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Spectroscopy and Excitation Dynamics of the Trivalent
Lanthanides Tm3* and Ho3+ in LiYF4

by
Brian M. Walsh

Thesis Advisor: Dr. Baldassare Di Bartolo
Abstract

A detailed study of the spectroscopy and excitation dynamics of the trivalent
lanthanides Tm3* and Ho3* in Yttrium Lithium Fluoride, LiYF4 (YLF), has been done.
YLF is a very versatile laser host that has been used to produce laser action at many
different wavelengths when doped with trivalent lanthanides. Since the early 1970's YLF
has been the subject of many studies, the main goal of which has been to produce long
wavelength lasers in the eye safe 2um region. This study concentrates on a presentation
and analysis of the spectroscopic features, and the temporal evolution of excitation
energy in YLF crystals doped with Tm3* and Ho3* ions.

Absorption spectroscopy is studied to identify wavelength regions where energy
can be absorbed in Holmium YLF and Thulium YLF, and to determine their respective
absorption cross sections. These measurements are applied in the Judd-Ofelt theory to
determine radiative transition rates of spontaneous emission. Luminescence spectroscopy
is studied under cw diode laser excitation at 785nm. The effect of dopant ion
concentration and excitation power on the observed luminescence are considered in these
measurements. An analysis of these measurements have been used to determine channels
of energy transfer between Tm3+ and Ho3* ions (cross relaxation, upconversion, and
resonant energy transfer). The temporal response of Tm and Ho in singly and co-doped
YLF to pulsed laser excitation with a Ti:Al;03 laser and a CoMgF laser tuned to various
wavelengths have also been studied. The energy transfer mechanisms of cross relaxation,
upconversion, and resonant energy transfer between Tm3+ and Ho3* ions have been
modeled, and the model parameters extracted by a fitting procedure to the measured
temporal response curves. Rate equation approaches to modeling are presented that result
in predictions of rate constants for energy transfer processes, as well as more
conventional approaches to modeling such as the Forster-Dexter models, which give the
interaction strengths in terms of microscopic interaction parameters.
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CHAPTER 1

Introduction

Every story involves one or more archetypes. To make
a good story a single archetype is usually enough.

Umberto Eco
Travels in Hyperreality

1.1 Overview

A notable feature of the rare earth (RE) ions when doped into crystals is the large
number of sharp lines in the absorption and emission spectra. The wavelengths of these
lines range from the ultraviolet to the infrared. Solid state crystals, which are insulators,
have a band gap that corresponds to the energy of an ultraviolet photon, so that visible or
infrared luminescence is not expected from the pure (undoped) crystal. The bulk material
in which the RE ions are imbedded will have a perturbative effect on the ions that serves
to shift and split the free ion energy levels. These perturbed electronic states can also
interact with the phonon states of the crystal lattice to produce various effects. Despite
this, the situation is greatly simplified since the band structure of the solid does not play
a part in the absorption and emission characteristics of the RE ion.

An emitting solid is, nevertheless, a complicated system consisting of a large
number of ions, each of which is capable of interacting with its neighbors. Once the ions
are excited with a suitable source, the effects of these interactions becomes manifest.
Generally, in the case of RE ions a diverse assortment of luminescent phenomena are
observed. The challeﬂge is to differentiate between the various luminescent behaviors that
are observed, to identify the channels through which energy is transferred, and to

determine the nature of the interaction that promotes transfer.



This situation is complicated enough in materials that contain only a single ion
species, so it is no surprise that the complexity is increased when ions of different species
are introduced. This increased complexity, however, has a beneficial aspect in that it can
be used to produce luminescence in an ion of one species by exciting an ion of another
species (sensitized luminescence). This, of course, makes possible a diverse range of
lasing action in RE doped crystals under various excitation schemes.

