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INTRODUCTION

Rapid advances are being made in the development of new solid-state laser systems in the
near infrared (0.7 - 2.5 um) - based mainly on crystalline materials which are doped with
one or more optically active ions (e.g. Ho, Tm, Cr:YAG). At the visible end of this spectral
region, the Ti:sapphire laser is now commercially available but, further into the IR, most
systems are based on rare-earth ions. Transition metal ions with their strong coupling to
their environment offer the possibility of broadband tunable operation but despite many
studies, centered mainly on Co** and Ni?*-doped (and more recently Cr**-doped) materials,
only a couple of efficient room temperature laser media, based on these dopant ions, have
been developed. The aim of this project is to carry out further studies in this area, to
investigate the spectroscopy of existing materials, and suggest guidelines or limitations on
the development of new materials for tunable operation in the near infrared. The plan of
research was simply to investigate the luminescence properties of new media doped with Ni,
Co, (and eventually Cr) ions with the aim of identifying materials with suitable properties
for this application.

The organisation of this report is as follows. Chapter 1 provides some general theoretical
and background information to the project and is intended to provide the context and
rationale for the project work. While the experimental resuits obtained with a wide range
of glasses and ceramics were not very encouraging, this part of the work is summarised
briefly in Chapter 2. The data on the various Co and Ni-doped materials is gathered together
in Chapters 3 and 4, respectively. Chapter 5 is devoted to materials doped with chromium
(Cr*, Cr**). Copies of various publications arising from the project are contained in the
appendix, which follows the Conclusion.
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CHAPTER I
1.1 Introduction.

The development of new tunable solid-state lasers (e.g. Cr-doped forsterite and alexandrite,
Ti-doped sapphire) has stimulated a search for new materials doped with transition metal ions
which emit efficient phonon-terminated broadband luminescence at room temperature. The
principal results of this research are summarised in Tables 1-5, which also summarize the
materials and important results identified in the present study. These tables indicate that the
vibronic laser materials based on the transition metal ions are made mostly from oxide or
fluoride single crystals doped with Ti**, Cr*+, Cr**, Co?*, or Ni** ions. The Cr** has
emerged only in the last few years as a worthwhile laser centre in its own right which can
extend the range beyond that of Cr** in the infrared and new crystal hosts are being sought
w'iich can stabilise this oxidation state. Because the outer (3d) electrons, responsible for the
optical properties of these materials, are strongly influenced by the local environment, the
optical transitions usually take place between levels which have different coupling to the
lattice and this usually results in broadband emission (Fig. 1.1). The potential laser
transition usually corresponds to emission from the lowest excited state to phonon levels of
the ground state. Tables 1-5 provide a useful listing of all the systems'#! which have been
considered in recent years for tunable laser action as well as, for those which have already

lased, their tuning range. o

Some general comments can be made on the results presented in these tables.

1.  The effective tuning range (except for Ti**, Co?* systems) is generally much reduced
compared with that expected from the emission spectrum - mainly due to excited state
absorption.

2. A large number of Cr-doped systems have lased fairly efficiently at room
temperature. The most famous are GSGG, alexandrite, and forsterite, and these have
been marketed commercially.

3. Systems doped with Ni2* or Co?* are much less numerous, because (i) there are not
so many materials which can accept these divalent ions, and (ii) they give rise (in
octahedral coordination, to lower energy emissions which are more likely to be
quenched by non-radiative processes. Thus, these systems will often only lase at low
temperatures (< 100 K).

Again, summarising these results in another way, Fig. 1.2 shows the emission domains which
can be expected with each of these ions. Although Ti** and V2* systems have been included
for completeness in our review up to now, only Co**, Ni**, and Cr-doped systems were
investigated in this work. From Fig. 1.2, it should be possible to find laser systems which
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Fig. 1.1. Schematic diagram showing absorption, emission, non-radiative
relaxation, and excited state absorption in a vibronic laser
gsystem.
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1-14

Host matrix Emission range Tuning range (um)
(um) at room temp.

Y1Ga;0;, (YGG) 0.65 - 0.87 0.73

Gd;Gas0,, (GGG) 0.65-0.9 0.74 - 0.84

Gd;(Sc,Ga)s0,, (GSGG) 0.67-0.9 0.74 - 0.84

Gd;Sc,Al;0,, (GSAG) 0.67 - 0.92 0.78

BeAl,O, (alexandrite) 0.67 - 0.83 0.70 - 0.82

CaY,Mg,Ge;0,, (Camgar) 0.71 - 0.85

Ca3Al,Gey0y, 0.7-0.8

MgY,Mg,Ge,0,, 0.71-0.9

Be, Al (Si0;)¢ (emerald) 0.67 - 0.85 0.73 - 0.81

Mg,SiO,:Cr** 1.0 -1.4 1.21-1.26

ZaWO, 08-1.3 1.03

LaMgAl,,0, (LMA) 0.65-0.9

MgAl, O, 0.7-12

C%GagGe40l2 0.87 - 1.2

La;Gag sTag 044 0.92 - 1.24

La,Ga;GeO, 0.88 - 1.22

La;GasSi0,y, 0.82-1.12

KZnF, 0.71-0.9 0.76 - 0.86

Na;Ga,Li,F,, 0.74 - 0.84

SrAlF; 0.72 - 1.05 0.85-0.95

LiCaAlF, 0.65-1.0 0.72 - 0.84

K,;NaScFg 0.67 - 0.95

Rb,KGaF 0.69 - 0.80

Cs,NaYCl, 0.83-1.25

New Materials

BiGaO, 0.68 - 0.75

Mgzsi04:ClJ+ 0.68 - 0.85

LaSrzGaHON:Cls"' 0.69 - 1.1

Y,Si0s:Cr** (YSO) 1.15-1.5

Gd,Si0s:Cr** (GSO) 1.2-1.6

Gd,S¢,Ga;0,,:Cr** (GSGG)

Ca,(V0,),:Cr** (CVO) 1.16 - 1.40
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TABLE 1.2 - Ni®*-doped systems. %
Host matrix Emission range Tuning range (um)
(um) at LN, temp.
MgF, 1.5-1.95 1.61-1.74
MgO 1.2-1.5 1.316 - 1.409
CaYZMgZG%OIZ 1.3 - 1.8 1.46
Mg,GeO, 1.35-1.9
MgAL_)O4 1 1 - l 5
KMgF; 1.53-1.95
KZnF, 1.53-2.0
LaMgAl,,0,y (LMA) 0.95-1.4
LaMgGa, Al .0, CMGA) 1.0- 1.6
GGG 1.3-1.8
LaGaO; (LGO) 1.1 -1.5
YAIO; (YALO) 095 -13
RbCdF, 1.8 - 1.95
Mgc12
CdCl,
CsMgCl,
CsCdCl,
New materjals
MgNb,O¢ 1.65-1.8
ZnNb,O¢ 1.65-1.8
ZnAl, O, 1 05-1.5
LiALO, 0.90 - 1.50
Mg,SiO, 0.80 - 1.5 (two bands)
_ a3+ 30-32
AL O, 0.6-1.2 0.68 - 1.2
YAIO, 0.5-0.9
6
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ABLE 1.4 - Co**- ms, 3%’
Host matrix Emission range Tuning range (um)
{(um) at LN, temp.
MgF, 1.5-25 1.51-2.4
KZnF, 1.5-25 1.65-2.18
KMgF, 1.5-25 1.62-1.9
Mg,GeO, 1.4-28
ZnGa,0, 0.65 - 1.0
New materials
MgNb,Oq 0.82-1.20
MgAl,O, 0.7 - 1.5 (several bands)
LiGagsOg 0.65 - 1.6 (several bands)
LiGaO, 0.94 - 1.16
La;GasSiOy, 0.65 - 0.9 (two bands)
TABLE 1.5 - V2*-doped systems.***!
MgF, 1.0-1.4 1.07 - 1.15
KMgF; 09-1.2 (gain at 1.065)
CsCdF, 1.15- 1.55 1.24 - 1.32
NaCl 1.4-2.5
CsCdCl, 1.4-1.8
RbMnF; 1.1-13
KMnF, 1.08-1.23
7
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operate from about 1.1 to 1.9 um with Ni**, from 0.7 to 2.5 um with Co**, and from 0.65
to 1.4 um for Cr doping, including tetrahedral coordination for Co*>* and the possibility of
Cr** doping (also in tetrahedral sites).

1.2 Solid-state lasers vs tunable dye lasers

Research into new solid-state lasers in recent years has been driven by the following
advantages*? which these systems can offer over dye lasers (besides their availability in
wavelength regions which are not attainable at all by dye lasers).

1. Better photochemical stability under laser or flashlamp pumping.

2, Simpler to handle - no solvents or complicated flushing procedures.

3. Slope efficiencies of 10 - 60 %, better than many dye lasers.

4. They are true 4-level systems, which means lower laser thresholds.

5. They have broadband absorption spectra throughout the visible region, allowing

pumping by flashlamps or other lasers.

Given the results shown in Tables 1-5, it is surprising that only a few of these laser systems

are commercially available (Cr-doped alexandrite, GSGG, forsterite ; Ti-sapphire ; and

MgF,:Co?*). There are several reasons for this anomaly.

1. Materials growth problems of congruency, stoichiometry, and dopant solubility which
can make the optical quality unacceptable or the cost prohibitive.
Thermally-induced lensing or birefringence can degrade the laser performance.

3. Excited state absorption at the laser wavelength and non-radiative relaxation processes
to the ground state.

It is clearly worthwhile, therefore, to continue the search for new materials by exploring the

spectroscopy of new media, and re-examining previously discarded materials, so that

luminescent processes in solids may be more deeply understood and reliable ground rules

may be developed to guide in crystal growth programs.

While laser action has been achieved in several Co and Ni-doped materials at low
temperatures, quenching mechanisms such as non-radiative relaxation and excited state
absorption have prevented all systems based on these ions (except MgF,:Co) from operating
at room temperature. The purpose of this research project was to search for new tunable
solid-state laser materials.

1.3 Theoretical background
The Tanabe-Sugano diagrams*?, which give the energy levels as a function of the (octahedral)

crystal field strength, are shown in Fig. 1.3 for the important laser ions. The abscissa is
the ratio Dg/B, where Dyq is the local crystal field, assuming a point charge model, and B
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is the Racah parameter which measures the intra-ion electron repulsion. These diagrams only
give a crude estimate of the true situation since covalency effects, spin-orbit coupling, and
lower symmetry fields at the impurity ion site, are not included. Although only
approximations, they provide some insight and guidance in the search for laser media. For
systems doped with Cr’* and V2*, the crossing point of the E and *T, levels takes place
when Dg/B = 2.3 ; below this value, we have "low-field" systems in which the emitting
state is the *T, state and its coupling to the lattice is very different from that of the ground
(4A,) state, resulting in broad-band (tunable) emission. When Dg/B < 2.3, we have "high-
field" behaviour (e.g. ruby) characterised by sharp line emission from the 2E level to the
ground state. Many broad-band laser systems correspond to the low-field case but where
the *T, - 2E separation is so small that the quartet level is populated at room temperature.
In this way, the long-lived 2E level provides storage for the *T, level with which it is in
thermal equilibrium. (GSGG, alexandrite, and emerald are examples of this behaviour).

For systems doped with Ni?* or Co?*, the Dq/B values in typical hosts are such that the
emission from the lower excited states are almost always in the form of broad bands at room
temperature.

1.3.1 Non-radiative Processes

The non-radiative relaxation rate wmz; which, together with the radiative rate,
influences the overall fluorescence lifetime, is a complicated function of the Huang-Rhys
parameter S, and of the frequency », and the average number (N,) of the modes involved in
the transition* (see Chapter 3). It also depends on the matrix element < T'/T,/T,> where
T,, T, are the irreducible representations characterising the ground and the excited states
respectively and T, is the representation characterising the interacting phonon modes.

Considering this matrix element alone, some comments can be made for particular
combinations of active ion and host lattice. The lower energy optical transitions occur
between orbital states A, and T, in the case of Ni** and V2* in low-field systems while they
occur between staics T, and T, in the case of Co’* (see Fig. 1.3). Thus group theory
analysis of the above matrix element for ions in octahedral site symmetry shows that only
T, promoting modes can be efficient in the case of Ni**, Cr** and V2* ions while A,,, E,,
T, and/or T, can act in the case of Co®*. Knowing that coupling to T,, modes, which
correspond to a simple rotation of the immediate ligands, is usually very weak, we can
conclude, in agreement with experimental observations, that the non-radiative processes are
much more efficient in the case of Co?* than in the case of the other ions. In other words,
the fluorescence quenching occurs at lower temperatures (generally < 100 K), in the Co?*-
doped systems [53] than in the same hosts doped by Ni**, Cr’* or V2* jons. Similar

11

LY
L}
»

1
v
4




s = o

symmetry considerations can be used to understand the increased non-radiative processes in
the systems with lower local site symmetry, thus systems in which a larger range of phonon
mode types can be involved. This is illustrated by the fact that the quenching temperatures
of the infrared fluorescence lifetimes for Ni’* or V2* in cubic systems such as MgO and
KMgF; are higher than for other hosts (MgF,) where there is a tetragonal local site
distortion. Although one might infer that cubic systems with octahedral local site symmetry
should be preferable for laser purposes, considerations such as the oscillator strength of the
transitions, are generally more important in the case of low symmetry systems, so that
accurate nredictions of the importance of the non-radiative processes in the laser properties
of thesc materials still remain rather uncertain. Also the absence of possible T, distortions
in some Cr* doped perovskites has led * to the inclusion of other T -type modes involving
complex motions of the ligands which are effective in promoting radiationless transitions, so
that the above selection-rule is not very sirict either for cubic systems.

Multiphonon non-radiative transition rates can be explained quite well, for trivalent
lanthanide ions, in terms of well-kncwn semi-empirical models, which describe the process
in terms of the energy gap between the initial and final states, and empirical (lattice-
dependent) constants.“*® For example, a great deal of attention has been given to the
determination of the radiative and nonradiative branching ratios out of the various levels of
the D manifold of Eu®* in solids. As a result, much is known about both the nature of
excited-state interactions in such systems and the physical factors that influence them. In
contrast, our understanding of the radiative and non-radiative transitions occurring between
excited states of transition metal ions is poor. This is due mainly to the fact that the stronger
interaction of these ions with their environment greatly complicates the problem of describing
electron-phonon coupling. Unlike the trivalent lanthanides, the degree of eiectron-phonon
coupling may also vary significantly among the different electronic states of the ion, resulting
in dramatic differences in the nature of the interactions (both radiative and non-radiative)
between different pairs of electronic states. This makes it impossible to generalize the
description of the behaviour of multiphonon transitions in these systems in terms of "lattice
constants”. Also, relatively little detailed experimental information about transitions between
excited states of 3d ions is available. For example, although excited-state absorption (ESA)
processes in solid-state laser materials are important, in that they may adversely affect laser
output, it is only recently that careful ESA measurements have been: performed on 3d ions
other than Cr’*. The ESA of Ni** in MgF,'® and MgO,'**® and V2* in MgF, and
KMgF,* have now also been reported. Information on transitions between excited states of
Ti?* in MgCl, was obtained using excited-state excitation (ESE) measurements.®® Still, these
studies provide information only on radiative transitions between these excited states. From
a practical standpoint, accessing information about non-radiative transitions between excited
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states requires that the ion under investigation exhibit luminescence from more than one
excited state, and that these states be coupled by radiative and or nonradiative processes.
The only 3d ion shown to exhibit two metastable emitting states in a variety of lattice (e.g.
oxides, chlorides, and fluorides)!”-%-! is Ni2*.

The first quasi four-level vibronic laser was demonstrated with Ni>*-doped MgF,**
and, since then, the optical properties of the Ni>* ion in various solid state hosts have
received a great deal of attention in the literature.!”2-52 The search for new Ni* laser
materials has centered on doping into fluoride and oxide lattices, with the more recent
emphasis being placed on the oxides.?® A great deal of effort has been applied to gaining
understanding of the processes involved in the non-radiative deactivation of the dopant ion
from an excited state to its ground state.5> The problem has proven to be quite formidable,
however, and all models currently in use treat the problem in either an empirical or semi-
empirical manner. Parameter values resulting from the application of these models™ are
often difficult to interpret physically and many studies do not attempt to analyze these values
in terms of actual physical process within these materials. The problem is complicated
further by the fact that different approaches to choosing input parameters for the non-
radiative decay models can significantly affect the outcome of such calculations. The wide
range of behaviour exhibited by transition metal ions serves to emphasize how difficult it is
to formulate any general rules which will provide reliable estimates of parameters such as
the luminescence decay rate for a new host material. This uncertainty has resulted in a
broad survey or "trawling” approach to the search for new laser media, which is also
followed in this investigation.

13
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CHAPTER 2
GLASSES AND GLASS-CERAMICS
2. 1 Introduction.

Although most of this report describes results obtained with crystalline media, we also
investigated various amorphous materials (glasses/ceramics) doped with Co, Ni, and Cr ions.
Glasses and ceramics appeared to offer the possibility of tailoring the luminescent properties
of the material by variation of the composition and by suitable heat treatment. While this
approach had not been successful with Cr ions, the reason for this failure is now well
understood and it seemed that the possibility of obtaining efficient luminescence from
amorphous materials doped with Co and Ni should be explored.>® Thus, in the early stages
of the project we initiated the preparation of various Co- and Ni-doped glasses and
glass-ceramic materials and surveyed a range of different glass types for useful emission
properties. While these early glass preparation efforts were somewhat "hit-or-miss”, we
hoped that the results of our broad initial surveys in both the glassy and crystalline media
would provide sufficient guidance to enable us to suggest glass composition and fabrication
procedures (thermal treatment, etc.) which would be likely to yield useful emissions and high
luminescence efficiency. At that point, we planned to prepare and evaluate new doped
glasses to provide continuous feedback for further trials. Our experiences in this area are
summarised in this chapter.

2.2 Initial approach

A selection of glasses and ceramics were ordered from another institution (University of
Limerick, Ireland) with expertise in glass fabrication techniques. This institution is
technology-oriented and had an ongoing research programme devoted to the fabrication and
testing of oxy-nitride glass-ceramics for engineering applications. The first batch of glasses
and ceramics were doped with Co**, Ni2*, and Cr* ; undoped control samples were also
provided. They were cut into suitable sizes for optical absorption and laser-excited
photoluminescence experiments and their spectroscopic behaviour was investigated.

Our approach was based on the experiences of Coming Glass Works (U.S.A.), where
Cr’*-doped silicate glass ceramics had been fabricated as potential luminescent solar
concentrators.* In these materials, micro-crystals of the spinel (ZnALO,) are precipitated
out of the mainly silica "mother” glass to form a glass-ceramic of high optical quality. At
about the same time, efficient luminescence had been obtained from Ni-doped crystalline
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materials with the spinel structure.®® Guided by these results, we ordered also a range of
glasses with ~60% silica and the remainder an equimolar mixture of Al,O; and ZnO with
other minor constituents to aid the glass-forming process. Nickel and cobalt doped versions
of the glasses were obtained by diluting the ZnO content with smali additions of either NiO
or CoO. If a glass mixture, providing efficient IR emission, could be reproducibly fabricated
it should have been possible to prepare the material in fibre form and develop a tunable fibre
laser based on gas laser pumping or, in the ideal case, pumping by a diode laser. The broad
absorption bands of the Co*>* and Ni* ions would allow matching with one of the many
diode laser wavelengths currently available.

