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ABSTRACT

Optical Spectroscopy, Cg'stal Field Analysis, Upconversion and Energy Transfer
Studies of Er’* Doped Yttrium Vanadate Single Crystals.

Pierre Kabro, Ph.D.
Concordia University, 1997

This thesis presents an extensive spectroscopic investigation of Er** doped
in YVOq single crystals. The polarized visible and near infrared absorption and
emission spectra are presented. The spectra were analyzed to determine the energy
levels of Er’* in YVO, and a complete energy level scheme for the 4f'! ground
configuration of Er** was determined. A total of 59 crystal field levels were
observed of the 70 predicted to split out in D,y symmetry. The experimental Stark
level energies were used as input data in a parameterized Hamiltonian to calculate

the crystal field parameters.

Judd-Ofelt theory was applied to the polarization-averaged room
temperature optical-absorption spectra to predict the crystal intensity parameters;
Q;, Q4, and Qg, the radiative decay rates and branching ratios for the Er*
transitions from the various excited states to the lower level J-manifolds.

Thermalization of the Hj;p, level from the lower lying *S,, was studied.



The upconversion of red (652.7 nm) and near infrared (799.1 and 979 nm)
radiation into green (due to the *S;p—‘Lisp, and the thermally populated
2Hu,2-—>4115,2 transitions) and red (due to the 4F9,2—>4115,2 transition) emission has
been studied for Er** ions in YVO, single crystals over a wide temperature range
and several dopant concentrations. The upconversion pathways and dynamics for
all three excitations were studied. Sequential absorption of photons, energy
transfer , and cross-relaxation energy transfer upconversion processes were found
to be active and could be identified on the basis of the upconversion transients. An
analysis of the upconversion transients shows that energy migration dominates at

higher concentrations of Er** (10%).

An extensive investigation of the fluorescence dynamics of the *S;p, ‘Fg,z,
419,2, 4111,2, and 4113,2 states was carried. The decay profiles of the luminescence of
the *Ss level of Er** (1.0%) obey the Inokuti-Hirayama model for energy transfer
for an electric dipole-electric dipole interaction, in the absence of diffusion among
the donors. The dipole-dipole coupling parameter was estimated to be 2.9x10™!

m®s™ and compared well to other well known systems.
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CHAPTER 1

1. INTRODUCTION

1.1 HISTORY OF RARE EARTH SPECTROSCOPY

The rare earths, or lanthanides, are the group of fifteen elements from
atomic numbers 57 through 71 in the periodic table. Movement along the group
corresponds to the successive filling of the 4f electronic shell from La (4% to Lu
(4f'*). The neutral atoms have a ground state electronic configuration of a Xe core
(15%25%2p°3523p°3d'%4s%4p®4d'%5s?5p°) with two or three outer electrons (6s> or
5d'65%) and a number of 4f electrons varying from 0 to 14. Their most common
oxidation state is +3, having lost their 5d and 6s electrons leaving the ions Ce**

through Lu** with ground state electronic configuration of the form [Xe]5s?5p®4f”.

The rare earths have found wide technological applications. From
Mischmetal used in the manufacture of flints to applications in communications,

lasers, solar concentrators and infrared upconverters.

Spectroscopic studies of the rare earth began soon after the introduction of

spectrum analysis by Bunsen and Kirchoff in 1859. In 1907 Becquerel and co-



workers while investigating the absorption spectra of the minerals, xenotime and
tysonite (which contain rare earth ions as impurities) observed that narrow
absorption bands at room temperature became narrower at liquid air temperature,
85K [1] . They found that when the samples were cooled to liquid hydrogen, 20K,
or liquid helium, 4K, the spectra were composed of lines not bands. The lines were
extremely sharp some approaching the sharpness of lines found for atomic gases.
The sharpness of the lines permitted detailed investigations of the magneto-optics

effects.

These original investigations were hampered due to the lack of theoretical
foundation. The interpretation of rare-earth spectra was made possible by
the theoretical work of Bethe 2] and Kramer [3]. Bethe developed crystal
field theory and Kramer showed that in an odd electron system, every level
must remain at least doubly degenerate (Kramers degeneracy). The
degeneracy of these levels can be removed by an externally applied

magnetic field.

Systematic investigations of rare earth crystalline spectra by Spedding,
Freed [4-6] and their collaborators observed that there were groups of lines
clustered closely together (hundreds of cm™) separated by larger intervals

(thousands of cm™). They also observed the disappearance of groups of lines at



low temperatures thus recognizing the presence of low lying levels with a
significant population at higher temperatures. It was soon recognized that the
ciosely spaced lines arise from the crystal splitting of states of the free atom. From
their work, Freed and Spedding proposed energy level schemes; however, they did
not identify the parent free ion term, and did not realize that the sharp line spectra
were due to intra 4f-configuration transitions. They suggested that the transitions

involved were 4f — 5d or 6s. Van Vleck (7] proposed mechanisms by which the

intra 4f-configuration transitions can be observed, however, this explanation was
not accepted until Broer et al [8] revised Van Vleck’s original intensity estimates.
Hellwege's [9-11] studies, from 1930 through the 1970’s led to a simple method of

classifying and identifying the crystal field split-energy levels.

Attempts at calculating ground state crystal field splittings were reasonably
successful. Van Vleck made the assumption that the rare-earth ions are basically
free ions (with a Russell-Saunders ground state term) in a static electric field
produced by the surrounding lattice. He expanded the crystal field potential as a
Taylor series using the rare-earth ion as the origin producing a potential expression

of the form

V=3 AmVum (1.1.1)



where A,, are the crystal field parameters and V,, are polynomial potential

expressions.

The development of paramagnetic resonance techniques and their use by
Elliott and Stevens [12-13] produced more accurate data for ground state crystal
splittings, which required more powerful theoretical techniques to interpret the
data. The method known as the “Stevens operator equivalents method” was
developed, which assumes that the perturbations due to the crystal field are small
when compared to spin orbit coupling which allows the ground state to be
considered as an isolated multiplet of constant J. The operator equivalent

Hamiltonian is most conveniently written in its operator equivalent form as

X.= Xx8]B; O  +B, O (1.1.2)
nm
where
B (r) = ASH) = - [d Kn(r'*)y;; (1.1.3)



are the crystal field parameters; O, are the operator equivalent expressions, 0] is

the operator equivalent factor o, B;, or ¥; ; K, is the normalizing factor and y3

are lattice sums. The various entries in the secular determinant

(M) = X, (1.1.4)

are easily evaluated from published tables. Judd [14] later extended the method to
treat the excited states and used optical spectra for the determination of crystal

field parameters.

The assumption of Stevens’ operator equivalents formalism is that the
crystal field interactions act only within the separate free ion J-manifolds (no J-
mixing). This assumption is valid when the separations between J-levels are large
when compared to the crystal field splittings. However, for the strong crystal
fields, and where the free ion levels are mixed, the assumption is no longer valid
and J-mixing must be included. Judd [14], Margolis [15], and Axe and Dieke [16]
included J-mixing in the calculations. Dieke and his group at Johns Hopkins
provided numerous experimental results of rare earth crystal spectra in the 1950’s
and identified many of the free ion levels in spectra. Their combined theoretical

and experimental work relating to rare earth ion spectra is summarized in Figure



1.1.1. The thickness of each level represents the total crystal field splitting in
LaCl;. A pendant semicircle indicates that this level fluoresces in the LaCl,

structure.

Hutchings and Ray [17] performed a complete lattice sum calculations of
crystal field parameters including contributions from the point charge, induced
dipoles and quadrupoles. However, the calculated values for the second and sixth
order parameters did not agree with those determined experimentally. Newman
and co-workers’ superposition model [18-19], considered the inclusion of overlap
and exchange interactions. This model predicted the experimental parameters to an

accuracy of 10%.

The group at the Harry Diamond Laboratories published a series of reports,
entitled, “Rare earth ion-host lattice interactions” where they outline a process that
allows the prediction of energy levels using point charge calculations with the

dipole contributions included in a self consistent manner [20-22].

In the late sixties and seventies, the prospect of technological applications
in communication, television, commercial lighting, and lasers provided an impetus
for research in rare earth luminescent materials. This research continues today and

studies have covered most of the rare-earth ions in various host matrices (glasses,
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glass - ceramics, crystals, sol-gels). Comprehensive reviews on rare-earth ions in
crystals have been published. Hundreds of host crystals have been studied
with hundreds of ion-host combinations. For example, various rare-earth ions in
LiYF,, YVO,, Y3Als0;2, Y3GasO;s, YAIO;, LnPsO,4, GdAIO;, LaF;, StMoO,,
BaF,, CaWQ,, LiNbO; etc. have been studied over the years using numerous
experimental techniques. Absorption and fluorescence spectroscopy are routinely
applied to locate the energy levels. Polarization studies (absorption, emission)
have been used to deduce the symmetries of the levels. Electronic Raman
and paramagnetic spectroscopy have also been used to locate energy levels.
Homogeneous linewidths of transitions have been determined using spectral hole
burning, photon echoes, free induction decay and optical nutation. Energy transfer
processes have been studied using time resolved spectroscopy, photoacoustic

spectroscopy and degenerate four wave mixing.

1.2 ENERGY TRANSFER

Energy transfer is of fundamental importance and plays a major role in
many technological applications. In this section we will highlight some of the

major contributions which have been made by various groups.



Extensive studies have been made over the last fifty-years on the transfer of
electronic excitation between ions or molecules in solids. Inherent decay processes
were examined, as well as other relaxation processes of the excited donor ions
such as i) by direct energy transfer to acceptor ions or ii) the migration of the
excitation among donor ions until the eventual transfer to an acceptor occurs. The
first is a simple one-step process which involves a resonant energy transfer
between a donor (or sensitizer) and an acceptor (or activator). The theory of this
process has been developed by Forster [23] and Dexter [24] for multipolar
coupling. Later Inokuti and Hirayama [25] developed the theory for the exchange
coupling. Relaxation by migration was originally proposed by Botden [26] to
account for concentration quenching of the luminescence, and the theory was
developed by Dexter and Schulman [27]. This process involves a multistep
resonant energy transfers from one donor ion to another in a random-walk manner

and finally to a defect which acts as a quenching center.

The combined effects of rapid donor-donor transfers and donor-acceptor
transfers have been studied quantitatively. Weber [28] has shown the effects of
donor-donor transfer in a Eu(PO;); glass doped with Cr’*. By varying the
temperature of the sample, Weber showed that the donor-donor transfer rate and
the relative population of the Stark components in the donor excited-state manifold

could be changed. Van der Ziel et al [29] performed a similar experiment, where



the dopant ion acted as the acceptor. Watts and Richter [30] varied the
concentrations of both the donor (Yb*) and acceptor (Ho™) ions in YFs. They
observed that at high acceptor concentration energy transfer occurs and attributed
this to the nonresonant nature of the donor-acceptor transfer. Krasutsky and Moos
[31] investigated the energy-transfer mechanisms operative between the low-lying
energy levels of Pr** and Nd** in LaCls. The *F; and *Hg energy levels of the Pr**
ion have several resonant matches with the energy levels of the Nd** ion
facilitating energy transfer. They showed that at low temperatures these transfers
are irreversible, hence their effects can be seen as a decrease in the fluorescent
intensity and lifetime of the donor excited state, as well as an increase in the
excited state population for the ions accepting the energy. They studied the effects
of both direct energy transfer and energy migration. Sardar and Powell [32]
investigated the characteristics of energy transfer in YVO,:Nd* crystals. The
authors determined the temperature- and time- dependence of the energy transfer
rates for both the host-sensitized and dopant ion interaction processes. They found
that the first process had characteristics consistent with the migration and trapping
of localized host excitons whereas the latter process was found to be consistent
with multistep energy migration via a two-phonon-assisted electric dipole-dipole

interaction mechanism.

10



1.3 UPCONVERSION

Over the past years considerable attention has been paid to the phenomenon
of upconversion. Upconversion is a process by which excitation to lower lying
levels with low energy radiation (near infrared) results in higher energy emission
(visible and near UV radiation) from higher lying electronic levels. This process
requires the absorption of at least two photons to provide sufficient energy for the
upconverted emission to occur. In Figure 1.3.1a, a sequential two-photon
absorption which can lead to upconversion excitation [33] is shown. The first
photon populates an intermediate state, then a second photon is used to excite the
ions from the intermediate state to the excited-state. An alternative to the two
photon process is energy transfer between excited ions which results in an efficient
upconversion when a sufficiently large number of ions have been excited to an
intermediate state. Two ions in close physical proximity are coupled by a non-
radiative process in which one ion returns to the ground state while the other ion is
excited to an upper level [34] (Fig 1.3.1b). Generally, these cross relaxation
processes are based on electric dipole-dipole interactions. Mismatch in energy
between the donor and acceptor ions is effectively bridged by phonons which
participate in these energy transfer processes. A third type of efficient
upconversion excitation is based on the so-called avalanche absorption (or

“photon avalanche” [35]) process that involves excited-state absorption of the

11
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Fig 1.3.1 : Schematic illustration of upconversion excitation mechanisms;
a) Two-step absorption, b) Cross relaxation energy transfer, c)

Avalanche absorption upconversion.
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pump light as well as intrinsic cross-relaxation (Fig 1.3.1c). Initially, nonresonant
absorption promotes an ion from the ground state to a metastable state. Absorption
of a pump photon by an ion in the metastable state populates the upper level. The
upper level can interact with neighbouring ground state ion through ion pair energy
transfer to produce two ions in the metastable state. The two ions can then produce
four, the four can produce eight, and eventually a substantial population in the

metastable state can be established.

Bloembergen [33] pointed out that the infrared conversion process of rare-
earth and transition metal ions in crystals is useful for infrared quantum counter,
i.e. narrow band detector in the infrared region. Auzel [36] investigated the same
phenomenon for Er** and Tm* ions in tungstates which are efficiently sensitized
by Yb* ions, as a result of successive two or three energy transfers. Hewes and
Sarver [37] studied upconversion of the same rare earth ions in LaF; and other
fluorides. The authors observed that the green emission from the Er'* jons
following infrared excitation was produced by energy transfer from Yb** to the
Er** ions. They also suggested that three successive energy transfer steps are

responsible for the upconversion observed for Tm** ions.

Estimates of the probabilities of successive energy transfer and cooperative

energy transfers have been made possible using the model developed by Miyakawa

13



and Dexter [38] . The authors showed that the probability of successive transfers is
normally greater than that of cooperative transfers. Cooperative transfers have
been observed for systems co-doped with Tb* and Yb** ions [39]. In this case
Yb** has an infrared absorption band at about 1ptm and no other absorption in the
energy region of interest, and Tb** does not absorb in this energy region; however,
Tb** emits light of approximately twice the energy of the exciting photons if and

only if the Yb** is present.

Stimulated emission by upconversion pumping was first reported by
Johnson and Guggenheim [40] using infrared light from flashlamps to excite Yb**
ions in BaY,Fg co-doped with Er** or Ho*. The first upconversion continuous
wave laser [41] was reported in 1986. This laser used infrared dye-laser excitation
to produce green laser emission at 550 nm of the ‘Sm - "115,2 transition in
YAIO;:Er**. Photon avalanche mechanisms have been found to dominate the
pump mechanism for the visible upconversion of the Pr**:LaCl, laser {42]. Shortly,
thereafter, photon avalanche pumping was reported for Nd*:YLiF, [43] and

Tm>*:YLiF, [44].

14



1.4 STATEMENT OF THE PROBLEM

The rare earth elements, except La, form an isostructural series of
compounds with the vanadate ion of the form, RVQ,, in which the rare earth ion is
coordinated by eight oxygen atoms. The interest in and importance of these
compounds derives from several properties, especially their interesting and useful

optical properties [ 45-48].

The closely related orthophosphate series has been proposed as a crystalline
nuclear-waste form for the storage of radioactive products from nuclearreactor
processes. The cathodoluminescent behavior of Eu**-doped YVO, and its
subsequent use as a color-television phosphor [49] has aroused considerable
interest in the study of rare-earth compounds with Zircon-structure (i.e. ZrSiO;
type) and the rare-earth ions doped in isostructural host lattices. YVO, is an
important material for applications in various types of optical systems. It is useful
as an infrared polarizer, and a host for rare-earth lasers. In fact, YVO,:Nd>* laser
crystals have been found to have some performance characteristics superior to
those of standard Y3;AlsO,, : Nd*>* lasers [50-55]. Consequently, it is interesting to
investigate the detailed behavior of such host lattice and host-sensitized energy

transfer doped with Er** ions.

15



Motivation to understand and enhance upconversion processes has recently
increased because of the availability of high-powered, near infrared diode lasers. A
solid state blue-green laser pumped by diode lasers is desirable for applications
such as underwater communication and optical-disk storage devices. One approach
to this problem is to use a “two-color” sequential absorption process [56], while
upconversion by energy transfer between excited neighbouring ions is an

alternative approach which often uses a single near infrared pump source.

Erbium is an ideal ion as it emits in the visible, and absorbs in the near
infrared around 800 and 980 nm, both excellent diode-laser wavelengths. Er** also
lases at 1.55 pum between the first excited *Iis» and ground ‘Lisp states and
upconverts, in suitable host lattices, to shorter wavelengths. Er** in different hosts
also lases at different wavelengths in several three- and four- laser schemes. Low
temperature green (*S;» — *I;sn) upconversion laser action was also achieved in
small, monolithic Er**:YLiF, rods [57]. Less efficient laser action on other
transitions in this material [58-60] and diode-pumping experiments [61] suggest

the possibility of a multicolor solid state laser.

16
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CHAPTER 2

2. THEORY

This chapter is intended to provide the reader with the theoretical aspects
pertinent to this thesis so that it can be read without continual reference to texts on

the subject [1-3].

2.1 BACKGROUND AND CRYSTAL FIELD HYPOTHESIS

The ground-state electronic configuration of the trivalent rare-earths is
[Xe]5525p64fN, where N may take on the values 1 to 14. The optically active 4f
electrons are shielded from external fields by the outer, Ss and 5p shells whose
radial extension is several times that of the 4f. Thus, the surrounding ligands will
only weakly perturb the 4f electrons. Because of this and the fact that the crystal
environment constitutes only a small perturbation of the atomic energy levels, the
optical spectra of rare earths doped in solid state materials will be composed of a

series of sharp lines closely resembling the free-ion spectra.



In an ionic crystal the electrons occupy orbitals that are highly localized
about the ions. The effect of this localization is that any electron can be considered
to be associated with a particular ion. However, each electron will feel the
influence of the electrons belonging to the other ions and of the nuclei belonging
to the other ions. This influence may be taken into account by considering that the
electrons of the individual ions are subjected to the action of a crystalline field.
The crystalline field approximation is valid in a magnetically dilute substance in

which the magnetic ions are far apart.

The crystal field is considered to be external to the ion and possessing a
definite symmetry. Therefore, By knowing the symmetry and making use of group
theory it is possible to predict the splitting of the energy levels and the
eigenfunctions representing the states. The evaluation of the crystal field splitting
is performed by starting with the unperturbed eigenfunctions. We have at our
disposal three schemes: the weak field, the medium field and the strong field. The
three fields are an indication of the strength of the crystal field in comparison to
the electrostatic interaction between electrons. The rare earth ions in crystals
present spectra which are very similar to the free ion spectra, due to the shielding
by the outer 5s and Sp shells, therefore the weak field approximation best

describes the strength of the crystal field. Here the crystal field splitting is small in



comparison with the spin orbit interaction. The result being that the crystal field

splitting is small in comparison to the splitting between multiplets.

