observed. However, further work is
obviously needed in order to have a conclusive ‘interpreta-
tion on this aspect.

+
(b) CaF _pPr 3

P4 .
+3 i
The energy level scheme of CaFZPr (1) at LNT in

1

the spectral region 4000 cm™* to 23000 cm™! is shown in

+
Fig. 5.2. The mean energy levels of CaP2Pr 3 have been

compared with those of the free jion and with those of
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aqueous solution energy levels in the same figure. The
SLJ assignments of these levels are made in accordance with

reference (6) . Our results are in agreement with the

+3

energy levels of Pr in aqueous solution. The absorption

around 9900 cm T is very weak and the mean energy level of

lG4 could not be determined more accurately.

Recently, Hargreaves (7) has claimed that under

the tetragonal symmetry, the positions of 3P2, 116 and 3Pl

are 22640 cm~l, 21470 cm™* and 20830 cm T, respectively.
3

Po level was observed.in his results. Also, there was

a deviation of 300 <:m'"1 from the calculated value of 3P2.

Comparing our results of the mean energy levels

No

with those of aqueous solution, we suggest that the positions

1I 3

3 : -1
of energy levels 3P2, 5 Pl and PO should be 22526 cm ~,
1

21481 cm™—, 21306 cm™t and 20777 cm—l, respectively. We

have also noticed a disproportionate shift in-the mean

3
energy levels for 3P2, 116, 1 and 3Po by making a

comparison with the energy levels of free ions of Pr+3(8,9)

P

This difference in the shift can be explained by consider-
ing the configuration interaction and mixing of energy
levels due to crystal field. We further suggest that the

3
energy levels from lD2 to P2 should be treated separately

1 :
from the group of energy levels 3H4 to G, as the two groups

4
are separated from one another by =~7400 cm Y. Detailed
discussion regarding this aspect has been given by Schlesinger

and Nara (10).

The ground state of Pr ° is 3H4 and all the
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transitions except lSO have been observed which follow
the selection rules AJ < 6 and AL < 6. This suggests
that the observed transitions are also electric dipole in
character. .

The above did not exclude the presence of more
than one symmetry but in absorption spectrum the transitioné
due to dominant syﬁmetry are observed. Transitions due tq
weaker symmetry ﬁay be observed in thermoluminescence or

luminescence spectrum which will be discussed later.

5.2 Discussion of Luminescence Excitation Spectrum

then a rare-earth ion in the_Can matrix is
irradiated with monochromatic radiation, the ion undergoes
a transition from the ground state Eg to an excited state
E_,. Subsequently, the ion will lose part of its energy
in a radionless process or by cascade process, coming to an
intermediate state E; as shown in Figure 5.3. From the
intermediate level Er, it will decay to the ground state
Eg émitting electromagnetic radiations, which can be
observed experimentally with relative ease. By changing
the wavelength of exciting light, one gets an excitation
spectrum. The intensity of light in absorption spectrum
depends upon the thickness of the sample, but in iumines—
cence excitation spectrum, it is independent of thickness.
This method has proven to be better than absorption due to
its strong intensity and good resolution. The luminescence

spectra of CaF, Er'3 (0.1%) in the green region and that
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of CaP2Pr+3 (0.1%) in the blue-green region will be discussed
in the subsections (a) and (b) of this section.
(a) QEEQEEii

Fig. shows the energy levels of CaP2E1~+3 (0.1%)
in the spectral range 18100 cm-1 to 50,000 cm-l. In the same figure
the mean energy levels have been compared with those of
ExC1,.6H,0 and that of CaF2Er+3 (1%) obtained by the
absorption method. The maximum deviation observed is 365
cm~! and the maximum splitting producéd is 430 cm”l.

It is evident from Fig. 5.1 that the results of absorption
and excitation spectra are in good agreement, which means
that both the spectra are of the same origin. In the
absorption spectra we could not observe the energy levels
2K13/2, 465/2 and 2Pl/2’ In the luminescence excitation
spectrum we believe that the energy levels around 3000 X
consist‘of 2K13/2’ 4G5/2 and 2Pl/2 levels. They are very
close to each other and it is therefore difficult to draw
an exact boundary for these levels. The effect of tempera-
ture on the spectrum can be seen by making a comparison of B
the spectrum obtained at room temperature with that
obtained at liquid nitrogen temperature.