At this time also, we requested funding from the University Development Fund to purchase
a furnace and associated utensils (platinum crucibles, moulds, etc) to enable us to have more
control over the development of new materials and to speed up the process of fabrication and
characterisation. The principal investigator also spent a week in the University of Utrecht
(Holland) in May 1989 with the aim of (i) acquiring some expertise in glass fabrication, and
(ii) obtaining information and guidance on the best choice of furnace and utensils for the
purposes of our studies. He also visited the University of Lyon (France), which has an
ongoing research programme on luminescent material fabrication and characterisation. The
possibility of growing some glasses, and ceramics for our studies and the feasibility of
purchasing glass samples from this source, were explored while in Lyon. We also had useful
discussions on the most promising crystalline materials for our studies.

1.3 Initial resuits

Within the first year, a range of silicate, phosphate, and borate glasses as well as oxy-nitride
glasses and ceramics were acquired from various sources. Initially, the difficulty of
obtaining such samples prompted us to consider setting up glass fabrication facilities within
the department. During visits to the University of Utrecht and the Philips Laboratories in
Holland, several glasses were prepared and the techniques for glass fabrication were studied.
However, the results were generally disappointing and only very weak luminescence was
detected from these materials and even then not in all the samples. A range of oxy-nitride
glass/ceramics doped with Ni?*, Co**, and Cr** were obtained from the University of
Limerick (Ireland). These materials were made from one of the following mixtures,’’

(@ Y,0;5, AL,O,, Si3N,, AlN, SiO,, YN.
(b) MgO, ALO;, Si;N,, AIN, SiO;, Mg;N,

Depending on the composition and heat treatment, various crystalline phases may be
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precipitated in the ceramic. In type (a) YAG is a common crystalline constituent while in
type (b) the main crystallisation products are forsterite, MgSiO,, and MgAl,O, (spinel).
Four different samples were obtained for each dopant ion. Here the results were more
encouraging as almost all the samples showed some luminescence in the 0.8 - 1.8 um
spectral region. Some representative spectra are shown in Fig 2.1. A particularly strong
band, centred at = 1.55 um, was observed in all the materials - even in the nominally
undoped samples of each batch. It does not occur in samples deliberately doped with Nd.
At this point, plans to fabricate glasses in-house were postponed and it was decided to
concentrate on glass-ceramics for the future as these seem to offer more likely hosts. We
ordered a further set of such materials from the facility in the University of Limerick. These
were based on silicate glass ceramics (from a melt containing Al,O3, SiO,, and ZnO) in
which the crystalline phase, doped with cobalt or nickel, was expected to have the gahnite
spinel structure. This was suggested by the success achieved by GTE Labs* in obtaining
high-quality Cr-doped ceramics for luminescent applications based on this mixture.

Although we have examined more than 30 different glass compositions, we have not
observed any strong luminescence features in these materials that we could definitely ascribe
to emission to the dopant TM ions. The strong emission band observed in many of the
oxy-nitride glasses at 1.5 um is not associated with the TMI dopant and may be due to
contamination of the starting materials by rare earth elements.

Some fluoride glasses doped with Ni and Co ions were obtained from La Verre Fluore
in Rennes (France) and these samples provided the best luminescence signals obtained to date
from glasses. We are hoping to pursue this avenue and obtain long fluoride glass fibres
doped with these ions and explore the possibility of obtaining amplification over the long path
lengths involved. We suggest that any future investigations on glassy host materials should
be confined to fluoride glasses.

16

L7




SiA1ON
Glass
0.1%Z NiO

;

Ceramic
J T —

SiAlON
Glass
0.1% Cr,,0

273

Ceramic

32K

290K

32K

| | ] 1
0.6 0.8 1.0 1.2 1.4 1.8
WAVELENGTH (pm )
Fig. 2.1 Selected luminescence spectra of oxynitride glasses and ceramics.
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CHAPTER 3
Co-DOPED MEDIA

3.1 Introduction

The stimulus for this project was the encouraging preliminary results’2-® obtained
with LiGa;O, doped with Ni** and Co*. Encouraged by the AFOSR support, we continued
our investigation of the basic spectroscopy of these materials. Since our earlier studies, we
acquired a sensitive Ge detector which allowed us to look at all the Co?>* emission bands
with the same detector. (In our previous experiments, three different detector systems were
used to record the various emission bands). The complete room temperature spectrum
recorded with the Ge detector is shown in Fig 3.1. Although the emission is dominated by
the highest energy band, this system is important and interesting in that it provides several
broad transitions in the near IR which could be used to obtain tunable laser action in this
region. Pumping with an argon ion laser in a configuration similar to that used for
Ti:sapphire may be feasible. However, the quality of our materials, flux grown samples
from the Bell Labs (1965), was poor - showing non-uniform blue coloration. Very beautiful
samples obtained from Stanford University were found to be colored only on the surface.
In the meantime, we investigated our own samples in more detail via FLN studies of the
sharp zero-phonon line at 650 nm at low temperature. An unusually large ground state
splitting of ~ 30 cm™! was observed which we ascribed to the low symmetry at the Co**
site and the small A, - *T, separation, as well as significant inhomogeneous broadening
which masked the splitting in the non-narrowed emission spectrum. The latter is probably
due to lattice strain and charge compensation effects. This work was reported at the
Dynamical Processes in Solids Conference (Atlanta, GA) and was published in J.
Luminescence. (Appendix 1). A more detailed analysis of the spectroscopy of this material,
including ODMR-MCD studies by co-workers in the University of Lehigh, was subsequently
carried out in order to fully characterise this interesting material. A complete report,
including a detailed theoretical analysis of the crystal field levels of the Co** ion in this
material and identification of the nature of the impurity environment, was published recently
in Physical Review (Appendix 2). Meanwhile, we searched for new Co-doped materials and
our results are gathered in the following sections.

3.2 Optical spectroscopy of MgNb,0:Co?*
3.2.1 Crystal Structure of the Host Material : Magnesium Niobate has the same structure

as the mineral columbite (Nb,(Fe,Mn)Og®. Columbite has a tetra-molecular orthorhombic
cell of the dimensions a,=14.238A, b,=5.730A and c,=5.082A. It’s space group is
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D, '*(Pbcn) with iron and manganese atoms occupying the positions ;
+(0,u, %) +(%4,u+'4,%) where u = 0.350.
All other atoms are in the general positions ;
+(x,Y,Z; X,y,2+'%4; 4-X,'%-y,2+4; h-x,y+4,2)
where the parameters x,y and z for these atoms are shown in table 3.1 below.

Table 3.1
Atom X y z
Nb 0.163 0.175 0.750
o(1) 0.090 0.095 0.083
0(2) 0.410 0.100 0.083
0@3) 0.750 0.080 0.070

In this structure each metal atom is surrounded by a nearly regular octahedron of oxygen
atoms which are approximately hexagonally closed-packed. The (Fe,Mn)-O octahedra are
arranged in chains ranged along the a, axis and held together by sharing edges. In
MgNb,O,, the Mg ions occupy the equivalent positions of the Fe and Mn ions in
Nb,(Fe,Mn)Os.  As the Mg?* ions in MgNb,O4 have the same valency as Co** and
remembering that niobium has a valency of +5, we can assume that the nickel substitutes
as Ni?* for Mg2* in MgNb,Og. The colour of the MgNb,0O4:Co?* crystals, pale blue, is
unusual if the cobalt is substituted as Co®* in octahedral as expected in this material.
Normally, Co?* ions in oxide hosts give rise to a red colour when octahedrally coordinated
and a blue colour when tetrahedrally coordinated®®. The crystal structure in this case,
however, only allows an octahedral site for the substitutional Co®>* ion. Note that although
the Co?>* immediate environment is approximately an oxygen octahedron, the actual site
symmetry is much lower - C,. The samples used in this study were of good optical quality
but were not optically oriented.

3.2.2 Luminescence and Absorption Data

The only emission from MgNb,0O4:Co observed in this study was a broad band centered at
about 950 nm. The low temperature (21 K) spectrum (uncorrected for the system response)
excited by an Argon ion laser is shown in Fig. 3.2. It consists of a weak zero phonon line
at 821.2 nm and a very strong sideband extending to ~ 1.2 um. Apart from the zero phonon
line, some structure is evident on the high energy side of the emission band. The
luminescence spectra are shown at intermediate temperatures between 21 K and room
temperature are also shown in Fig. 3.2. At 21 K the peak of the sideband occurs at 925 nm
and at room temperature the peak has shifted to 975 nm. The sideband broadens
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considerably and extends beyond 1.3 um at room temperature. The integrated intensity of
the emission as a function of temperature is shown in Fig. 3.3. As can be seen from the
figure, the intensity remains relatively constant up to 160 K and then falls off rapidly. This
fall off in intensity is attributed to an increase in the non-radiative decay rate at higher
temperatures.

The absorption spectrum for MgNb,Og:Co at 85 K is shown in Fig. 3.4. The spectrum is
very similar to that observed for Co?* in octahedral sites in other oxide hosts®*%? and based
on the assignments in these references, we assign the 6500 cm'! and 13500 cm™! absorption
bands of MgNb,Og:Co to the *T,(‘F) —= *T,(*F) and *T\(‘F) - *T,(*F) transitions,
respectively, of octahedrally coordinated Co**. We attribute the 18000 cm-1 absorption to
the *T,(*F)-*T,(*P) transition. By solving the secular determinants for the lowest crystal
field levels of this system, we obtain expressions*® for these level energies in terms of the
crystal field parameter Dq and Racah parameter B. A best fit to these energies is obtained
for the following values : Dq = 727 cm~! and B = 800 cm™' ; Dq/B = 0.9 (see Fig. 2.3)

In most Co** doped materials luminescence occurs from the first excited state *T,(4F)
to the *A,(4F) ground state only**37-®, Thus in MgNb,04:Co?>* we would expect the
*T,(4F)~*T,(4F) emission to occur around 1.8 um (6500 cm™’). We were unable to
mvesugate this region of the spectrum with the detectors available. We assign the observed
emission at ~ 1 um to the *A,(*F)~*T,(‘F) transition. The resulting energy level scheme
showing both absorption and luminescence transitions is shown as an inset in Fig. 3.2.

3.2.3 Lifetime Measurements and Discussion.

The decay time of the observed infra-red luminescence band was measured as a function
of temperature between 30 K and 320 K. At low temperature (31 K) the decay time was
found to be 4.48 us. This very short decay time is consistent with our assignment of the
luminescence to the spin-allowed *A,—*T, transition. As the Co** ion site lacks inversion
symmetry, the transition is also parity-allowed. Fig. 3.3 shows how the observed decay time
varies as the temperature is increased. The decay time remains almost constant up to 200
K, and then decreases rapidly. Since the temperature dependencies of the integrated intensity
and of the decay time are very similar, we attribute the fall off in the observed decay time
with increasing temperature to the growth of non-radiative decay processes. The observed
decay rate W is given by W=W, +W_,, where W, is the radiative decay ratz and W, the
non-radiative decay rate. We assume that the contribution from vibronic processes to the
emission is negligible so that W, is independent of temperature. For the analysis which
follows we also assume the energy level positions do not vary with temperature.
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Fig.3.4 The absorption spectrum for MgNb,O4:Co at 85K. The arrow indicates
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From a quantum mechanical analysis, the non-radiative decay rate W,, is given by*®

_ 1 _ R exp(-S(1+2m)) op v~ _ P! M P(ms2 Y
W, - - S" 3 e sy (3.1)

where R is an electronic matrix element, P = AE/Aiw where/ AE is the energy gap between
the two levels, and Aw is the effective phonon energy. S is the Huang-Rhys factor and m
the mean thermal occupancy in the vibrational mode where;

m= 1 (3.2)
exp(hw/kT)-1

The non-radiative decay rate W,, as a function of temperature, normalised to its value at
320K, is shown in Fig. 3.5. Theoretical plots of equation 3.1 for S = 3 and different sets
of P and Aw where P#Aw = AE = 7183 cm’! are also shown (full lines). Best fit occurs for
P = 21 and Aw = 340 cm’', which suggests that the dominant phonon energy is 340 cm™!.
It is found that the expression for the non-radiative rate (eqtn. 3.1) is not as sensitive to
variations in S as to variations in P and hw. Although we cannot deduce an accurate value
for S from the lifetime data, we can estimate this parameter from the absorption and
luminescence data. For the A, = *T, emission, the energy difference between the zero-
phonon line and the peak of the sideband is given by,
(S - %) Aw = 1366 cm™' (-3

For different values of S and Aw which satisfy the above equation, theoretical models*® of
the emission were constructed and compared with the actual emission. The dependence of
the emission band intensity on the number of phonons m (energy Aw) is given by

® - I,S—“J’—fnl!f)i' 3(E, +mha - E) (3.4)

where E, is the energy of the electronic origin. Best fit (Fig. 3.6) occurred for S = 4.5 and
Aw = 342 cm™’. Therefore S = 4.5 was taken as the Huang-Rhys factor for the *A,~*T,
transition and Aw = 342 cm’! as the effective phonon energy involved in the nonradiative
process.

It is interesting that, in this material, the rapid nonradiative relaxation from ‘A, to
*T,, which normally occurs in other Co?*-doped materials, is not as efficient. Additional
luminescence from this system in the transition ‘A, = “T, (as well as the usual laser
transition T, -» *T) is expected beyond the range of our present detector but we hope to
explore this region with new detection facilities in the near future.
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Fig. 3.5. The non-radiative rate (normalised at 320 K) as a function
of temperature for MgNb,O,:Co?*. The full lines are the theoretical
plots of eqtn. 3.1, for S = 3 and for different values of P and Aw
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3.3 Luminescence from tetrahedral Co?** ion in MgAl, O,

Our previous studies of the luminescence properties of tetrahedrally coordinated
Co?*(d”) ion in LiGa;Og was one of the reasons for embarking on this project and we
searched for other materials in which the Co?** ion occupied a tetrahedral site. A similar
luminescence pattern was found in MgAl,0,:Co?*. Absorption bands in this material at
7200, 17000 and 21000 cm'! are assigned to transitions from the A, (‘F) ground state to the
‘T, (*F), *T, (*P) and 2T, (%P) excited states of tetrahedrally coordinated Co?*, respectively.
The crystal field parameters Dq=400 cm!, B=730 cm"! and C=3500 cm"! are estimated for
a Co?* ion a site of pure T, symmetry. Saturation of Co®* absorption at 540 nm was
measured and the peak absorption cross section for the ‘A, (‘F) = T, (*P) transition was
estimated to be 4 x 107" cm2. The broad luminescence bands observed in the visible at 660
nm and in the near infrared at 880 nm and 1290 nm are assigned to transitions from the
“T,(*P) excited level to the lower lying *A,(*F), *T,(*F) and *T,(*F) levels, respectively. The
low-temperature spectrum is shown in Fig. 3.7. In contrast to LiGa;Os, however, the
luminescence intensity falls rapidly with increasing temperature and, at room temperature,
the luminescence quantum yield was estimated to be less than 1%. The luminescence decay
was shown to be non-exponential and dependent on the temperature and the concentration of
Co?* ions, providing evidence that luminescence quenching is due to both intra-ionic
nonradiative decay processes and energy transfer. No spectroscopic evidence for
octahedrally coordinated Co?>* has been observed. This work will be reported at the
International Conference on Luminescence (Storrs, Ct., USA) 1993.

3.4 LiGa0,:Co**

LiGaO, can crystallise in two stable phases. In the a-phase, the Co®* ions,
substituting for Ga>* ions, are octahedrally coordinated ; in the 8-phase, the Co coordination
is tetrahedral. High quality samples of this material were obtained from the University of
Georgia. It is not possible to distinguish the crystal phase on the basis of the optical
absorption spectrum, shown in Fig. 3.8, although it is very similar to that observed in
LigasOy, in which the Co?* site is tetrahedral. However, the luminescence does not fit in
with this assignment. It is possible that some cobalt enters as Co** or that some smail
regions of a-phase are present, which would allow octahedrally-coordinated Co**. Very
weak emission is observed at low temperature (Fig. 3.8) but we hope to explore beyond 1.8
pm in this material also. With the new detection facilities, we plan to re-examine other
Co**-doped materials which we studied in our preliminary survey in year 1.
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3.5 Luminescence spectra of La,;Ga SiO, :Co**

These samples, yellow in colour, were obtained from A. Kaminskii (Academy of
Sciences, Moscow). Laser action has been obtained in a broad band around 1 um in the
Cr3* version of this material. The low-temperature luminescence spectrum of the Co?*-
doped system is shown in Fig. 3.7. It consists of at least two bands which resemble the
higher energy bands in LiGasOy and MgAl,O, (Figs. 3.1, 3.7). The lifetime of this
luminescence is ~ 2.1 us, which suggests that the Co>* occupies a tetrahedral site .

3.6. Conclusion.

Although the MgF,:Co?* laser is the only commercial laser system based on Co or
Ni ions, attempts to repeat this success in other media have not been successful. As in the
case of Ni, doping, excited state absorption processes and nonradiative relaxation
mechanisms are the main obstacles to laser action at room temperature. Operation at longer
wavelengths, however, may be possible if efficient luminescence from the excited state
occurs (as in MgNb,0Oy) or if luminescence from the *T,(*P) state can be obtained without
thermal quenching (as in LiGasOg). The importance of ESA in these materials at room
temperature has yet to be carefully evaluated.
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CHAPTER 4
Ni-DOPED MEDIA
4.1 Introduction

The spectroscopy of the Ni ion incorporated as an impurity in various host materials has been
well studied.'®'*S! Investigations of Ni** in MgO, MgF,, KMgF;,%! and in fluoro-
zirconate glass®® show that luminescence in the visible (green and red) and infrared is
observed from the Ni?* ions in these materials. Referring to the schematic energy-level
diagram shown in Fig. 4.1, which is typical of the Ni** ion in oxide and fluoride crystals,
the strongest absorption transitions in the Ni ion are 3A, - 3T,CP) (blue), A, - 3T,(F)
(red) and 3A, = 3T, in the near infrared. The visible emission originates in transitions from
IT, to two lower levels (*T,, A,) and the infrared emission is from the lowest excited state
(T, to the ground state 3A,. In all these materials the fluorescence lifetime and quantum
efficiency fall off rapidly with increasing temperature due an increase in the non-radiative
multi-phonon relaxation rate, which competes with the radiative decay process.

In more recent work on various chloride hosts?, additional transitions from 'T, to the lower
levels 'E and 3T, have been reported. It is possible that these transitions also take place in
many oxides but have not been reported because, in the oxides, they can occur in about the
same wavelength regions as the main transitions mentioned above. The relative weakness
of the 'E, + 'T,, transition compared to the T, « 'T,, and 3T, + 'T,, transitions is quite
puzzling, since it seems to defy the spin selection rule. In absorption, the three "spin-
forbidden” transitions, *Ag, Ty, *T,,, are of approximately equal dipole strengths, while
the “spin-allowed” 'E, + 'T,, transition is considerably weaker. The same basic analysis
applies for the Ni>* :CsMgCl, emission spectrum (although here the 'Eq + 'T,, transition
is somewhat stronger than in Ni2* :CsCdCl;), and, in the emission spectra of Ni**:CdCl,
and Ni**:MgCl,, and 'E; + 'T,, emission cannot be distinguished at all.? Although it is
almost certain that both the 'Tz‘andthe 'E‘statwhaveeonsidcrable mixed spin character
(both are close to triplet states) it is difficult to rationalize the apparent reversal of spin
selection rules solely on this basis. Absorption transitions in this system, for example,
adhere quite well to the spin selection rule, with spin-forbidden transitions being
approximately an order of magnitude weaker than those which are spin-allowed. In this
chapter, we present results on two Ni-doped gxides in which the crystal field is closer to that
which occurs in fluorides and chlorides and in which additional transitions from T, are also
observed.
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In contrast to this trend, there is only one luminescence transition in Ni* *-doped LiGa,O,,
a spinel-type crystal in which Ni** replaces Ga’* on octahedral sites.’> This is the T, -»
JA, transition indicated in Fig. 4.1, which consists of a broad band centered at 1.3 um.
Furthermore, the lifetime of the Ni** luminescence remains effectively constant from 15 K
to above room temperature, with a decay time of 650 us. As the temperature is raised above
about 350 K, we observe a decrease in the intensity and a corresponding decrease in lifetime.
The theoretical formula for the non-radiative decay rate, based on the single configurational
coordinate model, provides a quantitatively correct explanation for the temperature variation
of the lifetime’? and is strong evidence for a high luminescence quantum efficiency. This
material is interesting in that (i) all the emission occurs in the near infrared, and (ii) the
emission has a high quantum efficiency at room temperature. Our samples were flux-grown,
showed non-uniform green coloration, and were of poor optical quality. With good quality
samples, we felt that tunable laser operation in the region of 1.3 um should be possible.
Using the laser-heated-pedestal growth technique, better quality samples of this material have
been grown and unsuccessful attempts were made to obtain laser action in this system, using
a diode laser operating at 904 nm. We subsequently requested better quality flux-grown
samples of this material, but it is quite difficult to grow. However, the material LiALOq
doped with Ni?* is much easier to grow. Samples of this material have been obtained
recently and preliminary measurements show that it also has only one luminescence band.
Similar behaviour was found in ZnAl,O,:Ni**. These results will be presented in later
sections of this chapter.