2.2 THE HAMILTONIAN OF THE FREE ION

The Hamiltonian of the free ion is given by :

H=Ho+ s (2.2.1)
where
flz N N Z"e2 N 2
= T=2vi - X — + T & 2.22)
2m . — 0 ~ r.
i=1 i=1 i<j

and ., is the spin orbit interaction given by

N
%SO = Z&(l'i).sili (223)

i=1
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In the above equations N is the number of 4f electrons, m is the mass of the
electron, #2V; is the square of the momentum operator for the i electron, 1; is the
distance from the nucleus to the i electron, r;; the distance between the i'™ and j'h
electrons, s; and I; the spin and orbital angular momentum respectively of the i
electron. Z’e is the screened charge of the nucleus, and &(r;) the spin-orbit coupling

function which is

By = —2 (2.2.4)

where U(r;) is the potential in which the electron i is moving. The interaction was
derived from relativity theory in the Bohr orbit quantum mechanics, but it is also a

natural consequence of a nonrelativistic approximation to the Dirac equation.

The kinetic energy of the 4f electrons is given by the first term in the
Hamiltonian (Eq. 2.2.2 and 2.2.3), the second term represents the Coulomb
interaction with the nucleus. The real charge of the nucleus is replaced by a
screened charge, due to the interaction with the closed shells that modifies only the
magnitude of the term and not its symmetry. The degeneracies within the

configuration of the 4f electrons are not removed by the spherically symmetric
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terms, the first two terms of equation 2.2.2, and hence are neglected in this

discussion.

N 2
Consequently, we will consider only the last two terms, z %- which
i<jij

represents the mutual Coulomb interaction of the 4f electrons (H;), and
N
e (z,)-s:1; the spin-orbit interaction (#.). These two interactions are responsible

i=1

for the energy level structure of the 4f electrons.

2.2.1 Coulomb Interaction

The largest contribution to the Hamiltonian for the free ion is the
electrostatic interaction of the nlV electrons. The matrix elements of this

interaction are written in terms of the Slater parameters F®. The F® are radial

expectation values given by
FK = zcﬂ?i R @)R_ () | rdr. r2 dr 22.1.1
=€ Tkl u @Ry () |7 dr 1 dr; 22.1.1)
oo >
where



[RA@2ar =1 (2.2.1.2)
0
. r-

= = L ifrp<r and 2 if ro,

I I‘j 1 51

Generally for the d" electrons the matrix elements of the Coulomb interaction are
given in terms of F® while the same interaction for the f series is given in terms
of new parameters E® the Racah parameter (Nielson and Koster) [4]. Neilson and

Koster give for the matrix elements of the Coulomb interaction

<aL's |X.] aLS>=8u b T g (o0, L, S) E* (2.2.1.3)

and the coefficients g (o/,a, L, S) are given for each of the states of . The

relation of E® to F® is given in a number of works (for example Judd, 1963 [5]).

2.2.2 The Spin Orbit Interaction

As we have stated previously the second interaction of reasonable

magnitude in the free ion is the spin orbit coupling given in equation 2.2.3. In the
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rare earth series the spin orbit interaction is quite strong. Consequently, it is
convenient to perform the calculation in a set of basis functions in which the
Coulomb and spin orbit Hamiltonian are diagonal. The set of functions that
achieves this is the total angular momentum function | ’M; >. The total angular

momentum operator is given by

=
]
i
+
wnl

(2.2.2.1)

Since both the spin orbit and the Coulomb interaction commute with the total

angular momentum, the wavefunctions may be characterized by the eigenvalues of

-2
J and Jz. That is, we may write ¥y or | JM > for the wavefunctions with

-2

7 |IM>=J0+1) |[IM> (2.2.2.2)
and

I IM>=M |M> (2.2.23)

The values of J are restricted to



IL-s| <5< |L+5] (2.2.2.4)
Therefore matrix elements may be obtained by using the following

<M US| H+H | IML,S, > =8y Svar (2.2.2.5)

2.2.3 Coulomb and Spin Orbit Energies

In section 2.2.1 we showed that the matrix elements for Coulomb
interactions may be written in terms of the Slater parameters F® (or F,). The
relationship between F® and F; is used in order to avoid large denominators.

Racah introduced a more convenient parameter E; [1] which may be written as

E= % e E (2.2.3.1)

3
=0

with E* expressed in terms of F.

The matrix elements of the spin orbit interaction may also be evaluated

using tensor formalism. The matrix elements of the spin orbit coupling are



responsible for the mixing of the states with the same J but different L and S. The

diagonal matrix elements are obtained using the following formula

(Eonneee | Ho| £°...) = & (A/2) [JF+1) - LIL+1) - S(S+1)] (2232)

where A is a constant for a state with given L and S.



2.3 CRYSTAL FIELD THEORY

The principal objective of crystal field theory is to determine the
modifications to the energy levels and wavefunctions of the free ions due to the
presence of a crystal field. The ion is treated as an isolated one placed in an
electrostatic field of the proper symmetry and intensity. In the simplest model of
the crystal field, the point charge model introduced by Bethe [6], the lattice is
replaced by an array of point charges at the nuclei of the constituent ions. A
multipole expansion is made of the point charge potential energy at the rare earth

site (in this thesis).

Crystal field theory was originally applied in isolated cases by Van Vleck
[7] and Abragam [8] for the calculation of magnetic properties of transition ions
and fields of cubic symmetry. Later Elliott and Stevens [9,10] developed methods
to study the influence of the crystal field in more general cases. They introduced
the operator equivalent [9] which simplified the problem of handling the

perturbation calculation.
In the following we will give a brief description of the interaction of the 4f
electrons with the crystal field. The one electron crystal field energy may be

written as:
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2

Hee = L3 *vd@.0)cPo.0) 23.1)
1

P 3 &
4“0 k=0q=-k a{“"l

where the summation | is over the neighbouring point charges, Cg‘) is given by

® - | 4% _q
C @9) = \’2k+1Yk ©.9) (23.2)

and Y: (6,¢ ) is the spherical harmonic. Thus, to calculate the energy levels in the

presence of the crystal field, the matrix elements of ¥4 cr @ between various 4f-

electron wavefunctions must be evaluated. The value of <r>, the expectation
value will be a common factor therefore if we confine our attention to the angular

properties of the crystal field we have :

2

© Ze
Aree) = 713 3 LT-viencPeo) (233)
01 kq 3

when the sum over 1 is made, the crystal field Hamiltonian may be written as:

Her = = BXc®(e,0 ) (2.3.4)
k,q qQ q
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where Bg is the crystal field parameter and contains all the radial information.

The crystal field parameter B ;‘ may also be written as qu and is equivalent to
I'k k
= _nd < =
qu =—e [(-1) p(R)Ck-q el dt Ak‘1 <r<> (2.3.5)
>

where Akq is the spatial integral of the charge distribution and is equal to:

——e [RD (e
A ="¢ jrkH -pic, de (2.3.6)

Knowing the structure of the compound under investigation it is possible to

calculate the crystal field components, Akq. Using the three parameter theory of

crystal fields proposed by Leavitt et al [11] the crystal field parameters qu can be

related to the crystal field component by

A 2.3.7)
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The p, are ion dependent host independent quantities given by the expression

p =< o> (1-0) T (2.3.8)

where the < I* >y parameters are the Hartree-Fock radial expectation values and
Oy are linear shielding factors (Sternheimer shielding factors) [12]. The <t
parameter is a scaling parameter introduced to account for the inadequacy of the
bare Hartree-Fock wavefunctions and the expansion of the free ion wavefunction

[13]. The values of p_[13] reported for Er’* are found in table 2.3.1.

Table 2.3.1 : Radial factors p, with k=2,4, and 6 in A" to convert lattice

sums Ay, to crystal field parameters By,.

p (AN
o, 0.1706
P, 0.4053
P, 0.9649




The number of qu parameters which are required is determined by the symmetry

of the crystal field. In Table 2.3.2 we show the relationship which exists between
the point symmetry and the non-vanishing quparameters. Table 2.3.3 shows the

term splitting for integral J and half integral J. Further, in the case of 4f-electron
wavefunction we need only consider values with k < 6 and odd k values (due to
the odd parity components of the crystal field) will not contribute to the matrix
elements between 4f electron wavefunctions and are omitted in the crystal field
Hamiltonian. The odd crystal field parameters are used to calculate the intensity of

the transition.

Using the crystal field parameters, B, , it is possible to calculate the

kq
crystal field strength. The crystal field strength is a quantitative measure of the
interaction between the rare earth and the surrounding lattice and it is calculated

using the following equation [14]

1/2
_1ly 1 |g2 2 2
Scr = D reny [Bm + 2q§>;0(Re By, + mB},) (2.3.9)

where the sum over k covers the values 2,4, and 6.
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Table 2.3.2 : Independent nonvanishing By, for the 32 point groups.

Point Group

Nonvanishing By,

Clv Ci

All By, values (B, real)

B?.o, RBzzv B40’ B42, B@s B62v B“, B“

BQO’ RBZZ’ B‘Os B42' RB“! BGO, RBGZ’ RB“: RB“

B34, B4o, RBu, Beo, Bas

D49 Cdv
Du. D4h

B3¢, Bag, RBus, Beo, Bes

C3s 86

B20, B4o, RB43, Beo, Bes, Bes

C3v
D14

Bzo'u B‘o» RB431 B&’ RB631 RB66

Ceé, Can
Ca Ds
Cevs D
De

B0, B4o, Beo, RBés

T, T, Ta
O, Ou

BCO, RB“, Bm’ RB“




Table 2.3.3 : Term splitting for integral J, and half-integral J.

J
0 1 2 3 4 5 6 7 8

Cubic* 1 1 2 3 4 4 6 6 7
Hexagonal® 1 2 3 5 6 7 9 10 11
Tetragonal® 1 2 4 5 7 8 10 11 13
Lower symmetry® [ 1 3 5 7 9 11 13 15 17
a) Op, O, T4, T, T.
b) D&, Dé, Cev» Cans Cs» Dan, Dag, D3, Cav, Se, Cs
¢) Da, Ds, Cav, Can, Cs, Dag, Ss
d) Da, D2, Cov, Caa, Gz, Cs, 82, Gy

12 32 52 12 92 112 132 152 112
Cubic 1 1 2 3 3 4 5 6
All other groups | 1 2 3 4 5 6 8 9
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2.4 SELECTION RULES

The perturbation responsible for optical transitions in a trivalent rare earth
ion is the interaction between the electrons in the 4f shell and the electromagnetic
field. Two radiative processes are possible when the electrons interact with the
electromagnetic field, absorption and emission. The interaction Hamiltonian
between the electron(s) in the system and the radiation field contains two terms
one responsible for the electric dipole interaction and the other for the magnetic

dipole interaction.

The electric dipole operator is given by Eeri . The components
1

zo:xi ,z:eyi and Zezi transform like translations. Linear combinations of these

components may be obtained which form an irreducible tensor operator of the first

order:

(24.1)

r =Yz 24.2)
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ry= yoi i 2.4.3)

These new components transform like basis function for the representation Dy, of

the three dimensional rotation group.

The transitions depend on the matrix elements <\|r}’l Ite I\v?> . The products

To viel transform according to
D] X Dj’ = D]c.,.l +Dj+ Dji.l (2.4.4)

if J; 2 1. If J =0 we have D; X Dy = D; and then only J¢ = 1 is allowed eliminating

the transitions Jy=0— J; =0.
Since the electric dipole is an odd operator, the parity of the final state must
be different from the parity of the initial state. This is Laporte’s Rule. Therefore

we obtain the following results

AT=0,%1, J=0 A J=0
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PrP; (parity)

In the Russell-Saunders approximation, the eigenfunctions transform like the
representation Dy X Ds. The dipole operator components transform like D, (L=1,

S=0) thus we have

AL=0%1, Li=0 AL=0

AS

il
o

Pe#P;
The magnetic dipole operator is given by

.
p=-5—(@L+29) (2.4.5)

Irreducible tensor operator of the first order may be formed of the type

@@ +28 )+i. +2S )
X x y y

_ ¢

M = me \f2- (2.4.6)
=t
il weps L. +2S) 4.7



( (I..x + ZSX) - i(Ly + ZSy)
u.l =- zmc JE (2.4.8)

The above components transform like basic function for the representation D;, of
the three dimensional rotation group, that is the magnetic dipole operator is an

even operator. Therefore the following rules are obtained

AT=0+1, 5E=0 AJ=0

and in the Russell Saunders coupling we have

AL=0+1, AL;=0 4 L;=0
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For the rare earths the valid rules are determined by the site symmetry.
However, because of the weak crystal field the selection rules of the free ion have
still some relevance. Electric dipole transition within an " configuration are
allowed only due to environmental perturbation. Thus, the selection rules are

determined strictly by the local field symmetry at the site of the ion.

Using group theory we ascertain whether a transition between two
representations is allowed. A transition between two representations is allowed, if
the product of the representation of the initial state by the representation of a
component of the transition opcrator contains the final state. This is strictly related

to the polarization of the radiation. This can be stated in the following way :

I'xI; = I's
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2.5 INTENSITY CALCULATION

Studies on the intensities of lanthanide f — f spectra began with a seminal
paper published in 1937 by Van Vleck [7]. In this paper Van Vleck discussed and
calculated the intensities of the transitions on the basis of two possibilities: (i)
transitions may occur within the 4fN configuration or (ii) transitions may occur
between different configurations, 4154, Thus, the transitions would occur either
by an allowed electric dipole mechanism or by a forced electric dipole or electric
quadrupole mechanism. Based on the calculations and the “extra” lines which
appeared in the spectra of most solid lanthanides Van Vleck concluded that much
of the intensity was due to the vibronically induced absorption of electric dipole

radiation.

In 1942 a group of researchers at the Zeeman Laboratories made the first
accurate measurements of the absolute intensities of lanthanide spectra and
published a very important paper [15] on the origin of the intensities. The group
reached different conclusions from those of Van Vleck, and are in agreement with

present day opinion.

The next major step in the theory of lanthanide intensities occurred in 1962,

with the simultaneous publication of the results of two independent investigations
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by Judd [16] and Ofelt [17]. Judd and Ofelt derived an expression for the oscillator
strength of induced electric dipole transitions within the f¥ configuration. In the
following section we will discuss the Judd-Ofelt theory in the framework of what

is necessary in this thesis.

2.5.1 Judd-Ofelt Theory

The Judd-Ofelt theory makes ample use of the formalism of tensor
operators, n-j symbols and reduced matrix elements. We propose to give a brief
account of the major relationships obtained by Judd and Ofelt and refer the reader
to the original papers by Racah [18], and books by Edmonds [19], Judd [5], and

Wybourne [2] for an account of the above mentioned subjects.

The transition probability due to dipole radiation may be expressed as

Aa,2)= 816 | (4[p[a )|’ 25.1.1)

where a and a’ signify the initial and the final state, A is the transition probability

per unit time, 6 (cm™) is the energy difference between states and D is the dipole

operator.



Broer et al. [20] defined the oscillator strength as

f= g,;“?:,“Tcz' (2.5.12)

substituting for A in equation 2.5.1.2, the oscillator strength may be written as

_ 8n20 mc me
e [(a|p]a ) (2.5.1.3)

Since the matrix elements of D are summed over all components of the initial state

the factor 2J+1 must be added. Equation 2.5.1.3 may be written as

2 —
f= 8n-omc ,E2 , 2 2.5.1.4
3he (T +1) X ] ( )

where F* and M? represent the matrix elements of the electric and magnetic dipole
operators respectively, X = n(n’+2)%/9 the Lorentz Field Correction, a correction

for the refractive index , n, of the crystal.

The expression for the oscillator strength given by the Judd-Ofelt theory is

the following:
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D2
f= zn@:u( >uw'r) 2.5.15)
A=246

where v is the mean frequency of the transition yJ — yJ’, U™ is a unit tensor
operator of rank A, the sum is over A = 2,4,6 and T, are three parameters which
can be calculated from experimental data. The parameters T, contain the radial

parts of the 4f" wave functions, the wave functions of perturbing configurations

such as 4fY'5d and the interaction between the central ion and the local

environment.
Judd defined T; as
2
8n’m (n2 M 2) 2
Th = e 5| @A +1) %(Zt +1)BI%(t}) (2.5.1.6)

substituting equation 2.5.1.6 into equation 2.5.1.5 gives

8n2mv (n2+2)2 M) 2
B x=§4?1(\wu ﬂw) @5.17)



where

Q) = (A+1)T@t+1)BI2(tA) (2.5.1.8)
t

and denotes the Judd-Ofelt parameters.

The matrix elements in equation 2.5.1.7 may be calculated in the SL basis

using the following relation:

J I AN ]4] ()‘_)Il N
f a'S'L 2.5.1.9
{L’LS}(faSU o ) (2.5.1.9)
The reduced matrix elements have been tabulated by Nielson and Koster {21]. The
matrix elements of U™ have been calculated for various transitions for the
lanthanide ions and are given by Camall et al [22]. These matrix elements are host

independent.

For electric and magnetic dipole transitions the respective dipole operators

are given by
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2
F2 = 2 Zﬂx(wJ"U(”"\v'J'] (2.5.1.10)
A=246

and

2
2 'y 2
M2, = eZc2 (wIJL+2S]y'T) (2.5.1.11)

The transition probability between the individual components a and a’, Aefaa'ffs for

the emission process is given by

: 36243 2,2)2
G [{“‘“ o2 Jp2 + n3M2:| (2.5.1.12)
0

where the symbols have their normal meaning.

The total radiative relaxation rate Ay(yJ)is given by

A(yl) = ZrA(\yJ,w'J') (2.5.1.13)
v
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where the sum runs over all states lower in energy than the fluorescing state. Two

other useful parameters are the radiative branching ratio B g

iy = ANLYT)
BrOWL.w'T) = =57 (2.5.1.14)

and the radiative lifetime of a state is

to(y)) = [Ar(yD]? (2.5.1.15)

From the experimental absorption spectrum the oscillator strengths may be

obtained using the following

4mce
£SXP - | 9n 0 fu(v)av (2.5.1.16)
aa [(n2+2)2] Ne2

where N is the dopant concentration expressed in number of ions/cm® and

fu(v)dv is the integrated absorption co-efficient of the transition between the J

states a and a’.
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2.6 ENERGY TRANSFER

The non-radiative transfer of the energy of electronic excitation from
excited ions to non-excited ones plays an essential role in luminescence. Resonant
transfer of electronic excitation energy from a sensitizer (donor) to an activator
(acceptor) has been a subject of many investigations [23-25]. Many theories have
been developed such as the one by Forster [26] which give formulae for the rate of
energy transfer by electric-dipole-dipole interaction. This theory was extended by
Dexter [28] to include higher order multipole interactions such as electric-dipole-
quadrupole interaction and exchange interaction. The electric-dipole-
dipole/quadrupole interactions are electrostatic in origin, while the exchange
interaction arises from requirement of the antisymmetry of the electronic
wavefunction for the system consisting of donor and acceptor molecules. The
donor-acceptor distance plays an important role in the transfer mechanisms, and an
overlap between the donor emission spectrum and the acceptor absorption

spectrum is essential for the transfer to occur.