This thesis describes a series of experiments designed to probe into the
spectroscopy and excitation dynamics of Lithium Yttrium Fluoride LiYF4 (YLF)
containing Tm3* and Ho3* ions. The research addresses the full problem of the dynamics
of excitation energy. This will take into account the spectroscopic details of absorption
and emission lines in co-doped and singly doped YLF crystals, the channels of their
excitation and their respective decay behavior. Various experimental parameters havg been
varied, such as concentrations of the dopant ions, wavelength of the excitation source and
power of the excitation source. This is useful as an aid to differentiate between various
competing processes which occur in these complex systems, and to facilitate the task of
determining which of the dopant ions are responsible for which processes, how the ions
interact with each other, and their relative importance in the overall behavior of the
response of YLF:Tm,Ho systems to an excitation source. Emphasis is placed on a
coherent presentation of the experimental data. Careful attention is given towards the

interpretation of the experimental results and theoretical analysis of the experimental data.
1.2 Historical Background

The early research on YLF based systems concerned 2pm laser action of
sensitized Ho3* YLF. Remski, et al. [Re69] demonstrated energy transfer assisted pulsed

lasing action at 77°K of Ho3* in YLF:Er,Ho. Chiklis, et al. [Ch71] demonstrated



flashlamp pumped high efficiency room temperature laser action at 2.065pum in
YLF:Er,Tm,Ho. The analysis of the optical spectrum and determination of the energy
levels were reported for Tm3+ in YLF by Jenssen, et al. [Je75] and for Ho3* in YLF by
Karayanis, et al. [Ka76].

The availability of mid-infrared diode lasers in the 1980's initiated a resurgence in
Ho3* sensitized lasers because diode pumped operation offers an attractive alternative to
lamp-pumped schemes and also because the GaAlAs diode emission has a good spectral
overlap with the absorption of Tm3*, making for an efficient, site selective pumping
scheme. A sampling of studies using diode-laser pumping to achieve 2pum laser action in
Ho3* sensitized YLF include Kintz, et. al. [Ki87], Hemmati [He89], Esterowitz [Es90],
Budini, et al. [Bu92] and Storm [St93].

Despite the abundance of studies involving lasing schemes in YLF systems, there
remains a paucity of spectroscopic studies in the literature. Brenier, et al. [Br89] in an
extensive paper, studied the excited state dynamics of Tm3* ions in YLF and the Tm3*->
Ho3* energy transfer in YLF. In this study they examined the processes of upconversion,
cross relaxation and energy transfer to explain the observed response of YLF:Tm and
YLF:Tm, Ho systems to pulsed excitation at various wavelengths. Ozen [0z91] in her
Ph.D. thesis examined the energy transfer process between Tm3*+ and Ho3* in YLF. This
study examined the temperature dependence of the decay of Tm3* and Ho3* in YLF
under excitation from a tunable dye laser and the spectroscopic features under tungsten

lamp excitation.
1.3 Purpose

Rare earth doped solid state materials have become an important class of solids

attracting much attention among researchers, as is evidenced by the abundance of studies



that can be found in the literature. There are two reasons promoting an incentive to study
these materials. The first reason is technical and the second rests on scientific grounds.

From a technical point of view, rare earth materials have been used in a wide
variety of optical technologies (i.e., lasers, IR quantum counters, television, and lamp
phosphors.) The research at NASA Langley Research Center has focused on the
development of reliable, compact solid state lasers in the eye safe 2um range for remote
sensing of the earth's atmosphere from spacé. From a scientific point of view, a basic
understanding of excitation transport in inhomogeneous and disordered solids has the
potential for usefulness in many branches of physics.

As was mentioned earlier in this chapter, a substantial amount of work has been
done on the lasing characteristics of RE solid state materials. It is the case, however, that
spectroscopic measurements are somewhat sparse in light of the importance some of the
solid state lasers have achieved. This has especially been the case regarding Tm3* and
Ho3* singly and co-doped YLF systems. This situation seems to be improving. During
the course of the research for this thesis YLF has seemed to be attracting even more
attention from a spectroscopic point of view. Most of these studies have concentrated on
specific topics, the results of which have been presented at scientific conferences in the
form of slim articles. A comprehensive characterization YLF:Tm,Ho from a spectroscopic
point of view has not yet been achieved. Many important questions remain unanswered.
The intent of this thesis is not to answer all of these questions, but to conduct a study
that covers many topics with the intent of connecting the various aspects in a uniform
and consistent manner.