4. 2 The Optical Spectroscopy of MgNb,O¢:Ni.

The crystals of MgNb,Og:Ni obtained for the present study were growth by the flame
fusion (Verneuil) method. They were straw coloured and of poor optical quality. The
particular sample used for most measurements had one polished front surface and was not
oriented. An additional face, through which the excitation beam entered, was cut and
polished perpendicular to the existing polished surface. The sample measured approximately
1.5Smm X 1.5mm X 0.5mm. The crystal structure has been described in chapter 3.

The infra red luminescence spectrum for MgNb,O¢:Ni at 22K is shown in Fig.4.2. This
spectrum is corrected for the response of the Ge detector and spectrometer. It consists of
three main bands at 900 nm, 1.2 um and 1.7 um. Fig.4.3 shows all three bands in more
detail. The 900 nm band in this figure was taken using an S-1 photomultiplier. It consists
of a zero-phonon line at 7704 A (12981 cm™!) with a sideband extending to 1.1 um. The
higher energy side of the sideband shows some structure. The 1.2um band consists of a no-
phonon line at 11688 A (8556 cm™’) with a well structured sideband extending to 1.27um.
The 1.7um emission is the most intense of the infra red bands. The zero-phonon line is at
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16617A (6018 cm™') and the sideband extending beyond the long wavelength limit of the
detector response (~ 1.78 um) shows considerable structure. Note that because the response
of the spectrometer and Ge detector is falling off rapidly beyond 1.75um, the exact shape
of the high wavelength side of this band is uncertain.

Figure 4.4 shows the temperature dependence of the infra-red emission up to room
temperature, taken using the Ge detector. These spectra are also corrected for the response
of the Ge detector and the 0.5m SPEX spectrometer. Note the appearance of an extra line
on the low energy side of the 1.2 um band at 54 K. This extra line is most pronounced
between 105 K and 153 K and is presumably due to the population of a higher excited state
in the upper level of this transition. As the temperature is increased from 21 K to room
temperature, all the bands broaden considerably. At room temperature the 900 nm and 1.2
um emissions form one continuous band. Also at room temperature the higher energy side
of the 1.7 um emission extends to 1.45 um. The intensity in the lowest energy band
decreases by a factor of ~ 10 between 26 K and room temperature.

The visible luminescence at 26 K and room temperature is shown in Fig. 4.5. The
low temperature spectrum consists of a no-phonon line at 5272 A (18968 cm™’) and a very
strong sideband extending to 6000 A, displaying structure on the high energy side. At room
temperature the overall visible emission becomes much broader and the appearance of an
anti-Stokes band on the high energy side is evident.

4.2.1 Absorption Measurements on MgNb,O:Ni. h

The absorption spectrum taken using a cold finger cryostat (85K) is shown in Fig.
4.6. In MgO®', Ni substitutes for Mg?* ions in sites having octrahedral symmetry only.
The similarity between the absorption spectra of MgO:Ni?* and MgNb,Og:Ni provides
further evidence that Ni in MgNb,Oj is present in octrahedral sites as Ni>*. By comparison
then, the strong energy peak at 460 nm can be attributed to the 3A,(F)-T,(*P) transition
of Ni** in a octrahedral site, while the band peaking at 840 nm is attributed to the
3A,CF)~*T,(°F) transition. The weak shoulder band located around 510 nm is characteristic
of the spin forbidden *A,(*F)-'T,('D) transition. While a similar feature does not occur in
the Mgo:Ni** absorption, we believe that the sharp peak at 720 nm is due to the
3A,CF)~'E('D) transition. We attribute the green emission, the 900 nm emission and the
1.2 um emission to the !T,~*A,, 'T,~’T, and 'T,~’T, transitions respectively. The resulting
energy level scheme showing both absorption and luminescence transitions is shown in the
inset in Fig. 4.2. The energy of the 1.7 um band is consistent with its assignment to either
a 'T,~'E or 3T,~’A, transition.

The parameters Dq,B and C can be found by solving the secular equations obtained
from the Sugano-Tanabe matrices for the different levels and fitting the resulting expressions
(involving Dq, B, C) to the measured transition energies in absorption. Best net agreement
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seems to occur for Dg = 721 cm!, B = 823 cm™ and C = 3704 cm’'. Therefore, C/B =
4.50 and Dq/B=0.88. The Sugano-Tanabe diagram for the case of Ni**(d®) with C/B =
4.50 is shown in Fig. 4.7. The vertical line at Dq/B=0.88 indicates values for the energy
levels calculated for MgNb,Og:Ni**,

4.2.2 Lifetime Studies.

Attempts were made to measure the luminescence decay times for the green, 900 nm, and
1.2 um emissions at low temperatures, initially using the EG&G multichannel scaler which
had a minimum bin width of 2 us. It was not possible to measure the decay time of 1.7 um
band as it occurred outside the wavelength regime of the S-1 or S-20 photomultiplier tubes.
The large instrument time constant (~ 1.2 ms) of the Ge detector made it unsuitable for
measuring lifetimes. Initial lifetime measurement efforts indicated that the low temperature
lifetimes of all three measurable bands were < 6 us. Using an acousto-optic modulator to
chop the exciting beam, the lifetime of the green emission was found to be < 60 ns at 18K.
As we were approaching the limit of our apparatus, only an approximate value could be
determined. The measured value is very short compared to the estimated lifetimes of the
green emissions in MgO:Ni?*, KZnF; and MgF, of 48 us, 580 us and 400 us, respectively.
Although the Ni* site lacks inversion symmetry so that transitions are parity allowed, the
transitions are spin forbidden, which makes the estimated low temperature lifetime for the
green emission even more puzzling. The room temperature lifetime was too short to be
measured. The fact that the three emissions have lifetimes < < 6 us, and seem to have the
same lifetime, is consistent with our energy level assignments that ail three transitions
originate from the 'T, level.

4.2.3. Phase Sensitive Detection and Selective Excitation using a Ti-Sapphire Laser.

Phase sensitive detection techniques can be used to separate out overlapping luminescence
components which have different decay times. It was found that by chopping the Ar* laser
excitation beam at 1kHz and by nulling out the 900 nm and 1.2 um emissions, the 1.7 gm
band still remained but was reduced in intensity (see Fig. 4.8). This suggests that the 1.7um
band has a different lifetime time, and because the chopping frequency was 1 kHz, has a
lifetime of the order of 1 ms. This also suggests that the assignment of the 1.7 um emission
to the 3T, A, transition is correct.

It was found also that, by exciting the sample at 800 nm (12500 cm™"') (ie. below the 'T,

level) using a Ti-Sapphire laser, the 1.7 um band was almost identical to that obtained using
argon laser excitation. The ratio of the two largest peaks (I,/Iy), is reduced for Ti-sapphire
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MgNb,Og:Ni** at 22 K. Spectrum (a) is nulled at 11694 A and spectrum
(b) is its quadrature.
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laser excitation. Again this supports the assignment of the 1.7 um band to the 3T,+*A,
transition rather than the 'T,~'E transition. Using Ti-Sapphire excitation, the ratio of the
largest peak intensity to the second largest peak intensity of the 1.7 um emission was less
than for the case of Ar* excitation. A possible explanation for this is that when excited into
the 'T, level using Ar* excitation an additional luminescence component occurs in the 1.7um
band with a strong zero phonon line occurring at the same position as the zero-phonon line
of the 3T,~’A, emission and a very weak sideband, and this additional luminescence
component could be due to the 'T,~'E transition.

As in the case of the Co?* doped material, values for the Huang-Rhys parameters S and
configurational coordinate offsets AQ can be evaluated from the shapes of the various bands
in absorption and luminescence. The resulting single configurational co-ordinate diagram is
shown in Fig. 4.9.

4.3 Luminescence of Ni** centers in forsterite (Mg,SiO)).

Stimulated by the discovery of tunable infra-red laser emission from Cr-doped forsterite and
subsequent extensive studies of this material®!, we have studied other 3d-ion centers in
forsterite, such as Fe and Ni2, which also emit IR luminescence. Here we present emission
and excitation spectra and lifetime measurements of Ni-doped (2% Ni) Mg,SiO, at various

. “nemperatum down to 15 K.

In common with Ni?* centers in some other oxide host crystals, we observe at least three
separate emission bands; two of these (Fig. 4.10) are in the infra-red and what appears to
be a composite band is observed in the visible (green). Below about 150 K, the dominant
emission is a band peaking at about 1.5 um (6,700 cm™") with (at 15 K) a strong zero-phonon
line at 1.37 um (7280 cm') and a lifetime of 1.2 ms. The phonon sideband shows some
structure and the Huang-Rhys factor is in the range 1.5 - 2.0. Excitation spectra of this band
(Fig. 4.11(a)), assigned to the 3T, - 3A, transition of Ni2*, show considerable splitting of
the 3T, level due to distortions from octahedral symmetry and indicate that the emission is
from the lowest split component. This emitting level is further split into three components
by spin-orbit interaction as shown by three zero-phonon features. Due to Bolztmann factors,
the two spin-orbit components at higher energy are only seen at low intensity in emission at
temperatures around 100 K. The emission is thermally quenched at about 150 K, as shown
in Fig. 4.11(b), which is a plot of the decay time of the emission against temperature. On
the same plot is shown the variation of the emission intensity over the same temperature
range, which confirms the lifetime data. The other infra-red band at around 1000 nm,
assigned to the transition 'T, -» 3T, is broad and featureless (even at low temperature), is
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Fig. 4.11 (a) Excitation spectrum of the long-wavelength band shown in Fig. 4.10. (b) Plot
of the decay time ( ), and emission intensity ( ), versus temperature of the same band.
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not temperature quenched to the same extent as the 1.4 um band, and is in fact the dominant
band at room temperature. We are continuing our studies of this material. We have
requested samples of Co-doped forsterite for our survey but have not yet received delivery
of same. The visible emission, though comparatively weak, consists of two broad
components at low temperatures which may indicate that two emitting states are involved.
Although there are two possible metal cation sites which the Ni* ions can occupy (both of
which are distorted octahedral sites), the data suggests that the N** ions populate only one
of these sites and this is most probably the smaller (M1) site, in agreement with electron spin
resonance studies.5?

4.4 Optical spectroscopy of ZuNb,O:Ni?*

The spectroscopic behaviour of this material is very similar to that observed for
MgNb,Og¢ except for slight shifts in the positions of the various absorption and luminescence
bands. The lifetime of the !T, state is again very short (~ 100 ns), and the temperature
dependence of all the bands take the same form as in the MgNb,O¢ samples. Some
representative spectra are shown in Fig. 4.12.

These materials are very interesting as they are the only oxides in which the crystal
field at the Ni** site is sufficiently small that the various transitions are clearly resolved.
In this respect, their spectra are similar to those reported for several Ni>*-doped chlorides
reported recently, except that the T, lifetime is mysteriously very short. The short lifetime
does explain, however, why the green emission band is still unquenched at room uempiemture
as the radiative rate is clearly comparable to, or faster than, the nonradiative rate in these
materials at room temperature.  Unfortunately, the lowest-energy IR band, the main
candidate for laser action, is strongly temperature-quenched in these materials.

4.5 Luminescence of ZnALO:N#* and LiAl,Oy:NP*

Our results on these materials will be presented together because of their similar
behaviour. Both samples crystallize in the spinel structure and the Ni** ion occupies an
approximately octahedral site in each case. The actual site symmetry is trigonal in the zinc
aluminate; in the lithium spinel the Ni* the deviation from octahedral symmetry is more
severe due to rhombic component in the local field. The ZnAL O, crystals were flux grown,
pale green in colour, and of good optical quality. The LiALO, crystals were grown by the
laser heated pedestal technique at the University of Georgia (Athens,GA). Absorption and
luminescence spectra for these materials are shown in Figs. 4.13. These materials have
similar optical properties to LiGasO,, in that the luminescence consists of only one band T,
~JA,) and the lifetime of this emission changes very little from 20 K (340 us for LiAl,Oy)
to 300 K (270 us for LiAl;O,). This suggests that the quantum efficiency of this systems is
quite high, although we are not able to estimate this quantity directly. In contrast to
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Fig. 4.12 Emission spectra of ZnNb,Oq:Ni recorded at 15 K using (a) S-20
photomultiplier, and (b) Ge detector. (c) Absorption spectrum at room

temperature.
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LiGasOyg, both materials show a sharp zero-phonon line and significant structure in the broad
accompanying sideband. (In both materials, there are some additional sharp features which
can be definitely assigned to luminescence from trace amounts of Cr’* impurities). The
crucial question, the answer to which will decide the usefulness of these mateiials as laser
media, is whether excited state absorption is a limiting factor. Although we are not equipped
to answer this question, we are attempting (in collaboration colleagues in the University of
Georgia and in the Bell labs) to obtain samples of such quality that such measurements can
be made. Our initial interest was in LiGa;Oy, but it is difficult to grow good quality sampies
of this material because of the volatility of the gallium oxide. The aluminate was much
easier to grow and the sample whose spectra are presented here was a product of our
program to obtain better samples. There is a general trend, however, that ESA is less likely
to be a problem the greater the crystal filed at the Ni2* site. If this is so, then LiALO,
shows definite promise as a potential tunable laser medium in the future. We propose to
carry out a more detailed analysis of this material to assess the likelihood of ESA before
embarking on a major growth program.

4.6. Conclusion

The data presented in this chapter emphasises that our understanding of the
spectroscopy of the Ni>* ion in solid hosts is still incomplete. There are wide variations in
the characteristics (lifetime, relaxation mechanisms, etc.) of the luminescence, even among
materials with very similar structures. It is clearly worthwhile to study these materials in
greater depth in order to deepen our understanding of the interaction of transition metal ions
with crystalline host materials. While some of the materials described in this chapter show
promise as tunable solid-state media, excited state absorption measurements must be carried
out to characterise these materials more completely.
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CHAPTER 5§
Cr-DOPED MEDIA.

5.1 Introduction.

The development of the alexandrite laser system®, based on the spin allowed *T, -
‘A, transition on the Cr’* jon in BeAlO,, has led to a search for analogous Cr-doped
crystalline materials in which the 2E and *T, levels are sufficiently close to allow significant
population of the latter at room temperature. These studies have led to other laser materials
such as GSGG:Cr** and ZnWO,:Cr*, which are pumped (using either flashlamps or other
lasers) in the strong absorption bands of the Cr* ion. In this chapter, we present optical
measurements of the crystalline material BiGaO,:Cr’* and LaSr,Ga,;0,0:Cr** which show
many of the properties required for a laser medium. In the former, the existence of energy
transfer from the Bi** ions to the Cr** ions allows the possibility of more efficient excitation
by broadband sources. A large amount of research has also being devoted recently to the
study of Cr** systems, since the assignment of the laser transition of Cr-doped forsterite to
the lowest energy transition T, -» A,) of the Cr** ion in a tetrahedral site. In this chapter,
we describe also the results of our measurements on several materials in which Cr (as Cr**)
is substituted on tetrahedral sites.

5.2 Optical Spectroscopy of BiGaO,

The samples of BiGaO, used in this study were flux-grown in the Bell Labs. The
undoped samples were pale yellow ; the Cr-doped samples were a light green colour. When
examined in a polarising microscope, the samples were found to be uniaxial and to have a
multidomain structure. Many oxide materials with the general formula ABO, adopt the
perovsldtcsﬁucuue(Fig. 5.1), or some distortion of this structure. For example, BiFeO; has
been reported to have a structure derived from perovskite by a rhombohedral distortion.
Because of the similarity in the ionic radii of F&>* and Ga>* we expect the structure of this
material to be a good guide to the likely structure of BiGaO;.

Raman scattering experiments were carried out on BiGaO, in an attempt to determine
the space group for this structure. At 80 K, 23 Raman modes were observed ; at room
temperature only 16 definite modes were identified. Due to the multidomain nature of the
samples, it was not possible to determine the symmetry of the observed Raman modes.
From the Raman data, BiGaO, cannot have a structure like that of the low temperature form
of StTiO, (D'S,,) since this would result in 5 Raman modes. The structure of PrA10, (R3C)
has only 8 Raman modes. The space group (R3C) for BiFeO, results in 13 Raman-allowed
modes. As these 13 Raman modes are also IR active, each mode will be split into a doubly-
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degenerate transverse optic (TO) mode and a non-degenerate longitudinal optic (LO) mode,
i.e. 26 Raman-allowed modes altogether. The observation of 23 Raman modes in BiGaO,
is consistent with a space group assignment of R3C for this structure.

In the rhombohedrally-distorted perovskite structure of BiFeO;, the Fe** ions are
displaced from the centre of the FeOq octahedra and the oxygen octahedra are rotated about
their three-fold axes (Fig. 5.1 (b)). This material is both piezoelectric and ferroelectric. Its
space group is the same as that of LiNbO;, whose useful nonlinear properties have led to its
optical properties being studied in some detail.% Above a certain temperature the B ions (in
this case Nb) return to the centre of the oxygen octahedral which, however, are still rotated
slightly about their threefold axes. Thus above 1490 K the LiNbO, crystal is again centro-
symmetric.

5.2.1 Luminescence

The luminescence from Cr** impurities in BiGaO; was observed over the temperature
range 10 - 550 K and spectra recorded at 10 K, 80 K and room temperature are presented
here in Fig. 5.2. At 10 K the luminescence consists of a single sharp line at 14124 cm™! and
a weak relatively featureless sideband extending to ~ 13500 cm™'. The intensity of this
sharp line relative to that at the peak of the sideband is ~ 8.5. This line at 14124 cm™! has
a half width of ~ 12 cm™! at 10 K and there is a marked asymmetry in the shape on the low
energy side. At 80 K this sharp line has shifted to 14119 cm’!, its half-width is ~ 15 cm'!
and the asymmetry in the line shape is still in evidence. A second sharp line has begun to
appear at 14286 cm™' and the sideband structure shows very little difference from that
observed at 10 K. The spectrum changes considerably between 80 K and room temperature,
the feature B at 14286 cm™! growing in intensity relative to the line A at 14119 cm™. Both
lines broaden considerably and shift to lower energy with increasing temperature. In the
room temperature spectrum the two lines, A and B, and the sideband are all sitting on a
broad band extending from ~ 14800 cm™ to ~ 11800 cm™ with a peak at ~ 13400 cm™.
From the temperature dependence of the intensity ratio Iy/I,, it was clear that A and B are
the R-lines, corresponding to the 2E -» “A, transition. The large R-line splitting indicates that
the luminescence originates on Cr?* ions in sites with a large low-symmetry crystal field.