Luminescence measurements allows the experimental studies of resonance
transfer, where the donor molecules are excited in the presence of acceptor
molecules, and the resulting luminescence of donor and/or acceptor in addition to

their decay times are measured as functions of concentration. Inokuti and
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Hirayama [28] studied the decay time of donor luminescence as functions of the
acceptor concentration, for energy transfer by exchange mechanism. Their results
provide a sound quantitative basis for analyzing experimental data for this kind of
energy transfer, just as Forster’s theory has long been doing for dipole-dipole

transfer.

2.6.1 Transfer Probabilities

Interactions between rare-earth ions are given by the following Hamiltonian

H=Hy+ Hg (2.6.1.1)

The Hamiltonian is separarted into two parts, Hy which describes the single ion
interactions and Hyg, describing the interactions between two separated ions, that is
the Coulomb Coupling between the electrons of neighboring RE** jons. The

interaction Hamiltonian Hy, between donor (d) and acceptor (a) is of the form

3
1
A=

o

(2.6.1.2)

)
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where x is the dielectric constant, and the summation is over the electrons i and j
of the donor and acceptor respectively. This represents the Van der Waals
interaction for isolated ions in solution in a solid or liquid and the wavefunctions
are composed of a properly symmetrized superposition of single ion states. The

calculation of the transfer rate involves Fermi’s Golden rule

Po=n|<y [Haly>1"pe (2.6.1.3)

where p. is the density of final states and the term in brackets is the matrix element
of the donor-acceptor interaction Hamiltonian between y; the initial state with the
donor excited, and y, the final state with the acceptor excited. Dexter [27] has
shown that the density of final states in eq. 2.6.1.3 can be expressed in terms of an
overlap integral between the donor emission spectrum and acceptor absorption
spectrum. In the case of different sites this interaction will also mix the
wavefunctions, leading to processes such as cooperative absorption and emission
where two ions couple to a single photon. This is true for both absorption [29] and
emission [30]; however, it is very weak and will not be considered further. In order
to compute the transfer probability, the interaction Hamiltonian Hy, is expanded in
a Taylor series about the vector R (the separation of the nucleus of the donor and

acceptor) giving

52



- = -
Ha = 8;3 {rd ra—3(rq- R)/R’} %{Z(RF} T, +(3+5—)
K K

i=1

R, SR’Rj
+ 10( )(x.y.u + XazaYa + YaZaXa) + ZZ[-R— 3 ’] x
R2 < R

[Frir, - 2r,m,7, ] }+ ............. (26.1.4)

The term in the first curly brackets represents the dipole-dipole interaction, and the
second the dipole-quadrupole interaction; higher order interactions, including

quadrupole dipole, have been omitted. In eq. 2.6.1.4, 1y = Zrd'm refers to all the
electrons on d, measured from its nucleus and similarly with r, = 2 I, . €is the

magnitude of the electronic charge. The interactions are classified as standard
. -
multipole type interactions depending on various powers of <rs>; = <1 | ral2>

_)
and <r>; = <1 | ral2> and the ion separation R. The interaction distance is
short, which can make the ratio between the dipole-dipole and dipole-quadrupole
terms [<1'>1,,_/R]2 much larger than the comparable expansion parameter for

radiative transitions [<a>; ,2/X]2 [31].
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The matrix elements <ry>;,; and <r,>;2 can be expressed in terms of the

oscillator strengths, f [32]:

<I4>12 = :2;;23 fq (2.6.1.5)

which in turn can be related to a measurable quantity such as the radiative lifetime

T:

t' = 28202 ¢ (2.6.1.6)

or absorption cross-section ¢

_2n%e?
fo(w)dw =iEe f (2.6.1.7)

Hence the interaction parameter can be directly calculated from measurable
quantities. Dexter [27] carried out the above substitutions keeping track of the
various linewidths and overlaps, and obtained the following expression for dipole-

dipole coupling :



4.4
Pug = 3h7c % L (@) Fomp(0) 92 = £ (2.6.1.8)
4mn* ‘4 RS o* RS

where

C= ih;?: %— Jfn(©) fm((o)i—‘f (2.6.1.9)
n

fabs(®) and f.n() are the absorption and emission line shapes, Q, = p, () dw, is
defined as the area under the absorption band, 14 is the radiative lifetime of the
donor ions, and C represents the interaction parameter that characterizes the

strength of the interaction.

The overlap between the donor emission and the acceptor absorption shows
the resonant nature of the process, and reflects conservation of energy. Using
spectroscopic measurements, the line shapes, lifetime, and cross-section can be
easily obtained and can be used to calculate the strength of the energy transfer

interaction.

In general the dipole-quadrupole transfer rate is not the same as the

quadrupole-dipole transfer rate. The total transfer rate is equal to the sum of the
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transfer probabilities for each of these multipoles, which is often written with

observations for the interaction strengths as

Py, (total) = C“;" Y lnh B ol (2.6.1.10)
R

Higher order multipole interactions (dipole-quadrupole, quadrupole-
quadrupole) can be calculated in the same way as for dipole-dipole. However, this
is not done due to the difficulty in measuring experimentally the quadrupole
moment of an ion, especially in the presence of a strong electric dipole moment.
Contribution to the total transfer rate of order higher than quadrupole-quadrupole

are usually negligible even for nearest neighbors.

Other types of interactions, where the Coulomb integrals may vanish due to
selection rules, are made possible due to exchange. Exchange will allow transfer to
and excitation of an acceptor by all types of allowed and forbidden transitions,
including, for example L = 0 to L = 0 transitions. The transfer probability as a

result of the exchange mechanism may be written as:

Pus (ex) = 27t Z2 [£,44(®) Foz(®) d (2.6.1.11)
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where Z is the wavefunction overlap given by

Z2= € | Q(?l)(;l—)Q(?z)d r1d Ty (2.6.1.12)

g48,K2 12

where Q(r,) = \y;(;l)\v‘( ?1), is the charge density of the excited donor

=
wavefunction and the ground state acceptor wavefunction. Q(r,;) =

v,(r2)vy 4(r2), is the charge density of the excited acceptor wavefunction and

the ground state donor wavefunction. The values of Q are normalized over space
(and are not an energy scale) such that Z* has the dimensions of energy squared.
The separation and concentration dependencies are contained in Z2, which varies
approximately as Y(e*ne R2)exp(-2R/L), where L is an effective Bohr radius for
the excited and unexcited states of the donor and acceptor ions, and Y is a
dimensionless quantity <<1. This is rarely used to calculate the interaction
parameter directly, rather it is used to illustrate the short range nature of the
interaction. In the case of the rare-earth ions, the overlap of the wavefunctions
between neighbouring ions is very small, due to the shielding of the 4f electrons. A
mechanism has been proposed which allows for the interactions through common

ligands.
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2.6.2 Time Dependence of the Donor Fluorescence

The energy transfer probability is strongly dependent on the distance R
between the ions involved (see eq. 2.5.10). This implies that the distance-averaged
transfer rate, which can be measured by the decay rate of the donor fluorescence,
will not be constant in time (non-exponential decay). For an arbitrary distance-
dependent donor-acceptor transfer probability P(R) excited donors will be

quenched according to the following equation

<N()> =exp {- 4mn, fnz dR (1-€"®%) } (2.6.2.1)

0

The above expression has been treated statistically, for energy transfers with
randomly-distributed donor-acceptor distances for the pertinent forms of P(R)
[33]. Inokuti and Hirayama [28] have shown that for a donor-acceptor multipole
interaction of order S, the probability at time t after excitation of some arbitrary

donor still being excited takes the form

®y(t) = exp [ (/1) - (C/Co) T (1 - 3/S) (t/1)*"] (2.6.2.2)
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where 1 is the fluorescence life time for the donors in the absence of acceptors, C
is the acceptor concentration, C, is the Dexter “critical concentration” defined as
the concentration of acceptors for which the transfer rate equals the spontaneous
decay rate, I'(x) represents the Euler gamma function; and S = 6 for dipole-dipole,
S = 8 for dipole-quadrupole, and S = 10 for quadrupole-quadrupole interactions.
For the dipole-dipole interaction, the expression yields the well-known Forster

[34] result for the donor decay

<N(t)> = exp (-YVt) (2.6.2.3)
where
y=% ©"n, [C, (2.6.2.4)

The above expressions account for energy transfer between donor and
acceptors, however, energy transfer may also take place between donor ions. The
latter must be considered for the interpretation of the temporal behavior of donor
fluorescence due to energy transfer. The decay may be greatly altered, if a large
number of donor-donor transfers take place before donor-acceptor transfer. The

donor-acceptor transfer will be dominated by transfer between adjacent ions,
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which is greater than that allowed by the initial distribution of excited donors (Fig

2.6.2.1).

Different theories have been developed to explain the donor-assisted
transfers. However, the most commonly used are: (i) the diffusion model [35]
applicable to systems where donor-donor transfer is non-negligible but does not
dominate donor-acceptor transfer and (ii) the hopping model [36] applicable when

donor-donor transfer dominates donor-acceptor transfer.

The most direct result of diffusion is to remove the variation in donor
environments. The excitation can transfer to the acceptor more efficiently by
diffusing through the sublattice of donors to interact at a much shorter distance
rather than directly interacting over a larger distance. If the diffusion rate is much
faster than the average donor-acceptor interaction rate, the donor-acceptor transfer
will be over roughly the same distance for the entire ensemble. This leads to an
exponential decay reflecting the smoothing out of the local variation in number

and distance of acceptors.



Figure 2.6.2.1 : Migration-assisted energy transfer. If donor-donor transfer
is more probable than donor-acceptor transfer, then process

I will be more probable than process II, direct donor-

acceptor transfer.
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Experimentally, both a non-exponential decay at short times and a longer
exponential tail are observed at moderate donor concentration (Ngonor ~ 5%). The
reason for this behavior is due to the fact that some sites will interact directly with
nearby acceptors, while others with no adjacent acceptors will decay with a slower
rate. The latter will show enhanced decay rates since the excitation has migrated

closer to an acceptor. The fluorescent decay is given by

lI@_ —exp[-At-Byt | (2.6.2.5)

0

where A is the sum of the intrinsic decay ratet;' and the decay due to migration

assisted energy transfer  :

=1+ (2.6.2.6)

B represents the energy transfer rate due to migration and is used to calculate the

microscopic interaction parameter.
The hopping model considers the transfer of excitation from donor to donor

as occurring through a random walk of the donor excitation among the donor sites.

The hopping of excitation is assumed to continue until the excitation decays
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spontaneously or is annihilated by transfer to an acceptor. The problem has been
solved by considering the annihilation of the donor excitation as occurring within a
finite region around each acceptor. The donor migration continues undisturbed
outside this region, and is annihilated by the acceptor in case it hops inside the
region. If the excitation can be annihilated in one hop, each hop can be treated as
random and uncorrelated with regard to the strength of the donor-acceptor
interaction. Hence the statistical parameter ¢, the probability that a donor is still

excited after some time interval is given by

o) = 0o(t) €¥0 + 7! [ &) golt-¥) e V0 dr’ (2.6.2.7)
0

where ¢ has been defined previously in eq. 2.6.2.2 and 1, is the average time for
an excitation hop. Equation 2.6.2.7 can be solved numerically, and when the
donor-donor and donor-acceptor interactions are strictly dipole-dipole this
equation gives the time dependence of the donor fluorescence intensity at short

times. This is described by the following equation
Ity =Ioexp { -t/t-yVt -Gt } (2.6.2.8)

where
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y=4/3%"n, ,[C, (2.6.2.9)

and

® =n (21/3)" |[C4 /Coy Mand (2.6.2.10)

where n, and ny are the dopant concentrations of the acceptor and donor
respectively, and Cy, and Cyq are the dipole-dipole interaction strengths for donor-
acceptor and donor-donor transfer respectively. Hence, in the case of a very fast
donor-donor migration (Cyg >> Cg,) the system behaves as if dominated by a single
donor-acceptor transfer rate and the donor decay is again exponential. This
expression stands for times much shorter than the time of a donor-donor hop [37],

and must be used cautiously.
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CHAPTER 3

3. EXPERIMENTAL

3.1 CRYSTAL GROWTH

The yttrium vanadate crystals doped with different concentrations of Er*
were grown at the University of Parma, Italy using the flux technique. The
YVO,Er* crystals were grown using the techniques [1,2] developed for the
synthesis and growth of rare-earth orthophosphate (RPO4) and orthoarsenate
(RAsOQ,) single crystals from molten salt solutions. The procedure involves the
dissolution of a rare-earth oxide in melted lead pyrophosphate (Pb,P,07) for RPO,
or lead pyroarsenate (Pb,As,0-) for RAsOj, at high temperatures, with spontaneous
nucleation and crystal growth of the desired crystal via slow cooling of the

solution.

Yttrium vanadate is isomorphic to yttrium phosphate and arsenate and has
the tetragonal xenotype structure (D}: - I4;/amd) [3]. The crystallographic and
chemical relationship between these compounds suggested that, if a suitable

solvent comparable to Pb,P,O; and Pb,As;0; existed in the lead- vanadium-



oxygen system, the flux growth technique could be extended to the synthesis and

growth of rare-earth orthovanadates.

The compound Pb,V,0; exists and melts congruently at about 725°C which
is not very different from Pb,P,0; (824°C) or Pb,As,0; (780°C). Pb,V,0; can be
easily prepared by direct fusion of the appropriate oxides. Therefore using
Pb,V,0; as the solvent, single crystals of yttrium vanadate could be produced

[4.5].

Nine grams of Y,0; (yttrium oxide) were added to 91g of V,0s and 214g of
reagent grade PbO (lead oxide). The reactants were placed in a 100 ml platinum
crucible with the yttrium oxide at the bottom. The crucible was covered with a
platinum lid and heated to 1330°C. The mixture was held at this temperature for
14 hours and then slowly cooled to 950°C at 1-2 °C/hr. At 950°C the furnace was
turned off and the sample cooled in situ. The crystals formed were embedded in a

matrix of the solidified flux which could be easily removed with dilute nitric acid.

The Pb,V,0; flux is a good solvent for growing the vanadate crystals
because of its ease of preparation and extremely low vapor pressure. Low surface
evaporation is related to small concentration gradients, and premature formation of

nucleation sites near the surface is avoided. For this reason it is probable that
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much larger YVO, crystals can be grown if this flux mixture is used in
combination with the Czochralski or Bridgeman techniques, and an appropriate
temperature gradient. The YVO, doped crystals (0.1, 1, 2.5, and 10 % Er** by
weight) grew either in the form of long, clear pink rods about 7.5 mm X 2 mm X 2
mm or clear pink plates of dimensions 5 mm X 3 mm X 1 mm. The trivalent erbium
ions enter substitutionally for Y**. Using the crystallographic data and the nominal
concentration we calculated the corresponding Er** concentrations in jons/cm®

(Table 3.1.1).

Table 3.1.1: Concentration of Er’* in YVO, given in percent and ions fem®

Concentration Concentration
(% Er'") (10 Er** / cm’)
0.1 0.1253
1.0 1.253
25 3.133
10 12.53
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3.2 CRYSTAL STRUCTURE

Crystallographic investigations by Chakoumakos [6] have shown that YVO,
crystals are tetragonal, belonging to the space group 14i/amd (D}} ) with unit cell
parameters, a = b = 7.1183 A, ¢ = 6.2893 A, Z = 4. There is only one yttrium site
for which the rare earth dopant may substitute. The ionic radii of Er**, Y** and V**
are 103, 104, and 68 pm, respectively. The yttrium site is D,y and is co-ordinated
by eight oxygens. Each vanadium is co-ordinated by four oxygens in a nearly
tetrahedral geometry (Fig 3.2.1). The V-O bond length is almost invariant
throughout the lanthanide orthovanadate series (= 1.76 A) and is shorter than the
sum of the lanthanide and oxygen radii [7]. Each lanthanide is linked to two
vanadate tetrahedra via edge sharing and to four other tetrahedra through a single
bridging oxygen. The RV,0,, is composed of two complete vanadate units on each
side of the rare-earth atom. In Table 3.2.1 we show the crystallographic data for

YVO,. Figure 3.2.2 shows the oxygen nearest neighbors in the rare earth site [8].

Table 3.2.1 : Crystallographic data for YVO,

Ion Position Symmetry X y
Y 4a D2y 0 0 0
v 4b D24 0 0 172
O 16h G 0 X z

!




Fig 3.2.1 : The RV;0y zircon structure which is composed of two complete

vanadate units on each side of the rare-earth atom.
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3.3 SPECTROSCOPY

3.3.1 Absorption and Fluorescence

The absorption spectra were recorded with a computer controlled Cary 5E
spectrophotometer. The instrument was equipped with the appropriate sources for
the ultraviolet, visible and infrared regions. A Hamamatsu R928 photomultiplier
tube was used for the ultraviolet and visible region and a thermoelectrically cooled
Pb-S detector for the infrared region. The infrared detector has fairly low
sensitivity and high noise, limiting the resolution of the spectrum in the infrared to
approximately 0.1 nm, compared to a resolution of 0.05 nm in for the ultraviolet-

visible region.

Fluorescence spectra were obtained by excitation with a tunable dye laser
(Spectra Physics 375) operating with DCM (Concentration = 1.5 x 10° M
dissolved in a 7:2:1 benzyl alcohol, glycerol, ethylene glycol solvent mixture)
pumped by a Coherent CR-18 25W argon ion laser. The dye laser was also used,
to pump in the vicinity of the ‘Fop < *I;sp transition (652.7 nm). The argon ion
laser was also used to pump a Ti:Al,O; laser (titanium sapphire laser) . Both the
dye and titanium sapphire lasers were used in the study of direct fluorescence as

well as for the energy transfer and upconversion studies.
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The pump beam was focused and horizontally directed through the crystal,
and the line of fluorescence was imaged onto the slit using a camera lens. The
sample was positioned such that the pumped region was at the surface of the
crystal in order to eliminate any self absorption effect. The spectra were recorded
using a Jarrell-Ash 1-meter Czerny Turner double monochromator and a maximum
slit width of 150 um. The gratings are mounted on a cosecant bar driven by a
stepper motor with a step size of 0.01 cm™/step. The signal was monitored by an
RCA-C31034-02 photomultiplier, which has a flat spectral response from 200 to
850 nm. The photomultiplier tube was thermoelectrically cooled so that the
background dark count rate was below 10 counts per second. The photomultiplier
signal is processed by a preamplifier model SR 440 Stanford Research Systems.
The preamplifier contains four wide band width, dc-coupled amplifiers designed to
be used independently or cascaded to provide gains of 5, 25, 125, and 625 thus
amplifying the output from the photomultiplier tube to the photon counter. A gain

of 25 was used in all of the experiments.

The gated photon counter Model SR 400 Stanford Research Systems is a
data acquisition system that interfaces between the computer and the spectroscopic
hardware shown in figure 3.3.1.1. The signal is recorded under computer control

using the Stanford SR465 software data acquisition/analysis system. Low
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Figure 3.3.1.1 : Schematic arrangement of the apparatus for the

measurement of the emission spectra and decay times.
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temperature spectra were acquired using a Janis Research STVP-4 continuous flow

cryostat.

The infrared emission spectra were recorded with a Jarrell-Ash 3/4 meter
monochromator in second order. The fluorescence signal was monitored with a
North Coast EO-817P, liquid nitrogen cooled germanium detector and analyzed

using a Stanford Research SR 510 Lockin amplifier.