As this thesis will show, especially in the later chapters, YLF:Tm,Ho is an
extremely complex system. It displays a bewildering plethora of complex and competing

processes. These processes comprise the topic of energy transfer. Energy transfer



manifests itself in various forms (i.e., upconversion, cross relaxation, and direct transfer).
These various forms of transfer will be explained at such time when they arise in the
context of the thesis.

A number of spectroscopic properties are of importance for the modeling and
understanding of YLF:Tm,Ho lasers. These include radiative decay rates, absorption and
emission cross sections, energy levels, Boltzmann fractions, and various energy transfer
rates. This thesis seeks, as one of its goals, to determine specific values for these physical
parameters whenever possible. This set of values will be useful for those researchers

attempting to understand and model the optical and temporal behavior of the emission

from YLF:Tm,Ho.
1.4 Preview of Countents

Spectroscopic measurements of the absorption in YLF:Tm and YLF:Ho were
made, and used in the Judd-Ofelt theory to calculate radiative transition rates between
sets of energy levels (manifolds). Radiative transition rates were also calculated
independently by comparison of measured emission cross sections and emission cross
sections derived from absorption cross sections.

Luminescence measurements under cw diode excitation have been made. The effect
of dopant ion concentration is studied bvy recording the luminescence from various
manifolds under the same experimental conditions. Comparison of the spectra allows fora
determination of how an increase or decrease in a given dopant ion concentration affects
the luminescence of the system as a whole, and helps to identify channels of excitation.
The response of the system to changes in the power of the excitation source is also
studied. The power of the excitation source affects the distribution of energy in the

excited states of the system. Changing the power may increase or decrease the number of



excitations in a set of energy levels. Such changes represent a loss or a gain in the medium.
Upconversion, for example, is a process in which an excited ion transfers its energy to
another excited ion, exciting it to a higher level. This process results in a loss for one set of
levels and a gain for another set of levels. Therefore, studying the response under changes
in excitation power helps to identify which levels show a gain or a loss, and indicate how
the levels are populated.

The temporal response of the system under pulsed excitation at several different
wavelengths has also been studied. The rate of change of populations in sets of energy
levels has been studied with models that describe the observed behavior. Direct energy
transfer from Tm -> Ho is accounted for in an analysis of rate equations. Cross-relaxation
is accounted for in a model that incorporates spatial averaging over donor environments
and diffusion among thulium ions. A descriptive analysis of the decay data is also
employed in conjunction with other spectroscopic experiments to identify the modes and

channels of excitation.

1.5 Qutline of Contents

In the next chapter the theory of rare earth ions in solids is presented. Electronic
configurations, the crystal field, energy levels, and the electron-phonon interaction is
discussed. An outline of the principles involving the Judd-Ofelt theory are presented and
methods of calculating emission cross sections are given. Finally, some models of energy
transfer and their applicability are discussed. _

In chapter 3, YLF as a host lattice is presented. The structure and symmetry of
YLF crystals are discussed. The mechanical, thermal and optical properties have been

collected from the literature and are tabulated here.



In chapter 4, the experimental apparatus and spectroscopic samples used in this
study are presented. The details and specifications of absorption, cw emission and pulsed
emission measurement apparatus are given in detail. Methods of measuring the polarized
spectra are also given to unambiguously establish a proper reference for the spectra
presented in this thesis. Finally the spectroscopic samples used in this thesis are listed,
along with their RE ion dopant concentrations and growth method.

In chapter $, the results and interpretation for YLF:Ho are presented. The Judd-
Ofelt theory is applied to YLF:Ho and radiative rates are calculated for a number of
levels. Absorption spectra and cw emission spectra in terms of cross sections are given.
Finally, the temporal behavior of YLF:Ho to pulsed excitation is presented.