Some differences in intensity as well as in the
number of components have been observed in the spectra
obtainéd from crystals furnished by Harshaw Chemical Co.
and Optovac Inc, There is a strong level at = 2600 X in

the sample obtained from Harshaw Chemical Co. while a very

o)
weak shoulder at 2580 A was observed in the Optov sample.
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3

Since the concentrations of the Ert® ion are the same in

both samples, we believe that this difference is due to u
the presence of a mixture of symmetries in different
proportion in the two réspective samples.

An attempt has been made to construct an ehergy
level.scheme for the observed excited states of Er+3 in
the tetragonal and-cubic fields respectively; as shown in
Figs. 5.4 and 5.5‘. The lowest stark split component of

4

the ground state is T_ in both the symmetries. The

I15/2 7

next excited state occurs at 21 cm™! in the tetragonal

field (5) and at 91 cm ' in the cubic field (11). The
observed transitions are marked by solid lines and the
unobserved transitions are marked by broken lines. fhe
allowed transitions under different symmetries were obtained
from Tables 2.8 and 2.1Q. Experimentally observed trénsitions
under C, and O, symmetries, along with ther calculated
values, and the differences between the two, are given in
Tables 5.1 and 5.2.

(b) @zzﬁi .

The excitation spectrum of CaF2Pr+3 (0.1%) in’ the
spectral region 2000 K to 4200 % has been carried out. We
have observed bands at 2620 &, 2740 &, 3530 X, 3660 % and
3

P2 and its

estimated mean energy is & 22795 cm—l. From Figs. 3.29

3950 R. We also obsérved the energy level

it was found that the intensity of the band at 3660 A and

that of the energy level 3P2 decreases with increasing the

+3

concentration of the Pr ion in the CaP2 crystal. These
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bands were not seen in the absorption spectrum of CaP2Pr+3.
The strongest band was observed in emission spectrum (Flg.
3. 40) We belleve_that -these bands are either due to the
interconfiguration transition 4f2 = 4f5d or due to the
presence‘of divalent prosedymium.

Haﬁg?eaves (7) has claimed the p&sition of 3P2

-1 but there is a difference of 300 cm_l between

at 22696 cm
his expe:imehtally obsefved level and the theoretical
calculated value. The difference between our observed 3P2
level and that of Hargreaves could well be caused by the
presence of relatively higher symmetry in our crystal. We
have found a difference of approximately 270 cm™! in the

positions of energy level 3

P2 as observed from the lumines-
cence excitation and absorption measurements. As pcinted
out by Schlesinger (12), ih the presence of higher symmetryf
fhe mean'energy leQels move towards the higher energy side
and vice versa. From the same ¢crystal we have seen féur
more components in the hlgher energy side as compared
with that of the absorption spectrum and, among those
four, two components are very strong. We believe that
efficiency of excitation of a certain type of symmetry
depends upon the excifing light used. Support of this
has been given by Schlesinger and Kwan (13).

An attempt has been made to construct an energy
level scheme under the cubic symmetry by assuming that

vibronic lines are also present. The results are shown

in Fig. 5.6 . The lowest stark split component of "the
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+3 under the cubic symmetry is I'. and.

5
the other excited states are T, , TL and I . The

ground state of Pr

allowed -transitions under different symmetries were
obtained from Table 2.1i. Experimentally observed~transi§
tions under Oh symmetry, along with their calculafed
values, and the differences between the two are given in

Table 5.3.
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5.3 Discussion of Emission Spectra

Car grt3
Y r21:r
. - . +3 . 11 .
The electron configuration of Er is 4f with a

~~
[
S~

—— - .’ 4
IThere exists an excited state 83/2
3

) -4
ground statgi 115/2.

approximately at 18300 cz= - in the free ion. The observed
3 . N 3 3 2 4

green em;551on corresponds io the 83/2 115/2

split transitions. WWorking in the spectral region 17970

- -1
cm ! to 18610 cm ~, our crystals were excited with different

stark

exciting energies. Figs. 3.31 to 3.34show that the

the emission lines change and some

o
Fh

intensities of some
new lines have appeared in the emission. We suggest that
this is due to the presence of a mixture of site symmetries.
of the Er ' jon in the rystal. Specif'iqally by exciting
the crystél with differeni wavelengths, components belonging
to a particular symmetrvy which happens to absorb in that

wavelength will be excited more readily than in the other.