When compared with other systems containing Cr* ions in distorted octahedral sites,
the half-width of the R, line at low temperatures is very large. (cf. the half width of the R,

line in AL0; : Cr** at low temperatures ~ 0.5 cm™! with = 12 cm™! in BiGaO, : CrP*.)

The large half-width may be related to the asymmetry in the R, line-shape. It was noted also
that the position of the R-line shifted by ~ 55 cm'! between 10 - 300 K. Such line shifts
in the luminescence from impurity ions in crystals can usually be explained by taking into
account the coupling of the ions to the lattice vibrations.
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Above room temperature, the broad band grows in intensity relative to the R-lines (Fig. 5.3)
until, at 550 K, these lines have almost disappeared. The appearance of such broad
luminescence bands with increasing temperature in many of d® systems is attributed to *T,
- *A, luminescence. Only a very small population is necessary in the “T, level for the *T,
- 4A, transition to be observed in luminescence. The ratio of the populations of the *T, and
2E states in such a system is 3 exp(-A/KT) where A is the energy difference between the zero
vibrational levels. Thus, the observed luminescence from BiGaO,:Cr’* is due to the small
value of A since the broadband emission dominates the spectrum at temperatures < 500 K.

The radiative lifetime on the R, line at 10 K was measured to be ~ 200 us. (Similar
short lifetimes are observed in GSGG, due to mixing of the 2E and T, levels®’). At room
temperature the lifetime was too short to be measured by the muitichannel analyser. The
decay rate observed at low temperatures indicates an electric dipole process. If the 2E —= ‘A,
transition is occurring via an electric dipole process then the environment of the chromium
ion in the crystal must lack inversion symmetry. This conclusion is in agreement with the
suggested space group R3C for the structure since the gallium ions would be shifted off
centre with respect to the surrounding oxygen octahedral in this space group. The very short
lifetime observed at room temperature can be explained by the presence of the spin-allowed
“T, broad luminescence band at this temperature.

The excitation spectrum of chromium in BiGaO, was recorded at 77 K and was used
to obtain the energies of the absorption bands in this material. Using the Sugano-Tanabe
energy matrices for a d’ system, values were estimated for the parameters, B, C and Dq
which would fit the theoretically predicted energy levels to the excitation spectrum. The best
fit was obtained for Dq = 1570 cm™!, B = 660 cm™ and C = 3100 cm™'. The value of Dq
obtained for BiGaO,:Cr’* is considerably smaller than the values reported for MgALO, and
Al,0;. However, it is larger than that reported for LiNbO;. This is consistent with the
suggested interpretation of the observed luminescence; in LiNbO;, the smaller value of Dq
results in the *T; being the lowest excited state and the observed luminescence consists of a
broad band.*®

Since the zero-phonon line of the *T, band was not observed in excitation, no accurate
estimate of A, the energy difference between the ground vibrational levels of the *T, and 2E
states, could be made. However, from the excitation spectrum, we estimate that it should
be ~ 350 cm~! at 77 K. This *T, level is expected to shift downward with increasing
temperature. In ruby the shift has been estimated to be ~ 1.4 kT. If we assume that the
magnitude of the shift will be similar in this case then the variation of the *T, - 2E energy
difference as a function of temperature may be expressed as

A(T) = A(Q) - 1.4 kT
and, on this basis, we would expect the T, level to begin to overiap the 2E level at a
temperature of ~ 380K. However, the 2E level is also moving to lower energy® and has
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overlapping R-lines. Phase resolved luminescence spectra have been used to resolve partially
the emission from the two sites. The decrease in the lifetime with increasing temperature
is probably due to changes in the 2E, *T, mixing rather than a reduction in fluorescence
efficiency.

5.4 Mg,;SiO:Cr

Forsterite (Mg,SiO,), like alexandrite, is a member of the olivine family, with an
orthorhombic crystal structure. When doped with Cr ions, it can support laser action over
a limited spectral range around 1.2 um.”"'”? However, there was some controversy
concerning both ;-2 Cr valence state, the sites occupied by the Cr ion in this material, and
the possibility of lascr pumping by transfer from Cr3* to Cr** ions. For this reason, we
investigated the spectroscopy of this material doped with various levels of chromium. The
complete luminescence spectrum, which is quite sensitive to the wavelength and the
polarisation of the excitation’! is shown in Fig. 5.6. At low temperatures, it consists of
several sharp features at around 700 nm, some broad bands at about 800 nm and 1000 nm,
and further sharp features at 1100 nm. The latter broaden with increasing temperature (see
Fig. 5.7) and develop into the lasing band at room temperature. The sharp line emission in
the 700 nm region corresponds to the 2E -» 4A, transition on Cr’* ions which replace Mg>*
ions in distinct octahedral sites, one with inversion symmetry (M1) and one with mirror
symmetry (M2), as well as a perturbed M1 site, possibly arising from charge compensation.
Cr* ions in such sites have distinct ground splittings, measured using E.P.R.,™ which are
resolved in the R, emission at low temperature and which clearly identify the Cr’* site. The
energy-level structure for the Cr3* ions is similar to that in alexandrite [1] and with
increasing temperature the higher-lying T, level becomes populated so that emission from
this level dominates the spectrum at room temperature (Fig. 5.7). The lifetime varies from
8.9 ms at low temperature to 340 us at room temperature and can be fitted to a purely
radiative model for the emission. The variation of the lifetime can be fitted to the expression

f. + 3fr W('Aln)
1 + 3 exp(-A/KD

with values of 114 s and 10* s for the radiative rates fg, fy from the 2E and *T, levels,
respectively, and 450 cm™! for the energy separation A between 2E and *T,. We find no
evidence for any energy transfer from Cr’* jons to the IR lasing centre, which was suggested
by other workers,”! or for any nonradiative component in the emission from these ions up
to room temperature. The spectroscopy of the Cr>* emission is described in more detail in
two publications in Appendices 3,4. In an attempt to understand the host material more
fully, we investigated Fe-doped forsterite also. Details of our results are contained in a
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publication in Appendix 5.

Despite its high efficiency, this system is prevented from lasing due to absorption by another
center (now generally accepted to be Cr** in tetrahedral Si sites’'-”> which is the basis for
the demonstrated laser action in this material in a band centred at 1.2 um. (The latter may
be pumped almost anywhere in the visible and even at 1.06 um). The energy level diagram
for Cr** in a tetrahedral site is similar to that for Ni?* in an octahedral site (see Fig. 1.3)
and the lasing emission has been tentatively assigned to a transition from the lowest crystal-
field split component of the 3T, state to the A, ground state in this system.™ The structured
low-temperature spectrum shown in Fig. 5.6 becomes a broad band at room temperature and
it peaks at different wavelengths around 1.1 xm depending on the excitation wavelength and
on the Cr concentration (Fig. 5.8). Emission in this wavelength region, and the measured
lifetime of 2.5 us at room temperature, is difficult to reconcile with the known spectroscopic
properties of Cr* ions in oxide crystals. The identification of the lasing centre in this
material remains an interesting problem for further study. We note that similar laser action,
with a tuning range of more than 300 nm and extending to beyond 1.2 um in some cases,
has recently been reported by Kaminskii’ in a range of Cr-doped oxide crystals. If indeed
these results are due to Cr** then this ion may prove to be a worthwhile laser centre in its
own right which can extend the range beyond that of Cr** in the infrared and new crystal
hosts were sought which can stabilise this oxidation state. Some of the results are described
in the next section. o

5.5 Spectroscopic measurements of Cr**-doped media.

Although laser action in Cr-doped forsterite and YAG crystals is attributed to Cr**
in a distorted tetrahedral site, a number of other materials with Cr** in tetrahedral sites have
not exhibited stimulated emission at room temperature.” This may be due to low quantum
efficiency in these media resulting from intraionic nonradiative decay processes and energy
transfer to traps. To address this problem (in collaboration with the University of Belarus,
Minsk) we have investigated the spectroscopic properties of different hosts containing Cr**
ions in tetrahedral sites, namely Y,SiOg (YSO), Gd,SiOs (GSO), and C2,(VO,), (CVO). As
shown in Fig. 5.9, the broadband luminescence from these materials at low temperatures was
in the 1.1-1.7 um region with peaks at about 1.25, 1.32, and 1.17 um in YSO, GSO, and
CVO, respectively, and was assigned to 3T, - A, transitions on Cr** ions in tetrahedral
sites (see Fig. 1.3). At least two types of the near infrared emitting centers were observed
in YSO. The dominant strong absorption bands with peaks at about 16700 and 14000 cm'!,
weak absorption at about 1000 cm'! and broad emission band with peak at 1250 nm are
assigned to transitions on Cr** ions, substituting for the Si in distorted tetrahedral sites. The
temperature dependence of two zero-phonon lines observed at 1148.7 nm and 1144.3 nm
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Figure 5.8. The near-infrared emission band in chromium-doped forsterite for
different concentrations of chromium excited by an argon-ion laser
at 290 K (all lines). Tunsble laser operation has been obtained
over about 75 nm centred on 1.2 um (12).
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indicated the 33.5 cm™! splitting in excited state of this centers. Fluorescence decay time
excited by 578 nm pumping varied from 11.5 um at 77 K t0 0.9 us at 300 K. A decreasing
of emission intensity was observed with increasing temperature, providing evidence for
strong non-radiative processes. Another type of emitting center in YSO had weak absorption
bands at about 20500 and 13000 cm'! and fluorescence band with peak at about 1.2 um. The
emission lifetime at 77 K was found to be 5.2 us and extremely strong temperature
quenching of the fluorescence was observed for this center.

A broad near infrared emission band peaking at 1.32 um was observed in GSO with
a lifetime of 1.7 us at 77 K. At room temperature the fluorescence intensity and lifetime was
two orders of magnitude smaller than that at 77 K. The emission lifetime at low
temperatures was shorter than that observed in forsterite and varied from 11.5 us in YSO to
1.8 us in GSO. The temperature dependence of the emission lifetime and of the integrated
intensity (Fig. 5.10) were measured for these materials over a range of Cr** doping levels.
The results indicated that intraionic nonradiative relaxation processes are strongly affecting
the emission from the 3T, excited state of tetrahedral Cr** at room temperature.

In all of these materials, the integrated intensity in the emission band decreased by
a factor of 15-20 on warming up to room temperature. The spectroscopy of Cr**-doped
materials is still very poorly understood and much work remains to be done if this potential
laser center is to be fully exploited.

5.6 Conclusion

Since interest was renewed in Cr-doped media by the achievement of laser action in
alexandrite, and subsequently forsterite, many new Cr-doped media have been reported (see
Table 1.1) and Cr** has been recognised as a new lasing ion. The results of our
measurements on materials doped with either Cr** and Cr** ions (or both) have been
reported in this chapter. Although many materials, containing Cr** ions in tetrahedral sites,
have recently been explored, none have been found which a quantum efficiency at room
temperature comparable to that obtained in forsterite. Interest in Cr>*-doped materials has
decreased since the commercialisation of the Ti:sapphire laser system.
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CONCLUSION.

Although there are very few commercial laser systems based on TMI-doped materials,
the data presented in this report suggests that many possible dopant-host combinations remain
to be explored. Some novel behaviour for TMI in various host materials has been discovered
in this study, e.g. emission from higher excited state in MgNb,O4:Co?**, energy transfer
from host material in BiGaO,:Cr*, and anomalous lifetime of the 'T, state in
MgNb,Og:Ni** and ZaNb,O4:Ni?*. The luminescence behaviour of the latter systems is
very similar to that of several Ni-doped chlorides reported recently. In CsCdCly:Ni*t,
evidence is presented for a nonradiative pathway from the 'T, state direct to the ground state.
Such processes are difficult to detect since they can only be observed easily when two
emitting levels are connected by radiative and/or nonradiative transitions, a situation which
rarely occurs for TMI centers. Thus very little is known about the nonradiative branching
ratios involved in multiphonon relaxation from higher excited states. It is possible that
multiphonon relaxation pathways which do not follow a "cascade” route of successive steps
between adjacent levels are much more common in TMI systems, although very difficult to
detect. MgNb,O,:Ni?* is an important material since it allows more detailed investigation
of the excited state dynamics of such systems. This material also shows an unusually strong
and sharp absorption from the ground state into the 'E level. The reason for this effect may
shed some light on the nature of the singlet- triplet mixing in Ni-doped materials. Both

" LiAl;O, and ZnAl,O, doiped with Ni>* show potential as tunable laser media, although ESA

studies have yet to confirm this possibility.

This study has not uncovered an alternative to MgF,:Co**, the only Co-doped
commercial laser system, although some new possibilities based mainly on tetrahedrally-
coordinated Co®* ions and emission from higher excited states of octahedrally-coordinated
systems have been explored. ESA and nonradiative relaxation effects are major potential
drawbacks in all Co-doped materials but careful trawling of new materials may be a source
of new laser media.

The growth of Cr-doped crystals has taken a new direction in recent years with the
realisation that Cr#* is also a lasing ion and with the identification and growth of crystalline
hosts which can accept this ion in tetrahedral sites. The search continues also for new Cr>*-
doped media with high quantum efficiency in the *T, = *A, transition at room temperature.
Much work remains to be done to understand (i) why forsterite is the only host in which
Cr** emits with significant quantum efficiency at room temperature, (ii) the unusual
temperature dependence of the emission lifetime in this material, (iii) why Cr enters this host
as Cr** in tetrahedral sites. Our studies of other Cr-doped silicates may provide answers to
some of these questions.
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The possibility of obtaining laser action in glasses doped with TMI was explored
briefly, without success, early in the project. The most encouraging results were obtained
with fluoride glasses doped with Co and Ni. Given the preference for randomly connected
tetrahedral complexes in silicate glasses, and the ease with which Cr has been incorporated
in tetrahedral sites in various crystalline silicates, it may yet be pos«ible to fabricate glasses
doped with Cr** ions which would have suitable properties for IR lasers. The potential of
constructing fibre amplifiers in the 1.3- 1.5 um region is an attractive possibility.
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FLN STUDY OF LiGasO4: Co?*

Appendix 1

23

J.F. DONEGAN, T.J. GLYNN and G.F. IMBUSCH

Department of Physics, University College, Galway, Ireland

Absorption, luminescence, and lifetime measurements have been carried out on LiGaOg:Co?*. The emission consists of
three broad bands, peaking at 675 nm, 950 nm, and 1.2 pm, which are assigned to spin-allowed transitions between the
4T,(*P) state and lower crystal field levels of the Co?* ions in tetrahedral sites. The radiative decay rate, common to all the
emission, is ~ 200 ns, even up to room temperature. FLN techniques were used to study the zero-phonon line of the visible
transition, which occurs at 15157 cm ™. These studies reveal fine structure in the inhomogeneously broadened line and a
ground-state splitting of ~ 20 cm ™, indicating that the cobalt ions occupy rather distorted tetrahedral sites.

1. Introduction

The Co?* ion has been studied as a dopant ion in
many host materials, in which it can occupy sites of
octahedral symmetry, for example in MgF, [1], or sites
of tetrahedral symmetry, for example in ZnO {2]. How-
ever, given a choice of sites this ion shows a strong
preference for the tetrahedral site [3.4]. LiGa;Og con-
tains both types of site but absorption, luminescence,
and lifetime data [5] indicate that the cobalt substitutes
for Ga>* ions as Co?* and only in tetrahedral sites. We
find no spectroscopic evidence for cobalt ions in any
valence state in octahedral sites. The dopant cobalt
shows two zones of concentration in this material. Elec-

tron beam microprobe measurements on one sample
gave 0.5% for the dark blue core region of the sample
and 0.12% in the pale blue outer edges [6].

2. Spectroscopic measurements

By comparison with the absorption spectra from
dopant Co** ions in tetrahedral sites in other materials
[3.4] we have assigned the three main luminescence
bands from this material - at 675 nm, 950 nm. and 1200
nin - to transitions from the *T,(*P) level to A, (*F).
“T,(*F), and *T,(*F). respectively. A summary of the
relevant spectra is shown in fig. 1. The visible emission

. . 2+
LsGaSOB.Co 20k
15 K E 10%m) : _ 2e
61/ NG
Pt :
Excitation . LT1(LF}
. )
LF J : LAz
; Luminescence
l L 1 i
650 850 1050 1250
wavelength (nm)

Fig. 1. Energy leve! structure along with excitation and luminescence spectra of Co?* ions in tetrahedral sites in LiGa O, at 15 K.

0022-2313/90/303.50 © Elsevier Science Publishers B.V.
(North-Holland)
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nally, if the laser frequency coincides with transitions
from the two components of the ground state to the
lower level of the *T,(*P) state, situations illustrated in
fig. 3(c) and (d), then we would expect to obtain a true
FLN signal as we are resonantly exciting the lowest
level of the excited state. The expected emission in this
case is a pair of lines equally spaced from the exciting
laser frequency. Again referring to fig. 2 we observe that
the emission shown in spectra (f) and (g) does in fact
consist of a pair of sharp lines, which we interpret as
transitions to the two components of the ground *A ,(*F)
state. The separation between the laser frequency and
one of these components gives the ground state splitting
which we measure to be approximately 20 cm ™! in this
case. The separation between the exciting laser and the
rather broad emission in spectrum (a) in fig. 2 should by
analogy give the excited state splitting of the *T,(*P)
level. This splitting is measured to be ~ 35 cm™'. Some
of the sideband features also became much narrower -
3 ecm™ ! - when the luminescence was excited by the
laser within the zero-phonon line.

4. Conclusion

FLN experiments show an amount of fine structure
in the inhomogeneously broadened ‘T,(“P)—"AZ( ‘F)
luminescence transition in LiGasOg: Co** and reveal a
ground state splitting of approximately 20 cm ™', This is
a large value for the *A,(*F) level, indicating that the
distortion of the tetrahedral site is large, due perhaps to
local charge compensation effects. The short lifetime of

4/

the excited state makes it unsuitable for flashlamp
pumping, but suggests a potentially high gain in the
infrared depending on the branching ratio between the
various transitions. These data suggest that similar sys-
tems based on Co’* ions in tetrahedral coordination
may find application as tunable solid-state laser media
in the near infrared.
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Optical and magnetic-circular-dichroism-optically-detected-magnetic-resonance studies have been
carried out on Co-doped LiGasO;. The Co ions are found to be predominantly in the 2+ charge state
and to substitute for tetrahedrally coordinated Ga’* in the LiGasO; lattice, in sites which are shown to
have C; point-group symmetry. The strong absorption bands from the ground state 4 4,(*F) to the ex-
cited states *T;(*P) and *T,(*F) are each split by the low-symmetry C; field. A combination of the low-
symmetry field and spin-orbit coupling is responsible for the ground-state splitting of 19.5+0.5 cm ™" ob-
served by fluorescence line narrowing. Strong broadband luminescence is observed from the *T,(*P) lev-
el to three lower levels, *4,(F), *T,(*F), and *T,(*F), with a lifetime that is constant at 200 ns from
10 K up to room temperature. The optically-detected magnetic-resonance studies show that the Co?*
ions are in sites which have axial symmetry along (111)-type axes of the unit cell, indicative of the C,
symmetry present in these substitutional sites. We give a detailed crystal-field model for the Co’* ion in
the C; site in LiGasO; and deduce the crystal-field parameters from our experimental data.