3.3.2. Lifetime Measurements

Decay and rise time measurements were obtained by exciting the samples
with the pulsed radiation of a frequency doubled Nd*:YAG laser-pumped dye
laser (Quantel Model Datachrom) associated with a hydrogen Raman cell. The
laser delivers excitation pulses of 15 ns duration and 0.1 cm™ spectral width and
the Raman cell shifts the energy of the dye laser beam going through it by £+ 4155
cm™ and + 2x4155 cm (plus sign for anti-Stokes, minus sign for Stokes). With
the aid of the Raman cell we are able to excite directly the high energy levels of
the Er** ion located in the ultraviolet-visible region of the spectrum, using the
Raman anti-Stokes one and two of the laser radiations obtained with dyes such as

Rhodamine R590 (Exciton denomination). The fluorescence was analyzed using a
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Jobin-Yvon model H25 monochromator, with a 600 groves/mm grating blazed at
1 um, and detected by a very sensitive and fast A-D-C model 403 HL (with a time
response of about S00 ns) liquid nitrogen cooled germanium photodiode, for the
infrared region. A Hamamatsu 1477 photomultiplier was used to monitor the
signal in the visible. The signals were fed into a LeCroy model 9400 Digital

Oscilloscope interfaced to a computer.

Fluorescence lifetime measurements were also obtained using an argon ion
laser, a dye laser (DCM dye), or a Ti-Sapphire laser excitations with the aid of a
Stanford Research optical chopper, Model SR 450. The photon counter was
triggered by a Photodiode synchronized by the laser pulse. The fluorescence was
analyzed using a Tektronix TDS 520A two channel digitizing oscilloscope (500

MHz).
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CHAPTER 4

4. RESULTS AND DISCUSSION

The first concern which arose when this thesis was initiated, was to
determine the energy levels of Er** in YVO,. Polarized absorption and emission
spectra were measured at temperatures between 7K and 300K. The spectra were
analyzed and a complete energy level scheme for Er** was determined. Crystal
field calculations were performed and the crystal field parameters were obtained.
Judd-Ofelt theory was applied to the room temperature absorption spectra to
obtain the Judd-Ofelt parameters, predict the radiative decay rates and branching
ratios for the Er'* transitions from the various excited states to the lower J-
manifolds. Upconversion and fluorescence dynamic studies are also presented. A
comparison between the theoretical and experimental results made in this thesis
for YVO4Er** will provide a useful assessment for the Er** ion in other vanadate

host materials.

This chapter is divided into seven sections. The first section is dedicated to
the derivation of the selection rules for the Er** ion in D,y symmetry. Section two
describes in detail the absorption and emission spectra. This is necessary in order

to establish unequivocally the energy level diagram for Er'* in YVO,. The third



section presents a detailed analysis of the intensities of the transitions and a
discussion of the Judd-Ofelt parameters Q,. Section four presents the crystal field
analysis. Section five discusses the thermalization of the ’Hy1p state. Lastly

sections six and seven are dedicated to upconversion and fluorescence dynamics,

respectively.

4.1 SELECTION RULES FOR ERBIUM (III) IN YVO,

In the YVO;, crystal there is only one site for which the Er* ions may
substitute, this is the yttrium site. The yttrium site symmetry is Dy4 and is co-

ordinated by eight oxygens (see Figure 3.2.1).

Er’* has a ground electronic configuration [Xel4f'! that is split by the
Coulomb and spin orbit interactions into a number of multiplets. Figure 4.1.1
shows the multiplet structure of Er'* where the multiplets are labelled using
Russell-Saunders term(s) (3*'L;) of their wavefunctions. The crystal field splits
these multiplets as shown in figure 4.1.1. These levels are labelled by the double
group irreducible representations (s and I'7) of the Dy point group and all crystal

field states are doubly degenerate, Kramers doublets. Hund’s rule requires that the
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Figure 4.1.1 : Splitting of the LS terms of the 4f'' configuration by a) Spin
orbit coupling of the free ion, and b) the influence of a
tetragonal crystal field.
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*Iisp2 state be the ground and the excited states are the following : “Iysz, 1172, 972,

4 4 2
F9I2. 12, 512, 312 S3f2, Hu/z' 025 eevess etc.

In section 2.4 we discussed how group theory is used in obtaining the
selection rules. In this section we will apply group theory to the specific case

considered in this thesis, Er** in Doy symmetry.

The point group D,y contains the following symmetry elements E,
2S4, Cy, 2C;’°, and 20y. In Table 4.1.1 the character table for the point group is
shown. The upper part of the character table is for terms with even J, whereas the
lower part applies to terms with half integer J values. The latter is the case for
Er**. Using Bethe’s notation, the two irreducible representations appropriate for
the J levels of Er** are I's and I';. The corresponding irreducible representations

using Mulliken’s notation are ‘E and ‘E;, respectively.

Using the following equation

sin( + Lo
2 4.1.1)

xy(@) = sino /2
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Table 4.1.1 : Character table for the group Dy

Dy 2S, C; 2Cy 204

I A 1 1 1 1

I, A, 1 1 -1 -1 Rz

| B, -1 1 1 -1

| B, -1 1 -1 1 yA

Ts E 0 -2 0 0 (xy); Re, R,
Ts ‘E V2 0 0 0

I; ‘Es -J2 0 0 0




where « is the angle of rotation for each of the symmetry operations the full
rotation group representation may be obtained (Table 4.1.2). The full rotation

compatibility table (Table 4.1.3) is obtained using the following equation
Pl = Len (4.1.2)
Iy = h “ RAJAR oo

where h is the order of the group, n is the co-efficient of the operation, ¥ the value

calculated from equation 4.1.1 and X the irreducible representations obtained

from the character table.

A transition between two states may or may not be allowed in a particular
polarization. The transition between two representations is allowed if the product
of the initial state by the representation of a component of the transition operator
contain the representation of the final state. Therefore, the allowdness is strictly
related to the polarization of the radiation. In table 4.1.4 we show the selection
rules for the electric dipole radiation for D,y symmetry , where ¢ and = denote the
occurrence of a transition in electric dipole radiation with the incident radiation
polarized with its electric vector perpendicular or parallel to the crystal axis. The

YVO, crystal is uniaxial and the c-axis coincides with the quantization axis.
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Table 4.1.2 : Character table for the D,y operator in the Full Rotation Group

Representations .
E S4 Cz Cz, G4
k4
D 2 +J2 0 0 0
b 3
Dap 4 0 0 0 0
+
Dsp 6 3 0 0 0
4
Doy 8 0 0 0 0
b 3
Do 10 3 0 0 0
;4
Dup 12 0 0 0 0
+
D13 2 14 p.ﬁ 0 0 0
b 4
Disn 16 0 0 0 0

* Er** has 11 electrons (4f''), hence takes the negative signs.



Table 4.1.3 : Full rotation compatibility table for D,y group.

J Is Iy
172 0 1
32 1 1
52 2 1
72 2 2
9/2 2 3
1172 3 3
1372 4 3
1572 4 4
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Table 4.1.4 : Electric dipole selection rules for D,4 site symmetry, where +

and - denote allowed and forbidden transitions respectively.

O polarization T polarization

) 3 Iy Ts Iy

Ts + - - +
r', - + + -




4.2 SPECTROSCOPY

4.2.1 Absorption Spectroscopy

Polarized absorption spectra of Er** in YVO, at 7 and 300K in the spectral
range 300 to 1800 nm were used to assign the various Stark components of the
following levels: ‘Iisz , “lisz, “lup. ‘b, ‘For, *S3z, *Hup, *Far, *Fsn, *Faz. *Hop,
“Gu,z, and 2K15,z. The temperature dependent absorption peaks (hot bands) were
established by comparing the 7K spectrum with the absorption obtained at 300K.
Analysis of the hot bands established the Stark levels of the ‘I;s» ground state
manifold at 38, 63, 143, 268 and 300 cm™. The higher levels of the ground state
manifold were confirmed from the emission spectrum (see section 4.2.2).
Absorption spectra were recorded for 0.1, 1, 2.5 and 10% Er** doped samples in
both polarization and at low (T=7K) and room temperatures. The absorption
spectra were found to be similar and the absorption coefficients are proportional to
the Er** concentration. Figures 4.2.1.1 to 4.2.1.9 show the absorption spectra for

the 2.5% Er’*:YVO, sample at 7K and for two polarizations.

The effect of temperature is clearly demonstrated in Figure 4.2.1.10. In this

figure we observe that at 7K only two peaks are observed. These two peaks may
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Figure 4.2.1.1 : Polarized absorption spectra of the transitions 2Gyp, Kisp,
*Gop, ‘Grip & *Iisp at 7K for the 2.5% Er** doped YVO,
crystal



1.0 ~

’Hy, s

0.8 |-

o
o
]

o
>
]

Absorption (arbitrary units)

o
)
1

(4]
0.0} WW‘VW

' 1 A 1 I [} P 1 A i i J

402 404 406 408 410 412 414
Wavelength (nm)

Figure 4.2.1.2 : Polarized absorption spectra of the transition 2H9,2 < )
at 7K for the 2.5% Er"* doped YVO, crystal

91



Absorption (arbitrary units)

0.50
0.45 -
0.40 |-
oss | |
0.30 -
0.25

0.20 :— rwﬁwlﬂwf‘

ois | |

0.10 |-

0.05 |-

i W*W A

_0.05 1 L i 4 1 ' 1 L i

Wawelength (nm)

Figure 4.2.1.3 : Polarized absorption spectra of the transitions *Fir,
*Fsp & *Iisp at 7K for the 2.5% Er** doped YVO, crystal
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Figure 4.2.1.4 : Polarized absorption spectra of the transition ‘F, « *Iispn
at 7K for the 2.5% Er** doped YVO, crystal
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Figure 4.2.1.5 : Polarized absorption spectra of the transitions *Hj,
4San < *Ii5p at 7K for the 2.5% Er** doped YVO, crystal
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Figure 4.2.1.7 : Polarized absorption spectra of the transition
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crystal
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Figure 4.2.1.8 : Polarized absorption spectra of the transition
i1z < *Tisp at 7K for the 2.5% Er** doped YVO,
crystal
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Figure 4.2.1.9 : Polarized absorption spectra of the transition
Tisp « *Tis at 7K for the 2.5% Er** doped YVOq
crystal
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be assigned to the transitions I'; (*Ssp) « I'7 Clisn) and Ts (*S3p) & Ty Clisp)
(Figure 4.2.1.11). Both transitions occur from the lowest Stark level of the ground
state to the two excited Stark levels of the *Ss; state. The splitting between the
4Ssp2 levels is 5 cm™. This also confirms that the Er** ions occupy only one type of
environment since we have previously shown that in D,y symmetry the 483,2 state
can only split into two levels. In Figure 4.2.1.10 the absorption spectrum at 300K
shows more than four major peaks. These peaks obviously show broadening due to
temperature and the number of peaks is due to transitions from the higher Stark

levels of the *I;s;, state.

Fig 4.2.1.12 shows the observed energy levels with their corresponding

Bethe symbols.
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Figure 4.2.1.11 : Transitions from the *I;s;, ground state to the *S;;
excited state obtained at 8K.
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Figure 4.2.1.12: Observed Stark splittings of Er** doped yttrium vanadate crystals
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4.2.2 Emission Spectroscopy

Room and low temperature (7K) fluorescence spectra (488 nm excitation)
were recorded for all sample concentrations in the two ml@ﬁons and they
showed similar features. Analysis of the spectra confirmed the Stark levels of the
ground state, *I;s, and excited state “I 3, manifold. Bands were also observed in
the 525, 580, 605, 660, 800 and 850 nm region of the spectrum and they can be

attributed to the following transitions : 2Hu,z - 4115,2 , 2H9/2 - 4113,2 . ‘Fm -

4 4 4 4 4 4 4 .
Iisn, "Fop = “hLisp, Iop = “Lisp, "Ssp — "Tiap , respectively.

Figure 4.2.2.1 shows the low temperature (8K) polarized emission spectra
for the transition *S;, — *I;s». We note that for both polarizations thirteen peaks
(different intensities) are observed at the following wavelengths: 544.7 nm (18360
cm™), 544.8 nm (18355 cm™), 545.9 nm (18319 cm™), 546.1 nm (18312 cm™),
546.6 nm (18296.5 cm™), 546.7 nm (18291.5 cm™), 548.9 nm (18217 cm™), 549.1
nm (18212 cm™), 552.2 nm (18108 cm™), 552.7 nm (18092 cm™), 552.9 (nm

18087 cm™), 553.7 nm (18060 cm™), 553.9 nm (18055 cm™).

Based on the selection rules for D,y symmetry and the fact that emission
generally occurs from the lowest Stark level of the excited state a total of eight

peaks (transitions) are predicted to occur. However, the splitting of the *S,; state is
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Figure 4.2.2.1 : Low temperature (8K) polarized emission spectra for the
transition *S3p, = ‘Iisn, Ae=488 nm
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approximately 5 cm™ and thermalization of the upper level (I';) is possible at 8K
(1 cm™® = 1.439 K). This leads to emission from both the I'; and I'¢ states (Figure

4.2.2.2)

Theoretically a total of sixteen peaks are predicted for the transition *S;, —
“ILisn, for a single crystal field site. The observation of thirteen peaks clearly
indicates a certain degree of overlap and confirms the fact that the Er** ions are

found in only one type of environment.

Polarized emission spectra of the *Si, — *I;3, transition were recorded at
7K and are shown in Figure 4.2.2.3. Each spectrum shows fourteen peaks at the
following wavelengths: 846.1 nm (11819 cm™), 846.3 nm (11816 cm™), 846.5 nm
(11814 cm™), 846.7 nm (11811 cm™), 849.2 nm (11775 cm™), 849.5 nm (11770
cm’), 849.7 nm (11769 cm™), 850.0 nm (11765 cm™), 852.9 nm (11724 cm™),
853.3 nm (11719 cm™), 857.3 nm (11665 cm™), 857.6 nm (11660 cm™), 858.5 nm
(11648 cm™), 858.9 nm (11643 cm™). In this case the fourteen peaks predicted
theoretically were observed (*Ss (T7, Ts) — *Lap (T, Ty, Ts, Ts, Ty, T, Te)).
From the spectra (Fig 4.2.2.3) the energy splittings of the ‘I3, multiplet were

determined. Fig 4.2.2.4 shows the energy splittings and the allowed transitions for

the *Ssp — *I13p, transition.
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Figure 4.2.2.2 : Energy level splittings and the allowed transitions observed for the
*S3r2 = “Iisp transition at 8K, Ag, = 488 nm.
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Figure 4.2.2.3 : Polarized emission spectra (8K) for the transition
83/2 - 4113/2, Aex =488 nm
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Figure 4.2.2.4 : Energy level splittings and the allowed transitions for the
4S3, = “I13p2 transition at 8K, Ag, = 488 nm.
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Transitions from the 2H, 112 to the *I sr2 level are clearly visible at T > 77K.
(Fig. 4.2.2.5). Thermalization of the *Hy, level will be discussed in detail in

section 4.5 .

Figures 4.2.2.6, 4.2.2.7 and 4.2.2.8 show the low temperature (77K) and
room temperature emission spectra for the following transitions, *Hopp — *Iisp,
*Fsp = “Lisp, *Fon = ‘Tz and “Il, = *Isp. The main feature observed for these
transitions is the marked decrease in intensity of the low temperature spectra. This
is not unexpected considering that the excited states ‘Fop, and *Iy, are populated
via radiative transitions from the higher excited states. The process is mediated by
phonons. Considering that the highest frequency vibration of YVO, is 890 cm™ [1]
the energy gap ‘Fyp, - ‘Fop (5097 cm™) can be bridged by 6 phonons. The energy

gap “Fop, - Iy (2632 cm™) can be bridged by 3 phonons.

In the infrared region of the spectrum the following transitions were
observed : ‘Tip = *hisz (= 1.0 pm), *Hoe = *Fop (= 1.07 pm), *Fp = “Tap (=
1.14 pm), “Ssp, - *Iyp (= 1.25 pm), *Guip = *Huyp (= 1.35 pm) and “hiaz — ‘Iise

(= 1.55 um) (Fig. 4.2.2.9).

Fluorescence spectra were recorded for 0.1, 1, 2.5 and 10% Er* doped

samples at low (T=7K) and room temperatures. The spectra were found to be
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Figure 4.2.2.5 : Room and low temperature (77K) emission spectra for the
transitions 2H1 12, 483/2 - 4[15,2, Acx: 488 nm.
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Figure 4.2.2.6 : Room and low temperature (77K) emission spectra for the
transitions 2I‘Igfz, 4stz - 4113/2, A‘g =488 nm.
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Figure 4.2.2.7: Room and low temperature (77K) emission spectra for the
transition *Fgp — *Iisp, A = 488 nm.
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Figure 4.2.2.8 : Room and low temperature (77K) emission spectra for the
transition *Ilop, = *I;s2, Aex = 488 nm.
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Figure 4.2.2.9 : Infrared emission upon 488 nm excitation at room
temperature i) quz—> Lisn, ll) *Hop—* F9rz , 1ii) Fsrz—> Lip,
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114



similar and the fluorescence intensities were proportional to the Er** concentration

up to 2.5% only, see Figure 4.2.2.10..

Figure 4.2.2.10 shows the room temperature green emission (*Hyyp, ‘S3pp —
*lisn) of YVO, crystals doped with different concentrations of Er** upon 488 nm
excitation. The fluorescence intensity was observed to increase with concentration
and reached a maximum intensity in the 2.5% Er** doped crystal. The 10% Er**
doped crystals showed much weaker fluorescence intensities in comparison to the

other concentrations due to quenching.

The efficiency of Er** emission from the different manifolds depends on the
multiphonon relaxation rates which in turn depends on the phonon energies of
YVO,. Raman spectroscopy has revealed the highest phonon energy to be 890
cm’' [1]. This value is relatively large in comparison to other hosts. For example,
the cut off phonon energies of Y,03, CaF,, and CsCdBr; are 560 [2], 465 [3], and

163 [4] cm’, respectively.

Emission from the "F—,,z state reflects the consequence of these differences.
The *Fip, = Hyp energy gaps are 1365, 1103, 1185, 1211 cm” for YVOy,

Y05 [5], CaF; [6], and CsCdBr; [7], requiring at least two, two, three and eight
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Figure 4.2.2.10 : Green emission of yttrium vanadate crystals, upon 488 nm
excitation at room temperature, doped with different
concentrations of Er**: 1)10% ,ii) 0.1% , iii) 1% , iv) 2.5%.
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phonons, respectively, for multiphonon relaxation. Since the decay probability is
generally found to be exponential in phonon number (8], the emission from the
"Fm level is much more efficient in CdCsBr;, while it is too weak to be detected in

Y203 [9] and YVO,.
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4.3 JUDD-OFELT ANALYSIS

The intensities of the f-f transitions for Er** in YVO, have been treated
using the approach of Judd-Ofelt. The environment of the Er* ion may be
described by the three phenomenological parameters Q,, Q. and Qs. These
parameters are related to the symmetry of the site in which the Er** ions reside and
to the degree of covalency of the Er**- O bond. To illustrate this, we show in Table

4.3.1 the values of Q, obtained in different hosts.