3

Such was shown to be the case in CaF :Dy+ by Schlesinger

2
and Kwan (13).

An attempt has been made to construct the transition

scheme of energy levels for CaPZEf+3 assuming tetragonal

symmetry (see Fig. 5.7 znd Table 5.4 ). The emission iines

due to sites of cubic svmmeiry seem to be very weak. It

should be noted that the splitting of the ground state

4 .
I is in accordance with Reference (8).
15/2 = (5)
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We claim that at LNT the emission in the lumines-

ceﬁce spectrum is mainly due to sites of tetragonal |
symmetry surrounding the E£+3 ion in the CaI—‘2 crysfal. Afb
comparison between luminescence and thermoluminescehce
spectra will be given in the next section, where it will

be evident that in the thermoluminescence emission more

than one symmetry czn be observed.

(b) CaFZPr+3

The electron configuration of Pr e is 4f2 with a

3
Py

|
approximately at 220600 ca ~ in the free ion. The observed

3
blue-green emission corresponds to the 3Pl - H4 transitions.

- -1
Werking in the spectral region 20400 cm 1 to 22000 cm ~,

ground state 3H There exists an excited state

4.

the crystal was excited with different wavelengths as
shown in Figs. 3.35 to 3.39 . Our results are, once agdin,

parallel to the conclusions drawn by Schlesinger and Kwan

(13), who worked with Dyls doped CaF,. " _

- An attempt has been made to construct energy level

schemes for cubic and tetragonal site symmetries as shown

-

in Figs. 5.8ab, Tzbles 5.3, 3.46. Under the -influence of a
crystal field of cubic symmetry, the ground state 3H4 of
DY‘+3 s 7'+S Snd+~ ans T ™ ™ 3 r'

Pr pilt 1OTo xour componsnts iq, 13, ig ana 5 among

which F5 is the lowest and T, is the highest. All the
electric dipole transiticns from Pl to 3H4 are allowed

(see Table 2.11). We suggesi that under the influence of

the cubic crystal fieid, the ground state will split to
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approximately 200 em~l. We did observe a strong line at -
3

20387 cm—l and We believe that this is due to é Po ;fsﬁéji
transition as under the cubic symmetry there is only one ..
allowed electric dipole transition from I'; to T, (see
Table 2.11).

Results indicate that at LNT in the as—reéeived
crystals, the emission observed in luminescence spectrum
is due mainly to tetragonal sites for the Pr+3 ion in the
CaF2 crystal. Indeed, while the main lines are due to |
tetragonal symmetry, lines due to cubic symmetry‘are also
present but are vefy weak in intensity. Comparison between
juminescence and thermoluminescence spectra will be given

in the next section, where it will be evident that the

“"tetragonal" to "cubic" line intensity ratio is different.

5.4 Discussion of Thermoluminescent Spectra

In general, upon x-irradiation, some of the tri-
positive rare-earth ions ére reduced to the divalent state,“
whilé-the genérated hole is trapped in a nearby site. Upon
heating, the trapped hole is released and recombine§ with
the extra electron on the rare-earth ion, thus-reoxidizing
it to an excited state of tripositive ion. The excited
jon returns to its ground state, emitting 1its characteristic
radiation. The thermoluminescent spectra of CaFQEr+3 énd
CaF Pf+3 will be discussed in the subsections (a) and (b),

2

respectively.
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+3
(2) CaF Er

The observed green emission in the thermoluminescent

. +3 4 4
spectrum of CaPzEr corresponds to the 83/2 115/2

stark split transition. The thermoluminescent spectrum of
CaE2Ef+3 was studied by Merz and Pershan (15). They have
proposed thaﬁ all the thermoluminescent emission in rare-
earth doped CaF2 below room temperature comes from ions

in cubic‘latfice sites. A careful comparison betwéen our
Fig. 3.41 with Fige 7 of reference (5) revéals that
we have an almost identical profile except with the
differsnce that at RT we have less number of lines and also

the general intensity decreases as the temperature increases.