In chapter 6, the results and interpretation for YLF:Tm are presented. The Judd-
Ofelt theory is applied to YLF:Tm and radiative rates are calculated for a number of
levels. Absorption spectra and cw emission spectra in terms of cross sections are given.
Finally, the temporal behavior of YLF:Tm to pulsed excitation is presented, with special
attention to characterizing and modeling cross-relaxation. Rates for the processes are
calculated based on the model parameters.

In chapter 7, the results and interpretation of co-doped YLF:Tm,Ho are
presented. Sensitized luminescence is discussed and a descriptive analysis of the
spectroscopic data is made. Upconversion is considered and rates are extracted from
power dependent luminescence measurements. Decay data is presented and rate equation
modeling is used to describe the Tm -> Ho energy transfer.

The thesis ends with a summary of results and conclusions. Some suggestions for

future work are also put forth.
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CHAPTER 2
Theory of Rare Earth Ions In Solids

There is a theory which states that if ever anyone discovers exactly what the
Universe is for and why it is here, it will instantly dissapear and be replaced
by something even more bizarre and inexplicable.

Douglas Adams
The Restaurant at the end of the Universe

2.1 Electronic Configuration

The rare earths are divided into two sets of elements, the lanthanides and the
actinides. The neutral forms of these elements have an electronic configuration made up
by progressively filling the 4f electronic shell for the lanthanides and the 5f electronic
shell for the actinides. A feature common to all the elements in the lanthanide series is a
Xenon based electronic structure (1522s22p63s23p53d104524p64d105s25pS) with two or
three outer electrons (6s2 or 5d6s2). The energy and spatial extent of the 4f wavefunctions
show a sudden decrease at the beginning of the lanthanide series. Continuing through the
lanthanide series, each additional added electron is accompanied by an increase in the
effective nuclear charge. This causes a reduction of the 4f shell because of the imperfect
shielding of one 4f electron with another. Each element of the lanthanide series is
characterized by the ﬁumber of 4f electrons it possesses, n=1 for Cerium through n=14
for Lutecium. The lanthanides are ionized by successive removal of electrons. The first
stage of ionization consists of removal of a 6s electron, the second by removal of an
additional 6s electron, and the third by removal of all the 6s and 5d electrons or perhaps a
4f electron. This third stage of ionization comprise the triply ionized lanthanides, which

are the most common valence states of RE ions in solids.
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Many of the properties of rare earth ions result from the fact that the contracted 4f
shell behaves as an inner shell. Since it behaves as an inner shell, the 4f wavefunctions do
not penetrate into the environment outside the electronic configuration. The result is that
the 5s25p% shell shields the f-electrons from interactions originating in the ions

environment.

2.2 The Crystal Field

To study the energy levél structure of electron configurations of rare earth ions in
solids, the effect of the crystal lattice must be taken into account. When an ion is placed
in a crystal lattice the free-space electronic energy levels are modified by interactions with
the new environment. Typical absorption and emission spectra of RE ions in solids show
groups of sharp lines indicating that these various groups of lines are due to transitions
between 4f free ion states that are split by interactions with the surrounding charges of
the lattice. In other words, the cumulative effects of the lattice charges surrounding the ion
cause a perturbation that splits the ionic energy levels into sub levels. By splitting, it is
meant that the 2J+1 fold degeneracy is partially removed. This is the well-known Stark
effect. The perturbation that causes the splitting is an electrostatic field known as the
crystal field. The theory that describes this effect is known as crystal field theory. In |
reality, however, a more general ligand field theory gives a more accurate picture. In this
theory, covalent bonding plays an additional role since the electrons of the ion are
partially shared with the surrounding ions or ligands. As was mentioned earlier, however,
the shielding of 4f electrons from the surrounding environment reduces this effect. Ligand
field theory is more appropriate to systems of transition metal ions, which are not
shielded from the surrounding environment. Crystal field theory is then an accurate