A noticeable difference is observed in the values of 2, the most remarkable
being the low value which has been reported for LaF; [10]. We also note that the
values of the Q4 and Q¢ vary to a lesser extent. Therefore, we may conclude that
the Q, parameter is influenced to a greater extent by the covalency of the Er'*-
ligand bond. In this section we will discuss the Judd-Ofelt parameters obtained for

Er**in YVO, making use of the factors mentioned above.

The room temperature absorption spectra (discussed in section 4.2.1)
allowed us to assign the transitions from the ground state, 4115,2, to the different

excited states. The other parameters necessary to calculate the Judd-Ofelt

parameters are the doubly reduced matrix elements, qu‘"> (Table 4.3.2) which
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Table 4.3.1 : Judd-Ofelt parameters €, (x 10 cm?) for some Er** doped laser

crystals.
Compound Site Symmetry Q, Q4 Qs
LaF; [10] C. 0.38 0.51 0.80
Y3Al5042[11] D, 0.47 0.96 0.61
CaYALO, [12] Cy 3.78 252 1.91
Y,SiOs [13] (o 2.84 1.42 0.82
Y20, [14] C; 4.6 1.2 048
YAIO; [15] Cin 1.06 2.63 0.78
YVO, Dy 13.45 2.23 1.67
(this work)
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Table 4.3.2: Doubly reduced matrix elements used in calculating the Judd-Ofelt

parameters for Er* in YVO,
Sy U@y 108y [uep?
Tiap 0.0195 0.1173 1.4299
Tin 0.0291 0.0004 0.3969
‘L 0 0.1856 0.0122
Fopa 0 0.5275 0.4612
‘Sin 0 0 0.2230
*Hup 0.7326 0.4222 0.0927
‘Fin 0 0.1467 0.6280
‘Fsn 0 0 0.2237
Fir 0 0 0.1256

’Hyp 0 0.0157 0.2278
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have been computed by Carnall et al [16] and are virtually constant irrespective of

the ion environment and the measured line strength, Sf},dm .

In practice the integrated absorption co-efficient, [o(A)dA, of an electronic

dipole transition is related to the line strength, S, via the relation

81t3eZXp i (n2+2)2 ed
Jatdr = 25w |5 | Smess | 43.1

where o (A) is the absorption co-efficient at wavelength A, p is the concentration
of Er** (ions/cm®), X is the mean wavelength of the absorption band, J is the total
angular momentum of the initial level (for Er*, 15/2), n is the index of refraction
and (n*+2)%/9 is the local field correction [17]. The experimental oscillator

strength, f, was calculated using the following equation

£=2303me? (52 432
ne n

In order to do the calculations, the integrated absorption co-efficients had to be
determined from the absorption spectrum. This was done by converting the

absorption spectrum such that the abscissa has units of frequency (s1) and the
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ordinate has units of absorption co-efficient (cm™), followed by the determination
of the area under each absorption peak. The results of this calculation are

presented in Table 4.3.3.

The Judd-Ofelt parameters may be calculated using the measured electric
dipole line strength (equation 4.3.1) and solving the set of equations given by the

following

S, = 3T Q K[S,L] J"U(‘)“[S',L']J')'z 433
t=246 t

The Judd-Ofelt parameters were obtained by a multiple least squares fit between
Sp3 and Scd. Table 4.3.4 reports the Sm3 and S .53 for the absorption

transitions and the Judd-Ofelt parameters.

The calculation for the Judd-Ofelt parameters as described above treats the
Q. as phenomenological parameters obtained from the experimental oscillator
strengths and the calculated reduced matrix elements. Since, an excellent set of
reduced matrix elements is available (Carnall et al.) the values of the Q.

parameters will depend on the accuracy of the experimental oscillator strengths
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Table 4.3.3 : Observed and calculated oscillator strengths for Er*in YVO,

SLJ A (nm) fop X 10 fu % 10°
Nap < ‘Lisp 1523 1.98 1.97
Lisp < *Lisp 985.2 1.01 1.06
o *Iisn 802.95 0.50 0.71
*Fop &« Tisn 657.03 3.65 3.55
‘Sap e ‘Lisp 549.17 0.60 0.69
Hyp < ‘Iisn 524.68 20.4 20.40
‘Fane ‘Tisp 490.89 2.97 3.04
*Fsn < ‘Tisp 453.63 1.04 0.83
‘Fip e ‘hisp 444.95 0.23 0.48
*Hop &« “Lisn 408.95 1.11 1.06
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Table 4.3.4 : Measured and calculated absorption line strengths for 2.5% Er** in

YVO.,. Line strengths, S, in units of 10 cm?. The Judd-Ofelt

parameters, £2,, are also shown.

Transition N (am) Spd S8
Tap < ‘Lisp 1523 1.914 1.908
Nz « “Lisn 985.2 0.541 0.566
L < “Iisn 802.95 0.181 0.257
*For & ‘Lisp 657.03 1.087 1.058
*Sapp &« *hisp 549.17 0.060 0.068
Hiip < *isp 524.68 5.822 5.822
Fa « ‘Lisp 490.89 0.529 0.541
*Fspp ¢ “Iisp 453.63 0.128 0.103
Fan « ‘Lisp 444.95 0.019 0.038
*Hop « *Lisp 408.95 0.205 0.195

Q, =13.45 x10?® cm? Q,=2.23 x102 cm?® Qg = 1.67 x10?% cm?
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used to compute. The major sources of errors in determining the oscillator
strengths are: i) accuracy of dopant concentration, ii) strength of the transition, iii)
dopant site distribution, and iv) accuracy of the refractive index. Therefore, it is
not surprising to find relatively large root mean square (rms) values, which is a

measure of the quality of the fit, where the G, deviation is given by:

434

_ sum of squared deviation 12
Omms = | Trumber of transitions - number of fitted parameters

The rms value for the line strength was calculated to be 1.59 x 107 which is
considered very good for these types of calculations. In other hosts such as Y,0;
[14] and YAIO; [15] rms values of 0.5 x 10° and 0.35 x 10 respectively, have

been calculated.

One should also keep in mind that the values of €, obtained also depend to
some extent upon the particular transition included in the data set. From equation
4.3.3 it can be seen that in the fitting procedure each Q, is weighted with the value
of the reduced matrix element associated with it. From Table 4.3.2 we observe
that, in general, a large number of transitions have relatively large values of [U®}?,

less have large values of [U“)]2 and a few have large values of [U72. This will
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undoubtedly give that Q¢ is the best defined parameter and conversly Q, the least

[18].

From Table 4.3.3. we note that the transition 2Hy; « °I;s;, has the largest
value for the oscillator strength. This transition is hypersensitive {[19] and obeys
the selection rules |AJ|< 2, |AL|< 2 and AS = 0. The intensity is particularly
sensitive to the host, and is solely determined by the Q, term. Jorgensen and Judd
[19 ] noted that the selection rules for hypersensitive transitions were just the
selection rules on [U®J* and that hypersensitivity could be rationalized as the

peculiar sensitivity of Q, to the environment.

From Table 4.3.1 we observe that the Q, parameters vary substantially with
the environment of the Er** ion. These variations are determined by the crystal
field parameters Ay, which in turn depend upon the positions and the charges of
the surrounding ligands. The intensity of certain transitions might be intense in
systems permitting a certain A,, term, while weak for other systems excluding
them. The values of the Q4 and ¢ parameters (Table 4.3.1) do not vary as much
as those for £,. It should be noted that the Q, parameter is determined essentially
by transitions to the 4Gu,z and 2Hu,z levels. The transition to the 4sz can not be

measured accurately, since the corresponding absorption band is situated on the
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absorption edge of the yttrium vanadate matrix. The €, is related to the oscillator
strength of the 2H,;;, « *I;s, transition which is substantially more intense in the
YVO, crystal (see Table 4.3.3), showing that the YVO, matrix is less ionic in

character [20].

The phenomenologically obtained €2, parameters are a combination of static
and vibronic perturbations. Both static and vibronic intensities can be increased if
a significant amount of covalency is postulated. This covalency can modify the
angular part of the 4f function which will preferentially affect Q2;, and hence
giving an £, parameter almost an order of magnitude larger in YVO, than the
other hosts. The relatively small Q, value for some of the hosts such as that of the
LaF; system is believed to be attributable to the formal prohibition of the A,
crystal field term for the D), rare earth site symmetry. The Ao term is disallowed
for the Doy site of YVO, and a small Q, value was expected. However, a large
value for Q2, was found. This may be attributed to the inaccuracy in calculating the
2, value as discussed in the above paragraph. We feel that the inaccuracy in the
calculations cannot account for such a high value of €,. A more likely explanation
is that a strong covalent bond, exists between Er and oxygen. The relatively high
values for 4 and ¢ indicate that the YVO, is a hard crystal with a higher degree

of disorder in comparison to other hosts (Table 4.3.1).
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The probability for the spontaneous transition A,,- from a given state a to
the state a’ is the sum of the electric-dipole and magnetic dipole transition
probabilities A3 and AT¢ . A4 was calculated using the electric dipole operator
F2 and magnetic dipole operator M2 given by equation 2.5.1.10 and 2.5.1.11,

respectively, to give

_ 32n363 n(n242)2 2 . 3.2
A= Iniine ) [ 3 F2 + n° M (4.3.5)

where n = 2.02 [21] is the average refractive index over the ¢ and & polarizations
for Er*:YVO, and 6 (cm™). The data are summarized in Table 4.3.5 which also

includes the values of the intramanifold branching ratio B,, given by

B=_‘laa 436

where the sum represents the total transition probability for radiative decay from
the initial manifold. The B values obtained for YVO4Er** compared well with

those found for Er** in Y,SiOs [13]. The radiative lifetime is given by:
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Table 4.3.5 : Calculated spontaneous emission probability A,,, radiative
branching ratios B,y, and radiative lifetimes of 2.5% Er** in YVO.,.

Transition  o(cm?) A"  Am G T () Bu
a
Nap— *Lisp 6550 353 82.6 23 1
Nup = *hsp 10121 536.6 0 1.62 0.87
‘Lan 3571 60.7 16.6 0.13
4193 - 4115[), 12453 427 0 1.71 0.73
‘Lan 5903 150 0 0.26
‘ie 2331 33 2.88 0.01
‘Fop = ‘Iisp 15205 4246 0 0.21 0.89
Tsn  8654.7 245.2 0.05
‘Ine 5083 245.5 0.05
‘Sin = ‘lisp 18299 3433.2 0 0.195 0.67
‘NLan  11749.6 1396.3 0.27
‘Iun  8193.5 114.9 0.02
‘Tp  5861.7 180.7 0.03
zHun-) 41153 19072.7 37311.2 0 0.026 0.96
Tan 125224 531.3 0.01
‘Fop > ‘Iisp 20358.3 8744.1 0 0.087 0.76
“han 13808 1504.7 0.13
i 10236.4 722.6 0.06
‘e 79045 425 0.03
‘Fsp = *Lisp 22114.6 4032 0 0.112 0.45
Tap 15564.3 3682.7 0.41
‘ie  11992.7 389.2 0.04
‘Tn  9660.8 4212 0.04
‘Fon  6909.6 369.2 0.04
‘Fin & *Lsp 221146 3417.5 0 0.137 0.47
Tap  15564.3 329.4 0.04
Inp 11992.7 2628.5 0.36
‘L, 9660.8 833.7 0.11
2H9n e 4 41]5,2 247359 3768.2 0 0.085 0.32
‘Tiap  18185.6 5873.4 0.50
‘i 14614 1609.7 0.14
‘I, 12282.1 229.7 0.02

‘Fop__ 9530.9 123.9 0.01
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To __1 4.3.7

The measured fluorescence lifetime of the different levels for Er** in YVOq

were much faster than the calculated values, as an example the 4Sg,z level had a
measured lifetime of 6.7 ps in the 2.5% Er*:YVO, crystal and a calculated
lifetime of 195 ps (see table 4.3.5). This is due to competing nonradiative

processes, in particular multiphonon emission and ion-ion exchange. Detailed

discussion of these processes will be given in sections 4.6 and 4.7.

It is important to note that only the transitions involving the 4113,2 and 4111,2

excited states contain a significant magnetic dipole contribution. The transition

probability, A:,“‘a‘-1 , was obtained using the following equation :

3
n (YVO4)

GET " A" (YVO,:Er3t) (4.3.8)
3

(A';‘g- (LaF3))
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4.4 CRYSTAL-FIELD CALCULATIONS

In the study we analyzed the energy levels of 14 % *! L; multiplet manifolds of
the 4f'! (Er**) electronic configuration. They include 59 crystal field levels of the 70
predicted to be split out in D,y symmetry. The 59 levels were determined from
absorption and emission measurements (0 and 7 polarization), carried out at 7 and
300K. The experimental Stark level energies were used as the input data in the
parameterized Hamiltonian. The free ion wavefunctions were determined using a

Hamiltonian containing the Coulombic interaction, in the form of the Racah
parameters, E®, E® and E® and the spin orbit interaction, & . Interconfigurational
interaction was also included in the form of the parameters, o, B and . The free ion
parameters chosen for our calculations were obtained from Carnall et al [16]. For Er*

in aqueous solution the parameters are:

E® = 6769.9, E? =32.388, E® = 646.62,
£ =2380.7,

a=18.347,B =-509.28 and y=649.71  (all incm™).

The crystal field potential at the Er** ion sites has D, symmetry, therefore

the Hamiltonian may be expressed as:
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N
Hcr = ),Big Y, Ciq @) (44.1)

k.q i=1
where B, are the crystal field interaction parameters which describes the effect of the
crystal on the free-ion energy levels, and Cy, is a spherical tensor of rank q and order

k. The second sum is overi= 1 to N, where N is the number of electrons (4f'"), for f
electrons, k is limited to values < 6. The even-k terms in Eq. 4.4.1 remove the
degeneracy of the free-ion J states of rare earths and cause Stark splittings of = 10?
cm’. From the general relationship By_=(-1)"By; we note that Equation (4.4.1) may be

expanded to the form
Her = BuCao + BaoCao + Baa[Cas + Ca.4] + BeoCoo + Bea[Cos + Ce.4] 44.2)
In order to initiate the calculation, a set of starting values for By must be

obtained. The calculated lattice parameters Ay, which are the irreducible spherical

tensor components of the electrostatic crystal field calculated from direct point

charge lattice sums, are related to the By, through the radial factors, py as follows:

qu =Pk Akq (443)
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where p; = 0.1706, ps = 0.4053 and ps = 0.9649 [22], and are ion dependent host
independent quantities. The set of Bq" was varied in a least squares calculation which
used 59 energy levels in the multiplets ‘Isp through ?Ksp. After using the calculated
levels to aid in establishing an energy level diagram for EP* in YVO,, the parameters
in equation 4.4.1 were varied until a least rms value of 6.71 cm” between the 59
calculated and experimental energy levels were obtained. The By, yielding this fit are
given in Table 4.4.1and they are in good agreement with published results [23,24]. The

calculated and experimental energy levels are given in Table 4.4.2.

The crystal field parameter By is particularly sensitive to the magnitude of the

electrostatic interactions. The lattice dependent portion of By is given by

2_.2
By o 32717 (4.4.4)

Roughly speaking then, the larger (in magnitude) values of By, imply that the co-
ordinating ligands are closer to the rare earth ion. This would imply that a stronger
interaction exists between the rare earth ion and the ligands. The absolute value of the
By parameter is larger for EP* in comparison to Eu** and Nd* in the same host
crystal (Table 4.4.1). This is not unexpected since Er* has a greater electron density.

The influence of the anion (AsO,>, PO,>, and VO*) on the crystal field parameters
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Table 4.4.1 :

Crystal Field Parameters By, for trivalent Rare earth ions in Yttrium

Vanadate Single Crystals
Bzo Bao Bas Beo Bss  RE*: Host Crystal
-218 322 914 702 10 Er*:YVO, [23]
-206 364 926 -688 31.5 Er*:YVO, [24]
-216 196 908 -682 37 Er*:YVQ, T vk
-122 403 701 962 -40 Eu*:YVO, [25]
-122 626 1024  -1170 -251 Nd**:YVO, [25]
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Table 4.4.2 : Calculated and experimental energy levels of Er’* in Doy symmetry.

ZS“L; Energy Free Ion Mixture
Theoretical  Experimental I
4I15/2 -7 0 I 99.8 4115,),
38 38 Te | 99.97 “Lisn + 0.01 “Iizn + 0.01 *Fsp
39 41 I 99 96 4I[5n +0.03 4113r2
65 64 I, 99.98 4]:15/2 +0.01 41133 +0.01 4:[:9/2
139 143 Ts | 99.97 “Iisn + 0.01 *Iap
244 247 Ts | 99.95 *Iisn + 0.03 *Iizz + 0.01 *Fop
277 268 ) 99.97 4115/2 +0.02 4I|3f2
299 300 T 99.98 4115/2 +0.01 41133
4113/2 6540 6541 I 99.88 41130. +0.08 4[11{; +0.01 4I9ﬂ
6543 6544 Ts 99.95 41133 +0.02 4111{2 +0.01 4115/),
6583 6585 ;| 99.91 “Liapn + 0.04 *Iy +0.03 *Lisp
6590 6590 s | 99.85 “Lian + 0.09 Iy + 0.02 “Iisp
6635 6636 Iy 99.89 *I132 + 0.06 *Ii1p + 0.03 “Iisp
6698 6695 Iy 99.91 “Ljap + 0.05 “Iiyz + 0.03 *Lisp
6713 6712 Ts 99.91 41130 +0.06 4qu2 +0.02 4Igrz
Tin 10183 10184 113 99.90 “Iy1pp + 0.04 “Iyn + 0.02 *Fsp
10191 10192 ;| 99.84 Iy +0.05 *Iisp +0.04 “In
10204 10201 Ts 99.87 4111/2 +0.06 4[13[; +0.04 4I9ﬂ
10222 10232 I, 99.80 411 n+ 0.09 4Il:;rz +0.06 419/1
10257 10244 Ts 99.78 411 12 +0.16 4113{2 +0.03 4F9/z
10269 10272 7 | 99.90 *Iip +0.03 ‘I, +0.03 ‘L
‘I 12340 12347 Te |99.93 L +0.02 ‘Inp +0.01 ‘L
12427 -— I, 99.92 419/2 +0.02 411 n + 0.01 411 122
12439 Ts | 99.86 *Isp +0.09 “Iiyn +0.02 2Hyyp
12501 - ;| 99.82 *TIsp +0.09 “Iiin +0.03 *Ssp
12581 12574 I |99.91 “Lp +0.03 *Iiy, +0.02 “Fsp

continued...
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s Energy Free Ion Mixture
Theoretical Experimental I
Fopz 15211 15206 I [99.92'Fz +0.04 Tup +0.01'Nsp

15230 15233 Ts 99.91 “Fop + 0.02 “Fsp + 0.02*I11
15285 15279 Iy 99.90 ‘Fgfz +0.04 4111/2 +0.01 2H|1n
15322 15322 ;| 99.90 “Fop + 0.03 *I;yp + 0.03 “Fsp
15333 15342 Ts |99.91 ‘Fop +0.03 “Ijyp +0.02 %Hyyp

*San 18352 18355 I |98.79Ssy, + 1.10 Hyyp +0.04 L
18363 18360 ;| 96.80%Ss, +3.14 2Hy1, +0.02 ‘G