L. INTRODUCTION AND BACKGROUND

When cobalt (Co) is added as a dopant to wide band-
gap oxide materials, they acquire a characteristic color
due to electronic transitions on the Co ions in the visible
region of the spectrum. The cobalt ions are generally
found in the 2+ and 3+ charge states in these oxide
hosts. In 1961, Pappalardo, Wood, and Linares' carried
out a study of the spectroscopic properties of cobalt in a
number of oxide crystals. They .-vestigated cobalt dop-
ing of MgO and ZnO, which offer full octahedral and
tetrahedral symmetry for the dopant Co ions, respective-
ly. These are therefore ideal test systems to establish the
spectroscopic properties of dopant Co ions in oxide ma-
terials. The simplicity of the observed spectra allowed
Pappalardo et al.! to perform a detailed crystal-field
analysis of the spectra. These researchers also carried
out investigations of cobalt-doped spinel (MgAl,0,) and
YAG (Y;Al0,,), each of which offer both tetrahedral
and octahedral environments for the dopant Co ions. On
the basis of the work in MgO:Co?** and ZnO:Co?*, they
found that their spinel and YAG samples were dominat.
ed by Co’* spectra and that, given a choice, the Co**
ions greatly preferred tetrahedral to octahedral coordina-
tion in these materials. A subsequent study of Co absorp-
tion spectra in garnet hosts was carried out by Wood and
Remeika? in 1967. The observed spectra were ascribed to

43

Co’* and Co®" ions, mainly in distorted tetrahedral en-
vironments. The tetrahedral Co’* spectrum observed in
the garnet material YAG is dominated by a broad
double-peaked band centered near 9000 cm~'. On the
other hand, the tetrahedral Co?* spectrum in YAG
shows three absorption regions. The strongest absorption
occurs in the visible peaking near 16000 cm !, giving the
YAG:Co samples a characteristic blue color, and two ab-
sorption bands occur in the near infrared, peaking at
7100 and 4700 cm ™.

The material LiGasOy crystallizes with the spinel
(MgAl,0,) structure, which is adopted by a large number
of compounds whose general formula is XY,0,. In gen-
eral, two types of spinel are distinguished: ‘“‘normal” and
“inverse,” and the cube in Fig. | represents the unit cell
of normal spinel. For convenience, the cell is divided
into octants, and the arrangements of ions in two of the
octants are shown. These arrangements are repeated in
alternate octants. The octahedral and tetrahedral sites
may be distinguished in this figure. Whereas in normal
spinel the octahedral and tetrahedral sites are occupied
by trivalent and divalent ions, respectively, in inverse
spinel one-half of the trivalent ions occupy tetrahedral
sites while the other half, together with the divalent ions,
occupy octahedral sites, and the structure can be
represented by the formula Y (XY)O,.

The LiGa,O4 arrangement is a variation of the inverse

563 . ©1992 The American Physical Society
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FIG. 1. Schematic diagram of the unit cell of normal spinel
(MgAL,0,). For clarity, only two octants of the unit cell are
shown. The large open circles are the oxygen ‘ons, the small
open circles are the tetrahedrally coordinated ions, and the
hatched circles are the octahedrally coordinated ions. Atoms A
and B in the figure are in tetrahedrally coordinated environ-
ments.

spinel structure and contains 4 formula units in the cubic
cell shown in Fig. 1. The monovalent Li* ions and
three-fifths of the Ga®* ions are distributed among the
octahedral sites in an ordered manner so that each row of
octahedral ions in a { 110 )-type direction contains a lithi-
um ion in every fourth position.> This distribution of Li
ions results in the arrangement shown in Fig. 2 for the
second-nearest-neighbor shell of cations about a gallium
ion in the tetrahedrally coordinated site. The nearest-
neighbor oxygen ions are not shown. The Li ions are ar-
ranged symmetrically about the [111] direction of the
cell. This arrangement of the Li ions means that the site
symmetry for the tetrahedrally coordinated Ga3* ions is
reduced from T, to C;, and, as we will see later, the

FIG. 2. Environment of the Co’* ion in LiGa,O, showing
the shell of second-nearest-neighbor cations. This cube in this
figure is shifted by a distance equal to half the cube edge with
respect to the cube in Fig. 1 (so that the atom marked B in Fig.
1 is now at the center of the cell) and the oxygen nearest-
neighbor ions are omitted for clarity. The solid circle is the
Co’* ijon and the hatched circles are the octahedrally coordi-
nated second-nearest-neighbor ions. The circles marked X are
the Li* ions. The C, symmetry axis for the Co** ion in the
center of the shell is the [171] direction.

dy

Co®* jons substitute for Ga’" at these sites in LiGaOy.
There are four possible inequivalent Co®* sites in the unit
cell, with C; axes along { 111)-type directions. The crys-
tal structure of LiGasOy has been described in detail by
Gorter.*

In the past, extensive optical spectroscopic studies
have been carried out on Cr’*, Mn**, Fe**, and Ni?*
ions in LiGa;04.5~° In this study we have combined op-
tical and magnetic-circular-dichroism -optically-
detected-magnetic-resonance (MCD-ODMR) spectros-
copies to obtain a detailed account of the electronic
structure and environment of the Co?* ion in LiGaO,.
The experimental results are consistent with the C, site
symmetry expected for substitutional Co?>* in the
tetrahedrally coordinated sites in this material. A
crystal-field model is developed for the Co®* ion in
LiGasOq, and values for the crystal-field parameters are
derived from the data.

II. EXPERIMENTAL DETAILS

The luminescence and excitation measurements were
carried out in an Air-Products flow cryostat with temper-
atures in the range 10-300 K. An Aviv spectrophotome-
ter was uscd for the absorption experiments along with a
cold-finger cryostat with liquid-N, cooling. For the
luminescence work, an Ar* laser with 100-mW power at
514.5 nm was employed. The excitation spectra were
recorded using a cw dye laser with DCM or RG6 as the
active dye medium. Both photomultipliers (with S20 and
GaAs photocathodes) and a liquid-N,-cooled Ge detector
were used to monitor the light signals.

The MCD and ODMR experiments are illustrated in
Fig. 3. In this illustrative example, the ground and excit-

Ms
1
2 5
Excited State
_1
2
oL [+ 3]
2 L3
H Ground State
1 :
T2
oL
\V/ v
=-Or

FIG. 3. An illustrative example of MCD with the ground
and excited states both described by S =}. The lower Zeeman
level in the ground state is more heavily populated than the
upper state at low temperature, giving rise to a MCD signal.
The ODMR transition in the ground state is indicated by a
dashed line.
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ed states are spin doublets, and these are each split into
two by the magnetic field. The two circularly polarized
absorption transition, o; and oy, are shown. These are
transitions in which the light travels along the direction
of the magnetic field. The oscillator strength of the two
transitions are equal, but the absorption strength will de-
pend on the populations in the ground-state sublevels. In
this case, where there is a greater population in the lower
Ievel, in accordance with the Boltzmann formula, then
o, will be greater than o g and the MCD signal, which is
proportional to {0, —o g ), will be nonzero.

If now the sample is irradiated with microwave power
at a frequency corresponding to the Zeeman splitting of
the ground state, this will tend to equalize the popula-
tions in the two levels and there will be a decrease in the
MCD signal. Thus, the ground-state resonance condition
shows up as a change in the optical signal and this consti-
tutes the optically-detected-magnetic-resonance signal.

The MCD-ODMR experiments were carried out at
1.6 K in an Oxford Instruments SM-3 superconducting
magnet cryostat. The sample was mounted at the center
of a 35-GHz TE,,; microwave cavity having optical ac-
cess. A Hinds SM-3 quartz modulator produced alternat-
ing left and right circularly polarized light at 50.3 kHz.
The MCD signals were detected using both Si and Ge
detectors combined with standard lock-in techmiques.
For the ODMR experiments, ~50 mW of microwave
power was introduced into the cavity. For the case in
which the absorption coefficients o; and oy are small,
the MCD signal is given by

MCD=(0,—0g)<(Ix~1I,), (1)

where I; and I are the transmitted intensities for left
and right circularly polarized light.

The samples of LiGasO; used in this study were grown
by the flux method, and the dopant cobalt ions exhibit
two zones of concentration in the material: a deep blue
core and an outer pale blue region. Electron microprobe
measurements of the cobalt concentration in one sample
gave 0.5% in the core and 0.12% in the pale area.'® All
measurements were carried out on samples cut from the
lightly doped region. For the magnetic resonance experi-
ments a small sample (dimensions 1 mmX1 mmX1.5
mm) was cut so that it could be positioned in the mi-
crowave cavity with the magnetic field in the (011) plane.

III. EXPERIMENTAL RESULTS

The LiGas04:Co?* system shows two regions of strong
absorption, and their spectra recorded at 85 K are shown
in Fig. 4. These spectra show a very strong similarity to
those of Co** ions in tetrahedrally coordinated environ-
ments in Y;ALO,, and ZnAl,0,.>!" A Tanabe-Sugano
energy level diagram for the lowest energy levels of a d’
ion in a tetrahedral crystal field is also given in Fig. 4,
and we assign the visible absorption band to the
*4,(*F)—*T,(*P) transition and the infrared band to
the *A4,(*F)—*T (*F) transition. A third absorption
transition due to the *A,(*F)—*T,(*F) iransition, ex-
pected to lie in the region of 4000 cm ™!, could not be
detected even in samples with nominal Co concentration
of 19%. The weak band in Fig. 4 with a zero-phonon line
at 13580 cm ™! is tentatively assigned to Co®” in the oc-
tahedrally coordinated site in LiGaO; by comparison
with previous studies of Co-doped Y;Al0,,.?

On inspection of Fig. 4 we see that both absorption
bands are split; the band in the visible has two broad
components at 15400 and 16 600 cm ™!, while the band in
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FIG. 4. The absorption spectrum of LiG8,0,:Co’* recorded at 85 K showing the * 4,(*F)—*T,(*P) and the * 4,(*F)—*T,(*F)
transitions. The inset shows a Tanabe-Sugano energy-level scheme for Co’* in LiGasO,. The absorption transitions are indicated on

the energy-level scheme.
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Energy (cm™) TABLE 1. Comparison of the sideband features (in cm™') in
luminescence and excitation of the *A,(*F)«<*T,(*P) transi-
6000 12000 . 8000 2 1
! r - Y tions for Co** ions in LiGa;O;.

LiGa0,:Co®* Luminescence
“T,(P) = ‘A, CF). *T,(F). *T,('P)

i n i i

600 1000 1400
Wavelength (nm)

FIG. 5. The luminescence spectrum of LiGa;0,:Co®*
recorded at 20 K and room temperature showing the three
luminescence transitions. An Ar* laser with 100-mW power
was used for excitation. The luminescence transitions are indi-
cated on the energy-level scheme in Fig. 4.

the near infrared has two broad components at 7210 and
6300 cm™'. A similar splitting was observed by Wood
and Remeika in the corresponding Co’* spectra in
Y;Al;0,,.2 There is some sharp-line structure evident in
both transitions, which makes it difficult to unambiguous-
ly distinguish between electronic and vibrational fine
structure.

Using Ar™" laser excitation at 514.5 nm, three lumines-
cence transitions are observed and the complete lumines-
cence spectrum at 20 K and room temperature are shown
in Fig. 5. This spectrum was recorded using a Ge detec-
tor and is not corrected for the system response. We note
that, as the Ge detector has a poor response in the visible,

i -Cal
LiGa,0,:Co®"

“1,0P) © Ay °F)

1 i
15800 15000 14200

Enorgy(cm")

FIG. 6. (a) The excitation spectrum of all three luminescence
transitions shown in Fig. 5 recorded at 15 K and (b) the
*T\(*P)—»* A,(*F) luminescence transition recorded at 15 K.
These two spectra are clearly mirror images of one another
apart from the features marked x, y, and z in the figure.

Luminescence Excitation
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333 340
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474 460
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564 565

630 626
657
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768

the first luminescence transition in the red is much
stronger than the other two. The zero-phonon line of the
first luminescence transition at 15157 cm ™! recorded at
15 K coincides with the first sharp peak of the visible ab-
sorption band in Fig. 4. All three luminescence bands of
Fig. 5 are found to have the same excitation spectrum
[recorded at 15 K and shown in Fig. 6(a)] and the same
lifetime. Therefore, these are assigned to transitions orig-
inating on the same *T,(*P) level. The red luminescence
is the *T,(*P)—* 4,(*F) transition (see the energy-level
diagram in Fig. 4) while the two near-infrared lumines-
cence transitions in Fig. 5 are assigned to the

(a)

ABSORPTION

‘A R1— 41y 08P)
)

Li60508:C02'

MCD INTENSITY
)
i

L i

400 600 800
WAVELENGTH (nm)

FIG. 7. (a) The ‘4,(*F)—*T,(*P) absorption tramsition
recorded at 85 K. (b) The wavelength dependence of the MCD
signal for the * 4;(*F)—*T,(*P) transition recorded at 1.6 K.
The sharp dip in the MCD signal at 566 nm is ascribed to a
Fano antiresonance effect.
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FIG. 8. (a) The *4,(*F)—*T,(*F) absorption transition
recorded at 85 K. (b) The wavelength dependence of the MCD
signal for the * 4,(*F)—*T,(*F) transition recorded at 1.6 K.
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FIG. 9. The magnetic-fleld dependence of the MCD signal
along the (a) {100], () [111], and (c) [011] directions recorded at
the arrowed wavelength position (1400 nm) in Fig. 8. For com-
parison, the scaling of the y axis for the three signals is the
same. The dips and peaks in the spectra are due to ODMR
transitions. Note the “positive” ODMR transition for the
[111]-oriented spectrum.

s

BL(01T). The C, symmetry for the Co®* impurity is evident
from the spectrum. The solid points are due to increases in the
MCD signals at resonance and the open circles are due to de-
creases in the MCD signals at resonance. The splitting of the
ODMR lines near [100] is due to a small misalignment ( ~2°) of
the LiGa;04:Co** crystal.

4T, (*P)—*T,(*F) and *T(*P)—*T,(*F) transitions, re-
spectively. The lifetime of all the luminescence bands at
10 K was found to be 200120 ns. This lifetime is con-
stant up to room temperature within experimental error.

The red luminescence transition, recorded in greater
detail at 15 K, is shown in Fig. 6{b) along with the
luminescence excitation spectrum in Fig. 6(a). The two
spectra in Fig. 6 are clearly mirror images of one another
except for the features marked x, y, and z in the excita-
tion spectrum. The frequencies (with respect to the
zero-phonon line at 15157 cm™") of all the fine-structure
features in the spectra of Fig. 6 are given in Table I. The
extra fine-structure lines in the excitation spectrum are at
46, 63, and 277 cm ! from the zero-phonon line position.

In Figs. 7 and 8 we present the MCD spectra recorded
at B=1.64 T and T =1.6 K for the LiGa;04:Co’" sys-
tem along with the corresponding absorption transitions
at T =285 K. The MCD spectra have not been corrected
for the system response. The MCD band in Fig. 8(b) con-
tains a great wealth of fine structure at this temperature,
even more than is evident at 85 K in the absorption spec-
trum in Fig. 8(a). In the MCD spectrum of Fig. 7(b)
there is a rather interesting feature at $66 nm. It is seen
to be a “dip” in the MCD signal at this point. This
feature is also observed as a dip in absorption strength in
the absorption spectrum of Fig. 7(a).

The magnetic field variation of the MCD signal taken
at A=1400 nm along the [100], [111], and [011) direc-
tions is shown in Fig. 9. We note that the intensity of the
MCD signal is not isotropic, as it would be if the Co?*
ion was at a site of full T, symmetry. We find instead
that it shows a maximum along the [111] direction [Fig.
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9(b)), suggesting an axis of symmetry along this direction.
In this figure we also show the ODMR transitions,
identified as peaks and dips in the MCD signals. It is in-
teresting to note that the high-field ODMR transition
along [111] shows an increase in the strength of the MCD
band.

The angular variation of the Co** ODMR transitions
with the magnetic field B in the (011) plane is shown in
Fig. 10. The solid points are due to ODMR transitions
which show an increase in the total MCD signal (positive
ODMR), and the open points are due to tramsitions
which show a decrease in the MCD signal (negative
ODMR). The “positive” ODMR signal is strongest
along [111] and weakens quickly as the crystal is rotated
towards either the [100] or [011] direction. The splitting
of the ODMR lines near {100} is due to a small misalign-
ment (~2°) of the LiGas04:Co?" crystal; the small size
of the sample making alignment difficult.

IV. CRYSTAL-FIELD MODEL

In this section we describe our crystal-field model for
the Co?* center in LiGa;0,. This model includes a full
treatment of the C; crystal field which acts upon the
Co?* ion. We start with the electron-electron interac-
tion, and then include the crystal-field interaction. Last-
ly, we consider the spin-orbit interaction, which gives rise
to a splitting of the ground state. This leads to an expres-
sion for the fine-structure parameter D for the ground
state.

A. Electron-electron interaction

The Co’* impurity in LiGasO; has the d’
configuration, which we treat as a three-hole
configuration. In accordance with Hund’s rule, the
ground-state term is a *F term. There is a second spin
quadruplet, a *P term. In the case of a free Co?* ion, the
‘P term is the first excited term, lying approximately
15500 cm ™! above the ground term.'? The *P-*F split-
ting is reduced for the case of the Co* impurity in crys-
tals, as a result of the greater extent of the wave functions
when the ion is in a crystalline environment. We denote
the *P-*F splitting, which can be expressed in terms of
the Racah parameter B, by the single parameter A.

B. Crystal-field interaction

1. T4 component

We decompose the crystal-field potential into two com-
ponents, which we treat separately. The first component
is a field of T, symmetry, resulting primarily from the
first shell of neighbors that consists of four oxygen ions in
tetrahedral coordination about the Co?* ion as shown in
Fig. 1. In addition, the third shell of neighbors consists
of four gallium ions also in tetrahedral coordination
about the Co?* ion. These gallium ions are located in the
corners of the left-hand octant in Fig. 1. The tetrahedral
crystal field splits the one-hole d states so that the ¢,-
symmetry holes are lower in energy than the e-symmetry
holes by an amount 10Dg. The partial removal of the

fivefold degeneracy of the d states splits the *F term into
three manifolds: *4,, *T,, and *T,(‘F). The *P term
spans the manifold *T,(*P). These splittings are shown
in Fig. 11, which indicates schematically the effect of
various perturbations on the Co’* ion in LiGa;0;. The
many-hole (M, =3) states for these manifolds are given
by

‘4,=(E0.0) ,
AT, =(e,,6) ,
‘TL,F)=1/V5[(&,9,0)+2(8,6,6)] ,
‘T (*PY=1/V5[2£,1,0)—(£,6,6)] ,

2)

where (X, X,,X;) denotes the Slater determinant of the
orbitals X, X,, and X,. In addition, the tetrahedral
crystal field gives rise to a mixing between the *T,(*F)
and *T';(*P) manifolds, resulting in the repulsion of these
levels, as shown in the middle of Fig. 11.

2. C;3 component

The second component of the crystal-field potential is a
component of C; symmetry. The second shell of neigh-
bors around the Co?* impurity consists of nine gallium
ions and three lithium ions arranged as shown in Fig. 2.
If all the ions in the second shell were identical, i.e., galli-
um ions in this case, then the site symmetry would be T,.
It is the three lithium ions that are responsible for lower-
ing the symmetry to C;. Contrary to a note by Macfar-
lane," there is a distinction between C; and Cs, poten-
tials, though, like the C,, potentials, the C; potential
splits each orbital triplet into an orbital singlet and an or-
bital doublet. [We consider an expansion of the potential
in terms of spherical harmonics. The linear combination
of L =4 spherical harmonics (neglecting the M =0 har-

(a) (b) {c)

FIG. 11. Energy-level diagram showing the splittings of the
d’ configuration for the Co** impurity in LiGasO,, due to (a)
the electron-electron interaction, (b) the tetrahedral component
of the crystal field, and (¢c) the C, component of the crystal field.
The Cy crystal field splits each orbital triplet (T,T,) into a
doublet (E) and a singlet (A4). The energies Ep and Eg used in
the determination of the fine-structure parameter D are also
shown.
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monic) which describes a C,, potential is (Y3 —Y,_3),
which is proportional to cos(3¢),'> where ¢ is measured
about the three-fold axis with $=0 defining one of the
three reflection planes. Reflections through these planes
change ¢, but not cos(34). In lowering the symmetry to
C;, an additional term must be added to the potential
and this term does not remain unchanged with reflections
through these three planes but retains the three-fold ra-
tional symmetry. The linear combination (Y, +Y, ),
which is proportional to sin{3¢), is such a term. This ad-
ditional term is the distinction between the C,, and the
C, potentials.'?]