approximation when applied to RE ions.
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If the above suppositions are correct then we must reconcile the above with the fact
that transitions between 4f Stark levels are forbidden for electric dipole radiation by the
parity selection‘rule, which states that electric dipole transitions can only occur between
levels of opposite parity. Since the energy levels of the 4f shell all have the same parity
there must be a mechanism that changes the parity of some of the levels. A resolution to
this problem was found when it was recognized by VanVleck [Va37] that the crystal
field, apart from splitting the energy levels by removing the 2J+1 degeneracy could also
mix higher states of opposite parity into the 4f states. Odd power terms in the expansion
of the crystal field potential can mix states of opposite parity into 4fN from higher
configurations, such as 4fN-15d, that make some of the transitions allowed. It should be
noted that magnetic dipole transitions do not violate the parity selection rule (e.g., they
can occur between states of the same parity). A weaker mechanism that can also
contribute to the admixing of states is the interaction of the electronic states with lattice
vibrations. This mechanism becomes the dominant one when ions are placed in sites with

inversion symmetry, since the crystal field contribution becomes zero in this case.
2.3 Energy Levels of Rare Earth Ions in Solids

The next question to be dealt with is to what extent the crystal field splits the levels
and how many levels are obtained for a given crystal field. Wybourne [Wy65] gives an

extensive account of this subject.

In general, one starts with a free-ion Hamiltonian Hg given by:

2 N N 2 N 4
2
Hg =———§mZVi —Z—Zﬁ +Z—$.. +Hg o -1
i=1 i=1 ' i ¥
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where the first term is the sum of the kinetic energies of all the electrons of a 4f ion, the
second term is the potential energy of all the electrons in the field of the nucleus, the third
term is the repulsive Coulomb potential of the interactions between pairs of electrons,
and the last ferm is the spin-orbit Hamiltonian, which accounts for coupling between the
spin angular momentum and the orbital angular momentum.

In the free atom there is a spherical symmetry and each level is 2J+1 degenerate.
When the ion is placed in a crystal environment the spherical symmetry is destroyed and
each level splits under the influence of the crystal field. In fact, the spherical symmetry is
reduced to the point symmetry at the ion site. The degree to which the 2J+1 degeneracy
is removed will depend on the point symmetry surrounding the ion. This aspect will

become clear shortly. The perturbed Hamiltonian for an ion in a crystal is written as:
H=Hg+V (2-2)

where V, the perturbation Hamiltonian, is due to the potential provided by the crystal
environment around the ion. Since the eigenfunctions of the free Hamiltonian possess
complete spherical symmetry and are expressible in terms of spherical harmonics, it is
natural to expand V in terms of spherical harmonics or operators that transform like

spherical harmonics. So, the potential is expanded in terms of the tensor operators Cyg:

V= BiqCyq(9i.9i) (23)
k.q.i

where the summation over i involves all electrons of the ion of interest. The terms By, are
the coefficients of expansion and are known as crystal field parameters. They are

generally determined empirically from experimental data. It tums out that for identical 4f
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electrons the energy matrix element of V between states of opposite parity (the crystal
field split energtes) is nonzero only for k even and k < 6. This follows from the triangle
rule for addition of angular momentum |, + 1, 2 k. The values for k and q are also limited
by the point symmetry of the ion. This arises from the fact that the Hamiltonian must be
invariant under operations of the point symmetry group. Thus, the crystal field must also
exhibit the same symmetry as the point symmetry of the ion, since it is part of the total
Hamiltonian. Equating the crystal field expansion with the expansion that has been
transformed throughu operations of the point symmetry group gives the crystal field for a
particular ionic point symmetry. Thus, the spherical symmetry of an ion in a crystal is
reduced to the point symmetry at the site of the ion.

Once the point symmetry and the appropriate form of the crystal field are known,
it is possible to construct the crystal field energy matrix. This matrix is then diagonalized
using an estimated set of starting parameters. The resulting theoretical set of energy levels
are compared to the set of experimental levels and, by an iterative fitting procedure, the
parameters 