Hup 19061 19053 e | 99.71 *Hyp+ 0.15 *Fap + 0.07 *Ssp
19091 19080 Iy | 99.30 2H;1p+ 0.48 “S3n + 0.14 “Fyp
19120 19122 Ts |97.18 2Hup+2.72Ssn + 0.03 “Fop
19149 19150 Iy 99.41 2Hun+ 0.34 4S3ﬂ +0.16 4F7/z
19158 19158 T 99.51 2Hu/z+ 0.36 4S3fz +0.03 4Fs,z
19189 19203 ;| 99.39 Hy1p+ 0.29 *Ssp + 0.26 *Fip

*Fin 20434 20439 Te | 99.71%Fip+0.11 *Fsp + 0.09 *Hyip
20492 20483 ;| 99.65‘Fop + 0.24 Hyyp + 0.02 “Gyip
20518 20521 Ts |99.37 “Fap+0.32 *Hyp + 0.15 ‘Fsp
20529 20530 Iy | 99.73 “Fap+ 0.12 *Hyyp + 0.06 *Fsp

Fsp 22128 22121 Ts | 97.24 “Fsp+ 2.65 “Fap+ 0.04 *H;

22144 22143 12 99.63 ‘Fsp + 0.17 *Fap + 0.05 *Fypp
22172 22180 Ts | 99.29 “Fsp+ 0.43 *Fsp + 0.17 *Fp

Fan 22477 22479 Ts | 99.67 “Fan+0.12 ‘Fip + 0.09 “Gyp
22525 22523 I; | 96.80 *Fsp + 3.08 “Fsp + 0.05 ‘Fyp,

*Hyp 24445 24453 Is | 99.68 2Hsp+ 0.26 2Kysn + 0.02 “Fsp
24527 24516 7 |99.49 *Hop + 0.28 “Gyip + 0.18 %Kysp
24536 24537 Ts | 99.852Hop + 0.04 *Gy1p+ 0.03 *Fy,
24582 24600 I 99.61 2Hgpp + 0.18 2Kysp + 0.16 *Gy1p
24650 24634 r;  |99.59 *Hop + 0.19 2Kysn + 0.14 *Gyyp
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) Energy Free Ion Mixture
Theoretical Experimental I,

‘Gup 26223 — Te | 99.51*Gup +0.25 “Gop + 0.15 *Kysp
26248 26236 Ty 99.66 ‘Glm +0.17 4G9f2 +0.10 2K15fz
26301 26292 e 99.09 Gy, +0.47 2Kysp +0.31 ‘Gsp
26347 26357 Iy 98.66 “Gyip + 0.93 “Gop + 0.26 *Hyp
26395 26403 Ts | 99.15°Guz +0.31 “Gop + 0.26 2Kisp
26422 26424 ;| 99.19%Gy, + 0.26 “Gop + 0.24 Kysp

*Gop 27452 — 7 | 95.68 *Gop + 2.77 2Gapp + 0.75 *Kisp
27462 — Is | 96.56°Gy, + 1.95 %Gy + 0.90 ’Kysp
27465 — I | 96.80°Gy, + 1.83 2Gop + 1.21 Kysp
27497 — Ts 95.41 *Gyp, + 3.41 Gopp + 0.72 %Kisn
27504 — Iy 99.13 *Gyp, + 0.56 ‘G + 0.19 Kysp

K1sp 27655 27647 I | 97.49 Ksp + 1.27 *Gop + 0.82 2Gyp
27662 27670 Ts 98.78 Kysp + 0.69 “Gopz + 0.34 2G1p,
27709 Ts | 96.37 %Kisp + 3.19 G+ 0.21 2Hyp,
27739 27739 Iy 89.88 %Ks,, + 8.88 G+ 0.99 *Gyp
27797 - Ts 96.43 *Kysp + 3.06 G + 0.19 *Ggp
27822 -— I 9791 2K|5[2 +1.09 2G7/2+ 0.73 4ng,
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and the crystal field strength can now be considered. The crystal field strength

parameter (S) was calculated using equation 2.3.9. The resulting values, obtained are

given in Table 4.4.3. The crystal field strength parameter decreases in the order Syaso 4

< Sypo, < Syvo, suggesting that the As™ ion is more strongly bonded to the oxygen

which reduces the covalency of the Er-O bond. Further support to the role that the

cations (As™, P**, and V**) plays in changing the local field at the Er** sites may be

deduced from the values of the B,y parameter (Table 4.4.3). For the YAsQO, the value

of By is in fact smaller than those found for YPO, and YVO,. This is consistent with

the interpretation that we have presented.

Table 4.4.3 : Crystal Field Parameters Byq of Er*in (Y, Er)AsOq, (Y, Er)PO,, and

(Y, Er)VO,
Crystal
By Bao Bas Bso Bes field RE*: Host Crystal
Stren
(cm™) (cm™)
-61.1 93.4 831.4  -591.1 99.7 63.3 Er*:YAsO, [26]
282.8 144.8 800.5 -6464  126.1 78.3 Er**:YPO, [26]
-216 196 908 -682 37 80.1  Ert:YVQ, Tisvek
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4.5 THERMALIZATION OF THE *H;;» LEVEL

Transitions originating from the H,112 level are clearly visible at T > 77K.
At these temperatures, the energy gap of approximately 641 cm” from the lower
lying S, state can be effectively bridged by high energy phonons. Thermalization
of the 2Hu,2 state has been observed in crystals such as yttrium orthoaluminate
(YAIO;) [27] and lanthanum fluoride (LaFs;) [10], and glasses such as barium-

thorium fluoride (BaF,/ThF;) [28] and fluorohafnates [27].

The temperature dependence of the 2Hyyp, *Ss — ‘Iisp transitions is shown
in Figures 4.5.1 and 4.5.2. An increase in the intensity of the “Hy, — “Lsn
transition was observed as the temperature was raised from 77K to RT. This
observation was accompanied with a decrease in the intensity of the *Sap — Nisp
transition, due to the depopulation of the *Ssp,, feeding level for the thermalization

process.

An analysis based on a simple two-level thermalization process comprised
of the 483,2 (level 2), and 2Hu,z (level 3) levels predicts that the thermalization of

the 2Hyy1» level may be expressed by the following equation [30]
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Figure 4.5.1: Temperature-dependent emission spectra of the 2H1 12> 4S3,2 - 411 )
transitions excited at 488 nm for Er’* in YVO, i) 77K, ii) 119K, iii)
152K, and iv) 166K.
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Figure 4.5.2: Temperature-dependent emission spectra of the *Hyyp, *Ssp — “Iisp
transitions excited at 488 nm for Er** in YVO, i) 182K, ii) 220K,
iii) 264K, and iv) RT.
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I ; E
2= P33T o (731%) @4.5.1)
2 p; N0,

where p{ and pg are the total spontaneous-emission rates, T, and nw, are the
photon energies, g, and g, are the degeneracies (2J+1) of the 483/2 and 2Hu,z

levels, respectively, and I, and I; are the integrated intensities of the *Hyy, — “Iisp
and *S;, — “I;s, transitions, respectively, at a given temperature. The Ej; term
represents the energy gap between the 2Hu,z and 4S3,2 levels, k is the Boltzman’s
constant, and T is the temperature in degrees Kelvin. The photon energies of the

two levels are similar and may be considered to be equal.

A plot of the logarithm of the ratios of the integrated intensities for the
transitions the 2H11,2 - 4115,2 and 483,2 - 4115,2 as a function of 1/T is shown in
Figure 4.5.3. The thermal population of the *Hyy, level was found to obey the
Boltzman distribution for a two level thermalization process (equation 4.5.1). The
slope of the line corresponds to an energy gap of 641 cm™. This value is in
excellent agreement with the value (AE = 644 cm™) determined from the spectra.
The value of the preexponential factor may be estimated from the product of the
ratio of the total spontaneous-emission rates (7.5) and the ratio of the degeneracies

(3) and gives a value of 22.5. This value is not in good agreement with the fitted
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value of 13.8 , which is due to the values used to calculate the total spontaneous-

emission rates ( see section 4.3 for explanation).

Direct excitation (544.9 nm) into the *Ss;, level as a function of temperature
(77-300K) showed a peak at 19004 cm” (526.20 nm) (Figure 4.5.4). This peak

corresponds to the transition 2H1 "= "Il s and can only be due to thermalization.

The thermalization process was assumed to be a direct two-level process.
This was confirmed by a power dependence study. The natural logarithm of the
ratio of the intensities of the *Ss; — “Iisp (I) and *Hyy, — *Lisp (Ip) transitions
was plotted versus the natural logarithm of the excitation power. The data were

fitted using the following equation

Lal" (4.5.2)

A straight line was obtained with a slope n = 1.0 which confirms that the

thermalization process is a direct two-level process (Fig. 4.5.5).
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Figure 4.5.4: Thermalization of the 2Hu,z level after 544.9 nm excitation into the
%S, level at 103K.
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power, obtained at RT following 544.9 nm excitation into the *Ss/,

state.
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4.6 UPCONVERSION IN YVO; : Er**

Upconversion is possible in rare earth doped materials since the 4N
electronic structure of these ions provide many long lived intermediate levels that
can be populated with infrared radiation as well as metastable higher lying levels
that give rise to strong visible emission [31,32]. To date upconversion and
upconversion lasing have been observed in a variety of rare earth ions: Pr*, Nd*,
Ho>*, Er* and Tm>. These ions exhibit metastable intermediate levels that are
accessible by red and near infrared pump wavelengths available from such diverse
sources as a Ti**-sapphire laser or III - V semiconductor diode lasers. Upconverted
visible fluorescence has been observed for a variety of Er** doped fluoride and
oxide crystals and glasses [29,33-37]. Different upconversion mechanisms have
been identified [31]. The first type represents a sequential two photon absorption
as exemplified by the 792 and 840 nm excited 550 nm upconversion emission of
Er’*:YAIO; at a temperature of 77K [38]. This process is known to be generally
inefficient because of the small two photon absorption cross section. The second
type represents upconversion by energy transfer between two neighbouring rare-
earth ions. Two ions in close proximity are coupled by a non-radiative process in
which one ion returns to the ground state while the other ion is promoted to higher
excited state. These coupled neighbouring ions need not be of the same atomic

type. The presence of a co-dopant can be used to optimize the absorption process
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and the upconversion emission process. An example of this type of mechanism is
shown by the 35K temperature, 969 nm excited 470 and 560 nm upconversion
emission of Er*:LiYF, [39]. The third much rarer type involves excited state
absorption of the exciting photons followed by interionic cross-relaxation. This
type is exemplified by Pf*:LaF; [40]. These three upconversion mechanisms can
be readily distinguished by their temperature and concentration dynamical
behaviours. In this section we will discuss the mechanism(s) of upconversion

pertinent to Er** doped in YVO,.

Upconversion was observed at different concentration of Er** in the range
0.1 to 10% and at three excitation wavelength 652.7, 799.1 and 979 nm. The
intensity of the upconverted emission was found to be dependent on the excitation

wavelength and the power of the excitation source.

4.6.1 Excitation into the ‘Fy, level

Figure 4.6.1.1 shows the room temperature fluorescence spectra obtained
using a continuous wave (CW) excitation (652.7 nm) of the 4F9/z «— 4115/2
transition. Three emission bands centered at 524, 553 and 580 nm were observed
corresponding to the transitions *Hyyp, *S3n — *“Iisp2 and Hgp — *Iyap respectively.

An excitation power of 380 mW was used. A pronounced concentration
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Figure 4.6.1.1 : Room temperature fluorescence spectra of Er*:YVO,

crystals following 652.7 nm excitation (Excitation power

=380 mW); a) 2.5%, b) 1.0%, c) 0.1%, and d) 10% Er**.
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dependence of the upconverted emission signal was observed. The maximum in
the fluorescence signal was obtained for the 2.5% Er'* doped crystal. The
fluorescence signal decreased as the concentrations of the Er’* ions decreased.
However, the 10% Er** doped crystal did not follow this trend, this may be

attributed to concentration quenching.

Fig 4.6.1.2 shows the room temperature upconverted emission spectrum
upon 652.7 nm excitation and the fluorescence spectrum upon 488 nm excitation.
An excitation power of 380 mW was used. The spectral band shapes and positions
are identical, however the intensities are significantly different. This result is not
unexpected considering the fact that although for both excitations the de-excitation
pathways are the same, the mechanism of upconversion is not as efficient in
populating the excited states. The emission occurs predominantly from the *S;,
state however fluorescence from the 2Hu,2 is also observed. The an,z state is
situated 641 cm™ above the “Ssp, and it is thermally populated (see Section 4.5). At
room temperature the two states are in thermal equilibrium, and the energy gap is

such that the population of Hy,, is small (see Section 4.2.2.).
Chamarro and Cases [29] have shown that the intensity of the upconverted

fluorescence, I, to be proportional to some power n of the excitation intensity I,

that is
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Figure 4.6.1.2 : Room temperature fluorescence spectra of a 2.5% Er**

doped YVO4 crystal following a) 652.7 nm and b) 488 nm

excitation (Excitation power = 380 mW).
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Lal; wheren=23,... 4.6.1.1

where n is the number of photons absorbed per upconverted photon emitted. The
value of n may be determined from the slope of the line obtained by plotting In (I,)
versus In (I). Our results were fitted using equation 4.6.1.1, and a quadratic
dependence on excitation intensity was obtained for the 524, 553, and 580 nm
emissions, indicating that the absorption of two photons is necessary for

upconversion to occur (Fig. 4.6.1.3).

The essential processes for upconversion emissions upon 652.7 nm
excitation, may be explained by considering the energy-level diagram of Er*
shown in Figure 4.6.1.4 (route a) for two Er** ions. The mechanism involves the
following steps [41] (i) the Er** ions are excited into their respective ‘Fg,z levels
(ii) one of the excited ions may decay non-radiatively to the 419,2 level (iii) the
second Er’* ion transfers its energy resulting in the excitation of the first ion to the
’K,sp state (iv) a sequence of multiphonon relaxation steps to the various
metastable states (‘Guip, “Hop, ‘Fanspin, Hup, and *Sip) occurs with the

subsequent radiative emission from the Hop, *Ssp2 and *Hyy, levels occurring.

On the other hand, the upper 2K;s level may be populated via a sequential

absorption of photons (Fig 4.6.1.4 route b),
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‘L +hv - Kisp

Both processes, energy transfer or the sequential absorption of photons, are
resonant with a perfect match between the excitation energy (15321 cm™) and the
energy gap between the lowest Stark level of the ‘I, manifold and the second

Stark level of the *K;s; manifold (15323 cm™).

The ions in the *Iy, level could radiatively or non-radiatively decay further

to the 4113,2 manifold. The ions are then excited via two different mechanisms; an

absorption of another photon by the same Er** ion (Fig 4.6.1.4 route c),

4113,2 +hv—o 4Fs,z

or an energy transfer from a neighbouring ion, of the type (Fig. 4.6.1.4 route d)

4 4 4 4
Lisp + 'Fop — “Fsp + "Iisp

Both of these processes require the absorption of phonons to compensate

for the mismatch in energy (259 cm'l) between the excitation energy (15321 cm'l)

and the energy gap between the lowest Stark levels of the *I;3, and “Fs;, manifolds

(15580 cm™).
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Evidence supporting both sequential absorption of photons and energy
transfer processes exist. Energy transfer is corroborated by the decrease in the
fluorescence decay time with concentration and the observation of a rise time.
Nevertheless in crystals with low dopant concentration, such as in the 0.1 % Er**
doped crystal, energy transfer is not likely, yet upconverted green fluorescence
was still observed. Such observations are explained by the sequential absorption of

photons which is responsible for the upconversion process.

Blue emission from the ‘Fipspp states was not observed. This is due to
efficient multiphonon relaxations from the *F states to the lower lying *Hi1 and
%S, levels, which is dependent on the energy gap between the levels involved and
the phonon energy available to the lattice. The energy gaps between the “Fip-‘Fsp
(299 em™), “Fsp-*Fip (1591 cm™) and *Fip-?Hyyp (1236 cm’) states may be
bridged by one, two and two phonons (highest phonon energy = 890 cm™),
respectively. The energy gap between the 2Hgp-*Fsp, states is 1930 cm™ and can be
bridged by three phonons. This gap is large enough to allow for both radiative and
non-radiative decay from the 2Hyp, state to the ‘I3 and ‘F levels, respectively. The
validity of such processes was corroborated by the relatively weak fluorescence
from the *Hg, state. Radiative decay from the “Fyp, level was not observed neither

at room or low temperature confirming the multiphonon relaxation to the Hiyp

and *S;, states. We point out that the presence of the Hyp, — *I1ap transition in the
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luminescence spectrum measured following 488 nm excitation, is due to an
upconversion process, since the 488 nm radiation cannot directly populate the
?Hyp, level. The mechanism responsible for this process will not be considered in

this thesis.

4.6.2 Excitation into the ‘I, level

Figure 4.6.2.1 shows the room temperature fluorescence spectra obtained
using a continuous wave excitation (799.1 nm) tuned to the ‘L « “Lisp
absorption band. Green and red emission bands centered at 524, 553, 580 and 660
nm were observed, corresponding to the transitions *Hyiz — *“Iisp, *Ssp = “Iise,
*Hspp = “hap, and *Fyp, — “Lisp of Er** ions, respectively. An excitation power of
240 mW was used. A pronounced concentration dependence of the upconverted
signal was observed. The fluorescence signal increased with Er** concentration
and reached a maximum for the 2.5% Er** doped crystal, after which a noticeable
drop in the signal intensity was observed in the 10% Er’* doped crystal due to

concentration quenching.

The spectra corresponding to the upconverted green and red emission

following 799.1 nm excitation are the same (except for the intensity) as those
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Figure 4.6.2.1 : Room temperature fluorescence spectra of Er** doped
YVO, following 799.1 nm excitation (Excitation power
= 240 mW); a) 2.5%, b) 1.0%, ¢) 0.1%, and d) 10% Er’".
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obtained under direct 488 nm excitation for the same excitation power (240 mW).
Figure 4.6.2.2 shows the spectra and we notice the similarity in spectral band
shapes and positions. This result is expected, and it shows the efficiency in
populating the excited states using the 488 nm excitation versus the upconversion
process. Nevertheless, the relative intensities of the *Hyyp, *S;n — ‘Iise and the
*Fora = *Lisp2 upconversion fluorescences are seen to be the same as those obtained
under direct 488 nm excitation. The green upconverted fluorescence was found to

be 200 times stronger than the red one.

The possible processes for upconversion of the ‘I, excitation to *Hg,, are
shown in Figure 4.6.2.3. In the first step, 799.1 nm excitation (12514 cm") excites
Er**ions into the *Iy, (4™ Stark level (3)), from which they non-radiatively decay
to the lowest level of the ‘I, manifold. The ions could now be excited via two
different mechanisms, a sequential absorption of a second photon or energy
transfer. These two mechanisms are shown in Figure 4.6.2.3. The energy transfer

process may be written as

L (0) + *Isz (0) = *“Lisz (5) + *Hgpz (0)

and is almost resonant with AE = 6 cm’ (Fig. 4.6.2.3), while the sequential

absorption of two photon process by the same ion
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Figure 4.6.2.2 : Room temperature fluorescence spectra of a2.5% Er"
doped YVO, crystal following a) 799.1 nm and b) 488 nm
excitation, (Excitation power = 240 mW).
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“Io2 (0) + hv — *Hgp, (4)

is off-resonant by at least 225 cm”? for the given excitation energy (hv = 12514
cm) (Fig. 4.6.2.3). Hence energy transfer upconversion is expected to be the
dominant upconversion mechanism for "Im excitation. Hehlen and co-workers [42]
observed the same phenomenon in an Er* doped Cs;Lu;Bry single crystal. They
concluded that the *Iy, upconversion to %Hyp, cannot occur in an isolated Er** ion
and at least two excited ions in close proximity are required to populate Hyp, via
an energy transfer upconversion process. However in our case evidence of both
processes exist. The observation of a rise time in the decay curve of the *Ssp2 level
supports energy transfer, while the observation of upconversion at low dopant
concentrations of Er** (0.1%), where energy transfer upconversion is not likely to

occur, indicates the presence of a sequential two photon absorption process.