We write the one-electron C, potential within d states
in terms of operators which span irreducible representa-
tions of the T, point group. We find

VC3=aAl+V(T2§+ T2"+T2;)+ W(Tlx+le+le) y
(3)

where a, V, and W are constants. Analytic expressions
for these constants can be derived, for example, by as-
suming a point-ion model. However, we proceed by treat-
ing these as parameters. We note that it is the last term
in Eq. (3) which distinguishes this potential from one of
C,, symmetry. We define the following reduced matrix
elements for i, j =§,9,{ and k =6,¢:

(Ve |ty ) =a, ,

(el Ve le)=a, ,

(tlVc |0 )=v/3 G#)), @)
(Ve leg) =v273v",

(t2§|Vc3|eE)=‘/i7§w .

The parameters a, and a, give a contribution, in addition
to that of the tetrahedral component of the crystal field,
to the splitting between the ¢, and e holes. We therefore
incorporate this additional contribution into the parame-
ter 10Dq. The parameters v and v’, which result from the
Ty + Ty, + Ty operator, are defined following Macfar-
lane."” The parameter w results from the T\, + T, +T,,

prescribed the one-hole matrix elements of a C; potential
within a basis of d holes. The nature of this potential is
better understood if we make a change of basis for the ¢,
states that reflects the axial nature ({111)-type direc-
tions) of the C; potential. Consider the basis set defined
by

t, =1/V3ty +1y,+ 5 )
t29=l/‘f6(2t2§"t2§—t2,’) N (5)
1 =1/V2ty—1y,) .

In the basis set of d states (t,,, t54, 15, €5, €.), the one-
hole matrix elements of the C, potential are

/3 0 0 0 0
0 —v/3 0 v ow
7'[(:3: 0 0 /3 —w Vv {6)
0 v’ -w 0 O
0 w v’ 0 0

From Eq. (6), we readily see the difference in how the C,,
and C, potentials act within d states. The parameter v’
mixes the 1,4, states with e, states in one sense, while
the parameter w mixes these states in the opposite sense.

The matrix elements of the C, potential taken between
the many-hole states of the four manifolds prescribed in
Eq. (2) are readily determined from the one-hole matrix
elements given in the previous paragraph. This results in
a 10X 10 matrix. This matrix can be reduced in to a 4X4
block and a 6X 6 block through a change of basis for the
orbital-triplet manifolds like that given in Eq. (5). Within
the basis set {*4,, *T,,(*F), *T,,, *T,,(*P)}, the many-
hole matrix elements of the full crystal-field interaction
and the electron-electron interaction are

—6G I —2J 2
|1 36+ -4k -26+2N
H=|_2y 4K —G+2H 2K - D

2 —2G+2N 2K F+2M

g
§ operator, and so does not appear as a parameter for a C;,  Within the basis set {*T,,(*F), *T | (*F), *T,y, *T4(*P),
i potential. Using these parameters and Eq. (3) in conjunc-  *T'y(*P)}, the many-hole matrix elements of the crystal-
i tion with the Wigner-Eckart theorem, we have exactly field and electron-electron interaction are
o]
3¢-L 0 2K -P —2G—N -J
0 36-L P 2K —26-N
2K P ~G-H 0 -K -0
H=1 _p 2K 0 -G-H -K ®
—2G—N J -K Q F—M 0
-J —-2G—-N -—¢Q -K F-M
!
{
’u v - . "\ .
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The variables F,G,H, . . ., Q given above are defined by
F=A, L=1/53v/2+2V2"),
G=2Dq, M=1/5(v—2V2’),
H=v/6, N=1/5(—v/3+3V2'/2),
1=V2/5"', P=1/V5(V3u/2+V'),
J=w/V2, Q=1/V5(—v+v'/V2),
K=w/V10.

From Egs. (7) and (8), we can show that, as required by
symmetry, the C, potential splits the orbital triplets into
an orbital singlet and an orbital doublet, as shown in Fig.
11, and we can also show how the differences between the
C, and C,, potentials affect the mixing of the orbital trip-
lets. Diagonalizing the matrices in Egs. (7) and (8) yields
the many-hole energy levels and eigenstates for the Co’*
impurity in the site of C; symmetry.

C. Spin-orbit interaction

The spin-orbit interaction has the effect of splitting in
first order each of the orbital doublets into four Kramers
doublets. (Note that S =3.) In addition, the spin-orbit
interaction in second order splits the orbital singlets into
two Kramers doublets. We concentrate on the splitting
of the * 4, ground manifold.

The spin-orbit interaction mixes the * 4, ground mani-
fold with the ‘T, manifold. The many-hole matrix ele-
ments of the orbital angular momentum L taken between
the states of these two manifolds is characterized by

(TylL,14,)=2i, i=V~1. (10)

This matrix element is unchanged if we transform to the
basis set for the *T, manifold defined by Eq. (5) and per-
form a similar transformation on the orbital momentum
operators. For example, we define L, by

L;=1/V3L,+L,+L,), (1n
which yields
(T, IL1A,)=2i (12)

and similarly for T, and T, with L, and L, respective-
ly.

We neglect for the moment the mixing of the *T, man-
ifold with the other orbital-triplet manifolds, but consider
only the splitting, due to the C, symmetry field, of this
manifold into an orbital doublet, at an energy Ep, above
the * A, manifold, and an orbital singlet, at an energy Eg
above the *4, manifold. The spin-orbit interaction be-
tween the *T, and * 4, manifolds splits the * 4, manifold
into two Kramers doublets. One doublet is comprised of
the M, =1 states, the second of the M,=11} states.
The second-order energies of these two doublets are given
by

(13)
E(£1)=~AX1/Eg+14/Ep),

where A is the many-electron spin-orbit parameter. For
the free Co?* ion, A is approximately —180 cm™'.!> For
the ion in a crystalline environment, A is somewhat re-
duced (typically to 0.8 of the free-ion value) from this
value.

The ground-state fine-structure parameter denoted D is
a measure of the splitting between the two Kramers dou-
blets within the ground * A4, manifold. We now include
the mixing of the *T, manifold with the other orbital-
triplet manifolds. We define the fraction of the *T, wave
function within the ith (i =1,2,3) orbital doublet to be
B;, and the fraction of the *T, wave function in the ith
orbital singlet (neglecting the *4, ) to be a;. We find then
that D is given by

D=1E(+})—E(+D)]

3 3
=4A2 2 Bi EDi— 2 a; ES‘- (14)

i=1 i=1

Since the fine-structure splitting is large compared with
the Zeeman splitting as measured here by ODMR, we
can treat the two Kramers doublets resulting from the
* A, manifold independently, with each doublet being de-
scribed by an effective spin S'=1. The effective-spin
Hamiltonian for each of the doublets is

Hg=psB-g-S . (15)

The g tensor has two independent components: g, (along
the three-fold axis) and g, (perpendicular to the three-
fold axis). In first order, the g values in the £ manifold
are g, =3g, (g, =2.0023) and g, =0. The g values in first
order in the + 1 manifold are g, =g, and g, =2g,.'°

Departures of the experimental g values from these
theoretical values within the M, =1 manifold are ex-
plained using the usual second-order corrections involv-
ing the spin-orbit interaction and the orbital Zeeman in-
teraction. As with the fine-structure splitting, the mixing
with excited states involves the states of the ‘T, mani-
fold. We find that

3
g,~8. —8A 3 a; Es,. ,
i=1

(16)

3
8.=2(g.~8 3 ﬁi/EDi

i=1

The results in Eq. (16) have a similar form to those in Eq.
(14). Indeed, we can relate the g values to the fine-
structure parameter by

8./2—g;=—2D/h. an

V. ANALYSIS OF RESULTS AND DISCUSSION

We now proceed with the analysis of our experimental
data in light of the theory developed in the previous sec-
tion and of the assignments made for the observed optical
transitions in Sec. I1Il. We noted that both absorption
transitions in Fig. 4 show a splitting into two bands; this
splitting is due to the C, crystal field present at the Co?*

“;

ol B

lm‘i

7, dmes g

e}

poamen |

”~

vaw




R

et =
.
Eo % Bt AW

45 OPTICAL AND MAGNETIC-CIRCULAR-DICHROISM- . .. 571

site. The additional band with a peak at 18200 cm ™' in

Fig. 4 is most likely due to higher-lying levels arising
from the 2G free-ion level as shown in the energy-lying di-
agram in Fig. 4. Values for A and 10Dgq can be estimat-
ed by fitting the average energies of the *4,(‘F)
—*T(*P) and * 4,(*F)—*T,(*F) transition. The exper-
imental positions we choose for the fitting process are at
6300, 7210 cm ™! for the *4,(*F)—*T,(°F) transition
and 15400, 16 600 cm ™! for the * 4,(*F)—*T,(*P) tran-
sition. Choosing these positions is somewhat diffizult due
to the preseace of much vibrational structure in these
spectra. Values for v, v’, and w are then chosen and the
matrices in Fgs. (7) ard (8) are diagonalized iteratively
until a good fit to the experimental positions is found.
The following values are found from our analysis:

A=+10781 cm™!, v=+1362cm™!,
10Dg=+3770cm™!, v'=—10cm™', (18)

w=+20cm™!.

These values give an excellent fit to the experimental po-
sitions. Hund’s rule requires that the ground state be the
‘F term; so we requirc A to be positive. The strong
tetrahedral component of the crystal field, coming pri-
marily from the four nearest-neighbor oxygen ions, deter-
mines the sign of 10Dq. These oxygen ions are negatively
charged. The lobes of the t,-symmetry hole orbitals are
closer to the oxygen ions than the lobes of the e-
symmetry hole orbitals. Hence, the ¢,-symmetry holes
are lower in energy than the e-symmetry holes, making
10Dg positive. Setting the signs of these parameters we
find that the signs of v and v’ are determined to be posi-
tive and negative, respectively. The fit to the data is in-
sensitive to the sign of w. This fitting procedure suggests
that, for each orbital triplet, the doublet is shifted down
in energy and the singlet shifted up in energy by the C,
crystal field.

The positive sign of v is physically reasonable. In an
ionic model, the gallium ions possess a +3e charge and
the lithium ions a + le charge. Hence, the perturbation
potential resulting from the lithium ions is that of three
negatively charged ions in a C; symmetry configuration.
The lobes of the t,, hole orbital lie in a plane perpendicu-
lar to the C; symmetry axis and the lobes of the t,, and
t,. hole orbitals, are therefore closer to the lithium ions.
Hence, these latter two orbitals have a lower energy than
the ¢,, orbital. Equation (6) therefore implies that v is
positive.

The signs of v’ and w are much harder to explain in
physical terms. We note, however, that, in the point-ion
model for this defect, v’ is predicted to have a sign oppo-
site to that of v, and w is predicted to have the same sign
as v. We recall that the sign of w is not determined in our
fit. In any event, both v’ and w are found to be small in
our case. :

An interesting feature of this Co?* system is the sharp
dip observed at 566 nm in the absorption spectrum in
Fig. 7(a) and in the MCD signal of Fig. 7(b). We believe
that the dip is due to Fano antiresonance effect such as
has been observed in KMgFy:¥2* and in Cr** doped

4

glasses.'®!® Consulting the Tanabe-Sugano diagram for a
d’ ion in tetrahedral symmetry,'” we find that there are a
number of levels originating on the free-ion %G level
which are expected to lie in this general spectral region.
We are unable to make any definitive electronic assign-
ment for the antiresonance feature.

The width of the zero-phonon 15 157-cm ™! line of the
“T,(*P) level in luminescence is 24 cm ™! (full width at
half maximum) at 15 K. A series of nonresonant fluores-
cence line narrowing (FLN) experiments were performed
in order to investigate structure hidden within this large
inhomogeneous profile. The detailed results of this inves-
tigation have been published elsewhere.?’ From these
FLN measurements, the ground-state splitting due to a
combination of the C; crystal field and spin-orbit cou-
pling is 19.5 cm ™!, from which we obtain D =9.75c¢cm ™.

The optical spectra in Figs. 4-8 show a considerable
number of sharp-line features. As indicated above, each
of the crystal-field levels is further split by spin-orbit cou-
pling, the doublet into four components and the singlet
into two components. As a result the *4,(*F)—*T,(*P)
absorption spectrum in Fig. 4 should contain six electron-
ic components among a large number of vibrational side-
band features. It is difficult to identify transitions to
these electronic levels in the absorption spectra shown in
Fig. 4 which were taken at 85 K. However, in the excita-
tion spectrum of the *T (*P)—*4,(*F) luminescence
transition shown in Fig. 6(a), recorded at 15 K under
much higher resolution, the features labeled x,y,z are
clearly electronic as they are not observed in the corre-
sponding luminescence spectrum. We tentatively identify
the line at 15157 cm™! and the features at 46, 63, and
277 cm ™! above 15157 cm ™! as the spin-orbit split com-
ponents of the orbital doublet level coming from *T(*P).
The possible presence of levels arising from the %G free-
ion level in this spectral region is a complicating factor
making our identification rather tentative. The
% 4,(*F)—*T,(*F) transition in Figs. 4 and 8 is particu-
larly rich is spectral features making identification of the
six expected electronic components very difficult. Never-
theless, we can reasonably assign the lines at 6060 and
7140 c.n ! to electronic transitions.

The very fast radiative decay time of the luminescence
transitions at low temperature indicates that these transi-
tions have a strong electric dipole character and, conse-
quently, have a large oscillator strength. This comes
about because, in the tetrahedral site (in which the site
symmetry is C,}, in LiGasO4 the odd-parity crystal field
mixes the 3d states of Co?* with higher-energy states of
opposite parity, and this mixing is responsible for the
clectric-dipole character of this transition. The lack of
discernible change in the lifetime up to room temperature
indicates the absence of a competing nonradiative decay
process for this level and strongly suggests that the
luminescence process is very efficient. The room-
temperature luminescence spectrum in Fig. 5 shows three
broadbands which have high luminescence efficiency. In
contrast to both ZnO:Co?* (Ref. 21) and ZnAl,0,:Co**
(Ref. 11), the luminescence bands in Fig. § originate on
the *T,(*P) level rather than the 2E level. From the
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Tanabe-Sugano diagram'’ we find that luminescence
transitions originating on the *T,(*P) are very broad due
to the sensitivity of the *T,(*P) level to the crystal-field
environment. Luminescence transitions from the 2E level
consist of sharp lines due to its insensitivity to the crystal
field. The three luminescence transitions observed in
LiGa;0. Co’** are also spin allowed, which contributes
to their large oscillator strength. The combination of
broad luminescence transitions cou?led with a large oscil-
lator strength makes LiGa;04:Co** an ideal candidate
for a tunable solid-state laser in the visible and near in-
frared.

The “positive” ODMR lines in Figs. 9 and 10 are an
interesting feature of these samples. We would intuitive-
ly feel that the ODMR transition should equalize the
populations of the ground-state levels as illustrated in
Fig. 3 and thereby cause a reduction of the MCD signals
in Fig. 9. Along the [100] directior: the four Co?™ sites in
the unit cell all make the same angle with the applied
magnetic field B. We therefore see only a single ODMR
transition as in Fig. 9(a}). When the applied magnetic
field is along the [111] direction, the four (111)-type
centers are no longer equivalent; the center aligned along
the magnetic field is distinguished from the other three.
In this case we expect to see two ODMR transitions as
observed in Fig. 9(b). The low-field ODMR transition
shows a reduction in the MCD signal as expected. On
the other hand, the high-field ODMR transition appears
to show an increase in the total MCD signal. The total
MCD signa! observed is a combination of the parailel
MCD signal and the MCD signals from the other three
centers. The MCD signal for the parallel center must
therefore bc opposite in sign to that from the other
centers. For the example shown in Fig. 3, this would
mean that the Zeeman splitting of the ground or excited
states for the parallel center is opposite to that for the
other three centers. We find that, as the magnetic field is
rotated away from the [111] direction, the intensity of the
“positive” ODMR lines weakens (Fig. 10) and eventually
the ODMR lines become negative. This result is a fur-
ther demonstration that the site occupied by the Co®*
ion has an axis of symmetry along {111 )-type directions.
Along the [111] direction the coupling between the Kra-
mers doublets participating in the MCD signal with all
the other Kramers doublets within the d’ shell is at a
minimum. Potating the magnetic field B away from
[111] results in an admixture into the ground and excited
states which eventually leads to a reversal of the Zeeman
splitting as the magnetic field approaches the (100] and
[011] directior~ ('ig 10). This effect was also observed
by Ahlers et al.? for tis TI%:) center in KCI. While
this give a qualita... e explanotica for the observed effect,
the microscopic origin for this reversal of the Zeeman
splitting has not been determined.

The ODMR line positions in Fig. 10 can be fitted to
the spin Hamiltonian in Eq. (15) with the two indepen-
dent g values, g, =2.215, g, =4.628. The fit to the exper-
imental data is shown as the solid lines in Fig. 10. These
g values indicate that the observed ODMR transitions are
within the +1 levels of the ground state and so the sign

A

of the fine-structure parameter D is positive from Eq.
(14). As g, /2>g,, we are again led to the conclusion
from Eq. (16) that the orbital doublets arising from the
orbital triplet manifolds are lower in energy than the or-
bital singlets. At the low temperatures of the MCD-
ODMR experiments the population of the +3 levels i,
very small and so no signals were observed in this dou-
blet. From Eq. (17) we estimate the spin-orbit constant to
be A=—193 cm~!. We can also estimate A from Eq.
(14). In doing this we use the theoretical estimate for the
positions of the *T’, doublet and singlet split levels and in
this case we find A=—190 cm™!. Both values are quite
similar but somewhat surprising as we would normally
expect to see a reduction in A from the free-ion case.

Both the ODMR and the optical zero-phonon
linewidths are quite broad. The ODMR linewidth is 20
mT and exhibits no resolved hyperfine structure associat-
ed with the *’Co nucleus (100% abundant) which has a
nuclear spin of I =1. We noted earlier that the inhomo-
geneous optical zero-phonon transition linewidth is 24
cm ™! so that the large ground-state splitting could not be
resolved. The Co?* ion substitutes for Ga*>* in the lat-
tice and some charge compensation is thus required to
maintain charge neutrality. Both of these broad
linewidths are probably due to a distribution of positions
for the Jharge compensating ions which would result in a
distribution of strains at the sites of the substitutional
Co’" ions in the LiGasOy lattice. At present we do not
know what species is providing the charge compensation
for the Co?*. It is interesting to note that the behavior
shown in Fig. 10 is consistent with the C, :zymmetry de-
duced from the crystal structure, and this would imply
that either the charge compensating ion is far away from
the Co?* ion or located along a { 111)-type direction.