Based on the observed results and the comparison with

crystal, even at LNT, there exists a mixture of site

- i R . ° +3
svmmetries (Oh’ C4v) for the Ex

ions in the CaP2 crystal.
As the temperature is increased, the effect on different
symmeiries will be different and above room temperature,

he

}=4

ines observed in thermoluminescence spectrum are due

¢l

o sites of cubic symmetry only. Some vibronic lines

ch

are also present.

Figs. 5.7 and 5.9 show the transition scheme due
to cubic and tetragonal symmetries surrcunding the E£+3 ion

in Ca¥,_ crystal. Table 5.7 gives the comparison between

cle

2
he calculated and observed values. A careful comparison

etween the Figs. 3.44and 3.31reveals that the emission

o

=1

[

n the luminescence spectrum is mainly due to tetragonal
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site symmetry while the emission in the thermoluminescencé
spectrum is due to cubic and tetragonal sites. Tabie 5?33
gives the comparison between the two. As noted earlier, .
Schlesinger and Kwan G3j have observed parallel results iq'
the case of CaF2Dj+3.

(b) CaF pr > |

We have observed two groups in the thermoluminescent
spectrum of CéF2§r+3, one group belongs to the 3Pl - 3H4
transition and the other belongs to the 3Po - 3H4 transi-
tion. We observed a larger number of components in the
lower energy side as compared with the luminescence spec£rum.
We believe that this is due to excitation of ions in
symmetry sites lower fhan cubic. Once again our results
are consistent with the conclusion drawn by Schlesinger
and Kwan (13).

Table 5.9 gives the comparison between luminescence
and thermoluminescence spectra. Figs. 5.8 (a) and (b) show
the-g;ansition schemes for cubic and tetragonal site
symmetries. A careful comparison between Fig. 3.45 and 3.36
reveals that emission in luminescence spectrum is a true
subset of that of thermoluminescence spectrum, which again
means that in the luminescence we observe possibly'one ana

in the thermoluminescence possibly two (or more) site

symmetries.
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TABLE 5.8

Assignments of Peaks in Luminescence and
+3

)
O

-
2
<-4

[ s

ted by Er

‘Peak Values are Expressed in cm—l.

Thermoluminescence Spectra Exhib

Assfg;;ent " Luminescence Thermoluminescence Assignment
17670 Vib
17736
17793
17812 Vib
17901 Vib
' : 17943
17976 Oh
. 18034
18059 Oh
18084 ' - Cuy
18135 18135 Cyavy
18152
18181 ' Cuv
18212 : Cyv
18272 18272 0y
18308 Cav
18342 Vib ‘
18372 18372 Cav
18423 :
18450 18450 Cuav
18508
18516 Oy,
18543 18543 Cay
18552
18608 18608 0y Cyvy

18733
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5.5 A Possible Model for Thermoluminescence

+2

Ca °

+3

Rt ®

F X Fig. 5.10 Suggested model for

thermoluminescent spectrum.

As shown in Fig. 5.10, the rare-earth ion at site A
will be nder the influence of C4vvsymmetry. The rare-earth
ion at site B, which is well separated from the charge»
compensator, will experience a cubic field. Thus, inlthis
type of model, there exists a mixture of symmetries
surrounding the rare-earth ions.

w-' Upon k—irradiation, the rare-earth ion at site A
is reduced to the divalent state, while the hole isltrapped
in a nearby site. After the reduction of the RE+3bion to

2 state, the compensator is no longer required. Af

+2
RT the charge compensator at site C becomes mobile and RE

the RE

at site A may be left in the cubic site symmetry. On

further heating, the hole 1s released from its trap and

+3 . %

reoxidizes RE+2 at site A to an excited state (RE ~) . The

+3y%

excited ion (RE returns to its ground state, emitting
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its characteristic radiation. Thus the emission above RT