Once excited to the 2H9/2 manifold, the ions can radiatively decay to the
lower lying manifolds, with the observation of the *Hyn — ‘13 transition (580
nm), or may non-radiatively decay to the lower lying levels, mainly the S35 level
to produce green emission. Nonetheless, upconversion via the I level is not the
most probable, due to the short lifetime of this level (0.5 us) [43,44], therefore

other upconversion pathways must be considered.
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The ions in the *Iy, level may undergo multiphonon relaxation to the lower
12 level with high efficiency [45]. Then they can sequentially absorb 799.1 nm
photons which excite them to the *Fs;, level [46,47]. The ions in the ‘Fs, level
undergo multiphonon relaxation through the *Fyp, to the 2Hjy, and the 1S levels
(Fig. 4.6.2.4a). This process requires the emission of phonons to compensate for
the mismatch (175 cm™) between the pump energy (12514 cm™) and the separation
between the lowest Stark level of the *I;,, level and the highest of the “Fsp, level

(12339 cm™).

The ions in the Iy, can further decay to the *I;s level [29] from which
they can be excited to the 2H, 12 level via a sequential absorption of a second pump
photon (Fig. 4.6.2.4b). This process is resonant with no mismatch in energy
between the pump energy (12514 cm™) and the separation between the lowest
Stark level of the “113,2 manifold and the lowest level of the 2Hu,z manifold (12513

cm™).

The upconversion process may also occur by a cross-relaxation (Fig.
4.6.2.4c) between interacting Er** pairs as has been observed in Er** doped
LiNbO; crystals {48] and other matrices [49-51]. The occurrence of interaction
between Er** pairs at the concentration levels used in this work is demonstrated by

the substantial reduction of the observed lifetime of the “Ss; level. The decay time
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of the 483,2 was found to be 6.7 s in the 2.5% Er** doped crystal in comparison to

10 s in the 0.1% Er** doped crystal.

The red emission is identified as the *Fg, — *I;sp; transition from the energy
level diagram. The ‘F level may be populated from the ‘S;, level via
multiphonon relaxation. The energy gap between the two levels is 3013 cm” and
the maximum phonon energy available is 890 cm’. Hence, four phonons are
required for the process to occur. This process is more important at low
Er** concentrations (0.1% Er'*). However as the Er* concentration increases (>
1.0 % Er**) energy transfer between excited ions becomes important. One ion
decays from the *Ssp, level and the second is excited to the ‘Fgp level via the

following process,

‘Sap +*hn— 2 ‘Fop

This process is very probable, since the energy mismatch between the *Ssp-*Fop

levels (3013 cm™) and the “Fop-*Iop (2995 cm™) is very small (18 cm™) [45].

The intensities of upconverted green emission at 524, 553, and 580 nm have
been measured as a function of pump power at 799.1 nm, and the results are

shown in Figure 4.6.2.5. The data shown in Figure 4.6.2.5 for each of the
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Figure 4.6.2.5 : Upconversion emission intensities versus excitation power
in EP*:YVO, crystals upon 799.1 nm excitation.
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following transitions, zHu/z - 4115/2, 483/2 - 4115,2, and 2I‘Ig/z —> 4113,2, were fitted
using linear regression and the slopes were calculated to be 2.1, 1.9, and 2.0,
respectively, indicating that the absorption of two photons is necessary for

upconversion to occur, which is in agreement with the pathways proposed above.

4.6.3 Excitation into the “I;;; level

Continuous wave excitation (979 nm) into the 4Iu,z 1 sp transition, using
an excitation power of 300 mW, produced the fluorescence spectra shown in
Figure 4.6.3.1. The observed bands were assigned to the following transitions;
Hy12 = “Lisp transition centered at 524 nm, *S3p — ‘Iisp, transition centered at
553 nm, 2Hg; — ‘Lisp transition centered at 580 nm, ‘Fy, — ‘Lisp transition
centered at 660, and 4Ig,z - 4115,2 transition centered at 800 nm. A concentration

dependence of the upconverted emission signal was observed (Figure 4.6.3.1). The
emission signal was maximum for the 2.5% Er’* doped crystal, and decreased as

the concentration decreased.

The spectral band shapes and positions observed for the upconverted
fluorescence are identical to the ones observed in the fluorescence spectrum upon

488 nm excitation (Fig. 4.6.3.2), however the intensities are significantly different.
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Figure 4.6.3.1 : Room temperature fluorescence spectra of a) 2.5%,
b) 1.0%, and c) 0.1% Er**:YVO, crystals following
979 nm excitation (Excitation power = 300 mW).
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The de-excitation pathways are the same for both excitations, however the

mechanism of upconversion is not as efficient in populating the excited states.

The upconversion process involves the absorption of infrared radiation at

979 nm by Er** ions,

4 4
Lisp = Tup

The Er** ions in the *I;;, could radiatively and/or non-radiatively decay to
the lower lying “I;3;» and *I;sp, states [52-55] , or they could be further excited into
the upper levels via energy transfer from an adjacent Er’* ion or by a sequential
step-by-step absorption of photons. Evidence of the former processes was obtained
by the observation of a rise time for the *S,, level. Upconversion was observed at
low concentrations of Er'* which indicates that it is a result of a sequential
absorption of two or more photons. This allows us to conclude that the two
processes are occuring. The relative fluorescence intensities of the emission green
to red also change with concentration. The green fluorescence is 152 times more
intense than the red fluorescence in the 0.1% Er** doped crystal in comparison to
only 38 times in the 2.5% Er** doped crystal. This difference in the relative
intensities, and the increase in green and red fluorescences must, therefore, result

from energy transfer between excited ions [45].
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The mechanisms of excitation of the zHu,z and the 483,2 states may be
explained as follows [31]: One process involves the population of the *Fy, level

via a sequential absorption of another photon by the same Er** (Fig. 4.6.3.3a) [39],

of the type

4111,2 +hv > 4F7/2

where the resonant absorption from the ground state to the metastable 411 112 State, is
followed by an off-resonant absorption to the “Fy, state. The mismatch between
the excitation energy (hv = 10214 cm™) and the separation between the lowest
Stark levels of the *Fy and *I;;, manifolds (10250 cm™) is equal to 36 cm™. This
mismatch can be compensated for by the absorption of phonons available to the
lattice. Several other Stark-level combinations require even smaller phonon-energy
dissipation for this upconversion process, where the mismatch is much smaller if

we consider the other Stark components of the 4111,2 manifold.

The *F;, may be also populated via a resonant energy transfer from an

adjacent Er’* ion of the type (Fig 4.6.3.3b) [55-57],

4 4 4 4
Lip+ Thp—> Fip + Iisp
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Both the energy transfer upconversion process and the sequential two
photon absorption process are possible, due to the relatively long lifetime of the
L1z manifold (= 31 ps). This intermediate state acts as a reservoir for pump
excitation and continues to feed the upper excited levels, such as the 4Fm level.
The same mechanism was shown to produce intense green fluorescence in
Er:YLiF, [47, 58-59], and a less intense one in Er:YAG [55]. Once the ions are in
the “F;;, manifold they could cascade non-radiatively to the *Hy;, and the *Ssp

levels, to produce green emission.

The red emission band at 660 nm is attributed to the 4Fg,z - sp2 transition,

and can be populated via three main excitation routes [60-62].

i) This route corresponds to the deexcitation of the *S;, down to the ‘Fy,

level, through multiphonon interaction (Fig 4.6.3.3c).

ii) A sequential absorption of a third photon by the same Er** ion could

further excite the ions in the *Ssp, level to the upper Gy, level (Fig 4.6.3.3d) {63],

483,2 +hv - ZG7[2

or (iii) an energy transfer from an adjacent Er** ion (Fig 4.6.3.3¢),
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4 4 2 4
g+ "S3p— ‘Gip + Iisp

can populate the upper lying Gy, level. Both mechanisms, sequential absorption
of a third photon or energy transfer, are non-resonant. The energy mismatch
between the “Ss-’Gy, (9685 cm™) and the excitation wavelength (10214 cm™) is
529 cm™ and may be compensated for by the emission of phonons. Ions in the
2Gyp, state could non-radiatively decay to the lower lying levels, hence populating

the ‘S, and “Fyp, levels, from which green and red fluorescence is observed,

respectively.

Previously, Van Uitert et al [64] proposed that in Y5OCl; phosphors, the
“Fyp, state is populated via the same mechanism that is proposed above. Their
cenclusion was based on the fact that the red emission intensity from the ‘Fy, level
tends to increase with a cubic power dependence, whereas the green emission from
the *Hyy; and *Ssp, levels tends to show a quadratic dependence. In our case the red
emission shows a quadratic power dependence, which renders route “i” the
favorable one (Fig 4.6.3.3c). However, the observation of the green fluorescence
centered at 580 nm due to the 2H9/2 - 4113,2 transition , enforces the presence of

route “ii” ions (Fig 4.6.3.4 d&e) to populate the higher energy levels of the Er**.
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The *Fgp level may be also populated via cross relaxation involving one ion

in the *I;;, level and another in the I3, level [39,57]

Tnp = Tisp non-radiative decay

i + “lisn = *Forp + s transfer from adjacent Er** ion

The energy transfer involves the simultaneous emission of phonons to
compensate for the fairly large mismatch of energy (1383 cm™) (Fig 4.6.3.3f)

which requires the emission of at least two phonons to bridge this gap.

The power dependence of the four upconverted fluorescence band
intensities was investigated. It can be shown that the green fluorescence due to the
2H1m, 483,2 - 4115,2 transitions and the red due to 4F9,2 - 4115,2 transition, have a
quadratic (slope; 2.1, 1.9, and 2.2, respectively) dependence on excitation intensity
(Figure 4.6.3.4). Indicating that the upconversion process involves a two-photon
mechanism. On the other hand, the green fluorescence due to the Hop — 4113,2
transition has a cubic (slope 2.9) dependence on excitation power, showing the
presence of a three- photon absorption mechanism [63], in agreement with the

mechanisms proposed above.
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Figure 4.6.3.4 : Upconversion emission intensities versus excitation power

in Er**:YVO, crystals upon 979 nm excitation.
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4.7 FLUORESCENCE DYNAMICS OF YVO4Er**

In this section we will present the analysis of the time evolution of the
optical transitions observed under different excitations. Room temperature
measurements were performed on the YVO, crystals doped with 0.1, 1.0, 2.5 and
10% Er** ions. Data from the fluorescence of the various states, *Ggz, 2Hop, *Sap,
*For, oz, “Ti12, and *Liap, yielded information about the dynamics of the system
and, in particular about the optical deexcitation processes occurring between these
energy levels. The samples were also excited directly into the *H;,; level, which is
in thermal equilibrium with the 483/2 level, at 532 nm. The fluorescence decays
were monitored at 1.24 pm (*Ssp = “Iiip), 858 nm (*Sap, = “Lisp), 1.35 pm (*Giype
— *Hyip), 1.08 pm CHyp — “Fy), 1.14 pm (‘For = “Tiz), 1.0 pm (T = “Iisn),

800 nm (*Iy, — “Iisp), and 1.53 pm (*lisz — *Lsp) (Table 4.7.1).

Normally an excited state of an isolated ion decays exponentially with a
certain lifetime, 7, and the rate of decay, T, generally contains both the radiative
and non-radiative components. At low dopant concentration the Er*-Er’*
interactions can be neglected, therefore the fluorescence decay curves will be
exponential. Exponential decay curves were observed for the 0.1% Er'* doped
YVO, crystal. At higher concentrations of Er** ions, the interaction amongst them

increases, and the interactions between dopant ions become more important. The
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Table 4.7.1 : Experimental room temperature fluorescence time constants

upon 532 nm excitation.
Er’* ion concentration

Transition 0.1% 1.0% 2.5% 10 %

S1p— ‘e T 10.0 ps 9.8 us 6.7 us 1. 6 us
(1.24 ym) TRise 0.17 us 0.35 us 0.39 us 0.54 us
S — ‘T T 10.5 us 9.8 us 6.4 us 1.5us
(858 nm) TRise 0.51 ps 0.35 us 0.39 us 0.57 us
‘Gun— *Hup 1 5.7 us 4.2 us 7.2 us 2.0 us
(1.35 pm) TRise 0.38 us 0.40 ps 0.42 s 0.46 pus
*Hon — *Fon T 60.0 ps 70.8 ps 53.5 us 26.2 s
(1.08 pm) TRise 0.34 us 0.33 us 0.35 us 0.41 pus
“Forn — “Lisn T 6.8 s 9.9 us 7.8 us 3.9 us
(1.14 pm) TRise 0.34 us 0.40 us 0.52 us 0.58 us
“Inp = “Iisz T 26.6 s 31.3 us 31.7 us 38.0 s
(1.0 um) TRise 12.05 us 8.42 us 5.61 us 1.64 us
“Ton = *Lisp T -—-- 9.5us 6.2 us 1.5 us
(800 nm) TRise == 0.37 us 0.29 us 0.48 ps
Tan— *Lisp T 2.29 ms 3.0 ms 2.40 ms 135 ms
(1.53 um) TRise 35.7 us 32.0us 27.7 us 19.4 us
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theory which takes this into account has been developed by several authors [65-
68]. Donor-donor interactions cause a deviation from exponentiality in the
fluorescence decay curves. The degree of non-exponentiality increases with
increasing concentration of the dopant. In-depth analysis of the experimental
results, allows us to make several remarks with respect to crystals containing Er**
2 1% ; i) all the decay curves are non-exponential, and ii) the decay times are
considerably shorter in comparison to the weakly doped sample. Hence, the
dynamics are now influenced by energy transfer processes and the decay times
represent the decay time constants of the fluorescence curves, and not the real
lifetimes of the levels. The primary deexcitation processes as well as the energy
transfer probabilities and the decay constants of the emitting levels are determined

by fitting the curves to the appropriate model.

Multiple phonons of only one frequency are assumed to be involved in the
relaxation, that is the highest frequency for which the phonon density of states is
significant. Weber [10] and Riseberg and Moos [69] showed experimentally that
the probability of the relaxation transition between J-manifolds depends
exponentially on the energy gap to the lower level. Theoretical treatment of
various multiphonon processes such as relaxation transiton and phonon assisted
energy transfer for the rare earth ions in crystals have been performed by

Miyakawa and Dexter [70]. They showed that at low temperatures, the lowest-
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order process, involving the smallest number of phonons to span the energy gap, is

the most probable.

The rate for non-radiative relaxation between two states separated by an
energy gap, AE, which is considerably greater than the energy of a single phonon

is given by [10,30,69-71]

Wig = C e 4 4.7.1

where Wyr is the multiphonon emission rate, and C and o are constants
characteristic of a given material at low temperature [71]. The constant C increases
with increasing ion-lattice coupling, and o decreases with increasing effective-
phonon energy. This law has been found to hold under most conditions for non-
radiative relaxations of rare earth ions, and fails when the energy gap is less than

double the effective single phonon energy.

The calculated radiative rates, Tz, given in Table 4.3.5 may be used in
conjunction with the experimental fluorescence lifetimes of the different excited
levels, T, at low temperatures (Table 4.7.2), to examine the effect of nonradiative
multiphonon processes. By assuming negligible energy transfer, it can be shown

that
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Table 4.7.2 : Fluorescence lifetimes measured in YVO,: 1.0% Er** direct

excitation into the upper emitting levels.

Lifetimes
Emitting level 77K 300K
'S\ 17.7 ps 9.8 s
Fop 11.0 us <05us
419,2 R <0.5us

lur 41.7 us 27 us
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From the calculated values of the radiative lifetimes Tz and the effective
experimental T, the Wyg values were calculated for the levels “Fyp, “Ssp and ‘Tnp.
The energy gaps, AE, between the levels involved and their corresponding next
lower level are, 3090 cm™ (*Sp - ‘Fop), 2750 cm™ (“Fop - ‘Iy) and 3570 cm
(*lupz - *Lisp). In Figure 4.7.1 Wi is plotted as a function of the gap AE for YVO,,

Y,SiOs [13], and YAIO; [27]. A linear fit of In Wy against AE yields for YVO,

C=5.61x10°s"
and

o=1.52x10%cm

The multiphonon transition rates in YVO, were found to be comparable to those
that have been reported for Y,SiOs, however they were much larger than found for
YAIO;. We also observed that they were the least sensitive to the energy gap
variation (Fig. 4.7.1). The data for very small and large energy gaps produce
significant uncertainties, in the value of Wyg. Although not quantitatively useful,

these values may be used to demonstrate the overall trend.
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Figure 4.7.1 : Dependence of the rate of multiphonon emission on the
energy gap, AE, to the next lower level for excited states of
Er** ions in YVOq , Y,SiOs [13], and YAIO; [27].
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The multiphonon rates of the “Ssp, state for 1.0% Er** in YVO, are shown in
Figure 4.7.2 as a function of temperature. Our results agree with those reported by
Reed and Moos [72], where a small increase in Wy\r appears in the temperature
range 4K to 75K. This increase may be attributed to the thermal population of the
higher 483,2 Stark level. The rapid rise in Wxg as the temperature increases
between 100 and 300 K may be attributed to the low-energy phonons. This is a
reasonable conclusion considering the fact that the splitting of the *Ssp, level is 5
cm’, therefore the increase in Wyg above 100 K cannot be attributed to thermal

population.

4.7.1 “Li3;, Fluorescent Decay

The fluorescence lifetime of the 4113,2 level has been found to be dependent
on the Er’* concentration. On the other hand the Judd-Ofelt analysis suggests that
the radiative transition probabilities from the 4113,2 level are independent of
concentration and equal to 2.3 ms (Table 4.3.5). The calculated value compares
extremely well with the experimental value of 2.35 ms obtained for the 0.1% Er*
doped YVOq crystal following 653 nm excitation at room temperature. This leads

to the conclusion that the de-excitation of the 4113,2 level at low activator

concentration is essentially radiative (W, = 1/ T(‘IB ,,)) (Figure 4.7.1.1 route a). As
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the concentration of Er* is increased to 1.0% and 2.5% Er**, the fluorescence
lifetimes of the "113,2 level increases (Table 4.7.1). Similar behavior was observed
in other systems such as YAIOs:Er*[27], and LaF;:Er*[10] and was attributed to
experimental errors. However Rubin et al [73] attributed this behavior to radiative
energy transfer or trapping. The authors expressed the total fluorescence lifetime

as follows;

. =77+ W+ Wep- Er 4.7.1.1

where ‘I:R'1 is the radiative transition probability, Wyg the nonradiative emission

rate, Wyp the up-conversion energy transfer rate which always interferes in the
highly doped Er** systems, and W1y represents the radiative energy transfer rate
which is described by a negative sign to account for the lengthening of the
apparent fluorescence lifetime due to the trapping of the emitted photon. In the
case of higher concentrations of Er** (1.0 and 2.5%), both radiative trapping and
up-conversion energy transfer are strong and the net result is an increase in the
apparent lifetime (Figure 4.7.1.1 route b). The fluorescence lifetime of the same
level begins to decrease as the concentration is increased further to 10% Er*,
where it was measured to be 1.43 ms. This is attributed to luminescence quenching
due to energy migration followed by transfer to impurities or defects (Figure

4.7.1.1 route c).
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At high Er concentrations, the Er-Er interaction probability increases.
Therefore the probability of an excitation jumping to a neighbouring Er increases
which in turn increases the rate of migration for an excitation through the Er
sublattice. This process of migration terminates when the excitation interacts with
an impurity or defect and decays back to ground state [66]. The decay curves
under both excitations (532 and 653 nm) were exponential for the 0.1% Er*,
indicating that energy transfer is not occurring at low dopant concentration. The
decay curves start to deviate from exponentiality as the concentration of erbium is

increased in the YVOj crystals (Fig. 4.7.1.2).