V1. CONCLUSIONS

The optical spectra of Co®>" in LiGasOy provide clear
evidence that the Co** ions substitute for tetrahedrally
coordinated Ga*" ions in this lattice and therefore occu-
py sites of C; symmetry, as illustrated in Fig. 2. We have
presented a detailed crystal-field model for the Co** jon
in this site, and we have deduced the crystal-field parame-
ters. Strong luminescence with a lifetime of 200 ns is ob-
served to three lower levels from the *T,(*P) level. In a
previous publication this system was suggested as a possi-
ble candidate as a visible-infrared laser system.® Further
experiments to look at excited-state absorption effects
would have to be undertaken to determine the potential
of LiGag04:Co’™ as a laser system. Within the accuracy
of the ODMR experiment, the site symmetry of the Co**
ion is C,, suggesting that charge compensating ions are
cither far removed from the Co’* or are along the C,
axis.
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Luminescence from Cr’* centres in forsterite (Mg,SiO,)

T.J. Glynn, G.F. Imbusch and G. Walker'

Department of Physics, University College, Galway, Ireland

Laser action, tunable around 1.2 um, has been reported in Cr-activated forsterite (Mg,Si0O,). We have examined the
emission from this material in the region 650-850 nm via photoluminescence, excitation and lifetime studies over a range of
temperature. Our measurements indicate that the emission in this region can be assigned to transitions on Cr'* ions in
high-field octahedral sites. The emission from the M1 site is clearly identified. We propose a simple model to account for

the temperature dependence of the luminescence.

1. Introduction

When doped with chromium ions, forsterite
(Mg,Si0,) has been shown to support laser action
over a limited spectral range around 1.2 um [1-4].
However, although several studies have concen-
trated on this system, there is still some doubt
about the Cr valence state responsible for the lasing
transition and about the exact nature of the par-
ticular sites occupied by these Cr ions. Forsterite
has an orthorhombic crystal structure with two
inequivalent octahedral sites occupied by Mg®*
ions, one with inversion symmetry (M1) and one
with mirror symmetry (M2). Although the initial
report ascribed the lasing band at room iem-
perature to the *T, - *A, transition on Cr** ions in
such sites [ 1], more recent investigations [3,4] have
assigned the lasing emission to transitions on Cr**
ions in tetrahedral sites (replacing the Si ions). The
complete luminescence spectrum of Cr-doped for-
sterite is shown in fig. 1 and consists of many
overlapping bands, which extend from 650 nm to
beyond 1.4 um, and the relative intensities of these
bands vary with the wavelength and polarization
of the excitation source. In this investigation, we
have concentrated on the emission in the region
650-850 nm which we ascribe to Cr** centres in
distorted octahedral sites.

! Permanent address: Dept. of Pure and Applied Physics,

2. Experimental results

Oriented samples of Cr-doped fosterite, Czoch-
ralski-grown and ccota’nicg (A) 0.013%, (B)
0.027% and (C) 0.08"- "’r b: v'= ght, were used in
our studies. Previous £ "'X . - ‘:arements by Rager
{5] on sample (A) showed cizarly the presence of
Cr’" ions in M1 and M2 sites in the ratio M1: M2~
3:2. The ground-state splitting, obtained from the
EPR data, was 2.2cm™' in M1 and 1.4 cm ™' in M2.

2.,
-

l Forsterite .Cr
0-027%

Mt”
c
| 32K
a /
5‘ b
M
MY ,T’
e b
S~
680 720 A L § 24K

1 L
600 1000 400
Wavelength (nm)
Fig. 1. The low-temperature emission from Mg,SiO, (forsterite)
doped with chromium excited by an argon-ion laser (all lines).

The sharp features around 700 nm are shown at higher resolu-
tion. These spectra are not corrected for the responsc of the

UMIST, P.O. Box 88, Manchester M60 1QD, UK. germanium diode d I3
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The low temperature luminescence spectrum
around 700 nm for sample (B) is shown in the inset
in fig. 1 and for samples (B) and (C), at higher
resolution, in fig. 2. It consists of a sharp electronic
transition at about 14437 cm™' and an associated
phonon sideband. Based on the splitting of
2.2cm™' observed in this line at low temperature,
it is assigned to the R;-line transition from the
lowest E level to the ‘A, ground state of the Cr**
ion in the M1 site. Additional sharp lines at 14 295
and 13967 cm ™! (indicated by M1’ and M1”) show
splittings of 2.15 and 1.8 cm ™', respectively, and
may be due to emission from M1 sites perturbed
by neighbouring charge-compensating vacancies.
Some additional satellite features on the M1 line
may have a similar origin. These satellite lines are
more clearly evident in the spectrum of the (C)
sample (0.08% Cr) shown in fig. 2 and an addi-
tional band appears in this sample at about
12900cm™' (775nm), which may be due to
different Cr*" centres for which the *T, level lies
lowest at low temperature (i.e. low-field sites).
Even at low doping, additional broad bands are
observed at about 850 and 1050 nm (fig. 1) whose
origin is also uncertain. The relative intensities of

Forstente  Cr3*

26K

1 i ).
15 14 13 12
ENERGY (103cm!)

Fig. 2. The luminescence from Cr’* centres in forsterite samples
(B} and (C) (see text). An argon ion laser (all lines) was used
for excitation. The photomultiplier response was S20.

4,

all the features depend on the excitation wave-
length and polarisation, and on the Cr doping level.

The M1 site has inversion symmetry, and the
measured lifetime at low temperature of the R,
line is 8.8 ms, consistent with a magnetic dipole
transition in the R, line and a vibronic process - an
electric dipole transition induced by odd-parity
vibrations - in the sidebands. We expect the
vibronic sideband process to dominate the M1
emission at low temperatures. Assuming that the
M1’ and M1"sites do not have inversion symmetry,
both their R, lines and sidebands should be electric
dipole processes, and the R, to sideband ratio
should be much larger for these centres than for
the M1 sites [6]. The sideband shown in fig. 2 is
therefore due mainly to emission from M1 sites.
From the variation with temperature of the
luminescence spectrum (fig. 3), and from excita-
tion studies, the R,-R, separation of the M1 and
M1’ centres were measured to be 196 and 265 cm ™’
respectively. The R, line from the M1” centre could
not be located with certainty. The splittings of both
the °E and *A, levels of Cr** ions in M1 and M1’
sites are unusually large and indicate significant
distortion of the octahedral environment of these
sites.

The energy level structure for the Cr’* ions in
forsterite is similar to that in alexandrite [7] and,
as the temperature is increased, the higher-lying
*T, level becomes populated and emission from
this level dominates the spectrum at room tem-
perature (fig. 3). Since the transition from the *T,
level is spin-allowed, it will have a higher oscillator
strength and the overall lifetime will decrease. The
variation of the lifetime of the principal emission
lines with temperature is shown in fig. 4. The
lifetime of the MI line varies from 8.8 ms at low
temperature to 340 ps at room temperature.
Assuming that non-radiative relaxation does not
occur, and ignoring the splittings in the °E and *T
levels, the variation of the lifetime 7 with tem-
perature is given by [7]

1_fe+3fvexp(-4/kT)
7 1+3exp(-4/kT) "’
where f¢, fr are the radiative rates from the °E and

*T, levels, .espectively, and 4 is the energy separa-
tion between °E and *T,. A value of 114s™' is
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( Forsterite)

MgzsiOI‘:Cr:""

Energy (103cm!)

Fig. 3. The luminescence from Cr** centres in sample (B) (0.027% Cr) at various temperatures. The dotted lines indicate the assumed
separation of the broad band and sharp-line features in the emission.

Forsterite: Cr3*
M1 0027 %

. - -1
_ MODEL: A& =450c¢m

1T=1x10‘s"

e

1 1 I
0 100 200 300
temperature (K)

Fig. 4. The variation of the lifetime with temperature for the
principal features in the luminescence spectrum. The solid curve
is a plot of eq. (1) using the parameters shown in the figure.

4

obtained for fg from the low temperature lifetime.
The ratio of the intensities Iy in the broad band
(*T,~*A;) and I; in the sharp (M1) line E - *A,)
should vary with temperature approximately as (8]

Io/ Is<3( f/fe) exp(—4/kT), (2)

and so a plot of In(Ig/ Is) versus 1/ T should give
a straight line with slope A. The ratio Iy/Is was
calculated as a function of temperature from the
spectra in fig. 3 by inferring the relative contribu-
tions from 2E and *T, from the shape of the total
luminescence spectrum (indicated by dotted lines
in fig. 3). When fitted to eq. (2) a value of 420 cm™'
was indicated for 4. Using this value as a guide,
the parameters in eq. (1) were varied until a best
fit to the data in fig. 4 was obtained. The calculated
variation is shown as the solid line in fig. 4, with
the parameter values shown in the figure. In spite
of the crudeness of the model, the agreement is
excellent. (There is a similar decrease in the life-
time of the M1’ and M1” centres, indicating in
these cases also the presence of an adjacent *T,
state.) At the concentration of Cr in sample (B),
there is no evidence for any energy transfer from
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Cr*" ions to the lasing centre which emits at 1.2 pm,
which was suggested by other workers [2], or for
any non-radiative component in the emission from
these ions up to room temperature. The above
analysis suggests that the radiative quantum
efficiency of the system is high and the energy-level
structure and lifetimes make it a suitable candidate
for tunable operation in the near IR. However,
Cr-doped forsterite contains many complex
centres [9] and, at low doping levels, the centre
responsible for laser action at longer wavelengths
seems to be dominant. This centre absorbs
throughout the visible and near IR and appears to
prevent lasing on the Cr’* centres described above.

3. Conclusion

The nature of the lasing centre in forsterite:Cr
is still not established with certainty and much
work remains to be done in unravelling the many
complex centres in this material. We have concen-
trated on identifying the emission from Cr** ions
in various sites so that their role in the lumines-
cence of the forsterite system can be clearly estab-
lished.
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New materials for tunable lasers in the near infrared

J. F. DONEGAN, G. P. MORGAN, T. J. GLYNN
and G. WALKER%

Physics Department, University College, Gaiway, Ireland

Abstract. There has been considerable recent effort aimed at realising tunable
near-infrared laser action in solid-state media. Beyond 1 pum Ni?* and Co**
emissions have been mainly studied, and laser action has been achieved in several
materials doped with these ions although ususlly only at low temperatures.
Luminescence from Co?* and Ni?* in the host material LiGa O, is described
and evidence is presented for a high quantum efficiency, even up to room
temperature. We describe also the results of our lifetime and luminescence
measurements on the various active centres in the Mg,Si0, : Cr laser system.

1. Introduction .

Renewed activity in development of solid-state lasers operating in the 0-7-2-0 um
region of the spectrum has been stimulated by the achievement of laser action in
alexandrite (BeAl,O, : Cr3*), the first tunable solid-state laser to operate at room
temperature [1]. The success of this system, tunable from 700 to 800 nm, has led to a
revival of research on such phonon-terminated solid-state lasers [2, 3]. Efforts to
extend the range covered directly by primary tunable laser systems further into the
ir. are driven by specific needs for such systems, for example, semiconductor
characterisation, remote sensing, integrated optics, communications and medical
applications.

Much work has been concentrated on Co?* and Ni?*.doped materials as
potential laser media, and indeed laser action has been achieved in the range 1-15-
1-8 um for systems based on NiZ* [4] and in the range 1-5-2'4 pm for systems based
on Co?* [5]. With one exception, these lasers operate only at low temperature and
extension to room temperature has been inhibited by luminescence quenching (due
to non-radiative effects) and by excited state absorption (ESA) [4]. Thus the search
for more efficient laser materials for the near i.r. region will entail the investigation of
new host materials, the elucidstion of the non-radiative processes and accurate
spectroscopic analyses to identify the levels and transitions responsible for ESA. In
this paper, we give details of the spectroscopic properties of LiGas04: Co?* and
LiGasO4:Ni'* which are potential tunable laser media for room-temperature
operation in the near i.r. We will also present preliminary measurements on the latest
chromium-doped laser system, Mg,SiO,: Cr.

t Depsrtment of Pure and Applied Physics, UMIST, P.O. Box 88, Manchester
Mé60 1QD, England.
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2. Experimental resuits
2.1. LiGasO4 : Ni%*

The spectroscopy of the Ni?* ‘ion incorporated as an impurity in various host
materials has been well studied [4,6]. Investigations of Ni?** in MgO, MgF,,
KMgF,, [6] and in Auorozirconate glass [7] show that luminescence in the visible
(green and red) and infrared is observed from the Ni** jons in these materials.
Referring to the schematic energy-level diagram shown in figure 1, which is typical
of the Ni?* ion in oxide crystals, the strongest absorption transitions in the Ni?* ion
are 3T,(’P)«<34, (blue), *T,(*F)«34, (red) and 3T;«34, in the near
infrared. The visible emission originates in transitions from ' T, to two lower levels
(3T,, 34,) and the infrared emission is from the lowest excited state (3T;) to the
ground state 34,. In all these materials the fluorescence lifetime and quantum
efficiency fall off rapidly with increasing temperature. This has been ascribed to an
increase in the non-radiative relaxation rate, due to multiphonon relaxation from the
emitting state, which competes with the radiative decay process. In contrast to this
trend, there is only one luminescence transition in Ni**-doped LiGa;Oy, a spinel-
type crystal in which Ni** replaces Ga** on octahedral sites [8]. This is the
3T,-34, transition indicated in figure 1, which consists of a broad band centred
at 1-3um. Furthermore, the lifetime of the Ni?* luminescence remains effectively
constant from 15 K to above room temperature, with a decay time of 650 us. As the
temperature is raised above about 350 K we observe a decrease in the intensity and
corresponding decrease in lifetime. The theoretical formula for the non-radiative
decay rate, based on the single-configurational-coordinate model, provides a
quantitatively correct explanation for the temperature variation of the lifetime [8]
and is strong evidence of a high luminescence quantum efficiency. This material is, to
our knowledge, unique in that (1) all the emission occurs in the near infrared, and (2)
the emission has a high quantum efficiency at room temperature. Our samples were
flux-grown, showed non-uniform green colouration, and were of poor optical
quality. With good quality samples, tunable laser operation in the region of 1-3 um
should be possible.

2.2. LiGas0, :Co**

Whereas the Ni* ion has a strong preference for octahedral coordination, the
Co?* jon has been studied in both octahedral and tetrahedral coordination [9,10].
For a Co?* ion (d”) in octshedral coordination, the fluorescence is usually from the
lowest excited state (*T);) to the ground state (*T,) [9]. At low temperatures, this
emission is strong and provides the basis for low-temperature laser action in several
Co?*.doped materials, for example, MgF,. As in the case of Ni**, however, the
intensity falls off drastically with increasing temperature. In tetrahedral sites [10] (as
in ZnO, ZnAl,0,) non-radiative relaxation among excited states is again sufficiently
rapid to make the transition from the lowest excited state, *T, to the ground state,
“A,, the most likely emission process. In tetrahedral symmetry, this transition is
forbidden by electric dipole radiation. Again, our recent studies have shown that the
material LiGasO,y doped with Co?* is unusual in that emission occurs in three
distinct transitions from a higher crystal field level in this maserial. The emission in
two of these bands has been briefly describeu previously [11]. The complete
luminescence spectrum, recorded using a germanium detector, extends from 650 nm
to beyond 1500 nm and is shown in figure 2. Referring to the schematic energy-level
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diagram in figure 2, the crystal field in most Co?*-doped systems with tetrahedral
coordination is such that the 2E level lies lower than the T, (*P) level. However, in
LiGasOy: Co®* the “T, (*P) level lies below 2E and the spin-allowed transitions
T (*P)=*T (*F), *T(*P)=*T(*F), and *T,(*P)—*A,(*F) can compete success-
fully with the non-radiative relaxation processes from this level. At room tempera-
ture, the peak wavelengths for the three fluorescence signals are respectively 685 nm,
950 nm and 1:25 pm. The low-temperature lifetime of the luminescence is approxi-
mately 200 ns, a very fast lifetime for a transition metal ion, and is a consequence of
the lack of inversion symmetry in the tetrahedral site. It remains relatively constant
up to room temperature but decreases rapidly between 300 K and 500 K, as does the
overall intensity of the luminescence. This system is.important and interesting in
that it provides several broad transitions in the near infrared, with a common upper
level, which could be used to obtain tunable laser action in this region.

2.3. Mg,Si0, :Cr

Forsterite (Mg,Si0,), like alexandrite [1], is a member of the olivine family, with
an orthorhombic crystal structure. When doped with Cr ions, it can support laser
action over a limited spectral range around 1-2 ym (12, 13]. However, there is some
controversy concerning both the Cr valence state and the sites occuppied by the Cr
ions in this material. We have investigated the spectroscopy of this material doped
with various levels of chromium. The complete luminescence spectrum, which is
quite sensitive to the wavelength and the polarisation of the excitation [12] is shown
in figure 3. At low temperatures, it consists of several sharp features at around
700 nm, some broad bands at about 800 nm and 1000 nm, and further sharp features
at 1100nm. The latter broaden with increasing temperature (see figure 3) and
develop into_the lasing band at room temperature. The sharp line emission in the
700 nm region corresponds to the 2E~*A; transition on Cr>* ions which replace
Mg?* ions in distinct octahedral sites, one with inversion symmetry (M1) and one
with mirror symmetry (M2), as well as a perturbed M1 site, poasibly arising from
charge compensation. Cr** ions in such sites have distinct ground-state splittings,
measured using electron parametric resonance (EPR) [14], which are
resolved in the R, emission at low temperature and which clearly identify the Cr3*
site. The energy-level structure for the Cr®* ions is similar to that in alexandrite [1]
and with increasing temperature the higher-lying *T, level becomes populated so
that emission from this level dominates the spectrum at room temperature (figure 4).
The lifetime varies from 8:9ms at low temperature to 340 us at room temperature
and can be fitted to a purely radiative model for the emission. The variation of the
lifetime 7 can be fitted to the expression

_1__fn+3fretP(-4/kT)
t 1+3exp(—4/kT) "’

with valuesof 1145~ ! and 10* s ! for the radiative rates fg and f; from the 2E and *T,
levels, and 450cm ™! for the energy separation 4 between *E and “T,. We find no
evidencc for any energy transfer from Cr®* ions to the i.r. lasing centre, which was
suggested by other workers [12], or for any non-radistive component in the emission
from these ions up to room temperature. Despite its high efficiency, this system is
prevented from lasing due to absorption by another centre (assigned by several
workers to Cr** in tetrshedral Si sites [12,13]) which is the basis for the
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Figure 5. The near-infrared emission band in chromium-doped forsterite for different
concentrations of chromium excited by an argon-ion laser at 290 K (all lines). Tunable
laser operation has been obtained over about 75 nm centred on 1-2um {12].

demonstrated laser action in this material in a band centred at 1:2 um. (The latter
may be pumped almost anywhere in the visible and even at 1:06 um.) The energy
level diagram for Cr** in a tetrahedral site is similar to that for Ni** in an octahedral
site and the lasing emission is tentatively assigned to the 3T, —3A, transition in this
system [13]. The structured low-temperature spectrum shown in figure 3 becomes a
broad band at room temperature and it peaks at different wavelengths around 1-1 pm
depending on the excitation wavelength and on the Cr concentration (figure 5).
Emission in this wavelength region, and the measured lifetime of 2-5 us at room
temperature, is difficult to reconcile with the known spectroscopic properties of
Cr®* ions in oxide crystals. The identification of the lasing centre in this material
remains an interesting problem for further study. We note that similar laser action,
with a tuning range of more than 300 nm and extending to beyond 1-:2 ym in some
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cases, has recently been reported by Kaminskii {15] in a range of Cr-doped oxide
crystals. If indeed these results are due to Cr** then this ion may prove to be a
worthwhile laser centre in 1ts own right whicn can extend the range beyond that of
Cr®* in the infrared and new crystal hosts should be sought which can stabilise this
oxidation state.