3

-+
is characteristic of the RE ion in the cubic sites, while

the emission at lower temperatures are believed to
originate from sites of mixed symmetries. A similar model

was proposed by Schlesinger and Whippey (12).
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"Chapter 6 CONCLUSIONS

+
2F Exr 3

o 2
+
The optical spectrum of CaF,Er 3 (1%) at LNT has

[6))
bt
O

been studied in the spectral region 6600 em~ ! to 65400 cm™t

and 4f -~ 4f and interconfiguration transitions 4fll - 4flo5d

3

have been observed. In the case of CanErT two new energy

1

2. 2 -1 -
levels 57/2 and F5/2 at 54795 cm and 63091 cm have

been identified, which have not been observed previously
in any host lattice. New lines at 59453 om © and 60606 cm™ "

have been observed but their origins are not well understood.

Employing luminescence excitation techniques, the

ete

excitation spectrum has been studied in the spectral region
18200 cm™t to 50000 em™ Y. From the excitation spectrum,
it is concluded that at LNT the emission is due to a mixture
of symmetries (Oh, C4v) surrounding the Er+3 ion in the
matrix of CaF2. An attempt was made to construct an energy
level scheme for an ion under the influence of cubic and —
tetragonal field symmetries. The excitation spectra
obtained from the two samples obtained from Harshaw Chemical
Company and Optovac Inc. are not identical. We suggest that
this difference is due to the presence of mixed symmetries
in different proportion in the two samples.

From luminescence experiments at LNT, it is con-
cluded that the emission is predominantly due to tetragonal

+3

symmetry surrounding the Er ion in the CaF2 crystal while
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the emission due to cubic symmetry is very weak. From the
thermoluminescent spectrum exhibited by_CanEr+3, it is
inferred that at LNT the emission is due to cubic and
tétragonal symmetries, while the emission at RT is
predominantly due to the Er+3 ion in cubic sites.

By comparing luminescerce and thermoluminescence
spectra of CaP2Er+3, we claim {az4. the lines observed in
luminescence spectrum constitute a true subset of the lines
observed in thermoluminescence spectrum. This is taken to
be an indication that while the former is due to one

symmetry, the latter might be attributed to more +than one

site symmetry.

3

+
6.2 CaF_Pr
P4

P
The optical spectrum of CaFZPr 3 (14) has been studied in

the spectral region 4250 <:m-l to 50000 cm—l. _The mean
energy levels obtained from absorption experiments are in
agreement with those of the Pr+3 ion in aqueous solution.

+
By comparing the mean energy levels of CaPZPr 3 with those ---

of a free ion, we have noticed a disproportionate shift
in the energy levels. This is claimed to be due to the

presence of a strong field around the Pr S ion in the CaP2

crystal, and also due to the configuration interaction.

: 3
The positions of the energy levels 3P s 1I s 3P and P
2 6 1 o)
have been established to be 22526 cm_l, 21481 cm-l, 21306

cm—l and 20777 cm-l, respectively. It is suggested that
3p. and !

energy levels 1 16 are brought into close proximity
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in the matrix of Can.

Excitation spectrum of CanPr+3 (0.1%) has been

1 6 50000 cm™l.

studiéd in the spectral region 23800 cm”~
Impurity concentratioﬁ dependent bands at 3950 X, 3660 X,
3530 X, 2#40.3 and 2620 X have been observed and are
tentatively-identified. The intensities of these bands
decrease by increasing the concentration of the Pr+3 ion.
An attempt hés been made to construct an energy level
scheme for ions in sites of cubic symmetry. The splitting
of the ground state has been found‘to.be approximately
200 cm™t. The position of 3P2 has been established to be
at 22800 cm“l which does not agree with the value inferred
from absorption spectrum.

Emission in the luminescence spectrum at LNT is
mainly due to tetragonal symmetry around -the Pr+3 ion in

the CaP2 crystal, while the emission in thermoluminescence

spectrum is due to both cubic and tetragonal site symmetrieé.
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