The decay curves shown in Figure 4.7.1.2 demonstrate the presence of rise
times for the 1.53 pm emissions (*Lisp — ‘Iisp) for the different concentrations of
Er**. The rise times were measured to be 35.7, 32, 27.7, and 19.4 s for the 0.1%,
1%, 2.5%, and 10% Er** doped YVO, crystals, respectively. These rise times
reflect the lifetime of the *I;;, level (see Table 4.7.1), which implies that the *I;;
level is the principal feeding level for the “Iispn state. The “Iiap level is also fed
radiatively from higher levels such as the ?Hg, and the *Ss;, levels, which were
shown to be populated via different mechanisms including energy transfer
upconversion and other cross relaxation processes (see section 4.6). Hence, an
increase in erbium concentration results in an increase in the probability of the

cross relaxation processes of the previously mentioned levels. This leads to an
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Figure 4.7.1.2 : Room temperature *Iar fluorescent decay of the various
concentrations of Er’* doped YVO, crystals a) 0.1%,
b) 1.0%, ¢) 2.5% , and d) 10% Er* ions. Agc = 532 nm.
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increase in the number of ions reaching the *I;3;; without passing through the I,
level [71], which explains the decrease in the rise time of the 4113,2 level with an

increase in concentration (Table 4.7.1).

4.7.2 *I;,, Fluorescent Decay

The behaviour of the 4111,2 level is slightly different than that of the 4113,2
level. The room temperature fluorescent decay constants were measured, following
653 nm excitation, to be 26.4, 27.1, 26.9, 28.0 ps for the 0.1%, 1%, 2.5% and 10%
Er** doped YVO, crystal, respectively. The rise times of the ‘I, level were also
measured and found te be equal to 0.6, 0.5, 0.6, and 1.6 us, respectively. These
rise times were of the same order as the decay time of the ‘I, level, except for the
10% sample where the rise time was much longer than the decay time of the ‘I,
level (< 0.5 us). The aforementioned results leads to the conclusion that the 4111,2
level is mainly fed by the “Iy, level, while at higher concentrations energy transfer

upconversion processes, such as

4 4 4 4
bp+Top = Tisp+"Sip
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dominate, which makes the Sy, level as the main feeding level. As a result, the
rise time of 1.6 ps for the *I;;, level is exactly the same as the decay time of the
4S;12 level (1.6 ps) following 653 nm excitation at room temperature, in the 10%

Er** doped YVO crystal.

The fluorescence lifetimes for the *I;, level in Er’* doped YVO4 do not
vary significantly with a change in the Er** concentration. This suggests that the
radiative energy transfer processes involving the 4In,z level are not efficient and
the non-radiative multiphonon relaxations dominate. The same observation has
been reported for Er* doped Y,SiOs [13], but not for Er* doped YAG or YLF

[74].

4.7.3 *I,, Fluorescent Decay

The “Iy2 level exhibits a very short lifetime due to rapid depopulation to the
nearby “Iy;p level lying at 2332 cm™ below the “Ip level. To bridge this energy
gap a minimum of three high energy phonons (890 cm™) must be emitted. The
fluorescent decay constants for this level varied slightly with concentration, and
were measured to be = 0.6, 0.5, 0.5, and 0.4 ps for the 0.1%, 1%, 2.5%, and 10%

Er* doped YVO, crystals, respectively, following 653 nm excitation at room
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temperature. Analysis of the fluorescence decay curves showed an exponential
decay for the 0.1% Er'* sample, and a non-exponential decay for higher

concentrations.

A rise time of the order of 0.4 us was also observed for all of the samples,
which is longer than the duration of the excitation pulse (15 ns). If the
fluorescence were excited via a stepwise absorption process, there would be no
reason for fluorescence intensity to continue rising after disappearance of the
pump pulse. On the other hand, the rise time of the ‘I, level is of the same order
as the decay time of the 4Fg,z level (Table 4.7.4.1 page 195). Hence, the small
variation in the decay times with erbium concentration, and the fast rise times,
does not provide enough evidence to distinguish between a sequential photon
absorption process and an energy transfer process which affect the main feeding
*Fon level. Also the fast fluorescence decay of the 419,2 level limits the transfer
process and other interaction processes between adjacent erbium ions. However
this interaction is not negligible and a cross-relaxation process of the following

type may take place,

4 4 4
Ip+"Tisp 22 Tiap

or/and an upconversion process of the type
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2Lp = *Tian + *Sap

These processes become dominant at higher concentrations of erbium, leading to

non-exponential decay curves.

4.7.4 *Fyp, Fluorescent Decay

The fluorescence decay constants of the *Fyy, level were measured to be
= 0.5 s for the different Er’* jon concentrations, upon direct excitation (653 nm)
at room temperature. This implies that the *Fyp, state in Er** doped YVO, is not
subject to concentration quenching. The fluorescence decay, however, was much
longer upon 532 nm excitation (Table 4.7.4.1), in the order of a few micro
seconds, which is the same as that of the 483,2 level for a specific concentration
(Table 4.7.1). Therefore, the ‘S, level may be considered to be the main feeding

level, through radiative, non-radiative, and cross relaxation processes (Fig 4.7.4.1).

Analysis of the fluorescence decay curves showed an exponential decay
curve for the 0.1% Er** sample, while crystals doped with higher concentrations of
Er** ions deviated from this exponentiality. A rise time in the order of 0.4 us was

observed in the YVO, crystals with the different concentrations of Er**, following

193



resonant excitation into the ‘Fy, level. The rise time, which is longer than the
duration of the excitation pulse, indicates that an energy transfer process is taking
place [75]. However, the efficiency of such an energy transfer process could be

limited by the fast decay of this level.

S S

“For I “For
c i

419/2 _ 4I!VZ

Figure 4.7.4.1 : Scheme of the different feeding mechanisms of the 4F9,z level
via the 483,2 level, a) non-radiative, b) radiative, and c) cross-

relaxation.
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Table 4.7.4.1 : Fluorescence decay constants of the ‘Fyp; level upon 532 nm and
653 nm excitation at room temperature of YVO, crystals doped
with different concentrations of Er** ions.

Concentration Decay time constant (us) Decay time constant (us)
% Er* Aex = 532 nm Aex = 653 nm
0.1 6.8 0.5
1.0 9.9 0.5
25 7.8 0.5
10 3.9 0.5
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4.7.5 *Ss, Fluorescent Decay

The fluorescence decay constants of the ‘Ss, level were measured to be
10.0, 9.8, 6.7, and 1. 6 ps, for the 0.1%, 1%, 2.5%, and 10% Er** doped YVO,
crystals upon 532 nm excitation at room temperature. Strong cross-relaxation is
observed from the *Ssp, level, which plays an important factor in the dynamics and
feeding mechanisms of the other levels of Er* in YVO, [76-78]. This strong
relaxation explains the rapid decrease of the lifetime of this level with increasing
erbium concentration. The *Ss, level can be depopulated via different mechanisms
such as radiative and non-radiative decay to the lower lying levels, or energy
transfer to a neighbouring Er** ion. The fluorescent decay for the different
concentrations of erbium, the 0.1% Er*:YVO, crystal exhibits non-exponential
decay with an exponential tail. These findings support the theory that energy is
being transferred into neighbouring ions via cross-relaxation processes. This non-
exponentiality increases with an increase in concentration and will be discussed

later (Fig. 4.7.5.1). The cross-relaxation processes involved are
2H11/2 + 4115/2 4 419/2 + 4113/2 (Flg 4.7.5.2a )

and

Hip + ‘Tisp = ‘Tisp+ ‘Top (Fig. 4.7.5.2b)
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Figure 4.7.5.1 : Room temperature *S;, fluorescent decay of the various
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The energy mismatch for each of the above mentioned processes is 70 cm’,

and requires the emission of phonon energy (Figure 4.7.5.2).

H,15 (19073 cm™)

a b
—=—"lp (12453 cm™)
—_— =—— “I;3, (6550 cm™)
ai bi
“Lse
Er* Er*

Figure 4.7.5.2 : Cross relaxation processes from the 2H“ r level of Er* doped

YVOq crystals.
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4.7.6 Time Dependence of the Donor Fluorescence

Ion-ion interactions which occur as the dopant concentration is increased,
may lead to another type of dynamics involving the excited state of ions in a
crystal. This would result in energy transfer within the active system. In the
YVO4Er’* matrix both resonant and nonresonant energy transfers can occur.
Nonresonant energy transfer occurs between an optically excited “donor” (D) and
an unexcited “acceptor” (A), to which excitation will be transferred, with some
energy mismatch. The acceptor ion may itself be an optically excited ion, in this
case the energy transfer will lead to upconversion processes [31]. Transfer
occurring between the same excited ions of neighbouring donors, and not leading

to relaxation, is termed migration.

The likely mode of excitation transfer is a multipolar electrostatic or an
exchange ion-ion relaxation process coupled to the emission or absorption of
single or multiple phonons [32]. The phenomenological theory behind these
transfers has been developed by Forster [65] and Dexter [66], and further refined
by Inokuti and Hirayama [67]. The model proposed by Inokuti and Hirayama is
used to explain the observed fluorescence behaviour in the case the transfer
between the donor and acceptor is faster than the migration in the donor subset. In

this model, a relationship between the macroscopic fluorescence properties and the
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microscopic transfer interactions is established. Therefore, detailed knowledge of
the parametric dependence of the D-A transfer on interionic separation is required.
The transfer rates are then averaged over the spatial distributions of the various
possible donors and acceptors. The model predicts that donor luminescence decay
will not be single exponential in the presence of excitation transfer from donors to
acceptors. Furthermore, the shape of the decay curve will be determined by the
concentration of acceptors and the way in which the donors and acceptors interact.
In such calculations most quantities are treated as variables and are adjusted to

provide a best fit to the experimental data.

The decay curves from the *Ss, level were analyzed for the different
concentrations of Er** doped YVO, crystals. For the 0.1% Er* crystal the decay
curve was found to be exponential, and yielded a decay time of 10.5 ps. Thus, it
can be concluded that there is no energy transfer at such a low concentration of

dopant.

For the 1.0% Er** crystal, the decay curve is not exponential, although it
approaches an exponential shape (Fig. 4.7.6.1). The decay curve can be fitted
using the Inokuti-Hirayama model. The following expression is used for the

electric multipolar interaction



&(t) = A exp [-kt - oqkt)**] + B 4.7.6.1

where ¢(t) is the emission intensity after pulsed excitation, k is the intrinsic decay
constant of the donor ion involved in the energy transfer process, in the absence of
the acceptor, s = 6 for dipole-dipole (D-D), 8 for dipole-quadrupole (D-Q) and 10
for quadrupole-quadrupole (Q-Q) interaction, and « contains the energy transfer
probability, whilst A and B are constants. For the crystal under investigation, a
good fit can be obtained for s = 6, 8 and 10, but the uncertainty on the fitting
parameters becomes unacceptable for the dipole-quadrupole interactions.

Moreover, none of the transitions involved in the cross relaxation mechanism

2 4 4 4
Hip + Tisp = Iop + "Thap

occur with the quadrupolar selection rule lar|= 2, and therefore it is unlikely that
the D-Q and Q-Q interactions dominate the transfer [79]. The fit in the case of
s = 6 is shown in Figure 4.7.6.1. For the 1.0 % Er’* crystal, the cross relaxation
was therefore assigned to an electric dipole-electric dipole interaction, in the

absence of energy migration in the thermalized (zHlm, 483,2) states of the donors.

From the fit, the values o = 0.176 (20%) and k = 0.084 us" were obtained,

corresponding to a lifetime of the isolated donor of 12 us. This value is in
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Figure 4.7.6.1 : Decay curve of the luminescence from the *S;, state in the 1.0%
Er** doped YVO, crystal. Dotted line: exponential decay; straight
line : Inokuti-Hirayama model for s = 6.
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excellent agreement with the experimental value obtained at room temperature
for the (2Hu,2, 483/2) states in the 0.10 % doped crystals, confirming the correctness
of the Inokuti-Hirayama model. It is also corroborated by the fact that the long
time tail of the decay curve is exponential giving a lifetime very close to the

isolated donor (T = 11 ps), as the theory predicts [80].

The parameter & can provide information on the probability of the energy

transfer process, given by [80]:

a=43nT(1-3/s)N, Ry 4.7.6.2)

where s = 6 for dipole-dipole interaction, I' is the gamma function [['(1/2) =
1.7725]. N, is the concentration of the acceptor (Er’*) in ions cm'3, and Ry is the
critical distance defined such that for a donor-acceptor pair with separation Ry, the
probability of transfer to the acceptor equals the probability of internal decay of
the donor. In practice, Ry expresses the strength of the donor-acceptor interaction.
From the crystal structure and the Er** concentration, for the 1.0 % doped crystal
N, = 1.253x10% ions em?, hence Ry = 5.7 A, a value typical for energy transfer
processes involving trivalent lanthanide ions [79]. From this value, the dipole-

dipole coupling parameter C can be calculated, using [80]:



C=RSk (4.7.6.3)

-1

In the present case, C = 2.9x10°! mSs?. This value is of the same order of

magnitude as that calculated (C = 8.3x10"2 m’s™) by Watts [81] for the transfer

Fgn (YH™) + ‘Isp (BF) = Frp (YD) + ‘I (EF)

in LaF;, and slightly higher than the range C = (2-6)x10"2 m®s™ obtained for the
cross relaxation process of the 5D, state of Eu** in Cs,NaY;..Eu,Cls [82], where
the cross relaxation is weaker, due to the fact that the Eu** ions lie on a center of

inversion.

In the case of the 2.5 % crystal, the decay curve deviates rather strongly
from an exponential shape; it can be numerically fitted to the Inokuti-Hirayama
model, but the obtained parameters have no physical significance. Moreover, the
long time tail does not give the decay of the isolated donor, as the Inokuti-
Hirayama theory would predict. Therefore, it is possible to conclude that for this
concentration the energy transfer process occurs in the presence of rnigration
among the donors, which starts to affect the decay mechanism. This is not

surprising and agrees with what has been observed for other systems [82].



For the 10 % crystal, the decay is very complex and short, and cannot be
fitted using any model. This behavior is typical of systems in which the energy
transfer process occurs in the so called “intermediate regime”, in which the

transfer and the migration occur approximately with the same rate [81].
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CHAPTER §

5.1 CONCLUSIONS

Energy levels for the 4f'' configuration of Er** in YVO, were established
from high resolution absorption and fluorescence spectra. Energy-level
assignments were made using electric dipole transition selection rules for Dy
symmetry. From the measurements 59 energy levels were established. Crystal field
parameters were determined by fitting 59 of the levels with an rms deviation of 6.8
cm’. These parameters were then used to obtain the remaining levels, yielding a

complete energy level scheme for the 4f'! configuration of Er**.

The intensities of all the electric dipole transitions of Er** in YVO, have
been measured and theoretically accounted for in terms of the three
phenomenological parameters: Q, = 13.45 x10? cm?, Q4 = 2.23 x10® cm?, and
Q¢ = 1.67 x10%® cm? defined by the Judd-Ofelt theory. The high value of Q,
obtained indicates the existence of a strong covalent bond between Er and oxygen,
while the values of €, and Q¢ indicate that the YVO, is a hard crystal with a
higher degree of disorder in comparison to other hosts. The Judd-Ofelt formalism

was used to calculate the emission probabilities of transitions from the different



states to the lower lying J manifolds and their corresponding branching ratios and

radiative lifetimes.

Thermalization of the 2Hy,, state from the *S,, state was studied and it was
found that it may be analyzed using a simple two-level thermalization process. An
energy gap of 641 cm™ between the *Ss, and 2Hy,, states was calculated which is

in excellent agreement with the value (AE = 644 cm?) determined from the

spectra.

A series of measurements on upconversion in Er**:YVO, were also
described. We observed upconversion of red and near infrared radiation to green.
The green emission corresponding to the 2Hyp, *S;p—*lisp transitions was
dominant, and increased with an increase in erbium concentration. This trend was
valid up to a concentration of 2.5% Er’*. The upconverted emission intensities
decreased as the Er** concentration was increased to 10% and this was attributed
to quenching and migration. The “pumping” power dependence of the
upconversion output clearly illustrated the number of photons required for the
process. Such power dependence studies in conjunction with the fluorescence
dynamics studies, were used to establish the different pathways responsible for the

population of the higher energy levels of Er**. Sequential absorption of photons,
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energy transfer, and cross-relaxation energy transfer processes were found to be

responsible for such a phenomenon.

The luminescence decay profiles from the *Ssp, state of Er** in Y1.,Er,VO,
(with x = 0.001, 0.01, 0.025, and 0.1) were measured over the temperature range
6-293K. For x = 0.01 and 0.025 both energy migration and cross-relaxation occur.
For x = 0.1 the energy transfer from the donors to the nearest neighbour acceptors
become dominant and the emission is strongly quenched. The decay profiles of the
luminescence of the “Syp, level of Er** (1.0%) obey the Inokuti-Hirayama model
for energy transfer for an electric dipole - electric dipole interaction, in the absence
of diffusion among the donors. The dipole-dipole coupling parameter was

estimated to be 2.9%x10"" m®™ and compared well to other well known systems.

5.2 FUTURE WORK

The results and conclusions from this thesis open many avenues for
research. Experiments should be performed in order to determine the quantum
efficiency of the fluorescing levels in YVO4Er* which is essential in the design
and performance of an efficient laser system. In the case where there is no

upconversion, this could be done if excited states were populated by either
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absorption from the *I;s, ground state manifold or by nonradiative decay processes
from higher excited states. However this is not the case in the YVO.Er* system,
where upconversion does exist giving rise to anti-Stokes emission, and hence the
higher levels are populated via different intermediate levels other than the ground
state. A solution to this problem, is to perform dual excitation beam fluorescence
experiments. In such an experiment, an excitation frequency is used to populate

the excited state, and a second laser would probe transitions from this state.

Assuming that laser action is achieved in such hosts, a new set of questions
need to be answered, such as; the laser threshold, the laser pulse characteristics of
the laser system to be built, and the excited-state dynamics which are at the origin

of these results.

Experiments should also be performed to investigate the optical properties
of co-doped systems (such as Er*-Yb**, Eu*-Tb*, and Er**-Ho*") which are in
general very complex. Such studies involves the determination of the optimum

concentrations of the dopants.

Computational techniques such as molecular dynamics and Monte Carlo,

should be used to investigate the energy transfer processes.
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