3. Conclusion

The spectroscopy of three materials with potential as laser media in the near
infrared has been described. For the systems based on LiGagOyg, further improve-
ments in sample quality and additional spectroscopic studies will be necessary to
assess their viability as tunable laser systems. The nature of the lasing centre in
forsterite : Cr is still not established with certainty and much work remains to be
done in unravelling the many complex centres in this material. Such studies, in this
relatively simple lattice, will provide guidance in interpreting the spectroscopy of the
more complex chromium-doped materials recently reported [15].
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Luminescence spectra of an iron-doped (0.2%) synthetic crystal of forsterite have been measured at low temperature (15 K).
These show several zero-phonon lines at 813, 1025, 1093 and 1134 nm, all with phonon side bands. The emission at 1093 nm is
due to chromium (Cr**) and occurs also in both nominally pure crystals and chromium-doped samples. However, the 813 nm
line is ascribed to Fe** ions, probably in tetrahedral (5i) sites, on the basis of the measured lifetime (15.5 + 0.5 ms) and the
analysis of excitation spectra. The 1025 and 1134 nm lines have measured lifetimes of 8.4 and 5.7( + 0.5) ps respectively at 20K
and are similar in other respects. [t is suggested that these lines may be due to Fe?* ions in octahedral (Mg) sites.

1. Introduction

Recently, chromium-doped forsterite (Mg,SiO)
has been shown to exhibit tunable laser action in
the near infra-red, in the range 1100~1300 nm, and
consequently has been the subject of extensive stud-
ies [1-6]. Although Cr** emission is evident in this
material, the emission responsible for laser action
in the near infra-red is thought to be due to Cr**,
an unusual valence state of chromium, substituting
for Si [1-6]. Apart from a detailed study of Mn?*
luminescence in forsterite [7], there are few, if any,
reports of luminescence of other transition-metal
ions in this host material. Here we present spectra
of an iron-doped forsterite (0.2 wt% Fe) and pro-
vide evidence of infra-red emission from both Fe?*
and Fe?* ions in this material,

Fe3* is known to exhibit emission in the red or
near infra-red in a variety of materials, including

Correspondence to: Dr. G. Walker, Depariment of Pure and
Applied Physics, UMIST, Manchester M60 1QD, UK.

naturally occurring feldspars, usually substituting
for AI3* or Ga’*. Luminescence from tetrahedr-
ally coordinated Fe®* is more common [8-11], but
emission from octahedrally coordinated Fe** has
also been reported [12-14]. On the other hand,
reports of Fe?* luminescence are comparatively
rare; emission from tetrahedrally coordinated Fe?*
in III-V semiconductors has been reported at
around 3000nm (15,16] but emission bands as-
cribed to Fe2* in various other host materials may
have other origins. However, absorption spectra of
Fe?* in olivines (of which forsterite is a relatively
iron-free variety) have been studied in detail
[17,18] but usually in samples with high concentra-
tions of iron ranging from a few percent to over
90%. Strong broad absorption bands in the range
8001400 nm have been assigned to Fe?* ions in
both metal cation sites (M1 and M2); the most
prominent peak close to 1 um is due to Fe?* in M2
sites. -

Olivines show very weak absorption in the range
$50-800 nm, but show strong absorption in the

0022-2313/92/505.00 1992 - Elsevier Science Publishers B.V. All rights reserved
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blue and UV due to charge transfer bands. There
are also some sharp spin-forbidden transitions in
the blue region which have been assigned to both
Fe** and Fe®* by various authors.

2. Cation site symmetries

Both the degree and type of distortion exhibited
by the available cation sites in forsterite from
simple cubic (tetrahedral or octahedral) symmetry
have a pronounced effect on the energy levels of
substitutional transition-metal impurities. The
crystal structure of forsterite is well-known and has
been described many times elsewhere [19,20]). It
belongs to the orthorhombic space group Pbnm
and consists of separate silica tetrahedra linked by
divalent metal cations (Mg?* in the case of pure
forsterite) in two inequivalent, distorted octahedral
sites. The smaller of these, usually designated M1,
retains its centre of symmetry and has C; point
symmetry. The slightly larger M2 site retains a mir-
ror plane and is of C, symmetry although a C,,
pseudosymmetry has been found to be useful in
spectroscopic analyses of polarised spectra of
Mn?* [7]. The Si tetrahedral site is aiso of C,
symmetry, but is much smaller than the octahedral
M1 and M2 sites in terms of bond lengths [20]. The
removal of degeneracy from the E and T states of
simple cubic symmetry is therefore to be expected
and in view of the degree of distortion quite large
splittings may occur.

3. Experimental

The iron-doped single crystal studied was kindly
provided by Dr. Rager of the University of
Marburg, Germany. The crystal was clear with a
slight yellow tinge and measured approximately
3 x4 x 7 mm after cutting and polishing; the crys-
tallographic axes were roughly parallel to the crys-
tal edges. A similar undoped colouriess crystal was
also studied for comparison purposes and found
to contain trace amounts of chromium and manga-
nese which gave rise to luminescence emission
although the manganese was only evident in

“

cathodoluminescence. Luminescence emission
spectra were measured at various temperatures
down to about 15K using a closed-cycle helium
cryostat. Excitation was by means of either an
argon-ion laser {458, 488 or 515 nm lines) or an
argon-ion pumped dye laser (616 nm), at power
levels ranging from 50-500mW. A 1m grating
spectrometer was used and detection was by either
a cooled germanium detector (North Coast Optical
Co.) or by a cooled photomultiplier with an S1 type
photocathode. Lock-in amplification was em-
ployed for spectral measurements but photon-
counting techniques and a multichannel analyser
were used for lifetime measurements with the St
photomultiplier. Excitation spectra of the long-
lived emission were determined using a “double-
chopper” technique and a xenon arc or tung-
sten-halogen lamp as a continuum source as de-
scribed elsewhere [7].

4. Emission and excitation spectra of Fe’' in
forsterite

When excited by 200mW of the 488 nm argon-
ion line, the overall emission spectrum between 700
and 1400nm at 15K shows what appears to be at
least four separate zero-phonon lines plus phonon
side bands. In addition there is a very broad emis-
sion band underlying these with a maximum at
around 1100 nm (9100cm™!). The first of these
apparent zero-phonon lines with side band is at
813nm (12300cm™!) and is shown in detail in
fig. 1(a); it persists with decreasing intensity up to
at least 200K. Lifetime measurements at 20K re-
veal that this emission line and its phonon side
band have a lifetime of 15.5 + 0.5ms. However,
lifetime measurements and phase-tuning expen-
ments in which the strong zero-phonon line is
phase-tuned out to give a zero or even negative
signal show that there are two other weaker peaks
at 850 and 866 nm (11770 and 11550 cm ~!) which
are buried in the phonon side band of the 813nm
peak (fig. 1(b)). These weaker peaks have much
shorter lifetimes and, although these are difficult to
measure accurately, they are certainly of the order
of 1 ms.
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Fig. 1. (a) Emission spectrum of Fe** at 15K showing a strong
zero-phonon peak at 813 nm. 200mW of 488 nm excitation was
used, chopped at a frequency of 7Hz The insert shows the
zero-phonon peak to be a temperature dependent doublet at this
resolution (0.2 nm). The phonon side band overlaps two further
zero-phonon peaks indicated by arrows at 850 and 866 nm.
These peaks are more evident when the excitation is modulated
at a higher frequency (e.g 90 Hz) lor which the main emission
suffers attenuation. (b) Phase-tuned spectra in which the main
zero-phonon peak is almost phase-tuned out on the lock-in
amplifier giving 2 small negative signal. The 850 and 865nm
peaks show a posilive signal indicating a significantly different
lifetime from the main emission.

Higher resolution spectra show that the primary
zero-phonon line at 813nm is at least a doublet:
the higher energy component increases in intensity

relative to the lower ecnergy component with
increasing temperature indicates that excited
state splitting rather than ground state splitting is
responsible. In view of the large number of known
phonon modes in forsterite [21], it is difficult to
determine whether the side band contains several
phonon replicas or is a single-phonon side band.
However, since nearly 40% of the emission inten-
sity is in the zero-phonon line, the Huang—Rhys
factor is around unity and the side band is probably
single-phonon. The long lifetime is clearly indica-
tive of a spin-forbidden transition; there are three
obvious impurity ions which could be responsible,
namely Cr**, Mn?* and Fe®*. However, the
813nm line and side band are not evident in the
spectra of nominally pure (i.e. undoped) samples
which show evidence of trace amounts of chro-
mium and manganese, nor in chromium or nickel-
doped samples. We therefore assign this emission
to Fe*, although the Huang-Rhys factor is unusu-
ally low for a d® ion. Electron spin resonance
measurements carried out on this and similar crys-
tals [22,23] indicate that Fe?* is present in both
octahedral (mainly M2) and tetrahedral (Si) sites, in
roughly equal amounts. The spectral position of the
emission suggests that either the Fe* ion is in
a small tetrahedral site or a large octahedral site; i.e.
the emission could be due to Fe** in either of the
sites in which it has been detected by ESR. In order
to gain more information on this point a lJumines-
cence excitation spectrum of this emission was de-
termined and is shown in fig. 2. The spectrum, al-
though showing many of the sharp features asso-
ciated with d* ions, does not give the usual clear
indication as to the site occupancy of the d° ion.
However, the very strong sharp peak at 405om
{24 690 cm ~ ') which shows signs of being a doublet,
is similar to the dominant *E(D) peak present in
the excitation spectra of tetrahedrally coordinated
Fe’* in feidspars, aluminates and other materials.
The problem is locating the “E(G), *A,(G) states
which do not give rise to very sharp peaks in the
spectra of tetrahedrally coordinated Fe* as they
do in spectra of octahedrally coordinated Fe** and
Mn?* [10,13). The sharp features at 616nm
(16230cm™!) are unlikely to be associated with
these states; the depression of the Racah para-
meters B and C from their free-ion vaiues would
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Fig. 2. Excitation specicum of the Fe?* (813 nm) emiscion. The

spectrum is corrected for spectral variations in excitation inten-

sity, and was evaluated from spectra using cither a xenon arc or

tungsten halogen source. A photomultiplier with an extended

S20 response was used for detection with either a Wratten 87
filter or 820 nm interference filter (FWHM 40 nm).

have to be very large indeed. If the emission was in
fact due to Fe* in the large octahedral M2 sites,
a large depression from [ree-ion values would not
be expected. For example, the *E(G), *A(G) peaks
in the absorption spectrum of Fe** in andradite
garnet occur at about 450nm (22200cm ~!) [24],
and even in tetrahedral sites the corresponding
transitions occur in the region 450-480am
(22200-20800cm ™) [8-11]. In view of the small
Huang-Rhys factor the sharp peaks at 616 nm may
be zero-phonon lines connected with the split “T,
level. The d* spectrum could then be that of Fe** in
a tetrahedral (Si) site. A best fit to a d* ligand-field
diagram was therefore attempted using cubic,
strong-field matrices on the basis of the assignment:
*E(D)-405nm (24690cm ™), *A,, *E(G)-510nm
(19610cm™'). Such an analysis gave values for the
Racah parameters B and C of 726 and 2470cm !
respectively and a ligand-field strength 10Dq of
around 8000cm ™! using “centre of gravity” values
for the positions of the split “T, and *T, states of
13300 and 17200cm ™! respectively (see fig. 3).

Attempts to obtain a reasonable fit using several
other possible assignments proved unsuccessful. In
particular, it proved difficult to make a sensible
assignment that yielded a value of 10Dq high
enough to be compatible with octahedral coordina-
tion of Fe3*,
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Fig. 3. A d° ligand-field diagram for Fe** in forsterite with
Racah parameter values of B = 726 cm ™' and C = 2470cm ™},
and evaluated using cubic strong-field matrices. A best fit to
experimental vajues is obtained at 10Dq = 8000cm ™", (The
unit 1 kK = 1000 cm ~*.) However, because of distortions from
cubic symmetry, the T states are split and the positions of the
lowest split levels for the first two excited states are shown, the
double-ended arrow indicating the transition energy of the zero-
phonon line as measured in emission and excitation. Another
arrow shows the position of the probable zero-phonon line of
the lowest component of the *T, (G) state as shown in excitation
spectra (see fig. 2).

The possibility that the excitation spectrum of
fig. 2 could be a composite one, involving more
than one type of centre, was also explored by using
different isolation filters, different optical chopping
frequencies and looking for any temperature de-
pendence of the spectrum; no evidence was found to
support this contention. A further possibility is that
some of the features on the excitation spectrum
may be due to Cr** absorption, since the 1093 nm
(9150cm " ') line in the emission spectrum has been
ascribed to this ion (see below). Nevertheless, none
of the major sharp spectral features in this spectrum
can be correlated with such features in the Cr**
absorption spectrum [4,5]. As for the other appar-
ent zero-phonon lines at 850 and 866 nm, these
could be cither satellite lines due to crystal in-
homogeneities or tetrahedrally-coordinated Fe®*
adjacent to point defects. However there is also the
possibility that one or both could be associated
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with Fe’” ions in octahedral coordination. The
850 nm line also shows doublet character at higher
temperatures (fig. 1(c)) but the somewhat shorter-
lived 866 nm line disappears at such temperatures.

5. Emission spectra of Fe-doped forsterite in the

region 900-1300 nm

At temperatures below around 100K there ap-
pear to be at least three zero-phonon peaks with
side bands and an underlying broad emission band
between 900 and 1300 nm (see fig. 4). The peak at
1093 nm can be recognized as the emission which
has been ascribed to chromium (in fact to Cr** in
Si sites [1~6]). This peak is, as previously shown
[4], at least a triplet. It also occurs in spectra of the
nominally “pure” crystal as well as in chromium-
doped crystals. The underlying broad band may
also be due to chromium - possibly Cr3* in low-
field sites. However, the other sharp peaks at 1025
and 1134 nm (9756 and 8818 cm ™ !) are peculiar to
the iron-doped crystal. Decay time measurements

- yield lifetimes of 8.4 and 5.7( 4 0.5) ps respectively

15K

N

- A " i

1000 100 1200 nm

Fig 4. The emission spectrum of Fe-doped (orsterite at 15K in
the range 1000-1250 nm using 488 nm excitation. The peak due
to chromium is not evident if 458 nm excitation is used instead
but becomes the dominant peak when 515 nm excitation is
employed. A cooled germanium detector was used. Intensities
are not corrected for spectral response of the instrumentation
but the latter shows only a weak spectral dependence over this
range.

at 20K suggesting that these are spin-allowed
transitions and therefore are unlikely to onginate
from Fe®* ions. Electron spin resonance measure-
ments suggest that most of the iron present in the
crystal is in fact in the Fe?* rather than the Fe3*
valence state [23] and, as already mentioned, Fe2*
ions are to be found in both M1 and M2 sites.
Emission from Fe?* ions in any host material is not
a common event. Nevertheless, the luminescence is
in a spectral region where Fe?* emission might be
expected on the basis of known absorption spectra
of Fe2* in olivines. We might expect emission from
Fe?* in the M2 site to be the more intense on
account of the lack of inversion symmetry. It is
tempting to ascribe the 1025 and 1134 nm emission
lines to Fe?* in M1 and M2 sites. However, al-
though the evidence suggests that these emissions
may be due to Fe?* in octahedral sites, the actual
sites of occupation cannot as yet be ascertained.
Further evidence that Fe>* centres may be respon-
sible is found by varying the wavelength of excita-
tion. The 1025 and 1134 nm ernission lines are effi-
ciently excited by the 458 nm Ar* line whereas the
chromium emission at 1093 nm is difficult to detect
at this excitation wavelength. Excitation at 438 nm
is less efficient but the Fe-related emission lines are
still much stronger than the chromium line (see
fig. 4). However, with 515nm excitation the chro-
mium line is stronger than the Fe-related lines
which are now much less efficiently excited (<2 cf.
488 nm excitation) although the relative intensities
of the 1025 and 1134 nm lines appear to be indepen-
dent of excitation wavelength in this region. Using
dye laser excitation at 616nm the 1025 and
1134 nm emission lines are entirely absent from the
spectrum which is then dominated by Fe** and
chromium emission. Fe?* absorption is very weak
at this wavelength and increases as the wavelength
becomes shorter, in agreement with the known
absorption spectrum of Fe?* in olivines. Excitation
spectra, particularly polarised spectra, of the 1025
and 1134 nam lines would be very helpful but these
are difficuit to obtain using techniques presently
available.

High-resolution emission spectra of the zero-
phonon lines were measured at different temper-
atures between 15 and 100 K. The 1134 nm line was
found to have at least four components but may
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Fig. 5. Fine structure of (a) the 1135 nm and (b) the 1025 nm

zero-phonon emissions showing the variation with temperature

of the intensity ratios of component peaks. Note the similarity of
(a) and (b) although the overall splitting is larger in (a).

contain more features which are¢ unresolved (fig. 5).
The increase in relative intensity of the higher
energy (shorter wavelength) components with in-
crease in temperature indicates excited-state split-
ting rather than ground-state splitting. In fact, there
is little evidence of any appreciable ground-state
splitting at this resolution (2cm™'). The 1025nm
line appears to have a similar excited-state splitting
but the resolution of the spectrum reveals only
three definite components although there is a hint
that four or five components may be present as in
the 1134 am line.

The transition responsible for the emission in
Fe!* in the pure octahedral case would be

*E (D) -3T,, (D). However, there is evidence Irom
absorption spectra that the degeneracy of both the
’E and °T, states are removed by the distortions
from octahedral symmetry and, as previously in-
dicated. this is to be expected from the known site
symmetries. Excitation spectra of Mn* " in M2 sites
in forsterite also indicate appreciable splitting of
octahedral states in this site [7]. Furthermore
spin—orbit splitting of both excited and ground
state could result in a large number of components.
Both excited and ground states are quintets but
although the spectra indicate a possible quintet
excited state, they give no indication of appreciabie
ground-state splitting. There is little in the literat-
ure that is of help: Fe?* ions in I[I-V semiconduc-
tors are in tetrahedral coordination an? hence the
ground state and first excited state are revor<ed
with respect to octahedral coordination. However,
a detailed analysis of the *E-*T,(D) luminescence
transition of tetrahedrally coordinated Cr?* in
GaAs at 1476 nm has been done [25]. This analysis
makes it clear that only very high resolution
spectra at very low temperatures can resolve the
fine details of spin-orbit split states. Nevertheless,
there is a degree of similarity in the splitting found.
The phonon side band of the 1025 nm line has only
one clearly discernible peak at about 160cm™!.
However, the side band of the 1134 am line is more
detailed with apparent phonon modes at 140, 170,
210, 340 and 440cm™!. As mentioned before, it is
difficult to deduce much from the phonon side
bands on account of the many possible modes in
forsterite except to note that modes of frequency
higher than about 400 cm ~! do not invoive metal
cations but are vibrational modes of the silica
tetrahedra.

6. Conclusions

The 813 nm emission line and associated phonon
side band are due to Fe®* ions, most probably in
tetrahedral (Si) sites, the long luminescence lifetime
being indicative of the spin-forbidden nature of
transitions on d* ions. The excitation spectrum of
this emission is consistent with that of a d° ion in
a tetrahedral site and calculation of the cubic
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ligand-field parameter 10 Dq based on likely band
assignments provides further evidence that Fe*”
ions are responsible. Although the zero-phonon
line persists up to around 200 K. it is not evident at
room temperature and the emission suffers temper-
ature yuenching, as is usual for Fe**, beginning at
about 100K.

Weil-defined phonon modes in the single-
phonon side band up to 700cm ™' are compatible
with tetrahedral coordination in a Si site. Other
minor emission peaks, which are masked by the
side band, are also probably due to Fe** in other
environments, the lifetimes also being fairly long
(~ 1 ms).

The origins of the 1025 and 1134 am lines and
side bands are less certain but the experimental
evidence so far points to the possibility that Fe?*
ions in octahedral sites may be responsible, The
two emission lines have a number of features in
common, similar but not identical lifetimes,
similar spectral absorption characteristics, and
similar, but again not identical, zero-phonon split-
ting patterns. These are in contrast to the com-
pletely different properties of the Fe** emission in
these respects.
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